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ABSTRACT

Molecular motions of some,pbly(d—amino acid)s and
collagen with'absorbed water were investigated by the meth-
o8 of dielectric measurements. Polymers etudied are poly-
(y-n-alkyl L-glutamate)s(PnALG)s, poly(y-monosubstituted
benzyl D-glutamate)s, poly(sfN—benZYloxycarbonyl-L—lysine)‘
(PCLL) , and related poly(a—-amino acid)s. 'Collagen‘is
bqviﬁe Achilles tendon.

Each sample of poly(a—emino acid)s exhibits a'dielec— o
tric dispersion in the vicinity of room temperature dﬁe to
side-chain motions. The time—temperature superposition‘
principle was found to be applicable to obtain the master
curve for all samples.

The dispersien temperatures of PnALGs were found to
decrease monotonouslj with increasing the number of carbons
in the side-chain alkyl group. It was found that the dis-
tribuﬁionlof the relaxatien time broadens with the decrease
“in the nﬁmber of carbons in the side-chain dlkyl group.
These resultS<were‘discussed in terms of £he two-phase
model, in which the rigid afhelical'backbone chain is em—
bedded in flexible side-chain region.

The‘dieleetric dispersion temperature (the temperature
of maximum loss) is influenced by the introduction of sub—'
stituents into the side cﬁain of poly(a—amino ecid). A-
mong th?ee menochlorosubstituﬁed’PBDGs, poly[y- (p~-chloroben-

zyl) D-glutamate] (p-C1lPBDG) showed the highest dispersion
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temperature. Among p-monosubstituted PBDGs, polyly-(p-
nitrobenzyl) D-glutamate] showed the highest dispersion
temperature. This polymer'has the side chain with the
largest dipole moment among three p-sbstituents studied
here. The results were explained in terms of the restric-
‘tlon to motions caused by dipole-dipole 1nteraction among
dipoles in the 31de—cha1n region. Racemic mixtures of
p—ClPBDG and p-ClPBLG showed no evidence of the first order
‘solid—solid phase transition, which has been reported to
be observed for racemic mixtures of PBDG and PBLG.

Tbe dielectric dispersion temperatures of'PCLL, a mix-
ture of PCLL and PBDG (PCLL + PBDG),dand copolymers of CLL-
residue and BLGfresidue(PCLBG) were higher than those of
PBLG and PMILG. A strong interaction was assumed to exist_
between side chains of PCLL. Infrared spectroscopic meas-—
urements. revealed that urethane groups in CLL—51de chains
are hydrogen—bonded. Fraction of hydrogen bonds of side
ichain of PCLL, PCLL + PBDG, and PCLBG were estiﬁated from
infrared‘spectroscopy. . The results of dielectric measure-
ments were,interpreted in termslof-the hydrogen bond. |

The dielectric constant of native collagen witb ab-
sorbed water shows a sharp increase with increasing.water-
content beyond a certain nalue and becomes enormous to over-
grow the value of pure water; In order to correlate.the
dieiectric behavior with the structural properties of col-
lagen, X-ray diffractionsmeasurements were performed.

The X-ray study showed that the spaCing of neighboring

4tropocollagenﬁincreases with increasing water content in

-
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a region where the sharp increase of the dielectric con-
stant occﬁrs. Thus, the sharp increase of the dielectric
éonstant was found to occur in ﬁhe hydration stage where»
watexr moleculés pack into the inter—tropqcollagen region.
The behavior of the dielectric constant as a function of water
‘content was discussed in terms of the property.of water

crust surrounding tropocollagens which may vary with the

increase in thickness of the crust of water.
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CHAPTER I
INTRODUCTION

For many years, poly(d—amino,acid) has been-used as a
simple model compound in the theoretical and,experimental
studies of the interaction which plays an important role-
to determine the three dimensional conformation 6f proteins.
Majbr parts of such»studies on poly(o-amino acid), hitherto,
have been devoted to thé investigation on the conformatioh
in solution in order to understand the structure and func-
tion of globular proteins. On the other hand, there is a
dearth of information available for the solid state hature
of poly(a—amino acid), which may produce a molecular aggre-
gation model about the self assembly of fibrous proteins.

The author's interest has been focused on the study of
solid state properties of some synthetic polYpéptides and of{
fibrous proteins. In order to understand the properties
of the solid state materials, it seems to be one of the
fruitful approaches to investigéte the molecular motion.

Since molecular motibns of poly(oc—-amino acid)s in the
solid state were first inv_estigated,l a.considerable body
of experimental data has been accumulated by the methods

2-4 4-8

of nuclear magnetic, dynamic mechanical,

9-14

and dielec-
tric measurements.4' According to these results,
even in the solid state long side chains of the a~helical

poly (a~amino acid) undergo considerable motions while the
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o-helical backbone chain remains rigid. Side-chain mo-
tions have been found to occur in solid films of poly(Y-
benzyl L-glutamate) (PBLG) and poly(Y—méthyl L-glutamate)
(PMLG) . These side-chain motions have characteristic fea-
tures which are reminiscent of a glass transition, indi-
cating that ﬁhe side-chain region of these poly(d—amino
acid)s jkﬁ guite similar to the‘gléss—forming liquid.4’6

These fesults indicate that some properties of the d—
helical poly(a-amino acid) having the long side chain could
be explained if we regard it as a composite system of two
independent parts, the side chain and the a-helical back-
bone chain.

The coaxial two-phase model which consists of the rig-
id a-helical core aﬁd the flexible side chain surrounding
it has been proposed to account for the solution properties

15

of PBLG and for the temperature dependence of the X-ray

diffraction intensity of lateral reflections for PMLG and
PBLG in the solid state.16 The two—phase model has also
been adopted to explain thelthermal behavior of some a-
helical.polyfa—amino acid)s having the_longvsidé-chaiﬁ;6

In this thesis, the dielectric propérties of a-helical
poly(o-amino acid) in the solid state are examined in the
light of the two-phase model. The second chapter‘deals
‘with dielectric measurements which are carried out to make
certain of the general applicability of the two-phase model
to the poly(o—-amino acid) in the solid state. According -

to the model, interactions in the solid state a~helical

poly(a—-amino acid) may be divided into the two species;
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the interaction‘in the side-chain regioh and that between
the backbone and the side-~chain reéion.

In Chapter III and IV, interactions in the side—chain
region are investigated as constraints affecting the side-
éhain motion. In Chapter III, the‘effects upon the mole-
cular motion of the introduction of the substituents into
the side chain are discussed. In Chapter IV, the strong
restriction on the molecular motion of the side chain ob-
served in poly(e—N—benzyloxycarbonyl—L—iyéine) is_inter—
preted in_terms of the hydrogen bohding ih the glgé—chain‘
urethane group which has been observed for this polymer in
helicogenical solutions.l7'

In Chapter V, the dielectric properties of native
collagen with absorbed water are examined. The results

will be discussed on the basis of the structure of the

hydration. Concluding remarks are presented in Chapter VI.
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CHAPTER II

DIELECTRIC MEASUREMENTS OF POLY (y-n-ALKYL, L-GLUTAMATE)S IN
THE SOLID STATE AS A CHECK OF THE APPLICABILITY OF THE TWO-

PHASE MODEL

It may be éonsidered from the view point of the two-
phase mbdel thét the o-helical poly(a-amino acid) having
flexible side chains has a similar structure as the conven-
tional semicrystalline polymer composed of both amdfphous
and crystalline regions or the amorphous polymer containing
the rigid fillér. That is, the side chain of poly (a—amino
acid)'correspondsﬂto the amorphbus region of semi-crystal-
line polymer and the g-helical backbone chain to the crys-
talline region or filler. Thus, the a—helical.poly(a—amino
acid) having long side chain may behave in a similar way as
the semi-crystalline polymer with a small degree of‘crystal—
linity and the filled amorphous polymer having a small frac-
tion of fillers. The increase in the length of the side
chain of the a-helicél poly(q-amino acid) may be regarded
as the decrease in the degree of crystallinity of semi-crys-
talline polymer and in the fraction of fillers of the filled
amorphous polymer.l

In this chapter, in order to examine the applicability
of the two-phase model to the d—hélicél poly(a—amino.acid)
in the solid state, dielectric measurements were performed
for six poly(y—n-alkyl L-glutamate) s (PnALG) s which have the

varying number of carbons in the alkyl group at the end of
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the side chain.

