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ABSTRACT: We describe surface tension and neutron and X-ray reflectivity measurements on layers of
poly(2-(dimethylamino)ethyl methacrylate-block-n-butyl methacrylate) copolymer (poly(DMAEMA-b-
BMA)) (72 mol % DMAEMA) adsorbed at the air—water interface, together with parallel measurements
on the statistical DMAEMA—BMA copolymer (90 mol % DMAEMA). The DMAEMA block is a weak
polyelectrolyte, and we have studied the properties of these two adsorbed layers as a function of pH and
ionic strength. The variation of the surface tension with the three variables, polymer concentration, pH,
and ionic strength, is somewhat complex, but combined with the adsorbed amounts determined from the
reflection experiments, we have been able to give semiquantitative explanations of this variation using
the Gibbs equation. The main factor that must be taken into account is the adsorption (or depletion) of
the large number of ions associated with a single copolymer molecule. Different conclusions can be reached
about the relative surface activity of the diblock and statistical copolymers depending on whether surface
coverage or surface tension is used as the measure of surface activity. The coverage of the two copolymers
in terms of the average number of segments adsorbed is comparable under most conditions, but the surface
tension of the diblock is always significantly higher than that of the statistical copolymer. This is the
opposite of what is usually supposed, but we argue here that, when the hydrophilic or polyelectrolyte
block is the larger block and hence dominates the space occupied at the interface, the hydrophobic block
has little effect on the surface tension. However, by ensuring strong adsorption of the copolymer as a
whole, the hydrophobic block indirectly causes a large surface concentration of ions, which raises the
surface tension to a higher value than would normally be expected. The combination of neutron and
x-ray reflectivity shows that there is a thin copolymer layer, typically about 6 A thick, protruding out of
the aqueous surface and a thicker one, typically about 15 A, immersed in the water. Under all conditions
of pH and ionic strength the surface layer remains fairly concentrated (area per average segment less
than about 70 A%). When the DMAEMA segments are fully charged and the ionic strength is high, this

layer is more extended into the solution.

Introduction

There is considerable interest in water-soluble hy-
drophilic—hydrophobic diblock copolymers as surface
active agents because the hydrophobic component con-
fers surface activity on the copolymer. It is therefore
not surprising that many water-soluble block copoly-
mers have been demonstrated to be effective stabi-
lizers,1=3 emulsifiers,*> or dispersants,® a particularly
well-known example being the poly(ethylene oxide-b-
propylene oxide) diblock and triblock copolymers,’—°
which are commercially successful macromolecular sur-
factants. A further interesting variant for water-soluble
copolymers is the possibility of changing the character-
istics of the amphiphilic behavior by using strong or
weak polyelectrolytes as one of the blocks, the latter
having the further flexibility of charge density variation
on the soluble block.

There is also strong interest in the preparation of
amphiphilic diblock copolymers using living polymeri-
zation. For example, styrene, which is relatively straight-
forward to polymerize via classical anionic polymeriza-
tion, has been widely used to synthesize polystyrene
based block copolymers which incorporate a range of
nonionic, anionic, and cationic hydrophilic components.
Barker and Vincent!® have synthesized poly(ethylene
oxide-b-methacrylic acid) copolymers, Munk and co-
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workers!112 have synthesised poly(styrene-b-methacryl-
ic acid) copolymers, and several groups have reported
the synthesis and solution behavior of poly(styrene-b-
vinylpyridine) copolymers.#13-18 Poly(alkyl (meth)acry-
late)s have also been utilized as the hydrophobic com-
ponent in conjunction with various hydrophilic blocks
such as poly(2-vinylpyridine)®=21 and sulfonated poly-
(glycidyl methacrylate).?2:23

As well as the interest in the practical aspects of
amphiphilic copolymers at interfaces, there has been a
fair amount of theoretical attention recently devoted to
aspects of the self-assembly of copolymers in solution
and at interfaces. Thus, Scheutjens and co-workers
have used self-consistent field methods to examine the
effect of composition on the adsorption of copolymers
at interfaces and have considered the differences be-
tween diblocks and random copolymers,?425 Zhan and
Mattice?® have used Monte Carlo methods to study the
self-assembly of diblocks into both micelles and adsorbed
layers, and Marques et al.?6 have used scaling argu-
ments to study the adsorption and the structure of the
adsorbed copolymer layer. The added complication of
the water-soluble block being a polyelectrolyte has been
considered by Wittmer and Joanny?’” and Dan and
Tirrell,2 who have used scaling arguments to assess the
balance between self-assembly into micelles or into an
adsorbed layer. Some of the important issues are the
relative stability of micelles and adsorbed layers as a
function of fractional composition, charge on the poly-
electrolyte block, and ionic strength. Also of interest
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Figure 1. Chemical structure of the monomer residues in the
copolymers.

are the effects of changes in all these parameters on the
structure of micelles and adsorbed layers.

There have been several experimental studies on the
micellization of hydrophilic—hydrophobic block copoly-
mers in aqueous solution27-911=16 put relatively few
reports concerning their adsorption and structure at the
air—water interface. This is partly because traditional
surface measurements are often difficult to interpret.
The study of insoluble diblocks using Langmuir film
balances has been more useful and Eisenberg and co-
workers?® have deduced various morphologies for spread
block polyelectrolytes. Neutron and X-ray reflectivity
are powerful techniques for investigating the air—liquid
interface®® and the former has been widely used to study
the adsorption and structure of anionic, cationic, and
nonionic small molecule surfactants,3! spread monolay-
ers of water-insoluble polymers such as poly(methyl
methacrylate),3? and spread layers of diblock copoly-
mers.33 Neutron reflection studies on soluble copoly-
mers have been made by Phipps et al.,3* who attempted
to study the structure of three copolymers at the liquid—
liquid interface (water—hexane), and Dai et al.?> and
Kent et al.,*¢ who have respectively studied block
copolymers adsorbed at the air-toluene and air-ethyl
benzoate interfaces.

