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ABSTRACT: Molecular dynamics simulations have been performed for the main-chain thermotropic liquid crys-

talline polyether (EDMB-10), which is composed of the 3,30-dimethyl-4,40-biphenylene mesogens and 10-methylene

spacers, in order to compare the spacer conformation and dynamics with those revealed by solid-state 13C NMR spec-

troscopy. A three-dimensional periodic cell that contains 4 or 16 molecular chains composed of four mesogen and five

spacer units are employed, the central CH2 sequences of the five spacer sequences being focused on for four chains in

the 4-chain model or for the central four chains in the 16-chain model. For both models, the initial structure stays un-

changed below 150K. At 200K, three dimensional structure begins to change and the molecular arrangement and the

cell parameters are finally varied without any significant change in conformation. Below 250K the torsion angles of the

O–CH2 bonds at the spacer ends are �90� and all the C–C bonds adopt the trans conformation for both structural mod-

els. At 300K, the O–CH2 bond and its second neighboring C–C bond are found to undergo the cooperative counter

rotation of �90�tt $ ttg� keep the periodic length between the neighboring mesogen units along the chain almost con-

stant. At 450K, the CH2 sequences start to adopt a conformational pair of gþtg�, which is frequently called the 2g1

kink, for the 4-chain model, but the introductions of the kinks are restricted to the alternate four C–C bonds. This result

is qualitatively in good accord with the result previously obtained for EDMB-10 by the solid-state 13C NMR analysis,

but the t/g probabilities at the alternate C–C bonds for the simulations significantly disagree with the experimental

results. In contrast, for the 16-chain model, a pair of the gþ and g� conformations are allowed to introduce to the alter-

nate four C–C bonds at almost equal probabilities without any restriction of the forms of the kinks, resulting in the good

qualitative and quantitative agreements with the experimental results. The time evolution of the torsion angles for the

respective C–C bonds of the spacer CH2 sequences are also described for the 16-chain model to reveal cooperative

conformational transitions. [doi:10.1295/polymj.PJ2006023]
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In previous papers,1–3 solid-state 13C NMR analyses
of the structure and chain conformation were conduct-
ed in detail at room temperature for the main-chain
thermotropic liquid crystalline polyether (EDMB-10)
which was polymerized from 3,30-dimethyl-4,40-dihy-
droxy biphenyl as a mesogen unit and 1,10-dibromo-
decane as a spacer CH2 sequence. The sample charac-
terized was crystallized from the melt through the
nematic phase appearing at 386–371K.1 13C spin-
lattice relaxation time analyses revealed that the sam-
ple contains three components with different molecu-
lar mobilities which correspond to the crystalline, me-
dium, and noncrystalline components. Furthermore,
the spacer CH2 conformation for each component
was evaluated by considering the �-gauche effect4

on the 13C chemical shifts. As a result, the spacer
CH2 sequences were found to adopt the alternate trans
(t) and trans-gauche exchange (x) conformation

(txtxtxtxt) in the crystalline and medium components.
In contrast, all the C–C bonds of the noncrystalline
component were in the rapid trans-gauche exchange
conformation (xxxxxxxxx), reflecting the same confor-
mation in the nematic phase or at the melt.
In this paper, molecular dynamics (MD) simula-

tions are performed for the model crystals of an
EDMB-10 oligomer in order to examine whether the
spacer CH2 sequences undergo enhanced molecular
motions and adopt the same conformation txtxtxtxt
as that experimentally observed at room temperature
even in the crystalline region where the mesogen units
will form the crystal lattice.

STRUCTURAL MODELS AND
SIMULATION METHODS

The MD simulations are carried out by using the
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Cerius2 (Ver. 4.2 MatSci) software from Molecular
Simulations Inc., USA (MSI) with the polymer consis-
tent force field (PCFF),5–16 which is the second-gener-
ation force field. Two model crystal systems used in
this paper are constructed by setting four or sixteen
short-chain molecules that are composed of four
mesogens and five spacers in an MD cell under the
three-dimensional periodic boundary condition. In
these cases, the structure and dynamics will be evalu-
ated only for the central spacer CH2 sequences along
the respective chains because they may have almost
no influence from the chain ends.
The initial structure is first optimized at 100K until

a minimum energy is obtained for the 4-chain model,
as shown in Figure 1a. The repeating period along the
molecular chain axis for the optimized structure is
2.077 nm. Since the corresponding repeating period
obtained by wide-angle X-ray diffractometry for a
uniaxially drawn EDMB-10 sample was 1.933 nm,17

these values are almost in accord with each other.

