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Abstract The classical hydrodynamic theory for Brownian
rotational motion is applied to model compounds of conju-
gated polymers with alkoxy side chains of variable length.
Theory predicts two rotational relaxation times for these
types of molecules with the dipole transition moment par-
allel to the longest axis whereas experiments reveal only
one. The rotational relaxation times and their relative am-
plitudes were calculated for a wide span of axial ratios of
a general ellipsoid. In this way, the range in the axial ratios
is obtained such that there is a chance to detect both rates
experimentally. Rotational relaxation times of five particu-
lar molecules were measured in liquid n-butane. Theoretical
calculations using ellipsoid parameters obtained from molec-
ular dynamics calculations compare well with experimental
results. Calculation of the rotational relaxation times from
the autocorrelation function of the transition dipole moment
vector requires significantly greater computational effort.

Keywords Molecular dynamics . Emission anisotropy .

Conjugated polymers . Fluorescence . Energy migration

Introduction

The prediction of the stationary emission anisotropy, rstat,
of rigid spherical molecules from their rotational relaxation
times, ρ, and their fluorescence lifetimes, τ , with the help
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of the Perrin equation [1] is among the standard tools of
photophysics [2].

rstat = r0

1 + τ
ρ

(1)

The limiting anisotropy for randomly oriented fluorophores
is given by

r0 = 3 cos2 α − 1

5
(2)

where α is the angle between the transition moments for
absorption and emission.
The rotational relaxation time, ρ, can be obtained from the
Stokes-Einstein relation where Vrot is the rotational volume
and η is the solvent viscosity:

ρ = ηVrot

kT
(3)

The theory also generalizes well to certain cases involving
non spherical molecules [3]. In the case of symmetric tops,
there is still only one rotational relaxation time as long as
the transition moments are parallel to the top axis. We have
recently proposed a significant simplification for the predic-
tion of rotational relaxation times for symmetric tops of the
prolate type [4] for an axial ratio 1 < a/b < 8, where a and
b are the long and short half-axes of the top, respectively, the
rotational volume can be approximated well by

Vrot = 4π

3
a2b (4)

In the case of asymmetric tops, theory allows up to five dif-
ferent rotational relaxation times [5]. However, to the best of
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Scheme 1 Molecular structures and abbreviations of the model com-
pounds investigated; R = n-butyl (Bu), R = n-octyl (Oc), R = 2-
ethyl-hexyl (EH), R = n-dodecyl (Dd), and R = n-octadecyl (Od)

our knowledge it is not yet possible to resolve the kinetics to
such a level. Isenberg and Small [6] have shown that there are
relationships between the time constants. According to these
authors, at most only three exponentials will be observable.
Of these, only two are independent.

In the present paper we investigate fluorescent molecules
which bear long flexible side chains, the structures of which
are shown in Scheme 1. These molecules are model com-
pounds for conjugated poly(hetero-arylene-ethynylene)s.
Abbreviations of the alkyl substituents will be used as sub-
stance codes. The π -system responsible for absorption and
emission may still be approximated as a prolate symmet-
rical top, although dynamic distortions of the ideal linear
chromophores are allowed.

The side chains render these molecules asymmetric tops.
The first objective of this paper is to determine whether
the experimentally observed smooth first order decay of the
fluorescence anisotropy is consistent with the known theory
which is briefly outlined here.

If a, b, and c are the half-axes of an ellipsoid, then the
principal friction coefficients Ci can be obtained according to
Perrin [7] and Edwardes [8] from the following equations

C1 = 160π

3
η

b2 + c2

b2 Q + c2 R
C2 = 160π

3
η

a2 + c2

a2 P + c2 R
(5)

C3 = 160π

3
η

a2 + b2

a2 P + b2 Q

where η is the dynamic viscosity of the solvent in Pas. The
elliptic integrals

P =
∞∫

0

ds

(a2 + s)
√

(a2 + s)(b2 + s)(c2 + s)
(6)

