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A new optical carbon dioxide sensor for environmental monitoring is presented. It combines a robust and
long-term stable sensing material with a compact read-out device. The sensing material relies on a NIR pH
indicator immobilized into ethyl cellulose along with a quaternary ammonium base. The perfluorinated
polymer Hyflon AD 60 used as a protection layer significantly enhances the long-term and mechanical
stability of the sensor foils, as well as the robustness against poisoning gases, e.g. hydrogen sulfide. The
sensor can be stored under ambient conditions for more than six weeks, whereas sensors covered with
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1. Introduction

Carbon dioxide is an analyte with great impact on the marine
ecosystem. Since the industrialization, started in the late 18™
century, the atmospheric level of carbon dioxide increased by
about 40% due to fossil-fuel burning or deforestation. More
than a half of the anthropogenically produced CO, is taken up
by the ocean.' The rising amount of carbon dioxide in seawater
causes a reduction of the pH (ocean acidification) and lower
carbonate saturation in surface waters.> The air-sea-exchange is
driven by the difference in the partial pressure of carbon
dioxide. The dissolved CO, equilibrates with bicarbonate and
carbonate ions. The carbonate system itself is characterized by
four measurable parameters: pH, TA (total alkalinity), DIC
(dissolved inorganic carbon) and fCO, (fugacity of carbon
dioxide). The complete system is determined when two of these
parameters and the equilibrium constants, which are salinity
and temperature dependent, are known.?

Common analytical techniques for measuring carbon
dioxide in seawater directly are IR spectroscopy, the Sever-
inghaus electrode and optical chemosensors. The sensors based
on IR spectroscopy rely on diffusion of the analyte molecules
through a gas-permeable membrane into an internal gas
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at water depths up to 225 m are presented.

chamber and the direct measurement of the absorption of the
analyte. The sensors are very robust but show interference by
water vapour,” condensation of which can present a serious
problem. Nevertheless, several IR carbon dioxide sensors have
been commercialized for marine applications (CO,-Pro CV™,
Pro-Oceanus Systems Inc., Canada; HydroC® CO,, Kongsberg
Maritime Contros GmbH, Germany).

The Severinghaus electrode shows interferences from elec-
tromagnetic fields and is prone to drifts due to osmotic pressure
effects.® A similar design was adapted for use of an optical
transducer representing a solution of a pH indicator in a bicar-
bonate buffer. A commercially available sensor for aquatic CO,
measurements (SAMI CO,, Sunburst Sensors, LLC, USA)
consists mainly of a membrane equilibrator connected to a fiber
optic flow cell. The ambient seawater carbon dioxide diffuses
through a gas-permeable membrane (silicone rubber) and
changes the color of the bromothymol blue indicator due to
a change in the pH of the buffer.*® However, the device is bulky
since the indicator solution has to be renewed for each
measurement, which can be particularly critical for long-term
trials due to the high volume of the reagent needed and the
waste which has to be stored or released to the environment.
Moreover it demonstrates high energy consumption due to
pumping and moving parts, which are prone to breakage. On
the other hand, the advantage of the approach includes high
resistance to drift due to renewal of the solution.

In the last decades optical carbon dioxide chemosensors
(optodes) became increasingly popular.®** Although several
new concepts of optical carbon dioxide sensors have been
proposed recently such as using viscosity or polarity-sensitive
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dyes as transducers,'**' the so-called “plastic type” sensors
remain most popular.”*™ These sensors are based on a pH-
sensitive indicator dye embedded in a polymer matrix along
with a lipophilic quaternary ammonium base. The dye changes
its spectral properties according to the degree of protonation
induced by carbon dioxide. A wide range of indicators have been
reported but only a few show favorable optical properties, high
photostability and sensitivity sufficient for measuring accu-
rately at atmospheric levels of CO,. Fluorescent sensors also
require a reference luminophore to obtain reliable results. In
most cases an analyte-insensitive reference dye which possesses
a different emission spectrum (ratiometric 2-wavelength
measurement) or a different luminescence decay time (Dual
Lifetime Referencing) is used.>*?® By far, hydroxypyrene trisul-
fonate (HPTS) has been the most popular fluorescent indi-
cator.”?>**?* Unfortunately, the brightness, photostability and
the sensitivity of these sensors are far from being optimal.

Recently reported BF,-chelated tetraarylazadipyrromethene
indicators (aza-BODIPYs) represent a promising alternative.>*®
These highly photostable dyes absorb and emit in the near-
infrared region of the electromagnetic spectrum which is
beneficial due to low levels of autofluorescence and availability
of low cost excitation sources and photodetectors. Colorimetric
aza-BODIPY indicators were demonstrated to be very promising
for the design of carbon dioxide sensors with a tunable dynamic
range.”®

These (and other) promising indicators published recently
enable greater flexibility of choice with respect to optical prop-
erties, photostability and sensitivity. However, comparably little
effort has so far been put into improving the long-term stability
of the CO, optodes. Low stability of the sensing materials
hinders application of this promising technology in oceanog-
raphy and many other fields.

For example, the optode presented by Atamanchuk et al
2014 (ref. 23) showed sufficient stability only after pre-
conditioning over several months during which the indicator
lost most of the original signal. Moreover, the calibration was
time consuming and complicated, the sensor has to be stored in
an aqueous solution and complete poisoning by hydrogen
sulfide (cu,s = 175 pmol L™ ') was observed within 3 hours.

In this contribution we present a chemically and photo-
chemically robust, long-term stable sensing material, based on
a highly sensitive di-OH-aza-BODIPY indicator dye. It will be
shown that the new sensing material is highly promising for in
situ applications in marine biology and oceanography.

