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ABSTRACT: A novel strategy is described to study polymer dynamics by using a combination of dielectric
spectroscopy and functionalized polymers. The first results are presented using various well-defined, chain-
end-functionalized polystyrenes (PS) synthesized using a combination of modern anionic polymerization
techniques and hydrosilylation chemistry. The end-functionalized polystyrenes investigated contain the
cyano (-CN), hydroxyl (-OH), acetyl (-OCOCH3, -Ac), or ethyl ether (-OCH2CH3, -OEt) groups. By
applying broadband dielectric spectroscopy (BDS) over an extensive temperature range (approximately
50-413 K), it was possible to fully characterize the polymer dynamics associated with the segmental
R-relaxation as well as the local secondary process related to the specific movement of the functional groups
themselves. Combining these data with the results from differential scanning calorimetry (DSC), it is shown
that for rather large functional groups the overall polymer matrix properties are altered, giving rise to a
decrease in the glass transition temperature. The trend can be rationalized in terms of free volume effects
caused by the bulky functional groups and points toward matrix plasticization effects. However, for cyano-
functionalized PS the inclusion of this group does not significantly affect the matrix properties. By taking
advantage of the strong dipole moment of the CN group, a clear dielectric signal can be obtained that can be
used to selectively study the specific dynamics where the group is located. In other words, by appropriately
attaching cyano groups at different parts of the chains, these can be exploited as in situ dielectric probes that
allow determination of specific contributions to dynamical processes in polymers.

Introduction

Functionalized polymers typically consist of regular polymers
with specific chemical groups attached to the backbone, e.g.,
specific groups in the main chain (in-chain functionalized) or at
the end of the chain (chain-end functionalized). From a practical
point of view, such systems are very interesting because inclusion
of chemical groups via modern synthetic techniques may offer a
facile way ofmodifying and tuning the physical/chemical proper-
ties of polymers.1 This can, in turn, be interesting for application
purposes where such polymers may prove useful, e.g., as compa-
tibilizers in composite or fillermaterials or to alter specific surface
properties and/or facilitate specific chemical reactions. However,
to fully exploit the potential of these materials, general effects of
functionalization on the overall polymer properties have to be
understood.

From a more fundamental point of view, well-defined, func-
tionalized polymers in combination with broadband dielectric
spectroscopy (BDS)2 may offer an elegant way to study polymer
dynamics because by inclusion of polar groups the dipole
moment can be selectively altered. In this way, by selectively
amplifying the dielectric signal, it was envisioned that it might be
possible to determine relationships and correlations of individual
fluctuations contributing to the overall chain dynamics by
“labeling” a polymer with covalently bound, polar groups in

well-defined positions along the chain. Such an approach offers
clear advantages over classical experiments usually involving
mixing small molecules as probes into a polymer matrix and
measuring the effective local response by somemeans.3-5 First of
all, the latter approach provides a less directway of evaluating the
polymer dynamics simply because the probe is not necessarily
directly “slaved” to the chain dynamics. Second, as the second
probemolecule often is of very different nature from the polymer
matrix, the mixing may result in significant thermodynamic
perturbations that may change or interfere with the dynamics
of the polymer,6 leading to plasticization effects5 or even phase
separation.7 However, on the other hand, the required polymer
functionalization is not trivial: First, it requires control of the
polymer synthesis such that the functional groups are located at
well-defined and predetermined places in the chain. Second, the
appropriateness of the polar group as a selective but “soft” probe
must be evaluated; thus, other effects of the polar group, such as
changes in the overall polymer matrix properties, must be care-
fully evaluated and, if necessary, deconvoluted. This requires a
combination of techniques using, for example, rheology or
calorimetry that are sensitive to the overall matrix properties
coupled with BDS that is more sensitive to the polar groups.

Herein, we present the first results from a systematic study of
the dynamics of a series of chain-end-functionalized polystyrenes
(PS) with a wide range of functional groups. This system is ideal
for this purpose because of the low inherent dielectric relaxa-
tion signal from the PS backbone. Thus, any signal from the
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functional groups having much higher dipole moments will be
clearly discernible from the unfunctionalized reference analogue.
The end-functionalized polystyrenes investigated contain the
cyano (-CN), hydroxyl (-OH), acetate (-OCOCH3, -Ac),
or ethyl ether (-OCH2CH3, -OEt) groups. The nonfunctional
reference is the analogous polymerwith an-Hgroup at the chain
end. The results show that the cyano group acts like an ideal
dielectric probe that does not affect the overall dynamics and can
be used to selectively study polymer dynamics.

