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samples. For instance, the 45% CX/PMMA sample ap-
pears to have a Tg about 25 °C higher than the C2 sample
of the same concentration. The high melting temperature
of the neat Cx and the endothermic peak detected in the
DSC thermogram of the 60% CX/PMMA sample near this
temperature (see Figure 2b) also indicate that Cx might
be prone to forming solidlike dimers or higher aggregates
in the PMMA.

The RRD model combined with the local viscosity and
hydrodynamic scaling theories gives a consistent expla-
nation of the rfm at high T and high solvent concentrations.
At low solvent concentrations and low T the environment
of a solvent molecule differs strongly from that in the neat
liquid so that the scaling laws predicted by this simple
theory are no longer obeyed.
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ABSTRACT: Laser light scattering and small-angle X-ray scattering (SAXS) studies have been made of the
curing of epoxy resins from 1,4-butanediol diglycidyl ether with cis-l,2-cyclohexanedicarboxylic anhydride.
The epoxy resin before its gel point is soluble in methyl ethyl ketone, and the scattering techniques can be
used to determine the molecular weight, the fractal dimension, and the molecular weight distribution of the
branched epoxy polymer during each stage of the initial polymerization process. After gelation, SAXS remains
a useful technique for studying the branched polymer structure in terms of the concept of fractal geometry
for random systems.

I. Introduction
The kinetics and mechanism of copolymerization of

epoxide resins with anhydrides or amines, with or without
a catalyst, have been of interest because these materials
often constitute an important component in reinforced
composites. However, the mechanism of the curing reac-
tion of epoxide and anhydrides has been somewhat un-
certain as a number of partially conflicting reaction
mechanisms have been proposed in recent years.1 In this
paper, we are interested in studying the structure and
dynamics of branched epoxy polymer products during
different stages of the curing process. By developing a

methodology whereby we can examine the details of the
branched epoxy polymer structure, we hope to be able to
relate properties of some aspects of the microstructure with
macroscopic properties of the epoxy resins. Thus, our

approach represents only the first phase of our epoxy
studies with emphasis on the determination of funda-
mental macromolecular parameters, such as the weight
average molecular weight Mw and the molecular weight

distribution MWD of branched epoxy polymers, and the
nature of branched structure in terms of its fractal geom-
etry.2 Ultimately, the possibility of in situ determination
of such properties before the gel point using the nonin-
vasive scattering techniques will be investigated. In order
to avoid complications related to intermolecular interac-
tions, our experiments deal mainly in the dilute solution
regime, ignoring at this time studies of structures and
dynamics of epoxy resins in concentrated solutions of their
own reaction bath. An earlier communication3 has detailed
the use of fractal geometry as an application to branched
epoxy polymer characterizations.

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

202.3) and Cis-l,2-cyclohexanedicarboxylic anhydride (CH, Mw
= 154.2) were purchased from Aldrich Chemical Co. and used
without further purification since the same experimental results
were obtained when both components were purified by vacuum

distillation. The catalyst (CA), benzyldimethylamine (Mw = 135.2,
courtesy of Gary L. Hagnauer, Polymer Research Division, Army
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Table I
Properties of Epoxy Polymer (1,4-Butanediol Diglycidyl Ether with cis -1,2-Cyclohexanedicarboxylie Anhydride) during the

Curing Process

sample % CH convn

Mw (g/mol) (fig2:N2 (A) A2 (mL-mol/g2)
X-ray LLS X-ray LLS X-ray LLS

1 6.5 4.32 x 103 4.11 X 103 29 1.45 X 10™3

2 13.3 6.14 X 103 6.07 X 103 36 1.26 X 10™3

3 20.0 8.23 x 103 8.23 X 103 44 1.05 X 10™3 1.01 X 10™3

4 26.5 1.25 X 104 1.22 X 104 55 8.70 X 10™4

5 33.5 2.11 X 104 2.04 X 104 70 7.41 X 10™4

6 36.0 3.37 X 104 3.15 X 104 85 6.12 X 10™4 6.30 x 10™4

7 38.5 5.60 x 104 5.00 X 104 112 105 5.25 x 10™4

8 40.0 7.68 x 104 128 4.57 X 10™4

9 41.0 1.03 x 10s 150 4.17 x 10™4

10 42.5 1.42 x 105 191 3.63 X 10™4

11 44.0 2.19 X 105 222 3.16 x 10™4

12 45.3 3.01 x 105 257 2.88 X 10“4
13 46.5 4.97 x 105 314 2.51 X 10™4

Materials Technology Laboratory, Watertown, MA) was vacuum
distilled before use.