Here we describe surface tension and neutron and
X-ray reflectivity measurements on layers of a hydro-
philic—hydrophobic poly(2-(dimethylamino)ethyl meth-
acrylate-b-n-butyl methacrylate) copolymer adsorbed at
the air—water interface. The hydrophilic block is a
weak polyelectrolyte, and the charge can be varied by
varying the pH of the solution. In order to assess the
effects of copolymer architecture we have carried out
parallel experiments on the equivalent statistical co-
polymer.

Experimental Details

The poly(2-(dimethylamino)ethyl methacrylate-b-n-butyl
methacrylate) block copolymer (henceforth abbreviated to poly-
(DMAEMA-b-BMA), see Figure 1) was prepared by group
transfer polymerization3®” at 298 K using 1-methoxy-2-methyl-
1-(trimethylsiloxy)propene initiator and a tetrabutylammo-
nium dibenzoate catalyst via sequential monomer addition, the
DMAEMA being polymerized first. *H NMR spectroscopy and
CHN microanalyses indicated a BMA content of 28 mol %. Gel
permeation chromatography (solvent, tetrahydrofuran; refrac-
tive index detector; polystyrene standards) showed that this
block copolymer had a narrow unimodal distribution with an
M, of 19 500 and an My/M,, of 1.14. The statistical copolymer
was synthesized using identical conditions except that the two
comonomers were premixed in a 9:1 molar ratio before copo-
lymerization. The resulting copolymer contained 10 mol %
BMA and had an M, of 8300 and an M/M,, of 1.10.

Sodium chloride (BDH, AnalaR) was roasted before use to
remove surface active organic impurities. All the glassware
and PTFE troughs were cleaned by soaking them in alkaline
detergent (Decon 90) overnight and then rinsing several times
with ultrapure water (Elgastat UHQ, Elga, U.K.). The pH of
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the solutions was adjusted using sodium hydroxide and hydro-
chloric acid and maintained constant during the measure-
ments by keeping the samples under a nitrogen or argon
atmosphere.

The surface tension of the aqueous copolymer solutions was
determined on a Kriiss K10T digital-tensiometer using the du
Nouy ring method with a Pt/lr ring. The surfaces of the
solutions took some time to reach equilibrium and all mea-
surements were made after the solution had stood for 30 min.
Before each measurement, the ring was rinsed with pure water
and flamed to remove contaminants. The temperature was
maintained at 298 + 0.2 K.

Dynamic light scattering experiments were carried out on
1% w/v copolymer solutions at pH 7.3 using a Malvern PCS
4700 spectrometer equipped with a 40 mW He—Ne laser.
Measurements were made at an angle of 90° to the incident
beam.

The neutron reflection measurements were carried out on
the reflectometer CRISP at Rutherford Appleton Laboratory
(Didcot, U.K.). The instrument and the procedure for making
the measurements have been fully described elsewhere.383° A
pulsed, polychromatic neutron beam impinges on the sample
at a fixed angle of incidence, which was set at 1.5° for the work
in this paper. The neutrons specularly reflected from the
sample are detected by a single detector and their wavelengths
analyzed by time-of-flight. The reflectivity is determined by
the ratio of the reflected neutrons at each wavelength to the
number incident on the sample. The neutron reflectivity is
measured as a function of momentum transfer Q (=(4x sin
0)I2 where 6 is the glancing angle of incidence and A the
wavelength of the neutrons). The reflection intensities were
calibrated with respect to pure D,O. Incoherent scattering
from the bulk solution gives rise to a background, which was
determined by measurement of the signal out to large values
of Q. This background was assumed to be flat, which has been
shown to be approximately valid, provided any small angle
scattering from the bulk solution is small.*°

The grazing incidence X-ray reflection measurements were
made on a laboratory based X-ray reflectometer using a
conventional X-ray tube (Cu Ka, 1.54 A).41 A monochromatic
X-ray beam is incident on the sample over a range of angles
giving a good reflectivity signal over the range of Q of 0.01—
0.6 A%, The reflected X-ray beam is detected by a proportional
gas ionization counter. The procedure for subtracting the
background scattering, which is lower than in the neutron
experiment, was the same as in the neutron experiment.

