N

N

Quantifying the heterogeneity of chemical structures in
complex charged polymers through the dispersity of
their distributions of electrophoretic mobilities or of

compositions

Joel J Thevarajah, Adam T Sutton, Alison R Maniego, Elizabeth G Whitty,

Simon Harrisson, Hervé Cottet, Patrice Castignolles, Marianne Gaborieau

» To cite this version:

Joel J Thevarajah, Adam T Sutton, Alison R Maniego, Elizabeth G Whitty, Simon Harrisson, et
al.. Quantifying the heterogeneity of chemical structures in complex charged polymers through the
dispersity of their distributions of electrophoretic mobilities or of compositions. Analytical Chemistry,
2016, 88 (3), pp.1674-1681. 10.1021/acs.analchem.5b03672 . hal-04036459

HAL Id: hal-04036459
https://hal.science/hal-04036459
Submitted on 19 Mar 2023

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est

archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-04036459
https://hal.archives-ouvertes.fr

This document is the Accepted Manuscript version of a Published Work that appeared in final form in Analytical Chemistry,
copyright © 2015 American Chemical Society after peer review and technical editing by the publisher.
To access the final edited and published work see https://doi.org/10.1021/acs.analchem.5b03672

Quantifying the heterogeneity of chemical structures in complex
charged polymers through the dispersity of their distributions of elec-
trophoretic mobilities or of compositions

Joel J. Thevarajah’2, Adam T. Sutton'2, Alison R. Maniego'-?, Elizabeth G. Whitty'-2, Simon
Harrisson3, Hervé Cottet*, Patrice Castignolles'*, Marianne Gaborieau'-?

1 Western Sydney University, School of Science and Health, Australian Centre for Research of Separation Sci-
ence (ACROSS), Parramatta NSW 2150, Australia

2 Western Sydney University, Molecular Medicine Research Group, School of Science and Health, Parramatta
NSW 2150, Australia

3 IMRCP, UMR 5623, Université de Toulouse, 118 route de Narbonne, F-31062 Toulouse Cedex 9, France

4 Institut des Biomolécules Max Mousseron (IBMM, UMR 5247 CNRS, Université de Montpellier, Ecole Nationale
Supérieure de Chimie de Montpellier), Place Eugéne Bataillon CC 1706, 34095 Montpellier Cedex 5, France

* Corresponding author : Patrice Castignolles, p.castignolles@westernsydney.edu.au, Fax: +61 2 9685 9915

ABSTRACT: The complexity of synthetic and natural polymers used in industrial and medical applications is expand-
ing, thus it becomes increasingly important to improve and develop methods for their molecular characterization. Free-
solution capillary electrophoresis is a robust technique for the separation and characterization of both natural and syn-
thetic complex charged polymers. In the case of polyelectrolytes free-solution capillary electrophoresis is in the “critical
conditions” (CE-CC): it allows their separation by factors other than molar mass for molar masses typically higher than
20,000 g/mol. This method is thus complementary to size-exclusion chromatography (SEC). SEC is widely used to
determine molar mass distributions and their dispersities. Utilizing CE-CC, an analogous calculation of dispersity based
on the distributions of electrophoretic mobilities was derived and the heterogeneity of composition or branching in dif-
ferent polysaccharides or synthetic polymers was obtained in a number of experimental cases. Calculations are based
on a ratio of moments and could thus be compared to simulations of polymerization processes, in analogy to the work
performed on molar mass distributions. Among five possible types of dispersity, the most precise values were obtained
with the calculation analogous with the dispersity of molar mass distribution Mw/M,. In addition, the dispersity value
allows conclusions based on a single value: the closer the dispersity is to 1, the more homogenous the polymer is in
terms of composition or branching. This approach allows the analysis of dispersity of important molecular attributes of
polymers other than molar mass and aims at improving the overall molecular characterization of both synthetic and
natural polymers. The dispersity can also be monitored online while performing a chemical reaction within the CE in-
strument.

INTRODUCTION determination of its dispersity typically by size-exclusion

The accurate molecular characterization of polymers is
a necessity as their production and development ex-
pands in both industry and research. This requires rigor-
ous method development for the characterization of
more complex polymers. Complex polymers can vary in
a range of molecular attributes including molar mass,
composition, type of copolymer, branching, charge,
chain-ends. Each of these attributes exists as distribu-
tion(s) in a given sample. These distributions can vary
further and be for example broad, narrow, uni- or bi-
modal'. Therefore, the distributions of particular molecu-
lar attributes should be characterized.

Currently, the commonly assessed molecular attribute

of polymers is molar mass. The heterogeneity of molar
mass in a polymer sample can be assessed through

chromatography (SEC, also known as GPC)?. The dis-
persity is calculated as the weight-average molar mass
divided by the number-average molar mass and most, if
not all, commercial software operating SEC instruments
is routinely performing this calculation for the users. The
average molar masses and the dispersity are also pre-
dicted using simulations of polymerization processes by
the method of the moments.®

