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ABSTRACT: We study the passage of flexible polymers in solution through pores (of diameter D smaller than the ra- 
dius of gyration of the chains, R F )  driven by hydrodynamic flows through the pore (characterized by a current of the 
solvent, J,). (1) For the case of slightly conical pores (first converging and then diverging) the chains are drawn in 
above a critical current J,. For a dilute solution, J ,  = J,,c, where c measures the angle of the cone and J,, = Tl?, de- 
pends only on the temperature T and the solvent viscosity T ~ ,  but is independent of L) and of the molecular weight 
(at  large molecular weights). For a semidilute solution a t  the entrance of the pore, one finds three regimes depending 
upon the bulk concentration CO, the minimal cross section, and the current’s strength J,: ((u) a free flowing state of 
the SD solution throughout the pore, (0) a partially flowing state with a dilute region extending downstream from 
the minimal section, (y) a clogged state where a dilute region is present both upstream and downstream. (2) For a 
capillary of constant cross section passing through a flat wall, the chains are subjected to an elongational flow a t  the 
entrance. Above a critical current J, = JL, they are sufficiently stretched to enter the pore. For dilute solutions, J,‘ 
= Jcl. In semidilute solutions J,’ ought to vary as C-15‘4. We also discuss elongational effects a t  the entrance of mac- 
roscopic capillaries. 

I. Introduction 

Besides fundmental interest (polymers in one and two 
dimensions), the study of flexible polymer solutions trapped 
in porous media has irnportant applications: in particular the 
extraction of oil from porous geological structures by injection 
of polymer solutions of high molecular weight. Practical sit- 
uations always correspond to polymer solutions in good sol- 
vents: for this case, we have results concerning the partitioning 
and the dynamics of macromolecules confined in pores.2 These 
two problems have been studied theoretically very recently 
by Daoud and de Gennes5 (thermodynamic properties) and 
by Brochard and de Gennes6 (diffusion and internal modes). 
In these studies the emphasis was placed on the behavior of 
chains in an immobile solvent. The corresponding experiments 
are rather difficult because of the small percentage of chains 
in pores of small diameter. 

On the contrary, in all the experiments proposed here, one 
forces the polymer to penetrate into the pores by applying a 
solvent current J,. We have considered two types of pores: (a) 
slightly conical pores (Figure 2), and (b) cylindrical pores with 
an entrance a t  which the flow is strongly convergent (Figure 
8). In conical pores, the polymer is sucked in if the frictional 
force exerted by the solvent is sufficient to overcome the 
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elastic forces resisting confinement. In pores of constant cross 
section, the process of penetration is due to the elongational 
shear which stretches the chain before its entrance. Case (a) 
is statistically realized by pores in porous media. Case (b) 
corresponds to commercially available structures (nucleopores 
in Plexiglas have cylindrical geometries and diameters D S 
150 A), or can be approximated by pores in leached glass2 or 
with crystallographic structures such as zeolites (D 5 20 

We assume that polymer adsorption on the solid surface is 
negligible. This can be achieved by treating the pores chemi- 
cally.2 We also restrict our attention to flexible uncharged 
polymers for which the statistical and dynamical properties 
in bulk solutions are now well described by scaling meth- 

Here also we use as a theoretical framework the techniques 
of scaling laws which are known to give good qualitative re- 
sults, but all our results unfortunately lack exact numerical 
coefficients. In the first part, we review the equilibrium 
properties of confined chains for the two types of geornetrics. 
In the second section we described the flow regimes of polymer 
solutions in conical pores (case a). In the third part, we study 
the effects of polymer accumulation and forced penetration 
a t  the entrance of cylindrical pores (case b). 

A). 

0ds.34 
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11. Static Properties 
Before studying the effects of forced penetration by solvent 

flows, we shall review the equilibrium properties of confined 
polymers in immobile solutions. 

What we need is to know the equilibrium concentration c 
of monomers inside conical and cylindrical pores in contact 
with a reservoir a t  concentration CO. The concentration is 
obtained by the requirement that the monomer chemical 
potential be constant: 

where p ( D )  and pug are the chemical potential of monomers in 
the pore at  diameter D and in the bulk, respectively. The 
chemical potential p is calculated from the free energy F per 
cm3: 

= dF/bc (11.2) 

We shall derive in detail the chemical potential of confined 
solutions for which the results of ref 5 are incomplete and 
inexact. 

