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ABSTRACT We have measured the force-distance profiles between two curved mica sheets immersed in 
toluene and in xylene, both in the pure solvents and following addition of polystyrene (PS), end-function- 
alized polystyrene of different molecular weights M, PS-X(M), and polystyrenepoly(ethy1ene oxide) diblock 
copolymers (PS-PEO) with a short PEO block. Our results show that PS does not adsorb from the (good 
solvents) toluene and xylene but that once PS-X or PS-PEO are added to the solution the surface is rap- 
idly covered, showing that the nonadsorbing PS tails are anchored at one end only. The force profiles fol- 
lowing surface coverage are monotonically repulsive, and the range 2L0 for onset of interaction is roughly 
twice that of the corresponding adsorbed chains. There is no evidence of bridging attraction at low surface 
coverage or of finite relaxation times following strong compression, both of which are characteristic of 
adsorbed chains. The qualitative behavior with both PS-X and PS-PEO is very similar. For the PS- 
X(M), we find Lo a: i@6, and we are also able to estimate the mean interanchor spacing s and find it to 
increase markedly with M. These features are in accord with equilibrium expectations for a fixed anchor- 
ing energy of the polystyrene on the mica. We find that our data are well fitted quantitatively both by 
scaling and by mean-field models. 

I. Introduction 

Two solid surfaces bearing a high surface coverage of 
adsorbed flexible polymer repel each other strongly as 
they approach in a good-solvent medium, and this despite 
the mutual van der Waals attractions between the under- 
lying surfaces themselves. This effect is due to the large 
osmotic repulsions between segments in the opposing lay- 
ers, and its use in the steric stabilization of colloidal dis- 
persions is well In recent years the forces 
between two smooth surfaces bearing adsorbed flexible 
chains have been extensively studied and have provided 
insights into the nature of polymer-modified surface in- 
teract ion~.~ In particular, the attractive bridging effect 
due to polymer chains simultaneously adsorbed on both 
surfaces was shown to play an important role, especially 
a t  low surface coverage by the polymer: and even in good- 
solvent conditions.' Since the route to the (repulsive) 
high surface coverage regime generally proceeds through 
a stage of low surface coverage by the adsorbed chains 
(with bridging-attraction dominance), problems of floc- 
culation in colloidal dispersions can occur on the way to 
the desired sterically stabilized This is fre- 
quently overcome by using grafted or end-adsorbed chains 
as steric stabilizers:' in this situation one end only of the 
chain is attached to the surface (either physisorbed or 
chemically bonded), while the rest of the chain contour 
is nonadsorbing (and hence nonbridging) and dangles out 
into solution. Diblock copolymers, with one of the blocks 
adsorbing and the other nonadsorbing, can lead to sim- 
ilar configurations, though the adsorbing block should 
be sufficiently short to ensure absence of bridging. 

Earlier direct studies of forces between solid surfaces 
bearing polymeric or oligomeric surfactants, which have 
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been interpreted in terms of an adsorbing moiety and 
nonadsorbing tail, have been reported in a number of 
cases: these include anionic alkyl-poly(ethoxy) surfac- 
tants in aqueous media?' where the anchoring moiety 
is an oligomeric alkyl section and the nonadsorbing tail 
is the poly(ethoxy) chain. The nonadsorbance of the 
homopolymer polystyrene (PS) onto mica from toluene, 
observed earlier," makes this polymer a convenient choice 
as a nonadsorbing tail in the surface force studies; this 
has led to measurements between mica surfaces immersed 
in toluene solutions of diblock copolymers where one of 
the components is polystyrene or a related polymer. The 
force measurements in solutions of poly(viny1pyridine)- 
polystyrene (PVP-PS) by Hadziioannou et  a1.l' and 
PVP-poly(tert-butylstyrene) by Ansarifar and Luckham,12 
where in both cases the PVP block is assumed to adsorb 
while the styrene block is assumed nonadsorbing, fall into 
this category. All these studies show broadly monotonic 
repulsion as the surfaces approach each other; the use of 
PVP anchoring blocks that are comparable in size to the 
nonabsorbing block, and that are intrinsically insoluble, 
may in addition lead to interesting surface  structure^'^ 
and to behavior that combines characteristics both of 
adsorbing and nonadsorbing chains.= 

In the present experiments we sought a system that 
would mimic a layer of end-grafted polymer chains as 
closely as possible. To this end, we used nonadsorbing 
chains (polystyrene in toluene and xylene, both good sol- 
vents, with mica as a substrate) with a single polar func- 
tional group at  one end of the polymer: after some trials 
a functional group was found that would anchor the chains 
to the mica. (Polystyrene chains having -N(CH3), F d  
-COOH terminal groups failed to adsorb onto the mica 
in these conditions.) A similar effect was achieved by 
bonding a short poly(ethy1ene oxide) (PEO) moiety onto 
the PS chains: PEO is known to adsorb onto mica from 
toluene.'' 

In this paper we describe a comprehensive study of 
interactions between two surfaces bearing polystyrene 
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Solvents employed, BDH Analar or Aristar grade toluene and 
xylene, were used as received and generally introduced into the 
apparatus through 0.22-wm prewashed Fluoropore filters. All 
cleaning solvents were of Analar quality and the water used for 
rinsing was triply distilled. 

(b)  Experimental  Method. We used the mica force- 
balance technique, which has been described in detail pre- 
viously;'g20 both the apparatus at the Weizmann Institute and 
that at the Cavendish were utilized; results for similar experi- 
ments were identical (within scatter) in both laboratories. 

