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Abstract

In this paper, we present a complete study of the in¯uence of the molecular rotational di�usion movement in the

¯uorescence signal when a sample is excited by two short pulses. The study includes the calculations of this e�ect for

ellipsoidal molecules. Experimental results are presented that show a ¯uorescence behavior in¯uenced by the molecular

rotational di�usion movement with temporal characteristics that agree with our calculations. Ó 2000 Elsevier Science

B.V. All rights reserved.

1. Introduction

The study of the rotational di�usion movement
of molecules in liquid solvents is a powerful
method applied to the understanding of the com-
plex interactions in the solute±solvent system. The
characteristic time of this phenomenon can be
evaluated by di�erent techniques [1±3], both in
steady state or in time-resolved experiments which
allow us the evaluation of parameters related with
the molecular shape and the in¯uence of the sol-
vent in its movement. Interesting data acquired by
time resolved ¯uorescence and absorption, allow
us to obtain detailed information of ultrafast re-
laxation of the solute molecules by directly mea-

suring the depolarization produced after a short
excitation period.

Using ultrashort laser pulses, the time resolu-
tion can achieve the subpicosecond time scale.
Examples of techniques that make use of ultra-
short laser excitation are polarization spectroscopy
and anisotropic absorption, in which a pump and
probe scheme is used to measure time-resolved
absorption [4±9]. Great insight in these studies was
obtained by ¯uorescence up-conversion [10,11]
where a cross-correlation between the short pulse
excitation and the ¯uorescence is used to measure
the last signal with subpicosecond temporal reso-
lution. Reviews and comments on di�erent tech-
niques applied to these measurements can be
found in Refs. [2,3,12].

Recently, we proposed a novel technique that
allows the measurement of rotational di�usion
times based on the study of the ¯uorescence pro-
duced when two linearly polarized laser pulses

Chemical Physics 253 (2000) 249±257

www.elsevier.nl/locate/chemphys

* Corresponding author. Present address: Universidad Tech-

nol�ogica Nacional, Regional Delta, San Martin 1171 (2804),

Campana, Buenos Aires, Argentina. Fax: +54-1-782-7647.

E-mail address: torga@df.uba.ar (J.R. Torga).

0301-0104/00/$ - see front matter Ó 2000 Elsevier Science B.V. All rights reserved.

PII: S 0 3 0 1 - 0 1 0 4 ( 9 9 ) 0 0 3 9 8 - 5



excite the sample. Both pulses are separated in
time by a variable delay using a conventional
pump and probe set-up. When absorbed, the ®rst
pulse induces a non-homogeneous spatial distri-
bution in the population of excited molecules due
to the anisotropy introduced by the electric ®eld of
the light. The second pulse then interacts with the
sample when there are still some molecules in the
excited state. Under this condition, the second
excitation pulse ®nds a non-homogeneous spatial
distribution of absorbing (ground state) molecules.
This anisotropy changes the total ¯uorescence
produced by the double excitation, which is col-
lected as a function of the time delay. The analysis
of this signal, allows us to retrieve molecular ro-
tational times. A proposed experiment to measure
this characteristic time for the simple case of
spherical molecules and a discussion of the in¯u-
ence of the ®nite pulse width of the excitation was
presented in previous works [13±15].

In this paper, we present a detailed analysis of
how the rotational di�usion in¯uences the ¯uo-
rescence when the sample is excited with two short

pulses. This study includes the expressions for the
integrated ¯uorescence energy for ellipsoidal mol-
ecules. The in¯uence of the double pulse excitation
and the photoselection is made evident through a
parameter de®ned in this work as the ``di�erential
¯uorescence energy'', obtained as the change in the
¯uorescence signal produced by this particular
double pulse excitation, compared with twice the
¯uorescence obtained with the ®rst pulse. Experi-
mental results using a sample of Rhodamine 101 in
ethylene glycol show the e�ect predicted by the
calculations.

