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Mathias Ldsche,*' Johannes Schmitt,* Gero Decher,*$ Wim G. Bouwman,"” and
Kristian Kjaer"

Institute of Experimental Physics I, University of Leipzig, D-04103 Leipzig, Germany,
Institute Charles Sadron, C.N.R.S., F-67083 Strasbourg, France, Université L. Pasteur,
F-67083 Strasbourg, France, Physics Department, Risg National Laboratory,

DK-4000 Roskilde, Denmark

Received June 9, 1998

ABSTRACT: Using neutron reflectometry we have resolved—to high resolution—the internal structure
of self-assembled polyelectrolyte multilayer films and have developed a detailed molecular picture of
such systems by analyzing the data with a composition-space refinement technique. We show that such
surface films consist of stratified structures in which polyanions and polycations of individual layers
interdigitate one another intimately. Nevertheless, the deposition technique leads to results that are
predictable, if well-defined and constant environmental conditions are maintained during the preparation.
For alternating layers of poly(styrenesulfonate) (PSS) and poly(allylamine hydrochloride) (PAH), adsorbed
onto atomically flat surfaces, a roughening of successively deposited layers leads to a progressively larger
number of adsorption sites for consecutive generations of adsorbed polymer, and thus to an increase in
layer thicknesses with an increasing number of deposited layers. Because of the interpenetration of
adjacent polyelectrolyte species, however, this increase settles quickly into an equilibrium thickness. In
fully hydrated films (100% relative humidity), water occupies =40% of the volume within the films. About
twice as much water (by volume) is associated with PSS as with PAH. Incorporated inorganic salt plays
a minor role only, if any. The equilibrium thickness of the deposited layer structure may be fine-tuned
via the ionic strength, I, of the solutions used for the preparation. We show that the dependence of the
thickness dj, per layer pair on | is linear, with a sensitivity, Adip/Al = 16 A x L/mol. Concurrently with
the layer thickness the interface roughness o between adjacent layers increases: o ~ 0.4 x djp. In contrast
to the ionic strength of the deposition solutions, the degree of polymerization of the polyanions used in
the preparation plays a minor role only in determining the overall structure of the deposited films. The
results reported here are quantitatively consistent with those of a recent study (Tarabia et al. J. Appl.
Phys. 1998, 83, 725—732), if one assumes that the hydration of the polyelectrolyte molecules in the sample
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films investigated in the two studies is similar.

Introduction

Thin polymer films are widely used for the modifica-
tion and functionalization of surfaces. The adsorption
from solutions of molecularly organized polyelectrolyte
multilayer films is a particularly refined technology for
modifying surfaces for advanced applications. It has
been well documented that the physisorption or chemi-
sorption of polyelectrolytes or reactive polymers onto
surface-functionalized substrates can lead to the deposi-
tion of molecularly thin surface films.! It has been
further established that a great variety of technologi-
cally important uncharged substrates can be prepared
for the deposition of various polyelectrolytes by covalent
bonding of chargeable species, e.g., amino-functionalized
silanes or thiols. Arbitrarily shaped surfaces can be
modified as long as they are accessible to the solvent.
Upon sequential dipping of the substrates into solutions
of alternately charged polyelectrolytes, this deposition
is iterated, resulting in the formation of progressively
thicker polymer films. Semiquantitatively, UV absorp-
tion and small-angle X-ray reflection (SAXR) measure-
ments have shown that the adsorption of alternately
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charged film increments occurs linearly with the num-
ber of dipping cycles once a few layers have been
deposited on the substrate.? The thickness of such layer
increments depends on physicochemical conditions such
as the salt content of the polyelectrolyte solutions.3>

With this technique, ultrathin conducting layers can
be applied to various materials,® providing a general
route to invisible antistatic coatings, and the construc-
tion of molecularly thin organic photodiodes may be
feasible.#®7 Lateral patterning on the micrometer-
length scale is feasible by lithography® or microcontact
printing.® Because the deposition of polyelectrolytes
generally occurs from aqueous solutions, the production
process is environmentally safe, and, depending on the
polyelectrolytes used, the surface films may be “biocom-
patible”: proteins adsorbed or conjugated to such poly-
mer interface films retain their functional integrity. This
has been exploited for the immobilization of various
biomolecules at modified surfaces and for the construc-
tion of molecularly well-organized biosensoric interface
films.10

The attractiveness of molecular polyelectrolyte inter-
face films derives both from the diversity of options that
it provides for surface functionalization through chemi-
cal variation of the adsorbent molecules and from the
possibility to control the molecular architecture of the
surface film by the physicochemical conditions of its
preparation.! Variation of the preparation parameters
may also be exploited for mechanistic studies of the
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Table 1. Layer Sequence and Preparation Conditions of the Samples Investigated in This Study

n) n) [NacCl]b degree of polymerization®

sample layer sequence in repeat unit (r.u.) r.u.’'s layers? (M) PSS-hy PSS-d;
Al [PSS-h7—PAH—PSS-d;—PAH]¢ 8 32 2 410 880
A2 [(PSS-h7—PAH),—PSS-d;—PAH]? 8 48 2 410 880
A3 [PSS-d7—PAH] 10 20 2 410 880
B3 [(PSS-h7—PAH)3;—PSS-d;—PAH] 8 64 2 900 880
B4 [(PSS-h7—PAH);—PSS-d;—PAH] 8 64 2 5250 4800
B5 [(PSS-h7—PAH)s—PSS-d7;—PAH] 8 80 0.5 900 880
B6 [(PSS-h7—PAH)s—PSS-d7;—PAH] 8 80 0.5 5250 4800
B7 [(PSS-h7—PAH)s,—PSS-d;—PAH] 8 80 1 900 880
B8 [(PSS-h7—PAH)3—PSS-d;—PAH] 8 64 3 900 880

a Total number of polyelectrolyte layers without first ABS layer. ® NaCl concentration of PSS and PAH solutions used for sample
preparation. ¢ Degree of polymerization of PAH used in all preparations: 530—700. ¢ Sample B and esample C of ref 11.

adsorption process. Such a systematic investigation of
the structural properties of surface films under different
preparation conditions is the aim of the work reported
here.

In previous work, we showed that neutron reflection
is a particularly powerful method for the structural
characterization of surface films that incorporate pro-
tonated and deuterated polyelectrolytes.'> We demon-
strated that the preparation technique yields stable,
molecularly stratified film structures, as suggested from
the mode of preparation. The internal structure of the
surface films in terms of their polymer density, water
content, and interdigitation of the polymer segments
between adjacent layers was assessed. Similarly, a
recent study focused on combined neutron and X-ray
reflectivity measurements on stratified samples that
included a conjugated polymer, poly(phenylenevinylene)
(PPV), in the film structure.’? In this report, we
extended our earlier work into a systematic structural
characterization of surface films deposited from different
salt concentrations and different molecular weights of
the polyelectrolytes. Compared with earlier work we
now considerably improved the resolution of the mea-
surements enabling a characterization of structural
defects along the surface normal.

