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Time Course of the Orientation and Birefringence of Axially Symmetric Macromolecules 
upon Reversal of an Electric Field of Arbltrary Strength 
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In thii work we study the time evolution of the orientation, as manifested by birefringence, of a dilute system of axially symmetric 
macromolecules or colloidal particles in an experiment in which the sign of an otherwise constant electric field is suddenly 
reversed. The experiment is computer simulated by using the Brownian dynamics method. Available theories that arc strictly 
valid for very low field strengths are compared to simulated results, determining thereby the range of validity of the former. 
The usefulness of Brownian dynamics simulation to analyze field-reversal electric birefringence experiments is illustrated. 

Introduction 
The reversing-pulse technique' is useful for obtaining infor- 

mation about the electric properties of macromolecules, and is 
particularly helpful for identifying the orientation mechanism. 
In this technique, an electric field is applied to a macromolecular 
solution composed of noninteracting molecules, and the bire- 
fringence rises until a steady state is reached. Suddenly the sign 
of the electric field is inverted and the birefringence is affected 
by this change in a different way depending on the permanent 
or induced nature of the dipole moment of the molecules.2 There 
is no change when the toque in the molecules is due to an induced 
dipole exclusively. A change in the birefringence indicates some 
contribution from a permanent dipole. This difference between 
orientation mechanisms comes from the fact that the interaction 
energy due to the permanent dipole is linearly dependent on field 
strength, while that due to the induced dipole depends on the 
square of the field ~ t rength .~  The reversing pulse experiment is 
schematically described in Figure 1. 

As we stated in a previous paper,' in which we studied the rise 
process in a steady field, the analytical theories available for the 
time dependence of the birefringence embody various approxi- 
mations, and Brownian dynamics simulation is an useful alternative 
that allows to determine the validity of the approximate theories 
or to obtain results in conditions where such theories are not 
applicable. We compare our simulation results with the analytical 
results of T i n a  and YamaokaJ and Matsumoto et a1.,6 studying 
the influence on their validity of the field strength and the nature 
of the dipole moment. 

Model and Simulation 
We assume for simplicity that the macromolecules have cyl- 

indrical symmetry. The model used here is the same as described 
in our previous papera7 It consists just of a sphere of radius a 
tethered to a fixed point by a frictionless stiff spring with equi- 
librium length b. We have shown7 that this model is representative 
of any molecule with axial symmetry when time is properly scaled 
with the rotational diffusion coefficient, D. 

If an electric field, E, is applied along a laboratory-fixed z axis 
making an angle 8 with the symmetry axis, then the interaction 
energy of such molecule with the field is given by 

(1) 
where kT is the Boltzmann factor and 

e = p E / k T  (2) 

g (€1 - t l ) E 2 / 2 k T  (3) 

V(B)/kT = -e cos e - g cos2 e 

where p is the permanent dipole and cII and tl are the electric 
polarizabilities along the symmetry axis and perpendicular to it, 
respectively. 
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The relative contribution of the permanent and induced dipole 
is characterized by the ratio R ' 

R = 2 / 2 g  = p2/(cll - t l ) k T  (4) 

with the limiting cases IRI - = for a pure permanent dipole and 
IRI - 0 for a pure induced dipole. 

The electric birefringence, An, is proportional to the order 
parameter, s 

s =  ( 3 c o s z e - i ) / 2  (5) 

and the birefringence in the equilibrium steady state, An-, is 
characterized by the value of the equilibrium parameter, s,. As 
shown in ref 4, instead of e and g we can characterize the elec- 
trooptical properties of the solute in the presence of field E by 
the pair of parameters R and s,. 

