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ABSTRACT: Fourier transform Raman spectroscopy has been utilized, in combination with normal 
coordinate analysis, to characterize chain conformational changes of amorphous poly(propy1ene oxide) 
(PPO) when used as a matrix for polymer electrolytes. Our data indicate that in the presence of salt, 
poly(propy1ene oxide) displays a characteristic Raman band at 810 cm-I increasing in intensity with an 
increase in LiC104 concentration. 1,2-Dimethoxypropane (DMP) was found to be an excellent model for 
data interpretation. Both the intensity and frequency of Raman active 1,2-dimethoxypropane vibrations 
were calculated. The C-C or C-0  bands in the 700-900 cm-I region were found to be particularly 
sensitive to  chain conformational changes. The bands at 810 and 836 cm-l were assigned to  TG,T and 
TT" conformations of the -0-C-C-0- sequence along the backbone, respectively. Therefore an increase 
in intensity at 810 cm-l directly correlates to  an increase in the TG,T conformation with an increase in 
salt concentration. The effects of end groups on chain conformational changes were also studied since 
Li+ can interact with both -OH end groups and ether oxygens. Poly(propy1ene oxidels having hydroxy 
and methoxy end groups were compared. Our analyses indicate the interaction between hydroxy end 
groups and the lithium cation does not contribute as significantly to formation of the TG,T conformation 
as does the interaction between the ether oxygen and lithium cation. 

Introduction 

Polymer electrolytes possess better dimensional, ther- 
mal, and chemical stability than inorganic and solution 
electrolytes.1,2 The host polymer in polymer electrolytes 
usually consists of highly polar atoms which can solvate 
various ions. In such systems, the structure of the 
polymer matrix is extremely important since ionic 
conduction is governed by local segmental motions of 
the polymer chain as well as the number of free 
Typically-used polymers include polyethers such as poly- 
(propylene oxide) or poly(ethy1ene oxide) (PEO), as 
various ions are highly soluble in these polymers. This 
characteristic can be attributed to specific interactions 
between the ether oxygen and the cations ~ t i l i z e d . ~ , ~  
This solvation property can be altered by polymer 
structure, since it has been shown that poly(ethy1ene 
oxide) exhibits much better solvating power for many 
salts than either poly(methy1ene oxide) [-CHz-O-I or 
poly(trimethy1ene oxide) [-CH&H~CHZ-O].~ The dif- 
ferences have been shown to be correlated to spacing of 
polar atoms along the chain. Furthermore, the lower 
ionic conductivity of PPO-based rather than PEO-based 
electrolytes has been attributed to the steric hindrance 
caused by the -CH3 side group interfering with the 
interaction between the ether oxygen and cation.1° 
Undoubtedly, a better understanding of the chain con- 
formational distribution of the host polymer will lead 
to a better understanding of the ionic conduction mech- 
anism. 

Vibrational spectroscopy, both infrared and Raman, 
has been used to characterize conformational changes 
induced by polymer-salt interactions. A number of 
studies have focused particular attention on character- 
ization of poly(ethy1ene oxide) conformational changes 
with introduction of ~a1 t s . l l - l~  However, although 
several spectroscopic studies have been conducted, very 
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limited quantitative structural analysis has been carried 
out for poly(propy1ene oxidel-based polymer electro- 
lytes.16-20 Raman active bands are strongly dependent 
on the polarizability changes of C-C bonds along the 
backbone and can be extremely sensitive to chain 
conformational changes.21 Low-frequency Raman bands 
observed for poly(propy1ene oxidel-based electrolytes 
have considerable contributions from CCO/COC skeletal- 
bending coordinates and can be sensitive to chain 
conformational changes. These bands exhibit signifi- 
cant frequency shifts and bandwidth changes as a 
function of salt concentration.16 The frequency shifts 
have been interpreted in terms of changing chain 
stiffness.20 There are also other new unexplained 
spectroscopic features present when salts are intro- 
duced, and a detailed interpretation of poly(propy1ene 
oxide) structure in the presence of salts has yet to 
emerge. The vibrational spectra for a specific chain 
conformation can be analyzed. However, since the poly- 
(propylene oxide) used for polymer electrolytes has a 
disordered structure, the obtained vibrational spectra 
generally consist of overlapping features associated with 
many different chain conformations. 