Experimental Section

Sample Preparation. Polyelectrolyte multilayer samples
with protonated/deuterated layer sequences were prepared as
described previously.'' Silicon substrates (~ 45 x 140
x 0.7 mm) were cut from 6-in. wafers (Wacker, Burghausen,
Germany). Poly(styrenesulfonate) sodium salt (PSS-h7), M, =
84,000, 184,000, and 1,070,000 (M\/M, < 1.1), were obtained
from Polymer Standards (Mainz, Germany). Perdeuterated
poly(styrenesulfonic acid) (PSS-d7), My, = 168,000 and My, =
913,000 (Mw/M;, < 1.1) were prepared as described.** Poly-
(allylamine) hydrochloride (PAH), My, = 50,000—65,000 was
from Aldrich (Steinheim, Germany). 4-Aminobutyldimethyl-
methoxysilane (ABS) was from ABCR (Karlsruhe, Germany).
Water was prepurified by reverse osmosis and filtered (Milli-
Q, Millipore GmbH, Eschborn, Germany) to obtain a resistance
p = 18 MQcm. All solvents were of p.a. grade (Merck,
Darmstadt, Germany).

Si substrates were cleaned in H,O/H,O2/NH3 (5:1:1 viviv)
at T = 80 °C for ~15 min, followed by extensive rinsing with
water. To obtain a homogeneously distributed surface charge,
freshly cleaned Si substrates were precoated with an ABS film
as described,!* after washing with methanol, methanol/toluene
(1:1 v/v), and toluene. After deposition of the ABS, the wafers
were washed again in toluene, methanol/toluene (1:1), and
methanol. After the deposition of a first charged molecular
layer, an alternating series of polyanionic and polycationic
layers was deposited by dipping the substrates for 20 min into
aqueous solutions of protonated or deuterated PSS (3 mM PSS,
3 mM HCI, various concentrations of NaCl), washing for 3 x

1 min in H;O, dipping for 20 min into an agueous solution of
PAH (3 mM PAH, 3 mM HCI, various concentrations of NaCl),
and washing again for 3 x 1 min in H,O. After the last wash,
the sample was dried in either a N, gas stream or a stream of
pressurized, filtered air. The PSS/PAH dipping cycle was
repeated until the desired layer sequence had been completed.
Samples of series A (see below) were hand-dipped, whereas
samples of series B were prepared using a home-built, computer-
controlled automated dipper.

As in earlier neutron reflectometry work, we prepared, on
Si substrates, samples that incorporated, along the surface
normal, Z, one-dimensional superlattices of protonated mul-
tilayers alternating with single deuterated layers. In this work,
we measured the neutron reflectivity of samples prepared from
PSS and PAH solutions with various NaCl concentrations and
different molecular weights of the PSS; after preparation in
H>0O-based solution, we dehydrated one of the samples over
P,0Os and rehydrated it in D;O. Table 1 gives a synopsis of the
samples that we have characterized using neutron reflectom-
etry.

Neutron Reflectometry and Data Analysis. Measure-
ments were performed in the neutron guide hall of the DR3
reactor at Risg National Laboratory, either at the TAS713%4
reflectometer (now superseded by the Mark Il reflectometer
at port TAS9) with a vertical scattering plane (sample series
A) or at the reflectometer at port TAS8,'> which has a
conventional geometry with a horizontal scattering plane
(sample series B). The background in the measurements was
determined experimentally for each data point** and sub-
tracted. The wavelength was 1 = 4.64 A (TAS7 measurements)
and 1 = 4.74 A (TAS8 measurements) and the momentum
transfer Q, = 4a/A sin 6; was varied by scanning the grazing
angle 6; = 6. The resolution of the measurements was varied
in discrete steps by changing the entrance and exit slit widths
at several scattering angles, and the count times were adjusted
for each data point such that the count statistics were
approximately constant over the momentum transfer range
investigated. Typical full widths at half-maximum of the
momentum transfer resolution were between AQ, = 1072 and
5 x 1073 A1 for TAS7 measurements and between AQ, = 1.5
x 107 and 1.5 x 1073 A~! for TAS8 measurements.’® All
measurements were performed at room temperature. TAS8
measurements were conducted with the sample incorporated
into an environmental chamber in which the humidity was
adjusted to 100% relative humidity (r.h.) over a reservoir of
H,0 or D,O. TAS7 measurements were taken in ambient air.

Reflectivity data were analyzed to different levels of sophis-
tication. We have shown?! that a satisfactory description of
the experimental data can be obtained with layer models,
assuming that the adsorption of polyelectrolytes leads to a
formation of n molecularly thin distinct strata that partially
interpenetrate one another. This model is of the general form

@ 1 Pit1 T P 1 EfZ_Zi
pz=Z—x —Er
= 2 \/EU

where p denotes either the electron density, pe, in X-ray
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Figure 1. Structure of PSS and PAH and terms used to
describe the layer system.

reflection or the neutron scattering length density (SLD), pn,
in neutron reflection measurements, and o is the root-mean-
square interfacial roughness.!” Thus the profile consists of a
sum of n + 1 step functions, smeared into error functions
Erf(z), that are located at positions where the layers inter-
penetrate. Erf[(z — zo)/\/zog] describes the surface roughness
of the Si substrate and Erf[(z — zn)/v/201s] describes the
surface roughness of the polymer film toward the ambient air.
Because we recognized earlier'! that a discrimination of
adjacent protonated PSS and PAH layers cannot be afforded
by the experimental data because of a lack of contrast,® we
marked the individual strata with either a deuterated layer
or several adjacent protonated (polycationic and polyanionic)
layers. A wealth of structural information was gained from
such a description in our earlier work.* However, two dif-
ficulties remained unresolved. (a) Because of a lack of Q,
resolution of the reflectometric experiment, all protonated/
deuterated layer pairs had to be assumed identical in the
evaluation, although it was clear that layers adsorbed closer
to the substrate are thinner than layers further away from
the substrate. (b) The interpenetration of polymer segments
in adjacent layers leads to a coupling of the model parameters
that describe layer thickness and scattering length density of
the deuterated polyelectrolyte, seriously interfering with an
unambiguous determination of the two quantities. As we will
show, these problems are alleviated in this work by interpret-
ing the scattering length densities in quasimolecular models.

Results

We investigated several polyelectrolyte multilayer
samples, composed of PAH and protonated and deuter-
ated PSS (see Figure 1), in which we systematically
varied the salt concentration of the solution from which
the films were deposited, the molecular weight of the
polyanionic components, and the sequence of protonated
and deuterated layers such that different one-dimen-
sional repeat units within the stratified structures
would result. We also investigated the water content of
polyelectrolyte multilayer films and the rearrangement
of the polymers upon dehydration.

To afford a clear distinction between layered struc-
tures of various hierarchical levels in the surface films,
we will use the following terminology (cf. Figure 1): The
term “layer” denotes an individual molecular poly-
anionic or polycationic layer as deposited from solution.
We use this term independently of the fact that adjacent
layers may interpenetrate each other substantially (i.e.,
o; in eq 1 may be of the same order as the layer
thickness values d;). The term “layer pair” is used for a
polyanionic/polycationic twin. The term “stratum” de-
nominates a succession of either deuterated or proto-
nated layers, which is recognized as a layer sequence
of (nearly) homogeneous scattering length density in the
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neutron reflectivity measurements (protonated strata
may consist of 1, 3, 5 ... molecular layers, but deuterated
strata consist of exactly 1 deuterated layer in all sample
preparations discussed below). The “repeat unit” (r.u.)
incorporates one deuterated layer plus several proto-
nated layers (which may vary for different samples), i.e.,
it incorporates a protonated/deuterated pair of strata.
Samples were constructed so that this layer sequence
was repeated several times to form the complete surface
structure, which is called a “film”.

