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ABSTRACT: We report the results of a small-angle neutron scattering study into the structure of the
adsorbed layers formed at the interface in a dilute perfluorodecalin-in-water emulsion by five short chain
diblock copolymers of oxyethylene (OE) and oxybutylene (OB) (OE2s0B13, OE250B11, OE3,0B7, OE,70Bs,
and OEsgOBi3). The results are discussed in the context of the Marques—Joanny—Leibler scaling
description of block copolymer adsorption from selective solvents and provide an insight into the validity
of the theory in the unusual limit of short chain lengths and small anchor blocks, close to the boundary
between the buoy-dominated and the van der Waals—buoy regimes. The volume fraction profiles are
best described by parabolic and, to a lesser extent, Gaussian functional forms. When the temperature
was increased, the buoy blocks were found to contract toward the surface, giving rise to profiles that
were more blocklike, in accordance with theoretical predictions by Wijmans and Zhulina (Macromolecules

1993, 26, 7214).

Introduction

Improving our understanding of how surfactant and
copolymer molecules arrange themselves at interfaces,
particularly in colloidal systems, both is of fundamental
interest and is important in a wide range of technolog-
ical processes and biomedical applications.l=3 Block
copolymers have been particularly widely studied in this
regard because they provide a means of achieving two
mutually exclusive requirements; the need for a strongly
adsorbed anchor (A) block and a well-solvated buoy (B)
block. At an impenetrable interface, AB-type diblock
copolymers tend to be more effective in this role than
ABA-type triblock copolymers of the same overall length,
or the same buoy block length, since the nonadsorbing
segments in the latter are predominantly in the form
of loops. These loops possess less configurational entropy
than the tails present in an adsorbed layer formed by
diblock or BAB-type (effectively “double-diblock”) co-
polymers. However, if the solvent is selectively poor for
one block, copolymer micelles or micellar networks may
form. Adsorption from selective solvents can therefore
lead to competition for material between the processes
of adsorption and micellization provided that the latter
is not irreversible.

For aqueous systems arguably the most widely stud-
ied buoy block is poly(oxyethylene) (POE).*~7 Copoly-
mers of POE with alkyl chains (CiOE,, or Brij) or
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poly(oxypropylene) (Pluronic, Synperonic, or Poloxamer
for BAB materials and Pluronic-R for ABA materials)
are available commercially. A particular problem with
the POE/POP copolymers is that the acidity of the
tertiary proton in propylene oxide gives rise to a transfer
reaction during polymerization.® This leads to a range
of polymeric impurities® which can only be completely
removed under carefully controlled laboratory condi-
tions.1° Consequently published work on these materials
is based on samples of rather variable purity. This can
be overcome by using poly(oxybutylene) (POB) in place
of POP. A range of high-purity POE/POB block copoly-
mers have been synthesized and characterized by Booth
and co-workers in recent years,1713 and these materials
have also started to appear commercially (Dow B—Se-
ries Polyglycols). An added benefit is that POB is at
least four to six times more hydrophobic than POP,
giving rise to much better delineated solution phase
behavior, though micellization should still be completely
reversible under normal experimental conditions since
the glass transition temperatures of the constituents are
below 210 K.

In this work we have used small-angle neutron
scattering (SANS) to examine the structure of the
adsorbed layers formed by a number of POE—POB
diblock copolymers at the perfluorocarbon—water in-
terface in a submicron emulsion, a model colloidal
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system we have used previously.'*1> Compared to
polymer latices or the inorganic oxide sols more tradi-
tionally associated with adsorption studies, a perfluo-
rocarbon emulsion has some particularly useful fea-
tures: (i) the neutron scattering length density of the
perfluorocarbon can still be contrast-matched to a D,0O-
rich medium, (ii) the emulsion droplet offers a homo-
geneous, molecularly smooth, spherical surface which,
because the hydrogenous copolymers are not soluble in
the perfluorocarbon, may be regarded as impenetrable
(i.e., solid), and perhaps most importantly, (iii) because
of the high density of the perfluorocarbon (1.94 g cm—3)
the emulsion droplets are easily sedimented by cen-
trifugation, allowing unadsorbed copolymer to be re-
moved by washing and the droplets resuspended in
water without excessive coalescence. As a result, it is
possible to gather high-quality scattering data from just
the adsorbed copolymer layers with a negligible contri-
bution from free or micellar copolymer in the bulk
phase, or from the dispersed phase itself.

Experimental Section

Materials. Perfluorodecalin and perfluoroperhydrophenan-
threne were Kkindly provided by Rhone-Poulenc ISC Division
(now BNFL Fluorochemicals), Bristol, U.K., and were used as
received. Both materials were at least 99.5 at. % F and had
isomeric purities greater than 95%. Deuterium oxide, 99.9 at.
% D, was purchased from CDN Isotopes, Canada. Ethylene
oxide and 1,2-butylene oxide were obtained from Fluka Ltd
and were dried and distilled immediately before use.

