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Alternating Copolymer of Double Four Ring Silicate and Dimethyl

Silicone Monomer-PSS-1
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(Abstract: A new copolymer consisting of double four ring
(D4R) silicate units linked by dimethylsilicone monomer re-
ferred to as polyoligosiloxysilicone number one (PSS-1) was
synthesized. The D4R building unit is provided by hexame-
thyleneimine cyclosilicate hydrate crystals, which were dehy-
drated and reacted with dichlorodimethylsilane. The local
structure of D4R silicate units and dimethyl silicone mono-
mers was revealed by multidimensional solid-state NMR,
FTIR and modeling. On average, D4R silicate units have

N

6.8 silicone linkages. Evidence for preferential unidirectional
growth and chain ordering within the PSS-1 copolymer was
provided by STEM and TEM. The structure of PSS-1 copoly-
mer consists of twisted columns of D4R silicate units with or
without cross-linking. Both models are consistent with the
spectroscopic, microscopic and physical properties. PSS-
1 chains are predicted to be mechanically strong compared
to silicones such as PDMS, yet more flexible than rigid silica
materials such as zeolites.
/

Introduction

Building in space with supramolecular building blocks is an
imaginative approach to material design.""'? In the world of
silicon-based materials the octameric cyclosilicate oligomer
[SigO;,], also known as double four ring (D4R), is such an imag-
inative building block. Its symmetrical cubic core and the pos-
sibility to attach chemical groups on the eight corners make
the D4R silicate unit a versatile platform for synthesis of
a whole range of materials.”"*"® D4R silicate units are building
blocks of inorganic and organic-inorganic hybrid materials in-
cluding zeolites, cyclosilicates, cyclosilicate hydrates, polyhedral
oligomeric silsesquioxanes (POSS), and spherosilicates. In these
materials, D4R silicate units are engaged either in covalent
bonding, electrostatic bonding or hydrogen bonding. The D4R
building unit is a very common secondary building unit of zeo-
lite frameworks. It occurs in 33 of the 232 listed zeolite frame-
work types."”? The popular zeolite A (LTA topology) for exam-
ple, is made entirely out of D4R units. Cyclosilicates are crystal-
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line materials with negatively charged rings of SiO, tetrahedra.
In cyclosilicate (CyS) crystals the charge of the D4R unit with
formula [SigO;,][07]1,[OH],_, is compensated by inorganic or or-
ganic cations. In the subgroup of cyclosilicate hydrates (CySH)
the D4R units are engaged in a hydrogen-bonded network in-
volving water molecules and amines."™ 2" Cyclosilicate hy-
drates are precursor materials for synthesis of spherosili-
cates.[4,7,8,14716,22724]

Spherosilicates and the related octameric polyhedral oligo-
meric silsesquioxane (POSS) family have the D4R silicate unit as
core and functional groups attached to its eight corners. These
functional groups are siloxy groups (OSiR;) in spherosilicates
and hydrogen, alkyl or alkoxy groups in POSS."*'¥ The combi-
nation of a chemically inert D4R silicate core with endlessly
tunable functional groups renders these compounds highly
useful as organic-inorganic hybrid materials.**¥ Advances
in spherosilicate and POSS chemistry in recent years enabled
the synthesis of sophisticated D4R-based polymer materials.””
They have been assembled in organolithic macromolecular
materials,*” dendrimers® and marshmallow-like mesoporous
to macroporous gels.”:3%34

The combination of D4R silicate units with silicone leads to
unique materials combining properties of both silica and sili-
cone. Synthesis of such hybrids is not trivial however. Reaction
of D4R cyclosilicate hydrate with multifunctional silanes such
as dichlorodimethylsilane results in a randomly cross-linked
network of D4R units and silicone bridges of variable length.!"
The crystal water present in the CySH precursor crystals causes
hydrolysis and unselective reaction.'*233>-38

Previously we reported the synthesis of CySH material with
formula [CgH,4N1,[SigO4(OH),]-12H,0 that can be dehydrated
without degradation of the D4R units.?” In this work we used
this anhydrous precursor material for synthesizing silicone-sili-
cate alternating copolymers.
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PSS-1 synthesis

The targeted copolymer consists of D4R units, the
corners of which are interlinked with dimethylsili-
cone monomer units (Figure 1 right). Hexamethyle-
neimine cyclosilicate hydrate (HMI-CySH) served as
source of D4R silicate units.

