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Abstract:
Elastomers with strong physical crosslinks were prepared, based on alternating

polydimethylsiloxane (PDMS) spacer segments and pendant quartets of mesogenic building
blocks (LC) of azobenzene type. They are structurally related to the well-studied polymers with
pendant-chain LC units (light-sensitive actuators), but are generally highly different: The LC
units make up only a small volume fraction in our materials and they do not generate elastic
energy upon irradiation, but they act as physical crosslinkers with thermotropic properties. Our
elastomers lack permanent chemical crosslinks — their structure is fully linear (with some
dangling units). The aggregation of the relatively rare and spatially separated LC quartets (of
small mesogen units) nevertheless proved to be an efficient crosslinking mechanism: The most
attractive product displays a rubber plateau extending over 100°C, melts near 70°C and is
soluble in organic solvents. The LC nano-aggregates were also found to be responsible for a
continuous temperature region of phase transitions, e.g. two gel points observed by rheology.
The physical crosslinks are reversibly disconnected by large mechanical strain at room
temperature, but they undergo self-healing, also after sample disruption. The elastomers might
be of interest for the development of passive smart materials (e.g. meltable rubbers for 3D-
printing, or thermo-reversible visco-elastic mechanical coupling). Our study focuses on the
comparison of physical properties and structure-property relationships in two systems, with
long and with short PDMS spacer segments.
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1. Introduction

Polysiloxane copolymers with liquid crystalline (mesogenic) building blocks are
compounds which can offer fascinating material properties, due to the combination of the highly
flexible and hydrophobic polysiloxane with the phase behavior of the mesogenic (LC) units [1,
2]. These materials attract deserved research interest since Finkelmann’s pioneering works in
the 1980s [3-7]. Since then, most of the studies were dedicated to liquid-crystalline siloxane
polymers (LCPs) with mesogens as side chains, whereas main-chain copolymers were studied
much less frequently (see e.g. [8—11]). In 1991, Finkelmann prepared mono-domain-oriented
nematic LCPs (with side-chain mesogens) via a two-step-crosslinking process [12]. A structural
variation of the ‘side-chain polysiloxane LCPs’ are copolymers with side-on bonded pendant
mesogens, i.e. via a linker in the central part of the rod-like LC, which leads to a different
ordering behaviour [13]. Long pendant LC chains consisting of multiple mesogen units have
also been attached to functionalized polydimethylsiloxane (PDMS), namely via ATRP grafting
polymerization [14]. All the above-discussed polysiloxane LCPs are very rich in the LC
component (typically one LC per siloxane repeat unit), which makes up a dominant volume
fraction, and the behaviour of the usually more or less fixed (via chemical crosslinking)
mesogens is responsible for practically all the material properties. In contrast to that, in the
presented work, the mesogen makes up a relatively small volume fraction of the copolymer.
The elastic product properties originate from the PDMS component, while melting,
solidification, sensitivity to strain damage, as well as self-healing are controlled by the phase
behaviour of the mesogen.

Polysiloxane LCPs are most frequently synthesized via hydrosilylation (as is the case in this
work), namely by grafting vinyl-functional mesogens onto hydrido-functional (Si-H) PDMS.
Alternative routes include the use of alkynyl-functional mesogens in the hydrosilylation
reaction [15], leading to a more rigid link between PDMS and the mesogen, the thiol-ene
addition using vinyl-functionalized PDMS and mesogenic thiol [13, 29, 32], or the azide-yne
cycloaddition (Huisgen “click reaction’) [28, 16].

From the application point of view, the polysiloxane LCPs have been investigated as electro-
optic- [17], as light-emitting- [18], gas-separation- (membrane-) [19, 20] and chromatography
materials [21], as well as actuators (see e.g. [11, 22-24]). The latter, often referred-to as ‘liquid-
crystalline elastomers’ (LCEs), gained by far the most research attention, especially in recent
years. The mechanisms of stimulus response include UV-triggered cis/trans isomerization of
azobenzene mesogens (e.g. [13, 25-28]), or the nematic = isotropic transition of polyaromatic
mesogens (7-triggering), e.g. [11, 29, 30, 32]). Other remarkable polysiloxane LCEs include
electrostrictive [31], multiple-stimuli-responsive [32], or stimulus-converting systems [30], as
well as actuators with programmable shape-memory [25]. In contrast to that, in this work, the
polysiloxane LCPs were studied as potential structural smart materials.

The aggregation and micro-phase-separation of the pendant mesogenic (LC) units in the
copolymers, which are studied in this work, results in an organic-organic nanocomposite
morphology. This morphology plays a key role in the copolymers’ material properties,
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especially in physical crosslinking and in thermo-mechanical transitions. In their previous
work, the authors studied in detail the effects of aggregation behaviour in epoxy-POSS
nanocomposites. A general advantage of such nano-composites in comparison to conventional
ones consists in the small size of the reinforcing phase, which allows for the use of the same
processing techniques like for filler-free matrices (or thermoset precursors), while optical
transparency often can be preserved [33,34]. Additionally, the finely dispersed nanofillers can
provide specific chemical [35,36], optical [37,38], electrical [39,40], magnetic [41,42], or gas
barrier [43-45] properties to the hybrid material. Last but not least, a marked mechanical
reinforcement can be achieved with small amounts of nanofillers, due to their high specific
surface [46-50]. In the mentioned studies of the epoxy-POSS hybrids which contained
covalently bonded POSS nano-building blocks of molecular type [51-54], the authors
demonstrated the key importance of POSS—POSS aggregation. This effect could lead to true
nanocomposite morphology (with relatively large inorganic POSS nano-domains) and to very
strong mechanical reinforcement, as well as to thermal stabilization. The mutual interactions of
organic substituents which covered the POSS surface were found to control the aggregation:
The substituents with the strongest crystallization tendency were the most efficient for
achieving nano-aggregation and reinforcement. Similar results concerning aggregation were
observed also for the heavier homologue of POSS, the stannoxane dodecamer cages (Sn-POSS),
which additionally introduced the chemical reactivity of the filler phase (matrix-repair
reactions) under oxidizing conditions [55-62].

The experience with the physical crosslinking via aggregation of crystallizing inorganic
molecular nano-building blocks, as well as the previous study of liquid-crystalline copolymer
networks [42], inspired the authors to the present work, in which the crystallization of
mesogenic building blocks is used to reversibly crosslink an elastomer.

The aim of this work was the synthesis of side-chain-type LCP elastomers with reversible
physical crosslinks, which could be disconnected by heat or by a suitable solvent. The polymers
were based on linear polydimethylsiloxane chains (PDMS) grafted with quartets of mesogens,
in which the mesogen-free PDMS segments act as elastic spacers between the grafts. Nano-
crystallization of the attached mesogen, further enhanced by PDMS/mesogen incompatibility,
was expected to serve as the physical cross-linker, similarly like POSS aggregation in previous
works. It was planned to obtain products which combine the mechanical properties of
covalently crosslinked elastomers with the processability (fusibility, solubility) of linear
polymers. This would open the potential application of such non-covalent networks in the field
of 3D-printing, or as viscoelastic coupling materials. A more fundamental aim of this work was
to elucidate the structure-property relationship in the PDMS-LC elastomers, namely the
efficiency as physical crosslinker of the relatively small mesogen units, as well as the influence
of the thermotropic properties of the pendant LC groups on the whole copolymer.



2. Experimental section
2.1. Materials

2.1.1. Commercial chemicals

The dimethylsiloxane-methylhydrosiloxane(25-35%) copolymer “HMS 301” (Mn = 1 900-
2 100 g/mol) and the dimethylsiloxane-methylhydrosiloxane(4-8%) copolymer “HMS 064~
(Mn = ca. 60 000-65 000 g/mol; for both structures see Scheme 3 were purchased from Gelest.
Chlorofom (solvent) was purchased from Sigma-Aldrich, while a 2% solution of the Karstedt‘s
catalyst (see Scheme 4) was purchased from Merck. All the commercial products were used as
received. Prior to use, however, the equivalent molecular masses per SiH group of HMS 301
and HMS 064 were more precisely determined by 'H-NMR (see SI-Fig. 5, SI-Table 3 and
accompanying text). The so-obtained equivalent molecular masses (per SiH function:
HMS 301: 248.700 g/mol, HMS 064: 1320.558 g/mol) were then used for calculations of
reactants’ amounts in syntheses.

2.1.2. Azo-type mesogen “BAFKU”

The azo-type mesogen BAFKU (see Scheme 1, MW = 420.587 g/mol) was synthesized in three
stages by the authors according to a previous work [38].
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Scheme 1: Synthesis of the liquid-crystalline mesogen BAFKU [38].



Table 1: Amounts of the components used in the synthesis of the copolymers based on PDMS
grafted with BAFKU.

omponent Karstedt’s
BAFKU HDMS 301 HNMS 064 Chloroform | c4¢alyst
Samp !
name

[g] [mmol] | wt%e | Vol% | [g] [mmol] | wt% | Vol% [g] [mmel] | wt% | Vol% [e] [mL] [g] [mmol]

BAFKUs—

0492 117 |61.90]|60.26|0.291| 1.17 |38.10(39.74| - - - - 2978 2 |0.0087|0.0228
HMS301
BAFKEDa- 0492 117 |2414|2272| - - - - 1.545| 117 |7586|77.28(2978| 2 |0.0087]0.0228
HMS064

2.1.3. Preparation of the LC-grafted copolymers BAFKUs—HMS301 and BAFKU4u—
HMS064

0.291 g of HMS 301 (1.17 mmol of SiH groups) or 1.545 g of HMS 064 (1.17 mmol of SiH
groups) and 0.492 g of the BAFKU mesogen (1.17 mmol) were placed in a small vessel
equipped with a magnetic stirring bar. 2 mL of chloroform were added, and after flushing the
reactants with argon, they were dissolved by brief stirring at 60°C. Subsequently, Karstedt's
catalyst (8.7 mg of a 2 wt% solution = 0.0228 mmol Pt) was added and the solution was stirred
at 60°C for 5 min. Thereafter, the reaction mixture was cooled down to room temperature and
the solvent was removed under reduced pressure. The BAFKUs—HMS 301 product was free of
side-products, but the BAFKU4,-HMS 064 copolymer contained a crosslinked fraction, which
prevented its melting or full dissolution. Hence, raw BAFKU4,-HMS064 obtained after solvent
removal was further purified by dissolving it in tetrahydrofuran, filtering through a syringe
filled with 1 cm of cotton wool, after which the solvent was evaporated again. Finally, both
copolymers were further dried under vacuum (10 mbar) for 30 min at 90°C (molten state).
Thereafter, they were cooled to room temperature and stored.

Yield: BAFKUs-HMS 301: 0.783 g (1.17 mmol) = 100% of theory.
BAFKU4-HMS 064: 1.082g (0.622 mmol) = 53.1% of theory.

Characterization by 1TH-NMR (CDCI13). 6 (ppm):

(BAFKU)s-HMS 301: 7.95 (16H, d, arom.),7.84 (16H, d, arom.), 7.30 (16H, d, arom.), 7.21
(161, d, arom.), 2.55 (1611, m, CH2), 1.7 (48H, m, CH2), 1.28 (144, m, CH2), 0.96 (2411, m,
CH3), 0.07 (144H, m, CH3)

(BAFKU)ss-HMS 064:  8.15 (90H, d, arom.), 7.85 (90H, d, arom.), 7.4 (90H, d, arom.), 7.32
(90H, d, arom.), 2.73 (90H, m, CH2), 2.65 (135H, m, CH2), 2.08 (270H, m, CH3), 1.25 (810H,
m, CH3), 0.1 (3963, m, CH3)




for comparison:

neat BAFKU: 790 (2H, d, arom.), 7.82 (2H, d, arom.), 7.31 (2H, d, arom.), 7.22 (2H, d,
arom.), 5.79 (1H, m, CH), 4.94 (2H, m, CH2), 2.59 (2H, m, CH2), 2.56 (2H, m, CH2), 2.03
(2H, m, CH2), 1.65 (2H, m, CH2),1.60 (2H, m, CH2), 1.31 (12H, m, CH2), 0.92 (3H, m, CH3)

neat HMS 301: 4.68 (8L, Si-H), 0.1 (42H, m, CH3),0.07 (120H, m, CH3)
neat HMS 064: 4.72 (45H, Si-H), 0.01 (153H, m, CH3),0.07 (4590H, m, CH3)

Check of quantitative conversion:

FTIR: Complete disappearance of the peak of the Si—H bond stretching at about 2120 cm™ (see
SI-Fig. I - 3).

NMR: Complete disappearance of the peaks near 4.68 ppm (Si-H) and of the multiplets near
5.79 and 4.94 ppm (vinyl groups of BAFKU) see SI-Fig. I and 6.

2.2. Characterization of the LC-grafted copolymers

2.2.1. Chemical microstructure

'H-NMR: The chemical structure of the synthesized grafted copolymers was verified using 'H-
NMR spectroscopy. The same method was also used for verifying the purity of the mesogen
“BAFKU” and for determining the equivalent molecular masses per SiH of the pendant-
hydrido-functional polydimethylsiloxanes HMS 301 and HMS 064. The spectra were recorded
on a Bruker (Karlsruhe, Germany) Avance DPX 300 spectrometer at 300 MHz. CDCls-d; was
used as solvent for all experiments. Tetramethylsilane (TMS; 6 = 0 ppm) was employed as
internal standard.

FT-IR: Completion of hydrosilylation reactions between SiH-functional polydimethyl-
siloxanes and the monovinyl-functional mesogen was verified by means of FT-IR spectroscopy.
The spectra were recorded in the attenuated total reflection (ATR) mode using a Nicolet 8700
spectrometer (from Thermo Scientific, Madison, WL, USA). The ATR spectra were recorded
using a Golden Gate™ heatable Diamond ATR Top-Plate (MKII single reflection ATR system,
from Specac, Orprington, UK).

Molecular masses (GPC): The molecular masses of the prepared copolymers and of their
precursors were determined by gel permeation chromatography (GPC). For this purpose, we
used the Deltachrom pump with computer-controlled piston movement (from Watrex ILtd.,
Prague, Czech Republic), the autosampler Spark MIDAS (from DataApex Ltd., Prague, Czech
Republic), the column “PLgel 5 um MIXED-D” (5 um particles; from Polymer Laboratories,
now Agilent Technologies, Shropshire, UK), which —according to the manufacturer — separates
in the molecular mass range of approximately 10” < A/ <4-5 x 10°, The UV/VIS DeltaChrom
UVD 200 detector (Watrex Ltd.) with the flow-cell volume of 8 pl, operating at wavelength
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A = 264 nm, the light-scattering photometer DAWN Heleos II measuring at 18 angles of
observation, as well as the Optilab T-rEX differential refractometer (both Wyatt Technology
Corp., Santa Barbara, CA, USA), were used as detectors in the order of flow. The data were
collected into the Astra 6.1 (Wyatt Technology Corp.) and Clarity (DataApex Ltd.) softwares,
which communicated with the detectors using a U-PAD2 USB acquisition device.

The mobile phase was tetrahydrofuran (from Fisher Scientific, UK) at 25°C (controlled ambient
temperature), used as received. The concentration of measured solutions was 5 mg/mL.
Polystyrene standards obtained from Polymer Standards Services (Mainz, Germany) were used
for calibration.

2.2.2. Thermal, thermo-mechanical and rheological properties

DMTA and Rheology: The advanced multi-functional rheometer ARES-G2 (from TA
Instruments, New Castle, DE, USA — part of Waters, Milford, MA, USA) was used for
characterizing both the thermo-mechanical and the rheological properties of the prepared
copolymers.

The thermo-mechanical characterization (including glassy state, glass transition, rubbery
region and melting) was carried out using small parallel plate geometry (exchangeable stainless-
steel plates, diameter: 6.1 mm). An oscillatory shear deformation at the constant frequency of
1 Hz and at a small strain amplitude (0.001 to 4%, adjusted by auto-strain) was applied. In a
first scan, the samples were cooled down from the molten state at 80°C to -130°C, at the rate
of 3°C/min. Subsequently, in the second scan, the samples were heated with the same rate back
to 80°C. For both scans, the temperature dependences of the storage- and of the loss shear
modulus were recorded, as well as of the loss factor (G’, G” and tan(d), respectively).

The gelation behaviour near the melting point (rheology) was additionally studied using the
multi-frequency temperature sweep test: the temperature range was: 80°C = 20°C (first scan -
cooling), followed by 20°C = 80°C (second scan - heating). The simultaneously applied
frequencies were 1 Hz (strain amplitude: 1%), 2 Hz (1%), 4 Hz (0.8%), 8 Hz (0.6%), 16 Hz
(0.4%), 32 Hz (0.3%) and 64 Hz (0.1%).

In order to evaluate the rate with which the physical network is formed after abrupt cooling
of molten copolymer to different temperatures, time sweep tests with the oscillatory frequency
of 1 Hz and the strain amplitude of 1% have been performed. The samples were rapidly cooled
from 80°C to the final temperature of 0, 15, 40, 50, 55, 60 and 70°C. The oscillatory time sweep
test was running and recording G°, G” and tan(6), as well as the actual temperature, from the
beginning of the cooling. In this way, eventual rapid crosslinking during the cooling also could
be observed (in addition to slower crosslinking which occurred after the sample temperature
stabilized on its final value).

The possibility to disconnect the reversible physical networks by mechanical strain was
investigated using the strain sweep test: at 1 Hz oscillatory frequency, the strain was gradually
increased from 0.1 to 1000% and G°, G” as well as tan(d) were recorded. Such experiments
were carried out at 0, 10, 20, 30 40, 50, 60, 70, 80 and 90°C.

Eventual sample stiffening at moderately high oscillatory deformation frequencies was

studied by means of the frequency sweep test, where the deformation frequency was gradually
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increased from 0.001 to 100 Hz. The data were recorded in five logarithmic series of points —
‘decades’, with constant deformation amplitude in each decade, namely 50% (at 0.001 Hz), 20,
10, 5 and 1% (at 100 Hz). Such frequency sweep tests were carried out at several different
sample temperatures, namely at 0, 20, 30, 50, 60, and 80°C.

DSC: The nature of the transitions observed in the copolymers in the DMTA tests was further
investigated by differential scanning calorimetry. The standard experiments (with temperatures
going down to -90°C) were performed on a DSC1 instrument from Mettler Toledo (Columbus,
OH, USA) under nitrogen atmosphere. The heating and cooling rate was always 10°C/min. The
samples were first cooled down to -90°C, after which they were subjected to the first heating
scan from -90 to +80°C (with final temperature corresponding to the isotropic state of the
polymer melt), followed by the first cooling scan (+80 = -90°C) and the second heating scan.
Low-temperature experiments in the range from -140 up to -80°C (designed to observe the
freezing of pendant methyl groups’ mobility in PDMS) were carried out under nitrogen
atmosphere, using a “8500” calorimeter from PerkinElmer (Waltham, MA, USA) cooled with
liquid nitrogen. The heating and cooling rate was always 10°C/min. The samples were first
cooled down to -140°C, after which the first heating scan (up to -80°C) was performed,
followed by a cooling scan (-80 = -140°C) and the second heating scan.

2.2.3. Phase transitions and ordering of L.C domains

Polarized light microscopy (PLM) [63,64]: In order to visualize phase transitions in the
studied copolymers, polarized light microscopy was employed. PLM micrographs were
recorded with a microscope Nikon Eclipse 801 (Nikon; Japan) equipped with a digital camera
ProgRes CT3 (Jenoptik; Germany) and THMS 600 heating stage (Linkam Scientific
Instruments Ltd.; UK).

Thin specimens for PLM (thickness <10 pum) were prepared by compression moulding on a
heating bar (temperature of the bar 120 °C, compression between two glasses, load 5 kg for 10
min). The best PLM micrographs were obtained for the thinnest polymer films after slight shear
deformation, which was induced by manual shift of the two glasses used for compression
moulding.

All PLM experiments started at room temperature. The samples were then gradually heated
with the rate of 1 °C/min up to a final temperature, where the melt was fully isotropic. After a
short pause at the maximum temperature (5 min), the sample was cooled down to room
temperature using the same rate.

The intensity of illumination was kept constant and PLM micrographs were recorded during
the whole process. The intensity of polarized light was evaluated from the image analysis of
the individual micrographs as the mean intensity of all pixels within given micrograph (using
the software NIS Elements 4.0 from Laboratory Imaging, Czech Republic; morphological
descriptor MeanlIntensity). As the final output, the normalized MeanIntensity as a function of
temperature was plotted. It has been demonstrated in our previous studies [63,64] that the



polarized light intensity recorded in this way is proportional to the amount of
crystalline/anisotropic structures in the investigated specimen.

Small- and wide-angle X-ray scattering (SAXS and WAXS) were employed in order to
characterize the crystalline structure of neat BAFKU and of the BAFKU4,-HMS064 copolymer

at different temperatures, as well as to estimate the size of BAFKU domains in the copolymer.

The XRD experiments (SAXS and WAXS) were performed using a pinhole camera (Molecular
Metrology System, ‘MolMet, Rigaku, Japan, modified by SAXSLAB/Xenocs) attached to a
micro-focused X-ray beam generator (Rigaku MicroMax 003) operating at 50 kV and 0.6 mA
(30 W). The camera was equipped with a vacuum version of the Pilatus 300K detector. The
experimental setup covered the momentum transfer (¢) range of 0.05 — 1.5 A"!, where g, the
scattering vector, is defined as: ¢ = (4n/A) sind, where 4 (in the given case 1.54 A) is the
wavelength and 26 is the scattering angle. Calibration of primary beam position and of the
sample-to-detector distances was performed using AgBehenate powder. Exposure time for
recording one XRD pattern was 1 hour. In order to obtain accurate positions of reflection
(interference) peaks, these were fitted by Gaussian peak function.

The tested materials were placed into thin glass capillaries of 2 mm internal width and of
0.01 mm wall thickness, which were sealed after sample filling. The capillaries with the
specimens were subsequently placed into a heated holder and were measured at the initial room
temperature (20°C), at 85°C (molten) and then at decreasing temperatures of 55°C, 35°C and
20°C (return to room temperature). Except the initial measurement at room temperature, all the
following patterns were recorded after the specimens dwelt 10 min at the selected temperature.

2.2.4. Tensile tests (self-healing evaluation)

The tensile properties of the prepared elastomer BAFKU4,—HMS064 were measured using the
same ARES-G2 from TA Instruments which was used for DMTA and rheology tests (maximum
allowed tensile force: 20 N), using the method “Axial”. The experiments were performed at
room temperature, with a cross-head speed of 0.25 mm/s. Rectangular specimens of total
specimen length of 20 mm, (length between jaws: 3 mm), width of 5 mm and thickness of 2 mm
were used. The copolymer specimens were obtained via melting of the necessary material
amounts at 80°C in Teflon moulds.



3. Results and discussion
3.1. Synthesis

Strongly physically crosslinked meltable rubbers were synthesized in this work, the general

structure of which is depicted in the (simplified) Scheme 2. Such elastomers offer an
application promise as passive smart materials.

A
1 G
A

Scheme 2: Symbolic representation of PDMS grafted with BAFKU and of its physical
crosslinking via aggregation of the pendant mesogen (BAFKU) units.
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Scheme 3: Components employed to synthesize the studied copolymers: (top): general
structure of the tested PDMS precursors with pendant Si-H functions, as well as the
representation of typical molecules of the ‘hydrido-polysiloxanes’ HMS 301 and HMS 064;

(bottom): the mono-vinyl-functional mesogen BAFKU, which was grafted onto the PDMS
precursors.
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The prepared copolymers are based on hydrido-functional polydimethylsiloxane (PDMS)
chains (see Scheme 3 top) tethered with pendant liquid-crystalline (LC) building blocks named
“BAFKU” (Scheme 3 bottom). The pendant BAFKU units occur in separated quartets (see
Scheme 4 and 5; the above Scheme 2 is simplified and shows just doublets in their place). The
BAFKU quartets originate in the use of cyclic tetramers (named “D4”) as starting compounds
in the synthesis of the commercial hydrido-functional PDMS precursors (see Supplementary
Information: SI-Scheme 1), thus leading to scattered quartets of grafting-able SiH functions in
the PDMS precursors.

- CH CHa CH, Gy CHa cHy C y ’ﬁ
' - — Sn—o—s.—o—s.—o— —o—s.—o—sl—o—sl—o—-ﬁ /
-
——
CHFCE\/
+ n T

T
Pl (Karstedt's
va?’i\ catalyst)
A 1)
/ 1)/
L o N (i
\

Scheme 4: Synthesis of BAFKU—PDMS copolymers via hydrosilylation catalysed by the
Karstedt catalyst (the formula of the full structure of the products is in SI-Scheme 2).

The constituent materials (see Scheme 3) of the studied elastomers were chosen in order to
supply highly flexible polymer chains with a low glass transition temperature (PDMS), as well
as building blocks with a strong crystallization tendency (polyaromatic BAFKU mesogen). An
important feature was the immiscibility (in absence of solvent) of both components, which
favoured the aggregation (nano-phase-separation, see Scheme 2) of the pendant mesogen units,
and thus the physical crosslinking of the copolymer molecules at the graft sites. The occurrence
of the pendant LC units in quartets also was highly favourable for the stability of their nano-
aggregates. The BAFKU mesogen was expected to play a similar role in the studied
copolymers, like the inorganic POSS nano-building blocks played in the elastomeric
epoxy/POSS nanocomposites mentioned in the Introduction [S1-54], with the important
difference that BAFKU is fully organic. As mesogen, BAFKU also offers the possibility of
orientation, if present at sufficient volume fractions. Additionally, UV-light-induced cis/trans
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isomerization of the azobenzene derivative BAFKU could be of interest for employing the
studied polymers as smart materials.

The copolymers were synthesized via hydrosilylation reactions (Scheme 4), in which two
different commercial pendant-Si-H-functional PDMS precursor polymers were grafted with
mono-vinyl-functional BAFKU mesogens. The synthesis was considered to be practically a
‘click reaction’. One PDMS precursor was “HMS 301” (average molecule: My =1 950 g/mol,
27.6-mer, 8 Si-H functions in 2 quartet blocks, average distance between SiH quartets: 9 repeat
units; see structure in Scheme 3). The other tested PDMS precursor was the much longer
“HMS 064, with large distances between the SiH quartets (average molecule: M; = 55 000
g/mol, 749-mer, 41.6 Si-H functions in 10.4 quartet blocks, distance between SiH quartets: 67.8
repeat units; see structure in Scheme 3). The syntheses were carried out in chloroform (at SiH
group concentration of 0.52 or 0.33 mol/L, with HMS301 or HMS064, respectively) at room
temperature and catalysed by the Karstedt catalyst (SiH : Pt ratio was 52 : 1). In order to
determine highly precise equivalent molecular masses per single SiH functional group, the
precursor polymers HMS301 and HMS064 were analysed by "H-NMR prior to the syntheses
(see Supplementary Information: SI-Fig. 5 and accompanying text which follows after it).

BAFKU~HMS 301
; A~ -

BAFKU,,-TIMS 064

BAFKUs-IIMS301 BAFKU41-HMS064

m PDMS m PDMS
B BAFKU m BAFKU

Scheme 5: (top): Semi-realistic representation of the prepared grafted copolymers BAFKUs—
HMS301 and BAFKU,1—HMS064, highlighting elastic chain length between the BAFKU
grafis and the size of the pendant BAFKU groups; (bottom): diagrams of volume fractions
(calculated by using Equation (1)) of the BAFKU mesogen units in the copolymers.

General properties: The grafting of the colourless liquid PDMS polymers (viscosity:
HMS301: 30 mPa*s, HMS064: 7 300 mPa*s) with the azobenzene derivative BAFKU (orange
solid) profoundly changed their appearance, as well as their mechanical properties: Both grafted
products are orange solids (BAFKU colour), either brittle and waxy (BAFKUs-HMS301), or

12



rubbery and transparent (BAFKU4—-HMSO064). Already the appearance of the copolymers
hence indicates physical crosslinking via LC-LC aggregation, which is of considerable strength
(nano-crystallization, as shown in Scheme 2). In the elastomer BAFKU4:-HMS064, the nano-
crystallites are sufficiently small in order not to disturb the transparency, while solid BAFKUsg—
HMS301 is opaque (its melt is transparent). Both copolymers reversibly melt near 60°C, in the
temperature range where also neat BAFKU melts (65.7°C) — if tested as pure compound. Both
copolymers also can be dissolved in common organic solvents like tetrahydrofuran, chloroform
or toluene. The structures of the average molecules of the products are illustrated in Scheme 5.
In the same Scheme, the volume fractions of the aggregation-able mesogen BAFKU are
additionally shown (see also Table 1). They were calculated using Equation (1) under
consideration of the densities (pparxry = 1.05 g/cni®, pas 301 = 0.98 g/em? and pans 69 =
0.97 g/cm?) and of the stoichiometric synthesis amounts (see Table I) of the individual
components.

volume percent (Vol%) = m(mmmne;?,{(f)(mmmnmt) *100% (1)
P10}

The efficiency of the grafting of PDMS via hydrosilylation was of great importance: The
reaction observationally went smoothly for the reactant pair HMS301/BAFKU, while it was
more difficult with HMS064/BAFKU. In the latter case, side reactions (probably radical
reactions of Si-H) were observed, which led to crosslinked by-products (see also literature
mentions in [13,14]). The synthesis of the copolymer HMS064/BAFKU was optimized, as
described in the Experimental Part, so that a practically quantitative conversion was achieved,
in combination with acceptably low (47%) material losses due to the undesired crosslinking.
The completeness of conversion in the hydrosilylation reactions was verified by means of
FTIR (see SI-Fig. 1a in the Supplementary Information File) and 'H-NMR (SI-Fig. 1b).
Quantitative conversion would lead to the disappearance of the very characteristic signals of
the Si—H bond in both spectra (FTIR and NMR), and of vinyl-signals in "H-NMR. The NMR
method is more accurate, especially in case of the lower-functional copolymer
HMS064/BAFKU. The recorded NMR spectra (see SI-Fig. 6) indicate quantitative conversion
in case of HMS301/BAFKU and a nearly quantitative one in case of HMS064/BAFKU, 6.3%
of un-reacted SiH groups, as well as ca. 3.3% of un-reacted vinyl groups. A more detailed
discussion of the spectra is included in the SI File, preceding SI-Fig. 1.

The molecular masses of the prepared grafted copolymers, and especially their distributions,
were evaluated by means of size exclusion chromatography (SEC, “GPC”), using
tetrahydrofuran as eluent (sample concentration: 5 mg/mL) and polystyrene standard
calibration (valid for the range of 100-500 000 g/mol), with simultaneous UV/Vis-refraction-
index- (at L = 254 nm) and evaporative-light-scattering- (ELSD) detection. The results are
shown in SI-Fig. 7 and SI-Table 4 in the Supplementary Information File, where also a detailed
discussion is included. It can be observed, that the GPC analysis provides some valuable
information about the obtained PDMS-LC copolymers, but that it is not well-suited to
analyse their molecular masses with high precision, due to their complex structure and
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properties (possible BAFKU aggregation in solution). In both the studied products, the content
of non-bonded BAFKU is grossly over-estimated by GPC (if compared to 'H-NMR), because
of the high sensitivity of both detectors to BAFKU (see details in the discussion in the SI File).
Hence, the 'H-NMR spectroscopy remained the most accurate method to evaluate the
completeness of the grafting reaction of BAFKU onto the PDMS precursors.

3.2. Thermo-mechanical properties

The reversible physical crosslinking in the prepared copolymers BAFKUs-HMS301 and
BAFKU4,-HMS064, and especially its effect on the thermo-mechanical properties, was studied
by means of dynamic-mechanical thermal analysis (DMTA). The results are illustrated in
Figure 1 and Figure 2.

In Figure 1, the course of the temperature-dependent storage modulus in a heating- and cooling
run can be compared for both the copolymers. The Figure 2 shows the assignment of the DMTA
transitions for BAFKU4-HMS064 (main graph), as well as the overlay of temperature-
dependent storage modulus (G’), loss modulus (G”) and loss factor (fan 6) in the inlay image.

@) | A

BAFKUg-HMS 301

Storage modulus G' [Pa]

10°4

107 heating run

108+

10°- cooling run

104,

103_
2 I T T I 1 I
-120 -80 -40 0 40 80

Temperature [°C]
Figure 1: DMTA profiles (temperature-dependent storage modulus G’ only) of the

copolymers (a) BAFKUsHMS 301 and (b) BAFKU—HMS 064 recorded in heating and

cooling regime.

(b) [~k R R
10°+ BAFKU4¢-HMS 064
10% 4
104 heating run
10° 4
10° - cooling run
10* 5
107 4
107 +— ‘ . . . :

-120 -80 -40 0 40 80

Temperature [°C]

In Figure 1, it can be observed, that the elastomeric copolymer BAFKU4-HMS064, which
contains long PDMS spacer segments (68 repeat units) between the BAFKU quartets (see
structure in Scheme 5), displays a fairly broad rubbery region which extends from ca. -60 to
+40°C, where the storage modulus exceeds 1| MPa (Figure 1b). The efficiency of physical
crosslinking via BAFKU aggregation (see Scheme 2) likely is enhanced by the high number of
BAFKU graft positions, namely in average 10.4 per macromolecule (see Scheme 5 and
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structure parameters in SI-Table 3). The occurrence of mesogens in quartets further favours
their efficient aggregation. Hence, even a small crystallizing pendant group like BAFKU
achieves a considerable crosslinking effect.

1071 BAFKU,,-HMS 064 heating run -15
r | 10%4
— 1074
£ L10
= 1064
© 104
0] 100 — Storage modulus G' [Pa]
1 Loss modulus G" [Pa L05
10° BAFKU44-HMS 064 10*{ [——tan(derta)[]
108 i : 1024
107 : : 10" 15 0.0
! heating run -120

cooling run

Storage modulus G' [Pa]
2

\ melting of rubber:

several transitions of

.. T L r LC building blocks
40 0 40 80

mperature [°C]

1 rubber plateau

freezing / unfreezing of
segmental movement ofmelting / crystallization of
siloxane repeat units PDMS chains

Figure 2: (main image): Assignment of the transitions observed by DMTA in the copolymer
BAFKU41—HMS 064, (inlay top right): full DMTA profile of BAFKU4—HMS 064 showing the
temperature-dependence of the storage modulus G’, of the loss modulus G and of tan é.

Figure 2 (main graph) shows the assignment of thermo-mechanical transitions in this
copolymer: Near -110°C there is a small step in G’ (highlighted with blue arrow), which can be
assigned to the start of segmental mobility of the pendant methyl groups of PDMS. It is
practically the true glass transition of PDMS, in spite of the small step. Next, at -85°C (cooling
scan) or at -55°C (heating scan), there is a major step in °, which seemingly appears to be the
main glass transition associated with the PDMS chains of the copolymer. However, in view of
the observed undercooling of this transition by 30°C (‘hysteresis’), as well as of the DSC results
discussed further below, these steps in G* can be clearly assigned to crystallization/melting of
PDMS. The melting and cold crystallization of PDMS has been already discussed in literature,
especially in case of linear products with longer chains, see e.g. [65]. The PDMS
freezing/melting step is followed by a relatively extended rubbery region with gradually
decreasing G in the range of 107 — 10° Pa, which in turn is succeeded by a relatively steep ‘final
melting region’ (50 — 70°C). This latter feature can be assigned to the loosening of the
previously stiff aggregates (nano-crystallites) of BAFKU units, which are responsible for
physical crosslinking in the copolymer. The decreasing course of the modulus G’ in the rubbery
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region suggests that the physical crosslinks likely could be reversible under mechanical
deformation, even at the temperatures of the rubbery region.

An interesting feature, which can be observed in the Figure 2 (inlay: G°, G”, tan é = {(T)) is
the very similar shape and the proximity of the G’ and G” curves. As a consequence, tan &
displays only one small peak (zan 6 = 0.15) near -110°C, followed by a nearly invisible flat
shoulder in the PDMS melting region and by subsequent relatively high fan & values. In the
rubbery region, where some mesogenic transitions in the BAFKU aggregates could be
suspected, the value of tan ¢ gradually rises up to 0.25. Hence, relatively high plastic losses
are typical for the copolymer BAFKU4;—HMS064 in the whole rubbery region. In ‘ideal’
rubbery materials, tan § can be as low as 0.001. A shoulder (fan 6 = 0.25) is observed at 40°C
(heating run) — possibly a transition in the BAFKU aggregates. Between 50 and 70°C, in the
final melting region, tan & increases very steeply from 0.27 to 6.5, which is the most marked
tan ¢ change in the whole DMTA profile of BAFKU41—HMS064. At the chosen test frequency
of 1 Hz, G” becomes larger than G at 67°C (simple definition of solid-liquid transition). The
gelation/melting near 70°C, the viscoelasticity, as well as the reversibility of the crosslinking
in the rubbery region of BAFKU4-HMS064 were studied in more detail in rheological
experiments described further below.

The copolymer with the shorter elastic polysiloxane segments, BAFKUs—HMS301,
contains in average 9 repeat units, statistically mixed from octamer and dodecamer segments,
between the BAFKU grafts, and it contains in average only 2 grafting regions (see structure in
Scheme 5). This copolymer displays much simpler thermo-mechanical characteristics than its
elastomeric counterpart: It behaves like a brittle “vitrimer’, which near 70°C transforms directly
from glass to melt, with no glass - rubber transition. Similarly like in case of BAFKU4:—
HMSO064, there can be observed a small step in G in the range -100 to -90°C, assigned to
activation/freezing of the wagging movement of pendant methyl groups on PDMS. The only
other observable DMTA transition is the melting near +70°C. No crystallization of PDMS
chains is observed due to their relatively short length (see also DSC results further below). The
properties of the material appear to be dominated by the LC component (BAFKU), whose
volume fraction is very high (60%). This product might be of interest as a model compound or
as an ‘LC oligomer’.

3.3. Phase transitions in the copolymers

3.3.1. DSC: thermal transition behaviour

The nature, and especially the involved values of specific heat of the thermal transitions in the
prepared copolymers were investigated in detail by means of differential scanning calorimetry
(DSQ). The results are summarized in Figure 3 and 4 (comparison of neat BAFKU mesogen
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with the copolymer BAFKUs-HMS301, and the DSC trace of BAFKU;-HMS064,
respectively).
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Figure 3: DSC traces of (a) neat BAFKU mesogen; (b) of the copolymer BAFKUs—HMS 301.

In case of the neat mesogen (see Figure 3a), different behaviour can be observed upon heating
and cooling. BAFKU generally displays very similar transitions like its epoxy derivative
‘BAFKUU" (with oxidized double bond on the longer hydrocarbon chain), which was described
in a previous work of the authors [38]. Upon heating, only two sharp transitions can be observed
in BAFKU, which can be assigned (in analogy to BAFKUU) as crystalline = nematic (37.6°C)
and nematic = isotropic (66.7°C). Upon cooling, three distinct transitions occur: isotropic =
nematic at 62.3°C, nematic = smectic at 46.7°C, and smectic = crystalline at 28.1°C. The
described transitions hence extend over the range from 50 to 70°C while heating, and from 65
to 20°C while cooling (wider range, shifted to lower temperatures).

The copolymers BAFKUs—HMS301 (Figure 3b) and BAFKU41-HMS064 (Figure 4 b)
display similarly positioned and extended (but somewhat narrower) transition regions like neat
BAFKU (Figure 3a), but the individual mesogenic transitions are not separated at all in both
copolymers: they are joined into broad single transition regions. This behaviour seems to be a
consequence of the relatively large volume fractions of BAFKU units in both products (60 and
20 Vol.%, respectively) and of the proximity of the BAFKU units at the grafting sites on one
hand, as well as of the higher disorder and of eventual strain in BAFKU aggregates (nano-
crystallites), on the other. From the Figure 3b it can be seen, that in case of BAFKUg-HMS301,
the region of the thermotropic transitions extends from 43 to 70°C upon heating, and from 60
to 20°C upon cooling. In case of the elastomeric BAFKU4:-HMS064, the analogous regions
are 40 to 80°C and 70 to 30°C. The difference in the ‘width’ of the range of thermotropic
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transitions in heating- and cooling regime is much smaller in BAFKUs-HMS301, than in neat
BAFKU, and this difference in transition range width practically disappears in BAFKU4;—
HMSO064. In the cooling scan of BAFKUs-HMS301 and in both scans of BAFKU4,-HMS064,
the width of the region of mesogen transitions is very similar to the transition region in neat
BAFKU in the cooling scan, where three transitions occur between four phases
(I=?N-2>Sm—=>Cr). In case of BAFKUs—HMS301, and even more so in case of BAFKU4;—
HMS064, the upper-limit-temperature of the thermotropic transitions is higher than the
temperature of the nematic—= isotropic (final) transition in neat BAFKU. This effect can be
attributed to a reduced mobility of the polymer-bonded mesogen units.

el AN AR A AL AL A A AR

(a) low-temperature region -140 °C to -80°C

(b) region -80°C to +100°C
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Figure 4: DSC traces of the copolymer BAFKU —HMS064: (a): in the low-temperature
region (-140°C to -80°C); (b): in the region from -80°C to +100°C.

Rheological investigations of BAFK U4 -HMS064, which will be discussed further below (see
Figure 12 and Figure 13), suggest that there are two well-detectable transitions (‘partial
gelations’) in the temperature range of the transitions observed by DSC, during both cooling
and heating. In case of the rheology experiment done while cooling, the ‘second gelation’ in
the rubbery state is less pronounced than in the heating run (where it is very distinct). The
‘second gelation” observed by rheology appears to be induced by an LC transition of BAFKU.
The “first gelation” occurs upon sample solidification, which corresponds to the 2N transition
of the BAFKU units. In case of the heating run (rheology), some anomaly (a small step in
modulus), yet not a clear third partial gelation, can be recognized near 23°C, in the range of the
Cr=>Sm transition in BAFKU. It can be hence concluded, that the domains of aggregated
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BAFKU in the copolymers undergo similar thermotropic transitions like the neat
mesogen, although in a less ordered way.

