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ABSTRACT: Extension and surface coverage of adsorbed poly(2-~inylpyridine)/polystyrene (PVP/PS) 
diblock copolymers were studied by measuring their effect on convective transport in the pores of well- 
characterized mica membranes. When PVP/PS is adsorbed to a mica membrane from toluene, the PVP 
block anchors the diblock to the surface and the PS block imitates a terminally attached chain extending 
from the pore wall. The hydrodynamic thickness of the polymer layer in toluene was measured, and using 
a Debye-Brinkman model for the hydrodynamic interaction of the polymer segments with the fluid, it was 
concluded that the hydrodynamic thickness is a good measure of the polymer layer extension. This con- 
clusion was further supported by agreement between the hydrodynamic thickness in toluene and the chain 
extension estimated from published force-distance measurements on the same diblock samples and by a 
constant hydrodynamic thickness over a range of shear rates (103-104 s-l). The polymer layer was col- 
lapsed by replacing toluene with the nonsolvent heptane, and the hydrodynamic thickness measurements 
in heptane were used to estimate the surface coverage. Reversibility of the extension of the polymer layer 
to changes in solvent quality, from toluene to heptane to toluene, was observed. 

Introduction 
Studies of polymers adsorbed to interfaces generally 

focus on two basic issues. The first involves the equilib- 
rium relationship between the amount of polymer adsorbed 
and the concentration of the polymer dissolved in the 
adjoining solution.'y2 The second issue, the configura- 
tion or ensemble-averaged segment density of the adsorbed 
polymer as a function of distance from the i n t e r f a ~ e , ~ ~  
must be addressed in order to model the thermodynam- 
ics of the adsorption process. Investigation of the details 
of these two issues is of central importance to the many 
current applications of adsorbed polymers. For instance, 
in colloidal dispersions, stability is often determined as 
much by chain extension as by the amount of polymer 
adsorbed.' In cases where polymers are adsorbed to micro- 
porous membranes, membrane permeability and selec- 
tivity are strongly dependent on the conformation of the 
polymer.' 

The unique properties of diblock copolymers, relative 
to the more commonly studied adsorbed homopolymers, 
are apparent when the diblock is designed such that each 
block is compatible with different solvents. The lyopho- 
bic block (insoluble or only marginally soluble in the cho- 
sen solvent) adsorbs to the surface, producing a flat- 
tened bulk-type conformation described as a "wetted" 
layer.' The lyophilic block (well solvated by the sol- 
vent) retains the more diffuse-type segment density asso- 
ciated with a polymer molecule in a good solvent and 
extends into solution away from the  point of a t -  
t a ~ h m e n t . ~ - ~ , '  The solvated chains expand such that 
osmotic forces balance the entropic restoring  force^.^-^^'^ 
Figure l a  is a schematic of the adsorbed diblock copoly- 
mer layer for the solvent conditions described above. When 
adsorbed to a solid surface, amphiphilic diblock copoly- 
mers imitate terminally attached (grafted) chains and thus 
are expected to produce a very different segment den- 
sity profile than that of adsorbed homopolymers. 

Theoretical models attempting to describe the exten- 
sion and segment density profile of terminally attached 
polymers have been proposed in the past. Fleer e t  al.,5 
de Gennes," and Ploehn and Russel" review theories 
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for the configuration of terminally attached polymer chains. 
At present, the models can be grouped into general cat- 
egories: scaling t h e ~ r y , ~ . ~  mean field theory: and self- 
consistent field cal~ulations.'~ The simplicity and avail- 
ability of these theories, and thus the potential for fun- 
damentally understanding adsorbed polymer systems, 
motivate the experimental investigation of terminally 
attached polymers and the use of diblock copolymers to 
approximate this type of system. 

Three basic experimental methods have been used to 
probe the configuration and extension of adsorbed poly- 
mers: spectroscopic techniques (ellipsometry, evanes- 
cent wave-induced fluorescence, and neutron scat- 
tering),14-17 direct measurement of forces between sur- 
faces with adsorbed  polymer^,^^^^*^^ and transport meas- 
urements.8'2@22 In this paper we are concerned with the 
last of these methods, particularly, retardation of vis- 
cous flow by adsorbed polymer. 

The basic principle of hydrodynamic transport exper- 
iments is that the polymer segments represent Stokes- 
lets (points of friction) for the fluid as it flows relative 
to the solid boundary because the segments move on aver- 
age with the solid surface to which they are attached. 
Varoqui and Dejardin23 described the essential features 
of the hydrodynamic effect for flow through porous mem- 
branes, while Anderson and Kim2* generalized and 
extended the hydrodynamic description to colloidal par- 
ticles. When the mean extension of the polymer is small 
relative to the radius of curvature of the solid boundary, 
the effect of the polymer on all laminar flows of solvent 
near the boundary can be represented by one parame- 
ter, the hydrodynamic thickness L,, which depends only 
on the segment density profile for a given adsorbed poly- 
mer.25 

In this paper we present the results of experiments 
designed to study hydrodynamic effects of adsorbed diblock 
polymers on pressure-driven flow of liquids through cap- 
illary-like pores in thin well-characterized membranes. 
The membrane pores act as a support for the adsorbed 
diblock copolymers. Since transport processes through 
the bare mica membrane are well understood, it is a 
straightforward matter to study the net effect of adsorbed 
polymer. The diblock copolymer we have employed in 
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Figure 1. a. Schematic of PVP/PS adsorbed to pore wall sur- 
face in toluene. The PVP block forms a bulk layer of thick- 
ness 6,. The solvated PS chains imitate terminally attached 
chains and are anchored to the interface by the adsorbed PVP 
block. L,  is some characteristic length scale that describes the 
physical thickness of the PS  brush. b. Schematic of PVP PS 

chains have collapsed onto the PVP layer to form a second bulk- 
density layer of thickness 6,. The overall thickness of the PVP 
and PS la ers is the measured hydrodynamic thickness in hep- 
tane, L,$= 8 ,  + 6,. 

adsorbed to pore wall surface in heptane. The nonsolvate d PS 

our  studies is poly(2-~inylpyridine)/polystyrene (PVP/ 
PS) ;  our  samples  a r e  t h e  same  as those used by  Hadzi- 
ioannou and ~ o - w o r k e r s ~ ~ ~ * ~ ~ ~  whose data indicate that 
PVP forms an anchor  by  adsorbing from toluene to a 
mica surface,  with the PS chain extending in to  solution 
as illustrated in Figure 1. 

