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ABSTRACT: Determination of molecular masses of charged
polymers is often nontrivial and most methods have their
drawbacks. For polyelectrolytes, a new possibility for the deter-
mination of number-average molecular masses is represented
by small-angle X-ray scattering (SAXS) which allows fast deter-
minations with a 10% accuracy. This is done by relating the
mass to the position of a characteristic peak feature which
arises in SAXS due to the local ordering caused by charge-
repulsions between polyelectrolytes. Advantages of the tech-
nique are the simplicity of data analysis, the independency
from polymer architecture, and the low sample and time
consumption. The method was tested on polyelectrolytes of

INTRODUCTION

Determination of molecular masses is a crucial step in poly-
mer science and has to be done before the polymer is used
in any experiment or application. Obtaining the number (M)
and mass-average (M,,) molecular masses is frequently a
challenging task and this is especially true for charged poly-
mers, as the strong intermolecular interactions may influ-
ence the results. Some of the most employed methods to
obtain absolute masses are mass spectroscopy, multiangle
laser light scattering, membrane osmometry, and NMR, as
well as size exclusion techniques such as size exclusion chro-
matograph and asymmetric flow field-flow fractionation
(AF4) which, combined with multidetector and refractive
index analysis, can give information on masses and polydis-
persity indexes (PDIs)."™ However, most of those methods
are time consuming (especially that based on osmometry),
sample consuming or may not be applied to all types of
polymers. As an example, end-group analysis using NMR is
probably the most straightforward and quick analysis

various structures and chemical compositions, and the results
were compared with those obtained from more conventional
techniques, such as asymmetric flow field-flow fractionation,
gel permeation chromatography, and classical SAXS data anal-
ysis, showing that the accuracy of the suggested method is
similar to that of the other techniques. © 2016 The Authors.
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method to determine M,, but it requires the presence of a
clearly recognizable, nonoverlapping end-group signal with a
good signal-to-noise ratio, which is not always present espe-
cially for high-molecular mass polymers. Here, we suggest
the use of small-angle X-ray scattering (SAXS) as a reliable
supplementary technique to be employed for a fast estima-
tion of molecular mass of charged polymers using only small
amounts of sample.

In SAXS the samples are irradiated with X-rays, which
interact with the electrons in the molecules and generate
scattered waves. Interactions between scattered waves give
rise to scattering patterns, which can be recorded on a
detector and analyzed. As stated by the name, SAXS focuses
on small angles, analyzing the radiation scattered very close
to the direct beam, usually below 5°. The intensity of x-
rays is usually displayed as a function of the length of the
scattering vector g, so that the data variation is wavelength
independent. The parameter is related to the scattering
angle as

Additional Supporting Information may be found in the online version of this article.
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FIGURE 1 Example of SAXS data obtained from polyelectro-
lytes of different molecular weights, showing the presence of a
peak-like structure arising from interparticle interactions. Data
shown are for 1 wt % solutions of Poly(sodium styrene sulfo-
nate) with molecular masses of approximately 32,000 gmol ™’
(empty squares), 6500 gmol~" (full squares), and 4200 gmol ™’
(empty triangles) as given by the supplier.

4
q= 7n sind (D

where 0 is half the scattering angle and 4 is the wavelength
of the incoming x-ray beam.

The x-ray flux of modern laboratory-based SAXS instrumen-
tation®” is high enough to alllow measurements on relatively
dilute solutions of singly dissolved polymer molecules with
reasonable acquisition times.

The SAXS signal is proportional to the square of the electron
density difference between polymer and solvent, and the q
dependence is given by the size and shape of the polymers
in solution (the form factor) and by the interactions between
different polymers (described by the structure factor).? In
the case of charged polymers, the structure factor is impor-
tant because of the electrostatic repulsions between the
polymers. For scattering data for salt-free solutions, this
leads to a suppression of the signal at low g values, creating
a characteristic peak-like feature at intermediate g values
(Fig. 1). Data are shown on a logarithmic scale, as usual for
SAXS data. Note however, that to determine the exact peak
position it is helpful to plot the data on linear scale.

