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ABSTRACT: The segmental and normal mode dynamics of poly(propylene glycol) (PPG) were studied
using dielectric spectroscopy for a wide range of molecular weights. For intermediate chain lengths the
normal mode spectra, unmasked by electrical purging procedures, were described quantitatively using
the Rouse model. Based on the ratio of the dispersion strengths of the normal and of the segmental mode, the
characteristic ratio C¥ was determined. The spectral width of the segmental mode evolves smoothly with the
number of repeat units N and, except for dipropylene glycol, so does the mean time scale. The exceptional
behavior was confirmed by 13C NMR relaxation experiments. For small N the segmental and the normal
modes tend to merge near the glass transformation range. Exploiting the polymer chains as “molecular
rulers”, the growth of the characteristic length scale associated with the vitrification process is estimated for
PPG. In the glassy state two dipolarly active relaxation processes were resolved. The slower one is char-
acterized by an activation energy typical for hydrated systems, and its dispersion strength can be modified by
appropriate heat treatment.

I. Introduction

Without changing the chemical constitution, oligomeric and
polymeric melts allow one to study variations of structural and
dynamical processes which span wide ranges of length scales.
When increasing the chain length, starting from just a few repeat
units, it is an important question at which molecular weight
Mw the (macro)molecule develops the typical characteristics of a
polymer.1-7 When the chains become longer, they reveal scaling
properties which can be described by the Rouse model and its
refinements until eventually the chains tend to entangle and find
themselves confined and reptating in transient tubes.8,9 Apart
from the segmental dynamics, one is often interested in studying
motional processes on the scale of thepolymer’s end-to-enddistance.
This global scale can be accessedmost easily via the normalmode
in dielectric spectroscopy10,11 if the segments of the polymer
under consideration exhibit an electrical dipolemoment along the
chain contour. Representatives of this class of so-called type A
polymers are poly(isoprene) (PI),12 poly(oxyethylene),13 poly-
(oxybutylene),14 and poly(lactide)15 to name a few.16 Because of
the simultaneous presence of C andOatoms in the polymer back-
bone, also poly(propylene glycol) (PPG), which is in the focus of
the current work, features a molecular weight dependent end-to-
end dipole moment arising from the vector summation of these
longitudinal segmental dipole moments.1

PPGmolecules with different degrees of polymerizationNwere
studied by a number of techniques including dielectric spectro-
scopy,2,17-22,28 calorimetry,22 field gradient diffusometry,24,25 the
Kerr effect,2 various light scattering methods,18,24,26-29 mecha-
nical and ultrasonic experiments,30,31 neutron scattering,32 and
NMR.33 Furthermore, studies were conducted with PPG expo-
sed to high pressures34 or to spatial confinement.23,35,36 In the
bulk the entanglement molecular weight of PPG is about Me ≈
5300 g/mol,37 corresponding to Ne = 90 repeat units, although
somewhat different estimates were also given.25,38 The OH groups
in PPG can mediate hydrogen bonding which leads to transient

entanglements.25,39,40 Furthermore, the PPG system exhibits a
relatively weak dependence of Tg on the number of monomer
units.18,22 That this peculiar behavior is due to H-bonding was
convincingly demonstrated in studies in which the terminal
groups of the PPG chains were chemically altered: For those
“end-capped” macromolecules18,20 the glass transition tempera-
tures saturated much more slowly with increasing chain length.

In this article we are not primarily concerned with the change
of properties when going from the Rouse regime to the domain
governed by entanglements. Merely, we address the question
what happenswhen entering the polymeric state by systematically
increasing the chain length starting from the low-molecular-
weight, even single monomer unit. Monomeric propylene glycol
(PG) as well as dipropylene glycol (2PG) and tripropylene glycol
(3PG) were studied using dielectric measurements.41-44 Here we
examine the samples with N=1, 2, and 3 also using 13C NMR
spin-lattice relaxation experiments. Clearly, 3PG is too short to
be considered a polymer but beyond which molecular weight is a
polymer a polymer? It is customary to define the onset of
polymeric behavior by the establishment of random walk statis-
tics for the chain conformations. For PPG we demonstrated
recently that this is the case for N of about 30.37 The Gaussian
regime was recognized by the fact that here the ratio of the
dispersion strengths of the normal mode to that of the segmental
mode (R-process) is expected to be independent of N.

