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Abstract

Polysilsesquioxanes (PSQ) containing phenyl groups as substituents on the silicon atom can form transparent, hard and glassy
materials at room temperature, which reversibly soften when heated above the glass transition temperature. Further increase in
temperature leads to irreversible curing. With this property, polyphenylsilsesquioxanes can be assigned to the so-called melting
gels. In contrast to the aromatic systems, polysilsesquioxanes with alkyl groups belonging to this class of materials are not
known. To identify structural differences between aryl and alkyl systems, polyalkylsilsesquioxanes (RPSQs with R = methy],
ethyl, propyl, hexyl, octyl, decyl, dodecyl, hexadecyl, and octadecyl) were synthesised by a solvent-free, acid-catalysed
hydrolysis and condensation reaction of alkyltrimethoxysilanes followed by thermal treatment at 300 °C under N, atmosphere.
The influence of the alkyl chain length on the structure built and the thermally initiated further condensation reactions were
investigated via NMR, FTIR, TGA, DSC, SEC, and XRD. Depending on the alkyl chain length, the formation of highly
crosslinked, insoluble systems (Me-PrPSQ), low molecular weight oligosilsesquioxanes in the form of cages (Hex-DecPSQ) to
semicrystalline, lamellar layers (Dodec-OctadecPSQ) were detected. A low degree of condensation, inhibition of self-assembly
and preferentially intermolecular condensation reactions were found to be crucial factors in the melting gel formation.

Graphical Abstract

So called melting gels are usually prepared by acid-catalysed hydrolysis and condensation of aromatic trialkoxysilanes. The final
materials show a thermoplastic and a thermoset temperature regime based on the stabilisation of silanol groups in the material. In
this study we transferred the typical synthetic conditions to alkyltrialkoxysilanes with different alkyl chain lengths and obtained
completely changed structures of the synthesised polyalkylsilsesquioxanes compared to their aromatic counterparts. Depending on
the chain length, densely cross-linked solids, viscous gels with cage-like structure and waxes with a lamellar composition were
formed. Moreover, missing stabilisation of the OH groups and self-assembly phenomena, which favour the cage and
semicrystalline layer formation were detected in the resultmg materials, which leads to the loss of the typical melting gel properties.
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e Synthesis of polyalkylsilsesquioxanes (RSiO; s), (R =methyl, ethyl, propyl, hexyl, octyl, decyl, dodecyl, hexadecyl,
octadecyl) via an acid-catalysed solvent-free hydrolysis and condensation reaction.

e Comparison of the structure-property relationship of alkyl groups containing polysilsesquioxanes with a polyphe-
nylsilsesquioxane in terms of temperature dependant thermoplastic and thermosetting behaviour.

¢ Depending on the length of the alkyl chain, solid materials with a dense network structure (C,—C,), viscous liquids with
cage-like motifs (Cg, Cg, Cig), and waxy materials with lamellar layered structures (C;g, Ci5, Cy6, Cig) were formed.

e The presence of groups in trialkoxysilanes that inhibit self-assembly and lower the degree of condensation due to steric
hindrance is an essential factor in the softening properties of polysilsesquioxanes.

1 Introduction

Polysilsesquioxanes (PSQ) with the general formula
(RSiO 5), consist of an inorganic Si-O-Si backbone and
various organic groups. Due to their hybrid character, sil-
sesquioxanes offer a broad range of properties, such as
excellent heat stability and flame retardancy, resistance to
environmental conditions, an ultra-low dielectric constant,
good mechanical properties, and biocompatibility [1-6].
The synthesis is typically carried out by an acid- or base-
catalysed hydrolysis and condensation reaction from orga-
notrialkoxy- or organotrichlorosilanes. Depending on the
synthesis conditions, such as temperature, monomer con-
centration, water content or pH value and the properties of
the organic substituent, silsesquioxanes with different
structures are formed [7-9]. Ladder-like structures, open
and closed cage structures of different sizes or random
networks are the best-known structural motifs [10].

The so-called melting gel is a unique material that either
contains silsesquioxane structural features or consists entirely
of them. The term melting is used incorrectly when referring
to these materials known from the literature, as it is not a
crystalline material. Instead, it is used to describe the soft-
ening of the material, i.e., the glass transition. The term
“melting gel” was first used in connection with organically
substituted, melting siloxane-based inorganic glasses and has
come to be used to describe the materials [11, 12]. The
compounds are usually prepared from di- and trialkoxysilanes
with methyl and phenyl groups via an acid- and/or base-
catalysed hydrolysis and condensation reaction [11]. They
form transparent, glass-like materials at room temperature that
can be reversibly softened at about 110 °C. If the temperature
is further increased, irreversible hardening can be observed.

In particular, Klein et al. produced materials with differ-
ent glass transition temperatures (Ty) and consolidation
temperatures by varying the ratio of di- and trialkoxysilanes,
as well as by changing the organic group or introducing
tetraalkoxysilanes [13, 14]. The hybrid character and the
variable composition according to a modular system lead to
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various promising properties, such as high transparency,
high thermal stability, an adjustable high refractive index,
low gas permeability, and low water absorption [15-18].
Due to the thermoplastic and thermosetting behaviour, pro-
cessability via spin coating or injection moulding is possible.
The group of Klein et al. investigated the softenable material
in a variety of applications, such as anticorrosive coatings,
imprinted lithography, electrospray deposition or in the field
of water harvesting [19, 20]. In recent studies, our group
focused on a detailed structure description of a softenable
polyphenylsilsesquioxane, synthesised via a one-step acid-
catalysed, solvent-free sol-gel reaction of phenyltrimethox-
ysilane [18]. We identified a low crosslinked structure with
random parts and ladder-like domains. The oligomeric units
interacted via m-m-interactions of the aromatic groups, as
well as via hydrogen bonds of non-bridged OH and OCHj3
groups. Increasing the temperature up to 200 °C led to fur-
ther condensation reactions and a highly crosslinked mate-
rial. It was suggested that the hydroxy and methoxy groups,
stabilised by aromatic groups that are difficult to accom-
modate in the network, contributed to the reversible soft-
ening and subsequent irreversible curing. The material is
mainly characterised by a T,, which shifts to higher tem-
peratures through further condensation reactions and dis-
appears entirely in the consolidated state [11].

So far, the temperature-dependent thermoplastic and
thermosetting behaviour has been observed mainly in sys-
tems containing trialkoxysilanes substituted by aromatic
groups, as well as in mixtures with methyltri- and dime-
thyldimethoxysilanes [16, 19, 21]. Melting gels with long
chain alkyl groups have not been described to our knowl-
edge. Consequently, we wanted to investigate the reason for
this lack of thermosoftening and why aromatic substituents
seem to play an essential role in this class of materials. We
were particularly interested in the differences in the struc-
ture of the final material, depending on the chain length of
the alkyl group.

Previous investigations on the hydrolysis and con-
densation behaviour of alkyltrialkoxysilanes and
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alkyltrichlorosilanes mainly focused on octadecyl and
hexadecyl groups due to their self-assembling properties to
form ordered lamellar layers [22-28]. Detailed structural
studies on the influence of chain length on the degree of
order of lamellar layer structures as well as the packing
order and conformational order of alkyl chains were per-
formed by Shimojima et al. [29] (C,—C;g) as well as Ni
et al. (Cg—Cyg) [30]. Low molecular mass products were
observed for shorter-chain PSQs starting from ethyl as
organic group, building cage structures and cyclic oligo-
silsesquioxanes with increasing chain length [31-33]. A
systematic study of the polycondensation of alkyl- and
aryltriethoxy- and trimethoxysilanes with a particular focus
on gelation properties was performed by Loy et al. [34]
Strong inhibition of gelation by phase separation of oligo-
meric and polymeric silsesquioxanes was shown. Similar to
our studies, Kajihara et al. synthesised from ethyl-, propyl-,
and butyltrimethoxysilanes stable, viscous liquids with an
increased proportion of OH groups at room temperature and
investigated the further crosslinking at higher temperatures
[35]. Takahashi et al. concentrated their studies on the
influence of substituents in polyorganosilsesquioxane par-
ticles on glass transition phenomena. They were able to
show that materials with shorter alkyl groups (<Cy), as well
as aromatic compounds, exhibit a T,, while longer chains
(Cs, Cy) tend to crystallise [36].

