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We present a DSC and X-ray scattering study investigating the effect of polyhedral oligomeric 

silsesquioxane (POSS) block crystallinity on the self-assembly of a poly(acryloisobutyl polyhedral 
oligomeric silsesquioxane)- b -poly(ethylene oxide)- b -poly(acryloisobutyl polyhedral oligomeric 

silsesquioxane) (POSS-PEO-POSS) triblock copolymer and poly(ethylene oxide)- b - poly(acryloisobutyl 
polyhedral oligomeric silsesquioxane) (PEO-POSS) diblock copolymers mixed with lithium 

bis(trifluoromethanesulfonyl)imide salt. The POSS block in all copolymer/salt mixture organizes 
into a rhombohedral crystal, similar to that of the POSS homopolymer. Semicrystalline polymer/salt 
mixtures favor morphologies with flat interfaces ( i.e ., lamellae) despite the asymmetric nature of the 

copolymers; PEO/salt volume fractions range from 0 to 0.85. Coexisting lamellae and hexagonally 

packed cylinders as well as coexisting lamellae with different domain spacings are seen in many 

copolymer/salt mixtures wherein the POSS block is amorphous. Morphological phase transitions in 

these systems are seen in the vicinity of the POSS crystallization temperature. 
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1 Introduction 

The self-assembly and phase behavior of block copolymers is
a subject of continuing interest. It is generally believed that
the morphology obtained in these systems is governed by four
parameters: copolymer composition, chain length, molecular
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List of Symbols 

CYL hexagonally packed cylinders morphology 
d domain spacing (nm) 
d CYL domain spacing of hexagonally packed cylinders 

(nm) 
d LAM 

domain spacing of lamellae (nm) 
d LAM,I domain spacing of first lamellar phase (nm) 
d LAM,II domain spacing of second lamellar phase (nm) 
DIS disordered morphology 
f CYL fraction of hexagonally packed cylinders grains 
f EO volume fraction of PEO microphase 
f EO/LiTFSI volume fraction of PEO/LiTFSI microphase 
I X-ray scattering intensity 
LAM lamellar morphology 
LAM / CYL coexisting lamellar/hexagonally packed 

cylinders morphology 
LAM / LAM coexisting lamellar/lamellar morphology 
L cry crystallite size (nm) 
M EO molecular weight of the poly(ethylene oxide) 

unit (kg mol –1 ) 
M i molecular weight of species i (g mol –1 ) 
M P molecular weight of the polyhedral oligomeric 

silsesquioxane unit (kg mol –1 ) 
M PEO molecular weight of the poly(ethylene oxide) 

block (kg mol –1 ) 
M POSS molecular weight of the polyhedral oligomeric 

silsesquioxane block (kg mol –1 ) 
N degree of polymerization 

N i degree of polymerization of species i 
q scattering vector (nm 

–1 ) 
q ∗ scattering vector at the primary scattering peak 

(nm 

–1 ) 
q 1 ∗ scattering vector at the first primary scattering 

peak (nm 

–1 ) 
q 2 ∗ scattering vector at the second primary scattering 

peak (nm 

–1 ) 
r salt concentration ([Li] [EO] −1 ) 
S √ 

3 q ∗ SAXS invariant centered around q = 

√ 

3 q ∗
S 2 q ∗ SAXS invariant centered around 2 q ∗

S T SAXS invariant at q = q ∗ of the SAXS profile 
calculated at temperature, T 

S Tmax SAXS invariant at the maximum temperature 
T temperature ( °C) 
T c POSS block crystallization temperature ( °C) 
T m 

POSS block melting temperature ( °C) 
w POSS weight fraction of POSS block 
X c relative percent crystallinity of POSS block 
x molecular weight of PEO chain (kg mol –1 ) 
y molecular weight of the POSS chain (kg mol –1 ) 

Greek 
�H m 

Enthalpy of melting of the POSS block (J g −1 ) 
θ X-ray scattering angle 
λ X-ray wavelength (1.2398 Å) 
 

v EO molar volume of ethylene oxide monomer unit 
(nm 

3 ) 
v i molar volume of unit i (nm 

3 ) 
v POSS molar volume of POSS monomer unit (nm 

3 ) 
v ref reference volume (0.1 nm 

3 ) 
ρi density of unit i (g cm 

−3 ) 
ρPEO density of PEO chain (g cm 

−3 ) 
ρPOSS density of POSS chain (g cm 

−3 ) 

rchitecture (diblock versus triblock copolymer), and Flory 
uggins interaction parameter, χ . Microphase separation is 
bserved when χN exceeds a critical value [1] . This is, however,
nly true for systems wherein both blocks are amorphous; 
ost of the systematic experimental and theoretical studies 

n this field have focused on this case [2–6] . In a pioneering
tudy, Whitmore and Noolandi predicted the phase behavior 
f systems wherein one of the blocks was semicrystalline, 
ssuming that only lamellar morphologies would be obtained 

7] . This assumption is reasonable as semicrystalline polymer 
hains fold into lamellar motifs which are commensurate with 

he self-assembled lamellar morphology [8–10] . It is important 
o distinguish between lamellae formed by folded crystalline 
olymers which are obtained in both homopolymer and 

lock copolymers and lamellae formed by block copolymers 
ue to microphase separation. However, relatively few studies 
ave been conducted on such systems [11–13] . Compared to 

morphous systems, our knowledge of the factors that control the 
orphology of semicrystalline block copolymers is limited. For 

nstance, it is not clear if a semicrystalline block copolymer can
e disordered ( i.e . one of the blocks forms crystals but the block
opolymer does not exhibit microphase separation). 

There is a growing interest in the morphology of block 
opolymers with added salt due to their potential applications 
s solid electrolytes in rechargeable batteries [14] . The ions 
re segregated in the amorphous block, usually poly(ethylene 
xide) above the crystalline melting temperature. The mechanical 
roperties of these electrolytes are controlled mainly by the 
onconducting block. While in principle the nonconducting 
lock could be either glassy or semicrystalline, most studies to date
ave focused on glassy blocks such as poly(styrene) [ 15 , 16 ]. 