Remark 1. It is also possible to determine c by the constancy 
of the chemical potential p, of the solvent related to the os- 
motic pressure of the solute by the relation 

~ r s  = ~s , (p ,T)  - (11.3) 

where v, is the volume of the solvent molecules and ws0 is the 
solvent chemical potential without solute molecules. The re- 
quirement ps = constant does not imply ir = constant, contrary 
to what we first thought. Let O = N/c be the volume and 
~ N ( O , D )  = OF be the energy of one confined chain. We define 
the chemical potential of chains pp by the formula 

= ~ N ( ! ? , D )  + Oi r  (11.4) 

By differentiating eq 11.4 we find the equilibrium equation 

dpp = - dD + O dir = 0 
b D  

(11.5) 

Then, in a pore of variable cross section, an osmotic pressure 
gradient is necessary to equilibrate the force FD‘ [= -(l/ 
O ) ( d s ~ / d D ) ]  which tends to expel the chains. 

Remark 2. Equations 11.3 and 11.5 also show that in conical 
pores one must have a variation of the hydrostatic pressure 
P to equilibrate the osmotic pressure gradient. The pressure 
Pi inside a cylindrical pore is less than the external pressure 
Po. 

A. Chemical Potential. 1. Scaling Results for Bulk So- 
lutions.3 Let R F ~  be the Flory radius of one isolated chain: 

R F ~  = aN’ v = 3/5 (11.6) 

and c *  be the overlap concentration: 

C* = NIRF? (11.7) 
In the dilute regime “D” (c < c*),  one has an ideal solution 
and 

E = c log ca3 + o(c2)  (11.8) 
T N  

(see ref 13). In the semidilute regime “SD” ( c  > c * ) ,  chains 
overlap and the excluded volume interactions are screened 
out in a length 5 

E = u(ca3)-3/4 (11.9) 

The chains can be represented by ideal chains of “blobs” of 
size E ,  each blob containing g monomers such as 

g ’a  = E (11.10) 

T 3d 
I SEMI DILUTE ’ CIGARS 

SEMI DILUTE I 
/ E /  1 SPHERES 

C 

OLUTE SPHERES I 
I I 

DILUTE CIGARS - 
Figure 1. The four regimes of flexible polymer chains trapped in a 
tube (after Daoud and de Gennes5). 

The size of one chain is then 

R = (N/g)lI2C; (11.11) 

The free energy is proportional to the density of blobs. 

(11.12) 

2. Chains in a Tube. For R F ~  > D ,  the pore diameter, the 
chain is deformed into a long cigar of diameter D and length 
R F ~ .  The chain can be conceived as a sequence of blobs each 
containing gD monomers (gDYa = D )  and each having a di- 
ameter D. R F ~  is then linear in N: 

(11.13) 

The free energy associated with the confinement is, for a 
chain: 

~ N / T  = N/gD (11.14) 

As for bulk solution, it is essential to define a critical con- 
centration of overlap c1*: 

N R F ~  = - X D gDYa = D 
gD 

(11.15) 

The different regimes of confined solutions described by 
Daoud and de Gennes5 are represented in Figure 1. 

(a) Dilute Regimes. Region A = analogous to bulk dilute 
solutions (see section A.1); region C = dilute solution of cigars. 
One must add to the free energy in eq 11.8 a term due to con- 
finement (11.14): 

(11.16) 

(b) “SD” Regimes. The semidilute regimes are represented 
by region B (semidilute spheres) and region E (semidilute 
cigars). For both regions, the local properties are identical to 
those of bulk SD solutions described in section A.1; the 
screening length C; is given by eq 11.9 and the dominant term 
of F is given by eq 11.8. There are however two additional 
contributions: 

( i )  Surface Effects.’ With our hypothesis of repulsive 
surface interactions, the monomer concentration is zero on 
the pore walls. Near the wall the concentration is reduced in 
a thickness E.  Joanny and Leibler’ have remarked that this 
monomer depletion must create a surface energy (T/E3)5 = 
T/E2. It  corresponds to a free energy change per cm3 of the 
form: 
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pore p(D)  is given by eq 11.15 if D > R F ~  and by eq 11.12 if D 
< RF? Setting po  = p ( D ) ,  we find a constant concentration c 
= co for D > R F ~  and an exponential decay when D becomes 
smaller than R F ~ :  

e - N ( a / D ) 5 / 3  (11.23) 

where C = C/CO. The monomer concentration profile is repre- 
sented on Figure 2a. Qualitatively, we may say that the poly- 
mer solution does not penetrate the pore beyond D = R F ~ .  