Heterogeneity is not often quantified for the other mo-
lecular attributes of polymers such as composition (of
copolymers) or branching. A number of methods for
separating by composition or branching exist*. Following
the SEC separation of copolymers of methyl methacry-
late and styrene a quadruple detection was implemented
which included heavy reliance on the differential UV
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absorbance of each monomer unit®. It was further shown
that a relation between sequence length heterogeneity
and the molar mass distribution could be achieved, how-
ever, a number of conditions were required including: the
intrachain interaction of the different monomers to be
different to the monomers of the same type, appropriate
solvation conditions for the chemical functionalities and
the architecture of the copolymer should remain the
same as a function of the molar mass®. SEC gradient
was shown to be able to determine the chemical compo-
sition distribution of statistical copolymers.” The coupling
of SEC and gradient elution liquid chromatography &°
was shown to be required for the analysis of both syn-
thetic and artificial copolymers since both dimensions
suffered from coelution when performed individually. The
dispersity of the distribution of compositions is not de-
termined in the literature. This may result from the ab-
sence of straightforward separation and characterization
method for the composition or branching of polymers
especially for hydrophilic ones, as well as from the ab-
sence of a recognized method to calculate their dispersi-
ty. SEC separates by hydrodynamic volume, which de-
pends on molar mass as well as on composition or
branching. A local dispersity at a given hydrodynamic
volume can be determined using multiple-detection SEC,
which assesses the accuracy of the determined molar
mass or the local heterogeneity at a given hydrodynamic
volume; however, it does not directly assess the hetero-
geneity of the branching or composition distributions.™'°
Various forms of liquid chromatography' as well as
thermal field flow fractionation'> have been shown to
separate polymers according to composition or branch-
ing.

Capillary electrophoresis (CE) has been proven to be
an appropriate technique for the separation of polyelec-
trolytes'™ and specifically the analysis of copolymers
(natural™'® and  synthetic'®') and  branched
polymers'®1®. Free-solution capillary zone electrophore-
sis of evenly charged polyelectrolytes (with regularly
distributed charges along the polymer backbone) leads
to analogous separations to liquid chromatography in the
critical conditions (with different separation mechanisms)
in which separation is not dependent on molar mass?®.
The technique free-solution capillary electrophoresis
(CE) is thus defined here as the method CE in the critical
conditions (CE-CC). This method allows the separation
and analysis of polymers according to composition or
branching as will be discussed. It further allows the dis-
tributions of these attributes to be obtained. Importantly,
the determination of mass-relative distributions of elec-
trophoretic mobilities, or of any other characteristic pa-
rameter such as chemical composition, has been recent-
ly addressed by Chamieh et al.?!. Theoretical back-
ground required to convert the electropherogram into a
distribution of electrophoretic mobilities was described
with an emphasis on the fact that both x and y axes
should be converted. Estimation of sample dispersity
was performed via the determination of the standard
deviation (or RSD) of the samples chemical composition
distribution.

We propose different expressions of the dispersity
based on different moments of the distributions. In this
work, they were used to estimate the dispersity of distri-

butions obtained through CE-CC (distributions of elec-
trophoretic mobilities and of compositions). The different
types of dispersity were then compared by applying them
to various natural and synthetic (co)polymers.

THEORY

Dispersities of molar mass distributions. The ex-
pressions of dispersity obtained in this paper are analo-
gous to expressions of dispersity of molar mass distribu-
tions. Shortt?? demonstrated that the number-, weight-
and z-average molar mass, M, Mw and M, can be ob-
tained from the ratio of moments of molar mass distribu-
tions from SEC. To calculate the dispersity of molar
mass distributions, the ratio Mw/Ms is quasi-exclusively
used nowadays, but the ratio M./Mw has also been used
for example to establish relations between the radius of
gyration and Mw. The dispersity calculated as Mw/Mh (eq
S1) is related to the standard deviation o through a sim-
ple expression?:

My, o?
b-1= T 1= oz (1)

Dispersities of electrophoretic mobility distribu-
tions. In this work, weight distributions of electrophoretic
mobilities (and of compositions) are considered. W(u),
the weight fraction of polyelectrolyte chains with electro-
phoretic mobility py, can be obtained from a mass-
sensitive detection such as UV detection of the monomer
units. The number distribution is usually not straightfor-
ward to obtain except in the case of end-labeled poly-
mers (derivatization may be required)**. The number-
average electrophoretic mobility is thus generally not
accessible by CE and it is not possible to access it by
single detection contrary to the case of molar mass av-
erages in SEC where M, and Mw are both determined
with single-detection. In this work, ratios of moments
were used to express the dispersity of electrophoretic
mobility distributions (see Table S1 for the expression of
the individual moments).

Let D(W(A),b,c) be the dispersity of the weight distri-
bution of the variable A (which can be either mobility or
composition), as a function of the (b-2)", (b-1)" and b™"
order moments, with respect to the reference c. The
general expression of the moment, A2, (eq 2) and dis-
persity, D(W(A),b,c), (eq 3) is given by:
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It is noted that the number-average mobility could be
mathematically defined as the ratio of the 0™ and the -1t
order moments in analogy to molar mass distribution
dispersity?? but this does not correspond to the definition
of the number-average electrophoretic mobility based on
the number distribution (see supporting information, eq
S28 and S29). Two reference values were used for the
calculation of the moments of the distributions: either ¢ =
0 as in the Shortt equations?, or the weight-average
mobility, ¢ = uw, as for the standard deviation (SD). pw is
determined as the ratio of the 15t and the 0" order mo-
ments of the mobility distributions:
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In the first approach, an analogy with Mw/Mhs is used,
and the dispersity is calculated as the ratio of 15t and 0"
order moments divided by the ratio of 0™ and -1t order
moments. Eq 5 shows this dispersity with the reference
(c) taken as 0:

Wlsxp=1
D(W (1),1,0) = #52 (5)

In the second approach, an analogy with M:/Mw is
used, and the dispersity is calculated as the ratio of 2"
and 15! order moments (or z-average) divided by the ratio
of 1%t and 0™ order moments (eq 6):

2.0
DW (1), 2,0) = T2 (6)
Ho
In the third approach, dispersity is calculated as a ratio of
3 and 2" order moments divided by the ratio of 2" and
1t order moments (eq 7).