1. Variation of the Number of Layers in Proto-
nated Strata. Figure 2 shows the neutron reflectivity
of samples A2, Al, and A3 (top to bottom), measured
over ~6 orders of magnitude. The films have been
prepared from 2 M NacCl solutions using low molecular
weight (LMW) polyelectrolytes (degree of polymeriza-
tion, Py < 1000) (see Table 1). The neutron reflectivities
of samples Al and A2, in which the spacing between
the individual deuterated layers incorporates at least
3 protonated layers, show prominent Bragg reflections
at Q, = 0.06 A~ and at Q, = 0.04 and 0.08 A1, rising
~ 11/, decades over the Fresnel reflectivity. In contrast,
no Bragg reflection is detected in the data from sample
A3, in which deuterated layers are separated by just
one (protonated) PAH layer.® The Kiessig fringes are
more clearly developed in the reflectogram character-
izing A3 than in those of A1 and A2, because of a larger
average scattering length density and smaller overall
thickness of the polymer film. As described earlier in
detail, ! the films have also been characterized in X-ray
reflectivity measurements. These showed only Kiessig
fringes but no Bragg peaks for any of the three samples
(data not shown), because of a lack of contrast in pe
between adjacent polyelectrolyte layers.

The reflectivity data of sample A3 were analyzed more
guantitatively in a simple model representing the
polymer as a homogeneous surface film with different
roughness values at its interfaces with the Si substrate
and air. In all evaluations presented throughout this
work, the substrate side of the interface layers was
modeled with the same roughness oy = 0si = 5 A, a
value determined in X-ray reflectivity measurements of
a blank. To describe the neutron reflectivity of A1 and
A2, the samples were modeled as stratified surface films
in which deuterated, PSS-d;, layers were distinguished
from protonated strata, incorporating PAH and PSS-hy
layers (with no distinction between them).!! Thus, both
Al and A2 were represented by 17 strata. In this model,
3 roughness values were discriminated: og; between
substrate and polymer film, oy, between polymer film
and air, and oin, the interface roughness between
adjacent deuterated and protonated strata. All scatter-
ing length densities of equivalent strata were assumed
identical in samples Al and A2. Similarly, thickness
values were assumed to be identical except for the first
protonated strata. The best-fit model parameters for the
data shown in Figure 2 are summarized in Table 2, and
the corresponding reflectivity models are included in
Figure 2 as solid lines.

2. Variation of the Preparation Parameters. The
higher resolution of the TAS8 instrument was used to
characterize the structure of polyelectrolyte multilayer
films in further detail. Figure 3a shows neutron reflec-
tivity data of 4 films that have been adsorbed from
polyelectrolyte solutions with different salt (NacCl)
concentrations between 0.5 and 3 M as indicated. All
films have been deposited using low molecular weight
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Figure 2. Neutron reflectivity of polyelectrolyte multilayer samples A2, A1, and A3 (top to bottom). In these samples, individual
layers of PSS-d; are separated by 1 (A3), 3 (Al), and 5 (A2) fully protonated polyelectrolyte layers. The data points are supplemented
with continuous lines representing the best-fit models as described in the text. The instrumental resolution has been included in
the fits. Dotted lines indicate the Fresnel reflectivity of the Si substrate. For clarity, data sets A2 and Al have been multiplied
by 10* and 102, respectively. The data shown for A2 were also presented in ref 11.

Table 2. Structure of Films with 1 (Sample A3), 3 (Al), and 5 (A2) Protonated Molecular Polyelectrolyte Layers
Deposited Between Deuterated Layers on Si Wafers2

SLD, pn[1078 A~2]

film thickness, d (A) pe (€71A3) otia (R) thickness protonated deuterated oint ()

sample (X-ray) (neutrons) of film (X-ray) of r.u. (A) strata strata (neutrons)
A3 480 +5 475+ 5 0.40 13+1 - 2.90 £ 0.15 -
Al 785+ 10 822 £ 15 0.41 15+1 1043+ 2 0.87 3.1 20+1
A2 1205 + 20 1225 + 15 0.409 14+1 159 + 2 0.87 3.1 19+1

a po(Si) = 0.7 e /A3, pn(Si) = 2.1 x 1076 A2, g5; = 5 A. All polyelectrolyte films were deposited from LMW solutions with 2 M NaCl.
Corresponding model reflectivities are shown as solid lines in Figure 1.

(LMW) compounds. Figure 3b compares, for two differ-
ent ionic strengths, data for samples using LMW and
high molecular weight (HMW) compounds.?® The TAS8
data (Figure 3) show much more detail than the TAS7
data (Figure 2). Intricate patterns of well-developed
Kiessig fringes are apparent in Figure 3, as well as
several orders of Bragg peaks (some of which appear
split, as discussed further below). First, we will discuss
general aspects common to the reflectivity data sets
from all samples before we proceed to evaluate the
differences inferred by varying the salt concentration
in the deposition solutions and by the molecular weight
of the polyelectrolytes.

2a. General Structure of Deposited Films and
Hydration: To assess the content and organization of
water molecules in the polyelectrolyte films, we mea-
sured the neutron reflectivity of fully hydrated and
dehydrated samples. Figure 4 shows data obtained with
sample B8 (64 layers organized in 8 r.u.’s; PSS and PAH
deposited from 3 M NaCl) under the following condi-
tions: (a) as prepared from H,O solutions (same data
as those shown in Figure 3a, upper trace); (b) after
dehydration (3 d) over P,Os; (c) after rehydration of
dehydrated sample in D,0.?! The hydrated samples
were measured at ~100% r.h. of the respective water
species. Common to all three reflectograms is a compli-
cated structure that is not simply caused by Bragg
reflections and regular Kiessig fringes. Rather, the
amplitude of the Kiessig fringes varies greatly for
different orders of the interference. In the vicinity of

the second Bragg reflection, the Kiessig amplitude is
so large that it is similar to the Bragg intensity; this
generates the impression of a “split” Bragg peak. Gener-
ally, Kiessig fringes of odd order appear much smaller
than fringes of even order.

The data have been analyzed in four levels of sophis-
tication: (1) The thickness of the repeat units and the
total film thickness have been estimated from the
position of Bragg peaks and the spacings of the Kiessig
fringes. (2) The structure was modeled as a series of
strata which were characterized in terms of their
thicknesses, SLDs, and interface roughness values. (3)
Such models were also interpreted in terms of their
molecular composition!* (composition-space refinement)
which imposes constraints on the models resulting from
the physically acceptable range of parameters. (4)
Further constraints were imposed on such models by
simultaneous analysis of the related data sets (i.e., of
the neutron reflectivity of the sample as prepared from
H,0-based solutions, the dehydrated and the rehydrated
sample in which H,O has been replaced with D,0).

In the following we will discuss sequentially steps 2—4
of these evaluations, aiming at a detailed molecular
picture of the structure of polyelectrolyte multilayer
films.

