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ABSTRACT: The aggregation of poly(r-benzyl L-glutamate) in dioxane, benzene, 
tetrahydrofuran, and cyclohexanone was studied by dielectric dispersion. The agregates 
of the side-by-side type were found to form in dioxane and benzene, but probably not 
in cyclohexanone and tetrahydrofuran. In contrast, the aggregates of the head-to-tail 
type were observed in tetrahydrofuran and cyclohexanone. The origin from which the 
molecular aggregates should appear is discussed with special consideration of the electro­
static interaction between the solute molecules. 
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It has been reported that poly(r-benzyl L­
glutamate) (PBLG) forms aggregates in such 
helicogenic solvents as dioxane, 1- 5 , 13 ,20 ben­
zene, 2 ' 3' 5 chlorobenzene, 14 chloroform, 2 ' 5 ' 13 ethyl­
ene dichloride3a, 5-s, 13 (EDC), cyclohexanone17 

(CHN), and tetrahydrofuran17 (THF). Two aggre­
gate types were proposed previously, one, a type 
of side-by-side aggregate with molecules arranged 
in an antiparallel fashion, and the other, a type 
of head-to-tail aggregate with molecules arranged 
in a parallel fashion. The former is referred to 
the "SS type" and the latter, the "HT type." 

The purpose of this paper is first to investi­
gate by dielectric dispersion what types of aggre­
gates appear in typical helicogenic solvents. 

In dioxane, both types of aggregates have 
been reported to be formed.1- 4 Wada1 suggested 
from dielectric dispersion data that both types 
coexist in dioxane. Watanabe2 and Powers and 
Peticolas3 have used electric birefringence to 
show that at least the aggregate of SS type ap­
pears. On the contrary, Gupta, et al.,4 maintain 
that only the HT type is formed. The discrep­
ancy among these investigators remains to be 
solved. 

In benzene, Watanabe2 and Powers and Peti­
colas3 suggested that the aggregates of SS type 

were formed. In EDC, an HT type is formed, 
according to Powers and Peticolas, 3• Watanabe 7 

and Kihara. 6 Table I summarizes the results 
from previous investigations. The relationship 
between the aggregate type and solvent will be 
discussed more in detail in this paper. 

The second purpose of this report is to clarify 
the reason of the aggregate formation. Wata­
nabe7 implied that the aggregates of the HT 
type were formed due to hydrogen-bonding be­
tween amino and carbonyl residues at each end 
of the a-helix. In contrast, the aggregates of SS 
type may have some relation with the dielectric 
nature of the solvent, considering the fact that 
the dielectric constant of the solvent having the 
aggregates of SS type are comparatively small. 
In this paper, the electrostatic interaction be­
tween the solutes will be calculated on the as­
sumption that the interaction energy is smaller 
than thermal energy and the solute molecules 
are regarded as point dipoles. 

EXPERIMENTAL 

Two PBLG samples were used in the experi­
ment. One was purchased from K yowa Hakko 
Co. (Tokyo; catalogue code, HA-300). It was 
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originally prepared by using hexylamine as the 
initiator and EDC as the solvent. The other, 
code number 7003, as prepared by using sodium 
methoxide as the initiator and dioxane as the 
solvent. The molecular weight were estimated 
from the intrinsic viscosity data in dichloroacetic 
acid (DCA) as 2.4x 104 (HA-300) and 7.4x 104 

(7003), by using the intrinsic viscosity-molecular 
weight relation of Teramoto, et al. 11 Dielectric 
dispersion was measured by using a transformer 
bridge, Model TR-IOC (Ando Denki Co., Tokyo) 
in the frequency range from 30 to 3 MHz. Use 
was made of a platinum concentric cylinder cell 
with an air capacitance of 4.71 pF, which was 
placed in a Dewer vessel containing a trans­
former oil and the temperature was maintained 
constant within 0.01 °C. The cell was calibrated 
with benzene. Solvents were distilled by the 
usual method. The dipole moment per peptide 
residue, µ 0 for aggregated solutes was estimated 
from the quantity f3 obtainable from dielectric 
dispersion data by the Buckingham-Applequist­
Mahr equation9 • 10 (BAM equation); 

41rNAC/3f g _ (2s0 + l)(s0 -n2) (2s=+ l)(s=-n2 ) 

