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The excited state decay behaviour of p-terphenyl in cyclohexane solution and in a rigid
poly(methyl methacrylate) (PMMA) film is reported as measured in a ps polarization
dependent transient grating experiment. In both cases, the diffracted intensity shows
a biexponential decay. The slower component is attributed to excited state lifetime. In
the liquid solution, the faster decay component is described by the hydrodynamical
Stokes–Einstein–Debye theory for rotational reorientation under slip boundary conditions.
In the rigid matrix it is interpreted in terms of a free volume effect.

1. Introduction
The excited state decay characteristics of a solute in a given solute–solvent
combination reveals valuable information about its microenvironment. An important parameter in this connection is the viscosity of the solvent as it is of
substantial influence on the rotational reorientation rates of the embedded solute. As long as the solute is large compared to the solvent particle size, the
interactions retarding its rotational diffusion can be visualized in the hydrodynamic Stokes–Einstein–Debye model [1–3]: the rotating solute molecule has
to displace solvent particles and the resulting torque opposes the rotational motion. This model depends on shape and size of the solute and the macroscopic
viscosity of the medium. In its initial form, it describes well the rotational
motion of a large spherical solute in a continuous solvent under the assumption that the solvent sticks to the solute (“stick” boundary condition). The
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model was later modified for nonspherical solute shape [4] and for the case
of the solute slipping between the solvent molecules (“slip” boundary condition) [5]. However, this picture proves insufficient as soon as more complicated
microscopic aspects of solute/solvent interaction come into play. Important
modifications of the purely hydrodynamic model are the microfriction theory
of Gierer and Wirtz [6] taking into account the discontinuous nature of the solvent and the relative sizes of solute and solvent molecules, and the “free space
model” by Dote, Kivelson and Schwartz [7] that additionally refers to the free
volume between the solvent molecules.
With increasing viscosity and solvent particle size molecular aspects become more and more important. Finally, an amorphous polymeric matrix can
be looked upon as a rigid solvent with a high degree of internal discontinuity
due to shape and size of the polymers. Solute molecules of usually considerably smaller size find highly rigid areas where they will hardly be able to carry
out any motions alternating with free volume nanocavities where, depending
on the ratio of solute/solvent size and on the existence of specific interactions
with the polymer side chains [8–10], they will be able to move relatively unhindered [11–16].
In the present work, we compare the excited state and polarization
anisotropy decay characteristics of p-terphenyl in a liquid cyclohexane solution to that of a rigid p-terphenyl doped poly(methyl methacrylate) (PMMA)
film as measured in a polarization sensitive transient grating (TG) experiment [17–23].

2. Experimental
P-Terphenyl and PMMA (Degalan V26) were obtained from Aldrich and
Fluka, respectively, and cyclohexane and chloroform were obtained from
Merck in Uvasol® quality. The liquid samples were freshly prepared by dissolution of 20 mg p-terphenyl per liter cyclohexane at room temperature and enclosed in a home made quartz cell of 5 µm thickness. The p-terphenyl/PMMA
solutions were prepared by adding p-terphenyl and PMMA in chloroform and
stirring in an open bottle at room temperature until dissolved. The films were
produced by dip coating a plane quartz substrate of 1 mm thickness into the
p-terphenyl/PMMA solution and subsequent solvent evaporation in air providing glassy state films at room temperature. The film thickness amounted to
about 3–5 µm. The maximum OD of the liquid as well as the solid samples
was 0.05–0.09 at the excitation wavelength. This corresponds to concentrations
of about 3.5–7.5 × 10 −6 mol/cm 3 . Apparently, a certain fraction of the chromophores initially dissolved is pushed out of the films in the drying process.
All experiments were carried out under room temperature.
Ground state absorption spectra were taken with a Cary 5e absorption
spectrometer at a spectral resolution of 0.5 nm. Excited state absorption spec-
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Fig. 1. Setup for the TG experiments: The pumplight is split into two at the beamsplitter
BS. One of the pump beams passes a delay line Pr, allowing for an exact adjustment of
the two pathlengths. Pump and probe beams are focused on the sample by a quartz lens
L. After passing an iris diaphragm and an optional interference filter, the ±1st diffraction
order of the probe light is detected by a photodiode and processed in a lock-in amplifier.