HMI-CySH was crystallized according to a previ-
ously reported method.”” The powder was isolated

from the aqueous synthesis medium, washed with
water and dried to obtain anhydrous crystals (HMI-
CyS). In the structure of HMI-CySH the D4R silicate
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units adopt a columnar arrangement by hydrogen
bonding with water and HMI molecules (Figure 1
left).”" In the dehydrated structure (HMI-CyS) the si- 2
lanols of D4R are hydrogen bonded with HMI mole-
cules (Figure 1T middle).

The copolymerization reaction was performed by
reacting HMI-CyS powder with dichlorodimethylsi-
lane (DCDMS). A white precipitate was recovered
consisting of PSS-1 copolymer and HMI chloride salt
crystals. HMI chloride was removed by a washing 8
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Figure 2. A) Si NMR spectra of HMI-CyS (grey) and PSS-1 (black); B) '"H-'H SQDQ MAS
NMR spectrum of PSS-1; C) 'H-**Si HETCOR MAS NMR spectrum of PSS-1 showing that

NMR

Chemical shifts of ?°Si magic-angle spinning (MAS)
NMR spectra were externally referred to tetramethyl-
silane. The *Si MAS NMR spectra of HMI-CySH and
HMI-CyS show one resonance at —100 ppm, as-

Figure 1. Representation of the columnar stacking of D4R units in the struc-
ture of HMI-CySH (left), HMI-CyS (middle)®" and a hypothetical model of
PSS-1 copolymer.

signed to the silicon atoms of D4R, in agreement with previous
work (Figure 2A in grey).”"” In *Si NMR literature Si atoms are
denoted with a code consisting of a letter followed by
a number. The letter symbolizes the amount of O atoms direct-
ly bound to the Si atom (M, D, T, or Q for the respective cases
of 1, 2, 3, or 4 O atoms) and the number reflects the amount
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the D? and Q* Si species are in close proximity to the methyl-protons while Q? is more re-
lated with the silanol-protons; D) Si-*°Si SQDQ NMR spectrum of PSS-1 showing the
connection between D-Q* Q*-Q* and Q"-Q" and the absence of Q°>-Q’ and D*-D?

of those O atoms who in turn are bound to a second Si atom.
For example the Si atoms present in HMI-CySH or HMI-CyS,
containing three siloxane linkages and one silanol, are denoted
with the Q°* symbol.***? The targeted polymer is expected to
show two 2°Si MAS NMR signals: one due to the Si atoms with
four siloxane bonds at the corners of D4R silicate units denot-
ed as Q* and one due to dimethylsilicone linkers denoted as
D2 The #Si MAS NMR spectrum of PSS-1 shows three main sig-
nals at —16, —100, and —110 ppm, respectively (Figure 2A in
black). Through deconvolution of the signal at —16 ppm,
a fourth signal at —10 ppm could be observed (see Supporting
Information Figure 1). The two signals dominating the *Si MAS
NMR spectrum of PSS-1 at —16 and —110 ppm are assigned to
the expected D? and Q* respectively which is in agreement
with literature 5%

The presence of additional signals reveals that some D4R Si
atoms are lacking a linker (Q* signal at —100 ppm) and that
side reactions of dimethyldichlorosilane occurred (signal at
—10 ppm). Quantification of the Q* and Q* signals reveals
84.7% (or about 7 out of 8) of the D4R Si atoms to have a sili-
cone linkage. Based on literature, the *Si MAS NMR signal at
—10 ppm could be due to dimethylsilicone three-ring, denoted
D** B9 or dimethylsilane bonded to only one D4R and carrying
a hydroxyl group, that is, a D' silicon species.* It represents
5.4% of the *Si MAS NMR signal. The Q*/D? signal ratio (=
1.96) is close to 2, suggesting few silicone bridges to be defec-
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tive. Dangling D' groups on D4R corners are thus unlikely to
contribute substantially to the —10 ppm signal. Assignment of
the signal to D** molecules not being part of the polymer is
more likely.

