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Abstract. We report neutron reflectivity data on polystyrene-poly(vinyl~2-pyridine) (PS~PVP)
diblock copolymers adsorbed onto quartz from the selective solvent toluene (a good solvent for PS,

but a poor one for PVP). The PVP
«

anchor
»

block adsorbs strongly to form a thin layer on the

quartz substrate, while the PS chains dangle into the solvent. The grafting density of the non~

adsorbing PS chains is varied by varying the size of the PVP block, while the PS molecular weight
is kept constant. The PS adsorbance decreases systematically with increasing PVP molecular

weight. The form of the polymer density profile normal to the substrate is found to change with the

PS grafting density, and a transition from a «
brush

» to a «
mushroom

»
conformation is observed

as the PVP molecular weight is increased. For the copolymers with a high PVP content, the

dependence of the maximum in the polymer density profile on the mean distance, s, between

anchor points obeys the scaling law expected of mushrooms, while s increases with increasing
molecular weight of the anchor block also in a manner consistent with a mushroom model.

Introduction.

The adsorption of polymers at the solid-liquid interface is known to play an important role in

the steric stabilization of colloidal dispersions and other technologically important applications
such as adhesion and lubrication. The use of diblock copolymers is particularly interesting in

this connection, as under suitable conditions these macromolecules are capable of adsorbing
via one block, while the other, non~adsorbing block stretches away from the surface into

solution. When two surfaces covered with end-adsorbed diblock copolymer chains approach,
long-range repulsive steric forces emerge as the stretched chains overlap, while there is no

possibility of any attractive bridging forces which are often seen in homopolymer systems at

low surface coverage. The strength of adsorption and the extent of stretching of such diblock

chains, however, depend both on the composition and molecular weight of each polymeric
block as well as the solvent quality. The conformation of adsorbed diblock chains is therefore
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expected to be sensitive to these parameters. Clearly, knowledge of the chain conformations in

adsorbed layers is essential for a detailed understanding of a wide range of interfacial

phenomena at the molecular level.

Recently, the technique of neutron reflectometry has been shown to provide good resolution

for the determination of polymer density profiles [1~5]. Small-angle neutron scattering has also

been used in the study of end-attached polymer layers [6, 7], although this technique is less

sensitive to the detailed features of the polymer density profile. The adsorption of end~

attached, protonated polystyrene-polyethyleneoxide (PS-PEO) diblock copolymer from deute-

rated toluene (a good solvent) onto quartz has already been investigated using neutron

reflectrometry [5]. The PEO block, which comprised a small fraction of the total molecular

weight, strongly adsorbed on the quartz substrate, while the PS block remained in solution

forming a semidilute stretched polymer
«

brush ». The reflectivity profiles in this study were

well~described by a parabolic or error function polymer density profile normal to the interface

between the quartz and the solvent, in agreement with mean field calculations [8, 9], numerical

calculations [I] based on the Scheutjens and Fleer self consistent field method [10-12] and

Monte Carlo simulations [13, 1, 14]. The layer thickness values were found to be in good

agreement with results of interlayer force measurements for the same polymer-solvent system
adsorbing onto mica [15]. The molecular weight dependence of the layer thickness and

adsorbance was also found to obey scaling laws in accord with the scaling [16, 17] and mean

field theories [8, 9] of semidilute polymer brushes.

For end-grafted chains, scaling arguments have been used to distinguish between two

regimes,
«

mushrooms
» or «

brushes
»

depending on the surface coverage [16, 17]. The two

different regimes may be characterized by the mean distance, s, between anchor points, and

the polymer density profile which defines the thickness, Lo, of the adsorbed layer. At high
surface coverage, brushes are formed, s is small compared to the Flory radius, R~, of the non~

adsorbing chains and the extension ratio, Lo/s, is high. For mushrooms, however, the

extension ratio is expected to be l and the distance between anchor points is greater than

R~.
The surface coverage of adsorbed chains depends on their adsorption energy. In general, the

«
sticking energy »

of a diblock chain is determined by the nature and size of the adsorbing

group, A. The ratio of the polymerization indices N~ and N~ of the two blocks is an important

parameter. For large NB/N~, the adsorbance, r~, of the B~block is expected to increase with

increasing N~ (I.e. as the sticking energy is increased). For low N~/N~, however,

r~ is expected to decrease with increasing N~ as the distance between anchor points, s,

becomes controlled by the area occupied by the adsorbing blocks on the surface. The ratio,