3kT ----2~-0 -t-n2 -· 2s=+n 2 ___ _ 

( l ) 

where s0 and •= are the dielectric constants of 
the solution at the zero- and the infinite-fre­
qency limits, respectively, NA=Avogadro's num­
ber, C=solute concentration in g/ml, k=Boltz­
mann's constant, T=absolute temperature and 
n=refractive index of the solution. Theore­
tically the quantities f and g depend on the 
molecular dimension of the solute and the di­
electric constant and the refractive index of the 
solvent, but from a practical standpoint, they 
can be taken as constants. The values f =2/3 
and g= l were adopted in the present analysis. 12 

When the solute is nonassociated, f3 is given by 

( 2) 

where ivf0 =molecular weight of the solute per 
peptide residue, µ 0 =dipole moment per peptide 
residue, and m=degree of polymerization ob­
tained by dividing the molecular weight deter­
mined above by M 0 • According to Perrin, 18 

the critical frequency /c for a prolate ellipsoid 
of revolution is represented by 
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Figure 1. (3 vs. 1J[c· The curves are calculated 
by eq 2 and 3, µo as a parameter being. µo: (a), 
6.5 D; (b), 6.0 D; (c), 5.5 D; (d), 5.0 D; (e), 4.8 D; 
(f), 4.5 D; (g), 4.0 D. The data shown in the 
figure were obtained in the mixed solvents: 0, di­
oxane-DMF; e, dioxane-m-cresol; D, benzene­
DMF; ., benzene-m-cresol; le,., EDC-DMF; A., 

EDC-m-cresol, sample code, HA-300, 25°C; +, 
chloroform-DMF, sample code, 7003, 25°C. 
Equation I was used to evaluate p from the di­
electric data. 

3kT 3 f- p 
c- l 61r 2ab2 1J( 1-/) 

{ (2-p2) 1+-vr=:oz- } 
X .Jl-p2 log · -p- -1 ( 3) 

where 
p=a/b ( 4) 

2a and ab are the minor and the major axes of 
the ellipsoid, respectively, and l'} is the viscosity 
of the solvent. 

Values for r;[c where calculated by eq 3 with 
the reported result1 9 that 2a=l8.2 A and 2b= 
1.5 Ax (degree of polymerization). The solid 
curves in Figure I show the relationship between 
l'J/c and f3 calculated according to eq 2 an 3, 
respectively, as a function of µ 0 • If an aggre­
gate of the HT type is formed, the ordinate 
value will increase whereas l'J/c will decrease, 
with the value of µ 0 remaining constant. On 
the other hand, the formation of an aggregate 
of the SS type will lower both of these, and the 
value of µ 0 , estimated from eq 2 and f3 obtained 
by eq I will appear smaller. Thus the type of 
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aggregate formed may be determined from the 
location of the data point on the (3-r;/0 diagram.1 

RESULTS AND DISCUSSION 

Dielectric dispersion measurements were per­
formed on PBLG dissolved in mixtures of two 
types of solvent; in one of these, (e.g., m-cresol 
or dimethylformamide (DMF)) PBLG is thought 
to be molecularly dispersed, whereas in the 
other (e.g., dioxane, benzene, CHN or THF) 
it is considered that PBLG forms aggregates. 
The former type of solvent is referred to as an 
aggegation-free solvent. The dipole moment 
per peptide residue, µ0 , is calculated according to 
eq 1 and 2 from the experimental data for co, 

"=• C, and m. 

