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a b s t r a c t 

Polymeric materials are readily available, durable materials that have piqued the interest of many diverse 

fields, ranging from biomedical engineering to construction. The physiochemical properties of a polymer 

dictate the behavior and function, where large polydispersity among polymer properties can lead to prob- 

lems; however, current polymer analysis methods often only report results for one particular property. 

Two-dimensional liquid chromatography (2DLC) applications have become increasingly popular due to 

the ability to implement two chromatographic modalities in one platform, meaning the ability to simul- 

taneously address multiple physiochemical aspects of a polymer sample, such as functional group content 

and molar mass. The work presented employs size exclusion chromatography (SEC) and reversed-phase 

(RP) chromatography, through two coupling strategies: SEC x RP and RP x RP separations of the water- 

soluble polymers poly(methacrylic acid) (PMA) and polystyrene sulfonic acid (PSSA). Capillary-channeled 

polymer (C-CP) fiber (polyester and polypropylene) stationary phases were used for the RP separations. 

Particularly attractive is the fact that they are easily implemented as the second dimension in 2DLC work- 

flows due to their low backpressure ( < 10 0 0 psi at ∼70 mm sec −1 ) and fast separation times. In-line 

multi-angle light scattering (MALS) was also implemented for molecular weight determinations of the 

polymer samples, with the molecular weight of PMA ranging from 5 × 10 4 to 2 × 10 5 g mol −1 , while 

PSSA ranges from 10 5 to 10 8 g mol −1 . While the orthogonal pairing of SEC x RP addresses polymer siz- 

ing and chemistry, this approach is limited by long separation times (80 min), the need for high solute 

concentrations (PMA = 1.79 mg mL −1 and PSSA = 0.175 mg mL −1 to yield comparable absorbance re- 

sponses) due to on-column dilution and subsequently limited resolution in the RP separation space. With 

RP x RP couplings, separation times were significantly reduced (40 min), with lower sample concentra- 

tions (0.595 mg mL −1 of PMA and 0.05 mg mL −1 of PSSA) required. The combined RP strategy provided 

better overall distinction in the chemical distribution of the polymers, yielding 7 distict species versus 3 

for the SEC x RP coupling. 

© 2023 Elsevier B.V. All rights reserved. 
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. Introduction 

Polymers are implemented across many fields, ranging from ev- 

ryday plastics to bioprosthetics and construction materials [1–4] . 

he physiochemical properties of a polymer are primarily linked 

o its chemical functionality and molecular weight; therefore, it is 
Abbreviations: 2DLC, Two-dimensional liquid chromatography; C-CP, Capil- 

ary channeled polymer; MALS, Multiangle light scattering; PET, Polyester; PMA, 

oly(methacrylic acid); PP, Polypropylene; PSSA, Polystyrene sulfonic acid; RP, Re- 

ersed phase; SEC, Size exclusion chromatography. 
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ssential to control the chemical and physical makeup of a poly- 

er to successfully realize its intended use. Synthetic and natural 

olymers are usually comprised of multicomponent mixtures, each 

ontributing to the various structural and functional features that 

re present within the bulk polymer. Such physiochemical features 

an include unwanted variations in molar mass, chemical compo- 

ition, functionality, and molecular topology [5] . For instance, the 

olecular weight of a polymer is linked to its mechanical prop- 

rties, and even pure polymers will have some naturally-present 

olydispersity [6] . The analysis of polymers is often performed us- 

ng light scattering, NMR, and end group titrations to characterize 

verage polymer properties, such as chain length, chemical func- 

ionality, etc. [ 7 , 8 ]. Still, these methods only provide the average

roperties of polymers, meaning very little information about the 

https://doi.org/10.1016/j.chroma.2023.464051
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roperty distributions present within the polymer sample is pro- 

ided [5] . 

The chromatographic separation of polymers has proven to 

e beneficial in determining the composite heterogeneity of the 

onomers regarding the size and chemical attributes, with com- 

on separations including size exclusion chromatography (SEC) 

9–11] and reversed-phase chromatography (RP) [12–14] . For both 

f these modalities, single-dimension HPLC separations are limited 

o characterizing only a single chemical or physical property of a 

olymer. A multitude of SEC separations of polymers have been 

erformed [15–19] , where these isolations are very easy to imple- 

ent as they are based on no chemical interaction, require little to 

o sample preparation, and use chemically-simple mobile phases. 

owever, with SEC, solutes are eluted based on their hydrody- 

amic volume, while polymers also often display multiple distri- 

utions in their physical and chemical properties simultaneously 

5] . With SEC, co-elution problems can occur, leading to inaccu- 

ate conclusions regarding the size or molecular weight of the ana- 

yte. For example, conformation changes such as a globular analyte 

elaxing to a rod-like conformation would cause a faster elution, 

hich could be interpreted as a higher molecular weight. With 

he sensitive nature of polymers to pH, solvent composition, tem- 

erature, etc., contributing to conformation changes [20] , SEC ap- 

lied alone can be problematic. Due to the possibility of misin- 

erpretation, SEC requires additional steps for the confirmation of 

izing and molecular weight, such as multi-angle light scattering 

MALS), which provides the sensitive comprehensive distribution 

f the molecular weight of the polymer without the need for cali- 

ration standards. 

RP separations have ample benefits because of their wide ap- 

licability, fast equilibrium, high efficiency, differences in selec- 

ivity, and compatibility with mass spectrometry (MS) [21] . Gra- 

ients are also used to improve peak capacity while eliminating 

arry-over effects and providing better band compression effects, 

eaning narrow peaks [22] . Previous effort s by Marcus et al. have 

hown water-soluble polymer separations through RP chromatog- 

aphy when SEC was not an option due to similarities in the hy- 

rodynamic radii of the polymers [13] . However, this separation 

odality still only reveals the chemical distribution, and coelu- 

ion problems can occur with species of similar chemistries. Poly- 

ers often exhibit variations in chemical structures based on RP 

olvent composition, such as linear/branched chains or differing 

nd/functional groups. As such, RP separations have proven suc- 

essful in isolating these sorts of chemical composition distribu- 

ions [ 12 , 14 , 23 , 24 ]. However, RP separations of polymers can also

resent challenges. For instance, with complex polymer samples, 

r when large polydispersity is present within a polymer popu- 

ation, coelution can occur, yielding poor resolution. Overall, with 

raditional single-dimensional chromatography, regardless of the 

odality, polymer analysis is limited to only addressing a single 

hysical or chemical attribute. 