This paper extends our previous investigations37 of PPG, and it
is organized as follows: After giving some experimental details, in
section III.A we focus attention on the dielectric normal mode,
i.e., on relaxation processes slower than the segmental motion.
Then, in section III.B we deal with this motion itself mostly
focusing on the low-Mw regime inwhich polymerbehavior sets in.
Section III.C is devoted to a discussion of relaxations faster than
the segmental motion. Finally, in section III.D we demonstrate
how the end-to-end distance can be used as a molecular ruler to
estimate the cooperativity length scale at the glass transition
of PPG. A discussion of various aspects (section IV) and a sum-
mary (section V) conclude this article.*To whom correspondence should be addressed.
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II. Experimental Details

PG and 2PG were purchased from Fluka and 3PG from
Aldrich. PPG samples with N=7, 13, 17, 35, 52, and 93 were
received from PSS Mainz, and polymers with high molecular
weights (N=214 and 314) were kindly provided by Bayer Co.
Thus, overall the range 76 g/mol e Mw e 18200 g/mol was
covered. Information regarding the polydispersity of the samples
was given previously.37 All samples were stored under dry, dark,
and cold conditions andusedwithout further chemical treatment.

Measurements of the complex dielectric constant ε*=ε0 - iε0 0
were conducted using an R-analyzer from Novocontrol in the
frequency range 10-3 Hz e ν e 107 Hz. The parallel-plate
dielectric cell, made of sapphire and invar steel,45 had a geome-
trical capacitance of 20 pFand an electrode separationof 100 μm.
Variable temperature measurements of 13C spin-lattice relaxa-
tion times were carried at a Larmor frequency of ωC = 2π �
75MHzusing aBrukerDXPspectrometer. For allmeasurements
the temperature was stabilized within (0.2 K.

III. Results

A. Relaxation Slower Than the Segmental Dynamics:
Dielectric Normal Modes. To gain an overview on the dyna-
mical behavior of oligomeric and polymeric propylene glycol,
in Figure 1 we present dielectric loss spectra for the species
withN=7, 17, and 314. For the heptamer typical features of
a supercooled liquid are recognized. The main peak, corres-
ponding to the structural process, also called R-relaxation, is
slightly asymmetrically broadened on the logarithmic fre-
quency axis. The low-ν side of the loss peak can be described
by a power law ε00 � νRwith R=1. ForN=17 the segmental
relaxation peaks are somewhat broader, and at a given
temperature, they are shifted to higher frequencies. As a
signature of the polymer dynamics, emerging as a conseq-
uence of the slightly increased chain length, the power law
exponent characterizing the low-frequency side in the imme-
diate vicinity of the loss peak becomes smaller, R<1. At still

lower frequencies a power law regime ε00 � ν1 exists which
stems from chain modes, as will be discussed below. Finally,
for much longer chains the dielectric normal mode shows up
as a fully developed low-frequency peak.

The ν1 region, which is seen forN=17, is usually masked
by conductivity effects arising from the transport of impurity
ions. However, after application of a dc bias of 20V for 2 h at
300 K the effective conductivity could be reduced by about
1 decade for each of the samples shown in Figure 1. Similar
electrical purging effects are well-known in the field of
polymers.13,46-48

To gain a more complete overview on the evolution of the
polymer dynamics, in Figure 2 we present dielectric loss
spectra for N= 13-314 at 245 K, a temperature at which
segmental and normal modes are simultaneously visible in
the accessible frequency window. The data are normalized
with respect to the peak height of the segmentalmode but not
scaled as far as their peak frequency is concerned. Thismeans
that the average time scale of the segmental dynamics is
practically unaffected by the length of the chain. The normal
mode appears only as a weak feature close to the segmental
peak at N= 13, then separates more from the later as the
chain length is successively increased, and finally evolves into
a clearly discernible feature for larger N.

It is instructive to compare these data with calculations
based on the Rouse model which is expected to hold if the
chain is Gaussian. In other words, if it obeys random walk
statistics.49 The bead-spring model yields the following
expression for the correlation function in terms of the end-
to-end vector RB ee relating to the dielectric normal mode

ÆRB eeð0ÞRB eeðtÞæ �N
XN
k¼1

odd

1

k2
expð-t=τkÞ ð1Þ

Here the sum runs over the odd Rouse modes if the dipole
moment is aligned along the chain contour. Because of the
k-2 factor, the sum converges rapidly. The time scale of the
kth order Rouse mode is

τk ¼ γ

ζ
4 sin-2 kπ

2N

� �
ð2Þ

where ζ denotes the monomeric friction coefficient and γ the
effective spring constant associated with a Rouse bead,
respectively. The only free parameter of this model as given
by eqs 1 and 2 is thus γ/ξ. As a fit parameterwemay therefore

Figure 1. Dielectric loss spectra for PPGwithN=7, 17, and 314 repeat
units measured at the temperatures given in kelvin. The straight lines
mark the slope ε0 0 � ν1. For the heptamer the loss is typical for that of a
low-molecular-weight glass former. The low-frequency flank of ε0 0 for
theN=17 sample reveals a linear increase only after applying electrical
purging (filled symbols). The change of positive slope of the low-
frequency flank is indicative for polymeric behavior. The macromole-
cular sample (N=314) exhibits a fully developed normal mode peak.

