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Abstract

Atomic force microscopy (AFM) with chemical specificity using chemically modified AFM probes, so-called
chemical force microscopy, was applied to study surface chemical reactions on the nanometer scale. To overcome the
typical limitations of conventional AFM in following reactions in real-time, i.e. slow data acquisition, as well as thermal
and instrumental drifts, we have introduced a new approach, named inverted chemical force microscopy (ICFM). In
iCFM the reactants are immobilized on the AFM tip rather than on the substrate. The chemical reactions take place at
the surface of the tip and are probed in real-time by force-displacement measurements on an inert octadecanethiol-
covered Au substrate. The reactions studied were the hydrolysis and aminolysis of 11,11’-dithiobis(N-hydroxysuccin-
imidylundecanoate) (NHS-Cy,). By iCFM intermolecular interactions and hence reaction kinetics can be quantitatively
studied on the level of ~10-100 molecules. In particular, our iCFM data showed that the aminolysis reaction with
n-butylamine on SAMs of NHS-C, is a spatially heterogeneous reaction. In addition, information about the defect

density of reactive SAMs was obtained.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Self-assembled monolayers (SAMs) offer unique
opportunities to increase the fundamental understand-
ing of self-organization, structure—property relation-
ships, and interfacial phenomena [1,2]. Their centrally
important role as model systems for studies of physical
chemistry and physics in two dimensions, respectively
three dimensions [3], is based on their high level of
structural definition, as well as their ease of access.
SAMs provide the needed design flexibility, both at the
individual molecular and at the material level, and offer
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a vehicle for the investigation of specific interactions at
interfaces, and in particular chemical reactivity of two-
dimensional assemblies [4].

Chemical reactions on SAMs, as well as on other
soft, i.e. organic or polymeric, surfaces play a crucial
role in many applications, ranging from array technol-
ogies for genomics and proteomics [5] to (bio)sensors [6].
However, compared to reactions occurring in solution,
chemical reactivity in ordered ultrathin organic films,
such as Langmuir monolayers at the air-water interface
[1,7] or SAMs on solid supports [1,8], can be very dif-
ferent. Since the functional groups or molecules involved
in these reactions are packed more or less tightly at
interfaces, these differences can be attributed to “con-
finement effects” [4,9]. Steric effects due to the necessary
immobilization are likely to be exacerbated for certain
surface reactions, leading to an energy barrier higher
than would be expected in solution chemistry.
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Fig. 1. Schematic of “inverted” chemical force microscopy for the reaction between NHS-esters and a nucleophile X. In this iCFM
experiment, the pull-off forces between an AFM tip covered with a SAM of NHS-C), and an inert octadecanethiol SAM are measured
in situ during the conversion of the reactive groups attached to the tip. The interaction between tip and inert surface varies with the
extent of the reaction and hence allows one to quantitatively investigate the reaction kinetics on the nanometer level.

The rapidly continuing development of smaller bio-
arrays and protein chips with continuously increas-
ing information density [10], as well as decreasing
features sizes in, for instance, microfluidic devices and
systems [11,12], impose more stringent requirements for
the involved surface modification reactions [13]. Espe-
cially in the area of localized chemical reactions with
sub-100 nm spatial control, new challenges in synthetic
surface chemistry, as well as in the analysis of reac-
tions at surfaces at the relevant length scales, must be
addressed.

Using chemical force microscopy (atomic force
microscopy (AFM) with chemical specificity) [14,15]
local differences in chemical composition on a meso-
scopic level and functional group distributions were
determined in laterally resolved pull-off force [16-18] or
friction force measurements. The approach relies on the
measurement of intermolecular interactions between
functional groups exposed on a chemically modified
AFM tip with functional groups exposed on the sub-
strate. Since the relation between pull-off force and the
work of adhesion can be utilized to analyze changes in,
e.g., surface free energy of the two contacting surfaces,
spatial and temporal changes in chemical composition
can be directly assessed [15]. Thus, surface reaction can
be in principle followed by pull-off force mapping.

However, in addition to thermal and instrumental
drifts, spatially and temporally resolved pull-off force
measurements are limited by the currently very slow
data acquisition [19]. These technical difficulties are
eliminated in a novel approach, named “inverted”
chemical force microscopy (iCFM) [20]. This approach
was introduced to enable us to study surface reactions of
organic thin films with nanometer-level adhesion mea-
surements using AFM (Fig. 1).

