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Techniques for coanting thin copper films on the surface of cylindrical
germanium internal reflection elements are described. These films were
then characlerized in an aqueous environment, The expected exponen-
tial relationship between the depth of peneteation of the evanescent wave
into water and the thickness of the copper film was verified experimen-
tally. The stability of vacuum-deposited copper coatings was sfrong
enough that the internad reflection element could be exposed to an agueous
solution of a polysaccharide for more than 40 h, The weak adhesion of
polysaccharides to copper surfaces was studied spectroscopically.
Index Headings: Cylindrical Internal reflection; Surface analysis; Metal
coating techniques; Spectroscopic techniques.

INTRODUCTION

The observation of biological phenomena at the in-
terface between aqueous solutions and solid surfaces is
hest investigated in situ by attenuated total reflection
(ATR) spectrometry. Measurements of this type have
beent reported for, the adsorption of proteins from
agueous solutions (including whole blood) onto unceat-
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ed germanium internal reflection elements (IREs) and
IREs coated with thin polymer layers.'* Adsorption of
stearic acid onto an IRE coated with a thin layer of iron
has been mentioned in one review paper,® but few ex-
perimental details or spectra of adsorbed species were
shown, In this paper we describe techniques for vacuum
depositing a thin layer of copper onto a germanium cy-
lindrical internal reflection (CIR) element and the re-
sults of several experiments designed to characterize this
layer.

For ATR measurements, the effective depth of pene-
tration, d,, of the evanescent wave from an IRE of re-
fractive index, n,, into an optically rare medium of re-
fractive index, n,, is given by the equation:

d = A
P 2an, {sin’® — (n/n,)%"

where A is the wavelength of the radiation in air and 0
is the angle of incidence. For a polymer with n, == 1.5
deposited on a germanium IRE (n, = 4.0), the effective
penetration depth of 10 pm radiation is 0.66 pm, assum-
ing an incidence angle of 45° Provided that a polymer
film is deposited on the surface of a germanium IRE
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Fic. 1. Side view of the device used to hold an IRE for vacuum coat-
ing lof metal. A: CIR crystal; B: piano wire; C: Teflon® crown; D:
Q-ring; E: crown collar; F; setting screw; G: turntable.

with a thickness significantly less than this value, the
evanescent wave will interact with an absorbing medium
in contact with the outer surface of the polymer. Thus,
for example, Jakobsen et al.*5 have been able to monitor
the adsorption of proteins from blood onto polymers of
the type used for artificial implants. Since the film
thickness is small and the absorptivities of most polymer
bands are relatively weak, the absorbance of the film is
low enough that, even in multiple internal reflection
measurements, sufficient energy is transmitted through
the IRE that a good spectrum of both the bulk solution
in contact with the polymer surface and any species ad-
sorbed on the surface can be measured,

The situation for metal coatings is somewhat different
since both the refractive index and absorptivity of most
metals are not only much higher than those of polymers
but the refractive index is often higher than n,, the re-
fractive index of the IRE, The refractive index of most
metals is between 2 and 20, so that the penetration depth
through a metal deposit is often much smaller than the
value calculated above for a polymer film. The absorp-
tivity of metal films is of the order of the 10° em™, two
orders of magnitude greater than the absorptivity of in-
tense bands in the vibrational spectra of most organic
compounds. Nevertheless, layer thicknesses of a few
nanometers can be tolerated. For metal films which are
only a few atomic layers in thickness, the transmittance
of metal-coated multiple internal reflection elements can
still be sufficiently high to allow the measurement of
ATR spectra of species near the metal surface,

We have investigated methods of achieving such mea-
surements with a CIR cell using a Fourier transform
infrared (FT-IR) spectrometer. CIR elements are well
suited for installation on FT-IR spectrometers because
of their circular eross section. In addition the absence of
sharp edges makes them easier to seal with O-rings than
are rectangular IREs. Finally, an unexpected benefit is
that by the rotating of the IRE as the coating is being
laid down, metals can be uniformly vacuum deposited
to provide a well-defined surface coverage.

Fie. 2. Transmission electron micrograph of a carbon-coated copper
grid which was subjected to the same copper-coating precedure as the
Ge IRE, Magnification = 100,000 .

EXPERIMENTAL .