Experimental Section

Anionic Synthesis of Chain-End-Functionalized Polystyrenes.

All preparations of poly(styryl)lithium (PSLi) (Mn = 2200 Da;
Mw/Mn = 1.05) were effected in benzene at 30 �C using sec-
butyllithium as initiator in all-glass, sealed reactors with break-
seals and standard high-vacuum techniques as described pre-
viously.8,9 Preparation of the ω-silyl hydride-functionalized
polystyrenes was effected directly in the PSLi polymerization
reactors by smashing the break-seal for the ampule containing
purified chlorodimethylsilane (1.3-fold excess) in benzene at
room temperature.8,9 For the preparation of the ω-functiona-
lized polystyrenes, a 2.5 molar excess of the substituted alkene
[e.g., allyl cyanide (Aldrich, 98%) to prepare the ω-cyano-
functionalized polystyrene]9 was added to a toluene solution
of the ω-silyl hydride-functionalized polystyrene, followed by
addition of 0.10 mL of Karstedt’s catalyst, 1,3-divinyltetra-
methyldisiloxane-platinum in xylene (Gelest), as described
previously.8,9 These hydrosilylation reactions were monitored
by thin-layer chromatography and FTIR analysis. The residual
catalyst was removed from the functionalized polymer by
extracting with deionized water, stirring the reaction mixture
with activated silica gel, and silica gel column chromatography,
followed by treatment with QuadraPure TU, an effective
scavenger for platinum.10 For the preparation of the other
ω-functionalized polystyrenes, the corresponding substituted
alkenes [allyl alcohol (Aldrich, 99%, dried over 4 Å molecular
sieves), allyl acetate (Aldrich, 99%), and allyl ethyl ether
(Aldrich, 95%)] were dried over freshly crushed calcium hydride
and distilled on the vacuum line into ampules with a Rotoflo
stopcock followed by heat-sealing with a hand torch. The
reference ω-propyl-functionalized polystyrene was prepared
by charging a miniclave containing the ω-silyl hydride-functio-
nalized polystyrene, toluene, and Karstedt’s catalyst with 100
psi of propylene (Advanced Gas Technologies, 99.5%) at room
temperature for 5 days.

Broadband Dielectric Spectroscopy (BDS). The complex di-
electric permittivity vs frequency wasmeasured in the frequency
range between 10-2 and 107 Hz using a Novocontrol high-
resolution dielectric analyzer (Alpha-S analyzer). The poly-
styrene-based samples are brittle solids at room temperature
and were prepared directly on two gold-plated electrodes with
diameters of 20 and 30 mm, respectively, by heating and drying
at 130 �C for 24 h. Subsequently, while hot, the samples were
squeezed between the plates using a finely cut 0.1mm thick, star-
shapedTeflon piece as spacer. Finally, before being inserted into
the instrument, the samples were briefly placed under vacuum
for some minutes at 130 �C to remove any trapped air bubbles,
etc. The standard setup consisted of a Novocontrol Quatro
cryostat withN2 jet gas whichwas used in the temperature range
of 110-413Kwhere a stability better than(0.2Kwas achieved.
For the low-temperature measurements, a Clod head closed
cycle He-refrigerator cryostat from CTI-Cryogenics was used.
This provides an accessible temperature range from about 10 to
320 K and a stability of ≈0.2 K.

Differential Scanning Calorimetry (DSC). The calorimetric
measurements were carried out using a Q2000 TMDSC from
TA Instruments. The sample mass for these measurements
was about 8-10 mg. Samples were encapsulated in standard
hermetic aluminum pans, and a gas flow (He) was used for

thermalization. Corrections for asymmetry relative to reference
pan, difference in aluminum pan weight, etc., were performed
using the standard procedure of online correction for the DSC
Q2000 (“TzeroTMmethod”). The experiments were carried out
by first letting the sample equilibrate at 120 �C and then cooling
(20 K/min) to 253 K; thereafter, a temperature modulation of
(0.5 K with a period of 60 s was superimposed on a constant
heating ramp of 2 K/min.