The C MAS NMR spectrum of PSS-1 showed a resonance
around 0 ppm assigned to methyl groups (Supporting Informa-
tion Figure 2). Absence of *C MAS NMR signals due to HMI
confirmed it was successfully removed from the final product.
'H MAS NMR revealed the occurrence of three different H envi-
ronments: silanols with a chemical shift of 3.6 ppm and two
signals around 0 ppm due to methyl groups (Supporting Infor-
mation Figure 3).

Two-dimensional NMR provided deeper insight in the
chemistry of PSS-1. The 'H-'H MAS single-quantum double-
quantum (SQDQ) NMR spectrum (Figure 2B) displays strong
correlation between protons of different methyl groups and
between protons of methyl groups and silanol protons, which
reveals close proximity. Silanol protons among themselves do
not produce a correlation signal and are thus too far apart for
transferring magnetization. This observation favors the assign-
ment of Q° Si signals in the *Si MAS NMR spectrum (Fig-
ure 2A) to unreacted D4R corners rather than broken bonds of
D4R silicate units, which would be in close proximity. Using
a 'H-?°Si MAS heteronuclear correlation (HETCOR) experiment
(Figure 2C), spatial correlations between protons and Si atoms
can be probed. The spectrum reveals that both D* and Q* Si
atoms are in close proximity to methyl protons, which is ex-
pected when D4R is systematically linked with dimethylsilicone
monomer. Q* Si lacking silicon linker are strongly correlated to
the protons of the silanols as expected. Q* Si atoms of D4R
show weak correlation with methyl protons, consistent with
the idealized structure with D4R silicate units spaced by dime-
thylsilicone monomers. The absence of a correlation signal be-
tween the protons of the silanols and the Si species at
—10 ppm confirms the assignment of the latter signal to an
unrelated molecule such as D** rather than D' of a defective
silane bridge terminated by a hydroxyl group. The presence of
cyclic dimethylsilicone trimer explains the sharp 'H MAS NMR
signal around 0 ppm originating from the methyl groups on
these highly mobile Si-species (Supporting Information
Figure 3). Finally, the Si-*Si MAS SQDQ NMR spectrum of
PSS-1 (Figure 4D) clearly shows the connection between Q*s
representing adjacent silicon corners of D4R silicate units, be-
tween Q* and Q* within the same D4R unit and between D?
and Q* due to the attachment of a silicone linker to a corner
of a D4R silicate unit. The absence of correlation signal be-
tween D? species confirms the interlinking of D4R with dime-
thylsilicone monomer rather than oligomer. The D** species
also does not appear to generate a correlation signal between
D? species. Most likely this is due to the low concentration of
this molecule (only 5.4% of the total Si content). Finally, the
absence of correlation between Q*s confirms that unreacted
silanols on different D4R silicate units are far apart, precluding
the presence of adjacent silanols on a same D4R and hydro-
gen-bridged silanols of different D4R silicate units.
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ATR-FTIR

FTIR spectra of PSS-1 and HMI-CyS are shown in Figure 3 and
compared with spectra computed on two clusters. The first
cluster (Tg) represents a D4R silicate unit with formula
Sig0;,(0OH)g, while for the second cluster (Tg(D,)) one of the hy-
droxyls was replaced by an OSi(CH;),[Si(OH);] silicone linker
(Supporting Information Figure 4) to also simulate the typical
frequencies associated with the linker connection.

The simulated FTIR spectra were calculated with DFT using
Gaussian.®” The B3LYP"? functional with D3BJ* dispersion
corrections was used together with a 6-311 +G(d,p)***! basis

Ts (sim) / \ . 7N 22
S| Ts(Dy) (sim)
e
W
PSS-1 (exp)
1400 1200 1000 800 600

wavenumber [cm~!]

