
Polymer Journal, Vol. 17, No. 6, pp 787-798 (1985) 

Structure and Side-Chain Relaxations of 
D,L-Alternating Polypeptides 

Masamitsu NAGAO, Takeshi SUZUKI, Shin taro SASAKI,* 
and lchitaro UEMATSU 

Department of Polymer Chemistry, Tokyo Institute of Technology, 
Ookayama, Meguro-ku, Tokyo, 152 Japan 

(Received December 19, 1984) 

ABSTRACT: X-Ray and dielectric measurements were carried out for films of D,L-alternating 
poly(y-benzyl glutamate) (PBDLG) and poly(y-phenethyl glutamate) (PPDLG). PBDLG exists in 
the CJ(- and w-helical conformations in films prepared by evaporating the solvent chloroform quickly 
and slowly, respectively. Both forms ofPBDLG undergo an irreversible transition at 130-140°C to 
the n0 L-helical structure specific to D,L-alternating polypeptides. PPDLG adopts the CJ(-helical 
conformation, and it is transformed to the n 0 L conformation at 80-90oC. PPDLG exhibits the 
large dielectric dispersion due to side-chain motion. The dispersion of thew form ofPBDLG is very 
small in comparison with those of the CJ( and n 0 L forms. The heat of transition and dielectric 
properties are discussed in terms of stacking of phenyl groups. 
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Structures specific to polypeptides with 
regular alternation of o and L residues have 
been explored in relation to the function of 
gramicidin A, a natural D,L-alternating ion 
carrier. Spach and co-workers investigated 
structures of D,L-alternating poly(y-benzyl 
glutamate) [(-NHCHRC'O-)n, R=-CH2CH2-
COOCH2C6H5] (PBDLG) as a model poly
peptide.1- 8 The L homopolymer (PBLG) and 
the random D,L-copolymer exist only in the 
a-helical conformation as well as the random
coil conformation.9 •10 On the basis of confor
mational energy calculations, Ramachandran 
and Chandrasekaran11 suggested the possi
bility of the existence of some helical con
formations specific to D,L-alternating poly
peptides. Among these, the LD3 helix (the 
n0 L helix denoted by Spach et a!.) has a 
structure similar to parallel P-pleated sheets 

* To whom correspondence should be addressed. 

rolled into helices (hence the nomenclature 
p helix12). Hesselink and Scheraga13 indicated 
that the a helices of some D,L-alternating 
polypeptides have energies comparable to 
those of the right-handed a helices of the 
corresponding L homopolymers. The a helix 
denoted as 3.613 helix14·15 contains 3.6 resi
dues per turn with 13 atoms in a ring formed 
by a hydrogen bond (Figure la). The n0 L helix 
contains 2.2 dipeptide units per turn, and has 
alternating patterns of hydrogen bonds with 
14 and 16 atoms in the rings (Figure 1 b). 
The n0 L conformation is similar to that of the 
ordinary n ( 4.416) helix which has been pro
posed for L polypeptides.16 - 18 

Caille et af.Z synthesized D,L-alternating 
PBDLG by the racemization-free method pro
posed by Trudelle/ 9 and fractionated this 
polymer into two portions, (A) the high molec-
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(Q) (b) 
Figure 1. Molecular models for D,L-alternating polypeptides. (a) The rx helix; (b) the n:0 L helix. 

ular weight component and (B) the low molec
ular weight one. PBDLG-(A) was shown to 
exist in the a-helical conformation in films 
prepared from the solution in chloroform_3-s 
This was transformed to the nDL conformation 
at 130-150°C, and then to the double
stranded helix (5.6 residues per turn) at 
220-230°C. Dissolution and recasting of 

gave other kinds of double-stranded 
helices. 5 -? The possibility of the existence of 
the w (4.013) helix was suggested for the (A)
component film cast from dimethylformamide 
(DMF) (or dioxane) containing a small 
amount of water.3 For the (B)-component 
film, Spach et af.l.3.s assumed the antiparallel
chain polar pleated-sheet structure (polar f3 
conformation) proposed by De Santis et a/.20 

As already reported in a previous paper,21 

we prepared D,L-alternating poly(y-phenethyl 
glutamate) (PPDLG) (R=-CH2CH2COO
CH2CH2C6H5) and PBDLG, and fraction
ated them into two components (A) and (B). 
In this work, we report conformational 
changes in the (A)-component films of 
PBDLG and PPDLG caused by annealing. 
Dielectric properties associated with side-chain 
motion are discussed in terms of stacking of 
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phenyl groups. 