In iCFM, the reactants are immobilized on the AFM
tip rather than on the sample surface. The pull-off forces
between the AFM tip covered with the reactant and an
atomically smooth inert substrate are measured in situ
during the reaction of the reactive groups with the other
reactants that are dissolved in the imaging liquid. The
interaction between tip and inert surface varies system-
atically with the extent of the reaction and hence allows
one to quantitatively investigate the reaction kinetics.
The compositional information obtained is confined
to the contact area at pull-off, i.e. several nm? [15].
Therefore, interactions, local composition, and also
reaction kinetics can be studied on the nanometer scale.
As discussed here, this approach allows one to study and
elucidate the origin of retarded or heterogeneously
occurring surface organic chemical reactions on, e.g.,
granular gold surfaces at the relevant length scale.

In this paper we report on a systematic iCFM study
of the kinetics and mechanisms of versatile reactions of
an important class of bioreactive SAMs, namely SAMs
of 11,11’-dithiobis(N-hydroxysuccinimidylundecanoate)
(NHS-Cyg) on Au. ! The results reported here for the
investigation of the base-catalyzed hydrolysis and ami-
nolysis of NHS-C;, show that this methodology is
quantitative down to the molecular scale and is fully

' SAMs of NHS-Cy, have been used for the immobilization
of native biomolecules onto gold, for the modification of gold
surfaces with bioaffinity ligands, and for the development of
gold biosensor chips (see, e.g. [21]). Previous work in our group
has unveiled peculiar chain length-dependent reactivity differ-
ences of NHS-ester SAMs (Ref. [22]) indicating a reactivity
decrease with improved packing (long chains).
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applicable to a broad range of important solution phase
(bio)organic surface reactions.

2. Experimental
2.1. Reagents

11,11’-Dithiobis(N-hydroxysuccinimidylundecanoate)
(NHS-Cyy) was synthesized as reported in Ref. [22].
n-Butylamine was obtained from Aldrich, sodium
hydroxide concentrate (for preparation of volumetric
solution 1.00x 1072 M) was obtained from Fluka. All
the organic solvents, except for ethanol (p.a.; Merck),
were purchased from Biosolve and used as received.

2.2. Contact angle measurements

The advancing and receding contact angles 0,4, and
Orec, respectively, were measured with Millipore water as a
probe liquid by using a contact angle microscope (Data
Physics, OCA 15plus). Contact angles were determined at
room temperature and ambient humidity. For this pur-
pose a 1 pl drop of water was placed on the monolayers.
Water was then added to (removed from) the drop until
the front was seen to advance (recede) across the surface.
Once observable motion has ceased, the advancing
(receding) contact angle was measured without removing
the needle from the drop. A set of at least three different
locations was averaged per monolayer sample.

2.3. Polarized grazing incidence reflection Fourier trans-
form infrared (GIR-FTIR) spectroscopy

The FTIR spectroscopy data were collected using a
BIO-RAD model FTS575C FTIR spectrometer using a
GIR accessory (BIO-RAD) and a liquid nitrogen-cooled
cryogenic mercury cadmium telluride (MCT) detector.
Measurements were performed at room temperature; the
spectrometer was continuously purged with nitrogen.
The spectra were collected at an angle of incidence of 87°
relative to the surface normal. 1024 scans recorded with
a resolution of 4 cm™! were ratioed against the previ-
ously obtained background spectrum (SAM of ds3-
hexadecanethiol on gold).

2.4. Kinetics studies

The hydrolysis and aminolysis of NHS ester SAMs
were carried out in a thermostatted 1.00x 102 M solu-
tion of NaOH and in a 3.00x10-2 M solution of n-
butylamine, respectively. All experiments were carried
out at 30£0.5 °C (FTIR, CA) and 27%2 °C (iCFM).
Following the reactions, samples used for FTIR and CA
measurements were rinsed with H,O, 1 M HCI, H,O,
and finally with CHCl;.

2.5. AFM tip modification

V-Shaped silicon nitride cantilevers with pyramidal
tips (purchased from Digital Instruments, Santa Bar-
bara, CA) were coated with ca. 2 nm of Ti and ca. 75 nm
of Au by evaporation in high vacuum, followed by SAM
deposition from 0.1 mM ethanolic solutions containing
NHS-Cy as described previously [18].

