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Thermal hysteresis of stress and strain in
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Polymer composites of molecular spin crossover complexes have emerged as promising mechanical

actuator materials, but their effective thermomechanical properties remain elusive. In this work, we
investigated a series of iron(i)-triazole@P(VDF-TrFE) particulate composites using a tensile testing stage
with temperature control. From these measurements, we assessed the temperature dependence of the

Young's modulus as well as the free deformation and blocking stress, associated with the thermally-
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induced spin transition. The results denote that the expansion of the particles at the spin transition is
effectively transferred to the macroscopic composite material, providing ca. 1-3% axial strain for 25%
particle load. This strain is in excess of the 'neat’ particle strain, which we attribute to particle-matrix

mechanical coupling. On the other hand, the blocking stress (~1 MPa) appears reduced by the

rsc.li/materials-advances

Introduction

Molecular spin crossover (SCO) complexes of 3d*-3d” transition
metal ions can be reversibly interconverted between their low
spin (LS) and high spin (HS) states using different external
stimuli (such as temperature, pressure and light irradiation).">
When switching the spin state of an SCO molecule from the LS
to the HS state, the antibonding e, orbitals are populated at the
detriment of the non-bonding t,; orbitals of the metal ion
which is concomitant with a (reversible) elongation of the
metal-ligand bond lengths.” In molecular crystals, the LS to
HS transition is therefore accompanied by a substantial expan-
sion of the lattice: up to 22% in volume and up to 11%
uniaxial.*® This huge transformation strain has motivated
research to harness different forms of energy into useful
mechanical work via the SCO phenomenon, with potential
applications in robotic, biomedical and nano-technologies.”>*

In this context, embedding SCO particles into polymer matrices
provides a versatile means for exploiting this mechanical strain in
aCtuating,7,8,11713,15717,19,20,22,23 Sensingg,lo,ll and energy
harvesting'*'® devices. Indeed, a polymer matrix allows for
convenient processing the SCO material, such as dispersions
of microcrystals, nanoparticles, nanorods or molecules, to
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softening of the composite around the spin transition temperature.

obtain functional objects with arbitrary shapes at different size
scales, including both macroscopic and micro/nanoscale
devices.>> %% In addition, SCO particle-matrix mechanical inter-
actions in polymer composites may sizably alter the SCO
properties and can be thus potentially used to fine-tune the
spin transition behaviour. Such matrix effects have notably
been reported on the spin transition temperature, hysteresis
width and kinetic properties.”?** Despite this considerable
practical interest, the current knowledge about the effective
thermomechanical properties of SCO@polymer composites
remains largely incomplete,'®'*"719203%3% making rational
material and device designs difficult. Of particular interest
would be to understand how efficiently one could transform
the elastic strain energy stored in SCO particles’ (up to several
tenths of J em™?) into a force or a stroke in a SCO@polymer
composite material. To investigate this important question, we
report here a thermomechanical analysis (TMA) of a series of
Fe(u)-triazole@P(VDF,,-TrFE;,) particulate composites in the
form of blade-casted, freestanding films. (VDF and TrFE stand
for vinylidene fluoride and trifluoro-ethylene, respectively.) We
use a variable-temperature tensile stage to evaluate the Young’s
modulus of the composites at selected temperatures as well as
to assess the SCO-induced expansion and the stress under
isostress and isostrain conditions, respectively. We selected
iron-triazole family complexes (Fig. 1(a)) for this study for two
main reasons: (i) the important volume change of the unit
cell®®*” and (ii) the SCO above room temperature, which are
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Fig.1 (a) Structure of the copolymer P(VDF-TrFE), (b) scheme of the
iron(i-triazole chain and (c) photo of a dog-bone-shaped sample (pink)
clamped in the tensile stage.

crucial assets for technological applications in actuating devices.
On the other hand, the P(VDF-TrFE) matrix (Fig. 1(b)) was used
mainly for its good processability, either by solvent routes, such
as blade-casting, spin- and spray-coating, or by melting.**"*°