Since the early  OS, theoretical normal vibrational 
analysis, based on the solution of the harmonic equation 
of motion which provides a set of frequencies and 
eigenvectors, has been extensively used to better under- 
stand polymer infrared and Raman spectra. Such 
analysis, typically accomplished by use of Wilson's GF 
matrix method and force constants transferred from 
small molecules, is applicable only for a specific chain 
conformation.22~23 Snyder and co-workers recently de- 
veloped a set of programs capable of reproducing 
observed vibrational spectra for both ordered and 
disordered oligomeric systems.24 Chain conformation 
is generated on the basis of the rotational isomeric state 
model with the specific number of isomeric states 
governed by the energy differences of the states. With 
a surprisingly small number of parameters, it has been 
possible to reproduce remarkably accurate experimental 
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Table 1. Hydroxy Content Determined for HPPO 
-OH no. -OH no. 

MW (mg of KOWg)a MW (mg of KOWg)a 
425 3000 35.24 

1000 111.85 4000 26.94 
2000 55.56 

a Determined by titration based on ASTM D4274. 
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infrared and Raman spectra of disordered chains. Sny- 
der and co-workers analyzed the low-frequency (0-600 
cm-l) Raman spectra of n-alkanes in the liquid state.24 
Subsequently,  this method was applied for analysis of 
the low-frequency Raman spec t rum of molten state 
isotactic polypropylene and successfully demonstrated 
that the vibrational spectroscopic analysis can  be used 
to identify t h e  correct model governing the chainsz5 This 
method has been extended to analysis of higher fre- 
quency vibrations (0- 1500 cm-l) of liquid n-alkanes.21 

To reduce the complexity of ou r  analysis,  1,2-dimeth- 
oxypropane has been utilized as a model compound for 
poly(propy1ene oxide). The spectral change obtained for 
the model compound by  salt addition remarkably re- 
sembles that obtained for poly(propy1ene oxide). 1,2- 
Dimethoxypropane has the same structure  as the 
chemical r epea t  unit of poly(propy1ene oxide).26 In 
addition, conformational analysis has revealed that t h e  
conformer distribution obtained for 1,2-dimethoxy- 
propane w a s  no different from that of the C-C bond 
along the poly(propy1ene oxide) chain, even though long 
range interactions are not considered.26 Although it is 
difficult to  characterize a disordered polymer state 
utilizing information obtained from a small molecular 
model, some vibrational modes are sufficiently localized 
to  be used for analysis of common spectroscopic features 
in both the model and polymer. By analyzing experi- 
mental d a t a  in conjunction with normal coordinate 
analysis,  chain conformational changes of poly(propy1- 
ene oxide) in t h e  presence of salts can  be  obtained. Our 
results are reported herein.  

Materials and Experiment 
Hydroxy-terminated poly(propy1ene oxide) (HPPO) samples 

of molecular weights 425 (HPPO 425), 1000 (HPPO lOOO),  and 
4000 (HPPO 4000) were obtained from Aldrich Chemical Co. 
The hydroxy content (Table 1) was determined by titration 
(ASTM D4274). Extreme care was exercised to  prevent water 
contamination during sample preparation. HPPO samples 
received were dried under high vacuum at  70 "C. Lithium 
perchlorate obtained from Aldrich was also dried at 150 "C 
under high vacuum for 1 day, dissolved in fresh dried THF 
(Aldrich) and added to the dried HPPO under dry argon gas 
in a glovebag. The solvent was removed at  60 "C, stored for 2 
days under vacuum, and then further dried at  100-130 "C at 
high vacuum depending on the HPPO molecular weight. 
Lastly, all samples were dried at  room temperature for an 
additional week at  high vacuum. Lithium perchlorate/HPPO 
complexes were prepared with compositions of [Li+Y[propylene 
oxide unit] = 0.05,0.10,0.15, and 0.20. 1,2-Dimethoxypropane 
was used as received from Aldrich. Lithium-complexed 1,2- 
dimethoxypropane was prepared by dissolving LiC104 directly 
into 1,2-dimethoxypropane. 