The effects of the var%ation ofﬁthe side—ehaini
‘length upon. the-solid-state properties are examined.in a sim-
ilar way as the semi-crystalline polymers had been examined
as a function of thé degree of crystallinity.

Polymers used in this work and abbreviations are as

follows: poly(y-methyl L-glutamate) (PMLG), poly (y-ethyl L-

glutamate) (PELG) , poly(y-n-propyl L-glutamate) (PnPLG),

- poly(y-n-butyl L-glutamate) (PnBtLG), poly(y-n-amyl L-

glutamate) (PnAmLG) , and poly (y-n-hexyl L-glutamate) (PnHxLG) .



II-1. EXPERIMENTAL

Various PnALGs were synthesized by the ester exchange
‘reaction of PMLG(Ajicoat A-~2000) with corresponding alco-
hols. The degree of substitution was checked by proton
NMR spectra. For all samples, the exchange reactién was
almost completely achieved.

Films of all samples for dielectric measurements weré
prepared by casting from concentrated chloroform’solution
on a glass plate at room temperature. Infrared spectra of
films of PnALG exhibited amide V band at about 615-620 ém_l,
indicating that in the film the backbone chain of PnALG is
in the o~helical form.

Silver elecﬁrodes were vacuum~-deposited on both surfaces
of film to assure complete electric contact. Each film
was set in the measuring cell and evacuated at a temperature
of some 120°C until the dielectric constant remains un-
changed.

Dielectric constant and loss factor were measured by
an Ando Denki TR-1C bridge with a lock-in amplifier LI-573
of NF Circuit Design Block Co., Ltd. and an Ando Denki WBG-
5 oscillator. Measurements were made over a frequency
range from 30Hz to 300kHz and a temperature range from -150

to 100°cC.



II-2. RESULTS AND DISCUSSION

Figures2.1l(a) and (b) show the temperature dependence

- of tan§ measured at a frequency of 1lkHz for PMLG, PELG, and
PrPLG and for PnBtLG, PnAmLG, and PthLG, respectively.

Each sample shows two dielectric dispersioné, the one located!
in the vicinity of 0°C and the other located at about -150°C.
For PMLG the dispersion observed in the vicinity of 0°C has
been considered to be caused by the onset of the micro-
Brownian motion of the whole side chain,z’3 and the disper-
sion observed at aboﬁt -150°C is due to the oscillational

motion of the side chain on a small scale.2’4’5

Dielectric
dispersions observed for other samples will be assigned to
the same origins as for PMLG.

The temperature region of the dispersion near 0°C seemed
to shift to lower temperatures With increasing %he}side—chaini
length, while the dispersion at about -150°C remained un-
changed for all samples measured. In this paper, we will
discuss only the dispersion near 0°C.

For all samples measured, the time—temperature super-—
position principle was fourid to be applicable to obtain the
master curve. Figure 2.2 shows the shift factor bT, used in
the superposition procedure, as a function of temperature.

Ih this figure, the full curve represents the universal
WLF—equation6

-8.86 (T - T) | |
log b, = (IT-1 )

101.6 + (T - TS)




~Log tan s
R

-150 -100 -50

Figure 2.1 (a).

frequency of 1lkHz.

0
Temperature(°C)

Temperature dependence of tand for

PMLG( (D), PELG( (P ), and PnPLG @) measured at a
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Log tané

350 100 -50 0 50 100

" Temperature(°C)

Figure 2.1 (b). 'Temperature'. dependence of tand for

PnBtLG ( . ) ; PnAmLG ( G ), and PnHxLG( e ) measured at

.a frequency of 1lkHz.
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Figure 2.2. bT plotted against temperature for PMLG

(O, pELG((P), PnPLG( ) ), PnBtLG(O), PnAmLG(G),
and PonLG(Q)
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For each sample, the temperature dependence of bT is
found to be well expressed by the WLF-equation, if an appro-
priate choice of the standaid temperature TS is made.

In Figuré 2.3, the temperature dependence of the re-
laxation strength A€ is shown. The relaxation strength
was determined by the Cole-Cole plot. For all samples,

Ae decreases with increasing temperature.

These behaviorﬁof both by and Ae against temperature
. indicate that the dispersions observed near 0°C for all
samples studied have a resemblance to the primary disper-
sion related to the glass transition of the amorphous pol-
ymer, as in the case of PMLG and other poly(glutamate)s.z’3

Figure 2.4 -shows the dispersion temperature Th de-

ax’
fined as the temperature of maximum tan §, as a function of
the number of carbons of the alkyl group in the side chain.
As is expected by thé glimpse of Figure 2.4, Thax is found
to decrease with increasing the side-chain léngth. This
suggests that the side-chain motion is released at lower
temperatures as the number of carbons in the alkyl group
increases.

The finding that Tﬁax decreases with an increase in
the number of carbons of the side-chain alkyl group seems
to have good correlation with the observations that Tmax
of the primary dispersion decreases with a decrease in the
degree of crystallinity for the semi-crystalline polymers
or with the decrease in the fraction of fillers for the

7,8,9

filled amorphous polymer. The decrease in Tm

ax

with increasing the side-chain length suggests a decrease

.13
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Figure 2.3 (a). The relaxation strength Ae plotted |-
against temperature for PMLG ( O ) » PELG( (B ), and

PnPLG( @) .
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Figure 2.3”(by; The relaxation Qtféhgth'Ae‘élptted

against temperature for PnBtLG( ), PnAmLG( Q'),' and

PnHXLG ( @B ). |
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Figure 2.4. The dispersion temperature TmaX as a |
function of the number of carbons in the side-chain

alkyl group, N.
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in the interaction between the crystalline region(corre-
sponding to the a-helical backboneichain) and the amorphous
region(the side chain).

In Figufe 2.5, the master curves of the reduced loss
factor eﬁ for PnALGs are compa;éd, eﬁ being defined as the
loss factot e" divided by Ae. Here, the reduced loss fac—‘
tor is normalized with respect to its maximum valué.aﬁmaX
and the reduced frequency is normélized with respect to
the value at which the maximum reduced loss occurs. The
reduced frequency is defined as be. Experimental points
were'omitted for the sake of clarity._ The slope on the
higher-frequency side of the master curve of the loss fac-
tor repfesents‘épproximately the slope in the wedge-type
region of the retardation spectrum except for sign. In
the retardation!spectrum, the slope of 1/2 has been pre-
dicted based on Rouse's bead-spring model, which well rep-
resents the Characteristicifeatures of the relaXation be-
rhavior of many amorphous polymers. In this figure, the
line A corresponds to the slope of 1/2 in the retardation
spectrum.v

It has been known that the distribution of the relax-
ation time of the primary dispersion of the semi-crystal-
line polymer or the filled amorphous polymer is broadened
by the increase in the degree of crystallinity or fhe filler

content.sf9

It is apparent from Figure 2.5 that PMLG
shows the broadest distribution of the relaxation time,
and that the slope on the higher-frequency side of the

master curve approaches the slope A as the side-chain

17
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Figure 2.5. Comparison of master curves of the

L1 (1] 3 3
reduced loss factor €R / € Rmax * Ab$c1ssa is the

logarithm of the reduced frequency normalized by
the value at which the maximum loss occurs.
Figures in the diagram represent the number of

carbons in the side-chain alkyl group of PnALG.

The slope of line A corresponds to that theoret-

ically predicted for the amorphous polymers.
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length increases.

