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ABSTRACT: An N-bead chain (9 5 N 5 50) in solvent subjected to steady shear flow with shear rate j ,  
is treated by molecular dynamics simulation in order to analyze in a systematic way the deformation 
and the alignment of polymers in such a nonequilibrium stationary state. The reduced shear rate p = 
t t ~ ,  where t~ is the chain longest relaxation time, is the key quantity used to connect real experiments 
and simulations. Our results for good solvent conditions suggest that  chains of various lengths do obey 
anisotropic scaling laws; ,&dependent Flory exponents for each principal axis of the gyration tensor are 
extracted from the global dimensions of the deformed chains and from their internal spatial correlations. 
The good agreement between the molecular dynamics data with results of experiments on dilute solutions 
of polymers subject to Couette flow supports the proposed scaling picture. 

1. Introduction 
The deformation and the orientation of flexible poly- 

mers in various flow fields is a longstanding problem 
of polymer science. Even for dilute polymer solutions, 
which is a single-chain problem, only the gross features 
of the chain structure in various types of flow (elonga- 
tional or shear, time independent or stationary, etc.) are 
settled and they confirm intuitive expectations. A 
deeper understanding is often prevented by the inherent 
difficulties encountered by the theory when dealing with 
nonequilibrium problems and, on the experimental side, 
by the difficulties in combining a flow cell with a 
suitable detector geometry. 

In the particular case of a shear flow, one is interested 
in following both the overall deformation and orientation 
of the chain and its internal structure as a function of 
shear rate, y .  The evolution of the chain structure with 
the flow intensity has been monitored by several 
experimental techniques. Early investigations were 
performed by measuring flow birefringence effects1 
while nowadays more powerful neutron and light scat- 
tering techniques are used. With neutrons, one can 
access the internal structure of the chain and, provided 
the chain is sufficiently short, its global dimensions.2 
On the other hand, typical light scattering wavelengths 
require long polymers and only their global structure 
can be p r ~ b e d . ~ , ~  Results for different chain lengths can 
be readily compared because the deformation and the 
orientational properties should depend essentially on 
the reduced shear rate, /3 = yz ,  where z is the longest 
relaxation time of the chain at equilibrium. Experi- 
mentally accessible values of p are limited by the 
unfavorable signal to noise ratio at small /3 and by the 
onset of flow instabilities and chain fracture effects at 
high p. The range of shear rates experimentally inves- 
tigated so far is 0.2 < p < 30. The picture which 
emerges is as follows. The chain, which on average is 
spherically symmetrical at equilibrium, becomes el- 
lipsoidal under shear. Its principal axes in the flow 
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plane are oriented with respect to the flow direction by 
an angle (the orientation angle defined in eq 4 below) 
which decreases from n/4 to zero with increasing p. The 
size of the chain is greatly increased in the flow direction 
while in the other two directions a small contraction is 
observed at high p.2-4 

Theoretical predictions for the chain behavior in shear 
flow has been given for various chain models. Normal 
mode a n a l y ~ i s ~ - ~  and renormalization group theory 
techniques8-13 have been used on harmonic chains with 
or without excluded volume (EV) and with or without 
preaveraged hydrodynamic interaction (HI) effects. 
These methods predict a linear dependence on p for the 
orientation and a quadratic dependence on /3 for the 
deformations in the flow plane, while in the out-of-plane 
direction the chain size remains at its equilibrium value. 
Such predictions are in qualitative agreement with 
experimental data for p 5 1, but the large experimental 
noise in this range of p does not make it possible to 
discriminate between the different approximations. At 
higher shear rates (p L 1) the experimental data deviate 
from the theoretical predictions, but the results avail- 
able are too sparse to provide a clear characterization 
of the behavior in this range of p. The assumption that 
chain properties depend on the chain length and on the 
shear rate only through the quantity ,8 could also be 
questioned, since the chain relaxation time used to  
define p is the equilibrium one. In the high$ regime, 
theoretical considerations are more conjectural: various 
scaling pictures have been suggested for extremely high 
p values, such as the removal of EV effects in the scaling 
at fixed y14J5 or the decoiling of a chain on the basis of 
the tensile blob model.16 

Brownian dynamics (BD) techniques have also been 
used in the chain-in-flow context for models of a 
chain in continuous solvent similar to those treated 
the~re t i ca l ly . l~ -~~  Because the equations of motion are 
solved numerically in BD, models with HI, EV, and 
finite extensibility (rigid or finite extensible bonds) are 
obviously tractable: the whole range of /3 can be 
investigated, although the usefulness of this approach 
is limited by the low signal to noise ratio at small ,8 and 
by possible limits to the validity of the model very far 
from equilibrium. As an example, BD results have 
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confirmed the dependence on p2 of the chain deformation 
mentioned above, but the data retain a quadratic 
dependence on p beyond p = 1, where experiments 
suggest a weaker dependence due to the finite exten- 
sibility of the real chains. Note also that when HI are 
considered, the BD method is rather demanding in 
computer time and has been restricted thus far to short 
chains (N I 6Olz1 

Recently, equilibrium molecular dynamics (MD) has 
been used on a model of a chain in a fully atomic solvent 
at e q ~ i l i b r i u m . ~ ~ , ~ ~  Although only short chains could 
be studied, representative properties of dilute polymer 
solutions in good solvent conditions were obtained. For 
systems of 10-50 beads in liquid solvent, the expected 
scaling properties of the polymer size and internal 
structure (beyond the local structure) were reproduced. 
In addition, the longest relaxation time of the chain was 
found t o  scale as ZN - fly', with Y' I v (v is the Flory 
exponent for good solvent conditions), consistent with 
experimental  finding^.^^,^^ 

The present paper deals with simulations of a single 
chain in shear flow by nonequilibrium molecular dy- 
namics (NEMD), i.e., on a fully microscopic level. We 
study short chains (10-50 beads) at a relatively high 
dilution and we are able to work at typical experimental 
reduced shear rates. Our results on the deformation 
and the orientation of the chain reproduce very satis- 
factorily all the available experimental data for chains 
in dilute solution undergoing shear flow. Furthermore, 
they suggest the existence of scaling laws for the chain 
sizes at fixed p in a reference frame defined on the basis 
of the principal axes of the average gyration tensor; this 
conclusion has been briefly reported elsewhere.26 This 
is an important point since it allows one to predict the 
behavior of long chains used in the experiments from 
the results obtained for the relatively short chains of 
the simulation. The proposed scaling concerns both the 
global dimensions of the chain and its local correlations, 
with one P-dependent Flory exponent specific to each 
direction of the molecule-fixed frame. This provides a 
new coherent picture for the chain behavior in the 
intermediate regime of p. As a corollary, the deforma- 
tion ratios frequently used to monitor the chain defor- 
mation induced by the flow are seen to be good N-in- 
dependent quantities only at small p, i.e., so long as the 
scaling exponents retain their equilibrium values. 

The paper is organized as follows: In section 2, we 
set up the essential phenomenology concerning a chain 
in shear flow and define the relevant structural char- 
acteristics of the chain. Section 3 deals with the 
microscopic model we have adopted: we also summarize 
the main results for the model at equilibrium. Technical 
details regarding the NEMD experiments are provided 
in section 4. Then, in section 5, we present results from 
the NEMD calculations, organized into two subsec- 
tions: in section 5a, the scaling with N at fixed p is 
investigated, while in section 5b, we report results for 
various quantities for increasing reduced shear rate. 
ConcIusions and perspectives are gathered together in 
the last section. 