D(W (1), 3,0) = 184 @)
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The SD of the weight distribution of electrophoretic
mobilities, taking uw as reference, is represented by eq
8:

. 05
D, = |=* (8)
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The integral expression of eq 3 to eq 8 are given as eq
S6 to S13.

uw can be used as a reference instead of O similarly to
the calculation for SD. However, for eq S3 to S5 never
gives a finite value different from 0 (see supporting in-
formation).

Dispersities of composition distributions for co-
polymers. The determination of distributions of composi-
tions from electrophoretic mobility distributions first re-
quires establishing a correlation between the electropho-
retic mobility and the composition. This can be complet-
ed using the weight-average mobility of standard sam-
ples and a complementary method to measure their
average composition such as NMR spectroscopy™; for
synthetic polymers the composition may also be esti-
mated from the monomer concentrations used in the
synthesis. The challenge faced with establishing a corre-
lation is the requirement of having appropriate samples
to cover the whole range of compositions (as for any
calibration curve). Samples with particularly broad distri-
butions such as the natural samples studied in this paper
could not be studied through composition distributions
without acknowledgement of the possibility of significant
error caused by the calibration curve.

The (weight-average) composition C is defined as the
weight of one type of monomer unit over the weight of all
monomer units. Assuming a linear correlation between
the electrophoretic mobility and composition'#226 the
weight fraction W(C) of the polyelectrolyte chains with
the composition C is calculated as:

_wWw _ww
w() = dc/dpy - m ()

where m is the slope of the calibration curve of the com-
position versus mobility. Linear correlation between mo-
bility and composition is generally observed for evenly
charged polyelectrolytes when charge densities are
either below or above the Manning condensation thresh-
old with a breaking slope at the condensation
threshold?”28, The weight-average composition Cu is
calculated as:

c, = i fw(c)cdce (10)

e fw(c)dc

In analogy with the dispersities of the mobility distribu-
tions, the dispersities of the composition distributions are
calculated as ratios of moments using O as a references
(eq S20 to S23).

Note that in the calculation of dispersity values for ex-
perimental cases for both mobility and composition dis-
tributions, the discrete forms were used in the software
Origin for the moments (eq S14 to S17 and S24 to S27).

Estimating the uncertainty on the dispersity val-
ues. In order to compare the calculated dispersity values
on different samples it is necessary to estimate the pre-
cision of their determination. The error on the dispersity
values caused by the uncertainty on the electrophoretic
mobility values was calculated for each type of dispersity
in eq 5 to 7 (eq S30 to S32 for the derivation) using ex-
perimental data. This resulted in eq 11 to 13 for electro-
phoretic mobility dispersities.
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For the uncertainty of the dispersity of the distribution
of compositions, the same expressions apply and only

require the substitution of y In addition, the error due to
the calibration may play an important additional role.

The derivation of the uncertainty of the electrophoretic
dispersity expressed as a SD (eq 8) is shown in support-
ing information (eq S36 to S38) and yields eq 14:

dp, _ du W () (h—pw)” 1

Dy u \/0'5 <f W (1) (- pw)? du

The relative uncertainty of the electrophoretic mobility
du/u was taken as 1 % corresponding to the order of
magnitude of the relative SD of the electrophoretic mobil-
ity for free-solution CE of polyelectrolytes'® and sug-
ars?>® (Table S2). The calculated relative uncertainties
were shown to be lower than 4 x 10 (sometimes by
orders of magnitude) which shows that the error caused

2 2
wwu
) +05 (L% ) (1)



by the mobility is negligible for the dispersity values cal-
culated (Table S3). Although there does not seem to be
a correlation between the samples and the uncertainty, it
is noted that D(W(u),1,0) seems to have the lowest un-
certainty. The major contributor of the uncertainty on the
dispersity value is thus not the error on the determination
of u but likely other factors such as the error in setting
the baselines and the start/end limits of the integration.
Therefore, six significant digits (corresponding to 5 dec-
imal places) were considered for the dispersity values. In
the case of composition distributions, a higher order of
magnitude (10'-10) for the relative uncertainty of the
dispersity and of SD (10) were calculated (Table S4).
As mentioned previously, a significant error can be intro-
duced through the imperfect correlation between mobility
and composition for the dispersity on composition.

EXPERIMENTAL

Separation conditions were as previously described for
chitosan'™, poly(sodium acrylate)/poly(sodium acrylate-
co-N-antipyrine acylamide)'® and poly(acrylic acid-b-
acrylamide)'®.

RESULTS AND DISCUSSION

Dispersity of electrophoretic mobility distributions.

The treatment of CE-CC data allows the calculation of
dispersity values based on electrophoretic mobility distri-
butions. As mentioned previously, CE-CC separates
evenly charged polymers based on molecular attributes
other than molar mass, provided the polyelectrolyte de-
gree of polymerization is typically higher than 10 g.mol
12031 Three experimental cases are presented, two
based on the heterogeneity of composition and one on
the heterogeneity of branching.

Chitosan. Chitosan is a polysaccharide derived from
the deacetylation of chitin. It is a copolymer of N-acetyl-
D-glucosamine and D-glucosamine in varying propor-
tions (Figure S1A). Its composition is generally referred
to as degree of acetylation, DA (the fraction of N-acetyl-
D-glucosamine units). Being a natural product, chitosan
varies in a range of molecular attributes including molar
mass and composition (including the distribution of units
along the chain being rather in blocks or statistical).
Using CE-CC, different chitosan samples had been sep-
arated based on their DA and through appropriate data
treatment?! the weight distributions of the mobilities have
been obtained (Figure 1)"™. The heterogeneity of DA,
which is the distribution of the compositions of different
chains within a chitosan sample, is represented by the
distribution of electrophoretic mobilities.

