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We have studied the birefringence decay of linear models of macromolecules for two different types
of flexibility, the broken-rod chain and the wormlike chain, using a computer simulation of a
transient electric birefringence experiment. We have paid particular attention to the influence of the
intensity of the orienting field, including two orienting mechanisms, the induced dipole, and the
permanent dipole. We have compared wormlike and broken-rod models of the same radius of
gyration, finding that they present a different decay curve under the influence of the same intensity
of the field. We have seen that these differences are due to the faster relaxation timesssmaller in the
wormlike chain modeld and amplitudes, because, regardless of the type of flexibility, the overall size
of a moleculesmeasured by the radius of gyrationd essentially determines the longest relaxation
time. We have also analyzed how the relaxation process is affected by the degree of flexibility, the
orientation mechanisms, and the intensity of the field. Studying a different aspect, we have paid
attention to the deformation of a molecule in a transient electric birefringence experiment as a
source of information. In this work we have developed equations to characterize this deformation in
terms of one of the components of the gyration tensor, if a dynamic light scattering experiment
under the influence of an electric field could be performed. To develop this work we have simulated
the Brownian dynamics of the different models, relaxing after the removal of an orienting external
electric field of arbitrary strength. A comparison with other methods such a the rigid body treatment
or the correlation analysis of Brownian trajectories has also been included. We have seen that
differences between the two Brownian dynamics methods are small and that the rigid-body
treatment is only an acceptable approximation to obtain the longest relaxation time. ©2005
American Institute of Physics. fDOI: 10.1063/1.1863892g

I. INTRODUCTION

Transient electric birefringencesTEBd, which is based
on the time-dependent behavior of a macromolecular solu-
tion under the influence of an electric field,1–3 is well known
as an interesting source of information about macromol-
ecules. For example, TEB has been used to characterize the
global geometry and flexibility of nucleic acids.4,5 In such
experiments, each system can be characterized from an
analysis of the on-field rise or the off-field decay with a set
of times and their corresponding amplitudes, although to
properly understand the results appropriate models, methods,
and theories are needed.

A. Models

For chain macromolecules, such as some helical nucleic
acids, it is usually assumed that their flexibility is distributed
more or less uniformly along the chain, despite the fact that,
sometimes, simple nonhelical structural elements are found
in its structure. When modeling flexible macromolecules, the
first idea is ideally represented by the wormlike chain model
sWLCd, while the second can be described by the once-
broken-rod chainsBRCd. These two extreme models, plus

some others, mainly the weakly bending rod and the ran-
domly broken chain have been used to understand TEB ex-
perimental results of DNA and RNAssee, for example, Luet
al.6d. It is usual to simplify the models in the form of chains
of beads.

B. Orienting mechanisms

One of the basis of a TEB experiment is the mechanism
that orients the molecule when an electric field is present.
When the orienting mechanism is only based on the interac-
tion of the electric field with a molecular permanent dipole it
is accepted as a simple descriptionssee, for example, Fred-
erick and Houssier1 d. But many macromolecules are macro-
ions and in this case the orienting mechanism is complex and
not well understood at the present timessee, for example,
Grycuk et al.7 and references thereind. It is assumed that the
induced electric dipole of linear macroions arises from a long
range phenomenon which is the distortion of the ion atmo-
sphere from equilibrium by the imposed electric field. In the
special case of rigid polylectrolytes this problem has been
addressed with relevant contributions through analytical
theoryssee, for example, Fixman and Jagannathan,8 Rau and
Charney,9,10 Bellini et al.11d and simulation procedures.7 It
should be emphasized, however, that the treatment of flexible
structures will be even more complex. For flexible models
made up of beads connected by virtual bonds, the usual ap-
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proximation is to assume that associated with each virtual
bond is an electric polarizability tensor, which is axially
symmetric about the bond vector. The molecular electric po-
larizability tensor is then modeled as the tensor sum over
individual virtual bond polarizabilities. This model of orient-
ing mechanism has been named sometimes as “pairwise ad-
ditive.” Lewis et al.12 used this model to developed Brown-
ian dynamics simulations to compare with DNA
experimental data. This implies a linear dependence of the
molecular polarizability tensor with the molecular weight for
nearly rodlike polyions. For DNA, a nearly quadratic depen-
dence on the molecular weight is observed,13–15 although in
one case a cubic dependence has also been observed.16 Alli-
son and Nambi17 proposed a simple model which leads to a
double-sum formula for the molecular polarizability tensor
which has the correct length dependence. This treatment has
also been applied to RNA.18 Heath et al.19 developed an
analytical theory for weakly bending rods using the same
approach. We have also used this idea to model the induced
dipole orienting mechanism in our previous studies.20–23As a
summary, the orientation mechanism of flexible macroions is
complex and the pairwise additive models may be as good as
we can do at the present time. The aim of this work is not the
study of orientation mechanism of a molecule itself, but we
need to be cautious about the results using such models,
particularly with addressing questions about macroion flex-
ibility.

C. Analytical theories and Monte Carlo simulation

For wormlike chains sand weakly bending rodsd,
Hearst24 proposed equations to obtain the longest decay time.
Later, Hagerman and Zimm25 assumed that the longest relax-
ation time could be adequately predicted as the rigid-body-
treatmentsRBTd average of the longest of the five relaxation
times of wormlike molecules. The same idea is behind the
results proposed by García Molinaet al.26 for wormlike
chains and randomly broken chains. In the RBT, properties
are calculated as averages of the values obtained from a set
of conformations which are treated as rigid. The appropriate
set of conformations is obtained through a Monte Carlo
simulation. The hydrodynamic properties of rigid macromol-
ecules can be calculated using well-developed theoretical
and computational treatments, using bead models.27–30 Ac-
cording to this treatment, for a rigid body, the reorientational
dynamics involved in processes such as orientation and re-
laxation under an electric field can be characterized by a set
of five rotational relaxation timestk, k=1, . . . ,5,31 wheret1

is the longest time.
For segmentally flexible macromolecules, Wegener and

co-workers,32–35 and Harvey, García de la Torre and
co-workers36–40 developed formalisms to describe their dif-
fusivity, although the degree of flexibility of the joint did not
enter into the treatment. Also for these molecules, Roitman
and Zimm41,42 were able to develop a quasianalytical de-
scription of the dynamics of the simplest BRC model, the
semiflexible trumbbell, for an induced dipole orienting
mechanism for the simplified case in which hydrodynamic
interaction is neglected and the orientation is produced by

very weak fieldssKerr regiond. Iniestaet al.43 obtained dif-
ferent propertiessincluding t1d using the BRC model for a
semiflexible once-broken-rod chain. In a different approach,
Vacano and Hagerman44 proposed thet-ratio method, which
has been applied, with certain interesting modifications, to
different cases of RNA and DNA.45–48 The t-ratio approach
is based on the comparison of the longest relaxation times
between one linear macromolecule and another with nonhe-
lical elements. This ratio between relaxation times is related
with the bond angle through a Monte Carlo simulation. The
result is the angle that presents the structure with segmental
flexibility. An improved version of this procedure, the
“phasedt ratio” has also been proposed.46