Two-dimensional liquid chromatography (2DLC) offers im- 

roved peak capacities (the ability to separate peaks) for complex 

pecies by incorporating two separation modalities within a single 

latform [25–27] . Ideally, the peak capacity of 2DLC is determined 

y the product of the peak capacity of each dimension as described 

y Giddings [28] . To realize the increased peak capacity attainable 

y using 2DLC, orthogonal separation modalities must be used in 

he respective dimensions [29–31] . When orthogonal methods are 

oupled, there is more “separation space”, referring to the area 

or the peaks to separate in two-dimensional space [ 32 , 33 ]. There-

ore, separations with higher levels of orthogonality often yield im- 

roved resolution and peak capacity. 2DLC can be used for char- 

cterizing diverse forms of heterogeneity within polymers because 

his technique can separate the physical and chemical property dis- 

ributions in a given sample through the use of commonly imple- 
2 
ented separation modalities, such as SEC and RP [ 34 , 35 ]. The ad-

ition of a second dimension provides the selectivity and resolu- 

ion to address two properties in a given polymer population si- 

ultaneously [36] . Implementation of this technique offers oppor- 

unities for a more comprehensive analysis of polymers, specifically 

nabling information about polymer physiochemical heterogeneity 

o be obtained. 

As there is an immense variety of polymers of different 

hemistries, posing the challenge to characterize them based on 

heir makeup. As such, there continues to be a drive to achieve 

ore efficient column formats for 1D and 2D separations. To this 

nd, Marcus and co-workers have developed capillary-channeled 

olymer (C-CP) fiber stationary phases based on polypropylene 

PP), polyethylene terephthalate (PET), and nylon base polymers 

 37 , 38 ]. Fortuitously, the lack of substrate porosity (and there- 

ore low phase ratios) makes the fibers poor candidates for 

mall molecule applications [ 37 , 39 ], but optimal for applications in 

acromolecule (protein and polymer) separations as there is no 

ntraphase diffusion (and therefore no van Deemter C-term effects) 

40–42] . Additionally, the C-CP base polymers provide the oppor- 

unity for surface modifications, to affect cation exchange [ 43 , 44 ], 

nion exchange [45] , and affinity [46–49] columns. C-CP fibers self- 

lign when packed into columns, creating multiple interdigitating 

arallel channels that create efficient mass transfer characteristics, 

llowing them to be used at high linear velocities with little peak 

roadening and low backpressures ( < 10 0 0 psi at ∼70 mm sec −1 )

 41 , 50 ]. The reduced backpressures of the C-CP fibers eliminate 

he need for expensive ultrahigh-pressure pumps in the second di- 

ension ( 2 D), while providing fast separation times [51] . Addition- 

lly, previous studies have evaluated the performance of RP sepa- 

ations using C-CP fiber columns to commercial columns [52] , de- 

ermining that the C-CP columns were more sutiable and efficient 

hen implemented in the second dimension due to the ease of 

e-equilibrating in the fast cycling times [51] . 

In this study, trilobal polypropylene (PP) and 8-channeled 

olyethylene terephthalate (PET) fibers were used as the station- 

ry phases for the RP separations of water soluble polymers, 

oly(methacrylic acid) (PMA) and polystyrene sulfonic acid (PSSA). 

he monomeric structures of the two fiber types and polymer so- 

utes are presented in Fig. 1 . Both fiber types have been demon- 

trated to effectively separate proteins using more or less standard 

eversed phase gradients, where increasing organic content elutes 

he solutes based on their relative hydrophobicity [ 40 , 50 , 53 ]. The

P and PET fibers offer different levels of hydrophobicity and types 

f solute-surface interactions because of the differences in poly- 

er chemistries; PP being solely aliphatic in nature and the PET 

urface including aromatic and polar carbonyl functional groups. In 

ddition, the end groups of PET are anionic carboxylic acids. Thus 

olute retention on the PET phase likely entails aspects of elec- 

rostatic interactions as well as hydrophobicity. Both fiber types 

ere employed previously in the 1D separations of water soluble 

olymers [13] . A key aspect of the C-CP fiber phases is a com- 

lete lack of size-exclusion phenomena below molecular weights 

f ∼20 0 0 Da . Thus the separations are completely enthalpic in na- 

ure [ 52 , 54 , 55 ]. In terms of the solutes, PMA contains a carboxylic

cid group as the primary functional group while PSSA contains 

n aromatic ring and a sulfonic acid group. Beyond the compar- 

tively benign PP surface, the expected interactions between the 

olutes and PET surfaces for the RP separations include pi-pi in- 

eractions between the aromatic rings, hydrogen bonding with car- 

onyl groups, and hydrophobic interactions with the ethylene unit 

resent in the fiber. 

This study will examine two 2DLC separation approaches, com- 

aring SEC × RP and RP × RP methods for the separation of 

he two water-soluble polymers, PMA and PSSA. In the first 

ase, separations based on hydrodynamic radii are followed by 
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Fig. 1. Structures of the polymer solutes poly(methacrylic acid) (PMA) and 

polystyrene sulfonic acid (PSSA), and the C-CP fiber stationary phases polypropy- 

lene (PP) and polyethylene terephthalate (PET). 
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ydrophobicity-based (at least nominally) isolation on the two 

ber types. In the latter case, hydrophobicity is the primary means 

f separation, but on two different phases in two couplings; 

ET × PP and PP × PET C-CP fibers. Molecular weights were de- 

ermined following SEC with in-line MALS for each polymer as a 

onfirmation for the characterization. The results presented here 

emonstrate the efficacy of the C-CP fiber phase as an efficient, 

ffective stationary phase in the 2D separations of water soluble 

olymers. 

. Materials and methods 

.1. Chemicals and sample preparation 

HPLC-grade acetonitrile (ACN) (VWR Chemical, Radnor, PA), 

eionized water (DI-H 2 O) from an Elga PURELAB flex water purifi- 

ation system (18.2 M � cm −1) (Veolia Water Technologies, High 

ycombe, England), and trifluoroacetic acid (TFA) (Sigma-Aldrich, 

ilwaukee, WI, USA) were used for sample and mobile phase 

reparation. Poly(methacrylic acid) (PMA) (Polysciences, Inc., War- 

ington, PA, USA) with an average molecular weight ∼10 0,0 0 0 

nd polystyrene sulfonic acid (PSSA) (Scientific Polymer Products, 

nc., Ontario, New York, USA) with an average molecular weight 

70,0 0 0 (presented as 20% solids/mixture in water), were used as 

he analytes and diluted accordingly the day of the experiment. 

