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Organometallic chemistry at the interface with materials science
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Abstract

Metal alkoxides are precursors of interfacial species which can be used to enhance interactions between dissimilar com-
ponents of a composite. Metal alkoxides can react with surface hydroxyl groups of metal oxides or oxidized metals to give
covalently bound surface alkoxide species through protolytic loss of one or several alkoxide groups. Because of the reactivity
of any remaining alkoxide ligands in the coordination sphere of these surface complexes, a variety of composites can be
prepared by ligand exchange. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction chiometries for reaction between an organometallic
complex starting material and a surface-activated

New developments in materials science create new substrate? How can these surface complexes be

opportunities for organometallic chemists: problems  modified? Which reagents are best for surface

of interface synthesis and optimization may be ad- complex synthesis and modification?

dressed using methodologies of surface organometal-e Structure How can we characterize (if only par-

lic chemistry which have already been developed tially) the complex—surface interface?

for implementation in catalysis-related fields. Our e Function.How do structural features of a surface

work focuses on the use of surface organometallic organometallic complex affect desired properties of

chemistry to interface dissimilar materials, e.g. a  the ensemble comprising our designed interface?

surface-oxidized metal or a “bulk” oxide and an or- Can systematic variation of species at the interface

ganic. We describe below how surface organometallic  predictably affect these ensemble properties?

complex chemistry can address problems in inter-

face synthesis relating to the preparation of species 1.1. The general approach

with possible application to fields as diverse as the

preparation of new electronic or even “biomedical” Our approach to interface synthesis follows the
materials. Our approach to interface synthesis and general sequence of (1) surface activation, (2) surface
optimization involves three general issues: complex deposition, and (3) surface complex elab-

oration. This sequence enables creation of a variety
of novel substrate—organic and substrate—inorganic
ensembles through systematic modification of a com-
"+ Corresponding author. Tek:1-609-258-3926; mon interfacial sur_face complex (Sch(_ame 1). In th.is
fax: +1-609-258-2383. methodology, a simple organometallic complex is
E-mail addressjschwartz@chemvax.princeton.edu (J. Schwartz). first chemically bonded to a substrate surface by

e SynthesisHow are surface organometallic com-
plexes prepared? What factors govern rates and stoi-
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Scheme 1. The general scheme for surface activation and modification.

exploiting reactive functionality both of the surface [6]. If the electrode surface were chemically reactive,
and of the organometallic. Ligand modification in the the rate of organometallic complex chemisorption
resulting surface complex provides for the prepara- would be related to the rate of electrode net mass
tion of a range of types of products, according to the change, which could be measured by monitoring
desired properties of the ensemble. Thus, the surfacethe resonant frequency of the QCM system in real
organometallic complex can be viewed as a “uni- time [7].Vapor-deposited aluminum QCM electrodes
versal linker” in that a particular species may react can be oxidized using #D to introduce surface OH
with a range of substrate surfaces and, through ligand groups [2—-4]. These OH groups can react with pro-
exchange (metathesis), variety in surface speciation tolytically labile organometallic compounds to give
is effected. This sequence of deposition—metathesis surface-bound complexes by ejection of protonated
is conceptually different from surface modification organic ligands, and direct rate data for reaction be-
methodologies involving serial preparation of mem- tween an organometallic and the hydroxylated surface
bers of families of surface modification reagents, each can be obtained by measuring the QCM frequency
one of which must be prepared individually for a change as a function of time [7]. Similarly, aluminum
given application (e.g. silane [1] surface modification QCM electrodes can be oxidized with,D, yield-
reagents) (Scheme 1). ing surface OD groups. Comparing rate constants
for reaction between tetnag¢opentyl)zirconium )
and [Al]-OH versus [All-OD gave the kinetic iso-
tope effect for chemisorptionky/kp = 8.5. The
large magnitude of the kinetic isotope effect for the
reaction betweerl and the hydroxylated aluminum
surface shows that proton transfer is rate determining,
Understanding the mechanism of complex depo- and is consistent with a pathway in which reversible
sition can facilitate development of efficient surface surface complexation of the organometallic reagent
modification synthesis protocols, and probing the (likely to a surface OH or OD group) is followed by
kinetics of surface—complex reactions can provide rate determining proton transfer from the surface OH
such useful mechanistic analysis. One such probe (or OD) to the metal-ligand bond [3]. We believe that

