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Formation of an Organized Monolayer by Solution
Adsorption of Octadecyltrichlorosilane on Gold:
Electrochemical Properties and Structural Characterization
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An organized hydrophobic monolayer is formed on smooth zero-valent gold by adsorption of octa-
decyltrichlorosilane (OTS) from a hexadecane solution. Wetting properties, infrared (IR) spectra, and
ellipsometry measurements are consistent with the silyl moiety adjacent to the metal surface and with
an all-trans conformation hydrocarbon chain extended vertically from the surface with a small average
tilt. The silyl head groups appear to be incorporated into a two-dimensional cross-linked network of Si~O-Si
bonds within the monolayer. However, polymerization is not complete as suggested by IR and Auger spectra
which indicate the presence of SiOH groups and residual Cl, respectively. Electrochemical measurements
indicate the monolayer-covered gold surface behaves as a blocked electrode containing pinhole defects.
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Conditions for film formation on Pt were also investigated for comparison.

Introduction

Organized monolayers on surfaces are an elegant ap-
proach to designing molecular structures with known
spacings and orientation.!? An organized monolayer is
constructed by using a bifunctional molecule, usually a
small head group with an affinity for the substrate com-
bined with a long hydrocarbon tail. Typical examples
include fatty acids and alcohols deposited on glass and
metal substrates. Two method of deposition are (1) the
classic Langmuir-Blodgett method,®* in which the mole-
cules are spread on an air-water interface, compressed, and
transferred to the solid substrate, and (2) the adsorption
method,? in which the molecules spontaneously assemble
on the surface from solution.

There is clearly a need to explore fundamental aspects
of organized monolayers on surfaces because of important
technological and fundamental applications. Of particular
interest to us is the potential ability to precisely control
electrochemical processes by the control of monolayer
structure on the electrode surface. For example, elec-
tron-transfer rates are expected to be strong functions of
monolayer thickness, packing density, and molecular
orientation. The search for such important structure—
property correlations have been the impetus for a number
of previous studies of monolayer-coated electrodes. The
majority of these studies concern molecules adsorbed on
mercury® 8 or platinum!723 in the presence of free solute
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molecules. Less common are reports of oriented mono-
layers deposited prior to the electrochemistry,?**" espe-
cially on solid metal electrodes.?®?® Predeposited mono-
layers provide the advantages of being characterizable ex
situ and offer wide ranges of preparative procedures.
Octadecyltrichlorosilane (OTS) forms monolayers on
oxidized aluminum, oxidized silicon, and glass sub-
strates.?*% Adsorption of OTS from a nonpolar liquid*-32
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is & more successful approach for monolayer synthesis than
the Langmuir-Blodgett method.?® Its success appears to
arise in part from the ability of the trichlorosilyl head
group to react with substrate surface hydroxyls to form
siloxy bonds. The latter chemistry has been used to bond
many different silanes to metal and nonmetal electrodes.?”
Strong bonding of the head group to the substrate is
normally anticipated to be essential to stable monolayers
during electrochemistry.

However, the functionalization of a nonreactive electrode
such as gold presents some problems in terms of finding
film attachment processes. For example, palmitic acid
monolayers readily wash off gold electrodes.”® Because of
the reactivity of gold oxide, covalent bonding of adsorbate
to any oxide which one can electrochemically form would
probably possess an inherent instability of the interface.
As an alternative approach, one might conceive of two-
dimensional polymeric networks which would form strong
attachments because of the well-known entropically based
stability of polymer monolayers to dissolution. The OTS
molecule appears to be an appropriate candidate for
forming such a layer because of the presence of three po-
tential cross-link sites in each head group.

The focus of this paper is to report the interesting ob-
servation that OTS, in fact, can be deposited in monolayer
quantities on a zero-valent gold electrode by an ex-situ
solution deposition technique. The application of elec-
trochemical, ellipsometric, contact angle, and infrared
spectroscopic measurements demonstrates that a stable,
oriented, cross-linked, monolayer forms which although
densely packed is not completely defect-free.

