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ABSTRACT: Effects of solvents on segmental dynamics of polystyrene (PS) at the chain end have been
studied by the site-specific spin-label method of electron spin resonance (ESR). PS’s having similar number-
average molecular weight (ca. 25 kDa) but labeled with a nitroxde at the chain end (E-PS) or midchain
segments (M-PS) individually were used for the measurements. Toluene and dioctyl phthalate (DOP) which
are good and theta solvents, respectively, for PS were selected as solvents. The temperature variation of ESR
spectra was simulated based on the “macroscopic order with microscopic disorder” model to determine the
segmental mobility of the labeled segment. The E-PS showed obviously and slightly higher mobility
compared to the M-PS in the bulk PS and in the concentrated PS/DOP (50/50) solution, respectively. On
the other hand, the E-PS showed the same mobility with the M-PS within experimental uncertainties in the
dilute PS/toluene (1/99), concentrated PS/toluene (60/40), and dilute PS/DOP (3/97) solutions. Namely, the
chain end showed higher segmental mobility than midchain segments in high viscous media where large
intermolecular hindrances such as frictional resistance, spatial restriction for conformational transition, and
intermolecular coupling are expected. From this result, we conclude that lesser intermolecular hindrances
around chain ends are the origin of the higher mobility at the chain end segments.

Introduction

Almost every polymer has chain ends, and they play important
roles in the polymer physics. It is widely and nebulously believed
that chain ends of a polymer have higher mobility compared to
the midchain segments. For instance, a depression of the glass
transition temperature (Tg) with decreasing the molecular weight
is attributed to an increase in the chain end concentration.1,2

Furthermore, Kajiyama and co-workers interpreted that the
aggregation of chain ends at the surface of a polystyrene (PS)
filmwas one of the causes of the depression inTg at the surface of
the film.3 Nevertheless, the dynamic properties of the chain end
have not been perfectly clear yet. For example, do chain ends
maintain higher mobility when the concentration of polymer is
varied from the bulk state to the dilute solution? In the bulk the
frictional resistance and motional coupling between polymer
segments are significant, whereas the polymer-polymer interac-
tion is almost canceled, but the interaction with the solvent is
generated in the dilute solutionwith good solvents. Therefore, the
difference in mobility at the chain end and middle segments is
probably different in these conditions. This topic is interesting to
reveal the origin of the higher segmental mobility at the chain
ends. The present work is the first study focusing on this topic.

Generally speaking, it is difficult to pick up experimentally the
information focused on the chain end. For this problem, label
techniques are very powerful, and various label techniques, such
as photolabeling,4,5 deuterium-labeling,6 dielectric-labeling,7 and
spin-labeling,8-14 have been applied to determine the motional
and structural properties of chain ends.

Previously, our group showed that chain ends of PS, poly-
(methyl methacrylate), poly(cyclohexyl acylate) (PCHA), and
poly(cyclohexyl methacrylate) have higher segmental mobility

compared to the midchain segments in the bulk states using the
site-specific spin-labelmethodof electron spin resonance (ESR).13-16

In these works, the chain end or midchain segments were sele-
ctively labeled with a stable nitroxide radical; the mobility of the
spin-labelswas determined from change in the spectral shapewith
a variation of temperature. Because the spectral shape is insensi-
tive for motion on time scale slower than 10-7 s,17 the measure-
ment temperature is typically more than Tgþ 50 K. On the other
hand, the author recently developed a novelmethod for the detec-
tion of the Tg of the spin-labeled polymer applying a microwave
power saturation of ESR.18Using this method, it was shown that
the Tg of PCHA labeled at the chain end was very slightly, a few
kelvin, lower than that of the one labeled at the midchain seg-
ments.Very recently, Lund et al. studied the chain endmobility of
end-functionalized oligomer PS (Mn = 2.2 kDa) over an exten-
sive temperature range (ca. 110-413 K) using dielectric spectro-
scopy.7 They observed the higher mobility of chain ends; this is in
good agreement with our ESR results. The higher mobility
around chain ends at the glass transition in the bulk state can
be rationalized in the free volume, the entropy, and the coupling
models by the chain ends having respectively excess free volume,2

excess configurational entropy,19 and deficient intermolecular
constraints.20 The larger free volume around chain ends were
detected by various experiments such as photolabel method,4

positron annihilation lifetime technique,21 and dilatometric mea-
surement.22 The chain end showed unique behavior in the diffu-
sionmotion, too.Welp et al. compared the diffusion behaviors of
central and end sections of a PS chain during welding of films
using specular neutron reflectivitywith adeuterium-labelmethod.6

