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The present paper concerns with Inelastic Neutron Scattering (INS) results on Ethylene Glycol
(EG) and PolyEthylene Glycols (PEGs) at different degree of polymerization. Significant spectral
features of these systems are discussed in comparison with Raman spectroscopy findings. The results
reveal a peculiar dependence on the degree of polymerization of the frequencies of the disordered
longitudinal acoustic mode (D-LAM), which can account for the different bioprotectant effectiveness
of PEGs at ambient and at very low temperature. The D-LAM behaviour as a function of the degree
of polymerization as obtained by INS at low temperature is opposite to that observed by Raman
spectroscopy at high temperature. These intriguing results are discussed in terms of inter and
intra-molecular interactions within the framework of current theories.
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I. INTRODUCTION

PolyEthylene Glycols (PEGs) are polymeric systems
extensively investigated both theoretically and experi-
mentally from 1960s [1–4]. In recent years new opportu-
nities at the interface of polymer chemistry and biology
have been explored. As an example, it has been demon-
strated that PEG forming aqueous liquid–liquid two-
phase systems can be employed in the extractive separa-
tion of labile biomolecules such as proteins, offering mild
conditions due to the low interfacial tension between the
phases allowing small droplet size, large interfacial ar-
eas, efficient mixing under very gentle stirring and rapid
partition. As an example [5], a series of ligands, gen-
erated by end-capping PEG polymers and amine-based
dendrimers with the hapten 2,4-dinitrophenyl have been
used to investigate the influence of polymeric backbone
length, valency, and hapten presentation on the binding
of mast cells. The results show that the length of the
polymeric backbone significantly influences the potency
of PEG-based inhibitors, therefore ligand features can be
manipulated to control receptor occupation, aggregation,
and ultimately, the cellular response [5].

Furthermore it has been found that PEG has unique
advantages of interacting weakly with protein molecules
and studies to characterize the rigidity of PEG of dif-
ferent molecular weights at very low temperature have
been recently reported in literature [2]. Furthermore it
has been found that PEG has unique advantages of in-
teracting weakly with protein molecules and studies to
characterize the strength of protein/protein interactions
in the presence of PEG of different molecular weights and
concentrations have been recently reported in literature
[6], even if the molecular mechanisms underlying such an
effect have not been clarified yet.

Li et al. [7] have investigated the effect of deionised wa-
ter on salt containing tablets coated in PEG-containing

silicone elastomer, and also the effects of water on free
films, by observing that the osmotic force decreases with
increasing levels of PEG content. The lower PEG lev-
els allows water to be imbibed through the hydrated
polymer; whilst the porosity resulting from the coating
dissolving at higher levels of PEG content (20 to 40%)
allows the pressure to be relieved by the flow of KCl.
At higher loadings of PEG, the hydrated film was more
porous and less resistant to outflow of salt. Hence, al-
though the osmotic pumping increased (compared to the
lower loading), trans-pore diffusion was the dominant re-
lease mechanism [7].

As is well known, degree of polymerization is a fac-
tor that strongly modifies the physical properties and
hence the applications of PEGs. As an example, the com-
pactization of a single DNA molecule in PEG at differ-
ent degree of polymerization solution was investigated,
by evidencing the dependence of critical value of PEG
concentration at the point of DNA collapse on the de-
gree of polymerization and on the concentration of low-
molecular salt [8].

This paper, which is addressed to the study of EG and
PEGs disordered longitudinal acoustic modes (D-LAMs)
that are connected with the lowest order intramolecular
vibrations, reveal the effects of the degree of polymeriza-
tion on the vibrational properties of these systems.

II. EXPERIMENTAL SECTION

Vibrational spectra of EG and PEGs at different de-
grees of polymerization, namely 4, 9, 13, correspond-
ing to PEG 200, PEG 400 and PEG 600 (200, 400 and
600 being the molecular weights) have been collected by
the indirect geometry time-of-flight (t.o.f.) spectrometer
TOSCA at the ISIS Pulse Neutron Facility (DRAL, UK)
[9] in the energy range 0÷4000 cm−1 (0÷500 meV) with
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the best results below 2000 cm−1 (250 meV). TOSCA’s
resolution (in the whole energy range of interest, the in-
strument provides very good energy resolution, about
∆E/E ≈ 1.5 ÷ 2%, which is comparable with optical
techniques such as IR and Raman spectroscopies), com-
bined with the high intensity of the ISIS source, allows
to perform the study of the dynamics with high accura-
cy, reducing the background noise/signal ratio down to
negligible for strongly scattering samples [9–10].

