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ABSTRACT

Poly(ethylene oxide) (PEO)-based electrolytes have gained increasing attention in both the
rechargeable battery industry and fundamental research, but any influence of the ions on the polymer
conformation is not fully understood. Small-angle neutron scattering (SANS) is a powerful means to
determine single polymer chain conformations. We conducted SANS experiments on 50:50 blends of dPEO
and hPEO of two different molecular weights (20 kDa and 40 kDa) doped with two different salts (LiTFSI
and LiClO,) at various concentrations. An additional measurement with Lil is also reported. Scattering
profiles of salt-doped dPEO/hPEO blends were measured, and the incoherent scattering from dPEO and
hPEO doped with salt was measured separately. A strong low ¢ upturn was observed in some of the blends
and in the pure dPEO homopolymers. The statistical segment lengths of PEO-salt mixtures were derived
using a Kratky analysis. The segment length decreases modestly with increasing amounts of LiTFSI, but
apparently first increases then decreases with added LiClO,. At the highest salt concentration examined (»
= [Li")/[EO] = 0.125), a roughly 10% decrease in statistical segment length was observed in both LiTFSI
and LiClO4-doped PEOs, for both molecular weights. This work confirms that added salt causes a
contraction of the PEO chain dimensions, but the effect appears slightly weaker than reported recently.
Certain difficulties in data analysis are also discussed, including the unexplained low ¢ scattering even in
pure deuterated polymers, uncertainties in background subtraction, and inappropriate application of the

Debye function.



INTRODUCTION

Ion-containing polymers are gaining increasing research interest for many applications,
including fuel cells, lithium ion batteries, and water treatment membranes.! The most commonly
investigated systems are electrolytes based on poly(ethylene oxide) (PEO), due to the strong ion
dissociation and rapid segmental motion in the amorphous state. lons can be introduced by adding
ionic species directly (e.g., salts or ionic liquids (ILs)) or functionalizing the polymer backbone
with charged groups.?= In this way ion-conducting polymers can be engineered to enhance both
the ionic conductivity and the ion transport selectivity. Moreover, the added charges may induce
micro- or macro-phase separation in block copolymer or polymer blends, respectively, by
increasing the segregation strength, which can result in the formation of novel nanostructures.”!?
To understand phase behavior for such systems, and ultimately to optimize ion transport, any effect
of'added ions on polymer conformations, and possible “crosslinking” of chains by association with
specific ions, needs to be better understood. However, the picture is still not clear, even in the
apparently simple case where the PEO homopolymer is solvated by ILs or doped with salt. For
example, PEO in imidazolium-based ILs exhibits an unusual LCST-type phase separation, partly
due to the hydrogen bonding between the acidic proton of the imidazolium and the ether oxygen
in PEO.!3!* This hydrogen bonding effect contributes to the relatively good solubility of PEO in
ILs. Small-angle neutron scattering (SANS) experiments show that in multiple ILs, the excluded
volume exponent v, lies between 0.55 and 0.6, and the infinite dilution radius of gyration (R,) is
moderately larger than in the PEO melts.!>¢ Interestingly, hydrogen bonds with PEO are not
always necessary to solvate PEQO; for example, lithium tetraglyme bis(trifluoromethane)
sulfonimide ([Li(G4)]TFSI) can solvate PEO due to Li*/PEO coordination.!”-!® This coordination,
sometimes considered as a transient cross-linking effect, is more apparent in PEO/salt mixtures. A
crown ether-like conformation of PEO has been proposed, as evidenced by infrared and Raman
spectroscopy and molecular dynamics (MD) simulations, which results in a decreased coil size.!%20

More specifically, R, values of neat and salt-doped PEO melts have been studied both by



simulations and experiments. By adding Lil at a salt concentration » = [Li*]/[EO] = 0.067, Borodin
and Smith found that R, decreases by ca. 15%,?! while Annis et al. found the decrease to be ca. 13%
using MD simulations (M = 530 Da).?? For the same system, Triolo, et al. only observed a slight
decrease (ca. 3%) in R, for Lil-doped PEO by SANS (M = 25,000 Da).?* In comparison, Annis et
al. observed a ca. 9% decrease by SANS for M = 25,000 Da.?? Recently, Loo et al. conducted a
more systematic study of LiTFSI-doped PEO with M = 35,000 Da, and found that R, decreases
linearly with salt addition in the range 0 < < 0.125, but then the trend reverses, and R, increases
linearly at higher salt concentrations.?* At r=0.067, the decrease is 10%, which agrees well with
the results from Annis, et al.?> Kamiyama et al. studied the PEO conformation (M = 600 Da) when
solvated in LiTFSI/IL and also observed an apparent decrease in R,.25 Collectively, it appears that
the addition of salt induces a contraction of the PEO random coil, but to different degrees,

depending on the type of the salt, salt concentration, and research method.