2. Materials and methods

2.1. Chemicals and materials

Ethyl cellulose (EC49, ethoxyl content 49%), m-cresol purple
(indicator grade), tetraoctylammonium hydroxide solution
(TOAOH, 20% in methanol), and sodium sulfate (anhydrous)
were received from Sigma-Aldrich. Toluene, potassium
carbonate, potassium dihydrogen phosphate (99%, water free)
and tetrahydrofuran (THF) were purchased from Carl Roth
GmbH + Co. KG. 1H,1H,2H,2H-Perfluorooctyldimethylchlorosilane
(97%),  vinyldimethylsiloxy-terminated = polydimethylsiloxane
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(viscosity 1000 cSt), methylhydrosiloxane-dimethylsiloxane
copolymer (25-35 cSt), 1,3,5,7-tetravinyl-1,3,5,7-tetramethyl-
cyclotetrasiloxane (97%) (delayer) and platinum-divinylte-
tramethyldisiloxane complex in vinyl terminated poly-
dimethylsiloxane (3-3.5% Pt) (catalyst) were obtained from
ABCR GmbH. Hyflon AD 60 was acquired from Solvay GmbH,
Teflon AF 1600 from DuPont de Nemours GmbH and Cytop 809
A from AGC Chemicals. Anhydrous ethanol was purchased from
Merck. Sodium bicarbonate and cyclohexane were received from
VWR. A poly(ethylene naphthalate) (PEN) support Teonex Q51
and poly(ethylene terephthalate) (PET) support Melinex 505 were
received from Piitz GmbH + Co. Folien KG. The FireStingO, and
an oxygen sensor (OXR 230-0, oxygen retractable microsensor)
were acquired from PyroScience GmbH. Optical plastic fibres
were obtained from Ratioplast-Optoelectronics GmbH. Per-
fluorodecalin (PFD, 98%; cis and trans, ABCR) was washed with a 1
M aqueous solution of K,COj; prior to use. Synthesis of 4,4'-(5,5-
difluoro-1,9-diphenyl-5H-41",51*-dipyrrolo-{1,2-c:2,1'-f][1,3,5,2]tri-
azaborinine-3,7-diyl)diphenol (di-OH-aza-BODIPY) and staining
of polystyrene-microparticles (PS-particles) with 3,7-bis(4-butox-
yphenol)-5,5-difluoro-1,9-diphenyl-5H-4)",5)\*-dipyrrolo-{1,2-c:2,1']
[1,3,5,2]triazaborinine (di-butoxy-complex) were performed
according to Schutting et al. 2015.”® Silanized Egyptian blue was
produced analogously to the literature procedure* but using
1H,1H,2H,2H-perfluorooctyldimethylchlorosilane instead of tri-
methylchlorosilane. The engraving pen used was a MICROMOT
50/E with a 2 mm mounted point made of fused aluminium
oxide from PROXXON GmbH. The temperature control was
performed with a cryostat F12 from Julabo GmbH. The pH was
determined with a pH meter SevenEasy combined with a pH
electrode InLab Routine Pro from METTLER-TOLEDO GmbH.

2.2. Preparation of sensor foils

2.2.1. Planar optodes (model dynamic
response, poisoning and stability tests. 100 mg ethyl cellulose

system) for

and 1 mg m-cresol purple were dissolved in 2.4 g of tolue-
ne : ethanol mixture (6:4 w/w). The viscous solution was
flushed with carbon dioxide and 100 uL of tetraoctylammonium
hydroxide solution (20% w/w TOAOH in methanol) was added.
The “cocktail” was knife coated onto a PET foil to obtain
a sensing film with a thickness of ~3 pm after evaporation of
the solvents. The protection layers (thickness ~ 8 pm) were
prepared by coating solutions of the corresponding polymers
(100 mg of Teflon AF 1600 or Hyflon AD 60 in 1.9 g PFD or Cytop
809 A solution (9% wt.) in an unspecified perfluorinated solvent
used as received from AGC Chemicals). Silicone rubber was
prepared by mixing of 500 pL vinyl-terminated poly-
dimethylsiloxane, 500 pL cyclohexane, 20 pL methylhy-
drosiloxane-dimethylsiloxane copolymer, 2 pL delayer and
3.5 pL catalyst and polymerization of this mixture after coating
and evaporation of the solvent. For the stability tests, the
thickness of the silicone rubber layer was 13.5 um.

2.2.2. Carbon dioxide sensors (di-OH-aza-BODIPY-dye) on
a PEN support. A “cocktail” made of 100 mg ethyl cellulose, 1
mg of di-OH-aza-BODIPY-dye (1% w/w with respect to the
polymer) and 1.683 g of a toluene : ethanol mixture (6 : 4 w/w)

This journal is © The Royal Society of Chemistry 2017
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was flushed with carbon dioxide. This was followed by the
addition of 100 pL tetraoctylammonium hydroxide solution
(20% w/w TOAOH in methanol). 0.75 pL of this “cocktail” was
pipetted on pre-cut spots (diameter of 5 mm) of a roughened,
dust-free PEN support. After evaporation of the solvent,
a sensing film with ~2 mm in diameter and ~14 pm thickness
was obtained. For the second “cocktail” 50 mg Hyflon AD 60
was dissolved in 0.935 g PFD and 25 mg Egyptian blue powder
and 25 mg stained PS-particles were added and dispersed
homogenously. 0.75 pL of the second “cocktail” was pipetted
right on top of the sensing film. The estimated thickness after
evaporation of the solvent was ~6 um. Finally, the sensor spot
was covered with a protective layer (thickness of ~1.7 um)
prepared from the solution of 100 mg Hyflon AD 60 in 2.22 g
perfluorodecalin (washed with a solution of K,CO; prior
to use).

