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ABSTRACT: We describe highly unconventional situations in which the polymer chain
ends remain trapped in and are located in the middle of the lamellar crystal core as
defects. Such structures are observed in giant molecular shape amphiphiles constructed
by a polyhedral silsesquioxane (POSS) nanoparticle tethered with a poly(ethylene
oxide) (PEO) tail. The cross-sectional area of the POSS located on the PEO lamellar
surfaces imposes that the crystalline, chain-folded PEO tails generate a surface area that
is at least comparable to the POSS requirements. Metastable PEO crystal structures with
1.5, 2, and 2.5 stem numbers have been observed with different thermodynamic
stabilities.

SECTION: Glasses, Colloids, Polymers, and Soft Matter

Observation of lamellar crystals with integral folding (IF)
in low molecular weight (LMW) poly(ethylene oxide)

fractions (PEO) has been one of the major progresses in the
understanding of polymer crystallization started more than half
of a century ago.1−5 Similar observations were found for long n-
alkanes (up to C300) with uniform chain lengths.6 The
formation of these IFs in LMW polymers indicates that the
crystal is more stable when all of the chain ends are rejected to
the folded/end surfaces.2−6 The IF crystals are denoted as the
crystals with extended (containing one stem for each chain,
with folding number n = 0 and stem number s = 1), once-folded
(two stems per chain, n = 1 and s = 2), twice-folded chains
(three stems per chain, n = 2, and s = 3), and so forth.
In situ, time-resolved synchrotron small-angle X-ray

scattering (SAXS) results first on n-alkanes7−10 and then on
LMW PEO fractions11−15 have shown that in melt crystal-
lization, the chains do not immediately reach the IF states.
Rather, they first form nonintegral folded (NIF) crystals,7−15

which are thermodynamically less stable but formed more
rapidly. The initial NIF crystals transfer to IF crystals via
annealing processes.7−18 These processes drive chain ends,
which are probably coupled in pairs and initially randomly
distributed in the lamellar core, toward the lamellar surface, and
it is a universal trend in polymer crystallization.18 It is most
clearly observed for LMW PEO and n-alkanes and persists up
to MWs for which the changes in lamellar thickness for s and s
+ 1 stems are no longer detectable.14

On the other hand, exactly defined half-stemmed crystals
with the stem numbers of 1.5, 2.5, and so forth using LMW
PEO fractions as an example must contain end pairs located at
the center to form a sheet parallel to the lamellar surface
containing discrete end pair defects within the crystals (Scheme
1). This structure is in sharp contrast with a well-established
rule of polymer crystallization stating that the chain ends are
preferably rejected at the lamellar surfaces. In normal LMW
PEO crystallization, this type of crystal cannot be isolated and
observed because within the NIF lamellar crystals initially
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Scheme 1. Schematic Drawing of the Molecular Structure (a)
and IF and Half-Stemmed Crystals of GMSAs with s = 2.5
(b), s = 2.0 (c), and s = 1.5 (d)
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formed, the chain end pairs are randomly located, and they are
continuously driven toward the crystal surfaces to form IF
crystals.7−18 The exactly defined half-stemmed crystals do not
thus possess a local free-energy minimum (a metastable state)
in the normal LMW PEO crystallization. The question now is
can we specifically design chain molecules to create a local free-
energy minimum and make this type of exactly defined half-
stemmed crystals become stable enough and experimentally
observable?
The molecular design in this study was to connect a LMW

PEO chain as a tail with one nanoparticle (NP), hexyl-
substituted polyhedral silsesquioxane (HPOSS), to become a
new class of materials, giant molecular shape amphiphiles
(GMSAs).19−21 The molecular architecture is shown in Scheme
1. When PEO is crystallized, the POSS moieties are located at
the PEO lamellar crystals’ surfaces. In order to balance the
cross-sectional areas of HPOSS and PEO stems, the latter may
adopt a highly unusual structure with exactly defined half stems
and chain end pairs located at the center of the PEO lamellar
crystals. Apparently, the GMSAs are similar to dibock
copolymers with one block being crystallizable.22−31 However,
in our case, noncrystalline HPOSS possesses fixed shape and
volume, thus with a constant cross-sectional area. When the
PEO tails crystallize, HPOSS groups are rejected onto the
crystal fold/end surface, and the surface area generated by the
number of PEO steams from two PEO tails must be larger or
comparable with the cross-sectional area of each HPOSS
(Scheme 1). Synthesis of HPOSS-PEO is described in the
Supporting Information (SI) (Figures S1 and S2). The cross-
sectional area of HPOSS is estimated to be 0.65 (with no
substituent groups) to 0.833 nm2 (with the isobutyl substituent
groups).32 The cross-sectional area of each PEO stem in the
monoclinic unit cell is 0.214 nm2.2−5 To first approximation,
the cross-sectional area of one HPOSS requires at least three
PEO stems in the lattice to reach close packing with its
squeezed neighboring HPOSSs on the PEO lamellar fold/end
surfaces.
In this study, we use a PEO fraction with a MW of 3.8k g/

