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ABSTRACT: Poly(bismethoxyphosphazene) (PBMP) was synthesized, giving polymer melts withTg )
-70.9 °C. The chain dynamics of melts and DMF solutions of poly(bismethoxyphosphazene) (PBMP) was
investigated by Small-Angle Neutron Scattering (SANS). The radius of gyrationRg was found as 144.7( 0.2 Å,
and the average MW from SANS was 95000 Da. DMF revealed to be a good solvent for this polymer. From the
scattering intensity of polymer solutions for highq-data, the slope was-1.647 in almost exact agreement with
the expected excluded volume exponent by Flory which is5/3 affirming the good solvent property of DMF. GPC
measurements of THF solutions were evaluated based on a universal calibration of polystyrene standards resulting
in a rather similar value of 1.05× 105 Da. Another series of SANS experiments was done with solutions of
LiSO3CF3 (LiTf) in the title polymer. They also showed lowTg values down to-50 °C at 15 wt %. The SANS
results (5 and 10 mol % LiTf as referred to the monomer units) showed almost no effect of the dissolved salt on
the melt conformation of the polyphosphazene (almost random coil), and thus revealed a rather small interaction
between salt and polymer. We also measured the ionic conductivity of salt-in-polymer systems with concentrations
from 5 to 20 wt % LiTf. The room-temperature conductivity was 1.7× 10-5 S/cm at 20 wt % LiTf and is thus
rather high. The low interaction between salt and polymeric solvent is in agreement with the predominance of
neutral ion pairs which is often observed in such polymer electrolytes.

1. Introduction

Polymers with inorganic backbone have attracted a growing
interest during the last 20 years due to their superior chemical
and physical properties. Among these inorganic polymers,
polyphosphazenes with alternating phosphorus and nitrogen
atoms along the chain and two organic groups attached at each
phosphorus occupy a special position. They comprise by far
the largest class of macromolecules with inorganic backbone,
since a wide variety of side chains can be used to modify and
fine-tune both the chemical and physical properties of these
polymers.

As the research in this field has vastly expanded in the past
decade, numerous reviews can be found with regard to the
synthesis1-3 and to potential applications of polyphosphazenes
such as in fuel cells,4-7 batteries,8,9 biomedical applications,10-16

membranes,17-20 flame retardants,21,22etc. One of the promising
applications of these inorganic polymers is their use as salt-in-
polymer electrolytes, for instance as safe, ionically conducting
membranes in lithium batteries.23,24

The common opinion in this area is that polymers with high
segmental mobility and good coordination ability for heteroa-
toms, like oxygen or nitrogen, enhance the ionic motion of the
mobile salt ions. Many different polymer structures have been
synthesized and studied in the field of polyphosphazenes on
the basis of this idea.23,24 The polyphosphazene architecture
which received most attention for polymer electrolyte applica-
tions up to now is poly[bis(methoxyethoxyethoxy)phosphazene]
(MEEP). It was first synthesized and characterized by Allcock’s

group.25-27 This polymer exhibits a room-temperature ionic
conductivity of nearly 3× 10-5 S cm-1.25,26 The methoxy-
substituted derivative of polyphosphazene on the other hand was
also synthesized before28,29 but was not considered to be a
candidate as a polymer electrolyte due to the presumably low
concentration of coordinating heteroatoms.

The ionic conduction of polymeric electrolytes is assumed
to take place predominantly in the amorphous region. On the
other hand, recent results showed that crystalline low molecular
weight poly(ethylene oxide) (PEO) complexed with lithium salts
exhibits similar or higher ionic conductivity compared to its
amorphous counterparts.30 Despite many efforts, however, the
detailed picture of structural properties and the mechanism for
ion conduction on a molecular level is still not well understood.