Preparation and Characterization of Copolymers. The
general methods of polymerization and characterization of
POE/POB copolymers have been described previously.'16
Briefly, the copolymers were prepared by sequential poly-
merization of ethylene oxide (EO) followed by 1,2-butylene
oxide (BO) as follows. To form the initiator, 2-(2-methoxy-
ethoxy)ethanol (CH;0CH,CH,OCH,CH,OH) was reacted with
freshly cut potassium metal to form a solution of its salt (OH/
K* = 15). A portion of this initiator solution was injected by
syringe under dry nitrogen flow into a previously flamed
ampule fitted with a Teflon tap, and the required amount of
EO transferred in via a vacuum line. The ampule was
immersed in a water bath successively at 45 and 65 °C until
all the EO was polymerized (ca. 2 weeks). After removal of a
small sample for analysis, the required amount of BO was then
transferred into the ampule, which was left in the water bath
at 65—80 °C for a further 2 weeks. Total consumption of
monomer in a given stage was verified by cooling the upper
part of the ampule with a pellet of solid CO, and checking for
condensation. Gel permeation chromatography (GPC), cali-
brated with poly(oxyethylene) standards, gave the polydisper-
sity, expressed as the ratio of mass-average to number-average
molar mass (Mw/My). The measured polydispersities cor-
respond to a standard deviation in the quoted combined block
lengths of up to nine monomer units. 33C NMR spectroscopy
gave the overall composition and true values of M, and hence
molecular formulas for the copolymers. Comparison of the
integrals of resonances from end group and OE/OB-junction
carbons verified the diblock structure.

The molecular characteristics of the copolymers are sum-
marized in Table 1. Estimates for the radii of gyration, Ry, of
the OE blocks have been derived by extrapolation from
published data.'” The critical micelle concentrations (cmcs) of
the copolymers, which are relatively insensitive to OE block
length, have been estimated using a recent correlation with
the OB block length,'® and range from 2 to 0.003 mmol dm~3
at 30 °C (approximately corresponding to cmcs of 0.3% wi/v for
OE27OBB and 0.001% w/v for OE5gOB]_3).

Preparation of Emulsion. The emulsion was prepared by
homogenizing 10% v/v perfluorodecalin and 2% v/v perfluo-
roperhydrophenanthrene in the appropriate copolymer solu-
tion at 4% wi/v (i.e., above the cmc) using an ultrasonic probe
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Table 1. Molecular Characteristics of Copolymers?

Mn RQ-OE

(gmol™) Mw/Mn woe ve (NM) Pse

OE260B13 2080  1.05 0550 0510 1.25 1.14
Ng = 26, Na = 25

OE200B11 2070  1.05 0.620 0.580 1.3 1.33
NB = 29, NA =21

OE300B; 1830  1.05 0.720 0.698 1.35 1.73
Ng = 30, Na = 13

OE2;0B6 1620  1.05 0.730 0.710 1.3 1.76
NB = 27, NA =11

OEsgOBa3 3490  1.04 0.730 0.699 2.0 1.85

Ng =58, Na = 25

2 M, is the number-average molar mass, woe is the weight-
fraction of OE blocks as determined by NMR and given by Mog/
(Moe + Mog), ve is the number fraction of buoy segments given
by Ng/(Na + Ng) (see the Appendix), and Ry is the estimated
radius-of-gyration of the OE blocks (see Experimental Section).
Psel Is the block asymmetry parameter (see eq 4 in the main text).

(Dawe Soniprobe) at a power of approximately 25 W. Perfluo-
roperhydrophenanthrene is a fluorocarbon oil which is com-
pletely miscible with perfluorodecalin and which reduces the
rate of Ostwald ripening of the droplets.'® The emulsions were
then transferred to a dispersion medium of the appropriate
scattering length density by gentle centrifugation (1000g for
20 min) followed by redispersal in a mixture of 28% w/w H,O/
72% wiw D,0O (the exact point of contrast match was optimized
in situ on the neutron beamline). This procedure was repeated
three times to ensure that the disperse phase H:D composition
was not only correct but also, as far as practicable, free of
unadsorbed and micellar copolymer. The final phase volume
of the emulsions was in the range 4-5% v/v and was
determined from the density of the emulsion as described
previously.'*

The size distributions of the emulsion droplets were mea-
sured by dynamic light scattering (Malvern 4700 PCS using
the cumulants method and CONTIN for the distribution
analysis). The characteristics of the emulsions formed with
each copolymer are given in Table 2.

Small-Angle Neutron Scattering. SANS data were ob-
tained on the LOQ small-angle diffractometer at the ISIS
Spallation Neutron Source (Rutherford Appleton Laboratory,
Didcot, U.K.).2%2! This is a fixed-geometry “white beam” time-
of-flight instrument which utilizes neutrons with wavelengths,
A, between 0.2 and 1 nm to provide a simultaneous Q range of
0.08—16 nm~'. The scattering vector, Q, which is the inde-
pendent variable in the measurements is defined as

Q= 4T”sin(g)

where 60 is the scattering angle.