For the data treatment a small amount of flat back-
ground from the empty-cell measured at similar condi-
tions was subtracted from the measured data. The mea-
sured INS data were transferred to the dynamical struc-
ture factor S(Q, ω) vs energy transfer by using a stan-
dard data treatment program. For what concerns the
Debye-Waller factor that strongly influences the spec-
tral intensity, its effect is reduced by collecting the INS
spectra at low temperature. The multiple scattering con-
tribution has been minimised by using a thin sample in
order to obtain a scattering transmission from the sample
≥90%.

For all the investigated hydrogenated samples, the
measurement time was 12 hours for each run. For the
sample preparation, thin walled aluminium cells have
been used. The samples were cooled to 17 K by a liq-
uid helium cryostat. Care was taken to obtain stable,
clear and dust-free samples; ample time was allowed for
equilibration.

From the structural point of view PEGs are poly-
mers formed by chains of Ethylene Glycol (EG) or
1,2-ethanediol, 1,2-dihydroxyethane (HOCH2CH2OH),
whose structure is described by the formula HO[–CH2–
CH2–O–]nH, where n is the degree of polymerisation, e.g.
the number of monomer units in chain.

III. THEORETICAL BACKGROUND

Inelastic Neutron Scattering provides a suitable probe
for studies of vibrational dynamics in condensed mate-
rials, furnishing vibrational spectra which are different
from Infrared (IR) and Raman spectroscopies due to var-
ious factors: i) for neutrons, no selection rule holds, be-
cause of the nuclear nature of the atomic scattering po-

tential; ii) even if, as for IR and Raman spectra, in INS
the frequencies are determined by the normal modes of
vibration, the intensities depend, besides on the neutron
scattering cross-section and on the moment transfer, on
the amplitudes of vibrations; as a consequence, the band
intensities in neutron spectroscopy allow to obtain pre-
cious information about the atomic displacements; iii) in
INS spectra the low wavenumber vibrations give more in-
tense bands than the high wavenumber ones; iv) finally
due to the neutron sensitiveness to hydrogen vibrations,
INS is particularly important in the study of hydrogen
bonded systems.

From the formal point of view, the theoretical treat-
ment of INS results moves by the well known expression
for the dynamic structure factor:
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Performing the Fourier transform from the time to the
frequency domain it results that the time independent
terms will include contributions from all frequencies
whilst time dependent exponential terms will be specific
to particular frequencies.
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function of the momentum transferred Q (determined by
spectrometer) and the vibrational amplitude Bω of the
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l and creation of (k − l) excitations, we obtain [10–12]:

S (Q, E) =
∑

l,k

Sl,k−l (Q, E) =
∑

l,k

σinc
H

4π
exp [−2W (Q)]

×

(

~
2Q2

2mn

)k ∫

dω1 . . . dωk

G (ω1) . . . G (ωk)

ω1 . . . ωk (k − l)! l!
×

k
∏

i=l+1

[n (ωi) + 1]

l
∏

j=1

n (ωj)×δ



E −
∑

i=l+1,k

~ωi +
∑

j=1,l

~ωj



 (3)

46



INELASTIC NEUTRON SCATTERING STUDY ON EG AND PEGS AS A FUNCTION. . .

with n(ω) population Bose factor, mn neutron mass,
W (Q) Debye–Waller factor for hydrogen atom,

W (Q) =
1

2

〈

(Qu)
2
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∫

Q2G (ω)

ω
[2n (ω) + 1] dω

and G(ω) generalized vibrational density of states for
hydrogen atom.

IV. RESULTS AND DISCUSSION

In Figure 1 INS spectrum of EG ranging from 25
up 2000 cm−1 is shown in comparison with that of
ethene (C2H4) [13]. As is evident from the figure, we
note that EG presents a very structured spectrum in
which several peaks are well distinguished in the three

large bands (∼ 25÷ 500 cm−1, ∼ 500÷ 1100 cm−1, and
∼ 1100÷2000 cm−1). On the contrary, ethene shows just
a bump up ∼ 820 cm−1 with some small peak and, sepa-
rated from a small peak, a very large band in the region
from ∼ 820 to ∼ 2000 cm−1. Since the only difference
between the two systems, EG and ethene, is that two
OH groups are present in the EG molecule, where there
is a competition between intermolecular and intramolec-
ular hydrogen bonding interactions and furthermore OH
interacting groups promote links among adjacent chains
giving rise to many transient species [14,15], we conclude
that this is the reason why the vibrational modes of EG,
in spite of the simplicity of the molecule, are very com-
plex. In Table 1. a comparison of the INS frequencies of
EG with IR and Raman frequencies is reported, by show-
ing a good agreement of the vibrational band positions
[14,15].

INS frequencies (cm−1) IR frequencies (cm−1) Raman frequencies (cm−1)
518 522
868 866 866
928 883
1037 1042 1068
1070 1087 1093
1205 1204
1263 1253 1271
1355 1331
1439 1457 1464

Table 1. INS frequencies of EG compared with IR and Raman data.