2. Phenomenological Framework 
In this work we deal with simple shear flow charac- 

terized by the velocity field u = yylx to which corre- 
sponds a velocity gradient K with only one nonzero 
element K~~ = 9 .  Such a flow field can be regarded as 
the combination of a purely deformational flow, u1 = 
(O.5i/ylx + 0.5.j19cly), and a purely rotational flow, u2 = 

Macromolecules, Vol. 28, No. 14, 1995 

(0.5jy1, - O.5yxly), both taking place in the x-y plane. 
In dilute solutions, the chain deformation and orienta- 
tion under shear are measured by the anisotropy of 
tensorial quantities such as the gyration tensor G ,  the 
end-to-end tensor R, and the order parameter tensor 
0, the latter being related, under suitable assump- 
t i o n ~ , ~ ~ , ~ ~  to the chain intrinsic birefringence. For a 
single chain of N beads, these tensors are defined in 
terms of the bead coordinates ri (i = 1, N) as 

R = ((rl - rN)(rl - rN)) 

N - 1  (ri+l - ri)(ri+l - ri) 

(2) 

1 
--1) 3 (3) 

o = c (  i=l  (ri+l - ri12 

where (...) indicates a statistical average. At equilibri- 
um the system is isotropic and any of these three 
tensorial quantities, A say, is proportional to the unit 
tensor 1. In the shear flow geometry, symmetry con- 
siderations require that A, = A,, = AY, = A = 0 at 
any shear rate. Hence there are at most four indepen- 
dent quantities to  be monitored, namely, the three 
diagonal elements A,, (a = x, y ,  z )  and the off-diagonal 
element A, = Ayx. The orientational angle XA, defined 
through the relation 

?' 

(4) 

measures the rotation around 1, of the principal axes 
(I, 11, 111) of the tensor with respect to the flow frame 
( x ,  y, 2). In shear flow, A, starts linearly with p while 
the first contribution to (A, - Ayy) is of order y 2 .  
Therefore the linear (Newtonian) regime is character- 
ized by the value XA = d4. Outside the linear regime 
X A  decreases to zero for increasing y .  This behavior is 
qualitatively illustrated in Figure 1 for a 30-bead chain 
at two values of y .  

The fundamental quantity for the investigation of the 
chain structure over the whole range of relevant length 
scales is the static structure factor defined as 

The low k lkl behavior is related to the gyration 
tensor, as can be easily seen from the series expansion 

S(k) = N1 - k*Gk + O(k4)1 (6) 

The intermediate4 regime gives direct information on 
the spatial correlation of monomers; at equilibrium, 
where the chain distribution is isotropic, the behaviour 
of S ( k )  is dictated by certain scaling l a ~ s . ~ ~ , ~ *  

As already mentioned in the Introduction, the physi- 
cal parameter of importance in the study of the response 
of the system to shear flow is not the bare shear rate y 
but the reduced shear rate, p = j t ~ ,  where ZN is the 
longest relaxation time of the polymer of N physical 
monomers. p << 1 is the regime of weak perturbation, 
since the chain is able to rearrange its configuration 
before the local strain has changed by a detectable 
amount, while p >> 1 is the regime of strong perturba- 
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Table 1. Equilibrium Properties for the Simulated Chain 
Model" 

N R, [VI0 TN = Vs[V]dkBT 

I 

Figure 1. Shape and orientation of a 30-bead polymer under 
shear flow illustrated by projecting about 500 chain configura- 
tions on the three coordinate planes (xy, top; xz, middle; yz, 
bottom): (a) j ,  = 0.02126 on the left; (b) p = 0.0671 on the 
right. 

tions where the evolution of the chain structure is fully 
driven by the flow field. In real experiments ZN is 
obtained through the relation 

(7) 

where kg is the Boltzmann constant and T is the 
temperature; the Newtonian intrinsic viscosity  IO of 
the solution and the solvent viscosity qs are measurable 
quantities. With this definition the N dependence of p 
is given by the scaling behavior of the intrinsic viscosity 
(per chain), [vlo - WV', where v' is the apparent dynamic 
scaling exponent; v' = 0.5 in @-solvent and v' - 0.55 in 
good solvent  condition^.^^,^^ 

3. Polymer in Solvent: Model and Equilibrium 
Properties 

The microscopic model for the chain and the sol- 
vent22128 consists of a single linear chain of N beads of 
mass m connected by N - 1 rigid bonds of length d, 
embedded in N,  spherical solvent molecules with the 
same mass m as the polymer beads. The whole system 
occupies a cubic box of side L;  either static or flow- 
adapted (Lee-EdwardsZ9) periodic boundary conditions 
are applied to model bulk equilibrium or nonequilibrium 
situations, respectively. 

All pair interactions between particles (either non- 
adjacent polymer beads or solvent particles) are repre- 
sented by the same purely repulsive Lennard-Jones 
potential with energy and length parameters 6 and 
Along the chain no restriction for the bond angles is 
explicitly considered other than the one arising from the 

9 1.53 f 0.01 1 9 %  1 22 f 1 
15 2.09 f 0.02 44 f 3 50 f 3 
20 2.50 f 0.04 70 f 5 80 f 6 
30 3.16 f 0.03 132 f 7 150 f 8 
50 4.26 f 0.05 300 i 24 342 f 27 

a N is the number of beads and R, is the gyration ratio. Values 
of R, for N 5 30 are extracted by MD runszo while for N = 50 it is 
inferred by the scaling law given in the text (see section 3). The 
intrinsic viscosity per chain  IO is computed as explained in the 
text (see the end of section 3). ZN is the equilibrium relaxation 
time of the chain used in the definition of the reduced shear rate 
P. 

pair repulsion between second-neighbor monomers. This 
model of quasi-athermal solvent corresponds to good 
solvent conditions for the polymer. Throughout this 
paper, all relevant quantities are expressed in units 
based on E ,  (5, and m. In these units, the bond length 
between adjacent monomers is d = 1.075. 

All calculations, both at equilibrium and under shear 
conditions, were performed at a single state point 
defined by a temperature kBT/c = 1.5 and an overall 
number density Q = (N + N,)N = 0.8, where k g  denotes 
the Boltzmann constant and V the volume of the system. 
Under these conditions, the linear viscosity of the pure 
solvent is vs  = 1.71 & 0.01.31 The MD experiments were 
performed with constraint dynamics (SHAKE proce- 
dure3'9 using the velocity version of the Verlet algorithm 
as outlined in ref 28; the chosen time step was At = 
0.005. As the simulated system is not infinite, it should 
be kept in mind that our calculations for one chain in 
solution could still be weakly dependent upon V (namely 
the amount of solvent surrounding the polymer). The 
role of finite size effects must therefore be addressed at 
each stage of the analysis. 

Before focusing on chains in shear flow, we first 
summarize the main results obtained for the model at 
equilibrium.22 Experiments were performed on chains 
of N = 6, 9, 20, and 30 beads; the volume of the box 
(and therefore the number of solvent molecules) was 
fixed in each case by requiring that the (expected) radius 
of gyration of the chain R,  never exceed 35% of the box 
length L.  With this restriction imposed, we find that 
static properties are independent of box sizee (identical 
within the error bars). The scaling law R, = ANv (with 
A = 0.467 f 0.002 and v = 0.57 & 0.01) is followed for 
short chains in continuous space; values of R,  are listed 
in Table 1. The chain structure factor S(k)  satisfies 
closely the universal behavior S(k) /N = flkR,), as 
illustrated in Figure 2, while S(k)  behaves as 12-l'" with 
v = 0.58 f 0.01 at high k and is almost independent of 
N a perfect superposition of S(k) at high k for the 
various N requires somewhat longer chains.23 These 
results are important insofar as they define the refer- 
ence equilibrium state against which the shear flow 
effects on the chain structure can be measured. 