Results and Discussion

Synthesis.For the study of the effects of functional groups
on chain dynamics, a new synthetic methodology is available
to prepare functionalized polymers in which the only vari-
able between the different polymers is the functional group;
all other structural variables are constant.8,9 This method
combines the outstanding structural control of living, alkyl-
lithium-initiated anionic polymerization11 with the versati-
lity and efficiency of transition metal-catalyzed hydro-
silylation reactions.12,13 This new two-step functionalization
methodology is based on anionic synthesis of silyl hydride-
functionalized polymers via chlorosilane linking chemistry
and hydrosilylation of allyl derivatives (functionalized alke-
nes) with the silyl hydride-functionalized polymers in the
presence of Karstedt0s catalyst, as shown in Scheme 1. All
functional polymers were prepared from the same silyl
hydride precursor, allowing unparalleled uniformity of poly-
mer chain architecture. In this synthetic procedure, the silyl
hydride-functionalized polymer [PS-Si(CH3)2H] provides
a versatile platform for conversion to a wide variety of
different chain-end-functionalized polymers, designated by
PS-Si(CH3)2(CH2)3-Xor simply P-Xwhere X denotes the
functional group, via hydrosilylation using the correspond-
ing allyl derivatives, CH2dCHCH2-X. For each system, the
only variable is the terminal functional end group (-X),
since the other end consists of a sec-butyl group from the
initiator; the molecular weight of the polymer (Mn) and the
molecular weight distribution (Mw/Mn) are constant. The
molecular weight (Mn) chosen was 2200 Da. Karstedt’s
catalyst (ppm) used in the hydrosilylation reaction was
carefully removed by extraction of the hydrocarbon reaction
solution with water, filtration through an activated silica gel
column, and treatment for 24 h with QuadraPure TU, which
is an effective scavenger of platinum.10 All chain-end-func-
tionalized polymers were prepared from the same batch of
silyl hydride-functionalized polymer and were characterized
by FTIR, 13C and 1H NMR spectroscopy, and MALDI-
TOF mass spectrometry.8,9

Segmental r-Relaxation and the Glass Transition. The
dielectric relaxation spectra of the various functionalized
polystyrenes are shown in Figure 1. In Figure 1a data
obtained at 363 K are shown where the typical R-relaxation
associated with the segmental dynamics of the polymers is

Scheme 1. General Methodology for Chain-End Functionalization,
Using Anionic Chlorosilane Functionalization Followed by Hydro-

silylation
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observed. There are significant differences between the func-
tionalized polymers. This is even clearer in Figure 1b, where
data at 343 K, which is closer to the glass transition, are
shown. First, as expected, we see that the dielectric signal
increases significantly with the inclusion of polar groups. For
the cyano functional group, having the largest dipole, the
dielectric signal is about a factor of 10 higher than the
corresponding reference polymer, P-H. In order to char-
acterize this behavior, we have evaluated the dielectric
strength and its relative derivative at Tg, i.e., Δε(T = Tg)
and 1/Δε(Tg)(dΔε/dT). These were obtained by analyzing
the real part of the permittivity at low and high frequencies,
respectively, and describing the resulting temperature de-
pendence in the high-temperature range (≈Tgþ 10K-Tgþ
50K) by a linear law. The results, given in Table 1, show that
a similar temperature dependence reflecting the same under-
lying polymer dynamics, but showing very different Δε,
which is expected from the dipolemoment strengths. Second,
now considering the shape of the spectra, it is seen that the
prominent feature of the relaxation of chain-end-functiona-
lized polystyrenes is a significant broadening, generally
toward the high-frequency range. This could suggest that
the dynamics is more heterogeneous and faster relative to the
reference response from P-H. However, for the P-OH
sample some indications are seen that the broadening also
extends toward low frequencies, suggesting the occurrence of
slower components to the dynamics. This might indicate
some kind of association perhaps induced by hydrogen
bonds between the terminal -OH groups. The influence of
interacting functional groups will be the subject of future

workwhere we also plan to apply complementary techniques
such as rheology and/or scattering techniques to probe
the dynamics. At this point, focus is more on the overall
dielectric/dynamical behavior of this series of chain-end-
functionalized polystyrenes.

