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Abstract: We study the growth and internal structure of polyelectrolyte multilayers obtained by combining
three polyanions with nine polycations of the ionene family, of systematically varied chemical architecture.
We find that, contrary to a generally held belief, ordered organic multilayers are by no way exceptional,
provided one of the polyelectrolytes bears groups which induce structure in water, such as long hydrophobic
segments or mesogenic groups. However, this condition is not sufficient, as order will or will not emerge
in the multilayer depending on the specific pairing of the polyelectrolytes. The results support the notion
that layering in the multilayer results from some degree of prestructuring of a water-swollen layer adsorbed
during each step of deposition. These findings pave the way to new possible uses of polyelectrolyte
multilayers, for example, for applications requiring preferential alignment or strong confinement of specific
functional groups.

Introduction succession of adsorption evefifsmost organic (A/B) films

Electrostatic self-assembly (ESA) of polyelectrolytes (also should be considered as molecular-level blends of polyelectro-
referred to as layer-by-layer assembly, LBL) is a powerful lytes>10 Consistently, no Bragg reflection due to layering
technique enabling the fabrication of thin organic functional a@ppears in X-ray or even neutron reflectograms of such
films with nanoscale control over the film structure. The films,*~13 even though Bragg reflections are observed for more
versatility and deceptive simplicity of the assembly process, complex purely organic systems of tHgA/B)n/(C/D)p}n-
which consists of the sequential adsorption of polyions of type#17 or for hybrid binary (A/B) systems made of rigid
opposite charges (with rinsing and drying steps being applied inorganic platelets combined with an organic polytér2 The
between), resulted in a growing interest for this method over lack of true layering in ESA films may be a limitation of the
the last 10 years. However, in contrast with naive cartoons technique, because well-organized multilayers are required for
sometimes encountered in the literature, the internal structure
of most organic binary (A/B)ESA films was shown to be (8) Joly, S.; Kane, R.; Radzilowski, L.; Wang, T.; Wu, A.; Cohen, R. E.;
highly d_lsordered: Successively adsorbed Iayer_s_of polyelec- 9) w&r&?fygéfﬁ_f{t’ggﬂ’_ 'fé' %SQEQ%Z%)_QA}& cl:ﬁgfn S0d.999 121,
trolytes interpenetrate so strongly that the compositional fluctua- 4883.
tion perpendicular to the surface is completely smoothed out. g(l’ ﬁgrr‘r']%’g\’/ﬁg Eli_voli/y\'(-lé«lec’\rfé]r ’?;T‘scc'Lem”?ft,Sﬁ‘??i?aﬁi?kiﬂ%@sica
Although stratified in the sense that the location of a chain is ,
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a number of applications requiring the precise placement of
active functional groups in confined layers.

Recently, organic (A/B)films were reported, exhibiting true
layering as judged from the presence of Bragg peaks in X-ray
reflectogramg324These films were based on an ionene capable
of forming a lyotropic mesophase. The intrinsic drive of this R'= | p=8 | p=t0
unique polyelectrolyte to microphase-separate or to self-organize —H 1 4
in water was considered to be responsible for the formation of =N
an ordered film structure extending over long distances. It was _N:N{/)
also shown that the resulting layering does not strictly coincide
with the sequence of adsorption events, more than one stratum _N:NONOZ 3
being deposited per dipping cyd@in the present paper, we
present a much larger ensemble of results obtained on a set of B o
ionenes of systematically varied chemical architecture, aimed o o — =,
at unraveling the relationships between the internal structure {“3“2’3_0!( SN 7(1)_(0”2)3—“‘@\/\/@”7\
of binary (A/B), ESA films and of related bulk complexes, and n
the chemical structure and physicochemical properties of the R?= L
polyelectrolytes. We show that truly layered films displaying R? —H 7
Bragg peaks can be obtained, provided polyelectrolytes be NeN {N) 8
properly designed, and we extract general rules governing \_7/
structure formation in binary ESA films, mainly using X-ray
scattering techniques.

Br - Br -
_ _ o o = /=
Experimental Section <(CH2)3_H/ R \”_(CHQ)S_JND_@N%
0 © 0
n

o o N/ \/
(CHp—" TN N (GH2p—N N
2)p 5 ju ( 2)p +\/\/+

Br - Br-/n

Materials. (a) Polyelectrolytes.The polyelectrolytes used in this
study are presented in Figure 1. The synthesis and characterization of

the polycations were reported elsewheteref 25;2, 5, 7, 8, ref 26; 9 E N
3, 4, ref 27,6, ref 28;9, ref 29). From'H nuclear magnetic resonance, n (/\I}n o "
the degrees of polymerization of most polycations are known to be OsNa éosK
above at least 28,2%although very high molar masses are not probable PVSO