Methoxy-terminated poly(propy1ene oxide) (MPPO) was 
prepared in order to  examine end group effects. We selected 
the two lowest HPPO's of molecular weights 425 and 1000, as 
the largest end group effects are expected for these samples. 
The reaction flask containing dried HPPO was connected 
under dry argon gas to a condenser equipped at  the top with 
a drying agent. The HPPO's had been treated with NaH 
(Aldrich, 95%) for 1 day. Excess CH3I was added by syringe 
into the flask and the reaction mixture allowed to  stand for 
another day. The NaH residue was killed by MeOH and the 
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W a v e n u m b e r s  
Figure 1. Fourier transform Raman spectra of HPPO and 
HPPOLiC104 complex. The spectral resolution was main- 
tained at 4 cm-'. The laser power was maintained at  500 mW 
at  the sample. 

mixture separated to  MPPO and other side products and 
impurities by separatory fractionation. MPPO was obtained 
as a yellow transparent liquid. 

Hydroxy groups were not detected in the FT-IR spectrum 
obtained at room temperature by use of an IBM 38 system 
equipped with a dry nitrogen line and DTGS detector. The 
FT-IR spectrum was obtained with samples pressed between 
two potassium bromide plates. A total of 128 scans were signal 
averaged at a spectral resolution of 2 cm-l. Use of a Bruker 
FT-NMR (200 MHz) provided no significant peak indicative 
of hydroxy groups. The ratio of the number of hydrogens of 
CH3 in CH3-0- units and CH3-C- units calculated by 
integrating the area under the peaks was obtained as expected 
for perfect substitution. By use of a GPC equipped with 
polystyrene columns and a differential refractometer (Waters), 
i t  was confirmed that there is no change in the polydispersity 
index, thus indicating no polymer degradation. Finally, micro- 
analysis provided no indication of the presence of sodium and 
iodine. LiC104-complexed MPPO's were prepared by the same 
procedure utilized for preparation of salt-complexed HPPO's. 

It is interesting to note that the complexation of MPPO with 
salt is more complex than HPPO salt complexes in that a two- 
layer macroscopic phase separation occurred for the MPPO/ 
LiC104 complex. From Raman spectroscopy, differential scan- 
ning calorimetry (DSC), and microanalysis, the upper layer 
was found to consist of pure MPPO. The bottom layer consists 
of MPPO complexed with added salt. It is also interesting to  
note that the amount of salt in this fraction is independent of 
initial salt concentration. The composition of the lower layer 
was found to be constant a t  [Li+l/[-0-1 = 0.15 f 0.02. This 
phase-separated structure, controlled by the relative strength 
of the specific binding energy between the lithium cation and 
ether unit and distributed long-range Coulombic interaction 
of the system, has been observed and analyzed in previous 
studies.1° 

Dispersive Raman data were difficult to obtain since some 
samples exhibit fluorescence using laser excitation in the 
visible region. This difficulty is largely overcome by use of 
long wavelength excitation in Fourier transform Raman 
spectroscopy. The spectra were obtained at  room temperature 
using a Bruker FRA 106 spectrometer. A Nd:Yag laser with 
a wavelength of 1064 nm was used as excitation. The laser 
output power was maintained at 500 mW. A total of 1024 
scans were loaded to obtain an enhanced signal to  noise ratio. 
The excitation collection geometry was 180", and spectral 
resolution was maintained at  4 cm-l. 

Raman spectra were obtained for HPPO's of molecular 
weights 425, 1000, 2000, 3000, and 4000. All samples exhibit 
identical features in the observed Raman spectra. Therefore, 
we report only the spectra obtained for the two extreme 
molecular weights. Figure 1 presents Raman spectra of HPPO 
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W a v e n u m b e r s  
Figure 2. Fourier transform Raman spectra of 1,2-&methoxy- 
propane and DMPLiC104 complex in the 80-3500 cm-l region. 

425 and HPPO 4000 and their salt complexes. Similar Raman 
data obtained for 1,2-dimethoxypropane and its salt complexes 
are shown in Figure 2. One interesting region showing 
spectral changes is that between 700 and 900 cm-1.20 The 
spectra obtained for 1,2-dimethoxypropane, HPPO, and their 
salt complexes are shown in Figure 3. 