EXPERIMENTAL 

PBDLG and PPDLG were prepared by the 
racemization-free method. 19 The polyconden
sation of the LDLD-tetrapeptide 2-hydrox
yphenyl esters (with the N-terminal L residue) 
was carried out in benzene at room tempera
ture. The crude samples were fractionated into 
two portions, the high molecular weight com
ponent (A) and the low molecular weight one 
(B), respectively, as was described in a pre
vious paper. 21 The intrinsic viscosities of 
PBDLG-(A) and PPDLG-(A) in dichlo
roacetic acid at 2SOC were about 20 cm3 g - 1, 
which corresponds to a molecular weight ca. 
25000 as evaluated from the relation due to 
Doty et a/.22 NMR spectra of the polymer 
samples were exactly the same as those of the 
corresponding L homopolymers. However, the 
optical properties of the formers measured 
with a Jasco J-20 spectrophotometer were 
different from those of the latters. The Moffi.tt
Yang b0 parameters determined for 1% so
lutions in chloroform were ca. 300 for PBDLG 
and ca. 160 for PPDLG, i.e., the both were 
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positive in contrast to those for the L homo
polymers. This supports the conclusion by 
Heitz and Spach6 that the helix of finite 
length with the N-terminal L residue is pref
erentially left handed. 

Solid films were obtained by drying so
lutions in chloroform over glass plates at room 
temperature. Oriented specimens were pre
pared by stroking concentrated solutions onto 
glass plates with a spatula in one direction. 
Annealing treatments were carried out under 
nitrogen atmosphere at several temperatures 
for 1 h. Densities were measured by the flota
tion method in aqueous KBr solution at 25°C. 

X-Ray diffraction photographs were taken 
with flat-plate and cylindrical cameras (Ni
filtered CuKa radiation was used). Reflection 
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spacings were calibrated against reflections of 
silicon powder sprinkled over the specimen. 

Infrared (IR) spectra were recorded by a 
Jasco DS-701G grating spectrophotometer. 
Dielectric measurements were performed with 
a transformer bridge type TR-lOC Ando Elec
tric Co. over a frequency range from 30Hz 
to 1 MHz. Differential scanning calorimetric 
(DSC) measurements were made with a Perkin 
Elmer DSC model II instrument. 

RESULTS AND DISCUSSION 

rx Helix of PBDLG 
The IR spectrum of PBDLG-(A) film pre

pared by drying the solution in chloroform 
rather quickly (without any cover in a de-

3600 280 1600 1400 1200 1000 BOO 600 

Wave number (em- I) 
Figure 2. Infrared spectra ofPBDLG-(A) in the (a) rx, (b) w, and (c) n0 L forms, and (d) ofPBDLG-(B). 
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Table I. Infrared frequencies for PBDLG and PPDLG films 

Polymer 
Molecular 

Band positions/em -l 

conformation 
Amide A Amide I Amide II 

PBDLG (1. 3280 1661 1548 
w 3335 1670 1530 

3270 

noL 3257 1641 1541 
Polar {3, (B) 3270 1690 (sh) 1531 

1627 

PPDLG (1. 3280 1661 1547 

noL 3258 1640 1539 
Polar {3, (B) 3272 1690 (sh) 1530 

1626 

• Shoulder bands are indicated by (sh). 

(a) (b) (c) 

Figure 3. X-Ray diffraction patterns of PBDLG in the (a) rx, (b) w, and (c) n0 L forms. The orientation 
direction is vertical. The turn layer line is indicated by /1 . 

siccator) exhibits absorptions characteristic of 
the a-helical conformation at similar positions 
as for PBLG (Figure 2). Frequencies of the 
amide A, I, and II bands are listed in Table I. 
They are consistent with the data reported 
previously. 3 

The oriented a form exhibits a poor diffrac
tion pattern (Figure 3a). Three broad equa
torial reflections were explained by a hexa
gonal unit cell with dimension 15.0A (=a') 
containing a single chain, although Heitz et 
a/.3 reported a'= 15.3 ± 0.1 A. A meridional 

790 

reflection corresponding to unit height p ap
peared at 1.47 A (the axial height per dipeptide 
unit PnL is 2.95 A). 

