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Li and 3C solid-state NMR methods were used to study-toped siloxane/poly(ethylene oxide)
hybrid electrolyte materials, where the polymer chains are linked to the inorganic phase through covalent
bonds. These methods were employed to analyze the effects of the interactions between the organic and
inorganic (siloxane and lithium) phases on the polymer dynamics. The motion geometry of polymer
chains was found to be very similar forl-doped and non-doped Ormolytes. However, a significant
effect of the Li" doping on the non-exponentiality of the correlation time functions that describe the
polymer chain dynamics was observed, and a model that supports such behavior was proposed.

Introduction classified as diureasils, in which polyether-based chains are

grafted on both ends to a siliceous backbone through urea
functionalities, is noteworthy. The denomination given for
these materials is ormolytés® When doped with Li salts,
these solid, transparent, and flexible nanocomposites exhibit
a reasonable ionic conductivity at room temperatar@
10°® S/cm)#~6 Because of the presence of covalent bonds
between the inorganic and organic phases (Type Il or-
molytes), these materials result in a cross-linked polymer
network and exhibit good chemical stability and mechanical
properties:8

For understanding the polymer dynamics inside these
hybrids, we employed several solid-state NMR metHotis14
It was found that the ionic mobility is assisted by the polymer
chain motion, which depends on the chain length,ddping
level, and the type of hybrid materi&l® Additional informa-
tion about the chain dynamics in the slow-motion regime
(milliseconds to seconds) was obtained using solid-state 1D
and 2D exchange NMR experimefts?For non-doped Type
Il ormolytes at temperatures around the glass-transition
temperature, it was shown that the polymer segments near

The combination of the appropriate processing conditions
with the adequate choice of the organic and inorganic
components dictates the morphology, molecular structure,
and properties of hybrid materials. The intense activity in
this domain of research is due to the extraordinary implica-
tions that derive from the possibility of combining multi-
functional advanced compounds by mixing, at the nanosize
level and in a single material, organic and inorganic
components. The hybrid material concept seems to be
particularly well adapted for the preparation of advanced
solid polymer electrolytes presenting ion-conducting proper-
ties, with the advantage of replacing viscous liquid systems
by solid or rubbery materiafs3

For the preparation of solid polymer electrolytes, lithium
salt (such as perchlorate or triflate) is dissolved inside the
organic phase of the hybrid matrices, leading to materials
with reasonable ionic conductivity (¥ 10%to 1 x 104
S/cm)#4% Among the various systems that have been
proposed in the last years, the family of versatile compounds
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Effects of Li-Doping on Polymer Chain Dynamics

the linkage group undergo restricted motions and do not
execute large amplitude reorientations. In addition, it was
demonstrated that the molecular motion in non-doped Type
Il ormolytes is more hindered for samples with smaller chain
lengths. Therefore, the results revealed that the heterogene-
ities of the slow molecular motions of the polymer chains
depend on the chain length and the nature of the interaction
between the organic and inorganic (siliceous backbone)
phases. However, the effects offldoping on the specific
characteristics of the chain motion in ormolytes, such as
motional geometry and motional correlation functions, have
not been studied.

In this work,*C solid-state exchange NMR experiméhts
and line shape analysis were performed to obtain information

Chem. Mater., Vol. 19, No. 7, 20081

a)

IH||CP| DD DD
BC|CP| & | In lﬂtz

b)

lHICPlDD DD |DD
T, T,
scfee] ] W ¥

)
lcH DD

2 n/4 4

Li | T | 1, | T A

about the effects of L' doping on the chain dynamics in “v“ﬁ;%\ﬁ“-
Type Il ormolytes. To characterize the correlation functions gy re 1. pulse sequences used in the exchange experiments: (a) 2D
of the molecular motions, in particular its non-exponentiality, exchange; (b) 1D PUREX (S(ulses are filled in black); and (c) stimulated
we used 1D pure-exchange NMR experiments (1D-PUREX). echo experiments wittH broadband decoupling (&pulses are indicated).
However because 1D PUREX is a kind of two-time For all these pulse sequences, phase cycling is applied to eliminate spectral

) artifacts and select the desirable coherences.
exchange NMR experiment, it is not capable of elucidating
the origin of such non-exponentiality: heterogeneous or
homogeneous scenafi® However, previous works have _ o . _
shown that the non-exponentiality of the correlation function ~ This section gives a short introduction about the exchange
observed for glass-transition molecular motions are mostly Methods employed in this work. Detailed descriptions of the
due to dynamical heterogeneities, which can be related toMmethods described below are found in refererieés?’
heterogeneities of the molecular microenvironmént 2D Exchange.Figure 1a shows the pulse sequence used
Besides, the intrinsic heterogeneous character of the or-for the static 2D exchange experiment. In this experiment,
molyte$ also favors the presence of heterogeneities ratherthe orientation-dependent NMR frequencies are monitored
than intrinsic non-exponentiality as the cause of the non- before {;) and after ;) a mixing time ) at which molecular
exponential behavior of the correlation functions. In the reorientations can occur. If slow molecular reorientations
specific case of ormolytes, this heterogeneity is predomi- (€xchange) do not occur duritig the resulting 2D spectrum
nately due to the presence of the covalent bonds among thdS Purely diagonal. In contrast, if exchange occurs during
polymer ends and the silica structures. This was confirmed tm Off-diagonal intensities are observed. The shape of the
by using electron paramagnetic resonance measurements t§2 Spectrum strongly depends on motional amplitude,
analyze samples prepared with nitroxide spin prébes. making it possible to distinguish whether the motion involves
Therefore, in this work, we will assume that the non- small (<20°) or large amplitude reorientations. The identi-
exponentiality observed for the correlation functions for the fication of the motional amplitude can be made from the
motions around the polymer glass transition are due to a2D Spectrum, adopting a suitable model for the motfon.
distribution of correlation times, but an alternative interpreta- 1D Pure Exchange (PUREX).The pulse sequence for

tion based on intrinsic non-heterogeneity can also be done.the 1D PUREX NMR experimefft?®is shown in Figure 1b.
One-Dimensional PUREX is a stimulated echo experiment

