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Abstract: This contribution reports the first X-ray standing wave structural characterization of self-assembled NLO-
active chromophoric multilayers (SAMs). These siloxane-based self-assembled stilbazolium multilayers are intrinsically
acentric and exhibit very large second-order nonlinear optical responses. The locations of bromide ions within the
SAMs were precisely determined using X-ray standing waves generated by total external reflection from mirror
surfaces as well as by Bragg diffraction from layered synthetic microstructures. The large coherent fraction (i.e.,
small Gaussian distribution width) of the Bions provides direct evidence for the high structural regularity of these
self-assembled multilayers along the surface normal direction. These results are supported by atomic force microscopic
(AFM) and X-ray photoelectron spectroscopic (XPS) studies which probe the structural regularity and chemical
composition of SAMs, respectively. Thanion surface coverage has also been measured in this study (%5(5)

10 Br—/cn?) and is in excellent agreement with tbationsurface coverage measured by second harmonic generation
(2(1) x 10 molecules/crf). These results clearly demonstrate the utility of X-ray standing wave analyses as a
guantitative microstructural probe for self-assembled mono- and multilayers, especially for SAMs with incommensurate
structures.

Introduction of spectroscopic and structural data are now available for the
former systeni;? relatively little precise microstructural infor-
mation has been obtained on the latter two systems due to their
inherently incommensurate nature. In fact, low-angle X-ray
reflectivity and atomic force microscopy (AFM) have so far
been the only two quantitative metrical probes available for self-
‘assembled films composed of trichloro- and trialkoxysilanes on
silicon oxide and alkylphosphonates on metal phosphoiétes.
On the other hand, the X-ray standing wave (XSW) technique
has recently proven to be a powerful structural probe for
adsorbed surface layers by virtue of the ability to define features
above a surfacé. For example, long-period XSWs generated
by total external reflection (TER) from X-ray mirror surfaces
and by Bragg diffraction from layered synthetic microstructures
(LSM) have been used to determine the positions of heavy atoms
in Langmuir-Blodgett (LB) films as well as in chemisorbed
overlayers at electrochemical interfae3he present contribu-
tion reports the first application of the long-period X-ray
standing wave (XSW) technique to self-assembled mono- and

Self-assembled monolayers and multilayers (SAMs) have
attracted much attention in recent years, not only because of
fundamental scientific interest but also because of potential
technologies perceived for these artificially-structured thin-film
materialst Among the numerous adsorbate/substrate systems
thiols and sulfides on golt? trichloro- and trialkoxysilanes on
silicon oxidel-3 and alkylphosphonates on metal phosphofédtes
have been most extensively investigated. While a large body
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multilayers, which probes the structural regularity of these SAMs
along the surface normal direction.

We have recently developed a self-assembly approach to
constructing intrinsically acentric, structurally regular chro-
mophoric superlattices which exhibit very large second-order
nonlinear optical (NLO) responsé$? The assembly of these
superlattices involves sequential deposition of a silane coupling
layer, a stilbazolium chromophore layer, and an octachloro-
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Scheme 1. Siloxane-Based Self-Assembly Approach to the Construction of Intrinsically Acentric, Highly Regular Stilbazolium
Superlattices
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trisiloxane capping layer (Scheme 1). This approach allows crucial to delineating structure/property/NLO response relation-
the incorporation of varying chromophore modules as well as ships in self-assembled mono- and multilayers. To this end,
accommodation of different counteranions as a result of the salt-we have undertaken the first XSW study on self-assembled
like structure of these assemblies. Heavy halide atoms such asstilbazolium mono- and multilayers constructed from trichlo-
bromine and iodine provide excellent X-ray fluorescence probes rosilanes on silicon oxide, which pinpoints the locations of halide
with which the microstructural characterization of these self- anions within the SAMs with atomic resolution. These results
assembled multilayers becomes possible using X-ray standingare supported by atomic force microscopic (AFM) and X-ray
waves; the XSW technique is capable of locating heavy atoms photoelectron spectroscopic (XPS) studies which probe the in-
with atomic resolution along the surface normal direction of plane structural regularity and the chemical composition of the
the substraté® More importantly, recent experimental and SAMs, respectively.