The strong layer line indicated by /1 in 
Figure 3 is associated with the helix pitch P, 
and is termed the turn layer line, since the 
reciprocal coordinate ( is given by ( = p- 1 . In 
the diffraction pattern shown in Figure 3a, 
the turn layer line (/1) appears at C 1 = P= 
5.4 A. Therefore, the molecular conformation 
(Pjp 11/3) is close to the standard a helix 
(P=5.40A,p= 1.50A, P/p= 18/5), as it has 11 
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dipeptide units per six turns. However, Heitz et 
al. 3 reported that the turn layer line appeared 
as a streak at C 1 =5.60A. From the values of 
P=5.60A andp= 1.47 A, they concluded that 
the molecular conformation was distorted 
from the standard IX helix, as it had 19 residues 
per five turns 19/5). 

On the turn layer line, a rather sharp re
flection (5.25 A) and a broad one (4.6A) ap
pear (Figure 3a). The spacings are not ex
plained by the single-chain hexagonal unit cell 
with dimension a'=15.0A and P=5.4A. The 
true unit cell has three times the cross section 
of the single-chain unit cell. Therefore, it is 
hexagonal with dimension a=.J3 a'=26.0A, 
and contains three helices (Tables II and III). 
This three-chain (crystallographically not hex
agonal) unit cell has been found for poly(y-

alkyl L-glutamate)s.23 The calculated density is 
consistent with the observed value (Table II). 

w Helix of PBDLG 
By means of IR spectroscopy and electron 

microscopy, Heitz et a/.3 suggested the exis
tence of the w-helical conformation in the film 
cast from DMF (or dioxane)+water. They 
obtained only unoriented films. We prepared 
the oriented w form by exposing the IX form to 
the vapor of DMF +water. Specimens for IR 
measurements were prepared in the same way, 
and identified to be in the w form as reported 
in Figure 2 and Table I. 

The w form exhibits a diffraction pattern 
with sharp Bragg reflections (Figure 3b). A 
meridional reflection corresponding to p ap
peared on the fourth layer line at 1.35 A. All 
reflections are indexed by an orthorhombic 
unit cell containing two helices with dimen
sions a=27.1A, b=l5.5A, and c=P=5.40A 
(Tables II and III). The calculated density, 
1.28 g em- 3 , is higher than those of the other 
forms (Table II). 

A highly crystalline w form (w1) was pre
pared also from the solution in chloroform by 
evaporating the solvent very slowly over a 
week. The crystallinity of this sample was 
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Table II. Structural parameters of 
PBDLG and PPDLG 

PI Helix 
o ymer 

type 

Density/gem_, 
Lattice parameters 

Calcd Obsd 

PBDLG a Hexagonal, a=26.0A, 1.27 1.25 
(a'= 15.0 A), P= 
5.4A,p=!.47 A 

w Orthorhombic, a= 
27.IA, b=l5.5A, 
c=P=5.40A, 
p=l.35A 

n0 L Hexagonal, a= 17.02 A, 
c=25.6A, P= 
5.12 A, PoL= 2.33 A 

PPDLG a Hexagonal, a=27.5A 
(a'=l5.9A), P= 
5.4A, p= I.47 A 

n 0 L Hexagonal, a=l7.6A, 
c=25.7 A, P= 
5.14 A, PoL= 2.34 A 

1.28 1.26 

1.25 1.25 

1.21 1.20 

1.23 1.23 

higher than that of the w form (w2 ) prepared 
by treating the IX form with the vapor of 
DMF +water. Dielectric properties of the w1 

and w2 films are compared below. 

n0 L Helix of PBDLG 
A structural transition was observed for the 

IX and w forms at about 130°C by DSC 
measurements. TheIR (Figure 2 and Table I) 
and X-ray data (Tables II and III) for the film 
annealed at 165oC were identical with those 
assigned to the n0 L form by Heitz et al. 3 

The meridional reflections corresponding to 
p and PoL are observed at 1.1 7 and 2.33 A, 
respectively (Figure 3c). The layer-line inten
sity distribution was in good agreement with 
the calculations by Lotz et a/. 5 for the n0 c 
helical model with 11 dipeptide units per five 
turns. The equatorial reflections are explained 
by a hexagonal unit cell with dimension a= 
17.02 A (Tables II and III). The calculated 
density agrees with the observed value 1.25 g 
cm- 3 . 
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Form 

a Helix 

w Helix 
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Table III. X-Ray data of PBDLG 

