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ABSTRACT

This review consists of two major parts: (1) the rheological theories of
branched polymers and (2) the structural features of side branches of carbo-
hydrates and their effects on the rheological properties. The rheological prop-
erties influenced by branching are discussed in terms of radius of gyration,
intrinsic viscosity, zero-shear viscosity (m,), elastic properties represented by
the zero-shear recoverable compliance (J.°), shear rate dependence of viscosity,
extensional viscosity and thermal sensitivity of viscosity. The second part is
focused on the structural characteristics of side branches found in four typical
branched carbohydrates, i.e., starch (amylopectin), galactomannan, xanthan
and pectin, with an emphasis on their contribution to the rheological properties.

INTRODUCTION

Branching along the main backbone of synthetic polymers significantly alters
rheological and other physicochemical properties (Graessley 1977, Roovers
1985a), which in turn influence the processibility of many commercial polymers
(Rokudai 1979). Branches may be distributed regularly or randomly along the
main backbone, or several branches may originate from a single point to generate
a star-shaped molecule (Nielsen 1977). Side branches, either natural or artificial,
are also found in carbohydrate polymers (Kennedy and White 1983: Yalpani
1985; Dutton 1985; Schuerch 1985; Yalpani 1987; Yalpani and Desrochers
1987). Natural side branches occur in starch (amylopectin), guar and locust bean
galactomannans, pectin, acacia gum and microbial polysaccharides such as xan-
than, wellan and scleroglucan gums. Side branches can be artificially incorpo-
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rated into linear carbohydrate polymers to improve functional properties. For
example, a variety of functional groups are added to linear amylose (Wurzburg
1986) and cellulose (Glicksman 1986) for the purpose of improving their
functionalities.

Side branches of carbohydrates affect a variety of functional properties such
as solubility, gelling, retrogradation, freeze-thaw stability, film formation and
rheological properties (Dea 1987). Important functional properties of linear and
branched carbohydrates are compared in Table 1. Side branches function to
prevent intermolecular association of carbohydrate polymers. Thus, water mol-
ecules can penetrate more readily the intermolecular spaces caused by steric
hindrance, resulting in enhancement of solubility. For the same reason the pres-
ence of side branches promotes swelling and subsequent gelatinization of car-
bohydrates. However, side branches inhibit the formation of junction zones
required for gelling. Likewise, retrogradation of branched carbohydrates is di-
minished due to limited intermolecular association at low temperature, and thus
branched carbohydrates are more stable for freeze-thaw treatment than linear
carbohydrates. The difference between film forming properties of linear and
branched carbohydrates is best illustrated by linear amylose molecules which
form strong and flexible films, whereas branched amylopectin-based films are
weak and brittle (Zobel 1988).

When compared to other functional properties, the significance of side
branches of carbohydrate polymers in terms of affecting the rheological properties
has not been systematically studied to date. This paper aims to: (1) introduce
the rheological concepts relevant to branching in synthetic polymers and (2)
review the structural characteristics and the rheological contribution of side
branches found in carbohydrate polymers.

TABLE 1.
COMPARISON OF FUNCTIONAL PROPERTIES OF LINEAR AND
BRANCHED CARBOHYDRATES

Functions Linear Branched References

Solubility Low High Hui and Neukom {1964}
Gelatinization Low High Greenwood (1979)
Gelling High Low McCleary et al. (1981)
Retrogradation High Low Wurzburg (1986)

Film Formadon High Low Zobel (1988)
Freeze-Thaw Stability Low High Dea (1987)

Viscosity High Low Mitchell (1979)
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RHEOLOGY OF BRANCHED POLYMERS

Studies of branching effects are useful to understand the contribution of chain
entanglements and molecular conformation to the rheological properties of pol-
ymers (Fujimoto et al. 1970). When polymer molecules are branched, their
rheological behavior varies with the number, location and length of the branches
(Graessley 1977). In this section the role of branching is discussed in terms of
its effects on (1) radius of gyration and intrinsic viscosity, (2) zero-shear vis-
cosity, (3) zero-shear recoverable compliance, (4) shear rate dependence of
viscosity, (5) extensional viscosity and (6) thermal sensitivity of viscosity.

Radius of Gyration and Intrinsic Viscosity

A linear polymer exhibits a larger hydrodynamic volume and radius of gyration
relative to a branched polymer of the same molecular weight as illustrated in
Fig. 1. This difference in the hydrodynamic volume affects the intrinsic viscosity.
Intrinsic viscosity ([n]), radius of gyration (S) and molecular weight (M) can
be related through the Flory-Fox equation (Flory 1953) as follows:

(n] = 6%s’/m (1)

where the Flory constant ¢ is nearly a universal constant, equal to about 2.5 X
10* when S is given in ¢cm and [n] in cm’/g (Bird ez al. 1977). Alternatively,
since the root-mean-square end-to-end distance, R, is related to the radius of
gyration, S, by R = 6'?S, Eq. 1 corresponds to [1] = &6R*M (Flory 1953).
Therefore, when compared to a linear polymer, a branched polymer of the same
molecular weight displays a smaller radius of gyration and correspondingly a
smaller intrinsic viscosity, namely, S, > Sy and [n], > [m]; (Graessley 1968).

FIG. 1. SCHEMATIC REPRESENTATION OF HYDRODYNAMIC VOLUMES OCCUPIED
BY LINEAR AND BRANCHED POLYMERS OF THE SAME MOLECULAR WEIGHT
From Hodge and Osman 1976
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The branching parameter, g, was defined by Zimm and Stockmayer (1949)
as the ratio of mean-square radius of gyration of a branched polymer, Sg°, to
that of a linear polymer, S,?, of the same molecular weight as follows:

g = 8/8? (2)

From Eq. (1) and (2), the ratio of intrinsic viscosity of a branched polymer,
[nls, to that of a linear polymer, [n]., of the same molecular weight can be
simply related to g by

[N/ [n], = g7 (3)

Here Eq. (3) assumes a freely jointed or random-flight chain (Thurmond and
Zimm 1952; Flory 1953; Graessley 1968). In reality, the freely jointed chain
underestimates the true dimensions of real polymer molecules for two reasons:
restrictions to completely free rotation and the excluded volume effect (Billmeyer
1984). These two factors have been counted to develop the models relating [n]p/
[n]. and g (Kim and Ree 1985). Zimm and Kilb (1959} showed

[n)g/{n1, = g"0 (4)

neglecting hydrodynamic interactions (free draining) and entanglements of the
polymer molecules in dilute solutions, which corresponds to the theory of Rouse
(1953) for linear polymers. When dominant hydrodynamic interactions (nonfree
draining) were taken into account in the absence of entanglements, corresponding
to the theory of Zimm (1956} for linear polymers, Zimm and Kilb (1959) found

(nlg/(n1, = g2 (s)

It was suggested that Eq. (5) would hold for all types of branched polymers
{Osaki 1973; Osaki and Schrag 1973) with some exceptions in comb-shaped
polymers (Berry 1971). In general, these relations are expressed by

[nlg/In) = ¢° (8)

where the exponent € can vary from 0.5 to 1.5, depending on the theoretical
assumptions employed in the model development (Small 1975; Bywater 1979).
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The empirically determined € values for a variety of branched polymers can be
found from the report of Roovers (1985a) and Douglas et al. (1990).