Extracting a typical relaxation time corresponding to the
peak maximum of the dielectric spectra (τ* = (2πf *)-1,
where f * is the frequency at the peakmaximum) as a function
of temperature, we see the same general behavior in Figure 2
for all of the chain-end-functionalized polymers. The tem-
perature dependence can be described in the usual way using
the well-known Vogel-Fulcher-Tamman phenomenologi-
cal equation:

τ ¼ τ0
R expðB=ðT -T0ÞÞ ð1Þ

where τ0
R is the elementary time, B, a numerical constant,

and T0 is the so-called Vogel temperature. The parameters
obtained from the best fits are given in Table 1.

As seen in Figure 2, while the general trend suggests that
all τ* are generally smaller in the functionalized polymers,
there are some peculiarities. Comparing P-CNwith P-Hat
high temperatures, the data seem to be well separated; but
when the temperature is gradually lowered, the lines seem to
approach each other. To understand this behavior, we have
to consider mainly two things: (1) specific dynamics of the
chain end where the functional group is located and (2) “self-
plasticization” effects induced by the extra free volume
created by the chain-end functional groups. For the former
it is clear that since with increasing temperature the measure-
ments will be increasingly sensitive to the terminal end-group
fluctuations as this dynamics increasingly decouples from the
cooperative R-relaxation dynamics. This is due to a decrease
of the cooperativity length at high temperatures.14 Thus, as
the temperature is increased, the measured dynamics will
more and more reflect the faster end-chain dynamics which
will be stronger in dielectric strength the larger the dipole
moment of the functional group. Thus, it is clear that at least

Figure 1. Dielectric loss permittivity, ε0 0, as a function of frequency
for all functionalized polymers showing the typical R-relaxation at (a)
363 K and (b) 343 K.

Table 1. Parameters of the VFT Fits to the Temperature Dependence of the r-Relaxation Together with the Values for the Tg Deduced from
TM-DSC Measurementsa

polymer τ0 [s] B [K] T0 [K] Tg
D [K]b Tg [K]c Δε(Tg) d ln Δε(Tg)/dT

P-H 7.10� 10-14 1735.8 279.0 334.6 334 0.0744 -1.546� 10-2

P-CN 7.00� 10-14 1430.9 287.4 334.3 334 0.498 -1.990� 10-2

P-OH 1.00� 10-12 1277.2 287.8 332.2 331 0.0884 -1.640� 10-2

P-OEt 1.00� 10-12 1296.4 283.0 327.2 327 0.0955 -1.654� 10-2

P-Ac 1.60� 10-13 1451.8 281.4 329.4 330 0.130 86 -1.811� 10-2

a In addition, typical values of the dielectric strengthΔε and its derivative atTg (1/Δε(Tg)(dΔε/dT=d lnΔε(Tg)/dT)) are given.
bDefined according to

the temperature where the typicalR-relaxation time takes a value of τ*=10 s. cCalorimetric glass transition temperature defined as themaximumof the
derivative of Cp (dCp/dT).

Figure 2. Typical relaxation time corresponding to the peakmaximum,
τ*, of the R-relaxation as a function of temperature for all polymers.
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a portion of the observed accelerated and heterogeneous
dynamics may be attributed to the dominant contributions
of these end segments. However, to extract the specific chain
dynamics, it is necessary to deconvolute the two effects.

In order to detect potential modifications in the overall
matrix properties as distinct from specific chain dynamics,
the glass transition, Tg, was also measured using tempera-
ture-modulated, differential scanning calorimetry (TM-
DSC). The reversing heat flow data exhibit typical behavior
for amorphous polymers without specific features apart
from a well-defined jump in the specific heat capacity asso-
ciated with the glass transition of the polymer. In Figure 3a,
the derivative of the heat capacity, dCp/dT, as a function of
temperature is shown. In this presentation, the glass transi-
tion temperature can be easily identified as the peak tempe-
rature. In addition, the width of the transition can be
characterized by defining the full width at half-maximum
(fwhm) value of the peaks. The values for Tg, extracted both
from BDS and DSC, are plotted with the fwhm values as a
function of the molar mass of the functional group in
Figure 3b.