Normal Vibrational Analysis 
As mentioned previously, changes in chain conforma- 

tions are expected to be reflected in the relative intensity 
of specific Raman active vibrations. This has indeed 
been shown to be the case. In earlier studies, emphasis 
was devoted to characterization of vibrational modes 
associated with specific chain  conformation^.^'-^^ Re- 
cently, using very few parameters and chain conforma- 
tional distributions based on generally accepted rota- 
tional isomeric states, Snyder and co-workers analyzed 
both the frequency and intensity of spectra expected for 
a broad distribution of chain conformations. The suc- 
cess of this method has been demonstrated for com- 
pletely amorphous systems such as liquid n-alkanes or 
molten isotactic p ~ l y p r o p y l e n e . ~ ~ ~ ~ ~ ~ ~ ~  A similar analysis 
was applied to our system. 

For numerical analysis of 1,2-dimethoxypropane as 
a model compound, we considered the three energy 
minimum states suggested for the propylene oxide unit. 
Newman projections of the three states are given in 
Figure 4 for the (S)-configuration of the chiral carbon. 
Among the three lowest energy states, the gauche a 
conformation has been suggested t o  be the most stable 
for both 1,2-dimethoxypropane and poly(propy1ene ox- 
ide) and is attributed to the “gauche oxygen e f f e ~ t ” . ~ ~ - ~ ~  
Since our experiments reveal great similarity between 
the spectra obtained for 1,2-dimethoxypropane and poly- 
(propylene oxide) when both form salt complexes, an 
analysis of the 1,2-dimethoxypropane vibrational spec- 
trum can be used to explain spectral changes occurring 
in poly(propy1ene oxide) in the presence of salt. 

The number of normal modes expected for each 1,2- 
dimethoxypropane conformer is 51. In our analysis, all 
bond angles were assumed to be tetrahedral. C-H, 
C-0,  and C-C b p d  lengths were assumed to be 1.096, 
1.41, and 1.54 A, r e~pec t ive ly .~~  The computer pro- 
gram used in this study has been described 
earlier.21~24,25~27,28,31,35-39 The dihedral angles associated 
with the trans, gauche a, and gauche p states are 
assigned to f180,  +60 and -60°, respectively, a t  the 
beginning of each calculation. A conformational distri- 
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Figure 3. Fourier transform Raman spectra over the region 
between 700 and 900 cm-l with [Li+l/[-O-l = 0-0.2: (a) 
DMP; (b) HPPO 4000. 
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Gauche a Trans Gauche p 
Figure 4. Newman projections of the three energy minimum 
states suggested for 1,2-dimethoxypropane and poly(propy1ene 
oxide) for the (SI-configuration. 

bution is then generated on the basis of the statistical 
weight expected for the final distribution of the struc- 
ture. Variations of 5’ were used to simulate fluctuations 
associated with each dihedral angle. The orientation 
of the end and side methyl groups is fured. The number 
of conformers used in the calculation was 3000. ~ 

The isotropic Raman spectrum, S(v), of l,&dimethoxy- 
propane can be approximated by summation of the 
spectrum, SC(v), of an individual conformer C. 

(1) 

where v is frequency. Each conformer C is generated 
by the probability of each conformation assigned to each 
bond of obtaining the final conformational distribution. 
CT is the total number of conformers, i.e. 3000 in our 
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Table 2. Corrections to the Earlier Force Field Used To 
Calculate Small Ether Systems 

constant group and values coordinates and values 
force coordinates" corrected 
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in Table 3, these band frequencies are independent of 
molecular weight and therefore must be sufficiently 
localized to reflect a localized vibrational mode. Al- 
though this observation has been mentioned previ- 
ously,20 to our knowledge no explanation has been 
proposed regarding these spectroscopic changes. A new 
weak shoulder a t  ca. 851 cm-l appeared in the HPPO/ 
salt complex, as seen in Figure 3. 

HPPO and 1,2-dimethoxypropane exhibit significantly 
different intensity changes as a function of LiC104 salt 
concentration. The changes are more dramatic in 1,2- 
dimethoxypropane than in HPPO. The intensity at 810 
cm-l normalized to the 624 cm-l assignable to the 
perchlorate anion for HPPO's by changing the molecular 
weight is shown in Figure 5. The intensity change is 
seen to be molecular weight dependent, increasing 
linearly with increasing chain length. However, the 
largest change at  that particular band observed for 1,2- 
dimethoxypropane compared with any other HPPO 
system is contradictory to this molecular weight depend- 
ence. It is possible then that there is a contribution 
from specific interactions between the ions introduced 
and the hydroxy end groups of HPPO's. 