given the general properties of ioneri@®oly(vinyl sulfate) PVS), NOz O3Na pPvs
poly(vinyl sulfonate) PVSO), and poly(styrene sulfonateéP£9 were pss

purchased from Aldrich and used without purification.
(b) Substrates.One-side polished n-type (100) silicon substrates
were purchased from ACM (France) and cut to get rectangles of 3 cm

x |19(§:3rt; Susbst.rza7t§/s w(e)re c.Ieaned“ b_y |rr;]mersllo_n f(,),_r 20 minin a h?]t 11 polyelectrolytes studied, the growth of multilayers was monitored on
Vo 6 HSQs:27% HO, mixture ("piranha solution™; caution, piranha a set of samples, synthesized under strictly identical conditions except

reacts V'Olen_ﬂy with organic compoun(_js a_nd _shou!d not be stored in for the number of dipping cycles (parallel dipping of a set of substrates).

closed containers), followed by extensive rinsing with ultrapure water (d) Polyelectrolyte Complexes.Bulk polyelectrolyte complexes

(o_bt_ained by deionization and purification using the MilliQ system from were obtained by mixing under vigorous stirring the polycation and

Millipore). . ) . . . polyanion solutions used for the preparation of the polyelectrolyte
(c) Multilayer Buildup. Substrates were dipped in a polycation  n ijayers. After being decanted, the solutions were filtered, and the

solution for 10 min (unless otherwise specified), rinsed thrice by complexes were collected and dried in air.

immersion in ultrapure water (8 1 min), and then dipped for 10 min Methods. (a) Small-Angle X-ray Scattering (SAXS)SAXS was

in a polyanion solution and rinsed thrice. This deposition procedure performed to obtain the long-range structure of bulk complexes and

was then cycled to obtain multilayers. The samples were air-dried only dry polyelectrolytes. SAXS was measured in transmission in an

at the end of their fabrication. The pH of all polyelectrolyte solutions o, ,ateqd Kratky compact camera mounted on a Siemens rotating anode

was adjusted to 1 with hydrochloric acid. Unless otherwise stated, (i fitered Cu Ko radiation, 40 kV/300 mA). A calibrated position-

polycation and polyanion solutions were>2 10 M in monomer  sengitive proportional counter (mBraun, Garching, Germany) was used

charge (assuming protonation of the 4-(pyridine-3yl azo)-phenyl side i, acord the scattering patterns.

group for polycation, 5, and8). All solutions were prepared from (b) Wide-Angle X-ray Scattering (WAXS). The experimental setup

is based on a Siemens D5000 2-circles goniometer. X-rays of 1.5418

Figure 1. Chemical structures of the polyelectrolytes used in this study.

ultrapure water and were used within 48 h. For each pair of

gig é%seylék-;L?ggggyvAs-k'\y/i-fLé‘;gﬂgs\}SAkywic\%mgﬁg!elg%),%rh?ﬁ'éﬁ’%g; A wavelength (Cu &) were obtained from a rotating anode. Mono-
Polyelectrolyte Multilayers and Related Multicomposit&echer, G., chromatization was achieved with the help of a secondary graphite

(25) SK%@{CSZ“"“CM?";' Eégfﬁj&s\f(\g{e'{'_\;/ﬂ;, e'\r"e"B"_?(%”gl’l o Dress: Wischerhoft, £, Monochromator, complemented with pulse height discrimination (scin-
Macromolecules1998 31, 9316. tillation counter). Soller slits placed in the incident and reflected beams

(26) Fischer, P.; Laschewsky, A.; Wischerhoff, E.; Arys, X.; Jonas, A.; Legras, limited axial divergence to 0.02Powder samples were deposited on
R. Macromol. Symp1999 137, 1.

(27) Charlier, V.; Laschewsky, A.; Mayer, B.; Wischerhoff,Eacromol. Symp. silicon single crystals (cut parallel 510). Measurements were
1997, 126, 105. performed in reflection in an asymmetrical mode. The incoming angle

(28) Koetse, M.; Laschewsky, A.; Jonas, A. M.; VerbiestCblloids Surf., A: _ ot : 3
Physicochem. Eng. Aspe@s02 198 275. of the X-ray beam on the silicon substrate was h(—_zld fixed®at 6

(29) Laschewsky, A.; Wischerhoff, E.; Kauranen, M.; Persoongylacromol- (c) X-ray Reflectometry (XRR). The same goniometer used for
ecules1997 30, 8304. WAXS studies was used for XRR. Proper collimation of the beam was

30) Meyer, W. H.; Dominguez, L. IRolymer Electrolyte Reew, McCallum, . . . . . . .
¢ )J. Ry., Vincent, C. A., Igds.; Elsevie)r/AppIied Scignce: London. 1990; vol. Obtained by using slits adjustable with micrometer precision. The