Method. To reduce multiple scattering effects, each emul-
sion sample was diluted to a disperse phase fraction of 4—5%
viv. A portion of a diluted sample was centrifuged for 15 min
at 13000g to sediment the dispersed phase in order that the
supernatant could be used as a background. Each sample and
background was placed in 2 mm path length quartz cuvettes
and was measured for a total of 4 h but in 1 h runs in order to
gather data of high statistical precision. Visual examination
of the samples, and examination of the initial and final
scattering curves, showed no evidence of sample degradation,
coalescence, or sedimentation during this period, so the 1 h
data sets were combined prior to analysis. Measurements were
performed at 25, 44, and 62 °C.

Each raw scattering data set was corrected for the sample
transmission and background scattering and converted to
scattering cross-section data (dZ/0Q2 vs Q) using the instru-
ment-specific software.?? These data were placed on an abso-
lute scale (cm™1) using the scattering from a standard sample
(a solid blend of hydrogenous and perdeuterated polystyrene)
in accordance with established procedures.?
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Table 2. Physical Characteristics of the Fluorocarbon Emulsions

OE»:0B13 OE»90OB11 OE300By OE,»;0Bg OE530B13
emulsion phase fraction, ¢ 0.051 0.045 0.050 0.044 0.045
volume mean diameter (nm)? 361 294 368 224 208
surface mean diameter (nm)2 342 272 340 202 200
polydispersity® 0.15 0.05 0.15 0.11 0.12

a The volume and surface mean diameters were computed from the (measured) intensity-weighted diameters by the instrument software.
b The polydispersity of a particulate system is defined as the relative standard deviation of the log-normal distribution using cumulants

analysis.

Data Analysis. Under the conditions that the perfluoro-
carbon oil phase and dispersion medium are at contrast match,
ignoring any contribution from fluctuations in the average
layer structure, the scattering from the copolymer layer can
be described by a surface-Guinier type function which has the
form24,25

(02/3Q)(Q) (cm™ ) =

[(6 x 107**)7(p, — po)°¢(Rd?) * I(I/Q)? exp(—Q%c?) +
background (1)

where p, is the scattering length density of the copolymer (in
cm~2) and ps is the scattering length density of the (matched)
droplet cores and dispersion medium, ¢ is the volume fraction
of droplets, R is the mean radii of the droplets (in A), and d is
the bulk density (of the copolymer in this instance; in g cm™3).
The leading term between square brackets is thus a constant
for a given emulsion. The remaining quantities are as fol-
lows: T, the mass of copolymer adsorbed per unit area or
“adsorbed amount” (in mg m—2) and o, the distance of the
center-of-mass of the adsorbed copolymer layer from the
interface or “second moment” (in A). Equation 1 is valid when
Qo < 1.

Estimates for I' and o were found by nonlinear least-squares
fitting of the scattering data in the region 0.08 < Q (nm™1) <
0.8. With the exception of the Q-independent background, all
other parameters were constrained to their experimental
values. Our previous paper* discusses the errors inherent in
the estimation of these parameters, which are on the order of
5%. Values for the scattering length densities of the copolymers
and the dispersion medium at 25 °C were obtained from
appropriate weighted sums of the values for POE (+0.637 x
10 cm=2for d = 1.127 g cm~3) and POB (+0.195 x 10 cm2
for d = 0.975 g cm~3) and for H,O (—0.559 x 10 cm=2ford =
0.997 g cm~3) and D,0O (+6.355 x 10° cm2 for d = 1.105 g
cm™2), respectively. The scattering length density of perfluo-
rodecalin is +4.183 x 10 cm=2 (d = 1.940 g cm3).

Two approaches have been used to obtain the copolymer
volume fraction profiles, ®(z), that describe the average
distribution of segments in the interfacial region.?® The first
was the Hilbert transformation method of Crowley,?” a pro-
cedure which we have used previously with POE—POP—-POE
copolymers#15 and which yields a model-independent profile
consistent with the data. However, on this occasion, we were
unhappy with the degree of statistical noise on the profiles
obtained by this route. We are unsure of the reason for this,
but as will become apparent, the profile types and molecular
weights are rather different in the two cases and so it may
simply be a sensitivity problem. For this reason we have also
used an indirect model-fitting procedure developed by Cos-
grove.?® In this approach a parametrized mathematical form
for the volume fraction profile is back-transformed into scat-
tering data which is then compared to the experimental
scattering data. Iteration of the parameters then obtains the
profile of the chosen mathematical form that best describes
the data. It must be stressed here that although modern
theoretical descriptions of copolymer adsorption can be used
to guide the selection of profiles, the only reliable methodology
is to test several individual functional forms for ®(z) on each
experimental data set.

Given a volume fraction profile, it is then possible to derive
several estimates of the thickness of the adsorbed layer and
also the fraction of bound copolymer segments by integrating
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Figure 1. SANS data from the adsorbed copolymers at 25
°C: (.) oEzeoBlg; (A) OEngBll; (.) OEgoOBﬂ (‘) OE27OBG;
(v) OEsgOBgy3. Also shown are a fit of eq 1 to the OE3,0OB- data
(= —) and the scattering data representing the best-fit para-
bolic volume fraction profile for the OEssOB;3 data (- - *).

the area between the surface and z = 1.3 nm.? This outer limit
corresponds to the extent of one lattice layer in a Scheutjens—
Fleer self-consistent field model of polymethylene adsorp-
tion;3031 j.e,, it is assumed that polymethylene is a reasonable
representation of poly(oxyethylene).

