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An optical anisotropy decay technique for measuring probe rotational times in glassy materials is presented.
Rotational times from 101.4 to 105 s have been obtained for a molecule of 1-naphthyl-azomethoxybenzene
(NAMB) in o-terphenyl (OTP) over a temperature range fromTg +3.5 toTg -16.5 K. The rotational diffusion
follows the temperature dependence of Debye-Stokes-Einstein down toTg -4 K with an activation energy
of 320( 30 kJ/mol. BelowTg -9 K, the temperature dependence of rotation mobility was found to be much
weaker with an activation energy of 70( 15 kJ/mol.

1. Introduction

Serious efforts were made to characterize molecular dynamics
in condensed matter near and below the glass transition
temperatureTg.1-3 It is established that the dynamic properties
of amorphous solids (viscosity, diffusion) change drastically as
the system is cooled toTg.

Although the glass-forming materials have been studied
extensively, the nature of molecular motions near and below
Tg remains unclear. Many processes (chemical reactions, rotation
of molecules) that appear as an exponential decay in liquids
may become highly nonexponential near and below glass
transition because of spatially heterogeneous dynamics.1-5 The
time evolution of processes is often well described by the
Kohlrausch-Williams-Watts (KWW) equation

or can be represented by the sum of two (or more) exponen-
tials.4,6,7

The rotation of impurity molecules was studied extensively
in many solvents. When the size of a solute molecule is larger
or comparable with that of a solvent, the rotational diffusion
coefficient frequently follows the temperature dependence of
Debye-Stokes-Einstein at temperatures aboveTg:

whereτc is the rotational correlation time,η is the viscosity,
and r is the hydrodynamic radius of a rotating particle. This
relationship holds for a great number of compounds over a wide
temperature range. For example, the rotation of probe molecules
in o-terphenyl (OTP) follows this law over the rotational time
range of 14 orders of magnitude.8,9

Single-molecule spectroscopy was used to study the rotational
diffusion of rhodamine 6G in OTP just above the glass
transition.10 During short periods of time, motion of molecules
in each environment is the Brownian rotation process character-
ized by a single correlation time.

Below Tg, the rotational mobility of molecules is poorly
known. The ESR method was used11 to investigate the rotational
dynamics of the spin probe 2,2,6,6-tetramethylpiperidinoxyl

(TEMPO) in OTP and phenyl salicylate (SALOL). Theη/T
temperature dependence of rotational correlation time was found
down toT ∼ 1.25Tg. In OTP, it is proportional to (η/T)ø with
ø < 1 in the range from 280 to 298 K. Below 280 K, the
temperature dependence of rotational time is depicted in the
Arrhenius plot by two straight lines with the point of intersection
at 235 K. The activation energy was found to be approximately
15 kJ/mol above and 5 kJ/mol belowTg. A small value of
rotational correlation time obtained at low temperatures (∼2 ×
10-8 s at 235 K) is questionable.

The rotation of probe molecules in OTP near and aboveTg

was measured by using the photobleaching technique and the
time-correlated single-photon counting method.8,9,12-14 The
probe size is either almost the same as that of the OTP molecule
or larger. The kinetics of rotational motion obeys the law of eq
1. The rotation of probes follows temperature dependence
described by eq 2 down to 238 K.

The aim of this work is to study the rotational mobility of
probe molecules in OTP at temperatures belowTg. OTP is the
typical fragile glass-forming liquid, attractive because of both
its relatively simple structure and stability as a supercooled
liquid. The literature data on OTP glass temperature give values
in the range of 243-246 K. We take a value of 243 K measured
by the calorimetric method.15 Molecular dynamics at low
temperatures in this substance has been studied by single-
molecule spectroscopy,10 photobleaching technique,8,9,12-14 di-
electric relaxation,16 NMR,5 and ESR.11,17

In the present work, we have used 1-naphthyl-azomethoxy-
benzene (NAMB) as a probe molecule. Under light irradiation,
NAMB undergoes cis-trans isomerization. The linearly polar-
ized light creates the anisotropic orientational distribution of
probe molecules in a sample. The light-induced anisotropy of
samples was observed as a linear dichroism which relaxes in
the dark. The rate of darkcis-trans isomerization is negligibly
low in the temperature range used.

