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TREATMENT OF SUBSTRATES

This invention relates to the treatment of substrates using an electrochemical method. More
particularly, this invention relates to a method of chemically modifying substrates using an

electrochemical method.

Many devices require a pattern of a specific material on a surface. Semiconductor chips are a well-
known example of such devices. A more recent example of such devices are DNA chips, which
comprise an array of oligonucleotides bound to a solid surface (G. Ramsay, Nature Biotechnology,
1998, vol. 16, 40-44).

The properties of such devices depend on the nature and the pattern of the materials on the surface.
Moreover, improvements to existing devices is driven on the one hand by demands for
miniaturisation and on the other by the need for new types of surfaces which combine chemical and
physical features. Hence, there is an increasing need for new methods of fabricating devices which

require a pattern on its surface.

Several methods exist for the treatment of specific regions of surfaces. One method uses
photolithographic technology. Specific regions of a surface are covered with a photolithographic
mask and the exposed regions are modified by exposure to UV light. This method has been used
widely in the manufacture of semiconductors in which apertures are created on the surface of a

semiconductor wafer coated with a light-sensitive compound.

A photolithograpic method has also been employed in the manufacture of DNA chips. In this
method, oligonucleotides having photolabile protecting groups are bound to a solid surface. A region
of the surface is covered with a photolithographic mask and the exposed regions of the surface
irradiated with UV light. Hence, the photolabile protecting groups may be removed from the exposed

region of the surface (G. Ramsay, Nature Biotechnology, 1998, vol. 16, 40-44).

W093/22480 describes a method of treating a surface using an electrochemical method. In this
method, there is provided an electrolyte overlying a surface and an array of electrodes adjacent the
surface. By altering the potential of one or more electrodes of the array, the surface adjacent the one
or more electrodes may be modified. The electrolyte employed is a solution of triethylamine and

sulphuric acid in acetonitrile.

US 6,093,302 describes an electrochemical method of placing a material at a specific location on a
substrate. The material is generated at an electrode and generally reacts with a substance proximate

to the electrode. The use of a buffering or scavenging solution is described. The buffering or
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scavenging solution is intended to improve the resolution of the substrate being treated by reacting
with reagents that move away from the immediate vicinity of the electrodes. However, a bulk
solution containing a buffering or scavenging substance has the disadvantage of quenching not only
those reagents that diffuse away from specific electrodes, but also reagents which are intended to

react at a substrate adjacent a specific electrode.

Schuster et al., Science, 2000, 289, 98-101 describes another method of improving the resolution of
an electrochemical method of treating a surface. Schuster employs a sequence of complicated current

pulses to limit diffusion time.

It is an object of the present invention to provide an improved method of modifying a substrate using
electrochemical means. In particular, it is an object of the present invention to provide a method of

modifying a substrate with improved resolution.

Accordingly, the present invention provides a method of controlling the diffusion of a first redox
product generated by a first electrode comprising generating a second redox product by a second
electrode in proximity to said first electrode, the first and second electrodes being in contact with an
electrolyte, wherein said electrolyte is such that the first redox product is quenchable by the second

redox product.
Preferably, the second electrode is a counter electrode.

Preferably, the first redox product is an active redox product, which may be used for modifying a

substrate adjacent the electrode.

Hence, in another aspect, the present invention provides a method of treating a substrate, which
method comprises providing an electrolyte in contact with the substrate and one or more electrodes
adjacent the substrate and in contact with the electrolyte, and altering the potential of at least one
electrode so as to generate an active redox product which modifies the substrate adjacent the at least
one electrode, characterised in that the electrolyte is such that the active redox product is quenchable

by a second redox product.

By quenchable, it is meant that the second redox product is capable of reacting with the first redox
product and modifying its reactivity so that the first redox product does not react in the same manner
as it would in its original form. When the first redox product is an active redox product, the reaction
between the active redox product and the second redox product will prevent the active redox product

from modifying a substrate. For example, in the case where the active redox product is an acid, the
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second redox product may be a base. The reaction between the acid and the base quenches the acid

and prevents it from modifying a substrate.