tra were measured with a nanosecond pump–probe apparatus equipped with
a XeCl excimer laser for pump light and broad band fluorescence probe light.
The system has been described previously [24–26]. For the TG experiments,
we used the regeneratively amplified output of a Spectra Physics Tsunami
Ti:Sa laser (Spectra Physics Spitfire, 1024 nm, 1 kHz, 750 mW, 2 ps), part of
which was converted into 560 nm in a Spectra Physics OPA for the probe light.
The pump light of 266 nm was obtained by THG of the remaining fundamental
wave.
Figure 1 shows the experimental setup for the transient grating experiments. To produce the grating the 266 nm, 20 mJ beam is split into two at
a beam splitter. One of the pump beams passes a delay line allowing a reproducable adjustment of the pathlengths of the two beams in the range of few µm.
Both pump beams are focused on the sample by a quartz lens, interfering in an
angle of 2 ◦ on a spot of about 1 mm in diameter. The 560 nm probe beam hits
the sample at an arbitrary angle. After passing several diaphragms and an optional interference filter, the signal (±1 st diffraction order) is detected by a fast
photodiode (τ = 200 ps) and processed in a Perkin Elmer DSP lock-in amplifier. The two pump beams have different portions of s and p polarized light
resulting in an angle of 5 ◦ ± 0.5 ◦ . Thus, the sample is modulated in a twofold
way. First, the interference pattern creates a population density modulation due
to the S 0 –S 1 absorption. This absorptivity modulation acts as a diffraction grating for all wavelengths responding to the S 0 –S 1 population redistribution, i.e.
those belonging to the GSA (S 0 –S 1 ) or the ESA spectrum (S 1 –S n ), respectively.
Second, the different portions of s and p polarization create a modulated polarization anisotropy in the sample that can be detected by a linearly polarized
probe beam [17–20, 27].
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Fig. 2. Ground state (solid line) and excited state (dashed line) absorption spectra of
p-terphenyl in cyclohexane.

The samples were mounted on an xy stage that could be manually moved
perpendicular to the excitation beam to avoid sample degradation due to the
relatively high excitation intensities. This was necessary in both cases, but
in PMMA the degradation process was faster than in cyclohexane because
translational diffusion of the chromophores in the rigid matrix is much more
restricted.

3. Results and discussion
The ground and excited state absorption spectra of p-terphenyl are shown in
Fig. 2. The 266 nm pump and the 560 nm probe light correspond to the S 0 –S 1
and the S 1 –S 2 absorption of p-terphenyl, respectively. Figures 3 and 4 show excited state decay curves of p-terphenyl in cyclohexane and in a PMMA film.
The data were obtained from repeated experiments with several independently
prepared solutions and films. The different liquid and solid samples provided
comparable data each which were comprised in the curves presented in the
figures. In all cases, each data point was recorded at a new position of the
respective sample.
Because the diffraction efficiency of a transient grating is proportional to
the square of the modulation depth [28], the figures show the square root of the
measured diffraction signals.
The signal comprises contributions of a population grating and of a polarization grating. The decay of the polarization grating is due to excited state

This article is protected by German copyright law. You may copy and distribute this article for your personal use only. Other use is only allowed with written permission by the copyright holder.

530

531

Fig. 3. Transient grating diffraction intensity in a 5 µm thick layer of p-terphenyl/cyclohexane solution as function of delay between pump and probe light (squares). The data
points were best fitted by a double exponential function (solid line) with τ rot = (65 ± 12) ps
and τ ESA = (1258 ± 29) ps. The amplitude ratio Irot /IESA amounts to 0.44.

Fig. 4. Transient grating diffraction intensity in a 2 µm thick p-terphenyl doped PMMA
film as function of delay between pump and probe light (squares). The data points were
fitted by a Eq. (2) (solid line) with τ rot = (60 ± 7) ps and τ ESA = (988 ± 80) ps. The amplitude ratio Irot /IESA amounts to 8.9.
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relaxation and rotational reorientation. Because both processes are exponential,
the polarization grating decay is described by an exponential that is the product
of the two [27]:
I pol (t) = I 1 exp[−2(t/τ rot + t/τ ESA )] .

