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A size-exclusion chromatography (SEC) method in N,N-dimethylformamide containing 0.1 M LiNOs is
shown to be suitable for the determination of molar mass distributions of three classes of perfluorosul-
fonated ionomers, including Nafion®. Autoclaving sample preparation is optimized to prepare molecular
solutions free of aggregates, and a solvent exchange method concentrates the autoclaved samples to
enable the use of molar-mass-sensitive detection. Calibration curves obtained from light scattering and
viscometry detection suggest minor variation in the specific refractive index increment across the molec-
ular size distributions, which introduces inaccuracies in the calculation of local absolute molar masses
and intrinsic viscosities. Conformation plots that combine apparent molar masses from light scatter-
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Nafion® ing detection with apparent intrinsic viscosities from viscometry detection partially compensate for the
Molar mass variations in refractive index increment. The conformation plots are consistent with compact polymer
Light scattering conformations, and they provide Mark-Houwink-Sakurada constants that can be used to calculate molar
Viscometry mass distributions without molar-mass-sensitive detection. Unperturbed dimensions and characteristic

Conformation
Unperturbed dimensions

ratios calculated from viscosity—-molar mass relationships indicate unusually free rotation of the perflu-
oroalkane backbones and may suggest limitations to applying two-parameter excluded volume theories

for these ionomers.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Polyfluorosulfonated ionomers are copolymers of tetrafluo-
rethylene and sulfonic acid-functionalized (SO3H) perfluorinated
vinyl ethers. DuPont™ developed and commercialized the first
perfluorosulfonated ionomer, Nafion® [1], in the mid 1960s. Sub-
sequently, other companies introduced related materials including
those shown in Scheme 1. Nafion was originally used in spacecraft
fuel cells, and later found applications as membrane materials for
the electrolysis production of chlorine and sodium hydroxide, in
the production of high purity oxygen and hydrogen, in super-acid
catalysis, in the purification of precious metals, in sensors and in
a variety of electrochemical applications. Studies on the structure,
properties and applications of perfluorosulfonated ionomer mem-
branes were reviewed in 1996 [2] and the state of understanding of
Nafion was reviewed in 2004 [3]. In recent years the greatest inter-
est in perfluorosulfonated ionomers has again been for use in fuel
cells as a proton conducting polymer in the electrode and separator
membrane layers.
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The perfluorinated portion of these ionomers imparts excep-
tional thermal and chemical stability, while the ionic functionality,
introduced by the conversion of pendant sulfonyl fluorides (-SO,F)
to -SO3H groups, results in solid-state morphology that pro-
vides high proton conductivity. The copolymer composition is
expressed in terms of equivalent weight (EW), equal to grams
of ionomer per mole of sulfonic acid groups. EW values typically
range between EW =650-1100. Depending on ionomer structure,
this corresponds to 13-21 mole% (33-57 wt%) of functionalized
comonomer. lonomer dispersions are prepared at elevated tem-
peratures and pressures at 5-28 wt% ionomer in water/alcohol or
water alone. The dispersions can then be cast into membrane mate-
rials. Moore and Martin [4] discovered that membrane materials
fabricated by simple air drying of Nafion dispersions were soluble
in common organic solvents. If instead the dispersion was solvent-
exchanged using DMSO or DMF, taken to dryness and then heated at
temperatures greater than 100 °C, insoluble membranes with good
mechanical properties were obtained.

Aqueous/alcohol perfluorosulfonic acid dispersions of the
ionomers form rod-like [5,6] and ribbon-like [7] aggregate struc-
tures with perfluorocarbon cores and dissociated sulfonic acid ionic
groups exposed to the solvent phase [8]. The influence of ionomer
molar mass on the aggregate structure, which in turn influences
membrane solid-state morphology, is not fully understood. This


dx.doi.org/10.1016/j.chroma.2011.06.078
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:thomas.mourey@kodak.com
dx.doi.org/10.1016/j.chroma.2011.06.078

5802 T.H. Mourey et al. / J. Chromatogr. A 1218 (2011) 5801-5809

C2 —CF,CE, )« ‘TFCFZW
OCF,CF,S0;H

Nafion ——(CECE)RACFCE);-
\

OCECFOCF,CR,SO;H
CF,

C4 ‘(CF2CF2)IT(C‘FCF2)T
OCF,CF,CF,CESO; H

Scheme 1.

may be attributed partially to the lack of molar mass information;
these ionomers do not form molecular solutions readily in solvents
commonly used for SEC and other forms of polymer dilute solution
characterization.

There have been only three reports of SEC of perfluorosulfonated
ionomers to our knowledge. Curtin and Lousenberg examined
Nafion dispersions by SECin DMF with light scattering detection [9],
and Lousenberg subsequently examined the SEC behavior of Nafion
using DMSO with surfactants and an amine as eluent modifiers [10].
A pronounced shoulder was observed in SEC chromatograms at
early retention volumes in both DMF and DMSO eluents for disper-
sion samples that were diluted directly with SEC sample solvent.
The shoulder mostly disappeared only after the ionomer disper-
sions were subjected to autoclaving at temperatures in excess of
230°C prior to SEC analysis, and the authors mentioned that a
small persistent prepeak remained observable in light scattering
chromatograms. Autoclaving is an established procedure for break-
ing aggregate structure and dissolving Nafion membranes that was
first introduced by Martin et al. [11]. The specific refractive index
increment (dn/dc) of Nafion in both DMF and DMSO is small, result-
ing in weak differential refractive index (DRI) and light scattering
(LS) detector signals. Only one ionomer (Nafion with EW =1000)
was examined and details of the autoclaving procedure were not
provided.