(JeenetBroekaert experimeff) that detects only segments
reorienting in the exchange frequency window (hertz to
kilohertz). This is achieved by monitoring the signal reduc-
gon due to changes in the orientation-dependent chemical-

NMR Background

“Li stimulated echo exchange NMR experiments were also
performed in order to investigate the cation dynamics in the
slow-motion regime. The NMR methods used in this work
are effective for studying dynamics in the millisecond to
second time scale, which takes place at temperatures aroun
the motional narrowing of the NMR line width that occurs :
because of the polymer glass transitfoh?1%1! For this 20) fggge;’l,Jil;sygigsBé.H'; Bachmann, B.; Emst, Rafchem. Phys.
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shift frequencies, which results from segmental reorientations exchange experiment, and the maximum in Bfg,, tcsa)

that take place during a long (millisecond to second) mixing vs T curve is smaller than (+ 1/M). The larger is the width
time (tm). The quantification of the results obtained from the of the correlation time distribution, the smaller is the
1D PUREX experiments is usually done by the normalized maximum of theE(ty, tcsp) Vs T curve?® Because,, and
pure-exchange intensiB(ty, 7csa) = ASS, which does not  zcsa are fixed, the maximum of thE(t,, 7csa) vs T curve
contain relaxation effects and just accounts for the signals does not have a strong dependence of the distribution of
of the reorienting segments. Information about motional reorientation angleB(f3r, tn/tc), and for motions occurring
correlation functions can be obtained by fitting the mixing between a large number of sites, it mostly depends on the
time dependence d(tm, 7csp by a stretched exponential  width of the distribution of correlation times. The width of

correlation function (also known as KolrauseWilliam— the E(tm, Tcsa) VS T curve also depends on the distribution
Watts or KWW functiod?), with two fitting parameters, the  of correlation times, but it has an additional dependence on
mean correlation time and the stretching paramgieny. the thermal activation of the motion (Arrhenius or Williats

The fkww values characterize the degree of non-exponen- LandeFerry (WLF) processes and the corresponding
tiality of the correlation function, being 1 for purely parameters), so itis not a reliable parameter. Thus, with the
exponential correlation functions. Consequently, in the case presence of a distribution of correlation time, it is possible
of the heterogeneous scenario assumed in this work, it canto estimate the width of such distribution from Bty 7csa)

be directly related to the width of the distribution of vsT curve. However, there is a limiting feature if one needs
correlation times. However, for diffusive motions, such as a precise quantification. It is well-known that in many
in isotropic rotational diffusion, the distribution of reorienta- dynamic processes, including those related to the glass
tion anglesfr varies with the ratio i/zc, R(fr, tm/Tc). transition of amorphous polymers such polystyrene, polypro-
Because of that, for isotropic rotational diffusion, non- pylene, and polyvinyl alcohol, the distribution of correlation
exponentialE(tm,07csa) Versusty, curves can be observed times can vary significantly with temperatui®! This can
even for motions occurring with a single correlation tithe.  be incorporated in the simulation of thgty,, 7csa) VS T

This can be understood considering that at smajiérc curves, but would be hard to observe such behavior from a
ratios, the peak ifR(Sr, tm/Tc) occurs at small reorientation  single E(tm, 7csp) VS T dependence. Thus, it is more
angles. As a result, the 1D PUREX experiment probes the convenient to simulate the curves considering a temperature-
early broadening of the peak nefg = 0°. Afterward, independent distribution of correlation times. The width of
because of the high sensitivity of this technique to small- this temperature-independent distribution is not equal to the
angle motions, withgr ~ 10°, the dephasing is complete actual width of the temperature-dependent distribution of
for long evolution timesrcsa. As a consequence, for long  correlation times, but will depend on the degree of motional
Tcsa the behavior ofE(tm,d7csa) as a function ott, does heterogeneity during the glass transition as well (in the sense
not depend only on the correlation function of the motion of distribution of correlation times). This is so because the
but also on thed,, dependence dR(f5g, tw/7c), @s shown in maximum mobile fraction seen in a PUREX experiment
refs 28 and 31. Thus, to quantify the distribution of (maximum of theE(ty, 7csa) VS T curve) is proportional to
correlation times unequivocally, it is necessary to measurethe distribution of correlation times at the corresponding
thet,, dependence d&(tm,d7csa) using differentrcsa valuest® temperature. From now on the full width at half-maximum
which can significantly increase the measuring time, mainly of the distribution of correlation times taken from tBé,,

