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Abstract. The rotational dynamics of subnanometric molecular tracers in glass formers with
low molecular weight and polymers is discussed by presenting electron spin-resonance and time-
resolved fluorescence studies. It is shown that the reorientation of the tracer is fully or partially
coupled to the host relaxation processes. The degree of coupling is well described by the
fractional scalingτ ∝ τ

ξi
i between the correlation timeτ of the tracer and the host timescales

τi . The crossovers between the different regimes are sharp. Remarkably, one crossover occurs
systematically very close to theα–β splitting point of the dielectric relaxation or the critical
temperature predicted by the mode-coupling theory of the glass transition.

1. Introduction

The rotational diffusion of molecular tracers in liquids approaching their glass transition is a
topic of current interest. Studies have been carried out on both low-molecular-weight glass
formers [1–6] and polymers [7–11]. It is usually found thatlarge tracers, i.e. molecules of
nanometre size at least, are well coupled to the viscosity or theα-relaxation even close to
the glass temperatureTg [2, 7–9]. On the other hand, there is evidence collected by time-
resolved fluorescence [3, 8] and electron spin-resonance (ESR) studies [4–6, 10, 11] that the
reorientations ofsmall tracers exhibit large decouplings.

The mechanism driving the decoupling is largely unknown although a role for the
spatial and/or dynamical heterogeneities may be anticipated. The present paper discusses the
correlation between the reorientation ofsmalltracers and the relaxation properties of polymers
and glass formers of low molecular weight.

These materials exhibit a variety of relaxations, either collective or local in nature. Flow
and α-processes are of the former type whereas the so-calledβ-, γ - and δ-processes are
of the latter type [12]. The timescale on which they occur will be denoted byτi with
i = η, α, β, γ, . . .. In particular,τη = η/G is a Maxwell relaxation time, whereη andG
are the shear viscosity and the elastic modulus, respectively.

It will be shown that the reorientation of the tracer is coupled to the host relaxation to
different degrees. The degree of coupling is well described by a fractional scaling between the
correlation timeτ of the tracer and the host timescalesτi :

τ = Ciτ ξii 0< ξi 6 1. (1)
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ξi = 1 implies full coupling. Similar fractional relations involving translational diffusion
[1, 13] and DC conductivity [14] have also been reported and have been known of for a long
time [15, 16]. An obstruction model has been developed [17]. We believe that equation (1)
may be validated as a general form of the coupling between a tagged particle and the host
dynamics.

2. Experimental procedure

The low-molecular-weight glass former is o-terphenyl (OTP, Aldrich,Tg = 243 K). The tracer
TEMPO (Aldrich), which is nearly spherical (semi-axisrS‖ ≈ 0.27 nm, andrS⊥ ≈ 0.37 nm),
was dissolved to a concentration of 10−3 mol l−1, corresponding to about 200 ppm.

The polymer under study is poly(vinyl acetate) (PVAc) which was obtained commercially
and used as received. The weight-average molecular weight isMw = 197.6 kg mol−1 and
the dispersity is 3.67. The calorimetric glass transition temperature isTg = 318 K. The tracer
dissolved in PVAc is the perdeuterated nitroxide 4-(hydroxyl)-2, 2, 6, 6-tetramethyl-piperidine,
1-15N-1 oxyl (15N-DTEMPOL, MSD Isotopes Incorporated) which is nearly spherical with a
Van der Waals volume of about 180 Å. The sample was prepared at the Max-Planck-Institut für
Polymerforschung in Mainz. The tracer concentration was less than 0.5% by weight. Before
the ESR measurements were performed, the sample was carefully dried at about 370 K in
vacuum for 36 h and sealed in a standard ESR tube.

The ESR lineshape of the spin probes depends on their magnetic parameters and rotational
diffusion constants. In short, owing to the anisotropy of the magnetic interactions, the
reorientation of the spin probe results in random magnetic fields broadening the ESR transitions.
Further details are given elsewhere [18].

