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ABSTRACT: The structure and chain conformation of the form � sample newly crystallized from the liquid crys-

talline (LC) glassy phase have been investigated for a main-chain thermotropic LC polyether, which was polymerized

from 3,30-dimethyl-4,40-hydroxyl-biphenyl and 1,10-dibromodecane, by solid-state 13CNMR spectroscopy. The 13C

spin–lattice relaxation analyses reveal that there exist two components with different T1C values, which correspond

to the crystalline and noncrystalline (supercooled liquid crystalline) components. By employing such differences in

T1C, the spectra of the respective components are separately recorded, and the conformations of their CH2 sequences

are evaluated by considering the �-gauche effect on the 13C chemical shifts. As a result, the crystalline component is

found to adopt the t0xxxtxxxt0 conformation whereas another conformation of t0xxxxxxxt0 is preferably induced in the

noncrystalline region, where t, t0, and x indicate trans, trans-rich and trans–gauche exchange conformations, respec-

tively. These conformations are markedly different from txtxtxtxt and xxxxxxxxx in the corresponding components

for the form � sample previously reported, probably reflecting the difference in crystallization from different nematic

phases N� and N�. Moreover, molecular motion for the mesogen units and the spacer CH2 sequences has been exam-

ined by the chemical shift anisotropy (CSA) analysis based on the magic angle turning (MAT) method. The mesogenic

phenylene carbons are found to undergo rather restricted flip motion with amplitudes less than 30� around the bond axis

in both crystalline and noncrystalline regions, while the flip rates associated with the 13C spin–lattice relaxation may be

greatly different in the two regions. The CSA spectrum of the spacer CH2 carbons significantly narrows possibly as a

result of the specific change in chain conformation in the crystalline and noncrystalline regions.
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Recently we have successfully synthesized a new
type of main-chain thermotropic liquid crystalline
(LC) polyether (EDMB-10, Figure 1),1 which is com-
posed of 3,30-dimethyl-4,40-biphenyl units as mesogen
and 10 methylene sequences as spacer, in a two-phase
solvent system by using a phase transfer catalyst on
the basis of syntheses of different LC polymers.2–6

Since this LC polymer has rather low melting and iso-
tropization temperatures around 120–130 �C, we
could investigate the phase transition phenomena in
detail without any chemical change during measure-
ments.7 By evaluating the results thus obtained, we
have found that the LC glassy phase is readily pro-
duced by quenching the LC polymer from the melt
to ice-water as a result of the suppression of crystalli-
zation after rapid liquid crystallization in this system.8

Moreover, cold crystallization from the LC glassy
phase is allowed to occur above the glass transition
temperature, and another type of crystal form, form
�, is produced, which is evidently different in wide-
angle X-Ray diffraction profile from form � that is or-
dinarily crystallized by slowly cooling from the melt

through the nematic phase. In particular, a form �
sample with much higher crystallinity is obtained by
annealing the LC glassy specimen at 130 �C for a cer-
tain period and then quenching it to 0 �C. This fact
leads to an interesting proposal that another stable
nematic phase may appear at about 130 �C on rapid
heating from the LC glassy phase although the ordina-
ry unstable nematic phase appearing on cooling from
the melt is readily transformed to form � crystals
without significant time delay in this system. The con-
firmation of the existence of such a stable nematic
phase on heating will be made in near future by tem-
perature-jump X-Ray diffractrometry.
In this paper, we characterize the structure and dy-

namics of the form � sample with high crystallinity
newly crystallized from the LC glassy phase probably
through the stable nematic phase described above by
solid-state 13CNMR spectroscopy. Especially the
chain conformation and molecular motion of the
spacer CH2 sequences and mesogen groups are clari-
fied separately in the crystalline and noncrystalline re-
gions by comparing them with the corresponding re-
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sults previously obtained for the form � sample.1 A
wide-angle X-Ray diffraction analysis of the crystal
structure for forms � and � is in progress by using uni-
axially oriented samples.9

