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ABSTRACT: Segmental dynamics are measured in pure polyisobutylene (PIB), pure deuterium-labeled
head-to-head poly(propylene) (hhPP), and a blend containing 70% PIB/30% hhPP by mass using 13C spin-
lattice relaxation, 2H spin-lattice relaxation, and dielectric spectroscopy (DS). The NMR measurements
are made between 313 K and 413 K (spin-lattice relaxation measurements are sensitive to motions in
the nanosecond range), while the DS measurements (which span the second to microsecond range) are
made between 225 K and 325 K. While NMR and DS monitor local dynamics over a wide range of
temperature and time, NMR has the additional advantage of being able to determine the local motion of
each component in the blend through isotopic labeling. The spin-lattice relaxation data are interpreted
using a modified Kohlrausch-Williams-Watts (KWW) correlation function with a Vogel-Fulcher-
Tammann-Hesse (VFTH) temperature dependence of relaxation time, giving temperature-dependent
segmental correlation times from NMR in the short time (high temperature) range that are compared to
dielectric segmental correlation times at lower temperatures. Because of the small PIB dipole moment,
DS on hhPP/PIB blends is dominated by the dynamics of hhPP. NMR measurements show very little
shift in the component dynamics upon blending, but the shift becomes larger at lower temperatures. One
factor in the variation of the separation between the dynamics of the two polymers with temperature is
the unusual VFTH parameters for pure PIB, which signify its small fragility. The Lodge-McLeish model
is unsuccessful in predicting the changes in component dynamics upon blending for hhPP, while it describes
the temperature-dependent dynamics of PIB over the limited temperature range studied by NMR.

Introduction

The blending of polymers can be used to adjust
properties relative to the components for specific tech-
nological applications.1 Some important properties de-
pend on the dynamics of the polymer backbones that
are altered by blending. Despite a number of efforts to
understand changes in dynamics upon blending,2-23 it
is still difficult to predict blend dynamics based solely
on information on the pure components. Local segmen-
tal dynamics in a limited number of systems have been
studied in detail, and the changes in dynamics vary
widely from system to system. In a blend of polystyrene

and poly(phenylene oxide),6,7 the glass transition tem-
peratures of the components differ by 125 K, corre-
sponding to orders of magnitude differences in the time
scale of motion at a given temperature, yet the motions
are almost coincident in the blend. At the other extreme,
the local segmental dynamics in a blend of poly(ethylene
oxide) and poly(methyl methacrylate) differ by about 12
orders of magnitude.15-17,23 In the well-studied blend of
polyisoprene (PI) and poly(vinyl ethylene) (PVE), the
local dynamics of the components approach each other
but nevertheless remain distinct.10,11,18,22

A number of factors have been considered in an
attempt to predict changes in dynamics produced by
blending.11,14,19-21 The intrinsic dynamics of the chains
are a typical starting point with the amount of change
in the dynamics depending on coupling between the
chains, self-concentration effects, and composition fluc-
tuations. Recent models focusing on concentration varia-
tions have had some success and in particular the self-
concentration model of Lodge and McLeish21 (henceforth
referred to as the “LM model”) can readily yield a
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prediction for comparison with observations. Part of the
motivation for this study comes from recent NMR
studies22,23 on blends and the associated interpretation
using the LM model.

The system selected for study here, polyisobutylene
(PIB) and head-to-head poly(propylene) (hhPP), involves
two relatively simple hydrocarbon backbones consisting
of only carbon-carbon single bonds with methyl groups
as side chains (see Figure 1a for structures). Relative
to other saturated hydrocarbon blends, those with PIB
have larger interaction energies.24 There is no obvious
source for the relatively large interaction energy be-
tween PIB and hhPP although the blend is miscible,24

as evidenced by a (surprisingly) negative value of the
Flory-Huggins ø parameter (measured by small-angle
neutron scattering, SANS): ø ) 0.018 - 7.74/T, making
ø ) -0.01 at T ) 273 K (see Figure 1b). High molar
mass PIB/hhPP blends have lower critical solution
temperature (LCST) behavior with a critical tempera-
ture24 of ∼460 K.

Spin diffusion NMR measurements performed by
White and Lohse25 indicate a “length scale of concentra-
tion fluctuations” e3.5 nm in the blend. This length
scale is somewhat less than the correlation length for
concentration fluctuations ê in the blend, calculated on
the basis of the SANS-determined ø parameter (see
Figure 1b), using the mean-field estimate of

for a blend containing components with equal number
of mers, N (assumed to be 1000 for each component in
this calculation), and φ is the volume fraction of hhPP
() 0.5 in this calculation). We determine ê ) 4.9 nm at
298 K. Given the differences in assumptions between
SANS and NMR, the two results for the length scale of
concentration fluctuations are in reasonable agreement.

NMR requires knowledge of the spin diffusion coefficient
and an assumption about geometry. The smaller result
from NMR may reflect the fact that a diffusion based
measurement of size is biased towards the smallest
dimension of a non-spherical object.