The ESR measurements were carried out by using a Bruker spectrometer ER200D
equipped with an X-band bridge (ν0 = 10 GHz), a NMR gaussmeter ER035M and a gas-
flow variable-temperature unit with a temperature stability of about 0.1 K. All of the data
were recorded on a computer and analysed off-line. The magnetic parameters of the tracer
were carefully measured by fitting the powder ESR lineshape, i.e. the lineshape measured at
very low temperature where the line broadening is not due to the reorientation of the tracer.
The rotational diffusion constants were derived by numerical simulation of the ESR lineshape.
Details of the algorithm are given elsewhere [19,20].

3. Results and discussion

3.1. Low-molecular-weight glass formers

Figure 1 shows the temperature dependence of the rotational correlation timeτ of TEMPO [4].
Three different regions are identified. In region I (T > 298 K) the data are well described by
the Debye–Stokes–Einstein law (DSE):

τ = ηv/kBT . (2)

v is the effective volume of the tracer.kB andTare the Boltzmann constant and the temperature,
respectively. Equation (2) takes the form of equation (1) withi = η andξη = 1.

In region II (280 K < T < 298 K), which includes the MCT critical temperature
Tc = 290 K, the reorientation of the tracer decouples from the viscosity. This region is
magnified in the inset of figure 1. The decoupling is well described by equation (1) withi = η,
ξη = 0.28± 0.04. This special form of the scaling has been referred to as thefractional DSE
(FDSE) form [4]. For region III (T < 280 K) previous studies obtained evidence that the spin
probe rotates via activated jumps (1E = 18.7 kJ mol−1 for T > Tg) [20].
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Figure 1. The rotational correlation timeτ of TEMPO in OTP. Solid curves: the best fit with the
DSE law, equation (2). Dot–dashed curve: the best fit with the FDSE law, equation (1) withi = η,
ξη = 0.28± 0.04. Dashed curves: Arrhenius laws. The MCT critical temperature is shown.
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Figure 2. The non-radiative decay time of the slow component of malachite green in 1-propanol [3].
The slope predicted by the DSE law, equation (2), namelyξ = 1, is also shown.

Very recently, the decoupling of the reorientation ofsmall tracers from the viscosity has
been also observed by Yeet alvia time-resolved fluorescence in different associated liquids [3].
Remarkably, the decoupling is well accounted for by the FDSE law (see figure 2). In particular,
in agreement with the ESR studies (see figure 1), the existence of sharp crossovers (cusps) very
close to the expected location of the MCT critical temperatureTc has been noted [3]. A recent
numerical simulation by Nicodemi and Coniglio based on the frustrated percolation model
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confirmed that the crossover from the usual liquid regime to the fractional Stokes–Einstein
regime is signalled by cusps [21].

3.2. Polymers

In figure 3 the temperature dependence of the average rotational correlation time〈τ 〉 of 15N-
DTEMPOL in PVAc is shown [11].

Three regions may be conveniently defined. ForT > 403 K the temperature dependence
of 〈τ 〉 is well fitted by the Vogel–Fulcher (VF) law:

〈τ 〉 = τ0 exp

(
B

T − T∞

)
(3)

with τ0 = (7.8± 0.8)× 10−15 s,B = 650± 60 K andT∞ = 265± 18 K. The parametersB
andT∞ compare nicely with the ones (B = 660± 50 K,T∞ = 266± 3.5 K) derived from the
dielectricα-relaxation [22]. The ratio〈τ 〉α/〈τ 〉 is about 300.
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Figure 3. The average rotational correlation time〈τ 〉 of 15N-DTEMPOL in PVAc. For comparison
the temperature dependence of theα-, β- andγ -relaxation times of PVAc are also shown as solid
curves. The dashed curves are fits with equation (1) withi = α, β, γ andξα = ξβ = ξγ = 1.

We interpret this as mainly due to there being different length scales involved. The length
scale of theα-relaxation may be estimated by referring to recent NMR studies for PVAc on
dynamic heterogeneities [23] and mechanical properties [24] which detect length scales of
ξ = 3± 1 nm. According to these studies, theα-relaxation involves regions with volumes of
about 27 nm3, to be compared with the tracer volume of about 0.18 nm3. Interestingly, the
volume ratio compares well with〈τ 〉α/〈τ 〉.