EXPERIMENTAL

Sample
LC polyether EDMB-10 was synthesized by poly-

merizing 3,30-dimethyl-4,40-dihydroxy-biphenyl and
1,10-dibromodecane in a two phase system using a
phase transfer catalyst as previously described in de-
tail.1 Mn of the sample thus obtained was determined
to be 13,000 by polystyrene-calibrated GPC. The sam-
ple was brought to the LC glassy state by quenching
from the melt to ice-water and then the form � sample
was obtained by annealing the quenched sample at
130 �C for 30min in a silicone bath and rapidly
quenching to ice-water.8

Solid-State 13CNMR Measurements
Solid-state 13CNMR measurements were mainly

performed at room temperature on a Chemagnetics
CMX-200 spectrometer equipped with a JEOL solid-
state NMR system operating at 50.0MHz under a stat-
ic magnetic field of 4.7 T.1,7,10–13 1H and 13C radio-fre-
quency fields �B1=2� were 62.5 kHz in the cross po-
larization (CP) process and the 1H decoupling field
strength was reduced by about 10%. The contact time
for the CP process was 1ms and the recycle time after
the acquisition of a free induction decay (FID) was 5 s
throughout this work. The MAS rate was set to
3.8 kHz to avoid the overlapping of spinning side-
bands on other resonance lines. 13C chemical shifts
were expressed as values relative to tetramethylsilane
(Me4Si) by using the CH3 line at 17.36 ppm of hexa-
methylbenzene crystals as an external reference. 13C
spin–lattice relaxation times (T1C) were measured by
using the CPT1 pulse sequence.14

2D magic angle turning (MAT) experiments15,16

were conducted at room temperature on a Chemagnet-
ics CMX-400 spectrometer operating under a static
magnetic field of 9.4 T. The 1H and 13C radio-frequen-
cy field strengths �B1=2� of 62.5 kHz, CP contact
time of 2ms, acquisition time of 2.56ms, dwell time
of 10 ms, and recycle time of 4 s were employed.
The triple-echo sheared MAT pulse sequence16 was
used in this work by setting the � delay to 20 ms. In
the t1 dimension, 64 slices with the increment of
30 ms were acquired. The MAS rate was precisely ad-
justed to 129� 1Hz.

RESULTS AND DISCUSSION

CP/MAS 13CNMR Spectra
Figure 1 shows CP/MAS 13CNMR spectra ob-

served at room temperature for the form � and form
� samples of EDMB-10. Here, the spectrum of the
form � sample is the same as previously reported.1

As will be described later, both spectra contain the
crystalline and noncrystalline components and, there-
fore, most assignments of the resonance lines are sim-
ply made for the isolated lines here. Interestingly, the
line shapes for the C9–C12 carbons are found to ap-
preciably differ between these two samples, suggest-
ing different spacer conformations in the form � and
form � crystals. In addition, somewhat different chem-
ical shifts for the C1 and C6 carbons in the mesogen
groups also imply that there may be some difference
in co-planarity of the phenylene rings in the mesogen
unit. In order to separate the crystalline and noncrys-
talline contributions, the T1C relaxation process has
been measured by the CPT1 pulse sequence.14

13C Spin–Lattice Relaxation Behavior
The 13C spin–lattice relaxation process for the form

� sample has been measured at room temperature in a
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Figure 1. CP/MAS 13CNMR spectra measured at room tem-

perature. (a) the form � sample,1 (b) the form � sample.
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similar way to the case of the form � sample1 by using
the CPT1 pulse sequence.14 In Figure 2, the logarith-
mic peak intensity for the C9–C12 resonance lines at
about 30 ppm or for the C4 line is plotted against the
T1C relaxation decay time. As is clearly seen in this
figure, the respective decay curves can be simply de-
scribed in terms of two components having different
T1C values which are denoted by broken lines. For ref-
erence, percentages of the respective components de-
termined by the T1C analyses are also given although

the values are not so reliable mainly because of the
difference in CP efficiency between the crystalline
and noncrystalline components. Under this experi-
mental condition, the longer T1C component should
be assigned to the crystalline component correspond-
ing to form � crystals, while the shorter T1C compo-
nent is ascribed to the noncrystalline component that
may be also called as the supercooled LC component.
In contrast, the decay curve of the corresponding CH2