Q =
∞∫

0

ds

(b2 + s)
√

(a2 + s)(b2 + s)(c2 + s)
(7)

R =
∞∫

0

ds

(c2 + s)
√

(a2 + s)(b2 + s)(c2 + s)
(8)

are related by the equations

P + Q + R = 2

abc
and a2 P + b2 Q + c2 R = S (9)

where S is given by

S =
∞∫

0

ds√
(a2 + s)(b2 + s)(c2 + s)

(10)

The rotational diffusion coefficients are simple functions of
the friction coefficients:

D1 = kT

C1
D2 = kT

C2
D2 = kT

C3
(11)

In Perrin’s notation the rotational diffusion coefficients dif-
fer by a factor of 4 from the values given above, cf.
Memming’s paper [9]. These approximations are valid for
stick conditions if the rotational motions are slow.

The relations between the rotational diffusion coefficients
and the rotational relaxation times have been given by Tao
[5]. The appropriate equations specified for the type of
molecules under investigation will be given below.

The second purpose of this paper is to show that molec-
ular dynamics calculations can deliver effective mean rota-
tional volumes which, in turn, can be used to predict time-
dependent and stationary emission anisotropies. In principle,
the time-dependent fluorescent anisotropy r(t) can also be
obtained from the autocorrelation function of the transition
moment vectors

r (t) = r0〈P2(µ(0) · µ(t))〉 (12)

where P2 is the Legendre polynomial of order 2. The general
formulation of the autocorrelation function

R(τ ) = lim
T ⇒∞

1

T

T∫

t=τ

y(t)y(t − τ ) dt (13)

must be recast in discrete form to be practically applicable:

R j = �T

T

n∑
i= j

yi yi− j = 1

n − j

n∑
i= j

yi yi− j (14)

We want to determine which one of these two alternatives,
the calculation either from the molecular shape with the
help of the hydrodynamic theory or from the autocorrelation
function, is more appropriate.

Finally, we want to show that mean angles formed by chro-
mophore units on a conjugated polymer chain obtained from
a molecular dynamics calculation can be used in connection
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Scheme 2 Model oligomer called an ‘octamer’ for simplicity

with anisotropy measurements to determine the mean dis-
tance of energy migration along the polymer backbone. The
type of polymer is depicted in Scheme 2.

The octamer is a hypothetical compound. Polymers of an
analogous structure with alkoxy side chains instead of OH
groups are described in reference [10].

Experimental and methods

The syntheses of compounds 1 to 5 are described in previous
papers [11]. Stationary fluorescence measurements were per-
formed in liquid butane at room temperature with the help of
an LS50B spectrofluorometer (Perkin Elmer). Fluorescence
kinetics and anisotropy kinetics were recorded with a single
photon counting spectrometer equipped with an MCP-PMT
R3809U-50 (Hamamatsu) and an SPC430 card (Becker &
Hickl, Berlin). The channel width was 6 ps. The overall
response time of the system is 85 ps without deconvolu-
tion, cf. the instrument response function shown in Fig. 2. A
picosecond laser diode emitting at 405 nm (Picoquant,
Berlin) was used as an excitation source. Glan-Thompson
prisms were used as the polarizer and analyzer.

The solvent n-butane was purchased from Air-Liquide
as 99.999% pure product. It was stored for at least one
day over charcoal in a steel cylinder because it showed
significant fluorescence as delivered. Ordinary 1 cm × 1 cm
fused quartz cells with tight-fitting stopcocks were used
for the spectroscopic measurements. A well defined small
amount of chloroform solution of the appropriate concen-
tration to yield a final absorbance 0.3 < A < 0.4 at the exci-
tation wavelength was first filled into the cells. The solvent
was allowed to evaporate. Then the cell was filled directly
with butane at atmospheric pressure and room temperature
through a thin stainless steel pipe. Due to the heat consump-
tion of the evaporating butane, a sufficient amount of bu-
tane condensed rapidly to fill the cell. With thoroughly fixed
stopcocks, the sample could be stored under ambient condi-
tions for more than a week without an appreciable loss of
solvent.

