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ABSTRACT Poly(r-benzyl L-glutamate) in a concentrated methylene chloride solution
is in a liquid crystalline state. The solvent signal of this solution is a doublet due to
magnetic dipole—dipole interactions. Separation of the doublet varies with residence
time of the sample in the magnetic field after insertion in the NMR probe or after
changing the direction of the applied field. This is attributed to the time dependence
of the orientation or reorientation of molecules in the magnetic field.

The time dependent phenomena were observed by 'H-FT-NMR and a floppy disk
drive system. That is, after changing the direction of the applied field the peak height
of the upfield one of the methylene chloride doublets first decreases gradually relative
to the downfield one, and still later the peak height of the upfield one increases, and
finally both peaks become of equal height. This is interpreted through the anisotropy
of the diamagnetic susceptibility 4y for oriented nematic liquid crystals. The theory
is given and the potential for obtaining structural information about nematic liquid

crystals of polypeptide is discussed.
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Poly(r-benzyl L-glutamate) (PBLG) is well
known to form lyotropic liquid crystals in vari-
ous helicogenic solvents, and has an «a-helix
conformation in these solvents.

In the nematic liquid crystalline state, the
rod-like molecules are arranged parallel to one
another. The packing of rod-like helices appears
to be locally hexagonal on a microscopic scale.*

Specific solvent—polymer interactions are not
responsible for this behavior. Liquid crystal
formation is spontaneous when rod-like, a-helical
polypeptides exceed a critical concentration in
solution. Experimental observations are in re-
asonable agreement with the self-ordering theory,5
and show that the critical polypeptide concen-
tration depends primarily on the axial ratio of
the rod-like polymer molecules.”

When the PBLG molecules in methylene
chloride solution forms a liquid crystal, the
polymer segments are so restricted that the
direct dipole—dipole interactions of protons in

the polymer are not averaged out. Therefore,
the NMR signals of PBLG become so broad
that they can not be observed by the ordinary
high resolution NMR technique. However, the
solvent signals can still be observed in the liquid
crystalline state, though they are much broader
than those in isotropic solutions and are split
into a doublet. Sobajima' was the first to ob-
serve this dipolar splitting. Orwoll and Vold®
showed theoretically and experimentally the
time dependence of methylene chloride dipolar
splitting on the average orientation of the poly-
mer helices with respect to the external field.
It was expected originally that the doublets
would have the same peak height and width,
but unequal peak heights of the doublets were
reported in a previous study,’ and a detailed
discussion was not given. The doublets show
equal peak heights at equilibrium, but transient
unequal peak heights were observed in the course
of coming back to equilibrium after rotation of
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the nematic director.

It is impossible to give a rigorous discussion
about time dependent phenomena obtained from
CW-NMR spectra. The purpose of this paper
is to report some results of the time dependent
reorientation of PBLG liquid crystals after the
direction of the applied magnetic field is changed
and to clarify the mechanism of the asymmetric
line shape of the doublet by 'H-FT-NMR on-
line with a floppy disk drive system developed
in our laboratory.

THEORY

When a sample of PBLG in methylene chloride
is placed in a magnetic field H,, the anisotropy
of the diamagnetic susceptibility of the PBLG
molecules results in forces which align them
parallel to the magnetic field. And when the
equilibrated nematic director was rotated me-
chanically from H,, it tended to reorient again
to H,.

In the course of the reorientation of the liquid
crystals, asymmetric line shapes of the doublet
of the methylene chloride protons have been
observed, depending upon the time after the
director was rotated and the rotational angle 4.

The transient discrepancies of the peak heights
of the doublets (dowfield peak is higher) were
found to change systematically with time and
rotational angle §. We interpret this phenomena
to refer only to the anisotropy of the diamagnetic
susceptibility of PBLG a-helices. This is re-
asonable since methylene chloride molecules are
mobile even in a nematic PBLG liquid crystal and
the chemical shift anisotropy was averaged out.

We assume a cylindrical symmetry for the
rod-like helical molecules. The magnetic field
lies on the z-axis and at equilibrium the nematic
director coincides with the same axis. The axis
of the cylindrical sample tube lies on the x-axis.

When the sample tube is rotated about the
x-axis by an amount 6, the orientation of the
nematic director is also changed.

In that situation, the tensor y of diamagnetic
susceptibility at § may be obtained by

1 0 0\ /xp 0 0\/1 O 0
=0 cos@sinf|| 0 x, O |{0 cosf —sing
0 —sinf cosgd/\0 0 yx,/\0sin@ cos@
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YL 0 0
=0 y,cos®f+y,sin®*@ (xy—y.)cosfsin@
0 (yy—X)cos@sind y,sin®*f4y, cos®@

(1)
And the induced magnetization becomes
0 0
M=y .| 0 |=| (xy—x1)cosdsinéH, |. (2)

H, (. sin® 84, cos® §)H,

So the y and z axis components of the
magnetization are (y;—yx.)cos@sinfH, and
(x.sin® @+ cos® §)H, recpectively (see Figure 1).

