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ABSTRACT: Laser light scattering (LLS) and size exclusion chromatography (SEC) have been used to study
the curing of an epoxy resin, 1,4-butanediol diglycidyl ether, with cis-l,2-cyclohexanedicarboxylic anhydride.
During the curing process, the branched epoxy polymer product formed before its gelation threshold is soluble
in either methyl ethyl ketone (MEK) or tetrahydrofuran (THE). LLS could be used successfully to determine
the weight-average molecular weight (Mw) and to estimate the molecular weight distribution (MWD) of the
branched epoxy polymer at each stage of the polymerization reaction before the gelation threshold. The MWDs
obtained from LLS were compared with those determined by conventional SEC. From the comparison, we
were able to develop a new absolute calibration procedure for SEC of specific branched polymers. For branched
epoxy polymers before its gelation threshold, we were able to confirm the scaling behavior of the size distribution
with a critical exponent   value of 2.1 ± 0.1.

I. Introduction
In recent years, a number of partially conflicting reaction

mechanisms have been proposed for the curing process of
epoxy resins and anhydrides, with or without triamine as
a catalyst.1 As our knowledge on the molecular structural
changes of the polymerization reaction during the curing
process is limited, we have focused our attention to study
the structure and dynamics of branched epoxy polymer
products at different copolymerization stages. Earlier
publications2,3 have detailed the use of fractal geometry
to define the random structure formed by the branched
epoxy polymer. In this paper, our main objective is to
determine the molecular weight distribution (MWD) of the
branched epoxy polymer formed during each reaction
stage. The procedure is as follows. We first obtained
estimates of the normalized characteristic line-width ( )
distribution function, G(F), from the measured intensity-
intensity time correlation function, G(2)(r), by using the
Laplace inversion. We then transformed G(F) to the
molecular weight distribution by incorporating information
on the static and dynamic properties (i.e. the weight-av-
erage molecular weight (Mw), the second virial coefficient
(A2), the diffusion second virial coefficient (k¿), the z-av-

erage translational diffusion coefficient at infinite dilution
(D0°), and the scaling relation D0° = knM~a°) of the
branched epoxy polymer solution. Knowledge gained from
laser light scattering (LLS) of our broad MWD epoxy
polymers is sufficient to calibrate the size exclusion
chromatographic (SEC) column for branched epoxy
polymer studies.

II. Experimental Methods
1. Materials. 1,4-Butanediol diglycidyl ether (DGEB, Mv =

202.3 g/mol) and cis-1,2-cyclohexanedicarboxylic anhydride (CH,
Afw = 154.2 g/mol) were purchased from Aldrich Chemical Co.
and used without further purification since we were able to obtain
the same experimental results after both components were purified
by vacuum (~0.01 mmHg) distillation. The catalyst (CA),
benzyldimethylamine (Afw = 135.2 g/mol), courtesy of Gary L.
Hagnauer, Polymer Research Division, Army Materials Tech-
nology Laboratory, Watertown, MA) was vacuum distilled before
use.

* To whom all correspondence should be addressed.
f Chemistry Department.
* Department of Materials Science and Engineering.

2. Preparation of Solutions. The method of preparation
of the reaction mixture has been described in detail elsewhere.3
The well-mixed reaction mixture containing a molar ratio of epoxy
(DGEB):curing agent (CH):catalyst (CA) = 1:2:0.001 was reacted
at 80 ± 0.5 °C in an oil bath. Samples containing the epoxy
polymer and unreacted monomers (DGEB and CH) were with-
drawn from the reaction mixture during the course of the co-

polymerization process until the gel point was reached. Com-
positions of the reaction mixture could be analyzed chemically.4
Portions of withdrawn samples were further dissolved in MEK
for LLS measurements and in THF for SEC measurements.
Concentrations of the epoxy polymer ranged around 1 X 1CT3 g/mL
for LLS experiments and 1 X 10-2 g/mL for SEC experiments.
Samples for LLS measurements were centrifuged at 7000 gravity
and room temperatures for 4 h. A middle portion of the cen-

trifuged solution was then transferred to dust-free cylindrical light
scattering cells of 17-mm o.d. by using a dust-free pipet.