The DSC traces in Figure 4b (‘normal range’) and Figure 4a (low-temperature range) also
elucidate the vitrification/cold crystallization/melting behaviour of PDMS chains in BAFKU41—
HMSO064: In the cooling runs in both graphs, the PDMS vitrification near -80°C and a definitive
one near -123°C can be seen, while in the heating run a PDMS melting (not glass transition)
peak is observed (its size depends on exact previous history). The vitrification/cold
crystallization/melting behaviour of PDMS in BAFKU4—HMS064 is discussed in detail in the
SI File, preceding SI-Fig. 14.

If the DSC and the further-above DMTA results are considered, it can be concluded, that the
copolymer BAFKU4-HMS064 combines the complex thermal behaviour of both its
constituents, although the ordering of the mesogen units is less perfect in BAFKU4,—-HMS064
than in neat BAFKU. In case of the vitrimeric (BAFKU)s-HMS 301, the copolymer is
dominated by the properties of the mesogen (although the ordering of the latter is also
disturbed), so that the thermal properties of the small PDMS component are practically not
visible in DSC.

3.3.2. X-ray scattering analysis of the phase transitions

In order to deeper elucidate the phase transition behaviour of the copolymer BAFKU4 -
HMSO064, which displays the most promising material properties, temperature-dependent X-
ray diffractograms (SAXS and WAXS) of this product were taken and compared with
diffractograms of the pure mesogen BAFKU. The first diffractogram of each series was taken
at room temperature (20°C), the next one at 85°C in the fully molten state after a 10 min dwell
at this temperature. Subsequent diffractograms were recorded at decreasing temperatures
positioned past transition points observed by DSC (cooling) for neat BAFKU, namely at 55, 35
and 20°C (the DSC transitions were at 62, 47 and 28°C, see Figure 3a further above). The
results of the X-ray experiments are summarized in Figure 5 — 8 and in Table 2 and 3 (see also
SI-Fig. 15, 16, SI-Table 5-7 and accompanying comments in the SI File).

In case of neat BAFKU (Figure 5, as well as SI-Fig. 15), the X-ray diffractogram displays
little change between all the test temperatures (except if it is molten): The BAFKU peaks
slightly change their position with temperature (see WAXS: Figure 5 and SI-Fig. 15a): Some
minor reflections (see SI-Fig. 15 and SI-Table 5) move to slightly higher angles (and hence to
higher ¢ values) with decreasing temperature, which corresponds to a moderate shrinking of
the characteristic distances in the crystal or LC structure, in response to sample cooling. No
marked changes in the XRD pattern are observed at the temperatures past (below) the respective
DSC (cooling run) transitions. After returning to 20°C, the WAXS peaks reach only % of the
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original intensity, which means thata considerable part of the sample stays amorphous, possibly
due to undesired polymerization of BAFKU via vinyl groups, to which this mesogen has a
tendency at elevated temperatures. A major change occurs when the isotropic molten state is
reached (at 85°C), where all peaks disappear, thus confirming a completely disordered
isotropic liquid. Two amorphous-halo-type features are observed for the melt in the double
logarithmic scale in ST-Fig. 15, which is typical for an isotropic liquid with rod-like molecules.
One of the halos is centred around 4.5° (0.32 A / 2 nm) and appears to originate in the
combined reflections caused by both the BAFKU length and width. The other 1s centred on
18.9° (1.34 A' / 0.47 nm), which corresponds to the typical organic inter-molecular distance.

|BAFKU 56

Intensity

20°C (further cooling)
35°C (further cooling)
cooled to 55°C
molten (85°C)
original state (20°C
before melting)

2 4 6 8 10 12 14 16 18 20
20, degrees

Figure 5: X-ray scattering patterns of neat BAFKU at room temperature (20°C), then at 85°C
(molten), and after subsequent cooling to 55°C, to 35°C and to 20°C (back at room
temperature).

Table 2: X-ray diffraction results: Interference maxima and the corresponding characteristic
distances in neat BAFKU (an extended list including weak reflections is in SI-Table 5).

BAFKU

26 [°] | q [A"] | d [nm] | comment

3.40 0.242 2.60 | veryintense, somewhat diminishes irreversibly
6.80 0.484 1.30 medium/weak, diminishes irreversibly (second order of 3.40°)
10.18 0.724 0.87 | medium, diminishes irreversibly
17.70 1.255 0.50 medium, slightly shifts and somewhat diminishes
18.36 1.301 0.48 | intense, somewhat diminishes
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The characteristic interference peaks of neat BAFKU (as observed in Fignre 5) are listed in
the above Table 2. An extended list including weak reflections is in SI-Table 5 and
diffractograms in double logarithmic scale, where more peaks are visible, are shown in ST-Fig.
15a. Some of the peaks in Figure 5 can be easily assigned to the dimensions of the mesogen
molecule: The peak at 3.40° (scattering vector ¢ = 0.242 A, corresponding to the distance d =
2.60 nm) can be correlated with the length of the rod-like mesogen, while the peak at 6.80°
(0.484 A1) appears to be a second-order reflection on the same distance. The peak at 10.18°
(0.72 A' / 0.87 nm) can be assigned to the width of benzene rings, and hence of the whole
mesogen (similarly like in [38]). Finally, both the peaks near 18-20° (1.4 A / 0.45 nm) can be
assigned to standard Van der Waals distances between organic molecules, e.g. in different
directions in the crystal. The BAFKU peaks are all sharp (also in SI-Fig. 15a), thus indicating
a highly ordered state in neat BAFKU at all temperatures (except in the isotropic melt at 85°C).

The size L of the primary BAFKU crystallites can be obtained via analysis of the full width
at half maxima (FWHM) values of the reflection peaks in the WAXS region (see Figure 3),
using the Scherrer equation:
I KA
p-cos@
where X is the shape factor (set equal to 0.9), § is FWHM, and & is the Bragg angle (26 is the
angle at which the ray is deflected).

The initial value of L in neat BAFKU (before melting) was found to be ca. 67 nm, while after
melting and cooling (no peaks in melt), similar but somewhat larger values, near 78 nm were
observed.

The larger-scale aggregation behaviour of neat BAFKU could be to some extent evaluated
from eventual features in the SAXS region of the recorded XRD patterns. In Figure 5, one
such feature very barely is visible in case of the pattern recorded at 20°C prior to sample heating
(black line), at 0.7 — 1.4° (¢ = 0.05 — 0.10 A™!). In the double logarithmic scale in SI-Fig. 15a
(in the SI file), a distinct linear increase in scattering intensity can be observed in this range. It
can be assigned to the presence of larger secondary aggregates of smaller primary BAFKU
crystallites, which formed during rapid solvent evaporation after BAFKU synthesis. The size
of the secondary aggregates cannot be accurately estimated due to the too narrow experimental
range of the SAXS region. The initial SAXS feature does not re-appear after melting and
subsequent cooling of neat BAFKU (see SI-Fig. 15a), which suggests that the newly formed
secondary aggregates are much larger after melting/cooling.
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The X-ray diffractogram of the copolymer BAFKU4-HMS064 (see Figure 6 and SI-Fig.
15b in the SI file) displays little temperature-dependence: Even in the molten state, the
pattern is very similar like at room temperature.

0.30

Intensity

cooled to 55°C

molten (85°C)

original state (20°C
before melting)

20°C (further cooling)
35°C (further cooling)

8

20, degrees

12

Figure 6: X-ray scattering patterns of the copolymer BAFKU;—HMS064 at room
temperature (20°C), then at 85°C (molten), and after subsequent cooling to 55°C, to 35°C
and to 20°C (back at room temperature).

Table 3: X-ray diffraction results: Interference maxima and the corresponding characteristic
distances in the copolymer BAFKU1—HMS064 (an extended list including weak reflections is

in SI-Table 6).
copolymer BAFKU41—-HMS064
26 [°] | q [A] N comment
[nm]
medium/weak, somewhat broad, fully reversibly shifts to 2.68° =
2.57 0.183 3.43 | 0.191A7(3.29nm), perhaps related to BAFKU peak at 3.40° (0.24A-"
/2.60 nm)
weak, partly reversibly shifts to 5.42° = 0.386 A (1.63 nm), returns
°.14 0.366 1.72 only to 5.28° = 0.376 A (1.67 nm), secondary reflection of 2.57°
intense and very broad, irreversibly slightly diminishes: it is an
11.86 | 0.843 0.75 | amorphous halo observed in neat PDMS (besides the main one
above 20°)
medium, broadened, reversibly diminishes, perhaps related to the
20.34 | 1.440 | 044 BAFKU peaks at 20.5and 21.1° = 1.45and 1.49 A
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The characteristic reflections of BAFKU41-HMS064 are listed in Table 3. An extended list
including weak reflections is in SI-Table 6, followed by some additional comments. In analogy
to neat BAFKU, some peaks can be correlated with mesogen dimensions: The reflection at
2.57° (0.183 A1/ 3.43 nm) can be assigned to the length occupied by the pendant mesogen
units. In the copolymer, this length is larger than in case of neat BAFKU, which indicates a
different and looser packing of BAFKU units in its nano-aggregates, which act as physical
crosslinks in the copolymer. A relatively sharp peak is observed at 5.14° (0.366 A!), which is
assigned as second-order reflection of the 2.57° peak, in analogy to a similar situation with neat
BAFKU. Moreover, both the peaks at 2.57 and 5.14° display analogous shifts upon heating.
The very broad and intense peak at 11.9° (0.84 A%, / 0.75 nm) is assigned to the amorphous-
halo-type reflection caused by PDMS (see e.g. [66]). Another amorphous halo of PDMS
should extend from 17 to 33° ([66]) and is only partly visible in Figure 6. Finally, a relatively
sharp small peak near 20° (1.4 A1 /0.45 nm) can be observed, which grows on the slope of the
high-angle amorphous halo of PDMS: it can be assigned to intermolecular Van der Waals
distances of the pendant BAFKU units, similarly like in neat BAFKU.

(b) 2701 peak position
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) 35°C <
20°C 2554
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Figure 7: (a) Temperature-dependent shift of the peak near 2.57° (highlighted with full
arrow) in the copolymer BAFKU—HMS064; the second-order reflection related to this peak
at 5.14° (highlighted with dotted arrow) also shows an analogous position shift; the different
temperature trends of the underlying curve below both peaks generate different trends in
apparent intensity of the reflections at 2.57° and 5.14°;  (b) position of the ‘2.57° peak’ in
dependence of temperature; (c) T-dependent full-width at half maximum of this peak.

An interesting feature in the XRD patterns of the copolymer BAFKU41-HMS064 is the
temperature-dependence of the position of the peak at 2.57°, which corresponds to the
mesogen length (see Figure 7 and SI-Table 7). In contrast to the trends in neat BAFKU, the
characteristic distance, which generates the 2.57° peak in the copolymer, moderately increases
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with decreasing temperature, by up to 4.4%. This means that the BAFKU units are more closely
packed in the longitudinal direction at elevated temperatures, and less so at lower ones.

The size L of the primary nano-aggregates of BAFKU units in the copolymer BAFKU4u—
HMS064 was obtained via analysis of the temperature-dependent full width at half maximum
(FWHM) values of the characteristic peak at 2.57° (in Figure 7), using the Scherrer equation
(cited further above: discussion of L in neat BAFKU). The size of primary crystallites (nano-
aggregates) in the copolymer was found to shrink from initial 37.5 nm (at 20 °C) to 34.2 nm
(at 85 °C in melt) and then to grow again upon subsequent cooling, up to 36.2 nm at 55 °C.
After that, the crystallites did not markedly grow any more upon further cooling down to 20 °C.
This trend generally suggests, that the crystallites are denser-packed at higher temperatures.

The larger-scale aggregation behaviour of the pendant mesogen units in the copolymer
BAFKU41-HMS064 was evaluated from features in the SAXS region of the XRD pattern.
Figure 8 shows a zoom of this region in the double logarithmic scale, which is preferable for
SAXS evaluation. A distinct growth of scattering intensity is observed at all temperatures in the
region ¢ = 0.01 —0.10 A1 (0.14 — 1.40°). A temperature-dependent flat maximum is observed
in this region, which at 20°C (prior to any heating) has the position of 0.035 A-! (0.49°). This
maximum partly reversibly moves with temperature: It practically disappears at 85°C (molten
state), then it re-appears at 0.028 A! (0.39°) at 55°C and moves upwards to 0.0314 A (0.44°)
at 35°C, and up to 0.0335A! (0.47°) at 20°C, after being cooled down to room temperature.

-
".. —— original state (20°C
102 1 oy, before melting)
— molten (85°C)
—— cooled to 55°C
——— 35°C (further cooling)
"T"_' e 20°C (further cooling)
5 10" |
Rd
S—
10°

16 q [1/A] o

Figure 8: SAXS region of the X-ray diffractogram of the copolymer BAFKU 1—HMS064,
depicted as scattering intensity (logarithmic) in dependence of the scattering vector q (in A™,
also logarithmic scale); the whole diffractogram of the copolymer in this format is shown in
SI-Fig. 15b.

The true size of the domains which generate the SAXS pattern cannot be precisely determined,
due to the too narrow experimental range of the SAXS region. Nevertheless, the domains can
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be estimated to be larger than the primary aggregates (sized ca. 37 nm, see above) whose width
was calculated using the Scherrer equation. The domains also are expected to be smaller than
1 um, as no anisotropy is observed by polarized light microscopy if the copolymer sample is
not previously shear-oriented. Hence, the true size of BAFKU domains in the copolymer can
be estimated to be in the order of 100 nm. The above-mentioned temperature-dependent SAXS
maximum can be tentatively assigned (Bragg law) to a characteristic intra-domain distance,
which is equal to 17.9 nm in the initial state at 20°C (prior to heating). In the molten state
(85°C), 1t cannot be observed. After cooling the melt down to 55°C, it reaches 22.4 nm.
Continued cooling leads to shrinkage: d = 20.0 nm at 35°C and 18.8 nm after reaching 20°C
again. This distance hence does not fully revert to its original value, but stays somewhat
expanded after the experiment. In view of the temperature-dependent size of primary crystallite-
like mesogen aggregates in the BAFKU4,-HMS064 copolymer (34-38 nm), which is discussed
below, the characteristic distance which generates the I-dependent SAXS maximum in
Figure 8 might be assigned to less ordered regions in secondary BAFKU-rich aggregates,
which separate the stronger and more ordered primary aggregates. The less ordered regions also
(in view of the chemical structure in Scheme 2 and 5) could contain some PDMS chains. They
expand rather than shrink upon heating (simple behaviour).

To sum up, the XRD experiments indicate that BAFKU nano-aggregates in the copolymer
BAFKU41-HMS064 display a reduced overall degree of ordering in comparison with neat
BAFKU. The characteristic distances marked by the interference peaks are different in
BAFKU and in the copolymer, thus indicating different molecular packing. Additionally,
the ordering in the copolymer does not markedly change even after crossing the melting
point (in contrast to neat BAFKU): The nano-aggregates just become liquid, and do not act as
mechanically efficient physical crosslinks anymore: Upon excessive deformation, they
eventually dynamically disconnect and coalesce again like droplets, but they persist (see
Scheme 7 further below), due to the immiscibility of PDMS and BAFKU. The bonding of
quartets of BAFKU units at closely neighbouring positions on the PDMS chains (‘grafting
sites’, see also Scheme 6 further below), as well as the relatively small size of the now liquid
primary nano-aggregates, both likely support the predominantly parallel alignment of the
mesogens even in the molten state of the copolymer (as observed by XRD), instead of full
1sotropization, like in case of molten neat BAFKU.

3.3.3. PLM observation of anisotropy and mesophases

The phase transition behaviour, as well as the crystallization of the promising copolymer
BAFKU4-HMS064 was additionally evaluated by means of polarized light microscopy
(PLM). The results are summarized in Figure 9-11. If the copolymer is simply molten and
cooled down back to room temperature between microscopy glasses, no anisotropy can be
observed by PLM (black field, not shown). However, if orientation is induced by mechanical

shear, extended sub-millimetre-sized highly anisotropic areas appear after melt cooling (see
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Figure 9). These regions cannot be lamellae of aggregated BAFKU, in view of its small volume
fraction in the copolymer, and also in view of the copolymer architecture (shown in Scheme 5),
which does not easily allow for the growth of very large BAFKU domains, even after shearing.
Hence, the observed areas can be assigned to regions in the copolymer, in which small BAFKU
nano-domains have some prevalent orientation.

100 pm

Figure 9: Textures observed in BAFKU4—HMS064 by polarized light microscopy (PLM)
after melting, shearing, cooling down to room temperature and subsequent renewed heating
between room temperature and 50°C.

In order to quantitatively evaluate the temperature-induced disconnection or fluctuation of
the higher-order BAFKU aggregates, which were observed further above by XRD, a series
of PLM images was taken in the ‘white-light mode’ (see Experimental Part and [63,64]) at
temperatures gradually increasing up to 80°C. An overview is shown in Figure 10. (Only some
images are depicted in this Figure, in order to highlight changes; the whole collection of images
which were recorded at numerous temperatures is shown in SI-Fig. 17). Visually, it can be
observed that a significant decrease in anisotropy (seen as intensity of the white domains)
occurs between 40 and 50°C, and even a stronger one between 50 and 55°C. At 60°C, the
residual anisotropy is very small, while at 80°C, the sample is seemingly isotropic. The
anisotropy does not recover, if cooling after the heating run is done without mechanical shear.
The decrease of overall orientation via BAFKU domains’ disconnection or fluctuation is
investigated more thoroughly in Figure 11: This Figure plots the average intensity of white
light (taken from a bright part of one of the domains in Figure 100 / SI-Fig. 17) against the
temperature: A continuous decrease of intensity is observed, which becomes relatively steep
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and nearly linear between 45 and 58°C. A constant minimum value is reached at 63°C. The
residual intensity, which is recorded for the dark images of the melt, likely stems from
polarization generated by small (perhaps primary) BAFKU aggregates, which were
demonstrated to persist in melt (see above-discussed XRD experiments).

(b) T = 40C (c) T=50C

100 pm m

T(d) T = 55C (e) T = 60C () T =80C

Figure 10: Temperature-dependent changes in the images of a selected group of anisotropic
domains in the copolymer BAFKUy—HMS064, observed by PLM in the ‘black and white
mode’ (all colours are reproduced as white light), during a heating scan (from 30 to 80°C) of
a previously shear-oriented sample (oriented in melt).

If the temperature-dependent light intensity from the PLC experiment is overlaid with the plot
of the decreasing storage modulus of a copolymer sample (G’, logarithmic scale) heated over
the same temperature range (see Figure 11 a), it can be seen that the curves show a similar
shape. However, the G* curve sharply turns down at somewhat more elevated temperatures (by
ca. 10°C). A comparison with the DSC trace shows (Figure 11 a vs. c), that the loss of (larger-
scale) optical anisotropy is completed at the temperature of the maximum heat absorption of
the copolymer in the DSC curve. Here, the larger secondary BAFKU aggregates (observed by
XRD) likely start to disconnect and coalesce again, and lose their predominant orientation
direction. Smaller primary aggregates no more visible in PLM still absorb heat above 64°C, in
order to be molten to liquid-like nano-domains, which still are anisotropic, but which are
oriented in random directions. Finally, a comparison of the ‘quantified anisotropy’ with the
DSC (heating) trace of neat BAFKU indicates (Figure 11 a vs. b), that the sharp decrease in
anisotropy occurs in the region of the first (and dominant) peak in the heating scan (56.6°C:
crystalline = nematic), and that the anisotropy disappears close to the position of the second
(small and final) peak of the DSC heating run (66.7°C: nematic = isotropic).
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(a)

An interesting aspect are the colourful textures observed in the shear-oriented copolymer
BAFKU41-HMS064 in Figure 9 (further above): These textures do not change over the tested
temperature range and are neither typical for well-ordered crystals (the latter were not expected
in view of the above DSC results), nor for smectic or nematic phases. Hence, the PLC
experiments also confirm, that the BAFKU aggregates in the BAFKU.,-HMS064
copolymer are imperfectly ordered, especially on the larger scale, or that (to some extent)
multiple arrangements might occur simultaneously in the aggregates. The results further show,
that the decay of the anisotropy with increasing temperature realistically correlates with
thermotropic changes in the BAFKU nano-aggregates, which are too small to be directly
observed PLM.

Phase behaviour in DSC

kbt b M

Polarized Light Microscopy and Mechanical

properties of BAFKU41-HMS 064

Main intensity [a.u.]

150 +

100 4

4]
[=]
1

La— Average intensity = f(T)
(from PLM)
— Storage modulus (G') = f(T)

(from DMTA)

30

40 50 60
Temperature [*C]

BAFKU

(b) |
25.22°C 47.98°C 62.61°C
1 26.81J/ 13.69J/g 19.49J/g
__’___ .
= g 62.33°C
= 28.09°C a
= 1 : SSHES 56.56°C |—— cooling
% ‘ —— heating 2
=
3 1 53.06°C
= 62.70°J/g
1 65.68°C
20 30 40 50 60 70 a0

(c)

Temperature [°C]

BAFKU41-HMS 064 [Hrivraiararaaiaion]

63.84°C
o
=
3
Q
o=
&
Q
I
30 40 50 60 70 80

Temperature [*C]

Figure 11: (a): Temperature-dependence (from 30 to 80°C) of the average polarized light
intensity (‘black and white mode’) calculated from the images of a group of selected
anisotropic domains in BAFKU—HMS064, some of which were shown in Figure 10;
decrease of the storage modulus G’ as observed by DMTA in the same temperature range;
(b): peaks in the DSC trace of the neat BAFKU mesogen in the same temperature range; (c):
DSC trace of BAFKU4—HMS064 in the same temperature range.
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3.3.4. Structure in the aggregates of pendant BAFKU units

In view of the combined data about the BAFKU.,-HMS064 copolymer, which were obtained
by thermo-mechanical analysis (DMTA), DSC, X-ray and by polarization microscopy (PLM),
it can be concluded, that the BAFKU domains in the copolymer are imperfectly ordered at any
temperature (X-ray, DSC). Also, the packing of BAFKU in nano-aggregates in the copolymer
(1.e. the characteristic distances) was found to be different from the one observed for neat
BAFKU in its crystals and mesophases (X-ray).

or

(c3)

Scheme 6: Symbolic representation of- (a) the nano-structured morphology of the
elastomeric copolymer BAFKU4—HMS064 with BAFKU domains in orange colour; (b) of the
BAFKU domains composed of smaller primary aggregates; (cl—c3) of the primary
aggregates of BAFKU units attached to PDMS chains.

The BAFKU domains, which act as physical crosslinks in the BAFKU4;-HMS064 copolymer,
undergo a broad range of thermotropic transitions. The latter are visible in DMTA as gradual
weakening of the crosslinking strength in the rubbery plateau (modulus decrease), and in DSC,
they generate a very broad and relatively flat endotherm peak (‘region of thermal transitions’).
This region of thermal transitions of the BAFKU domains in the copolymer roughly
corresponds in its position and extent with the entire range of the thermal transitions in the neat
BAFKU mesogen (three transitions, range width: 45°C, if also the metastable smectic phase is
considered). Additionally, PLM data visualize a similarly wide range of thermal
transformations in the BAFKU domains in the copolymer, which lead to a gradual loss of
predominant orientation in them. Finally, also the further-below-discussed results of
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rheological experiments (especially the multi-frequency gelation tests) support the occurrence
of multiple thermal transitions in the domains, one from liquid state to solid (rubber), and one
or two in the solid state.

The following structure hence can be postulated for the BAFKU domains in the BAFKU4u1—
HMS064 copolymer (see Scheme 6): Small nanometre-sized primary aggregates of BAFKU,
which possess a somewhat different packing than neat BAFKU, are arranged to larger and less
strong secondary BAFKU aggregates sized tens of nanometres (X-ray). The regularity of the
primary aggregates is not very high (see X-ray peaks), due to local mechanical strains or steric
effects, but at different temperatures, structures are formed, which are more or less related to
the crystalline, to the smectic and to the nematic phase of neat BAFKU.

deformation
— —>

28°C<T<70°C

T>70°C C

T<28°C

disconnection of
droplet domains
to smaller ones

LC-like

crystal-like

liquid-like

L)

recombination of small droplet domains

Scheme 7: BAFKU nano-domains in BAFKU,—HMS064, their transition from crystalline to
liquid-crystalline (LC) and liquid state, under domain preservation; mechanical
disconnection to smaller domains and recombination (coalescence) to bigger ones upon large
shear deformation in the liquid or LC state.

Upon heating, the aggregates undergo transitions at temperatures similar to the ones
observed in neat BAFKU, but due to the mentioned irregularities and strains, the individual
transitions are not sharp, but occur and overlap in a broader range of temperatures. Possibly,
some of the different nanocrystallite alignments co-exist in a broader temperature range (‘mixed
composition’), which would explain, why the observed PLM textures are not typical for any
single thermotropic phase.

Upon crossing the melting point, the BAFKU domains in the copolymer are molten and can
split or coalesce (see Scheme 7), but the primary and secondary aggregates persist (WAXS,
SAXS), albeit in a liquid-like state. The reason for the domains’ persistence is the
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incompatibility (and hence phase-separation-tendency) of PDMS and BAFKU, which was
desired in order to support physical crosslinking. A certain degree of alignment always is
present in the primary aggregates (X-ray), due to spatial constraint, small nano-aggregate size,
and due to the fixation of rod-like mesogens close to each other (in quartets) on the PDMS
backbone.

Upon cooling the copolymer melt, the primary and secondary BAFKU aggregates become
more ordered, and solidify again to different packing structures, which succeed each other, or
sometimes form simultaneously. The BAFKU domains then undergo thermal transformations
in an equally wide T'range like in course of the heating scan. This is a difference in comparison
to neat BAFKU, where the range of thermal transformations is narrower in case of heating (2
transitions), while in case of cooling it i1s wider (3 transitions).

The less attractive (and hence less investigated) vitrimeric BAFKUs—HMS301 copolymer can
be expected to display an analogous behaviour, in view of its DSC characteristics, which are
very similar to the characteristics of BAFKU41-HMS064.

3.4. Rheological properties

The reversible physical crosslinking in the copolymer BAFKU4-HMS064 was investigated in
detail by means of rheology in several test types: Multi-frequency temperature scans (both
heating and cooling) were carried out in order to characterize in a detailed way the process of
gelation / crosslink disconnection upon cooling / heating. The kinetics of physical crosslinking
upon abrupt cooling of copolymer melt from 80°C to different final temperatures was evaluated
in single-frequency time sweep tests, while the possibility of physical crosslink disconnection
by mechanical strain was studied in strain sweep tests. Finally, frequency stiffening was
characterized in frequency sweep tests.

3.4.1. Reversible gelation near the melting point

Results of the rheological multi-frequency temperature scans, which studied the thermo-
reversible gelation of BAFKU.:-HMS064, as well as further transitions in the rubbery state,
are shown in Figure 12 and 13. The graph sets are generally similar to analogous graphs
obtained in case of chemical crosslinking (gelation), e.g. of simple epoxies (‘chemorheology’).
The latter are recorded as time sweeps at constant temperature, with time instead of the
temperature as x-axis. The sets of graphs obtained for BAFKU4:-HMS064 somewhat differ for
cooling vs. heating scans, see Figure 12a vs. Figure 13a.
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Figure 12: Multi-frequency temperature ramp tests carried out from moiten to rubbery state
of BAFKU—HMS064: (a) temperature dependence of the storage shear moduli G°, of the
loss moduli G”, of the complex viscosity Eta® and of tan 6 recorded at the simultaneously
applied frequencies of 1, 2, 4, 8 and 16 H=; (b): cooling scan with detail of the sets of the tan

d curves with marked crossover points.
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Figure 13: Multi-firequency temperature ramp tests carried out from rubbery to molten state

of BAFKUy4—HMS064: (a) temperature dependence of the storage shear moduli G°, of the
loss moduli G”, of the complex viscosity Eta® and of tan d recorded at the simultaneously

applied frequencies of 1, 2, 4, 8 and 16 Hz; (b): heating scan with detail of the sets of the tan

o curves with marked crossover points.
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According to the Chambon-Winter theory [67], the point of gelation can be identified as the
point of tan & crossover in multi-frequency experiments (fan é independent of frequency). In
the rheology experiments illustrated in Figure 12 and 13, the rate of cooling and heating,
respectively, was relatively slow, 1°C/min, in order for the gelation/melting to occur similarly
slowly like in the above-mentioned chemorheology tests (e.g. as carried out by the authors in
[53]): Thus, for scanning the narrower region near the gel point, from 75 down to 60°C, ca. 15
min were needed. In Figure 12b (tan J curves at different frequencies, cooling run) it can be
seen, that the BAFKU41—HMS064 melt gelates to rubber at 62.5°C. In the heating run (see tan
d curves in Figure 13b), the rubbery BAFK U4 -HMS064 melts at 68.5°C, in a reverse process
of the mentioned gelation. Both transition temperatures are close to the isotropic melting point
of neat (non-bonded) BAFKU (DSC: 62.33/66.73°C, while cooling or heating at 10°C/min,
respectively).

An interesting feature is the second tan J cross-over, which upon heating very clearly is
observed at 44.9°C, and which occurs already in the rubbery region of the sample (see Figure
13b). This ‘second gelation’ most probably is caused by a liquid-crystalline phase transition.
No crossover close to 44 or 40°C is appears during the cooling scan (Figure 12b), but a near
cross-over is observed in more distant neighbourhood, namely at 30.0°C (see Figure 12b): Here
the tan 6 curves (cooling run) approach each other but do not cross, before moving away again
on further cooling. This specific point is immediately followed by a region of dynamic-
mechanical instability (observed during the cooling scan only), down to 17°C (test end, see
Figure 12a,b). This instability is possibly related to the properties of various imperfectly
ordered solidifying BAFKU domains, which might undergo transitions induced by mechanical
deformation (compare with DSC: the final crystallization of neat BAFKU occurs at 28.09°C
and generates a relatively broad peak in Figure 3a). The near-crossover and the adjacent
‘instability region” might be a combination of an undercooled LC transition (which would be
expected between 40 and 30°C) with the starting final crystallization of BAFKU domains. In
case of the heating scan (Figure 13), a third interesting feature can be observed in the broader
region of the three thermotropic transitions of BAFKU: When the sample is heated above 23—
24°C, there is a small stepwise decrease in the moduli G°, G” and also in the dynamic viscosity,
but no fan & crossover or near-crossover (only a slight narrowing of the set of curves is
observed).

To sum-up, the rheology results in Figure 12 and 13 additionally support the further-above-
postulated irregular multi-phase nature of the BAFKU aggregates in the BAFKU4—
HMSO064 copolymer, which display several transitions and possibly also several co-existing
phases.

3.4.2. Rate of physical gelation upon abrupt cooling of the melt

Figure 14 illustrates the kinetics of the gelation of the melt of BAFKU41-HMS064 upon

abruptly cooling from 80°C down to the temperatures of 15, 55 and 70°C. ‘Melt cooling

results’ for additional final temperatures are shown in SI-Fig. 18. The gelation process occurs
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via LC-ordering, or even via full (3D) crystallization of nanodomains of BAFKU. These latter
were shown to persist as ‘nano-droplets’ also in the liquid state of the copolymer, as discussed
in the section dedicated to XRD analysis. It can be observed in Figure 14, that the physical
crosslinking can proceed fairly quickly: 2-3 min are needed for perfect gelation (modulus G’
reaches its equilibrium value), if cooling down from 80°C to 15°C. But the time needed for
initial cooling (ca. 50 s) also is included in this equilibration time, as the sample could not be
cooled instantly. (The ‘immediate cooling’ regime used in the experiments led to very short,
but somewhat different cooling times, which decreased if the temperature jump was smaller).
It further can be observed in Figure 14, that nearly the entire modulus change occurs in the 50 s
after reaching the final temperature (15°C), not during the fast cooling itself. If the melt is
cooled down only to 55°C (close to the second DSC transition of neat BAFKU), the modulus
reaches an equilibrium value in ca. 3.5 min, from which the 3 min after the completion of rapid
cooling are the ‘true time of gelation’. If cooling down to 60°C (81-Fig. 18), the modulus
stabilizes in 5 min, from which 4.6 min are ‘true gelation time’.
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Figure 14: Kinetics of the change in storage (G’) and loss (G”) modulus (kinetics of physical
gelation) upon cooling molten BAFKU1—HMS064 from 80°C to different temperatures: 15, 53
and 70°C; the course of the temperature of the plates (between which the sample was loaded)
is also depicted; the dotted line depicts the approximate end of the sample cooling.
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Finally, if the sample is cooled down only to 70°C (at the edge of the melt range), there is only
a minimum modulus change, which extends over ca. 10 min, while the loss modulus (G”) is
slightly higher or equal to the storage modulus (G’). The increase of the time of gelation after
melt cooling as consequence of rising final temperature well illustrates the thermo-
reversibility and the dynamic nature of the physical crosslinking via BAFKU aggregation:
The greater prominence of the reverse process (crosslink disconnection) at higher temperatures
leads to slower gelation.

3.4.3. Disconnection of the physical network by high mechanical strain

The possibility of mechanical disconnection of the physical network in the elastomer
BAFKU41—HMS064 was evaluated in strain sweep tests, the results of which are summarized
in Figure 15.
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Figure 15: Disconnection of the physical crosslinks in BAFKU1—HMS064 by mechanical
strain: (a): overview of strain-dependent stovage modulus G’ at different temperatures (at 0
to 30°C, specimen failure — ‘roll-out’ is observed at the highest strains); (b), (c), (d): strain-
dependence of storage (G’) and loss (G ") modulus of BAFKU4—HMS064 at the temperatures
of 40, 60 and 70°C, respectively.
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At the lowest temperatures deep in the rubbery region (especially at 0°C and 10°C) the
network can be mechanically disconnected only to a small extent, if the applied oscillatory
stress reaches amplitudes in the range of 7-40% (see Figure 15a). At higher deformations, the
sample fails: it rolls out of the parallel plate fixture employed in the experiment (visual
observation), which manifests itself as a steep modulus decrease in Figure 15a (see highlight).
This mechanical failure is clearly observed at 0 and 10°C, while at 20 and 30°C, the failure is
less dramatical and shifted to higher deformations, as the sample becomes more plastic.

At40°C and above, sample failure practically does not occur, while the onset of the modulus
decrease shifts to higher deformation values. Additionally, the initial equilibrium moduli
steadily decrease. Mechanical disconnection of crosslinking is observed even in the semi-
molten (60°C) and molten state (clearly visible at 70°C): A 3- and 2-fold modulus decrease
can be noted, respectively (with onset of disconnection at 40 and 50%, respectively). At 80 and
90°C (molten state), the storage moduli are very low (ca. 200 Pa) and the effects of high
deformations on them are close to noise level. The shift of the onset of modulus decrease to
higher strain values with rising experiment temperature is an interesting effect: It can be
assigned to an increasing prominence of the temperature-induced regeneration of physical
crosslinks (self-healing, see also further below), as a consequence of a higher mobility of
BAFKU segments. Without this effect, the increased experiment temperature should lead to
easier mechanical disconnection of crosslinks at low deformations.

3.4.4. High-frequency stiffening and self-healing effects

Frequency sweep experiments (see Figure 16 and SI-Fig. 20) indicate the stiffening of the
elastomer BAFKU41-HMS064 at high frequencies, which is an expected effect in polymers
with flexible chains in general: Both G* and G” rise with £, but G’ dominates, although at low
frequencies G’ and G’ come closer to each other. Except for the steps observed in the curves in
Figure 16 and SI-Fig. 20, frequency-dependent G* and G” curves of typical polymer melts or
of rubbery materials are similar like the ones observed for the copolymer BAFKU.,—HMS064
(especially the ones at 30°C). In all such cases, the increase of G’ with frequency is given by
increasingly more difficult rapid disentanglement of long and flexible elastic chains, so that
increasing numbers of entanglements start to act as crosslinks (on the timescale of the given
test frequency). On the other hand, the increase of G with frequency is caused by the higher
energy of collisions of the moving molecular segments at higher frequencies (faster movement),
but in typical melts and elastomers, G’ always rises less steeply than G’ in frequency sweep
tests.

In case of BAFKU41-HMS064 tested at temperatures up to 60°C (gradual melting is in progress
at this latter temperature), G’ always prevails over G”, even at the smallest tested frequency of
1 mHz. At 80°C (liquid region), both moduli run parallel over the whole frequency range, and
G 1s slightly higher than G’ (stronger liquid-like-character). The frequency-stiffening effect
was found to be the most marked (on relative scale) at 80°C in the molten state (viscoelastic
liquid), where both moduli rise over several orders of magnitude, but they still remain fairly
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low. BAFKU-BAFKU Van der Waals interactions in liquid nano-aggregates most likely
contribute to the observed trends of G* and G” in melt at 80°C, namely the increase of G’ via
labile physical crosslinks and entanglements constructed with their help, and the increase in G”
via increased friction caused by disconnection and re-assembly of (liquid but phase-separated)
BAFKU nano-droplets. The same Van der Waals interactions also are responsible for ‘holding
together’ the crystals of neat BAFKU.
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Figure 16: Frequency-stiffening of BAFKU.1—HMS064 observed in frequency sweep tests

(1 mH= to 100 Hz) conducted at 30, 60, and 80°C; the strain amplitude was different in each
[frequency decade, ranging from 50% at 1 mHz to 1% at 100 Hz; the effect of strain-induced
damage to the network, as well as of its recovery between the frequency decades is clearly
visible, especially in case of G’ curves at lower temperatures.

The frequency sweep tests in Figure 16 supply also an additional interesting result, namely an
indication of self-healing ability in the tested BAFKU4-HMS064 elastomer, which manifests
itself as steps in many of the experimental curves (see Figure 16 and SI-Fig. 20). A general
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possibility of self-healing was expected in case of the copolymer BAFKU4,-HMS064, because
of the physical and hence reversible nature of its crosslinks. The origin of the observed steps is
that for technical reasons, the rheometer made brief (in the range of seconds) delays between
frequency decades. In case of simultaneously occurring strain damage (partial disconnection of
BAFKU nano-aggregates during measurement) and rapid self-healing (re-aggregation of
BAFKU during delay), the experiment delays would lead to step-wise (vertical) increase in G”.
The indeed observed ‘step-effect’ thus indicates the ability of rapid self-healing of BAFKU41—
HMSO064, at least in case of strain damage (without sample disruption). A detailed discussion
of the ‘step effects’ in G’ and G is included in the Supplementary Information file (discussion
of SI-Fig. 20). Inspired by these results, standard self-healing tests with disrupted samples
were also conducted, and are discussed below.

3.5. Self-healing properties

An interesting property of the copolymer BAFKU4-HMS 064 is its self-healing ability. Two
successful preliminary tests were carried out, which prove this ability at healing temperatures
of 22 and 45°C. The results indicate, that self-healing of fully disrupted samples is relatively
slow, if they are not brought close to melting, in contrast to the above-discussed healing of
strain damage. On the other hand, disrupted samples grow together even at relatively low
temperatures (in the rubbery temperature region).

Figure 17: The copolymer BAFKU1—HMS 064 after preparation as bulk material (small
vial), as re-melted material in the shape of platelets (see inlay; another re-melted sample is
visible in the large image while still being in the mould), as solution in chloroform (large
vial: dissolved piece of re-melted material).

Figure 17 shows several samples of the copolymer BAFKU;—HMS 064: one just after
synthesis and solvent removal in a small vial (during final drying, the open vial was put into a
flask which was heated, and vacuum was applied until pressure constancy), or re-melted (80°C)
rectangular platelets sized 20 x 5 x 2 mm (shown in Figure inlay), as well as a re-melted piece
after its full dissolution in chloroform (large vial with yellow-orange solution). Both the re-
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melting and the dissolution of the rubbery copolymer clearly demonstrate the reversible
character of its crosslinks.

The rectangular platelet samples of BAFKU4-HMS 064 were subjected to tensile tests.
These tests were carried out after re-melting in the mould, as well as after destruction and
subsequent self-healing. One self-healed sample, which failed in its central region during a
tensile test, was ‘re-assembled’ and pressed together for 48 h by a force of ca. 100 g at room
temperature (22°C in the laboratory) (see Figure 18 top). The sample was not sticky, and its
pieces fell immediately apart, if they were pressed together only for seconds or minutes. The
temperature of the attempted room-temperature-healing, 22°C, was below the region of
thermotropic transitions in the copolymer (but still in the rubbery range). The second sample
for self-healing was obtained by cutting an intact platelet into two pieces. The latter were
subsequently pressed together by a force of ca. 100 g at 45°C for 48 h (see Figure 18 bottom).
In case of this second sample, the healing temperature already was in the range of the
thermotropic transitions (DSC) of the copolymer, but still well below the range of gradual
melting.

Figure 18: Disrupted samples of BAFKUy—HMS 064 prior to self-healing, during this
process and after its conclusion; healing temperatures: 22°C (top) and 45°C (bottom). The
sample healed at 22°C was initially disrupted during a tensile experiment, while the one
healed at 45°C was initially cleanly cut to two pieces.

In Figure 18 (healed specimens) and Figure 19 (tensile tests), it can be seen that self-healing
took place at both the tested temperatures, albeit it was not complete after 48 h in both cases.
During the tensile tests, both the healed samples failed at the self-healing joint, and both reached
only partly the initial extensibility: 1/6 of it in case of self-healing at room temperature, and 1/3
of it after healing at 45°C. The moduli (slopes of the tensile curves in Figure 19), however, can
be considered as fully restored. In case of the sample healed at 45°C, some creep occurred
during the healing (see healed specimen in Figure 18 bottom, right), so that the shape of the
specimen changed to a bent one (but no melting occurred). Such a shape always leads to a
moderately reduced apparent modulus (initial slope of the tensile curve), because stretching the
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bent sample to the straight shape makes possible an elongation, which is opposed by a smaller
force than outright linear extension of a straight specimen. Upon re-melting, however, the
tensile properties of all samples are ‘re-set’ to original.

intact (re-melted) sample
22°C self-healing (48 h)
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Figure 19: Tensile curves measured for an intact, previously re-melted sample of BAFKU 41—
HMS 064 (violet line), for a disrupted and subsequently self-healed (22°C, 48h) sample
(orange line),  as well as for a cut and subsequently self-healed (45°C, 48h) sample
(turquoise line); the inlay shows the failure of the sample healed at 45°C at the smooth
cutting plane.