In this paper, we study the effect of added salt on morphology
n three hybrid organic-inorganic block copolymers: two 

oly(ethylene oxide)- b -poly(acryloisobutyl polyhedral oligomeric 
ilsesquioxane) (PEO −POSS(x-y)) diblock copolymers and a 
oly(acryloisobutyl polyhedral oligomeric silsesquioxane)- b - 
oly(ethylene oxide)- b -poly(acryloisobutyl polyhedral oligomeric 
ilsesquioxane) (POSS-PEO-POSS(y-x-y)) triblock copolymer (x 

nd y refer to the molecular weight of the PEO block and the POSS
lock in kg mol −1 rounded to the nearest whole number). The
hemical structures of PEO-POSS and POSS-PEO-POSS are shown 

n Scheme 1 a and b. The first diblock copolymer, PEO-POSS(5–2), 
ontains PEO and POSS blocks with molecular weights of 5 

nd 1.9 kg mol −1 , respectively. The second diblock copolymer, 
EO-POSS(10–4) is similar but has double the molecular weight 
PEO and POSS blocks with molecular weights of 10 and 3.8 kg
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Fig. 1 

Hybrid organic-inorganic copolymer chemical structure cartoons. Triblock copolymer, POSS-PEO-POSS(2–10–2) is cut in half to make the smaller diblock copolymer, 
PEO-POSS(5–2), and is rearranged to form the larger diblock copolymer, PEO-POSS(10–4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

mol −1 , respectively). The triblock copolymer, POSS-PEO-POSS(2–
10–2), contains a PEO chain flanked by POSS segments, and the
molecular weights of the PEO and POSS blocks are 10 and 1.9 kg
mol −1 , respectively. The volume fraction of the PEO block, f EO , is
0.76 in all three block copolymers. The salt used in this study is
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI). It has been
noted that the self-assembly of triblock copolymers is similar to
that of diblock copolymers obtained by cutting the chains in
the middle [17–21] . PEO-POSS(5–2) and POSS-PEO-POSS(2–10–2)
allow for the study of this effect. Comparing PEO-POSS(10–4)
and POSS-PEO-POSS(2–10–2) enables a study of the effect of
molecular architecture (diblock versus triblock copolymers) at
fixed volume fraction and chain length. The three polymers are
shown in Fig. 1 . 

This paper is a part of a series studying the morphology
and thermodynamic properties of PEO and POSS-containing
copolymers. In ref [22] , we discuss the reversible order-to-disorder
transition upon heating in a PEO-POSS(5–1)/salt mixture using
SAXS and NMR. In ref [23] , we analyzed the phase behavior of a
series of PEO-POSS(5–2)/salt mixtures as a function of temperature
and salt concentration. In ref [24] , we determined the morphology
of a series of PEO-POSS diblock copolymer/salt mixtures of
varied molecular weight, volume fraction, salt concentration, and
temperature. The morphology was interpreted using χ determined
by analyzing the scattering from disordered systems. We missed
the fact that the POSS block was semicrystalline in ref [22–24] .
More recently, in ref [25] , we discuss the effect of POSS-block
crystallinity on the reversibility of grain structure changes upon
heating and cooling in one POSS-PEO-POSS(2–10–2)/salt mixture.

In the present study, we begin with a detailed study of
the semicrystalline nature of the POSS block using differential
scanning calorimetry and wide-angle X-ray scattering. This is
followed by determination of the morphology using small-
angle X-ray scattering. We conclude by exposing the effect of

crystallization on morphology. 

 

2 Experimental 
2.1 Materials 
PEO-acrylate ( M PEO = 10 kg mol −1 ), lithium
bis(trifluoromethanesulfonyl)-imide, Li[N(SO 2 CF 3 ) 2 ] (LiTFSI),
tetrahydrofuran, toluene and 1,4-dioxane was purchased from
Sigma-Aldrich. Acryloisobutyl POSS was purchased from Hybrid
Plastics. BlocBuilder MA was kindly provided by Arkema. All
chemicals were used as received. 

2.2 Synthesis 
PEO-POSS block copolymers were synthesized by nitroxide
mediated radical polymerization (NMP). as described in ref
[23] . POSS-PEO-POSS block copolymer was synthesized by atom
transfer radical polymerization (ATRP) as described in ref [25] .
POSS homopolymer synthesis is performed by combining 5 g
acryloisobutyl POSS (5.4 mmol) with 103 mg (0.27 mmol)
BlocBuilder MA and 50 mL 1,4-dioxane. The solution was purged
with N 2 for 30 min. The reaction occurred at 90 °C for 5 h.
The product was cooled, and pure polymer was obtained by
reprecipitating 5 times in cold methanol. Molecular weight was
determined using 1 H NMR spectroscopy. GPC traces the POSS
homopolymer confirm the polymerization of the POSS block. Due
to the complex molecular structure and potential interactions
between the polymer segments and the columns, we only use the
GPC data to confirm the POSS polymerization [ 23 , 25 ]. 

The polymers used in this study are called POSS-PEO-POSS( x-y-
x ) and PEO-POSS( x-y ) where x and y are the molecular weights of
the PEO, M PEO , and POSS, M POSS , blocks in kg mol −1 respectively.
POSS-PEO-POSS and PEO-POSS structures are shown in Scheme 1 .
The overall degree of polymerization ( N i ) of each block was
calculated by 

N i = 

M i 

ρi v re f 
(1)
3 
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Scheme 1 

Hybrid organic-inorganic copolymer chemical structures. a) PEO-POSS chemical structure where POSS repeat units are 2 in PEO-POSS(5–2) or 4 in PEO-POSS(10–4) 
and EO repeat units are 114 in PEO-POSS(5–2) and 228 in PEO-POSS(10–4). b) POSS-PEO-POSS(2–10–2) chemical structure where POSS repeat units are 2 at both 
the chain ends and EO repeat units are 228. 

Table 1 

Characteristics of polymers in this study. 

Polymer M PEO (kg mol −1 ) M POSS (kg mol −1 ) N (120 °C) f EO (120 °C) 

POSS(4) 0 3.72 47 0 
POSS-PEO-POSS(2–10–2) 10 3.72 194 0.76 
PEO-POSS(5–2) 5 1.86 97 0.76 
PEO-POSS(10–4) 10 3.72 194 0.76 

M PEO = molecular weight of the PEO block; M POSS = molecular weight of the POSS block determined by H –NMR; N = chain 
length calculated at 120 °C and monomer reference volume of 0.1 nm 

3 ; f EO = volume fraction of PEO block at 120 °C. 
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here νref is fixed at 0.1 nm 

3 , as described in ref [26] . The overall
egree of polymerization was calculated by 

N = N PEO + N POSS . (2) 

M P and M EO are the molar mass of POSS (929.61 g mol −1 ) and
O monomer units (44.05 g mol −1 ) respectively; v EO and v POSS are
he molar volumes of ethylene oxide monomer units and POSS

onomer units calculated using the following equation 

νi = 

M i 

ρi 
(3) 

here M i and ρi are the molar masses of unit i and density of unit
 , respectively. ρPEO = 1.128 g cm 

−3 [27] and ρPOSS = 1.30 g cm 

−3 

t 120 °C. Volume fraction is calculated by 

f EO = 

νEO 

νEO + 

M POSS M EO 
M P M PEO 

νPOSS 
(5) 

Table 1 shows the polymer characteristics of the three polymers
sed in this study. 

