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ABSTRACT: Spacing of the 1.5 A-meridional reflection characteristic of the a-helical 
conformation and corresponding integrated intensity for poly(r-benzyl D-glutamate), 
poly(r-methyl D-glutamate), copoly(r-benzyl L-glutamate, r-methyl L-glutamate), and 
the racemic form of poly(r-benzyl glutamate) were measured as a function of tempera
ture from -90 to !20°C. Except for racemic poly(r-benzyl glutamate), it was found 
that the spacing-temperature curve shows a discontinuity in slope in the vicinity of 
room temperature, which has been attributed to the onset of side-chain motion. This 
suggests that the transition is a crystalline phase transition of the second order. The 
linear thermal expansion coefficients of the 1.5 A spacings for these polymers all were 
in order of magnitude of 10-5;oC. It has been suggested that anharmonic vibration is 
affected by the nature of the side chain and by the side-chain motion. The intensity 
was found to decrease with increasing temperature, which was interpreted in terms of 
a Debye-Waller temperature factor for helical backbone atoms. From the temperature 
dependence of the 1.5 A-reflection intensity, Young's modulus of the helix in the direc
tion of the helical axis was estimated. Both the spacing and the intensity of racemic 
poly(r-benzyl glutamate) were found to show a small but definite sudden change in the 
vicinity of 80°C. These indicate that the first-order phase transition at 80°C is accom
panied by not only the breakdown of regular stacks of benzyl groups but also a sudden 
change in the mobility of the a-helical backbone. 

KEY WORDS Poly(r-benzyl glutamate) 1 Poly(r-methyl D-gluta-
mate) I Copoly(r-benzyl L-glutamate, r-methyl L-glutamate) I Transi
tion I Young's Modulus 1 a-Helix ( 

There is a considerable interest in obtaining 
an understanding of properties of the a-helical 
conformation which poly(a-amino acid) adopts 
both in solution and in the solid state. The 
mobility of the a-helical backbone chain in the 
solid state and the effect of differing side chains 
upon the mobility have received less attention. 

which have been accounted for wholly in terms. 
of side-chain motions. Dynamic mechanical 
and dielectric measurements for these polymers 
also showed relaxations due to side-chain 
motions. All of these studies revealed that a 
considerable degree of freedom of side-chain 
motions is available at appropriate temperatures. 
But the a-helical backbone was regarded as 
to be rigid in the solid state. 

Molecular motions of many poly(a-amino 
acid)s have been widely investigated. 1 - 16 Nuclear 
magnetic reasonance (NMR) studies on solid 
poly(r-benzyl L-glutamate) (PBLG), poly(r-methyl 
L-glutamate) (PMLG), poly(N'-carbobenzyloxy 
L-lysine), and other a-helical synthetic poly(a
amino acid)s showed that there occur appreciable 
changes in the second moment with temperature, 
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The "standard" a-helical conformation con
sists of 18 residues in 5 turns in a repeat of 
27 A in the helical axis. 17 ' 18 Thus, in the X-ray 
diffraction pattern, there occurs a prominent 
meridional reflection with a spacing of 1.5 A, 
which is an axial translation per amino acid. 
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residue. Detailed investigation of the 1.5 A
reflection is expected to give us information on 
the mobility of the a-helical backbone. 

The purpose of the present paper is to report 
preliminary results of the temperature 
ence of the spacing and intensity of the 1.5 A
reflection for poly(r-benzyl n-glutamate) (PBDG), 
poly(r-methyl n-glutamate) (PMDG), and copoly
(r-benzyl L-glutamate, r-methyl L-glutamate) 
(PBMLG), and the racemic form of poly(r-benzyl 
glutamate) containing equal parts of PBDG and 
PBLG. The results obtained will be discussed in 
terms of the mobility of the a-helical backbone 
and transitions of the first order and of the 
second order. 

EXPERIMENTAL 

The PBDG, PBLG, and PBMLG used in this 
study were prepared from the respective N
carboxy anhydrides in dioxane. The molecular 
weights of PBDG and PBLG were determined 
from their viscosities measured in N,N-dimethyl
formamide, and were 162,000 and 158,000, re
spectively. For PBMLG, which is a copolymer 
having 0.5 methyl glutamate (MG) in mole 
fraction, the molecular weight was not deter
mined. The sample of PMDG was kindly 
supplied by Ajinomoto Co. Ltd., (Ajicoat 
A-200). 