The dynamic properties of the chain at equilibrium 
are more complex, since dynamic scaling is not a true 
scaling for chains of finite length.25 Moreover, in MD 
simulations with periodic boundary conditions, system- 
size effects on dynamic properties are unavoidable given 
the long-range nature of hydrodynamic  interaction^.^^^^^ 
A detailed analysis of the finite-size effects, combined 
with a study of the chain length dependence, leads to 
the following picture:22 at any fixed ratio R,IL, the 
center-of-mass diffusion coefficient D scales as D(L) = 
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system evolves. In practice, for each selected equilib- 
rium configuration of the (N + N,) particles, the 
instantaneous velocities of the polymer beads and the 
solvent molecules are augmented by a systematic com- 
ponent Av = y y L ,  where y is the corresponding polymer 
or the solvent molecule center-of-mass coordinate. The 
homogeneous flow can be maintained indefinitely by use 
of Lees-Edwards boundary  condition^;^^ the heat con- 
tinuously dissipated within the system as a result of 
the imposed gradient is removed by coupling the system 
to a Nod-Hoover t h e r m o ~ t a t . ~ ~  The equations of 
motion describing the evolution of the system are as 
follows. For the solvent molecules with coordinates ri 
and linear momenta pi (i = 1, NA, one has 

1, . , ’  I 

E 

0.01 ’ ’ ’ ’ I 
1 

I 
1 10 

kRg 
Figure 2. Universal equilibrium behavior of the normalized 
structure factor S(k)/N versus kR, for chain lengths N = 6 
(triangles), 9 (diamonds), 20 (squares), and 30 (circles). 

G(RdL)N-”‘ with an L-independent exponent. The MD 
results are found to be in very good agreement with the 
predictions of a generalized (L dependent) Kirkwood 
theory, which provides a way to extrapolate G(RdL) to  
infinite dilution (R,/L = The observed scaling in 
this limit is D(=) = (0.120 f. O.O02)N-”‘ with v’ = 0.52 
f 0.01, to be compared with the experimental value v’ - 0.55. This agreement for the scaling exponent shows 
that the MD simulation model reproduces correctly the 
EV and HI effects observed in real polymers in good 
solvents. 

As already mentioned, in real experiments the longest 
relaxation time of the chain, t ~ ,  which enters in the 
definition of the reduced shear rate is usually estimated 
on the basis of the measured intrinsic viscosity of the 
solution. Given the noise level, the latter quantity is 
almost impossible to determine directly for our model 
system via (equilibrium) MD or NEMD simulation. In 
order to obtain ZN we proceed indirectly through the use 
of the Einstein expression for the intrinsic viscosity, [1710 
= 1O/3xRh3, where it is assumed that the polymer 
behaves as a rigid sphere with a hydrodynamic radius 
Rh.24 We fix the last quantity through Stokes’ law, Rh 
= k~T/ (6x@(w) ) ,  where all factors on the right-hand 
side are derived from the simulations. We stress that 
in this way the definition used for the reduced shear 
rate in the NEMD experiments is independent of the 
box size. Such a choice is supported by empirical 
observation: simulation of a 9-bead chain in two dif- 
ferent boxes, corresponding to  R,(eq)/L = 0.24 and R,- 
(eq)/L = 0.14, at the same shear rate y = 0.2 provides 
indistinguishable results (within error bars) for all the 
static properties of the chain we consider in this work 
(see results of run 9J of section 5) .  Further support t o  
this system size independence is given by the absence 
of system-size effects in the equilibrium time correlation 
functions related, through the fluctuation-dissipation 
theorem, to the orientation and the deformation of the 
chain at vanishing shear rate.33 

4. Simulation of a Chain in Simple Shear Flow 
In the NEMD simulations, the shear flow u = p y l x  is 

produced by the molecular version of the so-called 
SLLOD equations.34 Planar Couette flow is set up a t  t 
= 0 (equilibrium situation) and maintained homoge- 
neously in space and constant in time at later times. 
We summarize here the procedure required to sample 
the stationary nonequilibrium situation to  which the 

(8b) 

and for the polymer beads with coordinates r k  and linear 
momenta Pk (k = 1, N) 

T pi = F i  - e ( t ) K  o r i  - V N ~ P ~  

p k  = F k  + G k  - O(t)KTop - V d p k  (9b) 

R and P are, respectively, the coordinates and the 
momentum of the polymer center of mass; Fk (or Fi) is 
the total force on a polymer bead (or a solvent molecule) 
deriving from the interparticle potential; Gk is the sum 
of the constraint forces (directed along the bonds involv- 
ing the bead) acting on bead k; and E(t) is an extra 
variable playing the role of a time-dependent friction 
coefficient, the time evolution of which is given by 

(10) 

where KG is the instantaneous total kinetic energy of 
all molecules in the system (see below), g is the number 
of independent degrees of freedom, namely g = (3Ns + 
2N - 21, VN is a parameter monitoring the strength of 
the coupling with the heat bath (thermalization rate), 
and the step function O ( t )  indicates that the external 
field is turned on at t = 0. Equations 8 and 9 can be 
rewritten as second-order differential equations: 

The first term on the right-hand side of eqs 11 is the 
usual acceleration due to the interparticle forces. The 
second term is the instantaneous acceleration that must 
be applied at time t = 0 in order to initialize the required 
velocity field, v(r,t) = B(t)KT.r, in the system. The last 
term is the contribution from the No&-Hoover ther- 
mostat. Note that for an arbitrary homogeneous flow 
with curved flow lines, an additional term appears.36 
The dynamics of the Nos6 variable (eq 10) is controlled 
by the kinetic energy, which involves the thermal part 
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Table 2. List of Experiments and Simulation Details" 

expt N N,  P B Llb t 
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9A 
9B 
9 c  
9D 
9E 
9F 
9G 
9H 
91 
9J 
9K 
9L 
20A 
20B 
20c 
30A 
30B 
30C 
30D 
50A 

9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 

20 
20 
20 
30 
30 
30 
30 
50 

207 
207 
207 
207 
207 
207 
207 
207 
207 
207 
207 
207 
980 
980 
980 

2167 
2167 
2167 
2167 
4046 

0.002 
0.02 
0.02 
0.035 
0.05 
0.072 
0.0926 
0.139 
0.2 
0.2 
1 
1 
0.0207 
0.04 
0.2385 
0.011 
0.02126 
0.0671 
0.5 
0.00958 

0.043 f 0.003 
0.43 f 0.03 
0.43 f 0.03 
0.76 f 0.04 
1.08 f 0.06 
1.6 f 0.1 
2.0 f 0.1 
3.1 f 0.2 
4.3 f 0.3 
4.3 f 0.3 

19 f 1 
19 f 1 
1.7 f 0.1 
3.2 f 0.2 

1.65 f 0.09 
3.2 i 0.2 

10.0 f 0.5 
75 f 4 
3.3 f 0.3 

19 f 1 

6 
6 
6 
6 
6 
6 
6 
6 
6 

10 
6 
6 

10 
10 
10 
13 
13 
13 
13 
16 

200 x 75 
200 x 75 
10000 
1000 
5000 
15000 
15000 
15000 
200 x 75 
5000 
100 x 75 
5000 
20000 
2000 
5000 
50000 
25000 
25000 
25000 
25000 

a N is the number of beads in the chain, N, is the number of 
solvent particles, j ,  is the shear rate, and B is the reduced shear 
rate as defined in the text. The box size is indicated by its side L 
and b is the bond length. t indicates the time length of the run in 
units su for stationary NEMD, or the number of segments times 
the length of each segment in units for dynamical NEMD. 

of the velocity, namely 

(12) 

where the sum runs over both solvent and monomer 
particles. 

The algorithm used to integrate eqs 10 and 11 is an 
extension of the one used for the equilibrium MD 
calculations on the same system, mentioned in the 
previous section. As particle accelerations are now 
dependent on their velocities, a prediction followed by 
a short iteration loop needs to be done in order to 
integrate the velocities.28 In the present work, the Nos6 
thermostating rate was fEed at VN = 8.67. 