Experimental
Sample synthesis

The synthesis and characterization of nanoparticles of formulae
[Fe(Htrz),(trz)|(BF,) (1), [Fe(Htrz),(trz)og(NH,trz)o1](BF4)i, (2)
and [Fe(Htrz), 5(trz)o.75(NHtrz)o »](BF4)1.25 (3) was described in
ref. 40 (trz = 1,2,4-triazolato), whereas that of [Fe(NH,trz);]SO, (4)
particles was given in ref. 18. We shall note that among the
numerous Fe(u) triazole complexes,*" we opted for compounds 1
and 4 because of their robust and well reproducible spin cross-
over properties and, importantly, because their crystal structure is
known,***? which is not frequent in this family of compounds.
On the other hand, compounds 2 and 3, which can be considered
as derivatives of 1, were added to the study with the aim to more
firmly confirm the main findings. P(VDF-TrFE) with a VDF/TTFE
ratio of 70/30 was provided by Piezotech. The SCO@P(VDF-TtFE)
composites were blade casted using the protocol reported in ref.
19. The films were then annealed at 105 °C for 12 h and finally
brought slowly (2 h) to room temperature. The obtained compo-
site films (1C-4C) have ca. 100 um thickness and a few cm” area.
Since the mass densities of the polymer matrix and the SCO
particles are similar (ca. 1.8-2.0 g cm3), the weight and volume
fractions of the filler can be considered approximately the same
(ca. 25 wt% and 25 vol%). It should be noted that this specific
particle concentration was chosen, based on our actuator device
studies,” as a compromise between small loads (i.e. weak SCO-
induced effects) and high loads with increasing difficulties in
homogeneous particle dispersion.

Characterization methods

The SCO properties of the samples were characterized by differ-
ential scanning calorimetry (DSC) using a Thermal Analysis DSC
2920 instrument with a heating/cooling ramp of 10 °C min .
Temperature and enthalpy were calibrated using the melting
transition of indium. The particle morphology of the SCO pow-
ders was investigated by transmission electron microscopy (TEM)
using a JEOL JEM-1011 instrument. TEM samples were prepared

by placing a drop of the particles suspended in ethanol on a
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carbon-coated copper grid. Scanning electron microscopy (SEM)
images of the composites were obtained by means of a HITACHI
S-4800 electronic microscope operated in secondary electron
mode. The composite films were fractured at liquid nitrogen
temperature to study their cross-section by SEM.

Thermomechanical analysis

The tensile properties of the composites were measured by
cutting the films in dog-bone-shaped probes with a gage zone
of typically L = 5.5 mm in length and W = 2-3 mm in width
(Fig. 1(c)). The thermotensile testing was carried out using a
TST350E tensile stage (Linkam Scientific). Three main tensile
properties were tested: (i) the Young’s modulus (E), extracted
from constant temperature stress-strain curves; (ii) the strain
associated with the SCO phenomenon (gsco), extracted from
temperature cycles under constant stress; and (iii) the blocking
stress associated with the SCO phenomenon (osco), extracted
from temperature cycles under constant strain. All experiments
were done in the axial direction of the gage zone and we report
the average values of at least five measurements.

Prior to the mechanical tests, the samples were submitted to
at least one heating-cooling cycle to avoid the undesirable
effects of the first thermal cycle (solvent loss, stress relaxation,
etc.). The Young’s moduli of the samples were assessed iso-
thermally by increasing and decreasing the strain at a constant
rate of 0.2 pm s~ ' and measuring the resulting force, from
which the engineering stress is calculated. To measure the
thermal expansion (resp. thermal stress), an initial stress (resp.
strain) was applied to the sample held at 45 °C by stretching it
at a rate of 0.2 pm s~ '. Following further 10 minutes stabili-
zation, a heating—cooling cycle was carried out at a rate of
1 °C min ', while keeping the force (resp. distance) constant.
The measurement output is the clamp position (resp. force),
from which the strain (resp. stress) is calculated as a function of
the temperature. Once the maximum temperature is reached,
the probe is left at constant temperature for 5 minutes before
cooling it back to the initial temperature. The thermal cycles
were reiterated with small force (resp. strain) increments in the
linear elastic regime allowing for extrapolation to zero force
(resp. strain). During the TMA measurements, the colour
change arising due to the SCO phenomenon was characterized
in situ by variable-temperature optical reflectivity measure-
ments, using an Olympus BXFM microscope equipped with a
5x magnification lens and a colour camera (Motic).