Another example of SEC of a perfluorosulfonated ionomer was
described as part of a study of membrane degradation [12]. Mem-
branes made from Flemion SH50 (Asahi Glass Company) were
dissolved in 80/20 wt% ethanol/water with heating at 120°C for
16 h. The SEC eluent was methanol containing 50 mM LiCl and the
columns were TSK-Gel «-2500 and «-M at an unspecified tempera-
ture, and only DRI detection was used. One appealing aspect of this
method is that it used a lower dissolution temperature.

This work examines more closely the sample preparation and
chromatographic conditions required to obtain true size-exclusion
separations of perfluorosulfonated ionomers. The result is a multi-
detector SEC method that includes for the first time differential
viscometry (DV) detection as well as LS detection. The method is
applicable to three different perfluorosulfonated ionomer classes
and it provides new information on ionomer conformation in dilute
solution.

2. Experimental
2.1. Materials

Nafion perfluorosulfonic acid dispersions were obtained from
E.I. du Pont de Nemours and Company (Wilmington, DE). C2 dis-
persions were obtained from Solvay S.A. (Brussels, Belgium). C4
dispersions were obtained from 3M Corporation (St. Paul, MN).

Table 1
Perfluorosulfonated ionomers.?

Ionomer Class EWP Solids H,0 n-PrOH EtOH Supplier
D2020 lot#1 Nafion 950 21.6 435 56.5 0.0 DuPont
D2020 lot#2 Nafion 1000 21.7 425 575 0.0 DuPont
D2021 Nafion 1030 20.3 442 558 0.0 DuPont
D83-20B Cc2 830(nom) 19.9 1000 0.0 0.0 Solvay

3MIowEW (4
3MhighEW C4

825(nom) 18.6 100.0 0.0 0.0 3M
980(nom) 16.3 100.0 0.0 0.0 3M

@ Solids and solvent fractions are listed as (w/w) %.

b Equivalent weight (g/mol) is measured by NaOH titration in aqueous NaCl solu-
tion; the nominal EW is reported for three dispersion samples where mineral acid
was also present in solution.

Chemical structures are provided in Scheme 1, and the product
names, solids content and solvent compositions are listed for these
commercial dispersions in Table 1.

2.2. SEC

The SEC system is an Agilent (Santa Clara, CA) 1100 series
isocratic pump, autosampler and two-wavelength spectrophoto-
metric detector, an Agilent (formerly Precision Detectors) PD2020
two-angle LS detector, a Malvern (Worchestershire, UK, formerly
Viscotek) Model 270 DV detector and a Waters Corporation (Mil-
ford, MA) Model 410 DRI detector. The DV and DRI were in a parallel
configuration after the spectrophotometric and LS detectors. Three
Agilent (formerly Polymer Laboratories) Olexis 7.5 mm x 300 mm
columns at 35.0 °C were used with N,N-dimethylformamide (DMF,
Omnisolv HPLC grade purchased from EMD Chemicals Gibbstown,
NJ) containing 0.1 M LiNOs. The eluent was pre-filtered using
0.22 pm Millipore (Billerica, MA) GS filters. The nominal flow rate
was 1.0 mL/min and the actual flow rate was determined from the
retention volume in the 270 nm UV chromatogram of 0.2% acetone
added to the samples as a flow marker. The columns were calibrated
with 15 PMMA narrow standards from Agilent (formerly Poly-
mer Laboratories) with molar masses between 580 and 1,400,000.
Injection volumes were 100 wL and the optimum injected sam-
ple concentration for samples not subjected to a special solvent
exchange procedure discussed below was ~0.5 mg/mL.

The wavelength of the LS detector laser diode is 680 nm. The
specific refractive increment (dn/dc) of PMMA at 680nm was
estimated to be 0.062 mL/g by extrapolating the dn/dc values of
Michtle and Fischer [13] for PMMA in DMF at wavelengths between
435.8nm and 643.8 nm using the Cauchy relation [14]. The peak
area response factor of the DRI detector was calculated from PMMA
narrow standards and the dn/dc values of perflourosulfonated
ionomers were then estimated from their integrated DRI detec-
tor responses. The estimated values of dn/dc were independent of
sample concentration. The light scattering detector was calibrated
withisotropically scattering PMMA standards of known molar mass
assuming dn/dc=0.062.