Small-angle neutron scattering (SANS) is a very powerful
scattering technique for studies of polymer structures on a
molecular level. SANS is particularly useful to probe single
chain conformation when performed under dilute conditions
where negligible interchain interferences are present or to
investigate the polymer melts owing to its longer penetration
depth.31 In any case, only a few polymer electrolyte systems
mainly based on PEO salt complexes have been investigated
up to now by means of SANS with regard to polymer salt
interaction32-36 or behavior of filler particles in the polymer
matrix.37,38 However thorough investigations of polyphosp-
hazenes in solution and molten state using SANS are, to our
knowledge, still missing.

This study intended to perform for the first time neutron
scattering experiments on poly(bismethoxyphosphazene) (PBMP)
as a model polymer for polyphosphazenes and polyphosphazene-
based polymer electrolytes. The methoxy-substituted linear
polyphosphazene was chosen, because it can easily be prepared
in deuterated form, shows a lowTg value, and has enough
polarity for dissolving salts.
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Besides an investigation of the polyphosphazene molecules
in the melt and in diluted solution with a solvent, we also were
interested in studying corresponding salt-in-polymer systems and
the influence of the dissolved salt on the melt conformation of
the polymers as well as their ionic conductivity. The lowTg

value was expected to support a good ionic conductivity.

2. Experimental Section

2.1. Materials. All reactions were carried out under an atmo-
sphere of dry nitrogen gas and using standard vacuum-line Schlenk
techniques. Pentane (98%, Baker), toluene (99.7%, Scharlau), and
1,4-dioxane (99.5, Gru¨ssing) were distilled from sodium benzophe-
none ketyl prior to use. Phosphorus trichloride (PCl3, 99%, Merck)
and sulfuryl chloride (SO2Cl2, 98%, Merck) were freshly distilled
before use. Lithium bis(trimethylsilyl)amide ((LiN(SiCH3)2, 97%,
Aldrich), lithium triflate (LiSO3CF3, purum, Fluka), and phosphorus
pentachloride (PCl5, sublimed under vacuum) were stored under
nitrogen in a glovebox. Methanol (purum, Normapur), methanol-
d4 (99.8%, Aldrich) and N,N-dimethylformamide-d7 (99.5%,
Chemotrade) were used as received. Celite 545 was dried at 120
°C for 48 h before use.

2.2. Equipment.All NMR spectra were measured using a Bruker
AC 200, Bruker ARX 300, and a Varian Mercury 400 Plus
spectrometer. The spectra were recorded using CDCl3 as the solvent
and tetramethylsilane (TMS) as internal reference. For the31P
spectra, 85% H3PO4 was used as reference.

The molecular weights and molecular weight distributions (PDI)
of the polymer precursors were analyzed by a gel permeation
chromatograph, equipped with two PSS-SDV linear XL columns
(8 mm× 300 mm, 5µ, Polymer Standards Service, Mainz), a RI-
detector (Agilent) and a viscosimeter (η-1001, WGE Dr. Bures).
A universal calibration curve performed using polystyrene (Ready-
Cal standard, PSS, Mainz) standards was employed for the
molecular weight estimation. The flow rate was 0.8 mL/min. As
the solvent, tetrahydrofuran (THF) with a 0.1 wt % solution of tetra-
n-butylammonium bromide was used. The intrinsic viscosity
measurement of the polymer was carried out using Schott type
Ubbelohde capillary viscometer placed into a water bath at 25°C
controlled by a water regulated thermostat (Thermo Haake). The
same solvent composition was employed as GPC measurements.
The intrinsic viscosity, [η], and Huggins constant,kH, were obtained
by simultaneous extrapolation ofηsp/C to infinite dilution, where
ηsp is the specific viscosity.

Differential scanning calorimetry (DSC) was used to obtain the
glass transition temperatures (Tg) of the polymers. The DSC
thermograms were recorded using a Netzsch DSC 204 at a heating
rate of 10 K/min under an atmosphere of dry nitrogen.

FT-IR spectra of the polymers, which were pressed between KBr
windows, were measured using a Bruker IFS 113v IR or a Shimadzu
IRPrestige-21 spectrometer.