Here we report a systematic experimental study of the chain conformation of PEO of two
different molecular weights (20 kDa and 40 kDa) doped with two different salts (LiTFSI and
LiClO,) at various concentrations. The statistical segment length, / = (6/N)2R,, is determined by
SANS using a Kratky analysis. At the highest salt concentration (» = 0.125), a roughly 10%
decrease in statistical segment length was observed in both LiTFSI and LiClO4-doped PEOs, for
both molecular weights. Where concentrations overlap, there is a reasonable qualitative agreement
with Loo, et al.,>* and Annis, et al.,?? but the net effect of salt on PEO chain contraction appears to
be slightly weaker. We also report a single measurement for Lil, to compare with the literature.
We also report and discuss difficulties in data analysis, due to both unexplained upturns at low
scattering wavevector g (¢ =4zsind/ A, with 0 being the scattering angle and A the wavelength)
in pure polymers and in certain blends, and to uncertainties in the incoherent contribution at high

q. A Kratky analysis is chosen to minimize these effects.



EXPERIMENTAL SECTION

Materials. LiTFSI (3M) and LiClO,4 (Sigma-Aldrich) were dried under dynamic vacuum for
24 h at 120 °C and then stored in a glove box under argon. Two sets of hydrogenous PEO (hPEO)
and deuterated PEO (dPEO) of two different molecular weights (20 kDa and 40 kDa) were
synthesized via living anionic polymerization of hydrogenated and deuterated ethylene oxide
(Sigma-Aldrich), respectively, using established air-free techniques.?® Potassium zert-butoxide
was used as the initiator, and the reaction was terminated with methanol. All PEO samples were
precipitated in hexanes and redissolved in acetonitrile and filtered through a PVDF membrane with
a pore size of 0.22 um. After evaporating the solvent, samples were dissolved in HPLC water and
dialyzed for 72 h before being freeze-dried. The molecular weights and dispersities (D) of the
synthesized polymers (Table 1) were determined by size-exclusion chromatography (SEC)
equipped with a Wyatt Optilab rEX refractive index detector and a Wyatt DAWN DSP multiangle
laser light scattering (MALS) detector in tetrahydrofuran (THF) at 25 °C (Figure S1). A refractive
index increment (dn/dc) of 0.068 and 0.057 mL/g was used for hPEO and dPEO, respectively.!327

Table 1. Polymer Characteristics.

Component M, (kg/mol)? b= NP Deuteration p (g/mL)4
M/M2 Conv. (%)°
hPEO (20 kDa) 20.5 1.03 465 - 1.114
hPEO (40 kDa) 39., 1.01 890 - 1.114
dPEO (20 kDa) 224 1.03 470 99.7 1.215
dPEO (40 kDa) 393 1.01 826 99.0 1.215

9 Determined via SEC with MALS

b Degree of polymerization based on a reference volume of vgq

9 Determined via '"H NMR spectroscopy and SEC with MALS

9 From ref. 24 at 90 °C, and neglecting any molar volume change for deuterated
polymer.



Sample Preparation. To prepare dPEO/hPEO/salt blends, stock solutions of polymer and salt
were prepared separately in acetonitrile and combined in the desired volume ratios to obtain
specific salt concentrations. A rotary evaporator removed most of the solvent, and the samples
were dried in a vacuum oven at 40 °C for 72 h and 90 °C for 24 h. All the samples were kept in a

glovebox before use.

Small-Angle Neutron Scattering (SANS). Samples were loaded into appropriate sample cells
for SANS measurement on the GP-SANS CG-2 beamline at the High Flux Isotope Reactor (HFIR),
Oak Ridge National Laboratory (ORNL) in Oak Ridge, Tennessee, or the NG-B and NG-7 30m
beamlines at the National Institute of Standards and Technology (NIST) in Gaithersburg,
Maryland.?® Portions of the experiments were conducted on the USANS instrument at NIST.?® At
ORNL, samples were melted into 19 mm inner diameter, 0.81 mm thick stainless-steel spacers on
top of 1-in diameter quartz plates (Esco Optics) at 70 °C. The spacers were clamped on the quartz
plates to avoid polymer leakage. Samples were annealed at 70 °C in a vacuum oven for 12 h before
being taken out and putting another quartz plate on top of the polymer quickly. Before SANS
measurement, the sample cells were sealed with o-rings and loaded into copper sample holders
and preheated at 90 °C for at least 12 h in a vacuum oven. At NIST, samples were slowly melted
into quartz banjo cells (Hellma) with 1 mm path length and degassed under vacuum at 90 °C for
at least 48 h. Before measurements, the sample cells were loaded into titanium holders and
preheated at 90 °C for at least 12 h in a vacuum oven. At ORNL, the neutron wavelength was A =
4.75 A with spread AA/A = 0.13, and three configurations with sample-to-detector distances of 1.8,
8.8, and 19.2 m were used to cover the scattering wavevector g range 0.003 — 0.4 A=!. At NIST, A
= 6.0 A with spread A1/4 = 0.14, and three configurations with sample-to-detector distances of 1,
4, and 13 m were used to cover the same ¢ range. All measurements were conducted at 90 °C in a
N, atmosphere, and the total scattering cross sections were calibrated by either water (ORNL) or
the attenuated incident beam (NIST), and corrected for empty cell scattering, sample transmission,

