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Abstract   The rich phase behavior of block copolymers (BCPs) has drawn great attention in recent years. However, the double diamond (DD)

phase is rarely obtained because of the competition between the minimization of interfacial energy and packing frustration. Here, a rod-coil BCP

containing mesogen-jacketed liquid crystalline polymer is designed to acquire ordered bicontinuous network nanostructures. The reduction of

internal energy originating from the orientational interaction among the rod blocks can compensate for the free energy penalty of packing frus-

tration to stabilize the DD structure. The resulting BCP can also experience lamellae-to-DD and double gyroid-to-lamellae transitions by chang-

ing the annealing temperature. These results make the rod-coil BCP an excellent candidate for the self-assembly of ordered network structures,

demonstrating great potential in nanopatterning and metamaterials.
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INTRODUCTION

The  self-assembly  of  block  copolymers  (BCPs)  has  drawn  great
attention in recent decades because of its potential in nanopat-
terning,  metamaterials, etc.[1−6] The  structures  of  BCPs  rely  on
three parameters, the volume fraction (f) of a component in the
BCP,  the  Flory-Huggins  interaction  parameter  (χ)  between  the
two components, and the total degree of polymerization (N).[7,8]

They  can  form  hexagonally-packed  cylinders  (HEX),  lamellae
(LAM), body-centered cubic arrays of spheres (BCC), and double
gyroid  (DG)  through  microphase  separation.[9−13] However,  an-
other  ordered  bicontinuous  structure,  double  diamond  (DD),
can rarely be obtained by self-assembly using BCPs.

3Generally, the DD phase with 4-fold nodes and Pn m sym-
metry  is  regarded  as  an  unstable  or  metastable  morphology
compared with BCC,  HEX,  LAM, and DG because of  competi-
tion between the minimization of interfacial energy and pack-
ing  frustration.[14−16] The  minimization  of  interfacial  energy
tends  to  form  structures  with  a  constant  mean  curvature
(CMC)  surface.  DD  and  DG,  which  are  common  in  lipids  and

amphiphilic  surfactants,  are  composed  of  two  separated  in-
terpenetrating networks  in  a  continuous matrix  with  a  CMC-
like surface (the Schwarz diamond surface and the Schoen gy-
roid  surface  respectively).[17−19] However,  packing  frustration
tends to form microdomains with uniform thickness, and thus
the blocks do not have to fill up space with excessive stretch-
ing.[20] Therefore,  domain  interfaces  with  non-uniform  thick-
nesses would deviate from the complex CMC surface to gen-
erate  more  domains  with  a  uniform  thickness  and  reduce
packing frustration to stabilize bicontinuous nanostructures.

The  reduction  in  packing  frustration  can  compensate  for
the  increased  interfacial  energy  originating  from  a  non-CMC
surface. Therefore, the degree of deviation from the CMC sur-
face  can  measure  the  stability  of  these  complex  structures.
The calculated interface of DG deviates less from the CMC sur-
face  than  that  of  DD.[21] Finally,  DG  is  more  stable  when  the
interfacial  energy  minimization  and  packing  frustration
achieve  an  equilibrium.  Matsen  and  Escobedo et  al. further
theoretically  confirmed  the  above  mechanism  using
diblock/homopolymer  blends.[22−24] Recently,  although  DD
structures  have  been  acquired  by  solution  assembly  of  am-
phiphilic BCPs,[25−28] blending strategy,[15,29,30] or introduction
of chiral chains[31,32] to minimize packing frustration, it is still a
challenge to obtain DD structure in the bulk self-assembly of
neat BCPs.
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Herein,  we  report  ordered  bicontinuous  phases,  DD  and
DG, formed by a rod-coil  BCP composed of the flexible poly-
dimethylsiloxane (PDMS) and the rigid mesogen-jacketed liq-
uid  crystalline  polymer  (MJLCP)  poly{2,5-bis[(4-methoxy-
phenyl)-oxycarbonyl]styrene}  (PMPCS).  The  interplay  be-
tween  the  microphase  separation  of  the  two  blocks  and  the
orientational interaction of the rod blocks makes its phase be-
havior  different  from that  of  regular  coil-coil  BCPs and stabi-
lizes the DD structure by reducing internal energy to make up
for  the  packing  frustration.  The  LAM-to-DD  and  DG-to-LAM
phase  transitions  can  also  be  observed  by  changing  the  an-
nealing temperature, demonstrating dramatic changes in the
phase  behavior  from  the  variation  in  the  segregation
strength.  This  work  can  promote  the  development  of  or-
dered bicontinuous structures in BCPs and show great poten-
tial  in  nanotemplates,  nanoporous materials,  and metamate-
rials.