Impedance Measurements.The salt-in-polymer electrolytes
were prepared by mixing and solvent evaporation from THF
solutions of PBMP (2a) and the desired amount of lithium triflate
(5, 10, 15, and 20 wt %) by a solution casting technique. The
attempts to prepare samples with salt concentrations above 20 wt
% failed due to insufficient solubility of the salt in the polymer.
After solvent evaporation, the samples were kept at least 24 h under
vacuum to remove traces of solvent left. The homogeneous samples
prepared in this way were sandwiched between two ion blocking
stainless steel electrodes separated by a Teflon ring with a diameter
of 8 mm and thickness of 1 mm. The whole measurement cell was
placed inside a water regulated thermostat (Thermo Haake) and
the measurement was carried out under a constant flow of dry
nitrogen in a temperature range from 30 to 90°C. The ionic
conductivities of the samples were determined by the impedance
data obtained by a Solartron SI 1260 impedance analyzer in a
frequency range from 106 to 10-1 Hz. A predominant ohmic
contribution to the impedance, where the phase angle approached
to zero, was found at intermediate frequencies from the Cole-

Cole plots. This was attributed to the bulk impedance of the polymer
electrolyte and used to calculate the ionic conductivities.

2.3. Synthesis.The synthesis of the monomer trichloro (tri-
methylsilyl)phosphoranimine (Cl3PdNSiMe3) was carried out ac-
cording to Wang et al.,39 with minor modifications.40 Poly-
(dichlorophosphazene) was synthesized from this monomer via
living cationic polymerization using the route developed by Allcock
et al.41

The synthesized precursor polymer (1) was dissolved in freshly
distilled dioxane and divided into two equal portions in order to
guarantee identical macromolecular properties for the newly
synthesized polymers (cf.2aand2b, Scheme 1). Instead of synthetic
methods based on a large excess of methanol as reported in the
literature,28,29 another approach, as explained below, was used for
the introduction of the methoxy groups in the precursor polymer
in order to limit the consumption of the deuterated solvent. The
final polymer was isolated almost in quantitative yield.

Poly(bismethoxyphosphazene) (PBMP) (2a).A portion of 200
mL of dioxane solution of 10.5 g (90.5 mmol) of poly(dichloro-
phosphazene) was given slowly to a solution of sodium methoxide,
which was prepared previously from metallic sodium (4.58 g, 199.2
mmol) and excess alcohol (6.96 g, 217.3 mmol) in a 500 mL three
neck round-bottom flask overnight under reflux. The solution was
let to stir at room temperature for 2 days under an inert atmosphere
of nitrogen. When the substitution was complete (checked by31P
NMR), the solution was concentrated under vacuum and dialyzed
against first in 0.1 M HCl solution for 1 day and then against water
for 4 days(dialysis membrane; regenerated cellulose, molecular
weight cut off 12000-14000). Finally the water removed by rotary
evaporator and dried under high vacuum until constant weight was
reached, yielding 9.34 g (96% yield) of slightly yellow highly
viscous product.1H NMR (CDCl3): δ ) 3.63 (broad s).13C NMR
(CDCl3): δ ) 52.8.31P NMR (CDCl3): δ ) -4.1. One peak was
observed in the GPC measurement with the average molecular
weight Mn ) 1.32× 105 Da and a polydispersity index (PDI) of
1.22. Elemental analysis wt % calculated (found) for2a: C, 22.44
(22.42); H, 5.65 (5.73); N, 13.08 (13.15).

Poly(bis(d3-methoxy)phosphazene) (d6-PBMP) (2b). The syn-
thesis and purification ofd6-PBMP was performed using the same
reactions conditions described for2a. The following reagents and
quantities were used: poly(dichlorophosphazene) (10.5 g, 90.5
mmol), sodium (4.58 g, 199.2 mmol),d3-methanol (7.84 g, 217.3
mmol). The product was 10.03 g (98%) with a slight yellow color.
1H NMR (CDCl3): no signal.13C NMR (CDCl3): δ ) 52.0. 31P
NMR (CDCl3): δ ) -4.0. One peak was observed in the GPC
measurement with the average molecular weightMn ) 1.31× 105

Da and a polydispersity index (PDI) of 1.23. Anal. Caclcd (found)
for 14a: C, 21.24 (21.19); D, 10.69 (10.74); N, 12.39 (12.22).