Figure 2. Dielectric loss spectra recorded atT=245K for a wide range
of chain lengths are represented by the symbols. The amplitudes of the
data are normalized with respect to the maximum of the R-peak. The
dashed lines reflect a peak corresponding to a single relaxation time τN.
The solid lines are calculations based on τNusing eq 3. They describe the
normal mode contributions very well for molecular weights for which
entanglement effects do not occur.
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choose a single time scale, i.e., that of the highest orderRouse
mode, τN, which corresponds to the relaxation time of a
single Rouse bead. For our calculations we used the same
τN for allN, and for simplicity we identify τNwith τR; see also
ref 37. The Fourier transform of eq 1 then yields

ε00 �
XN
k¼1

odd

1

k2
1 þ 2πiντN sin-2 kπ

2N

� �" #-1

ð3Þ

The solid lines in Figure 2 are the results of these calcula-
tions. The positions of the maxima agree best with the
experimental NM peaks at intermediate molecular weights:
On the one hand, for largeMw>Me, corresponding to N>
90, entanglement effects lead to an enhanced slow down of
the normalmode.9 For very small chain lengths theGaussian
approximation is expected to break down. For PPG the
molecular weight below which this happens is quite small.37

Finally, Figure 2 shows that the shapes of the measured NM
peaks appear broader than the Rouse calculations, as is
typically observed also for other type A polymers.50

B. Segmental Dynamics for Variable Chain Lengths. In
order to appreciate how the segmental relaxation in PPG
evolves as a function of the chain length, Figure 3 displays
the dielectric constants ε0(ν) and the dielectric losses ε00(ν) at
T=205K for samples withN=1, 2, 3, 7, 13, 93, and 314. In
frame (b) of this figure one recognizes that the loss peak
amplitudes and the peak frequencies for the R-process vary
monotonously with N, and in frame (a) corresponding
observations can be made for ε0(ν). However, from Figure 3
it is obvious that there is one exception: the relaxation of 2PG
proceeds comparatively slow. Although we are not the first
ones to point out this nonmonotonous behavior on the basis
of dielectric measurements,44 previously it was believed that
it is the relaxation of 3PG which is exceptional.51

In order to check for a possible nonmonotonousN depen-
dence with a different technique, we measured 13C NMR
spin-lattice relaxation times for PG, 2PG, and 3PG using

an inversion recovery sequence.52 The methyl carbon signals
appear at 17-20 ppm while methylene and methin carbons
show up in the range of 65-78 ppm. The latter shift range
was chosen for monitoring the recovery of the longitudinal
magnetization, M(t), as the integrated intensity of the CH
and the CH2 signals versus time. Then,M(t) was fitted using
an exponential function, � exp(-t/T1). The temperature
dependence of the resulting spin-lattice relaxation times,
T1, is plotted in Figure 4 for PG, 2PG, and 3PG. T1 minima
are observed for all samples. However, the T1 minimum of
3PG is located between those of PG and 2PG.

The spin-lattice relaxation rate at the carbon site is
governed by intramolecular dipole interaction and can be
written as53 1/T1=KCH [J(ωH - ωC) þ 3J(ωC) þ 6J(ωH þ
ωC)]. Here KCH=(n/10)(pγHγC/r

3)2 denotes the fluctuating
part of the heteronuclear dipolar coupling of a 13C spin to its
n adjacent protons and r is the C-H internuclear distance.
With the Larmor frequencyωC (ωH), the gyromagnetic ratio
γC (γH) of the carbon (proton), and a typical C-H distance,
r=1.08 Å, one obtainsKCH=n�2.27�1010 s-2. According
to the approach ofBloembergen, Purcell, and Pound (BPP)54

the spectral density is defined as J(ω)=τC/[1 þ (ωτC)
2] with

τC denoting the molecular correlation time. If a distribution
of correlation times is present, this expression has to be
modified.55Without recourse to specificmodels onemay just
analyze the T1 minimum for which ωCτC ≈ 0.62 holds. As
shown in anArrhenius representation, Figure 5, the resulting
correlation times τC from NMR nicely agree with the time
constants for the R-relaxation extrapolated from dielectric
spectroscopy.