(2, sin* @+ %, cos®8) H,

(X,—%1) cos 8 sin 8 Ho
- oI
\\\\
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Figure 1. Magnetization induced by the applied
magnetic field Hy. The axis of PBLG rotates by
an amount # in the y—z plane.

We may neglect the y component, because it
is much smaller than the z component. Then
the effective field in a cylindrical sample tube
along the z axis (H;) is given by the following
equation:

H;=(1—%my)H,

={1—%x(y, sin® 64y, cos® §)}H,
=[1—37{3(eL+xn)+3(xs—xL) cos 26}1H,
(3)

This indicates that the local field in the PBLG
liquid crystal varies with cos2¢. The point of
inflexion is at §=45.

The calculated maximum variation of the
resonant frequency (C,) is 6.7 Hz, using the di-
amagnetic susceptibility obtained by Samulski,
et al’ Figure 2 shows the variation of the
chemical shifts at the center of the doublets
(vc) and their splitting with # (a, ). The split-
ting is calculated by S=4%|3cos®6—1|S,; here
S, is the splitting ‘at equilibrium (in our case
S,=53.2Hz). Below the magic angle, the slope
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Figure 2. The relationship between the distribution
of nematic director (4P) and the distribution of
the resonant frequency (4va and 4vu). The vertical
scale indicates the angle of mnematic director and
the horizontal scale indicates the frequency.

of the upfield chemical shift curve (a) is smaller
than that of the downfield chemical shift curve
(b), because the center of the doublets shifts
downfield with cos 24.

If the orientation of the PBLG a-helices dis-
tributes in an angle 4P, the resonant frequency
of the upfield peak spreads in a range 4v,, and
the downfield peak spreads in Jvs. The figure
shows clearly that Av, is greater than Ay, so
the half height width of the upfield peak becomes
broader than that of the downfield peak.

Now let us consider the location of the point
of maximum discrepancy.

dvq and 4y, are given by the following equation
below the magic angle (see Figure 2). Above
the magic angle, 4v, and 4v, must be exchanged.

[uc—%{ 3cos® <0 +—;—AP)— l}
—% cos 2(0 +—;—AP):|
~—[vc——?{ 3 cos® <0 +%AP>— 1}
—% cos 2(0 ~%AP>]]
:H_So{cos2 <0 ——;—AP>

—cos? <0 +-%-AP>}
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here
f(6)=cos* <0 —%A]P)—cos2 <0 —i—%AP) .
Similarly,
I:yc+%{3 cos® (0——%AP)— 1}
+%9 cos 2 (0 —%AP):
_[pc+%’{3 cos® <0 —[——;—AP) — 1}

1 AP)—

dvy=

2

—|~—§—° cos 2<0~

:l(—j-swco)f(o)] (5)
where the term of cos2f is derived from the
theory mentioned above. If the total peak areas
and the ratios of the downfield peak area to the
upfield one are constant throughout an experi-
ment, the ratio of the relative peak heights (R)
is given by the following equation, assuming an
isosceles triangle for the shape of a peak:

_E_:AV“—*—AUI/Z

- Ava+dviys

i (6)

where H, and H, are the peak heights of the
downfield peak and upfield one respectively. dv,,
is the half height width at thermal equilibrium.

Equation 6 has a maximum at 45°, the maxi-
mum value 1.2 is obtained using the values
of §,=53.2Hz, C,=6.7Hz, 4v,/,=6.0 Hz, and
4P=10°.

Thus, the maximum discrepancy of the relative
peak heights occurs at 45°, even if the distri-
bution of the orientational axes of PBLG mo-
lecules is fixed.

The more the rotational angle of the director
increased, the broader becomes the distribution
of the orientational axes of PBLG molecules.
Therefore, it is anticipated that there will be a
larger discrepancy in the relative peak heights
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Figure 3. The NMR spectra observed after an equilibrium sample was rotated to 50°. The numbers
under the spectra give the number of seconds after the rotation.

as the rotational angle increases.

EXPERIMENTAL

The proton NMR spectra of methylene chloride
were obtained at room temperature (25+1°C)
using a JEOL’s PS-100 FT-NMR spectrometer
equipped with a floppy disk drive (FD)". This
FT-NMR-FD system was developed to catch
moderately rapid kinetic phenomena by fast
transfer of successive free induction decay signals
to a floppy disk. The system can acquire NMR
spectra every 2.5sec at maximum.

PBLG of molecular weight 75,000 was pur-
chased from Miles—Yeda, Ltd., and spectrograde
methylene chloride was purchased from Tokyo
Kasei Kogyo, Ltd. Neither reagent was further
purified. The samples were sealed in standard
5-mm NMR tubes without degassing; polymer
concentrations were adjusted to 20wt%. The
homogeneity of viscous samples was ensured by
inverting the sample tube many times prior to
placement in the magnetic field for about 4 hr.
After adjusting the field to the best homogeneity,
the liquid crystal sample was placed in the field
and held to attain equilibrium nematic orien-
tation for about 8 hr. The field homogeneity
was checked at the onset of every experimental
series by observing the methylene chloride signal
at equilibrium.