Most previous works focused on synthesising preferably
crosslinked polymers and the self-assembly of the hydro-
lysed long-chain alkyltrihydroxysilanes in the material.
Little attention was paid to defect-rich, incompletely
hydrolysed systems and their properties. In addition, there
is no systematic structural study on the polycondensation
of organotrialkoxysilanes starting from small methyl sub-
stituents to octadecyl alkyl chains and their thermal initi-
ated structural changes. In the present study,
polysilsesquioxanes were prepared from alkyltrimethox-
ysilanes with methyl, ethyl, propyl, hexyl, octyl, decyl,
dodecyl, hexadecyl, and octadecyl groups by a solvent-
free, acid-catalysed hydrolysis and condensation reaction in
bulk. The structure of the partially hard and glassy to
highly viscous and transparent silsesquioxanes, as well as
samples thermally treated at 300 °C under a nitrogen
atmosphere, were investigated by FTIR, liquid and solid-
state NMR, DSC, XRD, TGA, and SEC. The influence of
the length of the alkyl chain on the structure and the sta-
bilisation of non-crosslinked OH and OMe groups in the
materials were analysed. Furthermore, the effect of high
temperature on the rearrangement of the system was con-
sidered. The results were compared with a softenable
polyphenylsilsesquioxane that had previously been inves-
tigated in detail [18], to determine the effect of replacing
the aromatic groups with alkyl groups on the structure-
property relationships of the resulting materials.

2 Experimental
2.1 Materials

Methyltrimethoxysilane (C;TMS, 97%), n-octyltrimethoxysilane
(CsTMS, 97%), n-dodecyltrimethoxysilane (C,TMS, 95%), and

tetramethylsilane  (TMS, 99.9%), were obtained from
abcr (Karlsruhe, Germany). Ethyltrimethoxysilane (C,TMS,
97%), n-hexyltrimethoxysilane (C¢TMS, 97%),

n-hexadecyltrimethoxysilane (C;¢TMS, 92%), and octadecyl-
trimethoxysilane (C;gTMS, 92%) were received from Gelest
(Morrisville, USA). n-Propyltrimethoxysilane (C;TMS, >98.0%)
and decyltrimethoxysilane (C;qTMS, > 97.0%) were ordered
from TCI (Portland, USA) and chromium (III) acetylacetonate
(Cr(acac);, 98%) from bldpharm (Shanghai, China). All che-
micals were used without further purification and the reactions
were performed under ambient atmosphere.

2.2 Instrumentation

Fourier transform infrared spectra (FTIR) were recorded in
total reflectance mode on a Vertex 70 spectrometer (Bruker
Optics, Ettlingen, Germany) from 450-4500cm™ with a
resolution of 4cm™ and 16 scans. Low temperature FTIR
measurements were carried out from 2600-3200 cm ™! with
a resolution of 2cm™! and 32 scans. The samples were
cooled below the phase transition using a container cooled
with liquid nitrogen.

Solution NMR spectra were recorded on an Avance III
300 MHz spectrometer and an Avance III HD 400 MHz
spectrometer (Bruker, Billerica, USA) with 300.13/
400.13 MHz for 'H NMR spectra and 59.63/79.49 MHz for
»Si NMR spectra. All NMR samples were prepared in
chloroform-d (CDClj). Quantitative »Si NMR measure-
ments were performed in deuterated chloroform containing
vIvl%TMS as internal standard and Cr(acac); as relaxation
agent (10>mol L™"). "H NMR spectra were analysed with
MestReNova; [37] 2Si NMR spectra were evaluated with
OriginPro [38] using a Gaussian function.

Solid-state SPE-MAS NMR spectra were recorded on an
Avance III HD — Ascend 400WB spectrometer (Bruker,
Billerica, USA) using 4 mm inner diameter ZrO, rotors with
13 kHz rotation frequency. The resonance frequencies were
79.53 MHz for ’Si NMR spectra and 100.65 MHz for '*C
NMR spectra. Adamantane was used for '°C NMR and
octakis(trimethylsiloxy)silsesquioxane for 2°Si NMR as
external standard. The spectra were analysed and integrated
with OriginPro [38] using a Gaussian function.

Thermogravimetric measurements (TG) were carried out
using a TGA/DSC Stare System 1 (Mettler-Toledo, Grei-
fensee, Switzerland) applying a heating rate of 10 K min~
between 30 and 1000 °C using an oxygen or nitrogen gas

flow of 40 ml min~".
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TG-FTIR measurements were performed on a TG F1 Iris
(NETZSCH-Geridtebau GmbH, Selb, Germany). Samples
were heated at 10 K/min from RT to 1000 °C under nitrogen
atmosphere (40 ml/min). The evolving gases were transferred
through a heated line (200 °C) to a Bruker Vertex 70 spec-
trometer, mentioned above. The FT-IR spectra were recorded
with 32 scans, a resolution of 4 cm ™' and in a range of 4500
to 550 cm ™.

Differential scanning calorimetry (DSC) was performed
with a DSC 204 F1 Phoenix calorimeter (NETZSCH-Ger-
dtebau GmbH, Selb, Germany) using aluminium crucibles
with pierced lids under nitrogen atmosphere (100 mL min ™)
applying a heating and cooling rate of 10 Kmin™' from
—130/—120 to 110 °C with an isothermal step for 10 min at
110 °C for the viscous PSQs. Solid PSQs were heated from
0 to 200 °C. Three cycles were run in each measurement.

Size exclusions chromatography (SEC) measurements
were performed in toluene with a Waters 515 pump
(Waters, Milford, Massachusetts) applying two PSS SDV
1000A and a PSS SDV 100000 A column from PSS
(Polymer Standard Service, Mainz, Germany) using a
flowrate of 1mlmin~' and a RI-Shodex-101 detector
(Showa Denko KK, Tokyo, Japan). Calibration was carried
out using polystyrene standards (from PSS). For data
acquisition and evaluation of the measurements, PSS
WinGPC® UniChrom [39] was used.

Powder X-ray diffraction (PXRD) patterns of the pul-
verised or viscous samples were recorded at room tem-
perature on a D8-A25-Advance diffractometer (Bruker
AXS, Karlsruhe, Germany) in Bragg-Brentano 0-0-geo-
metry (goniometer radius 280 mm) with Cu K,-radiation
(A=154.0596 pm). A 12 um Ni foil working as Ky filter
and a variable divergence slit were mounted at the primary
beam side. A Lynxeye detector with 192 channels and a
variable slit diaphragm in front of it was used at the sec-
ondary beam side. Experiments were carried out in a 20
range of 3-40° with a step size of 0.013° and a total scan
time of 1h.