2, pp 191-228. vertical divergence of the incoming beam was typically 0.0084e
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vertical acceptance of the detector was fixed by a 200wide slit

functions ensures that the contributionm(z) vanishes outside of the

placed at 20 cm distance from the sample. A special automated film. As shown by Singh et aP4 the intensity of thenth Bragg peak is

alignment procedure allowed one to position the sample within a few
micrometers from the goniometer center. More information on this setup
can be found elsewhefé.XRR data were scaled to unit incident

related to the amplitude fof thenth Fourier component of the series,
whereas the shape of th#h Bragg peak is related to the phase
coefficientgn. In the present work, fits were performed over (kg <

intensity and corrected for spill-over. The data are reported as a function 0.2 A-%, into which only the first Bragg peak was observed, if any.

of ko, the component perpendicular to the interface of the wavevector
in a vacuum of the incident photons (i.&x = (27/1) sin 6, wherei

is the X-ray wavelength, and is one-half of the angle between the
incident and reflected beams).

Therefore, the Fourier series was limited to its first temm= 1). The
profile was then discretized into a large number of slabs of 2.5 A
thickness, and the reflectivity was computed using Parratt’s dynamical
theory®%37 The nine parameters describing the density profile d;,

To obtain a view of the data in direct space, a normalized Patterson d, os, ot, gragg Lcon A1, ¢1), plus a scaling parameter, were then varied

function P(r) was computed from reflectivity using:

_1 o Rl
PO = 27 S R

eZiknr dkﬂ

1)

where k» is the component perpendicular to the interface of the
wavevectorin the film and Re(ka) is the Fresnel reflectivity of the
bare and perfectly smooth substrate computekhatn the frame of
the first Born approximation, that is, kinematical theory, this function

using a MarquardtLevenberg algorithm® until the model accurately
described the experimental data.

(d) Ellipsometry. A Digisel rotating compensator ellipsometer from
Jobin-Yvon/Sofie instruments (France), working at 6328 A (Hée
laser), was used in this study. To compensate for some systematic errors
(imperfections and residual misalignment of the optical components),
measurements were carried out with the analyzet48° and —45°
(with respect to the plane of incidenc®)A model consisting of an
isotropic film on a flat substrate was used to fit the ellipsometric

can be shown to be equal to the auto-correlation of the electron densityangles'® The refractive index of silicon was taken to be 3.8§1.019

gradients

1

P(r)=—=
P

fm mdp(z—k r) & B

—o dz dz
whereps is the electron density of the substrate, au) is the electron
density in the film atz, laterally averaged over the coherence area of

When possible, the effective refractive index of the film was obtained
from the ellipsometric measurements by fitting trajectories in thé)
plane corresponding to samples of increasing thickness, neglecting film
absorption which is small at the working wavelength of the ellipsometer.
Otherwise, the refractive index was arbitrarily set either to the refractive
index of the most closely related system (when possible) or to 1.55.
(e) MiscellaneousThe birefringence of the ionenes and their solution

the photons. The thickness of the samples was defined as the locatiorin Water was studied in transmission between crossed polarizers with

corresponding to the maximum of the final peakH(r), originating
from correlation between the film/air and substrate/film interfaces.

For a few selected samples, electron density profiles were obtained

from the X-ray reflectivity data, using a modified version of a method
originally proposed by Singh et &.The electron density profile

an AX70 Olympus optical microscope.
Results

lonenes.The polycations used in this study are presented in
Figure 1. They all belong to the ionene family; that is, they

perpendicular to the film surface was expressed as the sum of two terms:contain quaternary ammonium fragments as part of their repeat

Pel(2) = b1 (D H p,(2) 3
The first term[p1(2)[J describes the average shape of the electron density
profile. It was written as

o) ()

o @
where £(X) = 1/2(1 + erf(x/~/2)), ps is the electron density of the
substrateps is the average electron density of the fildis the thickness

of the film, andos and or are the root-mean-square roughness of the
substrate and of the film, respectivélThe second term in eq 3¢~

(2), was introduced to represent regular modulations of the electron
density of the film. It was written as a damped Fourier series:

iy
c(z d) ©)

Of

m

P2 = () A cos(2inZdg g — ¢>n))-ex%—

=

into which dgragg is the repeat period of the internal modulation of the
film, and Lcon is its coherence length. The multiplication by the

(31) Arys, X. Understanding Ordering in Polyelectrolyte Multilayers: Effect
of the Chemical Architecture of the Polycation. Ph.D. Dissertation;
Universitecatholique de Louvain, Louvain-la-Neuve, Belgium, 2000.

(32) Bollinne, C.; Stone, V. W.; Carlier, V.; Jonas, A. Macromolecule4999
32, 47109.

(33) Pershan, P. S.; Als-Nielsen,Rhys. Re. Lett. 1984 52, 759.

(34) Singh, N.; Tirrell, M.; Bates, F. Sl. Appl. Crystallogr.1993 26, 650.