2.3. Sample dissolution

A procedure suitable for the three classes of perfluorosulfonated
ionomers shown in Scheme 1 involved diluting ionomer disper-
sions, which are typically 5-28 wt% solids in water or water/alcohol,
to a concentration of ~0.1 wt% in 80/20 n-propanol/water (v/v).
The original dispersion percent solids and the actual concentra-
tions of the diluted samples were determined gravimetrically. Solid
ionomers have densities as high as 2g/cm3, so dispersions and
solutions were shaken thoroughly during all dilution and transfer
steps to ensure homogeneous sampling. Immediately after mixing
thoroughly, 8-10mL of each diluted solution were transferred to
a poly(tetrafluorethylene) (PTFE)-lined high-strength acid diges-
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tion bomb (model 4746) from Parr Instrument Company (Moline,
IL). The Parr bombs were tightened by hand, placed in an oven,
heated from 30 to 230°C at 5°C per min, and then held for 6 h.
Total autoclaving time, including the oven temperature ramp time,
was 6 h and 40 min. Due to the metal mass of the bomb vessels,
several hours were required to cool the vessels down to room tem-
perature. The bomb vessels were disassembled and the autoclaved
solutions were transferred to 20 mL screw cap vials with PTFE-lined
caps. The autoclaved solutions were diluted 1:1 (w/w) with SEC
sample solvent to give the SEC sample injection concentration of
~0.5 mg/mL.

3. Results and discussion
3.1. SEC optimization

A starting point for the selection of a SEC eluent is to min-
imize the differences between the solubility parameters of the
solvent and the column packing and between the solvent and
the solute. This is a bit more complicated for perfluorosulfonated
ionomers because they have two solubility parameters. In the
case of Nafion with EW =1200, Yeo [15] determined the cohesive
energy density from swelling and calculated a solubility parame-
ter §; ~ 9.68 (cal/cm3)/2 for the tetrafluoroethylene segments and
a second solubility parameter 8, ~16.71 (cal/cm3)'/2 for the sul-
fonic acid functionalized comonomer units. The solvents selected
by Lousenberg [10] (DMF §=12.1 and DMSO 6=12.0) have solu-
bility parameters between the two Nafion values, but closer to §;.
Both solvents have larger solubility parameters than polystyrene
(6=9.1) which is the most common SEC packing for organic elu-
ents. The solubility parameter of methanol (§=14.5) selected by
Hommura et al. [12] is closer to §,. The solubility parameter of the
a-M columns used by Hommura is unknown but the hydroxylated
methacrylate structure is expected to have a solubility parameter
closer to §, than &;. Based on this information, some observations
on solvent selection attempts can be partially interpreted.

Nafion with EW 950 did not elute from a single «-M column
and methanol/50 mM LiCl eluent using the dissolution procedure
of Hommura et al. [12]. We did not examine the same ionomer
(Flemion) studied by Hommura, and we applied the procedure to
a dispersion rather than a cast membrane. It suggests, however,
that their dissolution protocol and SEC conditions are not gener-
ally applicable to a variety of ionomers. The eluent and column
solubility parameters chosen by Hommura are closer to that of the
sulfonic acid-functionalized comonomer, which is 33-57 wt% of the
copolymer composition. We also attempted to dilute autoclaved
and non-autoclaved Nafion (EW=950) with another common
SEC solvent, 1,1,1,3,3,3-hexafluoro-2-propanol, with a solubility
parameter 6=17.98 that is slightly greater than §,. Upon careful
observation, it was determined that the ionomer sank to the bottom
of the vial as a clear insoluble gel phase that could not be exam-
ined by SEC. These observations suggest that matching solubility
parameters to d, does not appear to lead to robust dissolution and
SEC conditions. More closely matching the solubility parameter of
the eluent to §1 and to the solubility of polystyrene column packing
material (6 =9.1) as is the case with DMF and DMSO, would appear
to be a more generally applicable choice.

The addition of lithium salts to DMF SEC eluent is a common
practice that arose from early studies on poly(acrylonitrile)s [16].
Aggregate structures create early eluting shoulders and prepeaks
in SEC chromatograms [17] that are suppressed by the addition of
low concentrations, e.g. 0.01 M, of LiBr or LiNO3. None of the per-
fluorosulfonated ionomers eluted from the SEC columns using DMF
containing 0.01 M LiNOs. Increasing the salt concentration to 0.1 M
LiNOj resulted in complete and reproducible elution of all samples.
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Fig. 1. Chromatograms for Nafion D2020 lot#1 EW =950 (a) DRI, not autoclaved
(b) DRI, autoclaved (c) 90° LS, autoclaved (d) 90° LS, not autoclaved. Autoclave
concentration is 0.1 wt% in 80/20 n-propanol/water (v/v), 0.5 mg/mL injection con-
centrations.

We were able to cycle ionomer elution on and off by increas-
ing and decreasing salt concentration from 0.1 M to 0.01 M LiNO3
several times, confirming that higher salt concentration was essen-
tial for elution. The nature of the enthalpic interactions between
the ionomers and the polystyrene packing material is unknown,
but the influence of salt suggests involvement of the sulfonic acid
comonomer groups rather than the CF, segments.

Samples that are diluted directly with SEC sample solvent (not
autoclaved) also elute from Olexis columns with DMF/0.1 M LiNO3
although all three ionomer classes exhibit early eluting shoulders
indicative of aggregate structures. The chromatograms of sam-
ples diluted directly also exhibited abnormal late elution [18-20]
with the light scattering detector measuring large molecules at
longer than expected retention volumes. Examples of DRI and LS
chromatograms for autoclaved and non-autoclaved Nafion with
EW =950 are shown in Fig. 1. The u-shaped log M calibration curve
symptomatic of late elution calculated from LS detection for the
non-autoclaved sample is compared to a more normal looking
calibration curve for autoclaved material in Fig. 2. The u-shaped
calibration curve can also be a symptom of enthalpic interactions
of the sample with the column packing. Linear rather than u-shaped
calibration curves for autoclaved samples along with reproducible
chromatograms after multiple sample preparations and injections
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Fig. 2. Calibration curves from LS detection for Nafion D2020 lot#1 (a) autoclaved
and (b) not autoclaved. Sample preparation conditions same as Fig. 1.
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is additional evidence that 0.1 M LiNO3 largely eliminates sample
adsorption to the column packing.