2. Preparation of Solutions. Known weights of CH were
heated to ~50 °C in order to melt the CH. The melted CH was
then cooled to ~37 °C, a few degrees above the melting point
of CH (~ 32-34 °C), and mixed well with known weights of DGEB.
Then, a small amount of catalyst was added to the homogeneous
liquid mixture using a Drummond digital microdispenser (±0.01
M¿). The well-mixed reaction mixture containing a molar ratio
of epoxy (DGEB)xuring agent (CH)xatalyst (CA) = 1:2:0.001 was

centrifuged at ~ 18000 gravity and ~38 °C for 2 h. A middle
portion of the centrifuged reaction mixture was then transferred
to dust-free cylindrical light scattering cells of 17-mm o.d.
Composition of the reaction mixture during curing could be an-

alyzed chemically.4
3. Methods of Measurements. A high-temperature light

scattering spectrometer was used for measurements of the angular
distribution of absolute scattered intensity as well as its spectral
distribution.5 The glass jacket (4 in Figure 2 of ref 5) was modified
so that the inner brass thermostat (5 in Figure 2 of ref 5) was
immersed in a glass jacket containing refractive-index matching
oil. This more standard arrangement permitted a reduction in
the o.d. of the cylindrical light scattering cell to between 10 and
17 mm and consequent reduction in the solution volume required
to carry out light-scattering experiments. With the refractive-
index matching oil, we could also cover a broader scattering
angular range varying from about 10° to 140°, even though the
smaller accessible scattering angular range was relatively unim-
portant for the epoxy characterizations, especially during the initial
curing process. The details of light-scattering instrumentation
have been described elsewhere.4

We have modified a Kratky block collimation system for
small-angle X-ray scattering (SAXS) at the State University of
New York (SUNY) X21A2 beamline, National Synchrotron Light
Source (NSLS), Brookhaven National Laboratory (BNL). Two
linear position sensitive detectors (LPSD) have been adapted to
the Kratky small-angle X-ray diffractometer6 (SAXD), a Braun
LPSD with an effective detector length of ~5 cm, and a photo-
diode array LPSD with an effective detector length of ~2.5 cm.
For the epoxy polymer studies, we used a slit width of ~0.5 mm

and covered a K range between ~0.07 and ~3.4 nm™1 where the
scattering wave vector K = (4  / ) sin (9/2) with   and 9 being
an X-ray wavelength of 0.154 nm and the scattering angle, re-

spectively. Two ionization chambers were used to measure the
sample transmission. The SAXS curves have been corrected for
detector linearity, parasitic scattering, solvent background, and
sample attenuation. Desmearing was unnecessary as the incident
X-ray beam had a small cross section of 0.5 X 2 mm at the sample
chamber.

III. Results and Discussion
1. Refractive Index Increment Measurements. An

absolute determination of the polymer molecular weight
requires information on the refractive index increment
(dn/dC) as well as the Rayleigh ratio. The refractive index
increment was determined according to the procedure

outlined in ref 4. We did not try to isolate the epoxy
polymer from varying amounts of unpolymerized DGEB
and CH. Instead, we determined dn/dC for the epoxy
polymers in methyl ethyl ketone (MEK) in the presence
of small amounts of DGEB and CH.

We have taken into account the varying amounts of
DGEB and CH by adding corresponding quantities of
unreacted DGEB and CH with the solvent MEK in order
to keep the ratio of MEK:DGEB:CH constant for the
branched epoxy polymer solutions. Thus, for each
branched epoxy polymer that we withdrew from the re-
action mixture, we dissolved the polymer at different
concentrations using a mixed solvent with a constant ratio
of MEK:DGEB:CH. Furthermore, we took into account
possible solvent preferential interactions by using two
different mixed-solvent ratios (MEK:DGEB:CH =

1:0.03:0.025 and 1:0.01:0.007 in volume ratios). The same
results (molecular weight and radius of gyration) were
obtained. Thus, we do not have to take into account the
small variation in the mixed-solvent composition in our

analysis. dn/dC = 0.180 ± 0.002 within the above two
volume ratios of MEK:DGEB:CH at  0 = 488 nm and 25
°C, and the refractive index of the corresponding solvent
mixture is 1.377.

2. Light Scattering Intensity Measurements. The
excess absolute integrated intensity of light scattered by
a dilute polymer solution has the form

HC
fiw(fi) (1)

where the optical constant   = (4x2n2//VAX04)(dn/dC)r2,
with   (=  0/ ), A2, (fig2)//2 (= 1 8), Mw, and K being,
respectively, the wavelength of light in the scattering
medium, the second virial coefficient, the z-average root-
mean-square radius of gyration, the weight-average mo-
lecular weight, and the magnitude of the momentum
transfer vector. The subscripts vv denote vertically po-
larized incident and scattered light. From a Zimm plot
as shown typically in Figure 1, we can determine Mw, fig,
and A2. The results are listed in Table I.

