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Abstract

We have investigated the structural relaxational behavior of poly(propylene glycol), PPG, for polymer chains of increasing number of
monomer units,n( � 3, 7, 70), and for different end groups (OH and CH3) using Brillouin scattering and dielectric relaxation. In the case of
the OH capped systems the relaxation dynamics are rather insensitive to chain length variations, whereas large effects are demonstrated when
changing to CH3 end groups. For chains withn & 20, there is a radical decrease in the sound velocity and the average relaxation time, when
the hydroxyl terminations are replaced by methyl terminations. By using the nonpolar CH3 endcapping the linking of adjacent chains, as is
the case in the hydrogen bonded OH capped systems, is avoided.q 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

A polymer molecule can undergo many types of relaxa-
tion processes ranging from motions of only a few segments
to those involving hundreds or more segments. As a result
there is a wide distribution of relaxation times and the
dynamics can be described by the connectivity constraints
imposed on the monomers as they are connected to form the
polymeric chain. In the simplest model, the characteristic
times are given by the Rouse modes of the chain [1]

tp / n2
R=p

2 �1�
where p is the index of a particular mode andnR is the
number of Rouse units in the chain, which is proportional
to the number of monomer units,n, in the chain. Thus the
longest relaxation time,t1 / n2, depends strongly on the
chain length. The Rouse model usually gives an excellent
description in the case of short chains. For chains that
exceed a certain length, the so-called entanglement length,
ne, the dynamics are found to slow down dramatically. Then
the interactions with surrounding chains set topological
constraints to the motions of a polymer. The typical time
for the onset of entanglement constraints is given byte, n2

e.
For relaxation to occur at times longer thante the chain
needs time enough to ‘disentangle’. Then an overall

diffusion of the whole chain is observed and it will mainly
move along its own profile by reptation [2] with a charac-
teristic time given bytd / n3.

The segmental relaxations that occur on a shorter time
scale,t , td, than the reptational ones, are almostn inde-
pendent for the entangled chains since they occur on a
length scale shorter than the length of one chain. These,
segmental processes, that are related to the glass transition
dynamics, are the focus of the present study of poly(propy-
lene glycol) (PPG).

In a previous light scattering study of PPG it was found
that the structural relaxation time was independent of mole-
cular weight in the range 425–10 000 (n� 7170) for hydro-
xyl terminated chains [3]. The surprising finding that light
scattering results from such short chains are insensitive to
the molecular weight, MW, of the polymer has been
suggested to be related to the terminating OH groups
[3,4]. The polar end groups may be linked via hydrogen
bonds between the chains. Thereby effectively longer chains
are formed, which may explain the observed MW indepen-
dence.

The present work describes a Brillouin scattering and
dielectric relaxation study of PPG, to understand the impor-
tance of chain length and termination, respectively, for the
structural dynamics. In order to accomplish this we inves-
tigated PPG of chain lengthsn � 3, 7 and 70 and we
consider both hydroxyl and methyl terminated samples to
examine the effect of hydrogen bonding.
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2. Experimental techniques

2.1. Brillouin scattering

Brillouin scattering is the scattering of photons by acous-
tic phonons. A typical Brillouin spectrum [5] consists of
Stokes and anti Stokes peaks, which are Doppler shifted
to frequencies^ fB from the elastic peak, see Fig. 1. The
frequency shift is related to the sound velocity,vs, via the
equation

vB � vsq �2�
wherevB� 2pfB is the angular frequency shift andq� k0 2
ks is the momentum transfer to the sample. The change in
magnitude of the wave vector of the incoming and scattered
light, q is negligible and geometry arguments therefore
allow us to write

q� uqu � 2k0sin�u=2�; �3�
whereu is the scattering angle.

The width of the Brillouin peak is a measure of the damp-
ing of the acoustic phonons and strong damping leads to
broader peaks. From the width of the spectral line the acous-
tic absorption coefficient,a, is given by

a�vB� � GB=vs�vB�; �4�
where GB is the halfwidth at halfheight in rad/s. In the
present work we analyze the data in terms of the modulus.
The zero frequency, or thermodynamic, modulus is related
to the sound velocity via

M0 � rv2
s; �5�

wherer is the density of the sample. For a system subject to
relaxation processes a complex frequency dependent modu-
lus has to be used

M* �iv� � M 0�v�1 iM 00�v�; �6�

with the real and imaginary part denoted by [6]

M 0�v� � rv2
s�v� �7�

M 00�v� � 2r
v

a�v�v3
s�v�: �8�

The thermodynamic modulus [Eq. (5)] is then defined as the
zero frequency limit of the real part. The imaginary part is a
measure of the energy dissipation of the sound waves.

