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Self-assembly of fluoride-encapsulated polyhedral
oligomeric silsesquioxane (POSS) nanocrystalst

Ellen Heeley, ©*2 Youssef El Aziz,® Christopher Ellingford, @©° Albina Jetybayeva,?
Chaoying Wan, @®P Eleanor Crabb, @2 Peter G. Taylor @®*2 and Alan Bassindale®

The self-assembly and crystal packing of a unique series of nanocrystalline fluoride ion-encapsulated poly-
hedral oligomeric silsesquioxane (F-POSS) compounds, with substituted electron-withdrawing group
(EWG) perfluorinated alkyl chain arms of varying lengths, were investigated. The fluorine-encapsulated
Tgl(CH,),,-EWG]gF -18-crown-6-ether-M* and Tg[(CH,),-EWGIgF -tetrabutyl ammonium TBA* com-
pounds with fluorinated alkyl chain arms were synthesized and subsequently analyzed using differential
scanning calorimetry (DSC), thermogravimetric analysis (TGA) and simultaneous small- and wide-angle
X-ray scattering (SAXS/WAXS) techniques. DSC and TGA of the compounds showed that the melting tem-
peratures occurred below 100 °C and the compounds were thermally stable above their melting tempera-
tures. SAXS/WAXS data probed the crystalline structure and self-assembly of the nanocrystalline com-
pounds. At ambient temperatures, the crystalline structures of the compounds were seen to be complex
with triclinic unit cells. On cooling from the melt, the self-assembly of the compounds with shorter fluori-
nated alkyl chain arms is dominated by the ionic attraction between the cages such that the arms form a
disordered state that only reorder on standing. In contrast, the self-assembly of the compounds with lon-
ger fluorinated alkyl chain arms is dominated by the alignment of the arms into rod-like morphologies such
that a fully ordered solid is formed from the melt. Electrical characterization has revealed that the POSS
cages exhibited an insulating behavior. The POSS cages with or without fluoride ion encapsulation had sim-
ilar AC conductivities but cages without fluoride ion encapsulation have the highest relative permittivity.
The results show that due to the inorganic-organic-ionic nature of the F-POSS ion encapsulated com-
pounds and nanocrystalline self-assembly, they have great potential as interfacial compatibilizers enhancing
the miscibility of polymer composites and aiding interactions between polar and non-polar solvents as
ionic liquids.

that the presence of strongly electron-withdrawing groups on
the alkoxysilanes, EWG-(CH,),-Si(OEt); (where n = 1-3 and the

Polyhedral oligomeric silsesquioxanes (POSS) are cage-like
nanosized building blocks with the general formula (RSiO3),),,,
usually abbreviated as R,T,, where the organic substituents
attached to the silicon-oxygen cage-like core can have a wide
variety of functionality and high thermal stabilities."™ The
most common POSS cages are the cubic silsesquioxanes, that
is, the Tg cages, which have the formula (RSiO;.)s.” Re-
cently, we have synthesised and characterised a series of POSS
compounds where a fluoride ion becomes entrapped inside
the cage.®® Along with Haddad and coworkers,” we found
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electron-withdrawing group EWG contains an Si-Csp® bond),
facilitates the formation and encapsulation of the fluoride an-
ion in a silsesquioxane cage, where the counter ion is tetra-
butylammonium (TBA") or crown ether-M* (Fig. 1)."®'" In the
unit cell, each cage-encapsulated fluoride ion is associated
with the counter ion where the packing depends upon the
most efficient space filling arrangement of the cation and an-
ion depending upon the nature of the arms attached to the
cage.

The tetrabutylammonium species shows only ionic interac-
tions between the charged species. However, in the metal/
crown ether species the single crystal X-ray diffraction-
determined structures have demonstrated the presence of a
1D and a 2D polymeric assembly of Tg[(CH,),-EWG]sF -18-
crown-6-M' (where M' is K" or Rb") with linkages via the
electronegative group of the EWG and the cation via the free
face of the crown ether complex.

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Synthetic route to Tg[EWG-(CHy)nlgF -crown ether-M* or Tg[EWG-(CHy)nlgF TBA*.204

The electrostatic interactions between charged groups and
van der Waals forces of the organic chains attached to the
POSS cage can influence the structure and bulk properties of
the materials. The attractive forces between the cation and
the anion fall off with distance as the cages prevent any inti-
mate contact; however, we are interested in how the ionic na-
ture of these compounds influences their nanocrystalline
self-assembly. We have carried out similar studies in the past
examining how the length of the alkyl arm attached to the
cage affects the nature of the crystalline packing in the solid
state.">™* With long arms (>Cg) the molecules form rod-like
nanocrystalline structures. The molecules pack together effi-
ciently, stacking in a lamellar or bilayer fashion with no
interdigitation of one molecule with another. Further studies
on the miscibility and dispersion of long n-alkyl chained
substituted POSS compounds when blended with polyethyl-
ene (PE), showed that the miscibility and dispersion of the
POSS moieties in the PE matrix increased as the n-alkyl-chain
arm length increased. The POSS moieties also acted as nucle-
ating agents for the crystallization of the polymer matrix.">"®