The experiment allows the force F(D)  between two curved 
mica surfaces (mean radius of curvature R = 1 cm) to be mea- 
sured as a function of their separation D in the range 0-3000 
A. Separations are determined by white light interferometry 
to an accuracy of about 3 A. The optical technique also allows 
the refractive index of the medium separating the mica sur- 
faces to be determined and hence an estimate of the amount of 
adsorbed species to be made.20~21 

At  the commencement of each experiment the clean mica 
surfaces were brought into contact in air as a check that no 
contamination was present and in order to give a zero surface 
separation point relative to which all subsequent separations 
could be calculated. The surfaces were then separated, and the 
pure solvent, toluene or xylene, was introduced into the appa- 
ratus. The forces between the surfaces in the absence of any 
polymer were then measured. 

The unfunctionalized polystyrene was at that stage added to 
the solvent to a concentration 10-6-10-7 mol/L (- 10-4-10-5 w/  
w), and the force profiles were measured again after a 12-h incu- 
bation in the PS solution. Finally, PS-X or PS-PEO was added 
to the solution, to concentrations 10-4-10-5 w/w, and the sur- 
face interaction profiles were measured again at  different times 
following introduction of the polymer. 

111. Results 
(a) Pure Solvent. T h e  interaction between the  mica 

surfaces in  the  pure toluene or xylene medium was very 
similar to force profiles in undried organic solvents reported 
earlier." Typical results are shown in Figure 2: little inter- 
action down t o  a separation D - 150 A, following which 
a short-range attraction causes a jump  of the surfaces 
into contact. Identical behavior was observed both in 
toluene and  in xylene. Indeed, we found that, within t h e  
scatter, results of all measurements in this study were 
identical in both solvents, a n d  we shall henceforth relate 
t o  one or t he  other interchangeably. While the  short- 
range attraction (Figure 2) resembles a van der Waals 
interaction between the  bare mica sheets, it is probably 
due, in part ,  t o  capillary attraction arising from water 
condensation into a microdroplet between the  surfaces." 

(b) Addition of Unfunctionalized PS. When the  
pure solvent was replaced by a solution of t he  unfunc- 
tionalized polystyrene of concentration lo4 mol/L ( N lo4 
w/w), no  measurable difference in the interaction pro- 
file was observed even after 1 2  h of incubation (see Fig- 
ure 2). Thus  we conclude that unfunctionalized PS does 
not adsorb onto mica from undried toluene or xylene. 
This is in agreement with the  earlier observations of Luck- 
ham and Klein." Depletion forces (if present) are too 
small t o  be resolved by t h e  apparatus at these concen- 
trations. This stage of the experiment is a n  essential con- 
trol t o  ensure tha t  in  the  conditions used no polystyrene 
adsorbs onto the mica surfaces. Once this point was estab- 
lished, however, many of t he  subsequent profiles were 
determined without the preaddition of t he  unfunction- 
alized PS: results (within scatter) were the same with or 
without this addition. 

( c )  Addition of PS-X or PS-PEO. On addition of 
a solution of PS-X or PS-PEO t o  a concentration lo4- 

w/w), a change in  the  force profiles 
was found within about 30 min of adding the new solu- 
tion, with the  attraction being replaced by a strong repul- 
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Figure 1. Schematic synthesis route of PS-X. 

Table I 
Molecular Characteristics of PS-X 

PS-X(26K) 26 500 1.02 112 122 
PS-X(58K) 58 OOO 1.10 169 197 
PS-X(14OK) 140 000 1.03 258 323 
PS-X(375K) 375 OOO 1.03 422 575 
PS-X(660K) 660 000 1.02 559 801 
a The molecular weights were determined by size-exclusion chro- 

matography. Both the unperturbed end-to-end dimension R, and 
the swollen (Flory) end-to-end dimension R, refer to the PS 
chain.40 

chains anchored t o  each surface by  a single group at one 
end  only, immersed in a good-solvent medium.16 T h e  
case of diblock PS-PEO copolymers with a short  adsorb- 
ing (PEO) block and  a long nonadsorbing (PS) block is 
also considered. In  sections I1 and  I11 we describe the  
experimental procedure and  data;  t he  results are  dis- 
cussed in  the  final section, with particular reference both 
t o  scaling models and  recent mean-field treatments of 
such interactions. 

11. Experimental Section 
(a) Materials. Two different methods of anchoring nonad- 

sorbing polystyrene chains to the mica surfaces were employed 
as noted above. In the first case linear polystyrenes with one 
end terminated by the zwitterionic group -(CH2)3N+(CH3)2- 
(CH,),SO,+ were synthesized using the route shown in Figure 
1. The molecular characteristics of these polymers, deter- 
mined by size-exclusion chromatography, are given in Table I. 
We refer to these end-functional chains as PS-X (or PS-X(M) 
when specifying a chain of molecular weight M). As was the 
case for zwitterion-terminated polyi~oprenes,'~ [(dimethylami- 
no)propyl]lithium was the initiator. Polymerization was con- 
ducted at 30 "C in a benzene-cyclohexane mixture, with the 
exception of sample PS-X(58K), which was polymerized in cyc- 
lohexane at  37 "C. The absence of benzene led to an obviously 
slower rate of initiation, which is reflected in the M J M ,  ratio 
for this sample. 