2.4. Small-Angle Neutron Scattering (SANS). Sample Prepa-
ration. The dilute polymer solutions of PBMP in DMF-d7 were
prepared to study solution characteristics up to 1 vol %. The bulk
properties of polymers were investigated for a mixture consisting
of 5 vol % PBMP and 95 vol %d6-PBMP.

The same composition was also used to prepare 5 and 10 mol
% LiSO3CF3 containing solvent free salt-in-polymer electrolytes
(corresponding to 7.5 and 15 wt % salt contents respectively). The
solutions were contained in Hellma Quartz cells of path lengths of

Scheme 1. Synthesis of Poly(bismethoxyphosphazene) (PBMP);
2a and 2b
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1 mm. The transmissions were measured in situ from a monitor at
q ) 0 inside the beamstop. The melts have been placed between 2
quartz plates of each 2 mm thickness with a spacer inside keeping
the gap between the plates at a value of 1 mm ((5%). The sample
aperture for the solutions and melt samples was 10× 10 mm2

respectively 8× 8 mm2. These cells were put into a brass furnace
and the temperature arranged so as to achieve 12.5, 36.6, and
60.6 °C inside the sample using a calibration formula.

Scattering. SANS experiments were performed on the KWS1
spectrometer at the FRJ-2 Dido research reactor in Ju¨lich, Germany.
The reactor runs at 20 MW and has a D2O moderator. The incident
wavelength,λ, was 7 Å. Data were collected at distances sample-
to-detector of 2, 8, and 20 m, resulting in aq range between 0.002
and 0.2 Å-1 in 128× 128 channels of 5× 5 mm2. The scattering
vector,q, is the modulus of the resultant between the incident,ki,
and scattered,ks, wave vectors and related to the scattering angle,
θ, as q ) (4π/λ) sin(θ/2). The intensities are obtained after
appropriate channelwise subtraction of empty cell scattering,
background noise due to stray neutrons andγ photons and dark
current noise from the electronics. The latter is measured when
the beam is blocked with boron carbide. Possible dead time effects
are accounted for in the calibration. The absolute differential
scattering cross-section or further abbreviated intensity given in
cm-1 was obtained after calibrating with a 1.5 mm thick secondary
standard of Plexiglas which was previously calibrated to vanadium
and obtained as

where subscripts p, S, EC, and BC stand for Plexiglas, sample,
empty cell, and boron carbide. The detector sensitivity correction
per channel is contained in theεij matrix andD, T, andL are the
thickness, transmission, and detector distance respectively. dΣp/
dΩ is the known absolute scattering cross section of the standard.
Afterward, the 2-dimensional data were radially averaged to yield
I vs q and fitted.

3. Results and Discussion

3.1. Characterization of PBMPs. The polymers were
synthesized via macromolecular substitution of the precursor
poly(dichlorophosphazene) using sodium methoxide. The disap-
pearance of the poly(dichlorophosphazene) signal (-18 ppm)
in 31P NMR and new sharp signal observed at around-4.1 ppm,
attributed to the target polymers (2) were clear indications for
the complete substitution and for a high purity of the products.
Moreover, the absence of any other signals especially in the
range of 5-20 ppm clearly revealed that neither cyclic trimers
nor tetramers were produced throughout the synthesis. Here it
is worth to mention that the attempts to prepare high quality
poly(bismethoxyphosphazenes) in THF were not successful due
to concomitant ring-opening polymerization of the solvent to
yield poly(tetrahydrofuran) as detected spectroscopically. There-
fore, in our case, dioxane was employed as the solvent for the
synthesis as it resists ring-opening polymerization.