2.3. Comparison of protection polymers

The response and protective properties of planar optodes with
different layers (silicone rubber, Teflon AF 1600, Hyflon AD 60,
Cytop 809 A) and m-cresol purple as the indicator were inves-
tigated in 0.1 mol L' phosphate buffer. The absorption
measurements were recorded on a Cary 50 UV-Vis spectropho-
tometer (Varian) at 600 nm. The response and recovery times of
the optodes were determined between an air saturated phos-
phate buffer (0.04% CO, = 13.5 pmol L™ ') and 10% CO,
(=3320 umol L") at 23 °C. The protective properties of the
polymers were investigated by placing the planar optode in
a closed cuvette and adding 200 pL of 12 M hydrochloric acid to
the bottom of the cell. The poisoning experiments with
hydrogen sulfide were performed in a constantly stirred cuvette,
filled with 0.1 mol L™ aqueous phosphate buffer (pH 7.75, § =
35Y%,) equilibrated with the ambient air and 270 umol L™ total
sulfide.

2.4. Instrumentation

The read-out of the sensors based on the aza-BODIPY indicator
was performed with a compact four channel FireStingO, reader
(PyroScience GmbH, Aachen). The sensors were attached to the
distal end of 10 cm-long plastic optical fibres (10 cm). The
measurements were performed with the following settings of
the FireSting instrument: LED intensity of 30%, an amplifica-
tion of 400x, a measuring time of 16 ms and a modulation
frequency of 2000 Hz. The measuring interval varied between 3
and 10 seconds, corresponding to the experiment and temper-
ature. Field experiments were made with a modified FireStingO,
reader in a pressure resistant housing provided by PyroScience.

2.5. Calibration procedure

For the calibration of the carbon dioxide sensors a 0.1 mol L™"
phosphate buffer with a pH of 7.7 was used. The sensors were
inserted into a temperature-controlled, constantly stirred vessel
(Glasfachhandel Ochs, Germany) and connected to the read-out
device. To obtain a calibration curve, individual sensors were
measured at 8 different pCO, levels. A calibration was deter-
mined for two temperature ranges: (1) 4-10 °C and (2) 10-35 °C.

This journal is © The Royal Society of Chemistry 2017
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The rising levels of carbon dioxide were obtained by adding
hydrogen bicarbonate solution to the phosphate buffer. The
amount of pCO, was calculated with the following equation:

DIC
K
(1 .

The equilibrium constants were determined according to
Roy et al. 1993.%° These constants were suitable for temperatures
between 0 and 45 °C, as well as for salinities between 5 and 45.
For the calculation it was necessary to consider the pH,
temperature, salinity, the sample volume and the concentration
of the sodium bicarbonate solution. The calibration was
acquired for carbon dioxide levels between 3 pmol L*
(~52 patm) and 8300 pmol L' (~145 000 patm). Prior to cali-
bration, the phosphate buffer was flushed with nitrogen for
several hours until a stable signal was reached. In the next step
sodium bicarbonate solution was added and the spots interro-
gated until a plateau was obtained. This procedure was repeated
for each point of the calibration curve. A three-point calibration
(~18 pmol L™, ~87 pmol L™, ~10 000 pumol L™ T = 8 °C) was
performed before the in situ experiments.

[COs] =

1)
K, Kz)

H]’

2.6. Response and recovery time

The response and recovery times were determined for a low and
a high carbon dioxide concentration at five different tempera-
tures (5-35 °C). The sensors were moved from a temperature-
controlled, constantly stirred (~540 rpm) vessel with ~14 pmol L™
CO, to a vessel with ~28 umol L™" and back, as well as from
a flask with ~70 umol L™* CO, to one with ~125 umol L™* CO,
and back.

2.7. Long-term stability

The long-term stability was investigated in the gas phase and in
water using the planar optodes with m-cresol purple as an
indicator. The poisoning effects of ambient air under different
storage conditions were compared. The foils were stored in the
dark to avoid photobleaching and were photographed each day
and the absorption spectrum of the indicator was measured
every 7 days. The long-term stability of carbon dioxide sensors
based on di-OH-aza-BODIPY was investigated in aqueous
phosphate buffer (constantly stirred, temperature ~ 24 °C),
which was equilibrated with ambient air with a measurement
interval of 1 h over 35 days.

2.8. Applications

The applicability of the new pCO, sensing material was inves-
tigated in a lab experiment with the water plant Egeria densa.
The respiration behaviour in the absence and presence of light
was measured. The plant, an oxygen sensor, a temperature
sensor and a carbon dioxide sensor based on di-OH-aza-BODIPY
with a glass support were inserted in a constantly stirred
desiccator completely filled up with tap water. The illumination

Anal. Methods, 2017, 9, 55-65 | 57
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was provided by two halogen lamps (photosynthetic photon flux
density ~ 250 pmol s~' m™?).

The carbon dioxide sensors were also applied in the research
cruise ‘PROSID 2014’, which took place at the Gulf of Finland
and Central Baltic Sea in October 2015. The depth profiles were
acquired with a continuous and a stepwise movement of the
carrier. The pCO, values were calculated only for the stepwise
profiles. Two stations were investigated: Gotland deep (TF_271,
57.32088°N/20.05341°E) and Gulf of Finland (GoF_7,
59.56354°N/24.88670°E). The sampling depths were chosen to
cover large pCO, gradients, which were inferred from the
hydrographical conditions at each site. The depths were at
TF_271 20 m, 100 m, 125 m, 200 m, 225 m and at GoF_7 20 m,
40 m, 55 m and 70 m. The carbon dioxide sensors were recali-
brated during the cruise.

2.9. Reference data for the profiling experiments

For the validation of the results obtained from the deployed
carbon dioxide sensors discrete water samples were taken
manually from a Niskin water sampler at both stations. At each
depth two samples (250 mL) were taken. The samples were
poisoned with saturated mercury chloride (100 uL) right after
sampling. For each water probe TA, DIC and pH were deter-
mined. The pH was measured spectrophotometrically at 25 °C
with m-cresol purple as the indicator dye.** DIC was obtained by
using the SOMMA system (Single Operator Multi-parameter
Metabolic Analyzer) at 15 °C.*> TA of the water probe was
determined by an open-cell titration at 20 °C.** A software
(CO2SYS) developed by Lewis and Wallace 1998 (ref. 33) was
chosen to calculate the partial pressure of carbon dioxide from
DIC and pH values.

