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Introduction

Theoretical and computational studies of the rheological

properties of polymeric systems require the formulation of

adequate models. A classical coarse-grained representa-

tion of flexible polymer chains, which ignores unnecessary

chemical details but still captures features relevant to

rheological purposes, is the bead-and-spring model.[1] In

this model, the elements are spheres which experience

some friction in the viscous solvent, and the connectors

are springs which represent the variability of distances

between parts of the polymer chain. Even for such simpli-

fied models, a fully theoretical treatment is usually very

difficult or even impossible. Then, one has the recourse of

performing computer simulations of the behavior of the

system. The dynamics of polymers in dilute solution are

dominated by the Brownianmotion of the chain elements in

the viscous flow, and the hydrodynamic and energetic inter-

actions between them. For these cases, the proper simula-

tion technique is Brownian dynamics (BD) simulation.

It is well known that flexible polymer molecules in dilute

solution are deformed and oriented by flow. Away of char-

acterizing the orientation phenomena is by using optical

techniques, such as those of flow birefringence and radia-

tion scattering. Through these experimental techniques the

so-called orientation angle, giving the degree of alignment

of the polymer with the flow, and the closely related orien-

tation resistance parameter can be obtained. However,

these measurement techniques give rise to different results

due to the different length scales and tensorial quantities
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involved.[2] Hydrodynamic and thermodynamic (solvent

power) effects coming from the solvent, as well as the poly-

dispersity of the sample, significantly influence the orien-

tational process. To account for these factors in theory and

simulation studies we must add influences coming from

the chain model used to represent and solve the polymer

dynamics. In this work we will show the influence of the

chain model and the solvent quality on the orientational

behavior of a polymer coil that experiences a simple shear

flow by computationally reproducing the results that would

be obtained for the orientation resistance parameter by the

application of the two above mentioned experimental

techniques.

Theory and Methodology

Theoretical Background

We consider the simple and usual case in which a dilute

polymer solution is subjected to a simple shear flow. The

flowvelocity is along direction x and the shear plane is (x,y).

The velocity profile is therefore given by Equation (1).

vx ¼ _ggy vy ¼ 0: vz ¼ 0:; ð1Þ

where _gg is the shear rate, the only nonzero component of

the velocity gradient tensor. It is customary to express the

shear rate in a dimensionless way by multiplying it by a

characteristic relaxation time of the polymer [Equation (2)].

b ¼ MZs½Z�0
NAkBT

_gg; ð2Þ

where M is the polymer molecular weight, Zs is the solvent

viscosity, [Z]0 is the polymer zero-shear intrinsic viscosity,

NA is Avogadro’s number, kB is the Boltzmann constant and

T is the absolute temperature.

When themagnitude of the shear rate exceeds the inverse

of the characteristic time defined in Equation (2) (factor in

front of _gg), that is, b� 1, the chain becomes appreciably de-

formed and oriented along the flow direction, thus leaving

the equilibrium random coil conformation and acquiring

an overall elliptical symmetry. The orientation is quantified

by the orientation angle, w, subtended by the major axis of

an ellipsoid representing the overall statistical polymer

conformation and the flow direction. Therefore, w decreases
when the flow intensity increases. The axes of the ellipsoid

correspond to the main directions of some characteristic

tensorial property of the polymer. Because not all tensorial

quantities have the same principal axes, the value of the

orientational angle will depend on the tensor used for its

definition and, therefore, on the experimental technique

employed to measure it since each technique is related to

different tensorial properties. Two techniques often used

to study the orientational behavior of polymer molecules

are flow birefringence and light scattering. The former is

related to the stress tensor, t, whereas the latter is related

to the gyration tensor, G. Thus, orientation angles obtained

by these techniques, wt and wG respectively, cannot be

directly compared. In any case, it is possible to write down

an equation relating the orientation angle to the compo-

nents of the corresponding tensor [Equation (3)][2]

tan 2wt ¼
2txy

txx � tyy

¼ mtðbÞ
b

ð3Þ

and Equation (4):

tan 2wG ¼ 2Gxy

Gxx � Gyy

¼ mGðbÞ
b

: ð4Þ

In Equation (3) and (4), the quantity mi(b) (i¼ t,G) is the

so-called orientational resistance parameter the value of

which depends on the dimensionless shear rate, b, and on

the components of the tensor entering in the determination

of the orientation angle. At small enough shear rates, txy

is proportional to b and ðtxx � tyyÞ is proportional to b2.
Therefore, when b! 0 the orientation resistance must

tend to some nonvanishing zero-shear-rate limit, mi
0

(i¼ t,G), and the orientation angle wi to 458.

