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Abstract

Two samples of bisphenol-A based epoxy resins (poly(hydroxy ethers)) were fractionated by precipitation. The fractions were character-
ized by the weight-average molecular weight�1:3 , Mw × 1023 , 40� and the intrinsic viscosity in tetrahydrofuran and chloroform.
Theories based on the worm-like touched-bead model were used to treat the molecular-weight dependence of the intrinsic viscosity and
to estimate the conformational characteristics (Kuhn statistical segment lengthlK, Flory characteristic ratioC∞, and steric factors ). Low
values of these characteristics indicating rather high flexibility of the chain are discussed.q 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Reliable values of the parameters characteristic of the
conformation and flexibility of polymer chains (e.g. Kuhn
statistical segment lengthlK, Flory characteristic ratioC∞,
steric factors ) are needed for the interpretation of various
properties, including the rheological behavior of melts [1].
In spite of a high number of papers devoted to the applica-
tion of epoxy resins based on bisphenol-A and to the
mechanism and statistics of curing reaction, no information
on the above parameters is available.

Non-linearity of high-molecular-weight fractions�Mw .
4 × 104� was probably the most important factor that
impeded the estimation of the conformational parameters
from the values of the intrinsic viscosity, second virial coef-
ficient and molecular weight [2]. As branching is attributed
mainly to the reaction of epichlorohydrin with secondary
hydroxyls [3–5], the probability of chain branching is the
higher the higher number of CHOH groups, in other words,
the longer the chain. We believed that this obstacle becomes
negligible when low-molecular-weight fractions are used.

The estimation of conformational parameters of chains of
epoxy resins from the intrinsic viscosity data is the object of
the present paper. In Appendix A, the calculation of chain
dimensions in the free rotation approximation is presented.

2. Experimental

2.1. Polymers

Sample I was prepared by melting bisphenol-A with a
low-molecular-weight epoxy resin at 1808C. Sample II
was a commercial product Epicote 1009 (Shell International
Chemical Co.). They were fractionated by the precipitation
method with chloroform as solvent and petroleum ether as
precipitant [6]. The initial concentration was 2 g/dl. Both
phases, which separated after addition of nonsolvent were
liquid.

2.2. Solvents

Chloroform and petroleum ether were products of
Lachema (Brno, Czech Republic). Tetrahydrofuran was a
product of Aldrich. Before use they were purified by
standard methods.

2.3. Molecular weights

The weight-average molecular weightsMw were deter-
mined by means of the size exclusion chromatography
coupled with a multiangle laser light scattering photometer
(SEC–MALLS). The chromatographic system consisted of
a 600 pump, a 717 auto-sampler, a 410 differential refract-
ometer (all Waters) and a DAWN-F photometer or a mini
DAWN photometer (Wyatt Technology Corporation). The
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data were collected and handled by ASTRA software
(Wyatt Technology Corporation) to yield the weight-aver-
age molecular weights. Two Styragel HR 5E (Waters) 300×
7:8 mm columns or two PL gel Mixed-E (Polymer Labora-
tories) 300× 7:5 mm columns were used for measurement.
Tetrahydrofuran (THF) was used as an eluent at a flow rate
of 1 ml/min. The SEC columns were thermostated at 258C.
The samples were injected as solutions in THF in the
amount/concentration 100ml/1.4% (w/v) (Styragel
columns) or 100ml/3% (w/v) (PL gel columns). The mole-
cular weights listed in Table 1 are arithmetic means of two
or three analyses.

2.4. Viscometry

Viscosity of solutions in chloroform (at 208C) and THF
(258C) were measured by viscometers of the Ubbelohde
type adapted for subsequent dilution of the stock solution.
The temperature of the bath was kept constant within
^0.058C. The concentrationsc of solutions were in the
range 0.2–4 g/dl, depending on the molecular weight.
Flow timest of four to six solutions were determined with
each fraction and the intrinsic viscosities [h ] were obtained
by linear extrapolations toc� 0 of the values of�t=t0 2 1�=c
wheret0 is the flow time of solvent.