The second group consists of polystyrene-poly(ethy1ene oxide) 
diblock copolymers, PS-PEO (or PS-PEO(M)), purchased from 
Polymer Laboratories (U.K.), who also supplied the molecular 
characteristics (Table 11). 

Finally, unfunctionalized linear polystyrene (designated sim- 
ply PS) was used as a control. This was anionically synthe- 
sized and terminated by sec-butyl and phenyl groups at its respec- 
tive ends. Its molecular characteristics are 

M ,  = 1.31 X lo5 M J M ,  = M J M ,  = 1.03 
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Table I1 
Molecular Characteristics of PS-PEO Obtained from and Characterized by Polymer Laboratories (U.K.) 

(PS),(PEO), wt av dp 

sample M w  MWIK PEO content: % X Y R F , ~  A 
PS-PEO( 150K)' 150 OOO 1.16 1.5 1420 51 340 
PS-PEO( 184K)d 184 000 1.10 4 1700 167 393 

a Determined by NMR. R, refers to the Flory end-to-end dimension of the PS block. The values given have a small correction for the 
The values of the sample polydispersities. 

PEO content and the weight-averaged dp values n and y for this sample given in Table I of ref 14 are in slight error. 
A minor amount of PS-PEO-PS diblock was indicated for this sample by the SEC traces. 

0 500 1000 1500 
0 ,  

Figure 2. Interaction between curved mica sheets in polymer- 
free xylene (0) and in the same solvent following addition of 
unfunctionalized polystyrene and a 12-h incubation (0). Results 
with toluene were identical within the scatter. The arrow indi- 
cates a jump into contact. 

-500;' ' ' " " ' . ' " " ' " 
D ,  
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Figure 3. Force-distance profile between two curved mica sur- 
faces (radius R) immersed in a solution (ca. lo-* w/w) of PS- 
PEO(15OK) in toluene and held at a surface separation of ca. 
40 pm. The crosses are for a profile measured after 30 min of 
incubation, while the circles show the force measured 12 h later 
(equilibrium coverage). The shaded band covers the scatter of 
the force profile in polymer-free solvent, taken from data as in 
Figure 2. 

sion, as shown in Figure 3 for PS-PEO(150K). Having 
already established that PS does not adsorb onto mica 
under the conditions of the experiment (Figure 2 ) ,  we 
conclude that the chains have become terminally attached 
to the surfaces via the zwitterionic group, "X", or the 
short length of PEO, re~pectively.~' 

The time for saturation surface coverage to be attained, 
determined by the point a t  which no further change was 
found in the force profile, was variable, being affected 
by the surface separation, room temperature, and amount 
of stirring. In general, the adsorption was found to be 
extremely rapid both for the amphiphilic PS-X and for 
the PS-PEO diblock copolymer. Even when attempts 
were made to diffusion limit the adsorption process by 
keeping the surfaces only 40 pm apart, large repulsions 
were already found after 30 min of incubation (Figure 
3) .  In most experiments saturation coverage was achieved 
within 2-3 h. This is appreciably more rapid than the 
rates of adsorption that have typically been found for 
adsorbing homopolymers in similar conditions, where the 
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Figure 4. Force-distance profiles between curved mica sheets 
following incubation to saturation in a solution (ca. lo4 w/w) 
of PS-X(26K) in toluene. Different rates of compression and 
decompression were used, and results are shown for two differ- 
ent experiments. The arrow indicates the separation below which 
the forces were below the detection limit of the apparatus (ca. 
20 pN-m-') in these experiments. 

adsorbance was gradual and its increase could be observed 
over several h.4,5 No attractive interactions-as might 
be due to bridging and as were observed in previous inves- 
tigations (e.g., ref 5 )  at  low surface coverage with adsorbed 
chains-were found even at  the lowest experimentally 
accessible surface coverages. 

Figures 4-9 show typical profiles following surface cov- 
erage to saturation for the PS-X and PS-PEO samples36 
of Tables I and 11. The filled symbols show forces mea- 
sured upon compression of the polymer layers, and the 
corresponding open symbols, the forces on subsequent 
decompression. Different rates of compression and decom- 
pression were used in all experiments, with the time taken 
to perform a single compression-decompression cycle being 
varied between 5 min and about 2 h, in a very similar 
manner to that described in ref 10 and 16 for adsorbed 
chains. 

The qualitative features of all profiles are similar: a 
long-ranged repulsion, first observed at  several radii of 
gyration of each polymer at  a characteristic distance of 
onset of interaction and increasing monotonically at smaller 
separations. As shown in the profiles, there is no hys- 
teretic behavior a t  rapid rates of compression and decom- 
pression, which is a characteristic feature of adsorbed 
chains in good ~ o l v e n t s . ~ . ~ * ~ ~ , ~ ~  The profiles thus describe 
a quasi-equilibrium force-distance law; from the dis- 
tance for onset of interaction, 2L,, which corresponds to 
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Figure 5. As in Figure 4 but for ca. a 
PS-X(58K) in toluene. 
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SEPARATION (A) 
Figure 6. As in Figure 4 but for ca. a w/w solution of 
PS-X(l40K) in xylene (0, e) and in toluene (0, m). 

the separation at which repulsion can just be detected, 
an effective layer thickness Lo may be estimated. Mean 
values of 2L0, based on profiles as in Figures 4-9, are 
given in Table I11 as a function of the polymer molecu- 
lar weight, while in Figure 10 Lo is logarithmically plot- 
ted as a function of M for the PS-X chains. We note a 
good fit of the data (except for the longest PS-X chain) 
to the relation (solid line) 

L, a Mo.6 
This will be considered in a later section in the context 
of current theories. 