2. Initial considerations

The set-up of the two pulses excitation method
is schematically shown in Fig. 1. We consider the
¯uorescent sample homogeneous before the exci-
tation by the ®rst pulse, i.e. the absorbing dipoles
are randomly oriented. The absorbing molecules
are considered ellipsoidal and each molecule hav-
ing an absorbing dipole moment l with the same

Fig. 1. Double pulse excitation set-up. Pd1 and Pd2: large area silicon photodiodes used to measure the excitation pulse energy and the

¯uorescence energy, respectively. P1 and P2 are polarizers. L is the focusing lens.
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orientation as the emission dipole moment. We
also consider that each molecule is a two level
system and that the de-excitation is exclusively by
radiative decay. This is a good approximation for
Rhodamine 101 with the ¯uorescence quantum
e�ciency /f � 1 [16]. In general, other deactiva-
tion channels leading to the ground state by non-
radiative pathways only shorten the excited state
lifetime but do not in¯uence rotational reorienta-
tion as both transition dipoles are parallel, and
thus do not alter the conclusions and analysis that
follows.

The excitation pulse is assumed linearly polar-
ized, and having a temporal dependence corre-
sponding to a delta function with a total
energy a.

We de®ne ne�X; t� the density of excited mole-
cules and ng�X; t� the density of molecules in the
ground state as a function of the dipole orientation
de®ned by the angular coordinates X, and the time
t. If n0 is the total density of ¯uorophores in the
solution before the excitation, then:

ng�X; t� � ne�X; t� � n0 8 t P 0: �1�

This condition assumes that excited and ground
state molecules have the same rotational di�usion
constant. The evolution equation for ne�X; t� is
[13,17]:

o
ot

ne�X; t� � K 0�l � Z�2ng�X; t� ÿ ne�X; t�
s

� Hne�X; t�: �2�

Eq. (2) has three terms corresponding to the
excitation, the ¯uorescence decay, and the di�u-
sion term.

In the second term, s represents the ¯uorescence
lifetime. In the excitation term, the factor K 0 rep-
resents the fraction of molecules excited in the
sample per unit of time and is de®ned as

K 0�t� � rq
I�t�
hms

; �3�

where r is the absorption cross-section, q is the
quantum e�ciency, hm is the excitation photon
energy, s is the spot area and I�t� is the pulse in-
tensity. The third term, corresponding to the ro-

tational di�usion of excited molecules, has the
di�usion operator H ; de®ned as

H �
X

i;j

LiDijLj; �4�

where Dij are the components of the di�usion
tensor �D� and Li are the components of the an-
gular momentum of the molecule.

To describe the system, we will use two sets of
Cartesian coordinates, �x; y; z� ®xed to the mole-
cule and coincident with its three principal axis,
and �X ; Y ; Z� ®xed to the laboratory as is sche-
matically shown in Fig. 2. The excitation pulse is
polarized along the Z direction and Y is the
propagation direction. a, b, c are the Euler angles
(Fig. 2) as de®ned by Rose [18].

Just after the excitation by the ®rst pulse, and
assuming that the pulse width �T � is shorter than
the di�usion time and ¯uorescent time, Eq. (2) can
be solved to evaluate the initial fraction of excited
molecules ne. In this operation, we de®ned

K �
Z 1

0

K 0�t�dt � rq
a

hms
: �5�

Fig. 2. The two sets of Cartesian coordinates used to describe

the system, �x; y; z� ®xed to the molecule and coincident with its

three principal axis, and �X ; Y ;Z� ®xed to the laboratory.
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Keeping terms up to the second order in K, we
obtain for the excited state molecules:

ne�X; t � 0�;K� � n0 K�l � Z�2
�

ÿ 1
2
K2�l � Z�4

�
:

�6�
Integration in the angular coordinates gives the

initial ratio of excited molecules to the population
of the ground state molecules:

e � ne�t � 0��
n0

� 2p
15
�10K ÿ 3K2�: �7�

Using typical values of a dye molecule,
r � 10ÿ16 cm2, q � 1, and considering an excita-
tion pulse centered at k � 500 nm, focused to an
area s � 10ÿ4 cm2, with energy a � 1 nJ and a
pulse width T � 100 fs the evaluation of Eq. (5)
yields K � 210ÿ3. With these values, expression (7)
results in a fraction e � 0:004.

3. Solution of the di�usion term after

a double excitation

Favro has shown that the evolution of the
population density of excited molecules corre-
sponding to the di�usion term of Eq. (2) can be
written for t > 0 as [19±21]:

ne�X; t;K� �
X
lkm

alkm�K�Wlkm�X� exp�ÿElkmt�; �8�

where Wlkm�X� and Elkm are the eigenfunctions and
the eigenvalues of the H operator and alkm�K� are
the coe�cients obtained in the decomposition [20].

