
Introduction

This article deals with the study of ordering phenomena
in a special class of block copolymers. The question of
structure formation in polymers and the use of scattering
methods in their investigation has been one of the many
and very successful topics in the scientific career of Prof.

E. W. Fischer. His comprehensive knowledge of polymer
physics and his rigor in all scientific discussions has in-
spired and driven his coworkers and students and we (in
particular B. S.) are very grateful for this experience.

The variety of lyotropic liquid crystalline (LC)
microstructures attained by microphase-separated block
copolymers are of practical interest and have been long
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Abstract The domain microstruc-
ture and the nematic LC mesophase
in a series of side-chain liquid crys-
talline/isotropic (LC/I) diblock co-
polymers with systematically varied
block volume fractions were studied
in a broad temperature range (25–
170 �C) by DSC, polarized micros-
copy, and wide and small angle
X-ray scattering. At all temperatures
the block copolymers are micro-
phase separated. The PSLC block
copolymers exhibit order at two
length-scales: on one hand, a nema-
tic LC mesophase with characteristic
length-scale of 0.43 nm (intermeso-
gen distance); on the other hand,
lamellar, hexagonal or cubic domain
microstructures with characteristic
length-scales of 27–44 nm (lattice
parameter). The LC block was either
located in the matrix or confined
inside the microdomains. The ther-
motropic behavior is characterized
by the sequence g/�35 �C/n/
�115 �C/i and is not affected by the
domain microstructure and/or
dimensions. Analysis of the lamellar
dimensions showed that the LC

chain is stretched. With increasing
temperature, a thermal expansion of
both blocks takes place followed by
a retraction of the LC chain above
TNI. The phase diagram is asym-
metric and does not alter above TNI.
No order-to-order transitions trig-
gered by the nematic-isotropic tran-
sition are observed. It was shown
that domain microstructures of low
interfacial curvature (lamellar and
hexagonal) are energetically favored
over the geometrically expected ones
of high interfacial curvature (micel-
lar cubic) due to the presence of
nematic LC mesophase in the matrix
or in the microdomains. By com-
parison to theory a Kuhn segment
length of the LC block
bLC=0.86 nm was derived from the
location of the lamellar/hexagonal
phase boundaries.
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studied; e.g., [1, 2, 3, 4]. Depending on the application
demands, different systems can be advantageous. Two-,
three- or more component block copolymer-solvent
systems offer a real diversity of microstructures and
options for their modification, such as solvent-induced
microphase separation, reversible gel-solution transi-
tion, etc. [5, 6, 7]. Such systems are readily used in
the pharmaceutical industry for example. However, the
presence of solvent(s) is often not desirable, while the
demand for new easily attained structures with special
functionalities remains. For example, the one-compo-
nent block copolymer systems (dry polymer melts)
are preferred in technological applications. In order
to obtain structural variety in this case, one has to
synthesize a large number of new block copolymers,
which is not always straightforward. Such systems,
however, offer possibilities for combination of aniso-
tropic optical, electrical or mechanical properties with
good thermal and physical resistance and durability [8,
9, 10].

In this context, the block copolymers containing one
liquid crystalline and one isotropic block raise special
practical as well as fundamental interest due to the
combination of thermotropic LC behavior and meso-
morphic microdomain morphologies. Essential ques-
tions to be investigated in such systems are, for example,
microstructure formation, parameters governing the
self-assembly and interaction between LC mesophase
and domain structure.

The LC/I block copolymer systems are not so well-
studied as LC homopolymers or I/I block copolymers
(see reviews [11, 12]). Recently the first theoretical
modeling of the thermotropic LC behavior and the
microdomain morphology of side-chain LC/I block co-
polymers has been reported [13]. It shows that the con-
formational asymmetry, caused by the side-chain LC
block, influences the microdomain shape and leads to an
asymmetry of the phase diagram. The theoretical phase
diagrams agree well with the available experimental ones
[14, 15, 16, 17]. The theory predicts order-to-order
transition from low-curvature microstructures to higher
curvature microstructures at the isotropisation temper-
ature of the LC block, that have indeed been experi-
mentally registered [18, 19]. However, it cannot clarify
the reverse type of order-to-order transitions observed
by Hammond et al. [17]. Another open question is for
example how the LC mesophase is affected by the
microdomain confinement. Further experimental and
theoretical investigations of various types of LC/I block
copolymers can help to refine the model and to develop
general theories of the phase behavior of such complex
systems.

Here we present an investigation of the thermotropic
LC behavior and the microdomain morphology of
nematic side-chain LC/I diblock copolymers. Issues such
as the formation of nematic LC mesophase and the

formation of specific domain microstructures as well as
their mutual influence are addressed.

Experimental section

Materials and chemical characterization A series of nine
diblock copolymers consisting of a nematic side-chain
liquid crystalline block (LC) and an isotropic block
(PS), see Fig. 1, with well-defined chemical structure
and systematically varied block volume fractions were
synthesized using a modification of the three-step
technique developed by Gronski et al. [20]. The syn-
thesis and the chemical characterization of the pre-
cursor and the end-product polymers by SEC, FTIR
or 1H-NMR are reported in details in our previous
work [21]. The end-product LC/I block copolymers
are denoted as PSLC x/y where x is the volume per-
cent of the PS block and y is the volume percent of
the LC block (data are given in Table 1). Their
molecular weight varies in the range 38,300–125,000
and has a very narrow distribution (Mw/Mn 1.03–
1.10). The block weight fractions are calculated stoi-
chiometrically provided that a 100% conversion of the
precursor block copolymers into the end-products
takes place [21]. The block volume fractions are cal-
culated from the corresponding weight fractions using
the density of the PS block (1.04 g/cm3) and of the LC
block (1.25 g/cm3). Further, we have here performed
an additional determination of the composition of the
synthesized PSLC block copolymers using 1H-NMR.
The directly measured quantities, the number of the
aromatic and the aliphatic protons per macromolecule,
are converted into the corresponding degree of poly-
merization of the LC (NLC) and the PS (NPS) block.
As Table 1 demonstrates, the experimentally obtained
NLC/NPS values agree well with the calculated ones.
The deviation was between 2% and 10% except for
the block copolymer with the highest PS content. This
result confirms that the synthesis has proceeded with
practically 100% conversion and without side-reactions.