Low temperature powder X-ray diffraction (LT-PXRD)
patterns were recorded on the same diffractometer using a
TTK600 (Anton Paar GmbH, Graz, Austria) low-
temperature chamber. The samples were dropped onto the
sample holder lined with Teflon tape (XRD of the sample
holder with and without Teflon in Supplementary Fig. S1).
The samples were investigated in vacuum in the tempera-
ture range of 5 to —180°C with cooling rates of
20-50 K min"!, respectively. A 12 um Ni foil working as Kp
filter and a variable divergence slit were mounted at the
primary beam side. The secondary beam side was equipped
with a LYNXEYE detector (192 channels). Diffraction
patterns were recorded between 3 and 40° 20 with a step
size of 0.013° and a total scan time of 2h with 30 min
precool time for each temperature. The thermal contraction
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of the reaction chamber and sample holder was determined
using elemental Si (NIST Standard reference material 640 f,
a=15.4311(1) nm). The obtained data were refined using
the Bruker TOPAS 5.0 software package [40], keeping the
lattice parameter of Si fixed while refining the height dis-
placement. This was conducted for different temperatures
from which a linear regression was determined (Supple-
mentary Fig. S2). For the subsequent measurements, the z-
height was modified in the software package by the pre-
viously determined values as a function of the temperature
used. All recorded data was evaluated using the Bruker
TOPAS 5.0 software [40],with the observed reflections
being treated via single-line fits.

2.3 Preparation

The polyalkylsilsesquioxanes were synthesised according to
a modified literature procedure for melting gels [18]. The
alkyltrimethoxysilane (RTMS) (1.5 g, 1 eq) was stirred with
aqueous HCI solution in a closed 20 ml headspace vial at
45 °C for 8 h or 7 days. The silane/water ratio was 1.5 or 3
and the pH value was adjusted to 2.5 (exact synthesis
parameters for different AlkylSi(OMe); are described in
Table 1). Afterwards, the sample was stirred open at room
temperature for 18 h. To remove by-products of the sol-gel
reaction, such as water and methanol, the samples were
placed in a compartment dryer at 70 °C and 110 °C for 24 h
each. For further consolidation, samples were thermally
treated at 300 °C under nitrogen atmosphere for 1 h. Addi-
tional measurements were carried out with the polyalk-
ylsilsesquioxanes (RPSQ) and the thermally treated
polyalkylsilsesquioxane (RPSQr) cooled down to RT.

3 Results and discussion

The synthesis procedure used in this work is based on the
preparation of a softenable polyphenylsilsesquioxane via
solvent-free acid-catalysed hydrolysis and condensation
reaction, described elsewhere (Fig. 1a) [18]. Maintaining
the conditions of this standard synthesis, the influence of the
alkyl groups on the behaviour during synthesis and on the
properties and structure of the final product should be
directly comparable to the behaviour of a poly-
phenylsilsesquioxane as a model system for temperature-
dependant reversible softenable and irreversible curable
melting gel systems.

In the first synthesis step, stirring of the trialkoxysilanes
with 1.5 equivalents of water and acid at 45 °C, the phe-
nyltrimethoxysilane showed a homogenisation of the
2-phase mixture of an organic and aqueous component after
approximately 10 min. In this step, hydrolysis and partial
condensation occur with the simultaneous formation of
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O methanol. Methanol serves as a solvent for the present
= partially hydrolysed dimers and small cycles. The alkyl-
N . . .
= trimethoxysilanes with methyl, ethyl, propyl, and hexyl
= groups showed similar behaviour, with homogenisation of
E 2 6 6 0 6 6 o the two-phase mixture taking different times depending on
Yl == ===F the alkyl chain. The longer the alkyl chain, the longer the
homogenisation takes. Methyltrimethoxysilane displayed
) homogenisation after a few seconds, while hexyl-
= trimethoxysilane changed to a one-phase solution after one
= =) day. Octyl-, decyl-, dodecyl-, hexadecyl-, and octadecyl-
= . . . . R
) g g trimethoxysilane showed no homogenisation within the
§ E E applied 8 h of stirring time. Only when 3 equivalents of
z g g water and an extended stirring time of 7 days were used, a
“:’n E change within the reaction mixture was observed for the
gl . G long-chain derivatives. Thus, Cg-, Cyo-, and C;,TMS
= L O 9 9 9 9 9 9 v O
) > = > >

formed a cloudy gel phase, while C;sTMS was present as a
white, waxy compound. C;(TMS needed 6 eq of water to
change into a white, waxy material. Subsequently, all pro-
ducts were stirred in open vessels for 18 h at RT, and then
the by-products methanol and water were removed by a
treatment in the compartment dryer for 24h at 70 and
110 °C each. Except for the HexadecPSQ and OctadecPSQ,
all polysilsesquioxanes were homogeneous and transparent
after the synthesis (Fig. 1b). Me-, Et-, and PrPSQ were hard,
glassy and insoluble in common solvents and showed no
change in the viscosity at 110 °C. In comparison, Hex-,
Oct-, Dec-, and DodecPSQ, were highly viscous liquids.

Appearance after synthesis

Hard, transparent, glass like
Hard, transparent, glass like
Hard, transparent, glass like
Hard, transparent, glass like
Viscous, transparent, liquid
Viscous, transparent, liquid
Viscous, transparent, liquid
Viscous, transparent, liquid

White, waxy
White, waxy

Table 1 Alkyltrimethoxysilanes used, synthesis conditions and properties of PSQs in comparison with a polyphenylsilsesquioxane, investigated elsewhere [18]
°In a closed headspace vial. The following synthesis steps, 18 h stirring at RT, 24 h 70 °C, 24 h 110 °C in an open headspace vial are the same for all samples

JTE The HexadecPSQ, and OctadecPSQ featured a waxy, white
1 form that reversibly transformed into a transparent liquid
j? upon heating (Fig. 1c). The synthesis parameters and the
> appearance of the materials obtained, compared with the
4 known PhPSQ, are shown in Table 1.
2 g HexadecPSQ and OctadecPSQ differ optically from the
umg § § § § e e e e e % shorter-chain materials by their waxy and white consistency
= and phase transformation at elevated temperatures. It is
E known that long-chain trimethoxysilanes can form lamellar
g g layers due to the surfactant-like behaviour of the hydrolysed
_;f\f é alkyltrialkoxysilanes [29]. An order-disorder process of the
g % alkyl chains can explain the reversible phase transition from
i o liquid to solid. NMR and FTIR- measurements showed a
§ et Sk Bt Bt U % low degree of hydrolysis and condensation in the samples
& prepared here, with a remaining number of methoxy groups
) >67% (Supplementary Figs. S3 and S4) and a significant
g o % % “% % monomer peak in the *Si NMR (quplementary Fig. SS').
209 oo g o Qa8 E - In consequence, the polyconder}satlon of the long-chain
gl &5 22 % & % -“u; g S1G g 2 TMS is difficult under the conditions presented here. For
F|EE@ AT OAAXO T g 2 this reason, we decided to limit our structural characterisa-
= i. % tion to the shorter chain PSQs (C;—Cj,).

Y » _i T«%’ < Visually, it was established that none of the present
<le 2 2 o " § é E g3 & 5 products from C;- to C;,PSQ showed comparable proper-
5 E é E E E E E ; § ?? § g 2 ties to a PhPSQ, such as a transparent, hard and glass-like
e g z E % = % B 2 ?3 E % Z E appearance with a reversible softening at 110 °C as well as
2| & § B£8R 8=238|Z gl irreversible curing at 200 °C. Nevertheless, the different
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a) gHy
(CHZ)x _HOMcl (CH2)x
S|
HiCO™ [ OCH3 HCOHO S' -0

x=0,1,2,5,7,9,11,15, 17

b)p \

>

Fig. 1 a General equation for the acid catalysed hydrolysis and condensation reaction of the AlkylPSQ, b pictures of AlkylPSQs after synthesis at

RT, c¢ pictures of HexadecPSQ and OctadecPSQ at 110 °C

behaviour during synthesis indicated a significant influence
of the chain length on the hydrolysis and condensation
reaction and therefore on the resulting materials structure.
Structural differences of the Me-, Et-, Pr-, Hex-, Oct-, Dec-,
and DodecPSQ, as well as the influence of thermal treat-
ment, were analysed using various spectroscopic and ther-
mal methods, as well as PXRD measurements at different
temperatures, in comparison with a softenable poly-
phenylsilsesquioxane [18].