N~/N~, therefore determines whether the polymer configuration is a brush or a mushroom. By
varying N~, while keeping N~ fixed, it is possible to change the structure of the adsorbed layer
from that of a brush (low N~) to that of a mushroom (high N~). While in our previous
investigation [5] we studied adsorbed layers of highly asymmetric PS~PEO block copolymers
which form only polymer brushes, in the present paper we report results of neutron reflectivity

on diblock copolymers of protonated polystyrene-poly(vinyl-2~pyridine) (PS-PVP) terminally
adsorbed on quartz from deuterated toluene via the PVP block whose size, in this case, is

comparable to that of the PS. Here the PS block size, N~, is kept constant and the density
profile investigated for different PVP block sizes, N~.

Experimental.

The experimental set up is the same as that described in a previous paper [5]. The neutron beam

is passed through an optically flat quartz slab and reflected off its lower surface which is

immersed in a reservoir of polymer solution contained in a Teflon cell [5]. The results reported
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in the present study were obtained on SPEAR at Los Alamos, and D17 at the ILL Grenoble.

SPEAR uses a fixed angle of incidence with a pulsed neutron beam and time-of-flight (TOF) to

measure the wavelength [3, 4]. A wavelength range of 0.5 to 16 h and a glancing angle of

incidence of 0.45° were used here. D17 uses a monochromatic neutron beam whose angle of

incidence was varied by rotating the sample to give the required Q-range. Here wavelengths of

12 h, 20 h and 30 h, and an angular range of 0.7° to 1.825° were used. The Q-ranges used

allowed the critical edge to be measured on both instruments. The deuterated solvents were

purchased from MSD Isotopes. The synthesis and characterisation of the PS-PVP block

copolymers has been previously described [18] (see Tab. I). All materials were used as

supplied.

Table I.- Table of PS-PVP diblock copolymer samples of PS molecular weight, PS

Mw, and PVP molecular weight, PVP Mw. The polydispersily, Mw/M~, of both blocks is

approximately I.I.

PS Mw PVP Mw

60 x
103 5 x

103

60 x103 30 x103

60 x
103 60 x

103

60 x
103 120 x

103

It is important to ensure that the substrate on which the polymer molecules adsorb is clean.

Before each measurement the quartz was cleaned in a mixture of 3 : H~S04 HNO~ followed

by a mixture of 3 : HCI : HNO~ both for ca. 4-6 hours. It was then washed thoroughly with

distilled water, then with absolute alcohol, and dried in an oven. All glass components coming
in contact with the solvent or the polymer solution were cleaned in chromic acid and then

thoroughly washed in distilled water. Polymer solutions of 0.05 mg ml-I
were used, and

adsorption was allowed to occur at room temperature, usually ovemight.

Results and discussion.

Toluene is a poor solvent for PVP, but a good solvent for PS so that PS-PVP block copolymers

are expected to form micelles above the critical micelle concentration (cmc). Using a mean

field model, Munch and Gast [19] found that a critical adsorption concentration exists,
analogous to the cmc in micellization. This was also found by Marques and Joanny [18] where

in extremely dilute solutions, a threshold for adsorption was found to depend on the spreading

power of the sticking group and on the strength of the sticking energy. This critical adsorption
concentration (cac) was found to decrease as the surface attraction increases, as the copolymer-

solvent compatibility decreases and as the more soluble block length decreases. In selective

solvents the incompatibility is govemed by the adsorbing block which is in poor solvent

conditions, the non-adsorbing block being in good solvent conditions. Munch and Gast found

that either adsorption or micellization occurred depending on the surface attraction and the

incompatibility provided that the concentration is above the cac and the cmc respectively. In

the adsorption region, the lower free energy of the adsorbed layer precludes the formation of

micelles. When the overall concentration is below the cac in this region neither adsorption nor

micellization occurs. Similarly, in the region of micellization, the free energy of micellization

is lower than that of adsorption, preventing the formation of an adsorbed layer. The line
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separating the two regions designates the boundary where the free energy of micelles equals
that of adsorbed layers and the cac equals the cmc.