.2. Chromatographic columns 

As previously described, the PET and PP C-CP fibers were manu- 

actured by the Department of Material Science and Engineering at 

lemson University [56] . Briefly, the PET and PP fibers were pulled 

hrough polyether ether ketone (PEEK) tubing (0.76 mm inner di- 

meter) and cut to a 30 cm column length. The number of fibers 

f each was chosen to achieve an interstitial fraction of ∼0.6. Upon 

acking, the fiber columns were washed with DI-H 2 O, ACN, then 

I-H 2 O again until stable absorbance baselines were achieved at 

24 nm. An X-Bridge BEH SEC Column, 200 Å, 3.5 μm, 7.8 mm X

00 mm (Waters, Milford, MA, USA) with ethylene hybrid particle 
3 
echnology with a diol-bonded surface was used for size exclusion 

SEC) separations, with an ideal separation range falling between 

0,0 0 0 and 450,0 0 0 Da. 

.3. Instrumentation 

Chromatographic measurements were performed using an Agi- 

ent 2D HPLC (Agilent Technologies, Santa Clara, CA) equipped with 

he 1 D: 1260 binary pump, 1260 degasser, 1100 multiple wave- 

ength detector; 1290 valve drive; 2 D: 1290 UHPLC high-speed 

ump, and 1290 variable wavelength detector. (While provided in 

his commercial package, it must be clearly stated that operation 

ith C-CP fiber columns in 2 D does not require the backpressure 

apacities of a UPLC pump.) ChemStation software and OpenLab 

as used to operate the 2DLC instrumentation. A UV detection 

avelength of 224 nm was used for the entirety of this study due 

o the strong optical absorbance of both polymer solutes at this 

avelength. All product chromatograms are plotted following an 

bsorbance background correction through the coarse of the sepa- 

ations based on the injection of a solvent blank. Two-dimensional 

hromatograms were processed in GC x GC Images followed by 

rigin (OriginLab Corp., Northampton, MA), whose output is in 

he form of heat maps. The absolute values of the color scales is 

ot comparable between chromatograms due to the differences in 

ackground correction. MALS measurements were performed fol- 

owing SEC separations on the DAWN MALS detector (Wyatt, Santa 

arbara, CA, USA), controlled via ASTRA software. The flow cell cu- 

ette, surrounded by 18 photodetectors, was placed in-line with 

he Agilent 2DLC, following the 1 D column exit. The dn/dc values 

required for proper calibration) for PMA and PSSA were 0.175 and 

.17, respectively, provided through the Wyatt database. 

.4. Chromatographic methods 

.4.1. 1 D SEC and RP 

Mobile phases for both dimensions consisted of 100% DI- 

 2 O + 0.1% TFA as mobile phase A (MP A) and 100% ACN + 0.1%

FA as mobile phase B (MP B). Before coupling, standalone SEC and 

P separations were performed with the individual columns. For 

EC, isocratic separations were performed at a flow rate of 0.5 mL 

in −1 , with mobile phase B compositions evaluated across a range 

f 0 – 30%, in an effort to minimize adsorption to the SEC station- 

ry phase. Analyte injection volumes of 20 μL were employed with 

he respective solute concentrations (PMA = 1.79 mg mL −1 and 

SSA = 0.175 mg mL −1 ) chosen to affect comparable absorbance 

esponses. Importantly, both of these values are far below the so- 

utes’ respective solubility limits. A 100% ACN wash followed the 

EC separation to ascertain if any polymer solute had adsorbed 

nto the SEC phase. Initially, for RP separation, a linear gradient 

rom 0 to 100% MP B was performed on each C-CP fiber column 

ype at flow rates of 0.5 mL min −1 , followed by the use of step

radients programs. For the PET, a step gradient consisted of: 0%B 

0 – 1 min), 0 – 30% (1 – 2 min), held at 30%B (3 – 4 min), 30 –

0% MP B (4 – 5 min), and finally held at 50% B (5 – 6 min), while

or PP: 0% B (0 – 1 min), 0 – 20%B (1 – 2 min), held at 20%B (2 –

 min), 20 – 50%B (3 – 4 min), and held at 50%B (4 – 5 min). 

.4.2. SEC x RP 

For the coupled SEC x RP separations, 1 D separations were per- 

ormed at a flow rate of 0.1 mL min −1 on the X-Bridge SEC col- 

mn due to the low flow rate required for the 1 D eluate trans- 

er to 2 D. PP and PET columns were used as the RP phases in the
 D separations. The solvent gradients were optimized using the re- 

ults of the standalone (1D) separations and then translated into 
 D. The flow rate was varied between 0.5 – 0.7 mL min −1 , and 
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radient times (0–50% B) were varied between 30 and 42 s to de- 

ermine optimal separation conditions. In each case, the column 

e-equilibration (re-set) time between gradients was 6 s. All chro- 

atographic data were collected in triplicate, with absorbance val- 

es background subtracted based on DI-H 2 O injections to match 

he gradients of the analyses. 

.4.2. RP x RP 

It is important to understand that the two C-CP fiber phases 

ave different chemistries. PP is very hydrophobic with no ioniz- 

ble functional groups, while PET is less hydrophobic with anionic 

arboxylate end groups present at neutral pH. Mobile phases were 

aintained as listed above for the reversed phase coupled sepa- 

ations. For RP separations, a 20 μL injection volume composed of 

.595 mg mL −1 of PMA and 0.05 mg mL −1 of PSSA was used to

chieve comparable absorbance responses for the solutes. The two 

-CP fiber stationary phases were employed in different orders; PP 

 PET and PET x PP. When coupling PP x PET, the 1 D PP separation

onsisted of a linear gradient from 0 to 50% MP B at 0.1 mL min −1 

or 40 min, while the PET 2 D consisted of a shift gradient, where 

he starting solvent composition increases with each successive 2 D 

njection, was used in the 2 D to reduce the optical absorbance 

ackground of the separations due to better mobile phase compo- 

ition matches in the eluate transfer. Shift gradients were used for 

ll RP x RP separations, with flow rates varied as before from 0.5 

o 0.7 mL min −1 , and separation times from 36 to 48 s. For PET

 PP arrangement, the PET 1 D gradient was the same as above, 

hile also using a shift gradient at the same varied flow rates and 

eparation times as listed above. Critical in the consideration of us- 

ng the C-CP fibers in 2D is the fact that high linear velocities of 

0 mm s −1 are achieved at backpressures of 30 0–40 0 psi, negating 

he need for UPLC pumping capacities in the second dimension. 

hromatographic data were collected in triplicate ( n = 3), with the 

ptical background subtracted with DI-H 2 O injections. 