To sum up, the above results prove the presence of the self-healing effect in the rubbery
copolymer BAFKU4,—HMS 064 in the solid rubbery state, but they also indicate, that a careful
optimization of the healing temperature (key parameter), healing time, as well as of contact
pressure (to prevent permanent deformation at higher temperatures) is needed to achieve 100%
restoration of tensile properties by solid-state self-healing (these properties are otherwise easily
restored by re-melting). A detailed investigation of the temperature-dependent self-healing,
creep- and strain-damage-recovery behaviour is planned in a new work by the authors.

Conclusions

- Strongly physically cross-linked rubbers were successfully prepared, based on alternating
polydimethylsiloxane (PDMS) spacer segments and pendant quartets of mesogenic building
blocks (LC) of azobenzene type called “BAFKU”.
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- These materials are structurally related to the well-studied polymers with pendant-chain LC
units (light sensitive actuators), but are generally highly different: The LC units make up only
a small volume fraction and do not generate elastic energy upon irradiation, but they act as
physical crosslinkers. The studied materials also display a fully linear structure, albeit with
some dangling units.

- The physical crosslinking via aggregation of the spatially separated quartets of relatively small
pendant BAFKU mesogens was found to be fairly efficient, as well as reversible by heat, by
organic solvents, and by high mechanical strain.

- The most attractive product displays a rubber plateau extending over 100°C, melts near 70°C
and is soluble in organic solvents.

- The pendant mesogen units were found to form imperfectly ordered nano-aggregates of
several types, which are responsible for a continuous temperature region of phase transitions,
extending from +30 to +70°C, which 1s also the range of the three discrete transitions in neat
(non-bonded) BAFKU mesogen. The thermotropic behaviour of the physical crosslinks
strongly influences all material properties.

- Very interesting was the observation by rheology of a second thermally induced gel point deep
in the rubbery state (with the first gel point being the melting/solidification of the copolymer),
obviously connected with thermotropic transitions in the physical crosslinks.

- The rheology investigations further proved a fast formation of physical network upon abrupt
melt cooling (in one to several minutes).

- Samples (in rubbery state) damaged by excessive mechanical strain were shown to undergo
rapid self-healing (multi-second scale) near room temperature, via BAFKU re-aggregation.

- Self-healing of disrupted samples at T far below the melting range was also proven.

- The prepared reversible elastomers might be of interest for advanced applications like soft
material for 3D printing, as a temperature-switchable elastic / liquid-viscoelastic coupling
material, due to reversible physical gelation, relatively low melt viscosity (30 000 mPa*s) and
good adhesion to metal surfaces (as observed in rheology tests), or in elastomeric damping
materials (zan J has the high value of ca. 0.2 in the whole rubbery region).

- The synthesis path to the studied copolymers offers an easy possibility to optimize them for
specific applications via modification of the pendant mesogen units.

- A copolymer with short PDMS spacer units, BAFKUs-HMS 301, was also synthesized in this
work. This relatively mesogen-rich material displays vitrimeric behaviour, and might be of
interest as a model compound, e.g. for mesogen orientation experiments, or as a ‘BAFKU
oligomer’.
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SI-Scheme 1: Most likely procedure of the synthesis of the employed polydimethylsiloxane
precursor polymers, which leads to the occurrence of Si—H units in quartets.
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1.1.  FTIR and 'H-NMR: Evaluation of conversion of the PDMS grafting with
BAFKU

The completeness of conversion in the hydrosilylation reactions was verified by means of
FTIR (SI-Fig. 1a) and 'H NMR (SI-Fig. 1bh). Quantitative conversion would lead to the
disappearance of the very characteristic signals of the Si—H bond in both spectra and also of
vinyl-signals in 'H-NMR. In case of the HMS064 precursor, the FTIR method already is not
sufficiently sensitive (see SI-Fig. 2 and 3), but an NMR spectrum with a sufficient number of
scans still offers a sensitive analysis (see zoom in SI-Fig. 1b or the SI-Fig. 6 bottom). In the
zoomed NMR spectrum in SI-Fig. 1b it can be seen, that the SiH peak, which initially had
half the area of one the aromatic multiplets (of the copolymer), nearly disappeared., except for
a small reside corresponding to 6.3% of un-reacted groups. Also, the signals of the vinyl
groups of BAFKU practically disappeared: Their nearly invisible residue corresponds to ca.
3.3% of un-reacted vinyl groups. In case of the copolymer HMS301/BAFKU, such residues
are no more visible by 'H-NMR (see SI-Fig. 6 top). The 'H-NMR spectroscopy was also used
to verify the expected ratio of the BAFKU units (represented e.g. by the aromatic signals) to
the PDMS repeat units (represented by the methyl(-Si) signals), which corresponded very
well with the experimental ratios of the respective signal integrals in the products (see SI-Fig.

6).
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SI-Fig. 1: Spectroscopic evaluation of the completion of the grafting reaction: (a): FI-IR
spectra of pure HMS 301 and of BAFKUgHMS 30! with Si-H peak highlighted (the entire
FTIR spectra are shown in SI-Fig. 2 and their complete assignment is given in SI-Table 1
and 2); (b): {I-NMR of pure HMS 064, BAFKU and BAFKU —HMS 064 with value of
integrals, which showing the surface of the peaks.
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SI-Fig. 3: Detail of the characteristic FT-IR peak of the Si-H bond stretching: (a): BAFKUg—
HMS 301 vs. HMS 301, (b): BAFKUy—HMS 064 vs. HMS 064.




SI-Table 1: Assignment of FTIR peaks of HMS 301.

HMS 301

Characteristic Absorption(s) (cm‘l) Group
2960 Medium C-H
2158 Strong Si-H
1415 Medium C-H
1258 Strong Si-CH3
1016 Strong [(CH3)2SiO]x
911 Si-H
881 Si-H
789 Strong Si-CH3
704 Strong C-H

SI-Table 2: FTIR spectral peaks of copolymer BAFKUg— HMS 301.

BAFKUg-HMS 301

Characteristic Absorption(s) (cm’l) Functional Group
2962 Medium C-H
2920 Medium C-H
2850 Medium C-H
1751 Strong C=0
1592 Strong C=C
1490 Medium C-H
1464 Medium C-H
1416 Medium C-H
1374 Medium C-H
1305 Strong C-O
1257 Strong Si-CH3
1204 Strong C-O
1151 Strong C-O/ Medium C-N
1087 Strong C-O
1013 Strong [(CH3)2SiO]x
922 Si-H
843 Medium C=C
795 Strong Si-CH3
689 Strong C-H




1.2. 'H.NMR: Purity of components and products, as well as synthesis conversion

1.2.1. BAFKU mesogen: 'HNMR analysis
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SI-Fig. 4: "H-NMR spectrum of the pure BAFKU mesogen with assigned peaks.



1.2.2. PDN

components: 'HNMR analysis
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SI-Fig. §5: 'H-NMR spectra of the PDMS precursors: (top): HMS 301, (bottom): HMS 064,
the peak of the methyl groups is near 0.06 ppm, the Si-H peak near 4.68 ppm.



Structure parameters of HMS (PDMS) polyvmers from 'H NMR analysis:

GHs CHy  GHs  cHy  CH, CHy CH; CHy  CH, CH,
CHy—$i—0 §i—0—8§i—0—S8i—0—Si—0 %i—O—?\—O—?i—O—ISi—O §i—ctts
" @ @ @ @ 1 " - " - y -

z

Aim:

calculation y, z : coefficients from above structure formula, and of the equivalent molecular
weight per SiH function (EgMW), as needed to calculate accurate reactant amounts for
synthesis.

Magnitudes for calculation:

y. z: coefficients from above structure formula

H = molecular mass of the block [ {(CH3)(H)SiO}4] = 240.5094 g/mol

D = molecular mass of the block [ {(CH;3),Si0}4] = 296.6158 g/mol

E = molecular mass of both end groups = (CH3)3Si-0O-Si(CH3); = 162.3775 g/mol

M = molecular mas of the whole HMS molecule (as shown in above structure formula):
the value stated by the manufacturer was used

R = apparent ratio of the number of ‘normal” PDMS repeat units to the number of methyl-
hydrido-functional repeat units, which does not take into account the trimethylsilyl end groups
(it is similar but not equal to y, it comes close to y at high z values); its calculation from the
'H-NMR spectra in SI-Fig. 5 is described below:

Obtaining ratio R from the "H.NMR spectra in SI-Fig. 5:

at first, the integrals are normalized so, that the value of the integral of the SiH peak is equal
to 1.00 (as done in SI-Fig. 5 top)

next, the sum of all integrals of the CH3(-Si) peak group, ‘CH3_norm’ is calculated

as every SiH repeat unit also contains one methyl group (see structure). the cormresponding
intensity (threefold of SiH integral, normalized to 1.00) has to be subtracted from CH3 norm
in order to obtain the integral of normal PDMS units (including the trimethylsilyl end groups,
which cannot be resolved):

CH3 _PDMS norm = CH3 norm —3.00

in order to use the integrals CH3 PDMS norm and  CH3 from_ SiH norm for the
calculation of the ratio of the repeat units, it has to be taken into account that the ‘normal
units have the double number of methyl groups than the hydrido-functional ones



hence:

R=CH3 PDMS norm/CHS3 from SiH norm
R={(CH3_ norm -3)/2} /(3 * SiH_norm)
R={(CH3 norm-3)/2}/3

R=(CH3 norm-3)/6

in this way, the apparent (inaccurate) ratio R of PDMS to SiH repeat units is obtained from
the lH-NMR—spec’[ra in SI-Fig. 5 (this R does not take into account the end groups)

the experimentally determined R values for HMS-301 and HMS-064 are listed in SI-Table 3.

'H-NMR signal integrals and the precise structure of the precursor polymers:

If the further-above-depicted structure of the precursor (HMS) polymers is taken into account,
the following relations conceming the numbers of protons (H), and hence also integral values
can be stated:

SiH (in hydrido- CH; (in hydrido- (CH3); (in ‘normal’ ((CHs3)3); (in end
quartets) quartets) quartets of PDMS groups)
units)
z*1* 4¥H1 z*1* 4*H3 z*y* 4*H6 2%3*H3
4z 47*%3 A7¥y*6 18
SiH integral normalized to 1.0 => division of all values by 4z
1 \ 3 | y*6 | 18/4z = 4.5/7

The "H-NMR peaks of the above listed structural units occur in two groups which were used
for determining the above-discussed apparent ratio R of the both types of repeat units; their
integral ratios then are:

Peak group SiH peak | all CH3-Si peaks

Integral value |1 3+y*6+4.5/z

if the experimentally determined ratio R is expressed using the structural coefficients y and
Z , we obtain:

R = {(6%y +4.5/2)/2}/3 = (6*y + 4.5/2)/6

R=y+0.75/z

a second equation is needed for determining y and z

the relation describing the known molecular mass of the polymer can serve this purpose:
M=E+ (H*1 +D*y)*z

Determining v_and Z :




The set of equations

1) M=E + (H*1 + D*y)*z

2) R=y+0.75/z

yields the solution for y and z:

y=(R*M -R*E - 0.75*H) / (0.75*D + M - E)

z=0.75/(R -v)

using the structural coefficients y and z , other molecular parameters, like the average

number of functional groups per molecule, the equivalent molecular weight per SiH
functional group, and other, can be calculated and are listed in S7-Table 3.

Results:

SI-Tabie 3: Molecular parameters of the HMS precursor polymers determined by 'H-NMR.

R

number of all

precursor M, . ) functionality
polymer (supp?ier) from ye -l 1e=peatbumtt§ (number of Eqhvw
name [g/mol] | NMR (- mubero Sill groups) | [g/mol]
Si atoms)*
HMS-301 1950 2.646 2264 1.960 27.59 7.841 248.700
HMS-064 55 000 17.017 | 16.945 | 10.412 749.389 41.65 1320.558

*) the average length of elastic spacers between the functional (‘grafting”) SiH quartets is equal to 4y according
to the above structure, and is equal to 9.05 repeat units for HMS-301 and to 67.8 repeat units for HMS-064 (real
spacer lengths in real molecule segments always must be divisible by 4, due to above structure).




1.2.3. HMS-BAFKU copolymers: 'HNMR analysis
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SI-Fig. 6: H-NMR spectra of the copolymers (top): BAFKUgHMS 301,

(bottom): BAFKU—HMS 064.



1.3. GPC: Molecular mass analysis of the precursors and of the final copolymers

The molecular masses of the prepared grafted copolymers, and especially their distributions,
were evaluated by means of size exclusion chromatography (SEC, “GPC”), using
tetrahydrofuran as eluent (sample concentration: 5 mg/ml) and polystyrene standard
calibration (valid for the range of 100-500 000 g/mol), with simultaneous UV/Vis-refraction-
index- (at A =254 nm) and evaporative-light-scattering- (ELSD) detection. The results are
shown in SI-Fig. 7. Copolymers are compared with BAFKU and precursor polysiloxanes, all
compared samples are shown as traces in the ELSD detector, while for the copolymers, also
the UV/Vis trace is shown.

If the NMR and GPC results are compared, it appears that the seemingly prominent amount of
detected non-bonded BAFKU in the copolymeric products is strongly over-estimated in case
of both GPC detection methods. Free BAFKU appears as narrow and intense peak with
maximum between 500 and 700 Da in the traces of both copolymers in SI-Fig. 7 (see also
peak list in SI-Table 4). On the other hand, the above NMR results, which can be considered
to be more accurate, indicate practically quantitative disappearance of non-bonded BAFKU.
This contradiction can be explained by a relatively strong UV/Vis absorption peak of
azobenzene (and hence of BAFKU) near 250 nm, and by the relative proximity of the ELSD
wavelength (658 nm) to the long-wave absorption of azobenzene (a smaller peak between
400-500 nm).
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SI-Fig. 7: GPC traces of the prepared copolymers, overlaid with the traces of their
respective PDMS precursors and of BAFKU: (left): BAFKUs—HMS 301;
(right): BAFKU—HMS 064.

The analysis of the GPC traces from SI-Fig. 7 is summarized in SI-Table 4, including
comparison with values stated by the producer, and the product molecular weights calculated
from them. It can be noted, that due to ‘non-typical’ properties of the analysed materials (if
compared to polystyrene standard), the experimental molecular masses display large
deviations from the expected values.

The rigid-rod-like BAFKU displays a higher apparent molecular mass (see SI-Table 4), most
likely due to lack of flexibility which leads to the preference of larger pores in the column.



The relatively small PDMS precursor HMS 301 displays a two times higher apparent
molecular mass, than the one stated by its producer (see SI-Table 4). On the other hand, the
larger HM'S 064 molecule displays GPC characteristics closer to expectation (see SI-Table 4),
but it also contains lower-molecular fractions, which manifest themselves as somewhat
gradual decrease of the peak on the low-molecular side (see blue curve in SI-Fig. 7b).

In case of the BAFKUgHMS301 copolymer, in which the grafted BAFKU units are
responsible for ca. 60% of the volume (see Discussion, Synthesis, in main paper document), a
nearly twofold apparent molecular mass increase in comparison to HMS301 is observed by
GPC (see SI-Fig. 7 left and SI-Table 4). Theoretically (see SI-Table 4), a 2.5-fold increase
would be expected, which is a good agreement. A small high-molecular shoulder is
additionally observed in BAFKUg-HMS301, possibly due to small-extent SiH-crosslinking.

On the other hand, in case of BAFKU4;-HMS064, in which the mesogen constitutes only ca.
20 Vol.% (ca. 1.25-fold increase in M, expected), the observed change in the GPC trace in
comparison to the PDMS precursor is more complex (see SI-Fig. 7 right and SI-Table 4):
The polydispersity highly increases (the product peak expands to both higher and lower
masses), while the peak maximum stays practically unchanged (a slight shift to lower masses
even can be concluded). Both the apparent decrease and increase of the molecular mass of
BAFKU4;-HMS064 could be attributed to intra-molecular (apparent MW decrease, formation
of denser coils) and inter-molecular (MW increase, formation of multi-molecular adducts)
aggregations of BAFKU quartets grafted onto this large molecule (see aggregation in Scheme
2 and full copolymer structure in Scheme 3 in Discussion, Synthesis, in the main paper
document). Also, the radical side-reactions of SiH, mentioned in Discussion/Synthesis (main
paper), which led to micro-gelation of a part of the BAFKU,;-HMS064 reaction mixture,
could be responsible for the formation of a part of the observed higher-molecular fraction
(multiple product molecules coupled covalently, see also the above-mentioned shoulder in
BAFKU;-HMS301).

To sum up, it can be concluded, that the GPC analysis provides valuable information about
the obtained copolymers, but it is not well-suited to analyse their molecular masses with
high precision, due to the complex structure and properties of the copolymers (possible
BAFKU aggregation).



SI-Table 4: GPC: data obtained by the analysis of GPC traces of the prepared copolymers,
as well as of their precursors.

Sample Peak maximum M, from automatic | PD (autom. M, [g/mol]
[g/mol] evaluation eval.) from
[g/mol] [] producer
BAFKU 687 687.33 1.07 420.59
HMS 301 | 5600 4040 1.39 1950 £50
BAFKUg- | (580 = BAFKU) 9 400 1.35 5315 £50
HMS301 11 000 (+ high-molecular (shoulder: 1.03) | calculated*®
(+ high- shoulder at
molecular 59 000)
shoulder at
42 000)
HMS 064 28 300 (would be ca. | 2.43 55 000 £5000
75 000 57 000 without the
low-molecular
fraction)
BAFKUy;- | (698 = BAFKU) 6.36 72 244 £5000
HMS064 | 65 000 (extends 19 700 calculated*

from 9 000 to
230 000)

*) theoretical value calculated from the components’ M, values given by the producer, while
assuming quantitative coupling of the components




1.3.1. GPC Source data
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SI-Fig. 8: GPC trace of pure BAFKU.
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SI-Fig. 9: GPC trace of pure HMS 301 polydimethylsiloxane precursor.
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SI-Fig. 10: GPC trace of pure HMS 064 polydimethylsiloxane precursor.
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SI-Fig. 11: GPC trace of the copolymer BAFKUgHMS 301 overlaid with traces of pure
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SI-Fig. 12: GPC trace of the copolymer BAFKU; —HMS 064 overlaid with traces of pure
BAFKU and pure HMS 064.




2. Thermo-mechanical properties
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SI-Fig. 13: full DMTA profile of the copolymer BAFKUy—HMS 064 in cooling regime,

showing the temperature-dependence of the storage modulus G’, of the loss modulus G” and
of tan 6.
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3. Phase transitions and morphology

3.1. Thermal transitions observed by DSC

The DSC experiments also elucidate the behaviour of the elastic PDMS chains of BAFKU4;—
HMS064 during its apparent vitrification / glass—>rubber transition (seen as large DMTA step
with hysteresis in Discussion, Synthesis, in the main paper document, Figure 1b): At the
employed DSC scanning rate of 10°C/min (see SI-Fig. 14b), the solidification of PDMS
during the cooling run resembles a glass transition, connected with an unusually large change
in heat capacity. In the low-temperature range -140 to -80°C, which was characterized
separately (see SI-Fig. 14a), another glass transition is observed near -123°C, which can be
assigned to the freezing of the wagging movement of pendant methyl groups. In case of the
first and second low-temperature-range heating mun from -140 to -80°C (SI-Fig. 14a), no
distinct transitions are observed at all, while in the ‘high temperature range’ (from -80 to
100°C, see SI-Fig. 14b), a distinct melting peak of PDMS is recognizable near -50°C, in the
region where in DMTA (see Figure 1b in Discussion, Synthesis, in the main paper document)
an apparent glass = rubber transition occurs. It can be noted that this PDMS melting peak is
smaller in case of the second heating run. The first higher-temperature-range heating run (in
SI-Fig. 14b) was namely carried out after a thorough cooling at -80°C (well suitable for cold
crystallization: cool enough, but above 7). The second heating run in SI-Fig. 14b was started
shortly after the sample reached -80°C in the previous run, hence there was not enough time
for a thorough cold crystallization of PDMS and the PDMS melting peak in the second
heating scan was smaller (lower crystallinity of PDMS).
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SI-Fig. 14: DSC traces of the copolymer BAFKUy—HMS064: (a). in the low-temperature
region (-140°C to -80°C); (b): in the region from -80°C to +100°C.



3.2. X-ray diffraction
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SI-Fig. 15: X-ray scattering patterns in the combined SAXS and WAXS range, in the format
Scattering intensity =f{q), with both axes in logarithmic format: (a)neat BAFKU;
(b) BAFKUy—HMS064 copolymer; the patterns were recorded at room temperature (20°C),
then at 85°C (molten), and after subsequent cooling to 55°C, to 35°C and to 20°C (back at
room temperature).



SI-Table 5: X-ray diffraction results: neat BAFKU: detailed list of interference maxima and
the corresponding characteristic distances.

BAFKU
20 ] | g [A"] | d [nm] | comment
3.40 0.242 2.60 | very intense, somewhat diminishes irreversibly
6.80 0.484 1.30 | medium/weak, diminishes irreversibly
7.73 0.55 1.14 weak
10.18 | 0.724 0.87 | medium, diminishes irreversibly
11.07 0.787 0.80 weak, reversibly shifts
11.62 0.826 0.76 weak
12.84 0.912 0.69 weak, reversibly shifts to 12.56° = 0.922A™" (0.70 nm)
13.60 0.966 0.65 weak, diminishes irreversibly
15.20 1.079 0.58 weak, shifts reversibly and diminishes irreversibly
16.11 1.143 0.55 weak, diminishes irreversibly and markedly
17.12 1.214 0.52 weak, shifts reversibly and diminishes irreversibly
17.70 | 1.255 0.50 | medium, slightly shifts and somewhat diminishes
18.36 1.301 0.48 | intense, somewhat diminishes
18.93 1.341 047 weak, markedly diminishes
19.61 1.389 0.45 weak, shifts slightly and somewhat diminishes
20.51 1.452 0.43 weak, slightly shifts to 20.37° = 1.442A™ (0.44 nm), markedly diminishes
21.08 1.492 0.42 weak, shifts to 20.72° = 1.467A™" (0.43 nm), markedly diminishes

SI-Table 6: X-ray diffraction results: copolymer BAFKU,—HMS064: detailed list of

interference maxima and the corresponding characteristic distances.

copolymer BAFKU,1-HMS064

260 [] | q [A] [n(:n] comment
medium/weak, somewhat broad, fully reversibly shifts to 2.68° =
2.57 0.183 3.43 [0191A" (3.29nm), perhaps related to BAFKU peak at 3.40°
(0.24A™" / 2.60 nm)
451 0321 1.96 | very weak, flat and broad, directly neighbours the peak at 5.14°
weak, partly reversibly shifts to 5.42° = 0.386 A (1.63 nm), returns
o214 0.366 1.72 only to 5.28° = 0.376 A™ (1.67 nm), secondary reflection of 2.57°
intense and very broad, irreversibly slightly diminishes: it is an
11.86 | 0.843 0.75 | amorphous halo observed in neat PDMS (besides the main one
above 20°)
very weak, perhaps related to the BAFKU peaks between 16.11
16.92 | 1200 | 0.52 | 4 1536°=1.14~ 1.30A" (= d =0.55—0.48 nm)
20.34 1.440 0.44 medium, broadened, reversibly diminishes, perhaPs related to the

BAFKU peaks at 20.5 and 21.1°=1.45and 1.49 A’




BAFKU41-HMS064 copolymer XRD peaks:

The broad flat peak which precedes the reflection at 0.366 Al/sae (see SI-Fig. 15b) could
possibly be related to similar but disordered structures: an analogous feature adjacent to the
primary reflection at 0.183 A/ 2.57° also can be suspected, but is less visible (due to
underlying SAXS pattern) in SI-Fig. 15b.

In SI-Fig. 15b, one or more very weak peaks near 1.200 Al (16.92° / d = 0.52 nm) can be
observed, which are likely related to the weak BAFKU reflections at 16.11 — 18.36° (see SI-
Table 5).
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SI-Fig. 16: (a) Temperature-dependent shift of the peak near 2.57° (highlighted with full
arrow) in the copolymer BAFKUy—-HMS064, the second-order reflection related to this peak
at 5.14° (highlighted with dotted arrow) also shows an analogous position shift; the different
temperature trends of the underlying curve below both peaks generate different trends in
apparent intensity of the reflections at 2.57° and 5.14°;  (b) position of the ‘2.57° peak’ in
dependence of temperature; (c) T-dependent full-width at half maximum of this peak.

SI-Table 7: Shift of the peak near 0.17 A in the copolymer BAFKU y—HMS064 and the
corresponding characteristic distances.

co 064 detail of 0.17 A peak shift

T[°C] 20 '] | q A" | d [nm]
20 (initial) 2.57 0.183 3.435
85 2.69 0.191 3.28
55 263 0.187 3.36
35 2.60 0.185 3.395
20 (cooled down) | 2.456 | 0.184 3.41

The initial distance of 3.43 nm (room temperature, before heating) shrinks to 3.28 nm (85°C).
Cooling the sample back to 20°C does not fully revert this distance (SI-Fig. 16): It remains at
3.40 nm even after 2 hours at 20°C.



3.3. Polarized light microscopy
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SI-Fig. 17: Temperature-dependent changes in the images of a selected group of anisotropic
domains in the copolymer BAFKU4—HMS064, observed by PLM in the ‘black and +white
mode’ (all colours are reproduced as white light), during a heating scan (from 30 to 80°C) of

a previously shear-orviented sample (oviented in melt): all images.
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4. Rheology investigations

4.1. Rate of physical crosslinking upon cooling

SI-Fig. 18: Kinetics of the change in storage (G’) and loss (G”) modulus (kinetics of
physical gelation) upon cooling molten BAFKUys—HMS064 from 80°C to different
temperatures ranging from 0 to 70°C, the course of the temperature of the plates (between
which the sample was loaded) is also depicted; the dotted line depicts the approximate end of

the sample cooling.
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4.2. Disconnection of the physical network by high mechanical strain

mechanical damage
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SI-Fig. 19: Disconnection of the physical crosslinks in BAFKU;—HMS064 by mechanical
strain: strain-dependence of storage (G’) and loss (G”) modulus at different temperatures

ranging from 0 to 90°C, respectively.
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4.3. High-frequency stiffening and self-healing effects
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SI-Fig. 20: Frequency-stiffening of BAFKU,,—HMS064 observed in frequency sweep tests
(1 mHz to 100 Hz) conducted at different temperatures ranging from 0 to 80°C; the strain
amplitude was different in each frequency decade, ranging from 50% at 1 mHz to 1% at
100 Hz; the effect of strain-induced damage to the network, as well as of its recovery between
the frequency decades is clearly visible, especially in case of G’ curves at lower temperatures.

The frequency sweep tests in SI-Fig. 20 (and in the main paper text) supply an additional
interesting result, namely the indication of self-healing ability in the tested BAFKU4—
HMS064 clastomer, which manifests itself as steps in many of the experimental curves (see
SI-Fig. 20). The origin of the observed steps is connected with the detailed experiment setup:
Each frequency sweep was divided into decades of points for each frequency order, and
different deformation amplitudes (higher at low frequency) were applied in each decade. For



technical reasons, the rheometer made brief (in the range of seconds) delays between the
frequency decades, which in case of simultaneous strain damage and self-healing would lead
to step-wise (vertical) increase in G°. The sequence of graphs in SI-Fig. 20 illustrates, that the
observed ‘step-effect’ is the strongest at 30°C. The effect decreases if the temperature
increases: The dynamics of the reversible crosslinking becomes fast (and physical
crosslinking becomes weaker) at these temperatures, so that an increasing part of the damage
to the crosslinking density recovers before the delay between the decades. The step effect also
becomes weaker if the temperature decreases below 30°C, as the crosslinking becomes
stronger (thus limiting damage) and the self-healing slower. Generally, the ‘step effect’ in the
frequency sweep tests of the BAFKU4y-HMS064 copolymer is most prominent in the
temperature range of its thermotropic transitions observed by DSC. Additionally, the steps are
the greatest at the lowest frequencies (combination of long deformation times and high
strains). The step effect is completely absent in the molten state (80°C).

The curves of G show similar but more complex trends: The temperature-dependence of the
size of the steps is analogous like in case of G’, but along the frequency scale, the steps in G”
are initially upward (‘anomalous’), then downward (expected ‘normal” behaviour). With
raising experiment temperature, the ‘region of downward steps’ in G” expands: at 50°C all
steps in G are already downward. Hence, low temperatures and low frequencies (at these
frequencies the applied deformations were high) favour the anomalous upward steps in the G”
curves.

While simple self-healing should lead to G decrease (stronger elastomer character due to
more crosslinks, shorter elastic chains and hence less friction), the mentioned upward steps in
G~ at lower temperatures and frequencies could be explained by resistance caused by re-
assembled weak secondary aggregates of primary BAFKU crystallites, which have time to
disconnect at lower frequencies (and high applied strains). Their gradual destruction by shear
generates resistance, but also leads to a decrease in the number of these secondary aggregates
and thus in turn to decreasing resistance (smaller growth, or even decrease in G™). During the
experimental delay, these secondary aggregates are re-assembled, and hence can generate
more resistance again (upward step in G”).

At higher frequencies, the simple effect of additional crosslinking prevails (stronger elastomer
character due to more crosslinks, shorter elastic chains and hence less friction) and also the
applied deformations are smaller (eventually not enough to destroy the secondary aggregates),
so that the steps in G” are downward, as it would be expected for “normal’ materials.

At higher temperatures, the formation of weaker secondary aggregates is less favoured, so that
the ‘simple behaviour of G” increasingly prevails (downward steps).
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Abstract: Physically crosslinked low-temperature elastomers were prepared based on linear
polydimethylsiloxane (PDMS) elastic chains terminated on both ends with mesogenic building
blocks (LC) of azobenzene type. They are generally (and also structurally) highly different from the
well-studied LC polymer networks (light-sensitive actuators). The LC units also make up only a small
volume fraction in our materials and they do not generate elastic energy upon irradiation, but they
act as physical crosslinkers with thermotropic properties. Our elastomers lack permanent chemical
crosslinks—their structure is fully linear. The aggregation of the relatively rare, small, and spatially
separated terminal LC units nevertheless proved to be a considerably strong crosslinking mechanism.
The most attractive product displays a rubber plateau extending over 100 °C, melts near 8 °C, and is
soluble in organic solvents. The self-assembly (via LC aggregation) of the copolymer molecules leads to
a distinctly lamellar structure indicated by X-ray diffraction (XRD). This structure persists also in melt
(polarized light microscopy, XRD), where 1-2 thermotropic transitions occur. The interesting effects of
the properties of this lamellar structure on viscoelastic and rheological properties in the rubbery and
in the melt state are discussed in a follow-up paper (“Part II"”). The copolymers might be of interest as
passive smart materials, especially as temperature-controlled elastic/viscoelastic mechanical coupling.
Our study focuses on the comparison of physical properties and structure—property relationships in
three systems with elastic PDMS segments of different length (8.6, 16.3, and 64.4 repeat units).

Keywords: reversible networks; self-assembly; self-healing; liquid crystals; smart materials

1. Introduction

This work is dedicated to low-temperature reversible elastomers which melt somewhat below
room temperature and which are based on linear polydimethylsiloxane (PDMS) of different chain
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lengths, terminated with liquid crystalline (LC) units in the «- and w- position. The LC end-groups act
as physical crosslinkers in this special variety of polysiloxane/LC copolymers.

Generally, polysiloxane copolymers with mesogenic (LC) building blocks are compounds which
can offer fascinating material properties, due to the combination of the highly flexible and hydrophobic
polysiloxane with the phase behavior of the mesogenic (LC) units [1,2]. These materials have attracted
deserved research interest since Finkelmann's pioneering works in the 1980s [3-7]. Subsequently,
numerous studies were dedicated to liquid crystalline siloxane polymers (LCPs) with mesogens as
side chains (comb-like LCPs; see e.g., [1,8], (Volume 3: pp. 121-302) and [9-11]), whereas main-chain
siloxane LC copolymers, to which the studied materials also belong as a special case, were studied
only in a few works in total [12-17].

All the abovementioned polysiloxane LCPs studied in the literature were very rich in the LC
component, which made up a dominant volume fraction, and the behavior of the usually more or less
fixed (via chemical crosslinking) mesogens was responsible for practically all the material properties.
In contrast to that, in the presented work, the mesogen makes up a relatively small volume fraction
of most of the copolymers, the elastic properties originate from the PDMS component, while the
melting, the gelation, and the mechanical disconnection and reconnection of the physical crosslinks are
controlled by the phase behavior of the mesogen.

Synthesis routes to polysiloxane LCPs most frequently employed the hydrosilylation reaction,
as is the case in this work, namely by connecting vinyl-functional mesogens with hydrido-functional
(Si-H) PDMS. All the abovementioned main-chain siloxane LCPs were prepared via this route, while in
the case of the more frequently investigated comb-like polysiloxane LCPs, alkyne/SiH addition [11],
thiol-ene addition [18], or the Huisgen “click reaction” [19] are employed as alternative synthesis routes.

From the application point of view, polysiloxane LCPs have been investigated as electro-optic [20],
light-emitting [21], gas separation (membrane-) [22,23], and chromatography materials [24], as well
as actuators (see e.g., [16,25-27]). In the latter application, which gained by far the most research
attention, especially in recent years, they are often referred to as “liquid-crystalline elastomers” (LCEs).
The relatively rarely studied main-chain polysiloxane LCPs, to which the materials studied in this
work belong, were investigated mainly for their thermotropic phase behavior (polyester-co-PDMS
systems) [12-15], for their thermomechanical properties [15], as thermosensitive actuators (mechanism
via smectic « isotropic transition of the polyester LC units) [16], or as photoresponsive optical material
(azo units’ cis/trans isomerization) [17]. In contrast to that, in the present work, the polysiloxane LCPs
were studied as potential structural smart materials, namely as thermoresponsive viscoelastic coupling,
with marked phase transitions also in the oily (melt) state.

The physical crosslinking in the copolymers which are studied in this work is based on the
aggregation and microphase separation of the terminal mesogenic (LC) units, and thus, results in an
organic-organic nanocomposite morphology. This morphology plays a key role in the copolymers’
material properties, especially in the efficiency of the crosslinking and in the thermomechanical
properties. In their previous work [28,29], the authors studied in detail the nano-aggregation behavior
of rigid inorganic polyhedral oligomeric silsesquioxane (POSS) building blocks in epoxy-POSS
hybrid copolymers. The nanodomains of POSS (physical crosslinker and simultaneously, a hard
nanofiller) caused a very strong mechanical reinforcement, as well as thermal stabilization. The organic
substituents which covered the POSS surface were found to control its aggregation; substituents with
the strongest crystallization tendency were the most efficient in achieving physical crosslinking and
mechanical reinforcement by POSS. Similar results concerning aggregation behavior were also observed
for the heavier homologue of POSS, the stannoxane dodecamer cages (“Sn-POSS”), which additionally
introduced the specific chemical reactivity of the filler phase, namely matrix repair reactions under
oxidizing conditions [30,31].

The authors’ experience with physical crosslinking via aggregation (nanocrystallization) of the
abovementioned POSS nano-building blocks, as well as the previous study on liquid crystalline epoxy
copolymer networks that were able to be orientated [32], inspired the present work. The authors also
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recently studied [33] a PDMS-LC copolymer which is structurally highly different from the presently
investigated materials. In the mentioned study, a linear PDMS chain was tethered with spatially
separated quartets of pendant LC groups. The study in [33] was the authors’ first foray into the broader
topic of the present work. In this present work, however, the same LC groups are tested in a completely
different copolymer architecture.

Related to the presented work also is the topic of physical (non-covalent) crosslinking of
PDMS. Several interesting approaches were studied in the literature, namely crosslinking via
strongly hydrogen-bridging groups attached to PDMS macromolecules (or oligomers), like urea [34],
ureidopyrimidinone [35], benzene-1,3,5-tricartboxamide (BTA) derivatives [36], or cyclodextrin
(in x,w-positions) [37]. Other studied non-covalent crosslink-forming groups attached to PDMS
included 7r-stacking moieties [38—40]. Combinations of Lewis acidic and Lewis basic functional groups,
both attached to PDMS molecules (cyclic boronic esters and amines) [41] or combinations of mildly
bonding ligand groups on PDMS and free metal cations [42] already could be considered as PDMS
crosslinking via reversible covalent bonds, rather than physical crosslinking. Depending on the
crosslink strength, the described products, which were often referred to as “thermoplastic elastomers”,
were processable by the combination of heat and solvent, by melting or dissolution alone, or even
by cold pressing. In contrast to the above, the PDMS copolymers studied in the presented work are
crosslinked by a rather mild variety of non-covalent interactions. The aggregation of the “active”
structural units is driven by their crystallization tendency, with no hydrogen bridging, no strong
m-stacking, and no strong electrostatic attraction.

The aim of the presented work was to prepare physically crosslinked meltable elastomers based
on linear polydimethylsiloxane chains (PDMS macromonomer) «,w-terminated with mesogenic
(LC) building blocks. The nanophase separation and crystallization of the latter was favored by
PDMS/mesogen incompatibility and was expected to efficiently crosslink the elastic PDMS chains. Thus,
the LC building blocks were expected to play a somewhat similar role (non-covalent crosslinker) like
the inorganic POSS units studied in the authors’ early work. Moreover, due to their specific properties,
the LC units could cause interesting thermotropic behavior of the physical crosslinks in the studied
materials. This would be of interest for smart applications, such as viscoelastic coupling materials,
behaving as oils with greatly varying temperature-controlled viscoelasticity near room temperature,
and as rubbers at lower temperatures. The detailed aims of this work included the elucidation of the
structure—property relationships in the PDMS-LC elastomers, especially the efficiency as a physical
crosslinker of the relatively small mesogen unit, and the effect of the length of the elastic PDMS chains.
While the presented work focuses on the synthesis and on the comprehensive characterization of the
thermotropic phase behavior, including simple mechanical properties, a follow-up paper [43] (“Part I1”)
is dedicated to the study of the complex viscoelastic and rheological properties of the copolymers in
the molten as well as in the rubbery state.

2. Experimental Section
2.1. Materials

2.1.1. Commercial Chemicals

The hydride-o,w-terminated polydimethylsiloxanes—DMS HO03 (Mp = 623.9 g/mol), DMS H11
(My =1196.5 g/mol), and DMS H21 (M}, = 4764 g/mol) were purchased from Gelest, Morrisville, PA, USA.
Chloroform (solvent) was purchased from Sigma-Aldrich, St. Louis, MO, USA, while a 2% solution of
Karstedt’s catalyst was purchased from Merck (Darmstadt, Germany). All the commercial products
were used as received. Prior to use, however, the equivalent molecular masses per Sitl group of the
DMS HO03, DMS H11, and DMS H21 were more precisely determined by IH-NMR. The so-obtained
equivalent molecular masses (per Si-H function: DMS H03—311.9325 g/mol; DMS H11—598.241 g/mol;
DMS H21—2382.2 g/mol) were then used for calculations of the amounts of reactants in the syntheses.
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2.1.2. Synthesis of the Liquid Crystalline Mesogen named “BAFKU”

The synthesis of the azo-type mesogen BAFKU (M,, = 420.587 g/mol) was described in detail ina
previous work by some of the authors of this paper [44].

2.1.3. Preparation of the Main Chain Liquid Crystalline Copolymers Based on PDMS (DMS HO3,
DMS H11, or DMS H21) and LC Mesogen BAFKU

Appropriate quantities of the BAFKU mesogen and of PDMS (see Table 1) were placed into a small
vessel equipped with a magnetic stirring bar. In total, 2 mL of chloroform was added, and after flushing
the reactants with argon, they were dissolved by brief stirring at 60 °C. Subsequently, Karstedt's catalyst
(8.7 mg of a 2 wt.% solution, 0.0228 mmol Pt) was added and the solution was stirred at 60 °C for
5 min. Thereafter, the reaction mixture was cooled down to room temperature and the solvent was
removed under reduced pressure. The so-obtained copolymer was further dried under vacuum
(10 mbar) for 30 min at 90 °C (molten state). The product was then cooled down to room temperature
and stored. The trace amounts of the Karstedt catalyst (between 0.008 and 0.02 wt.%) were tolerated
as non-problematic impurity in the case of standard syntheses (it was possible to remove them by
adsorption on silica or on activated carbon at the cost of reduced yield).

Table 1. Amounts of the components used in the synthesis of the main chain liquid crystalline
copolymers based on polydimethylsiloxane (PDMS) and liquid crystalline (LC) mesogen.

Components BAFKU Mesogen Precursor DMS H3 Precursor DMS H11 Precursor DMS H2l  Chloroform Farstedts Catalyst
Sample Nam 2 wt% Solution
[mmol] Tmemol] mmell Tmmol] Il
lg]  ofC=C  wi% Vol lg] ofSiH wi% Vol% [g] ofSiH wi% Vol% [g] ofSiH wi% Vol% [g] [mLl as2%  [mmol]
Groups Groups Groups Groups Solution
HO3_BAFKU, 05 119 574 s 0371 119 426 47% 29 476 0008 Q0%
H11-BAFKU; 05 119 4143 3729 0711 119 W% @7l 205 76 00057 0022
H21-BAFKU: 05 119 151 1347 282 119 819 8650 2956 2476 0008 0022

The volume fractions of the mesogen BAFKU were calculated using Equation (1) under
consideration of the densities (p(BAFKU) = 1.05 g/cm3, p(HO3) = 0.90 g/cm3, p(H11) = 0.93 g/cmg,
and p(H21) = 0.97 g/cm3) and of the stoichiometric synthesis amounts (see above in Table 1) of the
individual components.

m(component)

volume percent (Vol%) = _plcomponent) 1 0% (1)

m{)
E( p(i) )
Yield:

HO03-BAFKU3: 0.8715 g (1.19 mmeol), 100% of theory (one-pot synthesis).
H11-BAFKU,: 1.2069 g (1.19 mmol), 100% of theory (one-pot synthesis).
H21-BAFKU>: 3.311 g (1.19 mmol), 100% of theory (one-pot synthesis).