T h e  hydrodynamic experiments  were performed with 
three  l iquids chosen for solvent qual i ty  with respect t o  
the blocks of PVP/PS: toluene which is a good solvent 
for PS and a nonsolvent for PVP, n-heptane which is a 
nonsolvent for bo th  PVP and PS, a n d  methanol which 
is a nonsolvent for PS and a solvent for P V P .  Methanol  
and heptane a r e  miscible with toluene. T h e  values of 
L,  measured in  hep tane  (LHH) are  used to determine 
t h e  amount of polymer adsorbed per area of pore wall. 
Simple models for the configuration of t h e  adsorbed poly- 
mer and for l iquid flow of solvent through t h e  polymer 
chains are used to relate the measured hydrodynamic thick- 
ness in  toluene (LHT) t o  t h e  extension of t h e  solubilized 
PS block. 

Experimental Section 
The experiments consisted of applying a known pressure dif- 

ference across a porous membrane while measuring the flow 
rate of polymer-free liquid. A schematic of the apparatus is 
shown in Figure 2. A constant flow rate was provided by a syringe 
pump; the pressure drop across the membrane was measured 
with a pressure transducer, and the liquid flow rate was deter- 
mined by periodically weighing samples of the liquid passing 
through the membrane. The hydrodynamic permeability, defined 
as the ratio of the liquid flow rate to the applied pressure dif- 
ference, was determined before and after adsorption of the poly- 
mer. The equivalent hydrodynamic thickness, L,, is defined 
as the thickness of an impermeable layer that  accounts for the 
reduction in membrane permeability due to the adsorbed poly- 
mer. 

The membranes were made from thin sheets of muscovite 
mica, approximately 7 Nm thick, by a track-etch technique." 
With track-etched membranes, pores are created by etching the 
tracks created by collimated fission fragments from a Cali- 
fornium 252 source with a hydrofluoric acid solution. The num- 
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Figure 2. Schematic diagram of the flow apparatus. The liq- 
uid is filtered before passing through the mica membrane. 

-c--------1 
Figure 3. Illustration of the rhomboidal pore geometry of mica 
membranes, where R, is the radius of a circle of the same cross- 
sectional area as a 60' rhomboidal pore with sides of length c. 

ber of pores (n) is controlled by the exposure time of the mem- 
brane to the fission source, while the pore radius is determined 
by the etching time, temperature, and concentration of the aque- 
ous hydrofluoric acid bath. The pores are uniform in size and 
perpendicular to the membrane surface. The uniformity of pore 
size is an important feature of these membranes because a sig- 
nificant pore-size distribution would lead to ambiguous results 
for the hydrodynamic thickness of the polymer layer due to 
biased flow through the larger pores. The pore cross-sectional 
area fraction for the irradiated part of the membranes was approx- 
imately 1%; therefore, the total number of single pores, as mod- 
elled by a binomial pore-size distribution," was greater than 
96%. The pore length (1) equaled the membrane thickness, since 
the pores were perpendicular to the membrane face; the thick- 
ness was determined from the known dimensions and weight 
of the membrane. 

The pore cross section, illustrated in Figure 3, is a 60' rhom- 
bus. We define the pore radius to be the radius of a circle of 
equivalent area. The pore radius of a bare membrane (R,) was 
determined before polymer was adsorbed by measuring the flow 
rate (8,) of toluene or heptane as a function of the pressure 
difference (AP) across the membrane. The membrane perme- 
ability, kHo, is defined as 

where g is the solvent viscosity. The second term (in brackets) 
is the Hagen-Poiseuille equation, which describes flow through 
circular channels of infinite l/R,, while the third term is a cor- 
rection for converging/diverging flow streamlines a t  the pore 
ends.28 The factor 0.68 corrects for the shape of the pore; the 
pore is modeled as an ellipse of axis ratio 2.55, which has the 
same perimeter-to-area ratio as a 60' rhombus.29 Error esti- 
mates for the independent determination of n and 1 are *5% 
and hl% respectively. Each membrane was calibrated (pore 
radius of a bare membrane determined) a t  least twice. From 
eq 1 the uncertainty in R, is computed to be k2%. 

The PVP/PS diblock copolymers were synthesized anioni- 
cally by Hadziioannou et al.;' the molecular weights are listed 
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Table I 
Properties of the PVP/PS Diblock Copolymers" 

PolYm M ,  r ,  A 
designatn PVP PS toluene 8 conditns M A I M ,  

60/60 60000 60000 218 175 1.00 
55/186 54500 185500 420 308 0.29 

5/45 5000 45000 185 152 0.11 
28/95 28000 95000 285 220 0.29 

PSlOO 100000 293 226 

O1 The diblocks (and homopolymer) are designated by the molec- 
ular weight of each block in thousands. M ,  is the weight-average 
molecular weight of the respective block? r is the rms end-to-end 
distance of a free PS chain of the same M ,  as in the diblock copol- 
ymer ( r  was estimated by multiplying the radius of gyration of the 
free PS chain in toluene'' by 4 6 ) .  

in Table I. (Note that the diblock labeling scheme is slightly 
different here than that used in other p a p e r ~ , ~ * ~ ~ , ~ '  although 
they are the same diblock samples.) Polydispersity indices for 
all the diblocks were less than 1.2.93's Adsorption of the poly- 
mer was achieved by contacting the membrane in situ with a 
70 pg/mL solution of PVP/PS in toluene at room temperature 
(typically 22 "C) for a specific time. This contact occurred in 
the glass cell of the pressure drop/flow rate apparatus (Figure 
2). The cell was filled with polymer solution, and the polymer 
was allowed to diffuse into the membrane pores while the cell 
was stirred. The polymer solution was then removed, and the 
membrane was rinsed with pure toluene. The polymer-coated 
membrane was allowed to  equilibrate in toluene. In this man- 
ner, the PVP/PS solution could also be recontacted with the 
membrane to continue the adsorption process. 

