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In this  study,  frit inlet  asymmetrical  flow  field-flow  fractionation  (FlFFF)  with  multi-angle  light  scattering
(MALS)  and  differential  refractive  index  (DRI)  detection  is utilized  for size  separation,  determination  of
molecular  weight  (MW),  and conformation  of  ultrahigh-MW  (107–109 g/mol)  cationic  polyacrylamides
(C-PAMs),  a  class of water-soluble  copolymers  based  on  acrylamide  and  vinyl-type  comonomers  with
quaternary  ammonium  cations  that  are  widely  used  in  wastewater  treatment  and  in paper  industries.
Linear  and  branched  C-PAM  copolymers  prepared  in  two different  polymerization  methods  (solution  and
emulsion)  from  varying  amounts  of crosslinking  agent  and  initiator  were  size  fractionated  by  FlFFF  with
field-programming.  It  was  found  experimentally  that the  linear  copolymers  from  both  polymerization
methods  were  less  than  108 g/mol  in MW  with  compact,  nearly  spherical  structures,  while  the  branched
C-PAM  copolymers  from  the  emulsion  polymerization  showed  a significant  increase  in average  MW  up
to ∼109 g/mol,  which  was about  20-fold  greater  than  those  from  the  solution  method,  and  the  branched
ulti-angle light scattering copolymers  had more  compact  or shrunken  conformations.  While  both  linear  and  branched  copolymers
less  than  108 g/mol  MW  were  well  resolved  in  an  increasing  order  of  MW  (normal  mode),  it  was noted
that  branched  copolymers  prepared  through  emulsion  polymerization  exhibited  significantly  larger  MWs
of 108–109 g/mol  and  eluted  in  the steric/hyperlayer  mode,  in  which  the elution  order  is reversed  in an
extreme  run  condition  (strong  initial  field  strength  followed  by a fast  field  decay  during  programming).

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Cationic polyacrylamides (C-PAMs) are a class of water-
oluble acrylamide-based polymers copolymerized with a vinyl-
ype comonomer having quaternary ammonium cations [1–3].
crylamide-based homopolymers (PAMs) are water soluble and are

mportant in a number of industrial applications such as flocculants
n paper manufacturing [4,5], enrichment/recovery of minerals
rom mining [6], wastewater treatment [7], and as rheology con-
rol agents [8]. However, due to the nonionic nature of PAMs, the

ncorporation of a charged group into an acrylamide chain pro-
ides a polyelectrolyte-like property, which results in a markedly
mproved performance in flocculation compared to that of non-

∗ Corresponding author: Fax: +82 2 364 7050.
E-mail address: mhmoon@yonsei.ac.kr (M.H. Moon).

ttp://dx.doi.org/10.1016/j.chroma.2015.12.027
021-9673/© 2015 Elsevier B.V. All rights reserved.
ionic PAMs. Specifically, C-PAM copolymers have been widely used
as flocculants in paper manufacturing [2,9] and waste water treat-
ment [7,10].

C-PAM copolymers are synthesized with acrylamide (AM) and
cationic comonomers of quaternary nitrogen-containing structures
such as acryloxyethyltrimethyl ammonium chloride (DAC) [10,11],
methacryloxyethyl ammonium chloride (DMC) [12], acryloxyethyl
dimethylbenzyl ammonium chloride (AODBAC) [13,14], etc. [1].
Since a branched polymer has a relatively lower viscosity than a
linear polymer of the same molecular weight (MW), along with
improved solubility in water, branched copolymers exhibit bet-
ter performance [15,16]. The efficiencies of C-PAM copolymers
as flocculants are known to depend on a number of parame-

ters, including MW,  molecular conformation, and degree of charge
density [2,14]. Specifically, the determination of accurate MW
and molecular weight distribution (MWD)  of C-PAM is impor-
tant in controlling the material properties in accordance with the

dx.doi.org/10.1016/j.chroma.2015.12.027
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chroma.2015.12.027&domain=pdf
mailto:mhmoon@yonsei.ac.kr
dx.doi.org/10.1016/j.chroma.2015.12.027
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channel while a high-speed frit flow (more than 20 times faster
than the sample stream) was introduced through the inlet frit so
S. Woo  et al. / J. Chroma

ntended applications. Size characterization of typical branched
-PAM molecules (<107 g/mol) has often been carried out using

