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Summary: Results obtained recently on polymer electrolytes poly(ethylene oxide)

(PEO)/LiCF3SO3 and poly(2-ethyl-2-oxazoline) (POZ)/AgCF3SO3 by a combination of

solid-state 13C and 1H NMR spectroscopy and DFT quantum-chemical calculations are

discussed. Essentially the same local structure was found for the amorphous and

crystalline phases of semicrystalline PEO/LiCF3SO3 polymer electrolyte. The amor-

phous POZ/AgCF3SO3 complex has a defined stoichiometry with two POZ monomeric

units per one AgCF3SO3. A close contact between the metal salt and polymer was

determined for both investigated systems from the Lee-Goldburg cross-polarization
1H! 13C dynamics.
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Introduction

It is well known that by incorporating a

metal salt into a polar polymer matrix the

system becomes ionically conductive, i.e., a

solid polymer electrolyte is formed. Typical

example is molecular complexes of poly-

(ethylene oxide) (PEO) with alkali metal

salts; an application of these systems in

electrochemical devices like solid-state bat-

teries has been suggested.[1,2] The PEO/

LiCF3SO3 complex (stoichiometry three

PEO monomeric units per one LiCF3SO3)

is one of the most investigated systems and

its crystal structure was determined by X-

ray diffraction.[3] Correlating NMR results

and conductivity measurements, it was

concluded that due to high mobility, the

amorphous phase of the polymer electro-

lyte is primarily responsible for the ionic

conductivity.[4] Recently the results were

published[5,6] showing that ionic conductiv-

ity in the crystalline phase can be greater

than in equivalent amorphous material;

however, the opposite conclusion was also

published.[7] In contrast to the crystalline

phase, virtually no structural information is

available for the amorphous phase and the

only information in this respect was based

on infrared spectra measured above the

melting point from which the authors

concluded the structural similarity of the

crystalline and amorphous phase in PEO/

LiCF3SO3 complex.[8]

Another type of solid polymer electro-

lytes is polymer-silver salt complexes, such

as, e.g., poly(2-ethyl-2-oxazoline) (POZ)/

AgCF3SO3 complex. These systems showed

high separation performance for alkene/

alkane mixtures and they are investigated

as promising membrane materials.[9,10]

Wide-angle X-ray scattering (WAXS) and

differential scanning calorimetry (DSC)

have shown that POZ/AgCF3SO3 polymer

electrolytes are completely amor-

phous.[11,12] IR spectroscopy indicated that

the stoichiometry of the POZ/AgCF3SO3

complex might be close to 1/1.[13]

Among other methods, solid-state NMR

spectroscopy (in particular 7Li and 23Na

NMR) has been also used to study polymer

electrolytes based on PEO (mainly their

phase composition and ionic mobility).[2,14]

It has been shown that solid-state 13C NMR
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is another suitable method for structural

characterization of PEO-based polymer

electrolytes.[15–17] The present paper pro-

vides an overview of our recent NMR

studies of semicrystalline PEO/LiCF3SO3

and amorphous POZ/AgCF3SO3 polymer

electrolytes.[17–20] In these studies we have

found useful a combination of solid-state
13C and 1H NMR spectroscopy on real

system and density functional theory

(DFT) quantum-chemical calculations on

model systems.