Using eq 5 to 8 dispersity values were obtained for the
different chitosan samples (Table S5). Dispersity values
calculated as D(W(u),1,0), D(W(u),2,0), D(W(w),3,0) and
SD were in good agreement in terms of the trend ob-
served (Figure 2). They showed an overall decreasing
trend in which the chitosan samples with higher average
electrophoretic mobilities (lower average DAs) have
more narrow distributions of compositions (lower D val-
ues). Thus the calculation of the dispersity values pro-
vided a valid numerical demonstration of the data which
was represented graphically. The lower selectivity above
counter-ion condensation, at the lowest DA, may con-
tribute to this trend. The trend of the dispersity with DA

might also be due to the rate of deacetylation varying for
different parts of the chitosan sample which can lead to
heterogeneity and may also explain the variation in dis-
persity of samples between the weight-average electro-
phoretic mobility of 3.3 and 3.4x10® m2.vV-'.s™'. This effect
would be weaker at low DA, since the DA cannot (physi-
cally) go below 0. It shows the importance of the chemi-
cal treatment to which many polysaccharides are sub-
jected in their preparation. This overall trend may not
extend to other families of polymers, as seen below.
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Figure 1. Mobility weight distributions obtained by CE-CC
for chitosan samples with varying degrees of acetylation.
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Figure 2. (A) Dispersity values shown for chitosan samples
as D(W(u),1,0) (red circles, eq 5), D(W(u),2,0) (black
squares, eq 6), D(W(u),3,0) (magenta diamonds, eq 7) and
SD (blue triangles, eq 8) against (A) their number average
degree of acetylation, or (B) against their weight-average
electrophoretic mobility.

Despite the relatively low selectivity of the separation,
dispersity values calculated on the mobility distributions
still allows information regarding the sample heteroge-
neity to be obtained.

Poly(sodium acrylate-co-N-antipyrine acrylamide),
P(NaA-co-APA). This copolymer is synthesized using a
known coupling reaction® between the amine of the 4-
aminoantipyrine, AAP, and the carboxylate of the PNaA
(Figure S1B). The grafting reaction was performed within
a CE vial and monitored in real time using capillary elec-
trophoresis in previously established conditions3*3* (Fig-
ure 3). The increase of the copolymer peak area with
reaction time is consistent with the much larger UV ab-
sorption (Beer-Lambert coefficient) for AAP than PNaA
which was calculated to be greater by a factor of almost
20 (see supporting information). The decrease of the
electrophoretic mobility with grafting is consistent with
both the reduced charge (loss of carboxylate units) and
the increased hydrodynamic friction (increased size). As
the reaction time increases the P(NaA-co-APA) peak
becomes broader, indicating a larger heterogeneity of
composition.
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Figure 3. Electrophoretic mobility distributions of P(NaA-co-

APA) samples at time 0 (red), 5 min (blue) and 4 h (black

dash).

The dispersity of electrophoretic mobility of the copol-
ymer was obtained from eq 5 to 8 (Table S6). The linear
PNaA homopolymer was used as a reference and its
dispersity subtracted from the P(NaA-co-APA) dispersity
values. This enabled to monitor the grafting reaction and
assess the heterogeneity of composition of the P(NaA-
co-APA). The values of D(W(u),1,0), D(W(u),2,0),
D(W(u),3,0) and SD are in good agreement in terms of
the trend observed (Figure 4). They increase reaching a
maximum at approximately 4 h. The dispersity allows a
numerical representation of the change in composition.
The heterogeneity of the copolymer increases during the
first 4 h, as most of the grafting proceeds. The reaction

then slows down and it might lead to a more homoge-
nous copolymer.
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Figure 4. Dispersity values shown for P(NaA-co-APA) sam-
ples as D(W(u),1,0) (black square, eq 5), D(W(u),2,0) (red
circle, eq 6), D(W(u),3,0) (magenta diamonds, eq7) and SD
(blue triangle, eq 8) against reaction time.

Branched poly(sodium acrylate), PNaA. This syn-
thetic polymer (Figure S1C) is industrially produced us-
ing conventional polymerization; in this study it was syn-
thesized using a controlled radical polymerization: nitrox-
ide mediated polymerization (NMP)3®. The occurrence of
branching in PNaA has been noted® and it is an im-
portant factor which can be overlooked in PNaA charac-
terization. The branching of PNaA can be used to tailor
polymers for specific applications through the choice of
an appropriate polymerization technique. CE-CC was
shown to separate different PNaA samples based on
their branching (Figure 5)8.