The diffusion behaviors of each segment were monitored directly
via deuterium depth profiles; it was revealed that the diffusion of
the chain end section was faster than that of the center section
duringwelding. The reptationmodel was necessary to explain the
diffusion behavior of the center section while the diffusion
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behavior of the chain end section was interpreted by the Rouse
model. This result clearly indicates that the higher diffusion
motion at the chain end section is due to lesser entanglements
compared to the center section.

In the solution, several ESR studies on polymer chain end
mobility were carried out using the spin-label method, and the
correlation time and activation energies for the chain end were
comparedwith those for the chain center and the phenyl ring.8-12

At 298K, the correlation time determined from the analysis of the
line width of ESR spectrum for the end-labeled PS in toluene was
about 2.4� 10-10 s, whereas that for the PS labeled at the phenyl
ring was about 5.9 � 10-10 s. They also differ in activation
energies, that is, 5.8 and 9.0 kJmol-1 for end-labeled and ring-
labeled PS, respectively.9 Namely, the higher mobility of chain
ends in the solution was suggested. However, it should be noted
that the correlation time determined from the analysis of the line
width of ESR spectrum is including a contribution of the rotation
around polymer-label bond which is usually faster than the
diffusion motion of the labels; therefore, contributions of the
rapid rotation around the polymer-label bond could be included
in the experimental results.8-10 Horinaka et al. compared the
mobility of the chain end and the center of the PS main chain
using the fluorescence depolarizationmethod from283 to 303K.5

In this study, the anthracene molecule was bonded at the end or
the center of the PSmain chain.As themolecular weight of the PS
was more than 2 kDa, the correlation time for the end-labeled PS
in benzene at 293Kwas about 3.0� 10-10 s, whereas that for the
center chain one was about 2.0� 10-9 s. They concluded that the
conformational transition at the chain end occurs easily com-
pared to the center of the chain. On the other hand, the difference
in the activation energy between the chain end (ca. 6.3 kJ mol-1)
and the chain center (ca. 7.1 kJ mol-1) was not so marked as
compared to the difference in the correlation time. Therefore,
they assumed that the activation energy was mainly determined
by the size of the label attached to the main chain.

In summary, the previous works basically proposed that the
chain ends have distinctly higher mobility compared to the
midchain segments irrespective of the environment surrounding
the polymer segments. In the present study, the mobility at the
chain end and midchain segments of PS are compared in the
dilute solution, concentrated solution, and the bulk using the site-
specific spin-label method to reveal the effect of the local con-
centration around the PS segments on the mobility of chain ends.
Toluene and dioctyl phthalate (DOP) were selected as solvents
because toluene is low viscous and good solvent for PS while
DOP is high viscous and theta solvent for PS (the theta tempera-
ture is around 295 K).23 The same spin-labeling was carried out
for the chain end and midchain segments; the ESR spectra were
analyzed by the computer simulation to exclude the contribution
of the rotation at the polymer-label bond.

Experiments

Sample Preparation. Two PS’s having the same molecular
weight but labeled at different sites, the chain end or the
midchain, with a nitroxide via a short tether were prepared
(Chart 1). The notations for the end-labeled and midchain-
labeled PS’s are defined to be E-PS and M-PS, respectively.
Synthesis of the E-PS and M-PS was described in elsewhere.13

The number-average molecular weight (Mn) and the molecular
weight distribution (Mw/Mn) for the E-PS determined by gel
permeation chromatography (GPC) were 26.1 kDa and 1.09,
respectively. On the other hand, the Mn and Mw/Mn for the
M-PS were 24.9 kDa and 1.15, respectively. Solvents used in
measurements were toluene (Kishida Chemical Co., Ltd., Extra
Pure Reagent) and dioctyl phthalate (DOP, Nacalai Tesque,
Extra Pure Reagent). Before use, the solvents were dried with
molecular sieves (3A). In preparing the sample solution, the PS

and solvents were stirred in a bottle until the solution becomes
homogeneous. The solution was transferred into a 5 mm o.d.
quartz tube for the ESR measurement using a syringe; the tube
was sealed under a nitrogen gas following the degasification by
the freeze-pump-thaw method.