ntrinsic viscosity measurement [11], size exclusion chromatog-
aphy (SEC) based on calibration using PAM standards [13,14],
r on multi-angle light scattering (MALS) analysis [17]. However,
or ultrahigh-MW C-PAM molecules (>107), the determination of
verage MW has relied on intrinsic viscosity measurements [2]
r on batch analysis using MALS [3] due to the lack of relevant
EC columns having packing materials of sufficient pore sizes to
ccommodate ultrahigh-MW molecules. In the case of the viscosity
easurements, while branched polymers exhibit viscosity values

ower than linear polymers of the same MW,  it is complicated
o determine accurate MWs  and MWDs  of ultrahigh-MW C-PAM

aterials. Even with SEC, ultrahigh-MW C-PAM molecules often
hrink, resulting in difficulties in determining accurate MWs  due to
he addition of a considerable amount of salts in the mobile phase
or successful elution through the SEC column.

Flow field-flow fractionation (FlFFF) is an elution-based method
hat is capable of separating macromolecules according to hydro-
ynamic size and has been widely utilized for characterization of
olymers (both aqueous and organic) and proteins as well as nano-
nd micro-sized particles including those having biological impor-
ance such as exosomes, cells, and subcellular organelles [18–22].
eparation in FlFFF is carried out in an unobstructed rectangular
hannel space without a stationary phase by utilizing two  flow
treams (a migration flow to drive sample components down the
hannel and a cross flow moving across the channel to retard the
igration of sample species) [23]; therefore, it is rather well suited

o handle ultrahigh-MW species without danger of sample loss.
ince the separation of components in the typical normal mode of
lFFF is achieved by an increasing order of diffusion coefficients
f the sample materials and thus their hydrodynamic diame-
ers [18], the online use of FlFFF with MALS (FlFFF-MALS) offers
n outstanding feature for separation and MW characterization
f various water-soluble polymers such as polysaccharides [24],
olyacrylamides [25], amylopectin [26,27], and hyaluronic acid
28–32].

In this study, ultrahigh MW (107–109 Da) C-PAM copolymers
ynthesized from AM monomers with a cationic comonomer, DAC,
ere examined using FlFFF-MALS. The FlFFF system employed

n this work was a frit inlet asymmetrical FlFFF (FIAF4) channel
33], which is a modified form of asymmetrical FlFFF utilizing
he hydrodynamic relaxation of sample components without the
ocusing/relaxation method that has been commonly applied for
onventional asymmetrical FlFFF. With hydrodynamic relaxation,
ample components injected into the channel are expected to
chieve equilibrium between the two counter-directed forces (the
xternal field force generated by the crossflow and the diffusion
f components against the channel wall) while they continuously
igrate through the channel. The C-PAM copolymers examined in

his study were synthesized using two different polymerization
ethods, solution polymerization and emulsion polymerization,

y varying the amount of an initiator with or without addition of
 cross-linking agent. Thus, the effects of polymerization method
nd branching on MW,  MWD,  and molecular confirmation of C-
AM could be examined using FIAF4 with MALS. While most of
he C-PAM species examined in this work were analyzed in normal

ode of FlFFF separation, we observed that a few extremely high-
W branched C-PAM species were separated by steric/hyperlayer

lution mode. Steric/hyperlayer elution is typical for the separation
f micronsized particles since diffusion of larger particles becomes
egligible and particles are lifted from the channel wall by hydro-
ynamic lift forces, therefore larger species elute more rapidly than
maller ones [34]. While the steric/hyperlayer elution is common

ith miconsized particles, it has not been found for polymeric

pecies in FlFFF to the best of our knowledge.
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2. Experimental

2.1. Materials and reagents

The C-PAM copolymer samples examined in this study were
poly(acrylamide-co-N,N,N-trimethyl aminoethyl chloride acrylate)
synthesized from AM monomers copolymerized with DAC. Eight
C-PAM copolymer samples were obtained in powdered form from
Kolon Life Science Inc. (Gwacheon, Korea) and were synthesized
using two  different polymerization methods (solution polymer-
ization and emulsion polymerization) by varying the amounts of
cross-linking agent, initiator, and chain transfer agent in order to
form linear and branched polymers of different MWs,  as listed in
Table 1. The identification of each sample shown in Table 1 is des-
ignated with L for linear polymers, B for branched polymers, S for
solution polymerization, and E for emulsion polymerization. To
prepare aqueous solutions, copolymer samples were dissolved in
deionized water (>18 M�)  at a concentration of 0.5 mg/mL by stir-
ring at 300 rpm for 2 h using a glass-blade impeller installed in a
WiseStir® HS-30E model stirrer from Daihan Scientific Co. (Wonju,
Korea) and reducing the stirring rate to 150 rpm for 22 h. Next,
NaNO3 from Sigma–Aldrich Co. (St. Louis, MO, USA) was added
to the dissolved C-PAM samples to produce a total 0.1 M NaNO3
solution (300 rpm for 30 min) for FIAF4-MALS analysis.

