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Abstract. The reorientation process of a molecular probe dissolved in the fragile glass former
o-terphenyl is studied via electron spin-resonance spectroscopy. Owing to the good resolution
of the ESR lineshape in the so-called slow-motion regime, we are able to discriminate between
diffusive and jump rotations. In the region of the glass transition (Tg − 31 K < T < Tg + 17 K)

the results are at variance with the diffusion models and are fairly well reproduced by assuming
that the probe jumps with stepsφ = 80◦+10◦

−5◦ . The temperature dependence of the correlation
time is well described, in the temperature range investigated, by a double Arrhenius law broken
at Tg . The findings are compared with previous NMR, dielectric, fluorescence and molecular
dynamics studies.

1. Introduction

Transport phenomena in highly viscous media and disordered solids are being actively
studied [1–3]. It is well established that the microscopic dynamics is strictly related to the
energy landscape, i.e. to the profile of the potential energy function8, depending in general
on both the spatial location and the orientation of the particles [4]. One possibility for
studying the complex topography of the hypersurface8 is to dissolve probe molecules in
the host medium. To capture the details of the rough energy landscape, one must resort to
probes of sizes and shapes similar to those of the host molecules. It must be noted that, to
study in more detail the distributions of the interaction potentials, which are a measure of
the energy landscape [5], probe molecules which differ from the host ones could be needed.

Because of the roughness of the energy landscape and the highly branched character
of the free-volume distribution, one expects that the dynamics of small probe molecules in
disordered solids and highly viscous fluids will take place via jumps on short time intervals,
whereas diffusive behaviour sets in on longer time-scales. The time at which the crossover
between the two regimes takes place decreases on increasing the size of the probe molecule.
It follows that the observation of jump motion should be regarded as evidence of good spatial
resolution of the probe molecule, and the characterization of the related activation energy
distribution as a measure of the roughness of the energy landscape explored during the
time-scale of the experiment.

Electron spin-resonance spectroscopy (ESR) is a well established technique for studying
microscopic single-particle dynamics [6]. It is often employed in the study of simple liquids,

§ INFM Udr Pisa.
‖ Corresponding author: FAX ++39 50 48277, e-mail: leporini@ipifidpt.difi.unipi.it.

0953-8984/96/213795+15$19.50c© 1996 IOP Publishing Ltd 3795



3796 L Andreozzi et al

liquid crystals [7] and polymers [8], by dissolving in the host phase paramagnetic probe
molecules—so-calledspin probes—in very small amounts. In the limit of low concentration
the resulting lineshape is found to be affected only by the rotational dynamics of the probe
molecule. We are aware of only few ESR studies on supercooled fluids, with a very crude
data analysis [9]. Several variants of the ESR experiment can be devised to explore the
dynamic range of interest. Here, we will be concerned with the standard linear ESR, which
covers approximately the dynamic range 10−12–10−7 s. This range is particularly interesting
since information about the single-particle dynamics on this scale is not easily accessed, and
the importance of this time window has been recently emphasized by different theoretical
approaches, dealing with the formation of amorphous phases via a glass transition [10, 11].
Further motivations for the present work may be drawn from the remark that the orientational
disorder is usually overlooked with respect to the positional disorder, even when in ordinary
amorphous systems both of them are obviously present. Even plastic crystals, e.g. fulleroids,
adamantane, cyclohexanol and ethanol, exhibit glass-like orientationally disordered states
in the presence of positional order [12].

The result of the present study, which extends a previous preliminary investigation
[13], is twofold. Motivated by the limited number of examples in the literature [6, 7, 14],
we provide new evidence about the sensitivity of the ESR technique for discriminating
between different rotational models, even without resorting to deuterated spin probes. This
sensitivity was not exploited in the limited set of ESR studies on supercooled fluids [9]. As
a result, evidence that the jump rotations of molecular probes in a disordered model system
on the nanosecond time-scale exist is provided, and they are characterized by studying the
temperature dependence of the rotational correlation times and the size of the jump. The
host and guest molecules have very similar molecular radii. The conclusions, although
strictly referred to the guest molecules, show interesting correlations with recent molecular
dynamics studies on the rotational dynamics of OTP.