3. Small-Angle X-ray Scattering Measurements. In
SAXS, the excess scattered intensity I is governed by
electron density (instead of refractive index) differences
between the solute and the solvent. We may write

H'C
I (2)

where the optical constant H in light scattering has been
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1 O6 K2+0. 04C

Figure 1. Typical Zimm plot of epoxy polymer in methyl ethyl
ketone with traces of unreacted monomers DGEB and CH at 25
°C using light scattering intensity measurements with \0 = 488
nm for sample 12 with ~45.3% CH conversion (Mw = 3.01 X 105

g/mol, A2 = 2.88 X 10"4 mL mol g"2, Rs = 25.7 nm): ( ) C = 1.17
X 10"4 g/mL; ( ) C = 4.27 X 10"4 g/mL; (0) C = 7.54 X 10"4 g/mL.

104 K2+1G"‘C
Figure 2. Typical Zimm plot of epoxy polymer in methyl ethyl
ketone with traces or unreacted monomers DGEB and CH at 25
°C using small-angle X-ray scattering at the National Synchrotron
Light Source (  = 0.154 nm, sample 3 with ~20% conversion,
Mw = 8.23 X 103 g/mol, A2 = 1.05 X 10"3 mL mol g"2, and Rg

=

4.4 nm): (0) C = 7.89 X 10"4 g/mL; ( ) C = 1.04 X 10"3 g/mL;
( ) C = 2.51 X 10"3 g/mL. H'C/I transfers the light scattering
calibration to SAXS by determining the ratio of scattering in-
tensities in light scattering and SAXS of one epoxy polymer
solution of known molecular weight.

replaced by an instrument constant if4 which takes care
of the square effect due to the electron density increment7
and instrumentation differences between light scattering
and SAXS. Without computing or measuring the electron
density increment, we simply determined H' by using an

epoxy polymer (sample 3) of known molecular weight (8.23
X 103 g/mol from light scattering measurements) as our
SAXS calibration standard. SAXS intensity measure-
ments could then be used to determine Mw, Rt, and A2 of
other epoxy polymer samples1,2,4"7 as shown typically in
Figure 2. The SAXS results are also listed in Table I. The
agreement between light scattering and SAXS results is
very good, with Mw values differing by no more than a few
percent in most cases. From the initial slopes in plots of
limc^o HC/Rw and limc_o H'C/I versus K2, we note that
for sample 7, Rg

= 112 and 105 Á by means of SAXS and
light scattering, respectively. An Rg value of ~ 100 Á, as
determined by light scattering, has an uncertainty of about
10%, while SAXS with the intense synchrotron X-ray
source yields fairly precise Rg values with uncertainties of
no more than a few percent down to very small sizes (e.g.
Rg (sample 1) = 29 Á). In Figure 2, the unsmoothed excess
SAXS intensity has been corrected for detector nonlin-
earity, sample transmission, solvent background, and
parasitic scattering. No desmearing was required because
of the small beam cross section and divergence of the
incident synchrotron X-ray beam. The agreement of Rg
values between light scattering and SAXS also confirms
the above assumption over the K range of our measure-

1 03 K2 + 10"'C
Figure 3. Guinier plots of two of the three concentrations of
Figure 2: ( ) C = 7.89 X 10"4 g/mL; ( ) C = 2.51 X 10"3 g/mL.
From the initial slopes, we retrieved essentially the same values
for Mw, A2, and Rg as stated in Figure 2. The linear behavior in
a log I versus K2 plot at KRg < 1 in the SAXS measurements is
clearly demonstrated.

ments. It should also be noted that the signal-to-noise ratio
of our SAXS measurement is better than Figure 2 suggests,
as the intensity values have been greatly magnified in order
to show the initial slope behavior from the first 19 data
points at the lowest scattering angles. If we were to use
a conventional X-ray source, we would have great difficulty
in achieving such a reciprocal intensity plot. Rather, a
Guinier plot of log I versus K2, as shown in Figure 3,
represents the standard method of determining Rg. Ac-
cording to eq 2, we have for C = 0

(KP’R
2 \

I
ZZ2D 2

“ log Mw - -

J?- (3)