Zero-Shear Viscosity

The effects of branching are best established for the case of zero-shear vis-
cosity, m, (Graessley et al. 1976). Considering hydrodynamic interactions,
Bueche (1964) demonstrated that the zero-shear viscosities of a branched pol-
ymer, M., and a linear polymer, m,,, having the same molecular weight were
relevant at the same polymer concentration by the following equation:

M98/ Mo, = 9° (7)

where a equals 1.0 when the molecules are not entangled, and 3.5 when the
molecules are entangled. The g value is less than unity regardless of the exponent
of Eq. (6), since the intrinsic viscosity of a branched polymer is smaller than
that of a linear polymer of the same molecular weight, i.e., [n]g/[n]. < 1.0.
Therefore, Eq. (7) indicates that n, 5 is smaller than m,,, irrespective of entan-
glements. However, this argument is valid only at low concentration and/or low
molecular weight of polymer systems, at which the branches are not significantly
entangled. In this case the ratio of zero-shear viscosities, m, /M, ., depends
primarily on the ratio of radii of gyration, S,/S,, and thus specific details of the
branching structure affect the viscosity simply through their influence on the
mean coil size (Graessley 1977).

In contrast, m, p/M, . begins to increase rapidly at high concentration and high
molecular weight due to substantially entangled branches, and finally m, ; may
overtake 7, and then exceed it by orders of magnitude. For example, in Fig.
2A linear polyisoprene is shown to have a higher v, than four-arm star polyi-
soprene at low and intermediate concentrations (< =0.18 g/mL), above which
the opposite trend is however observed. This is because the branches are sig-
nificantly entangled above the critical concentration, resulting in higher 7, than
linear polyisoprene. In contrast to four-arm star polyisoprene, six-arm star po-
lyisoprene does not exhibit a higher m, than linear polyisoprene even at high
concentrations studied. It is thought that significant decrease in the molecular
size caused by six-arm branching becomes the predominant factor over entan-
glements of the branches in determining 7. The zero-shear viscosity also follows
similar trends as a function of molecular weight at the same polymer concentration
as shown in Fig. 2B. These results are consistent with the reports for polybu-
tadienes (Gruver and Kraus 1964; Kraus and Gruver 1965a, 1970) and polysty-
renes (Graessley and Roovers 1979; Roovers 1984; Takahashi er al. 1986).
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loeg n,

log M

FIG. 3. ZERO-SHEAR VISCOSITY OF LINEAR AND STAR-BRANCHED POLYMERS
AS A FUNCTION OF MOLECULAR WEIGHT
From Graessley 1984

The generalized m, vs M, curve for linear and star-branched polymers can
be separated into two regions by a characteristic molecular weight, M., as pre-
sented in Fig. 3. The polymer molecules are significantly entangled at M,, >
M,, leading to a sudden increase in m, (Berry and Fox 1968; Graessley 1974,
1982a). It is observed that for linear polymers

Mol * M, at M < MC’L (8)
and
3.4
no,L o Mu at Mu > I“Ic,l_ (9)

where M,, is the weight average molecular weight (Nielsen 1977; Valles and
Macosko 1979). m, 5 also conforms to the same order as that of linear polymers
at M.< M_;. On the other hand, the order of m,p varies depending on entan-
glements of the branches at M,, >M, 5, which is in contrast to linear polymers
obeying the 3.4 power law. Considering the enhancement effect of entangled
branches on m,5, Eq. (7) can be modified for f-arm star polymers as follows
(Graessley 1977, 1982b; Roovers 1984):

Noa = 9° 7, expla(2M/M )] (10)
and

g = (3f-2)/f2 (11)
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where g is the branching parameter defined in Eq. (2), a is a constant depending
on polymer entanglements as shown in Eq. (7), a is a constant, and f is the
number of arms. Eq. (10) becomes M,z = g Moo at 2M < M, due to the
negligible exponential term (Roovers 1984). Accordingly, m, is always lower
than 7, . of the same molecular weight, since g is less than unity. In this case
the molecular size in terms of radius of gyration and intrinsic viscosity governs
the overall m,. In contrast, Eq. (10) becomes M, = g*° m,. explaM/fM,)]
when 2M > fM, (Roovers 1984). Thus, m, s begins to increase exponentially
and can exceed m,, at fairly high molecular weights, i.e., 2M >> fM,. The
degree of branching can affect the critical molecular weight above which m, j is
greater than m,, : the higher branching, the higher critical molecular weight due
to its decreasing effect on g in Eq. (10). An example can be found in Fig. 2B
where m, os six-star polybutadiene seemingly overtakes v, of linear polybuta-
diene at the higher molecular weight than that of four-star polybutadiene. There-
fore, these arguments indicate that whether or not m, 5 is greater than 7, is a
compromise between the molecular size determined by the degree of branching
and the entanglements of branches. Figure 3 also implies that M, of linear
polymers is less than that of branched polymers of the same molecular weight,
i.e., M., < M., which is consistent with the report of Nielsen (1977). This is
because linear polymers have greater propensity to be entangled with other
polymer molecules because of their larger molecular size than branched polymers
of the same molecular weight. Both concentration and molecular weight should
be considered together to understand entanglements of the polymer molecules.
For example, although molecular weight of a branched polymer is fairly high,
M.z Will not exceed m,, of the same molecular weight in dilute solutions due
to insignificant entanglements of the branches. Thus, the product of concentration
and molecular weight, ¢cM, can be a good parameter in terms of evaluating
entanglements of the polymer molecules. m, vs cM can be divided into two
distinct regions at cM = (cM),, above which the polymer molecules are sig-
nificantly entangled (Graessley 1974). When the product ¢cM is low, branched
polymers display lower 7, than linear polymers, and vice versa at high cM
(Roovers 1981). In practice, the critical cM point in the entangled region, above
which 7, 5 is greater than v, , is empirically determined.

The concentration where entanglements of the branches begin to appear de-
pends on the branching structure of polymers and particularly on the length of
the branches (Graessley 1977). Short branches generally do not affect the vis-
cosity of polymer melts, rather influencing the morphology and solid-state prop-
erties of semicrystalline polymers, whereas long branches can have a remarkable
effect on solution viscosity and melt rheology (Nielsen 1977; Nordmeier et al.
1990). Branches which are long, but which are still shorter than those required
for entanglements decrease the viscosity when compared to a linear polymer of
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the same molecular weight (Miltz and Ram 1973; Utracki and Roovers 1973).
This is because the polymer molecules containing such branches are more com-
pact than the linear molecules of the same molecular weight, leading to smaller
molecular size. However, if the branches are so long that they can participate
in entanglements, branched polymers may have greater viscosity than linear
polymers of the same molecular weight (Kraus and Gruver 1965b; Graessley
1977).