.3 Electrolyte preparation 

olymer/salt mixtures were prepared by mixing each polymer 
ith LiTFSI. All mixtures were prepared in an argon glovebox

MBraun) where H 2 O and O 2 levels were maintained below
.5 ppm. POSS-PEO-POSS and PEO-POSS polymers were dried 

t 90 °C in a glovebox antechamber under vacuum for 48 h.
iTFSI salt was dried at 120 °C for 72 h under active vacuum. Dry
olymer and dry LiTFSI salt were then dissolved into THF and the
olutions were well-mixed at 55 °C for 24 h. Once dissolved, THF
as evaporated at 60 °C for 24 h. The homogenous polymer/salt
ixtures were further dried on a hotplate at 90 °C for 48 h, then

ransferred to the glovebox antechamber and additionally dried 
 

nder vacuum for 72 h at 90 °C to remove residual solvent. The
ry electrolytes color ranged from clear to milky white to pale
ellow at room temperature with a solid or waxy consistency. Salt
oncentrations are calculated by the ratio of lithium to ethylene 
xide monomer units ( r = [Li] [EO] −1 ). 

.4 Differential scanning calorimetry 
amples were hermetically sealed using Tzero aluminum pans 
nd lids in an argon glovebox. Differential scanning calorimetry 
DSC) thermograms were obtained by 2 heating and cooling 
ycles with 20 °C min 

−1 heating rates and 2 °C min 

−1 cooling
ates using a Thermal Advantage Q200 calorimeter at the 

olecular Foundry, Lawrence Berkeley National Laboratory. The 
emperature ranged from −90 to 160 °C. Melting and glass 
ransition temperatures were ascertained by analyzing the second 

eating scan and crystallization transition temperatures was 
scertained by analyzing the first cooling scan using TA Thermal 
dvantage software. 

.5 Small and wide-angle X-ray scattering 

he morphologies and crystallinity of the electrolytes were 
etermined by small-angle X-ray scattering (SAXS) and wide-angle 
-ray scattering (WAXS) respectively. Sample preparation took 
lace inside an argon glovebox. Neat polymers and polymer/salt 
ixtures were heated to 120 °C, then pressed into 1 mm thick

ubber spacers with a 1/8 in. inner-diameter to create a uniform
lm. The spacers were then sealed inside Kapton windows in 

ustom airtight holders. The samples were annealed at 120 °C 

nder vacuum for at least 48 h. Measurements were performed at
eamline 7.3.3. at the Advanced Light Source (ALS) at Lawrence 
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Fig. 2 

DSC thermograms upon cooling and second heating in a) neat POSS homopolymer and copolymers with salt concentration r = 0.02 b) POSS-PEO-POSS(2–10–2) 
c) PEO-POSS(5–2), and d) PEO-POSS(10–4). Insets in b-d show thermograms at larger temperature range. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Berkeley National Laboratory and beamline 1–5 at the Stanford
Synchrotron Radiation Lightsource (SSRL) at SLAC National
Accelerator Laboratory. Using a custom-built heat stage, samples
were heated in 20 °C to 60 °C increments, from room temperature
up to a maximum of 145 °C, holding temperature at each step
for at least 30 min, and then cooled in increments between 5 °C
and 20 °C. At the end of each temperature step, SAXS/WAXS
measurements were made to establish morphology and confirm
thermo-reversibility of phase behavior. Silver behenate was used
to determine the beam center and sample-to-detector distance.
Two-dimensional scattering patterns were integrated azimuthally
using the Nika program for IGOR Pro-to produce one-dimensional
scattering profiles [28] . Here we report the scattering intensity
as a function of the magnitude of the scattering vector, q
(q = 4 πsin( θ/2) / λ) where θ is the scattering angle, and λ is the
wavelength of the X-rays equal to 1.2398 Å at the ALS and
1.03232 Å at SSRL. 

3 Results and discussion 

3.1 Crystallization of the POSS block 
DSC thermograms of the neat POSS homopolymer is shown
in Fig. 2 a. We observe a melting transition at temperature,
T m 

= 144.4 °C during the heating scan and a crystallization
transition at temperature, T c = 89.5 °C in the cooling scan. In
Figs. 2 b-d, we show typical DSC thermograms of copolymer/salt
mixtures in the temperature range 80 ≤ T ≤ 140 °C, focusing on
the crystallization and melting of the POSS block. Because the
POSS blocks are short, we do not expect chain folding of the
POSS block in any of the block copolymers. The salt concentration
of all three systems is [Li] [EO] −1 = r = 0.02. All three systems
exhibit signatures of POSS melting and crystallization. The insets
in Figs. 2 b-d show the thermograms on a wider temperature scale
where the closed diamonds reflect the melting and crystallization
of PEO domains. In all copolymer/salt mixtures, the DSC peaks
associated with the PEO melting and crystallization are much
more pronounced than those associated with POSS melting and
crystallization. 

WAXS intensity, I ( q ), is obtained from POSS homopolymer at
selected temperatures, plotted as a function of the magnitude of
the scattering vector, q in Fig. 3 a . The sample was heated from
room temperature from 25 to 141 °C. The sharp peaks at q = 5.9
nm 

−1 , 7.9 nm 

−1 , and 8.9 nm 

−1 observed at 25 °C and 85 °C
indicate the presence of the crystalline phase. These peaks give
way to an amorphous halo at 141 °C. This scattering pattern
indicates the rhombohedral packing of the POSS macromonomer
crystal [29–37] . The peak visible at q = 4.0 nm 

−1 , is due to
the Kapton widows and is apparent in all of the WAXS scans.
When the sample is cooled from 141 °C to 85 °C, the crystalline
peaks are sharper than those obtained during the heating scan
[34] . 

WAXS profiles of POSS-PEO-POSS(2–10–2) r = 0.02 ( Fig. 3 b)
at 25 °C reveal three peaks similar to those found in the POSS
5 
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Fig. 3 

WAXS intensity is plotted as a function of the magnitude of the scattering vector, q, in a) neat POSS homopolymer as well as copolymer/salt mixtures at r = 0.02, 
b) POSS-PEO-POSS(2–10–2), c) PEO-POSS(5–2), d) PEO-POSS(10–4). Profiles are shifted vertically. Scans are performed upon heating from 25 °C to 141 °C in 
approximately 60 °C increments, then cooled to 85 °C, with temperatures indicated on the right. Triangles indicate peaks characteristic of POSS crystallization 
centered at q = 5.9 ± 0.2 nm 

−1 . 
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omopolymer ( Fig. 3 a) at q = 6.1 nm 

−1 , 8.1 nm 

−1 , and 9.0 nm 

−1 .
his indicates that the POSS block packs into a rhombohedral
rystal structure as was the case for POSS homopolymer. Heating
he sample to 85 °C results in peaks at q = 5.9 nm 

−1 and 7.9
m 

−1 . The relative locations of these peaks are similar to the peaks
btained at 25 °C indicating that the POSS-rich microphase is
rystalline at temperatures between 25 and 85 °C. The size of the
nit cell at 85 °C is slightly larger than that at 25 °C. Heating the
ample further to 113 °C results in significant broadening of the
eak at q = 5.9 nm 

−1 while the peak at q = 7.9 nm 

−1 remains
ore-or-less unchanged. This suggests that some planes in the 

OSS crystal structure disorder more readily than others as the
elting transition is approached [10] . The scattering profile at

41 °C has one broad scattering peak that we attribute to the
olten POSS-rich microphase. When the sample is cooled from 
 

41 °C to 85 °C, the first peak centered at q = 5.9 nm 

−1 sharpens,
nd the second peak at q = 7.8 nm 

−1 reappears, signifying POSS
ecrystallization. The WAXS profile at 85 °C taken upon cooling 
s qualitatively similar to the profile at 85 °C upon heating,
ndicating thermoreversibility of the transition. 