. Results and discussion 

.1. 1D separations 

The target operation qualities for the 1 D and 2 D portions of 

DLC separations are quite different. The general concepts have 

een presented in detail in a number of excellent papers [ 26 , 57–

0 ]. Simply, in 1 D, the primary goal is the introduction of nar- 

ow, well-resolved bands to the 2 D injection port. Narrow bands 

re desirable to allow for the fewest number, of highly concen- 

rated injections into the second stage. High resolution is also de- 

ired to minimize potential wraparound in the 2 D; i.e., allow suffi- 

ient time to affect the 2 D separation before the next component 

lutes from the first stage. The critical metric in 2 D is the reso- 

ution of components within each fraction injected, but on time 

cales that allow for rapid injection of subsequent 1 D bands. In this 

egard, rapid gradient programs with minimal need for column re- 

quilibration are desired. The following sections describe the op- 

imization of these characteristics for each column/elution combi- 

ation, performed as 1D experiments to project their 1 D imple- 

entation. While not completely conclusive, such efforts provide 

n effective approach prior to adding to the complexity of multi- 

le dimensions. 

.1.1. SEC separations 

With SEC separations, interactions between the stationary 

hase and analyte are undesirable, as the separation is entropy- 

riven, where an analyte’s elution characteristics (e.g., time and 

andwidth) are dependent on the solute’s hydrodynamic volume. 

o this end, hydrophobic interactions between the solutes and the 
4 
tationary phase material must be minimized. Various percentages 

0–30%) of the acetonitrile (ACN) were used to determine the op- 

imal SEC conditions for the separation, based on the band elution 

haracteristics. Following each SEC cycle, a 100% ACN wash was 

sed to determine if polymers had adsorbed to the SEC column. 

he respective chromatograms are presented in Fig. 2 for single- 

olute and mixture injections. For a mobile phase consisting of no 

0%) ACN ( Fig. 2 a), the PMA component separation showed little to 

o elution, indicating PMA adsorption onto the column, while the 

SSA elution displays two distinct peaks, indicating two different 

ize ranges of the polymer. Very interestingly, the polymer mix- 

ure eluted at 0% ACN exhibited a much higher absorbance for the 

igher molecular weight (excluded) fraction of the PSSA, with an 

dditional peak appearing around 10 min. Both of these responses 

uggest an interaction between the two polymers, which may also 

ause the PMA polymer to elute, rather than retain to the column. 

he overall peak area for the eluted polymer mixture was ∼296 

Au x min, but when comparing the mixture to the individual in- 

ections, the PMA and PSSA individual injections only account for 

11.3% and 34.9% of the mixture, respectively. The ∼53.8% reten- 

ion could be attributed to electrostatic or hydrophobic interactions 

ccurring between the polymer and the stationary phase, which 

ave been previously reported [61] . To reduce the interactions be- 

ween the analytes and stationary phase (and perhaps each other), 

rganic modifiers can be incorporated into the mobile phase. 

When a 10% ACN modifier was present in the MP ( Fig. 2 b),

he PSSA and PMA each exhibited two peaks, indicating two size 

egimes for each of the polymers; however, with an apparent 

oelution window at approximately 12 min. Likewise, a second 

raction of the PMA is seen to elute at ∼16 min, which was not 

resent in the 0% ACN case, reflective of enthalpic absorption oc- 

urring with this small amount of modifier, further seen is a high 

bsorbance response for the 100% can flush. For the elution of 

he mixture, the absorbance value increased again at the time of 

he initial eluting band, as seen in the previous case for PSSA. In 

his instance, there was a slight increase in the peak area of the 

ixture at 299 mAu x min in comparison to the separation with 

o ACN, with PMA and PSSA individual injections making up only 

7.5% and 30.7% of the mixture, respectively. Again the elution of 

he mixture shows over a 50% increase in the recovery of the poly- 

er. 

At an MP containing 20% ACN ( Fig. 2 c), each of the individual

olymers shows pronounced changes in their elution characteris- 

ics in comparison to 10% ACN. In the case of PSSA, the two bands, 

hich had signs of multiple populations, further evolved into hav- 

ng a structural continuum between them. The PMA showed a pro- 

ounced change as the initial band occurring at ∼12 min is clearly 

educed in response, while a new band appears at ∼5 min, coinci- 

ent with the elution time of what has been the most intense band 

n each of the chromatograms of the pure PSSA and the mixture. At 

his modifier concentration, the band previously seen at ∼16 min 

isappeared. The new high molecular weight band may represent 

 fraction that was retained on the column at low ACN concen- 

rations. In addition, the second PMA band at ∼16 min shows a 

hortening in retention time, down to ∼13 min. In the case of the 

ixture injection, the chromatogram is composed of an initial peak 

t ∼5 min, composed of both solutes, a broad feature between 8 

nd 11 min that is reflective of PSSA, a peak at ∼12 min composed 

rimarily of PSSA, and finally, the low mass PMA fraction eluting 

t ∼13 min. In the case of the 20% ACN MP, the chromatogram 

ixture begins to better-reflect a linear combination of the indi- 

idual components, though again, with a far greater optical ab- 

orbance response at the initial band elution time, seemingly re- 

ecting some, albeit reduced, level of interaction of the two poly- 

ers. Finally, under these conditions, the absorbance response to 

he 100% ACN flush again revealed polymer interactions with the 
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Fig. 2. Size exclusion separation of individual, PMA (pink) and PSSA (orange), and polymer mixtures (black) at varying percentages of ACN + 0.1% TFA in DI + 0.1% TFA is 

shown. Percentages of ACN included: (a) 0% ACN, (b) 10% ACN, (c) 20% ACN, and (d) 30% ACN. Separations were performed at a flow rate of 0.5 mL min −1 . 
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olumn, however far less than the 10% ACN separation. Again, the 

eak area of the mixture increased with the increase in ACN per- 

entage, with an area of 313 mAu x min and PMA and PSSA in-

ividual injections representing ∼23% and ∼70%, respectively, or 

93% of the mixture. 