(1)

The decay of the total signal is then the sum of the decays of the polarization grating and of the excited state grating:
I 1/2 (t) = I 1 exp[−(t/τ rot + t/τ ESA )] + I 2 exp −(t/τ ESA ) .

(2)

This function was applied for fitting the CHx as well as the PMMA data.
In the p-terphenyl/cyclohexane solution, the two corresponding average
lifetimes from 6 runs are τ rot = (65 ± 12) ps and τ ESA = (1258 ± 29) ps of the
total signal.
In the p-terphenyl doped PMMA film, τ rot = (60 ± 7) ps amounts to almost exactly the same value as in the cyclohexane solution while τ ESA = (988 ±
80) ps is reduced for about 20%.
The slower decay component τ ESA is attributed to excited state lifetime. In
both samples it directly corresponds to literature values for fluorescence lifetime of 0.95–1.3 ns [29–32]. The slight decrease of the excited state lifetime
in PMMA could originate from contaminations or quenching by the polymer.
The faster time constant τ rot is attributed to the decay of the polarization
grating and is due to the rotational dephasing of the transition dipole of the
solute molecules. Since the transition dipole of p-terphenyl is parallel to the
major axis [33], only rotation perpendicular to this axis will contribute to the
decay of the polarization anisotropy. The two corresponding degrees of freedom have the same geometry, therefore a single exponential decay of τ rot is
expected in the liquid solution as confirmed by the experiment.
The rotational dephasing time τ rot can be calculated by the modified
Stokes–Einstein–Debye equation [1–5], taking into account the effect of the
solute shape:
τR =

Vη
fC + τ fr
kB T

(3)

where V is the volume of a solute molecule, η is the viscosity of the solvent, k B
is the Boltzmann constant, T is absolute temperature, f is Perrin’s correction
parameter for the geometry of the solute [4], C is a parameter depending on
the hydrodynamic boundary condition (“stick” or “slip”) [5] and τ fr is the “free
rotor relaxation time” [34] that corresponds to the rotational dephasing time at
zero viscosity. For a calculation of V , f and C p-terphenyl was assumed to be
of prolate ellipsoid shape. The parameter f is then given by
f=

2(ρ 2 + 1)(ρ 2 − 1)3/2


3ρ (2ρ 2 − 1) ln{ρ + (ρ 2 − 1)1/2 } − ρ(ρ 2 − 1)1/2

(4)
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where ρ is the ratio of the long to the short axis of the ellipsoid [4]. The calculation of τ rot according to Eqs. (3) and (4) requires knowledge of the geometrical
dimensions of p-terphenyl which are not straightforward to determine.
According to Bondi [35], the van der Waals volume of p-terphenyl
amounts to 224 Å 3 while the van der Waals lengths of the long and short axes
amount to 15.9 Å and 6.4 Å, respectively. However, axis lengths and van der
Waals volume stand in contradiction if p-terphenyl is assumed to be of prolate
ellipsoid shape, leading to an uncertainty of about ±25% in volume or about
±10% in the axial dimensions. These uncertainties result from the larger volume of an ellipsoid of Bondi’s axis lengths and the shorter axis lengths of an
ellipsoid of Bondi’s volume, respectively. Thus, we took Bondi’s above given
values for volume and major axis length as fixed and calculated the minor
axis length of the corresponding ellipsoid as 4.9 Å, a value 1.5 Å smaller than
Bondi’s short axis length. As there are hardly any specific, “nonmechanical”
interactions present in the nonpolar solute/solvent combination of p-terphenyl
and cyclohexane, slip boundary condition was assumed. The value of C was
determined as 0.46 according to the table by Hu and Zwanzig [5], and τ fr was
assumed 2.6 ps [36]. Thus, with a viscosity of cyclohexane of 0.898 mPa s at
room temperature [37] from Eqs. (3) and (4) a rotational relaxation time of
57 ps was obtained that corresponds well to our value of (65 ± 12) ps. Literature
values for rotational diffusion times of p-terphenyl in different alkanes range
from 47 to 70 ps [32, 36, 38] at similar viscosities.
On first sight it might be surprising that τ rot of p-terphenyl in PMMA
does not exceed τ rot in cyclohexane by orders of magnitude in spite of the
rigidity of the polymeric matrix. Deviations of τ rot from expected values towards smaller ones are often explained by free volume effects [7, 36, 39, 40]. In
the case of PMMA this means that a certain portion of the dopant molecules
would be trapped in free volume nanocavities provided by the amorphous
polymer film [13–16]. Depending on the relative dimensions of cavity and
trapped molecule the chromophore should be able to rotate relatively undisturbed. τ rot should follow a single exponential decay law in our experimental
time window, since effects like structural relaxations of the host matrix which
lead to a distribution of decay times take place on a many-minute time scale
(e.g. [8, 9]).
To further verify this, the radius of the assumed spherical nanocavities in
the polymer film has to be estimated. This is often done from orthopositronium (o-ps) triplet lifetimes by the use of the semiempirical Tao–Eldrup equation [41, 42]:
τ3 =

