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Abstract A series of N-acetyl-L-
glutamic acid oligopeptide benzyl

esters with exact residue numbers 4,

6, and 12 has been synthesized by a
stepwise procedure. For these
oligopeptide—dioxane binary
systems, the behavior of the liquid-
crystalline phases has been
examined by the use of ’H NMR,
and the results indicate that highly
ordered aggregates formed by these
oligopeptides in dioxane are in an
alignment similar to that in a
nematic mesophase.
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Introduction

A tremendous number of articles on liquid-crystalline
polypeptides have accumulated over the past 45 years,
since the time when a liquid-crystalline structure in
solutions of poly(y-benzyl-L-glutamate) (PBLG) was
first reported by Elliot and Ambrose [1] and Robinson
[2, 3]. Concentrated solutions of rigid a-helical polymers
nowadays constitute an increasingly interesting class of
lyotropic liquid crystals.

Murthy et al. [4] carried out an intermolecular X-ray
scattering analysis [5], in order to obtain the order
parameter (S) for magnetically oriented PBLG liquid-
crystalline solutions in dioxane and calculated a value of
S=0.75.

Abe and Yamazaki [6, 7] demonstrated that the
technique of “H NMR is useful for studying the
molecular ordering of high-molecular-weight PBLG in
the liquid-crystalline state. They elucidated the orienta-
tion order parameter of the a-helical backbone as a
function of concentration and the most preferred

conformation of the side chain by using variously
deuterium-labeled PBLG samples.

Most of the articles published on PBLG molecules
have focused on high-molecular-weight PBLG, although
low-molecular-weight homologs have been described
[8, 9]. However, until now the physicochemical proper-
ties of low-molecular-weight PBLG remain unresolved.

In this present study, we synthesized, by a stepwise
procedure, a series of NH-deuterated N-acetyl-L-glu-
tamic acid oligomeric benzyl esters with exact residue
numbers of 4, 6, and 12 and examined their liquid-
crystalline phase in the oligopeptide—dioxane systems by
the use of 2H NMR.

Experimental

Materials

N-Acetyl-L-glutamic acid oligomeric benzyl esters (AN,Z, N, =4,
6, and 12) were synthesized by a stepwise procedure [10] The A4Z
and A6Z samples were identified by elemental analysis: agreement
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between calculated and observed values was within 0.3%. Identi-
fication of A12Z was by '"H NMR.

N-deuterated A4Z [A4Z(ND)], A6Z [AG6Z(ND)], and Al2Z
[A12Z(ND)] were prepared as follows. The AN,Z samples were
dissolved in CF3COOD (trifluoroacetyl-d1), and then the solvent
was removed in vacuo. Thls treatment was repeated until the
NH stretch band (3,306 cm™") in the IR spectrum had completely
disappeared. The N-deuterated samples thus obtained were
recrystallized in CH,Cly—petroleum ether.

X-ray powder diffraction pattern
and IR absorption measurements

X-ray powder diffraction patterns were obtained using an RAD-
RC diffractometer with a counter—-monochromator (CuLea, 50 kV,
110 mA). IR absorption spectra were recorded using a PerkinElmer
1600 FTIR spectrometer (4,000-400 cm™') with the sample dis-
persed in KBr discs for the solid states and with the sample—
dioxane solutions sandwiched between two CaF,-plate windows.

H NMR measurements

’H NMR spectra were measured at 61.4 MHz using a Varian
UNITY-400 plus spectrometer at 298 K. A standard two-pulse
sequence (S2PUL) was used with an acquisition time of 0.008 s, a
pulse width of 12.5 us and a spectral width of 5.0 MHz. The
’H NMR 51gnals were accumulated 4,096 times for 32,768 data
points. The ?H chemical shifts (in parts per million) are given
relative to an external deuterated (CHj3);Si(CD,);SOs;Na.

Results and discussion

The X-ray powder diffraction patterns were measured
for the AN,Z oligomers in the solid state. Lattice
spacings were observed in common at 4.71 and 15.85 A
for these solid oligomers and were assigned to the
distance between f-sheet-type peptide chains and the
side-chain spacing [11], respectively, indicating that these
oligomers take up a f-sheet structure in the solid state.

The Fourier transform IR spectra of the AN,Z
oligomers in the solid state were also measured at room
temperature and were compared with those of simple
amide molecules [12], PBLG [13], and other polypep-
tides [14, 15]. The amide I and II bands, which were
observed in common at 1,684-1,693 and 1,521-
1,530 ecm™', respectively, provided evidence that these
AN,Z oligomers take up an antiparallel-type S-sheet
structure in the solid state.

For the A4Z—, A6Z—, and A12Z—dioxane systems, we
determined the phase maps and examined the phase
structures by use of IR, small-angle neutron scattering
(SANS), and small-angle X-ray scattering techniques
(reported separately). Results of special relevance to this
present study may be summarized as follows.