Experimental Section

Gold- and platinum-coated glass slides (1 X 3 cm) (Evaporated
Metal Films, Inc.) were composed of 1000 A of the respective metal
evaporated on top of 50 A of a TiO, binding layer. Most ex-
periments were performed on gold electrodes. Oxide-stripping
experiments were also performed on gold flag electrodes. Four
pretreatments were used to clean and prepare the electrode surface
for monolayer deposition: (A) dipping the electrode in hot
H,0,/H,80, (1:10) for 10 s, (B) immersing the electrode in 0.5
M H,SO, and cycling its potential between —0.25 and +1.40 V
vs. SCE, (C) immersing the electrode in 0.1 M NaOH and cycling
its potential between ~1.00 and +.70 V vs. SCE, and (D) dipping
the electrode briefly in 0.1 M NaOH. All pretreatments were
followed by copious rinsing with deionized water and drying with
an air stream. For pretreatments B and C, potential cycling was
continued until a steady-state voltammogram characteristic of
the clean metal was obtained. The cleaning scans ended with the
metal in the reduced state. Oxide layers were obtained by ano-
dizing the electrode near the oxygen evolution potential for 1-5
min. Anodized electrodes were hydrophilic, while consistent
hydrophilicity was observed only for oxide-free electrodes cycled
in base. Since truly clean gold and platinum are hydrophilic,®
pretreatment C was judged to be the most suitable before mon-
olayer deposition.

Rinse and electrolyte water were obtained from a Barnstead
Nanopure Deionizer. OTS (Petrarch Systems, Inc.) was vacu-
um-distilled and stored in a drybox. Hexadecane was passed
through a column of activated alumina until it did not spread
on a water—air interface.® Deposition solutions (ca. 0.1 M) were
prepared by mixing 0.40 mL of OTS with 10.0 mL of hexadecane
inside the drybox and then bringing the solutions out to the bench
top. Following electrochemical cleaning, rinsing, and drying at
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room temperature, electrodes were dipped into the stirred solution
for 5 min and carefully removed. Some electrodes were imme-
diately dipped in chloroform, with no visible difference in the
results. The usable lifetime of the solutions was approximately
1 h, at which point a faint film of siloxane polymer was visible
on the surface.

Electrochemistry was performed in a conventional three-
electrode cell by using argon sparging. Film thicknesses were
determined by using two different Rudolph 423 null ellipsometers.
Further details of the apparatus and calculation details are given
elsewhere.® Infrared spectra were obtained by a single reflection
at a glancing angle (~4° off glancing) on a modified Digilab 15B
Fourier transform spectrometer. Experimental details can be
found in an earlier report.®* The sample was mounted in a
nitrogen-purged box isolated from the rest of the spectrometer
system by KBr windows. Determination of the optical constants
of pure, liquid-phase OTS were made by using internal reflection
measurements on a thick film (Xseveral um) formed on a ZnSe
prism. The calculations were made using standard parallel layer
theory.*

Results

Formation of the Monolayer. Successful deposition
only occurs when the gold surface is immersed in an OTS
solution immediately after it has been water-rinsed and
dried. If the sample is transported to a drybox for the
deposition process no well-formed monolayer results. Both
anodized and oxide-free metal surfaces exhibit this prop-
erty. We hypothesize that the OTS molecules are assem-
bling on a thin film of water (several monolayers, perhaps)
covering the substrate rather than on the substrate itself.
The surface oxide appears to be unnecessary for OTS
monolayer formation on Pt and Au and, in the case of Au,
actually detrimental to the coverage and stability of the
monolayer.

In the case of an OTS monolayer formed on an oxi-
dized-gold surface, evidence below suggests that the de-
position processes removes the oxide to leave a gold-
monolayer interface. The amount of reducible oxide
formed on a gold surface is measured in an oxide-stripping
voltammogram, as shown in Figure 1 for gold and plati-
num. The freshly anodized gold shows a double peak
assignable to surface oxide (+.81 V) and bulk oxide re-
duction (+.77 V).' The gold oxide layer is relatively
reactive; immersion of a freshly anodized electrode in pure
hexadecane (a “blank” reaction) results in a 50% loss of
strippable oxide (@ = 5.2 mC/cm? for the freshly anodized
electrode and 2.7 mC/cm? for the “blank” reaction).
However, a gold electrode that has been coated with an
OTS monolayer exhibits no visible oxide strippping peak
(@ <0.2mC/cm?. A similar result is obtained if the oxide
stripping is performed in acetonitrile (Figure 1B). Tri-
chloromethylsilane likewise removes any trace of strippable
oxide. The latter result suggests that SiCl; moieties ini-
tially reduce the gold oxide. Electrochemical oxidation of
chloromethylsilanes is known.#? XPS spectra before and
after silanization support the loss of the gold oxide.*
Hence the final OTS monolayer is formed on an oxide-free
gold surface.