Figure 3. A comparison between the theoretical IR spectra of T8 and T8(D2)
and the experimental IR spectra of HMI-CyS and PSS-1 particles in the lower
wavenumber region (the entire IR spectral range can be found in Support-
ing Information Figure 5).

set. Because of the systematic overestimation of the vibrational
frequencies, a factor of 0.96 was applied to all simulated fre-
quencies as suggested in literature.*® There is a good agree-
ment in signal band position between the experimental and si-
mulated spectra (see Supporting Information Figures 5-7). The
resonance bands originating from vibrations of the cube at
1162 cm™' (asymmetric Si-O-Si stretch-shoulder), 1104 cm™
(asymmetric Si-O-Si stretch), and 557 cm™' (Si-O-Si bending)
are present in the experimental IR spectra from both HMI-CyS
and PSS-1 particles. This confirms PSS-1 to be composed of
D4R silicate units. Vibrations of the dimethyl silicone linkers at
1261 cm™' (CH; umbrella), 1038 cm™ (asymmetric Si-O-Si
stretch), 848 cm™' (CH, rocking) and 731 cm™' (symmetric Si-O-
Si stretch) are present in the IR spectrum of PSS-1 and not in
the HMI-CyS precursor, as expected. Note that the intensity of
these vibrational bands is underestimated in the simulations
because of the model possessing only one silicone linker. The
resonance band originating from the terminal Si—O stretch of
a corner of the D4R unit at 930 cm ™' is clearly present in the IR
spectrum from the HMI-CyS crystals. The weak intensity of this
resonance band in the IR spectrum of the PSS-1 confirms that
a minority of the D4R corners are lacking a silicone linker.

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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HR-TEM/STEM

Scanning transmission electron microscopy (STEM) images of
PSS-1 showed the presence of linear particles of around 200-
300 nm long and up to around 40 nm wide. Some isolated
wires with a width of around 1 nm were also observed (Fig-
ure 4A). The diameter of the thinnest wires according to STEM
corresponds to the size of one D4R silicate unit, measuring ap-
proximately 0.9 nm. The elementary wire seems to consist of
a single chain of D4R units linked with dimethyl silicone
groups. Solubilization of PSS-1 in different solvents to isolate
more wires was attempted (THF and chloroform). The presence
of dissolved polymer was investigated using liquid *Si single-
pulse NMR. Despite choosing measuring conditions sufficient
to detect low concentrations in solution,”” no #Si signal was
recorded, meaning that the solubility was below the NMR de-
tection limit.

High resolution transmission electron microscopy (HR-TEM)
images of the PSS-1 particles (Figure 4B) reveal some internal
order in one direction. The parent HMI-CyS crystals investigat-
ed earlier display similar spacing in their TEM pattern.?" Si
atoms present in PSS-1 are likely to scatter more strongly in
TEM compared to C, O, and H atoms. The white parallel lines
observed are assigned to the presence of linear arrangements

Figure 4. A) a STEM image of PSS-1 taken with an electron beam of 16,0 keV.
An individual chain with a thickness of approximately 1 nm is visible (inside
the white circle). B) a high-resolution transmission electron microscopy
image of PSS-1. The direction of the chains is indicated by a white arrow.
The fast Fourier transformation of the image is included in lower left corner.
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of Si atoms. The distances between these lines, determined by
fast Fourier transformation, are in the range of 0.29-0.32 nm.
This distance coincides with a typical distance of Si-O-Si bonds
(e.g. in the D4R units).

The X-ray diffraction pattern of PSS-1 was recorded to fur-
ther investigate long range ordering within the material. The
X-ray diffraction pattern was unexpectedly broad despite the
observed periodicity in TEM, and the presence of structures of
around 40 by 200 nm (Figure 4). This would signify that the
larger structures do not exhibit high periodicity throughout
their volume.

The structure of PSS-1 can be interpreted as being com-
posed of chains of alternating D4R units and dimethylsilicone
monomers (Figure 1 right) with every D4R unit possessing
either 1 or 2 unreacted corners (Q3 species) ending in hydroxyl
groups. The low solubility can be reconciled with the proposed
structure provided strong van der Waals interaction prevents
dissolution in organic solvent™®*? (Figure 5 left), or if chains
are cross-linked (Figure 5 right). Such cross linking would not
be detected by the solid state NMR methods used in this
manuscript.