Here, we report on the thermal and small- and wide-angle
X-ray scattering (SAXS/WAXS) studies of the heating and
cooling of these unique F-POSS encapsulated compounds to
investigate how the order and nanocrystalline packing mor-
phology change with temperature. In addition, we have also
investigated the electrical properties and thus the relative im-
portance of coulombic interactions in these compounds. In
this instance we have synthesized a series of POSS cages with
perfluorosubstituted arms having varying chain lengths as
the electron-withdrawing group, the anion F~ being encapsu-
lated inside the POSS cage and complexing cations of 18-
crown ether-M" or TBA". The SAXS/WAXS data have given in-

This journal is © The Royal Society of Chemistry 2019

sight into the self-assembly and nanocrystalline packing of
the POSS compounds and TGA/DSC has shown how the Ty, is
reduced significantly compared with that of the non-fluorine-
encapsulated POSS compounds. The electrical characteriza-
tion has also shown that the synthesized POSS cages with and
without fluoride ion encapsulation have similar AC conductiv-
ities but that the cages without fluoride ion encapsulation
have the highest relative permittivity of up to 40 at 106 Hz.

Hence, the results presented here show how these
F-encapsulated POSS systems have the potential for further
applications in aiding interactions between polar and non-
polar solvents and as inert ions in electrochemical methods.
Also, due to their molecular ionic organic-inorganic interfa-
cial nature they are attractive nanofillers for polymer mate-
rials, improving stability and electrical conduction, as well as
enhancing the compatibilization and miscibility of nano-
composite materials.

2. Experimental
2.1 Materials

Encapsulated fluoride ion (F)/POSS compounds were pre-
pared using tetrabutylammonium fluoride with the appropri-
ate perfluoroalkyltrialkoxysilane.'® The corresponding metal/
crown ether compounds were prepared in a similar fashion
using the metal fluoride salt, the crown ether and the appro-
priate perfluoroalkyltrialkoxysilane.'* The perfluoroalkyl POSS
compounds without fluoride entrapment were synthesized
according to Mabry et al.'” All compounds obtained from the
synthesis were white crystalline solids at room temperature.
The perfluoroalkyl arms Tg[CH,CH,(CF,),CF;] used were
chosen with n = 3, 6, 8 and 10, and are denoted as TBAFC;,
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TBAFCs. TBAFCg and TBAFC,,; similarly, compounds pre-
pared with 18-crown-6-K" and the same fluorinated alkyl arms
are denoted as CrownCj;, CrownCg, CrownCg and CrownCj;
POSS cages Tg without any F~ ion encapsulation, but with the
same fluorinated alkyl arms, are denoted as Cz;, C¢ and Cg
herein.

2.2 Thermal analysis

Differential scanning calorimetry (DSC) was performed on
the samples using a Mettler Toledo DSC1 Star® system. The
samples underwent heating-cooling cycles from room tem-
perature to beyond their melting points at a rate of 10 °C
min~'. The melting temperatures (T,,,) and crystallization
temperatures (T.), were obtained from the DSC thermograms.
Isothermal crystallizations were performed on the Crown Cq
and Cg samples at 50, 55 and 60 °C, where the samples were
heated to above the T, and then quenched at 50 °C min* to
the isothermal crystallization temperature and held for 60
minutes.

Thermogravimetric analysis (TGA) was carried out using a
Mettler Toledo TGA1 Star® system under a flow of nitrogen
(100 cm® min™"). Samples were prepared by adding a mass of
between 5 and 10 mg into 70 pl alumina pans. The samples
were then heated from 25 °C to 450 °C at 10 °C min™".

2.3 Electrical characterization

Impedance measurements were carried out using a Princeton
Applied Research Parstat MC with a PMC-2000 card and a
two-point probe between 10° and 10° Hz on the powdered
sample at 20 °C.

2.4 Synchrotron X-ray measurements

Small- and wide-angle X-ray scattering (SAXS/WAXS) measure-
ments were performed on the XMaS (BM28) beamline at the
European Synchrotron Radiation Facility (ESRF),'® France,
and SAXS measurements on beamline 122 of the Diamond
Light Source Synchrotron, UK." Both had an X-ray beam en-
ergy of 12.0 keV. At XMaS (BM28, ESRF), SAXS and WAXS
data were collected on a 2D MAR-CCD detector calibrated
with silver behenate. For SAXS, a chamber flushed with
helium was positioned between the sample position and the
detector reducing air scattering and absorption with a length
of 1500 mm. The sample-to-detector distance was 340 mm
for WAXS. Samples were sealed in aluminium DSC pans
fitted with mica windows (25 um thickness, 7 mm @) and
housed in a Linkam DSC600 heating stage which was posi-
tioned vertically in the incident X-ray beam before the SAXS
chamber. Static 2D SAXS and WAXS data were collected for
10 s at a temperature of 30 °C. Time-resolved SAXS/WAXS
data were obtained for the heating and cooling of samples.
Samples were heated to temperatures above their melting
points at a rate of 10 °C min " and held at this temperature
for 60 s, then cooled at 10 °C min to 30 °C. The SAXS/WAXS
data collection was obtained throughout the heat-cool pro-
cess at a rate of 10 s per frame.
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At 122 (Diamond Light Source), SAXS data was recorded
using a Pilatus P3-2M detector located at a distance of 3300
mm from the sample position. An evacuated chamber reduc-
ing air scattering was positioned between the sample and de-
tector. The detector was calibrated using dry collagen. Sam-
ples were housed in a Linkam DSC and similar heat-cool
experimental protocols and SAXS detection frame rates were
used as described above.