3. Methods of Measurement. The light-scattering spec-
trometer has been described in detail in previous papers.3,5 It
was used for measurements of the angular distribution of absolute
scattered intensity as well as its spectral distribution.6

For our SEC experiments, we used three ultrastyragel columns
designated as 102,103, and 104 Á (Waters Associates) connected
in series, a pump (Waters Model 590) operating at a flow rate
of 1.0 mL/min, and a differential refractometer (Waters Model
R401) as the detector. The chromatogram was simultaneously
recorded on a strip chart recorder and a microcomputer. The
sample injection volume was 50 #iL with a concentration of «1
X 10-2 g/mL, which is below the overloading condition. All SEC
experiments were performed at 45 °C in order to increase the
efficiency of the columns.

III. Laplace Transform
The MSVD technique6-8 has been described in detail

elsewhere. We outline only the essential steps which are

necessary in describing our data fitting results. In the
MSVD technique, we do Laplace inversion of the electric
field time correlation function

gw(K,r) =  " ( , )ß- <*> dF (1)
V0

by approximating G(r) with a set of linearly or loga-
rithmically spaced single exponentials

G(r) = EPjMT -  j) (2)
j

where £(1)(t¡) = b¡ = Y.jPj exp(-r;r,·) with P, being the
weighting factors of the   function measured at scattering
vector K. The linear least-squares minimization problem
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has the form CP « b with the symbol« intended to imply
solution of the overdetermined set of equations subject to
minimization of the Euclidean norm of the residual vector
||b - CP|| and the elements of C being Cy = ß  ( ; ,·). The
MSVD technique yields a discrete line-width distribution
PjS, which can be converted to a continuous line-width
distribution. The validity of the MSVD method has been
tested previously.7-10 It should be noted that the procedure
we have developed is independent of the method of La-
place inversion. We only used the MSVD technique to
demonstrate our approach. Better Laplace inversion
techniques should be used when they become available.

IV. Conversion from G(F) to FW(M)
In previous publications,8-10 we converted the line-width

distribution G(T) to the weight-average molecular weight
distribution FW(M) by using an experimentally determined
scaling relation D0° = k\>MW-“D where D0° and Mw are the
z-average translational diffusion coefficient extrapolated
to infinite dilution and the weight-average molecular
weight, respectively. In fact, the   to M conversion should
use the scaling relation D0° = feuM-0® and the condition
  = DK2 based on monodisperse fractions. The kO and
aD obtained from D0° and Mw are approximations to the
true values since we usually do not have monodisperse
polymer samples to establish the scaling relation. In other
words, the narrower the molecular weight distributions of
calibration samples over the same molecular weight range,
the better the approximation becomes. So, the standard
calibration method requires a set of narrow molecular
weight distribution polymers of different molecular
weights. It is very difficult to apply this calibration pro-
cedure to study the branched epoxy polymers because all
epoxy polymers are very polydisperse and could have
different degrees of branching. Thus, we need to examine
the calibration problem from a slightly different viewpoint
in order to achieve the conversion as precisely as possible.
We applied the following procedure for a more precise
determination of feD and a¡>

In the limits   -*  0 and C -»· 0, we have D0° = T/K2, then

Cg(D0°) dD0° « f>z(M) dM (3)
vo v 0

where FZ(M) is the z-weighted molecular weight distribu-
tion function. By accepting the scaling relation D0° =

kOM-ai>, we can rewrite eq 3 to yield

f "g(A>dDo° d[ln (M)] <* C°°FZ(M)M d[ln (M)] (4)
vo Vo

It can be seen from eq 4 that, with the polymer polydis-
persity being invariant,

Fzm a [G(ZVVdD0°]/M (5)

is an acceptable solution. From the definition of Mw, we
have

Mw
f FW(M)M dM

J*FW(M) dM
(6)

where FW(M) is the mass-weighted molecular weight dis-
tribution function and FW(M)M = FZ(M). In terms of Fz
we have

CFZ(M) dM
Mw = -p- (7)

J [FZ(M)/M] dM
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By combining eq 5 and 7 with D0° = fcoM-"11, we finally
obtain

 / ° fG(D0°) dD0°
Mw = -p- (8)

J G(D00)D001/“d dD0°

With two polymer samples of different molecular weight
and distribution but obeying the same &D and aD, we have
two G(D0°), denoted by Gx(D00) and G2(D0°). From them,
we could calculate two (M„)cgici, denoted by (M^J^d and
( ^w,2)caled· The ratio of (MW|1)calcd and (MWi2)caicd is

