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Viscometric determination of the statistical segment length of
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A new viscometric method, which consists of plotting the inverse of the intrinsic viscosity versus the inverse of the
square root of the molecular mass (Dondos and Staikos, Colloid Polym. Sci., 1995, 273, 626) has been applied for
the determination of the statistical segment length of a poly(p-phenylene) ribbon-type polymer (Me-LPPP). The
same method has also been applied to determine the statistical segment length of other wormlike polymers with
viscometric data taken from the literature. The values of the statistical segments obtained using this new method
are in close agreement with the values obtained from other methods. © 1998 Elsevier Science Ltd. All rights

reserved.
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Introduction

The rigidity of the polymeric chains has attracted a great
deal of interest since the earliest efforts in polymer science
because it is related to the mechanical properties of
polymers. As the more rigid polymers present better
mechanical properties, many new wormlike polymers, i.e.
polymers presenting a high rigidity, have been prepared
during the last few years.

In the case of flexible vinyl polymers, the rigidity has
been characterized by the unperturbed dimensions para-
meter Kg obtained viscometrically in an ideal solvent or
even in a good solvent using different graphical methods,
such as the Stockmayer—leman -Burchard (SFB)"? and the
Dondos-Benoit (DB)** method. The DB method has also
been used for the determination of the unperturbed
dimensions parameter K¢ of wormlike polymers, as well
as the SFB method in some cases (very high molecular mass
region)™®. From the K¢ value, the Kuhn statistical segment
length, A, is obtamed

In a recent study’, an improvement in the use of the Kg
value obtained by the SFB or the DB methods for the
determination of A, has been proposed. More precisely, the
value of the Flory parameter ®, which is necessary to obtain
the statistical segment length from the Kg value, is
calculated as a function of the Mark—Houwink—Sakurada
(MHS) exponent a after exploitation of the results obtained
in the determination of A of different wormhke polymers, by
using the Yamakawa—Fujii (YF) method®. The use of
exponent a (instead of the chain contour length and the
chain diameter) for the determination of & in the draining
region has been recently theoretically justified”"'

In this article, the rigidity of a ribbon-type worrnlike
polymer has been viscometrically characterized by the
above procedure. In order to check the validity of this
procedure the statistical segment lengths of some other
wormlike polymers have also been determined using the
viscometric results given in the literature. The results
obtained show that we now have at our disposal a new

* To whom correspondence should be addressed

method for the determination of the statistical segment
length of wormlike polymers which, compared to the
existing methods, is characterized by its simplicity and
accuracy.

Theoretical

The statistical segment length of a flexible polymer can
be obtained from the unperturbed dimensions parameter K¢
which, in the case of the low molecular mass region where
the excluded volume effect is not important, can be obtained
by applying the DB equation®*

L A+ KM 0

(]
in which A, expresses the long-range interactions in the case
of flexible polymers. As it concerns the wormlike polymers,
A, should express the draining effect of the chain. This
assumption is derived by the results obtained from the appli—
cation of the relation (1) in a wide molecular mass region of
a wormlike polymer®. According to these results, A,
approaches zero when equation (1) is applied in the higher
molecular mass region where the draining effect becomes
very low.

The Kuhn statistical segment, A, is obtained from K¢

using the equation
Ko\ 23
A= ( ;@) My )

in which M, is the mass per unit length. The Flory para-
meter ®, which in the case of wormlike polymers depends
on the draining effect of the chain, is given by the following
empirical equation’

®=0.52 % 10%a>% (3)

in which a is the exponent of the MHS equation. This equa-
tion has been obtained by applying the Yamakawa—Fujii
method® for the determination of the statistical segment of
different wormlike polymers. Lavrenko has recently
shown®'? that this relation giving the ® value as a function
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Table 1 Weight average (M,) and number average (M,) molecular
masses and intrinsic viscosity ([5]) values of five fractions of Me-LPPP
in toluene and chloroform at 20°C

M, X 107* M, x107* [qM(mlg™")
Chloroform Toluene
55*05 27 £02 28.1 33.5
8.6 = 0.7 4.0+ 03 42.1 475
10.0 = 0.8 6.9 * 0.6 43 49.6
11.2 = 0.9 7.1 £ 0.6 45.5 55.3
18.0 £ 1.5 10.7 £ 0.9 80 87

Table2 MHS exponent a and Flory parameter & calculated from equation
(3), unperturbed dimensions parameter K g calculated through equation (1)
and Kuhn statistical segment A determined from equation (2), for the
studied systems at 20°C