Both2aand2b (Scheme 1) showed similar thermal behavior.
TheTg values for PBMP andd6-PBMP were found to be-79.5
and -81.8 °C (the DSC curve of2a up to 25°C is given in
Figure 4). The polymer showed no primary transition in the
temperature scan range up to around 170°C, but rearrangement
and degradation for both types of polymers were detected above
this temperature (not shown in the figure). This corresponds
well to the results of former studies concerning the rearrange-
ment and degradation mechanism of the same polyphosp-
hazene.28,29,42

Molecular Weight Determination. After the substitution,
the molecular weights of the polymers were analyzed by gel

permeation chromatography (GPC) using a universal calibration
curve. They turned out to be of the order of 105 Da for both
polymers with almost identical polydispersity index (PDI)
values. The weight-average molecular weight of2a was
estimated as 1.05× 105 Da with a PDI value of 1.43 and 1.04

dΣ
dΩ

(q) )
(TpDp

dΣp

dΩ)LS
2

TSTECDSLp
2〈Ip〉

[(IS - IBC) - TS(IEC - IBG)]εij (1)

Figure 1. Zimm plot of PBMP prepared in 0.1, 0.2, 0.5, and 0.7 vol
% in DMF-d7. Open symbols are experimental results. Lines are
extrapolations asc f 0 andq f 0.

Figure 2. Scattering intensity of polymer solutions as a function of
scattering vector. The numbers correspond to volume concentration in
DMF-d7.

Figure 3. FT-IR spectra of PBMP and its polymer electrolytes for 10
and 20 wt % lithium triflate.

Figure 4. DSC thermogram of pure PBMP and salt-in-PBMP systems
with increasing amount of lithium triflate.
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× 105 Da for 2b with PDI value of 1.44. The relatively narrow
molecular weight distributions indicate that no perceivable
degradation or chain cleavage occurred in the course of the
macromolecular substitution reaction.

Viscometric measurements yielded an intrinsic viscosity value
of 0.51 dL/g with kH ) 0.55 for the poly(bismethoxyphosp-
hazene). This value is very similar to that of the polystyrene
standard. The Mark-Houwink equation ([η] ) KM V

a) with K
) 1.17× 10-4 dL/g anda ) 0.725 as reported by Goeldhart et
al.43 for polystyrene in THF gave almost the same intrinsic
viscosity of 0.51 dL/g in this molecular weight range. The
product of intrinsic viscosity and the molecular weight is
proportional to the hydrodynamic volume of a polymer.
Therefore, one can equate the hydrodynamic volumes of our
polyphosphazene and the polystyrene standards according to

A comparable intrinsic viscosity value such as found here
for poly(bismethoxyphosphazene) was calculated for poly-
(bisethoxyphosphazene) using reported Mark-Houwink pa-
rameters from the literature (K ) 2.5× 10-4 dL/g, a ) 0.46).44

SANS. Dilute solutions of2 were characterized by SANS
using Zimm’s extrapolation method, the same method as usually
applied for light scattering experiments,45,46as depicted in Figure
1, which is a double extrapolation: Lettingc f 0 leads to the
single chain limit without interaction and allows the radius of
gyration to be extracted. Lettingq f 0 at the same time allows
the determination of the forward scattering without effects of
interaction because the second virial coefficientA2 then ap-
proaches zero.45

In the figure, they-axis is inversely proportional to the
structure factor,S(q). φ, ∆F2/NA, and dΣ/dΩ are, respectively,
volume fraction of polymer, contrast factor describing the
interaction of neutrons and the atoms of the samples and
macroscopic differential cross section. The number 0.25 in the
x-coordinate was chosen arbitrarily to spread the curves
horizontally.

Data (crosses) are selected only from the 8 m data, as the
lower q (20 m) data were poor statistical quality or showed
extra scattering, being non characteristic for the polymer. Only
the linear part of the 8 m data in the above representation is
used (0.005< q < 0.011 A-1). This range inq allows
determining values forRg of the chains ranging between 90 and
200 Å, i.e. 1/q, which is appropriate for us.