Dispersity values were obtained for the 3 samples
(Figure 6, Table S7). It is to be noted that the linear
sample does not have any branching since it has been
obtained by anionic polymerization'® and thus the broad-
ness of the peak results from intrinsic experimental fac-
tors. Considering the dispersity values are representative
of the heterogeneity of branching, the linear (which had
the lowest dispersity value and the highest mobility) and
the hyperbranched (at a weight-average mobility of
3.53x10® m2.V-'.s") samples have dispersity values
which are quite close (and low). As expected due to its
branching architecture, 3-arm star had the highest dis-
persity and the lowest mobility. This is because although
the hyperbranched sample is more branched than 3-arm
star it was designed to have a homogenous branching
through the use of an inimer for its synthesis.
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Similar samples synthesized from different monomers
were analyzed with the same method (Figure 5b). PNaA
samples synthesized by the NMP of acrylic acid and of
tert-butyl acrylate (tBA) had different distributions and
dispersities. It is to be noted that different end-groups'®
can also contribute to the heterogeneity of the electro-
phoretic mobility distribution.
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Figure 6: Dispersity values shown for PNaA samples as
D(W(u),1,0) (black square, eq 5), D(W(u),2,0) (red circle, eq
6), D(W(u),3,0) (magenta diamonds, eq 7) and SD (blue
triangle, eq 8) against their weight-average electrophoretic
mobility. The samples in increasing order of average elec-
trophoretic mobility are 3-arm star (3.45x10® m2.V-'.s),
hyperbranched (3.53x10® m2.V-'.s!), NMP of tBA
(3.66x10® m2.V-'.s7"),NMP of AA (3.69x10% m2.V-'.s!) and
linear (3.74x108 m2.V-1.s").

Dispersity of composition distributions

Poly(acrylic acid-b-acrylamide), P(AA-b-AM) block co-
polymers were synthesized by Reversible-Addition
Fragmentation chain Transfer/Macromolecular Design
via Interchange of Xantates (RAFT/MADIX) polymeriza-
tion. Using CE-CC the block copolymers could be sepa-
rated (Figure 7)'®. The P(AA-b-AM) was synthesized with
different ratios of the monomers (2K and 10K in the
sample name refer to 2,000 and 10,000 g.mol"' theoreti-
cal molar mass of the corresponding block). The electro-
phoretic mobility distributions were simple to obtain as
shown previously, extra treatment was required to obtain
composition distributions.

The separation of P(NaA-b-AM) using CE-CC is de-
pendent on both the charge of the PNaA monomer units
and the hydrodynamic friction of the charged PNaA and
uncharged PAM blocks. Therefore, to obtain meaningful
composition distributions, both the charged and un-
charged blocks of the block copolymer need to be taken
into account (eq S38, S39). However, the necessary
rescaling factor a is challenging to obtain (see support-
ing information). The weight average composition of both
samples was determined from the theoretical values of
the uncharged and charged block lengths. Dispersity
values were obtained for the distributions of both mobili-
ties and compositions (Table S8).
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Figure 7. (A) Electrophoretic mobility distribution and (B)
composition  distribution  of P(NaA-b-AM) samples:
PAA2kPAM10k (black) and PAA10kPAM10k (red). The
theoretical Mn values were listed for each sample previous-
ly'e.

The accuracy of the composition distributions of P(AA-
b-AM) and of their dispersity depends on the accuracy of
a'® (eq S39) and of the correlation between electropho-
retic mobility and composition. In the case of statistical
copolymers o would not need to be calculated and there-
fore the accuracy of the composition distribution would
depend only on the correlation mobility and composition.
The larger uncertainty obtained for dispersities of com-
position distributions (Table S4) compared to that of
electrophoretic mobility distributions (Table S3) is likely
due to a weak correlation between mobility and composi-
tion (despite the high selectivity in this case). In some
cases a complementary method such as NMR spectros-
copy could be used to obtain the average composition of
specific samples, thus allowing a more accurate a to be
obtained.

CONCLUSIONS

In this study both synthetic and natural polymers were
characterized. The distributions of compositions and the
heterogeneity of branching were analyzed using the
dispersity of the distributions. Using the correct treatment
of CE-CC data, the dispersity was quantified, including
the monitoring of grafting on polymers. Further, using the
dispersity values a numerical representation of the mo-
bility and composition distributions were calculated and
allowed comparisons between samples. Dispersity val-
ues using 0 as a reference were in good agreement with
SD calculations in terms of trends observed. With further
research dispersity values obtained through CE-CC can
be used as commonly as molar mass dispersity values.
Dispersity values calculated using D, and D(W(u),1,0)
were in good agreement. The dispersity values obtained
in this work are closer to unity than typical values ob-
tained on molar mass dispersity by SEC. It is however,
to be noted that SEC overestimates B and this largely
due to band broadening®”%. Temperature gradient inter-
action chromatography® and molecular radius analysis
with multi-angle light scattering combined with SEC*
were shown to reduce this effect. In analogy to SEC
characterization of molar mass distributions of polymers,
we recommend D(W(u),1,0) to quantify the heterogenei-

ty due to either composition (copolymers) or branching.
However, the three different types of quantification of the
dispersity should be further compared, especially in the
cases of non-symmetric distributions (with a tail) or bi-
modal distributions. It would also be very interesting to
compare the CE method established in obtaining com-
position distributions with other methods, typically based
on liquid chromatography*'; however, this has been
noted as tedious*? or was not attempted yet for hydro-
philic polymers. Field-flow fractionation, especially ther-
mal'? may provide very interesting comparisons. In addi-
tion, simulation of polymerization processes should allow
the prediction of D(W(u),1,0) and the results can be
compared with the values determined by CE-CC.
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Dispersity calculated through My and M,

Integral expression of the dispersity using My and M,

My _ [JwM)MdM][f w(M)M " dM]
M, [ w(M)dM]?

S1
Moments and dispersity of electrophoretic mobility distributions
The moments are defined as in Table S11.

