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C O N S P E C T U S

Many emerging fields such as biotechnology and renewable
energy require functionalized surfaces that are “smart” and

highly stable. Surface modification schemes developed previously
have often been limited to simple molecules or have been based
on weakly bound layers that have limited stability. In this Account,
we report on recent developments enabling the preparation of
molecular and biomolecular interfaces that exhibit high selectivity
and unprecedented stability on a range of covalent materials
including diamond, vertically aligned carbon nanofibers, silicon, and
metal oxides.

One particularly successful pathway to ultrastable interfaces
involves the photochemical grafting of organic alkenes to the sur-
faces. Bifunctional alkenes with a suitable functional group at the
distal end can directly impart functionality and can serve as attach-
ment points for linking complex structures such as DNA and pro-
teins. The successful application of photochemical grafting to a
surprisingly wide range of materials has motivated researchers to
better understand the underlying photochemical reaction mechanisms. The resulting studies using experimental and com-
putational methods have provided fundamental insights into the electronic structure of the molecules and the surface con-
trol photochemical reactivity. Such investigations have revealed the important role of a previously unrecognized process,
photoelectron emission, in initiating photochemical grafting of alkenes to surfaces.

Molecular and biomolecular interfaces formed on diamond and other covalent materials are leading to novel types of molec-
ular electronic interfaces. For example, electrical, optical, or electromechanical structures that convert biological information directly
into analytical signals allow for direct label-free detection of DNA and proteins. Because of the preferential adherence of mole-
cules to graphitic edge-plane sites, the grafting of redox-active species to vertically aligned carbon nanofibers leads to good elec-
trochemical activity. Therefore researchers could graft electrocatalytic materials to carbon nanofibers to develop new types of
selective electrocatalytic interfaces. Extending this chemistry to include metal oxides such as TiO2 may lead to highly specific and
efficient chemical reactions and new materials with useful applications in photovoltaic and photocatalytic energy conversion.

1. Introduction

Many emerging applications in fields such as bio-

technology and renewable energy require func-

tionalized surfaces that are “smart” and highly

stable. For example, the integration of biomol-

ecules such as DNA and antibodies onto surfaces

provides new pathways for biological sensing that

could allow real-time monitoring for pathogens.1

Similarly, the integration of molecular catalysts or

light-harvesting molecules onto electrodes could

enhance the selectivity of photovoltaic and pho-

tocatalytic reactions of interest in renewable ener-
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gy.2 A common need is the ability to prepare interfaces that

are selective (i.e., that recognize a particular molecule or cat-

alyze a particular reaction) and stable, able to withstand the

challenging environments that practical implementations often

demand.

Self-assembled monolayers on gold have been widely stud-

ied because gold-thiol chemistry provides a convenient path-

way toward well-ordered molecular layers.3-5 Yet, many

emerging applications require semiconducting substrates or

functional surfaces able to withstand higher temperatures,

extremes of pH, high salt concentrations, and other harsh con-

ditions. The integration of organic and biological molecules

with covalent materials such as silicon and carbon presents

new opportunities for making ultrastable highly selective sur-

faces. While silicon is the foundation of the microelectronics

industry, carbon is a highly versatile material ranging from a

transparent, wide bandgap semiconductor, diamond, to jet

black, conductive carbon nanofibers. Metal oxides such as

TiO2 can also be highly stable and are of increasing interest

in solar energy and photocatalysis. In each case, the challenge

is to start with highly stable materials and make them “smart”

by developing and implementing new surface modification

strategies.

In this Account, we report recent and ongoing research on

the formation of molecular interfaces to silicon, carbon, and

metal oxides. We focus here on one particular route, the pho-

tochemical grafting of organic alkenes. This method is cho-

sen because it has proven highly successful in forming

(bio)molecular interfaces to several materials and because the

resulting interfaces on carbon have exhibited excellent stabil-

ity. Recent studies of underlying reaction mechanism have led

to the discovery of a previously unrecognized process, pho-

toelectron emission, as a key step in initiating the reaction,

providing new mechanistic insights into the formation of the

molecular layers.