2. Sensitivity of the ESR lineshape to the rotational model

Even while a number of methodologies are available to investigate the rotational motion,
e.g. dielectric relaxation, nuclear magnetic resonance, neutron and light scattering, its
complete characterization is rather difficult, and only partial information is usually obtained.
The difficulty may be understood as follows. Having defined the orientation� in terms
of Euler angles and assumed a stochastic picture, the singlet and conditional probabilities
P(�0), and P(�, t |�0) are the relevant quantities. The former yields the probability of
having one molecule oriented at�0, whereas the latter yields the probability of having
the molecule oriented at� at time t , if initially it is at �0. For a spherical molecule the
conditional probability is expanded as [6, 15]

P(�, t |�0) =
∑
l,m,n

(2l + 1)2

8π2
Dl∗

m,n(�0)D
l
m,n(�)Cl(t) (1)

where Dl
m,n(�) is one element of the Wigner rotation matrix with rankl. Cl(t) is the

correlation function ofDl
m,n(�). Equation (1) states that the knowledge of the conditional

probability implies the knowledge of all of the correlation functionsCl(t). This large
amount of information is usually impossible to achieve. In many experiments the signal is
proportional to ensemble averages of the form〈Dl

0,0〉 with l = 1 or 2 and then, because of
the well known orthogonality properties of the Wigner rotation matrix, they will depend only
on C1(t) or C2(t). The casel = 1 is met in dielectric relaxation and infrared absorption,
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whereas the casel = 2 is met in Raman spectroscopy, depolarization of fluorescence, and
the Kerr effect [16].

The selection of onlyone term out of the expansion (1) is of valuable help for the
purpose of interpreting the data, but limits the insight into the complete dynamical process.

In this respect the case of magnetic resonance deserves consideration in that, in contrast
to what is the case for the above popular techniques, the molecular observable, i.e. the
magnetization, does not ‘stick’ in the molecular frame. This implies that the molecular
orientation� is not simply related to themagnetizationorientation. Thus, the signal cannot
be simply expressed in terms of ensemble averages〈Dl

m,n〉, and several terms of equation (1)
with different l-rank are expected to contribute [6]. Even if at first sight this feature seems
to complicate the interpretation, it may in fact be used to improve the characterization of the
rotational motion. Below, some theoretical considerations to clarify this point are offered.

In the ESR spectroscopy the static magnetic fieldH , defining the z-axis, splits
the Zeeman levels of a paramagnetic sample. A small-amplitude, linearly polarized
microwave field directed along thex-axis with frequencyν induces a dynamic magnetization
perpendicular toH . The lineshapeL(H) is recorded by sweepingH aroundH0 = 2πν/γ

(γ is the electron gyromagnetic factor). According to linear response theory,L(H) may be
expressed as the Laplace transform of a proper correlation function, namely [6]

L(H) = C
∂

∂H
Re

∫ ∞

0
〈MxMx(t)〉eiγHt dt. (2)

Mx is the x-component of the dynamic magnetization. The brackets indicate a proper
thermal average,C is a constant, Re{z} is the real part ofz, and i2 = −1.