Table S1. Summary of the integrals and discrete expressions of the moments relevant to this

work
Moment order Integral form Discrete form
-1 f W) p~tdu ZZW(MZ) pzt (Uzer — Uz)
0 fW(u) du zzw(ﬂz) (Hz11 — Hz)
1 f W) pwdu ZZW(uz) ty (Uze1 — 1)
2 f W (W) p? du ZZW(uz) 17 (Uzq — Hy)
3 J W () 3 du ZZW(uz) ty (Uze1 — Hz)
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_ [z W)z (Uze1—z7)]

w W

The general expressions for the equations taking uw as a reference are as follows:

(1z) (Uze1—H2)]

1 o, -1
D(W (i), 1, pryy) = Hhiw i

D(W(u),3, uw) =

The integral forms of the general equations (eq 3, 5 to 8 and S3 to S4) are defined as:
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W (@ pdp][f W (wutdu]

DW(w),1,0) = ¥

[J w(wdu]?

[f W) (u—pw)dul[f W) (p—pw) " tdu]

D(W(u),1,uy) =

[ wdu]?

Jw@p?du][f wwdw)]

DW (1), 2,0) =

[f W(p)pudpu]?

[f W) (u—pw)? dullf w(pdu]

D(W(u),2,uy) =
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S3

S4

S5

S6

S7

S8

S9

S10

S11

S12

S13

In the calculation of dispersity values for the experimental cases in the article, the discrete

forms were used for the moments. Eq S5, S7 and S9 thus became:

Uz+1—H)][ 27 W(ﬂz)ﬂz_l (Uz+1—Uz)]

Yz Wz (
D(W (),1,0) = 22kt

[(XzW(uz) (Hz+1—12)] 2

S14
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_ [Zz w(uz) ﬂzz(ﬂz+1_ﬂz)][§:z W(pz) (Uze1—17)]
bW, 2,0) = (20 WGitz) 1z izt )2 >15

2z W (uz) ﬂzs(ﬂz —u)|[XzW(uz) pz(Uze1—pz)]
D(W(‘U)’ 3’0) - [ [ZZW:;Z) /"zl(.uvz+1_.“vz)]2 = >16

W) (y—pa)? (g =]
D "_[ [ W(ttz) (Hzs1—H2)] 17

HUw as a reference

In eq S7,S9 and S11 the term W (u)(u — u,,)du , can be split. According to eq 4 the 2 resulting
terms in eq S18 are equal and therefore the 1%t order moment remains undefined. As this term
is undefined it explains why the results using uwas a reference do not produce the same trend
as D(W(u),1,0), D(W(u),2,0) and D(W(u),3,0).

W@ —w)du = [W(udp — p, [ W(@du =0 518

Dispersity of composition distributions

The discrete form used in the calculation derived from eq 10 is defined as:

— [Zz W(Cz)cz (Cz+1_cz)]
CW - [ZZW(CZ) (Cz+1_Cz)] 519

The integral forms of the general equations (eq 5 to 8) for composition are defined as:

_ [Jw©cacl[fw(c)ctdc]]

D(W(C)1,0) = NG $20
_ [fw(erczdc]f w(c)dc]
bw(e),20) = [ w(c)cdc]? S21

_ [Iw©cddc]lf w(c)cdc

D(W(C),3,0) [[w(C)c2dC]? 222
[f w(e)c—cy)? dc]]*®
DW(C),o,Cy) = [f w(C)dc] >
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In the calculation of dispersity values for the experimental cases in the article, the discrete
forms were used for the moments. Eq S20 to S23 thus became:

— [Ez W(Cz) Cz (Cz+1_Cz)] [Zz W(Cz) Cz_1 (Cz+1_Cz)]

D(W(C)1’0) [Zz W(Cz) (Cz+1_cz)]2 524
_ [Z2w(€2) €22 (€241 -CI|[Z2W(CZ) (Cz41-C2)]
bw(c),2,0) = [Z2W(C2) C2(Cz41-CI? 525
3 _ —
D(W(C),3,0) = [Z2W(Co) C2*(Crsa cz)][zzW(cz)cz(cm C2)] $26
[22W(Cz) €22 (Cz41—C2)]
_ [Zz W(Cz) (CZ_CW)Z(CZ+1_CZ)] 0.5
D(W(C)’ o CW) N [ [XzW(C)(Cz41—-C7)] 527
Number average electrophoretic mobility
By definition the number-average electrophoretic mobility can be expressed as:
_ IN@pdu
Hn = ThGoau >28

Where N(u) is the number distribution of electrophoretic mobility (which could be obtained by
the detection of end-groups of the polymer after derivatization and use of a fluorescence
detector). The ratio between the weight distribution and the number distribution of chains at a
given electrophoretic mobility is the number-average molar mass of all polymer chains having
the same electrophoretic mobility u, Mn(u). Mn(u) has never been determined experimentally.
Its determination by coupling the CE separation to a SEC second dimension is highly unlikely
due to the injected volume in the CE being several orders of magnitudes smaller than in SEC.
The number distribution of electrophoretic mobility is thus not considered further in this work.

In this work, the dispersity of the electrophoretic mobility (or composition) distributions are
calculated using the ratio of the 0™ to the -1% order moments of the relevant distribution. In the
case of M, the ratio of the 0™ to the -15t order moments of the molar mass distribution leads to
a different but corresponding expression to the definition of M,23. In the case of u, the ratio of
the 0™ to the -1 order moments of the electrophoretic mobility distribution does not
correspond to the definition above:

N
Jwdu an(u)d S29
4 — [ N # ln
J==ap [—=rsdu
u UMn (1)
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Estimation of the uncertainty on the electrophoretic mobility dispersity

To estimate the uncertainty of the dispersity due to the experimental error of the
electrophoretic mobility, each of the dispersity equations was derived as follows. Each of the
electrophoretic mobility dispersities expressed in eq 5 to 7 as a function of u (except the
standard deviation) can be expressed as a combination of other functions of u: f, g and h (each
of them being a moment). The fractional uncertainties add in quadrature.