2 Experimental Section
2.1. Experimental Setup.The anisotropy decay kinetics were

monitored by measuring sample absorbance (spectrophotometer
SPECORD UV-Vis, Carl Zeiss JENA) at a wavelength of
absorption maximum of trans isomer (388 nm). The design of
the spectrophotometer allowed us to obtain absorbance values
in the digital form. The experimental setup is schematically
depicted in Figure 1.* Corresponding author. E-mail: grebenk@ns.kinetics.nsc.ru.
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The temperature-controlled aluminum cell (temperature con-
troller Polikon 613, Thermex, S.-Petersburg), equipped with
quartz windows for a probe and irradiation light beams, was
placed in the spectrophotometer. It was cooled by gaseous
nitrogen evaporated in a Dewar flask and passed through the
channels drilled in the cell walls. The sample temperature was
kept constant to within(0.1 K. The measuring accuracy of
temperature was(0.3 K.

A 500 W high-pressure mercury arc lamp (DRSh-500-2M)
powered by direct current was used as a source of irradiation.
Light of wavelength 405 nm was isolated by the standard set
of glass filters immersed into a water bath. The typical photon
flux at 405 nm measured by the rate of azobenzene photo
isomerization in isooctane18 was (3.9( 0.4)× 1016 photon s-1

cm-2.
The polarized light was obtained by using polarizers from

LOMO PLC. To polarize a probe beam, the polarizer was
installed directly behind the probe light source inside the
spectrophotometer. A homemade holder allows two fixed
positions of the polarizer at which the probe light has either
vertical or horizontal polarization. Because of light attenuation
(by the polarizer), a more powerful incandescent lamp of 50 W
(Royal Philips Electronics) was used as the probe light source.
It takes about two seconds to change manually the polarizer
orientation.

2.2. Sample Preparation.The OTP powder (Fluka,g99.0%
(GC), mp 329-332 K) was used as received. The azo dye
NAMB was synthesized in our laboratory as described in ref
19 and used after thin-layer chromatography purification. Its
chemical structure is depicted in Figure 2.

The OTP powder was placed in a Pyrex glass ampule with a
rectangular cross-section of 1 mm× 8 mm and a height of 15
mm. The OTP was melted in the ampule, and then the azo dye
was dissolved there. The typical concentration of NAMB in
solution was about 4× 10-4 mol/l.

The ampule with a solution was kept at 373-393 K during
1.5 h. After that, no crystallization of OTP was observed at
room temperature for several months.

After heating, the ampule has been kept at room temperature
for 3 min and then placed into the cell cooled to the experimental

temperature. The samples obtained did not crack and contained
no bubbles. The ampule was mounted in the cell so that the
angles between the light beams and the plane with a face of 15
mm × 8 mm were 45° (Figure 1). After 17 h exposure at the
experimental temperature in the dark, the sample was irradiated
with a vertically polarized light at 405 nm for 90 min to create
optical anisotropy. The anisotropy decay kinetics was measured
after irradiation.

3. Results and Discussion

3.1. The Temperature Dependence of Rotational Mobility.
Figure 3 shows the spectra of the optical absorption of NAMB
in OTP before and after exposure to the polarized light of a
wavelength of 405 nm. Light irradiation leads to a decrease in
sample absorption over the trans isomer absorption range. As
follows from the figure, upon irradiation with vertically polar-
ized light, the sample absorption spectrum depends on the
probing light polarization. The figure clearly demonstrates the
appearance of optical absorption anisotropy upon cis-trans
isomerization.

A quantitative description of experimental data was performed
by using the value of sample anisotropy that we define as

where Abs⊥ and Abs|| are the absorbances of the sample at 388
nm measured by using the horizontal and vertical polarizations
of probing light, respectively. As follows from eq 3, theA(t)
value is one-third of the difference in Abs⊥ and Abs|| values
normalized to isotropic absorbance.

Figure 4 shows the typical curves of anisotropy decay in the
dark. The data for 226.5 and 236.5 K were collected in single
experiments. The decay curve at 246.5 K was obtained by
averaging the data of 12 individual experiments. In the last case,
the accumulation of data is necessary due to the high rate of
signal decay, which causes a large measurement error.