.Ishida‘ et al. examined the pfimary éielectric disper—
sion of the semi-crystalline polymers as a function of the
degree of crﬁ;stallinity10 and discussed their results in

the light of Kirkwood's se_ch—law,ll

€"

n/en o =sechlaln (£/f__ )1 (II-2)

ax
where o is a parameter representing the breadth of the dis-
tribution of the relaxation time, £ is thé frequency, and
fmax is the frequency at which the loss maximum occurs.
a = 1 corresponds to Debye's dispersion: the smaller the
value of o, the broader the master curve. They found
that o decreases monotonously withtﬂmﬂincrease in the de-
gree of crystallinity.

Kirkwood's law is simply rewritten as

cosh_l( = o 1ln ( f /'fm ) (I11-3)

€f&max / €R ) ax
. In figure 2.6 is shown the leff hand side of eq II-3 as a
function of the logarithm of the reduced frequency in the
higher-frequency region. In the region under discussion
of the master curvé, Kirkwood's sech-law holds well, show—b
ing °~ the iinear relation bétween the both s?desrof eq II-3.
The slope of the plot in the figure gives the value of the
parameter o.

In Figure 2.7, the parameter o is plotted against the

length of the side chain. It is clearly observed that the

19
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Figure 2.6. The left hand side of eq II—3,l
cosh™ L ( €pmax / €k ) Plotted against the

logarithm of the reduced frequency.
Figures in the diagram represent the number

of carbons in the side-chain alkyl group of

PnAlLG.
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Figure 2.7. o as a function of the number

of carbons of the alkyl group in the side

chain of PnALG, N.
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value of o increases as the side-chain length increases.

- These results accord well with those of Ishida's work, if
the increase in the side-chain length is regérded as equi—
“valent to the'decrease in the degree of crystallinity.

s The féct that variations in Tmax and‘in o of PnALGs
with the side-chain length have a good corrélation with
those for the semi-crystalline polymet‘and/or the filled
amorphous polymer suggests that it is reasonable to explain
the dielectric behavior at least in terms of the two-phase
model, if the change in the éide—chain length is assumed
to correspond to the variatién in the degree of crystallinity
or of the fraction of fillers.

In conclusion, the present‘dielectric studies on vari-
ous PnALGs indicate that theltwo-phase model is, at least
appfoximately,‘applicable to the structure of the d—helicai
poly (a—-amino aéid) haﬁing a flexible side chain in the solid

state.
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CHAPTER ITIX

DIELECTRIC STUDIES OF INFLUENCES OF SUBSTITUENT GROUPS UPON
SIDE-CHAIN MOTIONS OF POLY(d—AMINO ACID)

According to the results in the preceding chapter, it
may be suggested that interactions in the solid-state q-
helical poly(a—amino acid) are able to be divided into the
following two kinds; the backbone chain—side chain inter-
action and the side chain—side chain interaction. Both
of these interactions depend on the chemical nature of the
side chain.

It has been reported that in a series of poly(y-mono-
substituted benzyl D-glutamate)s in which a substituent is
introduced into the phenyl ring at the end of the side chain
of poly(y-benzyl D-glutamate), properties markedly depend
on the species and the position of the substituent.l_3
It has been also reported that the different position of
the substitution affects the conformation of the o-helical

backbone.4’5

Though qualitatively, the dependence of the
helical structure and its stability on the species of the
side chain has been explained in termsbof side chain—side
chain and side chain—backbone chain interactions.6
The discussion of the.present chapter is focused on
the side chain-—side chain interaction. We examined the
‘ effects of the substitution to the benzyl group of PBDG on

side~chain motions.

Dielectric and broad-line NMR measurements were per-

-
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formed to observe molecular motions. for the following seven
samples of poly(y-monosubstituted bénzyl glutamate)s; |
" poly[y-(o-chlorobenzyl) D-glutamate](o—ClPBDG), |
poly{y—(m—chlérobenzyl) D—glutamate](m—ClPBDGf, 
p&ly[y—(p—chlorobenzyl) D-glutamate] (p~C1PBDG),
poly[y-(p-chlorobenzyl) L-glutamate] (p-ClPBLG),

poly [y~ (p-nitrobenzyl) D—glutémate](p—NPBDG),
poly[y-(p-methylbenzyl) ﬁ—glutamate](p—MePBDG),.and the
racemic mixture of p-ClPBDG and p-ClPBLG(p~ClPBDG + p-Cl
PBLG). In‘particular, p—-C1PBDG + p-ClPBLG was investi-
gated from the point of view of phenyl ring stacking since
such a stacking has been reported to occur for a racemic

mixture of PBLG and PBDG. ' +2
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ITI-1. EXPERIMENTAL

All samples except for two polymers of p-ClPBDG and p-
ClPBLG were pfepared by the ester exchanging reaction of

3, 13

PMDG with corresponding alcohols. The degree of sub-

stitution was checked by proton NMR spectra and elemental

analysis for carbon. The degree of substitution was more

Ne

than 90 % for o-ClPBDG, m—-ClPBDG, and p-NPBDG, and 66 % for
p—MePBDG. p-ClPBDG and p-ClPBLG were synthesized by the

14,15 p-ClPBDG + p-ClPBLG was

method of Ledger, et al.
prepared by dissolving equi-moles of p-ClPBDG and p-ClPBLG
~in chloroform. Films for dielectric measurements of o-Cl
PBDG, m-ClPBDG, .p-ClPBDG, and p-MePBDG were prepared by
casting condentfated chlorofom solution on a glass plate at
room temperature. A film of p-NPBDG was made from concen-
trated m-cresol solution at 50°C. Silver electrodes were
vacuum depoSitedhm.both surfaces of film to assure complete
electric contact. Each film was set in the measuring cell
and evacuated at a temperature of 150°C until the dielectric
constant remained unchanged.

The.dielectric constant and loss factor were measured
by the same apparatus and procedure as used in the preceding
chapter. Measurements were made over a frequency range
from 30Hz to 300kHz and at temperatures ranging from -150
to 1l20°cC.

Samples used for broad-line NMR measurements were in a

form of powder freeze-dried from dioxane solutions. Before

measurement, each sample was evacuated at a temperature of

-
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100°C for 48 hrs to eliminate residual solvent.
A JEOL JNS-B spectrometer was employed for
derivatives of broad-line proton NMR absorption

The temperature was varied from liquid nitrogen

to about 100°C.

27
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III-2. RESULTS .
A. o-Cl1lPBDG, m-ClPBDG, and p—ClPBDG

Figure 3.1 showé the temperature dependence of the
dielectric constant-g¢'and the loss factor e' measured at a
frequency of 1lkHz for o-ClPBDG, m—-ClPBDG, and p-ClPBDG.

The data for PBLG are also shown for comparison. For each
sample, a remarkable dielectric dispersion was observed above
room temperatufe. The dispersion observed for PBLG has
been interpreted in terms of the onset of side-chain mo-

16 MR’l7—l9 19,20

tions. N dynamic mechanical] and dielectric

21,13 for PBLG and other poly(glutamate)s haveg

measurements
provided a great deal of evidence to support this interpre-
tation. Thus, it is reasonable to consider that dielec-
tric dispersions observéd above room temperature for the
samples of monochloro-PBDG are attributed to the Same ori=-
gin as PBILG. The dielectric constant was of the order
m—-ClPBDG > o-ClPBDG > ~ p-ClPBDG = PBLG in the témperF
ature range of -50—0°C. |

Figure 3.2 shows the results of NMR measurements for
o-C1PBDG, m—-ClPBDG, and p-ClPBDG; the second moment of the
absorption line is plotted against temperature. Experi-
mental points were omitted for the sake of clarity. Data
for PBLG are also shown in the figure as a dotted line.
It was found that the second moments for all samples studied

decrease with increasing temperature in two steps. In the

temperature range from ~140 to -20°C, the second moments

-
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Figure 3.1 (a). Temperature dependence of the
dielectric constant €' of o—ClPBDG(@D), m~-Cl

pBDG( (P ), p-c1PBDG(() ), and PBLG(----)measured
at 1lkHz.
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Figure 3.2. The second moment of monochloro-
PBDGs as a funétion of temperature: -—---- , O-
C1lPBDG; ——-—, m-ClPBDG; —---—, p-ClPBDG;

, PBLG.
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decrease gradually with increasing temperature. The de-
crease in second moment in this temperature range may be
attributed to the rotation of the phenyl ring as is the case

of PBLG.T7712 .

