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Abstract

Exploiting the high angular resolution of high field electron paramagnetic resonance measured at

95, 190, and 285 GHz we determine model independently the rotational non-ergodicity parameter

of different probe molecules in the glass former o-terphenyl and polybutadiene. Our results clearly

show a characteristic change in the temperature of the non-ergodicity parameter proving a rather

sharp dynamic crossover in both systems, in contrast to previous results from other techniques.

PACS numbers: 64.70.P-,64.70.Q-,76.30.-v
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The problem - The most advanced description of the glass transition phenomenon is pro-

vided by the mode coupling theory (MCT) which emphasizes the role of the cage in which

the molecules are caught for a finite time due to packing constraints [1, 2]. The ideal

MCT (IMCT) predicts the existence of a sharp dynamic crossover, i.e., a transition from

liquid-like to solid-like dynamics, at a critical temperature, Tc leading to characteristic

scaling laws for density correlations and, particularly, a cusp-like anomaly in the

temperature dependence of the non-ergodicity parameter fq. The latter represents

the height of the intermediate plateau of the two-step density correlation decay, i.e. from an

experimental view the relaxation strength of the structural relaxation or α-process. Apart

from a few model-dependent experimental outcomes [1, 3–5], most studies concluded that

the transition , and then the anomaly of fq, is smeared out [1, 2]. In particular, a re-

evaluation of early neutron scattering (NS) results even ended with the statement that there

is ”no sign of any critical singularity above the glass transition temperature” [6]. From the

avoidance of the IMCT transition the role of phonon assisted ”hopping processes” becoming

relevant at low temperatures was stressed [1, 2, 7, 8]. In systems like colloids where phonons

are not existing the structural arrest is well accounted for by IMCT [2, 9]. Thus, one may

argue that the sharp transition is masked by additional ergodicity restoring processes typical

of molecular systems. However, as it turns out to be difficult to identify the transition, one

could also say there lies a major problem of the theory. The missing evidence of the

anomaly of the non-ergodicity parameter motivated the search of other signa-

tures of the IMCT singularity. From this respect, verification of IMCT scaling

properties [10], consistent fits of experimental data by using two-correlators

versions [11, 12] and numerical assessment of IMCT predictions on vibrational

excitations [13] and transport properties [14] were reported. Nonetheless, IMCT

scaling fails in pressure/temperature studies of o-terphenyl (OTP) [15].

This Communication reports on identifying the rotational analogue frot of the non-

ergodicity parameter by using suitable paramagnetic probe molecules (spin probes) which

couple to the glassy dynamics of the host [16–19]. Use of probe molecules in glassform-

ers and polymers is well documented also for other spectroscopies, like NMR

[20], dielectric relaxation [21] and light spectroscopies [22]. We note that indica-

tions of the anomaly in frot(T ) were identified by light scattering experiments but again

the transition was not sharp and the analysis relied on certain assumption which can be
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challenged [5]. Generally, the problem is to correctly separate the contribution from fast

and slow dynamics. In the present contribution, model-independent evidence is presented

that the reorientation of probe molecules undergoes a sharp transition when dissolved in the

glassformer OTP and in polybutadiene (PB). The crossover temperatures Tc agree with the

less marked signatures obtained by previous experiments, and the present results become

only possible by exploiting the extraordinary angular resolution of high field EPR.

The method - Usually, in glass forming systems one assumes high coupling between density

fluctuations and rotational dynamics, and a similar scenario as in the case of the density

correlation function is expected [23]. Explicitly, close to Tc IMCT predicts that the rotational

correlation functions drops at intermediate times at a plateau frot(T ), the rotational non-

ergodicity parameter, which originates from a highly hindered reorientation within the cage,

whereas at long times it finally decays due to the isotropization driven by the α-process.

frot(T ) is expected to show the typical signature of a cusp-like behavior at Tc:

frot(T ) = f c
rot +







hrot

√
Tc − T , T ≤ Tc

const, T > Tc

(1)