carbons for the form � sample was composed of three
components with different T1C values, which were re-
ferred to as the crystalline (form �), medium, and non-
crystalline (supercooled LC) components.1 The cause
of the disappearance of the medium component in the
form � sample is not clear at present but the similarity
of the structure in the crystalline and noncrystalline
regions for this sample, which will be described later
in detail, may be associated with its disappearance.
The T1C values obtained for the isolated resonance

lines of the form � sample by the decay curve analysis
are summarized in Table I together with the corre-
sponding results for the form � sample. The T1C val-
ues of the mesogen groups for form � crystals are
found to be significantly longer than those for form
� crystals, indicating less molecular mobility of the
mesogen groups in the former crystals. In contrast,
the inner CH2 carbons of the spacer sequence seem
to have shorter T1Cs for form � than for form �, im-
plying that the spacer CH2 sequence may undergo
more enhanced molecular motion in the form � crys-
tals. Such different molecular mobility will be inter-
preted in relation to the conformation or packing of
the respective structural units.

Crystalline and Noncrystalline Components
By using the difference in T1C, the CP/MAS

13CNMR spectra of the crystalline and noncrystalline
components have been separately recorded for the
form � sample in a similar way to the case of the form
� sample.1 Figure 3 shows the respective spectra of
the inner CH2 carbons of the spacer groups, together
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Figure 2. 13C spin–lattice relaxation processes for the spacer

and mesogen carbons measured at room temperature by the

CPT1 sequence. (a) C9–C12 lines at about 30 ppm, (b) C4 line

at 157 ppm.

Table I. 13C Spin–Lattice Relaxation Times (T1C) of the Mesogen and Spacer Carbons in the Respective Components at Room

Temperature for the Form � and Form � Samples

T1C/s

Component Mesogen Spacer

C4 C5 C7 C8 C9–C12

Form �

Crystalline 44.6 32.0 18.0 7.00 1.60

Noncrystalline 8.0 2.3 3.5 1.19 0.33

Form �

Crystalline
30.2 12.3 13.8

5.16 3.72

Medium 0.94 0.92

Noncrystalline 7.5 3.0 3.8 0.39 0.24
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with the corresponding spectrum of this polymer in
the LC glassy state8 measured at �50 �C for compar-
ison. The C8 resonance lines are not shown in this fig-
ure because there are no significant differences be-
tween two components. Here, the spectrum of the
crystalline component was selectively measured as
the longer T1C component by the CPT1 pulse se-
quence14 with a delay time � of 2 s, while the noncrys-
talline spectrum was obtained by subtracting the crys-
talline spectrum from the spectrum obtained by the
CPT1 pulse sequence with � ¼ 0:1 s. It should be ad-
ditionally noted that the relative intensities of the res-
onance lines thus obtained are not exactly proportion-
al to the compositional ratios of the respective carbons
because of their differences in T1C.
These spectra have successfully been resolved into

the respective constituent lines indicated by broken
lines as shown in Figure 3 by assuming each line as
a Lorentzian curve. As for the noncrystalline compo-
nent, it is found that the spectrum is composed of two
resonance lines at 27.8 and 30.6 ppm. These chemical
shift values are very close to 26.7 ppm of the C10 line
and 30.0 ppm of the C9, 11, 12 lines for the noncrys-
talline component in the form � sample,1 respectively.
It should be noted here that the assignment of the lat-
ter noncrystalline component was unambiguously

made in the same way as in the isotopic melt because
the chemical shifts are in good accord with those in
the isotropic melt.1 Accordingly, the lines at 27.8
and 30.6 ppm for the noncrystalline component in
the form � sample should be also assigned to the
C10 and C9, 11, 12 carbons, respectively, as shown
in Figure 3b. Nevertheless, the C10 resonance line
really shifts 1.1 ppm downfield for this component
compared to the corresponding line in the form � sam-
ple. As previously reported,1,7 each C–C bond in the
spacer CH2 sequence adopts the trans–gauche ex-
change conformation (x) in the noncrystalline compo-
nent of the form � sample like at the isotropic melt.
Such a downfield shift should, therefore, indicate that
the C8–C9 bond associated with the C10 chemical
shift will have the trans-rich conformation, which is
denoted as t hereafter, in the noncrystalline region
of the form � sample as a result of the decrease in
the �-gauche effect,17 as shown in Figure 4. The 13C
chemical shift values thus obtained are listed in
Table II together with the corresponding values for
the form � sample and in the melt.
Interestingly, the line shape for the LC glassy phase

