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The rotational relaxation times of rod like molecules like poly[arylene-ethynylene]s and their low
molecular weight model compounds calculated from a simple model agree well with the experimen-
tal ones as long as the axial ratio of the corresponding rotational ellipsoid is less than 8. For the
polymer (axial ratio>10) the fluorescence depolarization cannot be described by rotational motion
perpendicularly to the long molecular axis. One has to take into consideration bending motions in
connection with energy transfer along the bent backbone.
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INTRODUCTION

Fluorescence depolarization originates from differ-
ent spatial orientations of the absorption and the emission
transition moments. In the case of identical absorbing and
emitting states (S0↔S1) the dynamics of the depolar-
ization of non fixed molecules is essentially governed by
rotational diffusion. It may become more complex if in-
tramolecular (e.g. along a conjugated polymer chain) or
intermolecular energy transfer is involved.

In case of a spherical molecule there is only one ro-
tational relaxation timeρ which is related to the rotational
volumeV by the formula (1)

ρ = ηV

kT
. (1)

For an assymmetric top theory allows up to five different
rotational relaxation times to be distinguishable. Symmet-
ric tops with the dipole transition moment parallel to the
long axis, however, still exhibit only one rotational relax-
ation time, and Eq. (1) is applicable in a modified form.
(Eq. (4), see below) .
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Scheme 1

It is not at all trivial to derive the rotational vol-
ume from the molecular dimensions if the molecule
bears long conformationally flexible substituents which
may not completely follow the rotational diffusion of
the emitting chromophore. Scheme 1 shows the chemi-
cal structures of just this type of molecule which we have
investigated.

The ellipses depict the rotational volume obtained
from the experimental data from Table II. We have found
a simplified formula which fits an intuitive imagination
of the rotational motion of a prolate symmetric top. At
first, however, we shall present some experimental results
which categorize compounds M and D as prolate symmet-
ric tops.

RESULTS AND DISCUSSION

Figure 1 contains the normalized absorption and
fluorescence spectra and the emission and excitation
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Fig. 1. Absorption and fluorescence spectra and emission anisotropy spectra (rM, rD, rP,
solid lines) and excitation anisotropy spectra (dotted lines) of M-C6C2, D, and P in

dioxane.

anisotropy spectra of the compounds M-C6C2, D, and P.
The spectra and photophysical data of M–C12 and M-C6C2

are practically identical.
The comparison of the fluorescence spectra of D with

P shows that the emitting chromophore in both molecules
is nearly the same. Due to their rod-like structure all
compounds show a considerable emission anisotropy
already in low viscous solvents. Surprisingly, the emission
anisotropy of the polymer is only little larger than that of
D, in spite of the much larger extension of P (and the
shorter fluorescence decay time).

The fluorescence kinetics of all compounds measured
with 55◦ orientation of the analyzer (magic angle) is singly
exponential. Figure 2 shows the measured and calculated
decay curves of M-C6C2.

The fluorescence decay curves measured with
vertical (IVV (t)) and horizontal (IVH(t)) orientation
of the second polarizer show a biexponential decay
according to the well-known polarized fluorescence
kinetics (2).

IVV (t) = (1+ 2r0e−t/ρ
)
e−t/τ

IVH(t) = (1− r0e−t/ρ
)
e−t/τ (2)

In Fig. 3 the polarized fluorescence decay curves of M-
C6C2 and P together with the fitted curves are presented.
The curves of M-C6C2 show the typical decay-decay
(IVV (t)) and rise-decay (IVH(t)) behaviour for the case that
the fluorescence decay timeτ is larger than the rotational
relaxation timeρ.

The biexponential fitsIVV( H ) = a1 · exp(−t/τ1)+
a2 · exp(−t/τ2) for M-C6C2 results in the following

parameters:

IVV : a1 = 0.031, τ1 = 0.45 ns,a2 = 0.024,

τ2 = 1.34 ns, χ2 = 1.08, Durbin–Watson:1.91;

IVH: a1 = −0.031, τ1 = 0.43 ns,a2 = 0.078,

τ2 = 1.33 ns, χ2 = 1.12, Durbin–Watson:1.79.

Fig. 2. (a) Measured (excitation vertically polarized, emission under
magic angle) and calculated decay curves of M-C6C2 in dioxane, instru-
ment pulse (I) and (b) residuals. Channel width 2.44 ps.
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Fig. 3. Excitation pulse (I) and polarized measured (dotted line) and
calculated (solid line) decay curves of M-C6C2 and P in dioxane. Channel
width 2.44 ps.