3. Results and discussion

3.1. Analysis of the intrinsic viscosity data

In view of low molecular weights of PHE fractions used
in this study, the chain dimensions could not be determined
by light scattering and had to be estimated from the intrinsic
viscosity. For the same reason, these data cannot be treated
by methods based on the model of non-draining random
coil, so more recent theories, which have been developed
for the worm-like chain model and take account of the non-
Gaussian chain statistics and various strengths of the hydro-
dynamic interaction, have to be used [7,8]. These theories

do not consider the excluded-volume effect and, therefore,
should be applied to solutions at theta condition only where
the second virial coefficient is zero. No theta solvent for
PHE is known, however. As follows from the ebulliometric
measurements [6] of solutions in chloroform, this solvent is
a good one. The same holds for THF as evidenced by the
intrinsic viscosities being similar to, or even higher than,
those in chloroform. Fortunately, as the excluded-volume
effect is very weak with short chains, these theories can
provide a starting point for the analysis of data.

According to the theory for the worm-like touched-bead
model [8], the intrinsic viscosity at theta condition depends
not only on the unperturbed mean-square end-to-end
distancekR2l0, but also on the cross-sectional dimensions
such as the diameterdb of the beads forming the model
chain. The results of the theory can be expressed in a simple
form convenient for use even with very short chains [9]

�h�0 � Ah 1 K0·M1=2 �1�
with

K0 � F0;∞�kR2l0=M�3=2∞ �2�

Ah � K0·A0�db;r�·M1=2
K �3�

db;r � db=lK �4�

lK � �kR2l0=M�∞·ML �5�

MK � lK·ML �6�
where�kR2l0=M�∞ is the ratio ofkR2l0 andM in the random-
coil limit �M ! ∞�; F0;∞ is the Flory viscosity constant for
random coils in the non-draining regime,A0�db;r� is a func-
tion of the reduced bead diameterdb;r; db is the bead
diameter,lK andMK are, respectively, the length and mole-
cular weight of the Kuhn statistical segment, andML is the
shift factor which is usually set equal to the molecular
weight per unit contour length of the chain at full extension.

The molecular-weight dependence of the intrinsic viscos-
ity in good solvents has been described by several theore-
tical and semiempirical equations [8,9]. Though the
simplest of them

a3
h � �h�=�h�0 � 1 1 Ch�nK�·z… �7�

is valid fora3
h , 1:5 only [10], it is used here because most

of thea3
h values are in this range. The symbolah stands for

the viscosity–radius expansion factor,nK is the number of
Kuhn segments in the chain, andz is the excluded-volume
variable

z� 3
2p

� �3=2

·
kR2l0

M

 !23=2

∞
·B·M1=2 �8�

andB is a parameter reflecting the polymer–solvent inter-
action.

When discussing the intrinsic viscosity of short chains,
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Table 1
Experimental results (THF, tetrahydrofuran (258C); LS, light-scattering)

Mw × 1023 �h�=�dl=g� Mw × 1023 �h�=�dl=g�

(LS) THF CHCl3 (LS) THF CHCl3

Fractions of sample I Fractions of sample II

9.0 0.165 0.165 40 0.360 0.305
5.6 0.130 – 18.6 0.260 0.225
4.2 0.110 0.105 39 0.330 0.290
3.1 0.090 0.093 22 0.270 0.230
2.2 0.080 0.080 9.0 0.185 0.180
1.6 0.060 0.065 10.6 0.195 0.190
1.32 0.050 0.052 6.8 0.145 0.145
0.34a 0.026 –

a Bisphenol-A bisglycidylether (theoretical molecular weight confirmed
by vapor pressure osmometry).



attention should be paid to the impact of chain stiffness on
the onset of the excluded-volume effect [11–15]. This
becomes manifested in the chain-length dependence of the
coefficientCh�nK�: This function is not known. In practice,
it is usually replaced by the function�3=4�ChK�nK� where
K�nK� was derived by Yamakawa and Stockmayer [12] for
the expansion factora2