Here Eq. (10) can be modified in terms of the molecular weight of an arm,
M,, to clearly understand the effects of the branch length. For f-arm star polymers
with the equal length

M, = M/f (12)

In addition, Graessley (1977, 1984) showed that M, approximated twice the
molecular weight between entanglements, M,, i.e.,

M ~2M (13)
From Eq. (10), (12) and (13)

Mo = 9° 0, expla(M,/M)] (14)

s

The constant o can be obtained from the slope of J.°G\° vs (M,/M,) or the
logarithmic plot of n(M./M,)”'? vs (M/M,), where G,° is the plateau modulus
(Pearson and Helfand 1984). In the case of short branches or M, < M., the
exponential term of Eq. (14) is negligible, and m, 5 is less than m,, due to g <
1.0. When M, >> M, or the branches are long enough to be highly entangled,
TN.p increases exponentially with the branch length or equivalently with the
number of entanglements per branch (Berry and Fox 1968; Roovers 1985a) and
finally overtakes m,,. Typically when M, exceeds 2—4 times M., m, 5 begins to
increase rapidly (Graessley 1984). This exponential dependence of v,z on the
branch length can be found elsewhere (Doi and Kuzuu 1980; Graessley 1982b;
Roovers 1985a, b; McLeish 1988). The relation m, 5 > m,, in highly entangled
polymer systems was observed in all types of branched polymers, namely, star-
(Graessley et al. 1976; Graessley and Roovers 1979), comb- (Fujimoto et al.
1970; Roovers and Graessley 1981) and random-branched polymers (Graessley
and Shinbach 1974; Minstedt and Laun 1981). Especially, in the case of comb-
shaped polymers, the enhancement of 1, , can be influenced not only by the
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branch length but also by the spacing of branching along the main backbone
(Roovers and Graessley 1981). Unfortunately, a complete theory for the melt
behavior of comb- and random-branched polymers has not yet been developed.
It should be recognized that the enhancement effect of long branches on m,
decreases rapidly as the polymer is diluted, and eventually the viscosity returns
to the dependence on the molecular size alone (Graessley 1984). The exponential
dependence of the longest relaxation time on the branch length was reported by
Roovers and Toporowski (1987).

Zero-Shear Recoverable Compliance

The zero-shear recoverable compliance, J.°, has long been considered as a
useful parameter of fluid elasticity (Han 1976). J.° characterizes the elastic coil
that occurs when the external forces producing the steady-state flow are suddenly
removed (Graessley 1977). Neglecting hydrodynamic interactions and entangle-
ments of the linear polymer molecules, Rouse (1953) theoretically predicted J.°
of linear polymers as follows:

J° = 0.4 M/CRT (19)

e

where ¢ is the polymer concentration, M is the molecular weight, R is the gas
constant, and T is the absolute temperature. This was modified by Ham (1957)
for star-branched polymers with arms of the equal length as follows:

J,2° = 0.4 g, M/CRT (16)

and
g, = (15£-14)/(3£-2)32 (17)

where f is defined as the number of arms emanating from the same junction
point, and a linear polymer gives f = 1.0. Equation (17) indicates that g, is
unity for a linear polymer and becomes less than unity with increasing the number
of arms. It can be seen from Eq. (15) and (16) that J.° of linear polymers is
higher than that of branched polymers of the same molecular weight. Ham (1957)
obtained the terminal relaxation time (7,), m,, and J.° of star-branched polymers
with arms of the unequal length in relation to a linear polymer of the same
molecular weight in dilute solutions. The results are presented in Table 2. 7,,
M, and J.° of the branched molecules are always smaller than those of the linear
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TABLE 2.
COMPARISON OF 71/, m, and J,° FOR LINEAR AND STAR-BRANCHED POLYMERS
OF THE SAME MOLECULAR WEIGHT IN DILUTE SOLUTIONS

Lengths of

Branches* tpfL MopMor JesMelL
1/4,1/4,1/2 0.68 0.81 0.76
1/5,1/5,3/5 0.80 0.86 0.89
1/5,2/5,2/5 0.64 0.81 0.73
1/4,1/4,1/4,1/4 0.25 0.63 0.46
1/5,1/5,1/5,2/5 0.48 0.66 0.60
1/6,1/6,1/3,1/3 0.60 0.67 0.58
1/5,1/5,1/5,1/5,1/5 0.16 0.52 0.36
1/6,1/6,1/6,1/6,1/3 0.48 0.56 0.49

Source: Ferry (1980).
*The ratios of the length of each branching to that of a linear polymer having the same molecular
weight.

molecule in dilute solutions, irrespective of the branching distribution. The larger
the number of branches and the more nearly equal their length, the greater the
discrepancy. It is also found that 7, is the most sensitive of the three quantities.
As discussed earlier for m,, the relation J.,°, >J.° ; holds for the polymer system
that there is no substantial participation in entanglements of the branches. This
trend can be reversed with significant coupling entanglements of the branches
(Ferry 1980). Examples showing J.°; > ].°, in the entangle system can be found
in star- (Masuda et al. 1971, 1981; Graessley et al. 1976; Graessely 1977;
Graessley and Roovers 1979; Raju et al. 1981; Masuda et al. 1984), comb-
(Fujimoto et al. 1970; Roovers and Graessley 1981) and random-branched pol-
ymers (Valentine et al. 1968; lacovic et al. 1979).

The molecular weight dependence of J.° is schematically shown for linear and
star-branched polymers in Fig. 4. J.° of linear polymers is directly proportional
to molecular weight at low molecular weight and becomes independent of mo-
lecular weight at high molecular weight. The two regions are separated by another
characteristic molecular weight, M. Experimentally, Graessley (1974) showed
that M, of linear polymers approximated 7M., which is in fairly good agreement
with the theoretical value, 7.2M,, of Doi (1981). Considering both concentration
and molecular weight, Graessley (1974, 1982a) and Roovers (1981) demonstrated
that for linear polymers J.° o« ¢™'M' at ctM < (cM)} and J° « ¢°M” at cM >
(cM)~.. Here (cM), is the intersection point of J.° vs. ¢cM. On the other hand,
J.° of branched polymers is consistently increased with molecular weight, i.e.,
J.° « ¢~'M'. Therefore, J.° of branched polymers is lower than that of linear
polymers at low molecular weight because of g, << 1.0, but the reverse becomes
true at high molecular weight.
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log J.°

log M

FIG. 4. ZERO-SHEAR RECOVERABLE COMPLIANCE OF LINEAR AND
STAR-BRANCHED POLYMERS AS A FUNCTION OF MOLECULAR WEIGHT
From Graessley 1984

The creep compliance, J,, is experimentally determined by measuring the first
normal stress difference as a function of shear rate (Bird et al. 1977; Han 1976):

I, = (1y, = Tp)/21° (18)
or
J, = ¥,/2n? (19)
16
where T,, — T, is the first normal stress difference, 7 is the shear stress, ¥, is
the primary first normal stress coefficient (&, = (7;, — 7,)/¥"), and m is the

steady shear viscosity (v = 7/v). Here J.° can be estimated at the low shear rate
as follows (Graessley 1974; Ferry 1980):

320 = lim (74 - 15)/2n}%? (20)
¥~>0
This represents how the first normal stress difference, (1,, — 7,,), is related to

J.° of a polymeric system. Figure 5 shows that branched low-density polyethylene
(LDPE) exhibits the higher first normal stress difference than linear high-density
polyethylene (HDPE). These results suggest that branched polymers confer more
elasticity as compared to linear polymers (Han 1976).