Applications of the ESR spectroscopy to the study of the rotational motion of
paramagnetic tracers (‘spin probes’) dissolved in liquids have been well known for some
time [6]. The reorientation of spin probes broadens the resonanceL(H) because of the
coupling between the spins and the molecular orientation via anisotropic Zeeman and
hyperfine interactions [6]. When the molecule rotates, the coupling gives rise to fluctuating
magnetic fields with amplitudes ranging between1Hmin and 1Hmax. They induce spin
transitions which broaden the resonance. As an example, let us refer to the case of
a spherical spin probe, and defineτ2 as the area underC2(t), i.e. τ2 is the rotational
correlation time. Forτ2 > 2π/(γ 1Hmin) = τmax the ESR lineshape is a convolution of
several narrow lines (spin packets) centred on particular values of the frozen-in fluctuating
magnetic field. Any information in the lineshape on the dynamics of� is virtually lost. For
τ2 < 2π/(γ 1Hmax) = τmin the orientation changes so rapidly that it is effectively averaged
out. Again, this implies a loss of information on�, and in factL(H) depends only on
the one-side Fourier transforms ofC2(t). In the intermediate regionτmin < τ2 < τmax the
orientation and the dynamic magnetizationM⊥(t) fluctuate on comparable time-scales. One
anticipates a good sensitivity to the details of the� fluctuations.

We have studied the sensitivity ofL(H) to the stochastic character of� by comparing
the ESR lineshapesLJ

φ(H) andLD(H) evaluated under the assumptions that the spherical
spin probe makes angular jumps of sizeφ [15] or reorients diffusively [16], respectively.
Details on the numerical expansion ofL(H) in terms of continued fractions by using
stochastic memory functions may be found elsewhere [17]. Here, we recall that the time
evolution ofMx(t) is governed by the LiouvillianL, according to the equation of motion

∂

∂t
Mx(t) = LMx(t) (3)

where

LA = i[H, A] + 0A (4)
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whereA is an operator,H is the spin Hamiltonian and [A, B] = AB − BA. The rotational
dynamics of the spin probe is modelled via the0 operator. For a spherically symmetric
molecule rotating by instantaneous random jumps of fixed sizeφ after a mean residence
time τ0, a compact and fairly general expression of the0 operator was derived [15]. In
that case, according to the irreducible representation of the rotation group of rankl, the 0

operator is a multiple of the identity operatorIl, 0j , which is given by

0j = 1

τ0
(λlIl − 1) λl = 1

2l + 1

sin[(l + 1/2)φ]

sin(φ/2)
. (5)

In the limit whereφ � 1 the jump model reduces to the diffusion model, and0j becomes

0D = l(l + 1)D D = φ2

6τ0
. (6)

For the diffusive and jump models the correlation timeτ2 reads [15]

τD
2 = 1/(6D)

τJ
2 = τ0/[1 − sin(5φ/2)/(5 sin(φ/2))].

(7)

To characterize the sensitivity ofL(H) to the stochastic character of�, a quantitysφ is
defined as

sφ(τ2) =
{

lim
δH→∞

δH−1
∫ H0+δH/2

H0−δH/2

[
LJ

φ(H) − LD(H)
]2

dH

}1/2

. (8)

LJ
φ(H) and LD(H) are both normalized to have unity maximum height.sφ yields the

fractional average deviation between the two lineshapes with respect to the maximum.
Figure 1 shows the dependence of the sensitivitys80◦ on τ2 in the popular case of

nitroxide spin probes also used in the present work [6].s80◦ exhibits a peak between
τmin and τmax, as anticipated. It is apparent that over almost two decades in the region
5 × 10−9 s < τ < 5 × 10−7 s the ESR spectroscopy is expected to discriminate effectively
between different models of rotational motion. The maximum sensitivity is larger than
8%. Further analysis of the model dependence of the ESR lineshape is given in figure 2
where LJ

φ(H) and LD(H) are compared for different values of the jump angleφ and
τ2 = 2.8 × 10−8 s. If φ > 10◦, differences in the lineshapes calculated assuming either the
diffusion or the jump model are clearly visible.