A different situation is given for the polarized fluorescence

A1

kinetics of D and P, where the fluorescence decay timeτ is
smaller than the rotational relaxation timeρ. In this cases
the biexponential fit with free running parametersτ1 andτ2

does not lead to physically meaningful results. For the fur-
ther analysis the model of the Spherical Rotor was used
which is implemented in the CD900 software package.
This program realizes a global fit procedure which calcu-
lates the decay curvesIVV and IVH simultaneously. With
the fluorescence decay time (determined using magic an-
gle conditions) as a fixed parameter this procedure delivers

Table I. Results of Time-Resolved (Fluorescence Lifetimeτ , Limiting Anisotropy r0, Rotational
Relaxation Timeρ) and Steady State (Fluorescence Quantum Yieldφf , Emission Anisotropy r)

Polarization Measurements. Solvent Dioxane

M-C6 C2 M-C12 D P

φa
f 0.90 0.92 0.93 0.77

τb 1.34 ns 1.33 ns 0.90 ns 0.76 ns
χ2 1.18 1.22 1.43 1.19
ρc (0.66± 0.01) ns (0.70± 0.01) ns (2.5± 0.5) ns (6± 1) ns
rc
0 0.38± 0.01 0.37± 0.01 0.4± 0.02 0.36± 0.05
χ2d 1.11 1.28 1.49 1.36
DW(IVV ) 1.88 1.82 1.56 1.58
DW(IVH ) 1.77 1.68 1.48 1.61
re
kin 0.125± 0.01 0.13± 0.01 0.29± 0.03 0.32± 0.07

r f
stat 0.11± 0.01 0.12± 0.01 0.25± 0.01 0.27± 0.01

a±10%.
bFluorescence decay times (±10 ps) and residuals of the fitted decay curve measured with 55◦ orientation
of the second polarizator, from TCSPC-measurements.
cRotational relaxation time and limiting emission anisotropy calculated by the kinetic model of Spherical
Rotor Anisotropy (LEVEL2 Analysis package, Edinburgh Analytical Instr.).
dResiduals of the Spherical Rotor fit and Durbin–Watson parameters of the calculated curves.
erkin = r0/(1+ τ/ρ).
f From steady state measurements:rstat= (IVV − IVH)/(IVV + 2IVH).

the rotational relaxation timeρ and the limiting anisotropy
r0.

The results of the stationary and time-resolved fluo-
rescence polarization measurements of the investigated
phenyleneethynylene compounds (M-C6C2, M–C12, D)
and the polyphenyleneethynylene P in dilute solutions at
room temperature are given in Table I.

Let us first consider M and D which provide models
for the depolarization mechanism without intramolecular
energy transfer. The photophysical properties of the M-
type compounds (also the spectra) are practically identi-
cal. For M and D the emission anisotropies obtained from
stationary,rstat, and from time-resolved,rkin, polarization
measurements are consistent with each other. The limit-
ing anisotropiesr0 are close to the theoretical value of
0.4. The smaller values ofφ f andτ indicate an additional
deactivation channel for the polymer P.

In order to obtain a deeper insight into the depolar-
ization mechanism we compare the measured rotational
relaxation times with those calculated from the molecular
dimensions and the solvent viscosity.

According to their stretched rod-like geometry the
molecules can well be described as rotational ellipsoids
with a long (a) and a short half-axis (b). The electric dipole
transition moment of the longest wavelength absorption is
essentially parallel to the long molecular axis as revealed
by theoretical calculations with numerous compounds of
the same type using time dependent density functional
theory (TDDFT) as implemented in the GAUSSIAN-98
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package [1] and also by semiempicical methods like
CNDO(S) or INDO1(S). For the M-type compound (with
the larger alkyl substituents replaced by methyl), for in-
stance, we obtained an angle of 1.3 degrees between
the dipole transition moment and the the long molecular
axis from TDDFT calculation using the hybrid functional
rb3lyp/6-31g(d) after full geometry optimization.

Exclusively rotational motions around axes perpen-
dicular to the long molecular axis contribute to the fluores-
cence depolarization. Under these conditions the kinetics
of the emission anisotropyr (t) is singly exponential with
the rotational relaxation timeρ.

r (t) = r0 · e−t/ρ (3)

The rotational relaxation time can be calculated according
to Navier, Debye, Stokes, Einstein with the help of Eq. (4)
[2].

ρ = K

(
a

b

)
· C · ρS = K

(
a

b

)
· C · ηVS

kT
(4)

with C = 1 (stick boundary condition),

K

(
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b

)
=
[

2

3

(
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b

)4− 1
a
b

[(
2
(

a
b

)2− 1
)
S− ( a

b

)]
]

and S=
In
[

a
b +

√(
a
b

)2− 1
]

√(
a
b

)2− 1
,

whereK (a/b) accounts for deviations from spherical sym-
metry, andVs is the volume of the rod like molecule ap-
proximated as rotational ellipsoid.

Figure 4 shows the correction factorK (a/b) = ρ/ρS

as a function of the axial ratio a/b.
Obviously,ρ/ρS is approximately equal to the axial

ratioa/b itself in the region 1< a/b < 8. Under these cir-
cumstances Eq. (4) is simplified to Eq. (5) and the volume
V = 4/3πa2b becomes the rotational volume.

ρ ≈ ρS · a
b
= η

kT
· VS · a

b

= η

kT
· 4π

3
ab2 · a

b
= η

kT
· 4π

3
a2b (5)

In order to calculate the rotational relaxation times of the
compounds investigated we have determined the corre-
sponding half axes of the ellipsoids from the molecular
geometry. Taking into account the conformational flexi-
bility of the alkoxy side chains we have varied the length
of the short half axis fromb = 218 pm (side chain bent
parallel to long axis or without side chain at all) to fully
stretched side chains. In another way, the short half axis
was directly calculated from the measured rotational re-

Fig. 4. Ratio of the rotational relaxation timesρ/ρS = K (a/b) versus
a/b (Eq. 4).

laxation time and the rotational volume using Eq. (5). The
results are compiled in Table II.