Results and Discussion

(a) Surface Tension and Dynamic Light Scat-
tering. Figure 2 shows the surface tension variation
with copolymer concentration of both the diblock and
statistical copolymers in aqueous solution at 298 K and
a pH of 7.3. The surface tension decreases as the copoly-
mer concentration increases up to about 0.1% wi/v.
There is then a well-defined break (indicated by an
arrow in the figure) at 0.087 + 0.005% for the diblock
copolymer and possibly also one at 0.082 + 0.005% for
the statistical copolymer. Over most of the concentra-
tion range, if surface tension is taken as a measure of
surface activity, the statistical copolymer is more surface
active than the diblock copolymer, although its molar
percentage of hydrophilic monomer residues (DMAE-
MA) is larger. A similar phenomenon has also been
observed by Ishihara et al.,*2 who used surface tension
and fluorescence techniques to investigate the properties
of the water-soluble graft copolymer, poly(((2-(meth-
acryloyloxy)ethyl)phosphoryl)choline-graft-BMA), which
we abbreviate to poly(MPC-g-BMA). The surface activ-
ity of the diblock was only slight whereas the statistical
copolymer was strongly surface active. Ishihara et al.
interpreted this as the hydrophobic BMA moieties in
the graft copolymer being completely covered by the
hydrophilic MPC chains and therefore losing their
surface activity. In the present study the difference
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Figure 2. Surface tension measurements of the diblock
copolymer aqueous solutions without (O) and with (A) 0.02 M
NaCl and of the statistical copolymer aqueous solutions
without (+) and with (x) 0.02 M NaCl.

between the surface tension of our block and statistical
copolymers is not as marked as for poly(MPC-g-BMA)
and we discuss the question of relative surface activity
further below.

It is difficult to use the Gibbs equation to determine
the surface coverage of the copolymers from y — In ¢
plots because the degree of ionization is not known. The
authors have not been able to find a detailed discussion
of the Gibbs equation for this type of system, and here
we extend the approach of Hall et al.*3 The full
expression for the Gibbs equation for these copolymers
may be written

BT I_‘pold In fpolcpol + 1—‘iond In fioncion +
Iﬂcoiond In fcoionccoion (1)

where T represents surface excess (measured relative
to water), ¢ is concentration, f is the activity coefficient,
and the subscripts refer to copolymer, counterion, and
co-ion. When the copolymer is the only source of
counterions and the surface is neutral, then, if we
assume that the copolymer charge is the same in
solution and at the surface, the equation becomes

—d—V—rpO,(l +n)dincyy +T

RT — pot AN +

Fpo(d Infy +ndinfg) (2)

where n is the total charge on an average copolymer
chain. In the concentration range where the copolymer
does not form aggregates in the bulk solution n should
be constant at a given pH. Neglecting any contribution
from variation of the activity coefficients with concen-
tration the apparent surface excess I'? will be given by

*~T,,1+n) 3)

The maximum values of n are about 90 for the diblock
and about 50 for the statistical copolymer and at all the
pHs studied n is expected to be very much greater than
unity. In the special case where the fractional charge
on the adsorbed DMAEMA and the coverage of the
surface by DMAEMA segments are the same for the two
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Figure 3. Effect of pH on the surface tensions of the two
copolymers at a concentration of 0.087 w/v % for the diblock
(O) and 0.082 w/v % for the statistical copolymer (x).

copolymers then

50\2
?an ~ (%) rgi (4)

Thus the apparent adsorption of the statistical copoly-
mer, as determined from the slope of the plots in Figure
2, would be expected to be about one-third of that of
the diblock. Given the large errors in determining these
slopes, this condition is approximately fulfilled, which
implies that the surface coverage, in terms only of
DMAEMA segments, is comparable for the two copoly-
mers. The reflection results discussed below are ap-
proximately consistent with this estimate.

Itis interesting to examine the behavior of the surface
tension, eq 2, at the critical micelle concentration
(CMQC). If, as is common for small molecule surfactants,
the surface coverage does not change significantly over
a small range of concentration through the CMC** then
the slope of the plots in Figure 2 may change either
because In ¢y becomes very different from In fpoCpol, as
for small molecule surfactants, or because the ionization
of the copolymer in the micelle may be different from
the free copolymer; i.e. n may change. It is of course
also possible to have a break caused by a change in
surface structure, i.e. a change in Ipq.

Both the solubility and the surface activity of the
copolymers are sensitive to pH, the diblock being
insoluble above a pH of about 7.5 and the statistical
copolymer insoluble above about 8. Thus a proportion
of the hydrophilic DMAEMA monomer residues must
be protonated for the copolymers to dissolve, and the
surface activity can also be expected to be sensitive to
the pH. The variation of the surface tension at a fixed
copolymer concentration near 0.1% w/v and varying HCI
concentration is shown in Figure 3. This shows how,
as the pH is lowered below about 7, the copolymers
become less surface active, presumably because they
become more fully extended with their extra charge and
cannot then accommodate themselves to the steric
restrictions imposed by the surface.** Provided the pH
is not too high, its main effect is to change n and the
response of the surface tension is then determined by
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_ (Q?L)

RT Fpgdn+Tp(diInf

oot TNAINT)  (5)

where cpo has been taken as constant. It is not possible
to give explicit expressions for the two activity coef-
ficient terms. However, at the low concentrations being
considered, both should decrease with increasing n and
because of the prefactor n in the counterion term this
term will dominate. If we take as a guide the Debye—
Huckel limiting law for the counterion we obtain

d
—(R—_Vr)c oyl — B dn + T dinf,, (6)

pol

where B is a constant of order unity and x has a value
between 1/, (appropriate for a 1:1 electrolyte) and 2
(appropriate for an n-valent ion and n counterions where
n is large). In the pH range under consideration both
the term in brackets and the d In fy, will be negative
and, provided that the surface excess of copolymer
remains positive, the surface tension will therefore
increase as the pH is lowered until the degree of
ionization no longer changes; i.e. y should increase to a
maximum value, irrespective of whether the amount of
adsorbed copolymer changes. This is exactly as ob-
served (see Figure 3). At still lower values of the pH
the expression for the surface tension becomes more
complicated because we must take into account the
behavior of the co-ions (see eq 1) and allow for further
variation of the activity coefficient of the counterions.
Assuming that n no longer changes as the pH is lowered
and including the co-ion term in eq 1 while maintaining
electrical neutrality of the surface layer, we obtain

oo

Rk Tooen) d 1N f

dinf

|on ion

pol din fpol (7)

co ion co-ion co ion

The concentrations of counterions and co-ions will be

approximately equal at low pH and their activity

coefficients will also be similar. Then eq 7 becomes
_(Qz)

RT, +dliIng,) +T

dinfy,
(8)

The dominant term will be the concentration term and
therefore the surface tension will now decrease again
as the pH is lowered, as observed.