We have not been able to describe satisfactorily the
highly resolved neutron reflectivity data of sample B8
in the framework of the model used for samples of series
A in which all r.u.’s were considered equivalent (identi-
cal thickness and scattering length densities of the
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Figure 3. Comparison of neutron reflectivity data sets of polyelectrolyte multilayer samples prepared from different salt solutions
(a) and using PSS of different molecular weights (b), cf. Table 1. (a) Neutron reflection from samples B8, B3, B7, and B5 (top to
bottom). For clarity, data sets B8, B3, and B7 have been multiplied by 10°, 10°, and 103, respectively. (b) Neutron reflection from
samples B4, B3, B6, and B5 (top to bottom). For clarity, data sets B4, B3, and B6 have been multiplied by 107, 105 and 102,
respectively. All sample films are composed of 8 r.u.’s that contain 8 (B3, B4, B8) or 10 (B5, B6, B7) individual layers each. The
data points are supplemented with continuous lines representing the best-fit models as described later in the text. The instrumental
resolution has been included in the fits. Dotted lines indicate the Fresnel reflectivity of the Si substrate.

strata). In an earlier investigation of sample A2, we
found from indirect arguments that the layers deposited
immediately onto the solid substrate are thinner than
those further away.* However, an assumption that the
first or the first and second r.u.’s within samples of
series B were of lower thickness than the remaining
r.u.’s did not improve the quality of the model fits.?2
Only if it was assumed that two particular r.u.’s, namely
the first and the fifth in the sequence of eight that form
the sample film B8, are notably thinner than the
remaining 6 r.u.’s, a significantly improved agreement
between the experimental data and the reflectivity
model was observed. Moreover, such a defect model
reproduces with great fidelity the particular structure
of the spectra, in which every other Kiessig fringe has
a larger amplitude than the intervening ones.?3

A very accurate description of the experimental datais
obtained with a model in which the thicknesses of all

r.u.’s within the sample are varied in the fit, whereas
the SLDs of all equivalent layers are assumed to be
equal. This model incorporates a relatively large number
of adjustable parameters (p = 14 for an individual
structure or p = 18 if three related data sets shown in
Figure 4 are simultaneously evaluated using a composi-
tion-space refinement approach, see section 2b). We
believe, however, that this model is well suited to
describe the structure of the surface films, because (a)
the adjusted thickness values show a regular pattern
and (b) the same pattern is repeated in the model
structures describing the data sets of the hydrated
(H20), dehydrated, and rehydrated (D,O) sample, even
if they are analyzed without cross-references to each
other. This pattern of the adjusted layer thickness
values is shown in Figure 5a. Open symbols refer to the
analysis of the individual data sets displayed in Figure
4; the filled symbols result from the composition-space
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Figure 4. Neutron reflectivity of sample B8 determined at
TAS8 with high resolution. (a) Sample as prepared from H,O-
based solutions; (b) after dehydration over P,Os for 3 d; (c)
after rehydration of the dehydrated sample in D,O. a and ¢
were measured at ~100% r.h. in H,O and DO, respectively.
The data points are supplemented with continuous lines
representing the best-fit models as described later in the text.
The instrumental resolution has been included in the fit.
Dotted lines indicate the Fresnel reflectivity of the Si sub-
strate. For clarity, data sets ¢ and b have been multiplied by
10° and 103, respectively.

refinement analysis of all three situations simulta-
neously. The thickness of the first r.u. is only ~75% of
the average value. The next thickness values are
already larger than the average and show a monotonic
increase. The fifth r.u., deposited after cleaning the
reaction vessels, is reduced in its thickness to ~90% of
the average value. The last three r.u. thickness values
are again above average and show a monotonic increase.
As a guide for the eye, the figure includes exponential
functions that were adjusted to the model parameters
in a least-squares fit. They indicate how r.u.’s in the
model acquire a constant thickness after starting from
a small value when material is deposited on the func-
tionalized substrate or on the polyelectrolyte surface
after the cleaning of the vessels.

If the thickness of an adsorbed polyelectrolyte layer
correlates with the number density of attachment sites
at the interface, the observed increase of the layer
thickness values with increasing number of layers is
straightforward to comprehend. The number of attach-
ment sites is particularly small for a substrate which
is smooth on the atomic level and onto which a molecu-
larly thin layer of ABS has been grafted. Typically, the
first molecular polyelectrolyte layer attains only ~50%
of the thickness of a layer adsorbed far from the
substrate.l! Subsequently, the interdigitation between
adjacent layers is of a molecular length scale, ~12 A 11
Dangling loops and tails of a deposited polyionic layer
provide an increasing number of adsorption sites for
each subsequent generation of polyelectrolyte molecules
as the thickness of the respective previous layers
increases. Thus, layers are expected to increase in
thickness from a low value at the atomically flat
functionalized substrate to a limiting value. This limit
is reached if either the previous layer forms a dense core
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that limits interpenetration by the next generation of
polyions or interdigitation occurs to such an extent that
it leaves less than 50% of the adsorbed polyions to form
an increment layer that supports adsorption of the
following layer. Upon drying the partly completed
polyelectrolytic interface in the laboratory air, the
polyelectrolyte may have rearranged to form such a
dense core or adsorption of surface active pollutants
from the air may have lead to a reduction in adsorption
sites. Each of the two effects, or both simultaneously,
result in the observed reduction of the thickness of the
fifth r.u. as quantified in Figure 5a. According to the
fit (included in the figure), the substrate-induced devia-
tion from the equilibrium thickness decays exponen-
tially as exp(—n/ng), where nop = 4-5 layers (0.5—0.6
r.u.).

To exemplify the situation, Figure 5b shows a com-
parison of experimental data and two different reflec-
tivity models: the “perfect lattice” (thin line) and the
“fuzzy lattice” (fat line). Both models were composition-
space refined (see sections 2b and 2c). Only the result
for the hydrated sample is shown in the figure. It is
easily appreciated that the structure of the neutron data
is reproduced with high fidelity by the variable layer
thickness approach. By contrast, the best-fit model
using a constant layer thickness is incapable of describ-
ing the experimental data, notably in the region be-
tween the Bragg reflections. This is reflected in the x?
values associated with the two models, 2 = ~90 (perfect
lattice) and y? = ~25 (fuzzy lattice).2* The corresponding
SLD profiles (thick line, fuzzy lattice; thin line, perfect
lattice) are shown in the inset. It is recognized how the
positions and the peak SLD values? in the fuzzy lattice
model vary along the Z coordinate.

Although a discussion of the polyelectrolyte film
structure in terms of models that are characterized by
thickness and SLD values of layers (“SLD approach™)
is convenient, the interpenetration between polymer
chain segments in adjacent layers infers a problem. We
reported previously! that the precision in determining
the thickness of a single deuterated layer within a
stratified film is rather poor. This is because the
apparent roughness of the interface between protonated
and deuterated strata is comparable with the deuter-
ated layer thickness. Because the two parameters are
coupled, the Erf-smeared SLD profiles, and thus the
model reflectivities, are similar if a thin deuterated
layer with high SLD and a thick deuterated layer with
low SLD are compared. It is then impossible to draw
definite conclusions about the molecular structure of the
surface film exclusively based on least-squares minimi-
zation. This situation is quantified by exploring x? in
the vicinity of its minimum in the multidimensional
parameter space by varying one parameter freely while
readjusting all others.* Figure 6a exemplifies this by
showing the y? values for model fits describing the
neutron reflectivity of sample B3 (cf. Figure 3) at
different PSS layer thickness values, dpss, subject to the
condition that all other adjustable parameters are
allowed to relax to a new local minimum. The depen-
dence on dpss only is very weak: the variation of %2 is
<5% upon varying dpss between 10 and 60 A. The
corresponding relative variations of selected adjustable
parameters are shown in Figure 6b. Most parameters
show a rather weak dependence on dpss with the notable
exception of the SLD of the deuterated strata, p">5 ¢

which falls by ~75% as dpss is varied between 10n and
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profiles in the inset) for B8 hydrated in H,O are shown.