Measurements. ESR spectra were recorded with JEOL
X-band FA300 spectrometers with 100 kHz field modulation.
The temperature was controlled within (0.1 K. All samples
were allowed to equilibrate for at least 5 min after reaching the
desired temperature. The magnetic field and g tensor were
calibrated with Mn2þ. Most spectra were collected with the
following parameters: sweep width 150 G, microwave power
0.1 mW, time constant 30 ms, 2-4 scans, and 2048 points. The
modulation amplitude was varied in the range 0.2-2G, depend-
ing on the line width. The microwave power was controlled to
avoid the saturation.

GPC was carried out with following condition: 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 PS (Tosoh)
samples.

Simulation of ESR Spectra. ESR spectra were calculated with
the software based on the stochastic Liouville equation,24 as
described previously.25 Simulated spectra were fitted to experi-
mental spectra using a PC version of the NLSL program based
on themodified Levenberg-Marquartminimization algorithm,
which iterates the simulations until a minimum least-squares fit
to experiment was reached.26 The g and 14N hyperfine (A)
tensors were determined by analyzing rigid-limit spectra mea-
sured at 77 K.

The model known as “microscopic order with macroscopic
disorder” (MOMD) was applied for calculating the spin-label
rotational diffusion.27 The model assumes that the spin-labels
undergo microscopic molecular ordering with respect to a local
director; the local directors in the sample are randomly oriented
in the laboratory frame. Interpretations for the parameters used
in this simulation model were given in detail in ref 27d. Pila�r has
summarized the successful application of theMOMDmodel for
analyzing ESR line shapes of spin-labeled polymers.28 The
rotational diffusion of nitroxide spin-labels attached to polymer
chain segments has been approximated by superposition of the
isotropic rotational diffusion of the polymer chain segment with
the rotational diffusion coefficient,RS, and the internal rotation
at the tether bond of the spin-label with the rotational diffusion
coefficient, RI.

28 When the nitroxide spin-label is attached to a
polymer chain via a short tether, it is assumed that Rprp = RS

and Rpll = RI þ RS. Here, Rpll and Rprp are the parallel and
perpendicular rotational diffusion coefficients against the tether
bonds of the nitroxide to the polymer backbone, respectively. In
addition, the axis of internal rotation can be tilted relative to the
z-axis of the nitroxide axis system and specified by angle β. Here,
the z-axis of the nitroxide axis system is parallel to the axis of the
nitrogen p-orbital. The spin-label used in this work is the same
with that used by Pila�r et al., and the β is illustrated on page
141 in ref 28. The tether involves three single bonds (C-CO,

Chart 1
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CO-NH, and NH-SL). The second one, a peptide bond, is
normally fixed, and it is expected that the free rotation is restricted
for the first bond because of the steric constraint. Therefore, the
only bond which rotates freely is the third bond, NH-SL.

Results

Selected experimental and fitted ESR spectra of M-PS and
E-PS in the bulk, concentrated PS/toluene (60/40) solution, dilute

PS/toluene (1/99) solution, concentrated PS/DOP (50/50) solu-
tion, and dilute PS/DOP (3/97) solution in the range 77-448 K
are shown in Figure 1, 2, 3, 4, and 5, respectively. Each spectrum
was vertically shifted to avoid overlapping. The temperature
dependence of the ESR line shape is due to changes in the
rotational rate of the nitroxide radical with correlation time, τc,
defined as (6(Rprp

2Rpll)
1/3)-1. In the bulk and the concentrated

PS/DOP (50/50) solution, the E-PS and M-PS showed different

Figure 1. Experimental and fitted ESR spectra forM-PS (A) and E-PS
(B) in the bulk. Experimental and fitted spectra are shown with solid
and dotted lines, respectively.

Figure 2. Experimental and fitted ESR spectra for M-PS and E-PS in
concentrated PS/toluene (60/40) solution. Experimental spectra for
M-PS and E-PS are shown at the top and the bottom at each tempera-
ture, respectively. Fitted spectra for M-PS are shown with dotted line.

