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Abstract

The review provides comparison of porous materials that act as a matrix for luminescent oxygen indicators. These include
silica-gels, sol-gel materials based on silica and organically modified silica (Ormosils), aerogels, electrospun polymeric
nanofibers, metal-organic frameworks, anodized alumina, and various other microstructured sensor matrices. The influence
of material structure and composition on the efficiency of oxygen quenching and dynamic response times is compared and
the advantages and disadvantages of the materials are summarized to give a guide for design and practical application of

sensors with desired sensitivity and response time.
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Introduction

In the past decades, the field of luminescence-based sens-
ing of oxygen has evolved from an emerging discipline to a
well-established technology [1, 2]. While in the 1990s and
early 2000s new luminescent indicators and matrices for
optical oxygen sensing were discovered at a high rate, the
more recent research has been focused on fine-tuning and
modification of sensor components to achieve ever increas-
ing sensor performance for a wide variety of applications in
(marine) biology, oceanography, biotechnology, medicine,
and many other fields [3-6]. Understanding the role of indi-
vidual components in the sensor performance is a critical
prerequisite for efficiently designing optical oxygen sensors
with the desired properties for a particular application. Oxy-
gen indicator and matrix, in which it is immobilized, are
the most important components that determine the spectral
properties of the sensor, its brightness, sensitivity to oxygen,
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dynamic response, (photo)stability etc. Indicators for oxy-
gen sensors have been discussed in detail elsewhere [7], the
same refers to the quite common non-porous matrices (e.g.,
polymers like polystyrene or silicone rubber) [2].

Porous materials have served as important matrices for
oxygen sensing. Their common feature is comparably fast
oxygen diffusion which enhances the sensitivity of the sen-
sors and improves response times. Among the first porous
matrices used in oxygen sensing were silica-gels, amor-
phous SiO, particles that are commercially available in a
wide range of porosities and particle sizes. Modification
of silica-gel to include organic groups via Si—O-R bonds
results in organically modified silica, in short Ormosil.
Ormosils have been popular as matrix materials from the
early 1990s until today because of versatility in terms of
tuneability of their porosity and hydrophobicity. Similar to
silica-gels, aluminum oxides have been used as porous sup-
port for oxygen indicator dyes. Some groups have exploited
the uniform (nano-)porosity that can be achieved in anodized
alumina. Electrospun nanofibers and metal-organic frame-
works emerged as new materials for optical oxygen sensing
during the last 10 to 15 years and though being quite differ-
ent from a chemical point of view, they share the desirable
features of high versatility and tuneability of structure and
composition. Parallel to and sometimes in combination with
these porous materials, non-porous polymers have been used
as matrices for optical oxygen sensors. The most noticeable
being polystyrene, poly(methyl methacrylate), silicone rub-
ber, and perfluorinated polymers, which will be discussed to
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compare the performance of porous and non-porous matrix
materials.

This review is dedicated to highlighting the effect of
matrix porosity on sensor performance, more specifically
on the sensitivity and dynamic response of oxygen sensors.
Examples of oxygen sensors for each group of materials will
be provided along with comparison between different groups
of porous and non-porous matrices in terms of sensitivity
and response time but also handling and practical applicabil-
ity. An electronic supporting information is provided with
information on the commercial availability of the different
matrix materials (Table S1) and data on sensitivity, bimo-
lecular quenching constant, and response time of all materi-
als discussed within this review (Tables S2-S9).

General considerations
Quenching of luminescence by molecular oxygen

The quenching of luminescence by oxygen may happen via
different pathways, the exact mechanism depending on the
specific conditions [8, 9]. The most important deactivation
mechanism is energy transfer via an electron-exchange Dex-
ter mechanism. Energy transfer from both singlet excited
state (S;) and triplet excited state (T,) is spin-allowed so that
the dioxygen molecule can efficiently quench fluorescence
and phosphorescence, respectively. For most of (metal)
organic dyes, the energy level of the excited state (S; or T,)
is above the ! Z; level of oxygen and is always above the lAg
level (Fig. 1) indicating the possibility of energy transfer to
any of these states. However, even if the 12; level of oxygen
is originally populated, fast deactivation leads to formation
of lAg singlet oxygen which lifetime typically varies from
about 3 ps in water to tens of microseconds in polymers and
even much longer in gas phase.

As the energy transfer is a very fast process, the rate of
oxygen quenching is limited by the rate of oxygen diffusion
leading to an encounter between oxygen and dye molecule
(kgirr)- The decay times of fluorescent emitters typically are
in order of several nanoseconds and therefore no significant
quenching by oxygen is observed in most conditions. If oxy-
gen diffusion, however, is very fast in a given matrix, even
fluorescence may be efficiently quenched by oxygen.

Sensitivity

In an ideal case of dynamic quenching of the luminophore’s
excited state (triplet or singlet) through oxygen, the rela-
tionship between intensity (or luminescence decay time)
and oxygen concentration is described by the Stern—Volmer
equation [10, 11]:
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Fig.1 Simplified Jablonski diagram illustrating luminescence

quenching of a common oxygen indicator PtOEP by molecular oxy-
gen. After excitation into a singlet excited state (directly to S, or into
S,, following radiativeless deactivation into S;) and inter-system
crossing to T, state, energy transfer results in formation of singlet
oxygen and its subsequent deactivation into the triplet ground level

I

2 =2 =1+Ky-[0)] ()
with

[02] =Sp, *p0, ()

where [/t and I/7 are the luminescence intensity/lifetime
in the absence of oxygen and at a given concentration of
oxygen [0,] in mol L™, respectively, which is the product of
oxygen partial pressure pO, and oxygen solubility in the sen-
sor matrix S, , and Ky is the Stern—Volmer constant which
is specific for a sensor under given conditions (temperature,
humidity etc.) and includes different parameters that deter-
mine the oxygen sensitivity of a given sensor [11, 12].

Ksy = ky* 79 3)
b = 47N,
v = Tooo " e P Po, @

where &, is the rate constant of the bimolecular quenching
process in L mol™' 57, N, is Avogadro’s number, R is the
collision radius of the oxygen indicator complex in cm, p is
the efficiency of quenching (p=1 for diffusion controlled
systems), and D, is the diffusion coefficient of oxygen in the
matrix in cm?’s™! (given that the diffusion of the immobilized
indicator is virtually negligible compared to the diffusion
of oxygen).

It is commonly considered that k, approaches the dif-
fusion controlled limit (k4g) only in case of fluorescent
indicators (quenching of the excited singlet state) whereas
for phosphorescent dyes (quenching of the excited triplet
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state), k, is reduced to 1/9 kg due to the spin-statistical
factor [8]. The encounter of a phosphorescent dye in the
excited triplet state (T;) and an oxygen molecule in its
ground state (32;) leads to the reversible formation of an
excited complex (7> Y)) for which nine spin configura-
tions are possible. However, only one of these configura-
tions allows for energy transfer from the dye to the oxygen
molecule, leading to ninefold reduction of k, compared to
kg It is therefore essential to keep in mind the nature of
the involved emissive state when comparing the k, con-
stants calculated from the experimental data (K, /7).

However, even within the same class of indicator dyes,
the situation may be more complex than expected. For
instance, Han et al. compared several common oxygen
indicator dyes adsorbed on SBA-15 mesoporous silica
and after correction for different excited state lifetimes,
the dye specific part of k, (R.-p) was found to vary by
as much as 3.3-fold between the dye PAOEP (the lowest
k,) and Ru(phen)32+ (the highest k,) [13]. The reason for
this may be difference in distribution of the dyes on the
surface of the material resulting in variation of surface
concentration of the quencher. It should also be mentioned
that some dyes (such as cyclometalated Ir(III) complexes)
in addition to quenching via energy transfer from dye to
molecular oxygen also may show quenching via the elec-
tron transfer reaction resulting in formation of dye cation
radical and superoxide ion. This results in the higher &,
values compared to the one expected from the 7, value and
purely energy transfer mechanism [14]. Nevertheless, with
bimolecular quenching constants ranging many orders of
magnitude (10 to 103 Pa~! s7!) for the majority of materi-
als investigated in this review, the dye-related factors can
be considered minor compared to oxygen permeability
of the matrix. Therefore, in this review, the bimolecular
quenching constant will be used as a measure of quenching
efficiency to compare different matrices without correct-
ing for the nature of the indicator used in the respective
studies.