Therefore, the optimized structure is utilized as an
initial structure for further MD simulations. In the
4-chain model, the laterally periodic boundary condi-
tion may produce some restriction to the respective
molecules because of the small cell and then the
chain conformation and dynamics may be signifi-
cantly deviated from the actual state. In order to re-
duce such a restriction, we also prepare the 16-chain
model as shown Figure 1b. In the following analysis,
we pay our attention only on the central CH2 se-
quences for the four central chains in the 16 chain-
model for easier comparison with those in the 4-chain
model.
The MD simulations were performed on CRAY

Origin 2000 as follows: The Verlet leapfrog integrator
with a time step of 1 fs and the Nosé-Hoover meth-
od18,19 for the temperature control were employed
to conduct all runs at a constant pressure and tem-
perature (NPT). The simulations were performed at
an interval of 50K in the temperature range from
100K to 500K. At each temperature, an approximate-
ly 200,000–2,000,000 step simulation was executed
and the MD trajectories were stored at every 0.1 ps.
The number of analyzed frames was 2001 at temper-
atures lower than 250K and 4001 at temperatures
higher than 300K.

RESULTS AND DISCUSSION

Structural Changes with Increasing Temperature
Figures 2 and 3 show snapshots after 100 ps at var-

ious temperatures for the 4-chain and 16-chain mod-
els, respectively. In the 16-chain model, only the
snapshots for the four central chains are depicted to
compare them with those for the 4-chain model. The
initial structure is found to stay unchanged at 100K
and 150K in each model, as seen in Figures 2a and
3a. At 200K, the three-dimensional structure begins
to change; the molecular arrangement and the cell
parameters are varied with a lapse of time without
any significant change of the conformation. At 350
or 300K, as respectively shown in Figure 2c or 3c,
evident changes are found to occur in torsion angles
for the O–CH2 and their second neighboring C–C
bonds for the central spacer CH2 sequence in each mo-
lecular chain: the O–C8 and C9–C10 bonds really un-
dergo conformational transitions of�90� $ trans and
trans $ gauche�, respectively, as explicitly shown
in Figures 4 and 5 later. With the further increase in
temperature to 450K (Figure 2d) for the 4-chain mod-
el and to 400K (Figure 3d) for the 16-chain model,
the gauche conformations are also introduced to the
central part of the spacer CH2 sequences and the plu-
ral transitions between trans and gauche are observed
for the same C–C bonds. In contrast to such changes
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Figure 1. Initial structures of two crystal models: (a) the

4-chain model, (b) the 16-chain model.
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in the spacer conformation, each mesogen unit is
found to keep the structure forming the crystal lattice
basically unaltered, although the co-planarity of the
two phenylene rings in each mesogenic unit begins
to be appreciably disordered at higher temperatures
as described in detail in near future.20
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Figure 4. Schematic representations of the conformations of

the spacer CH2 sequences for the 4-chain model at different tem-

peratures: (a) < 250K, (b) 300K and 350K.
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Figure 3. Snapshots for the four central chains in the 16-chain

model at different temperatures: (a) 100K and 150K, (b) 200K,

(c) 300K, (d) 400K.
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Figure 2. Snapshots for the 4 chains in the 4-chain model at

various temperatures: (a) 100K and 150K, (b) 200K, (c) 350K,

(d) 450K.
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Figure 5. Schematic representations of the conformations of

the spacer CH2 sequences at 400K for the 4-chain model (a)

and at 350K for the 16-chain model (b). (c) the conformation as

revealed for EDMB-10 by the solid-state 13C NMR analyses.1–3
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Detailed Conformational Changes of the Spacer CH2

Sequences
In order to obtain detailed information about con-

formational changes in each bond in the central CH2

sequences in both models, the torsion angles � ob-
tained for each bond at each MD simulation step were
classified into three groups, gaucheþ (gþ), trans (t),
and gauche� (g�) according to values of 0 < � <
120�, 120� < � < 240�, and 240� < � < 360�, re-
spectively. Figure 4 shows the possible conformations
thus obtained at various temperatures for all the bonds
associated with the central CH2 sequences of each
molecular chain in the 4-chain model. At temperatures
below 250K, the torsion angles of a pair of O–CH2

bonds at the ends of the spacer CH2 sequence are
þ90� and �90� and all the C–C bonds adopt the t con-
formation for both models, as shown in Figure 4a.
Such a structure is kept unchanged at least for
100 ps in the MD simulations, being in accord with
the initial structure that was minimized as the most
energetically stable structure in the crystal lattice as
described above.
At 300K, for example, the gþ conformation hap-