Our study was carried out by observing the influence of the reorientation of suitable

spin probes dissolved in glass formers on the lineshape of high-field electron paramagnetic

resonance (HF-EPR) [24, 25]. The EPR line shape of the spin probe is determined by

the anisotropy of the g-tensor and the hyperfine interactions. When the molecules rotate,

the couplings become time dependent which modifies the EPR lineshape provided that

motion occurs in the EPR time window [24]. During the last years, HF-EPR techniques

were developed to detect resonances under large magnetic fields by using electromagnetic

radiation close to the far-infrared region (Larmor frequency νL ∼ 0.1 − 0.6THz), i.e., at

much higher Larmor frequencies than conventional EPR ( νL ∼ 10GHz ) [25]. One major

benefit is the remarkably enhanced orientation resolution.

In a magnetic resonance experiment (EPR as well as NMR), if the tagged species is frozen

(no reorientation), the lineshape has a characteristic rigid solid (powder) pattern with width

δ reflecting the characteristics coupling of the spins, in EPR the particular g-tensor and

hyperfine interaction [24, 25]. Heating above Tg structural relaxation sets in involving first

of all an un-hindered reorientation of the tagged species with correlation time τα. Initially

the lineshape keeps the solid-like appearance. This slow motion regime is characterized by
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the condition ταδ ≫ 1. For ταδ > 1 a smooth broadening may be observed, i.e. the apparent

width δapp gets a bit smaller. The extent of this broadening and the temperature interval

of its observation depends somewhat on the molecular mechanism involved, e.g., large angle

vs. small angle jumps, cf. below. Passing through the condition ταδ ∼ 1 the lineshape

completely collapses, and for ταδ ≪ 1 the EPR interactions are averaged out by the fast

isotropic reorientation of the probe molecule and only a spectrum of the isotropic hyperfine

interaction is observed. Such a behavior is observed for the spin probe ANDRO dissolved

in OTP, see Fig. 1(top).

As discussed, in addition to the α-process, a fast process exists in glass formers which is

well documented by experiments and is attributed to highly hindered reorientations within

the cage. This fast dynamics occurs in the ps range and its time scale τfast virtually does

not change with temperature but only its amplitude and therefore its relaxation strength

(1 − frot) [1, 5]. Thus, we assume that for this additional motion the condition τfastδ ≪ 1

is fulfilled. The effect of this fast motion leads to a reduced pre-averaged coupling constant

δ . δ, where δ = δRrot with a reduction factor Rrot. As in the case of NMR [26], the reduction

factor Rrot is related to the plateau value of the reorientational correlation function via

frot = R2
rot. Therefore, the temperature dependence of δ tracks the one of the rotational non-

ergodicity factor f
1/2

rot and, according to IMCT, is expected to reflect the cusp-like behaviour

of eq. 1.

The pre-averaging effect of the fast reorientation is only experimentally accessible pro-

vided that the pre-average δ . δ is detected well inside the slow motion regime, i.e. ταδ ≫ 1,

where the α-process essentially does not affect the solid-state spectrum. In order that the

condition ταδ ≫ 1 is fulfilled up to temperatures as high as possible, δ should be as large

as possible. For example, with solid-state 2H NMR one can not explore high temperatures

in the viscous liquid; the NMR solid-state spectrum (δ/2π ≃ 100kHz) collapses before Tc is

reached. In contrast, high field EPR can easily reach δ/2π ≃ 1GHz, and this we exploited

in the present study.

Experiments and discussion - The glassformer OTP, and PB (Mw= 200 kg mol−1, poly-

dispersity 1.64) and the spin probes (with electron and nuclear spin S = 1/2 and I = 1,

respectively) were obtained from Aldrich and used as received. The spin probes will

be referred to as: ANDRO (17β-Hydroxy-4’,4’-dimethylspiro(5α-androstane-

3,2’-oxazolidin)-3’-yloxy), NONA ( 10-Doxyl-nonadecane: 4,4-dimethyl-2,2-
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di-nonyloxazolidin-3-yloxyl ), TEMPO (2,2,6,6-Tetramethyl-1-piperidinyloxy).