thickness, and detector sensitivity. The azimuthally isotropic two-dimensional (2D) scattering



patterns were then reduced to one-dimensional (1D) intensity 7 as a function of ¢.3° The incoherent

background scattering from hPEO-salt and dPEO-salt blends was measured separately.

RESULTS

Measuring the single-chain conformation of a polymer melt by SANS is straightforward in
principle, when a matched pair of “normal” (h) and perdeuterated (d) polymers are available.
However, adding salt to h/d polymer blends can introduce complications that interfere with the
analysis, mainly due to uncertainties introduced in both the low ¢ and high ¢ scattering intensities.
There are three main ways to analyze the SANS data, which differ in the emphasized ¢ range and

the reliance on assumptions.3!

(1) Guinier analysis: The initial slope of a plot of In I(g) vs. ¢? is —R,*/3. This has the distinct
advantage that R, can be determined in a model-independent way, but the desirable range of a
typical Guinier plot is approximately gR, < 1. This requires the low g scattering intensity to be
accurate, and any extra coherent scattering, for example, a commonly observed low ¢ upturn, can

interfere with the analysis.

(2) Random Phase Approximation (RPA) analysis: This approach utilizes data over the entire ¢
range, but can, therefore, be sensitive to problems at either high or low ¢. It also makes the

assumption that the chains are Gaussian over the entire fitting range.

(3) Kratky analysis: This approach focuses on the intermediate g range, and in particular, the fractal
regime. By plotting g%/ vs. g (Kratky plot), the conformation of polymer chains can be determined:
Gaussian coils saturate to a plateau value, while rigid rods increase linearly. Note that for random
coils, this analysis should focus on the range g/ < 1, where / is the statistical segment length, as the
derivation of the Debye function (i.e., scattering function for a Gaussian coil) invokes this
constraint.>>33 This approach reduces any potential problems in determining the scattering

intensity at extremely low and high ¢ regions.



In the remainder of the paper, we will derive conformational information using Kratky analysis,
and then further examine problems with SANS measurements of both salt-free and salt-doped PEO

blends.

SANS profiles of salt-free dPEO/hPEO blends. Three different dPEO/hPEO blends with volume
ratios 25/75, 50/50, and 75/25 were prepared, and the measured absolute scattering profiles are
shown in Figures 1a and Ic (blends with 20 kDa and 40 kDa PEO, respectively). The scattering
profiles for the pure component polymers are also shown. All the blend scattering profiles have
the expected Debye-type shape but flatten out at high ¢, mainly due to the incoherent contribution.
The 20 kDa blends demonstrate a significant upturn in the range g < 0.01 A~!, while those for 40
kDa do not. The pure deuterated polymers show a strong coherent scattering at low ¢; the hPEO
samples do as well but to a much smaller extent. This phenomenon remains unexplained but has
been noted by several authors in several different systems.?3-3433:36 [t is also conceivable that it has
been seen in many other systems, but not reported or noted in the associated publications. It is not
due to isotope distribution along the chain,3” as these polymers are fully deuterated, and it is not
due to chemical contaminants (see subsequent discussion). Clearly, this contribution can interfere
with reliable low ¢ fitting of the blends. Note that absent a clear explanation, it is not justified to
subtract this coherent contribution from the blend scattering, as the effect may well not be additive.
In fact, Figures 1a and 1c suggest this; while the dPEO scattering at low ¢ is actually stronger for
40 kDa than 20 kDa, the 40 kDa blends show no obvious upturn. Similarly, the magnitude of the

upturn in the 20 kDa blends varies with composition, but not systematically with dPEO content.