2.2. FIAF4-MALS

The FIAF4 channel utilized in this study was modified from an
Eclipse® channel model LC (long channel) from Wyatt Technology
Europe GmbH (Dernbach, Germany) by replacing the inlay (a plas-
tic block used as a depletion wall) with a frit-inlet type of inlay
equipped with a ceramic inlet frit (35 mm × 18 mm × 7 mm)  at the
inlet end of the polycarbonate inlay, as described in a previous study
[32]. Through the inlet frit, a tubing port was  created by drilling a
hole to insert a Teflon tube (0.03 inch i.d. and 1/16 inch o.d.) for the
channel inlet so that the sample materials could be delivered to the
FIAF4 channel. The channel spacer was  a 195-�m-thick Mylar sheet
cut into a trapezoidal channel design having an initial breadth of
1.6 cm, which decreased to 0.4 cm at the outlet end. The length of
the channel was 26.5 cm,  with triangular sections at both ends. The
actual length of the inlet frit exposed to the channel space was
3.5 cm. At the accumulation wall, a regenerated cellulose mem-
brane from Microdyn-Nadir GmbH (Wiesbaden, Germany) with
a pore size of 10 k Da was  placed above the stainless steel frit. A
model 7725i loop injector from Rheodyne (Cotati, CA, USA) was
installed between the channel inlet and a model SP930HPLC pump
from Young-Lin Co. (Seoul, Korea) for sample loading. Frit inlet
flow was  delivered from a model 1260 Infinity HPLC pump from
Agilent Technologies (Palo Alto, CA, USA), and the flow rates were
controlled (frit flow, cross flow, and outflow) with the Eclipse sys-
tem from Wyatt Technology Europe GmbH. The carrier solution of
FIAF4 (for both sample injection flow and frit flow) was prepared
with deionized water (>18 M�)  containing 0.1 M NaNO3 and 0.02%
NaN3 from Sigma-Aldrich as bactericide, and the prepared solu-
tion was filtered through a Durapore® Membrane filter (0.1 �m
pore, polyvinylidene fluoride) from Merck Millipore (Darmstadt,
Germany) prior to use. To remove any particulate species contained
in the carrier solution, a PEEK inline filter unit with a VVLP mem-
brane with 0.1-�m pores from Wyatt Technology Europe GmbH
was placed right after the outlet of each pump.

FIAF4 operation was  achieved through hydrodynamic relax-
ation, in which samples were injected through the inlet of the
that the sample components could be pushed toward the accumu-
lation wall of the channel to achieve equilibrium during continuous
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Table 1
Types of C-PAM copolymer samples used for FIAF4-MALS analysis.

ID Structure Polymerization Initiator Chain transfer
agent

Cross-linking
agent

dn/dc Decay pattern*

LS1 Linear Solution High High 0.1647 1
LS2  Solution Low Low 0.1579 1
LE1  Emulsion High 0.1093 2
LE2  Emulsion Low 0.1614 3

BS1 Branched Solution High 0.1394 2
BS2  Solution Low 0.2631 2
BE1  Emulsion High 0.1073 2
BE2  Emulsion Low 0.2115 2

* Linear decay patterns of crossflow rates in mL/min (elapsed time in min).
1:  2.0 (4) → 0.5 (5) → 0.1 (2) → 0.02 (5)
2: 2.5 (4) → 0.5 (2) → 0.1 (2) → 0.02 (3)
3: 2.5 (4) → 0.5 (5) → 0.1 (2) → 0.02 (5)
4: 2.5 (4) → 0.5 (7) → 0.1 (5) → 0.02 (9)
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Fig. 1. (a) Superimposed fractograms (based on light scattering at 90◦) of linear C-PAM copolymers prepared through solution polymerization (LS1 and LS2), and calculated
MW  data points obtained using FlFFF-MALS-DRI. Decay pattern 1 represents the linear programming of the crossflow rate during elution. (b) Fractograms of copolymers
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rom  emulsion polymerization (LE1 and LE2) obtained using decay patterns 2 and 3