3.1 Characterisation
3.1.1 TGA and TG-FTIR

Polysilsesquioxanes are generally known to be thermally
very stable. Polyphenylsilsesquioxane in particular, is
characterised by temperature stability up to about 500 °C
under inert and under oxygen atmospheres [41, 42].
Alkylsilsesquioxanes, on the other hand, decompose earlier,
with stability depending on the organic group, the structure,
and the atmosphere where the samples are treated. Poly-
octahedral silsesquioxanes (POSS) with propyl to octadecyl
groups, for example, showed evaporation under N, atmo-
sphere in a one-step process directly from the molten state,
with the onset of weight loss shifting to higher temperatures
with increasing alkyl chain length (TgC3 at 166 °C, TgCq at
353°C) [43]. The alkyl chains can form volatile compo-
nents by Si-C as well as by C-C chain cleavage [44].
Redistribution of volatile cycles and polycyclic oligomers is
also possible [45]. In contrast, oxidation and partial cross-
linking of the material occurs under oxygen atmosphere,
which leads to the observation that the total weight loss is
lower than under nitrogen atmosphere [46].

This tendency can also be detected in the thermal
decomposition of the synthesised AlkylPSQs. The total
weight loss under O, atmosphere increases with increasing
chain length (Fig. 2a, exact values in Supplementary Table S1).
Under inert atmosphere, the total weight loss is larger but
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shows no dependence on chain length, indicating differ-
ences in the crosslinking and the amount of volatile
silsesquioxane components evaporated during the heat
treatment.

The temperature, where 95 % of the sample is still pre-
sent (Tys), can be considered as a parameter for the thermal
stability (Fig. 2b, exact values in Supplementary Table S1).
In the oxygen atmosphere, the value is lower than in a N,
atmosphere, as the onset of decomposition is at lower
temperatures [46]. Compared to POSS systems, the mate-
rials prepared here are not fully crosslinked, resulting in an
effect of residual OH and OMe groups on stability.

It is known that further condensation reactions of the
non-crosslinked units can occur [22, 47, 48]. The soft-
enable polyphenylsilsesquioxane, for example, showed
the loss of methanol and water at 236 °C. After the con-
solidation, this step was no longer detectable [18]. An
initial mass loss between 150 and 300 °C is also visible
for the AlkylPSQs, which affects the Tos; value. The
samples treated under O, show a strong overlap of the
condensation step with the decomposition step of the
organic chains (TGA curves are shown in Supplementary
Fig. S6). Under N, atmosphere, however, a mass loss
could be detected in the Et-, Pr-, Hex-, and DodecPSQ,
which can be assigned to condensation reactions (inset,
Fig. 2¢). The condensation stage indicates the presence of
stable OH and OMe groups in the material, which react
only at high temperatures [49]. Oct- and DecPSQ, on the
other hand, show only a single decomposition step at
around 500 °C. The absence of further mass losses sug-
gests a high degree of condensation and a low number of
non-crosslinked groups.

The decomposition of MePSQ has been considered in
detail in the literature [50]. The three stages, also visible
here, were assigned to the loss of ethanol and oligo-
silsesquioxanes, methane and oligosilsesquioxanes, and
methane, water, and hydrogen. Furthermore, the incor-
poration of carbon into the network was observed.
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. . 800
1F)|91; 2 a1 Remgutal m‘assssband a) . 7Z) AkylPSQ; N, ) ] 2 AkyPsQ; N,
b o vl dtmived by ] san | o0l —miyesor
- 17 AlkylPSQ O 7
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Since the TG curves of the other PSQs are significantly
different from that of the MePSQ, the decomposition gases
were investigated via TG-FTIR (Supplementary Figs. S7
and S8). Unfortunately, neither methanol nor water could be
detected within the first decomposition stage. The amount is
expected to be too small to be visible in the FTIR spectrum.
The loss of oligosilsesquioxanes within this stage can also
not be ruled out. Decomposition by partial loss of organic
substituents at around 500 °C is detectable in all PSQs. The
loss of oligosilsesquioxanes is also possible since an
absorption could be detected in the region of the Si-O-Si
band. Furthermore, subsequent incorporation of the
remaining organics into a SiO,C, network can be expected
[47].

As it is demonstrated that the thermally initiated con-
densation step takes place up to 300 °C, all samples were
treated at 300 °C for 60 min under N, atmosphere. The aim
was to force the stable OH groups to undergo further con-
densation reactions, comparable with the consolidation
behaviour that is known for the melting gel family. After
thermal treatment, the materials remained transparent, and
no discolouration was detected. This suggests that no
decomposition of the organic groups or incorporation of

Temperature (°C)

carbon into the network occurs up to this temperature. In the
TG curve, the first mass loss disappeared in all samples and
a single decomposition step at about 500 °C was observed
(Fig. 2d). Consequently, all PSQs show a comparable high
Tys value around 480 °C (Fig. 2b). Furthermore, the residual
mass is higher compared to the thermally untreated samples
because it is now independent of non-reacted groups and is
determined by the decomposition of the network and the
mass of the organic group. As a result, it shows a depen-
dence on chain length from C; to C,PSQ and becomes
larger the longer the alkyl chain (Fig. 2a).

In summary, Me-, Et-, Pr-, Hex-, and DodecPSQ contain
stabilised OH and OMe groups that can thermally react.
Oct- and DecPSQ already exhibit a highly condensed
structure after synthesis. Thus, the decomposition is deter-
mined by the degradation of the alkyl groups as the main
mass loss step. After thermal treatment at 300 °C, all PSQs
show almost identical decomposition in one degradation
step and high thermal stability under inert atmosphere,
suggesting that highly condensed materials are present. A
detailed determination of the structures present and the
influence of thermal condensation on the structure will be
investigated in the following sections.
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3.1.2 DSC

DSC measurements of all materials were performed to
visualise possible phase transformations and T, The
phenyl-containing PSQ showed a T, at about 60 °C, which
reflected the amorphous structure as well as the softening of
the material [18]. The T, depends on the mobility of the
polymer chains and therefore on the substituent and the
degree of crosslinking [51, 52]. Further condensation
reactions and complete curing of the PhPSQ could be
demonstrated by the complete disappearance of the T,. The
solid samples with methyl, ethyl, and propyl groups were
measured from 30 to 200 °C to investigate softening in this
temperature range (Fig. 3a). No significant change in heat
flow was detected in the Me- and PrPSQ, and reversible
softening, can be excluded. A T, is visible in EtPSQ at
35 °C. This can be attributed to increased mobility due to a
large number of non-crosslinked groups, as already seen in
the TGA, based on the first decomposition step. However,
the softening is weak, so the material retains its original
shape at higher temperatures. Processing the softened
material, similar to the PhPSQ, was not possible.

The prepared polysilsesquioxanes with chains between
Cg and C,, exist as viscous liquids at room temperature,
therefore low-temperature measurements down to —130 °C
were performed. Oct- and HexPSQ showed a glass transi-
tion at —77 and —97 °C, respectively. No crystallisation can
be observed, which also indicates an amorphous structure.

In contrast, DecPSQ and DodecPSQ showed a distinct
endothermic signal at 5 °C (Fig. 3b) and —20 °C (Fig. 3c)
that remains constant over three cycles with an isothermal
treatment at 110 °C for 10 min at every cycle. This beha-
viour has already been observed for poly(di-n-alkylsilox-
ane) with alkyl chains of C; to Cyy [53], as well as for
polyalkylsilsesquioxanes with dodecyl, hexadecyl, and
octadecyl groups [22, 24, 54]. The endothermic signal is
assigned to lamellar layers, where the transition from solid
to liquid is thermally induced by a trans-gauche transfor-
mation of the long-chain alkyl groups, which leads to a
disordered structure [54].