is found to be almost the same as for the noncrystal-
line component of the form � sample as shown in Fig-
ure 3c and 3b, although the line width of each constit-
uent line is much broader than that for the
noncrystalline component. This fact suggests that the
spacer conformation in the LC glassy phase may be
nearly the same as in the noncrystalline component.

Figure 4. Chain conformation of the spacer CH2 sequence for

each component in the form � and � samples. t, t0, and x indicate

the trans, trans-rich, and trans–gauche exchange conformations,

respectively.
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Figure 3. CP/MAS 13CNMR spectra of different components

for the form � sample in the CH2 carbon region. (a) crystalline, (b)

noncrystalline, (c) liquid crystalline glassy.8 The broken lines in-

dicate the results of the line shape analysis carried out by assum-

ing that each constituent line is described as a Lorentzian.
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In contrast, an additional downfield line appears at
32.4 ppm for the crystalline component of the form
� sample as evidently seen in Figure 3a. Other two
constituent lines at 28.1 and 30.6 ppm for this compo-
nent are found to have almost the same chemical shifts
as those of the C10 and C9, 11, 12 lines for the non-
crystalline component, respectively. Therefore, the
most upfield line at 28.1 ppm should be straightfor-
wardly assigned to the C10 carbon, but the assignment
of other two lines will be made by considering the �-
gauche effect17 as follows: The additional downfield
line clearly shifts 1.8 ppm downfield compared to
the resonance line of the C9, 11, 12 carbons of the
noncrystalline component or 2.4 ppm downfield com-
pared to the corresponding line of the noncrystalline
component in the form � sample. This fact suggests
that a certain C–C bond may adopt the trans confor-
mation (t) in the crystalline component while this
bond has the trans–gauche exchange conformation
(x) in the noncrystalline component. The reason is that
the conformational change from x to t will induce
about 2–2.5 ppm downfield shift for only one carbon
of the C9, 11, 12 carbons as a result of half of the
�-gauche effect. It is, therefore, concluded that the
C12–C12 bond is allowed to have the trans conforma-
tion because this bond adopting trans induces the
downfield shift only for the C11 carbon. If trans
would be introduced for one bond of other C–C bonds,
two CH2 carbons might be subjected to the about 2–
2.5 ppm downfield shift. However, this is not the case
shown in Figure 3a. The assignment, 13C chemical
shift values, and the spacer conformation thus deter-
mined for the crystalline component are shown in Fig-
ure 3a, Table II, and Figure 4, respectively. For com-

parison, the spacer conformation of each component
in the form � sample is also shown in Figure 4.
Figure 5 shows the CP/MAS 13CNMR spectra of

the crystalline and noncrystalline components of the
form � sample in the mesogen carbon region, which

Table II. 13C Isotropic Chemical Shift Values (�iso) of the Spacer and Mesogen Carbons Obtained by the Lineshape Analysis