Fig. 1 Chemical structure of the PSLC block copolymers: the
liquid crystalline block consists of cyanobiphenyl mesogens
coupled to poly(1,2-butadiene) through valeric acid spacers and
the isotropic block is polystyrene
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The absence of low-molecular weight impurities (e.g.,
unbound mesogen units) was also confirmed. The
larger deviation of the experimental NLC/NPS values
from the calculated ones for the block copolymers
with the most asymmetric compositions as well as the
inability to measure the block copolymer with the
lowest PS content are attributed to the poor solubility
of the two blocks in one and the same solvent.
Polarized microscopy was done using an Olympus 41
optical microscope equipped with Linkam heating
stage and a Eurotherm temperature controller with
precision of ±0.1 �C.

Wide and small angle X-ray scattering (WAXS and
SAXS) The WAXS measurements were performed
using X’Pert-PRO Philips set up with Spinner stage at
25 �C. Cu Ka radiation of wavelength 0.154 nm was
selected by a curved crystal pyrolytic graphite mono-
chromator. Two solar slits of 0.04 rad, one in the inci-
dent and one in the diffracted beam optics, were used to
control the axial divergence of the X-ray beam. The slit-
smeared scattering profiles were registered by a sealed
proportional detector. Samples representing solid
homogeneous disks with diameter of 13 mm and height
of 1–2 mm were prepared by pressing the block co-
polymer powder in a special steel tool. The scattering
vector is q ¼ 4p

k sin h (2h is the scattering angle) and the
position of the first peak is denoted as q*.

The SAXS diffraction profiles were measured in
vacuum using a Kratky compact small angle system
(PAAR, Graz, Austria) equipped with a step-scanning
scintillation counter and a source of Cu Ka radiation of
wavelength 0.154 nm. Temperatures of 25 to 170 �C
were stabilized with a precision of ±0.1 �C. At each
temperature the sample was equilibrated for 30 min
before starting the measurement. Details on the experi-
mental equipment and sample preparation can be found
in [21]. The recorded slit-smeared SAXS profiles were
subjected to subtraction of the background scattering,

normalization and desmearing using a special computer
program based on standard procedures [22]. The
normalization of the scattering intensity to the incoming
X-ray flux measured with the moving slit device (PAAR,
Graz, Austria) results in the absolute intensity in units of
the Thompson cross section as a function of the scat-
tering vector q.

Results and analysis

Nematic LC mesophase

The thermotropic LC behavior of the studied PSLC
block copolymers was first probed by DSC and polar-
ized microscopy. The DSC thermograms (see [21]) pro-
vided data for the nematic-isotropic transition
temperature, TNI, of the LC block as well as for the glass
transition temperatures, Tg, of both copolymer blocks
(except for the blocks with lowest volume fraction). Both
glass transition temperatures are well separated con-
firming the microphase-separated state of the block co-
polymers and the existence of domain structure. The
thermotropic LC behavior of the PSLC block copoly-
mers is depicted in Fig. 2 and is generally characterized
by the sequence g/�35 �C/n/�115 �C/i. Only for PSLC
97/3, the block copolymer with the lowest LC volume
fraction, TNI could not be detected. However, polarized
microscopy revealed also in this case the presence of
birefringent texture similar to those of the other block
copolymers. Thus both DSC and polarized microscopy
data proved the presence of a nematic LC mesophase at
temperatures below TNI for all PSLC block copolymers
studied.

A characteristic length-scale of the nematic LC mes-
ophase is the average distance between the nematic
mesogens, dN. It was studied by wide angle X-ray scat-
tering. The WAXS profiles for all PSLC block copoly-
mers as well as for the two homopolymers (LC and PS)
at 25 �C are shown in Fig. 3a. In order to be able to

Table 1 Chemical characteristics of the synthesized PSLC block copolymers

LC/I block
copolymer

MW NPS NLC PS wt% LC wt% NLC/NPS NLC/NPS PS vol.% LC vol.%
Calculated Calculated Measured Calculated

PSLC 7/93 77,000 42 208 5.7 94.3 4.95 a 6.8 93.2
PSLC 14/86 53,700 58 133 11.5 88.5 2.29 2.25 13.5 86.5
PSLC 19/81 104,300 163 250 16.3 83.7 1.53 b 19.0 81.0
PSLC 30/70 98,700 243 207 25.9 74.1 0.8518 b 29.6 70.4
PSLC 39/61 55,000 175 99 34.5 65.5 0.5657 0.553 38.8 61.2
PSLC 59/41 38,300 200 50 54.4 45.6 0.25 0.225 58.9 41.1
PSLC 77/23 62,800 444 48 73.4 26.6 0.1081 0.102 76.8 23.2
PSLC 85/15 86,500 662 42 82.5 17.5 0.0634 0.059 85.0 15.0
PSLC 97/3 125,000 1167 11 96.9 3.1 0.0094 0.014 97.4 2.6

aIt was not possible to perform a measurement in the same solvent as the other block copolymers
bMeasurements were not carried out
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analyze the block copolymer profiles, we will first
consider the characteristics of the two homopolymer
profiles.

The profile of the PS homopolymer (Fig. 3b, bottom)
features a main high intensity relatively narrow peak at
q*=13.59 nm)1 and lower intensity peaks at
q=7.15 nm)1 and q=29.2 nm)1. It is identical to the PS
scattering profile given, e.g., in [23]. It has been shown
[24] that the scattering pattern at q>10 nm)1 coincides

with that of benzene and styrene. This indicates that,
similarly to the monomer, the PS scattering profile in
this q-range is dominated by the phenyl-phenyl corre-
lations and represents scattering due to intrachain as
well as interchain phenyl interactions [24]. The lower
intensity peak at q=7.15 nm)1 is completely absent in
the monomer scattering profile and is identified with
interchain correlations between first neighbors [24]. The
analysis of this peak has revealed the spatial organiza-
tion of the PS macromolecules in the glass state showing
that the phenyl groups of neighboring macromolecules
undergo microsegregation and associate into stacks [24].
This peak is specific to PS and is not present in the
scattering profiles of most other polymers. A fit of the
first two peaks of the PS profile as a superposition of two
Gaussian peaks is shown in Fig. 3b.