R � kR2l=kR2l0: This function is
approximated by the equations

K�nK� � �4=3��1 2 2:033·n21=2
K 1 0:875·n21

K � �9a�
or

K�nK� � n21=2
K exp�26:611·n21

K 1 0:91981 0:03516·nK�
�9b�

valid for nK . 6 andnK , 6; respectively. Then, Eq. (7) can
be modified to

a3
h � 1 1 Ch�∞�·�z1 … �10�

where �z is the scaled excluded-volume variable

�z� �3=4�·K nK

ÿ �
·z �11�

andCh�∞� � 1:14 [10,11].

Combining Eqs. (1), (7), (8), (10) and (11), yields

�h� �
 

Ah 1 K0·M1=2

!
·

"
1 1

3
4

Ch�∞�·
 

3
2p

!3=2

·

 
kR2l0

M

!23=2

∞
·K�nK�·B·M1=2

# �12�

It can be seen that the interpretation of the intrinsic viscosity
of low-molecular-weight polymers such as PHE requires
estimation of three characteristic parameters:A (cross-
sectional chain diameter),K0 (flexibility of the chain) and
B (polymer–solvent interaction).

Let us briefly examine two plots of the intrinsic viscosity
data: (a) [h ] vs M1/2 [9], (b) [h ]/M1/2 vs M1/2 (Burchard–
Stockmayer–Fixman, BSF plot) [16,17]:

(a) Eq. (12) shows that the plot of [h ] vs M1/2 should be
linear over the whole range of molecular weights in theta
solvents�B� 0� only. In good solvents (B . 0), linearity
is restricted to a region where the term
B·�kR2l0=M�23=2

∞ ·K�nK�·M1=2 is very low, i.e. the ratio
�kR2l0=M�∞ is very high (stiff chains) orK�nK� ù 0
(short chains, both flexible and stiff). At higher molecular
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Fig. 1. Plot of [h ] vs M1/2 according to Eq. (1). Solvent THF (258C): (X) this paper (Table 1): (A) data from Ref. [2].



weights the plot becomes curved upward as the function
K�nK� and the value ofz increases with increasingM.
(b) Following Eq. (12), the BSF plot (even fora3

h , 1:5�
should be linear only for long enough chains�nK . 103�
where the absolute valueuAhu is much lower thanK0·M1=2

and the functionK�nK� approaches its limit. In the low-
molecular-weight region where this condition is not met,
precaution is necessary. IfAh � 0; the BSF plot can be
modified to �h�=M1=2 vs K�nK�·M1=2 which should be
linear and can be extrapolated toM � 0: This, however,
requires an approximate value of the molecular weight of
the Kuhn segment to be known. IfAh is not equal to
zero, both the original and modified BSF plots are
non-linear. They can have a minimum ifAh . 0 or
bend downward with decreasing molecular weight (if
Ah , 0�: In either case, the extrapolation toM � 0 is
not justified [18].

As can be seen in Fig. 1, the plot of [h ] vs M1=2
w for PHE

fractions is curved upward, indicating the excluded-volume
to become manifest at rather low molecular weights.
However, as the unit –C–Ph–O is rigid the

excluded-volume effect is negligible with the lowest mole-
cular weights. Therefore, the first estimate of theK0 para-
meter, K 00 � 1:5 × 1023 dl=g; can be obtained from the
initial slope of the plot in Fig. 1. The estimation of the
slope is facilitated by the intercept being very close to
zero. By means of Eqs. (2), (5) and (6) withF0;∞ � 2:5 ×
1021 [10] and ML � 20× 108 cm21 (cf. Fig. 3) we obtain
�kR2l0=M� 0∞ � 0:71× 10216 cm2