Model and Simulation Procedure

A single linear flexible polymer is represented using the

well-known bead-spring model[1,3] consisting of N beads

connected linearly by N� 1 Hookean or FENE (finite ex-

tensible nonlinear elongational) springs. Hookean springs

are ruled by the linear law [Equation (5)].

Fs ¼
3kBT

b2
Q; ð5Þ

whereas the FENE force law is given by the expression

[Equation (6)].[3]

Fs ¼
3kBT

b2

Q

1� ðQ=QmaxÞ2
: ð6Þ

In Equation (5) and (6), kBT is the Boltzmann factor, Q is

the instantaneous spring vector, Q is its modulus and b

determines the Hookean spring constant, H¼ 3kBT/b2. The

parameter Qmax in Equation (6) is the maximum allowed

FENE spring extension, which in this work is set to Qmax¼
10b. The equilibrium conformational statistics of the

flexible polymer chains are well represented by using

both Hookean (Gaussian) and FENE springs. Nevertheless,

at high shear rates, the more physically correct FENE

model is necessary to account for the finite extensibility of

the chains and is therefore more relevant for explaining the

experimental data.

The thermodynamic polymer-solvent interaction is taken

into account by defining intramolecular potentials between

the polymer beads. We modeled the so-called excluded

volume effect (EV), related to the impossibility of overlap

of the different chain portions, using a Lennard-Jones (LJ)
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potential.[4] The force between beads derived from this

potential is [Equation (7)]:

FLJ ¼ 24eLJ

r2ij
2

sLJ

rij

� �12

� sLJ

rij

� �6
" #

rij; ð7Þ

where rij is the distance between beads i and j and eLJ andsLJ

are the Lennard-Jones parameters. The former represents

the energyminimum and the latter the distance at which the

energy becomes zero. The quality of the solvent is modeled

by assigning suitable values to these parameters. In the limit

of very good solvents (EV conditions), the Lennard-Jones

parameters are given by sLJ¼ 0.8b and eLJ¼ 0.1kBT.[5] AY
solvent is represented by setting eLJ¼ 0.3kBT[4] and bad

solvents by setting eLJ > 0.3kBT.[6] Some results are also

obtained in the absence of any intramolecular potential

(ideal conditions) which gives rise to the so-called phantom

chain. This chain model reproduced the conformational

statistic of the chains in the Y state quite well and is often

used due to its simplicity.

The solvent is treated as a continuum in which the

chain is embedded. Its effect is taken into account basically

through the friction coefficient of the beads, zi¼ 6pZsa,
where Zs is the solvent viscosity and a¼ 0.247b is the

hydrodynamic radius of the (identical) beads. A proper des-

cription of the polymer dynamics in dilute solution requires

consideration of the solvent-mediated hydrodynamic inter-

actions between beads, which are represented without pre-

averaging approaches by using theRotne-Prage-Yamakawa

(or modified Oseen) tensor.[9,10] Previous work, including

some from of our group,[11] corroborates the importance of

considering HI effects to obtain results comparable to ex-

periments. The stochastic differential equation governing

the dynamics of the polymer chain is integrated numeri-

cally over a small, finite time step, Dt, using the BD

algorithm of Ermak and McCammon[7] with the predictor-

corrector improvement of Iniesta and Garcı́a de la Torre.[8]

Results and Discussion

In this work we discuss the influence of the different kind

of bonded (springs) and nonbonded (EV) interactions used

to build the chain model on the orientational behavior of

a single polymer molecule under shear flow. For all the

cases simulated we took into account the HI effect as speci-

fied in the theoretical section.