3. Experimental details

Samples were prepared by dissolving TEMPO radical (2, 2, 6, 6 tetramethylpiperidin-1-
oxyl, 98% Aldrich) in as-received OTP (99% Aldrich,Tg = 243 K) in a concentration
of 10−3 mol l−1. After further dilution of TEMPO no change in the ESR lineshape was
detected. The molecular structures of TEMPO and OTP molecules are shown in figure 3.
Their average Van der Waals radiir are comparable, beingrOT P = 0.37 nm [18] and
rT EMPO ≈ rT EMPONE = 0.33 nm [19]. The magnetic parameters of TEMPO used in the
data analysis were obtained by careful numerical simulation of the powder ESR spectrum of
TEMPO. The samples were degassed with nitrogen flow for twenty minutes and then sealed
in standard quartz tubes in nitrogen atmosphere. To prevent crystallization, the sample was
preliminarily annealed at a temperatureT = 350 K for about 15 min and then quenched
at the lowest temperature of interest. All data were recorded on heating. After each
temperature step an annealing period of 20 min was ensured. During the equilibration no
appreciable changes in the ESR lineshape were observed. ESR measurements were carried
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Figure 1. A plot of the sensitivitys80◦ versus the correlation timeτ2 for a nitroxide spin
probe. The magnetic parameters used in the calculations are (x-axis parallel to the N–O
bond,z-axis parallel to the 2pπ orbital of the nitrogen,y-axis perpendicular to the other two):
gxx = 2.0086, gyy = 2.0058, gzz = 2.0019, Axx = 9 G, Ayy = 6 G, Azz = 33.85 G. LJ

80◦ (H)

and LD(H) were convoluted with a gaussian whose width iswJ = 1 G andwD = 1 G,
respectively.

Figure 2. A comparison ofLJ
φ(H) andLD(H) for different values of the jump angleφ. The

magnetic parameters are as for figure 1. The gaussian convolution width iswJ = wD = 1 G.
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Figure 3. The structures of the molecules of OTP and TEMPO.

out by using a Bruker spectrometer ER200D equipped with an X-band bridge supplying at
0 dB and 200 mW, a NMR gaussmeter ER035M, and a gas-flow variable-temperature unit.
All data were recorded on a Macintosh computer and analysed off-line.

4. Results and discussion

In figure 4 the experimental lineshapes are compared with the theoretical predictions of the
jump and diffusion modelsLJ

φ(ω) and LD(ω), respectively. To account for the residual
broadening, bothLJ

φ(ω) and LD(ω) have been convoluted with gaussians having widths
wJ and wD, respectively. The gaussian width is only slightly temperature dependent. In
the calculation ofLJ

φ(ω) the only adjustable parameters are the residence timeτ and the
jump sizeφ. The theory was fitted to the experimental curves by adjusting both parameters.
The angle was set toφ = 80◦+10◦

−5◦ at the lowest temperature investigated (Tg − 31 K). No
meaningful temperature dependence of the jump size was observed in the temperature range
investigated. The error onφ is set by the finite sensitivity ofLJ

φ(ω) to the jump size. We
carefully checked that outside of the above range ofφ-valuesLJ

φ(ω) disagrees appreciably
with the experiment. In the calculation ofLD(ω) only the diffusion constantD has been
adjusted. In agreement with previous studies on non-polar structureless liquids the best fit
for the diffusion model is achieved by assuming a spherical diffusion tensor for TEMPO
[19]. It is apparent that the experimental data agree well with the predictions of the jump
modelLJ

80◦(ω) over a range of about 50 degrees around the glass transition. The agreement
is virtually perfect at the lowest temperature (figure 4). At higher temperatures (T > Tg)
some deviations between the experimental lineshape andLJ

80◦(ω) become apparent. The
deviations cannot be reduced appreciably by extending the jump model, so the size of
the jumpφ is distributed, according to a rectangular distribution of jump stepsp(φ) [15].
The limited effect of this extension has been already noticed in the past [20]. Our results
compare well with previous ESR studies by Freed and collaborators on the rotational motion
of PD-Tempone, which is virtually identical to TEMPO, in toluene-d8 and 85% glycerol-
d3-D2O [19]. There, an isotropic jump model with an rms jump angle of about 50◦ was
found to be in very good agreement with the experiment for temperatures corresponding to
τ2 = 1.0 × 10−8 s andτ2 = 1.5 × 10−8 s, respectively.