The effect of hydroxy end groups was then evaluated 
by analyzing methoxy-substituted PPO's (MPPO). In 
this study of end group effects, as described above, we 
have synthesized MPPO's of molecular weights 425 and 
1000. These lower molecular weights of PPO's were 
chosen because larger end group effects were expected 
in comparison to PPO's of higher molecular weights. As 
end effects are expected to dominate for HPPO of the 
lowest molecular weight, we have reported the observed 
spectra. The Raman spectra of pure MPPO of molecular 
weight 425 and its salt-complexed MPPO are shown in 
Figure 6. Similar to changes observed in the DMPI 
LiC104 system, the significant intensity change occurs 
in the 800 cm-l region. Unlike HPPO of the same 
molecular weight, the 810 cm-l band becomes dominant 
in the salt-complexed MPPO. Since the lithium cation 
can interact with hydroxy groups as well as the ether 
oxygen, this difference between MPPO and HPPO salt 
complexes indicates that the intensity change at 810 
cm-l results from interaction between the lithium cation 
and ether oxygen. Also, the molecular weight depend- 
ence of the band intensity at 810 cm-l can be explained 
in terms of the relative content of hydroxy groups. 
Again, a new band was observed at 853 cm-l in salt- 
complexed MPPO, as observed in salt-complexed HPPO. 
An explanation for that spectral change is not available 
a t  this point. 

The calculated isotropic Raman spectra of a chain 
having certain conformational distribution and one for 
the TG,T conformation along the -0-C-C-0- bond 
of (5')-DMP are shown in Figure 7. Three bands at 835, 
817, and 807 cm-l are calculated for the conformational 
distribution in Figure 7. A single band at 812 cm-l is 
calculated for the TG,T conformation. On the basis of 
analysis of the characteristics of normal modes, the 
lowest frequency component a t  807 cm-l (or 812 cm-') 
is attributed to the trans (0-C)-gauche a (C-C)-trans 
(C-0) (TG,T) conformation. The band centered at  817 
cm-l has contributions from molecules associated with 
G,G,T and/or GpG,T structures. In good agreement 
with a previous the main contributor to the 
band a t  835 cm-l was the trans (0-Cktrans (C-CI- 
trans (C-0) conformation of the -0-C-C-0- bond. 
On the basis of comparison of the relative intensity of 
the bands associated with different conformations, we 

Ha CH3-C LHCC,0.540 LHCH, 0.540 
FU CH3-0 LHCO, LHCO, -0.023 LHCO, LHCO, -0.029 
f& CH-0-C LHCO, LCOC, 0.004 LHCO, LCOC, -0.112 
fpot CH-0-C LHCO, LCOC, -0.112 LHCO, LCOC, 0.004 

Spectrochim. Acta 1967,23A, 391 (Table 7 ) .  

calculation. The conformational probability, i.e. energy 
difference between trans and gauche conformers of each 
1,2-dimethoxypropane bond, is adjusted until the most 
similar Raman spectrum as compared with the experi- 
mental result is obtained. 

The set of valence force fields used in our calculation 
was obtained from an earlier study of 10 simple ether 
systems.35 To validate the current program used for our 
ether system, vibrational spectra for methyl isopropyl 
ether and dimethyl ether were calculated and compared 
to the earlier study. Upon applying corrected nomen- 
clature for some force constants presented previously, 
the earlier results were duplicated. The corrections for 
the force constants are summarized in Table 2. 

Our analysis of the calculated Raman spectrum 
indicates that the C-C and C-0 stretching vibrations 
are the most significant contributors to the isotropic 
Raman intensity in the range 700-900 cm-l. Other 
internal coordinates, such as CHZ rocking, certainly 
couple to these stretching coordinates. Their polariz- 
ability changes are generally quite small. Their contri- 
butions to the overall intensity can thus be 
The scattering activity of the Kth normal mode can then 
be given by the expression 