Besides theRg value extracted from the Zimm plot, the
estimated value of the second virial coefficientA2 is important
as it relates to Flory-Huggins parameterø which describes the
polymer interaction according to

whereV2 ) specific volume of the polymer andV2 ) partial
molar volume of the solvent. A positive, zero, and negativeA2

mean, respectively, a good, a “Θ”, or bad solvent according to
the general classification.

Using Zimm’s approximation, thez-average radius of gyration
was found to be 144.7( 0.2 Å, which atq ) 0 corresponded
to theMw value of 95000 Da. This value forMw was slightly
lower than the value as determined from GPC. Further, the
obtained second virial coefficientA2 in DMF at room temper-
ature was 8.6× 10-4 mol‚cm3/g2, which is of the same order
as known from other polymers in a good solvent.

In experimental contexts, Zimm’s approximation is preferred
when only low q values are available. At higherq values,
polymer solutions with excluded volume interactions show a
high q behavior proportional to q-1/ν whereν is the excluded
volume exponent, which can be determined from the slope of
a logarithmic plot of intensity,I vs q at highq values (ν ) 3/5
for fully swollen chains,ν ) 1/2 for “Θ” chains, andν ) 1/3 for
collapsed chains). Figure 2 shows the scattering intensity of
polymer solutions for highq-data (after subtraction of the
incoherent background of the solvent) 0.055 cm-1).

The slope was-1.647 and hence in almost exact agreement
with the expected excluded volume exponent by Flory, which
is 5/3, affirming again the good solvent property of this system.

3.2. PBMP-Based Polymer Electrolytes.PBMP was com-
plexed with 5, 10, 15, and 20 wt % lithium triflate and
investigated with regard to its conductivity as salt-in-polymer
electrolytes. The measurements could only be performed up to
20 wt % salt content due to observed phase separation and
precipitation of the salt from the polymer electrolytes above
this concentration. The main objective here is to compare the
results of neutron scattering experiments with the other thermal
and spectroscopic results to have an overall perspective about
this model polyphosphazene structure, its interaction with
lithium triflate and the electrical properties.

FT-IR. The FT-IR spectrum of salt free PBMP as well as
two different salt concentrations is given in Figure 3. The
interaction of salt with polyphosphazene by FT-IR spectroscopy
can be in principle monitored either by the changes in
characteristics stretching modes of possible coordinating sites
on the polymer matrix, like O or N atoms, or that for lithium
salt, especially the SO3 group in this case.

Although we expected a certain degree of cation solvation
by the oxygen of side groups and the nitrogen of the main chain,
the spectra of the polymer electrolytes showed no distinct
changes of the intensities and the peak frequencies of the
characteristic absorption of PdN at 1450 cm-1, P-O-C at 1185
and 1032 cm-1, and P-O-CH3 at 821 cm-1. Moreover, a shift
to higher frequencies is expected for the SO2 deformation band
at 638 cm-1 if additional coordination between oxygen or
nitrogen atoms of the polymer and the salt takes place.40,47

However no change was observed with increasing salt content
except a broadening indicating formation of higher ion ag-
gregates.48 All these findings suggest a rather weak interaction
between salt and polymer, and accordingly a polymer-decoupled
motion of the salt ions in the solution.

Differential Scanning Chromatography. The glass transi-
tion temperatures (Tg) of salt-in-polymer electrolytes were
investigated by DSC. They also showed similar thermal behavior
as the salt free polymer with very low glass transition temper-
atures and no additional first-order transitions (Figure 4). The
addition of salt depressed the normal decomposition temperature
of the polymers from 170 to around 100°C (not shown in the
figure). TheTg values shifted gradually to the higher values as
the amount of salt in the polymer electrolyte increased and
reached-55.8 °C for 20 wt % salt concentration. This
progressive rise is usually attributed to the decrease in the
segmental mobility of the polymer, which is usually interpreted
as a result of intra- and intermolecular coordinations between
coordinating sites and the ions. Although the FT-IR measure-
ments did not reveal considerable salt-polymer interactions,
the stiffening as observed from the shift of theTg values to
higher temperatures, indicates at least a minor interaction of
the salt with the polymer host.