theoretical results indicate that the NLO responses of self-

assembled stilbazolium structures are strongly dependent on théExperimental Section

nature and location of these counteranions. For example, gynihesis. The synthesis of the coupling agent 3-iodopropyltrichlo-
exchange of chloride with iodide within these monolayers leads rosilane (3-IGHsSiCl) and the deposition of self-assembled coupling
to significant increases in the response, presumably because thand capping layers were carried out under rigorously anhydrous/
incoming iodide ions occupy spatially different positions with anaerobic conditions. Pentane (Fisher Scientific) and heptane (Fisher
respect to the stilbazolium cation than those of the displaced Scientific) were distilled from Na/K alloy before use. The reagent

chloride aniong? In this regard, the ability to accurately

3-bromopropyltrichlorosilane (United Chemical Technologies) was

determine the spatial distribution of these halide counterions is Purified by vacuum distillation. The coupling agent 3GSiCl; was
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prepared by stirring excess dry Nal (200 mmol) and 1.4 mL 3-bro-
mopropyltrichlorosilane (8.8 mmol) in anhydrous (distilled from GaH
under N) acetonitrile (30 mL) for 8 h. The resulting 3-186SiCls

was extracted into dry heptane and usedsitu for coupling agent
deposition. This type of halogen metathesis reaction has previously
been used to prepare benzylic iodide compoads The completion

of this metathesis reaction was also verified by X-ray photoelectron
spectroscopy; the spectrum of the coupling layer prepared witht3sC
SiCl; shows no detectable Br 3d signal (normally~af0 eV for a
bromoalkane functionality?

Self-assembled samples for X-ray photoelectron spectroscopic (XPS)
and atomic force microscopic (AFM) measurements were deposited
on N-doped silicon (001) wafers (Semiconductor Processing Company),
while the SAMs for XSW measurements were adsorbed on the surface
of a periodic Si/Mo layered-synthetic microstructure (LSM) (Ovonyx).
The layered synthetic microstructures (LSMs) used in this study
consisted of 60 layer pairs of molybdenum and silicon grown on a
silicon wafer, with Si as the top layer. The layer pairs have a
molybdenum layer thickness of 15.9 A and a silicon layer thickness of
20.6 A, corresponding to a total periodicity @f= 36.5 A. Due to the
growth of native silicon oxide, the thickness of the top Si layer is
increased to 28 A as determined by combining our TER (total external
reflection)-XSW and Bragg-XSW results.

Silicon wafer substrates were cleaned by immersion in “piranha”
solution (c BS0,:30% H.O, 70:30 v/v) at 8C°C for 1 h and sonication
in an RCA-type cleaning solution g8:30% HO,:NH3 5:1:1 v/v/v) at
room temperature for 40 min. The substrates were then washed with
copious amounts of deionized water and dried under vacuum immedi-
ately before coupling agent deposition. The Si/Mo LSM substrates were
cleaned by repeated sonication in 1,1,1-trichloroethane and acetone.
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Figure 1. Schematic of the experimental setup for X-ray standing wave . . )
measurements. Figure 2. lllustration of the X-ray standing wave field generated by

the interference of an incident and reflected plane wave.

(i) Self-Assembly of 3-Bromopropyltrichlorosilane. Under inert
atmosphere, the freshly cleaned substrates were immersed in a 1:10
(v/v) solution of 3-BrGHeSICl; in heptane for 20 min, washed with
copious amounts of pentane, and sonicated in acetone for 1 min. The

tep (ii) self-assembles a monolayer of high-hyperpolarizability
tilbazolium chromophore molecules via a quaternization reac-
tion (chromophore layer); and finally, step (iii) cross-links the

3-1C3HeSICl; coupling layers were similarly chemisorbed. stilbazolium molecules with octachlorotrisiloxane (capping
(ii) Self-Assembly of the [4N,N-Bis(hydroxylethyl)amino]stilba- layer), which not only stabilizes the polar order but also provides

zolium Chromophore. The silylated substrates (after step (i) treatment) active sites for subsequent layer deposifif. In this section,

were spin-coated at 4000 rpm Wit 5 mM solution of [4N,N-bis- the X-ray standing wave (XSW) studies of these self-assembled