Varying the concentration of the polymer solution by 
a factor of 10 during the incubation stage did not alter 
the observed layer thicknesses, an indication that satu- 

I.. 

0 500 1000 1500 2000 

SEPARATION (A) 
Figure 8. As in Figure 4 but for a ca. w/w solution of 
PS-X(660K) in toluene. 

ration coverage had indeed been achieved. When the solu- 
tion was replaced, following equilibration, by the pure 
solvent (resulting in a dilution by a factor of ca. loo), no 
change in the profiles was found, indicating an absence 
of any significant desorption as a result of this dilution. 
For a particular polymer identical profiles were obtained 
in both toluene and xylene. This is illustrated explicitly 
in Figure 6, where profiles for the PS-X(140K) sample 
in both xylene and toluene are shown and are the same 
within the experimental scatter. 

The shapes of the interaction profiles were very simi- 
lar for all molecular weights of both PS-X and PS- 
PEO. A summary of the profiles illustrating this point 
is shown in Figure 11, which contains data for one or 
two compressions-decompressions for each of the poly- 
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Figure 10. Double logarithmic plot of distance for onset of 
repulsion 2Lo between two mica surfaces, following incubation 
to saturation in solutions of PS-X, molecular weight M, in tol- 
uene. 
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Table I11 
Mean Surface Separations 2L, at Onset of Detected 

Repulsion 

o PS-X 660,000 
4 PS-x 375,000 
0 PS.X 140,000 
0 PS-X 58,000 
v PS-X 26,500 + PS-PEO 184,000 
x PS-PEO 150,000 

sample 2L0, 8, 
PS-X(26K) 440 f 50 
PS-X(58K) 800 f 80 
PS-X( 140K) 1350 f 100 
PS-X(375K) 2400 f 100 
PS-X(660K) 2100 f 100 
PS-PEO(150K) 
PS-PEO(184K) 

1450 f 100 
1500 f 100 

mers used. The horizontal axis, which gives the separa- 
tion of the mica surfaces, has been scaled empirically by 
the measured separation 2L, at the onset of repulsion 
for each polymer (Table 111), so as to give the thick- 
nesses of the compressed layers as a fraction of their 
uncompressed values. The vertical axis, which describes 
the interaction forces between the surfaces, has also been 
shifted to enable the superposition on the master curve 
of Figure 11. We find that the magnitude of the forces 
for a given fractional compression varied with the molec- 
ular weight of the polystyrene chains; the superposition 
in Figure 11 is achieved by shifting the (logarithmic) ver- 
tical axes of the different force profiles, by amounts cor- 
responding to factors that vary with the molecular weight. 
These shift factors are directly related to the extent of 
surface coverage. 

For all molecular weights of both PS-X and PS-PEO 
the experiments were repeated a t  least twice and often 
several times, and the results obtained were reproduc- 
ible to within the scatter in the data. 

(d) Polymer on One Surface Only. Following the 
measurements of the equilibrium force-distance profile 
a t  saturation surface coverage, the polymer solution was 
replaced by pure solvent and the surfaces were sepa- 
rated. The upper mica sheet was then removed in a lam- 
inar-flow, clean-air cabinet and replaced by a clean mica 
sheet of the same thickness. In this way it was possible 
to measure the forces on compression of a single layer of 
terminally anchored, nonadsorbing polymer against the 
rigid wall provided by the bare mica sheet. This type of 

SEPARATION /2L, 

Figure 11. Master curve of force profiles incorporating data 
for all PS-X and PS-PEO samples. One or two compression- 
decompressions are shown for each polymer. The horizontal 
axis has been scaled by the separation 2L0 at which forces were 
first measured. Superposition of the profiles was achieved by 
multiplying the FIR values for each sample by an amount cor- 
responding to the surface coverage. 

measurement, where a mica sheet is replaced in the mid- 
dle of an experiment, is particularly demanding and has 
a high failure rate, as revealed by the presence of long- 
ranged repulsion, which indicates surface contamina- 
tion. Results from an experiment where no contamina- 
tion was indicated, using PS-PE0(150K), are shown in 
Figure 12. The interaction observed was similar in form 
(being monotonically repulsive and nonhysteretic) but 
of shorter range than that found with the polymer attached 
to both surfaces. Most significant is the absence of any 
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Figure 12. Forces between two curved mica sheets bearing end- 
anchored layers of PS-PEO(150K) (X)  compared with forces 
following replacement of one of the coated surfaces with a clean 
mica sheet, as described in text (all other symbols). 

attraction (on approach) or adhesion (upon separation) 
between the surfaces. 