(«,,Ud [ J g.W>  [ J OsWW1'·" dO,°]

(Mw-2)calcd
[ f G2(D0°) dD0°][ f G1(D00)D001/“D dD0°]

(9)

where kO has been cancelled out. The two calculated
(MJcaicd values have to equal the two measured Mw values.
It means that we already know the value of left side of eq
9 experimentally. Now, we vary the value of aD and cal-
culate the right side of eq 9 until the left side equals to
the right side. In this way, we are able to find the correct
aD value from two polymer samples with different and
broad MWD. After we have determined aD, we can de-
termine the kD value by using eq 8. The above procedure
can be expanded easily to N samples of different molecular
weight and distribution. After having determined the
correct values of and aD, we can use eq 5 and the scaling
relation D0° = &]>M-aD (not D0° = kjyMv~aD) to convert
G(D0°) versus D0° to FW(M) versus M.

V. SEC Calibration
There are many calibration methods for the SEC col-

umn.11-21 However, for branched polymers and rodlike
polymers, conventional calibration methods do not apply.
All reported calibration methods require at least two
polymers with different molecular weights, or one sample
with either two different molecular weight averages or one
molecular weight plus intrinsic viscosity data, implying the
use of one more instrument, such as an osmometer or a
viscometer. In laser light scattering, we need only one
broad MWD polymer sample and one instrument (i.e.
LLS) to calibrate the SEC column.

We outline our conversion method for getting the mo-
lecular weight distribution of epoxy polymers from SEC
as follows. For SEC experiments, the elution volume V
and the polymer molecular weight has the relation

V = A + B log (M) (10)

By taking the logarithm of both sides of the scaling relation
D0° = kDM~a° and substituting D for M in eq 10, we obtain

V = A + B log (D0°) (ID
where A = A + [B log (ftD)]/aD] and B = -B/aD. By
squaring both sides of eq 11, we have

V2 = A2 + 2AB log (D0°) + B2 log2 (D0°) (12)

Further, we average both sides of eq 11 and 12 to obtain

<V> = A + B (log (Do0)) (13)

and

(V2) = A2 + 2AB (log (D00)) + B2 (log2 (D00)) (14)

where ( ) is the symbol denoting an average. From SEC
measurements, we can obtain the elution curve C(V) versus
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Figure 1. A typical unnormalized intensity-intensity photo-
electron count autocorrelation function. Epoxy polymer sample
13 (1.11 X 10"4 g/mL; Afw = 4.97 X 106) in MEK measured at  
= 30° and 25 ®C using a delay time increment    = 15 #is. The
insert is relative deviation of the measured and the computed time
correlation function using the MSVD method. Relative deviation
is defined as 1 - [6|g(1,(t)|2]Caicd/[i’IS(1)(t)|2]mea«d·

V, which can be used to calculate (V) and (V2) by using
(V) = JJVC(V) dV and (V2) = dV. From
laser light scattering, we can obtain the line-width dis-
tribution G(r) versus  , which can be converted to G(D0°)
versus D0° and used to calculate (log (D0°)) and (log2 (D0°))
by using (log (D0°)) = Jo log (D0°)G{D0°) dD0° and (log2
(Do0)) = Jolog2 (D0°)G(D0°) dD0°. After obtaining (V),
(V2), (log (D0°)>, and (log2 (D00)), we can combine them
with eq 13 and 14 to solve for A and B. We also know that
Mw can be calculated from SEC data by using

f “MC(V) dV
Mw = ^4- (15)

f C(V) dVJo
if we know A and B in eq 10. By using D0° = fej>M_aD, A,
and B, we can change eq 15 to

jfeDl/«c r"io(A-V)/(aDB)C(y) dy
Mw =--- (16)

f°C(V) dV
Jo

The molecular weights calculated from eq 8 and eq 16 have
to equal; i.e., we have

[^"lO^/^CÍV) dv][ f°°G(D00)D001/^ dD0°

[/> dvl [JT°w> w]
(17)

There is only one unknown value for aD in eq 17. We can

vary the value of aD and calculate the value of the right
side of eq 17 until it equals to 1. In this way, we will be
able to find the correct value of aD. After having deter-
mined aD, we can easily calculate kD from eq 16 or eq 8
by using the Mw obtained from the same laser light scat-
tering instrument. Then, we can find A and B in eq 10
by using A, B, feD, and aD.

