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ABSTRACT: A local segmental mobility was determined by electron spin resonance (ESR) spin-label
method for a series of polystyrene (PS) with various molecular weights. Each PS specimen was selectively
spin-labeled with stable nitroxide radicals at a chain end or inside sites. Molecular motion at the inside
of the chain was compared with that at the chain end from the temperature dependence of ESR spectra
of the nitroxide radicals. The transition temperature of molecular motion, T5.0mT, at which the extreme
separation width due to 14N anisotropic hyperfine splitting is 5.0 mT, increased with an increase in
molecular weight. The WLF equation confirmed that the T5.0mT correlated with a glass transition
temperature, Tg, of PS. The T5.0mT for the spin-labeled PS at the chain end was ca. 5 K lower than that
for the spin-labeled PS at the inside sites due to the enrichment of the specific free volume around the
chain end. The transition temperature, T5.0mT, for both labeled PS depended on the molecular weight in
accordance with the Unberreiter-Kanig equation for a glass transition. The T5.0mT for the spin-labeled
PS at the chain end had a strong dependence on the molecular weight as compared with that at the
inside sites because the molecular motion of the chain end was accelerated by an encounter of more than
two chain ends. From the molecular weight dependence, we determined the short correlation time for
segmental motion of the chain end, ca. 40 s, and the segment size undergoing the segmental motion at
the Tg. The obtained segment size agreed well with the general segment size reported by others, 5-10
monomeric unit size.

Introduction
It is well-known that the glass transition tempera-

ture, Tg, of a given polymer is a function of its molecular
weight.1-3 Unberreiter and Kanig suggested the depen-
dence of the Tg on number-average molecular weight
(Mn) for polystyrene:3

Here, Tg∞ is a value of the Tg at infinite molecular
weight and A is a constant. On the assumption that the
glass transition occurred at a constant value of the free
volume fraction, they derived a theoretical expression
of the same form as eq 1. In the derivation, they applied
that a reduction of the molecular weight increases the
number of chain ends per volume and, concomitantly,
the free volume fraction. As a consequence, the glass
transition temperature is depressed necessarily in order
to reach the constant free volume fraction characteristic
of the glass transition.

There has been great interest in the local segmental
dynamics of polymer. The local segmental dynamics of
polymer in solution has been reported by many
authors.4-7 They reported that the chain end had higher
molecular mobility than other segments in the polymer
solution. Here we raise additional questions. How
different is the segmental motion in the region of the
segments near chain ends from that of other segments
in bulk? Does the increase in molecular weight affect

on the rate of the segmental motion also in the region
around the chain ends? To answer these questions, one
has to observe the molecular mobility of the chain end
distinguished from that of other segments. We have
developed spin-label techniques in order to study the
structure and dynamic behavior of polymer chains at a
particular site or in a particular region.8-16 When the
nitroxide radical as a label of molecular motion is
thermally and chemically stable, the temperature de-
pendence of an ESR spectrum can be observed over a
wide range of temperatures. Shimada et al. compared
the molecular mobility at a polyethylene (PE) chain end
with that at an inside segment of the PE chain through
a spin-trapping method.17 They reported that the mo-
lecular mobility of the chain end is higher than that of
the inside segment of the chain. In this work, we
selectively labeled at a PS chain end and an inside of
the PS chain with a stable spin-label reagent.

The principal values of the anisotropic molecular g
tensor and of the electron-nuclear hyperfine interaction
tensor from the nitrogen nucleus (I ) 1) are averaged
out by the motion in the medium. Change in the line
shape and in the separation between the outermost
signals which appear in the ESR spectrum of the labels
is measured as a function of temperature. The transition
temperature at which the separation is 5.0 mT is
defined as T5.0mT, which correlated with the Tg.18-20 In
this paper, we compare the segmental motion of the
chain end with that of the inside segment and discuss
an influence of the molecular weight on the segmental
motion of the chain end at the glass transition.
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Experimental Section

Material. Styrene (ST, Extra Pure Reagent, Nacalai Tesque
Co., Ltd.), tert-butyl acrylate (tBA, Extra Pure Reagent, Tokyo
Chemical Co., Ltd.), and toluene (Extra Pure Reagent, Nacalai
Tesque) were distilled under reduced pressure. N,N,N′,N′,N′′-
Pentamethyldiethylenetriamine (PMDETA, 99%, Aldrich
Chemical Co., Ltd.), 1-phenylethyl bromide (1-PEBr, 95%,
Tokyo Chemical), CuBr (98%, Aldrich), and 2,2,6,6-tetra-
methyl-4-aminopiperidine-1-oxyl (4-amino-TEMPO, 99%, Al-
drich) were used as received. Tetrahydrofuran (THF) and
methanol were obtained from Nacalai Tesque Co., Ltd. (Extra
Pure Reagent) and used without further purification.