Figure 5 shows a more detailed comparison between the prediction of the jump model
and the experimental data. It is seen that the jump model captures details of the ESR
lineshape rather better than the diffusion model, but needs to be improved aboveTg.
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Figure 4. A comparison between the experimental ESR lineshape and best fits according to the
jump and diffusion models,LJ

80◦ (H) and LD(H) respectively, at different temperatures. The
magnetic parameters are as for figure 1. Top:τD

2 = τJ
2 = 2.8 × 10−8 s, wJ = wD = 1 G;

middle: τD
2 = τJ

2 = 1.5 × 10−8 s, wJ = wD = 1 G; bottom: τD
2 = τJ

2 = 9.15 × 10−9 s,
wJ = 0.75 G, wD = 0.7 G.

Further quantitative comparison between the two models was made by defining

dJ =
{

lim
δH→∞

δH−1
∫ H0+δH/2

H0−δH/2

[
LJ

φ(H) − L(H)
]2

dH

}1/2

(9a)

dD =
{

lim
δH→∞

δH−1
∫ H0+δH/2

H0−δH/2

[
LD(H) − L(H)

]2
dH

}1/2

. (9b)

LJ
φ(H) andLD(H) are the best-fit curves of the experimental ESR lineshapeL(H). LJ

φ(H),
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Figure 5. A comparison between the experimental ESR lineshape and best fit according to the
jump model for different temperatures. The magnetic parameters are as for figure 1. From the
top: τJ

2 = 2.8×10−8 s, wJ = 1 G; τJ
2 = 2.2×10−8 s, wJ = 1 G; τJ

2 = 1.5×10−8 s, wJ = 1 G.
τJ

2 = 9.2 × 10−9 s, wJ = 0.75 G; andτJ
2 = 5.6 × 10−9 s, wJ = 0.6 G.

LD and L(H) are normalized to have unity maximum height. Similarly to the sensitivity
defined by equation (8),dJ and dD yield the fractional average deviation with respect to
the maximum height. Table 1 listsdJ anddD for the five cases of figure 5. The correlation
times τ2, as derived from the fitting procedure, are also included. By inspecting figure 1,
it is seen that the values ofτ2 cover the left wing of the curve showing the sensitivity of
the ESR lineshape to the rotational model. Table 1 confirms that the jump model always
provides a better fit than the diffusional model. At lower temperatures, i.e. in the range of
maximal sensitivity (see figure 1), the jump model deviations are up to four times smaller
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Table 1. Fractional deviations and best-fit values of the correlation times according to the jump
and the diffusional models.

T (K) dJ dD τJ
2 (ns) τD

2 (ns)

212.15 0.019 0.076 28 28
235.05 0.025 0.066 22 20
246.85 0.030 0.074 15 15
259.75 0.037 0.047 9.2 9.2
278.45 0.028 0.036 5.4 5.0

than the diffusional model ones. At higher temperaturesdJ increases and becomes closer
to dD. However, even if the sensitivity of the ESR lineshape to the rotational models80◦ is
reduced, it is found thatdD exceedsdJ by about 30%.

Figure 6. The temperature dependence ofτJ
2 in the glass transition region. The data were

collected on heating. The dashed lines are the best fits according to the Arrhenius law
τ2(T ) = f −1 exp(E/RT ). For T < Tg, f = (4.16± 0.4) × 108 Hz, E = 4.37± 0.4 kJ mol−1;
for T > Tg, f = (1.26± 0.1) × 1012 Hz, E = 18.7 ± 1 kJ mol−1.