(e) Refractive Index Measurements. The optical 
technique in these experiments also permits the mean 
refractive index profile n(D) of the medium between the 
surfaces (at separation D )  to be measured, at  the same 
time but independently of the force F(D).19*20 n(D) in 
the pure solvent may be compared with n(D) following 
surface coverage by the polymer, and an estimate of the 
surface coverage can then be made from the increase in 
the refractive index above that of the pure solvent at  
small separations. Such refractive index profiles are shown 
in Figure 13 for the case of pure toluene and following 
coverage to saturation by the PS-X(140K). From this 
data the surface coverage (for this polymer) was evalu- 
ated as 3 f 0.5 mg/m2 on each mica surface, correspond- 
ing to a mean distance s between the zwitterion-mica 
anchor points on the surface of ca. 85 A. 
IV. Discussion 

The absence of any interaction over and above the pure 
solvent case when unfunctionalized PS is present in the 
system, contrasted with the strong, monotonic repulsion 
following addition of PS-X or PS-PEO, shows unambig- 
uously that the latter are anchored to the surface by the 
-X group or short -PEO moieties onlya3' The resulting 
force profiles show a number of qualitative differences 
to the adsorbed polymer case: first, the range of the inter- 
action is considerably larger, with repulsion being first 
measured at  separations corresponding to some 12-14 R, 
(see Tables I and 111) over the range of molecular weights 
studied. In the case of adsorbed polymers, on the other 
hand, repulsions (following adsorbance to equilibrium) 
were first measured a t  surface separations of some 6-8 
R ,  over a comparable molecular weight range, for simi- 
lar surface coverage by the p ~ l y m e r s . ' ~ ~ ' ~ ~ ~ ~  The thick- 
ness of the end-anchored layers is thus roughly twice that 
of the adsorbed layers for the same amount of polymer 
of the same size on the surface. Second, the absence of 
any bridging attraction, even following the shortest acces- 

1.49 lSO 1'5'i - - - I - - € -  -pl=F* 

200 4 0 0  600  800 1000  1200 1 4 0 0  

D (4 
Figure 13. Refractive index n(D) as function of separation D 
between curved mica sheets in pure toluene (e) and following 
addition of PS-X(140K) to concentration ca. w/w and cov- 
erage to saturation (0). 

sible incubation times, is in contrast with the behavior 
of adsorbed polymers in good solvents, which show marked 
attraction at low incubation times, Le., low ad- 
~o rbances .~ ,~  The monotonic repulsion between the plates 
when one surface only is covered with grafted chains (Fig- 
ure 12) is an even more striking illustration of the absence 
of bridging: similar measurements in the elegant study 
of Granick et al. with adsorbed chainsz4 (polystyrene on 
mica in cyclohexane), where only one surface was cov- 
ered with polymer, show a massive adhesive force (-3 
X lo4 bN-m) between the surfaces once they are brought 
into contact. The complete absence of any attraction or 
adhesion in our experiments confirms the nonadsorbing 
nature of the terminally anchored tails, which elimi- 
nates the possibility of bridging; it also demonstrates 
directly that such end-grafted, nonadsorbing species can 
be useful as stabilizers in conditions where adsorbed poly- 
mers would lead to flocculation.'" 

The use of a short length of the adsorbing polymer 
PEO rather than the zwitterionic group X as the anchor 
did not affect the interaction profiles, except possibly 
through the surface coverage, the shape of the profiles 
being identical within experimental error as illustrated 
in Figure 11. Thus the behavior of block copolymers con- 
taining one fairly short adsorbing block may be analyzed 
in terms of terminally anchored tails. It is noted from 
our results that only a small number monomers of the 
adsorbing species, on order of 100, were necessary in order 
to anchor the copolymers onto the surface in an appar- 
ently irreversible manner.35 

Another noticeable feature of the interaction profiles 
is the absence of any relaxation effects following strong 
compression of the surfaces-at all accessible rates of 
approach and separation in our experiments-which can 
also be attributed to the nonadsorbing nature of the end- 
anchored PS tails (Figures 4-9). This is in strong con- 
trast to the hysteresis or relaxation behavior observed at  
short times following compression of adsorbed layers in 
good solvents. Relaxation effects in the latter case were 
observed both in aqueous"and in organic solvents,16 and 
at all molecular weights studied, to the extent that they 
became a "signature" of adsorbed  layer^;^ the long times 
(on order of many minutes or even longer for long chains) 
taken for adsorbed layers-once they were strongly 
compressed-to recover their equilibrium configuration, 
were attributed" to the sluggish rate of desorption of 
monomers that had been forced onto the surfaces by the 
compression. Clearly for nonadsorbing chains such a com- 
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pressive adsorption would not occur. 
The good reproducibility of our data and the absence 

of any time-dependent effects, taken together with the 
well-characterized nature of the surface structure of the 
chains-i.e., that they are anchored onto each mica sheet 
pointwise at one end only, with the polymer dangling into 
solution-invites a critical comparison with current molec- 
ular theories of end-anchored, nonadsorbing chains. These 
fall into two categories: scaling and mean field. In the 
former, due initially to Ale~ander?~  chains of degree of 
polymerization N ,  grafted at  one end to a surface with a 
mean spacing s between grafting points, extend out from 
the surface into the good solvent to form a layer of thick- 
ness L.  For high surface densities, such that s << RF (the 
Flory radius), the grafted layer is in the semidilute regime 
and is assumed to have an essentially uniform concen- 
tration density away from the surface. Each chain is then 
taken to consist of connected semidilute with 
the osmotic repulsion .between blobs tending to stretch 
the chains; this tendency is opposed by the increase in 
the elastic free energy of the chains when overstretched. 
By minimizing the overall free energy with respect to the 
layer thickness, Alexander found" that a t  equilibrium 
each grafted polymer could be considered as a chain of 
blobs each of size s, stretching away from the surface, 
with the equilibrium layer thickness L = Lo given by 
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rather close to the Alexander-de Gennes predictions. For 
example, they derive3' 

Lo = (l2fa2)'/3w'/3s-2/3Na5/3 (4) 

for the equilibrium layer thickness, which differs from 
eq 2 only by the numerical prefactor ( l 2 ~ / 7 r ' ) ' / ~ ,  where 
w is an excluded-volume parameter. Again, the detailed 
force calculations in the mean-field model, though eval- 
uated by rather different methods to the scaling model, 
yield interaction-distance profiles that are quite similar. 
We shall therefore find it convenient in the subsequent 
discussion to relate mostly to the scaling results. 

