J. Am. Chem. S0d.998,120, 13469-13477 13469

Coordination-Controlled Self-Assembled Multilayers on Gold

Anat Hatzor,™ Tamar Moav,* Hagai Cohen$ Sophie Matlis§ Jacqueline Libman}~
Alexander Vaskevich] Abraham Shanzer,** and Israel Rubinstein*

Contribution from the Departments of Materials and Interfaces, Organic Chemistry, and
Chemical Serices, The Weizmann Institute of Science, Reh@6100, Israel

Receied August 7, 1998

Abstract: A new kind of multilayers based on metal-ion coordination was constructed on gold surfaces, where
molecular layers are successively added using a highly controlled step-by-step procedure. A bifunctional ligand
is used as the base layer, bearing a cyclic disulfide group to attach to the gold surface and a bishydroxamate
group capable of ion binding. An 8-coordinating metal ion such &$ @r Ce'* is then coordinated to the
bishydroxamate site, followed by exposure to a second ligand possessing four hydroxamate groups. The
tetrahydroxamate molecule ligates to the metal ion (bound to the base layer) using two of its four hydroxamate
groups and is free to bind a second metal ion at its other end. A sequence of adsorption steps using metal ions
and tetrahydroxamate ligands was carried out, resulting in an ordered-oejahic multilayer. Multilayer
structures comprising up to 10 tetrahydroxamate/metal ion layers were constructed, with full characterization
at each step of multilayer formation using ellipsometry, contact angle measurements, X-ray photoelectron
spectroscopy, and Fourier transform infrared spectroscopy. The multilayer morphology and mechanical properties
were studied by scanning force microscopy. It is shown that different base ligands induce dramatic differences
in the morphology and stiffness of the final multilayer. The possibility to construct segmented multilayers
containing Zf* and Cé" ions at defined locations is presented.

Introduction dination? The use of metal ions as coordination links between
layers may result in an ordered system wherein the structure as
well as electronic and optical properties are determined by the
redox activity or other properties of the metal ion chosen. The
ligands involved in such a composite structure allow structural
versatility and may impart novel photoelectronic behafot?

The use of a conducting support for multilayer construction
provides electrical contact to the assembly; hence, metal
substrates (especially gold) are often used as substrates in such

Controlling the organization of molecules on surfaces presents
fascinating prospects in science and technology, as shown in
the pioneering work of Lehn and co-workers, who demonstrated
the possibility of assembling well-defined supramolecular
structures. The interest in well-organized structures on surfaces
that could provide electronic analogées well as electrochro-
mic® or nonlinear optical elements has stimulated extensive
research efforts toward generation of functional molecular systemg-13

i0d—6
assemblies. We have recently demonstrated the formation of coordination-

Numerous examples of supramolecular systems have been,,qeq pilayers on gold, using two dihydroxamate ligands and
previously presented, mostly comprising organized monomo- 8-coordinating metal ions such as*Zr Cé*, and TF*. The
lecular films on surfaced? However, extension of this approach bilayers can be prepared in a stepwise process, including
to multilayers mlght enhance Fhe properties, while creating Nnew ¢ormation of the SA monolayers of bishydroxamate ligand
c!assgs of mat_erlals possessing functional groups at Contro,lledanchored to the gold via a cyclic disulfide, followed by binding
sites in three-dimensional arrangements. Multilayer construction ¢ 4 8-coordinating ion and a second layer of bishydroxamate
has been achieved by the LB metficss well as by self- |i5and to complete the ion coordination. This process enabled
assembly of the layers through covalent béraismetal coor-  the formation of a variety of compact bilayer structures on gold
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Figure 1. Schematic presentation of the ligand moleculess.

1) enables binding of a second metal ion, thus providing the
basis for multilayer formation. The process of obtaining the
multilayers is schematically shown in Figure 2. The first step
includes formation of a ligand monolayer possessing a cyclic
disulfide group for immobilization onto goltiand two extend-

ing chains with terminal hydroxamates as metal ion binding
groups that define the cavity (Figure 2). The metal iorfs 2r
Cé*" are then coordinated into th&-symmetric, tetradentate
ligands, to generate a monolayer of metal compléké%A
second layer comprising tetrahydroxamate ligand molecules, i.e.
potentially possessing two ion-binding sites, is then bound upon

Hatzor et al.

The benzyl protecting group (Bn) was removed by hydrogenolysis.
Protected tetrahydroxamate (200 mg, 0.3 mmol) was dissolved in
absolute ethanol (10 mL) and was treated with 10% Pd/C (80 mg).
The reaction mixture was hydrogenolated # h at atmospheric
pressure. The suspension was filtered, washed with ethanol, and
concentrated. The residue (0.140 g of yellow oil, 100% yield) was found
to be the tetrahydroxamate derivative. IR (KBr): 1648 cnit
(CONOH), 1110 cm! (CH2—O—CH,). 'H NMR (250 MHz, CD»-
OD): ¢ 3.62 (t,J = 5.8 Hz, 2H, O-CH,), 3.3 (s, 2H, CH-0), 2.32
(t, J=5.7 Hz, 2H, CH—CO). FAB MS: 485.2 (M+ H)*, 507.2 (M
+ Na)'.