The second pulse arrives at the sample with a
delay time t0. We suppose that this pulse is iden-
tical to the ®rst one and that the delay time t0 is
smaller than the ¯uorescence decay time s. With
these assumptions the total excitation intensity is

I�t� � ad�t� � ad�t ÿ t0�: �9�
When the second pulse arrives to the sample,

there will be still some molecules in the excited
state �t0 < s�: Additionally, the system keeps
memory of the photoselection produced by the
®rst pulse if t0 < 1=D (where D � �1=3 tr�D��) and
consequently it will ®nd a non-homogeneous dis-

tribution of absorbing (ground state) dipoles. Due
to this e�ect the ¯uorescence produced by the
second pulse will be lower than the ¯uorescence
produced by the ®rst pulse.

We evaluate this e�ect by the ``di�erential
density'' nd�X; t;K�; de®ned as

nd�X; t � t0;K� � ne�X; t � tÿ0 ;K�

� K�l � Z�2
�

ÿ 1
2
K2�l � Z�4

�
:

�10�

The di�erential density represents the molecules
that were not excited by the second pulse because
they are still in the excited state after the excitation
by the ®rst pulse. nd depends on the delay between
pulses and on the ¯uorescence and rotational dif-
fusion times. A detailed derivation of the expres-
sion (10) can be found in Appendix A.

With expression (10), it is possible to determine
the corresponding ¯uorescence energy Edp (paral-
lel to the Z axis) and Ede (perpendicular to Z axis)
integrating nd�X; t;K� in the solid angle X and in
time. The detailed calculation of this expression
can be found in Appendix A:

Edp � 1

s

Z
X

Z 1

t0

nd�a; b; t; t0��l � Z�2 dX dt; �11�

Ede � 1

2s

Z
X

Z 1

t0

nd�a; b; t; t0���l � X �2

� �l � Y �2�dX dt

�12�

After integration a general expression for Edp

and Ede can be obtained for the case considered in
this paper, dipole parallel to the molecular sym-
metry axis (z axis) or in the plane perpendicular to
this axis (x axis). The general form is given by

Edi � exp
�
ÿ t0

s

�
Ai

�
� Bi exp

�
ÿ t0

U2

�
� Ci exp

�
ÿ t0

U1

��
for i � p; e;

�13�

where U1 and U2 are rotational di�usion times
de®ned as

U1 � 1

6Dk
; U2 � 1

2Dk � 4D?
: �14�
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In the most general case A, B, C are coe�cients
that depend on s, U1 and U2 and on the orientation
of the dipole relative to the molecular axis. A de-
tailed analysis in two particular cases of the dipole
parallel to z and parallel to x are discussed in
paragraphs 4 and 5.

The di�erential energy represents the di�erence
between the total ¯uorescence produced by ®rst
pulse and the total ¯uorescence energy produced
by the second pulse. As is shown in Eq. (13), this
magnitude depends on the time delay between
pulses and its dependence has two contributions.
The ®rst contribution depends on the ¯uorescence
time and is produced by the di�erence in the
population of the ground state that ®nd the two
pulses in the excitation. The second one depends
on the rotational times and is produced by the
di�erence in the orientational distribution that
the ®rst and the second pulse ®nd in the moment
of the excitation. In this way, measuring the
di�erential energy as a function of time delay,
rotational di�usion can be obtained.

The di�erential energies can be measured col-
lecting the ¯uorescence through a polarizer. We
assume that the polarizer is located in the X±Z

plane (Fig. 1). If we de®ne n as the polarizer axis in
the detection system, Edp is obtained when nkZ
and Ede when nkX.

We can de®ne the total di�erential ¯uorescence
energy as

Edt � 1
3
�Edp � 2Ede�: �15�

Edt is obtained when n is oriented as the magic
angle, de®ned as the angle in which the anisotropy
produced for the linear excitation is cancelled. This
corresponds to an angle of 54:7� between n and X.
De®ned in this way, Edt results in an expression
equal to Eq. (13).

Another magnitude that we may de®ne is the
non-polarized di�erential energy as

Ednp � Edp � Ede: �16�

Ednp is the di�erential ¯uorescence energy when
the ¯uorescence is collected without selecting a
direction of polarization. Ednp has the general form
given in Eq. (13).