Above room temperature, all samples show an
abrupt decrease in second moment which is related to the
appearance of the dielectric side—chain dispersion in the
same temperature range.

Figure 3.3 shows the frequency dependence of €'| and €%
for o~ClPBDG at varioustgmﬁerafure%from 21.5 to 70;2°C.

It is apparent that o-C1lPBDG shows a dielectric dispersion
_in{this temperature range.A All other samples show similar
frequency dependence as o—ClPBDG.

In Figure 3,4,’thé temperaturedependences%yf the relax-
ation strength Ae= g4 - e, are shown for o-ClPBDG, m-ClPBDG,
p—-C1lPBDG, and PBLG. The relaxation strength was determined
by the Cole-Cole plot. It was found that the relaxation
strength Ae is in the order o-ClPBDG > m-ClPBDG > p-Cl
PBDG 2‘.PBLG, and that a maximum appears ih the Ag-~-temper-
ature curve.

After normalizing é'f €, and g"— frequency cur&es
by Ae all data were able to be superposed on a master curve
at a certain\temperature by performing suitable horizontal
translations along the logarithmic frequency axis. The
master curves Qf the lbss factor for o-ClPBDG, m—-ClPBDG, p-
ClPBDG, and PBLG are compared in Figure 3.5, where the nor-
malized loss factor is represented in units of its maximum
value and the reduéed frequency in units of the wvalue at

which the maximum occurs. It is apparent that the substi-

-
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Figure 3.4. Temperature dependence of the

relaxation strength Ae obtained from the Cole-
Cole plot of monochloro-PBDGs: o—ClPBDG(@Q),

m-ClPBDG( 3. p-C1PBDG ( O ), and PBLG(-—--- ).
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tution of chlorine atom at the phenyl ring of PBDG causes

the dispersion much more broader.
B. p-NPBDG, p-ClPBDG, and p-MePBDG

Figure 3.6 shows the temperature dependence of the di-
electric constant e' and the loss factor e" measured at 1lkHz
for p-NPBDG, p-ClPBDG, p-MePBDG,and PBLG. Each sample
clearly shows a dielectric dispersion which is attributed
to the side~chain motion by the same reason as described
previously for monochloro-PBDG. Considerably higher dis-
persion temperature of p-NPBDG implies that there exist
strong constraints on side-chain motions.

Master curves of the loss factor for p-NPBDG, p-ClPBDG,
p—-MePBDG, and PBLG which were obtained by the same proce-
dure as described in the preceding‘section are compared in
Figure 3.7.- It is apparent that the master curve of the
loss factor is much broader for p-substituted PBDGs than
for PBLG. .Among monosubstituted PBDGs studied here, p-N

PBDG and p-MePBDG show much broader dispersion curves.
cC. p-ClPBDG and p-ClPBDG + p-ClPBLG

Figure 3.8 shows the temperature dependence of the di-
electric constant e' and the loss factor " measured at lkHz

for p-ClPBDG and p~-ClPBDG + p-ClPBILG. In each sample, two

"~ dielectric dispersions are observed, the one~located at
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10

the dielectric constant e'of p—NPBDG(Ea),

P-MePBDG ( e )}, p—ClPBDG( O ), and PBLG(—-;-)‘

‘measured at lkHz.
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Figure 3.6 (b). Temperature dependence of ,
the loss factor e" of p-NPBDG( © ), p-MePBDG

(@), p-c1pBpG (), and PBLG (——-— ) measured
at 1lkHz. ' )
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ClpBDG; -——, PBIG.
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Figure 3.8 (a). Temperature dependence of the

dielectric constant & of p-C1PBDG(()) and p-Cl |

PBDG + p-C1PBLG( @) ) measured at 1kHz.
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about 60°C(dispersion I) and the other located far below
room temperature(dispersion II). As already mentioned be-
fore, dispersion I is assigned to the onset of the large
scale motion of the side chain, while dispersion II is con-
sidered due to the vibrational local motion of the side
chain.19’22’23

As for the dispersion temperature of dispersion I, the
two samples show the same temperature of 60°C, on the other
hand, for dispersion II, p-ClPBDG + p-ClPBLG shows a dis-
persion temperature lower than p-ClPBDG by some 10°C.

Such lowering of the dispersion temperature of dispersion II
by racemic mixing has been also reported for PBLG + PBDG.24

In Figure 3.9 is shown the temperature dependence of
the relaxation strengthiAe obtained by the Cole-Cole plot.
Ae for the racemic mixture increases monotonously with in-
creasing temperature, while for p-ClPBDG, Ac vs. temperature
curve has a maximum at a certain temperature. The wvalue
of Ae of the racemic mixture is smaller than that of p-Cl
PBDG.

The time—temperature superposition principle was also
applicable for dispersion I of p-ClPBDG + p-ClPBIG. The
results of p-ClPBDG and p-ClPBDG + p-ClPBLG are shown in
Pigure 3.10, of which the ordinate and abscissa are the

same as in Figure 3.5. The master curve for p-ClPBDG + p-

ClPBLG is found to be broader than that for p-ClPBDG.

42



0 — e — ]
0 50 100
Temperature (°C)
Figure 3.9. Temperature dependence of the relax-|

ation strength Ae obtained from the Cole-Cole plot

of p~-C1PBDG( () ), and p-ClPBDG + p-C1PBLG( @ ). ;

s
93]



Log [€" /€ "max]

I 1 1 1 1 1
0F .
"] w 1 1 1 1 1 3
-2 -1 0 ] 2 3
Log [ f/fmax]
Figure 3.10. Composite master curves of the loss ,’
factor e" / e . Of P-CLPBDG ( ) and p-C1PBDG +
P~C1PBDG (—m—=m—mm ). | |

44



II1I-3. DISCUSSION

The appearance of a maximﬁm in the Ae—temperature curve
for all samples except for p-ClPBDG + p-ClPBLG suggests that
the observed dispersion for each sample has a property remi-|
niscent of the glass transition of the synthetic amorphous
polymer. This suggestion was also intimated by the temper-
atufe dependence of the shift factor bT obtained by the
superposition procedure. It was found that bT follows the

20,25 Table III-1 shows the dispersion tem-

WLF equaticn.
perature Tmax which is defined as the temperature of the
loss maximum at a frequency of 1lkHz for monosubstituted
PBDG along with PBLG for comparison. The dispersion tem-
peratures of all monosubstitutaﬂPBDGs;are higher than that
of PBLG. This implies that the introduction of the sub-
stituent into the phenyl ring gives rise to restrictions
on side-chain motions. The broader master curve.of mono-
substituted PBDG in comparison'with that of PBLG also sug-
gests the existeﬁce of such a restriction.

The influence of the introduction of the substituent
into the phenyl ring on molecular motions has been reported

26,27 Barb pointed out various ways by

for polystyrene.
which the softening point of polystyrene can be elevated.
(1) Substitution for specifically causing intramolecular
steric hinderance between the substituent and vicinal main-
chain segments; large rigid o-substituents produce such an

effect. (2) Substitution to increase steric hinderance

between the phenyl ring and the neighboring polymers.
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Table ITI-1 Dielectric dispersion temperature

Cmax

[«
Sample Thax (°C)
o-C1lPBDG 47
m—-Cl1PBDG . 32
p—-C1PBDG ‘ 60
p—-NPBDG 90
p—-MePBDG ' 47
p-ClPBDG + p-ClPBLG 60
PBLG 25
T , dielectric dispersion temperature defined as the

temperature of the loss maximum at a frequency of 1kHz.
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Large rigid groups at an " exposed‘“ position, particularly
at the p-position, have this effect. (3) Substitution by
dipolar group to produce long-range dipole—dipole inter-
action, as in the case of poly(p-chlorostyrene).