The system for which we have the fullest characteriza- 
tion is PS-X(140K), for which s ( z 8 5  A) is explicitly deter- 
mined from our refractive index profile (Figure 13). We 
note that the validity regime of the theoretical mo- 
d e l ~ ' ~ , ~ '  is obeyed in this system: thus s = (1/4)RF (see 
Table I), while the mean monomer concentration in the 
(uncompressed) end-adsorbed layers, corresponding to the 
adsorbance 3 f 0.5 mg.m-2, is around 4%, well within 
the semidilute regime. We may thus assume that our 
experimental conditions correspond closely to the model 
assumptions. Putting in values of s and RF (Table I) 
into eq 1 (with an implicit prefactor of unity), we find 

Lo = 740 f 50 A scaling prediction (5) 

compared with the experimental Lo, taken as half the 
distance for onset of interaction (Table 111), given by 

Lo = 650 f 50 A experimental ( 5 4  

The mean-field result, evaluated for this specific case 
by Milner,31 is also close to the experimental Lo. We 
recall that the scaling prediction (eq 5 )  is derived within 
an undeterm.ined factor of order unity (the scatter in the 
predicted value (eq 5) is due to uncertainty in s and RF). 

Knowing s and Lo, we may also plot the full force pro- 
file, from eq 3. Our experimental data is plotted in terms 
of (F(D) /R) ,  which in the Derjaguin approximation (valid 
for our geometry) is related to the surface energy E(D)  
per unit area between two flat parallel plates a distance 
D apart, obeying the same force-distance law ad9,'' 

F ( D ) / R  = 2aE(D) (6) 
E(D)  is related to the force per unit area, f ( D )  in eq 3, as 

i.e. 

putting RF = h@I5a, where a is a monomer size. We note 
especially the linear dependence of Lo on the chain size 
N and also that-as in all scaling models-a numerical 
prefactor of order unity is missing in eq 1 and 2. 

de Gennes extended26 these ideas to the case of the 
interaction force per unit area f ( D )  between two parallel 
plates a distance D apart bearing such grafted layers, 
obtaining 

f ( D )  = ~ B T / S ~ [ ( ~ L , / D ) ~ / ~  - (D/2L,)3/4]  D 2L, (3)  

again to within an undetermined prefactor of order unity. 
Here k ,  and T are Boltzmann's constant and the tem- 
perature, respectively. In eq 3 the first term in square 
brackets derives from the increasing osmotic repulsion 
as the surfaces are compressed to smaller D (with corre- 
spondingly higher mean monomer concentrations in the 
gap between the surfaces); the second term in square brack- 
ets is due to the reduction in free energy as the over- 
stretched chains in the grafted layers are compressed closer 
to their equilibrium configuration. This picture assumes 
that little mutual interpretation takes place between lay- 
ers as they are compressed together. As soon as D becomes 
appreciably lower than 2L0, the osmotic repulsion term 
dominates. 

There are a number of mean-field calculations of the 
structure of adsorbed diblock copolymers and end- 
grafted  hai ins.''-^^ The closest to our model experimen- 
tal configuration is that by Milner, Witten, and C a t e ~ , ~ '  
who treated end-grafted polymer chains using a self- 
consistent mean-field approach. An important differ- 
ence between their model and that of Alexander is that 
they calculated a parabolic concentration profile for their 
grafted layers (in contrast to the uniform flat profile 
assumed by Alexander). In terms of the observables in 
our experiments, however, such as the layer thickness Lo 
and the detailed force-distance profiles, their results are 

(7)  

so that from eq 6 and 7 our results may be directly com- 
pared with the scaling prediction of eq 3. This is shown 
in Figure 14 for PS-X(140K), for s = 85 A and Lo = 650 
A, as determined in our measurements. The fit, over nearly 
4 orders of magnitude in FIR, is close. The prefactor 
necessary in eq 3 to give the fit shown is 1.5; i.e., the 
scaling expression is quantitatively correct to within this 
factor. Detailed calculations by Milner,31 based on the 
mean-field approach, also give a close fit of the pre- 
dicted force profile to that observed with PS-X(14OK) 
(inset to Figure 14). The general shape of the predicted 
profile, and its variation with D, fits closely also to the 
other PS-X and PS-PEO profiles, as indicated by the 
data (which include PS-X(140K)) in Figure 11. 