After thermal treatment, the signals of Hex-, Dec-, and
DodecPSQ shift to higher temperatures (Fig. 3d). As the T,
depends on the crosslinking of the polymers, the increase in
the T, of C¢PSQ can be attributed to an increased degree of
condensation due to the thermal treatment. However,
OctPSQ showed no condensation step in the thermal ana-
lysis, indicating that no significant crosslinking was ther-
mally initiated, which explains the missing change of the
DSC signal.

Since it is described in the literature that the endothermic
signal in Dec- and DodecPSQ is generated by the crystal-
lisation of the alkyl chains, it depends mainly on their
arrangement and less on the crosslinking of the Si-O-Si
backbone. The shift to higher temperatures and the simul-
taneously more defined signals indicate increased order and
regularity in the alkyl chains [55].
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In general, DSC measurements reveal a clear dependence
of the structure on the length of the alkyl chains. While Me-,
Et-, and PrPSQ are present in a dense amorphous network,
showing little mobility, the long-chain C¢ and Cg deriva-
tives lead to increased mobility with a resulting low T.
Decyl and dodecyl groups, on the other hand, result in a
phase transition by cooling to a semi-crystalline material,
suggesting a structure with lamellar layers and an increased
alkyl chain order by temperature treatment.

3.1.3 FTIR spectroscopy

FTIR spectroscopy can be used to identify groups that are
part of the hydrolysis and condensation process. These
include the methoxy groups, which can be detected in the
monomer at 2839 cm™!, 1191 cm ™!, and 1082 cm ™' [56]. In
particular, the PSQs with shorter alkyl groups (methyl,
ethyl, and propyl) show a significant decrease in the
absorption at 1191cm™!, indicating nearly complete
hydrolysis of the alkoxy groups (Fig. 4c). The bending
mode of the CH, groups attached to the Si reveals a red-
shift with longer alkyl chain length (1271 cm ™' for MePSQ
and 1191 cm™! for HexPSQ) and overlaps with the vibra-
tion of the OCH; group at 1191 cm™' [35]. Therefore, in
Cs-, Cs-, and C;(PSQ, the disappearance of the absorption at
2839 cm ™! demonstrates the reaction of the monomer (Fig. 5).
DodecPSQ still presents a peak at 1082 cm ™', indicating that
in comparison with the other materials, an increased number
of OMe groups or monomers is still present.

Bands arising from hydrolysed and non-crosslinked OH
groups can be located between 3000 and 3700 cm ™", as well

Fig. 4 FTIR spectra of
polyalkyIPSQ, dotted

line = monomer, solid, dark
line = AlkyIPSQ, solid, bright
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AlkylPSQ, a OH-region, b C-H-
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as at 893 cm ™! (Fig. 4a, c). The absorption band of the vOH
in silanols can be divided into different regions depending
on the interaction of the OH group [57, 58]. Between
3550-3200 cm ™!, strongly hydrogen-bonded OH-groups
with a short distance between these bonds are visible
(OH,). At about 3630cm™!, vicinal hydrogen bonded
silanols are found (OH,;.) and isolated as well as geminal
hydroxy groups are further shifted to higher wavenumber.
Noticeably, the strongly interacting groups are significantly
more represented in the Cy-, C,-, and C3;PSQs. It is assumed
that the different siloxane species are located closer together
due to the smaller groups, resulting in the formation of
H-bridges that interact intra- and intermolecularly over
shorter distances. The longer hydrophobic alkyl chain in
Hex-, Oct-, Dec-, and DodecPSQ ensure separation of the
different silsesquioxane species, whereby a blue shift of the
vOH band becomes visible by the absorption of vicinal
interacted silanols. After thermal treatment at 300 °C,
absorption of the silanols was no longer visible, indicating a
further condensation reaction and confirming the TGA
measurements. Further crosslinking can also be shown in
Oct- and DecPSQ, although this was first excluded in the
TGA. However, these reactions are assumed to occur pri-
marily via condensation of OH groups, visible in the FTIR
spectra. This leads to a lower mass loss compared to con-
densation between OH and OMe groups.

The Si-O-Si region in the FTIR spectra is often used in
the literature to identify defined moieties, such as ladder
structures, cycles, or cages. Ladders are detected by two
defined peaks at 1020 cm ™! and 1115 cm™!, which can be
assigned to the vibrational mode of the (Si-O), cycles. The
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symmetric stretching vibration at 1020 cm™' is character-
istic of a two-dimensional linear structure of ladders, while
the antisymmetric stretching vibration at 1115cm™' is
associated with a three-dimensional structure of cages
[59, 60]. These two signals are particularly prominent in the
Me-, Hex-, Oct-, Dec-, and DodecPSQ, indicating a ladder-
like structure. It is noticeable that with increasing chain
length, the peak at 1116 cm™' becomes more prominent,
which suggests an increase in cage-like units. It can be
assumed that more extended hydrophobic groups favour
intramolecular condensation reactions over intermolecular
ones, explaining the formation of a larger number of three-
dimensional structural units [33]. After the thermal treat-
ment, there is also an increase in the intensity of the Ving-asym
at 1116cm™' in comparison with the Vring-sym at lower
wavenumbers. It indicates an increase in cage-like oligo-
silsesquioxanes (Fig. 4c). Furthermore, a disappearance of
the OMe band at 1082 cm ™' is observed in the DodecPSQ,
showing that methoxy groups, in addition to OH groups are
further condensed by the thermal treatment.

Long-chain trimethoxysilanes are known to show
surfactant-like behaviour, leading to highly ordered lamellar
layers in which the alkyl groups are in an all-trans zig-zag
conformation. Based on the methylene vibrations, the
crystalline trans conformation can be distinguished from the
amorphous parts with a certain gauche character [25]. The
positions of the symmetric CH, and CHj stretching vibra-
tions (d+, r+) and anti-symmetric CH, and CHj stretching
vibrations (d—, r—) can be correlated with the conforma-
tional order of the alkyl chains [22]. In amorphous samples
or solution, the peaks are shifted to higher wavenumbers
because more gauche defects are present, leading to higher
vibrational energies.

Considering the symmetric CH, stretching vibrations (d
—), Dec- and DodecPSQ show a slight shift of 3 cm™! and
2cm71, respectively (Fig. 5a, b), to lower wavenumber,
indicating an ordering of the alkyl chains relative to the
monomer due to polycondensation. Compared to literature
values of all-trans alkyl chains (d+: 2846-2850 cm ™!, d—:
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2915-2918 cm™ ') [61], the change in band position is very
small, suggesting a large disorder with many gauche defects
in the chain.

However, DSC measurements showed a phase transition
at low temperatures for Dec- and DodecPSQ. It was
described that an order-disorder transition of the alkyl
chains in the lamellar PSQs takes place. To verify this
hypothesis, a low-temperature IR spectrum of the two
samples was measured below the phase transition tem-
perature. In the spectrum, an increase in the background is
apparent, due to condensed water using liquid nitrogen.
However, this does not affect the position of the peaks. In
particular, the DodecPSQ shows a substantial shift to
smaller wavenumber (2916 cm™, Fig. 5a), indicating an
increasing population of chains in trans conformation. The
shift in the DecPSQ (2919 cm!, Fig. 5a) is much smaller,
suggesting the presence of gauche defects below the phase
transition due to a lower self-assembly ability, which
strongly impacts the packing and conformation of the alkyl
chains [30]. The thermally treated samples show the same
behaviour with the shifts to lower wavenumber with
increased order (Supplementary Fig. S9). This suggests an
intact order of the alkyl chain conformation even after
thermal treatment, as already shown in the DSC
measurements.