2.5 SAXS/WAXS data analysis

SAXS and WAXS data were normalized for sample thickness,
transmission and background scattering. X-ray data reduc-
tion and analysis was performed using CCP13 FibreFix*° and
DAWN?>"?? software packages. Both 2D SAXS/WAXS data were
reduced to 1D scattering profiles of intensity (I) versus scat-
tering vector (q), where g = (4n/2) sin (0), 20 is the scattering
angle and 1 is the X-ray wavelength, by sector averaging
around the beam stop by a fixed angle and radius, g. The
SAXS data peak positions (Dyax) Were determined by the rela-
tionship Dyax = 27/q.

3. Results and discussion
3.1 Thermal analysis of the POSS compounds

The DSC thermograms for all compounds were recorded dur-
ing the heat-cool cycles at 10 °C min™' and are shown in
Fig. 2. The data presented here are from the first heat-cool
cycle. This was done to investigate the initial reordering and
recrystallization processes occurring in the samples and how
on further heating-cooling cycles over a period of time sam-
ples recrystallize (discussed later in this section). Table 1 col-
lates the melting temperature T;, and crystallization tempera-
tures 7. from the DSC thermograms. In Fig. 2A and B, the
heat-cool thermograms for the TBAF compounds are shown.
The high melting point of TBAFC; compared to the other
POSS-TBAF compounds has been attributed to complex Si-F
symmetrical contacts on packing.® However, as the fluori-
nated alkyl chain arm length increases from Cg to C;, the Ty,
is seen to increase again. This trend has also been seen in Ty
POSS compounds with long linear alkyl arms and is attrib-
uted to increasing molecular weight of the alkyl chains,
greater intermolecular forces and crystalline ordering of the
arms.'>'*?* For TBAFC; a shoulder is seen on the broad
melting peak that can be ascribed to melting or reordering of
different crystalline fractions. As the fluorinated alkyl arm
length increases the melting peak becomes less broad and no
shoulder is observed, indicating the melting of one type of
well-ordered crystal fraction. Similarly, on cooling (Fig. 2B),
the T. values decrease with decreasing arm length and
TBAFC, shows no obvious recrystallization or reordering of a
crystalline phase. For the crown compounds (Fig. 2C), again
the T,, mainly increases with increasing fluorinated alkyl
arm length, but the melting peak is broader as the arm
length increases, indicating a less well-ordered crystalline
structure. CrownCg shows a double melting peak similarly to
TBAFCs.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 DSC thermograms of (A) heating of TBAF compounds; (B) cooling of TBAF compounds; (C) heating of crown compounds; and (D) cooling
of crown compounds. POSS without F~ ion encapsulation (E) heating cycle and (F) cooling cycle.

On cooling, CrownC,, shows a double crystallization peak
which can be attributed to either two different crystalline
fractions recrystallizing and reordering in the compound or
reordering of the POSS molecules and then the ionic compo-
nent at different temperatures. CrownCg and CrownCg do not
show any crystalline structure reoccurring on cooling,
whereas CrownC; gives a broad recrystallization peak.
Fig. 2E and F show a comparison of melting and crystalliza-
tion behavior in the POSS cages with fluorinated alkyl arms,
but without any F~ ion encapsulation. Here, an opposite ef-
fect is seen, where as the fluorinated alkyl arm length in-
creases the Ty, decreases. Similar results have been reported
for fluoroalkyl functionalized POSS compounds, which are at-
tributed to the minimization of van der Waals interactions
between the POSS-POSS cores.>*>

In Table 1, the value of T, reported for the C; fluorinated
POSS compound shows a very high but broad melting point of

Table 1 DSC heating and cooling data for TBAF, crown and pure POSS
compounds

221 °C. Similarly, Mabry et al.'” reported a high Ty, for this
compound between 234 and 237 °C. Hence, where short fluori-
nated alkyl arms are attached to the POSS core the T}, is domi-
nated by POSS-POSS interactions and so is raised significantly.

The data in Table 1 and Fig. 2 confirm that the F -
encapsulated POSS-crown and POSS-TBAF compounds have
low melting points (mainly below 100 °C analogous to
ILs**7%), in comparison to the POSS compounds without F~
ion encapsulation, whereas the Tj, values increase with in-
creasing fluorinated alkyl chain arm length. This suggests
improved packing density as the arm length increases and
the reduction (greater isolation) of ionic interaction between
the F~ ion and the cation. On cooling from the melt, recrys-
tallization occurs in the POSS-TBAF compounds when the
fluorinated alkyl chain arm length is >Cg, indicating that the
increasing alkyl chain arm length drives the reassembly of
crystalline arrangement of the molecules. However, the
shorter POSS arm lengths (Ce) show a less ordered packing
density and on cooling go to a disordered state, which may
reorder over time.