The profile of the LC homopolymer (Fig. 3b, top)
has quite the same characteristics, i.e., a high intensity
relatively narrow main peak at q*�14.5 nm)1, a lower
intensity peak at q=29.5 nm)1 (or approx. 2q*) and a
hump to the left of the main peak. It is expected that, the
scattering profile in this case is also determined by the
intra- and interchain carbon-carbon correlations be-
tween first neighbors. However, an essential component
of the profile here is the scattering due to the nematic LC
mesophase. Despite the similarity between the X-ray
scattering from LC homopolymer and from PS, the two
profiles differ significantly with respect to the first peak.
In the PS profile the peak at the lowest q is well-built.
The presence of only a slight hump in the same q-range
in the LC homopolymer profile indicates that the
interchain correlations are entirely dominated by the

Fig. 3a,b WAXS diffraction
profiles measured at 253: a for
each of the PSLC block
copolymers and for the two
homopolymers, LC and PS;
b comparison of the LC
homopolymer profile to the PS
homopolymer one. The profiles
are shifted for clarity

Fig. 2 Thermal characteristics (glass transition temperatures and
LC mesomorphic behavior) of the PSLC block copolymers
obtained by DSC
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scattering from the nematic LC mesophase, which ap-
pears at q values of the main peak.

The main peak of the LC profile itself is a superpo-
sition of two components. One is due to the scattering
from the nematic mesophase and one is due to the
‘‘pure’’ intrachain carbon-carbon correlations. A useful
method for assessing the structural origin of the profile
features is the variation of the WAXS profiles with
temperature. At temperatures below TNI good fits of the
main peak can be obtained only if it is considered as a
superposition of two peaks (fit shown in Fig. 3b, top).
The fits determine one relatively narrow strong peak
resulting from the nematic mesophase and one broader
lower peak from the ‘‘pure’’ intrachain correlations be-
tween first neighbors. At temperatures higher than TNI

good fits can be obtained by only one Gaussian peak.
This outcome originates from the fact that above TNI the
nematic mesogens are not ordered and the resultant
peak broadens and decreases in intensity. From the
position of the first narrower peak in the scattering
profiles at temperatures below TNI, the distance between
the nematic mesogens in the LC mesophase was calcu-
lated as dN=0.44 nm. This result coincides with litera-
ture data for LC polymers having similar biphenyl
mesogens [14, 25, 26, 27].

Although it was still possible to distinguish the main
peak positions in the LC and the PS homopolymer
profiles, it was impossible to discriminate them super-
imposed in the profiles of the PSLC block copolymers.
Here, analysis of the trends in the primary peak posi-
tion can be helpful. Data for q* determined by single
Gaussian fits within equally wide q range for each
PSLC block copolymer as a function of the PS volume
fraction are given in Fig. 4. The q* values gradually
decrease from the value of the LC homopolymer to
that of the PS homopolymer with increasing the PS

content. However, the changes in the q* value are
smaller at higher LC content (from the LC homopol-
ymer up to PSLC 59/41) and larger at higher PS con-
tent (from the PS homopolymer up to PSLC 59/41).
Also, the q* value changes only slightly between PSLC
39/61 and PSLC 59/41 (the shaded interval in Fig. 4
where the content of the LC block and the PS block is
comparable). In this interval the PSLC profiles trans-
form from predominantly PS one to predominantly LC
one. Another clear tendency is the decrease of the
prepeak intensity with decrease of the PS volume
fraction, its disappearing at PSLC 59/41, and finally its
conversion in a hump at the block copolymers with
lower PS (higher LC) content. In this context, the
WAXS profiles as presented in Fig. 3a demonstrate the
continuous conversion of the characteristic features of
the PSLC block copolymers profiles from those of the
PS homopolymer to those of the LC homopolymers
with decreasing the PS content.

Here the calculation of dN for the PSLC block co-
polymers as 2p/q* is not correct because it is not possible
to isolate that component of the main peak which results
from the nematic LC mesophase. However, since the q*
value for the block copolymers from the LC homopol-
ymer up to PSLC 59/41 varies within only 2%, and even
the further larger change is within 8% (see Fig. 4), we
can conclude almost with certainty that the distance
between the mesogens does not significantly depend on
the content of the LC block.

Domain microstructure

Various microdomain morphologies are attained by the
PSLC block copolymers as a result of the block micro-
phase separation and in dependence of the block volume
fraction ratio. The characteristic length-scales of the
domain microstructures were determined through anal-
ysis of the corresponding desmeared SAXS diffraction
profiles. Several facts prove the microphase-separated
state of the block copolymers. First, two distinct glass
transition temperatures corresponding to the two blocks
of the copolymers (Fig. 2) are registered in the DSC
thermograms (with the exception of those with the
lowest LC or PS content). Second, no order-to-disorder
transition (ODT) was detected at any of the block co-
polymers up to 170 �C. In all cases the TODT is higher
than the experimentally accessible temperature range.
The rather high TODT is expected owing to the signifi-
cantly high molecular weight of the block copolymers
and the strong chemical dissimilarity of the blocks.
Third, all registered scattering profiles show the presence
of a number (in most of the cases 3 to 4) of relatively
narrow diffraction peaks. These evidences indicate as
well that the block copolymers are in the strong segre-
gation regime [28, 29].

Fig. 4 Position of the primary peak in the PSLC block copolymer
WAXS profiles as a function of the PS volume fraction
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Lamellar microstructure

The desmeared SAXS profiles of the PSLC block co-
polymers of lamellar microstructure are shown in Fig. 5.
The one-dimensional lamellar microstructure consists of
alternating layers of the two blocks and is the simplest
one to be established and analyzed. Three to four nar-
row high intensity Bragg peaks with positions relating as
1:2:3:4 can be distinguished in each profile. In the case of

PSLC 77/23 additional three higher order peaks of weak
intensity at positions 4q*, 5q*, and 6q* are registered. To
determine the precise q position of each peak, a
Gaussian fit was used (shown in Fig. 5 as lines). Infor-
mation for the lattice constant, i.e., the lamellae repeat
distance, d, can be directly obtained by taking 2p/q*.
Here, we present an alternative method developed
initially for analysis of partially crystalline polymers
by Strobl [30]. This method consists in calculation of the
one-dimensional correlation function K(z) as given by
Eq. (1). It was chosen because it allows direct determi-
nation of the thickness d of the thinner layer and gives
important additional information about the interface
between the two layers:

K zð Þ ¼ 1

2r2ep
2

Z1

0

cos qzð Þq2I qð Þdq ð1Þ

In Eq. (1) q is the length of the scattering vector, re is
the classical electron radius, and z is the distance in
direction normal to the lamellae surface. In order to
calculate correctly this function from the experimental
data, subtraction of the background and the scattering
due to density fluctuations was done after Lorenz cor-
rection of the intensity.