(35) For sampleq/PSSs, a supplementary function needed to be introduced
to properly describe the film.

units. Different residues were grafted on a common pendent
phenyl group, and aliphatic spacers of variable length were
included in the main chain. A first set of ionends-g) serves

to probe the effects, on multilayer formation and structure, of
the hydrophilic/hydrophobic balance of the backbone and of
the bulkiness and mesogenic character of the side group. The
4-(4-nitrophenylazo)-phenyl side group of ionerg$, and9

is known to be mesogenf&;the 4-(pyridine-3yl azo)-phenyl

of ionenes2, 5, and 8 is mesogenic, too, but seems to be a
much weaker mesogéAA second set of ioneneg-{9) allows

one to investigate effects related to the rigidity of the backbone
and to the accessibility and local distribution of the cationic
charge of the polymers.

The solid-state structure of dry ionenes was probed at room
temperature by polarized optical microscopy and small- and
wide-angle X-ray scattering. In addition, solutions of the ionenes
in water were examined between crossed polarizers, to detect
the possible presence of lyotropic mesophases. Results are
reported in Table 1 (complete diffractograms can be found
elsewherd).

(36) Parratt, L. GPhys. Re. 1954 95, 359.

(37) Parratt, L. GJ. Chem. Physl956 53, 597.

(38) Press, W. H.; Teukolsky, S. A.; Vetterling, W. T.; Flannery, BNBmerical
Recipes in C2nd ed.; Cambridge University Press: Cambridge, 1992.

(39) Kleim, R.; Kuntzler, L.; El Ghemmaz, A. J. Opt. Soc. Am. A994 11,
2550.

(40) Azzam, R. M. A.; Bashara, N. MEllipsometry and Polarized LighNorth-
Holland: Amsterdam, 1977.

(41) Aspnes, D. E.; Studna, A. Rhys. Re. B 1983 27, 985.

(42) Toyne, K. J. InfThermotropic Liquid CrystalsGray, G. W., Ed.; John Wiley
& Sons: Chichester, 1987; p 30.
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Table 1. Structural Data of lonenes 1—9, and of Their Complexes Obtained by Coprecipitation with PVS, PVSO, or PSS

optical
semicrystalline low-angle optical birefringence structure of structure of structure of
character spacing birefringence (solutions in bulk complex bulk complex bulk complex
ionene (solid state)? (solid state)? (A) (solid state) water) with PVS? with PVSO? with PSS¢

1 no none no no sol. sol. sol.
2 no none no no am. - am.
3 no none yes no ord. (28 A) am. am.
4 no 3r yes no am. ord. (29 A) ord. (30 A)
5 yes 28 yes yes ord. (24 A) ord. (24 A) am.
6 no 46 yes no - - am.
7 yes none yes no sol. - -
8 yes none yes no sol. - am.
9 yes 35 yes yes am. am. am.

a As judged from the presence of sharp interferences in the WAXS diffractogram of the comp@istance corresponding to Bragg peaks in the SAXS
range.c Two or three reflections were found for this compound, with repeat distances equal to the long spacing divided by the order of the reflection,
demonstrating a lamellar supramolecular organizatidsol.”, soluble complex; “am.”, insoluble complex showing no Bragg reflection by SAXS or WAXS;

“ord.”, insoluble complex displaying SAXS long spacings (repeat period indicated between parenthe’se®);data available because of lack of material.
€ The structure of this complex was found to be metastable, as indicated by the disappearance of low-angle reflections upon holding the complex in water

It is difficult to rationalize the semicrystalline character of indicated in Table 2. Other systems were found to grow linearly
the polycations on the basis of their chemical structure, exceptover a limited number of dipping cycles, and then to diverge,
for the fact that replacing the aliphatic moieties by aromatic while others grew in a nonlinear fashion from the very beginning
ones seems to favor crystallinity. The incorporation of long of the deposition process. Some pairs failed to provide films.
aliphatic spacers in the backbone of polyme¥s) or of the Increments of thickness per deposition cyclAs)(most often
mesogenic 4-(4nitrophenylazo)-phenyl side group in aromatic lie in the range 1640 A, but the3/PVS and 5/PVS pairs
ionenes 9) induces some degree of organization in the solid provide much larger values, in the 100 A range. It is difficult
state, as testified by the long spacings detected by SAXS. Forto fully rationalize the values akd on the basis of the molecular
ionenesd—6 containing—(CH,)10— fragments, SAXS indicates  architecture of the ionenes only, even though it appears that
the occurrence of a lamellar organization in the solid state, larger values oAd tend to be obtained for the ionenes bearing
probably due to microphase separation between the hydrophobiche bulky and mesogenic 4-:(ditrophenylazo)-phenyl side
spacers and the rest of the molecule. In some instances, the trendroup (ionenes, 6, 9).
to form organized supramolecular structures is partially con-  Internal Structure of ESA Films. The internal structure of
served in water, as testified by ionerfeand9 which display the films was assessed by X-ray reflectometry. Figure 2 provides
liquid crystallinity in water (lyotropic mesophases). selected X-ray reflectograms for the pairs of polyelectrolytes