Figure 3. Experimental and fitted ESR spectra for M-PS and E-PS in
dilute PS/toluene (1/99) solution. Experimental spectra for M-PS and
E-PS are shown at the top and the bottom at each temperature,
respectively. Fitted spectra for M-PS are shown with dotted line.

Figure 4. Experimental and fitted ESR spectra forM-PS (A) and E-PS
(B) in concentrated PS/DOP (50/50) solution. Experimental and fitted
spectra are shown with solid and dotted lines, respectively.
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ESR spectra at the same temperature; therefore, the fittings were
carried out for each spectrum separately. On the other hand, the
experimental spectra of the E-PS and M-PS in the concentrated
PS/toluene (60/40) solution, the dilute PS/toluene (1/99) solution,
and the dilute PS/DOP (3/97) solution were shown together with
the fitted one for theM-PS at each temperature because the E-PS
andM-PS showed the similar spectral shape within experimental
uncertainties. That indicates that the mobilities of the chain end
and midchain segment are comparable in these solutions.

The rigid-limit spectra observed at 77Kwere successfully fitted
using the NLSL program with very slow isotropic Brownian
rotational diffusion of the spin-label (log Rpll = log Rprp = 3).
Best fits required a superposition of Lorentzian line shapes with
Gaussian inhomogeneous broadening. The A and g tensors used
for the best fits are listed in Table 1. These tensors were fixed for
the fitting of the temperature-dependent ESR spectra. On the
other hand, the parameters RS and RI and the other parameters
describing the local dynamics in PS chains were temperature-
dependent and determined by fitting experimental spectra. ESR
spectra of samples were basically fitted with a single spectral
component. However, very small amount (only a few percent) of
an additional spectral componentwhichwasmuch faster than the
major component was observed for some experimental spectra of
the solution samples. This additional component could not be
removed by the further purification of the spin-labeled PS.

Moreover, the intensity of the additional component increased
after 1 day. Therefore, it is expected that there is a slow deta-
chment of some of the spin-labels; as a result, free label agent was
generated in the solution.The samephenomenonwas reportedby
Pila�r et al.28 Such spectra have been analyzed using two-site
models. For the additional component, a simple axially sym-
metric Brownian rotational diffusion and practically the same
values for A and g tensor components as for the major compo-
nent were applied.

Arrhenius plots of RS and RI (rotational diffusion coefficient
for the polymer chain segment and the internal rotation of the
spin-label at the tether bond, respectively) for the bulk, the PS/
toluene solutions, and the PS/DOP solutions are shown in parts
A, B, and C of Figure 6, respectively, and the corresponding
activation energiesES andEI are listed inTable 1. The tilt angles β
are almost constant (63 ( 3�). This value agrees well with the
orientation of the NH-C, which is expected to be the only bond
contributing to the internal rotation of the spin-label with respect
to the polymer chain segment, estimated from the crystal structure
of the bis(2,2,6,6-tetramethyl-4-piperidinyl-1-oxy) substrate.29

The parameter c0
2 characterizes the component of the ordering

potential symmetric in the plane perpendicular to the direction of
the preferred rotational tensor symmetry axis orientation speci-
fied by the angle β. The parameter c2

2 characterizes rhombic
distortion of the ordering potential. The ordering potentials
characterized by the parameters are illustrated in Figure 8 in
ref 27d in detail. These parameters decreased with increasing
temperature.

The Tref which is defined as temperature at log RS = 6.5 for
each samples was plotted against the concentration of the PS in
Figure 7. For both the PS/toluene andPS/DOP solutions, theTref

increased with increasing the concentration of the PS because of
the increase in the viscosity of the solutions.Moreover, theTref in
the PS/DOP solution showed larger value compared to the PS/
toluene solution because of the higher viscosity of the DOP. The
difference in the Tref for the E-PS and M-PS was the most
significant for the bulk state; the difference decreased with
decreasing the viscosity of the system.

Discussion

Influence of Spin-Labeling on the Segmental Motion of PS.
Labeling methods are excellent to highlight the local motion
of polymers; however, there is a possibility of that the
labeling agents disturb the original segmental motion of
the polymer. In this section, the mobility determined by the
spin-labelmethod is comparedwith that determined by other
techniques, and we discuss the influence of the spin-labeling.

