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ABSTRACT: The phenomenon of
structural branching is ubiquitous in
a wide array of materials: polymers,
ceramic aggregates, polymeric net-
works, and gels. Branching has a
strong influence on the structure—
property relationships of these mate-
rials. Despite the interdisciplinary
importance and decades of effort,
the analytical description and quan-
tification of branching are weak.
Existing techniques for polymers

based on size exclusion chromatog-
raphy and rheology are, at best,
qualitative, and quantitative charac-
terization techniques such as nuclear
magnetic resonance Spectroscopy
and transmission electron micros-
copy (for ceramic aggregates) have
limitations in providing routine
quantification. For ceramic aggre-
gates, theoretical work has domi-
nated, and only a few publications
on analytical studies exist to support

the theory. Small-angle scattering of
X-rays and neutrons can be used to
quantify the branch content through
application of concepts native to
fractal geometry.  ©2006 Wiley Peri-
odicals, Inc. J Polym Sci Part B: Polym Phys
44: 1395-1405, 2006
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Association and having been an officer in that organization. He is
on the advisory board for the Intense Pulsed Neutron Source at
Argonne National Laboratory and has more than 100 peer-reviewed
publications. His B.S. degrees in Zoology and Chemical Engineer-
ing are from the University of Rhode Island, and he obtained his
Ph.D. degree in Polymer Science and Engineering from the Univer-
sity of Massachusetts at Amherst under Dick Stein. Beaucage worked
for a short time at Sandia National Laboratories in Albuquerque but
has spent the majority of his career at the University of Cincinnati,
except for a 1-year sabbatical in Zurich at Eidgendssische Technische
Hochschule (ETH) in process engineering, where he studied the pyro-
lytic growth of nanoparticles, using X-ray and light scattering. His
interests span a wide range of fields, but much of his work has been
focused on disordered materials, including the quantification of
branched structures in polymers, networks, and aggregates, especially

with small-angle X-ray and neutron scattering.

INTRODUCTION

Ramified structures are common in a variety of materi-
als, including polymers and ceramic aggregates. Poly-
mers, for example, are generally described by their
chemical structure and their molecular weight distribu-
tion (MWD). Branching can be considered the next
most important characteristic feature influencing the
properties of polymers. The presence of a few short-
chain branches drastically changes the crystallization
behavior of semicrystalline polymers.' The presence of
long-chain branching (LCB) has a direct bearing on
the hydrodynamic and rheological properties of poly-
mer solutions and melts. Phase separation has been re-
ported in commercial polymers because of a disparity
in the branch contents of constitutive fractions.”™"' On
similar lines, phase separation in a network structure'?
has been observed as a result of branching/crosslinking
differences of one of the components in multicompo-
nent systems.

Branching/aggregation plays a major role in decid-
ing the reinforcing properties of particulate fillers such
as silica and carbon black in filled elastomeric sys-
tems.'*™"7 The obtained reinforcement is theoretically
linked to the structure of the aggregated filler par-
ticles,'® along with their interaction with the elastomer
matrix. In general, highly branched/aggregated filler
particles provide optimum reinforcing characteristics.'?
Details concerning reinforcement depend on the fractal
dimension (dy) and branch fraction (¢br).13’18’19

Branching in polymers and aggregates can be classi-
fied as regular or random branching (Fig. 1)."> Regu-
larly branched polymers include architectures described
as comb polymers, star polymers, and dendritic poly-

mers. These branches are obtained in a controlled man-
ner, and these polymers often display colloidal (e.g.,
micellar) properties. The discussion of such regularly
branched structures and their quantification is beyond
the scope of this article. The focus of this review is
randomly branched polymers in which the insertion of
branches is statistical. Readers are referred to the work
of Lohse et al.?® for a detailed study of the effects of
branching as manifested in the rheological properties
of such polymers, as shown in their exhaustive study
of model/regularly branched systems.

Branches in polymers/aggregates can also be classi-
fied as short or long. The question of how long a long
branch should be before it is classified as a long
branch is a topic of some controversy.’’™> We think
that a long branch is one that is indistinguishable from
the main chain. This provides an unambiguous way of
distinguishing between short- and long-chain branches.
For the most part, this review considers LCB, although
there may be some possibility of extension to short-
chain branching (SCB) in approximation. Only a few
key examples are discussed, with the goal of encom-
passing the exhaustively studied field of quantifying
statistical long-chain-branched structures with routes
well established in the current literature.