All samples used for X-ray measurements 
were in the form of oriented films 0.4-0.8 mm 
thick cast from solutions of helix supporting 
solvents. Oriented films of PBDG, PBMLG, 
and PBDG+PBLG (1: 1), which is a mixture 
of equal parts by weights of PBDG and PBLG, 
were prepared by slow evaporation of concen
trated methylene chloride solution in a magnetic 
field of 6.8, 7.8, and 9.0 KG, respectively. These 
films showed a quite good orientation in the 
direction of a magnetic field. An oriented film 
of PMDG was prepared by stroking concentrated 
chloroform solution in one direction until it 
dried on a glass plate, using another glass plate. 
All samples were dried at l20°C in vacuo for 
a day to remove residual solvents. 

The X-ray photographs were obtained with a 
flat-plate camera using Cu-Ka radiation, with 
the incident beam perpendicular to the film 
plane. The X-ray measurements were performed 
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using a Rigaku Denki Diffractometer equipped 
with a scintillation counter and a pulse height 
analyzer. Cu-Ka radiation generated at 35 KV 
and 20 rnA was used. In order to make the 
measurements more accurate, intensities were 
counted by a point-to-point technique for 100 
sec at intervals of 0.05° in Bragg angle (fJ) in 
the central region of the peak and at intervals 
of 0.1 o in the vicinity of tails. More than 
10,000 counts were detected for the counting 
period. To obtain the the 1.5 A-meridional re
flection profile, the symmetrical transmission 
technique was employed. 19 The oriented films 
were set in such a way that the direction of 
orientation was perpendicular to the rotational 
axis of the diffractometer. The background curve 
was assumed to be a straight line drawn through 
the intensities of 28=58 and 66°. The peak 
position was defined as the center of the half
width. No correction was made to the peak 
position. Only the relative change in peak 
position with temperature was measured. The 
temperature was changed from -90 to l20°C 
and measured by a copper-constantan thermo
couple. 

RESULTS AND DISCUSSION 

Transition of the Second Order in PBDG, PMDG, 
and PBMLG 
Figure 1 shows a fiat-plate X-ray photograph 

of PMDG which was obtained by inclining the 
orientation axis to the beam at 31 o. The 1.5 A
meridional reflection which is characteristic of 
a-helical conformation is observed on the photo
graph. Reported values of the 1.5 A spacing 
are slightly different for each poly(a-amino acid). 
For example, PMLG gives a preferred value of 
1.497 A.20 The value for PBLG examined 
hitherto (in the solid state and in solution) lies 
between 1.495 and 1.510 A. 21 - 23 No effort was 
made to evaluate the difference in the spacing 
among samples in this work, because it is 
difficult to obtain an accurate value of the 
spacing. 

Figure 2 shows the diffraction profiles of the 
1.5 A-meridional reflection scanned in the meri
dional direction for PBDG, PMDG, PBMLG, 
and PBDG+PBLG (1 : 1) at room temperature. 
By means of this technique we could measure 
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Figure 1. X-ray diffraction photograph of PMDG. 
·Orientation axis is tilted 31 o from the normal to 
the beam. 

65 64 63 62 61 60 59 

29 (•) 

Figure 2. Diffraction profiles of the 1.5 A-meri
dional reflection scanned in the meridional direc
tion for PBDG, PMDG, PBMLG, and PBDG+ 
PBLG (I : 1). 2(} indicates scattering angle. 

for the first time changes in spacing and inten
sity of the 1.5 A-reflection with temperature. 

