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ABSTRACT: Dielectric measurements were carried out on undiluted poly(butylene oxide) (PBO) with
various molecular weights. The dielectric normal mode relaxation due to fluctuation of the end-to-end
vector and the segmental relaxation due to local motions were observed. The relaxation time 7, for the
normal mode and 75 for the segmental mode conformed to the Vogel—Fulcher equation, and the ratio of
To/Ts did not depend on temperature. From the relaxation strengths for the normal and segmental modes,
the parallel and perpendicular components of the dipole moment were determined. With the aid of the
literature data of the end-to end distance, the dipole moment per unit contour length of PBO chains was
also determined. It was found that the M dependence of 7, changed around the characteristic molecular
weight M. (=6000), i.e., in the range of M < M, 1, is proportional to M?°, and in the range M > M. 1, is
proportional to M3#. The relationship between the segmental dynamics and chain dynamics is discussed.

Introduction

Polyethers having a chemical structure of —(CHy—
CHR—-0-), are a typical group of type A polymers
which have the dipole moments aligned in parallel with
the chain contour and exhibit dielectric normal mode
relaxation.!”2 Baur and Stockmayer first reported the
dielectric normal mode relaxation of poly(propylene
oxide) (PPO, R = CHj) in 1965.%5 In the 1990s several
authors reinvestigated the dielectric behavior of PPQ.6-8
However, those data are limited to the behavior of low
molecular weight (MW) samples obeying the Rouse
theory.? Recently, Kyritsis et al. reported the dielectric
normal mode relaxation of poly(butylene oxide) (PBO)
with R = —CH3CHjs and block copolymer composed of
PBO and poly(ethylene oxide).1%11 They also used very
low MW PBO. So far the normal mode relaxation
covering a wide range of MW has been reported only
for two polymers, namely cis-polyisoprene (cis-PI)12-16
and poly(lactic acid) (PLA).17 Although the dielectric
normal mode relaxation has been investigated exten-
sively for cis-polyisoprene(PI),3:12-16.18-26 the dielectric
data of type A polymers other than PI are needed for
studies of chain dynamics in various complex systems
such as polymer blends in which the miscibility depends
on the chemical structures of the components. Such data
are also needed to understand the relationship between
the global chain dynamics and local segmental dynamics
in which the latter depends strongly on the chemical
structure of the repeat units. This paper reports the
dielectric relaxation of PBO over a wide range of MW.

Through the dielectric normal mode spectroscopy, one
can obtain information on the chain dimension as well
as the chain dynamics.! =3 If the dipole moment per unit
contour length is known, the mean-square end-to-end
distance can be determined from the relaxation strength.
Normally the chain dimension is measured through
scattering methods which provide the mean-square
radius of gyration. The dielectric normal mode spec-
troscopy is a unique method for direct determination of
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the end-to-end distance.? In this study we aim to
determine the parallel dipole moment of PBO for future
studies of the conformation of PBO chains in solutions
and in more complex systems. In regard to the relax-
ation strength of polyethers, it is known that the
intensity of the normal mode of poly(styrene oxide)with
R = C¢Hs5 is very weak. This was reported by Stock-
mayer et al. for solutions and recently confirmed by us
on the basis of more careful experiments.2”-28 Thus, the
type A dipole moment of polyether depends strongly on
the chemical structure of the side group R.

As mentioned above, the relationship between the
global chain dynamics and segmental dynamics of a
chain is an issue to be solved. Since polymers having
the dipoles aligned perpendicular to the chain contour
(type B dipoles) exhibit familiar segmental mode relax-
ation (o relaxation), we can conveniently study this
issue by dielectric measurements of type AB polymers
possessing both the type A and type B dipoles. The
present dielectric data of PBO will complement such
data. It is known that the successive occurrence of
random local motions of a chain consisting of IV seg-
ments results in fluctuation of the end-to-end distance.??
When the correlation time for the local motions is 7o,
the terminal relaxation time is proportional to 7oN?
conforming to the Rouse theory.? We will discuss the
relationship between the normal and segmental modes.