; l 0K � 14× 1028 cm and
M 0

K � 284: In the next step, we calculateK�nK� by means
of Eqs. (9a) and (9b) and construct the “modified” BSF plot
(Fig. 2a) assumingAh � 0 and including the data also from
Ref. [2]. Linear extrapolation yieldsK0 � 1:45× 1023 dl=g;
a value, which differs from the first estimateK 00 by 3% only.
Differences in values of the other conformational para-
meters derived therefrom (�kR2l0=M�∞ � 0:69× 10216cm2

;

lK � 13:9 × 1028cm; and MK � 278) are even lower.
Therefore, it is not necessary to calculate more accurate
values ofK�nK� and repeat the modified form of the BSF
plot. The molecular weightMK of the Kuhn statistical
segment is close to that of the chain repeating unit. The
PHE chains listed in Table 1 comprise 1–143 Kuhn
segments.
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Fig. 2. Burchard–Stockmayer–Fixman plot. Notation of points as in Fig. 1: (a) modified form (for details of calculation see text); (b) standard form.



For comparison, the standard BSF plot is presented in Fig.
2b. Linear extrapolation, which would yieldK0 �
1:3 × 1023 dl=g; would imply an (incorrect) premise that
the excluded volume effect is “fully” developed already at
the lowest molecular weights so that the coefficientCh

would be equal to the limiting valueCh�∞�: In view of
the argument presented in the discussion of Fig. 2a, this
result may be rejected. Comparison of Fig. 2a and 2b illus-
trates the limits of the BSF procedure in the low-molecular-
weight region. Let us note that lower values of�h�=M1=2 for
some of our fractions of high molecular weight (Fig. 2) are
due to chain branching.

According to the Yoshizaki–Nitta–Yamakawa theory
[8], the hydrodynamic interaction depends on the reduced
bead diameterdb,r which, in the range 0:3 , db;r , 0:8; is
related to theA0 parameter by the equation [9]

A0 � 22:9 1 5:36db;r �13�
As theAh parameter for PHE chains is close to zero, and so
is A0, thedb,r anddb values are, respectively, equal to 0.54
and 7:6 × 1028 cm: They could be somewhat altered if the
Ah value could be estimated with better accuracy. Never-
theless, thedb value seems reasonable.

3.2. Evaluation of conformational characteristics

The conformation of polymer chains is currently charac-
terized by the Kuhn statistical segment lengthlK (cf. Eqs. (5)
and (6)), the Flory characteristic ratioC∞ or the steric factor
s . The latter two quantities are defined by the equations [19]

C∞ � �kR2l0=M�∞·�Mb=l2b� �14�

s � { �kR2l0=M�∞=�kR2l0;f =M�∞} 1=2 �15�
The characteristic ratioC∞ is the random-coil limit of the
ratio of the mean-square end-to-end distance of the real

chain and the corresponding quantity�nb·l2b� for a hypothe-
tical freely jointed chain comprisingnb main chain bonds
�nb � M=Mb� of the mean-square lengthl2b and the mean
molecular weightMb each. The symbolkR2l0;f stands for
the mean-square end-to-end distance of the freely rotating
model chain. All the chains are assumed to be “unperturbed”
by the excluded-volume effect.

In the freely jointed model, only bond lengths are
fixed, whereas the mutual orientation of skeletal bonds
in random. Thus, the characteristic ratio reflects all
directional correlations of skeletal bonds in the real
chain. In the freely rotating model, both the bond
lengths and bond angles are fixed, but rotation about
the main chain bonds is free. Hence, the steric factor
reflects only those directional correlations which result
from restricted rotations about skeletal bonds.