Results

Figure 1 shows the scattering data from the adsorbed
copolymers in the Q regime of interest. These data were
obtained at 25 °C. At low-Q the data decay as ap-
proximately Q2, the expected behavior for scattering
from a thin spherical shell. Above Q > 0.4 nm~! the
signal approaches background levels. Copolymers
OE»0B11, OE»70Bg, and OEsgOB13 were also studied
at 44 and 62 °C, but these data are rather similar to
those shown in the figure and so have been omitted for
clarity. An example of a surface-Guinier fit of eq 1 to
the data for OE300OBy7 is shown, however, and is repre-
sentative of these fits in general. The results of the
surface-Guinier analysis are given in Table 3. This table
also shows the surface density, 6, of adsorbed chains
derived from the adsorbed amount according to

6 (nm™2?) =
6.022 x 10%° x 107%" x ' (mg m~?)/M,, (g mol™) (2)

and the corresponding interchain separation, D, assum-
ing homogeneous coverage. Since the average size of a
polymer molecule in solution is approximately twice its
radius of gyration, it follows that adsorbed chains will
begin to interact laterally with one another when Rg >
D. Thus, the smaller the ratio D/Ry, the more steric
perturbation neighboring chains will exert on one
another.

Four different types of volume fraction profile have
been tested against each data set; a parabolic profile of
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Table 3. Results of the Surface Guinier Analysis of the
Scattering Data (eq 1)2

T I'sans Osans D OSANS
(°C) (mgm=2) (nm=2) (nm) D/Rgoe (nm)

OE»OBiz 25 2.17+0.03 0.63 1.3 1.02 2.15+0.05
OE»0OB1; 25 1.79+0.03 052 14 1.05 1.54+0.09
44 183+0.02 053 14 1.03 1.56 +0.06
62 1.66+005 048 15 1.09 1.65+0.14
OE30OB; 25 1.374+0.03 045 15 1.10 1.68+0.10
OE»OBg 25 2.20+0.02 082 1.1 0.87 1.46 +£0.06
44 224+0.02 083 1.1 0.86 1.40+0.04
62 224+002 083 1.1 0.86 1.10+0.07
OEsgOB1z 25 293+0.02 051 14 0.72 2.36 +£0.02
44 290+002 050 14 0.72 2.11+0.03
62 293+0.03 051 1.4 0.72 2.02 £0.05

aI'sans is the measured adsorbed amount, sans and D are the
surface density and the distance between adsorbed chains, re-
spectively, derived from I'sans, and osans is the measured second
moment of the adsorbed layer.
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Figure 2. Volume fraction profiles tested against the 25 °C
OEssOB1; data. The parabolic profile (continuous line) de-
scribes the data best. For comparison the inset shows the
model-independent profile derived by direct inversion of the
scattering data.

the form ®(z) = U — Vz2 (where U and V are scalars),
a Gaussian, an exponential, and a combination of a
rectangular block 1 nm wide followed by an exponential.
A justification for these selections is given in the
discussion below, but examples for OEsgOB;3 at 25 °C
are depicted in Figure 2. For comparison this also shows
the corresponding profile derived by direct inversion of
the scattering data. The physical parameters describing
these various profiles, obtained from the model-fitting
procedure, are given in Tables 4—7 . In these, Orms IS
the rms thickness of the layer, related to o through

o d
PR LGl -

J@(2) dz

On is the maximum extent, or span, of the layer (es-
sentially the hydrodynamic thickness), and [pOis the
bound fraction. The magnitude of the statistical yx
parameter is also shown. We wish to emphasize that
the values of I' and o shown in Tables 4—7 were
obtained by iteration; they were not constrained at the
values obtained from the surface-Guinier analysis with
which they should be directly compared.

Discussion

Adsorbed Amount and Layer Thickness. A care-
ful examination of the data in Table 3 reveals no
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Table 4. Parameters Derived from Model-Fitting Volume
Fraction Profiles to the Scattering Data: Parabolic-Type
Profiles?

T I (o2 (3rms (3h
(C) ¥ (mgm=?) (nm) (nm) (nm) [P0

OE»OB13 25 0.63 2.17 1.87 340 748 0.21
OE»OB11 25 041 1.86 1.87 341 750 0.21
44 0.43 1.84 146 266 586 0.27
62 0.49 1.66 128 233 518 0.30
OE300B7 25 033 1.39 187 340 748 0.21
OE>70B¢ 25 0.47 2.20 135 246 545 0.28
44  0.42 2.27 1.67 3.03 6.67 0.24
62 0.26 2.24 1.08 197 437 0.35
OEsgOB1z 25 0.50 2.98 239 436 948 0.18
44 0.58 2.94 215 391 8.60 0.19
62 0.42 2.96 205 373 821 0.19

al" is the adsorbed amount, o is the second moment of the
volume fraction profile, dms is the rms extent of the profile, oy is
the span of the profile (approximately equivalent to the hydrody-
namic thickness), and pOis the fraction of copolymer segments
lying within 1.3 nm of the interface.