If the quenching is strictly dynamic and the indicator
located in a homogenous matrix with only one microenvi-
ronment guaranteeing the same accessibility to oxygen for
each indicator molecule, the plot of 170 or T—: vs. [0,] gives a
straight line with the slope K¢y, (Eq. 1). In contrast to the
solutions of indicators in organic solvents where quenching
obeys Eq. 1, most solid matrices are characterized by differ-
ent dye microenvironments corresponding to different acces-
sibility of the dye to oxygen. This leads to a deviation from
a linear Stern—Volmer plot resulting in a plot with down-
ward curvature. Different models describing such behavior
have been proposed such as Lehrer model [15] and Demas
two site model [16]. The latter postulates location of the
indicator in two microenvironments characterized by the
Stern—Volmer constants K¢y, and Ky, (Eq. 5)

-1
Iy / 1-f

—= + (5)
I ( 1+Kg,[0,] 14 Kg,[0,] )

where f is the relative contribution of the first
microenvironment.

Response time

The response time of a sensor is generally defined as the
time required for the signal to reach 90% or 95% of the new
equilibrium value after changing the analyte concentration
(denoted as ty, and fy5, respectively). As the quenching reac-
tion itself is very fast compared to gas diffusion through the
matrix, the response time of a sensor will be determined by
the oxygen diffusion coefficient as well as the thickness of
the sensing layer.

The reported response times have to be handled with care.
The reason for this are the experimental limitations since
the atmosphere in the measurement chamber typically is not
changed abruptly. Particularly in case of fast-responding sen-
sors, the reported decay times may reflect the time required
for the gas exchange in the chamber and thus be strongly
overestimated.

In most cases, the recovery time (changing from oxygen-
ated to oxygen-free conditions) is reported to be significantly
longer than the response time (changing from oxygen-free
to oxygenated conditions). In some cases, e.g., on silica sur-
faces, this might partially be explained by O, adsorption on
the surface. Mostly, however, this is an artifact as quenching
is not linear over the whole concentration range of oxygen
and quenching is significant already at low oxygen concen-
tration. Evidently, in case of trace sensors, which upper limit
is reached at oxygen concentrations well below air saturated
conditions, it makes little sense to determine the response
and recovery times via cycling between 100% oxygen and
oxygen-free atmosphere.

Silica-gel-based materials
Inorganic silica backbone

Porous materials with inorganic silica backbone can be
divided into several subclasses:

— Mesoporous silica-gel particles. They are characterized
by a random pores network with an average pore size
varying from 35 to 250 A, with the most common repre-
sentative having the pore size of 60 A (Fig. 2A).

— Materials with mesoporous hierarchical porous structure.
Most common representatives are MCM-41 (Fig. 2B)
and SBA-15. Since these materials are prepared by
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Fig.2 Electron microscopy
images of common silica-based
porous materials. A TEM
image of a silica-gel particle.
Reprinted with permission from
Ref. [17], Copyright 2012,
American Chemical Society;

B TEM image of mesoporous
MCM-41 material. Reprinted
with permission from Ref. [18].
Copyright 2000, American
Chemical Society; C SEM
image of an organically modi-
fied silica (Ormosil) particle.
Reprinted from Ref. [19], Copy-
right 2012, with permission
from Elsevier; D SEM image of
a silica aerogel. Reprinted with
permission of the Royal Society
of Chemistry from Ref. [20]
permission conveyed through
Copyright Clearance Center, Inc

hydrolysis of precursors in presence of surfactant, the
pore size depends on the surfactant used. The pores of
MCM-41 are typically smaller (20-65 A) compared to
SBA-15 (50-150 A).

— Macroporous controlled pore glass CPG (pore diameter
of hundreds of A).

Inorganic silica materials were among the first matri-
ces to be used in optical oxygen sensing [21-23]. Cationic
dyes, mainly Ru(II) polypyridyl complexes, can simply be
adsorbed on the surface of the porous silica via electrostatic
interactions. In more complex systems, covalent immobiliza-
tion on the modified silica surface or encapsulation within
the pores during sol—gel synthesis is possible.

In silica-based materials, quenching happens through
collisions between the adsorbed/immobilized indicator with
both gaseous and surface-adsorbed oxygen [13, 22]. Surface
adsorption of oxygen, following a Langmuir-Hinshelwood
model, therefore increases the quenching probability for sur-
face-immobilized indicator molecules and can become the
dominating quenching pathway in case of inorganic silica
surfaces [16, 24]. This leads to a deviation from Henry’s law
since the surface oxygen concentration is related to the oxy-
gen partial pressure via an adsorption isotherm [25]. Since
other surface-adsorbed molecules such as water or alcohols
represent obstacles for the diffusion of adsorbed oxygen,
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they interfere with quenching, which results in cross-sensi-
tivity to humidity in most silica-based sensor materials. This
cross-talk is in some cases so pronounced that a humidity
sensor can be designed based on this principle. In fact, Posch
and Wolfbeis reported a humidity sensor (albeit with an oxy-
gen cross-talk) based on a perylene-bisimide dye adsorbed
on silica-gel TLC plates [26]. While the oxygen cross-talk
with a Stern—Volmer constant k, of only 0.08 kPa~! seems
small, the bimolecular quenching constant for oxygen in this
sensor is as high as 16,000 Pa~! s~! indicating the suitability
of silica-gel materials for oxygen sensing.

The most straightforward way of indicator immobili-
zation on porous silica-gel particles is to utilize electro-
static attraction of cationic dyes (most commonly Ru(II)
polypyridyl complexes) to the silica surface which effi-
ciently prevents dye leaching and aggregation. These mate-
rials are usually characterized by nonlinear SV plots and
show medium to high sensitivity to molecular oxygen. The
bimolecular quenching constants (k,) are typically in range
40-200 Pa~! s~!. Indicator-doped porous silica-gel parti-
cles are seldom applied on their own. Rather, they are dis-
persed in a host polymer featuring high gas permeability and
hydrophobic character, such as silicone rubber. As shown by
He et al., short-chain PDMS prepolymers and crosslinkers
may penetrate into the pores and reduce sensitivity. In the
described sensors, K, decreased from 0.03 to 0.02 kPa™!
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and k,, from 30 to 20 Pa~! s™! when going from a long-chain
length to a short-chain length crosslinker [27]. Nevertheless,
immobilization of the dye in porous particles as a matrix
is shown to result in more sensitive sensors compared to
those obtained by dye immobilization directly into silicone
rubber. For instance, Klimant et al. reported kq constants
of ~120 Pa~! s~! for Ru(II) polypyridyl complexes adsorbed
on silica-gel and then dispersed in silicone matrix, whereas
the dyes directly immobilized into the same silicone gave
lower k, of ~30 Pa~' 7! [28].

Morphology and surface chemistry of the materials
appear to be important parameters that affect the sensitiv-
ity of silica-based materials. For instance, in case of elec-
trostatically immobilized Ru(II) indicator, the sensitivity
increased strongly on going from reversed phase silica-gel
(Kgy, 0.02 kPa™!, k, 40 Pa~! s7!) to regular silica-gel (K
0.10 kPa™!, k,210 Pa~!s7!) and controlled pore glass (Kgy
0.14 kPa™', k, 290 Pa~' s7!) [29]. The sensitivity was the
lowest for indicator immobilized directly into silicone rub-
ber (Kgy, 0.01 kPa™, k, 10 Pa~" s7") [29], which is in good
agreement with results obtained by Klimant and co-workers
[28].