2.6. AFM measurements and analysis

The AFM measurements were carried out with a
NanoScope III multimode AFM (DI) utilizing a 10 pm
(E) scanner and a DI liquid cell. The calibration of the
AFM scanner in the z-direction was carried out using a
set of three vertical calibration standards, TGZ 01-03
with step heights of 25, 104, and 515 nm, respectively
(NT-MDT., Moscow., Russia). The cantilever spring
constants (in the range of 0.05-0.12 N/m) were cali-
brated using the reference cantilever method described
by Tortonese and Kirk [23] and by the thermal noise
method [24]. The shape of the gold-modified tips was
determined by imaging an array of sharp tips (TGTO1,
NT-MDT) and by scanning electron microscopy (JEOL
JSM-T 220A).

2.7. Ester hydrolysis and aminolysis studied by iCFM

Force displacement data were acquired on a Nano-
scope 11T AFM (Digital Instrument, Santa Barbara, CA)
with a custom-made signal acquisition setup and soft-
ware analysis package. Using a signal breakout box
(Signal Access Module, Digital Instruments, Santa
Barbara, CA), the scaled voltage signals of the applied
z-piezo position and the cantilever deflection signal were
simultaneously measured with a data acquisition card
(National Instruments, AT-MIO-16EX). Force curves
(typically using a z-travel of 500-1000 nm) were acquired
sequentially and analyzed in real time to determine the
pull-off force, zero-deflection voltage, and maximum
applied force. The pull-off force was measured for each
force curve by determining the lowest cantilever deflec-
tion voltage value for each of the force curves and was
logged to a data file before being analyzed further off-
line. The mean values of each 200 sequentially captured
pull-off events were calculated and plotted as a function
of reaction time. For all pull-off force data we observed
symmetric histograms.

3. Results and discussion

The reaction kinetics of the surface reactions
described in this paper was first assessed on a “macro-
scopic” scale on substrates with self-assembled mono-
layers of NHS-Cy, (Fig. 2). During the reaction of the
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Fig. 2. Schematic illustration of the reaction between SAMs of NHS-C;, and sodium hydroxide and n-butylamine, respectively.

SAMs of NHS-C;, with sodium hydroxide (1.00x 1072
M) and n-butylamine (3.00x 10~2 M) the corresponding
carboxylate and amide-terminated SAMs were formed,
as shown schematically in Fig. 2.

The progression of the hydrolysis and the aminolysis
of the ester groups confined in the monolayers was
determined by GIR-FTIR spectroscopy and contact
angle measurements. In Fig. 3 the GIR-FTIR spectrum
of NHS-C;, adsorbed on gold is presented. During the
reaction with 1.00 x 10~2 M NaOH at 30 °C the bands at
ca. 2920 cm™' and at ca. 2850 cm™!, which are assigned
to the asymmetric C-H stretching vibration, v,s (CH,),
and to the symmetric C-H stretching vibration, v,
(CH,), respectively, do not show changes. The strong
band at 1748 cm™', assigned to succinimidyl carbonyl,
v(C=0), decreases in absorbance with the progress of
the reaction and finally vanishes (Fig. 4c).

0.006 -

va(CH)). v(CH,))

|

After the reaction of SAMs of NHS-C;, with n-
butylamine, the presence the amide I (1650 cm™') and
amide II (1550 cm™") bands is diagnostic of the amide
groups formed during the reaction (Fig. 4b). The dis-
appearance of the succinimidyl ester bands is indicative
of a complete consumption of the activated ester groups
and thus a complete conversion.

For both reactions the kinetics was determined by
measuring the decrease of the integrated intensity of the
succinimidyl carbonyl band. The extent of the reaction x
(Fig. 5) is expressed by

Ao — A,
X = A (1)

where 4 is the integrated absorbance of the succinimide
ester carbonyl band at time zero, 4, at time ¢, and 4., at
infinitive time, respectively.

succinimidyl carbonyl

AN

ester carbonyl

AN
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Fig. 3. GIR-FTIR spectrum of NHS-C;, adsorbed on gold. The most prominent bands are the asymmetric C—H stretching vibration,
vas (CHa), at ca. 2922 cm™', the symmetric C-H stretching vibration, vy (CH,), at ca. 2852 cm™!, the C=0 stretching vibrations,

v (C=0), assigned to the ester carbonyl at 1815 and 1785 cm™, as well as to the succinimidyl carbonyl at ca. 1748 cm™