The Aggregates in Dioxane 
The dipole moments per peptide residue, µ0 , 

in mixtures of dioxane with DMF (or m-cresol) 
are plotted in Figure 2 as a function of the 
volume fraction of DMF (or m-cresol), where 
the values obtained in m-cresol and in an EDC­
DMF mixture are also plotted for the sake of 
reference. The latter solvents are typically aggre­
gation-free. 6 ' 21 It is clearly shown that the 
dipole moments in dioxane and the dioxane 
mixtures are definitely smaller than those in the 
aggregation-free solvents. The critical frequen­
cies obtained by the same experiments are plotted 
in Figure 1 as a function of (3. According to 
the criterion described in the introduction, we 
can conclude that aggregates of SS type exist 
in dioxane and dioxane mixtures, in agreement 
with the conclusion of Wada,1 Watanabe,2 and 
Powers and Peticolas.9 The conclusion of Gupta. 
et al.,4 that the aggegate formed in the mixtures 
of dioxane and DCA would be of the HT type 
does not seem correct. However, the dipole 
moment per peptide residue in pure dioxane, 
which is calculated to be 2.5 D/residue by the 
BAM equation from the data shown in Figure 1 
of their article, is in good agreement with the 
present result, as shown in Figure 2. They 
also reported that the relationship between f3 
and r;/c in dioxane-DCA mixtures coincides 
well with that in chloroform-formamide mix­
tures in which the solutes are supposed to be 
in the molecularly dispersed state. As we have 
already reported,6 however, the dipole moments 
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Figure 2. Dipole moment per peptide residue of 
PBLG in dioxane-DMF and dioxane-m-cresol 
mixtures as a function of the volume fraction of 
DMF and m-cresol: ~, in dioxane-DMF, 25°C; 
O, in dioxane-m-cresol, 40°C; e, in pure m-cresol, 
40°C; L, in EDC-m-cresol-(3: 1), 26°C. In all 
the cases, the solute concentration was 0.36±0.09 
(mg/ml). D, the value calculated by eq 1, using 
the value of the dielectric increment shown in 
Figure 1 of the article by Gupta, et al. 4 

in chloroform-DMF mixtures were decidedly 
smaller than those in EDC-DMF mixtures 
indicating the degradation of the molecule by 
the presence of phosgene created from chloro­
form. Since the dipole moment per peptide 
residue obtained by Gupta, et al., in the chloro­
form-formamide mixtures is about the same 
as that obtained by the present author in chloro­
form-DMF, the mixtures of chloroform-form­
amide should be inadequate as aggegation-free 
solvents, and the dipole moment in dioxane must 
be compared with that in EDC-DMF or EDC­
m-cresol. Hence it is very probable that the 
dipole moment in dioxane and dioxane-DCA 
mixture is also smaller than that in the aggrega­
tion-free solvent. 

Scharp15 found from dielectric dispersion 
measurements that the dipole moment per pep­
tide residue was smaller in dioxane than in 1,2-
dichloroethene. He speculated that the smaller 
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dipole moment in dioxane was due to the orient­
ation of the side chain in antiparallel fashion. 
The dipole moment due to the carbonyl residue 
on the side chain of PBLG was reported by 
Wada16 to be antiparallel to the dipole moment 
of the main chain even in EDC, from the in­
vestigation of the copolymers of poly(r-benzyl 
o-glutamate) and PBLG, and PBLG and Poly­
Ala. It would then be more reasonable to con­
sider that the apparent small dipole moment 
was due rather to the aggregates of the SS type. 

The Aggregates in Benzene 
The dipole moments per peptide residue in 

benzene-DMF (or m-cresol) mixtures are shown 
in Figure 3, which are also smaller than the 
value obtained in the aggregation-free solvents, 
but they increase with increasing volume fraction 
of DMF (or m-cresol). At least the aggregate 
of the SS type may exist in benzene-m-cresol 
mixtures, as is the case with dioxane. This 
conclusion is supported by the experimental data 
for f3 and r;/0 plotted in Figure 1. Watanabe2 

and Powers and Peticolas9 already reported that 
the aggregates in the presence of benzene were 
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Figure 3. Dipole moment per peptide residue of 
PBLG in benzene-DMF and benzene-m-cresol 
mixtures as a function of the volume fraction of 
DMF and m-cresol: '-· in benzene-DMF, 25°C; 
e, benzene-m-cresol, 34°C; ., in m-cresol, 40°C. 
The solute concentration was 0.26±0.08 (mg/ml). 
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Figure 4. Dipole moment per peptide residue of 
PBLG in CHN-DMF and CHN-m-cresol mix­
tures as a function of the volume fraction of DMF 
and m-cresol: O, in pure CHN, 25°C; '-, in 
CHN-DMF, 25°C; e, in CHN-m-cresol, 25°C; 
e, in m-cresol, 40°C. The solute concentration 
was 0.37 ±0.03 (mg/ml). 
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Figure 5. Dipole moment per peptide residue of 
PBLG in THF-DMF and THF-m-cresol mixtures 
as a function of the volume fraction of DMF 
and m-cresol: O, in pure THF; '-, in THF-DMF; 
e, in THF-m-cresol; e, in pure m-cresol. The 
solute concentration was 0.38 (mg/ml); 25°C. 
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of the SS type by the measurement of electric 
birefringence, in agreement with the present 
result. 

