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Polystyrene Chains Tethered on the Solid Surface of
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ABSTRACT: The molecular mobility of peroxy radicals at the ends of nonisolated polystyrene chains (NIPSOQ)
tethered on the solid surface of poly(tetrafluoroethylene) (PTFE) in a vacuum was investigated in the temperature
range from 10 to 250 K by electron spin resonance spectroscopy (ESR). Thetaiatransition temperature of

the NIPSOO tethered on the solid surface of PTFE in a vacuum was estimated to be 200 K, which was 40 K
higher than that of the peroxy radicals at the ends of the isolated polystyrene chains (IPSOQO) (Sakaguchi, M.;
Yamamoto, K.; Miwa, Y.; Shimada, S.; Sakai, M.; lwamuraMacromolecule®007, 40, 1708; ref 1) tethered

on the solid surface of PTFE in a vacuum. The activation energy {122 kJ/mol) of the NIPSOO of the tail

state was large value compared to that {82 kJ/mol) (Sakaguchi, M.; Yamamoto, K.; Miwa, Y.; Shimada, S.;
Sakai, M.; lwamura, TMacromolecule007, 40, 1708; ref 1) of IPSOO of the tail state. The high transition
temperature and the large activation energy of the NIPSOO compared to those of the IPSOO are probably due
to nonisolated chains, which take place in contacts and pseudo entanglements with inter- and neighboring-
polystyrene chains on the PTFE surface.

Introduction Many researchers have been focused on the chain activity at

Many kinds of polymers are widely used in industry and in the surface of a thin film which has low segmental d_ensity
our life. Many research studies have been reported on thecom_p_ared to the bulk._ On the contrary, we have studied the
mobility of polymer chains in the bulk. They indicate that the mobility of polymer chains tethergd on the solid surface of poly-
mobility of the polymer chain relates to the amount and size of (tetrafluoroethylene) (PTFE), which have extremely low chain
the free volume in the bulk. On the other hand, a surface of S€gmental density on the surfade?* We have reported that
solid polymer plays an important part in painting, coating, the mobility of any polymer chain tethered. on the surche was
friction, wetting or adhesion, and so on. Recently, some researchhigher than that in the bulk. It can be said that the “isolated
groups focused on the mobility of chains on the surface of solid POlymer chains” tethered on the solid surface of PTFE have an
polymers. The motion of chains located near the surface wasUltimately low chain segmental density. The isolated polymer
enhanced compared to that in the bulk polyfeXk. glass cham can be expected to show extremely active motion. In our
transition temperaturdg) for freely standing films was reduced ~ Previous articlé, the motional correlation time and activation
below the bulk value and decreased with film thickn&$sThe ~ €nergy of the peroxy radicals at the ends of the isolated
reduction ofT, in freely standing polymer thin films was due ~ POlystyrene chains (IPSOO) tethered on the solid surface of
to the decrease of the cooperative length scale for chain PTFE in @ vacuum were evaluated by spectral simulations and
segments near the surfé@he mobility of chains increased the tralnjtan transition temperature and the activation energy
toward the free surfaces due to the decrease in the density ofat the tail state were estimated as 160 K and-8.2 kJ/mol.
thin polyethylene filmg. A glass transition temperature at the ~ Here we report the mobility of peroxy radicals at the ends of
surface TZ) of the polystyrene film was lower than that in the nonisolated polystyrene c_halns (NIPS_OO) tethered on thg so_l|d
bulk (Tg)_g,lz The reduction of thél'z of the polystyrene film surface of PTFE, in which the chain segmental density is

surface was attributed to the excess free volume generated byProPably higher than that of the IPSOO due to interaction
the chain ends at the surface. The excess free volume led to £€Ween inter- and neighboring chains.

decrease in the chain segmental density at the surface an
promoted chain activity:}**2The reduction in the localy on
approaching the surface of polystyrene was observed by using The inhibitor in the styrene monomer (St, Cica pure reagent,
low-energy muons, which were used to probe the local motion Kanto Chemical Co., Ltd) was adsorbed to activated aluminum

in a thin film of polystyrene as a function of depth below the ©xide (particle size 24 mm, Kanto Chemical Co., Ltd). Oxygen
free surfacd? gas dissolved in St was eliminated by four repeated times of the
' freeze-pump—thaw method in a vacuum line. The St was purified
by distilling twice in the vacuum line. PTFE (Fluon G163, Asahi

* Corresponding author. Masato Sakaguchi. E-mail: sakaguchi@ i i ot
U-shizuioka-ken.ac.jp. PhoneB1-54-264-5786, faxt 81-54-264-5786. Glass Co., Ltd) was used without further purification.