3. Results and discussion

3.1. Measurement principle

The recently reported di-OH-aza-BODIPY indicator dyes®® are
promising candidates for the measurement of carbon dioxide,
especially at low concentrations (below the atmospheric level).
Particularly the absorption in the near infrared region and the
well separated absorption maxima for the mono-anionic and di-
anionic forms (Fig. 1) allow the use of the compact FireSting
phase fluorometer for read-out of the sensors. To convert this
colorimetric system into a luminescence-based system, the
inner-filter effect was used. A two layer system (Fig. 2) consists
of: (i) the indicator dye and quaternary ammonium base
TOAOH embedded in ethyl cellulose (CO,-sensitive layer) and
(ii) the polymer layer with inert light emitting reference parti-
cles (combination of phosphorescent Egyptian blue* micro-
particles and PS-particles doped with the fluorescent pH-
insensitive di-butoxy-aza-BODIPY dye). The emission spectra of
Egyptian blue (A 900 nm) and the fluorescent dye (Anax 725 nm)
overlap with the absorption maxima of the di- (Amax 805 nm) and
mono-anionic (Amay 745 nm) forms of the di-OH-aza-BODIPY
indicator dye, respectively (Fig. 1). Both the phosphor and the
fluorophore are excited by a red LED (620 nm) and the emitted
phosphorescence or fluorescence is absorbed by the indicator
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Fig. 1 Chemical structure and de-/protonation equilibrium in the
absence and presence of carbon dioxide of the pH-sensitive di-OH-
aza-BODIPY dye: absorption spectra of the dye at different carbon
dioxide concentrations at 25 °C and emission spectra (Aexe = 620 nm)
of Egyptian blue (dashed line; “Emission Phosphor”) and di-butoxy-
aza-BODIPY-complex embedded in PS-particles (dashed line: "Emis-
sion Fluorophore”).

dye depending on the concentration of carbon dioxide (Fig. 1
and 2). Since at 2000 Hz, the luminescence phase shift of the
phosphor is 55° and that of the fluorophore is 0°, the change in
pCO, is converted to the changes in the luminescence phase
shift thus enabling ratiometric referenced read-out.

3.2. Support material

The selection of the support and its pretreatment mainly
influence the recovery time and the mechanical robustness of
the planar optode. The chosen materials should have low
permeability for carbon dioxide to accelerate the recovery time.
A transparent poly(ethylene terephthalate) (PET) foil is
frequently a support of choice for optodes. Another promising
material is poly(ethylene naphthalate) (PEN), which has similar
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Fig. 2 Cross-section of a carbon dioxide sensor based on the inner-
filter effect; (A) protection layer; (B) inert light emitting layer (reference
layer); (C) CO, sensitive layer (di-OH-aza-BODIPY-complex); (D)
transparent support (PEN foil). Photographic image shows the sensor
spot after coating of the indicator layer (left) and in the final form with
all the layers.
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mechanical properties. Both polymers have similar solubilities
for carbon dioxide (S, = 8.3 & 2.9 cm?® (STP) cm > bar ' for
isotropic PET; S, = 7.2 & 1.2 cm® (STP) cm ™ bar~* for isotropic
PEN*), but mainly differ in their diffusion properties (D, =
0.479 4 0.016 cm? s~ * for isotropic PET; D, = 0.180 + 0.003 cm>
s~ ' for isotropic PEN®¥). The lower permeability of PEN for
carbon dioxide (P, = 4.0 & 1.4 cm® (STP) cm ® bar™ ' em® s~ for
isotropic PET; Py = 1.3 £ 0.2 cm® (STP) cm ™ bar " em® s~ for
isotropic PEN*') results in slower diffusion of carbon dioxide
accumulated in the support into the sensing foil, which mini-
mizes the impact of the support material on the sensor signal.

The surface of the PEN foil was roughened to improve the
adhesion between ethyl cellulose and the support. In addition,
the foil was cut before the application of the sensor layers to
minimize the mechanical forces during the production of the
Sensor spots.

Glass is another promising material for design of sensitive
CO, optodes due to its high chemical stability and extremely low
CO, storage capacity. However, the production process, espe-
cially the pretreatment of a glass disk, was more time
consuming than for a PEN foil. Additionally, we found that
a direct contact between the sensitive layer and rough glass
surface should be avoided to prevent the reaction between the
base and the glass surface. This required deposition of another
layer of inert perfluorinated polymer on the glass discs.

The complex architecture of the sensing chemistry in
combination with the pretreatment of the supporting material
(PEN foil) makes manufacturing of individual spots time-
consuming, but automatization is certainly possible. Faster
spot production is likely to be achieved by using such tech-
niques as inkjet-printing, spray-coating etc.

3.3. Effect of protective coating on response times and long-
term stability

The long-term stability of sensors is an important factor in
oceanographic applications. Investigation of the acidification of
the ocean requires a stable and robust carbon dioxide sensor.
The research of the last years has mostly been focused on the
development of new indicators for carbon dioxide sensors
whereas their stability was often not addressed in detail. The
shelf life and long-term applicability of the optical carbon
dioxide chemosensors is governed by the stability of the indi-
cator, the polymer (which is generally rather good) and the base.
The base not only reacts with carbon dioxide but also with other
acidic gases present in the environment. The reaction with the
gases corresponding to strong acids is irreversible; however,
poisoning of the sensor will also be observed with such gases as
SO, or H,S, which form strong sulfuric acid upon oxidation. The
protective polymer should fulfil the following requirements: (i)
be highly permeable for carbon dioxide; (ii) be hydrophobic to
avoid interference from protons and other ionic species and (iii)
represent a good barrier for acidic gases.