Experimental Section

Materials. Samples of PBO were prepared by polymeriza-
tion of butylene oxide (1,2-epoxybutane) (Aldrich) in dry
tetrahydrofuran with potassium hydride (Aldrich) as the
initiator and 18-crown-6 (Wako Chemicals, Tokyo, Japan) as
the catalyst.?® Temperature of polymerization was changed
from 0 to 50 °C to control MW. It was found that the average
MW increased with decreasing temperature of polymerization.
Thus, prepared PBO samples were fractionated with THF/
methanol mixed solvent. Weight-average MW (M) and poly-
dispersity index (M/M,) were determined by a gel permeation
chromatograph (GPC) equipped with a light scattering detector
(Tosoh LS 8000). Sample characteristics are listed in Table 1.
The polydispersity indices of some samples are relatively high.
This causes an error in the MW dependence of the normal
mode relaxation time and also causes the broadening of the
shape of the €" curves for the normal mode. For the detailed
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Figure 1. Temperature dependences of dielectric constant €'
and loss factor € for PBO-5.

Table 1. Weight-Average Molecular Weight M,, and
Polydispersity Index My/M, of PBO Samples

code 103M,, M./M, code 103M., M /M,
PBO-5 4.5 1.21 PBO-36 36.0 1.15
PBO-9 8.8 1.17 PBO-37 36.8 1.58
PBO-12 12.3 1.22 PBO-45 45.0 1.20
PBO-18 18.0 1.65 PBO-50 49.9 1.31
PBO-21 20.5 1.08 PBO-59 58.8 1.31
PBO-24 23.7 1.63 PBO-85 85.0 1.28

analyses of the data, this should be taken into account. The
glass transition temperature T, was measured on representa-
tive samples of PBO-12 and PBO-50. T'ss of both samples were
199 K.

Methods. T, was measured by a differential scanning
calorimeter (Seiko Instruments & Electronics Ltd., DSC-20,
Japan) at a heating rate of 10 K/min. T, was determined as
the middle point of the transition. Dielectric measurements
were performed by using two RLC meters (QuadTech, models
1693 and 7600). The capacitance cell for measurements of
viscous liquids was reported previously.'* The electrodes were
made of gold-plated brass and were not broking electrodes.

Results and Discussion

Temperature Dependence of Dielectric Con-
stant and Loss. Figures 1 and 2 show the representa-
tive temperature dependence curves of the dielectric
constant ¢ and the loss factor ¢’ for PBO with two
different MW. It is seen in Figures 1 and 2 that the
relatively sharp loss peaks appearing in the range from
200 to 250 K are almost independent of MW. Further-
more, the loss peak at 100 Hz is observed ca. 20 K above
T, (= 199 K) of PBO. This behavior is typical of the
segmental mode (the o5 process) of amorphous polymers.
On the other hand, we see that the high-temperature
process shifts to high temperature with increasing
molecular weight (MW). For PBO-5 the high-tempera-
ture peak appears around 230 K at 100 Hz, but in PBO-
24, it appears around 270 K. This indicates that the
mobility decreases with MW and hence this process can
be assigned to the normal mode process (the o, process).
This behavior is more clearly seen in Figure 3 in which
the ¢ curves at 1 kHz of PBOs with various MW are
plotted. A weak loss peak can be seen around 150 K.
This low-temperature peak is also independent of MW
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Figure 2. Temperature dependences of dielectric constant €'
and loss factor ¢ of PBO-24.
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Figure 3. Temperature dependence of dielectric loss factor
€'" of PBO with various molecular weights.

and can be assigned to the secondary relaxation process
(B process).

In Figures 1 and 2, the ¢' curves exhibit dispersions
in the temperature ranges where corresponding loss
peaks appear. The jump of the €' curve is equal to the
relaxation strength. In the temperature range above the
dispersion region, ¢' decreases monotonically due to the
decrease of the relaxation strength which is proportional
to the inverse of temperature. Decrease of the density
with increasing temperature is also the origin of the
decrease of ¢ with temperature.

