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This note provides a brief overview of basic principles 

of the detection and characterization of branching by 

means of multi-angle light scattering (MALS) detector. 

The most common methods that can provide branching 

information are presented and elucidated by means of 

real experimental results obtained with Wyatt Technol-

ogy instruments. The abnormal elution behavior of 

branched macromolecules in size exclusion chromatog-

raphy (SEC) is explained and the data acquired by SEC-

MALS are compared with those obtained by asymmetric 

flow field flow fractionation (A4F). The comparison of 

SEC-MALS and A4F-MALS results proves superior A4F 

separation of large and highly branched macromole-

cules compared to their separation by SEC. For those 

who are more interested in branching topic the Appli-

cation Note offers several recent literature references.  

  

Summary 

Number of branch units per molecule plotted against molar 
mass, determined from SEC-MALS-RI analysis. The cumula-
tive molar mass distribution (red) and the 3rd order fit to ex-
perimental data points (magenta) are overlaid. 
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Conformation plots of polymer containing branched macro-
molecules as determined by SEC-MALS (red) and A4F-MALS 
(blue). A4F separation is purely hydrodynamic hence the 
monotonic relationship between rms radius and molar mass. 
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Branching represents an important structural parame-

ter of many synthetic and natural polymers, with signif-

icant impact on their properties. The properties af-

fected by branching include various mechanical proper-

ties; viscosity and rheological behavior of polymer solu-

tions and melts; thermodynamic properties; and the 

ability to crystallize or dissolve. Quantitative infor-

mation about branching topology is vital for the devel-

opment of novel polymer-based materials with en-

hanced properties and for understanding polymeriza-

tion processes.  

The characterization of branching by means of size ex-

clusion chromatography (SEC) or asymmetric flow field 

flow fractionation (A4F) would not be possible without 

a multi-angle light scattering (MALS) detector. The im-

portance of branching is obvious from numerous scien-

tific papers devoted to branching topic. The fact that 

Wyatt instruments play essential roles in branching 

studies is evident from the Wyatt Bibliography where 

the key words ‘polymer branching’ result in 218 refer-

ences. Selected recent papers on branching in synthetic 

polymers can be found in References.1,2,3,4,5,6,7,8,9  

Although branching is mostly related to synthetic poly-

mers, it is also an important parameter for many biopol-

ymers. For example, Wyatt instruments were used to 

detect branching in hyaluronic acid, an important bi-

opolymer with numerous medical and pharmaceutical 

applications, which was until recently believed to have 

a linear structure.10 Several other examples of branch-

ing in biopolymers are cited in the References sec-

tion.11,12,13,14  

This Application Note shows the most common meth-

ods for characterizing branching, which use a MALS de-

tector. More details and other methods can be found in 

reference 15. 

The history of branching characterization began with a 

famous article by Zimm and Stockmayer who intro-

duced a theoretically derived parameter called the 

‘branching ratio’, g:16 
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where R2 is the mean square radius of branched and lin-

ear macromolecules having the same molar mass (M). 

As shown in reference 16, the branching ratio g is di-

rectly related to the number of branch units in ran-

domly branched polymers or to the number of arms in 

star-branched polymers. The branching ratio g is  1, 

where the equality sign is valid for linear polymers. The 

lower the value of g, the higher the degree of branching, 

for example, a value of g ≈ 0.1 indicates a highly 

branched structure. 

Ten years after the definition of g by Zimm and Stock-

mayer, Zimm and Kilb introduced an alternative 

branching ratio based on the intrinsic viscosity:17 
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where [η] is the intrinsic viscosity of branched and lin-

ear polymer molecules having the same molar mass. 

The relationship between g’ and g is described via the 

so-called ‘draining parameter’ e: 

egg       (3) 

The parameter e is expected to vary in the range of 0.5 

– 1.5, while a value of e ≈ 0.7 may be used reliably for 

the recalculation of g’ to g. 

Equations 1 and 2 show that in order to identify and 

characterize branching one needs information about 

the molar mass and the molecular size. That is exactly 

the power of MALS: it provides both pieces of infor-

mation simultaneously and independently. The MALS 

detector is usually connected to an analytical separation 

technique - most commonly SEC - to determine branch-

ing parameters as a function of molar mass. Typically 

the parameters of interest are the branching ratio and 

the number of branch units per molecule. A certain lim-

itation of MALS is given by the inability to determine 

RMS radius for relatively small polymers with R < ≈ 10 

nm, which corresponds to a molar mass of ≈ 105 g/mol. 

In the case of such polymers an alternative size param-

eter can be used instead of RMS radius. The two most 

effective alternatives are intrinsic viscosity and SEC 

elution volume. The former can be used for the calcula-

tion of g’ using Equation 2, whereas the latter can pro-

vide g using the approach of Yu and Rollings:18 
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where M is the molar mass of linear and branched mol-

ecules eluting at the same elution volume V and a is the 

exponent of the Mark-Houwink equation for a linear 

polymer. 