Chemicals.Chloroform (Biolab, AR) was passed through a column
of activated basic alumina (Alumina B, Akt. 1, ICN). Ethanol (Merck,
AR), H.O, (Merck), NaOH (Merck, AR), HN@ (Palacid, 69-70%),

HCI (Frutarom, 32%), N&50O, (Merck, AR), KsFe(CN) (Fluka, AR),
KsFe(CN)} (Fluka, AR), KCI (Merck, AR), Ru(NH)Cl; (Strem
Chemicals), F€SQy)s (Fluka, AR), FeS@7H,0 (BDH, AR), Ce(SQ),

(BDH, AR), (NH,),.Ce(NQy)s (BDH, AR), and ZrC} (Aldrich, AR)

were used as received. Gases used were argon (99.996%), oxygen
(99.5%), nitrogen (99.999%), and dry purified air. Water was triply
distilled.

Gold Electrodes.Gold films (100 nm thick) were evaporated onto
optically polished n-type single-crystal (111) silicon wafers (Aurel
GMBH, Landsberg, Germany), cut inte22 x 11 mm slides, as
previously describetf The gold-covered slides were annealed in air
for 3 h at 250°C and left to cool to ambient temperature. This procedure
was previously shown to produce smootilll} textured gold
surfaces?

Preparation of Monolayers. The gold substrates were pretreated
immediately before use by 10 min of exposure to UV-ozone (UVOCS
'model T10 x 10/OES/E UV-ozone cleaner), followed by a 20-min
ethanol dip to remove the formed oxiéfe?t Monolayers ofl and 2

completing the first metal-ion coordination while forming a free  \yere assembled by immersion of the gold substrates in 3 mM solutions
site for a second metal-ion layer. This process can be repeatedy 1 or 2 in ethanol:chloroform (1:1) overnight. The adsorption was

to form a multilayer through coordination bonds (Figure 2). The
procedure enables highly controlled, layer-by-layer construction
of three-dimensional metabrganic multilayers and superlat-
tices of substantial variability, upon varying the coordinated
metal ions or the organic linkers.

The construction of such multilayers is described here, in-
cluding detailed characterization at each step. Formation of

followed by ethanol and chloroform rinse and by a 20-min immer-
sion in stirred ethanol. The samples were dried under a stream of dry
purified air.
Preparation of Multilayers. Stepwise formation of multilayers was

carried out using Zr" or Ce"" salts. Two procedures were employed:

Procedure 1: Multilayer formation, shown schematically in Figure
, involved the following steps: (i) adsorption of the disulfide
ihydroxamatel or 2 onto the Au substrate to obtain a ligand monolayer

2
d

segmented multilayers is also described, demonstrating the,s gescribed above; (i) exposure of the monolayer to 1 mM solution

possibility of forming more intricate molecular structures.

Experimental Section

Synthesis of the Ligands 1 and 2.igandsl and2 were synthesized
as previously described.

Synthesis of the Tetrahydroxamate Ligand 3 C(CH,OCH,-
CH,CONHOH) 4. O-Benzylhydroxylamine hydrochloride was neutral-
ized by prewash wit 1 N NaHCQ and ethyl acetateO-Benzylhy-
droxylamine (0.7 g, 4.4 mmol) and DMAP (4-(dimethylamino)pyridine)
(2.4 mg, 0.02 mmol) were added to a stirred solution of tetra-active
estet’ (1.05 g, 0.74 mmol) in chloroform. The reaction mixture was

of ZrCl, in ethanol at pH= 3.3—3.5 (adjusted by addition of 2.5%
aqueous ammonium hydroxide) for 10 min followed by ethanol rinse
and a 10-min immersion in ethanol, to provide the respective monolayer
complex; (iii) exposure of the monolayer complexa 3 mMsolution
of the tetrahydroxamat8 in ethanol overnight followed by ethanol
rinse, to obtain a second organic layer. The surface was then treated
successively with the metal ion and the organic tetrahydroxamate,
resulting in a multilayer structure with a controlled number of layers
(Figure 2). Characterization was carried out after each step.
Procedure 2: In the preparation of segmented layers, step i was
performed by adsorption of the disulfide dihydroxamaten the Au
to obtain a ligand monolayer as in procedure 1, step ii was performed

stirred overnight at room temperature. The solvent was evaporated, anddy exposure of the monolayer to 1 mM aqueous solution of Cg(SO

the crude residue was chromatographed using @NIEIOH (9.5:0.5)
as eluents. The product as the protected tetrahydroxamate,OCHY-
CH,CONHOCHPh}), (0.4 g, 84% vyield) was eluted as a colorless oil.
IR (CHCL): v 1673 cm® (CONOBn), 1106 cm* (CH,—O—CHj).