The “peak” position is related to the distance between two
polymer coils (d) as

a="" @

q

To minimize the electrostatic repulsion, the polymers have to
be as far from each other as possible for a given concentration
and we therefore assume that they create a locally ordered
and close-packed structure, similar to that of Wigner
crystals.”'® From this, it is possible to calculate the density of
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particles in the unit cell (Fig. 2) and, knowing the amount of
polymer solubilized, to obtain the number average molar mass.
It should be noted that the values obtained by this method are
approximate, as defects in the local ordering are ignored.

For our calculations, we consider a face centered cubic (FCC)
structure, as it is a close packed structure:

Noticing that a face diagonal is nothing else than 2d, we can
easily calculate the volume of the unit cell V., and then
obtain the number density of particles, N, as

n=* ®)

chbe

where 4 is the number of polymeric units present in a single
cell (note that the polymers present on the edges are shared
between eight different FCC cells and therefore their contri-
bution should be counted as %, while those on the faces are
shared by two cells only and thus should be counted as %)

From the number density of polymers, we can obtain the
number average molecular mass of the polymer, M, as,

_ CWNA
N

where C,, is the mass concentration of polymer in the sam-
ple and N, is.

M, (4)

Combining eqs 2 to 4 and writing the volume of the cube as
function of the q value, g*, for the peak, we obtain

il vl Sﬁfr (5)

where the only variables are C,, and g* Note that even
though the method can only be applied to charged species,

FIGURE 2 Schematic representation of the local ordering of
the polyelectrolytes. For a FCC structure the distance between
close neighbors is equal to half the face diagonal (2d in the
figure).
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the applicability is still vast, as it is virtually independent of
the chemical nature and structure of the polymer.

As for every technique, there are some issues to consider when
employing the suggested SAXS-based method for mass determi-
nations. First of all samples have to be suitable for SAXS
analysis, meaning that there should be an electron density
difference between solvent and polymer. Second, the polymer
samples should be sufficiently dilute so that polymer species
are molecularly dispersed and separated. This means that the
polymer concentration must be much lower than the overlap
concentration c*, where the polymer entities start to overlap
and the semidilute concentration regime is approached. The
value of ¢* can be estimated from'! ¢*=1/[y], where [] is the
intrinsic viscosity and can be determined from a capillary
viscometer. The criterion is that c/c*<1.

Note that if the radius of gyration of the chains is deter-
mined in the scattering experiment, it is also possible to cal-
culate the concentration relative to the overlap concentration
of polymer coils'? as

C—i=1/(1vngR;) (6)

It is also possible to check whether one is in the correct con-
centration regime by measuring the samples at several con-
centrations and determining the scaling of the peak position
q* with concentration cw. In the dilute regime the scaling is
q*x C.'/? as the polymers are organized in a 3D lattice-like
structure, as displayed in Figure 2. If the scaling is instead
q*x C,'/? we are in a semidilute regime where the polymer
chains tend to locally organize into a parallel arrangement
with a 2D hexagonal structure™® and the samples should be
diluted further before proceeding to mass determinations.

The precision of the measurement can be calculated as

oM SCN\? | (30q*\*
e o
M| Cw qr
The uncertainty on the concentration is usually very low, while
it is more significant for g* where it is connected to the bin
sizes for the scattering vector. For data acquired with the same

bin size, and therefore the same dq*, the precision decreases
with decreasing g* and consequently with increasing masses.

Concerning the accuracy, assuming no defects (vacancies or
interstitials) leads to an over-estimation of the number den-
sity and therefore of the mass value. The relative accuracy
will then depend on the density of the defects. Comparing
the results obtained from our method to more classical anal-
ysis (see below), we saw that the discrepancy is approxi-
mately 10% of the mass value.

Another possible contribution to the accuracy is if the ther-
mal energy of the system is stronger than the electrostatic
repulsions. In that case, the polymer peak position will be
related to the minimum separation between polymer chains
rather than to the average separation, giving again an over-
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estimation of the number density and therefore again an
underestimation of the mass value. This latter problem may
be solved by measuring the sample at different temperatures
and seeing when the peak position is constant.