60 A. If one analyzes the actual SLD profiles associated
with the various models differing in dpss it is evident
that they are almost identical.?8 It is thus clear that the
conventional layer model is insufficient for deducing a
fully resolved molecular description of the sample
structure. Such a description can be obtained, however,
by restricting the space accessible to dpss through a
molecular interpretation of the model's SLDs.1427

2b. Composition-Space Approach to Model Re-
finement: In using a specific microscopic model in the
composition-space evaluation of the data shown in
Figure 3, our basic assumption was that the polyelec-
trolytes form molecular layers (which may or may not
interpenetrate one another), as suggested by the ob-
served Bragg reflections. Each individual layer is thought
to consist of one polymeric species only. Nevertheless,

because of the intermixing of chain segments of poly-
anions and polycations at the interface between neigh-
boring layers, different polymer species may occur close
to each other in space. It is assumed, however, that the
density profile of a particular polymeric species is well
described by error functions, cf. eq 1, in which g; may
be large (even larger than one layer thickness).

Each layer consists of polymer chains, associated
water, and inorganic salt that may have coadsorbed
from solution. Within a polyanionic layer, the volume
is filled with matter in which each styrenesulfonate
monomer within the polymer chain is associated with
nf>° water molecules and n->° Na* ions. Conversely, in

the polycationic layers, each allylamine monomer is

associated with n’”" water molecules and nt*" CI-



8900 Losche et al.

a L ]
1.1 R .
1.08 - .
=
T 1061 8
N g
E 5 7
E 1Lo4f™ e
=] by B
= =X
[ .'- c'ﬂ 1
1.02 - N
[ o . R 1
O
1 [ -\"E.______D_ ------ 0.0 o i
YR ST T T N U S T SN S S S T S N SH S N T SO
10 20 30 40 50 60
PSS layer thickness, d, [A]
b T T L
241 ~@-p (PSS-d layer) :
2.2 e EREA d“v (prot. stratum) _
1.8 : e p, (prot. stratum) :
L o ]
1.6 : erdy 4

normalized parameter value

[A]

PSS layer thickness, dP ss

Figure 6. Model refinement of the neutron reflectivity of
sample B3. (a) Sensitivity of the fit to variations of the
thickness of the (deuterated) PSS layers, dpss. The dotted line
is a parabolic fit to the best-fit y? values at different assumed
dpss. The thin dotted line at > = 1.1 visualizes the criterion
used to estimate the uncertainties in the composition-space
refinement discussed below (cf., Figure 8). (b) Corresponding
variation of selected parameters as indicated.

ions. Specifically, a volume element occupied by a
polyanion chain

Voo = Voss + N> Voarer + N5V, (2a)

water
where Vpss is the molecular volume of a styrene-
sulfonate monomer within the polymeric chain and the
subscript “water” denotes either H,O or D;0. Vpa
contains the scattering length

+nf%by,.  (2b)

prot __ PSS
b - bPSS—h7 + Ny bwater

pa

or
deut _ PSS PSS '
bpa - bPSS—d7 + Ny bWater + Ng bNa+ (Zb)

which leads to the local SLD

prot(deut) __ . prot(deut)
Y W= bpa o Vpa

pa (2c/2c)

In the set of egs 2, Vpss, Ni,>°, and n->° are unknown.

Similarly, a microscopic volume associated with a poly-
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cationic chain

— PAH PAH
Vpc - VPAH + Ny Vwater + N VCI* (33)

holds a scattering length
bpc = bPAH + n\?vAwaater + nEAHbCI* (3b)

which gives an SLD
b
_ _pc

Ppc = V_ (30)

pc

In egs 3, Vean, Nt and nfA™ are unknown. Within
the appropriate layers, V. and Vp, are distributed over
the areas Apa = Vpaldpa and Ay = Vpe/dpe, respectively.
Because the films are macroscopically electroneutral,
Apa and Ay depend on each other, and thus either dp.
or dpa is a dependent quantity. Specifically, because we
expect that the salt concentration in the deposited films
is small, we have assumed that nf"" = nf®% which
implies Apa = Apc and thus dpa = dpe X Vpa/Vope.

The different experimental situations (neutron reflec-
tion from the sample as prepared from H,0O, after
dehydration over P,Os, and after rehydration in D0,
cf. Figure 4) are accounted for by specifying the isotopic
identity of the water molecules in eqs 2 and 3. Upon
dehydration of the pristine sample over P,0s, it was
assumed that all water molecules are eliminated from
the film. The packing voids that might be left within
the structure are not accounted for by an increase in
the polymer volumes but by a void volume factor y
relating to the original number of water molecules
contained in the film:

dehydr __ PSS, dehydr
Vpa - VPSS + r]w Xw Vwater

+ NtV (4a)

dehydr __ PAH_ dehydr
Ve Y = Vpay + 0 eV,

PAH
w w water + ns VCI* (5a)

Of course, no water molecules contribute to the SLD
of the strata in this state of the sample:

dehydr,prot(deut) _
by =b

Pss—hy(~d,) T Ns>bya:  (4b/4b)

bgghydr = Doy + N b (5h)

The sample in the rehydrated state need not include
the same number of water molecules as the pristine
sample. In fact, upon modeling the data with the “SLD
approach” we found that the total film thickness of the
sample after rehydration was ~2.5% smaller than that
of the sample as prepared from polyelectrolyte solutions
in H,O. If one assumes that no polymer molecules and
no inorganic salt is removed from the film upon dehy-
dration, then a reduction factor # is a proper correction:

rehyd rV

rehydr __ PSS PSS
Vpa - VPSS + Ny 7w water + Ng VNa+ (6&)

rehydr
w Vwater

hydr __ PAH PAH
Vie " = Vean + 0y 7 +n" Ve (7a)
Note that water does contribute to the SLD of the
volume elements here. Moreover, an exchange of deu-

terium (D) for H has to be accounted for on the hydrogen
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positions of the PAH amine group.

hydr __ hydr, PSS PSs
b,rfa = bPSS—h7(—d7) + i Ny Bp o NG by,
(6b/6b")

b;raihydr = bppp T WC\?hydrn\THszo + nsAHbcr (7b)

In this approach, we have to determine from the fit
two more unknown parameters, y and 7, whereas bpap,
just as the other scattering lengths, may be calculated
from tabulated values of the scattering lengths of the
constituent atoms. We gain the ability to model all three
measurements at different contrasts simultaneously,
which greatly constrains the results and leads to a self-
consistent molecular conception of the sample within
the stated assumptions.?®

2c. Film Structure as Revealed from Composi-
tion-Space Refinement: The composition-space re-
finement approach to data interpretation was applied
to the neutron reflectivity data sets observed with
sample B8, cf. Figure 4. Models with and without salt
incorporated in the polyelectrolyte films were analyzed,
yielding the following results:

(a) Assuming that no NaCl is included in the poly-
electrolyte films (an assumption motivated by results
from XPS and radiotracer techniques), we were not able
to describe the neutron reflectivity results as well as
with models that included salt. We found that the y?2 of
any “salt-free” model was ~6% larger than that of
models with NaCl (see below).