Finally, at an MP concentration of 30% ACN ( Fig. 2 d), the PSSA 

s seen to elute as one broad band over a 10 min period, indicating

 large range in hydrodynamic volumes and more dispersity in the 

olymer. This broad peak could result from a distribution in the 

iffering degrees of sulfonation present in the PSSA polymer, which 

ill result in differing degrees of hydrophilicity within the polymer 

62] and as unsulfonated styrenes are known to aggregate [ 63 , 64 ].

ere, the PMA elutes in two distinct peaks, likely representing the 

od-like and spherical conformations of PMA commonly observed 

65–69] . The separation of the mixture shows minimal overlap, 

long with no polymer interaction with on-column with a peak 

rea of 377 mAu x min. When comparing the mixture to the in- 

ividual injections, PMA makes up ∼17%, and PSSA is ∼84%, con- 

rming the complete elution of the polymers in both individual 

nd mixtures. The 30% ACN condition was used as the final SEC 

ondition for the 2DLC separation, keeping in mind that, depend- 

ng on the specific application, it may not be totally reflective 

f the desired information. Percentages of ACN higher than 30% 

ere not considered because at percentages above 40%, the poly- 

ers would not be retained to the RP 2 D column. Based on the 

EC separation with 30% ACN, PMA has two distinct hydrodynamic 

olumes within the sample, while PSSA exhibits a large polydis- 

ersed population eluting over about 10 min at a flow rate of 

.5 mL min −1 . 

In order to confirm the molecular weights of each polymer, 

s SEC only distinguishes between hydrodynamic volumes, multi- 

ngle light scattering (MALS) was coupled in-line with the SEC 

olumn. The addition of in-line MALS allows for the sizing deter- 

ination based on the scattered light of the analyte, potentially 

liminating the need for a calibration curve of molecular weights 
5 
or the SEC separation. The in-line sizing is especially important 

or the polymers as they can be found in different conformations, 

articularly PMA, which is known to have multiple conformations 

65–69] as well as potential agglomerates. The molecular weight 

chromatograms” for the individual polymers were determined in 

0% ACN + 0.1% TFA and are shown in Fig. 3 . In both instances, the

og molecular mass responses nicely overlap with the absorbance 

races. In the case of PMA ( Fig. 3 a), two fractions are seen, the first

overing an absolute size range of 5 × 10 4 – 2 × 10 5 g mol −1 and 

he second being a fairly uniform distribution around 6 × 10 4 g 

ol −1 . For PSSA ( Fig. 3 b), a very different case is seen, with a

ery broad range of sizes detected across the elution band, along 

ith evidence of somewhat discrete populations. Here a variation 

n molar mass is observed over 3 orders of magnitude (10 8 – 10 5 g 

ol −1) across the PSSA absorbance band. The large discrepancies in 

olecular weights are likely due to aggregation within the poly- 

er, reflecting the degrees of sulfonation, including some unsul- 

onated styrene, which is known to occur under these condition 

 63 , 64 ]. In general, the absorbance-based SEC chromatograms seem 

o be a realistic reflection of the molecular weight distributions of 

he two polymer in the 30% ACN solvent environment. 

.1.2. RP separations 

For the initial evaluation of the C-CP fiber columns, the poly- 

ers were separated in standalone (1D) RP separations to deter- 

ine the relevant elution conditions. Initially, a 0 – 100% linear 

radient was performed for the individual polymers and mixtures 

n the PET and PP fiber columns, as shown in Fig. 4 . The linear

radient, RP separation using the PET fiber column ( Fig. 4 a) ex- 

ibited an elution order for the individual polymers of PSSA elut- 

ng at ∼2.1 min and PMA eluting ∼3.1 min. As PET is less hy- 

rophobic than PP ( Fig. 4 b), the elution time would be expected 

o be shorter (lower %B for elution); however, this is not the case. 

SSA eluted similarly from both the PP and PET fiber phases, while 
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Fig. 3. Molar mass of (a) PMA and (b) PSSA determined via MALS. The MALS was placed in-line with the 1 D detector to determine each molar mass of the polymers 

following the SEC separation at a flow rate of 0.5 mL min −1 . The absorbance at 224 nm is plotted on the left y-axis, while the molar mass is plotted on the right y-axis. The 

molar mass is plotted in black, while PMA and PSSA are plotted in pink and orange, respectively. 

6 
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Fig. 4. RP separation of PMA and PSSA mixture on (a) PET and (b) PP C-CP fiber columns at flow rates of 0.5 mL min −1 . A 0 – 100% gradient was performed from DI + 0.1% 

TFA to ACN + 0.1% TFA, which is represented on the right y-axis. 
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MA eluted later in the PET separations. As the two elution times 

re unexpected based on the lower hydrophobicity of the PET sta- 

ionary phase (both would be expected to be shorter), additional 

orms of interaction between the polymer solutes and the station- 

ry phase are indicated. Here, as noted in the previous protein sep- 
7 
rations comparing the PP and PET phases, it is clear that elec- 

rostatic interactions surelty play a role in the solute retention on 

ET [53] . Additionally, it is noted that both PET and PMA have car- 

onyl/carboxylate groups present, meaning hydrogen bonding in- 

eractions between the two could occur, with both entities be- 
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Fig. 5. SEC x PET separation optimizing the flow rate for the 2 D PET separation : (a) 0.5 mL min −1 , (b) 0.6 mL min −1 , and (c) 0.7 mL min −1 and the 2 D gradient time: (d) 30 s, 

(e) 36 s, and (f) 42 s. The 1 D SEC separation is represented on the x-axis, while the 2 D RP separation on the PET fiber column is represented on the y-axis. SEC separations 

were at 70:30 DI + 0.1% TFA: ACN + 0.1% TFA at a flow rate of 0.1 mL min −1 . The 2 D RP gradients were from 0 to 50% ACN + 0.1% TFA. 
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ng donors/acceptors. These interactions have been previously ob- 

erved for these polymers, and have been found to become more 

revalent at low pH [70] . The presence of an interaction between 

he two polymers, PMA and PSSA, is suggested in the separation of 

he mixture on the PET fiber stationary phase, with the response 

or PSSA altered, but the shape and recovery of PSSA being unaf- 

ected. The recovery of each polymer was determine based on the 

eak area of the individual injections versus the mixture to be ∼
5%, confirming little polymer is lost due to the interaction exhib- 

ted in the mixture. With the presence of the sulfonate groups and 

he carboxylate groups on the PSSA and PMA, respectively, interac- 

ions between these two groups can include hydrophilic, hydrogen 

onding, and electrostatic interactions [71] . Indeed, the reduced 

nd broadened response of the PSSA suggests the potential for two 

opulations of the PSSA; one fraction adsorbed to the PET surface 

nd the other perhaps co-adsorbed with PMA. Both of these popu- 

ations elute prior to the critical mobile phase composition of PMA, 

hus it elutes unperturbed. It is important to note that the recov- 

ries of both polymer species, based on the integrated peak areas, 

s not comprised in the mixture. This would seem to indicate that 

he fiber column itself is not suffering from overload effects or sec- 

ndary (irreversible) chemical reactions. 