Ediger and co-workers determined the segmental correla-
tion time (τseg,NMR) of three PS (Mn = 1.6, 2.1, and 10.9
kDa) taken from NMR by measuring the 2H spin-lattice
relaxation times over a broad temperature range (390-510
K).30 The τseg,NMR for the PS (Mn=10.9 kDa) referred from
ref 30 was converted to R and plotted in Figure 6A. The
NMR data was in excellent agreement with the RS of the
M-PS. From this result, the disturbance of the spin-labeling
is little for the bulk PS. According to the modern concept of

Figure 5. Experimental and fitted ESR spectra for M-PS and E-PS in
dilute PS/DOP (3/97) solution. Experimental spectra for M-PS and
E-PS are shown at the top and the bottom at each temperature,
respectively. Fitted spectra for M-PS are shown with dotted line.

Table 1

sample gxx gyy gzz Axx/G Ayy/G Azz/G ES/kJ mol-1 EI/kJ mol-1

bulk, M-PS 2.0099 2.0065 2.0025 7.04 5.02 33.6 126 44
bulk, E-PS 2.0100 2.0064 2.0025 7.04 5.02 34.0 103 42
PS/toluene (1/99), M-PS 2.0100 2.0064 2.0025 6.80 5.08 34.4 18 12
PS/toluene (60/40), M-PS 2.0100 2.0064 2.0025 7.19 5.00 34.2 53 16
PS/DOP (3/97), M-PS 2.0100 2.0064 2.0027 7.00 5.10 34.2 45 28
PS/DOP (50/50), M-PS 2.0099 2.0065 2.0027 7.19 5.05 34.1 75 28
PS/DOP (50/50), E-PS 2.0100 2.0063 2.0027 7.32 4.95 34.0 71 26
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cooperative segmental relaxation, a polymer segment relaxes
cooperatively with neighboring segments in the bulk.31

Therefore, we predict that the original mobility of the spin-
labeled segment is not far different from that of other PS
segments; moreover, the difference in mobility between the
PS and spin-labeled segments decreased because of the
cooperative motion with neighboring segments.

The segmental dynamics of PS in various dilute solutions
has been determined using NMR30,31 and fluorescence
depolarization.5,32 For NMR measurement, the backbone
was deuterated and the τseg,NMRwas determined by the same
method described above. On the other hand, the segmental
correlation time from the fluorescence measurement (τseg,fluo)
is determined from monitoring the anthracene reorientation
which is covalently bonded into the center or end of the chain
backbone. TheNMRdata referred from ref 31 are plotted in

Figure 6B,C. For the fluorescencemeasurement, the data for
the center-labeled and end-labeled PS taken from refs 5 and
32 are plotted in Figure 6B. The RS determined by the ESR
spin-labeling was in good agreement with the NMR data in
the dilute PS/toluene and PS/DOP solutions whereas the
mobility determined by the fluorescence measurement for
the center-labeled one was significantly slower than that
determined by the ESR and NMR. On the other hand, the
fluorescence measurement for the end-labeled PS showed
higher mobility than the ESR and NMR data. We will
discuss about the fluorescence data for the end-labeled PS
later. The difference in the mobilities determined by the
NMRand fluorescence was discussed by Ediger et al.33 They
concluded that the PS segment around the anthracene
became locally rigid and the length scale of the segmental
motion detected in the fluorescence measurement is some-
what larger than that in the NMR measurements due to the
introduction of the bulky anthracene chromophore into the
PS backbone. We predict that the disturbance of the spin-
labeling on the segmental motion of PS is negligible because
the size of the spin-label agent is smaller than the anthracene,
and the label is introduced as a side chain.Moreover, Pila�r et
al. also verified the little disturbance of the spin-labeling on
the segmental mobility of PS in solutions by measuring the
activation energies of the segmental motion of PS in various
solvents having different viscosities.28