Polystyrene was purchased from Pressure Chemical Co. and 
had a polydispersity index of less than 1.1; the molecular weight 
was 100 000. A 4.0 mg/mL solution of polystyrene in toluene 
was prepared and contacted with membrane 90 for 48 h, which 
is the same time used to  adsorb the PVP/PS copolymers. 

The liquids were purchased from Fisher Scientific: Spectran- 
alyzed toluene and HPLC grade n-heptane and methanol. The 
liquids were filtered for removal of particulates with 0.1-pm pore- 
size Nucleopore filters prior to  contact with a membrane. Prep- 
aration of the polymer solution was done with filtered toluene. 
The polymer solutions were also filtered before contact with 
the membrane. In addition, the experimental apparatus upstream 
to the membrane was rinsed thoroughly with filtered toluene 
before assembling the flow cell with the membrane. Fouling of 
any membrane (i.e., a decrease in hydraulic permeability over 
time) was not observed. 

Figure 4 shows sample data. Experiments were performed 
over a wide range of applied pressure to check for nonlinear 
flows that could result from flow-induced conformational changes 
of the adsorbed polymer of fouling of the membrane. Good 
proportionality was observed between WQ and AP with or with- 
out polymer .adsorbed to  the membrane, even a t  the highest 
shear rates (y is defined as Q/nnR,,?. By plotting pQ, rather 
than Q, we can directly compare data taken a t  different tem- 
peratures and with different fluids. The temperature, typi- 
cally 22 "C, varied by less than f0 .5  "C throughout an experi- 
ment. 

Figure 4 also illustrates the general experimental approach 
to investigating the diblock copolymer layer. After membrane 
calibration, adsorption of the polymer, and equilibration of the 
polymer layer in toluene, the hydrodynamic experiments were 
run with toluene. The toluene was then replaced by heptane 
and the hydrodynamic experiments repeated (the same proce- 
dure was followed when methanol was the flowing liquid). Mem- 
branes were allowed 1-2 h of contact with a new liquid for removal 
of the previous liquid and equilibration of the adsorbed diblock- 
copolymer/membrane system before the hydrodynamic exper- 
iments were performed. Permeability experiments were usu- 
ally run several times to check for reproducibility; if the hydro- 
dynamic permeability (kH) was constant over several experiments 
for a particular solvent condition, it was concluded that this 
was enough time for the adsorbed polymer to reach a steady 
conformational state in the new solvent. In all adsorbed diblock- 
copolymer/membrane systems, we found reversibility in the per- 

AP x l o4  (dyneskm 2 )  

Figure 4. Sample data for pQ versus AP plot (R, = 2550 A). 
Symbol nomenclature: (A) membrane pore size calibration (no 
polymer); (0) experimental run in toluene after the adsorption 
of the 60/60 PVP/PS diblock; (m) after collapse of PS block in 
the nonsolvent heptane; (0) after re-expansion of the PS block 
in toluene. Best-fit straight lines are drawn through the data 
points; the slope gives the permeability, k,. 

meability in going from toluene - heptane - toluene. In no 
case did we ever detect desorption of the polymer, which would 
have been indicated by an increase in k ,  for a given solvent 
over time, throughout the duration of a full series of experi- 
ments with a particular membrane (the longest series ran for 
over a month). 

Drying of the diblock-copolymer/membrane system was accom- 
plished by draining toluene from the flow cell, allowing the resid- 
ual toluene to evaporate from the low volume side a t  room tem- 
perature, and then placing the cell and membrane into an oven 
a t  42 "C for 10-12 h. The total drying time was greater than 
24 h. The membranes were judged to be dry when air could be 
forced through with no detectable pressure drop. The diblock- 
copolymer/membrane system was rewet with heptane by slowly 
forcing heptane through the membrane to  fill the low-volume 
side of the flow cell. The membrane was continuously flushed 
in this manner for several hours before hydrodynamic experi- 
ments were conducted. 

Results 
The results of our hydrodynamic experiments  a r e  pre- 

sented as the equivalent hydrodynamic thickness of the 
adsorbed polymer, which is calculated from 

L, = [1.21I-'Ro[ 1 - [ t]"'] 
where R, is computed from eq 1. The subscript 0 means 
that the experiment was r u n  before polymer was adsorbed. 
T h e  prefactor [1.21]-' corrects for  the rhomboidal  geom- 
e t ry  of the pores i n  the mica membrane,  as illustrated in  
Figure 3. L H  represents  the thickness of a totally imper- 
meable layer that m u s t  be applied to the pore walls to 
account  for the reduction i n  the hydrodynamic perme- 
ability of the membrane caused b y  the polymer; i t  is not 
necessarily equal to the actual thickness of the polymer 
layer. 

Table  I1 summarizes  our measurements  of the hydro- 
dynamic  thickness i n  both toluene (LHT) and heptane 
(LHH) for the four  diblock samples. Reversibility of the 
hydrodynamic thickness t o  changes i n  the solvent qual-  
i ty  for the PS chains i n  the sequence toluene - heptane - toluene was observed, as shown i n  F i  ures 4 and 5a; 
that is, we always recovered the same LH'even af ter  con- 
tact ing the membrane with heptane for several days. 
LHT values listed in  Table  I1 a r e  average values for  the 
hydrodynamic thickness before and after exposure to hep- 
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Table I1 
Hydrodynamic Thickness of Polymer Layer versus Pore 

Radius of the Mica Membrane, 
polymer LHT,b A LH,, A 

[membrane] R,, A toluene heptane r /R ,  
60/60 [54] 4360 300 i 30 80 * 30 0.05 

[61] 2550 280f 10 80 * 10 0.09 
[77] 1820 300f20 20 * 20' 0.12 
[47] 1200 360f 10 80 f 10 0.18 
[40] 590 150f lod 10 * 10 0.37 

55/186 [87] 5030 560 f 130 (f 27) 10 i 260 (zt50) 0.08 
[84] 4300 510f 10 -40 i 10 0.10 

