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sity in a neutral atom reveal that

(15)

emax"veff(oo) <=1 ’

where v 4(r) is the effective potential in Eq. (12).
From Egs. (14) and (15) we can conclude that

Vess(0) =lim, . OF . /0n(r) =0, (16)

By Eq. (2), p=lim, {67 /6n(r) + 6Ey./on(r)}
where 7' ,[#] is the noninteracting kinetic ener-
gy, 12 and thus p=lim, GTS/G)’Z(;). All
bounds are expected to be very tight'* when N
tends to Z from below.

The exchange-correlation functional E,.[n] is
not known explicitly except in various approxi-
mations., For separated LiH the local density ap-
proximation® displays no derivative discontinuity,
and so it minimizes the energy incorrectly at
the configuration Li*®2°H"®25, The spin-restrict-
ed Hartree-Fock approximation leads to an even
worse dissociation limit,s Li *-45H 7045,

All of our conclusions concerning atoms may
be generalized to other electronic systems. In
particular, the metal-insulator transition due to
correlation is another example of a derivative
discontinuity of E,..
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Direct Optical Observation of Interfacial Depletion Layers in Polymer Solutions
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The excitation of fluorescently labeled polymer coils by shallow optical evanescent
waves permits measurement of the local monomer solute concentration in the vicinity
of a nonadsorbing wall over controlled, submicroscopic distances. The existence of
a depletion layer at the solid-solution interface is thus demonstrated directly for the
first time. The results obtained on a 103 000-molecular-weight polystyrene sample dis-
solved in ethyl acetate are in agreement with the entropic repulsion model.

PACS numbers: 36.20.Ey, 68.45.-v

Interfacial phenomena are a field of growing
physical interest and have generated a recent out-
burst of experimental work in various systems.!
In most of these cases, the results were obtained
in the vicinity of a phase transition, which has
the advantage of scaling up the interfacial layer
thickness.
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The present work is devoted to dilute macro-
molecular solutions in the vicinity of an impene-
trable, nonadsorbing wall. Such a system is
amenable to experimental investigation because
of the large size of the constituent objects and is
relevant to such important research fields as col-
loid stabilization, gel permeation chromatography,
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biocompatibility, etc. Historically, Asakura and
Oosawa?® suggested long ago that the reduction of
the configuration entropy of the flexible macro-
molecular coils in the neighborhood of the wall
should lead to a strong steric repulsion and there-
fore to a decrease in the local solute concentra-
tion. We report here the first direct measure-
ment of the overall thickness of the associated
depletion layer.

Although several derivations have appeared in
the literature® ® the numerical data of Feigin and
Napper,® based on a combination of rotational-
isomeric-state schemes and Monte Carlo pro-
cedures, contain all the essential features. The
concentration of polymer ¢ (z), which is zero at
the wall, increases smoothly with the distance z
from the solid surface and reaches the bulk con-
centration ¢ ; at a distance of the order of the
root-mean-square end-to-end distance of the
chains in free solution {s%»¥2, The results are
essentially independent of the detailed molecular
structure of the chain and of local configurational
restrictions due to valence lengths, valence
angles, sterical requirements of constituent
groups, etc. It is striking to note that they
follow closely the analytical function ¢ (z)
=@y tanh®*(az/{s%*?) with a = 2,20 which is
the profile established long ago by van der Waals
for the interface between the coexisting fluid
phases of a binary mixture.®* A demonstration of
this point for semidilute polymer solutions has
been recently given by Joanny, Leibler, and
de Gennes’ in the framework of the mean-field
theory.

Our optical technique is an extension of the
total-internal-reflection methods® applicable to
interfaces between an optically dense material
(refractive index %,) and a rarer one (refractive
index n,). The shallow evanescent wave, of wave-
length A, is used to excite fluorescently labeled
solute molecules over controlled penetration
depths

— A'Q 1
" 4mn, (sin?@ —n?

)175 .