Comparisons between existing techniques to quan-
tify branching/aggregation are outlined in Table 1. Rel-
ative measures of branching obtained from size exclu-
sion chromatography (SEC) and rheological measure-
ments are routinely used for estimating branching in
polymers. Nuclear magnetic resonance (NMR) spec-
troscopy has also been employed for determining the
branch content in polymers through the detection of
the frequency shifts for carbon atoms at branch points
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Figure 1. Different branched structures. The gray indicates p.

by high-frequency '*C NMR and by *Si NMR in
silica-based ceramics.?® Transmission electron micros-
copy (TEM) can be used to obtain the degree of aggre-
gation in diffusion/reaction-limited aggregates. An
analysis of the viability of these techniques for estimat-
ing branching/aggregation from existing literature and
their shortcomings is presented.

DETERMINATION OF THE BRANCH
CONTENT IN POLYMERS BY SEC

SEC [gel permeation chromatography (GPC)] has
widely found applications as an indirect/relative tech-
nique for characterizing MWD in polymers. It reveals
the molecular weight of a polymer fraction by the
detection of its hydrodynamic volume®’® [which is
given as the product of the intrinsic viscosity ([#]) and
viscosity-average molecular weight] by comparison
with a calibration curve of standard polymers of
known MWD. By the measurement of [x#] with an
inline viscometer and refractive-index detector, the vis-
cosity-average molecular weight of the polymer frac-
tion can be readily calculated.?®’

SEC separates a polydisperse polymer sample on
the basis of the hydrodynamic sizes of different frac-
tions and not their molecular weights.”** That is, it
cannot differentiate between a branched polymer and a

linear polymer of equal size, which would elute out at
the same time. For a linear polymer and a branched
polymer of equal molecular weight, the radius of gyra-
tion (R,) of the branched molecule will be smaller,”®
as the schematic in Figure 2 shows.

Historical Preview

According to Zimm and Stockmayer,31 the ratio of the
mean square radii of gyration of a branched polymer
and a linear polymer of equal molecular weight is
known as the parameter g and is related to the parame-
ter ¢, which is the ratio of the [#] values of a

branched polymer and a linear polymer:**~'

g =g (1)

where g is equal to (Rg)u/(Rg)1, g is equal to [n]y/[n],
e is a scaling constant, <R§> is the mean square radius
of gyration, and the subscripts b and I refer to the
branched and linear polymers. (For a Gaussian chain,
Ré ~ m, where m is the degree of polymerization, and
for low polydispersity, V ~ Ré. Therefore, [n] ~ 1/p ~
Vim ~ Ry, and g ~ (RJu/(Reh ~ g% e = 1/2 (V is
the volume and p is the density). Zimm and Stock-
mayer®' generalized this for non-Gaussian chains with
a higher polydispersity ad hoc in eq 1 and ignored the
scaling prefactors.) The [#] and molecular weight val-
ues measured in an SEC experiment correspond to the

Table 1. Comparison of the Different Characterization Techniques Used in the Quantification of Branching®

Effective in Measuring

What They
Technique LCB SCB Nature Measure® System
1 SEC Yes No Relative Qualitative Polymers
2 NMR No Yes Absolute (npr)s (Lir) Polymers + ceramics
3 Rheology Yes No Relative Qualitative Polymers
4 TEM Not applicable Absolute Nprs Ly Ceramics
5 Scattering Yes Possible Absolute burs €, dp Polymers + ceramics
6 Gas adsorption Averaging technique Absolute (S/V) primary Ceramics

# Ly, = length of branches; (S/V)primary = surface-to-volume ratio of primary particles.
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Figure 2. Comparison of the radii of gyration of (a) a lin-
ear polymer and (b) a branched polymer of equal molecular
weight.

actual branched molecule being run through the col-
umn. The corresponding value of [#] for a linear poly-
mer of the same molecular weight can be calculated
with the Mark—Houwink equation:

[, = KM* (2)

where M is the molecular weight and K and a are con-
stants for a given polymer—solvent pair. Once the pa-
rameter g is obtained, the Zimm—Stockmayer relation-
ship (eq 3)*' is used to estimate the branch content. To
use the correct relationship, knowledge of the nature of
branching, that is, whether the branch points are tri-
functional or tetrafunctional and whether the branch
lengths are random or monodisperse, is needed.”® "
For polydisperse branch lengths with trifunctional

branch points, g is given as follows:**'

(83)w

- E (nw)1/2 2+ nw)1/z _ (nw)1/z -

3)

where the subscripts 3 and w indicate trifunctional
branch points with polydisperse branch lengths and n,,
is the weight-average number of branches per mole-
cule. The branching can then be quantified with the
following relationship, which in this case is for poly-
ethylene:*’

LCB Ny
1000C — M(M,OOO) (4)

where 14,000 corresponds to the molecular weight of
1000 repeat units of a —(CH,)— molecule.