Introduction 

Theoretical Background 

http://www.wyatt.com/FFF-MALS
http://www.wyatt.com/SEC-MALS
http://www.wyatt.com/Bibliography
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The data presented here were acquired with the follow-ing 

Wyatt Technology Corporation instruments:  a MALS 

photometer DAWN HELEOS, an online vis-cometer 

ViscoStar™, a refractive index detector Optilab T-rEX™ 

and an A4F system Eclipse™ AF4. The acquired data were 

processed with ASTRA 6 software. Tetrahydrofuran was 

used as a solvent for both SEC and A4F. 

Branching ratio–versus–molar mass plots can be ob-

tained by one of the following methods: 

1. Radius method: calculates g from the confor-

mation plot (log-log plot of R–versus–M) using

Equation 1.

2. Viscosity method: calculates g’ from the Mark-

Houwink plot (log-log plot of [η]–versus–M)

using Equation 2.

3. Mass method: calculates g from the molar

mass–versus–elution volume plot using Equa-

tion 4.

The advantage of methods 1 and 2 is given by the possi-

bility of using literature constants of conformation or 

Mark-Houwink parameters. In contrast, the mass 

method requires measurement of a linear counterpart 

under the same SEC conditions as those used for 

branched sample. However, the mass method is suitable 

for small polymers for which the RMS radius cannot be 

measured. The pros of viscosity method include high 

sensitivity with respect to branching and possibility to 

measure over a broad range of molar masses down to 

about 1000 g/mol. 

An example of the conformation plots of linear and 

branched polymer is shown in Figure 1. Branching can 

be easily identified from the slope of the plot: the slopes 

of the conformation plots of all linear polymers in ther-

modynamically good solvents are ≈ 0.58, whereas lower 

values are indicative of branching (0.33 for compact 

spheres). The conformation data allow calculation of 

Experimental 

Methods for Characterizing Branching 

Results and Discussion 
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Figure 1. Top: Conformation plots of linear (blue) and 
branched (red) polystyrene. Center: The corresponding plot of 
branching ratio versus molar mass. Bottom: The number of 
branch units per molecule plotted versus molar mass. The plot 
of branch units per molecule versus molar mass is overlaid 
with the cumulative molar mass distribution (red), and the 
3rd order fit to experimental data points (magenta). The 
slopes of the conformation plots of linear and branched poly-
mer are 0.59 and 0.48, respectively. 

http://www.wyatt.com/DAWN
http://www.wyatt.com/ViscoStar
http://www.wyatt.com/Optilab
http://www.wyatt.com/EclipseAF4
http://www.wyatt.com/ASTRA
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plots of branching ratio–versus–molar mass and num-

ber of branch units per molecule–versus–molar mass as 

shown in Figure 1. To facilitate quantitative evaluation 

of branching it is beneficial to overlay the plot of 

branching parameter with the cumulative distribution 

of molar mass. Glancing at Figure 1 one can see that ≈ 

28 % of molecules with molar masses below ≈ 60,000 

g/mol do not contain branch units. Noteably, SEC-

MALS is capable of detecting just a single branch unit 

in polymer chains. 

The characterization of branching for small polymer 

molecules is depicted in Figure 2 which compares Mark-

Houwink and molar massversuselution volume plots 

of linear and branched polyesters based on lactic acid. 

This bio-compatible and bio-degradable polymer can 

find utilization as a drug delivery material whose ability 

to swell, degrade and release an active compound can 

be controlled by the degree of branching. Both plots can 

detect the presence of branched molecules and be used 

to calculate g by means of Equations 24.  

The SEC-MALS radius method is unsatisfactory in two 

extreme cases: on the one hand very small polymers, 

and on the other certain large, highly branched poly-

mers. For polymers with RMS radius below about 10 

nm, the radius method runs up against the limitations 

of MALS measurements. The method may also fail for 

some large, highly branched polymers due to limita-

tions of SEC, wherein the branches may be temporarily 

anchored in the pores of SEC column packing and elute 

abnormally – at a time which corresponds to a much 

smaller hydrodynamic volume than actually presented 

by the molecule.19  

 The abnormal SEC elution results in upswings on the 

conformation plots and consequently incorrect values 

of g. For polymers showing abnormal conformation 

plots A4F proved to be a superior separation technique 

providing excellent conformation plots.15 The compari-

son of conformation plots obtained by SEC-MALS and 

A4F-MALS is depicted in Figure 3. The upswing on the 

conformation plot from SEC-MALS is caused by in-

creased polydispersity of molecules eluting in the re-

gion of higher elution volumes. For polydisperse frac-

tions the MALS detector measures the z-average RMS 

radii (Rz) and the weight-average molar masses (Mw). 