For 403 K> T > 273 K, the reorientation of15N-DTEMPOL is activated, i.e.〈τ 〉 =
τ1 exp(1E/kBT ), with 1E = 35 ± 6 kJ mol−1 and the apparent attempt timeτ1 =
(2.21±0.7)×10−14 s. The value of1E compares quite well with the activation energy of the
dielectricβ-relaxation1Eβ = 39±5 kJ mol−1 [12,25]. It worth noting that the cusp separating
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the regions where the tracer couples to theα- andβ-processes is located at 403 K, i.e. very
close to the temperature at which theα- andβ-processes bifurcate,Tαβ ' 395 K= Tg + 77 K
(see figure 3) [12]. This is remarkable, since it is well known that dielectric relaxation does
not readily investigate theα–β bifurcation region where theα- andβ-peaks merge into a
single broad structure. Finally, we note that the ratio〈τ 〉β/〈τ 〉 ' 160, to be compared to
〈τ 〉α/〈τ 〉 ' 300. This suggests that theβ-relaxation has some non-local character. Ishidaet al
reached the conclusion that theβ-relaxation arises from motions of the side groups which lead
to, or are accompanied by, local distortions of the main chain [12,25].

ForT < 273 K the temperature dependence is well described by the Arrhenius law with the
activation energy1E = 3.7±0.6 kJ mol−1 and the attempt timeτ1 = (9.5±1)×10−7 s. This
value compares well with the activation energy of theγ -relaxation1Eγ = 4.1±0.7 kJ mol−1

[12, 26]. The ratio〈τ 〉γ /〈τ 〉 ' 2.7. This suggests that the reorientation of the tracer relaxes
due to the molecular units being of comparable size. The dielectricγ -relaxation has been
occasionally ascribed to the methyl group located in the side chain of PVAc. Colmenero and
co-workers found by means of inelastic neutron scattering that the activation energy of the
methyl group rotation of PVAc is 3.74± 0.27 kJ mol−1, in nice agreement with our value,
but the attempt time is in the picosecond region, i.e. six orders of magnitude faster than the
γ -relaxation [27]. This leads to the conclusion that the question of the molecular interpretation
of theγ -relaxation in PVAc remains open [12].

The above discussion points to the overall conclusion that the tracer is well coupled to the
relaxation mechanisms driving the dielectric response of PVAc. As the latter is mainly due to
the polar groups of the side chains, one concludes that the tracer is located preferentially close
to the latter.
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Figure 4. The non-radiative decay time of the slow component of malachite green in PVAc [3].
The temperature dependences of theβ- andγ -relaxation times of PVAc are also shown as solid
curves. A vertical shift of two decades makesτγ andτsnr coincide. The superimposed dashed
curve is the best fit with the Arrhenius law.

Very recently, the reorientation of the tracer malachite green in PVAc has also been studied
by Ye et al via time-resolved fluorescence [3]. In figure 4 their data are compared to the
secondary relaxations of PVAc. BelowTg the reorientation is activated with the activation
energy1E = 4.6 kJ mol−1 which is quite close to1Eγ = 4.1± 0.7 kJ mol−1 [12,26]. The
ratio τγ /τsnr is about 102. AboveTg a fit with the Arrhenius law yields the activation law
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1E = 27 kJ mol−1, which is lower than the activation energy of the dielectricβ-relaxation
1Eβ = 39± 5 kJ mol−1. The discrepancy may follow from the large timescale separation:
τβ/τsnr ' 103. It must be pointed out that the transient fluorescence of malachite green which
was investigated by Yeet al is not due to the overall rotation of the tracer but only to apart
of it. On the one hand this leads to a decrease of the ‘effective’ size of the tracer; on the other
hand it must be appreciated that the interaction of that part with PVAc may bescreenedby
the rest of the tracer. This argument may help to understand why the reorientation times of
malachite green exhibit a large offset from the secondary relaxations of PVAc.

4. Conclusions

The rotational dynamics of subnanometric molecular tracers in glass formers and polymers
has been discussed. The studies that we presented support the conclusion that the scaling
can be described by equation (1). Different dynamical regimes are observed with sharp
crossovers. Remarkably, some crossovers occur very close to theα–β splitting point of the
dielectric relaxation or the critical temperature predicted by the mode-coupling theory of the
glass transition.