pens to be introduced in the C9–C10 bond and the tor-
sion angle of the O–C8 bond changes from þ90� to
180� (t) as a coupled motion as shown in Figure 4b.
Such coupled motions seem to be essential to keep
the periodic length between the mesogen units along
the molecular chain axis constant even in the case
of the introduction of the g conformation. At 350K,
four conformations as shown in Figure 4b are allowa-
ble but the probability that both of the torsion angles
for the O–C8 and C80–O bonds maintain �90� be-
comes negligibly small. Moreover, when the two g
conformations are introduced to the CH2 sequence,
the bonds are also confined to the C9–C10 and C90–
C100 bonds and their rotations around the bonds are
symmetric as indicated by gþ and g� to keep the
molecular chain axis almost unaltered.
With the further increase in temperature to 400K,

the CH2 sequences begin to adopt a conformational
pair described as gþtg� or g�tgþ, which is usually
referred to as a 2g1 kink,21,22 for the 4-chain model
as shown in Figure 5a. The bonds to which the g�

conformations are introduced are still restricted to
the alternate four C–C bonds, the C9–C10, C11–C12,
C120–C110, and C100–C90 bonds. These four bonds are
in good accord with the bonds that adopt the t-g ex-
change conformation (x) as shown in Figure 5c, which
was experimentally revealed at room temperature in
the crystalline region for EDMB-10 by the solid-state
13C NMR analysis.1–3 It should be, however, noted
that the g conformations are allowed to introduce only
as 2g1 kinks in these bonds. Therefore, the time aver-

aged t-g exchange conformation of the three cases
shown in Figure 5a for each bond is not described
as the x conformation that corresponds to the ex-
change conformation with equal t and g probabilities;
much higher g contributions are observed for the cen-
tral C11–C12 and C120–110 bonds in the 4-chain mod-
el. Such disagreement with the experimental result
shown in Figure 5c may be mainly due to relatively
low freedom allowable for the four chains in the cell
for the 4-chain model under the periodic boundary
condition.
In contrast, similar conformational changes of the

spacer CH2 sequences tend to occur at relatively low-
er temperatures for the 16-chain model. As seen in
Figure 5b, about two g conformations are able to be
also introduced at 350K in the same alternate four
C–C bonds as for the case shown in Figure 5a. How-
ever, there is no restriction of the introduction of the g
conformations as 2g1 kinks here unlike the case for
the 4-chain model: The gþ or g� conformation is al-
lowed to introduce to all possible C–C bonds at almost
equal probabilities. The only restriction seems to be
the introduction of a pair of gþ and g� conformation
in the same CH2 sequence as 2g1, 2g3, or 2g5
kinks,21,22 which keeps the molecular chain axis and
the periodicity of the mesogen groups almost constant.
As a result, the time averaged mole fractions of the t
and g conformations for each bond in question are
found to be about 0.5, being in good accord with the
experimental result shown in Figure 5c. It is, there-
fore, concluded that the conformation of the spacer
CH2 sequence for EDMB-10 is more realistically
described in terms of the 16-chain model.
It should be additionally noted here that the exper-

imental result shown in Figure 5c was obtained at
room temperature for the crystalline component and
no possible conformational changes of the spacer
units have yet been clarified at different temperatures
below the melting temperature (�390K)1 for EDMB-
10. Moreover, the structure and dynamics of the
mesogen units have not been well characterized by
both solid-state 13C NMR spectroscopy and MD sim-
ulations.2,3,20 These indicate that it may be too early to
discuss the detailed structure of the spacer units by
considering the temperature effects and the phase
transition from the crystalline phase to the nematic
phase. It should be simply pointed out here that the
16-chain model is more reasonable than the 4-chain
model to reproduce the characteristic conformation
txtxtxtxt of the spacer units for the crystalline com-
ponent although the temperature inducing such a
conformation seems somewhat higher than the tem-
perature where the solid-state 13C NMR analysis
was carried out.
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Cooperative Conformational Changes Observed in
Time Trajectories
We have also examined the time evolution of the

torsion angles for the respective C–C bonds of the
spacer CH2 sequences at various temperatures in order
to investigate cooperative conformational transitions.
Figure 6 shows the time trajectories of the torsion an-
gles during 100 ps for the eleven successive bonds of a
given spacer in the 16-chain model at 300K. The con-
formational changes have been monitored at every
1 ps interval. As described above, the O–C8 bond
and its second neighboring C9–C10 bond are found
to undergo the cooperative conformational change of
90� ! t and t ! gþ, respectively. At 350K, such
cooperative counter rotations including �90� ! t and
t ! g� occurs more frequently in the C80–O and
C100–C90 bonds as well as the O–C8 and C9–C10
bonds as shown in Figure 7. Moreover, g� is also
sometimes introduced to the C11–C12 or C120–C110