The NEMD experiments can be conducted by two 
different procedures. One possibility is to follow for a 
time t > t~ the transient behavior of the system, initially 
at equilibrium, toward the stationary state character- 
ized by the homogeneous shear flow (dynumical method). 
Alternatively one can generate a single trajectory for a 
very long time t >> ZN in order to probe the nonequilib- 

rium steady state itself (stationary method). Both 
procedures require the use of eq 11; the first method 
consists in averaging over many initial equilibrium 
configurations the response of the system to the imposed 
shear flow set up a t  time t = 0, while in the second 
method statistical averages are replaced by time aver- 
ages through the ergodic h y p o t h e ~ i s . ~ ~  Here we have 
mainly followed the stationary method, which is some- 
what cheaper in terms of computer time. Only a few 
runs were performed by the dynamical method. 

5. Simulation Results 
In the present study we spanned the range of p 

between 0.002 and 1. The onset of non-Newtonian 
behavior in the pure solvent, detected as a shear 
thinning, arises around p = 0.5.31 We simulated chains 
of four lengths, N = 9, 20,30, and 50, in N ,  = 207, 980, 
2167, and 4046 solvent particles, respectively, covering 
reduced shear rates in the range 0.4 I /3 I 75. For each 
chain length the size of the system is chosen in a way 
to work a t  RdL 0.24. Details of the experiments are 
listed in Table 2, while in Tables 3 and 4 we collect the 
results for G,, R, (a = I, 11, 1111, X G ,  and XR. For the 
order parameter tensor we report the amount of bire- 
fringence A 0  = 01 - 011 = [(Om - O,,)' + 40,211'2, the 
second normal polarizability difference (0, - OyyIr and 
the extinction angle xo defined by eq 4 (note that (1) the 
traceless tensor 0 is completely characterized by three 
independent quantities in shear flow geometry and (ii) 
0 is only proportional t o  the polarizability tensor of the 

and therefore only the extinction angle can 
be compared with experimental data). 

Our results are presented in two successive subsec- 
tions. First we investigate the existence of possible 
scaling laws for the chain dimensions at fmed /3, namely 
the self-similar character of chain configurations cor- 
responding to chains of increasing length N subjected 
to shear flow with related decreasing absolute shear 
rates. Then we study the /3-dependence of the various 
quantities related to the chain structure. 

A. Scaling at Fixed /3. A key quantity for monitor- 
ing the scaling behavior of a polymer is the chain 
structure factor. At equilibrium the gyration ratio R, 
can be extracted from the small-k behavior of S(k)  (kR, 
<< 1) (see eq 6) and, provided the chain is sufficiently 
long for S(k) to become N independent at large k ,  a 
power law behavior S(k) - k-llV holds in the range 2.51 
R, 5 k I nld, where v is the static scaling exponent. 
Similarly, the chain center-of-mass diffusion coefficient 

Table 3. Orientation Angle XG, Eigenvalues of the Gyration Tensor G, and Scaling Exponents in Directions I, 11, and I11 
As Inferred by the High-k Behavior of the Structure Factor S(k) 

0.043 f 0.003 
0.43 f 0.03 
0.76 f 0.04 
1.08 f 0.06 
1.6 f 0.1 
1.7 f 0.1 

1.65 f 0.09 
2.0 f 0.1 

* 3.1 f 0.2 
* 3.2 f 0.2 
* 3.2 f 0.2 
* 3.3 f 0.2 

4.3 f 0.3 
10.0 f 0.5 

19 f 1 
19 f 1 
75 f 4 

9A 
9 c  
9D 
9E 
9F 
20A 
30A 
9G 
9H 
20B 
30B 
50A 
9J 
30C 
9L 
20c 
30D 

0.4 f 0.1 
0.6 f 0.1 

0.86 f 0.08 
0.87 f 0.15 
0.9 f 0.1 

0.97 f 0.09 
1.28 f 0.07 
1.4 f 0.1 
1.5 f 0.2 
1.5 f 0.7 
1.4 f 0.2 

2.97 f 0.29 
3.4 f 0.1 
3.5 f 0.4 
7.6 f 0.3 

0.78 f 0.03 
0.85 f 0.04 
1.01 f 0.04 
1.11 f 0.05 
1.19 f 0.04 
3.7 f 0.2 
6.6 f 0.3 

1.32 f 0.04 
1.50 f 0.03 
5.1 f 0.2 
8.7 f 0.5 
17 f 2 

1.67 f 0.07 
21 f 1 

2.98 f 0.05 
11.5 f 0.9 

41 f 1 

0.77 f 0.03 
0.68 f 0.03 
0.63 f 0.03 
0.57 f 0.02 
0.52 f 0.01 
1.42 f 0.04 
2.28 f 0.08 
0.51 f 0.01 
0.46 f 0.01 
1.15 f 0.03 
1.8 f 0.1 
3.2 f 0.1 

0.40 f 0.01 
1.25 f 0.06 
0.22 f 0.004 
0.61 f 0.03 
0.46 f 0.01 

0.74 f 0.03 
0.77 f 0.05 
0.73 f 0.03 
0.73 f 0.03 
0.74 f 0.03 

1.9 f 0.1 
3.17 f 0.15 
0.70 f 0.02 
0.66 f 0.02 
1.8 f 0.1 
3.1 f 0.3 
5.3 f 0.5 

0.64 f 0.03 
2.0 f 0.2 

0.42 f 0.01 
1.3 f 0.1 
1.2 i 0.1 

0.58 f 0.01 
0.62 f 0.03 
0.63 f 0.02 
0.66 f 0.02 
0.68 f 0.02 
0.67 f 0.01 
0.66 f 0.02 
0.67 f 0.02 
0.70 f 0.01 
0.69 f 0.01 
0.69 f 0.01 
0.66 f 0.02 
0.76 f 0.04 
0.66 f 0.02 
0.71 f 0.03 
0.72 f 0.02 

0.53 i 0.02 
0.54 f 0.03 
0.52 f 0.03 
0.51 f 0.03 
0.52 f 0.02 
0.52 f 0.01 
0.51 f 0.03 

0.48 f 0.01 
0.48 f 0.01 
0.49 f 0.01 

0.45 f 0.02 

0.46 f 0.05 

0.56 f 0.02 
0.54 f 0.02 
0.57 f 0.02 
0.56 f 0.02 
0.56 f 0.02 
0.56 f 0.02 
0.57 f 0.02 
0.57 f 0.02 
0.54 f 0.02 
0.54 f 0.02 
0.54 f 0.02 
0.57 ic 0.02 
0.53 f 0.02 
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Table 4. Extinction Angle XO, Orientation Angle m, Amount of Birefringence AO, Second Normal Polarizability 
Difference 0.. - Ow, and the Eigenvalues of the End-to-End Tensor R 

,w  

P expt cot(2~0) COt(2XR) A 0  o z z  - o y y  RI RII RIII 
0.043 f 0.003 9A 4.6 f 0.3 4.5 f 0.3 4.6 f 0.3 
0.43 f 0.03 9C 0.08 f 0.12 0.17 f 0.02 5.4 f 0.3 3.6 f 0.3 4.6 f 0.1 
0.76 f 0.04 9D 0.3 f 0.1 0.35 f 0.1 0.31 f 0.04 6.7 f 0.3 3.5 f 0.2 3.9 i 0.4 
1.08 i 0.06 9E 0.4 f 0.1 0.8 f 0.2 0.47 f 0.02 7.4 f 0.5 3.1 i 0.2 4.3 f 0.3 
1.6 f 0.1 9F 0.47 f 0 . 0 5  1.0 i O . l  0 .54f0.02 0.05 f 0 . 0 2  8.1 f 0 . 4  2.7 f O . l  4.4 f 0.3 
1.7 & 0.1 20A 0.42 f 0.06 1.0 f 0.2 0.71 f 0.07 27 f 2 7.6 f 0.3 11 f 1 