As the Rz is more sensitive to polydispersity than Mw, 

the conformation plot becomes upturned. The separa-

tion by A4F is not affected by the anchoring of branched 

molecules and the upswing is completely eliminated. 

  

Figure 3. Conformation plots of polymer containing 
branched macromolecules determined by SEC-MALS (red) 
and A4F-MALS (blue). 

10
5

10
6

10
7

10

R
M

S
 R

a
d

iu
s
 (

n
m

)

Molar Mass (g/mol)

100

12 13 14 15 16 17
10

3

10
4

10
5

Volume (mL)

M
o
la

r 
M

a
s
s
 (

g
/m

o
l)

Figure 2. Top: Mark-Houwink plots of linear (blue) and 
branched (red) poly(lactic acid). Bottom: Molar mass–ver-
sus–elution volume plots, same colors. The slopes of Mark-
Houwink plots for linear and branched samples are 0.56 and 
0.31, respectively. RI chromatograms are overlaid in the mo-
lar mass–versus–elution volume plots. 
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Wyatt MALS photometers allow direct determination of 

branching ratio g and number of branch units per mol-

ecule. 

The radius method represents the most direct and fun-

damentally correct method of branching characteriza-

tion, but it is limited to polymer molecules with RMS 

radii ˃ 10 nm. 

SEC-MALS set-up can be completed with an online vis-

cometer to determine Mark-Houwink plot.  

Smaller branched polymers can be characterized by 

means of Mark-Houwink plot or relation between the 

molar mass and elution volume. 

Separation of some branched polymers is affected by 

the anchoring of branched macromolecules in the pores 

of SEC column packing. For such polymers A4F offers 

superior separation and yields correct conformation 

plots and values of g.

 

 

 

Conclusions 

http://media.materialsviews.com/wp-content/uploads/2012/01/hyperbranched-polymer.jpg


6 
 

 

 www.wyatt.com   info@wyatt.com 
  

Wyatt Technology 
  

@wyatttechnology 

ASTRA®, DAWN®, HELEOS®, Optilab® and the Wyatt Technology logo are registered trademarks of Wyatt Technology Corporation. © 2013 Wyatt Technology Corporation 11/22/13 

 

Branching Revealed: Characterizing Molecular Structure in Synthetic and 
Natural Polymers by Multi-Angle Light Scattering 

 

1 S. Podzimek: Truths and Myths about the Determination of Mo-

lar Mass Distribution of Synthetic and Natural Polymers by Size 

Exclusion Chromatography, Journal of Applied Polymer Science, 

in press.  DOI: [10.1002/APP.40111] 
2 W. Huang, H. Yang, X. Xue, B. Jiang, J. Chen, Y. Yang, H. Pu, 

Y. Liu, D. Zhang, L. Kong, G. Zhai: Polymerization Behaviors 

and Polymer Branching Structures in ATRP of Monovinyl and 

Divinyl monomers, Polymer Chemistry, 4, 3204 (2013).  DOI: 

[10.1039/c3py00338h] 
3 S. Podzimek: Importance of Multi-Angle Light Scattering in 

Polyolefin Characterization, Macromolecular Symposia, 330, 81 

(2013).  DOI: [10.1002/masy.201300014] 
4 A. Agirre, J. I. Santos, A. Etxeberria, V. Sauerland, J. R. Leiza: 

Polymerization of n-butyl Acrylate With High Concentration of 

a Chain Transfer Agent (CBr4): Detailed Characterization and 

Impact on Branching, Polymer Chemistry, 4, 2062 (2013).  DOI: 

[10.1039/c2py21123h] 
5 A. C. Makan, T. Otte, H. Pasch: Analysis of High Molar Mass 

Branched Polybutadienes by SEC-MALLS and AF4-MALLS", 

Macromolecules, 45, 5247 (2012).  DOI: [10.1021/ma3007812 
6 H. Zhang, J. Zhu, J. He, F. Qiu, H. Zhang, Y. Yang, H. Lee, T. 