VI. Results and Discussion
By following the experimental procedures for self-

beating and base-line considerations, we could obtain
precise measurements of the intensity-intensity time
correlation function G(2)(K,t)

G(2)(K,t) = A(1 + b\g«\K,T)\2) (18)

where the base-line A agreed with the measured base-line
lim^, G(2)(K,t) to within about 0.1%. Figure 1 shows a

Figure 2. Plots of P¡ versus   for epoxy polymer sample 1, sample
9, and sample 13 in MEK at   = 30° and 25 ®C based on the
MSVD method (sample, notation, Mw (g/mol),   (s'1), µ2/ 2): 1,
hollow squares, 4.32 X 103, 2.29 X 104, 0.63; 9, hollow triangles,
1.03 X 10°, 3.98 X 103,0.45; 13, hollow diamonds, 4.97 X 10s, 1.79
x 103, 0.40.

Table I
Experimental Results Based on the MSVD Method for the
Epoxy Polymer Samples in MEK at 25 °C and Xg = 488 nm

conversn Mw
_

kA
sample (CH %) (g/mol) Z)0° (cm2/s) µ2/ 2 f (mL/g)

1 6.5 4.32 X 103 2.71 X 10"6 0.63 0
2 13.3 6.14 X 103 2.27 X 10-* 0.61 11
3 20.0 8.23 X 103 1.77 X 10-* 0.56 16
4 26.5 1.25 X 104 1.29 X 10"* 0.53 22
5 33.5 2.11 X 104 1.00 X 10-* 0.51 29
6 36.0 3.37 X 104 7.98 X 10'7 0.48 36
7 38.5 5.00 X 104 6.45 X 10'7 0.47 0.15 48
8 40.0 7.68 X 104 5.26 X 10'7 0.46 0.17 63
9 41.0 1.03 X 105 4.38 X 10'7 0.45 0.13 79

10 42.5 1.42 X 105 3.68 X 10'7 0.43 0.18 89
11 44.0 2.19 X 105 2.97 X 10'7 0.40 0.21 101
12 45.3 3.01 X 105 2.60 X 10'7 0.42 0.16 132
13 46.5 4.97 X 105 2.05 X 10'7 0.40 0.19 141

typical experimental intensity-intensity photoelectron
count autocorrelation function for the epoxy polymer in
MEK measured at   = 30° and 25 °C using a delay time
increment    of 15 µ8 and relative deviation of the mea-
sured and the computed time correlation function by using
the MSVD method of Laplace inversion. We have to stress
here that, in an ill-posed problem, goodness of fitting does
not guarantee a correct solution to the inversion. However,
the validity of the MSVD method for a unimodal char-
acteristic line-width distribution has been tested thor-
oughly by using simulated data and known polymer sys-
tems under comparable experimental conditions, counting
rates, and statistics. Figure 2 shows typical line-width
distributions obtained by the MSVD method. In Figure
2, we clearly see that the characteristic line-width shifts
to lower frequencies and the distributions become narrower
with increasing percent of conversion. Numerical results
of the transform by the MSVD method for a set of epoxy
polymers at different percent conversions are listed in
Table I. It should be noted that discrete (P;s) and con-
tinuous (G(T)) normalized characteristic line-width dis-
tributions are not the same. In a discrete distribution in
terms of Pjs, we have eq 2. If  , does not have equal
spacing, which is indeed the case for our MSVD method,
P¡ has to be rescaled in order to convert it to a continuous
distribution G(T); i.e., G(T) ^ G(ln  ). The rescaling is
approximately done by using G(T;) = Pj/Pj-

In order to transform the measured characteristic line-
width distribution at finite angle and finite concentration
to a molecular weight distribution, we have to know how
the characteristic line-width   depends on the scattering
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Figure 3. Plots of T/K2 versus K2 for epoxy polymer 13 (Me =

