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ABSTRACT: The internal structure of ultrathin polymer films physisorbed to surface-modified Si wafers
by electrostatic deposition of polyelectrolytes from aqueous solutions has been investigated by measuring
the X-ray and neutronreflectivity from partially deuterated samples. Forthe firsttime it has beendemonstrated
that the preparation procedure, which involves repeated dipping of the substrate into solutions of polycations
and polyanions in an alternating sequence, leads to the deposition of continuous molecular layers that form
apolymer film with a well-defined supramolecular structure. Thus, the structure of a polymer film deposited
from solutions with high ionic strength (2 M NaCl) and comprising 48 molecular strata, which were organized
in a superlattice of 5 perprotonated layers and 1 perdeuterated layer in 8 repeat units, has been resolved in
full detail: the overall layer thickness was found to be 1205 £ 20 A, the layers deposited close to the substrate
had a thickness significantly smaller than their equilibrium thickness far from the substrate, and the equilibrium
thickness of an individual polycation layer was ~20 A and that of the polyanion layer ~35 A. The surface
roughnesses at the substrate/film and the film/air interface were significantly different, ~4 and ~13 &,
respectively, but even the larger number for the film/air interface shows that continuous and molecularly
smooth layers are formed. The interdigitation between neighboring polymer layers was estimated to be ~12
A; the water content of the film has been determined, and the concentration of counterions deposited with

the polyelectrolyte has been estimated.

Introduction

Molecular polymer films fall in a category of novel
materials where the macroscopic properties can be custom-
tailored by the control of the microscopic structure on the
level of both the molecular structure and the organization
of the consitutent molecules. Hence, self-organization
principles play an important role in determining material
properties. Recently, Decher and co-workers have intro-
duced an innovative strategy to prepare ultrathin polymer
films,!-? which are well-organized on the molecular level:
polyelectrolytes are physisorbed from solution to charged
interfaces via electrostatic interaction. They have been
shown to deposit as molecularly thin films and to lead to
areversal of the net charge at the interface upon deposition.
This, in turn, opens the possibility for the deposition of
a polyelectrolyte film of the opposite charge in a second
physisorption step and thus for the sequential buildup of
layer-by-layer deposited polyanion/polycation multilayer
films.

Evidence for the layer structure was derived from
monitoring bulk properties, the sequential increase of the
UV-vis absorption, or the total film thickness, using low-
angle X-ray reflectivity,? but the internal structure of such
systems remained largely inaccessible* due to the lack of
contrast in electron densities of the individual charge-
deposited layers. For poly(styrenesulfonate), adsorbed
as single layers to positively charged, molecularly smooth
interfaces, a layer thickness in the regime of 15-25 A has
beenreported.>® In this work, we have employed neutron
reflectivity measurements on samples incorporating su-
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perstructures of protonated and deuterated polyelectro-
lytes to assess directly individual layer thicknesses and
the roughness of internal interfaces as well as to estimate
the material densities and water and salt contents of the
deposited films. These measurements were complemented
with X-ray reflectivity measurements to determine pre-
cisely the overall sample thickness and density and to
characterize the bare substrates.

Reflectivity Measurements

Measurements of the specular X-ray and neutron
reflectivity have been extensively utilized to characterize
the structures of planar surfaces, both fluid and solid, on
the molecular lengthscale.”!! Inparticular,these methods
have been shown to be extremely useful for the charac-
terization of thin polymer films.1%1213 The physics un-
derlying specular reflectivity techniques are extensively
discussed in the literature cited above. Here, we justrecall
that the specularly reflected intensity of a neutron or X-ray
beam containsinformation on the scattering length density
(SD) profile perpendicular to the surface (surface normal:
%), due to the interference of waves reflected at external
or internal interfaces of the film. In the kinematic
approximation, the reflectivity R is connected with p(z)
Via’?,]d,lﬂ