i J 

where Lik is the normal coordinate element for the ith 
C-C stretching internal coordinate and Ljk is that for 
the C-0 stretching coordinate, a ' C C  and a'co are the 
mean polarizability derivatives associated with C-C 
and C-0 stretching, respectively. The mean polariz- 
ability derivative ratio of the C-C to C-0 stretch used 
in this calculation is 2:l. Since the intensity parameters 
associated with the ether oxygen are not well estab- 
lished, we have determined that ratio on the basis of 
the bond polarizability values transferred from methyl 
vinyl ether and  alkane^.^^,^^ The values used give the 
best fit to the data measured. These values are as- 
sumed to be insensitive to  changes in chain conforma- 
tion.21,43 The temperature effects on the occupation 
probability of various vibrational levels are extremely 
small for bands in this region and therefore not consid- 
ered. The calculated spectra are expressed in terms of 
scattering activity by giving to each frequency a Lorent- 
zian band shape having a FWHM (full width a t  half- 
maximum) of 8 cm-1.24 We have determined that IL has 
only limited intensity in the 800 cm-l region. Therefore, 
we assume that the isotropic Raman spectrum can be 
approximated to the unpolarized spectra obtained in our 
Fourier transform instrument. 

Results and Discussion 

As seen in Figure 3, the bands in the 700-900 cm-l 
region are broad and ill defined in the absence of salt. 
However, an obvious change in intensity a t  810 cm-l is 
observed with increasing salt concentration. As shown 
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Table 3. Energy (Wavenumbers) at -810 cm-' Dependence on Salt Concentration and Chain Length 
wavenumber (cm-l) 

[Li+l/[-0-1 DMP HPP0425 HPPOlOOO HPP04000 MPP0425 MPPOlOOO 
0.0 807 807 
0.05 813 810 (shIb 808 (sh) 810 (sh) 
0.10 811 810 808 809 
0.13" 809 
0.15 811 810 808 808 
0.17" 810 
0.20 811 809 808 807 

a Determined by microanalysis for the lower layer of salt-complexed MPPO. sh: shoulder. 

0.10 - 

425 

0.05 ' I I I I 

0 0.05 0.1 0.15 0 .2  0.25 

[L~+I  I [  - o - 1 
Figure 5. Li+ concentration dependence of the intensity at 
-810 cm-l for different molecular weights of HPPO. 

900 850 800 750 700 

W a v e n u m b e r s  
Figure 6. Fourier transform Raman spectra of uncomplexed 
MPPO and LiC104-complexed MPPO (the lower layer after 
phase separation) in the 700-900 cm-l. MW of MPPO = 450. 

conclude that E,, associated with the C-C is an 
extremely low value of -120 cal/mol relative to that of 
the trans conformer. The energy difference is smaller 
than the measured value of 1,2-dimethoxypropane in 
the gaseous p h a ~ e . ~ ~ , ~ ~  Once polarizability tensors are 
determined from earlier s t ~ d i e s , ~ ~ , ~ ~  there are no ad- 
ditional adjustable parameters available to better fit the 
experimental data. 

, 

, _ _ R a n d o m  

T' 0 1 0 4 5  0.6 I 

900 850 800 750 700  

W a v e n u m b e r s  
Figure 7. Calculated spectra of (SI-DMP obtained for a 
random conformational distribution and for the TGaT confor- 
mation in the 700-900 cm-l range. 

Table 4. Energy'of the Bands in the 800-900 cm-l 
Region for Various Conformations Calculated by Normal 
Coordinate Analysis for CHsO-(CH(CH3)CH20-),-CHs 

n sequence" conformation wavenumbers 

1 TTT 835 
TGaT 812 

GaGaT 818 
G&aT 815 

3 H-T-H-T (TTT)3 861,847,825 
(TGaTh 870,839,806 

TGpT 799 

H-T-H-H TGaTTGpTTG,T 842,810 
TGaTTGaTTG~T 857,814,800 

4 (H-T)3 (TTTI4 862,856,841,823 
(TGaTh 875,856,830,806 

7 (H-Tk ("TTh 863,862,858,852,842,831,822 
(TGaTh 880,873,862,848,833,820, 806 

a H: head. T: tail. 