Silicone rubber (cross-linked polydimethylsiloxane, PDMS)
is often the polymer of choice for protection layers.®**” It has
good mechanical stability and is highly permeable for carbon
dioxide®® but not permeable to protons and other ionic species

This journal is © The Royal Society of Chemistry 2017
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due to its hydrophobic character. Unfortunately, silicone rubber
is also highly permeable for other gases such as SO,/SO3, NO,, or
H,S (Table 1) which poisons the base in the CO, sensor.

Recently perfluorinated polymers became popular for gas
separation applications.**** Commercially available represen-
tatives are Teflon AF (DuPont), Hyflon AD (Solvay Solexis) and
Cytop (Asahi Glass). Amorphous perfluorinated polymers are
extraordinarily thermally and chemically stable, are resistant
against common organic solvents, but can be dissolved in per-
fluorinated solvents to fabricate thin layers. Moreover, they have
low permeability for polar and sulphur-containing molecules.
Of special interest are the transport properties of hydrogen
sulfide, which appears in many marine environments.****” The
study of Merkel and Toy (2006)*" revealed CO,/H,S selectivities
much larger than 1 for perfluorinated polymers in contrast to
silicone rubber (Table 1). The reason for this effect is low H,S
solubility, caused by unfavourable interactions between the
penetrant and the fluorinated polymer. The permeability for
carbon dioxide decreases in the following order Teflon AF 1600
> Hyflon AD 60 > Cytop, whereas the selectivity towards H,S
increases.

Investigations of the protective properties of these per-
fluorinated polymers as well as the dynamic response and
recovery times were performed with a planar optode based on
m-cresol purple in ethyl cellulose with TOAOH.' This
commercially available dye shows a visible colour change (blue-
yellow), is characterized in detail and has been extensively used
for seawater applications.***¢ It represents a good model
system for preliminary experiments. A layer of the per-
fluorinated polymer was coated over the sensing layer. As ex-
pected, the response and recovery times increase with decrease
in the permeability of the polymer for carbon dioxide (Fig. 3A
and B, Table 2).

The protective properties of the coatings towards poisoning
by acidic gases have been investigated by introducing conc.
hydrochloric acid into the cuvette with a planar optode. The
poisoning kinetics can be determined via measurement of the
absorption of the deprotonated form of m-cresol purple since
the hydrophobic quaternary ammonium base is converted to
the corresponding chloride salt (Fig. 3C). It is evident that the
protective properties of silicone rubber are very poor (Table 1).
On the other hand, ~10-fold, 18-fold and 25-fold improvement
is observed for Teflon AF 1600, Hyflon AD 60 and Cytop,
respectively. The protective properties of the polymers for other
acidic gases are likely to be similar to those towards poisoning
by HCI. Furthermore, the poisoning process with hydrogen
sulfide in the presence of oxygen (air saturation) was investi-
gated for each polymer (Fig. 3D). Silicone rubber showed the
least protection, followed by Teflon AF 1600, Hyflon AD 60 and
Cytop 809 A. Cytop 809 A showed almost no poisoning even after
5 h of exposure to H,S. It should be noted that the chosen total
sulfide concentration for the experiment is slightly higher than
that found in Baltic Sea after a long stagnation period (Godland
Sea deep water (200 m): ~200 pumol kg™* (ref. 57)) so that
poisoning by H,S in the in situ experiments is expected to be
similar or slower, because of the salt water inflow in December
2014.
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Table 1 Gas permeabilities for polydimethylsiloxane (PDMS) and perfluorinated polymers given in barrer

PDMS Teflon AF 1600 Hyflon AD 60 Cytop
CHs ) H _ OCF3 _ CF, _
%S:i—o% (—OICF FC\O - CFy CF2>: +O?F_Féj:€CF2_CFZ): £cF, EF /iiz CF2>n—
CHs n FaC” “CF3 “cF, CF
Structure
Po, 781 (ref. 48) 340 (ref. 49) 51 (ref. 49) 16 (ref. 43)
P, 6552 (ref. 50) 229 (ref. 50) 41 (ref. 50) —
Pco, 4400 (ref. 51) 680 (ref. 51) 124 (ref. 52) 17 (ref. 51)
Pus 6670 (ref. 51) 100 (ref. 51) — 0.6 (ref. 51)
Pco,/Pys 0.66 (ref. 51) 6.8 (ref. 51) — 27 (ref. 51)
A L0 3y B 1.0 presence of H,S which was reversible if the gas was removed
£ 08 ?l‘;gzeAr;blbggo £ 08 p.romptly. As can be seen, the crf)ss-talk is more pronounced for
E 06 —— Hyflon AD 60 % 06 silicone rubber and almost negligible in the case of Cytop 809 A
_g» o4 —Cytop809A 2 o4 and Hyflon AD, whereas Teflon AF 1600 occupies an interme-
g E diate position (Fig. 3D inset). Thus, due to the fact that per-
go2 & 02 fluorinated polymers do not allow fast equilibration of the
00 T0 15 20 55 30 35 20 % T3 3 A S e 55 % To sensor with H,S they efficiently reduce the cross-talk to this
c 10 time I3 D 1.0 time [min] substance in the case of short term exposure. This can be highly
- 08 08 beneficial for profiling experiments.
;:; 06 "§06 Although Cytop shows the best protective properties, the
_% 04 2 0'4 sensors show significantly longer response and recovery times
g g due to the rather low permeability for carbon dioxide (Tables 1
g 02 g02 — and 2). Evidently, Cytop coatings will not be suitable for most
0.0 0 S0 1o0 1% 200 220 Y5 68’“ [Tg]o 00 2% applications. However, it may be possible to use this per-
time [s] time [min] fluorinated polymer as the protection polymer for the systems

Fig.3 Response and poisoning behaviour of a planar optode based on
m-cresol purple and TOAOH in ethyl cellulose covered with different
protective polymers at 25 °C in phosphate buffer: (A) response times
from ambient air saturated phosphate buffer to 3320 pmol L~ carbon
dioxide; (B) recovery times from 3320 pmol L™! carbon dioxide to
ambient air saturated phosphate buffer; (C) kinetics of poisoning
caused by hydrochloric acid and (D) kinetics of poisoning caused by
hydrogen sulfide (270 pmol L™ total sulphide; Ch,s = 20 pmol Lt
dissolved H,S) for the four polymer coating and cross-talk to hydrogen
sulfide for silicone rubber, Teflon AF 1600 and Hyflon AD 60 (inset).