2. A Starting Point: Covalent Molecular
Interfaces to Silicon
Figure 1a outlines the procedure typically used for photo-

chemical grafting of alkenes: an appropriate substrate is

cleaned and prepared with a suitable termination; in most

cases, the surface is terminated with hydrogen to provide

coordinative saturation of all surface atoms. When a pure liq-

uid alkene is dripped onto the sample and illuminated with

ultraviolet light (typically at 254 nm), the molecules graft to

the surface via their vinyl groups.6-16 Studies using X-ray pho-

toelectron spectroscopy (XPS) and Fourier-transform infrared

spectroscopy (FTIR) show that in most cases the grafting reac-

tions are self-limiting, stopping after a coverage of approxi-

mately one monolayer, although multilayer formation is

possible in some cases.10,13,16 Figure 1b illustrates some of

the molecules that have been successfully grafted. They

include pure alkenes and molecules bearing additional func-

tional groups. For example, trifluoroacetamide (TFAAD) and

tBoc contain protected amine groups, providing routes to

amine-terminated surfaces. Undecylenic acid methyl ester

(UAME) is an excellent route to carboxylic acid-modified sur-

faces, and oligomers of ethylene glycol form protein-resis-

tant surfaces.

The formation of covalent molecular interfaces began with

early studies on silicon, motivated by silicon’s central role in

microelectronics. Initial studies grafted simple alkenes onto

nanocrystalline silicon.6,17 Shortly thereafter, we8,9 and other

groups7,17 used this approach on single-crystal silicon and

combined bifunctional molecules with multistep syntheses to

covalently link DNA oligonucleotides to (111) and (001) sur-

faces of silicon.8,9,18 Later studies extended this to making

protein-resistant surfaces using ethylene glycol (EG) oligomers

like those shown in Figure 119,20 and using mixed monolay-

ers to create optimized protein-selective layers.19 Because

many functional groups such as primary amines, aldehydes,

FIGURE 1. (a) Schematic illustration of the grafting of alkenes to
covalent materials and (b) summary of some molecules that have
been photochemically grafted to silicon and diamond surfaces.
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and carboxylic acid groups will react directly with H-termi-

nated silicon under UV illumination, multistep synthesis on Si

typically involves using protecting groups to stabilize the ter-

minal group during the grafting step and then deprotecting

after grafting to the surface.8,9 This approach has been highly

successful, enabling preparation of DNA-modified Si surfaces

that exhibit high selectivity,8,9,18,21 even able to detect single-

base mismatches.18

While studies on silicon demonstrated the benefits of using

photochemical grafting to prepare complex interfaces, the util-

ity of silicon in aqueous environments is limited by the fact

that penetration of water to the interface hydrolyzes Si-C and

Si-O-C bonds, eventually removing the molecular layers

from the substrate. This process can be slowed by using

hydrophobic alkyl chains, but ultimately the molecular lay-

ers formed on silicon are only kinetically stable. To make truly

ultrastable molecular layers, we realized that a different

approach was needed, starting with materials with higher

intrinsic stability. Seeking the ultimate in stability, we turned

to diamond and other forms of carbon.

3. Ultrastable Molecular and Biomolecular
Interfaces to Diamond
Carbon represents a versatile suite of materials whose prop-