The RP separation with the PP fiber stationary phase is shown 

n Fig. 4 b, where PSSA is again seen to elute earlier in the gradient

han PMA, predominately in a single band centered at a retention 

ime of 2 min, with a very minor fraction eluting at ∼2.6 min. PMA 
8 
s more retained under RP conditions, with a primary band cen- 

ered at ∼2.7 min, with an unresolved trailing shoulder of approxi- 

ately 20% relative absorbance. Here again, the elution of the PMA 

ccurs at a lower percentage-B than for the PET phase ( Fig. 4 a),

uggestive of other forms of interaction in that case, such as pi- 

i interactions or hydrogen bonding. The elution order of the two 

olymers on PP is as expected, as the sulfonic acid groups on the 

SSA polymer have a more hydrophilic character than PMA [62] . At 

 low pH (e.g., 0.1% TFA), PMA is in a coiled conformation where 

he hydrophobic sites are more exposed [65–69] . Very different 

rom the situation observed in the SEC chromatograms of the mix- 

ures ( Fig. 2 ), the RP chromatogram of the mixture here bears lit- 

le difference from a linear combination of the two-component 

olymers, suggesting little to no interaction between the two so- 

utes. Again the recovery of the polymers was determined to be 

109%, indicating the polymer is fully eluted and not affected by 

he mixture. The increase in the recovery can be due to the er- 

or in the manual injections or the dilution of the sample. Addi- 

ionally, the observed diversity in molecular weight-space (i.e. the 

EC chromatograms) is not apparent in the RP-space, suggesting 

hat the enthalpic interactions across the populations of each poly- 

er type are fairly monodispersed. The ability to affect different 

evels of chemical selectivity, even when using the same RP gra- 

ients, is seen as an added level of chemical information which 

an be obtained using the multiple C-CP fiber phases; PET being 

oderately hydrophobic with higher-order interactions being pos- 
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Fig. 6. SEC x PP separation optimizing the flow rate: (a) 0.5 mL min −1 , (b) 0.6 mL min −1 , and (c) 0.7 mL min −1 and the 2 D gradient time: (d) 30 s, (e) 36 s, and (f) 42 s. 

The 1 D SEC separation is represented on the x-axis, while the 2 D RP separation on the PP fiber column is represented on the y-axis. SEC separations were at 70:30 DI + 0.1% 

TFA: ACN + 0.1% TFA at a flow rate of 0.1 mL min −1 . The 2 D RP gradients were from 0 to 50% ACN + 0.1% TFA. 
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ible and PP which is very hydrophobic and otherwise chemically 

nactive. 

.2. 2 D separations 

.2.1. SEC x RP 

Ideally, two-dimensional separations encompass two orthogo- 

al separation modalities, with compatible solvents, to achieve the 

ptimum peak capacity. The two separation modalities for this 

DLC coupling include SEC and RP, implemented as SEC x RP and 

P x RP. RP was solely used in the 2 D due to the fast separa-

ion capability of the C-CP fiber columns and the added potential 

or mass spectrometric detection if desired. (If SEC implementa- 

ion is needed in 2 D, a short SEC column or elevated temperature 

ould be required, leading to poor resolution and potential column 

egradation, respectively.) The first coupling placed SEC in the 1 D 

nd RP in the 2 D. Both PET and PP fiber columns were employed 

n the 2 D. The mobile phase flow rate and 2 D gradient times were 

aried to determine optimal separation conditions. Flow rates were 

aried from 0.5 to 0.7 mL min −1 and the 2 D gradient times varied 

rom 30 to 42 s. 

The type of gradient used in the 2 D, including full and shift 

radients, affects the observed resolution. While shift gradients 

re commonly used due to the short range of MP covered in 

ach transfer, confounding wraparound behavior can be observed, 

here strongly retained species are not fully eluted in the trans- 
9 
erred fraction. With the SEC placement in the 1 D, which is solely 

ased on the hydrodynamic volume, a shift gradient for the 2 D 

ould be ill-representative of the composition. Specifically, small, 

lightly hydrophobic species will elute later in the 1 D, and will 

herefore be unretained in the 2 D as the MP has already shifted 

o a higher organic composition (i.e., solutes may elute in the 2 D 

njection volume). The use of a full gradient (i.e., same gradient 

ith each transfer) in this case would be more representative as it 

overs the same MP range for each successive transfer. 

The product chromatograms corresponding to variations in 2 D 

ow rate and gradient times for the SEC × PET and SEC × PP sep- 

rations are shown in Figs. 5 and 6 , respectively. For both 2DLC 

eparations, the 1 D SEC separation conditions correspond to the 

tandalone (1D) separation shown in Fig. 2 d, employing a 30% ACN 

obile phase, but at a flow rate reduced to 0.1 mL min −1 for 

ore comprehensive sampling into 2 D. For the SEC x PET coupling 

 Fig. 5 ) the flow rate was first varied from 0.5 to 0.7 mL min −1 

ith a 30 s gradient time. (Dashed line in the chromatograms is 

dded to aid the eye in regards to 2D elution times.) The chro- 

atograms each show two distinct bands, with a fairly diffuse 

and in between the two, as would be expected from the SEC 

hromatograms of Fig. 2 . In general, increases in flow rate in C- 

P fiber macromolecule separations yield better resolution due to 

eak compression at the higher linear velocities [ 41 , 50 , 55 ]. In ad-

ition, solutes tend to elute at lower amounts of %B. At 0.5 mL 

in −1 , a differentiation between the two solutes in the 2 D elu- 
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Fig. 7. PP x PET separation optimizing the flow rate: (a) 0.5 mL min −1 , (b) 0.6 mL min −1 , and (c) 0.7 mL min −1 and the 2 D gradient time: (d) 30 s, (e) 36 s, and (f) 42 s. The 
1 D RP separation on the PP fiber column is represented on the x-axis, while the 2 D RP separation on the PET fiber column is represented on the y-axis. The 1 D PP separation 

was at a flow rate of 0.1 mL min and the gradient was from 0 to 50% ACN + 0.1% TFA. A shift gradient from 0 to 50% ACN + 0.1% TFA was used for the 2 D PET separation, 

as shown in black on the graph representing the 0.6 mL min −1 flow rate, with the %B on the right axis. 
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ion times is seen. Consistent with the much slower RP gradient 1D 