3.2. lonomer dissolution

The dissolution procedure originally developed by Martin et al.
[11] autoclaved 1 wt% ionomer in 50/50 water/n-propanol or 50/50
water/ethanol (v/v) at 250°C for 1 h. We were unable to obtain LS
chromatograms without prepeaks at 1 wt% ionomer concentration
using 50/50 n-propanol/water (v/v) with autoclaving at 260 °C for
1 h, but had some success using 50/50 water/n-propanol (v/v) and
a lower temperature (230°C) with longer dissolution time (6h).
These conditions resulted in a coacervate phase for all ionomers,
with the bottom phase having higher polymer concentration than
the top. The molar mass distributions of the polymers from the
two phases were similar. Di-n-propyl ether, 1,1-dipropoxypropane
and substantial amounts of propene were identified by GC-MS in
the autoclaved solutions. The formation of ethers from autoclaving
in water—alcohol mixtures was reported by Martin et al. [11] and
in a dispersion preparation patent [21], but there is no mention
of propene generation. The two-phase autoclaved samples were
shaken vigorously before dilution with the SEC sample solvent,
resulting in visually clear DMF/0.1 M LiNOs3 solutions. Only small
prepeaks were observed in LS chromatograms for Nafion with EW
950-1000 but C2 EW 830 and C4 EW 825 exhibited large leading
shoulders and prepeaks that indicated aggregate chains remained.
Increasing the n-propanol/water ratio to 80/20 (v/v) generally led to
less evidence of persistent aggregates, particularly in C4 ionomers,
but ionomer aggregates were still detected in several ionomer dis-
persions at 1 wt% autoclaving concentration.

Two phases were obtained for 3M-high EW (C4) for autoclav-
ing concentrations greater than 0.2 wt% in 80/20 propanol/water
(v/v), whereas completely clear solutions were obtained at 0.1 wt¥%.
Evidence for aggregates at the higher autoclaving concentrations
was not easily detected in DRI chromatograms (Fig. 3) but was
readily observed in LS chromatograms (Fig. 4). We also noted
that increasing amounts of gaseous product, presumed to include
propene, formed at C4 autoclaving concentrations of 0.2 wt% and
greater in 80/20 propanol/water (v/v), and created enough pres-
sure to pop the tops off the internal PTFE chambers when the
cooled bomb apparatus was disassembled. No appreciable pres-
surization of the cooled bombs was observed at 0.1 wt% ionomer
concentration, which we attribute to less -SO3H acid-catalyzed
n-propanol chemistry at lower ionomer concentration. We thus
arrived at an optimized autoclaving condition for all three perflu-
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Fig. 3. C4 3 M high EW DRI chromatograms (a) 0.1, (b) 0.2 and (c) 0.4 wt% autoclave
concentrations.
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Fig. 4. C4 3M high EW 90° light scattering chromatograms (a) 0.1, (b) 0.2 and (c)
0.4 wt% autoclave concentrations.

orosulfonated ionomer classes that uses 80/20 n-propanol/water
(v/v)with 0.1 wt% ionomer concentration. Parenthetically, the opti-
mized autoclaving concentration is near the overlap concentration
c*~1mg/mL reported by Lee et al. in methanol/water [22].

Reproducible chromatograms were obtained for samples auto-
claved multiple times using the optimized conditions. lonomers
autoclaved at a higher temperature but for a shorter time (260 °C for
3 h) resulted in chromatograms nearly identical to those obtained
using the optimized conditions, but with minor amounts of per-
sistent aggregates observed in light scattering chromatograms.
Together, these two observations suggest minimal or no degrada-
tion of the ionomers at the optimized autoclaving conditions.

It was claimed recently that molecular solutions are obtained in
pure DMF and DMAc after Nafion (EW =1100) water/alcohol dis-
persions are evaporated and dried at 60°C under vacuum [23,24].
Evidence for molecular solutions was inferred from the size and
shape of individual particles observed by TEM of frozen solutions.
The weight-average molar mass measured by static light scattering
was reported as ~255,000 for EW 1100 Nafion, which is in rea-
sonable agreement with our results and those of Lousenberg. Liu
et al. [23] examined solutions from 0.1 to 2 mg/mL in pure DMF
and DMAc and reported a low second virial coefficient and small
root-mean-square radius (22.2 nm) in DMF, consistent with a com-
pact conformation in this solvent. Our SEC chromatogram obtained
from dried Nafion ionomer with EW=1000 that was redissolved
in the SEC eluent was intermediate in size between the autoclaved
and directly diluted (not autoclaved) Nafion dispersion (Fig. 5). Evi-
dence for extensive aggregation after using this sample preparation
method was also observed for a Nafion with EW 950. Although
Liu’s findings of molecular solution in DMF appear to contradict
our results, it must be qualified that the solvents are not the same,
i.e. the SEC eluent contains 0.1 M LiNO3 whereas Liu’s experiments
were in pure DMF.