erties can be tuned by controlling the hybridization.22 In dia-

mond, sp3-hybridization and the high C-C bond strength lead

to very high chemical stability and diamond’s supreme posi-

tion as the hardest known material. Diamond’s semiconduct-

ing properties also enable the creation of hybrid bioelectronic

devices similar to devices routinely made from silicon but with

the potential for much greater stability. While diamond is

sometimes considered an esoteric material, thin-film diamond

coatings <1 µm in thickness (consisting of intertwined nanoc-

rystalline particles) can be easily and inexpensively depos-

ited on a wide range of materials including metals, silicon, and

transparent quartz; these diamond films yield the chemical

stability of diamond in a practical and scalable manner. Sim-

ilarly, amorphous and “hard” carbons with mixed sp2-sp3

hybridization can be deposited as thin-film coating materials

that facilitate integration with a wider range of other materi-

als.22 Finally, nanostructured forms of carbon such as carbon

nanofibers are made from sp2-hybridized (graphitic) carbon

and yield high surface-area materials with unusual electrical

characteristics, described below.23

Carbon surfaces are typically cleaned using atomic hydro-

gen, yielding “H-terminated” surfaces that are very reproduc-

ible and stable.24 The high stability of carbon-based materials

makes them difficult to functionalize. Prior studies primarily

used radical reactions of aryldiazonium salts.25,26 Yet, in 2002

we made the surprising discovery that when covered with an

alkene and illuminated with 254 nm light, alkenes graft to the

diamond surface via the CdC group to form well-defined

molecular layers.10 This remarkable discovery has since

formed the basis of numerous studies investigating the prac-

tical implementation and the fundamental mechanisms.

The outstanding properties of diamond as a robust sub-

strate for functional surfaces were first demonstrated using

DNA-modified diamond surfaces.27 As shown in Figure 2,

these were prepared by grafting an alkene bearing a protected

amino group (TFAAD, depicted in Figure 1b) to H-terminated

diamond; the grafted TFAAD was then deprotected and linked

to thio-modified DNA oligonucleotides using the chemical

linker SSMCC.27 The stability and selectivity of the resulting

DNA-modified surfaces were evaluated by exposing the DNA-

modified diamond surfaces to repeated cycles of hybridiza-

tion and denaturation using fluorescently labeled targets with

complementary and noncomplementary sequences. Figure 3

shows a stability comparison with several other substrates of

interest, including commercial amine-modified glass slides

(Corning GAPS II), amine-terminated self-assembled monolay-

ers on gold, and surfaces prepared by photochemically graft-

ing layers to H-terminated Si(111) and to H-terminated glassy

carbon. All of these examples started with amine-terminated

FIGURE 2. Schematic showing the steps in covalent bonding of
DNA to diamond.
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molecular layers and then used identical DNA chemistry. Con-

sequently they have identical molecular structures except for

the two atoms (labeled “A” and “B” in Figure 3a) that form the

molecule-substrate interface.

Figure 3 shows that the two carbon substrates, diamond

and glassy carbon, clearly exhibit superior stability.10 Yet, that

stability is not unique to diamond but is a consequence of the

intrinsic stability of the C-C bonds formed at the interface and

can therefore be extended to other forms of carbon. Subse-

quent studies have extended this work to link antibodies and

other proteins to diamond,20,28-30 to form protein-resistant

and protein-selective surfaces,19,20 and to create new types of

bioelectronic sensing devices using the semiconducting prop-

erties of diamond.30-32 Using carbon as a substrate enables

preparation of a wide range of functional molecular and bio-

molecular layers with a high degree of functionality and with

unprecedented stability

4. Mechanistic Studies of Photochemical
Grafting of Alkenes
While the ability to prepare such highly functional and sta-

ble surfaces is remarkable from its utilitarian aspects, the ini-

tial grafting reaction is also intriguing from fundamental

aspects. In particular, it is puzzling why the grafting reaction

on diamond works at all, because at the wavelength used

(254 nm) diamond and most organic alkenes are almost com-

pletely transparent. Early studies of alkene grafting to silicon

had proposed a mechanism in which illumination with above-

bandgap light creates electron-hole pairs (excitons) in the sil-

icon, and the “holes” (electron vacancies) in the Si valence

band would facilitate a reaction similar to a classical hydrosi-

lylation reaction.6,17 While very reasonable as a mechanism

on silicon, diamond’s large bandgap of 5.48 eV makes it

transparent to light at wavelengths longer than 226 nm. This

left us with the puzzling problem of how a transparent sub-

strate and a transparent alkene can react when illuminated. In

addition, the exciton mechanism cannot easily explain graft-

ing on substrates with metallic properties such as carbon

nanofibers and glassy carbon because these materials have

very short exciton lifetimes.

