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Abstract

The reorientation of one small paramagnetic molecule ( spin probe ) in glassy

polystyrene ( PS ) is studied by high-field Electron Paramagnetic Resonance spec-

troscopy at three different Larmor frequencies ( 95, 190 and 285 GHz ). Two dif-

ferent regimes separated by a crossover region are evidenced. Below 180K the rota-

tional times are nearly temperature-independent with no apparent distribution. In

the temperature range 180− 220K a large increase of the rotational mobility is ob-

served with widening of the distribution of correlation times which exhibits two com-

ponents: i) a delta-like, temperature-independent component representing the frac-

tion of spin probes w which persist in the low-temperature dynamics; ii) a strongly
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temperature-dependent component, to be described by a power-distribution, rep-

resenting the fraction of spin probes 1 − w undergoing activated motion over an

exponential distribution of barrier heights g(E). Above 180K a steep decrease of w

is evidenced. The shape and the width of g(E) do not differ from the reported ones

for PS within the errors. The large increase of the rotational mobility of the spin

probe at 180K is ascribed to the onset of the fast dynamics detected by neutron

scattering at Tf = 175 ± 25K.

Key words: fast motion, energy landscape, Electron Paramagnetic Resonance
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1 Introduction

Particular interest and a current subject of strong controversy is the so called

fast dynamics of glasses, occurring in the time window 1− 102 ps with several

studies carried out mainly by neutron [1–5], Raman scattering [6–9] and high-

field Electron Paramagnetic Resonance ( HF-EPR ) [10,11]. It is observed that

on heating in a temperature range below the glass transition temperature Tg

the dynamics of glass-forming systems deviates from the harmonic behavior

and quasielastic scattering starts to accumulate in the low frequency range of

the scattering function S(Q, ω). Accordingly, the temperature dependence of

the atomic mean-squared displacement also starts to deviate from the linear

dependence. We will denote by Tf the onset temperature above which the

deviation from the harmonic behavior becomes apparent.
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The microscopic origin of the fast dynamics is still a question open to a strong

controversy. The role of carbon-carbon torsional barriers to drive the fast

dynamics of glass-forming polymers was also pointed out [1]. In the particular

case of polystyrene ( PS ) of interest here, Tf was found to be 175 ± 25K

[3] and 200K [4]. For PS the onset of the fast motion has been ascribed to

the change of the librational dynamics of the side-chain phenyl ring [3,4] with

expected involvement of the main-chain through the connecting bonds [12,13].

According to Nuclear Magnetic Resonance ( NMR) the flip motion becomes

frozen at about 190K [14].

In glasses the dynamics is thermally activated in the substructures of the min-

ima of the energy landscape [15]. Important information is conveyed by the

energy barrier distribution g(E) which is only weakly temperature-dependent

in the glassy state [16]. For glassy PS this was tested by scaling light scat-

tering data [17]. Buchenau confirmed that conclusion by comparing results

from several techniques covering a wide time window from 1Hz up to about

100GHz [18]. The same result has been reached by HF-EPR [10,11,19].

The shape of the energy-barriers distribution g(E) in glasses has been exten-

sively investigated via experiments [8,10,11,16,17,19–24], theories [25–29] and

simulations [30]. Basically, two different distributions are usually recovered,

the gaussian distribution [8,16,20,21,24,25,30,31] and the exponential distri-

bution [8,10,11,17,19,22,26–29].

It is interesting to relate g(E) with the density of states, i.e.the distribution

of the minima of the energy landscape. On the upper part of the landscape,

being explored at high temperatures, the Central Limit theorem suggests that

the density is gaussian [30]. At lower temperatures the state point is trapped
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in the deepest low-energy states which are expected to be exponentially dis-

tributed following general arguments [27]. Different models [28] and numerical

simulations [29] support the conclusion. In particular, trap models suggest

that g(E) has the same shape of the exponential density of states [28] .

If the average trapping time τ before to overcome the barrier of height E at

temperature T is governed by the Arrhenius law,

τ = τ0exp(E/kT ) (1)

k being the Boltzmann’s constant, the distribution of barrier heights induces a

distribution of trapping times ρ(τ). The explicit form of ρ(τ) for an exponential

distribution of barrier heights with width E is:

g(E) =































0 if E < Emin

1
E
exp(−E−Emin

E
) if E ≥ Emin

(2)

and ρ(τ) is expressed by the power-law distribution ( PD )

ρPD(τ) =































0 if τ < τPD

xτx
PDτ−(x+1) if τ ≥ τPD

(3)

with x = kT/E and τPD = τ0 exp(Emin/kT ). Note that the absence of energy

barriers below Emin does not change the shape of ρPD and allows for the

temperature dependence of τPD.