28/95 [58] 3240 540 * 10 90 * 10 0.09 
5/45 [88] 4820 340 * 100 (* 63) 90 * 110 (*20) 0.04 

[71] 3390 380*30 90 f 30 0.06 
a Except for membrane 40, values of L,  are for conditions where 

adsorption of the polymer had reached equilibrium. The numbers 
in brackets are membrane designations. LHT and LHH are the hydro- 
dynamic thicknesses in toluene and heptane, respectively, r is the 
rms end-to-end distance of the PS block in toluene (see Table I). 
The average maximum error in the membrane pore radius is &2%. 
Maximum error estimates are given:; error values in parentheses 
were determined from the standard deviation of L H  measure- 
ments. * Average of values measured before and after contact with 
heptane. Only one LHH experiment was performed. Adsorption 
equilibrium may not have been achieved. 

tane. Estimates of the maximum error in L H  are listed 
in Table I1 and were determined from a worst-case error 
analysis of eq 2. For those situations where the error 
analysis resulted in exceptionally large estimates, the stan- 
dard deviation of the L, values is listed to indicate exper- 
imental reproducibility (in each of these cases a t  least 
five separate permeability experiments were performed 
to determine a mean LH). As discussed below, the val- 
ues of L, presented in Table I1 are for conditions where 
the polymer appeared to be adsorbed to equilibrium cov- 
erage. 

The kinetics of adsorption were studied by contacting 
the membrane with the polymer solution for a certain 
time, determining the membrane permeabilities for the 
toluene - heptane - toluene sequence described in the 
Experimental Section, and then re-exposing the mem- 
brane to the polymer solution. Sample data are plotted 
in Figure 6 to qualitatively demonstrate the kinetics of 
PVP/PS adsorption. The pore wall was assumed to be 
a t  equilibrium with the PVP/PS solution when kH for 
toluene and heptane no longer decreased with further 
exposure of the membrane to the polymer solution. In 
general, the total exposure of the membrane to the poly- 
mer solution in these experiments was greater than 48 
h, which seemed to be more than enough time to achieve 
equilibrium adsorption. 

Three comments about the adsorption of these diblock 
polymers to mica membranes are worth mentioning. First, 
the relatively slow progression of the diblock-copolymer/ 
membrane system to the equilibrium state cannot be 
attributed to hindered diffusion of polymer through the 
pores. The time scale for diffusion of the polymer through 
the length of the pore is small, -10 s, allowing for hin- 
drance effects caused by the finite polymer-to-pore size 
ratio,30 compared to the contact time of =lo4 s needed 
to reach equilibrium adsorption. Tassin et  a1.26 also 
observed apparent kinetic limitations to adsorption at  
flat surfaces with three of the same polymers used in our 
study. Second, other data from our experiments similar 
to that plotted in Figure 6 reveal that the two diblocks 
with the shorter PVP chains, 5/45 and 28/95, reach equi- 
librium adsorption significantly faster than the 60160 and 
55/186 diblocks. Finally, because the PVP/PS solu- 
tions were filtered before contact with the mica mem- 
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Figure 5. a. Hydrodynamic thickness ( L  as a function of 
shear rate (y = Q/nlrR,-,? for the 60160 PvPjPS (R, = 2550 
A). Symbol nomenclature: (0) initial measurements with tol- 
uene (LHT); (D) after change to  heptane (LHH); and (0) after 
re-expansion in toluene ( L  T). b. LHT as a function of shear 
rate (r)  for the PVP/PS dglock copolymers. Symbol nomen- 
clature: (.) 28/95 PVP/PS (R, = 3240 A); (0) 5 45 PVPIPS 
(R, = 3390 A); (a) 60 60 PVPIPS (R, = 1200 A(; (0) 551186 
PVP/PS (R, = 5030 d ). 

I 8 

300t * 
A 

4, 200 
I 

J 

0 
0 

0 2 0  4 0  6 0  8 0  1 0 0  

Adsorption f l m e  (hrs) 
Figure 6. L,  as a function of adsorption time for 60160 PVP/ 
PS (R, = 1200 A). Symbol nomenclature: (0) LH.T in toluene 
after exposure of the membrane to polymer solution; (D) L 
after collapse in heptane; (0) LHT after re-expansion in t o k -  
ene. 

branes, it  is possible that these solutions were at  concen- 
trations below the critical micelle concentration (cmc), 
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Table 111 
Hydrodynamic Thickness (in A) of the Polymer Layer for the Sequence of Experimental Conditions Designed To Investigate 

Negative Values of LHH * 
from Table 111 after exposure to MeOH after drying polymer 

5/45 [88] 4820 330 90 350 200 330 110 330 SO(k34) 350 70 
[membrane] R,, A LHT L H H  L€iT L H M  L H T  L H H  L H T  L H H  L H T  L H H  

55/186 [87] 5030 540 10 570 200 610 80 560 70(f 13) 530 -10 

PSIOOb [go] 1630 110 -60 100 -70 30 -80 20 
[84] 4300 510 -40 510 200 660 120 630 

LHM is the hydrodynamic thicknesses in methanol. After exposure of the polymer layer to MeOH, the polymer layer was contacted 
with toluene and then heptane. The membrane was dried and then re-exposed to heptane and toluene, and finally, LHH was measured. 
Error estimates are consistent with those listed in Table 11, and error values in parentheses were determined from the standard deviation of 
L,  measurements. * An estimate of the maximum error in LH is +30 A. The polystyrene homopolymer (PS100) was adsorbed from a con- 
centrated toluene solution (4.0 mg/mL). 

which is about 65 pg/mL for the 5/45 and 60160 di- 
Tassin et  alaz6 reported that concentrations of 

this polymer above and below the cmc give essentially 
the same equilibrium surface coverage, while Munch and 
Gast3' reported that the equilibrium surface coverage for 
a PEO/PS diblock depends on the concentration, with 
polymer solutions below the cmc giving higher equilib- 
rium surface coverages. 