It should also be considered that H,S can cause a reversible
cross-talk of the sensor due to its acidic properties. Under
anoxic conditions such a cross-talk may be the major error
source despite the fact that H,S is not expected to irreversibly
poison the sensor. Indeed, we observed a decrease in the
absorption of the deprotonated form of m-cresol purple in the

where the changes in the carbon dioxide concentration are
much slower than the response time of the sensor. Compared to
Cytop, the permeability of Teflon AF 1600 for carbon dioxide
and hydrogen sulfide is 40-fold and 160-fold higher, respec-
tively, which enables much faster response times but also
reduces the shelf life and long-term stability due to faster
poisoning. Although no literature data are available for the
permeability of Hyflon AD 60 for hydrogen sulfide, the
poisoning experiments with HCI and especially H,S showed
better protective properties compared to Teflon AF 1600 (Fig. 3C
and D). Therefore, we decided to use this polymer as a protective
layer as the best compromise between dynamic response and
protective properties, which provide long shelf-life and opera-
tional life. Other advantages of Hyflon AD 60 make it even more
attractive for sensing applications. The material is resistant to
swelling®® and is highly transparent to light from far UV to near
infrared.* It has high resistance against abrasion or friction

Table 2 Response, recovery (13.5-3320 pmol L~ CO, concentration), times required for complete poisoning with 12 M hydrochloric acid (gas
phase, in seconds) and kinetics of poisoning with aqueous hydrogen sulfide (total sulphide: 270 pmol L~ for a planar optode based on m-cresol-
purple and TOAOH in ethyl cellulose covered by an 8 um thick protection layer of different polymers

Time of complete poisoning (HCI) Poisoning by H,S after 3 h (%)

Polymer Response time (to, sec) Recovery time (to, sec)
Silicone rubber 6 93

Teflon AF 1600 10 139

Hyﬂon AD 60 12 180

Cytop 809 A 15 208
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9 100% (35 min)
87 100% (75 min)
159 36%

230 0%
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and low affinity to dust and other contamination. Additionally,
low biofouling on the perfluorinated surface is expected.

The above system (m-cresol purple and TOAOH in ethyl-
cellulose) was also used for investigation of the long-term
protective properties of Hyflon AD 60 in comparison with sili-
cone rubber. The sensors covered with silicone rubber showed
continuous drift if stored under ambient conditions. It lost
about 50% of the signal already after 1 week of storage (Fig. 4C)
and was poisoned completely after 1.5 months. On the other
hand, the indicator remained deprotonated in the sensors
covered with Hyflon AD 60, indicating excellent stability during
this period (Fig. 4B).

3.4. Manufacturing of the luminescent carbon dioxide
optode

Due to the use of Hyflon AD 60 as the polymer for the reference
and protection layers, a new design of the sensing material was
necessary. The adhesion of the highly hydrophobic Hyflon AD
60 on significantly more hydrophilic ethyl cellulose was very
weak and the sensor material lacked mechanical stability. For
example, the protective layer detached during punching-out of
the sensor spots. Even a reduction of mechanical stress during
the spot production by laser cutting was not successful, leading
to a separation of the sensor layers after several measurements.
Therefore, a new sensor design and manufacturing procedure
were developed (Fig. 2). The sensor “cocktail” composed of the
solution of the dye, TOAOH and ethyl cellulose in an organic
solvent was pipetted in the middle of a pre-cut PEN support
treated with a sand-paper to improve the adhesion. The sensing
layer was covered by the reference layer (luminescent particles
dispersed in Hyflon AD 60). Finally, the upper layer of Hyflon AD
60 was introduced, covering both the reference layer on top and

A Hyflon AD 60 silicong rubber
Day 0

Day 4

protonated  deprotonated

B’ C’

= 6 Air Day 0 = 6 Air Day 0
g g Air Day 7 8 5 Air Day 7
g Air Day 14 g Air Day 14
Z 4 Air Day 21 24 Air Day 21
< <

&3 Y

£ E

s 2 g 2

o -

400 500 600 700 400 500 600 700

Wavelength [nm] Wavelength [nm]

Fig. 4 Protective properties of silicone rubber and Hyflon AD 60. (A)
Photographic images of the planar optode based on m-cresol purple
and TOAOH in ethyl cellulose covered with the protective layers; (B)
and (C) corresponding UV-VIS absorption spectra for the Hyflon AD
60 and silicone rubber, respectively.
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the sensing layer on sides and having direct contact with the
support material. The advantages of the method include
complete protection of the sensing layer from all the sides and
absence of mechanical or thermal stress during manufacturing.

To evaluate the long-term stability of the new sensors in
aqueous media, three sensor spots were inserted in a constantly
stirred vessel with a 0.1 mol L™" phosphate buffer (pH 7.9),
equilibrated with ambient air over 35 days (Fig. 5). The sensor
spots showed no indication of an intrusion of protons or other
poisoning molecules, which would result in increase of the
luminescence phase shift, and therefore in overestimation of
the carbon dioxide concentration.