The structures of both the glassformers and the spin probes are sketched in

Figs. 3, 4. The spin probes were less then 0.08% in weight leading to undetectable mu-

tual interactions among the probe molecules and no plasticization of the hosts. The EPR

experiments were carried out on a home-built, ultrawide-band continuous-wave EPR spec-

trometer at νL = 95, 190 and 285GHz [27] and profited by previous studies on both OTP

and polymers by using conventional X-band low-field EPR [16, 17].

Figure 1(top) illustrates the temperature dependence of the EPR lineshape of ANDRO

in OTP recorded at νL = 285 GHz (note that the spectra are in the derivative mode).

At temperatures below Tg = 243K the pattern of the lineshape hardly changes. This is

the rigid solid limit, i.e., the isotropic reorientation of the spin probe is absent and cannot

affect the lineshape. On heating above Tg, initially the lineshape still keeps the solid-like

appearance, the only effect being a minor shrinking of the overall width accompanied by

some slight broadening. Here the slow motion limit applies as ταδ ≫ 1, δ ∼ 2π1.4 GHz

at νL = 285 GHz holds. As temperature increases above ∼ 313K the lineshape starts

to collapse, that is the EPR frequencies are effectively averaged by the now fast isotropic

reorientation attributed to the α-process of the host. At ∼ 338 K the complete collapse has

essentially taken place owing to rapid reorientation with correlation time τα ∼ δ−1 ∼ 0.1

ns. For a first comparison we included in Fig. 1(top) the time τα of OTP as found in ref.

[4] (p.1484). Clearly τα at T . 300K is too long to significantly affect the EPR lineshape

(δτα & 70). In contrast, above 313 K the time constants τα are short enough achieving a

complete collapse of the solid-state spectrum within a very narrow temperature interval.

Figure 1(bottom) plots a series of graphically superimposed spectra obtained in the tem-

perature range 292.1K ≤ T ≤ 307.3K. Increasing the temperature up to 297.8 K affects

the spectra with well recognized broadening and shifts of the spectral features (singulari-

ties). However, in the range 297.8K ≤ T ≤ 304.5K no spectral changes are observed at

all; the lineshapes (full lines in Fig.1, bottom) superimpose perfectly. Only at 307.3 K a

further change towards the full collapse of the line is observed. Notice that in the range

297.8K ≤ T ≤ 304.5K τα changes by a factor of three, however, virtually no change is found

in the spectra in that temperature range.

In order to study the spectral changes in a model-independent way, we considered the

temperature dependence of the spectral spacing ∆BνL
between well selected singularities of
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the EPR spectrum at the Larmor frequency νL [18]. ∆BνL
yields a measure of the overall

width δapp which as a start we distinguish from δ. The chosen spacing ∆BνL
was varied

according to the different Larmor frequencies applied. Fig. 2 shows the low-temperature

EPR spectra at two Larmor frequencies νL (νL = 95, 285GHz), and specifies the choice of

the spacing ∆BνL
[28].

Figure 3 reports the temperature dependence of the spectral parameter ∆BνL
for νL =

95, 190 and 285GHz. The trends observed as a function of temperature are very similar and

reproduce the qualitative observation made above; four regimes can be identified. Starting

at low temperatures only a minor change of ∆BνL
is observed (regime I), approaching 280

K a much stronger decrease with temperature sets in which for all frequencies stops at

297.5 ± 0.5 K (regime II). Above that temperature a plateau-like feature in ∆BνL
vs T is

observed (regime III). We reiterate that in regime II as well as in regime III still the essential

features of a solid-state spectrum are observed. At the highest temperatures, again a strong

decrease is observed (regime IV), reflecting the onset of the collapse of the lineshape due to

the α-process. Owing to the linear increase of the overall width of the lineshape with the

Larmor frequency (g-tensor interaction is proportional to the Larmor frequency), the onset

of the influence of the α-process is expected to shift to higher temperature. Consequently,

the width of the plateau is largest at highest frequency, and this is what is observed. In Fig.