The calculated correlation functions are given in
Fig. 6. The lattice constant d is derived from the position
of the first maximum. The thickness d of the thinner
layer (PS or LC layer depending on the composition)
equals the x-coordinate of the intercept between the
straight line fitting the initial part of the curve and the
horizontal tangent to the first minimum. The values of
the lattice constant so obtained agree within the exper-
imental error with the values obtained directly by taking
2p/q*. The data are summarized in Table 2.

The shape of the correlation function characterizes
the interface between the two layers. In the case of
perfectly well-shaped and ordered lamellae with sharp
interfaces the function consists of triangular peaks of
equal height at equal intervals [30]. The correlation
function for the present three PSLC block copolymers,
however, represents a damped oscillation (Fig. 6). Such
deviation in the shape of the correlation function indi-
cates variations in the thickness of both layers [30].
Larger variations in the thickness of the thinner layer are
observed in the case of PSLC 39/61, while for PSLC 59/
41 and PSLC 77/23 larger variations appear in the
thickness of the thicker layer. The above observation
expressed in terms of LC and PS layers (compare the
block volume fractions) shows that in all cases the PS
layer thickness varies more significantly than the LC
layer thickness. Deviations of the initial interval from
linearity indicate gradual instead of sharp interface [30].
As is seen, in all cases the initial interval is fairly linear
implying a rather sharp interface between the LC and

Fig. 5 Desmeared SAXS scattering profiles of the PSLC block
copolymers having lamellar microstructure at 25 �C. Experimental
data are given by points and the Gaussian fits of the diffraction
peaks by lines
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the PS layers, which is expected in the strong segregation
regime. This result is consistent with the conclusions of
Fischer et al. [16] and Ober et al. [15] for smectic LC/PS
block copolymers.

Hexagonal microstructure

The two-dimensional hexagonal microstructure consists
of cylindrical domains of one copolymer block ordered

in a hexagonal lattice situated in continuous matrix of
the other block. The scattering profiles of the hexago-
nal microstructures are presented in Fig. 7. Several
Bragg peaks over a significant diffuse scattering com-
ponent are recognized in all scattering profiles. In this
case a quantitative description is obtained by fitting the
scattering profiles to a theoretical model describing the
scattered intensity as a sum of three components: (i)
Bragg reflections from the LC microstructure modu-
lated by the form factor of the scattering microdo-
mains; (ii) diffuse scattering from the positional
disorder and the size distribution of the microdomains;
and (iii) background scattering from density fluctua-
tions [18, 31, 32]:

I qð Þ ¼ IBragg þ Idiff þ Ik ð2Þ

The contribution of the Bragg reflections to the
scattered intensity at scattering vector q in a non-ori-
ented sample is given by [31]

IBragg ¼
X
hklf g

U2 qhkð Þ jhk

q2
Ghk q;rð Þ exp �q2hku2=3

� �
; ð3Þ

where 1/q2 is the Lorenz factor for an isotropic distri-
bution of the domains, {hk} are the Miller indices of the
reflections characteristic of the hexagonal lattice, jhk is
the multiplicity of reflection {hk}, and Ghk(q;r) is a
normalized Gaussian function centered at qhk with var-
iance of r. The peak position qhk is directly related to the
lattice constant a [31]:

qhk ¼
2p
a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4

3
h2 þ k2 þ hkð Þ

r
ð4Þ

The form factor of the cylindrical microdomains F
has to be also considered since it varies in the q interval
of investigation [31, 33]. It is spatially averaged to ac-
count for the isotropic arrangement of domains in the
sample:

UðqÞ ¼ 2V
Z2p

0

sin qL
2 cos a
� �

qL
2 cos a

J1 qR sin að Þ
qR sin a

da ð5Þ

where V, L, and R are respectively the volume, the
length, and the radius of the cylinders, J1 is the first
order Bessel function, and a is the angle between the
cylinder axis and the scattering vector q. The exponent
in Eq. (3) represents the Debye-Waller factor. Its
physical origin is the deviation of the location of the
individual scattering objects from their equilibrium
position. The mean squared displacement is u2. This
type of lattice distortion gives also rise to a diffuse
scattering Idiff. [18]:

Idiff / 1� exp q2u2=3
� �� �

U
2 þ U2 � U

2
� �

: ð6Þ

Fig. 6 Correlation function of the SAXS scattering profiles of the
PSLC block copolymers of lamellar microstructure
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The last term—Ik in Eq. (2)—represents the back-
ground due to density fluctuations. The fits to the
experimental profiles are also shown in Fig. 7. It is
obvious that in each case the theoretical model describes
very well the experimental data. The lattice constant, a,
the radius of the cylinders, R, as well as information for
the degree of lattice order are directly obtained. The data
are summarized in Table 2.

PSLC 30/70—on the border between the hexagonal
and lamellar microstructures

The diffraction profile of PSLC 30/70 (Fig. 8) could
not be assigned unambiguously to a given micro-
structure at any of the temperatures studied (25 �C up
to 150 �C). Its total intensity is high and comparable
to that of the neighbors PSLC 19/81 (hexagonal
microstructure) and PSLC 39/61 (lamellar microstruc-
ture). Two weak peaks can be recognized over a very
strong diffuse scattering. As discussed in the beginning
of this section, PSLC 30/70 is in the microphase-sep-
arated state similarly to the other block copolymers.
However, the strong diffuse scattering component im-
plies that the microdomains are irregular and/or
poorly ordered. The positions of the two peaks relate
approx. as 1:2.5. This ratio is closer to 1 :

ffiffiffi
7
p

than to
1:2 or to 1:3, which allows one to exclude the lamellar
microstructure as the only one present. On the other
hand, the fit of the diffraction profile to a hexagonal
microstructure using the model described above
(Eqs. 2, 3, 4, 5, and 6) did not give a satisfactory
result (the best possible fit is given in Fig. 10 as a
line).