The numerical simulations of the ESR lineshape carried out according to the jump model
depend on the residence timeτ0 and the jump angleφ. Their best-fit values have been
used to calculate the correlation timeτ2 via equation (2). Figure 6 shows the temperature
dependence ofτ2 in the glass transition region observed on heating. It is well described by
a double Arrhenius law broken at a temperatureTb = 238± 2 K close to the calorimetric
valueTg = 243 K. The offset betweenTb and the calorimetric valueTg is expected, since
the average structural relaxation time atTg is about 100 s—i.e. shorter than the equilibration
period (20 min). The increase in the activation energy on heating acrossTg is interpreted
via the following simple argument. BelowTg no structural change takes place and the
reorientation of TEMPO occurs via activated jumps in a fixed structure. AboveTg the
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structure becomes more open with a finite activation energy which contributes to thetotal
activation energy needed for each rotation. This picture is consistent with the observed
increase in the attempt frequencyf (i.e. the inverse of the prefactor in the Arrhenius law
for τ2) an increasing the temperature. In the glass regionf = 4.2 × 108 Hz, whereas in
the supercooled regionf = 1.3 × 1012 Hz. The former suggests that TEMPO rotations
are hindered in the OTP glass, whereas the latter compares well with the inverse of the
rotational correlation times usually measured in low-viscosity fluids. Our findings confirm
that the glass transition can be revealed by changes in slope, or discontinuities, in virtually
any measurable property that depends on liquid structure. Examples can be drawn from
dielectric relaxation [21], tracer diffusion [22], NMR [23], rotational dynamics [24] and
conductivity [25] where a change from an Arrhenius to a Vogel–Fulcher (VF) law is usually
observed on crossingTg. In the present study an Arrhenius law rather than the customary
VF law is observed forT > Tg. Extending the study to higher temperatures aboveTg does
not alter this conclusion. Instead, a more complex temperature dependence ofτ2 is observed
which will be discussed elsewhere [26].

By inspection of figure 6 it is seen that the correlation timeτ2 ≡ 10−8 s at Tg, and
follows an Arrhenius law with a small activation energy of about 20 kJ mol−1 for T > Tg.
In this respect it must be noted that Rössler and co-workers observed via2H-NMR that
small guest molecules with high symmetry, like benzene, experience in tricresyl phosphate
(TCP) both a slow overall reorientation which is well coupled to the structural relaxation of
TCP and fast jump rotations. As in the present case, the latter exhibits a double Arrhenius
temperature dependence broken atTg with activation rates of the order of 20 kJ mol−1

for T > Tg [27]. The conclusion that small molecules dissolved in supercooled OTP may
undergo both slow (α-) and fast (β-) rotations was also reached via dielectric relaxation by
Williams and Hains [28] and Shears and Williams [29]. Theα-rotation is well coupled to
the cooperative rearrangement of OTP. Contrastingly, theβ-rotations were expected in the
microwave region [28] and ascribed to either restricted rotations, relaxation in a temporary
barrier system provided by adjacent OTP molecules, or the dipole sometimes finding itself
in environments which allow easy reorientation [29]. For the highly symmetric camphor
molecule it was found that, even if the loss curve peak was located at log10(fm/Hz) = 2.70 at
T = 260.1 K, the dipole moment was reduced by more than one third by theβ-process [28].
Comparable or stronger averaging was measured in less symmetric molecules like 1-chloro-
naphthalene [28] and benzophenone [29]. For larger molecules, like phthalic anhydride and
anthrone [28], onlyα-rotations were detected.

Relevant to this discussion is the study of the rotational motion of a number of solutes
in OTP by Cicerone and collaborators via time-resolved optical spectroscopy [30]. For
large molecules like anthracene, tetracene, and rubrene, slow reorientations well coupled to
supercooled OTP were observed. In particular, the authors exclude the possibility of other,
faster rotations for the very large and flat rubrene molecule but, more interestingly, for the
smaller anthracene molecule allow the possibility that up to half of the correlation function
decay occurred during the dead time of their photobleaching apparatus (1 ms or longer).

In conclusion, we think that the rotational motion of TEMPO detected by ESR is strictly
related to the fast motions claimed in molecules like benzene, benzophenone, camphor, 1-
chloro-naphthalene and anthracene, whose sizes are comparable to or larger than that of
TEMPO. Slower reorientations of TEMPO cannot be excluded. However, they should be in
the region of 10−3 s or longer in the temperature region investigated, and therefore cannot
be detected in our ESR experiment (τ2 < 5 × 10−7 s).