Polymer Electrolyte PEO/LiCF3SO3

We have chosen 13C and 1HNMR chemical

shifts of PEO nuclei to characterize inter-

actions and local structure separately in the

crystalline and amorphous phases of the

PEO/LiCF3SO3 semicrystalline polymer

electrolyte with the aim to contribute to

fill the existing gap concerning the struc-

tural characterization of the amorphous

phase in the PEO-based polymer electro-

lytes.[19] We investigated a stoichiometric

sample of the PEO (Mw¼ 6000)/LiCF3SO3

complex (i.e., PEO monomeric unit/

LiCF3SO3¼ 3/1). Sample of the neat PEO

6000 was also studied. Both the PEO/

LiCF3SO3 complex and the neat PEO were

highly crystalline (degree of crystallinity

�90%). Due to high degree of crystallinity

there is a dominant contribution of the

crystalline phase to the PEO signal in solid-

state 13C CP/MAS (cross polarization/

magic angle spinning) and 1H CRAMPS

(combined rotation and multipulse spectro-

scopy) NMR spectra. On the other hand

only amorphous phase contributes to the

narrow component in the 1H MAS NMR

spectra measured with spinning frequency

5 kHz and to the PEO signal in 13C MAS

NMR spectra measured without CP with a

short pulse repetition time of 1 s. In the

latter case this is a consequence of the fact

that spin-lattice relaxation times T1 of

crystalline PEO carbons in the PEO/

LiCF3SO3 complex and in the neat PEO

are 15.6 and 10 s, respectively, while for

amorphous PEO carbons it holds T1< 1 s in

both cases.[17,21] 13C and 1H NMR chemical

shifts of PEO in the crystalline and

amorphous phase of the complex are shown

in Table 1, together with the respective

values in the neat PEO. A higher shielding

of PEO carbons and lower shielding of

PEO protons was found for the PEO/

LiCF3SO3 complex in comparisonwith neat

PEO; a similar behavior was found also for

PEO nuclei in PEO/hydroxybenzene com-

plexes stabilized by hydrogen bonds.[18,21]

From Table 1 it further follows that 13C

PEO chemical shifts are identical in the

crystalline and amorphous phase of PEO/

LiCF3SO3, and also 1H PEO chemical shifts

are virtually the same for both phases. This

result confirms the same interaction (i.e.,

the coordination of ether oxygens to the Liþ

cation) in both phases and shows the same

or at least very similar local structure in the

crystalline and amorphous phase of PEO/

LiCF3SO3 polymer electrolyte.

The experimental NMR results are

corroborated by quantum-chemical DFT

calculations on a model complex of diglyme

CH3O(CH2CH2O)2CH3 and LiCF3SO3.
[19]

The optimized geometry of this model

complex is shown in Figue 1. The presented

structure of the model complex, indicating

coordination of the Liþ cation by the three

diglyme oxygens and the two oxygens of the

anions, simulates well the X-ray crystal

structure of the PEO/LiCF3SO3 com-

plex.[3]13C and 1H NMR chemical shifts

were calculated both for diglyme/LiCF3SO3

model complex and uncoordinated di-

glyme.Thevaluesof differenceof the respec-

tive chemical shifts, defined as D¼ ddiglyme/

LiCF3SO3 – ddiglyme, are shown for diglyme

carbons and protons (with exception of

Macromol. Symp. 2006, 235, 57–6358

Table 1.
13C and 1H NMR chemical shifts of PEO in the PEO/
LiCF3SO3 complex and in neat PEO.[19]

Sample phase d (ppm)

13 C 1H

PEO crystalline 72.0 3.60
amorphous 70.8 3.59

PEO/LiCF3SO3 crystalline 68.9 3.93
complex amorphous 68.9 (�1.9a)) 3.98 (0.39a))

a) In parentheses are values of the difference
D¼ dPEO/LiCF3SO3 – dPEO.
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CH3 end groups) directly in Figure 1

(values for protons are in italics). In

accord with experimental results these

calculations have shown a higher shielding

of diglyme carbons and lower shielding of

diglyme protons (those at the rear side of

the structure presented in Figure 1) in the

model complex in comparison with unco-

ordinated diglyme. The averaged values of

the difference D as found for diglyme

carbons and protons (at the rear side of

the structure in Figure 1), D(13C)¼
�1.9 ppm and D(1H)¼ 0.4 ppm, agree well

with the respective experimental values (cf.

Table 1), so supporting the idea that local

structures in crystalline and amorphous

phases are virtually the same.