(hydroxylethyl)amino]stilbazole in methanol inside a class 100 clean samples will be first reported, followed by the results of atomic

hood (Envirco) and then heated at 1¥in a vacuum oven (0.4 Torr)  force microscopic (AFM) and X-ray photoelectron spectroscopic
for 25 min. The samples were cooled to room temperature and then gt djes.

washed with copious amounts of methanol and acetone to remove any X-ray Standing Wave Studies. To investigate the micro-

res'.qugl Isft'fam'et')l ¢ Octachlorotrisil The substrates aft structures of these self-assembled films, XSW measurements
(iih Seif-Assembly of Octachlorotrisiloxane. The substrates after ¢ o performed on three sets of samples: sarfigtaving a

steps i and ii treatment were immersed in a 1:150 (v/v) solution of . .
octachlorotrisiloxane in heptane for 30 min, washed with copious self-assembled (3-bromopropyl)trichlorosilane monolayer, sample

amounts of pentane, and sonicated in acetone for 1 min. 2 having a complete (3-bromopropyl)trichlorosilanelNN-bis-
Physical Measurements. (i) X-ray standing wave.The XSW (hydroxyethylamino)stilbazolium chromophore, and octachlo-

experiments were carried out at beamline X15A of the National rotrisiloxane trilayer, and samp&having two complete trilayers

Synchrotron Light Source (NSLS) at Brookhaven National Laboratory With (3-iodopropyl)trichlorosilane as the coupling layer in the

(Figure 1). The white synchrotron radiation was monochromated with bottom trilayer and (3-bromopropyl)trichlorosilane in the top

a pair of Ge(111) crystals to an X-ray energy of 13.6 keV for exciting trilayer.

Br K fluorescence. The SAM/LSM samples were aligned on a two-  As depicted in Figure 2, the XSW is produced in a reflection

circle dlffractom_eter to reflect in the vertical pla_ne, an_d _through_out geometry by the interference between the incident and specularly

flec ool having polypropylene windows. A sald state Si (L cetector _eflected Xcray plane waves. I the present case, a suficiently

X intense reflected beam is generated by (1) Bragg diffraction from

was located perpendicular to the vertical scattering plane to collect the . :
Br fluorescence emission at a glancing angle with respect to the samplet€ 1ayéred synthetic microstructures (LS#Mand (2) total

surface (Figure 1). A Si photodiode detector was located in the 2 €Xxternal reerC_tlon (TER) from the X-ray mirror surf&eef
scattering direction for measuring the reflectivity. The fluorescence the LSM. In either case, the antinodal planes of the XSW are
yield from the Br atoms within the SAMs was monitored while scanning parallel to the surface-interface and have a peridd ef 1/(2sin
the incident angled through both the TER and first-order Bragg 6). The E-field intensity above the reflecting surface can be
reflection. described as

(i) XPS and AFM. X-ray photoelectron spectra were recorded on

a VG Scientific Ltd., Escalab MK Il instrument with a monochromatic 1(0,2) = |E |2[1+ R(O) + zJR(Q) cos@(0) — 27Q2)] (1)
Al source at 1486.6 eV. The details of the spectral acquisition and ©

data analysis techniques were reported previolfalyAtomic force

microscopic images were recorded using a Nanoscope Il microscope — e ; P :
with A and D scanners (Digital Instruments, Inc.). All samples were transferQ = kr — Ko. The modulation of the E-field intensity

prepared on Si(001) single crystal substrates having an RMS roughnes‘%n thg XSV.V (eq 1) is sufficiently strong f(.)r. probing atomic
of 2.0 A. All the images were obtained in air withsSj cantilevers positions via fluorescence when the reflectivi) @pproaches

having pyramidal tips with 70cone angles and 2660 nm radii of unity. This occurs at _small incident angles_ €060 < ) due
curvature. The cantilevers had force constants of 0.58 N/m. The to total external reflection (TER) as well as in a narrow angular