Aggregates in Tetrahydrofuran and Cyclohexanone 
The dipole moments per peptide residue ob­

tained in THF-DMF (or m-cresol) mixtures are 
shown in Figure 4, which shows that the dipole 
moment per peptide residue is a little larger than 
the value obtained in the aggregation-free sol­
vent and decreases with an increase in volume 
fraction. Similar results obtained for the mixed 
solvents of CHN and DMF (or m-cresol) are 
shown in Figure 5. The relationship between 
/3 and r;/c obtained in THF-DMF (or m-cresol) 
and CHN-DMF (or m-cresol) mixtures are 
ploted in Figure 6. The results presented in 
Figures 4-6 indicate that in both the THF 
mixtures and the CHN mixtures the aggregates 
are thought to be of the HT type. 

The Origin of the Side-by-Side Type Aggregates 
The fact that the aggregates of the side-by-side 

10 

O'---, ... o-, -----,o'-,-----, .... o-, _ __, 
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Figure 6. (3 vs. 1J/c, The curves are calculated by 
eq 2 and 3. µo: (a), 6 D; (b), 5.5 D; (c), 5 D; (d), 
4.8 D. Solvents: 'V, THF-DMF; ..,., THF-m­
cresol; O, CHN-DMF; e, CHN-m-cresol. 
Sample used, HA-300; 25°C. 

type exist only in such solvents with small 
dielectric constants as dioxane and benzene sug­
gested that the electrostatic interaction between 
the solutes may play an important role in this 
type of the aggregation (see Table I). In order 
to confirm this, the order of magnitude of the 
dipole-dipole interaction in nonassociating sol­
vents is estimated on the assumption that the 
interaction energy is less than thermal energy and 
the solutes are point dipoles. 

Assuming that N identical dipoles, each of 
whose dipole moment is µ, exist in the volume 
V under an applied electric field E, the average 
polarization per unit volume, (P) can be written 
as 

1 ( N ) fr dV; (P)=- I; µ; exp {-(w+u)/kT) •=1 N 
V i=1 (4ir V) 

( 5) 

Here µ; is the i-th dipole moment in the volume 
V, and 

N 
W=- I; (µ-* ,E) 

j=l J 
( 6) 

( 7) 

where r 1k represents the vector from the center 
of the /-th dipole to the center of the k-th 
dipole, r1k represents the absolute value of r1k, e 
is the dielectric constant of the solvent, and µi * 

represents the effective j-th dipole moment, in­
cluding the influence of the reaction field created 
by electric field E. 

Assuming both w and u are smaller than the 
thermal energy kT, eq 5 can be calculated as, 

* (P)= ndµµ E(l-a) 
3kT 

( 8 ) 

where 

( 9) 

Table I. The relationship between the dielectric constant and aggregate types 

Solvent Dielectric constant Type of aggregates References 

Dioxane 2.27 SS and HT 1-4 
Benzene 2.28 SS and HT(?) 2, 3 
Tetrahydrofuran 7.1 HT This work 
Ethylene dichloride 10.2 HT 6, 7 
Dichloroacetic acid 18.2 HT This work 
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and nct represents the number density. The de­
tails of the calculation appear in the appendix. 
When the dipole-dipole interaction is neglected, 
eq 8 becomes 

* 
<P)= nctµµ E 

3kT 
(8') 

which gives 

where Lls=e0-ew When Lls«l, eq 1 can be 
approximately written 

Lie= irr__l!_~bc_.111,p/ (l') 
9kTM0 

where b=2+n2/e0 • 10 By comparing eq 1', 8', 
and 8, Lis, including the dipole-dipole interac­
tion among the solutes, can be written 

where 

Lie= 4rcNAbCmµ/(l-a) (lO) 
9kTM0 

4rcNACmµ/ 
a 

9ekTM0 
(11) 

Assuming m' dipoles aggregate in a head-to­
tail (linear) fashion, eq 10 and 11 may be re­
placed by 

(10') 

where µ00 represents the dipole moment per 
peptide residue in the molecularly dispersed 
state and 

, 4rcNACmm' µ/ 
a=---------

9skTM0 
( 11 ') 

The apparent dipole moment per peptide 
residue µ 0(app) obtained from eq 1' without 
consideration of the aggregation, is then repre­
sented as 

(12) 

Using the reported value of 4.8 D for µ 00 , 8 values 
of µ 0(app) were calculated as a function of Ce/T. 