1H NMR (250 MHz, CDCh): ¢ 9.6 (s, 1H, NH), 7.33 (br, 5H, Ph),
4.8 (s, 2H, CH—Ph), 3.52 (tJ = 5.4 Hz, 2H, G-CH,), 3.1 (s, 2H,
CH,—0), 2.26 (t, 2H, CH-CO).

(14) Nuzzo, R. G.; Allara, D. LJ. Am. Chem. S0d.983 105, 4481-
4483.

(15) Tranqui, D.; Laugier, J.; Boyer, P.; Vulliet, Rcta Crystallogr.
1978 B34, 767—773.

(16) Smith, W. L.; Raymond, K. NJ. Am. Chem. So&981, 103 3341—
3349.

(17) Weizman, H.; Ardon, O.; Mester, B.; Libman, J.; Dwir, O.; Hadar,
Y.; Chen, Y.; Shanzer, AJ. Am. Chem. Sod 996 118 12368-12375.

or (NH4)2Ce(NGs)s or ZrCl, at pH= 3.3—3.5 for 10 min followed by
water rinse and a 10-min wash in 1:1 water:ethanol, to provide the
respective monolayer complex, and step iii was the same as described
in procedure 1. Steps ii and iii were then repeated to obtain a multilayer.
Ellipsometry. Ellipsometric measurements were carried out using
a Rudolph Research Auto-EL IV null ellipsometer with a tungsten
halogen light source, at an angle of incidegice 70° and a wavelength
A = 632.8 nm. The same three points on the sample were measured
before and immediately after adsorption. The thickness of monolayers

(18) Gafni, Y.; Weizman, H.; Libman, J.; Shanzer, A.; Rubinstein, .
Chem. Eur. J1996 2, 759-766.

(19) Golan, Y.; Margulis, L.; Rubinstein, Burf. Sci.1992 264, 312—
326.

(20) Ron, H.; Rubinstein, ILangmuir1994 10, 4566-4573.

(21) Ron, H.; Matlis, S.; Rubinstein, Langmuir1998 14, 1116-1121.
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Figure 2. Schematic presentation of multilayer construction on gold;is<a counterion (Cl with Zr**, NO;~ with Cée*").

of 1 and2 was calculated using the parameters measured for the baredisk counter electrode. Three different redox couples were used for
and the monolayer-covered gold and a monolayer refractive index of the coverage measurements, all in aqueous solutions: (1) 5 M Fe
ne = 1.5,k = 0. The accuracy of the thickness calculated for a certain + 5 mM Fé™ + 0.2 M NaSQ, (using MSE); (2) 5 mM Fe(CN§~ +
monolayer is+0.1 nm?*® Ellipsometric measurements of Zrcom- 5 mM Fe(CN}*~ + 0.5 M KCI (using SCE); (3) 0.5 mM Ru(Ngk>"
plexed multilayer were carried out on 20 different samples. Two + 0.5 mM Ru(NH)e*"™ + 0.2 M NaSQy (using MSE). The instru-
samples were prepared for each number of layers (from 1 to 10); mentation and the preparation of Ru(}i*/?" solutions have been
ellipsometric measurements were carried out after each step. Eachpreviously describedf The results were analyzed using Nyquist plots,
reported value is the average of all measurements performed for aand the monolayer coverage was calculated as previously desétibed.
certain step. The results for the two-segment(@ad ZF") multilayers An average of all measurements was taken.
are the average of two samples for each type of multilayer. The  X-ray Photoelectron Spectroscopy (XPS)XPS measurements were
measurements were done at 632.8 nm, where the ligands and their Zr carried out with a Kratos Axis HS XPS system, using monochromatized
or Ce* complexes are transparent. Al (Ka) X-ray source lfiv = 1486.6 eV). To minimize beam-induced
Contact Angle (CA) Measurements.Water CAs (advancing and  damage?® a low dose was maintained, using a relatively low beam
receding) were measured within 10 min after adsorption. Three flux (5 mA emission current at 15 keV) and medium energy resolution
measurements at different spots were carried out. The accuracy of the(pass energy of 80 eV). A systematic study of the role of beam damage
measurement is£2°. A Rame-Hart NRL Model 100 contact angle  was performed separately (not presented here), consisting of a set of
goniometer was used. Bicyclohexyl and hexadecane CAs were too low consecutive measurements on a fixed area, under constant radiation
to measure, as these organic solvents wet the monolayer surfaceconditions. Signs of layer degradation could be detected only after

completely. ) - ] radiation d 1 h or more. In the present study, exposure periods of
Cu Underpotential Deposition (UPD). The coverage of the first <45 min were used, while most relevant data were accumulated in the
monolayer was measured using Cu UPE? The fraction of gold first 20 min. The different sets of energy windows were taken on

surface covered by the monolayers was determined by comparing theseparate fresh areas.
amount of charge required for Cu UPD at an Au/monolayer electrode 11,4 regularity of the overlayer structure and its elemental depth

with that for a bare Au electrode of the same geometric area, obtained yqfjie were studied by angle-resolved measurements. Results for only
by integration of the respective cat_hodlc_UPD peaks. The accuracy of ;. angles are presented below, the normal takeoff angeaf®d a
the UPD coverage measurement is estimatedt%#. The Cu UPD grazing angle (73.