for low abundant nuclei in non-labeled samples. Such an tcsp) vs T curves will be referred to aS\ol] Such an
approach can be used to obtain the temperature dependencapproach is obviously not as informative as the full charac-
of the mean correlation time and the width of the distribution terization of the distribution of correlation times as a function
of correlation times. An alternative approach to achieving of temperature by varyings, and 7csa® However, it still
information about the distributions of correlation times (or can be useful if one is not interested in the details of the
on the non-exponentiality of the motional correlation func- distribution of correlation times, but just wants to know if
tions in a more general picture) is measuring the temperaturesome physical or chemical manipulations of the sample have
dependence of th&(tm,0tcsa) for fixed tm and tcsa. The an influence on it during a specific dynamic process. This
E(tm,7csa) VS temperaturd curves depend on the fraction is the case of the present work, in which the aim was to
of segments that move with rates within the time scale study the effects of L'i doping on the non-exponentiality of
(dynamic window) that the exchange experiments are sensi-the correlation function of the slow motion in the ormolytes
tive to (~100 us to ~1 s). Thus, for thermally activated around the polymer glass transition.

motions, occurring amonlyl nonequivalent sites and with Li Experiments. To measure the slow motion of the'Li
exponential correlation functions, there is a temperature atcation in the ormolytes, the stimulated echo (STE) exchange
which all the molecular segments contribute to the observableexperiment adapted for spin 3/2 systems was used. This
exchange intensity. At this temperature, (&, tcsa) VST recently developed experiment was first applied to study the
curve reaches a maximum value of€11/M), which is~1 slow exchange of thé.i and °Be cations in inorganic solid

for a large number of sites. In contrast, if the molecular electrolyte273233The pulse sequence used in the experi-
reorientations occur with a distribution of correlation times, ment is shown in Figure 1c. Heteronuclear broad-band
there is no temperature at which all molecular segments move

simultaneously with rates within the dynamic window of the (31) Schaefer, D.; Spiess, H. W. Chem. Phys1992 97, 7944-7953.

(32) Bohmer, RJ. Magn. Reson200Q 147, 78—88.
(30) Williams, G.; Watts, D. CTrans. Faraday Socl97Q 66, 80. (33) Wilkening, M.; Heitjans, PSolid State lonic2006 3031-3036.
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decoupling was added into the original pulse sequence to a) [88]47[08]-I1  b) [88]47[30]-11
eliminate the contribution of the kH interactions, which h
are strong for ormolytel3Using the appropriate phase cycling

and interpulse timing? a stimulated echo with intensity $0%¢

H7,tm,t) = @/20Mosin(w(0)7)sin(w(ty)7)is observed with -40°C

a maximum at = t,, + 2r. w(ty,) represents the anisotropic 0°C

NMR frequencies, resulting from quadrupolar or dipolar 45°C

interactions, observed before and after the mixing time. The 17080 40 0 40 .80 150 80 40 0 40 80
phase cycling and the interpulse timevere chosen in order 13C Chemical Shift (ppm)

to enhance the quadrupolar contribution to the €€fi®.
Because the quadrupolar frequeney, depends on the
strength and orientation of the electric field gradient at the

cation site, any modification in these parameters changes this -60°C
frequency. Thus, the experiment is sensitive to any exchange 30°C 30°C
process that changes the electric field gradient around the oo s

LiT-complexing sites { CH,—O—CH,—) of the polymer
chain. The measurement of the stimulated echo amplitude

as a function of the mixing time provides the correlation 120 80 40 0 -40 -80 120 80 40 0 -40 -80

function of the exchange process. From these measurements, 13C Chemical Shift (ppm)

the mean correlation times (decay times) of the ionic motion E;Q:af% 2-Iels3f3 8)’ [Sgg%rga] ?:‘ T(){)l;f}é%?fggllyltﬁgs % ginc[gg? Itl)f ;enn(;p(%r)ature
can be obtained as a function of the temperature iand’[ee]l[soq-n.' : A= e
consequently, the activation energy. Longitudinal relaxation,

[66],,[08]-11 a) [66],(30]-1I

30°C 30°C

T,, also produces echo decay as a function of the mixing Py a) | 66100-| [e) | [88e[30}-11
time, which may happen in the same time scale of the decay i —o—Avy, —"—g;'gs
due to motion. Thus, to guarantee that only motion effects §' §
are encoded in the stimulated echoes, the data is normalized <‘2_ ?
by the T; decay, which was estimated by an inversion ;
recovery experiment. In fact, becau$gwas found to be N |E
much longer (the minimum observed wagl s) than the
mixing time at all measured temperatures, such normalization 0 1
had no effect on the data. In fact, because it is the tBgn 4 NIRRT T
that remains duringy,, the relevant relaxation time iBq; £ A
however, this parameter is usually not so different from K3 I
so we usedr; for the correction. The normalization of the 3 o
echo intensity by its value obtained at short mixing times 4 \ E
performs the correction of, relaxation effects during the £
periodz. 1 [
Experimental Section 0 Ty=35°C .
Sample Preparation. The synthesis of Li-doped Type II -80 Té:&emgre (oé;’ -80 T;:‘%mn?re (‘,éf

ormolytes has already been detailed in refséa After the Figure 3. Line width at 2/3 of the maximum intensity measured as a
prepf":lratlon and further d.rylng to r.emove. the Solvent§ (vacuum function of temperature for Type Il Ormolytes: (a) [6§BO]-II, (b) [66]11-
heating), the nanocomposites were immediately sealed in appropri-(gj-ii, (c) [88]4[30]-!l, and (d) [88kA8]-II.