One important clue to unraveling the mechanism was to

examine how the rate of grafting varied with the electronic

structure of the molecules. In particular, we hypothesized that

if the rate-limiting step in grafting involved the terminal vinyl

(CdC) group, then the reaction efficiency would be indepen-

dent of the functional group at the other end. In reality, exper-

iments on diamond33,34 and amorphous carbon12-15 revealed

pronounced differences in rate between different molecules of

similar size but having different terminal groups. For exam-

ple, on diamond, TFAAD grafts quickly while tBoc grafts much

more slowly (Figure 4a); grafting of 1-dodecene was not

detectable under these conditions. Identical trends are

observed on amorphous carbon12-14 and carbon nanofibers.

To help understand these observations, density functional

calculations were used to estimate the energies of the gas-

phase molecular ionization potentials and electron affinities,

and solvation energy corrections were applied to estimate the

corresponding liquid-phase energies.12,13,35 The results,

depicted in Figure 4b, show that the bifunctional alkenes

investigated all have similar donor levels (i.e., their ioniza-

tion potentials are similar), but their acceptor levels (i.e., elec-

tron affinity) are quite different. Significantly, the trend of

acceptor level energies exactly matches the observed trend of

reactivity: the TFAAD molecule has the lowest-lying acceptor

level because the trifluoroacetamide group is a good elec-

FIGURE 3. Stability of DNA-modified surfaces in repeated cycles of
hybridization and denaturation using 8.3 M urea. Figure adapted
from ref 27.
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tron acceptor (lying well below the conduction band of dia-

mond) and also has the highest reactivity. Other groups such

as the tert-butyl oxycarbamate (tBoc) group and carboxylic acid

methyl esters have higher-lying affinity levels and are less

reactive, while pure alkenes are the poorest acceptors and the

least reactive of the molecules studied.

These studies suggested that grafting on diamond is initi-

ated by a photoemission process in which electrons are

ejected from the valence band of diamond into acceptor lev-

els of the adjacent alkenes. Indeed, this “internal photoemis-

sion” has recently been measured directly, as shown in Figure

4c. For TFAAD, significant photoemission yields are observed

at energies well below the bandgap of diamond, with a thresh-

old at ∼3.9 eV that is similar to the gap between the diamond

valence band and the TFAAD affinity level in Figure 4b. The

difference in photoelectron yield at 4.88 eV (254 nm)

between TFAAD and tBoc corresponds closely to the differ-

ences in reactivity shown in Figure 4a. Similarly, measure-

ments of grafting efficiency vs wavelength (Figure 4d)

correspond closely to the photoemission yield. Definitive proof

that photoelectron emission initiates grafting was provided by

experiments showing that “seeding” a surface with a small

amount of TFAAD greatly enhances the ability to graft other-

wise poorly grafting molecules such as 1-dodecene.13

Figure 5 depicts the overall mechanism gleaned from these

studies. Because the conduction band of diamond is very high

in energy, the lowest-lying excitations involve direct electron

transfer from diamond into the acceptor levels of the alkenes,

as in Figure 4a. Additional studies show that the molecule that

accepts the electron does not necessarily participate in sub-

FIGURE 4. Photoemission initiation of grafting of alkenes to diamond: (a) relative reaction yields of TFAAD and tBoc on diamond using 254
nm light; (b) energy-level diagrams for donor and acceptor levels; (c) direct measurements of photoelectron emission from diamond into
TFAAD and tBoc; (d) yield of TFAAD grafting to diamond at different wavelengths, normalized to constant photon fluence. Figure adapted
from ref 34.
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sequent reaction steps: its primary role is to facilitate the pho-

toelectron emission and the concurrent formation of valence-

band holes (Figure 5b).34 These valence band holes then

undergo a nucleophilic attack by the electron-rich vinyl group

of a second reactant molecule (Figure 5c). Subsequent steps to

restore neutrality and eliminate radical sites are uncertain but

might involve hydride transfer (as in Figure 5d) or radical prop-

agation steps (not shown).