3 the results for the probe molecule NONA are also included that shows the same qualitative

behavior. Within experimental accuracy, the same crossover temperature 297.5 ± 0.5 K is

observed where an temperature independent spectral width is first observed on heating.

In order to further check that the change of the width of the solid-state indeed is not

caused by spurious effects of the α-process we included in Fig. 3 the results of numerical

simulations concerning ∆B285 [29] by assuming isotropic rotational diffusion, i.e., small step

reorientation, for ANDRO in the limiting cases of stick and slip boundary conditions [30],

taking again the relaxation time of OTP from ref. [4]. It is seen that the apparent ∆B285

only decreases significantly above 290 K and can not be responsible for the peculiar feature

reported experimentally. In the case of large angle reorientation the effect on ∆B285 sets in

even at higher temperatures [31].

Now we are in the position to attribute the ∆BνL
data for regimes I, II and III to a pre-

averaging effect due to some motion significantly faster than the α-process and the behavior

of ∆BνL
(T ) reflects that of the pre-averaged coupling constant δ(T ). Clearly, regime II and
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III reveal the characteristic cusp-like temperature dependence as forecast by Eq. 1. Hence,

we interpret the decrease of ∆BνL
as the decrease of δ due to the decreasing amplitude frot

of the fast dynamics which stops above 297.5K and thus marks the crossover temperature

Tc.

We applied the approach also for the polymer PB. In Fig. 4 (top) the results of the spectral

analysis at 285 GHz of TEMPO in PB are displayed. Very similar behavior is observed as

in the case of OTP, and the crossover temperature is sharply marked at Tc = 221 ± 0.5K.

In the case of TEMPO in PB the solid-like pattern is only completely collapsed beyond 230

K again due to the influence of the α-process, however, at f < 285GHz the plateau region

at T > Tc was not any longer clearly observed.

The non-ergodicity parameter fq (reflecting density fluctuations) of OTP and PB was

measured by NS experiments [32, 33]. In Fig. 4 we included these results. It is seen that the

cusp-like behavior is much less pronounced as compared to that of our EPR experiments.

As already mentioned, extracting fq(T ) relies on certain assumptions separating fast and

slow dynamics which appear to yield the characteristics of the dynamic transition in a less

defined way. In particular, vibrational contributions may hamper a clear-cut separation of

the fast relaxation dynamics. In contrast the EPR analysis is based on model independent

analysis of the spectra.

Conclusions - Our study shows that the reorientation of highly diluted guest molecules in

both a molecular glassformer and a polymer probes a sharp anomaly which is consistent with

previous less marked signatures of the IMCT transition obtained, i.e., by NS experiments.

We think this provides a strong case for the theory even in its ideal version. There is

no masked transition. Note that the change of frot is less than 10 percent (cf. fig. 3)

and may even be smaller in other experiments. Thus, one has to carefully re-consider

previous experimental analyses in order to allow for better extracting the characteristics of

the transition also in these experiments.
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FIG. 1: Temperature dependence of the HF-EPR lineshape at νL = 285 GHz of ANDRO in OTP

(cf. fig. 3). Top: overview. The corresponding structural relaxation times and the equivalent

frequency shift are also indicated. Bottom: detailed view in the range 292.1K ≤ T ≤ 307.3K.

FIG. 2: HF-EPR lineshape of ANDRO in OTP at νL = 95GHz, 281.2K (left) and νL = 285GHz,

276.3K (right). See text for details.

FIG. 3: Temperature dependence of ∆BνL
of the spin probe ANDRO (νL = 95, 190, 285) GHz and

NONA (νL = 285 GHz) in OTP. Stars denote points concerning ∆B250 from ref. [19]. All curves

(but the one denoted by red dots) are shifted vertically to make the comparison easier. Black curves

are theoretical simulations [29] of ∆B285 approximating ANDRO to a prolate ellipsoid diffusing

due to the α-process with either stick (continuous) or slip (dashed) boundary conditions.

FIG. 4: Comparison between HF-EPR results and neutron scattering data for OTP [32] and PB

[33]. Top: ∆B285 of TEMPO in PB. Bottom: ∆B285 of ANDRO in OTP.
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