Table 5. Parameters Derived from Model-Fitting Volume
Fraction Profiles to the Scattering Data: Gaussian-Type
Profiles

T I o Orms oh
(C) 2 (mgm=2) (m) (nm) (nm) PO

OE»OB13 25 0.67 2.16 1.88 4.33 8.80 0.07
OE20B1; 25 0.44 1.87 189 3.66 8.40 0.15
44 045 1.84 149 3.42 7.20 0.09
62 0.53 1.69 171 3.42 7.60 0.15
OE30,0B7 25 0.36 1.40 1.86 3.36 8.00 0.20
OE»7OBs 25 049 2.23 134 246 6.00 0.28
44 042 2.37 167 2.43 7.00 0.44
62 0.27 2.32 1.07 1.74 5.00 0.48
OEsgOB13 25 0.48 3.02 248 440 102 0.16
44  0.57 3.02 223 3.54 9.20 0.28
44  0.59 2.95 220 498 100 0.06
62 0.42 2.98 212  4.02 9.20 0.15

Table 6. Parameters Derived from Model-Fitting Volume
Fraction Profiles to the Scattering Data:
Exponential-Type Profiles

T T o Orms oh
(°C) x> (mgm=3) (m) (nm) (m) PO

OE20OB13 25 1.18 2.34 252 3.50 9.20 0.38
OE»0OB11 25 0.48 1.98 236 3.27 8.80 0.40
44 0.90 2.02 245 3.40 9.20 0.39
62 0.53 1.79 176 2.42 7.20 0.50
OE300B7 25 0.35 1.46 160 2.20 6.60 0.53
OE>»70Be¢ 25 1.07 2.40 216 298 8.20 0.43
44 1.88 2.48 2.68 3.73 9.80 0.36
62 1.69 2.69 349 487 118 0.29
OEsgOB13 25 0.84 3.19 3.00 4.18 10.6 0.33
44 198 3.27 3.17 442 110 0.32
62 0.97 3.33 333 464 114 0.30

correlations in the data between 6 (or T') and the
composition of the copolymers or the overall molecular
weight. There is some evidence that ¢ increases with
increasing molecular weight, but curiously, it does not
scale with the length of the POE buoy block alone. What
all this would appear to suggest is some rather complex
interfacial behavior which we will examine shortly
within the framework of the scaling description for block
copolymer adsorption from selective solvents as proposed
by Marques, Joanny, and Leibler (hereafter MJL).32
There is very little published literature concerning the
adsorption of diblock POE—POB copolymers. Schillen
et al. have studied OE,4;0Bg adsorbing on hydrophobic
silica,® and Griffiths et al. have studied OE;0;0B;5 and
OE2000B;5 adsorbing on polystyrene latex.3* These all
had pseudo-plateau adsorbances in the region 1.4 to 1.8
mg m~2 which are of a similar magnitude to the data
we report in Table 3; though in our previous work with
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Table 7. Parameters Derived from Model-fitting Volume
Fraction Profiles to the Scattering Data: Block +
Exponential-Type Profiles (1 nm Wide Block at Surface)

T r [0 (3rms 6h
(°C) ¥ (mgm?) (nm) (nm) (nm)  [pO

OE»OB1z 25 1.32 2.31 244 333 9.00 0.42
OE20OB11 25 047 1.93 1.67 227 6.80 0.55
44 0.50 1.95 1.65 2.23 6.80 0.56
62 0.54 1.76 139 1.89 6.00 0.62
OE300B7 25 0.63 1.53 299 412 104 035
OE»70B¢ 25 1.37 2.36 216 295 8.20 0.46
44 0.53 2.41 201 274 7.80 0.48
62 0.62 2.46 225 3.08 8.60 0.44
OEsgOB13 25 1.34 3.25 320 439 111 0.36
44  0.73 3.13 258 3.52 9.46 0.40
62 0.54 3.21 279 384 100 0.37

s 116
BN Ng~ Ny

B=3,Ng- N, 516
) 3 f=2 Ng~N,
60 M \\ \\\}\\ .E A
\\ \\\\ OE58 0B13
¥ vdW-Buoy
regime
- Ean 0B7 OE29 0B11 BN NG N,
R OE26 OB,
OE27 OB Buoy— P=toNp- NP
i
B=a,Ng- N>
Anchor regime
Homopolymer A

L . : L y
o 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Na

Figure 3. Diagrammatic representation of the adsorption
phase space studied in this work. The positions of the different
copolymers are also marked.

POE—-POP—-POE copolymers,’*1> we noted that ad-
sorbed amounts in perfluorocarbon emulsion systems
were somewhat higher than those often recorded in
particulate dispersions. The corresponding (effective
hydrodynamic) layer thicknesses were 11, 16, and 29
nm for OE410Bg, OE;1000B15, and OE;pOBi15 respec-
tively. These values can be compared with the 6y data
from our profile fitting analysis in Tables 4—7. Again,
there is a reasonable correspondence.