eparation of Fig. 4 a, the two solutes are seen here to elute with

n approximately 10%B difference following the SEC separation. As 

he flow rate was increased to 0.6 mL min −1 and 0.7 mL min −1 ,

he differentiation in the 2 D elution times is somewhat diminished, 

hough the elution bandwidths become more concentrated (lower 

otal breadth), as expected. The higher flow rate appears to provide 

reater recovery of the PSSA fraction across the 1 D elution time, 

hough no quantitative conclusions can be made due to the dif- 

ering extents of background absorbance correction. Interestingly, 

cross each of the experimental conditions of the SEC x RP cou- 

lings, the interband region has 2D elution characteristics that fol- 

ow those of PSSA, reinforcing the assumption that this band repre- 

ented a form of that solute. To further evaluate the separation in 
 D, the gradient times were adjusted from 30 to 42 s at a constant

ow rate of 0.6 mL min −1 ; followed by a 6 s re-equilibration step

n each case. It is important to consider the entirety of 2 D separa- 

ion time (gradient + re-equilibration) as this is the time that the 

njection loop is filling with 1 D eluate, with values between 20 and 

0% fill being the target based on manufacturer recommendations. 

ased on the 0.5 mL min −1 flow rate, the injector becomes 75% full 

t the shortest gradient time, increasing to 100% at the longest gra- 

ient time. Indeed, the longer two gradient times are likely to be 

usceptible to overfill losses. This added filling is evidenced in the 

reater responses in the interband elution regions, with no appre- 
10 
iable gains in the latter case. More importantly, the width of the 

lution bands (in 2 D time-space) shows a time-stagger and some 

and broadening, as expected as the elutes cover the same gradi- 

nt percentages over longer times. As such, the 30 s 2D gradient 

ime was deemed optimal for the SEC x PET separation case. 

For the SEC x PP separation, similar chromatograms are ob- 

erved ( Fig. 6 ) to the SEC x PET case, with the two primary bands

nd the diffuse one in between. Again, the flow rates were varied 

rom 0.5 to 0.7 mL min −1 with a 30 s gradient, revealing sharper 

eaks with higher flow rates but losing the retention time differ- 

ntiation between the solutes in the second dimension. While op- 

ration at 0.7 mL min −1 appears to again provide greater recov- 

ries, the loss of 2 D differentiation could be problematic. In this 

ase, the 0.6 mL min −1 was deemed to be optimal as lesser band 

roadening was present versus 0.5 mL min −1 , but differentiation 

etween solutes was still observed. As before, with the variations 

n gradient time in the 2 D (30 – 42 s), there was significant broad- 

ning, sample loss, and no improvement in second dimension reso- 

ution provided by increasing the time. In comparison to the SEC x 

ET separations ( Fig. 5 ), there is little differentiation, except for the 

lightly later elution time ( ∼3–6 s) in 2 D when the PET is used, re-

ective of the greater retention of the PMA species. Overall for the 

EC x RP separations, the SEC provides resolution in terms of hy- 

rodynamic sizing, however, little enhanced differentiation is ob- 

erved between the two polymer types in the RP separation; i.e., 
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Fig. 8. PET x PP separation optimizing the flow rate: (a) 0.5 mL min −1 , (b) 0.6 mL min −1 , and (c) 0.7 mL min −1 and the 2 D gradient time: (d) 30 s, (e) 36 s, and (f) 42 s. 

The 1 D RP separation on the PET fiber column is represented on the x-axis, while the 2 D RP separation on the PP fiber column is represented on the y-axis. The 1 D PET 

separation was at a flow rate of 0.1 mL min and the gradient was from 0 to 50% ACN + 0.1% TFA. A shift gradient from 0 to 50% ACN + 0.1% TFA was used for the 2 D PP 

separation, as shown in black on the graph representing the 0.6 mL min −1 flow rate, with the %B on the right axis. 
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ittle added information in the second dimension. That said, direct 

oupling to ESI-MS could be a strong asset for the approach. 

.2.2. RP x RP 

While the respective polymer solutes elute in close proxim- 

ty in the 1D RP separations on each of the fiber phases ( Fig. 4 ),

he absolute elution solvent strengths are different between the PP 

nd PET phases. While not quite orthogonal, the two different RP 

hases do provide a level of differentiation. The RP x RP separa- 

ion strategy provides two potential practical advantages over SEC 

 RP in terms of reduced analysis times and the abilty to operate 

n more dilute solutions or lower injection volumes due to lesser 

ilution in the first dimension versus SEC. PET and PP fibers were 

sed in both dimensions, with the 2 D flow rates (0.5 mL min −1 

0.7 mL min −1 ) and gradient times (30 – 42 s) similarly varied. 

nitially, the same concentration of polymer sample was used for 

he RP x RP separation but was diluted to lower concentrations 

0.595 mg mL −1 PMA and 0.05 mg mL −1 of PSSA) because less di- 

ution occurs during the separation with the C-CP fiber columns 

ersus SEC. A shift gradient was used in the RP × RP, where the 

tarting mobile phase composition of 2 D “shifts” to follow the mo- 

ile phase composition of the 1 D (as superimposed in the figures). 

ore specifically, the eluate is introduced into a complementary 

P composition in the 2 D separation. The RP × RP separation pro- 

ides a probe to the hydrophobic (and perhaps higher order) inter- 
11 
ction sites, allowing evaluation of the chemical heterogeneity of 

he respective polymer solutes. 

The chromatograms of the PP x PET separations are shown in 

ig. 7 , with the flow rates and separation times varied as the pre- 

ious SEC x RP separations ( Figs. 5 and 6 ). A gradient from 0 to

0% was used for the 1 D RP separation, where two distinct re- 

ions, corresponding to the %B compositions of relevance found in 

he 1D RP separations of Fig. 4 a. While two pronounced bands are 

een, corresponding to PSSA and PMA, clearly seen in this case is a 

arrow band of virtually-unretained species eluting from 
1 D to 2 D. 

ndeed, that species is infact retained on the second dimension, 

luting in the normal course of the gradient. It may be assumed 

hat these eluates are low molecular weight polar molecules, likely 

onomers of one of the primary polymers. The pronounced tailing 

bserved for the primary PSSA peak ( ∼11 min) is consistent with 

ig. 4 a, but is cleanly resolved from the PMA in this case. In fact,

ith the 2 D RP separation added, there is a distinct level chemical 

eterogeneity observed for the PSSA, with the main PSSA species 

xhibiting a broad range in hydrophobicity eluting from ∼13 to 

7 s, while the tail exhibits shows far less range eluting ∼14 – 20 s. 