Table I1 indicates that there is a pore size effect for 
the 60160 diblock when r / R o  20.18, where r is the root- 
mean-square end-to-end distance of the corresponding 
isolated PS chain in toluene solution. While this result 
is perhaps not surprising, little can be made of it in a 
quantitative sense because of the difficulty in under- 
standing effects of the nonuniform curvature (i.e., cor- 
ners) of rhomboidal pores and the difficulty in interpret- 
ing L ,  when it is a large fraction of the pore radius. In 
general, the data indicate that L, increases as R, decreases, 
as observed in studies with homopolymers.s~22 With the 
smallest pores (R ,  = 590 A), we found that equilibrium 
adsorption was not achieved after 90 h of contact with a 
solution of the 60160 diblock. For membranes with large 
pores (r /Ro I 0.1) there was no appreciable pore-size effect 
on the value of L,. 

Our experiments with toluene and heptane showed no 
dependence of LH on shear rate. Figure 5 illustrates that 
I,, is essentially constant over the range of shear rates 
(+ = 103-104 s-l) attainable in our experiments. The 
absence of shear-rate effects implies the polymer layer 
had a fairly sharp outer edge, although it is possible that 
some highly extended chains were already flattened at  
high shear rates of order lo3 s-'. 

Puzzling results were obtained for the 551 186 diblock 
(see membranes 84 and 87 in Table 11). Upon changing 
the liquid from toluene to heptane (by the procedure out- 
lined in the previous section) the membrane permeabil- 
ity increased over that of the membrane before the adsorp- 
tion of the 551186 diblock, resulting in a negative L,. 
Negative values of LHH were observed for six other mem- 
branes with the 551186 diblock adsorbed (data not pre- 
sented here). Negative values of LHH persisted even after 
extended contact (several days) of the membrane with 
heptane, yet we observed reversibility to changes in sol- 
vent and were able to recover the original positive val- 
ues of LHT after recontact with toluene. Therefore, a 
simple argument such as defects (cracks) in the mem- 
brane cannot explain these data. Negative values of 
LHH were not observed with diblocks other than the 551 
186. 

A series of experiments was designed to investigate the 
negative values of LHH. Membrane 88, with the 5/45 
diblock adsorbed, acted as a control and was exposed to 
the identical experimental history as membrane 87 with 
55/ 186 adsorbed. The experimental history of solvent 

changes is toluene - heptane - toluene - methanol - 
toluene - heptane - toluene - membrane dried - rewet 
with heptane - toluene - heptane. After each change 
of solvent, the hydrodynamic thickness of the polymer 
layer was measured; the results are given in Table 111. 
After the drying step, the flow experiments with hep- 
tane gave positive values of LHH. We believe that the 
membrane was completely rewet after drylng because when 
the liquid was changed from heptane to toluene, the mea- 
sured value of LHT was the same as the value before dry- 
ing. Most interesting is the fact that LHH was again neg- 
ative or small for membrane 87 after the toluene reex- 
posure step (see last column of Table 111). 

In addition to the experiments with PVP/PS described 
above, a homopolymer of styrene (PSlOO) was studied to 
see whether or not PS would adsorb to mica from con- 
centrated solutions and also to aid in understanding the 
negative values of LHH obtained with the 551186 diblock 
copolymer. The experimental history of membrane 90 
is given in Table 111. The adsorbed PSlOO exhibited neg- 
ative values of L, in heptane as well as reversibility to 
the solvent changes between toluene and heptane. Fur- 
thermore, the adsorbed PSlOO also exhibited negative 
values of L, with exposure to methanol, but after expo- 
sure of the membrane to methanol, the original hydro- 
dynamic thickness in toluene (LHT) was not  recovered. 

Adsorption of PSlOO from dilute  solutions (=70 pg/ 
mL) ranging from good to poor in solvent quality (by 
increasing the percent volume of heptane with respect 
to toluene) was also attempted. The measured values of 
LHT were so small as to be experimentally insignificant. 
These results imply that a t  the dilute  concentrations of 
our diblock polymers, there was negligible adsorption of 
the PS block. 

Analysis and Discussion 

Physical Model of Polymer Layer. The two extreme 
conformations of the polymer layer that we envision are 
shown in Figure 1. Because toluene is a nonsolvent for 
PVP, the PVP block adsorbs to the mica pore wall to 
anchor the PS chain. (This was confirmed by the obser- 
vation that PSlOO did not adsorb from toluene at  70 pg/ 
mL.) The density of the PVP layer is assumed to equal 
the bulk-solid value when the liquid phase is either tol- 
uene or heptane, since both liquids are nonsolvents for 
PVP.33 We assume a uniform layer of PVP on the pore 
wall; however, this assumption cannot be checked directly 
by our experiments. The PS chains are in an expanded 
state when toluene is the liquid but collapse into a "dense" 
state when heptane replaces the toluene. Because hep- 
tane is a nonsolvent for PS and does not swell this poly- 
mer,34 we estimate that the density of the PS layer in 
heptane equals the bulk-solid value. 
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As noted in the previous section, the negative values 
of L H H  observed with the 551186 diblocks cannot be 
explained by defects (e.g., holes) in the membranes. A 
negative value for LH arises when the measured mem- 
brane permeability is greater with the polymer adsorbed 
than for the bare membrane. A possible explanation for 
this behavior is that the viscosity of the liquid in the 
pores is overestimated; for instance, if toluene is trapped 
in the collapsed PS layer when the fluid is changed from 
toluene to heptane, toluene would be expected to mix 
with heptane so that the fluid in the pore is no longer 
pure heptane. I t  is well-known that mixtures of two sim- 
ple liquids, such as toluene and methanol, can exhibit 
lower viscosities than either pure If the viscos- 
ity of the fluid within certain regions of the pores is less 
than the pure liquid value assumed in eq 2, then a neg- 
ative LH might be computed. From Table I11 (mem- 
brane 90) it is noted that PSlOO exhibits a negative value 
for LH in both heptane and methanol. The adsorbed 
diblocks would not be expected to exhibit negative val- 
ues for L in methanol since methanol is a good solvent 
for PVP'S~~ and would be expected to swell the PVP 
layer; this is confirmed by the data presented in Table 
111. 