21 f 1 1.65 f 0.09 30A 0 .49f  0.05 1.0 f 0 . 2  0.86% 0.05 49 f 3 
2.0 f 0.1 9G 0.53 fO.05 1.1 f 0.1 0.67 f 0 . 0 3  0.03 fO.02 9.3 f 0 . 4  2.56 f 0 . 0 7  4.1 f 0 . 2  

* 3.1 * 0.2 9H 0.69 f 0 . 0 3  1.3 f 0.1 0.94 i o 0 3  0.04f0.02 10.8f  0.3 2.37 f 0.07 3.9% 0.2 
* 3.2 & 0.2 20B 0.70 f 0.04 1.5 f 0.2 1.33 f 0.05 0.05 f 0.03 40 f 2 6.4 f 0.4 12 f 1 
* 3.2 f 0.2 30B 0.78 f 0.08 1.7 f 0.2 1.5 f 0.1 0.08 f 0.07 67 f 4 9.4 f 0.8 19 f 3 
* 3.3 f 0.2 50A 0.7 f 0.1 2.0 f 0.7 1.7 f 0.2 132 f 25 17 f 1 34 f 4 

10.0 f 0.5 30C 1.6 f 0.1 3.3 f 0.4 4.7 f 0.3 0.08 f 0.13 180 f 14 6.8 i 0.2 12 f 1 

12.8 f 0.8 

4.3 f 0.3 9J 0.75 f 0.06 1.6 f 0.2 1.22 f 0.05 0.12 f 0.04 12.2 f 0.7 1.91 f 0.07 4.2 f 0.4 

1 9 f  1 9L 1.82 f 0.03 3.9 f 0.2 3.16 f 0.04 0.27 f 0.02 23.4 f 0.6 1.04 f 0.04 2.3 f 0.2 
1 9 f  1 20c 1.7 f 0.1 4.4 i 0.6 5.0 f 0.2 0.2 f 0.1 97 f 6 2.7 f 0.1 8.9 f 0.8 
75 f 4 30D 3.39 f 0.06 10.0 f 0.6 14.2 f 0.3 0.38 f 0.15 353 f 13 2.36 f 0.02 8 f l  

and the dynamic scaling exponent can be extracted from 
the “small”-k and “high”-k behavior, respectively, of the 
dynamic structure factor.22 The static scaling analysis 
for the equilibrium situation is based on the assumption 
that there exists an underlying scaling transformation 
N - NIA, d - d;lv which leaves R, invariant (R, - dNv): 
it then uses dimensional analysis to extract the high-k 
behavior of S(k). It is therefore natural to investigate 
the possible extension of the scaling analysis to the 
present anisotropic situation, where the chain is de- 
formed by the shear flow. 

Theoretical predictions indicate that under shear flow 
at the same reduced shear rate p, chains of different 
length N are oriented at the same angle XG with respect 
to the flow. Such a prediction, which was partially 
confirmed by early  experiment^,^ is found to  be in 
agreement with our results (see Tables 3 and 4 and the 
discussion in the next subsection). This “universal” 
dependence of X G  on the relevant nonequilibrium pa- 
rameter /3 suggests an investigation of scaling for chain 
dimensions in the molecular reference frame at fixed 
/3. We did so in considering four chain lengths N = 9, 
20, 30, and 50 at fixed p = 3.2 Results of such 
simulations are indicated by an asterisk in Tables 3 and 
4. 

At equilibrium the existence of scaling transformation 
implies that the chain normalized structure factor is a 
universal function S(k)/N = flkR,) up to k 2n/d, above 
which the local structure of the chain appears. The k-ll” 
power law (see above) for S(k)  at high k then follows 
from the expected N-independence of the structure 
factor when spatial correlations are probed over length 
scales smaller than R,. A similar universality is 
observed for chains in shear flow in the case where k is 
oriented along the principal axes of the gyration tensor 
(a = I, 11, 111): S(k,)IN = fa(kaGa1’2) UP to k ,  = 2 d d .  
This is illustrated in Figure 3 for directions I and 11; 
results for direction I11 are not shown since they do not 
differ significantly from the equilibrium behavior (see 
Figure 2). In the high-k region, the N-independence of 
S(k,) is indeed observed in directions I and 111, but not 
in direction 11, as shown in Figure 4. We believe that 
the residual N-dependence is related to the smaller 
dimension of the chains in the compression direction 11. 
However, it is already clear from Figure 3 that S ( k )  for 
each chain length and in each direction follows the 
‘‘long’’-chain behavior S(k,) - k-lIva above ka  = 1.5/Gau2. 
Estimates of VI, YII, and YIII on the basis of S(k,) power 
laws are given in Table 3. At the same ,8 value, GI, GII, 
and GIII are compatible with power law behaviors Ga - 

1 ka 

Figure 4. p = 3.2. S(k,)  versus k, for a = I (filled symbols) 
and a = I1 (open symbols) for N = 30 (triangles) and N = 50 
(circles). The thick line is the equilibrium behavior for N = 
30. S ( k )  along I11 (not indicated on the figure for the sake of 
clarity) remains close to equilibrium. 

(N - 1)2va (see Figure 5), from which we obtain the 
estimates VI = 0.69 f 0.02, YII = 0.53 f 0.03, and YIII = 
0.58 f 0.03. The observed agreement between high- 
and low-k estimates of scaling exponents strongly sup- 
ports an anisotropic scaling picture with ,+dependent 
exponents. 



Macromolecules, Vol. 28, No. 14, 1995 Orientation of Flexible Polymers in Solution 6103 

I I t I 
1 

10 N-1  

Figure 5. ,6 = 3.2. Scaling behavior for the eigenvalues of 
the gyration tensor GI (circles), GII (squares), and GIII (tri- 
angles) versus (N - 1). Estimates of the scaling exponents Y, 
(a  = I, 11,111) obtained by fitting the data with the laws G, - 
(N  - 1I2”a are indicated. 

di 

10 

1 c  

10 N- 1 

Figure 6. /? = 3.2. Scaling behavior for the eigenvalues of 
the end-to-end tensor RI (circles), RII (squares), and RIII 
(triangles) versus (N - 1). Estimates of the scaling exponents 
va (a = I, 11,111) obtained by fitting the data with the laws R, - (N  - 1)2”a are indicated. 

At equilibrium, the end-to-end distance and the 
gyration radius are known to follow the same scaling 
law. In shear flow a t  fixed p, the gyration tensor and 
the end-to-end tensor appear to be oriented in the same 
way, within error bars (see Tables 3 and 4). Figure 6 
shows that the eigenvalues of the end-to-end tensor (Ra, 
a = I, 11,111) follow (N  - 1)2v~ power laws with exponents 
in agreement with those obtained for the gyration 
tensor. 

The above scaling picture for chains in shear flow is 
consistent with the available SANS data for polystyrene 
in dilute solution in good solvent conditions.2 Figure 5 
of ref 2b reports measurements of S(k,) and S(k,) for a 
chain of molecular mass M, = 2.8 x lo5 g mol-l in shear 
flow at /3 = 3.17. At such a /3 value, S(kJ and S(kd  are 
essentially identical, as illustrated in Figure 7 for the 
case N = 30. Assuming that the same holds for the 
experimental case, we infer from the SANS data that 
VI - 0.7, in remarkable agreement with the value 
obtained from MD. It is unfortunate that experiments 
on chains of different lengths at a fixed value of /3 have 
not been performed so far. A more complete test of our 
scaling picture obviously requires further experimental 
investigations. 