was carried out by cyclic voltammetry in 1 mM Cu®§&blution in the Fourier Transform Infrared (ETIR) Spectroscopy. FTIR spectra

range-+0.400 to—0.400 V vs mercurous sulfate reference electrode . . .
(MSE, +0.400 V vs KCl-saturated calomel electrode, SCE), using a were obtained with a nitrogen-purged Bruker IFS66 FTIR spectrometer
Lo ’ ’ g operating in the reflection mode with the incident beam at an angle of

potentiostat and an electrochemical programmer, both from the Depart- - R

ment of Chemistry, Technion, Haifa, and a Houston Instruments Model 80", focused on the sample withfé.5 lens. A liquid nitrogen cooled

100x-y re_corder. The electrodes were cycled at 100 mV_/s. (22) Sabatani, E.; Cohen-Boulakia, J.; Bruening, M.; Rubinstein, I.
Alternating Current (AC)-Impedance Spectroscopy.AC-imped- Langmuir 1993 9, 2974-2981.

ance measurements were performed using a conventional three-electrode (23) Frydman, E.; Cohen, H.; Maoz, R.; SagivLangmuir 1997, 13,

cell with either an SCE or an MSE reference electrode and a platinum 5089-5106.
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Table 1. Average Thickness, Contact Angles (Advancing and - R B

Receding), and Coverage of Monolayerslaénd2 on Gold 20k o]

theor. ellipsomet. adv CA rec CA % % L .
base thicknesd thicknes8 of H,O ofH,O coveragé coveragé L .
layer (nm) (nm) (deg) (deg) (UPD) (AC) H ¢
1 1.1-1.3 1.1-1.2 67 52 98 90
2 0.9-1.0 0.9 50 30 98 99

-
(&)
T
1

a Assuming a perpendicular orientatidhJsing e = 1.5 andk; =
0.°From Cu UPD.SFrom AC-impedance measuremefitsysing
RU(NHg)6>™2", FE™2T, and Fe(CNy 4.

-3A (degrees)
=
S
L
|

mercury-cadmium-telluride (MCT) detector was used. Spectra were 5F —
taken at 2 cm?! resolution. The instrument was programmed to run 50 [ . 1
scans with the reference (10 min of UV-ozone oxidized gold sub- L .
strate§®?*and then 50 scans with the sample, collecting altogether 80 e
such cycles. 0 5 10 15 20
Scanning Force Microscopy (SFM)SFM images were taken using
a Nanoscope llla microscope (Digital Instruments, Inc.) operated in ] . )
the contact mode. CommerciakSi probes with a spring constant of ~ Figure 3. Changes of the ellipsometric paramefewith the number
ca. 0.38 N/m were used for surface imaging. Commercial Si “ultra- Of steps in the construction of H(Zr**/3), multilayer on gold. The
levers” with a spring constant of ca. 1.6 N/m and a resonant frequency odd step numbers correspond_to organic Ia_yer addition, V\{hlle the even
of 138 kHz were used for creating holes in the layers; the probe was Step numbers correspond toZion coordination. The experiment was
approached to the selected area on the surface, and the interactive probderminated after the addition of 10 tetrahydroxamate coordinated layers.
sample force was gradually increased, forming a “window” in the layer. Adso_rp'uon was carried out according to procedure 1 in the Experimental
The force was increased until the “window” depth became constant, S€ction.
indicating the level of the gold substrate. Hence, the maximal applied

Number of steps

force did not damage the gold substrate. 70r
Results . 60[ ]
3 "

Ligand Monolayers. Monolayers ofl and2 were prepared o -
as described above (see the Experimental Section). Character- _§’ 501 g
ization results for monolayers @fand2 on gold are summarized = i
in Table 1. The measured ellipsometric thickness of the ) 40l ]
monolayer (ca. 1.0 nm) is within the range of the theoretical s r
thickness calculated from a model assuming a perpendicular ] L 3

. . . . S 3010
orientation. The electrochemical results show a high coverage = i
of the gold surface, indicating compact monolayérAtomic 8
concentrations of the relevant elements«{8.25%, C= 55.8%, 20[ j
O = 12.5%, N= 6.08%, Au= 23.3%), as derived from the L
XPS spectra, are all in good agreement with the ligdnd qo e L
structure, provided that elemental depth distribution is taken 0 5 10 15 20 25
into account. The angle-dependent measurements furnished Number of steps
additional support for the analysis, also showing a high degree Figure 4. Variations of water contact angles during the construction
of coverage with no indication of bare gold areas. of a 1/(Zr**/3), multilayer on gold. The conditions are as in Figure 3.