D == S30
The differentiation of eq S30 results in:
A R RSC)
Eq S31 can be rearranged in:
N CORICOREICo)

For example for eq 5 with D(W(u)1,0), f = [ W (Wudu; g = [ W(wu tdu; and h =
JW () du

Therefore f' = W(wu; g = Wwu™t; and ' = W(u)u

The expression of eq S32 in the case of the derivation of eq 5 to 7 are given in eq 11 to 13.

To calculate the relative uncertainty of the dispersity values based on eq 11 to 13, the discrete
forms below were used (eq S33 to S35). Peak areas of the appropriate functions were used for
sums, and peak heights for p; values outside of sums.

DWW _ i |(___ W )2 +( 4 )2 42 (e )2
D(W(w),1,0) u 2zW Wz (Uze1—12) S W (g1~ z) YW (Hze1—12)

S33

2 2
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azim\l.en) _ ak 2
D(W(u),2,0) u \/ (Zzw(ﬂ)ﬂzz(ﬂz+1_ﬂz)) + (ZZW(M)(qu—Mz)) + YWz (Uze1—H1z) 534
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dD(W(w),3,0)
DW (), 3,0)

_ d_u\/( Wt )2 N < W (uu? )2 N 2< w(wu? )2
i A\Zz W@z (Uzer — Uy) 2 W u(uzer — 1z) YW uz?(ze1 — Uz)

S35

The differentiation of the electrophoretic mobility dispersity expressed in eq 8 as a standard
deviation follows a different path, as this dispersity can be expressed as a combination of
functions fand g of u (each of them being a moment):

_(\°S
D= (g) 536
The differentiation of eq S36 results in:
@ Y& 105 (1) 37
du f “\yg
Eq S37 can be rearranged in:
@t o5 () + 05 (L) s38
dp AN “\yg

In eq 8 with Do, f = [ W (1) (1 — py)*dpand g = [ W(wdy,
Therefore f' = W(u)(u — uy,)% and g’ = W(u)

Substituting f, g, f, g' in eq S38 yields eq 14. To calculate the uncertainty of the dispersity values
based on eq 8, the discrete form below was used (eq S39).

Peak areas of the appropriate functions were used for sums, and peak heights for u values
outside of sums.

dDs _ du W) (u—pw)?u 2 ( w(wu )2
L0 _ 2 + S39
Dgy u \/(2 Xz W(#)(Hz_ﬂw)z(ﬂz+1_ﬂz)) 23 W) (Uz+1—Hz)

The value of the dispersity uncertainty was calculated for a sample of each of the experimental

cases through eq S33 to S35 and S39, using 1 % for djﬂ as an estimate of the published RSDs of

the electrophoretic mobilities (Table S2). Results are listed in Table S3.
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Table S2. RSD of the electrophoretic mobilities of polyelectrolytes® and sugars>® in the

literature.

Sample RSD (%)

Linear PNaA 1.63

3-arm star PNaA 1.34

Hyperbranched PNaA 1.15

Cellobiose 0.39

Galactose 0.41 0.53 0.17
Glucose 0.45 0.63 0.06
Rhamnose 0.63 0.76

Mannose 0.40 0.77 0.71
Arabinose 0.57 0.60 0.46
Xylose 0.40 0.54 0.29
Arabitol 0.74 1.33

Table S3. Relative uncertainty values of the dispersity of the electrophoretic mobility
distribution, calculated for a sample of each of the experimental cases using eq S33 to S35
and S39. The chitosan sample with a DA of 19.8, P(NaA-co-APA) at 5 minutes reaction time,
PNaA 3 arm star and PAAKPAM10k were chosen. The uncertainty is given in m?V-1st

Sample ab(W(u),1,0) dD(W(u), 2,0) dD (W (u), 3,0) dD(W (), o, tty,)
Chitosan 3.6 x 10 1.3x1012 4.3x10° 1.3 x 1012
P(NaA-co-APA) | 4.4 x 107V 1.1 x10*% 4.8x 10710 1.3x10%?
PNaA 9.3x 1018 2.8x101 1.4x 10713 9.5x 1014
PAA2kPAM10k | 8.0 x 10718 5.5x 101 2.3x 1012 2.0x10713

Estimation of the uncertainty on the composition dispersity

The differentiation of the composition dispersity follows the same approach as detailed above
for the electrophoretic mobility dispersity. The resulting equations are similar to eq S33 to S35
and S39, except that C must be substituted for u. The values of the dispersity uncertainty were
calculated for block copolymer samples (Table S4).