2. Conical Pore in Equilibrium with a “SD” Bulk So- 
lution. In the reservoir, we may write p~ = 9/4(kl/c(~3). In the 
pore, as the cross section diminishes, one finds the regions B, 
E, and C of the diagram in Figure 1 where p ( D )  is given by eq 
11.22, -21, -20, respectively (see Figure 2b). Setting p ( D )  = 10 
we arrive at  an equilibrium condition of the form: 

(11.24) 

Figure 2. Partitioning of polymer solutions in conical pores. In ha- 
chured regions, the concentration of monomers is practically constant 
(c N cg) and zero otherwise: (a) for a dilute solution (co < c*), we have 
a sharp transition at D N R F  between dilute coils “A” and dilute cigars 
“C”, beyond which c ( D )  decreases exponentially; (b) for a semidilute 
solution ( C O  > c * )  we have a smooth transition from SD coils (‘‘B’’) 
to SD cigars (“E”) at  D C+ R(c) and a sharp transition to a regime of 
dilute cigars (“C”) at D r- [a. 

F,/T 1/E2D (11.17) 

( i i )  Confinement Effects. In region E, the overall shape of 
one coil is not a sphere of radius R (eq 11.11) but is elongated. 
I t  leads to an energy change: 

(11.18) 

This contribution is always smaller than the surface term 
FS. 

Conclusion. The cliemical potential p = dF/dc is respec- 
tively: in region A (dilute spheres) 

P 1  - = -log cu3  
T N  (11.19) 

in region C (dilute cigars) 

P 1  -=-10gcu3+- 1 
(11.20) 

T N  gD 
in region E (semidilute cigars) 

(see ref 14), and in region B (semidilute spheres) 

(11.21) 

(11.22) 

B. Polymer Partitioning Inside Pores. The determina- 
tion of the monomer chemical potential (eq 11.19 -+ 22) allows 
one to discuss the equilibrium between a pore (concentration 
c ( D ) )  and a bulk so1ui;ion (concentration CO). We study only 
the general case of conical pores, because in a cylindrical pore 
the concentration is thle same as in a conical pore for the same 
value of D .  

1. Conical Pore in Equilibrium with a “D” Bulk Solu- 
tion. In the bulk “D” solution, po = 1/N log c g 3 .  In the conical 

where = D / ~ o  and C = c/co. The validity of eq 11.24 is limited 
by E < D ,  i.e., D > 2. For D < D1, we enter into region C 
and the concentration decays exponentially according to eq 
11.23. The monomer concentration is represented on Figure 
2b. The SD solution penetrates easily up to a diameter D1- 
Eo. At D1, one has an abrupt change to a dilute regime beyond 
D1 where the concentration decreases exponentially. 

Conclusion. Dilute solutions can penetrate the pore only 
if the size of the pore is larger than the radius coil R F ~ ,  “SD” 
solutions can penetrate smaller pores up to diameter of the 
order of the bulk coherence length EO, but are practically ex- 
cluded as soon as D becomes less than Eo. 

111. Flow Regimes of Polymer Solutions in Conical 
Pores 

Flexible macromolecules resist confinement. On Figure 2b 
we show a sharp front located at  D = t o  beyond which the 
monomer concentration falls to zero exponentially. We study 
here the passage of macromolecules, driven by a flow of the 
solvent, through conical pores first converging from DO to D,, 
then diverging from D ,  to DO. This situation is realized sta- 
tistically in porous media. The flow exerts on the chains a 
frictional force which drags them into the pore. In steady state, 
we can derive the concentration c from the equilibrium be- 
tween elastic and viscous forces. 

The elastic restoring force can be obtained easily from the 
chemical potentials (eq 11.19 - 22): 

(111.1) 

where x = tD measures the position along the cone axis. 

of the solvent u s  with respect to the polymer up: 
The frictional force is proportional to the relative velocity 

& = cB-’(u, - up) (111.2) 

B-1 is an effective monomer mobility which includes the 
hydrodynamic interactions between monomers in the pres- 
ence of the pore walls. In a pore, as shown in ref 6, the backflow 
induced by the motion of a monomer is cut off at distances 
larger than the pore diameter D because on the boundary 
condition u = 0 at  the wall. Superimposed on this “geomet- 
rical” screening there is a screening by surrounding monomers 
(discussed for bulk solutions in ref 4) with the same cutoff 
length D .  Including these two effects, the values of B-1 are: 
B-1 = qs ( { /g)  (ref 4) for the semidilute regime (i.e,, blobs are 
also uncorrelated units); for the dilute regime B-l = qs @FIN)  
(ref 4) in region “A” and E3-l = qs(D/gD) (ref 6 )  in region “C” 
of Figure 1. qs is the solvent viscosity. In the following we shall 
use a mean value of & on a cross section. We find then 
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Figure 3. End effects: schematic variation of the critical solvent flow 
J, to drive an isolated polymer chain through a conical pore as a 
function of N and D. 

where J ,  and J ,  are the currents of the solvent and the poly- 
mer. I t  is useful for the following to introduee the parameter 
K = Jp/cgJsa3, which is independent of x .  K = 1 corresponds 
to perfect draining ( u s  = up, c = cg). Equation 111.3 is rigor- 
ously correct in the limit [ << D but is approximate for [ - D 
because of the variation of c in the cross section. 