Coordination-Based Multilayers. Experiments were carried
out using ligandl or 2 as the base layer, under identical (four to six steps). This may indicate a transition to a multilayer
conditions. The multilayer construction was followed by contact structure which is different from the one initially determined
angle (CA) measurements, XPS, ellipsometry, and FTIR by the packing of the base molecules, whose arrangement on
spectroscopy, with similar results obtained fioror 2-based the Au substrate is dictated by their structure (different from
multilayers (the latter are not shown here). Figure 3 summarizesthat of the tetrahydroxamate repeat units) and possible epitaxy
the ellipsometric results for multilayers formed by the stepwise with the {111} textured Au.
procedure (Figure 2) using Zrions andl as the base layer. It XPS measurements (at normal takeoff angle) were carried
can be seen (Figure 3) that the valuefoflecreases regularly  out on a selected set of samples, with the organic tetrahydrox-
upon addition of layers. The exact value of the real part of the amate as the top layer. Relative atomic concentrations at the
multilayer refractive index is not known, but the highly regular different stages (Figure 5a, shown fbibased) are consistent
decrease im\ for each added layer of Zr and for each added  with stepwise growth of a multilayer: The Au and S signals
layer of tetrahydroxamate indicates the formation of an ordered decrease (attenuated by the adsorbed layers), while O, C, and
multilayer. Zr relative concentrations increase at the expense of the Au

Water CAs were measured after each step in the multilayer signal, then maintaining roughly constant relative concentrations.
assembly (Figure 4, shown farbased). The CAs are a measure As seen in Figure 5a, these in-layer relative concentrations
of the hydrophilicity and organization of the organic ligand layer initially change (in the first 45 layers), due to the different
as well as the metal-complexed layer at each step. The CAsstructure of the base layer and the progressively changing
alternate between ligand-terminated and*Zcomplex-termi- sensitivity to this layer. The decays of the Au and S relative
nated layers, indicating regular formation of a multilayer. concentrations are consistent with a model of a uniformly
Another behavior evident in Figure 4 is the apparent stabilization overlayered substraté.Figure 5b demonstrates the regularity
of the CA values after 23 adsorbed layers of the overlayer stacking via the attenuation of the Au and the
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Figure 5. (a) XPS results (at normal takeoff angle) for the construc-
tion of a 1/(Zr**/3), multilayer on gold, presented as % atomic
concentration of all elements vs the number of tetrahydroxamate organic
layers added. Measurements were carried out only after additions of
the tetrahydroxamate repeat unit. Adsorption conditions are those
described by procedure 1 in the Experimental Section. (b) Evolution
of In(R + 1) vs the number of layers, wheReis the intensity ratio,
defined asR = I(overlayer)l(Au) (circles) andR = I(overlayer)I(S)
(squares).

| LI B

Absorbance

S signals. The expression R+ 1) is approximately propor-

tional to d/A, whered is the overlayer thickness aridis the 9

mean free path of the photoelectrons (assuming that the structure Frequency [cm ]

is ideally planar and that variations ih between different Figure 6. FTIR spectra obtained during the constructionlt@r**/

element signals can be neglected). Note that the deviations of3)» multilayers on gold, presented as intensity vs number of tetrahy-

the experimental points from the linear fit are observed mainly droxamate organic layers added: (a) ether region; (b) carbonyl region;

around steps 6 and 7; these deviations are believed to be reaf¢) methylene region. Increasing intensity corresponds 02, 4, 6,

and will be discussed below. 2 anql 10 tetrahydroxamatt_a layers. Adsorptlon conqlltlons are those
FTIR measurements were carried out after each tetrahydrox- escribed by procedure 1 in the Experimental Section. The spectra

» - . corresponding to 1, 3, 5, 7, and 9 layers, showing the same trend, were

amate addition (Figure 6, shown fdrbased multilayers), omitted for clarity.

exhibiting the functional groups of the organic repeat units. Each

measurement represents a different sample, to minimize thefor || the above-mentioned vibrations (Figure 6). The peaks at

effect of accumulated damage and impurities. The measurements, = 1610 cnt® and 1525 cm! are assigned to vibrational modes

confirm the presence of the organic molecules by the appearancey the carbonyl in the metal-complexed hydroxamate group,

of the methyleney = 2870 cnr* and 2950 (2927) cm), while the peak av = 1670 cntl is attributed to the carbonyl

carbonyl ¢ = 1610, 1670, and 1525 cr#), and ether = in the noncomplexed (outermost) hydroxamate groups.