The behavior of the solubility and surface activity
with pH indicates that the hydrophilic groups are
partially charged at a pH of 7.3 and addition of
electrolyte should screen this charge, reducing the
repulsion between positive DMAEMA fragments, and
increasing the surface activity. The surface tension in
the presence of 0.02 M NacCl is shown as a function of
polymer concentration in Figure 2 and it does decrease
significantly over much of the concentration range,
except above the break point in the surface tension
curve, where the changes are relatively small. The
main effect of added electrolyte will be to suppress the
variation of cijo, in eq 1, which becomes

d
- % pol diIn fpolcpol 9

| = I"lrpol(d In fion pol

and there should therefore be a dramatic reduction in
the magnitude of the slope of the plot, exactly as
observed. In Figure 4 we show the variation in surface
tension of both copolymers as a function of salt concen-
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Figure 4. Surface tension measurements of the diblock (open
symbols) and statistical random (filled symbols) copolymer
aqueous solutions at different pHs as a function of added NaCl
concentration. The copolymer concentration was kept constant
at 0.087 wiv % for the diblock and 0.082 w/v % for the
statistical copolymer.

tration and at fixed copolymer concentration close to
0.1% w/v and a fixed pH. At pHs of 3.5 and 7.3 the
surface tension of the statistical copolymer decreases
systematically with added salt. The behavior of the
diblock is more complicated. Its surface tension is
generally slightly higher when the ionic strength is high
but at low ionic strength the surface tension behavior
is more erratic, there even being a clear minimum at
pH 3.5. The appropriate surface tension equation is
derived from (1) and is

d
—(—V) Ty d 1N fogy +
pol,pH

RT/c
(nrpol - co |0n) din flon ion
co-ion din fco-ioncco-ion (10)

The concentrations of co-ion and counterion under these
conditions will be approximately the same, and if we
make the further assumption that their activity coef-
ficients vary similarly with concentration, we obtain

d In fi,.C;

pol ion~ion

RT)c (11)

—(d—V) A~ T dInfy +nr
pol,pH
This differs from eq 2 in that the concentration of
counterion is being varied independently of copolymer.
It should also be noted that we have neglected any
variation of n with changes in the activity coefficients.
The main change is in In cjon, Which will cause y to
decrease as Cion increases, as observed for the statistical
copolymer. nIpo occurs as a prefactor for the In cion
terms, and the results for the statistical copolymer in
Figure 4 indicate that nI'y is larger at pH 3.5 than at
pH 7.3. The ionization, i.e. n, is expected to be larger
but T" might be expected to be smaller since the surface
tension is only slightly lower than for water. Neverthe-
less the results show that n must more than compensate
for any changes in I'. This is confirmed by the reflection
results below.

For the diblock copolymer we first consider the
behavior at pH 7.3. Since the concentration of the
copolymer is close to the critical micelle concentration,
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addition of electrolyte will probably cause micellization.
Above the CMC the activities of copolymer and co-ion
will then be approximately constant and the surface
tension variation will be

~
~

—(9Z dinf

R-I_)Cpol,pH (12)

I_‘co—ion co—ioncco—ion

Since co-ions would be expected to be partially excluded
from the copolymer layer, T'co-ion Should be negative and
the surface tension should increase with added electro-
lyte, as observed. At pH 3.5 micellization will not occur
immediately when electrolyte is added. The effect of
added salt should then be the same as for the statistical
copolymer at the same pH except that n is larger and
the initial decrease in the surface tension is more rapid,
as observed. From the observed surface tension behav-
ior it would seem that at an electrolyte concentration
of about 0.02 M micellization occurs and the behavior
then follows eq 12.

We have been able to explain semiquantitatively the
main features of the surface tension behavior mainly
in terms of the variation of the adsorption of counterions
and co-ions, which evidently have a strong influence on
the surface tension behavior. As far as we are aware,
this is the first time such a systematic study of the
consequences of the Gibbs equation for the behavior of
such a system has been made. The magnitude of the
copolymer adsorption is of little relevance to most of the
phenomena observed, and this emphasizes the dangers
of interpreting surface activity in terms of surface
tension rather than in terms of surface coverage. We
will show below that the reflection results give values
of the copolymer surface coverage that largely confirm
the interpretations above.