Effect of Local Concentration on Mobility at Chain End of
PS. In the Case of Bulk State. The E-PS showed remark-
ably larger log RS and smaller ES compared to the M-PS in
the bulk (see Figure 1, Figure 6A, and Table 1). This result is
in good agreement with our previous result.13 In the bulk,
intermolecular hindrances such as frictional resistance, spa-
tial restriction for conformational transition, and intermo-
lecular coupling for segmental motion are significant. As
pointed out by Fox and Flory, a larger specific free volume
around a chain end is expected in the bulk because of the
loose filling of polymer segments around chain ends.1,2 The
larger free volume around chain ends below Tg were shown
by the photolabel method.4 Since chain ends have larger
specific free volume compared to midchain segments, the
intermolecular hindrances around chain ends are expected to

Figure 7. Plots of Tref against concentration of PS. Circle, square, and
triangle symbols are for the bulk PS, PS/toluene, and PS/DOP,
respectively. Solid and open symbols are for M-PS and E-PS, respec-
tively. Only solid symbol is shown for dilute PS/toluene (1/99), con-
centrated PS/toluene (60/40), and dilute PS/DOP (50/50) solutions
because no difference in temperature-dependent ESR spectra was
observed for M-PS and E-PS.

Figure 6. Arrhenius plots of rotational diffusion coefficientsRS andRI

in bulkPS (A), PS/toluene solutions (B), andPS/DOP solutions (C). (A)
Solid and open circles represent RS and RI for M-PS, respectively. On
the other hand, RS and RI for E-PS are shown with solid and open
triangles, respectively. Open square is NMR data for bulk PS (Mn =
10.9K) referred from ref 30. (B) Solid and open circles representRS and
RI for concentrated M-PS/toluene (60/40) solution, respectively. Solid
and open triangles represent RS and RI for dilute M-PS/toluene (1/99)
solution, respectively. Open square is NMR data for dilute PS/toluene
solution taken from ref 31. Fluorescence data for PS labeled with
anthracene at the center of chain in 2-butane taken from ref 32 are
shown with solid square. Similarly, fluorescence data for PS labeled
with anthracene at the center and end of chain in benzene taken from ref
5 are shown with solid and open diamonds, respectively. (C) Solid and
open triangles represent RS and RI for dilute M-PS/DOP (3/97)
solution, respectively. For concentrated PS/DOP (50/50) solution, solid
and open circles representRS andRI forM-PS, respectively, while solid
and open diamonds represent RS and RI for E-PS, respectively. Open
square is NMR data for dilute PS/DOP solution referred from ref 31.
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be smaller. We consider that this is the origin of the higher
segmentalmobility of chain ends in the bulky polymer liquid.

Santangelo et al. reported that the fragility index of PS
decreased with the reduction of the Mn.

34 They concluded
that any conformational freedom conferred from chain ends
reduced the fragility index. On the other hand, the fragility
index of poly(dimethylsiloxane) (PDMS) was nearly Mn-
independent because the ether linkage in the PDMS back-
bone gave nearly free rotation.35 From these results, Rizos
andNgai pointed out that the difference in mobility between
chain end and midchain segment is expected to be larger for
polymers that have greater intermolecular coupling or large
“fragility” because greater intermolecular cooperativity re-
sults in much lower mobility of the midchain segments.20 In
fact, theTg of high-Tg polymers is generally more sensitive to
the molecular weight (or the chain end fraction).36,37 These
results might predict that the difference in mobility between
chain ends and midchain segments reduces when polymers
are plasticized by additions of solvents.

In the Cases of Solutions. As shown in Figure 7, the Tref

decreasedwith an increase in the concentration of the solvent
and the decrease was more significant for toluene than DOP
due to the lower viscosity of toluene. This result indicates
that the scale of the segmental motion of PS detected by the
spin-labeling is influenced by the solvents. Chung et al. first
proposed that the segmental mobility of a polymer in the
miscible systems is determined by the “local concentration”
around the segments.38 Moreover, Lodge and McLeish
proposed a model taking into account the “self concentra-
tion” of the polymer segment to determine the “local con-
centration” in the miscible polymer blends and solutions.39

In this model, it is considered that the local concentration
(φeff) of polymer is higher than the bulk concentration (φ)
because of the chain connection. According to this model,
the φeff is calculated by considering the φ and the self-
concentration (φself):