Recent Works

Although SEC provides an empirical technique for esti-
mating the long-chain-branch content as well as distribu-
tion, it remains a relative technique involving indirect
calculations based on iterative solutions for eqs 1 and
3.9 SEC experiments are carried out in good solvents,
whereas the Zimm-Stockmayer relationships were
derived for theta solution conditions (¢ = 1/2). The effect
of these assumptions on different branched polymer sys-
tems is not known. The accuracy, as of any SEC method,
is dependent on the sensitivity of its detectors (Fig. 3).
Molecular-weight-sensitive detectors such as viscometer
detectors and light scattering detectors show a poor
response in the low-molecular-weight tail of the chromat-
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Figure 3. Response versus the retention volume for (a) a
refractive-index detector, (b) a viscometer detector, and (c) a
light scattering detector for the same sample.*> Reprinted
with permission from Beer, F.; Capaccio, G.; Rose, L. J.
J Appl Polym Sci 1999, 73, 2807.
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ogram, whereas concentration-sensitive detectors such as
differential refractive-index detectors show a poor
response in the high-molecular-weight slice of the raw
data.’® The advent of multidetector configurations seems
to have overcome some of these difficulties with the
direct determination of both R, and [#] as a function of
the molecular weight without the necessity of resorting
to a calibration curve. Some efforts have also been made
toward using a distribution of the parameter (gs)., instead
of the single weight-averaged value given by eq 3,*
although the results do not provide an unambiguous
determination of the branch content. The reduction in [#]
of a branched polymer, as opposed to a linear polymer, is
the basis of the branch content measurement in SEC.
This reduction in [#] due to short branches is only 0.01
times that due to long-chain branches.?® Hence, the sensi-
tivity of the SEC branch content is limited to high levels
of LCB, for which comparative data is lacking, as dis-
cussed later.

DETERMINATION OF THE BRANCH
CONTENT IN POLYMERS AND
CERAMICS BY NMR

Among commercial polymers, the determination of the
branch content by NMR spectroscopy has been exhaus-
tively studied for two polymers: polyethylene and pol-
y(vinyl chloride) (PV(C).3438 High-resolution B3¢
NMR has ben used for this application. With this tech-
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nique, shifts in the radio-frequency vibrations of up to
five carbon atoms from a branch point have been esti-
mated® and can be used to calculate the number den-
sity of branches. For polymers other than polyethylene,
extensive sample preparation may be necessary. The
estimation of branching in PVC, for example, requires
the removal of the Cl atoms by a process of reductive
dechlorination with lithium aluminum hydride® or
tributyl tin hydride*' to negate the complex effect of
stereochemical isomerization.”* After this procedure,
determining branching in PVC with '*C NMR spec-
troscopy is similar to determining branching in poly-
ethylenes, as described later. One drawback of NMR is
that it cannot differentiate between branches composed
of six carbon atoms or more and hence assigns them
all as long branches. The main drawback is that the
technique counts for the most part the number of
branch sites, and these are very few in long-chain-
branched systems in which the rheological consequen-
ces of branching are large.

Grant and Paul Chemical Shifts

The Grant and Paul empirical relationship** can be
used to assign chemical-shift values for carbon atoms
in a branched hydrocarbon polymer. It was developed
with chemical-shift values from alkanes. The chemical
shift of any carbon atom in '*C NMR can be decom-
posed as a sum of contributions from its nearest five
neighboring carbon atoms. For n-undecane

£ & ¥ i) o - o g ¥ & £
CH,~CH,~CH;~CH,~CH,;~CH;~CH,~CH.~CH.~CH,-~CH,

the chemical-shift value for *C is given as follows:
Chemical Shift =2(a+f+y+d+¢)+C  (5)

where o, f, 7, 0, and ¢ are called Grant and Paul pa-
rameters and C is a constant. The values are outlined
in Table 2.