1
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Fig. 4. Low-energy region of GIR-FTIR spectra of (a) NHS-C), adsorbed on gold, (b) NHS-Cy, on gold after reaction with 3.00x 102
M n-butylamine at 30 °C, and (c) NHS-C, on gold after reaction with 1.00x 10~ M NaOH at 30 °C.
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Fig. 5. Plots of In[1 — x] (x: extent of reaction) as function of reaction time for the hydrolysis (left) and plot of [1 — x| for the aminolysis
of NHS-C, (right) as determined ex situ by FTIR spectroscopy (filled symbols) and by contact angle measurements (open symbols).
The solid lines correspond to fits of the FTIR data (least-squares fit of the hydrolysis and sigmoidal fit for the aminolysis data,

respectively).

The progression of the hydrolysis was also deter-
mined from the corresponding changes in contact angles
(CA) as a function of time. Hydrolysis causes a signifi-
cant increase in wettability with water, (6, (t = 0) = 60°;
0, (t = 00) < 10°), while the aminolysis leads to an
increase in hydrophobicity (0, (¢t =0) = 60° 0, (t =
o0) = 85°). If the two components in a mixed monolayer
act independently and the effect of surface roughness
and phase separation can be neglected, the experimen-
tally determined contact angles 0.y, can be described by
Cassie’s equation. Therefore the surface coverage during
the reactions was calculated by using Cassie’s equation

(Fig. 5) [25).
€08 Oexp = f1 - cOs 0y + f> - cos 0,

2

where f; and f; are the fraction of the surface having
inherent contact angles 6, and 6,. For the quantitative

analysis of the CA data we restricted the analysis to
conversions <40% in order to avoid a correction of the
CA data [28].

In the case of hydrolysis of SAMs of NHS-C;, both
FTIR and CA measurements showed an exponential
decrease of NHS ester coverage with increasing reaction
time. The calculation of the rate constants for the
hydrolysis of NHS-Cy, was performed according to
pseudo-first-order kinetics. The linearization of the
FTIR spectroscopy data yielded a pseudo-first-order
rate constant k' of (4.5%£0.4)x107* s7!, the corre-
sponding second-order rate constant k” is (4.5%0.4)x
1072 M~'s™!, in agreement with contact angle data,
which yielded a pseudo-first-order rate constant &’ of
(4.5+23)x10*s.

In contrast to the hydrolysis, the aminolysis of NHS-
Cyp showed a sigmoid kinetics with a half-life of the
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reaction in 3x1072 M aqueous n-butylamine of
(26851 40) s, in good agreement with the half-life of
(2800 +40) s estimated from the CA data.

The FTIR and CA data suggest a homogeneously
proceeding hydrolysis and a heterogeneously occurring
aminolysis [4,20]. In order to confirm these hypotheses
and to obtain a better understanding of these reactions
we investigated the kinetics of the above-mentioned
reactions on the relevant length scale, i.e. on the nano-
meter scale, by “inverted” chemical force microscopy
(iCFM) (Fig. 1). In these experiments the force required
to pull gold-coated AFM tips functionalized with SAMs
of NHS-C, out of contact with an inert octadecanethiol
SAM on flat Au(1 1 1) was monitored in real-time during
the reaction in aqueous NaOH and n-butylamine for the
hydrolysis and aminolysis, respectively.

The data were acquired with a frequency of one
force—displacement curve per second and subsequently
analyzed using a custom-made software. To calculate a
mean pull-off force for a given time, 200 pull-off events
were averaged. The changes in average pull-off forces
are directly related to changes in surface composition of

244 T=27°C; 1.00 x 102 M NaOH
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the contact area at pull-off [14]. The corresponding
pull-off forces were found to decrease for the hydrolysis
(Fig. 6), while for the aminolysis the forces increased
(Fig. 7). These trends are in full agreement with the
expected trend in aqueous medium, where to a first
approximation increasing hydrophobicity leads to
increasing pull-off forces due to increasing solvent
exclusion [26].