Table II shows that for M and D the experimental val-
ues ofρ andbρ are near the lower theoretical limits. The
M-type compounds exhibit emission anisotropies and ro-
tational relaxation times almost independent of the length
of the side chains, that is, the side chains do not contribute
to the rotational volume. Fluorescence depolarization oc-
curs through rotational motion perpendicularly to the long
molecular axis around an axle which contains the side
chains.

The same depolarization mechanism occurs with D.
However, the short half axisbρ determined from the ex-
perimental data with (3) is enlarged in comparison with
M. The side chains of D cannot coincide with the axle of
revolution and do contribute to the rotational volume.

Included in Scheme 1 are the rotational ellipsoids for
M-C6C2 and D with the half axes a and bρ corresponding
with the data in Table II.

Table II. Calculated Rotational Relaxation Times and Short half axes.
Solvent Dioxane (T = 293 K,η = 1.26 cP)

M-C6C2 M-C12 D P

a/pm 1350 1350 2240 10000
b/pm 218–970 218–1565 218–1030 218–1910
a/b 6.19–1.39 6.19–0.86 10.28–2.17 45.9–5.24
ρc/nsa 0.53–1.89 0.52–3.35d 1.94–5.07 108–237
ρ/nsb 0.66± 0.01 0.70± 0.01 2.5± 0.5 6± 1
bρ /pmc 277± 4 292± 4 383± 80 ,,38± 6“

aAccording Eq. (2).
bExperimental values from Table I.
cShort half axes according Eq. (3):bρ = (3kTρ)/4πηa2.
d S(a/b < 1)= (1− (a/b)2)−1/2 tan−1[(1-(a/b)2)1/2)/(a/b)], accord-
ing [2], p. 130.



P1: GAD

Journal of Fluorescence [JOFL] pp1196-jofl-486192 April 7, 2004 2:3 Style file version 29 Aug, 2003

Rotational Relaxation Times of Rigid Rod Molecules 253

The rotational relaxation times of M and D calculated
from a simple model agree well with the experimental
ones. For compounds with these dimensions the calcu-
lation of the rotational relaxation times from the simple
model according Eq. (5) is a good approximation.

The situation is different with P. The calculated ro-
tational relaxation time Eq. (3) with more than 100 ns is
far from the experimentally determined one and the cal-
culated short molecule axis bρ (Eq. (5)) is unrealistically
small. Obviously, fluorescence depolarization cannot be
determined by rotational motion perpendicularly to the
long molecular axis. Nevertheless, both the decrease of the
steady state anisotropyrstatin comparison withr0 as well as
the experimentally determined rotational relaxation time
of 6 ns indicate an effective depolarization mechanism in
which molecular motions take part. In order to interpret the
experimental findings one has to take into consideration
that the polymer molecules do not adopt their idealized lin-
ear stretched geometry rather than exist as a distribution
of differently bent conformations in a dynamical equlib-
rium. Thus, since the excitation energy is located to very
few repetion units of the polymer chain [3], even poorly
efficient migration gives rise to depolarization.

EXPERIMENTAL

The synthesis of the compounds M-C6 C2 and D have
been described in [4], the synthesis of compound M-C12

in [5] and the synthesis of the polymer P in [3].
Corrected fluorescence spectra and the fluorescence

polarization were measured using a LS50B lumines-
cence spectrometer (Perkin Elmer). Fluorescence quan-
tum yields were determined relative to quinine sulphate
(purum; FLUKA) in 0.1 N H2SO4 with 8 f = 0.55 used
as a standard.

Picosecond time-resolved fluorescence polarization
experiments were performed with an OB900 Fluorescence
Lifetime Spectrometer (Edinburgh Analytical Instru-
ments) using a frequency doubled mode locked titanium–
sapphire laser (100 fs, 104 MHz, 400 nm, 1 nJ/pulse) as
the excitation source and a Hamamatsu microchannel plate
photomultiplier (MCP-PMT R3809U-50 and a SPC-430
single photon counting board (Becker & Hickl, Berlin)
as the detection unit. Glan–Tompson prisms inserted be-

tween the monochromators and the sample compartment
were used as polarizers. The width of the instrument pulse
is 35 ps due to the rise time of the photomultiplier. In or-
der to calculate the fluorescence lifetime, the LEVEL 1
(up to 4 exponentials) and LEVEL 2 (Spherical Rotor)
packages implemented in the Edinburgh Analytical In-
struments software were used. The analysis makes use of
the iterative reconvolution technique and the Marquardt
fitting algorithm. The Spherical Rotor program is a global
fitting procedure for the determination of the parameters
τ, ρ andr0 using theIVV (t) and IVH(t) decay curves ac-
cording Eq. (2). Further details are given in [3].
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