FTIR spectroscopy demonstrated the successful synthesis
of crosslinked AlkylPSQ. Absorption between 3000 cm ™!
and 3700 cm ™' showed non-crosslinked interacting OH
groups in all samples. The measurements generally reveal
different structural motifs depending on the chain length.
Et- and PrPSQ, for example, have a broad Si-O-Si profile
with few defined bands, comparable to PhPSQ. This indi-
cates a primarily random structure with many different
structural units, including ladders and cages. With a longer
alkyl chain, intramolecular condensation reactions are
favoured over intermolecular ones, forming cyclic and cage-
like motifs. The longer the chain, the more hydrophobic
interactions of the alkyl chains play a role and influence the
order and packing of the alkyl chains. Below the phase
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transition, an order of the alkyl groups in Dec-, and
DodecPSQ can be shown, indicating a lamellar structure.
Thermal condensation led to further condensation of non-
crosslinked OH and OMe groups, as well as an increase in
cage-like structural motifs. The order of the alkyl chains
does not seem to be affected.

3.1.4 NMR spectroscopy

Further information on the structure of the resulting poly-
silsesquioxanes was obtained via 'H, 2°Si, and 13C NMR
spectroscopy. To allow quantification, liquid NMR spectra
were conducted in the presence of the relaxation agent
Cr(acac); [62, 63], and solid-state NMR spectra were
measured in a single pulse experiment [25]. Thus, the areas
of the Si and '*C NMR signals are proportional to the
fraction of the assigned compound. Me-, Et-, and PrPSQ
were not soluble in the conventional solvents and were
analysed via MAS-NMR (">C-MAS NMR is shown in
Supplementary Fig. S10).

In all '"H NMR spectra of the soluble AlkylPSQ and the
thermally treated samples the CHs-, -CH,-, and CH,-Si
signals could be observed in the correct ratio (Supplemen-
tary Figs. S11 and S12), indicating no decomposition of the
alkyl chains by thermal treatment [35].

Furthermore, residues of OCHj; groups in the range of
3.5 ppm were detected, and the content in the sample was
determined by integration (Table 2). This value gives an
idea of how well the hydrolysis worked and how large the
defect density of non-reacted groups is in the material. Me-,
Et-, Pr-, and HexPSQ show values between 2.3 and 9.4%.
Oct- and DecPSQ present almost no OMe groups, and
DodecPSQ exhibits the highest value with 15.3 %. It is
known that a higher proportion of H,O leads to a higher
hydrolysis rate, whereas groups with larger steric hindrance
decrease hydrolysis [64, 65]. Me- and EtPSQ demonstrate
almost complete hydrolysis of the monomer. From propyl to
hexyl group, the number of remaining non-crosslinked
groups increases, while longer-chain trimethoxysilanes
(> Cy) synthesised with 1.5 eq. of water showed no reaction
within the synthesis conditions used here. By increasing the
amount of water to 3 eq., complete hydrolysis of Oct- and
DecPSQ is obtained, whereas the formation of silanols in
DodecPSQ decreases significantly. A high number of
monomers can be detected in Hexadec- and OctadecPSQ. A
clear influence of the amount of water and the alkyl group
length on the number of remaining methoxy groups can be
detected. It is expected that hydrophobic interactions of the
alkyl groups rather than steric hindrance play a role in the
polycondensation of samples >C;PSQ [32].

After thermal treatment, a significant reduction of the
OCH; groups can be observed (Table 2) in all samples,
confirming the assumption that the first mass loss in the

Table 2 Percentages of residual OCHj;, T-units and degree of
condensation of the AlkylPSQ, obtained from 1H, 29Si, and C
NMR in comparison with a PhPSQ [18]

Sample T° (%] T' (%] T?[%] T [%] Residual DC [%]

OCH;

groups [%]
PhPSQ [18] / / 71 29 10 76
PhPSQy [18] / / 51 49 <10 83
MePSQ* / / 30 70 2.3 90
MePSQr / / 23 77 1 92
EtPSQ? / / 56 44 2.7 81
EtPSQr / / 45 55 2 85
PrPSQ? / 5 40 55 4 84
PrPSQr / 20 80 3 93
HexPSQ / 10 24 66 9.4 85
HexPSQr  / / 11 89 <1 97
OctPSQ / / 22 78 <1 93
OctPSQr / / 20 80 / 93
DecPSQ / / 21 79 2.0 93
DecPSQr / / 13 87 / 95
DodecPSQ 5 14 21 60 153 78
DodecPSQy  / 6 30 64 5.0 86

*Measured by SP-MAS NMR

TGA represents, besides the reaction of two hydroxy
groups, the condensation of hydroxy and methoxy groups.

The influence of chain length on crosslinking is visible in
the »’Si NMRs. The spectra show various signals with
different chemical shifts, depending on the number of
siloxane bonds (Fig. 6a). As only trialkoxysilanes were
used, only T" units in the range between —41ppm and
—69 ppm are visible, with n =number of siloxane bonds.
Besides the assignment of the T-units, it is possible to
determine the percentage of crosslinking units and the
degree of condensation (DC = (T' + T2 + T3:3)/3) by
integrating the area of the peaks. Apart from the Dode-
cylPSQ, none of the samples show signals of the monomer
(T%, indicating a complete integration of all alkyl-
trimethoxysilanes. Depending on the chain length and the
amount of water used, the percentages of T units change.
Me- and EtPSQ show only T2 and T? units, while Pr- and
HexPSQ exhibit further dimers (T'). Oct and DecPSQ
demonstrate the highest crosslinking with a degree of con-
densation (DC) of about 93% compared to all other PSQs.
DodecPSQ, on the other hand, contains residual monomer
in addition to T', T2, and T units, which also explains the
high amount of OMe groups and the distinct band at
1083 cm ™! in the FTIR spectra. In general, it was found that
the higher water content and the longer stirring time resulted
in increased condensation.
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Furthermore, in the series of 1.5 eq. water and 3 eq.
water, a higher number of T' units and even monomers
were detectable with longer alkyl chain length. However,
this tendency cannot be transferred to the number of
crosslinked T> and the degree of condensation. In general,
especially the longer-chain PSQ Cg, Cg, and C;y show a
comparatively high proportion of T3 units, while Et-, PrPSQ
and also the PhPSQ have a balanced ratio of chain-like (Tz)
and crosslinking (T°) silsesquioxane groups. The high
number of T? units, while at the same time, low crosslinked
T! units are also present, indicates that hydrolysis or con-
densation of already hydrolysed systems is preferred. Due
to the hydrolysis of trialkoxysilanes, monomers with longer
alkyl chains form amphiphilic molecules that tend to
aggregate. The longer the chain, the more easily the
aggregates form and condensation occurs [23]. The silanols
of methyl-, ethyl-, and propyltrimethoxysilane are instead
distributed homogeneously and disordered, which leads to a
lower degree of condensation, a higher number of chain-like
units, and thus a more extensive network.

Thermal treatment significantly increases the degree of
condensation. The monomer signal in the DodecPSQ, as
well as the T! signals in the Pr- and HexPSQ disappeared
and the number of crosslinked T> units increased (Fig. 6b).
This confirms again, the thermally initiated condensation
reactions. Furthermore, it is noticeable that after thermal
treatment, defined signals are formed mainly in the T°
region of the 2Si NMR of Hex-, Oct-, and DecPSQ. It is
known that there is a competition between intermolecular
condensation and intramolecular cyclisation in the forma-
tion of polysilsesquioxanes. The tendency to cage formation
increases with increasing size of the organic groups [31,
33]. Intramolecular condensation reactions are preferred due
to surfactant-like behaviour, whereby the hydrolysed head
groups are directed inward, and the hydrophobic alkyl
chains are oriented outward [32]. The defined signals
indicate the building of cages and can be assigned to Tg
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(—66.7 ppm), T;y (—68.6 ppm), T, (>70 ppm) and also
incomplete condensed cages [33, 66].