(b) On assuming that inorganic counterions were
included in the film, we observed distinct y? minima at
dpss = 58 A in the refinement of the model. To reduce
the number of free parameters fitted in the model, we
made the following assumptions: (i) The number of
polyanionic monomers equals the number of polycationic
monomers in the film and nZ"" = nf*% ie., the film is
macroscopically electroneutral. (ii) H,O or D,O mol-
ecules within the film occupy the same volume as in
bulk water. (iii) The volume of counterions within the
film is the same as that of the respective ions in a NaCl
crystal. (iv) Void volume within hydrated polyelectrolyte
films as well as differences between the specific partial
volumes of water and counterions in the films and in
bulk is thus fully accounted for by the (fitted) volume
of the polymers, Vpss and Vpan. We determined the
partial volumes of the polymers in the film by adjusting
only one parameter, Vpss, whereas Vpan Wwas adjusted
in a fixed relation to Vpgs. To estimate the relationship
between Vpss and Vpan, We analyzed energy-minimized
computer models of oligomers (n = 1 ... 6) of the
respective polyelectrolytes and determined the Connolly
surfaces?® measured with various probe radii r.%° The
volume increment per monomer was determined by
linear regression with respect to n. We found van der
Waals volumes per monomer (probe radius used in the
determination of the Connolly surface, r = 0) of Vyas' ~
131 A3 and VyaY ~ 50 A3, leading to Vean/Vess = ¢
~0.382. To analyze the situation that PAH and PSS are
packed in films, probe radii r > 0 were used. One may
expect that the volume of the bulkier PSS grows more
rapidly than that of PAH as r increases. This was indeed
observed, see Figure 7. For r < 5 A, Vpss increases
almost linearly (Figure 7a), and ¢ decreases linearly for
r > 1.5 A (Figure 7b). A crossover to ¢ = const. is
observed as r — 0. We used ¢ = 0.33, corresponding to
r ~3.5 A, to retrieve the structural model discussed
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below. This value is consistent with the result, retrieved
a posteriori from the model fit, that assigns a volume
Vpss ~200 A3, cf. Figure 7a.

Table 3 gives the numerical values of the relevant
constants used in the model describing the experimental
results shown in Figure 4 and summarizes the results
derived from the fit. The salt content, ng, is poorly
determined in the fit because the model is rather
insensitive to it. To estimate confidence limits of the
determined model parameters listed in Table 3, we have
accepted changes in x2 of 10% above its global minimum
value. The quality of the fit as a function of dpss is
shown in Figure 8, which allows direct comparison with
Figure 6a (SLD modeling approach). This comparison
shows clearly the capability of the composition-space
refinement approach (note the different scale of the
ordinates in Figures 6a and 8 and bear in mind that
both figures relate to samples deposited from solutions
with different ionic strengths). Figure 8 includes data
points, indicated by solid diamonds, that show y2 values
obtained from the “salt-free” model (ns = 0). It is
apparent that their x2 is well below the chosen uncer-
tainty limit of Ay? = 0.1. Hence one cannot decide from
neutron reflectivity data whether inorganic salt is
included within the deposited polymer film.
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Table 3. Structure of Sample B8 as Obtained from Simultaneous Composition-Space Refinement of the Neutron
Reflectivities of the Hydrated (H20), Dehydrated (P20s), and Rehydrated (D;0) Film

quantity symbol value uncertainty status
H,0 volume Vh,0 29.9 A3 - constant
D0 volume Vp,0 30.25 A3 — constant
Na* volume Viat 6.3 A3 - constant
CI- volume Ver 38.55 A3 - constant
total film thickness (H,0)2 dtot(H20) 2427 A +7A dependent quantity
PSS layer thickness (H,0)P dpss 58.0 A +7A variable
PAH layer thickness (H,0)P dpan 17.7 A +5A dependent quantity
PSS monomer volume Vpss 201 A3 +2 A3 variable
PAH monomer volume VpaH 67 A3 +1A3 dependent quantity
H>0 per PSS monomer® nhss 6.0 +1.3 variable
H,0 per PAH monomere® nhAH 1.0 +15 variable
water void volume factord yaehydr 0.415 +0.002 variable
rehydration factore prehyar 0.925 +0.003 variable
Na*/CI~ per monomer neAH = pPss 0.5 +0.5 variable
substrate roughness Tsi 5A - constant
interface roughnessf (H,0)29 Oint(H20) 28.3A +1.3A variable
interface roughnessf (P,0s)29 Gint(P20s) 232 A +04A variable
interface roughnessf (D,0)29 Oint(D20) 325A +05A variable
total film thickness (P20s)? diot(P20s) 1834 A +6A dependent quantity
total film thickness (D20)2 diot(D20) 2363 A +7A dependent quantity

a Determined for hydrated (H,0), dehydrated (P,0s), and rehydrated (D,0O) film. ® Quoted results are average numbers. They have to
be multiplied by 0.759 (first r.u.), 1.039 (second r.u.), 1.046 (third r.u.), 1.051 (4th r.u.), 0.888 (5th r.u.), 1.028 (6th r.u.), 1.078 (7th r.u.),
and 1.112 (8th r.u.) to obtain the actual structure. ° In fully hydrated film as prepared from H,O-based solutions. 4 On dehydration, each
water molecule leaves x\‘i,ehyd' x Vh,0 0f void volume within the polymer film. ® After rehydration of the fully dehydrated film with DO, for
each original H,0 molecule, n;fhyd' D,0 molecules are recovered into the polymer network. f Between adjacent polymer strata within the
film. 9 The model is virtually insensitive to the film/air roughness o, which has formally been included with constant values (o7/a (H20/

D20) = 24 A, oya (P20s) = 20 A) in the fit.
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water associated with the different polyelectrolyte species is
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Figure 8. »? from composition-space refinement of the data
from sample B8 (hydrated, dehydrated, and rehydrated) as a
function of the PSS layer thickness, dpss.

Some of the results of the composition-space refine-
ment of the data from sample B8 are visualized in
Figure 9. Shown are the volume fractions of PSS and

PAH and of water, and on the right-hand side of the Hence we conclude that the ratio dpan/dess is fairly

plot, the volume fraction of water associated with either
of the two polyelectrolyte species is indicated.

2d. Structure as a Function of lonic Strength:
Figure 10 summarizes the results of reflectivity mea-
surements from samples prepared from deposition solu-
tions with various ionic strengths (Figure 3a). It is
apparent that the layer pair thickness dy, is proportional
to the ionic strength, 1. The internal roughness between
adjacent layers as prepared from H;O-based solutions
scales with the layer thickness (oint ~ 0.4 x djp). It was
shown above that structural details as revealed from
neutron reflectometry do not depend strongly on the
assumption of whether salt is incorporated into the film.

independent of I, which justifies writing dpss and dpan
as constant fractions of djp. Thus, dpss = 0.76 x djp and
dpan = 0.24 x dp, as indicated in the figure.