The remarkable increase of m, and J.° due to branching above certain con-
centration and molecular weight can be understood most satisfactorily within the
framework of the polymer tube and reptation model introduced by De Gennes
(1971), who demonstrated the mobility of flexible linear chains in a network
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FIG. 5. FIRST NORMAL STRESS DIFFERENCE VS SHEAR STRESS OF
POLYETHYLENES (A) HDPE, M,/M, = 16, M, = 1.4 x 10%
(B) LDPE, M\/M, = 20, M, = 2.0 x 10*
From Han 1976

filled with loop-like obstacles. As illustrated in Fig. 6, in concentrated solutions
a polymer molecule is filled with other polymer molecules and forms uncrossable
entanglements which act as a barrier, thus reducing mobility (Graessley 1982a).
The polymer chain lies within a tunnel among the obstacles, defined by its own
contour as shown in Fig. 7A. The obstacles prevent transverse or lateral motions,

5L o
LT
\%;%/NJ\X\“::

e

(K4 ~—
RSy,

1™
FIG. 6. A POLYMER CHAIN AND ITS SURROUNDINGS IN AN

ENTANGLED POLYMER LIQUID
From Graessley 1982a



136 JAEKWAN HWANG and JOZEF L. KOKINI

so that the polymer chain must wind its way along its tunnel by small Brownian
displacements, continually creating a new tunnel as it moves out among new
obstacles (Graessley 1977; Larson 1988). This indicates that the primary mode
of relaxation is a simple snake-like diffusion of the polymer along a path ap-
proximately following its contours (Pearson and Helfand 1983). This snake-like
motion was termed reptation (De Gennes 1971). Later, Doi and Edwards (1978)
extended this reptation idea to develop theories predicting chain dynamics and
viscoelastic behavior of the entangled linear polymer molecules.

For branched polymers, the movement of the polymer molecules would be
prevented or at least drastically suppressed, since the branched chain is effectively
pinned in its tunnel of obstacles at the branched point as shown in Fig. 7B.
Therefore, branching must greatly reduce the translational diffusion coefficient,
and the macroscopic viscosity is correspondingly increased (Graessley et al.
1976; Klein et al. 1983; Fleischer 1985; Graessley 1984; Klein 1986). The pin
is released only if a free end retraces its tunnel back to the branching point. In
this situation, displacements can still occur but only until the next pinning obstacle
is met, requiring a new unthreading. Mobility is thus controlled by the unthread-
ing rate, which in turn depends on the number of obstacles or entanglements
along the branches. Accordingly, any branch point should reduce mobility if at
least three strands emanating from it are each long enough to participate in
several entanglements (Graessley 1977). Restricted reptation of branched pol-
ymers in concentrated solutions could not be expected to significantly occur at

(B)

- f‘b/;‘/’
)

o mﬁ’ﬂ'\

¢ v ]

Ol
ol

FIG. 7. ILLUSTRATION OF THE CONSTRAINING EFFECTS OF CHAIN-LIKE
SURROUNDINGS FOR (A) LINEAR AND (B) BRANCHED MOLECULES
From Graessley 1982b
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low concentration and/or low molecular weight of polymer systems. Since the
hydrodynamic molecular size occupied by a polymer molecule determines vis-
coelastic properties, branched polymers should exhibit smaller 1, and J.° than
linear polymers of the same molecular weight. These results can be reversed in
entangled or concentrated polymer systems, in which restricted reptation of the
branched polymer molecules plays an important role in enhancing m, and J.°
(Graessley 1977; Ferry 1980).

Shear Rate Dependence of Viscosity

The branching effect on viscosity versus shear rate behavior is illustrated in
Fig. 8, where the shear viscosity of a branched polymer is higher than that of
a linear polymer at low shear rates, and vice versa at high shear rates. These
observations can be interpreted in terms of different disentangling response of
linear and branched polymers to the shear force. Entanglements might be con-
sidered as the weakly linked noncovalent crosslinks, which are readily reversible
when the shear force is exerted. In contrast to linear polymers having only main
chain entanglements, branched polymers can be entangled through the branches
as well as the main chains (Fujimoto et al. 1970). Therefore, the results shown
in Fig. 8 indicate that branch-associated entanglements are more sensitive to the
shear force than main chain entanglements. This is in good agreement with the
report of Jacovic et al. (1979) and Graessley (1984). Significant entanglements
of the branches can account for the higher viscosity of branched polymers at
low shear rates. This trend is reversed at high shear rates, at which hydrodynamic
size of polymers determines the overall shear viscosity. In summary, the viscosity
of branched polymers is more shear rate dependent than that of linear polymers.

Shear rate dependence of the viscosity can be estimated quantitatively by using
dimensionless rheological parameters. Graessley et al. (1976) demonstrated that

Branched
1 00 o

100

n (poise)

10! ! RS R IR N S

1 (sec™)

FIG. 8. SHEAR RATE DEPENDENCE OF THE VISCOSITY OF LINEAR
AND BRANCHED POLYMERS
From Graessley 1984
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the product m.J.°y, was essentially the same for all polyisoprene samples, in-
dependent of concentration, molecular weight and branching. The generalized
relation was described for steady and dynamic rheological measurements by
Roovers (1985a) as follows:

N1I34, ® NI 0, = 0.6 (21)

o

where m, is the zero-shear viscosity, J.° is the zero-shear recoverable compliance,
¥, and w, are the shear rate (1/s) and the frequency (rad/s), respectively, at which
n = 0.87m,. Since m, and J.° of branched polymers are higher as described
previously, vy, and w, of branched polymers are lower than those of linear
polymers. This reflects that the onset of non-Newtonian flow of branched pol-
ymers occurs at lower shear rates than linear polymers as shown in Fig. 8. This
high sensitivity of branching to shearing explains why branched polymers initially
displaying higher zero-shear viscosity may have lower viscosity at high shear
rates than linear polymers (Roovers 1985a).

Extensional Viscosity

The response of linear and branched polymers to shear and extensional or
elongational forces are illustrated in Fig. 9. The shear force gives both defor-
mation and rotation, whereas the normal extensional force results in only de-
formation without rotation (Darby 1976; Samurkas et al. 1989). In shear flow
the overall shape of the viscosity curve is similar for linear and branched pol-
ymers, although the absolute magnitude of shear viscosity and its dependence
on shear rates are somewhat different as presented in Fig. 8. When the molecules
are highly ordered by extensional (stretching) flow, the branching points can act
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FIG. 9. SCHEMATIC DIAGRAM OF (A) SHEAR AND (B) EXTENSIONAL FLOWS

OF LINEAR AND BRANCHED POLYMERS
From Cogswell 1981
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as hooks, resulting in increasing the resistance to flow. Therefore, while linear
polymers thin down under extensional forces, branched polymers tend to stiffen
or ‘‘strain harden’’. Thus, polymer melts which are superficially similar in other
rheological tests may be remarkably different in thier extensional flow behavior
(Cogswell 1981; Barnes et al. 1989). The use of only steady-state viscosity
appears to be sufficient in most cases of extrusion and injection molding pro-
cessing, whereas the elongational properties of polymer meits becomes relevant
for processing such as converging flow, fiber spinning, tubular film blowing and
blow molding (Han 1976; Laun and Schuch 1989).