Characterization by TH-NMR (proton nuclear magnetic resonance), in CDCl3, & (ppm) (see also spectra
in SI Figures 57 and S8 in the Supplementary Materials):

HO03-BAFKU,: 7.94 (4H, d, arom.), 7.84 (4H, d, arom.), 7.33 (4H, d, arom.), 7.26 (4H, d, arom.), 2.69 (4H, m,
CH,;), 2.58 (4H, m, CH,), 1.75 (4H, m, CH,), 1.65 (4H, m, CH,), 1.55 (s, H,O: moisture in CDCls),
1.29 (32H, m, CH;), 0.94 (6H, m, CH5), 0.53 (4H, m, CH>), 0.06 (52H, s, CH3 on Si, plus two CH; groups
on 5i, the latter two originating from BAFKU).

H11-BAFKU,: 7.92 (4H, d, arom.), 7.82 (4H, d, arom.), 7.30 (4H, d, arom.), 722 (4H, d, arom.), 2.69 (4H, m,
CH,), 2.58 (4H, m, CH>), 1.77 (4H, m, CHjy), 1.63 (4H, m, CH>), 1.55 (s, H,O: moisture in CDCl3),
1.29 (32H, m, CHy), 0.91 (6H, m, CHj3), 0.53 (4H, m, CH>), 0.07 (96H, s, CH3 on 5i, plus two CH; groups
on 5i, the latter two originating from BAFKU).
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H21-BAFKU,: 7.92 (4H, d, arom.), 7.84 (4H, d, arom.), 7.33 (4H, d, arom.), 7.24 (4H, d, arom.), 2.69 (4H, m,
CH,), 2.58 (4H, m, CH>), 1.77 (4H, m, CH,), 1.65 (4H, m, CH,), 1.29 (32H, m, CH,), 0.94 (6H, m, CH3),
0.52 (4H, m, CHy), 0.06 (392H, s, CH3 on Si, plus two CH; groups on Si, the latter two originating
from BAFKU).

For comparison (see also spectra in SI Figures 54-56):

Neat BAFKU: 7.90 (2H, d, arom.), 7.82 (2H, d, arom.), 7.31 (2H, d, arom.), 7.22 (2H, d, arom.), 5.79 (1H, m,
CH), 4.94 (2H, m, CHy), 2.59 (2H, m, CHy), 2.56 (2H, m, CHy), 2.03 (2H, m, allyl-type CH>), 1.65 (2H, m,
CHj>), 1.60 (2H, m, CH,), 1.31 (12H, m, CH,), 0.92 (3H, m, CH3).

Neat DMS H03: 4.70 (2H, m, SiH), 0.18 (12H, s, CH3 on Si in terminal units), 0.06 (40H, s, CH3 on Si in
internal repeat units).

Neat DMS H11: 4.71 (2H, m, SiH), 0.17 (12H, s, CH3), 0.08 (84H, s, CH3).

Neat DMS H21: 4.69 (2H, m, SiH), 0.13 (12H, s, CHs), 0.06 (380H, s, CH3).

Check of quantitative conversion:

FTIR (Fourier-transform infrared spectroscopy): Complete disappearance of the peak of the Si-H bond
stretching at about 2120 cm™ (see SI Figures S1-S3).

TH-NMR: Complete disappearance of the peaks near 4.7 ppm (5i-H) and of the multiplets near 5.79
and 4.94 ppm (vinyl groups of LC mesogen), see spectra in SI Figures S7 and S8.

2.2. Characterization of the PDMS-BAFKU, Copolymers

2.2.1. Chemical Microstructure

TH-NMR (proton nuclear magnetic resonance): The chemical structure (including the molecular
masses, via end-group determination) of the synthesized PDMS-BAFKU; copolymers was verified
using TH-NMR spectroscopy. The same method was also used for verifying the purity of the mesogen
“BAFKU” and for determining the equivalent molecular masses per SiH of the o, w-hydrido-functional
polydimethylsiloxanes DMS H03, DMS H11, and DMS H21. The spectra were recorded on an Avance
DPX 300 spectrometer (from Bruker, Karlsruhe, Germany) at 300 MHz. CDCl3-d; was used as solvent
for all experiments. Tetramethylsilane (TMS; 6 = 0 ppm) was employed as internal standard.

FTIR (Fourier-transform infrared spectroscopy): The completion of hydrosilylation reactions
between SiH-functional polydimethyl-siloxanes and the monovinyl-functional mesogen was verified
by means of FTIR spectroscopy. The spectra were recorded in the attenuated total reflection (ATR)
mode using a Nicolet 8700 spectrometer (from Thermo Scientific, Madison, WL, USA). The AIR spectra
were recorded using a Golden Gate™ heatable Diamond ATR Top-Plate (MKII single reflection ATR
system, from Specac, Orprington, Greater London, UK).

Molecular masses via SEC (size exclusion chromatography; or gel permeation chromatography
“GPC”): The molecular masses of the prepared copolymers and of their precursors were determined
by SEC. For this purpose, we used a Deltachrom pump with computer-controlled piston movement
(from Watrex Praha, s.r.o,, Praha, Czech Republic), the autosampler MIDAS (from Spark, Emmen,
Holland), two columns “PLgel 5 um MIXED-B” (10 um particles; from Polymer Laboratories,
now Agilent Technologies, Santa Clara, CA, USA), which according to the manufacturer, separate in the
molecular mass range of approximately 102 < M < 1 x 10°. Evaporative light scattering detector (ELSD)
PL ELS 1000 (from Polymer Laboratories, Church Stretton, Shropshire, UK, laser wavelength: 658 nm)
and a UV-vis (refraction index) DeltaChrom UVD 200 detector (from Watrex Praha, s.r.o., Praha,
Czech Republic) with a flow-cell volume of 8 uL, operating at wavelength A =264 nm, were the detectors
in the order of flow. The data were collected into the Clarity software (from DataApex Ltd., Praha,
Czech Republic), which communicated with the detectors using a U-PAD2 USB acquisition device
(also from DataApex). The mobile phase was tetrahydrofuran (Thermo Fisher Scientific, Waltham, MA,
USA) at 25 °C (controlled ambient temperature), used as received. The concentration of measured
solutions was 5 mg/mL. Polystyrene standards obtained from Polymer Standards Services (Mainz,
Germany) were used for calibration.
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Molecular masses via MALDI-TOF (matrix-assisted laser desorption ionization/time of flight)
mass spectroscopy:

The samples were prepared by the “dried droplet method”: THF (tetrahydrofuran, >99.9%,
Sigma-Aldrich, St. Louis, MO, USA) solutions of the analyzed polymer (10mg mL1), of the matrix DCTB
(trans-2-[3-(4-t-butyl-phenyl)-2-methyl-2-propenyli-dene]malo-nitrile, Sigma-Aldrich, 10 mg mL™1),
and of the cationization agent sodium trifluoroacetate (CFsCOONa; Sigma-Aldrich, 10 mg mL_l) were
mixed in the volume ratio 4:20:1. Then, 1 pL of the mixture (the “droplet”) was deposited on the
ground-steel target plate, and dried at ambient atmosphere.

The MALDI-TOF mass spectra were acquired with an UltrafleXtreme apparatus (Bruker
Daltonics, Bremen, Germany) in the positive ion reflectron and linear mode. Each spectrum was the
sum of 25,000 shots with a DPSS (diode-pumped solid-state) Nd: YAG laser (neodymium-doped
yttrium-aluminum garnet laser; 355 nm, 2000 Hz). Delayed extraction and external calibration
were used.

2.2.2. Thermo-Mechanical and Thermal Properties

DMTA (dynamic-mechanical thermal analysis): The advanced multi-functional rheometer
ARES-G2 (from TA Instruments, New Castle, DE, USA—part of Waters, Milford, MA, USA) was used
for characterizing the thermomechanical properties of the prepared copolymers.

Typical combined tests, which covered the glassy state, the glass transition, the rubbery, as well as
the melting region, were carried out using small parallel plate geometry (exchangeable stainless-steel
plates, diameter: 6.1 mm). An oscillatory shear deformation at the constant frequency of 1 Hz and ata
small strain amplitude (0.001% to 4%, adjusted by auto-strain) was applied. In the first scan, which was
a cooling one, the samples were cooled down from the molten state at the rate of 3 °C/min, down to the
final low temperature (—135 °C in the standard case). Subsequently, in the second scan, the heating
one, the samples were heated at the same rate up to the final high temperature (40 °C in the standard
case). For both scans, the temperature dependences of the storage and of the loss shear modulus were
recorded, as well as of the loss factor (G’, G”, and tan(8), respectively).

Differential scanning calorimetry (DSC): The nature of the transitions observed in the copolymers
in the DMTA tests was further investigated by DSC. The experiments were performed on a DSC Q2000
instrument from TA Instruments (New Castle, DE, USA) under a nitrogen atmosphere. The temperature
range was from —90 to 100 °C. The heating and cooling rate was always 10 °C/min. The samples were
first cooled down to —90 °C, after which they were subjected to the first heating scan from —90 to 80 °C
(with final temperature corresponding to the isotropic state of the polymer melt), followed by the first
cooling scan (80 to =90 °C) and the second heating scan.

2.2.3. Long-Range-Structure and Crystallinity Characterization

SAXS and XRD (small-angle X-ray scattering and X-ray diffraction): X-ray scattering experiments
were performed using a MolMet pinhole camera from Rigaku, Tokyo, Japan, modified by
SAXSLAB/Xenocs (headquarters: Grenoble, France) which was attached to a microfocused X-ray
beam generator MicroMax 003 from Rigaku, operating at 50 kV and 0.6 mA (30 W). The camera was
equipped with a vacuum version of the Pilatus 300K detector (from DECTRIS Ltd., Baden-Daettwil,
Aargau, Switzerland). Variable detector positioning that covers the 4 range of 0.004-3.6 A1 was chosen.
The scattering vector, g, is defined as: g = (4m/A)sin®, where A =1.54 Ais the wavelength of the installed
source and 20 is the scattering angle. The calibration of primary beam position and sample-to-detector
distances was performed using Ag behenate and the Si powder sample. Homemade software based on
the PyFAI Python library [45] was used for data reduction.

2.2.4. Polarized Light Microscopy (PLM) Observation of Phase Transitions

Polarized light microscopy (PLM) [46,47]: In order to visualize the phase transitions in the studied
copolymers, polarized light microscopy was employed. PLM micrographs were recorded with a Nikon
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Eclipse 80i (from Nikon, Shinagawa, Tokyo, Japan) microscope equipped with a ProgRes CT3 digital
camera (Jenoptik, Jena, Germany) and THMS 600 heating stage (from Linkam Scientific Instruments Ltd.
Tadworth, Surrey, UK).

Thin specimens for PLM (thickness < 10 um) were prepared by compression molding on a
heating bar (temperature of the bar 120 °C, compression between two glasses, load 5 kg for 10 min).
The best PLM micrographs were obtained for the thinnest polymer films after slight shear deformation,
which was induced by manual shift of the two glasses used for compression molding.

All PLM experiments started at room temperature. The samples were then gradually heated with
the rate of 1 °C/min up to a final temperature, where the melt was fully isotropic. After a short pause
at the maximum temperature (5 min), the sample was cooled down to room temperature using the
same rate.

The intensity of illumination was kept constant and PLM micrographs were recorded during
the whole process. The intensity of polarized light was evaluated from the image analysis of the
individual micrographs as the mean intensity of all pixels within a given micrograph (using the software
NIS Elements 4.0 from Laboratory Imaging s.r.0., Praha, Czech Republic; morphological descriptor
MeanlIntensity). As the final output, the normalized MeanIntensity as a function of temperature was
plotted. It has been demonstrated in previous studies by some of the authors of this paper [46,47] that
the polarized light intensity recorded in this way is proportional to the amount of crystalline/anisotropic
structures in the investigated specimen.

3. Results and Discussion

3.1. Synthesis

Several copolymers consisting of polydimethylsiloxane (PDMS) of different chain length,
o, w-terminated with mesogenic units of azobenzene-type (“BAFKU”), were synthesized and studied
as potential passive smart materials. The assembly of these medium/short copolymer molecules to
reversible (meltable) elastomeric networks is shown in Scheme 1. The structure of the constituent
components of the prepared low-temperature reversible rubbers is shown in Scheme 2; they were chosen
in order to combine properties of PDMS, such as polymer backbone flexibility and a low glass transition
temperature (Tg), with the crystallization tendency of the liquid crystalline BAFKU units, which had
to act as thermotropic physical crosslinks, via BAFKU-BAFKU aggregation, as shown in Scheme 1.
o, w-SiH-terminated PDMS of three different lengths was employed: a 8.6-mer (on average, “H03"),
a16.3-mer (“"H11"”), and a 64.4-mer (“H21"). A potentially important feature of the prepared copolymers
is the azo unit in their mesogenic building blocks. This unit, which normally is frans-configured,
can be reversibly switched between cis- and trans- configurations by UV irradiation. In this way,
the thermotropic properties of the physical crosslinks potentially could also be photo-switched between
those of isomeric states. Photosensitivity was not studied in this already extensive work, however.

%JUL:.:,G—Q
@’\@/:@ﬁ

free (macro)molecules rubber

Scheme 1. Symbolic representation of the linear PDMS-BAFKU; copolymers and of their physical
crosslinking via aggregation of the BAFKU units.



Polymers 2020, 12, 2476 Bof 27

A key feature was the desired lack of miscibility (in the absence of solvent) of both components of
the studied copolymers, which was achieved due to the specific properties of PDMS. This immiscibility
favors nanophase separation in the copolymers via the formation of BAFKU aggregates, and hence,
an easy formation of the physical network shown in Scheme 1. Additionally, the mesogen BAFKU
introduces further interesting properties like the thermotropic behavior of the crosslinks.

PDMS component:

®5|~0 s|~—0

HO3: n = 66(iotal:86) = o O

o”{D

H11: n = 14.3 (total: 16.3)

If

H21: n = 624 (total: 64.4)

Mesogen component (Azo):

BAFKU: /\/\O‘N//N‘OH: = (Bamui -~

azo group

Scheme 2. Components used to synthesize the studied copolymers: (top): general structure of the PDMS
precursors with Si-H functions in & and w-position, as well as the representation of typical molecules of
the “hydrido-polysiloxanes” DMS H03, DMS H11, and DMS H21; (bottom): the mono-vinyl-functional
mesogen BAFKU.

SiH-PDMS and BAFKU were coupled via the hydrosilylation reaction (Scheme 3), which was
considered to be practically a “click reaction”. All the syntheses were carried out in chloroform at 60 °C
and catalyzed by Karstedt's catalyst (also shown in Scheme 3). Prior to the syntheses, highly precise
equivalent molecular masses per SiH functional group were determined for all the PDMS precursors by
means of proton nuclear magnetic resonance ('H-NMR) analysis (see SI Table S1 in the Supplementary
Materials), as the copolymers’ components had to be coupled in precisely stoichiometric ratios.

&+ ol —e .
S U_i;e

FNY
Karstedt Ly B

Qo =
catalyst Solvent

-,

/
‘\;;,,-?I\

o, w-LC-terminated short PDMS polymer
Scheme 3. Synthesis of PDMS-BAFKU> copolymers via hydrosilylation catalyzed by Karstedt's catalyst.

The structure of the obtained products with approximately realistic proportional sizes of the elastic
chains and mesogens is shown in Scheme 4 further below. The latter scheme also shows diagrams
with calculated volume fractions of PDMS and BAFKU in each copolymer. The volume fractions of
BAFKU (see also Table 1) were calculated under consideration of the densities and of the stoichiometric
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synthesis amounts (see Table 1) of the individual components (details of the calculation are given in
the Supplementary Materials).

52.4 vol.% BAFKU
HO3-BAFKU, = 2 b

BAFKU
E PDMS

H11-BAFKU: :J\/':J ‘ 37.3 vol.% BAFKU

0,
' BAFKU 13.5 vol.% BAFKU

T % “

Scheme 4. (Left): Representation of the prepared PDMS-BAFKU> copolymers: HO3-BAFKU>,
H11-BAFKU,, and H21-BAFKU3, highlighting elastic chain length between the BAFKU mesogens
attached at both ends; (Right): diagrams of volume fractions of the BAFKU mesogen units in
each copolymer.

General properties of the copolymers: All the obtained products were oily liquids at standard
room temperature (25 °C), with melting points at 22 °C (HO3-BAFKU>), 8 °C (H11-BAFKU,) and
—15 °C (H21-BAFKU?3). The respective freezing points are: 5,0 and —20 °C. The copolymers can be
dissolved in some common organic solvents like chloroform, tetrahydrofuran or toluene. In contrast to
the liquid but colorless (and very low-temperature freezing) PDMS precursors, the copolymers display
a dark orange color, like the molten neat BAFKU mesogen.

The efficiency of the hydrosilylation reaction was of great importance for accurate characterization
of the copolymers’ material properties. A quantitative (100%) conversion was proven in all three
reactant pairs by means of Fourier-transform infrared (FTIR) and 'H-NMR spectroscopy, namely as
the disappearance of the characteristic signals of the Si-H groups, and in the case of "H-NMR, also as
the disappearance of distinct vinyl signals (see an example of H11-BAFKU?2 in the Supplementary
Materials in SI Figure Sla,b, respectively; all spectra are shown in SI Figures 51-58.

The molecular masses of the prepared copolymers were evaluated by TH-NMR spectroscopy
(end-group analysis: ratio of terminal groups to PDMS repeat units), as well as by size exclusion
chromatography (SEC, “GPC"”) and by MALDI-TOF (matrix-assisted laser desorption ionization/time
of flight mass spectroscopy; the results are shown in the Supplementary Materials). The latter two
methods were useful for characterizing molecular mass distributions. The masses of the employed
PDMS precursors and of the mesogen BAFKU also were evaluated. The results obtained by the different
methods are all compared in SI Table S2 in the Supplementary Materials, where a detailed discussion
is also included, together with all spectra. Generally, it was observed that the SEC analysis provided
relatively accurate molecular mass values for all the PDMS-BAFKU; copolymers, but less accurate
ones for the PDMS precursors, especially for the low-molecular-weight HO3, but also for H11. The SEC
analysis also indicated the presence of some non-bonded BAFKU mesogen, ca. 5% of the total intensity
of all peaks if the sensitive but relatively unbiased evaporative light scattering (ELSD) detector was
used. This seems to be overestimated if compared to IH-NMR data, where no characteristic peaks
of the unreacted components were observed, neither vinyl (BAFKU excess) nor SiH (PDMS excess).
Especially, in the case of the low-molecular-weight copolymer H03-BAFKUj3, such residues in amounts
as high as 5% would be well visible (estimated possible residue in the latter case would be below 1%).
The overestimation of the BAFKU residue can be explained by the high/very high sensitivity of both the
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employed detectors to BAFKU, due to the employed wavelengths (see details in the discussion in the SI
File). MALDI-TOF yielded very accurate values for the copolymers HO3-BAFKU, and H11-BAFKUj,
but the vaporization of H21-BAFKU> was no longer successful, similarly like in the case of neat H21,
due to the too high molecular mass. The H03 precursor underwent radical coupling (oligomerization,
SiH reactivity) during the laser pulses of the MALDI-TOF experiment, while H11 was characterized
relatively accurately (SiH groups already diluted, My not too high).

To sum up, TH-NMR spectroscopy was found to be the most sensitive method to verify the
completeness of conversion during the synthesis (which was confirmed), and it also provided accurate
values of the number average molecular masses of the PDMS precursors, as well as of the studied
copolymers. The careful evaluation of SEC data also indicates only minimal amounts of unreacted
components (BAFKU).

3.2. Thermo-Mechanical Properties

The reversible physical crosslinking in the prepared copolymers, as well as their rubbery properties,
were investigated by dynamic-mechanical thermal analysis (DMTA) using parallel-plate tools with
small plates (diameter 6.1 mm). This geometry made possible reasonably accurate characterization in
the glassy and rubbery state, as well as in the early stages of melting,.

Figure 1 illustrates the temperature dependence of the storage modulus in a heating and in a
cooling run for all three studied copolymers. It can be observed that the copolymers with the longer
PDMS chains, H11-BAFKU, and H21-BAFKU,, behave like typical reversible elastomeric networks;
they display a “rubbery plateau” with a storage modulus above (or well above) 1 MPa in relatively
extended low-temperature regions. The short copolymer HO3-BAFKUj, on the other hand, is a typical
vitrimer; it undergoes a transition from the glassy (or possibly crystalline) state directly into a melt.
The chain length of the PDMS segments has a marked effect on the rubbery behavior of the other
two copolymers; the one with the mid-sized PDMS chains, namely H11-BAFKUj, displays the wider
rubbery plateau (extent: 95 °C in heating scan, and 75 °C in cooling scan) and a higher melting point
(ca. 8 °C; freezing point: 0 to —5 °C). Not surprisingly, due to the shorter elastic chains, the rubbery
modulus of H11-BAFKUj is also higher than in the case of the longer H21-BAFKUj; the width of the
rubber plateau in H21-BAFKU, is 20 °C while heating, and 55 °C while cooling, and the melting point
is ca. —15 °C, while the freezing point is =20 °C.

The trend can be explained as follows. In the case of the very short HO3 PDMS chain,
the volume fraction of BAFKU mesogen makes up 52.4% (see Scheme 4) and it already dominates the
thermomechanical properties of the material, which is either a crystalline molecular solid or a melt,
depending on the temperature. In HI1-BAFKU, (37.3 vol% BAFKU), the elastic chains are sufficiently
long for generating rubbery behavior, while the large volume fraction of BAFKU ensures highly
efficient crosslinking via nano-aggregation of these terminal building blocks into domains which act as
multiple junctions in the rubber (see further above, Scheme 1). Finally, in H21-BAFKU; (13.5 vol%
BAFKU), the relatively small mesogenic units are already considerably diluted in the mass of the
PDMS chains, so that their aggregation is less efficient, resulting in a narrower rubbery plateau and a
lower melting point.

H11-BAFKUj, the best low-temperature elastomer among the studied copolymers, displays a
fairly high rubbery modulus in its extended rubber plateau, namely 30 MPa in the heating run and
60 MPa in the cooling run (see Figure 1b). It undergoes a glass transition near —110 °C. The melting
region of the rubbery phase near 8 °C (freezing point: 0 °C; melting region—heating scan: 0 to
11 °C; cooling scan: —20 to 10 °C) is relatively steep, but still gradual, in contrast to molecular solids,
which would melt abruptly. Some thermotropic transitions of the BAFKU aggregates can be suspected
to occur in the melting region (progressive loosening or dissociation of the aggregates), in view of the
step-like course of the modulus in this region. Additionally, gelation-type thermotropic transitions in
the liquid region were confirmed by highly sensitive multi-frequency rheological tests (carried out
using large parallel plates), which are discussed in a follow-on work [43]. The moderate increase in the
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modulus of H11-BAFKU, with rising temperature practically in the whole rubbery region, which is
typical of ideal elastomers, indicates an efficient physical crosslinking.
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18- i H11-DAFKU,
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Figure 1. Dynamic-mechanical thermal analysis (DMTA) profiles (temperature-dependent storage

modulus G’ only) of the copolymers (a) HO3-BAFKU,, (b) H11-BAFKU>, and (¢) H21-BAFKU,,

recorded as heating and cooling scans.

H21-BAFKU,, which is also a low-temperature elastomer (see Figure 1c), displays a much more
complex behavior than H11-BAFKUj. In the heating scan, it displays only a very small rubbery region,
or rather, a sloped step, but in the cooling scan, a much wider thermodynamically metastable rubbery
plateau is observed. In both cases, the rubbery modulus is around 1 MPa. The vast difference in the
width of the rubbery plateau during cooling and heating is caused by the behavior of the long linear
PDMS chains in H21-BAFKU,. The latter display glass transition (-85 °C during cooling scan)/hidden
cold crystallization (gradually occurring below —85 °C but above —110 °C)/melting (at —50 °C:
during heating after cold crystallization). Such a behavior in pure PDMS is known from the literature,
e.g., from [48]. Near —110 °C, there is a small step in the G" = {(T') curve of H21-BAFKU,, which is
assigned to freezing/unfreezing of segmental movements of the pendant methyl groups in PDMS
chains, and which could be referred to as a minor glass transition. Below —110 °C, the H21-BAFKU,
copolymer is fully frozen and ideally glassy. It can be noted that in the case of the H11-BAFKU;
discussed above (see Figure 1b), which has shorter PDMS chains than H21-BAFKU3, only a single
glass transition of the material occurs, namely at the temperature of the freezing of methyl groups
movement in PDMS (110 °C), while the vitrification/cold crystallization/melting hysteresis loop of
PDMS is absent: the H11 chains are too short for such a behavior. The G" = {(T) curve of H21-BAFKU»
is always decreasing with rising temperature in the rubbery plateau, which indicates that the physical
crosslinking is not very efficient, and that some nanoaggregates of BAFKU end-groups dissociate even
at temperatures relatively distant from the melting region. The onset of the melting (near —20 °C) is also
distinctly more gradual (“melting point” itself is at ca. =15 °C) in H21-BAFKU, than in H11-BAFKUj.
(Freezing point of H21-BAFKU;: —20 °C melting region: —25 to 0 °C in heating and cooling scans).
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Although the rubbery plateau is small in H21-BAFKU),, the specific hysteresis behavior of this material
could make it an interesting viscoelastic low-temperature rubber/oil.

HO03-BAFKUj, the copolymer with the shortest elastic polysiloxane segments, displays very
simple and rather unattractive thermomechanical characteristics (see Figure 1a). It behaves like a
brittle “vitrimer”, which near 22 °C transforms directly from glass into melt (softening onset already
at 14 °C), with no glass-to-rubber transition (freezing point of H03-BAFKU5: 5 °C melting region:
heating scan: 15 to 25 °C; cooling scan: 0 to 25 °C). The melting transition is very steep in the heating
run, but in the case of the cooling run, the freezing region is somewhat structured, thus indicating
possible thermotropic transitions in the physical crosslinks in this temperature region. Rheological tests,
which are discussed in a follow-on work [43], indeed confirmed this suspicion. The difference between
the melting and the freezing temperature is also fairly high in H03-BAFKU, (the difference is smaller in
H11-BAFKU; and nearly negligible in H21-BAFKU,). Due to its brittleness in the glassy state, it was
impossible to study its thermomechanical properties below —40 °C, but in analogy to the other studied
PDMS copolymers, a small step in the G” = f(T) curve (dotted line in Figure 1a) would be expected
in the range from —100 to —90 °C, caused by the freezing/unfreezing of the wagging movement of
pendant methyl groups on PDMS segments. The HO3-BAFKU; copolymer might be of interest as a
model compound or as a “plasticized BAFKU dimer”.

3.3. Phase Transitions in the Copolymers

3.3.1. DSC: Specific Heat of Phase Transitions in the Copolymers

The thermally induced transitions, which were observed by DMTA in the prepared copolymers,
were further investigated by means of differential scanning calorimetry (DSC), in order to find out
the nature and especially the involved values of specific heat of these transitions. The results are
summarized in Figures 2 and 3. The DSC trace of the neat mesogen BAFKU is also shown in Figure 2a
for comparison.
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Figure 2. Differential scanning calorimetry (DSC) traces (a) of the neat BAFKU mesogen and (b) of the
copolymer HO3-BAFKUs.
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Figure 3. DSC traces of the copolymers (a) H11-BAFKU; and (b) H21-BAFKU,.

The following trends can be observed. The specific heat values of the observed LC transitions
distinctly decrease with increasing PDMS chain length, especially if going from H11 to H21.

Neat BAFKU in the heating DSC scan undergoes only the shorter phase sequence crystalline (Cr)
—smectic C (SmC)—isotropic (I) [44], while in the cooling run, it undergoes the “full” phase sequence
I—nematic (N)—smectic (Sm)—Cr transitions. The free mesogen is hence characterized by several
monotropic transitions.

HO03-BAFKU; (see Figure 2b), the copolymer with the shortest PDMS chains, displays highly
similar transition temperatures in its DSC trace like neat BAFKU in its cooling scan (compare Figure 2a,b),
but all the transitions of HO3-BAFKU)}, are shifted to slightly lower temperatures. There are also some
additional notable differences like different peak intensities, but also in the strictly enantiotropic nature
of all transitions in HO3-BAFKU,, with nearly identical specific heat values of the reverse processes.
Notable in this context is also the near absence of undercooling effects in the copolymer. The N—I
transition is always the most intense one in the copolymer, while in neat BAFKU, I—=N is low-intensity
and monotropic. The transitions in HO3-BAFKU, were assigned by correlating the DSC results with
polarized light microscopy analysis discussed further below: highest temperature—N/I; medium
temperature—Sm/N; lowest temperature—Cr/Sm. The slight down-shift of the transition temperatures
in the copolymer (if compared to neat BAFKU) can be attributed to the moderately increased mobility
of the mesogen units, which are attached to short, monodisperse (PDI = 1.11, see Sl Table 52 in
the Supplementary Materials), and highly flexible PDMS chains. These specific short spacers also
apparently similarly strongly stabilize the smectic as well as the nematic phase in the copolymer,
which is still dominated by BAFKU (52 vol%, see Table 1), thus leading to the absence of undercooling,.

It can be further noted that HO3-BAFKU; melts at ca. 22 °C (see DMTA in Figure 1a), near its
first thermotropic transition (19.9 °C, Cr—Sm), while the remaining transitions occur in the liquid
phase (up to 63 °C). This means that residual ordered liquid crystalline aggregates must persist as
branching points in the copolymer melt from 22 to 63 °C (N—I) and thus, can have interesting effects
on its viscoelastic behavior.

H11-BAFKU, (see Figure 3a) displays a smaller number of transitions than HO3-BAFKUj,,
two instead of three, and also, the characteristic temperatures are lower in HI1-BAFKU,. The “width”
of the temperature range of the combined LC transitions in H11-BAFKU)} is practically the same
as in HO3-BAFKU,, however, suggesting that similar interactions play a role in both copolymers.
The down-shift of the transitions in H11-BAFKU; indicates a higher mobility of BAFKU due to the
attached relatively long and segmentally very mobile of PDMS chains. In addition, the “dilution” of
the aggregates in the now dominant PDMS phase (63 vol%, see Table 1) may play a role. The DSC
peaks of HI1-BAFKU, were assigned in view of the polarization microscopy textures discussed further
below as Cr/N (lower temperature) and N/I (flat peak extended over a wider region). In the case of
the Cr/N peak, if the heating and cooling scans are compared, the change of the intensity (much less
intense if cooling) and of the characteristic temperature (down-shift by 20 °C if cooling), indicates a
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difficult crystallization. This effect was also observed by PLM (as discussed further below), and it
correlates with the down-shifted solidification of molten H11-BAFKU, to rubber, which was observed
by DMTA (see Figure 1b). On the other hand, the N/I transition in the melt displays only a small
undercooling effect. This latter transition also shows the highest specific heat among the peaks in
the cooling run, thus indicating that the formation of the nematic phase is fairly strongly favored by
the H11 chains. The absence of a smectic phase in H11-BAFKU; indicates that the medium-long
H11 chains, albeit monodisperse, do not stabilize the highly ordered Sm phase in contrast to short
HO03 chains.

H21-BAFKU; (see Figure 3b) displays practically no visible LC transitions in heating scans,
and one weak but distinct transition in the cooling scan at —9.8 °C (quasi a monotropic one), which is
positioned in the region of the onset of the solidification of the melt to rubber (see further above,
DMTA) and was assigned to the N—Cr transition in the BAFKU nanoaggregates of H21-BAFKU,.
The polarization microscopy (PLM) investigations, and also the X-ray-diffraction (XRD) patterns,
which are both discussed further below, support the existence of BAFKU nanodomains (lamellae) in
H21-BAFKU)j, also in an extended temperature region of the liquid state. If an analogy would be
drawn to the shorter H11-BAFKUj, the longer copolymer H21-BAFKUj also could contain its mesogen
nanoaggregates in the nematic ordering state. The anisotropic domains in PLM (see further below) are
very small, however, and the textures are not very characteristic, so the assignment of the nematic phase
in H21-BAFKU; is only tentative. The suggested analogy between H21-BAFKU, and H11-BAFKU;
is further supported by the analogous rheological behavior of both copolymers, which was studied
in a separate work [43]. The low transition temperature, as well as the quasi-monotropic character
(and small specific heat) of the single thermotropic transition observed in H21-BAFKU, suggest the
formation only of weaker and smaller BAFKU aggregates in this longest copolymer, in contrast to the
shorter ones. It can be clearly concluded that in H21-BAFKU,, the effect of BAFKU on the thermal
properties is diminutive. In spite of this, the physical crosslinking as observed by DMTA still is
considerably strong in this copolymer, albeit it is the weakest in the compared series.

In contrast to the other copolymers, the DSC traces of H21-BAFKU, additionally display distinct
thermal transitions of the long PDMS chains of H21 (vitrification/cold crystallization/melting), which in
fact dominate the whole DSC trace. The region of these transitions is marked by a frame in Figure 3b.
In the heating scans, a broad melting peak is observed with a maximum at —50.5 °C, while in the cooling
scan, a sloped course of the DSC trace, which corresponds to a glass transition, is observed between
—60 and -85 °C, which also contains a cold crystallization peak (-80.6 °C). The vitrification/cold
crystallization/melting of PDMS was discussed in detail in the literature, e.g., in [48].

3.3.2. X-ray Diffraction (XRD) Analysis of the Phase Transitions

The phase transition behavior of the studied copolymers was deeper elucidated by means of
recording temperature-dependent X-ray scattering (small-angle X-ray scattering SAXS and wide-angle
X-ray scattering WAXS) of the products and by comparing them with the patterns of the pure mesogen
BAFKU. The results of the X-ray experiments are summarized in Figure 4. The observed XRD peaks
are commented on in Tables 2 and 3. Generally, all three copolymers were found to possess a distinctly
lamellar structure, with BAFKU nanoaggregates as the lamellae.

In the case of the neat BAFKU (Figure 4a), the following assignment to the dimensions of the
mesogen molecule can be done. The peak at 3.40° (scattering vector g = 0.242 A~1, corresponding to the
distance d = 2.60 nm) can be well correlated with the length of this rod-like building block, while the
very weak peak at 6.80° (0.484 13(1) appears to be a second-order reflection of the same distance.
The peak at 10.18° (0.72 A‘l,’O.S? nm—it is more intense than the one at 6.80°, and hence, it cannot be
the 3rd order of the peak at 3.40°) can be assigned to the width of the whole mesogen (similarly like
in [44]). Finally, both the peaks in the range of 18-20° (1.4 A-1/0.45 nm) can be assigned to standard Van
der Waals distances between organic molecules, e.g., in different directions in the crystal. The peaks of
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the neat mesogen are all sharp, thus indicating a highly ordered state at all the tested temperatures,
except in the isotropic melt at 85 °C (see Figure 4a).
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Figure 4. Temperature-dependent XRD patterns of: (a) neat BAFKU, (b) HO3-BAFKU,,
(c) H11-BAFKU,, and (d) H21-BAFKU,; in the case of neat BAFKU (a), the sample was first
characterized at 20 °C, then heated up to 85 °C, and subsequently, step-wise cooled down back
to 20 °C. This was done because the full series of phase transitions in BAFKU occurs only in the cooling
scan; in the case of all the copolymer samples (b-d), they were step-wise heated from low temperature
to high temperature during the XRD analyses.

Table 2. X-ray diffraction results. BAFKU: interference maxima and the corresponding characteristic

distances.
BAFKU
20[°] q [A‘l] d [nm] comment
3.40 0.242 2.60 BAFKU length
6.80 0484 1.30 -"- (second order of 3.40°)
10.18 0.724 0.87 BAFKU width
17.70 1.255 0.50 standard Van der Waals distance in crystal

18.36 1.301 0.48 standard Van der Waals distance in crystal
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Table 3. X-ray diffraction results. PDMS-BAFKU; copolymers: Interference maxima and the
corresponding characteristic distances.

Ho3 H11 H21
20[°] q[A-Y] dm] 20[°1 q[A?'] dmm] 20[°] q[A-'] d[nm]  comment

195 0.139 453 1.644 0.117 5.37 1.13 0.0804 7.81 e
reflection

3.90 0277 226 328 0.233 2.69 226 0.161 3.90 2nd order

585 0416 1.509 493 0.351 1.79 3.39 0.241 2.60 3rd order

8-16 057-1.13 1.1-055 8-16 057-1.13 1.1-0.55

816 057-113 11-055  1h04  (0896) (0.723) (1224)  (0.896)  (0.723) FDMS
_ B _ org.—org.
20.1 1.42 044 20.6 146 0.43 (+PDMS)

In the case of the PDMS-BAFKU}; copolymers (Figure 4b—d), the BAFKU units also generate sharp
X-ray diffractions, but their diffraction pattern is much simpler. Only one characteristic distance is
observed, which generates a main peak, as well as second- and third-order reflections of this distance.
This characteristic distance in the BAFKU domains of the copolymers becomes distinctly wider with
the increasing length of the polysiloxane spring. The presence of such distinct 2nd and 3rd order
reflections, as well as the relatively sharp peaks, are indicative of a well-developed lamellar structure
(see Schemes 5 and 6 and structure discussion further below). The increasing characteristic distance
corresponding to these reflections can be well correlated with the increasing spatial demand of the
increasingly long and increasingly coiled PDMS chains (see Scheme 5), which separate the lamellae.
Additionally, two very broad peaks (near 12° and near 21°) appear in the diffractograms of the
copolymers, corresponding to amorphous halo structure, which is characteristic of PDMS. Especially,
the first PDMS peak dramatically grows with increasing chain length of the PDMS component,
and hence, with the PDMS fraction in the copolymer, while the second is only partly visible.

H21

e PR

= TaT

(SRR

0 10 20 30 40 50 60 70
number of repeat units in PDMS component
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Scheme 5. Lamellar structure of the copolymers and the effect of the chain length of the PDMS
component on the characteristic distance observed by X-ray diffraction. (Left): plot of the observed
(XRD) characteristic distance with in-laid approximate relative sizes of the segments of the studied
copolymers; the coiling of PDMS chains plays an important role; (Right): idealized representation
of the lamellar nanoaggregates of the BAFKU end-groups present in the copolymers below the
isotropization temperature.
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Scheme 6. Postulated lamellar structure in the studied copolymers, composed of lamellar nanoaggregates
of BAFKU and of elastic PDMS chains, its isotropization (according to Scheme 7 bottom), as well as the
reversible growth and fragmentation of the lamellar BAFKU nanoaggregates.
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Scheme 7. Postulated idealized structure in the crystalline (Cr), smectic (Sm), and nematic nanoaggregates

of BAFKU end-groups in the studied copolymers, as well as the arrangement in the copolymers’ molecules
in the isotropic melt.

The diffractograms of the sample HO3-BAFKU, (Figure 4b) were measured at temperatures
between and beyond the ones of the characteristic DSC transitions (discussed further above), namely at
15,30, 50, 65, and 80 °C. We can see a systematic shift of the main reflection peak of the BAFKU domains
with increasing temperature. Originally, the peak is positioned at 268 = 1.96°, which corresponds
to d = 4.50 nm (2nd order reflection at 3.94°; 3rd order at 5.87°). Sample heating leads to a higher
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angle 20, which means a shorter characteristic distance. A shorter distance between the lamellar
BAFKU aggregates at higher temperatures could be explained by a more coiled average conformation
of the PDMS chains, which is a known entropy effect in elastomers. The change of 20 with T is almost
linear, starting with 4.498 nm at 15 °C, via 4.288 nm at 30 °C, 4.114 nm at 50 °C, and, finally, 3.959 nm
at 65 °C. Like the main reflection, the higher order interference maxima all show a proportional
T-induced shift. Analogous behavior is observed for the reflections in all the copolymers (compare
Figure 4b—d). The intensity of the peaks originating from BAFKU units gradually decreases with the
temperature, indicating partial melting (dissociation of larger aggregates). No peaks are observed at
80 °C, which is in agreement with the isotropization of HO3-BAFKU; observed by DSC already at
63 °C (see further above).

The sample H11-BAFKU, (Figure 4c) exhibits an analogous behavior like HO3-BAFKUS,, but the
fundamental peak of its single reflection is found at 20 = 1.62° (2nd order at 3.25°%; 3rd at 4.88°),
which corresponds to 5.435 nm. The distance is 21% larger than the characteristic one in HO3-BAFKU».
Similarly, like in the latter sample, no XRD reflections of BAFKU are observed in the isotropic melt
state of HI1-BAFKUS,.

The similarly behaving H21-BAFKU; (Figure 4d) exhibits the largest characteristic distance in the
BAFKU domains. At 25 °C, already in the liquid range (nematic), the sharp reflection is positioned at
20 = 1.15° (2nd order at 2.31°; 3rd at 3.43°), which corresponds to d = 7.69 nm. This reflection is no
longer observed at 30 °C, where the melt already is fully isotropic. No changes in amorphous halo
were observed at higher temperature (between 25 and 80 °C). While the sensitivity of DSC was too low
to detect phase transitions in H21-BAFKU; in the heating regime, the X-ray results together with the
light microscopy data presented further below indicate a phase transition (isotropization) near 30 °C,
which to some extent, is also confirmed by rheology tests, which are discussed in a follow-on work [43].