With polymer chains comprisingp-phenylene groups,
both C∞ ands values may be ambiguous as they depend
on the choice of bonds or virtual bonds [19,20] in the model
chain. In view of the rigidity of the segment –C–Ph–O–, it
is expedient to take it as a virtual bond of lengthl1 � 5:7 ×
1028 cm and to compare the results of experiments with the
dimensions of the model (freely jointed and freely rotating)
chains where the chain repeating unit (Fig. 3) consists of
two virtual bonds –C–Ph–O, two real bonds–O–CH2 and
CH2–CHOH (each with lengthsl2 � 1:43× 1028 cm and
l3 � 1:54× 1028 cm [19,20]), the bond angles being equal
to 1108 (t1 andt2) and 1128 (t3 andb ). The values ofC∞
ands calculated on this assumption are lower than those
which would be obtained if the rigidity of the –C–Ph–O
unit were not taken into account. It is believed that they give
a better account of directional correlations of skeletal bonds
in real chains.

Substituting into Eq. (14) the value ofMb � 47:3 and
l2b � 12:3 × 10216 cm; we obtain C∞ � 2:65: The ratio
�kR2l0;f =M�∞ to be used in Eq. (15) can be computed using
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Fig. 3. Chain repeating unit of PHE.



the equation

�kR2l0;f =M�∞ � M21
0 �Y 1 A� �16�

whereM0 � 284 is the molecular weight of the repeating
unit andY and A are functions of bond angles and bond
lengths (cf. Appendix A). By means of Eq. (16) we obtain
�kR2l0;f =M�∞ � 0:46× 10216 cm2

: Substitution into Eq. (15)
yieldss � 1:31:

Low values ofC∞, s , lK andMK (Table 2) suggest rather
high flexibility of the PHE chains. This may be surprising in
view of the presence of two benzene rings in the repeating unit.
The following explanation is acceptable. It has been found that
rigid and long units in the main chains such as C–Ph–O in
polycarbonates [20] or –C–Ph–NH in polyurethanes [21] can
exert two opposing effects on the spatial configuration of the
chain. Owing to their length and stiffness, they make the chain
more extended. At the same time and for the same reasons,
they reduce the spatial interaction between groups separated
by three or more skeletal bonds. With PHE chains, this type of
interaction is restricted to groups in the segment O–CH2–
CH(OH)– CH2–O. If the latter effect predominates, the net
result is a low value of the conformational parameters.
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Appendix A

In a previous paper [22], general equations have been
derived for the chain dimensions in the free rotation approx-
imation for the case that the chain repeating unit comprises
several types of bonds differing in length and angles but is
symmetric around the central group (if the number of skele-
tal bonds in the repeating unit is even) or around the central
bond (for an odd number). As the chain repeating unit of
PHE is symmetric around the CHOH group, equation
derived for the former case are employed [21]. They can
be recast into the following forms:

Y � 2l21�1 1 a1a2a
1=2
3 �1 2l22�1 1 a2a

1=2
3 �1 2l23�1 1 a1=2

3 �

1 4l1l2a
1=2
1 �1 1 a2a

1=2
3 �1 4l1l3a

1=2
1 a1=2

2 �1 1 a1=2
3 �

1 4l2l3a
1=2
2 �1 1 a1=2

3 � (A1)

A=cosb � 2l21�1 1 a1a2a
1=2
3 �2 1 2l22a1�1 1 a2a

1=2
3 �

1 2l23a1a2�1 1 a1=2
3 �1 4l1l2a

1=2
1 �1 1 a2a

1=2
3

1 a1a2a
1=2
3 1 a1a

3=2
2 a3�1 4l1l3a

1=2
1 a1=2

2 �1 1 a1=2
3

1 a1a2a
1=2
3 1 a1a2a3�1 4l2l3a1a

1=2
2 �1 1 a1=2

3

1 a1a
1=2
3 1 a2a3� (A2)

where

ai � cos2 ti �i � 1;2;3�: �A3�

Notation of bonds and angles�li ; ti;b� are given in Fig. 3.
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Table 2
Conformational parameters of PHE chains (for details of calculation, see text)

103 × K0

(dl/g)
1016 × �kR2l0=M�∞
(cm2)

108 × lK
(cm)

MK C∞ s

1.5 0.69 13.9 278 2.6 1.3