Another option is to assume a bicontinuous cubic
microstructure. Such structures are very rare in one
component LC/I block copolymer systems [15, 19]. They
appear between the hexagonal and lamellar structures
and give profiles of high intensity as in this case. How-
ever, in contrast to the present case, they are expected in
the weak segregation regime [4]. The attempt to fit the
diffraction profile of PSLC 30/70 to a bicontinuous
cubic structure also failed.

Therefore, we are led to assume that we have a mixed
lamellar-hexagonal structure or a complex structure of

perforated lamellae with cylindrical inclusions of rect-
angular symmetry [17]. The strong diffuse scattering
indicates large lattice distortions and, thus, exclude a
pure structure with high regularity. It is concluded that
PSLC 30/70 most probably lies exactly at the border
between the hexagonal and lamellar microstructures and
have a mixed structure with large domain disorder in the
studied temperature range. Our attempt to ‘‘cure’’ the
structure and attain a pure one by annealing the sample
above TNI at 120 �C for 24 h under vacuum was how-
ever unsuccessful most probably due to the extremely
slow kinetics of the process.

Cubic microstructure

The diffraction profile of PSLC 97/3, the block copoly-
mer with the lowest LC content, is shown in Fig. 9. It is
characterized by a significantly low intensity: about one
order of magnitude lower than the neighboring PSLC
85/15 and more than one-and-a-half orders of magni-
tude lower than the PSLC 30/70 discussed above. The
PSLC 97/3 profile features only one peak and a rela-
tively strong diffuse scattering component. These char-
acteristics indicate that the microdomains are poorly
ordered. At such a low content of one of the blocks, it is
reasonable to suppose that the structure is a micellar
cubic one. The three-dimensional micellar cubic micro-
structures consist of spheres of one copolymer block
ordered in a cubic lattice into matrix of the other block.
Their diffraction profiles are usually of quite low inten-
sity. Since in one-component block copolymer systems
the body-centered cubic (bcc) lattice is the most often
present one, we have fitted the profile to a bcc structure
using the model described above (Eqs. 2, 3, 5, and 6). At
this we have substituted the Miller indices of the reflec-
tions characteristic of the hexagonal lattice, {hk}, with
the corresponding Miller indices for the bcc structure,
{hkl}, and using their multiplicities jhkl we have summed
up over all possible reflections (Eq. 3). In Eqs. (5) and
(6) the form factor of the cylindrical microdomains was
substituted by the form factor of spherical domains with
volume V and radius R (Eq. 7) [34]. The fit is shown in
Fig. 9 (top). It is obvious that the model fits well the
experimental data. The data obtained for the lattice

Table 2 Microstructure
characteristic length-scales (d, a,
d, R) obtained from the fits

LC/I block
copolymer

Microstructure Morphology l d, a d,R
[�C] [nm] [nm]

PSLC 7/93 Hexagonal PS cylinders in LC matrix 25 33.6±0.1 4.5±0.2
PSLC 14/86 Hexagonal PS cylinders in LC matrix 30 27.4±0.1 5.5±0.1
PSLC 19/81 Hexagonal PS cylinders in LC matrix 25 46.6±0.2 13.0±0.1
PSLC 39/61 Lamellar PS and LC lamellae 25 34.2±0.6 12.8
PSLC 59/41 Lamellar PS and LC lamellae 25 30.9±0.1 11.2
PSLC 77/23 Lamellar PS and LC lamellae 25 42.8±0.1 11.2
PSLC 85/15 Hexagonal LC cylinders in PS matrix 25 41.7±0.1 6.6±0.3
PSLC 97/3 bcc LC spheres in PS matrix 30 38.3±1.0 4.7±0.8
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constant, a, and the radius of the spheres, R, are given in
Table 2:

U qð Þ ¼ 3V
sin qRð Þ � qR cos qRð Þ

qRð Þ3
: ð7Þ

Despite the good agreement of the experimental data
to the bcc model, the presence of only one Bragg peak in
the profile can possibly imply that the spherical domains
are not strongly correlated and display a liquid like or-
der. As has been shown earlier [32, 35], such structures
are found for asymmetric diblock copolymers between
the disordered and the bcc ordered state. They are well
described by the Percus-Yevick approximation of ‘‘hard
sphere’’ liquid. The scattered intensity is then given by

I qð Þ ¼ KU2 qð ÞS q;R; gð Þ þ Ik; ð8Þ

where the prefactor K depends on the scattering contrast
between the LC and the PS block, U2 is the form factor
of the spherical domains (Eq. 7) averaged over their size
distribution by a Gaussian function [32], S(q,Rhs,g) is the
interference factor, R is the radius of the spherical do-
mains, Rhs is the hard sphere radius representing the
effective interaction distance, g is the effective hard
sphere volume fraction, and Ik is the scattering back-
ground due to density fluctuations. An explicit expres-
sion of the interference function S(q,Rhs,g) is given in
[32].

Fig. 7 Desmeared SAXS scattering profiles of the PSLC block
copolymers having hexagonal microstructure at 25 �C. The data
for PSLC 14/86 are taken at 30 �C. The experimental data are given
by points and the fits by solid lines. The dashed lines represent the
three component of the scattered intensity. The same notation is
used in Fig. 10 and Fig. 11

b

Fig. 8 Desmeared SAXS scattering profile of PSLC 30/70 at 25 �C.
The best fit (full line) to hexagonal microstructure is also shown.
Broken lines are components of the scattering intensity (see text)
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The fit of the experimental data to the theoretical
function (Eq. 9) is shown in Fig. 11 (bottom). It is
obvious that this model also describes well the scattering
profile. Moreover, the radius of the spherical microdo-
mains obtained by the Percus-Yevick model
(R=4.8±0.1 nm at 30 �C) coincides within the experi-
mental error with the value obtained by the bcc model
(R=4.7±0.8 nm). The equal quality of the two models
shows that the PSLC 97/3 microstructure is neither that
of dilute spheres nor that of a well ordered bcc lattice.
Rather, it has to be considered as both a largely disor-
dered bcc lattice or an ordered liquid of spheres. It can
be speculated that the large error of the domain radius
determined by the bcc model (Fig. 11, bottom) is a result
of ellipsoidal instead of spherical domains. The bcc
model would see equally ellipsoidal domains and
spherical domains with large polydispersity. In the fol-
lowing we consider the results from the fit to the bcc
model.