WAXS profiles of PEO-POSS(5–2) r = 0.02 ( Fig. 3 c) follow the
xpected trend: rhombohedral crystals are obtained at 25 °C and 

5 °C melt when the sample is heated to 141 °C. WAXS profiles
f PEO-POSS(10–4) r = 0.02 ( Fig. 3 d) also show rhombohedral
rystals at 25 °C and 85 °C. However, weak signatures of
rystallinity are also obtained at 141 °C. 

The scattering patterns in Fig. 3 a-d indicate that the presence
f the PEO block does not impede crystallization of the POSS block
32] . Further, the addition of salt does not disrupt the POSS block
rystallization. 
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Fig. 4 

Agreement between DSC and WAXS experiments in copolymer/salt mixtures at salt concentration r = 0.02. a) WAXS peak area at 85 °C divided by neat POSS 
homopolymer, A / A POSS centered at q = 5.9 ± 0.2 nm 

−1 versus relative percent crystallinity of the POSS domain ( X POSS ). (b-d) Full width at half maximum ( �q ) of 
WAXS peak centered at q = 5.9 ± 0.2 nm 

−1 upon heating from 25 to 141 °C in each copolymer/salt mixture: b) POSS-PEO-POSS(2–10–2), c) PEO-POSS(5–2), and d) 
PEO-POSS(10–4). The shaded bar represents T m 

obtained by DSC experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 a shows the correlation between WAXS and
DSC experiments. The x-axis shows the relative percent
crystallinity of the POSS microdomains, X POSS , defined as
X POSS = �H m 

w POSS 
−1 �H POSS 

−1 , where w POSS , the weight fraction of
the POSS block, is 0.27 for all copolymers. �H m 

and �H POSS are the
POSS domain enthalpy of melting in the copolymer/salt mixture
and the POSS homopolymer, respectively. The y-axis is the area
under the WAXS peak centered around q = 5.9 ± 0.2 nm 

−1 , A ,
normalized by the area under the neat POSS homopolymer WAXS
peak, A POSS , at 85 °C obtained during the heating scan. Fig. 4 a
demonstrates a correlation between A/A POSS and X POSS . POSS-
PEO-POSS(2–10–2) exhibits the highest crystallinity as measured
by either the magnitude of A/A POSS or X POSS . Note that X POSS is
greater than unity indicating that the POSS-rich microphases in
POSS-PEO-POSS(2–10–2) contain less of the amorphous phase
than POSS homopolymer. 

Figs. 4 b-d exhibit the full width at half maximum of the WAXS
peak at q = 5.9 ± 0.2 nm 

−1 , �q, versus temperature between 25 < T
< 141 °C in each copolymer/salt mixture shown in Fig. 3 b-d. The
broadening of this peak (i.e., increase in �q ) indicates the POSS
melting transition. Each figure also shows the POSS block melting
transition temperature, T m 

, obtained by DSC as a vertical bar.
There is good correlation between the WAXS and DSC signatures
of melting in Figs. 4 b and c. We note that the peak broadening
at the transition is more abrupt in PEO-POSS(5–2) ( Fig. 4 c) as
compared to POSS-PEO-POSS(2–10–2) ( Fig. 4 b). 

Fig. 4 d demonstrates that PEO-POSS(10–4) r = 0.02 �q
is insensitive to temperature across the temperature range as
compared to POSS-PEO-POSS(2–10–2) ( Fig. 4 b) and PEO-POSS(5–
2) ( Fig. 4 c). However, the inset in Fig. 4 d shows that �q increases
slightly from 0.48 nm 

−1 to 0.64 nm 

−1 upon heating from 113 °C
to 141 °C. We postulate that the POSS domain is not entirely
melted in PEO-POSS(10–4)/salt mixture at 141 °C, though the DSC
thermogram indicates T m 

= 134.8 °C. The disagreement between
WAXS and DSC arises because of the lack of a sharp, well-defined
melting point for the POSS block. Broad melting transitions are
characteristic of semicrystalline block copolymers [39–41] . 

Crystallite size ( L cry ) is inversely related to peak broadening
as demonstrated by Scherrer’s equation represented in reciprocal
space, L cry = 2 π K / �q , where K is the Scherrer constant and has
a value of 0.9 and �q is the measurement of the full width at
half maximum of the WAXS peak [38] . Fig. 4 b-d demonstrates L cry 

decreases with increasing temperature in all three systems. 

3.2 Effect of temperature 
In Fig. 5 a, SAXS intensity, I ( q ), in POSS-PEO-POSS(2–10–2) r = 0.02
sample is plotted as a function of q, at selected temperatures upon
cooling between 132 °C and 75 °C. The sample shows reversibility
7 
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Fig. 5 

a) SAXS intensity is plotted as a function of the magnitude of the scattering vector, q, in POSS-PEO-POSS(2–10–2) at r = 0.02. Solid lines indicate amorphous 
POSS block, dashed lines indicate semicrystalline POSS block. Scans are performed upon cooling from 132 °C to 75 °C in approximately 10 °C increments with 
temperatures indicated on the right. Expanded peaks at 122 °C are shown in the vicinity of a) q = q ∗, and b) q = 2 q ∗ . � and ✧ indicate peaks characteristic of 
lamellae ( q = q ∗ , 2 q ∗, 3 q ∗) and coexisting lamellae respectively. The data in a) were reported in ref [25] . 
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f phase transitions upon heating and cooling (heating scans 
ot shown for brevity). Dashed scattering profiles indicate scans 

aken at T < T c ( i.e ., the POSS block is semicrystalline), and
olid scattering profiles are scans taken at T > T c ( i.e ., the POSS
lock is amorphous). At 75 °C ≤ T ≤ 103 °C, the POSS block
s semicrystalline and the SAXS pattern reveals two peaks at
 = q ∗ = 0.35 ± 0.01 nm 

−1 and q = 3 q ∗, denoted by triangles,
ndicating the presence of alternating PEO/salt-rich and POSS- 
ich lamellae layers ( LAM ). The reason for the suppression of the
xpected scattering peak at q = 2 q ∗ remains to be established. It is
ossible that the presence of both amorphous and semicrystalline 
OSS microdomains are responsible for this observation. 