The Brownian dynamics simulation is based on the differential 
equation of Langevin. Due to its stochastic character this equation 
cannot be solved analytically, and we use the Ermak-McCammon8 
algorithm 

r = rO + (kT)-'D,(F,)At + R (6) 

where r0 is the position vector of the sphere at time t; r is the 
position vector after a time step Ar; Fw = F, + Fb is the total force 
acting on the sphere, which is the sum of two contributions. One 
of them is the spring force F,, which tethers the molecule to the 
origin. It is quadratic in the displacement with respect to the tether 
length, with a high spring constant. (Further details are given 
in refs 4 and 7.) The second one is the force of interaction with 
the electric field, Fd = -Vv(e). Dl is the translational diffusion 
afticient of the sphere and R is the stochastic displacement. The 
components of R have zero mean and covariance 2DtAtf. 

For convenience, we use dimensionless quantities; r is expressed 
in units of b, Fin  units of kT/b, and reduced time, 7, is expressed 
in units of D', 

r 3 Dt (7) 

( I )  O'Koniki, C. T.; Haltner, A. J. J.  Am. Chem. Soc. 1957, 79, 5634. 
(2) O ' K d ,  C. T. Molecular Electmpticq M a d  Dokkcr New Y& 
(3) Holm", D. N.; T i m ,  I. J.  Pjys. Chem. 1963,67,2691. 
(4) M z  Belmontc, A.; Upez Martinez, M. C.; Gama de la Tom, J. 1. 

(5) T i n a ,  I.; Yamaoka, K. L Phys. Chem. 1959,63,423. 
(6) Matrumoto, M.; Watanabc, H.; Ywhioka, K. J .  Phys. Chem. 1970, 

( 7 )  Upcz Martinez, M. C.; Garcia de la Tom, J. Bfophys. J .  1907,52, 

(8) Ermak, D. L.; McCammon, J. A. J .  Chem. Phys. 1978, 69, 1352. 
(9) Watanabe, H.; Morita, A. Adu. Chem. Phys. 1984,56,255-409. 
(IO) Fredericq, E.; Howcier, C. Electric Dichroism and Electric Bln- 

1976; Chapter 3. 

Phys. Chrm. 1991,95,952. 

74, 2182. 

303. 

fringeme; Clarendon Prw: Oxford, U.K., 1973; Chapter 1. 

(b 1991 American Chemical Society 



5662 The Journal of Physical Chemistry, Vol. 95, No. 14, 1991 Perez Belmonte et al. 

simulations we use AT = lW3. This value is small enough so that 
the rms fluctuation of the tangential forces is smaller than 596, 
and its adequacy has been already noted in our previous work.’ 
The trajectories are composed of 2000 steps, so that the length 
of a trajectory is of 2 units of reduced time. We simulated the 
trajectories of 5000 molecules, which were subdivided into five 
subsamples, each having the trajectories of lo00 molecules. Thus, 
we obtain the final values of S ( T )  as the means and an estimation 
of their statistical uncertainty from the standard deviation. These 
deviations, in s(7) for our simulation conditions, turned out to be 
slightly dependent on 7,  varying between, say, 0.005 and 0.015, 
and roughly independent of s,. 

We use the normalized reversal function 
r ( T )  = S(T)/Sm ( 8 4  

which is identical with the time-dependent birefringence An(t) 
normalized to the steady-state value, Ahtd: 

r(7) = An(7)/Anstd (8b) 
A simple approximate result for r (7)  has been described by 

Tinoco and YamaokaS 
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Figure 1. Schematic representation of the reversing pulse experiment. 
(A) Electric field vs time, with reversal at f = 0. (e) Time course of the 
birefringence or order parameter. Curves are labeled as follows: m, pure 
permanent dipole; i, intermediate case; 0, pure induced dipole. 
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Figure 2. Reversal curves, r ( ~ ) ,  for pure permanent dipole moment (R - 0 )  and the indicated values of s,. (-) simulation results; (---) 
Tinoco-Yamaoka;3 (.e e) Matsumoto et a16 

where the rotational diffusion coefficient of the model is D = D,/b2. 
The generation of a Brownian trajectory in the reversal process 

is started from an initial position generated at random with an 
angular distribution corresponding to the Boltzmann exponential 
of eq 1 ,  which is that corresponding to the presence of a steady 
field +E along z. Thus, we sample the initial state in the reversal 
proccss, that is, the equilibrium state in the presence of field +E 
just before the sign is changed. Immediately E is inverted (-E) 
and the particle changes its orientation along a Brownian tra- 
jectory. Equation 6 is repeatedly applied to generate the series 
of positions in the trajectory. The time step must be small enough 
so the forces do not change appreciably during the step. In our 