In contrast, a strippable oxide is retained on platinum
following OTS deposition (Figure 1C). The relevant
quantities of strippable oxide are 1.6 mC/cm? for a freshly
anodized electrode, 0.67 mC/cm? for an electrode that has
also been immersed in hexadecane, and 0.41 mC/cm? for
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Figure 1. Electrochemical stripping of (A) gold oxide in 0.5 M
H,SO,, (B) gold oxide in 0.1 M KPFs/CH4CN, and (C) platinum
oxide in 0.5 M H,SO,. All electrodes were anodized in 0.5 M
H,S0, for 300 s at +1.80 V vs. SCE (gold) or +1.60 V vs. SCE
(platinum). See text for details.

the OTS-coated Pt electrode. Facci and Murray** also
reported retention of a fraction of strippable oxide fol-
lowing the reaction of anodized Pt electrodes with chlo-
rosilanes. They concluded that bonding of silanes to the
surface oxide layer passivates it toward reduction. This
contradicts the Pt(4f) XPS spectra, which show no mea-
sureable “PtO” phase after silanization.*3#4

For both gold and platinum electrodes, there is no direct
evidence of bonding between the OTS monolayer and the
surface metal oxide. Since OT'S monolayers assemble on

(44) Facci, J. S.; Murray, R. W. J. Electroanal. Chem. 1980, 112, 221.
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Figure 2, Infrared transmission and reflection spectra of bulk
liquid OTS and a monolayer on gold, respectively, for the CH
stretching region. Spectral intensity units are absorbance defined
for the reflection spectrum as -log R/R; where R = sample re-
flectivity and Ry = reflectivity of a clean gold reference.

oxide-free surfaces, most of the following results are ob-
tained with nonanodized electrodes.

Characterization of the Monolayer. The wetting
properties of the coated electrodes are consistent with a
close-packed monolayer with the terminal methyl groups
exposed.?®3? Hexadecane, chloroform, acetonitrile, meth-
anol, and water do not wet the surface of the electrode,
while hexane does. Contact angles (static) are 111.3 £ 2.3°
and 37.8 £ 0.9° for water and hexadecane, respectively.

Two independent sets of measurements with different
ellipsometers yield the same thickness for OTS monolay-
ers: 30 % 3 A, assuming an index of refraction of ap-
proximately 1.45 for the monolayer. Justification of the
assumed index of refraction is based on the comparable
densities and indices of refraction for OTS (d = 0.95 g/ cm?;
np = 1.45) and alkylsiloxane polymer (d = 0.90-0.96 g/cm?;
np = 1.41-1.43). The thickness is appropriate for a single
layer with a fully extended hydrocarbon chain oriented
vertically to the surface.*® Multilayers or three-dimensional
polymer networks are ruled out.

. Detailed evidence for the above structure is provided by
grazing angle infrared spectroscopy (Figure 2 and 3). In
Figure 2 the C-H stretching region of the monolayer
spectrum shows four easily discernable peaks: 2850, 2880,
2916, and 2967 cm™. These are assigned respectively to
the following stretching modes: CH, symmetric (d*(r)),
CH,; symmetric (r*), CH, asymmetric (d~()), and CHy
asymmetric (in plane of CCC backbone, r,”). The mode
symbols are given in parentheses.*® Also barely discern-
able is a shoulder at ~2935 cm™ which is assigned to a
Fermi resonance mode of the CH; group in analogy with
previous assignments of long-chain n-alkanoic acid mon-
olayers.* For comparison, a spectrum of bulk OTS is
shown also in Figure 2. Mode assignments* for discernable
peaks in this spectrum are the following: d*(r), 2855 cm™;
rt, 2873 cm™; d(x), 2928 em™; ry” (CH; asymmetric stretch