The shapes of the SAXS peaks at temperatures between 113 and
32 °C in Fig. 5 a are complex. In Fig. 5 b, we show representative
ackground subtracted SAXS profiles in the vicinity of the primary
eak on an expanded scale (122 °C). This profile is consistent with
he presence of two overlapping peaks. The SAXS data in Fig. 5 b,
hown as markers, were fit to a sum of two Lorentzian peaks. The
olid curve through the data in Fig. 5 b shows the fit and the two
eaks are shown in red underneath the scattering data. We refer to
he peak positions as q 1 ∗ and q 2 ∗. In Fig. 5 c, we show background
ubtracted 122 °C SAXS profiles in the vicinity of the second
rder peaks on an expanded scale. This profile also indicates
he presence of two overlapping peaks. The triangles and star
ymbols represent 2 q 1 ∗ and 2 q 2 ∗, the expected locations of second
rder peaks corresponding to the two primary peaks identified in
ig. 5 b. The consistency of the analysis in Figs. 5 b and c indicate
he presence of two coexisting lamellar phases ( LAM / LAM ) with
wo different domain spacings: 17.3 nm and 17.8 nm. This
 

oexistence is seen consistently at temperatures above T c ; the 
eaks obtained at temperatures below T c are consistent with the 
resence of a single, conventional lamellar phase. (Some aspects 
f the morphology of POSS-PEO-POSS(2–10–2) r = 0.02 were 
eported in ref [25] . A detailed analysis of the shapes of the SAXS
eaks was not included in ref [25] .) 

PEO-POSS(5–2) r = 0.02 SAXS scans are shown in Fig. 6 a .
ashed scattering profiles indicate scans taken at T < T c ( i.e .,

he POSS block is semicrystalline), and solid scattering profiles 
re scans taken at T > T c ( i.e ., the POSS block is amorphous).
he scattering profiles below 94 °C exhibit a single, broad peak
t q = q ∗, a standard signature of a disordered phase ( DIS )
 1 , 42 ]. However, the POSS-rich concentration fluctuations are
emicrystalline, and this may complicate interpretation of the 
cattering profiles. We address this point shortly. The emergence of 
wo higher order peaks at q = 2 q ∗ and q = 3 q ∗ in the SAXS profiles
t 103 °C indicate a DIS to LAM transition at T = 98.5 ± 5 °C. The
ransition temperature is in good agreement with T c determined 

y DSC (95 °C). 
The scattering profiles at 122 °C and 132 °C exhibit a sharp

eak superposed on the broad lamellar peak at q = q ∗ seen in the
cans taken at temperatures between 103 °C < T < 113 °C. The
ackground subtracted SAXS profiles in the vicinity of the primary 
eak on an expanded scale at 132 °C are shown in Fig. 6 b. SAXS
ata in Fig. 6 b, shown as markers, were fit to a sum of 1 Lorentzian
eak, indicated in solid red, and 1 Gaussian peak, indicated in
olid green. The solid blue curve through the scattering data in
ig. 5 b shows the fit. The overlapping peaks indicate the presence
f one weakly ordered lamellar phase coexisting with a well- 



Giant, 6, 2021, 100055 

Fu
ll-

le
ng

th
 
ar

ti
cl

e 

Fig. 6 

a) SAXS intensity is plotted as a function of the magnitude of the scattering vector, q, in PEO-POSS(5–2) at r = 0.02. Solid lines indicate amorphous POSS block, 
dashed lines indicate semicrystalline POSS block. Scans are performed upon cooling from 132 °C to 75 °C in approximately 10 °C increments with temperatures 
indicated on the right. � , ✧ , and � indicate peaks characteristic of lamellae ( q = q ∗, 2q ∗, 3q ∗), coexisting lamellae, and disorder ( q = q ∗). Peaks in the vicinity of 
q = q ∗ and 2 q ∗ are expanded in b) and c) at 132 °C. The data in a) were reported in ref [23] . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ordered lamellar phase, LAM / LAM, with two different domain
spacings: 17.6 nm and 17.3 nm respectively. Fig. 6 c shows the
scattering data in the vicinity of q = 2 q ∗ at 132 °C. The data is
fit to one Gaussian peak, shown as a blue curve. We postulate that
the well-ordered LAM peak suppresses the weak, broad lamellar
peak seen between 103 °C < T < 113 °C. Unlike the sample in
Fig. 5 a-c, the sample in Fig. 6 a-c undergoes a LAM to LAM / LAM at
a temperature 33 °C above T c . 

The results and error of all peak fittings demonstrated in Figs.
5-7 are shown in the Supporting Information, Table S3. 

PEO-POSS(10–4) r = 0.02 SAXS profiles in Fig. 7 a indicate a
single Gaussian peak at q = q ∗ at 84 °C ≤ T ≤ 113 °C, a signature
of DIS . This peak appears more well-defined than the DIS PEO-
POSS(5–2) sample ( Fig. 6 a). At 122 °C, we see the emergence of
overlapping peaks in the vicinity of q = q ∗. The first, small peak
is apparent at q = 0.25 nm 

−1 , and the second, more well-defined
peak is centered around q = 0.28 nm 

−1 . We call these peaks q ,1 ∗

and q ,2 ∗, respectively, and are shown in Fig. 7 b. In order to discern
the morphology of this sample, the SAXS data between q = 0.4
and 0.6 nm 

−1 is shown in Fig. 7 c. A single, Gaussian peak is fit to
the data, centered at q = 0.49 nm 

−1 . The location of the second
peak is 2 q 1 ∗ and is also equal to 

√ 

3 q 2 ∗. We therefore conclude that
the peaks seen at q = q ,1 ∗ and 2 q ,1 ∗ is indicative of a LAM phase,
while the peaks at q ,2 ∗ and 

√ 

3 q 2 ∗ indicate a coexisting hexagonally
packed cylinders phase ( CYL ). Thus, this sample transitions from
DIS to coexisting LAM / CYL at 117.5 ± 4.5 °C . These coexisting
phases are evident in the window 122 °C ≤ T ≤ 141 °C. In a
previous study, we have established LAM / CYL coexistence in PEO-
POSS(5–2) r = 0.08 wherein the SAXS data were augmented by
electron tomography [23] . 
3.3 Effect of salt concentration 

Our discussion thus far has only included samples at salt
concentration r = 0.02. We now expand our DSC analysis to
the copolymers without salt and higher salt concentrations to
understand the effect of r on the crystallization of the POSS
block in all copolymer/salt mixtures. Fig. 8 a shows the POSS
block T m 

and T c versus r for all three copolymer systems and
neat POSS homopolymer. We note the T m 

is greatest and T c 

is lowest in the POSS homopolymer as compared to all neat
copolymers and copolymer/salt mixtures. The T m 

result is not
surprising as it indicates that the melting of POSS crystals is
facilitated by microphase separation. The T c result is a little more
interesting, as it indicates that nucleation of POSS crystals is
facilitated by microphase separation. In the POSS-PEO-POSS(2–
10–2) system, T m 

and T c both slightly increase with increasing
salt concentration. Similarly, PEO-POSS(5–2) samples T c increases
slightly, while T m 

decreases slightly over the experimental salt
concentration range. For these two systems, T m 