D. Brownian dynamics simulation

In recent years, it has become common to simulate the
Brownian dynamics of macromolecules in solution and their
orientation when an electric field is applied, or the related
relaxation when this electric field is removed. Two different
approaches have been used. Alllison and Nambi17 studied the
electric dichroism and electric birefringence of DNA analyz-
ing the simulated Brownian trajectoriessexcluding any elec-
tric fieldd using suitable correlation functions. One of the
objectives of these authors was to approach the complex na-
ture of polyion alignment in electric fields by comparing two
orienting mechanisms, the induced dipole, and the saturated
induced dipole. Two correlation functions were proposed
sone for each mechanismd and a low-field transient electric
birefringence approximation was assumed. This method has
been applied in several studies. For example, Zacharias and
Hagerman18 developed an interesting study on the influence
of the statical and dynamic bends in the transient electric
birefringence of RNA.

On the other hand, our group20,49–52studies the changes
produced in the birefringence through a direct analysis of the
simulated trajectories, including the presence of an electric
field. In two previous works21,22we investigated the transient
electric birefringence of segmentally flexible macromol-
ecules in electric fields of arbitrary strength. In those papers,
we studied the decay of the electric birefringence from the
steady-state value to zero when an orienting electric field
applied on a segmentally flexible macromolecule is switched
off.

E. Objectives of this work and preview of the
conclusions

The approaches and results summarized above represent
important advances for the proper understanding of experi-
mental TEB results. However, our aim is to give an answer
to the following questions.

Is the longest relaxation time independent of the type of
flexibility of a molecule?The reason to address this issue is
that Hearst24 and, later, Hagerman and Zimm25 and García
Molina et al.26 proposed equations to relateP, the persis-
tence length of a wormlike molecule, with the rotational dif-
fusion coefficient and so witht1. This treatments implicitly
assume that internal motion does not contribute to the long-
est relaxation time for a wormlike chain. For example,
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Hagerman53 characterized the flexibility of DNA, treated as a
wormlike chain, using the result from Hagerman and
Zimm.25 In addition, Diekmanet al.,13 for DNA, stated that
t1 is mainly determined by the averaged conformation. On
the other hand, relaxation times are, according to Roitman
and Zimm,42 characteristics of a molecule and, as a conse-
quence, do not depend on the method used to obtain them.
Allison and Nambi17 assumed that the longest lifetime com-
ponent of electric birefringencesor electric dichroismd corre-
sponds to pure end-over-end rotational diffusion, and pro-
posed that, for a linear model like DNA, the fact that the
relaxation times depend on flexibility might simply be due to
variations in the end-to-end distance. In the case of a broken-
rod chain model, Pérez Sánchezet al.22 concluded that the
longest relaxation time depends fundamentally on the overall
dimensions of the model. In this work we make a direct
comparison of two different flexibility mechanismssWLC
and BRCd. We find that, regardless of the type of flexibility,
the overall size of a moleculesmeasured by the radius of
gyrationd essentially determines the longest relaxation time.

Are there any differences between a wormlike molecule
and a broken-rod molecule in a TEB experiment?This ques-
tion arises because the broken-rod chain and the wormlike
chain models have been used frequently to describe the flex-
ibility of macromolecules. One example is the interpretation
of experimental data from DNA, usually treated as a WLC,6

but sometimes as a broken rod.54 In fact, many real mol-
ecules probably present a mixture of both types of flexibility.
Good examples are RNA55 and some cases of DNA.56 In this
work, we find that the WLC and the BRC models present a
different decay curve for the same intensity of the field. Ac-
cording to the previous paragraph, the differences must ap-
pear in the faster times and in the amplitudes. In fact, the
study of faster components has been shown to be important,
because they may contribute as much as 80% of the whole
decay in molecules with segmental flexibility21,57,22,18 We
find that faster relaxation component is smaller in the WLC
model. Regarding amplitudes, we find in this work that the
differences in amplitudes between BRC and WLC models
are substantial, especially in the induced dipole orienting
mechanism.

How is the relaxation process affected by the degree of
flexibility, the orientation mechanism, and intensity of the
orienting field?This question arises because the dependence
of the relaxation on the nature of a given molecule and on
the intensity of the field is a source of information that could
be exploited. Wegener33 found that the relative amplitudes
snot the time constantsd of the decay of birefringence were
dependent on the orientation mechanism, particularly, for
high curvature angles. We have seen22 that amplitudes de-
pend on both the intensity of the field and the degree of
flexibility for the BRC model. This is consistent with the
results obtained by Dieckmanet al.13 for DNA, but it is not
with the hypothesis of Zacharias and Hagerman18 for RNA,
who affirm that the amplitudes are sensitive to the average
and dispersion of the angle but not to the field when working
at low fields. In this work we find that in both models am-
plitudes depend on the orientation mechanism, on the degree
of flexibility and on the intensity of the fieldsusually less in

the WLC model and in the induced dipole orienting mecha-
nismd. Allison and Nambi2 proposed two correlation func-
tions for the induced and saturated induced orienting mecha-
nism in the case of quasirigid chains in low electric field,
finding, for linear DNA, no significant differences between
the molecules simulated with pure induced or saturated in-
duced dipole. We have checked for simple BRC models21,22

that this two correlation functions give different results for
not-straight systems. In this work we find that, for both mod-
els, these two functions give different results when the aver-
aged conformation is not straight. Our group has also found
that for BRC models21,22 a distinct behavior for the induced
and permanent dipoles in the relaxation process. In this work
we find that, in the WLC model, differences in the decay
profile are significant between orienting mechanisms and
field intensity, at high flexibility values. Regarding the time
spectrum, Allison and Nambi17 suggested that lifetimes are
insensitive to field strength. Our group showed that, for BRC
models21,22 the time spectrum has no dependence on the type
of dipole or the field intensity. In this work we extend the
limits of flexibility and field intensity of previous works and
increase the detail of our previous BRC model for the com-
parison of the WLC and BRC models. Our results show that
the main dependence of the faster relaxation times is the type
of flexibility, the dependence on the orienting mechanism is
detectable and for the permanent dipole a certain dependence
on the field intensity is also detectable.