By analogy with the results of others (see, for ex-
ample, ref 46) the break point at about 0.1% w/v in the
absence of salt is probably the critical micelle concen-
tration (CMC) of the diblock copolymer. The much
weaker break for the statistical copolymer is unlikely
to be a genuine CMC, especially when the differing
effects of added electrolyte on the surface tension are
taken into account. The dynamic light scattering
experiments on relatively concentrated solutions (1%
w/v) showed that the scattering from the statistical
copolymer was little different from that from water, i.e.
the copolymer is dissolved molecularly, but there was
substantial scattering from the diblock copolymer,
indicating a high degree of association. The hydrody-
namic radius of these aggregates was of the order of 100
nm, which, from our experience with similar diblock
copolymers and also in the light of results from Selb and
Gallot!® and Stejskal et al.,*” is not necessarily true
micellization. The light scattering result shows, how-
ever, that the break in the surface tension curve for the
statistical copolymer cannot be associated with micel-
lization in the bulk solution. An important difference
from small molecule surfactants is that the copolymer
may change either its surface-adsorbed phase or its bulk
aggregation, whereas for small molecule surfactants
realistically only the bulk phase can change. Thus it
has been suggested that the structure of an adsorbed
copolymer layer changes at a different concentration
from that at which micellization occurs.?> It is possible
that the very weak change in gradient in Figure 2 for
the statistical copolymer corresponds to a change in the
surface phase of the copolymer.

(b) Specular Reflection. Neutron reflection profiles
were measured for D,O solutions of the diblock and
statistical copolymers at the break point in the surface
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Figure 5. Neutron reflectivity profiles of the diblock copoly-
mer aqueous solutions without (a) and with (b) 0.02 M NaCl
and of the statistical copolymer aqueous solutions without (c)
and with (d) 0.02 M NaCl. The continuous lines are the best
fits using the parameters of Table 2, and the dashed lines are
profiles calculated assuming the copolymer is entirely out of
the water. The dashed lines are almost indistinguishable from
those of pure D,O.

tension plots of Figure 2, with and without NaCl and
at pH values of 7.3, 3.5, and 1.1. The results for pH
7.3, where the surface tension is at its lowest, are shown
in Figure 5 and compared with the reflectivity from D,O
on its own. The polymers have a marked effect on the
reflectivity of D,O and there are small differences
between the statistical and diblock behavior. The
addition of salt reduces the reflectivity somewhat
further.

The simplest analysis of neutron and X-ray reflection
is via the optical matrix method.® The refractive index
profile of the surface layer normal to the surface is
divided into a number of uniform layers, the Fresnel
reflection and transmission coefficients are calculated
for each interface and combined to give the total
reflectivity from the composite surface layer. The
refractive index, n, of a layer is related to its scattering
length density, p, by

n=1- (A%2xn)p (13)

For neutrons,

p= znibi (14)

where n; is the number density of an atomic species i
and b; is its scattering length. b; is an empirically
determined quantity for neutrons but for X-rays is given

by
b, = (f, + Af,)e?/mc? (15)

where e and m are the charge and mass of the electron,
¢ is the speed of light, and f is the atomic scattering
factor which is approximately the atomic number at low
scattering angles.

For the experiments here, the scattering length
density of any component layer can be expressed in
terms of the volume fraction, ¢y, of the copolymer in that
layer:

P = Pppp T Psps (16)

where pp, and ps are the scattering length densities of
the copolymer and solvent, respectively. If there is air
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Figure 6. X-ray reflectivity profiles of (a) the diblock copolymer aqueous solution and (b) the statistical copolymer without salt.
The continuous lines are the fits using the parameters given in Table 3. The dashed lines are the profiles calculated with the

copolymer totally immersed in water.

Table 1. Volumes, Scattering Lengths, and Electron
Numbers for Copolymer Subunits

scattering electron

unit volume/A3 length?/10-5 A no.
CH2C(CH3) 108.1° 1.25 23
CaHg 135.0° —7.06 33
CoHa 53.8° —1.66 16
COO 40.7¢ 18.25 22
N(CH3)2 110.1 0.26 25
H,0 29.9 —1.68 10
D20 30.2 19.14 10

a Reference 49. ® Reference 50. ¢ Reference 51.

Table 2. Best Fits of the Neutron Reflection Profiles of
the Two Copolymers Using a Uniform Layer Model

wiv % 02l1076 A2 /A p3/10°6 A2, 1a/A
(£0.02) pH [NaCll/Mm (£0.5) (£0.8) (£0.5) (£5)
Diblock Copolymer
0.08s 7.3 4.9 145
0.08s 3.5 5.7 145
0.08s 1.1 5.7 145
0.08 7.3 0.02 4.2 145
0.08 35 0.02 5.6 18.0
0.08 35 0.1 5.0 16.0 6.2 25
Statistical Copolymer
0.08 7.3 5.0 17.0
0.08 35 5.5 15.0
0.08 1.1 35 7.0 5.6 18
0.08 7.3 0.02 47 16.0
0.08 35 0.1 4.3 14.0 6.2 25

in the layer (¢, + ¢s) will be less than 1. In the neutron
experiment the scattering lengths of the different
components (see Table 1) are such that the density
profile of DO normal to the interface is dominant
because the scattering lengths of the copolymer frag-
ments are very small. To illustrate this, the dashed
lines in Figure 5a and c are for a compact layer of
copolymer lying on the surface of the water; they are
almost identical with the reflectivity of pure D,O. The
reflectivity profiles in Figure 5 are therefore approxi-
mately determined by the layer or layers where D,O
has been displaced by copolymer. Thus the simplest
model that might fit the neutron data is of one uniform
layer of scattering length density ¢sps where ps is the
scattering length density of D,O. This does, indeed, give
an adequate fit to the four profiles in Figure 5, and the
fitted parameters are given in Table 2. Assuming that
all the residual space in the lower layer is filled with
D0, i.e. the volume fractions of copolymer and D,0O add
up to unity, the volume fraction (%) of copolymer in the
latter is found to be 20 and 25% for statistical and
diblock copolymers in the absence of salt, increasing to
25 and 35% when 0.02 M NaCl is added (see Table 4).