3.3.3. PLM Observation of Anisotropy and of Phase Transitions

The phase transition behavior as well as ordering effects in the domains of the mesogenic units of
the prepared copolymers were additionally evaluated by means of polarized light microscopy (PLM).
The PLM analysis was of special interest, because the XRD patterns discussed above were dominated by
the reflections caused by lamellae of BAFKU and on PDMS interchain distances, but these patterns did
not provide any information about the arrangement in the lamellae. The PLM results are summarized
in Figures 5-8. It should be noted that the extended sub-millimeter-sized highly anisotropic regions
observed in the copolymer samples at appropriate temperatures cannot be lamellae of aggregated
and well-separated BAFKU units, in view of their volume fractions in the copolymers (see Table 1
and Scheme 4), and also in view of their bonding situation (see Scheme 1), which does not allow
for the growth of very large 3D domains made from phase-separated pure BAFKU. The observed
anisotropic areas hence can be assigned to regions in which the lamellar BAFKU nanodomains have
some prevalent orientation, while being separated by PDMS, so that both the ordering inside of the
nanodomains (lamellae), as well as their “global arrangement” (some analogy to lyotropic systems),
contribute to the dichroism of the respective observed specimen.

As the reference compound, the neat mesogen BAFKU was also characterized. It can be seen in
Figure 5 (representative high-resolution images of the characteristic textures are shown in SI Figures 520
and S21 in the Supplementary Materials) that its changes of PLM texture during the heating run
fairly closely follow the temperature course of the phase transitions observed by DSC (see Figure 2a);
one abrupt change is observed at 58 °C (DSC peak maximum: 57 °C: Cr—SmC, as assigned in [44]),
while the second occurs between 63 and 64 °C (DSC: 67 °C: SmC—I). A fan-shape texture is observed
for the crystalline phase. The transition at 58 °C is followed by a temporary darkening (isotropization),
which precedes the formation of new, differently ordered extended textures. The second transition
(SmC—I) occurs at a somewhat lower temperature in PLM than in DSC, which might be the result of a
higher rate in the DSC scan (10 vs. 1 °C/min) and/or of the dissolution of the larger oriented domains of
BAFKU molecules. This would lead to “earlier” apparent disappearance of anisotropy in PLM. In the
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cooling run studied by PLM (Figure 5), a distinct apparent undercooling is observed in comparison to
the DSC scan in Figure 2a for the I»N transition, which starts at 43 °C in PLM (DSC: 62 °C), but this
is possibly a consequence of the fact that only larger oriented domains or regions become visible
(similarly like in the case of heating). This undercooling is also observed if the mean polarized light
intensity from the whole image area is evaluated (see SI Figure 516 in the Supplementary Materials).
The formation of small anisotropic domains directly invisible by the microscope would manifest itself
as an increase in background light intensity, but due to an efficient undercooling, no such “hidden”
intensity increase is observed (in contrast to some other samples). The next PLM-observed transition,
N—Sm (fan-shape structure appears, similar to the original crystal), starting at 40 °C (well visible
at 39 °C, finished at 38 °C) is less low-temperature shifted (47 °C in DSC). Both low-temperature
shifts in the cooling PLM run might be a result of the narrow (<10 pm) distance of the microscopy
glass platelets, which might cause a more difficult crystallization than in the thicker DSC samples.
Because the texture observed after the N—Sm transition of BAFKU is already practically identical with
the one observed for the crystalline phase (see heating scan in Figure 5), the Sm—Cr transition of neat
BAFKU (DSC: 28 °C) cannot be recognized by PLM.

crystalline phase (Cr)

60°C 61°C

4C bl C30C G

isotropic mel (1)

70°C 41°c 40°C

N = Sm transition 5m and later Cr phase, no visible transition, same pattern like Or

Figure 5. Textures observed in neat BAFKU mesogen. Top: heating run; bottom: cooling run;
large representative images of each characteristic texture are shown in the Supplementary Materials,
SI Figures S20 and S21.

The HO03-BAFKU, copolymer in a «certain sense displays similar trends in the
temperature-dependent PLM textures (Figure 6; representative high-resolution images of the
characteristic textures are shown in SI Figures 522-524 in the Supplementary Materials) like neat
BAFKU, but the textures are of somewhat different appearance and their interconversions are rather
gradual than abrupt, in contrast to PLM of BAFKU, or to the DSC traces of this same copolymer,
HO03-BAFKU>, where the peaks are fairly sharp and where only negligible undercooling is observed.
Between 10 and 20 °C in the heating run, an apparent increase in long-range ordering of H03-BAFKU,
can be observed, which manifests itself by increasing texture intensity, without any change of pattern.
Above 20 °C (Cr—Sm transition in DSC), the intensity does not change any more, but while the global
pattern does not change markedly (nor do the colors), the fine pattern of the texture changes from
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fibrillar to particulate. Above 40 °C, the domains of the fine pattern at first visibly increase in size and
change their color (DSC: 41 °C: Sm—N). As the temperature further rises, the fraction of anisotropic
areas decreases, while larger apparently isotropic domains start to grow (considerable isotropization at
56 °C and nearly complete one at 58 °C). In DSC (Figure 2b), the isotropization (N—I) peak is observed
near 63 °C. The “earlier” occurrence of the isotropization in the PLM scan can be attributed to the
dissolution of the larger regions with oriented nano-lamellae of BAFKU units in the nematic state,
in some analogy to neat BAFKU.
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22°C 32°C 39°C

[ L &
19 bl b03 0312 1cl
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1 bafha b3 Odienl 32C bl ho3_0zeisc 3L baf-hO)_ G2 dent
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40°C 44°C 51"C 56°C 58°C
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phase transitions N = Sm = Cr are nat visible

Figure 6. Textures observed in BAFKU-HO03. Top: heating run; bottom: cooling run; large representative
images of each characteristic texture are shown in the Supplementary Materials, SI Figures 522-524.

In the cooling PLM experiment, the H03-BAFKU, copolymer displays even greater undercooling
effects than neat BAFKU; the onset of visible nematic ordering (nematic dots) is observed near 48/47 °C
(DSC peak: 60 °C). At lower temperatures, these “dots” grow and finally cover the whole observed
area, but no change of pattern is observed at any temperature (in DSC, peaks are observed at 39 and
17 °C), as if the sample froze to a nematic glass. This behavior may be attributed to the thin sample
layer (similarly like in neat BAFKU). Efficient undercooling is also confirmed, if the mean polarized
light intensity from the whole image area is evaluated (see SI—Figure 517 in the Supplementary
Materials). No “hidden” intensity increase is observed prior to the appearance of the visible patterns
at 48/47 °C. The sample undergoes slow “ageing” at room temperature, however. After 3 days, the dot
texture, which was obtained at the end of the cooling run, changes to the texture observed for the
smectic phase in the heating run (very similar to the crystalline one). Theoretically, this slow ageing
could be explained in two ways—either the transition N—S5m is very slow and gradual or the observed
texture is strongly influenced by the arrangement of slowly growing lamellae to large “global” patterns.
The second explanation is supported (and the first disproven) by the fact, that the DSC trace of
HO03-BAFKU, displays nearly identical transition temperatures and peak intensities (and shapes) in
both heating and cooling runs. The role of the lamellae (texture generation similar to lyotropic systems)
also would explain why the textures of HO3-BAFKU; change so gradually also in the heating scan,
where no “delaying effects” would be expected (as the DSC transitions are very sharp).
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The H11-BAFKU, copolymer, which is richer in PDMS, displays similar but simpler trends
(see PLM textures in Figure 7; representative high-resolution images of the characteristic textures
are shown in SI Figures S25-527 in the Supplementary Materials) like HO3-BAFKU,. In the heating
run, the difference is small between the texture of the sample with crystalline domains of BAFKU
(according to DSC in Figure 3a, below 10 °C) and between the subsequently occurring liquid crystalline
state at higher temperature, assigned as nematic. The transition at 10 °C mainly manifests itself as a
subsequent very gradual intensity decrease in the rotated light. Above 35 °C, a progressing apparent
isotropization (decay of larger regions with oriented lamellae) is observed, and the visible anisotropic
domains nearly disappear at 45 °C (last smallest remnants until 49 °C). In DSC, the maximum of the
corresponding N—I peak is observed at 48 °C. As the copolymer H11-BAFKU; displays only one
liquid crystalline phase in melt, no distinct changes in texture type are observed above 10 °C.

-20°C (+10)12°c 17°C 28°C 35°C 40°C 45°C

J0C hafi-hl 1_DZNILC

Cr phase Cr = N transition N phase
not well visible: just
moderate intensity dissociation of larger aggregates

increase

4 49°C 50°C
- =
)

isotropization (N = I)

isotropic melt (1)

176

33°C 32°C

JIC martill_0

\J7

onset of | 3 N transition

| —)
no change
down to -25°C

Figure 7. Textures observed in BAFKU-H11. Top: heating run; bottom: cooling run; large representative
images of each characteristic texture are shown in the Supplementary Materials, SI Figures 525-527.

In the cooling run, the H11-BAFKU, copolymer behaves very similarly like HO3-BAFKU,.
It seems to undercool and to apparently freeze to a nematic glass. The process weakly sets on at 33 °C
(DSC: I-N transition: 43 °C) and becomes well-visible at 29 °C. The nematic dot domains grow less
dramatically than in HO3-BAFKU>. No change in texture is observed upon further cooling. If the
mean polarized light intensity from the whole image area is evaluated (see SI Figure S18a), then an
increase in intensity is observed, which already starts during the cooling run just below 38 °C, only 5 °C
below the DSC transition where small BAFKU nano-lamellae are expected to start to assemble. Hence,
the apparent undercooling does not mean a complete absence of BAFKU aggregation in this whole
temperature region. The easier ordering of the mesogenic units of HI1-BAFKUj in the cooling scan,
if compared to H03-BAFKUj,, could be attributed to a higher mobility of the BAFKU units attached to
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the longer flexible chains. In the case of the heating run of H11-BAFKU), (see SI Figure S18a), the light
intensity curve closely follows the trends noted by “simple” PLM observation, as would be expected.

The H21-BAFKU, copolymer, which is the richest in PDMS, displays much simpler PLM textures
(see Figure 8; representative high-resolution images of the characteristic textures are shown in SI
Figures 528-530 in the Supplementary Materials) than HO03-BAFKU, and H11-BAFKU,.

-16°C (m.p.) -8°C (molten) +6 to +10°C +22°C +26°C
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Figure 8. Textures observed in BAFKU-HZ21, top: heating run; bottom: cooling run; large representative
images of each characteristic texture are shown in the Supplementary Materials, SI Figures 528-S30.

In the heating run, only small dots are observed in H21-BAFKU, for the rubbery state (with solid
BAFKU aggregates), as well as in melt until 30 °C. The texture is somewhat similar like the nematic dots
observed in H11-BAFKU, during its cooling near 31 °C, but the dots are smaller and less characteristic
in the case of H21-BAFKU3. The melting of rubbery H21-BAFKU> near —15 °C does not cause any
marked change in the texture. The critical temperature is near 30 °C, where XRD experiments observe
the disappearance of the ordering of the LC units in H21-BAFKU,, and where rheology experiments,
which are discussed in a follow-on work [43], suggest a drop in elasticity. While approaching this
temperature in the heating scan (PLM), the small dots intensely brighten. The brightening occurs
between 6 and 10 °C, the high intensity persists until 22 °C, thereafter it fades until 28 °C, and completely
disappears above 30 °C (efficient dynamic disconnection of nanoaggregates of LC units). The ordering
which causes the mentioned brightening of the texture can be attributed to an increased mobility of the
BAFKU units.

Similarly, like in the case of the other copolymers, the cooling scan of H21-BAFKUj yields different
results (apparent “undercooling”), then would be expected in view of DSC results (H21-BAFKU, has
a distinct peak at —9.8 °C), or of the known solidification point (melt—rubber, observed by DMTA,
—15 to —20 °C for H21-BAFKU,). No change in texture appears during the whole cooling scan of
H21-BAFKU,, the texture remains isotropic, down to —29 °C. Similarly, like in the case of the other
copolymers, this “undercooling” might be the result of the slow formation of extended ordered
regions of the lamellar structure observed in XRD, if the sample is present as a very thin layer (PLM).
Small randomly oriented lamellar regions do not generate sufficient optical anisotropy to be simply
visible by PLM. If, however, the mean polarized light intensity from the whole image area is evaluated
(see SI Figure 519b), then, like in the case of H11-BAFKUj, an increase in intensity is observed in the
“undercooled isotropic region”. It starts during the cooling run just below 30 °C, where in view of the
X-ray (further above) and rtheology results, which are discussed in a follow-on work [43], small BAFKU
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nano-lamellae are expected to start to assemble. In the case of the heating run, (see SI Figure S19a),
the light intensity curve follows the trends noted by the “simple” PLM observation.

3.3.4. Structure of the BAFKU Aggregates

In view of the combined characteristics of the copolymers obtained by DSC, XRD,
and by polarization microscopy (PLM), as well as by thermomechanical analysis (DMTA),
important conclusions can be drawn about the aggregating behavior in BAFKU end-groups. First,
the single characteristic reflection (XRD) of BAFKU structures, accompanied by well-visible 2nd and
3rd order peaks, indicates a distinct lamellar structure in all the copolymers. Secondly, the different
characteristic distances corresponding to the mentioned reflection in the different copolymers well
correlate (see Scheme 5 further above) with the approximate “effective length” of the coiled PDMS
chains in each of them, and thus, with the distance between the BAFKU lamellae (rather than with
their thickness).

Depending on the temperature, the BAFKU aggregates change their internal arrangement,
as indicated by DSC and PLM, but below the isotropization temperature, they always must be lamellar
in shape, and the lamellae must be at regular distances (like in the example in Scheme 6 further above),
in order to generate the mentioned relatively sharp XRD reflection combined with the higher order
peaks. Larger areas with regularly and hence, anisotropically arranged BAFKU aggregates (lamellae)
can generate textures visible by PLM, in contrast to small regions of regularity. The latter nevertheless
can produce significant background intensity in PLM, which is not easily seen by the naked eye, but
which still was possible to evaluate, as mentioned further above (see PLM analysis of H21-BAFKUj).

Thermally induced fragmentation and recombination of BAFKU aggregates is also shown in
Scheme 6, as well as the isotropization (maximum fragmentation and loss of ordering in the residual
small dynamic aggregates or associates of BAFKU end-groups). Analogous aggregate reorganizations
are also expected to occur in the case of strain damage and self-healing.

The postulated thermotropic phase transitions in the BAFKU lamellae are illustrated in Scheme 7.
In the rubbery state, the nanoaggregates (lamellae) are in the crystalline state and are rigid. In the
BAFKU-rich HO3-BAFKUj; copolymer, a smectic structure (as observed by PLM and DSC) is stable in
the melt region in a favorable temperature range; the layers in the aggregates can move (see Scheme 7).
Additionally, besides the mentioned shear deformation, the smectic aggregates are “dynamic”, and can
undergo fragmentation and recombination (see Scheme 6). Such effects make possible the flow of
the molten smectic copolymer, but the necessary reorganization of the aggregates during the flow
consumes a considerable amount of energy, as is illustrated by rheology experiments discussed in a
follow-up paper [43], including thixotropy effects (see e.g., the high storage and loss moduli of the
melt of H11-BAFKU, at 25 °C, after abrupt melt cooling, in the Supplementary Materials of [43]).
The smectic state is not observed in the copolymers with the longer PDMS chains, H11-BAFKU, and
H21-BAFKU,, where, as demonstrated by DSC, the “nematic aggregate phase” is directly formed from
the rigid aggregates during the melting of the rubbery copolymer.

The nematic-ordered aggregates are of “dynamic” nature, similarly like the smectic-ordered ones.
In the molten HO3-BAFKU, copolymer, the thermotropic transition Sm—N occurs in the interior of the
aggregates at a characteristic temperature, as observed by DSC (41.2 °C). In the “longer copolymers”,
no difference in texture is observed between the “crystalline” and the “molten nematic” state of the
mesogen aggregates, in both the heating and the cooling run, in strong contrast to neat BAFKU or
HO3-BAFKU; (Cr—5m: no change, but Sm—N: vast change). This implies that the “crystalline state”
in the longer copolymers could in fact be a less ordered “frozen nematic” state. The somewhat different
PLM textures observed during the heating and cooling runs of these longer copolymers could be the
result of prolonged “aging” at room temperature in the nematic molten state, which always occurred
(sample storage) prior to the initial heating run. The reversible reorganizations of the aggregates
discussed above would namely allow for the growth of larger domains with anisotropic ordering
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during long storage, in contrast to the cooling PLM run (starting from isotropic melt, running at
1 °C/min), during which the samples dwelt only for a relatively short time in the nematic molten state.

As mentioned in the section dedicated to the synthesis of the copolymers, the azo units incorporated
in the BAFKU building blocks of the copolymers offer the potential of reversibly photo-switching the
mesogenic units between the cis- and trans- state. In this way, the stability, the transition temperatures,
as well as the tendency of the lamellae discussed above to grow or to split would be greatly altered,
resulting in switching of elastic/viscoelastic properties.

4. Conclusions

Physically crosslinked thermo-reversible low-temperature rubbers with interesting viscoelastic
properties in the melt state (very large step-wise changes of elasticity and viscosity) were successfully
prepared; they are based on linear polydimethyl-siloxane (PDMS) capped in o,w-positions with
liquid crystalline (LC) building blocks called “BAFKU”. The LC building blocks make reversible UV
light-induced switching of material properties possible.

Copolymers based on three different commercial «,w-Si-H-functional PDMS5 molecules, namely DMS
HO3 (8.6-mer), DMS H11 (16.3-mer), and DMS H21 (64.4-mer), were obtained via hydrosilylation
reactions of these PDMS precursors with the mono-vinyl-functional mesogen BAFKU.

Thermomechanical analysis (DMTA) proved that the PDMS-BAFKU, copolymers, based on
namely the H11-BAFKU, and H21-BAFKU,, behave like typical reversible elastomer networks.
The physical crosslinking via nano-aggregation of BAFKU units was found to be reversible by heat,
as well as by organic solvents.

On the other hand, the copolymer based on the short polydimethylsiloxane DMS HO03 is a brittle
(vitrimeric) material, with no transition glass—rubber. Upon heating (DMTA), it transforms directly
from glass to melt. This is due to the high-volume fraction (52 vol%) of rigid BAFKU.

DSC study of the phase behavior indicates similar sharp transitions in neat BAFKU and
in LC-rich HO3-BAFKU, (three transitions at similar T values); H11-BAFKU, shows different,
less intense, simpler, but still multiple (two) and sharp, low-T-shifted transitions; H21-BAFKU,
displays no well-visible LC transitions upon heating, but one LC transition during the cooling
scan; other methods (XRD, PLM) indicate, however, that H21-BAFKU, displays two LC transitions,
similarly like H11-BAFKU>; the increasing chain length of PDMS leads to higher mobility of BAFKU,
thus down-shifting its LC transitions in the copolymers and reducing the number of stable LC phases
to one, namely the nematicum.

XRD analyses indicate a distinct lamellar structure in all three PDMS-BAFKU copolymers;
the lamellar structure (as branched macromolecule associates) was found to persist also in the molten
state, until the isotropization transition temperature observed by DSC.

PLM investigations support the existence of smectic and nematic phases in the molten state of
HO03-BAFKU,, and of nematic phases in the melt of H11-BAFKU, and H21-BAFKU,, as well as the
transition temperatures observed by DSC and XRD; in the case of the copolymers with longer PDMS
chains (H11, H21), the solid nanoaggregates of BAFKU end-groups seem to be of the frozen nematic
type, rather than of a distinct crystalline one.

The studied low-temperature elastomers might be of interest as passive smart materials for
advanced applications such as viscoelastic coupling (melting/gelation to rubber), but also as damping
materials (energy absorption via physical crosslink disconnection).

A follow-up paper is dedicated to the effects of the structure of the studied copolymers on their
viscoelastic and rheological properties in the rubbery state, as well as in melt.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/12/11/2476/s1,
SI Figure S1: Spectroscopic evaluation of the completion of the hydrosilylation. SI Figure S2: FT-IR spectra
of silanes and copolymers. SI Figure S3: Detail of the characteristic FI-IR peak of the Si-H bond stretching.
SI Figure S4: 1H-NMR spectrum of the pure BAFKU mesogen with assigned peaks. SI Figure S5: 1H-NMR spectra
of the precursors H03 and H11. SI Figure S6: 1H-NMR spectrum of the PDMS precursor H21. SI Figure S7:
1H-NMR spectra of copolymers H03—-BAFKU?2; H11-BAFKU2. SI Figure S8: 1H- NMR spectrum of the copolymer
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H21-BAFKU2. SI Figure S9: GPC traces of the prepared copolymers, overlaid. SI Figure S10: GPC trace of
pure BAFKU. SI Figure S11: GPC trace of pure precursors H03, H11, H21. SI Figure S12: GPC trace of
the copolymer HO3-BAFKU2, H11-BAFKU2, H21-BAFKU. SI Figure S13: MALDI-TOF spectra: H03 and
HO3-BAFKU?2. ST Figure S14: MALDI-TOF spectra: H11 and H11-BAFKU2. SI Figure S15: MALDI-TOF spectra:
H21 and H21-BAFKU2. SI Figure S16: neat BAFKU: Temperature-dependent PLM intensity. SI Figure S17:
HO3-BAFKU2: Temperature-depend ent PLM intensity. SI Figure S18: H11: Temperature-dependent PLM intensity.
SI Figure S19: H21-BAFKU2: Temperature-dependent PLM intensity. SI Figure 520: High-resolution textures of
neat BAFKU: top: at 21 °C, bottom: at 61 °C, both in heating run. SI Figure 521: High-resolution textures of neat
BAFKU: top: at 62 °C (heating run), bottom: at 39 °C (cooling run). SI Figure S22: High-resolution textures of
HO3-BAFKU2: top: at 10 °C, bottom: at 20 °C, both in heating run. SI Figure S23: High-resolution textures of
HO3-BAFKU2: top: at 46 °C, bottom: at 51 °C, both in heating run. SI Figure 524: High-resolution textures of
HO3-BAFKU2: top: at45 °C, bottom: at 20 °C, both in cooling run. SI Figure S25: High-res H11-BAFKU2: top:
at 10 °C, bottom: at 21 °C, both in heating run. SI Figure 526: High-resolution textures of H11-BAFKU2: top:
high detail at 29 °C, bottom: at 22 °C, both cooling run. SI Figure 527: High-resolution textures of H11-BAFKU2:
very high detail at 29 °C. SI Figure S28: High-resolution textures of H21-BAFKU2: top: at 10 °C, bottom: at 21 °C,
both in heating run. SI Figure 529: High-resolution textures of H21-BAFKU2: top: at 10 °C, bottom: at 21 °C,
both in heating run. SI Figure S30: High-resolution textures of H21-BAFKU2: texture at —29 °C, end of cooling
run. SI Table S1: Molecular parameters of the DMS precursor polymers determined by 1H-NMR. SI Table S2.
Characterization of molecular mass.
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1. Synthesis and chemical microstructure

1.1. Evaluation of conversion of the PDMS during hydrosilylation reaction by means
of FTIR
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SI-Fig. 1: Spectroscopic evaluation of the completion of the hydrosilylation reaction: (a):
FTIR spectra of pure H11 and of HI I-BAFKU: highlighting the disappearance of the Si-H as
zoomed inlay; (b): 'H-NMR of pure H11, BAFKU and H11-BAFKU: - details in SI-Fig. 7.
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SIE-Fig. 2: FT-IR spectra of (a): pure HO3 and of HO3—-BAFKU»; (b): pure H21 and of

H21-BAFKU:; the characteristic peak of the Si-H bond stretching is highlighted.
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SI-Fig. 3: Detail of the characteristic FT-IR peak of the Si-H bond stretching:
(a): HO3-BAFKU: vs. H03;  (b): H2I-BAFKU: vs. H21.




1.2. TH-NMR: Purity of components and products, as well as synthesis conversion
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TH-NMR: analysis of the PDMS components
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SI-Fig. 5: 'TH-NMR spectra of the PDMS precursors: (top): HO3, (bottom): H11; the peak of
the methyl groups is near 0.1 ppm, the Si-H peak near 4.70 ppm.
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1.2.1. Structure parameters of “DMS” (PDMS) polymers from "H-NMR analysis

(I:H3 (|:H3 (l:H3
H—?i—0+?i—0 Si—H
CH3 CH3 n (EH3

Aim:

calculation of n (number of internal repeat units), coefficient from above structure
formula, of the molecular mass of the whole molecule, as well as of the equivalent molecular
mass per SiH function (E¢MW); the latter is needed to calculate accurate reactant amounts for
syntheses.

Ratios of signal integrals from the IH-NMR spectra (SI-Fig. 5 and 6) in relation to the above
structure formula:

H in SiH end groups H in CH3 groups in all siloxane repeat units

2 (2*3)*n

if the SiH integral is normalized to 1.0, the following integral ratios are obtained:

1 3*n

Magnitudes for calculation:

n: coefficient from above structure formula (number of internal repeat units)
m =n + 2 : number of all siloxane repeat units

RU = molecular mass of an internal repeat unit (of the block [(CH3).Si0] )
= 74.154 g/mol

E = molecular mass of both end groups taken together, hence of (CHs)2(H)Si-O-Si(H)(CHz)2
= 134.325 g/mol

M = molecular mass of the whole “DMS” molecule (as shown in the above structure formula)

Obtaining n from the 'H-NMR spectra in SI-Fig. 5 and 6:

-at first, the integrals in the spectra are normalized so, that the value of the integral of the SiH
peak is equal to 1.00 (as done in SI-Fig. 5 and 6); it is then assigned 1 = “SiH norm’; each
molecule contains two hydrogens from SiH groups;



-next, the sum of all integrals of the peaks of (CH3)2Si< groups, ‘CH3’ is calculated; each
siloxane repeat unit in the DMS molecule contains 6 hydrogens from two methyl groups; as
result of the above normalization of the SiH signal, an integral value of 3 corresponds to one
siloxane repeat unit; the normalized value ‘CH3 norm’ is calculated by dividing ‘CH3" by

three;

-finally, the coefficients m (number of all Si-containing units) and n (number of internal
siloxane units) are calculated, using ‘CH3 norm’ and ‘SiH norm’:

m= CH3 norm / SiH norm=

hence m=°CH3’/3

and n=m-2

CH3 norm/1=

CH3 norm =

‘CH3’/3

M=E +n*RU (with molecular masses of the constants E, RU taken from above)

EqMW = M/2

Resulis:

SI-Table 1: Molecular parameters of the PDMS precursor polymers as determined by
IH-NMR, compared with the data given by the manufacturer (last two columns, italics).

M,
m (number " f(.m;mbei' o EqMW
name of ‘CHy | ofall repeat | ° rl:pZ::a =nr - M2 M, ( ml'
siloxane from units . oo (supplier) SPELD
o ) units) from NMR PP calculated)
precursor NMR from from [g/mol]
NMR NMR [g/mol]
[g/mol]
HO03 25.805 8.602 6.602 623.865 311.9325 450=50 6.257
HI11 48.971 16.324 14.324 1196.482 598.241 1 050+50 14.348
H21 193.315 64.438 62.438 4764.377 2382.189 | 4 500+500 60.873




1.2.2. Copolymers PDMS-BAFKU,: '"H-NMR analysis

The 'H-NMR spectra of the copolymers are shown in SI-Fig. 7-8. In SI-Fig. 7, the assignment of
the peaks is shown on the example of HO3—BAFKU:. It can be seen that the characteristic peaks
of the BAFKU units are preserved, except for the vinyl groups (atoms “e”, “f?), which
disappeared completely (the signals of “e”, “f” are newly found among the alkyl groups). From
the PDMS precursors, the SiH peaks also quantitatively disappeared, while the signals of the
methyl groups persist. The disappearance of the vinyl- and SiH-signals was mentioned above as a
proof of quantitative conversion of accurately stoichiometric amounts of the copolymer
components. The integral of the peak of the methyl groups of PDMS (near 0.06 ppm) is
‘reinforced’ by the intensity of former terminal methylene units of the vinyl groups of BAFKU.

If an isolated signal of BAFKU is taken as ‘end group signal’, e.g. the one of the aromatic H
atoms “a” at 7.93 ppm, then it can be compared with the intensity of the methyl signals of the
PDMS repeat units. If the signal “a” is calibrated to 2.00, then the integrals of the PDMS methyl
groups should be approximately the same like in case of the PDMS precursors (there are 4
hydrogens “a” per copolymer molecule, while there were only 2 SiH hydrogens, hence the value
of the calibration). In order to obtain the intensity of the ‘original’ methyl groups of the PDMS
precursor, the value of the integral of the methyl groups of PDMS has to be corrected by
subtracting 2.00: under the given calibration, this corresponds to 4 H atoms of the terminal CHz
units from BAFKU which now are bonded to Si1 atoms (“f” in §I-Fig. 7 top). The corrected
integral then should be identical with ‘CH3’ from SI-Table 1, while the number of repeat units m
= ‘CH3’/3 should be identical. The results can be seen below:

m (number of all expected m deviation
- ] ‘CH;’ from corrected repeat units) P ding § (expressed as
R et NMR ‘CH3’ according to ACCOITIETO | oy cess of PDMS)
precursor

NMR [%6]
HO03-BAFKU: 27.443 25.443 8.481 8.602 -14
HI11-BAFKU: 57.342 55.342 18.447 16.324 +13.0
H21-BAFKU: 243.869 241.869 81.290 64.438 +26.1

It can be observed, that the end-group analysis (numbers of the repeat units of PDMS, m) yields
nearly identical results in case of the shortest PDMS chain (HO3), while in case of the longer
chains, an increasing excess of PDMS seemingly is observed. This result rather can be attributed
to the very different relaxation dynamics of the highly mobile PDMS chains and of the ngid
BAFKU units, which gain influence with increasing chain length. The seeming excess of PDMS
(up to 26%) namely is not accompanied by the appearance of a residual SiH peak, which should
be expected in such a case. In view of the missing signals of the functional groups of the reactants,
and of the probable highly different relaxation behaviour of the molecular segments, the most
accurate '"H-NMR-derived molecular masses of the copolymers appear to be sums of NMR-
determined M, of PDMS precursors (from SI-Table 1) plus two masses of the BAFKU units. This
calculation was used in the respective column in SI-Table 2 as M, from 'TI-NMR.
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1.3.  Molecular mass analysis of the copolymers, as well as of the precursors

The molecular masses of the prepared copolymers were verified using several methods,
namely SEC (GPC), MALDI-TOF and 'H-NMR (equipment and setup: see Experimental Part
of the main Manuscript). If the results (SI-Table 2) obtained by NMR, GPC and MALDI-

TOF are compared, some differences can be clearly seen:

The 'H-NMR spectroscopy (see spectra of copolymers: SI-Fig. 7 and 8, reactants: SI-Fig.
4-6) proved itself as the most accurate, albeit indirect method for numeric average molecular
mass determination, as will be explained below: The characteristic groups of ‘hydrido-PDMS’
precursor polymers generate well-separated and sufficiently distinct signals in all the studied
cases, namely the signals of SiH end-groups near 4.70 ppm and the signals of the PDMS
methyl groups at 0.18-0.06 ppm, which make possible a fairly exact determination of the ratio
of the two terminal repeat units to the remaining ones (see assignment of peaks in SI-Fig. 3).
In this way, the average length of the PDMS precursor is determined (see SI-Table 1). In this
way, the exact molecular masses of the precursors were determined prior to the syntheses, as
described above, in order to use precisely stoichiometric reactant ratios. In case of the
copolymers, the nearly quantitative conversion of the constituent components BAFKU and
PDMS prepolymers was subsequently confirmed by the disappearance of the vinyl and SiH
signals, which otherwise persist in case of non-stoichiometric or un-reacted mixtures. If the
end-group analysis was carried out after the hydrosilylation coupling — which was carried out
at precise stoichiometry and with no residues of reactive groups were observed after the
synthesis — then the end group analysis (aromatic protons of mesogen vs. protons of PDMS
methyl groups, as described above) yielded satisfactory results in case of the shortest PDMS
chain (HO03): identical PDMS chain length of precursor and final copolymer was then obtained
from the evaluation of integrals. In case of the longer precursors, differences in relaxation
behaviour led to over-estimated PDMS content in the copolymer spectra (but no residual SiH
signals), as was discussed above (in the same samples, GPC indicated contrarily a small
excess of BAFKU). Hence, the most precise determination of molecular weight (M) of the
prepared copolymers by "H-NMR was achieved, if two masses of BAFKU were added to one
mass of the PDMS precursor determined by H-NMR prior to the synthesis, under the
condition of confirmed absence of un-reacted functional groups via post-synthesis 'H-NMR.

The SEC (GPC) results are illustrated by SI-Fig. 9 (see also SI-Table 2; source data are
shown i SI-Fig. 10-12): The GPC traces of copolymers are compared with BAFKU and
with the PDMS precursors, and all are shown as traces in the ELSD (evaporative-light-
scattering) detector, while for the copolymers, also the UV/Vis trace (refraction index (at A =
264 nm) detector) also 1s shown. GPC yields fairly realistic results (if compared to the indirect
NMR method which was considered most accurate) for products with molecular weights in
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the range of 4 to 6 kDa. For molecular masses of 2 kDa and smaller, the accuracy of GPC was
already poor (over-estimated by +50%). The addition of the BAFKU end groups to the mass
of the whole molecule is best visible by GPC in case of the mid-sized HI I-BAFKU:. The
difference between the NMR and GPC results seems to partly originate in the different
molecular masses of repeat units of polystyrene (calibration standard), and of PDMS and
BAFKU. Moreover, the coiling/uncoiling tendency of the product molecules is affected by the
aggregation tendency of BAFKU, which also could cause the formation of associates of
several molecules under favourable conditions. Similar effects in GPC were also observed by
the authors on distantly related PDMS copolymers with BAFKU in a previous work [1].

The GPC traces in SI-Fig. 9 suggest the presence of some amount of non-bonded BAFKU in
the final product, ca 5% of the integral area — if the more accurate ELSD detector is used. In
case of the more biased refraction-index-detector (UV light, 264 nm), the residual BAFKU
peak amounts to up to 25% of integral area. Comparison with NMR (SI-Fig. 1b, invisible
vinyl groups of free BAFKU, nor Si-H from PDMS), however, indicates that the amount of
free BAFKU is greatly over-estimated by the UV detector, and possibly somewhat over-
estimated by the ELSD detector. At least in case of the short copolymer HO3—-BAFKU>, a 5
wt.% excess of BAFKU should be well visible as vinyl signals, and also as discrepance in the
ratio aromatic / PDMS signals. The strong bias of the UV detector (264 nm) can be explained
by a relatively strong UV/Vis absorption of azobenzene and hence of BAFKU near 250 nm,
while the relative proximity of the ELSD laser wavelength (658 nm) to the long-wave
absorption peaks of azobenzene between 400-500 nm also could generate some over-
estimation.

The MALDI-TOF results are listed in SI-Table 2 while the mass spectra are shown in S1I-
Fig. 13—15. In case of MALDI-TOF, good results are obtained for small or mid-sized and
reasonably stable molecules like neat BAFKU, or the copolymers H03-BAFKU:> and HI11-
BAFKU>. In case of the larger macromolecules like H21-BAFKU: and neat H21, their
fragmentation or vaporization of low-molecular fractions dominates and the MALDI-TOF
results highly under-estimate the molecular mass. In case of the small HO3 (neat) molecule, a
doubled molecular mass is observed, most likely due to condensation of SiH end-groups
during vaporisation. This latter effect is suppressed in HI11 and H21, due to the ‘dilution’ of
the end groups.
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SI-Fig. 9: GPC traces of the prepared copolymers, overlaid with the traces of their respective
PDMS precursors and of the BAFKU mesogen: (a): HO3—BAFKU:; (b): HI11-BAFKU:>; (¢):
H21-BAFKU>; all samples were analysed using the ELSD detector, while the copolymers
were additionally analysed also using the UV-refraction index (at A = 264 nm) detector, as
noted in the legend.
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SI-Table 2. Characterization of molecular mass of the prepared copolymers, as obtained by
GPC, 'H-NMR and MALDI-TOF; data obtained for the precursors are also listed for

comparison.
GPC: Peak SEE: N from GPC: PD My,
Sample max.imuerz SR (aut'om) pll'lodli:: M, by 'H- A DY NALDE:
evaluation i NMR [g/mol TOF [g/mol
[g/mol] B! [g/mol] [g/mol] [g/mol]
[g/mol]
BAFKU 732 654 1.07 420.587 n.a 421
HO03 1759 1595 [.11 450£50 624 1250 ()
HO3-BAFKU
: 2371 1693 L.11 1391 1 465 1442
H11
2157 2105 1.12 1 050£50 1196 1 368
H11-BAFKU
¢ 3008 316l 1.40 1891 2037 1 886
H21 7367 5710 1.63 4 500+500 4 764 1590 (1)
H21-BAFKU> 9 605 7819 1.93 5341 5605 2331 (Y
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1.3.1. GPC source data
BAFKU (neat) mesogen | ELSD
uv250
60 1
>
E. 40
()
(o))
i
S
20+ i
—
0 T T T T
0 10 20 30 40
time [min]
BAFKU
Max. Start | End flow rate
. / l \ / 0,
nr. RT RT RT | correction Mp | Mn |Mw | Mz PD I[mV] | I[%]
X 37.45 34.67 | 39.45 1 750 | 654 | 703 | 769 | 1.074924 | 54.41 100

SI-Fig. 10: GPC trace of pure BAFKU, the trace of the UV-vis detector is given in mV and
not magnified.
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neat polysiloxane components

17

160
— H21
140 ——H11
e H03
1201
>
E 1001
QL
o 80
(0
S 60
o -
>
40 ;
20_ A
0'1' T T T T T — 1
0 10 20 30 40 50
time [min]
DMSHO03
Start | End | flow rate
nr. Max. RT| RT RT |correction | Mp |Mn | Mw | Mz PD (I[mV]|I[%]
X 35.65 | 32.27 | 40.87 1 1801 [1595| 1771|1951 | L.1102 | 15.10 | 100
DMSH11
Max. | Start | End | flow rat
nr. Ax a " oWIal I Mp | Mn |[Mw|Mz| PD |I[mV]|I[%]
RT RT RT | correction
X 3542 | 32.38 | 38.58 1 2091| 2105 2356|2661 1.1193 | 36.29 | 100
DMSH21
. Max. | Start | End flow rate M Mn | M M PD LimV1 | 11
- RT RT RT | correction P W (mV] ) 1%]
X 33.41 | 27.92 | 40.04 1 7471 5710 |9322|15792| 1.6327 | 111.81 | 100

SI-Fig. 11: GPC traces of pure polydimethylsiloxane precursors H03, Hl11 and H21, as
detected by ELSD.
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SI-Fig. 12: GPC traces of the copolymers H03—-BAFKU>, HI1-BAFKU: and H21-BAFKU>,
as detected by the more accurate ELSD detector; small peaks of un-reacted neat BAFKU are
visible to the left from the main peak: in view of the 'H-NMR results, the BAFKU peaks
appear to be somewhat over-estimated also by the ELSD detection.
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Data from SI-Fig. 12:

19

H03-BAFKU,
Max. | Start | End | flow rate
nr. | RT RT | RT |[correctionl Mp | Mn | Mw | Mz PD (I[mV]|I[%]
1 35.49 | 33.61 36.87 (1 1825 |1693 (1882 |2097 |1.1121 |735.04 [93.19
X 37.45 | 36.87 39.34 (1 525 475 510 542 |1.0741 |53.72 5.66
H11-BAFKU,
Max. | Start | End |flow rate
. 4 / 1 l 0,
L - RT | RT korrection MP | Mn | Mw | Mz PD | I[mV] |I[%)]
1 3525 | 31.02 | 36.85 1 2698 | 3046 | 3905 | 5492 | 1.2822 | 515.28 | 94.75
X 37.50 | 36.95 | 38.62 1 663 603 623 642 1.0327 | 28.54 | 5.25
H21-BAFKU;
pr, | Max- | Start e gy fovratel o Mn | Mw | Mz | PD | 1mv] | 1[%]
RT RT correction
1 | 33.27 | 28.45 36.63 1 9941 | 7819 | 15076 |29164 | 1.9283 | 585.65 | 93.65
x | 37.50 | 36.63 39.85 1 729 636 697 754 | 1.0967 | 39.69 | 6.35
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1.3.2. MALDI-TOF spectra
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SI-Fig. 13: MALDI-TOF spectra: HO03—BAFKU: (top) vs. neat HO3 (bottom).
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SI-Fig. 15: MALDI-TOF spectra: H2I-BAFKU: (top) vs. neat H21 (bottom).
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1.4. Polarized light microscopy (PLM)

PLM intensity: neat BAFKU2
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SI-Fig. 16: Temperature-dependence of the average polarized light intensity (*black and
white mode’) calculated from the whole image frames taken during the PLM investigation of
neat BAFKU: (a) heating run from 20 to 70°C; (b) cooling run from 70 to 20°C.
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SI-Fig. 17: Temperature-dependence of the average polarized light intensity (*black and
white mode’) calculated from the whole image frames taken during the PLM investigation of
HO03-BAFKU: : (a) heating run from 10 to 60°C; (b) cooling run from 60 to 10°C.
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PLM intensity: Hi1-BAFKU2
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SI-Fig. 18: Temperature-dependence of the average polarized light intensity (*black and
white mode’) calculated from the whole image frames taken during the PLM investigation of
HI11-BAFKU, : (a) heating run from -20 to 50°C; (b) cooling run from 50 to -20°C.
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1.4.1. Details of PLM textures of neat BAFKU

SI-Fig. 20: High-resolution images of textures of neat BAFKU: top: 21°C, bottom: 61°C,
both in heating run.
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Neat BAFKU

SI-Fig. 21: High-resolution images of textures of neat BAFKU: top: 62°C (heating run),
bottom: 39°C (cooling run).
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1.4.2. Details of PLM textures: H03—-BAFKU:

SI-Fig. 22: High-resolution images of textures of HO3—BAFKU:. top: 10°C, bottom: 20°C,
both in heating run.
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H03-BAFKU,

SI-Fig. 23: High-resolution images of textures of HO3—BAFKU: top: 46°C, bottom
both in heating run.

s 51°C,
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H03-BAFKU,

20°C,

°C, bottom:

top: 45

High-resolution images of textures of HO3—BAFKU:

SI-Fig. 24

both in cooling run.
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1.4.3. Details of PLM textures: H11-BAFKU:

SI-Fig. 25: High-resolution images of textures of H11-BAFKU>: top: 10°C, bottom: 21°C,
both in heating run.
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H11-BAFKU,

SI-Fig. 26: High-resolution images of textures of HII-BAFKU:: top: high detail at 29°C,
bottom: 22°C, both in cooling run.
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H11-BAFKU,

SI-Fig. 27: High-resolution images of textures of H11-BAFKU-: very high detail at 29°C.