A. Passage of One Isolated Chain. The passage of one 
isolated chain has already been studied in ref 6. A solvent 
current J ,  gives rise to a frictional force spusD per blob of the 
confined chain supposed immobile (according to eq 111.21, and 
the sum of the N/gD blobs of the confined chain leads to 

., 
(111.4) 

The elastic restoring force per chain is derived from the con- 
finement energy 3 N  (eq 11.14) 

(111.5) 

where t = x / D  measures the angle of the cone. The equilibrium 
between +e and & can be realized only if J ,  reaches a critical 
value J,: 

J ,  = cT/qs (111.6) 

If J ,  < J,, the frictional force is too weak to drag the macro- 
molecule into the pore. If J ,  > J,, the macromolecule can pass 
through the pore. Contrary to what is expected intuitively, J ,  
is independent of both the size of the macromolecule ( N )  and 
the minimal diameter of the pore ( D m ) ,  both forces being 
proportional to N/D. 

Remark 1. This cancellation disappears if one includes end 
effect, as discussed briefly here. The two blobs a t  the ends of 
the chain have a larger contribution to the viscous force and 
a smaller contribution to the confinement energy. To  include 
these corrections, we correct the number of blobs N/gD in eq 
11.14 and 111.4 by positive constants a’ and cy ranging about 
unity: 

3 ~ ’  N 
T g D  

a’ (II.14a) 

(III.4a) 

-= - -  

8vI= ( - + n ) n s ~  N J s  

g D  

We find for the critical current 

(111.7) 

with g ,  = (D,/a)5/3. As shown on Figure 3, J J N )  increases 
as N increases and D, decreases. This correction becomes 

negligible in the limit of large N values. In all that follows, we 
shall consider only the limit of large N .  

Remark 2. The fact that J ,  is independent of N (in the limit 
of large N )  is a characteristic property’of confined systems 
(because chains behave as “Rouse” chains of units D6) 
whatever the geometry of the pore. For a wedge, $e and &obey 
eq 111.4 and 111.5 but now J ,  = QL, where D is the decreasing 
thickness and L the constant width of the slit. This leads to 
J ,  = t (T/s)(L/D,) ,  which depends upon geometrical pa- 
rameters but not upon the molecular index N .  

B. Dilute Solutions. At both ends of the converging di- 
verging pore, we impose the same concentration c = co with 
co  < c* .  Then, in an immobile solvent, a sharp front (D - RFJ 
separates the bulk dilute solution from a dilute solution of 
cigars where C is exponentially decreasing. When a flow J ,  of 
the solvent is applied, one has two effects: (1) the concentra- 
tion profile is modified, and (2) a certain fraction of the 
polymer is carried away by the current, leading to a polymer 
flow J,. This new equilibrium is defined by the equality be- 
tween (1) the friction force (eq 111.3) written in the “D” con- 
fined regime where B-l = s,D/gD: 

(111.8) 

with K adjusted to satisfy boundaries conditions, and (2) the 
elastic restoring force calculated from eq 11.19 

with u = +l in the converging part and u = -1 in the diverging 
part. We are led to the equilibrium equation: 

(111.10) dC N 
dD gDD 
- = - (63, - 1)(C1- C) 

expressed in terms of_the Educed variables J ,  = J,/J,, C = 
c/co, andwhere Cl = [uJ$(gJ, - 1)]K. This equation can easily 
be integrated 

c - Fl= (1 - i;l) exp (uJ, - 1) - N )  (111.11) 

which defines c as a function of D in the two parts of the pore 
( u  = +1 and u = -1). The requirement that these two ex- 
pressions join at  D = D ,  fixes the value of K: 

( g D  

- [J,/(Js - 1)1(1 - e (Js-l)N/gDm) 