quperimentaI Section

t University of Shizuoka. The polystyrene (PS) chains tethered on the solid surface of PTFE
 Nagoya Institute of Technology. in a vacuum were produced by the same procedure as descried in
§ Institute for Molecular Science. our previous papérexcept for the amount of St monomer. The
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following procedure was used: The solid PTFE (1.5 g) in a glass-
ball-mill connected to a vacuum line was evacuated under 0.6 Pa
pressure at 353 K for 4 h. The purified St (2x710-2 mol) was
introduced into the glass-ball-mill in the vacuum line. The glass-
ball-mill containing solid PTFE and St was sealed off from the
vacuum line and set in a vessel filled with liquid nitrogen. The
solid sample of PTFE and St in the glass-ball-mill was mechanically
fractured by a homemade vibration ball-mill apparatus for 21 h at
77 K in a vacuuni:?* After milling, the powdered sample was

dropped into an ESR sample tube attached to the top of the glass-

ball-mill.

ESR spectra were observed at a microwave power level of 0.1
mW to avoid power saturation and with 100 kHz field modulation
using a Bruker ESP300E spectrometer (X-band) equipped with a
helium cryostat (Oxford ESR 900) and a temperature controller
(Oxford ITC4). Before ESR observation, the sample was cooled
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Figure 1. Coordinate system of the peroxy radical showing principal

to 4 K in thecryostat and held for 1 h. The sample was kept at direction of theg tensor ¢, = 2.03554 0.00005,g, = 2.0080 +

elevated temperature for 15 min, then ESR spectra were observe
at the temperature.

ESR spectral simulation was carried out by using a computer
program which can calculate a line shape equation of ESR spectr
in the solid-state having anisotrogi@and hyperfine splitting tensors
A as has been shown in the previous pdpEmte computer program
was made based on the concept as follows: The complex
magnetizationZ, is given by

n.
z ics*ZDjMOﬁP 1)
£

According to Heinzer's definitio?f, Mo is a complex non-Hermitian
matrix of dimensionN = ncng, with nc = number of chemical
configurations andah. = number of linesP is a populationS™ is
shift operator. The degeneracy of a transition is denoteld;byhe

C denotes a scaling factor. The imaginary partZofields the
absorption line shape equation directifq can be decomposed
into a constant matrixF, and a scalar matrixHE, which are
exhibited with a magnetic field unit instead of a frequency unit:

Mgy = F, + HE

with

nc nc n,

Fi= ;;[—i Ors(H? + OLZAlAm) ~ O(1IT) = Oy

Kgr = Uz, )(h2m)w,/(9:5)

nc
ZKm +
n=r

(1 - 5rs) Ksr]

1T, = (UT, ) (W2m)w /(9.)
H? = (hV2m)w /(g f)
9,°=g,,° cos ¢ sin’ 6 + g,,° Sir’ ¢ Sirf 6 + g,5° cos 6
A?=A,%cos ¢sin’ 6+ A2 sirf ¢ sin? 6 + A2 cos 6

K is treated as the rate of conformation change fraims. 7,
is a correlation time denoted by a residence time of the
conformation.H? is an electronic Zeeman interaction of the
conformation. 1T is a line width. Theg, andA, areg values and
the hyperfine splitting constant at theonformation. The last two
terms, —s S, K + (1 — Ois)Ksr, are responsible for the
intramolecular exchange.

The coordinate system of a peroxy radical revealing the principal
direction of theg tensor is shown in Figure 1. Site 1 is defined as
the direction of they; (2.0355) axis (that is, the direction of the
maximum principal valué§?” which is parallel to the axis of the
oxygern—oxygen bond, the direction of thg (2.0023) axis (that

-00005, andj; = 2.0023+ 0.00005). Site 1 is defined as the direction

of theg, (2.0355) axis and is parallel to the axis of the oxygerygen
bond, the direction of thgs (2.0023) axis is parallel to the direction of
the p orbital and perpendicular to the-@®—-0 plane, and they;

8(2.0080) axis is perpendicular to both theandgs axes. Sites 2 and

3 are defined as (2.008R.0355, 2.0023) and (2.0355, 2.0023, 2.0080).

(b)
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Figure 2. ESR spectra observed at 77 K: (a) as-fractured PTFE with
St monomer in a vacuum at 77 K; (b) annealing at 213 K for 10 min.

Arrows indicate that there are no wing peaks due to the PTFE mechano
radicals,—CF,CF, *.