The special behavior of 2PG becomes particularly evident
when plotting the dielectrically determined glass transition

Figure 3. (a) Dielectric constant ε0(ν) and (b) dielectric loss ε0 0(ν) for
N=1, 2, 3, 7, 13, 93, and 314 at 205 K, a temperature at which the
segmental relaxation is entirely in the experimental frequency window.
The dispersion step and the loss peak amplitude decreasemonotonously
with increasing N. It is clearly seen that the relaxation rate of 2PG is
exceptional.

Figure 4. Temperature dependence of the 13CNMRspin-lattice relaxa-
tion times for PG, 2PG, and 3PG (determined from the sum of the CH
and the CH2 carbon signals in the chemical shift range of 65-78 ppm).
The T1 minimum which shows up at the highest temperature corres-
ponds to 2PG, i.e., not to the largest molecule. The lines are guides to
the eye.

Figure 5. Arrhenius plot of the relaxation times for PG, 2PG, and 3PG.
The data from calorimetry44 and those from NMR (this work) are
labeled. All others are calculated from dielectric loss maxima.
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temperatures Tg as a function of the chain length. Here Tg is
defined via T(τR =102 s), which in some cases involved a
slight extrapolation. The molecular weight dependence of
Tg for all our samples is summarized in Figure 6a. Except for
N = 2, it can be described by the Fox-Flory equation,56

Tg(N)=Tg(Nf¥)-ΔT/NwithTg(Nf¥)=203K andΔT=
35K. The overall trend contrasts with the previously offered
conjectures that the relaxation of the 3PG might be too
fast (see e.g., ref 44). The current data confirm that 2PG
behaves different. We suppose that this may arise from an
enhanced tendency to form hydrogen-bonded aggregates for
this system.

Notwithstanding the nonmonotonous behavior of the mean
time scales of the segmental relaxation, the high-frequency
exponent of the associated loss peaks evolves in a smooth
manner for allN. This becomes obvious fromFigure 7 where
we plot the scaled dielectric losses measured at temperatures
chosen so that the R-peak frequencies are close to 10Hz. The
increase of the spectral width with increasing N appears
plausible because the increase of the chain length may be ex-
pected to lead to a greater diversity of local environments.57

For N g 13 the vertical shift applied for the ε00max scaling in
Figure 7 was within a factor of 2 for all systems. However,
when considering all chain lengths the dispersion strength
increased significantly for small N. Consequently, 1/ΔεR
becomes very small when in this limit (cf. Figure 6b).

C. Relaxations Faster Than the Segmental Dynamics.
Figure 8 contains dielectric loss spectra at temperatures close
to and below Tg for samples withN=7, 17, and 314. On the
high-frequency flank of the segmental or R-relaxation peak
two more relaxations are recognized. They are labeled with
β and γ according to their frequency position. The relaxation
times of these peakmaximaare collected in anArrhenius plot
(Figure 9) for allN and are compared with τR. Similar repre-
sentations were obtained previously for smaller N.42,43 It is
remarkable that the relaxation process β exhibits almost the
same temperature-dependent relaxation times for all samples.21

Except forN<7 the same is true for the process labeled here
as γ. To clarify the nature of these processes, dielectric
pressure and aging studies were carried out.43,58 It was
reported that process β conforms to Ngai’s coupling scheme
and thus was occasionally classified as a “genuine Johari-
Goldstein process”,59 while process γ may be related to the

presence of H-bonds.43 It could be described within the
“minimal model” of Dyre and Olsen.60

Next we show experimentally that the strength of process
β is related to the presence of water. To this end we first
measured reference spectra of a sample withN=314 at 260 K
and at 195 K. Then we heated this sample to 473 K and kept
it there for about 1 h. After cooling to 260 K, we obtained
the same spectrum as before (within experimental error) (cf.
Figure 10), demonstrating that the segmental and the normal
mode relaxations remain practically unaffected by this pro-
cedure. The spectra subsequently recorded at 195 K show
that peak γ is also unaltered while peak β has significantly
lost intensity. With prior heat treatment at 423 K for 1 h the
loss of intensity is weaker. We also mention that the strength
of peak β can be enhanced by exposing the sample to air at

Figure 6. (a) Dielectrically determined Tg as a function of the number
of repeat units N. All data, 2PG not taking into account, were fitted to
yield the Fox-Flory equation given in this frame. The result is
graphically represented by the line. (b) N-dependent dielectric relaxa-
tion strengths plotted as 1/ΔεR (circles) and asΔεNM/ΔεR (squares). As
a function of the molecular weight these quantities saturate at 0.33 (
0.02 and 0.16 ( 0.01, respectively, as highlighted by the lines. The lines
are drawn to guide the eye. ΔεNM/ΔεR is independent of N for N>30.
This independence marks the applicability of Gaussian statistics.