Sample Preparation and Selective Spin-Labeling. 1.
Chain End of PS (2 in Figure 1). All polymers were
synthesized by atom transfer radical polymerization (ATRP)
with CuBr/PMDETA complex and 1-PEBr as an initiator at
383 K.21,22 tBA was incorporated to the isolated PS at the chain
end via the ATRP technique. Nuclear magnetic resonance
(NMR) was utilized to confirm the attachment of the tBA to
the PS chain end. The yield of tBA attached at one chain end
of the PS was calculated using the Mn of the PS determined
by gel permeation chromatography (GPC) and the ratio of
protons of the tert-butyl group of the tBA to that of a benzene
ring of the PS. It was confirmed that three tBA were attached
for ten PS chains. The selective spin-label at the chain end
was carried out by amide-ester interchange reaction between
the tert-butyl moiety of the chain end and 4-amino-TEMPO
in toluene at 283 K for 4 days. The chain end-labeled PS was
precipitated from toluene/THF solution to a water/methanol
mixture, was filtered to remove a large amount of unreacted
spin-label reagents, and was dried in a vacuum at 373 K for
24 h. This procedure was repeated more than four times to
completely remove the unreacted spin-label reagents.

2. Inside of PS Chain (1 in Figure 1). Poly(S-random-
tBA) was obtained by random copolymerization of ST and tBA
using the ATRP technique.23 Poly(S-random-tBA) was char-
acterized by NMR, and the initial molar composition of ST:
tBA ) 98:2. The tert-butyl moieties in poly(S-random-tBA)
were reacted with 4-amino-TEMPO. The sample was purified
by the same procedure in the case of the end spin-labeled PS.

The spin-labeled PS’s were analyzed by GPC to determine
the molecular weight and its distribution. The PS’s had a
narrow molecular weight distribution, Mw/Mn, ranging from
1.07 to 1.25.

Measurement. NMR was performed on a Bruker AVANCE
200 spectrometer using deuterated chloroform at 298 K with
tetramethylsilane as an internal reference.

The Mn and Mw/Mn of the PS were determined by GPC in
THF (1 mL/min) at 313 K on four polystyrene gel columns
(Tosoh TSK gel GMH (beads size is 7 µm), G4000H, G2000H,
and G1000H (5 µm)) that were connected to a Tosoh CCPE
(Tosoh) pump and an ERC-7522 RI refractive index detector
(ERMA Inc.). The columns were calibrated against standard
polystyrene (Tosoh) samples.

Each sample was contained in a quartz tube, and the tube
was depressurized to a pressure of 10-4 Torr and sealed before
ESR measurement. ESR spectra at 77 K and higher temper-
atures were observed at low microwave power level to avoid
power saturation and with 100 kHz fielded modulation using
JEOL JES-FE3XG and JES-RE1XG spectrometers (X band)
coupled to microcomputers (NEC PC-9801). The signal of 1,1-
diphenyl-2-picrylhydrazyl (DPPH) was used as a g tensor
standard. The magnetic field was calibrated with the well-
known splitting constants of Mn2+.

A modulated temperature differential scanning calorimeter
(MDSC, TA 5000) manufactured by TA Instruments was used.
A modulation amplitude of 1.5 K and a period of 60 s were
used at a heating rate of 2 K/min. The calorimeter was
calibrated with an indium standard.

Results and Discussion

ESR spectra of the spin-labeled PS at the chain end
(Mn ) 21K) and the inside sites (Mn ) 22K) in the
temperature range 77-471 K are shown in Figure 2.
In general, the outermost splitting width of the main
triplet spectrum due to hyperfine coupling caused by
the nitrogen nucleus narrows with an increase in
mobility of the radicals because of motional averaging
of the anisotropic interaction between an electron and
a nucleus. The complete averaging gives rise to the
isotropic narrowed spectrum. The extreme separation
width between arrows shown in Figure 2 gradually
narrows and steeply drops with an increase in the
temperature. The temperature dependence of the ex-
treme separation width for each specimen is shown in
Figure 3. The steep drop is caused by a micro-Brownian
type molecular motion.24-26 We estimated a transition
temperature of molecular motion, T5.0mT, at which the
extreme separation width is equal to 5.0 mT. The
T5.0mT’s of the spin-labeled PS at the chain end (T5.0mT,e)
and the inside sites (T5.0mT,i) are 423 and 435 K,
respectively. The T5.0mT of the spin-labeled PS at the
chain end is lower than that of the spin-labeled PS at
the inside site. It can be considered that the high
mobility of the chain ends is caused by the large free
volume at the chain end in comparison with that at the

Figure 1. Chemical structure of spin-labeled PS at inside
(above) and end (bottom) of chain.