The LEVEL 2 (Edinburgh Analytical Instruments), spher-
ical rotor kinetics was applied for the evaluation of the
experimental anisotropy decay traces. Briefly, this kinetic
model performs a simultaneous Marquardt fit of both the
crossed and the parallel data files of an anisotropy measure-
ment (subscript ⊥ and ||, respectively). The fits produced are

of the form

Y⊥ = A⊥ + B⊥[1 − r0e−t/ρ]e−t/τ (15a)

Y|| = A|| + B||[1 + 2r0e−t/ρ]e−t/τ . (15a)

The TINKER program [12] was used for the molecular
dynamics calculations in connection with Allinger’s MM3
force field. No special assumptions were made with respect
to solvent-solvent and solute-solvent interactions other than
the validity of the Lennard-Jones potential describing the van
der Waals interactions. The time step chosen was 0.5 fs. All
dynamics calculations were extended to a total time of (at
least) 1 ns if not otherwise stated. Snapshots were archived
every 0.5 ps, such that 2000 snapshots were evaluated for
each sample.

After the solute molecules were removed from the solvent
box, they were rotated to the coordinate system of their prin-
cipal axes of inertia. The maximal distances between two
atoms along these axes were taken as the diameters of the
rotational ellipsoid.

The solvent box dimensions chosen were 4.0 × 4.0 ×
4 nm with the exception of Od which required a box
of 6.0 × 4.0 × 4.0 nm. The number of butane molecules
in the boxes was adjusted to generate a density of
0.59 < δ < 0.60 kg m−3, which is the density at the boiling
point. The viscosity η = 156 µPas was taken from reference
[13] by linear extrapolation of the pressure-dependent data
given for 300 K to a pressure of 2 bar. The canonical ensem-
ble was chosen for the simulations of the periodic systems.

Results and discussion

With the dipole transition moment parallel to the longest
principal axis of momentum, the rather involved equa-
tions derived by Tao simplify considerably. Only two of a
maximum of five relaxation times survive which leads to an
anisotropy decay given by

r (t) = 2

5
P2(cos ϕ)

[(
1

2
+ 2D1 − D2 − D3

4�

)
e−(6D−2�)t

+
(

1

2
− 2D1 − D2 − D3

4�

)
e−(6D+2�)t

]
(16)

with

D = D1 + D2 + D3

3

and

� =
√

D2
1 + D2

2 + D2
3 − D1 D2 − D1 D3 − D2 D3
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Fig. 1 a. Contour plot of the ratio ρ1/ρ2 as a function of the axial
ratios b/a and c/a (logarithmic scales). b. Contour plot of log(a2/a1) as
a function of the axial ratios log(b/a) and log(c/a)

and P2(cos ϕ) = 3 cos2 ϕ−1
2 , the Legendre polynomial of

order 2.
We have solved the above equations for a grid of axial

ratios

1

20
≤ b

a
≤ 20 and

1

20
≤ c

a
≤ 20. (17)

The numerical results are shown in Fig. 1a and b, where
the ratio ρ2/ρ1 and the logarithm of the amplitude ratio a2/a1

are plotted against the logarithms of the axial ratios. It is
obvious from this general result that there is a real chance of
detecting biexponential anisotropy decay only in the overlap
regions of the contour lines ρ2/ρ1 > 3 as shown in the white
area of Fig. 1b.