33

33



34

1.4.4. Details of PLM textures: H21-BAFKU:

SI-Fig. 28: High-resolution images of textures of H21-BAFKU>: top: 10°C, bottom: 21°C,
both in heating run.
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H21-BAFKU,

300 pm

SI-Fig. 29: High-resolution images of textures of H2I-BAFKU3: top: 10°C, bottom: 21°C,
both in heating run.
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H21-BAFKU,

SI-Fig. 30: High-resolution images of textures of H2I-BAFKU>: -29°C, end of cooling run.
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Abstract: Rheological and viscoelastic properties of physically crosslinked low-temperature
elastomers were studied. The supramolecularly assembling copolymers consist of linear
polydimethylsiloxane (PDMS) elastic chains terminated on both ends with mesogenic building
blocks (LC) of azobenzene type. They are generally and also structurally highly different from the
well-studied LC polymer networks or LC elastomers: The LC units make up only a small volume
fraction in our materials and act as fairly efficient physical crosslinkers with thermotropic properties.
The aggregation (nano-phase separation) of the relatively rare, small and spatially separated terminal
LC units generates temperature-switched viscoelasticity in the molten copolymers. Their rheological
behavior was found to be controlled by an interplay of nano-phase separation of the LC units
(growth and splitting of their aggregates) and of the thermotropic transitions in these aggregates
(which change their stiffness). As a consequence, multiple gel points (up to three) are observed in
temperature scans of the copolymers. The physical crosslinks also can be reversibly disconnected
by large mechanical strain in the “warm’ rubbery state, as well as in melt (thixotropy). The kinetics
of crosslink formation was found to be fast if induced by temperature and extremely fast in case
of internal self-healing after strain damage. Thixotropic loop tests hence display only very small
hysteresis in the LC-melt-state, although the melts show very distinct shear thinning. Our study
evaluates structure-property relationships in three homologous systems with elastic PDMS segments
of different length (8.6, 16.3 and 64 4 repeat units). The studied copolymers might be of interest as
passive smart materials, especially as temperature-controlled elastic/viscoelastic mechanical coupling,.

Keywords: reversible networks; self-assembly; self-healing; liquid crystals; smart materials; rheology

1. Introduction

This work is dedicated to ‘smart’ viscoelastic and rheological properties of low-temperature-
reversible elastomers, which melt close below room temperature. The materials are based on linear
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polydimethylsiloxane (PDMS) of different chain length, terminated with liquid-crystalline (LC) units
in a- and w-position. The LC end-groups act as physical crosslinkers in this special variety of
PDMS /LC copolymers. To the authors best knowledge, no explicit studies were carried out about
materials, which freeze to elastomers at low temperatures (while they are molten at the ambient one),
at least not under such a title. On the other hand, numerous studies appeared about low-temperature
elasticity, which are dedicated to the behavior of ‘normal” and most often of commercially important
elastomers at low temperatures, see for example, [1]. Fusible rubbers with low melting points offer
interesting potential applications (e.g., in soft robotics) as temperature-sensitive smart coupling or
energy absorbing materials, which display temperature-switchable viscoelasticity in the melt state,
down to ‘freezing’ to a rubbery phase.

In a preceding work (“Part I”, [2]), the synthesis, as well as the phase behavior of the
presently studied «,w-LC-terminated copolymers is subjected to a comprehensive study. In that
mentioned publication, the Introduction deals in detail with the specific architecture of the copolymers
and especially with the marked difference between them and the ‘liquid-crystalline elastomers’
much-studied in literature: the latter contain a much higher mesogen fraction and thus display wholly
different properties.

The study of reversible non-covalent crosslinking via crystallization of small rigid structural units
was inspired by the authors” previous work about epoxy-nanocomposites tethered with polyhedral
oligomeric silsesquioxanes (POSS) [1-4] and about oriented epoxy-LC polymers [5]. In both these
systems, however, due to the parallel presence of physical and of relatively dense covalent crosslinking,
the possibilities of deeper study of viscoelasticity and rheology were very limited.

1.1. Physically Crosslinked Polydimethylsiloxane

Related to the presented study is the broader topic of physical (non-covalent) crosslinking
of PDMS. Several interesting approaches were studied in literature, including the attachment of
hydrogen-bridging groups [3,6-10] or of m-stacking units [11-14]. Other physically crosslinked
PDMS derivatives include such with grafted side chains consisting of long hydrocarbons with polar
end-fragments [15] or A-B-A triblock copolymers with PDMS as central block [16,17]. Combinations
of Lewis-acidic and -basic functional substituents on PDMS [18] or of attached mildly bonding
ligands and free metal cations [19] also were tested, as well as coordinative crosslinking by borate
units [20,21] but such systems rather represent reversible covalent crosslinking. In contrast to the
above mentioned so-called ‘thermoplastic elastomers’, the PDMS copolymers studied in the presented
work are crosslinked by a rather mild variety of non-covalent interactions: The aggregation of the
‘active’ structural units is driven by their crystallization tendency, with no hydrogen bridging, no
strong 7t-stacking and no strong electrostatic attraction. The authors of this work recently studied [22]
a distantly related PDMS-LC copolymer, which, however, is structurally highly different from the
presently investigated ones: it consisted of a linear PDMS chain tethered with spatially separated
quartets of pendant LC groups. The highly different architecture led to a different thermo-mechanical
behavior (compare References [22] and [2]), as well as rheological one (as will be shown in this work).

1.2. Rheology of Ligquid Crystals and of Liquid-Crystalline Polymers (LCPs)

The presently studied copolymers display highly interesting viscoelastic properties due to the
presence of significant amounts of liquid-crystalline building blocks in their structure. The rheology
and viscoelasticity of rod-like molecular liquid crystals, as well as of liquid-crystalline polymers
(LCPs), attracted a considerable research interest since early on, see reviews [4,5,7,23-27], in view of
unusual and promising material properties of LCPs, especially of oriented ones and in view of their
extraordinary flow behavior during processing. Lyotropic and thermotropic LCPs generally display
similar rheology but the lyotropic ones were studied earlier and more frequently (see e.g., [8,28-30])
than thermotropic ones [25], due to the easier in-situ observation of the former by polarized light
microscopy (PLM).
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1.2.1. Models of Flow Behavior of LCPs

Based on their studies of LCP rheology with polarized light, Onogi, Asada and co-workers [31,32]
proposed three regions of the dependence of viscosity on shear rate: a polydomain region with piled and
randomly oriented and tumbling LC domains which occurs at low shear rates (“region ["”)—associated
with thixotropic behavior; at higher shear rates, the “region II” occurs, characterized by dispersed
domains in a nematic continuum and by a plateau of the viscosity dependence on shear rate; finally,
at the highest shear rates (“region I11”), the morphology transforms to nematic monodomain-type
(flow alignment) and thixotropic behavior again is observed. Generally, in the aligned nematic state,
the LCPs are observed to possess a distinctly lower viscosity than in the isotropic state [23].

The flow behavior of single LCP macromolecules (and also of LC molecules) was described by
two models, which apply depending on material properties: The ‘molecular (Doi-) model” [33,34]
which assumes an uniform phase of the flowing fluid with some director wagging or tumbling in
this phase. The viscoelasticity arises from the interplay of LC-distortional- (Frank-) elasticity and of
hydrodynamic forces. On the other hand, the ‘polydomain (Larson-Doi-) model” [35,36] is based on a
polydomain morphology (similar to the polycrystalline one in solid materials), where not the director
in the uniform fluid but the small domains undergo wagging and tumbling [37]. If the rheological
behavior of lyotropic and thermotropic LCPs was compared [38,3Y9], it was found, that the molecular
(Doi) theory well fits diluted lyotropic LCDPs, while concentrated lyotropic LCPs and thermotropic
LCPs are better described by the polydomain model (Larson-Doi). The latter is favored by topological
exclusion and insufficient flexibility of the macromolecules.

1.2.2. Effect of LCP Architecture

Several studies compared the rheology of the two main structural families of LCPs:

In case that thermotropic main-chain-LCPs (MC-LCDPs) possess semi-flexible properties due to
suitable spacers, flow aligning behavior was found to be greatly favored [27,40], even in a moderately
crosslinked MC-LCP [41]. Because of this, MC-LCPs are also subjected to rather durable consequences
of previous shear flow (‘thermal and shear history”), which are difficult to reset, even by isotropic
melting [27,42,43].

The side-chain-LCPs (SC-LCPs) were reported to possess a much more extended linear viscoelastic
region than MC-LCPs [44] and even to lack the rheological ‘region I’ [42], as well as having a tendency to
persistent domain tumbling during flow [27], instead of flow alignment. In contrast to MC-LCPs, shear
history effects quickly disappear in SC-LCPs (rapid ‘reset’ of initial viscoelastic properties) [27]. SC-LCPs
with the rod-like mesogens attached side-on (laterally) [45] are generally similar to ‘normal” SC-LCPs
with end-on-attached LC units but they can be oriented by creep, while subsequent isotropization
easily occurs via oscillatory deformation. Their rheology is controlled mainly by their backbone.

Spacer moieties in MC-LCPs influence their tendency to flow alignment by their flexibility [27,40],
as well as their viscosity (odd/even effect in shorter polymethylene spacers) [46]. In SC-LCPs, a longer
spacer favors stronger LC-LC interaction and eventually the formation of a smectic phase [47,48],
while shorter spacers favor nematic ordering. Smectic SC-LCPs display a specific shear behavior [49].

1.3. Rheology-Related Studies on a,-LC-Terminated Polymers

The x,w-LC-terminated PDMS polymers studied in this work belong to a unique structural group,
distinct from SC-LCPs and MC-LCPs. In case of a not toolong central chain, such compounds were called
‘LC-dimers’ in older literature. Early examples of rheological investigations on such compounds (which
however contained different central chains than PDMS) are the publications [50] and [51,52]. A relatively
small degree of segmental phase separation (LC/central chain) was achieved in Reference [50]
and in most products in Reference [51], which reduced the ‘smart” properties of such ‘LC-dimers’.
In Reference [51], smectic ordering was achieved in one of the 'LC-dimers’, via suitable choice of
the central chain. In Reference [52], polytetrahydrofuran-28-mer x,w-terminated with an aromatic
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diester (“diES2-polyTHF"), was subjected to comprehensive rheological investigation. In contrast to
molecular liquid crystals or to MC-LCPs, diES2-polyTHF displayed a higher viscosity in the nematic
state than in the isotropic melt, obviously due to supramolecular assembly (nano-phase-separation of
LC). Large strains were found to induce solid — liquid transition in diES2-polyTHF (in contrast to
MC-LCPs). After shear treatment or large oscillatory deformation, the recovery of original material
properties was very slow, which was attributed to a slow build-up of nano-phase-separated domains.
Flexibility and nano-phase-separation tendency of the central chain were considered to be the key
factors in the smart behavior of “diES2-polyTHF” in Reference [52]. In the present work, these both
parameters of an o,w-LC-terminated copolymer were much improved, which led to very interesting
rtheological behavior.

1.3.1. Rheological Properties of Physically Crosslinked PDMS

One of the first viscoelastic studies on PDMS-LC copolymers (of loosely crosslinked SC-LCP) was
done by Finkelmann and co-workers [53]. Some persistent shear-induced anisotropy was observed, as
well as ‘liquid-crystalline elasticity” upon isotropic — nematic transition. More related to the studied
copolymers are the PDMS polymers «,w-terminated with various physically crosslinking groups,
which were mentioned further above. As these products displayed intriguing properties in many
aspects, their rheology or viscoelasticity was studied only to a moderate extent, in the further-above
cited works [7,8,13,18]. Similar was also the situation with rheological characterization of the less
structurally related PDMS physically crosslinked by pendant groups [12,14,54,55]. All the mentioned
works contain rather simple rheological characterizations like the study of the melting process by
recording temperature-dependent moduli [7] or viscosity [13]. More sophisticated investigations
included stress relaxation tests which characterized the re-organization of the reversible physical
crosslinks and its dynamics [14,54,55], as well as deformation recovery tests [54].

1.3.2. Aim of This Work

The aim of the presented work was a comprehensive study of the complex viscoelastic and
theological properties of the o, w-LC-terminated PDMS copolymers recently prepared by the authors,
in the molten, as well as in the rubbery state and also the evaluation of structure property relationships
in this context. While the rheology and viscoelasticity of typical liquid crystalline polymers was studied
to a considerable depth, the presently investigated materials are novel, due to their low volume fraction
of LC units. Their rtheology and viscoelasticity is expected to be highly different, dominated by the
interplay of nano-phase-separation effects, of the elasticity of the PDMS chains and by the thermotropic
behavior of the physical crosslinks, made up of LC aggregates. The studied low-temperature-melting
elastomers are interesting because of potential applications as thermo-responsive viscoelastic coupling
materials, behaving as oils with greatly varying temperature-controlled viscoelasticity near room
temperature and as rubbers at lower temperatures. An attractive feature of the studied products are
their azo LC groups, which offer development potential for photo-sensitivity.

2. Experimental Section

2.1. Materials

In this work, the rheological properties of three o, w-mesogen-terminated copolymers were studied,
which consisted of polydimethylsiloxane (PDMS) central chains and of diaromatic azo mesogen end
groups (called “BAFKU” in continuation of nomenclature from previous work). The copolymers
differed in the length of the central PDMS chain and were named “H03-BAFKU,”, “H11-BAFKU,"”
and “H21-BAFKU,"” (where "Hxx” denoted the different central chains). The synthesis and basic
characterization of these materials is described in a preceding work by the authors (“Part I” of the present
one) [2]. As reference compounds for some of the tests, the neat PDMS spacer components were also
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employed, namely “DMS H03” (M, = 623.9 g/mol), “DMS H11” (M,, = 1196.5 g/mol) and “DMS H21"
(My, = 4764 g/mol), which were purchased as commercial products (Gelest, Inc., Morrisville, PA, USA).

2.2. Rheological Characterization of the PDMS-BAFKU, Copolymers

2.2.1. Equipment

The advanced multi-functional rheometer of the type ARES-G2, from TA Instruments, New Castle,
DE, USA—part of Waters, Milford, MA, USA, was used for characterizing the rheological properties
of the prepared copolymers. Different experimental procedures were carried out on this rheometer,
in order to perform the below-described investigations.

2.2.2. Sample Geometry

The samples were measured between parallel plates, the diameter of which was: 35 mm for
BAFKU2-H21, 25 mm for BAFKU2-H11 and most experiments with BAFKU2-H03 and 12.6 mm for the
most viscous samples of BAFKU2-H03. Pure polysiloxane components H03, H11, H21 were measured
as references using the 12.6 mm plates. The thickness of the tested samples was always between 0.2
and 0.25 mm.

2.2.3. Determination of Gel Points in Multi-Frequency Oscillatory Tests

The temperature-controlled gelation behavior of the studied copolymers was evaluated using the
multi-frequency temperature sweep test (method name in ARES-G2 software: “Oscillation Multiwave”):
the samples were loaded as melt between parallel plates, the geometry of which is specified above and
were izotropized by a 5 min dwell at 80 °C. Subsequently, two tests were run, the first one in cooling
regime and a second one in heating regime. The first test started at the ‘loading temperature’ of +80 °C,
where all samples were isotropic and all history effects in them erased. The final temperature of the
cooling run depended on the sample: 0 °C for HO3-BAFKU;, —15 °C for H11-BAFKU, and —40 °C for
H21-BAFKU,. The heating scan started at the final cooling temperature of each sample and ended at
+70 °C. The rate of temperature change was 1 °C/min in both scans. The deformation regime in both
scans consisted in simultaneously applied (‘multi-frequency’) deformations of following frequencies
and amplitudes: 1 Hz/strain amplitude of 1%, 2 Hz/1%, 4 Hz/0.8%, 8 Hz/0.6%, 16 Hz/0.4%, 32 Hz/0.3%
and 64 Hz/0.1%. The results were depicted as curves sets of temperature dependent storage shear
modulus G’ = f(T), of the loss shear modulus G” = f(T) and of the loss factor tan(8) = f(T). The latter
sets of curves were used to determine the gel points (as tan & crossover points) according to the theory
of Chambon and Winter [56].

2.2.4. Rate of Thermally Induced Physical Gelation

In order to evaluate the rate with which the physical network is formed after abrupt cooling of
molten copolymer to different temperatures, oscillatory time sweep tests (method name in ARES-G2
software: “Oscillation/Time”) with a constant oscillatory frequency of 1 Hz and a constant strain
amplitude of 1% have been performed. The samples were measured between parallel plates,
the geometry of which is specified further above. The tested copolymer samples were rapidly cooled
from +70 °C in the isotropic molten state to different final temperatures, which were positioned in the
rubbery region, in the liquid-crystalline melt region and in the isotropic melt region. The “oscillatory
time sweep test” recorded G’, G” and tan(d) as function of time, as well as the actual temperature,
beginning with the start of the rapid melt cooling. In this way, eventual rapid crosslinking prior to
temperature equilibration also could be observed, in addition to slower crosslinking which occurred
after the temperature of the cooled melt stabilized.
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2.2.5. Analysis of Mechanical Disconnection of Crosslinks: Strain Sweep Tests

The possibility to disconnect the reversible physical networks by mechanical strain was investigated
using the oscillatory strain sweep test (method name in ARES-G2 software: “Oscillation Amplitude”).
The samples were measured between parallel plates, the geometry of which is specified further above.
At a constant deformation frequency of 1 Hz, the strain was gradually increased from 0.1% to 1000%
and strain-dependent G’, G” as well as tan() were recorded. Such experiments were carried out at
several constant temperatures positioned in characteristic regions of the studied samples.

2.2.6. Frequency Stiffening Tests

Eventual sample stiffening at high oscillatory deformation frequencies was studied by means of
the frequency sweep test (method name in ARES-G2 software: “Oscillation Frequency”), where the
oscillatory deformation frequency was gradually increased from 0.001 Hz to 100 Hz. The data were
recorded in five logarithmic series of points—'decades’, with a constant deformation amplitude in each
decade, namely 50% (at 0.001 to 0.01 Hz), 20%, 10%, 5% and 1% (at 10 to 100 Hz). The samples were
measured between parallel plates, the geometry of which is specified further above. Such frequency
sweep tests were carried out at several constant temperatures positioned in characteristic regions of
the studied samples.

2.2.7. Creep and Creep Recovery Tests

The creep and creep recovery tests were performed in order to further evaluate the strength
of the physical crosslinks in the studied materials at different temperatures. In weaker-crosslinked
samples, yield stress values could be obtained in these experiments. The samples were measured
in the torsion regime between parallel plates, the geometry of which is specified further above.
The method “Step (Transient) Creep” (method name in ARES-G2 software) was used for this purpose.
The experiment consisted of several subsequent stages, each of which contained a loading step followed
by an un-loading one (two subsequent “Step (Transient) Creep” modules). During the loading step,
a constant stress was applied for a pre-defined time period and the deformation (strain) adjusted
automatically in order to maintain the constant stress. In the subsequent un-loading step, the value of
the applied constant stress was set to be zero. The measured time-dependent values of the automatically
adjusted strain were the final results. The subsequent two-step stages differed in the strain values
applied in their respective first step. The creep and creep recovery tests were performed at several
characteristic temperatures for each studied copolymer. The standard sequence of applied stress
loadings (in the first steps of each stage) was: 0.1, 1, 200, 500, 1000, 2000 and finally 10,000 Pa. In view
of the properties of the studied samples, the duration of the loading and un-loading steps was set to
3 min, with 200 data points recorded during this time.

2.2.8. Stress Relaxation Tests

Stress relaxation tests (method name in ARES-G2 software: “Step (Transient) Stress Relaxation™)
were used as an additional method to further evaluate the strength of the physical crosslinks and the
dynamics of their splitting and reconnection. The samples were measured in the torsion regime between
parallel plates, the geometry of which is specified further above. During each test, a pre-defined
constant deformation (strain) was applied and the time-dependence of the resulting stress was recorded
by the force detector and later evaluated as the final experiment result. The experiment was stopped
after the stress value apparently reached equilibration. For each copolymer sample, a series of tests
was done at several characteristic temperatures. Each of the series consisted of tests with the applied
deformation (strain) values of: 0.4%, 1%, 2%, 3%, 4%, 5%, 10% and 20%. The data sampling rate was
1 point/s.
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2.2.9. Simple Oscillatory Tests of Thixotropy

The destruction of physical crosslinking by high deformations, as well as its recovery upon
substantial reduction of such deformations was tested in simple oscillatory time sweep tests (method
name in ARES-G2 software: “Oscillation/Time”). The experiments were carried out as multi step
procedures. In each step, a constant oscillatory frequency (1 Hz) and at constant oscillatory deformation
was applied and the time-dependent values of storage shear modulus and of loss shear modulus
were recorded. The individual steps in the procedure differed by highly contrasting values of the
deformation amplitudes, which ranged between 0.1 and 5030%. The duration of each step was between
50 and 150 s.

2.2.10. Thixotropic Loop Tests

Thixotropy loop tests were performed in order to evaluate changes in viscosity caused by
continuous shear flow, as well as the degree of eventual recovery vs. ‘shear damage’ in short-time term.
The samples were measured between parallel plates, the geometry of which is specified further above.

Two experimental setups were used: “Flow Ramp” and “Flow Sweep” (method names in
ARES-G2 software):

In the “Flow Ramp” tests, in the first step, the materials were subjected to a continuously increasing
shear rate (during continuous rotatory mode) while the stress generated by the shearing was recorded.
The shear-rate-dependent viscosity values were calculated from form the stress values. In the second
step, the shear rate was continuously reduced down to 0 s™!. In a standard test, the range of applied
shear rates was 0 to 100 s, followed by 100 to 0 s L. The duration of each step was set to 10 min.
In case of highly viscous or semi-solid samples, shorter “Thixotropy ramp” tests were performed,
with shear rate ranges of 0 to 0.1 571, 0to 1 571 or 0 to 10 s71. The values of stress and of viscosity in
dependence of shear rate were obtained in the result plot.

The “Flow Sweep” tests were used to perform a rapid scan of the shear rate region from 100 to
400 s71. The experiments were performed in two steps: In the first step, the shear rate was step-wise
increased, with measured points at: 100, 200, 300 and 400 57! and with equilibration time of 2 min per
each point (while the point’s data were measured and averaged for an additional 30 s). In the second
analogous step, the shear rate was step-wise decreased, to 300, 200 and 100 s~L. The values of stress
and of viscosity in dependence of shear rate were obtained in the result plot.

The thixotropy loop tests were carried out at several characteristic temperatures of each copolymer,
in order to characterize their semi-liquid and liquid regions.

3. Results and Discussion

3.1. Description of the Studied Copolymers

Three copolymers (structure: Scheme 1) consisting of highly flexible polydimethylsiloxane (PDMS)
chains, x,w-terminated with mesogenic units of azobenzene type (“BAFKU"), were subjected to a
comprehensive rheological characterization as potential passive smart materials. The copolymers
differed in the length of the central PDMS chain, namely 8.6-mer (“H03"), 16.3-mer ("H11”) and
64.4-mer (“H21"). Their synthesis and basic characterization was described in a previous work [2] by
the authors. From the point of view of nomenclature, however, the most proper designation of the
studied products would be “mesogen end-capped polymers”.
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LC-unit "BAFKU" i 3
o PDMS chain \ LC-unit "BAFKU
n = 6.6 (total: 8.6) Me2SiO units

14.3 (total: 16.3) Me2SiO units
62.4 (total: 64.4) Me2SiO units

Scheme 1. Top: structure of the prepared copolymers with different length of the central PDMS
segment: 1 = 6.6 (in HO3-BAFKU>), n = 14.3 (in H11-BAFKU>) and n = 62.4 (in H21-BAFKU>).

The combination of the highly flexible central chain with two rigid and PDMS-incompatible
mesogenic BAFKU groups leads to nano-phase-separation and to physical crosslinking (see Scheme 2)
via the aggregation of BAFKU end-groups (nano-crystallization). The latter effect was found to

result in the formation of a distinct lamellar morphology in the copolymers [2], which also persists

in the lower-temperature region of the copolymer melt, until the regular lamellae break-up above
the isotropization temperature [2] (see Scheme 2). Thermotropic transitions of the liquid-crystalline
(LC) end-groups assembled in the lamellae were expected to cause interesting viscoelastic and

theological behavior of the studied materials, that is, melting vs. solidification of the rubbery phase or

temperature-induced changes in viscoelasticity of the melt.

XRD: lamellae of LC units
liquid-like nano-aggregates of LC units

(irregular and dynamic)

(nano-aggregates)

melt
isotropization

self-
assembly

single macromolecules

rubbery phase (stiff and durable lamellae) isotropic melt
and {no lamellar reflections in
LC-melt (with dynamic lamellae) XRD, isotropy in PLM)

Scheme 2. Supramolecular assembly (nano-phase-separation) of PDMS-BAFKU» macromolecules
to a physically crosslinked lamellar structure and the melting of this structure above the

isotropization temperature.

In Schemes 3-5, the previously determined [2] thermal characteristics of the studied copolymers

are summarized, which will be important for the evaluation of their theology:
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03-BAFKU EIRDNIS e bl 52.4 Viol.% of BAFKU mesogen

Cr/Sm sm/N N/t

DSC transitions: #19.9°C +41.2°C +63.5°C
+17.3°C +3B.7°C +60.3°C

vitrimer

-

melting Smectic Mematic

region melt il
il
e isotropic melt
LC melt
T -
o | J ]

region of melting: - : s
rrzion ot el +17°C +27°C  mid-step;423°C  1emperature

as determined from
thermo-mechanicaltests +3°C  +17°C mid-step:+11°C
Scheme 3. HO3-BAFKU,: schematic overview of values (measured in [2]) of thermal and phase
properties (DSC = differential scanning calorimetry). Characteristic temperatures observed in cooling

scans are noted with blue font, in heating scans with red/brown.

H11-BAFKU, 16.3 PDMS repeat units -37.3 Vol.% of BAFKU mesogen
low-T-elastomer L

Cr/N N/I
DSC transitions:  +9.2°C +47.9°C
-11.4°C +42.8°C

7\

melting Nematic

isotropic melt

- " LI} |
region of melting: Temperature
as determined from -10°C  +10°C  mid-step: +10°C
thermo-mechanicaltests ;.- +5°C  mid-step: +5°C

Scheme 4. H11-BAFKU,: schematic overview of values (measured in [2]) of thermal and phase
properties. Characteristic temperatures observed in cooling scans are noted with blue font, in heating

scans with red/brown.

64.4 PDMS repeat units 13.5 Val.% of BAFKU mesogen

H21-BAFKU,
low-T-elastomer

Cr/N N/ but visible by PLM:
DSC transitions: not detected not detected +31°C
-8.8°C not detected
melting '
region  Nematic melt
rubber : isotropic melt
- = i T
region of melting: Temperature
as determined from -25°C  -7°C mid-step: -12°C
thermo-mechanical tests _28°C -7°C mid-step: -13°C

Scheme 5. H21-BAFKU,: schematic overview of values (measured in [2]) of thermal and phase
properties Characteristic temperatures observed in cooling scans are noted with blue font, in heating

scans with red/brown.
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The HO3-BAFKU, copolymer displays the richest phase behavior [2] (Scheme 3): In the solid state
it is glassy, then, upon heating, this vitrimeric material transforms directly from glass to melt. In the
liquid state, first a smectic (Sm) phase forms, followed by a nematic (N) one and finally by the isotropic
(I) melt phase, in the order of increasing temperature. The lamellar structure, as shown in Scheme 2,
exists in the solid (glassy) state, where the ordering of the BAFKU units in the lamellae is crystalline (Cr),
as well as in the Sm and N state of the melt. The Cr — Sm and Sm — N transitions occur inside of the
lamellae, while the N — I transition is connected with lamellae breakup to irregular and dynamically
splitting/recombining ‘nano-droplets’ (final superstructure in Scheme 2). The H03-BAFKU, copolymer
also is characterized by the highest volume fraction of the LC units (“BAFKU”), namely 52%.

The H11-BAFKU; copolymer somewhat differs from HO3-BAFKUj; [2] (Scheme 4) but it also is
characterized by the same lamellar structure (see Scheme 2). This copolymer is glassy at the lowest
temperatures, thereafter it transforms into a rubbery phase, which subsequently melts to a nematic
liquid (without undergoing a smectic state) and it finally transforms into an isotropic liquid, in the
order of increasing temperature.

H21-BAFKUj; (Scheme 5) generally was found [2] to be very similar to H11-BAFKU,, except
for the values of the characteristic temperatures. The DSC transitions were much less intense in the
longest copolymer: they were partly below DSC detection threshold.

The longer copolymers are dark red viscoelastic liquids at standard room temperature
(25 °C), with melting/freezing points at +10/+5 °C (H11-BAFKU,) and —12/-13 °C (H21-BAFKU)).
The mesogen-rich H03-BAFKU} is turbid (smectic) sticky and highly viscoelastic paste of orange color
at 25 °C (dark red in nematic and isotropic melt) and its melting/freezing points are at +23/+11 °C.

The viscoelastic and rheological properties of the studied non-covalently crosslinked copolymers
in the rubbery and in the molten state were investigated by multiple methods, while focusing on
four aspects: First, the gelation behavior was studied at the transition melt/solid, as well as during
thermotropic transitions in the melt. Secondly, the kinetics of thermally induced gelation to solid {or to
partly crosslinked viscoelastic liquid) was characterized. Thirdly, the mechanical reversibility of the
non-covalent crosslinks also was evaluated. Finally, the shear thinning (thixotropic) behavior was
investigated, which also is related to the mechanical disconnection of crosslinks.

3.2. Reversible Gelation Processes Induced by Temperature Change

The thermally-induced gelation of the studied copolymers was investigated in temperature
areas stretching from temperatures somewhere below their respective solid/melt transition, up to
the region of isotropic melt. Temperature scans over the whole interesting range were carried out,
in multi-frequency oscillatory deformation mode. The experiments were performed both in the cooling-
as well as in the heating regime, in order to compare the inverse processes of crosslink formation
and dissociation. As will be demonstrated further below, both the effects of thermotropic transitions
in LC-nano-aggregates, as well as the wider-scale effects of nano-phase-separation (LC-lamellae
fragmentation vs. growth) appear to play an important role in the gelation behavior. Generally,
multiple gel-points were observed in the copolymers, up to three in case of HO3-BAFKU;. As a point
of gelation, the point (the temperature) of tan & crossover was sought (point of frequency-independence
of tan ), in accordance with the theory of Chambon and Winter [56].

HO3-BAFKUj;: The results of the ‘multi-frequency gelation tests’ obtained for the HO3-BAFKU,
copolymer are shown in Figure 1: In Figure 1a,b, the temperature-dependence of the storage shear
modulus (G”: blue curves), of the loss shear modulus (G”: green curves), as well as of the complex
viscosity (Eta*: black curves) is shown. Curves of each temperature-dependent magnitude were
recorded at different frequencies (1,2, 4, 8 and 16 Hz) and the order of the curves for these frequencies is
denoted in the graphs. Figure 1a summarizes the results from the cooling run and Figure 1b the heating
run (both at 1 °C/min). These graphs illustrate the temperature- and the frequency-dependence of the
basic viscoelastic properties. Figure 1¢,d and display the temperature-dependence of the loss factor
(tan 0) alone, which was equally measured at the same multiple frequencies. Figure 1c shows the cooling
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run and Figure 1d the heating run. These latter graphs were used to find the temperature-induced gel
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Figure 1. Multi-frequency temperature ramp tests carried out in the melting and rubbery temperature
regions of HO3-BAFKU5: (a,b): temperature dependence of the storage shear moduli G’ of the loss
moduli G” of the complex viscosities Eta* recorded at the simultaneously applied frequencies of 1, 2, 4,
8 and 16 Hz; (a): cooling scan; (b): heating scan; (¢,d): detail of the sets of the tan & curves with marked
crossover (or near-crossover) points; (¢): cooling scan, (d): heating scan; red markers indicate change

in strain.

If the basic viscoelastic characteristics of HO3-BAFKU; in the melting and in the
low-temperature-melt region are evaluated (Figure 1a,b), it can be noted that this copolymer displays
a 40 °C-wide region of thermally-induced transitions, where storage and loss moduli, as well as the
viscosity change by many orders of magnitude, in several ‘gradual steps’. At lower- (vitrimeric solid),
as well as at higher temperatures (isotropic melt), the region of dramatic changes is bordered by
‘plateau regions’, where the mentioned magnitudes undergo little to moderate temperature-induced
changes. The results recorded in the heating and in the cooling regime somewhat differ: A visible
temperature shift is observed (delayed build-up of moduli and viscosity in the cooling run), which only
partly correlates with the rather small shift (heating/cooling) in the temperatures of thermotropic
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transitions of HO3-BAFKU, which were determined by DSC in Reference [2] and which are included as
markers in Figure 1. Also, the curves’ shapes are somewhat different. Different dynamics of growth vs.
fragmentation of nano-phase-separated lamellae might strongly contribute to the observed undercooling
effect. It can be noted, that the complex viscosity is strongly frequency-dependent in the vitreous
state and visibly frequency-dependent in the liquid-crystalline melt, while the frequency-dependence
practically disappears in the isotropic melt.

The multi-frequency sets of tan & = f(T) curves of HO3-BAFKU; (see Figure 1c,d) indicate an
interesting gelation behavior, with up to three gel points, both in the cooling and heating scan. Close to
the solid/liquid transition, where a gelation would be expected, a narrowing (with fan 6 curves nearly
‘touching’ in the cooling run) or a true crossover (in the heating run) of the curves indeed is observed.
This gel point precedes a distinct tan & maximum, which occurs at a somewhat higher temperature.
The mentioned two features appear to be directly connected with the Cr/Sm transition in the lamellar
aggregates of BAFKU end-groups: The gel-point marks the solid/liquid transition, while the maxima
in tan 6 can be assigned to energy absorption by friction of smectic layers in the lamellar aggregates
(see Schemes 6 and 7).
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Scheme 6. Thermotropic transitions inside of the lamellar nano-aggregates of BAFKU: (a) crystalline
lamellae in the rubbery state, (b) smectic lamellae in the liquid-crystalline (LC) melt, (c) nematic
lamellae, (d) isotropic small droplet like aggregates in the isotropic melt.
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Scheme 7. Possible sliding of 2-dimensional layers in smectic lamellae of BAFKU and its role in flow of
the liquid-crystalline melt.
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At even higher temperatures, a distinct tan 6 crossover is observed in both runs. This second gel
point is can be correlated with the Sm/N transition (reported in Reference [2] and marked in Figure 2),
which occurs at a temperature slightly below the second gel point. The physical reason for this gelation
likely is (in the cooling run) the increased spatial crosslinking, via the transition from 1-dimensionally
ordered nematic lamellae to 2-dimensionally ordered smectic lamellae (see Scheme 6) and possibly
also the growth of more rugged lamellar superstructure upon this transition. (An opposite process

occurs in the heating run).
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Figure 2. Multi-frequency temperature ramp tests carried out in the melting and rubbery temperature
regions of H11-BAFKU,: (a,c): temperature dependence of the storage shear moduli G’ of the loss
moduli G” and of the complex viscosities Efa* recorded at the simultaneously applied frequencies of
1, 2,4, 8 and 16 Hz; (a): cooling scan; (b): heating scan; (c,d): detail of the sets of the tan & curves
with marked crossover (or near-crossover) points; (c): cooling scan, (d): heating scan; red dotted lines

indicate change in strain.

Finally, most likely a third gel point occurs at the temperature approaching the one of the N — 1
transition (reported in Reference [2] and marked in Figure 2), although the sensitivity of the experiments
was not high enough to confirm definitely this third crossover. This gel point would correspond
(upon cooling) to the formation of 1-dimensional crosslinking in isotropic droplet-like BAFKU
nano-domains (see Scheme 6) and probably also to the growth of much more robust nematic-ordered
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lamellar nano-aggregates, starting from droplet-like liquid ones. (An opposite process occurs in the
heating run).

H11-BAFKU;: The ‘multi-frequency gelation results’ obtained for the longer H11-BAFKU»
copolymer are shown in Figure 2 (changes in basic viscoelastic properties in Figure 2a b; analysis of gel
points—tan é crossovers in Figure 2¢,d), recorded both as cooling run (Figure 2a,c) and as heating run
(Figure 2b,d). The H11-BAFKU3 copolymer displays similar trends like the shorter HO3-BAFKU; but
a notable difference is the absence of a smectic phase: Upon melting of the whole material, as well as of
the BAFKU lamellae, the ordering in the latter transforms from crystalline to nematic (as reported in
Reference [2]). A step is observed in the basic viscoelastic magnitudes at this temperature (Figure 2a,b),
as well as a tan 6 crossover (Figure 2¢,d). This transition, similar to the corresponding DSC peak
(reported in Reference [2] and marked in Figure 2) undergoes a strong undercooling in the cooling
scan. The gelation to rubber/rubber melting (also Cr/N transition) is followed by alarge maximum in
fan 6, which can be assigned to energy absorption in the lamellar aggregates of BAFKU: In the heating
scan, the mesogenic units become more mobile and additionally the lamellae more easily undergo
splitting (see Scheme 8).

Scheme 8. Possible splitting of BAFKU lamellae in two different deformation modes and its role in
flow of the liquid-crystalline melt.

A second gel point (tan 6 crossover) as well as a distinct step in the storage modulus (and a flat
step in viscosity and loss modulus) is observed near 45 °C, at a temperature close to the DSC peak
of the N/I transition (reported in Reference [2] and marked in Figure 2). A similar N/I gel point was
also observed in the copolymer H03—BAFKU,. Similarly like in the latter case, there is only a small
undercooling effect, if comparing the cooling and heating run of this transition. The fan 6 crossover
is well-visible in the cooling scan but its precise position might be influenced by thixotropy effects
resulting from changed strain amplitudes (highlighted by red markers on the Temperature axis in
Figure 2; the amplitude was changed in order to compensate for strongly decreasing sample resistance,
in order to keep signal quality). Such thixotropy effects are distinctly visible on several occasions in
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Figure 2. A distinct difference between the heating and cooling scans are the markedly lower values
of tan 6 in case of the cooling scan. This might be attributed to the mentioned thixotropy effects,
which were different in case of cooling- and heating scan, because the cooling scans started with
larger deformations.

H21-BAFKU;: The longest copolymer generally displays nearly analogous features in the
multi-frequency gelation tests, like the other long copolymer’, the above-discussed H11-BAFKUj, albeit
with different characteristic temperatures. The results are shown in the Supplementary Information
File, as Figure S1 (cooling run) and Figure S2 (heating run). H21-BAFKU, contains only 13.5 Vol.% of
the mesogen units and hence the physical crosslinking via BAFKU aggregation in the nematic melt
region (or more precisely region of where the BAFKU aggregates are nematic) is less efficient and the
moduli G’ and G” are markedly lower than in case of HI1-BAFKU,. The fan & curves in the melt region
are thus very noisy but nevertheless, a fan 6 crossover in the region of the melting of the rubbery phase
can be discerned, especially well in case of the heating run (Figure S2b). An adjacent region with fan &
maxima (similar like in H11-BAFKU),) still can be recognized, albeit with some difficulty (heating run,
Figure 52¢). The suspected second tan 0 crossover in the region of isotropization near 30 °C (invisible
by DSC but clearly indicated by PLM in Reference [2]) cannot be discerned but the associated step in
the G’ = f(T) curves still can be seen, if the deformation amplitude is carefully selected (Figure S2a).
Thixotropy effects are very strong in the melt of H21-BAFKU,, which is attributed to a higher lability
of the BAFKU aggregates, which are more dispersed in this copolymer. These effects can be seen
especially well if comparing the sets of tan 6 curves obtained for two different cooling runs carried out
with strongly different deformation amplitudes, as shown in Figure S1c vs. Figure S1d.

3.3. Rate of Physical Gelation upon Quenching the Melt

An interesting aspect of the temperature-induced reversible crosslinking of via nano-aggregation
of BAFKU units in the studied copolymers is the kinetics of this process. This could not be directly
observed in the above-discussed experiments.

The kinetics was studied via ‘quenching’ polymer melt samples from the ‘isotropic temperature’
of 70 °C down to temperatures ranging between —50 and +60 °C. During the quenching and in the
subsequent time period where the temperature was constant, the moduli of the tested samples were
measured via an applied oscillatory deformation of constant frequency (1 Hz) and of a constant small
strain (1%). Observation of the build-up and of the subsequent equilibration of the moduli gave a
picture of the kinetics. The complete sets of results for all the three copolymers are shown in the
Supplementary Information File, as Figures S3 and S4.

In general it was observed, that the temperature-induced gelation was relatively fast, with
equilibration times ranging between 0.5 and 5 min. In case of slower gelations, especially of
H21-BAFKUj,, it was possible to recognize that the gelation was a two-step process, starting with the
rapid formation of small ordered aggregates of BAFKU end-groups from droplet-like isotropic liquid
ones and followed by the slower growth of the aggregates to larger ones. Hence, the crosslinking
process is not only connected with thermotropic (LC) transitions but also with the dynamics of
nano-phase-separation. All the copolymers displayed similar trends.