bond probably as a result of the g� ! t return change
for the C100–C90 bond, keeping the t conformation for
the C80–O bond.
Figure 8 shows the time trajectories obtained for

the same CH2 sequence in the 16-chain model at
400K. In a very short time after the simulation starts,
the coupled conformational changes as described
above are found to occur for the O–C8/C9–C10 and
C80–O/C100–C90 bond pairs, while the other bonds
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Figure 6. Time evolution for the conformational transitions

during 100 ps at 300K for the 16-chain model.
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Figure 8. Time evolution for the conformational transitions

during 100 ps at 400K for the 16-chain model.
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remain in the most stable states allowable at lower
temperatures as described above. In a few ps other co-
operative conformational changes also occur for the
C100–C90 and C120–C110 bonds; g� ! t and t ! g�,
respectively. After about 20 ps, the return transitions
are observed for these bonds and, moreover, the suc-
cessive transition of the t ! gþ in the C120–C110

bond really seems to induce the gþ ! t return transi-
tion for the C9–C10 bond. Nevertheless, most of the
transitions in the C100–C90 and C120–C110 bonds are
cooperative while the changes seem to be independent
in the C9–C10 bond. This fact indicates that most co-
operative conformational changes are induced in the
second-neighboring C–C bonds at 400K. Such a re-
striction in the cooperative motion is significantly re-
duced with increasing temperature; the cooperative
transitions are allowable for the alternative C–C bonds
almost randomly at higher temperatures. In addition,
the t ! g or g ! t transition rate is estimated to be
about 1011 s�1 at 400K on the basis of the results
shown in Figure 7.
Finally, it should be pointed out that the coopera-

tive conformational transitions of the respective CH2

sequences as shown in Figures 6–8 were found to oc-
cur incidentally for the respective sequences by the
careful examination of the time trajectories. Namely,
no further coupling of the cooperative transitions
was observed among the central four CH2 sequences
in both 4-chain and 16-chain models. Similar structur-
al analyses of the mesogen units including the charac-
terization of the co-planarity of the phenylene rings
are also reported somewhere in near future.

CONCLUSIONS

The conformation and dynamics for the liquid crys-
talline polyether EDMB-10 have been examined by
molecular dynamics simulations and the following
conclusions have been obtained.
(1) For both 4-chain model and 16-chain model,
which respectively contain 4 and 16 short-chain mole-
cules composed of four mesogen and five spacer units
in a three-dimensional periodic cell, the initial struc-
ture stays unchanged below 150K. Here, the central
CH2 sequences of the five sequences are focused on
in this work for four chains in the 4-chain model or
for the four central chains in the 16-chain model. At
200K, the molecular packing and the cell parameters
are significantly altered without the change of the
spacer conformation. Above 300K the g conforma-
tions are introduced to the spacer CH2 sequences,
while the mesogen units are found to basically keep
the original structure forming the crystal lattice.
(2) In the temperature region from 100K to 250K the
torsion angles of the O–CH2 bonds at each CH2

sequence are �90� and all the C–C bonds adopt the
t conformation. Over 300K, the O–CH2 bonds at the
spacer ends undergo conformational changes from
�90� to 180� and their second neighboring C–C
bonds are cooperatively subjected to counter transi-
tions from t to g� probably to keep the periodic length
between the neighboring mesogen units almost con-
stant. At 400K for the 4-chain model or at 350K
for the 16-chain model, the g conformations are also
introduced to the central parts of the spacer CH2 se-
quences and the positions are restricted to the alternate
four C–C bonds along each CH2 sequence. However,
the g conformations are introduced as 2g1 kinks, de-
scribed by gþtg� or g�tgþ, for the 4-chain model,
whereas there is no such restriction for the 16-chain
model except for the pair introduction of gþ and g�

along each sequence. As a result, it is found that the
16-chain model allows to well describe the t and t-g
exchange conformation for the CH2 sequences pre-
viously revealed for the crystalline component in
EDMB-10 by the solid-state 13C NMR analysis.
(3) The evaluation of the time evolution of the torsion
angles for the respective C–C bonds of the spacer CH2

sequences has also revealed the respective cooperative
conformational transitions and their average rates for
the CH2 sequences in the 16-chain model at various
temperatures.
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