Figure 5. Linking modes of D4R-dimethylsilicone copolymer chains based on
van der Waals interaction (left) and random cross-linking (right). Deformation
due to flexibility of the linkers is ignored.

PSS-1 Model

Physicochemical characterization in previous sections suggest
PSS-1 to be essentially composed of copolymer chains of D4R
and dimethyl silicone monomer. PSS-1 is, to the best of our
knowledge, the first material wherein oligomeric cyclosilicates
are connected by monomeric silicone linkers in an alternating
fashion.

According to the Q* content determined by *Si MAS NMR
and the Q* and Q* content (Figure 2A), each D4R silicate unit
is lacking about one silicone linkage. The chemical structure of
PSS-1 was investigated using a variety of theoretical models.
First the influence of defects was investigated by studying the
breaking of a linker from its D4R silicate unit (Figure 6). This

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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+ H;0 (9)

Figure 6. Difference in electronic energy between D4R silicate units linked
by a dimethylsilicone bridge (left) and the reaction with water to form a D'
defect (right). Si atoms in blue, oxygen atoms in red, C atoms in brown and
H atoms in white.

breaking of the linker is modeled through the incorporation of
one water molecule (for each D4R silicate unit) in order to
properly terminate the structure, creating a D' silicon atom at
one corner. The (free) energies of the one-dimensional periodic
structures are calculated with DFT (using VASP®® with the PBE-
D3BJPY functional).The model revealed that the creation of
such a D' defect is certainly possible given the small energy
difference between the fully connected structure and the
structure where one linker defect has been introduced.

Next, the energy of two potential structures was computed:
one with missing linkers but little twisting of the chain and
one with missing linkers and severe twisting of the chain. Cal-
culations (using Gaussian at the B3LYP-D3BJ/6-31+ G(d,p)
[LanL2DZ for Si atoms] level-of-theory) show that the severely
twisted chain is favored energetically compared to models
with D4R with almost the same orientation (14° angle of rota-
tion), but not entropically. At 300 K however the twisted con-
figuration is still the most stable one (Figure 7). The difference
in free energy is small, indicating that both structures are likely
to occur. The optimal twist angle is about 44°. The relative ro-
tation of D4Rs can explain the missing silicone linkages. A rela-
tive rotation by 44° makes one of the four corners of a D4R sil-
icate unit unavailable for linking. Such bonding mode avoids
close proximity of unlinked D4R corners, as concluded from
the 'H-'H SQDQ NMR (Figure 2B) and *Si-*°Si SQDQ NMR
spectra (Figure 2D).

The parent HMI-CySH material exhibits the same type of
D4R twisting along the axis of the column in an alternating
fashion.”" Relative rotation by around 21° between two adja-
cent D4R units generates the shortest distance of £2.5 A be-
tween the silanol oxygen atoms of the D4R corners. To bridge

™~ —
7 2EN T A

1\ |l
( S

Figure 7. Schematic representation of the energy difference between a struc-
ture of PSS-1 with missing linkers but no twisting of the chain (left) and one
with missing linkers and twisting of the chain (right).
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two oxygen atoms by the insertion of a silicon atom, typically
a distance between 2 and 3 A is required depending on the
angle of the bonds at the silicon atom. For a perfect tetrahe-
dral conformation and a Si—O bond length of 1.63 A (which is
the typical bond length in polydimethylsilicone) this distance
would be 2.65 A. The short distance between two silanols of
two adjacent D4R units in the HMI-CyS material is ideal for
making such a connection. The similarity of D4R columnar
structures of the parent HMI-CYS and PSS-1 invites for a specu-
lation on the polymerization mechanism. The relative rotation
may explain the systematic absence of linker. During the bridg-
ing reaction of D4Rs of HMI-CyS with dichlorodimethylsilane,
HMI molecules need to be displaced. Dichlorodimethylsilane
probably first reacts with one of the two D4R units, displaces
the present HMI molecule and only then reacts with the
second D4R unit. During this displacement the D4R units can
gain in mobility which in turn allows the dangling chlorosilyl
to react not with the previously nearest silanol of the adjacent
D4R unit, but with the silanol group next to it. Once this has
happened those two D4R units are connected by three di-
methyl silicone monomers instead of four.