4.97 X 105 and (Rg)zV2 = 31.4 nm) in MEK at 25 °C and Xq =

488 nm. The straight line represents T/K2 = 2.08 X 10~7(1 +
0.1 9(R2)ZK2).
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1Ü4 C (g/ml_)
Figure 4. Plots of D° (= limK_^ T/K2) versus concentrations (C)
for the same sample in Figure 3. The straight line represents D°
= 2.05 X 10-7(1 + 1.41 X 102C).
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Figure 5. Plot of «-average translational diffusion coefficient
at infinite dilution Da° versus extent of conversion (100[CH]t/
[CH]0%) where [CH]t is the molar concentration of CH at time
t = t and [CH]0 is molar concentration of CH at time t - 0.

angle (or K) and the polymer concentration. We experi-
mentally determined such a relation by using

  = D0°mi + f(R2)lK2)(l + káC) (19)

where /is a dimensionless number and depends on chain
structure, polydispersity and solvent quality, kd is the
second virial coefficient for diffusion, and {Rg2)z is the
«-average mean square radius of gyration. Figure 3 shows
a typical K2 dependence of the «-average characteristic
line-width  . Figure 4 shows a typical concentration de-
pendence of the translational diffusion coefficient D° (=
1    -*  T/K2). The kd and / values are also listed in Table
I. After having obtained kd and /, we can convert G(T)
versus   to G(D0°) versus D0°. Further, we can calculate
the «-average translational diffusion coefficient D0° at each
reaction stage, as shown in Figure 5. By using the D0° and
the Stokes-Einstein relation: D = k%T/ß    ^ we can
calculate the equivalent hydrodynamic radius R),·

By measuring the angular dependence of the excess
absolute integrated intensity of light scattered by a dilute
epoxy polymer solution, we can determine the weight-av-

Macromolecules, Vol. 22, No. 2, 1989
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Figure 6. Plots of weight-average molecular weight Mw versus
extent of conversion (100[CH]t/[CH]0%).

M, (g/mol)
Figure 7. log-log plot of translational diffusion coefficient D0°
versus Mw for the epoxy polymer in MEK at 25 °C and Xq = 488
nm. The straight line represents Da° = 1.56 X lO^Af^"6 08 with
Da° and Mw in units of cm2/s and g/mol, respectively.

erage molecular weight Mw and the «-average root-mean-
square radius of gyration {Rg)z1/2 at each reaction stage
up to the gel point. Figure 6 shows how Mw changes with
the extent of the polymerization reaction. A log-log plot
of D0° versus Mw is shown in Figure 7. We find that the
data can be represented by a straight line if we disregard
the first three data points during the initial stages of the
curing process. Why do the first three points behave
differently from the rest of data points? During the initial
reaction stage, the molecular weights of the epoxy polymer
formed are small (below 104). Our results also suggest that
the initial epoxy polymers are less highly branched. From
Figure 7, we calculated_/zD = (1.56 ± 0.20) X 10"4 and aD
= 0.508 ± 0.011 with D0° and Mw expressed in units of
cm2/s and g/mol, respectively. By using the method
presented in section III, we obtained that kO = (2.14 ±
0.32) X 10"4 and aD = 0.527 ± 0.013. The feD and aD ob-
tained from average values of Mw and D0°, as shown in
Figure 7, are different from the results obtained from M
and D0°. It is not surprising because our branched epoxy
polymers are quite polydisperse.

Having computed G(D0°) versus D0°, we now make use
of the relation for the translational diffusion coefficient
D0f (in cm2/s) = 2.14 X 10""4M;~°·527 for each fraction of
the epoxy polymer having molecular weight (in g/mol).
At each scattering angle, the excess Rayleigh ratio has the
form

RJK) cc T.F„(Mj)MjP(M]yK)     , (20)

where P(MJQ is the particle scattering factor and FV(M)
is the normalized weight distribution for the epoxy poly-
mers. The °c sign denotes that we are not concerned with
the proportionality constant. At small enough scattering
angles, P¡ « Fv(M/)MjP(MjJQ = Fw(Mj)Mj as P{M¡JQ =

1. The first-order term for P(MjJC) has the form P{MjJC)
«1- (Rg)z¿¡K2/3. Thus, we can correct for the inter-
ference effect in the molecular weight distribution when-
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M (g/mol)
Figure 8. Typical plots of approximate weight distributions for
the same samples in Figure 2 (sample, notation, Mw (g/mol), Af„
(g/mol), MW:MB): 1, hollow squares, 4.32 X 10a, 1.30 X 103, 3.32;
9, hollow triangles, 1.03 X 10°, 3.99 X 104, 2.58; 13, hollow dia-
monds, 4.97 X 105, 2.00 X 106, 2.49.