The POSS-crown compounds with alkyl chain arm lengths

Compound Tm/°C T./°C of C;o show a reordering on cooling of two distinct, crystal-
TBAFC, 143 _ line fractions; this could suggest the self-assembly of the
TBAFC, 40.3 — ionic network and then the POSS alkyl chain arms. However,
TBAFCg 58.9 42.1 CrownCg and CrownC, show no initial recrystallization on
TBAFCyo 6.3 776 cooling and so are assumed to be in a disordered state. The
CrownCs; 78.9 63.0 . . . . _
CrownCs 82.2 (85.2) _ crystalline packing in the POSS compounds without any F
CrownCq 81.2 — ion encapsulation returns on cooling;this self-assembly is
CrownGyo 94.1 73.9(64.7)  driven by the fluorinated alkyl chain arms. As the arm length
gz ﬁ;(l) 1_18.9 increases a rod-like assembly has been observed for both
Cs 125.3 117.8 fluoroalkyl functionalized POSS and n-alkyl-substituted nano-
Cio 46.0 — crystalline POSS cages.'>"?

This journal is © The Royal Society of Chemistry 2019
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To investigate the crystalline reordering of the CrownCg
and CrownCg samples, we heated and cooled the same sam-
ples a week apart in the DSC. Fig. 3A shows the heating ther-
mograms of the samples where both CrownCs and CrownCg
show that melting occurs on the first run and then again a
week later. The melting peaks are broader after a week, indi-
cating that full reordering into the initial crystalline state
does not completely occur. For CrownCg, the main T;, peak
occurs at a similar temperature: first run 82 °C, second run
(one week later) at 83 °C. For CrownCg, the first run T, is 79
°C, and on the second run this is reduced to 53 °C, again
showing that reordering of the crystalline state occurs over
time but is less ordered compared with the first run.

Fig. 3B shows the re-cooling process; for both crown sam-
ples, again we observe that in the first run no reordering of a
crystalline state occurs. However, the crystalline state does re-
order over time (as observed in the heating cycle after a
week). The re-cooling of the crown samples after a week
shows once again that the crystalline state does not return
immediately. Hence, heating and cooling the same crown
samples a week apart does verify that the reordering into a
crystalline state occurs but is a slow kinetic process. To con-
firm this, we performed isothermal DSC runs on the samples
(see thermograms in Fig. S1 in the ESIT), where they were ini-
tially melted and quenched to crystallization temperatures of
50, 55 and 60 °C, and then kept at this temperature for 60
minutes to establish if any recrystallization occurs at con-
stant temperature below T,,,. However, all the isothermal crys-
tallization thermograms were flat, indicating that no obvious
reordering or recrystallization occurred.

To investigate the thermal stability of the POSS
F-encapsulated compounds in comparison to those without F~
ion encapsulation, TGA was performed on the samples when
heating to 450 °C. Example TGA curves are shown in Fig. 4.

In Fig. 4A, the onset of sublimation temperature (7s) for
POSS compounds without F~ ion encapsulation ranges from

View Article Online
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240 to 350 °C and is a one-step process.’> The highest value
of T is observed for the C; compound and as the fluorinated
alkyl chain arm length increases the T is seen to decrease.
This can be attributed to the increased POSS-POSS cubic core
interactions being enhanced due to the short-fluorinated al-
kyl chain arms, thus limiting the thermal motion of the arms
compared to longer chain arm lengths. Fig. 4B and C show
the TGA curves for TBAF and crown compounds, respectively,
which have multiple decomposition processes. The initial de-
composition temperatures (T4) for TBAFC, and CrownC; have
values of 160 and 170 °C, respectively. The decomposition
process in these compounds has been attributed to the
weight loss of the TBAF or 18-crown cation. This is then
followed by a second decomposition process of the weight
loss of the fluorinated alkyl chain arms."" For the TBAF com-
pounds, increasing the fluorinated alkyl chain arm length
gives increased values of T4. Hence, here the increased arm
length, and assumed packing, gives greater stability of the
compounds. This is also mirrored in the T, values which in-
crease with increasing fluorinated alkyl chain arm length.
Hence, the POSS F ion encapsulated compounds show good
thermal stability beyond their low meting points.

3.2 Self-assembled packing structure of POSS samples
characterized by X-ray scattering techniques

To investigate the crystalline structure and molecular packing
of the compounds further, static 2D SAXS/WAXS patterns
were taken at 30 °C. Fig. S2 in the ESIf shows the individual
2D SAXS/WAXS data from all samples tested. However, in or-
der to obtain a better view of the scattering data and linked
dimensions, 1D profiles were taken for the SAXS and WAXS
data. The 1D SAXS/WAXS profiles obtained from the 2D data
(Fig. S2t) are given in Fig. 5.