Both the scalingz5 (eq 2) and the mean-field ap- 
proach3' (eq 4 )  predict a grafted layer thickness Lo vary- 
ing linearly with the molecular weight M (or degree of 
polymerization N) for the high surface density regime (s 
<< RF), for a given interanchor spacing s. The actual vari- 
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Figure 14. Comparison of force profile F / R  vs D for PS- 
X(140K) with the Alexander-de Gennes model (see eq 3,6, and 
7 )  usin the experimentally determined values Lo = 650 A and 
s = 85 1; the fit shown requires a prefactor of 1.5 in eq 3. The 
inset (taken from ref 31) shows the data and calculated profile 
based on the Millner-Witten-Cates model, using a surface cov- 
erage of 3.5 mgm-' of the polymer on each surface (compared 
with the experimentally estimated coverage 3 f 0.5 mgm-') 
but no other adjustable parameters. 

ation, shown in Figure 10 (also Table II), is different: 

L,  a: Mo.6 (or N O 6 )  (8) 
We may go some way toward resolving the discrep- 

ancy between theory (eq 2 or 4) and experiment (eq 8) 
by bearing in mind that in our experiments with PS-X 
it is not s that is fixed but rather the interaction energy 
-between the zwitterion -X and the mica surface-that 
is constant between one PS-X sample and another of a 
different length. We may assume that, a t  equilibrium, 
the surface coverage by each PS-X is such that the over- 
all repulsive energy per molecule, due to being attached 
to the surface (and resulting from the osmotic interac- 
tion with its neighbors), is just  balanced by the sticking 
energy, akBT, due to the zwitterion-mica interaction, where 
a is a constant; this allows us to deduce how s, and thus 
Lo, should vary with N .  In the Alexander picturez5 each 
chain consists of ( N / g )  blobs stretching away from the 
surface, where g is the number of monomers in a blob, 
and the blob size equals the mean interanchor spacing s. 
Thus 

s = g315a (9) 
Since the excess repulsive energy per blob in a good 

solvent is ca. k,T, we expect the overall excess repulsive 
energy per chain to be on the order of (N /g )kBT  and to 
be just balanced by the sticking energy, akBT; Le., the 
number of blobs per chain ( N / g )  is constant (and on the 
order of a ) ,  so that g a N and (from eq 9) 

s a N3I5 
Thus from eq 2 and 10 

(10) 

L a N3I5 (11) 
which is indeed the observed variation of Figure 10. 

We may also estimate s as a function of N by consid- 
ering the interaction profile for each PS-X sample. We 
do this by observing that at  high compressions the inter- 
action is dominated by the osmotic segment-segment repul- 
sion within the intersurface gap; this can be used to esti- 
mate the mean segment density, and, hence, the overall 
absorbance, within an unknown constant. Since we know 
s explicitly (s 2 85 A) for PS-X(140K), the unknown 
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Figure 15. Double logarithmic plot of mean interanchor spac- 
ing s of PS-X(M) on the mica surfaces, as a function of M, 
estimated from the high-compression portion of the force pro- 
files as described in the text (eq 16). 

constant may be evaluated and s explicitly determined 
for all the PS-X samples. We proceed as follows: we 
choose a given (high-compression) value of the interac- 
tion energy, E(D'), where D' is the corresponding sur- 
face separation. At sufficiently high compressions we may 
assume the monomer concentration 4(D) in a gap D is 
uniform, being given by 

@(D) = 2I'v/D (12) 
where r is the polymer surface excess per unit area and 
u is the specific volume, and the pressure between the 
plates equals the osmotic pressure II($(D)). We may also 
use the Flory-Huggins mean-field appr~ximation,~' II(4) 
= constant X @, and approximate the interaction energy 
E(D') as3' 

= constant X ( r2 /D ' )  (14) 
Now the interanchor spacing, s, is related to r, for a given 
M ,  as 

s a (r/zq-lJ2 (15) 
Hence, substituting for r from eq 14, we have 

E(D') = constant X (@/D's4) 

s = constant x ( M ' / ~ / D '  'I4) (16) 
The value of the constant in eq 16 is determined by 

setting s = 85 A for M = 140 X lo3. We choose, for each 
PS-X sample, the D' value corresponding to the high 
compression, F(D' ) /R  = lo4 pN.m-' (=27rE(D'), from eq 
6 )  taken from Figures 4-8. The variation of s with M is 
shown in Figure 15, where the uncertainty in s is due to 
the scatter in the force-distance profiles and hence in 
D'. The overall trend is clear: s increases with increas- 
ing molecular weight of the PS-X chains, as qualita- 
tively expected from our discussion above, though the 
variation is somewhat weaker than the simple scaling result 
of eq 10. 

For a variable surface density of end-adsorbed chains, 
then, both the scalingz5 and the mean-field3O relations 
(eq 2 and 4, respectively) predict that it is not the layer 
thickness Lo that should vary with N but rather the prod- 
uct In Figure 16 this product is plotted against 
M for the PS-X samples. The data are well described 
by a power law relation (solid line, Figure 16) 

LOs2l3 = constant X NB (17) 
where /3 = 0.90 f 0.1, which compares closely with the 
value p = 1 expected from both mean-field and scaling 
approaches. 

The deviation from the relation of eq 17 of the data 
for the highest M sample, the PS-X(660K), may be due 

so that for a given E(D') 
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sticking energies, which are on the order of 10kBT per 
chain, the compressed polymer in the gap between the 
surfaces is in a highly entangled state, with a correspond- 
ingly low (reptative) diffusion rate.33 Moreover the dif- 
fusion of chains with “sticky” ends close to a surface is 
further suppressed as the sticking energy provides an effec- 
tive potential gradient opposing the diffusion of the ends 
away from the surface. We interpret the absence of de- 
sorption in our compression experiments as due to the 
slowness of these diffusive processes. 