2. Surface complex formation

2.1. The mechanism of surface complex formation

might involve analysis of the rate of formation of
volatile products of organometallic chemical vapor
deposition (OMCVD) procedures; this analysis pro-
vides information about complex “chemisorption” on
the surface from the “perspective” of the deposit-

proton transfer is slow compared with desorption be-

cause such proton transfer to the Zr—C bond requires
re-hybridization at carbon. Now consider an alkoxide

structural analog ofl: tetrafert-butoxy)zirconium

(2). In this latter case, a similar surface reaction could

ing reagent. However, we have chosen to study the involve proton transfer to an oxygen lone pair of the

mechanism of OMCVD from the perspective of the

surface, itself. We showed [2—4] that it is possible to
adapt well-known quartz crystal microbalance (QCM)
technology [5] to the analysis of the kinetics of

organometallic complex surface chemisorption. The
QCM technique exploits the relationship between the
resonant frequency of a thin piezoelectric quartz crys-

Zr—0O unit, and no re-hybridization at O is required

for this process. Therefore, a lower kinetic barrier
to proton transfer to the alkoxide versus the alkyl
would be expected. Indeed, we find that the rate for
deposition of2 increased by an order of magnitude

over that forl, and the magnitude of the kinetic iso-

tope effect fell(ky/kp = 1.7). Thus, in contrast to

tal and the mass of the electrodes deposited upon it“intuition” based on thermodynamic considerations
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0 : . : form reflectance—absorbance infrared spectroscopy
] (FT-RAIRS), to the analysis of reactions between

§ organometallics and a variety of surface-oxidized

] metals. Whereas the aims of classical UHV surface
] science have been primarily to explain observed phe-
] nomena, we use these techniques instead to guide us
in the synthesis of new bulk materials: UHV surface
science allows for exquisite control of reaction con-
ditions and for near “real-time” analysis of surface
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Fig. 1. QCM measurement of the reaction 2fwith AI-OH or
Al-OD.

We studied the reaction betwe2and hydroxylated

of basicity, the alkoxide is kinetically favored over Al in UHV [8-10]. The initial product of chemisorp-
the alkyl complex for OMCVD. Indeed, this simple tion is characterized as trisft-butoxy)Zr surface
QCM experiment demonstrates the importance of un- speciesAl-3, which is formed by protonolysis of one
derstanding the mechanism of surface deposition as aalkoxide ligand of2 by a surface OH group. The ther-
means to facilitate reagent design for OMCVD (see mal evolution ofAl-3 depends on the degree of initial
Fig. 1, Scheme 2). surface hydroxylation of the metallic substrate [9]:

If surface hydroxylation is extensive, warmimg-3
2.2. Studying chemisorption using ultrahigh vacuum YieldsAl-4. This bisert-butoxy)Zr surface species is
techniques formed by protonolysis of a metal-alkoxide bond of

Al-3 by a second surface OH group. However, if sur-

We have adapted several of the classical techniquesface hydroxylation is dilute, then thermal treatment

of ultrahigh vacuum (UHV) surface science, includ- of Al-3 gives only decomposed materials. Appar-
ing thermally programmed desorption (TPD), X-ray ently, under these surface hydroxylation conditions,
photoelectron spectroscopy (XPS), and Fourier trans- additional proton transfer reactions cannot compete
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Scheme 2. Comparative mechanisms for reaction of the hydroxylated aluminum surface withetedealtyl)zirconium (top) or
tetratert-butoxy)zirconium (bottom).
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Scheme 3. The reaction of tett@-butoxy)zirconium with the hydroxylated Al surface in UHV.

kinetically with simple ligand thermolysis to ZgO ok
(Scheme 3).
The titanium analog a?, tetrafert-butoxy)titanium /S,“\
(5), also reacts with surface hydroxylated-oxidized Al AIOy °l H OI H Ol H (%OnSn "0 0
[9], but the yield for this deposition reaction (as mea- Ao | ! 6
sured by relative FT-RAIRS intensities fart-butoxy Al-7
ligand absorbance) is lower f&rthan for2. We be-
lieve deposition proceeds less readily ®than for Scheme 4. The reaction of tetrat-butoxy)tin with the hydroxy-