Figure 2. Temperature-dependent ESR spectra of spin-
labeled PS at chain end (left, Mn ) 21K) and at inside site
(right, Mn ) 22K). Separation between arrows shows extreme
separation width.
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inside of the chain. Many authors have reported that
the chain ends bring an incremental amount of the free
volume over segments; as a result, the glass transition
temperature is depressed.1-3 Recently, Kajiyama and
co-workers reported that the polymer surface enriched
with segregated chain ends exhibited higher molecular
mobility.27-30 The transition temperature, T5.0mT, ap-
pears at higher temperature than the Tg of PS because
of a higher frequency corresponding to the rate of
averaging of the anisotropic hyperfine splitting.24-26 The
Tg of the PS estimated from thermal analysis, Tg,DSC,
was obtained from MDSC curves on heating at a rate
of 2.0 K/min. The Tg,DSC was taken to be the midpoint,
i.e., the temperature corresponding to half of the endo-
thermic shift. The Tg,DSC, T5.0mT,e, and T5.0mT,i were
plotted against Mn in Figure 4. The most successful
relationship of temperature dependence for the viscous
flow, viscoelastic response, and dielectric dispersion of
polymers and supercooled liquids is the Williams-
Landel-Ferry (WLF) equation31

where aT is called the shift factor, τ is a relaxation time,
T0 is the chosen reference temperature, and C1 and C2
are universal constants. The Tg,DSC and T5.0mT were
adopted as T0 and T, respectively. When T0 is chosen
to be Tg, the constants C1

g and C2
g are universal values

of 17.44 and 51.6, respectively. The relaxation time of
7 × 10-9 s19 and 100 s32,33 were substituted in τ(T) and
τ(T0), respectively. The ∆T () T5.0mT - Tg,DSC) was
calculated to be 72 K from eq 2. The ∆T (T5.0mT∞,i -

Tg∞,DSC) obtained from the experiments, 66 K, agreed
well with the calculated value, 72 K. The experimental
temperature, T5.0mT∞,i, is adopted as an asymptotic value
in infinite molecular weight for the T5.0mT,i in Figure 4.
The T5.0mT,e and T5.0mT,i were reduced to transition
temperatures, Tg,e and Tg,i, for τ ) 100 s by the WLF
equation.

The inverse of the Tg,DSC, Tg,e, and Tg,i was plotted
against reciprocal of the Mn as shown in Figure 5. From
the linear relationship of eq 1, the Tg∞,DSC and ADSC were
determined to be 375 K and 0.404, respectively. The Tg∞,i
and Ai were also estimated to be 366 K and 0.518,
respectively. The slight differences, Tg∞,DSC - Tg∞,i and
ADSC - Ai, are caused by the ambiguity of the C1 and
C2 in the WLF equation which is used for the calculation
of the Tg,i, as mentioned previously. Anyhow, the similar
relations of the transition temperature against the Mn
demonstrate that the T5.0mT for the inside label cor-
relates with the Tg, namely, R relaxation of PS. The
molecular weight dependence of the Tg,e was also in good
agreement with eq 1. The Tg∞,e and Ae were 361 K and
0.920, respectively. The Tg∞,e was 5 K lower than the
Tg∞,i. The value of the Ae is roughly 2 times larger than
the Ai and ADSC. As mentioned previously, the chain end
has higher molecular mobility than the inside segment
due to the larger free volume around the chain end than
that around the inside segment. The strong molecular
weight dependence of the Tg,e demonstrated that the
T5.0mT,e also reflected the R relaxation of the PS because
the local mode â and γ relaxation’s of the PS have no
molecular weight dependence. These results indicate
that the molecular mobility of the chain end can be also
interpreted in terms of the free volume fraction which
is affected by the surrounding segments. This behavior
was caused by the cooperative motion of the chain end
with the surrounding segments at the glass transition.
It is well-known that the glass transition occurs on the
basis of the cooperative motion between neighboring
segments. A certain segment of a polymer in bulk is
tightly meshed by neighboring segments like a group
of engaging gears below the Tg. In this condition, a
cooperative motion with the neighboring segments is
necessary for the segments to undergo the rotational
relaxation. We considered that the Tg,e showed the
molecular weight dependence because the chain end
segment also moved cooperatively with the neighboring
segments at the glass transition. Even if experimental
errors are taken into account, the Ae ()0.920) is much
bigger than the Ai ()0.518). This result indicates that

Figure 3. Temperature dependence of extreme separation
width for spin-labeled PS at chain end (solid) and inside site
(open).