*‘Strain hardening’’ is typically observed in LDPE having random tree-like
branches (Laun and Miinstedt 1976, 1978; Munstedt and Laun 1981; Soskey
and Winter 1985). Miinstedt and Laun (1981) investigated extensional viscosities
of three polyethylenes having different degrees of branching. The results are
shown in Fig. 10. It is observed that the magnitude of extensional viscosity is
proportional to the degree of branching. This is consistent with the report of
Minoshima and White (1986a) and Laun and Schuch (1989). In contrast, Au-
Yeung et al. (1981) observed that hydrogenated polybutadiene having star-shaped
long branches did not exhibit elongational stretching phenomena. These results
indicate that both the extent and the structural features of branching might be
crucial in determining the elongational rheology. In practice, strain hardening
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FIG. 10. STEADY-STATE ELONGATIONAL VISCOSITIES OF 3 POLYETHYLENES
WITH DIFFERENT DEGREES OF BRANCHING
The number of Ch,-end groups per 1000 CH, of HDPE 3, LDPE 9 and
LDPE 6 are 0, 15 and 30, respectively.
From Miinstedt and Laun 1981
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of branched LDPE is important in the film blowing processing, since it gives
the superior bubble stability when compared to linear HDPE of comparable
molecular weight (Cogswell 1981; Minstedt 1981; Minoshima and White
1986b).

In addition, extensional flow properties are closely related to the development
of vortices in the entry region (Cogswell 1972, Ma ef al. 1985; White and Baird
1986; White et al. 1987). As stated above, branching of the polymer is a sig-
nificant contributor to the extensional viscosity. 1t is conceivable that branching
plays a critical role in the occurrence of vortices.

Thermal Sensitivity of Viscosity

Branching also affects the temperature dependence of viscosity. Cogswell
(1981) compared the temperature dependence of LDPE, HDPE and polypro-
pylene (PP) by the ratio of the viscosities at 190°C to at 230°C. Here PP can be
considered a polymer containing short side chains (—CH;) with the same main
backbone as LDPE. It was reported that the viscosity ratios (1,44/1,30) of branched
LDPE, linear HDPE and PP were 2.9, 2.1 and 2.1, respectively. The branching
structure of LDPE contributes to the more sensitive response of the viscosity to
temperature than HDPE. It is also noted that short side chains do not affect
thermal sensitivity, since linear HDPE and short branched ( —CH;) PP exhibit
the same viscosity ratios. This is consistent with the observation of Porter e? al.
(1968), who reported that short branches consisting of single or two CH, groups
did not contribute significantly to thermal sensitivity of the viscosity of
polyethylene.

Jacovic et al. (1979) measured the apparent viscosity of HDPE, LDPE and
its blendings as a function of stress at two different temperatures, 150° and
190°C. Then, the flow activation energy (E.) at constant stress was calculated
by the following equation:

E, = 2.303 R (log 7y, - log n,)/(1/423 = 1/463) (22)

where R is the gas constant, m,s, is the apparent viscosity at 150°C, and v, is
the apparent viscosity at 190°C. E, calculated by Eq. (22) is plotted as a function
of shear stress in Fig. 11. The flow activation energy of LDPE with long branches
is high and decreases with increasing stress, which is in contrast to the low and
almost constant value of HDPE. With increasing stress, entanglements between
main chain and side branches are reduced as manifested in a viscosity decrease.
Accordingly, long-branch disentanglements are apparently more sensitive to
changes in the shear force, i.e., lowering E, with increasing 7. Considering E,
as a temperature coefficient of viscosity, long-branch entanglements are shown
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Numbers represent the weight ratios of LDPE to HDPE.
From Jacovic et al. 1979

to be more temperature sensitive than main chain entanglements (Jacovic et al.
1979). These results are in good agreement with the observations of Raju et al.
(1979), Graessley (1977, 1982b) and Graessley and Raju (1984).

STRUCTURE OF SIDE BRANCHES OF CARBOHYDRATES
AND THEIR ROLE ON THE RHEOLOGICAL PROPERTIES

Although polysaccharides are frequently and widely utilized to improve the
rheological properties in food systems as thickening and stabilizing agents, the
contribution of side branches of carbohydrate polymers to the rheological prop-
erties has not attracted as much interest as synthetic polymers. This is mainly
because side branches of carbohydrates are not of significant molecular length,
with the exception of pectins and starch. Other functional properties such as
solubility and intermolecular associated phenomena, i.e., gelling, retrogradation,
freeze-thaw stability and film formation, have been extensively investigated,
since they can be substantially affected by the presence of short side branches.
In this section the structural features (chemical composition and distribution) of
some carbohydrates containing natural side branches, i.e., starch, galactoman-
nan, xanthan and pectin are discussed in conjunction with their contribution to
the rheological properties.



142 JAEKWAN HWANG and JOZEF L. KOKINI

Starch

Starch is a polymeric carbohydrate consisting of anhydroglucose units linked
together primarily through a-D-(1,4) glycosidic bonds (Wurzburg 1986). Starch
occurs in the form of water-insoluble roughly spherical granules ranging in size
from 2-100 pwm, and the shape and size distribution of the granules are char-
acteristic of the particular plant species (Banks and Muir 1980). The starch
granule can be separated into two distinctly different components, amylose and
amylopectin, which vary in relative amount among sources from less than 2%
amylose in waxy maize to about 80% amylose in amylomaize, but the majority
of starches contain between 15% and 35% amylose (Kennedy and White 1983).

Amylose is essentially a linear polymer in which the anhydroglucose units are
linked through a-D-(1,4) glycosidic bonds (Hodge and Osman 1976; Whistler
and Daniel 1985). Amylose is found with molecular weights ranging from 10°~
10°, corresponding to degrees of polymerization (DP) ranging approximately
from 5005000 (Galliard and Bowler 1987). Its molecular size varies depending
on the plant sources and the processing conditions employed in extracting the
starch.

Amylopectin is a highly branched polymer containing, in addition to anhy-
droglucose units linked together as in amylose through a-D-(1,4) glycosidic
bonds, branches linked by a-D-(1,6) glycosidic bonds at the C-6 position (Hodge
and Osman 1976; Whistler and Daniel 1985). Robin e al. (1974) proposed a
amylopectin model based on the cluster structure as shown in Fig, 12. This
cluster model is in accord with the relatively high viscosity of amylopectin
compared to glycogen which has a higher molecular weight, the crystallinity as
revealed by X-ray analysis and the relative resistance of parts of the molecule
to attack by acid and amylolytic enzymes (Manners 1989). The A chains are
joined to the remainder of the amylopectin molecule with a single a-(1,6) bond
through the reducing end group. The B chains are also linked through a-(1,6)
bond as the A chains, but may carry one or more A and/or B chains. The single
C chain is not substituted at its reducing end group designated by ¢ in Fig. 12,
and thus there is only one C chain in a amylopectin molecule. The A and B
chains are linear and have an approximate degree of polymerization (DP) of 15
and 45, respectively. The associated clusters of A chains are primarily responsible
for the crystalline regions within the granule. The intercrystalline amorphous
areas occurring at 60-70 A intervals contain the majority of the a-(1,6) linkages
and are relatively susceptible to hydrolytic agents such as various enzymes and
acids (French 1984). Overall, the amylopectin molecule is 100-150 A in diameter
and 12004000 A long (French 1984). Within the granule, amylose may be
located between amylopectin molecules and may be associated with the linear
regions of the amylopectin molecule. Such an arrangement contributes to the
high degree of order in the crystalline regions of the amylopectin (Hood 1982).
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FIG. 12. STRUCTURE OF AMYLOPECTIN
1 = Crystalline region; 2 = Amorphous region; = = a-(1,6) Branching points.
From Robin et al. 1974

Heterogeneity in branching of amylopectin was investigated in detail by Thurn
and Burchard (1985). Technically, size exclusion chromatography (SEC) and
on-line low-angle laser light scattering (LALLS) system can be successfully
employed to characterize the branching structure of amylopectin {Burchard 1983;
Yu and Rollings 1987, 1988).