EXPERIMENTAL

Synthesis and Characterization of the Macroinitiator
and PDMS-b-PMPCS
The  synthetic  route  of  the  macroinitiator  2-bromoisobutyrate-
terminated PDMS was shown in Scheme S1 and Fig.  S1 (in the
electronic supplementary information, ESI). The absolute molec-
ular weight (MW) of the macroinitiator was determined by ma-
trix-assisted laser desorption/ionization time of flight mass spec-
trometry  (MALDI-TOF-MS)  (Fig.  S2  in  ESI).  PDMS-b-PMPCS  was
prepared by atom-transfer radical polymerization (Scheme S1 in
ESI).  The  molar  mass  dispersity  (ĐM)  of  the  macroinitiator  and
PDMS-b-PMPCS  was  determined  by  size  exclusion  chromatog-
raphy  (SEC)  (Figs.  S3  and  S4  in  ESI),  and  the  DP  of  PMPCS  was
determined by  the  absolute  MW of  the  macroinitiator  and the
1H-NMR result (Fig. S5 in ESI). The volume fraction of PMPCS, frod,
was calculated assuming the densities of PDMS and PMPCS are
0.97 and 1.28 g/cm3, respectively.

Sample Preparation
Bulk  samples  of  PDMS-b-PMPCS  block  copolymers  were  pre-
pared through solution casting from tetrahydrofuran (THF) solu-
tions overnight and then annealed at 130 and 190 °C for 2 days.
Then, liquid nitrogen was used to quench the samples in order
to maintain the high-temperature structures. After the small-an-
gle  X-ray  scattering  (SAXS)  and  wide-angle  X-ray  scattering
(WAXS)  experiments,  the  samples  were  embedded  in  epoxy
resins  and  microtomed  with  a  thickness  of  approximately  100
nm by an ultramicrotome for transmission electron microscopy
(TEM) observation.

Instruments
1H-NMR  spectra  were  conducted  on  a  Bruker-400  (400  MHz)
spectrometer.  The  GPC  experiments  were  performed  on  a

Waters 1515 instrument with an isocratic HPLC pump and a Wa-
ters 2414 instrument with a refractive index detector using THF
as eluant (1 mL/min).  The polystyrenes were used as standards
to  plot  the  calibration  curve.  MALDI-TOF-MS  results  were  ob-
tained on an AB Sciex 5800 instrument. The SAXS and WAXS ex-
periments were carried out on Xeuss 2.0 (Xenocs SA, France) at
Institute of Chemistry, Chinese Academy of Sciences (ICCAS), the
synchrotron X-ray beamline 1W2A at Beijing Synchrotron Radia-
tion Facility (BSRF), and the synchrotron X-ray beamline BL16B1
at  Shanghai  Synchrotron  Radiation  Facility  (SSRF).[33,34] The
wavelength of the X-ray beam was 0.154 nm. The scattering an-
gles were calibrated with silver  behenate.  The bright field TEM
images  were  acquired  with  a  Tecnai  F20  transmission  electron
microscopy at an accelerating voltage of 200 kV.