Figure 7. Dielectric losses in the segmental relaxation regime as scaled
with respect to the peak frequency νmax and the peak amplitude ε0 0max

are represented as solid lines. The data reveal a continuous broadening
on the high-frequency side for increasing chain length. On the low-
frequency side the peak broadens continuously for N e 35, then
narrows, and finally turns N-independent. Note that for large N the
normal mode ceases to interfere with the R-process.37 For comparison,
ε0 0(ν) calculated for a systemwith a single relaxation time (Debye case) is
included (dashed line).

Figure 8. Dielectric losses for PPGwithN=7, 17, and 314 repeat units
including spectra recorded for several temperatures (in Kelvin) below
Tg. One observes the presence of two low-amplitude peaks. The one at
lower frequencies is termed peak β, and the one at higher frequencies is
termed peak γ.
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room temperature for times longer than about 1 day. Since the
activation energy of process β, Eβ ≈ 6400 K, is similar to that
found in many water-containing systems,61 this is a strong hint
that peak β is related to a hydration of the PPG chain.

Process γ exhibits a lower activation energyEγwhich is the
same for all samples with Mw g 455 g/mol (or N g 7). The
value of Eγ is close to 20 Tg and thus similar to that usually
observed for secondary relaxation processes in molecular
glass formers.62

D. Polymer Chains as Molecular Rulers. The peak fre-
quencies of the normal and of the segmental modes, or more
precisely the corresponding time scales, are collected in
Figure 11 for N g 17. As suggested by the results shown in
Figure 9, the segmental relaxation times τR for all polymers
agree with each other. As noted previously19 for PPG
τR tends to become equal to the time scale τNM correspond-
ing to the normal mode peak near the low-temperature
end of the pattern shown in Figure 11. The frequency at
which the dynamics of both processes merge was given as
log10(νR/Hz)=19.82- 7.55 log10[Mw/(g/mol)] for PPG and
PI.19 Our present data conform to this relationship for high
Mw. In ref 19 it was suggested that at the merging tempera-
ture the length scale associated with the normal mode may
match that of the segmental mode.

Here, by observing that the merging temperature, Tx,
decreases as a function of increasing molecular weight, we
take this argument one step further: Along the R-trace which
is identical for all polymers withN>13 we may read off the
number of repeat units and thus estimate a length scale from
Tx(N). The results are shown in the inset of Figure 11 where
we plot N versus the reduced temperature Tx(N)/Tg(Nf¥).
It should be noted that while the data point for N > 90
requires a substantial extrapolation this is not the case for
smaller N.

As an example for the directly observable coalescence of
modes we show scaled dielectric losses for a sample withN=
13 in Figure 12. At high temperatures the normal mode
shows up as a shoulder on the low-frequency side of the
R-process. The latter exhibits the same slope in a wide range
of molecular weights and is emphasized by the dashed line in
Figure 12. Therefore, one may subtract the contribution of
the segmental mode and thus render the normal mode visible

Figure 9. Compilation of relaxation times of PPG. The solid lines
represent the structural relaxation time τR, the filled symbols reflect
the time constants of peak β, and the open symbols and crosses
represent those of peak γ. The other lines correspond to Arrhenius
laws τ=τ0 exp(E/T) (dashed line: process β; dotted line: process γ). The
activation energiesEβ andEγ are given in temperature units and/orwith
respect toTg(Nf¥). The pre-exponential factor is τ0=10-15 s for both
processes.

Figure 10. Dielectric loss spectra of a sample with N=314 prior and
subsequent to a heat treatment at 150 and at 200 �C. The spectra
recorded at 260Kdocument that an exposure of the sample to relatively
high temperatures has no significant effect on the normal-mode and on
the segmental relaxation. The spectra taken at 195 K document that
process γ is also unaffected by this procedure but that it reduces the
intensity of peak β significantly.

Figure 11. Arrhenius plot of the normal-mode and of the segmental
relaxation times for PPG with Ng 17. In this range τR follows a quasi-
universal,N-independent behavior, while τNM increases with increasing
chain length at a given temperature. Themerging of the τRwith the τNM

trace occurs at a temperature Tx(N), which is highlighted by the dotted
line forN=17andby thedashed-dotted line forN=35.Thedashed line
marks Tg = Tg(Nf¥). In the inset the merging temperature Tx(N)/
Tg(Nf¥) is plotted for the different chain lengths N in a way to
emphasize that the number of correlated segments increases upon
cooling through the glass transition. One recognizes that near Tg one
has Ncorr ≈ 20. The point corresponding to the polymer with N=93,
which requires substantial extrapolation, is represented by an open
symbol.