Well above both the cac and cmc, the adsorbed layer may be in equilibrium with the micellar

solution [20]. Marques and Joanny found two adsorption regimes in equilibrium with the

micellar solution depending on the asymmetry of the block copolymer. Essentially, they found

mushrooms if the size of the solvated group was of the same order as that of the anchor group,
and brushes if the solvated group was large compared to the anchor group. The size of the

adsorbing block (PVP), for which the solvent (toluene) is a very poor one, in the present case,

also affects the value of the cmc. While the block copolymers used in our study having a low

PVP content micellise at concentrations above those we have used during adsorption, the

possibility exists that the high-PVP content material (60~120) may be above its cmc in toluene.

Nevertheless, it is known that PS does not adsorb onto quartz from toluene so it is difficult to

imagine the PS-PVP diblock copolymers adsorbing in the form of micelles since the structure

of micelles is that of
«

furry balls
»

with the PS shielding the PVP. The formation of micelles in

solution is therefore not expected to affect the configuration of the chains on the surface, but

may affect the adsorption kinetics since the micelles may have to open out and expose the PVP

before the chains may stick, assuming that adsorption is favoured above micellization.

Micellization of block copolymers has been shown by Intemal Reflection Interferometry to

dramatically affect their adsorption kinetics for this reason [21, 22].
According to de Gennes [23], in the mushroom regime each chain may be thought of as

occupying roughly a half sphere with a radius comparable to the Flory radius for a polymer coil

in a good solvent. Consider the interval a « z « R
~,

where z is the distance perpendicular to the

grafting plane and a is the monomer size. At z -~

R~ it is expected that the concentration of

monomers is equal to the concentration inside a single coil (N/R() times the fraction of wall

area occupied by polymer coils (~rla~) R) where ~r is the fraction of grafted points. Thus the

concentration at a distance z, # (z), is given by :

# (z
=

R~)
-~

N~ra/R~
=

~rN ~~~ (l)

At the lower limit (z
-~

a), # (z) should be equal to the fraction of grafted points, ~r, where

~r =

a~/s~ and s is the distance between grafting points. Interpolating between these two ends

by a power law gives :

# (z
= « (zla )m (2)

where m is an unknown exponent. Imposing the condition at z =

R~ gives

~r(R~la)~
=

~rN~~~ and m =

2/3 (3)

For z ~R~ the concentration profile drops out very fast. If on the other hand, s ~R~, the

polymer coils start to overlap forming stretched brushes. In this regime the density profile,
# (z), is expected to be flat and proportional to s~~~~.

The method of analysis of reflectivity data has already been discussed in a previous paper in

which the data could be fitted to a polymer brush-like density profile [5]. In view of the density
profile predicted by de Gennes in equation (2), mushroom-like profiles were tried to fit the

reflectivity data here, rather than the brush-like profiles used before [5], since in the study
presented here the size of the adsorbing block, N~, is varied. Mushroom-like profiles were

constructed in two ways.

The first profile was constructed using a function similar to the Schultz function, namely :

tfi (z )
=

Az~ exp (- azfl ) (4)
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where for a Schultz function p
=

I. The position of the maximum at z=zo when

# (z)
=

#o
=

~rN~~~ is given by zo =

(n/p a )lW where #o
=

A (n/p
a )lW exp(- n/p ). The

second profile was constructed by sticking together two Gaussians of the form :

exp i- (z zo)~/2 8ji
exp i- (1/2 1~,~)i

" ~~~
~

"°
l exp i- 1/2

1~
Ii ~~~

of different widths 81 and &~ centred at zo, where zo =
8/7~1. The parameter, 7~,, allows the

density profile to shift parallel to the # (z )-axis. This allows some of the tail of the Gaussian to

be removed so the profile can look very much like the Schultz function.

Using a density profile defined by equation (4), with n =

2/3, it was found that in order to fit

the reflectivity data at high Q a layer of thickness 15 h and scattering length density close to

that of PVP had to be introduced at the surface of the quartz. This relatively large surface layer
of PVP compared to that of water, which was found at the quartz/toluene interface previously
[5], dominates the reflectivity at high Q so a single layer of PVP was assumed in the model.

The model scattering length density profile used to fit the reflectivity data to a function of the

form defined by equation (4) is shown schematically in figure la. Fitting the reflectivity data to

such a function, it was found that in order for the concentration profile to drop out fast enough
for

z ~
R~, p had to be set equal to 2 to give the best fits. So, for fixed n and p, A is a function

of a and #
o,

while
a is a function zo. In this way the number of fitting parameters is reduced to

two. The reflectivity data was fitted allowing the parameters #o and zo to vary. The fitted

parameters for the three copolymers with the largest PVP anchor groups measured on SPEAR

and D17 are shown in table II.