ate sample tubes for NMR and aluminum pans for DSC experi-

ments. The nomenclature used to describe the Type Il compositesyere acquired using a total of 32 scans pepoint. The mixing

is [X]nly]-Il, where X represents the weight percent of polynter,  times for 2D experiments were 200 ms. Hypercomplex acquisition

the polymerization degree; the oxygen-to-lithium ratio, and Il was used to achieve a pure-absorptive 2D spectfdrhe 1D pure
indicates that both ends of the polymer chains are chemically exchange NMR (1D PUREX) experiments were also performed
bonded to the siloxane structure. using mixing times of 200 ms angsa of 1000us. 7Li stimulated

Differential Scanning Calorimetry (DSC). The measurements  echo experiments were performed using pulse lengths i, 4
were performed on 10 mg samples with a heating rate ofQ/0  values of 10 and 2@s, andt,, values ranging from 1 to 500 ms.
min from —80 to 90°C using a DSETA Instruments (model  The STE experiment was performed using a phase cycling that
2910). To determine the polymer glass-transition temperafifes  records only quadrupolar order during This phase cycling is
we used the middle point transition method indicated in Figure 3a. described in ref 32.

NMR. The experiments were performed using a 9.4-T VARIAN

INOVA spectrometer af®C, “Li, and *H frequencies of 100.5, 150.0, Results
and 400.0 MHz, respectivelyA 7 mm static double-resonance
variable temperature Doty probe head was us#2l pulse lengths The possibility of observing separat&€ chemical shift

of 3.8 and 4.Qus were applied fot°C andH, respectively. Proton ~ powder patterns in ormolytes makes it possible to study the
decoupling field strength of approximately 60 kHz, cross-polariza-

tion time of 1.0 ms, and recycle delays ranging from 10 to 30 s (34) States, D.:; Haberkorn, R. A.; Ruben,JJ.Magn. Reson1982 48,
were used. In 2D exchange experiments; 628 increments iy 286.
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The analysis of th&C line shapes versus temperature can
provide information about molecular motion on the micro-
second to millisecond time scale because of the orientation
dependence of the chemical shift anisotropy (CSA§:

This could be achieved by simulating the evolution of the
13C magnetization belonging to different sites (different
orientation of the molecules in respect to igfield) under
the influence of the molecular motions. However, this
simulation has not been done in the case of heterogeneous
systems such as ormolytes because the large distribution of
motional rates and the complex motional geometries make
it difficult to perform this calculation and extract motional
parameters. Instead of simulating the spectra, we used the
line width temperature dependence to estimate the temper-
ature at which the motional narrowing starts. As the
temperature increases, the molecular motion starts averaging
the CSA interaction, producing a distortion in the powder
spectrum, Figure 2. This distortion increases until featureless
broad lines are obtained. At higher temperatures, the motional
rate,k ~ (1.) "%, becomes larger than the full width of CSA,
Ao = |oy — 024 = 60 ppm~ 6 kHz, producing the complete
averaging (fast exchange limit) of this interaction, Figure 2.
The spectral shape in the fast limit regime reflects the
220 averaging of the CSA tensor by the motion and, conse-
T PP T PP ISR ey s que_ntly, depends on th_e motional geometry. For isotropic
13C Chemical Shift (ppm) n_10t|on_s, all thre_e pr_|n0|pal value_zs are averaged out a_no_l a
_ _ _ single isotropic line is observed in the fast exchange limit.
'(:a'f)]‘fgs‘f;cT(r"vg;’,"(jt')';‘f"zg‘igah‘zxfhfggg)’Sgﬁgtr(i)f’{ssf‘é“gj j{ﬁg”g This is the case observed in Figure 2, showing that the motion
and for sample [66}[8]-1l at (d) —15 °C (Tg), (€) =5 °C (T, + 10 °C), of the PEO units is mostly isotropic well above the polymer

and (f) 5°C (Tg + 20 °C). In all cases, 20 contour levels between 5 and glass transition.
40% of the maximum intensity were used.
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The motional narrowing is usually quantified by measuring

dynamics of the polymer chain by analyzing the spectral the temperature dependence of the line width at half-
changes as a function of temperature. Figure 2 shows theMaximum,Avyp, or equivalently, the full width of the CSA,
line shape temperature dependence for Type Il ormolytes.Ao. However, the powder pattern distortion occurring around
The spectral lines observed at the highest temperatures havéhe onset of the motional narrowing cannot be observed by
already been assigned in ref 11. The resonances observed iff€asuringAvy; or Ac versus temperature. On the other
the highest-temperature spectra around 15 ppm were assignefand, taking the line width at two-thirds of the maximum
to the carbons belonging to Ghbcated in the linkage group  Neight, Avs, an initial broadening precedes the motional
[Si(CH2)sNHCONH(CH)3]. The signal observed around 70 narrowing peaking in a well-defined temperature, which
ppm is typical of carbons ofqH,CH,O] groups in PEO reflects the powder pattern distortion due to motions occur-
chains. In the rigid-lattice regime, at the lowest temperatures, 'iNg with rates on the order of kH2: In the case of

a typical powder pattern spectrum for the carb@®id4CH,0] ormolytes, the line narrowing is associated with the increase
is observed in the 35100 ppm region. In this case, the in chain motion that occurs close to the polymer glass-
chemical shift tensor parameters,, and oy, for the transit.ion temperatgreTg, _as already observed from D$C
[CH,CH,O] carbons can be obtained directly from the and’Li, 13C, and'H line width measurements as a function
powder pattern, and,,can be calculated using the isotropic  Of temperature in references-6 and 9-11. Figure 3 shows

chemical shift value taken from the high-temperature spec- the temperature dependence/ofys for Li*-doped Type Il
trum. Thus, the chemical shift tensor parameters for the Ormolytes together with the respective DSC traces shown