What information can be obtained from the deformation
of a molecule under the influence of an electric field?We
have addressed this question because in a TEB experiment, a
flexible molecule is deformed by an electric field of any
intensity.22,23 Of course, the magnitude of such deformation
is directly related with the orienting mechanism, the intensity
of the field and the type and degree of flexibility. Allison and
Nambi17 and Zacharias and Hagerman18 assumed the exis-
tence of the “low field” criterion, whereby the lack of defor-
mation of the molecule should lead to the independence of
the obtained results with respect to the intensity of the field.
However, according to our previous studies,21,22 the relax-
ation for the induced dipole could be the same for low and
high fields, while for the permanent dipole, it could depend
on the intensity of the field even at low fields. For a non-
straight BRC model Pérez Sánchezet al.22 found that, for
permanent dipoles, the effect of deformation on the decay
profile is slight in most cases and even less significant for the
slower components, while for induced dipoles, on average,
no deformation is observed for any field intensity or any
degree of flexibility. In this work we develop equations
which show how the deformation of a molecule could be
followed and interpreted in terms of one of the components
of the gyration tensor if, what we call a dynamic electric field
light scattering experimentsDEFLSd, could be performed.
This technique should be a dynamic light scattering experi-
ment for a macromolecular solution which issor has beend
under the influence of an electric field. We also include in
this work simulation results for these possible experiments,
and an analysis of what information could be obtained from
them. We find that the longest relaxation times for the relax-
ation of the measurable component of the gyration tensor are

124902-3 Transient birefringence of wormlike macromolecules J. Chem. Phys. 122, 124902 ~2005!

Downloaded 05 Apr 2005 to 155.54.98.94. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



slightly higher than those of birefringence. We also find that
there is less deformation and faster recovery in the WLC
model under the influence of the same field for the perma-
nent dipole orienting mechanism.

Which are the differences in the results obtained from the
rigid body treatment and the two Brownian dynamics meth-
ods mentioned above?This is a methodological question
suggested by the following facts. As we mentioned above
Hagerman and Zimm25 assumed that the longest relaxation
time could be adequately predicted as the rigid-body-
treatment average of the longest of the five relaxation times
of wormlike molecules. The same idea is behind the results
proposed by García Molinaet al.26 for wormlike chains and
randomly broken chains. In the case of a BRC model, Pérez
Sánchezet al.22 compared their results with those offered by
the hydrodynamic theory30 and Wegener33 for rigid models,
finding that the RBT appears to provide a reasonable ap-
proximation when the quality of the data is not critical. In
this work our results show that the values obtained with the
RBT for t1 are usually very close to those obtained from
Brownian dynamics simulation but the values of the faster
relaxation times are totally different for RBT and Brownian
dynamics simulation. A different point is that the correlation
functions proposed by Alllison and Nambi2 for rather rigid
DNA fragments have been used by Zacharias and
Hagerman74 to study models of high segmental flexibility.
Our results show that differences in the decay curves be-
tween the direct analysis of the simulated trajectories, includ-
ing the presence of an electric field and the analysis with
correlation functions are small, what suggests that correla-
tion analysis could be usable in both models of flexibility.

II. MODELS AND METHODS

A. Models: Broken rod chain and wormlike chain

We consider two different models of macromolecular
chains, both made up ofN+1=11 elements: a segmentally
flexible macromolecule composed of two quasirigid arms
joined by a semiflexible swivelsBRCd and a macromolecule
with its flexibility equally distributed along the chainsWLCd.
The mechanical, hydrodynamic, and electro-optical descrip-
tion of the model is as described in earlier papers.20,21,25,23

Here, we summarize a few essential features.
The potential energy of a given configuration of the

model has two contributions,Vint andVelect. Vint has two con-
tributionsVint,s andVint,b, the first due to the stretching of the
Hookean springs connecting each pair of consecutive beads.
These springs are defined as quasirigid with a spring constant
such that their rms elongation iskb2l=1.05b0

2, i.e., only 5%
longer than their square equilibrium lengthb0.

58 The second
contribution, is the term associated to the bending,Vint,b,
which is defined by

Vint,b

kBT
= o

i=1

N−1

Qisai − a0,id2. s1d

In Eq. s1d, a0,i is the equilibrium value of the angle defined
by two consecutive subunit axessa0,i =0 for fully extended,
straight conformationd and Qi is the flexibility parameter,

with Qi =0 for the completely flexible case andQi =50 for
the quasirigid case. The combination of different values of
a0,i and Qi define our model. For example, in the BRC all
Qi =50, except that corresponding to the central hinge, which
will depend on the flexibility that we shall try to reproduce.
In the WLC allQi will be the same and the value will depend
once again on the flexibility of the modelssee Fig. 1d.

As regards the modeling of wormlike flexibility, we re-
mind the reader that the mean of the squared radius of gyra-
tion of an infinitely thin macromolecule is given by59

ks2l0 =
LP

3
− P2 +

2P3

L
F1 −

P

L
s1 − eL/PdG . s2d

In Eq. s2d, P is the persistence length andL is the con-
tour length. The subscript zero indicates the absence of any
external deforming agent. In this cases0,str

2 =L2/12, withs0,str
2

being the squared radius of gyration for a rigid straight mol-
ecule. As argued in a previous work,23 there are different
ways of defining the flexibility of a wormlike molecule. One
of these isP/L sP should not be the only parameter usedd,
while another is to useks2l0/s0,str

2 . This way of presenting
flexibility is very convenient because it has the advantage of
being independent of the modelstype of flexibility and num-
ber of subunitsd. When using linear chain models of several
subunits, flexibility is discretely localized in the hinges of the
chain. Flexibility in these chain models is defined by param-
etersQj. In Fig. 1 we present plots to illustrate the relation
between these three different ways of characterizing flexibil-
ity. A discussion of these types of figures can be read in
Ref. 23.

In this paper, we study the WLC model and, for com-

FIG. 1. Relation between three different ways of characterizing flexibility
sP/L, Q, and ks2l0/s0,str

2 d for a wormlike model, a wormlike chain, and a
broken-rod chain. Results obtained witha0=0. The plot for the wormlike
model was obtained from Eq.s2d. For wormlike and broken-rod chains the
computational result obtained from Monte Carlo simulation are presented.
For differences in the values ofQi for wormlike and broken-rod chains see
text. For illustrative purposes, the approximate correspondence between the
number of base pairs of DNA withP=50 nm andP/L is included.

124902-4 Pérez-Sánchez, García de la Torre, and Díaz Baños J. Chem. Phys. 122, 124902 ~2005!

Downloaded 05 Apr 2005 to 155.54.98.94. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



parison, the BRC model. We have found thatN=10 is a
suitable number of subunits to represent wormlike flexibility
within a wide range ofP/L values. At the same time,N
=10 is a reasonable compromise between the degree of detail
given by the model and the computational time required.