(9) 

This equation is limited to very low fields. 
Matsumoto et a1.6 have proposed an improvement on the 

equation described above. They present A result valid over a wider 
region of field strengths: 

XI X2 x3 
r ( ~ )  = 1 - - XO exp(-X17) + - XO exp(-X2r) - - XO exp(-X3s) (10) 

where 

ez 4g A 1 = 2 + - - -  
5 5  

3 
175 

xI = 3e2 + -(26e4 + 71e2g) 

1 
x2 = 3 9  + $4e4 + 92g) 

~3 -(lit? + 6$g) 2 
175 

Results and Discussion 
We have carried out simulations for various values of s, and 

different cases for the R parameter conesponding to a pure dipole 
moment, for which the reversal effect is largest, and a hybrid case 
with both permanent and induced dipoles. The results are 
presented in Table I. We recall that there is no reversal effect 
for a purely induced dipole. 

In Figures 2 and 3 the equations of T i n a  and Yamaoka and 
Matsumoto et al. are compared with our simulations. The 
agreement between the results from simulation and those from 
the approximate theories can be analyzed primarily in terms of 
the parameter s,, which measures field strength, and also as a 
function of the permanent-to-induced ratio. We see that for 
moderately low field (8 ,  = 0.2) the two low-field theories give 
reasonably good reaults for both permanent dipole (Figure 2) and 
hybrid dipole (Figure 3) .  For an intermediate field strength 
corresponding to 8 ,  = 0.4, the agreement is still acceptable in the 
hybrid case, and it is surprisingly better for the Tinoco and Ya- 
maoka theory. For the high-field cases the Tin- and Yamaoka 
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TABLE I: Value8 of 7.,, ad r.,, from Approximate Theories and 
!si"tior for tk Illicrted V h  of the EkeMe Parameter# 

. 

. "in I I  
7min 

s, R e g BD. MWYb BD TYc MWY 
0.20 0.40 0.90 1.01 0.34 0.30 0.59 0.67 0.60 
0.20 1.42 1.36 0.65 0.27 0.29 0.30 0.32 0.29 
0.20 4.00 1.70 0.36 0.25 0.26 0.06 0.07 0.11 
0.20 - 2.05 0 0.28 0.24 -0.14 -0.15 -0.06 
0.30 0.40 1.10 1.51 0.43 0.39 0.59 0.67 0.55 
0.30 1.42 1.69 1.00 0.25 0.30 0.30 0.21 0.18 
0.30 4.00 2.15 0.58 0.25 0.26 0.08 0.08 0.14 
0.30 m 2.08 0 0.26 0.24 -0.13 -0.15 -0.06 
0.40 0.40 1.28 2.05 0.42 0.46 0.60 0.67 0.48 
0.40 1.42 2.01 1.42 0.30 0.31 0.33 0.32 0.25 
0.40 4.00 2.67 0.89 0.25 0.25 0.10 0.07 0.19 
0.40 - 3.63 0 0.24 0.19 -0.12 -0.15 0.25 
0.65 0.40 1.79 4.00 0.43 0.69 0.67 
0.65 1.42 3.00 3.15 0.40 0.36 0.42 0.32 0.14 
0.65 4.00 4.20 2.20 0.25 0.21 0.18 0.07 0.39 
0.65 7.60 0 0.15 -0.12 -0.15 

4BD: Brownian dynamics simulation, this work. *MWY: Matsu- 
moto et ai., ref 6. CTY: Tinoco and Yamaoka, ref 5. d ~ m i n  = 0.275 
from the TY theory. 
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Figure 3. The same as in Figure 2 for an hybrid dipole with R = 1.42. 

equation still has some predictive capability, while the equation 
of Matsumo et al. yields very deviate or unphysical results. This 
conclusion about the relative performance of the two theories is 
similar to that obtained in our previous study' of the buildup or 
rise process. 