Structure morphology and phase diagram

The phase diagram of the studied LC/I block copoly-
mers shown in Fig. 10 was build on the basis of the
domain microstructures as identified above. The dia-
gram displays the phase behavior in terms of the
molecular weight of the block copolymers in dependence
on the composition. Since the domain microstructures
remain unaffected at all studied temperatures, below as
well as above TNI, the molecular weight scale can be
rescaled in terms of Nv or temperature, N being the total
degree of polymerization and v the interaction parame-
ter. Assuming that Nv is sufficiently large, the estimated
phase boundaries are independent of the composition an
therefore are depicted as vertical lines. Despite the lim-
ited number of block copolymers, we believe that no
essential mistakes are made in delineating the phase
boundaries in the studied molecular weight range thanks
to the systematic variation of the block volume frac-
tions. The phase diagram is asymmetric and character-
ized by a broad lamellar structure dominating over the
entire composition range. Hexagonal microstructure
of morphology PS cylinders in LC matrix is the next
favored. The formation of cubic microstructures is
strongly suppressed. In summary, structures of low
interfacial curvature (lamellar and hexagonal) are fa-
vored at the expense of structures of high interfacial
curvature (micellar cubic). Structures where the LC
block is located in the matrix (on the convex side of the
interface) are preferred over structures having the LC
block inside the microdomains (LC cylinders or spheres
in PS matrix). This result confirms the theoretical pre-
diction by Hammond et al. [13].

The type of the nematic mesophase formed in the
matrix or inside the domains depends on the mutual

Fig. 9 Desmeared SAXS scattering profile of PSLC 97/3 at 30 �C.
Both fits by the bcc model (top) and by the Percus-Yevick model of
‘‘hard sphere liquid’’ (bottom) are presented

Fig. 10 Phase diagram of the PSLC block copolymers. Different
symbols are used for different domain structures
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orientation of the LC backbone, the mesogens, and the
interface [13, 36]. It is difficult to be identified only on
the basis of the present experiments. Most probably the
anchoring is planar, i.e., the LC backbone is stretching
away normal to the interface and the nematic director is
parallel to the interface. An indication is the slight var-
iation in the lattice parameter in the lamellar micro-
structures at the TNI temperature (discussed below). The
planar anchoring is the most frequently present in
similar systems [25]. It has been found that as a rule

mesogens attached to the backbone chain through long
spacers form smectic phases which can be both planar or
homeotropically anchored, while mesogens with short
spacers form mainly nematic phases with planar
anchoring [14].

Temperature dependence of the domain dimensions

The fitting procedures (see above) were applied for each
PSLC block copolymer to all SAXS diffraction profiles
registered in the temperature range 25–170 �C in the
heating and cooling runs. The lattice constant obtained
(d in the lamellar or a in the hexagonal and cubic
structure) as well as the microdomain size (the LC layer
thickness, dLC, or the radius of the cylinders/spheres, R)

Fig. 11 Temperature dependence of the microstructure length-
scales: (left) lattice parameter, d or a and (right) domain
dimensions, d or R; (top) lamellar structures, (middle) hexagonal
structures, (bottom) cubic structure. The TNI interval is denoted by
two dashed lines
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upon cooling are shown in Fig. 11. In the entire tem-
perature range the lattice constant for the block
copolymers with exception of PSLC 7/93 does not vary
or varies only slightly. The data in the cubic structure
are obtained with significant error and cannot be
analyzed reliably.

In the lamellar microstructure the lattice parameter
increases slightly with increasing the temperature up to
TNI and then slightly decreases (Fig. 11, top). The initial
increase in the domain dimensions is a result of the
thermal expansion of the macromolecule. It is to be
expected that this process will continue also above TNI.
In order to understand this apparent discrepancy, we
evaluate the effect of variation of the layer thickness d on
the degree of polymerization N for PS and LC assuming
a power law behavior d�Nc. For the PS domain we find
cPS=0.8±0.2 at all temperatures. A value of 0.8 is ex-
pected for I/I block copolymers in the intermediate re-
gime and a value of 2/3 in the strong segregation regime
[28, 29]. Since the scaling power was obtained with a
significant error, unambiguous identification of the
segregation regime was not possible. The LC layer
thickness, however, scales with cLC=0.92±0.05 up to
TNI. This implies larger stretching of the LC backbone
chain. This outcome is a consequence of the NI type of
the nematic mesophase for the investigated side-chain
LC polymer and the planar anchoring of the mesogens
at the interface [37, 38] leading to an oblate chain con-
formation with respect to the nematic director, i.e., to
enhanced stretching of chains perpendicular to the
interface [13]. At temperatures higher than TNI the
scaling power decreases and reaches cLC=0.85±0.02 at
150 �C. The disordering of the nematic mesogens in this
range allows the backbone to retract from its entropi-
cally unfavored stretched conformation and leads to the
observed decrease of the domain dimensions. The scal-
ing power of the LC block then approaches that of the
PS block. The conformation of the LC chain is a result
of the competition between the entropy of the chain on
one hand and the nematic field on the other hand.
Similar results for the lamellar domain spacing have
been obtained in related LC/I block copolymer systems
[25, 39, 40].

The variations in the domain dimensions in the hex-
agonal microstructure will be discussed only qualita-
tively. A significant change in the lattice constant and a
corresponding reverse change in the cylinder radius take
place only at PSLC 7/93 (Fig. 11, middle). This is the
polymer with the lowest PS content and presumably lays
near to the border of the hexagonal structure in the
phase diagram (as depicted in Fig. 10). The observed
change indicate a tendency to undergo an order-to-order
transition from hexagonal to cubic microstructure
triggered by the nematic-to-isotropic transition. Such
transition is energetically determined because at tem-
peratures higher than TNI the elastic energy arising from

nematic field distortions [41] is excluded from the energy
balance. This will allow the domain shape to return to
the equilibrium one expected for I/I block copolymers at
such block volume ratio. Such a transition has been
experimentally observed for a similar PS-LC-PS triblock
copolymer with PS volume fraction of 0.141 [18]. In the
present case, however, it was not possible to fit the
scattering profiles recorded above TNI to a cubic struc-
ture. Obviously here, the released elastic energy is not
sufficient to cover the energy expenses for the domain
transformation and they only rearrange. Above TNI the
PS domains expand (R increases), while the LC domains
contract (a decreases) due to retraction of the LC
backbone in the isotropic state.