For properties which only depend on the overall dimen-
sions, we find the representation proposed in Fig. 1 to be
very useful. First, there is a region in which the overall di-
mensions of a given macromolecule can be described com-
putationally by both WLC and BRC. In addition, this allows
us to choose the most suitable model to represent, for ex-
ample, DNA, because the expected values ofP/L for DNA
molecules of different lengths can be readily obtained. For
illustrative purposes, Fig. 1 contains an axis with the ap-
proximate number of base pairssbpd corresponding to some
values ofP/L sit is assumed thatP=50 nm with a rise per
base pair of 0.34 nmd. For instance, a DNA of<150 bp
could be represented as a wormlike chain withN=10 seg-
ments andQj <8. The same molecule could also be repre-
sented by a broken rod ofN=10 and a central hinge with
Qj <1.

B. Brownian dynamics simulation

The Brownian dynamics simulation of semiflexible mac-
romolecules has been used previously by our group.58,60–64

We use a simulation procedure based on Ermak and McCam-
mon’s algorithm,65 with a modification proposed by Iniesta
and García de la Torre.66 Each step is taken twice, in a
predictor-corrector manner, and the position of the beads af-
ter the time step are obtained from the previous ones. When
the hydrodynamic interactionsHId between beads is included
we use the Rotne–Prager–Yamakawa modification of the
Oseen tensor,67,68 which corrects for the nonpointlike nature
of the frictional elements and correctly describes the possi-
bility of overlappingsfor equal-sized beadsd.

C. Brownian dynamics with electric field

Interaction between the molecule and the field is due to
permanent or induced dipoles. The corresponding potential
energy is given by

Velect

kBT
= − o

i=1

N

sai cosui + bi cos2 uid, s3d

where cosui =sE ·uid /E is the cosine of the angle between
the electric fieldE, and the arm vectorui.

The parameters that describe the intensity of the
molecule-field interaction are

ai =
miE

kBT
, s4d

bi =
sei

i − ei
'dE2

2kBT
. s5d

The electric parameters areai =0 for a purely induced mo-
ment andbi =0 for a purely permanent dipole moment. In the
case of permanent dipoles, we shall consider one possibility:
the head-to-tail case, in whichai is negativesmi is in the

opposite direction touid and which is relevant for both BRC
and WLC. The field intensity, or more precisely, the strength
of the molecule-field interaction is governed by the values of
thea8s andb8s, a being proportional toE andb proportional
to E2.

In the present study we deal exclusively with the bire-
fringence decay. Therefore, the field-on, birefringence-rise
first part of the simulation, which has to be long to make sure
that the steady state is reached, is somehow useless for our
purposes. In order to save computing time, we start the simu-
lation with a sample of molecules generated with the Monte
Carlo procedure in the presence of field. We add a period of
time for the system to stabilize using the Brownian dynamics
procedure. At this point, the field is removed. For the bire-
fringence decay, we use the Brownian dynamics algorithm
and individual trajectories are simulated for a large number
of molecules. At any given time,t, P2scosuid is evaluated for
each armsi =1,2d, with P2 being the Legendre polynomial of
degree 2, defined byP2scosuid=s3 cos2 ui −1d /2. For each
molecule, birefringence is calculated following

Dnstd =
1

oi=1
N bisi+1d

o
i=1

N

bisi+1dP2scosuid. s6d

Equations6d is a weighted sum in whichbi is the instanta-
neous connectorsspringd length. For practical purposes, in
our models we can approach every pre-P2 term equal to 1/N.
The sample averages, and, later, the final values are obtained
from Eq. s6d. The duration of the decay is sufficiently long
for the final birefringence to be zero within statistical error.
In this way, when the field is̀ , thenDnstd=1.

A way of expressing the results is to normalize to the
zero-time value, definingt=0 when the field is switched-off,

Dnstd* =
Dnstd
Dns0d

. s7d

Unless we state otherwise, we shall use the normalization
given by Eq.s7d.

For a more detailed description of the Brownian dynam-
ics with electric field sBDEFd method sincluding Monte
Carlo simulationd, the reader is referred to our previous
papers.21,22

In the same way that Eq.s7d gives a normalized value
for birefrigence, it is useful to use dimensionless variables
and parameters in both the simulation procedure and for the
presentation of the results. Therefore, lengths and distances
are expressed in dimensionless form by dividing them by the
spring lengthb; forces are divided bykBT/b and time is
normalized by multiplying bykT/zb2, wherez=6ph0s, with
h0 being the solvent viscosity ands the bead radius. To
make the field parameters independent of the number of sub-
units used to model a given macromolecule, the field
strength must be expressed asa* =a3N and b* =b3N. An
asterisk hereafter denotes all dimensionless quantities.

D. Brownian dynamics simulation without electric field

The correlation analysis of the Brownian dynamics
simulation of macromolecules allowed us to obtain different
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parameters. In this particular case, Allison and Nambi17 pro-
posed correlation functions that characterize the rotational
dynamics. The procedure is as follows.

We define a unitary vectorA fixed to a coordinate sys-
tem that moves with the particle. IfuA is the angle formed
between two orientations of this vector separated by a timet,
then we can define cosuAstd=Astd ·As0d. The correlation
functions of interest are defined asFs0,td= ffPiscosuAdg,
wherePi is the Legendre polynomial of degreei; more spe-
cifically P1fcosuAstdg=cosuAstd andP2 is as defined above.

The functions proposed by Allison and Nambi17 are

Hsslt8,mt8d =
1

N2o
ik

P2fcos„uismt8d ·ukslt8d…g, s8d

Hislt8,mt8d =
1

N3o
ik

P1fcos„uismt8d ·u jsmt8d…g

3P2fcos„u jsmt8d ·ukslt8d…g. s9d

According to the authors, the first corresponds to an induced
dipole and the second to a saturated induced dipole. From
now on, we shall name them CF1 and CF2, respectively.

E. Birefringence decay functions and fittings

In principle, one can assume that the dynamics is gov-
erned by a series of relaxation timestk, so that the normal-
ized birefringence decay would be a series of exponential
terms

Dnstd* = ystd = a1e
−t/t1 + a2e

−t/t2 + ¯ . s10d

Due to normalization, theystd functions decay fromys0d
=1 to ys`d=0, so that, in this case,a1+a2+¯ =1.

When this is reduced to a double exponential, we can
write

Dnstd* = ystd = a1e
−t/t1 + s1 − a1de−t/tb. s11d

In Eq. s11d, the longest relaxation time and its amplitude are
maintained. The terms1−a1d contains the amplitudes of all
the faster modes,s1−a1d=a2+a3+¯, while tb, which could
be called the internal relaxation time, is some mean relax-
ation time that represent the average of the second and fol-
lowing t’s.

Simulations of Brownian dynamics simulation without
electric field sBDCFd have been performed using our BD
simulation programs.69 For the multiexponential fit, we have
used the commercial programSIGMAPLOT.70

F. Rigid body treatment

As mentioned above, although a complete theory of the
dynamics of flexible macromolecules cannot be worked out,
some approximations or assumptions permit the theoretical
description of certain aspects.