In Fig. 5, the 1D SAXS and WAXS profiles are quite complex
certainly for the TBAF and crown compounds, showing many
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Fig. 3 DSC thermograms of (A) heating and (B) cooling of CrownCg and CrownCg samples over a week.
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Fig. 4 TGA curves of (A) POSS compounds without F~ ion encapsulation, (B) TBAF compounds and (C) crown compounds.

peaks in all cases. The high number of peaks in the WAXS
profiles usually indicates a complex unit cell and for these
compounds, it is reasonable to assume that they all have tri-
clinic unit cells, as reported in our previous single crystal
X-ray work®'"" for TBAF and crown compounds where single
crystals could be obtained. For POSS without F~ ion encapsu-
lation compounds, triclinic crystalline unit cells have also
been reported'” from single crystal analysis for these
compounds.

Table S1 in the ESIf collates the major SAXS/WAXS peak
distances from the 1D profiles in Fig. 5. For TBAFC;, single
crystal X-ray data were previously reported,® where the tri-
clinic unit cell had the following dimensions: a = 14.5 A, b =
15.9 A, ¢ = 16.7 A, & = 93.2° f§ = 108.9°, y = 114.6°. Similarly,
single crystal X-ray analysis of CrownC; gave a triclinic unit
cell'* with dimensions a = 9.5 A, b = 12.4 A, ¢ = 14.2 A, o =
67.5°, f=89.0°, and y = 85.4°. Comparing the two crystal unit

cells, CrownC; is generally smaller than TBAFC3;; this can be
attributed to contraction of the SizO,, cage framework'""!
and the greater ionic nature of CrownCj;, having more of a
point charge structure compared with TBAFC;.

The general self-assembled molecular packing of TBAFC;
and CrownC; is shown in Fig. 6, with dimensions relating to
single crystal X-ray analysis (see Fig. S3 in the ESIf for unit
cell projection on molecular packing diagrams).>**

For TBAFC;, major SAXS peaks are seen at ~13.5 A, corre-
lating to the molecular length scale of the molecule, and at
15.8 A and 16.7 A, which correlates with the unit cell dimen-
sions and molecular packing of the molecule in Fig. 6A. As
previously reported, the crystal packing of the TBAFC; com-
pound shows complex Si-F interactions with neighbouring
POSS molecules and the fluorinated alkyl chains tend to
spread out around the POSS cage giving a star or disk-like
packing morphology.®'* Similarly, for CrownCj;, the major
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Fig. 5 1D SAXS/WAXS profiles of samples at 30 °C (profiles are offset vertically for clarity). (A and B) SAXS and WAXS of TBAF compounds,
respectively; (C and D) SAXS and WAXS of crown compounds, respectively; (E and F) SAXS and WAXS of POSS without F~ ion encapsulation

compounds, respectively.
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Fig. 6 Self-assembled molecular packing diagrams of (A) TBAFCs and (B) CrownCs compounds including dimensions (in A) obtained from signal

crystal X-ray analysis.®**

Fig. 7 Molecular packing diagrams of (A) TBAFCg and (B) CrownCg compounds including dimensions (in A) obtained from signal crystal X-ray

analysis.>**

SAXS peaks at ~22.6 A and ~17.2 A (Table S1 in the ESLF),
are correlated to the molecular length scales and packing
depicted in Fig. 6B. Here, the molecular packing is more or-

716 | CrystEngComm, 2019, 21, 710-723

dered, and expanded nanoscale network structures are seen
as the crown ether cation acts as a linkage between the POSS
cages.
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Fig. 7 shows the molecular self-assembled packing and as-
sociated dimensions for both TBAFCs and CrownCg systems.
Again, some of the packing distances in TBAFC, such as 32.5
A, 18.8 A and 12.5 A can be correlated to the SAXS and WAXS
data in Table S1 in the ESLj} as well as single crystal unit cell
dimensions. For CrownCg, single crystal data of the triclinic
unit cell had dimensions of @ = 13.6 A, b = 14.6 A, ¢ = 14.9.7
A, a=69.6° f = 83.1°, y = 61.9° (see Fig. S4 in the ESI} for
unit cell projection on molecular packing diagrams).>**

The POSS core-core distance is seen as 32.5 A and the
TBA" cation-to-cation distance is 12.5 A. For CrownCs, molec-
ular packing distances at 20.4 A and 16.8 A again correspond
to similar distances from SAXS/WAXS data in Table S1.f The
molecular length scale is 20.4 A and the diagonal crown
K"K' is 16.8 A (as previously reported from single crystal
X-ray analysis®). As before, the crown ether compounds tend
to form regular 1D and 2D polymeric nanocrystalline packing
networks, via the cation linkages, which is not as evident in
the TBAF compounds. An example of the 2D polymeric net-
work packing (from single crystal X-ray analysis') in
CrownC; and CrownCs compounds is shown in Fig. 8. The
packing diagrams with unit cell projections are also shown in
the ESL} Fig. S3 and S4. Generally, from the data in Table
S1,f the length scales of the molecular packing are smaller in
the POSS-crown than the POSS-TBAF compounds, which
again is due to the point change nature of the molecular
ionic structure allowing closer ionic associations, whereas
the POSS-TBAF compounds have a more distributed ionic
charge, and ionic associations are not so strong.