Figure 12. Dielectric loss of the 13-mer scaled with respect to height
and frequency of the R-peak. The shape of the low-frequency flank of
the segmental relaxation is highlighted by the shaded area. The low-
frequency flank of the R-peak is the same as the one observed for
systemswith higherN, for which normalmode and segmental mode are
better separated.37 The data at 245 K indicate the existence of excess
intensity which after subtraction of the loss due to theR-process yields a
normal-mode peak. This peak, which is represented by the dots, is
characterized by a very small intensity. When lowering the temperature
down to Tx ≈ 205 K, the excess intensity vanishes; in other words, the
two relaxation modes have coalesced.
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as a peak. Upon cooling the signature of the normal mode
becomes weaker, and near 205 K it is no longer discernible;
i.e., it has coalesced with the R-process.

Returning to the inset of Figure 11, one recognizes that
Tg(Nf¥) andTx(NR) are about the same if one choosesNR≈
20. To calculate a typical length scale λ from the number of
repeat units Ncorr ≈ NR one may use the characteristic ratio
which for PPG is C¥ =5.05.63 The numbers 13 e N e 93
in the inset of Figure 11 correspond to λ2 = C¥Nl2 with
λ ranging from 2.9 to 7.8 nm if one uses l=3.58 Å for the
scale of the monomer unit.64 The Gaussian approximation,
as signaled by the N independence of ΔεNM/ΔεR, is reached
only for N g 30 (ref 37). Therefore, the length scale calcu-
lated for systems with 13<N<30 may be slightly smaller
than just estimated. Nevertheless, our results show that near
Tg (whereNcorr≈ 20) the cooperativity length characterizing
the R-process of PPG is ∼4 nm. The number of correlated
segments is similar to that previously reported fromdielectric
investigations of polyisoprene19 and from NMR studies of
poly(vinyl acetate).65,66 Furthermore, the associated length
scale is consistent with estimates based on a mesoscopic
mean-field model applied to the analysis of polymeric and
molecular glass formers67 andonmeasurements of higher order
susceptibilities on such systems.68 The fact that dynamic fluc-
tuationsofmolten systems canbecome frozen in the glassy state
was also frequently exploited to detect heterogeneity length
scales in polymers and other systems.69-71

IV. Discussion

A. Dielectric Determination of the Characteristic Ratio.At
a given temperature the relaxation strengths of the normal
mode and of the R-process may be estimated using the
Curie laws ΔεNM=NpolμNM

2/(3ε0kBT) and ΔεR=Nsμ^
2/

(3ε0kBT), respectively.
72,73 In the equations, ε0 is the permitti-

vity of free space and Npol and Ns are the number density of
the polymer chains and of the segments, respectively. μ^ is
the absolute value of themonomeric dipolemoment oriented
perpendicular to a chain segment, and μNM is the absolute
value of the mean end-to-end dipole moment of the chain.
The latter is proportional to the polymer0s mean end-to-end
distance,Ree, which can be estimated, e.g., using themodel of
freely rotating chains as74

Ree
2 ¼ Nl2

1 þ cos θ

1- cos θ
-
2 cos θ

N

ð1- cosN θÞ
ð1- cos θÞ2

" #
ð4Þ

where θ denotes the bond angle. For sufficiently long chains
the second term within the square brackets vanishes, and in
this limit the characteristic ratioC¥=Ree

2/(Nl2) is recovered.75

Furthermore, since the product NpolN equals the density of
the repeat units, Ns, we can write for the normal mode

ΔεNM ¼ Nsμ )

2C¥=ð3ε0kBTÞ ð5Þ
Here μ ) is the parallel-to-the-contour dipole moment per
monomeric unit. Hence, the ratio ΔεNM/ΔεR should be
constant for largeN.37,76,77 By combining eq 5with the Curie
law forΔεR, we obtain a quantitative expression for this ratio
from

ΔεNM

ΔεR
¼ C¥

μ )

2

μ^
2

ð6Þ

For PPG our experiments yield ΔεNM/ΔεR=0.16 ( 0.01
(see Figure 6b or ref 37). Together with C¥=5.05 (ref 63)
eq 6 predicts μ )/μ^ =0.18. This ratio agrees perfectly with
literature values (μ )≈ 0.18 D, μ^≈ 1 D).78 Conversely, if the

dipole moments are known, eq 6 can be used to determine
C¥.