If the width of the energy-barriers distribution is vanishingly small, a single
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trapping time, i.e. a single correlation time ( SCT ), is found with:

ρSCT (τ) = δ(τ − τSCT ) (4)

The use of suitable probes to investigate the relaxation in glasses by NMR

[14,20,21,23,32], EPR [31,33–35] and Phosphorescence [36] studies is well doc-

umented. In particular, during the last few years continuous-wave ( CW ) and

pulsed HF-EPR techniques were developed involving large polarizing magnetic

fields, e.g. B0
∼= 3T corresponding to Larmor frequencies about 95GHz ( W

band ), [37,38] or even larger frequencies [19,39,40]. HF-EPR is widely used in

polymer science [10,11,19,41–44]. One major feature is the remarkable orien-

tation resolution [44] due to increased magnitude of the anisotropic Zeeman

interaction leading to a wider distribution of resonance frequencies [45]. Re-

cently, HF-EPR studies evidenced the exponential distribution of the energy

barriers of the deep structure of the energy landscape [19] as well as clear sig-

natures of the onset of fast motion in glassy PS [43,44] in full agreement with

neutron [1–5] and Raman scattering [6–9]. These studies were carried out at

190 and 285 GHz. Here, novel results from HF-EPR at 95GHz are presented

and compared to the previous ones.

2 EPR background

2.1 Lineshape

The EPR signal is detected in paramagnetic systems. Since most polymers

are diamagnetic, paramagnetic probe molecules ( spin probes ) are usually
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dissolved in them. The main broadening mechanism of the EPR line shape of

the spin probe is determined by the coupling between the reorientation of the

latter and the relaxation of the electron magnetization M via the anisotropy

of the Zeeman and the hyperfine magnetic interactions. When the molecule

rotates, the coupling gives rise to fluctuating magnetic fields acting on the spin

system. The resulting phase shifts and transitions relax the magnetization

and broadens the resonance [45]. One important parameter to describe the

rotational dynamics of the spin probe is the correlation time τl, i.e. the area

below the self-correlation function < Yl,0(t) Yl,0(0) >, Yl,0 being the spherical

harmonic with rank l .

The occurrence of a static distribution of correlation times in glasses leads

to evaluate the EPR line shape L(B0), which is usually detected by sweeping

the static magnetic field B0 and displaying the first derivative, as a weighted

superposition of different contributions:

L(B0) =

∞
∫

0

dτ2L(B0, τ2) ρ(τ2) (5)

where L(B0, τ2) is the EPR line shape of the spin probes with correlation

time τ2 and ρ(τ2) is the τ2 distribution. The choice of labeling the different

contributions by τ2 is arbitrary. An efficient numerical method to calculate the

HF-EPR line shape is detailed elsewhere [42].

2.2 Model of the rotational motion

One expects that small spin probes undergo jump dynamics in glasses [34]. In

the presence of jumps correlations are lost roughly after one single trapping
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time, i.e. τl
∼= τ . For l = 2 a simple rotational jump model yields [34]

τ2 =
τ ∗

[

1 −
sin( 5φ

2
)

5 sin(φ

2
)

] (6)

where φ and τ ∗ are the size of the angular jump and the mean residence (trap-

ping) time before a jump takes place, respectively. In the limit φ << 1 eq.6

reduces to τ2 = 1/6D = τ ∗/φ2, where D is the rotational diffusion coefficient,

i.e. the isotropic diffusion model. If φ ∼= 1, τ2
∼= τ ∗. Similar conclusions are

drawn for arbitrary l values. The above discussion suggests that in the pres-

ence of jump dynamics the distribution of the rotational correlation times τl

and the distribution of trapping times τ of the spin probe do not differ too

much. Henceforth, to emphasize that viewpoint, τ2 will be denoted as τ .