Fig. 9 shows a comparison of molecular packing and asso-
ciated dimensions in the POSS compounds with fluorinated
alkyl chain arms but no F~ encapsulation. In Fig. 9A1 and A2,
the molecular structure and packing of the C; are shown, re-
spectively. The fluorinated alkyl chain arms radiate out from
the POSS cage core to give a symmetrical star- or disk-shaped

View Article Online
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molecule; the packing shows long-range Si--F interactions,
close POSS-POSS cage interaction and interdigitation of the
arms. This packing affords the high melting temperature of
this compound. As the fluorinated alkyl chain arms increase
in length from C4 to Cg (Fig. 9B and C), the molecular struc-
ture changes and the arms point away from the POSS cage
around a face in a rod-like geometry. The molecules then
pack in layers or a lamellar type of morphology where the
POSS-POSS cage interaction decreases with increasing arm
length. The packing is now dominated by the self-assembly
of the fluorinated alkyl chain arms and held together by van
der Waals interactions, and thus the melting temperature is
significantly reduced. Similar packing is seen in POSS
substituted long n-alkyl chain compounds.****

From the DSC data (Table 1 and Fig. 2 and 3), we saw that
on re-cooling from the melt, the crystalline structure in some
of the POSS-TBAF and POSS-crown compounds did not im-
mediately return, and these were likely to be in a disordered
state. To investigate the return of the self-assembled nano-
crystalline structure in the compounds SAXS data were
obtained during the DSC heating-cooling process.

Fig. 10 shows a selection of the heat-cool 1D SAXS profiles
for TBAFCg, TBAFC,;, and CrownCj,. In Fig. 10A, the major
SAXS peaks for TBAFCg gradually disappear on heating and
are gone at 61 °C. Hence, the crystalline packing structure
has disordered and melted for the compound (at T,, ~59 °C).
On cooling (Fig. 10B), a small peak at ¢ ~ 0.3 A" (length
scale of 21 A) in the SAXS profiles returns at a temperature of
<42 °C, which indicates that some reordering of the crystal-
line structure occurs; however, the structure is less ordered
than before the melt and the length scale is likely to be the
repeat distance of the TBAFCg molecule with a rod-like geom-
etry. Similarly, Fig. 10C and D show the heat-cool SAXS pro-
files for TBAFC;,. Again, the SAXS peaks disappear on
heating at 96 °C (Ty, of TBAFC,, is ~96 °C) and reappear on

Fig. 8 2D polymeric network packing in (A) CrownCs and (B) CrownCg compounds from single crystal X-ray packing analysis.**
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Fig. 9 Estimated molecular dimensions and packing scenarios of POSS with fluorinated alkyl chain arms: (Al and A2) Cs arm length, (B1 and B2)

Cg arm length and (C1 and C2) Cg arm length.
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cooling by ~60 °C. The three major peaks in the SAXS all
reappear on cooling where the peak at ¢ ~ 0.22 A™ (length
scale of 28 A) will correlate again to the TBAFC,, molecular
length scale where ordering occurs in a rod-like geometry.
Fig. 10E and F show the heat-cool SAXS profiles of CrownCj,.

718 | CrystEngComm, 2019, 21, 710-723

020 025 03 035 01 015 020 025 030 035 040 045

q/A"

Heat-cool 1D SAXS profiles. (A and B) TBAFCg; (C and D): TBAFC,o; (E and F) CrownCj. Profiles are offset on the vertical axis for clarity.

Disorder and melting occur at 94 °C (T, of CrownCy, is 94
°C) and on cooling major peaks return, where the peak at g
~ 0.31 A™* (length scale of 20 A) is likely to represent the mo-
lecular reordering packing length scale. For CrownCj;, similar
disorder-reordering of crystalline structure is observed from

This journal is © The Royal Society of Chemistry 2019
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the SAXS peaks during heating and cooling (see Fig. S5 in the
ESIY).

The SAXS profiles for the three compounds TBAFCg,
TBAFC,, and CrownCy, (Fig. 10) show that the crystalline
structure reorders and returns on cooling, although they may
not be as well ordered before heating due to the lack of SAXS
peaks. In contrast, as seen in the DSC data (Fig. 2 and 3,
Table 1), the crystalline structure does not return on cooling
for some of the compounds, such as TBAFCs, CrownCe and
CrownCg; this is also confirmed in the SAXS/WAXS profiles
during the heating-cooling of these compound as the crystal-
line peaks all disappear on heating above their melting
points but do not return (see SAXS/WAXS heat-cool data in
Fig. S6-S9 in the ESIT). It should also be noted that the crys-
talline structure returns on cooling for the POSS compounds
without F~ ion encapsulation (see Fig. S10 and S11 in the
ESIY}); this indicates that the molecular ordering and packing
as shown in Fig. 9 is restored. From the DSC (Fig. 3) and
SAXS/WAXS data, the lack of crystalline structure returning
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on cooling (from above the melting points) in TBAFCs,
CrownCg and CrownCg confirms the disordered nature of
these compounds (reordering several days later), whereas the
crystalline structure returns on cooling for the TBAFCg,
TBAFC;, and CrownCy,.