Results and discussion
Composite microstructure and spin crossover properties

Fig. 2 shows representative TEM images of the various SCO
particles used in our work. Since samples 1-3 consist very similar,
ca. 50 nm mean size particles with broad size distributions and
irregular shapes, only sample 1 is shown (see Fig. S1 in the ESIt
for TEM images of the other samples). On the contrary, sample 4
consists of rod-shaped particles with a mean length of ca. 2 pm
and a mean width of ca. 0.3 um.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Representative TEM images showing the typical particle morphol-
ogies of sample 1 (a) and 4 (b), and representative SEM images showing the
cross-sections of composites 1C (c) and 4C (d).

Representative SEM images of the composites are also shown
in Fig. 2 and Fig. S2 (ESI{). A homogeneous dispersion of the
particles can be observed in each case, without any pronounced
aggregation, thanks to a thorough ultrasonic agitation of the
particle suspension before mixing with the polymer. No prefer-
ential particle orientation is apparent, though one shall note
that the blade-casting process tends to align anisometric
particles.>® The thermal spin crossover properties of the com-
posites have been assessed using DSC measurements (Fig. S3,
ESIt). This technique allows us to assess the spin transition
temperatures (Table 1) and compare the DSC peaks to those
reported for the pure powders in refs. 40 and 18. Albeit small
shifts occur, overall, the spin transition properties of the
particles embedded into the P(VDF-TrFE) matrix remain close
to those of the neat particle powders. Each sample displays
relatively abrupt SCO above room temperature with a large (ca.
10-30 °C) hysteresis loop. Hysteresis is usually a drawback for
actuating purposes because it renders position control more
difficult. It represents, however, a substantial advantage for our
thermomechanical analysis because we can easily distinguish
the effect of SCO on the measured property from ‘ordinary’
thermal expansion effects and we can compare the properties of
the HS and LS forms at the same temperature (in the middle of
the hysteresis).

Young’s modulus of the composites

The Young’s modulus (E) of the composites was extracted from
the early (low strain) portion of their engineering stress (o) vs.
engineering strain (¢) curve using Hooke’s law (Fig. 3(a)):

o= Eg (1)
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The values of E were assessed at different temperatures
below the spin transition (LS state), within the hysteresis region
(both in the LS and HS states) and above the spin transition (HS
state). The temperature dependence of E for sample 3C is
shown in Fig. 3(b), whereas the data for the other samples as
well as for the pure copolymer are shown in Fig. S4, ESI{ and
tabulated in Table 2. At room temperature, the Young’s mod-
ulus of the blade-casted P(VDF,,-TrFE;,) film is 4.3 + 0.8 GPa.
In agreement with recent reports,*® the Young’s modulus of the
copolymer drastically decreases with increasing temperature
and reaches a value of 1.0 £ 0.5 GPa at 80 °C.

Unexpectedly, the Young’s modulus of the composites
remains comparable, within the experimental uncertainty
(approx. £0.5 GPa), with that of the pure copolymer for the whole
investigated temperature range, apparently escaping classical
rules of mixture.** (N.B. The Young’s modulus of the investigated
SCO particles is unknown, but from the available literature data*
we can expect to find it around 10 GPa.) Nevertheless, it is
important to note that the Young’s modulus of the pure P(VDF-
TrFE) is actually not the same as that of the P(VDF-TrFE) matrix
in the composite. In fact, the SCO filler is known to have a
substantial impact on the crystallinity of the P(VDF-TrFE) matrix,
depending on both the nature and the quantity of the SCO
particles.® Hence, the value of E obtained for the pure copolymer
is just a crude estimation of the elastic modulus of the matrix. In
addition, cooling from high temperatures, which is encountered
during the synthesis of the composites, may give rise to imperfect
bonding between the matrix and the particles at low tempera-
tures, reducing thus the transferred load to the particles.