Generally the sound velocity, and thus the measured Bril-
louin frequency, is monotonically decreasing with increas-
ing temperature and so is consequently the real part of the
modulus. This decrease is simply indicating that the mate-
rial becomes softer when the temperature is raised. In the
temperature range where relaxing processes enter the Bril-
louin frequency window, the imaginary part of the modulus
increases, goes through a maximum and then decreases
again. The maximum occurs at the temperature when the
inverse of the Brillouin frequency, 1/vB, is equal to the
average structural relaxation time,ktl. At this temperature,
Tmax, the probe frequency is at resonance with the system
under study, i.e. the peak condition

vBktl < 1 �9�
is fulfilled and the energy dissipation is at its maximum. We
deduce the average structural relaxation time at this
temperature.

The relaxation function,f(t), of the system can in the
simplest case be expressed by an exponential function, i.e.
using a single relaxation timet according to

f�t� � exp�t=t�: �10�
For most glass forming liquids the relaxation function is
better described by a stretched exponential

f�t� � exp�2�t=ts�b�; 0 , b , 1; �11�
and then the average relaxation timekt l is given by

ktl � ts

b
G

1
b

� �
: �12�

The parameterb describes the stretching, the smaller the
value the more stretched is the function. The relaxation
function is related to the reduced moduli,N0 andN00 via a
Fourier transform,

N 0 vt� � � vt
Z∞

0
cosvtx� �f x� �dx �13�

N 00�vt� � vt
Z∞

0
cosvtx� �f x� �dx �14�

here x is a dimensionless integration variable. These
analytical curves can be compared with experimental
expressions for the reduced real and imaginary part of the
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Fig. 1. Brillouin spectra below, close to, and above the temperature of
maximum linewidth of OH terminated PPG of 70 monomer units.



moduli. These are

N 0 v� � � M 0 v� �2 M0

M∞ 2 M0
�15�

N 00 v� � � M 00 v� �
M∞ 2 M0

�16�

where M0 and M∞ are the limiting zero and infinite
frequency values of the moduli. The response at zero
frequency is that of a fully relaxed system, see Eq. (5),
and at infinite frequency there is no time for the system to
relax so the response is that of a frozen system, fully elastic
without any energy dissipation. We probe the relaxed
system at high temperatures and the frozen system at low
temperatures.

2.2. Dielectric relaxation

For a quantitative analysis of the complex permittivity
e � e 0 2 e 00 the empiric Havriliak–Negami (HN) [7] func-
tion in conjunction with a conductivity term can be used

1* v� �2 1 ∞� � � D1

1 1 ivtHN

ÿ �a� �g 2
is
10v

s �17�

The first term on the right-hand side describes the dielectric
relaxation with a characteristic relaxation time,tHN, and
with a relaxation strengthDe .The shape parametersa and
g (0 , a ,g # 1) characterize the symmetrical and asym-
metrical broadening of the loss peak, respectively. The case
of a single exponential is restored ifa � g � 1. The second
term quantifies the DC conductivitys , in terms ofe 00(v ),
with a fit parameterss , 1. From fits according to Eq. (17),
we determinedtHN. Then, using the relationship between
the stretched exponential and the Havriliak–Negami func-
tion given in Ref. [8] we calculatektl.

3. Experimental setup and samples

3.1. Sample preparation

The samples were PPG for which the monomer unit is
[OCH(CH3)CH2]n. Samples withn� 3, 7 and 70 were used.
The OH terminated samples (from Polyscience Inc.) were
degassed by repeated freeze–dry cycles on a vacuum line
and then sealed in a cylindrical Pyrexe cell for the light-
scattering experiments. The samples used in the dielectric
relaxation experiments were placed between the brass elec-
trodes of a capacitor (diameter 30 mm, spacing, 100mm),
tightly surrounded by a Teflone cell. The CH3 capped
samples were prepared at the University of Oklahoma.

3.2. Brillouin scattering setup

The Brillouin scattering spectra were obtained at a scat-
tering angle of 908 using a single. mode Argon ion laser
delivering a power of 400 mW at 5140 A˚ . A six pass tandem
Fabry–Pe´rot interferometer, model Sandercock [9], was
used to frequency analyze the scattered light. A free spectral
range of 20 GHz was used. Measuring in the GHz range at
908 means that we probe processes with characteristic times
on the order of 10 ps and a momentum transfer of
0.002 Å21.