Physical and chemical properties

Some physical properties of PSS-1 were derived from the theo-
retical model. Of particular interest is Young’'s modulus which
reveals how much force has to be applied to the material to
deform it. Young’s modulus was computed in the direction of
the periodic dimension assuming that the copolymer is period-
ic along the x-axis (Supplementary 8). The first computation as-
sumed complete linkage of D4Rs with dimethyl silicone.
Young’s modulus in the x direction Y,, is defined as:

where A, is the surface orthogonal to the x direction and
a is the cell parameter in the x direction. The Young modulus
Y, amounted to 14.5 GPa for an optimal cell length a=7.63 A.
The same procedure was applied to a PSS-1 chain where one
out of four linkers was broken. This leads to a dangling O
atom and Si atom, which are terminated with an H atom and
an OH atom, respectively. This leads to a Young’s modulus less
than half the value for the complete PSS-1, Y,,=7.3 GPa. The
optimal cell length is also smaller than in the previous case,
a=7.48 A. Note that according to NMR only 1 out of 8 linkers
are suspected to be missing, so the Young’s modulus is expect-
ed to be in between 6.4 GPa and 14.5 GPa. These values are in
between those of rigid materials like zeolites (with bulk moduli
of 15GPa to at least 100 GPa)®**** and common silicones
(Young moduli of only 10-100 MPa)** or other common poly-
mers (e.g. ABS, PVC, nylon, PTFE, polystyrene) with Young
moduli up to 4.5 GPa.®® A common practice to increase the
Young moduli of polymers is by adding rigid additives (e.g.
glass fibers) although this results rarely in Young moduli ex-
ceeding 10 GPa.®™

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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A common feature between PSS-1 and silicones is the com-
bined presence of organic groups and a flexible inorganic part,
which gives silicones their unique properties (electrical insula-
tion, biocompatibility, weathering resistance).”® In PSS-1 how-
ever these monomers are combined with the more rigid D4R
units, increasing the silicon to carbon ratio to 1.5 (0.5 in the
case of silicones).

POSS are usually synthesized by the condensation reaction
of silanes with formula SiX;R, with X being a leaving group
and R being the desired group of the final POSS. A nearly un-
avoidable side-product are silsesquioxanes with a ladder type
repeating unit. First reported by Brown et al. (1960)"” these
mostly linear organic/inorganic hybrid polymers are structurally
similar to PSS-1. The essential difference is the higher silicon
content of PSS-1 because of the D4R cages.

Spherosilicates have been linked together to form organic/
inorganic hybrid amorphous gels."”® Chemically those materi-
als are similar to PSS-1. The D4R units are however linked ran-
domly by silicone chains of variable length resulting in a three
dimensional gel-like structure. In PSS-1 the D4R units are inter-
linked by dimethylsilicone monomers in columnar structures.

The thermal stability of the organic groups on PSS-1 (=CH,
groups) was compared with the well-known polydimethylsil-
oxane (PDMS). Thermogravimetric analysis in oxygen atmos-
phere revealed the oxidation of methyl groups to start at
460°C, whereas on PDMS it occurs at 400°C. Under nitrogen
atmosphere the methyl groups of PSS-1 are stable to at least
750°C whereas on PDMS the degradation process already
starts at 500°C. PSS-1 thus appears to be far more thermally
stable compared to the related PDMS, both in oxidative and
inert atmosphere. (Supporting Information Figures 9, 10). Relat-
ed MQ copolymers, which are networks of Q* Si species typi-
cally end-capped by trimethylsiloxy groups (M' species), have
shown a similar increase of the thermal stability of the organic
groups by increasing the Q* content of the copolymer.”5”
Material with high Q* content shows elimination of methyl
groups below 700°C in similar conditions where PSS-1 with-
stands at least 750°C."® Other D4R containing polymers with
organic groups seldom demonstrate a thermal stability of
these groups above 700°C "7

The synthesis method of PSS-1, in which building blocks
inside an already ordered structure are interlinked together by
the insertion of reactive linkers, is similar to the proven
method of synthesizing new materials by connecting the
layers of layered silica or layered zeolites.*® A strong point of
this methodology is the possibility to rearrange these two-di-
mensional building blocks before interconnecting them (e.g.
expanding or shrinking the interlayer, delamination or recom-
bination of the layers). In the case of expanding the interlayer,
instead of connecting the layers directly, typically an organosi-
lylating agent (usually containing two methyl groups and two
leaving groups (chloro-, ethoxy-, methoxy-) is used to link
them together. Changing the used building block, being either
the layers and/or the linking agent, are other relatively easy
methods for designing new materials.