Considering now the high g region of the scattering, the background (attributed mainly to the
incoherent scattering of the hPEO) becomes substantial, exceeding the coherent scattering from
the blends themselves around ¢ = 0.2 — 0.3 A~!. Thus, uncertainty in the value of the incoherent
contribution can play a significant role, as is well known. In this work, we will consider three
different ways to estimate this contribution, especially in the presence of added salt. A standard

approach is to subtract the composition-weighted measured high ¢ plateau values obtained for the



pure components. These values are collected in Table 2, as /;"". A second, empirical approach
is to use a single Debye function (or other appropriate function, depending on the system) with
addition of a constant baseline (eq 1) to fit the measured intensity. In eq 1, the first term is the
coherent scattering of a Gaussian coil where x = ¢?R,%. The baseline term B accounts for the
background scattering of various origins; in neutron scattering, it is mainly due to the incoherent

contribution from the polymers (both hPEO and dPEO), but also includes a diffuse coherent

contribution.
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Figure 1: Absolute SANS profiles at 90 °C for salt-free dPEO/hPEO blends before (a, c) and after (b, d)
incoherent background subtraction of 20 kDa and 40 kDa at varying volume ratios. The scattering
profiles of pure hPEO and dPEO were demonstrated as x and +, respectively.

The values of B thus determined agree with ;™" for the salt-free blends to within about 10%
(see Table 2), which is probably about the best that can be expected. Note that this agreement does
not hold in the presence of salt, as will be discussed subsequently. After subtracting the B term

from the measured intensity, the coherent scattering profiles are shown in Figures 1b and 1d. The
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error bars are estimated from an assumed +10% inaccuracy of B. We then analyze the coherent

scattering from the blends.

From the RPA model, the structure factor of a binary blend with no interactions is given by

1..(q) 1 1 )
S(q) =—= ,
@ E bT [«fDNDg(xD)*(1—¢D>NHg<xH>] @

L _ by
IS

where ¢p = f@,, ¢u = (1-/)dp, and fand ¢, are the volume fraction of dPEO in the polymer and the
total volume fraction of polymer in the blends, respectively. Neutron scattering contrast is derived
from the difference in the scattering length density b;/v; between the deuterated and protonated
components. When analyzing blends with salt subsequently, the reference volumev, =v,.,

represents the partial molar volume of PEO repeat units in the polymer/salt blends. In the case of
LiTFSI-doped PEO, v, as a function of » was determined by Loo, et al.** accounting for non-

assuming ideal mixing.

ideal mixing, and in the case of LiClO4-doped PEO, v, is taken to be v, ,

N; is the degree of polymerization of polymer, and g(x;) is the Debye function of the polymer chain.

The R, for protonated and deuterated PEO follows eq 3.
N 1/2
Ry = [N—] Ry 3)

Note that in eq 2, the contribution of salts can be neglected since salt ions are evenly distributed
in hPEO and dPEO. The Flory-Huggins interaction parameter between PEO and salts is also
neglected. At 90 °C, the isotopic interaction parameter between hPEO and dPEO is estimated to

be 5 x 107* based on the monomer reference volume, with bond polarizabilities taken from the

11



literature. 343%3° Even for the 40 kDa blends, the isotropic interaction parameter can, therefore, be
neglected. To simplify the calculation, we further assume
Np=Ny= [ M, (hPEO)M, (dPEO) /M oM, ]”2 . Thus the structure factor can be determined
as shown in eq 4, and in the limit of large ¢, while maintaining ¢/ < 1, the product of ¢>S(g) (the
Kratky form) can be calculated via eq 5, which is g-independent for random coils. This is reflected
in the Kratky plots of ¢2S(¢q) vs. ¢, where high ¢ plateaus are observed (Figures 2a and 2c). The
Kratky intensity can be normalized accounting for the volume fractions of hPEO and dPEO, and

then the plateau value is determined only by the statistical segment length (/) (eq 6).

S(q)

o ¢,/ (1— f)Ng(x) (4)
9°S(q) 2 124, 7(1-1)
T =¢,/(1-f)N R = 2 (5)
¢°Sq) 12
whf(A=1) P ©)
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Figure 2: (a, c) Kratky plots and (b, d) normalized Kratky plots for salt-free dPEO/hPEO blends «
kDa and 40 kDa at varying volume ratios. The arrows demonstrate the selected ¢ ranges that used
determine /. The error bars reflect an assumed 10% uncertainty in the background subtraction.

For the salt-free PEO blends, the normalized Kratky intensities are shown in Figures 2b and
2d. They reach a plateau with almost constant values, which were determined over the range of
0.10 A1<g<0.17 A"' (20 kDa) and 0.07 A~! < <0.17 A~! (40 kDa), respectively. The statistical
segment lengths can be derived from the fits of the Kratky asymptotes as a function of dPEO
fraction (f) (Figure S11).40 The resulting statistical segment lengths are /= 6.25+ 0.10 A (20 kDa)
and 6.07 £ 0.02 A (40 kDa). These values agree well with recent literature, 2224414243 a5 will be
discussed subsequently. The increasing uncertainty in the background subtraction at higher g is

also clearly evident in these plots, but it is important to reiterate that there is no a priori reason to

expect the Kratky plateau to persist for g/ > 1.
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Table 2. Background Scattering of Polymer Blends With and Without Salt.