Frequency Dependence of €. Figures 4 and 5 show
the representative frequency dependences of € in the
range of the a5 and a, modes for PBO-5 and PBO-24,
respectively. Comparing these curves with the corre-
sponding temperature dependence curves of €', we
assign the low- and high-frequency peaks to the normal
mode and segmental mode, respectively. As observed for
the other type A polymers,2 the separation of the
segmental and normal modes increases with increasing
MW.

The separation between the normal mode and the
segmental mode for PBO samples with higher MW than
PBO-24 becomes wider than our experimental window.
Therefore, we used time—temperature superposition
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Figure 4. Frequency dependence of ¢’ of PBO-5 in the
temperature range where the segmental and normal modes
are observed. Temperatures of measurements are given in the
graph in K.
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Figure 7. Arrhenius plots of the loss maximum frequencies
fm for PBO-5, PBO-9, and PBO-12. The marks (n) and (s)
represent the normal and segmental modes, respectively.
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Figure 5. Frequency dependence of €' of PBO-24 in the
temperature range where the segmental and normal modes
are observed. Temperatures of measurements are given in the
graph in K.
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Figure 6. Master curves of €' of PBO at 240 K.

principle to observe frequency dependence of €' over a
wide frequency range. Figure 6 shows the master curves
of €' at 240 K for representative PBOs including the
low-MW PBOs. The low-frequency peak is due to the
normal mode relaxation and shifts to low-frequency side
with increasing MW. The segmental mode process
around log f = 5 is almost independent of molecular
weight.

The temperature dependences of loss maximum fre-
quencies fn, for the segmental and normal modes of
PBO-5, PBO-9, and PBO-12 are compared in Figure 7
in order to examine the relationship between the
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Figure 8. Temperature dependence of the separation of the
normal mode and segmental mode.

relaxation times (= Y57fy) of the normal and segmental
modes. For the segmental modes, the plots (closed keys)
are almost independent of MW. For PBO-05 the relax-
ation frequencies are slightly higher than the others due
to the effects of chain ends.

As shown in Figure 7, the temperature range in which
both the normal and segmental modes can be observed
at the same temperature is limited. Using those limited
data, we plotted the separation of these processes log-
[fm(s)/fm(n)] in Figure 8. The separation is independent
of temperature within the experimental error. This
agrees with our previous report that log[f(s)/fim(n)] for
cis-polyisoprene is independent of temperature in the
range T > Ty + 30 K.3! In the range T < T + 30 K,
loglfm(s)/fm(n)] decreases with decreasing temperature.
Schénhals?2 reported that log[fm(s)/fm(n)] in cis-polyiso-
prene and PPO is almost constant in the range of
temperature Ty + 30 < T < Ty + 50 K, and in the range
above T, + 50 K, it decreases slightly with increasing
temperature. However, the change is less than +0.1
decades, and we can regard that loglfm(s)/fm(n)] in the
range T > T, + 30 K is independent of temperature
within an experimental error.

It is seen in Figure 7 that the temperature depend-
ences of fi(s) and f(n) are of the Vogel—Fulcher
type:33:34
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where A, B, and T, are the constants. First, we
determined these parameters for the segmental modes
and listed in Table 2. The solid lines in Figure 7 indicate
eq 1. If log[fim(s)/fm(n)] is independent of temperature,
the parameters of B and T for the normal and segmen-
tal modes should be the same. We tested this expecta-
tion assuming that B and T for the normal mode are
the same as those for segmental mode and plotted eq 1
by the solid lines. As is seen in Figure 7, the experi-
mental data for the normal modes conform approxi-
mately to eq 1 thus drawn. This indicates that log[fin(s)/
fm(n)] is independent of temperature in more wider
range than that examined in Figure 8.

Verdier and Stockmayer performed a computer simu-
lation to examine the relationship between the rate of
local motion and the chain dynamics for a chain consist-
ing of N beads placed on the lattice points of a cubic
lattice.?® Each bead jumps randomly to one of the
neighboring lattice points. The successive occurrence of
random local jumps of the beads results in fluctuation
of the end-to-end distance. They found that the longest
relaxation time 77 for the fluctuation of the end-to-end
distance is proportional to N2 conforming to the Rouse
theory.? They also proposed theoretically the following
relationship:

7, = K(N — 1)°1, (2)

where K is the constant close to unity and 7y is the
correlation time for local jump of the segments. Since
N > 1, 71 is proportional to N27j. It is reasonable to
consider that the experimentally observed 7, and 7
correspond to 77 and 7¢, respectively. This equation
explains well the present experimental results; i.e.,
although 7y changes rapidly with temperature, fi,(S)/fin-
(n) remains constant.