In DodecPSQ, no defined peaks of open and closed cages
can be detected. Instead, an increase in T, units was
observed and the degree of condensation is comparatively
low with 86.1%, implying the presence of lamellar layers.
Compared to the polyalkylsilsequioxanes, the PhPSQ
showed low crosslinking (76%) with a high number of
remaining OMe groups (10%). It is described that a high
amount of stabilised unbridged groups and a low cross-
linked structure are important factors for the reversible
softening of the material [18].

It is concluded that methyl to propyl groups in PSQ form
a dense network with only a few non-bridged stabilised
groups, resulting in a solid material without visible softening.
At the same time, long-chain AlkylPSQs of C¢—C,y show a
high proportion of T units, which further increased after
thermal treatment. The almost complete conversion of the
alkoxy groups, together with the appearance of defined sig-
nals that can be assigned to cubic systems, confirms the
conclusion that primarily the long-chain PSQs undergo
intramolecular condensation reactions to form cages. As the
DodecPSQ has a lower crosslinking than the shorter-chain
PSQs, it can be assumed that a lamellar structure is induced
by the increasing hydrophobic interactions. Overall, the
formation of oligosilsesquioxanes separated by the long alkyl
groups and the mainly intramolecular condensation reactions
are considered to be the reason for the lack of complete
curing compared with the polyphenylsilsesquioxane.

3.1.5 SEC

SEC measurements in toluene were carried out to determine
the molecular weight distribution of the soluble AlkylPSQ
and the thermally treated soluble samples (exact values of
M, M;, M,, D are presented in Supplementary Table S2).
Since polystyrene was used as the standard and its structure
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is very different from the samples described here, no
absolute values can be determined. Nevertheless, tendencies
between the molecular weights of the individual samples
could be observed. The measurements demonstrate higher
molecular weights with increasing water content (Fig. 7)
[67]. Thus, Oct-, Dec-, and DodecPSQ exhibit significantly
larger molecular weights than HexPSQ. The degree of
condensation and the high proportion of T° units revealed in
the NMR measurements were also reflected in larger
molecular weights of the longer-chain AlkylPSQs. After
thermal treatment, increased molecular weight and an
increased D-value were obtained for the HexPSQ (Fig. 7a)
[35]. Surprisingly, PSQ with longer alkyl chains showed the
opposite tendency and a lower and more defined molecular
weight distribution was obtained. This confirms the pre-
vious observation that PSQs with long alkyl chains con-
dense primarily intramolecularly. Also, Andianov et al.
described a reduction of OH groups and a lower molecular
weight during distillation of the hydrolysis products of hexyl-,
heptyl-, octyl-, and iso-nonyltrichlorosilane [31]. They con-
cluded that intramolecular condensation reactions form cage-
like and cyclic systems. A defined shoulder that can be
assigned to 13 and 14 RSiO, 5 units is observed for Hex-,
Oct-, and DecPSQ (Fig. 7b). Since the °Si NMR spectra
showed the formation of cage structures with various sizes, it
can be assumed that open or closed cages are represented
here, which is in agreement with the observation of Andianov
et al.. In addition to the shoulder at 1783 g/mol, HexPSQ
shows an increase in molecular weight unlike the other
measured PSQys, leading to the conclusion that the intra-
molecular cyclization rate is almost equal to the chain elon-
gating condensation. While the extended hydrophobic alkyl
chains in Oct- and DecPSQ are expected to form mainly
cubes, the unstructured SEC curve of DodecPSQ suggests
that the thermally induced condensation reactions pre-
ferentially occur within the postulated lamellar layer structure
and no cages were formed, as already indicated by the lack of
defined peaks in the NMR spectra.

SEC measurements demonstrate the thermally
induced intramolecular condensation reactions favoured
by long alkyl chains to form mainly cage-like silses-
quioxanes. Within the soluble materials, HexPSQ, with
the shortest alkyl chain, shows intermolecular con-
densation reactions to form a network in addition to the
formation of cage structures. In contrast, despite intra-
molecular condensation, no cubes can be detected in
DodecPSQ with the longest chain despite intramolecular
condensation, indicating a lamellar structure of partially
crosslinked ladders.

3.1.6 PXRD

DSC and low-temperature FTIR measurements detected a
phase transformation to an ordered structure in Dec- and
DodecPSQ. Furthermore, the presence of cage structures, as
well as a lamellar layered structure were postulated. To
visualise the transition and clarify the structural differences
from PSQs with smaller alkyl chains, PXRD measurements
at room temperature (RT-PXRD) and at low temperatures
(LT-PXRD) down to —180 °C were performed.

3.2 RT-PXRD

PXRD is widely used to study the structure of poly-
silsesquioxanes. The amorphous form of poly-
methylsilsesquioxane has already been analysed in detail in
the literature [59, 68, 69]. The two broad reflections
appearing at 8.53 A (d)) and 3.89 A (d,) are attributed to the
plane-plane distance, as well as the thickness of molecular
chains, and generally assigned to the occurrence of ladder
structures (Fig. 8a) or a layered material [70]. It is known
from the literature, the smaller the 20 value of d;, the less
defect rich the structure. For example, uncondensed meth-
oxy and OH groups, as well as conformational changes of
the organic groups, contribute to an increased 20 value [71].
PhPSQ also has two broad reflections with d; = 8.3 A and
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d, =4.5 A. After the consolidation of this material, the d;
value shifts to a lower angle and a chain distance of 11.5 A
can be detected, indicating further condensation reactions
and reorientation to a more ordered structure containing
ladder motifs [18].

All polysilsesquioxanes, synthesised here, are amor-
phous at room temperature and exhibit the two reflections
characteristic of ladder-like systems (Fig. 8a). The d; value
shifts with longer alkyl groups to larger chain-to-chain
distances from 8.53 A (MePSQ) to 22.07 A (DodecPSQ).
Plotting the d; values against chain length demonstrates a
linear dependence between chain-to-chain distance and
chain length with an increment value of 1.3 A (Fig. 8b).

Shimojima et al. described an increase in basal spacing
of 2.53 A per carbon atom when considering lamellar
ordered Cip-, Ci4-, Ci6-, and CigPSQs [29]. This value
could be assigned a value twice as large as the average C-C
distance of all-trans alkyl chains. The authors concluded a
bimolecular layered structure with alkyl chains perpendi-
cular to the layer.