For the low temperature measurements the sample was
kept in a liquid nitrogen cryostat. For the high temperature
measurements an electrically heated furnace was used.

For the spectra obtained aroundTmax, where the condition
GB , vB is poorly fulfilled an extra asymmetric term
according to Ref. [6] was added in the analysis.

3.3. Dielectric relaxation

Dielectric measurements in the frequency range 1022 2
106 Hz were performed using a Solatron Schlumberger
frequency response analyzer FRA 1260 equipped with a
buffer amplifier of variable gain in order to determine the
dielectric losse 00 to within ^ 3%. The sample temperature
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Fig. 2. Brillouin frequency shifts for OH and CH3 capped PPG samples of
different number of repeat units (n). The glass transition temperature for the
OH capped systems is marked by a vertical arrow.

Fig. 3. Brillouin peak widths for OH and CH3 capped PPG samples of
different number of repeat units (n).



was controlled in the range 170–250 K by a nitrogen gas
stream with a stability better than̂ 0.1 K.

4. Results

4.1. Brillouin scattering

In Fig. 1 we present some typical Brillouin spectra chosen
from the broad temperature range studied. It can be seen that
the whole relaxation range is probed from the behavior of
the Brillouin peak; being narrow at low temperatures and
then increasing in width as the temperature is raised to
become narrow again at higher temperatures. The phonon
line width was deconvoluted with the instrumental function,
and fitted with a Lorentzian. The measured Brillouin
frequency shifts and widths for the OH and CH3 terminated
samples are shown in Figs. 2 and 3. It has been shown (C.
Tengroth, L. Bo¨rjesson, D. Engberg, S. Howells, unpub-
lished) that the termination has no influence onn . 70

samples. We therefore use then � 70 sample as the high
n limit for both OH and CH3 terminated samples. In Fig. 2
the glass transition temperatureTg from the dielectric
measurement is marked. We note that for then� 70 sample
we can identify a break in the temperature dependence at a
temperature aroundTg. Unfortunately we have too few data
points to see this clearly for the other samples. The Brillouin
data in Figs. 2 and 3 were used to calculate the modulus
according to Eqs. (7) and (8), and the results are shown in
Fig. 4. We actually plot the modulus times a factorq2/r , but
this factor does not change significantly over the measured
range. In the case of the OH terminated samples we find that
the data of the real part of the modulus,M 0, related to the
Brillouin frequency, are indistinguishable at the higher
temperatures of the relaxed system, i.e. independent of
chain lengths, see Fig. 4. At lower temperatures we note
that there is a small systematic variation in the data for
the OH capped samples. The findings are however opposite
the trend expected in the Rouse regime, the samples of
smaller chain lengths demonstrate largerM 0 values. Turning
to the imaginary partM 00, which is related to the width of the
Brillouin line, we notice that the temperature of maximum
energy dissipation of the sound waves,Tmax, changes very
little as the molecular weight of the OH capped systems is
changed. As the chain length decreases there is however a
decrease in the width ofM 00 vs temperature, see the full lines
on the right hand side of Fig. 4. For the CH3 endcapped
samples we find, contrary to the behavior of OH capped
systems, a large decrease over the whole temperature
range in the real part of the modulus,M 0, with decreasing
chain length, see Fig. 4. This is to be expected in a non-
entangled regime.

Further, for the imaginary part of the modulus we find
that the position ofTmax changes in an expected manner, i.e.
the shorter chains have shorter relaxation times. The slight
narrowing of theM 00 vs T plot noted for the OH terminated
samples was, however, not obvious in the CH3 systems.
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Fig. 4. The real (left) and imaginary (right) part of the modulus. Dashed
lines are CH3 capped samples, full lines are OH terminated samples and
dotdashed then � 70 sample.

Fig. 5. Dielectric relaxation spectra of CH3 terminated PPG with 3 mono-
mer units obtained, at 153 and 163 K.

Fig. 6. Average dielectric relaxation times for CH3 terminated PPG
containing 3 and 7 monomer units. For the parameters of the VFT fit see
Table 1. Dashed line atktl � 100 s represents the glass transition.



There is a weak tendency of narrowing but there are too few
data points to conclusively reveal any change in shape of
these curves.