Fig. 6 shows clearly that during the hydrolysis the
measured pull-off forces decreased right after the start of
the experiment, while for the aminolysis an induction
period (in Fig. 7, 1000-1500 s) was observed. In different
iCFM experiments we recorded vastly different induction
periods (vide infra).

From the measured changes in pull-off forces, the
local composition and the conversion of the corre-
sponding chemical reaction can be determined on the
nanometer scale. The conversion x of ester groups to
carboxyl or amide groups was calculated from

_hk-Fk
7E)7F>o

Fig. 6. Plot of pull-off forces as function of reaction time during hydrolysis of NHS-C,, determined by iCFM, as well as representative

force—displacement curves.
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Fig. 7. Plot of pull-off forces as function of reaction time during hydrolysis (left) and aminolysis (right) of NHS-C10 determined by

iCFM, as well as representative force—displacement curves.
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Fig. 8. Plots of In[1 — x] (x: extent of reaction) as function of reaction time for the hydrolysis (left) and plot of [1 — x] for the aminolysis
of NHS-C)j (right) as determined in situ by iCFM. The solid line corresponds to a least-squares fit of the hydrolysis and a sigmoidal fit

for the aminolysis data.

where Fy, F;, and F,, denote the measured average pull-
off forces at 1 =0, ¢t =¢, and ¢ = oo, respectively. This
equation assumes that the forces change linearly with
the work of adhesion [20,27]. The progress of the reac-
tion is shown in Fig. 8.

The linearization of the surface coverages calculated
from the iCFM data during the hydrolysis of NHS-Cy,
confirmed the previously observed pseudo-first-order
kinetics for this reaction [22] and yielded a pseudo-
first-order rate constant &’ of (3.0£0.3)x10~* s~!. This
value is in good agreement with the FTIR data (k' =
(4.5+0.4) x 107* s7) considering the slightly different
reaction temperatures [28].

This result for the homogeneously occurring hydro-
lysis reaction shows in particular that the reaction can
indeed be followed quantitatively on the scale of 20-50
molecules (vide infra) and that it proceeds on this scale
similarly as it does on the scale of >10'> molecules as
sampled, e.g., by FTIR. Possible effects of the substrate
roughness on local order are negligible, 2 since the type
of gold surfaces is identical for the FTIR and iCFM
measurements. In addition, pressure effects of the AFM
tip that contacts the inert SAM periodically, diffusion
and mixing problems of the reactants in solution, and
limited stability of the SAMs in the reaction medium can
be excluded. The data is also fully consistent with our
previous report, where the reactivity of related ester-
terminated SAMs was analyzed. In this case, high res-
olution AFM imaging before and after the reaction on
Au(111) could be applied to verify the integrity of the
SAM in molecularly resolved AFM images [20].

The aminolysis of NHS-Cy, studied by iCFM shows
a sigmoid kinetics with a mean half-life of the reaction in

2 Previous AFM work showed that the packing on granular
gold is very similar to Au(111) [29a], although local disorder
may be caused by granular gold resulting in altered average
surface energies [29b].

3.00x 1072 M aqueous n-butylamine of (2600 % 10) s,
which is in excellent agreement with the half-life of
(2685 £ 40) s estimated from the FTIR data. This mean
value is the average of many individual experiments and
shows that an average of the localized data indeed
reproduces ‘‘macroscopic” kinetics quantitatively. On
the other hand, each of the individual reaction profiles
acquired on the nanometer scale contains novel nano-
meter scale information (Fig. 9).

In order to assess the sampling spot size, the number
of interacting molecular pairs between the iCFM tips
and SAMs of ODT on Au(l11) was determined using
the Johnson-Kendall-Roberts (JKR) theory of contact
mechanics [30]. * An independent estimate was based on
a statistical analysis of the observed rupture forces
according to a method based on the analysis of the
Poisson distribution [32]. We observe on average 20-50
interacting molecular pairs following both methods (Fig.
10). The spread in the numbers can be attributed to
variations in tip radii, which is proportional to the pull-
off force according to the JKR theory [31], and is likely
determined by the grain size of the gold coating [20].