1110 cm) vibrational peaks in the IR spectrum. The regular  As the number of layers increases, the peak at 1670 cm

addition of complexed layers is confirmed by the general pecomes smaller relative to the main peak at 1610cm

increase in the peak intensity with the number of added layers attributed to the decrease in the ratio of free to complexed
(24) Bain, C. D.; Whitesides, J. M. Phys. Chem1989 93, 1670 hydroxamate. This is accompanied by a shift of the shoulder in

1673. the methylene spectra from 2950 to 2927énThese changes

2700 2750 2800 2850 2900 2950 3000
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Figure 8. SFM image (2.Q#m scan) of1/(Zr*t/3);o multilayers on
gold; the “window” was created by applying a force of 233 Mafnge,

66 nm).
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Figure 7. SFM images (2.Qem scan) ofl/(Zr*"/3)1o (a) and2/(Zr**/
3)10 (b) multilayers on gold4 range, 25 nm). Force [nN]

Figure 9. SFM results, presented as “window” depth vs probe
may indicate a structural transition (most pronounced betweensample force, forl/(Zr*+/3)i (circles) and2/(Zr**/3)y (triangles)
layer 6-8), as noted above in connection with the XPS results. multilayers on gold. The experiments were carried out as exemplified
The concurrent decrease in the width of the 1610 tpeak in Figure 8.
suggests that the transition involves increased order. Another
indication for a structural change is seen in the ellipsometry
results (Figure 2), where a small deviation from linearity is
observed between layers 6 and 8. The reason the CAs indi-
cate a structural change earlier (already in layer82may be
that the CAs are sensitive to the outermost layer, while the
ellipsometry and FTIR measurements are sensitive to the entire

multilayer structure, which may undergo a change of structure . ST ;
y y g g scanning, down to the gold substrate (indicated by leveling off

at more advanced stages. It is noteworthy that all the peaks .. . .
detected in the IR spectrum of the multilayer are also observed .Of the depth). (i) The apparent thickness of the wo multilayers

in the spectrum of the metahvdroxamate complexes in S different by ca. 2 nm, although the diff__e_rence ir_] length
!solution pectru yerox plexes between moleculeksand2 is only ca. 0.3 nm. (iii) The stiffness
A mdre detailed view of the multilayer morphology is of the two multilayers is dramatically different: While the

obtained by SFM imaging, as shown in Figure 7, parts a (for 2-based multilayer exhibits normal organic film behavior and
U(Zr**/3)10) and b (for 2/’(Zr4+/3)1o). The multila’lyers are is removed by using a relatively low force, thkebased

comprised of rather large, monodispersed domains, ca. 70 rlrnmuItiIayer is excgptionally mechanicglly stable and is removed
(1-based) and 40 nm2{based) in lateral dimensidh.The only upon applying an extremely high force (ca. 150 AN).

roughness (mean absolute value), calculated by averaging over (26) The topography of the multilayers does not seem to be related to
the entire image, is 0.9 nml{ased) and 1.3 nm2{pased). the morphology of the gold substrate; for the morphology of the gold, see:

- : - : Golan, Y.; Margulis, L.; Matlis, S.; Rubinstein, I. Elecetrochem. Soc.
The apparent difference in morphology induced by different base 1095 142, 1629-1633,

layers is rather strikingf; it derives, most likely, from differences (27) The “window” depth was measured as the difference between the
in the packing of the two base |ayers, average level of the multilayer surface and a value representing the
“window” bottom, using Bearing DI software.

(25) The same images are also obtained in the tapping mode, indicating  (28) To avoid tip crash under such high forces, special “ultralevers” were
that the observed morphology is not related to surface damage. used instead of the commonzSj tips (see the Experimental Section).

This phenomenon is further emphasized when the two
multilayers are subjected to mechanical abrasion using multiple
scanning at increasing force applied to the SFM tip, to form a
“window” in the multilayer, as shown in Figure 8. The results
are presented in Figure 9 as the “window” deétias force
applied to the SFM tip. Several major features are evident in
Figure 9: (i) Both multilayers can be removed by repetitive
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Figure 10. Changes of the ellipsometric paramefewith the num-

ber of steps in the construction of segmented multilayers on gold:
U(Zr*t13)4/(Ce*t13); (circles) andl/(Ce/3)a/(Zr*t/3)s; (triangles). The

odd layer numbers correspond to organic layer addition, while the
even layer numbers correspond to metal-ion coordination. The experi-
ment was terminated after addition of six coordinated layers. Adsorp-
tion was carried out according to procedure 2 in the Experimental
Section.

Preliminary electron diffraction resufs(not shown) suggest
that1-based multilayers are crystalline, which may explain the
unusual mechanical properties.

Segmented Multilayers.The ability to form superlattices and
controlled segmented layers is an important characteristic re-
quired for obtaining distinct optoelectronic properties in mo-
lecular systems. The present design allows fine-tuning of the
multilayer structure by varying the identity of the metal ion or
the organic repeat unit with each added layer, providing the
possibility of constructing segmented multilayers and superlat-
tices. In this work we demonstrate formation of segmented
multilayers, starting with a monolayer @éfand using z+" and
Cé** ions. Two types of segmented multilayers were con-
structed: (i) a multilayer with three €eion complexed layers
followed by three Zt™ ion complexed layers and (ii) a multilayer
with three Zf* ion complexed layers followed by three €e
ion complexed layers. The segmented multilayers were char-
acterized by ellipsometry, XPS, and FTIR measurements.