RESULTS AND DISCUSSION

The  characterization  results  of  PDMS-b-PMPCS  are  listed  in
Table  1.  The  nanostructures  were  determined  by  synchrotron
small-angle  X-ray  scattering  (SAXS)  and  transmission  electron
microscopy (TEM) experiments. The SAXS profile of D65M20 with
an annealing temperature of 130 °C exhibits a scattering vector
ratio of 1:2:3, indicative of a LAM nanostructure (Fig. 1a). The pri-
mary  scattering  peak  is  at q*=0.374  nm−1 with  a d-spacing  of
16.8 nm. The TEM micrograph of D65M20 annealed at 130 °C con-
firms  the  LAM  nanostructure  (Fig.  1b).  The  layer  spacing  ob-
tained  from  the  TEM  image  is  approximately  16.9  nm,  consis-
tent  with  the  SAXS  result  within  the  experimental  error.  Be-
cause  the  electron  density  of  PDMS  is  higher  than  that  of  PM-
PCS, the dark part in the image is the PDMS domain, while the
bright part belongs to the PMPCS domain. According to the frod

and d-spacing  values  of  the  LAM  structure,  the  spacing  of  the
PMPCS layer is 16.9 nm × 56% = 9.5 nm, in agreement with that
of  the  bright  part  in  the  TEM  image  (approximately  10.8  nm).
The  PMPCS  rods  are  supposed  to  arrange  in  a  double-layer
manner because the length of the PMPCS rod with all-trans con-
formation is  about  5.0  nm.  The schematic  diagram of  the LAM
structure is shown in Fig. 1(c).

As described in the literature,  ordered network nanostruc-
tures such as DD, DG, and Fddd can be regulated through the
self-assembly  of  BCPs.  The  scattering  vector  ratio  of  D65M20

with  the  annealing  temperature  of  190  °C  is
21/2:31/2:41/2:61/2:81/2,  which  is  consistent  with  that  of  the  DD
phase (Fig. 2a). To avoid confusion with DG and Fddd, the the-
oretical diffraction peak positions of these two network phas-
es are labeled with blue and red lines in Fig. 2(a) by fixing the
primary  peak  position.  It  can  be  found  that  the  high-order
diffraction peaks of the DG phase do not match with those in
the SAXS result. Meanwhile, although the second, fourth, and
fifth peaks in the SAXS result appear in the theoretical peaks
of the Fddd phase, the third peak in the SAXS result does not

 

Table 1    Characterization and phase structures of PDMS-b-PMPCS.
 

Sample
Mn,D a

(kg/mol)
Mn,M b

(kg/mol)
ĐM a

(Mw/Mn)
frod’s

Nanostructure c

(130 °C)
Nanostructure c

(190 oC)

D65M20 4.9 8.1 1.11 0.56 LAM DD
D65M34 4.9 13.7 1.17 0.68 DG DG + LAM

a Determined by SEC in THF, Mn,D is the number-averaged MW of the PDMS block and ĐM is the molar mass dispersity of the BCP; b Determined by 1H-NMR,
Mn,M is the number-averaged MW of the PMPCS block; c The nanostructures were characterized by SAXS and TEM.
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belong  to  the Fddd phase.  In  addition,  the  theoretical  third
and fifth peaks of the Fddd phase do not appear in the SAXS
profile.  Therefore,  the  structure  of  D65M20 self-assembling  at
190 °C can be identified as the DD phase, with the peaks cor-
responding to the (110),  (111),  (200),  (211),  and (220)  diffrac-
tions. The sample was also annealed at 190 °C for 96 h to veri-
fy  the  stability  of  the  DD  nanostructure,  and  the  result  re-
mained  the  same.  To  further  confirm  the  DD  nanostructure,

1
we  conducted  TEM  experiments.  The  TEM  micrographs  dis-
play a helical pattern from the [1 1] projection (Fig. 2b) and a
hexagonal pattern from the [111] projection (Fig. 2c) of a DD
lattice.[35,36] The distance between the adjacent dark domains
is  approximately  18.8  nm  (Fig.  2c).  The d-spacing  of  the
(111)DD plane is determined to be 20.3 nm (q=0.309 nm−1) ac-
cording to the second peak in the SAXS profile, in agreement
with the TEM result within the margin of errors.
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Fig. 1    (a) SAXS profile, (b) TEM micrograph, and (c) schematic illustration of the LAM phase self-assembled by D65M20 at 130 °C. The blue and red
colors represent PMPCS and PDMS blocks, respectively.
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Fig.  2    SAXS  profile  of  the  DD  phase  self-assembled  by  D65M20 at  190  °C  with  the  blue  and  red  lines  representing  the  theoretical
diffraction peak positions of Fddd and DG phases, respectively (a); TEM micrographs (b, c) and schematic illustration (d) of the DD phase.
The blue and red colors represent PMPCS and PDMS blocks, respectively.
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3