Two arguments may be necessary. One is the average
size of segment corresponding to the bead of the Ver-
dier—Stockmayer model. In classical models, local seg-
mental motions occur through internal rotation of the
skeletal bonds, and the several monomeric units move
cooperatively as represented by the models of “crank-
shaft motion”35:3¢ and “three-bond jump”.37-38 However,
recent studies of computer simulation have revealed
that those modeles are not correct.?*~*2 Here we assume
that the average number of the monomeric units
involved in such segmental motions is n. Then N of eq
2 is given by x/n, where x is the degree of polymerization.
If n changes with temperature, 7,/7s depends on tem-
perature. The experimental results indicate that the size
of segmental motions does not change largely in the
range of relatively higher temperature than T,. How-
ever, in the range of T' < T, + 30 K, the mechanism of
the segmental mode depends on temperature and n
increases. Increase of the size of intermolecular coopera-
tive motions near 7T; may be the origin.

In this context, the dependence of log[fm(s)/fm(n)] on
composition in mixed systems is an interesting issue.
For concentrated solutions of cis-polyisoprene in toluene,
we have found that log[fm(s)/fm(n)] decreases with
decreasing concentration.*3 This indicates that with
decreasing concentration hindrances for segmental mo-
tions become weak and hence segmental motions of
larger size than in undiluted state can occur. Then n
tends to increase with decreasing concentration.

Undiluted Poly(butylene oxide) 9213

Table 2. Parameters of the Vogel—Fulcher Equation for
the Segmental Mode and the Normal Mode

segmental mode normal mode

code A B/K To/K A B/K To/K

PBO-5 11.18  482.2 158.2  8.72 4822 158.2
PBO-9 11.62 5544 1573 829 5544 1573
PBO-12 11.27  499.3 161.8 7.32  499.3 161.8

The second problem is whether the linearity of the
longest relaxation time with respect to 7o holds even in
entangled states. Equation 2 represents the proportion-
ality of the Rouse relaxation time g and local correla-
tion time 79, and hence one may expect that eq 2 is
applicable only to unentangled systems. However, ac-
cording to the Doi—Edwards theory,** the longest re-
laxation time 74 (tube disengagement time) is propor-
tional to Mtr(M), where 1r(M) is the Rouse relaxation
time in the hypothetical state where the entanglement
effects are absent (see eq 9). In more sophisticated
theories of modified tube theories such as constraint
release® or contour length fluctuation,*8 74 is factored
by a function of M, and M, and is still proportional to
tr(M). Therefore, we can expect that the longest relax-
ation time in entangled states is also proportional
to 7.

Relaxation Strength and Dipole Moments. The
relaxation strength for the segmental mode Ae; and
that for the normal mode Ae, have been determined
from the Cole—Cole plots and are listed in Table 2.
Then the effective dipole moment for the segmental
mode has been calculated with the Onsager—Kirkwood
equation:*7:48

_ 4aNgpg® (ey + 2)%ey
~ 3kgT  3(2ex + €y)

3

where N is the number of the monomer unit in unit
volume, g the Kirkwood correlation parameter, and pp
the type B dipole moment of the monomer unit. It is
noted that eq 3 is the expression in the cgs-esu unit.
From the average values of A¢s given in Table 2, the
value of g12pp is determined to be 2.63 x 10730 C m =
0.79 D (D: Debye unit) with the density 0.98 g/cm3.10
The dominant dipole moment of polyethers is the ether
group, and the dipole vector is directed in the direction
perpendicular to the chain contour (type B).

The relaxation strength Ae, for the normal mode in
the electro static unit (esu) is given by?