79 Thus, information about the stiffness of the chain can
be gained by simply measuring the ratio of the dielectric
strengths of the two relaxation processes, preferably at a
temperature much higher than Tg and for systems with
reasonably long chains.

B. Transverse Dipole Moments in the Sub-Gaussian Re-
gime. The strong decrease of 1/ΔεR (Figure 6b), hence strong
increase ofΔεR forNf 1, suggests that a contribution to the
amplitude of the segmental response should occur which was
not discussed so far. For small-length type A polymers for
which the Gaussian approximation is not valid, there will be
a finite dipole moment oriented perpendicular to the end-to-
end dipolemoment axis. Hence, for decreasingN one expects
that the amplitude of the R-process increases at the expense
of the strength of the normal mode.

For chains in the Gaussian regime only the transversal-to-
chain component of the segmental dipole moment contri-
butes to the R-process, while it is the total molecular dipole
moment, μBtot = μB ) þ μB^, which plays this role for the
monomeric melt. The increased dispersion strength in the
oligomeric regime is expected to be the more pronounced for
larger ratios of μ )/μ^. Hence, while μ )/μ^ and thus the normal
mode amplitude relative to that of the segmental peak is
relatively small for PPG, more pronounced effects can be
expected for systems such as oligo(isoprene)12,76 or oligo-
(lactide).15

C. Encroachment of Normal and Segmental Modes. Ac-
cording to the classical theory of polymers, the relaxa-
tion times for the chain dynamics depends mainly on the
monomeric friction coefficient; hence, practically the same
T dependence is expected for τR and for τNM. However,
experimentally it is generally observed that the temperature
dependence of the segmental mode is much stronger than the
one of the normal mode.19,7 Thus, in harmony with previous
results for PPG,19 Figure 11 documents that also for this
polymer the segmental and the normal modes behave dif-
ferently in a way that they tend to merge toward low tem-
peratures.

The calculation of the Rouse spectrum shown in Figure 2
was carried out by identifying at 245 K the highest order
Rouse mode, τN, with the segmental relaxation time, τR. In
view of the experimental observation of a temperature-
dependent ratio of τ1 ≈ τNM to τR this identification may
seem fortuitous. To see that this is not the case, let us point
out that it has arisen because the number N of Rouse
segments appearing in eq 2 and the number of repeat units
weremore or less tacitly assumed to be the same.However, in
the framework of our interpretation in eq 2 the variable
N should be replaced by N/Ncorr to take into account
the correlation of segments that characterizes the seg-
mental motion. The modified equation thus reads τN = τ1
sin2[(πNcorr/(2N)]. Then, for each chain length the condition
N=Ncorr is fulfilled at the intersection points [temperatures
Tx(N)] in Figure 11, and the merging tendency of τNM and
τR just reflects the increase of Ncorr upon cooling, while the
temperature independence of the ratio τ1/τN that follows
from eq 2 can be maintained.

Several other arguments were previously advanced to
explain the tendency of segmental and normal modes to
merge toward low temperatures.80 One of them is based on
experiments showing that the self-diffusion coefficient and
the normal mode relaxation rate of PPG exhibit essentially
the same T dependence.7,25 Since the R-process corresponds
to the rotational dynamics of the segments around the poly-
mer backbone, the different temperature dependences of the
R andNM-processes, becoming significant below about 230K,
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were interpreted to arise from a translational-rotational
decoupling.81 However, light scattering results indicate that
above 210K the “segmental reorientation is strongly coupled
to the segmental center-of-mass translational motion”,26

which is at variance with the notion of a decoupling. As an
alternative interpretation the different temperature depen-
dences of τR and τNM were found to be consistent with the
different stretchings of the involved processes within Ngai’s
coupling model.82 In the spirit of previous mechanical
spectroscopy work,83 Ngai et al. additionally rationalized
the “encroachment” of the two processes by demonstrating
experimentally that ΔεNM of PPG (with a molecular weight
of about 1000 g/mol) strongly decreases when the mode
coalescence is closely approached upon coming from high
temperatures. Our analyses for systems with similar chain
lengths (N=17 and 22) confirm that close to the merging
point ΔεNM decreases as ΔεR gets larger (not shown).

The merging is most directly observed for the sample with
N = 13. As discussed in section III.D, the scaling of the
dielectric loss in Figure 12 reveals that the normal mode
contribution vanishes somewhat below 210 K. It is impor-
tant to emphasize that the time constants for the merged,
“surviving” process follow the same temperature depen-
dence which characterizes the R-relaxation of all systems
with N>13. Since this suggests that the relaxation rates of
the segmental and the normal modes do not depend on each
other, we may conclude that the two processes are statisti-
cally independent even for N=13.