φeff ¼ φself þð1-φselfÞφ ð1Þ
Previously, we showed that the segmental dynamics of spin-
labeled polymers inmiscible polymer blendswere reasonably
predicted by the φeff calculated by this model.15,16 Lutz et al.
determined that the φself of PS segments in the toluene and
DOP solutions to 0.19( 0.05 and 0.45( 0.05, respectively.31

This result indicates that the solvent concentration around
the PS segments in the PS/toluene solution is higher than that
in the PS/DOP solution. This is quite reasonable because
toluene and DOP are good and theta solvents for PS,
respectively. In the dilute PS/toluene solution, the intermo-
lecular hindrances on the segmental dynamics are expected
to be small because of the high local concentration of mobile
toluene. As mentioned above, we cited lesser intermolecular
hindrances around chain ends as the origin of the higher
mobility of chain ends in the bulky polymer liquid. However,
in the dilute solution, these hindrances will be small even for
themidchain segments. Therefore, we consider that the chain
end segments no longer show distinctly highermobility when
the midchain segments are plasticized enough by the addi-
tion of mobile solvents. Even when the concentration of the
PS increased to 60 wt%, the E-PS showed the samemobility
with the M-PS within experimental uncertainties. If the PS
concentration is increased more, E-PS would show higher
mobility than theM-PS; however, the homogeneous solution
with high PS concentration is hard to be prepared.

On the other hand, the E-PS showed slightly higher
mobility compared to the M-PS in the concentrated PS/
DOP (50/50) solution. DOP is a theta solvent of PS; there-

fore, the high value of theφself was determined byLutz et al.31

In the concentrated PS/DOP (50/50) solution, the local
concentration of DOP around the PS segments is low.
Moreover, the DOP is a remarkably viscous solvent. In this
solution, the segmental motion of PS is expected to be
restricted by the intermolecular hindrances although the
restrictions are smaller than those in the bulk PS. Therefore,
we considered that the chain ends showed slightly higher
mobility than midchain segments because lesser intermole-
cular hindrances around chain ends were distinct in this
viscous solution as well as in the bulk PS.

One may wonder that the chain ends should have higher
mobility even in dilute solutions because the steric hindrance
at the chain end is smaller than those at midchain segments.
We do not negate this idea. If the measurement is sensitive to
very local motion such as a rotation of only one C-C bond,
higher mobility at the chain end could be detected even in
dilute solutions. However, the spin-label method seems to
insensitive to such very local motion of a polymer.13-16

Recently, Kajiwara detected ESR spectra of propagation
radicals of poly(tert-butyl methacrylate) whose molecular
weight was controlled by atom transfer radical polymeriza-
tion.40 In this method, the polymer is essentially nonlabeled;
the ESR spectrum is sensitive for the rotation at terminal
CR-Cβ bond. Kajiwara showed the molecular weight de-
pendence on the rotation at this bond in the solution. This
method may reveal further unique characters of chain end
motion of polymers.

Comparison to Other Techniques on Chain End Motion.
The spin-labeling is perhaps the most popular technique to
determine the chain end mobility of polymers in dilute
solutions.8-12 In particular, Bullock et al. and Yang et al.
determined the chain end mobility of spin-labeled PS in
dilute solutions with toluene and THF, respectively.9,10 In
these studies, the terminal of the PS main chain was spin-
labeled with tert-butyl nitroxide. On the other hand, the para
position of a phenyl ring of PS was randomly labeled with
tert-butyl nitroxide as a reference sample; the mobility of
these samples was analyzed from the line width of the ESR
spectra. At 298K, the correlation time for the end-labeled PS
in toluene was about 2.4 � 10-10 s, whereas that for the PS
labeled at the phenyl ring was about 5.9 � 10-10 s. It was
claimed that the chain end of PS had higher mobility in the
dilute solutions. Our result presented in this paper disagreed
with Bullock’s and Yang’s results because the E-PS and
M-PS showed the same mobility within experimental un-
certainties in the dilute PS/toluene solution. As Pila�r de-
scribed in his literature, the line width cannot be fully and
unambiguously related to the nitroxide rotational para-
meters without additional assumptions about the motion.28

Moreover, the motional correlation times determined in
Bullock’s and Yang’s studies are including a contribution
of the rotation at polymer-label bond; the rotational rates
for the end-labeling and ring-labeling might be different.
Perhaps, the end-labeled PS showed highermobility than the
ring-labeled PS in the dilute solutions because of the differ-
ence in the rotational rate at the polymer-label bond for
these samples or the ambiguity in the line-width analysis. The
spin-label unit used for theM-PS andE-PSwas the same and
mobility was determined from the ESR line-shape analysis in
the present work.