images were acquired in the height mode with a total force ef6ZD region surrounding the first-order Bragg diffraction peak. While
nN and a scan rate 6f10 Hz. The authenticity of the images was the TER-XSW period varies inversely with angl@nd reduces
verified by scanning the same area several times to ensure reproductg about 100 A at the critical angléd), the Bragg-XSW period
ibility as v_vell as by sc.ann‘ing diﬁereqt area sizes (i.e., at different jg essentially fixed to the LSM periodl) which is much closer
magnifications) to examine image consistency. All the RMS roughness to the nanometer length-scale of the SAMs. In addition to the
values are reported in an area oft?. amplitude and period, one also needs to describe the XSW phase
(v), which diminishes byr radians a# is scanned through each
of the strong reflections. For the TER-XSW case, this causes
The self-assembled stilbazolium films were grown on native the E-field intensity at the mirror surfa¢@,0) to change from
silicon oxide via the iterative deposition of three layer-building nodal to antinodal a8 is scanned from 0 t6.. For the Bragg-
steps (Scheme 1): step (i) introduces an alkyl halide functional- XSW case, scanning through the strong Bragg diffraction
ity onto the surface through spontaneous chemisorption of condition causes the antinodal planes of the XSW to move
coupling agents such as 3-BrgEH,CH,SiCl; (coupling layer); inward by one-half of a periodd{spacing) with the antinodes

whereQ = 2sin6/4 = 1/D is the magnitude of the wave-vector

Results and Discussion
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Figure 3. Experimental data and theoretical curves for Brfkiorescence yield and reflectivity versus incident arjl&@he solid circles and open
circles represent experimental By, Huorescence yield and reflectivity, respectively, and the solid curves are the theoretical fits to the experimental
data. From the fit of eq 3 to the Bragg-XSW experimental data, the coherent posijiand coherent fractiorfd can be obtained (see Table 1).

The monochromatic X-ray beam has an energy of 13.6 keV. Parts a, ¢, and e are the results from TER-XSW measurements bn2samgles

3, respectively. Parts b, d, and f are the results from Bragg-XSW measurements on shripkasd 3, respectively. The idealized structures for
samplesl—3 are shown in Charts 1 and 2.

ending up in-phase with the centers of the higher density (Mo) as Gaussians. In this case, the Bragg-XSW coherent position
layers on the high angle side. In the present XSW measure-(P) is the Modulo-1Ad/d fractional d-spacing mean-position
ments, the fluorescence yield from the halide atoms within the of the halide layer with respect to the diffraction planes. From
SAMs was monitored while scannirjthrough both the TER our earlier definition of the phase of the XSW, the diffraction
and first-order Bragg reflection. Analysis of the modulation planes are defined by the centers of the high density layers in
curves affords a Fourier transform of the halide normalized the diffracting multilayer. The Bragg-XSW coherent fraction
distribution profile p(2)) as projected along the surface normal can be interpreted in terms of the widd) of a Gaussian profile
direction @). The dependence of the fluorescence yield on angle as
6 can be expressed as
) f. = exp(—27°0°d ?) (4)
Y(0) = [ p(2) 1(0,2) dz (2)
The mean position and width are determined from the Bragg-
For the Bragg reflection case, where the XSW period is XSW measurement with a typical resolutionds100 which is
essentially constant @ = d (the diffraction plane spacing), 0.4 A for the present LSM multilayer.
the yield can be parameterized as Based on egs 1 and 2, it can be shown that the TER-XSW
yield measures the Fourier transformoegf) over a continuous
Y(0) = Yog[l + R(O) + 2 Vv R(6)f.cos ¢(0) — 27P)] (3) range inQ from 0 to 1D, whereD, = 4/(26,), is the period at
the critical angl& (D, = 130 A for our LSM). This can lead
where Yog is the off-Bragg fluorescence yield. The coherent directly to a determination gi(2) at a 2 Alevel of resolution.