3.3. Strategies for increasing SEC detector signals

The autoclaved 0.1 wt% solutions were diluted 1:1 (w/w) with
SEC sample solvent to avoid a complete mismatch of the injected
sample solvent with the eluent. This still results in large solvent
peaks and detector signal disruptions in the system peak region.
It also introduces relatively low injection concentrations of poly-
mer (0.5mg/mL). The DRI and LS detector signals are particularly
weak at this concentration because of small specific refractive index
increments (between —0.02 and —0.04 mL/g), and the viscometry
detector signals are weak because of the low intrinsic viscosities
of these ionomers. We have had success increasing sample con-
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Fig. 5. DRI chromatograms for D2020 lot#2 EW=1000 (a) autoclaving sample
preparation, (b) dispersion taken to dryness and then redissolved with SEC sample
solvent and (c) direct dilution of dispersion with SEC sample solvent.

centrations by solvent exchange, akin to the method of Moore and
Martin [4]. In this method, 1g of SEC sample solvent is added to
3g of 0.1wt% 80/20 n-propanol/water autoclaved solution. The
mixed solvent is then partially evaporated with a nitrogen stream
to approximately 1.5 g. The lower boiling n-propanol and water are
preferentially removed while the sample concentration is increased
to ~2 mg/mL. The resulting chromatograms show no evidence of
aggregate prepeaks or shoulders in light scattering and viscome-
try detector signals and the shapes of normalized chromatograms
are identical to those obtained on samples that are not concen-
trated by solvent exchange. The procedure is somewhat tedious and
requires careful weighing of solutions before and after evaporation
to obtain accurate injected sample concentrations. It is also limited
to concentrating samples to between 2 and 4 mg/mL depending on
ionomer structure, above which re-aggregation occurs. The advan-
tages are a 4x or better improvement of all detector signals as well
as a reduction in the water and n-propanol peaks observed in the
system peak region.

Additional strategies for increasing detector signals are possible.
The DV signal can be increased by increasing the flow rate through
the detector, although the increase will be limited by the back
pressure on the columns and the ratio of the DV and DRI detector
split. Alternative solvents such as NMP and DMSO will increase the
specific refractive index increment and improve DRI and LS detec-
tor signals accordingly, but these solvents also may introduce new
complications including the need for elevated temperatures.

3.4. Calculation of molar mass distributions

The calculation of molar mass distributions by light scattering
and viscometry detection requires concentrating the autoclaved
samples by solvent exchange. Results are provided in Tables 2 and 3.
The polymers exhibit little or no light scattering angular dissym-
metry. Either the 90 or 15° detector signal can be used to calculate
local molar masses, but the root-mean-square radii cannot be cal-
culated for near-isotropic scatterers. The 90° signal is preferred
because of better signal-to-noise. Calculating the specific refrac-
tive index increment from the calibrated DRI detector response is
complicated by differences in light source wavelengths, although
it has been demonstrated that calculation of dn/dc at a different
wavelength (930 nm pulsed LED for the Waters 410 used in this
work) than the light scattering photometer (680 nm for the PD
2020 LS detector) provides acceptable approximations of dn/dc and
molar mass calculation [25]. Values of dn/dc are rational compared
to Lousenberg’s reported value dn/dc=-0.059 mL/g for Nafion in

Table 2

Light scattering detection.?
lonomer My My, M, dn/dc (mL/g) M., (no DRI)®
D2020 lot#1 184,000 311,000 481,000 -0.033 313,000
D2020 lot#2 190,000 347,000 622,000 -—0.030 349,000
D2021 173,000 329,000 603,000 -0.032 331,000
D83-20B 261,000 517,000 906,000 —0.026 516,000
3Mlow EW 188,000 360,000 605,000 —0.028 365,000
3M highEW 180,000 331,000 597,000 -0.029 333,000
CV(%)n=4 35 2.5 6.5 1.8 2.4

2 Samples solvent exchanged.
b Calculated without the DRI detector from the area of the R(9) chromatogram
and the mass of sample injected.

Table 3

Viscometry detection and Universal Calibration.?
lonomer My My M, [n] (dL/g)
D2020 lot#1 198,000 311,000 535,000 0.098
D2020 lot#2 196,000 322,000 467,000 0.095
D2021 217,000 319,000 463,000 0.081
D83-20B 225,000 373,000 605,000 0.202
3M low EW 220,000 336,000 499,000 0.149
3M high EW 168,000 290,000 434,000 0.095
CV (%)n=4 6.7 3.0 5.9 35

2 Samples solvent exchanged.

DMSO [10]. The latter value was calculated from the calibrated
response of a Waters 2410 DRI (we presume it uses an 880 nm
source) and is more negative in approximately the correct amount
in the slightly higher refractive index solvent, DMSO, than our val-
ues in DMF/LiNOs. Liu et al. [23] reported dn/dc=0.0196 mL/g for
Nafion in DMF at 514 nm, which is directionally different (posi-
tive) relative to our values based on the wavelength dependence
for dn/dc, but may reflect the difference between refractive indices
of DMF/0.1 M LiNO3 and pure DMF.