Ellipsometric results corresponding to the formation of
segmented Ce& and Zf™ multilayers (Figure 10) show a
monotonic decrease @ upon addition of layers. The consis-
tently different slopes for the &-complexed part (1.061.14
deg/layer) and the Zt-complexed part (0.720.74 deg/layer)
(Table 2) may reflect the difference 6f25% in the ionic radii
of Ce* and ZF* or a certain difference in refractive index of
the two complexes. The abrupt decreaséinpon adsorption
of the first Zr*™ layer onto a C& -segmented film (Figure 10,
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Figure 11. XPS results for segmented multilayers on gold{Ce**/
3)3/(Zr**/3); (lower graph in each plate) antl(Zr*t/3)s/(Ce/3)s
(upper graph in each plate). Multilayer preparation conditions are as
in Figure 10.

Table 2. Calculated Slopes afA vs Number of Layers for the
Two Types of Segmented Multilayérs

Cé*-segment slope Zr**-segment slope

multilayer type (deg/layer) (deg/layer)
V(Zr*13)3/(CeH/3)s 1.14 0.72
V(CeH/3)a/(Zr*t13)s 1.06 0.74

aThe multilayers were constructed on gold surface according to
procedure 2 in the Experimental Section.

tion: in 1/(Zr**/3)3/(Ce**/3)3, the Cé™ intensity is higher, while

in 1/(Ce*/3)3/(Zr*"13)s, the opposite is seen. These observations
are quantitatively summarized in Table 3, where the relative
atomic concentrations of the various elements are shown. The

triangles) is not completely understood and appears to suggestesults are consistent with a layer model in which the depth

a substantial structural modificatidh.
XPS measurements of the two segmented multilayers confirm

profile of the elements is taken into account. Considering the
photoelectron mean free patjpo( 3.0 nm) and the estimated

the expected growth sequence. Very similar appearance of allthickness of three 2t and three C¥ layers, the ratio of Zr

the element is found (Figure 11), except the Ce and Zr signals,
which differ in accordance with their respective depth distribu-

(29) Hatzor, A.; Moav, T.; Shanzer, A.; Rubinstein, I.; Fryer, J. R.
Unpublished results.

(30) The difference in thé A slope for (Zf#*/3), in Figures 3 and 10 is
attributed to the different solvents used foZbinding (procedure 1 vs
procedure 2, Experimental Section); the origin of this difference is not clear
at this point. The reason for using a different solvent in segmented multilayer
construction is the inability to obtain €esolutions in ethanol at pk-=
3.3-3.5.

and Ce atomic concentrations fits the exponential decay
expected. Moreover, the Ce/Zr atomic ratio (&t i 1/(Zr*"/
3)3/(Ce*/3)z is 3.13/1 while the Ce/Zr atomic ratio H(Ce*/
3)3/(Zr*t/3)3is 1/3.34, suggesting similarity in the construction
of the segments. This implies that multilayer formation can be
controlled with different desired compositions.

(31) The sulfur atomic concentration is not reported due to its very low
concentration. This measurement was usually excluded to reduce irradiation
time and minimize sample damagfe.
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Table 3. Relative Atomic Concentrations from XPS Measurements of the Two Segmented Multilayers on Gold at Two Takeoff Angles, 0
and 732

Au (84 eV) C (285¢eV) O (531eV) N (401 eV) Zr (183 eV) Ce (884 eV) Celzr Zr/Ce
00
1(Zr*13)s/(Ce13)3 9.9 45.7 33.1 8.1 0.7 2.3 3.1 0.3
V(Ce13)a/(Zr*13)3 105 44.7 34.0 6.9 3.1 0.9 0.3 3.3
73
U(Zr*++13)s/(Ce13)3 1.4 51.2 36.7 8.0 0.5 2.2 4.9 0.2
1(Ce/3)a/(Zr*13)3 21 51.6 35.4 6.5 3.7 0.7 0.2 5.3

aNumbers in parentheses represent binding energies.

Table 4. FTIR Frequencies for Segmented Multilayers on Gold
(Prepared According to Procedure 2 in the Experimental Section)
Compared with a Zr Multilayer (Prepared According to Procedure
1 in the Experimental Section)

most likely be attributed to a different packing mode of the
molecules in the base layer. The unusual mechanical hardness
of 1-based multilayers suggests a crystalline structure, a
conclusion supported by preliminary electron diffraction dta.

multilayer type V(%gmq;)@ V((Ccr:g) ’(’((:rcn'j'f)) Note that the domain morphology observed is in no contradiction

with the conclusion derived from all other measurements of a

U(Zr*13)s 1115 1613, 1652 (sh)2870, 2916 (sh),  homogeneously growing multilayer structure, as the measured

ggg? gﬂg roughness is<10% of the multilayer thickness.