The identification of the rotational correlation time with the waiting time

before one activated jump takes place, is questionable when the latter becomes

extremely rare. In fact, if energy barriers are too high, entropic-like, alternative

pathways may become competitive to cancel the orientation correlations. A

simple account of that is provided by the truncation of ρ(τ) in eq.5 beyond a

certain τmax to give an effective distribution

ρT (τ) = H(τmax − τ)ρ(τ) + wδ(τ − τmax) (7)

where δ(x) is the Dirac delta, H(x) = 1 for x > 0 and zero otherwise and

w =

∞
∫

τmax

dτ ρ(τ) (8)

The weight w is the fraction of trapped molecules, i.e. the ones losing the rota-

tional correlations by undergoing not-activated motion. Henceforth, ρTPD will
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denote ρT in the particular case ρ = ρPD, eq.3 with τPD < τmax. Representa-

tive plots of the bimodal distribution ρTPD are shown in fig.1.

2.3 Adjustable parameters

The data analysis fits the experimental HF-EPR lineshapes collected at differ-

ent temperatures and to the operating frequency of 95GHz with the theoret-

ical prediction as expressed via eq.5 and the proper distribution function ρT ,

eq.7. It is worthwhile to state explicitely the number of adjustable parameters.

They are divided in two sets:

i) the parameters which are temperature- and frequency- independent. The

set includes the six magnetic parameters of the spin probe ( the principal

components of the g and hyperfine tensors ) and the jump angle φ;

ii) the parameters which are temperature-dependent and almost frequency-

independent. The set includes the width of the energy-barrier distribution,

e.g. E for the exponential distribution, eq.2, and the characteristic time scales

of ρT , eq.7. In the case ρT = ρTPD, they are the shortest and the longest

correlation time τPD and τmax respectively. Having set the former time scales

the weight w is not adjustable. In the simplest case of no distribution of

correlation times ( eq.4 ) τSCT only is adjusted.

The fit of the HF-EPR lineshapes by eq.5 provides the best-fit values of the

adjustable parameters and their errors which follow by suitable χ2 evaluation.
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3 Experimental details

Atactic PS was obtained from Aldrich and used as received. The weight-

average molecular weight is Mw=230 kg mol−1, polydispersity Mw/Mn = 1.64

and Tg=367 K. The free radical used as spin probe was 2,2,6,6-tetramethyl-

1-piperidinyloxy (TEMPO) from Aldrich. TEMPO has one unpaired electron

spin S=1/2 subject to hyperfine interaction with the nitrogen nucleus with

spin I=1. The chemical structures of PS and TEMPO are shown in fig.2.

Notice that TEMPO and the phenyl group of PS have similar shape. TEMPO

is stiff with almost spherical shape [35]. It has an average van der Waals

radius rTEMPO = 3.3 ± 0.2Å and may be sketched as an oblate ellipsoid with

semiaxes r|| ∼ 2.7Å and r⊥ ∼ 3.7Å. The preparation of the sample is described

elsewhere [11]. The spin probe was less then 0.08% in weight, thus resulting

in a extremely limited influence on PS. The EPR experiments at 95GHz

were carried out on the ultrawide-band EPR spectrometer which is detailed

elsewhere [46]. Magnetic parameters of TEMPO are drawn from our previous

studies on TEMPO in PS [11].

4 Results

Fig. 3 shows the lineshape at 95GHz of TEMPO in PS at 50K. It is seen

that the lineshape is well fitted by a single correlation time ( SCT model,

eq.4, two adjustable parameters, τSCT , φ). The small discrepancy between the

simulation and the peak at low magnetic field was already noted [38]. At such

very slow reorientation rates the lineshape is weakly sensitive to the jump size.

In fact, the quality of the fit does not change if the jump angle φ spans the
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range 20◦ − 60◦.

Fig. 4 shows the lineshape at 95GHz of TEMPO in PS at T = 180K. Again,

the SCT model provides good fits even if discrepancies are larger than at

50K. The faster rotational rate allows for better definition on the jump angle

φ whose best-fit value is in the range 20◦ − 35◦.

Fig. 5 shows the lineshape of TEMPO in PS at T = 200K. Here, the best-fit

curve by using the SCT model deviates from the experiment. Better agree-

ment is provided by considering the truncated power distribution of correlation

times ρTPD ( eq.7 with ρ = ρPD, eq.3). Following refs.[10,11], τmax, the ro-

tational correlation time of trapped TEMPO ( Sec.2.2 ) is set equal to τSCT

at 180K, i.e. the rotational dynamics of TEMPO for T ≤ 180K is assumed

to be non-activated ( in fact τSCT between 50K and 180K is found almost

temperature-independent, see figs.3,4). That constraint was kept for all the

temperatures T ≥ 200K. Due to this strategy, ρTPD(τ) adds only one ad-

justable parameter to the one of the elementary SCT model, eq.4.