R(Qz) _ 1 dP(Z) R
RF(Qz) - p—ozlfinterface dz exp(lez) dz 1)

where €, is the momentum transfer, Rr is the Fresnel
reflectivity of the bare planar substrate, and po is the
substrate’s SD. This approximation holds in the range Q;
2 5@Q., where Q. is the critical wave vector for total external
reflection. Due to the phase problem, p(z) cannot in
general be directly reconstructed from the reflectivity data,
although a model-independent reconstruction technique
hasbeenrecently reported.> Thescattering length density
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profile is thus usually obtained from model refinement of
the interface structure, e.g., by using least-squares meth-
ods. The sequential deposition of alternately charged
polyelectrolytes on the substrate that is used for sample
preparation suggests that one use as a reasonable guess
for a trial structure a model where p(2) is composed of a
number of polymer layers with interfaces at the locations
4

p(2) =Y Loy~ )/2)(1 - erflz - 2)/2%0)) (2
i=0

Here, erflz] is the normalized error function, 6(2) is the
normalized delta function, and p,+1 = 0 (in air). The
substrate/film and the film/air interfaces are located at z
= 2o and z,, respectively. The SD profile can then be
interpreted in terms of the thicknesses, d; = (zi+; — 2;), of
individual polymer layers, their material density (con-
nected with the SDs, p;, via the scattering lengths), and
the roughness of the interfaces, o;, which, for internal
interfaces, may be conceived as the roughness due to
geometric imperfection plus the effect of chain-chain
interpenetration. As we will show, this simple approach
leads to a satifactory description of the experimental data.

In practical terms, we have modeled the data using the
Parratt formalism!® rather than using the approximation,
eq 1, and have assumed that except for those layers close
to the substrate the system has a periodic structure.l” To
reduce computation time we have assumed one roughness,
o, at all interfaces, since we believe that the limited Q,
range assessed in the measurements does not support a
more complex evaluation; note that if different interfaces
in the real structure possess different roughness values
(01 K 09), then @,0; «< 1 holds in the Q, range where Q.0
~ 1, so that the impact of ¢; on the reflectivity function
can be neglected.!?

Experimental Section

Poly(styrenesulfonate) sodium salt (PSS-h7), My, = 83800 (My/
M, <1.1), was obtained from Polymer Standards Service (Mainz,
Germany), and poly(allylamine) hydrochloride (PAH), M, =
50000-65000, was obtained from Aldrich (Steinheim, Germany).
Perdeuterated poly(styrenesulfonic acid) (PSS-dr) was prepared
according to the method of Vink® by adding 1 g of perdeuterated
polystyrene, My, = 92000 (M./M, = 1.062), dissolved in 50 mL
of cyclohexane dropwise to a solution of 6 g of P20Os in 27 mL of
D,S0;at a bath temperature T'= 50 °C. The solution was stirred
for 80 min and allowed to stand for an additional 60 min without
stirring. After the solution was cooled in an ice bath, 17 g of
frozen D;0 was added. The product was isolated by cooling in
a refrigerator for several days. The crude product was dissolved
in 140 mL of water, exhaustively dialyzed against Milli-Q water,
and freeze-dried. The yield was ~1.3 g of PSS-d».

Silicon substrates (~45 X 140 X 0.7 mm, Wacker, Miinchen,
Germany) were cleaned using the RCA protocol!® by immersing
in 5:1:1 H;O/H205/NH; at T = 80 °C for ~15 min,! followed by
extensive rinsing in Milli-Q filtered water. To obtain positively
charged substrate surfaces for the deposition of the first polyanion
layer, the wafers were then silanized. First, they were washed
for 2min each in pure methanol (2X), 1:1 methanol/toluene (2X),
and pure toluene (2X). All solvents were of p.a. grade (Merck,
Darmstadt, Germany). After the last wash, the wafers were
directly transferred into a 1 vol % solution of (4-aminobutyl)-
dimethylmethoxysilane (ABCR, Karlsruhe, Germany) for ~16
h. Finally, the surface-modified substrates were washed again
in p-toluene (2X), 1:1 methanol/toluene (2X), pure methanol (2X),
and Milli-Q water (8X). Polymer films were deposited on the
freshly coated wafers by immersion (30 min each) into aqueous
solutions containing 3 X 103 M of the respective polyelectrolyte
and 2 M NaCl, followed by dipping in Milli-Q water for 3X 1 min
after each deposition step. PSS-h; and PAH were deposited
from acidic solutions (3 X 10-* M HCl). Three different film
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Figure 1. Chemical structures of the polymer repeat units (top)
and layer motifs in the samples (bottom).
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samples were investigated (cf. Figure 1): 1layer of PSS-h+ (sample
A), [(PSS-h:/PAH/PSS-d:/PAH):] (Sample B), and [(PSS-h,/
PAH/PSS-h,/PAH/PSS-d;/PAH)g] (sample C).