The rigid-body treatmentsRBTd is fully implemented in
the computer programHYDRO

30 for structures ofN spheres.
Once the coordinates and sizes of the spherical elements
have been defined, including relaxation times, a variety of
data can be obtained immediately.

It is interesting to compare the values obtained for rigid
and flexible models. The values of a rigid equivalent to a
flexible structure for BRC are easy to obtain because the
only parameter in this case is the averaged value of the cen-
tral angle. When we try to apply the RBT to finding the rigid
equivalent for a WLC model the situation is much more
complex, because the number of parameters is much higher.
There are different approximations, but among them we have
chosen the following: we generate a high number of confor-
mations with the same overall dimensions, measured bys2,
as the value ofks2l for the WLC model. For each of the
generated conformations, we calculate their relaxation times
and the final value is obtained as an average. The results
shown in this work were obtained in this way.

G. Relaxation of the deformation produced
by the field

One of the consequences of the action of the field is that
the molecule is deformed and its averaged dimensions are
modified. The change in the radius of gyration may be ex-
pressed in terms of a deformation ratio71 as the change inks2l
relative to its unperturbed value. This definition can be ex-
tended to all the diagonal components of the gyration tensor.
In previous works20,23we developed these expressions to ob-
tain the deformation of a molecule in a steady-state birefrin-
gence experiment under the influence of the field and it is
straightforward to extend these results to a transient experi-
ment. In this case, the gyration tensor and, as a consequence,
the deformation are functions of time, and the unperturbed
value of the radius of gyration is obtained at the limit,t=`.
Hence, the deformation ratiod2 can be written as

dstd2 =
ksstd2l − kss`d2l

kss`d2l
. s12d

We can extend this definition to all diagonal components of
the gyration tensor

dstdaa
2 =

kGstdlaa − 1
3kss`d2l

1
3kss`d2l

. s13d

From Eqs.s12d and s13d it follows that

dstd2 = 1
3„dstdxx

2 + dstdyy
2 + dstdzz

2
…. s14d

Following the equations obtained by Pérez Sánchezet al.23

for steady-state birefringence, the deformation of a model,
based on equal axially symmetric subunits, in a TEB experi-
ment, can be written as

dstdxx
2 =

dstdxx8
2kss`d82l + DnstdsG' − Gid
kss`d82l + s2G' + Gid

, s15d

dstdzz
2 =

dstdzz8
2kss`d82l − 2DnstdsG' − Gid
kss`d82l + s2G' + Gid

, s16d

dstd2 =
dstd82kss`d82l

kss`d82l + s2G' + Gid
. s17d

In Eqs.s15d–s17d the primed values are those obtained for a
model in which the subunits were replaced by pointlike ele-
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ments with massesmi positioned at the center of the subunit,
while G' andGi are the perpendicular and parallel compo-
nents of the gyration tensor of each subunit.

One particular situation of interest is when all the sub-
units are spherical. Then, the subunit gyration tensor is iso-
tropic and the diagonal components are all equal tos2/5,
one third of the radius of gyration of one sphere or radiuss.
In this case, Eqs.s15d–s17d become, respectively,

dstdxx
2 =

dstdxx8
2kss`d82l

kss`d2l
, s18d

dstdzz
2 =

dstdzz8
2kss`d82l

kss`d2l
, s19d

dstd2 =
dstd82kss`d82l

kss`d2l
. s20d

WhenN is high, the radius of gyration of one sphere is small
compared with the radius of gyration of the whole model,
and so kss`d2l<kss`d82l and, as a consequencedstdxx

2

<dstdxx8
2, dstdzz

2 <dstdzz8
2, anddstd2<dstd82.

The average size of a macromolecule, as determined by
the radius of gyration, is often obtained from the low angle
scattering of light or another type of electromagnetic radia-
tion. When the macromolecule is deformed in an electric
field, it may be possible to obtain some components of the
gyration tensor from scattering with various geometries. In-
strumental and theoretical aspects of the technique of electric
field light scattering have been described in the literature.72,73

The dependence of scattered intensity on the scattering di-
rection is represented by the scattering form factorPsqd,
with q being the scattering vector with modulusq=s4p /ld
−sinsus/2d, wherel is the radiation wavelength andus is the
angle subtended by the scattering direction and the prolon-
gation of the incident beam. For low-angle scattering, we can
write50

Psqd = 1 −qTkGlq. s21d

A particular situation of interest is that corresponding to
an experimental setup in which scattering is observed in the
sx,yd plane of the lab-fixed system of coordinates, withx
being the direction of the incident beam and the external
agent acting along thez direction. In this case, we can as-
sume that this agent produces a distribution of mass with
cylindrical symmetry around the main direction. Then

Psqd < 1 − q2kGlxx. s22d

Equation s22d has been obtained for steady-state light
scattering. If we perform experiments following the relax-
ation of the molecule, it is straightforward to obtain the
change of the scattering form factor as a function of time

Psq,`d − Psq,td
1 − Psq,`d

<
kGstdlxx − kGs`dlxx

kGs`dlxx
= dstdxx

2 . s23d

This experimentally feasible combination yields the change
in the component ofkGl, which is independent of the scat-
tering angle.

According to the previous equations, once the field is
removed, the deformation produced in a TEB experiment
relaxes following a certain time course. Experiments of dy-
namic electric field light scattering might be able to measure
this evolution.

III. RESULTS AND DISCUSSION

We have studied the relaxation process ofDn, paying
attention to both the influence of the intensity of the orient-
ing field for broken-rod chains and wormlike chains. In both
models the equilibrium angles are 0°. In addition, deforma-
tion was studied, including the time evolution after removing
the field ofdxx

2 , dzz
2 , andd2.

A. Birefringence

Our study is devoted to a comparison of the results of
the TEB decayssamplitudes and relaxation timesd obtained
from two models, the BRC and the WLCsboth witha0,i =0d.
For the BRC model, this is an extension of the study pre-
sented in a previous paper, changing the model fromN+1
=3 to N+1=11elements22 and allows us to compare BDEF
with BDCF and with analytical methods for rigid models
sRBTd.

In the BDEF, we simulated the birefringence decay for
different cases of the field strength for both the induced and
permanent dipole orienting mechanisms, including the ex-
treme value of infinitely high. The study of birefringence
dynamics at very highssaturatingd fields is uncommon in
experimental work because of the problems associated with
instrumentation, sample alterations, and data interpretation,
but for our purposes this extreme situation is very illustra-
tive. The rest of the values were included so that the field
strength effects could be studied. The lower limit in the range
of field strength is established by the compromise between
the statistical quality of the data obtained from our simula-
tions and a reasonable computing time.