0 is the angle of incidence of the incident beam
and is supposed to be larger than the critical
angle 6, =sin”'n (with n=n,/n,). n, corresponds
to the solid material, n, to the solution. The
value of n, is obtained from the refractive index
of the pure solvent plus the contribution of the
solute, via its specific refractive-index incre-
ment. The slight correction due to the existence
of a nonuniform solute concentration profile will

be neglected in all the following.
The total fluorescence intensity emitted by the
solution is

Ip=AU,[ "0 (@)e " az, )

where U, is the energy density at the solid bound-
ary. For polarization in the plane of incidence,

2
U,=U," = 400570 _ .
070 " pn2cos?f+n2sin%6 -1

Note that U, - 0 for 6— 90° (see Fig. 1). A is a
numerical factor including the collecting efficien-
cy, the quantum yield of fluorescence, etc. If
the concentration profile is uniform for all posi-
tive z [0 (2)= @i, then Ip=I,"f =AU AQ@puk-

If we take the ratio of these two fluorescence in-
tensities, this yields immediately for a tanh?(z/
x) profile

&(0)=p [ tanh?(z/x)e™**/X d(z /x), (2)

withp=x/A. x is a characteristic length describ-
ing the thickness of the depletion layer. It is re-
lated to ', the Gibbs total surface excess,’ by

T=/["[¢@)-¢5)dz=¢px.

The macromolecular chains used for this ex-
periment were statistical copolymers of styrene
and 9-methacryloyloxy methyl anthracene. Their
anthracene molar content was 0.7%, as deter-
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FIG. 1. Left ordinate: Penetration depth A of the
optical evanescent wave vs incidence angle ¢ at the
solid-solution interface. 6>#6., where 6, is the crit-
ical angle for total internal reflection. Right ordinate:
Variation with 6 of the optical energy density U,” pres-
ent in the interfacial plane, for polarization of the
incident light beam in the plane of incidence.
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mined from ultraviolet spectroscopy. The num-
ber M, and weight M, molecular averages were
62Xx10° and 103X 10%, respectively, according to
gel permeation chromatography. Pure 9-methyl
anthracene purchased from Merk was used for
the calibration measurements. The copolymers
were then dissolved in ethyl acetate, a fairly good
solvent of polystyrene. Its low refractive index
of n,=1.375 is favorable for our total-optical-
reflection method.

The experimental setup is described schemati-
cally in the inset of Fig. 1. The 350.7-nm line of
an Ar* laser was used because it corresponds to
one of the absorption maxima of anthracene. The
total reflection takes place at the interface be-
tween the top surface of the Dove-shaped prism
(Corning Glass D 88-47, n,=1.836 at 350 nm) and
the solution. The prism surface was polished to
A and its local roughness was 50 A. To avoid
possible adsorption of the polymer onto the glass,
the surface silanol sites were previously deac-
tivated by chemically grafting a monolayer of
tri-chloro octadecyl silane with a procedure de-
scribed by Sagiv.'® By adjusting the incidence an-
gle 6 between 6, and 6,+8°, A was then varied be-
tween « and 40 nm (see Fig. 1). The angular pre-
cision was better than 1 arc min. The fluores-
cence of the solution excited by the evanescent
wave was detected with a low-—dark-count photo-
tube (Hamamatsu, R 649) used in the photon
counting mode. A set of filters cut out all but a
band of 30 nm between 410 and 440 nm centered
in the fluorescence spectra of anthracene. Typi-
cally, for an incident light power of 1 mW and
for a 1% (by weight) copolymer solution, the de-
tected fluorescence light dropped from 2x 10°
counts/sec at the critical angle to 10% counts/sec
8° away, while the stray light level due to the
residual prism fluorescence stayed approximate-
ly constant at 2x 10% counts/sec.

The fluorescence intensity has been measured
as a function of incident angle 6 for 1% copoly-
mer solutions in ethyl acetate. Mixtures of free
anthracene molecules and homopolymer poly-
styrene chains have also been studied in the same

solvent and at the same respective concentrations.