, and T c are
relatively weak functions of salt concentration. On the other
hand, in the PEO-POSS(10–4) samples, T m 

and T c both decrease
substantially in the salt concentration range between 0 ≤ r ≤ 0.08.
At r > 0.08, the POSS block is completely amorphous (i.e. no
melting or crystallization transitions are discernable in the DSC
thermograms). The dashed line through T c is the linear fit through
the data and will be used in subsequent analysis to estimate T c in
PEO-POSS(10–4)/salt mixtures at r > 0.08. These results suggest
that salt ions do not interact exclusively with PEO chains. (We
did try to dissolve LiTFSI in POSS homopolymer but found that
the two materials were immiscible.) 
9 
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Fig. 7 

a) SAXS intensity is plotted as a function of the magnitude of the scattering vector, q, in PEO-POSS(10–4) r = 0.02. Solid lines indicate amorphous POSS block, 
dashed lines indicate semicrystalline POSS block. Scans are performed upon cooling from 141 °C to 84 °C in approximately 10 °C increments with temperatures 
indicated on the right. � , � , and ♦, indicate peaks characteristic of lamellae ( q = q ∗, 2q ∗, 3q ∗), disorder ( q = q ∗), and hexagonally packed cylinders ( q = q ∗, 

√ 

3 q ∗, 
2q ∗). Peaks in the vicinity of q = q ∗ and 2 q ∗ are expanded in b) and c) at 122 °C. 

Fig. 8 

Summary of all DSC experiments in neat POSS and POSS-PEO-POSS(2–10–2), PEO-POSS(5–2), and PEO-POSS(10–4)/salt mixtures. a) POSS block T m 

and T c b) 
�H m 

w POSS 
−1 as a function of salt concentration, r . 

10 
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Fig. 9 

SAXS scattering profiles of copolymers at r = 0.20 and 60 °C ≤ T ≤ 146 °C in a) POSS-PEO-POSS(2–10–2), b) PEO-POSS(5–2), and c) PEO-POSS(10–4). Profiles are 
shifted vertically. Solid lines indicate amorphous POSS block, dashed lines indicate samples containing a semicrystalline POSS block. Temperatures are indicated 
on the right. � , ✧ , and ♦ indicate peaks characteristic of lamellae ( q = q ∗, 2q ∗, 3q ), coexisting lamellae, and hexagonally packed cylinders ( q = q ∗, 

√ 

3 q ∗, 2q ∗). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8 b shows the enthalpy of POSS block melting normalized
by weight percent of POSS, �H m 

w POSS 
−1 as a function of r. All three

copolymer/salt mixtures exhibit a decrease in �H m 

w POSS 
−1 with

increasing r , indicating weaker POSS block crystallization at higher
salt concentrations. Surprisingly, the POSS block in the POSS-
PEO-POSS(2–10–2) system appears more strongly crystalline than
neat POSS homopolymer over a large range of salt concentrations,
0 ≤ r ≤ 0.15. Above r = 0.15, �H m 

w POSS 
−1 of POSS-PEO-

POSS(2–10–2)/salt mixtures decreases below that of the neat
POSS homopolymer. At all salt concentrations, the triblock
copolymer/salt mixtures exhibit stronger POSS crystallinity
than both diblock copolymer/salt mixtures. PEO-POSS(10–4)/salt
mixtures exhibits the weakest POSS block crystallinity of all three
copolymers up to r = 0.08 (above this salt concentration, the POSS
block is amorphous). 

Fig. 9 a shows SAXS profiles of POSS-PEO-POSS(2–10–2) r = 0.20
at a temperature range 75 °C ≤ T ≤ 132 °C, obtained during
cooling. The dashed lines indicate SAXS profiles wherein the
POSS block in the sample is semicrystalline (i.e. T < T c ) in the
temperature regime 75 °C ≤ T ≤ 113 °C. The SAXS profiles show
clear peaks at q = q ∗, 2 q ∗, and 3 q ∗, indicative of well-ordered LAM ,
denoted by filled triangles. The solid line SAXS profiles indicate
measurements wherein the POSS block is amorphous ( i.e ., T > T c )
between 122 °C ≤ T ≤ 132 °C. At 112 °C, we see the emergence
of a second primary peak at q = q ,2 ∗. Additionally, a broad peak
appears at q = 

√ 

3 q ,2 ∗, a signature of CYL phase coexisting with the
LAM . In the profiles at 122 °C and 132 °C, the peaks representative
of LAM as well as the peaks representative of CYL sharpen and
grow with intensity. Fig. 7 a shows the POSS-PEO-POSS(2–10–2)
r = 0.20 sample undergoes an order-order transition from LAM
to LAM / CYL upon heating at 117.5 ± 4.5 °C, coinciding with T c

measured by DSC. 
Fig. 9 b shows SAXS profiles of PEO-POSS(5–2) at the same
salt concentration as Fig. 9 a ( r = 0.20) at a temperature
range 85 °C ≤ T ≤ 132 °C, obtained during a cooling run.
The highest temperature is below the melting temperature of
the POSS block ( T m 

= 133.1 °C). Thus, the POSS block is
semicrystalline throughout the accessible temperature regime. We
see LAM characteristic peaks in all profiles (i.e. peaks centered
at q = q ∗, 2 q ∗), denoted by triangles. The peaks grow in
intensity and sharpen with increasing temperature. However, in
all measurements, we note the appearance of a broad, Gaussian
peak coexisting with the ordered LAM peaks. These SAXS peaks
are qualitatively similar to those obtained at r = 0.02 ( Fig. 6 a). We
thus posit the presence of two coexisting LAM phases ( LAM / LAM ).

Fig. 9 c shows SAXS data for PEO-POSS(10–4) r = 0.20 at a
temperatures 60 °C ≤ T ≤ 146 °C (the POSS block is amorphous at
this salt concentration in this sample). We see LAM characteristic
peaks in all profiles (i.e. peaks centered at q = q ∗ and 2 q ∗) as
well as coexisting CYL characteristic peaks ( i.e . peaks centered at
q = q ,2 ∗ and 

√ 

3 q ,2 ∗). Thus, this sample contains an ordered phase
of LAM / CYL with two different domain spacings, similar to POSS-
PEO-POSS(2–10–2)/salt mixture ( Fig. 7 a) at 122 °C ≤ T ≤ 132 °C . 

Fig. 9 demonstrates that only LAM are seen in crystalline
samples (dashed curves in Fig. 9 ) as predicted by Whitmore and
Noolandi [7] . Curved interfaces are only seen in samples above T c 

as might be expected of asymmetric copolymer/salt mixtures (0.76
≤ f EO/LiTFSI ≤ 0.85). However, CYL always coexist with LAM despite
the fact the PEO and POSS blocks are both amorphous. 