As seen, the data clearly show that while for the cyano-
functionalized polymerTg remains essentially identical to the
reference P-H polymer, the value systematically decreases
for the other groups. Interestingly, the values seem to
decrease with increasing “bulkiness” or volume of the func-
tional group. Thus, for the P-OEt and P-Ac, Tg corre-
sponds to about 330 and 327 K, respectively, which
represents a significant reduction from the value of 334 K
of the reference polymer. Now, focusing on the values for
fwhm, the values seem to stay roughly constant inmost cases,
although for P-OH there is a significant increase. This is
consistent with the relatively broader low-frequency dielec-
tric response found previously. Also in the other cases, the
functionalized polymers display a slightly larger fwhm than
the unfunctionalized reference P-H. Hence, these findings
and the variation of theTg values suggest that there are some

alterations in the matrix properties caused by the introduc-
tion of the functional group. However, it is clear that the
alteration is minimal when the group is rather small, e.g.,
CN, and that it increases in magnitude with the size of the
group. It is useful to compare these calorimetric values with
the so-called dielectric glass transition temperature, TgD,
here defined as the temperature where the typical R-relaxa-
tion time corresponds to a fixed value of 10 s (τ � 10 s). As
seen in Figure 3b, the data show a trend comparable to the
calorimetric data. Interestingly, this is also the case for the
cyano-functionalized polymer which displays almost the
same Tg as the reference P-H polymer despite the fact that
the dielectric spectra have very different shapes. This issue
will be discussed again later in the paper. To understand the
Tg reduction, one can consider free volume effects associated
with the terminal segments including the functional group.
The larger the functional group, the more free volume would
be created. This can be considered as a sort of an internal or
self-plasticization effect where the extra mobility is not
created by a separate molecule, as in typical plasticized
polymer matrices, but by the bulky functional group itself.

Summarizing the results so far, it can be seen that the
bulky end groups may affect the overall dynamics of the
polymer matrix by acting as a sort of plasticizer. This gives,
in general, accelerated and broader (more heterogeneous)
dynamics. For the P-OH polymers, indications of slower
dynamic components are observed; it is tentatively suggested
that this results from the formation of hydrogen bonds that
are much stronger than normal van der Waals forces. For
small, noninteracting functional groups such as CN, how-
ever, no significant changes are observed in the overall
dynamics compared to the reference compound as deduced
from the calorimetric Tg.

This was also verified using rheology where the same melt
viscosity was observed as well as the same storage and loss
modulus for the two references and two cyano-functiona-
lized polymers (Mn = 2200 and 4000 Da) was observed.15

Hence, with this system it is possible to investigate the
specific contributions of functional groups to the overall
chain dynamics using dielectric spectroscopy, which inevi-
tably will be most sensitive to the fluctuations of the strong
polar groups located at the chain ends. Thus, we can then
extract the “pure” chain-end fluctuation dynamics from the
overall dynamics by directly subtracting the BDS spectra of
the nonfunctionalized reference polymer from the P-CN
response. This is done inFigure 4awhere the typical rawdata
(P-CNandP-H) and the subtracted data (-CN) are shown
at a representative temperature of 353 K. As clearly seen
from this plot, the dynamics of the end-chain cyano groups
dominate the P-CN signal. Hence, in this way one can
directly observe the fluctuations from the chain ends, which
was found to be faster and more heterogeneous than the
main-chain (average) response. This shows that in a polymer
chain the contributions from the chain end lead to a larger
degree of heterogeneity, which thus explains a change in the
width of the R-relaxation with decreasing molecular
weight.16 It is also clear that there is a high-frequency wing
for the P-CN samples. This comes from an extra winglike
contribution that cannot be resolved as a peak at lower
temperatures, which is clearly associated with the end-group
motion.

Figure 4b shows the typical relaxation time of the R-
process of the reference polymer and the contribution from
the cyano chain-end fluctuations;the latter data obtained
from the subtraction of the spectra. Interestingly we see that,
at high temperature, where the dynamics is not expected to
be very cooperative, the motion of the end segments with the