[η]PBMPMPBMP ) [η]PSMPS (2)

2A2 )
V2

2

V2
(1 - 2ø) (3)
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T and Li-Salt Dependence of Conductivity.The tempera-
ture-dependent ionic conductivity of salt-in-polymer systems was
determined using impedance spectroscopy. In order to avoid
an influence by the polymer degradation as detected by DSC
measurement (taking place at above 90°C), the first heating
and cooling cycle were performed up to 70°C followed by a
last heating up to 90°C. The temperature dependence of the
ionic conductivity is depicted in Figure 5. The investigated
system showed a monotonous increase of conductivity with the
salt content, but did not show a conductivity maximum in the
studied concentration range as often observed in polymer
electrolytes. The highest conductivity of 1.7× 10-5 S/cm was
observed for 20 wt % salt containing polymer electrolyte at 30
°C. The conductivity of the polymer electrolytes followed an
Arrhenius behavior up to 70°C as commonly seen for glasses
and low molecular weight solvents, indicating that the ion
transport was less strongly coupled to the segmental motions
of the polymer than usual (Figure 5). The conductivity values
unexpectedly deviated from the linearity above 70°C for all
electrolyte systems increasing much faster between 70 and 90
°C. The fairly rapid degradation leading to low molecular weight
polymeric or trimeric and tetrameric cyclic organophosphazenes
most probably results in a decrease of the overall viscosity of
the system.28,29In order to reveal the plasticizing effect of these
newly formed species, the conductivity of salt-in-polymer
electrolyte with 5 wt % lithium triflate was further recorded
after the first heating up to 90°C and cooling-down the system
to 30 °C (Figure 6). The distinct increase in the conductivity
along the cooling run is clearly seen. This can be well explained
by the change in viscosity since the conductivity is inversely
related to the viscosity of the solution.

Moreover, it is worth to mention that the room-temperature
conductivity of PBMPs was surprisingly high and comparable

to the well-known MEEP polymer electrolytes complexed with
lithium triflate.25,26 This is contradictory to the common belief
that a polymer should contain solvating groups, such as
oligoethers, to establish a high ionic conductivity. These results
here indicate that a highly mobile polymer melt with only weak
interactions with the dissolved salt ions can also result in rather
high conductivities.

Polymer and Salt-in-Polymer (in the Molten State).We
further applied SANS to the polymer melts and salt-in-polymer
electrolytes containing 5 and 10 mol % LiSO3CF3 relative to
the polymer segments (corresponding to approximately 7.5 and
15 wt %).

The blends show considerable parasitic scattering at lowq.
On the basis of the observedq dependence (which is close to
q-4), it can be excluded that this is due to a “simple” isotope
mixing effect or Flory-Huggins interaction term between PBMP
and d6-PBMP. It was also present in the salt free samples as
well. Therefore, the salt had no distinctive contribution to that.
It might be due to much larger structures in the polymer, e.g.,
in the pre-gel state (i.e., branched structures) or trapped voids
in the melt sample. From the31P NMR analysis, however, we
found no evidence for branching and if present, the concentration
should be very low. The data show, however, a typical leveling-
off in the same way as for the solutions (usable data:q > 0.007
Å-1), which can be interpreted as the Guinier plateau of the
chain. The Guinier function is simple, and in fact, Zimm’s
approximation used before is just an expansion of the Guinier
function. Figure 7 shows a representative plot for the bulk
polymer without salt. The Guinier fitting parameters of the
mentionedq range using the following definition are listed in
Table 1.

Briefly, Rgz, which is again thez-average, decreases only a
little from 85 Å to 83 Å, if the temperature is increased from
12.5 to 60.6°C for the polymer melt and remains virtually
constant for both salt-in-polymer systems. Although these results
showed that the salt exhibited no distinguishable effect on the
size of the polymer molecules even with increasing temperature,
there must be in fact at least a weak interaction. Otherwise it
would not be possible to dissolve lithium triflate up to 20 wt %
without any macroscopic phase separation. As seen in the DSC
thermograms of the polymer electrolytes (Figure 4), theTg value
is only slightly increased with the addition of salt and the second
transition observed (as the salt content increased further) could
be attributed to the presence of microheterogeneity with two
distinct amorphous microdomains, possibly one salt free and
one salt rich. Nevertheless, the overall degree of coordination

Figure 5. Arrhenius plot for the conductivity of PBMP (2) with
variable amount of LiSO3CF3.