The effect of added salt on the morphology is shown in
Fig. 10 a-c, where SAXS data is shown in each system at varied
salt concentrations but at constant temperature. Fig. 10 a shows
data for the POSS-PEO-POSS(2–10–2)/salt mixtures at 132 °C. All
samples are ordered at this temperature. In the neat sample ( r = 0),
11 
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Fig. 10 

SAXS scattering profiles of copolymer/salt mixtures at constant temperature and varied salt concentration, 0 ≤ r ≤ 0.30. a) POSS-PEO-POSS(2–10–2), b) PEO-POSS(5–
2), and c) PEO-POSS(10–4). Profiles are shifted vertically. Salt concentration are indicated on the right. � , ✧ , and ♦ indicate peaks characteristic of lamellae ( q = q ∗, 
2q ∗, 3q ), coexisting lamellae, and hexagonally packed cylinders ( q = q ∗, 

√ 

3 q ∗, 2q ∗). 
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 LAM phase is obtained. At r = 0.02, LAM/LAM coexistence
s obtained, and the peaks are much sharper than the neat
ample. Increasing the salt concentration to r = 0.08 results in the
mergence of additional scattering peaks at q = q , 2 ∗ and 

√ 

3 q ,2 ∗

hat are superimposed on the scattering profile of the lamellar
hase, standard signatures of CYL . Increasing salt concentration 

urther to r = 0.20 results in the sharpening and increased
ntensity of both the LAM and CYL peaks. Finally, the highest salt
oncentration r = 0.30 results in LAM . 

PEO-POSS(5–2)/salt mixtures at 132 °C are shown in Fig. 10 b.
he neat sample is DIS , while all salt containing samples are
rdered. At low salt concentration, r = 0.02 the profile indicates
AM/LAM . Increasing the salt concentration to r = 0.10 results
n LAM / CYL coexistence. Increasing salt concentration further to
 = 0.30 results in LAM / LAM coexistence. 

PEO-POSS(10–4)/salt mixtures at 112 °C are shown in Fig. 10 c.
he neat sample is LAM while the r = 0.02 is DIS . Increasing the
alt concentration to r = 0.10 results in LAM / CYL . Increasing salt
oncentration further to r = 0.30 results in a LAM phase as seen in
OSS-PEO-POSS(2–10–2) r = 0.30. 

.4 Phase diagram 

ig. 11 summarizes the morphology of the block copolymer 
lectrolytes and the semicrystalline properties of the POSS-rich 

icrophase in the temperature range 70 °C ≤ T ≤ 140 °C and
alt concentration range 0 ≤ r ≤ 0.30. The different morphologies, 
AM, DIS, LAM/CYL , and LAM / LAM are shaded in gray, yellow,
nd hatched green and hatched gray regions respectively. T m 

triangles) and T c (squares) are plotted on top of the morphology
ata. The colors of T m 

and T c markers indicate the magnitude of
H m 

w POSS 
−1 , as indicated by the accompanying color scale. 
2 
The POSS-PEO-POSS(2–10–2) system ( Fig. 11 a) is ordered at all
emperatures and salt concentrations. The neat polymer is LAM 

hroughout the accessible temperature window (both above and 

elow T c ). The addition of salt results in the emergence of a wide
AM / LAM window at high temperature. The rest of the phase
iagram is dominated by LAM morphology with a wide window of
AM / CYL above T c . Phase transitions occur close to T c in all salt-
ontaining samples. It is evident that phase coexistence is not an
ntrinsic property of the copolymer but is induced by the addition
f salt. 

In the POSS-PEO-POSS(5–2) system ( Fig. 11 b), small pockets 
f DIS appear. A LAM to DIS transition upon heating is seen
n the neat block copolymer above T c . A DIS phase is seen at
 = 0.02 that form LAM upon heating. At higher temperatures,
 coexisting phase of LAM / LAM appears. LAM/LAM is seen over a
ide window giving way to LAM / CYL coexistence at intermediate

alt concentrations and high temperatures above T c . At r = 0.20
nd 0.30, the LAM / LAM phase dominates. We note that all SAXS
cans at these salt concentrations were performed at temperatures 
elow the melting transition ( i.e ., T < T m 

). We also note that in
hase coexistence is only seen in the salt-containing systems in 

OSS-PEO-POSS(5–2). 
In the PEO-POSS(10–4) system ( Fig. 11 c), the neat polymer

oes not exhibit any transition and is LAM throughout the 
ccessible temperature window. The addition of salt results in 

he stabilization of a wider DIS window than in PEO-POSS(5–2) 
ystem at low salt concentration and temperature. The rest of 
he phase diagram is ordered LAM / CYL and LAM at highest salt
oncentration ( r = 0.30). Note that we only observe thermally
riven phase transitions in copolymer/salt mixtures wherein the 
OSS block undergoes crystalline to amorphous transition with 
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Fig. 11 

Phase diagrams of a) POSS-PEO-POSS(2–10–2), b) PEO-POSS(5–2), and c) PEO-POSS(10–4)/ salt mixtures summarizing morphology data determined by SAXS as a 
function salt concentration, r , and temperature upon cooling. The top axis is the EO/LiTFSI volume fraction, f EO/LiTFSI . The green hatched, gray, gray hatched, and 
yellow regions represent lamellae/hexagonally packed cylinders ( LAM/CYL ), lamellar ( LAM ), coexisting lamellar ( LAM / LAM ), and disordered ( DIS ) morphologies 
respectively. Melting (triangles) and crystallization (square) temperatures ( T m 

, T c ) are shown with color scale representing normalized enthalpy of melting, 
�H m 

w POSS 
−1 . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

the exception of r = 0.08, which lies at the border between the
two regimes. 

Fig. 11 demonstrates that POSS crystallization drives thermally
driven phase transitions in all 3 systems. Phase transitions occur
most closely to T c in systems exhibiting greater �H m 

w POSS 
−1 

( i.e ., T c markers shown in pink) versus those with weaker POSS
crystallinity (i.e., T c markers shown in blue). 

At 122 °C, all three systems exhibit LAM / CYL coexistence
windows at intermediate salt concentrations. This is quantified
in Fig. 12 where we estimate the fraction of CYL grains, f CYL , as
follows, 

f CYL = 

S √ 

3 q ∗
S √ 

3 q ∗ + S 2 q ∗
(6)

where S √ 

3 q ∗ is the SAXS invariant centered around q = 

√ 

3 q ∗, and
S 2 q ∗ is the SAXS invariant centered around q = 2 q ∗. f CYL versus
salt concentration is plotted in Fig. 12 a-c. Each plot shows a clear
maximum in f CYL near the middle of the LAM / CYL coexistence
window shown in Fig. 11 a-c. While POSS-PEO-POSS(2–10–2)/salt
exhibits a clear maximum in f CYL at r = 0.15, both diblock
copolymers exhibits peak f CYL at r = 0.08. The relative amount
of f CYL is almost 95% at the maximum in PEO-POSS(10–4),
which contains the largest LAM / CYL window. f CYL is 60% at the
maximum in POSS-PEO-POSS(2–10–2), which contains the second
largest LAM / CYL window, and only 11% in PEO-POSS(5–2), which
has the smallest LAM / CYL coexistence window. 

Fig. 12 d-f show the domain spacing, d of ordered
morphologies, d LAM 

and d CYL at 122 °C, as a function of r .
The variables d LAM,I and d LAM,II are assigned as the domain
spacings of coexisting lamellae. 