In the next two paragraphs, we will consider
two particular situations in which the dipole mo-
ment is oriented along the symmetry axis of the
molecule (z axis) and orthogonal to this axis
(x axis).

4. Dipole in the z axis

The ®rst case considered is when the dipole l is
parallel to the z axis, in the direction orthogonal to
the symmetry plane. To obtain the expression for
di�erential population we use Eq. (A.5) in Ap-
pendix A. In this case, only the coe�cients b00, b20,
b40 don't give null values. In Appendix B, we give a
complete expression for each coe�cient.

Replacing expressions (A.7) and (A.8) in Eq.
(15), we obtain

Edt � K2s
270p

exp
�
ÿ t0

s

�
5

�
� 4 exp

�
ÿ t0

U1

��
:

�17�

In this case, the di�erential energy has only one
rotation time (U1 as de®ned in Eq. (14)). Fig. 3 is a
plot of Edt as a function of the delay time t0 nor-
malized to the ¯uorescence time s for di�erent
values of the ratio U1=s. Expression (17) has three
parameters (K, U1 and s). The ratio U1=s has a
great spread of values, and it depends primarily on
the ``friction'' in the solute±solvent interaction. To

Fig. 3. Di�erential energy as a function of the normalized time

delay t0=s for the case in which the dipole is along the z axis for

di�erent values of U1.
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plot the curves in Fig. 3, we choose as a reference
K � 10ÿ3 and s=100 6 U1 6 s, considering that this
is the typical range of variation for the ratio U1=s.

In all cases, the curves show a bi-exponential
behaviour with characteristic times given by
�Uÿ1

1 � sÿ1�ÿ1
and s.

In the case that the ¯uorescence time is much
longer than the rotation time, the term �ÿt0=s� can
be considered as a constant if U1 6 t0 � s. In this
situation, Edt depends primarily on the rotational
time. When t0 increases, the ¯uorescence expo-
nential decay is noticeable. This behaviour is
shown in Fig. 3 when U1 � s=100. In the opposite
situation, when U1 � s the two exponential decays
are similar.

5. Dipole in the x axis

The second case considered is when the dipole l

is included in the plane orthogonal to the z axis.
Following the same steps presented in the pre-

vious paragraph, we obtain the expressions for the
di�erential population. The blm no null coe�cients
are b00; b20; b2�2; b40; b4�2; b4�4. The complete ex-
pressions are given in Appendix C.

The expression for the total di�erential energy
in this case is

Edt � K2s
180p

exp
�
ÿ t0

s

�
� 5

�
� 3 exp

�
ÿ t0

U2

�
� exp

�
ÿ t0

U1

��
:

�18�

Here the di�erential energy has two character-
istic rotation times U1 and U2; that were de®ned in
Eq. (14).

Fig. 4 shows the values of the di�erential energy
as a function of the time delay for di�erent values of
rotation times. We impose, as in the previous case,
the condition s=100 6 U1;U2 6 2s to select the
range of variation for U1 and U2. In this situation,
three exponential times appear as a function of time
delay, and the shape of the curves depends on the
characteristic relationship between U1, U2 and s.

6. Experiment

To test the proposed method, we mounted the
double pulse excitation scheme shown in Fig. 1.
The excitation system was based on a pulsed dye
laser producing 800 ps pulses at a repetition rate of
10 Hz. The average energy per pulse was 10 nJ. The
excitation pulse was launched in a double pulse
excitation set-up capable of introducing a delay
time up to 6 ns. Both pulses were polarized in a
direction parallel to Z axis and were focused using a
5 cm focal length lens. The excited volume depends
on the focal length of the focusing system and also
on the characteristics of the incident beam. Due to
this in¯uence, special precautions were taken in
collimating the excitation beam. A change in the
spot size at the focusing lens, due to a poor colli-
mation of the variable length branch, may cause an
unwanted variation in the excited volume, conse-
quently changing the ¯uorescence energy and
masking the e�ect of the di�erential energy due to
the double pulse excitation. By carefully adjusting
the collimation of the laser beam, this in¯uence was
minimized. In spite of this careful adjustment, a
small variation in the ¯uorescence signal was ob-
served when the sample was illuminated only with
the variable length branch beam when the sliding
mirror was displaced. To compensate this small
contribution, the ¯uorescence signal with the
double pulse excitation was normalized to the sig-

Fig. 4. Di�erential energy as a function of the normalized time

delay t0=s for the case in which the dipole is along the x axis for

di�erent values of U1 and U2.
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nal obtained, when the sample was illuminated
only with the variable length branch.