To obtain information on the geome-

trical structure of the PEO/LiCF3SO3

polymer electrolyte, we attempted to

determine the effective distance reff
between LiCF3SO3 carbon and its nearest

PEO protons. Two types of the approach

were used for this purpose. First, from the

measurement of the CP dynamics the

distance reff¼ 0.36 nm was determined.[17]

However, in this case the resulting value

might be affected by proton spin diffusion.

Therefore we applied also a method based

on themeasurements of the dynamics of the

Lee-Goldburg (LG) CP 1H! 13C.[22] The

homonuclear proton dipolar interactions

are averaged-out and proton spin diffusion

is effectively supressed during LG irradia-

tion of protons. Using this method, for the

effective distance between the LiCF3SO3

carbon and its nearest PEO protons we

obtained the value reff¼ 0.33 nm.[19] This

value is in accord with distances 0.31–

0.34 nm[17] between the LiCF3SO3 carbon

and the nearest PEO hydrogens calculated

by using refined atomic parameters of the

crystal structure of the PEO/LiCF3SO3

polymer electrolyte.[3]

Polymer Electrolyte POZ/AgCF3SO3

We investigated samples of POZ/

AgCF3SO3 polymer electrolytes with molar

Macromol. Symp. 2006, 235, 57–63 59

Figure 1.

Optimized geometry of the model complex of diglyme CH3O(CH2CH2O)2CH3 and LiCF3SO3 as obtained from DFT

calculations. The values of the difference D of the respective chemical shifts D¼ ddiglyme/LiCF3SO3 – ddiglyme are

shown for various diglyme carbons and protons directly in the figure (values for protons are in italics). At dotted

lines the respective distances are given in Å.[19]
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ratio of both components in the range 10/1–

1/1; samples of the neat POZ and

AgCF3SO3 were also studied for compar-

ison.[20] Asmentioned in Introduction, both

POZ/AgCF3SO3 blends and neat POZ

were completely amorphous.[11] Similarly

as for PEO/LiCF3SO3 polymer electro-

lyte,[17,19] also for all POZ/AgCF3SO3

blends with various molar ratios of both

components, in 13C CP/MAS NMR spectra

in addition to POZ resonances also the

signal of AgCF3SO3 carbons was detected.

Because in CP/MAS spectra 13C lines

originate from dipolar-coupled protons,

the existence of the signal of AgCF3SO3

carbons confirms that in all blends both

components are in contact forming the

molecular complex; the distance between

AgCF3SO3 carbon and nearest POZ pro-

tons in the complex has to be smaller than

�0.5 nm. Some changes of POZ resonances

(shape and chemical shifts) in POZ/

AgCF3SO3 samples in comparison with

the neat POZ were also visible in 13C CP/

MAS NMR spectra. The largest changes of

chemical shifts were found for carbonyl

carbons (cf. further text). Smaller changes

(downfield shift 0.5 ppm) were found for

the line of adjacent side-chain methylene

carbons, while the chemical shifts of main-

chain POZ carbons and side-chain methyl

carbons were the same in POZ/AgCF3SO3

blends and in the neat POZ. These results

show that the dominant interaction in the

POZ/AgCF3SO3 complex is the coordina-

tion between silver cations and carbonyl

oxygens.

