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The objective of this work is to study the initial corrosion of copper in the presence of gold when placed in sim-
ulated uterine fluid in order to better understand the evolution of active components of copper-IUDs. In order to
carry out this study, a portable cell was designed to partially simulate the uterine environment and provide a way
of tracking the chemical changes occurring in the samples in situ within a controlled environment over a long pe-

riod of time using synchrotron spectroelectrochemistry. The dynamically forming crystalline corrosion products
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mechanism.

are determined in situ for a range of copper-gold surface ratios over the course of a 10-day experiment in the cell.
It is concluded that the insoluble deposits forming over this time are not the origin of the anticonception

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Copper-bearing intrauterine devices (IUDs) are a very popular
method for long-acting reversible contraception (LARC). The release
of copper ions into the fluid medium of the uterus and their reaction
with the endometrium reduces the probability of fertilization and
implantation [1,2]. It has been stated that the primary source of
these ions is cuprite (Cu,0) formed on the device surface through
in utero corrosion with the uterine environment [3-5]. Recent work
by Palmer [6] shows that cuprite has very low solubility at the pH
and temperature of the uterine fluid so this seems unlikely especially
when far more soluble compounds such as copper sulfate and chlo-
ride may also be formed. However, without studying the reactions
in situ, one can never be certain what surface condition gives rise to
the release of copper ions. Known copper chemistry suggests that
treatments such as rinsing of removed in utero samples and storage
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prior to analysis would provide misleading results through, for
example, hydrolyzation of compounds such as nantokite (Cu(I)Cl)
[7,8], rinsing away of soluble copper compounds (CuCl,, CuSOy,
etc.) and removal of non-adherent insoluble material such as colloi-
dal sulfides.

A new generation of frameless IUDs (Gynefix®, Contrel Research,
Ghent, Belgium) aims to reduce the side effects of conventional IUDs
such as bleeding, pain and expulsion [5]. The addition of gold to these
devices [9] should accelerate the copper release [10-12] and therefore
improve anticonception rates for a smaller device, and possibly provide
protection against sexually transmitted diseases (STDs) [13-16]. A
galvanic corrosion reaction, due to the electropotential difference
between the metals, is induced when copper is in contact with the
more noble gold [17]. In this bimetallic system copper (which has the
lower electrode potential) acts as a sacrificial anode, hence promoting
faster copper corrosion.

In our experiments, samples modeling this Cu/Au system resided
within a portable cell for one week while in situ data were collected.
Samples were made with three differing surface area ratios of Cu/Au
in order to study the effect of increased Cu/Au contact on corrosion in
utero. The corrosion potential (E.,) was recorded continuously to mon-
itor the electrochemical behavior of one sample.
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2. Material and methods

Experiments were carried out within a heated portable cell to par-
tially simulate the uterine environment. Three samples with differing
surface area ratios of Cu/Au were used. Polished copper coupons of
12.5 mm diameter (99.99%, Goodfellow, Cambridge) were sputter-
coated with gold using a JEOL JFC-1300 Auto Fine Coater. Coupons
were covered with copper tape masks to create samples with 3 different
sizes of gold spot — one sample reproduced the Cu/Au surface area ratio
of the Gynefix® (2.83 mm diameter Au, Sample 1), and the others had
higher (6.25 mm diameter Au, Sample 3) and lower (1.5 mm diameter
Au, Sample 2) ratios. Masked coupons were then sputtered at 30 mA for
600 s to deposit 100 4+ 50 nm of gold (see Supporting Information,
Fig. S-1).

The portable cell [18] is of the Bragg-type. It is a multiple cell with a
three-sample (i.e. three working electrode) capacity (Fig. 1). It is cuboid
in shape (dimensions: 190 x 75 x 70 mm). The three samples are
moved between surface analysis and electrochemical/environmental
exposure positions (~100 pm and 10 mm thick electrolyte layers re-
spectively) using a stepper motor, which drives three worms on a com-
mon shaft. The worms (part 8, Fig. 1) drive the cams (part 7, Fig. 1) of
the working electrodes [19] synchronously through the worm wheels
(part 9, Fig. 1). The rotation of the shaft can be remotely controlled
from outside the experimental hutch of a synchrotron. By this means
the sample can be analyzed with a lower energy more surface specific
X-ray beam than is the case with a Laue cell, and the cell can be used
for X-ray absorption spectroscopy as well. The hardware is easily
adapted for use on different beam lines.

The portable cell functions as a three-electrode electrochemical cell
and uses custom made working and Ag/AgCl reference electrodes as
previously described [20]. A 1 mm diameter platinum counter electrode
stretches along one of the long sides of the cell, adjacent to the working
electrodes. The electrode is attached to the outside of the cell through a
small Pt connection block and a length of 1 mm diameter wire (part 5,
Fig. 1). Further design specifications for the portable cell can be found
in the Supplementary Information.