Figure 1 shows in a semi-log plot the shear rate depend-

ence of mG and mt for an ideal Gaussian chain of N¼ 15

with HI as obtained from our simulations (circles) together

with the corresponding values fromFigure 2 in reference [2]

(lines). In that figure, Bossart and Öttinger used the same

chain model (bead-spring model, N¼ 15, no-EV, HI) to

calculate analytically, by means of the Gaussian approxi-

mation, the dependence of the resistance parameter on b. It
can be appreciated in Figure 1 that the values of bothmG and

mt and their shear dependence compare quite well with the

results from reference [2]. The values of Bossart and

Öttinger are slightly smaller than the simulation results

because, for the analytical approach, N¼ 15 is a short

chain and values of the orientation resistance (for a given

hydrodynamic radius a) increase with N up to reaching

the limit for infinitely long chains, as shown in reference [2]

However, it seems that for this simulation technique, that

number of beads is already large enough to give long-chain

results. As also stated in reference [2] the deviation of the

orientation resistance from its limiting N!1 value de-

pends on the choice of the parameter a, but our choice is

the same as that of Figure 2 in reference [2]. The first

feature to note in Figure 1 is that mt>mG for every b,
which will be true regardless of the chain model used. It

means that, under the same flow conditions, the value of

Figure 1. Evolution of mG (open circles are simulation, dashed
line is Gaussian approximation) and mt (black circles are simul-
ation, dotted line is Gaussian approximation) with b for ideal
Gaussian chains with N¼ 15.

Figure 2. Influence of spring type. Evolution of mt with b for
ideal Gaussian chains (open symbols) and ideal FENE chains
(black symbols) with N¼ 15 (circles) and N¼ 30 (squares).
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the orientation anglemeasured byflowbirefringencewill be

greater than that measured by radiation scattering techni-

ques. In general terms, it can be appreciated that at relatively

low shear rates (approximately 1< b< 8), the orientation

resistance stays approximately constant or increases

slightly. Results at smaller shear rates present large error

bars and, as we will comment later, a change on the

b dependence of the orientation resistance seems to appear.

Then, at intermediate shear rates, the orientation resistance

diminishes quite strongly, the decay being steeper for mt

than formG, and at high shear rates it turns to reach a plateau.

Thus, for the Gaussian model, orientation of polymer

chains along the flow direction becomes easier with flow.

As we show in brief, this result is not realistic and when

using FENE springs that account for the finite extensibility

of the polymer chain, the resistance to the orientation of

the polymer increases strongly from a certain critical

value of b.
Table 1 in reference [2] contains the limiting zero-shear-

rate values of the resistance parameters (e.g. mt
0, mG

0 ) as

calculated analytically by different approaches in the limit

of N!1. Among them, we find the values obtained from

the Rouse model (no HI), mt
0¼ 2.50, mG

0 ¼ 1.75, and the

Zimm model (preaveraged HI), mt
0¼ 4.83, mG

0 ¼ 2.55. The

values obtained in our simulations assuming, as in theore-

tical approaches, the constancy of the orientation resistance

for the whole low b range (i.e. the plateau reached around

b¼ 1 can be extrapolated to smaller b) are mt
0� 3.5 and

mG
0 � 2.1. This is in perfect agreement with the values ob-

tained by Bossart and Öttinger using the Gaussian approxi-

mation, namely mt
0� 3.57 and mG

0 � 2.00, as well as with

previous Brownian simulation values coming from pre-

vious works of our group, mt
0� 3.4.[12] Moreover, a value

of mG
0 � 2.1 was reported from light-scattering experi-

ments of dilute solutions of polystyrene atY conditions[13]

and suggested was by nonequilibrium molecular dynamics

simulations.[14]

Figure 2 shows, in a log-log plot, the greatly different

flow behavior of mt (analogously for mG) when using

Gaussian or FENE springs. This figure contains results for

ideal chains with both N¼ 15 and N¼ 30. As expected, at a

low shear rate b (below a certain critical value), there is

almost no difference between FENE and Gaussian chain

behavior. It can be appreciated, more clearly for FENE

chains and N¼ 30, that three regions (roughly delimited by

dashed lines) similar to those observed experimentally

by Zisenis and Springer[15] seem to appear. At very low b
(region I, onset of the orientation) orientation resistance

rapidly increases with b, then, at intermediate shear rates

(region II) it becomes approximately constant with a cer-

tain value mt
0� 3.4, as predicted by extrapolation in theo-

retical approaches, or increases very slightly. Finally, at

high b, mt increases again strongly (FENE) or decreases

(Gaussian) with b. Changes from one region to another

occur at approximately the same b value, independent of

the chain length, N, since b makes the results independent

of molecular weight as long as the shear rate is not so high

that chains are appreciably deformed. In conclusion, from

a critical b (�20 for ideal chains), the behavior of FENE

chains increasingly diverges from that of Gaussian chains.