fraction ;) and coherent positiorP] represent the normalized Measured X-ray reflectivity (open circles) and Bry K
amplitude and phase of the Fourier component of the spatial fluorescence yield (solid circles) data for samdles are shown
distribution of the fluorescent atom, respectivlyFor simplic- in Figure 3. The solid curves are the best fits of eqs 2 and 3 to

ity, we model the distribution profilep(2)) for the halide atoms  the experimental yield data using a Gaussian distribution model.
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Chart 1
sample 2
Sample 1
§Br §Br §N+ Br éN+ Br-
sO,ISi\O/ S|l\ O/ \o/lsi\o/ISI\o/
? 7 ?
Y/
Position of Br
above surface (h):
10.0 A 10.4A
Surface Roughness
of Substrate (G gv):
6.7 A 6.7 A
Width of Gaussian
Distribution (CGg,):
73 A 7.4 A

The theoretical reflectiviti? are fitted to the reflectivity data in
Figure 3 which is in turn parameterized by the electron density
profile of the SAM/LSM to determine the values of the surface
and interface roughness. For samdesd2, both TER-XSW
and Bragg-XSW results can be reasonably fit to theoretical

models (see Table 1 for detailed parameters). The Bragg-XSW

fits reveal that the coherent positioR)(and coherent fraction
(fo) for samplel are 0.25 and 0.45, respectively, translating into
a mean height above the silicon oxide surface of 10.0 A and a
Gaussian distribution width of 7.3 A (from eq 4) for the Br
atoms in samplé. The calculated Br mean position above the
surface is in excellent agreement with the thicknessQq A)
of the monolayers on silicon determined by X-ray reflecti%t}
Given that the LSMs have a surface roughness-6fA, the
Gaussian distribution width of 7.3 A indicates that the Br atoms
within the monolayers are quite well-ordered along the z-
direction, i.e., occur at a nearly uniform adsorption height.
Interestingly, as the (3-bromopropyl)trichlorosilane monolayers
undergo subsequent quaternization withNM-bis(hydroxy-
ethylamino)stilbazole and then capping with octachlorotrisil-
oxane (sampl®), the coherent position and coherent fraction
of the Br atoms remain essentially unchangede Table 1).
This result strongly argues that the present self-assembly
approach is capable of producing highly regular superlattice
structures.

TER- and Bragg- XSW measurements were also carried out
on multilayer samples havirtgvo trilayers(sample3). In order
to overcome the interference of Br fluorescence from two
different trilayers, (3-iodopropyl)trichlorosilane was used as the
coupling agent for the bottom trilayer and B luorescence
was monitored from the top trilayer which contained the (3-
bromopropyl)trichlorosilane coupling layer. From the best fits
of TER- and Bragg-XSW data to egs 3 and 4 (Figure 3e and

(13) Parratt, L. GPhys. Re. 1954 95, 359-369.
(14) Malik, A; Lin, W.; Durbin, M. K.; Marks, T. J.; Dutta, Rl. Chem.
Phys.In press.
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sample 3

3f), the Br mean position and Gaussian width were determined
to be 48.4 A and 10.4 A, respectively. In a separate experiment,
X-ray reflectivity was used to determine the trilayer thickness
to be 34+ 1 A for the stilbazolium multilayer with (3-
iodopropyl)trichlorosilane as the coupling agéhtAccording

to the reflectivity results, the Br mean position in sample
would then be expected to be 441 A above the surface. The
small discrepancy~4 A) between the two experiments may
be an artifact of the octachlorotrisiloxane layer deposition. We
have noticed that the capping layer thickness is slightly sensitive
to reagent history: octachlorotrisiloxane solutions tend to give
slightly thicker films after multiple uses, presumably due to
slight differences in extent of hydrolysi&. Additionally, the

Br Gaussian distribution width in sampas determined to be
10.4 A, which is somewhat larger than those of samfilasd

2. This erosion of order is also likely a result of the
aforementioned capping layer deposition artifactnterestingly,
however, the capping layer is essential for maintaining the
structural stability as well as acentricity of the stilbazolium
multilayers>4.9¢15 |n a previous study, we attempted to prepare
chromophoric superlattices of the present type without the
siloxane capping step (step (iii)). Although optical spectros-
copy and X-ray reflectivity measurements suggest the build-up
of a structurally regular superlattice, the increase of the measured
SHG intensity with the number of layers is not quadratic. When
the number of layers exceeds three, the SHG intensity begins
to decline. This result indicates that in the absence of the lateral
stabilization imparted by step (iii), randomization of chro-
mophore alignment, perhaps induced by chromophore dipole
dipole repulsions, destroys the microstructural acentricity. It