(45) Snyder, R. G.; Hsu, S. L.; Krimm, S. Spectrochim. Acta, Part A
1978, 34A, 395-406.
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Figure 3. Same as in Figure 2 but for the mid-IR region 800-1800
em™L

out of plane to CCC backbone), 2957 cm™. Important
differences between the monolayer and bulk spectra in the
C—H stretch region exist. First, the relative intensities are
widely different. The monolayer spectrum is similar to
that of a chemisorbed monolayer of n-hexadecanoic acid
on oxidized aluminum.*® The structure of the latter has
been interpreted in terms of an assembly of alkyl chains
extending away from the surface with an average tilt of
about 12° and a twist of about 45° for an all trans zigzag
extended chain. Since the all-trans extended conformation
is valid (see evidence below) for the OTS monolayer, an
average tilted structure, similar to the n-hexadecanoic acid
on oxidized aluminum, can be assigned. Detailed calcu-
lations, using optical constant data for pure OTS, in fact
show an average chain tilt of 15~20° with an approximate
45° twist to the chain. The latter twist can be interpreted
in terms of unaligned domains of tipped chains.

The second important difference between the bulk and
monolayer is the relative positions of the C-H stretch
modes. In particular, the d*(x) CH, modes are shifted 5
and 12 cm™! to lower frequencies, respectively, in the
monolayer relative to the bulk. Differences of this mag-
nitude and direction are expected between conformation-
ally ordered (crystalline) and disordered (liquid) phases.*
Since the bulk OTS sample is liquid it seems appropriate
to conclude that the monolayer is extensively ordered
conformationally.

The lower frequency spectra are shown in Figure 3.
Assignments for the monolayer spectrum area are 915 cm™,
Si~OH stretch (or SiO-H bend), 1135 em™, Si-0-Si
stretch, 1180, 1199, 1219, 1237, and 1275 cm™}, wag—twist
progression; and 1465 cm™, CH, scissors bending. For
comparison, a transmission spectrum of a bulk liguid is
shown in Figure 3. The CH, bending mode appears at
1465 cm™. There are a number of small peaks which have
not been assigned. However, two features should be noted.
First, there is no evidence for the wag—twist progression
seen in the monolayer. This is not surpprising since the
sample is in the liquid state. Second, the two large broad
bands at ~1095 and ~1120 cm™ are probably due to Si-O
str~tching modes caused by limited hydrolysis since no

(46) Snyder, R. G.; Strauss, H. L.; Elliger, C. A. J. Phys. Chem. 1982,
86, 5145-5150.
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Figure 4. Auger spectroscopy of a coated electrode before (A)
and after (B) argon ion sputtering. The vertical scaling is different
for the two spectra. The sputtering beam (4 kV, 0.2 uA) was
rastered over a 4 X 4 mm area for 5 min.

particular precautions were taken to prepare and handle
the sample in a dry environment. In general, the Si-O
stretching modes in a variety of silicon compounds*’ occur
over nearly a 200-cm™ region with most values centered
in the range 1000-1100 cm™. However, the monolayer
spectrum does not appear similar to the partially hydro-
lyzed bulk sample (air exposed) but rather very similar to
that reported*® for medium alkyl chain length oligomeric
alkylhydroxysiloxanes, formed by extensive hydrolysis of
the corresponding alkyltrichlorosilanes. For example,*®
[CsH,7Si0(0OH)], exhibits a moderately strong band at 900
cm™! and an intense broad band at 1130 cm™. The similar
C; oligimer shows corresponding absorptions at 980 and
~1140-1185 cm™., while the similar C4 oligmer shows ab-
sorptions at 890 and 1075-1100 cm™. In this series the
890-980-cm™! bands were shown to associated with the
Si-OH groups*® whereas the ~1100-cm™ region bands
were present whether Si-OH was present or not. Thus it
seems clear in the case of the monolayer that extensively
polymerized networks of Si~0-Si bonds are formed with
~yme proportion of Si-OH groups. The weak intensity
CH, bending mode peak at 1465 cm™ is consistent with
a vertically oriented chain. This conclusion follows from
the IR surface selection rule* since the transition moment
for this mode is in the CH, plane which should be close
to parallel to the gold surface. The wag—twist progression
with ~18-cm™! intervals is direct evidence for fully ex-
tended alkyl chains with all-trans conformations. The
observed splitting pattern is quite consistent with previous
reports of these modes in medium-chain alkyl groups.*-5?