mol because this fraction can usually form either PEO(s = 2)
crystals with a stem length of 12.0 nm or PEO(s = 1) crystals
with a stem length of 24.0 nm, depending on supercooling
(crystallization temperature, Tx) (see Figure S3 in the
SI).2−5,12−14 Figure 1a shows a plot of the long periods (L)
measured by SAXS experiments and Tx for HPOSS-PEO3.8k.
Three invariant L regions exist, L = 11.8 nm when Tx < 30 °C,
L = 14.0 nm when 40 °C < Tx < 45 °C, and L = 17.8 nm above
Tx = 49 °C (within a deviation of ±0.2 nm). All of the SAXS

patterns display sharp first-order peaks together with their
second-order peaks (the insets of Figure 1a), indicating long
range ordered lamellar crystals. However, the third-order peaks
are not observed due probably to the asymmetric volume
fractions of HPOSS and PEO. In the case within 40 < Tx < 45
°C, the L = 14.0 nm must correspond to the PEO(s = 2)
crystals (24.0/2 + 1.0 × 2 = 14.0 nm; the dimension along the
lamellar normal direction for one HPOSS with its linker to
PEO tail is ∼1.0 nm). The two PEO tails in the PEO(s = 2)
crystals give rise to four PEO stems with an area of 0.856 nm2,
and two HPOSS NPs are located at the opposite crystal
surfaces with an occupied area of 0.833 nm2 for each POSS.
However, the observed L values of 11.8 and 17.7 nm do not

fit with either the PEO(s = 1) or PEO(s = 3) crystals. In order
to match these two periodicities in a consistent way, one must
assume that some of the PEO stems span only half of the PEO
lamellar thickness. On the basis of this assumption, the two
periodicities can be neatly accounted for PEO(s = 2.5) (24.0/
2.5 + 1.0 × 2 = 11.6 nm) and PEO(s = 1.5) (24.0/1.5 + 1.0 × 2
= 18.0 nm). The surface areas that are available for the HPOSS
moieties are thus 1.070 and 0.642 nm2, respectively. Whereas
the 2.5 stems per PEO tail situation leaves ample room for the
HPOSS, the 1.5 one suggests that the HOPSS groups are
somewhat squeezed at the lamellar surface due to the fact that
the decrease of free energy caused by PEO crystallization
overwrites that originated by the squeezed HPOSS groups (see
below). Furthermore, it is also clear that these constraints are
not compatible with a complete extended PEO tail, as is the
case for the homopolymer. Due to the HPOSS encumbrance
on the fold surface, the 1.5 stems version becomes the highest
possible extension of the PEO tails.
The remaining issue is the L values in two Tx regions

represented by the dashed lines in Figure 1. Within 30 < Tx <
39 °C, for example, the initial L of the PEO crystallization was
observed to be 11.8 nm; however, L continuously increased
with crystallization time, recognized as a thickening process.
The L could ultimately approach 14 nm to become the PEO(s
= 2) crystals. Similar observations can also be made in the Tx
region of 45 < Tx < 49 °C. The initial L is located at 14 nm and
then approaches 17.8 nm when the time is further prolonged
via the thickening process, implying sufficient molecular
mobility within the crystals (see Figure S4 in the SI).
In order to understand the thermodynamic stabilities of these

crystals, the relationship between the melting temperature (Tm)
and Tx for HPOSS-PEO3.8k is shown in Figure 1b. This
relationship resembles that between the L and Tx as shown in
Figure 1a. Three constant Tms are observed. For the PEO(s =

Figure 1. Relationships between the L and Tx (a) and the Tm and Tx (b) for HPOSS-PEO3.8k. Solid squares represent experimental data of the
PEO(s = 2.5) (black), PEO(s = 2) (red), and PEO(s = 1.5) (blue) crystals. Solid and dashed lines are the calculated values (see text).
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2.5) and PEO(s = 2) crystals, because the thickening process
becomes extremely fast during heating, we utilized ultrafast chip
differential scanning calorimetry (DSC)33 at a heating rate of
100 000 K/sec to ensure that their Tm values are not changed
during heating caused by the changes of their metastabilities.18