At higher temperatures the agreement of the TPD model with the

experiment becomes much more pronounced than in Fig.5. This

may be understood by considering Fig.6. It shows that, on increas-

ing the temperature, the fraction of trapped TEMPO molecules w

decreases markedly, making the differences between TPD and PD

models immaterial. The excellent agreement of the PD model with

the experimental findings on the reorientation of TEMPO in PS at

240K and 270K was reported elsewhere [10,11,19].

Fig.6 also presents the temperature dependence of the width of the energy-

barrier distribution E = kT/x as drawn by best-fit procedure of the HF-EPR
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lineshapes at 95, 190 and 285GHz in terms of the TPD model. To get that

results, the parameters x, and τPD of eq.3 only were adjusted with constant

jump angle φ = 20◦. The lowest temperature of the plot is 200K, below which

TEMPO is fully trapped ( w ∼= 1, fig.6 ) and then unable to probe the energy-

barrier distribution.

Fig.7 presents the overall temperature dependence of the characteristic times

describing the reorientation of TEMPO according to the SCT ( eq.4, τSCT ) ,

PD (eq.3, τPD ) and TPD ( eq.7 with ρ = ρPD, τPD and τmax) models.

5 Discussion

It is interesting to compare the exponential energy-barrier distribution which

is experienced by TEMPO, g(E), and gPS(E), i.e. the exponential distribution

of barrier-heights of PS which was evidenced by internal friction [22], Raman

[8] and light scattering [17]. The measured widths were EIF /k = 760± 40K ,

ERaman/k = 530±60K and ELS/k = 530±40K, respectively. Fig.6 shows that

the distribution of energy barriers g(E) probed by TEMPO has not only the

same exponential shape of the PS one, but it exhibits also comparable width.

In particular, the constancy of E for TEMPO at low temperatures is consis-

tent with the conclusion that the latter probes the barrier-height distribution

of glassy PS which is expectedly temperature-independent [16]. The apparent

decrease of E at the highest temperature is, most probably, not due to PS

which is still well below Tg but to faster reorientation of TEMPO leading to

a decoupling from PS dynamics. The increase of the width of the exponential

distribution g(E), E, with the HF-EPR frequency is under current investiga-

tion and will be discussed elsewhere. Notably, the frequency-dependence of E
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decreases at the highest temperature under investigation, i.e. 270K.

Fig.7 shows the temperature dependence of the characteristic times of TEMPO

in PS. On heating, after a flat region between 50 − 180K where TEMPO ex-

hibits a single correlation time τSCT , between 180−220K a second component

of the distribution of correlation times arises, being described by a truncated

power distribution of correlation times whose shortest timescale τPD drops

of a factor of about 80. The increase of the rotational mobility parallels the

strong decrease of the fraction of trapped TEMPO molecules w, fig.6. The

changes of the bimodal distribution of correlation times by decreasing w is pic-

tured by fig.1. Interestingly, similar effects on guest molecules were reported.

NMR showed that toluene ( similar in shape to TEMPO, see fig.4 ) in glassy

PS exhibits both frozen and mobile components, the latter arising at about

170−180K [14,32]. Moreover, it was noted by EPR that oriented spin probes in

PS lose their alignment above ∼= 200K [33]. It is worthwhile to point out that

the change of the rotational dynamics of TEMPO in PS around 200K cannot

be ascribed in an obvious way to changes in the free-volume where TEMPO

is accomodated, as in other cases [35]. In fact, the study of the unoccupied

volume of PS by the positron annihilation technique showed that the free-

volume size increases smoothly with trivial linear temperature-dependence in

the range 30 − 260K [47].

We intepret the increased rotational mobility of TEMPO above 180K as a

signature of the onset of the fast dynamics of PS which, according to neutron

scattering studies is located at Tf = 175±25K [3,4]. In fact, our results suggest

the following scenario. Below 180K TEMPO molecules are unable to hop over

barriers. The orientation correlations are lost by non-activated entropic-like

processes with negligible distribution of the characteristic timescales. Above
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that temperature the onset of fast PS dynamics, which is well coupled to the

rotational timescales of TEMPO, facilitate the crossover of the barriers which

is successfully accomplished by a fraction (1−w) of TEMPO molecules. Jump-

ing over the barriers allows TEMPO to probe the exponential distribution of

PS barrier-heights. As a consequence, a distribution of correlation times arises.

