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 Polymers are inherently complex multi-component 
systems exhibiting several distributed properties. Obviously, the 
foremost distribution would be the molar mass. Other distribu-
tions such as chemical composition, functionality and molecular 
architecture etc add more to the complexity of already complex 
systems. These properties superimpose over each other, there-
fore, analysis with regard to one property does not reveal any 
information with respect to other properties as a function of the 
measured property. Spectroscopic techniques such as NMR, 
FTIR etc divulge only average values but not the distributions. 
Hence, hyphenated and multidimensional approaches for anal-
ysis of these complex systems are imperative to attain a fairly 
representative picture in order to develop real structure-property 
correlations. 
	 To	realize	the	multi-dimensionality,	first	dimension	has	
to be a non-destructive separation method. The fractions from 
first	dimensions	can	 then	be	analyzed	by	any	other	 technique.	
The most widely used separation technique in analysis of poly-
mers is HPLC (column based separation technique)[1-6] along 
with	rather	moderately	employed	field	flow	fractionation,	FFF	
(an open channel separation technique)[7], especially to over-
come the limitations of HPLC-based approaches for polymer 
analysis. The size exclusion chromatography (SEC) is the work 
horse of polymer laboratories that separates with regard to size 
of the polymer species in the dilute solution that is then cor-
related to their molar mass by external calibration or absolute 
molar mass with the help of molar mass sensitive detectors such 
as light scattering and/or viscometry. Various modes of interac-
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tion chromatography such as Liquid Chromatography at Critical 
Conditions (LCCC), Liquid Chromatography under Limiting 
Conditions (LCLC), Temperature and Solvent Gradient Interac-
tion Chromatographic Modes (TGIC and SGIC) are also used 
for analysis of polymers with respect to different properties 
such as chemical composition, functionality, and molar mass 
etc. Asymmetrical Field-Flow Fractionation (AF4) and Ther-
mal Field-Flow Fractionation (ThFFF) are commonly employed 
modes of FFF for polymer analysis[7]. 
 In FFF, all problems related to the stationary phase such 
as undesired adsorption, shear degradation of large macromol-
ecules, co-elution of linear and branched macromolecules etc, 
can be avoided. Off-line and on-line hyphenations of these dif-
ferent modes of liquid chromatography, and with spectroscopic 
techniques disclose very important information about polymer 
heterogeneity that is not possible by employing these techniques 
independently. The coupling of these separation methods to the 
information rich detectors can also reveal important informa-
tion. 
	 Briefly,	the	interaction	parameter	describes	the	separa-
tion mechanism in liquid chromatography of polymers[8]. In Size 
Exclusion Chromatography (SEC), its value is negative where 
retention decreases with increase in molar mass. In Liquid Ad-
sorption Chromatography (LAC), value of interaction parameter 
is positive. The mid-point between these two extremes is Critical 
Adsorption Point (CAP) and value of interaction parameter at 
this point is zero. Polymers elute in order of decreasing molar 
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mass in SEC and in order of increasing molar mass in LAC. The 
molar mass independent elution is observed at CAP. This spe-
cial mode of liquid chromatography of polymers is called Liquid 
Chromatography at Critical Conditions (LCCC). 
 LCCC allows separation of polymers with regard to 
distributions other than molar mass such as other block, func-
tionality, architecture etc. Liquid chromatography under limit-
ing conditions is also based on exclusion-adsorption equilibrium 
and can be adjusted by using different mobile phase and sample 
solvent.
 The basic requirement of any polymer lab is a size ex-
clusion	chromatograph	that	is	first	test	to	determine	the	propaga-
tion of size which is then correlated to the molar mass through 
an appropriate calibration curve (generally polystyrene). The 
values obtained shall be accurate only for linear polystyrene. By 
conventional SEC, the molar masses are either under or overes-
timated. Multiple detection systems are often used to overcome 
this problem. These multiple detectors also include molar mass 
sensitive detectors such light scattering or viscosity. The im-
proved detection systems could not fully overcome the limita-
tions but reduce these discrepancies to great extent.
 Temperature and solvent gradient HPLC allows for 
separation of polymer with regard to chemical composition. 
This mode of LC is mostly used for high resolution separation 
of oligomers as well as for high polymers. Another important 
and widely used liquid chromatographic method is liquid chro-
matography at critical conditions. It makes one of the segments 
chromatographically invisible and separation with regard to oth-
er distributions could be realized. 
 Since, polymers are very complex, therefore, a single, 
stand-alone technique is usually not enough to obtain true pic-
ture of the composition of the sample. Introduction of multiple 
detectors improve the situation but still could not fully overcome 
the limitations.  Hyphenations of different modes of LC with 
each other and with other spectroscopic techniques is the obvi-
ous choice for more detailed insight into the product. For two-di-
mensional LC, samples are separated by one mode of LC with 
regard to one distribution and fractions are subjected to analysis 
in the second dimension by any other mode of LC of polymers. 
The hyphenations can be realized on-line or off-line. Both on-
line and off-line approaches have their own pros and cons.  Sim-
ilarly, LC separation can also be hyphenated to spectroscopic 
techniques (such as NMR, mass spectrometry, FTIR etc.). These 
hyphenations of different modes of LC with each other and with 
spectroscopic technique reveal very important information about 
molecular heterogeneity that was not possible otherwise. 
 The column-based fractionation technique suffers from 
degradation of the samples, unavoidable adsorption, limited ex-
clusion limits etc due to presence of porous stationary phase. 