The limiting slope at C = 0 and KRg < 1 yields the radius
of gyration. The linear behavior over a much broader K
range in SAXS permits a more precise Rg determination
for small Rg values (5 100 A) by means of SAXS when
compared with light scattering. In polymer characteriza-
tion, light scattering and SAXS are truly complementary
techniques in covering the size determination. For our

epoxy studies, we started with monomers that eventually
form very large polymer networks. Thus, during the initial
stages of the epoxy polymerization process, SAXS is the
proper analytical method to determine Rg of the branched
epoxy polymer. Following eq 1 and 3

MWHC ( MJI'C \
lim —— I = lim —— 1^1 + {Rg/WRg =

c-o RwCK) \ c-o I(K) ) B

1 + (Rg/3)x (4)

In plots of limc^o M^HC/R(ff) or limc—q M^H'C/I versus

  (s I&Rg), as shown in Figure 4, we see that laser light
scattering (LLS) measurements, as denoted by filled sym-
bols are clearly appropriate for Rg values of a few hundred
angstroms. It becomes increasingly more difficult at
smaller Jf?g sizes because of the small KRg (< 1) ranges
accessible to LLS when Rg is very small. For sample 7
(denoted by filled and hollow diamonds) we demonstrate
an overlap of two independent scattering techniques on
an absolute determination of Rg.

4. Fractal Geometry of Branched Epoxy Polymers.
The curing of epoxy resins from 1,4-butanediol diglycidyl
ether (DGEB) with the curing agent cts-l,2-cyclohexane-
dicarboxylic anhydride (CH) in the presence of a small
amount of catalyst benzyldimethylamine (CA) represents
a cross-linking polymerization process, as shown sche-
matically in Figure 5. The cross-linking reaction involves
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Figure 4. Plots of M^HC/R^ (for light scattering) and M^H'C/I
(for SAXS) as a function of K2(R2)V'1. According to eq 1 and
3, lime—o MJIC/R^ (= limc-o MJH’C/I) = 1 + {R2)zll2/3K2
X (Rg)^%. Thus, the slope is equal to (Rg2)z1/2/3. The plots
demonstrate overlapping regions of the two scattering techniques.
Laser light scattering is denoted by filled symbols while SAXS
is denoted by hollow symbols: ( ) sample 12, (v) sample 10, ( )
sample 7, (4) sample 7, ( ) sample 5, ( ) sample 3. Properties
of various samples are listed in Table I.

Figure 6. Structure of epoxy polymers as a function of percent
CH conversion. [I/CH'ic-0 represents absolute SAXS intensity
at infinite dilution in units of g/mol. Thus, lim#—o [//CH jc=0
= M^ The scattering curves are numbered with increasing percent
CH conversion. Properties of the 13 samples representing epoxy
polymers during different stages of the curing process are listed
in Table I.

i H2d^H-CH2-0-(CH2)4-0-H2C-HC-CH2 + 2n
V r'

(DGEB)

C'
«

o
(CH)

(CA)
.CH,

(DGEB)

a CO
C--0

CH,

(DGEB),

C=0  ̂c=o

I c=o
(DGEB) |

(DGEB)

Figure 5. Cross-linking reaction of DGEB with CH in the
presence of CA.

roughly n mol of DGEB with 2n mol of CH. The chemical
reaction is known to cluster at catalytic centers, and the
formation of branched structures eventually link together
to form loops or polymer networks.

The concept of fractal geometry2,8,9 can be a useful tool
to describe the branching structure of epoxy polymers
during its curing process. The fractal dimension dR of a

molecular cluster with mass M and the radius of gyration
has the relation10   ~ RgR where dR is the fractal di-
mension in terms of the scaling relationship between mass

and radius of gyration. For polydisperse polymers, we

approximate the expression to be

Mw ~ ({Rg2)VY* (5)

In eq 5, we have assumed that the MWDs of branched
epoxy polymers are finite and Mw spacings have been
sufficiently far apart. It should be noted that polydis-
persity could act as a simple correction16 or could affect
the measured exponents dR17’19 as well as ¿ ·20’21 However,
the linear behavior as shown in Figure 8b, the horizontal
region as shown clearly in Figure 9, and our knowledge on
the molecular weight distribution as shown in Figure 12
strengthen the supposition of eq 5; i.e., we have a K region
with a constant dK in the “polydisperse” epoxy polymer
and dR can be evaluated over a broad enough Mw range
even if the epoxy polymers are “polydisperse.” If the
branched polymer has a MWD with only a high MW cu-

toff, the fractal dimension will be scaled even though the
scaling relation holds.