Chang: Easy Synthesis of Dendrimer-like Polymers Through a 

Divergent Iterative "End-grafting" Method, Polymer Chemistry, 

4, 830 (2013).  DOI: [10.1039/c2py20742g] 
7 A. Agirre, J. I. Santos, J. R. Leiza: Toward Understanding the 

Architecture (Branching and MWD) of Crosslinked Acrylic La-

texes, Macromolecular Chemistry and Physics, 214, 589 

(2012).  DOI: [10.1002/macp.201200482] 
8 J. E. Puskas, W. Burchard, A. J. Heidenreich, L. D. Santos: 

Analysis of Branched Polymers by High Resolution Multidetec-

tor Size Exclusion Chromatography: Separation of the Effects of 

Branching and Molecular Weight Distribution, Journal of Poly-

mer Science, Part A: Polymer Chemistry, 50, 70 (2012).  DOI: 

[10.1002/pola.24982] 
9 J. M. Torres, C. M. Stafford, D. Uhrig, B. D. Vogt: Impact of 

Chain Architecture (Branching) on the Thermal and Mechanical 

Behavior of Polystyrene Thin Films, Journal of Polymer Science, 

Part B: Polymer Physics, 50, 370 (2012).  DOI: 

[10.1002/polb.23014]  

10 S. Podzimek, M. Hermannova, H. Bilerova, Z. Bezakova, V. 

Velebny: Solution Properties of Hyaluronic Acid and Compari-

son of SEC-MALS-VIS Data with Off-Line Capillary Viscome-

try, Journal of Applied Polymer Science, 116, 3013 (2010).  DOI: 

[10.1002/app.31834] 
11 J. Malmo, K. M. Varum, S. P. Strand: Effect of Chitosan Chain 

Architecture on Gene Delivery: Comparison of Self-Branched 

and Linear Chitosans, Biomacromolecules, 12, 721 (2011).  DOI: 

[10.1021/bm1013525] 
12 N. T. Hoai, A. Sasaki, M. Sasaki, H. Kaga, T. Kakuchi, T. 

Satoh: Synthesis, Characterization, and Lectin Recognition of 

Hyperbranched Polysaccharide Obtained from 1,6-Anhydro-D-

hexofuranose, Biomacromolecules, 12, 1891 (2011).  DOI: 

[10.1021/bm2002413] 
13 C. Fernandez, C. C. Rojas, L. Nilsson: Size, Structure and Scal-

ing Relationships in Glycogen from Various Sources Investigated 

with Asymmetrical Flow Field-Flow Fractionation and 1H 

NMR", International Journal of Biological Macromolecules, 49, 

458 (2011).  DOI: [10.1016/j.ijbiomac.2011.05.016] 
14 S. L. Isenberg, A. K. Brewer, G. L. Cote, A. M. Striegel: Hy-

drodynamic versus Size Exclusion Chromatography Characteri-

zation of Alternan and Comparison to Off-Line MALS", Biom-

acromolecules, 11, 2505 (2010).  DOI: [10.1021/bm100687b] 
15 S. Podzimek: Light Scattering, Size Exclusion Chromatog-

raphy and Asymmetric Flow Field Flow Fractionation, Wiley, 

2011.  DOI: [978-0470386170] 
16 B. H. Zimm, W. H. Stockmayer: The Dimensions of Chain 

Molecules Containing Branches and Rings,  J. Chem. Phys. 17, 

1301 (1949). 
17 B. H. Zimm, R. W. Kilb: Dynamics of Branched Polymer Mol-

ecules in Dilute Solution, J. Polym. Sci., 37, 19 (1959). 
18 L. P. Yu, J. E. Rollings: J. Appl. Polym. Sci., 33, 1909 (1987). 
19 S. Podzimek, T. Vlcek, C. Johann: Characterization of 

Branched Polymers by Size Exclusion Chromatography Coupled 

with Multiangle Light Scattering Detector. I. Size Exclusion 

Chromatography Elution Behavior of Branched Polymers, J. 

Appl. Polym. Sci., 81, 1588 (2001). 

                                                           

References 

http://www.wyatt.com/
mailto:info@wyatt.com?subject=re:%20Branching%20Revealed%20application%20note
http://www.linkedin.com/company/wyatt-technology
https://twitter.com/WyattTechnology
http://scholar.google.com/scholar?q=10.1002%2FAPP.40111
http://scholar.google.com/scholar?q=10.1039%2Fc3py00338h
http://scholar.google.com/scholar?q=10.1002%2Fmasy.201300014
http://scholar.google.com/scholar?q=10.1039%2Fc2py21123h
http://scholar.google.com/scholar?q=10.1021%2Fma3007812
http://scholar.google.com/scholar?q=10.1039%2Fc2py20742g
http://scholar.google.com/scholar?q=10.1002%2Fmacp.201200482
http://scholar.google.com/scholar?q=10.1002%2Fpola.24982
http://scholar.google.com/scholar?q=10.1002%2Fpolb.23014
http://scholar.google.com/scholar?q=10.1002%2Fapp.31834
http://scholar.google.com/scholar?q=10.1021%2Fbm1013525
http://scholar.google.com/scholar?q=10.1021%2Fbm2002413
http://scholar.google.com/scholar?q=10.1016%2Fj.ijbiomac.2011.05.016
http://scholar.google.com/scholar?q=10.1021%2Fbm100687b
http://scholar.google.com/scholar?q=978-0470386170