2 because of size considerations for the metals and 'a€d Al surface in UHV.

the requirement for surface OH group coordination

as a precursor to Chemisorption Tin anaﬁgajso Zr alkoxide—alcohol adducts [12,13]. Thus, a Simple
reacts with surface hydroxylated Al [11]; reactivity ~Series for surface hydroxyl reactivity tendencies is:
is quite high and, even at room temperature, only Sn(OBU)4 > Zr(OBU')4 > Ti(OBU)4 (Scheme 4).
monotert-butoxy)Sn surface compleAl-7 is ob-

served. It may be that any tin analogs3adr 4 formed 2.4. The reaction o2 with surface hydroxylated Ti

on hydroxylated Al simply react with a third surface in UHV

OH group to giveAl-7. We attribute the high relative

chemisorptive reactivity of surface tin species to high  Aluminum is a somewhat atypical substrate in that
affinity of that metal for coordination of OH groups, it is relatively easy to heavily hydroxylate the ox-
by analogy with crystallographic analyses of Sn and ide layer that forms spontaneously on exposure of the
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Scheme 5. Deposition of Sn and Zr alkoxides onto hydroxylated Ti.
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clean metal to water or oxygen [9,10]. In contrast, it
is difficult to surface hydroxylate the oxide layer that
forms on Ti on exposure of that clean metal to water or
oxygen [14]. Indeed, thermal treatmentTf3 yields
very little, if any, titanium analog oAl-4, and simple
complex thermolysis dominates [15]. Even &rre-
activity with surface OH is slow, and, here, stepwise
conversion ofTi-8 to Ti-7 was observed (Scheme 5).

3.1. Metathesis with carboxylic acids

Alkanecarboxylic acids adsorb onto surface-
oxidized Al, but this interaction can be reversible. A
simple QCM study showed thatoctanoic acid ad-
sorbs onto surface-oxidized Al from the vapor phase,
but the acid is easily removed by evacuation [19]. A
similar experiment showed that irreversible adsorp-

The stoichiometry of each of the surface com- tion of the acid ontoAl-4 occurred, apparently by
plexes described above was determined by XPS strong covalent bond formation, to give carboxylate
analysis [16-18]. Integration of the signals for car- complexAl-8 [19].
bon and the metals, plus de-convolution of the C  Reactions ofAl-3 and Al-4 with n-octanoic acid
1s spectrum into its component parts (i.e., the two were also studied in UHV; in each case, stoichiome-
different types of carbons present intert-butoxy tries and speciation of surface complexes were de-
ligand) establishes the speciation of surface-bound termined by XPS and FT-RAIRS methods [20]. We
materials [15]. found thatAl-4 reacts cleanly witm-octanoic acid
to give bis-carboxylaté\l-8. Continued exposure of
Al-8 to the carboxylic acid causes cleavage of first
one @Al-9), and then the second, surface O—Zr bond.
In contrast, reaction of tris-compounAl-3 with
n-octanoic acid gave a species in which only two of the

The second phase of our surface modification pro- threetert-butoxide groups were replaced (Scheme 6).
tocol involves substitution otert-butoxide ligands It is reasonable to propose that ligand metathesis ini-
in the coordination sphere of our surface complexes. tially involves coordination of the carboxylic acid to
In general, organic species that are more acidic thanthe surface metal alkoxide complex; proton transfer
tert-butanol replace these ligands to give ensembles from the coordinated acid to an alkoxide ligand lib-
that are held together through strong covalent bonding. erates free alcohol and gives the metal carboxylate.

3. Surface complex elaboration through ligand
exchange (metathesis)
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Scheme 6. Ligand metathesis with a carboxylic acid.
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It is also reasonable to propose that formation of
this adduct occurs by coordination of the carboxylic

acid in a sterically accessible region about the metal.

Perhaps mixed alkoxide—carboxylate specidslO
fails to react further with the carboxylic acid be-
cause the last alkoxide unit is in a sterically inac-
cessible location; in other words, reaction Af10
with additional carboxylic acid may simply give

3.3. The development of the simple
trans-esterification catalyst

Ligand metathesis reactions which can be accom-
plished for surface Zr compounds can also occur
for Sn analogs. For example, reaction A7 with
an alkanecarboxylic acid first yields tin carboxylate
Al-11, and continued treatment results in cleavage of

rise to degenerate carboxylate ligand metathesis surface O—Sn bonds. Phenols are also generally more

(Scheme 6).