By decreasing the dimensionality of the rather large two-di-
mensional layers to the zero-dimensional D4R units, the versa-
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tility of this synthesis method has been dramatically increased
even further. PSS-1 is thus probably the first of a whole range
of new materials synthesized using this building block based
method. Another example of a building block based material
family, namely the metal organic frameworks (MOFs), based on
a combination of metallic clusters and organic linkers, clearly
shows the strength and the theoretical potential of such meth-
ods.

Conclusion

Polyoligosiloxysilicone number-1 (PSS-1) is a new alternating
copolymer wherein D4R units are connected by dimethylsili-
cone monomers. The chemical structure was derived from one
and two dimensional solid-state NMR investigations, FTIR and
computational modeling. Additionally, STEM, and TEM provid-
ed evidence of preferential growth in one direction. A theoreti-
cal model of the chains of PSS-1 material is proposed, charac-
terized by systematic twisting of the D4R units along the longi-
tudinal axis made possible by the absence of one linker per
D4R. In this model the cyclosilicate-silicone hybrid adopts the
columnar arrangement of D4R units of the parent hexamethy-
leneimine cyclosilicate (HMI-CyS) in which the D4R arrange-
ment is imposed by hydrogen bonding. The twisted D4R con-
figuration is retained after transformation to PSS-1 through an-
nealing with dichlorodimethylsilane. These structures could be
held together by strong van der Waals forces or cross linking.
PSS-1 likely is the first example of a range of new silicate-sili-
cone hybrid materials where cyclosilicate oligomers are tightly
interlinked by silicone linkers. The enhanced silicon content of
PSS-1 compared to typical silicones improves mechanical
strength and thermal stability. The synthesis of PSS-1 in which
zero dimensional building blocks (DR4) in an already pre-or-
ganized weakly bonded structure (HMI-CyS) are permanently
fixed by insertion of reactive linkers is a new approach of sili-
cone materials design.

Experimental Section
Synthesis HMI crystals™®"

HMI-CySH crystals were synthesized by adding tetraethylorthosili-
cate (TEOS) (5 mL, Acros 98%) under vigorous stirring to an aque-
ous (15 mL, MilliQ water) solution of hexamethyleneimine (HMI)
(5 mL Acros 99%) at room temperature. The solution was continu-
ously stirred for seven days until crystals formed. The final crystals
were recovered from the solution by filtration. After drying at
room temperature the HMI-CySH crystals transformed into water-
free HMI-CyS crystals.

PSS-1 synthesis

2 g of HMI-CyS crystals were dried under vacuum (<1 mbar) for
48 hours in a two-neck 1L round bottom flask. 50 mL of tetrahy-
drofuran (THF, Sigma Aldrich >99.9%) was mixed with 50 mL of di-
chlorodimethylsilane (DCDMS, Acros 999%). This mixture was dis-
tilled until 60 mL of liquid was obtained of which 20 mL was
added to the dried HMI-CyS crystals. The formed suspension was
stirred for 5 minutes and subsequently filtered and dried under

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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vacuum over a glass filter (vitapore 4, P16). Part of the obtained
particles were washed with a mixture of equal volumes of distilled
water, acetone (Chem Lab 99.5%) and toluene (VWR 99.8%) and
rinsed with distilled water to remove any remaining organics.

Characterization

Scanning transmission electron microscopy (STEM) images were
taken on a Nova NanoSem 450 with an electron beam energy of
16 kV. To obtain a relatively good dispersion, the particles were
suspended in THF and one drop of this suspension was dripped
on the carbon lacey grid. High resolution transmission electron mi-
croscopy (TEM) images were obtained using a Philips CM200 FEG
(Philips, Eindhoven, The Netherlands) operated at 200 kV. Before
examination, the particles were dispersed in an acetone/water mix-
ture and deposited on a copper grid.

