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Optical and acoustic branches of chain vibrations of polyethylene glycol were treated. The
nature of these branches was elucidated on the basis of potential-energy distributions and phase
relations. From dispersion curves (frequency versus phase difference), the frequency distribution
of chain vibrations was calculated, in order to analyze thermal-neutron scattering spectra. Vibra-
tional assignments of scattering peaks in the region 600-200cm-1 were made with reference to
the frequency distribution peaks and potential-energy distributions calculated for the single chain.

Infrared absorption, Raman scattering, and
neutron inelastic scattering measurements are three
important methods for studying chain vibrations
of helical polymer molecules. The selection rules

for infrared absorption and Raman effect are
related with the angle (B) of rotation, per unit,
about the helix axis. Infrared absorption bands
arise from vibrations with the phase difference of
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δ=0 orθ, while Raman lines arise from vibrations

withδ=0,θ, or 2θ.1, 2) For neutron scattering,

however, there is no selection rule and chain

vibrations for any phase difference contribute to

inelastic scattering. Accordingly, frequency distri-

bution peaks give rise to inelastic scattering peaks.

For polyethylene glycol, neutron inelastic scattering

was observcd by Trevino ahd Boutin3) and observed

scattering peaks were analyzed with reference to

the frequency distribution peaks calculated for an

isolated chain of polyethylene glycol.4)

In our previous study,5) the force field of poly-

ethylene-glycol chain was refined and the nature

of observed infrared bands and Raman lines was

discussed on the basis of potential-energy distribu-

tions. With the refined force field, in the present

study, optical and acoustic branches of polyethylene-

glycol chain were treated and the nature of these

branches was elucidated. Dispersion curves (fre-

quency versus phase difference) are useful for

analyses of vibrational spectra of model oligomers

in the crystalline states Also, the frequency

distribution of chain vibrations was calculated and

the nature of neutron scattering peaks was eluci-

dated.

Normal Coordinate Treatment

Polyethyiene-glycol chain is ih tLe 72 helical

conformation (seven units of CH2CH2O and two

helical turhs per fibcr period),7, 8) having two

twofold axes per unit. One axis bisects the C-O-C

bond angle while the other axis intersects the GC

bond at right angle. Accordingly, this polymer

chain belongs to dihedral group. A general method

for treating helical chain vibrations was described

previously.2, 9, 10)

Normal vibrations of polyethylene-glycol chain

were treated previously for the phase differences of

δ=0(A1 and A2) and forδ=θ(E1)5) In the

present study, normal vibrations were treated for

the phase differences ofδ=0°, 15°,…, 165°and

180°, with the interval of 15°.*1 Bond-stretching,

angle-bending, and internal-rotation coordinates

were transformed into local-symmetry coordinates;

namely σss(CH2 symmetric stretching), σ
as(CH2

Fig. 1. Dispersion curves for the v1-v15 branches

and frequency distribudon of polyethyiene-glycol

chain.

○: infrared absorption frequency

●: Raman frequency

Fig. 2. Dispersion curves for the v16-v21 branches
and frequency distribution of polyethylene-glycol
chain.

○: infrared absorption frequency

●: Raman frequency
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*1 Only the phase -difference region of 0<δ<π

need be treatcd, since frequenices forδ=2π+αare the

same as forδ=α, and frequencies forδ=π+βare the

same as for δ=π-β.
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Fig. 3. Dependence of potential-energy distributions (PED) upon phase difference.

Fig. 4. Dependence of potential-energy distributions (PED) upon phase difference.

antisymmetric stretching),σsc (CH2 scissoring),

σwa (CH2 wagging),σtw (CH2 twisting),σro(CH2

rocking),σCC st (C-C stretching),σCO st (C-O

stretching), σCCO (C-C-O bending), σCOC (C-O-C

bending),σCC to (C-C internal-rotation), and σCO to

(C-O internal-rotation).5) Inverse-kinetic energy

matrices G(δ) were constructed with the molec-

ular parameters listed previously.5)

Local-symmetry force constants11) of polyethyl-

ene-glycol chain were refined previously5) so that

frequencies calculated for A1, A2 and E1 vibrations

reproduce observed infrared and Raman frequencies

with a root-mean-squared deviation as small as

0.9%. The same set of force constants was used

in the present study for constructing potential-

energy matrices F(δ).