for the Respective Components of the form � and form � samples

�iso/ppm

Carbon Crystalline Noncrystalline
Melt

Form � Form � Form � Form �

Spacer

C8 68.2 (�0:9) 68.2 (�0:9) 67.5 (�1:6) 68.2 (�0:9) 69.1

C9 32.3 (þ2:4) 30.6 (þ0:7) 30.0 (þ0:1) 30.6 (þ0:7) 29.9

C10 28.6 (þ2:0) 28.1 (þ1:5) 26.7 (þ0:1) 27.8 (þ1:2) 26.6

C11 32.3 (þ2:4) 32.4 (þ2:5) 30.0 (þ0:1) 30.6 (þ0:7) 29.9

C12 32.3 (þ2:4) 30.6 (þ0:7) 30.0 (þ0:1) 30.6 (þ0:7) 29.9

Mesogen

C1 128.3 (�5:6) 132.0 (�1:9) 132.5 (�1:4) 132.4 (�1:5) 133.9

C2 125.5 (�3:7) 126.7 (�2:5) 128.5 (�0:7) 126.4 (�2:8) 129.2

C3 125.5 (�1:9) 126.7 (�0:7) 125.8 (�1:6) 126.4 (�1:0) 127.4

C4 156.2 (�0:8) 157.0 (0) 156.7 (�0:3) 157.0 (0) 157.0

C5 111.0 (�1:7) 111.3 (�1:4) 111.1 (�1:6) 111.2 (�0:5) 112.7

C6 122.1 (�3:1) 126.7 (þ1:5) 123.1 (�2:1) 126.4 (þ1:2) 125.2

Values in parentheses for the respective carbons in each sample are the differences in chemical shifts between

each component and the melt.
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Figure 5. CP/MAS 13CNMR spectra of different components

for the form � sample in the mesogen carbon region. (a) crystal-

line, (b) noncrystalline, (c) liquid crystalline glassy.8 Broken lines

indicate the results of the line shape analysis carried out by assum-

ing that each constituent line is described as a Lorentzian.
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were obtained in a similar way to the case shown in
Figure 3. For comparison, the spectrum of EDMB-
10 in the LC glassy state measured at 0 �C is also
shown in this figure. It is found that the 13C chemical
shifts of the respective resonance lines in these three
states are in good accord with each other within an ex-
perimental error. This fact indicates that the structure
of the mesogen groups is almost the same in the three
states. The 13C chemical shift values of the mesogen
carbons for the crystalline and noncrystalline compo-
nents in the form � and � samples are also compiled in
Table II. The values shown in parentheses for the re-
spective carbons are the differences in chemical shifts
between the crystalline (or noncrystalline) component
in each sample and the melt. Most evident differences
in parentheses are recognized for the mesogen carbons
of the crystalline component of the form � sample and
the values are remarkably decreased in the order of the
C1, C2/C6, C3/C5, and C4 carbons. This fact sug-
gests that the co-planarity of the adjacent phenylene
rings in the mesogen group may be greatly different
in the crystalline component of the form � sample
from that in the melt. In fact, more explicit dependen-
ces of the 13C chemical shifts of the phenylene car-
bons on the torsion angles around the C–C bond con-
necting the adjacent phenylene groups were observed
for low-molecular-weight model compounds and their
theoretical supports were also obtained by quantum
chemical calculations.18 It is, therefore, concluded that
the mesogen groups have a much higher level of co-
planarity in the form � crystals compared to those in
the melt.
In contrast, the corresponding values in parentheses

for the crystalline component of the form � sample is
appreciably smaller compared to the cases for the
form � sample. This fact indicates a lower level of
the co-planarity of the mesogen groups in the form
� crystals than in the form � crystals. The detailed dif-
ference in co-planarity between the two crystal forms
will be revealed by the WAXS crystal structure analy-
sis which is now in progress.9 It should be here noted
that there are also significant differences in parenthe-
ses for the mesogen carbons of the noncrystalline
components in the two samples: The co-planarity of
the mesogen groups may be almost the same level
for the noncrystalline component in the form � sample
as that for the form � crystals because the values in
parentheses are nearly the same for the respective car-
bons in these two components. However, it seems dif-
ficult to estimate the level of the co-planarity for the
noncrystalline component in the form � sample be-
cause the values in parentheses are irregularly dis-
persed unlike the case of the crystalline component
in this sample and seems not to be interpreted only
in terms of the co-planarity. Some kind of molecular

motion or intermolecular interaction may make the ef-
fect of the co-planarity obscure in this noncrystalline
region. Nevertheless, it should be pointed out that
the structure of the mesogen groups is also significant-
ly different between the two noncrystalline compo-
nents included in the form � and � samples similarly
to the conformational differences in the spacer CH2