The position and magnitude of the minimum are characterized 
by the 7& and the S~ values. Taking the derivative in the T i n m  
and Yamaoka formula, we obtain 

(11) 
rmin 1 - 1.16R/(R + 1) (12) 

Thus, this simple theory predicts that the position of the 
minimum is always the same, and its depth depends only on the 
relative contributions on the permanent and induced dipoles. The 

Tmin = In 3/4 = 0.275 

~ 

1.11 0.1 I1 118' - I n  
Figure 4. Variation of the position of the minimum, T ~ ,  with the ratio 
R. (-) Tinoa-Yamaoka prediction, T,, = 0.275. (O), (0), and (V) 
simulation results for s, = 0.2, 0.4, and 0.65 respectively. 
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Figure 5. Variation of the depth of the minimum, sda, with R and s,. 
Line and data points are as in Figure 4. (-) TinoccrYamaoka predic- 
tion, eq 12. 

largest possible value of rmin is -0.16, corresponding to a pure 
permanent dipole (R - k m ) .  We have not considered explicit 
expressions for T~~~ and rmin for the theory of Matsumoto et al. 
because they are expectad to be much more complicated. Instead, 
their values can be simply obtained by inspection of numerical 
data. The same can be done for the results from our simulations, 
but we must note that their noisy nature products some uncertainty 
in the parameters of the minimum. As illustrated in Figures 2 
and 3, the minimum is not sharp and the statistical fluctuations 
affect mainly the determination of T ~ ~ ~ .  Given a statistical un- 
certainty of fO.O1 in S(T)  near the minimum (see above), we can 
assign an error of kO.Ol/s, to the rmin values listed in Table I. 
This error is usually unimportant except when rmin is very close 
to zero. The statistical uncertainty produces also an error in the 
determination of the position of the minumum, T,,,,,,, that can be 
more noticeable when the simulated curve is noisier or when the 
minimum is not very sharp. The BD curves in Figure 3 provide 
examples of this situation. The resulting values are listed in Table 
I. 

In regard to ~ , i ~ ,  the Tinoco-Yamaoka prediction that it is a 
constant is not valid even for the case with lowest field (s, = 0.2), 
for which we observe values either lower or higher than the 0.275 
constant, depending on the R parameter. This situation is dis- 
played in Figure 4, where it can be noted that T~ has a noticeable 
dependence on both field strength and dipole type, for which we 
do not foresee a simple, systematic expression. 

The situation is different for the other parameter of the min- 
imum, rmh. The values obtained from simulation are compared 
with the low-field approximate result of Tinoco and Yamaoka (eq 
12) in Figure 5. We note that there are slight deviations, which 
are of different sign depending on the field strength and the dipole 
type. Anyhow, it is clear that eq 12 provides a good approximation 
of rmin over the whole range of the dipole parameter R and for 
field strengths as high as that corresponding to s, = 0.65. 

This is an useful conclusion for analysis of experimental results 
since the simple eq 12, which was derived for very low fields, can 
be employed to estimate the dipole parameter R from the rmin 
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observed in the experimental curve for the birefringence (eq 8b) 
in high-field conditions. This information can be combined with 
the field dependence of the steady birefringence to determine 
individually the permanent dipole and/or the polarizability dif- 
ference, thus completing the determination of the electrooptic 
parameters ( R  and s, or e and g) .  The only remaining unknown, 
the rotational diffusion coefficient, could be determined from the 
simulated birefringence vs time curve. Indeed, that curve may 
contain information enough to determine simultaneously the 
second electrooptic parameter and the rotational coefficient. 