MJL envisage an adsorbed layer comprised of a thin
but dense and poorly solvated layer of anchor blocks
supporting a swollen layer of extended buoy blocks; a
layer structure colloquially referred to as a brush.
Different regimes are predicted depending on the mag-
nitude of a block asymmetry parameter (for selective
solvents) given by

B NBSIS
Bset = W a (4)

where N and Ng are the numbers of segments in the
anchor (POB) and buoy (POE) blocks, respectively, and
a is the ratio of the sizes of the repeat units (we have
used the ratio of the cube roots of the molecular volumes
giving a = 0.81). For more detail the reader is referred
to the Appendix. Our assignment of the anchor and buoy
blocks is based on our previous work with POE—POP—
POE copolymers in this emulsion system. The corre-
sponding phase space is shown in Figure 3 and the
positions of the copolymers studied in this work have
been marked. This figure was constructed in an analo-
gous manner to that used by Hair et al. for the
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nonselective solvent case,3 albeit for different copoly-
mers.

In the buoy regime only the osmotic repulsion stretch-
ing the buoy blocks is important. In the van der Waals—
buoy (vdW—B) regime the VdW energy of interaction
between the surface and the anchor blocks competes
with the stretching energy (defined in MJL's paper) of
the buoy blocks. The transition between the two regimes
is somewhat subjective but, according to MJL, occurs
when Bs is on the order of unity or, very roughly, when
Na = Ng. Different scaling behaviors are predicted in
these two regimes, for example:

in the buoy regime

12/25 —30/25
6 0 N, 1225\, 73025,

37/25 —30/25 4/25 15/25
Op 0N NG 395 5. 0 NLY% Ny

in the VdW—buoy regime

—-12/23 —6/23
60N, 122N, 92

11/23 —6/23 —4/23 21/23
Oa ONLYB NG 5, 0N, 428 Ny

where o4 and og are the thicknesses of the anchor and
buoy layers. Hence, on ~ 0a + 0.

The calculated values of 5sei shown in Table 1 suggest
that most of the copolymers should display behav-
ior characteristic of the vdW—B regime. Copolymer
OE260B13, and possibly OE,3OB;;, could perhaps be in
the bouy regime. To look for any correlations, the values
of # and o derived from the surface-Guinier fits to the
scattering data have been plotted as functions of the
scaling relationships given above. The outcomes for the
vdW—B regime are shown in parts a and b of Figure 4.
Lines of regression, constrained to pass through the
origin, have been added to guide the eye.

Concentrating first on the surface density data (Fig-
ure 4a), it is readily apparent that the MJL prediction
for the vdW—B regime only partially explains these
data. In particular, OE3,OB7 appears to lie well outside
any range of validity. However, this apparent anomaly
can be readily understood once it is realized that
OE3o0By is the copolymer with the most isolated ad-
sorbed chains (i.e., the largest value of D/Ry; see Table
3). It is then instructive to test the data against the
scaling relationships for the buoy regime. These are
shown in parts a and b of Figure 5. This time it is found
that the outliers are OE;;OBg and OEssOBi3; the
copolymers exhibiting the greatest degree of steric
interaction (smallest D/Rq values). Thus, we arrive at
our first conclusions: (i) the data cannot be adequately
explained by just one MJL regime, and (ii) the value of
Bsel is Not a reliable guide to the likely scaling behavior
of the copolymers if there are significant variations in
D/Ry. Significant in the present context means as little
as 17% (the change from OE,;0B;3 to OE,;0Bg). Note
that Figure 5a proves that it is not simply the case that
neighboring chains must interact, that is D/Ry < 1, for
the MJL description to be valid.

Turning to the second moment data in Figures 4b and
5b, one can see that there is very little to choose between
the two scaling relationships. In addition, the effects of
steric perturbation, discussed above, are not seen in
these data. The likely explanation here is that because
the MJL description was formulated for long copoly-
mers, when Ng, and particularly Na, are relatively
small, the competing energetic contributions that are
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Figure 4. Comparison of the experimental data at 25 °C with
the scaling predictions for the van de Waals—buoy regime: (a)
surface density; (b) second moment of the layer thickness. Also
shown are lines of regression: (— —) over all pointsand (— - —
) excluding OE3,OBj7.

ultimately responsible for the adsorbed layer structure
are more in balance, leading to rather ill-defined phase
behavior.