(15) Lin, W.; Marks, T. J.; Yitzchaik, S.; Lin, W.; Wong, G. KJat.
Res. Soc. Sympos. Prd®95 392 95-101.
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Figure 4. AFM images at 1x 1 um? scan area of self-assembled
samples. (a) A self-assembled monolayer composed of 3HB&ICls
coupling agent. Surface RMS roughnes8.5 A. (b) A self-assembled
bilayer composed of 3-Br{EsSiCl; coupling agent and stilbazolium 0 T T T T
chromophore. Surface RMS roughnes#.0 A. (c) A self-assembled 404 400 396 392 388

trilayer composed of 3-BrSiCl; coupling agent, stilbazolium
chromophore, and octachlorotrisiloxane capping agent. Surface RMS
roughness= 5.2 A. Figure 5. X-ray photoelectron spectra of self-assembled coupling and
stilbazolium chromophore monolayers. (a) Br 3d XPS spectra of self-
is also interesting to note that the chromophoric superlattices 2ssembled mongla;;ters W'thl_ 3'98“%5'%'3 as the coupling agent.
built without step (iii) have higher optical absorption per layer BOttom spectrum: after coupling agent deposition; top spectrum: after
than those of Scheme 1. This is consistent with a larger portion coupling agent and chromophore deposition. (b) I 3d XPS spectra of

) . ) self-assembled monolayers with 3;H;SiCl; as the coupling agent.
of the stilbazolium chromophores lying parallel to the surface pqom spectrum: after coupling agent deposition; top spectrum: after

as a result of loss of microstructural acentricity without the coypling agent and chromophore deposition. (c) N 1s XPS spectra of
siloxane capping step. a self-assembled stilbazolium monolayer. Bottom spectrum: after
Atomic Force Microscopic (AFM) Studies. In order to coupling agent deposition; top spectrum: after coupling agent and
understand the surface morphologies of these self-assemble@dhromophore deposition.
multilayers, we have also carried out AFM studies on these
samples. The samples for AFM studies were grown on silicon A for the bilayer structure consisting of (3-bromopropyl)-
wafer substrates with an RMS surface roughness of 2 A. AFM trichlorosilane coupling layer and M;N-bis(hydroxyethylami-
shows that sampl& has an RMS surface roughness of 3.5 A; no)stilbazolium chromophore layer (Figure 4b). After treatment
the 1.5 A increase in surface roughness after the growth of awith octachlorotrisiloxane, sampRexhibits a surface roughness
monolayer of 3-bromopropyltrichlorosilane on the wafer is rather of 5.2 A (Figure 4c). The fact that all three of these samples
small compared to the 10 A thickness of the monolayer (Figure show rather smooth morphologies further supports the high
4a). Upon quaternization with M;N-bis(hydroxyethylamino)- structural regularity of the superlattices produced by the present
stilbazole, the RMS surface roughness increases slightly to 4self-assembly approach.

Binding Energy (eV)
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Table 1. Metrical Parameters Obtained from Fitting the XSW Data Shown in Figure 3 to Eqs 2 and 3 with a Gaussian Model

Bragg-XSW Bragg-XSW Bragg-XSW Bragg-XSW TER-XSW Og®
sample (Ad/d)g® fp he (A) oed (A) he© (A) (10*Br/cn?)
1 0.25 0.45 10.0 7.3 10 2505
2 0.26 0.45 104 7.4 10
3 1.30 0.20 48.4 10.4 48 2505

a Coherent position? Coherent fraction¢ Mean Br positiond Width of Gaussian distributiort.Br coverage.