In this work we have been mainly concerned with the deter- 
mination of the validity of analytical theories by comparison with 
Brownian dynamics simulations, implicitly assuming that the latter 
are essentially correct. It would be desirable to compare the 
simulation results with systematic measurements of reversing-pulse 
birefringence at varying, moderate, or high fields. Some related 
experimental work has been done for rodlike for 
which the analysis is anyhow complicated by eventual polydis- 

(11) Yamaoka, K.; Yamamoto, S.; Ueda, K. J.  Phys. Chem. 1985, 89, 

(12) Yamaoka, K.; Yamamoto, S.; Ueda, K. Biopolymers 1987, 26,673. 
5192. 

persity and field-induced trandtions. While polydispersity could 
be easily introduced in the simulations, field effects should be 
removed beforc a quantitative comparison between simulation and 
experiment is made. From another point of view, if one relies in 
the validity of the Brownian dynamics technique, simulation results 
at varying field strength can be useful to ascertain whether some 
experimental features are not related to dynamics and related 
aspects and may therefore be due to field-induced structural 
changes. 

It has been assumed in this paper that the induced dipole 
responds instantaneously to the applied field, as happens for the 
electronic polarization in the classical Debye treatment. There 
are relevant cases where this is not true. A most interesting 
example is DNA in a low ionic strength salt solution, for which 
the polarization of the ionic atmosphere is not instantaneous. The 
Brownian dynamics technique studied in this paper is a promising 
approach for such cases, since time-dependent induced dipoles 
can be easily introduced in the simulations. 
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Dodecyltrimethyiammoium Bromide in Water-Urea Mixtures. Volumes, Heat 
Capacities, and Conductivities 
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Densities, heat capacities, and conductivities of dodecyltrimethylammonium bromide (DTAB)-water-urea mixtures over 
a wide range of urea and surfactant concmtretione were measured at 298 K. The partial molar volumes (V' and heat capacities 
( Ch) of DTAB in urea solutions at fmed compositions were derived. The profiles of C as a function of DTAB concentration 
show anomalies at about 0.30-0.35 mol kg', depending on the urea molality (mu), &ereas those of V2 do not. According 
to literature findings, this peculiarity has been attributed to a micelle structural transition. The partial molar volume of 
monomeric surfactant at the cmc as well as that at infinite dilution increases linearly with m,, while the heat capacity decresses 
in a nonlinear manner. As far as the surfactant in the micellized form is concerned, on increasing mu the partial molar heat 
capacity increases linearly while the partial molar volume increases with a curvature. Consequently, both volume and heat 
capacity of micellization, evaluated on the basis of the pseudophase transition model, do not change linearly with mu. The 
effect of added urea on DTAB micellization is due to the change of the physicochemical properties of the solvent mixture 
since urea does not solubilize in the micellar phase. The cmc and the degree of counterion dissociation (6) of DTAB micelles 
were derived from conductivity measurements in a large range of urea concentration (up to ]Om,). The cmc increases linearly 
with m, while j3 changes in a nonlinear manner. 

Introduction of view, on the contrary, to the best of our knowledge only a few 
examples of systematic investigations in water-addfiive dxtures 
have been published. In fact, volumes and compressibilities of 

aqueous solutions as 
concentrations have been measured. Volumetric measurements 
of tetradbcyltrimethylammonium bromide (TTAB) in 
water-1,Zethanediol mixtures as a function of TTAB concen- 
tration have betn reported by Backlund et aLI5 Osmotic coef- 
ficients4 of a series of alkyltrimethylammonium bromides in SO- 

In the past few years direct thermodynamic investigations of 

and the counterion binding of the surfactant on the micellization 
process in water at different temperatures have been extensively 

enthalpies of dilution,l compressibilities,u osmotic coeficients,l,4 
and so on. The dependena ofthe 
of the micelle on temperature, pnssure, and additive concentration 
has been also well investigated.w' From a th-,,dynamic point 

surfactant solutions have betn performed' 
the effects Of the sodium decanoate12 at 25 OC in several water-alcohol mixtures 

and of sodium dodecanoate13 and octanoete14 in length, the nature Of the pdar head, 
of the surfactant and the 

by different meth& such as volumes,~-3 heat 

and the desree of 
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