Having established a scaling property for the shear 
flow deformed polymer structure on the basis of (‘short”- 
chain simulations in combination with S(k) data for real 

I 
0.1 1 

I k l  

Figure 7. ,6 = 3.2. Comparison between S(k) f o r k  along the 
flow direction (x-axis,  open circles) and S(k) for k along the 
extension direction (I-axis, filled circles) for N = 30. “he thick 
line represents the equilibrium behavior. 

polymers, a natural question arises: what is the gap 
between the polymer size chosen in MD and that used 
in real experiments? In fact, the chain used in the 
neutron scattering experiment at high k2 appears to be 
only 3-4 times longer than the largest polymer size 
considered here (N = 50). The size of a flexible chain 
can be expressed as the number of effective ((indepen- 
dent” monomers  ne^, a number which is obtained by 
dividing the chain contour length by the persistence 
length 1 = 27c/k,, where k, is the k-value at which the 
power law k-l” ceases to be observed in the S(k), that 
is, the k value above which the local structure of the 
chain becomes manifest. Our chain of N = 50 beads 
corresponds to Neff = 27 (L, = 54 and 1 = 2; see Figure 
4). If we now apply the same criteria to the polystyrene 
chain in ref 2, we obtain Nes = 100 with a contour length 
L, = 625 nm (obtained from the polymer weight M, = 
2.8 x lo5 g mol-’, the single chemical unit weight m, 
= 112 g mol-l, and the length of the single chemical 
unit of 0.25 nm) and a persistence length of about 1 = 
27c nm. Moreover, in our model solvent particles have 
the same size as chain beads and with the above 
criterion, this would correspond to solvent molecules of 
3 nm diameter, that is, a factor 3-5 times larger than 
ordinary solvents. 

B. B-Dependence of the Results. In this section 
we discuss the shear-rate dependence of various indica- 
tors of the orientation and deformation of chains of 
different lengths N.  “he general picture emerging from 
theoretical models for a chain in shear flow is that (i) 
the orientation angle of any tensor A associated with 
the chain structure follows the behavior 

cot(2x,) = P 
mA 

where mA is a universal constant, and (ii) the relative 
deviation from equilibrium of the diagonal elements Gaa 
(a = x ,  y ,  z )  of the gyration tensor, daa = [Gaa(P) - 
Gas( 0)1/Gaa( O),  follow^ the behavior 

daa = cg2 (14) 

where Ca is also a universal constant. As a conse- 
quence, the nonequilibrium deviation of the trace of G 
also exhibits a b2 behavior. Exact values for mo, mG, 
mR, and Ca can be obtained only for the simplest Rouse 

while the model with EV and/or HI in their 
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Table 5. Theoretical Results for Chain Orientation and 
Deformationa 

Macromolecules, Vol. 28, No. 14, 1995 

1 I 

EV no no yes yes no no 

FE no no no no no no 
HI no preav no preav Yes yes 

C, 0.457 0.185 0.29 0.27 
cy 0.0 0.0 -0.0 -6.9 x 10-3 
c, 0.0 0.0 -0.0 0.0 
C 0.152 0.062 0.231 0.16 0.12 f 0.02 0.09 
mc 1.75 2.83 
CR 0.2 0.08 0.262 0.18 
mR 1.67 2.67 
co 0.68 & 0.05 
mo 2.5 4.88 3.4 f 0.2 
refs 6, 7 6, 7 7 7 19,20 11 

preaveraged form can be solved by the approximate 
classical Zimm p r o c e d ~ r e . ~ , ~ ~  Another model of the 
chain dynamics in solvent, based on a system of coupled 
Langevin equations for the chain degrees of freedom and 
the solvent local hydrodynamic variables, has been 
extensively studied by renormalization group theory 
techniques at e q ~ i l i b r i u m ~ ~  and in elongational or shear 
f10ws.8-14,38 For a chain in shear flow this approach 
predicts an expansion of the chain along the x axis, a 
very minor contraction along they axis, and no change 
in the z direction.ll For clarity, we collect in Table 5 
the theoretical predictions of the various models to- 
gether with the results of recent BD  simulation^.^^^^^ 

The law (14) is in contradiction with the anisotropic 
scaling behavior of the previous section. Indeed, at P 
= 3.2, since the chain has scaling exponents in the 
principal-axis directions which differ from the equilib- 
rium one, the coefficients Ca (a = x, y) introduced in eq 
14 cannot be N-independent: instead they should 
present a smooth N-dependence which eventually will 
follow the scaling law "'I(P)-"ed in the N -, m limit. Note 
that the same picture also holds for the trace of the 
gyration and the end-to-end tensors. The contradiction 
is only an apparent one if we consider the limits of 
applicability of the theoretical models. The latter are 
all based on the Rouse harmonic bond connectors (or 
Edwards Hamiltonian in the continuum limit) which 
cannot account for the finite extensibility of real chains. 
Moreover, the inclusion of HI in the preaveraged form 
is only justified in the region of small P while a full 
treatment of HI avoiding preaveraging requires a self- 
consistent procedure which is difficult to handle.11J3 The 
theoretical laws (13) and (14) are therefore expected to 
describe the orientation and deformation of real chains 
only at small p values (p -= 11, a regime where it is 
observed (see below) that shear flow influences the 
power law for Ga at the prefactor level but maintains 
the scaling exponents at their equilibrium values. 

We now analyze our results in a systematic way and 
compare them with experimental data and theoretical 
predictions. 

The effective coefficients m G  and mo, computed ac- 
cording to their definition in eq 13, are presented for 
increasing /3 in Figure 8 for all chain lengths investi- 
gated. First, we note that chains of different length but 
considered at the same /3 value are equally oriented 
(within error bars). We observe moreover that mo L 
mG at any /3; i.e., G is more easily oriented than 0. The 
end-to-end tensor is always oriented like G, as can be 
inferred from Tables 3 and 4. We finally note that both 
mo and m G  increase with p, indicating a saturation 
effect on the orientation of the chain. In Figure 8 we 
also show the fitted curve mG = (2.1 + 0.lP) for 0 I P 5 
12, which has been recently inferred from light scat- 
tering (LS) data for polystyrene ( M ,  = 10.3 x lo6 g 

4 0 :  

1 I 1 lo 100 

P 
Figure 8. Effective coefficients mOaPP = /?/cot(2~0) (open 
symbols) and mcapp = p/Cot(2XG) (filled symbols) versus ,8 for 
various chain lengths: N = 9 (triangles), N = 20 (diamonds), 
N = 30 (circles), and N = 50 (squares). The law ~ G ~ P P  = (2.1 + O.l/?) fitted to light scattering data4 in the range 0 5 ,8 i 12 
is indicated by LS. 

mol-l) in dioctyl phthalate at the @point. The very 
good agreement observed between our data and the 
experimental fit confirms that m G  is an N-independent 
quantity in this range of P (or at least its N-dependence 
is very weak). It also suggests that EV effects (present 
in simulations but absent in the present experiments) 
are of minor importance for the chain orientation. 
Because of the large error bars on our data at small p, 
it is difficult to draw definite conclusions about the link 
with the various theoretical predictions of Table 5. The 
only clear indication is that the value mo = 4.88 for the 
case with preaveraged HI is in worse agreement than 
the estimates for the nonpreavereged case (mo = 3.4 f 
0.2) and the ideal chain (no HI) case (mo = 2.5). 