sequences as shown in Figure 4. Moreover, the meso-
gen groups in the noncrystalline region of the form �
sample should have the structure significantly differ-
ent from that in the melt which will be preferable
for the formation of the LC phase, although the spacer
CH2 sequence adopts almost the same conformation
as that in the melt as described above.
Such findings are very important to support our re-

cent proposal that there exist two nematic phases, N�

and N�, from which form � and � crystals are crystal-
lized in the EDMB-10 system, respectively.8 Since the
noncrystalline component corresponds to the super-
cooled LC component in each sample crystallized
from the LC phase, the structure of the mesogen and
spacer groups in the LC phase may be preserved in
the supercooled LC component which is left without
crystallization in each sample. Therefore, the N� and
N� phases must have also different structures in the
mesogen and spacer units as described above for the
supercooled noncrystalline components in the form
� and � samples.

Molecular Motion of the Mesogen and Spacer Groups
As already described, the T1C values of the meso-

gen carbons given in Table I indicate that molecular
motion with a correlation time of the order of 10�8 s
responsible for the T1C relaxation is somewhat more
restricted in the form � crystals than in the form �
crystals. However, there is no significant difference
in molecular mobility in the noncrystalline region be-
tween the form � and form � samples, although the
mesogen groups are subjected to much more enhanced
motion in this region compared to those in the crystal-
line region. To examine the molecular motion of the
mesogen units in more detail, 13CCSA spectra of
the respective carbons have been measured for the
form � sample in a similar way to the case of the form
� sample7 by 2D MAT 13CNMR spectroscopy.15,16

Figure 6 shows the 2D MAT 13CNMR spectrum of
the form � sample obtained at room temperature under
an ultra-slow MAS condition. The ‘‘sky projection’’
plots of the highest points in each column and row
of the 2D spectrum are also shown in the F1 and F2

dimensions, respectively. The projection spectrum
shown in the F1 dimension is a high resolution spec-
trum which is equivalent to the CP/MAS spectrum
shown in Figure 1b but side-band free. The CSA spec-
tra seem to be well separately obtained along the F2
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axis in the 2D spectrum for the respective resonance
lines of the high resolution projection spectrum shown
at the right side in this figure.
In Figure 7, the CSA spectra thus obtained as slices

along the F2 axis are shown for the respective car-
bons. In this sample, the CSA spectra are also found
to be successfully measured by the 2D MAT method

similarly to the cases of the form � sample.7 For the
mesogen carbons, the simulated CSA spectra in the
rigid state are also shown as dotted lines. Except for
the case of the overlapped C2, C3, C6 CSA spectra,
the observed CSA spectra are in good accord with
the simulated spectra for the C4, C1, and C5 carbons.
The principal values �11, �22, �33 used in the CSA
simulations are compiled in Table III. The corre-
sponding values of the form � sample,7 dimethoxy
benzene (DMB) and diethoxy benzene (DEB) crys-
tals19 are also given for comparison. The chemical
shift anisotropy j�11 � �33j of the aromatic CH carbon
for the form � sample seems not to be much different
from the values for the DMB and DEB crystals. This
fact suggests that the phenylene rings in the mesogen
units may be highly hindered in molecular motion in
the noncrystalline component as well as in the crystal-
line component although these two components are
superposed in the CSA spectra. As is already describ-
ed above, however, there are marked difference in T1C
between the crystalline and noncrystalline compo-
nents.
To interpret the CSA and T1C results that seem to be

in conflict with each other, the change in CSA line
shape has been simulated for the phenylene flip mo-
tion around the bond axis as a function of flip angle
by assuming the two-site exchange model.20,21

Figure 8 shows the CSA spectra thus simulated for
the aromatic CH carbon (C5) under the fast limit con-
dition for different flip angles. Here, the principal val-
ues experimentally obtained for the C5 carbon in
Table III were used. As clearly seen in this figure,
the CSA line shape and the anisotropy j�11 � �33j
for a flip angle of 30� do not appreciably change from
those in the static state. This fact implies that the
phenylene rings in the mesogen groups may be sub-
jected to the rapid random fluctuation around the bond
axis with the flip angles less than 30� in the noncrys-
talline region and such motion will induce rather fast
T1C relaxation without significant change in CSA for
the C5 carbon. Even in the crystalline region, similar
fluctuation of the phenylene rings may be allowable
although the flip frequencies will be much reduced re-
sulting in the increase in T1C. Recent

