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Figure 3. ESR spectra observed during pyrolysis a t  94 "C (A) 
and photolysis a t  25 "C (B) of MAIB in thd presence of MMA 
in toluene. Reaction time: (A) 12 and min (B) 25; [MAIB] = 2 
M, [MMA] = 4 M. 

radical even after a long time, and absorptions corre- 
sponding to radical VI11 were not detected. This is com- 
patible with the low disproportionation/recombination 
ratio (<0.11)3 of the rates (kd lk , )  of the primary radical- 
radical reaction for AIBN. 

The quintet of quartets with high intensity is observed 
in the ESR spectra of the decompositions of MAIB in the 
presence of MMA as shown in Figure 3. Such acceleration 
was not observed in the ESR spectra when methyl acrylate 
and p-methoxystyrene were added to a MAIB solution as 
predicted from the reaction scheme. I t  is reasonable to 
consider that the persistent polymer radicals IX and X are 
also contained in these systems since the polymer was 
precipitated by pouring the reaction mixture into metha- 
nol, in contrast to the case in the absence of MMA, and 
k d / k c  ratio of the termination in the polymerization of 
MMA is high, 1.9 a t  25 OCS and 2.6 a t  80 0C.9 Polymer- 
ization of MMA by AIBN also gave a similar quintet of 
quartets in the ESR spectrum although its intensity was 
low. 
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Although the present work was carried out under lim- 
iting conditions such as high concentration of initiator and 
low [monomer]/ [initiator] ratio, the results obtained here 
will be helpful in understanding the elemental reactions 
of the polymerizations of methacrylates and their polymer 
structures as well as the decomposition mode of azo com- 
pounds, especially in high concentrations of initiator. 
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Adam-Gibbs Formulation of Nonlinearity in 
Glassy-State Relaxations 

Relaxation in and below the glass transition temperature 
range is both nonexponential and nonlinear. The nonex- 
ponential character is conveniently and accurately de- 
scribed by the response function 

d ( t )  = exp[-(t/rO)@] 1 I p > 0 (1) 

where T~ is a characteristic relaxation time and ,8 is a 
measure of nonexponentiality. The nonlinear character 
is most conveniently treated by the method introduced by 
Tool' and generalized by Narayana~wamy,~,~ in which ro, 
or some other characteristic time, is made a function of 
the departure from equilibrium. A commonly used func- 
tional form is the Narayanaswamy expression (N) 

where A ,  x ,  and Ah* are constants, R is the ideal gas 
constant, and Tf is the fictive temperature introduced by 
Tool.4 Several investigators5-12 have shown that Boltzmann 
superposition of eq 1 and 2 describes enthalpy relaxation 
during cooling, annealing, and heating with reasonable 
accuracy. However, eq 2 has several shortcomings: 

(1) It predicts an Arrhenius temperature dependence for 
the equilibrium state, in conflict with the well-established 
WLF or Fulcher temperature dependences. Associated 
with this are unphysically large values of Ah* (values as 
high as 450 kcal mol-' have been reported). 

(2) The nonlinearity parameter x has no clear physical 
interpretation. 

(3) The physical significance (if any) of the strong in- 
verse correlation between x and Ah* 

(4) The parameter x varies systematically with aging 
time and temperat~re. '~ 

Recently, Scherer14 has proposed the Adam-Gibbs 
equation15 as a theoretical basis for treating nonlinearity. 

is unknown. 
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In this Communication I develop this approach and dem- 
onstrate that it resolves many of the difficulties of eq 2. 

The Adam-Gibbs expression for the relaxation time 7 0  

is 
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70=A'exp  [ - %[] (3) 

where A p  is the free-energy barrier hindering rearrange- 
ment of a group of molecules, s,* is the configurational 
entropy of the smallest group capable of rearranging, and 
S, is the macroscopic configurational entropy. Following 
Scherer,14 we make S ,  a function of fictive temperature: 

(4) 

where the lower integration limit T2 is the configurational 
ground-state temperature and C , ,  is the configurational 
contribution to the isobaric heat capacity. The appearance 
of T f  in eq 4 expresses the idea that the frozen-in residual 
entropy of a glass corresponds to the glassy value of T f  
(=Tf') and that it is the frozen-in entropy which determines 
the relaxation time in the glassy state. The value of C ,c 

is often equated to the change in heat capacity at Tg, AE,, 
although Goldstein16 has pointed out that vibrational de- 
grees of freedom may contribute significantly to AC, at  
Tg. We adopt a phenomenological approach and put C,, 
= C / T ,  whence 

(5) 

Insertion of eq 5 into eq 3 and combining A p ,  sc*, T2, and 
C into one parameter D = Aps,*T2/C gives 

In the equilibrium state ( T f  = T)  this assumes the form 
of the Fulcher equation 

(7) 

As is well-known, eq 7 transforms to the WLF equation 
if T2 is less than T by an amount C2. We shall refer to 
eq 6 as the Adam-6ibbs-Fulcher (AGF) equation. Other 
functional forms for T ~ ( T , T ~ )  can be obtained from dif- 
ferent assumed temperature dependences of C,, (T)  but 
will not be considered here. 