One has to distinguish two cases: 

and 
J ,  - 1 

J s  
J ,>1 K z - z l  

which correspond to two different regimes: (CY) below the 
critical current ( J ,  < J,) the polymer is practically clogged ( J p  
N 0), and (6 )  above the critical current ( J ,  > J,) the polymer 
flows freely ( J p  N c,p3J,). The transition between these two 
regimes ( J ,  = l ,K II gDm/N) is very sharp (especially if D ,  
is small and N is large). The two regimes are illustrated on 
Figure 4: for J, = 0.5, the front at  D - R F ~  between the “di- 
lute” and the “confined dilute” regime is simply displaced and 
K N 0 (no flow of polymers). For 7, = 2, one finds a flow of 
polymer ( K  = 0.5) and a penetration of the “dilute” solution 
inside the pore (5 N co) up to D,. At D,, C decreases abruptly 
from 1 to C, = ( J ,  - l)/(J, + 1). Note that in a large region of 
the diverging capillary, the polymer flows faster than the 
solvent (C < K - up > us) .  
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Figure 4. Flows of dilute solutions in converging diverging coniLa1 
pores: we have represented the monomers concentration profile c(D), 
in immobile solvent ( J ,  = 0), above and below the single chain critical 
flow (J .  = 2 and J ,  = 0.5, respectively) in reduced units (F = tho, 
= 1OD/RF,, 3, = J,/J,). 

Remark 1. We have implicitly assumed when using eq 111.9 
that molecules travelling along the tube are in their equilib- 
rium state. We must verify that the transit time Bt is longer 
than the relaxation time T I I  of confined chains. 711 is calculated 
in ref 6 

where T~ = 7&~,3/T is the relaxation time of a free chaina4 The 
transit time Ot of molecules in the dilute confined region is 

The condition Bt >> 711 is then always satisfied; with 7 N 1, we 
find t << ( D / R F J ~ / ~  - 1. 

Remark 2. We have also neglected the possible stretching 
of molecules due to the elongational shear in a conical pore S 
= J,t/D3. As explained in the last section, this effect is negli- 
gible if S711 < 1, Le., t < 10-1 with RF/D - 10. The threshold 
J,‘ associated with this stretching process is much higher than 
J ,  (J,‘ - J J 9 )  and is thus unimportant. 

C. Semidilute Solutions. We take now co > c* ,  Le., the pore 
in contact with a SD solution. In immobile solvent, a front 
located a t  D - 50 separates the SD solution from a dilute so- 
lution of “cigars” extremely poor in polymer (Figure 2b)). A 
flow of the solvent J,, modifies the monomer concentration 
profile and may induce a flow J ,  of polymer. 

The elastic force &, is now deduced from eq 11.21. 

+ &)] (111.13) 

The frictional force in the SD regime is, according to eq 111.3, 
with E-l = qS.$/g: 

(111.14) 

This leads to the first order differential equation for c written 
in reduced variables 

(111.15) 

(a) Case Jp = 0. It  is interesting to study first the concen- 
tration profile by assuming that the polymer is clogged ( J ,  = 
0). This can be achieved by a constriction in the middle part 
of the pore which allows only a flow of the solvent. By setting 
X = D/ t  and K = 0, eq 111.15 reduces to 

d.D X + 1 dX 
L) X ( X + A )  
-_ = (111.16) 

/ I  t€l 

Figure 5.zchematic representation of the monomer concentration 
profile c ( D )  for semidilute solution in conical pores for different 
values of the relative polymer flow parameter K .  

with A = (5  - 3uJ,)/2. The integration is straightforward: 

The front where the SD ends corresponds to 5 = D (X = 1). 
We define by Dl and Df the positions of the fronts: In the 
converging part one finds that Dl(J,) decreases as J ,  increases 
up to D1 = 0 for J ,  = 7/3 (A < -1). Above 7, = 7/3, the front 
disappears; the solution remains semidilute up to D,, what- 
ever the value of D,. The curve D1(J,) is represented on Fig- 
ure 6 by the line BB’. In the diverging part, the front D( is 
driven away monotonically. There is no particular value of J,. 
Between the two fronts (Dl,D(), the solution is “confined di- 
lute” (Figure 7c; curve J ,  = 0.5, K = 0). 

(b)  General Case (Jp # 0). The differential eq 111.15 has 
to be integrated numerically. However, before giving nu- 
merical results, it  is possible to estimate qualitatively the 
behavior from the sign of dc/dD as a function of K .  The dis- 
cussion is illustrated schematically on Figure 5 .  In the con- 
verging part, c decreases in the flow direction if K > ( J ,  - 
l)/Js and increases if K < ( J ,  - l)/J,. In the diverging part, 
c increases from c, to  1 if K < (J, + l)D, and decreases 
otherwise. T o  assume continuity at  the boundary D = D,, one 
must have (2, - 1)gs < K < (7, + l)Ds and C, is necessarily 
smaller than 1. 