An obvious strategy to further enhance the sensitivity of
silica-gel-based oxygen sensors is to exchange the Ru(II)
polypyridyl complexes which possess relatively short-lived
luminescence (7, of about 6 us for Ru(Il) (4,7-diphenyl-
1,10-phenanthroline) (=Ru(dpp);) with indicators featuring
longer phosphorescence decay time. Thus phosphorescent
Pt(II) and Ir(IIT) porphyrins (7, in the range of tens of micro-
seconds) and particularly Pd(II) porphyrins (7, of hundreds
of microseconds) are useful for preparation of much more
sensitive sensors. For instance, Koren et al. immobilized an
Ir(IIHOEP complex with bulky axial ligands on silica-gel
[30] and obtained kq value of ~70 Pa~!' s~ which is compa-
rable to that of the Ru(Il) based materials but corresponds
to significantly higher K, of 1.8 kPa~! due to the longer
luminescence decay time of the metalloporphyrin (~30 us).

Covalent immobilization of indicators to the surface of
the porous material completely eliminates indicator leaching
and is particularly useful for immobilization of uncharged
or negatively charged indicators. For this purpose, the silica
surface can be easily modified with amino groups to couple
indicators like Erythrosine B that possess carboxylic group
[31]. This phosphorescent dye with 7, of ~300 us showed
high K, of 66 kPa™' (k,~230 Pa~' s™') and a LOD as low
as 0.06 Pa O,. Very popular highly photostable oxygen indi-
cators based on Pt(IT) and Pd(IT) complexes with pentafluo-
rophenylporphyrin can also be covalently immobilized on
amino-modified silica-gel via nucleophilic substitution of
para-positioned fluorine atom [32]. Compared to Erythros-
ine B [31], the k, values were about 3—4 times smaller (55
and 65 Pa~! s™! for the Pt(I) and Pd(II) complex, respec-
tively) [32]. Nevertheless, the sensitivity is rather high (K,

4 and 63 kPa~!, respectively) due to long luminescence
decay times of 71 and 980 us, respectively, that enables
LODs as low as 0.25 and 0.015 Pa O,, respectively. In con-
trast to majority of oxygen sensors based on silica-gels, the
Stern—Volmer plots are linear. The authors also showed that
further modification of the silica-gel surface with (3,3,3-tri-
fluoropropyl)methyldimethoxysilane leads to a drastic
decrease of temperature and humidity cross-talk while
retaining the favorable sensitivity, response time, and linear
SV plot. The response times (#,q,) for the particles immo-
bilized into silicone rubber were very fast (0.15-0.25 s)
despite rather thick sensing layers (~25 pm). The group of
Melnikov and co-workers also reported linear Stern—Vol-
mer plots for silica-gel-immobilized metalloporphyrins, but
k, constants were significantly lower (~7 Pa~' s [33]. It
should be mentioned here that silica-based nanomaterials
have also been reported [34]. These are typically obtained
using the Stober method via hydrolysis of tetraalkoxysilane
precursors in presence of oxygen indicators and are applied
for intracellular imaging of oxygen distribution.

Along with amorphous silica-gels, highly ordered
mesoporous silicas such as MCM-41 and SBA-15 proved
to be highly promising porous matrices for oxygen sensors.
These hierarchical mesoporous silicas are prepared in pres-
ence of surfactants and typically show an increase in oxygen
sensitivity compared to amorphous silica-gels, as oxygen
diffusion in the hexagonal pores is facilitated. Because of
the ordered character, high heterogeneity of the microen-
vironment is not expected. Therefore, nonlinearity of the
SV plots may originate from existence of dye aggregates or
changes in adsorption of oxygen on the surface upon elec-
trostatic dye immobilization. Indeed, linearity was shown to
significantly improve when covalent attachment of the dye
is performed [35].

The group of Li published several reports on cova-
lent immobilization of Ru(II) polypyridyl complexes in
mesoporous silica, namely MCM-41 (Fig. 2B) and SBA-15,
by equipping one ligand with an alkyl-triethoxysilane chain
that reacts with TEOS during sol-gel process [35-37]. They
found that when going from an amorphous porous material
to a hierarchical mesostructured material such as MCM-
41 or SBA-15, the sensitivity increases by approximately
1.5-fold and that covalent immobilization gives more linear
Stern—Volmer plots. Notably, covalent immobilization dur-
ing sol—gel process was found to be superior to post-syn-
thetic modification of the mesostructured silica-gel. For the
mesoporous MCM-41 and SBA-15 materials and concentra-
tion range from 0 to 5% O,, the bimolecular quenching con-
stants were around 100-200 Pa~! s=!. This value was further
significantly increased (k,~920 Pa~!' s~! for the linear range
from 0 to 1.4% O,) when the Ru(Il) complex was bound to
MCM-41 through a more rigid anchor [37]. In both cases,
the Stern—Volmer plots are not linear.
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Nonlinear SV plots with k, values in the range from
40 to 400 Pa~! s~! for the more sensitive component
have also been observed in other works on mesostruc-
tured materials MCM-41 [38-43] and SBA-15 [13,
39-41, 43] that incorporated indicators of different
classes including Ru(II) [13, 39], Cu(I) [40, 42], and
dirhenium [41] complexes as well as metalloporphy-
rins [13, 38, 43]. This literature indicates that SBA-15
appears to give significantly more sensitive materials
with Ky and k, being 2—6 times higher than compared
to MCM-41. This might be due to larger pore diameter
of SBA-15 compared to MCM-41 (10 nm vs. 3 nm).
PtTCBPyP immobilized in SBA-15 showed the high-
est sensitivity for this type of materials with K, of
350 kPa~! and k, of ~3500 Pa~! s~! for the more sensi-
tive component of the SV plot [43].

The dynamic response times reported by Zhang et al.
for the MCM-41 sensing material were below 1 s [38]. In
contrast, most hierarchical, mesostructured silica-based
sensors are reported to have response times of a few sec-
onds and recovery times of a few dozens of seconds, but
these values appear to be strongly overestimated due to
slow gas exchange in the setup.

Since silica-gels as well as ordered mesoporous
silica such as MCM-41 and SBA-15 are commonly
available as fine powders, further immobilization is
necessary to obtain a mechanically robust material for
application in oxygen sensing. This immobilization is
most commonly achieved by dispersion of the particles
in a highly oxygen-permeable polymeric matrix such
as silicone rubber [23, 28, 29]. The resulting materi-
als may be employed in different formats including
knife- or spin-coated planar films or dip-coated opti-
cal fibers. It has to be noted that the dispersion of
the sensing particles in a polymeric matrix adds an
additional diffusion barrier, thereby slowing down the
dynamic response of the sensor. As discussed above,
the sensitivity may be affected by the immobilization,
if prepolymer or cross-linker molecules penetrate
into the silica-gel pores [27]. Although other forms
of immobilization, such as using TLC plates where
a layer of silica-gel is attached to a solid support via
an adhesive [26], or monolayers of SBA-15 adsorbed
on a polymer film [13], may provide faster gas diffu-
sion to the sensing particles, this comes at the cost of
mechanical stability and flexibility.

Fig.3 Schematic representation

1 2) Sj
of sol—gel process Precursor (R'0),(R%),Si

H,O/precursor
ratio ,,R“

H,0 pH solvent
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Ormosils

Ormosils offer a number of advantages for sensing applica-
tions since they can be manufactured in a wide variety of
formats, including monoliths, knife-/spin-coated thin films,
dip-coated optical fibers, and even microparticles. Figure 3
depicts the sol-gel process and the components involved in the
process and influencing the morphology of the final product.
Composition of silicon alkoxide precursors largely determines
the sensitivity, linearity of calibration plot, and mechanical
stability of the resulting materials. However, the conditions
(pH) and the ratio of reactants also are important. Particularly,
large H,O/precursor ratio and high pH are known to give more
porous structures with higher specific surface area [12, 44],
properties that are associated with higher sensor sensitivity
and fast response times.