igration. Sample injections were made at 0.1 mL/min throughout
he runs, which was the same as the outflow rate to the detec-
or. The crossflow rate was adjusted to be the same as the frit
ow rate, which decreased as multistep linear decay patterns were
sed during runs by varying the decay periods depending on the
W distribution of the C-PAM copolymer samples. Three different

ecay patterns of frit flow (same as crossflow) rate were utilized,
s marked in the run conditions listed in Table 1. Run condition 1
egan at 2.0 mL/min of crossflow rate for 4 min  and then linearly
ecreased to 0.5 mL/min over 5 min, to 0.1 mL/min over 2 min, to
.02 mL/min over 5 min, and was then maintained [expressed as
.0 (4) → 0.5 (5) → 0.1 (2) → 0.02 (5)]. Run conditions 2 and 3 both
egan with a higher crossflow rate of 2.5 mL/min but had differ-
nt decay patterns, as listed in Table 1. The C-PAM materials eluted
rom the FIAF4 channel were detected serially with a DAWN-DSP

ALS detector at a wavelength of 632.8 nm and a differential refrac-
ive index (DRI) of 658 nm with an Optilab T-rEX detector (both
rom Wyatt Technology, Santa Barbara, CA, USA). Recordings of
etector signals were made using ASTRA software from Wyatt, and
aseline drifts in DRI detection caused by flow programming were
orrected by subtracting a blank run obtained before or after each

ample run in ASTRA. Calculations of C-PAM MW were based on the
se of MALS signals at detector angles of 38.0◦, 44.0◦, 50.0◦, 57.0◦,
4.0◦, 72.0◦, and 81.0◦ with measured dn/dc values. The measure-
ents of the dn/dc values listed in Table 1 were made for each
ectively.

sample by sequentially injecting diluted sample solutions of eight
different concentrations into the Optilab T-rEX DRI detector and
calculating the values using ASTRA.

3. Results and discussion

Eight C-PAM copolymer samples prepared using both solution
and emulsion polymerization methods with or without incor-
porating branching structures were analyzed using FIFFF-MALS
combined with DRI (FlFFF-MALS-DRI) and different field-decay pat-
terns, in which the crossflow rates were programmed to decrease
during elution. Fig. 1a shows the superimposed fractograms (LS90:
light scattering signals at 90◦) of two linear C-PAM copolymers (LS1
and LS2) prepared through solution polymerization using the linear
decay pattern 1 (see Table 1). The notifications for the eight sam-
ples are classified as follows: L and B stand for linear and branched
polymers, respectively, S stands for solution polymerization, and E
for emulsion polymerization, as listed in Table 1. The elution pro-
files of both LS samples appear to be similar, and the calculated MW
values at each time slice from MALS, which are plotted above the
two fractograms with the same symbol for each sample, appear

to gradually increase as retention time increases, indicating that
the normal mode of FlFFF separation was achieved for these two
samples. However, the MW values of LS2 after 107 g/mol increase
at a slightly steeper rate than those of LS1 with the increase in
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ig. 2. Superimposed cumulative weight distribution curves of the four linear
opolymers along with the plots of RMS  radius vs. MW in logarithmic scale. Slope
alues were obtained from the linear regression of data points.

etention time, implying that the molecular conformations of these
wo samples differ to some degree. For the two  other linear
opolymer samples (LE1 and LE2) prepared through emulsion poly-
erization, a similar pattern of increasing MW values is shown in

ig. 1b. The LE samples were run with field-decay patterns 2 and
 for LE1 and LE2, respectively, since the hydrodynamic relaxation
f these samples was not successful until the initial crossflow rate
as increased to 2.5 mL/min due to the MW increase (up to 108).
owever, both samples were smoothly resolved using the different
ecay patterns.