The ¯uorescence was collected with an optical
system with a numerical aperture of 0.5. The
excitation parameters in the experiment yields:
K � 0:008. The total ¯uorescence was detected
using a large area silicon photodiode (Pd2).

Simultaneously, a sample of the excitation pulse
was derived before impinging the sample to record
the energy for every excitation pulse for normal-
izing purposes using an identical detector (Pd1).
For each delay, a set of 1000 pulses was registered
using a sample and hold acquisition circuit fol-
lowed by two equalized ampli®ers and an analog/
digital data converter. From these data, the nor-
malized ¯uorescence signal was obtained for each
delay as the mean value of the 1000 pulses.

The sample used in this test was a solution of
Rhodamine 101 in ethylene glycol due to the ex-
pected long rotational di�usion time, compatible
with the 800 ps pulse that we have in the excitation
laser. We assume that this molecule exhibits a
behaviour corresponding to only one rotation time
�U1�. We measured the steady-state ¯uorescence
anisotropy hri as a function of temperature be-
tween 0°C and 70°C. To derive U1 from these
measurement we assume the relation [1]:

hri � r0

1� s
U1

�19�

with U1 / 1=D? and s � 3:8 ns . After ®tting the
data, we obtain the rotational di�usion time
U1 � 3:5 ns at 294 K, assuming r0 � 0:34.

The same sample was measured with the dif-
ferential energy technique. The experimental re-
sults obtained in this test are shown in Fig. 5. In
this case, the plot correspond to the Edp.

Changing the delay between pulses, the di�er-
ential ¯uorescence energy shows an exponential
decay with a time constant in good agreement with
the former calculations. The data points in Fig. 5
correspond to the mean value obtained from the
1000 pulses acquired for each delay, and the error
bars are the statistical spread of these data points.
The solid line is the best exponential ®t with a
®tting function:

Edp � exp
�
ÿ t

s

�
A

�
� B exp

�
ÿ t

U1

��
: �20�

This ®t yields U1 � 3:1 ns, considering
s � 3:8 ns.

7. Conclusions

In this paper, we present a detailed analysis and
preliminary experimental results that make evident
the in¯uence of the molecular rotational di�usion
movement in the total ¯uorescence produced when
a homogeneous ensemble of ¯uorophores is ex-
cited by two polarized and delayed short pulses.
The calculations indicate that the total ¯uores-
cence obtained in this case has a dependence on
the rotational di�usion time and on the delay
between the excitation pulses. To evaluate this
dependence, we introduce a magnitude that can be
derived from the ¯uorescence signal: the di�eren-
tial ¯uorescence energy. Expressions (17) and (18)
show that the di�erential energy presents an ex-
ponential dependence as a function of the time
delay between the pulses with characteristic time
constants given by ¯uorescence and rotational
di�usion times. We found such an exponential
decay with values that are in good agreement

Fig. 5. Measured di�erential energy as a function of the nor-

malized time delay t0=s. Each data point is the mean value of

1000 pulses. The solid line is the best ®t using the theoretical

expression for the di�erential energy.
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with those obtained from steady-state ¯uorescence
anisotropy measurement. The use of the di�eren-
tial energy presents some advantages: the rota-
tional di�usion times can be obtained in a direct
way since only one magnitude (total di�erential
energy) is needed to ®t the exponential decay ob-
served as a function of the delay between pulses. In
all cases, the curves for Edt;Edp;Ede and Ednp as a
function of time delay present a similar behaviour.

As in other correlation techniques, no fast de-
tection is required since the ¯uorescence energy is
integrated in time to obtain the di�erential energy
and the temporal resolution is only limited by the
excitation pulse width.
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Appendix A

After the excitation with the second pulse the
density of molecules in the excited state can be
calculated as

ne�X; t�0 � � �n0 ÿ ne�X; tÿ0 �� K�l � Z�2
�

ÿ 1
2
K2�l � Z�4

�
�ne�X; tÿ0 �:

�A:1�
In this expression, the ®rst term represents the

excited molecules produced only by the second
pulse and the second term corresponds to the
molecules excited by the ®rst pulse that still remain
in the excited state when the second pulse arrives.