Side branches of amylopectin are not significantly distinguishable from the
main backbone in terms of length and composition. This is in contrast to other
branched carbohydrates which posses a long main backbone and short side
substituents with different chemical composition from the main backbone. The
structural details of other branched carbohydrates will be discussed later. Rheo-
logical parameters of amylose and amylopectin at the same molecular weight
are not available due to significantly different molecular weights. Mitchell
(1979) reported that amylopectin (Mw = 90,000,000) and amylose (Mw =
1,750,000) exhibited 127 and 154 mL/g of intrinsic viscosities, respectively. It
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is noted that amylose with a molecular weight approximately 50 times smaller
than amylopectin displays higher intrinsic viscosity. This can be ascribed to the
bushed-shaped and thereby very compact structure of amylopectin as presented
in Fig. 12. The low intrinsic viscosity of amylopectin is consistent with Graes-
sley’s (1968) arguments suggesting that a branched polymer should have a smaller
intrinsic viscosity relative to a linear polymer.

Greenwood (1979) studied the viscosity changes of three genotypes of maize
starch, i.e., normal maize, waxy maize containing less than 2% amylose and
amylomaize containing more than 80% amylose (Kennedy and White 1983)
during gelatinization and subsequent cooling. Waxy maize starch showed the
lower viscosity as compared to normal maize starch. This can be attributed to
the fact that the radius of gyration of the branched amylopectin-based waxy
starch is smaller due to its more compact conformation (Mitchell 1979), and the
presence of side branches of waxy starch prevents intermolecular association
and thus remains in solution during cooling (Wurzburg 1986). In contrast, normal
maize starch produces junction zones through intermolecular association of the
linear amylose molecule during cooling, resulting in significant viscosity increase
due to gel formation (Smith 1982; Morris 1990). The initial rapid increase in
viscosity was observed for waxy maize starch due to its high swellability caused
by the presence of side branches. Amylomaize starch consisting mostly of amy-
lose content did not display any viscosity development due to the lack of swell-
ability (Greenwood 1979). In summary, the branching structure of amylopectin
promotes swelling and subsequent gelatinization during the heating stage, and
it prevents gelation induced by intermolecular association during the cooling
stage.

Galactomannan

Galactomannans are polysaccharides consisting of a -(1,4)-linked linear D-
mannan backbone with variable side chain substitutions of a single «-(1,6)-
linked D-galactopyranosyl unit (Glicksman 1986). Figure 13 shows that the
approximate galactose:mannose (G/M) ratios of 3 commercial galactomannans
are 1:4 for locust (carob) bean gum, 1:3 for tara gum, and 1:2 for guar gum
(Neukom 1989).

Three different distribution patterns of the galactose substituents have been
proposed, i.e., uniform, block and random distribution (McCleary and Neukom
1982). Palmer and Ballantyne (1950) and Baker and Whistler (1975) proposed
models suggesting that the galactose residues of guar galactomannan were al-
ternatingly distributed along the mannan backbone in a uniform fashion. A block-
type distribution of the galactose residues was suggested by Dea et al. (1972),
Child and Pryce (1972), Painter ef al. (1979) and Hall and Yalpani (1980). This
model indicates that the galactose residues are clustered in blocks among the
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FIG. 13. STRUCTURE OF 3 GALACTOMANNANS
From Neukom 1989

mannan backbone, thus exhibiting the alternative sequences of ‘‘smooth’’ regions
consisting of unsubstituted mannose residues and ‘‘hairy’’ regions substituted
with the galactose residues. However, studies based on NMR (Grasdalen and
Painter 1980; Gupta and Grasdalen 1989; Smirnova and Shcherbukhin 1989),
enzymatic degradation of the mannan backbone by purified B-mannase (Mc-
Cleary 1979; McCleary et al. 1984a, 1985) and X-ray diffraction (Marchessault
et al. 1979; Winter et al. 1984) suggest an irregular to random distribution of
the galactose residues of galactomannans. Consequently, the compositional ratios
of galactomannans shown in Fig. 13 only display a statistical view, since gal-
actose substituents are not distributed uniformly among the mannan chain
backbone.

McCleary et al. (1981) reported that the removal of the galactose residues
using a-D-galactosidase devoid of B-D-mannase did not affect significantly the
specific viscosity of locust bean and guar galactomannans in dilute solutions
(c < c*) as shown in Fig. 14. The eventual viscosity decrease observed was
attributed to the formation of insoluble precipitate by the association of D-mannan
backbone. Fig. 15A shows the intrinsic viscosity curves of galactomannan sam-
ples containing a variety of the G/M ratios. The removal of galactose from guar
galactomannan increases the intrinsic viscosity and the slope of viscosity curves.
This is also consistent with the earlier discussion suggesting that the intrinsic
viscosity of the linear molecular would be larger than that of the corresponding
branched polymer. When the viscosity curves are plotted against the concentra-
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From McCleary and Neukom 1982

tion of the mannan backbone as presented in Fig. 15B, a single curve is obtained
independent of the galactose content, indicating that the solution viscosity of
such galactomannans is totally dependent on the nature of the mannan backbone
in dilute solution. therefore, it is thought that the single galactose sidechains are
not a significant rheological contributor in dilute solutions. McCleary and Neu-
kom (1982) stated that the galactose sidechains played an important role in
determining solubility of galactomannans, but they did not affect the degree of
interaction between galactomannan molecules in dilute solution, nor did they
have any apparent effect on the conformation of galactomannan molecules in
solution. However, the contribution of galactose side chains in concentrated
region (¢ > ¢*), in which the polymer molecules are significantly entangled,
was not studied.

On the other hand, Robinson ez al. (1982) investigated 1, vs. c{n] relationship
for guar and locust bean galactomannans in both dilute and concentrated regions.
Here the dimensionless ‘‘coil overlap parameter’”, c[n], is a measure of the
extent of overlapping between polymer molecules (Morris and Ross-Murphy
1981). It was reported that the slopes in the dilute domain (c[n] < c*[n]) were
approximately 1.3 similar to other polysaccharides (Launay er al. 1986). In
contrast, the slopes were 5.1 in the concentrated region (cn] > c*[n]), which
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1s significantly higher than the values of 3.3 = 0.3 reported for other random
coil polysaccharides by Morris et al. (1981). These results can be ascribed to
the occurrence, in addition to normal topological entanglements, of specific
interactions, called hyperentanglements, from sparing-substituted regions of
mannan backbone packing together into ordered assemblies to the junction zones
(Morris 1989). These results suggest that the distribution of galactose side

branches affects entanglements of the galactomannan molecules in the concen-
trated region.