The very small contact area of 5-13 nm? was calcu-
lated from these numbers using an assumed area per
molecule of 25 A2 [20,33,34]. The pseudo-first-order
kinetics of the hydrolysis and the absence of any
induction period indicate a spatially homogeneous reac-
tion on the mentioned length scale. By contrast, the
aminolysis is more interesting and reveals new infor-
mation. In Fig. 10 a histogram of the induction periods
observed for the aminolysis, as well as a plot of the

3 Pull-off force measurements yielded the work of adhesion
of W, = 11 mN/m according to Fyu.or = —3/2nRW,,. The tip
radius R was determined using scanning electron microscopy;
the contact area at pull-off A,yor, using the JKR approach
(Ref. [30]) was calculated as Apyonr = n(3nR2 W12 /2K )2/ 3 where
K denotes the reduced modulus (K = 25 GPa, see e.g. [31]).
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iCFM force measurements. The arrows indicate three widely
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Fig. 10. Plot of induction period vs number of interacting pairs

estimated using both the JKR theory and the Poisson method

(inset: histogram of induction periods as measured by iCFM

during aminolysis of NHS-Cj).

experimentally determined induction period vs the
number of effectively interacting molecular pairs, are
shown.

Based on a linear regression analysis, the average
number of effectively interacting molecular pairs, for
which the induction period becomes zero, is estimated to
be 8514 pairs (Poisson) and 77 = 3 pairs (JKR) (area ~
20 nm?). Based on the interpretation that the reaction
starts at defect or initiation sites, this value corresponds
to 5x 10" defects/cm®> and an approximate mean dis-
tance between neighboring defects of ~2.5 nm. By
comparing these values with the number of pinholes
found in etch-resistant SAMs of, e.g., ODT on gold
(several thousand pinholes/cm?) [35], it seems that the
initiation sites are unlikely pinholes, but may be defects
in optimal head group packing [22].

Since we know that the change in surface free energy
and hence work of adhesion and pull-off force is sub-
stantial for the studied reaction, any change in surface

composition of the molecules immobilized in the SAM
on the tip must be accompanied by a change in pull-off
force. Thus, the presence of an induction period indi-
cates no significant conversion of the corresponding
NHS ester groups. Thus, the occurrence of the induction
periods for the aminolysis (Figs. 9 and 10) is a clear
indication for the presence of a spatially heterogeneous
reaction. Consequently, the distribution of the induction
periods yields information on the monolayer structure
and heterogeneity.

The heterogeneity can be caused by differences in
packing in the SAM, such that the nucleophile experi-
ences steric hindrance in more tightly packed areas of
the SAM. Since n-butylamine is a bulkier and more
hydrophobic nucleophile compared to the hydroxide
ion, the heterogeneous reaction would be consequently
only observed in the former case. Our experimental data
thus indicate that the reaction may spread from initia-
tion or defect sites that are initially accessible for
nucleophilic attack. We speculate that at this very early
stage, the reaction proceeds very slowly on average, as
assessed by FTIR spectroscopy or contact angle mea-
surements, because larger numbers of accessible reactive
groups in the monolayer must first be generated as a
consequence of the initial reaction. The reaction accel-
erates when more accessible reactive groups have been
formed. As mentioned above, the observation of a broad
range of induction periods is fully consistent with this
model. If initiation or defect sites are present in or close
to the small tip—sample contact area, the reaction can be
detected at or just after the start of the experiment (Figs.
9, 10: t;ng < 200 s). In the case that the initiation or defect
sites are located outside this contact area, the highly
localized observation of the reaction only starts after the
reaction has proceeded to the contact area (Figs. 7, 9, 10:
tina > 800 s). Based on these data we can also estimate of
the mean distance between the initiation or defect sites.

4. Conclusions

In this study we have shown that chemical reactions
at interfaces can be quantitatively followed in situ on the
level of as few as tens of molecules using inverted
chemical force microscopy (iICFM). This methodology is
fully applicable to a broad range of important solution
phase surface reactions, such as those based on self-
assembled monolayer coupling chemistry. For the ami-
nolysis of NHS-C;y SAMs on gold, iCFM revealed in
particular the progress of a spatially heterogeneous
surface reaction on the nanometer scale. This observa-
tion is highly consistent with a reaction that proceeds by
initiation at defect sites in the SAM. The mean distance
between these defect sites was estimated as approxi-
mately 2.5 nm. These results, together with the quanti-
tative information on kinetic parameters, such as rate
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constants, show that iCFM may become a valuable tool
to complement the development of optimized mesoscale
and nanometer scale chemical arrays and functionalized
devices.
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