Figure 3 shows the spacings of the 1.5 A
reflection for PBDG, PMDG, and PBMLG as 
a function of temperature. For PMDG, the 
spacing almost linearly increases with increasing 
temperature from -70 to 0°C, where an abrupt 
change in slope occurs. Likewise, the spacings 
of the 1.5 A-reflection for PBDG and PBMLG 
have break points in the vicinity of room 
temperature. Such break points have also been 
found in the temperature dependence of the 
lateral spacings between helices for PBLG and 
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PMLG in same temperature regions by the 
present authors. 24 It is therefore reasonable to 
assume that the abrupt increase in slope of the 
1.5 A spacings results from the same origin as 
that of the lateral spacings, which were inter
preted in terms of the onset of side-chain motion. 
Since only the crystalline phase is responsible 
for Bragg reflection such as the 1.5 A-meridional 
reflection, the present findings indicate that 
there exists a crystalline phase transition of the 
second order in PBDG, PMDG, and PBMLG 
in the vicinity of room temperature.24 ·25 

The linear thermal expansion coefficients of 
the 1.5 A spacings for these polymers, a, are 
of the order of magnitude of 10-5;oC, as listed 
in Table I, in which a:1 and a:2 refer to values 
above and below the transition temperature (T2), 

respectively. These are one-tenth as large as 
those of the lateral spacings.24 The values ob
tained are compared with that of ice, which 
assumes a typical net structure of the hydrogen 
bonds: in a temperature range 
from -180 to -10°C.26 
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·< 0. 1.500 
r: 

·;:; 
g_ 

U1 
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0 50 100 
Temperature(°C) 

Figure 3. Spacings of the 1.5 A-reflection for 
PBDG, PMDG, and PBMLG as a function of 
temperature. 

Table I. Linear thermal expansion coefficients 
in the axial direction of PBDG, 

PBMLG, and PMDG 

a1(T> Tz), oc-1 az(T< Tz), oc-1 

PBDG 2.2x 10-5 1.4x10-5 
PBMLG 3.5x 10-5 2.4 X 10-5 
PMDG 5.4x 10-5 3.0x 10-5 

Tz, transition point at low temperatures. 

Polymer J ., Vol. 8, No. 1, 1976 



The 1.5 A-Reflection of the a-Helix 

6 

u 
ltl 

S"! 

0.0 0.5 1.0 
tM 

Figure 4. Linear thermal expansion coefficients 
in the axial direction, a, for copoly(r-benzyl L
glutamate, r-methyl L-glutamate) as a function 
of mole fraction of methyl glutamate [M. Data 
for /M=O.O and 1.0 are of D polymers: e, low 
temperature region; Q, high temperature region. 

In Figure 4, the linear thermal expansion 
coefficients of the 1.5 A spacings are plotted 
against mole fraction of MG (/M)· The expan
sion coefficients of the 1.5 A spacings show a 
monotonous increase with increasing /M both 
below and above the transition temperature. 
Although only one copolymer was investigated 
here, it seems evident that the inherent character 
of the individual side-chain and the composition 
in copolymer have some influence upon the 
thermal expansion of the a-helix in the axial 
direction. 

Thus, the results obtained here suggest that 
anharmonic vibration of the a-helix in the di
rection of the helical axis is affected by the 
nature of the side chain and by the side-chain 
motion. 

On the basis of results of optical rotation 
dispersion measurements of the helix-coil transi
tion in copoly(r-methyl L-glutamate, r-benzyl 
L-glutamate), Roig and Cortijo27 suggested that 
the stability of PMLG helix is less than that 
of PBLG and the stabilities in the copolypep
tides are intermediate. These results were re
cently confirmed by high resolution NMR in
vestigation in our laboratory.28 If we assume 
a helix with a smaller thermal expansion coef
ficient in the axial direction to be a more stable 
helix, the present findings in the solid state are 
in close agreement with the results in solution. 
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The integrated intensity of the 1.5 A-meri
dional reflection for PBDG, PMDG, and 
PBMLG was measured as a function of tem
perature. The intensities decreased with in
creasing temperature, in contrast with the 
intensities of the lateral reflections, which in
creased with temperature as reported in a 
previous paper. 24 

The structure factor of the 1.5 A-(0018) meri
dional reflection of the a-helix, F(0018), is 
calculated by the equation 

F(0018)= .L; [ 1 exp (2rriz1jd) 
j 

( 1 ) 

where d is the axial translation of an amino 
acid residue, z1 is the z-coordinate of atom j, 
and [ 1 is the atomic form factor, with the 
summation taken over all atoms in a residue. 
From eq 1 the absolute value of the structure 
factor for the 1.5 A-reflection of the a-helix is 
calculated to be 6 .1. In this calculation we 
did not take into account the contribution from 
side-chain atoms except for p-carbon nor the 
temperature effect. The atomic coordinates of 
18/5 helix given by Pauling and Corey were 
used. 29 The measured value for PMLG was 
reported to be 5. 8 by Brown and Trotter. 17 

This fact appears to indicate that the contribu
tion to the observed intensity from the side 
chains is negligibly small. 