Only a small volume would be swept out by confor-
mational events in either polymer, indicating little
likelihood of significant intermolecular steric interac-
tions. PIB itself is unusual in several ways. The tem-
perature dependence of the dynamics in this polymer
is weak with more of an Arrhenius character at elevated
temperatures than a Vogel-Fulcher-Tammann-Hesse
(VFTH) dependence.26 The impermeability of PIB to
gases as a rubber well above the glass transition
temperature is attributed27-29 to good intermolecular
packing, reflected also in its higher density as compared
to other polyolefins. The weak temperature dependence
of the PIB dynamics combined with the likely more
normal temperature dependence of the hhPP may lead
to a merging or near merging of the time scales of
segmental motion of the pure components at higher
temperatures despite a glass transition temperature
difference of 50 K. The situation differs from the other
well-studied hydrocarbon blend10,11,18,22 of PI and PVE
where the dynamics of the two pure polymers have more
comparable VFTH dependences.

To measure the local dynamics of the two polymers,
a combination of NMR and dielectric spectroscopy (DS)
data are reported. The local dynamics of hhPP and
hhPP/PIB blends have hitherto not been reported in the
literature. The strength of NMR is that the dynamics
of each component in the blend can be individually
observed by blending deuterated hhPP with protonated
PIB. 2H spin-lattice relaxation measurements are then
used to characterize hhPP local motions in the blend,
and 13C spin-lattice relaxation is used to characterize
PIB local motions in the blend and in both pure
components. The limitation of spin-lattice relaxation
as a method to characterize local motion is the modest
accessible temperature range: in this case, 303 K-413
K. To augment the temperature range, DS is performed
closer to Tg. We show that DS selectively probes the
segmental dynamics of hhPP in the blend due to the
higher dipole moment of hhPP as compared to PIB.
Since spin-lattice relaxation is sensitive to motions in
the nanosecond range while the dielectric data cover the
microsecond to second range, DS and NMR data sets
collectively span a temperature range of 200 K and 10
decades in time, thus providing a good basis for assess-
ing the relationship between these two techniques and
for elucidating the effects of blending on the segmental
dynamics of hhPP and PIB and comparison with mo-
lecular models of segmental dynamics in miscible poly-
mer mixtures.

Experimental Section

Sample Preparation and Thermal Characterization.
The hhPP was prepared at the University of Houston using
in vacuo anionic polymerization of 1,4-poly(2,3-dimethyl-1,3-
butadiene) (PDMB) with sec-butyllithium initiator, degassed
methanol terminating agent, and cyclohexane solvent. PDMB
was saturated in cyclohexane using Pd/CaCO3 catalyst (20.4
atm hydrogen pressure, ∼380 K). Partially deuterated hhPP
was prepared by using D2 gas instead of H2 gas. Repeated
saturation was done on PDMB using a 3:1 catalyst-polymer
ratio. The hhPP contained less than 3% residual unsaturation
as checked by solution NMR. For both protonated and deu-
terated forms of hhPP Mw ) 3.0 × 104 with Mw/Mn < 1.08.

Figure 1. (a, top) Repeat unit structures of PIB and hhPP.
(b, bottom) Flory ø parameter (reported by Krishnamoorti et
al.24 using SANS experiments) and correlation length ê (mean-
field estimate, calculated using ø) as a function of inverse
temperature. The estimated average Kuhn segment length is
12 Å.30

ê ) x Nb2

12[1 - 2øNφ(1 - φ)]
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Solution deuterium NMR indicates the deuterium is inserted
in methyl and backbone positions.

The deuterated hhPP used in the NMR measurements and
the hydrogenated hhPP used in the dielectric measurements
are both prepared from the same sample of PDMB. In the first
case D2 gas is used to saturate the double bond, and in the
second case H2 gas is used to saturate the double bond. This
should lead to nearly identical hhPP for both studies eliminat-
ing any uncertainty associated with the use of different hhPP
samples in the two measurements.

The PIB blended with hhPP in this study was obtained by
fractionation30 of a polydisperse commercial PIB (Scientific
Polymer Products, Ontario, NY). The Mw of this PIB fraction
is 6.13 × 105 with Mw/Mn < 1.2. Since sufficient mass of this
particular PIB fraction was not available for both pure
component and blend studies of both terminal and segmental
dynamics,30 another PIB sample (prepared at University of
Massachusetts-Lowell using living cationic polymerization)
having Mw ) 2.18 × 105 and Mw/Mn ) 1.18 was used for DS
on pure PIB only.

A blend consisting of 30% mass fraction hhPP and 70% mass
fraction PIB was prepared by first making 1% solutions of the
polymers in cyclohexane and blending the solutions after
dissolution. The solvent was flashed in a rotary evaporator
and then dried to constant mass under vacuum at 333 K in
about 4 weeks. The glass transition temperature (Tg) of the
pure polymers was determined by differential scanning calo-
rimetry (DSC) on a Seiko Instruments SSC 5200 DSC. Heating
and cooling rates of 10 K/min were used, and Tg was taken
as the midpoint of the transition in the second heating curve.
The Tg’s for hhPP, PIB, and the 30% hhPP/70% PIB blend are
253, 203 K, and 217 K, respectively.