cal

Salt r Dsart B(ecm™?* 1™ (em™)P [ (em ) ] s (em)d
d/h 25/75 0.540 0.580 0.314 0.050
Neat  d/h 50/50 0 0 0.358 0.407 0.213 0.066
d/h 75/25 0.213 0.234 0.111 0.050
1/64  0.0579 0.354 0.389 0.201 0.067
132 0.104 0.349 0.373 0.191 0.068
LiTFSI 1724 0.130 0.323 0.363 0.186 0.069
1/15  0.182 0.265 0.345 0.175 0.072
1/8 0.264 0.164 0.313 0.158 0.078
1/64 0.0173 0.364 0.397 0.210 0.065
LiClOy4 1/15  0.0700 0.276 0.378 0.199 0.062
1/8 0.124 0.255 0.359 0.189 0.058
Lil 1/15 0.0524 0.278 - 0.202 0.067

3 The term B ineq 1.
b Determined from Figure S7 and eq 7.
9 Calculated using eq 8.
9 Calculated using eq 9.
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SANS profiles of salt-doped hPEO/dPEQO blends. Having established a reasonable and
consistent analysis of the salt-free blends, we now turn to the influence of salt. LiTFSI-doped
blends (r=1/64, 1/32, 1/24, 1/15, 1/8) and LiClO4-doped blends (» = 1/64, 1/15, 1/8) were prepared
with a dPEO/hPEO ratio of 50/50, and the coherent scattering was determined by the same
empirical method as above. The results are plotted in Figure 3. A low g upturn is apparent in many
blends and is particularly severe in LiClO4-doped blends with » = 1/64, for both molecular weights.
One might even attribute this strange behavior to a problem with the sample, but as it holds for
both molecular weights, this seems improbable. A candidate explanation could invoke
inhomogeneity of the distribution of LiClOy, but then it would be hard to explain why adding more
salt makes the upturn much less pronounced. In any case, the low ¢ upturn in salty blends makes
it challenging to derive the chain conformation information by either Guinier analysis or by fitting

to the RPA, both of which rely on the low ¢ signal. In comparison, Kratky analysis, which only
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Figure 3: Coherent SANS intensity at 90 °C for dPEO/hPEO blends (50/50) doped with (a, ¢) LiTFSI
and (b, d) LiCIO, for (a, b) 20 kDa and (c, d) 40 kDa.
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requires information at intermediate ¢, can still be applied to determine the statistical segment

length (/).

When the blends are doped with salt, the normalized Kratky plateau intensity varies. For the
LiTFSI-doped blends, the intensity increases even at the lowest salt doping (» = 1/64), while further
increases in salt concentration do not result in an evident change in the intensity (Figures 4a and
4c). For the LiClO4-doped blends, the plateau intensity decreases slightly at the lowest salt doping
but increases at higher salt concentrations (Figures 4b and 4d). Since the plateau intensity is
inversely proportional to /2, the statistical segment length decreases and then stays almost constant

with » when doped with LiTFSI but increases slightly and then decreases with » when doped with

LiClOq.
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Figure 4: Normalized Kratky plots for dPEO/hPEO blends (50/50) doped with (a, ¢) LiTFSI and (b, d)
LiClO, for (a, b) 20 kDa and (c, d) 40 kDa. The arrows indicate the g ranges used to determine /. The
error bars reflect an assumed 10% uncertainty in the background subtraction.
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DISCUSSION

Comparison with results from the literature. The calculated / values are plotted and compared
with results from the literature in Figure 5a. Investigations of PEO chain conformations date back
to the 1980s when Kugler et al. first studied dPEO/hPEO blends with different compositions by
SANS, and / was determined to be 6.7 A at 80 °C.#! Subsequently, Smith et al. studied the same
system, and found 5.9 A,*2 while Fetters et al. report a value of 6.0 A at 140 °C.*> More recently,
Annis et al. reported / to be 5.9 A,22 while Loo et al. reported 6.3 A at 90 °C (data shown in Figure
5a).2* Although PEO melts may exhibit a negative temperature coefficient of chain dimensions,*
the differences in / are likely within the uncertainty of SANS experiments. By taking the average
of all the data from literature and the current study, /= 6.2 0.3 A (5% error in a SANS experiment),
shown as the arrow in Figure 5a. In the current system, LiTFSI-doped blends demonstrate a ca. 9%
decrease in / even at the lowest 7 = 1/64, and then / stays at an almost constant value of 5.6 A up
to » = 1/8, and the 40 kDa blends show a slightly larger / at higher ». In comparison, Loo et al.
reported that in the range of » < 0.1, / decreases linearly with 7, and » needs to exceed 0.03 to reach

