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ABSTRACT: The molecular mobility of peroxy radicals at the ends of isolated polystyrene chains (IPSOO)
tethered on the solid surface of poly(tetrafluoroethylene) (PTFE) was investigated in a vacuum in the temperature
range from 10 to 250 K by electron spin resonance spectroscopy. The onset of an anisotropic tumbling motion
of IPSOO at a train state on the PTFE surface was 80 K. When the temperature was above 150 K, the IPSOO
protruded from the PTFE surface and resulted in a tail state, in which the IPSOO was in a free rotational state.
A train—tail transition temperature was defined at 160 K, which was extremely low compared to the glass transition
temperature (373 K) of polystyrene (PS) in the bulk. The activation energy of the IPSOO of the tail state was
calculated as 8:39.2 kJ/mol. The remarkably high mobility and low activation energy of the IPSOQ are probably
due to an isolated chain on the PTFE surface, a low chain segmental density, a chain end, and a weak interaction
with the PTFE surface.

Introduction chain segmental density at the surface and promoted chain
activity.

Electron spin resonance spectroscopy (ESR) can detect and
assign radical species. Furthermore, molecular motion of
polymer chains having radicals can be evaluated by using a
spectral simulation. Authors have systematically studied surface
molecular motion of polymer chains by mainly using ESR!
3We earlier indicated that the mobility of any polymer chain
tethered on the surface was higher than that in the bulk. The

igh mobility was associated with the extremely low density
of the chains on the surface. In addition, we found that an
standing films was reduced below the bulk value and decreasedjj)? éﬁ;er? gzlr:g:)etiggaé? igi?a{]elghpgggltw%;gr ceh):ier glr?c;l trr;?jiigles

Ilneartlydvvtlrt]h tfltlrr1n thlcktnessf. Theodor?_u an? cr?-yvorlkémt\vg tethered on the surface of poly(tetrafluoroethylene) (PTFE) in
[ﬁpor ef atthe CE” er-c()j -mass m(()j |tonﬂ? t9 ?;]nsbo::ka € I N€ary vacuum occurred at 2.6 Rand the free rotation of the chain
e surface was enhanced compared to that in the bulk polymer,, 4 oo or' o e

which was revealed by molecular dynamics computer simula- . . . . .
y y b Itis well-known that different radical species reveal different

tions. Ngai and co-worketshave reported that dramatic ESR spectra. When anv tvoe of alkvl radical converts to a
reduction ofTg in freely standing polymer thin films was due pectra. y yp y! radic .
peroxy radical, the peroxy radical at a rigid limit motion reveals

to decrease of the cooperative length scale for chain segment -
near the surface. Mattice and co-workehsave reported that almost the same spectrum in a powder pattern. A spectral change
the mobility of chains increased toward the free surfaces due of peroxy radical reflects its molecular mobility. Therefore, the

. . . - olecular mobility can be directly analyzed from spectral
to decrease in density, which was revealed by coarse-graine - . ;
X . . - . changes. In a previous study, we repotfethat train-tail
simulations of thin polyethylene films. Kajiyama and co-

workerd—1! have reported that a glass transition temperature attransition temperatures of peroxy end-radicals of polymers
the surface Tg®) of polystyrene (PS) film was lower than the tethered on the PTFE surfacpolyethylene (PE) (123 K),

) ) . . polybutadiene (PB) (142 K), polypropylene (PP) (145 K),
ﬁ{gﬁggggf I?hgerebdutigi%)% u;_';go? ;Csar:‘ﬂrl]qgsitr(f)an;g CS;(;G ponisot;u(terne )(PIB)d(lﬁ4hK), and poly(methyl methacrylate)
§ ) . PMMA) (253 K)—and all these transition temperatures were
::t:;,beu;i?ffcgﬁ,?f—?ﬁgsezsss\éogﬁerg?/gﬁjrrfﬁtee(? tgy;ztzgrrggee;:]d%ower than those of g in the buII§. Unfortunately, we could not
evaluate the molecular dynamics parameters such as motional
correlation time and activation energy of the motion due to
* Corresponding author: e-mail sakaguchi@u-shizuoka-ken.ac.jp, phone limitation of our computer simulation program.
TE1-52-264 5700, Pt S1-54-264-5780. This article reports that a motional correlation time and its
v . activation energy of peroxy radicals at the ends of isolated

*Nagoya Institute of Technology. ) ! !
8 Institute for Molecular Science. polystyrene chains tethered on the solid surface of PTFE in a