We note, however, that in the context of this model #o and zo cannot vary independently, but

are correlated (I.e. if zo is changed, this changes #o). For this reason this model density profile
is not an ideal function to fit to, as it is preferable to vary the parameters independently. A skew

Gaussian profile defined by equation (5) was therefore also used to try and fit the reflectivity
data. This function has three fining parameters but has the advantage that these parameters

may vary independently and is thus more flexible than the Schultz function profile. It was

found that the best fits were obtained for 7~i =2 and 7~~=1/4 so #i(z=zo)= #o,
#~(z

=

zo)
=

#o, # i(z
=

0)
=

0, and #~(z
=

4 8~ zo)
=

0. Again a 15 h layer of PVP was

assumed in the model. The model scattering length density profile used to fit the reflectivity
data to a function of this form is shown schematically in figure 16. The fitted parameters for the

three copolymers with the largest PVP anchor groups measured on SPEAR and D17 are shown

in table III.

The block copolymer with 5 x
10~ PVP Mw was measured on D17. The reflectivity data for

this molecular weight could not be fitted to either of the above density profiles defined by
equations (4) and (5). Good fits were obtained, however, with the brush-type density profiles
used previously [5]. The fitted parameters for this molecular weight are shown in tables IVa

and IVb.

These profiles are defined by the following equations :

tfi (z)
=

rio(
I L j

(6)
Lo

and

tfi (z)
=

(° (I err ((z Lo)/(2 8z))). (7)

The value of n in the polynomial profile defined by equation (6) determines the shape of the

profile. It is I for a linear profile, 2 for a parabolic profile, and tends to infinity in the case of a
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Fig, I. a) Model scattering length density profile, p (z x 10~ ~ h~ ~, used to fit the reflectivity data to a

Schultz function defined by equation (4), b) Model scattering length density profile, p (z) x
10~~ h~~,

used to fit the reflectivity data to a skew Gaussian function defined by equation (5), c) Schematic diagram
representing PS-PVP block copolymer chains adsorbed at the solid~liquid interface from a selective

solvent. The PVP forms a monolayer spread out in
«

pancakes
» on the surface and the PS forms

«
mushrooms

».
The corresponding polymer density profile is also shown schematically.
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Table II. Parameters obtained from fits to the Schultz function density profile defined by

equation (4) for the PS-PVP data measured on SPEAR and D17. rA is the PVP adsorbance

and r~ is the PS adsorbance. The Mw of the PS block is 60 x
10~ in each case (see Tab. 1).

PVP Mw Instrument zo
(h) #o (fb) r~ rB

s
(h)

(mg m-2) (mg m-2)

30 x
103 SPEAR 100 ± 10 9.3 ± 0.2 0.9 ± 0.2 1.7 ± 0.3 75 ± 5

30 x
103 D17 80 ± 10 8.0 ± 0.2 0.8 ± 0.2 1.6 ± 0.3 80 ± 5

60 x
103 SPEAR 90 ± 10 3.8 ± 0.2 0.7 ± 0.1 0.7 ± 0. I 120 ± 10

120 x
103 SPEAR 90 ± 10 2.8 ± 0.2 1.0 ± 0.2 0.5 ± 0.1 140 ± 10

Table III. Parameters obtained jkom fits to the skew Gaussian density profile defined by

equation (5) for the PS-PVP data measured on SPEAR and D17. r~ is the PVP adsorbance

and r~ is the PS adsorbance. The Mw of the PS block is 60 x
10~ in each case (see Tab.1).