While our mechanistic studies were motivated by a desire

to understand the mechanism on diamond, more recent stud-

ies have shown that this same initiation process, photoelec-

tron emission, is also responsible for UV-initiated grafting on

other forms of carbon12-15 and even on silicon.36 A key point

common to all materials is that grafting of alkenes is induced

by holes at the surface. Absorption of light in a bulk material

creates electron-hole pairs, but the concentration of holes is

limited by recombination. In contrast, the photoemission of

electrons out of the material and into the adjacent liquid is

likely irreversible; consequently, even if photoemission is a rel-

atively inefficient process, each “hole” produced has a reac-

tion probability approaching unity. The significance of this is

underscored by the fact that experiments on amorphous

carbon12-15 and on carbon nanofibers37 (which are both

expected to have very short lifetimes for electron-hole pairs

due to their metallic character), reveal similar trends in reac-

tivity and wavelength dependence: TFAAD has the most fac-

ile reaction, tBoc slower, and pure alkenes the slowest. Finally,

recent studies on very pure, float-zone refined silicon36 show

that when using 254 nm light the grafting rate again has the

same dependence on molecular structure but is unchanged

when the carrier lifetime is reduced 100-fold by intention-

ally introducing midgap recombination centers. This strongly

suggests that even on silicon the UV-induced grafting is initi-

ated by photoemission processes similar to those observed on

diamond.

Ultimately these studies demonstrate that UV-induced pho-

toemission is not limited to wide bandgap materials such as

diamond, but is a more universal way of initiating grafting of

alkenes to various carbon substrates. These factors have

enabled formation of highly functional interfaces on amor-

phous carbon,11-15 glassy carbon,28 and vertically aligned

carbon nanofibers,37-42 facilitating the ability to take advan-

tage of the unique properties of each form of carbon.

5. Optimizing Selectivity: Protein-Resistant
and Protein-Selective Surfaces
Most early studies of biofunctionalized silicon and carbon

were performed in pure buffer solutions where competitive

binding is not significant. However, many applications require

surfaces that can resist nonspecific binding of proteins or sur-

faces that have high affinity for desired target molecules while

resisting others in complex media such as biological fluids.

Self-assembled monolayers terminated with ethylene glycol

(EG) subunits were known to resist protein binding on gold

surfaces,43 but it was not known whether photochemical graft-

ing of short EG oligomers would be effective on diamond or

whether other factors such as roughness of nanocrystalline

diamond films (typically 10-100 nm) would obscure the

effects. Figure 6 depicts data for nanocrystalline diamond films

modified with four different surface treatments, interacting

with four different proteins; these data show that even short

oligomers such as EG6 are highly effective at reducing non-

specific binding of proteins.19,20 Grafting of the EG6 oligo-

mers reduces the nonspecific binding of avidin on

nanocrystalline diamond to less than 0.02 monolayer,19 a

level similar to that observed with self-assembled monolay-

ers on gold.43 Moreover, diamond provides superior stabil-

ity: a comparison of EG modified surfaces of diamond, silicon,

and gold showed that immersion in water for 10 days pro-

duced no change in ability of EG-modified diamond surfaces

to resist nonspecific binding, and XPS measurements showed

no detectable change in the surface chemistry. In contrast, EG-

modified silicon and gold samples both exhibited significant

increases in nonspecific binding and evidence for partial loss

of the EG layers.

The ultimate measure of the selectivity of a biomolecular

interface is the ratio of specific binding (binding of a particu-

lar target molecule in solution) to nonspecific binding. By mak-

FIGURE 5. Schematic illustration of overall mechanism of
photochemical grafting of alkenes on diamond: (a) initiation by
photoemission, (b) possible lateral diffusion of holes, (c) nucleophilic
attack by vinyl group on cationic diamond site, (d) possible hydride
diffusion to restore 4-coordinate C atom at surface and neutralize
molecular charge, leaving (e) final product.
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ing mixed monolayers in which molecules bearing a reactive

group of interest (such as a protected amine for subsequent

modification) are distributed among EG oligomers, one can

significantly improve the overall ratio of specific to nonspe-

cific binding (S/NS ratio). Experimental measurements using

the biotin-avidin system showed that the monolayers formed

using ∼10% of a protected amine in 90% of ethylene glycol

in the parent liquid yielded the best overall selectivity; these

surfaces were able to selectively bind avidin even in serum.19

These experiments demonstrate that multiple properties can

be optimized using mixed monolayers.