To verify its applicability, the method was tested on a series
of charged polymers of various chemical natures and chain
lengths, including homopolymers and diblock copolymers
with a charged and an uncharged block. The polymers were
Poly(Sodium 4-Styrene Sulfonate) (PSSS) and Poly(2-vinyl N-
methylpyridinium iodide) (P2V) purchased, respectively,
from Sigma Aldrich and Polymersource and used as received,
and Poly(N-isopropylacrylamide)-block-Poly(sodium styrene
sulfonate) with 43/9 and 117/36 PNIPAm/PSSS repeat units,
respectively, (PNIPAm-b—1 and PNIPAm-b—2) synthesized at
Oslo University. The synthesis of the latter polymers was
done using atom transfer radical polymerization via a simple
“one-pot” procedure in a H,0/DMF mixture solvent at room
temperature. The copolymers were purified by dialysis and
characterized using NMR and AF4, using similar conditions
as described in detail previously.'* The chemical structures
of the polymers and their NMR characterization can be found
in the Supporting Information, Sections S1 and S2, while
their masses and PDI can be found in Section S3.

SAXS data were recorded using the two instruments avail-
able at Aarhus University. For both instruments, the range of
modulus of the scattering vectors q spans between 0.01 and
0.35 A, One instrument uses a copper rotating source gen-
erating a wavelength of 1.54 A. The other uses a new gener-
ation metal-jet x-ray source (Excillum) with a liquid gallium
anode, generating a wavelength of 1.34 A. Both instruments
are flux- and background optimized cameras from Bruker
AXS®7 that employ homebuilt scatterless slits.'®

Samples were measured in a homebuilt holder for quartz
capillaries of 2 mm diameter, holding approximately 30 uL.
The acquisition time for the data was of 900 s for the instru-
ment with a Cu source and 300 s for the instrument with a
Ga source. Data were measured at a temperature of 20 °C.
Polymer scattering was obtained by subtracting from the
scattering of the sample a background obtained from the
scattering of the solvent. The initial data treatment was per-
formed using Milli-Q water as an absolute scale standard"®
for the scattering intensity. All samples were solubilized in
Milli-Q water, at a concentration of 1 % wt.

To assess accuracy of the proposed method, the results were
compared with values obtained from gel permeation chroma-
tography (GPC) analysis, from AF4 and from SAXS data mod-
eling on absolute scale. NMR was also used to determine the
monomer ratio between the two components of the co-
polymers; it was, however, not possible to determine masses
through NMR endgroup analysis due to the poor definition
of the endgroup peak (see Section S2 of the Supporting
Information for the NMR spectra). Data from GPC analyses
were obtained from the supplier, while the other analyses
were done at the universities of Aarhus (SAXS) and Oslo
(NMR, AF4). Details on the analysis are provided in the fol-
lowing paragraphs.
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AF4'” was used to measure M,, M,, and PDI (M,,/M,, PDI),
with an estimated precision in mass determination between
5% and 10%. The AF4 experiments were conducted on an
AF2000 FOCUS system (Postnova Analytics, Landsberg, Ger-
many) equipped with an RI detector (PN3140, Postnova)
and a multiangle (seven detectors in the range 35°—145°)
light scattering detector (PN3070, =635 nm, Postnova).
The field-flow fractionation channel was installed with a 350
um spacer and a regenerated cellulose membrane with a cut-
off of 10,000 gmol * (Z-MEM-AQU-427N, Postnova) or 1000
gmol_1 (Z-MEM-AQU-425N, Postnova). A 20 pL sample was
injected through an injection loop. The refractive index incre-
ment dn/dC,, was obtained using the RI detector in a sepa-
rate run employing only the tip flow, hence excluding
separation, possible interactions with the membrane, salt
gradients, and polymer escaping through the membrane.
Assuming 100% mass recovery, the values of dn/dC,, for the
polymers were ascertained. Molar mass measurements were
conducted with a constant detector flow rate of 1 mL/min.
The focusing time was 5 min at a cross-flow of 3 mL/min.
After the focus step, the cross-flow was linearly decreased to
0 mL/min over 12 min, followed by 8 min of elution using
only the tip flow at 1 mL/min. To hinder aggregation of the
PNIPAm containing polymers, the measurements were car-
ried out with a channel temperature of 10 °C. The data
were analyzed using the Postnova software (AF2000 Control,
version 1.1.025). Values of M, of the samples were deter-
mined using the Zimm-type fit. For PNIPAm-b-PSSS-1 and
PNIPAm-b-PSSS-2 86 and 83% mass recovery was obtained,
respectively.