Tetra(m)ethoxysilane precursors TMOS or TEOS give
purely inorganic silica-gel materials after hydrolysis and
condensation in the sol-gel process. However, during aging,
the sol-gels shrink and often crack, producing mechanically
inferior monoliths/sensor layers with lower porosity and oxy-
gen sensitivity than silica-gels [45—49]. Organically modified
precursors, where one alkoxide group in TMOS or TEOS is
replaced by an organic group with a non-hydrolysable C-Si
bond, used in sol-gel process instead of tetra(m)ethoxysilanes
favor network termination and generation of defects in the
sol—gel network. This in turn creates cavities and increases
the porosity of the material (Fig. 2C). Additionally, the sur-
face chemistry of Ormosils is also guided by the nature of
organoalkoxysilanes. As shown by McDonagh and co-workers,
the sensitivity of the sol—gel sensors is determined by many
parameters: sol—gel precursor to water ratio, organic solvent
content, aging time, and content of organotriethoxysilane [12,
47, 50]. The higher porosity (associated with faster oxygen
diffusion and therefore higher sensitivity) is favored by low
water:precursor ratio and slow aging. Modification with meth-
yltriethoxysilane MTEOS results in more flexible networks
and faster hydrolysis, which negatively influenced the porosity
[12]. The less polar surface also has a negative influence on O,
solubility, however, it also reduces the adsorption of water on
the sol-gel surface which in turn leads to better O, diffusion.
Compared to the hydrophobicity of the surface, the volume
fraction porosity has an even stronger influence on the diffu-
sion coefficient. Comparison of the most sensitive MTEOS-
and TEOS-based sensors reported in this work reveals about
twofold higher sensitivity of the latter with K, values of 0.03

Drying & Aging
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and 0.06 kPa~! and k, values of 7 and 13 Pa~!'s7!, respectively.
Notably, all investigated sensors showed fast response times
of <0.6 s, and even smaller than 0.01 s for the MTEOS-based
Sensors.

Importantly, preparation method may affect the sensitiv-
ity of the resulting materials much more than the chemi-
cal composition which was demonstrated by comparison of
bulk monoliths and spin-coated thin films prepared from
TEOS and MTEOS [51]. The sensitivity of the bulk mate-
rials increased with MTMOS content since the chain ter-
minating methyl group promoted formation of cavities in
the monolith during slow aging (K, 0.02 and 0.3 kPa™'
and k, 5 and 38 Pa~! 57! in pure TEOS and pure MTEOS,
respectively). The opposite effect was observed in the spin-
coated film, characterized by higher film density at increas-
ing MTMOS content (19.12% volume fraction porosity in
TEOS film, 3.14% in MTMOS film) which is explained by
faster hydrolysis and higher flexibility of the MTMOS sol-
gels. Additionally, the lifetime of the [Ru(dpp);]Cl, indicator
varied with the sol—gel composition, ranging from 4.4 us in
pure TEOS to 7.2 ps in pure MTEOS, which also affected
the oxygen sensitivity.

Substitution of methyl-modified precursors by ones with
longer alkyl chains favors formation of larger cavities, posi-
tively influencing the sensitivity. For the sol-gels of the type
(C,H,, . 1)-Si-(OR); (R =Et or Me, n=1-12), the sensitiv-
ity and oxygen diffusion coefficient increase up to a chain
length of n=8 (MTMOS: K, ~0.02 kPa™', k,~4 Pa™' s7',
Dg,~2.5-107 cm?s™!, Octyl-triMOS: Ky, ~0.1 kPa™!,
k,~22Pa~'s™!, D, ~20-10" cm’s™") after which point they
decrease again (Fig. 4) [52]. The increase in D, due to
porosity is higher than the decrease S, in the hydrophobic
matrix; however at an n> 8, the long alkyl chains obstruct
oxygen diffusion. The optimal chemical composition favor-
ing sensors with the highest sensitivity (Kg, 0.2 kPa™!, k,
30 Pa~! s7!) and linearity of the Stern—Volmer plot from 0
to 100% O, was reported to be 60 mol % of Octyl-triEOS
and 40 mol% of TEOS [53].

Similarly, Yeh et al. found linear SV plots in Octyl-
triEOS/TEOS sol-gels doped with platinum(II)

porphyrin which were characterized by medium sensitivi-
ties (k,~5 Pa~!' s7!) but rather fast response times (0.7 s
response, 14 s recovery) [54].

Making use of fluorinated alkyl substituents in Ormosils
represents another interesting possibility for tuning oxygen-
sensing capabilities since (partially) fluorinated polymers
are generally known to have significantly higher oxygen
permeability compared to their non-fluorinated analogues
[55-58]. As was shown, sol—gel materials prepared from
the mixture of trifluoropropyltrimethoxysilane TFP-triMOS
and non-fluorinated precursors methyl-triEOS, ethyl-triEOS,
propyl-triEOS, and phenyl-triEOS (1:1 molar ratio) dem-
onstrate significantly higher sensitivities (3—fivefold) com-
pared to the Ormosils that do not contain TFP-triMOS [59,
60]. For example, the kq values were 10 and 35 Pa~! s~! for
methyl-triEOS and TFP-triMOS/methyl-triEOS, respec-
tively; 10 and 50 Pa~! s™! for ethyl-triEOS and TFP-triMOS/
methyl-triEOS, respectively; 20 and 50 Pa~! s~! for pro-
pyl-triEOS and TFP-triMOS/propyl-triEOS, respectively;
and 5 and 20 Pa~! s™! for phenyl-triEOS and TFP-triMOS/
phenyl-triEOS, respectively. Evidently, the Ormosils con-
taining phenyl groups show both the lowest sensitivity and
the slowest response times (0.5 s for methyl-triEOS to pro-
pyl-triEOS, 2.7 s for phenyl-triEOS) [59]. The SV plots can
be adequately fitted with SV equation although they show
slight deviation from linear behavior. From the available
data, however, it is not certain if the observed increase in
sensitivity in case of fluorinated alkyl substituents is only
due to higher O, solubility in fluorinated xerogels or if other
factors such as porosity contribute as well.

The TFP-triMOS precursor was also employed by other
groups to produce sensor materials with high sensitivity and
linear SV plot [61-64]. However, in some of these reports,
the oxygen concentration was increased in a single step
from 0 to 20% O, [61, 63, 65] and without intermediate
data points, it is therefore possible that the SV plots devi-
ated from linear behavior in the low O, concentrations and
a more sensitive part of the curve were overlooked. The pro-
pyl-triMOS/TFP-triMOS (1:1 and 1:2) doped with Ru(dpp);
was reported to reach the k, values of 50-60 Pa—!s7!and
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response times <5 s [61, 62], while doping with PtTFPP
and PtOEP, interestingly, only yielded kq of § Pa~! s~ in
the same matrix [63] and 10 Pa~' s™! in TFP-triMOS/TEOS/
Octyl-triEOS [64]. This observation correlates well with the
one noted by Han et al. for mesoporous SBA-15 material
[13] but the difference in R_-p in the Ormosil matrix (~ five-
fold) appears to be slightly higher than in the mesoporous
material.