Figure 4. Plots of T5.0mT,e (solid circle), T5.0mT,i (open circle),
and Tg,DSC (triangle) vs Mn.

log aT ) log(τ (T)/τ (T0)) )
-C1(T - T0)/(C2 + T - T0) (2)

Figure 5. Molecular weight dependence of Tg,e (solid circle),
Tg,i (open circle), and Tg,DSC (triangle) for monodisperse PS.
Solid lines present eq 1 for all data with Tg∞, e ) 361 K, Ae )
0.920, Tg∞,i ) 366 K, Ai ) 0.518, Tg∞,DSC ) 375 K, and ADSC )
0.404.
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the Tg,e has a strong dependence on the molecular
weight as compared with the Tg,i. This behavior is
instructive to understand the relationship between the
free volume and the molecular motion. Freed et al.34 and
Kivelson35 studied the segmental rotational motion in
polymer chains by the ESR technique. Shimada et al.
compared the correlation time, τc, for the segmental
rotational motion of the chain end with that of the inside
segment of the PE using Kivelson’s equation.17 Shimada
et al. reported that the τc of the chain end was shorter
than that of the inside segment of the PE. In this paper,
we discuss the difference between the τc’s of specific sites
of the PS in terms of the averaged relaxation time
calculated from the probability of the encounter of the
labeled segments as following model. We assumed that
one segment is surrounded with four other segments.
The combination of an arrangement of each segment in
this situation was considered. First, for simplicity, a
degree of polymerization was used as the number of the
motional segment of the PS; i.e., the segment was
represented as a monomer unit. Four surrounding
segments in the model consist of four polymeric chains
including eight end segments. We take a segment
surrounded with four segments of its own and other
polymer chains. The total number of the combination
in order for the four segments to be arranged is

where N ) 4n, n being the degree of polymerization of
the PS. When the four segments are the inside seg-
ments, the number of its combination (denoted as i4) is

The number of the combination composed by three
inside segments and one chain end segment (denoted
as i3e1) is

Similarly, the number of the other combinations is

When the n is large, the probability that the noticed
segment is surrounded with four inside segments, eq
4/eq 3 is reduced to be {1 - 9.5/n}. In the same manner,
the probability that the noticed segment is surrounded
by three inside and one end segments, eq 5/eq 3, is 8/n.
Other probabilities eq 6/eq 3, eq 7/eq 3, and eq 8/eq 3
can be ignored. The Doolittle equation is the most
relevant to relate a relaxation rate to a free volume, Vf.

Here, A and B are constants. The average relaxation
rate is considered to be expressed by

Pk and Vf,k are the probability and the local free volume
of each arrangement, respectively. Therefore, the aver-
age relaxation rates for end and inside segments are

represented as following equations:

Pe,k and Pi,k are the probabilities of each arrangement
for end and inside segments, respectively. Therefore,
when the chain end segment is surrounded with four
segments, the average segmental rotational rate (1/τe)
of the chain end spin-labeled PS at the glass transition
temperature is

Here the 1/τe-i4 is the segmental rotational rate of the
chain end segment when the chain end segment is
surrounded with four inside segments. The 1/τe-i3e1

means the segmental rotational rate of the chain end
segment surrounded with three inside segments and one
chain end segment. Similarly, the segmental rotational
rate (1/τi) of the inside spin-labeled PS at the glass
transition temperature is expressed by

The ln(1/τe) and ln(1/τi) obtained from the experiment
was plotted against the reciprocal of the n in Figure 6,
where the τe and τi were calculated using the WLF
equation with the reference temperature of 366 K. The
data were fitted with eqs 9 and 10 for the chain end
and the inside site by least-squares method, respec-
tively. The τe-i4 and τi-i4 are estimated to be 37 and 91
s from the intercept terms of the fitted lines in Figure
6, respectively. It is very interesting that the shorter
relaxation time of the segmental motion at the chain
end sites can be obtained. In general, one considers that
the motional segment size is bigger than the monomer
size. Kusumoto et al. and Bullock et al. estimated the
motional segment size at the Tg using the ESR.26,36 They
reported that the order of 5-10 monomeric units was
involved in the segmental motion. Here, the number of