Vibrational frequencies calculated for δ=0°,

60°, 120°, and 180°are listed*2 in Tables 1 and 2,

together with potential-energy distributions (PED)

and phase-angle differences5,9) (phase relations in

normal modes of degenerate vibrations). Vibrational

modes withΔ ε(OCH2-CH2O)～0° and～ ±180°

are quasi-symmetric and quasi-antisymmetric, re-

spectively, with respect to the twofold axis that

intersects the CH2-CH2 bond. Similarly, vibra-

tional modes withΔ ε(C-O-C)～0°and～ ±180°11) T. Shimanouchi, Nippon Kagaku Zasshi (J. Chem.
Soc., Japan, Pure Chem. Sect.), 86, 261, 768 (1965); Sym-

posium on Molecular Structure, Tokyo, 1964; Toyonaka,
1966.

*2 A more detailed list is given in Ref . 13, p. 69,

includingδ=30°, 90°and 150°.
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are quasi-symmetric and quasi-antisymmetric, re-

spectively, with respect to the twofold axis that

intersects the C-O-C angle. For the phase differ-

ence of δ=0°, chain vibrations are classified into

At vibrations [Δ ε=0°] and A2 vibrations [Δ ε=

180°] while for the phase difference of δ=180°,

chain vibrations are classified into B1 vibrations

[Δ ε(OCH2-CH2O)=0°and Δε(C-O-C)=180°]

and B2 vibrations [Δ ε(OCH2-CH2O)=180°and

Δ ε(C-O-C)=0°].

Dispersion curves (frequency versus phase differ-

ence) of twenty-one vibrational branches of poly-

ethylene-glycol chain are shown in Figs. 1 and 2,

together with observed infrared and Raman

frequencies (excepting v16, only the infrared fre-

quencies are shown for δ=θ). Main terms of

potential-energy distributions for the branches

v11-v21 are shown in Figs. 3 and 4.

High Frequency Branches

For a helical polymer chain, two branches in the

lowest-frequency region are acoustic branches,

and other higher-frequency branches are optical

branches. For polyethylene glycol, there are seven

atoms per repeat unit of CH2CH2O, and accordingly

chain vibrations consist of twenty-one branches,

namely nineteen optical and two acoustic branches

(Figs. 1 and 2).

In the highest-frequency region of 3000-2800

cm-1, there are four branches,ν1-ν4. Theν1

and ν2 branches are associated with CH2 antisym-

metric stretching modes, while ν3 and ν4 branches

are associated with CH2 symmetric stretching

modes (Table 1). With respect to the local twofold

symmetry axis, the ν1 and ν3 branches are quasi-

antisymmetric (160°<Δ ε≦180°) whereas theν2

and ν4 branches are quasi-symmetric (0°<Δ ε

<20°). Atomic displacements of these vibrations

are highly localized in the CH2-CH2 groups so

that frequencies of these four branches do not vary

with phase difference.

In the polarized infrared spectra of polyethylene

glycol, the parallel band at 2890cm-1 is assigned

to the ν3(0) vibration (A2), the perpendicular band

at 2950cm-1 to the ν1(9) and ν2(B) vibrations

(E1), and the perpendicular band at 2885cm-1 to

the ν3(B) vibration (E1). The medium-intensity

Raman line at 2939cm-1 is assigned to the ν2(0)

vibration while the strong line at 2890cm-1 is

assigned to the CH2 symmetric stretching modes

(ν3 and ν4).

The ν5 and νg branches are associated with

quasi-symmetric and quasi-antisymmetric scissoring

modes, respectively, of CH2-CH2 groups (Table 1).

Frequencies of these two branches vary little with

phase difference. The doublet parallel bands at

1463 and 1457cm-1 are assigned to ν6(0) (A2)

and the perpendicular bands at 1470 and 1453

cm-1 are assigned to ν5(B) and νg(B) (E1), re-

TABLE 1. CALCULATED FREQUENCIES (ν, cm-1),

POTENTIAL ENERGY DISTRIBUTIONS (PED,%)

AND PHASE-ANGLE DIFFERENCES

[Δε(OCH2-CH2O)]

spectively. The strong Raman line at 1484cm-1

is assigned to νs(0) (A1) and weak line at 1449

cm-1 to ν6(B).