Membranes 87 and 88 (see Table 111) were dried and 
then rewet with heptane according to the procedure 
detailed in the Experimental Section. Both membranes 
exhibited positive values for LH in heptane after drying. 
The 5/45 and 55/186 diblock layers were re-expanded 
in toluene. The final two columns in Table I11 indicate 
that af ter  the drying procedure and then re-exposure of 
the membrane to toluene, the diblock layers returned to 
the state that was observed for the measurements listed 
in Table 11. Negative values of L H H  were once again 
observed for the 55/186 polymer after collapse from tol- 
uene to heptane. These results suggest that a mixed- 
solvent effect in going from toluene to heptane could have 
been responsible for the negative values of LHH observed 
with the 55/186 diblock; however, we do not understand 
at  present why the other diblocks were not similarly 
affected. 

Surface Coverage. Our strategy is to use the hydro- 
dynamic measurements with heptane for a given diblock- 
copolymer/membrane system to compute the amount of 
polymer adsorbed per area of pore wall (r) and the thick- 
ness of PVP layer (6,). Assuming both blocks are "dense" 
phases in heptane, the hydrodynamic thickness equals 
the sum of the two condensed layers 

(3) 
where the subscripts A and B denote PVP and PS, respec- 
tively. With this interpretation, a material balance on 
the condensed layers gives 

where Mi and pi are the molecular weight and density 
for the i block. The number of PS chains per area of 
pore wall (a) is given by 

(5) 

where No is Avogadro's number. Finally, the thickness 
of the PVP layer, which is assumed to be the same for 
heptane and toluene, is 

Table IV 
Adsorption Parameters Determined from the LnH Values. 

ROI 
polymer A 
60/60 4360 

2550 
55/186 5030 
28/95 3240 
5/45 4820 

4820 
3390 

r, mg/mz 
8.5 * 3.1 
8.6 f 0.7 
7.1 f l .Ob 
9.2 f 0.9 
9.1 f 2.0 
6.0 f 3.0b 

10.0 * 3.8 

102u20 

1.0 f 0.4 
1.0 f 0.1 
0.4 f 0.1 
1.0 f 0.1 
2.5 f 0.6 
1.7 * 1.0 
2.8 * 1.1 

40 
40 
10 
20 
10 
10 
10 

uNA2I3 

3.0 X loW2 
3.0 x 
1.2 x 
1.9 x 10-2 
1.5 X lo-' 
1.0 x 10-2 
1.6 X lo-' 

u N ~ ~ W ~ ~ . ~  
6.9 X 
7.0 X 
3.8 x 10-2 
5.7 x 10-2 
4.7 x 10-2 
3.1 X lo-' 
5.2 X 

r is the surface coverage. The PS chain surface density, u, has 
been made dimensionless by a', where a is the size of a PS segment 
(4.8 A). 6, is the thickness of the PVP bulk-type layer, where 
LHH = 8, + 8,. In these calculations the density of each block layer 
is assumed to be the bulk solid density: pA4' = 1.17 g/cm3 and 
pB = 1.05 g/cm3. Errors are based on the maximum error esti- 
mates listed in Table 11. Surface coverages calculated from LHH 
measurements after drying listed in Table 111. 

Values of the above parameters obtained from the L H H  
data in Table I1 are shown in Table IV. The surface 
coverage for the 55/ 186 diblock was calculated from the 
value of LHH measured after drying the membrane (list- 
ed in Table 111). The surface coverage of the 5/45 diblock 
(membrane 88) that was calculated from the value of 
LHH after drying is also listed in Table IV. u has been 
nondimensionalized by a2, where a is the segment size 
estimated from the Flory expression3' describing a PS 
chain in toluene ( ~ 4 . 8  A). a2u is a measure of the area 
fraction of the pore wall occupied by terminal attach- 
ments sites for PS chains. The surface coverages (r) pre- 
sented in Table IV are consistent with those measured 
for the equilibrium adsorption of the 5/45, 60160, and 
55/186 diblock samples on a silver surface;26 however, 
our values of r are higher by factors of 2-5 than those 
determined for adsorption of poly(2-vinylpyridine) / 
polyisoprene diblock polymer from toluene to the basal 
plane (surface) of mica.37 A higher adsorption to the pore 
wall of mica is to be expected since this etched surface 
has a higher affinity for adsorbing amphiphilic mole- 
c u l e ~ . ~ '  

Patel et  a1.l' and Munch and Gast' have formulated 
predictions for the relationship between u and the block 
molecular weights of the polymer. Patel et al. suggested 
that the adsorption density is determined by the size of 
the nonsolvated block (Ni is the number of monomers in 
the i block), which scales as therefore, the sur- 
face density scales as u - NA-2/3. Munch and Gast used 
a mean field theoretical approach to determine the total 
free energy of a system of adsorbed diblocks in equilib- 
rium with a diblock solution; numerical analysis of their 
model suggested that diblock ad3orption scales as Q - 
N A ~ ' ~ N B ~ ' ~  wh en the A block is small relative to the B 
block (MA/MB < 0.1). In Table IV we list our experi- 
mentally determined surface coverages normalized by the 
two scaling relationships. Given the error limits on u, 
we cannot reach a conclusion about which exponent on 
N A  is correct. The data do suggest that there is a depen- 
dence on NB, which is in qualitative agreement with the 
Munch and Gast theory. 

Hydrodynamic Model and Polymer Layer Exten- 
sion. Because toluene is a nonsolvent for PVP, we assume 
that the PVP layer is condensed, as shown in Figure la ,  
and essentially unchanged from its configuration in hep- 
tane; therefore, the effective hydrodynamic thickness of 
the PS chains is L* = LHT - 6,. From the 8, values 
listed in Table IV, it can be seen that almost the entire 
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hydrodynamic thickness of the adsorbed diblock layer 
in toluene is provided by the solvated PS chains. 

L, is a measure of the hydrodynamic resistance between 
the adsorbed polymer and the liquid as it flows through 
the pores. The total friction between the adsorbed poly- 
mer and the fluid is a measure of the physical extension 
of the polymer molecules away from the adsorption inter- 
face. The local polymer friction effect, operating at  the 
segment length scale, can be modelled by using a Brink- 
man permeability coefficient ( K ' ) ,  such that under low 
Reynolds number flow conditions the fluid velocity v is 
described by the Debye-Brinkman equation21323324 and 
conservation of fluid mass 
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sity profile as constant over a distance LB from the solid 
surface. 