Lastly, we employed a more traditional way to calculate the
masses by SAXS which uses the values obtained from model-
ing on absolute scale. The intensity scattered at zero g, 1(0),
is dependent on the number density of particles in the sam-
ple (N), volume of one polymer chain (V), the scattering
length density difference between polymer and solvent (Ap),
and the static structure factor S(0) as

1(0)=N(ApV)*S(0) (8)
Rewriting N and V as function of the mass-average molar
mass (M) we obtain

CywMy
Ny

1(0)= (Apv)*S(0) (9)

where v is the specific volume of the polymer. The mass is
then obtained as

1(0)Ny

~ Cu(Apv)2S(0) o

w

The volume v can be determined from density measurements
and the scattering length density, Ap, is straightforwardly cal-
culated for homopolymers.’® For block copolymers, the calcu-
lation requires that the monomer ratio between the two
blocks is known from NMR or from other techniques.
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FIGURE 3 Molar masses obtained for seven different polyelec-
trolytes varying in length and chemical nature. Values obtained
from the proposed method using the peak position are shown
as black squares and are in good agreement with those
obtained from the suppliers and by other techniques. Please
notice the presence of a break in y axis from 11,000 to 18,000
gmol ™.

To determine the forward scattering, it is possible to fit the
full q range of the data using a chain form factor and an effec-
tive hard-sphere structure factor describing the interactions.*
Note that in this way the obtained forward scattering is
already corrected for structure factor effects, and should be
used as 1(0)/S(0). As an alternative, the effect of S(0) can be
eliminated by adding small amounts of salt and/or by diluting
the sample. Small amounts of salt will screen the electrostatic
interactions, but not change significantly the scattering length
density of the solvent, so that the contrast is unaltered. In this
case the equation for mass determination should be modified
to exclude structure factor contributions and will be

_ 10N,
Cu(Apv)?

The estimated precision of determinations from the forward
scattering is about 10%. Contributions to the errors are
mainly from the absolute scale determination of /(0) and
from uncertainties in the calculations of the scattering length
densities. Although the density measurements are very pre-
cise (better than 0.5%), its contribution to the contrast (Ap)
is based on differences of typically 10% between the scatter-
ing density of the polymer and the solvent thus increasing
the error. Also, there is some degree of uncertainty also in
the calculation of the scattering length density due to the
dissociation of counterions. In fact fully dissociated counter-
ions will not contribute to the scattering from the polymer,
but will give a small but significant change of the solvent
scattering length density (for dilute polymer solutions), how-
ever, the effect is not trivial to take into account.

(11)

w
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Additionally, even though it is possible to obtain both Mn
and M,, from SAXS, it is not advisable to calculate PDI values
from those, as they are approximate values only and as the
two determinations are affected by very different error sour-
ces. In contrast, separation techniques such as AF4 give
access to the entire distribution, and M,,, M, are thus influ-
enced in the same way by systematic errors so that the PDI
as the ratio between them is more reliable.

The values obtained from the different determinations are
shown in Figure 3 for both homopolymers and partially
charged block copolymers with masses in the range from
4000 to 30,000 gmol ! Tables with the numerical
mass values can be found in the Supporting Information,
Section S3.

The figure shows the masses estimated using the proposed
method agrees well with the results obtained by other tech-
niques, thus giving an accurate estimate of the polymer
masses. Comparing the results, we see that the discrepancy
for all peak-position estimates is always within 10% of the
mass value. Interestingly, this always corresponds to an
underestimation of the mass value, possibly suggesting that
the structural defects are mostly vacancies.