Xanthan

Xanthan is an extracellular polysaccharide produced by the bacteria Xantho-
monas campestris on the glucose medium (McNeely and Kang 1973). The mo-
lecular structure of xanthan is shown in Fig. 16 as determined by Jansson et al.
(1975) and Melton et al. (1976). The main backbone of xanthan is composed
of B-(1,4)-linked D-glucose units, which is thus essentially identical to the
structure of cellulose. In contrast to cellulose which has no substituent groups,
the trisaccharide sidechains consisting of one glucuronic acid and two mannose
residues are attached to the cellulose backbone at 0-3 of alternative B-D-glu-
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From Sanderson 1982

copyranose residues (Pettitt 1979). The exact structure of the sidechains is as
follows: [terminal D-mannose] — B(1,4) — [D-glucuronic acid] — B(1,2) —
[internal D-mannose] — a(1,3) — [cellulose backbone] (Sanderson 1982). These
sidechains compactly fold down against the cellulose backbone, leading to for-
mation of a 5-fold ordered structure rather than the 2-fold conformation adopted
by unsubstituted cellulose (Robinson et al. 1988). Some of the internal mannose
groups are substituted at C-6 with acety! groups, and approximately half of the
terminal mannose residues may carry a pyruvate group linked at 0-4,6 as a ketal
(Kovacs and Kang 1977). Cellulose, or equivalently the main backbone of xan-
than, is completely water-insoluble due to a parallel array of molecules in crys-
talline arrangement through hydrogen bonding (Whistler and Daniel 1985).
However, the addition of charged trisaccharide sidechains to the cellulose back-
bone solubilizes the xanthan molecules in either cold or hot water (Pettitt 1979).

Callet er al. (1987) demonstrated that in dilute solutions (¢ < c*) the acetyl
and pyruvate groups of xanthan had no influence on the solution viscosity when
compared to native xanthan, as shown in Fig. 17. This is consistent with the
report of Bradshaw et al. (1983) and Milas et al. (1986). Smith et al. (1984)
stated that at concentrated solutions (typically ~1% w/v) the viscosity ‘high-
pyruvate’ xanthan was significantly enhanced by the addition of salt, whereas
that of ‘low-pyruvate’ xanthan was not. This argument was supported by the
work of Cheetham and Nik Norma (1989). Tako and Nakamura (1984) inves-
tigated the dynamic viscoelastic properties of native and deacetylated xanthan
as a function of concentration. The results are demonstrated in Fig. 18. The
dynamic viscosity (m') and storage modulus (G') of deacetylated xanthan are
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lower than those of native xanthan below approximately 0.3% and 0.5% of
concentrations, respectively, above which the trend is however reversed. Such
a phenomenon can be attributed to the formation of more intense intermolecular
association of deacetylated xanthan molecules in concentrated solutions due to
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greater sidechain mobility and/or backbone flexibility than the native xanthan
(Tako and Nakamura 1986; Cheetham and Nashimba 1988). Therefore, the
effects of acetyl and pyruvate groups on the solution viscosity might be influenced
by the polymer concentration and the presence of salt. Tako and Nakamura
(1984) also showed that the dynamic viscoelasticity of native xanthan solutions
was nearly independent in the range of pH 5-11, whereas deacetylated xanthan
exhibited the enhanced viscoelasticity in the acidic region, and vice versa in the
alkaline region. These results suggest the occurrence of conformational changes
after deacetylation. Callet e al. (1987) and Shatwell et al. (1990) demonstrated
that acetyl groups exhibited a stabilizing effect on the ordered conformation of
xanthan, whereas pyruvate groups destabilized the structure and lowered the
melting temperature. The stabilizing influence of the pyruvate substituents is the
result of charge-charge repulsion between the trisaccharide sidechains, but the
reason for the stabilizing effect of the acetyl groups is unclear (Shatwell et al.
1990). Millane and Narasaiah (1990) reported that removal of the sidechain
terminal mannose unit did not critically affect the stability of the xanthan ordered
structure. However, the contribution of the trisaccharide sidechains to the rheo-
logical properties has not been investigated.
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Both galactomannans and xanthan are nongelling polysaccharides in water.
However, mixtures of locust bean gum and xanthan interact strongly, leading
to the formation of a three-dimensional elastic gel (Dea et al. 1977, Morris et
al. 1977, McCleary et al. 1981, 1985; Morris 1986). In contrast to locust bean
gum, guar gum having the more branched structure shows only a very limited
interaction with xanthan, resulting in viscosity enhancement rather than gelation
(Tako and Nakamura 1985; Shatwell et al. 1991a). McCleary et al. (1981) and
McCleary and Neukom (1982) investigated the interaction properties of galac-
tomannans containing different degrees of G/M ratios with xanthan. It was
reported that the viscosities were increased with decreasing G/M ratios, since
galactomannan less-substituted with galactose conferred more regions for gelling
interaction between galactomannan and xanthan. These results indicate that the
extent of side branches of galactomannans influences significantly the gelling
and corresponding rheological properties in these mixtures. The interaction is
strongly affected by the galactose distribution pattern as well as the galactose
content of galactomannan (McCleary et al. 1981, 1984b; Clark et al. 1986, Dea
et al. 1986). McCleary (1979) showed that galactomannans interacted with the
xanthan double helix in the region of the galactomannan backbone depleted in
galactose residues and/or substituted on only one side with galactose. Tako et
al. (1984) and Tako and Nakamura (1986) proposed a key-and-lock interacting
mechanism, in which the xanthan trisaccharide sidechains in the helical confor-
mation are inserted into the adjacent unsubstituted regions of the galactomannan
backbone. Thus, the intermolecular interactions occur between the sidechains
of xanthan and the unsubstituted mannan backbone of galactomannan. Tako et
al. (1984) also demonstrated that deacetylated and thus more flexible xanthan
molecules exhibited the stronger intermolecular interactions with locust bean
galactomannan than the native xanthan. Very recently, Shatwell er al. (1991b)
reported that removal of the terminal mannose residue from xanthan resulted in
forming an exceptionally weak gel network with locust bean galatomannan as
compared to the native xanthan. These results suggest that the xanthan trisac-
charide sidechains might play an important role in interacting with locust bean
galactomannan. Alternatively, based on the X-ray diffraction fiber studies, Cairns
etal. (1986, 1987) and Brownsey et al. (1988) proposed a sandwich-type model,
in which several galactomannan molecules may be inserted between the xanthan
backbone. They observed that a mixture of xanthan and galactomannan did not
form gelation until they were heated above the helix-coil transition temperature
(T.) of xanthan and then cooled. Thus, the interactions occur mostly between
the cellulose backbone of xanthan in the disordered or nonhelical form and the
unsubstituted mannan backbone of the galactomannan. This model is consistent
with the report of Cheetham and Mashimba (1988). Cairns et al. (1987) also
claimed that the xanthan trisaccharide sidechains would tend to inhibit the in-
termolecular association, which is contradictory to the observations of Tako et
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al. (1984) and Tako and Nakamura (1986). To summarize, the inhibitory effect
of the galactose sidechains of galactomannan on the interactions with xanthan
is well established, but the role of the xanthan trisaccharide sidechains and in
particular the acetyl and pyruvic acid substituents that they carry is as yet poorly
understood (Shatwell e al. 1991b).

Pectin

Pectins, found in the primary cell wall and the intercellular middle lamellae
region of plant tissues, are key substances responsible for the mechanical strength
of the primary cell wall of fruits and vegetables and for adhesion between cells
(Ilker and Szczesniak 1990). They are essentially composed of a linear a-(1,4)-
linked D-galacturonic acid backbone, in which varying proportions of the gal-
acturonic carboxyl groups are present as the methyl esters, and a-(1,2)-linked
L-rhamnosyl residues are inserted at intervals to form rhamnogalacturonan (John
and Dey 1986). Pectin molecules can be divided into two distinct regions; the
homogalacturonan ‘‘smooth region’’ and the ehamnogalacturonan ‘‘hairy re-
gion’’ due to the covalently attached neutral side branches (De Vries et al. 1982,
1983).