The two-point density-density correlation function C(r)
has the form11 C(r) =* C0r~a with the corresponding static
structure factor S(K) (~ the scattered intensity /), which
is the Fourier transform of the pair correlation function,
having a power-law relation

S(K) ~ K~dR (6)

The fractal dimension dK is related to the exponent a

according to dK = d - a with d being the dimensionality
of the embedding space or lattice containing the fractal.
For a self-similar fractal d{= dK = dR where df is a general
fractal dimension.12 Measurements of the angular dis-
tribution of scattered intensity over large ranges of K with
Rf1 < K < tTl permit us to determine dK according to eq
6 where £ is a correlation length related to the “blob” size.
Measuremetns of Mw and Rg of the epoxy polymer by
means of Zimm plots during the polymerization process
permit us to determine dR according to eq 5. In this
section, our main aim is to check eq 5 and 6 and to find
out if our epoxy polymers form self-similar fractals.

Figure 6 shows static structure factors S(K) [= I/CH 
from SAXS as a function of percent CH conversion. In
plotting the scattering curves, we have scaled the inten-
sities according to eq 3. Thus, the y (= lime—o I/CH0 axis
has units of g/mol and at K = 0 denotes the JViw of the
epoxy polymer as a function of percent CH conversion.
Such an approach is feasible up to the gelation point,
beyond which the epoxy polymer can no longer be dis-
solved as individual macromolecules in MEK. At high
percent CH conversion, the epoxy polymer has reached
fairly high molecular weights (~105 g/mol). Thus, SAXS
measures mainly the fractal geometry of the branched
epoxy polymers in solution according to eq 6, as shown
typically in Figure 7 by the hollow diamonds for sample
13 with a Mw of 5 X 105 g/mol. In Figure 7, we have also
included LLS measurements (also denoted by hollow di-
amonds) at much smaller values of K (<4 X 10-3 A'1). It
may be difficult to see from Figure 7 that the initial slope
from LLS exhibiting almost horizontal behavior could
easily determine the Rg value as has been demonstrated
by Figure 1. As the K range covered by SAXS is extremely
broad, i.e., down to monomer dimensions, we would also
expect a deviation from the fractal dimension beyond 2/Rg
< K < 1/20 A-1, i.e., 20K 5 1 with K expressed in A"1.
Sample 13 represents the epoxy polymer structure just
before its gelation point. At earlier times, e.g. for sample
7 with Mw = 5 X 104 g/mol at 38.5% CH conversion, the
initial slope from SAXS and that from LLS (both denoted
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Figure 7. log-log plots of R/HC for light scattering and I/H'C
for SAXS as a function of A: ( ) sample 1, ( ) sample 7, (0)
sample 13. Light scattering K range: ~7 X 10"4 < K < 4 X 10~3
A"1. SAXS K range: 7 x 10"3 <K< 3.5 X 10"1 A"1. Each SAXS
curve has 817 data points, of which only a fraction is plotted. The
horizontal portion of the scattering curve with a small initial
negative slope can be related to the radius of gyration. In the
range 2/fig < A < 1/20 A"1, we can use the scattering curves to
examine fractal geometry of the epoxy polymers.

Figure 8. Concentration effect on fractal dimension of epoxy
polymers, (a) log-log plots of I/H' versus K for sample 10 in MEK:
( ) C = 7.19 X 10"4 g/mL; (a) C = 1.14 X 10"3 g/mL; ( ) C =

2.41 X 10"3 g/mL. There are 817 data points on each scattering
curve. Only a fraction of data points is plotted, (b) log-log plot
of a scaled intensity curve based on the scattering curves from
three different concentrations as shown in Figure 8a. Same
symbols as in Figure 8a with Mw = 1.42 X 105 g/mol and A2 =

3.63 X 10"4 mL mol g~2. Again only a small fraction of data points
is plotted.

by solid triangles) in Figure 7 could be used to determine
fig. The log-log plot of Figuré 7 also demonstrates the
precision with Which we have to achieve in order to mea-
sure fig of the order of 100 Á. The LLS portion of the solid
triangles is almost horizontal. We have also included
sample 1 (denoted by hollow squares) representing only
a 6.5% CH conversion in Figure 7. For sample 1, fig (~
29 Á) is no longer accessible by LLS. In the SAXS region,
the initial horizontal curve can be used to determine both
Mw and fig. Again, we can use eq 6 to determine the fractal
dimension over an appropriate K range (2/fig 5 K 5 1/20
A"1). More importantly, we note that the scattering curves
of samples 7 and 13 overlap over a broad K range (1.5 X
1CT2 5 A < 3 X 10"1 A'1) while the scattering curve for

Table II
(a) Fractal Dimension df of Epoxy Polymer Solutions Based

on I(K) ~ K“k of Eq 6 with (2/Rt) < K < Y and (b) Coil
Behavior of Epoxy Polymers between the Mesh Points