6. Covalent Biomolecular Interfaces for
Chemical and Biological Sensing
One of the most intriguing applications of biomolecular sur-

face chemistry on carbon is the potential development of

label-free schemes to convert biological information directly

into electrical,28-32,44 electromechanical,11 or optical45 sig-

FIGURE 6. (a) Scale drawing of avidin being repelled by EG6-
modified diamond surface and (b) measurements of nonspecific
binding of four different proteins on diamond modified with
different pure and mixed layers. Figure adapted from ref 19.

FIGURE 7. (a) Linking of IgG antibody to amine-modified diamond
surface and subsequent recognition and bonding by anti-IgG and
(b) impedance measurement showing real-time detection of
recognition and binding of anti-IgG to IgG-modified diamond
surface acting as the working electrode in a three-electrode
impedance measurement (reference electrode not shown). Figure
adapted from ref 29.
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nals. Direct electronic transduction is possible through changes

in the electrical impedance of the monolayers or, in the case

of semiconducting substrates, changes in the conductivity of

the semiconductor via a “field effect”. In field effect devices,

changes in the charge density near the semiconductor-liquid

interface alter the conductivity in the semiconductor. These

changes can be measured perpendicular to the interface via

electrochemical impedance spectroscopy (EIS)44,46,47 or par-

allel to the interface in a field-effect transistor to achieve label-

free, real-time detection of biological binding events.30 Figure

7 shows one example, in which human immunoglobulin G

(IgG) was linked to a diamond surface and EIS measurements

were used to directly detect the binding of the correspond-

ing antigen, anti-IgG, to the surface-immobilized IgG mole-

cules.29

Additional sensing schemes can also be enabled in which

the binding of solution-phase targets to surface-bound probe

molecules induce changes in the mechanical11 or optical45

properties. For these applications, amorphous carbon can be

useful due to its ease of deposition. For example, the quartz-

crystal microbalance (QCM) uses piezoelectric quartz crystals

to detect submonolayer changes in mass. Coating a QCM crys-

tal with a thin film of amorphous carbon and then using DNA

chemistry like that described above enabled direct, real-time

detection of DNA hybridization.11 Similarly, very thin (<20 nm

thick) amorphous carbon coatings on metal films can preserve

the optical properties of the metal while leveraging the inher-

ent stability of covalently grafted layers. This approach was

used in recent studies of surface plasmon resonance (SPR)

imaging of DNA-DNA binding and protein-DNA binding

events.45

7. Emerging Applications of Covalently
Grafted Molecular Layers in Renewable
Energy
New applications for highly stable surfaces are emerging con-

tinually. Of particular interest are those related to renewable

energy, such as electrocatalysis and solar-to-electrical energy

conversion. In these areas, the electrical properties of the func-

tionalized surfaces are of great importance. Two particular

types of materials are currently of greatest interest: vertically

aligned carbon nanofibers (VACNFs) and metal oxides, partic-

ularly TiO2.

VACNFs are grown by plasma-enhanced chemical vapor

deposition48,49 and can be grown as individual fibers or as

“forests” like those depicted in Figure 8a. VACNFs have a struc-

ture consisting of graphitic sheets in conical structures that

nest inside one another to form a fiber. One consequence of

this structure is that while conventional carbon nanotubes

expose the basal plane of graphite along their sidewalls, trans-

mission electron microscope (TEM) images (Figure 8b) show

that VACNFs expose edge-plane sites every 1-2 nm along the

nanofiber sidewalls.37 Because electron-transfer rates at edge-

plane graphite are ∼105 times faster than those at basal

planes,50 VACNFs are expected to exhibit particularly good

electron-transfer properties. However, VACNFs, like diamond,

have little or no chemical selectivity of their own. Ongoing

research is using molecular layers to tether redox-active moi-

eties to VACNFs to enhance electron-transfer processes and

electrocatalysis.