1 · 0 -1 I I I......1 I I mm-lol I Will °l I Tlllllf—l°l I Iftll

50. 5 -

0. O —1.11 flini_i i i nun—i i i mm_  .........  i mini
10* 10s 10s 107 10® 10®

M (g/mo1)
Figure 9. Cumulative molecular weight distribution for the epoxy
polymer sample 13 (Aíw = 4.97 X 106) measured in MEK at 25
°C and    = 488 nm, which is defined as Fw cumulative = StfFw(M)
dM.

ever it is necessary since we have the empirical scaling
relation between the radius of gyration and the molecular
weight.3

Figure 8 shows three typical normalized weight distri-
butions of the epoxy polymers at three different percent
conversions. In Figure 8, we have ignored the very high
molecular weight tails on the distribution curves because
of noise and background uncertainties. The contribution
of the high molecular weight tail to the cumulative mo-
lecular weight distribution is less than 1% of the total
weight fraction as shown clearly in Figure 9. From the
FV(M) distributions, we can calculate Mw:Mn, which rep-
resents the polydispersity of each epoxy polymer sample.
The results of Mw:Afn for 13 samples at different percent
conversion are shown in Figure 10. It is noted that the
values of Mw:Mn become smaller with increasing reaction
time, suggesting that the polydispersity of the branched
epoxy polymer product during the initial stages is much
higher than that at the later stages near the gelation
threshold. We also observed that Mw:Mn approaches a
constant value of =2.5 as the polymerization approaches
the gelation threshold.

In order to check our determination of the molecular
weight distribution by means of LLS, we used the same
samples for SEC experiments. The method to calibrate
the SEC column has already been described in section V.
In the SEC experiment, the elution volume V and the
elution curve C(V) were recorded, respectively, as an elu-
tion time (in units of s) and a dc voltage (in units of mV)
on a 64K MORROW microcomputer through the IEEE
interface. A typical elution curve is shown in the inset of
Figure 11. By using the method in section V, we obtained
A = (5.48 ± 0.55) X 103 (s) and B = -(5.83 ± 0.27) X 102

4

2 -1-1-1-1-
0 ID 20 30 40 50

CONVERSION (%)

Figure 10. Plot of Mw/Mn versus extent of conversion for 13
epoxy polymers at different reaction stages. Afw/Afn were de-
termined by using the MSVD method.

M (g/mol)
Figure 11. Comparison of the weight distributions Fe(M) ob-
tained for the same epoxy polymer (Mw = 4.97 X 105 g/mol) by
using the SEC experiment (continuous line) and the LLS ex-
periment (hollow squares). Inset: typical SEC curve of the epoxy
polymer (Afw = 4.97 X 106 g/mol) measured at a flow rate of 1

mL/min and 45 °C using a Waters R401 differential refractometer
as the concentration detector. The output was recorded on a 64K
Morrow microcomputer through an IEEE interface and signal
averaged.

in V (s) = A + B log (M). We also determined kD = (1.92
± 0.15) X 10"4 and aD = 0.521 ± 0.015 in Da° = k^M^.
The and aD values determined from this procedure were
very close to the values obtained by using the method
described in section III. It confirmed the validity of k0
and aD values which we used to convert the line-width
distribution to the molecular weight distribution. The
influence of experimental error in LLS data on the pa-
rameters A and B in eq 10 was tested by arbitrarily varying
the Mw and D0°. We found that A varied in the same order
as Mw while the parameter B varied less. If we take the
experimental errors of Mw and D0° to be 5-10% and a few
percent, respectively, the final estimated errors from A and
B should be 520% and 10%, respectively.