In these Brownian dynamics simulations, the time step
was Dt* =5310−4. To analyze the birefringence decay, the
system has to reach steady-state birefringence as the starting
st=0d point. As mentioned before, we included a stabiliza-
tion period, simulated with the Brownian dynamics algo-
rithm of 10–15 units of time. Later we removed the electric
field and allowed the system to relax. In order to be certain
that the molecules had enough time to relax completely, the
duration of each trajectory was between 50 and 100 units of
dimensionless time.

In the BDCF, obviously, one decay profile was obtained
for each model and orientation mechanism. In these simula-
tions, the time step was alsoDt* =5310−4. The correlation
analysis was extended up tot* =100. Every simulation had a
length of 23107 steps and was divided into 16 subsets.

The difficulties of fitting experimental or simulation re-
sults to multiexponential curves are well known. To diminish
these problems the statistics must be of good quality. We
found that to obtain good fittings of the decay data the num-
ber of molecules needs to be very high, the reasons being the
same as those we mentioned in previous studies.21,22 In this
case, we found that four independent simulations of 50 000
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molecules for the best conditionsslow flexibility and high
fieldsd and four independent simulations of 200 000 for the
worst shigh flexibility and low fieldd are reasonable choices.
We have taken special care to obtain reproducible results
using the following procedure. Amplitudes and relaxation
times are obtained from each of the four simulation sets of
data with and without the possibility of a base linesthe first
check is that the base line must be very close to 0d. Later, we
obtained another set of data which is the average of the four
other simulation sets. This new “global” set is also submitted
to the same fitting procedure. Finally, we have four groups of
amplitudes and relaxation times. Only when these four
groups are nearly identical we can say that the necessary
reproducibility has been reached. Of these four sets of fitting
results, in this paper we show the one which is the average of
the four individual results without base line. In this way, we
can include a value of the standard deviation of each param-
eter.

Following Eq.s11d, our decay results were submitted to
biexponential analysis, obtaining the amplitudes and relax-
ation constants. In most of the curves, a third exponential can
be detected accurately, but we think it is more illustrative for
our purposes to present these results in the same format. In
addition, and given the statistical quality of the data, other
authors have used biexponential fittings, which are usually
the form in which experimental results are presented. Finally,
there is the advantage that biexponential fitting is more ro-
bust than a triexponential fitting and, in the cases studied, the
improvement offered by a third exponential is not dramatic.
Note that in the decay from very high fields obtained in
BDEF, birefringence is initially saturated, so thatDns0d* =1.
In the rest of the cases, the values have been normalized to
that att=0. In BDCF, the values are normalized in a way that
Dns0d* =1.

All the results mentioned above are presented in Tables I
and II. Although we have made the calculations, these tables
do not include the values of the quasirigid structure
fkss`d2l /sstr

2 =0.97g, because, in all cases, a monoexponential
decay with the samet1

* =18.8 is obtained.
The tables in this paper have been organized according

to the value ofkss`d2l /sstr
2 , which, as explained above is a

measure of the flexibility that allows comparison between
different models. Table I shows results for two different ori-
enting mechanisms of models withkss`d2l /sstr

2 =0.62. In or-
der to illustrate the influence of small changes in the overall
dimensions on the relaxation results, Table II shows the re-
sults of the two models but with slightly different values of
kss`d2l /sstr

2 , namely, 0.77 and 0.79.
Although it is not the aim of this work to study the effect

of hydrodynamic interactionsHId, a few simulations includ-
ing this effect were performed, modeling each of the 11 ele-
ments as a sphere with a radius of 0.5. The values of the
relaxation times obtained with HI are significatively smaller
sespecially for the longest timed and the amplitudes are prac-
tically the same although, in principle, the same general con-
clusions are reached. Simulations without HI are computa-
tionally much shorter and, given that our objective is not

comparison with given experimental datasin this case HI
should be includedd, we have preferred to develop our study
without including hydrodynamic effects.

B. Dynamic electric field light scattering

An electric field has the effect of deforming the mol-
ecule, and this aspect has also been treated. This deformation
is manifested in a change of the diagonal components of the
gyration tensor, which will vary depending on the field
strength, flexibility, and the orienting mechanism. As we
have shown above, the dynamic electric field light scattering
sDEFLSd technique should be able to follow these changes
as a function of time for thexx component.

We have studieddxx
2 , which is a combination of orienta-

tion and deformation effects. From its evolution with time
after removal of the electric field, a clear multiexponential
fitting procedure is suggestedssee, for example, Fig. 2d. As a
consequence we have followed the same procedure as de-
scribed above for fitting the birefringence decay data. It
should be mentioned that the statistical quality of thedstdxx

2

data is slightly better than the corresponding birefringence
results.

All the results are presented in Tables I and II.

C. Discussion of the results

In accordance with our objectives, we demonstrate that
our methodology is able to yield results for the amplitudes
and relaxation times that characterize a TEB relaxation decay
for molecules with a different degree of flexibility under
electric fields of arbitrary strengthsFigs. 3 and 4 and Tables
I and IId. We also show some results for the time dependence
of deformation in the simulated TEB experiments.

Our results show that, regardless of the type of flexibility,
the overall size (measured by the radius of gyration) essen-
tially determines the longest relaxation time. As a conse-
quence, it is the response to the electric field and the whole
off-field relaxation curve that should mark differences be-
tween different models, and these differences should be re-
flected in the rest of the relaxation times and amplitudes.
This fact widens the interest of birefringence experiments. In
addition, this conclusion agrees with the proposed
idea17,13,74,53,25,22that t1 depends on the end-over-end rota-
tion, but adds a quantitative relationship for the experimen-
tally obtained radius of gyration. On the other hand,t1 has
been used to characterize the flexibility of a moleculessee,
for example, some recent Refs. 6 and 56d, and this fact en-
larges the interest of the comparison of these two different
models. As a consequence, we have organized Tables I and II
according to the values of the radius of gyration in the ab-
sence of the fieldst=`d. In Table II small differences int1

appear between the BRC and WLC models, the main reason
being the small difference inkss`d2l /sstr

2 .
The WLC model and the BRC model present a different

decay curve for the same intensity of the field. These differ-
ences are detectable both with the induced dipole orienting
mechanism and with the permanent dipole orienting mecha-
nism. In Figs. 2 and 3, two models with the samekss`d2l /sstr

2

are compared. As can be expectedssee previous paragraphd,
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in all cases the differences are concentrated in the first part of
the decay, with a relaxation for the WLC model faster in the
first part of the decay than that of the BRC model.