The measured values of (1'0 listed in Table IV indi- 
cate that our polymer layers are in the overlapping chain 
regime. We have chosen a hypothetical step-function 
segment density profile as an approximate description 
of the polymer layer when toluene was the liquid 

PT2V - vp - PK'V = 0 ( 7 4  
0-v = 0 (7b) 

where P is the viscosity coefficient of the liquid. K~ depends 
on the local polymer segment density p ( y ) ,  where y is 
the distance from the pore wall; if this relationship is 
known and a model for p ( y )  is postulated, then eq 7 can 
be solved and compared with the experimental value of 
LH to determine a "true" length scale for extension of 
the adsorbed polymer layer. 

Varoqui and DejardinZ3 solved the Debye-Brinkman 
equation for polymer adsorbed to cylindrical pores, assum- 
ing an exponentially decaying profile for p ( y )  and free 
draining of fluid through the segments. A more general 
hydrodynamic formulation was developed by Anderson 
and Kim24 for polymer adsorbed to spherical particles. 
Their model for the hydrodynamic thickness can be gen- 
eralized to any laminar flow, including flow through porous 
media, when LH is small relative to the length scale of 
the flow (here, the pore r a d i ~ s ) . ' ~  To determine L, from 
the properties of the adsorbed polymer, the following equa- 
tion must be solved for the function G(y) 

where K~ is a function of y and G is proportional to the 
retardation of the fluid velocity caused by the polymer. 
The boundary conditions are given by 

L,  is given by 

This result can be used with measured values of LH and 
an experimentally measured functionality of K~ with p ( y )  
to deduce properties of the polymer layer. 

As discussed previously, a number of a ~ t h o r s ~ , ~ . ~ , ' ~  have 
proposed theoretical models to describe the segment den- 
sity profile of a polymer layer of terminally grafted poly- 
mer chains. In general, two different surface coverage 
regimes have been proposed to categorize polymer lay- 
ers in pure fluids: a regime of noninteracting chains (low 
~ ~ c r ) ~ ~ ' ~ a n d  a regime of overlapping chains (large a2u).3v4 
Scaling arguments imply that the transition between these 
regimes is determined by size of the terminally attached 
chain were it in free solution; therefore, the overlapping 
chain regime is defined by azo >> NB+I5. The scaling 
arguments of Alexander3 and de Gennes4 and some of 
the self-consistent field lattice calculations of Cosgrove 
et  al.13 qualitatively describe the polymer segment den- 

where p B ( y )  is the local sensity density within the B layer 
(see Figure la). For the PVP/PS diblock with toluene 
as the liquid, the pore wall (y = 0) is defined as the outer 
edge of layer A (see Figure la); therefore, the L H  of eq 
8d is L*, the hydrodynamic thickness of the solvated PS 
chains. The two parameters that describe the segment 
density profile, po and LB, are determined from the exper- 
imental values r B  and L* and the hydrodynamic model. 
r B  is the surface coverage due to the presence of the PS 
chains, so rB is given by 

where values of r are listed in Table IV. With eq 9 we 
have 

(10) 

To solve eq 8 and thus determine LB, a relationship 
between the Brinkman permeability coefficient K~ and 
p B ( y )  is required. Roots et reported experimental 
values for the sedimentation coefficient for overlapping 
polystyrene chains over the concentration range 0.001- 
0.13 g/cm3. The sedimentation coefficient (s) is related 
to the permeability coefficient t h r o ~ g h ~ ~ ~ ~ ~  

r B  = JmPe(4') dY = PO 

(11) 

where p is the pure solvent viscosity, v and us are the 
partial specific volumes of the solute and fluid, respec- 
tively, and c is the segment concentration. In the high 
concentration range (0.06-0.13 g/cm3) the data are fit 
well by the following empirical relation 

(12) K~ = H p B  

with H = 9.96 X 1015 cm-'(cm3/g)" and m = 2.04. 
The general solution to eq 8d using eqs 8a-c, 9, 10, 

and 12 can be expressed in terms of a dimensionless param- 
eter, P 

m 

L* = LBF(P) (13) 

0 = HL;pom = HLB2-mrgm (14) 
The function F depends on the segment density profile. 
For the model step-function segment density profile given 
by eq 9, eq 8 is solved analytically to obtain 

where 

L, is found by substituting the experimental values for 
r B  and L* into eqs 13-15; the results are listed in Table 
v. 

The step function model for the segment density pro- 
file of the PS chains shows that LB = L*; that is, LH is 
essentially a direct measure of the extension of the PS 
block in toluene. This is true because /3 >> 1, which means 
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Table V 
Effective Hydrodynamic Thickness (L*) and Calculated 

Thickness (La) of the PS Chains in Toluene. 

polymer k, k, 1' L*/r L*a-'13NR-' L*N R A  -O.'N 4'' 
R,, L*, L 

60/60 4360 260 270 1.19 4.6 1.0 
2550 240 250 1-10 5.5 1.0 

55/186 5030 550 560 1.31 5.5 1.0 
28/95 3240 520 530 1.86 7.4 1.7 
5/45 4820 330 330 1.78 1.8b 2.4 

3390 370 370 2.00 8.0 2.7 

a L ,  is the thickness of the polymer layer calculated from the 
hydrodynamic model with the assumption of a constant segment 
density within the polymer layer. Calculated from average of val- 
ues for u. 

Table VI 
Comparison of the Hydrodynamic Thickness in Toluene, 
LHT, and the Thickness, a", Estimated from the Force vs 

Distance Measurements of Tirrell et a1.l' on the Same 
Diblock Copolymer Samples in Toluene 

60/60 290' 250 
55/186b 540' 600-11OOc 
28/95 540 
5/45b 360" 300 
60/90 375 

L,= values are presented as an average of LHT values from mem- 
branes 54 and 61 for the 60/60 diblock, membranes 88 and 71 for 
the 5/45 diblock, and membranes 84 and 87 for the 55/186 diblock. 