Many investigations have been conducted on the mobility of
polymer chains in the bulk. They indicate that the mobility of
polymer chains strongly depends on their surroundings, which
is composed of polymer chains and a free volume. The mobility
relates to the amount and size of the free volume in the
surroundings. Recently, some research groups focused on
mobility of chains on the surface of polymeric materials due to
its importance in various practical applications such as adhesive
and lubricants and so on. Forrest and co-workérhave
reported that a glass transition temperatufg) for freely
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vacuum were evaluated by spectral simulations, and the mobility 9% =0, cog ¢ sinf 0 + g,,° sif ¢ sin* 0 + g,,>cos 0
of the ends of the isolated polystyrene chains was extremely
high compared to that in the bulk. A? = A2cod¢sino + A sinf¢sin’ g + A,” cos 6

Experimental Section K is treated as the rate of conformation change fratm s. 7, is

PTFE (Fluon G163, Asahi Glass Co., Ltd.) was used without @ correlation time denoted by a residence time obnformation.
further purification. Inhibitor in styrene (St, Cica pure reagent, H°ris an electronic Zeeman interactionro€onformation. 1T is
Kanto Chemical Co., Ltd.) was adsorbed to activated aluminum @ line width. Theg, and A; are g values and hyperfine splitting
oxide (particle size 24 mm, Kanto Chemical Co., Ltd.) and  constant at the conformation. The last two terms;érsy nc.Km +
removed. St was purified by distilling twice in a vacuum line. (1 — d:s)Ks, are responsible for the intramolecular exchange.
Oxygen gas included in St was eliminated by four repeat times of ~ The coordinate system of a peroxy radical revealing the principal
the freeze-pump—thaw method. direction of theg tensor is shown in Figure 1. Site 1 is defined as

The PS chains tethered on the solid surface of PTFE in a vacuumthe direction of theg, (2.0355) axis (that is, the direction of the

were produced by the same procedure as descried in the previougn@ximum principal valuéj2’ which is parallel to the axis of the
reports from our laborator§316.192123The following procedure was ~ OXygen-oxygen bond, the direction of thgy (2.0023) axis (that
used: The solid PTFE (1.5 g) in a glass-ball-mill connected to a S the direction of the minimum principal valdéj’ parallel to
vacuum line was evacuated under 0.6 Pa at 353 K for 4 h. The the direction of the p orbital and perpendicular to the@-O
purified St (1.2x 105 mol) was introduced into the glass ball ~ Plane, and the; (2.0080) axis which is perpendicular to both the
mill in a vacuum line. The glass ball mill containing solid PTFE ¢ @ndgs axes. Two other sites were defined as follows: site 2
and St was sealed off from the vacuum line, and set in a vessel (2-0080 2.0355, 2.0023) and site 3 (2.0355, 2.0023, 2.0080). In
filled with liquid nitrogen. The solid sample of PTFE and Stin the OUr Spectral simulation, we assumed that a peroxy radical stayed

glass ball mill was mechanically fractured by a homemade vibration & Siter with a correlation timer; and then jumped to another site.
ball mill apparatu® for 21 h at 77 K in a vacuum. After milling The correlation time without distribution was assumed. The