Figure 6. Influence of degree of polymerization on ln(1/τe)
(solid) and ln(1/τi) (open). ln(1/τe) and ln(1/τi) are fitted with
ln(1/τe) ) 235/n - 3.6 and ln(1/τi) ) 128/n - 4.5 obtained by
the least-squares method.

ln(1/τe) ) ∑
k

Pe,k ln(1/τe,k), ∑
k

Pe,k ) 1

for the end segment

ln(1/τi) ) ∑
k

Pi,k ln(1/τi,k), ∑
k

Pi,k ) 1

for the inside segment.

ln(1/τe) ) (1-9.5/n) ln(1/τe-i4
) + (8/n) ln(1/τe-i3e1

)

) [8 ln(1/τe-i3e1
) - 9.5 ln(1/τe-i4

)]/n + ln(1/τe-i4
) (9)

ln(1/τi) ) (1 - 9.5/n) ln(1/τi-i4
) + (8/n) ln(1/τi-i3e1

)

) [8 ln(1/τi-i3e1
) - 9.5 ln(1/τi-i4

)]/n + ln(1/τi-i4
) (10)

N(N - 1)(N - 2)(N - 3)/4! (3)

(N - 8)(N -9)(N - 10)(N - 11)/4! (4)

8[(N - 8)(N -9)(N - 10)/3!] (5)

[(N - 8)(N -9)/2!][(8 × 7)/2!] for i2e2 (6)

(N - 8)[(8 × 7 × 6)/3!] for i1e3 (7)

(8 × 7 × 6 × 5)/4! for e4 (8)

1/τc ) A exp(-B/Vf)

ln(1/τc) ) ∑
k

Pk(1/Vf,k), ∑
k

Pk ) 1
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the motional segment per one PS chain, n′, is given by
n′ ) n/x, where x is the number of monomer units
involved in the segmental motion at the Tg. Then the
n′ should be substituted into the n in eqs 9 and 10. When
it is assumed that the τi-i3e1 is comparable with the τe-i4,
the x is estimated to be nine from the slope of the fitted
curve using eq 10. This result implies that approxi-
mately nine monomeric units size segment undergoes
a segmental motion at the Tg. The estimated size of the
motional segment agrees well with the 5-10 monomer
units reported by Kusumoto. When it is assumed that
the x of the chain end segment is equal to that of the
inside segment, the τe-i3e1 is obtained to be 2.8 s from
the slope of the fitted line with eq 9. The relaxation time
of the segmental rotation at the region containing two
chain ends, τe-i3e1 () 2.8 s), is much shorter than that
containing one chain end, τe-i4 () 37 s). This is induced
by the much larger free volume generated by two chain
ends. A decrease in the molecular weight leads to an
increase in the number of chain ends. As a result, the
probability of the encounter of two chain ends increases.
As the molecular weight decreases, the Tg in the region
near the chain end is steeply depressed. The result of
this work will be important to reveal the local transition
temperature of polymer materials. For example,
Kajiyama et al. compared the molecular weight depen-
dence of the Tg of polymer surface to that of the bulk.29,37

They reported that the polymer surface enriched with
segregated chain ends exhibit higher molecular mobility.
As the molecular weight decreased, the Tg of the
polymer surface was steeply depressed as compared to
that of the bulk. They concluded that this behavior
might be caused by the effect of the increased free
volume at the surface due to a preferential surface
enrichment of chain end groups. From the result of our
present work, we suppose that the main factor of the
strong dependence of the molecular weight on the
surface Tg is arising from the probability of the encoun-
ter of more than two chain ends.

Conclusion
A comparison of the segmental motion of the chain

end with that of inside sites of the PS was successful
by the ESR measurements with the selective spin-label
method. The Tg∞,e was ca. 5 K lower than the Tg∞,i due
to the large free volume around the chain end group as
compared to the inside of the PS chain. Not only the
Tg,i but also the Tg,e showed the molecular weight
dependence because of the cooperative motion of the
chain end with surrounding segments at the glass
transition. The relaxation time of the specific region of
the PS was estimated from the molecular weight
dependence of the combination of the chain end and
inside segments, and it was revealed that the encounter
of more than two chain ends brought the steep decrease
in the τc. In conclusion, the ESR selective spin-label
method revealed the relationship between the local free
volume fraction and the local molecular mobility.
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