As expected, the orientation of FENE chains becomesmore

difficult when increasing the shear rate because of the in-

creasing difficulty in further extension of FENE springs.

This increase of the orientation resistance with the shear

rate is found in all simulations with FENE chains (see for

example Aust et al.[16] where authors use nonequilibrium

molecular dynamics technique instead of Brownian Dyna-

mics) and also in experimental works.[13,15,17] Figure 3

shows a comparison of the behavior of the parameters mG

and mt for a FENE ideal chain with N¼ 30. Again, the

values of mG are smaller than those of mt for the whole b
range. The positive slope of mt at high b is slightly steeper

than that of mG, in a similar way to the steeper decay of mt

in the case of Gaussian chains.

Figure 4a (Gaussian) and 4b (FENE) show the effect of

the inclusion of intramolecular LJ potential to represent

excluded volume interactions on the variation of mt with

b. Both graphs correspond to chains with N¼ 30. As can be

appreciated, the inclusion of the LJ potential has no influ-

ence on the qualitative flow behavior of the orientational

process, but it certainly influences the values of the orienta-

tional resistance parameter. Furthermore, the effect of the

solvent quality seems to be related to the shear rate inten-

sity. The maximum difference in the orientation parameter

values appears at intermediate shear rates (5< b< 100).

First of all, it should be noted that ideal chains without

intramolecular potential, present a much lower value of the

orientation resistance because the bond crossing facilitates

the orientational process. At low b (<1), more clearly

appreciable for FENE chains, the orientation resistance

seems to be (in spite of the large error bars) slightly lower

Figure 3. Comparison of the evolution of mG (open circles) and
mt (black circles) with b for an ideal FENE chain with N¼ 30.
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for good solvent conditions than for Y solvent conditions.

This is a type of behavior suggested by renormalization

group calculations[18] and is found in some experiments.[15]

However, at flow intensities so small there is no significant

polymer orientation and therefore the effect of the solvent

quality on the orientational parameters is not clear. At b
around 1 there is a crossover, the solvent power influence

becomes negligible, and an inversion of the above EV

dependency occurs. Thus, orientation resistance starts to

increase slightly with improving solvent power, that is, it is

higher for good solvent conditions, both for Gaussian and

FENE chains. At intermediate shear rates, the EV influ-

ence on the values of the orientation resistance is clear and

much more significant for Gaussian than for FENE chains

(Figure 4a and 4bmust not be directly compared because of

the linear versus log scale in mt axis). Besides, Gaussian

chains with LJ potential present a strong increase of the mt

values at intermediate b before the final decay. In the case of

FENE chains, the presence of the LJ potential increases the

values of mt, as expected, with respect to those of ideal

chains, but in any case a plateau region before the sudden

final positive slope is obtained. At high shear rates (b>
100), chains are quite stretched on average and the intra-

molecular LJ potential that represents EV interactions

plays a less significant role in the polymer dynamics.

Therefore its influence starts to be less important than at

intermediate shear rates, although an improvement of the

solvent quality increases orientation resistance. As can

be appreciated from Figure 4a, the excluded volume effect

is much more remarkable when using Gaussian chains.

Finally, it must be noticed that the critical b values for

regime changes, both in Gaussian and FENE chains, are

practically independent of solvent quality.

To make clearer the influence of the solvent quality on

the orientation resistance under favorable orientational

conditions, that is, b >> 1, Figure 5a shows the values of

mt (analogous for mG) for a FENE chain with N¼ 30 at

b¼ 10 and b¼ 100 versus different values of the LJ para-

meter eLJ, that is, different solvent qualities including bad

solvent conditions (as indicated in the plot). The values b¼
10 and b¼ 100 are adequate to obtain significant poly-

mer orientation. The orientation resistance parameter di-

minishes as the solvent quality becomes poorer (increasing

eLJ). Thus, polymer molecules become more oriented

with the flow direction as solvent quality decreases. These

simulation results are in complete agreement with the ex-

perimental findings of Lee and Muller.[17] It can also be

clearly observed that the difference between good and Y
solvents is small, the polymer molecule being slightly less