the powdered sample was dropped into an ESR sample tube attacheff@ussian distribution function was employed as a line shape
to the top of the glass ball mill. function.
ESR spectra were observed at a microwave power level of 0.1 ; ;
mW to avoid power saturation and with 100 kHz field modulation Results and Discussion
using a Bruker ESP300E spectrometer (X-band) equipped with a  Figure 2a shows the ESR spectrum observed at 77 K of PTFE
helium cryostat (Oxford ESR 900) and a temperature controller milled with St in a vacuum at 77 K. The spectrum reveals the
(Oxford ITC4). Before ESR observation, the sample was cooled characteristic wing peaks (shown with arrows) on the outer parts
to 4 K in thecryostat and kept for 1 h. The sample was kept at of the spectrum having a hyperfine splitting constant of 45.7
elevated temperature for 15 min, and then ESR spectra weremT, which is assigned to the spectrum due to the radicals having
observed at the temperature. two a F atoms?* Thus, the spectrum indicates that PTFE
We have modified Heinzer's meth#do calculate a line-shape  mechano radicals and chain end-type radica3F,—CF>*, were
equation of ESR spectra in the solid state having anisotigppitd produced by the milling of PTFE. After annealing at 193 K for
hyperZilne splitting tensorg\. As has been shown in a previous g min, the wing peaks decreased (shown with arrows in Figure
paper; the complex magnetizatio, is given by 2b) and disappeared by annealing at 233 K for 10 min (shown
with arrows in Figure 2c). With the annealing procedure, the
central peak became a smoothed line, and the line width
increased from 3.11 to 3.84 mT. We have reported that mechano
radicals were localized on the fresh surface of fractured
A ) o _ ) o polymers?82° The PTFE mechano radicals could initiate a
ccording to Heinzer’s definitionyl o is a complex non-hermitian d i
matrix of dimensionN = nen, with ne = number of chemical radical polymerization of sev_eral monomers, such as chyl-
configurations and, = number of linesP is a population, and enel32! methyl methacrylatés isobutylene®® and 1,3-but'ad|-
S is shift operator. The degeneracy of a transition is denoted by ene?* Furthermoreg values of the observed peroxy radical of
D;. The C denotes a scaling factor. The imaginary parZofields PS are greater than those of PTFE, which is indicated in a later
the absorption line shape equation diredtlly; can be decomposed  section. Thus, the singlet spectrum of Figure 2c can be assigned
into a constant matrixF, and a scalar matriXxHE, which are to PS propagating radicals.
exhibited with a magnetic field unit instead of a frequency unit: Assuming no residue of St monomer, the average degree of
. polymerization (DP) of PS was calculated as 72 by the
Mg =F; +IHE concentrations of St (1. 10°° mol) and PTFE mechano
radicals (6.8x 10 radicals/g) located on the surface of PTFE.
with The radius of gyrationRy = (C.. (2DP — 1)a,%/6)°® of PS
was calculated as 2.4 nm on the basis of the 72 of DP, carbon
nc ne nA nc carbon bond lengtha, = 0.15351 nm¥? and characteristic ratio
F= ZZ[—iérs(Wr + ZAm) — 0,(1IT,) — 6,SZKm + (Cw = 10.46) of atactic P$® The area per tethered point on
=& &= = the PTFE surface was calculated as 3% omthe basis of the
(199Kl concentration of PTFE mechano radicals located on the surface
and specific surface area (2.%/g).*® Assuming the area of a
Ko = (Uz,)(W27) o, /(,5) circle as 31 nf the radius R) per tethered point is 3.1 nm.
Since a relative radiusy( = Ry/R;) of PS having 72 DP is 0.77,
a tethered PS chain cannot contact and entangle with neighbor-

n.
z= —ics*ZDjMOﬁP )
£

1T, = (UT, ) (W2r)w /(9,5) ing PS chains. Each PS chain cannot aggregate because the chain
is tethered on the PTFE surface by a covalent bond. PS is
He. = (W27)w,/(g,6) immiscible with PTFE. Therefore, the tethered PS chain can

be regarded as an “isolated PS chain” (IPS).
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Figure 3. Spectral change with advancing the oxidation reaction from
the chain end-type alkyl radicals at the ends of IPS to the peroxy
radicals: (a) after contact with oxygen molecules at 77 K; (b) after
annealed at 193 K for 8 min. All spectra were observed at 77 K. Arrows
Figure 1. Coordinate system of peroxy radical revealing principal showg values: g; = 2.0355,g, = 2.0023.
direction ofg tensor ¢; = 2.0355+ 0.00005,g, = 2.0080+ 0.00005,
andgs = 2.0023+ 0.00005): Site 1 is defined as the directiongaf radicals of IPS chains tethered on the solid surface of PTFE
(2.0355) axis is parallel to the axis of the oxygesxygen bond, the — are called “peroxy ends of the isolated PS chains” (IPSOO).

direction ofgs (2.0023) axis is parallel to the direction of the p orbital .
and perpendicular to the-@0—0 plane and. ang, (2.0080) axis is The IPSOO is located on the PTFE surface and may have a

perpendicular to botly; andgs axes. Site 2: (2.008@.0355, 2.0023); mushroom shape induced from extremely low chain segmental
site 3: (2.0355, 2.0023, 2.0080). density (illustrated in Figure 4, train state).