The value obtained here is much lower, suggesting a
high gauche content and an entanglement of the longer alkyl
chains in agreement with the FTIR measurements at room
temperature [53]. It has already been shown that thermal
treatment leads to further condensation, which should sig-
nificantly lower the defect concentration in the form of non-
condensed groups. It is expected that the distance between
the chains, analogous to the phenyl-containing material, will
increase and generally a higher order will result [72]. Et-
and MePSQ confirm this statement by showing a shift of the
20 value (d;) to smaller angles after further condensation.
However, all other PSQs demonstrate the opposite ten-
dency, and a lower plane-to-plane distance is observed. The
plot of the chain lengths against the d; value simultaneously
shows a smaller slope and yields an incremental value of
1.03 A (Fig. 8b).
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The average distance of the main chains of Me-, Et-,
and also Ph- containing PSQs are largely independent of
the conformation within the organic group. Only defects
in the Si-O-Si chain and the arrangement of the backbone
into a cis-syndiotactic or cis-isotactic conformation con-
tribute to the change of intermolecular distances [71, 73].
Consequently, condensation reactions alone influence the
arrangement of the Si-O-Si network, forming of a wide-
ranging and less defective network. In contrast, the final
structure and ordering in PSQs with long-chain alkyl
groups strongly depend on the alkyl chains conformation.
It is assumed that the alkyl chains can adopt random
arrangements due to thermally increased mobility, which
reduces the steric hindrance and allows condensation
reactions that were not possible before [29]. Thus, the
structure favoured by the hydrophobic groups can become
more disordered by a thermal treatment. A reorientation of
the system and preferentially intramolecular condensation
reactions take place, and the formation of cycles and
cubes leads to a change of the chain-chain distance to
smaller distances, destroying the layered structure. This
reorientation has already been described in the literature
after the thermal treatment of a octadecylsilsesquioxane,
where a significant increase in T° signals and the forma-
tion of an amorphous material was observed after heating
up to 100 °C [29]. It was explained as the formation of
random orientations of the interlayer alkyl chains at
higher temperatures resulting in further condensation
reactions leading to an irreversible rearrangement into a
more disordered system. However, the conformation of
the alkyl chains was less affected by the thermal treatment
[61], explaining why the DSC measurements showed an
endothermic transition of the Dec- and DodecPSQ syn-
thesised here, even after thermal treatment. Also, the
FTIR measurements indicated no change in the alkyl
conformation after curing.
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In general, all PSQs have a highly disordered amorphous
structure, with a ladder-like or layer-like composition of the
silsesquioxane units. The average chain-to-chain distance is
mainly influenced by the length of the alkyl chains, which
are in a disordered state at room temperature. Furthermore,
the crosslinking, as well as the hydrophobic interactions
between the alkyl chains and the resulting structures, also
play a role. Therefore, further crosslinking in Me- and
EtPSQ leads to a more ordered structure, while the thermal
treatment reduces the lamellar structuring properties of the
alkyl chains in the longer-chain PSQs. Random condensa-
tion reactions can take place, leading to a more disordered
structure. This influence becomes more prominent the
longer the alkyl chain and the stronger the hydrophobic
interactions.

3.3 LT-PXRD

Using DSC and low-temperature FTIR measurements, a
phase transition was detected in Dec- and DodecPSQ,
implying a crystalline structure. To visualise the structural
change upon cooling, the two PSQs in comparison with
OctPSQ, cooled below the phase transition or T, were
investigated by LT-PXRD (Fig. 9). Due to the surface
tension of the gels, there may be height differences between
the samples within the preparation of the XRDs, resulting in
a slight shift of the reflections. The exact values must be
interpreted with caution.

Dec- and DodecPSQ show a significant narrowing and a
small shift of the d, value, while at the same time, the d;
value disappears completely in all investigated PSQs (Fig.
9a, b). The appearance of the defined reflection at 20.73 A
and 20.54 A reflects a phase rearrangement to a semi-
crystalline material, as already expected from DSC. It can
be assigned to the alkyl chain packing within the layers,
which crystallizes into an all-trans conformation at low
temperatures [22]. The significantly broader d, reflection in
DecPSQ and the amorph structure in OctPSQ (Fig. 9c)

N
o

Fig. 9 PXRD measurements of
a DecPSQ, b DodecPSQ, and
¢ OctPSQ at different
temperatures

20.03°
4.59°

—

Normalized intensity (a.u.) @

DecPSQ

Normalized intensity (a.u.)

indicate a higher gauche content with shorter alkyl chain
length [53]. Furthermore, sharp and defined reflections in
the small angle region have been described in the literature
for crystalline polyalkylsilsesquioxanes with 12—18 carbon
atoms. The basal spacing and the associated higher order
diffraction, were assigned to the repeating distances of the
lamellar layers [29]. For Dec- and DodecPSQ two weak and
broadened signals can be identified in the small angle region
instead of the more intense d; value, indicating the
destruction of the order in the Si-O-Si backbone after the
phase transition. Crystallisation of the alkyl groups is
described as the driving force by which arrangement into a
lamellar structure occurs [33]. The structural arrangement
changes the distance of the siloxane backbone, causing the
complete disappearance of the amorphous d; signal. The
semicrystalline behaviour described here is preferred for
lamellar materials, which lose their long-range order by
further condensation [24, 29]. It can be assumed that the
hydrophobic interactions of the alkyl chains, in combination
with the synthesis conditions, are not sufficient to generate a
highly ordered system.

In general, the low-temperature measurements show that
the phase transition of Dec- and DodecPSQ is mainly
caused by the crystallisation of the alkyl chains. This leads
to a rearrangement of the Si-O-Si backbone into a more
disordered lamellar structure. The lack of order, despite
long-chain hydrophobic chains, can be attributed to the high
degree of condensation, which results in a collapse of the
lamellar arrangement.

4 Conclusion

In a solvent-free acid-catalysed hydrolysis and condensation
reaction of phenyltrimethoxysilanes, glass-like, transparent,
reversibly softenable and irreversibly curable at high tem-
peratures systems so-called melting gels can be synthesized.
The synthesis of a known polyphenylsilsesquioxane melting
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gel was transferred to the preparation of polyalk-
ylsilsesquioxanes with methyl, ethyl, propyl, hexyl, octyl,
decyl, dodecyl, hexadecyl, and octadecyl groups. Short-
chain trimethoxysilanes (Me-Pr) showed a glassy and
transparent appearance but no softening ability. On the
other hand, long-chain PSQs (Hex-Dodec) were highly
viscous at RT and indicated no significant increase in
viscosity even after thermal treatment at 300 °C. Hexadec-
and OctadecPSQs were white and waxy and formed
reversibly transparent viscous liquids with increasing tem-
perature. In both cases, high monomer content and low
crosslinking were observed. The goal was to determine the
structural difference of the various AlkylPSQs, even after a
temperature treatment at 300 °C, compared with a soft-
enable, phenyl groups containing material using spectro-
scopic, chromatographic, and thermal methods.

Overall, the role of the organic group in structure for-
mation was shown to be crucial. Important factors include
the steric hindrance and the increasing hydrophobic inter-
actions with longer alkyl chains. Hydrolysis and con-
densation involve competition between the random
condensation reaction and the self-assembling hydrophobic
properties also observed in surfactants. There is an equili-
brium between inter- and intramolecular condensation
reactions, which depends on the size of the organic group.

Methyl, ethyl, and propyl groups exhibited mainly
intramolecular condensations to an extended silsesquioxane
network with a wide variety of silsesquioxane units due to
the short chains with low steric hindrance and low hydro-
phobic interaction. The immediate change to a dense
structure was the reason for the missing visible softening
and solubility. In contrast, hydrophobic interactions as well
as increased steric hindrance of long-chain alkyl groups (Cs,
Cs) led to aggregation during synthesis revealing pre-
ferential intramolecular condensation reactions to form
cage-like structural motifs and an overall high degree of
condensation. This reaction was particularly favoured by
thermally induced condensation reactions.

When the alkyl chain length was further increased (Cyy,
Ci2, Cis, Cy3), the self-assembling hydrophobic interactions
resulted in the formation of lamellar layers. Dec- and
DodecPSQ showed a phase transition upon lowering the
temperature to —20 and 5°C, while longer-chain
AlkylPSQs (Cy6, Cig) were already present in a waxy
state at RT, demonstrating the formation of a semicrystal-
line material. It was shown that the transition was mainly
favoured by the crystallisation of the alkyl chains. In con-
trast to the other materials obtained, the T, characteristic of
softenable polysilsesquioxanes could not be detected.

The results described lead to the conclusion that the
choice of the organic group is crucial, to obtain a material
that can be assigned to the melting gel family. Substituents
that prefer self-assembly into cage structures or lamellar

@ Springer

layers should be avoided. At the same time, substituents that
exhibit increasing steric hindrance and form an incomple-
tely cross-linked structure with stabilised residual OH and
alkoxy groups are required.

Overall, the influence of alkyl chains of different lengths
on the structure formation could be shown using different
characterisation methods. As a result, the main character-
istics that an organic group must have in order to produce a
softenable material with temperature dependant thermoset-
ting properties were established.
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