When applying the Grant and Paul relationship to
branched polymers, we must account for a correction
due to the molecular geometry of bonded neighbors.
These corrections are shown in Table 3.2 3°, 2° and
1° represent tertiary, secondary, and primary carbon
atoms (Fig. 4), and 3° (2°) represents the correction for
a tertiary carbon bonded to a secondary carbon, as in a
methine group to a methylene. However, Randall*®
showed that the Grant and Paul parameters are temper-
ature-dependent and gave corrected values for these
parameters by conducting *C NMR for hydrogenated
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polybutadiene with 183 branches per 1000 carbon
atoms.

Recent developments seem to have increased the detect-
able branch length up to 10 carbon atoms.** Liu et al.**
demonstrated that it is possible to assign chemical-shift val-
ues to atoms in a side chain greater than six carbon atoms
with ultrahigh-frequency '*C NMR (188.6 MHz).

Using NMR in quantifying the branch content has a
drawback: the results for the branch content will
always overestimate LCB, that is, branches larger than
about six carbon atoms. Hence, the sensitivity of NMR
for determining the branch content is limited to high
levels of SCB. However, NMR is an effective tool for
the determination of the total number of branch sites
(ny,) in a polymer chain. In this way, it is somewhat
analogous to TEM for ceramic aggregates, except that
TEM does not measure average values for ny, very
well (Table 1).
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Table 2. Grant and Paul Parameters Obtained from
Alkanes®

Grant and

Paul Parameter Shift (ppm)

o 8.61
B 9.78
Y —2.88
0 0.37
& 0.06
C —1.87

2 The values were taken from ref. 42.

2Si NMR is used to characterize the intermediate
chemical species formed during the hydrolysis conden-
sation reaction en route to the formation of silicate
aggregates.”® These intermediates can take on various
topological forms ranging from linear to branched to
ring structures. The final topological structure of the
aggregate, however, cannot be determined by NMR,
which can be determined by scattering techniques.

DETERMINATION OF LCB IN POLYMERS
WITH RHEOLOGY

Although NMR is an extremely sensitive quantitative
technique for counting branch sites, it has the same
drawback as TEM for ceramic aggregates: it is much
less sensitive to/or cannot quantify the main feature of
branching that affects properties, that is, the volumetric
contribution of branches to aggregates or to polymer
chains: "

b = (2 =p)/2 (6)

where p is the occupied volume or mass of a minimum
(conducting) path across the aggregate and z is the
occupied volume or mass of the entire structure.
Because this feature is critical to the rheology of poly-
mers, it is natural that attempts have been made to use
rheology to quantify branching.

The presence of LCB has a profound effect on the
rheological properties of polymers,* ! especially met-
allocene-catalyzed polyethylenes.”>*® Only LCB of
the order of 2-3 times the entanglement molecular
weight®' > strongly affects rheological behavior.

The Dow rheology index (DRI) has been proposed
as an indicator of the branching level in industrial pol-
ymers.®" For linear polyethylene, the Cross equa-
tion*°! gives a relationship between the viscosity (1)
and shear rate (7):

n [V] =N (7)

1+ [M]

where 1 is the zero-shear-rate viscosity and /A is the
characteristic time (3.65 x 10° 1 = 1,). The DRI is
obtained as follows:

DRI = [3.65 x 10°(//n,) — 1]/10 (8)

DRI is O for linear polymers and has positive values
for branched polymers. DRI is applicable only to poly-
mers with a narrow MWD (weight-average molecular
weight/number-average molecular weight < 2) because
it cannot differentiate the effects of polydispersity and
branching.

The long-chain-branching index (LCBI) proposed
by Shroff and Mavridis*® attempts to overcome the
shortcomings of the DRI. Shroff and Mavridis*®®* used
the Zimm-Stockmayer relationship®’ to derive an
expression for LCBI under the assumption that at very
low levels of LCB, the branched polymer is essentially
linear; that is, parameter g in the Zimm-Stockmayer
relationship®' is equal to 1. The LCBI relates LCB to
the amplification in #, due to long branches. The LCBI
is given as follows:

1/(13

LCBI = ["‘[)n] ]ksl/"3 1 9)

Constants k3 and a3 are obtained by the fitting of an
equation of the following type:*°

no = ks [’I]af (10)

where [#7]p is the intrinsic viscosity of a linear poly-
mer. The first term on the right-hand side of eq 9 is
the viscosity enhancement factor due to LCB. LCBI is
0 for a linear polymer, but there is no way of estimat-
ing the LCB content quantitatively as no correlation
was provided by Shroff and Mavridis.*®

Wood-Adams and Dealy®® proposed a technique of
obtaining the MWD from complex viscosity data and
called it the viscosity MWD. In this technique, the