13CCSA quan-
tum chemical calculations combined with CSA meas-
urements22 also support the occurrence of somewhat
enhanced molecular motion for phenylene or benzene
rings in solid samples; it was pointed out that benzene
rings of biphenyl may preferably undergo both inter-
nal jumping between slightly different enantiomeric
structures and overall molecular librations with an an-
gle of �12� in the crystalline state. Such rapid fluctu-
ation of the phenylene groups in the LC polymer sam-
ples may also enable the methylene sequences to
undergo much higher molecular mobility and then to
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Figure 7. 13CCSA spectra for different carbons in the form �

sample, which were obtained as slices along the F2 axis in the 2D

MAT spectrum shown in Figure 6. Dotted lines are the CSA pow-

der patterns simulated for the respective carbons in the rigid state.
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Figure 6. 2D MAT 13CNMR spectrum measured at room

temperature for the form � sample.
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adopt the specific conformation shown in Figure 4
even in the crystalline region.
The slice CSA spectra of the C8 (OCH2) and C7

(CH3) carbons shown in Figure 7 seem to be axially
symmetric like the case of the form � sample and their
chemical shift anisotropies j�11 � �33j are also of the

same orders for the corresponding carbons in the form
� sample.7 As described previously,7 the �11 and �22
values of the OCH2 carbons in the rigid state are equal
for poly(ethylene terephthalate)19,23 or not so greatly
different from each other for poly(ethylene oxide).19,24

It is, therefore, difficult to obtain any information of
the molecular motion of the OCH2 carbons from the
CSA line shape. In contrast, the CSA spectra of the
rigid CH3 carbons have a typical powder pattern with
different principal values for toluene19,25 and p-xy-
lene.19,26 Therefore, the axially symmetric CSA spec-
trum of the C7 carbons clearly indicates the rapid ro-
tation of the CH3 groups even in the crystalline
region. Moreover, the j�11 � �33j value for the C7 car-
bon is much reduced to about 14 ppm compared to the
values (22.5, 26.5 ppm) obtained for toluene and p-xy-
lene19 by assuming a simple rotation of the CH3

group. This fact implies that the phenylene rings con-
necting the CH3 groups may undergo thermal fluctua-
tion with small amplitudes around the virtual C1–C4
bond, in good accord with the result described above
for the CSA of the aromatic CH carbons, and contrib-
ute to narrowing of the CSA spectrum of the CH3 car-
bons.
The CSA spectrum of the C9–C12 carbons in the

spacer unit shown in Figure 7, which was obtained
as a slice along the F2 axis at 30.6 ppm in Figure 6,
seems to narrow to a considerable extent reflecting
the higher molecular mobility of the CH2 sequences.
Figure 9 shows the enlarged CSA spectrum of the
CH2 carbons together with the CSA powder spectrum
having the same isotropic chemical shift for the CH2

carbon in the rigid state. The latter spectrum was sim-
ulated by using the principal values for polyethylene
crystals.19,27 Although the observed CSA spectrum

250 200 150 100 50 0

180°

150°
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90°

60°

ppm from Me4Si

30°

Static

Exptl.

σ
33

σ
22σ

11

Figure 8. CSA powder patterns simulated for the aromatic

CH (C5) carbon by assuming two-site flip motion of the phenylene

ring around the bond axis with different flip angles under the fast

limit condition.