Differences in amplitudes between the WLC and BRC
models are substantial, especially in the induced dipole ori-
enting mechanism. We have seen previously21,22 that for the
BRC model, amplitudes depend on the orienting mechanism,
the intensity of the field and the flexibility of the model,

which is clearly confirmed by the results presented in this
work. The differences between the induced and permanent
dipole orienting mechanisms are higher in the BRC. From
these findings amplitudes could be useful for distinguishing
between wormlike and segmental flexibility.

tb is smaller in the WLC model. Numerically, this is
clear from Tables I and II, and is more evident when
kss`d2l /sstr

2 is greater. For example, thetb of the more flex-

TABLE I. sad Fitting results of the decay profiles of birefringence and deformation obtained with Brownian dynamics simulation with electric field for models
with the samekss`d2l /sstr

2 =0.62. Models withN+1=11elements. Equilibrium conformation. Straightsa0,i =0d. Simulations performed without hydrodynamic
interaction. Permanent dipole orienting mechanism. For references and procedures to obtain these data, see text.sbd As sad, but for induced dipole orienting
mechanism. Values obtained for rigid models with the sames2/sstr

2 are also included. These results are obtained with the RBT and they do not depend on the
type of orienting mechanism.

Model Field Dns0d* a1 t1
* tb

*

sad
BRC a* =` 1.000±0.000 0.63±0.02 9.5±0.2 2.6±0.2

a* =10 0.505±0.001 0.72±0.04 9.7±0.3 2.9±0.3
a* =5 0.256±0.001 0.73±0.06 10.2±0.4 3.4±0.5

a* =2.5 0.079±0.000 0.77±0.14 10.4±1.0 3.5±1.4
CF2 ¯ 0.56±0.01 9.6±0.1 3.1±0.1

Dnstd*

WLC a* =` 1.000±0.000 0.50±0.00 9.2±0.1 0.57±0.02

a* =10 0.362±0.002 0.76±0.00 9.8±0.1 0.95±0.02
a* =5 0.195±0.001 0.83±0.02 10.0±0.2 1.1±0.3

a* =2.5 0.064±0.001 0.82±0.10 10.3±0.9 2.3±1.9
CF2 ¯ 0.76±0.01 9.9±0.1 0.93±0.03

−ds0dxx
2

BRC a* =` 0.992±0.001 0.95±0.54 9.4±5.0
a* =10 0.513±0.001 0.97±0.00 10.2±0.1
a* =5 0.259±0.001 0.98±0.01 10.7±0.3

a* =2.5 0.087±0.001 0.95±0.01 12.1±0.3
−dstdxx

2

WLC a* =` 0.991±0.001 0.93±0.54 10.2±5.3

a* =10 0.535±0.002 1.02±0.01 10.8±0.3
a* =5 0.299±0.001 1.04±0.01 10.8±0.3

a* =2.5 0.102±0.001 1.05±0.03 11.0±0.3

sbd
BRC b* =10 0.621±0.001 0.25±0.02 9.9±0.4 3.8±0.1

b* =5 0.356±0.001 0.29±0.01 9.3±0.2 3.6±0.4
b* =2.5 0.176±0.000 0.35±0.09 9.1±1.4 3.5±0.2

CF1 ¯ 0.31±0.02 9.6±0.3 3.6±0.1
RBT ¯ ¯ 10.7 7.07

Dnstd*

WLC b* =10 0.351±0.001 0.66±0.01 9.6±0.1 0.77±0.03

b* =5 0.175±0.001 0.66±0.01 9.7±0.1 0.77±0.01
b* =2.5 0.083±0.001 0.64±0.03 9.7±0.5 0.95±0.19

CF1 ¯ 0.65±0.01 9.6±0.1 0.95±0.02
RBT ¯ ¯ 10.2±0.3 6.2±0.6

−ds0dxx
2

BRC b* =10 0.636±0.001 0.54±0.07 11.0±0.7 4.6±0.4
b* =5 0.365±0.001 0.58±0.04 10.7±0.3 4.1±0.3

b* =2.5 0.183±0.001 0.47±0.20 12.1±2.6 4.4±1.4
−dstdxx

2

WLC b* =10 0.509±0.001 0.96±0.01 10.1±0.1
b* =5 0.269±0.001 0.95±0.01 9.5±0.3

b* =2.5 0.130±0.001 0.95±0.01 9.1±0.4
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ible model is around three to four times faster for the WLC.
These results support the idea thattb is mainly related with
the internal dynamics of the molecule. In this sense, we re-
mind the reader that we are comparing BRC models with
flexibility localized at one flexible joint with WLC models
with flexibility uniformly distributed along the molecule.
Difference intb are, then, an interesting clue for distinguish-
ing between wormlike and segmental flexibility.

tb depends mainly on the type of flexibility but also on

the orienting mechanism and for the permanent dipole also
on the field intensity. This conclusion is readily obtained
from Tables I and II. Except for BRC and induced dipole, an
increase in the intensity of the field is matched by a decrease
in the value of the faster relaxation time. In our data, this
decrease reaches almost 75% when, in the WLC and perma-
nent dipole, the field increases froma* =2.5 toa* =`. In all
other cases the effect is smaller. This finding is not necessar-
ily against the proposed idea that relaxation times are char-

TABLE II. Fitting results of the decay profiles of birefringence and deformation obtained with Brownian dynamics simulation with electric field for models
with slightly different values of the average radius of gyration. For BRC,kss`d2l /sstr

2 =0.77. for WLC,kss`d2l /sstr
2 =0.79. Models withN+1=11 elements.

Equilibrium conformation: straightsa0,i =0d. Simulations performed without hydrodynamic interaction. Permanent dipole orienting mechanism. For references
and procedures to obtain these data, see text.sbd As sad, but for induced dipole mechanism. Values obtained for rigid models with the sames2/sstr

2 are also
included. These results are obtained with the RBT and they do not depend on the type of orienting mechanism.

Model Field Dns0d* m1 t1
* tb

*

sad
Dnstd* BRC a* =` 1.000±0.000 0.69±0.01 13.2±0.1 2.0±0.1

a* =10 0.556±0.000 0.81±0.01 13.3±0.1 2.2±0.2
a* =5 0.338±0.001 0.86±0.02 13.3±0.3 2.5±0.4

a* =2.5 0.164±0.002 0.88±0.05 13.8±0.7 3.2±1.9
CF2 ¯ 0.78±0.01 12.8±0.0 2.2±0.0

WLC a* =` 1.000±0.000 0.65±0.00 13.9±0.1 0.63±0.01

a* =10 0.487±0.000 0.86±0.00 14.1±0.1 0.84±0.07
a* =5 0.309±0.001 0.90±0.01 14.1±0.2 0.90±0.23

a* =2.5 0.119±0.000 0.61±0.21 14.0±0.5 10.5±6.4
CF2 ¯ 0.87±0.01 13.9±0.0 0.93±0.03