Bulk Complexes.Polycationsl—9 were coprecipitated with  tested. Most reflectograms display regular oscillations, which
polyanionsPSS PVS, or PVSO, to form soluble or insoluble  are damped with increasing angle. These so-called Kiessig
bulk complexes (Table 1). Insoluble complexes were collected fringes originate from constructive interference between waves
by filtration. None of the insoluble complexes were found to scattered at the film/air and substrate/film interfaces, allowing
be crystalline as judged by WAXS. However, some of them one to easily determine the thickness of the film. In addition,
displayed broad low-angle reflections when probed by SAXS additional positive/negative peaks show up for some pairs of
(Table 1), suggesting partial organization of the bulk complexes. polyelectrolytes, due to constructive/destructive interference
Excluding from the discussion ioner® which only forms a from waves scattered at regularly spaced inner interfaces (Bragg
metastable transient supramolecular organization when com-reflections).
plexed withPVS, it appears that organized bulk complexes only ~ These data can be more easily analyzed in direct space, by
form for ionenes containing long hydrophobic (g sequen- computing Patterson function®(r), from the reflectograms
ces. This is a necessary but not a sufficient condition, as ordering(Figure 3). Within the first Born approximation(r) is
may be lost when complexing the polycation with specific proportional to the probability of finding in a film two interfaces
polyanions (e.g.4 gives supramolecularly ordered complexes separated by a distanag positive peaks being related to
when combined witlPVSO or PSS not with PVS). Neverthe- interfaces having electron density gradients of identical sign,
less, it is obvious that partial phase separation or clustering of and negative peaks being related to interfaces of opposite
long hydrophobic segments in water must be the reason for thegradient3® The Patterson functions display a broad terminal
formation of organized bulk complexes. Compoudvhich peak, due to correlation between the substrate/film and film/air
was shown to form a lyotropic mesophase in water, did not interfaces, which is the translation in direct space of the Kiessig
provide organized complexes when combined vRtBS but fringes mentioned previously. For some systems, this peak is
lack of material unfortunately prevented us from checking its absent due to extreme roughness of the film/air interface, in
behavior when it was coprecipitated wiV/S or PVSO. which case Kiessig fringes also vanish in the reflectograms. In

Growth of ESA Films. For many pairs of ionenes/polyan- addition, regularly spaced interfaces within the film show up
ions, a set of films was grown on cleaned silicon wafers by the as regular oscillations i(r). The amplitudes of these oscil-
layer-by-layer assembly method, and their thickness was lations are related to the sharpness and regularity of the inner
measured by ellipsometry or X-ray reflectometry. For some pairs contrast of electron density, while their spatial extent provides
of polyelectrolytes, a linear (or close to linear) growth was a direct view of the coherence of the stacking.
obtained versus the number of dipping cycles (i.e., a complete The values of the repeat period between inner interfaces are
cycle of adsorption of a polycation and of a polyanion), as reported in Table 2. In this table, the films have been sorted

1862 J. AM. CHEM. SOC. = VOL. 125, NO. 7, 2003
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Table 2. Structural Data (Mode of Growth, Increment of Thickness per Deposition Cycle, Internal Structure, Internal Repeat Periods) of
LBL Films Grown by Combining lonenes 1—9 with PVS, PVSO, or PSS

internal internal internal
mode of growth mode of growth mode of growth organization organization organization
when combined when combined when combined when combined when combined when combined
ionene with PVS? with PVSO? with PSS? with PVS? with PVSO® with PSS?
1 part. linear no growth not linear no order not applic. no order
(Ad=10.9 A,
0<n<13)
2 part. linear part. linear part. linear no order no order no order
(Ad=12.4 A, (Ad=9A, (Ad=13.5A,
0<n<7) 0<n<#6) 0<n<7)
3 linear Ad =118 A - - part. ord. (23.8 A) - no order [ref 26]
4 linear (Ad =27.9 A) not linear not linear part. ord. (33.5 A) no order part. ord. (28.8 A)
5 linear (Ad = 88 A) film growth linear Ad =21.9 A) ordered (23.8 A) ordered (24.0 A) no order
6 film growth - linear (Ad = 38.4 A) part. ord.? - part. ord. (18.3 A)
7 linear Ad=9.8 A) - - no order - -
8 no growth - linear [ref 26] not applic. - -
9 linear Ad = 27.7 A) not linear lineargd = 39 A) part. ord. ordered (23.3 A) no order