Based on I(K) ~ K e with Y<K< (1/4) A"1
Section a

d f

sample y-l = 30 A y-i = 20 A y-l = 15 A y-l = 10 A
13 2.17 ± 0.01 2.16 ± 0.01 2.14 ± 0.02 2.10 ± 0.03
12 2.17 ± 0.01 2.17 ± 0.02 2.13 ± 0.03 2.11 ± 0.04
11 2.18 ± 0.02 2.17 ± 0.02 2.14 ± 0.02 2.12 ± 0.03
10 2.18 ± 0.01 2.17 ± 0.01 2.15 ± 0.02 2.12 ± 0.02

9 2.17 ± 0.02 2.17 ± 0.02 2.14 ± 0.03 2.10 ± 0.03
8 2.17 ± 0.05 2.16 ± 0.03 2.13 ± 0.03 2.10 ± 0.04
7 2.18 ± 0.05 2.17 ± 0.04 2.14 ± 0.04 2.11 ± 0.05
6 2.16 ± 0.05 2.17 ± 0.04 2.13 ± 0.04 2.09 ± 0.05
5 2.15 ± 0.07 2.16 ± 0.05 2.13 ± 0.04 2.10 ± 0.05
4 2.12 ± 0.06 2.10 ± 0.05 2.05 ± 0.06
3 2.05 ± 0.08 2.00 ± 0.06 1.94 ± 0.06
2 2.04 ± 0.08 1.96 ± 0.07
1 1.90 ± 0.08

Section b

0

sample y-1 30 A y-i , 20 A y-i 15 A y-i 10 A
13 1.74 ± 0.06 1.67 ± 0.05 1.64 ± 0.06 1.59 ± 0.09
12 1.76 ± 0.05 1.69 ± 0.05 1.65 ± 0.07 1.61 ± 0.09
11 1.75 ± 0.06 1.67 ± 0.05 1.63 ± 0.07 1.60 ± 0.09
10 1.74 ± 0.05 1.68 ± 0.06 1.67 ± 0.07 1.65 ± 0.10

9 1.73 ± 0.06 1.67 ± 0.05 1.65 ± 0.07 1.62 ± 0.10
8 1.74 ± 0.06 1.68 ± 0.06 1.66 ± 0.07 1.63 ± 0.10
7 1.72 ± 0.07 1.67 ± 0.06 1.65 ± 0.07 1.62 ± 0.09
6 1.71 ± 0.07 1.68 ± 0.06 1.66 ± 0.05 1.62 ± 0.10
5 1.70 ± 0.06 1.68 ± 0.06 1.65 ± 0.06 1.61 ± 0.10
4 1.68 ± 0.07 1.67 ± 0.07 1.65 ± 0.07 1.60 ± 0.10
3 1.68 ± 0.06 1.67 ± 0.07 1.64 ± 0.06 1.58 ± 0.11
2 1.67 ± 0.08 1.68 ± 0.07 1.66 ± 0.07 1.59 ± 0.10
1 1.65 ± 0.08 1.67 ± 0.07 1.66 ± 0.07 1.59 ± 0.11

sample 1 with Mw = 4 X 103 g/mol does not overlap with
the other two scattering curves even in a log-log plot,
indicating structural differences for the epoxy polymer
between the very initial stages and before the gelation. We
shall return to this point later. In Figure 7, the scattering
curves have similar shapes and we want to again emphasize
the complementary aspect of the two scattering techniques.
For our epoxy polymerization process, we need both LLS
and SAXS in order to cover the appropriate A ranges.

Now we turn our attention to the two main tasks, i.e.,
experimental determinations of dK and dR. For dK, we can
determine a value for each sample. However, for dR, in-
stead of doing a tedious fractionation of each polymer
sample, we have chosen the approximate eq 5 and made
an experimental determination of Mw and fig for the epoxy
polymer at 13 time intervals up to the neighborhood of the
gelation threshold during the curing process.