The reflectometric measurements were conducted at Riso
National Laboratory. The TAS7 neutron reflectometer has a
vertical scattering plane and was described earlier. 22! It was
operated at A = 4.64 A. In different regimes of the momentum
space different slit widths, i.e., different values of the instrumental
resolution, were chosen. The X-ray reflectometer is based on a
rotating-anode, Cu Ka (A = 1.54 A) generator and has a horizontal
scattering plane with fixed-width slits. To measure over a
dynamic range of 6 decades, calibrated PMMA attenuators were
used at low scattering angles.

Results and Discussion

The native substrates were characterized by X-ray
reflectivity measurements (data not shown). Their elec-
tron densities were found to be in accordance with
published data, ¢.*®* = 0.705 (£0.005) e-/A3.!1 An ab-
sorption coefficient u,5 = 151 cm~! from the literature??
was used for the evaluation. The SiO, interface layer!!
wasnot resolved. Theroot-mean-square surface roughness
was 0,°® = 3.9 (£0.5) A. Figure errors (typically 0.01° of
curvature across the full length of the waters, ~150 mm)
were found to limit the useful resolution of the spectrom-
eter/sample configuration to ~10-2 A-! with the Cu Ke
wavelength. Due to the lower flux at the neutron
reflectometer, which precluded taking measurements at
slit widths as small as in the X-ray work, these figure errors
limited the useful resolution only at low @, (50.02 A-1).
At higher Q,, a resolution on the order of ~5 X 10-3 A-!
had to be used to obtain reasonable counting statistics.

Sample A was characterized by X-ray reflectometry only.
Figure 2 shows the experimental data and the best fit to
a model in which we kept the optical parameters of the
Si substrate fixed. The interference effects due to the
adsorbed polymer indicate a molecular layer with an
electron density of psPS% ~ 0.302 or ~0.406 e /A% and a
thickness of d; ~ 13.4 4, including the aminosilane layer,
which may contribute ~3-5 A. These two alternative
models are related by Babinet’s theorem and produce
identical reflection intensities with different phases. If
the presence of counterions and residual water is neglected
in the evaluation, they correspond to mass densities of
pmESS ~ 0.975 or ~ 1.31 g/em3 of the polymer. Thesurface
roughness did not significantly differ from that of the bare
substrate, indicating that the polymer film is rather
continuous and exposes a smoth surface to the air.

Samples B and C were characterized by both X-ray and
neutron reflectivity measurements. The experimental
data for sample C, composed of 48 alternating layers of
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Figure 2. X-rayreflectivity of amonolayer of PSS-h;onsilanized
silicon: solid line, reflectivity calculated from the best-fit model
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Figure 3. (a) X-ray and (b) neutron reflectivity of a 48-layer
polymer film (sample C) on silicon.