Dielectric Spectroscopy (DS). The complex permittivity
ε*(ω) ) ε′(ω) - iε′′(ω), where ε′ and ε′′ represent the dielectric
permittivity and loss, respectively, and ω denotes angular
frequency (ω ) 2πf, where f denotes frequency), was measured
on a Novocontrol BDC-S system composed of a frequency
response analyzer (Solartron Schlumberger FRA 1260) and a
broad band dielectric convertor with an active sample cell
containing six reference capacitors in the capacitance range
of 25 pF-1000 pF. Experiments were conducted in the
frequency range of 10-2 Hz-106 Hz for pure hhPP and between
10-1 Hz and 106 Hz for PIB and the blend by using a
combination of three capacitors in the active cell. The resolu-
tion in the dielectric loss tangent tan δd () ε′′/ε′) is about 2 ×
10-4 between 10-1 and 105 Hz. Samples were prepared between
10 mm diameter gold-plated stainless steel plates separated
by Teflon spacers. The sample cell was placed in a cryostat,
and the accuracy in temperature control was (0.1 K.

Saturated hydrocarbons like hhPP and PIB should have low
dipole moments due to symmetric structure and small elec-
tronegativity differences between component atoms. In pure
hhPP the amplitude of the R relaxation and the relaxation
intensity is appreciable due to a small fraction (=3%) formed
from hydrogenation of asymmetric double bonds in the poly-
diene precursor. DS on hhPP/PIB blends contains a contribu-
tion from the dielectric response of hhPP segments, which are
much more strongly dielectrically active than PIB.30 For neat
hhPP, signal averaging of three measurements per frequency
was sufficient to get good signal-to-noise (S/N) ratio. For pure
PIB and the hhPP/PIB blend, averaging of 30 or 35 measure-
ments per frequency was performed to get reasonable S/N ratio
with reasonable data statistics.

In the frequency domain, the Havriliak-Negami (HN)
function 31 is frequently used to fit the dielectric relaxation
spectrum.

The term ∆ε is the dielectric relaxation strength () ε0 - ε∞),
where ε0 and ε∞ are the low-frequency (relaxed) and high-
frequency (unrelaxed) values of the permittivity, respectively.
The parameter τHN is the HN time scale, and R and γ are the

HN shape parameters which satisfy 0 e R e 1 and Rγ e 1.
The parameters R and γ describe the symmetrical and asym-
metrical broadening, respectively, of the distribution of relax-
ation times. In a log-log plot of ε′′ vs ω, R and Rγ give the
low-frequency and high-frequency slopes, respectively, of the
relaxation function. The characteristic time τmax of the seg-
mental relaxation process is related to τHN, as derived by
Boersma et al. and Schroeter et al.33

To quantitatively compare the width of the relaxation time
distributions measured by DS and NMR, it is important to
know the interrelation between the frequency-domain HN
shape parameters R and γ and the time-domain Kohlrausch-
Williams-Watts (KWW) exponent â.32 The KWW stretched
exponential function is widely used to describe the time
dependence of relaxation processes.

Φ(t) is the correlation function (of polarization fluctuations for
DS), τKWW is the KWW time scale, and 0 < â e 1 that captures
the deviation of the relaxation from pure exponential nature.
Equation 2 can be equivalently described as the superposition
of Debye relaxation processes.32

F(ln τ) is the distribution of relaxation times, defined in the
log time scale rather than linear time scale because several
decades of time are experimentally covered. F(ln τ) can be
used32 to calculate ε′′.

It is customary to define an average relaxation time that
corresponds to the integrated area of the KWW function, a
result32 based on the Gamma function, Γ.

The relationships between the frequency-domain HN and
time-domain KWW shape parameters have been derived by
Alvarez et al.,33 provided the following constraint is imposed
on R and γ.

The constraint enables a reduction in the number of free
parameters in the HN model, and Alvarez et al.33 have derived
the following relationship contingent on eq 6a.

The values of ∆ε, R, γ, τHN, τmax, and â for pure hhPP, pure
PIB, and the hhPP/PIB blend at Tg, Tg + 10 K, and Tg + 3 K,
respectively, are shown in Table 1. Equation 6a was used as
a constraint during the HN fits to data. The HN R and γ
parameters were thus converted33 to the KWW â’s using eq
6b.