The carbonyl region in 13C CP/MAS

NMR spectra is shown in Figure 2a. From

this figure it follows that in blends contain-

ing AgCF3SO3 a new carbonyl signal exists

with �4 ppm larger chemical shift in

comparison with the carbonyl resonance

in the neat POZ. From Figure 2a it also

follows that with the increasing amount of

silver salt in POZ/AgCF3SO3 blend the

relative intensity of the new carbonyl line

increases (up to molar ratio POZ/

AgCF3SO3¼ 2/1) and that both for 2/1

and 1/1 POZ/AgCF3SO3 mixing ratios no

signal of the neat uncomplexed POZ was

detected. For remaining POZ/AgCF3SO3

mixing ratios a deconvolution of the

carbonyl region into two components is

shown in Figure 2b. The new carbonyl

signal with larger chemical shift evidently

corresponds to carbonyls in the POZ/

AgCF3SO3 complex. From the fact that

no signal of the neat uncomplexed POZwas

detected for the mixing ratio POZ/

AgCF3SO3¼ 2/1 as well as from the ratios

of the intensities of the carbonyl line in the

complex and the line of the uncomplexed

POZ as a function of the mixing ratios of

POZ and AgCF3SO3 (cf. Figure 2b) it

results that the complex has the defined

molar stoichiometry POZ/AgCF3SO3¼
2/1. This is also in accord with the shape

of the signal of AgCF3SO3 carbons which

for mixing ratio POZ/AgCF3SO3¼ 1/1

shows the existence of the excessive

uncomplexed AgCF3SO3.
[20]

Quantum-chemical DFT calculations

werealsoused tostudy interactionof ‘‘mono-

meric’’ model (CH3CH2N(COCH2CH3)-

CH3) and ‘‘dimeric’’ model (CH3CH2-

N(COCH2CH3)CH2CH2N(COCH2CH3)-

CH2CH3) of POZ with AgCF3SO3. Result-

ing structure as obtained for ‘‘dimeric’’

model complex that is in accord with 2/1

stoichiometry determined for the POZ/

AgCF3SO3 complex from 13C CP/MAS

NMR spectra, is depicted in Figure 3. In this

structure the silver cation is coordinated to

both carbonyl oxygens. In accord with

experimental NMR results, DFT calcula-

tions have shown lower shielding of carbo-

nyl carbons and adjacent side-chain

methylene carbons in model complexes in

comparison with ‘‘neat’’ models of POZ.

Concerning the absolute values of the dif-

ference D¼ dPOZ/AgCF3SO3 – dPOZ (for

calculated chemical shifts, POZ should be

replaced by either the ‘‘monomeric’’ or

‘‘dimeric‘‘ model of POZ), contrary to

PEO/LiCF3SO3 polymer electrolyte where

the experimental values of the difference D

were in excellent agreement with values

obtained byDFT calculations, for the POZ/

AgCF3SO3 system the difference of the

respective chemical shifts D calculated for

carbonyl carbons in model complexes was

Macromol. Symp. 2006, 235, 57–6360
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more than twice larger than the experi-

mental value D¼ 3.9 ppm found for the

stoichiometric POZ/AgCF3SO3¼ 2/1 com-

plex. For the adjacent side-chain methylene

carbons the value of the difference D

calculated for the ‘‘dimeric’’ model com-

plex (D¼ 1.2 ppm) is much closer to

experimental value (D¼ 0.5 ppm) than

the value calculated for the ‘‘monomeric’’

model complex (D¼ 3.2 ppm).[20]

Measurements of 13C spin-lattice relaxa-

tion times T1 have shown that T1 values in

the stoichiometric polymer electrolyte

POZ/AgCF3SO3¼ 2/1 are significantly

shorter in comparison with the neat

POZ.[20] The fact that that the temperature

of the glass transition Tg¼ 360 K found for

this sample is by 16 K higher than in the

neat POZ[12] contradicts the explanation

that shorter T1 values in the POZ/

AgCF3SO3 complex might indicate a higher

segmental mobility, as found for neat POZ

from T1 measurements at variable tempera-

tures. We assume that shorter T1 values

found for the POZ/AgCF3SO3 sample are

due to the paramagnetic contribution to the

relaxation mechanism. The source for this

contribution is evidently atoms of neutral

silver (Ag0) that can be formed in small

amount in this system.[23] From the fact that

the paramagnetic contribution to the total

relaxation is roughly comparable with the

contribution from the dipolar coupling

between carbons and directly bonded

protons it follows that relative amount of

the atoms of neutral silver in the studied

POZ/AgCF3SO3 complex is �0.1%.[20]

To obtain information on the geome-

trical structure of the POZ/AgCF3SO3

Macromol. Symp. 2006, 235, 57–63 61

Figure 2.