Theν7 andν8 brahches are due to quasi-sym-

metric(0° ≦ Δ ε<80°) and quasi-antisymmetric (100°

<Δ ε≦180°) CH2 wagging modes, respectively, for

δ=0-120°. For the ν7 branch, the C-C stretching

mode contributes to PED by 15-20%. Theν7(0)

vibration was observed as the Raman line at

1398cm-1 whiie theν7(θ) vibration was observed

as the perpendicular infrared band at 1415cm-1.

Infrared bands due to ν8(0) and ν8(6) were ob-

served at 1345cm-1 (parallel) and 1364cm-1

(perpendicular), respectively.

The ν9 and ν10 branches are due to CH2 twisting

modes. For δ=0°, the ν9(0) and v10(0) vibrations

are antisymmetric and symmetric, respectively, with

respect to the local twofold axis. The parallel

infrared band at 1244cm-1 is assigned to ν9(0).

Asδis increased from 0°, however, phase reiations

of these vibrations are gradually changed and

finally are interchanged for δ>45°. Thus the

perpendicular bands at 1283 and 1236cm-1 are

assigned to ν9(9) and ν10(B) which are quasi-sym-

metric and quasi-antisymmetric, respectively.

The ν11-ν15 branches in the region 1200-
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TABLE 2. CALCULATED FREQUENCIES (ν, cm-1), POTENTIAL ENERGY DISTRIBUTIONS

(PED,%) AND PHASE-ANGLE DIFFERENCESa)(Δ ε)

800cm-1 are associated with C-O and C-C

stretching modes and CH2 rocking modes (Table

2, Fig. 1). Vibrational coupling among these

modes is also shown in Fig. 3.

The ν11 and ν15 branches arise from vibrational

coupling of CH2 rocking modes and quasi-sym-

metric C-O stretching modes, although relative

contributions of these modes vary with phase differ-

ence (Fig. 3). Also phase relations (Δ ε) of rocking

modes of CH2-CH2 groups vary with phase differ-

ence (8), from Δε=0°for δ=0°to Δ ε=180°for

δ=180°. The Raman lines at 1126 and 861cm-1

are assigned to ν11(0) and ν15(0) and the perpendic-

ular infrared bands at 1149 and 844cm-1 are

assigned to ν11(9) and ν15(B), respectively.

The ν12 branch around 1100cm-1 is primarily

associated with the C-O-C antisymmetric stretching

mode (125° ≦ Δ ε≦180°), in accord with empirical

assignments of strong bands around 1100cm-1. The

very strong parallel band at 1102cm-1 and strong

perpendicular band at 1119cm-1 are assigned

to ν12(0) and ν12(8), respectively. C-C stretching

modes contribute about 20% of PED for δ>60°

(Fig. 3).

The ν13 and ν14 branches are associated with

C-O and C-C stretching modes and CH2 rocking

modes. Frequencies of the ν13 branch do not vary

much with phase difference (δ), but the nature

of ν13 vibrations changes markedly with δ. For

δ=0°, the ν13(0) vibration is due to the C-O-C

symmetric stretching mode (Δ ε=0°) and C-C.

stretching mode. As δ is increased, however,

PED contributions of these modes decrease and

instead PED of CH2 rocking modes increases up

to 60% for δ=180°(Fig. 3). The perpendicular

infrared band at 1062cm-1 is assigned to ν13(B).

The ν14(0) vibration is primarily associated with

the CH2 rocking mode (Δ ε=180°), giving rise to

the parallel infrared band at 963cm-1. As phase

difference is increased, PED contribution of C-C

stretching modes increases, and forδ=θtheν14(θ)

vibration is due to the coupling of the quasi-sym-

metric CH2 rocking mode and C-C stretching mode,

giving rise to the perpendicular band at 947cm-1.
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Low Frequency Branches

In the region below 600cm-1, there are six

vibrational branches, ν16-ν21, as shown in Fig. 2.

These branches are associated with G-C-O and

C-O-C bending modes and C-O and C-C internal-

rotation modes (Table 2 and Fig. 4).