charge-deposited polyanions and polycations, are shown
in Figure 3.2 The X-ray reflectivity (Figure 3a) was
determined over 6 orders of magnitude. It is sensitive to
only the overall structure of the thin polymer film, as shown
earlier:2 A large number, ~25, of Kiessig fringes?* are
observed in the data due to the interference of X-rays
reflected from the front and the back of the polymer film,
where the steepest gradients in electron density occur.
The amplitude of these fringes decreases for progressively
larger values of @,;. This can be attributed to different
roughness values of the substrate/film and film/air in-
terfaces, i.e., to uneven layer thickness, either microscop-
ically or macroscopically, on the order of 1% of the total
thickness. Between the critical momentum transfer values
of the polymer, @ ~ 0.024 A-1, and of the Si substrate,
Q.5 ~ 0.0316 A1, a significant reduction of the reflectivity
from unity to ~0.7 is observed. It is probably due to the
(small) X-ray absorption of the polymer, as indicated by
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Figure 4. (a) Fit, according to eq 3, to the X-ray reflectivity
data of sample C (Figure 3a) in the regime of moderately large
Q.. The Fresnel reflectivity has been approximated by Ry ~ Q*.
(b) Fit to the X-ray reflectivity data (Figure 3a) in the regime
of small g..

the model calculation (see Figure 4b). No Braggreflections
are observed, obviously since the electron density differ-
ences between the molecular sublayers of PSS and PAH
are toosmall. Incontrast, the neutron reflectivity (Figure
3b) shows indications of Kiessig fringes and two Bragg
reflections in the data. The instrumental resolution was
changed at two points during the measurement of the
neutron reflectivity, as indicated by the arrows in Figure
5: AQ, ~ 1.0x103A-1(Q, <0.018A-1); AQ, ~ 1.6 X 1073
A-1(0.018 < Q, < 0.05 A-1); AQ, ~ 5.2 X 10-3 A-1(0.05 A-!
< @;). The Bragg reflections result from the internal
structure of the polymer film, which comprises a super-
lattice with deuterated PSS as every sixth layer. At a
given @, (>Q.) outside the Bragg reflections, the neutron
reflectivity is a factor of 210 smaller than the X-ray
reflectivity, in part because the absolute value of the
contrast between the substrate and air is smaller by a
factor of ~10 for neutrons than for X-rays; this precludes
the observation of higher order Bragg peaks.

The quantitative evaluation of the datainvoked different
levels of sophistication: Inthe X-ray reflectivity data, the
distance between the positions of Kiessig maxima was used
to determine the total film thickness. We found that the
fringe spacing was not equidistant but increased with
increasing angles of incidence. This may be due to an
influence of absorption of the sample (see below) in the
regime of low @,. Consequently, as shown in Figure 4a,
we have evaluated the fringe spacing at higher @,, between
0.07and 0.13A-1, and found AQ, ~ 5.2 X 10-3 A-1, indicative
of a total film thickness of dioa = 20/AQ, ~ 1210 A,

The optical constants of the polymer film were evaluated
by fitting a simple one-box model” to the data at low Q,
(<0.08 A1) (cf. Figure 4b), with only one (average) surface
roughness attributed to both interfaces of the polymer
film. The results are compiled in Table I. The
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Table I. Results of the Structural Investigation of Sample
C (Six Molecular Polymer Layers of Which One Was
Deuterated within the Layer Repeat Unit) from X-ray and
Neutron Reflectometry

X-ray
diotal 1205 (£20) A2 overall film thickness
0o = g8/t 39(x05)A  substrate/film interface roughness
o.f/e 13-15A film/air interface roughness
pef 0.409 ¢/ A3 average electron density of the film
TR ~25 ¢cm-! average X-ray absorption cross
section of the film
Neutrons
diotal 1225 (£15) A overall film thickness
dry 159 (£2) A thickness of the layer repeat unit
dpss 34 (+8) A2 thickness of the (deuterated) PSS
layers within the repeat unit
on=ca® 19 (DA roughness of the internal interfaces
within the film
pndt 3.1x108A2  SD, of the deuterated PSS layers
within the repeat unit
puP* 0.87 X 108 A2 SD, of the protonated interlayers
within the repeat unit
Dependent Quantities

dpa® ~19A  thickness of PAH layers within the repeat unit
dis® ~B59A  thickness of the first four polymer layers plus

silane layer

dint® ~12A  chain/chain interdigitation between adjacent
layers

nets  ~4q water molecules per monomeric PSS unit in
the layer

¢ dpaH = dr/3 — dpss. ® diimt = drotal — 22(dpss + dpan). © diny =
[(Un)2 - (O'ef/‘)zll/z-