Auger spectroscopy of an OTS-coated electrode (Figure
4A) shows the presence of gold (72 eV), chlorine (182 eV),
carbon (272 eV), and oxygen (512 eV). Silicon is not visible
even at high resolution. Chlorine suggests the presence
of unreacted Si-Cl groups or perhaps adsorbed HCI, the
byproduct of Si-Cl hydrolysis. A rastering argon ion

(47) For example, see: Bellamy, L. J. “The Infrared Spectra of Com-
plex Molecules™; Wiley: New York, 1975; and references cited therein.
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Fez'
clean
+ +
@100 uA/cm2

Figure 5. Cyclic voltammetry of a clean and a coated electrode.
2.0 mM Fe?* in 0.5 M H,SO,; sweep rate 50 mV/s. Solid line,
first scan; dashed line, second scan.

Fe3

Figure 6. Cyclic voltammetry of a clean and a coated electrode.
0.7 mM Fe®* in 0.5 M H,SO,; sweep rate 50 mV/s. Solid line,
first scan; dashed line, second scan.

sputter at low beam power rapidly (ca. 3 min) removes all
elements except gold (Figure 4B). Unfortunately, the lower
frequency limit of the IR detector prevents confirmation
of residual Si-Cl groups (normally located below 600 cm™).

Electrochemistry of the Coated Electrode. The
monolayer appears to be unaffected by simple immersion
in weakly acidic or neutral electrolytes, with or without
potential control. Hydrogen evolution and gold oxidation
occur close to the potentials found on a clean electrode,
accompanied by abrupt changes in the wetting properties,
ie., water or hexadecane drops begin cling to the surface.
The absence of inhibition of these faradaic processes
suggests that water has ready access to the metal surface.

Cyclic voltammetry (Figures 5 and 6) of various elec-
troactive ions (Fe?*, Fe?*, Fe(CN), Fe(EDTA)*, Ru-
(NH,)¢%*) with coated electrodes exhibit two common
features: (1) attenuation of the peak currents relative to
those obtained in the absence of a coating for both the
forward and the reverse scans and (2) evolution of the
voltammogram toward that of a clean electrode. The
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Table I. Normalized Peak Currents and Peak Positions

from LSV¢
Leoated/ Epcoat,ed -
redox reactn medium loean  Ep0e, V
Fe*2 — Fe*® + ¢~ 0.5 M H,S0, 0.085°
0.76 0.13
0.43 0.17
0.48 0.12
0.47 0.16
0.48 0.04
0.76 0.04
0.57 0.09
0.53 0.00
0.67 0.02
Fe*® + ¢~ — Fe*?  05MH,SO, 045 -0.05
0.34 -0.05
0.36 -0.06
0.25 -0.02
0.07 -0.04
0.18 0.00
0.04°
Fe(CN)* — 0.5 M H,S0, 0.20°
Fe(CN)¢* + e~ 0.06°
0.47 0.18
0.36 0.18
0.58 0.05
0.81 0.01
0.83 0.03
0.88 0.00
0.47 0.03
0.15°
0.38 0.00
Fe(CN) i+ — phosphate 0.49 0.00
Fe(CN)* + e buffer pH 7
Fe(EDTA)> — 0.5 M Na,SO,  0.07
Fe(EDTA) + ¢ pH 3 0.10°
Fe(EDTA)? — phosphate 0.03°
Fe(EDTA) + ¢ buffer pH 6.5
Ru(NH,)¢** + e —  phosphate 0.28 0.02

Ru(NHy)?*

¢Linear scan voltammograms were recorded at 50 mV/s; only
data for the first scan are shown; the second peak for Fe*? reduc-
tion is not listed. ®Plateau currents.

buffer pH 6.5

greatest current attenuation always occurs on the first
potential scan. The ratio of the initial peak currents for
coated and clean electrodes (immersed in the same elec-
trolyte to the same depth) is given in Table I. Ratio values
vary between 0.03 and 0.9. Where the ratio drops below
0.2, the voltammogram exhibits a plateau rather than a
peak shape (Figure 8). The peak potentials on coated
electrodes is shifted to slightly larger overpotentials relative
to those on a clean electrode (Table I). In all cases the
second potential scan exhibits increased peak currents and
the peak potentials shift toward those of the clean elec-
trode voltammogram. The ferrous/ferric ion redox couple
induces the most rapid change; also more rapid changes
are observed on preanodized gold electrodes. The changes
are irreversible and are occasionally accompanied by
changes in the wetting properties of the electrode, i.e.,
increased hydrophilicity and oleophilicity.