Table 3. Correction Values for Branched Polymers®

Shift (ppm)

3° (29 —2.65
2° (39 —2.45
1° (3% ~1.40

® The values were taken from ref. 42.
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Figure 4. Schematic representation of tertiary, secondary,
and primary C atoms.

weight fraction as a function of reduced molecular
weight m (m = M/M,,, where M,, is the weight-average
molecular weight) is plotted against m to get the
MWD. They observed that LCB caused departures in
the viscosity MWD in comparison with MWD ob-
tained from GPC measurements.*’ They proposed a
routine for quantifying LCB based on this observation
with a factor called the peak ratio (PR), which is the
ratio of the m values of the peaks in the distributions
obtained by the two techniques:*’

PR = GPC MWD peak/Viscosity MWD peak  (11)

Figure 5 shows such a deviation in the peaks of the
MWDs obtained with the two techniques.*> The LCB
content for the polyethylene sample shown in Figure 5
was estimated to be 0.8/10* C by NMR.

Wood-Adams and Dealy® obtained a correlation
between the shift values and the branch content from
NMR measurements:

LCB/10*C = 0 forPR < 1
LCB/10*C = 1.125 log PR for PR < 1 (12)

The reason for employing rheological measurements to
estimate the branch content was to overcome the short-
comings of other techniques (solution viscometry,
SEC, and NMR) in detecting very low levels of
LCB.®* This puts into doubt the validity of the correla-
tion given by eq 12, which was developed from com-
parisons with NMR data, especially because of the in-
ability of NMR to differentiate between long branches
greater than six carbon atoms in length.***?

The determination of the branch content with dy-
namic rheology has its share of experimental draw-
backs. The frequency limitations of most dynamic
rheometers mean that dynamic measurements cannot
be carried out in the frequency range of interest. This

Journal of Polymer Science: Part B: Polymer Physics
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means that data must be extrapolated by means of
viscosity models or with the time—temperature super-
position. Simple viscosity models cannot appreciate
the rheological complexities of a long-chain-branched
structure. Second, LCB is a thermorheologically com-
plex structure,®® and this means that the simple time—
temperature superposition principle is not valid.

QUANTIFICATION OF BRANCHING BY
IMAGING TECHNIQUES FOR CARBON
AND CERAMIC AGGREGATES

Imaging techniques®®®” have been employed in the
determination of the fractal dimensions, degree of aggre-
gation, and branching of diffusion- and reaction-limited
ceramic aggregates. They provide an effective tool for
estimating such parameters but suffer the drawbacks of
any two-dimensional (2D) imaging technique such as
TEM and optical microscopy in describing three-dimen-
sional structures. This is important when we deal with
reaction-limited aggregates for which d; exceeds 2.%
This can be summarized as follows. Consider that the
fractal dimension of the object is d; and the dimension
measured by a 2D imaging technique is d;:

di =dsfordy < 2
f f (13)
di = 2 for df - 2
Branching is observed in aggregates with d; greater
than 2, and 2D imaging techniques would generally be
inadequate to quantify these structures (eq 13).

1.2

[« Viscosity MWD — GPC MWD

Figure 5. MWD obtained from viscosity and GPC meas-
urements from the work of Wood-Adams and Dealy.*
Reprinted with permission from Wood-Adams, P. M.; Dealy,
J. M. Macromolecules, 33, 7481, 2000. Copyright 2000 Ameri-
can Chemical Society.
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Figure 6. (a) Linear aggregate and (b) branched aggregate
composed of primary particles. The open circles represent p
through an aggregate.'® Reprinted with permission from
Beaucage, G. Phys Rev E, 70, 031401, 2004. Copyright 2004
by the American Physical Society.

QUANTIFICATION OF THE BRANCH
CONTENT BY SMALL-ANGLE SCATTERING

There are local scattering laws such as Guinier’s
law: 19-68.69

(14)

fq2 Rz
3

I(g) = Gexp [

where I(g) is the scattered intensity, ¢ is equal to
4msin(6/2)/7. (where 0 is the scattering angle and 1 is
the wavelength of radiation), Ré is the coil or aggre-
gate radius of gyration, and G is defined as an,2J
(where N, is the number of polymer coils in a given
volume and ny, is a contrast factor equal to the electron
density difference between the polymer coil and the

solvent for X-ray scattering). There is also the power
law: 19:68:69

I(q) = Big™™ (15)