3.5. Response and recovery times

The response and recovery times of the luminescent carbon
dioxide sensor in the aqueous phase have been estimated for
two relevant concentration ranges (Fig. 6). The response and
recovery times are very similar. They are significantly faster
(about 4-fold) in the upper range of CO, concentrations (70-
125 umol L) than in the lower range (14-28 umol L™'). As
expected, temperature significantly affects the response time.
Whereas the response (particularly at a higher concentration
range) is sufficiently fast at higher temperatures, it becomes
very slow at 4 °C. This is due to the relatively low carbon dioxide
permeability of Hyflon AD 60 used in the reference and
protective layers. The above limitation of the sensor should be
considered when designing profiling experiments. Further
optimization of the thicknesses of the reference and protective
layers is likely to improve the response times.

The response times of the planar optodes based on m-cresol
purple (model system) are much faster than those of the pre-
sented fluorescent carbon dioxide sensor. It can be explained by
a higher carbon dioxide concentration gradient (13 pmol 17"
(ambient air) to 3320 pmol 17" (10% CO,)) and the effect of the
reference particles on the permeability of the second layer to
carbon dioxide. It is also possible that the thickness of the
reference and protective layers in the case of the presented
fluorescent sensors in some parts of the spot is significantly

184 |26.4
161 L26.1
141
STy M-zss
— 12
=
'_g 104 F25.5 8
[}
= 84 F252 —
8 6% a
o 249
4 4
5] sensor spots F24.6
temperature
0 T T T T T T T 24.3

0 5 10 15 20 25 30 35
time [days]
Fig. 5 Long-term stability of luminescent carbon dioxide sensors
based on di-OH-aza-BODIPY dye in a constantly stirred open flask at

23.5-25.5 °C; measuring interval 1 h. Measurement interruption
between day 10 and day 16 is due to software problems.
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Fig. 6 Response times (tgg) for the luminescent carbon dioxide
sensors based on the PEN support at two different concentration
ranges (lower and upper measuring ranges) in a constantly stirred
solution.

higher than estimated due to an inhomogeneous evaporation
pattern. Thus, optimization of the coating procedure may be
beneficial for improving the sensor response. Furthermore, the
use of the more carbon dioxide-permeable Teflon AF instead of
Hyflon AD is also possible. Fiber-optic microsensors are known
to respond much faster than the planar sensor spots due to
better diffusion of the analyte. Although manufacturing of the
microsensors with the current inner-filter effect-based “sensing
chemistry” is challenging, the approach is likely to be useful in
the case of fluorescent dyes.

3.6. Sensor calibration

Calibration of the sensors in the aqueous phase was performed
by addition of sodium hydrogen carbonate solution to 0.1 mol
L~ phosphate buffer (pH 7.7) to adjust the pCO, levels. A non-
linear increase in the luminescence phase shift with increasing
pCO, is observed (Fig. 7A). The plots of the cotangent of the
phase angle against the logarithm of the CO, concentration
reflect the protonation equilibrium of the indicator. Thus,
similar to optical pH probes, such dependency can be almost
ideally described by a sigmoidal function with four parameters
(R* > 99.8%).
A1 — 4>

y=4+
T 10ta)

(2)
where A, is the upper plateau, 4, the lower plateau, x, the
inflection point and dx the slope.

The response of all optical chemosensors including pCO,
sensors is temperature-dependent. Temperature not only
affects the permeability of the ethyl cellulose for carbon dioxide
and the respective pH equilibria but also the luminescence
properties of the reference luminophores. This results in
a rather complex dependency (Fig. 7). A pronounced decrease in
the sensitivity at higher temperature is evident which is
explained by decrease of gas solubility under these conditions.
Thus, the sigmoidal function was extended by the temperature
coefficients (4;_t, A, t, Xxo_t, dx_t) to perform a three-
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Fig. 7 (A) Calibration plots for luminescent carbon dioxide sensors for
the range between 0 and 175 pmol L= CO,; (B) logarithmic plot of the
experimental data and respective fit according to the sigmoidal
equation (dashed lines). Vertical lines (dark gray) represent recalibra-
tion points (18 pmol L™, 84 pmol LY.

dimensional fit of the data (Fig. 7). The resulting equation,
which was used to obtain the calibration area was:

cot(dphi) = (A4, + 4>_t(T — 20))
L Av+ Ay (T = 20) — Ay — Ap (T ~20)

log(¢COy)—(xp+xp_1(T—20)) ( )
dx-+dx_t(7-20)

1+10

To minimize the degree of freedom and to simplify the
recalibration, all temperature coefficients and the values of x,
and dx were fixed. The parameters were set at A;_t = —0.016541,
A, t = 0.0069325, xo_t = 0.037465, dx_t = —0.040605, x, =
0.953701, dx = 1.445015 for the temperature range between
17 °C and 35 °C.

It should be noted that each sensor is slightly different due to
variation in the thickness of the sensing layer and variation in
the thickness of the reference layer as well as in the ratio of
phosphorescent and fluorescent reference particles. Therefore
the cot(dphi) values for each sensor spot are not identical,
whereas the slope and the inflection point of the sigmoidal
function are equal but temperature dependent. Throughout
a three-point calibration, right before the application, the cali-
bration area can be adjusted by shifting it to higher or lower
cot(dphi) values. The chosen concentrations of carbon dioxide
are at the beginning and the end of the linear part of the cali-
bration curve (18 pmol L™" ambient air [log(cco,) = 1.25], 84

This journal is © The Royal Society of Chemistry 2017
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umol L™ [log(cco,) = 2.0]; T = 8 °C) and at the plateau at the
end achieved by using carbonized mineral water (log(cco,) =
4.25).