Tirrell et  a1.18 and Tassin et a1.*' have labeled the 5/45 and 55/ 
186 diblocks as 5/60 and 60/150, respectively. ' Estimation of 6'' 
for the 55/186 diblock is difficult because of the shape of the force 
vs distance profile; a range of possible values for is presented. 

that there was no significant flow through any part of 
the PS layer. The absence of shear-rate effects on LHT 
is consistent with a dense "brush" structure for the solvated 
PS layer, at  least in the range of shear rates studied here. 
Use of a more realistic segment profile, such as that pre- 
dicted by the self-consistent field lattice calculations of 
Cosgrove et al.,I3 would probably not significantly increase 
the values of L B  relative to L*. The purpose of our sim- 
ple model is to show that the hydrodynamic thickness is, 
in fact, a characteristic physical  length scale of the solvated 
portion of adsorbed diblock copolymers in the overlap 
surface coverage regime. 

Table VI shows a comparison between our hydrody- 
namic thicknesses (LHT) and thicknesses for the same 
diblock polymers in toluene estimated from the surface- 
force apparatus (asf) of Tirrell et Pf was estimated 
from the force vs distance data by associating the diblock 
layer thickness with the separation distance between the 
mica surfaces at  a force FIR = 50 pN/m. Agreement of 
the hydrodynamic thickness with dsf is good, a fact which 
serves to strengthen our conclusions reached about the 
equivalence between L* and L,. This agreement might 
a t  first seem inconsistent with the fact that our values 
of u are higher than those measured for the surface- 
force apparatus  experiment^;^^ however, the depen- 
dence on the surface coverage is predicted to be weak 
(LB - u1I3), as discussed below. 

A convenient way to evaluate the extension of the PS 
chains of the diblock copolymer layer is to associate the 
measured hydrodynamic thickness with the equilibrium 
size of the chain were it unattached in free solution. In 
Table V we compare L* to the root-mean-square end-to- 
end distance ( r )  of the PS chain were it freely dissolved 
in toluene.41 Table V shows that as a2u increases the 
relative extension of the PS chain increases; the chains 

are stretched compared to  their equilibrium conforma- 
tions in free solution. 

de Gennes" suggested that the thickness of a layer of 
terminally attached chains scales a8 LB - ~ N B c ~ ' ~ .  Munch 
and Gast' considered adsorption of diblock copolymers 
from solution and derived the relationship L,  - 
NBn'7NA0.17. In the final two columns of Table v we 
present the measured thicknesses of the PS chains (L*) 
normalized by each of these scaling relationships (for de 
Gennes' expression we used experimental values of u in 
the normalization). The data are perhaps too limited in 
range and accuracy to judge the quantitative correctness 
of either model, but the similarity of LHT measurements 
for the 55/186 and 28/95 diblock copolymers implies that 
the polymer layer thickness depends on the molecular 
weight of both blocks. 

Summary 

The experiments indicate that the hydrodynamic thick- 
ness of diblock copolymers that are relatively monodis- 
perse, where one block preferentially adsorbs to the liquid/ 
solid interface, is approximately equal to the actual exten- 
sion of the polymer from the interface a t  sufficiently high 
surface coverages, an equivalence that does not hold for 
adsorbed homopolymers. The layer thicknesses we mea- 
sured are in good agreement with the values deduced for 
the same diblock polymers adsorbed to mica in a surface- 
force apparatus. Further evidence of a dense "brushn is 
given by the fact that there was no shear thinning of the 
polymer layer over the shear-rate range of 103-104 s-'. 

Another important observation is that the solvated por- 
tion of the polymer, the PS block in our case, could be 
reversibly collapsed and expanded by changing the sol- 
vent from toluene to heptane to toluene. We collapsed 
the PS block 5-9-fold (the overall polymer layer by 4-8- 
fold) and re-expanded it by changing the solvent. Fur- 
thermore, re-expansion of the polymer layer was achieved 
in toluene even after drying liquid from the pores. These 
reversible conformational changes of the expandable block 
might prove useful in developing membranes with "tun- 
able" properties. 

Nomenclature 
polymer segment size (A) 
membrane permeability without adsorbed poly- 

mer pQn/ fl (cm3) - .  
membrane permeability with polymer adsorbed 

12QIfl (cm3) 
physical thickness of solvated B chains of adsorbed 

hydrodynamic thickness of adsorbed polymer in 

hydrodynamic thickness of adsorbed polymer in 

hydrodynamic thickness of adsorbed polymer in 

diblock polymer (A) 

toluene (A) 

heptane (A) 

methanol (A) 
hydrodynamic thickness of solvated PS chains, 

LHT - 6, (A) 
pore length (cm) 
weight-average molecular weight of i block of 

number of monomer segments in i block of diblock 

Avogadro's number (molecules/mol) 
number of pores in a mica membrane 
flow rate of liquid through membrane (cm3/s) 
radius of pores in a bare mica membrane (A) 

diblock copolymer (g/mol) 

copolymer 
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r 

S 
V 

Y 

Y 
AP 

r 

Si 

8s' 

K 2  

P 
U 

"s 

Pi 

U 

root-mean-square end-to-end distance of the  cor- 
responding PS chain of a diblock in toluene 
(unperturbed by adsorption) (A) 

sedimentation coefficient (s) 
fluid velocity (cm/s) 
distance from adsorbing surface (cm) 
surface coverage (mglm") 
shear rate Q/nxRo3 (9-l) 
pressure drop across the  mica membrane (dyn/ 

cm") 
thickness of collapsed i layer of adsorbed diblock 

polymer (nonsolvated state) (A) 
thickness of adsorbed PVP/PS measured by sur- 

face-force apparatus (in toluene) (A) 
Brinkman permeability coefficient (cm-") 
pure liquid viscosity (g/cm s) 
partial specific volume of solute (cm3/g) 
partial specific volume of fluid (cm3/g) 
density of collapsed i layer of adsorbed diblock 

number of apparent  terminally attached chains 
polymer (bulk density) (g/cm3) 

per area (grafts/A") 

Subscripts i 
A 
B 

PVP block of diblock copolymer PVP/PS 
PS block of diblock copolymer PVP/PS 
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