I I 0 
3 0 0 
2 2 0 

0 t, 
2 0 11 

2 I 11 

0 0 12 

I I 0 
2 0 0 
2 0 
3 0 
0 2 0 
I 2 0 
4 0 0 
2 2 0 
4 I 0 
3 2 0 
5 I 0 
4 2 0 
2 3 0 
3 3 0 
5 2 0 
6 I 0 
4 3 0 
6 2 0 
0 4 0 
7 I 0 
5 3 0 
2 4 0 
6 3 0 
8 0 0 
4 4 0 
8 2 0 
7 3 0 
I 5 0 
9 0 
6 4 0 
3 5 0 

10 2 0 
8 4 0 
6 5 0 
2 6 0 
4 6 0 

10 3 0 
9 4 0 
I I 
2 0 
2 
3 I 
0 2 
4 0 
2 2 

13.0 13.0 
7.5 7.5 
6.5 6.5 
5.25 5.25 

4.87} 
4.56 ca. 4.6 

1.47 1.47 

13.46} 
13.55 
10.20 

7.80} 
7.75 
7.45 

6.77} 
6.73 
6.21 
5.88 

5.12} 
5.10 
4.83 

4.48} 
4.44 
4.34 
4.11 

3.90} 
3.88 

3.76} 
3.74 
3.73 

3.40} 
3.39 
3.36 

3.10} 
3.10 
3.08 

2.96} 
2.94 
2.93 

2.55 
2.54 

2.41} 
2.40 
2.38 

5.01} 
5.02 
4.77 

4.44} 
4.43 

4.22} 
4.21 

13.5 

10.2 

7.77 

7.44 

6.73 

6.22 
5.88 

5.11 

4.82 

4.45 

4.33 
4.10 

3.89 

3.73 

3.39 

3.11 

2.94 

2.54 

2.39 

5.01 

4.76 

4.42 

4.22 
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VS 

m 
vw 
m 

w 

w 

VS 

vw 

w 

w 

vw 
vw 

w 

m 
m 

m 

m 

w 

w 

vw 

vw 

VS 

vw 

w 

w 

Form 

n0 L Helix 

Table III. (continued) 

4 
5 
4 2 
I 3 
2 3 
5 2 
6 
7 0 
7 
7 2 
6 3 
8 0 
8 2 
7 3 
0 5 

5 
10 2 
8 4 
6 5 
2 6 
7 5 
4 6 

10 3 
2 2 2 
4 0 2 
5 2 
4 2 2 
0 3 2 

3 2 
7 2 2 
6 3 2 
4 4 2 
8 0 2 
2 5 2 
9 0 2 
3 5 2 
6 4 2 
9 2 
0 3 

I 3 
2 0 3 
0 3 3 
I 3 3 
4 2 3 
5 I 3 
2 3 3 
0 0 4 

0 0 
I 0 

2 0 0 
2 I 0 
3 0 0 

4.07 

3.71 } 
3.71 
3.70 
3.60 

3.43 } 
3.38 

3.15} 
3.08 

2.92} 
2.88 
2.87 

2.69] 2.69 
2.69 
2.68 l 
2.31 
2.30 

2.21 } 
2.20 
2.19 

2.51} 
2.51 

2.39 
2.38 

2.13] 
2.11 
2.11 
2.11 

1.99 
1.99 
1.99 

1.79} 1.78 
1.78 

1.70} 1.70 
1.70 
1.70 
1.69 
1.35 

14.74 
8.51 
7.37 
5.57 
4.91 

4.07 

3.71 

3.60 

3.4 

3.1 

2.9 

2.69 

2.30 

2.19 

2.52 

2.39 

2.11 

2.0 

1.79 

1.69 

1.35 

14.8 
8.51 
7.37 
5.56 
4.92 

vw 

m 

w 

w 

m 

vw 

vw 

m 

w 

w 

m 

m 

m 

vs 

m 
m 
vw 
w 
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2 2 
3 
4 0 
3 2 
4 
1=5 
1=6 
0 0 
I= 16 
1=17 
0 0 

Table III. (continued) 

0 4.26 4.26 
0 4.09 4.09 
0 3.69 3.68 
0 3.38 3.39 
0 3.22 3.22 

ca. 4.7 
ca. 4.1 

II 2.33 2.33 
ca. 1.6 
ca. 1.5 

22 1.16 1.17 

m 

m 
m 
vw 

vw 
vw 
vw 

" The indices 11 and 12 are associated with the layer 
lines with spacings ( = p-l and p _,, respectively. 

b Calculation is based on the parameters given in Table 

II. 
' vs, very strong; s, strong; m, moderate; w, weak; vw, 

very weak. 

rx and n0 L Helices of PPDLG 
The IR and X-ray data of PPDLG films 

resemble those of PBDLG, although the w 

form has not been found for PPDLG. The 
transition from rx to n0 L was observed at about 
85°C. 