Coming back to  our scaling analysis, we now inves- 
tigate the P-dependence of the various scaling exponents 
(a = I, 11,111). This can be most easily inferred from 

the intermediate-k regime of S(ka). In Figure 9 we show 
S(k) fork along the three principal axes of the gyration 
tensor for a 30-bead chain at  ,f3 = 0, 1.65, 10, and 75. 
The figure reveals clearly the general trend of the 
exponents; up to P = 10 at least, VI increases with P, YII 
decreases with increasing P, and YIII remains practically 
equal to the equilibrium value. However, for ,8 = 75, 
the trends seem to invert: a close look at the curves of 
S(kJ suggests a saturation effect due to the finite length 
of the chain. Indeed, at such a value of@, even the local 
chain structure at the monomer length scale is strongly 
deformed in the three directions and therefore the S(k) 
loses its universal character and becomes strongly 
N-dependent. Note that P = 75 for N = 30 corresponds 
to y = 0.5. which in turn corresponds to the onset of 
non-Newtonian behavior for the solvent.31 For the sake 
of clarity, let us call the saturation effect arising from 
the finite length of the chain the finite chain saturation 
effect (FCS). It is clear that the shorter the chain is, 
the sooner FCS will appear as P increases. We estimate 
that for the present model at the thermodynamic point 
considered in this study, the onset of FCS occurs for y - 0.1. This fact probably explains why the data for N 
= 9 in Figure 8 deviate slightly from the data for longer 
chains for ,!? > 2. 

In Figure 10 we show the variation with P of the 
exponents V I  and Y I I  as inferred from the intermediate-k 
region of the structure factor (see Table 3). For each 
exponent, values obtained for different N fall on a 
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1 

k 0.1 1 

Figure 9. N = 30. Evolution of S(k) with p for k along the 
principal axes of the gyration tensor: I (bottom), I1 (middle), 
and I11 (top). Four p values are shown: /3 = 0 (thick lines), p 
= 1.65 (circles), /3 = 10 (squares), and p = 75 (triangles). 

1 I 1 
I ' " " '  

0.8 

0.7 

0.6 
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0.4 ' ' ' ' ' ' I ,  
I 
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1 10 100 
B 

Figure 10. Evolution with /3 of the scaling exponents V I  (open 
symbols) and VII (filled symbols) as inferred by the high-k 
behavior of the structure factor. N = 9 (triangles), N = 20 
(diamond), N = 30 (circles), and N = 50 (squares). The 
equilibrium value is indicated by the horizontal line. 

unique curve for small enough p. For a given N and 
increasing p, when FCS starts to manifest itself both 
the exponents deviate from their long-chain values in 
the direction of the equilibrium value. However, in the 
compression direction 11, the chain size soon becomes 
so small that a power law behavior in S(k11) can be 
hardly detected. If we assume that N = 30 a t  ,f3 = 10 is 
still universal, the highest value we obtain for the 
exponent VI is 0.76 & 0.04. Although it is quite plausible 
that VI would increase further with increasing p, this 
remains to be verified for long enough chains. In the 
region of small p (p < 1) the exponents differ only 
slightly from the equilibrium value and therefore, as 
discussed earlier, the theoretical predictions (13) and 
(14) should hold. 

In Figures 11 and 12 we show, respectively, the 
deformation ratios 6Gaa (a = x ,  y, z )  and 6G versus /3 
for all chain lengths considered. In these figures, our 

10 i 0.27 P* / 

I 
1 10 100 

B 

1 10 100 
P 

Figure 11. Deformation ratios 6G, (a) and opposites of 
deformation ratios -6GYy (b), and -6G,, (c) versus p for all 
chain lengths (symbols as in Figure 10). Available SANS data 
for 6G, and 6Gzz are represented by filled diamonds.2 Wang's 
predictions for 6G, and 6Gyy are represented by straight 
lines.'l 

results are compared with SANS data on polystyrene 
in benzene2 whenever possible and with the theoretical 
predictions of Wangll given in Table 5. Our data for 
dG, (see Figure l l a )  are in quantitative agreement with 
the SANS data2 and it is interesting to note that both 
sets of data deviate from the p2 law (14) a t  ,b' z 2. In 
this range of intermediate p, our data display the slight 
N-dependence which arises from the difference between 
equilibrium and nonequilibrium scaling exponents. 
Moreover, FCS further complicates matters in the 
intermediate$ region: for a given chain length N ,  there 
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Figure 12. Deformation ratio for the trace of the gyration 
tensor 6G versus ,b for all chain lengths (symbols as in Figure 
10). Available SANS data are represented by filled diamonds.2 
Wang's prediction is represented by the thin line, while the 
thick line is the behavior 6G = 0.017/31.4 fitted to LS data.4 

is a p value above which saturation effects disrupt the 
overall evolution with p: this seems to be the case, for 
example, for N = 9 a t  p - 2. This discussion demon- 
strates that the deformation ratios cannot be good 
universal indicators of the chain deformation in shear 
flow except in the small-/3 regime (p < 2) where relation 
(14) is found to hold. In this latter regime, the predic- 
tion of Wangll for the ratio dG, seems to be in a very 
good agreement with our data. This is not the case for 
the deformation ratio 6G,,, which at ,8 = 1 is found to 
be about 1 order of magnitude larger than predicted by 
Wang (see Figure l lb) .  Two points can be made 
concerning this discrepancy: (i) the theoretical calcula- 
tion of the deformation ratio is more difficult than for 
dG, because a nonpreaveraged HI model needs to be 
considered explicitly to obtain the correct negative sign 
of dGyy, and (ii) there are unfortunately no experimental 
data to compare with. Finally, so far as dG,, is 
concerned, Figure l l c  shows a consistent picture be- 
tween SANS data and simulation results, suggesting a 
small contraction of the chain below ,!3 = 10. 

In Figure 12 we show data for the deformation ratio 
of the trace of the gyration tensor. We compare our 
results with Wang's prediction and with SANS data 
reported (as proposed in the experimental paper2) after 
assuming 6Gyy - 0 at any p. It is clear from this figure 
that the overall change in the volume of the chain is 
much smaller than that predicted by both theory and 
assumed SANS data. This is due mainly to the rather 
large compression observed in the simulations for direc- 
tion 11, which partially compensates the extension in 
direction I. In Figure 12 we also draw the ad hoc curve 
6G = 0.017/?1,4 reported by Link and Springer as the 
best fit to their LS data for polystyrene in a @-solvent 
in the range 0.5 I ,f3 5 6.4 Such a fit cannot be exploited 
quantitatively because we need in that case to restrict 
ourselves to the p2 regime (known through symmetry 
considerations to hold for small enough /?I. However, 
it is interesting to note that around /3 = 1 this fit 
suggests that the observed deformation is about 1 order 
of magnitude smaller than Wang's theory prediction, in 
agreement with our findings. The above results show 
that a more systematic investigation of the small-/3 
regime needs to  be carried out. In particular, it would 
be extremely useful to establish how the solvent quality 
affects the chain structure under shear in order to test 
the need for considering excluded volume effects in 

P 
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0.1' ' ' ' " " /  I , I 
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Figure 13. Amount of birefringence A 0  versus ,b for all chain 
lengths (symbols as in Figure 10). The straight line is the 
linear fit A 0  = 0.438 of data for N = 9 and ,b i 1. 
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t 

Figure 14. N = 30. Green-Kubo running time integral CO- 
( t )  with time expressed in single-bead (or solvent) Lennard- 
Jones units tu = dm/c)1'2. 