Temperature-dependent ESR spectra of IPSOO observed in

the temperature range from 10 to 250 K are shown in Figure 5

with solid lines. The spectrum observed at 10 K is a charac-

teristic powder pattern of a frozen molecular motion. The
l (a) simulated spectrum at 10 K using the three principal values of
g tensor @ = 2.0355+ 0.00005,g, = 2.0080+ 0.00005, and
g3 = 2.0023+ 0.00005) in a frozen molecular motion, a rigid-
limit model, is in good agreement with the observed spectrum
(shown in Figure 5 at 10 K with broken line). On the other
hand, we have reported thgavalues of peroxy radicals of PTFE
were g1 = 2.0429,g, = 2.0081,g3 = 2.0018, andgisoc =
2.0176' These values are not identical with those gaf=
2.0355 andgis, = 2.0153 of the IPSOO. Accordingly, these
results strongly suggest that PS propagating radicals converted
to PS peroxy radicals.

Although the shape of the spectrum observed at 80 K is
almost the same as that observed at 10 K, the depth of the valley
between the signal position gf andg; slightly decreased in
relation to that observed at 10 K. The decrease suggests that a
small-scale motion occurs at the temperature. The simulated
spectrum of 80 K is in good agreement with the observed

. ' spectrum, which was calculated using thealues of the rigid
300 320 340 360 limit model and an isotropic correlation time, = 7, = 13 =
Magnetic Field (mT) (1.04 0.2) x 1077 s. The isotropic correlation time corresponds
Figure 2. ESR spectral change with advancing the polymerization to the same residence time in each site and reveals an isotropic
reaction from PTFE chain-end radicals to IPS radicals: (a) as-fractured motional mode. Spectra registered at the elevated temperatures

PTFE with St monomer at 77 K; (b) annealing at 193 K for 8 min; (c) ; ; ;
annealing at 233 K for 10 min. Arrows indicate the wing peaks due to at which ESR spectra were simulated were calculated using the

the radicals of-CR.CF. All spectra were observed at 77 K. same principqg values, except for each correlation time (shown
in Figure 5 with broken lines). The spectral change of IPSOO

On this stage, the IPS chain has a free radical at the terminalwith increasing temperature is due to molecular motion of
of the chain because the IPS chain is a propagating radical. ThedPSOO with corresponding correlation time. Anisotropic cor-
IPS chains were contacted to oxygen molecules at 77 K. After relation times at 100 K were calculated as= 72 = (4.4 +
contact, ESR spectrum changed from the singlet spectrum t00.1) x 1078 s corresponding to a short correlation time agd
the spectrum with humps on the shoulder (shown in Figure 3a = (6.4 + 0.1) x 1078 s corresponding to a long correlation
with arrows), which corresponded t§ = 2.0355 andg, = time. The anisotropic motion of IPSOO corresponding to long
2.0023. After annealing at 193 K for 8 min, the ESR spectrum and short correlation times increased with increasing temperature
observed at 77 K was drastically changed and showed a powdel(Figure 6).
pattern of peroxy radicals, in which a molecular motion of the  Figure 6 shows Arrhenius plots af of IPSOO vs inverse
radicals was frozen (Figure 3b). Hereafter, the ends of peroxy temperature. The long and short correlation times are shown
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K. The activation energyHs) in the temperature range from
80 to 170 K was calculated as 2£70.2 kJ/mol. The values of

Ear and E,q are very small and almost identical. Thus, the
corresponding motional mode of IPSOO may be a small-scale
motion with an anisotropic tumbling motion on the PTFE surface
or a motion by a tunnel effect. When the observation temperature
was above 150 K, the long correlation times steeply decrease
with temperature increasing. The activation eneigyt) in the
temperature range from 150 to 250 K was estimated as8.3
0.2 kd/mol. For the short correlation time, its activation energy
(Eash in the temperature range from 170 to 250 K was ©.2
0.2 kd/mol. TheEyn andEgghare almost the same value. Since
the difference betweein; and 71 decreased over 150 K, the
anisotropic motional mode changed into a less anisotropic one
above 150 K (Figure 6). Both the small anisotropy between the
short and long correlation times and the close activation energy
suggest a similar motional above 150 K. The ESR shape with
correlation time (1.5 0.1) x 1072 s at 250 K reveals that

Figure 5. Temperature-dependent ESR spectra of IPSOO on PTFE |PSOQ is a characteristic free rotational state. Thus, the IPSOO

surface. Observed spectra are shown with solid lines, and simulatedchain probably protrudes from the PTFE surface and rotates
spectra are shown with broken lines. Simulation spectra were calculated A . o .
using the threg values (2.0355 0.00005, 2.008& 0.00005, 2.0023  [reely. This indicates a motional transition from a train state to