- This explanation can be also applied to the present
case. In our case, Tmax.may be taken as a measure of the
restriction acting on side-chain motions. It is in the
féllowing order: for ménochloro-PBDGs, p—C1lPBDG{60°C) 5 o~
ClpBDG(47°C) > m—ClPBDG(32°C) > PBLG(25°C), and for p-mono-
substituted PBDGs, p-NPBDG(90°C) > p-ClPBDG(60°C) > p-Me
PBDG(47°C).

The highest T for p-ClPBDG in the former series

ax
indicates that (2) is a doﬁinant effect, while for poly-
styrene (1) is most effective. The difference in struc-
ture between polystyrene and the side chain of PBDG may be
responsible for the lesser effectiveness of (1) in the -
present case; For polystyrene, the phenyl ring is connect-
ed to biforked polymer segments at its root, but for the
side chain of PBDG, it is connected to only one side-chain
segment. |

The estimation of allowed conformations of the side
chain of monochloro-PBDGs was made by the Monte Carlo cal-

28 The results

culation hsing an electronic computer.
showed that for p-ClPBDG, the chlorine atom is likely to
be located in outermost parts of the side-chain region sur-

rounding the a-helical backbone, while for 0-C1PBDG the

chlorine atom is located more or less in the inner parts
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of the side-chain region. Thus, the dipole—dipole inter-
action between " exposed " dipoles of neighboring molecules
for‘p—ClPBDG may be more effective than the steric hindrance
between the substituent and the other part of the side chain.
The enorﬁous relaxation stréngth of o-Cl1PBDG suggests
that the side chain of o-ClPBDG may take a éonformationﬁ
with a large resultant dipole moment by the short range cor-
relation of the C==0 dipole and the C—Cl dipole or by the
side chain—backbone chain interactioﬁ. Scheraga et al.
have calculated the minimum energy conformation of the side
chain of poly[B—(q—chlorobenzfl) aépartate], which has a%
shorter side chain than o-ClPBDG by one methylene group bu£

. . . 29
otherwise is very similar.

‘A conformation proposed by
these authors gives a value of 2.7 Debye for dipole moment
of the side chain, which is obviously larger than é% value
of 1.4 Debye calculated.Without considering the correlation
of C==0 and C—C1l dipoles.

The highest TmaX of p-NPBDG indicates the existence
of strong contributions from the long range dipole inter-
action and the sizable volume of the nitro group to the
restriction on side-chain motions. The effect may be en-
hanced by the substitution at the " exposed " position.
In Figure 3.11, the dispersion temperature Tméx is plotted
against the»mean square of the dipole moment of p-substi-

tuted phenyl rings in order to examine the correlation be-

tween the polarity and the restriction on side~chain’
motions. The value of the dipole moment was taken from
30

a literature. It is found that there is a definite

-
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correlation between values of Tmax and the mean square of
the dipole moment < ﬁz >. These results suggest that the
contribution of dipole——dipole interaction to restrict side-
~chain motions 'is appreciable.

As mentioned in the results section, the liberation of
the phenyl ring rotation around the benzyl methylene carbon
and phenyl ring carbon bond ( CC——C¢4) occurs at lower tem-
‘peratures. Since the decrement of the second moment in
the temperature range between -140 and 0°C is almost the
same for each polymer, the phenyl ring in each sample is
likely to rotate in a similar way. The effect of the
liberation of rotation of the phenyl ring upon the dielec-
tric constant depends oh the position of the substitution
of polar group. In the case df p—-ClPBDG, since the direc-
tion of the C—Cl dipole agrees with the rotation axis, the
phenyl ring rotation shoud be ineffective in changing the di- !
rection of the dipole ﬁoment, and the dielectric constant
‘'should be equal to that of PBLG in a temperature range
- where only rotation of CC——C¢ occurs. But, in the case 6f
o-C1PBDG and m—-ClPBDG, the contribution;from the C—C1 di-
pole to the dielectric constant is significanf. The soﬁe-
what smaller value of o—-ClPBDG in comparison with that of
m-isomer seems to be caused by the steric hindrance between
the 0-—C=0 and C—Cl groups.’

Racemic mixture of PBDG and PBLG(PBDG + PBLG)'has been
reported to show an extra meridional X-ray reflection of
10.6 A attributable to the phenyl ring stacks in the side

7-12

chains. The previous dielectric measurements showed

-
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that the first-order phase transition due to the break down
of the stacks 6ccurs at about 90°C for PBDG + PBLG. For

a racemic mixture of p-ClPBDG and p-ClPBLG, no reflections
reminiscent of the stack were observed.4 Furthermore,

any evidencé for the first-order transition could not be
observed in this study. The large dipole moment and large
volume of chlorine atom seem to prevent stacking for p-Cl
PBDG + p~ClPBILG. The dispersion temperatures of the dis-
.persion I for P—ClPBDG and for p-ClPBDG + p-ClPBLG are
almost the same. The relaxation strength for p-ClPBDG +
pP-ClPBLG is, however, smaller than that of p-ClPBDG and
monotonously increases with temperature. It is likely
that the dipole—dipole interaétion between " exposed "
dipoles is more effective for pP-ClPBDG + p-ClPBLG than p-

C1PBDG.
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CHAPTER IV

DIELECTRIC PROPERTIES OF POLY (e-N-BENZYLOXYCARBONYL-L~LYSINE)

IN THE SOLID STATE'AND HYDROGEN BONDS OF THE SIDE CHAIN

1-3

)
T
i

In our previous papers, it was reported that |
the behavior of the side-chain dispersion of poly(e-N-
benzyloxycarbonyl-IL-lysine) (PCLL) is well described by the
WLF-equation, as is true in the case of PBLG and purc. 41
In Chapter II, the relationship between the length of
- the side chain of poly(alkyl glutamate)s and the sidé—chain
mobility was examined.! The increase in the side—chaih
length was found to enhance the side-chain mobility. Thus,
it may be expected that the dispersion temperature of PCLL
might be far below those of PBLG and PMLG, because the side
chain of PCLL is much longer than'those of PBLG and PMLG.
Contrary to this expectation, the dispersion temperature of
PCLL is higher than those of PMLG and'PBLG..l—4’6

| In this chapter, in order to explain this unexpected
fact; dielectric solid-state properties-of PCLL, a mixture
of PCLL and PBDG(PCLL + PBDG), and a copolymer of e-N-
benzyloxycarbonyl-L-lysine and y-benzyl D-glutamate (PCLBG)
were examined.

Hatano and Yoneyama . reported that for poly(a-amino
acid)s having the urethane group in the sidé chain, sucﬁ as
for‘PCLL; poly (8-N-benzyloxycarbonyl=-L-ornithine), and
boly(y—N—benzYloxycarboﬁyl-L—a,Y—diaminobutyric acid), thei
urethane group in the side chain is hydrogen-bonded to those

-~
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in the neighboring side chain in chloroform-dichloroacetic
acid sclution. Thus, it will be reasonable to assume that
the hydrogen bonding bccurs in the solid state as well.

The purpose of this study is to present an: evidence of the
hydrogen bonding in the solid state and to correlate the

dielectric properties with the hydrogen bonding.

+
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Iv-1. EXPERIMENTAL

PCLL and PCLBG were prepared by polymerizing their
respective NCA's in dioxane with a trace of triethylamine
as an initiator. To obtain PCLBG, equi-moles of CLL-NCA
and BLG~NCA were polymerized. The ratio of BLG~ and CLL-
residues in the copolymer was determined by the amino acid
analysis and was found to be BLG : CLL = 2 : 1. PCLL +
PBDG was prepared by dissolving equi-moles of PCLIL and
PBDG in N,N-dimethylformamide (DMF). Films for measure-
ments were cast from concentrated DMF solutions on a glass
plate at 50°cC. Films were painted with conductive silver
paste in ordexr to assure complete contact with the elec-
trodes. Each film was set in the measuring cell and evac-
uated at a temperature of 120 - 150°C until the dielectric
constant at the temperature became constant.

The apparatus and procedure for dielectric measure-
ments are the same as in preceding chapters.g

Measurements were made over the frequency range from
110Hz to 1MHz. The temperature was changed from -150 to
l100°cC.