2e. Structure as a Function of the Degree of
Polymerization: An evaluation of the data presented
in Figure 3b, where films deposited from polyelectrolyte
solutions of various molecular weights M,, have been
investigated, reveals that the effect of My, on the
structure is rather small. This is appreciated qualita-
tively by simply comparing the upper and lower pairs
of neutron reflectivity data sets shown in the figure. A
guantitative evaluation shows that an increase of the
degree of polymerization from P,, = 900 to P,, = 5000
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Figure 10. Structure of polyelectrolyte films as deposited
from solutions with various ionic strengths, I. The scales on
the ordinate are chosen such that the correspondence between
the layer pair thickness, di, (filled squares, left scale), and the
interfacial roughness between adjacent polymer layers, Oint
(open triangles, right scale), becomes apparent. The equation
and the heavy dashed line represent a linear fit to the data.
Based on the situation revealed by analyzing sample B8 in a
composition-space refinement, dy, is broken down into indi-
vidual layer thickness values. The light dotted lines and the
grayed areas indicate these contributions of the individual
layers to the layer pair thicknesses. For | — 0 a nonlinear
reduction of the layer thickness is indicated, as discussed in
the text.

for the PSS leads to an increase in the thickness of the
r.u.’s of <3% (films deposited from 0.5 M NaCl) and of
<6% (2 M NaCl). If one assumes that structural rela-
tions as measured with sample B8 apply and that the
PAH layer thicknesses are equal in all samples, it may
be estimated that the increase in PSS layer thickness
is less than 4.5% (0.5 M NacCl) and less than 10% (2 M
NaCl). It may be concluded that the adsorption process
is strongly cooperative. A quantitative evaluation of the
cooperativity, however, will require more data at dif-
ferent Py, values.

Discussion

The formation of layered supramolecular architec-
tures has made major inroads into materials science.3!
The sequential deposition of alternately charged poly-
electrolytes in molecularly thin films is a fundamental
process in this field, because it sets the stage for the
immobilization of such diverse colloidal particles as
proteins or clay minerals and may result in the develop-
ment of novel electroluminescent devices.”12:32 We have
systematically studied the formation of molecular films
from simple polyelectrolytes and have harnessed the full
power of neutron reflectometry for a detailed charac-
terization of their structure.

The following statements about the structure of a
polyelectrolyte multilayer film deposited from 3 M salt
solutions of PAH and PSS may be made without
addressing the issue of salt incorporation into the
polyions:

(1) The film structure is stratified, as discussed above,
despite the fact that the interdigitation between polymer
trains from adjacent layers is of the same order as the
total layer thickness. In addition, the relative thickness
variation of the strata, as discussed earlier, is verified
in the composition-space refinement of the data (see
Figure 5a). This is reflected in the SLD profiles shown
in the inset in Figure 5b as a pronounced modulation
of the p, peak heights of the deuterated layers, where
the first peak (at z = 195 A) and the fifth peak (at z =
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1405 A) are significantly lower than the others. The
relative thickness values may be determined with an
accuracy of £3%, and are independent of the assumed
salt content of the film. We have thus resolved the
internal structure of the polyelectrolyte multilayer film
with high resolution.

(2) The hydration of the both polyions is quite differ-
ent on the basis of H,O molecules per residue in the
film. Whereas ~6 H>O are associated with each PSS
monomer, only 1 H,O is attached to each PAH mono-
mer. If, however, the volume fractions of H,O and the
respective polyions are compared (Figure 9), the result
is much closer; only twice as much H>O volume is
associated with PSS as with PAH.

The distribution of PSS and PAH organized in layers
interpenetrating along the 2 direction is shown in Figure
9 on the left-hand side, below z = 900 A. Individual layer
profiles are indicated by dotted lines, whereas profile
envelopes are rendered as solid black lines. Note that
due to the interpenetration, the volume fraction of PSS
is larger in the center of the PAH layer than the volume
fraction of PAH itself. As recognized at z = 815 A, even
in the center of a deuterated PSS layer, the tails of the
protonated PSS layers join to form a fraction of ~0.5%
of the total volume. The total water concentration is
roughly constant at ~42% volume fraction throughout
the film. At the right-hand side, above z = 900 A, the
volume fraction of polymer-associated water (solid lines)
is given with respect to the polymer itself (dashed lines).

(3) Dehydration over P,0s leads to shrinkage of the
film. This is expected as water evaporates from the
structure. Neutron reflection measurements, however,
reveal the particulars in great detail. (a) Water mol-
ecules that are removed from the polymer network leave
a void volume within the film. On average, ~40% of the
liberated water volume is not filled by the polymer upon
film shrinkage, presumably because of steric hindrance
inferred in the polymer chains. The shrinkage of the film
occurs congruently and homogeneously. A reduction of
the interface roughness between adjacent layers is
observed upon dehydration which is proportional to the
shrinkage of the film along the surface normal, i.e., the
polymer network tightens on dehydration without rear-
rangement of the loop structures within the layers. As
far as one can judge from the neutron reflectivity
measurements, no lateral inhomogeneity is inferred by
the dehydration process. It is not revealed whether one
of the polyelectrolyte species holds on to water more
tightly than the other, but in any case the thickness
ratio of the adjacent layers shifts by a few percent upon
dehydration because of the larger volume fraction
contained in the PSS chains.

(4) Upon rehydration (in this case with D,0), the film
structure swells. The recovery of water into the polymer
network is almost, but not quite, complete with respect
to the film structure as prepared from H,O. Roughly
95% of the desiccated water molecules return into the
film structure. This slight decrement could be caused
by an isotopic effect or by rearrangements in the
polymer structure. The observation that the interface
roughness between adjacent layers within the structure
is slightly larger after rehydration whereas the overall
film thickness is slightly smaller points to the latter
interpretation.

In Figure 10 we have compiled the results from
modeling neutron reflection measurements on samples
deposited from solutions with various ionic strengths I.
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In doing so, we extrapolated the detailed structural
conception of the sample deposited from 3 M salt
concentration on the other experimental situations. A
guantitative comparison with earlier work,? in which
the thickness increments of PAH—PSS multilayer struc-
tures were measured using X-ray reflectometry is not
straightforward, because PAH layers were deposited
from salt-free solutions in the earlier preparations. The
PAH layers in those preparations are thus presumably
thinner than those in the work presented here. More-
over, those samples were characterized at various stages
during the preparation (after the deposition of 6, 8, 10,
15 ... layer pairs), and in the light of the results obtained
in the current investigation one has to assume that
layers deposited after the inspection of the surfaces with
X-rays are significantly thinner than those obtained in
a continuous process (cf. section 2a and Figure 5a).
Finally, radiation damage of polymer molecules exposed
to X-rays during a reflection experiment cannot be
neglected, such that layer thickness results are system-
atically low if determined with X-rays. All these caveats
do not apply to the current work. Thus, Figure 10
represents the structure of PAH—PSS multilayer films
determined with the least-impact characterization tech-
nique available to date for the investigation of layered
supramolecular architectures. Although the general
conclusion? that the self-assembly of polyanion/poly-
cation films may be fine-tuned by variation of the ionic
strength of the deposition solution still holds, one has
to add that details of the structure may sensitively
depend on environmental parameters.

Although both the layer pair thickness and the
internal layer roughness values scale fairly linearly
between ionic strengths I = 0.5 and 3 M NacCl in the
preparations solution, a linear extrapolation to | = 0
cannot be made. Experimentally it has been observed
that layer pairs of PAH and PSS deposited at | = 0 are
much thinner, di, = 8 A (cf. Figure 14a in ref 1), than
the value dj, ~ 27.5 A expected from a linear extrapola-
tion of the neutron results to | = 0. Theoretically, the
dependence of the Debye screening length 1/« for small
ionic strengths | is

1 )1
K

Therefore, an increase of the layer (or layer pair)
thickness with increasing | is expected to be nonlinear
at low I and may also follow a square-root dependence.
Such a dependence is indicated tentatively in the low-I
regime of Figure 10, and a square-root dependence is
indeed approximately observed in X-ray reflection ex-
periments on similar systems (B. Lehr and G. Decher,
unpublished results).