In a preferred embodiment, the quenching reaction will regenerate one or more of the substances in

the electrolyte.

By active redox product, it is meant any oxidation or reduction product which is capable of
modifying a substrate. The active redox product may be generated directly by oxidation or reduction
of a substance in the electrolyte. Alternatively, the active redox product may be generated indirectly
by oxidation or reduction of a substance in the electrolyte followed by one or more subsequent

reactions with other substance(s) in the electrolyte.

Generally, the active redox product is generated at the surface of an electrode. The active redox
product may then modify a substrate adjacent thereto. An acid is a preferred example of an active
redox product. An acid may be involved in many types of reaction on a substrate, for example
eliminations, substitutions, rearrangements and chemical etching. Preferably, when the active redox

product is an acid, the acid is used to remove an acid labile protecting group from a substrate.

Acid labile protecting groups are well known to a person skilled in the art and include, for example,
acetals (e.g. methoxymethyl, methylthiomethyl, (2-methoxyethoxy)methyl, benzoyloxymethyl, B-
(trimethylsilyl)ethoxymethyl, tetrahydropyranyl, benzylidene, isopropylidene, cyclohexylidene,
cyclopentylidene), esters (e.g. benzoyl, benzoyloxycarbonyl, tert-butoxycarbonyl), ethers (e.g. trityl,
dimethoxytrityl, tert-butyl) and silyl ethers (e.g. tert-butyldimethylsilyl, trimethylsilyl, triethylsilyl).
Preferably, the acid labile protecting group is a trityl or dimethoxytrityl (DMT) ether, which are

protecting groups commonly used in the synthesis of oligonucleotides.

Likewise, the active redox product may be a base. Bases may be involved in many types of reaction

on a substrate. For example, a base may be used to remove a base-labile protecting group.

Base-labile protecting groups are well known to a person skilled in the art and include, for example,

9-fluorenylmethoxycarbonyl (Fmoc) and cyanoethyl groups.

Radicals are another example of an active redox product. Radicals may be used to initiate radical
reactions on a substrate. Electrochemical methods for generating radicals will be well known to the
skilled person. One commonly used method for electrochemically generating a radical is the

oxidation of carboxylate anions.
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Halogens are another example of an active redox product. Halogens may be used in, for example
oxidation reactions or addition reactions on a substrate. Halogens may be produced electrochemically

by oxidation of the corresponding halide ion.
These and other examples of active redox products will be readily apparent to the skilled person.

The method of the present invention is used to treat a substrate. As used herein, the term substrate
refers to any material or substance which is adjacent the electrode(s) and which may be modified by
the active redox product. The substrate may be separate from the electrode(s), in which case the
substrate is placed adjacent the electrodes and then removed from the vicinity of the electrode(s)
after the redox reaction has taken place. Alternatively, the substrate(s) may be attached to the
electrode(s) themselves or attached to the same surface as the electrode(s). If desired, the substrate(s)

may be cleaved from the electrode(s), or the same surface, after the redox reaction has taken place.

Hence, in one embodiment, the substrate is the surface of a material which is separate from and
adjacent the electrode(s). Thus, the substrate may be the surface of a glass, plastics, solid fibre
matrix, metal, semiconductor or gel material. The surface of this material may be modified directly
by the redox reaction. Moreover, in this embodiment, the surface of the material may have
substances attached thereto. Organic compounds, for example, may be attached to (and optionally
cleaved from) the surface of a material by known methods. Thus, substances attached to the surface

of the material may be modified by the redox reaction.

In another embodiment, the substrate is a substance attached to the same surface as electrode(s), or a
substance attached to the electrode(s) themselves, via a linker group. US 6,093,302 describes the

latter of these arrangements wherein the substrate is attached to the electrode(s) via linker groups.

The method of the present invention is similar to the method described in W093/22480. However,
the method of the present invention differs in the choice of electrolyte. W093/2240 employs an
electrolyte which is triethylamine and sulphuric acid in acetonitrile. The present invention uses an
electrolyte in which the active redox product is quenchable by at least one other redox product. An
advantage of this electrolyte is that it is possible to confine precisely an active redox product to the

region immediately surrounding the electrode by which it was generated.