Expression (A.1) can be written as

ne�X; t�0 � � n0 K�l � Z�2
�

ÿ 1
2
K2�l � Z�4

�
� ne�X; tÿ0 �

ÿ ne�X; tÿ0 � K�l � Z�2
�

ÿ 1
2
K2�l � Z�4

�
:

�A:2�
We de®ne nd�X; t;K�; ``the di�erential density''

of excited molecules as

nd�X; t � t0;K� � ne�X; t � tÿ0 ;K�

� K�l � Z�2
�

ÿ 1
2
K2�l � Z�4

�
:

�A:3�

Considering only quadratic terms in K, we can
write Eq. (A.3) as

nd�X; t � t0;K� � ne�X; t � tÿ0 ;K��K�l � Z�2�:
�A:4�

With the same formalism presented to obtain
Eq. (8), we may obtain an expression for nd�X; t; t0�
when t > t0.

nd�a; b; t; t0� �
X2

l�0

X1

m�ÿ1

blm�K; t0�Ylm�a; b�

� exp�ÿElmt�: �A:5�
In the particular case of ellipsoidal molecules

Wlkm�X� � Ylkm�a; b�; the spherical harmonics and
the eigenvalues Elm; are de®ned as:

Elm � l�l� 1�Dk � �D? ÿ Dk�m2: �A:6�
In the last expression, the coe�cients

D? � D1 � D2 and Dk � D3 represent the compo-
nents of the di�usion tensor orthogonal and par-
allel to the z axis de®ned in Fig. 2. The blkm�K; t0�
are obtained in the same way that the alkm�K� co-
e�cients in Eq. (8).

From Eq. (A.5), we can obtain the expressions
for the ¯uorescence intensity and the ¯uorescence
energy. We calculate the ¯uorescence energy cor-
responding to the di�erential density, Edp (parallel
to Z axis) and Ede (perpendicular to Z axis) inte-
grating in the solid angle X and in time:

Edp � 1

s

Z
X

Z 1

t0

nd�a; b; t; t0��l � Z�2 dXdt �A:7�

Ede � 1

2s

Z
X

Z 1

t0

nd�a; b; t; t0�

� ��l � X �2 � �l � Y �2�dXdt:

�A:8�

Appendix B

Coe�cients blm used in Eq. (A.5) when the di-
pole l is parallel to the z axis:
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b00 � K2

270p3=2
exp

�
ÿ t0

s

�
5

�
� 6 exp

�
ÿ t0

U1

��
;

b20 � K2
���
5
p

1260p3=2
exp

�
ÿ t0

s

�
7

�
� 11 exp

�
ÿ t0

U1

��
;

b40 � K2

105p3=2
exp

�
ÿ t0

1

s

�
� 1

U1

��
: �B:1�

Appendix C

Coe�cients blm used in Eq. (A.5) when the di-
pole l is included in the plane orthogonal to the
z axis:

b00 � K2

360p3=2
exp

�
ÿ t0

s

�
3 exp

��
ÿ t0

U2

�
� exp

�
ÿ t0

U1

�
� 5

�
;

b20 � ÿ K2
���
5
p

2520p3=2
exp

�
ÿ t0

s

�
6 exp

��
ÿ t0

U2

�
� 5 exp

�
ÿ t0

U1

�
� 7

�
;

b2�2 � � K2
�����
30
p

5040p3=2
exp

�
ÿ t0

s

�
9 exp

��
ÿ t0

U2

�
� 2 exp

�
ÿ t0

U1

�
� 7

�
;

b40 � K2

840p3=2
exp

�
ÿ t0

s

�
exp

��
ÿ t0

U2

�
� 2 exp

�
ÿ t0

U1

��
;

b4�2 � K2

360p3=2
exp

�
ÿ t0

s

�
3 exp

��
ÿ t0

U2

�
� exp

�
ÿ t0

U1

�
� 5

�
;

b4�4 � K2
�����
70
p

1680p3=2
exp

�
ÿ t0

s

�
exp

�
ÿ t0

U2

�
: �C:1�
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