(a) Carbonyl region in 13C CP/MAS NMR spectra of POZ/AgCF3SO3 polymer electrolytes with various molar mixing

ratios of POZ and AgCF3SO3. (b) Deconvolution of the carbonyl region into two components.[20]

Figure 3.

Structure obtained from DFT calculations for

‘‘dimeric’’ model of POZ interacting with AgCF3SO3.
[20]
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complex, we determined the effective

distance reff between AgCF3SO3 carbon

and its nearest POZ protons using amethod

based on the measurements of the

dynamics of LG CP 1H! 13C, similarly as

mentioned above for PEO/LiCF3SO3 poly-

mer electrolyte. Figure 4 shows for illustra-

tion the integrated intensities of POZ

NCH2 and AgCF3SO3 signals in 13C CP/

MAS NMR spectra of the stoichiometric

POZ/AgCF3SO3¼ 2/1 complex, measured

with LG irradiation of protons, as a

function of LG-CP time. The Fourier

transforms of LG-CP curves yield the

respective 13C-1H dipolar couplings Dv/

2p, equal to 10 and 0.78 kHz for NCH2 POZ

carbons and AgCF3SO3 carbons, respec-

tively.[20] The value obtained for NCH2

carbons shows that system is not completely

rigid; for CH2 carbons in the crystalline

PEO/LiCF3SO3 complex we obtained Dv/

2p¼ 12.2 kHz.[18,19] After the correction for

the rigid system and using the formula for

the internuclear distance rCH (in nm)[22],

rCH¼ 2.586(Dv/2p)�1/3, for the effective

distance of AgCF3SO3 carbon and its

nearest POZ protons we obtained

reff¼ 0.26 nm, showing a very close contact

between both components.

Conclusion

Solid-state NMR spectra and quantum-

chemical DFT calculations confirmed that

dominant interaction in the PEO/

LiCF3SO3 and POZ/AgCF3SO3 polymer

electrolytes is coordination between

respective cation (Liþ or Agþ) and ether

or carbonyl oxygens of PEO and POZ,

respectively. A close contact between inter-

acting components was determined from

the LG CP 1H! 13C dynamics for both

systems. Higher shielding of PEO carbons

and lower shielding of PEO protons was

found for PEO/LiCF3SO3 polymer electro-

lyte compared with the neat PEO both

experimentally from NMR spectra and

from DFT calculations on a model complex

of diglyme and LiCF3SO3.
13C and 1H

NMR chemical shifts are the same in

amorphous and crystalline phases of

PEO/LiCF3SO3 polymer electrolyte, show-

ing essentially the same local structure in

both phases. Therefore, the important

factors affecting the ionic conductivity

might be either a higher mobility of the

amorphous phase or a regular long-distance

conformational arrangement of the crystal-

line phase. Solid-state 13C NMR spectra

(carbonyl region) evidence that the POZ/

AgCF3SO3 complex has a defined stoichio-

metry: two POZ monomeric units per one

AgCF3SO3. The shorter 13C spin-lattice

relaxation times in the stoichiometric

POZ/AgCF3SO3 sample in comparison

with neat POZ indicate a formation of

small amount (�0.1%) of paramagnetic

neutral silver.

Macromol. Symp. 2006, 235, 57–6362

Figure 4.

LG-CP dynamics (integrated intensity vs. contact time) for POZ NCH2 (a) and AgCF3SO3 (b) carbons in the POZ/

AgCF3SO3¼ 2/1 polymer electrolyte.[20]
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[17] J. Spěváček, J. Dybal, Macromol. Rapid Commun.

1999, 20, 435.
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