U(Zr*13)3/(Ce+13)s 1112 1612, 1652 (sh)2868, 2919, The multilayer thickness measured by SFM is ca. 16.5 and
1667 (sh) 2951 (sh) 14.3 nm forl/(Zr*"/3),0 and 2/(Zr**/3) 10, respectively (Figure

U(Ce13)a/(2r**13); 1111 1610, 1653 (sh)2868, 2919, 9). The theoretical thicknesses of these multilayers, calculated

1665 (sh) 2957 (sh)

from a model where all the multilayer constituents are oriented
perpendicular to the surfaéé,are ca. 17.2 and 17.0 nm,
respectively. Assuming that the differences are attributed to a
The grazing angle measurements (Table 3) provide additional deviation from perpendicular orientation, they would translate
support for the segmented structure. The Ce/Zr and Zr/Ce atomicto tilt values of 18 and 32 from the surface normal,
ratios in the two segmented multilayers change when the respectively. Although these numbers are estimates, they imply
detector angle is changed froni @ 73, consistent with the  that thel-based multilayer is rather perpendicularly oriented
change in the photoelectron escape depth and the increaseavhile the 2-based multilayer shows a considerable tilt. This
sensitivity to surface atoms. (Note that the attenuation of the conclusion agrees well with the prominent differences in domain
Ce signal is somewhat stronger than that of the Zr, due to thesize and stiffness of the two types of multilayers, as both can
difference in the kinetic energies of the corresponding photo- be attributed to the existence of a considerable molecular tilt in

ash: shoulder.

electrons).
FTIR results (Table 4) are similar for the two segmented
multilayers and a Zr-based multilayer. Peaks for the various

the 2-based multilayers.
The ellipsometri@dA values for the same multilayers are°21
for 1/(Zr**/3)10 (Figure 3) and 23for 2/(Zr**/3)10 (not shown).

functional groups of the multilayers are observed: the ether To obtain the thicknesses measured by SFM, the real part of

group aroundv = 1110 cnt?, the complexed hydroxamate
group atv = 1610 cnt?, and the methylene group at= 2868
and 29512957 cntl. The difference between the segmented
multilayers and the Zr-based multilayers is mainly in the
intensity of the peaks; this may reflect certain differences in
the molecular orientation with respect to the gold surface.

the refractive index has to be takenras= 1.8 for 1/(Zr*+/3)19
andn = 2.1 for 2/(Zr**/3)1o. Although one might expect values
of n > 1.5 for the multilayers due to the existence of zirconium
oxygen bonds, these values, and particularly tha2fGer*/
3)10, Seem too high. This inconsistency is not entirely clear at
this point; it may be attributed to the roughness, which is

. . expected to influence the ellipsometric results. The effect would
Discussion be greater with th@-based multilayer, where the domain size

The new procedure for step-by-step construction of molecular- is smaller and the roughness is greater. Another possibility which
scale multilayers, based on metal-ion coordination, was shownhas to be considered is that the two multilayers have a similar
to produce highly regular multilayer structures, characterized thickness (and a small tilt), but the top layer 2{Zr**/3);o
at each step of formation. The procedure is exceedingly versatile,(but not of 1/(Zr**/3):o, which is much more mechanically
allowing the use of different metal ions and different organic stable) is removed during the SFM thickness measurement,
linkers to obtained desired chemical and structural features. Inresulting in a measured thickness which is smaller than the true
the present work the former possibility was demonstrated, by one. Although the collective characterization results seem to
the construction of segmented multilayers comprising lateral favor the former explanation, the latter cannot be ruled out at
blocks of Zf*-binding multilayers and Gé&-binding multilayers.  this point.

The possibility of including different segments without inter- The growing multilayers appear to undergo certain structural
rupting the regular multilayer growth opens the possibility of modifications, the nature of which has yet to be elucidated. The
using this method to obtain superlattices and other sophisticatedCAs vary in the first 2-3 layers and then stabilize (Figure 4);

molecular architectures. This direction is being further pursued. this may reflect the difference in the packing of the base layer

The structural properties of the multilayers, as revealed by and the repeat units. The FTIR data (Figure 6), and to a lesser
SFM measurements, are rather intriguing. The SFM data indicateextent the ellipsometry (Figure 3) and XPS (Figure 5) results,
a rather monodispersed domain structure, a clear effect of thesuggest a change in the multilayer structure in layers$,6
base layer on the morphology of the multilayer, and an involving increased order. The break in the curve of ellipso-
extrac_)rdlnary Stlﬁnes.s measure_d wiIFba;gd multllayers but (32) The theoretical thicknesses were calculated using the values 1.2 and
not with 2-based multilayers. While the origin of the differences 1 g'nm for the lengths of the base ligantisnd 2, respectively, and 1.6
induced by the different base layers is not yet clear, they can nm per z#*/3 repeat unit.
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metricoA vs number of layers fot/(Ce**/3)3/(Zr**/3); but not can be used for obtaining different structures, such as uni-
for 1/(Zr*t/3)3/(Ce**/3)3 (Figure 10) indicates that, although the  form multilayers, segmented multilayers, or superlattices, with
different segments are compatible and regular growth is varying metal ions and organic bifunctional molecules, while
maintained, a certain structural variability may exist. More work controlling the process at each step. This provides a general
aimed at understanding of these changes is now underway. approach to convenient construction of “smart” surfaces with

. desired structural and functional properties.
Conclusions
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