data were best described if a polymer layer of diota = 1185
A, pef = 0.409 e/A3, and pu,f ~ 25 cm~! was assumed. In
contrast to the situation with the PSS monolayer, where
the kinematic approximation holds well and the Babinet
ambiguity affects the evaluation of the structure, this
approximation fails here. The full dynamic computation
results in a phase shift of the Kiessig fringes by = if the
film is modeled with p* ~ 0.3 e/A3 (=0 ~ pf). The
X-ray absorption is dominated by the counterions, and
the relatively large X-ray absorption cross section of the
polymer film, which incorporates presumably water and
counterions, can only be understood if it is assumed that,
in particular, Cl- anions are included (uPAH ~ 45 cm-! for
a 1:1 stoichiometry of Cl- and allylamine monomers in
PAH films, whereas uPAH* ~ 4.5 cm if no Cl- was present;
uFSS or uPS8- ~ 21-22 cm!, almost independent of Na*
concentration).?2 Under the assumptions that Na* cations
and Cl- anions incorporate in the same stoichiometry into
the polyelectrolyte multilayers and that about twice as
many PAH repeat units incorporate into the molecular
films than do PSS monomers, which derives its origin from
the neutron results (see below), it is estimated that on
average ng ~ 0.5-0.8 counterions incorporate per deposited
monomeric unit of the respective polyelectrolytes. It can
be expected that n. may be determined with sufficient
accuracy by measuring precisely the absorption cross
section and using heavy ions.

The roughness of the film/air interface may be estimated
by using the approximation!®!

R(Qz) (per—pef)2 ( pef )2 2¢, . f/ay2
~ + exp(—Q,{(o, )P +
RF(Qz) pesub peSUb ‘ p Q { g }

b f f
Pe "= Pe Pe

pesub pesub

which holds in the kinematic limit if the substrate/film

2

exp(' %Q:z{(aef/a)z}) c08(Q,d o) (3)
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roughness is small, ¢/ « o.f/2. The decay of the
amplitude of the fringe patterns was evaluated between
Q. = 0.07 and 0.13 A-! (see Figure 4a). At lower Q, the
model described the data poorly due to the nonuniform
spacing of the fringes, whereas at higher @, data noise
increased. Within these limitations, the evaluation yielded
oef/8 ~ 13 A and dyoia = 1220 A. A model of the interface
structure which took explicitly into account the two
different surface roughnesses and was fitted to the whole
data set indicated o728 ~ 15 A.25

In contrast to X-rays, neutrons are sensitive to the
internal structure of the electrolyte film. This is clearly
demonstrated by the observation of the Bragg peaks at
Q.Br ~ 0.0405 and 0.08 A-!, indicative of a thickness of the
repeat unit, [PSS-h7/PAH/PSS-h,/PAH/PSS-d;/PAH],
of dp, = 27/ @' ,Br ~ 160 A [where @', = (Q.2- Q.2)1/2]. The
observation of Bragg peaks provides the first direct
evidence that the charge-deposited PSS/PAH films are
composed of well-defined layers. The quantitative result
implies that those molecular layers deposited close to the
substrate grow toa smaller individual thickness than those
further away: the overall thickness expected from d,,, 8
X 159 A, is significantly larger than the actual value diotal
= 1205 + 20 A, as obtained from the X-ray experiments.
Moreover, the thickness of one PSS monolayer directly
deposited on the surface-modified substrate was deter-
mined as d; ~ 13 A, smaller than d../6 by a factor of ~2.
On the other hand, the width of the Bragg peaks is
reasonably well modeled (taking into account the instru-
mental resolution) if it is assumed that the 7 repeat units
of the structure deposited beyond the first five layers are
uniform in width (see below). It has thus to be concluded
that an equilibrium growth thickness of the molecular
polymer layers is reached only a few layer spacings away
from the substrate.