[CH,CH,0] carbons become completely definedi = 93 with arbitrary units. The maximum of th&v,3 vs T curves
ppm, g,, = 82 ppm, ando,, = 33 ppm. With these fairly coincides with middle point transitions of the DSC
identifications, the intensities observed within the 26-@0 ~ CUrves® The glass-transition temperatures found from the

ppm spectral region can be attributed @H, carbons ~ DSC curves for the samples [@@8]-1l, [66]11[30]-11, [88]a7
belonging to the linkage group, which define the right-side [8]-l, and [88i30]-Il, were =15+ 2, —15+ 2, =35+ 2,
shoulder observed in the powder spectrum at low tempera-a2nd —45 £ 2 °C, respectively.

tures. Additional intensities are observed in the spectral
region above 100 ppm (not shown in Figure 2, but observed (35) Spiess, H. W. INMR Basic Principles and Progressiehl, P., Fluck,

in Fgure 4) can be airibuled 1o (180 Carbons. aiso g e oo &£z, Synger Ve s o7 ol 1 5
belonging to the linkage group. Reson. Spectros@005 47, 137-164.
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Comparing molecular motions in different samples is 0.8 : ;
difficult because they may vary with temperature. This means a) e [88]47[o0]-11
that it is not important to compare the samples at the same - - Simulation
temperature, but in situations in which the motional regimes - 0461 {Ac>=4.5
are similar. This can be done by choosing the temperature 3 WLF Parameters: !m=200ms
for performing the experiments according to a reference D 04- E;;;‘S’K Tesa=300us
temperature that must be directly related to the molecular § T(T,)=100s .
motional rate. Tg=225K i 138 SRR
Figures 4a-c show the experimental 2D exchange spectra 21 i'? BREN
acquired witht, = 200 ms for the sample [88]8]-II at X
—35°C (Ty), —25°C (Ty + 10°C), and—15°C (T4 + 20 0.04-¢ }—}' ; ;
°C). The temperatures were chosen to cover the range in 08 ' '.[88] [30}-II
which the motions occur in the slow-motion regime. The b) . Sir:ulation
2D spectrum obtained at25 °C clearly shows two distinct 0.6 As>=35
regions. The first spectral region attributed to tf@ nuclei X | WLF Parameters: ,m=200r;,s
in the linkage groups (below 35 and above 100 ppm) is fully ng C =12 Tesa=500ps
diagonal. The prominent diagonal signal observed above 100 £ 047 Cp=65K Hh
ppm is attributed to the CO group in the linker, which did B ;‘1;8;;5‘]‘105 Y’ N
not appear in the high-temperature spectra due to the loss of 0.24 ¢ ’ AN
cross-polarization efficiency. The second spectral region / \
(between 35 and 100 ppm), associated with the signal from i 3 E_I/Z ‘\‘\
the [CHCH,O] groups, is typical for segments executing g:g * : " : 3
isotropic motion. In summary, basically the same behavior 0 #\ o [88],,[08]-11
was observed for non-doped Type Il ormolytes in ref 11. At +  \-- Simulation
—15 °C, it is possible to observe that the signal for the 0.6 ]' \ <Ao>=0.5
carbons belonging to the linker also shows some non- 3| WLF Parameters: \ 1n=200ms
diagonal intensity, but it is still much closer to the diagonal Soal SZM : \‘TCSA=5°°|*5
than the signal for the [CHH,O] groups. This confirms : ' r(z'r)=1ooS ! \
that the hindrance to the molecular motion of the groups R 15323014 ,-f !
close to the silica structures might be effective even for 0.2 ! \
higher temperatures, as already observed for non-doped ? '
samples? o0 IR b \
Figures 4d-f show the 2D exchange spectra acquired with S0 50 0 50
tm = 200 ms for the sample with approximately 4 times Temperature (°C)
shorter PEO chain [66]8]-Il at —15 °C (Tg), =5 °C (T + Figure 5. Experimental and simulated 1D PUREX intensitity,6tcsa)

10°C), and 5°C (Ty + 20 °C). In this case, the differences Vs temperature for Ormolyte samples with different boping levels. The
between the 2D patterns from the linker and [CH.O] WLF parameters used in the simulation are shown.

groups are less pronounced. Actually, this difference is
clearly observed at 8C, which suggests that the effect of
the silica structure on hindering the molecular motion extends
for all polymer chains as also observed for non-doped Type
Il ormolytes}* this effect being more pronounced for shorter