H11-BAFKUj;: Selected results concerning the kinetics of the gelation of the isotropic melt of
this copolymer upon quenching to different lower temperatures are shown in Figure 3. (All results
are shown in Figure S3). The graphs in Figure 3 contain the time-dependent course of the storage
and loss moduli (G" and G” respectively), as well as the course of the temperature of the sample.
The equilibration time is short at the lowest quenching temperatures (40 s at =50 °C) but it gradually
increases (see Figure 53). At +20 °C, it already is 240 s (6 min). The time value contains also the
time needed for temperature equilibration, ca. 40 s in case of the +20 °C experiment in Figure 3.
For final temperatures above +20°C, a distinct induction period appears, during which the moduli do
not change and which makes most of the difference between the gelation times at the different final
temperatures higher than +20 °C. This induction time is significantly longer than the time needed for
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temperature equilibration (see Figure S3). The increasing induction time likely indicates the more
difficult onset of LC lamellae growth (see Scheme 9) at higher final temperatures.

to - 60°C ; to 20°C ) i to 30°C

- - - , o : : -60 - 5
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Figure 3. Exemplary kinetics of the change in storage (G’) and loss (G”) modulus (kinetics of physical
gelation) upon quenching molten H11-BAFKU,; from 70 °C down to —50 °C (left), to +20 °C (center) and
to +30 °C (right); the entire set of results for the different final temperatures tested is shown in Figure S3;
at final temperatures above +45 °C, practically no change in moduli is observed upon quenching,.

— -+ %
large
LC lamellae
{isotropic melt, small ‘primary’
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aggregates )

Scheme 9. Transition of isotropic melt to LC melt: ordering and growth of BAFKU nano-aggregates.

If the shape of the curves G’ = f(time) and G” = f(time) is compared, similar courses are obtained if
the "hot melt’ is frozen to a (rubbery) solid or only to a viscoelastic melt. In thelatter case, the mentioned
induction time prior to melt thickening appears as an additional feature. Also, the curves for G' have
very similar courses and are always close to the ones of G” but in case of rubber as final state, G’ has a
higher value than G”, while the opposite case is found if cooling down to viscoelastic melt only.

The H21-BAFKU; copolymer displays fairly analogous gelation kinetics like H11-BAFKU,
(see selected results in Figure 4 and all results in Figure S4) but the gelation process of H21-BAFKU,
clearly displays a two-step character (see Figure 4, well visible above 4—0 °C). This can be assigned to a
rapid formation of small “primary’ nano-aggregates of the BAFKU end-groups, which subsequently
more slowly (second step in the curves) grow to larger, higher-functional-crosslinking ones (see
Scheme 9). Induction periods prior to crosslinking are the longest in H21-BAFKU> among the tested
copolymers, as well as the times of moduli equilibration. This appears to be connected with the very
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long PDMS spacer segments and with the hence more difficult assembly of the domains which act
as crosslinkers.
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Figure 4. Exemplary kinetics of the change in storage (G’) and loss (G”) modulus (kinetics of physical
gelation) upon quenching molten H21-BAFKU, from 70 °C down to temperatures between —60 °C and
+10 °C; the complete set of results for all the different final temperatures tested is shown in Figure S4;

at final temperatures above +45 °C, practically no change in moduli is observed upon quenching
the melt.

HO3-BAFKUy, a vitrimer, was tested only in its viscoelastic melt region. The gelation kinetics
results are shown in Figure S5. It shows analogous trends to the ones observed for H11-BAFKU,.
A difference is, that in the smectic liquid region near the melting point (30 °C) of H03-BAFKU5,
the physical crosslinking achieves a much higher relative modulus increase (3 orders) than the
nematic crosslinking in case of H11-BAFKUj, although the absolute values of equilibrium moduli of
both copolymers in the melting region are similar. At 30 °C, the sample HO3-BAFKU, additionally
displays visible thixotropy during the kinetics test: moduli somewhat decrease after initial build-up,
as consequence of the oscillatory shear deformation of 1% amplitude. Another specific feature of
HO03-BAFKU; are the much shorter or even absent induction periods, if the isotropic melt is cooled
down to temperatures higher than 30 °C. The longer times of equilibration are due exclusively to
crosslinking. The absence of induction times in the ‘viscoelastic gelation” of HO3-BAFKU, can be
attributed to the dominant (over 50%) volume fraction of the BAFKU mesogen, which facilitates the
start of lamellae assembly.

3.4. Mechanical Disconnection of the Physical Network

After studying the thermal reversibility of the physical crosslinking via BAFKU units
nano-crystallization, their resistance against mechanical disconnection was investigated. Several
experimental methods were employed to this end: Short-time stability at small and high deformations
was studied in strain sweep tests carried out at different characteristic temperatures. Additionally,
creep tests and stress-relaxation tests were performed, in order to evaluate the crosslink stability on a
moderately long time scale. The results indicated a high strength and durability of the non-covalent
crosslinks in the rubbery state, if the temperature was sufficiently far below the melt solidification
temperature. While approaching this temperature, the mechanical disconnection of the crosslinks
became increasingly prominent.

3.4.1. Strain Sweep Tests

The strain sweep tests were carried out in oscillatory mode, at the frequency of 1 Hz. The applied
deformation amplitudes were changed from 0.1% up to 1000%. Representative results, as obtained for
H11-BAFKUj are shown in Figure 5.
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Figure 5. Disconnection of the physical crosslinks in H11-BAFKU, by mechanical strain: strain-dependence
of storage (G’) and loss (G”) modulus of H11-BAFKU; at temperatures from —50 to +10 °C—selected
results; the full results collection is shown in Figure S6.

All the studied copolymers display similar trends, especially close are the two longer ones,
the elastomers H11-BAFKU, and H21-BAFKUj;. The vitrimer HO3-BAFKU, could be investigated
only in the viscoelastic melt region, where it mostly shows analogous trends like the remaining
copolymers. The collection of results for all the copolymers is shown in Figures 56-58.

In case of HI1-BAFKU,, which is shown as an exemplary system in Figure 5 (all data are in
Figure S6), it can be noted, that at very low temperatures far from the melting region (e.g., —50 °C in
Figure 5) the physical network in the rubbery phase is rather robust: The sample undergoes macroscopic
destruction at sufficiently high strains, which manifests itself as irregularities and sudden downward
steps in the graphs. The mechanical destruction can also be observed visually. This damage occurs
practically without dynamic disconnection of the physical crosslinks. At somewhathigher temperatures
(=30 °C in Figure 5), a smoother destruction occurs, which besides macroscopic damage likely also
includes some shear thinning in the material (crosslink disconnection). At even higher temperatures
(=20 °C in Figure 5) no mechanical destruction is observed any more visually, the measured curves are
smooth and the samples are able to endure even high deformations. The moduli smoothly decrease at
sufficiently high deformations (100% and more at —20 °C in Figure 5), due to the disconnection of the
physical crosslinks. At such a high deformation, the sample becomes liquid-like as G” exceeds G" (G”
G’ crossover). At even higher temperatures, for example, 0 and 10 °C in Figure 5, the strain dependence
of the moduli shows similar trends like before but G” always is higher than G’, as the material already
is a melt and also the “shear degradation’ of the moduli starts at lower strains. The curves also become
flatter and the moduli smaller.

H21-BAFKUj; (see Figure S7) differed from H11-BAFKU,, only in the characteristic temperatures
(really rigid crosslinks at —70 °C or lower),

The vitrimer H03-BAFKUj; (see Figure 6 and all data in Figure S8) displays some interesting
differences in the early post-melt state, which is a smectic phase: At 25 °C (see Figure 6), the melt is
highly viscoelastic and the storage modulus G’ even exceeds G” at the lowest deformation amplitudes
(below 1%). After a small plateau until the strain amplitude of ca. 1%, both moduli then display
marked shear thinning, G’, much more so than G”. This shear thinning behavior is similar to the one
observed by Yang and Chang [49] for a well-characterized smectic polisiloxane-LC copolymer, albeit
the latter had a different architecture than HO3-BAFKU) (it was a side-chain LC-copolymer very rich
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in LC). At higher temperatures, HO3-BAFKU, displays similar trends in the viscoelastic melt like the
other copolymers.
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i
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Figure 6. Disconnection of the physical crosslinks in HI3-BAFKU, by mechanical strain: strain-dependence
of storage (G') and loss (G”) modulus of H11-BAFKU, at temperatures from +25 to +40 °C—selected
results; the full results collection is shown in Figure S8.

3.4.2. Creep Tests

The mechanical strength of the physical crosslinks also was studied in multi-step creep experiments,
in which a constant stress was applied in each step and the resulting time-dependent strain was
observed. After each loading step, a recovery step with stress automatically adjusted to zero was
carried out. The copolymers displayed similar trends in their respective characteristic temperature
regions. The crosslinks were found to be robust only in the low-temperature part of the rubbery region.

H11-BAFKU>: Representative results for the copolymer H11-BAFKU3 are shown in Figure 7,
while the complete collections of results for all the three copolymers can be seen in Figures S9-511.
It can be seen, that in the low-temperature part of the rubbery region (—50 °C in Figure S9) nearly
no creep (in view of the error margin) occurs on the time scale of 3 min at any applied stress (up to
10,000 Pa). In the warmer temperature region of the rubbery phase (=20 °C in Figure 7), distinct
creep starts at 10,000 Pa and is no more fully recovered. At -5 °C, not far from the melting region,
creep is observed already at the lowest loadings, although significant elastic recovery still occurs,
especially at lower stress loadings. By applying 10,000 Pa at -5 °C, the sample is ‘shear-liquefied” and
an extreme deformation results: see inlay with different y-axis scale in the graph on the right side in
Figure 7. This extreme deformation is plastic and does not significantly recover. At+5 °C and at higher
temperatures, only plastic deformation without any recovery occurs and the strains resulting from the
applied stresses become very large, as the sample becomes liquid, albeit a nematic viscoelastic one.
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Figure 7. Multi-step creep tests of H11-BAFKU> at the temperatures of —20, -5 and +5 °C; stresses
ranging between 200 and 10,000 Pa were applied, followed by recovery steps (at 0 Pa); more results at
different temperatures are shown in Figure S9.

H21-BAFKUj;: The longest copolymer which displays the lowest melting point of the rubbery
phase, H21-BAFKU;, generally displays analogous trends like the shorter H11-BAFKU (see results
in Figure S10). In the rubbery region at low applied stresses, the creep tendency of H21-BAFKU,
is smaller than in case of H11-BAFKU, but at the highest stresses, it is the longer copolymer which
creeps more. This might be the combined effect of more numerous elastically active entanglements in
H21-BAFKUj (due to longer chains) on one hand, as well as of smaller and hence less strong BAFKU
aggregates (physical crosslinker). In this context, it is interesting that in the early post-melt nematic
state, the sample still exhibits a considerable elastic recovery and starts to flow only if 2000 Pa or more
are applied.

HO03-BAFKU;: The shortest copolymer, the vitrimer H03-BAFKU;, could only be accurately
theologically investigated in the melt region. The results in Figure S11 clearly show, that from +15 °C
upwards, the melting material already is fully plastic, with no significant elastic recovery.

3.4.3. Stress Relaxation

The mechanical stability of the physical crosslinks was further studied by means of stress relaxation
tests, which practically evaluated ‘internal creep phenomena’: A sample, in which the crosslinks
are dynamic, eventually would fully adjust to the new deformed shape via disconnection and more
favorable recombination of crosslinks, behaving similarly like a viscoelastic liquid. All the copolymers
displayed similar trends in their respective characteristic temperature regions, like in case of creep tests.

H21-BAFKUS,: Stress relaxation results for the longest copolymer, H21-BAFKU,, are shown in
Figure 8, while the results for the remaining two copolymers can be seen in Figures 512 and 513.

At low temperatures in the rubbery plateau (=50 °C in Figure 8), there is a small and fast initial
relaxation, followed by practical time-independency of the measured stress (on the time scale of 10 min).
The initial small relaxation might be due to the disconnection of easily reversible entanglements.
At +15 °C, in the warmer temperature region of the rubbery phase, the initial fast relaxation becomes
more intense, especially at higher applied strains but the measured stress seems to approach a non-zero
final value (in the mid-term). At 0 °C, in the early nematic melt region, the stress relatively quickly
relaxes ca. 85% of its value and subsequently stabilizes on a slowly decreasing course. The less
than complete rapid stage of the relaxation seems to be connected with permanent entanglements,
which are due to long H21 chains and to the stabilization of the entanglements by residual physical
crosslinking (via BAFKU lamellae) in the nematic melt. At 20 °C, in the warmer region of the nematic
melt, the stress relaxation is nearly immediate: the measured stress value after the applied deformation
runs constantly at 0 Pa.
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Figure 8. Stress relaxation tests of H21-BAFKU, at different temperatures; at each temperature, several
constant strain values were applied.

H11-BAFKUj;: The shorter elastomer H11-BAFKU, displays very similar trends like H21-BAFKU,
(see results in Figure S512) but the entanglements’ effect is nearly absent, so that ca. 100% of the stress
relaxes in the rapid relaxation stage already at the end of the temperature region of rubber melting
(at +5 °C). A new interesting (albeit small) effect in this copolymer is, that at +5 °C and at high applied
initial deformation, the stress relaxation in the viscous nematic melting material overshoots the value
of zero stress and reaches small negative values. This likely is caused by shear-induced ordering
of the nematic lamellae and of the whole lamellar structure, which is dynamic at this temperature.
A similar effect of higher strength was observed for HO3-BAFKU,, which contains more of the mesogen,
while the effect is absent in H21-BAFKU>.

HO3-BAFKU3: The melt region of the vitrimer HO3-BAFKU); (see Figure S13) displays similar
characteristics like the H11-BAFKU, melt but the relaxation of the relatively low-molecular HO3-BAFKU,
is faster: At +15 °C (zone of glass melting), the fast stage of the relaxation already is nearly quantitative.
The ‘relaxation overshoot effect” is markedly more intense in HO3-BAFKU; than in H11-BAFKU; and it
occurs even in case of small initial deformations. It is the strongest in the early smectic melt region
(at 25 °C).

3.5. High-Frequency Stiffening and Self-Healing Effects

Frequency sweep tests (1 mHz to 100 Hz) were performed with the prepared copolymers, in order
to evaluate high-frequency stiffening and eventual frequency-induced transitions between liquid-like
and rubber-like behavior at several characteristic temperatures. With the elastomers H11-BAFKU,
and H21-BAFKU)j, the tests were conducted in the rubbery and in the liquid state (see Figure 9, as well
as Figures 514 and S15), whereas with the vitrimer HO3-BAFKUj, this characterization was performed
only in the melt range (Figure S16). The tests proved frequency stiffening in the copolymers, as well as
self-healing effects at favorable temperatures, with crystalline as well as with smectic BAFKU lamellae.
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Figure 9. Frequency-stiffening of H11-BAFKU3; observed in frequency sweep tests (1 mHz to 100 Hz)
conducted at —60 to +10 ®C—selected results; the full results collection is shown in Figure 514; the strain
amplitude was different in each frequency decade, ranging from 50% at 1 mHz to 1% at 100 Hz; the effect
of strain-induced damage to the network, as well as of its recovery between the frequency decades is
clearly visible, especially in case of G’ curves at lower temperatures.

Animportant experimental detail was the division of the frequency sweeps into decades of points
for each frequency order, where different deformation amplitudes (higher strains at low frequencies)
were applied in order to achieve optimal signal quality. For technical reasons, the rheometer made
brief (in the range of seconds) delays between the decades. These delays made possible to observe
eventual internal self-healing after endured strain-damage, as steps in the measured curves.

H11-BAFKU;: All the three copolymers display a very similar behavior in the frequency sweep
tests. As an exemplary system, the results for the copolymer H11-BAFKU, are shown in Figure 9
(selected graphs only, all results are in Figure S14). The following trends can be observed: At low
temperatures deep in the rubbery region (e.g., at —60 °C, see Figure 9), G’ always prevails over G”,
even at the lowest frequency of 1 mHz and the samples hence are truly rubber-like. The physical
crosslinks are robust in this temperature region, so that the testat —60 °C with high applied strains results
in macroscopic mechanical damage (irregular curves, similarly like in the strain sweep test of the same
copolymer at —50 °C shown in Figure 5; the damage worsens during the delays). Athigher temperatures
in the rubbery region (—20 °C), no macroscopic destruction is observed but only shear-thinning damage
to the crosslink density. During the experimental delays, the internal damage is at least partly repaired
by crosslink re-combination. The self-healing is very fast, as it generates marked effects during the
brief (multi-second) delays. As the rubbery phase is fully molten (see example in Figure 9: 10 °C),
the shear-thinning at low frequency (combined with large deformation amplitude), as well as the
self-healing effects completely disappear and the measured curves become nearly linear in the nematic
melt. Already below the melting region, G” starts to dominate over G’ but G’ increases more steeply
with frequency. In the nematic melt and at higher temperatures, G’ and G” have a parallel course.

Except in the region of mechanical damage, all three copolymers display frequency-stiffening in
the solid and in the molten state, like typical linear polymers.

H21-BAFKUj: This sample displays generally nearly identical trends like H11-BAFKU,, except
for a lower melting temperature (see Figure 515).

HO3-BAFKU3: The shortest copolymer, HO3-BAFKU, (Figure 516), which lacks a rubbery phase,
also displays similar trends like H11-BAFKU, and H21-BAFKU,, if the viscous melt ranges are
compared. An interesting feature are the shear thinning and self-healing effects, which are observed in
HO03-BAFKUj,, although it is in the molten state: These effects are limited to the range of the smectic
BAFKU aggregates, which split and self-heal similarly like the crystalline aggregates in the ‘warmer
rubbery phase’ of the longer copolymers. In the nematic region of the melt, HO3-BAFKU, behaves
analogically to the longer copolymers.
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3.6. Thixotropy

The physical nature itself of the crosslinking in the studied copolymers suggests that thixotropy
(shear-thinning) effects could be prominent in the molten state and even at the fringe of the rubbery
state, if the temperature is not very distant from the respective melting point. The final part of this
study hence was dedicated to the evaluation of thixotropy. The effect was evaluated in oscillatory
experiments, as well as in steady flow experiments (thixotropic loop). Very strong thixotropy could be
documented and also a very fast recovery of the original viscoelastic properties. The latter was nearly
instantaneous in case of samples which underwent oscillatory shear and somewhat slower in samples
which have endured continuous shear flow.

As first experimental indication, several of the further-above-discussed characterization methods
already indicated thixotropy, for example, the multi-frequency gelation tests (Figures 1 and 2, effect of
switching the strain amplitude) or the kinetics of physical crosslinking upon melt quenching (Figure S3
at 10 °C: decrease of moduli after initial build-up). The mechanical crosslink disconnection observed in
the strain sweep experiments (Figures 5 and 6) also can be considered a thixotropic effect. The strong
effect of the applied different deformation amplitudes on the measured moduli is well visible in
Figures 517-520.

3.6.1. Oscillatory Tests of Thixotropy and of Recovery of Viscoelasticity

Direct tests of thixotropy and of the recovery of viscoelastic properties are shown in Figure 10,
on the example of HI1-BAFKU2: The sample was subjected to an oscillatory shear deformation with
the constant frequency of 1 Hz, while the deformation amplitude was multi-step-wise changed between
the values of 0.1% and 5030%.

H11-BAFKU, at 20°C H11-BAFKU, at 45°C
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Figure 10. Exemplary thixotropy tests carried out on the copolymer H11-BAFKU; at 20°C (a) and 45 °C
(b); the tests were performed after a preparatory procedure, which consisted in heating up to the
isotropic state (at 80 °C), followed by cooling down to the experiment temperature and waiting 5 min
for equilibration (during which no deformation occurred); the thixotropy tests were conducted as
rheological time sweeps conducted in several subsequent stages differing in the value of the applied
constant deformation (strain) amplitude.

The tests were conducted at two temperatures: at +20 °C, not far above the melting point
and at 45 °C, close to the point of isotropization of the nematic melt. It can be seen that at both
temperatures, the storage (elasticity) modulus increases by more than two orders if going from the
very high deformation amplitude of ca. 5000% to the small one of ca. 0.1%. The loss modulus displays
a markedly lower sensitivity to deformation amplitude than the storage modulus.
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Most importantly, it can be noted, that the thinning or the thickening of the copolymer melt
occurs practically immediately upon the change of the deformation amplitude, also in case of smaller
step-wise changes.

3.6.2. Thixotropic Loop Tests

The thixotropy of the studied copolymers was more profoundly investigated by standard
thixotropic loop tests. In the first stage of these tests, the shear rate was continuously raised from 0
to 100 57! and subsequently continuously reduced again to 0 s™1. In a second stage, a fast scan was
done of the higher shear rates, where several points were measured, namely at 100, 200, 300, 400,
300, 200 and 100571, in this order. In case of sufficiently slow re-generation of the elastic structures
in the liquids, a distinct hysteresis would be expected between the ‘shear-rate-up-curve” and the
‘shear-rate-down-curve’. It was found that the copolymers display mutually similar trends in their
respective characteristic temperature regions. The results indicate very fast recovery of flow-induced
damage to crosslinking.

H11-BAFKUj: The shorter elastomer H11-BAFKU, (see Figure 11) generates a considerable
resistance, if measured in the boundary region between rubber and the liquid nematic phase at +5 °C.
Only a limited shear rate range could be investigated, up to 30 s~ A visible albeit not very large
hysteresis of the curves of shear-rate-dependent stress and viscosity is observed at this experiment
temperature, as well as oscillations in the ‘"down-curve’ at lower shear rates. Both effects likely can
be attributed to the behavior of the lamellar BAFKU nano-aggregates, which are on the boundary
between the frozen crystalline state and the more dynamic nematic state. Their re-organization upon
shearing is no more very fast, so that some shear damage persists on the time scale of the experiment.
The oscillations can be possibly caused by the tumbling of fragments of the lamellar structure, in which
the BAFKU lamellae are crystal-like and rigid. At +20 °C, in the middle of the nematic temperature
region, the hysteresis area between the thixotropic curves is very slim, both in the continuous loop up to
10071, as well as in the test of the high shear rates (up to 400 g1 ). At a first glance, the nearly negligible
hysteresis might appear as a contrast to Figure 10 further above, where at the same temperature,
oscillatory shear of high amplitude generates a thixotropic drop in modulus by nearly three orders.
However, in Figure 10, the modulus (and hence the stress, as well as the complex viscosity) also is
shown to recover immediately (in less than 1 s) if the oscillatory amplitude is reduced. This ultra-fast
recovery in fact is in good agreement with the very slim hysteresis observed in the loop experiments in
Figure 11. The still observed small hysteresis means that in continuous flow, some more intense damage
to the elastic structure is done, which is not fully and immediately recovered during the continuous
change of the shear rate. If the shear-rate-induced decrease in viscosity is evaluated, it can be noted that
most of the shear thinning occurs between 0 and 20 s71 (largest part of it between 0 and 5 s7h.

At 80 °C, in the isotropic melt region, the hysteresis in the thixotropic loop graph completely
disappears, while an initial drop of viscosity upon the onset of shearing is observed, similarly like at the
lower temperatures but it occurs in a narrower range of shear rates. After that, the characteristics are
Newtonian. The initial high viscosity can be attributed to ‘soft crosslinking’ by droplet-like isotropic
aggregates of BAFKU end-groups

H21-BAFKUj>: The longest copolymer H21-BAFKUj (see Figure 521) displays similar trends in
thixotropy loops like HI1-BAFKU,. In spite of the lower melting point, its melt at 0 °C generates
a considerable resistance (and elasticity), as noticed already in case of creep experiments. Standard
thixotropic loop tests were possible only with small maximum shear rates, where very high viscosity
and a very marked hysteresis (Figure 521, top row) were observed. Due to the low content of the
physically crosslinking BAFKU units, however, this copolymer can be more easily liquefied by intense
shearing, than the shorter ones. After forcefully applying a 100-400-100 s™! loop, a dramatic shear
thinning was achieved. A subsequent measurement of the continuous thixotropic loop (0-100-0 s
yields a wholly different thixotropic profile than in case of an intact sample (see Figure 521, last graph
of top row), characterized by small viscosity (nearly two orders below original values) and a slim
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hysteresis. The liquefication is possible because the recovery of elastic structures is slow at 0 °C
in H21-BAFKU,. At 20 °C, in the nematic region, the hysteresis of H21-BAFKUj is very slim but
discernible in the continuous loop up to 100 s~! and well visible albeit still moderate in the loop up to
400 s~1. This stronger tendency to hysteresis might be due to the mentioned entanglements. At 80 °C,
H21-BAFKU, displays no more hysteresis, in analogy to HI1-BAFKUS.
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Figure 11. Thixotropic loop tests (dependence of shear stress and of viscosity on the shear rate) for the
copolymer H11-BAFKU, at +5, 20 and 80 °C: at the left are continuous tests with shear rates rising up
to 100 s71, at the right are step-wise tests with shear rates between 100 and 400 s7*,

H03-BAFKUj;: The shortest copolymer, HO3-BAFKU, (see results in Figure 522), displays the
strongest hysteresis tendency in its thixotropic loop characteristics among the studied products.
Only in the isotropic melt at 80 °C, (see Figure 522), the hysteresis is nearly absent. The nematic phase
of HO3-BAFKUj, (50 °C, see Figure 522) displays the most distinct hysteresis among the nematic phases
of the studied copolymers, as well as irregular oscillations of the curves. The hysteresis is even wider
in the smectic phase (35 °C, see Figure 522), where also the strongest oscillations of the curves are
observed, if shear rates higher then ca. 2 s~ are applied. At 25 °C in the smectic phase, only limited
shear rate scans were possible, which also display a significant hysteresis. Generally, it seems that
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in HO3-BAFKU,, except at isotropic temperatures, the splitting of lamellae, as well as tumbling of
fragments of lamellar structure (somewhat similar to domain tumbling in LC polymers discussed in
Reference [37]) plays a strong role in the flow behavior and in thixotropic loop tests.

3.7. Comparison of Rheological Behavior of the Studied and of Classical LC Polymers

In view of all of the above-discussed results, it is interesting to compare the mechanisms of flow in
the studied copolymers and in classical liquid-crystalline polymers (LCPs). The latter were discussed
in the Introduction: The model of three regions of flow [31,32], as well as the Larson-Doi polydomain
model [33,34] well describe the rheology of most LCPs, which are typically very rich in mesogen units.
The flow mechanism corresponding to these models is summarized in Scheme 10: At the lowest shear
rates, a tumbling of small oriented LC domains occurs (region I). At higher shear rates, these domains
gradually diminish and an increasing number of macromolecules join the more or less flow-aligned
‘nematic sea’, while some domains still persist (region II). Finally, in region III, all material consists
of the ‘nematic sea”. Structural features of the respective LCPs influence the prominence and the

properties of the rheological regions.
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Scheme 10. Typical three-region flow behavior of liquid crystalline polymers [31-34].

In contrast to the typical LCPs, the presently studied copolymers are much less mesogen-rich, they
contain 52, 37 and 16 Vol.% of mesogen, respectively. Additionally, they undergo strong nano-phase
separation of the highly flexible central PDMS chains from the rigid mesogenic diaromatic azo
end-groups. This phase separation, which persists also in the liquid phase, appears to play a key role in
the mechanical as well as in the rheological properties of the studied copolymers. Scheme 11 illustrates
the main factors, which appear to play a role in the flow behavior of the presently studied copolymers:
(1) the splitting and recombination of the lamellae formed as result of the phase separation, which are
liquid-crystalline in the molten polymers at not overly high temperatures; (2) the thermotropic phase
transitions in these lamellae, which change their stiffness and the dynamics of their splitting and
re-combination; both the effects (1) and (2) seem to be responsible for the multiple gel points observed
in the copolymers; (3) finally, also the entanglements of the elastic PDMS chains were found to play a
certain role.

If comparing the presently studied PDMS-BAFKU,; compounds with a copolymer of similar basic
architecture studied by Winter, Lin and co-workers [52], some similarities can be noted, like a higher
viscosity of the nematic melt than of the isotropic, as well as the possibility of shear induced transition
from solid to liquid state. Both effects in both systems are connected with the nano-phase-separation
of the LC end-groups. The comparison further shows, that in the presently studied copolymers,
the much-increased flexibility of the central chain, as well as a higher phase-separation tendency of the
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constituent segments, tremendously increase the rate of recovery of strain- or even of flow-induced
damage (e.g., the above-discussed immediate recovery during oscillatory tests).
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Scheme 11. Mechanisms of flow in the studied nano-phase-separated copolymers.

4. Conclusions

Physically crosslinked thermo-reversible low-temperature-melting rubbers, based on linear
polydimethylsiloxane (PDMS) capped in o,w-positions with liquid-crystalline (LC) building
blocks called “BAFKU”, were studied concerning their viscoelastic and theological properties in
melt, as well as in the rubbery state.

The properties of three copolymers were compared, which differed in the length of the central
PDMS chain, namely DMS HO03 (8.6 dimethyl siloxane repeat units), DMS H11 (16.3-mer) and
DMS H21 (64.4-mer).

Physical crosslinking via nano-aggregation of BAFKU units in all three tested copolymers was
found to be fairly efficient and very large step-wise changes of elasticity and viscosity were
observed, which correlated with the thermotropic properties of the crosslinks.

The rheological behavior of the copolymers was found to be controlled by an interplay of
nano-phase separation of the LC end-groups (growth and splitting of their aggregates) and of the
thermotropic transitions in these aggregates (which change their stiffness). Entanglements of the
elastic PDMS chains also were found to play a role.

In contrast to LC-rich liquid crystalline (co)polymers (LCPs), the studied copolymers display
viscosity increase if going form isotropic to nematic (or further to the smectic) state, because their
viscoelasticity is controlled by the larger-scale morphology, which is responsible for the physical
crosslinking. The latter in turn is controlled by nano-phase separation and by the strengthening or
loosening of the aggregates of LC units via thermotropic transitions.

The copolymers display up to three gel points, if a temperature scan (in both directions) is
performed in the range from rubbery state to isotropic melt. The gel points correlate with the
thermotropic transitions (I/N, N/Sm and Sm/Cr in the shortest copolymer and I/N, N/Cr in the
longer ones) and with the associated changes in stiffness and dynamic size of LC nano-aggregates.
The kinetics of (physical) gelation to network is fairly fast if induced by temperature (abrupt melt
cooling): between 0.5 and 3 min (typically ca. 1 min). It slows down at higher final temperatures.
This kinetics is controlled by temperature-dependent nano-phase-separation dynamics.
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— The physical crosslinks can be reversibly disconnected by large mechanical strain in the rubbery
state and in the melt (thixotropy in the latter case). The kinetics of subsequent re-generation was
found to be extremely fast: ca. 1 s in oscillatory tests.

— Thixotropic loop tests, in which the samples were subjected to continuous flow, also indicate
a very fast regeneration of destroyed physical crosslinks, so that only very small hysteresis is
observed in these tests, in spite of very strong shear-thinning tendency in all the copolymers
in wide temperature ranges. Nevertheless, in contrast to oscillation experiments, the crosslink
regeneration in continuous flow is not immediate.

— The ‘warmer’ rubbery phase of the longer copolymers can be relatively easily transformed to
liquid by strong shear.

— FPrequency-stiffening was observed in the rubbery state, as well as in the melt. Such a behavior is
characteristic of classical elastomers and linear polymers.

— The studied low-temperature elastomers might be of interest as passive smart materials for
advanced applications such as viscoelastic coupling for example, in soft robotics (transitions
melt/viscoelastic melt/rubber) but also as damping materials (energy absorption via physical
crosslink disconnection). Additionally, the incorporated LC building blocks of azo type open the
possibility of reversible UV-light-induced switching of material properties.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/12/12/2840/s1.
Figure 51: Multi-freq H21-BAFKUj ... cooling scans ... diff. deform; Figure 52: Multi-freq. H21-BAFKUj ...

heating scan; Figure S3: Full data set: Kinetics H11-BAFKU;: physical gelation upon cooling melt; Figure S4:
Kinetiecs H21-BAFKU,: physical gelation upon cooling melt ... ; Figure S5: Kinetics HO3-BAFKU,: physical
gelation upon cooling melt; Figure S6: All data: Disconnection of the physical crosslinks in H11-BAFKU> by;
Figure S7: Disconnection of the physical crosslinks in H21-BAFKU; by mechanical strain; Figure $8: Disconnection
of physical crosslinks in HO3-BAFKU> melt by mechanical strain; Figure S9: Multi-step creep tests of H11-BAFKUz
all data; Figure S10: Multi-step creep tests of H21-BAFKU,; Figure S11: Multi-step creep tests of HO3-BAFKU5;
Figure S12: Stress relaxation tests of H11-BAFKU,; Figure 513: Stress relaxation tests of HO3-BAFKU,; Figure S14:
All data: Frequency-stiffening of H11-BAFKU,; Figure S15: Frequency-stiffening of H21-BAFKU; ... ; Figure S16:
Frequency-stiffening of HO3-BAFKU,; melt observed in frequency sweep tests; Figure S17: Thixotropy effects
in case of kinetics of phys. gelation of HO3-BAFKUj; Figure S18: Thixotropy effects HO3-BAFKU;—very low
strains; Figure 519: Thixotropy effects in case of kinetics of phys. gelation of H11-BAFKUj; Figure S20: Thixotropy
effects in case of kinetics of phys. gelation of H21-BAFKU,; Figure S21: Thixotropic loop tests of H21-BAFKU>;
Figure 522: Thixotropic loop tests of HO3-BAFKU.
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1. Gelation study via T-dependent multi-frequency rheology

experiments
H21-BAFKU, cooling scan
(a) . (b)
H21-BAFKU, gelation upon cooling, “test 1" (1°C/imin) H21-BAFKU, gelation upon cooling, "test 2" (1°C/min)
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SI-Fig. 1: Multi-frequency temperature ramp ftests - coeling scans - carried out in the
rubbery and melt temperature regions of H21-BAFKU- : (a), (b): temperature dependence of
the storage shear moduli G’, of the loss moduli G”, of the complex viscosities Eta* recorded
at the simultaneously applied frequencies of 1, 2, 4, 8 and 16 H=z;  (c), (d): sets of the tan &
curves with marked crossover (or near-crossover) points; (a), (c): cooling scan conducted
with high deformation amplitudes; (b), (d): cooling scan conducted with low deformation
amplitudes; red dotted lines indicate change in strain.



H21-BAFKU; heating scan

(a)

H21-BAFKU, gel melting upon heating  (1°C/min)
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SI-Fig. 2: Multi-frequency temperature ramp test - heating scan - carried out in the rubbery
and melt temperature regions of H2I-BAFKU: : (a): temperature dependence of the storage
shear moduli G', of the loss moduli G”, of the complex viscosities Eta* recorded at the
simultaneously applied frequencies of 1, 2, 4, 8 and 16 Hz as heating scan, (b): sets of the
tan 0 curves with marked crossover (or near-crossover) points as heating scan; (c): a
different zoom of the image (b) ; red dotted lines indicate change in strain.



2. Kinetics of gelation upon abrupt cooling of melt

HI11-BAFKU, : all eraphs
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SI-Fig. 3: Full data set: Kinetics of the change in storage (G’) and loss (G”) modulus
(kinetics of physical gelation) upon cooling molten H11-BAFKU, from 70°C down to

different temperatures ranging between -50°C and +60°C; the course of the temperature of

the plates between which the sample was loaded is also depicted.
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3. Disconnection of the physical network by high mechanical

strain
HI11-BAFKU,
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SI-Fig. 6: All data: Disconnection of the physical crosslinks in H1 1-BAFKU: by mechanical
strain: strain-dependence of storage (G') and loss (G”') modulus of H21-BAFKU: at the
temperatures from -50 to +60°C.
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Relaxation tests
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SI-Fig. 12: Stress relaxation tests of H11-BAFKU: at temperatures between -50 and +5°C;
at each temperature, several constant strain values were applied.
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4. High-frequency stiffening and self-healing effects
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SI-Fig. 14: All data: Frequency-stiffening of HI11-BAFKU: observed in frequency sweep
tests (1 mHz to 100 Hz) conducted at temperatures between -60 and +60°C, the strain
amplitude was different in each frequency decade, ranging from 50% at 1 mH= to 1% at 100
Hz; the effect of strain-induced damage to the network, as well as of its recovery between the
[frequency decades is clearly visible, especially in case of G’ curves at lower temperatures.
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SI-Fig. 15: Frequency-stiffening of H21-BAFKU: observed in frequency sweep tests (1 mH=
to 100 Hz) conducted between -60 and +55°C; the strain amplitude was different in each
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SI-Fig. 16: Frequency-stiffening of H03—BAFKU: melt observed in frequency sweep tests

(1 mHz to 100 Hz) conducted at temperatures between +25 and +70°C; the strain amplitude
was different in each frequency decade, ranging from 50% at 1 mH= to 1% at 100 Hz, the
effect of strain-induced damage to elastic structures in the melt, as well as their recovery
between the frequency decades is clearly visible, especially at lower temperatures.
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Explanation of the upward steps in G”

While simple self-healing should lead to decrease in G” (stronger elastomer character due to more
crosslinks, shorter elastic chains and hence less friction), the experimentally observed upward
steps in G” could be explained by resistance caused by re-assembled larger aggregates (lamellae)
of BAFKU, which have time to disconnect at lower frequencies (and high applied strains). Their
gradual destruction by shear generates resistance (high G value), but also leads to a decrease in
the number of these secondary aggregates and thus in turn to less than maximum resistance
(smaller growth, or in extreme cases even local decrease in G”). During the experimental delay,
the smaller BAFKU aggregates (‘fragments’) re-assemble to larger ones again, and hence can
generate considerably increased resistance after the delay (upward step in G”).
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S. Thixotropy effects

HO3-BAFKU, kinetics of gelation upon cooling
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SI-Fig. 17: Thixotropy effects visible as strong strain-dependence of the moduli values (G,
G ") in case of the kinetics of physical gelation of molten HO3—-BAFKU> upon abrupt cooling.
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Very small strains also lead to change in measured moduli:
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SI-Fig. 18: Thixotropy effects as strain-dependence — study of very low strains — of the
moduli values and curve course — especially G’, less so G”, in case of the kinetics of physical

gelation of molten HO3-BAFKU> upon abrupt cooling.
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H21-BAFKU, kinetics of gelation upon cooling
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SI-Fig. 20: Thixotropy effects visible as strong strain-dependence of the moduli values (G,
G”) in case of the kinetics of physical gelation of molten H21-BAFKU:> upon abrupt cooling.
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Thixotropic Loop tests
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SI-Fig. 21: Thixotropic loop tests (dependence of shear stress and of viscosity on the shear
rate) for the copolymer H21-BAFKU> at 0, 20 and 80°C: at the left are continuous tests with
shear rates rising up to 100 s, at the right are step-wise tests with shear rates between 100

and 400 s7L.
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SI-Fig. 22: Thixotropic loop tests (dependence of shear stress and of viscosity on the shear
rate) for the copolymer H03—BAFKU: at 25, 35, 50 and 80°C: at the left are continuous tests
with shear rates rising up to 100 s, at the right are step-wise tests with shear rates between
100 and 400 s at 35°C, only 100 s could be reached, but two low-shear-rates tests were
performed.
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Appendix 4:




Thermo-reversible elastomers and
smart oils based on linear infinite
copolymers of azo-type mesogens

and elastic polydimethylsiloxane
blocks.

S. Horodecka, A. Strachota*, B. Mossety-Leszczak, M. Slouf,
A. Zhigunov, M. Vyroubalova, D. Kankova, M. Netopilik, Z.
Walterova.



Experimental

Sample name
Component
Al-HO3 Al-H11 Al-H21
[g] 0.5 0.5 0.5
N [mmol] * 2.64 2.64 2.64
wt% 37.72 24.14 7.41
Vol% * 34.17 21.99 6.88
[g] 0.8257 - -
#* - -
HO3 [mmol] 2.64
wt% 62.28 - -
Vol% * 65.83 - -
[g] - 1.5712 -
- [mmol] * - 2.64 -
wt% - 759 -
Vol% * - 78.01 -
[g] - - 6.249
#* = -
1 [mmol] 2.64
wt% - - 92.59
Vol% ! - - 93.12
Toluene [g] 1.734 1.734 1.734
Karstedt's | [g] 0.0087 0.0087 0.0087
catalyst | [mmol] 0.02 0.02 0.02
Sample name
Component
Al2-HO03 | Al2-H11 | Al2-H21
[g] 0.5 0.5 0.5
[mmol] * 1.83 1.83 1.83
Al12
wit% 46.66 315 10.18
Vol% ¢ 42.85 28.94 9.47
[g] 0.5715 - -
[mmol] * 1.83 - -
HO03
wit% 53.54 - -
Vol% ! 57.15 - -
[g] - 1.0875 -
[mmol] * - 1.83 -
H11
wit% - 68.5 -
Vol% * - 71.06 -
[g] - - 4.413
[mmol] * - - 1.83
H21
wit% - - 89.82
Vol% ! - - 90.53
Toluene | [g] 1.734 1.734 1.734
Karstedt's | [g] 0.0087 0.0087 0.0087
catalyst | [mmol] 0.02 0.02 0.02




Chemistry of Synthesis

a,m-hydrido-functional PDMS precursors:

CHy [CH3 1 cHs

G o F

CH3 CHy |, CH,

HO3: n = 66 (otal: 8.6) = o O

%

H11: n = 14.3 (total: 16.3)

H21: n = 624 (total: 64.4)

Divinyl-functional azo mesogens:

Al QQ\@W

° N b cf’CHz
a2z @ ~7% Q‘%@\OWO

azo group

Karstedt’s catalyst solvent

I oo o
%_%@

CHa CHs
n

= T i T e



The products

c
o CHg o - CHg L
n o & CHgy I = o " CH, | -5
Gl | Si CH C Gl
o \O‘Né ‘Q‘oﬂ\/\cg’z Si—0 J:“‘-—-—-.__,_C,(Z 2/\'5( W I ~cH, I '!?H3
3

PDMS 'spring’

LC-unit "A1"

Al-co-H03 m

Al-co-H11 M

. -‘W

Linear infinite PDMS-LC copolymers of azo tvpe: (top): general chemical structure on the
example of a copolymer containing the A1 mesogen ; (bottom): symbolic representation of the
macromolecules of the studied copolymers with incorporated PDMS ‘spring segments’ H03,
HIil, and H21, as well as of the physical crosslinking in this type of copolymers; copolymers
with the A12 mesogen have an analogous structure.