Aerogels

A subgroup of sol—gel materials are aerogels, sol-gel mono-
liths that are dried in supercritical CO, to preserve the ini-
tial high porosity of the gel (Fig. 2D). This high porosity
leads to fast oxygen diffusion within the sensing material,
which enhances oxygen sensitivity. For example, TMOS-
based aerogels with high surface areas of 870 m?g~! doped
with fluorescent N-(3-trimethoxysilylpropyl)-2,7-diazapyre-
nium bromide (DAP) were characterized by the bimolecular
quenching constant k, of 330 Pa~! s~! despite a rather small
K, value of 0.005 kPa~! explained by short decay time of
the indicator [66]. Much higher sensitivity (K, 2.5 kPa~!,
k, 1020 Pa~! s7!) was reported for the more sensitive region
of the nonlinear SV plot of the more porous aerogel doped
with Ru(Il)-tris(1,10-phenanthroline)-containing electron-
acceptor dyads [66, 67]. However, as the calibration of the
DAP-containing aerogel [66] was done with only two cali-
bration points, at 0 and 100% O,, respectively, a more sen-
sitive part might easily have been overlooked. Even higher
sensitivity (K, 14 kPa™', k, 2800 Pa™' s™" for 0-5% O,
range) was reported by Plata et al. for aerogel prepared
from TMOS and doped with Ru(dpp); [68]. These values
are about 2 orders of magnitude higher than the quenching
constant obtained for Ormosils based on similar composition
and indicators. The response times are difficult to determine
reliably; the measured values appear to be strongly overesti-
mated. The measured response times for the aerogel mono-
lith (0.5x0.5% 1 cm®) were <8 s [66, 67]. Plata et al. had
similar limitations as the gas flow was adjusted manually
[68] so that the reported response times of < 10 s are also
likely to be strongly overestimated.

While aerogels provide fast gas diffusion and unmatched
O, sensitivities, a massive drawback is the lack of versatil-
ity and mechanical stability. Aerogels are usually prepared
as monoliths in much larger dimensions than commonly
used oxygen sensors and therefore are difficult/impossible
to apply in the most common sensor formats including thin
films, fiber-optic sensors, or nanoparticles. Additionally,
aerogels are not very mechanically stable and tend to col-
lapse upon contact with water, which permanently destroys
the high porosity. Another drawback is the cumbersome
preparation, as drying in supercritical CO, requires adequate
equipment and increases cost and effort of preparation while
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comparably long drying and aging times of several days pre-
sent another inconvenience.

Electrospun fibers

Electrospinning polymer solutions in organic solvents
produce mats of thin polymer fibers with high surface-to-
volume ratio and high free volume. Due to fast gas diffu-
sion, these materials have significantly reduced response
times while retaining the favorable mechanical properties
of polymers [69—71]. The nature of the host polymer is not
different in nanofibers than in films; therefore, a significant
improvement in sensitivity is not to be expected compared
to conventional sensor formats. Indeed, electrospun nanofib-
ers prepared from polystyrene PS [72—78] showed bimo-
lecular quenching constants similar to those of the bulk PS
optodes [79-84] with k,, values in the range of 1-15 Pa™"s™".
Ormosil nanofibers prepared from octyl-triEOS/TEOS [85]
display a k, of 5 Pa~! s7!, which is exactly in the range
expected for these Ormosils [52, 53].

One of the main expected advantages of nanofibers com-
pared to bulk sensing films are very fast response times due
to the high porosity of the fiber mats and the short diffu-
sion paths within the material. The very fast response times
achieved by electrospun nanofiber sensors have been dem-
onstrated by Wolf et al., who compared the properties of
platinum(Il) porphyrin PtTFPP immobilized into polysty-
rene nanofibers (Fig. 5A) and in bulk polymer films [76,
77]. As expected, the oxygen sensitivity was almost identical
in both materials (k,~ 1 Pa~! s71). In contrast, the response
time of the nanofibers (average & 620 nm, average thick-
ness ~ 100 nm) decreased to 32 ms (Fig. 5B) compared to
the 30 pum thick bulk films characterized by the response and
recovery times of 2.2 and 4 s, respectively. Fast response of
0.1 s was also reported for a single Ormosil fiber (Octyl-
triEOS/TEOS) of 900 nm diameter containing Ru(dpp);
while the sensitivity was similar to bulk Ormosil materials
(5 Pa~!s71) [85]. Lannutti and co-workers reported nanofib-
ers prepared of biocompatible polymers such as polycapro-
lactone (PCL), polyethersulfone (PES), polysulfone (PSU),
and polydimethylsiloxane (PDMS) and their combination in
core—shell nanofibers [86—88]. Whereas the PCL nanofib-
ers demonstrated response and recovery times of 0.9 and
2.0 s, respectively, the response times determined for the
bulk films were in the order of minutes [86]. However, while
the diameters of the fibers are given (0.5-7 um), the thick-
ness of the film is not mentioned, complicating quantitative
comparison. Other core—shell nanofibers with the indicator
immobilized in a PDMS core covered by a PCL shell dis-
played response times below 1 s [87].

In many cases, experimental limitations (i.e., necessity
of very fast gas exchange in the calibration chamber) are
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likely to lead to very strong overestimation of the determined
response times. For instance, response and recovery times of
5-30 s were reported for PS fibers in different works [72-75,
78], which is comparable to the response times measured
for several micrometer thick bulk optodes. Similarly, the
response for polyacrylate copolymer fibers was reported to
be in the range of tens of seconds that is only slightly shorter
than for the planar films made of the same material [89].

On the other hand, significant differences between the
measured response times may also be due to the structural
difference. In fact, for porous hollow fibers with thin walls
(Fig. 5A), a much faster response can be expected compared
to the dense non-porous fibers. Unfortunately, the publica-
tions on such materials often lack SEM images of adequate
magnification.

Another important characteristic of oxygen sensors is the
linearity of the SV plot. Whereas the linearity of SV plots
for the nanofibers and bulk optodes is often very similar and
the plots show characteristic downward curvature [70], in
some cases, nanofibers provide linear SV plots. For instance,
Xue et al. demonstrated improvement in the linearity for
the nanofibers with the indicator immobilized in a PDMS
core [87]. It was hypothesized that fast solvent evaporation
in nanofibers prevents molecular migration/rearrangement
within the fibers and therefore no microheterogeneities can
be formed. The same effect was observed for the fibers made
of fluorinated copolymers [89].

It should be noted that such useful properties as fast
response time are balanced by significantly higher effort in
the preparation of nanofibers compared to that of the bulk
films that are conveniently manufactured by knife coating,
spin coating, screen printing etc. Another inconvenience is
poor mechanical stability of the nanofiber agglomerate and
potential problems with attachment of the fibers to the sup-
port material. A possible solution may be immobilization of
nanofibers in another polymeric matrix but such approach is
only feasible if highly gas permeable matrices are used (such
as silicone rubber or amorphous Teflon AF polymers) since
oxygen diffusion in this balk matrix is a limiting factor in
the overall response.

MOFs

Metal-organic frameworks are extended crystalline struc-
tures (Fig. 6) that contain metal cation-based or metal cation
cluster-based nodes that are connected through organic link-
ers, multitopic aromatic molecules coordinating the nodes
via carboxylic acid or amine groups. Due to this modular
structure, the chemical and mechanical properties such as
polarity or porosity can be tuned over a wide range [90, 91].
In order to utilize MOFs in optical oxygen sensing, the MOF

has to be rendered luminescent either during synthesis or
via post-synthetic modification or doping (Fig. 7) [92]. The
luminescence can arise:

A) From the linkers. A fraction or all linkers in the frame-
work can be luminescent, either on their own (aromatic,
n-conjugated structures) or through metal-to-ligand
charge transfer (MLCT) or ligand-to-metal charge trans-
fer (LMCT) in MOFs containing d'® transition metals
such as Zn(II), Cd(II), Cu(I), and Ag(I) [93, 94].

B) From the metal nodes. In this case, lanthanide ions like
Eu’" are often responsible for the luminescence, some-
times sensitized by organic chromophores or linkers via
an antenna effect [95, 96].

C) From a luminescent guest molecule that has been
encapsulated into the MOF structure during synthesis
or doped into the structure post-synthesis.