In the case of the particular molecules under study, the
mean lengths of the principal axes were determined in the
following way. At least 1000 snapshots from a dynamics run
were stored and the molecules were rotated to the coordinate

system of the principal axes of inertia. The largest distances
along these axes were averaged to yield an estimate of the
lengths. The longest axis coincides with the extension of the
π -system for all compounds except Od The longest princi-
pal axis of Od is determined by the extension of the side
chains. The second principal axis is the projection of the π -
system on the normal of the first axis, yielding a mean angle
of 55 degrees between the transition moment and the longest
principal axis. The transition dipole component in the direc-
tion of the third principal axis vanishes, suggesting that three
exponentials are expected to generate the anisotropy decay:

r (t) = r0

[
(3 cos2 ϕ sin2 ϕ)e−3(D3+D)t

+ 3

4
(B + A)e−(6D−2�)t + 3

4
(B − A)e−(6D+2�)t

]

with

A = 1

�
(D1 cos4 ϕ + D2 sin4 ϕ + 2D3 cos2 ϕ sin2 ϕ − D)

and

B = cos4 ϕ + sin4 ϕ − 1

3
(18)

Numerical evaluation of the above equations using the
mean geometry data from the MD calculations results in
three lifetimes of very similar magnitude (233, 249 and
179 ps). The amplitude of the second component is negligibly
small. The remaining two exponentials are so close together
that they cannot be separated with the given signal-to-noise
ratio. The weighted mean is given in Table 1.

For the molecules under study, a > b > c holds and the
axial ratios vary in the narrow regions as obtained from the
molecular dynamics calculations.

Table 2 shows the experimental data obtained in n-butane
solvent at room temperature. One example of a polarized flu-
orescence decay measurement together with the fitted curves
is given in Fig. 2. The instrument response function is also
included.

Table 1 Ellipsoid diameters, rotational relaxation times and station-
ary anisotropies obtained from the molecular dynamics calculations

Compound dx/Å dy/Å dz/Å ρ/ps rstat

Bu 26.6 ± 0.4 13.3 ± 1.5 5.4 ± 1.1 102 0.031
Oc 26.5 ± 0.5 15.4 ± 1.5 7.6 ± 1.0 133 0.039
EH 26.1 ± 0.6 16.9 ± 4.2 6.7 ± 1.4 129 0.038
Dd 27.3 ± 3.2 21.5 ± 3.1 8.8 ± 2.0 160 0.045
Od 31.9 ± 3.8 21.8 ± 2.6 11.5 ± 2.3 215 0.059
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Table 2 Fluorescence lifetimes and experimental anisotropy data obtained in n-butane solvent at room temperature

Compound τ /ns ρ/ps r0 rkin
a rstat

b

Bu 1.220 ± 0.003 85 0.369 0.0277 0.022 ± 0.005
Oc 1.245 ± 0.010 94.5 ± 2.7 0.373 ± 0.001 0.0307 ± 0.0004 0.028 ± 0.010
EH 1.245 ± 0.003 96.9 ± 1.8 0.370 ± 0.004 0.0312 ± 0.0003 0.0263 ± 0.004
Dd 1.257 ± 0.001 109.0 ± 2.3 0.362 ± 0.004 0.0344 ± 0.0002 0.0287 ± 0.0084
Od 1.235 ± 0.007 134.4 ± 2.5 0.355 ± 0.006 0.0434 ± 0.0001 0.031 ± 0.0035

arkin = r0/(1 + τ /ρ).
brstat = (IVV − G IVH)/(IVV − 2G IVH); G = IHV/IHH.

These data are to be compared with theoretical values ob-
tained from the molecular dynamics calculations shown in
Table 1. If we take into account the rather crude approxima-
tion of the irregular molecular shapes being represented as
ellipsoids and the simplifications made in the derivation of
the theory, then the deviations between the experimental and
calculated rotational relaxation times are surprisingly small.
Remarkably, the difference between the predicted and the
experimental relaxation times increases systematically with
increasing length of the side chains. This means that the
outermost segments of the side chains become less involved
in rotational diffusion of the π -systems as the side chains
become longer.