6 Conclusions

The reorientation of the spin probe TEMPO in PS has been studied by high-

field Electron Paramagnetic Resonance spectroscopy at three different Larmor

frequencies ( 95, 190 and 285 GHz ). Two different regimes separated by a

crossover region are evidenced. Below 180K the rotational times are nearly

temperature-independent with no apparent distribution. In the temperature

range 180 − 220K a large increase of the rotational mobility is observed with

widening of the distribution of correlation times which exhibits two compo-

nents: i) a delta-like, temperature-independent component representing the

fraction of spin probes w which persist in the low-temperature dynamics; ii) a

strongly temperature-dependent component, representing the fraction of spin

probes 1 − w undergoing activated motion over an exponential distribution

of barrier heights g(E). Above 180K a steep decrease of w is evidenced. The

shape and the width of g(E) do not differ from the reported ones for PS within

the errors. The increase of the rotational mobility of the spin probe at 180K

is considered as signature of the onset of the fast dynamics detected by neu-

tron scattering at Tf = 175 ± 25K being ascribed either to the change of the

librational dynamics of the side-chain phenyl ring [3,4] or the carbon-carbon

torsional barriers [1]. Additional work is needed to discriminate between these
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two views.
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(2001) 191.
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Figure captions

Fig. 1. Schematic view of the bimodal distribution of correlation times ρTPD ( eq.7

with ρ = ρPD) for different values of the trapped fraction w. x = 0.8, τPD denotes

the shortest correlation time. The delta function is replaced by a narrow gaussian

with width 0.01.

Fig. 2. Chemical structures of PS and the spin probe TEMPO.

Fig. 3. The line shape at 95GHz of TEMPO in PS at 50K. The superimposed dotted

line is the best fit according to the SCT model, eq.4, with τSCT = 29 ± 3ns. Jump

angle φ = 60◦. Nearly identical agreement is obtained by decreasing the jump angle

down to φ = 20◦ with τSCT = 85 ± 9ns. The theoretical lineshape is convoluted by

a Gaussian with width 0.15mT to account for the inhomogeneous broadening. The

same convolution is understood in Figs.4 and 5.

Fig. 4. The lineshape at 95GHz of TEMPO in PS at 180K. The superimposed

dotted line is the best fit according to the SCT model with jump angle φ = 35◦

and τSCT = 30 ± 3ns. Both the quality of the fit and the best-fit value of τSCT are

unchanged within the errors if one sets the jump angle in the range 20◦ ≤ φ ≤ 35◦.

Fig. 5. The EPR line shape at T=200K and frequency 95GHz. The dashed line is

the best fit by using the TPD model ( eq.7 with ρ = ρPD, eq.3) with x = 0.4 ± 0.04,

τPD = 3 ± 0.3ns. The dotted line is the best fit by using the SCT model with

τSCT = 17 ± 2ns and the jump angle φ = 20◦. The TPD model has only one more

adjustable parameter with respet to SCT one.
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Fig. 6. Temperature dependence of the fraction of trapped TEMPO molecules, eq.8,

as measured at 95GHz ( present work ), 190 and 285GHz [10,11]. Inset: tempera-

ture dependence of the width E of the exponential energy-barrier distribution, as

detected by the EPR at 95GHz, 190 and 285GHz. Previous measurements by in-

ternal friction [22], Raman [8] and light scattering [17] yield EIF /k = 760 ± 40K

,ERaman/k = 530 ± 60K and ELS/k = 530 ± 40K, respectively. Dotted lines are

guides for the eye.

Fig. 7. Temperature dependence of the characteristic times of the SCT, PD and TPD

distributions as drawn from the best fit of the lineshapes at 95GHz ( present work

), 190 and 285GHz [10,11].. The error bars at 50K and 180K account for the un-

certainty on the best-fit value of the jump angle which is in the range 20◦ ≤ φ ≤ 60◦

, 20◦ ≤ φ ≤ 35◦, respectively . Dotted lines are guides for the eye.
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