oriented in good solvents. This is again in agreement with

Lee and Muller and also with the birefringence experi-

ments of Bossart and Öttinger.[19] When the solvent starts

to become very poor, differences in the orientation para-

meter again start to become negligible. Therefore at

intermediate and high shear rates there seems to exist a

maximum mt for very good solvent and a gradual decrease

in the orientation resistance is seen when the solvent qua-

lity gets worse. Note here that we are dealing with bad

solvents forwhich polymer chains are not yet in the globular

state. If the solvent is so bad that the chains become glob-

ular, the situation would change. As mentioned above, the

behavior displayed at both b values is the same, but the

decay in worsening solvent power is less steep at higher

b because EV interactions are less abundant. However, as

specified above, Figure 5a contradicts experiments by

Zisenis and Springer[15,20] who found that the orientation

resistance decreased with the quality of the solvent, as well

as some theoretical predictions in the same sense.[2,18] Lee

and Muller[17] also made the observation that their experi-

mental results contradict those of Zisenis and Springer.[15,20]

It must be noticed that most of the experimental and theo-

retical work compares good and Y solvent conditions at

low shear rates. No consideration is made of bad solvents

Figure 4. Influence of EV intramolecular interactions. Evolu-
tion of mtwith b for a) Gaussian and b) FENE chains with N¼ 30.
Ideal chain (open circles), Y solvent (black squares) and good
solvent (black triangle).
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and dimensionless shear rates greater than 10. Further-

more, as already stated, many of these works[2,18,19] find

the excluded volume effect negligible. To clarify this point,

Figure 5b shows simulation results for different solvent

qualities at b¼ 1, for which the polymer orientation is in

any case small. Values for eLJ > 0.4 are not shown because

they present huge error bars and a globular conformation

possibly starts to appear. As observed, solvent quality has

little importance on the value of the orientation resistance,

and, in spite of the large error bars, it seems that good

solvent conditions slightly lower thevalue ofmt. In any case

(Figure 5a and 5b), for ideal chains (eLJ¼ 0) mt does not

follow the trend and takes a very low value, that is, the

phantom chain is more easily orientable. Most of the ex-

perimental works cited here employ the light scattering

technique[13,15,17,20] which, as mentioned in the theoretical

section, is related to mG rather than to mt. Nevertheless, the

influence of solvent quality on mG and mt shear behavior is

analogous.

Conclusion

The Brownian dynamics simulation technique is an ade-

quate tool for investigating the orientational behavior of

polymer molecules in dilute solution which are subjected

to shear flow. The values of the orientation resistance or,

analogously, the orientation angle, that would be obtained

by using flow birefringence and radiation scattering tech-

niques can be obtained quite easily and used to determine

the effect of the chain model parameters (spring and intra-

molecular forces) on the orientational behavior.

We have shown that the value and shear flow behavior

of the orientation resistance parameter (mt in case of flow

birefringence measurements andmG in case of light scatter-

ing measurements) depends strongly on the type of spring

employed in the chain model, mainly at high b, when the

orientation is precisely higher. Thus, orientation resistance

becomes larger with flow intensity for FENE chains and

smaller for the Gaussian model.

The use of intramolecular potentials to model the solvent

quality, although of no influence on the qualitative orienta-

tional flow behavior, does influence to some extent the

values of the orientation resistance and therefore the value

of the orientation angle. There is some controversy in ex-

perimental works regarding the kind of influence of the

solvent quality on the orientational process.[15,17] Simula-

tions can help us to understand the solvent power effect

and the cause of these discrepancies more fully. Thus, we

obtain that at intermediate shear rates, where orientation is

important and excluded volume effects play a principal

role, the orientational process becomes more difficult with

increasing solvent power. In this sense, simulations fully

support the light scattering experiments of Lee and

Muller.[17] Nevertheless there are not large differences in

the values of the orientation resistance for good and Y
solvent conditions and the intensity of the applied shear

flow seems to affect their influence. Thus, in weak flows,

b� 1, where the orientation phenomenon starts to appear,

good solvent seems to help orientation with respect to Y
solvent, but in flows where the chain is clearly oriented,

b> 1, a good solvent makes orientation more difficult.
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