Mitsui, et a!., 30 reported a possible side-chain 
conformation of PBDG+PBLG. Their results 
indicate that the contribution from the helicar 
core and the side chains to the structure factors 
of the 1.5 A-reflection, Fcore and Fside> respec
tively, are opposite in sign and that /Fcorel > 
/Fsidel· If we assume that the Debye-Waller 
temperature factors of the side chains are the 
dominant factors, the observed intensity should 
increase with increasing temperature. This is. 
not the case in the present work. Mitsui, et al., 
have also reported the temperature factors of 
each atom at room temperature. If we take 
account of the temperature factors, the contribu
tion from the side chain to the observed inten
sity is negligibly small. Therefore, we consider 
that the observed intensity is contributed from 
the helical backbone and that the observed 
temperature dependence is due to the tempera
ture factor of the backbone atoms. 
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If we assume that the mean square of dis
placement along the axial direction, <L1z2), is 
·same for all atoms, the intensity of the 1.5 A
reflection can be written 

1=10 exp ( -4rc2 <L1z2 )fd2 ) ( 2) 

where / 0 is the intensity without any displace
ment and d is 1.5 A. 

Logarithms of the integrated intensities, as 
measured in units of the intensity at reference 
temperature T 0 , In (lf/0 ), were plotted against 
temperature in Figures 5, 6, and 7, for PBDG, 
PMDG, and PBMLG, respectively. T0 was 
arbitrarily chosen to be the lowest temperature 
studied. It appears that In (lf/0 ) decreases 
linearly with increasing temperature. Moreover, 
break points are observed for PBDG and 
PBMLG, as seen in Figures 5 and 7. The 
break-point temperature for the intensity of 
PBDG is close to that for the spacing. There
fore, it probably comes from the same origin. 
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Figure 5. Logarithm of the relative intensity of 
the I .5 A-reflection for PBDG as a function of 
temperature. 
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Figure 6. Logarithm of the relative intensity of 
the I .5 A-reflection for PMDG as a function of 
temperature. 
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Figure 7. Logarithm of the relative intensity of 
the 1.5 A-reflection for PBMLG as a function of 
temperature. 

However, for PBMLG the break-point tempera
ture for the intensity is a little higher than 
that for the spacing, and for PMDG the break 
was not observed. We will not discuss further 
about the break point for intensity, because we 
have not studied it in detail. 

From the slopes in Figures 5, 6, and 7 we 
can estimate Young's modulus E of the helix 
in the direction of the helical axis. Assuming 
the classical harmonic approximation, the mean 
square displacement <L1z2 ) may be written as 

( 3) 

where k is Boltzmann's constant and f is the 
force constant for the stretching in the helical 
axis. Using f, Young's modulus E is given by 

( 4) 

where A is the molecular cross section. Values 
of A for PBDG, PMDG, and PBMLG are 192, 
123, and 175 A2 , respectively. 17 The value of 
PBMLG was estimated on the assumption of a 
hexagonal unit cell. From eq 2, 3, and 4, the 
logarithm of relative intensity is writtten as 
follows 

In (lfl0)= -(4rc2kfAdE)(T- T0) ( 5) 

Values of E estimated from the slope at low 
temperatures 2.5 x 1010 , 2.5 x 1010 , and 2. 7 x 1010 

dynfcm2 for PBDG, PBMLG, and PMDG, re
spectively. These values were compared with 
the value obtained from dynamic mechanical 
measurements: oriented PBLG film was reported 
to give a storage tensile modulus in the direc
tion of orientation of 2.0 x 1010 dynfcm2 • 31 Itoh 
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and Shimanouchi calculated Young's modulus 
for poly L-alanine (PLA) from frequencies of 
accordion vibration and gave a value of 2.31 x 
1011 dynjcm2. 32 The cross section of PLA is 
much smaller than those of PBDG, PMDG, and 
PBMLG. Therefore, the observed values are 
thought to be in the correct order of magnitude. 