As an alternative method, we have calculated a series of
anisotropy decay curves from the autocorrelation function
as described above. An example is shown in Fig. 3a. The
simulated anisotropy decay curves are normalized to a start-
ing value of r0 = 0.4. Figure 3b shows an exponential fit of
the weighted and averaged decay curves. It is obvious from
Fig. 3, that a single dynamics run over about three rotational
relaxation times is by far insufficient to obtain a reasonable
anisotropy decay curve, whereas averaging the molecular
shape over the same time interval already yields represen-
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τ =1.25 ns, ρ =95 ps, and r
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Fig. 2 Experimental and fitted VV (vertical/vertical) and VH (verti-
cal/horizontal) components of the fluorescence decay of Oc in liquid
butane at room temperature, and the intrument response function

tative lengths of the axes. At least one order of magnitude
larger computational effort is required to obtain reliable rota-
tional relaxation times via the autocorrelation function from
molecular dynamics. Hence we conclude that the prediction
of anisotropy decay rates via calculation of the rotational
volume is more efficient, at least for the types of molecules
investigated in this study.

As pointed out by Wegener et al. [14] a long rigid rod bent
at its center, as an example, cannot always be represented by
an equivalent ellipsoid. The elongated molecules studied in
this work, if bent due to thermal excitation, might belong to
this class. The bending vibrations are in the order of mag-
nitude of 10 cm−1 [15] which means, that this bending is
leveled off within a few picoseconds.

Energy migration along the polymer chain

In a conjugated polymer the excitation energy is localized to
finite chain sections even if the π -system is perfectly flat. En-
ergy migration along a rigid and perfectly linear conjugated
polymer chain does not change the direction of the emis-
sion dipole moment and will not contribute to fluorescence
depolarization. If the polymer chain is bent, then energy mi-
gration leads to a decrease of the fluorescence anisotropy
(Scheme 3). If the average transfer occurs from chro-
mophore1 to chromophore i, then the stationary emission
anisotropy can be calculated as

r1i = 3〈cos2 ϕ1i 〉 − 1

5
(19)

vec 1
vec2

vec
3

Scheme 3 The vectors veci symbolize the dipole transition moments
of adjacent spectroscopic units along a bent polymer nbackbone
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Fig. 3 a. Fluorescence anisotropy decay curves from MD simulations.
b. Averaged anisotropy decay curves from Fig. 3a and exponential fit;
r0 = 0.4 was kept constant. Data points were weighted proportional to
n − j in Eq. (14). (Note that this anisotropy decay is not weighted by
the fluorescence intensity decay)

where

ϕ1i = arccos
vec1 veci

|vec1||veci |

MD simulations with Om were performed in the gas phase
in order to keep the computational effort affordable. A series
of simulations with EH was first performed in the gas phase
at various temperatures. The mean bending angle between
the vectors defined by the pairs of atoms 1, 15 and 20, 34 in
Scheme 1 was the same for the molecule in the solvent box at
300 K and in the gas phase at 250 K. Hence, this temperature
was chosen for all gas phase simulations.

Polymers of the same structural type as Om show an
effective conjugation length of about two repetition units at
room temperature [10]. Thus, we defined the directions of the
transition moment vectors by two terminal C-atoms of two
consecutive repetition units. We determined the mean angle
between adjacent transition moments for all possible pairs

on the chain from a total of 8 independent MD runs, which
resulted in an anisotropy of rstat = 0.1 ± 0.1. This means
that if energy transfer quantitatively proceeded to the nearest
spectroscopic unit, then the stationary emission anisotropy
should already vanish completely. Since the experimental
anisotropy of the polymer is 0.2 < rstat < 0.3 [10], we must
conclude from the molecular dynamics results that energy
transfer along the polymer backbone is inefficient. This result
is in accord with recent quenching experiments [10].

Occasionally the fluorescence anisotropy increased again
to a value close to 0.4 for larger migration distances. Inspec-
tion of the geometry showed that loops had formed which
remained relatively stable during the simulation time. Di-
rect energy transfer to rather distant segments via loops has
been reported by Barbara [16] with poly (para-phenylene
vinylene) (PPV). This has hitherto not been observed with
conjugated polymers of the poly (para-phenylene ethyny-
lene) (PPE) type and may be a challenge for single molecule
spectroscopy.