where By is the power-law prefactor. These laws give
an account of local features such as the size and sur-
face/mass scaling. They cannot independently describe
structural features such as branching.'” However, com-
bining information from such laws can give insight
into additional structural information. Beaucage'® re-
ported a new approach to quantify the branch content
by considering aggregates formed from smaller pri-
mary particles. Such a description can be considered to
be applicable to polymeric and ceramic aggregates
(e.g., by considering the primary particles to be the
Kuhn step in polymers or the smallest individual parti-
cle in a ceramic aggregate). Furthermore, such a struc-
ture could be considered to be linear or branched, as

shown in Figure 6. The open circles in Figure 6(b)
represent the minimum path (p) through the aggregate.
A scaling relationship between the degree of aggrega-
tion (z), p, and the overall structural size (R,) and size
of the primary particle (R;) can be given as fol-

10WS:18,19,70,71
R\
== (%] (16)

where ¢ is known as the connectivity dimension, which
is equal to 1 for a linear chain and d; for regular
objects (rod, disk, or sphere). A second scaling rela-
tionship between these terms can be expressed in terms

of the minimum dimension dmin:lg’m

= (w)” "

where d,,;, represents the mass fractal dimension of
the minimum path [Fig. 6(b)].

Beaucage'? showed that one could obtain the branch
content from eqs 16 and 17 as follows:

z _p (1/ ) 1 R2 dmin_dt
" = = 1 — 2z €)= = 1 — P 18
7 p [Rl ] (18)

The parameter d,,,;, can be calculated from the modified
power-law-prefactor equation to account for branched
structures: '’

b

u ﬂ 1 1 1
1.0 1.5 2.0 1.5 3.0

Figure 7. ¢y, as a function of z and c.'"” The figure shows
an estimate of the optimum range for the branch content
determination. Reprinted with permission from Beaucage, G.
Phys Rev E, 70, 031401, 2004. Copyright 2004 by the Amer-
ican Physical Society.
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rene fit to the unified equation.'® Reprinted with permission
from Beaucage, G. Phys Rev E, 70, 031401, 2004. Copyright
2004 by the American Physical Society.

SGep ()

Bi = :
RY, 2

where G, is the Guinier prefactor for the aggregate,
Ry, is the aggregate radius of gyration, and dy is the
mass fractal dimension. Because all parameters in eq
17, except dnin, are determined with eqs 14 and 15, eq
19 can yield dp,, ¢ (eq 17), and ¢y, (because z = G,/
G4, where the subscripts 1 and 2 refer to the primary
and aggregate structures fit with eq 14). Figure 7'
shows the sensitivity of the branch content calculated
from such a measurement. This estimation should be
good in the range of interest for most commercial
long-chain-branched polymers (low ¢ and high z) as
well as ceramic aggregates.

Beaucage'® showed that it could be possible to get
branching information for polymers with this approach.
In Figure 8, in which neutron scattering data for
branched polystyrene are fit to the unified equa-
tion,'”%%"=73 it is shown that it is possible to calculate
the parameters d,;, and ¢ from such a fit.' These
model branched polystyrene samples were synthesized
with divinyl benzene (10%) as a comonomer to obtain
controlled levels of branching but random placement.”*

¢y, Obtained from eq 18, gives an average measure
of the volume occupied by branches, but it lacks infor-
mation about the number of branch sites in the aggre-
gate. Thus, it is necessary to complement scattering
measurements with other techniques, such as NMR

Journal of Polymer Science: Part B: Polymer Physics
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(for polymers) and TEM (for ceramic aggregates), to
get a complete picture of branching.

Scattering also offers the potential to describe the
distribution of branch lengths through recent applica-
tions of techniques such as the maximum entropy
method.”!7>7#2

CONCLUSIONS

The quantification of branching in disordered materials
remains an active area of research despite several deca-
des of work. Branching is common to both thermody-
namically equilibrated structures such as polymers and
kinetically determined structures such as ceramic aggre-
gates. In polymers, chromatography, rheology, and
spectroscopy have been applied with some success to
describe branching, although routine quantification re-
mains allusive. Branching in ceramic and carbon aggre-
gates has been only rarely quantified with microscopy,
although theoretical studies indicate the importance of
branching to the understanding of physical properties.
Recent advances of the application of scattering as a
tool to characterize branching in both polymers and
aggregates have been discussed. Coupling NMR and
scattering techniques to estimate branching in polymers
could provide the most comprehensive branch content
determination for a broad range of branched systems.
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