PUP Mw zo (A) #o (f6) 82 (A) rA rB
s

(A)

(mg m-2) (mg m-2)

30 x
103 SPEAR 90 ± 10 9.3 ± 0.2 90 ± 10 0.8 ± 0.2 1.5 ± 0.3 80 ± 5

30 x
103 D17 100 ± 10 7.3 ± 0.2 70 ± 10 0.7 ± 0.2 1.4 ± 0.3 85 ± 5

60 x
103 SPEAR 90 ± 10 3.9 ± 0.2 90 ± 10 0.7 ± 0.1 0.7 ± 0.1 120 ± 10

120 x
103 SPEAR 140 ± 10 2.8 ± 0.2 40 ± 10 0.8 ± 0.2 0.4 ± 0.1 160 ± I 0

Table IV. -a) Parameters obtained from fits to the parabolic density profile defined by

equation (6) for the PS-PVP copolymer with a PVP Mw of 5 x
10~. r~ is the PVP adsorbance

and r~ is the PS adsorbance. b) Parameters obtained from fits to the error-function density

profile defined by equation (7) for the PS-PVP copolymer with a PVP Mw of 5 x10~.

r~ is the PVP adsorbance and r~ is the PS adsorbance.

a)

PVP Mw Lo (A)
n #o (f6) rA rB s (JL)

(mg m~2) (mg m~2)

5 x
103 320 ± 30 3.6 ± 0.5 9.0 ± 0.2 0.2 ± 0.03 2.3 ± 0.4 65 ± 5

b)

PVP Mw Lo (A) (h) ~~ (q~) r~ r~
s

(h)
(mg m-~) (mg m-~)

5 x
103 260 ± 20 80 ± 10 9.0 ± 0.2 0.2 ± 0.03 2.3 ± 0.4 65 ± 5
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step function. For 0 ~n ~l the profile becomes concave upwards. The parameter

#o defines the volume fraction of polymer at the quartz/d-toluene interface and Lo defines the

thickness of the adsorbed layer where # (Lo)
=

0. The error function profile defined by
equation (7) has the properties that erf (0)

=

0, erf (+ oJ)
=

I and erf (- oJ )
=

I where

&z is the roughness of the layer.
The fitted parameters for the three highest PVP Mw show that the volume fraction of

polymer at the maximum in the density profile, #o, and the PS coverage, r~, decrease with
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Fig. 2. a) Reflectivity x Q~ of PVP Mw
=

30 x
10~ block copolymer measured on SPEAR (o) and fit

based on the Schultz function model defined by equation (4). The fitted parameters used here are shown

in table II. The inset shows the same data and best fit in the form of Reflectivity vs. Q. b) Reflectivity

x Q~ of PVP Mw
=

60 x
10~ block copolymer measured on SPEAR (o) and fit based on the Schultz

function model defined by equation (4). The fitted parameters used here are shown in table II. c)
Reflectivity x Q~ of PVP Mw

=

120 x
10~ block copolymer measured on SPEAR (o) and fit based on the

Schultz function model defined by equation (4). The fitted parameters used here are shown in table II.
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Fig. 2 (continued).

increasing PVP Mw and the distance between anchor groups, s, increases with increasing PVP

Mw whilst the thickness of the layer stays relatively constant. These trends are indicative of

mushrooms. The lowest PVP Mw however shows trends more consistent with brushes.

The reflectivity fits for the three highest PVP molecular weights are shown in figure 2 based

on the fitted parameters given in table II and the density profiles are shown in figure 3 for the

two different functions based on the fitted parameters given in tables II and III. As can be seen

from the reflectivity plots the fits are rather good. It should be noted, however, that it is easier

to get «
good fits

» to reflectivity data with only a few features than to data which, for exampIe,
exhibit a series of fringes. The Schultz function and Gaussian density profiles for the

30 x
10~ and 60 x

10~ PVP molecular weights are almost identical in shape. There is some

discrepancy between the two density profiles for the highest PVP molecular weight but this can

1o

8

( 6

£ ~,

~ 4 ,~~

2

__

_:

'',_

__

~
0 100

20~'
300 400 500

z
J)

Fig. 3.- Schultz function (-) and skew Gaussian (------) polymer volume fraction profiles
# (z), for a) 30 x

10~ PVP Mw> b) 60 x
10~ PVP Mw and c) 120 x

10~ PVP Mw measured on SPEAR.

The fitted parameters used here are shown in tables II and III.
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be attributed to the low contrast between the adsorbed layer and the solvent, thus rendering the

fit less sensitive to the density profile as observed before with the PS-PEO samples at low

coverage [5]. These three molecular weights could not be fitted to a parabolic profile or a

brush-like profile with a depletion layer. This data could also not be fitted to a 2-sublayer or 3-

sublayer model with or without roughness between the sublayers. The fitted density profiles
defined by the two different functions (I.e. polynomial and error function respectively) for the

lowest PVP Mw measured on D17 based on the fitted parameters given in tables IVa and IVb

are shown in figure 4. The value of the exponent, n, is higher than 2 for this molecular weight,
although from the fitting it is clearly in the brush regime showing no depletion layer at the

surface. Both the functions fitted to this data give broadly the same overall shape of density
profile (see Fig. 4).