Based  on  the  above  results,  the  LAM  structure  should  be
the  most  stable  structure  at  low  temperatures.  At  high  tem-
peratures,  the LAM structure is  likely to be unstable because
the thermal motion of the coil block increases and large inter-
facial areas between the layers are required to relieve the free
energy  of  deformation  originating  from  the  coil  packing.[37]

As a result,  the LAM structure would break down into a new
nanostructure  DD  with Pn m symmetry.  To  understand  the
reason for the phase transition, WAXS experiments were car-
ried out  (Fig.  S6 in  ESI).  In  rod-coil  BCPs,  the other  two para-
meters,  the  geometrical  asymmetry  interaction  (ν)  and  the
orientational interaction (μ), can also influence the structures.
The  liquid  crystalline  (LC)  phase  behavior  of  PMPCS  is  MW-
dependent, and PMPCS rods in D65M20 are in the amorphous
state  during the annealing temperature  range,  which means
that  the  strength  of  the  orientational  interaction  among
PMPCS  rods  remains  unchanged.  However,  the  decrease  of
the Flory-Huggins interaction parameter and the correspond-
ing χN value  will  weaken  the  segregation  strength  between
the two blocks when the annealing temperature is increased,
and  then  the  structure  of  D65M20 will  have  an  order-order
transition  (OOT).  Similar  to  the  situation in sPP-b-PS  that  the
ordered packing of  helical sPP segments  can reduce internal
energy  to  make  up  for  the  packing  frustration  in  the  4-fold
node  caused  by  the  entropic  loss  of  the  stretched  polymer
chains,[36] the orientational interaction of PMPCS can also de-

crease the internal energy to stabilize the DD structure. Based
on  the  above  analysis,  the  schematic  illustration  of  the  DD
phase is shown in Fig. 2(d), with the PMPCS rods forming two
interpenetrating  networks  and  the  PDMS  coils  forming  the
continuous matrix. Therefore, unlike the DG and Fddd phases
that  were  previously  reported  in  PDMS-b-PMPCS,[38] we  fur-
ther  identify  the  DD  structure  as  well  as  the  infrequent  OOT
between the DD and lamellar phases by modulating the MW
of  PDMS  and  the  orientation  interactions  of  PMPCS,  which
have rarely been observed in other literature.

To further  investigate the role of  the orientational  interac-
tion  among  PMPCS  rods  on  the  phase  behavior,  the  MW  of
PMPCS is increased to allow the formation of an LC phase up-
on annealing. The peaks of D65M34 annealed at 130 °C exhibit
a  scattering  vector  ratio  of  61/2:81/2:161/2:241/2:321/2:421/2,
which coincides with that of the DG phase (Fig. 3a).

The peaks can be assigned as the (211),  (220),  (400),  (422),
(440),  and (541)  diffractions.  The DG structure can be further
confirmed by TEM results  (Figs.  3b and 3c).  According to the
volume  fraction  of  PMPCS,  it  can  be  speculated  that  the
PDMS coils  form two interpenetrating networks and the PM-
PCS  rods  form  the  continuous  matrix.  The  cross-sectional
view of the molecular arrangement of the 3-fold node in the
DG structure is shown in Fig. 3(d).