300

is, the direction of the minimum principal vali#éy’ parallel to

the direction of thep orbital and perpendicular to the«D—0
plane, and the, (2.0080) axis that is perpendicular to both the

and gz axes. Two other sites were defined as follows: Site 2
(2.008Q 2.0355, 2.0023) and Site 3 (2.0355, 2.0023, 2.0080). In
our spectral simulation, we assumed that a peroxy radical stayed
at siter with a correlation timer; and then jumped to another site.
The correlation time without distribution was assumed. The
Gaussian distribution function was employed as a line shape
function.

Results and Discussion

Figure 2a shows the ESR spectrum observed at 77 K of PTFE
milled with St in a vacuum at 77 K. The arrows indicate that
there are no wing peaks due to the PTFE mechano radicals:
—CF,CF, *, which are produced by mechanical fracture of
PTFEL!2* The disappearance of the wing peaks is due to a
reaction of PTFE mechano radicals with St monomer and PTFE
mechano radicals resulting in PS propagating radicals. To
complete the reaction, the sample was annealed at 213 K for
10 min (Figure 2b). We reported that mechano radicals were
localized on the fresh surface of fractured polyn#&. The
PTFE mechano radicals initiated a radical polymerization of
several monomers, such as ethyléh€ methymethacrylaté’
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Figure 4. Schematic illustration of NIPSOO tethered on the PTFE
surface in a vacuum, which take a train state below 190 K and a tail
state above 200 KRy, radius of gyrationR. = R/R;, a relative radius
to a radius of a tethered poirR. R. = 1.0, a critical length for the PS
L . 1 . L . L chain in which it can contact and entangle with inter- and neighboring-
310 320 330 340 PS chains on the PTFE surface.

Magnetic Field (mT)

Figure 3. Spectral change with advancing of the oxidation reaction - 10K
from the chain end-type alkyl radicals of PS at the ends of NIPS to the
peroxy radicals: (a) after contact with oxygen molecules at 77 K; (b)
after annealed at 171 K for 10 min. All spectra were observed at 77 K. l
100 K

isobutylene® and 1,3-butadien®. It was found that the
mechanical fracture of PTFE (1.5 g) with St (1x210~° mol)
in a vacuum at 77 K produced PTFE mechano raditdlke
PTFE mechano radicals initiated a radical polymerization of St i 120K
and produced isolated polystyrene chains tethered on the solid
surface of PTFE. Thg-values of the observed peroxy radical
of the PS were smaller than those of PT¥ETaking into

account the past result, the singlet spectrum of Figure 2b can 250'_(
be assigned to PS propagating radicals.

Assuming no residue of St, the average degree of polymer- b LY
ization (DP) of PS can be estimated as BPL.0 x 10* from 320 330 340 350 320 330 340 350
the concentrations of St (1 1072 mol) and PTFE mechano Magnetic Field (mT) Magnetic Field (mT)

. 6 o
radlcals.(6.8>< 104 rgdlcalsl g) located on thg suorface of PTHE. Figure 5. Temperature-dependent ESR spectra of NIPSOO tethered
The radius of gyrationRg = (Cw(2DP — 1)a,%6)%) of PS was on the solid surface of PTFE in a vacuum. Observed spectra are shown
calculated to be 28 nm on the basis of the ¥.A.0* of DP, with solid lines, and simulated spectra are shown with broken lines.

carbon-carbon bond |engtfﬁ6 = 0.15351 nn'f)?» and charac- Simulation spectra were calculated using the thygalues (20355]:
teristic ratio C. = 10.46) of atactic P$* The area per tethered Sﬁgoﬁﬁhg'ggﬁi&?\%{?ﬁ;} :rﬁgleittu?éOOOOS) and each correlation
point on the PTFE surface was calculated to be 3% omthe '

basis of the concentration of PTFE mechano radicals located Temperature-dependent ESR spectra of NIPSOO observed

on the surface and specific surface area (2ghi® Assuming in the temperature range from 10 to 250 K are shown in Figure
the area of a circle as 31 fAnthe radius per tethered poiri) 5 with solid lines. The spectrum observed at 10 K is a
is 3.1 nm. The relative radiu®{ = Ry/R;) of PS having 1.0x characteristic powder pattern of a rigid limit and is identical