Figure 3. (a) Derivative of the heat capacity, dCp/dT, as a function of
temperature for the various polymers. For clarity only every 10th point
is shown. (b) Glass transition temperatures, Tg, determined from
calorimetry (filled squares) andTgD determined from dielectric spectro-
scopy (open stars). The latter values have been determined by defining
TgD as the point where the typical relaxation time, τ*, takes a value of
10 s. Also shown is the full width at half-maximum, fwhm, values (filled
triangles) deduced from the data in (a).
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cyanide group are considerably faster than the average
dynamics. However, at progressively lower temperatures,
the two time scales seem to merge toward a common glass
transition temperature. This important result can be inter-
preted in terms of a growing cooperativity length into regions
named cooperative rearranging regions (CRR) upon a de-
crease in temperature in line with ideas presented by Adam
and Gibbs.14 The idea is that at low temperatures the dyna-
mics reflect an average over many types of segments, includ-
ing end-chain segments, since the cooperativity length is
large. This cooperativity length gradually decreases with
increasing temperature, and the motion gradually reflects
single segment motion. Within the Adam-Gibbs-type
models, studies have shown that this is typically on the order
of 1-3 nm depending on the temperature17,18 around the
glass transition.While such length scales cannot be extracted
from the data in the current study, it can be seen that the
results are at least compatible with such a view. It should be
noted that the size corresponding to themolecular volume of
the end group must be the lower limit to the CRR; i.e., the
size of the CRRmust be larger than the size of the end group,
which can be roughly estimated to be on the order of 0.5 nm.
Thus, only at temperatures corresponding to CRR smaller
than 0.5 nm independent motion can be expected.

Local Secondary Relaxations Associated with the Func-
tional Groups. The dielectric response at the very lowest
temperatures can provide insight into the local secondary
relaxations associated with the functional groups. Typical
dielectric loss spectra are shown in Figure 5a for all polymers
at 110 K. More data over the extended temperature range
110-145K are given in the Supporting Information. Here, a
clear relaxation process is visible as a rather broad peak for
all functionalized polymers, which is not present in the P-H
nonfunctionalized reference polymer (see the filled circles in
Figure 5a). The signal increases with the strength of the
dipole moment of the functional group. Thus, this relaxation
process is likely associated with the specific movement of the
rather flexible chain-end segment containing the functiona-
lized group inside the frozen glassy polymer matrix.

In a straightforward manner, the typical relaxation time
can be extracted in terms of the position of the peakmaxima,
τ*. This is shown in Figure 6 where the logarithm of τ* is
plotted versus the inverse temperature, 1/T, in a typical
Arrhenius plot. Straight lines are observed, thus indicating
a pure activated process, as usually seen for secondary
processes, following the well-known Arrhenius equation:

τ� ¼ τ0
s expðEa=RTÞ ð2Þ

where τ0
s is the elementary time,R is the gas constant, andEa

is the activation energy. From this simple correlation, it can
be seen that the activation energy seems to be higher for
the -Ac group than for the-CN,-OEt, and-OH groups,
suggesting that Ea increases with the size of the functional
group. The prefactor was found to be 2-3 orders of magni-
tude lower than 10-13 s, which is typical for activated
processes. Here, in addition to the enthalpic term, such a
process contains an entropic contribution to the free energy
of the activated complex. From the values of 100-1000
configurational states, we can estimate a entropic term of
the order of 40-60 J K-1 mol-1, which is reasonable.

Figure 4. (a) Comparison of the dielectric spectra of P-H and P-CN
and the subtracted spectrum (CN), which corresponds to the specific
signal of end-chain fluctuations, e.g., the fluctuations of the segments
connected to the cyano group. The latter spectrum was obtained by
direct subtraction of the P-H from the P-CN signal. (b) Correspond-
ing temperature dependence of the typical relaxation time, τ*, of the
overall dynamics (filled symbols) and that of the cyano end-chain
dynamics (open symbols).

Figure 5. Comparison of the shape and width of the secondary relaxa-
tion of the various functionalized polymers: (a) isothermal measure-
ments where ε0 0 is plotted as a function of frequency at 110 K;
(b) isochronal measurements of ε0 0 as a function of frequency at f =
1 � 105 Hz. For clarity, only every second data point is shown.