In the method described in W093/22480, the confinement of an acid at a specific region is controlled
by variation of the electrode potential. However, the present inventors have found that after
prolonged electrolysis, the acid is unconfined when the electrolyte is triethylamine and sulphuric acid
in acetonitrile. Poor confinement of acid leads to poor resolution of the substrate being treated. For

example, protons which diffuse away from the immediate vicinity of the anode may react at the
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substrate in the zone between electrodes. The adventitious reaction of diffused protons in this way is
undesirable from the point of view of obtaining high resolution patterned substrates. By choosing an
electrolyte in accordance with the present invention, the problems of the prior art electrolyte may be

avoided. It is an important feature of the present invention that the electrolyte is chosen such that the

active redox product is quenchable by at least one other redox product.

The skilled person will be aware of many examples of electrolytes which produce an active redox

product that is quenchable by another redox product.

An example of such an electrolyte is a combination of I' and S40¢%. Oxidation of iodide at the anode
produces iodine (an active redox product), while reduction of S4O¢” at the cathode produces $,04%,
which may quench the iodine generated at the anode. The reactions in the electrolyte may be

represented as follows:

Anode: A°-2 =2 L
Cathode: S:06” +2¢ > 25,05"
Todine is quenched by the reaction: 25,0:% + 1, 2 8,06 +2I°

Preferably, the active redox product is an acid and the quenching redox product is an anion,
preferably an organic radical anion. Usually, the acid is generated at the anode by oxidation of an
alcohol, which may be any aliphatic or aromatic alcohol. In such electrolytes, the quenching anion is
usually generated at the cathode by reduction of a suitable substance. Many substances may be
reduced at the cathode to produce an anion, which may quench the acid formed at the anode. For

example, dissolved molecular oxygen may be reduced at the cathode, thereby generating O" and/or

0,%.

An example of an electrolyte that produces suitable redox products is a combination of a ketone and
a corresponding alcohol. Oxidation of the alcohol at the anode produces a proton (the active redox
product), while reduction of the ketone at the cathode produces a radical anion which may quench

the proton generated at the anode.
The reactions in the electrolyte may be represented as follows:

Anode: R!CH(OH)R? > R!C(O)R? + 2H" + 2¢°
Cathode: R'C(O)R* + & > [R'C(O)R’]"

wherein:
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R! and R? are independently selected from optionally substituted C; to Cys hydrocarbyl wherein up to
three C atoms may optionally be replaced by N, O and/or S atoms; or

R' and R? together form an optionally substituted C; to C;s cyclohydrocarbylene wherein up to three
C atoms may optionally be replaced by N, O and/or S atoms.

Preferably, R' and R? are independently selected from optionally substituted Cig alkyl, Css
cycloalkyl or phenyl groups.

The term “hydrocarbyl” is used herein to refer to monovalent groups consisting of carbon and
hydrogen. Hydrocarbyl groups thus include alkyl, alkenyl and alkynyl groups (in both straight and
branched chain forms), cycloalkyl (including polycycloalkyl), cycloalkenyl and aryl groups, and
combinations of the foregoing, such as alkylcycloalkyl, alkylpolycycloalkyl, alkylaryl, alkenylaryl,
alkynylaryl, cycloalkylaryl and cycloalkenylaryl groups.

The term “hydrocarbylene” is used herein to refer to divalent groups consisting of carbon and
hydrogen. Cyclohydrocarbylene groups thus include cycloalkylene, cycloalkenylene and arylene

groups.

The term “aryl” is used herein to refer to an aromatic group, such as phenyl, naphthyl or anthracyl.
Alternatively, when an aryl group has carbon atoms replaced by O, N and/or S, the term aryl refers to
a heteroaromatic group, such as pyridyl, pyrrolyl, thienyl, furanyl imidazolyl, triazolyl, quinolinyl,

isoquinolinyl, oxazolyl or isoxazolyl.