Fig. 1. INS spectra of EG and ethene (C2H4) [13].

Let us focus the attention on the features of the EG,
PEG 200, PEG 400 and PEG 600 INS spectra reported in
Figure 2. In Table 2 vibrational frequencies of significant
bands of the INS spectra of EG and PEGs are shown. In
order to analyse the structural features of the spectra,
we distinguish three regions: ∼40÷160 cm−1 (Region I),
∼160÷1100 cm−1 (Region II), and ∼1100÷2000 cm−1

(Region III).

i) Region I: ∼40÷160 cm−1

As previously described, in this region there are many
important peaks linked to the D-LAM. As is known,
D-LAM in Raman spectra of non-crystalline systems cor-
responds to low frequency broad polarized bands that
replace the LAM bands [15,16]. These latter are char-
acteristic of the crystalline state and in polymers are
commonly attributed to a complex of contributions rep-
resenting the polymer skeletal bending and stretching
vibrations [15,17].

As is evident from an inspection of Figure 3, where a
comparison of INS spectra of EG and PEGs in the re-
gion of the D-LAM contributions are shown, and of Ta-
ble 2, contrarily to these findings at T = 17 K INS clear-
ly indicated a shift to larger frequencies for the peaks.
More specifically, at the beginning we performed a multi-
Voightian fitting procedure in order to assign the fre-
quencies of the D-LAM peaks. We used three Voightian
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curves to fit all the spectra, by retaining that the three
are the main peaks presents also in EG spectrum. This
procedure furnishes the frequency values for the D-LAM

peaks (D-LAM_1, D-LAM_2, D-LAM_3) reported in
Table 2 and plotted in a graph D-LAM frequencies ver-
sus degree of polymerization n in Figure 4.

EG
frequencies
(cm−1)

PEG 200
frequencies
(cm−1)

PEG 400
frequencies
(cm−1)

PEG 600
frequencies
(cm−1)

1439 1448 1501 1499
1355 1341 1392 1406
1263 1265 1312 1311
1205 1223 1267 1270
1070 1123 1162 1152
1037 1060 1101 1097
868 936 972 957
740 883 911 908
622 673 691 662
577 574 597 581
518 518 532 534
356 360 372 357
337 360 372 357
329 360 372 357
288 293 317 327
263 237 244 245
210 237 244 245
185 192 200 202
140 135 137 142
125 129 131 131
110 97 1103 104
102 97 103 104
93 97 103 104
77 72 78 83
67 72 78 83
58 72 78 83

Table 2. Vibrational frequencies of the INS spectra of EG and PEGs.

We can observe that in the spectrum of EG at T =
17 K the D-LAM contribution is present at very low fre-
quency ωD−LAM ≈ 69 cm−1 in comparison with the Ra-
man scattering results [14–16]. For what concerns PEGs,
also if the general behaviour is opposite to that shown by
Raman scattering (the peaks shift to larger frequencies)
[14–16], from Figure 4 we note a similar plateau observed
for n ≈ 9. Secondly, we used another procedure and we
fitted the D-LAM region with a Voightian by obtaining
for the centroid a position frequency of 95, 91, 106 and
102 cm−1 for n = 1, 4, 9 and 13, respectively.

These results clearly indicate that, contrarily to what
happens at room temperature, the rigidity of PEGs at
very low temperatures increases with the polymerization
degree. This finding justifies a different bioprotectant ef-
fectiveness of PEGs at very low and at room tempera-
ture.

ii) Region II: ∼160÷1100 cm−1

As regards this part of the spectra, from Table 2 and
Figure 5 we can observe that, as in Region I, a gener-
al shift to larger values of frequency is maintained. The

most important feature in this region is the very narrow
and intense peak of EG at ∼520 cm−1 (in good agree-
ment with that found in IR spectrum at ∼522 cm−1)
that is still present in the PEGs spectra, but it is much
broader, less intense, not shifted in PEG 200 spectrum,
and shifted to ∼532 cm−1 and ∼534 cm−1 in PEG 400
and PEG 600 spectra, respectively.

In general, it is evident that the well defined peaks
of EG, related to the complex vibrational modes of the
monomer, are broader and broader and less and less
sharp by increasing the degree of polymerization. In this
region, in fact, we observe that PEG 600 presents the
most “amorphous” behaviour in comparison with PEG
200 and PEG 400.

iii) Region III: ∼1100÷2000 cm−1

In this region shown in Figure 6 there are some in-
teresting features to observe. In general the presence of
a large bump that covers the whole region is common
to all the investigated systems and it is broader for the
PEGs than for EG. Furthermore, the bump and hence
the peaks present in this part of the spectra are shift-
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ed to larger frequency values by increasing the degree of
polymerization. Also in this case a plateau for n ≈ 9 is
reached. As a comparison, INS data existing in literature
referring to polyethylene at T = 30 K [19] show a strong
band at ∼1500 cm−1 that is attributed to the overlap of
the CH2 scissors mode.