In our analysis, we have also considered the polydisperse
nature of the epoxy polymer products. By fractionating
four epoxy polymer products from different extent of
conversion, we obtained a new set of (four) fractionated
epoxy polymers, each having a narrower MWD and a

slightly different Afw from the original unfractionated set.
The weight-average molecular weight Afw and the poly-
dispersity index M„/Mn were again determined by using
LLS with Mw and Mw/Mn values of 4.92 X 104 and 1.53,
2.34 X 105 and 1.62, 5.93 X 10s and 1.57, 1.79 X 106 and
1.71, respectively. From the fractionated set, we also de-
termined D0° = 1.74 X KTX/·514 and V = 5.71 X 103 -6.03
X 102 log (Mw). The results are tabulated in Table II,
showing fairly good agreement between the two data sets.
After having determined the values of A and B, a plot of
the elution curve, C( V) versus V, can easily be transformed
to FW(M) versus M. Figure 11 shows plots of FV(M) versus
M with FV(M) from SEC denoted by the continuous line
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Figure 12. Plot of (fig2)2V2/f?h for 13 epoxy polymer samples
at different reaction stages.

Table II
Comparison of Parameters for Polydisperse and

Fractionated Epoxy Polymers
unfractionated

(Mw/Mn « 2.5-3 )
(method in IV)

unfractionated
(Mw/M„ ~ 2.5-3 )

(log D0° or V versus log Mv)
kn (2.14 ± 0.32) X 10-4 (1.56 ± 0.20) X 10-4
«D 0.527 ± 0.013 0.508 ± 0.011

unfractionated fractionated
( „/   ~ 2.5-3 ) (Mw/Md ~ 1.5—1.7)

(method in V) (log D0° or V versus log Afw)

(1.92 ± 0.15) X 10-4 (1.74 ± 0.19) X 10"4

“D 0.521 ± 0.015 0.514 ± 0.021
A (5.48 ± 0.55) X 103 (5.71 ± 0.42) X 103
B -(5.83 ± 0.27) X 102 -(6.03 ± 0.34) X 102

and those from LLS denoted by hollow squares. The
agreement is reasonable especially if we take into account
of the facts that LLS emphasizes on larger particles and
SEC emphasizes on particle weight fractions. FW(M) from
SEC showed a small peak around molecular weight 6 X
103, which was not observed in FW(M) from LLS. This
discrepancy is not surprising because signals from LLS not
only emphasized large particles, but our MSVD Laplace
inversion technique is designed for unimodal characteristic
line-width distribution analysis. We also tried to use the
CONTIN algorithm which could resolve the bimodal
character if the intensity contributions of both peaks were
above the noise. In Figure 11, we noted an estimated
intensity ratio of only a few percent for the small to large
peak ratio from SEC. With a molecular weight separation
of about a factor of 4 for the two peaks, it is reasonable
to find that LLS cannot resolve the two peaks. The low
molecular weight peaks as revealed by SEC tells us ad-
ditional kinetics information about the formation of the
epoxy polymer network, which will be discussed in a sep-
arate paper. By comparing the two MWDs from LLS and
SEC, we note that Afw:Mn {— 3.0) by SEC is larger than
the value (= 2.5) obtained from LLS.

Figure 12 shows the ratios of the z-average root-mean-
square radius of gyration and the hydrodynamic radius,22
p =

jRg/i?h> for the 13 epoxy polymer samples which we
extracted during different reaction stages, p does not
depend on the bond length and the degree of co-

polymerization but is a function of the branching density
and polydispersity. For a linear polymer coil, fig/7Zh =

1.504. For a highly branched polymer with a monodisperse
primary coil chain distribution, the value of Rg/Rh de-
creases to 1.130.23,24 In Table I of ref 23, the calculated
values of p changed from 1.5044 to 1.1657 for polymers
with the degree of branching changed from 1 (linear
polymer) to 100, respectively. The value of Rg/R\, ratio
obtained from our experimental results changed from 1.47
to 1.14 as the reaction approaches the gel point. The
change in Rg/R^ ratio tells us that the epoxy polymer

behaves close to a linear random coil during the initial
reaction stages. The degree of branching increases as the
polymerization reaction approaches the gel point.