Films for measurements of infrared absorption spectra
were obtained by evaporation to dryness of viscous DMF
solution. The orientation was produced by unidirectional
shearing of the viscous solution. The best oriented film
was chosen after examination under a polarizing microscope.
Infrared absorption spectra were recorded on a Hitachi

EPI~-G3 spectrometer.

-
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Iv-2. RESULTS AND DISCUSSION

Figure 4.1 shows the temperature dependence of the
dielectric constant e¢' and the loss factor g" measured at
4kHz for PCLL, PCLL + PBDG, and PCLBG. Two dielectric
dispersions weré observed at about 50°C and -70°C for each
sample.

According to previous NMR6 and dynamic mechanicall’z’7
measurements for PCLL, the dispersion observed near room
temperature is considered to be caused by the micro-Brownian
motion of the whole side chain, and the dispersion observed
far below room temperature is due to the oscillational mo-

8,9 The dielec-

tion of the side chain on a sméll scale.
tric dispersions observed for PCLL + PBDG and PCLBG are as-
signed to the same origins as PCLL. In this chapter, only
the dispersion near room temperature will be discussed.
Figure 4.2 shows the frequency dependence of €' and
e" for PCLL at various temperatures from 40.0°C to 85.5°C.
After normalization with the relaxation strength Ae, all
of these €'~ and e"- frequency curves could be superposed
on a set of frequency dependence curves at a certain tem-
perature by performing suitable horizontal translations
along the logarithmic frequency axis.
In Figure 4.3 is shown a set of master curves for PCLL
obtained in this way. Figures 4.4 and 4.5 also show com-
posite master curves for PCLL + PBDG and PCLBG, respectively.

For all samples, the time temperature superposition principle

was found to be well applicable. The shift factor bT of
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PCLL + PBDG and PCLBG as well as PCLL were well described
by the universal WLF-equation. Master curves of s“‘for‘
PCLL + PBDG and PCLBG show a single peak, and are as sharp
as that of PCLL. This implies that side chains of the
CLL-residue and the BLG- (or BDG-) residue of PCLL + PBDG
and PCLBG undergo motions cooperatively.

Table IV-1 show the dispersion temperature Tm , the

ax
temperature of the loss maximum at a frequency of 1lkHz, for
PCLL, PCLL + PBDG, and PCLBG together with that of PBLG for
comparison. Dispersion temperature of all samples measured
here are obviously higher than that of PBILG. Thﬁs,'motion
of side chains of these samples is remarkably restricted
in the vicinity of room temperature compared with that of
PBLG side chain. It is probable that there exists a strong
interaction among the CLL-side chains.

Figuresi4,6 (a), (b), and (c¢) show infrared absorption
spectra of oriented films of PCLL, PCLL + PBDG, and PCLBG,
respectively. In the NH-stretching absorption region of
these polymers, two bands are observed: a free NH-band at
3400 cm“l and a hydrogen-bonded NH-band at 3300 cm_l.

Two species are responsible for the free NH-stretching ab-
sorption band: one is the side-chain amide, the other is

the amide group of the main chain when the a-helix is local-
1y broken. The backbone chains of these polymers, however,
are thought to be almost perfect o-helices.  Since é number
of evidences of the higher mobility of the side chain as

5

compafed with that of the main chain have been accumulated,4'

it may be reasonable to assign the free NH-stretching band
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Table IV-1  Dielectric dispersion temperature

o T e o o 0 o o i i e ot e e e T e e e e e s S S = Sy M = o > " o o o oot e e o o o

(&)
Sample TmClX o)
PCLL 55
PCLL + PBDG 55
PCLBG 43
PBLG 30 @
a, Ref 4
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Figure 4.6 (a). Polarized infrared absorption spectrum
of PCLL: —-————-— , electric vector perpendicular to the
orientation direction; ————, electric vector parallel

to the orientation direction.
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Figure 4.6 (b). Polarized infrared absorption spectrum
of PCLL + PBDG: ——=———-— , electric vector perpendicular
to the orientation direction; ————, electric vector

parallel to the orientation direction.
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to the N-carboxy amino(urethane) group of the side chain.

Figure 4.7 shows infrared absorption;spectra of PCLBG
at various temperatures from 23°C to 10l°C. The free NH-
stretching band at 3400 cm_l becomes apparent with increas-
ing temperature. Dielectric measurements showed that in
this temperature range the side chain of PCLBG undergoes
considerable motions while the main chain does not. Thus,
the increase in intensity of free NH-stretching band seems
to be related to the side-chain motion.

It is well known for polyamide and polyurethane that
carboamide groups strongly interact through hYdrogen bonds
with neighboring molecules and that the networks of such
hydrogen bonds play an important role in the physicochemical
properties.10 Hatano and Yoneyama reported that for
poly (g-amino acid)s having a urethane group in the side
chain, such as for PCLL, poly(§-N-benzyloxycarbonyl=IL-
ornithine), and poly(y-N-benzyloxycarbonyl-L-o,y-diamino
butyric acid), the urethane group is hydrogen bonded with
those in the neighboring side chains in chloroform-dichloro-

11 It is natural to consider that

acetic acid solution.
side chains of the polymers studied here are hydrogen
bonded even in the solid state. Thus, the hydrogen-bonded
NH—stretchihg absorption band at 3300 cm_l is contributed
from both the backbone and the side chain.

On the assumption that absorption coefficient of the
NH-stretching vibrations at 3400 cm—l is equal to that at

1

3300 cm_ , the mole fraction of the hydrogen-bonded NH-group

to all the urethane group of the side chain were estimated
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pendicular to the orientation direction.
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to be 82, 61, and 19 %, for PCLL, PCLL + PBDG, and PCLBG,
respectively.

Hatano and Yoneyama reported that the mole fraction of
the hydrogen—bonded NH-groups for PCLL in chloroform-dichlo-
roaéetic acid solution is 38 %.1l vThe mole fraction of
the hydrogen-bonded NH-group in the solid state is much
larger than in‘solution, beyond experimental error,'sug—
gesting that in the solid state a certain number of hydrogen
bonds are formed between side chains of neighboring mole—
cules. Furthermore, these results may imply that in the
case of’PCLL,+ PBDG, hydrogen bonds are possible between
the urethane‘group in the side chain'of the CLL-residue
and the carbonyl group in the side chéin of the BDG-residue.

When the polar urethane NH-group is hydrogen-bonded,
side~chain motion will be so hindered that the dipole
cannot be oriented to the applied electric field. Thus,
the dielectric constant &' observed will diminish upon in-
creasing the mole fraction of hydfogen—bonded NH~groups.

As seen in Figure 4.1, the dielectric éonstant in the
vicinity of room temperature for PCLL, PCLL + PBDG, and
PCLBG are 3,14, and 5, respectively. Thus; the mole frac-
tion of hydrogen-bonded NH—group in the side chain expected
from the dielectric constant e! is.in the order of PCLL >
PCLI. + PBDG > PCLBG. | |

This relation éccords well with the relation among the
mole fraction of hydrogen bonds estimated from infrared

absorption spectra. The qualitative agreement of the frac-
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tion of hydrogen bonds deduced by two independent methods
enhances the reliability of the idea of the existence of
hydrogen bonds in the side chain of PCLL in the solid state.
As noted in TablemIV—l,gthe dielectric dispersion tem-
perature was found to increase with increasing the fraction
of hydrogen bonds. The higher dielectric~dispersion tem-
perature of PCLL compared with those of PBLG and PMLG may
be interpreted in terms of the hydrogen bonding of the side

chains.
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CHAPTER V

DIELECTRIC PROPERTIES AND STRUCTURE OF COLLAGEN WITH ABSORBED

WATER

Collagen is the most abundant protein in animals. It
is an important component of supporting and connective tis-
sues in biological system. Structure and properties of
collagen and its absorption of water have been the signifi-
cant subject of numerous studies.