DS data at various temperatures for pure hhPP and pure
PIB are shown in Figures 2 and 3, respectively. In the
experimental frequency window, hhPP shows a strong R-re-
laxation in its dielectric response (see Figure 2). The R-relax-
ation broadens as the temperature is lowered toward Tg. In
PIB, both a high-frequency â-relaxation (observed most clearly
below Tg, but also distinct in its presence as an upturn in ε′′
at low temperatures/high frequencies in Figure 3) and the

τmax ) [ 1
τHN

[sin Rπ
2 + 2γ]1/R[sin Rγπ

2 + 2γ]-1/R]-1
(1b)

Φ(t) ) exp[-{ t
τKWW

}â] (2)

Φ(t) ) exp[-{ t
τKWW

}â] ) ∫-∞

∞
exp(- t

τ)F(ln τ) d(ln τ) (3)

ε′′(ω) ) ∆ε∫0

∞
F(ln τ) ωτ

1 + (ωτ)2
d(ln τ) (4)

〈τ〉 )
τKWW

â
Γ(1â) (5)

γ ) 1 - 0.812(1 - R)0.387 (6a)

â ) [Rγ]1/1.23 (6b)

ε*(ω) ) ε∞ + ∆ε

[1 + (iωτHN)R]γ
(1a)
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R-relaxation were observed in the dielectric spectrum, in
agreement with the experimental results of Richter et al.34

Instrumental resolution effects also influence the increase in
ε′′ (and tan δd). The maximum in the PIB ε′′ is rather small
(ε′′max ≈ 10-3), as expected for a symmetric molecule with a
small dipole moment and somewhat smaller than previously
reported by Richter et al.34 However, we have compared our
τmax data to those of Richter et al.34 and found excellent
agreement between the data sets. A comparison of ε′′max for
hhPP (Figure 2) and PIB (Figure 3) indicates that ε′′max in
hhPP is about a factor of 20 larger than ε′′max in PIB, leading
us to conclude that DS on hhPP/PIB blends is sensitive
primarily to the segmental dynamics of hhPP segments in the
blend.

DS data on the blend are shown in Figure 4. The segmental
relaxation distribution is much broader in the blend than in
the pure components. Such broadening has long been associ-
ated with concentration fluctuations20 before the more recent
attempts11,14,19,21 to predict changes in dynamics upon blending.

NMR. Spin-lattice relaxation time (T1) measurements were
made using 2H and 13C NMR and the standard inversion
recovery experiment. Two spectrometers were used at two
different field strengths: a Varian Inova 400 wide bore and a
Varian Mercury 200. For 2H NMR the frequencies are 61.4
MHz and 30.7 MHz, respectively, while for 13C NMR the
frequencies are 100 MHz and 50 MHz, respectively. 13C data
on pure PIB were taken from the literature35 while 13C data
on PIB in the blend are reported here. 13C data on pure hhPP
are reported here while 2H data were acquired on deuterated
hhPP in the blend.

For the 13C data on PIB in the blend, a three-parameter fit
based on Varian software was used to determine T1 from the
inversion recovery data. For the pure hhPP, each peak in the
spectrum is split into a doublet because of the presence of
about equal amounts of threo and erythro sequences. At lower
temperatures and at the lower field strength, the two peaks
overlap and deconvolution followed by off-line processing was
used to determine T1 values for individual peaks. At higher
temperatures and at higher field strength, the peaks were
sufficiently resolved so that the data could be analyzed directly
using the manufacturer’s software. The threo and erythro
sequences had equal T1 values within experimental error
((10%), and so only a single value is reported. Only the
methylene data are reported, since they are least affected by
nonbonded carbon proton dipolar interactions. The 2H data on
hhPP indicated that deuterons were present both in the methyl
groups and on the backbone. However, the resonances strongly

overlapped so that deconvolution was difficult. The methyl
group deuterons had a spin-lattice relaxation time that was
about an order of magnitude larger than the deuterons
attached to the backbone (methylene and methine), enabling
a double-exponential fit of the inversion recovery data to
separately determine both times. An example of the recovery
curve for the integrated intensity of all the deuterons is shown
in Figure 5 along with a double-exponential fit. The analysis
indicates that 40% of the deuterons are located on the
backbone. The percentage of backbone and methyl deuterons
was confirmed by dilute solution deuterium NMR on the
deuterated hhPP. Since the associated short T1’s are the data
of interest, only the initial part of the recovery curve was fitted
to obtain a more accurate value of this component. The initial
part of the recovery was considered to be about 3 times the
short T1 in duration. The shorter backbone deuterium T1’s have
an error of (10%.

13C spin-lattice relaxation times for the methylene carbons
in pure hhPP are shown in Figure 6 as a function of temper-
ature at two Larmor frequencies. Similarly, spin-lattice
relaxation times for the methylene carbons in pure PIB (taken
from ref 35) are shown in Figure 7 as a function of temperature
at three Larmor frequencies. For deuterated hhPP in the
blend, 2H spin-lattice relaxation times are shown in Figure 8
as a function of temperature at two Larmor frequencies, and
13C spin-lattice relaxation times for PIB in the same blend
are shown in Figure 9 as a function of temperature at two
Larmor frequencies.