Ae, 4aN @0

n

C ~ 3k, IM @
where C is the concentration in the units of g/mL, u the
dipole moment per unit contour length, [#2[lthe mean-
square end-to-end distance, and F' the internal field
factor. In the present case of undiluted polymers, C is
equal to the density p of bulk PBO. Stockmayer and
Baur proposed to use the Lorentz—Lorenz equation for
F.#9 Later we found that for random coil the internal
field should be equal to macroscopic field and hence F
= 1.50 Matsushima et al.’! measured light scattering and
viscosity on dilute solution of PBO in a ® solvent (2-
propanol) at 303 K. They reported the unperturbed
dimension ((#2[IM)Y2 to be 0.700 x 1078 (cm mol/2 g~1/12),
From this value and the relaxation strength Ae,, u is
determined to be 1.65 x 10711 esu (5.50 x 10721 C).
Previously, we determined Ae, of poly(propyrene oxide)
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Figure 9. Structure of PBO and the type A and B dipoles.

Table 3. Relaxed Dielectric Constant eg, Unrelaxed
Dielectric Constant ey, and Relaxation Strength Aeg for
the Segmental Mode and Ae, for the Normal Mode

segmental mode

normal mode
code T/K €R €U Aes T/K €R €U Aén

PBO-12 2216 4.53 258 195 319.7 451 3.76 0.75
PBO-24 2205 4.68 275 193 319.1 451 3.78 0.73
PBO-45 2205 4.60 265 195 3195 434 3.59 0.75

(PPO) to be 0.52 at 236 K and u« of 1.10 x 10711 esu
with F' = 1.8 In contrast those data, we recently reported
that the relaxation strength for the normal mode of poly-
(styrene oxide) (PSO, R = CgHj;) is zero within experi-
mental error.?8 Comparing u of PBO, PPO, and PSO,
we see that the side group R of polyethers affects
strongly the parallel component of the dipole moment.

Now we determine the type A and type B components
of the dipole moment per monomeric unit. Figure 9
shows the structure of the PBO molecule stretched fully
in the direction along x axis (all trans conformation).
The length of the monomer unit becomes 0.355 nm as
indicated in the figure. Here the C—C and C—O bond
lengths are assumed to be 0.153 and 0.142 nm, respec-
tively, and the C—C—0O and C—0O—-C angles to be 109°
and 110°, respectively. Thus, the type A component pa
becomes 0.59 D (= u times 0.355 nm). Since the bond
moment of C2—C'1 is almost zero, pa locates on the C1—
0O—C2 group, as shown in Figure 9. To determine the
direction of ps, we calculated the local charges of the
atoms of the PBO chain with the method of molecular
dynamics (AM1). Results indicate that the positive
charges of C2 including two attached H atoms is higher
than that of the sum of charges of C1 including one
attached H atom. Thus, pa is directed as indicated by
the arrow in Figure 9.

The dipole moment of the ether group is reported to
be 1.2 D for various low molecular weight ethers.52
Therefore, the type B component (pg) is calculated to
be 1.04 D. Since g2pg is determined to be 0.79 D, g of
PBO becomes 0.87, indicating that the dipoles of the
ether groups tend to orient antiparallel.

Molecular Weight Dependence of Normal Mode
Relaxation. In this section the MW dependence of the
relaxation time for the normal mode 7, is discussed.
Before plotting 7, against M, it is needed to correct the
M dependence of the friction coefficient. For high
molecular weight polymers, 7, can be written by a form

= §(DFM) 5)

where {(T) and F(M) are the friction factor and the
structure factor, respectively. The friction factor is a
function of temperature and is independent of the
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Figure 10. Molecular weight dependence of the relaxation
time t,¢ for the normal mode. The open circles indicate the
data reported in ref 10.

architecture of the polymer molecule. However, it is
known that (7)) depends weakly on M for low molecular
weight polymers. Therefore, it is required to reduce the
data of low MW samples into an isofriction state. Com-
paring eq 2 and eq 5, we note that ¢(T) is proportional
to the rate of local motion 7. Therefore, we converted
7, of PBO-5 and those reported in ref 10 into the values
(tne) at the isofriction state of the high molecular weight
samples using the data of 7;. For the other high-MW
samples this correction was not necessary.