It is interesting to note that for the block copolymers less
than one fourth of the repeat units were actually charged.
This combined with the fact that the determination is virtually
independent of the polymer architecture, extends the applic-
ability of the technique to a wide range of complex linear or
branched polyelectrolytes as well as to small charged particles
(of a size within the q range of the instrument, in most cases
between 1 and 100 nm). Even though we limited our work to
strongly charged polyelectrolytes, the proposed method could
also be applied to weak polyelectrolytes, at least as long as
they are in a highly charged state and thus show a repulsion
peak.

Another important aspect is that using this method the
masses were determined within 20-30 min from when the
sample was prepared. The results demonstrate that the pro-
posed method based on SAXS peak positions analysis consti-
tutes an accurate, simple and useful way for estimating the
molecular masses of polyelectrolytes, proving that it as a
good complement to the existing methods.

M&%‘%},} WWW.MATERIALSVIEWS.COM
|

WWW.POLYMERPHYSICS.ORG

COMMUNICATIONS

ACKNOWLEDGMENTS

The authors greatly appreciate the financial support of the
European Commission through the NanoS3 project (Grant No.
290251) of the FP7-PEOPLE-2011-ITN call. The main author is
also thankful to Stefano Crespi from the University of Pavia, for
the positive discussion on NMR and associated precisions.

REFERENCES AND NOTES

1 S. R. Holding, E. Meehan, Molecular Weight Characterisation
of Synthetic Polymers; Ismithers Rapra Publishing, Shrews-
bury, 1995.

2 E. Altuntas, U. S. Schubert, Anal. Chim. Acta. 2014, 808, 56—
69.

3 Q. Zhang, A. Weng, Y. Meng, T. Ning, H. Yang, L. Ding, X.
Xiao, X. Li, Anal. Chem. 2015, 87, 9810-9816.

4 M. G. Neira-Veldzquez, M. T. Rodriguez-Hernandez, E.
Hernandez-Hernandez, A. R. Y. Ruiz-Martinez, In Handb. Polym.
Synth. Charact. Process; E. Saldivar-Guerra, E. Vivaldo-Lima;
Wiley, Hoboken, New Jersey 2013; pp 355-366.

5R. F. Gould, In Polym. Mol. Weight Methods; American
Chemical Society, Washington D.C. 1973; Vol. 125, pp i-iv.

6 J. S. Pedersen, J. Appl. Crystallogr. 2004, 37, 369-380.

7 A. Schwamberger, B. De Roo, D. Jacob, L. Dilemand, L.
Bruegemann, J. W. Seo, J. P. Locquet, Nucl. Instrum. Methods
Phys. Res. B 2015, 343, 116-122.

8 B. Chu, B. Hsiao, Chem. Rev. 2001, 101, 1727-1761.

9 A. Radzvilavilius, E. Anisimovas, J. Phys. Condens. Matter.
2011, 23, 075302.

10 E. Wigner, Phys. Rev. 1934, 46, 1002-1010.

11 R. Simha, H. L. Frisch, in Rheology I; New York Academic
Press, New York 1956.

12 Q. Ying, B. Chu, Macromolecules 1987, 20, 362-366.

13 R. Borsali, M. Rinaudo, L. Noirez, Macromolecules 1995, 28,
1085-1088.

14 M. A. Behrens, A. L. Kjgniksen, K. Zhu, B. Nystrom, J. S.
Pedersen, Macromolecules 2012, 45, 246-255.

15 Y. Li, R. Beck, T. Huang, M. C. Choi, M. Divinagracia, J.
Appl. Crystallogr. 2008, 41, 1134-1139.

16 D. Orthaber, A. Bergmann, O. Glatter, J. Appl. Crystallogr.
2000, 33, 218-225.

17 K. Zhu, H. Jin, A. L. Kjgniksen, B. Nystrom, J. Phys. Chem.
B 2007, 111, 10862-10870.

18 C. Sommer, J. S. Pedersen, P. C. Stein, J. Phys. Chem. B
2004, 108, 6242-6249.

JOURNAL OF POLYMER SCIENCE, PART B: POLYMER PHYSICS 2016, 54, 1913-1917

1917



	l
	l
	l
	l