decoupling?®-*" this precludes the acquisition Bftm,dtcsa)
vs T data in the intermediate-motion regime. Nevertheless,
it is observed that, although the maximum intensities of the
E(tm,0tcsa) VS T curves increase as a function of thetLi
. ; : doping level, their widths decrease with this parameter.
PEO chains. However, the difference in the spectral pattemSge ;o se the width of the distribution of correlation times is
for different temperatures is considerable. inversely proportional to the maximum intensity of the
Figure 5 shows th&(tm,07csa) intensities vs temperature, g, §7csa) vs T curve, this shows that the tidoping
acquired withtn = 200 ms andzcsa = 500 us. The  decreases the distribution of correlation times of the polymer
measurements were performed for samples:{88HI (non- chains dynamics. To confirm such behavior, we simulated
doped), [88};[08]-11, and [88},30]-l. It can be noticed that  the E(t,,,d7csa) Vs T curve. For that, some geometry for the
the measurements were performed only in the low-temper- mojecular motion must be assumed. Such a model can be
ature side of the curve. This is due to the fact that the jnferred from previous works in which the molecular
intensity of the reference 1D PUREX spectr@(0, d7csa)  dynamics of various amorphous polymers were studied in
is drastically reduced by dynamics occurring with rates on getail around the glass transition by using 1D, 2D, and 3D
the order of a few kilohertz (intermediate regime) during exchange NMR experiment$333? Particularly, in some

the evolution periodrcsa in which the motion-induced referenced?333%t has been shown that the geometry of the
chemical-shift frequency changes prevent the formation of

a full stimulated echo. As a result of this intensity reduction, (37) Takegoshi, K.; Hikichi, KJ. Chem. Phys1991, 94, 3200.

the sensitivity of the experiment in the intermediate exchange (38) Leisen, J.; Schmidt-Rohr, K.; Spiess, H. WNon-Cryst. Solid4994
regime is decreased. In conjunction with the line broadening (39) }_Zezugf??i%isen’ 3. Kuebler, S. C.; Spiess, H.JChem. Phys.

induced by the interference of the motion with proton 1996 105, 7088-7096.
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motion around the glass transition is composed of small-
angle step isotropic rotational diffusion accompanied by
large-angle jumps due to conformational transitions. It has
also been found that both processes occur with a distribution
of correlation times. Following the discussion on the NMR

background section and in ref 38, it was assumed that the
distribution of correlation times for the conformational jumps

and the small-angle diffusion was the same and temperature

independent. Given that the intention of this work is to probe
overall the modifications in the distribution of correlation
times of the slow motion in the ormolytes around the polymer
glass transition upon Lidoping, this assumption is ap-
propriate. However, it is not possible to either quantify the
distribution of correlation times at different temperatures or
separate the behavior of the conformational jump and
diffusive motions. The resulting simulations and the corre-
spondingAclbf the log-Gaussian distribution of correlation
times (in decades) are also shown in Figure 5. It can be
observed thatAolclearly tends to decrease for increasing
Li* doping levels. Note that for the non-doped sampie;[]

~ 5 decades. This may look inconsistent with the powder
pattern at room temperature shown in ref 11. For such a large
distribution of correlation times, the room-temperature
spectrum should present at least two distinguishable com-
ponents, a Lorentzian line associated with segments that
move with correlation times short enough to average out the
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Figure 6. Simulated and experimental 2D exchange spectra for sample
[88]478]-1l at —35 °C (Tg), —25°C (T + 10 °C), and—15°C (T4 + 20

CSA and a powder pattern associated with those segmentsc). These simulations were performed using the slow motion approach
that moves within the slow-motion regime. Instead of that, with a short time cutoff of 50Qs.

a single sharp line is observed, showing that at room
temperature, the distribution of correlation times is sharp
enough to have most of the segments in the fast motion
regime. This actually shows that th&cobtained from the

energy andy, with physically meaningful values. Addition-
ally, the WLF parameters used in the simulations of the
E(tm,07csa) VS T curves are pretty much in the typical range

1D PUREX experiments does not describe the full behavior found for the glass transition of amorphous polyntés.

of the distribution of correlation times, which tends to
decrease as a function of temperature. However, in ref 28,
E(tm,07csa) VS T curves were measured for two very well
characterized samples, atactic polypropylene (aPP), for which
the glass transition takes place with a large distribution of
correlation times {4 decades), and polyisobutylene (PIB),
for which the glass transition occurs with a small distribution
of correlation times €1 decade). The same behavior for the
E(tm,07csa) VS T curves is observed here, confirming that
the decrease d\o[upon Lit doping can be associated with
the non-exponentiality of the correlation function. Another
feature of such simulations is that to produce the correlation
time—temperature correspondence, one needs to assume
model that gives the thermal activation of the motion.
However, note that the maximum reached byEig, 07csa)

vs T curve is independent of these models, i.e., the choice
of activation model does not influence the above discussion.
Because we are dealing with dynamics around the glass
transition, the most appropriate function is a nonlinear
temperature dependence of the correlation time, such a WLF
equatior®® For all samples, the fittings are slightly better if
the simulations are performed using the WLF equation
instead of assuming an Arrhenius behavior with the activation

(40) McCrum, N. G.; Read, B. E.; Williams, Gnelastic and Dielectric
Effects in Polymeric Solid®nd ed.; Dover: New York, 1991; Vol.
1.

To support these results, the PEO portion of the 2D
exchange NMR spectrum of the sample [SR)8]-1l was
simulated using isotropic rotational diffusion and a log-
Gaussian distribution of correlation times with width of 0.5
decade. A model that assumes a combination of small-angle
motions, taken into account using small step isotropic
rotational diffusion, and large-angle jumps, taken into account
using random jumps, was used in the simulation. Because
both motions occur simultaneously, it was also assumed that
the correlation time of the jumps and the diffusion time of
the isotropic rotational diffusion are the same. The mean
gorrelation times of the diffusive procesgare indicated in
Figure 6 and follow the same behavior as the one used in
the simulations of th&(tm, dzcsa) VS T curves. The results
for the temperatures-35 °C (Ty), —25 °C (Tq + 10 °C),
and —15 °C (Ty + 20 °C) are shown in Figure 6. The
agreement between the experimental and simulated spectra
is fairly good.