With the annealing temperature rising to 190 °C, the inten-
sities  of  the  abovementioned  peaks  decrease,  and  several
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Fig.  3    SAXS  profile  (a)  and  TEM  micrographs  (b,  c)  of  the  DG  phase  self-assembled  by  D65M34 at  130  °C  and  cross-sectional  view  of
possible molecular arrangement of the 3-fold node in the DG structure (d). The blue and red colors represent PMPCS and PDMS blocks,
respectively.
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new  peaks  with  the  scattering  vector  ratio  of  1:2:3:4  appear
(Fig. 4a). That is, the DG structure and the LAM structure coex-
ist at the annealing temperature of 190 °C, which can also be
verified by TEM (Figs. 4b and 4c). The above results reveal that
the  structure  of  D65M34 can  gradually  transform  from  DG  to
LAM  with  increasing  temperature.  Considering  the  MW-
dependent LC phase behavior  of  PMPCS,  WAXS experiments
were  conducted  to  study  whether  the  liquid  crystallinity  of
PMPCS triggered the OOT. As shown in Fig. 4(d), the LC phase
of the rod block forms at the annealing temperature of 190 °C
with  a  sharp  peak  (q=4.14  nm−1).  The  formation  of  the  LC
phase  will  induce  the  PMPCS  blocks  to  be  more  rigid,  and
then  the  strength  of  the  orientational  interaction  among
PMPCS rods will  be increased.  Therefore,  although the Flory-
Huggins interaction parameter between the two blocks is de-
creased when the annealing temperature is increased, the en-
hancement in  the orientational  interaction of  PMPCS caused
by the formation of  the LC phase will  increase the whole  ef-
fective  segregation strength.[39,40] Meanwhile,  the  more  rigid
PMPCS  will  also  increase  the  geometrical  asymmetry  be-
tween the two blocks.  At last,  DG will  be unstable after ther-
mal annealing at 190 °C because of relatively large interfacial
curvature,  and gradually transforms into LAM with low inter-
facial curvature. Thus, the OOT of D65M34 with increasing tem-
perature is mainly caused by the LC formation of PMPCS rods
in the outward matrix.

As  mentioned  above,  the  microstructures  of  rod-coil  BCPs

are influenced by not only f and χN but also the geometrical
asymmetry  interaction  and  orientational  interaction.  The
phase  diagram  is  shown  in  Fig.  S7  (in  ESI).  When  the  MW  of
PMPCS is lower than the critical MW for LC formation, the seg-
regation strength between the two blocks  will  be  decreased
because of the decrease in the Flory-Huggins interaction pa-
rameter  with  increasing  annealing  temperature.  When  the
MW  of  PMPCS  exceeds  the  critical  MW,  the  segregation
strength  between  the  two  blocks  will  be  enhanced  mainly
owing  to  the  increase  in  the  orientational  interaction  of
PMPCS and geometrical  asymmetry  between the two blocks
caused by LC formation.  The enhanced segregation strength
caused by the formation of LC phase can also be observed in
the  BCP  containing  side-chain  liquid  crystalline  polymers,
which  promotes  the  formation  of  low-curvature  structures
(e.g.,  BCC, HEX, and LAM), instead of DD.[41] According to the
theoretical  results,[42−45] the  network  structures  generally  ex-
ist  in  the  weak-segregation  region  while  the  structures  with
low  interfacial  curvatures  (e.g.,  BCC,  HEX,  and  LAM)  exist  in
the strong-segregation region. Therefore, the OOTs of D65M20

and D65M34 are also in accord with the theoretical results.

CONCLUSIONS

In conclusion, the rich structures of PDMS-b-PMPCS are studied
because  the  geometrical  asymmetry  and  orientational  interac-
tion play an important role in the self-assembly of rod-coil BCPs.
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Fig.  4    SAXS  profile  (a)  and  TEM  micrographs  (b,  c)  of  D65M34 after  thermal  annealing  at  190  °C  and  WAXS  profiles  of  D65M34 after
thermal annealing at 130 and 190 °C (d).
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By changing the MW of the rod block and annealing tempera-
ture,  the  BCP  can  self-assemble  into  LAM,  DD,  and  DG  nanos-
tructures.  In  addition,  for  the  first  time  the  DD  structure  and  a
LAM-to-DD transition are observed in the bulk sample of a BCP
containing the rigid MJLCP. The orientational interaction of PM-
PCS can reduce internal energy to minimize packing frustration
for stabilizing the DD structure. Moreover, the transformation of
PMPCS  from  the  amorphous  to  the  LC  phase  also  induces  a
phase transition from DG to LAM. Therefore, various nanostruc-
tures,  especially  bicontinuous  network  structures  (such  as  DD
and DG), can be easily obtained in the rod-coil BCPs containing
MJLCP rod blocks. Meanwhile, it is also a promising candidate to
be used as nanotemplates, nanoporous materials, and metama-
terials.
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