The 13C spin-lattice relaxation time can be written in terms
of the spectral densities, J’s, and the dipole-dipole interaction
that depends on the internuclear distance, r, and the gyro-
magnetic ratios, γC and γH, for carbon and hydrogen, respec-
tively.22 The value of the constant K is 2.28 × 109.

The spectral densities are functions of the Larmor frequen-
cies for carbon and hydrogen, ωC and ωH. The number of
directly bonded protons is n () 2 for the methylene carbon in
PIB). A similar equation can be written for 2H spin-lattice
relaxation.

The quadrupole coupling constant e2qQ/h is set at 172 kHz22

for the deuterons on the backbone carbons of hhPP. The
spectral density is the Fourier transform of the orientation
autocorrelation function G(t).

G(t) is defined as follows:

θ(t) is the angle between the C-H or C-D bond relative to
time t ) 0.

Table 1. Havriliak-Negami Parameters ∆E, r, γ, τHN, τmax, â, and Γ(1/â)/â of Pure PIB (at Tg + 10 K ) 213 K), Pure hhPP
(at Tg ) 253 K), and 30% hhPP/70% PIB Blend (at Tg + 3 K ) 222 K)a

∆ε R γ τHN (s) τmax (s) â Γ(1/â)/â

PIB 5.05 × 10-3 0.59 0.425 0.15 3.9 × 10-2 0.33 6.3
hhPP 0.1575 0.53 0.393 20 3.79 0.28 19
30% hhPP/70% PIB 1.875 × 10-2 0.36 0.316 10 0.293 0.154 287.8

a Equation 6a links γ and R, and eq 6b gives â.

Figure 2. Frequency dependence of dielectric loss for pure
hhPP at six temperatures.

1
T1

) Kn[J(ωH - ωC) + 3J(ωC) + 6J(ωH + ωC)] (7)

K )
γC

2γH
2p2

10rj
6

(8)

1
T1

) 3
10

π2(e2qQ/h)2[J(ωD) + 4J(2ωD)] (9)

J(ω) ) 1
2∫-∞

∞
G(t) exp(-iωt) dt (10)

G(t) ) 3
2

〈cos2 θ(t)〉 - 1
2

(11)
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The correlation function used in this interpretation is the
modified KWW form.

This form has been used before to interpret spin-lattice
relaxation in homopolymers and polymer blends.22,23 This
autocorrelation function assumes two motions contribute to
spin-lattice relaxation: librational motion and segmental
dynamics. The amplitude of the librational motion is controlled
by the parameter alib and the relaxation time for librational
motion is τlib. Since the fit to the data is insensitive to the
choice of the librational correlation time as long as it is much
shorter than the correlation time for segmental motion, τlib is
set to 0.1 ps for all cases.

The parameters describing segmental motion are the
segmental time scale τseg and the width parameter â. In
the modified KWW function, the distribution of segmental
correlation times is controlled by the choice of â. VFTH
temperature dependence22,23 is assumed.

T∞ is the Vogel temperature, τ∞ is a time scale, and the
parameter B is an activation energy divided by the Boltzmann
constant.

For the pure components and each component in the
blend, a set of values of τ∞, B, and T∞ is determined by fitting
the temperature dependence of the spin-lattice relaxation

Figure 3. Frequency dependence of dielectric loss of pure PIB at (a) 213 K, (b) 223 K, (c) 233 K and (d) 243 K. The points are
experimental data, while the curves are KWW fits corresponding to the fit parameters listed in Table 1.

Figure 4. Frequency dependence of dielectric loss of 30% hhPP/70% PIB blend at (a) 237 K, (b) 247 K, (c) 257 K and (d) 267 K.
The points are experimental data, while the curves are KWW fits corresponding to the fit parameters listed in Table 1.

G(t) ) alib exp(- t
τlib

) + (1 - alib) exp[-( t
τseg

)â] (12)

log
τseg

τ∞
) B

T - T∞
(13)
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data. To get a characteristic time scale τseg,c for segmental
dynamics measured by NMR, we use the integral of the
segmental part of the correlation function.

This is the same form as the average correlation time used to
summarize the dielectric data (see eq 5). The fits of the spin-
lattice relaxation data determined by this procedure are shown
along with the data in Figures 6-9. The parameters alib, τ∞,
B, â, and T∞, produced by the fitting procedure, are listed in
Table 2 along with the associated uncertainties. Note that τ∞
and τlib were both held fixed at 0.1 ps in the interpretation to
obtain a better comparison of the remaining parameters

associated with segmental motion. In each set of spin-lattice
relaxation data as a function of temperature (pure hhPP, pure
PIB, hhPP in the blend, and PIB in the blend), the data at all
Larmor frequencies were fit simultaneously.