3.7. Applications

The applicability of the new carbon dioxide sensors was tested
by measuring the respiration behaviour of Egeria densa. E. densa
are water plants originally common in Brazil, Argentina and
Uruguay with a high rate of growth under ideal conditions.>
The plant, an oxygen optode, the new carbon dioxide sensor
spot placed on a distal end of an optical fibre, as well as the
temperature probe were inserted in a desiccator filled with tap
water (Fig. 8A). The plant was illuminated with two halogen
lamps for one to two hours (photosynthetic photon flux density
~250 umol s~' m™?). The darkness periods varied between 90
minutes and two hours. The production and consumption of
carbon dioxide during dark and light periods, respectively, is
clearly visible (Fig. 8B). Oxygen dynamics mimics that of carbon
dioxide but with an opposite trend: oxygen consumption is
observed due to respiration during the dark period and oxygen
production due to photosynthesis during the illumination
period.

The absolute consumption of oxygen is higher than the
measured production of carbon dioxide (normally 1 : 1 ratio).
Since we used unbuffered tap water, the produced carbon
dioxide is partly transformed into bicarbonate, which was not
measured.

The sensing device was further applied for in situ carbon
dioxide monitoring during the research trip ‘PROSID2014’ in
the Gotland deep (TF_271) and the Gulf of Finland (GoF_7).
Due to the long response time of the sensor, stepwise profiles
were measured. The CTD-rosette was held on a certain depth
for 45-105 minutes. A stable signal was observed before the
next depth was reached. The pCO, was calculated by using 4,
and A, parameters obtained from the three-point (re-)calibra-
tion. The obtained data correspond well to the estimated
behaviour of the carbon dioxide concentration based on the
previously measured dissolved oxygen concentrations (Fig. 9A).
The upper layer (<40 m) was mixed very well because of the
weather conditions and was equilibrated with the atmosphere.
This was followed by a pronounced increase of pCO, below the
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40+ L180
20— W |5
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Fig. 8 (A) Scheme of the experimental set up of the investigation of
the respiration behaviour of Egeria densa; (B) carbon dioxide and
oxygen dynamics of Egeria densa in a desiccator filled with tap water
(constant stirring) during illumination with halogen lamps (white zone)
and darkness (grey zone); T = 21.3-27.4 °C.
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Fig. 9 Salinity (black), temperature (blue), oxygen (green) and CO,
profiles (red) obtained during the '‘PROSID 2014 cruise in October
2015. (A, B) Gotland deep (TF_271, 57.32088 lat/20.05341lon); (C, D)
Gulf of Finland (GoF_7, 59.56354 lat/24.88670 lon). Black dots indicate
the data from the reference photometric measurement.

halocline (from 13 pmol L™" to 135 pmol L"), which can be
found permanently in the Baltic Sea.®®** Due to the saltwater
inflow in December 2014 (ref. 62) a slight decrease of CO, was
expected at 200 m depth. This could be observed by the refer-
ence measurements and the oxygen profile. The predicted
amounts of carbon dioxide could be confirmed with the new
sensor device at both stations.

The measured pCO, was verified by using the reference
samples taken at the corresponding depths. Due to the use of
Hyflon AD 60 as the polymer for the reference and protection
layers and low temperatures during the experiment, the
response times are very long. This leads to three main prob-
lems: (i) the recalibration at temperatures between 4 °C and
10 °C is time consuming (up to 6 hours), (ii) the measurement of
the profile takes several hours, during which the research vessel
has to stay at almost the same position and (iii) the long
response time is responsible for hysteresis, which is clearly
observed during the fast profiling. For instance, hysteresis for
the depths from 0 to 100 m (station TF_271, Fig. 9B) is very
distinct due to the fact that the CTD-rosette was heaved
continuously back to the surface because of the weather
conditions. A longer equilibration time is required to achieve
a stable signal for more precise measurements which was
hardly possible within the limited time available during the test.
For comparison, at station GoF_7 it was possible to extend the
time for measuring the profile and heaving the CTD-rosette
(10 min for every 10 m). The observed hysteresis was much
smaller (Fig. 9D).

The values measured with the new carbon dioxide sensor for
the Gotland deep (TF_271) were often lower than those obtained
in the reference method for discrete probes (~25% relative
error). The likely reason for this deviation is an offset in cali-
bration, due to very long response times of the sensor at the low
temperatures and low carbon dioxide concentrations.
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The data obtained at GoF_7 are in good agreement with the
reference data. The measured profile in the Gulf of Finland
shows an increase of the carbon dioxide concentration between
20 and 70 m, in which the main rise was measured between 55
and 70 m water depth. The reference measurements are in the
range between the data obtained during lowering and heaving
of the CTD-rosette. This indicates that a longer equilibration
time is necessary to generate more accurate data. Therefore,
optimization of the sensor design aiming at reduction of the
response time will be indispensable for profiling applications.

4. Conclusions

We presented the quantification of carbon dioxide in the
marine environment with a highly sensitive, mechanically and
(photo-) chemically robust sensing material, which is compat-
ible with the phase fluorometers from PyroScience GmbH. The
new sensor spots based on a colorimetric indicator and inner-
filter effect read-out feature a multi-layer architecture which is
necessary to ensure high long term and mechanical stability.
The use of a protective layer made of the perfluorinated polymer
Hyflon AD 60 dramatically enhances the resistance against
poisoning compared to the commonly used silicone rubber.
Importantly, such coating also dramatically reduces the
reversible cross-talk to hydrogen sulfide under low oxygen
conditions. The trade-off is a much longer response time,
particularly at low carbon dioxide concentrations and at low
temperatures. This significantly complicates the sensor cali-
bration and profiling in situ. Preparation of thinner layers via
carefully controlled layer deposition is likely to improve the
response times. Furthermore, the use of a different per-
fluorinated polymer with a higher permeability for carbon
dioxide (Teflon AF) is another possibility to improve the
response and recovery times. By the use of additional long term
field tests more data can be obtained to reveal possible inter-
ferences or limitations, like biofouling.
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