(very weak) (26.0 A)

aMode of growth: “linear”, linear increase of thickness with number of dipping cycles (increment per dytlgiven between parentheses); “part.
linear”, linear growth over a restricted number of dipping cyaleéncrement and range of given between parentheses); “not linear”, nonlinear growth
from the onset; “no growth”, no film could be grown with this pair of polyelectrolytes; “film growth”, film formation was checked, but the available da
are too scarce to classify the mode of growth!'no data acquired for this pair of polyelectrolytédnternal organization as judged from X-ray reflectograms
and associated Patterson functions: “no order”, no interference peaks detected in reflectograms, except Kiessig fringes associated tesfimahickn
regularly spaced significant oscillations detected in Patterson functions; “part. ord.”, constructive and/or destructive interferendeqiedka deflectograms,
in addition to Kiessig fringes; oscillations detected in Patterson functions, over distances smaller than the film thickness, indicated)ceb&ience of
the lamellar stacking; repeat distances of the stacking are reported between parentheses; “ordered”, similar to previous case, exceptémnueiot tehe
stacking extends over the whole film thickness (for the range of probed film thickness); the repeat period is given between parentheses;” ffiiapplic.
did not grow; “=", no data acquired for this pair of polyelectrolytes.

log ( Reflectivity . k ;'0 ) Patterson functions, P(r)
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Figure 2. X-ray reflectograms of LBL films grown frorPVS (a), PVSO Figure 3. Patterson functions of LBL films grown fromVsS (a), PVSO

(b), orPSS(c) combined with the different ionenes of this study (identified ~ (b), orPSS(c) combined with the different ionenes of this study (identified
by the numbers in the figures, with reference to Figure 1). Bragg peaks are PY the numbers in the figures, with reference to Figure 1). For some samples,
indicated by vertical lines. All samples shown were grown for 6 full dipping  fegular oscillations irP(r) testify for internal ordering of the multilayers.
cycles, exceptdPVS), (6/PVS), and @/PVSO), which were grown for 7, All samples shown were grown for 6 full dipping cycles, excedfPys),
16, and 8 dipping cycles, respectively. Curves were displaced vertically by (6/PVS), and @/PVSQO), which were grown for 7, 16, and 8 dipping cycles,
multiplying them by 1437, where n is the number identifying the respectively.
gios'g:;itg’dr; (except for curves based on polycatlnwhich were not | ajways be smaller than film thickness for very thick films.

' Nevertheless, the classification adopted in this paper may still
into three categories according to their internal organization: serve as a useful heuristic tool.
ordered films, into which a lamellar organization extends over  Fully ordered films were only found for some pairs of
the whole film thickness; partially ordered films, into which a polyelectrolytes, containing ionené&sor 9. Moreover, partial
lamellar organization only exists over a restricted range of the order was found for some pairs containing polycati8r$ or
film, or for which the lamellar organization exists over the whole 9. However, appearance of (partial) order is subjected to pairing
film thickness but is restricted in coherence to lengths smaller the ionene to specific polyanions (e.§combined withPVSO
than the film thickness; and unordered films, for which no Bragg is fully ordered, only partially ordered when combined with
peak shows up in the reflectograms, nor oscillationB(ir) (or PVS, and not ordered at all if paired withSS. Films lacking
oscillations are too weak to be ascertained as real). There isorder were always found for polycatiods2, and7 (8 failing
some degree of arbitrariness in this classification: Some films to give rise to films). The values of repeat period were usually
also display weak evidences for order, and it is difficult to decide found to be unrelated to the value of increment of thickness
whether they are partially ordered or not ordered; also, for at per dipping cycle, as already observed previously for similar
least partially ordered films, the coherence of the stacking may organi@? and partially ordered hybri&22 multilayers.
extend over more or less long distances depending on the details To obtain a more complete view of the structure of ordered
of the fabrication procedure. In addition, the coherence length films, electron density profiles were derived from the reflectivity
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Among the 19 pairs of polyelectrolytes that allow one to grow
films, 10 resulted in unordered films, 6 result in partially ordered
films, and 3 result in fully ordered films. This indicates that
ordered binary organic multilayers may not be so uncommon
as initially thought. Of importance here is to note that partial
order in multilayers could escape a casual visual inspection of
the reflectograms (in this respect, Patterson functions seem to
be better suited to detect order). In addition, order appears to
require a specific pairing of polycation with polyanion, as it
may or may not appear depending on the polyanion selected.

| Y |

X-ray reflectivity
=

10°

( . Y ) Aisusp uonoala

| |

P 1 1 1 1 1 1 A . . X
0.00 005 010 045 020 0 200 400 600 800 1000 Given the limited number of chemical systems tested in the

ko (A1) 2 (A) literature, it is thus not surprising that ordered organic multi-
layers have been essentially overlooked so far.