A feature of our copolymers is that they have very
short anchor blocks; in OE,;0Bg, the anchor is only six
repeat units long. Previous experimental studies of
brushlike adsorbed layers (with rather longer chains)
have tended to avoid this situation because the copoly-
mers would otherwise be highly asymmetric and thus
outside the validity of the MJL description (such as the
OE2000B15 copolymer studied by Griffiths et al.34).
Consequently it is interesting to look at the effect of
small anchors on the adsorbed layer structure. One
obvious analogy that can be drawn is with terminally
attached polymers (or adsorbed end-functionalized poly-
mers). The scaling structure of adsorbed layers of
terminally attached polymers has been described by
Alexander—de Gennes.%637 Crucially the structure of
these layers are also governed by the ratio D/Rg; when
D/Rq > 1 polymer mushrooms are formed (so-called
because the bulk of the polymer floats above a short
tether) but these can be stretched into something
reminiscent of a brush as D/Rgy diminishes. Thus, the
thickness of such an adsorbed layer depends on the
surface density and the length of the solvated part of
the chain. Theory predicts that, at fixed 6, ¢ should vary
linearly with chain length or, at fixed chain length, as
013, Hence, the product ¢6-13 should scale with the
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chain length. Such a plot is shown in Figure 6. Once
again a line of regression constrained to pass through
the origin has been added to guide the eye, but note that
the data for OEsgOB;3 were deliberately omitted from
the regression analysis since the experimental evidence
indicates that this polymer forms a classic brushlike
layer rather than a terminally attached layer. Within
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the error bounds of the data, there is a reasonable
correlation. Displaying the data against just Ng (i.e.,
buoy block only), rather than Na + Ng, shifts the graph
to the left but otherwise does not significantly alter the
finding. Our general conclusion is thus that OE»s0Bj3,
OE»90B11, OE300B7, and OE»;OBg are forming rather
weakly stretched brushlike layers which may emulate
grafted chains but that OEsgOB;i3 is more strongly
stretched on account of its greater adsorption density
and longer buoy blocks.

Volume Fraction Profiles. Several different pos-
sible architectures for the adsorbed layers have been
discussed above, each of which can be characterized
further through its corresponding volume fraction pro-
file. Brushlike adsorbed layers give rise to profiles with
a parabolic form when the buoy block is well-solvated
and strongly stretched, but which become progressively
block/steplike as solvency worsens. An exponential tail
can be added to a block to allow for the small population
of chains that remain more extended than the majority.
On the other hand, terminally attached chains normally
give rise to profiles with a maximum in polymer density
just above the plane of the surface. These may be
approximated by a Gaussian function. Highly collapsed
layers, or layers in which the buoy blocks also adsorb,
give rise to profiles that decay monotonically (ap-
proximately exponential-like). This latter type of profile
is also encountered in the case of homopolymer adsorp-
tion, and even described the adsorbed layers formed by
the POE—POP—POE triblock copolymers in our earlier
work. 1415

To determine which profile types best fit the experi-
mental data, it is necessary to compare the fitted values
of I'and o in Tables 4—7 with the same values in Table
3. On the basis of our previous work, we expect the T’
data to be a far more sensitive test because they are
related to the scattered intensity (which is measured
on an absolute scale and can therefore be related to
measurements by other techniques); the ¢ data simply
describe how strongly the scattering decays with Q. We
qualified our selections with the y? parameter.

On this basis, we find that the best fit for OEsgOB13
is obtained from the parabolic profile, confirming our
preceding analysis of the surface-Guinier data. OEs0B33,
OE»90B;1, and OE»;0Bg can be described almost equally
as well by a parabolic profile as by a Gaussian profile,
though on balance a parabolic profile is marginally
better even if there are some inconsistencies in the
extents of the layers. Perhaps not unsurprisingly,
OE300By is more problematic; it is difficult to choose
between the parabolic, Gaussian, and exponential pro-
files in this instance. One thing that is quite clear,
however, is that with the possible exception of OE3,0OBy,
profiles with a concave curvature are rather poor at
representing the data (observe also that the profile
shown in the inset in Figure 2 has a roughly convex
form). This fact alone supports our hypothesis that the
copolymers form thin brushlike adsorbed layers but with
a considerable variation in the degree of stretching. Like
Schillen et al.,32 we also note that the overall extents of
the profiles (6n) are comparable to the lengths of helical
POE conformers of the same number of POE units;
approximately given by lpeix = 0.095 x 3Nog nm.38 In
fact, the ratio Ry/lneiix actually diminishes as the asym-
metry of the copolymer (i.e., Bsel ) increases. In other
words, when EO buoy blocks are purely osmotically
stretched (buoy regime) their extent can be well ap-
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Figure 7. Best-fit parabolic volume fraction profiles for
OE»30B;1; and OEssOB;3 obtained at three different temper-
atures. OEsgOBi3: (—) 25 °C; (+++) 44 °C; (—+—) 62 °C.
OE»0B11: (— —)25°C; (——) 44 °C; (-++— -+~ ) 62 °C.

proximated by Inheiix; however, this correlation becomes
less sound as the asymmetry of the copolymer forces it
into the vdW—buoy regime.

Griffiths et al.34 found that exponential profiles best
described the adsorbed layers formed by OE;000B15 and
OE2000B315 on polystyrene latex, but in their experi-
ments both blocks were free to adsorb even though only
the POE block was solvated. This difference in volume
fraction profile types actually supports our assertion
that in our systems only the POB segments adsorb.