Discussion
Since both the NMR data and DS data are interpreted

in terms of a KWW distribution for segmental correla-
tion times, the time scales and width parameters can
be meaningfully compared. The broadening is reflected
in the KWW â, which is plotted as a function of
temperature for pure PIB, pure hhPP, and the 30%
hhPP/70% PIB blend in Figure 10, using both DS and
NMR data. In all cases â decreases with decreasing
temperature, meaning that the segmental distribution
broadens with decreasing temperature. In PIB â at high

Figure 5. 2H inversion recovery curve for hhPP at 30.7 MHz
and T ) 363 K. The points were fit to a double-exponential
function (solid curves) to determine two values of the spin-
lattice relaxation time associated with deuterons in the methyl
group and deuterons on the backbone.

Figure 6. Temperature dependence of 13C spin-lattice re-
laxation times for pure hhPP.

Figure 7. Temperature dependence of 13C spin-lattice re-
laxation times for pure PIB.

τseg,c )
τseg

â
Γ(1â) (14)

Figure 8. Temperature dependence of 2H spin-lattice relax-
ation times for hhPP in the 30% hhPP/70% PIB blend.

Figure 9. Temperature dependence of 13C spin-lattice re-
laxation times for PIB in the 30% hhPP/70% PIB blend.

Figure 10. Temperature dependence of the KWW â param-
eter for pure PIB, pure hhPP, and the 30% hhPP/70% PIB
blend. Symbols are from DS and shaded boxes represent the
range of possibilities from NMR. The curves are merely guides
to the eye.
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temperatures is somewhat larger than for common
flexible polymers, as noted previously.34,36 Little change
in breadth is noted over the limited temperature range
studied, and so a constant value is sufficient, which
changes at the lowest temperatures of the DS data. A
restricted trans + to trans process is proposed34 in PIB,
which overlaps the overall segmental process. In our
interpretation this restricted motion is ignored, but this
process could influence the width parameter or the part
of the relaxation that is ascribed to libration. The â for
pure hhPP, as determined from the HN parameters
from fits to DS data (vide eqs 6a and 6b) is in good
agreement with the â value determined from NMR: â
) 0.28 at T ) 253 K, and it steadily increases to reach
0.37 at T ) 318 K. The temperature dependence of â
for hhPP is typical of amorphous flexible polymers. The
hhPP backbone contains erythro and threo sequences,
and we are averaging over this structural variation,
which may contribute to the broader value for the
distribution.

The temperature dependence of â in the blend is
unusual. The DS data show â smaller than either of the
pure components, as seen for all miscible polymer blends
with weak interactions between the components, which
is believed to be related to concentration fluctuations
in miscible blends.14,19 However, the NMR estimations
of â for hhPP in the blend are considerably larger, falling
between the values for pure PIB and pure hhPP. The
13C spin-lattice relaxation times from NMR reflect fast
motions at high temperatures and do not extend to
lower temperatures where â becomes small. The â
determined from HN parameters fit to the hhPP/PIB
blend data varies from 0.15 at T ) 227 K to 0.19 at T )
252 K, reflecting significant broadening of the relaxation
time distribution of hhPP in the blend.

The combined NMR and DS relaxation time data are
shown in Figure 11. The NMR times for the pure
components and the components in the blend are τseg,c
calculated from eq 14. Two blend dielectric time scales
are shown in Figure 11: τmax and 〈τ〉. The τmax values
for the blend and pure components were calculated from
eq 1b. The average time scale 〈τ〉 was calculated using
the KWW â derived from the HN fits to the blend
(plotted in Figure 10), expressing the KWW function as
an integral over the distribution of relaxation times (eq
3) and adjusting the τKWW until the ε′′ calculated using
the integral over the distribution of relaxation times
gave a peak at 1/τmax (eq 4). An average relaxation time
〈τ〉 was then calculated from τKWW using eq 5. The
calculation of 〈τ〉 is necessary because ε′′(ω) in the blend
is anomalously broad. For the pure components, whose
ε′′(ω) spectra are much narrower than the blend, τmax
and 〈τ〉 are within a factor of 2 or so of each other. In
the blend the relaxation time distribution is much
broader near the Tg than at high temperatures accessed
by NMR data, as expected. In this situation τmax is much
smaller than 〈τ〉 (see Figure 11). The DS experiments
are critical, as they selectively probe hhPP segmental
dynamics near Tg. We discuss these issues in more
detail and consider the implications of these data for
the LM model.21

Some qualitative aspects of the local dynamics readily
fall out of the spin-lattice relaxation data and the DS
data even before any quantitative interpretation. At f
≈ 1 Hz, the loss maxima of pure hhPP and pure PIB
are separated by 50 K, consistent with the separation
in their DSC Tg’s. As temperature and frequency are
increased, the separation of the dielectric loss maxima
decreases because of the weak temperature dependence
of the PIB data and the stronger temperature depen-
dence of the hhPP data. In the spin-lattice relaxation
data, the T1 minimum occurs at a correlation time of
about 1 ns. For pure hhPP at a Larmor frequency of 50
MHz, the minimum is at 365 K in Figure 6, while for
PIB the minimum at the same frequency in Figure 7 is
about 345 K. At these higher frequencies, the temper-
ature separation of the dynamics is about 20 K, again
showing the narrowing separation between the dynam-
ics of the two pure polymers as temperature is in-
creased. In Figure 8, the deuterium T1 minimum at 61.4
MHz for hhPP in the blend is about 365 K, which is
close to the minimum in pure hhPP. Similarly in Figure
9, the minimum for PIB in the blend is still about 345
K, which is the same as for pure PIB. At these higher
temperatures and higher frequencies the dynamics of
PIB and hhPP are close as pure components and change
little upon blending, in contrast with the situation at
lower temperatures where there is a larger separation
of the intrinsic dynamics of the pure components.