Data are plotted as dots, and fits are shown as continuous lines, in (a). The S€CONd, itis tempting to try to correlate the mode of growth
electron density profiles obtained from the fits are shown in (b). From top Of the multilayers (linear vs nonlinear) with the inner structure
to bottom: 6/PVSQ)s, (5/PVS)s, (4PVSO)s, (3/PVS)7, (9/PSYs on silicon. of the films. However, mode of growth and organization of the

Figure 4. Fits of the X-ray reflectivity of selected samples of this study.

Reflectivities were displaced downward by dividing them by"1Q < n . :
< 4), except for the top curve which was not displaced. Electron densities film appear to be almost perfectly uncorrelated. For instance,

are shifted downward by increments of 0.1%(a lateral displacement of ~ (9/PVSO) provides ordered films growing nonlinearly, while
the density profiles was also applied). (5/PVS) leads to ordered films growing linearly. Similarly,
unordered films may (e.gZ/PVS) or may not (e.g. /PSS
data. Fits and results are presented in Figure 4. For the sake ofyrow linearly. The reader will find many other instances. This
comparison, a fit was also performed for a typical amorphous lack of correlation is not quite surprising, considering that the
film based on9 and PSS For the ordered samples shown in  values of the repeat period (when any) are most often unrelated
Figure 4, oscillations can be detected over the whole film to the values of increment of thickness per dipping cycle. This
thickness. In some instances, oscillations are progressivelyillustrates that growth and structuring of the multilayers are
damped as the distance form the substrate increases, testifyingjoverned by largely independent forces, growth being primarily
for the existence of a disordering mechanism. In all cases, thegoverned by electrostatics (charge balance) and structuring being
number of oscillations is significantly larger than the number governed by mesogenic, hydrophobic, and similar forces. As
of dipping cycles (by a factor of 1.5 to 4), in good agreement discussed more completely elsewhé&reectrostatics governs
with the observations derived from the Patterson functions. The the amounts adsorbed at each cycle (although other forces may
amplitude of oscillations remains small, on the order of a few also play a secondary role, as demonstrated by dfjers
percents of the average film density, which is expected becauseorganization of this adsorbed layer will occur independently.
electron densities of carbonaceous materials are usually closeThis explains why the number of oscillation periods in the films
together. Regions of higher electron density must coincide with is much larger than the number of dipping cycles used to prepare
layers containing the electron-richer sulfur-bearing polyanions, the sample (Figure 4).
whereas lower densities are expected for the polycations which  Third, one may wonder whether there is an equivalence
contain aliphatic moieties. It is therefore logical to observe that between the structure of bulk complexes obtained by copre-
the first layer adsorbed on the silicon is of lower density, cipitation and the structure of films grown by LBL deposition.
testifying for the accumulation of the polycation at this interface. Maybe surprisingly, the answer is rarely positive. For instance,
four pairs for which LBL films display evidences for layering
Discussion (4/PVS, 6/PSS 9/PVS, 9/PVSO) fail to provide evidence for
ordering in bulk complexes. Conversely, one pditP{/SO)
forms ordered bulk complexes but amorphous LBL films.
Finally, when both films and bulk complexes show evidence
for ordering, repeat periods are often simildfRSS 5/PVS,
5/PVSO), but not always JPVS). These differences are

It seems first appropriate to statistically discuss our results.
Among the 21 pairs of polyelectrolytes tested, 2 did not give
rise to growth, 4 gave rise to nonlinear growth, 4 gave rise to
partly linear growth (a case not uncommonly reported in the

Ilttlargturle)i an(ﬁ 9 gavr:e rlsedto I|r_1earfgrr]owth|. CODSIde”ngdthe obviously due to differences in sample preparation: Bulk
relatively low linear charge density of the polycations used, at complexes are obtained through a rapid precipitation from

least when compared to the polycations most often encounteredsolution’ while complexes in ESA films grow in conditions
in the LBL literature (such as poly(diallyl-dimethylammonium

chloride), poly(ethylene imine), poly(allyl-amine hydrochloride),

...), we found that reaching such a high rate of success for the
grov_vth _Of multilayers Is very satisfactory. This_ i_IIustrates once Fourth, it is possible to correlate the internal structure of the
again (if still needed) the remarkable versatility of the LBL ) \iiavers with the chemical architecture of the polycations.
technique. The two systems not giving rise to m_u!tlla_yers were Among all of the systems tested, fully ordered films were only
found to form soluble co.mple>.(es upon coprecipitation of the  oaineq with ionenes giving rise to lyotropic mesophases (i.e.,
polyelectrolytes, suggesting this may be one of the reasons forjiq,ig crystallinity in water): partially ordered films were also

the absence of growth. However, it is worthy to note that gpained with ionenes not giving rise to lyotropic mesophases

systems I/PVS and /PSS which formed soluble complexes ¢ pearing a 4-(4nitrophenylazo)-pheny! strongly mesogenic
upon coprecipitation could nevertheless be grown as LBL

multilayers. (43) Bischer, K.; Graf, K.; Ahrens, H.; Helm, C. Aangmuir2002 18, 3585.