The oriented rx form showed a broad diffrac
tion pattern (Figure 4a). The equatorial re
flections were explained by a hexagonal unit 
cell with dimension a'= 15.9 A, except the 
22.1 A reflection. This reflection was attributed 
to the polar f3 structure. 21 The spacing cor
responds to the distance between neighboring 
pleated sheets. On the turn layer line at ( - 1 = 
P=5.4A, two broad reflections (5.2 and 4.7 A) 
appear. To explain these spacings, a three
chain hexagonal unit cell with dimension a= 
27.5 A is assumed in a similar way as described 
for the rx form of PBDLG (Tables II and IV). 
A meridional reflection corresponding top was 
observed at 1.47 A. The helical parameters are 
the same for the rx helices of PBDLG and 
PPDLG. 

The diffraction pattern of the n0 L form of 
PPDLG (Figure 4b) is very similar to that of 
PBDLG (Figure 3c). The meridional reflec
tions corresponding to p and PoL appeared a:t 
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Table IV. X-Ray data of PPDLG" 

Form hkl dcalcd/A dob'd/A Intensity 

a Helix (B) 22.1 w 
l I 0 13.75 13.8 vs 
3 0 0 7.94 7.9 w 
2 2 0 6.88 6.9 w 
4 0 5.20 5.2 vw 

0 I, 5.27} ca. 5.2 
I I, 5.03 

w 

2 0 I, 4.92} ca. 4.7 
2 I I, 4.63 

m 

0 0 12 1.47 1.47 w 

n0 L Helix (B) 22.1 w 

0 0 15.24 15.2 VS 

I I 0 8.80 8.78 w 
2 0 0 7.62 7.61 w 
2 2 0 4.40 4.40 vw 
3 I 0 4.23 4.22 vw 
4 0 0 3.81 3.80 vw 
1=5 ca. 4.7 vs 
1=6 ca. 4.0 
0 0 11 2.34 2.34 
0 0 22 1.17 1.17 w 

' Notation is the same as in Table III. 

1.1 7 and 2.34 A, respectively. Equatorial re
flections are indexed by a hexagonal unit cell 
with dimension a= 17.6 A, except the reflec
tion at 22.1 A assignable to the polar f3 struc
ture (Tables II and IV). 

The n0 L form of PPDLG is denser than is 
the rx form, while the n0 L form of PBDLG is 
less denser than are other forms (Table II). 

Dielectric Properties 
Frequency dependence of the dielectric con

stant (a') and the loss factor (a") of PBDLG 
and PPDLG films are shown in Figures 5-10, 
where some data points are omitted for the 
sake of simplicity. 

Figure 8 will facilitate a mutual compari
son of the dielectric data at 30°C for four 
samples of PBDLG. The dispersions of w1 

and w2 forms are broad and small in com
parison with those of rx and n0 L forms. The 
w1 film is of higher crystallinity and of a 
smaller relaxation strength than is the w2 film. 
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(a) (b) 

Figure 4. X-Ray diffraction patterns ofPPDLG in the (a) ex and (b) n0 L forms. The orientation direction 
is vertical. The turn layer line is indicated by /1 . 
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Figure 5. Frequency dependence of e' and e" for the ex 
form of PBDLG. 

These dielectric properties indicate that the 
side-chain motion is restricted in the w form, 
especially in the w1 film, but not in the n0 L 

form. Somewhat orderly arrangements of side 
chains in the w form are inferred from its high 
crystallinity and density (Table II). 

The a and n0 L forms of PPDLG exhibit the 
large dielectric dispersions (Figures 9 and 10). 
Therefore, the side-chain interactions quoted 
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Figure 6. Frequency dependence of e' and e" for the 
w1 form of PBDLG. 

for PBDLG do not exist for PPDLG. 
Specific interactions of side chains have been 

investigated for PBLG,24•25 the racemic mix
ture (PBLG+PBDG),26 - 33 and some other 
polypeptides. 34 The racemic form of 
PBLG+PBDG (1: I) exhibits at about 95°C a 
reversible first-order transition associated with 
the collapse and reformation of stacking of 
phenyl groups. 28 The side-chain dispersion 
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Figure 7. Frequency dependence of s' and s" for the 
n0 L form of PBDLG. 