The lattice constant for other three block copolymers
with hexagonal structure practically does not vary with
the temperature. However, the cylinder radius changes.
In the cases of PSLC 14/86 and PSLC 19/81 R increases
similarly to PSLC 7/93. For PSLC 85/15 R decreases.
Having in mind that at PSLC 85/15 the cylindrical
microdomains encapsulate the LC block, contrary to the
other three copolymers, we arrive to one and the same
conclusion. Above TNI the PS domains continue to
expand with T, while the LC domains retract.

Discussion

Influence of the domain microstructure
on the nematic LC mesophase

With respect to the thermotropic behavior of the
nematic mesophase, no specific influence of the LC
content and, hence, the domain structure on TNI can be
detected (Fig. 2). However, with one exception (PSLC
19/81) there is a trend of elevated TNI in the block co-
polymers with respect to the LC homopolymer. This
may be an indication of stabilization of the LC phase
due to confinement between PS cylinders, inside LC
lamellae, or LC cylinders, respectively. However, there
are not enough data available to allow a correlation to
characteristic length scales. There is a trend of slight
decrease of Tg with increasing the LC content, however
independent on the domain structure. With respect to
the intermesogen distance, dN presumably does not de-
pend on the content of the LC block as discussed above.
It is concluded that the thermotropic LC behavior of the
studied PSLC block copolymers is not influenced by the
domain structure and/or domain dimensions.

Influence of the nematic LC mesophase
on the domain microstructure

The effect of the nematic mesophase on the domain
structure is much more pronounced. It is best expressed
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in the characteristics of the phase diagram (Fig. 10)
which significantly differs from experimental [4, 42] and
theoretical [29] ones for I/I block copolymers even if the
inherent conformational asymmetry of the LC/I block
copolymers is taken into account (see below). Below TNI

the nematic mesophase present in the matrix or in the
microdomains plays obviously an essential role. As has
been mentioned, the phase diagram is asymmetric and
structures of low interfacial curvature are dominant. The
hexagonal microstructure of morphology PS cylinders in
LC matrix persists down to less than fPS=0.07, contrary
to the significantly higher value of 0.15 for I/I block
copolymers. The physical reason is distortion of the
nematic field in the vicinity of the domains. Spherical
particles suspended in a nematic LC matrix lead to
distortions of the nematic director which give rise to
elastic forces between the particles [41]. In the present
case the elastic forces are compensated by formation of
cylindrical instead of spherical domains. Obviously, the
energy penalty for the formation of cylindrical domains,
having the next smallest free energy but better compat-
ible with the nematic filed, is smaller than the elastic
energy from the nematic field distortions by spherical
domains. Similar reasons account for the broadening of
the lamellar phase (up to fPS30.82 instead of 0.66) at the
expense of hexagonal microstructure of morphology LC
cylinders in PS matrix.

A comparison of the present phase diagram to the
available literature data for other side-chain LC/I block
copolymers [14, 15, 16, 17] shows that the phase diagram
is specific to the mesogen type, the mesomorphic
behavior and anchoring. The phase diagram of block
copolymers with rather bulky cholesteryl mesogen [16]
is, contrary to the present one, relatively symmetric and
is characterized by a broad micellar cubic structures and
a lamellar structure comparable to that in the I/I block
copolymers in comparable molecular weight range.
Another difference is the significant influence of the
domain microstructure on the mesomorphic behavior
expressed in formations of chiral nematic mesophase
instead of smectic one in the morphology LC spheres in
PS matrix. The phase diagram of block copolymers with
similar to ours azobenzene mesogens is similar to the
present one at high LC contents (PS domains in LC
matrix morphologies) and differs at high PS contents in
broad molecular weight range [14, 15]. Finally, a com-
parison to the phase diagram of block copolymers with
the bulkier biphenyl benzoate mesogen shows similarly
broad lamellar and hexagonal (PS cylinders in LC ma-
trix morphology) microstructures in limited lower
molecular weight range [17].

In a recent report by Hammond at al. [13], a free-
energy model has been developed on the base of the
Wang and Warner theory of nematic side-chain LC
polymers [36] accounting for the competition between
the polymer entropy and the nematic order. Four other

terms are completing the free energy expression: (i) the
stretching free energy of the isotropic block; (ii) the
interfacial free energy; (iii) the elastic energy from
nematic field distortions; and (iv) the Flory-Huggins
mixing free energy. By minimizing the free energy of
each domain microstructure, the theoretical phase dia-
grams have been computed. The influence of the meso-
gen anchoring (planar or homeotropic), the molecular
weight, the mesogen-mesogen interactions and the sub-
stitution degree have also been investigated. For planar
anchoring the authors have predicted an asymmetric
phase diagram with large lamellar and hexagonal
structure regimes and with isotropic cylinders in the LC
matrix. As the authors have shown, it agrees well with
the available experimental data [14, 15, 16, 17]. The
model describes equally as well the present phase dia-
gram with the exception of a slight disagreement at high
LC content.

The authors have also shown [13] that at the iso-
tropisation temperature of the LC mesophase, in the
phase diagram for the case of planar anchoring there
appear narrow windows allowing for order-to-order
transitions between two domain morphologies of the
type reported earlier [18, 19]. However, these effects do
not bring the phase diagram closer to that of the I/I
block copolymers. In fact, above TNI the phase diagram
remains strongly asymmetric although the nematic
elastic energy is excluded from the energy balance. This
prediction agrees very well with the present experimental
phase diagram. The width of the transition windows
depends on the mesogen type and becomes smaller with
increasing interactions between the mesogens. Since each
point in the phase diagram of one-component block
copolymer systems represents a separate copolymer and
means separate synthesis (hence no real fine tuning of
the block volume faction is possible), the above result
means that there is only quite small room for a given
block copolymer where it has to be luckily located in
order to undergo OOT. This readily explains why until
now only few OOT have been reported [13, 18, 19].