he large elution range is likely revealing a range of sulfonated end 

roups present on the polymer. A previous study observed how the 

egree of sulfonation affects the hydrophobicity of a compound, 

pecifically that more sulfonic acid groups decrease the hydropho- 

ic character [62] , which is supported by eluting at lower percent- 
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ges of ACN. The large elution span can therefore be linked to a 

arge degree of variability in sulfonation present within the PSSA. 

dditionally, not seen in the 1D space, there appears to be a small, 

iscrete PSSA population that elutes in between the primary PSSA 

nd PMA peaks. The PMA elution shows little polydispersity as one 

niform peak eluting over a small range of organic solvent com- 

ositions in both dimensions. This high %B elution would appear 

o correspond to the coiled conformation of PMA with high hy- 

rophobic character as cited in literature [65–69] . Increases in the 
 D flow rates (at the same 30 s gradient time) result in the ex- 

ected, more narrow elution bands in the second dimension, In 

oing so, the secondary PSSA band becomes more well-defined, 

hough the percentage-B differences between the two polymers are 

educed. Choosing the 2 D mobile phase flow rate of 0.6 mL min −1 

s be optimal, the 2 D gradient time was varied from 30 to 42 s.

s in the case of using PET in the second dimension of SEC X RP,

se of the fastest gradient provides more narrow 
2 D elution bands, 

hile also minimizing the possibilities of sample loss due to over- 

lling of the injector as exhibited in the broadening of the PSSA 

and in the first dimension. 

Subsequently, the PET x PP fiber columns were coupled, where 

he more hydrophobic stationary phase is in 2 D, with chro- 

atograms shown in Fig. 8 . Recent studies with derivatized sil- 

ca phases have shown that incorporating the more hydrophobic 

olumn in 2 D improves elution bandwidth suppression (i.e., bet- 

er resolution) [ 72 , 73 ]. The more hydrophobic stationary phase in 

his case, the PP fibers in 2 D, exhibited retention of the species 

hat were unretained on the PET column in the 1 D. Seen are three 

eparate species that are differentiated due to the more hydropho- 

ic nature of PP, rather than the single band present in the injec- 

ion/void volume in the PP x PET coupling ( Fig. 7 ). These species

ould be small molecule impurities in the polymer mixture or a 

iscrete population of monomeric species having little hydrophobic 

haracter. (Fortuitously, while the separation speed in the second 

P separation is too rapid for MALS analysis, these species could 

e readily identified via coupling with ESI-MS.) For the PET x PP 

eparation, there are three regions present, which are also present 

n the 1 D PET separation in Fig. 4 a; PSSA, an apparent PSSA-PMA 

omplex, and the PMA eluting with little polydispersity present. 

s shown in the PP x PET separation ( Fig. 7 ), the main PSSA peak

hows a larger range in hydrophobicity, eluting across ∼10 – 22 s 

n 2 D for the 0.5 mL min −1 flow rate, while the shoulder exhibits 

lightly less of a range from ∼10 to 19 s. With respect to the higher
 D flow rates, the expected bandwidth suppression is seen, with 

he PSSA shoulder evolving into more of a distinct band for the 

.6 mL min −1 flow rate. Interesting as well, the range of hydropho- 

icities ( 2 D elution band widths) change across the overall popu- 

ation. Evaluation of the influence of gradient time in 2 D for the 

ow rate of 0.6 mL min −1 reveals further refinement in the poly- 

er population profiles, with the intermediate gradient time (36 s, 

ig. 8 e) providing greater definition yet, suggesting three separate 

SSA populations, two in the primary band and the co-polymer re- 

ion. In fact, it becomes more clear in this case that all the three

olutes appearing to elute in the 1 D injection void volume are ac- 

ually not, with two of the solutes showing some amount of reten- 

ion. That said, the longer gradients clearly suggest that the initial 

SSA band itself is composed of two populations. 

Overall, based on comparisons of the chromatograms presented 

n Figs. 5–8 , there is a greater level species differentiation of the RP 

 RP scenario than SEC x RP; yielding 7 distinct species in the first 

ase, and 3 in the latter. In the SEC x RP coupling, there is only

ifferentiation based on the hydrodynamic volume of the polymer, 

ith little added value beyond the potential use of ESI-MS detec- 

ion following the RP stage. For the RP x RP separations, separation 

ased on the hydrophobicity can be seen from both the x axis and 

 axis of the two dimensional plots. 
12 
. Conclusions 

C-CP fiber capillary columns were used in the 2D separation 

f two water-soluble polymers, PMA and PSSA. Orthogonality was 

chieved in two scenarios; SEC x RP separations with PET and 

P used in 2 D (SEC x PET, SEC x PP) and RP x RP separations

ET x PP and PP x PET couplings. The use of the fiber columns 

n 2 D eliminates the need for UPLC hardware in the second di- 

ension. In and of itself, the SEC revealed and interesting chem- 

stry that occurred between the two polymers, affecting the elu- 

ion of the PSSA, but not the PMA. In-line MALS detection follow- 

ng SEC separations proved valuable for accessing the molecular 

eight of each polymer, revealing large differences versus the ex- 

ected value. As a general rule, both of the SEC x RP couplings 

ielded little additional chemical information for this mixture, but 

ould still be beneficial relative to the use of ESI-MS to identify 

he eluting species. The fiber-based RP x RP couplings provided far 

reater chemical information than the SEC x RP as a greater num- 

er of distinct species is revealed. Additionally, the fiber column 

P x RP separations, shorter overall analysis times were achieved, 

long with lower concentrations of samples being required. These 

haracteristics are a direct result of the physical structure of the 

ber phases, where van Deemter C-terms are non-existent and re- 

overies are extremely high. While both phases can accommodate 

tandard RP elution programs, they differ among themselves to an 

xtent that clearly reveals greater numbers of solute populations 

n the chemistry of the polymers. That said, the diversity of C-CP 

ber surface chemistries, both native and readily achieved through 

erivatization, opens up many avenues for their use in 2DLC. As a 

nal consideration, it would be instructive to compare the fiber RP 

hases with commercial gigapore, aliphatically derivatized phases. 

revious comparisons of this type in the realm of protein separa- 

ions (up to MW = 650 kDA), showed clear hydrodynamic bene- 

ts of the fibers versus superficially porous and monolithic phases 

52] . But surely, comparable 2D studies of these sorts of water- sol- 

ble polymers are in order. 
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