3.2. Metathesis with co-polymeric carboxylic acids

Simple co-polymers of polyethylene and carboxylic
acids, e.g., polyethylene co-acrylic acid (5%), react
from solution with surface organometallic compounds
to give composites in which the polymer is bound
to the metal via its native oxide layer and the sur-
face complex linker [21]. For metals such as copper
or iron, in which surface OH content is apparently
low, surface metal alkoxide compound “loading” is di-

acidic thattert-butanol, so it is not surprising that
metathesis ofAl-7 with simple phenols give#l-12
[22], which can be monitored under normal labora-
tory conditions, or in UHV. Metathesis d&l-7 with
a carboxylic acid [23] (or a phenol) likely occurs
through formation of an adduct, followed by proton
transfer and elimination dakert-butanol. The reaction
between a simple carboxylic acid ester aAd12
was studied to model the reaction with a carboxylic
acid: Al-12 reacted with methyl butanoate at 170K
in UHV to give ester adducél-13, which could be
characterized by FT-RAIRS [23] (Scheme 7).

The observations made for metathesis and ester co-

lute. Nonetheless, a dramatic improvement in surface qrgination ofAl-7 suggest a simple trans-esterification
adhesion between the co-polymer and the metal sur- catalytic cycle. In this representatiofl-7 would co-

face can be effected if the metal native oxide layer is

ordinate a carboxylic acid ester, which activates the

first treateq to give'a surface organometallic complex carbonyl group as an electrophill{12). Intramolec-
(Cu-3). This adhesion enhancement could be demon- |4 attack of a coordinated alkoxide ligand upon this

strated easily by IR analysis (Fig. 2).

100.2

% Reflectance

on untreated Cu

99.4

T 1 T 1
3200 3000 2800 2600

Wavenumber (cm™1)

Fig. 2. FT-RAIRS analysis (following solvent wash) of the reaction
between polyethylene—co-acrylate with the native oxide of Cu (top)
or Cu-3 (bottom).

carbonyl group would give a new carboxylic acid
ester—alkoxide ligand arrangement, and ejection of
the ester would yield a tin alkoxide. Exchange with
free alcohol completes the catalytic cycle. We find,
indeed, that simply treating a suspensiom\6f7 with
ethyl acetate in the presence of a variety of alcohols
gave high yield and efficient trans-esterification. An
interesting facet of this catalyst is that it enables
trans-esterification using a secondary, and even a
tertiary, alcohol [23,24]. In contrast, homogeneous
Sn catalyst species are generally effective only with
primary alcohols [25,26] (Scheme 8).

3.4. Applications of surface organometallic
interfaces to electronics materials

An organometallic complex bound to the surface
of an electrode might improve “carrier injection” in
the context of a simple device (see Fig. 3). For exam-
ple, the architecture of many modern light emitting
diodes based on organic materials involves a stack
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Scheme 7. Ligand metathesis with a phenol, and formation of an ester adduct.
CH3 consisting of an anode (often indium tin oxide (ITO)
? R—OH Q'R on glass) [27—-29] with a “hole @)” transport layer
Sn —_— Sn\ material deposited on this anode; the hole transport
/N /1 Al-7 o . .
0o i 0 00 O layer (HTL) material is often an aromatic tertiary
AIOX rﬁg_—! i i i
e —] amine. A luminescent layer (which acts also as an
electron (€) transport material) is next deposited,
COOR COOCH3 and finally the system is capped with a cathode, usu-
J,f JJ ally a low work function metal such as magnesium
or a magnesium alloy [30]. In this device, the anode

CH3 CH3

effectively oxidizes the HTL material, and the holes
thus generated migrate toward the cathode. Electrons