They provide a reference set of data since, in
this case, no depletion is expected to occur for
the anthracene molecules. The ratio of the two
measured intensities ®(6)=1,/I,"" is presented
in Fig. 2 (lower curve) for each angle. It starts
from 1 close to the critical angle of 6, =48.64°
and decreases monotonically to 0.91 at 6, +8°,

To evaluate the reproducibility of the method, we
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FIG. 2. Lower plot: Variation with the incidence
angle 6 of the ratio ® (9) for the fluorescent intensities
emitted by two polymer solutions of identical concen-
trations but one composed of free anthracene mixed
with polystyrene chains and the other of anthracene-
bound copolymer polystyrene chains. The dashed and
solid curves are fits by a tanh?(z/y) concentration
profile, respectively, without (I) and with (II) inclusion
of the sample polydispersity described in the inset.
Upper plot: Same but for two identical solutions of
free anthracene mixed with polystyrene chains. Devia-
tions from unity give an estimate of the precision of
the method.

have also taken the ratio of data obtained on two
nominally identical reference solutions. The re-
sults are shown as the upper curve of Fig. 2.
Values centered around unity are obtained over
the whole angular range. The typical data spread
is £0.02. Last, we have checked on a two times
more concentrated copolymer solution that the
results are independent of concentration. This
is consistent with the fact that, for sufficiently
dilute solutions, the chains are noninteracting.
We will now show how the variation of ®(6) with
6 can be interpreted in terms of a depletion layer
at the solid-solution interface. First of all,
ratios less than unity mean that the density of
fluorescent chromophores in the illuminated
volume is smaller when they are attached to the
polymer chains than when they are unbound. Sec-
ond, the monotonous decrease of ®(6) as 6 is in-
creased indicates that the difference between the
local monomer densities in the interfacial layer
and the bulk solution becomes more pronounced
as regions closer to the solid wall are progres-
sively probed. On the other hand, since ®(0)
varies by no more than 10% over the angular
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range investigated, this means that the depletion
layer is a relatively small fraction of the penetra-
tion depth of the evanescent wave. This remark
enables us to make a Taylor expansion of ®(6) in
Eq. (2) to second order inp=yx/A. Rp(p)=1-p
+(In2)p%+0(p?). It is interesting to note that a
step-function profile of identical total surface
excess would give a very close expression R ,(p)
=1-p+3p2 A least-squares fit to the experi-
mental data gives an optimized x value of 4.5 nm.,
Neglect of the p? term would give x =4.2 nm and a
25% decrease in the fit quality. The slight dif-
ference between the two x values is evidence that
the quadratic term is but a small correction in
the Taylor expansion and justifies our approxi-
mation. We can also check that p is always much
less than unity, even at large experimental angles
where A is minimum. Under our conditions A ;,
=40 nm and therefore p =p ., ~0.1.

In order to see if this experimental value of x
is meaningful, we can now try and relate it to the
molecular dimensions of the polymer coils. It is
easy to show that x =(s®'/2/a, This yields (s
~10 nm. For polystyrene chains with M,
=103 000, the radius of gyration R; and the end-
to-end mean distance (s'/%, which are propor-
tional to each other by a factor of the order of
72, can be estimated to be 11 and 27-29 nm,
respectively.'’ Our result is therefore closer
to R, than to (s?!/2, This point would have to be
checked more systematically in future experi-
ments on chains of various molecular weights.

The effect of sample polydispersity can be
easily accounted for when the Taylor expansion
is used. In first approximation, we assume that
each fraction of the molecular weight distribu-
tion (V; chains of molecular weight M ;) behaves
independently. Therefore R, is written as

_ 2 NM[1-p; +(n2)p,°)

fa 2N ’

where p; =x; /A and x; =a"s;22~M,3/5 (for
good solvents). The actual molecular distribu-
tion measured by gel permeation chromatography
is shown in the inset of Fig. 2. The theoretical
R, can then be fitted to the data points to yield

(Xiw=22:N;M;x; /2,;N;M; =4.7 nm,

It is immediately apparent that polydispersity
does not seriously distort our determination of x.
In conclusion, we have demonstrated the pos-
sibility of measuring depletion-layer thicknesses

in polymer solutions close to a solid boundary.

Detailed analysis of the concentration profile
should be possible with high-molecular-weight
solutes (i, >10°) which have dimensions large
compared with the minimum penetration depth of
the evanescent wave. The experimental technique
is well suited in all cases where the surface ex-
cess is small and is therefore complementary to
ellipsometry. Extensions to anisotropic media
are possible by use of the polarization properties
of the evanescent wave. The method could also
prove interesting for measurement of local veloc-
ities in fluid flows.
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