Copper wire of 0.1 mm diameter (99.999%, Puratronic¢
Grade, Alfa Products, Danvers, MA) was used as the
source of copper used to coat a germanium CIR element
(Spectra-Tech, Stamford, CT}. The element was 3.2 mm
in diameter and 38 mm in length, and was mounted in
a stainless-steel “open boat” cell in a Spectra-Tech CIR
accessory. A ZnSe CIR element of the same dimensions
was also used for certain measurements. Spectra were
measured at 4 cm™! resolution with the use of a Nicolet
60-SX FT-IR spectrometer equipped with a medium-
range mercury-cadmium-telluride detector.

Vacuum deposition of the copper coating was effected
in an BEdwards Model 306 Coater. The copper wire was
wrapped around the apex of a V-shaped polished tung-
sten filament which was mounted 38 min from the CIR
element, When an adequate vacuum (10-% Torr) had been
obtained, the tungsten filament was heated so that the
copper wire melted into a single droplet. Copper was
then gradually evaporated onto the surface of the CIR
element by further increasing the current through the
filament. .

To obtain a homogeneous coating, we designed a de-
vice which enabled the CIR ecrystal to be spun at about
120 rpm during the deposition. To prevent the ends of
the crystal from being coated, we protected them by
Teflon® “crowns,” which were supported by 0.3-mm-
diameter piano.wire. This holder is shown schematically
in Fig, 1. Before the crystal was mounted in this holder,
it was necessary to polish it to remove any contaminants
from its surface. This was achieved with the use of a
slurry of 0.05 um alumina powder (Buehler Litd., Evans-
ton, IL).

The amount of copper deposited on the germanium
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Fic.3. Tolerance of deposited copper film against distilled water and

polysaccharide solution. Absorbance of water band {1640 cm™?) as a

function of immersion time in distilled water: copper film thickness

(A) ~_10 A thickness; (B) ~20 A; (C) absorbance of water band as a

“wmetion of time for Gum Arabic solution in contact with Ge IRE
ited with a ~20 A thick copper layer.

surface was determined spectrophotometrically as the
neocuproin complex, after dissolving the metal in 10 mL
of 0.05 N HNO,, reducing the dissolved copper to Cu(l)
with hydroxylamine hydrochloride, forming the neocu-
proin complex at pH 4, and extraction into chloreform.

A Gum Arabic solution was prepared at 10% concen-
tration (wiv) and filtered with a Millipore filter of 0.46
pm pore size to remove any microbiological contami-
nants. After preparation this solution was sealed in a
glass vial under a gas flame and stored in a refrigerator.

RESULTS AND DISCUSSION

The homogeneity of the copper coating was checked
at several points on the surface of the IRE by electron
microscopy. Electron micrographs of the copper grains
on the surface are shown in Fig, 2. The coating appears
to be uniform at each position studied, and only minor
irregularities were noted.

The stability of the copper layer was tested by im-
mersing the coated IRE in water and monitoring the
intensity of the water absorption band at 1640 cm™! ag
a function of time, The absorbance of this band re-
mained approximately constant over a period of 40 h, as
shown in Fig. 3A and B, indicating good integrity of the
copper layer over this period of time. No evidence of
dissolved copper in the deionized water with which the
layer was in contact was observed after spectrophoto-
metric analysis with neocuproin,
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Fic. 4. Absorbance of the water band (1640 cm™¥) as a function of
the thickness of copper film on Ge IRE.

An estimate of the absorption of radiation by the cop-
per layer and concomitant decrease in the effective pen-
etration depth was made by observing the decresse in
the absorbance of the 1640 ¢m~! water band as the thick-
ness of the copper layer was increased. For coatings
thicker than 50 nm of copper, too little energy was frans-
mitted through the IRE to permit observation of the
1640 cm™ water band with an adequate signal-to-noise
ratio. ‘ '

The extent of penetration of the evanescent wave into
the bulk aqueous phase was evaluated by monitoring the
absorbance of the 1640 cm™! water band as a function
of film thickness, Results are shown in Fig, 4. The value
of the peak absorptivity of this band has been estimated
to be I x 10° cin~t from a measurement made with the
use of a transmission cell. From the measured absor-
bance of the 1640 em™! band using an uncoated Ge crys-
tal, the effective pathlength may be calculated to be 3.6
pm. This value is in good agreement with the value of
3.9 um calculated from Eq. 1, assuming that the number
of reflections in this element given by the manufacturer,
10, is correct. The decrease in d, on coating the germa-
nium surface can be inferred readily from Pig. 4.