As will be discussed below, MOFs represent materials
where even fluorescent dyes such as fluorescent linkers or
encapsulated fluorescent probes display significant oxygen
sensitivity due to extremely fast oxygen diffusion and even
distribution of dye molecules. The MOFs where oxygen
sensitivity is primary due to linkers [97—104] or encapsu-
lated guest molecules [105-109] may show &, values up to
37,000 Pa~! s~!. In contrast, MOFs utilizing luminescent
nodes [96, 103, 110-113] in general appear to have sig-
nificantly smaller bimolecular quenching constants (k, of
0.01-720 Pa~! s71). This may be due to lower oxygen acces-
sibility of the much smaller metal nodes in comparison to
the often bigger and less sterically shielded linkers and guest
molecules. Additionally, in case of lanthanide nodes (such as
Eu(III)), the luminescence quenching by oxygen is expected
to be fairly inefficient due to rather weak interaction of the
partly filled shielded f-orbitals with the quencher.

Common oxygen indicators such as Ru(II) and Ir(IIT)
polypyridyls can be incorporated in MOFs particularly if
equipped with carboxylic groups for coordination to the
nodes. The complexes can be embedded as guests (Fig. 7C)
or perform the function of a linker (Fig. 7B). For example,
carboxylated bipyridine-, phenylpyridine-, or phenanthro-
line-derived MOF linkers served as one of the three ligands
in Ir(IIT) and Ru(Il) polypyridine complexes that were built
inside the framework [98-102]. Using an oxygen indica-
tor as linker is advantageous for several reasons. First, the
concentration of indicator can be quite high, leading to high
signal intensity, while aggregation is prevented by the dis-
crete spatial distribution of the indicator molecules inside
the framework. Second, due to high cross-section of the indi-
cator molecules compared to the relatively small nodes and
favored oxygen diffusion through the channels of the MOF,
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Fig.5 A SEM image of the electrospun polystyrene nanofibers
showing the hollow structure of the fibers with average diameter of
620 nm and wall thickness of about 100 nm. The scale bar is 200 nm.
B Dynamic response of the same nanofibers to fast alteration of gas
atmosphere from 100% nitrogen to 100% oxygen and back. Reprinted
from Ref. [77], Copyright 2015, with permission from Elsevier

high sensitivity of linker-based oxygen sensitive MOFs can
be expected.

Advantages and limitations of oxygen sensitive MOFs
based on linker luminescence can be illustrated by PCN-
224 type family. Meso-tetra-(4-carboxyphenyl)porphyrin
(TCP) is a well-known building block for several MOFs
such as PCN-224 which is known to have a permanent
porosity of 2600 m?g~! and large average pore diameters of
19 A [114]. Burger et al. demonstrated the extreme quench-
ing capabilities of molecular oxygen in the PCN-224 fam-
ily of MOFs that were built by the metal-free porphyrin as
well as Pt(IT) and Pd(II) complexes (Pt-PCN-224 and Pd-
PCN-224, respectively) [97]. Particularly, even in case of
PCN-224, the fluorescence was quenched rather efficiently
(Ksv 0.25 kPa~!, kq =37,000 Pa~! s_l). The phosphorescent
Pt-PCN-224 and Pd-PCN-224 displayed the k,, value around
3900 and 6700 Pa~! s, respectively, which correlates well
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with the value obtained for PCN-224 considering the con-
tribution of the spin-statistical factor. Importantly, the lumi-
nescence decay times of Pt-PCN-224 and Pd-PCN-224 are
in microsecond time domain that is responsible to extremely
high sensitivities (K, of 73 and 2610 kPa~!, respectively)
and corresponding very low detection limits (1 Pa and
0.015 Pa, respectively).

Similar to inorganic silica materials, MOFs are usually
obtained in the form of microscopic crystals that require
immobilization to become useful sensing materials. Again,
similarly to silica materials, polymer components such as
crosslinkers might intrude into the MOF’s pores and reduce
sensitivity. Depending on the MOF structure, this loss in
sensitivity can be moderate (ca. threefold reduction in sen-
sitivity in MAF-2, MAF-4, and a Eu-NDC MOF) [105, 111,
113] or almost complete as observed in some PCN-224 type
MOFs [97]. The magnitude of this effect appears to depend
on the size of the apertures connecting the pores of the
framework. In fact, the apertures are rather small in MAF-2
and MAF-4 (1.5-3.6 A and~3.3 A respectively), whereas
the pore diameter of PCN-224 reaches 19 A. It is therefore
likely that small apertures prevent intrusion of polymer/pre-
polymers/cross-linkers into the pores so that the sensitivity
is less affected by immobilization. One of potential solu-
tions in case of the MOFs with large pores is to grow them
on different supports in order to obtain mechanically stable
materials. For instance, cross-linked electrospun polyacry-
lonitrile fibers, silica TLC plates, glass filters (Fig. 6B), and
other supports were shown to be suitable [97].

Another serious limitation is cross-talk of the MOF-based
sensing materials to humidity. Despite being highly hydro-
Iytically stable on its own, the MOF may show an extreme
decrease in the oxygen sensitivity at high humidity and in
water, which can only be reversed by regeneration of the
material at elevated temperature in vacuum. As shown for
Pt-PCN-224, the MOFs in water still show some lumines-
cence quenching by oxygen; however, the Ky, values reduce
drastically (73 kPa~! in dry gas and 0.14 kPa~! in water) [97,
115]. Water molecules appear to be efficiently trapped inside
the relatively polar MOF and thus hinder diffusion of oxygen
through the pores Although such materials may be useful for
(intracellular) sensing dissolved oxygen when used in form
of nanoparticles, the oxygen sensing capabilities are gener-
ally inferior to conventional nanosensors based on indica-
tors embedded into polymeric or sol-gel nanoparticles [115,
116]. Whereas only a few building blocks can be used to
obtain oxygen-sensitive MOFs, the conventional materials
are virtually unlimited in terms of combination of the indi-
cators with desired spectral properties and the matrix. A
possible way to overcome or reduce humidity interference
is to increase hydrophobicity of the MOF for instance using
a fluorinated porphyrin linker or additional fluorinated coor-
dinating ligands for the nodes.
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Fig.6 SEM images of PCN-224 MOF in form of free-standing crys-
tals (A) and crystals grown on a glass fiber filter (B). Republished
with permission of the Royal Society of Chemistry from Ref. [97],
permission conveyed through creative commons license CC BY 3.0

Other nanostructured materials for optical
oxygen sensing

Polymers

Several strategies of increasing the porosity/surface area
of polymers have been utilized in order to enhance oxygen
sensitivity. XAD-4, a commercially available cross-linked
polystyrene that is characterized by pore size of ~ 100 A and
a surface area of ca. 750 m?g~!, was stained with oxygen
indicators to give sensors with k, values ranging from 170
[117] to 10 Pa~! s~! [29] which is significantly higher than
for bulk polystyrene sensors. In a different approach, nano-
pores of 200 nm diameter were generated in the surface of
the copolymer of polystyrene and 4-vinylpyridine via the
“breath figure method” (Fig. 8A) [118]. In this method, the
partly amphiphilic polymer is dissolved in water miscible
solvent like THF and coated onto a substrate. This film
is then subjected to a humid environment prior to solvent
evaporation, leading to formation of micelles, stabilizing

Fig.7 Schematic representation of creating luminescent MOFs by A
introducing luminescent lanthanide ions as nodes; B utilizing lumi-
nescent organic molecules as linkers; C doping of the MOF with
luminescent guest molecules

water droplets, that leave behind pores after solvent evapo-
ration. The authors reported 1.5-fold increase in the oxygen
sensitivity with the increase in the pore density accompa-
nied by the ~ 1.6-fold decrease of the response time (see
Table S7), the improvements that appear not very signifi-
cant compared to the potential drawbacks associated with
higher hydrophilicity of the used polymer. The same group
also created PDMS micropillar arrays with micropillar diam-
eter of ~50 pm and covalently immobilized the indicator on
their surface [119]. The increase in sensitivity was almost
one order of magnitude compared to the solid sensing film,
and the response times were dependent on the flow rate
and therefore were very likely highly overestimated. Pap-
kovsky and co-workers reported oxygen sensors based on
commercially available polypropylene PP and polyethylene
PE microfibers [120]. With thicknesses of 40 um, they are
significantly thicker than electrospun fibers and in contrast
to the latter, the dye is doped into the fibers via tensile draw-
ing and solvent crazing instead of co-dissolving the dye and
polymer in one “cocktail.” The k, values for the hollow PP
and solid PE fibers were 10 and 13 Pa~! s™!, respectively.
The response times of 60 and 30 s, respectively, are com-
parable to those of non-porous bulk sensing materials that
leads to the conclusion that on this scale of thicknesses, the
introduced porosity does not result in improvement of the
response times.