4.5 
l(DL 

' 
4.0 

UJ 

3.5 
wl 

3.0 

0.2 

UJ 

0.1 

0 

Figure 8. Frequency dependence of s' and s" for 
PBDLG films at 30°C. 

was shown to be markedly reduced in the 
mixture.29 - 31 

The logarithms of frequencies at loss max
ima are plotted against reciprocal tempera
ture in Figures 11 and 12. The data of the 
corresponding homopolymers (PBLG and 
PPLG) and the racemic mixtures31 •34 are in
cluded for comparison. The relationship be
tween the relaxation time and temperature 
seems to be a WLF type, except for 
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Figure 9. Frequency dependence of s' and s" for the ex 
form of PPDLG. 
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30 
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Figure 10. Frequency dependence of s' and s" for the 
n0 L form of PPDLG. 

PBLG + PBDG following the Arrhenius equa
tion. Apparent activation energies estimated at 
30°C are 50-60 kcal mol- 1 for IX and w of 
PBDLG and n0 L of PPDLG, and ca. 40 kcal 
mol- 1 for n0 L ofPBDLG and IX ofPPDLG. 

The dispersion of the n0 L form ofPBDLG is 
observed in the higher frequency (i.e., lower 
temperature) range in comparison with those 
of the IX and w forms (Figure 11). On the 
contrary, the dispersion of the n0 L form of 
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6 

5 

X 

"' 4 E .... 
0'1 3 
0 
--' 2 

3.0 3.2 3.4 

1d!T(K1) 

Figure 11. Plots of logarithm of the maximum-loss 
frequency vs. reciprocal temperature for poly(y-benzyl 
glutamate)s: 0, the rx and w (w1 and w2 ) forms of 
PBDLG; e, the rr 0 L form ofPBDLG; !:::,., PBLG(ref31); 
,&, PBLG+PBDG (I: I) (ref 31). 

X 

"' 

6 

5 

E 4 .... 
g' 3 
--' 

2 

I 
PPLG 

(+ PPDG) 

3.0 3.2 3.4 3.6 

103/T (K1) 

Figure 12. Plots of logarithm of the maximum-loss 
frequency vs. reciprocal temperature for poly(y
phenethyl glutamate)s: 0, the rx form ofPPDLG; e. the 
rr0 LformofPPDLG; L:,.,PPLGandPPLG+PPDG(l: I) 
(ref 34). 

PPDLG shifts to lower frequencies compared 
to the rx form. This shift may reflect a certain 
kind of side-chain order in the n0 L form of 
PPDLG, and is consistent with the density 
data (Table II). The dispersion of the n0 L form 
of PPDLG appears in a slightly lower fre
quency range than does that of the n0 L form of 
PBDLG. This is rather unusual, since in the 
case of the same backbone conformation the 
dispersion generally shifts to higher frequen
cies as the side chain becomes longer. The 
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Figure 13. DSC curves for PBDLG in the (a) rx, 
(b) w 1 , and (c) w2 forms, and (d) for the rx form of 
PPDLG. The heating rate is 10 deg min-I, and the 
sample weight is !Omg. 

sample ofPPDLG contains the polar f3 confor
mation as mentioned above, and this may shift 
the dispersion in excess to lower frequencies. 
The IR and X-ray data indicated that the 
amount of the polar f3 conformation increased 
with annealing. Actually, the dispersion shift
ed to lower frequencies with the prolonged 
annealing treatments. 