{ [
R‘O.j'p‘(?"\—\_ R'(?/QO7'\—\_ are injected from the cathode into the luminescent
/S'\r’m/ 5; s‘ﬁ/ material, and migrate toward the anode. An encounter
0000 <« O Al-12 between the hole and a reduced electron transport
::'A material species can give rise to an equivalent of a
photo-excited state, which emits light, but inefficiency
Scheme 8. A catalytic cycle for tin complex-catalyzed trans- in “hole injection” can result in device failure [30].
esterification. Since the ITO anode is an oxide and the hole trans-
port material is an aromatic amine, “wetting” of the
ITO by the HTL material may not be good. Attaching
e-l cathode (Mg; Al.) an organometallic compound onto the ITO surface in
luminescent layer such devices might have a beneficial effect on hole
h+| hole transport layer o injection. The metal could surface-coordinate the ITO
anode (ITO) via its hydroxyl and oxide functionality, and organic

Fig. 3. A layered OLED.

ligation in the coordination sphere of this surface
complex could interact with the organic HTL material.
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Scheme 9. Surface hydroxylation and organometallic complex deposition onto ITO.

We studied the surface chemistry of ITO as a first ~ Polyvinylcarbazole, PVK, is a common HTL ma-
step in the development of functional interfaces for terial used in organic light emitting diodes (OLEDSs)
application in optoelectronic devices [31]. Cleaning [33,34]. We prepared a simple co-polymer of PVK
the ITO surface in UHV was accomplished by bom- and crotonic acid [35], and we showed that this
bardment with argon ions. This generates Sn(lll) sites polyvinylcarbazole—co-crotonate adhered better to
[31]; these can be captured with water to give sur- ITO in the presence ofTfO-7 than it did to the un-
face Sn(IV)—OH groups [32], which react withor 6 treated surface. For example, PVK deposited onto
to generate the corresponding surface organometallicITO-on-glass from solution did not “stick”, as de-
complexes, much in the same way that such speciestermined by IR analysis, after solvent washing. The
are formed on native oxides of single metallic sub- co-polymer, which can interact more strongly with the
strates (Scheme 9). ITO surface than PVK, either through hydrogen bond-
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Fig. 4. FT-RAIRS analysis (following solvent wash) of the reac-
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Fig. 5. DRIFT analysis of octadecanephosphonate surface species
on oxidized Ti. (a) With Zr alkoxide pretreatmerTi{14): bottom
spectrum — as deposited; next — after 1 THF rinse; following
— after 2 THF rinses; top — after 2 THF rinses and tape “peel”.
(b) Without Zr alkoxide pretreatment (control): bottom spectrum
— as deposited; top — after 1 THF rinse.

of such alloys to enhance adhesion of incipient bone,
which has as its major mineral constituent hydroxya-
patite, Ca(POs)10(OH),. It has been shown that the
surface of Ti-6Al-4V is substantially Ti, with some
enrichment of Al and depletion of V compared with
the bulk [36]. As noted above, the surface of oxidized
Ti (as a model for the alloy) is only lightly hydrox-

ing or proton transfer, adheres somewhat better thanyateq [15], and reaction wit8 gives Ti-3; warming
does PVK. However, the co-polymer adheres best by Tj.3 gives rise primarily to decomposition.

reaction withITO-7 (asITO-13), and this interaction
is stable to multiple cycles of solvent wash (Fig. 4).

3.5. Surface organometallic chemistry for surface
processing for biomedical “implants”

Many modern biomedical implants are made from
the titanium alloy, Ti—-6Al-4V (which contains 6%
Al and 4% V in the bulk) [36—38], and an important

Alkanephosphonic acids are good surrogates for
modeling surface inorganic phosphate binding since
they provide for convenient monitoring of adhesion
testing by IR analysis of alkyl side chain C—H modes.
We find that reaction of surface-oxidized Al with
octadecanephosphonic acid enables adhesion strong
enough to withstand some washing and tape-based
peeling, and that this adhesion is enhanced through
reaction withAl-3 to give Al-14 [39]. In contrast,

area of current research involves surface modification essentially no octadecanephosphonic acid remains

R R
*q H O’P\C‘)_O\ /Og/):\o H
< Aoz oK Q +O;Zr' i} a: R = n-CygHaz-
Tiop QH z{0" "), 2 ) (HO),P—R 0 b: R = CHa-
T TPoH Ti-3  2POH Ti-14

Scheme 10. Surface derivatization with phosphonates.
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