Approximate relationships between the AGF and N 
parameters can be derived by appropriate differentiation 
of eq 2 and 6. In the equilibrium state 

In the glassy state ( T f  = T,' = constant) 

In the glass transition region Ti= T,' i= Tg, and elimination 
of Ah* between eq 8 and 9 gives 

(10) 

Ah* i= D / x 2  (11) 

x i= 1 - T2/Tg 

Equations 8 and 10 give 

Equations 6-11 resolve many of the problems associated 

34 I 
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Figure 1. Variation of T,/T, with D, calculated by using eq 10 
and 11 and the Narayanaswamy parameters tabulated in ref 11. 
Abbreviations: "5P4E" = 5-phenyl-4-ether (see ref 6), PCarb = 
bisphenol A polycarbonate, PMMA = poly(methy1 methacrylate), 
PS = polystyrene, PVAc = poly(viny1 acetate), and PVC = 
poly(viny1 chloride). See ref 11 for molecular weight and molecular 
weight distribution information. Narayanaswamy parameters for 
NaKSi307 taken from ref 6. 

with the Narayanaswamy function. We have noted already 
the correct Fulcher/WLF form of eq 6 in the equilibrium 
state. In addition, eq 11 predicts that Ah* at  Tg should 
be larger for smaller values of x ,  if D is relatively constant. 
This is consistent with the observed inverse correlation 
between x and Ah* l1 (see below for further discussion) and 
can account for the very large values of Ah* associated with 
small values of 

Equation 10 indicates that the N parameter x is a 
measure of how close Tg is to T2. This suggests that as Tg 
approaches T2 and the number of thermally accessible 
configurations is reduced, the relaxation time becomes 
increasingly dependent on structure and x decreases. 
Factors that may determine T g / T 2  are discussed later. 
Equation 10 also accounts for systematic changes in x with 
aging time and temperature,13 since as T f  relaxes during 
aging the ratio T f / T 2  decreases and x becomes smaller. 

Equations 8 and 10 allow D and Tg/T2 to be estimated 
from published Narayanaswamy parameters. Figure 1 is 
a plot of T / T 2  vs. D calculated from data tabulated by 
Hodge.ll hell-defined linear correlations are observed 
between D and Tg/  T2 for both polymeric and inorganic/ 
monomeric glasses, but the two types of materials lie on 
distinctly different correlation lines. Extrapolations of 
both lines pass close to T g / T 2  = 1.0 at  D = 0, consistent 
with the expectation that Tg would approach T 2  as A p  
approached zero. Note that although D includes factors 
other than Ap, all these additional factors are finite and 
nonzero, so that D - 0 corresponds unambiguously to Ap - 0. 

Comparison of the data tabulated in ref 11 and those 
in Figure 1 reveals that D and Ah* are inversely related. 
Mathematically, this occurs because the product xAh* is 
relatively constant" (=K, say) so that D = x2Ah* i= IC/ 
Ah*. Physically, it suggests that as A p  decreases and Tg 
approaches T2, the value of Ah* is increased more by 
configurational constraints than it is decreased by its 
proportionality to Ap; Le., relaxation becomes more co- 
operative as Tg approaches TP. This can also account for 
the observed correlation between the nonexponentiality 
parameter /3 (eq l) ,  x ,  and &*,I1 if it is assumed that lower 
values of 0 reflect higher degrees of cooperativity. 

Finally, we note that the distinction between polymeric 
and inorganic/monomeric glasses seen in Figure 1 contrasts 
with the correlation between x and Ah* observed earlier," 
in which both types of material lay on the same correlation 
line. It is possible that D and Tg/T2 reflect fundamental 
molecular differences between polymeric and inorganic/ 
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monomeric glasses that Ah* and x do not. The differences 
are such that comparable values of D correspond to larger 
values of T / T2 for the inorganic/monomeric glasses. We 
speculate that, to the extent that D is a good measure of 
A p ,  these differences may reflect three-dimensional con- 
figurational constraints for the inorganic/monomeric 
glasses that prevent them from approaching T2 as closely 
as polymers, whose constraints are closer to being one- 
dimensional and may therefore be less restrictive. 