Horinaka et al. compared the mobility of the chain end
and the center of the PS main chain using the fluorescence
depolarization method from 283 to 303 K.5 The segmental
correlation time is determined from monitoring the anthra-
cene reorientation which is covalently bonded into the center
or chain end of the chain backbone. The internal rotation of
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the anthracene in the backbone does not contribute to the
reorientational relaxation of the transition moment. As the
molecular weight of the PS was more than 2 kDa, the
correlation time for the end-labeled PS in benzene at 293 K
was about 3.0� 10-10 s, whereas that for the center chain one
was about 2.0 � 10-9 s. They concluded that the conforma-
tional transition at the chain end occurs easily compared to
the center of the chain.We agree with that the rotation at the
terminal C-C bond is easier than those of the inner C-C
bonds due to the smaller steric hindrance at the chain end;
therefore, if themeasurement is sensitive to very localmotion
such as the rotation of only the terminal C-C bond, higher
mobility at the chain end may be shown even in the dilute
solution because very local motion is expected to be insensi-
tive to the local concentration. However, as mentioned
above, the bulky anthracene chromophore makes the PS
segment rigid and the length scale of the segmental motion
detected by the fluorescence measurement is expected to be
somewhat larger than that in the NMR and ESR measure-
ments. In fact, the center-anthracene-labeled PS showed
slower mobility compared to the ESR and NMR data
(Figure 6). On the other hand, the end-anthracene-labeled
PS showed higher mobility than the ESR and NMR data.
When the anthracene is bonded at the chain terminal, the
rigidity given to the polymer segment could be smaller
compared to the case of that the anthracene is bonded at
the chain center. Therefore, we speculate a possibility of the
lesser disturbance of the anthracene-labeling at the chain end
on the segmental dynamics of PS.

To our knowledge, the segmental dynamics at the chain
end of PS in the bulky liquid was studied only by Lund et al.
using dielectric spectroscopy except to ourESR study.7 Lund
et al. synthesized end-functionalized oligomer PS (PS-Si-
(CH3)2(CH2)3-CN;Mn= 2.2 kDa) to determined the chain
end mobility of PS in the bulk over an extensive temperature
range (ca. 50-413 K) using dielectric spectroscopy. Although
the direct comparison of the absolute values of the relaxation
rates determined by the dielectric and ESR measurements
are impossible because the Mn of PS and the measurement
temperature are different in these measurements, both mea-
surements showed qualitative agreement of that the chain
ends showed higher mobility compared to the midchain
segments in the bulk.

The mobility of chain ends seems to depend on mea-
surement methods because each method might detect
different length scales of polymer chain motion; further-
more, labeling methods could disturb the original mobi-
lity of a polymer chain. Therefore, we propose that further
various experiments including nonlabel methods are ne-
cessary to reveal unique characteristics of polymer chain
ends.

Conclusion

Influences of solvents on the segmental dynamics at the chain
end of PS have been investigated using the site-specific spin-label
technique of ESR. The E-PS showed obviously and slightly
higher mobility compared to the M-PS in the bulk PS and in
the concentrated PS/DOP (50/50) solution, respectively. In these
conditions, intermolecular hindrances for the segmental motion
are large because of the high local concentration of PS. However,
lesser intermolecular hindrances around chain ends are expected
due to the large specific free volume around chain ends; this was
proposed as the origin of the higher segmental mobility at the
chain end.On the other hand, the E-PS showed the samemobility
with the M-PS within experimental uncertainties in the dilute
PS/toluene (1/99), concentrated PS/toluene (60/40), and dilute

PS/DOP (3/97) solutions. We considered that the intermolecular
hindrances were reduced and PS segments were plasticized
enough by the solvents in these solutions; therefore, the chain
ends no longer showed distinctly higher mobility than other
segments. As a conclusion of this study, lesser intermolecular
hindrances around chain ends are proposed as the origin of the
higher segmental mobility at the chain end.
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