This parallels the lowering of the surface tensions of
the two species when NaCl is added. The thickness of
the layer is 14.5 A for the diblock and somewhat larger
at 17 A for the statistical copolymer.

We have also studied the effects of pH on the reflec-
tivity and the effects of added NacCl at the lower pH of
3.5. We do not show the reflectivity profiles, but the
results of fitting the uniform layer model are included
in Table 1. The neutron results indicate that the
amount of copolymer in layer 2, the water-filled layer,
is reduced substantially for both copolymers at the lower
pH of 3.5, the volume fraction dropping to about 10%
(see Table 4). The profiles at a pH of 1.1 show that the
diblock has a reflectivity similar to that at pH 3.5 but
the reflectivity of the statistical copolymer indicates
greater adsorption and a significant thickening of the
layer, which necessitated the use of a two-layer model
to fit the data. Note that at a pH of 1.1 the ionic
strength is also high. The effect of added NaCl at a pH
of 7.3 was to increase the adsorption, and this is also
true at a pH of 3.5. However, at pH 3.5 we studied the
higher concentration of 0.1 M NaCl, which increases the
adsorption for both copolymers and causes a thickening
of the layer. The effect is much larger for the statistical
copolymer and is consistent with ionic strength effects
dominating pH effects at the very low pH of 1.1 for the
latter.

The X-ray reflectivities of the two copolymers without
salt at pH 7.3 are shown in Figure 6. In comparison
with water the reflectivity is again strongly depressed,
although now there is a noticeable interference mini-
mum at about 0.6 A-1, indicating that the depression
is not simply an increased roughness of the surface. If
the values of the volume fractions obtained by fitting
the neutron data are used to calculate an X-ray reflec-
tivity profile using the single-layer model, the calculated
profile does not fit the X-ray data at all (dashed lines
in Figure 6). The calculated X-ray reflectivity for such
a model is only slightly different from that of water
because there is not much contrast between a close-
packed copolymer/water layer and water on its own. The
only possible explanation of the large difference between
the X-ray reflectivities of the copolymer solutions and
that of water is that some copolymer protrudes above
the water to form a layer, which would be invisible to
the neutrons because of its near zero scattering length
density but which would have a significant effect on the
X-ray reflectivity. Indeed, the X-ray reflectivity profile
can be fairly accurately modeled with a single uniform
layer of lower scattering length density than with a
close-packed water/copolymer layer and of about 6 A in
thickness. Because each type of reflectivity is clearly
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Table 3. Best Fits of the X-ray Reflection Profiles of the Two Copolymers Using the Model of Two Uniform Layers

wiv % p1/1076 A72 ‘El/A p2/1076 A72 tz/A p3/10’6 A72 ‘[3/A
(£0.02) pH [NaCIlM (£0.8) (£0.1) (+0.8) (£1) (£0.8) (£1)
Diblock Copolymer
0.08s 7.3 4.5 5.0 9.0 145
0.08s5 35 3.0 8.0 8.0 145
0.085 1.1 5.6 5.5 9.3 14.5
0.08s5 1.1 5.6 5.5 9.3 145
0.08 7.3 0.02 5.8 6.0 8.9 145
0.08 35 0.02 3.0 10.0 8.0 18.0
0.08 3.5 0.1 3.2 9.0 8.5 16.0 9.35 25
Statistical Copolymer
0.08 7.3 4.2 5.5 9.0 17.0
0.08 35 35 7.0 9.0 15.0
0.08 1.1 4.0 5.0 9.0 7.0 9.2 18
0.08 7.3 0.02 5.5 5.5 8.9 16.0
0.08 35 0.1 3.2 6.5 8.7 14.0 9.35 25
Table 4. Structural Parameters Derived from the Neutron and X-ray Reflection Data
AmollA2 AseglA2 Pp1 $p2 $p3 Op1 Op2
wiv % pH [NaCl}/M (£10%) (+£10%) yImN m~1 (£0.1) (£0.1) (£0.1) (£0.05) (£0.05) Op2
Diblock Copolymer
0.08s 7.3 6300 49 48.0 0.6 0.25 0.47 0.53
0.085 35 8470 66 70.0 0.4 0.1 0.68 0.32
0.085 11 7160 56 63.5 0.7 0.1 0.73 0.27
0.08 7.3 0.02 4080 32 47.5 0.75 0.35 0.48 0.52
0.08 3.5 0.02 6380 50 60.0 0.4 0.1 0.64 0.36
0.08 35 0.1 5260 41 67.0 0.4 0.2 0.02 0.5 0.43 0.07
Statistical Copolymer
0.08 7.3 2510 49 42.5 0.55 0.20 0.45 0.55
0.08 3.5 3250 61 70.0 0.45 0.10 0.49 0.51
0.08 11 2080 39 59.0 0.50 0.45 0.1 0.34 0.39 0.27
0.08 7.3 0.02 2000 37 415 0.70 0.25 0.49 0.51
0.08 35 0.1 2170 41 62.5 0.40 0.30 0.02 0.35 0.59 0.06

sensitive to two distinct parts of the interface, we finally
use a two-layer model with a layer of copolymer con-
taining no water at all and a close-packed layer contain-
ing water and copolymer to model both neutron and
X-ray reflectivities. From eq 16, the scattering length
densities of the two layers must be