a 10% decrease, and a maximum reduction of ca. 19% in [ occurs at » = 0.125 if the trend
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Figure 5: (a) Statistical segment length (/) of salt-doped dPEO/hPEO blends at 90 °C as a

function of salt concentration. The black arrow illustrates the estimated uncertainty of / for salt-free
PEO. (b) The ratio of / of salt-doped to the salt-free blends (//],). / was calculated according to eq 6 from
the normalized Kratky plateau values. The data reported by Annis et al. (Ref. 22) (green dimonds) and
Loo et al. (Ref. 24) (green stars) are included for comparison.
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continues.?* All these results support the idea that the strong interaction between ether oxygens
and lithium cations leads to a contraction in the PEO chain conformation, but the magnitude differs.

Our system demonstrates a slightly weaker effect than Loo et al., except at the lowest concentration.

It is also worth noting that Annis et al. observed a decrease of ca. 9% in [ for Lil-doped blends
at » = 1/15, similar to the effect of LiTFSI at the same salt concentration. However, the absolute /
values of the neat and salt-doped blends are lower than the current system. For comparison, we
also studied a Lil-doped blend (20 kDa, » = 1/15), but / only decreases by 5% to 5.95 A. We
speculate that the weaker effect of Lil is related to the ion-pair formation mechanism. It is known
that metal halides tend to bond strongly in a polymer matrix, and less than 1% of Nal is in the form

of free ions in PEO at = 1/250 Error! Bookmark not defined.

The trend of LiClO4-doped blends in the current system is a little surprising. At » = 1/15 and
1/8, the decrease is somewhat similar to that of LiTFSI-doped blends, but at = 1/64, a 5% increase
is observed for both molecular weights. We are not aware of any mechanism that leads to an
increase of / with the addition of salt. Note that at this salt concentration, the measured scattering
profiles demonstrate the most substantial upturn at low ¢ (Figures 2b and 2d), the origin of which

is also uncertain. Further studies with low concentrations of LiClO4 may be warranted.

Low ¢ upturn in polymer blends. Since SANS became popular in polymer science in the 1980s,
one persistent problem is unwanted coherent scattering at low ¢, which potentially causes
inaccuracy in data analysis. For example, Bates et al. found that perdeuterated and protonated
poly(vinylethylene) and poly(ethylethylene) have low g coherent scattering at ¢ < 0.015 A~!, which
was tentatively ascribed to the residual catalyst.3* Similarly, Zeng, et al. observed an upturn in both
deuterated and protonated saturated polybutadienes, where the deuterated polymer has a more
substantial upturn.3® Fullerton-Shirey and Maranas observed this phenomenon at ¢ < 0.02 A™! in
both salt-free and LiClO4-doped hPEO, and Triolo, et al. reported similar effects at g < 0.06 A™!
in salt-free and Lil-doped dPEO, where the absolute intensity is higher for dPEO than hPEO.?* As

we speculated before, it is quite conceivable that many other observations of this effect have gone
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unreported. To date, multiple hypotheses have been considered to explain the low ¢ upturn feature;
it is possible that the main factor might differ from case to case. The most common conjecture is
an impurity introduced in the synthesis and purification steps (catalysts, salts, and dust), which
results in extra particle scattering. Given the occurrence and the magnitude of the effect in
completely different chemical systems, this seems unlikely. Similarly, imperfections in sample
windows seem unlikely. Another possibility is tiny voids due to inefficient degassing, which might
be more pronounced in high-7, polymers. Allen and Tanaka drew this conclusion as far back as
1978 for the particular case of dPEO.* Moreover, in the case of a hygroscopic polymer such as
PEO, water clusters might form to different degrees.?> Also, Hammouda, Ho, and Kline found a
significant amount of PEO clusters in deuterated benzene and deuterated water, attributable to
hydrogen bonding and hydrophobic interactions.*>*647 A further possibility is chain aggregation
driven by end groups, although this seems improbable given the high molecular weight of the
polymer and the small size of the fert-butoxy and hydroxyl end groups; such end group effects
have been observed in PEO solutions.*® Given the fact that the amount and size of clusters increase
as the concentration of PEO increases,*® it is conceivable that trace amounts of water in the PEO
melt act as a crosslinker to form clusters. However, there is no evidence of a peak in the Kratky
plots in Figure 2, which would be suggestive of a star-like form factor. Finally, instrumental

artifacts have not been ruled out.