Ferric ion reduction frequently display a second re-
duction peak at large overpotentials (0.5-1.0 V) (Figure
6).

Discussion

The present results indicate the formation of an oriented
monolayer with a structural integrity due to a two-di-
mensional cross-linking of siloxy groups. Assembly of the
monolayer by spontaneous adsorption compares favorably
with the more complex Langmuir-Blodgett method, which
cannot be used with hydrolytically sensitive molecules such
as OTS.% The evidence indicates that part of the driving
force for the formation of the monolayer assembly is at-
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traction of the SiCl; head groups for a surface layer of
water and the resultant stabilization by hydrolysis and
cross-linking between head groups. The rapidity of mon-
olayer assembly apparently excludes the growth of a ran-
dom three-dimensional siloxane polymer on the surface
even though polymer formation occurs elsewhere in the
solution. Complete polymerization does not occur as ev-
idenced by the presence of SiOH groups and some residual
Cl. The film is quite stable toward solvent attack and is
difficult to remove even in hot concentrated sulfuric acid.
Faradaic processes rapidly destroy the integrity of the
monolayer, as evidenced by the change in wetting prop-
erties and increase in currents with time. The disruption
mechanism is unknown but may be attributed in part to
the absence of covalent bonding between the OTS mono-
layer and the gold substrate.

Covalent anchoring of the monolayer to the gold sub-
strate via an anodically formed oxide film is prevented by
the facile reaction between the oxide and the SiCl; head
groups. The reaction is rapid as an organized monolayer
is formed on an anodized electrode within 5 min. These
monolayers appear to be more permeable than the ones
formed on oxide-free gold. Surface roughness does not
seem to be the important factor causing the permeability
difference since the pretreatment oxidation-reduction
cycling, a procedure known to affect surface roughness, is
the same for both oxide-coated and oxide-free samples.
The most likely explanation then would seem to be that
oxide~head group reaction products create defects in the
monolayer. In contrast, part of the oxide layer is retained
on a platinum substrate during OTS reaction and is readily
reduced. The platinum electrode emerges wet after this
reduction, indicating removal of the monolayer. Conse-
quently, direct silanization of the substrate is not a viable
approach for bonding organized monolayers to gold and
platinum surfaces.

The monolayer is sufficiently thick (30 A) that electron
transfer by tunneling is anticipated to be extremely slow.
Polymeropoulos and Sagiv®® found a charge-transfer re-
sistance of 8 X 10° @ for an OT'S monolayer sandwiched
between aluminum electrodes. Equating this with the
electrochemical charge-transfer resistance leads to an ex-
change current of 3 X 10712 A. At that level of exchange
current, overpotentials of approximately 1 V are necessary
to obtain significant currents. Ferric ion reduction is the
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only reaction for which a current peak is observed at large
overpotentials, but there is no corresponding peak for
ferrous ion oxidation at the equivalent positive overpo-
tential. Therefore we believe that the initial cyclic volt-
ammograms are indicative of a blocked electrode with
defects in the blocking layer. The major sources of the
defects are probably a combination of substrate surface
roughness and incomplete head group polymerization. The
redox ions migrate through these defects in the monolayer
to be reduced or oxidized at the metal surface. Amatore
et al.’® have published the theory of cyclic voltammetry
of a blocked electrode with microscopic active sites. Our
voltammograms agree qualitatively with their predictions.
As the active area of the direct sites decreases and the
separation between the active sites increases, peak currents
attenuate, and ultimately the voltammogram assumes a
plateau shape with no sweep-rate dependence. The in-
stability of the OT'S monolayers during faradaic reactions
precludes any sweep-rate study, but plateau-shaped
voltammograms do appear for the greatest current atten-
uations. The variability of the initial peak current ratio
in Table I indicates a poor reproducibility in the density
and area of defects in OTS monolayers on metal. It also
points out the extraordinary sensitivity of electrochemistry
in detecting defects in an otherwise well-behaved mono-
layer.

This work point out one particular type of a two-di-
mensional molecular assembly which can function as an
electrode blocking agent. Although this system is in-
structive it is clear that greater control of defect density
and layer stability are desirable. Such control can be
approached by variations in head group chemistry and
work is now in progress toward this end in these labora-
tories.
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