Acknowledgments

The kind donation of the doped PVAc sample by Professor H W Spiess is acknowledged. The
authors also thank Professor A Coniglio for a lot of lively discussions on relaxation in glassy
systems.

References

[1] Fujara F, Geil B, Sillescu H and Fleischer G 1992Z. Phys.B 88195
[2] Cicerone M T, Blackburn F R and Ediger M D 1995J. Chem. Phys.102471

Cicerone M T and Ediger M D 1996J. Chem. Phys.1047210
[3] Ye J Y, Hattori T, Nakatsuka H, Maruyama Y and Ishikawa M 1997Phys. Rev.B 565286
[4] Andreozzi L, Di Schino A, Giordano M and Leporini D 1997Europhys. Lett.38669
[5] Andreozzi L, Giordano M and Leporini D 1998J. Non-Cryst. Solids235–237219
[6] Andreozzi L, Di Schino A, Giordano M and Leporini D 1998Phil. Mag.77547
[7] Dhinojwala A, Wong G K and Torkelson J M 1992Macromolecules257395

Dhinojwala A, Wong G K and Torkelson J M 1993Macromolecules265943
Dhinojwala A, Wong G K and Torkelson J M 1994J. Chem. Phys.1006046
Dhinojwala A, Hooker J C and Torkelson J M 1994J. Non-Cryst. Solids172–174286

[8] Hooker J C and Torkelson J M 1995Macromolecules287683
[9] Blackburn F R, Cicerone M T, Hietpas G, Wagner P A and Ediger M D 1994J. Non-Cryst. Solids172–174256

[10] Andreozzi L, Chiellini E, Giordano M and Leporini D 1995Mol. Cryst. Liq. Cryst.26673
Andreozzi L, Cianflone F, Galli G, Giordano M and Leporini D 1996Mol. Cryst. Liq. Cryst.2901

[11] Faetti M, Giordano M, Pardi L and Leporini D 1999Macromoleculesat press
[12] McCrum N G, Read B E and Williams G 1967Anelastic and Dielectric Effects in Polymeric Solids(New York:

Wiley)
[13] Ehlich D and Sillescu H 1990Macromolecules231600
[14] Voronel A, Veliyulin E, Machavariani V Sh and Kisliuk A 1988Phys. Rev. Lett.802630
[15] Green W H 1908J. Chem. Soc.932049
[16] Arnold J H 1930J. Am. Chem. Soc.523937
[17] Douglas J F and Leporini D 1998J. Non-Cryst. Solids235–237137
[18] Muus L T and Atkins P W (ed) 1972Electron Spin Relaxation in Liquids(New York: Plenum)

Berliner L J (ed) 1976Spin Labeling Theory and Applications(New York: Academic)
[19] Giordano M, Grigolini P, Leporini D and Marin P 1985Adv. Chem. Phys.62321
[20] Andreozzi L, Cianflone F, Donati C and Leporini D 1996J. Phys.: Condens. Matter8 3795



Rotational diffusion in glass formers A137

[21] Nicodemi M and Coniglio A 1998Phys. Rev.E 56R39
[22] Beiner M, Korus J, Lockwenz H, Schroter K and Donth E 1996Macromolecules295183
[23] Tracht U, Wilhelm M, Heuer A, Feng H, Schmidt-Rohr K and Spiess H W 1998Phys. Rev. Lett.812727
[24] Donth E, Beiner M, Reissig S, Korus J, Garwe F, Vieweg S, Kahle S, Hampel E and Schroter K 1996

Macromolecules296589
[25] Starkweather H W 1988Macromolecules211798

Hoch M J R, Bovey F A, Davis D D, Douglass D C, Falcone D R, McCall D W and Slichter W P 1971
Macromolecules4 713

Ishida Y, Matsuo M and Yamafuji K 1962Kolloid Z. 180108
Hikichi K and Furuichi J 1961Rep. Prog. Polym. Phys.4 69

[26] Miles I and Cameron G and Bullock A T 1986Polymer27190
Thurn H and Wolf K 1956Kolloid Z. 148d6

[27] Colmenero J, Mukhopadhyay R, Alegria A and Frick B 1998Phys. Rev. Lett.802350