Polymers of intrinsic microporosity (PIMs) represent
another group of materials that are potentially suitable for
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design of highly sensitive optical oxygen sensors [121].
Because of the inefficient packing of macromolecular chains,
these materials feature a network of voids with dimensions
below 2 nm and thus are characterized by very high per-
meability for gases including oxygen. Another advantage is
processability directly from solution in organic solvents. On
the other hand, PIMs show strong aging over time associ-
ated with the significant decrease of the gas permeability
that makes them less suitable for preparation of high-per-
formance stable oxygen sensing materials [122].

Anodized alumina and aluminum oxide materials

Anodized alumina is another highly porous material that was
used to prepare oxygen sensors (Fig. 8B). It is produced via
anodic oxidation of aluminum awarding homogenous pore
size and distribution that can be tuned via the parameters
of the electrochemical process. This high surface area is
exploited to prepare highly sensitive oxygen sensors from
anodized alumina. Immobilization of different oxygen indi-
cators on anodized alumina (pore diameters of 20-100 nm)
via adsorption delivered very interesting results: the dyes
featuring longer excited state lifetimes showed significantly
lower kq value (220 and 160 Pa~! s7! for Ru(dpp); and
PtTCPP, respectively) than the fluorescent dyes (12,400 and
4300 Pa~!' s™! for H,TCPP and PBA, respectively) [123]
that only partly can be explained by the contribution of the
spin-statistical factor. Except for PtTCPP, the response times
were in the submillisecond range with H,TCPP displaying
the fastest response of only 10 ps. The response time was
observed to be dependent on the thickness of the aluminum
layer, and an effective diffusion coefficient of 5-107° m3s~!
was estimated for the anodized alumina used in these experi-
ments. By anchoring porphyrins on the surface of anodized
aluminum with average pore diameter of 12-20 nm, Araki
et al. achieved similarly high sensitivity [124]. Again, the
metal free porphyrins featured about two orders of mag-
nitude higher k, than the corresponding platinum(lI) com-
plexes (14,000-23,000 vs. 120210 Pa~!' s7!). The SV
plots were nonlinear with the platinum porphyrins showing
stronger deviation from linearity than the metal free por-
phyrins. The response times were in the range of several
seconds which is likely due to use of a setup based on gas
flow. This experimental limitation can be addressed by per-
forming pressure jump experiments [125] in which pressure
is increased abruptly from near vacuum to ambient pres-
sure in a specially designed pressure chamber. Whereas the
silica-gel manually applied to an aluminum plate and com-
mercially available TLC support materials yielded very fast
response times of around 10 ms and 25 ps, respectively, the
response of the anodized alumina sensors was much slower
(0.4 s). This is likely due to the silicone layer on the porous
surface that was used for dye immobilization.
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Despite potential usefulness of anodized alumina for
some applications, this material is limited by lack of versa-
tility due to planar format of the sensor and absence of light
transparency that makes the read-out from the dye-modified
side the only possibility. Additionally, immobilization of
indicators either has to be conducted via coating with a pol-
ymer-dye “cocktail” that fills the pores of the anodized mate-
rial and therefore increases the response time, or adsorption
of the dye on the surface. This second method likely retains
fast response times but leaves the sensor material vulnerable
to leaching of the indicator.

Other aluminum-based substrates used include TLC
plates coated with aluminum oxide. Similar to silica-gel
TLC plates, the indicator dyes are adsorbed on the porous
substrate, guaranteeing fast gas diffusion and high sensitiv-
ity while providing some mechanical stability. Amao et al.
discussed the oxygen sensing performance of various indica-
tors (mostly metalloporphyrins and a terbium-complex) that
was deposited on alumina films [126—128]. Once again, the
highest k, value was achieved for the dye with the short-
est lifetime, H,TCPP (35,300 Pa~! s7!). Phosphorescent
indicators, though giving higher K, values (1.5-4.5 kPa™!
vs. 0.4 kPa™ for fluorescent H,TCPP) due to much longer
decay times, yielded k, values of several orders of magnitude
smaller (3-20 Pa~! s7!). The reason for such very different
behavior of fluorescent and phosphorescent indicators on
alumina plates and anodized aluminum is not quite clear.
Different aggregation behavior of dyes upon immobiliza-
tion might be one of the possibilities. This possibility was
suggested by Fernandez-Sanchez and co-workers who inves-
tigated different indicators and aluminum oxide samples of
a variety of morphologies [129]. The sensitivity was found
to increase with pore volume with optimal material having
an average pore diameter of 192 A and total pore volume
of 20 mL m~2. Depending on the indicator (Ir(III) cyclo-
metalated complexes), the k, values ranged from 140-510
[129] to~ 14,000 Pa~" s™" for one of the indicators [130],
which is orders of magnitude higher than for the same dyes
immobilized in polystyrene (2-6 Pa~! s7!). The reason for
such drastic difference between the indicators is likely to
be in their aggregation behavior on the porous surface of
aluminum oxide.

Comparison of different porous
and non-porous matrices

Table 1 summarizes the properties of the most important
classes of porous materials used for oxygen sensing and
Tables S2-S9 provide a more detailed summary of indi-
vidual materials. Although the dynamic response time is an
important parameter for comparison, its reliable determina-
tion is often challenging and the literature values should be
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Fig.8 A SEM image of the porous film prepared by “breath figure”
method from a copolymer of styrene and 4-vinylpyridine. Reprinted
from Ref. [118], Copyright 2018, with permission from Elsevier;
B SEM image of anodized aluminum surface. Reprinted from Ref.
[123] © IOP Publishing. Reproduced with permission. All rights
reserved

taken with care. This is especially true for porous materi-
als many of which are expected to show very fast response
(response times < 1 s). It is often noted by the authors them-
selves that the measured dynamic response times are likely
to represent the time needed for gas exchange in the meas-
urement chamber.

In terms of oxygen sensitivity, the highest values are
achieved with metal-organic frameworks and dyes supported
on porous anodized alumina (Table 1, Tables S7-S8). The
MOFs offer advantage of very defined structure and virtually
unlimited combination of the building blocks. Additionally,
the aggregation of the indicators can be efficiently prevented
if they represent structural elements of the MOFs. On the
other hand, the number of MOFs suitable for oxygen sensing
is still quite limited. Some MOFs that rely on fluorescent
dyes as building blocks feature extremely high bimolecular
quenching constants up to 37,000 Pa~! s™! but nevertheless
have moderate sensitivity due to short fluorescence decay
time of several nanoseconds only. On the other hand, utiliza-
tion of phosphorescent building blocks based on Pt(II) and

Pd(II) tetracarboxyporphyrins provides an ultimate sensi-
tivity (Kgy up to 2610 kPa™!, LODs as low as 0.015 Pa) but
the structural variety of such MOFs is limited (PCN224,
PCN222, PCN225, MOF525, and the like). Non-covalent
entrapment of existing oxygen indicators into MOFs is of
course possible, but bears the risk of dye aggregation and
inhomogeneous distribution.