In the dK determination, we have considered the con-
centration effect as follows. Figure 8a shows log-log plots
of I/H' versus A for sample 10 in MEK at C = ( ) 7.19
X 10"4 g/mL, ( ) 1.14 X 10"3 g/mL, and ( ) 2.41 X 10"3

g/mL. As we have a total of 817 data points for each
scattering curve, only a fraction of the data is plotted. It
should be noted that the scattering curves are slightly
curved. Figure 8b shows a log-log plot of scaled scattered
intensities of the three scattering curves of Figure 8a.
Overlapping of the three scattering curves with zero ad-
justable parameters is clearly demonstrated. The results
for dK, as well as the exponent ¡3 related to the coil behavior
between the entanglement points, are listed in Table II.
It should be noted that our dK values represent the fractal
dimension of swollen branched epoxy polymers in solution.
The variable Y in Table II represents a correlation length
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Table III
Determination of £ Based on Plots of log (Wmeui/ lFcalcd) versus log Ka

sample 36 4t 5 6 7 8 9 10 11 12 13

£ (A) 18.4 ± 4.7 18.5 ± 4.8 18.9 ± 3.9 20.3 ± 3.7 19.2 ± 3.0 20.1 ± 3.4 18.9 ± 4.2 19.5 ± 3.3 20.0 ± 3.5 20.0 ± 3.4 19.7 ± 3.0

“£~l is determined by the intercept between \Fmeaad/Wcalcd = 1 and the straight line with slope =¡ 0.49. 6 Estimated value.

Figure 9. Plot of VFmeaad/ versus K for sample 7. Mw = 5.00
X 104 g/mol, Rg

= 105 A, Wmeaad = (I/H'C)meaaifi=0, Wca, =

S-ODC217, and slope (at K > l/£) = 0.49 ± 0.06.

| below which the polymer coil behavior should begin to
dominate. On the basis of the values of constant df, we
see a cut off value of Y"1 ^ 20 Á with dK ~ 2.17 for
samples 6-13. At earlier polymerization stages, we consider
the branched polymer chains to have lower d( values with
  no longer related closely to the polymer mesh size. Figure
9 shows a more quantitative approach to determine the
mesh size | 19.2 ± 3.0 Á) and to show the deviation of
the measured curve from Wcal (g/mol) = 3.01A?17 with K
expressed in A~4 for sample 7. The results are listed in
Table III. As the K range obeying the fractal dimension
dK is limited, the range of K used in the determination of
dK should always be considered with care.

Beyond the mesh size range (K > £-1), we have noted
an epoxy polymer coil behavior with I(K) ~  ~ß and ß ^

1.68 ± 0.06, as listed in Table lib. The value (df - ß) =

2.17 - 1.68 = 0.49 is the slope shown in Figure 9 for K >
¿f1. Daoud and Joanny13 predicted a linear blob behavior
of ß ~ 5/ 3 in a   solvent.

We now come to the determination of dR. A log-log plot
of (ñg2)z1/2 versus Mw, as shown in Figure 10, reveals a

slight curvature in the low molecular weight region; i.e.,
during the initial stages of the curing process, the epoxy
polymer appears to have different structures from those
at later stages even before the gelation threshold. The
experimental results shown in Figure 10 required a com-
bination of SAXS (denoted by solid squares) and LLS
(denoted by hollow squares) measurements. However, the
agreement between the two techniques has been excellent.
Furthermore, the curvature is mainly in the SAXS region.
Although a least-squares fitting of all the data points using
(R2)z1!2 = feRMw“r with dR = l/aR shows a reasonable dR
= 2.0, we have approximated the slight curvature at low
Rg values by breaking the curve into two straight sections
near Mw ~ 1 X 104 g/mol. Least-squares fitting of the first
three and four low Mw data points yields dR =* 1.55 and
1.61, respectively, while dR (= df) ~ 2.05. Thus, we cannot
apply the concept of self-similar fractals in the very be-
ginning of the curing process for our epoxy system.

It is interesting to note that the difference in scattering
curves for low molecular weight and for high molecular
weight epoxy polymers appears to occur at a fairly high
molecular weight of ~104 g/mol. We speculate that the
reason for this behavior is due to the relatively low catalyst
concentration of ~0.1%; i.e., there is only one catalyst
molecule for about 1000 epoxy monomers. During the
initial polymerization process, most of the epoxy polymers

10
10* 10=

M, (q/mo 1 )

Figure 10. log-log plot of (fi 2>z1/2 versus Mw. Solid squares
denote SAXS measurements while hollow squares denote light
scattering measurements. M = kRRgiR with Rg and M expressed
in units of A and g/mol, respectively (fitting range, kR, dp): whole
(13 points), 4.59 ± 0.41, 2.00 ± 0.03; 3 low points, (2.38 ± 0.15)
X 10,1.55 ± 0.02; 10 higher points, 3.04 ± 0.33, 2.07 ± 0.04; 9 higher
points, 3.25 ± 0.76, 2.06 ± 0.05.