Segmental mobility also contributes to the stationary
anisotropy and to the anisotropy decay, however, to a mi-
nor extent. Analogue analysis of appropriate autocorrelation
functions gave rotational relaxation times with large uncer-
tainties between 500 ps and 4 ns.

Conclusions

There exists a chance to experimentally observe two distinct
rotational relaxation times with a completely asymmetric
body approximated as an ellipsoid with the transition mo-
ments of absorption and emission collinear with the longest
principal axis only if the following conditions are simulta-
neously fulfilled:

(i) The axial ratios must be c/a > 1.1 and b/a < 0.9 or
vice versa. Otherwise the rates become too similar to be
resolved, cf. Fig. 1a.

(ii) Both ratios b/a and c/a must be greater than 0.7. Other-
wise one amplitude would become too small relative to
the other one, cf. Fig. 1b.

It is assumed here that the signal-to-noise ratio will allow
two rates to be resolved if ρ1 > 3ρ2 and 0.1 > a1/a2 < 10.

A main finding of this work is that the classical hydro-
dynamic theory of Brownian rotational motion is able to
satisfactorily predict the rotational relaxation times for ir-
regularly shaped rigid rod molecules with highly flexible
side chains in a low molecular weight solvent. For that pur-
pose, molecular dynamics simulations in a suitable solvent
deliver averaged molecular geometries from which the prin-
cipal axes of inertia of a general ellipsoid are determined.
Although this procedure makes use of many more approx-
imations and simplifications than the more straightforward
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calculation from the autocorrelation function of the transition
moment, it is superior because it requires less computational
effort.
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Appendix

In order to derive Eqs. (16) and (18), we reproduce the equa-
tions derived by Tao for the fluorescence anisotropy decay
of a general ellipsoid here in its entirety:

r (t) = 2

5
P2 cos(λ)

[
3µ2

1µ
2
2

µ4
e−3(D3+D)t + 3µ2

1µ
2
3

µ4
e−3(D2+D)t

+ 3µ2
2µ

2
3

µ4
e−3(D1+D)t + 3

4
(B + A)e−(6D−2�)t

+ 3

4
(B − A)e−(6D+2�)t

]

where

D = 1

3
(D1 + D2 + D3),

� =
√

D2
1 + D2

2 + D2
3 − D1 D2 − D1 D3 − D2 D3,

and

2

5
P2 cos(λ) = r0

A = D1

�

(
µ4

1 + 2µ2
2µ

2
3

µ4

)
+ D2

�

(
µ4

2 + 2µ2
1µ

2
3

µ4

)

+ D3

�

(
µ4

3 + 2µ2
1µ

2
2

µ4

)
− D

�
,

and

B =
[(

µ4
1 + µ4

2 + µ4
3

)
µ4

]
− 1

3
.

λ is the angle between the absorption and emission transition
dipoles. (λ = 0 for all cases considered here.) The Cartesian
components of the transition dipole moment µ are

µ1 = µ sin θ ′ cos ϕ′ µ2 = µ sin θ ′ sin ϕ′ µ3 = µ cos θ ′,

where θ ′ and ϕ′ are the angles defining the orientation of
the transition dipole moment in the body fixed Cartesian
coordinates.

Obviously, if

µ1 = µ 	= 0 and µ2 = µ3 = 0,

then the first three exponential terms vanish. Furthermore,

A = D1 − D

�
, and B = 2

3
,

from which Eq. (16) is obtained.
Analogously, if

µ1 	= 0, µ2 	= 0, µ1 	= µ2, and µ3 = 0,

then

A = 1

µ4�

(
D1µ

4
1 + D2µ

4
2 + 2D3µ

2
1µ

2
2

)

− D

�
and B = µ4

1 + µ4
2

µ4
,

which yields

r (t) = r0

[
3µ2

1µ
2
2

µ4
e−3(D3+D)t + 3

4
(B + A)e−(6D−2�)t

+ 3

4
(B − A)e−(6D+2�)t

]
.

Inserting the above expressions for the Cartesian com-
ponents of µ and taking into account that θ ′ = 0 gives
Eq. (18).
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