Where reference is made herein to optionally substituted groups, the substituents are preferably
selected from C; to Cs alkyl, C; to Cg alkoxy, thio, C; to Cg alkylthio, carboxy, carboxy(C; to
Cyo)alkyl, formyl, C; to Cs alkylcarbonyl, C; to Cs alkylcarbonylalkoxy, nitro, trihalomethyl, hydroxy,
C; to Cs alkylhydroxy, hydroxy(C; to Cg)alkyl, amino, C; to Cs alkylamino, di(C; to Ce alkyl)amino,
aminocarboxy, C; to Cs alkylaminocarboxy, di(C; to Cs alkyl)aminocarboxy, aminocarboxy(C,; to
Coalkyl, C; to Cg alkylaminocarboxy(C; to Ce)alkyl, di(C; to Cs alkyl)aminocarboxy(C; to Ce)alkyl,
C; to Cg alkylcarbonylamino, Cs to Cg cycloalkyl, Cs to Cg cycloalkyl(C; to Ce)alkyl, C; to Cg
alkylcarbonyl(C;to Cs alkyDamino, halo, C; to Cg alkylhalo, sulphamoyl, tetrazolyl and cyano.

As used herein, “halo” or “halogen” refers to iodine, bromine, chlorine or fluorine.
The nature of R! and R? may be varied to change the redox characteristics of the electrolyte. For

example, the introduction of substituents on R! and R? may change the potential at which oxidation

or reduction occurs.
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Preferred examples of ketone/alcohol electrolytes are 2-propanone/iso-propanol and

benzophenone/benzhydrol, in a suitable organic solvent.

Another example of a suitable electrolyte is benzoquinone/hydroquinone and derivatives thereof.

Such electrolytes may be a combination of:

OH 0

and

wherein R3, R“, R’ and R® are independently selected from:
hydrogen, halo, nitro, hydroxyl, thio, nitro, amino,
optionally substituted C; to C;s hydrocarbyl wherein up to three C atoms may optionally be replaced

by N, O and/or S atoms; or
R® and R* and/or R® and R® together form an optionally substituted C; to C;s cyclohydrocarbylene

wherein up to three C atoms may optionally be replaced by N, O and/or S atoms.

Preferably, R, R*, R® and RS are independently selected from hydrogen, optionally substituted C;.g
alkyl or R¥R* and R’/R® together form an optionally substituted Cs-Cy, arylene group, such as

phenylene.

The nature of R®, R*, R® and R® may be varied to change the redox characteristics of the electrolyte,
for example to alter the precise potential at which oxidation or reduction occurs. Preferred examples
of electrolytes based on benzoquinone/hydroquinone derivatives are anthraquinone/anthraquinol and

duroquinone/duroquinol, in a suitable organic solvent.
In a preferred embodiment, the electrolyte comprises a mixture of benzoquinone and hydroquinone
in acetonitrile. This mixture provides an active redox product which is a hydrogen ion. The hydrogen

ions (protons) are quenchable by a benzoquinone radical anion.

Specifically, hydroquinone is oxidised at the anode to produce benzoquinone and protons:
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OH O

OH O

The protons liberated by the oxidation of hydroquinone are mostly localised at the anode and may
modify a substrate adjacent thereto. For example, the protons may deprotect a substrate bearing an
acid labile protecting group.
Benzoquinone is reduced at the cathode to produce a benzoquinone radical anion:

o 0 -

+e

O 0O

The benzoquinone radical anion is a relatively stable species in solvents such as acetonitrile. This
radical anion quenches any adventitious protons which escape from the immediate vicinity of the

anode, in accordance with the following reaction:

.

T o 7°

0 OH
o l¢' + ©
O OH

In this way, the resolution of a region of a substrate being treated may be improved by localising the

o |

active redox product generated at an electrode, for example, a proton generated at the anode.

The electrolytes used in the present invention may comprise any suitable solvent, such as water, THF
(tetrahydrofuran), methanol, ethanol, DMF (dimethylformamide), dichloromethane, diethyl ether,
DMSO (dimethylsulfoxide) or acetonitrile. The skilled person will appreciate that the choice of
solvent may influence the kinetics or equilibrium of the redox reactions at the electrodes and/or the

quenching reaction. The solvent may affect the reactivity of a species in solution by, for example,
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