−ds0dxx
2

−dstdxx
2 BRC a* =` 0.994±0.001 0.95±0.55 13.4±7.3

a* =10 0.623±0.001 1.00±0.00 13.9±0.2
a* =5 0.391±0.001 1.01±0.00 14.3±0.1

a* =2.5 0.155±0.001 1.05±0.06 14.7±0.5
WLC a* =` 0.993±0.001 0.95±0.55 14.0±7.6

a* =10 0.630±0.001 1.00±0.00 14.4±0.2
a* =5 0.408±0.001 1.01±0.00 14.6±0.2

a* =2.5 0.157±0.001 1.04±0.02 14.7±1.0

sbd
Dnstd* BRC b* =10 0.644±0.000 0.70±0.00 13.3±0.0 2.5±0.0

b* =5 0.378±0.001 0.70±0.01 13.4±0.1 2.4±0.1
b* =2.5 0.193±0.000 0.70±0.05 13.6±1.0 2.3±0.5

CF1 ¯ 0.72±0.01 12.7±0.1 2.4±0.0
RBT ¯ ¯ 13.6 3.5

WLC b* =10 0.539±0.001 0.82±0.00 14.1±0.0 0.82±0.03

b* =5 0.315±0.001 0.85±0.01 14.1±0.2 0.83±0.18
b* =2.5 0.85±0.01 14.3±0.2 0.87±0.09

CF1 ¯ 0.86±0.05 13.9±0.0 0.95±0.03
RBT ¯ ¯ 13.9±0.1 4.8±0.6

−ds0dxx
2

−dstdxx
2 BRC b* =10 0.703±0.001 0.93±0.00 13.7±0.1 2.0±0.3

b* =5 0.433±0.001 0.91±0.02 13.6±0.3 2.5±0.4
b* =2.5 0.231±0.001 0.87±0.10 14.2±2.0 2.2±1.9

WLC b* =10 0.689±0.001 0.99±0.01 14.2±0.2
b* =5 0.417±0.001 0.98±0.00 14.1±0.1

b* =2.5 0.213±0.001 0.97±0.01 14.3±0.3
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acteristics of a molecule and do not depend on the method
used to obtain them.42 We remind the reader thattb is a

certain average of the faster relaxation times and their am-
plitudes. The practical consequence of the described depen-
dence is that a proper analysis oftb should include values at
different field intensities.

In the WLC model, differences in the decay profile are
significant between orienting mechanisms and field intensity,
at high flexibility values. When flexibility is low, the decay
curves depend very little on the orienting mechanism or the
field intensity.tb is very similar for all the curves of WLC,
independently of flexibility, orienting mechanism, or field in-
tensity. Differences in the values of the amplitudes, although
small, are more easily detectable when flexibility is high,
especially for the induced dipole model.

Differences in the decay curves between BDEF and
BDCF are small. This conclusion is very interesting because
it extends the application range of the BDCF procedure. The
benefit is that this method is computationally faster that the
BDEF, although possible dependences on the intensity of the
field, which could be detected with data of high statistical
quality, cannot be found.

The values obtained with the RBT fort1 are usually very
close to those of BDEF. Differences depend on the type of
flexibility, orienting mechanism, and intensity of the field.
The maximum differences<15%d appears in the BRC
model with high flexibility. When the orienting mechanism is
the permanent dipole and the field intensity is low the coin-
cidence is nearly perfect, within the standard deviation. As a
consequence, in a good number of cases, the RBT could be a
reasonable approximation fort1. This result agrees with the

FIG. 2. Evolution ofdstdxx
2 when electric field has been removed. Induced

dipole, b* =10. Legend: black circles, BRC withkss`d2l /sstr
2 =0.62; white

circles, WLC with kss`d2l /sstr
2 =0.62; black triangles, BRC with

kss`d2l /sstr
2 =0.77; white triangles, WLC withkss`d2l /sstr

2 =0.77.

FIG. 3. Birefringence decay profiles for different degrees of flexibility. Per-
manent dipole,a* =10. Legend: black circles, BRC withkss`d2l /sstr

2 =0.62;
white triangles, WLC withkss`d2l /sstr

2 =0.62; black triangles, BRC with
kss`d2l /sstr

2 =0.77; white triangles, WLC withkss`d2l /sstr
2 =0.77; white

squares, quasirigid model withkss`d2l /sstr
2 =0.97.

FIG. 4. Birefringence decay profiles for different degrees of flexibility. In-
duced dipole,b* =10. Legend: black circles, BRC withkss`d2l /sstr

2 =0.62;
white circles, WLC with kss`d2l /sstr

2 =0.62; black triangles, BRC with
kss`d2l /sstr

2 =0.77; white triangles, WLC withkss`d2l /sstr
2 =0.77; white

squares, quasirigid model withkss`d2l /sstr
2 =0.97.
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idea that the longest relaxation time depends mainly on the
overall dimensions of the molecule.

Values oftb are totally different for RBT and BDEF.
These results again support the idea that the faster relaxation
time is mainly related with the internal dynamics of the mol-
ecule and reflects the effects of rigidity versus flexibility.
One consequence is that, in the case of the quasirigid model,
both treatments give essentially a single relaxation time.

The longest relaxation times fordstdxx
2 are slightly higher

than those ofDnstd* . In addition, for the WLC model the
curve is clearly monoexponential in all the cases studied. The
same can be observed for the BRC model and the permanent
dipole orientation system although, when the type of dipole
is induced, a second exponential can be detected.

There is less deformation and faster recovery in the WLC
model under the influence of the same field for the permanent
dipole orienting mechanism. We have studied throughdstd2

fEq. s12dg the time course of the deformationsresults not
shownd. In the case of the BRC model, for the same intensity
of the field andkss`d2l /sstr

2 , the increase indstd2 roughly
doubles that of the WLC model. At the same time the recov-
ery is slower in the BRC model by a factor of 2–3. This is
another manifestation of the way in which flexibility is dis-
tributed in the two different cases.

Interpretation of experimental results

Although the objective of this work was not the interpre-
tation of any specific experimental results, some interesting
consequences can be observed from our results when trying
to analyze experiments. One of these is that dynamic electric
field scattering experiments are a source of information
which can be treated in coordination with birefringence ex-
periments. Another is that we must remember that if the
longest relaxation time is the only parameter obtained from
the experiments, we shall lose critical information, concern-
ing both the conformation and the dynamics, which can be
obtained from TEB. Furthermore, the longest relaxation time
can be interpreted in terms of the radius of gyration, inde-
pendently of the model we use for the flexibility and the
orientation mechanism; in other words, very little informa-
tion about the type of flexibility or orientation mechanism
can be obtained ift1 is the only parameter used. If the ex-
perimental results are of sufficient statistical quality, then
attention must be paid to the possible dependence of the
intensity of the field. If this is not the case, results from the
RBT could be sufficient for a proper interpretation of the
longest relaxation time and those from BDCF for that of the
whole decay profile.
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