Fig. 2. EG, PEG 200, PEG 400 and PEG 600 INS spectra.
Fig. 3. Comparison of INS spectra of EG and PEGs in the

region of the D-LAM contributions.
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S. MAGAZÙ, G. MAISANO, F. MIGLIARDO

Fig. 4. INS D-LAM contribution as a function of degree of
polymerization at T = 17 K.

Fig. 5. Comparison of INS spectra of EG and PEGs in the
160÷1100 cm−1 region.

Fig. 6. Comparison of INS spectra of EG and PEGs in the
1100÷2000 cm−1 region.

By analyzing the spectra in more detail, we note that
the two peaks present in EG spectrum at ∼1205 and
∼1263 cm−1 are more intense in the PEGs spectra, where
it is also noticeable that they are less and less distinct
and tend to merge into a single peak increasing the de-
gree of polymerization. The other two peaks at ∼1355
and ∼1439 cm−1 also increase in intensity for the PEGs
spectra; in particular their relative intensities, that are
comparable in EG, change strongly and the second peak
becomes much more important that the first one as a
consequence of a degree of the increase polymerization.
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V. CONCLUSIONS

In this paper INS findings on Ethylene Glycol (EG)
and PolyEthylene Glycols (PEGs) at different degrees of
polymerization are shown. In particular, the attention
was focused on the low frequency region of the spectra,
where D-LAM contributions are present. The obtained
results are summarized in the following points:

1. Contrarily of the Raman Scattering, results ob-
tained at higher temperatures [15], INS allows to
observe a shift to higher values of frequency for the
D-LAM peaks and a similar plateau for n ≈ 9.

2. By performing a multi-Voightian fitting procedure
in order to assign the frequencies of the D-LAM
peaks, we note that in the spectrum of EG at
T = 17 K the D-LAM contribution is present at a
very low frequency of ωD−LAM ≈ 69 cm−1in com-
parison with that evaluated by Raman scattering
at T = 233 K [15].

3. For what concerns the spectral region
∼160÷1100 cm−1, it is evident that a general shift
to larger values of frequency with degree of poly-
merization increasing is maintained and that the
well defined peaks of EG, related to the complex
vibrational modes of the monomer, are broader
and broader and less and less sharp by increas-
ing the degree of polymerization. In this region, in
fact, we observe that PEG 600 presents the most
“amorphous” behaviour in comparison with PEG
200 and PEG 400.

4. The region ∼1100÷2000 cm−1 of the spectra shows
the presence of a large bump that covers the whole
region and that is common to all the investigat-
ed systems. Furthermore, the bump and hence the
peaks present in this part of the spectra are shifted
to larger frequency values by increasing the degree
of polymerization. Also in this case a plateau for
n ≈ 9 is reached.
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НЕЕЛАСТИЧНЕ НЕЙТРОННЕ РОЗСIЮВАННЯ НА ЕТИЛЕН-ҐЛIКОЛI (ЕҐ) ТА
ПОЛIЕТИЛЕН-ҐЛIКОЛЯХ (ПЕҐ) ЯК ФУНКЦIЯ СТУПЕНЯ ПОЛIМЕРИЗАЦIЇ

С. Маґацу, Ґ. Маiзано, Ф. Мiльярдо
Унiверситет Мессiни, фiзичний факультет, PO Box 55, Мессiна, I-98166, Iталiя

У статтi висвiтлено результати нееластичного нейтронного розсiювання на етилен-ґлiколi (ЕҐ) та
полiетилен-ґлiколi (ПЕҐ) при рiзному ступенi полiмеризацiї. Обговорено суттєвi спектральнi риси цих сис-
тем порiвняно з результатами раманiвської спектроскопiї. Нашi результати показують цiкаву залежнiсть
вiд ступеня полiмеризацiї частот невпорядкованої поздовжньої акустичної моди (D-LAM). Цей ефект пояс-
нює рiзну бiозахисну ефективнiсть полiетилен-глiколiв при температурi середовища та при дуже низьких
температурах. Поведiнка D-LAM як функцiї ступеня полiмеризацiї, отримана на пiдставi нееластичного
нейтронного розсiювання при низькiй температурi, протилежна до поведiнки, спостережуваної в раманiв-
ськiй спектроскопiї при високiй температурi. Цi новi перспективнi результати оцiнено в термiнах мiж- та
внутрiшньомолекулярної взаємодiї з погляду сучасних теорiй.
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