A

The corrosion potential (E.,) is monitored using a modified voltage
data logger (Matchtech Volt 101A, USA). The working electrode output
and reference electrode are attached to the voltage logger. This device
was chosen for its portability and voltage detection range (+3 V). How-
ever, the input impedance of the device had to be buffered to account
for the high output impedance of the portable cell. The output imped-
ance of the cell's electrode system was measured using aqueous electro-
lyte and found to be 375 kQ. The voltage logger was buffered to 300 MQ
with a purpose built high input impedance amplifier to ensure that it
did not shunt the cell.

Ecorr data was collected every 1 s from Sample 1 by the data logger
for the duration of the experiment.

For shorter measurements and not during transportation, a
Palmsens handheld potentiometer (Palmsens BV, The Netherlands)
can alternatively be used. This device can conduct a wider range of
electrochemical measurements, such as cyclic voltammetry and
chronopotentiometry at the working electrodes to collect other elec-
trochemical data [21].

Samples were mounted within the cell two days prior to beam time
as the most interesting behavior is said to occur in the first week [22,23].
The cell body was flooded with a simulated intrauterine fluid (SUF) as
described by Bastidas et al. [4] and a custom cartridge heater was
used to keep samples at body temperature (37 °C) during the experi-
ment. SUF contains calcium, potassium and sodium chlorides (0.167,
4,97 and 0.224 g/l respectively), urea (0.48 g/l), glucose (0.5 g/l),
monosodium phosphate (0.072 g/1), sodium bicarbonate (0.25 g/1)
and albumin (35 g/1) — SUF has no associated biological hazard and
has a pH of 6.2 [4].

When it was not being transported, heated electrolyte from an
external reservoir was circulated through the cell by a peristaltic
pump (Watson Marlow 502S) from a regulated hotplate (ESK Hei-
Con, Heidolph Instruments, Germany) at 5.5 mL/min flow rate to
allow slow and uniform flow into the cell.

SR-XRD patterns were obtained from these samples in situ at time
intervals of approximately 24 h for 5 days. These were collected using
a Mar CCD 165 (Mar USA Inc.) 2D detector at XMaS (station BM28,

Fig. 1. 3D drawings of the portable cell (XZ plane — A; YZ plane — B) and the assembled cell, with motor (C). Parts shown are the piston (1), working electrode (2), electrolyte filling ports
(3), M12.5 x 1.25 ports (4), counter electrode outlet (5) working electrode outlet (6), cam assembly (7), worm (8), worm wheel (9) and cell body and window (10).
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ESRF). The camera was mounted at 44.5° to the incident X-ray beam
with a detector-sample distance of 132 mm. X-rays with an energy
of 8 keV were incident at 10° to the surface into a footprint of
3 x 0.5 mm?. Diffraction patterns were collected using an exposure
time of 10 s and the beam was shuttered between patterns to minimize
sample damage and radiolysis. A total of 9 2D patterns was recorded at
0.5 mm intervals along a line within a range of 4+2 mm from the center
of each sample across the copper-gold boundary (see Fig. S-2 for exam-
ple raw diffraction patterns). The data processing was carried out using
the esaProject software [24]. A webcam mounted above the cell was
used to record images of the samples.

3. Results and discussion
3.1. Monitoring the corrosion of copper in situ

Fig. 2 shows the internal temperature of the cell as a function of time.
Readings were taken manually whenever there was access to the hutch
and the temperature controller. The temperature dropped below 36 °C
only during the setting up of the experiment when the cell was initially
removed from its insulated transportation box. However once electro-
lyte pumping was restarted body temperature was reinstated over the
course of 2 h and remained within range for the rest of the experiment.

Fig. 2 also shows E,, of Sample 1 during the entire experiment. The
Ecorr has been recorded at — 0.2 V for similar experiments with copper in
this electrolyte [25], which shows the multiple cell setup is not adverse-
ly affecting the detection of electrochemical data from individual
samples. From the start of the experiment until day 7, the E., steadily
decreased to approximately —0.1 V from 0.1 V showing steady corro-
sion of the working electrode surface. The increase in E,,, after day 7
demonstrates passivation of the electrode surface. Complementary in
situ surface analysis (described below) supports this result.

The individual XRD patterns recorded across the copper-gold
boundary were summed to produce a set of 5 average images for each
sample. In this way, the main differences between the three samples
with increasing Cu/Au surface area ratios (and therefore increasing
amounts of Cu/Au contact) could be observed. Fig. 3 shows the data ob-
tained over the course of the 5-day synchrotron experiment.