3.3 Electrical properties of POSS compounds.

Impedance measurements for POSS cages without F~ ion en-
capsulation, with F ion encapsulation and TBAF or crown cat-
ion, revealed significant differences in their behaviours.
Fig. 13 shows plots of conductance, phase angle, relative per-
mittivity and tand, performed over a frequency sweep range
of 10°-10° Hz, for POSS with fluorinated alkyl chain arms
(without F~ ion encapsulation). In Fig. 11A, all samples
exhibited very similar relative AC conductivities at 10° Hz
and 10° Hz of 1 x 10°* Sm™ and 1 x 10™* S m™*, respectively.
Increasing the polar side-chain arm length to Cs, Cg or Cyg
did not result in a significantly higher conductivity compared
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Fig. 11 Change in (A) AC conductance, (B) phase angle, (C) relative permittivity and (D) tand, over a frequency sweep range of 10°-10° Hz, for
POSS compounds with fluorinated alkyl chain arms (without F~ ion encapsulation).
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to Cz. All of the cages maintain a phase angle of approxi-
mately -90° (Fig. 11B), demonstrating that these compounds
remain insulating throughout the frequency sweep.

The relative permittivity (Fig. 11C) was also elucidated from
the impedance measurements and showed a greater diversity
between the compounds. The C; POSS cage showed the highest
relative permittivity of 13.8 at 10° Hz, attributed to a higher
packing density of the cages increasing the capacitance. The
Cs, Cg and C; cages all showed a very similar relative permittiv-
ity of 8.5, 9.5 and 8.7, respectively. As the frequency is in-
creased, the relative permittivity of the cages increased dramati-
cally. At 10° Hz, this was between 37 and 40 for C;, Cs and Cy.
A smaller increase in relative permittivity to 20 was observed
for Cg. Overall, this increase demonstrates that the capacitance
of the compounds increased at higher frequencies probably
due to the alignment of the fluoride alkyl chain arms under the
increased frequency of the electric field and the inability of the
POSS cages to respond to the alternating frequency.

All of the compounds show a large tand loss at 10° Hz
(Fig. 11D), the same region at which the relative permittivity
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begins to increase. This supports the suggestion that the in-
crease in capacitance is due to an alignment of the fluoride
arms and the inability to respond to the electric field
frequency.

In comparison, Fig. 12 shows plots of conductance, phase
angle, relative permittivity and tand, performed over a fre-
quency sweep range of 10°-10° Hz, for TBAFC,,. This com-
pound has a remarkably similar AC conductivity to that of
the C;o POSS cage without F~ ion encapsulation (Fig. 11A).
The only obvious difference is that there is a sharp decrease
in the AC conductivity at 7 kHz by several orders of magni-
tude, followed by its recovery. This drop is attributed to the
fluoride ion entrapment and restriction of movement of the
TBAF cation by the side chain arms on the POSS cages. The
phase angle (Fig. 12B) shows that TBAFC,, remains insulat-
ing across the entire frequency range.

The relative permittivity for TBAFCy, is 9.9 at 10° Hz
(Fig. 12C), a small improvement compared to the C;, POSS
cage without F~ ion encapsulation. The relative permittivity
increased to 21 at 10° Hz. In Fig. 12D, tanJ also showed the
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Fig. 12 Change in (A) AC conductance, (B) phase angle, (C) relative permittivity and (D) tand, over a frequency sweep range of 10°-10° Hz, for

TBAFCypo.
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Fig. 13 Change in (A) AC conductance, (B) phase angle, (C) relative permittivity and (D) tand, over a frequency sweep range of 103-106 Hz, for

CrownCs3, CrownCg and CrownCg compounds.

same decrease at 7 kHz as that observed in the AC conductiv-
ity. The peak at 10° Hz is also observed for the alignment
transition of the fluoride alkyl chain arms on the cage.

When the cation is changed to crown ether, the com-
pounds still exhibit the same decrease in AC conductivity at
specific frequencies; this varies based on the side arm length
of the cage. Fig. 13 shows plots of conductance, phase angle,
relative permittivity and tano, performed over a frequency
sweep range of 10°-10° Hz, for CrownC,;, CrownCg and
CrownCg compounds.

For the CrownC; cage, this drop off in conductivity
(Fig. 13A) occurs at 2.5 kHz for CrownCg at 10 kHz and for
CrownCg y at 23 kHz. This again supports the premise that
this peak is caused by the counter ion no longer able to re-
spond to the frequency of the electric field and shows that
it is affected by the fluorinated alkyl chain arm length. The
shorter fluorinated alkyl chain arm length on the POSS
cages means that they are able to pack closer together and
thus the counter ion movement is inhibited at a lower fre-
quency. With increasing fluorinated alkyl chain arm length,

This journal is © The Royal Society of Chemistry 2019

the POSS cages are packed less densely so the counter ion
is able to move more freely until higher frequencies. Inter-
estingly, CrownCg compound shows a more conductive na-
ture as the phase angle (Fig. 13B) of this cage shows a devi-
ation from 90° towards 10° Hz, and a higher AC
conductivity by one order of magnitude compared to the
other crown compounds.