The evolution of the molecular weight distribution
function during the gelation transition is related to the
spectacular variation of macroscopic properties of a
cross-linked polymer system.25,26 There are only small
molecules inside the reaction bath at the initial reaction
stage. Near the gelation threshold, a macroscopic cluster
as well as precursor units and clusters of all intermediate
sizes are formed. Various statistical and kinetic models
have been proposed to describe the evolution of the
molecule weight distribution for different gelation pro-
cesses.25-30 They all show that the molecular weight dis-
tribution of large clusters near the gelation threshold can
be written in a scaling form31

N(M,e) « M~Tf(M/M*(e)) (21)

where N(M,t) is the number of clusters with molecular
weight M when the relative distance from the gel point is
c. í = |p - pc|, where p is the extent of conversion and pc
is the extent of conversion at the gelation threshold.
Equation 21 implies that the number of clusters decreases
as a power law of molecular weight with a critical exponent
t. Before the gelation threshold, a typical molecular weight
M*(t) exists in the molecular weight distribution, which
limits the spread of the distribution and which diverges
when the gel threshold is approached:  * ~ e-1/<r, where
l/  is a constant which is sometimes referred to as the gap
exponent. The crossover function f(x) describes the cutoff
of the distribution for large molecules greater than M*. L.
Leibler and F. Schosseler experimentally demonstrated32
a direct quantitative method of measuring the typical
molecular weight (M*) from light-scattering spectra. They
showed that the molecular weight Mm„ of molecules in the
distribution given the maximum scattered light intensity
provides a measure of the cutoff molecular weight and can
be identified with the typical molecular weight M*. They
also experimentally showed that if eq 21 holds for the
molecular weight distribution of branched polymer mole-
cules, the function

G(M/MmJ = MmarW,í) ~ (M/Mmai)1-7(M/Mmai)
(22)

is a universal function of M/Mm„ independent of the
advancement of the reaction, t. Equation 22 is valid for
the high molecular weight M for which  ( , ) is expected
to be independent of the initial molecular weight distri-
bution,   in eq 22 cannot take an arbitrary value since eq
22 implies that the weight-average molecular weight Mw
varies like Mm„3-T.

From the light scattering theory, we know that the
scattered intensity (I) can be written as

I = f 7(M) dM a f7„(M)M2dM= C fz(M) dM
VO »/0 vo

(23)

where I{M) is the scattered intensity from the fraction of
polymer with molecular weight M. Equation 23 tells us
that (/(M))m„ corresponds to (fz(M))mas shown in Figure
13. Then, the molecular weight M corresponding to (fz-
(M))mM should be Mm„. Experimentally, we measured Mw
and calculated fz(M) from the line-width measurements
for different reaction stages. We obtained from

in the distribution. A log-log plot of Mm„ versus

Mv is shown in Figure 14. The data points except the first
three lower molecular weight values are essentially on a

straight line, whose slope is 1.1 ± 0.1. From the slope, we



Molecular Weight Distribution of a Branched Epoxy Polymer 639Macromolecules, Vol. 22, No. 2, 1989

Figure 13. Plot of fz(M) versus M, based on FW(M) versus M data
from LLS in Figure 12. is determined from the location
of M at which (/2(M))mal occurs.

Figure 14. log-log plot of Mma versus Aiw. Slope = (3 - r) 1 =

1.1 ± 0.1 and r = 2.1 ± 0.1.

calculated r = 2.1 ± 0.1. The result further confirms the
existence of a scaling law for the molecular weight dis-
tribution function in the sol phase, the main result of all
theories concerned with gelation processes. Our value of
the scaling constant r is smaller than the classical mean-
field prediction r = 2.5 but is close to the value of 2.3 in
ref 32.

VII. Conclusions
Laser light scattering, including measurements of an-

gular distribution of absolute scattered intensity and of
time correlation function together with correlation function
profile analysis, has been developed into a powerful ana-
lytical tool for branched epoxy polymer characterizations.
We have succeeded in determining the molecular weight
and its distributions of branched epoxy polymers during
its curing process. From the molecular weight distribution
at each reaction stage, we have been able to establish a new
calibration method to analyze the branched epoxy poly-
mers. By using the LLS approach described in this paper,
we can study how temperature, composition, and catalyst
effect the epoxy polymerization process and determine the
molecular weight distribution at different reaction stages
without relying on the more tedious analytical technique

of size exclusion chromatography. Experimentally, we have
further shown that there exists a scaling relationship for
the molecular weight distribution in the sol phase of the
cross-linked epoxy-anhydride system. The scaling con-
stant   (= 2.1 ± 0.1) is very close to our previously de-
termined fractal dimension d{ (= 2.17 ± 0.05).
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