The coefficients of variation (CV%) reported in Tables 2 and 3
are sample standard deviations divided by the means times 100 for
two samples autoclaved 4 separate times and analyzed in duplicate.
The agreement between molar mass averages calculated by light
scattering and viscometry detection with Universal Calibration pre-
sented in Tables 2 and 3 could mislead one into believing that the
two methods are in perfect agreement. Calibration curves contain
more information. Fig. 6 shows “apparent” calibration curves for
a C4 perfluorsulfonated ionomer. The two curves should superim-

(b)

(a)

logM

4 L L
20 21 22 23

Retention Volume (mL)

Fig. 6. Apparent log M calibration curves for 3M-high EW (C4) using (a) molar mass
values calculated from the viscometry detector and the Universal Calibration curve
and (b) molar mass values from light scattering detection.
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pose if Universal Calibration applies and local concentrations are
correctly calculated from the normalized DRI detector response.
The crossing of the apparent curves was evident to the same or
lesser degrees in all of the ionomers examined. Some conforma-
tion plots of log M —log [n] from viscometry detection where M is
calculated from the Universal Calibration curve exhibited curvature
and regions with average slopes between 0.8 and 1, unreasonably
high for linear, high-molar-mass polymers with comparatively low
intrinsic viscosities. Incorrect interdetector volumes and excessive
axial dispersion can cause similar calibration curve mismatches and
false conformation plots, but these possibilities are ruled out by
first obtaining superposition of the log M calibration curves from
viscometry and light scattering detection for a broad distribution
PMMA homopolymer on the PMMA narrow standard calibration
curve [26].

The mismatched calibration curve problem shown in Fig. 6
can have several origins, but the most common for copolymers
is variation in dn/dc across the molecular size distribution caused
by comonomer compositional drift. For polymers with very small
dn/dc, the variation in absolute units of dn/dc across the molecular
size distribution need only be small to have an effect on the cal-
culation of concentration at each retention volume, resulting in an
incorrect or apparent molar mass. The apparent local molar mass
Mg, ; at each retention volume i for viscometry detection is

log MBV,:’ =log J; — log (77;1;,1> @)
1

where J; = Mj[n]; is the hydrodynamic volume at retention volume
i, obtained from the Universal Calibration curve, and nsp ;/c; = [n]f
is an apparent intrinsic viscosity calculated from the specific vis-
cosity ns,; measured by the viscometry detector and the apparent
concentration ¢; from the normalized DRI detector response. An
analogous equation for the apparent molar mass from light scatter-
ing for a near-isotropic scatterer with particle scattering function
equal to unity, and assuming the concentration is sufficiently low
to ignore virial terms is

R(0)i

log M. . =log ————
b k(dn/dcx)cr

(2)
for Rayleigh scattering R(0); at retention volume i. The constant k'
is the light scattering optical constant, less (dn/dc*)2. In theory, a
corrected concentration and specific refractive index increment at
each retention volume can be obtained by equating Eqgs. (1) and
(2) and minimizing the sum of the squares of the residuals by non-
linear optimization code such as the Solver Excel add-in. The local
concentrations are thereby corrected across the chromatogram by
accounting for a variation in dn/dc. The estimation of dn/dc and c can
only be performed over the data range for which adequate DRI, LS
and DV signals are available. In practice, this range can be as small as
half the width of the DRI chromatogram. There also is the possibility
of more than one solution depending on the optimization proce-
dure and parameters. We applied this approach to the ionomer
chromatograms and calculated corrected DRI chromatograms that
were not much different than the original chromatograms, par-
tially because the variation in dn/dc across the limited data range
appeared to be small.

A simpler alternative to compensate for minor variation in dn/dc
across the chromatogram relies on the recognition that the appar-
ent concentration ¢/ is in the denominator of both Egs. (1) and (2). A
conformation plot that useslog M;fs, ; fromlightscattering detection
with log [1]; from viscometry detection results in the cancellation
of c*in the ordinate and abscissa values, and thereby provides par-
tial rotation of the plot. The slope of the apparent conformation plot
using MBv,i calculated from viscometry detector and the Universal
Calibration curve is a=0.846 (Fig. 7), whereas the slope of the plot
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Fig. 7. Conformation plot for 3 M high EW (C4) using (a) molar mass values from the
viscometry detector and the Universal Calibration curve and (b) molar mass values
from light scattering detection.

using MZ‘S, ; from light scattering detection on the abscissa and [7];
values from viscometry detection on the ordinate is 0.646. The lat-
ter is certainly more rational for polymers with comparatively low
intrinsic viscosities. The linearity of the plots is also improved for
most ionomers when plotting light scattering molar masses on the
abscissa, which is additional evidence that the origin of the calibra-
tion curve mismatch problem is likely variation in dn/dc across the
chromatogram. The calibration curves are rotated closer to correct,
but they are recognized as inexact because the plotting procedure
does not account for the variation in (dn/dc*); used by Eq. (2).