The ν16(0) vibration is primarily associated with

the antisymmetric C-C-O bending mode, giving

rise to the parallel band at 529cm-1 with a weak

component at 508cm-1. The doublet splitting is

due to Fermi resonance.5) Because of appreciable

contribution of the CH2 rocking mode (33% of

PED), this infrared band is shifted to 444cm-1

(doublet) for perdeuterated species (-CD2CD2O-)p.

As phase difference is increased, PED contributions

of quasi-antisymmetric C-C-O bending mode and

quasi-antisymmetric CH2 rocking mode are gradual-

ly replaced with PED of the C-O-C bending mode

(Fig. 4). For δ=θ, the ν16(B) vibration gives rise

to the Raman line at 537cm-1.

The Raman line at 279cm-1 is due to the ν17(0)

vibration of the A1 species, a coupled vibration of

the C-C-O and C-O-C bending modes and C-O

and C-C internal-rotation modes (Fig. 4). As δ

is increased, PED changes remarkably until finally,

for δ=180°, PED is essentially associated with the

symmetric C-C-O bending mode. For δ=θ,

ν17(θ) is a coupied vibration of the quasi-sym.

metric C-C-O bending mode and C-O-C bending

mode, giving rise to the infrared band and Raman

line at 363cm-1.

The Raman line at 216cm-1 is due to the ν18(0)

vibration, a heavily coupled vibration of bending

and internal-rotation modes (Fig. 4). Again PED

contributions of the four modes vary markedly

with phase difference. The ν18(θ) vibration gives

rise to the perpendicular infrared band at 216

cm-1.

The parallel far-infrared band at 107cm-1 is

due to the ν19(0) vibration, associated with the

antisymmetric internal-rotation mode of C-O

bonds. However, as δ is increased, PED contribu-

tion of the C-O internal-rotation mode is gradually

replaced with PED of the C-C internal-rotation

mode (Fig. 4). The ν19(θ) vibration gives rise to

the perpendicular infrared band at 165cm-1.

Acoustic Branches

The lowest-frequency branches, ν20 and ν21,

are the acoustic branches of polyethylene-glycol

chain. The non-genuine vibrations ν20(0) and

ν21(0) correspond to the translation (along the

axis) and rotation (about the axis). Forδ ～0°, the

longitudinal stretching mode and twisting mode of

the chain are coupled to yield the ν20 (coupling ra

do of 3:-2) and ν21 (ratio of 2:3) vibrations.*3

Potential energies of these vibrations are associated

largely with quasi-symmetric C-C-O bending mode

and with internal-rotation modes of C-C and

C-O bonds (quasi-symmetric), respectively.

For δ=θ, the ν21 vibration is reduced to a

non-genuine vibration corresponding to the trans-

lational mode perpendicular to the chain axis. For

δ ～ θ, the ν21 vibration is the bending vibration

of the molecular chain. The potential energy of

this bending vibration is largely associated with

internal-rotation modes of C-O bonds.

Frequency Distribution

For analyses of neutron-scattering peaks, in the

present study, the frequency distribution of chain

vibrations was calculated from dispersion curves of

the twenty-one branches of polyethylene glycol

(Figs. 1 and 2). The phase-difference region of

0°≦ δ≦180°was equally divided into 1800 sub-

sections, and representative phase differences were

taken as 0.050, 0.15°,…, 179.85°and 179.95°, for

which vibrational frequencies of each branch were

calculated.

For the phase-difference region of 0°≦ δ≦15°,

vibrational frequencies of the optical branches

(ν1-ν19) were calculated with even functions,

ν(δ)=ν(0°)+a2δ2+a4δ4 (1)

which satisfy frequencies previously calculated for

δ=0°, 15°and 30°, whereas frequencies of the

acoustic branches (ν20 and ν21) were calculated

with odd functions,

ν(δ)=a1δ+a3δ3 (2)

which. satisfy frequencies for δ=0°, 15°and 30°.

An intermediate phase-difference region was

divided into sub-regions of 15-30°, 30-45°,…,

135-150°, and 150-165°. For each sub-region

of δ0≦ δ≦ δ0+15°, vibrational frequencies were

calculated with the following equation,

(3)

which satisfies frequencies for δ=δ0-15°, δ0,

δ0+15°and δ0+30°.

Finally, for the phase-difference region of 165≦

δ≦180°, vibrational frequencies were calculated

with even functions,

ν(δ)=ν(180°)+c2(180°-δ)2+c4(180°-δ)4 (4)

which satisfy frequencies forδ=150°, 165°and

180°.