4.2. Dielectric relaxation

In Fig. 5 we show typical dielectric relaxation spectra of
the CH3 terminated PPG with 3 monomer units. The dielec-
tric loss for two temperatures and the corresponding Havri-
liak–Negami fits are shown. From Fig. 5 one notes that the
peak position strongly depends on frequency and tempera-
ture, showing a shift in the maximum of the dielectric loss of
three decades in frequency from a temperature change of
only 10 K. In Fig. 6 we plot, for the CH3 capped samples, the
average relaxation time obtained from the peak frequency of
the dielectric loss. Previous experiments on OH terminated
PPG have shown a very weak dependence of thea-relaxa-
tion time on the chain length [10–12] and the glass transi-
tion temperature changes less than 1%. When the
terminating OH group is replaced with a CH3 group quite
different results are obtained as seen in Fig. 6, the reduction
of chainlength fromn � 7 to n � 3 shifting the relaxation
time by more than three decades.

The glass transition temperatures of the samples were
deduced from the dielectric data as the temperature at
which the relaxation time is 100 s. The resultingTg values
were found to be 147 and 170 K for CH3 terminated PPG of
chain lengthn� 3 andn� 7, respectively. The results can
be compared with the glass transition temperature of 197 K
as obtained independently of the chain length for the corre-
sponding OH terminated PPG, see Fig. 7 which displays
present and previously [12] obtainedTg data.

5. Discussion

5.1. Molecular weight and Tg

The local segmental dynamics, probed by light scattering,
are the relaxation processes related to the glass transition. It

is expected that for molecular weights below a crossover
molecular weight,Mc, which is reported to be of the order
1000 [13] for lightscattering measurements, the glass transi-
tion temperature,Tg is molecular weight dependent and can
be described by

Tg MW

ÿ � � Tg MW � ∞ÿ �
2

c
MW

�18�

wherec is a material dependent constant.
In the OH terminated PPG there is however no change

observed neither forTg, see Fig. 7, nor forTmax see Fig. 4, as
Mw decreases from 4000(n † 70) to 200 (n � 3). The
observation supports the previous findings on OH termi-
nated PPG, see e.g. Refs. [3,10–12], that the segmental
relaxation time is independent of molecular weight even
thoughMW decreases to values far below 1000. Transient
crosslinks [4] cause the OH terminated systems to have an
effective molecular weight much above that of a single
chain, if studied on a timescale shorter than the transient
crosslink. This results in theTg behavior observed for the
OH terminated PPG. We note a slight increase in the Bril-
louin observation ofM 0 at low temperatures asMW

decreases, see Fig. 4, thoughTg remains constant. We
propose that the slight increase inM 0 comes from the fact
that shorter chains have higher density of OH groups and
that hydrogen bonds not only link but also locally stiffen the
chain dynamics.

For the CH3 endcapped PPG the dielectric data in Fig. 6
show that there is a decrease inTg with decreasing molecular
weight. The behavior is well described by Eq. (18) (see solid
line in Fig. 7) with theTg data ofn� 70 as the highn limit.
Such a molecular weight dependence ofTg is also revealed
in the shift in temperature ofM 00

maxas seen on the right-hand
side of Fig. 4, which demonstrates a rapid change ofTmax as
the molecular weight is changed.

5.2. General form oft vs T

We first discuss the relaxation time data of the OH termi-
nated PPG ofn � 70. In Fig. 8 we plot previous dielectric
data [12] together with photon correlation spectroscopy
results [14] and note good agreement between the data
sets. Also included in Fig. 8 are Brillouin data as obtained
in the present study from the spectrum at maximum energy
dissipation (Eqs. (8) and (9)) and data from impulsive stimu-
lated light scattering (ISS) [15] One notes the slight devia-
tion when comparing the lightscattering (Brillouin) and
dielectric results. This is to be expected for the high
frequency (short time) regime since the two techniques
respond to different relaxing entities, see e.g Ref. [16].

In Fig. 9 we compare data for the structural relaxational
dynamics for the various systems of different chain length
and end capping. We note in Fig. 9 that both the dielectric
and light scattering data are independent of chain length for
the OH terminated systems, while there are large changes of
the relaxation times in the CH3 systems. The data in Fig. 9
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Fig. 7. Variation ofTg with chain length for hydroxyl [12] and methyl
termination from dielectric measurements.



can be fitted to the Vogel Fulcher Tamman (VFT) [17]
equation

ktl � t0exp
DT0

T 2 T0

� �
; �19�

which generally is used to describe the relaxation dynamics
of glass formers. HereT0 is the high temperature fast relaxa-
tion time limit. D is a constant which can be taken as a
measure of the fragility [18] of the system. The lower the
D value the less resistant (more fragile) the system towards
temperature induced changes and the larger is the departure
from Arrhenius behavior.T0 is a fitting parameter indicating
the temperature where the relaxation time is expected to
diverge.