Sample 1 had the intermediate Cu/Au ratio. Fig. 3 shows that it had
started corroding measurably by day 3 of the experiment. Over the fol-
lowing four days the main products observed were cuprite (Cu,0) and
copper (I)/(1I) sulfides. From day 6, crystalline sodium chloride was
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Fig. 2. The E,,; and temperature of the cell during the experiment. The red shaded area
indicates body temperature, the target temperature range. Days 1, 2, 8 and 9 were set-
up and transportation days to and from the ESRF. Days 3-7 were experimental time at
the XMaS beamline.

also detected, having crystallized out of the SUF electrolyte. Thick,
flaky cuprite crusts have been observed previously [3-5] during ex situ
analysis. The formation of copper sulfides has been tentatively sug-
gested elsewhere [26] but this is the first time they have been observed
in situ immersed in SUF. Sulfide salts were not added to the SUF, so it is
presumed the source of sulfide ions is albumin which is known to con-
tain disulfide bonds [27].

The concentration of each species on the surface is unknown but
from the E,, data we can infer that passivating cuprite becomes the
dominant species during the experiment, after the initial corrosion of
the surface.

Sample 2 contained the least amount of gold on its surface and
therefore the least Cu/Au contact. On day 4, copper (I)/(II) sulfides
had already formed. On day 6 nantokite (CuCl) was also detected as
well as sodium chloride directly from the SUF. Nantokite has been pre-
viously observed at this pH [4,25] and originates from the reaction of
copper with chloride ions in solution [8,28]. However, no cuprite was
observed. Previous work has shown that in aqueous solution at pH 6.5
a continuous conversion of nantokite to cuprite by hydrolyzation is
expected [8,28]. On Sample 1, cuprite was already seen on day 3. It
appears that a lower amount of Cu/Au contact on Sample 2 delays the
formation of cuprite, a more advanced corrosion product.

By day 7, nantokite still remained on the surface, no cuprite was ob-
served, and sulfides were detected at 3.75 A=! and 4.5 A~ !. It is also
possible that the copper (I)/(Il) sulfides remained on the surface in an
amorphous state as it has been noted previously [29] that the experi-
mental conditions determine the phase in which copper sulfide is
formed [30-33].

Sample 3 had the most gold on its surface and therefore the largest
Cu/Au contact area. No crystalline corrosion products were detected
until day 7 when a range of copper (II) species was observed: CuCl,
[4], CuO [1] and CuS [26]. These compounds have a range of solubilities
in water: CuCl, is very soluble (76 g/100 ml at 25 °C), whereas CuO and
CusS are both insoluble. It is possible that the CuCl, was formed before
7 days, had dissolved immediately and was a source of Cu?* ijons in
solution. In other words, after 7 days the galvanic corrosion rate had
increased due to the large Cu/Au contact area and the CuCl, was being
formed faster than it could dissolve. In addition calcite [3,4] and arago-
nite (CaCO5 polymorphs) had been deposited from the SUF.

The results from the XRD are backed up by visual observations as
shown in the supporting information (Fig. S-1). The surfaces of Samples
1 and 2 were covered with a black powdery layer between day 4 and 5,
which was loosely attached to the surface initially and was easily re-
moved when simply moving the working electrode within the cell.
However, towards the end of the experiment and upon removal of the
samples, this layer was more permanently attached to the surface. Sam-
ple 3 showed a black ring only around the gold spot but this did not ap-
pear until the final days of surface analysis, leaving a copper surface
almost free of visible corrosion. It is clear from these data that there is
a difference in the corrosion behavior of the three samples in SUF,
which is dependent on the contact between gold and copper: the great-
er the Cu/Au contact, the more advanced the corrosion.

4. Conclusion

Using a novel portable multicell, we were able to record SR-XRD pat-
terns from three different samples every 24 h for 5 consecutive days
during which time the temperature of the cell was also monitored.
The cell was successfully transported to the beamline without losing
heat or electrolyte whereupon surface analysis could commence. Gold
promotes copper corrosion when they are in contact. Our results clearly
demonstrated the effect of increased Cu/Au contact on corrosion in
utero: the more copper-gold contact, the more advanced the corrosion.

This work highlights the importance of techniques which monitor
corrosion processes in situ. The contraceptive action of copper depends
on the copper ion release, and the sequestering of copper ions in
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Fig. 3. Summed diffraction patterns from across a4 mm range on the surface of the Samples 1-3 for five consecutive days. Corrosion products are labeled as shown. Unidentified peaks are

marked with a *.

insoluble corrosion products does not seem likely to contribute to this
end. On the other hand, the observation of CuCl, on the sample with
the most gold, combined with the lack of insoluble products suggests
this as a significant source, probably in all cases.

Experiments now need to be carried out on a longer timescale
(months to years) in order to probe ongoing copper corrosion in this
medium and to further test the capabilities of the portable cell concept,
for example the use of other spectroscopic techniques such as XAS,
Raman and IR to probe the sample surface and the electrolyte in situ.
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