Figure 5 demonstrates the constancy of isotropic sample
absorbance, (2Abs⊥(t) + Abs || (t))/3, in the course of anisotropy
decay. The figure plots the isotropic sample absorbance normal-
ized to its time-averaged value,〈2Abs⊥(t) + Abs||(t)〉/3, vs time.
This constancy confirms that the rotation of the NAMB
molecules is the only process which is monitored.

Figure 4 shows that the KWW equation describes satisfac-
torily the anisotropy decay curves. At 246.5 K,â is close to
unity and the kinetics of anisotropy decay obeys the exponential

Figure 1. Schematic representation of the experimental setup. Projec-
tion onto the horizontal plane.

Figure 2. The chemical structure of NAMB.

Figure 3. UV-Vis absorption spectrum of NAMB in OTP before
irradiation (top curve) and after 0.5 h of irradiation with vertically
polarized light of wavelength 405 nm (middle and bottom curves), 239
K. The polarization of the probe light is horizontal (middle curve) and
vertical (bottom curve).

A(t) )
Abs⊥(t) - Abs||(t)

2Abs⊥(t) + Abs||(t)
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dependence. The temperature dependence of rotational times
follows η/T down toTg -4. There are no experimental data on
the OTP viscosity value at lower temperatures.

Figure 6 shows (dashed line) the extrapolation of theη/T
using the Vogel-Fulcher-Tamman-Hesse (VFTH) equation
for relaxation time

The comparison between relaxation time andη/T is motivated
by eq 2. To this end, we used the VFTH equation, with the
parameters based on the viscosity data over the range of 238-
294 K.20 The figure shows the decoupling of the values of
rotational times and calculated viscosity in the lower temperature
range (T < 239 K). For the temperatures above 239 K, the
effective activation energy of rotational diffusion is 320( 30
kJ/mol, which is equal to the activation energy ofR relaxation,
320 kJ/mol, measured in OTP at 251 K.16 Such a high value is,
probably, due to the collective character of rotational mobility.
At temperatures below 234 K, the activation energy of NAMB
rotation is 70( 15 kJ/mol. This value exceeds the activation
energy of Johari-Goldstein secondary relaxation in OTP (50
kJ/mol) observed in this temperature range.16

The temperature dependence curve of NAMB rotation in OTP
changes the slope near 236.5 K which is 6.5 K as low asTg.
Note that, ref 11, the knee of the temperature dependence of
TEMPO rotation in OTP was revealed near 235 K. However,
the type of molecular mobility presented in ref 11 is not quite
clear.

The KWW equation parameterâ can be considered as a
measure of the width of molecule distribution over rotational
times. A wider distribution corresponds to a smallerâ value.
The â decreases sharply in the range of 239-246.5 K. At
temperatures below 239 K, it depends only weakly on temper-
ature. A decrease in temperature nearTg also leads to an increase
in the dispersion of the rotation rates of rhodamine 6G in OTP.10

The values of rotational times at temperatures higher than
236.5 K are in good agreement with the data of Ediger and
co-workers on the rotation of tetracene in OTP.8 For example,
at 241.5 K, the rotational times presented in ref 8 and, measured
in the present work, are 520 and 580 s, respectively. At 246.5
K, these values are 14 and 27 s, respectively. For comparison,
the data of work8 are shown in Figure 6.

3.2. Manifestation of Heterogeneity in Optical Anisotropy
Decay.The biexponential law

can be successfully used to describe the nonexponential kinetics
of optical anisotropy decay over the temperature range of
226.5-244 K. The parameters with the indexes f and s refer to
the fast and slow exponentials.

By solving the problem of diffusion on a sphere, we get the
time dependence of anisotropy for a homogeneous medium:21

The NAMB particle is not spherical. Therefore, strictly
speaking, the rotational diffusion coefficients for rotation around
the three principal axes are different.22,23 Moreover, the aniso-
tropy decay results from the rotation of two NAMB isomers,
which vary in size, and hence have different mobilities. By
irradiating the sample with polarized light of various wave-
lengths, we formed anisotropy at different isomer ratios.
Irradiating with a light of 405 and 546 nm yields cis isomer
portions of 60 and 20%, respectively. Only a slight difference
was observed in the kinetics of anisotropy decay after sample
irradiation with the polarized light of the wavelengths listed.
Therefore, we conclude that the rotational times for cis and trans
isomers are close. For the same reason, we assume that there is
no great difference in rotational diffusion coefficients for the
rotation around various principal axes. Otherwise, because of
the strongly different geometry of cis and trans molecules, the
decay kinetics would strongly depend on isomer ratio. It is

Figure 4. Anisotropy decay curves at different temperatures. Solid
lines are the KWW stretched exponential fits to the data. The error bar
is one standard deviation.