P1= ¢p1pp (17)

and
P2 = ¢p2Pp +(1 - ‘sz)Pw

where the subscripts 1 and 2 denote the upper and lower
layers, respectively. Since the neutron scattering length
densities are estimated to be 0.5 x 1076 A~2 for the
diblock and 0.6 x 10~¢ A~2 for the statistical copolymer,
and the scattering length density of D,O is 6.35 x 10~
A-2, the contribution of layer 1 to the neutron reflec-
tivity will be negligible. The fits to the neutron data in
Table 2 will, however, give an accurate value of (1 —
¢p2). Using the values of (1 — ¢,2) and 7, from Table 2,
we adjust the parameters of layer 1 until the X-ray data
are satisfactorily fitted. The results of this are given
in Table 3. These now show more definitely that there
is a thin layer of copolymer, invisible to neutrons,
protruding above the water. At a pH of 7.3 the thick-
ness of the layer is not sensitive to the addition of 0.02
M NaCl but its composition is, there being a 50%
increase in the amount of copolymer in this layer for
both copolymers when salt is added. The effect of pH
on the X-ray reflectivity has not been shown, but the
results are given in Table 3. As the pH is lowered to
3.5, the density of copolymer in layer 1 decreases but
because the layer thickens somewhat the total amount
of polymer in the layer increases. For the diblock
copolymer at the lower pH of 1.1 this effect is reversed
and the upper layer becomes more dense. The effect is

(18)

also reversed for the statistical copolymer but not as
strongly. The effect of ionic strength on layer 1 at pH
3.5 is small for both copolymers.

The volume fractions of copolymer in the two layers
can be obtained by using eqs 17 and 18. From the
arguments already presented X-rays give the most
reliable information about the composition of layer 1 and
neutrons about layer 2. Therefore, combining the X-ray
results on the first layer with the neutron results on
the second layer, the average area per copolymer
molecule, A, and the fraction, g, of a copolymer molecule
above and in the water can be obtained from the
following relations:

¢p1 = gprp/‘[lA (19)
Pp2 = Gp2VIToA (20)
1=0p +0p (21)

where V,, is the volume of a copolymer molecule and ¢
is the layer thickness. The results of this calculation
are given in Table 4. There are a number of sources of
error in the estimates of the volume fractions. Neither
neutron or X-ray reflectivity will be sensitive to diffuse
copolymer layers in the situation where there is a
substantial signal from an upper layer. Thus there is
almost certainly a small fraction of polymer forming a
diffuse layer which is not accounted for underneath the
two or three layers already included. No allowance has
been made for the contribution of the counterions to the
reflectivity, although this is again expected to be very
small. Finally, we have assumed that the copolymers
are homogeneous. This would normally only be impor-
tant for the neutron experiment because X-rays are
scattered similarly by each of the fragments. However,
even for the neutron experiment it is not likely to cause
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serious error because what is being measured is the
displacement of water rather than the aggregation of
polymer. Taking all these errors together, the values
of A in Table 4 will be overestimates of the area per
molecule but experience with other systems suggests
that the error will be at worst about 15%. At the level
of accuracy needed for comparison with the surface
tension results this is relatively small. To allow for the
different molecular weight of the two copolymers, we
have also included the mean area per segment.

Discussion

We first compare the surface tension and reflectivity
results for the surface coverage. As noted in the
discussion of the surface tension results, the surface
tension behavior is mainly determined by the ion
absorption or desorption. Thus, the slopes of the y —
In c plots in the absence of electrolyte in Figure 2 are
approximately (1 + n) times the true copolymer surface
excess. The coverages from surface tension and reflec-
tivity can then be combined to give an estimate of n.
These values are found to be about 100 and 20 for the
diblock and random copolymers, respectively, to be
compared with maximum theoretical values of 90 and
50. The experimental value for the diblock copolymer
seems to be too high, but there are considerable errors
in the determination and the agreement demonstrates
that eq 3 does account for the steep slope of the y — In
¢ curve as the CMC is approached from below. Also
consistent with the presence of n in eq 3 and its absence
in eq 9 is the change in both surface tension curves of
Figure 2 when electrolyte is added. The slope of the y
- In ¢ plot changes by a very large factor, but as can be
seen from Table 4, the change in Iy is only by a factor
of 20—50%.

When the pH is lowered, the surface tensions of both
copolymers approach the value for pure water at a pH
of 3.5. A naive interpretation, based only on the surface
tension measurement, could have been that the amount
of adsorbed copolymer drops to a very low value at this
pH. The neutron and X-ray results, however, show
quite clearly that the absorption is still strong, being
only about 30% lower than at pH 7.3. Given this result,
eq 6 shows that the increase in surface tension comes
from forcing the number of adsorbed counterions to
increase, because the net charge on the copolymer
increases, and decreasing their chemical potential in the
bulk (decrease in In f), which makes adsorption of the
ions less favorable. The hydrophobicity of the copolymer
is strong enough to ensure adsorption, whatever its
charge, but the lowering of the surface free energy is
largely offset by the unfavorable free energy of adsorp-
tion of a large number of counterions. It is well-known
that the surface tension of electrolyte solutions increases
with electrolyte concentration because there is a deple-
tion layer of electrolyte at the surface. These observa-
tions reinforce the earlier conclusion that it may be
misleading to use surface tension as a measure of
surface activity. The differences between surface ten-
sion behavior and adsorbed amounts are even more
marked for the effects of electrolyte on the diblock
copolymer at pH 7.3. The effect of a small amount of
added electrolyte at pH 7.3 and just below the CMC
causes little change in the surface tension of the diblock
polymer, but the adsorbed amount changes by 50%.