164

After the sample had reached equilibrium with
the field, the NMR tube containing the liquid
crystal was rotated by an amount 4, and the
change of the spectra was subsequently moni-
tored as a function of time.

Sample tube rotation angles were measured
with a calibrated disk placed on the spinner
assembly of the probe, with an accuracy of
+2°.

The proton spin—Ilattice relaxation time (7})
of methylene chloride in a liquid crystal was
1.4 sec, so the interval in a pulse train was set
to 6sec, which was 4 times the 7, value.

RESULTS AND DISCUSSION

When the nematic director was changed from
the equilibrium direction, the anisotropy of the
diamagnetic susceptibility of the PBLG molecu-
les results in forces which realign the PBLG
molecules parallel to the magnetic field. Equi-
librium is attained by a rotation less than 90°.

Figure 3 shows the measured dipolar splittings
as a function of time after rotation of the
nematic director. They are more reliable than
other observations of the time dependencies
made by CW-NMR,® because the spectra were
observed by FT-NMR. The relative peak area
of the doublets and the total peak area of the
doublets were found to be equal throughout
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these experiments within an experimental error
of +49%.

Figure 4 shows the time dependencies of the
relative peak heights which were given as the
ratio of the downfield peak height to the upfield
one. The ratios depend both on time and the
rotational angle, showing maxima at about 30 sec
in each case and at about 50°. Figure 5 shows
the maximum discrepancies of the peak heights
of the doublets vs. rotational angle, which are
exhibited in the course of coming back to
equilibrium.

Under certain circumstances the theory has
been found to be valid till 50°, but above this
angle reorientation proceeds more rapidly than
below this angle and the doublets change in a
complex manner. Apparently some changes in
the distribution of the nematic director may
occur above a critical angle with the field, pos-
sibly due to counterrotation of the polypeptide
helices.

If the directions of the PBLG axes have the
same distribution, the peak height discrepancy
became maximum if the nematic director was
rotated to an amount 45° since the distribution
of the resonant frequencies became maximum
at this angle (see Figure 2).

In our experiment, the maximum discrepancies
in the transient spectrum occurred at 50°. This

1.5

Ratio

Time(sec)

Figure 4. Relative peak heights vs. time. Rotation-
al angles of the nematic director are indicated as:
O, 10°; @, 20°; @, 30°; @, 40; @, 50°; @, 60°;
@, 70°; ®, 80°; ©, 90° respectively. The vertical
scale shows relative peak heights of the doublets.
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Figure 5. The maximum discrepancies of the peak
heights which are exhibited in the course of
coming back to equilibrium. The vertical scale
is the same as in Figure 4 and the horizontal scale
is the rotational angle of the sample tube.
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Fignre 6. The NMR spectrum observed after the
equilibrated sample was rotated to 90° for 30sec
and then rotated —45°.

is interpreted to mean that the distribution of
the axes of a-helices increases with time after
the rotation of the nematic director, and that
the nematic director crosses the point of in-
flexion (45°) of the chemical shift of the doublets.
As the theory suggests, the phenomena that show
the time dependence in the relative peak heights
were illustrated by the superimposition of many
doublets.

Further experiments were made to ascertain
the chemical shift change due to the orientation
of a-helices to the applied field. Figure 6 shows
the spectrum measured by the method of Orwoll
and Vold.® The PBLG of M, 75,000 did
not show such a spectrum with 4 peaks. It
seems that the reorientation rate is so fast that
we can not catch such phenomena. So the
spectrum in Figure 6 was obtained using a sample
of PBDG (M, 300,000; CH.Cl, 20%). The
chemical shift of the center of the outer doublets
is located at a higher field than that of the
inner doublets by ca. 2.0Hz. This is in close
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agreement with our theory, taking into account
the distribution of the direction of a-helices. If
the relative magnitudes of the diamagnetic sus-
ceptibilities changed, the exchange of the trend
mentioned above can be expected.

The anisotropy of the diamagnetic suscepti-
bility of the PBLG molecules depends mainly
on the benzene ring,”'' so it will be possible
to discuss the benzene ring orientation to the
a-helices from the relative peak heights of the
doublets.

CONCLUSIONS

Reorientation processes of PBLG a-helices
after rotating the nematic director in a magnetic
field were observed precisely by 'H-FT-NMR-
FD system. And the transient unequal peak
heights of the methylene chloride doublets were
observed.

The phenomena were illustrated quantitatively
by two facts. i) The nematic director has a
distribution near ¢. ii) The chemical shift of
the center of the doublets varies with ¢ from
the change of y. The unequal peak height re-
sults from the superimposition of many doublets;
its center varies with cos2f and the splitting
varies with %|3 cos®9—1].
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