Inmodeling the neutron results we have assumed unique
thicknesses, dpss and dpay, for all but the four molecular
layers closest to the substrate, i.e., from the first deuterated
layer on. The neutron scattering length densities (SDy)
were assumed uniform across layers of protonated polymer;
i.e., no discrimination was made between PAH and PSS-
h7. Neutron absorption cross sections of the polymers are
vanishingly small and were neglected. The roughness was
assumed to be equal at all interfaces. Since the roughness
at the internal (see below) and the film/air interfaces is
much larger than that of the substrate and dominate the
latter by far, this is a reasonable approximation. The
instrumental resolution was included in the fit and was
found to be slightly larger around the first and smaller
around the second Bragg peak than the values expected
from the geometry of the instrument.!> In Figure 5, the
model reflectivity is compared with the experimental data;
see Table I for quantitative results. The SD, profile used
toobtain the fitis included in Figure 5 as an inset. Despite
the fact that the coarse model does not reproduce all
features of the experimental data very well (x2 ~ 6.5 for
the data with @, > 0.018 A-1), three prominent results
emerged from the model fit:

(a) The individual thickness values of the molecular
layers could be determined. The difference between the
results, dpss ~ 34 Aand dpag ~ 19 A, does not compensate
for the disparity of the number of electrons on the PSS
and PAH monomers, 95 vs 32. As a consequence and in
connection with the approximately uniform electron
density within the structured films, about 1.5X as many
PAH monomers units are incorporated into the average
molecular layer than PSS monomers.
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(b) The fast decay of the neutron reflectivity in @, in
comparison to the X-ray reflectivity is not entirely due to
the difference between the absolute refractive indices of
the substrate for both types of radiation. Instead, the
neutron data can only be quantitatively accounted for if
a different surface roughness is assumed than in the
interpretation of the X-ray results. Inthe model describing
the neutron data, ¢, ~ 19 A is distinctively larger than
that of the film/air interface of the X-ray model, o,/¢ ~
13-15 A. Since the major difference between neutrons
and X-rays with respect to the optics of the film is that
neutrons reflect from the internal interfaces whereas
X-rays do not, this discrepancy has to be attributed to a
larger roughness of those internal interfaces. It has thus
tobe postulated that chain—chain interdigitation increases
the internal interface roughness.

(c) The observed magnitudes of the neutron SD’s for
both the deuterated and the protonated layers within the
film can only be understood if it is assumed that a large
portion of water is incorporated. For the PSS-d; layers,
the water content can be precisely determined: Whereas
pn ~ 5 X 108 A-2 would be expected from the average
electron density if the layers consisted of dry polyelec-
trolyte plus counterions, we observe in fact p, ~ 3.1 (£0.5)
X 108 A-2, If the discrepancy is entirely due to incor-
porated water, then n,FSS ~ 4 (£1.5) water molecules are
incorporated per PSS-d; repeat unit.

The detailed picture which evolves from the results
presented above may be summarized as follows: PSS/
PAH polyelectrolyte films deposit as well-defined mo-
lecular layers. Those layers deposited close to thesubstrate
show a much smaller film thickness than those further
away, where the layer thickness attains an equilibrium
value. For PSS deposited from 2 M NaCl solutions, the
first layer has a thickness of ~13 A, whereas the equi-

librium thickness is ~34 A. For PAH deposited from 2
M NaCl we have not measured the thickness of the first
layer, but it may be inferred from the small distance of the
first deuterated layer to the substrate that this thickness
isontheorderof 10 A, as in the PSS case. The equilibrium
thickness of PAH layers is ~19 A under these conditions.

To describe the neutron reflectivity from sample C, we
have assumed that (only) the first four protonated layers
differ in thickness from all other layers. This led to an
unrealistically small result for the combined thickness of
these inner layers. It has to be concluded that the
equilibrium thickness is reached only for higher layer
numbers and implies that the first deuterated layer does
not exactly match the lattice position within the super-
lattice in the film. We found that the apparent instru-
mental resolution, as obtained from the fit, was coarser
than the value calculated from the geometry of the
instrument. This suggests that the Bragg peak was
inherently broader than expected for an array of 7 repeat
units within the superlattice, which would be consistent
with the assumption that the equilibrium layer thickness
is reached only beyond the fourth layer deposited.