The systems presently examined are all fairly fragile,
having D values around 10. The fragility of the system
only changes slightly asMW changes, see inset Fig. 9,
which shows the relaxation times in aTg reduced represen-
tation, and Table 1.

5.3. The relaxation time distribution

The relaxation time distributionf (t) is for glass formers

often expressed in terms of a stretched exponential

f�t� � exp��t=t�b� �20�

wheret is a characteristic relaxation time and 0, b # 1.
The value ofb is a measure of the width of the distribution,
b being 1 for a single relaxation time. In Fig. 10 it can be
seen that the Brillouin results for the reduced moduli of the
OH terminated samples are all described byb parameters
between 0.3 and 0.5. Photon correlation spectroscopy (PCS)
measurements give for OH terminated PPG ofn � 70 a
distribution parameter ofb < 0.4 independent of tempera-
ture [14]. For the OH terminated dimer PCS data show that
b increases [20], i.e. the distribution of relaxation times
narrows when the chains becomes shorter. In Fig. 4 we
also note that the width of the peak in the imaginary part
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Table 1
VFT parameters. The experimental technique used is indicated as: Di diele-
tric, P photon correlation [14] and S impulsive stimulated lightscattering
[15]

Technique End n t0(fs) D T0 (K) Tg (K)

Di CH3 3 0.46 12.6 112 147
Di CH3 7 1051 6.8 141 170
Di OH 7 — 8.3 160 197
Di OH 70 171 7.0 165 197
P’S OH 70 0.63 10.8 157 —

Fig. 10. Reduced modulus data from Brillouin scattering for OH terminated
PPG of monom unitsn � 3, 7, 70. The full lines are calculated values for
b � 0.3 and 0.5.

Fig. 8. Average relaxation time vs inverse temperature for PPG ofn� 70.
Full line represents aVFT fit of dielectric data [12]. Dashed line is from fits
of photon correlation spectroscopy (×) [15] and impulsive stimulated light
scattering (1) [15] and (W) represent present Brillouin scattering result. For
the parameters of the fits see Table 1.

Fig. 9. Average relaxation time data vs inverse temperature. Circles corre-
spond to dielectric data [12], (p ) photon correlation spectroscopy data
[13,19] and (1) Brillouin data. The different data sets are denoted with a
capital letter for the technique used, Di for dielectric, P for photon correla-
tion and B for Brillouin, followed by the number of monomer units and by o
for OH terminated or c for CH3 terminated chains. For VFT parameters see
Table 1. Inset shows the correspondingTg scaled results.



of the modulus vs temperature becomes narrower when the
number of monomer units decreases. This observation can
be explained by two different effects; a faster variation of
the relaxation time with temperature or a more narrow
distribution of relaxation times for the shorter systems.
The latter is in accordance with our analysis. Dielectric
relaxation shows only small changes in fragility, i.e. the
temperature behavior of the relaxation time, see inset of
Fig. 8, which suggests that it is the distribution of relaxation
times which narrows as the molecular weight decreases.
This is in accord with the PCS results [20] and also with
dielectric relaxation measurements [19]. The physical back-
ground may again be the stiffening of the chains via the OH
bonding which becomes more effective for shorter chains. It
is also demonstrated by the increase in the Brillouin
frequency, see Fig. 2. As the system stiffens it loses some
of its relaxational channels and as a result we observe a
narrowing of the relaxation time distribution.

We expect that the distribution of relaxation times
narrows with decreasingMW also for the CH3 capped
samples but we lack enough data to make any quantitative
analysis.

6. Conclusions

We have studied the relaxation dynamics of CH3 and OH
terminated PPG chains of various chain lengths by dielectric
relaxation and Brillouin scattering. We find that the CH3

terminated chains behave with a chain length dependence
according to that of polymers in general; theTg values and
the average relaxation times decrease as the molecular
weight decreases.

For the OH terminated PPG, hydrogen bonds cause a
quite different behavior. OH end links between the end
groups of the chains result in an effective chain length
much above that of the individual chains. When the effec-
tive chain length is above the length needed for the onset of
entanglement dominated dynamics we do not, however,
probe the very slow reptational dynamics but the faster
segmental motions of sections of the polymer chain. Only
probing part of the chain means that the relaxation time we
measure is almost independent of chain length. We also note
from the sound velocity that this linking by OH groups
stiffens the chain. This effect is stronger at lower

temperatures which can be explained by the fact that the
links and bondings are then the least disturbed.

A stiffer chain has lost some of its relaxational channels
and we therefore expect the distribution of relaxation times
to become more narrow, an effect demonstrated in the
narrowing of the imaginary part of the modulus.
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