The d LAM 

in neat POSS-PEO-POSS(2–10–2) is 19.8 nm. A large
decrease in d is observed with the addition of a small amount
of salt ( r = 0.02); the two coexisting LAM phases have domains
spacings of 17.3 nm and 17.8 nm. The d in the presence of salt is
affected by two competing effects: increased segregation between
the blocks will increase d while the specific solvation motif on
PEO chains around Li + ions will cause a decrease in d [ 43 ]. The
observed decrease suggests that solvation effects dominate despite
of the low salt concentration. d increases rapidly with increasing
salt, reaching a maximum of 21.5 nm at r = 0.15. This is the salt
concentration at which f CYL also exhibits a maximum; compare
Figs. 12 a and 12 d. The sizes of the coexisting phases in POSS-PEO-
POSS(2–10–2)/salt mixtures, appear to be codependent and within
1 nm between 0.02 ≤ r ≤ 0.20 At r = 0.20, d LAM 

= d CYL , and at high
13 
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Fig. 12 

Fraction cylinders ( f CYL ) and domain spacing, d , of lamellae ( d LAM 

), hexagonally packed cylinders ( d CYL ), and coexisting lamellae ( d LAM,I , d LAM,II ), versus salt 
concentration, r, at 122 °C in a,d) POSS-PEO-POSS (2–10–2) b,e) PEO-POSS(5–2) and c,f ) PEO-POSS(10–4). 
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alt concentrations (i.e. , r > 0.20), coexisting phases give way to a
ure LAM phase. 

The d of neat PEO-POSS(5–2) is smaller than that of neat POSS-
EO-POSS(2–10–2), as expected ( Fig. 12 e). The effect of added salt
n d is less dramatic in PEO-POSS(5–2). However, many of the
eatures observed in Figs. 12 e are qualitatively similar to Fig. 12 d.
he d of coexisting phases are codependent and the peak in d LAM 

ccurs at r = 0.10, while the peak in d CYL occurs at r = 0.08
the same salt concentration at which a peak in f CYL is observed
 Fig. 12 b)). 

The d of neat PEO-POSS(10–4) is a factor of 1.4 larger than
hat of PEO-POSS(5–2), as expected from systems in the weak
egregation limit ( d is proportional to the square root of chain
ength). The addition of a small amount of salt ( r = 0.02) leads
o coexistence where d CYL is more than 3 nm greater than d LAM 

.
t this salt concentration, it appears that the consequence of

ncreased segregation is apparent in the cylinder phase while the
onsequence of ion solvation is apparent in the lamellar phase.
t all other salt concentrations where coexistence is observed 

0.02 ≤ r ≤ 0.20), the d of coexisting phases are codependent
nd indistinguishable. The domain spacing of the pure LAM 

hase at r = 0.30 is considerably larger than that of any of the
ther PEO-POSS(10–4) systems. We posit that the formation of 
oexisting phases relieves the chain stretching penalty associated 

ith increased segregation. 
In all three systems, the maximum in d CYL occurs at the salt

oncentration for which we see the maximum of f CYL . 
In ref [24] we used the random phase approximation (RPA)

o interpret scattering from disordered PEO-POSS/LiTFSI mixtures 
n terms of an effective Flory-Huggins interaction parameter, χ eff . 
hese data are revisited in Figure S8 in the SI in light of our
ecent understanding of the semicrystalline nature of the POSS 
4 
lock. With one exception, all of the samples analyzed using 
PA were amorphous and thus the fits of χ eff reported in ref

24] are entirely valid. Interestingly, the disordered sample that 
s below T c as measured by DSC exhibits a χ eff that is a smooth
xtrapolation as a function of temperature from data obtained 

rom amorphous systems. The data as presented in Fig. 11 suggests
hat the crystallization of the POSS block is the most important
riving force for phase separation, not the dependence of χ eff on 

emperature and salt concentration. 

 Conclusion 

n this paper, we elucidate the relationship between crystallization 

f the POSS block and self-assembly in a triblock copolymer, POSS-
EO-POSS, and two diblock copolymers, PEO-POSS, mixed with 

iTFSI salt. In the copolymer/salt mixtures, the POSS block is 
emicrystalline and packs in a rhombohedral lattice, determined 

y DSC and WAXS. The relative percent crystallinity of the 
OSS block, determined by DSC, was greater in the triblock 
opolymer as compared to both diblock copolymers and the POSS 
omopolymer. 

SAXS was used to determine the morphology of POSS-PEO- 
OSS and PEO-POSS/salt mixtures over a temperature range 
0 ≤ T ≤ 140 °C and 0 ≤ r ≤ 0.30. Disorder or ordered phases
ith flat interfaces ( i.e ., lamellae) are apparent in samples wherein

he POSS block is semicrystalline. Pockets of POSS-rich cylinders 
orm only in samples with amorphous POSS blocks and always 
oexist with lamellar grains. The copolymer/salt mixtures exhibit 
arge windows of coexistence of lamellae and hexagonally packed 

ylinders, as well as coexisting lamellae with two different domain 

pacings over the experimental window. The correlation between 

OSS crystallization and phase transitions is greatest in systems 
herein the POSS block exhibits the highest degree of crystallinity. 
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The phase diagrams shown in Fig. 11 are very different from
other reports in the literature for two reasons: (1) the correlation
between phase behavior and the crystallization of the POSS
block, and (2) the presence of wide coexistence windows in the
amorphous state that are not observed in the well-studied case of
all-organic block copolymers. 

In most theoretical phase diagrams of block copolymer/salt
mixtures, the coexistence window that must lie between different
ordered phases, due to the Gibbs Phase Rule, is ignored [ 4 , 44–
48 ]. To our knowledge, the width of coexisting phases has
only quantified for the case of symmetric lamellae, wherein the
symmetry of both phases is assumed to be the same [49] . The
presence of coexistence windows in all-organic copolymer/salt
mixtures have been reported but are smaller as compared to
the coexistence windows of the hybrid organic-inorganic/salt
mixtures reported here [ 50 , 51 ]. 

In the absence of crystallization, self-consistent field theory
(SCFT) predicts that increasing N suppresses the disordered
phases [ 52 , 53 ]. We find that when we compare the neat diblock
copolymers, we see the disappearance of the DIS phase with
increasing chain length as we would expect from SCFT. However,
in the diblock copolymer/salt mixtures, the DIS window in
diblock copolymer with larger N is greater than in the smaller
diblock copolymer. This result is inconsistent with predicted
phase diagrams using both classical SCFT as well as ionic SCFT
[ 18 , 44 , 45 , 47 ]. 

Matsen demonstrated in analogous diblock and triblock
copolymers that the ordered phases in a theoretical phase diagram
calculated by SCFT remains unchanged; however, the order-
disorder phase boundary shifts to lower χN in triblock copolymers
[21] . The neat triblock POSS-PEO-POSS(2-10-2) copolymer does
not show DIS morphology, while the neat diblock PEO-POSS(5-2)
copolymer does show DIS morphology, which is consistent with
SCFT. [ 21 , 42 , 44 ]. 
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