Three different interface roughnesses have to be dis-
tinguished in the system: the substrate/film interface is
smooth, ¥/ ~ 4 A; the film/air interface has a much higher
roughness but is still almost molecularly smooth, sf/8 ~
13-15 A; the internal interfaces between the individual
layers show the largest roughness, o't ~ 19 A, This may
be attributed to chain-chain interdigitation between
molecules from adjacent layers. If one assumes that the
contribution to the roughness, which is due to interdig-
itation, occurs at a similar in-plane length scale but is not
correlated with the natural surface roughness of the
polymer film, as it appears at the film/air interface, then
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the lengtl}‘ scale of interdigitation is din; = [ (¢")2 - (o%/2)2]1/2
~11-13 A,

The scattering length densities in the system (average
electron density of the film and neutron SD, of the
individual layers within the superlattice) have been
determined and the X-ray absorption cross section of the
film has been estimated. These results can be used to
infer the composition of the molecular films in terms of
its constituents; polyelectrolyte, water, and counterions.
It has to be stressed, however, that this assessment occurs
in a system with strongly interdependent parameters and
that not all of the relevant quantities have been determined
precisely enough to date. Furthermore, one has to keep
in mind that the results may be model-dependent.

The partial volumes of the polyelectrolyte repeat units
are rather insensitive to variation of the other quantities:
We infer Vpsg ~ 240-250 A3 and Vpay ~ 75-80 A3 under
the assumption of identical mass densities, which evaluates
topm ~ 1.24g/cm3. The content of counterions determines
critically the X-ray absorption cross section of the film;
however, the absorption has not been measured with
sufficiently high precision. We estimate that ~0.5-0.8
anions or cations incorporate into the film with each repeat
unit of the polyelectrolyte. X-ray reflectivity measure-
ments on films deposited from solutions containing heavy
ions are expected to enable a precise determination of this
number. The water content can be precisely determined
in the (deuterated) PSS layers, but less so in PAH layers.
About 4 water molecules are associated with 1 PSS
monomer, equivalent to ~27 wt %. On this basis it is
estimated that the PSS layers are composed of ~66 wt %
polymer, ~27 wt % Hs0, and ~7 wt % Na* ions. The
composition of the protonated segments of the film cannot
be determined with precision owing to the smaller SD,, in
these regions. The dataindicate that more Cl-counterions
are present inthe PAH layers than Na* in PSS (by weight),
at the expense of water, whereas the content of (dry)
polymer is comparable to that of PSS in the deuterated
molecular layers.

With X-ray and neutron reflectometry we have also
investigated sample B, which was prepared under the same
environmental conditions as sample C but incorporated
only 4 molecular polymer layers in its repeat unit (data
not shown). Kiessig fringes between @, ~ 0.05 and 0.15
A-!indicated a total film thickness of ~780 + 10 A, The
thickness of the repeat unit was ~105 A, as determined
from a single Bragg reflection in the neutron reflectivity
measurement at @, ~ 0.06 A-L,

Conclusions

The internal structure of layer-by-layer deposited
polyelectrolyte film has been assessed. For the first time
it has been shown that in such systems the material is
indeed deposited in individual molecular layers and that
the length scale of chain—-chain interdigitation is less than
the layer thickness, ~12 vs 20-30 A under the preparation
conditions employed here. It has been observed that the
layers deposit with a small thickness close to the substrate
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and reach an equilibrium thickness, presumably only after
the fourth deposited layer. Inorganic counterions code-
posit from the agqueous solution and are responsible for
the absorption phenomena observed in the X-ray exper-
iments. Besidesthe counterions, water is present insizable
amounts within the films if they are handled in ambient
environment. This study opens the field for systematic
investigations of the experimental parameters controlling
the microstructure of such polymer films and, thus, of
correlating their structure to their macroscopic properties.
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