As noted above, theβ-rotations of small solutes in OTP are rather effective in averaging
the dipole moment in dielectric relaxation. That is at odds with the hypothesis that for
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Figure 7. A comparison of three rotational models with the experimental ESR lineshape at
T = Tg − 30.85 K. Top: single jump size, single correlation time. Middle: heterogeneous,
flat distribution of jump size, single correlation time. Bottom: single jump size, log–gauss
distribution of correlation times.τ ∗

2 = 2.8 × 10−8 s. a = 0.833.
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temperatures which are comparable to or larger thanTg fast rotations occur through a small
libration angle12. For example, atTg + 15 K, for 1-chloro-naphthalene and camphor one
estimates from [28]12 ≈ 100◦. The present study agrees with the above findings for the
following reasons.

(1) In the presence of highly restricted rotations no motional narrowing of the ESR
lineshape should be observed [31]. Instead, figures 4 and 5 prove that the ESR lineshape is
motionally narrowed. Restricted rotations (12 = 10◦) of TEMPOL, which is very similar
to TEMPO, have been observed in polystyrene atTg − 120 K corresponding to about 40 K
below the temperature at which the ESR lineshape starts to be motionally narrowed [31].

(2) On lowering the temperature,12 should decrease, leading to increasing
discrepancies between the experimental ESR curve and the theory, which assumes isotropic
reorientations. Instead, the theory fits well to the experiment at lower temperatures (figures 4
and 5). Note that at the lowest temperature, the sensitivity of the ESR lineshape to the
geometry of the rotations is close to the maximum (figure 1).

Isotropic rotations are expected in highly symmetric molecules like tetramethylsilane and
adamantane [27]. TEMPO is only approximately spherical in shape. Nonetheless, neither
the good agreement between theory and experiment especially at the lowest temperatures
(figures 4 and 5; see also figure 7 discussed below), nor the arguments presented above, nor
previous ESR results [19] support the view that in the temperature range investigated the
TEMPO rotations are highly restricted on the ESR time-scale. However, in the present and
previous ESR studies [19], quantitative comparisons with models for anisotropic rotations
are lacking due to numerical difficulties. Therefore, and also in view of other studies [28,
29, 31], we are cautious about concluding in favour of the full isotropic character of the fast
rotations of TEMPO discovered by ESR. Only investigations on longer time-scales, e.g. via
NMR or dielectric relaxation, could be decisive as regards assessing the isotropic character
of the β-rotation detected by ESR.

Our data analysis describes the rotational motion of TEMPO via a single correlation time
τ2 and a single jump sizeφ. These assumptions have been checked atT = Tg − 30.85 K,
where the model sensitivity of the ESR lineshape is at its maximum. In figure 7 our model is
compared with models assuming heterogeneous distributions of jump sizes and correlation
times. It is found that even relatively narrow distributions lower the quality of the fit at that
temperature. We conclude that, even if TEMPO is approximately spherical and the jump
sizes are presumed to be distributed, the width of such a distribution is not large. This
finding is not unexpected. In fact, if a single jump sizeφ is assumed, a limited uncertainty
on the best-fit value is found(φ = 80◦+10◦

−5◦ at T = Tg − 30.85 K). On the other hand,
the absence of a wide distribution of correlation times may be understood as being due
to the poor coupling between OTP and the fast reorientations of TEMPO [32]. Instead,
in the presence of stronger coupling with the structural relaxation—as in the case of the
α-reorientation of solutes dissolved in TCP—a non-exponential correlation loss is found
[27].