Conformational asymmetry

The PSLC block copolymers are conformationally
asymmetric by virtue of the long side chains of the LC
block. Above TNI in the isotropic melt, where no influ-
ence of the nematic phase is present, the phase behavior
should then only be governed by the conformational
asymmetry and we will attempt to compare the present
results with theoretical predictions [43, 44]. The con-
formational asymmetry is characterized by the different
monomeric volumes or densities q0i and the different
Kuhn lengths bi of the components (i=PS, LC). Since
melts are incompressible a common average monomeric
volume 1/q0 can be introduced and both parameters can
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be subsumed into statistical segment lengths ai defined
by ai

2=(q0i/q0)bi
2. An asymmetry parameter can then be

defined by the ratio of the segment lengths as �=aPS/
aLC. This conformational asymmetry causes the phase
diagram to be asymmetric. Generally micellar phases
(cylinders, spheres) of the component with larger seg-
ment length are stabilized and broadened while the
opposite is true for the other component, i.e., the phase
boundaries are shifted toward higher volume fractions
of the block with larger segment length (�>1). The
physical reason is that the entropy loss of the Gaussian
chains due to the chain stretching is proportional to l2/a2

where l is the distance to which the segments are stret-
ched. Therefore, in a lamellar morphology of an asym-
metric block copolymer the entropy loss due to chain
stretching perpendicular to the interface increases rela-
tive to the symmetric system when the volume fraction
of the component with larger segment length decreases.
A way to decrease the free energy is to relax the
stretching of the block with the smaller segment length
thus leading to a curved interface leaving the block of
larger segment length on the concave side of the inter-
face.

The experimental phase diagram in Fig. 10 shows
that the hexagonal phase of PS cylinders is broadened
while the width of the inverse hexagonal phase of LC
cylinders is smaller. Therefore, we conclude that the PS
segment length aPS is larger than the segment length of
the LC block (�>1). By comparing the phase boundaries
of the experimental phase diagram to phase boundaries
calculated by self consistent field theory we can estimate
the asymmetry parameter and from this we obtain the
Kuhn length bLC of the LC polymer. To do this we make
use of the calculation by Matsen and Bates (Fig. 3
in [43]) where they calculated the phase boundaries
between lamellar, cylindrical, spherical, and disordered
phases as function of the conformational asymmetry for
vN=30, 60, and ¥, respectively. Knowing that �>1 we
obtain a consistent value of �=1.33 from the upper and
lower boundaries of the lamellar morphology
(fPS=0.38, 0.78) for vN=¥. Using the Kuhn length of
polystyrene (0.68 nm) and the monomeric densities of
PS (6.02 nm)3) [44] and the LC polymer (2.16 nm)3) we
estimate a Kuhn length of 0.86 nm for the LC block.
The value is of similar magnitude as for branched
polymers, e.g., for poly(dodecyl)methacrylate (0.80 nm
in theta-solvent pentanol) which has a similar number of
linear C/O atoms in the side chain (14) as the LC block
(18 linear C/N/O-atoms) and also has a similar mono-
mer volume (0.454 nm3) [45]. The fact that the bound-
aries between lamellar and cylindrical phases which are
delineated in Fig. 10 do not give consistent results for
the asymmetry parameter is probably due to the paucity
of the data, possibly also due to some compositional
range around fPS=0.3 which can neither be assigned to
a lamellar nor to a hexagonal phase. The phase

boundary between hexagonal LC cylinders and the LC
bcc phase is predicted to occur at fPS=0.95 in close
proximity to the estimated line in Fig. 10. It should also
be noted that the boundary between PS cylinders and PS
spheres is predicted to occur at fPS=0.18 which is in
contradiction to the experimental observation. The
hexagonal phase is found to persist at least down to
fPS=0.7. As mentioned above the constraint imposed on
the interfacial curvature by the nematic phase is released
when passing into the isotropic melt and an OOT tran-
sition to the bcc phase can be expected. This transition
has been observed by our group for a PS-LC-PS triblock
copolymer with the same structure of the LC block at
the same composition as the PSLC 14/86 diblock [18].
At this composition the release of constraints by the
nematic field leads only to an increase of the domain
dimensions of the PS cylinders which intensifies going to
PS 7/93 (Fig. 11). It is noted that the latter block co-
polymer possesses almost twice the molecular weight as
the equivalent diblock molecular weight of the triblock
(42,000 g/mol) where the OOT was observed. Also the
composition-equivalent PSLC 14/86 has significantly
larger molecular weight. It can be conjectured that the
observed dimensional changes at TNI are signs of the
onset of an OOT which is prevented to run to comple-
tion by kinetic hindrance due to molecular weight.

Conclusions

The thermotropic liquid crystalline behavior and the
microdomain morphologies of nematic side-chain LC/I
diblock copolymers have been studied. A nematic LC
mesophase with characteristic length-scale of 0.43 nm
and various domain microstructures with characteristic
length-scale of 27–44 nm were identified and character-
ized by DSC, polarized microscopy and X-ray scatter-
ing. No influence of the domain microstructure and/or
dimensions on the thermotropic LC behavior, charac-
terized by the sequence g/335 �C/n/3115 �C/i, was
detected.

The reverse effect of the nematic mesophase on the
domain microstructure was shown to be much more
pronounced. The main impact is the asymmetric phase
diagram which differs strongly from that of I/I block
copolymers and, up to some extend, from that of other
LC/I block copolymers. Due to the additional elastic
energy arising from distortions of the nematic field,
microstructures of low interfacial curvature (lamellar
and hexagonal) are energetically preferred over geo-
metrically expected ones of high interfacial curvature
(micellar cubic). Microstructures of PS domains in a
continuous LC matrix are favored. In general, the phase
diagram is in agreement to the theoretical one for planar
anchoring by Hammond et al. based on the Wang and
Warner theory of nematic side-chain LC polymers.
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At temperatures higher than TNI the phase diagram
remains unaffected and asymmetric. From the lamellar/
hexagonal phase boundaries an estimate of the Kuhn
length of the LC block is obtained by comparison to
theoretical predictions for the effect of the conforma-
tional asymmetry. No order-to-order transitions trig-
gered by the nematic-isotropic transition were registered.
Analyzing the temperature effect on the domain
dimensions and the block scaling in the lamellar
microstructure showed that at low temperatures the LC

chain is stretched. With increasing temperature, a ther-
mal expansion of both blocks takes place (the domain
dimensions increase). At temperatures higher than TNI a
retraction of the LC chain occurs (the domains dimen-
sions decrease) as a result of ‘‘the switching off’’ the
nematic field.
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