The minimum unit of collagen is called "Itropocollagen ",
Tropocollagen is constructed by three similar but not iden-
tical peptide chains wound into a triple helix. It is a
rod-like molecule about 2800 A long and 10 A diameter with
a molecular weight of about 300,000. Tropocollagen mole-
cules in function further aggregate!to fdrm higher level
ordered structure, that is, " microfibril "," protofibril ",
and " fibril ". Several protofibrils aggregate laterally
to form fibrils with diameter up to several microns.

| ‘It has been widely accepted that the state of packing
of tropocollagen is affected by the progress of the hydra-
tion. This implies that the collagen-water molecule inter-
action may play important roles in the assembly mechanism
of tropocollagén in the native state.

In this chapter, the interaction of native collagen
with water is investigated through the study of molecular
motion 'usingrthe method of dielectric mea;u;ements.%

The hydration process is pursued through the state of pack-

-
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ing of tropocollagen by X-ray analysis.

P~
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v-1. EXPERIMENTAL

The collagen used in this study is from bovine Achilles
~ tendons{BAT). The tendons were washed thoroughly with cold
distilled'water, and then immersed in dry acetone for a week
to remove fat. BAT was cut into a rectangle 0.3 mm thick
to make film for dielectric measurements. Conductive sil-
ver paste was painted on both surfaces as electrodes. Thev
fiber axis of collagen is almost parallel to the electrodes.
The dielectric constant and loss factor were measured
on an Ando Deﬁki TR-10C bridge with a detector of Ando Denki
BDA-9 and an Ando Denki WBG-9 oscillator. Measurements
were made over aAfrequency range from 30Hz to 100kHz. The
water fraction was changed from about 0.1 to 0.3(g water/
g cellagen). All measurements were performed at 20°C.
X—ray measurements were performed with a Rigaku Denki
diffractometer using a scintillation counter with a pulée
‘heightjanalyzer and Ni-filtered Cu—Ka‘radiation.f Wide-
angle X-ray photographs were obteinediwith a flat—plaﬁe
camera using Cﬁ—Ku radiation. The incident beam is perpen—%
dicular to the film eurface.ZSmall—angle X—ray photographs werei
ebtained with a flat camera at a specimen-to-film distance

of 300 mm.
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v-2. RESULTS
A. DIELECTRIC MEASUREMENTS

In Figure 5.1, the dielectric constant &' of collagen
with absorbed water is shown as a function of the volume
fraction of water ¢ measured at Various'frequencies from
30Hz to 100kHz at room temperature. For all frequencies,
€' increases with increasing ¢. At lower frequencies,
the valﬁe of €' becomes enormous to overgrow the value of
pure wafer with increasing ¢ above a certain value. The
region of ¢ where e' rises appreciably depends on the meas-
uring frequency; at higher frequency the increase of ¢!
begins at higher ¢. These curves are qualitatively simi-
lar to the results presented by Rosen for various powdered
proteinsl and by Tomaselli and Shamos for native collagen.2
They observed a sudden increase in the dielectric constant
when water‘content increases above a certain value. They
explained their data in terms of a transition in the hydra-
tion process, that is, the transition from the process of
building up the monolayer of water molecules to that of
thickening the crust of water around the protein.

However, both of Rosen and Tomaselli and'Shamos limited
their measurements to a lower water content region than
ours, and larger value of &' than that of pure water was
‘ not observed. The behavior of &' observed in the present
study may be the characteristics of collagen-water systém

in a region of water content higher than that studied by
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Tomaselli and Shamos.

Hoeve et al. observed the frequency dependence of ¢!
for hydrated collagen at a few different water contents.3
They observed'the considerably higher value of ¢! at léw
ffequencies in the same Water content region as our experi-
ments. In order to explain the enorﬁous value of thé‘die—
lectric constant, Hbeve‘ et al. postulated a model of the
water chain polarization on the basis of the results of
NMR by Berendsen. et al.4 Taking their model into consid-
eratidn, the frequency depehdence of ¢' in the water content
region of rising of &' observed in our éxperiments‘might be
explained. However, because our dielectric measurements .
were done parallel to the fiber axis, not perpendicular as
was the case of Hoeve et al., the water chain polarization

model seems improbable.
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B. ABSORPTION ISOTHERM AND BET PLOT

In order to obtain a clue for understanding the dielec-
tric properties of collagen with absorbed water, it seems
fruitful to pay regard to the molecular mechanism of hydra-
tion process of collagen. As for hydration of collagen,
there have been numerous studies. It has been widely ac~
cepted that the absorption isotherm of native collagen in
the low humidity region is well expreséed by the Brunauer—
Emett——Telier(BET) equation,5

Wp C X

w = : _ (5.1)
(1L ~-x)[ 1+ (¢c-x)x]

where w represents the absorbed water measured in (g water/
g collagen), wo is the amount of water of monolayer absorp-
tion, x Lepreéents the relative humidity, and ¢ equals to
exp[(.El - B, Y/ RT 1 ; Eq being the heat of absorption of
the first laver and E2 that of higher order layer. In
Figure 5.2 aré shown the absorption iso;herm and its BET ‘
plot of native ébllagen. In the BET plot, it is apparent
that up to about 60 % relative humidity( about 0.25g watei/
g collagen) experimental points fit the linear relation of
the BET theory. The value extrapolated to zero relative
humidity in the BET plot, which represents the amount of
water of monolayer absorption, was found to be about 0.1

g watér/g collagen‘from‘our data for the bulk saﬁple.

This is comparable to that observed by Bull for powdered

collagen.6
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C. X-RAY ANALYSIS

WIDE ANGLE X-RAY DIFFRACTION

In Figuré 5.3, a typical wide-angle X-ray diffraction
pattern of air dried BAT collagen is shown. The main fea-
tures of the pattern are a strong meridional arc of a
spacing of about 2.9 i, discrete équatorial reflections of
spacings of about 12 A and 6 i, and a diffuse equatorial |
blob of a spacing of about 4.5 A. The spaéiﬁg of 2.9 A of
a meridional‘reflectioﬁ corresponds to the residual trané—
lation along the helical axis. |

With respect to thé‘lateral packing of tropocbllagen,
there have been two models: (1) Miller et al. proposed
that four tropocollagens éssemble to form a microfibril and
the microfibrils pack on a tetragonal lattis.7
(2) Woodhead-Galloway et al. introduced the concept of
" planar liquid " to explain the lateral packing of tropo-
collagen.8 In each model, the eguatorial spacing of 12 A
has been considered to relate to the distance between
neighboring tropocollagens. This equétorial reflection
has been known to be sensitive to the absorbed water con-
tent.

In Figure 5.4, the spacing is plotted against the ab-
sorbed water content. The spacing increases with increas-
ing water conteht, showing a skewed sigmoidal curve.

Figure 5.5 shows the square of the spacing as plotted

against water content. The square of the_spacing is

thought to be proportional to the volume of the inter-



Figure 5.3. ‘Wide-angle X-ray diffraction pattern

of air dried BAT-collagen.

85



°

Equatorial Spacing (A)

14

12+

0 05 10 15
W (gH,0 /g collagen)

Figure 5.4. The spacing relating to the lateral

packing of tropocollagen plotted against water

content.

86




A 1 I

0 05 10 1.5
W (gH,0 /g collagen)

|

Square of the spacing plotted against .

Figure 5.5.

water content.

P

a : The value for samples of thoroughly
dried at room temperature. [ M. A. Rougvie
and R. S. Bear, J. Amer. Leather Chem. Ass.,

48, 735 (1953).]
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tropocollagen region, because the meridional 2.9 i reflec-
tion does not change with the water content in the range
studied. This figure shows that the hydration process
of colilagen éan be divided into three stages. They are
1labelled stage I, stage II, and stage III in order of in-
creasing hydration.

Stage I is the region of hydration correspondiﬁg to
the absorbed water content up to 0.l1lg water/g collagen.
In stage I the spécing is less sensitive to the absorbed
water content compared with the case in stage II. The
terminal point of stage I, about 0.lg water/g collagen,
accords with the amount of water in the monolayer of the
collagen absoiption site, which was obtained from the BET
plot in the preceding section. In this stage, water mole~
cules ocdupy the absorption sites on inner-surfaces of
collagen and build up monolayer.