System a X107 Kex 102 AA)
(mol_l) (mi g'3/2
mol’m)
Me-LPPP/Tol (M,,) 0.78 0.92 10.5 102 + 10
Me-LPPP/Tol (M) 0.58 1.84 19.2 96 = 10
Me-LPPP/CHCls (M,) 0.84 0.78 8.5 99 + 10
Me-LPPP/CHCls (M,)  0.61 1.64 158 91 + 10
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Figure 1  Plot of [n] ™! versus M~'? of Me-LPPP (a) in CHCl; and (b) in
toluene at 20°C; squares represent M, values and circles M, values

of the MHS exponent a does not need the use of the chain
diameter as a second parameter as it happens when ® is
calculated as a function of the chain contour length®. As
an example, let us indicate that a determination of the &
parameter from viscometric and light scattering data for
the wormlike polymer, cellulose diacetate, in dimethyl-
acetamide'' gives a value equal to 0.79X10% (cgs) for
the high molecular mass region, while equation (3) gives
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$ =0.82 x 107 by using the value of the MHS exponent,
a = 0.82, given in the same study.

Experimental

A poly( p-phenylene) ribbon-type polymer Me-LPPP
possessing the structure, g, given in Scheme I has been
synthesized following the method described previously
The fractionation of the fully soluble, yellow ladder
polymer was done by means of preparative gel permeation
chromatography (PS gel, pore width: 10000 A; solvent:
chloroform).

12,13

R: -1 .4-CGH4-I7-C10H21; R" -n-CsH13

Scheme 1

The M, and M, values were determined using GPC
calibrated by polystyrene standards. Identical GPC results
were obtained using toluene or 1,2-dichlorobenzene as
solvents. Direct estimations of M, by means of vapour
pressure osmometry provided only small deviations (ca.
10%) when compared to the GPC data.

An automatic viscosity measuring system (Schott Gerate
AVS 300) equipped with an Ubbelohde type viscometer has
been used to obtain the intrinsic viscosity, [7], values of five
fractions of Me-LPPP dissolved in toluene and in chloro-
form.

Results

The viscometric results have been taken mainly from the
literature except for Me-LPPP. The [4], M, and M, values
obtained for the five fractions of Me-LPPP are given in
Table 1.

We have to point out that the molecular masses of Me-
LPPP have not been determined by a direct method.
Nevertheless the comparison of the M, values obtained by
GPC measurements with the M., values obtained by small-
angle X-ray scattering (SAXS) or small-angle neutron
scattering (SANS) in the case of LPPP polymer”, which
only slightly differs from Me-LPPP, indicates that the
values of M, given in Table 1 are not far from the directly
determined values. More precisely, the values of M, for
three fractions of LPPP, obtained by three methods are the
following: GPC 25 000, SANS 30000, SAXS 25 000; GPC
50000, SAXS 38000; GPC 99 000, SANS 87 000"

The viscosity laws expressing the MHS representation of
the results given in Table 1 are the following:

(7] =6.8 X 10°M%™ (toluene) @)
[7]=9.1 X 107 2M%¥ (toluene) (5)
[7]1=2.8 X 107 3M%% (chloroform) (6)
[7]=5.62 X 10~ 2M>%% (chloroform) (7
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Table3 MHS exponent a, unperturbed dimensions parameter K g, mass per unit length M, and Kuhn statistical segment A for different wormlike polymers

obtained by using either M, or M,

System a Ke (ml g™ mol ™) M, i A/(A) our method A/(A) other methods  Refs.
(g/mol A) - -
M) (M) M,) M,) (M) (M,) (M w) ( M )

1. Poly(2',5'-dialkyl-p-terphenylene  0.83 0.91 1.41 1.32 27.2 184 203 144¢ (288" 7
terephthalate)-chloroform, 25°C

220b 18

380° 19
2. Substituted p-phenylene-THF, 0.85 0.88 0.43 0.40 74 235 237 252¢ (406y¢ 2
25°C
3. Poly(1,4-phenylene 2,5-di-n- 1.10 0.91 0.19 0.32 57.1 157 166 130° Qle*
alkoxy-terephthalate)-chloroform,
25°C
4. Poly(diisopropyl fumarate)- 0.84 091 0.16 0.17 79.4 128 151 152¢ a7y =
benzene, 30°
5. (Acetoxypropyl)cellulose-dimethyl (.89 0.92 0.13 0.11 82 126 119 118¢ (198)¢ 2
phthalate, 25°C
6. Aromatic polyamide-hydrazide 0.80 1.22 182 106 70¢ 2
(x:500)-dimethylsulfoxid, 25°C