Studies using the redox-active protein cytochrome c and

also using ferrocene as a model system have both demon-

strated excellent electron-transfer characteristics even when

linked through nominally insulating alkyl chains. For exam-

ple, Figure 8c shows a cyclic voltammogram before and after

linking aminoferrocene to VACNFs via an undecylenic acid

monolayer. The peaks due to oxidation and reduction of fer-

rocene are clearly visible. Surprisingly, however, the molecu-

lar layers on VACNFs do not significantly alter the

nanofiber-liquid capacitance. Additionally, the electron-trans-

fer rates on VACNFs are nearly independent of the length of

the alkyl chain tethering the redox group to the VACNF, rather

than decreasing exponentially with molecular length as would

be expected for electron tunneling through an alkyl chain.

More detailed studies on VACNFs and conventional nanotubes

show that photochemical grafting on VACNFs occurs selec-

tively at the exposed graphitic edges.37,42 As depicted in Fig-

ure 8d, this yields a rather “loose” layer characterized by a

high degree of conformational flexibility. These experiments

lead to a somewhat counterintuitive conclusion: that a less

ordered or disordered molecular layer may perform better

than dense, ordered molecular layers in augmenting electron-

transfer processes at surfaces because in disordered layers the

conformation flexibility of the molecule allows the redox-ac-

tive groups to approach closer to the surface and because

electron transfer processes can occur via through-solvent (sim-

ilar to through-space) tunneling rather than through the alkyl

chains.

A final emerging application of molecular layers involves

molecular interfaces to metal oxides such as TiO2 and ZnO.

These are of increasing interest for applications in renewable

energy such as solar conversion and photocatalysis.2,51

Depending on the molecular structure and other physical and

chemical properties of the interfaces of interest, molecular lay-

ers can play multiple roles: for example, they may augment

Surface Chemistry for Stable and Smart Interfaces Wang et al.
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the construction of catalytic assemblies, they may act as insu-

lators to block undesired electron-transfer processes, and they

may provide molecular scaffolds to link light-harvesting or

electrocatalytic reaction centers to electrode surfaces.

We have recently found that procedures like those

described above will photochemically graft alkenes to nanoc-

rystalline TiO2 thin films and anatase TiO2 single crystals.16,52

A notable result shown in Figure 9 is that molecular layers

grafted onto nanocrystalline TiO2 for 54 days were able to

withstand immersion in 80 °C deionized water and in 65 °C

water at pH ) 1 and pH ) 10.3 with only minimal degrada-

tion.16 While the electronic properties of the layers have not

yet been characterized, the ability to extend molecular graft-

ing from pure covalent materials such as silicon and carbon to

more highly ionic materials such as metal oxides may fur-

ther expand the range of potential applications enabled by

versatile and highly stable chemistry.

8. Conclusions

Covalently grafted molecular layers provide the opportunity to

create highly stable, functional interfaces on a wide range of

materials. Photochemical grafting of alkenes has emerged as

a versatile method for grafting functional molecular layers to

a range of materials including silicon, various forms of car-

bon, and metal oxides. Detailed mechanistic studies have

revealed that a previously unrecognized initiation process,

photoelectron emission, is responsible for initiating the graft-

ing process, providing an understanding of how the electronic

structure of the substrate and of the reactant molecules impact

the grafting process. Recent studies have demonstrated the

FIGURE 8. Grafting to vertically aligned carbon nanofibers: (a) SEM image of nanofibers; (b) high-resolution TEM image showing graphene
sheets intersecting nanofiber edge at an angle of ∼8°; (c) cyclic voltammetry of bare VACNFs and after grafting and functionalization with
ferrocene, demonstrating increased Faradaic current but no change in capacitance; (d) molecular structure at VACNFs, showing preferential
grafting at step edges and conformational flexibility of molecules that enhances electron transfer through the electrolyte instead of through
the alkyl chains. Figure adapted from ref 42.
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use of these layers to form ultrastable layers for biotechnol-

ogy applications such as chemical and biological sensing. The

extension of these methods to nanostructured carbons such as

VACNFs and to metal oxides such as TiO2 may lead to new

applications in renewable energy and other fields of emerg-

ing importance.
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