Mark-Houwink-Sakurada constants from the conformation
plots obtained by combining viscosities with molar masses from
light scattering detection allow the use of a familiar equation to cal-
culate absolute molar masses from a narrow standard calibration
curve and a concentration detector,

1
log My = 1/(1+a2)log (K1 /K2) + 1 121 log M; 3)
2

where the subscript 1 refers to the narrow standard polymer, e.g.
PMMA, and subscript 2 is for the perfluorosulfonated ionomer. Eq.
(3) assumes that Universal Calibration is valid. Table 4 contains the
molar mass averages calculated from the PMMA calibration curve
and the DRI detector using Eq. (3) and the constants are provided in
the last two columns of the table. The values for PMMA with molar
masses greater than 10,000 are a;=0.711 and K;=9.117 x 1073
(dL/g) in DMF/0.1 M LiNOs3 at 35.0°C. The molecular weight aver-
ages are for samples that were not solvent exchanged, and each
sample was prepared at least twice and injected in duplicate. The
coefficients of variation for molecular weight averages provided at
the bottom of the table were obtained from duplicate SEC measure-
ments of D2020 lot #1 samples autoclaved 7 times over a 10-month
period. This is a worst case estimate of reproducibility; precision

Table 4
Mark-Houwink calculation method.?

Jonomer M, My M, a K x 10° (dL/g)
D2020 lot#1 193,000 319,000 515,000 0.684 1.794

D2020 lot#2 204,000 339,000 551,000 0.666 2.080

D2021 211,000 333,000 53,0000 0.673 1.646
D83-20B 232,000 436,000 748,000 0.596 8.638

3M low EW 211,000 357,000 547,000 0.678 2.675

3M high EW 194,000 316,000 495,000 0.646 2.706

eV (%)n=7 42 42 52

2 Samples not solvent exchanged (concentration =0.5 mg/mL).
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Fig. 8. Differential weight fraction molar mass distributions for three classes of per-
fluorosulfonated ionomers using Eq. (3). (a) Nafion D2020 lot#1, (b) C2 D83-20B and
(c) C4 3M low EW.

is improved for samples run over a short timeframe, i.e. within a
fews days of one another. The advantages to the Eq. (3) method
are that only a concentration detector is needed and the shapes
of molar mass distributions are highly repeatable. Concentration
of the samples using the solvent exchange step is also not nec-
essary, but weak DRI signals make baseline setting less certain
and may contribute to larger long term variability in molecular
weight averages. The error introduced by using the DRI detector
response without correction for dn/dc across the chromatogram is
small but is nonetheless a disadvantage to this method. Examples
of differential weight fraction molar mass distributions calculated
by the method utilizing Eq. (3) are shown in Fig. 8 for selected
ionomers.

3.5. Polymer conformation and unperturbed dimensions

Conformation plots of the lowest EW members of the three
ionomer classes are plotted in Fig. 9. All PFSA ionomers have
lower viscosity at equivalent molar mass than linear PMMA. The
Mark-Houwink-Sakurada exponents in Table 4 are typical of linear
polymers in a fair to good solvent.

The unperturbed dimension parameter Ky=[n]o/M!/2
can be obtained from viscosity-molar mass data in a
non-theta solvent using graphical methods based on two-
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Fig. 9. Conformation plots using light scattering molar masses and viscosities for
(a) PMMA broad molecular weight distribution and three classes of ionomers, (b)
C2 D83-20B, (c) C4 3M low EW and (d) Nafion D2020 lot#1.
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Fig. 10. Viscosity-molar mass data plotted according to

Burchard-Stockmayer-Fixman Eq. (4) for (a) Nafion D2020 lot#2, (b) C2 D83-20B
and (c) PMMA broad molecular weight distribution (d) PMMA narrow standards.

used
to Burchard-Stockmayer-Fixman

parameter excluded volume theories. Two methods
frequently are attributed

[27,28]
1 _ k. 1 0.51008M1/2 (4)
M]/z =10 . 0
and Kurata-Stockmayer-Roig [29]
3 o glay,)M?/3
i =K +0.363P,B e (5)

where @, is the Flory universal parameter, B is a con-
stant and g(a;) is a function of the linear expansion factor
of molecular dimensions due to excluded volume -effects.
Experimental data indicate the Flory constant varies with
solvent and polymer and that ®5~2.5x102mol-! is an
average estimate [30,31]. Ky is obtained from the intercept
of plots of M2 vs. [p]M~12 (Eq. (4)) and M2B[n]-13 vs,
[7]2PM~13 (Eq. (5)). The mean end-to-end distance r, and
characteristic ratio C, are obtained from the following relation-
ships:

o \3
o)

rs
T N = (r,/M1/2)(m/212)

Cn (7)
or the number of bonds n of length [=0.154 nm, and monomer
molar mass m. C, reaches its asymptotic value C,, at high values
of n, typically a few hundred monomer units. The characteristic
ratio is a measure of the effect of short range interactions, which
include bond angle restrictions and steric hindrances to internal
rotation. The mean-square end-to-end distance r,s of the freely
rotating vinyl polymer chain consisting of only one kind of bond
of length I is

M 1/2
o = 0.308(5) (8)
and the ratio o=r,[ry; represents the effects of steric hin-
drance on the average chain dimensions. Smaller values of
both C, and o are indicative of increasingly free bond rota-
tion.

Examples of data plotted in the form of Eq. (4) are provided in

Fig. 10. The graphical methods apply only within prescribed upper
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Table 5
Unperturbed dimensions.