Bound Fractions. In an ideal brush the bound
fraction should equate with the anchor block content of
the copolymers, va = (1 — vg). For the copolymers
studied here, 0.29 < va < 0.49; see Table 1. If we
compare these values with the bound fractions derived
from the fitted parabolic profiles (Table 4), we find that,
with the exception of OE,»;OBg, the experimental bound
fractions are only 40—70% of va. Further inspection
shows that it is the copolymers with the most anchor
blocks that exhibit the greatest discrepancy. This may
be an indication that only relatively few OB repeat units
are necessary to anchor each copolymer molecule and
that above this number (Nog ~ 6) the anchor blocks are
more looped. Gaussian profiles give bound fractions that
are rather smaller than va, while exponential-based
profiles give bound fractions that are somewhat larger.

Effect of Temperature. Considering the surface-
Guinier data in Table 3, it would appear that for a given
copolymer 6 (or T') is independent of temperature.
However, in the case of OE;70Bg and OEsgOB13, there
is clear evidence that o shrinks as the temperature is
raised. This trend is echoed in the data from the model
fits to the parabolic profiles (Table 4). Figure 7 shows
how the form of the profiles for OE,30B;; and OEs3OB;3
changes with temperature. As the temperature is raised,
the buoy layer contracts, but at the same time, there is
an increase in the number density of copolymer seg-
ments in the vicinity of the surface and consequently
in the bound fraction. For OE;30B1; and OE»70Bg [pO
increases between 25 and 62 °C by 43% and 25%
respectively, but in the case of OEsgOB13, the change is
much smaller, about 6%. Given that these changes are
not accompanied by any comparable change in the
adsorbed amounts, the reduction in the layer thick-
nesses must come about as the result of steric rear-
rangements deep inside the layer rather than at the
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interface with the dispersion medium. The smaller
change in the case of OEs3OB;3 is probably related to
the stronger stretching of its buoy block.

The profiles themselves decay more sharply at the
higher temperatures (i.e., becoming more blocklike).
This behavior is qualitatively similar to that predicted
by the SCF calculations of Wijmans and Zhulina, which
consider the effect of decreasing solvent quality on a
brush.3® Their predictions would be consistent with a
progressive temperature-induced dehydration of the OE
segments in our system, for which there is considerable
experimental evidence in the literature.%4! Interest-
ingly we did not see similar behavior in our earlier work
with POE—POP—POE copolymers, although as already
mentioned these did not form brushlike layers.

Raising the temperature from 25 to 44 °C appears to
have a much bigger effect on the layer structure than
an increase from 44 to 62 °C. Since the cloud points of
our copolymers in water are well in excess of 62 °C, this
effect may actually owe more to changes in the adsorp-
tion of the OB blocks than it does to dehydration of the
OE blocks. An analogy can be drawn with the micelli-
zation of POE—POP—POE copolymers where in some
instances the hydrophobic effect—the hydrogen bonding
of water to itself—is much more important than the
hydrogen bonding of water to the ether oxygens in the
OE blocks.10.18

Summary

In this paper we have used small-angle neutron
scattering data to provide detailed information about
the structure of the adsorbed layers formed by five
short-chain diblock copolymers of poly(oxyethylene) and
poly(oxybutylene) for which Nog > Nog (i.e., Ng > Na).
It is the poly(oxybutylene) blocks which anchor the
adsorbed chains at the interface, in this case between
a perfluorocarbon oil dispersed phase and water.

Provided that the effective distance between adsorbed
chains at the interface is less than the corresponding
radius of gyration, the adsorbed layer structure can be
reasonably well described as a brush, though we con-
clude that there are significant variations in the degree
of stretching of the poly(oxyethylene) buoy blocks. When
the adsorbed chains are more isolated, the brushlike
structure is less apparent and even, due to the rather
asymmetric nature of our copolymers, reflects signs of
the mushroomlike behavior normally associated with
terminally attached chains.

We have also found that theoretical descriptions of
the adsorption behavior, such as the scaling theory of
Marques, Joanny, and Leibler, are unable to unambigu-
ously predict the adsorption behavior of our copolymers,
even when s > 1. We attribute this to their short chain
length (and thus more balanced energetic contributions
between adsorption and stretching).

Increasing the temperature has the effect of reducing
solvent quality for the buoy blocks, and results in a shift
of segment density toward the surface. However, as the
adsorbed layers contract, there is a negligible change
in the amount of copolymer actually adsorbed. Together,
these factors imply a temperature-induced structural
rearrangement near the copolymer junction and not
simply a dehydration of the periphery of the brush.
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Appendix

Here we wish to emphasize the distinction between
certain theoretical parameters and their physical ana-
logues.

Implicit in the MJL description is the (Flory) assump-
tion that each anchor or buoy segment occupies the same
volume; i.e., a = 1. Of course, this may not be reflected
experimentally and chemically distinct repeat units may
have different volumes, as is the case with OE and OB.

Mai et al.*? have shown that if one takes the volume
occupied by an OE unit as a reference, then the volume
occupied by an OB unit is 1.89 times larger. This
difference is independent of temperature.

Hence we may deduce that (i) a = 34/(1/1.89) ~
34/(44.05/1.127)/(72.10/0.975), (ii) Nao = 1.89Nog, and
(III) NB = NOE-

Note also that in some of the other literature involving
POE/POB copolymers, Nog is denoted as m and Nog is
denoted as n.
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