98[ 24

7. Poly(3-hexylthiophene)-toluene, 0.77 0.15 426 58 50¢ 23
25°C
8. Cellulose tris(3,5-dimethylphenyl 0.66 0.22 108 149 156° 6
carbamate)-N-methyl-2-pyrrolidone.
25°C
9. Poly(2-fluoro-p-phenylene-2- 1.08 1.07 21.1 178 160 * 27
fluoroterephthalamide)methanesulf.acid, 604
25°C
10. Poly(hexyl isocyanate)-di 0.89 0.88 73 402 420%° 28
chloroethane
11. Poly(hexy! isocyanate)-toluene, 1.20 1.35 73 848 820 2
10°C

“Bohdanecky method, "magnetic birefrigence, “static light scattering, “dynamic light scattering, Yamakawa—Fujii method

log (In]/ mL g™

5.6

T
54

5,0 58

log(M/g mol! )

Figure 2 Plot of log [5] versus log M of poly(di-isopropyl fumarate) in
benzene; squares represent M, values and circles M, values

The exponent a of the MHS equation obtained for the four
systems is also given in Table 2, as well as the values of &
calculated .from equation (3).

In Figure I, the viscometric results of Table I are treated
according to equation (1). From the slopes of the obtained
four straight lines we calculate the K¢ values of the four
systems and these values are given in Table 2.

Applymg equation (2) with the K¢ and $values of Table 2
and using an M, value equal to 93.5 daltons A7, as it has
been estimated from the repeating unit molecular mass and
its projection length, we obtained the Kuhn statistical
length, A, of Me-PPPL. The A values of this polymer in the
two solvents were almost the same irrespective of whether
M, or M, was used (Table 2).

The Kuhn statistical segment of a polymer differing from

the one studied above only in a lateral methyl group (LPPP)
has recently been determined using optical methods'* and
the obtained value is 130 A. The discrepancy observed with
the values obtained using the proposed method (Table 2)
should be attributed to the M value used here, determined
from the geometrical charactensncs of the repeating unit
which is lower (93.5 daltons A- b} compared to that used in
Ref. 14.

In the following, the viscometric results obtained from
the literature and concerning ten wormlike polymers have
been treated according to the method used here. The
statistical segment lengths of all these polymers were
determined from the unperturbed dimensions parameter
value, K¢, obtained through equation (1) by using equation
(2), where the ® value was obtained from equation (3). All
the A values obtained are given in Table 3. In the same table
we give the A values proposed by the authors of the articles
from which the viscometric results have been taken.

Let us present in more detail the proposed method for the
determination of the statistical segment length of the system

poly(diisopropyl fumarate)-benzene®. In Figure 2, the
log [n] versus log M representation is shown for this system.
From the curves of this figure we obtained the a value for
this system (Table 3) and from equation (3) the ¢ values are
calculated (® = 0.78 X 10% for M,,, ® = 0.65 X 107 for

M,). The same viscometric data are presented in Figure 3
according to equation (1). From the slopes of the curves
obtained we determined the K¢ values of this polymer and
from equation (2) we finally obtained the A values given in
Table 3.

From the results presented in Table 3 it can be seen that:
(1) the statistical segment determined by the method used
here for different wormlike polymers is in close agreement
with the values obtained by other methods®'>'® and/or
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Figure 3 Plot of [5]~" versus M~ of poly(di-isopropyl fumarate) in

benzene; squares represent M,, values and circles M, values

optical methods; (2) by using M, or M, values, the method
used leads to approx1mately the same A values; (3) plotting
M 2/[17])”3 versus M'” according to the equation proposed
in Refs '>'® and using the analysis given by Bohdanecky'®
the statistical segment lengths of some wormlike polymers
have been determined and the values taken are given in
parentheses in Table 3. In these calculations the number
average molecular mass has been used, and as can be seen in
Table 3, the statistical segment values obtained are
substantlally overestimated compared to the values obtained
by using the weight average molecular mass'’

In order to check the reliability of equation (3) we have
used the light scattering results obtained with a LPPP
fractlon in toluene (LPPP-99: M =87.000and R, =1.47 X
107% cm from Table 1 of Ref. '*) and the Vlscometnc results
obtained with the Me-LPPP studied in this work in the same
solvent. Considering that these two polymers present
practically the same behaviour in solution, we obtained
for the above fraction of LPPP usmg the MHS law of this
study an [5] value equal to 48.5 cm® g~'. Using these three
parameters (M, R, and [7]) in the well-known Fox Flory
equation, we obtalned a & value equal to 0.90 X 10* (cgs)
for LPPP-99 while from equation (3) with a = 0.78 (Table
2) we obtained almost the same value.
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In conclusion, the proposed viscometric method’ for the
calculation of the statistical segment length has been used in
a new polymer and in some polymers already studied in the
literature. The results obtained show that we have a simple
and easy to use method to determine the statistical segment
length of wormlike polymers.
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