D m* Ko (dLmol'2g3R) ro /M2 (nm) G, ro/MY? (nm) o

PMMA 100.0 0.062 0.063 8.4 0.031 2.0
PMMA stds 100.0 0.058 0.061 8.0 0.031 2.0
D2020 lot#1 156.8 0.012 0.036 4.3 0.025 15
D2020 lot#2 152.5 0.011 0.036 4.1 0.025 14
D2021 149.5 0.010 0.034 3.7 0.025 14
D83-20B 127.3 0.024 0.046 5.7 0.027 1.7
3Mlow EW 163.0 0.017 0.041 5.7 0.024 1.7
3M high EW 149.1 0.012 0.037 43 0.025 1.5

2 Calculated from the weight fractions of comonomers.

limits of the molar mass-viscosity scaling exponent a, and at suf-
ficiently high molar mass. The ionomers in this study appear to
satisfy both criteria. The lack of curvature is another measure of
the applicability of the theories, and the examples of the most
and least linear of all of the data sets are presented. We also
applied graphical procedures based on alternative excluded and
first-order perturbation theories evaluated by Shashikant et al.
[32] and obtained similar estimates for Ky from all of them. The
average of Ky values obtained from Eqs. (4) and (5) are given
in Table 5 along with corresponding values of 1o, 1,5, Gy and o.
Included are values for PMMA obtained from narrow standards
and from a single broad standard using the same graphical meth-
ods. The values for PMMA compare favorably to those reported
in various solvents, C;=8.65 and o =2.08 [33], providing some
assurance that the graphical procedures can be applied to SEC
data. The unperturbed dimension data for the ionomers are sus-
piciously small. Previous estimates of the characteristic ratio of
perfluoroalkane units C,=6.3 in polyesters indicated that these
units are not much more extended than alkane chains [34], but
nonetheless the values are larger than most of the values in Table 5,
indicating exceptional flexibility in the ionomers. Likewise, char-
acteristic ratios of 7-8 estimated from light scattering of PTFE in
perfluorotetracosane also support relatively free rotation of per-
fluoroalkane backbones [35] but, again, the values are considerably
larger than values measured in this work. These previously reported
values are for PTFE-like perfluoroalkane units, which are not
completely comparable to ionomers because they lack the perflu-
orosulfonated comonomers. The comonomer content does indeed
appear to influence the unperturbed dimensions; the characteristic
ratios within the Nafion and C4 classes decrease with increas-
ing equivalent weight, i.e. free rotation increases with decreasing
amounts of the sulfonated comonomer. However, the absolute
values of the characteristic ratios would rank these ionomers as
some of the most flexible polymers known, comparable to highly
rotatable polymers containing heteroatoms such as poly(ethylene
oxide).

A possible explanation for the low values of C; and o is
only partial compensation for the variation in dn/dc across the
chromatograms by using molar masses from the light scattering
detection and intrinsic viscosities from viscometry detection in the
calculation of data in Table 5. The C, and o values are reported
to only two significant figures in Table 5 to respect this concern
despite the fact that the error in regression of data plotted in the
form given by Eqs. (4) and (5) (Fig. 10) justify three significant
figures. However, the intrinsic viscosities reported in Table 3 and
the weight-average molar masses reported in Table 2 are whole
polymer values that were obtained without the DRI detector; they
were calculated from the DV and LS detector signals alone and the
mass of sample injected. The exceptionally low viscosities of these
ionomers given their relatively high molar mass and small sizes
(recall, they are near-isotropic scatterers for the incident wave-
length 680 nm) in the SEC solvent is unmistakable. The viscosities
are also considerably lower than those of linear PMMA at the

same molar mass (Fig. 9). The low viscosities cannot be explained
by high molar mass per unit of chain contour length alone; the
data instead are more consistent with compact conformations.
The majority of our estimates for Mark—-Houwink-Sakurada expo-
nents are less than 0.7, which is likewise most consistent with
collapsed conformations. Together, the findings may be an indi-
cation that the two-parameter excluded volume theories used
to calculate unperturbed dimensions in a non-theta solvent may
not be suitable for these polymers. These theories account for
intramolecular interactions that alter the molecular dimensions
from the unperturbed state. The interactions are usually repul-
sive (excluded volume), resulting in expansion of the polymer coil
from its unperturbed Gaussian segment distribution. Perfluorosul-
fonated ionomers are unusual because of the disparate solubility
parameters of their comonomers, and it is possible that there are
attractive intramolecular forces between comonomers that also
affect polymer conformation.

4. Conclusions

The SEC method presented is suitable for three classes of per-
fluorosulfonated ionomers. The autoclaving procedure provides
molecular solutions and the solvent exchange procedure concen-
trates the samples without re-aggregation, thereby facilitating the
use of molar-mass-sensitive detection. There is evidence for minor
variation in dn/dc across chromatograms, indicative of copolymer
compositional heterogeneity. Slopes of conformation plots and
exceptionally low intrinsic viscosities are consistent with a com-
pact polymer conformation in DMF/0.1 M LiNO3. The unperturbed
dimensions calculated from SEC viscosity—-molar mass data suggest
suspiciously free rotation of the perfluoroalkane units, but given the
unusual structure and behavior of these materials, this result is an
invitation for further study.
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