X-ray Photoelectron Spectroscopic (XPS) StudiesXPS
provides additional information regarding the self-assembly
chemistry. XPS spectra of sampleshow a Br 3d signal at
70.5 eV, a bhinding energy consistent with an alkyl bromide
moiety (Figure 5a}2 Upon quaternization, the Br 3d binding
energy shifts to 68.1 eV for the bilayer structure consisting of
(3-bromopropyl)trichlorosilane coupling layer and\dN-bis-
(hydroxyethylamino)stilbazolium chromophore layer. This 2.4
eV shift to lower binding energy is consistent with the formation
of Br~ anions!? As expected, the deposition of the octachlo-
rotrisiloxane capping layer does not change the Br XPS binding
energy, i.e., sampl2 exhibits a Br XPS spectrum identical to
that of the above bilayer structure. Overlap of the Bg3and
Br 3ds;, peaks complicates the deconvolution of the Br 3d

signals and therefore precludes quantitative analysis of the extentfir

of the quaternization process. This difficulty was overcome
using 3-IGHeSICl3 as the coupling agent. Here, the ls3dnd

| 3d3» peaks are well separated byl 1.5 eV, and quantitative
analysis of the 3¢hb peaks becomes possible. While the
monolayer sample with only the 3-48¢SiCl; coupling layer
shows a single | 3¢ peak at 620.3 eV for the propyl iodide
functionality, the bilayer structure with the 34EsSiCls
coupling layer and the 8EN-bis(hydroxyethylamino)stilbazo-
lium chromophore layer exhibits two distinct | gglpeaks at
620.3 and 618.2 eV (Figure 5b). These two peaks can be
assigned to unquaternized propyl iodide and quaternized stil-
bazolium iodide anion, respectively. The integration of these
two peaks provides further information on the quaternization

process: the two peaks at 620.3 and 618.2 eV have an intensityI

ratio of ~1:9. This indicates that90% of the propyl iodide
functionalities comprising the coupling layer have undergone
reaction with 4N,N-bis(hydroxyethylamino)stilbazole to form
the anchored #,N-bis(hydroxyethylamino)stilbazolium iodide
chromophore on the surface. This extent of quaternization is
very reasonable since the molecular bulk of th&l,K-bis-
(hydroxyethylamino)stilbazolium chromophore is considerably
larger than that of the 3-KEIgSiCl; coupling agent, and
complete quaternization of the packed surface propyl iodide
groups does not appear to be physically (sterically) possible.

equal-intensity N1s signals at 399.5 and 401.6 eV, which
correspond to the amino and pyridinium nitrogen centers,
respectively?

Finally, X-ray fluorescence was used to determine the
absolute Br coverage in samplésand 3 (see Table 1). The
anion coverage of 2.5 (0.5x% 10 Br~/cn? is in excellent
agreement with the cation chromophore surface density calcu-
lated from second harmonic generation results, 2x1}0
molecules/crd®® This coverage also compares favorably with
that determined by second harmonic generation techniques for
LB films containing similar chromophorés.

Conclusions

Long-period X-ray standing waves have been used for the
st time to metrically characterize self-assembled mono- and
multilayers. We have applied this to a study of siloxane-based
chromophoric multilayers. Both TER-XSW and Bragg-XSW
results indicate that Br atoms in these self-assembled multilayers
are relatively well-ordered along the surface normal direction.
In contrast, our previous attempts to observe synchrotron in-
plane X-ray diffraction by these self-assembled multilayers
failed, presumably because these multilayers lack extensive in-
plane ordering” The present conclusions are further supported
by AFM and XPS studies on these SAMs and clearly demon-
strate the usefulness of XSWs as a chemically-sensitive,
microstructural probe for self-assembled mono- and multilayers,
especially for the SAMs with incommensurate structures. We
are currently studying anion-exchanged chromophoric multi-
ayers with XSWs to correlate the anion location and second
harmonic response.
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These results are further supported by N 1s XPS spectra (Figure]JA962293V

5c): while the coupling monolayer sample exhibits no N 1s
peak, the bilayer structure with both coupling agent amdM-
bis(hydroxyethylamino)stilbazolium chromophore exhibits two

(16) Ashwell, G. J.; Hargreaves, R. C.; Baldwin, C. E.; Bhara, G. S;
Brown, C. R.Nature 1992 357, 393-395.
(17) Malik, A.; Lin, W.; Dutta, P.; Marks, T. J. Unpublished results.