The relative permittivity (Fig. 13C) was similar at 10°> Hz at
7.2, 8.5 and 8.5 for CrownC;, CrownCs and CrownCg com-
pounds. This increased for all crown compounds at higher
electric field frequencies. However, for the conducting
CrownCg compound, the increase was only to 11.3. This is
due to the conductive nature of CrownCg, preventing charge
from being stored as a capacitor. Finally, tan ¢ (Fig. 13D) for
the crown compounds shows the same behaviour as that ob-
served for a TBAFC,,. Tanod drops dramatically at the same
frequencies as observed in the AC conductivity, attributed to
the restriction of counter ion movement. In addition, a simi-
lar peak at 10° Hz is observed as with the TBAFC,, and POSS
cages without F~ ion encapsulation.
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3.4 Overall summary of results

The driving-force for the self-assembled nanocrystalline
reordering is the increasing length of the fluorinated alkyl
chain arms in these compounds. These will tend to separate
and align (increasing rod-like geometry), and thus the pack-
ing density is efficient. The compounds with shorter fluori-
nated alkyl chain arms tend not to reorder on cooling; this is
due to the lack of efficient packing of the POSS. Here, the
ions may tend to assemble ‘freezing’ in the disorder before
the fluorinated alkyl chain arms can assemble and pack effi-
ciently, although this reordering and crystalline structure
does return over time (being a slow kinetic process). Hence,
these compounds tend to fall into two distinct assembly pat-
terns, those which self-assemble into a regular nanocrystal-
line morphology due to the efficient packing of the fluori-
nated alkyl chain arms, and those where the ionic assembly
is favoured and the fluorinated alkyl chain arms tend to be
disordered. The potential ionic liquid nature of the com-
pounds with F~ ion encapsulation is also confirmed with the
decreasing melting temperatures (below 100 °C), in compari-
son to the POSS cages with no F~ ion encapsulation, which
have higher melting points. The ionic packing and self-
assembled structures in the TBAF compounds are less com-
plex, due to their distributed charge, than the crown com-
pounds, which have a more point-like charge in the mole-
cules. Finally, the electrical characterization revealed that the
POSS cages all exhibited an insulating behaviour with a typi-
cal conductivity of 1 x 10°® S m™ at 10° Hz, except for
CrownCg, which showed a higher conductivity. Overall, the
relative permittivity was highest for the POSS cages without
F ion encapsulation. Encapsulation of the F~ ion appeared
to reduce the compounds' capacitance behaviour due to a
lower relative permittivity. Tané shows a peak at 10° Hz for
all compounds, which is attributed to the inability of the
fluoride arms to respond to the increased electric field fre-
quency. This is also observed in the phase angle where the
out-of-phase response from the cages deviates further from
-90° at 10° Hz. The AC conductivities for the encapsulated F~
ion compounds all showed a characteristic drop in conductiv-
ity at different frequencies. This is attributed to the restric-
tion of the response of the counter ion to the electric field.
The reason this occurs at different frequencies is due to a dif-
ference in packing of the POSS cages from the differing
lengths of the fluorinated alkyl chain arms.

4. Conclusions

Here, using combined thermal, SAXS/WAXS techniques, we
have shown the self-assembled packing and crystalline nano-
structure development in a series of POSS compounds where
the F anion is encapsulated inside the POSS cage and
complexed with TBA" or a crown ether cation outside the
cage. From TGA and DSC, the melting temperatures of these
compounds were below 100 °C (considerably lower than
those of the POSS compounds without F~ ion encapsulation)
and showed thermal stability above Ty,. The reduction in
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temperature is indicative of the nature of these ionic com-
pounds. Furthermore, the stability of the F~ ion encapsulated
POSS compounds was seen to increase as the fluorinated al-
kyl chain arm length also increased due to increased molecu-
lar packing efficiency. The self-assembled packing morphol-
ogy of the compounds was found to be of two types which
was dependent on the length of the fluorinated alkyl chain
arms: the self-assembly of a rod-like morphology was ob-
served with long fluorinated alkyl chain arms (Cs-C,o), and
the ordered structure was seen to return when cooled from
the disordered melt. Those compounds with shorter fluori-
nated alkyl chain arms (C;-Cs) showed a lack of crystalline
reordering on cooling from the melt, remaining in a disor-
dered state which is attributed to the favoured ionic assembly
of the ions rather than the fluorinated alkyl chain arms.
Reordering of the nanocrystalline structure was seen to occur
over several days at room temperature. Electrical characteri-
zation revealed that all POSS compounds exhibited an insu-
lating behavior. The POSS cages with or without fluoride ion
encapsulation had similar AC conductivities but cages with-
out fluoride ion encapsulation have the highest relative per-
mittivity. Due to their ionic nature and organic-inorganic
nanocrystalline structure, these POSS compounds lend them-
selves to many applications such as interface molecules to
aid compatibilization and miscibility and as nanoscale fillers
in polymer materials.
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