To summarize, we have found that nonadsorbing poly- 
mer chains (PS-X or PS-PEO) terminally attached at  a 
solid-liquid interface take up extended configurations, 
with measured layer thicknesses Lo being roughly twice 
that found for adsorbing chains of the same length and 
at  comparable surface coverages. The rate of surface cov- 
erage from the polymer solution is rapid compared with 
adsorbed chains, probably because once the ends attach 
to the surface little further rearrangement is necessary. 
The attachment, which is achieved either by a single zwit- 
terionic group (X) or by a very short length of adsorbing 
polymer moiety (PEO), is irreversible in the time scale 
of our experiments, even when two polymer-bearing sur- 
faces are strongly compressed against each other: this is 
likely to be due to the very slow diffusion of polymers in 
the compressed surface layers. For the PS-X, Lo was 
found to vary as the 0.6 power of the PS molecular weight, 
while the interanchor spacing s at  equilibrium surface 
coverage increased with M. No evidence of attraction 
between the surfaces at low surface coverage, an effect 
characteristic of adsorbing chains, was detected. The forces 
between the surfaces were found to be monotonically repul- 
sive and not to vary with the rates of compression-de- 
compression used, again in contrast to adsorbing chains. 
Both the latter effects are expected for nonadsorbing mono- 
mers. 

Detailed comparison of our model experiments with 
scaling and mean-field models suggests that both can 
account quantitatively for the main features of our results. 
These include the absolute magnitudes of Lo, the shapes 
of the force-distance profiles, and the quantity Los2l3, 
which we find to vary almost linearly with M ,  as pre- 
dicted both by the scaling and by the mean-field approach. 
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Figure 16. Double logarithmic plot of the variation of L,,S~/~ 
(arbitrary units) with M for PS-X(M) (see eq 17). 

to the rather sparse density of these longest end- 
anchored chains on the surface (see Figure 15): in this 
case an anomalously large interpenetration of the oppos- 
ing layers may be required-for our apparatus to detect 
repulsion-relative to the lower M PS-X samples, lead- 
ing to the rather low effective Lo observed (Figure 10) 
for this sample. The effect of such interpenetration has 
been considered in detail in ref 23, and, to a lesser extent, 
it  may also be responsible for the experimental value of 
/3 being slightly lower than the theoretical prediction /3 
= 1. We mention in passing that, in terms of the scaling 
model, the number of “blobs” in each end-adsorbed chain 
is on the order of Lo/s ,  which is ca. 6-8 over the range of 
PS-X samples studied (Table I11 and Figure 15). Our 
earlier assumption (following eq 9) that, a t  equilibrium, 
the sticking energy ffkBT corresponds to about CY blobs 
per chain then sets the zwitterion-mica interaction at a 
value of order 6-8 kBT, a reasonable magnitude for this 
type of interaction and one also comparable with that 
deduced on the basis of the PS-X(140K) data in the mean- 
field  calculation^.^^ 

It finally remains to consider the time-dependent aspects 
of the adsorption and desorption process of the end-an- 
chored chains. As noted in Results, the times associated 
with surface coverage to equilibrium of the anchoring zwit- 
terion end group (or PEO moiety) onto the mica were 
much shorter than those for corresponding chains under- 
going adsorption (e.g., PS in cyclopentane4 or PEO in 
water5). Qualitatively, one may imagine that, in the case 
of adsorbing chains, the adsorption of the first polymer 
molecules reaching the bare surface results in a nonequi- 
librium (probably quite flat) configuration; the arrival 
a t  the surface of subsequent chains leads to rearrange- 
ment, including partial desorption of the first chains, and 
the eventual equilibrium configuration, which involves 
many overlapping adsorbed chains on the surface. More 
detailed considerations of this picture have appeared.33 
For the end-anchored chains, however, once the end moi- 
ety of a chain has adhered to the mica (with a sticking 
energy >>kBT), no further desorption is necessary to accom- 
modate additional chains on the surface (as in the rear- 
rangement of adsorbed chains) and the rate of surface 
coverage is controlled by the arrival rate of anchoring 
end groups at the surface. 

The last point concerns the absence of desorption over 
the times of our experiments, even at the highest com- 
pressions in our investigations, which correspond to com- 
pressive energies of ca. 100kBT per anchored chain. This 
we also attribute to kinetic factors: while these large com- 
pressive forces are certainly sufficient to overcome the 
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ABSTRACT: We identify the main approximations underlying several methods that have been used to 
model stepwise, irreversible copolymerizations with intramolecular reaction allowed, and we study their 
ranges of validity. In order to do this, all approximations are applied to the linear A, + B, system, for 
which comparison against an exact solution is possible. We also combine approximations found in differ- 
ent models to give "hybrid" models. We have found that for this linear system some approximations never 
give good results, others may be used when ring formation is low, and the better ones may be applied with 
low to moderate levels of intramolecular reaction. None of them is satisfactory when ring formation is very 
high. 

Introduction 

Modeling of intramolecular reaction in stepwise, irre- 
versible polymerization is an old problem that has not 
been completely solved for most systems. When the mono- 
mers have only two reactive sites (linear system), the prob- 
lem can in principle be solved to any desired degree of 
accuracy using either a purely kineticlS2 or a kinetic re- 
cursive3 model. Network-forming systems are much more 
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complicated, and no exact solution is available for them. 
Modeling of such systems has been attempted using 
approximate treatments such as spanning rate 
theory:-' or kinetic recursive3 methods. Each of these 
methods is based on one or more approximations with 
varying degrees of accuracy; the models will be as reli- 
able as the approximations on which they are based. 

In this paper we study the range of validity of some of 
these approximations as applied to the linear system, where 
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