Fig. 2 presents the cumulative weight distribution curves of LS1,
S2, LE1, and LE2 along with plots of the root mean square (RMS)
adius versus MW.  Based on the MWD  curves and average MW (or
w)  values of the linear chain C-PAM copolymers in Table 2, LS1

nd LS2 exhibited similar distributions, except that LS2, formed
ith a lesser amount of initiator, yielded an increase in Mw from

.45 × 107 to 1.86 × 107 g/mol. We  noted that emulsion polymer-
zation resulted in a much higher Mw (3.02 × 107 g/mol for LE2)
or linear C-PAM copolymers with a broader MWD  than did solu-
ion polymerization. However, the slope values, which represent
he molecular conformation in solution, were within 0.34–0.37
standard deviation less than 0.01, n = 3) as listed in Table 2, sup-
orting that these four linear chain copolymers were relatively
ompact regardless of polymerization method. Relatively compact
tructures of the linear polymers can be from either by intramolec-
lar interaction of ultrahigh MW polymers or a solvent condition
etween the non-perturbed theta state and the critical solution
onditions.
The FlFFF-MALS-DRI results for the two branched copolymers
BS1 and BS2) in Fig. 3a shows a distinct difference in peak distribu-
ion. Both were obtained with field-decay pattern 2. A higher initial
rossflow rate (adjusted to be the same as the frit flow rate) was

able 2
alculated average values (n = 3) of Mw,  Mn,  polydispersity, Rz, Rn, and slope of C-PAM co

Mw (g/mol) Mn  (g/mol) Polydispe

LS1 (1.45 ± 0.10) x 107 (1.12 ± 0.30) x 107 1.28 ± 0.
LS2  (1.86 ± 0.09) x 107 (1.54 ± 0.08) x 107 1.21 ± 0.
LE1  (2.47 ± 0.01) x 107 (2.03 ± 0.05) x 107 1.22 ± 0.
LE2  (3.02 ± 0.08) x 107 (1.93 ± 0.03) x 107 1.57 ± 0.

BS1  (2.06 ± 0.07) x 107 (1.61 ± 0.10) x 107 1.28 ± 0.
BS2  (1.67 ± 0.01) x 107 (1.40 ± 0.25) x 107 1.22 ± 0.
BE1  (4.60 ± 0.09) x 108 (3.78 ± 0.45) x 108 1.22 ± 0.
BE2  (3.56 ± 0.07) x 108 (2.90 ± 0.02) x 108 1.23 ± 0.
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needed for these branched copolymer samples in order to achieve
successful hydrodynamic relaxation of the ultrahigh-MW species
since some species were incompletely relaxed with field-decay pat-
tern 1, resulting in a shoulder peak at the beginning of the elution
(7–10 min, not shown here). With pattern 2, the shoulder peaks
before 10 min  were nearly minimized, as shown in Figure 3a. This
supports the hypothesis that the diffusional activity of branched
molecules due to their compact or shrunken structures becomes
faster than that of the linear copolymer samples, although the
MW ranges of the BS molecules were similar to those of the LS
samples. Compared to the fractogram and calculated MW points
of LE1 superimposed in Figure 3a, molecules in BS1 eluted ear-
lier than those of same MW in LE1, supporting that the effect of
branching changed the diffusion properties. BS2, with a relatively
lesser amount of crosslinking agent than BS1, rapidly increased in
peak concentration at the beginning of elution. By comparing the
calculated MW points of the two branched samples above the frac-
tograms, we  noted that the BS2 copolymers eluted more slowly
than BS1 molecules of an identical MW after 10 min, which cor-
responds to MW > 107 g/mol, as the retention time increased. This
might be due to the differences in copolymer structures. Due to
the use of crosslinking agent, branching together with the effect
of imperfect solution condition resulted in the formation of more
compact structures than those of the linear polymers. A branched
C-PAM copolymer sample with an increased amount of crosslinking
agent might accelerate the degree of branching during polymeriza-
tion, which could make BS1 more compact than BS2. Since the FlFFF
retention of macromolecules depends on the hydrodynamic size
of the molecules, the copolymers with expanded structures have
effectively large hydrodynamic radii and are thus retained longer
than the spherical ones of an equivalent molecular weight. There-
fore, BS1 can be expected to elute earlier than BS2 of an equivalent
MW.  This will be explained further with RMS plots later.