10* of DP is to be 8.9, which is one order higher than 0.77 of with that of the IPSOO at 10 KThe simulated spectrum at 10
isolated PS chains tethered on the PTFE surfaSimce the K using the three principal values of tigetensor ¢; = 2.0355
tethered PS chain having. = 8.9 is larger than 1.0, it can 4+ 0.00005,g, = 2.0080 + 0.00005, andgs = 2.0023 +
contact and entangle with inter- and neighboring-PS chains on0.00005) in a rigid limit is in good agreement with the observed
the PTFE surface. The entanglement can be regarded as a&pectrum (shown in Figure 5 at 10 K with the broken line).
“pseudo entanglement” which can be untangled at elevated The three principal values of tlggtensor used in the simulation
temperatures. Thus, the PS chain tethered on the PTFE surfacare the same as those of IPSOO. On the other hand, we reported
can be regarded as a “nonisolated PS chain” (NIPS). The NIPSthat theg values of the peroxy radicals of PTFE wege =
chain has a free radical at the terminal of the chain because the2.0429,g, = 2.0081 andgs = 2.0018, andgiso = 2.0176'6
terminal of the NIPS chain is a PS propagating radical (Figure These values are not identical with thosegpf= 2.0355,g, =
2b). 2.0080,g9s = 2.0023 andgs, = 2.0153 of the NIPSOO.
The NIPS chains were in contact with oxygen molecules at Accordingly, these results strongly suggest that PS propagating
77 K (Figure 3a). After annealing at 171 K for 10 min, the radicals converted to PS peroxy radicals.
ESR spectrum observed at 77 K was drastically changed and Although the shape of the spectrum of NIPSOO observed at
showed a characteristic powder pattern of peroxy radicals, in 100 K is almost the same as that observed at 10 K, the depth of
which a molecular motion of the peroxy radicals was in a rigid the valley between peaks (shown with an arrow) slightly
limit (Figure 3b). Hereafter the ends of the peroxy radicals of decreases in relation to that observed at 10 K. The decrease
the NIPS chains tethered on the solid surface of PTFE are calledsuggests that a small-scale motion occurs at the temperature.
“peroxy radicals at the ends of the nonisolated PS chains” The observed spectrum (shown in Figure 5 at 100 K with a
(NIPSOO). The NIPSOO is located on the PTFE surface and solid line) fits well with the simulated one calculated using the
may have a bulky shape induced from high chain segmental sameg values of the rigid limit and anisotropic correlation times,
density (illustrated in Figure 4, train state). 71=7,= (854 0.2) x 108s andr; = (1.04+= 0.2) x 1077
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Figure 6. Arrhenius plot of correlation time of NIPSOO vs inverse Figure 7. Arelative anisotropy of correlation times, which is defined
temperatureO, Short correlation times; A, long correlation timers. as InAr)/In 7,, is plotted against observation temperature. NIPSOO,
Ea and E are activation energies of a long correlation time in the O with the — — — line; IPSOO,® with — line.

temperature ranges from 100 to 190 K and from 190 to 25B.Kand
Easnare activation energies of a short correlation time in the temperature from the train state to the tail state. The tratail motional
ranges from 100 to 210 K and from 210 to 250 K. transition temperature is defined at 200 K due to the midpoint
s. The anisotropic correlation time corresponds to the different of the two alteration points of 190 and 210 K. The 20 K
residence time in each site and shows an anisotropic motionaldifference of the alteration points 190 and 210 K corresponding
mode. All simulated spectra at the elevated temperatures wereto long and short correlation times cannot be explained
calculated using the same principglvalues except for each obviously. However, a motional mode with a long correlation
correlation time (shown in Figure 5 with broken lines). The time corresponding to a slow motion may be activated in a lower
spectral change of NIPSOO with increasing temperature is duetemperature range to achieve the trafail transition.
to the molecular motion of NIPSOO with the corresponding ~ The train-tail transition is not a conformation change in a
correlation time. For example, the anisotropic correlation times Small space but a transition with large space. On the other hand,
at 190 K were calculated ag = 7 = (1.3+ 0.1) x 108 s a glass transition temperature reveals a relaxation due to a
corresponding to a short correlation time and= (3.4 + 0.1) cooperative motion with a correlation length of chain segments
x 1078 s corresponding to a long correlation time. The in the bulk. It seems that the motion of the PS chains in the
anisotropic motion of NIPSOO corresponding to long and short bulk at around the glass transition temperature may not
correlation times decreased with increasing temperature (Figurecorrespond to the motion with a large space like the tr&ail
6). transition because the transition needs a large space for free
Figure 6 shows Arrhenius plots af of NIPSOO versus rotation but it is hard to produce the space in the bulk at around
inverse temperature. The long and short correlation times arethe glass transition temperature.