*3 For the polyethylene-glycol chain in the right-

handed 72 helix, the stretching mode of the chain is

accompanied with rotation of the twisting mode in

the left-handed and right-handed sense, respectively,

for theν20 andν21 vibrations forδ ～0°.



378 Hiroatsu MASTUURA and Tatsuo MIYAZAWA [Vol. 42, No. 2

After vibrational frequencies were calculated for

all the branches, the number of vibrations was

counted in the frequency sections of 10cm-1 for

high-frequency branches (>700cm-1) and of 5

cm-1 for low-frequency branches (<700cm-1). The

frequency-distribution histograms thus obtained

are shown in Figs. 1 and 2, together with dispersion

curves.

Neutron Scattering Peaks

Thermal-neutron scattering of polyethylene glycol

was measured by Trevino and Boutin3) and inelastic-

scattering peaks were observed at 535, 380-310

and 228cm-1 in the frequency region of 600-200

cm-1. *4 Vibrational assignments of these peaks

will be made with reference to frequency distribution

peaks (and PED) calculated in the present study.

The observed scattering peak at 535cm-1 corre-

sponds to the distribution peaks at 530 and 515

cm-1. These distribution peaks arise from the ν16

vibrations for 0° ≦ δ≦110°and are largely associated

with quasi-antisymmetric C-C-O bending mode.

Another distribution peak at 585cm-1 (C-O-C

bending) was not resolved in the neutron-scattering

measurement.

The broad scattering peak around 380-280

cm-1 corresponds to the distribution peaks at 370,

315 and 280cm-1. The peak at 370cm-1 arises

from the maximum portion of the ν17 branch for

δ=90-120°. As shown in Fig. 4, theseν17 vibra-

tions are associated with C-O-C bending and

quasi-symmetric C-C-O bending modes. On the

other hand, the peak at 315cm-1 arises from the

ν17 vibrations forδ ～180°, and accordingly is due

to quasi-symmetric C-C-O bending mode. The

distribution peak at 280cm-1 arises from ν17 vibra-

tions forδ ～0°andν18 vibrations forδ ～180°.

The high distribution peak at 220cm-1 arises

from the flat portion of the ν18 branch, where

vibrational frequencies hardly vary for phase differ-

ences of 0° ≦ δ≦120°(Fig. 2). In fact, a strong

scattering peak was observed at 228cm-1. These

ν18 vibrations are coupled vibrations of C-O-C

and C-C-O bending modes and C-C and C-O

internal-rotation modes.

Thus, neutron-inelastic scattering peaks in the

region 600-200cm-1 were assigned, with reference

to the frequency distribution calculated for an

isolated single chain of polyethylene glycol. How-

ever, in the region below 200cm-1, interchain

interactions become significant, so that observed

scattering peaks may not be compared with the

distribution peaks of an isolated chain. For more

realistic analyses of neutron scattering in the low-

frequency region, treatments of crystal vibrations

are required. Nevertheless, inelastic scattering

peaks were observed at 120 and 80cm-1, ap-

parently corresponding to the Raman lines at 126

and 75cm-1.12)

Conclusion

The infrared absorption, Raman scattering, and

neutron inelastic scattering spectra of polyethylene

glycol were analyzed, on the basis of dispersion

curves, frequency distribution and potential-energy

distributions calculated for an isolated chain. The

dispersion curves are also useful for vibrational

analyses of infrared and Raman spectra of model

oligomers and for treating heat capacities due to

optical branches. The present study was reported,

in more dctail, in a thesis by Matsuura.13)

Numerical calculations of the present study were

carried out with a HITAC 5020E computer at

the University of Tokyo and a NEAC 2200-500

computer at Osaka University.

*4 In the region above 600cm-1 , a scattering peak
was observed at 868cm-1.3) This scattering peak
corresponds to the distribution peak at 870cm-1 (Fig.
1), which is associated with C-O stretching and CH2
rocking modes.

12) R. F. Schaufele, Trans. New York Acad. Sci.,

to be published.

13) H. Matsuura, "Vibrational Spectra of Poly-

ethylene Glycol and Related Molecules," Thesis
,

Chapter Ⅱ, Osaka University, 1968.