Branched copolymer samples prepared with emulsion polymer-
ization method (BE1 and BE2 differing by amounts of crosslinking
agent) exhibited a steric/hyperlayer separation in which large
molecules elute earlier than smaller ones as shown in Fig. 3b
due to the roles of hydrodynamic lift forces. These were obtained
with the same field-decay pattern 2 used for Fig. 3a. Since molec-
ular weights of the two  BE samples range as 108–109 g/mol in
Fig. 3b, these copolymers appeared to elute in an opposite trend
to those observed in Fig. 3a. Since steric/hyperlayer elution of
polymeric materials has not been reported, elution patterns of
BE samples were examined by varying decay patterns in Fig. 4.
Separation of BE1 with the decay pattern 3 shows an apparently
uniform Gaussian distribution in the fractogram (triangles). How-
ever, calculated MW points show two  different elution patterns,
in which the MW decreased from the beginning of the elution
until 15 min  (from 109 to 108 g/mol), and then this pattern was

reversed after 15 min. When the crossflow was adjusted to decay
more slowly (decay pattern 4), the retention of molecules was  elon-
gated to longer time periods, but the calculated MW points (stars)

polymers obtained by FlFFF-MALS-DRI.

rsity Rz (nm) Rn (nm) Slope

30 192.2 ± 4.6 182.2 ± 3.6 0.34 ± 0.00
00 213.7 ± 1.3 199.7 ± 0.6 0.35 ± 0.01
03 189.4 ± 3.8 173.3 ± 2.3 0.37 ± 0.01
18 254.4 ± 2.1 212.1 ± 5.1 0.35 ± 0.01

03 222.9 ± 3.8 206.4 ± 0.6 0.26 ± 0.00
20 217.7 ± 8.0 203.6 ± 3.5 0.28 ± 0.00
15 579.4 ± 0.1 464.1 ± 5.4 0.30 ± 0.01
04 441.5 ± 7.4 366.0 ± 2.9 0.35 ± 0.01
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Fig. 3. Superimposed fractograms of the two branched C-PAM copolymers from (a) solu
polymerization (BE1 and BE2) along with calculated MW data points showing the steric/h
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branched copolymer structures than were the BE samples. More-
luting ultrahigh-MW species in steric/hyperlayer mode without splitting in elution
ode with increased peak recovery.

xhibited a similar interruption. Since field strength decays during
he passage of time and sample components are relaxed hydrody-
amically, it is rather complicated to observe a distinct, but sharp
eak showing a steric transition. It is thought that the ultrahigh-
W species examined in this study migrate in a mixed mode of

perations (normal and steric/hyperlayer), as shown in the separa-
ions with decay patterns 3 and 4, when hydrodynamic relaxation
s not quickly accomplished for the entire MW range of molecules.
or instance, during the hydrodynamic relaxation, ultrahigh-MW
olymers require a higher frit flow rate (equivalent to the cross-
ow rate) for a complete hydrodynamic relaxation; however, at
he same time, larger species experience stronger hydrodynamic
ift forces than smaller ones. Therefore, it is possible for very large
ranched molecules (MW  > 108) to achieve steric/hyperlayer elu-
ion. When the field strength starts to decay, migrating sample
omponents achieve secondary relaxation in which sample compo-
ents achieve new equilibrium heights depending on the balance
f two counter-directing forces (field force versus lift forces plus
iffusion). As the field strength decreases to a level where hydro-

ynamic lift forces are not dominant, the sample components rely
n the diffusional activity, gaining force balance to follow the nor-
al  mode of migration. A possibility cannot be excluded that some
tion polymerization (BS1 and BS2) in the normal mode of FlFFF and (b) emulsion
yperlayer elution mode of FlFFF.

species, which are temporarily captured at the membrane surface
due to the high initial field strength, are released from the sur-
face after the field strength is reduced and then migrate in normal
mode. To avoid these abnormal observations in the separation of
ultrahigh-MW species, an experimental trial was  designed such
that steric/hyperlayer elution should be accomplished in a short
time period. When decay pattern 2 was employed (a faster decay
period), the peak intensity was  significantly increased, and the
calculated MW values (open circles) during the elution periods
of 8–20 min  gradually decreased without significant turnover,
supporting that the ultrahigh-MW species successfully eluted in
steric/hyperlayer mode with a more rapid field decay (crossflow
rate). In addition, it is noteworthy that branched copolymers larger
than 108 g/mol can be separated in steric/hyperlayer elution mode,
as seen by comparing the separations in Figs. 3a and b. The calcu-
lated average RMS  radius (Rw) values were 520 nm and 400 nm for
BE1 and BE2, respectively, which are equivalent to 1.4–0.8 �m in
average diameter. It is known that the steric transition of spher-
ical particles in asymmetrical FlFFF can be observed at or around
0.5 �m of Stokes diameter [35], indicating that the branched C-PAM
copolymers in Fig. 3b are resolved under steric/hyperlayer mode.