The structural characteristics of pectins are summarized in Table 3. Side
branches, consisting mainly of D-galactose, L-arabinose, D-xylose, and less
frequently D-mannose, L-fucose, D-glucuronic acid, and the rather rare sugars
2-O-methyl-D-xylose, 2-O-methyl-L-fucose and D-apiose, are covalently at-
tached to the main backbone primarily through C-4 of the rthamnosyl residues,
although substitution of the galacturonyl residues at either C-2 or C-3 is also

TABLE 3.
STRUCTURAL CHARACTERISTICS OF PECTIN MOLECULES

Main Backbone Galacturonan
Rhamnogaiacturonan
Major Side Chains Arabinan
Galactan

Arabinogalactan

Minor Side Chains B-D-Xyl-(1,3)-
L-Ara-(1,3)-
B-D-Gal-(1,2)-3-D-Xy1-(1,3)-
a-L-Fue-(1,2)-p-D-Xyl-(1,3)-
D-Api-(1,3)-D- Ap i-(1-
B-D-GlcA-(1,4)-L-Fue-~(1-
B-D-GlcA-(1,6)-D-Gal-(1-




STRUCTURE AND FUNCTION OF CARBOHYDRATE POLYMERS 153

found (Talmadge et al. 1973; Selvendran ez al. 1987; Olsen et al. 1987; Bacic
et al. 1988). The methylated sugars occur exclusively as end groups (Aspinall
1980). Most of these sugars occur in short branches, but the more common
neutral constituents, D-galactose and L-arabinose, are also found in multiple
units as galactan, arabinan and arabinogalactan (Aspinall 1980). Arabinan con-
sisting of a-(1,5)-linked L-arabinose units displays a highly branched structure.
In contrast, galactan is composed of (-(1,4)-linked galactose residues in a rel-
atively linear form. Therefore, side branches of pectins can be characterized in
terms of heterogeneity and significant dimension.

When compared to other branched carbohydrates, the contribution of side
branches to the functional properties of pectins has been rarely studied. Recently,
Matthew et al. (1990) reported that reduction in side branches, especially the
arabinose content, enhanced considerably gelling properties of sugar beet pectins.
Reid (1983) and BeMiller (1986) described that side branches of pectins may
tend to limit the extent of interchain association. It is therefore thought that the
intermolecular association promoted by the removal of side branches resuits in
enhancing the formation of junction zones for gelling of sugar beet pectins. A
good knowledge of the chemical structure and solution behavior of pectins (struc-
ture-property relationship) is of primary importance from a technological point
of view and also to understand the role of pectic substances in the cell walls
(Hourdet and Muller 1987). However, information on the branching contribution
to solution properties of pectins is extremely scarce.

The rheological theories developed in synthetic polymers can be more suc-
cessfully applicable to pectin solutions, since pectin molecules contain the sig-
nificant dimension of side branches relative to other branched carbohydrates.
Hwang and Kokini (1990a) investigated the contribution of side branches to the
rheological properties of pectins with respect to m,, vs c[n] relationship, zero
shear viscosity, shear rate dependence of viscosity and elastic properties in terms
of G'. It was found that the slopes of m,, vs c[n] curve were nearly similar in
the dilute solution region (c[n] < c*[n]) regardless of the extent of side branches.
In contrast, the higher branched pectins imparted the higher slopes in the con-
centrated region (c[m] > c*[7n]), indicating the contribution of side branches to
entanglements. Increase in branching of pectins resulted in higher m,, increasing
shear rate dependence of viscosity and higher G'. Based on the rheological
concept devised in synthetic polymers, it is postulated that side branches of
pectins might be significantly involved in entanglements of the pectin molecules
in the concentrated region (Hwang and Kokini 1990b).

CONCLUSION

Rheological properties influenced by branching are summarized in Table 4 in
conjunction with other physicochemical properties. Besides rheological prop-
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TABLE 4.
COMPARISON OF RHEOLOGICAL AND OTHER PHYSICOCHEMICAL PROPERTIES
OF LINEAR AND BRANCHED POLYMERS*

Properties Linear Branched References
Radius of Gyration High Low Graessley (1968)
Intrinsic Viscosity High Low Graessley (1968)
Zero-Shear Viscosity** Low High Graessley (1977)
Zero-Shear Recoverable

Compliance** Low High Graessley (1982a)
Shear Rate Dependence

of Viscosity Low High Graessley {1984)
Extensional Viscosity Low High Cogswell (1981)
Thermal Sensitivity

of Viscosity Low High Jacovic et al. (1979)
Solubility Low High Billmeyer {(1284)
Crystallinity High Low Rodriguez (1970)
Tm. Tg High Low Nielsen (1969)

* At the same molecular weight
** Based on significant b of the branch

erties, the solubility, crystallinity and thermai properties represented by T, and
T,, can be also affected by branching. The presence of side branches enhances
the solubility, since they prevent intermolecular association (Billmeyer 1984).
Branched polymers are less crystallizable than linear polymers, since the branches
prevent intermolecular alignment for crystallization. For example, crystallinity
of linear HDPE is more than 90%, whereas that of branched LDPE is approx-
imately 40-60% (Rodriguez 1970; Billmeyer 1984). In addition, branched pol-
ymers exhibit lower glass transition (T,) and melting (T,,) temperatures as com-
pared to linear polymers, since the branches function to increase free volume
between polymer molecules (Nielsen 1969). T,, of branched LDPE was reported
to be 100-110°C, which was lower than 125-135°C of linear HDPE (Seymour
and Carraher 1984; Mascia 1989).

This review clearly demonstrates that branching is a crucial contributor to the
rheological properties in both synthetic and carbohydrate polymers. The rheo-
logical properties are influenced by the combined effects of the molecular weight,
concentration and branching structure in terms of the number, distribution and
length. Despite some advances made in star-branched polymers, complete mo-
lecular and rheological theories concerning the branching effects have not as yet
been systematically established to comprise all types of branched synthetic pol-
ymers (Roovers 1985a; Marrucci 1989; Douglas et al. 1990). To our best knowl-
edge, the significance of branching in biopolymets including carbohydrates has
been disregarded with respects of its rheological contribution. Therefore, even
though the rheological and other physicochemical theories devised in synthetic
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polymers are somewhat qualitative and phenomenological, it is anticipated that
they can be effectively utilized to understand the physical phenomena of food
systems containing branched biopolymers.

Understanding of the rheological theories governing branched polymers might
provide guidelines for modification of rheological properties of polysaccharides.
To date modification of polysaccharides has been confined to incorporation of
short side branches and ionic functional groups, since most functional properties
are sufficiently affected by the presence of short branches. As discussed in the
text, the rheological properties might be more significantly influenced by long
side branches. Thus, modification of the rheological properties of polysaccharides
necessitates development of chemical and enzymatic means to attach long side
branches to the main backbone. Alternatively, in the long term, genetic means
might be employed for in situ modification of side branches in the plant cell
wall. Polysaccharides with the modified branching structure can be characterized
by applying the rheological concepts demonstrated in this review.
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