It  is possible to define the domain of K more accurately by 
expressing the continuity condition for c :  

dc 
( u  = +1) - - d l l  (c = -1)) dD 

which can be satisfied only if C, < K < 1. This implies that 
there always exists an intermediate region around D, where 
the polymer flows faster than the solvent (c < K,  up > us).  One 
notices also on Figure 5 that the solution is SD in the whole 
pore if n, > 1. If Drn < 1, one must necessarily cross the lim- 
iting curve n = between the “SD” and “D” regimes and one 
must have an intermediate “dilute confined” solution in the 
center of the pore. In this region, the results of the last section 
hold and one expects a clogged situation for 7, < 1 and a flow 
of polymer for J, > 1. We have then the three possible regimes 
for a SD solution, which are represented on Figure 7 :  (a) if Drn 
> 1, the solution is SD in the whole pore and the polymer flows 
with the solvent; (0) if B, < 1, 7, > 1, one has a dilute inter- 
mediate region and a flow of polymer ( K  = (J, - l)/J,); and 
(7) if a, < 1, Js < 1 the pore is clogged ( J ,  0) with an in- 
terrnediate dilute solution. 

To specify in more detail these flows regimes, we have re- 
solved numerically eq 111.15 in the converging part (u = +1) 
and in the diverging part ( u  = -1) as a function of the pa- 
rameter K with a fixed value c = co a t  both ends (D = DO) of 
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Dilute intermediate Semi-dilute 
1 ’ \  continuous 

1 A ”  I \ 

Figure 6. Diagram representing the three cow regimes of semidilute 
solutions in conical pores as a function of J, = J$J, and D, = D,/ 
50. 

the pore. For a pair of values (J,,D,), one calculates the pro- 
files of the concentration (co,c,,(K)) in the converging part 
and (c,,(K),co) in the diverging part and one determines K 
(Le., Jp) by the condition cml = cmz Then one must distinguish 
among the three announced cases corresponding to the three 
regimes in the diagram of Figure 6. 

( a )  Continuous SD Solution. For D ,  > Dl*(J,) (domain 
a ) ,  we have a flow of the SD solution in the whole pore: K N 

1 and K is an increasing function of J ,  and D ,  (Figure 7a and 
Figure 8a). 

( p )  Partially Clogged Regime. In the domain AA’BB’ (AA’ 
is a segment of the line J ,  = 1, A’B’ is a part of the curve Dl(J,) 
for K = 0) we have a front between “SD” and “D” solution 
defined by (D1,Cl) in the converging part and (D2,C2) in the 
diverging part. In this region, eq 111.15 is replaced by eq 111.11. 
One finds in most of this domain ( D ,  < 1) that K = ( J ,  - 
l)/Js and D1 N D,. This leads, as for the case of dilute solu- 
tion, to a sharp variation of the concentration at  D,  (Figures 
7@ and 8c). Lastly, for Drn > 1, the profile of the concentration 
is no longer flat in the converging part; the front D1 moves 
away from D ,  and K is of the order one (Figure 8b). 
(7) Clogged State. In the domain AA’B, the solution is di- 

lute in an intermediate region and the polymer does not flow 
( K  N 0) (Figures 7 7  and 8c). The current of polymer one has 
a smooth crossover through A’B but a very sharp increase 
through AA‘. 

Remark. In the case of a conical pore with a sudden con- 
striction the domain for the clogged state is expanded (limited 
by the dotted line A‘A” instead of AA’). 

Conclusion. The existence of a dilute intermediate region 
for constricted pores ( D ,  < $0) confers to “SD” solution flows 
behavior similar to “D” solutions (Le., for 3, < 1, K = 0 and 
exponential decrease of c ;  for 7, > 1, K = ( J ,  - 1)Ds and al- 
most constant concentration in the convergent part, with a 
fast decrease of c at  D J .  

Remark. We have not included the stretching of the mole- 
cules due to the elongational shear S = tJ,/d3 as soon as S T ,  
> 1, where T ,  is the reptation time4 which increases rapidly 
with c (T ,  N Tz(C/C*)3/2). We estimate briefly the contribution 
6Fa of the stretching to the free energy per cm3 (a detailed 
discussion of elongational effects is given in the next sec- 
tion). 