This finding is consistent with those on PI/PVE blends
where similar observations have been made on the
differences in the segmental dynamics of PI and PVE
at low temperatures close to10,11 the blend Tg. According
to the NMR data, the hhPP segments speed up a little
upon blending, while the PIB dynamics slow down.
These two changes bring the dynamics of the pure
polymers closer together upon blending, in agreement

Table 2. Segmental Motion Parameters alib, â, τ∞, B, and T∞ for Pure hhPP, Pure PIB, and These Two as Components of
the 30% hhPP/70% PIB Blend (Determined from NMR Data)

alib â τ∞ (ps) B (K) T∞ (K)

pure PIB 0.31 ( 0.04 0.62 ( 0.02 0.1 ( 0.02 820 ( 30 150 ( 10
PIB (blend) 0.26 ( 0.03 0.60 ( 0.04 0.1 ( 0.05 775 ( 25 160 ( 5
pure hhPP 0.29 ( 0.03 0.40 ( 0.04 0.1 ( 0.01 606 ( 50 210 ( 10
hhPP (blend) 0.07 ( 0.03 0.50 ( 0.02 0.1 ( 0.05 730 ( 50 188 ( 5

Figure 11. Temperature dependence of segmental correlation
times from DS and NMR data for hhPP, PIB, and the 30%
hhPP/70% PIB blend. DS data on the pure components and
the blend are τmax. For the blend, dielectric response 〈τ〉 is also
calculated using eq 5 and the â in Table 1 and plotted above.
In both DS and NMR, the blend relaxation time reflects motion
of hhPP. For the hhPP LM prediction, φself ) 0.75.
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with conventional wisdom and the results of NMR,10,11,22

neutron spin echo,37 and fluorescence anisotropy decay
experiments38 on PI/PVE blends which clearly show that
PI (the low-Tg component) is slowed down upon blending
with PVE (high-Tg component), while PVE is speeded
up in the blend. In the PI/PVE blend system, the local
dynamics of the components have similar temperature
dependencies, and the separation of the time scale of
the dynamics does not change so much with tempera-
ture.10,11,18-22 The unusual temperature dependence of
PIB changes the situation in its blend with hhPP.

To extract VFTH parameters that universally de-
scribe the segmental dynamics of the pure components,
we combine the NMR and DS time scales for pure hhPP
and for pure PIB and perform fits of the VFTH equation
(eq 13) to the combined data. The VFTH parameters
extracted by this procedure for the pure components are
listed in Table 3. For both pure components, T∞ deter-
mined by combination of NMR and DS data are in good
agreement with T∞ determined only from the NMR data,
and it is indeed possible to capture the temperature
dependence of the dynamics probed by NMR and DS in
the pure components by a single set of VFTH param-
eters. As pointed out by Richter et al.,34 PIB is one of
the least fragile polymeric glass-formers.39 The VFTH
temperature dependence of PIB involves a large B and
a small T∞, indicating a more Arrhenius temperature
dependence than hhPP, which has a smaller (and more
typical) value of B. These differences in the temperature
dependence of the pure components explain the nar-
rowing of the separation of the dynamics with increasing
temperature. Upon blending, the temperature depend-
encies of the two components become more similar,
which leads to a separation of the dynamics relative to
the pure polymers at low temperature.

One of the main goals of this study is to characterize
and understand the changes in component dynamics
induced by blending. The LM model21 provides a method
for calculating an effective Vogel temperature, T∞,eff, for
each component in a blend. A composition-dependent
T∞ is assumed with the key factor being the effective
concentration, φeff, experienced by each component on
the scale of the Kuhn length. Each component experi-
ences on average a higher φeff than the bulk concentra-
tion (φ) due to chain connectivity. The self-concentration,
φself, is a measure of this effect, and it is calculated on
the basis of a volume taken as the cube of the Kuhn
length, b.

C∞ is Flory’s characteristic ratio, l ) 1.54 Å is the
backbone bond length, and θ ) 68° is the backbone bond
angle.

M0 is the repeat unit molar mass, k is the number of
backbone bonds per repeat unit, F is the density, and

NAv is Avogadro’s number. The φeff, which depends on
φself and φ, is the peak in the distribution of compositions
around a monomer segment, and hence it corresponds
to the peak relaxation time τmax.