Figure 6. Arrhenius plot for heating and cooling cycle of PBMP with
5 wt % LiSO3CF3.

Figure 7. Scattering intensity of polymer blend 5 vol % PBMP+ 95
vol % d6-PBMP as a function of scattering vector atT ) 12.5 °C.

ln(I) ) ln(I0) - (qRg)
2/3 (4)
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between cations and oxygen or nitrogen atoms of the polymer
must be weak. This is also realized from the temperature
dependence of the ionic conductivity which suggested a
decoupling from segmental motion of the polymer. Any
remaining weak cation coordination seems to be rather localized
within the polymer matrix so that this did not affect the overall
random coil conformation of the almost free polymer chains.

The intensity in the completeq range, however, cannot be
simply fitted to a monodisperse Debye-function. This can be
recognized already from the slight mismatch of the high “q”
slope with-2. Instead, a Schultz-Zimm-Flory (SZF) distribu-
tion was used to fit the polydispersity (Table 1).

For monodisperse Gaussian chains, the form factor of the
chain Pchain(q,M) is expressed by the well-known Debye
scattering function

In the polydisperse case, the radius of gyration,Rg, however,
implicitly depends onW(M). Therefore, a correction for poly-
dispersity must be made then by, e.g., inclusion of a Schultz-
Zimm-Flory (SZF) distribution:

with b ) (h + 1)/Mw, h ) Mn/(Mw - Mn) andMw/Mn ) 1 +
ε.

The radius we obtained from these fittings here is defined as
the number-average ofRg. For a SZF distribution, relations for
Mw/Mn are known and also forMz/Mw which is, e.g., (1+ ε)/(1
+ 2ε). This leads to

The fitted polydispersity (PDI) 1 + ε ) 2.01) was larger
than the GPC result, which was around 1.43. An averageMw

of 120000 Da was calculated from the forward scattering atq
) 0 from fits with the Schultz-Zimm-Flory distribution, which
corresponds to aMn of 60400 Da using the obtained polydis-
persity. This result was in really good agreement with the value
extracted from the experiment done on polymer solutions in
DMF-d7, for which a value of 64000 Da was estimated forMn.
These exact absolute molecular weight results as measured by
the SANS experiment were slightly different from the relative
molecular weights determined by GPC using polystyrene
standards. TheMw value from GPC was 105000 Da with a PDI

of 1.43, which corresponds to theMn value of 73000 Da,
indicating a slight deviation from the SANS results.

4. Conclusions

For the first time, SANS was applied to a linear polyphos-
phazene. AverageMw values from GPC were well comparable
to values acquired by the SANS experiments, the difference
being not significant. The comparison shows that the molecular
weight was only slightly different from the GPC result forMw.

On the other hand, the influence of the dissolved salt on the
melt conformation of the polyphosphazene was investigated.
The main result was that the salt-in-PBMP solutions virtually
showed no significant effect on theRg values as compared to
pure polymer melts indicating a rather weak interaction between
salt and polymer itself. The FT-IR and impedance measurements
were also in agreement with these SANS results indicating a
predominance of ion pairs and their coupled transport within
the polyphosphazene. This is furthermore in agreement with
recent results on the role of ion pairs in ion transport of polymer
electrolytes.49-51 Of course, one cannot exclude the presence
and contribution of higher ion clusters besides ion pairs.

Despite the weak interaction between polymer and salt, the
ionic conductivity was rather high and comparable to that of
MEEP-based polymer electrolytes. These results show that the
presence of a polymer with high segment mobility is the
predominating factor for salt diffusion and conductivity.
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