The effect of adding 0.1 M electrolyte to the statistical
copolymer at a pH of 3.5 was to decrease its surface
tension substantially. This was earlier explained, using
eq 11, as an increase in the chemical potential of the
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counterions in the bulk solution, which reduces the free
energy penalty of adsorbing them at the interface. The
reflectivity results now make it clear that the observed
increase in I'yy can also explain the decrease in y; i.e.
the increased screening of the charged DMAEMA seg-
ments makes the copolymer more surface active. It
would not have been possible to draw that conclusion
from the surface tension results on their own.

The effect of added electrolyte on the behavior of the
diblock copolymer is even more complex. At a pH of
3.5 the initial effect of electrolyte led to a sharp lowering
of the surface tension, which then increased steadily on
further addition of electrolyte above about 0.02 M. In
contrast, the surface coverage, determined from the
reflectivities, initially decreases on addition of electrolyte
before increasing steadily on further addition. We have
already used eq 12 to explain the increase of surface
tension in terms of the co-ion behavior, the implied
assumption being that I'y, was constant. Given that
the diblock copolymer concentration was such that
addition of electrolyte would take the copolymer above
the CMC, the behavior of the surface coverage suggests
that the adsorbed amount of copolymer also changes
quite markedly across the CMC. This would be quite
different from the behavior of small molecule surfac-
tants, where the coverage only varies slightly through
the CMC.** However, it has been suggested that the
structure of the adsorbed layer changes for diblock
copolymers at the CMC, the adsorption above the CMC
being of micellar aggregates.?® If this were the case, it
would not be surprising if there were also a change in
the adsorbed amount.

It is interesting to note that, in terms of surface
coverage per average segment and allowing for the 10%
error, there is no systematic difference between the
surface activity of the two copolymers, and they are
usually similar. However, in terms of the surface
tension the statistical copolymer is always much more
surface active. Van Lent and Scheutjens?* showed that,
when the hydrophobic monomer is the majority compo-
nent, the diblock should be more surface active than the
statistical copolymer. We have the opposite effect. The
situation seems to be quite different when the hydro-
philic (charged) monomer is the majority component.
The BMA segments are strongly hydrophobic, and the
DMAEMA segments will also be somewhat hydrophobic
when uncharged and probably amphiphilic, and hence
surface active, even when charged. Thus the copolymer
as a whole will always tend to be strongly adsorbed. If
the charged block occupies a much greater volume than
the uncharged block at the surface, the amount of
copolymer adsorbed will be determined by the size of
the charged block. In the absence of screening by added
electrolyte this will increase with the charge density.
For a given fractional ionization of a DMAEMA segment
the charge density will be about 10% greater on the
DMAEMA sequence of the diblock because it is not
diluted by occasional BMA fragments. Thus the density
of DMAEMA segments at the surface should be less for
the diblock. In terms of the average segmental coverage
this is compensated by the addition of the BMA block
and the values of Ageg(average) will therefore be about
the same. There are two situations where the values
are different. At a pH of 7.3 and electrolyte concentra-
tion of 0.02 M the diblock is more strongly adsorbed.
As already suggested, this may be because the addition
of electrolyte has taken the system into the micellar
region and that micelles are actually adsorbed at the
surface. Ata pH of 1.1 the statistical copolymer is more
strongly adsorbed, which must be caused by the charge
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density on the DMAEMA block of the diblock copolymer
being maximized under these conditions.

The surface tension will be dominated by the proper-
ties of the component occupying most of the surface, i.e.
the DMAEMA block in the case of the diblock, although
it is the presence of the BMA that ensures that the
copolymer is always adsorbed. As noted earlier, the
surface tension will be reduced by the presence of the
copolymer at the air—water interface but this may be
offset by the accumulation of charged counterions and
co-ions at the surface. The latter will depend on the
charge density in the DMAEMA component, and since
this is larger for the diblock, the diblock will tend to
have the greater surface tension. What is happening
physically is that the BMA blocks are kept separate so
that there are no favorable interactions between them.
The situation is then rather like an insoluble copolymer
monolayer where the concentration of copolymer is too
low to cause any increase in the surface pressure. The
presence of DMAEMA should also lower the surface
tension but this is partly offset by the relatively high
charge density at the surface.

Comparison of the distribution of the copolymers
between the two layers shows that the protruding layer
is usually more dense for the diblock than for the
statistical copolymer and that there is always a greater
proportion of the copolymer in this upper layer for the
diblock. Given that the BMA block is insoluble in water,
these observations are exactly as would be expected.
Within the solvated DMAEMA chains there will be
competition between the uncharged segments, which
will want to be out of the water, and the charged
segments, which will want to be well immersed, and this
will cause any layer formed to be somewhat disordered.
For the diblock copolymer there is nothing to prevent
the BMA block from forming a relatively thin and
compact layer on the surface. Thus, at the same
average coverage per segment the diblock should form
a thinner layer than the statistical copolymer, and this
is as observed. The BMA comprises less than one-third
of the monomer residues of the diblock copolymer, and
given that these residues will be much more compacted
within the layer than the DMAEMA component, much
the larger proportion of the surface occupied by the
diblock is occupied by the more solvated DMAEMA
chains. This is consistent with the discussion in the
previous two paragraphs.
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