various nonequilibrium theories. 
Finally, for completeness, we report in Figure 13 the 

amount of birefringence A 0  versus ,B for all chain 
lengths investigated. The straight line is the linear fit 
A 0  = Cop to our data for ,8 I 1. Indeed, from its 
definition (see the beginning of section 51, A 0  starts 
linearly with /? and the following Green-Kubo relation 
holds:30 

where V is the volume of the system, oxy is the 
microscopic stress tensor, and indicates a statisti- 
cal average for the system a t  equilibrium. In Figure 
14 we report for N = 30, the running time integral 
C d t )  whose infinite time limit gives the value of CO. 
From the figure, we estimate CO = 0.48 f 0.08, assum- 
ing that the expected plateau starts around t = 100 
(note that this is the result of 11 million equilibrium 
steps!). Such a value agrees with the result CO = 0.43 
obtained by fitting data for N = 9 at p 5 1. This 
agreeement and the data collected in Figure 14 are 
certainly not in contradiction with a linear behavior A 0  
= Cop with an N-independent CO for the small-/3 regime. 
For p 2 2, where data for different N are available, A 0  
seems to exhibit a systematic N-dependence similar to 
that observed for the deformation ratios. 
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value. Our anisotropic scaling interpretation is sup- 
ported by a detailed analysis of the high-fz regime of the 
chain structure factor described in section 5. The whole 
picture is rather well supported by the available ex- 
perimental data. However, it is safe to say that given 
the combination of the scarcity of experiments and of 
the finite-chain effects described in our paper, our 
scaling picture at intermediate shear rates is still highly 
conjectural. In the present situation, we believe that 
further progress on these matters requires theoretical 
or simulation developments but, above all, systematic 
experiments for various chain lengths. 

We note that this study is performed mainly in the 
intermediate$ regime (p x 1) where signal-to-noise 
problems at the low shear rates can be overcome by 
accumulating statistics while, at high p, we encounter 
saturation effects due the finite length of “short” chains 
and finite size effects related to the fact that as chains 
stretch more and more they become much larger than 
the simulation box. It is amusing to note that real 
experiments are limited to  the same regime of ,B for very 
similar reasons even if real chains are somewhat longer 
than those that can be handled by MD! Note in this 
respect (i) the large error bars at small /3 in both 
simulations and experiments and (ii) the increase in 
chain dimensions with shear rate which leads to phase 
separations in real experiments4 and boundary effects 
in simulations. 

Comparison of our results with high-shear-rate theo- 
ries cannot easily be made. The renormalization group 
theory predictions of Rabin and Kawasaki14 are ex- 
pected to hold a t  very high p (p - -). Since they are 
based on the harmonic chain model, they probably 
require extremely long polymers. The situation is 
similar with respect to the blob model predictions of 
Onuki.16 In this scheme, at large reduced shear rates 
(p >> 11, chains would stretch on a large length scale 
and orient along the flow direction most of the time 
while keeping the equilibrium structure on short length 
scales, the transition length scale & being fixed by the 
absolute shear rate 1‘. More specifically, chains would 
adopt an elongated structure in a coarse-grained sense 
where the basic units are unperturbed chain fragments 
(blobs) of n monomers whose size & - ny is fixed by the 
requirement that its longest relaxation time z,, - n3v’ 
be of order p-l. This leads to a number of blobs per 
chain Nb which depends only on /3 (Nb = /31/3v’) and a 
number of monomers per blob which goes as n = Np-1/3v‘, 
where N is the chain length. In this picture the S(k) 
should be isotropic and close to the equilibrium curve 
for 112 I L ll& while in the flow direction it should exhibit 
a power law with a different slope for 1121 < ll&. This is 
indeed observed in situations for which the blob model 
is known to apply (for instance the case of a chain 
stretched by a force applied to its endsz4). Applying the 
above considerations to  our system, we obtain only a 
few blobs per chain (Nb - 2 at p = 3.2 and Nb - 4 at /3 
= 10) which immediately indicates the mismatch be- 
tween the p regime of the theory and the one of the 
simulation. We indeed never observe the predicted 
crossover in the slope of the S(k) for k in the flow 
direction while the observed anisotropy in S(k) extends 
down to the length scale of the single monomer even 
for p - 1 (see Figure 9). In conclusion, it is difficult to  
judge the general validity of the blob model for chains 
in shear flow on the basis of our data; a definite 
statement would require more flexible and longer chains 
at much higher p. It is therefore safe to conclude that 

6. Conclusions 

This paper is concerned with a MD study of polymers 
in solution subject to a steady shear flow. The original- 
ity of our approach lies in the explicit consideration of 
all (‘solvent particle” degrees of freedom in the modeling 
of the system. In this way, we avoid usual explict or 
implicit approximations which need to be made when 
dealing with a continuous solvent approach as in 
theories or in BD simulations; we think here to the 
handling of HI or to the validity of the fluctuation- 
dissipation theorem in a nonequilibrium situation. It 
must be emphasized that the aims of the BD and MD 
approaches are different. The first method consists in 
integrating a set of Langevin-like equations for con- 
nected monomers, i.e., the Rouse or Zimm models which 
are at the root of most theoretical approaches to the 
dynamics of nonentangled chains. Nonlinear terms 
(EV, nonpreaveraged HI, or finite extensibility of bonds) 
which prevent an analytical treatment can be included 
in the model since the latter is solved by techniques of 
stochastic dynamics. MD treats a model with explicit 
solvent, which is at a more fundamental level; it is 
intended either to simulate directly a realistic experi- 
mental situation in order to help in the interpretation 
of experimental data or to provide a way to test the 
importance of theoretical approximations required when 
starting from a full statistical mechanics approach. 
Obviously the MD approach is feasible nowadays only 
thanks to the recent development of computer power. 
It should be stressed however that BD simulation for 
polymers in solution with explicit HI is also not so cheap 
in terms of computer time. In BD the computation of 
the square root of the hydrodynamic matrix requires an 
algorithm of order W,39 and as - Wv’ the CPU time 
required to follow the chain trajectory for one relaxation 
time grows as N+3v’ - N4.8. In the MD approach, the 
CPU time per step grows as N + N ,  - N ,  (on a vector 
computer) and if we want to work at fmed RdL, then 
N ,  - W .  Thus in MD simulations the CPU time 
required to follow the system trajectory for a chain 
relaxation time goes like Iv3v+3v’ - W.6. Of course, the 
prefactor is smaller in BD than in MD, but the argu- 
ment above implies that BD methods are limited to 
quite short chains. 

In the present work, we validate the MD approach in 
the context of polymer solutions in shear flow by 
showing that short chains at a given reduced shear rate 
deform and reorient like real (longer) chains in a 
Couette cell at the same reduced shear rate. This result 
suggests that some form of scaling must be present in 
the problem, just as in the usual equilibrium situation. 

In our work, we propose an explicit form of this 
nonequilibrium scaling by investigating the self-simi- 
larities in the structure of chains of various lengths in 
a /3-dependent rotated reference frame which is oriented 
along the principal axes I, 11, and I11 of the gyration 
tensor G of the deformed polymer. The picture that 
emerges is as follows. At small p, the size of the chains 
follows a law G ,  = A,(p)flv (a = I, 11, 111) where v is 
the usual equilibrium Flory exponent. This scaling is 
compatible with the p2 dependence of QG, and QGyy 
often discussed in the literature. At intermediate shear 
rates, the scaling law must be modified to G,  = 
A&3)2V2Va@, where the scaling exponent va depends upon 
the direction and is a function of p. This implies that 
the deformation ratios of the gyration tensor are no 
longer purely P-dependent quantities given the change 
in the scaling exponents with respect to the equilibrium 

, 
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the blob model is also inadequate to interpret the 
available experimental data, since the latter cover the 
intermediate$ regime. 

Further work on the simulation of chains in flows 
should now be directed to elongational flows (EF). The 
techniques described here for shear flow cannot be 
extended to EF since the EF can be sustained only for 
a few thousands of time steps, a time interval very short 
compared to a typical chain relaxation time. Indeed the 
MD cell shrinks and expands exponentially in time and 
sooner or later, its size in the compression directionb) 
becomes smaller than the bead size! More hope could 
be found in mimicking in simulations the real experi- 
mental situations which have been devised to realize 
“model” 
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