The phase maps of samples of the three systems
consist of three common regions (1, 2, and 3). Region 1
is a homogeneous and transparent one-phase solution
and is optically isotropic. In region 1 there is a critical
aggregation concentration (cac) and above this con-
centration these oligomeric molecules form rodlike
aggregates, in which the antiparallel f-sheet structures,

which are stabilized upon aggregation, are stacked one
dimensionally. In regions 2 and 3 (bottom layer), highly
ordered supramolecular aggregates are formed. Re-
gion 2 is the liquid-crystalline phase, and region 3 is a
two-phase solution with a transparent upper layer and a
turbid (or transparent) and viscous bottom layer. For
region 3, it was confirmed that the upper layer is
optically isotropic and that the bottom layer is in a
liquid-crystalline state. We also identified the colored
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Fig. 1 ’H NMR spectra of the (a) A4Z(ND) (40 wt%)-,
(b) A6Z(ND) (30 wt%)—, and (¢) AI12Z(ND) (28 wt%)-dioxane
systems in the liquid-crystalline phase at room temperature (about
298 K)

/'\,/‘/f/
M

T T
800 600 400 200 0 —200 400  -600 —800
Chemical Shift [Hz]

Fig. 2 Expanded “H NMR spectrum of the A6Z(ND) (30 wt%)—
dioxane system in the liquid-crystalline phase (298 K)
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regions within regions 2 and 3 (bottom layer) which
provide selective light scattering.

In order to understand the aggregate structure in
region 2 (particularly, in the colored region), the
H NMR spectra of the A4Z(ND)-, A6Z(ND)-, and
A12Z(ND)—-dioxane systems in region 2 were examined.
Three sharp signals, superimposed upon a very broad
signal, were observed in common, as shown in Figs. 1,
spectrum b and 2. The *H NMR spectrum of the
A6Z(ND)-dioxane sample (30.0 wt%) in the liquid-
crystalline state, as a representative of the AN,Z
samples, was examined in detail. The expanded
H NMR spectrum of this sample is shown in Fig. 1,
spectrum b. The spectral feature with a resonance line
(6~3.27 ppm; half-height width, v;,: 284 Hz) is com-
pletely different from the quadrupolar-splitting feature
of N-deuterated PBLG in the lyotropic liquid-crystalline
state [7]. We may assume that the fractional populations
of the three sharp components must be very small, a
conclusion consistent with the small integral intensities
of these components compared with that of the very
broad resonance component. It has been confirmed that
the three sharp components do not come from deuter-
ated water molecules, since the 2H resonance line of D,O
in the A6Z-dioxane system, containing a small amount
of D,0, appeared at 3.044 ppm.

We measured the concentration dependence of the
H NMR spectra for the sample solutions of the AN Z-
dioxane systems in regions | and 2. The concentration
dependence of the H NMR spectrum for the A6Z—
dioxane system is shown in Fig. 3. A very sharp singlet
signal (Py,) is observed below the cac (0.5 wt%) and may
be assigned to the *H resonance signal of A6Z(ND)
molecules in the monomeric state. Furthermore, as the
concentration increases (1, 10, and 15 wt%) above the
cac, a relatively broad peak, P;, appears at high field and
its intensity increases with increasing shift towards high
field. We may assign P; to the small aggregates of A6Z
molecules formed at concentrations above the cac. The
broadening of the P; peak probably results from the fact
that formation of the aggregates brings about an increase
in the rigidity of the molecules and causes the anisotropy
in the chemical shift to increase. The shape of the very
broad P, signal in the liquid-crystalline phase probably
indicates that the molecular axes of aggregation of the
A6Z molecule are not aligned in the same direction.

A further increase in concentration brings about a
marked variation in the *H resonance feature. As the
intensity of the peak, P,,, decreases with an increase in
concentration, two “H resonance peaks (P, and P)
appear on both sides of the peak P,,, accompanied by an
increase in both their intensity and linewidth, until the
peak P, finally disappears and only slightly broadened
peaks P, and P} are found. We emphasize that the
broadening of the P; peak occurs rapidly with an
increase in concentration in the liquid-crystalline region,
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Fig. 3 Concentration dependence of the H NMR spectrum of the
A6Z(ND)-dioxane system: (a) 0.1 wt%, (b) 1.0 wt%, (c) 10.0 wt%,
(d) 15.0 wt%, (e) 30.0 wt%, and (1) 40.0 wt%

indicating that formation of the liquid-crystalline struc-
ture increases the anisotropic effect of the “H chemical
shift in the aggregates. Further association of the small
aggregates may bring about highly ordered aggregates
similar in structure to those in a nematic liquid-
crystalline phase. It is likely that the monomeric
molecules incorporated into the A6Z aggregates are
forced to orient under the influence of the liquid-
crystalline phase, thereby inducing a small quadrupolar
splitting of the ?H resonance line derived from the
monomeric molecules. Furthermore, an increase in A6Z
concentration and a lowering of temperature bring
about an increase in the extent of orientation within
the liquid-crystalline phase, leading to an increase in the
splitting (Av = Avp, — Avp) of the ’H resonance line.