Remarkably, one can depict in Fig. 3(b) a thermal hysteresis
of the Young’s modulus in the temperature range of the spin
transition phenomenon. However, it is important to remind
that the copolymer matrix displays a ferro-paraelectric phase
transition between the so-called 3 and o phases near 105 °C on
heating and 75 °C on cooling (Fig. S3, ESIt). Hence a significant
overlap between the hysteresis loops associated with the LS/HS
and ferro/paraelectric phase transitions occurs, as witnessed by
the DSC thermograms (Fig. S3, ESIt). As a result, the Young’s
modulus measured at 80 °C in the HS phase (i.e. in the cooling
mode) refers to HS particles in the o phase of the matrix,
explaining the drastic softening with respect to the LS particles
in the B phase (measured at 80 °C on heating). We could
unambiguously separate the two phase-transition phenomena
only in the case of composite 4C displaying the lowest SCO
temperature. As a result, for this sample the difference between
the Young’s moduli of the HS and LS forms (measured at 65 °C)
appears less pronounced (Fig. S4, ESIf), which we can

Tablel Composition, morphology and spin transition temperatures on heating (71,2 1) and cooling (Ty/2 | ) of the different composites. (For each sample,
the second thermal cycle is tabulated from the DSC data, because the first cycle is often anomalous)

Sample Particle composition Particle shape Particle mean size (nm) TiT (°C) Ti| (°C)
1C [Fe(Htrz),(trz)](BF,) Irregular ~50 nm 97 69
2C [Fe(Htrz), 1(trz)o s(NH,trz)o 1 ](BF4)1.0 Irregular ~50 nm 82 59
3C [Fe(Htrz), o5(trz)o.75(NH,trz)o o J(BF4)1 25 Irregular ~50 nm 75 58
4C [Fe(NH,trz);](SO.) Rod 2 pm (length) 64 55

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Representative thermomechanical behavior of composite 3C. Heating/cooling are shown by red/blue colors. (a) Stress—strain curve at room
temperature. The straight line is a linear least-squares fit. (b) Young's modulus at selected temperatures. The dashed line is a guide to the eye. (c) Thermal
expansion under a constant tensile force of 0.5 N. The SCO-induced expansion is shown by an arrow. (d) Thermal stress for a constant tensile strain of

0.24%. The blocking stress associated with the SCO is shown by an arrow.

rationalize by the fact that the polymer matrix remains in the
phase through the whole thermal cycle.

Thermal expansion of the composites

The thermal expansion of the composites was analyzed by
measuring the axial strain in the samples as a function of the
temperature under a constant tensile force. These ‘isostress
experiments’ were repeated for different applied stress values
(0.01-4 MPa). Fig. 3(c) shows a representative result for sample
3C, whereas similar data for the other composites as well as for
the pure copolymer are shown in Fig. S5 (ESIt). Far from the
spin transition, the strain is proportional to the temperature
variation allowing the assessment of the coefficients of linear
thermal expansion («) of the composite by linear regression to:

= ﬁ (2)

LAT

where L is the initial length of the sample. The values of «
measured for the different samples (both in the LS and the HS
states) are reported in Table 2. As it can be expected, the thermal
expansion of the composites exhibits slightly reduced values

than that of the pure P(VDF-TrFE) copolymer and shows no
obvious spin-state dependence. On the other hand, the spin
transition in Fig. 3(c) can be clearly spotted as an abrupt increase
(resp. decrease) in the strain when the particles switch from the
LS to HS (resp. HS to LS) state. Since the SCO phenomenon in
the samples is associated with a distinct color change (between
pink and white in the LS and HS states, respectively) we acquired
optical reflectivity signal of the sample gage zone simultaneously
with the strain measurements. The results (shown in Fig. S5,
ESIT) demonstrate clearly the link of the strain hysteresis to the
SCO. It is interesting to note that this hysteresis is similar to that
observed in certain shape memory alloys, polymers and compo-
sites, displaying two-way shape memory effect.*® The strain
associated with the spin transition can be conveniently decon-
voluted from the ordinary thermal expansion thanks to the
thermal hysteresis associated with the SCO phenomenon.
Indeed, we can define the ‘SCO strain’ as the difference of strain
between the HS and LS states, measured at the same tempera-
ture in the middle of the hysteresis loop:

3)

&sco = éus ~ éLs

Table 2 Young's moduli at selected temperatures, thermal expansion coefficients, free expansion and blocking stress associated with the SCO for the

composite samples and the pure copolymer

Sample Eys 25 °C (GPa) Eyig 80 °C (GPa) Eys 80 °C (GPa) oys (ppm K™')  aps (ppm K1) agco (ppm K1) 658 (%) 0500 (MPa)
P(VDF-TrFE) 4.3 1.1 470 N/A

1C 2.6 2.0 0.3 330 230 2600 2.8 >1

2C 4.4 2.2 0.5 370 260 2700 2.2 >1.8

3C 3.8 1.7 0.4 270 290 2500 1.9 0.7

4c 3.4 1.5% 1.0% 220 190 1500 1.1 0.4

*Measured at 65 °C.
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This free expansion is a key characteristic of any actuator
material as it determines the amplitude of movement and the
work output that the actuator could produce. For our compo-
sites, the SCO-related free expansion (e58) was obtained by
extrapolating esco to zero stress (Table 2), but it is important to
underline that neither the SCO strain, neither the SCO tem-
perature displayed any pronounced dependence on the applied,
relatively small forces. The obtained values of glree range
between 1.1 and 2.8%, depending on the nature of the
particles. It is worth to note that this expansion is not fully
reversible upon thermal cycling in each sample, which
indicates deviations from the idealized elastic solid. By differ-
entiating the ¢ vs. T curves, we can assess the thermal expansion
peak at the spin transition, osco, which reaches values between
1500-2700 ppm °C™" in the different samples (Table 2). This
‘colossal’ thermal expansion, exceeding the expansion of ‘ordin-
ary’ materials by 2-3 orders of magnitude, is of great interest for
various applications.*” To analyze these values, in a first approxi-
mation, we can simply assume that es5, is proportional to one-
third of the volumetric expansion of the randomly-oriented
particles at the SCO (AVsco/3V), and the proportionality factor
(f=0.25) equals the particle volume fraction:

free _
ésco =

(AVscol3V) (4)

Taking into account the reported volumetric strain in parti-
cles of 1 (11.4%)° and 4 (4.9%),%” eqn (4) leads to an estimated
&2 of 1% for 1C and 0.4% for 4C, which are nearly three times
smaller than the measured values (2.8% and 1.1%, respec-
tively). This result might seem surprising at first sight, but
actually it derives from well-established thermoelastic theories
of composites. Indeed, as discussed by McMeeking,*® when stiff
transforming particles are embedded into a soft matrix the
resulting effective transformation strain of the composite is
expected to exceed the volume-weighted particle strain
(expressed by eqn (4)). In an isotropic, biphasic composite with
random particle orientation, this amplification is uniquely
determined by the elastic moduli of the constituents and the
composite as:*®

enee, = [KeK. (Ko — Km)(Ke — Kin) J(AVsco/3V)  (5)

where Ky, K, and K, stands for the bulk modulus of the filler,
the matrix and the composite, respectively. Using values of
K¢=12.3 GPa for particles of 4,°° K, = 1.7 GPa for the copolymer
matrix** and the Hashin-Shtrickman bounds®" for the compo-
site (KYPPT = 3 GPa, K°™" = 2.3 GPa), eqn (5) predicts an
SCO-related strain of the composite 4C in the range between
0.5-0.84%. (N.B. For particles 1-3, K; is not known and the
Curie transition in the matrix makes the values of K, uncer-
tain.) These values are still below the measured macroscopic
strain (1.1%), which stems most likely from neglecting particle/
matrix anisotropy. Nevertheless, this basic calculation reveals
clearly the importance of the mismatch of particle-matrix
elastic properties in determining the effective transformation
strain in SCO composite samples.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Blocking stress of the composites