Applications of eq 6 to experimental data, investigation 
of other functional forms generated from different assumed 
temperature dependences of Cp,c, and tests of eq 8-11 are 
in progress. The results of these studies, together with a 
more detailed consideration of the AGF formalism and its 
implications, will be reported elsewhere." 
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Spherulites of Poly@-histidine hydrochloride) 
A histidine residue is an essentil constituent of the active 

site of several enzymes and plays a significant role in en- 
zymic reaction, and it is also a ligand in some important 
metalloproteins.' Therefore the catalytic action of poly- 
(L-histidine) (PLH) and ita ligand characteristics have been 
the subject of intensive studies as a model for proteins with 
histidyl groups.2 The interaction of PLH with DNA has 
also been e ~ a m i n e d . ~  Recently histidine-rich protein 
(HRP) has been found in the intraerythrocytic stages of 
development of the malaria parasite Plasmodium lophurae 
in ducks. Kilejian reported that HRP acta as an antigen 
and suggested the possibility of synthesizing malaria 
vaccine based on HRP? though others have challenged this 
observation.6 HRP comprises 73% histidine, and the 
histidine residues are incorporated almost exclusively as 

pentamers to nonamers in tandemly repeated units. The 
four major amino acid residues other than histidine (Ala, 
Glu, Pro, and Asp) link oligohistidines.6 Thus PLH is 
regarded as a significant structural model of HRP as well. 

Despite extensive investigations, no definite consensus 
seems to have been drawn as to the structure of PLH in 
aqueous alkaline solution,' while a recent Raman exami- 
nation has led to the conclusion that PLH (Mw = 5000) 
assumes the p-form in aqueous gel at pH >6.5.s On the 
other hand, it is believed that PLH adopts a random 
conformation in acidic media.' From an infrared study, 
it was inferred that, in solid films, neutral PLH assumes 
the a-helical-form, and its hydrochloride presumably a 
random form.g 

We have found that poly(L-histidine hydrochloride) 
crystallizes from aqueous solution in the form of negative 
spherulites large enough for an X-ray diffraction study. 
Here we propose that the left-handed 15/4 helix is a 
plausible structure of PLH hydrochloride based on its 
X-ray fiber photograph, its IR spectrum, and conforma- 
tional energy calculation. 

PLH'O (&fn = 1.4 X lo4, A?fw/&fn = 1.4311) was dissolved 
in a slight excess of 1 N HCl, and the solution was lyo- 
philized to yield white chips which contained 1 equiv of 
C1- and 1 mol of hydration water per residue as in the 
literature.'O One milligram of the hydrochloride was placed 
on a glass slide (18 X 18 mm), 0.2 mL of distilled water 
was added to give a clear solution, and the mixture was 
spread over the slide. The solution was covered with a 
petri dish (2 X 10 cm) with a small vessel containing ca. 
1 mL of water beside the slide and allowed to stand at 
room temperature (ca. 25 "C). After several days, the 
surface of the slide became opaque due to the growth of 
spherulites. For X-ray diffraction measurements, crystals 
developed on the glass slide were peeled off by the use of 
a sharp blade. A piece of the spherulite (10 X 500 pm) was 
attached at the tip of a steel needle and held in front of 
a collimeter (diameter, 100 pm). A micro flat-plate camera 
was used to take an X-ray diffraction photograph with an 
unfiltered microbeam of X-rays from Cu generated through 
a Rotaflex instrument (Rigaku Corp., Tokyo) at 45 kV and 
200 mA. 

In a photograph of the spherulite taken between crossed 
polaroids, a Maltese cross was observed (Figure 1). The 
spherulites showed negative birefringence, implying the 
molecular axis to lie in the tangential direction. The 
spherulites (KBr disk) showed an amide I IR band at 1653 
cm-l with a shoulder around 1680 cm-l and an amide I1 
band at 1527 cm-'. This profile was same as that obtained 
from the f i g  and differed from those of either the a-helix 
or the p-form.12 Further an amide I Raman line of 
spherulites appeared at  1686 cm-I,l3 which was also ex- 
plicitly different from those of the a-helix, the p-form, and 
even the random coil.l4 

An X-ray fiber pattern was obtained by irradiating an 
X-ray beam normal to the surface at  the circumference 
(Figure 2). The Bragg spacings of this diffraction pattern 
were indexed to a quasi-hexagonal lattice with a = b = 
14.95 A, c = 45.0 A, and y = 116.5' (Table I) using Mitsui's 
graphical method.15 The c axis lies tangential to the 
spherulite radius. The density was calculated to be 1.55 
g cm-3 assuming that a unit cell contains three polymer 
chains, each residue of which is associated with 1 equiv of 
C1- and 1 mol of hydration water. This is not inconsistent 
with the observed density (1.44 g ~ m - ~ ) .  

The conformation of the polymer is a 1514 helix with 
a monomer repeat of 3.00 A. On the basis of standard 
values of bond lengths and bond angles of the main-chain 

0024-9297/86/2219-0938$01.50/0 0 1986 American Chemical Society 