The solid curves in Figures 7 and 8 denote the 
values calculated for m' = 1, 2, and 3. If there 
exist the side-by-side type aggregates with the 
molecules arranged in an antiparallel fashion, 
the observed µ 0 values would become smaller 
than those predicted by the solid curves in the 
figures. The experimentally obtained dipole 
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moments per peptide residue (calculated accord­
ing to eq 1) in dioxane-DMF, dioxane-m-cresol, 
benzene-m-cresol, and benzene-DMF are plot­
ted vs. Ce/T in Figure 7. It is seen that the 
experimental values of µ0(app) seem smaller in 
the solvents with small dielectric constants than 
in the nonassociating solvents, and these values 
decrease with increasing Ce/T for concentration 
range examined. From viscosity and light scatter­
ing measurements, Sakamoto, et al., 17 have sug­
gested that aggregates appear consisting of several 
molecules. The main attractive force forming 
such aggregates may be the Van der Waals force. 
The dip0le-dipole interaction would further 
stabilize the aggregate of the SS type so formed. 

Figure 8 shows the data for CHN-DMF, 
CHN-m-cresol, THF-DMF, and THF-m­
cresol solutions. The apparent dipole moments 
in these solvent mixtures are larger than those 
in the nonassociating solvents and do not vary 
appreciably with Ce/T. 
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Figure 7. The observed dipole moment per peptide 
residue vs. C/zT in two types of solvent mixtures 
with varying solvent compositions; one is dioxane 
or benzene, and the other is DMF or m-cresol. 
The solid lines are derived by eq 11. The param­
eter m' represents the number of the agregates 
in head-to-tail fashion (see text). The value of 
4.8 D/residue was adopted as µoo (the dipole moment 
per peptide residue in the aggregation-free sol­
vents6). 
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Figure 8. The observed dipole moment per peptide 
residue vs. C/,;T in the mixtures of CHN or THF 
with DMF or m-cresol. The solid lines are cal­
culated by eq 11. See the legend to Figure 7 for 
notation. 

The Origin of the Head-to-Tail Type Aggregate 
The aggregates of the HT type were reported 

to appear in dioxane, 1 ' 4 chloroform,2 EDC, 3 • 6- 8 

and probably in benzene. Watanabe7 has pro­
posed that these types of aggregates are formed 
due to the hydrogen bonding at each end of the 
solute molecules. The stability of the aggregates 
may depend on the relative strength of the 
hydrogen bond formed between the solvent and 
solute molecules and the hydrogen bond formed 
between the solute molecules, rather than on 
the dielectric constant of the solvent. In 
fact, the aggregates disappear in such solvents 
as DMF which can form hydrogen bonds with 
the chain ends of the solute molecules. This 
explanation is consistent with the fact that only 
the HT type aggregates were found in such 
solvents as CHN and THF, which have relatively 
large dielectric constants. 
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APPENDIX 

Since u and w are assumed to be small com­
pared with kT, eq 5 can be expanded in a power 
series of u/kT and w/kT. If we retain the first 
and second terms in the expansion, the polari­
zation per volume V may be written as 

x[1--1 £; £ {µ 1,_0 ((µk•rzk))}] 
kT l=l k*Z or1k erh 

N N 
IT d.Qi IT dri 

X i=l i=l~·-

(4irV)N 
(Al) 

which reduces to 

p _ nctµµ* E nctN \ 2* < >- 3kT -(kT)2 J µl(µ -E) 

In the last equation, r12 is simply given as r. 
It can be further simplified, by changing the 

volume integral to the surface integral, as 

<P)=nctµµ* E- n/ \ µ1(µ/·E) d.Q1 d.Q2 

3kT (kT)2 J e (4ir)2 

X (µ 2 • ; rµ:/) dS (A3) 

where S means the surface area of the volume 
V. The integral over the small surface around 
the singular point at r=O should vanish because 
of the finite excluded volume of the molecule. 

The integral can then be performed to give 

<P)= nctµµ* E-~ \ d.Q1 d.f.\ . 4ir.tt.1 

3kT (kT)2 j (4ir)2 3s 

X (µ2 * ·E)(µ1 · µ2) 
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nctµµ*E (I-a) 
3kT 

where a is given by eq 9. 
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