The relaxation times tn: for the normal mode are
plotted against MW in Figure 10 together with the data
of ref 10. It is seen that the plots exhibit a break at the
characteristic molecular weight M. of about 6000 +
2000. Unfortunately, the data points are rather scat-
tered, resulting in a relatively large error of M.. The
present value of M. should be confirmed by measure-
ments of the plateau modulus from which the molecular
weight between entanglements M. ~ M/2 can be
determined. The slope of the plots in the range of MW
less than M. is 2.0, and in M > M. the slope is 3.4 +
0.1.

Here we summarize briefly the theories of the normal
mode relaxation. The Rouse theory predicts that the
complex dielectric constant ¢* for the normal mode of
nonentangled chains is given by?

8Ae, N 1
(6)

€ —ey= Z
7* pEed pi(1 + l0T,)

where A¢, is the relaxation strength and is given by eq
4, 7, the relaxation time for the pth mode, and w the
angular frequency. 7, is given by

CN 2b2
i 3n2kb Tp? @
B

where C is the friction for one bead, N}, the number of
beads per chain, b the average distance between neigh-
boring beads, and kpT the thermal energy. The longest
relaxation time 77 of undiluted polymers is expressed
by using the zero shear viscosity #o:

12n,M
7°pRT

(8)

Ty =1Tp~—

where p is the density.
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For entangled chains with M above M., tube models
may be applied.** According to the original tube model,
the relaxation spectrum is represented by eq 6, and the
longest relaxation time 74 in the entangled chains is
given by

 Bry(MOM®  3r(MDM

74 E i 9

e

where g is the longest relaxation time of the Rouse
theory and M, the molecular weight between entangle-
ment. The theory predicts that 74 is proportional to M?30.

Returning to the experimental results given in Figure
10, we note that the exponent 3.4 for the MW depen-
dence of 7, is higher than the theoretical prediction. The
discrepancy between the theory and the experiment can
be ascribed to the constraint release mechanism pro-
posed by Graessley;*? i.e., the tube itself fluctuates since
the surrounding chains also move at the same rate as
the reference chain. If the reference chain is put in a
matrix of high molecular weight, the chain dynamics
conforms to the theory. This was confirmed experimen-
tally for dilute blends of cis-polyisoprene with high-MW
cis-PI and those of PI in polybutadiene.l® The exponent
of ca. 3.5—3.7 in monodisperse PI was explained by the
constraint release model. It is expected that the chain
dynamics of PBO is similar to that of PI.

Conclusion

We have reported the results of dielectric measure-
ments on undiluted poly(butylene oxide) (PBO) in the
frequency range from 0.01 to 1000 kHz. PBO exhibits
the dielectric normal mode relaxation (the o, process)
due to fluctuation of the end-to-end vector and the
segmental relaxation (the os process) due to local
motions in the temperature range from 200 to 360 K.
The a, process depends strongly on molecular weight
(MW), but the as process does not. The relaxation time
7y for the normal mode and 7, for the segmental mode
conform to the Vogel—Fulcher equation, and the ratio
of 7,/ts does not depend on temperature in the range of
temperature above T + 25 K where the glass transition
temperature T is 199 K. This behavior can be explained
on the basis of the Verdier—Stockmayer model which
predicrs 7, = KN?t,, where K is the constant and N the
number of the segments per chain. The dipole moment
per unit contour length of the PBO chains becomes 1.65
x 10711 esu (5.50 x 1072! C) from the relaxation
strength for the normal mode. The type A component
pa per monomer unit has been also determined to be
0.59 D (D: Debye unit). From the relaxation strength
for the segmental mode, g¥2pp is determined to be 0.79
D and g = 0.87, where g is the Kirkwood correlation
factor. Therefore, the type B component (pp) is calcu-
lated to be 1.04 D. The MW dependence of 7,, changes
around the characteristic molecular weight M. (=6000);
i.e., in the range of M < M. 7, is proportional to M,20,
and in the range M > M. t, is proportional to M3,
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