Transition of the First Order in PBDG+PBLG 
(1: J) 

Mixtures of PBDG and PBLG have been re
ported to assume the a-helix with 43 residues 
in turns, although a strong layer line of 
10.6 A and the other weaker lines not expected 
from the a-helix occur in the diffraction pat
terns. 30 ' 33 Squire and Elliott suggested that these 
layer lines are caused by regular stacks of benzyl 
groups from about five side chains, which are 
formed by interaction between adjacent mole
cules of opposite screw sense. The phase transi
tion of the first order was reported to occur in 
the vicinity of 80°C, which has been interpreted 
in terms of breakdown of the stacks. 15 ·16 ·34 

Figure 8 shows the spacing of the 1.5 A
reflection of PBDG+PBLG (1 : 1) as a function 
of temperature. There occurs a small but de
finite sudden increase in spacing of the 1.5 A
reflection (about 0.4%) in the vicinity of 80°C, 
where the lateral spacings between helices also 
change abruptly. 34 The results obtained indicate 
that the phase transition near 80°C is reflected 
in the variation of the spacing of the 1.5 A
meridional reflection as well. The amount of 
change in spacing of the 1.5 A-reflection is about 
ten times smaller than that of the lateral spac
ings. The change in molar volume LJV at the 
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Figure 8. Spacing of the 1.5 A-reflection for 
PBDG+PBLG (1: 1) as a function of temperature. 
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Figure 9: Logarithm of the relative intensity of 
the 1.5 A-reflection for PBDG+PBLG (1: 1) as a 
function of temperature. Dotted line indicates 
the data of PBDG. 

transition temperature T1:::::80°C was estimated 
to be 1.4 cm3jmole, using data in a previous 
paper. The value is in agreement with LlV= 
1.8 cm3 ;mole obtained from dilatometric meas
urements.15 The linear thermal expansion coef
ficient obtained in the axial direction was nearly 
equal to that of PBDG, i.e., 1.4xl0-5tC below 
80°C, although the strong interaction of side 
chains brings greater distortion of the helix. 

Figure 9 shows the logarithm of the relative 
intensity of the 1.5 A-reflection vs. temperature 
plots, the relative intensity being measured in 
units of the intensity at - 70°C. The results 
for PBDG are also shown in the figure by the 
dotted line. The relative intensity of PBDG+ 
PBLG ( 1 : 1) decreases with increasing tempera
ture with slightly smaller slope than PBDG, 
with a faint indication of a break point at room 
temperature. It was found that the relative 
intensity suddenly decreases in the vicinity of 
80°C to coincide with that of PBDG, corre
sponding to the sudden increase in spacing at 
the same temperature. These results indicate 
that below the transition temperature T1 the 
thermal vibration of the helix is more restricted 
by the stacking of benzyl groups, and that the 
restriction is removed above T1. Wilser and 
Ficthen35 reported that several small but definite 
Raman spectral changes appear when PBDG 
and PBLG are mixed, reaching a maximum for 
the racemic 50 : 50 mixture, and that the changes 
are removed reversibly above the transition 
temperature. This is likely to correspond to 
the results obtained in this work. 
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From eq 5, using the value of the slope in 
the intensity-temperature curve in Figure 9 at 
low temperature, Young's modulus in the axial 
direction is estimated to be 2. 7 X 1010 dynfcm2 • 

CONCLUSION 

The results obtained in this study suggest that 
the transition in the vicinity of room tempera
ture for PBDG, PMDG, and PBMLG is a 
crystalline phase transition of the second order. 
The thermal expansion coefficients of the a

helices in the direction of the helical axis are 
all of the order of magnitude of w-s;oc in the 
temperature range studied. It was suggested 
that anharmonic vibration is affected by the 
nature of the side chain and by the side-chain 
motion. The decrease in intensity of the 1.5 A
reflection with increasing temperature was ex
plained in terms of the temperature factors of 
the helical backbone atoms. Young's modulus 
of the helix was estimated from the tempera
ture dependence of the 1.5 A-reflection intensity. 
The first-order phase transition for PBDG+ 
PBLG (1 : I) in the vicinity of soac is accom
panied by the sudden change in the mobility 
of the a-helical backbone. 
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