The φeff is used to calculate T∞,eff using the Fox equation.

For hhPP40 C∞ ) 6.1 and F ) 0.878 g cm-3, while for
PIB41 C∞ ) 6.7 and F ) 0.918 g cm-3 (at 298 K). Using
these values, we determine φself ) 0.16 and φself ) 0.17
for hhPP and PIB, respectively. Using the VFTH equa-
tion (with pure component B’s and T∞’s from Table 3)
to describe the temperature dependence of relaxation
time, we calculate the LM model predictions for the
relaxation times of hhPP and PIB in the blend (see
Figure 11).

To fit the LM model to the experimental data on PIB
segmental correlation times in the blend, the prefactor
τ∞ in the VFTH equation for PIB in the blend had to be
adjusted to 2.0 × 10-13 s from 2.61 × 10-13 s (the latter
is the pure PIB τ∞, shown in Table 3). The LM model
prediction for PIB in the blend was calculated with φself
) 0.17, and the LM model prediction with this φself and
the adjusted τ∞ is in good agreement with data over the
limited range of temperatures studied by NMR.

A much more stringent test of the LM model is
afforded by the data on hhPP in the blend, which are
much closer to T∞,eff. This combination of NMR and DS
data in the blend can be well described by a single
VFTH equation when both types of data are sum-
marized by an average correlation time calculated in
the same way from eqs 5 and 14. In DS a broad
unimodal distribution is observed in the blend, and
extracting the relevant segmental correlation times is
not a simple task. The 〈τ〉, which is a linear average, is
weighted toward the slow end of the distribution (and
hence it cannot be compared to the time scale calculated
using φeff), while τmax is weighted toward the fast end of
the distribution. To fit the LM model to the NMR
correlation times of hhPP in the blend, we use φself )
0.75, making φeff ) 0.825 (whereas the LM model
predicts φself ) 0.16 and φeff ) 0.41 for hhPP) and τ∞ )
3 × 10-13 s. However, even with this adjusted φself, the
LM model does not fit the 〈τ〉 from DS data on hhPP in
the blend.

The origins of this discrepancy at low temperatures
between LM model predictions and data may lie in the
assumption of a constant cooperative length scale in the
LM model. Kant et al.42 have demonstrated (by reverse
fitting the LM model to experimental data on component
segmental relaxation times in various miscible blends)
that while the low-Tg component in miscible blends
behaves in accord with the LM assumption of a tem-
perature invariant cooperative length scale, the coop-
erative length scale of the high-Tg component increases
monotonically with decreasing temperature. Since the
length scale increases with decreasing temperature, the
self-composition must decrease, making the hhPP seg-
mental correlation time systematically smaller than the
prediction based on the temperature invariance as-
sumption for the cooperative length scale of the high-
Tg component in the LM model. The erroneous LM
predictions of the segmental and terminal dynamics of

Table 3. VFTH Parameters τ∞, B, and T∞ for Pure hhPP
and Pure PIB (NMR and DS Data Were Combined Here)

τ∞ (s) B (K) T∞ (K)

pure hhPP 1.36 × 10-13 738 198
pure PIB 2.61 × 10-13 793 142

b )
C∞l

cos(θ/2)
(15)

φself )
C∞M0

kFNAvb
3

(16)

φeff ) φself + (1 - φself)φ (17)

T∞,eff ) T∞(φeff) ) ( φeff

T∞,A
+

1 - φeff

T∞,B
)-1

(18)
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the high-Tg component are most amplified at low
temperatures, a regime that has been neglected in
recent tests43,44 of the LM model. Since the LM model
does not make any predictions for the change in the
breadth of the component segmental relaxation time
distributions upon blending, we are unable to offer any
rationalization from the LM standpoint.

Another possibility that may help explain why the LM
model fails to fit the hhPP segmental correlation times
is that the mixing rule used for T∞, the Fox equation
(eq 18) may not be most appropriate.45 The proper choice
of a blending law may help the LM prediction for the
high-Tg component agree perfectly with the τmax.

Conclusions
The local dynamics of pure PIB, pure hhPP, and their

dynamics in an hhPP/PIB blend are well characterized
by the combination of NMR and DS experiments over
wide ranges of time and temperature. The unusual
temperature dependence of pure PIB segmental dynam-
ics leads to a closer approach to the local dynamics of
pure hhPP as temperature is raised. Thus, although
there is a 50 K separation in pure component Tg’s
(corresponding to several decades of separation of the
segmental dynamics), the dynamics differ only by half
a decade in time at the highest temperatures studied
by NMR. For 300 K < T < 400 K little shift in the
dynamics is produced by blending, but as temperature
is lowered the separation between the local motion of
the pure polymers and the same polymer in the blend
increases. The shift upon blending of the PIB local
motions is described well by the LM model prediction
over the limited range of temperatures studied by NMR
while the shift in hhPP dynamics is at variance with
the model prediction.
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