The normal mode calculation was extended to MPPO 
having chemical repeat units of (SI-configuration. The 
fundamental frequencies obtained by calculation in the 
800-900 cm-l region are given in Table 4. The char- 
acteristic band of the TGaT conformation a t  806 cm-l 
(811 cm-l for 1,2-dimethoxypropane) is clearly sepa- 
rated from bands associated with other conformations, 
particularly the TTT conformation. The calculated band 
position of the TG,T conformation obtained for MPPO 
having more than two units of propylene oxide was 
found to change slightly (a few wavenumbers) depend- 
ing on the conformation of the neighbor bonds or  
structural defects such as head-to-head sequences in our 
calculation. The band in the 805-810 cm-' range can 
only be associated with a TGaT conformation of the -0- 
C-C-0- bond, regardless of chain length. 

As can be seen from Figures 3 and 7, the experimental 
data for both frequency and intensity can be simulated 
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extremely well by chains having a conformational 
distribution such as in Figure 7. On the basis of the 
simulated spectra, observed bands of 1,2-dimethoxy- 
propane centered a t  836 and 807 cm-l are assigned to 
TTT and TGaT conformations, respectively. As men- 
tioned above, the strong band at  811 cm-l in the DMP- 
LiC104 complex can definitely be assigned to the TGaT 
conformation since the experimental and calculated 
spectra superimpose nearly exactly. Therefore we 
conclude that the intensity increase of this band when 
salt is added is attributed to the increase in the TGaT 
conformation population induced by interaction between 
the lithium cation and ether oxygens. This result 
indicates that the lithium cation prefers to interact with 
the gauche a conformation of the -C-C- bond. In the 
absence of salt, the conformational distribution of either 
PPO or 1,2-dimethoxypropane is broad and therefore the 
corresponding Raman spectra also exhibit broad over- 
lapping bands. When salt is added, the interaction 
between the lithium cation and ether oxygen narrows 
the conformational distribution and thus the TGaT 
conformation is dominant. As expected, the band as- 
sociated with this conformation then emerges as the 
principal band in the 800 cm-l region. This assignment 
can be extended to both HPPO and MPPO systems. As 
mentioned above, the band frequency assignable to  the 
TGaT conformation of the -0-C-C-0- bond can be 
changed by a few wavenumbers depending on the 
conformation of neighboring -0-C-C-0- units. 

The small energy (frequency) difference in the bands 
observed in 1,2-dimethoxypropane or PPO versus their 
corresponding salt complexes can be explained in two 
ways. First, the frequency shift can be attributed to the 
change in the valence force field by salt addition. Or, 
as  already experienced by calculation, it can simply be 
caused by overlapping of broad bands because the exact 
band position for a certain conformation can be per- 
turbed by the contribution from others when molecules 
have a broad chain conformational distribution. Our 
case is close to the latter. In our calculation, we did 
not take into account the possibility of changes in force 
constants induced by salt interactions. Since the ex- 
perimental data can be explained by our calculated 
results, even with small changes in the force field, the 
effects do not appear significant, at  least for vibrational 
modes in the 800 cm-l region. 

Conclusions 
We in this study applied normal coordinate analysis 

to 1,2-dimethoxypropane and methoxy-terminated PPO 
in order to investigate the chain conformational depend- 
ence of Raman bands in the disordered state. We then 
characterized changes in the conformational distribution 
of PPO in the presence of LiC104. An isotropic Raman 
spectrum for 1,2-dimethoxypropane can be generated 
by calculation in the 700-900 cm-l region. By com- 
parison of calculated isotropic Raman spectra with 
experimental results, the characteristic band a t  810 
cm-l increasing in intensity with salt concentration has 
been assigned to the TG,T conformation. Studies were 
extended to MPPO up to  7-mer and consistent results 
obtained. It was found that the interaction between the 
lithium cation and ether oxygen predominantly contrib- 
utes to formation of the gauche a conformation of -C- 
C- bonds along the backbone. The chain conforma- 
tional distribution of PPO has been changed to  the 
distribution having increased gauche a conformations 
of C-C bonds by interaction of Li+ and ether oxygen. 
As confirmed in Fourier transform Raman spectra 

PPO-Based Polymer Electrolytes 4283 

obtained for an extensive PPO molecular weight range 
along with calculated results, the characteristic band 
around 810 cm-l represents a common conformation 
(TGaT) in local bonds of -0-C-C-0- regardless of 
chain length. Therefore this assignment can be used 
for information concerning the relative content of the 
TGaT conformation of propylene oxide units in any PPO 
system. 
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