Figure 6. Temperature dependence of the secondary process. Here the
logarithm of the characteristic time is plotted versus the inverse tem-
perature in a so-called Arrhenius representation. Note that the data for
P-OEt are deduced from the data from the isochronal measurements.
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In order to obtain more detailed information about this
process, the temperature dependence and the relaxation
width were also investigated. This was done by modeling
the local process as a superposition of individual Debye
processes (single relaxation time), where the relaxation time
distribution arises fromaGaussian distribution of activation
energies as shown in eq 3

gðEaÞ ¼ 1ffiffiffiffiffiffi
2π

p
σEa

ÆEaæ
exp -

ðEa -ÆEaæÞ2
2σEa

2ÆEaæ2

 !
ð3Þ

where σEa
is the relative width and ÆEaæ is themean activation

energy. In this approximation both are assumed to be
temperature independent. The total contribution to the rela-
xation can then be written as

ε00sðωÞ ¼ ΔεðTÞ
Z

gðEaÞ ωτðEaÞ
1þω2τðEaÞ2

dEa ð4Þ

whereω=2πf andΔε(T) is the dielectric strength. The latter
can be modeled as Δε(T) = Δε0þ AT, where A and Δε0 are
numerical coefficients. The results of the fits are given in
Figure 5. As seen, this simple model provides a full quanti-
tative description of the data around the loss peak.

Despite the general good fits quality obtained in the case of
P-OEt, the local process cannot be entirely resolved in the
given temperature range restricted to 110 K. The dynamics
here is simply too fast, and lower temperatures are needed to
characterize this process. This can be seen in more detail in
Figure 5a where all polymers are compared at the lowest
temperature (110 K). For this reason, measurements have
also been performed down to about 30 K using a specially
designed dielectric cell and a helium-based cryostat. Because
of the extremely low level of dielectric losses at these tempe-
ratures, it proved difficult to accurately analyze the isother-
mal spectra. Therefore, a set of isochronal experiments was
performed where several fixed frequencies were measured
and the temperaturewas continuously varied. The associated
dielectric losses in a temperature range of about 30-300K at
a fixed frequency of f=1� 105Hz are shown for all samples
in Figure 5b.

As seen in Figure 5, both the isochronal and isothermal
experiments display very similar results where P-OEt
exhibits the fastest dynamics. Considering the widths of the
peaks, P-OH displays a narrower response as compared
with the peaks for P-CN, P-OEt, and P-Ac. In order to
obtain very detailed and consistent information, an analo-
gous analysis was performed for the isochronal spectra using
the same model of a Gaussian distribution of activation
barriers (eq 4). However, in this case it is necessary to take
into account a background contribution, which is also visible
in the isochronal spectra of Figure 5. Here, a linear para-
metrization was chosen,BG=C0þDT, whereC0 andD are
simple numerical constants that would be valid only for a
limited temperature range. This allows a consistent descrip-
tion of all considered frequencies simultaneously. As seen in
Figure 5b, this description works rather well;in particular
at low temperatures. However, at high temperatures the
linear parametrization of the background signal clearly
breaks down as can be deduced from Figure 6b. Never-
theless, as seen in Figure 5, the main feature of the contribu-
tion from the local relaxation is consistently described by the
model. In order to extract the most reliable and consistent
results, both the isothermal and the isochronal data were
fitted iteratively in an alternating fashion until a good
description of all datawas obtained. The parameters relevant
for the dynamics, ÆEaæ, σEa

, and τ0
s, are listed as a function of

the molar mass of the end groups in Table 2.

As seen, there is a clear difference in activation energies for
the local relaxation between the functional groups. Although
the trend is not smooth and the interpretation is not straight-
forward, it can be seen that from P-OH to P-Ac the activa-
tion energy increases from about 23 to 27 kJ/mol. However, to
understand this, several factors must be taken into account.
First, on an intuitive basis, the activation energies would be
expected tobe related to the size, i.e., the volumeormass, of the
functional group and to increase with increasing size. This
explains the general trend, particularly for P-OEt, which
exhibits the lowest value for ÆEaæ and the largest value for σEa