If D, is the diameter a t  which S reaches its critical value 
T,-l, Le., 

R F  
(111.19) 

Figure 7. Illustration of the three regimes a, p, y defined in Figure 
6. 

the length R ,  of the molecules at  diameter D for a affine de- 
formation is 

Ra(D)  = (D,/D)2R(D,) (111.20) 

Because chains are ideal in the semidilute regime, the defor- 
mation free energy &Fa is simply: 

CT Ra2(D)  
N R 3 2 ( ~ )  

6Fa(D) = -- (111.21) 

To measure the importance of this effect, we can compare 6Fa 
to the confinement free energy &F, = ( C T / N ) ( R ~ ~ ~ ( D ) / R ~ ~ ( C ) ) ,  
where R 1 1  ( D )  is the length of semidilute cigars at  diameter 
D: 

by using eq 111.19-20 and the scaling result R ~ ( c )  = R F ~ ( c * /  
c)1/8 with RF/D,  N 5, c/c* N 10, we find &Fa/bF, < 1 if E < 
1/20. Because the confinement energy is itself a small con- 
tribution to the free energy, the possible stretching of the 
molecules in the elongational shear leads only to small cor- 
rections in the flow behavior of SD solutions. 

IV. Flow-Through Cylindrical Pores 
In an immobile solvent, as shown in section 11, a flexible 

macromolecule practically does not penetrate into a cylin- 
drical pore if the diameter D is less than the size Rps of the coil 
(or the size $ of the blobs in SD solutions). An accurate mea- 
sure of critical permeation size of dextran fractions on glass 
of narrow pore size distribution agrees with this result.8 

However, the molecules can be driven into the pore by a flow 
of the solvent: at  the entrance of the pore, the chains are 
subjected to an elongational flow and for large enough cur- 
rents, the chains are sufficiently stretched to enter into the 
pore. We study here the passage of dilute and semidilute so- 
lutions through a capillary of constant circular cross section 
of diameter D passing through a flat wall (Figure 9). 

At the entrance of the pore, the flow of the solvent is con- 
vergent. The velocity can be written simply as a function of 
the distance r from the mouth in a region not too close to the 
wall (where u has to be zero) and not too close to the entrance 
(where flow lines align parallel to the pore axis, a t  r < D ) :  

u s  = J,/r2 (IV.1) 
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b,,p1,25 --y, 

Figure 8. Flows of semidilu_te solutions in conical pores: the curves 
C(D) for different values of J,, E ,  characterize the different regimes 
of Figure 6. 

I t  leads to an elongational shear 

(IV.2) dvs Js s = - - = -  
dr  r3 

I t  leads to an elongational shear 

(IV.2) dvs Js s = - - = -  
dr  r3 

A. Dilute Solutions. An isolated molecule subjected to an 
elongational flow 5' is slightly deformed if S is less than a 
critical value S,; on tbe contrary, the molecule follows per- 
fectly the deformation imposed by the solvent if S > S,;g this 
type of deformation is called affine,lO which amounts to saying 
that the molecule is deformed in the same way as a fluid ele- 
ment. The critical val~ue S, is of the order of the Zimm relax- 
ation frequency of the polymer chain1' 

s, = rZ-l = T / . ~ ~ , R F ~  (IV.3) 

If rc is the distance at  which S = S,, the chain is stretched and 
its transversal radius for an affine deformation is R L  = R F ~ .  
(rlr,) at  a distance r .< rc from the pore. The entrance condi- 
tion R ( r  = D) = D leads to r ,  = RF? From eq IV.2 and IV.3 
we find the critical value J,' of J, for the chain to enter into 
the pore: 

J,' = TITs (IV.4) 

The critical current, to force the passage of the chain is much 
larger for a cylindrical pore than for a conical pore ( J ,  = tJ,', 
where t measures the cone angle). 

It is remarkable that J l ,  as J,, be independent on both the 
molecular size and the capillary diameter. However, as shown 
now, this property is less universal for J,' than for J, and de- 
pends upon the pore geometry. 

Remark. Case of a slit of constant thickness ( D ) .  For a slit, 
the longitudinal shear at  distance r is 

S = J,h2 (IV.5) 

where J, is the flow through the pore per unit length. The 
condition RI = D for entrance into the pore leads to J,'/RF 
= TI.rlBR$, i.e. 

Figure 9. Elongational stretching of a polymer chain at the entrance 
of a cylindrical pore. 

J,' for a slit depends upon N ,  whereas the critical currents for 
conical pores are always independent of N whatever the exact 
geometry of the cross section. 

B. Semidilute Solution. In SD solutions, chains form a 
transient network and 5 measures the size of the mesh. The 
reorganization characteristic time of the network is the rep- 
tation time T, to  disentangle one chain from the others, cal- 
culated in ref 4: 

In the elongational shear S (eq IV.2), the deformation of the 
network is affine if S > S, = l/T,. The mesh length of the 
network is elongated in the flow direction (Ell ,$(rc/r)2) and 
shortened in the perpendicular direction (El rlr,). 