ATR-FTIR spectra were measured on a Bruker Alpha Platinum ATR
spectrometer with a single reflection diamond crystal and a room
temperature DTGS detector. The absorbance in the infrared spec-
trum from 4000 cm™' to 375 cm™' was calculated from 128 scans

with a resolution of 4cm™.

All solid-state NMR samples were packed in a 4 mm zirconia rotor.
Tetramethylsilane was used as an external chemical shift reference
for 'H, C, and ¥Si. All measurements were performed with the
natural abundance of the measured element.

All MAS NMR spectra of PSS-1 were recorded on a Bruker
Avance 500 spectrometer at a resonance frequency of 500.1 MHz
for 'H, 125.7 MHz for *C, and 99.3 MHz for #°Si. The samples were
spun at 10 kHz for the 1D measurements and the 'H-'H 2D mea-
surement and at 5.5 kHz for the other 2D measurements. For the
'H MAS NMR spectrum 16 scans were recorded with a recycle
delay of 3 s and a 90° pulse of 3 us. The '"H—"3C cross-polarization
(CP) MAS NMR spectrum was recorded using a 3.5ms contact
time, 4 s recycle delay and "H SPINAL-64 decoupling. 128 transients
were accumulated. For the quantitative single-pulse °Si MAS NMR
spectrum, 448 scans were recorded with a recycle delay of 500 s
and a 90° pulse of 3.75 us. The 'H-"H SQDQ MAS NMR spectrum
used the back-to back (BABA) sequence with recoupling time of
0.4 ms. 50 t, slices with 32 transients each were recorded with a re-
cycle delay of 1s. For the "H-?°Si HETCOR MAS NMR spectrum, the
contact time was set to 9 ms, 50 t; slices with 64 transients each
were recorded, with recycle delay of 1s. For the *Si-*°Si SQDQ
MAS NMR spectrum 140 t, slices with 104 transients each with a re-
cycle delay of 3's were recorded. The #Si magnetization was pre-
pared using a CP from 'H of 8 ms. All two-dimensional NMR spec-
tra were recorded using the States procedure to obtain phase sen-
sitive spectra.

Dissolution experiments were performed by mixing 50 mg of PSS-
1 powder with 3 mL of tetrahydrofuran (Sigma Aldrich >99.9%) or
chloroform (Acros 99+ %) and sonicating the mixtures for 1 h. A
couple of drops of deuterated tetrahydrofuran or chloroform were
added prior to measuring to ensure a decent lock signal. Solution
»Si NMR spectra were recorded on an Avance ll 600 MHz spec-
trometer. Up to 256 scans were recorded using a 2°Si 90° pulse of
13.7 us and a delay time of 60 s. Thermogravimetric analyses were
performed on a TGA-Q500 TA. Samples were heated at 10°Cmin~"
from room temperature to 750°C under a flow of N, or O, gas.

Colorless Dow Corning DC 976 High-Vacuum Silicon Grease was
used as reference polydimethylsiloxane sample.
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Computational modelling
Cluster calculations

All cluster calculations were performed using Gaussian 09 Revision
D.01 with tight SCF convergence using XQC and an ultrafine grid
for numerical integrals.

Periodic calculations

All periodic calculations were performed using VASP 5.3.3. The
plane wave cut-off was 600 eV, a Monkhorst-Pack 5x1x1 k-point
grid was used. The SCF was considered to be converged if the
energy change was smaller than 1078 eV, structural optimizations
were considered converged if the energy change was smaller than
10°eV. A 30x30 A cell in the non-periodic dimensions was used
to simulate the one-dimensional structures.

To determine Young’s modulus Y,, a relaxed scan over the a cell
parameter for the isolated PSS-1 chain was performed and fitted
with a parabola to the obtained energy curve. Young’'s modulus
can then be obtained analytically from this fit. The surface A,, was
calculated to be 10.8x10.8 A=116 A? by studying the stacking of
the one dimensional structures. (Supporting Information Figure 11).
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