+ 0.00005) and each correlation time.
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a tail state. The traiatail motional transition temperature is
defined at 160 K due to the midpoint of the two alteration points
of 150 and 170 K. The 20 K difference of the alteration points
150 and 170 K corresponding to long and short correlation times,
respectively, cannot be explained obviously. However, a
motional mode with a long correlation time corresponding to a
slow motion may be activated in a lower temperature range to
achieve the trairttail transition. The transition temperature of
160 K is extremely low compared to the glass transition
temperature of PS (373 K)in the bulk and that of the surface
of ultrathin film (341 K)3% Furthermore, the activation energy
of IPSOO is remarkably low compared to the activation energy

1T (K"
Figure 6. Arrhenius plot of correlation time of IPSOO vs inverse

temperature: circles, short correlation timgtriangles, long correlation Another point of view is the free rotational motion of IPSOO
time 3. Ear and Eq, are activation energies of a long correlation time

in temperature ranges from 80 to 150 K and from 150 to 25&. based on only activation energy (882 k‘J/mOI)_may cor-
andE.share activation energies in temperature ranges from 80 to 170 respond to a molecular motion based on a rotational isomeric
and from 80 to 250 K. state model, which is based on an intrinsic 3-fold torsion
potential having a barrier height of 11.7 kJ/mol assigned to each
with triangles and circles. The long correlation time decreases skeletal G-C bond37380On the other hand, the activation energy
with temperature increasing and steeply decreases above 150f 8.3—9.2 kJ/mol of IPSOO corresponds to that of 918.0
K. The activation energyHy;) of the motion was 1.6t 0.2 kJ/mol of spin-labeled PS with nitroxide radical in dilute toluene
kJ/mol, which was derived from the slope of the line depicted solution3® Freed and co-workers reported that the activation
by the least-squares method in the temperature range from 80energy of spin-labeled polystyrene in dilute toluene solution by
to 150 K. The short correlation time also decreases with using the ESR technique is 11491.5 kJ/mol, which is in good
temperature increasing but steeply decreasing point shifts to 170agreement with results from fluorescence studiegnerefore,

(230 £ 10 kJ/mol) of the surface segmental motion in the PS
film. 36
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it is strongly suggested that the mobility of IPSOO corresponds (15) Yamamoto, K.; Shimada, S.; Tsuijita, Y.; SakaguchiPdlymer1997,

to the mobility in a dilute toluene solution, in which PS chains
are isolated from neighboring PS chains.

Conclusions
The molecular mobility of IPSOO tethered on the solid

surface of PTFE in a vacuum was investigated in the temperature
range from 10 to 250 K by ESR. It was found that the onset of

38, 6327.

(16) Sakaguchi, M.; Shimada, S.; Yamamoto, K.; Sakai,Mé&cromol-
ecules1997, 30, 3620.

(17) Yamamoto, K.; Shimada, S.; Sakaguchi, M.; TsujitaMacromol-
ecules1997, 30, 6575.

(18) Sakaguchi, M.; Shimada, S.; Yamamoto, K.; Sakai,Ni&cromol-
ecules1997, 30, 8521.

(19) Sakaguchi, M.; Yamamoto, K.; Shimada, Nsacromoleculesl998
31, 7829.

an anisotropic tumbling motion of IPSOO on the PTFE surface (20) Yamamoto, K.; Suenaga, S.; Shimada, S.; SakaguchPdWmer

at a train state was 80 K. Above 150 K, the IPSOO protruded

200Q 41, 6573.

from the PTFE surface and resulted in a free rotational state, a(21) Sakaguchi, M.; Yamamoto, K., Miwa, Y.; Hara, S.; Sugino, Y.;

tail state. The activation energy of the IPSOO of the tail state

was calculated as 8:3.2 kJ/mol. The remarkably high mobility

and low activation energy of the IPSOO are probably due to an

Okamoto, S.; Sakai, M.; Shimada,8acromolecule2004 37, 8128.
(22) Sakaguchi, M.; Sohma, J. Appl. Polym. Sci1978 22, 2915.
(23) Yamamoto, K.; Shimada, S.; Tsujita, Y.; Sakaguchi,Nt&cromol-
ecules1997, 30, 1776.

isolated chain on the PTFE surface, a low chain segmental (24) Sakaguchi, M.; Sohma, J. Polym. Sci., Polym. Phys. E#975 13,

density, a chain end, and a weak interaction with the PTFE

surface.
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