For these PEO(s = 2.5), PEO(s = 2), and PEO(s = 1.5) crystals,
their Tm values correspond to 51.3, 53.3, and 54.5 °C,
respectively (with a deviation of ±0.3 °C). The PEO
crystallinities of HPOSS-PEO3.8k detected in the DSC experi-
ments are very close to those in pure LMW PEO fractions
(>92%) (evidence to illustrate that all of the PEO tails are
crystallized).
The constraints set by the POSS nanoparticle at the PEO

lamellar surfaces were put to a further test by replacing the
noncrystallizable HPOSS heads with an isobutyl-POSS head
(BPOSS) that can crystallize (synthesis and characterization of
this new GMSA are discussed in SI Figures S1 and S2). Care
was taken to maintain the same PEO tail lengths. In order to
avoid the disturbance of the BPOSS crystallization that takes
place dominantly at a higher temperature on the PEO tail
crystallization in the melt, single crystals were produced in a 1:1
mixture of amyl acetate and octane that was used to produce
PEO single crystals, as reported in the past.34−36 Depending on
Tx, BPOSS-PEO single crystals with s = 2.5 or 2 are obtained, as
attested by their lamellar thickness measured by AFM (insets in
Figure 2). 1D wide-angle X-ray diffraction (WAXD) patterns of

single-crystal mats indicate that the BPOSSs are not crystal-
lized. In the expected 2θ range (∼8°) only an amorphous halo
is present (black and red curves in Figure 2). Annealing the
PEO(s = 2.5) at 52 °C induces a lamellar thickening from s =
2.5 to 1.5 (cf. the two AFM profiles insets in Figure 2a and c).
Also, the thickening process induces significant cracks (Figure
2c) in the initially smooth crystals (Figure 2a). Furthermore,
the WAXD patterns show additional peaks at 8.3 and 11.1°,
indicating that as a result of the annealing, the BPOSS layers
have reached a crystalline order, and therefore, some form of
close packing is achieved on the fold/end PEO lamellar surface.
Again, the crystallinty of PEO is >92%. In addition,
disregarding whether the BPOSS groups are in the ordered
or disordered layers, their surfaces are smooth, as observed in
the AFM experiments, indicating that these BPOSS groups are
located within a single layer on the top of the crystal surface.
More telling are the differences in the Tm values. For the PEO(s

= 1.5) crystals with the “crystalline” BPOSS layers, its Tm is 4.7
°C higher than that of the corresponding HPOSS-PEO(s =
1.5), in which the HPOSS layer is amorphous.
Comparing these Tm values in Figure 1b for HPOSS-PEO3.8k,

the difference of Tms between PEO(s = 2.5) and PEO(s = 2)
crystals is larger than that between PEO(s = 2) and PEO(s =
1.5) crystals. These differences are analytically associated with
four parameters, the lamellar thicknesses and thus fold/end
surface free energy, γe(crystal, s); the free energy of end pair
defects at the center of the lamellae, ε; the HPOSS NPs
without close packing located at the surfaces (additional surface
free energy due to entropic reasons), γe(NPS); and the
squeezed HPOSS NPs at the surfaces (due to overcrowding),
γe(NPH). With the help of the Tm of pure PEO(s = 1) crystals
(60.4 °C) and PEO(s = 2) crystals (55.9 °C) having a
molecular weight of 3.8k g/mol,2−5 we can identify each of
these four parameters based on the experimentally observed Tm
values and thus their effects on thermodynamic stabilities. For
normal polymer lamellar crystals, their Tm and lamellar
thickness, , can be described by the Thomson−Gibbs
equation18,37

γ= − ΔT T h[1 2 /( )]m m
0

e f (1)

where Tm
0 is the equilibrium melting temperature of the

corresponding crystal with an infinite size, Δhf is the
equilibrium heat of fusion, and γe is crystal surface free energy.
For the lamellar crystals having fold/end surfaces with the NPs,
the γe term includes both contributions of the crystals,
γe(crystal, n), and NPs, γe(NP) = γe(NPS) + γe(NPH). We
know that the HPOSS NPs located at the surfaces are loosely
and short-range-orderly packed in the PEO(s = 2.5) and PEO(s
= 2) crystals, and thus, γe(NPH) = 0. If NPs are squeezed and
closely packed on the PEO(s = 1.5) crystals’ surface, γe(NPH) ≠
0, while γe(NPS) = 0. On the other hand, to account for the
effect of the end pair defects located at the crystal center on Tm,
the Sanchez−Eby equation approximately teaches38,39

γ ε= − Δ − ΔT T h X h[1 2 /( ) / ]m m
0

e f f (2)

where ε is the excess free energy of defects created by the
incorporation of a mole of end pairs in the crystal lattice and X
is the volume fraction of the defects in the crystals. X can be
estimated if one considers that end pair defects are exactly
located at the center of the crystals and affect their neighboring
stems. The X value can be calculated by X = Ndefects/N, where
Ndefects is the volume (repeat unit) occupied by the defects
inside of each stem, which here can be estimated as 1.0, and N
are the repeat units of each PEO stem [for PEO(s = 1.5), N =
57, and for PEO(s = 2.5), N = 34].
For the normal IF crystals in LMW PEOs, their average fold/