Figure 5. The constancy of the isotropic sample absorbance during
anisotropy decay, 226.5 K. The line indicates the time average.

Figure 6. The Arrhenius plot of rotational times (solid circles) and
the temperature dependence of stretched exponential parameterâ
(triangles) for NAMB in OTP. Crosses: rotational correlation times
for tetracene in OTP.8 The solid line is the VFTH approximation of
η/T for neat OTP,20 shifted vertically. The dashed line is the extrapola-
tion of VFTH equation into the low-temperature region. The dashed-
dotted line is the guide for the eye.

τ ) A exp
B

T - T0
(4)

A(t) ) Wf exp(-t/τf) + Ws exp(-t/τs) (5)

A(t) ) A(0) exp(-6Drott) (6)
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assumed then that a heterogeneity of matrix is the main reason
for nonexponential anisotropy decay.

Thus, the anisotropy decay kinetics can be interpreted as
particle rotation in the surroundings of two types. Figure 7 shows
the temperature dependencies ofτf andτs. The parameters were
determined by fitting the curves of anisotropy decay by using
eq 5. The slopes of the curves change in the vicinity of 239 K.
As it is shown in Figure 6, the slope of the temperature
dependence curve of the KWW parameterτ changes also near
239 K. Figure 7 demonstrates good agreement between the
temperature dependence ofη/T (data of work20) and that ofτs.
Thus, at temperatures higher than 239 K, the rotation of guest
molecules in low-mobility regions follows the temperature
dependence ofη/T. At the same time, the rotation in high-
mobility regions atT > 239 K decreases with decreasing
temperature to a much lesser extent thanη/T.

Activation energies of rotational times were evaluated in low-
(226.5-236.5 K) and high-temperature (239-246.5 K) parts
of the measured temperature range. These values are listed in
Figure 7. Recall that the activation energy ofâ relaxation in
the range 205-237 K is equal to 50 kJ/mol.16

Figure 8 shows the temperature dependencies of a fraction
of rapidly rotating particles,Wf, and of the value log(τs/τf). The
latter reflects the width of particle distribution over rotational
times. The valuesτf, τs, andWf are weakly dependent on the
temperature below 235 K. Probably, this is due to the fact that
the local matrix structure does not change substantially with
decreasing temperature below this point.

Note that, at temperatures 241.5 and 244 K, the rotational
times of “fast” molecules are so small that they compare with
anisotropy formation time. Therefore, at mentioned tempera-
tures, the valuesWf are not equal to the portions of NAMB
molecules located in high-mobility regions and should be
considered as lower bounds of these portions.

Reducing the entire range of rotation times to two values
simplifies the real situation. Moreover, this model does not take
into account an interconversion of fast and slow regions that
may arise from environment rearrangement. In the high-
temperature region, these processes could play a great role.
Nevertheless, this simple model can be used to draw two
conclusions. First, a fraction of high-mobility regions decreases
with decreasing temperature. Second, with decreasing temper-
ature, the particle rotation in the low-mobility regions becomes
slower to a greater extent than in the high-mobility regions.

4. Conclusions

In this paper, we have presented a photo orientation technique
to measure the long rotational correlation times of probe azo
molecules in glassy materials. The results obtained for rotational
times over the range of 101.4-105 s are given. The technique
can be also used to measure longer times. The measurements
of probe molecules rotation in glassy OTP provide the data
extended to temperatures down toTg -16.5 K.

We have found that the rotational diffusion of probe
molecules follows the temperature dependence of Debye-
Stokes-Einstein down toTg -4 K. Below this temperature,
the temperature dependence of rotational mobility is much
slower. An activation energy of 70( 15 kJ/mol was determined
below Tg -4 K.
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