D. Impact of Hydrogen Bonding and Comparison with
Other Polymer Systems. PPG, HO-[CH2CH(CH3)O]N-H,
features hydrogen bonds and is thus an interesting system to
study. This polymer was even used to extrapolate to the case
of water which would correspond to Nf 0.84 In the present
context, we wish to discuss howH-bonding in PPG affects its
overall chain dynamics. Generally, for a given molecular
weight hydrogen bonding can increase the effective chain
length, e.g., leading to the “transient entanglement” effects
mentioned above. These effects may explain the shift of the
entanglementmolecular weight, separating the nonreptation
from the reptation regime, to relatively low values.25,39,40 An
interesting observation made in the short-chain regime is
that the Rouse model remains applicable for the description
of the relaxation times of the normal modes down to a
surprisingly low molecular weight, Mw=790 g/mol.31,37

With increasing chain length the glass-transition tempera-
ture of PPG saturates at only a few repeat units (see
Figure 6a). In relation to the much stronger dependence of
Tg on N for other polymer systems85,86 for PPG the insen-
sitivity of Tg(Mw) can be explained by the formation of a
hydrogen-bonded network.18

As seen in Figure 7, not only the position but also the
shape of the R-peak for N larger than about 7 does not
change much, demonstrating a relative insensitivity of the
local environment on the chain length. In fact, the peak
amplitude (the relaxation strength) of the structural relaxa-
tion changes significantly only for small and intermediate
N (cf. Figure 6b). This variation of ΔεR withN, obvious also
from other studies,27 may tentatively be connected to the
presence of hydrogen bonds, since they facilitate static cross-
correlations between adjacent segments. For small chains the
number of terminal H and OH groups is higher; thus, a
stronger contribution to the relaxation strength of the seg-
mental response is expected here. This may explain the
behavior of 1/ΔεR(N) in Figure 6b. For systems withN larger
than 30, 1/ΔεR saturates to a value close to 3, indicating that
in this range the hydrogen bonds cease to play an important
role for the segmental dynamics.

V. Conclusions

Using dielectric spectroscopy, we investigated the normal-
mode and the segmental dynamics as well as several low-
temperature relaxation processes in PPG for a large range of chain
lengths. The samples were subjected to an electrical cleaning
procedure. This allowed us to identify the slowest dipolar end-to-
endmode of the 17-mer as a change of slope on the low-frequency
side of the dielectric loss peak. For intermediate molecular
weights the position of the normal-mode maxima could be
described semiquantitatively without free parameters using cal-
culations via the Rouse model. Our systematic investigation
of the molecular weight effects, also using 13C spin-lattice
relaxation, demonstrated that the R-relaxation of 2PG is anom-
alously slow and not, in contrast to previous contentions, that
the dynamics of 3PG is too fast. The dispersion strength
ΔεR and the ratio of the static dielectric constants, ΔεNM/ΔεR,
exhibit an interesting dependence on the degree of polymeriza-
tion. The ratio of dispersion steps increases with increasingN up
to about N ≈ 30 and then turns to a constant, thus signaling the
onset of Gaussian chain statistics. The numerical value of this
constant, ΔεNM/ΔεR=0.16 for PPG, was demonstrated to allow
one to extract the characteristic ratio C¥ provided that the
longitudinal and transverse segmental dipole moments are
known, or vice versa.

Two sub-Tg relaxation processes were found in all samples
withNg 7. Using a heat treatment at temperatures above 100 �C
the slower of the two processes (termed β) could be significantly
reduced in intensity. This finding, together with the observation
that its relaxation time can be described by an activation energy
Eβ which corresponds to the energy required to break two
hydrogen bonds, suggests that its occurrence is associated with
the presence of water.

An important observation is the (incipient) coalescence of
normal and segmental modes. It occurs for 13 e N e 35 at a
temperature Tx(N) in the vicinity of Tg and for larger chains at
somewhat lower temperatures. The coalescence of modes was
taken to signal a similarity of the involved length scales. Thus, we
interpret Tx(N) as the temperature at which the cooperativity
length scale of the R-process in a polymer with N repeat units is
about the same as the end-to-end distance for the corresponding
chain length. The change in the number of correlated segments is
considered as a temperature effect and not a molecular weight
effect. Thus, employing the normalmode as amolecular ruler, we
find that the cooperativity length increases with decreasing
temperatures reaching a length scale of about 4 nm near Tg.
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