among the functional groups. Thus, it can be speculated that
this reflects a more heterogeneous polymer matrix. It can also
be seen that the relative width (Figure 6a) of the local relaxa-
tion is significantly smaller for the P-OH (∼20%) than for
the cyano-functionalized polymer (∼30%) which might be
expected since the functional group is smaller and thus the
group is less sensitive to the free volume. Finally, onemust take
into account the specific chemical bonds responsible for a
movement (rotation, vibration, etc.) that is dielectrically active.
After an inspection of the end-group structures in Scheme 1, it
is clear that in all cases except one, P-CN, the active bonds are
of the C-O bond type, which with an appropriate rotation
would yield a significant change in dipole moment. For the
P-CN sample, however, a dielectrically active movement can
only occur via a C-C bond rotation or an oscillation around
theC-CtNangle. Since theC-CtNunit is linear, a rotation
around this end group is not dielectrically active. This is
different from the P-OH in which a simple rotation around
theC-OHbondwill be dielectrically active and, because of the
smaller total mass, will have a smaller ÆEaæ. In addition, by
further comparing with literature data from spectroscopy, a
value of Ea = 13.72 kJ/mol is found for rotation of the
CH3-CH2CN bond19 and a significantly smaller Ea = 4.47
kJ/mol for rotation of the CH3-OH bond.20 Thus, a larger
activation barrier would be expected for the P-CN polymer
than for P-OH, which is indeed observed. From micro-
wave data in the gas phase, smaller rotation barriers relative
to the CH3-CH2CN bond would be expected for the CH3-
OCH2CH3 and CH3-O2CCH3 bonds (Ea = 10.92 kJ/mol20

andEa= 5.10 kJ/mol,21 respectively); however, these compar-
isons with the experimental data seem to correlate well only
for the ether group. Hence, it is clear that other factors such
as chain packing and more complex motions contribute to
the observed behavior. In fact, comparing the data for τ0

s

in Figure 6b, it can be seen that this prefactor decreases
monotonously in relation to the size and “complexity” of
the functional group. Since the basic polymer structure is the
same, this may indicate a more significant entropic contribu-
tion and a larger number of dielectrically active steps involved
for larger functional groups. In order to elucidate this issue
further, complementary techniques such as NMR may be
useful.

Conclusions

This work has shown how sophisticated anionic polymeriza-
tion techniques coupled with hydrosilylation chemistry can be

Table 2. Extracted Parameters from the Fits Using a Model Repre-
senting a Gaussian Distribution of Single Debye Processes

polymer
ÆEaæ

[kJ mol-1] σEa
τ0

β [s] Δε0 A [K-1]

P-OH 23.0( 0.5 0.22( 0.05 2.31� 10-15 0.069 0.00� 100

P-CN 24.5( 0.5 0.28( 0.03 9.20� 10-16 0.0646 2.800� 10-4

P-OEt 22.2( 1 0.33( 0.05 2.40� 10-16 0.033 9.00� 10-5

PS-Ac 26.7( 0.5 0.28( 0.04 1.96� 10-16 0.06 -4.00� 10-5
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used to label polymer chains by introducing functional groups
selectively at the chain end. Thereby, through changing the local
dipole moment of the functional end group and by applying
broadband dielectric spectroscopy to this kind of system, a very
sensitive, selective tool can be created to investigate the dynamics
of polymers. By studying both the general R-relaxation visible
above the glass transition temperature (Tg) as well as the func-
tional group-specific secondary relaxation observed well below
Tg, detailed insight can be gained into the dynamics in these
systems. In particular, by comparing various functionalized poly-
mers, the relative contributions of chain ends, in this case, to the
cooperative segmental dynamics as well as the correlations to the
local functional groups’ dynamics can be made. The results show
that this functionalization may have an effect on the overall
matrix properties whenever the functional group is rather large,
e.g., acetate and ethyl ether groups, etc. This leads to a decrease in
the glass transition temperature due to an effect that can be called
a self-plasticization effect that arises from the extra free volume
created by the fluctuations of the relatively large functional end
group. However, for functionalized polymers containing cyano
groups, no significant effect of the functional group is observed,
and thematrix properties are essentially the same as the reference,
which is reflected in identical glass transition temperatures and
melt viscosities. Since the relative dielectric signals for these
polymers are different, this system can further be exploited to
extract detailed information about chain dynamics. The results
obtained by direct subtraction of the mainR-relaxation response,
using the data from the reference P-H polymer, show that the
dynamics of the end segments is faster and more heterogeneous
than the average dynamics. This study thus shows directly how
chain ends increase the heterogeneity of the dynamic response
in polymers. Interestingly, the data show a merging toward a
common glass transition temperature, suggesting an increasing
cooperativity in the dynamics as the systems vitrify. In future
work, this will be elaborated in more detail by comparing other
functionalized polymers, e.g., in-chain functionalized polymers,
and other molecular weights.
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