Certain bacteria are known to promote corrosion of
metals, Tt may be presumed that the first step of most
biologically mediated corrosion processes involves the
adhesion of bacteria to the metal surface. This project
was initiated to allow the investigation of the attach-
ment of bacteria to metal surfaces submerged in aquecus
medium and, possibly, subsequent corrosion reactions.

Thin fibers, morphologically known as the glycocalyx,
frequently extend from sessile bacteria to the surfaces
to which the cells are attached.” The glycocalyx is be-




TABLE L. Observed ratio of polysaccharide absorption band (1050
cm”') to water absorption band (1640 cmt) on uncoated ZnSe and Ge
IREs and on copper-coated Ge IRE,

Absorbance

Polysac-
IRE Water charide Ratio
ZnSe (uncoated 0.74 0.14 0.20
Ge (uncoated) 0.37 0.08 0.21
Ge {copper-coated) 0.20 0.08 0.40
0.15 .05 (.33
0.09 0.02 .22+
0,06 0.04 0.67
0.04 0.02 .50
0.01 .01 LOG

* Third use of Cu-coated Gs IRE.

lieved to be a polysaccharide that contains various uron-
ic acids and neutral sugars. In the present study we used
an aqueous solution of the plant polysaccharide, Gum
Arabic, which is a branched polymer of galactose, tham-
nose, arabinose, and glucuronic acid (sodium salt form),
to simulate the interaction of a bacterial glycocalyx with
a metal surface,

Contact of a 10% (wt/wt) solution of Gum Arabic onto
a copper film deposited on a germanium cylindrical IRE
led to a slow change in IR spectrum, primarily mani-
fested as a gradual increase in the intensity of the 1640
e¢m™! water band with time of incubation (Fig. 3C). Ad-
justment of the polysaccharide solution from pH = 4 to
neutral pH did not affect the result. The presence of the
polysaccharide is therefore believed to promote the dis-
solution or peeling of the copper film from the IRE.

That Gum Arabic became intimately associated with
the copper film on the germanium IRE was demonstrat-
ed by the appearance of an absorption band centered at
1050 cm™, due to the stretching mode of the C-O bond
in the sugars of the polysaccharide. Evidence that the
polysaccharide was concentrated on the copper film was
provided by the relative intensity of the 1050 cm™t poly-
saccharide absorption band and the 1640 ecm~' water
band. For uncoated germanium and zinc selenide IREs,
neither of which appeared to absorb the polysaccharide,
the intensity ratio of the polysaccharide/water bands was
the same, even though the sampling depths for these
two crystals were quite different (see Table I}, An inten-
sity ratio of approximately 0.20 indicates that no poly-
saccharide is adsorbed to the crystal surface. Any in-
crease in this value is indicative of an increase in

polysaccharide concentration, since water acts as an in-
ternal standard near the surface of the IRE., Such an
increase was cbserved experimentally when a copper-
coated, germanium IRE was submerged in the polysac-
charide solution (Table I). Intensity ratios greater than
0.20 were obtained over a range of water band intensi-
ties, reflecting different copper film thicknesses (Table

I).

After long (>60 h) periods of exposure of the copper-
coated Ge IRE to Gum Arabic solution, the intensity of
the polysaccharide absorption band gradually increased.
Thus, as the dissolving copper film exposed the under-
lying Ge surface, the spectrum hegan.to assume that of
an uncoated Ge IRE. A more detailed discussion of the
interactions between biopolymers and metal surfaces
submerged in an aqueous environment as studied in our
laboratories by ATR spectrometry will appear in the
near future.?

The use of metal-coated internal reflection elements
appears to have great potential for the investigation of
chemical and biological phenomena at metal surfaces.
Careful control of the thickness and homogeneity of the
coating is required for these measurements. It is antic-
ipated that the techniques deseribed in this paper will
become useful for measurements of phenomena occur-
ring at both gas-solid and liquid-solid interfaces.
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