Transition from rx (or w) to n0 L 

The transition to n0 L is detected in DSC 
curves at about 130°C for the rx and w 
forms ofPBDLG, and at about 85°C for the rx 
form ofPPDLG (Figure 13). Since the rx (or w) 
and n0 L helices have different patterns of 
hydrogen bonding, the transition involves the 
rupture and reorganization of all hydrogen 
bonds. The mechanism was discussed by Heitz 
et al. 3 

The large heats of transition observed for 
PBDLG may be attributed to the collapse of 
stacking of phenyl groups. The reason is as 
follows. First, the transition temperature and 
the magnitude of the heats are such that 
expectable for the breakdown of stacks, as has 
been observed for PBLG and PBLG + 
PBDG.24 - 33 Second, the magnitude of the 
heat of transition is inversely related to the 
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relaxation strength of the dielectric disper
sion qualitatively. The highly crystalline w1 
film exhibits the larger heat of transition and 
the smaller dispersion than the w2 film. The rt. 
form of PBDLG exhibits the larger heat than 
PPDLG which is free from the stacking as 
inferred from the dielectric behavior. There
fore, phenyl groups in the w form are con
sidered to be stacked, and hence the stack
ed side chains do not contribute to the disper
sion. The stacking is probably formed to some 
extent in the rt. form of PBDLG, as inferred 
from the dielectric and thermal properties. The 
shift to lower frequencies of the dispersions of 
the rt. and w forms compared to the n0 L form 
may be due to the influence of the regular 
stacks upon unstacked side chains. 

Side-chain interactions in the racemic mix
ture have been observed for poly[y-(3-
phenylpropyl) glutamate] (R=-CH2CH2-
COOCH2CH2CH2C6H5), but not for poly(y
phenethyl glutamate) (PPG).34 The dielectric 
properties for the L polymer (PPLG) and the 
racemic mixture (PPLG + PPDG) of PPG 
were not distinguishable.34 The side-chain 
orientation about the helix axis may not be 
appropriate for the stacking in PPG. D,L
Alternating PPDLG studied here is pre
sumably in the same situation. 

CONCLUSIONS 

Our results obtained for PBDLG and 
PPDLG agree substantially with those by 
Spach and co-workers/ -s except some minor 
discrepancies. Structures and properties do not 
perfectly correspond between PBDLG and 
PPDLG. It is due to the difference in the 
side-chain behavior, namely the stacking 
properties. 

Lotz et a/.5 reported that the double
stranded helical structure nnf:>t appeared in 
PBDLG after heating up to 220°C. The equa
torial reflections were explained by a hexa
gonal unit cell with dimension a= 18.2 A. Our 
samples of PBDLG annealed at 220-230°C 
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showed the equatorial reflections at spacings 
22, 15.6, 9.0, and 7.8A. The first reflection 
comes from the polar f3 structure, and the 
others which are explained by a hexagonal unit 
cell with dimension a= 18.0 A suggest the 
presence of the nnf:>t conformation. All an
nealing treatments caused the transition from 
n0 L to mixtures of nnf:>t and the polar f3 
structure. The IR spectra of these mixtures 
were very similar to that of the original (B) 
component (Figure 2). 

According to Lotz et a/.,5 the dissolution 
and recasting of nnf:>t from methylene chlo
ride, chloroform (or dioxane), and collidine, 
gave three other kinds of double-stranded 
helices, namely, nnbL nniif, and re
spectively. The equatorial reflections were ex
plained by the (pseudo-)hexagonal unit cells 
with dimensions a=22.6A (nnbD, 24.7 A 
(nnb"f>, and 26A These double
stranded helices have quite large helical cores, 
the diameters of which are sufficient to hold 
the respective solvent molecules. 

Our PPDLG samples annealed at 200°C 
exhibited several equatorial reflections which 
were explained by a hexagonal unit cell with 
dimension a=25.5A. The cross section of this 
unit cell is twice as large as that of the n0 L 

structure of PPDLG. As judged only from the 
size, it may correspond to the nniif structure. 
However, this PPDLG film was obtained by 
annealing, not by using solvents. In the solid 
state, the transition to a structure having a 
large vacant core is not feasible. Accordingly, 
there is a possibility that two single-stranded 
helices are contained in the unit cell. Such a 
unit cell has been reported for some polypep
tides.18·35·36 For the rt.-helical poly(carbo
benzoxy L-ornithine), for instance, two cry
stal modifications are known, and they are 
characterized by the two-chain hexagonal 
and the single-chain tetragonal unit cells, re
spectively. 36 The molecular arrangement in the 
two-chain hexagonal unit cell is not clear. In 
PPDLG, theIR data are useless, since the new 
form showed the same spectrum as the polar f3 
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structure. Actually, the four kinds of double
stranded helices and the polar f3 structure of 
PBDLG were shown to exhibit the identical IR 
spectra. 5 However, this seems strange, since 
the structures are quite different. The authors 
consider that detailed studies are required for 
these structures. 
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