closer to equilibrium while feeling the two-dimensional force
field of the substrate. On the positive side, this suggests that
ordering may be enhanced by specific processing conditions.
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side group or a-CygH20— segment. Conversely, order waeer Bragg peaks will tend to vanish. Nevertheless, close to the
observed in ESA films grown from ionenes not bearing these substrate, true layering should still occur, due to the constraints
moieties. It may thus be concluded that the presence of structureposed by the impenetrable wall of the substrate. This is very
forming groups such as long hydrophobic segments (prone tosimilar to the case of hybrid multilayers based on the random
microphase separation in water) or strong mesogenic side groupdiling of small clay platelets, which we have discussed exten-
is required to obtain at least partially ordered films. This is a sively elsewheré? A broad Bragg peak should then be
required but not a sufficient condition, as order may or may detectable in the reflectograms, and Patterson functions should
not appear depending on the polyanion used. The propensity todisplay a few oscillations close to the origin. This is indeed
form internally structured multilayers is thus directly related to what can be observed for some of our samples, which were
the trend of the ionene to form some structure in water; however, grouped under the denomination “partial order”. Even for
the relationship is not univocal, being also controlled by the ordered samples, partial damping of the density fluctuations can
specific matching between the polyanion and the ionene be seen (Figure 4), indicating that the layering becomes less
considered. This nonunivocal relationship may explain why a defined as the distance from the substrate increases. A more
number of studies by othéfs*6 on LBL films grown from complete study could thus involve a determination of the lateral
liquid crystalline polymers did not reveal the presence of Bragg extent of the layering, by using X-ray diffuse scattering, for
peaks in X-ray reflectograms. example, and relating it to the degree of vertical order as judged

These observations provide support to the notion that orderedfrom X-ray reflectivity. This is, however, outside of the scope
multilayers result from prestructuring of the ionene in the water- of the present study. Finally, any type of ordering not giving
swollen layer adsorbed at the surface of the film; subsequentrise to fluctuations of electron density in the vertical direction
penetration of this layer by the polyanion will result either in  will largely escape detection by XRR. It may thus be that some
destructuring and formation of films of amorphous complexes order exists in the films in the lateral direction, although this is
or in the formation of an organized complex giving rise under not very probable and would be of restricted practical signifi-
certain circumstances to highly ordered multilayers. Depending cance.
on the amounts adsorbed (increment of thickness per dipping .

. L . . Conclusions

cycle), the structuring process will give rise to a given number
of repeat periods per dipping cycle. On the basis of an in-depth We have systematically studied the growth and internal
study of the5/PVS system, we have recently discussed the structure of multilayers obtained by combining, in turn, nine
growth and pathway to structuring of such multilay&Jhis ionenes with three polyanions. Contrary to a general belief,
needs not be repeated here. However, it is important to ordered organic binary multilayers are by no way exceptional,
emphasize that the observed difference between the incrementgrovided one of the polyelectrolytes bears groups tending to
of thickness per dipping cycle and the internal repeat periods induce structure in water, such as long hydrophobic segments
of the films indicates that there is no direct, one-to-one, Or strong mesogens. In this respect, systems capable of forming
correspondence between film structure and sequence of deposilyotropic mesophases are conducive to multilayers of higher

tion. In this respect, the main interest of such internally
organized films lies essentially in the possibility of aligning and
confining spatially specific functional groups, rather than in
obtaining a structure for which the internal layering would reflect
exactly a given sequence of dipping cycles. For the latter

order. However, this condition is not sufficient, as order will
or will not emerge in the multilayer depending on the pairing
of the ionene with specific polyanions. These results suggest
that order in the multilayer results from some degree of
prestructuring of the water-swollen layer adsorbed during each

step of deposition. Other outcomes of this study are the often-
observed difference of structure between complexes in multi-
layers and bulk complexes, and the complete decorrelation
notion of order and layering, in relation with the technique used between mode of growth (linear or not) and internal structure
to probe it. X-ray reflectivity is effectively sensitive to the of the multilayers. This is in good agreement with the observed
electron density profile, laterally averaged over the coherence independence of increments of thickness per deposition cycles
area of the photorf$:4°Bragg peaks will thus only be observed and internal repeat periods of the multilayers. Possible uses of
when layers can be defined over this area (on the order of 1 such ordered multilayers are to be found in applications where
um? for our setup). If the lateral extension of the layers is much preferential alignment of specific functional groups is required,
smaller, and if the vertical positions of such layers in neighbor- or when strong confinement of such functions is desirable.

ing areas are not related to each other by a fixed relationship,

requirement, alternative methods such as LangrBiodgett
films seem more appropriafé.
Finally, it is appropriate to make a few comments on the very
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