Stage II is the région betweén fhe water content of
0.1 and 0.6g water/g collagen. In this stage the square
of the spacing increases linearly with increasing water
content. This suggeéts that in this region of hydration
water molecules are accommodated into the inter-tropocolla-
gen region. It seems that water molecules attach on the
monolayer to thicken the crust of water layer in this stage.

Stage III is the region.above O.Gg water/g collagen.
In stage IiI, the spacing is less éensitive to the absorbed
water content. - The spacing at water‘contents more than
1lg water/g éollagen reaches to an asymptotic value of about

15 i. A molecular mechanism of the hydration in stage III

88



should satisfy the conditions that the spacing does not in-
crease remarkably though water molecules are further taken

into the fibril.
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SMALL ANGLE X-RAY DIFFRACTION

Figure 5.6 shows a small angle X-ray pattern of swollen
collagen. Several meridional reflections are observed.

On the equatdr a diffuse scattering is observed. Figure
5.7 shows a small angle X-ray pattern of air dried collagen.
The diffuse scattering which is observed for swollen colla-
gén is not observed. - This diffuse scattering may be con-
sidered to be characteristic for stage III and may present
some clue to the question where the water absorbed in stage
IIT is stowed away. The diffuse scatteringiin Figure 5.6
seems to have characteristics which are reminiscent of
commonly called " void scattering " of synthetic fibrous
polymers.9 The smali angle X-ray pattern is examined for
collagen swollen with ethylene glycol (Figure 5.8). The
intensity is considerably diminished by soaking of ethylene
glycol as compared with Figure 5.6. The intensity of the
void scattering is proportional to the square of‘thé dif-
ference in electron density between void and matrix. If
we assume that’the swelling reagent goes into wvoid, the
electron density difference between matrix and void will

be greater for water than for ethylene glyéol. The results
indicated by Figures 5.6 énd 5.8 support the abové idea.

The swolleﬁ opaque corneal stroma has been known to
consist of irregular regions or so-called " lakes ".10
In.these regions there exists no collagen at all and the
size of the lake is comparable to the wave length of the

visible ray, though seemed to have an appreciable distri-

bution. Such irregularity has been considered to be origi-
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Figure 5.6. Small-angle X-ray pattern

of swollen collagen.
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Figure 5.7.

Small-angle X-ray pattern

of air dried collagen.
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Figure 5.8.  Small-angle X-ray pattern

of collagen swollen with ethylene glycol.
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nated from the remarkable localization of cross-links which
increase with aging of collagen fibers. BAT from matured
body must have a similar irregularity; The void-like .
region expectéd from the small angle X~-ray pattern §f the
swollen collagen may be such a lake.

The water absorbed in stage'III is impossible to enter
the inter-tropocollagen region because of the cross-link,
énd may be considered to build up the pool of water’mole—

cules in collagen fiber.
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V-3.  DISCUSSION

in Figure 5.9, the division of hydration process pre-
.sented in this study is compared with divisions by Nomura.
et al. and Pineri. et al. which are based on the dynamic
mechanical measurements and the thermal analysis, respec-
tively.ll’lz"

The correspondence of the three models of division
éhown in Figure 5.9 is as follows: (1) Stage I of our model
corresponds to stage I of Nomura's and the region of stage I
and stage Ii of Pineri's.  (2) Stage II of ours covers the
region of stage II and stage II' of Nomura's and the region
of stage III ahd stage IV of Pineri's. (3) Though there
is no exact agreement in the starting point of the final
stage in each model, stage III of our model may be regarded
to corfespond to stage III of Nomura's and stage V of
Pineri's.

The molecular mechanism of hydration in stage I deduced
from our experiments accords with those of the correspondihg
division of Nomura et al. and Pineri et al. They terméd
‘'waters building up monolayers tightly bound water. |

Through stage II, the spacing between tropocollagens
is found to increase linearly with the amount of water ab-
sorbed. - On the basis of the structural studies stage II
may be regarded as one stége hydration process. However,
it is worth noting that both in Nomura's model and Pineri's
model the corresponding process of hydration are futher di-
vided.into two stages. Indeed, our observation on molec-—

-
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Figure 5.9. Comparison of the hydration process

models.
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ular motions of water-collagen system by dielectric measure-
ments indicates|two regions where e' increases slowly and
rapidly with water content.

It is of interest to note that stage II is ohe hydra-
tion process by structural studies while studies on molec-
ular motions insist two processes. The change in molec-
ular motions observed in stage II does not have any influ-
ence upon‘the structure.

Taking into consideration of these information on the
structural transformation with the hydration, the dielec-
tric properties of collagen with absorbed water are recén?
sidered. |

Murphy and Lowry have explained the high dielectric
constant of absorbent dielectrics in terms of the intersti-
tial conduction in the crust of hydrated wéter of desorbed
ions which were absorbed by dielectrids.13 Collagen has
some amount of ionizable amino acids. They may be deion-
ized or neutralized by the attachment of the counter ions:
in thé dry state. When such a system absorbs.water and
the crust of water surrounding each tropocollagen thiékens
to a proper amount of water, the counter ions may become
free to move. High dielectric constant can be ekplained
in terms of the polarization caused by the interstitial
conduction of desorbed ions. According to this model, the
water content region where the rapid rise of the dielectric
constant occuré at each frequency may belattributedlto the
critical hydratioh where counter ions begin to move in a

time scale of observation. This region was observed by

-
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broad-line NMR measurements.
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Chapter VI
CONCLUSTION

The decrease in breadth of the distribution of the
dielectric relaxation time with the increase in the side-
‘chain length of PnALG provides an evidence of the validity
of the two-phase model for poly(a—aminb acid) in the solid
state. This suggestsvthat interactions occurring in poly-
(a—amino acid) are divided into the side chain-—backbone
and the side chain——side}chain interactions.

The dielectric dispersion of monosubstituted PEDG in=-
dicates that substituents introduced to the phenyl ring of
the side chain brings about strong influence upon side-
chain motions. This influence is most remarkable for p-
substitution in three monochloro-PBDGs and can be explained
mainly in terms of the dipole—dipole interactions among
tﬁe " exposed " C—Cl dipoles of p—ClPBDG. The restric-
tion upon side-chain motions is enhanced by the increase
in polarity and bulkiness of the substituent. For o-Cl
PBDG, a steric hinderance between the o-Cl and the carboxy
group determines'a'side—chain conformation which gives the
large resultant dipole moment. For a racemic-mixture of
| p-ClPBDG and p-ClPBLG, no evidence of phenyl ring stacks
of the side chain was obéerved, although such stacks are
believed to existvfor PBDG + PBILG.

The high dispersion temperatures obserVed for PCLL,

PCLL + PBDG, and PCLBG as compared with those of PBLG and
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PMLG imply the éxistence of a strong interaction in these
polymers. Infrared absorption Spectra revealed that
there are hydrogen bonds among urethane groups of the CLL-
side chains.. The order of the dielectric constant &' in
‘the vicinity of room temperature, PCLL(3) < PCLL + PBDG (4)
< PCLBG(5) was well explained in terms of hydrogen bonds
in the side chains of these polymers studied by infrared
absorption spectra. The dispersion temperatures were also
found to be related to the fraction of hydrogen bonds.
The existence of hydrogen bonds in the side chain was found
to be one of the important factors in understanding the
properties of PCLL and the related poly(a-amino acid)s in
the solid state. |

The hydration process of collagen was divided into
three parts. Stage I of the hydration is the process
where water molecules occupy the absorption sites on in-
ner-surfaces of collagen to build up monolayer. In stage
11, water molecules attach on monolayer to thicken the
crust of water layer. In hydration stage III, the water
absorbed is considered to build up the pooi of the water
molecules in collagen fiber.

The dielectric constant increases rapidly to the enor-
mous value in stage II. This was explained in terms of
the polarization due to the interstitial conduction of
desorbed ions in the thickening'crust of water‘surrounding

tropocollagen.
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