<

1 Q'4 1— I I I I I_I_I I I I II M

10* 105

M, (g/mo 1 )

Figure 11. log-log plots of A2 versus Mw from light scattering
intensity measurements. A2 = kAM“h with A2 and M in units of
mol mL/g2 and g/mol, respectively (fitting range, kA, aA): whole
(13 points), (3.02 ± 0.31) X   2, -0.37 ± 0.01; 10 higher points,
(2.19 ± 0.13) X 10"2, -0.34 ± 0.01.

are relatively linear because the branching probability is
fairly small.

From our light scattering intensity measurements we
have also determined the second virial coefficient A2 ac-

cording to eq 1. Figure 11 shows a log-log plot of A2 versus

Mw. We have noted a curvature at low values of Mw,
similar to the trend exhibited in Figure 10. By using

A2 = kAM^ (7)

we get kA = (3.02 ± 0.31) X 1(T2 and (2.19 ± 0.13) X 1(T2
as well as aA = -0.37 ± 0.01 and -0.34 ± 0.01, respectively,
with all 13 data points and the 10 higher molecular weight
data points. We are not aware of experimental determi-
nations for the constants kA and aA in highly branched
polymers. However, experimental results on star-branch
polymers suggest an aA value of -0.37 for 12-arm and 18-
arm polystyrene stars,14 in fairly good agreement with our

findings.
The results of A2 suggest that the lower Mw epoxy

polymers are more swollen than the higher Mw epoxy
polymers during the later stages of the curing process
before the gel point. This observation agrees with our

concept that during the initial polymerization stages, the
epoxy polymer molecules are less branched. The smaller
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M (g/mo1)
Figure 12. Typical molecular weight distribution of epoxy
polymers during the curing process. Time correlation function
data were taken at 8 = 30 °C and C = 7.19 X 10“4 g/mL in MEK.
We used D° (cm2/s) = 1.50 X   ^  0482 with M expressed in g/mol
to transform G(r) versus   to FW(M) versus M yielding Mw:Mn
= 1.42 X 105:5.89 X 104 g/mol = 2.41:1, as denoted by squares.
If we take into account the changes of RgJRh ratio as a function
of molecular weight, D° = 2.45 X 10"4M"°·62®, F„(M) as denoted
by triangles, yields M„/Mn = 1.42 X 105:6.40 X 104 = 2.22:1.

degree of branching in the lower Mw epoxy polymers
permits easier swelling of the polymer molecules. With
increasing molecular weight, the polymer molecules be-
come more highly branched and less swollen. The concept
of fractal geometry is applicable because of the agreement
between dR (= df) ~ 2.05 over a substantial range of re-
action time before the gel point, as shown in Table II and
Figure 10.

5. Determination of Molecular Weight Distribution
of Branched Epoxy Polymer in Solution. Before the
gelation threshold, we can determine the molecular weight
distribution (MWD) of branched epoxy polymers in solu-
tion using Mw from static light scattering, dK from SAXS,
and the normalized characteristic linewidth distribution
function G(r) from dynamic light scattering and Laplace
inversion.3’5’15 In computing MWD, we have used Mw to
determine kO in the relation

  = fcuV (8)

where we have taken into account the Rg and Rh differences
as a function of molecular weight because of changes in
the branching structure and assumed dK to be the same
for monodisperse and polydisperse branched epoxy poly-
mers; i.e., the MWD is finite. Figure 12 shows a typical
MWD determination for sample 10 with Mw = 1.42 X 105

g/mol and Mw/Mn = 2.41.
6. Fractal Dimension beyond the Gelation

Threshold. Beyond the gelation threshold, SAXS can be
used to determine the fractal geometry of epoxy polymers
as shown typically in Figure 13. For the present epoxy
system, we still require immersion of the gel particles in
MEK in order to increase the electron density difference.
df ~ 2.14 ± 0.02 and 2.13 ± 0.03 for K < 1/30 A"1 and K
< 1/20 A-1, respectively. Further studies are underway.
IV. Conclusions

Branched polymer structures and macromolecular
properties of epoxy polymers in solution can be investi-
gated by using a combination of scattering techniques. By
combining laser light scattering with small-angle X-ray

Figure 13. log-log plots of I/H'C versus K. The epoxy gel was
swollen in MEK. Least-squares fitting of 817 data points to I
=c Ka yields a = 2.14 ± 0.02 and 1.69 ± 0.05 for K < 1/30 Á"1 and
1/30 < K < 1/4 A-1, respectively.

scattering, we have developed a methodology to determine
the molecular weight and the molecular weight distribution
of random polymer structures before its gelation threshold
during the curing process. Our method differs from the
usual analytical technique such as size exclusion chroma-
tography because we do not require fractionation of ran-
dom branched polymers in solution but take advantage of
the fractal geometry of random structures which can be
determined by SAXS, provided that the MWD is finite.
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