1o

8

I 6
j

~~
z (1)



N° 12 NEUTRON REFLECTIVITY OF END-ADSORBED DIBLOCK POLYMERS 2231

0.4

~'i.8
1.9 2.0 2.1 2.2
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Fig. 5. A plot of logi~ #~ vs. logj~ s for PS-PVP polymers measured on SPEAR showing a gradient of

1.9 ± 0.1.

The adsorbance of PS-PVP block copolymers with a wide range of molecular weights was

studied by Parsonage et al. [25] using scintillation counting from tritium labelled copolymers,
and X-ray photoemission spectroscopy. Only two of our copolymers (with PVP Mw of

60 x
10~ and 120 x 10~) have comparable molecular weights to the corresponding materials

used by these authors. The adsorbance values obtained from our data for these two copolymers
(see Tabs. II and III) are in reasonable agreement with those reported by Parsonage et al. [25].

The PVP block may be thought of as forming a thin layer spread out in a «
pancake

» on the

surface, each block being confined inside a disc of diameter, s, and thickness AZ. This

schematic picture is shown in figure lc. The volume of the disc is proportional to

s~ if AZ is assumed to be constant which appears to be the case from the fits. So the number of

monomers in the PVP block, N~, or the PVP Mw, is proportional to s~. Figure 6 shows a plot of

log PVP Mw vs, log s. As can be seen, the data can be fitted to a straight line of gradient close

to 2.0 as predicted by this simple model. From the mean distance between anchor groups, s,

the volume fraction of polymer in the PVP layer is calculated to be ca. 0.75 which is consistent

with this model, so in this picture the anchor block avoids the poor solvent and optimizes its

5.o

«

I 4.8
uo
o

~

4.6

4.4

1.8 1.9 2.0 2.1 2.2
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Fig. 6. A plot of logj~ s vs. logic Mw for PS~PVP polymers, where Mw is the molecular weight of the

PVP block. The straight line is a least-squares fit with a gradient of 2.2 ± 0.3.
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contact with the substrate by spreading out on the surface rather than remaining as a dense coil.

This result is in reasonable accord with the phase diagram determination of Parsonage et al, on

the PVP/toluene system [25]. These authors report that for high molecular weights of the PVP

block (~ 30 x 10~), the PVP precipitates out of solution and the PvP~rich phase contains up to

about 50 fb toluene.

The extension ratio is between 0 and 2 if the layer thickness is defined as the position of the

maximum in the density profile or between 1.5 and 2.5 for the skew Gaussian profile if the

thickness is defined as zo+&~ where zo is the centre of the skew Gaussian and

&~ is the width of the right-hand Gaussian. The latter is perhaps a more realistic measure of the

thickness since clearly the area under the profile, up to some thickness, must contain the

majority of polymer. The distance between anchor points is somewhat greater than, but

comparable to R~ so the mushrooms cannot be thought of as being separate but rather as

slightly overlapping. The PS-PVP results for the three highest Mw polymers are consistent with

the scaling predictions for mushrooms and although there is some overlap between the chains,

the latter are not extended significantly. The conformation of the polymers may therefore be

thought of as lying somewhere in the crossover between brushes and mushrooms. Thus, at

fixed N~ the transition from brushes to mushrooms is driven by the increasing molecular

weight of the adsorbing A block which controls the grafting density of the block copolymers. A

similar
«

pancake
» to brush transition in the case of copolymers in which both blocks can

adsorb to the surface has recently been reported by Ou-Yang and Gao [26], who used dynamic
light scattering to measure the hydrodynamic thickness of the polymer layers adsorbed on

polystyrene latex particles. In his case too, the transition appears to be driven by the grafting
density which was controlled by varying the bulk concentration of polymer. The mushroom to

brush transition was also observed in the adsorption kinetics of asymmetric PS-PEO block

copolymers [27], where in the early stages of adsorption a diffusion~controlled process is

observed which is characteristic of mushrooms. As the surface coverage increases with time,

the mushrooms begin to overlap and the cross-over to a brush regime is indicated by a slowing
down of the adsorption process during later stages [27].