Molecular weight distributions and RMS  plots of the branched
C-PAM copolymers depending on polymerization method are com-
pared in Fig. 5. When the RMS  plot of BE1 is compared with
that of LE1 in Fig. 5a, both formed using emulsion polymeriza-
tion, there is a distinct difference in MW range between the
linear (Mw  2.5 × 107–3.0 × 107 g/mol) and branched polymers (Mw
3.6 × 108–4.6 × 108 g/mol), with a substantial decrease in the slope
value (from 0.37 ± 0.01 to 0.30 ± 0.01) of the branched copoly-
mers. When the branched copolymers synthesized with different
polymerization methods are compared with each other in Fig. 5b,
it is evident that the branched C-PAM copolymers from emul-
sion polymerization yielded an increase (∼20-fold) in Mw,  in
contrast to those from solution polymerization. However, we
noted that the Mw values of the branched copolymers from
both polymerization methods increased with an increase in the
crosslinking agent amount. While the slope values of the RMS
plots for the BS samples are 0.26 ± 0.00 and 0.28 ± 0.00, those
of the BE samples are 0.30 ± 0.01 and 0.35 ± 0.01, indicating that
the solution-polymerized BS samples were more compact in their
over, the RMS  plots of the two BS samples in Fig. 5b show that
both slope values were smaller than those of the linear copolymers
(∼0.35 for LS samples) in Fig. 2, indicating the marked reduction in
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ig. 5. (a) Comparison of RMS  radius plots (vs. MW)  of LE1 and BE1, and (b) superi
long  with RMS  plots.

he structures due to crosslinking. We  noted that the RMS  radius
alues of BS2 (open circles) are larger in the region of MW > 107

/mol than those of BS1 (filled circles), as shown in the lower left
f Fig. 5b, which implies that the molecular structures of BS2 were
lightly more extended than those of BS1. This corresponds to the
nding in Fig. 3a that BS1 molecules (>107 g/mol) of an equiva-

ent MW eluted slightly earlier than BS2 molecules. However, the
w values of both BS samples were not significantly changed from

hose of the LS samples listed in Table 2. This might be because
he molecular structures of branched C-PAM copolymers synthe-
ized using the solution polymerization method can be formed in a
ore compact way while maintaining a similar Mw.  However, we

ound that emulsion polymerization induces a significant increase
n the Mw of C-PAM copolymers due to the branching effect, while
t causes a moderate increase in the Mw  of linear copolymers.

. Conclusion

This study shows that FlFFF-MALS-DRI experiments with
eld-programmed separation can be powerfully utilized for size
eparation and MW characterization of ultrahigh-MW (107–109

/mol) linear and branched C-PAM copolymers, which are diffi-
ult to analyze with typical viscometric measurements or SEC.
inear C-PAM copolymers prepared from solution and emulsion
olymerization methods were found to be in the MW range of
07–108 g/mol, with a broader size distribution produced when
sing the emulsion method. However, the molecular conforma-
ions from RMS  radius versus MW plots show a similar compact
eometry for the two polymerization methods. Branched C-PAM
opolymers formed through the solution polymerization method
howed a moderate increase (∼two-fold) in Mw compared to
hose of linear copolymers, together with more compact molecu-
ar geometries due to the incorporation of crosslinking. In contrast,
he Mw values of the branched materials synthesized through the
mulsion method were significantly increased to ∼4×108 g/mol,
early 20 times larger than those formed with the solution method.

n addition, branched copolymers larger than 108 g/mol could
e separated in steric/hyperlayer elution mode, which is unusual

n the FlFFF separation of water-soluble macromolecules, while

hose smaller than 108 g/mol were separated in the normal mode
f elution. We  found experimentally that the steric inversion of
ltrahigh-MW copolymers occurred at MWs  of ∼108 g/mol when
eld programming was  applied with hydrodynamic relaxation in

[

ed cumulative weight distribution curves of the four branched C-PAM copolymers

the frit inlet asymmetrical FlFFF channel. In addition, experiments
showed that a strong initial field strength was required for efficient
hydrodynamic relaxation of ultrahigh-MW species at the begin-
ning of separation with a fast field decay so that such large species
can elute expeditiously in steric/hyperlayer mode. Otherwise, some
species that can be undesirably trapped at the channel membrane
during the high initial field might release from the wall and migrate
along the normal mode of elution pattern when the field slowly
decays, which is caused by a decrease in hydrodynamic lift forces.
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