The observation of jump rotations of a TEMPO molecule does not imply necessarily
that an OTP molecule does the same. Anyway, TEMPO and OTP have similar size and it is
tempting to compare the two behaviours. This is also motivated by the remark that, despite
of the fact that OTP is probably the most thoroughly investigated model system in glass
transition studies, the nature of its rotational motion is still an open question. Several years
ago Beeverset al found that in the temperature range fromTg +7 K to Tg +27 K rotational
correlation times of OTP drawn from dielectric relaxation (l = 1) and Kerr effect (l = 2)
measurements were equal [20]. Their observations are at variance with the hypothesis
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of rotational diffusion, and call for a model of rotational motion involving large angular
jumps. The authors were not able to give a quantitative estimate of the jumps. In a series of
studies on OTP via2H-NMR, Sillescu and collaborators concluded that OTP does not show
any internal dynamics on the microscopic or mesoscopic time-scale [18, 33]. They found
that atT = Tg + 9 K and on the scale of evolution timesτ1 of tens of microseconds, the
reorientation of OTP is described by a distribution of rotational jump angles centred at≈10◦

[34]. However, larger jump angles cannot be excluded for evolution timesτ1 < 5 µs (φ
comparable to or larger than 35◦; see figure 3 of [34]). Very recently, a detailed molecular
dynamics study of relaxation in OTP was carried out by Lewis and Wahnström [35, 36].
The study addresses the rotational dynamics of OTP. During an observation time of 1 ns,
the nature of the translation-free orientational motion covers a large spectrum of situations,
grouped roughly into three classes atT = Tg +23 K. Approximately two thirds of molecules
exhibit only small-amplitude librations around their equilibrium orientation. The rest (one
third) are found to undergo some type of reorientational motion, mainly jumps of about 90◦

or—rarer—almost diffusive motion [35]. The observation of jumps of about 90◦ (see also
figure 11 in [36]) could be related to the model, since a bond angle of 75◦ was used [37].

At T = Tg + 23 K, the rotational correlation time of TEMPO (τ2 = 6 × 10−9 s) falls
in the time window studied by Lewis and Wahnström and it is found that TEMPO rotates
by jumps as wide asφ = 80◦+10◦

−5◦ , i.e. very close to the OTP jump size. The TEMPO and
OTP molecules have similar radii but different shapes and, in principle, different ways of
rotating cannot be excluded. However, one may speculate that the OTP and the TEMPO
molecules will exhibit similar reorientation dynamics at short times in the available free
volume.

5. Conclusions

The role of the rotational degrees of freedom in supercooled fluids is not completely
understood. ESR spectroscopy is particularly well suited to the study of rotational
dynamics over a wide range of correlation times. Surprisingly, only few studies concerning
molecular glass formers are known, providing very crude data analysis [9]. To demonstrate
the possibility of ESR, the present work has discussed the sensitivity of the lineshape
to different models of rotational dynamics. The sensitivity is particularly enhanced in
the so-called slow-motion regime, covering approximately the range of correlation times
5 × 10−9 s < τ2 < 5 × 10−7 s (see figure 1). The rotational motion of probe molecules in
the glass transition region of OTP has been characterized without resorting to predeuterated
materials [6, 7]. AtTg − 31 K the experimental evidence is in favour of jump rotations
with steps ofφ = 80◦+10◦

−5◦ . In the temperature range fromTg − 31 K to Tg + 16 K, φ

is virtually constant. At higher temperatures small deviations call for an extension of the
model. The presence of highly restricted rotations is not supported by the present study.
Nonetheless, we are cautious about concluding in favour of the full isotropic character of
the fast rotations of TEMPO discovered by ESR. The jump size and the correlation time
of TEMPO are found to be not widely distributed. The absence of a wide distribution of
correlation times is ascribed to the poor coupling between OTP and the fastβ-reorientations
of TEMPO [32].

The temperature dependence of the rotational correlation time of TEMPO is well fitted
by a double Arrhenius law with a knee close toTg in agreement with other2H-NMR studies
of molecular probes in fragile glass formers [27]. Possible correlations between the rotation
mechanisms of the guest and host molecules have been discussed in the light of recent
results from molecular dynamics [34–36].
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