To provide a better understanding about the relationship
between the cation motion and the chain dynamics ir Li
doped ormolytes, it is also important to study thé& triotion
as a function of temperature and compare the results with
those obtained for the polymer chain dynamics. This has been
extensively done for solid polymer electrolytes by solid-state
NMR, mostly using’Li and 'H relaxation experiments and
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line width analysi$:*' To correlate the slow chain dynamics,
studied by 2D exchange and 1D PUREX NMR, with the
slow cation motion/Li stimulated echo experiments were
carried out for the sample [88]08]-II. As usual in inorganic
ionic conductors, because the local electric charge distribution
in the vicinity of the ion is different at distinct sites, the
electric field gradient may vary from site to site. As a

consequence, the ions experience different quadrupolar

frequencies as they move through these electrically non-
equivalent sites, making possible to detect the cation
translational motion in the STE experiments. In solid polymer
electrolytes, the polymer dynamics by itself can also change
the local electric field gradient in the vicinity of the cation,
affecting as well the stimulated echo amplitude. Thus, it is
difficult to distinguish whether the decay of the stimulated
echo amplitude comes from the cation hopping or from the
modulation of the electric filed gradient by the polymer
dynamics. On the basis of previous studies that show that
the motional narrowing of théH and **C lines occurs at
temperatures-20 °C below the narrowing of thélLi line
associated with the central transitibape can infer that both
processes, polymer and lithium motions, occur on the sample

in almost the same temperature range. Besides, a significant L0 yr— e

narrowing of the central lithium line occurs even under high-
power H decoupling, which indicates that there is some
lithium motion independent of the chain dynamid¢sFigure

7a shows a comparison betwetm spectra for the samples
[88]4708]-1I obtained with the standard quadrupolar echo
and the stimulated echo pulse sequence with20us. Both

the quadrupolar and dipolar contributions can be refocused
simultaneously by the stimulated echo; however, they can
be separated by the appropriate choice of the evolution time
7, because the typical decay times are very different for these
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interactions (1dp—15/0¢). Thus, because of the shart= 0.6 - o

20 us value used in the stimulated echo sequence, the 04 s, R ., RLLY

respective spectra are predominately due to the quadrupolar 0.2 F i -18°C§ " 0 10%C ]

interaction. To ensure such statement, we performed a set 09 +—=sarefer - Fi88—s s o0amont =y
10! 102 T(us) 10! 102 T {us)

of experiments. In these experiments, the echo amplitudes

were measured as a function ofat the echo maximum,
H7,tm,7), andts = 64 us later,r,tm,7 + t5). The results are
shown in Figure 7b. Because the echo due to the dipolar
contribution decays much slower than the quadrupolar one,
the intensity at the echo maximusr,ty,,7) is mostly due to
the latter interaction. In contrast, f&7,tm,t + ts), the echo

Figure 7. (a) "Li quadrupolar andLi Stimulated echo spectra of samples
[88]4730]-1l and [88L:78]-1I at selected temperatures. The spectra are scaled
such that they exhibit the same maximum intensities.”{lb)stimulated
echo amplitude as a function of at selected temperatures, for samples
[88]4730]-II and [88L+8]-Il. The amplitudes were measured at the echo
maximum,Yt,tm,7) (@), andts = 64 us later,Yt,tm,7 + t5) (O).

due to spin-diffusion, which was obtained from a measure-

due to the quadrupolar order has already decayed and thg, ot 4t |ow temperature-60°C). This refers to the standard

echo intensity is due to only the dipolar contribution. Figure
7b shows that the intensity at the maximum of the stimulated
echo at short echo times is essentially produced by the
quadrupolar interaction for all temperatures.

Figure 8a shows thé&, dependence of(r,tm,7) curves
obtained withr = 20 us at different temperatures for sample
[88]47[08]-1I. In the case of long mixing timesH-driven
Li spin-diffusion can be very effective as an exchange
mechanism, which can interfere within the interpretation of
the decay curves in terms of molecular motion. Thus, all
the curves shown in Figure 8 were normalized by the decay

(41) Donoso, J. P.; Bonagamba, T. J.; Panepucci, H. C.; Oliveira, L. N;
Gorecki, W.; Berthier, C.; Armand, MJ. Chem. Phys1993 98,
10026-10036.

correction of the data to the spin diffusion, which relies on
measuring the stimulated echo at low temperature, fitting
the curves by the appropriate correlation function, and
normalizing the high-temperature data by this decay. This
obviously supposes that the spin diffusion process is tem-
perature independent, which is indeed a good approximation
in the reduced temperature range of the measurements. After
this normalization, the(r,tm,7) Vs ty curves at each tem-
perature were fitted by the KWW function, providing the
temperature dependence of the correlation times, Figure 8b.
The curvature observed in the Arrhenius plot of Figure 8b
is probably due to spin diffusion processes at long mixing
times, which were not compensated by the normalization and
affecting the correlation times at low temperatures. Despite
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Figure 8. 7Li stimulated echo amplitude&z,tm,7): (a) tm dependence for The main interesting finding of this work is related to the
sample [88[08]-1l at four different temperatures. The lines are KWW  gacrease in the non-exponentiality of the correlation function
fittings corrected by the spin diffusion effects represented by an exponential . . . L
decay time constant of 4.7 s, as indicatedbin the figure. (b) Arrhenius that describes the chain dynamics around the glass-transition
plot from the correlation times extracted from part a. Prew values at temperature upon Lt doping. Assuming that such non-
each temperature are also shown in the figureS(cjm7) vstm at different  exnonentiality is due to a distribution of correlation times,