These problems can be overcome by Field-Flow Fractionation 
(FFF). The narrow ribbon-like channel of FFF is constructed by 
clamping	 a	Mylar	 or	 polyimide	 spacer	with	 a	 specific	 cut-out	
between	 two	 flat	 surfaces.	The	 carrier	 liquid	 is	 pumped	 from	
the injector through the channel to the detectors. The sample is 
injected in front of the channel inlet. In the FFF channel a lam-
inar	parabolic	flow	profile	develops	due	to	its	high	aspect	ratio	
and	leads	to	the	development	of	zones	of	varying	flow	velocities	
in increasing order from the walls to the center of the channel. 
The	applied	field	determines	 the	 type	of	FFF	 technique.	Flow	
field-flow	 fractionation	 and	 thermal	 field-flow	 fractionation	
are the important techniques of FFF used in polymer analysis. 
Asymmetrical Flow Field-Flow Fractionation (AF4) has almost 
completely replaced symmetrical mode of FFF. If the external 
field	 is	 temperature	 gradient,	 the	 FFF	 technique	 is	 termed	 as	
thermal-FFF. It is also a useful technique for molar mass and 
chemical composition analysis of polymers. The detailed ac-
count of recent applications of the different modes of HPLC of 
polymer, FFF and their hyphenations with each other and with 
spectroscopic techniques is given in some recent and important 
review articles and monographs[1-7,8]. Different modes of HPLC 
are used commonly for polymer analysis with regard to molar 
mass, chemical composition, topology, functionality etc. The 
utilization of FFF is limited to special cases, such as branched 
polymers, polymers with gel content, polymers susceptible to 
degradation under sheer stress, polymeric nano-composites etc.

References

1. Malik, M.I., Pasch, H. Novel developments in the multidimension-
al characterization of segmented copolymers. (2014) Prog Polym Sci 
39(1): 87-123.  
2. Pasch, H., Trathnigg,  B. Multidimensional HPLC of Polymers. 
(2013) Springer Berlin-Heidelberg-New York.  
3. Berek, D. Two-dimensional liquid chromatography of synthetic poly-
mers. (2010) Anal Bioanal Chem 396: 421-441.
4. Uliyanchenko, E., van der Wal, S., Schoenmakers, P.J. Challenges in 
polymer analysis by liquid chromatography. (2012) Polym Chem 3(9): 
2313-2335. 
5. Pasch, H., Malik, M.I., Macko, T. Recent Advances in High-Tem-
perature	Fractionation	of	Polyolefins.	(2012)	Adv	Polym	Sci	251:	77-
140. 
6. Pasch, H., Malik, M.I. Advanced Separation Techniques for Poly-
olefins.	 Springer	 Labortary	 Series.	 (2014)	 Springer,	 Cham-Heidel-
berg-New York-Dordrecht-London. 
7. Malik,	M.I.,	 Pasch,	H.	Field-flow	 fractionation:	New	and	 exciting	
perspectives in polymer analysis. (2016) Prog Polym Sci. 
8. Hiller, W., Sinha, P., Hehn, M., et.al. Online LC-NMR – From an ex-
pensive toy to a powerful tool in polymer analysis. (2014) Prog Polym 
Sci 39 (5): 979-1016. 

mailto:analyticaltech@ommegaonline.com
http://www.ommegaonline.org
http://www.ommegaonline.org
http://www.sciencedirect.com/science/article/pii/S0079670013001263
http://www.sciencedirect.com/science/article/pii/S0079670013001263
http://www.sciencedirect.com/science/article/pii/S0079670013001263
http://www.springer.com/us/book/9783642360794
http://www.springer.com/us/book/9783642360794
http://link.springer.com/article/10.1007/s00216-009-3172-3#page-2
http://link.springer.com/article/10.1007/s00216-009-3172-3#page-2
http://pubs.rsc.org/en/content/articlelanding/2012/py/c2py20274c#!divAbstract
http://pubs.rsc.org/en/content/articlelanding/2012/py/c2py20274c#!divAbstract
http://pubs.rsc.org/en/content/articlelanding/2012/py/c2py20274c#!divAbstract
http://link.springer.com/chapter/10.1007%2F12_2012_167#page-1
http://link.springer.com/chapter/10.1007%2F12_2012_167#page-1
http://link.springer.com/chapter/10.1007%2F12_2012_167#page-1
http://www.springer.com/us/book/9783319086316
http://www.springer.com/us/book/9783319086316
http://www.springer.com/us/book/9783319086316
http://www.sciencedirect.com/science/article/pii/S007967001630003X
http://www.sciencedirect.com/science/article/pii/S007967001630003X
http://www.sciencedirect.com/science/article/pii/S0079670013001226
http://www.sciencedirect.com/science/article/pii/S0079670013001226
http://www.sciencedirect.com/science/article/pii/S0079670013001226