1. Microscopic Capillary, For a microscopic capillary, we 
are led then to the following conjecture: the entrance condition 
for a semidilute solution to penetrate into the capillary is 5 1  
= D, Le., r, = E .  Physically, this means that blohs are allowed 
to enter in the capillary as soon as their lateral cross section 
is geometrically small enough. It  leads to the equation for 
J,' 

Using the scaling law E = RF(c*/c)3/4, we find 

(IV.8) 

(IV.9) 

We have a strong dependence of J,' upon c in the SD regime 
and the critical currents are much smaller. 

2. Macroscopic Capillary. At the entrance of a macro- 
scopic capillary (D - 1 mm), the polymer solution flows freely, 
but we have a large region where the polymer chains are 
st,retched by the elongational shear. We evaluate the size re 
of this region. 

The affine deformation starts a t  a distance re from the en- 
trance defined by STr 1, i.e. 

J/re3 N 1/T, (IV.10) 

As a function of the pressure gradient V P  to induce a flow J 
in the capillary: 

(IV.11) V P  = PIL = .rlsJ/D4 

where L is the length of the capillary and re is given by 

(IV.12) 

withL = 1 cm, D = 1 m m , P  = 1 a t m , R ~  = 200A, wefindrJD 
= 10, i.e., re = 1 cm. A large birefringent region should appear 
at the entrance of the capillary. 



758 Daoudi, Brochard Macromolecules 

In fact, secondary flows take place a t  the entrance of the 
capillaryll due to the non-Newtonian character of polymer 
solutions, which lead to a reduction of the elongational shear. 
I t  will be better to perform this experiment by aspirating the 
polymer solution with the capillary in contact with a free 
surface, then secondary flows do not appear. 

I t  is very easy to visualize the stretched birefringent region 
between crossed polarizers. This very simple experiment can 
lead to a direct measure of the reptation time T ,  of semidilute 
polymer solutions. 

V. Concluding Remarks and Best Possible 
Experiments 

Let us summarize the principal results of this study: (1) 
Dilute solutions have a sharp behavior. The molecules can 
cross through pores of diameter less than RF only above a 
critical value of the current of solvent. In a weakly conical pore 
of initial diameter larger than R F ,  they are progressively 
drained by the solvent if J ,  > tT/vs. At the entrance of a cy- 
lindrical pore of diameter less than R F ,  the molecules are 
sufficiently stretched by the elongational shear if J ,  > T/vs. 
Although these two forms of J, agree at  large e,  it  must be 
pointed out that the detailed processes are rather different: 
in the weakly conical pores, our description does not corre- 
spond to an affine deformation of each chain. 

(2) Semidilute solutions have a behavior similar to dilute 
solutions to penetrate into pores of diameter less than t o ,  
which have an abrupt entrance (cylindrical pores), but 
the threshold is much smaller and concentration dependent 
J ~ ~ ' ' S D - ,  = J~~ '*D, , (c* /c)~~/~ .  In pores of cross section slowly 
decreasing, the polymer starts to flow if J ,  is larger than the 
threshold Jc = eT/vs (the same as for dilute solution). Below 
this value, the polymer is clogged if the minimal cross section 
is smaller than and flows freely otherwise. 

Some of the experiments proposed in the present paper can 
be realized by using different kinds of porous media, which 
are now commercially available: nucleopores12 (cylindrical 
pores in polycarbonate of diameter larger than 150 A)  and 
milli ores (irregular network of cellulose ester of minimal size 

small as 20 A. Conical pores are statistically realized in porous 
rocks. I t  would also be possible to construct well defined, 

250 8: ). In leached glass, one can obtain pores of diameter as 

conical pores by using a glass slab with a varying chemical 
composition, bombarded by charged particles and then at- 
tacked chemically. 

The main experiments which we propose follow: (1) Critical 
threshold and measurements of the polymer flow. A porous 
wall separates two reservoirs; one measures the critical gra- 
dient pressure necessary to drain the polymer chains across 
the wall. One can think of two different situations: (a) the 
second reservoir is empty and one determines the pressure 
gradient at  which the polymer appears, (b) the two reservoirs 
have initially the same concentration, but we mark polymers 
of reservoir 1 by a fluoresent tracer and measure the concen- 
tration of marked chains in reservoir 2. (2) Stretching of 
polymer chains a t  the entrance of macroscopic (or micro- 
scopic) pores by optical birefringence. This should lead to a 
simple measure of the reptation time of entangled chains in 
semidilute solutions. (3) Measurement of the free energy of 
confinment of individual chains through the passive diffusion 
between two reservoirs at  different concentrations of poly- 
mers. 
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