values for the sample [88]08]-1l at T = —40 °C. o . . .
‘ ple [88{08] it is possible to propose a model that can explain this

the expected behavior for these curves not being an Arrhenius®@havior, Figure 9. At high doping levels, the"Leation

law, it may appear as a linear dependence because of th&an make intra- 0.r interchain cross-links between polymer
small frequency range that the exchange experiment isSegments, producing a dense network of cross-linked poly-

sensitive to. In this sense, the linear fit presented in Figure me, IFiguhre 9a. kw(gﬁ_n thern?_alkenergyt/) isbsukpplied dtohthe
8b may provide only an apparent activation energy, which sample, the wea | cross-links can be broken and the

can be estimated as (62 8) kJ/mol. The intensity of the free” polymer segments enhance their molecular motions.

: R
stimulated echo at long mixing times is related to the number f?‘qt :Ilgeh d Llfl tggp(':r;?n l?geéstjorr?i?ﬁhzog m?]r_cie%ryggssezre
of sites involved in the motion. In this case, the intensity is involved 1 piexat which |

mostly zero, which shows that the detected Li exchange the glass transition of the polymer chain and reduces the Li

. ) S ~7 mobility.® On the other hand, once the-€Li links are broken
involves occur between many (theoretically infinity) electri- by the thermal enerav. all the polvmer seaments start movin
cally nonequivalent sites. Actually, for this kind of materials, y 9y, boly 9 9

. . together, resulting in the uniformization of the molecular
for which the polymer chains are mostly amorphous, the : . . )
: . . . motions responsible for the onset of glass transition, which
presence of many nonequivalent complexing sites is ex-

ted. in contrast to th f crvstalline electrolvtes. f rthen occur with a small distribution of correlation times. On
pected, in contrast o the case of Crystalline electrolyles, 1ory, . contrary, at lower doping levels, the number of cross-
which there is a limited number of nonequivalent sites.

Besides that. th dulati f the electric field aradient b linked sites is smaller and, as a result, the presence of “free”
esides that, the modulation ot the electric Tield gradient by polymer segments (that do not form complexation sites) is
the chain motion, which also affects the detected exchange

more probable (Figure 9b). Thus, many of the polymer chains
intensity, also has a diffusive character. This is confirmed P (Figu )- Thu 4 poY I

by theS(ztm,7) Vs tn curves measured with differenvalues (42) Bohmer, R.; Diezemann, D.; Hinze, G.; Rossle?Eag. Nucl. Magn.
shown in Figure 8c, where it can be noticed that the decay Reson. Spectros2001, 39, 191.
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will behave as “non-doped” chains and will experience the that the heterogeneity of the segmental motions is affected
natural environment microheterogeneities of glassy systems,by the presence of ltiions @4,45).

leading to a glass transition with a broad distribution of

correlation times%1" Therefore, our results suggest that Li Conclusions

doping modifies the local interactions between the polymer
segments in such a way that the characteristic distribution
of correlation times of the motions that occurs around the
glass transition temperature are minimized. Thus, it is an
indication that besides being the charger carrier, thddns

act as cross-linkers, changing the dynamic behavior of the
polymer chains.

Another important question that could be addressed is
whether the cations I are preferentially dissolved by
isolated PEO chains, intrachain cross-linking, or make cross-
links between different chains, interchain cross-linking.
Unfortunately, our results cannot unambiguously answer this
guestion because either the increase of the glass transitio
or the decrease in the distribution of correlation times upon
Li* doping is in agreement with both cases. This can be
understood considering that the distribution of correlation
times of the motion occurring around the glass transition is

usually associated with heterogeneities in the molecular tiality i ted with a distributi ; lation i
environment51843Thus, because either the presence of jons &Y IS associated with a distribution of correlation imes.

o ) e ) .
dissolved by isolated PEO chains or making cross-links The Li" doping modifies the local interactions between the

between chains are expected to produce a more homogenem&olymer Segmems reducing Fhe distribution of corre .Iation
environment (different chains tend to have similar dynamic times of the motions responsible by the glass transition.
behavior), both hypothesis would be in agreement with our
results.

Some studies on polymer electrolytes have also shown the
effects of Li" doping on the polymer dynamics, indicating CMO060762E

Li and ©°C solid-state NMR methods were used to study
Lit-doped siloxane/poly(ethylene oxide) hybrid ionic con-
ducting materials, where the polymer chains interact with
the inorganic phase through covalent bonds. The effect of
the interactions between the organic and inorganic phases
(siloxane and lithium) on the polymer dynamics was
analyzed. The motion geometry of polymer chains was found
to be similar for doped and non-doped hybrids. Although
the motion of polymer segments near the linkage groups is
very hindered by the urea linkages to the siloxane structures,
the motion of segments away from these structures follows
fhe dynamic behavior expected for amorphous polymers
around the glass-transition temperature. It was also observed
that at temperatures around the glass-transition, the non-
exponentiality of the correlation function that describes the
polymer chain dynamics is reduced upor dioping. Such
behavior was explained considering that this non-exponen-
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