To explore this problem further, we measured the SANS profiles of hPEO and dPEO (20 kDa)
at both ORNL and NIST (Figure S4). At both facilities, the high ¢ incoherent scattering intensities
are essentially the same for both hPEO and dPEO, while the low ¢ upturn intensities are different.
At ORNL, the intensity decays as ¢! and g2 for hPEO and dPEO, respectively, while at NIST,
the decays follow ¢3¢ and ¢34, respectively. Note that the polymers are synthesized and purified
by the same method, and the only difference is the sample cell used on the SANS instrument. The
modest discrepancy might result from inadequate degassing. At ORNL where samples were

degassed on quartz plates in spacers, any moisture and trapped air bubbles can be removed more
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efficiently, while at NIST where samples were degassed in banjo cells with a tiny opening, this
process is less efficient. Moreover, we heated the hPEO and dPEO samples at elevated
temperatures up to 170 °C on the beamline at NIST, trying to decrease the number of voids, but
the low ¢ SANS data remained identical (Figure S5). We also studied the coherent scattering of
LiTFSI-doped dPEO over an extended g range by a combination of SANS and USANS at NIST
(Figure 6), and the upturn is confirmed down to at least ¢ = 3 x 1075 A~!. This agreement among
different instrumental configurations argues strongly against an instrumental artifact. We,
therefore, take inadequate degassing (“voids”) as the most likely explanation. Micro voids can
produce strong scattering at low ¢, due to the strong scattering length density (SLD) difference
between polymer matrix and voids, as has also been observed in small-angle X-ray scattering
(SAXS). The sizes of the micro voids exceed the detection range of small-angle scattering
techniques. Thus, the low ¢ upturn in SANS or SAXS could be attributed to the scattering from
the surfaces. For objects with sharp interfaces, this would produce a ¢ * asymptote, i.e., Porod’s
law. In practice, deviations from the Porod’s law are often observed due to the fuzzy interface (or
transition layer) or density fluctuations.*® This picture is consistent with the low ¢ asymptotes
observed in the NIST data, as discussed above. We estimated the volume fraction of voids by a
polydisperse sphere model,** assuming that the voids have a mean radius of 1 um and a dispersity
of 0.5, and fixing the contrast between void and dPEO-LiTFSI with » = 1/64. It was found that the
calculated scattering pattern with a volume fraction =~ 0.005 agreed with the experimental data in
the range of ¢ > 0.002 A~!, while overestimating the scattering intensity in the ultra-low ¢ range
(Figure S12). The prefactor in the Porod’s law is associated with the specific surface area.
Therefore, as the micro voids shrink, the strength of the low g upturn decreases, and the asymptote
becomes less pronounced. This could explain why better degassing can mitigate the problem.
However, one should bear in mind that complete removal of air trapped in viscous polymers is
challenging. The low ¢ upturn can make it difficult to obtain R, using the Guinier method, but its

influence on the Kratky analysis should be negligible, as the scattering from a Gaussian coil scales
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with g2, while the low ¢ upturn decays much more rapidly. In Kratky analysis, the correct

subtraction of high g background becomes essential, as will be discussed later.

The neutron SLD of dPEO and hPEO are 7.08 x 107¢ and 6.40 x 10”7 A2, respectively, and if
we assume the voids are vacuum (SLD = 0), dPEO has a higher contrast with voids, resulting in a
higher low g coherent scattering intensity. The fact that deuterated polymers (including dPEO)
usually have a stronger low g coherent scattering than the hydrogenous polymers makes it possible
to alleviate the effect by reducing the deuterated polymer composition in the blends; this strategy

was adopted by Loo, et al.>*

Intensity (cm™)

10* 10 102 10"
q (A

Figure 6: SANS from dPEO (40 kDa) with added LiTFSI (» = 1/64) with three different instruments at
NIST, showing the persistence of the effect across configurations. Data in black were collected using the
three configurations described in the experimental section, while data in blue were collected at a sample-
to-detector distance of 15.3 m with 4 = 8 A and with lenses inserted. Data in red were collected on the
USANS instrument.

Background subtraction in SANS. To obtain accurate coherent scattering from polymer blends,
any unwanted scattering (scattering at high ¢ and extra coherent scattering at low ¢g) from hPEO
and dPEO and the salts need to be addressed appropriately. Since ions can be well solvated in

PEO, to investigate the influence of salt on hPEO and dPEO, the SANS profiles of salt-doped pure
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polymers as a function of » were obtained (Figure S6). Note that the incoherent background for
polymer blends varies with temperature (as shown in Figure S5), not only due to changes in density
but also thermal motion, so all the measurements were conducted at 90 °C. Interestingly, the low
q coherent scattering slope remains almost constant for both salt-doped hPEO and dPEO, which
indicates that the salt itself does not make a significant contribution to the upturn in the blends.
Since we rely on Kratky analysis to determine /, the impact of the unwanted scattering in the low
q range is diminished, so here we focus on the high ¢ scattering. For salt-doped dPEO, the
experimental high ¢ intensity remains constant with increasing », which is due to the similarity of
the total scattering intensity of dPEO and salt (Figure S6). In the case of salt-doped hPEO, the
intensity first increases then decreases for both LiTFSI and LiClO, (Figure S7). The incoherent
scattering intensity of these salts is lower than hPEO, thus increasing the amount of salt should
reduce the background. We have no explanation of the abnormal increase at the lowest salt
concentration, but we can use the data to estimate the background scattering in the salt-doped

hPEO/dPEO blends at each salt concentration using eq 7.