The adsorption of the PS~PVP as micelles leading to structures such as hemi-micelles on the

surface has not been considered here. The consistency of the results with the proposed
mushroom model, however, suggests that the PS~PVP copolymer chains are not adsorbing as

micelles. If the PS-PVP chains were adsorbing as micelles, a more «
brushy

»
conformation

would be expected. A thicker adsorbed layer would be observed in such a case since the chains

in the micelle would be expected to be stretched.

Monte Carlo simulations of the configurational properties of adsorbed chains reveal a

crossover from essentially unperturbed chains at low surface coverage to strongly stretched

chains at high surface coverage [13]. The effect of chain composition on the adsorbed amount

and layer thickness has been studied by Evers et al. using the Self Consistent Field (SCF)
theory of Scheutjens and Fleer [28]. They found that the adsorbed amound and layer thickness

of adsorbed block copolymers depend strongly on the chain composition. When the total length
of the diblock copolymer is kept constant, they found a maximum in the total coverage, l~ as a

function of the fraction of adsorbing segments. This maximum was found at a lower fraction of

adsorbing segments with increasing chain length, bulk solution concentration and surface

affinity of the anchor group.

It may be assumed that the total sticking energy of a chain is proportional to the number of

sticking monomers, n, where the fraction of sticking monomers, f, is equal to n/N~. Then

assuming an equilibrium picture, balancing the total sticking energy to the repulsive energy
gives, for a brush :

N~
k~ T

=

efN~ k~ T (8)
g
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where g is the number of monomers in each «blob
»

in the Alexander model [16] (I,e.

s
-~

g~~~), and e is the sticking energy (in k~ T units) per adsorbing monomer. It follows that :

ll~ 3/5

~ fNA
~~~

but, since r~ ~rN~
=

N~ s~~,
we obtain :

jm 11 1/5 116/5 f6/5 ( j~)
B B A

For sufficiently large N~, the fraction f approaches some constant value less than I, so that

r~ N(~ at fixed N~ in the brush regime. (For very small values of N~, f is expected to be a

decreasing function of N~, so that the variation of r~ with N~ may be somewhat slower than

that suggested by a 6/5 exponent). On the other hand, using the simple model for mushrooms

suggested by our data, r~ N j I. We thus have two opposing modes of behaviour as shown in

figure 7

r~ N(~ (brush) and r~ N j (mushrooms) (11)

Since brushes occur at low N~ and mushrooms at high N~, provided N~ is kept fixed in each

case, it follows that there is a maximum in the adsorbance r~ (see Fig. 7).

,

r I
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~
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1 ,* r _N
" ' .' B A

'
*',

, >

°. l
>'

', I ,*
'. , ,

>

N~. The plot
shows

a transition from brushes
to mushrooms as the

size

of the anchor block
is increased.

Conclusions.

The results of these and previous neutron reflectivity experiments confirm that two regimes of

end-adsorbed block copolymers exist depending on the grafting density, and that the grafting
density may be varied by varying the size of the anchor block. These regimes are characterized

by two distinctly different density profiles which are distinguishable using neutron reflectomet~

ry. The PS-PVP block copolymers, in which the size of the non-adsorbing block (PS) is fixed,

adsorb either forming a stretched polymer brush or a mushroom depending on the size of the

anchor block (PVP). The polymer density profile normal to the substrate for the larger anchor

blocks is well described by the mushroom type profile predicted by scaling theories in which
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the polymer chains are not stretched, forming independent or weakly-interacting hemispheres

on the surface. It is found that for polymers in the mushroom regime, the layer thickness of the

adsorbed polymer and the position of the maximum in the density profile stay relatively

constant with varying anchor block size. The distance between anchor points increases with

increasing molecular weight of the anchor block in a manner characteristic of mushrooms. The

dependence of the volume fraction of polymer at the maximum in the density profile on the

mean distance between anchor groups agrees with that predicted by simple scaling arguments.
A very compact surface layer of PVP is found for the polymers forming mushrooms. The

polymer density profile normal to the substrate for the smallest PVP anchor block is well

described by the brush type profile predicted by mean field theories. A crossover from

mushrooms to brushes can be seen as the size of the PVP anchor block is reduced. For a more

complete understanding of this system, however, measurements of the reflectivity below and

above the cmc should be made.
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