S7



Table S4. Relative uncertainty values of the dispersity of the composition distribution, for
block copolymer samples (calculated from equations analogous to $33 to S35 and S39, with C
substituted for u)

Sample dD(W(C),1,0) | dD(W(C),2,0) [ dD(W(C),3,0)[ dD(W(C), 0,
bW (C),1,0) | DW(C)20) | DW(C)3,0) | pW(C),0,(

PAA2kPAM10k | 2.3 x103 5.4 x 107 1.2x10% |3.1x10°

PAA10kPAM10k | 5.6 x 1073 2.2 x10° 2.7x 10® | 2.8x10°

Experimental samples

A OH
NH, o / CH,4

OH

n o o NH,

Figure S1. The molecular structure of (A) chitosan with N-acetyl-D-glucosamine and D-
glucosamine units’ (B) P(NaA-co-APA), (C) PNaA and (D) P(NaA-b-AM).
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Table S5. Dispersity of chitosan samples

DA? Lw? SD¢ D(W(u),1,0)-1 | D(W(w),2,0)-1 | D(W(u),3,0)-1
(10°29) (104) (104) (104)
19.8 3.21 17.6 30.9 30.2 29.4
13.6 3.44 17.9 27.9 27.1 26.4
3.5 3.60 5.05 2.00 1.97 1.94
18.7 3.23 14.0 19.4 18.9 18.4
16.5 3.38 15.7 22.6 21.5 20.5
3.2 3.64 4.86 1.81 17.9 1.77
15.5 3.41 11.5 11.6 11.4 113

2number-average DA measured using quantitative *H NMR spectroscopy at 90°C8
b the weight-average electrophoretic mobility is given in 108.m2V-1s1
‘the standard deviation is given in m?V-1s

Molar absorptivity P(NaA-co-APA)

The UV absorbance of PNaA and AAP were calculated using the absorbance obtained
experimentally in the conditions of the separation (195 nm wavelength, sodium borate buffer
110 mM at 25 °C).

Linear PNaA: 1.7-10% a.u.-V-s:m™

AAP: 3.4-10” a.u.-V-s:m™



Table S6. Dispersity values of P(NaA-co-APA) samples. The values are first given as determined from eq 5 to 8; the value obtained for the
linear PNaA (sample at time 0) was then subtracted from these values.

After subtracting value for Linear PNaA

Time | D(W(u),1,0) -1 | DOW(1),2,0) -1 | D(W(1),3,0)-1 | SD* D(W(u),1,0)-1 | D(W(u),2,0) -1 | D(W(u),3,0) -1 | SD*
(min) | (10 (10 (10 (10119 | (10 (10 (10 (10°19)
0 0.13 0.13 0.13 1.33 0 0 0 0
5 0.82 0.82 0.825 3.20 0.696 0.696 0.697 1.86
45 0.96 0.96 0.954 3.44 0.830 0.828 0.826 2.11
85 0.99 0.99 0.986 3.51 0.863 0.861 0.859 2.17
125 1.05 1.05 1.05 3.62 0.927 0.923 0.92 2.28
165 1.19 1.18 1.18 3.82 1.06 1.06 1.05 2.49
205 1.26 1.26 1.25 3.93 1.13 1.13 1.12 2.60
245 1.27 1.27 1.26 3.95 1.14 1.14 1.13 2.61
285 1.27 1.26 1.26 3.94 1.14 1.13 1.13 2.61
325 1.24 1.23 1.22 3.90 1.11 1.10 1.1 2.57
365 1.47 1.46 1.45 4.24 1.34 1.33 1.32 2.90
405 1.15 1.14 1.13 3.75 1.02 1.01 1 2.41
445 1.21 1.2 1.19 3.85 1.08 1.07 1.06 2.52
485 1.11 1.1 1.09 3.69 0.983 0.97 0.967 2.35

2 the standard deviation is given in m2V1s
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Branched PNaA

Table S7. Summary of PNaA dispersity values representing the heterogeneity of samples with
different branching topologies and samples produced from different monomers

Sample Hw SD D(W(Il)'l;o)'l D(W(N);Z;O)'l D(W(N);g’;o)'l
108.m2vist (10°19) (10%) (10%) (10%)
m2vist
3-Arm 3.45 13.7 15.9 15.2 14.4
star
Hyper- 3.53 5.4 2.28 2.34 2.39
branched

Linear 3.74 1.33 0.10 0.10 0.13
PNaA-AA 3.69 7.18 3.73 3.78 3.83
PNaA-tBA 3.66 9.64 6.84 6.95 7.06

P(AA-b-AM) composition calculation

The composition C taken as the molar fraction of acrylic acid monomer units in the copolymer is
linked to the electrophoretic mobility u of the copolymer through eq S40°:

ap
= ———— 4
pu(a—1)+ po 540

where a is a rescaling factor, and Lo, is the electrophoretic mobility of the charged
homopolymer. a depends on the chemical nature of both homopolymers, on the background
electrolyte, and on the temperature?. Combining eq 540 with eq 9 leads to:

[1(a—1)+ pol®
w(C) = W(u)% s41

Any error in the determination of the rescaling factor a would thus result in an error in the
calculated composition distribution, W/(C).

Determining alpha
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For a block copolymer consisting of one charged block and one neutral block the
number of effective monomer units can be related to its electrophoretic mobility in the

following equation®':

nc

p= Mom 542

Where nc is the number of charged monomer units in the copolymer and n, is the number of

uncharged monomer units in the copolymer.

Eq S42 can be rearranged into eq S43 so that a plot of uo/u - 1 vs ny/nc will yield a as the slope.

——l=a— s43

Since synthetic block copolymers contain a distribution of ny and nc values, which then produce
multiple u values, careful selection of n, and nc values is required to accurately represent the
sample. The values for n, and n. were calculated from the theoretical M, of the block copolymer
(previously listed in 2 as well as in the caption of Figure 7).

Table S8. Dispersity of P(AA-b-AM) samples

Sample PAA2KPAM10K PAA2KPAM10K
Aisu AisC Aisu AisC
D(W(A),1,0) 1.12 1.19 1.12 1.25
D(W(A),2,0) 1.10 1.16 1.08 1.15
D(W(A),3,0) 1.08 1.36 1.05 1.10
SD (x107) 4.462 0.090 6.56° 0.178

2 the standard deviation is given in m2Vvis
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