end surface free energy γe(crystal, s) can be calculated based
on2−5

γ
γ γ

=
+

(crystal, s)
[ (crystal, s) (crystal, s)]

se
e,e e,f

(3)

where γe,e(crystal, s) and γe,f(crystal, s) represent the chain end
and chain fold surface free energies of LMW PEO, respectively.
Depending on the number of chain folds, γe,e(crystal, s) is equal
to 25.5 erg/cm2 when s = 1 and 34.9 erg/cm2 when s ≥ 2.
γe,f(crystal, s) was found to be 22.4 erg/cm2. The average fold/
end surface free energy of a pure LMW PEO can thus be
calculated based on eq 3 assuming that those half-stemmed
crystals are also stabilized, and they are γe(crystal, s = 1.5) =

Figure 2. Set of 1D WAXD patterns for BPOSS-PEO3.8k single-crystal
mats with PEO(s = 2.5) (black), PEO(s = 2.0) (red) crystals from
solution crystallization, and PEO(s = 1.5) (blue) by annealing the
PEO(s = 2.5) crystal at 52 °C. AFM single-crystal morphologies of
PEO(s = 2.5) (a), PEO(s = 2.0) (b), and PEO(s = 1.5) (c) crystals are
also shown in the insets.
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26.6 erg/cm2, γe(crystal, s = 2) = 28.7 erg/cm2, and γe(crystal, s
= 2.5) = 24.9 erg/cm2, respectively. Given that the Tm of the
pure PEO(s = 2) crystals with 3.8k g/mol is 55.9 °C and the Tm
of PEO(s = 2) for HPOSS-PEO3.8k is 53.3 °C, we can deduce
the effect of HPOSSs on the crystal surface without close
packing, γe(NPS) using eq 1, because the pure PEO(s = 2)
crystal keeps its stability invariant during the study and thus is
always at this local equilibrium. The overall γe(s = 2) obtained is
31.0 erg/cm2. The γe(NPS) at the crystal surface contributes to
the overall γe(s = 2) is thus 2.3 erg/cm2 [γe(s = 2) − γe(crystal, s
= 2), 31.0−28.7 erg/cm2].
In order to obtain the value ε of end pairs within the PEO(s

= 2.5) crystals, we assume that the contribution of NPs is
identical to that of the PEO(s = 2) crystals (2.3 erg/cm2). The
overall γe(s = 2.5) is 27.2 erg/cm2 (24.9 + 2.3 erg/cm2). Using
eq 2, the ε value can thus be calculated to be 29.8 erg/cm2.
Furthermore, assuming that the ε value of PEO(s = 1.5) crystals
is identical to that deduced in the PEO(s = 2.5) crystals (29.8
erg/cm2), we can calculated the overall γe(s = 1.5) value based
on eq 2, which is 34.8 erg/cm2. In the first approximation,
therefore, the overall γe(NP) is 8.2 erg/cm2 (34.8 − 26.6 erg/
cm2), which can be fully attributed to γe(NPH) because entropic
contribution in this situation is negligible.
The final question is whether this observation is unique for

the specific POSS-related GMSAs or it represents a general
universality. We have designed a new GMSA molecule having
[60]fullerene (C60) NPs as a head and the same PEO as a tail,
C60-PEO3.8k.

40,41 Utilizing the same analysis, we can identify
PEO(s = 2.5) (black), PEO(s = 2) (red), and PEO(s = 1.5)
(blue) crystals based on the relationship between L and Tx, as
shown in Figure 3 (compared to Figure 1a. For detailed

analysis, see the SI). The only difference here is that for C60-
PEO3.8k, no pure PEO(s = 1.5) crystals can be isolated, but they
always show a mixture with the PEO(s = 2) crystals. This may
be due to a larger cross-sectional area and geometrical
incompatibility of C60, compared to that of HPOSS,42 and
lead to an average of more than three PEO stems to balance the
cross-sectional areas between C60 heads and PEO tails. Further
analysis for this system is the focus of future work.
In summary, by properly designing molecules, new physical

phenomena can be explored in the GMSA case having the
HPOSS head with a PEO tail. The molecules build up double
HPOSS layered structures in between the PEO lamellar
crystals. In order to balance the cross-sectional areas between

the HPOSSs and the PEO crystal stem numbers, the IF and
exactly defined half-stemmed crystals are observed (in this case,
s = 2.5, 2, and 1.5). These findings may possess a general
universality of the GMSAs with other types of NPs such as C60.
Note that without these NPs, these exactly defined half-
stemmed crystals with precisely controlled defects at the center
of the lamellar crystals are not stabilized and have not been
observed because they prefer to be further organized into the IF
crystals. However, after imposing the geometric restriction of
NPs chemically connected to the PEO, the half-stemmed PEO
crystals are now settled in free-energy minima and
experimentally observable.
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