In the two-phase region, the ’H NMR spectra were
measured in both the upper and bottom layers of the
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sample solution (28 wt%) (spectra not shown). For the
upper layer, only a sharp singlet signal was observed,
indicating that the upper layer is an isotropic solution
and that the sharp singlet “H signal may be assigned to
A6Z molecules in the monomer state. The bottom layer
provides a *H spectral feature similar to that of the
40 wt% sample (Fig. 2), indicating that the bottom layer
is in a liquid-crystalline state.

In order to characterize further the bottom layer, the
temperature dependence of the *H resonance signal was
investigated in the liquid-crystalline sample (40 wt%).
The half-height width of the very broad 2H signal (P;)
was found to decrease with an increase in temperature,
indicating that the mobility of the A6Z molecules in the
liquid crystal increases. Furthermore, we note that the
relatively sharp *H resonance signals (Ps, P}, and Py),
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Fig. 4 Temperature dependence of the *H NMR spectrum of the
A6Z(ND) (30.0 wt%)—dioxane system: (a) 288 K, (b) 293 K,
(¢) 298 K, (d) 303 K, (¢) 308 K, and (/) 328 K

which are superimposed on the broad P, signal, are
strongly dependent upon temperature. The temperature
dependence of the P,, P}, and P, signals is shown in
Fig. 4. We found that as the temperature increases a
transition from the liquid-crystalline phase to the
isotropic phase occurs and that the P, and P} signals
disappear until finally only the P,, signal is observed. We
confirmed that the decrease in temperature brings about
an inverse variation in intensity. Since the P, signal
comes from the A6Z molecules in the monomeric state,
we may assume that the monomeric molecules, which
are probably incorporated and oriented between the
aggregates, furnish the P, and Pj signals as a conse-
quence of quadrupolar splitting.

It was thought that the H NMR behavior of the
A6Z molecules in the liquid-crystalline phase might be
analogous to the high resolution "H NMR spectral
behavior of the oriented solute molecules dissolved in
the nematic liquid crystal [16].

For surfactant molecules, in which the aggregates
(i.e., micelles) are formed in aqueous solution above the
critical micelle concentration, the 2H NMR spectrum
for the isotropic phase of the surfactant-D,O system
provides a narrow singlet H signal. When a pseudo-
phase and a single-step model are applied to the
isotropic phase, the observed chemical shift () is a
weighted average of the chemical shifts in the monomers
and the micelles, indicating that the exchange rate of the
surfactant molecule between the bulk solution and the
micelles is rapid compared with the difference between
the ¢ values of the monomers and micelles [17].

However, this model cannot be applied to the present
AN,Z-dioxane systems, since the H NMR spectrum of
the sample oligomer—dioxane system consists of distinct
signals, as seen in Fig. 2. Therefore, we may assume that
the rate of molecular exchange between the oligomers in
the monomeric state and the rates in the aggregates is
relatively slow [18].

Samulski [19] and Sohma and Tabata [20] measured
’H NMR spectra of PBLG, with partially or fully
deuterated benzyl groups, in the lyotropic liquid-crys-
talline state. They concluded from the observed quad-
rupolar splitting that the orientation of the side chain is
also anisotropic. Abe and Yamazaki [6] observed the
quadrupolar splittings (Av) of the N-D bonds of N-
deuterated PBLG (M, =68,000) in the lyotropic liquid-
crystalline state (Avnp =259.0 kHz (30 °C) in CHCl;,
and Avnp =235.2 kHz (30 °C) in dimethylformamide,
DMF), and determined the order parameters (S) of the
a-helical axis [S =0.964 (CHCI;) and S=0.875 (DMF)].
These large quadrupolar splitting values are the result of
the orientation of the intramolecular hydrogen-bonded
ND groups aligned parallel to the helical axis.

As a consequence of the IR and SANS analysis, we
may now present a structural model of the AN,Z
oligomer aggregates, in which antiparallel f-sheet-type
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AN,Z oligomers are stacked one dimensionally through
intermolecular hydrogen bonding. Therefore, for the
AN,Z aggregates, the N-D bonds participating in the
intermolecular hydrogen bonding may be approximately
perpendicular to the molecular axis of a f-sheet
oligomer. Such an orientation of the N-D bonds per-
pendicular to the molecular axis of a f-sheet structure
may not be as rigid as the intramolecular hydrogen
bonds in the o-helical structure. This difference in
rigidity of the hydrogen-bonding system may bring
about a fluctuation in the orientation of the N-D bonds,
leading to very broad P; signals.

Thus, for the A4Z(ND)-, A6Z(ND)-, and
A12Z(ND)—dioxane systems, we may conclude that the
structure in the liquid-crystalline phase is similar to that
in a nematic phase. That is, rodlike aggregates formed
by these oligomeric molecules may be aligned in the
direction of the long axis of an aggregate but there may
be irregularities in alignment in the direction perpendic-
ular to the long axis. A small splitting of *H signal (P,
and Pj), which was observed in the liquid-crystalline
phase of the AN,Z-dioxane system, may arise from the
restricted state of the monomeric molecules incorporat-
ed into the AN,Z aggregates.
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