Volume fraction of liquid crystalline component in the prepared

copolymers.
Name of the sample Volume % of LC component *
linear infinite LC-PDMS copolymers with azo-type mesogens
Al-co-HO3 34.17
Al-co-Hl11 21.99
Al-co-H21 6.88
Al2-co-HO03 42.85
Al2-co-HI11 28.94
Al2-co-H21 9.47

m Al mDMS HO3

mAl mDMSH11

mAl mDMSH21

mAl12 mHO3

B

mAl12 mH11

2

EmAl12 mH21

Diagrams of volume fractions of the Al and A12 mesogens units in each copolymer.




DMTA: storage modulus (G’) versus temperature in the cooling

and heating run

104 A1-DMS HO03 10° 1 A12-DMS H03
108—§ 108 -
107 4 107 4
v 106-; 5 10° 4
= 10°1 = 10°4
o ] [0
10%4 10 4
10° 3 10° 4
10 102
17 t+:r: P
-120-100-80 -60 -40 -20 0 20 40 60 -126100-80-60 -40-20 0 20 40 60 80 100
Temperature [°C] Temperature [°C]
10% A1-DMS H11 10° A12-DMS H11
10°+ 10° 4
1074 107 1
10° 4 o
T i & 10°4
£.10°+ o i
© 0t 10°
1034 10°+
1024 "WtL 10° -
R e e S e 10—
-140-120-100-80 -60 -40 -20 0 20 40 60 -126100-80-60-40-20 0 20 40 60 80 100
Temperature [°C] Temperature [°C]
107 A1-DMS H21 1075 A12-DMS H21
108 4
107 4
x 10
O 105
10* 4
10°+
102 T T T T T 102 T T T T T T T T T
-140 -120 -100 -80 -60 40 20 0O 20 -140120100-80-60 -40 -20 0 20 40 80 80 100120

Temperature [°C] Temperature [°C]

DMTA profiles (all data) of the copolymers (left column, top to bottom) H03-41, H11-A1, H21-A1 and
(right column, top to bottom) HO3-A12, H11-412, H21-412 recorded as cooling (blue) and heating (red)

SCAns.



Heat flow [W/g]

DSC: specific heat of phase transitions in neat mesogens and in

the copolvmers

A1 mesogen A12 mesogen
T 132.82°C T
12.95°C
| heating 1
e c0ONING P -
heating 2 - o
. 9 46.88J/g | = 111.18°C
- J\ 2 75.29J/g
: : — 4 = i J
- 82.61°C 83.24°C || 127.87°C | z 107.67°C
10.41J/g || 48-26Jig = 77.29Jig
] ® heating 1 i8t.22%
o ) == cooling - 5
b 132.98°C T ——nheating 2 e
i 131.00°C . 109.89°C
75.82)/g
lr— 45.33Jg o g :
0 20 40 60 80 100120 140 160 180200 0 20 40 60 80 100 120 140 160
Temperature [*C] Temperature [°C]

DSC traces (a) of the neat A1 mesogen and (b) A12 mesogen.



Heat flow [W/g]

Heat flow [W/g]

Heat flow [W/qg]

A1-DMS H03
- 15.55°C

-32.21°c_ A ——
| /A/E-S“C

-39.11°C  1.212J/g

0.7585J/g = heating 1

= c00ling

e heating 2 ,

| -38.52°c  -33.29°C J(M'gzc

0.8350J/g 68.53°C

1.095J/g

-100-80-60-40-20 0 20 40 60 80 100120140

Temperature [°C]

= heating 1
A1-DMS H11 cooling
4 = heating 2
-44.00°C
-51.39°C

4.362Jig

4.885Jlg

-10680-60-40-20 0 20 40 60 80100120140160

Temperature [°C]

= heating 1

A1-DMS H21
cooling

B = heating 2

S

-52.56°C
= .68.03°C
1.696J/g

7 -52.48°C

*:::—-—1
1 66.13°C
1.229J/g

-10080-60-40-20 0 20 40 60 8010012014060

Temperature [°C]

Heat flow [W/g]

Heat flow [W/g]

Heat flow [W/qg]

A12-DMS HO03
- heating 1 .
cooling 78.95°C
heating 2 e
45.85°C

13.81°C
1.447J/g

6.492J/g

50.06°C
7.041Jig

0.12°C
1.871J/g

-100-80-60-40-20 0 20 40 60 80100120140

Temperature [°C]

A12-DMS H11 heating 1
i e c00lING
heating 2
| o 60.74°C
- 39.11°C
-14.67°C 2 899U/g
| 1.476Jig
14.76°
| -10.49°c 20369
64.03°C
7.85°C
31.14°C
i -13.51°C 4.072J/g

1.129J1g
T T T

-100-80-60-40-20 0 20 40 60 80 100120140

Temperature [°C]

A12-DMS H21

68.18°C
. 10.82J/g

I\

= heating 1
e c00liNg
== heating 2

—

-100-80-60-40-20 0 20 40 60 80 100120140
Temperature [°C]

DSC traces (left column) of the copolymers with Al mesogen and (right column) copolyvmers with A12
mesogen.



X-ray diffraction

not finished



PLM analysis

Al, neat

heating
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Al, neat

cooling

150C a1_G0HIE L T49E a1 011092 fif 4BC a1 D000 147€ al_001emachT 1460 a1_0010095c T 145C a1_001 TH6e T 1448 21 _001R0 e 1if 14302 1_MoLmsscif 142 a1_O01AmsCAT 185001 D011

I SN
------- Ly

o R N S 1% m ‘\ ;q\‘g;w}&’a;wxaw &
.’*ﬁn a."'ﬁfﬂ w w G % iy iy el ke

kKK al mlllllLl" |19Cdl w]ll”t uf l?ﬁC al mllli! ' l]?( L mll”ﬂ(lr M'. Dﬂ]l“i:llf [15( ﬂl mlHlﬁr_!lf |74E.|\ m]l“? il 123Ca]_DOLeli&caif 122€ a1_001x1 ]9l © U nical | _001t120c.ur
- N N7 .
3 ;j ;\ v m g

3»;§§R%§ﬁ§§ % ﬁﬁf& vs ‘?%Q «° '§‘3¥ 'h

-

’f‘

,.

120C a1 _001112 et 115€ a1 CI)'IKU?[.III 118C a1 umll.Hl it Il)r al, mlnﬂulf 11 Dlnﬂ:Scll 11'::. a1 r.crm:aulll 114€ a1_001012 Fe.tif 1
begihdh 1 S0 et 2 S e
ARG N AR B
- \ B o B o L -
R N > ,* e
U.(K al ! wmm II! 109(&1 Wl( 32l 108Cal | Wl\ ]5\."! 107(31 Wluiﬂ( if 106(11 Dﬂlllaiul IUE( al COlL136Cut l{?ﬂtll o) LEE /RT3
N 2
~ "\. \ - ate

2
?’é’
5;?”
'y~
-‘.’
<
= ik
7;?
,/*
o
“iy
7?

\‘&;‘\ B . \:"!“?" ’%‘ha\ ‘\>h sﬂ:‘
- ) A -

Xr. .

-
P

) |
&1C al_001E1E0e if

.

W

"ECa1_(UIIGSCNS RSCal_OGTTISECHE
N, N

4 N\ 4

=

TLC ad_CUTE] 70c 10

TOC a1_0011171e tit B5Ca1_D0Et17zent G0 al_001117 e 55Cal_O01t17dc b SACal_001F1 751 45Cal_001TE76e.of 40C a1_DOM1T7e 350 a1_00141 et 30Cal_0HH1 Mt T5Ca1_00 1180 it

20C a1_001T181c0f



Al-co-HO3

apparently isotropic

Al-co-H11

homogeneous submicron-anisotropy

Al-co-H21

not finished



Al2, neat

Al12-co-PDMS

not finished



Supporting information - Analyses




Evaluation of conversion of the PDMS during hydrosilylation reaction by means of FTIR

a) b)
———DMS H03 110 ——DMS H03
A1-DMS HO03 ——— A1-DMS HO03 105 A1-DMS HO3 —— A1-DMS H03
100
100 4
95
£ 50+ = 904
- -
85
80+
0 ) . o
T T T T T T ) 70 T . : ; )
4000 3500 3000 2500 2000 1500 1000 500 2250 2200 2150 2100 2050 2000
v [em™] v [em]
c) d)
1104
§ ——DMS H11 A1-DMS H11 ——DMS H11
A1-DMS H11 T 1T 11 —— A1-DMS H11
100 T Y 105
100
907 — 95-
90 4
0 - 85 I
SiH
T T T T T T 1 80 T T T T 1
4000 3500 3000 2500 2000 1500 1000 500 2250 2200 2150 2100 2050 2000
v[em™] v[em™]
e)
—— DMS H21 105 -
g I ——DMS H21
oo A1-DMS H21 ——— A1-DMS H21 A1-DMS H21 e 1D Hot
100 -‘s—%vo/@“
= 50+ 3
[ [
95
J —> =
: : : . - : ) 90 T T ; ; )
4000 3500 3000 2500 2000 1500 1000 500 2250 2200 2150 2100 2050 2000
v [em™] vem™]

Spectroscopic evaluation of the completion of the hydrosilylation reaction: (a), (c), (e): FTIR spectra
of pure PDMS and of LC-PDMS copolymers with A1 as mesogen; (b), (d), (f): highlighting the
disappearance of the Si-H as zoomed inlay
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Spectroscopic evaluation of the completion of the hydrosilylation reaction: (a), (c), (e): FTIR spectra
of pure PDMS and of LC-PDMS copolymers with A12 as mesogen; (b), (d), (f): highlighting the
disappearance of the Si-H as zoomed inlay



'H-NMR: Purity of components and products, as well as synthesis conversion

HORODECKA - Al - CDCI3 - 299K 1H

BsET FIHHL2 BECLEEERRERRBRESR SHEEYNES 5 Gurent Data Paramelsrs
T R TR L - L EE s e s i NAME  271-20-HORGDECKA
P s ol e e SR e N R e e ol o oi od oo o - ERPNG i
S A e SR\ S\ PROGNG 1
F2 - Acquisition Paramatera
Date_ 20200650
Time 16.2
d b INSTRUM Ayarce
C ] d PROBHD 120392 0003 |
o PULPROG 29
o T 65538
(,N SOLVENT falatatl}
N NS az
I | d o o oS o
c SWH 9615 385 Hz
b FIDRES © 292438 Hz
da AG 3.4078720 mac
AG 13 5353
ow 52.000 Usec
DE 9,00 usec
TE 285.5 K
01 1000000000 sac
C TDo G
SFC1 400.1232010 MHz
L
Pi 1850 upac
PLW1 B.S2040047 W
Fz - Processing paramsatars
b 51 65530
3F 4001300154 MHz
Wi DV EM
SEB
LB 010 He
=]
PC 100.00
= = )
g g 3
e - o

HORODECKA - Al12 - CDCI3 - 300K 1H

Currert Data Faramelars
P MAME  423-20-HORODECKA
EXPNO 1

PROCNO 1

F& - Anquisiion Paramatara
Data_ CRO0E,

{H-NMR spectrum of the pure Al and A12 mesogens with assigned peaks.

S45h

Time 1
INSTRLIM Avarice
PROBHD 2128592 0003 (

PULPROG zg
G5538

SOLWENT peieletic]

NS ag

Ds [*]

SWH 11904762 Hz

FIDRES D 3EIE0L Hz

AD 27526100 sec

Ac 101

D 42,000 uzac

nE 10,50 umec

2909 K
1000000000 ase
4001320007 MHz

16.50 usec
855040047 W

Fz - Processing parametars
El

SF 4001300184 MHz
W D EM

seR

LB 010 Hz

[£=]

PC 150 00



Copolymers PDMS-LC (Al and A12): '"H-NMR analysis
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HORODECKA - Al-H21 - CDCI3 - 300K 1H

83 g3d 85 FECERIRERRENRTIENAIERASpromiye
g Ruiary & o Smdec oot IER DD 0800 500 NAME 042-20-HORODEGKA
Voo vV S AW W Freae
F2 - Acquisition Parameters
Date 20200737
Time 19.07 h
INSTHUN Avanoe
PROBHD 7128392 0003 |
PULPROG g
E5535
SOLVENT GDCI2
NS az
DS o
2wH 11804782 He
FIDRES 0.2963304 Hz
AG 27525120 ssc
RG 59.131E
oW 42.000 usec
DE 10.50 Lsee
TE 3003 K
D1 10.C0000000 sae
ToR
SFO1 A0, 1320007 MHz
MU H
P1 146 50 LBEC
PLW 858040047 W
E2 - Procesaing psrameters
=l
SF 400.13000297 MHz
WowW EM
568 0
LB w10 Hz
GB
PC Toon
J
: ATl
5 b
g B [ol®
o U E=i=]
8a 75 70 65 60 55 50 48 4.0 a5 30 25 a0 15 10 06 pom
1
H-NMR spectra of the copolymer H21-A1.
H

PH ZUHIFER a

a8 KINHERE g

o RmRNODC w

o l A
|

8/ ol 1Els = &
8| 8= a &
¥ ol | =< S it
- - - T - T T - T T T T T T T - T
80 75 70 65 E0 S5 50 45 4D 85 30 25 20 15 10 05 pem

!H-NMR spectra of the copolymer H03—-A412.

Currant Data Paramatars
MAME  424-20-HORODECKA
EXPNO 1

PROCND 1

F2 « Acquisitian Parameters
Dats, 20200821

Time 15230
INSTRUM Avance
PROBHD 7129392 0003 {
PULPROG 7
O 65535
SOLVENT CcOCI3
NS 32

o
SWH 11904.782 Hz
FIDRES 0.352004 Hz
AL 27 585
RG 1at
ow 42000 usec
DE 1050 usec
TE 233
7] 10.00000000 s=c
Tou
SFO1 4001320007 Mz
NUG1 H
P1 16.50 Lse
PLW1 2.58040047 W
£2 - Processing paramatars
El 55536
SF 4001309095 MHz
WowW M
588
LB 010 Hz
Ge
PC 5000



HORODECKA - Al2-H11 - CDCI3 - 3K 1H
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GPC traces of the neat mesogens and of the final copolymers, source data
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GPC trace of the copolymers H03—-A1, H11-41, H21-A1 overlaid with traces of pure Al and pure PDMS.
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Rheological and viscoelastic properties of
low-temperature-meltable elastomers and
smart oils based on linear infinite
copolymers of azo-type mesogens and elastic
polydimethylsiloxane blocks.

S. Horodecka, A. Strachota*®, B. Mossety-Leszczak.



Materials
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Linear infinite PDMS-LC copolymers of azo type: (top): general chemical structure on the
example of a copolymer containing the Al mesogen , (bottom): symbolic representation of the
macromolecules of the studied copolymers with incorporated PDMS ‘spring segments’ H03,

H1l, and H21, as well as of the physical crosslinking in this type of copolymers,; copolymers
with the 412 mesogen have an analogous structure.



Gelation study via T-dependent multi-frequency rheology experiments
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Multi-frequency temperature ramp tests carried out for vitrimeric copolymer H03-Al: (a), (b):
temperature dependence of the storage shear moduli G’, of the loss moduli G”, of the complex
viscosities Eta* recorded at the simultaneously applied frequencies of 1, 2, 4, 8 and 16 Hz; (c), (d): sets
of the tan 6 curves with marked crossover (or near-crossover) points; red signs indicate change in
strain.
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Multi-frequency temperature ramp tests carried out in melting and rubber state of the H11-Al: (a), (b):
temperature dependence of the storage shear moduli G’°, of the loss moduli G”, of the complex
viscosities Eta® recorded at the simultaneously applied frequencies of 1, 2, 4, 8 and 16 H=; (c), (d): sets
of the tan 6 curves, (e), (f): details of the tan 6 curves with marked crossover (or near-crossover) points,

red signs indicate change in strain.



Al-co-H21
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Multi-frequency temperature ramp tests carried out in meliting, rubber and glassy state of the H21-A1l:

(a), (b): temperature dependence of the storage shear moduli G°, of the loss moduli G”,

3

of the complex

viscosities Eta® recorded at the simultaneously applied frequencies of 1, 2, 4, 8 and 16 Hz; (c), (d): sets
of the tan & curves; (e), (f): details of the tan é curves with marked crossover (or near-crossover) points;

red signs indicate change in strain.
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Multi-frequency temperature ramp tests carried out for vitrimeric copolymer H03—-A412: (a), (b):
temperature dependence of the storage shear moduli G°, of the loss moduli G”, of the complex
viscosities Eta* recorded at the simultaneously applied frequencies of 1, 2, 4, 8 and 16 Hz; (c), (d): sets
of the tan 6 curves with marked crossover (or near-crossover) points; red signs indicate change in
strain.



Al2 co-H11
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Multi-frequency temperature ramp tests carried out in melting and rubbery state of the H11-A12: (a),
(b): temperature dependence of the storage shear moduli G’, of the loss moduli G”, of the complex
viscosities Eta* recorded at the simultaneously applied frequencies of 1, 2, 4, 8 and 16 H=; (c), (d): sets

of the tan & curves with marked crossover (or near-crossover) points; red signs indicate change in strain.



Al2 co-H21
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Multi-frequency temperature ramp tests carried out in melting, rubbery and glassy state of the H21-
Al12: (a), (b): temperature dependence of the storage shear moduli G’, of the loss moduli G”, of the
complex viscosities Eta* vecorded at the simultaneously applied frequencies of 1, 2, 4, 8 and 16 H=; (c),

(d): sets of the tan J curves with marked crossover (or near-crossover) points; red signs indicate change

in strain.



Disconnection of the physical network by hish mechanical strain
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All data: Disconnection of the physical crosslinks in H03-A1 by mechanical strain: strain-
dependence of storage (G’) and loss (G”) modulus of HO3—-A1 at the temperatures from -80 to +50°C.



Al-co-H11
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All data: Disconnection of the physical crosslinks in HI1-A1 by mechanical strain: strain-
dependence of storage (G’) and loss (G ') modulus of H11-A1 at the temperatures from -90 to +80°C.



Al-co-H21
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All data: Disconnection of the physical crosslinks in H21-A1 by mechanical strain: strain-
dependence of storage (G') and loss (G ') modulus of H21-A1 at the temperatures from -100 to 0°C.
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All data: Disconnection of the physical crosslinks in H03—412 by mechanical
strain: strain-dependence of storage (G’) and loss (G”) modulus of H03—A12 at
the temperatures from -80 to +70°C.



Al12-co-H11
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Kinetics of gelation upon abrupt cooling of melt
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Full data set: Kinetics of the change in storage (G’) and loss (G”)
modulus (kinetics of physical gelation) upon cooling molten H03-A1

Srom 100°C down to different temperatures ranging between -80°C

and +30°C; the course of the temperature of the plates between

which the sample was loaded is also depicted.
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Full data set: Kinetics of the change in storage (G') and loss (G”) modulus (kinetics of physical
gelation) upon cooling molten H21-A1 from 100°C down to different temperatures ranging between
-100°C and +20°C; the course of the temperature of the plates between which the sample was loaded is
also depicted.
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Full data set: Kinetics of the change in storage (G’) and loss (G”) modulus (kinetics of physical
gelation) upon cooling molten H11-412 from 120°C down to different temperatures ranging between
-60°C and +100°C; the course of the temperature of the plates between which the sample was loaded is
also depicted.
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Full data set: Kinetics of the change in storage (G°) and loss (G") modulus (kinetics of physical
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-100°C and +50°C; the course of the temperature of the plates between which the sample was loaded is

also depicted.



High-frequency stiffening and self-healing effects

All data: Frequency-stiffening of HO03-A1 observed in frequency sweep tests (1 mHz to 100 Hz)
conducted at temperatures between -50 and +40°C; the strain amplitude was different in each
Sfrequency decade, ranging from 50% at 1 mH= to 1% at 100 Hz, the effect of strain-induced damage to
the network, as well as of its recovery between the frequency decades is clearly visible, especially in
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All data: Frequency-stiffening of HII-A1 observed in frequency sweep tests (I mH= to 100 Hz)

conducted at temperatures between

-60 and +20°C; the strain amplitude was different in each

requency decade, ranging from 50% at 1 mH= to 1% at 100 H=.
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All data: Frequency-stiffening of H21-Al observed in frequency sweep tests (1 mHz to 100 Hz)
conducted at temperatures between -80 and -20°C; the strain amplitude was different in each
Jfrequency decade, ranging from 50% at 1 mHz to 1% at 100 H-.
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All data: Frequency-stiffening of HO03—A12 observed in frequency sweep tests (1 mH= to 100 H=)
conducted at temperatures between -20 and +350°C; the strain amplitude was different in each
frequency decade, ranging from 50% at 1 mH= to 1% at 100 H=; the effect of strain-induced damage to
the network, as well as of ils recovery between the frequency decades is clearly visible, especially in
case of G, G” curves at lower temperatures.
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All data: Frequency-stiffening of HII-A412 observed in frequency sweep tests (1 mH= to 100 Hz)
conducted at temperatures between -10 and +100°C; the strain amplitude was different in each
frequency decade, ranging from 50% at 1 mH= to 1% at 100 H=, the effect of strain-induced damage to
the network, as well as of its recovery between the frequency decades is clearly visible, especially in
case of G’ curves at lower temperatures.
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=== [oss modulus G”

All data: Frequency-stiffening of H21-A12 observed in frequency sweep tests (1 mHz to 100 Hz)
conducted at temperatures between -80 and +80°C; the strain amplitude was different in each
frequency decade, ranging from 50% at 1 mH= to 1% ar 100 Hz, the effect of strain-induced damage to
the network, as well as of its recovery between the frequency decades is clearly visible, especially in
case of G’ curves at lower temperatures.



Appendix 6:




Thermo-reversible and soluble elastomers based
on linear infinite copolymers of polyaromatic
mesogens and elastic polydimethylsiloxane
blocks.

S. Horodecka, A. Strachota*, B. Mossety-Leszczak, B. Strachota, M.
Slouf, A. Zhigunov, M. Vyroubalova, D. Karikova, M. Netopilik,
Z. Walterova.



Experimental

Amounts of the components used in the synthesis of
‘infinite’ alternating copolymers of PDMS and linearly
bonded LC units of aromatic polyester type “M12”.

c ; Sample name
omponen
P M12-H03 M12-Hl11 M12-H21
[g] 0.5 0.5 0.5
[mmol] * 1.78 1.78 1.78
M12
wt% 47.38 32.12 10.63
Vol% ! 43.56 29.53 9.9
[g] 0.5553 - -
[mmol] * 1.78 - -
HO03
wit% 52.62 - -
Vol% ! 56.44 - -
[g] - 1.057 -
- [mmol] * - 1.78 -
wt% - 67.88 -
Vol% ¢ - 70.47 -
[g] - - 4.202
[mmol] * - - 1.78
H21
wit% - - 89.37
Vol% * - - 90.1
Toluene [g] 2.956 2.956 2.956
Karstedt's | [g] 0.0087 0.0087 0.0087
catalyst [mmol] 0.02 0.02 0.02




Experimental

Amounts of the components used in the synthesis of ‘infinite’
alternating copolymers of PDMS and linearly bonded LC units of
aromatic polyester type “M22".

Sample name
Component
M22-H03 M22-H11 M22-H21
[g] 0.5 0.5 0.5
[mmol] * 1.46 1.46 1.46
M22
wt% 52.25 36.47 12.62
Vol% * 48.36 33.71 11.76
[g] 0.4576 - -
# - -
HO3 [mmol] 1.46
wt% 47.75 - -
Vol% £ 51.64 - -
2] - 0.8708 -
[mmol] * - 1.46 -
H11
wt% - 63.53 -
Vol% * - 66.29 -
[g] - - 3.463
1 [mmol] * - - 1.46
wt% - - 87.38
Vol% £ - - 88.24
CHCI3 [g] 2.956 2.956 2.956
Karstedt's | [g] 0.0087 0.0087 0.0087
catalyst [mmol] 0.02 0.02 0.02




Experimental

Amounts of the components used in the synthesis of ‘infinite’
alternating copolymers of PDMS and linearly bonded LC units of
aromatic polyester type “M32".

Sample name
Component
M32-H03 M32-H11 M32-H21
[g] 0.5 0.5 0.5
[mmol] * 1.32 1.32 1.32
M32
wit% 54.88 38.96 13.83
Vol% 51 36.12 12.91
[g] 0.4117 - -
% - -
HO3 [mmol] 1.32
wit% 45.12 - -
Vol% 49 - -
[g] - 0.7834 -
[mmol] * - 1.32 -
H11
wt% - 61.04 -
Vol% - 63.88 -
[g] - - 3.116
1 [mmol] * - - 1.32
wit% - - 86.17
Vol% - - 87.09
CHCIl, [g] 2.956 2.956 2.956
Karstedt's | [g] 0.0087 0.0087 0.0087
catalyst [mmol ] 0.02 0.02 0.02




Chemistry of Synthesis

a.m-hydrido-functional PDMS precursors:

CHy CHs CHy
@—Si—o S—0 Si@

|

CHy CH; |

n CHs

H03: n = 66(otal:8.6) = o O
H11: n = 143 (total: 16.3) = OM

H21:  n = 62.4 (total: 64.4)

Divinyl-functional azo-free polyaromatic mesogens:

miz: @@~ Qﬁ(lw@
nez Wﬁ\(‘@*@ P
M32: O'()L@ : 7

CHs

Karstedt’s catalyst solvent

g Lo PR o §]
=2 1 :
CH,—Si—0 O—si

CHa CHsJ

n



Products

O ot B O

: COr O
x-1 . x-1
------------ A y-1
PSSl LC-unit "M12
LC-co-HO03 T\ g LC =
Mi2, M22, M32
LC-co-HIl  ~"\_ o\ o
==
P

LC-co-H21 W

[




Name of the sample Volume % of L.C component *
azo-free linear infinite LC-PDMS copolymers
M12-co-H03 43.56
MI12-co-H11 29.53
M12-co-H21 9.90
M22-co-H03 48.36
M22-co-H11 33.71
M22-co-H21 11.76
M32-co-HO03 51.00
M32-co-H11 36.12
M32-co-H21 1291




Side reactions and stabilization

HzC
e .
Mol
+ X' /
oo SR ——— C G
CH “CH
e G
“cH

s o
o o’

Polymerization of the vinyl groups before, during, and after
the hydrosilylation coupling.

—S8i-H —— —S8i—0H —— —S8i—0—Si—

Oxidative coupling of unreacted SiH groups.

AT

DI

Crosslinked structure based on the one of the infinite linear LC-
PDMS copolymer, in which some of the divinyl-functional-LC
units are oligomerized, and hence polyfunctional instead of
linearly bonding.



Side reactions and stabilization

HaG
A Karstedt HaG
CHa ‘eH
| +  He catalyst 2
~CH:—Si—H L e —— e
/CHz CHa CH;
R:C HaC”

Protection of the terminal vinyl groups in the linear infinite LC-
PDMS copolymers.



Thermo-mechanical properties:

storage modulus G* versus temperature for all of the copolymers with M12, M22 and M3

mesogens.
a) b) c)
107 M12-DMS HO3 10° M22-co-H03 10°, M3-co-H03
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. : : & 1054 —_ & o5l
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=== (Cooling run

= Heating run

DMTA profiles (temperature-dependent storage modulus G’ only) of the copolvmers (a-column) M1I2-
DMS HO3, M12-DMS H11, M12-DMS H21, (b-column) M22-DMS H03, M22-DMS H11, M22-DMS H21,
(c-column) M3-H03, M3-HI1 and M3-H21 recorded in heating and cooling regime.



Thermo-mechanical properties: storage modulus G¢ versus temperature for all of the
pure PDMS: Ho03, H11 and H21.
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Phase transitions in the neat mesogens and copolymers observed by DSC.

M12, neat mesogen

Heat flow [W/g]

Heat flow [W/g]
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DSC traces of the LC mesogen- M12 and copolymers: M12-H03, M12-HI11, M12-H21.



M22, neat mesogen
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DSC traces of the LC mesogen- M22 and copolymers: M22-H03, M22-H11, M22-H21.




Heat flow [W/g]

M3, neat mesogen Cry>Cr, Cr, > SmC
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DSC traces of the LC mesogen- M3 and copolymers: M3-H03, M3-H11, M3-H21.



XRD investigations
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(b)
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(a) -

M32, neat
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PLLM observation of anisotropv and mesophases
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Textures observed in neat M12. Top: heating run; bottom: cooling run.



M12-HO03 heating
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Textures observed in M12-H03. Top: heating run; bottom: cooling run.



M12-H11 heating P weak pattern
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Textures observed in M12-HI11. lop: heating run; bottom: cooling run.



M12-H21 heating

M12-H21 cooling
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Textures observed in M12-H21. Top: heating run; bottom: cooling run.



M22, neat
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Textures observed in neat M22, heating run.



cooling
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Textures observed in neat M22, cooling run.



M22-co-H11
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Textures observed in M22-HI11. Top: heating run, bottom: cooling run.



M22-H21 heating
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Textures observed in M22-H21. Top: heating run; bottom: cooling run.



M3 (neat) heating
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Textures observed in neat M3, heating run.
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M3 (neat) cooling
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Textures observed in neat M3, cooling run.



M3-HO03 heating

30 ,eéawa OO T 15[clesa 03 D0RO0IGLT  AD[C] eBB-03 DOSOOACTT 45 (L] eo8-03 DOSOCBCTIT 50 [C] w6-03 QONMIBEAF 55 [C] £B8-03 D07 1
. ik A . e :

ess-o) i} mm Af 180[C] e6E-03_ 0030320

105 [C] =68-03 1 mmj?: F 210[C eES-DE_DD]IﬂLEth

™ ™ el

M3-H03 cooling

; : i i gl i ] ol T o
$10(C] 06803 D0HNLAT sunc:aswa mmozcm 300 c]-saosucatou;rvf 356 |C] 6803 COSMDOAC T 290 [C] S68.03 0HDAbe F 285 1] e64.03 000G A IA0 [C] ab8-03 DOIOOCAT 275 [C] aS8.03_COMDDBELE 270 |
} ik i s - s : : s

L2 . . : .
JEDICI !EMB 00301100 255 [f] 458 03_ 0oN01Zenl 250 IC1 e68-03_ 003001 3¢ tif 245 [C] 2683 DDB\ﬂlM uf 240 [C} A-C-E-i)i 003015¢.0f 235 [C1e68-03 maml& uvf 230 [I:I #68-03 | mamm -l

Eo H:‘l #68-03 Duiwmrﬂ 160 |c] e DOMDILCHE 155 [c] eoa3 uD]n:la:cuf 150 [ﬂ e60-03 000N 145 [L] eBB03 DOI03AcHt 18

o A B : e B e T
55 (€] 68-03_00H0ATCE 60 [C] 068-03_DUH0SOcHF 55 [C] 068 03_COIDRICHF 50 [C] o68.03_00MD5IT 15 (C] o8 03_00I0SIe A

Textures observed in M3-HO03. Top: heating run, bottom: cooling run.



M3-H11 heating
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Textures observed in M3-HI11, heating run.
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Textures observed in M3-H21. Top: heating run; bottom: cooling run.
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Evaluation of conversion of the PDMS during hydrosilylation reaction by means of FTIR.

a) M12-DMS H03 b) M12-DMS H03
100 W{T
=
= 50+
0- —— DMS HO3 Si-H
— r\DA"\lnzs gg/?s HO3 e i1e- DMS HoS |
4000 3500 3000 2500 2000 1500 1000 500 2400 2300 2200 2100 2000 1900
v[em™] v [em™]
c) . d)
M12-DMS H11 M12-DMS H11
100 T{
100’ ‘-"—"'--..,_—-
9 9
- Si-H —
0{——DMS H11 ——DMS H11 Si-H
— M12-DMS H11 ——M12-DMS H11 a
T T T T T T 1 80 T T T T 1
4000 3500 3000 2500 2000 1500 1000 500 2400 2300 2200 2100 2000 1900
v[em™] v[em™]
e) f)
| M12-DMS H21 M12-DMS H21
100 -
100 —
l-:- 50 Si-H —
Si-H
i —DMS H21
4=
80 N T T T T T = T T 1
4000 3500 3000 2500 2000 1500 1000 500 2400 2300 2200 %100 2000 1900
v[em™]

v[em™]

Spectroscopic evaluation of the completion of the hydrosilyvlation reaction: (a), (c), (e): FTIR spectra of
pure PDMS and of LC-PDMS copolymers with M12 as mesogen, (b), (d), (). highlighting the

disappearance of the Si-H as zoomed inlay
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Spectroscopic evaluation of the completion of the hvdrosilylation reaction: (a), (c), (e): FTIR spectra of
pure PDMS and of LC-PDMS copolymers with M22 as mesogen, (b), (d), (f). highlighting the
disappearance of the Si-H as zoomed inlay
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Spectroscopic evaluation of the completion of the hvdrosilylation reaction: (a), (c), (e): FTIR spectra of
pure PDMS and of LC-PDMS copolymers with M3 as mesogen; (b), (d), (f): highlighting the

disappearance of the Si-H as zoomed inlay



TH-NMR: Purity of

L.C components and products.
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H-NMR spectrum of the pure M22 mesogen with assigned peaks.
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IH-NMR spectrum of the pure M3 mesogen with assigned peaks.
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{H-NMR spectra of the copolymers (top): M12-H03; (bottom): M12-H11.
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1H-NMR spectra of the copolymers (top): M12-H21; (bottom): M22-HO3.
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{H-NMR spectra of the copolymers (top): M22-H1l1; (bottom): M22-H21.
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{H-NMR spectra of the copolymers (top): M3-HO3; (bottom): M3-H11.
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{H-NMR spectra of the copolymer M3-H21.



Molecular mass analysis of the copolymers, as well as of the L.C precursors.

Intensity [a.u.]

Voltage [mV]

M12 mesogen M22 mesogen ] M3 mesogen
2 z]
gL Il o
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
Time [min ] Time [min ] Time [min.]
M12 mesogen M22 mesogen ﬂ M3 mesogen
\ | J L
10" 107 10° 10° 105 10° 107 10° 10°  10' 107 10° 10° 10° 10° 107 10° 10°  10' 10° 10° 10° 105 10° 107 10° 10°
Molecular mass [g/mol] Molecular mass [g/mol] Molecular mass [g/mol]
MI12
flow rate
nr. Max.RT Start RT End RT correction Mp Mn Mw Mz PD I[mV] I[%]
X 36.75 32.07 41.54 1 971 850 943 1230 1.1097 677.92 100
M22
flow rate
nr. Max.RT Start RT End RT correction Mp Mn Mw Mz PD I[mV] I[%]
X 36.30 30.51 39.35 1 1287 1009 1151 1954 1.1407 43047 100
M3
flow rate
nr. Max. RT Start RT End RT correction Mp Mn Mw Mz PD I[mV] 1[%]
X 36.34 34.51 39.32 1 1495 1323 1446 1568 1.0927 531.18 100

GPC trace of pure M12, M22 and M3.



GPC trace of the copolymers: M12-H03, M12-H1l and M12-H21.

M12-DMS HO03 M12-DMS H11 I| M12-DMS H21
z d ‘ g
% % copolymer (ELSD) % ] [—— copolymer (ELSD)
S | aboymertives0) S | om0 3 ] [ e vzs)
_ﬁ:g:og:wsn:g{? mesogen M12 /\/\ ! mesogen M12
— ¥ AN NZANE
& a7\ T
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Time [min ] Time [min.] Time [min.]
M12-DMS HO03 M12-DMS H11 M12-DMS H21
— _ = —— M12-DMS H21ELSD
= S 2 L M12-DMS H21 UV250
2 2 ——M12DMS H11 ELSD > ——DMS H21
= ——WT2DVMSHOSELSD| = b M12DMS H11 UV250| 5 —— M12 mesogen
2 L M12DMS HO3UV250| 2 —DMS H11 S
£ ——DMS H3 £ [——M12 mesogen £
- ——M12 mesogen - |
- ¢
10" 10 10* 10* 10° 10° 107 10%® 10° 10" 10 10* 10* 10° 10° 107 10° 10° 10" 10% 10° 10* 10° 10% 107 10° 10°
Molecular mass [g/mol] Molecular mass [g/mol] Molecular mass [g/mol]
M12-DMS HO03
flow rate
nr. Max. RT Start RT End RT correction Mp Mn Mw Mz PD I[mV] 1[%]
1 33.47 28.01 36.12 1 7530 6299 16226 41758 2.5759 46.42 67.88
X 36.79 36.12 39.23 1 951 855 916 973 1.0720 2196 32.12
MI12-DMS H11
flow rate
nr. Max. RT Start RT End RT correction Mp Mn Mw Mz PD I[mV] 1[%]
1 32.44 28.05 36.24 1 14345 8391 20149 40997 2.4012 55.01 83.47
X 36.88 36.24 39.65 1 897 822 878 928 1.0673 10.89 16.53
M12-DMS H21
flow rate
nr. Max. RT Start RT End RT correction Mp Mn Mw Mz PD I[mV] I[%]
1 30.70 27.97 3552 1 42287 13541 32314 55708 2.3863 68.03 76.41
X 36.80 35.52 39.56 1 944 1008 1159 1310 1.1494 21.01 23.59
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Malecular mass [g/mol] Molecular mass [gimol] Molecular mass [g/mol]
M22-DMS HO03
flow rate
nr. Max. RT Start RT End RT correction Mp Mn Mw Mz PD I[mV] 1[%]
1 BYNTS 29.02 35.63 1 12868 9028 16436 28788 1.8206 23844 74.74
X 36.56 35.63 38.88 1 1194 1130 1238 1343 1.0956 80.59 25.26
M22-DMS H11
flow rate
nr. Max. RT Start RT End RT correction Mp Mn Mw Mz PD I[mV] 1[%]
1 32.27 2747 3546 1 15917 10826 27170 62147 2.5098 289.92 59.68
X 36.74 3546 39.49 1 978 961 1084 1215 1.1277 195.86 40.32
M22-DMS H21
flow rate
nr. Max. RT Start RT End RT correction Mp Mn Mw Mz PD I[mV] I[%)]
1 31.52 27.59 34.66 1 25441 21676 38268 62667 1.7654 136.86 37.66
X 36.58 3466 38.38 1 1086 1003 1110 1242 1.1073  226.57 62.34

GPC trace of the copolymers: M22-H03, M22-H1l and M22-H21.
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—— M3 mesogen 1 | = mesogen M3 7| —— M3 mesogen
7 A N =4 J‘ = ‘ . . ‘ . . : : .
0 5 10 15 20 25 30 35 40 45 O 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
Time [min] Time [min] Time [min]
M3-DMS HO3 M3-DMS H11 ——M3-DMS H11 ELSD M3-DMS H21
——M3-DMS H11 UV250|
|| ——DMS H11 M3-DMS H21 ELSD
| —M3 mesogen ——M3-DMS H21 UV250
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Molecular mass [g/mol] Molecular mass [g/mol] Molecular mass [gimol]
M3-DMS HO3
flow rate
nr. Max. RT Start RT End RT correction Mp Mn Mw Mz PD I1[mV] I[%]
1 33.21 29.98 35.59 1 9611 8100 12151 17888 1.5001 177.99 74.15
X 36.34 35.59 37.75 1 1370 1159 1225 1289 1.0569 62.06 25.85
M3-DMS HI1
flow rate
nr. Max. RT Start RT End RT correction Mp Mn Mw Mz PD I[mV] I[%]
1 32.99 28.93 35.09 1 10167 11925 21945 37184 1.8402 111.39 15.79
X 36.28 35.09 38.05 1 1307 1127 1212 1296 1.0754 594.24 84.21
M3-DMS H21
flow rate
nr. Max. RT Start RT End RT correction Mp  Mn Mw Mz PD I[mV] I[%]
1 31.85 28.81 35.59 1 23845 14431 24809 37760 1.7191 465.13 74.12
X 36.32 35.59 39.14 1 1511 1297 1391 1477 1.0724 162.40 25.88

GPC trace of the copolymers: M3-H03, M3-H1l and M3-H21.



Characterization of melecular mass of the prepared copolymers, as obtained by GPC; data obtained
for the precursors are also listed for comparison.

Sample GPC: GPC: Mn | GPC: PD | Mn from
Peak from (autom.) producer [g/mol]
maximum | automatic [-]

[g/mol] evaluation
[¢/mol]

Mi12 973 850 1.11 562.736

M22 1 506 1009 1.14 682.842

M3 1370 1323 1.09 758.938

DMS HO03 1759 1 595 1.11 450450

DMS H11 2 157 2105 1.12 1 050450

DMS H21 7 367 5710 1.63 4 5001500

M12-¢o-HO03 7650 6299 2.58 X

M12-co-H11 14 066 8391 2.40 X

M12-¢co-H21 270197 13541 2.39 X

M22-¢0-HO03 12 988 9028 1.82 X

M22-co-H11 14 600 10826 2.51 X

M22-co-H21 26 300 21676 1.77 X

M3-co-HO03 52207 8100 1.50 X

M3-co-H11 10 750 11925 1.84 X

M3-co-H21 3600 ? 14431 1.72 X




Number of macro-monomeric units.

Sample name Number of monoemeric
units
(consisting of LC unit
and PDMS chain)
according GPC
M12-co-H03 5.31
Mi2-co-H11 4.77
M12-co-H21 2.54
M22-co-H03 6.91
M22-co-H11 5.76
M22-co-H21 3.98
M3-co-HO03 5.86
M3-co-H11 6.1
M3-co-H21 2.61