Table III. Principal Values of 13C Chemical Shift Tensors for the Mesogen Carbons Obtained for the Form � and Form � Samples

by the 2D MAT Experiment

Chemical shift/ppm
Sample Carbon

�11 �22 �33 j�11 � �33j �iso
a

form � C1 (qCb) 217 158 22 195 132

C4 (qC) 233 162 73 160 157

C5 (CH) 189 131 12 177 112

form � C1 (qC)c — — — — 129

C4 (qC) 224 164 78 146 156

C5 (CH) 187 131 19 168 112

DMBd qC 243 160 71 172 158

CH 199 137 22 177 119

CH 194 131 13 181 113

DEBe qC 233 160 71 162 155

CH 199 135 24 175 119

CH 194 129 11 183 111

adetermined by the MAS experment for the form � and � samples. For DMB and DEB, �iso is calculated

from the principal values. bqC denotes a quaternary carbon. cnot ressolved well in the 2D MAT spectrum.
ddimethoxy benzene (Ref 19). ediethoxy benzene (Ref 19).
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contains the contributions from several constituent
CH2 carbons, the overall spectrum is found to narrow
to a remarkable extent. Such narrowing should be the
reflection of the specific trans–gauche exchange con-
formation of the CH2 sequences in the crystalline re-
gion shown in Figure 4. Moreover, the CSA line shape
of the noncrystalline component may be not signifi-
cantly different from the overall CSA spectrum in
Figure 9, because this contribution is also involved
in this spectrum. This fact suggests that each trans–
gauche exchange motion may be not independently
induced possibly unlike in the melt and some kind
of cooperative motion will be allowable under the re-
striction of the oriented mesogen groups in the non-
crystalline component which corresponds to the super-
cooled LC component. Further characterization of the
chain conformation and dynamics will be performed
in the stable nematic phase after the confirmation of
the existence of the phase by temperature-jump X-
Ray diffractometry.

CONCLUSIONS

We have characterized in detail the structure and
chain conformation for the form � sample of a new
type of thermotropic LC polyether (EDMB-10), which
was crystallized from the LC glassy phase, by solid-
state 13CNMR spectroscopy and obtained the follow-
ing conclusions:
(1) CP/MAS 13CNMR spectrum of the form � sample
suggests that the chain conformation of the spacer

CH2 sequences and mesogen groups in this sample
may be significantly different from those previously
reported for the form � sample that was crystallized
by slowly cooling from the melt through the nematic
phase. To confirm such a suggestion, 13C spin–lattice
relaxation behavior has been examined in detail and
the spectra of the crystalline and noncrystalline com-
ponents have been separately obtained by using their
difference in T1C.
(2) The evaluation of the 13C chemical shift values of
the spacer CH2 carbons in the respective spectra main-
ly by the �-gauche effect reveals that the CH2 se-
quences adopt the t0xxxtxxxt0 conformation in the crys-
talline region while their preferable conformation is
t0xxxxxxxt0 in the noncrystalline region. Here, t, t0,
and x are the trans, trans-rich, and trans–gauche ex-
change conformation. These conformations are appre-
ciably different from txtxtxtxt in the crystalline region
and xxxxxxxxx in the noncrystalline region for the
form � sample previously reported, probably reflect-
ing the structure difference in the nematic phases,
N� and N�, from which forms � and � are crystallized,
respectively.
(3) By the comparison of the 13C chemical shifts of
the mesogenic phenylene carbons in the crystalline
and noncrystalline components with those in the melt,
it is found that the co-planarity of the adjacent phenyl-
ene groups in the mesogen units is of a much higher
level in form � crystals compared to that for form �
crystals. Moreover, the structure of the mesogen
groups is also significantly different in the noncrystal-
line region between the form � and � samples, also re-
flecting the differences in structure in the N� and N�

phases.
(4) The chemical shift anisotropy (CSA) spectra for
the respective carbons in the form � sample have been
obtained by the 2D MAT method. The analysis in
terms of the two-site exchange model for the CSA
spectrum thus obtained for the aromatic CH carbons
reveals that the phenylene groups undergo rapid fluc-
tuation around the bond axis with amplitudes less than
30� in the crystalline and noncrystalline regions al-
though the fluctuation rates that may be reflected to
the 13C spin–lattice relaxations are greatly different
in the crystalline and noncrystalline regions. On the
other hand, the CSA spectrum of the inner CH2 car-
bons significantly narrows in the crystalline and non-
crystalline regions, indicating the rapid specific
change in conformation in the respective regions.
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Figure 9. (a) Enlarged CSA spectrum of the C9–C12 carbons
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