 −1


1
1
R
2πR
+
1−
sin
2
R 0 2π
R0

(5)

where τ 3 is the o-ps lifetime in ns, R is the radius of free volume nanocavity,
and R 0 is the radius of a finite spherical potential around the cavity with a thick-
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ness ∆R = R 0 − R and an assumed constant electron density inside ∆R. The
value of ∆R in molecular solids like plastic crystals has been determined to
∆R = 1.656 Å [43].
By inserting the τ 3 values by Wang et al. [44] into Eq. (5) one obtains free
volume site radii of (2.7 ± 0.1) Å at room temperature. These radii are about
3 times too small to provide the possibility of quasi-free rotation of p-terphenyl
with its long axis diameter between 15.9 Å and 13.5 Å, even if neglecting some
more recent papers that suggest the Tao-Eldrup model might lead to slightly too
large nanocavity volumes [45–47]. However, it is worth to note that the way
we prepared the samples is most likely to result in a larger free volume compared to that in the commercial 3 mm PMMA plates used by Wang et al. [44].
The relatively slow solvent evaporation from our films is likely to influence the
packing density and thus the average free volume cavity size. Therefore, the interpretation of the decay behaviour in PMMA in terms of a free volume effect
seems to be justifiable.
Measurements of the orientational relaxation of dopant molecules in polymeric matrices often reveal a certain distribution breadth of decay times which
is best fitted by a stretched exponential function (e.g. [8, 9]). However, this
is only true for long-term behavior of the chromophores when influences on
dipole moment orientation like structural relaxations of the polymer matrix
come into play which take place on a many-minute time scale. Our experimental setup opens a different time window: it provides ps resolution while on the
other hand it is restricted to maximum delay times of about 1.5 ns. Therefore it
is insensitive to the abovementioned relatively slow effects while it is suitable
for measurements of fast initial relaxation processes.
More detailed information about the reported molecular mobility in
nanocavities could be gained by temperature dependent experiments and variations of transient grating and solvent/polymer parameters.

4. Conclusion
In a cyclohexane solution and in a rigid poly(methyl methacrylate) (PMMA)
film, p-terphenyl shows a biexponential decay with the slower component being attributable to excited state lifetime (τ 2,CHx = 1258 ± 29 ps, τ 2,PMMA = 988 ±
80 ps). Both results correspond well to literature values of 0.95 ns–1.3 ns. The
slight reduction of τ ESA in PMMA is possibly due to quenching by the polymer.
In the case of the liquid solution, the faster component (τ 1,CHx = (65 ± 12) ps,
τ 1,PMMA = (60 ± 7) ps) corresponds well to rotational reorientation times derived from the hydrodynamic Stokes–Einstein–Debye model under slip boundary conditions, whereas in the polymer film it is interpreted in terms of a free
volume effect. Temperature dependent measurements and variations of transient grating and solvent/polymer parameters are natural extensions of the
work presented here.
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