shown witha andO, respectively. The long correlation time Figure 7 shows a temperature dependence of a normalized
decreases with temperature increasing and steeply decreasednisotropy index of the correlation times defined aairin 7,
above 190 K. The activation energi() of the motion was = (In 73 — In 72)/In((z1 + 72 + 73)/3). The indexes of the IPSOO

2.2+ 0.2 kd/mol, which was derived from the slope of the line (shown with®) and NIPSOO (shown witd) showed the same
depicted by the least-squares method in the temperature rangéendency against an increment of temperature, thadin 7,

from 100 to 190 K. The short correlation time also decreases initially increased and reached relatively high values (more than
with temperature increasing and steeply decreases above 21@.04) with an increase in temperature, but the value steeply
K. The activation energyEs) of the motion in the temperature ~ decreased with a further increment of temperature. The steep
range from 100 to 210 K was calculated as 9.2 kJ/mol. drops were observed around 150 and 190 K for the IPSOO and
The values oEy andEag are very small and almost identical. NIPSOO, respectively. These temperatures correspond to the
Thus, the corresponding motional mode of NIPSOO may be a onset of the protruding of the PS chains from the PTFE surface.
small-scale motion with an anisotropic tumbling motion on the The high anisotropy of correlation times of the NIPSOO spreads
PTFE surface. When the observation temperature was aboveover the temperature range from 140 to 190 K where that of
190 K, the long correlation times steeply decrease with the IPSOO is from 120 to 150 K. The anisotropic motion of
increasing temperature. The activation ener@y) of the NIPSOO with a wide temperature-range compared to that of
motion in the temperature range from 190 to 250 K was IPSOO is probably due to interactions such as contact and
estimated as 12.2 0.2 kd/mol. For the short correlation time, ~pseudo entanglement between inter- and neighboring NIPSOO
the activation energyBas) of the motion in the temperature  tethered on the solid surface of PTFE. We seem that the wide
range from 210 to 250 K was calculated as 14.9.2 kJ/mol.  temperature range of the NIPSOO may be mainly due to pseudo
TheE,n andEashare almost the same value. Since the difference entanglements.

betweerr; andr; values decreased above 190 K, the anisotropic .

motional mode changed into a slightly anisotropic one above Conclusions

190 K (Figure 6). Both the small anisotropy between the short The molecular motion of NIPSOO tethered on the solid
and long correlation times and the close activation energy surface of PTFE in a vacuum was investigated in the temperature
suggest a similar motional mode above 190 K. The ESR line range from 10 to 250 K by ESR. The onset of an anisotropic
shape at 250 K with correlation time = 7, = (3.0+ 0.1) x tumbling motion of NIPSOO on the PTFE surface at a train
1079 s corresponding to a short correlation time age= (6.0 state was 100 K. Above 200 K, the NIPSOO protruded from
+ 0.1) x 10? s corresponding to a long correlation time reveals the PTFE surface and resulted in a free-rotational state with a
that NIPSOO is in a free rotational mode having a slightly slight anisotropy as a tail state. The activation energy of the
anisotropic motion. Thus, the NIPSOO probably untangled the molecular motion of NIPSOO at the tail state was calculated
pseudo entanglements, is protruded from the PTFE surface, andas 12.2-14.9 kJ/mol. The transition temperature and activation
is at an almost free rotational state, which is defined as a tail energy of NIPSOO were high compared to those of 160 K and
state (illustrated in Figure 4). This indicates a motional transition 8.3—9.2 kJ/mol of the IPSOO tethered on the solid surface of
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PTFE. The relative anisotropic motion of the NIPSOO exhibited (14) fggg%uechziél\l/lé; Yamaguchi, T.; Shimada, S.; HoriMacromolecules

a wide temperature range_compan_ed o that O.f lPSOO'. The Wlde(15) Sakaguf:hi, M..; Shimada, S.; Hori, Y.; Suzuki, A.; Kawaizumi, F.;
temperature range Of.motlona| an|50tr0py, hlgh-transmon tem- Sakai, M.: Bandow, SMacromolecules1995 28, 8450.

perature, and activation energy of the NIPSOO compared to (16) Shimada, S.; Suzuki, A.; Sakaguchi, M.; Hori, Macromolecules
those of the IPSOO are probably due to contact and pseudo, _ 199629 973. o _
entanglement between inter- and neighboring-NIPSOO chains(7) Yamamoto, K.; Shimada, S.; Tsujita, Y.; SakaguchiPdlymer1997

38, 6327.

on the PTFE surface. (18) Sakaguchi, M.; Shimada, S.; Yamamoto, K.; Sakai,M&cromol-
ecules1997, 30, 3620.
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