Besides the free expansion, another important characteristic of
an actuator material is the blocking stress. When the material
is free to move, ordinary thermal expansion will not generate
any macroscopic stress. However, if the material is constrained,
heating (resp. cooling) leads to compressive (resp. tensile)
stresses. To investigate this phenomenon, thermomechanical
measurements were performed by imposing a constant, uniax-
ial tensile strain on the samples and measuring the stress
generated upon thermal cycling. These ‘isostrain experiments’
were repeated for different applied strain values (0.01-0.5%). As
shown in Fig. 3(d), far from the spin transition, the constrained
thermal expansion of the 3C composite leads to a linear
decrease (resp. increase) in the stress for increasing (resp.
decreasing) temperatures, whereas the spin transition gives
rise to a more abrupt change of the stress. The other samples
showed similar behavior (see Fig. S6, ESIt), but for samples 1C
and 2C the full blocking stress could not be assessed because
the initial tensile stress was cancelled by the growing compres-
sive thermal stress. We can conveniently define the ‘SCO-
induced blocking stress’ as the difference of stress between
the HS and LS states in the middle of the hysteresis loop
(extrapolated to zero strain) as:

Osco = Ous — OLs (6)

The values of gsco, gathered in Table 2, appear rather small
(ca. 1 MPa). Indeed, one can note here that the gsco/ésco ratio,
which corresponds to the ‘effective modulus’ of the composite
near the SCO temperature, has a value of ca. 0.05 GPa, which is
more than one order of magnitude lower than the Young’s
modulus measured by quasi-static stress-strain measurements.
This observation thus denotes a softening of the material at the
spin transition, explaining the relatively small blocking stress
associated with the SCO. Such elastic softening is a common
characteristic of numerous phase transition materials®> and
was reported also for the SCO compound [Fe(abpt),(NCS),]
(abpt = 4-amino-3,5-bis(pyridin-2-yl)-1,2,4-triazole).>® From a
thermodynamical point of view, such changes of elastic con-
stants can be linked to the coupling of strain to the order
parameter of the transition, but further work will be necessary
to properly assess the origin of this phenomenon.

Conclusions

We have synthesized a series of composites of the copolymer
P(VDF,(-TrFE3,) charged with particles of four different iron-
triazole family complexes. For a 25 w% particle load, we
obtained statistically homogeneous, well-dispersed composites
displaying abrupt, hysteretic spin transitions analogous to the
neat particle powders. We have conducted a systematic inves-
tigation of the interplay between the SCO phenomenon and the
thermomechanical properties of the composites using a tensile
stage. These measurements revealed unambiguous signatures
of the SCO phenomenon in the form of strain/stress/vs. tem-
perature hysteresis cycles. The key experimental finding of this
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work is the observation of an effective transformation strain in
the composites in considerable excess (by a factor of three) with
respect to the volume-weighted SCO particle transformation
strain. We highlighted that the amplification of the strain is a
natural phenomenon if stiff, transforming particles are
embedded into a soft, non-transforming matrix. This finding
opens up interesting perspectives for the engineering of SCO@-
polymer composite actuator properties by adjusting the con-
trast between the particle and matrix elastic properties. On the
other hand, the isostrain measurements revealed relatively
small SCO-induced stress, which we attributed to the elastic
softening of the material around the spin transition.

This work represents the first step towards the fundamental
understanding of the micromechanical behavior of this class of
smart, composite materials. The main perspective here is to
provide essential inputs for the rational design of mechanical
devices (actuators, sensors, harvesters) using the SCO phenom-
enon in hybrid/composite materials. However, for quantitative
predictions it will be important to establish a theoretical model,
which takes into account the constitutive complexity of SCO
materials. Such comprehensive models become relevant only if
the thermoelastic properties of spin crossover materials could
be assessed. This will be therefore a vital task for future work.
Of course, the design space of such smart composites is not
restricted to the effective thermo-elastic properties and volume
fraction of the constituents, but implies implicitly numerous
parameters, such as morphology, orientation, connectivity,
interfacial bonding and so forth,***® providing a wealth of
possibilities both for fundamental research and applications.
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