The most fundamental result of this work is the
observation that polyelectrolyte multilayer films grow
in a nonlinear fashion close to the substrate. We have
argued that this occurs due to a roughening of the
polymer/polymer interfaces upon deposition of succes-
sive polyanion/polycation layer pairs which leads to a
progressively larger number of binding sites for poly-
electrolyte chains adsorbing from solutions. The situa-
tion equilibrates quickly, after the deposition of 4—5
molecular layers. This equilibration occurs because the
microscopic structure of adsorbed polyelectrolyte layers
adjacent to aqueous solutions is obviously so flaccid,
presenting multiple trains and loops to the aqueous
adphase, that adsorbing polycounterions interpenetrate
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deeply into the deposited film. From the model that
describes the experimental data best we infer occasional
close contacts between polymer molecules whose centers
of gravity are located 4 molecular layers apart (cf.
Figure 9). The coincidence of this number with the
equilibration length scale strongly suggests a causal
relationship between the layer thickness equilibration
and the interpenetration between the molecular species.
Further away from the substrate than ~8 molecular
layers, the layer thickness is constant within the
experimental error if the environmental parameters are
kept fixed during the dipping process. The occasional
partial dehydration of the surfaces between dipping
events, and potentially other preparation flaws, may
lead to unexpected results.

In earlier work,'! we precisely determined the inter-
nal (protonated polymer/deuterated polymer) and the
external (polymer/air) interfacial roughness values from
a comparison of neutron and X-ray reflectivity data. We
concluded then that the internal roughness is signifi-
cantly larger than the external roughness and at-
tributed the difference to chain-chain interdigitation
between adjacent polymer layers. In this work we have
observed the same trend, namely smaller values of o7,
than of gin, although the external roughness of the
polymer film toward the air cannot be precisely deter-
mined from the neutron reflectivity data without cross-
reference to X-ray data.

In contrast, recent X-ray/neutron reflectivity mea-
surements on PAH/PSS multilayer systems incorporat-
ing deuterated poly(phenylenevinylene), PPV-d, as a
functional component in molecular polymer interface
films, have led to the conclusion that oint < o4 in those
systems.'? This may be understood from the preparation
process of the PPV layers, which includes deposition of
a sulfonated precursor polycation and its subsequent
conversion into the conjugated polymer by heating
under vacuum. The product is immiscible with PSS,
located in adjacent layers, so that phase separation
between the two compounds is likely to occur upon
curing of the polymer film. As a result, the interface
between the deuterated and the protonated layers is
expected to be sharper than those between the other
nondeuterated polycations and polyanions (PPV-d was
the only deuterated substance used in the multilayer
structure reported on in ref 12). With the help of the
results presented here, another apparent inconsistency
in the conclusions of Tarabia et al.12 may be resolved.
In their discussion, Tarabia et al.12 are puzzled by the
fact that according to their X-ray measurements, the
mass density of the PAH/PSS spacer layers appears to
be 1.34 g/cm?, whereas from the neutron data a mass
density of 0.79 g/cm?® has been deduced. They attribute
this tentatively to the incorporation of Ca?" ions into
the multilayer structure, which might increase the
X-ray SLD above the value expected from the neutron
SLD of the polyelectrolyte layers. Apparently, however,
a huge Ca?* concentration would be required to achieve
consistency among the two models. In light of our work
it seems that Tarabia et al. in their interpretation have
simply failed to account for water included in the
hydrophilic films during the measurements. A numer-
ical conversion of our results for the neutron SLD used
to describe a PSS-h;/PAH double layer hydrated with
H»0 into an equivalent electron density yields p. = 0.42
e /A3, close to the value pe = 0.43 e /A3 reported by
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Figure 11. Dependence of the PSS layer thickness on the
degree of polymerization of the polyanion. The line is a guide
for the eye suggesting cooperativity of the adsorption process.

Tarabia et al. At the same time, the neutron SLD of
the layer pair reported here is p, = 0.8 x 1076 A2
which is also consistent with the refractive index
reported in ref 12 for the spacer layers in various
samples (~ 0.9 x 10~ A~2), without assuming counte-
rion (Ca?") inclusion into the layer structure. Although
Tarabia et al.'? do not report on the humidity control of
the sample environment during their measurements, it
seems natural to suppose that H,O is included within
the polyelectrolyte layers in their samples, and that the
H,O content in their samples is similar to or slightly
less than the one found in this work. To enable further
comparison of ref 12 and the present work, we note that
the SLDs found in the present work translate to average
polyelectrolyte mass densities of ~0.81 and ~1.13 g/cm?,
based on a PAH/PSS double layer in the fully hydrated
and the fully dehydrated samples, respectively. For
comparison, the hypothetical mass density expected for
efficiently packed polyelectrolyte films, i.e., the sum of
the monomer masses devided by the sum of their
volumes as obtained from this study (cf. Table 3), would
amount to ~1.51 g/cm3. Obviously, this poses an upper
limit for the value that the mass density can possibly
attain.

Figure 11 displays the weak dependence of the PSS
layer thickness of self-assembled polymer multilayer
films on the degree of polymerization, Py,. Clearly, more
measurements have to be performed before definitive
conclusions can be drawn. It is obvious from the two
experimental results with P, ~ 900 and 5000, however,
that the adsorption to charged surfaces is a strongly
cooperative process. To stress this, an empirical function

d _ (const. x P,)* @®
d. 1+ (const. x P,)

is included in Figure 11 as a visual guide. It remains
to be seen whether the adsorption of polyelectrolytes to
charged interfaces of the kind used in this work can be
described in terms of the cooperativity models generally
used to describe binding processes of biological macro-
molecules.33
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Conclusions

Using neutron reflectometry, we have resolved the
internal structure of self-assembled polyelectrolyte mul-
tilayer films to high resolution and have developed a
detailed molecular picture of such systems by analyzing
the data with a composition-space refinement technique.
We have shown that such surface films consist of
stratified structures in which polyanions and polyca-
tions within individual layers intimately interdigitate
one another. Nevertheless, the deposition technique
leads to results that are very predictable if well-defined
and constant environmental conditions are maintained
during the preparation. For the PSS/PAH couple ad-
sorbed onto atomically flat surfaces, a roughening of
successively deposited layers leads to a progressively
larger number of adsorption sites for consecutive gen-
erations of adsorbed polymer, and thus to an increase
in layer thicknesses with an increasing number of
deposited layers. Because of the interdigitation between
adjacent polyelectrolyte species, however, this increase
settles quickly into an equilibrium thickness. In fully
hydrated films (100% r.h.), water occupies =40% of the
volume within the films. About twice as much water (by
volume) is associated with PSS as with PAH. Incorpo-
rated inorganic salt plays only a minor role, if any. The
equilibrium thickness of the deposited layer structure
may be fine-tuned via the ionic strength of the solutions
used for the preparation. A quantitative comparison
with earlier work by Decher and Schmitt3 supports their
general conclusion but yields film thicknesses that are
a factor of ~2 larger. Possible reasons for this discrep-
ancy were discussed above. In contrast to the ionic
strength of the deposition solutions, the degree of
polymerization of the polyanions used in the preparation
plays only a minor role in determining the overall
structure of the deposited films.
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