17 (r) = 1 (dPEO —salt, r) + (1= f)1"* (hPEO - salt, r) )

Note that the scattering is the total scattering from the polymer and the salt, which contains both

coherent and incoherent contributions. The incoherent scattering />

incoh >

can be calculated by the

SLD calculator available from NIST using eq 8,!

L2, () = 8,(r) M58, (PEO) + (1 )4, (hPEO)) + (1- 4, (1) [, (salt) (®)

while the coherent part, which is referred to as diffuse coherent scattering (DCS) 7% 525 comes

from the disordered scatterers in the system and is often ignored in the literature. Note that DCS
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is associated with fluctuations, but it is coherent since it provides information about the disordered
structure of the system, and diffuse because of the lack of ¢ dependence. In SANS, by assuming a
globally disordered system, i.e., no spatial correlationa among the scattering units, DCS can be

calculated by eq 9

w 1V &89
Idiflf ZEW < ij(<bi>_<bj>)2
i#]

©)

where N scatterers are in a volume V, m is the number of types of scatterers, and ¢;, v;, and <b;>
are the volume fraction, volume, and scattering length of type i scatterer, respectively. The hEO,
dEO monomers and the salt molecule can be regarded as the three types of scatterers involved in
the system, and the values of I for polymer blends with salt, and pure hPEO or dPEO with salt
are summarized in Table 2 and Table S1. In heavily salt-loaded dPEO/hPEO blends, DCS makes

cal

up to 33% of the total background scattering (7%, + 15 ), and thus cannot be neglected in

incoh
calculations.

As shown in Table 2, 1,"*(r)is larger than the value of the term B used in eq 1, especially for
the heavily salt-loaded samples. On the other hand, the calculated background scattering intensity
(I8, +15%) is lower than the term B used in eq 1. Note that the calculated scattering intensity is
just an estimate, and thus we consistently adopted the value of term B in eq 1 as the background
term for all the analysis throughout the paper. In particular the DCS calculated via eq 9 assumes
completely random mixing, and is therefore a lower bound for this contribution. The discrepancy
between ;" and B is more significant as r increases, possibly due to the excess DCS, but the
absolute value of the difference Alis less than 0.15 cm™!. In a typical normalized Kratky plot, this
difference results in a deviation of less than 0.06 A2 even at the high ¢ limit (=0.17 A™"), which
will lead to less than 10% error in the / determination. Since / is determined over a range of g, the

high g deviation effect is weaker, and the estimated error is less than 5%.
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Comparison with the RPA model. Using the / values obtained from the Kratky analysis, the
theoretical scattering profiles of polymer blends can be predicted by the RPA (eq 2). The predicted
and measured scattering profiles are plotted in Figures S8 and S9. Overall, the RPA predictions

agree well with the measured data for ¢ > 0.03 AL,

CONCLUSIONS

The chain conformations in salt-free and salt-doped PEO melts have been studied by SANS at
90 °C, using two different molecular weights and two different salts. Due to the low ¢ coherent
scattering from pure hPEO and dPEO, and the inevitable uncertainty in the high ¢ incoherent
scattering, the statistical segment length is determined primarily by Kratky analysis using the
intermediate ¢ range. In general, the chain dimensions decrease with the addition of salt, and a
roughly 10% decrease was observed at » = 0.125, for both molecular weights and for both salts.
The effect of salt on the statistical segment length is compared with data from the literature, and
where the systems overlap, the data agree reasonably well with prior results of Loo, et al. and
Annis, et al. Furthermore, the scattering profiles were then calculated by the RPA and compared
with the measured values, with satisfactory agreement found in all cases. Significant difficulties
in data analysis, including an unexplained low ¢ contribution for the pure polymers and the
background scattering at high ¢, have also been discussed. The former is apparently ubiquitous in
perdeuterated polymers, and remains unexplained. The data presented here argue against
instrumental artifacts or impurities, thereby implicating “voids” as the most likely culprit. The high
q scattering includes not only the incoherent contribution but also diffuse coherent scattering,

which becomes more significant as the salt concentration increases.

DISCLAIMER

Certain commercial products or equipment are described in this paper to specify the
experimental procedure adequately. In no case does such identification imply recommendation or
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endorsement by the National Institute of Standards and Technology, nor does it imply that it is

necessarily the best available for the purpose.
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