Dyes adsorbed on porous anodized alumina also have
been reported to show extremely high bimolecular quench-
ing constants (Table 1). Here, the risk of dye aggregation
is particularly high, so only some of oxygen indicators are
likely to be suitable. In many cases, immobilized fluorescent
indicators showed several orders of magnitude higher &, val-
ues compared to the phosphorescent analogues which cannot
be explained only by the contribution of the spin-statistical
factor in luminescence quenching.

Silica-based porous materials (silica-gels, mesoporous
silica, sol-gels including Ormosils) are characterized by
relatively high k, values (Table 1) which however vary over
a great range (1-2 orders of magnitude) within each group.
This may be due to significant differences in the structure
of individual materials, immobilization method (via elec-
trostatic interactions or covalent bonding), the extent of dye
aggregation, and other factors. For instance, the sensitivity
of Ormosils sol-gels not only depends on the nature and
length of the organic substituent (Fig. 4) [52] but also on
preparation method [12, 51] which may be explained by
different speed of hydrolysis of precursors and thus result-
ing porosity. In certain cases, even for matrices of the same
composition and dye type (triplet emitters), the difference
in k, value can be very strong, up to 1 order of magnitude
[63]. Compared to silica-based sol-gels, the respective aero-
gels are generally more sensitive, but they suffer from poor
mechanical stability and irreversible collapse when in con-
tact with water, and thus are rather of academic interest.

Electrospun nanofibers and polymers with nanopores in
the polymer surface occupy intermediate position between
porous matrices and optodes based on bulk layers. Whereas
the sensitivity is generally similar to the bulk materials, the
dynamic response times can improve by several orders of
magnitude [70]. The effect is similar to that observed for
fiber-optic microsensors, where a thin layer of the sensing
material is coated onto the optical fiber tip of small diam-
eter (typically 20—100 pm). Additionally, in some cases, the
gas transport can be additionally favored by formation of
hollow fibers with thin porous walls [76, 77]. On the other
hand, preparation of electrospun nanofibers is significantly
less straightforward compared to the bulk optodes and the
mechanical stability of the mats may be poor.

Apart from sensitivity and response times, another impor-
tant aspect to be considered is the handling of the respective
material and the suitability for application as planar optodes
and fiber-optic sensors. For instance, the anodized alumina
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support is not transparent to light and is rigid, which lim-
its potential applications to imaging of oxygen distribution
on planar surfaces. Free-standing MOF crystals cannot be
applied easily and serve only as a model system, and MOF
immobilization in polymers might be challenging since
sensitivity may reduce significantly [97]. Fortunately, it is
possible to grow crystals of such MOFs on different porous
supports [97] whereas other MOFs with smaller pores
appear not to show drastic sensitivity decrease upon immo-
bilization [111]. Handling of sensors based on electrospun
fibers also may be challenging for many applications like
imaging of oxygen distribution on surfaces. However, they
may be a nice tool for gas measurement if used in a form
of an agglomerate fixed between the distal end of an opti-
cal fiber and a porous filter that would provide the neces-
sary mechanical protection. Finally, silica-gel, mesoporous
silica, or sol-gels can be conveniently obtained in form of
micrometer-sized particles during synthesis or post-synthetic
grinding of the monoliths. These particles can be then easily
dispersed in a highly gas-permeable polymer layers, e.g.,
made of silicone rubber. Sol-gel layers can also be coated
on transparent support (e.g., glass) and used similarly to
polymer-based bulk optodes but their tendency to age and
crack with time should be kept in mind.

Although this review is focused on porous materials
for gas sensing applications, their potential suitability for
measurement in aqueous solutions should also be consid-
ered. Whereas some of the porous materials are only suit-
able for sensing in gas phase, others can cover a broader
application range. For instance, aerogels are reported to
collapse in contact with water and oxygen sensitivity of
many MOFs was demonstrated to greatly decrease in water
and even humid atmosphere [97]. Although silica-gels do
not show such drastic effects, their cross-talk to humidity
is well documented but can be minimized significantly by
modification of the surface with hydrophobic silanes [32].
Silica-based materials generally can be considered suitable
for preparation of sensors for measurements in aqueous
solutions [131]. Moreover, the inorganic character of the
backbone and cross-links makes them insoluble in organic
solvents that may be useful for designing sensors for meas-
urements in non-aqueous media providing that the indicator
cannot migrate. The same is likely to be true for MOFs that
incorporate oxygen indicators as structural elements but also
here the potential applicability for measurement in organic
solvents has yet to be demonstrated.

It is interesting to compare the properties of oxygen sen-
sors based on porous materials and those based on non-
porous polymers into which the oxygen indicator is immo-
bilized (via physical entrapment or covalent coupling). Most
conventional materials are prepared in a straightforward
manner by coating the solution of a dye and a polymer on a
transparent support (planar glass or polymeric substrate, tip

of an optical fiber). They also can be manufactured in form
of micro- or nanoparticles and used for measurement of oxy-
gen concentration on the microscale. Many of these materi-
als make use of polystyrene or poly(methyl methacrylate)
which are inexpensive and possess good mechanical and
optical properties. When measuring at ambient conditions,
the optimal dynamics (10-400 hPa O,) is achieved with indi-
cators having decay times in the range of tens of microsec-
onds, platinum(II) porphyrins being most popular. Higher
sensitivity can be reached with dyes that possess decay times
in order of several hundred microseconds (Pd(II) porphy-
rins) but trace sensors can only be manufactured by using
indicators with significantly longer decay times (millisec-
onds) where the choice is very limited and no commercially
available indicators are available [2, 7]. Moreover, utilization
of indicators with ultra-long decay times is associated with
several undesired phenomena making practical applications
significantly more challenging [132].

In contrast to polystyrene, polymers possessing very
high oxygen permeability can be used to design trace sen-
sors based on readily available Pt(II) and Pd(II) porphyrins.
However, their choice is limited to a few polymers includ-
ing poly(trimethylsilyl propine), silicone rubber, and amor-
phous perfluorinated polymers such as Teflon AF and Hyflon
AD. Main limitations include poor long-term stability for
poly(trimethylsilyl propyne) [133] and poor compatibility of
existing indicators with silicone rubber and perfluorinated
polymers that makes it necessary to synthesize indicator
derivatives equipped with respective functional groups for
better compatibility [134, 135]. Even though the resulting
materials show excellent performance and stability, the sen-
sitivity is still limited and well below the one potentially
achievable via similar oxygen indicators with porous materi-
als (Table 1).

Conclusion

Porous materials are characterized by great structural variety
and number of attractive features and for this reason have
been widely used to design optical oxygen sensors. High
porosity ensures fast oxygen diffusion and thus excellent
sensitivities. Whereas this feature is extremely valuable for
design of trace and ultra-trace sensors for variety of indus-
trial and environmental applications, it can be a drawback
when the “normal range” sensors for most common appli-
cations (e.g., in biology, biotechnology, or medicine) are
considered. In this case, combination of most common and
easily accessible (either commercially or synthetically)
luminescent indicators with porous materials results in sen-
sors that are by far too sensitive to ensure acceptable signal
to noise ratio at air saturated conditions. For these applica-
tions, non-porous polymers like polystyrene are definitely
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more convenient and versatile to use since they enable
manufacturing of sensors in a variety of formats, ranging
from planar foils and fiber-optic sensors to (cell-penetrating)
water-dispersible nanoparticles. In this respect, electrospun
nanofibers represent a very interesting group of materi-
als since sensitivity is comparable or even identical to the
bulk sensors based on the same matrices, but an ultra-fast
response in order of milliseconds can be achieved.

Porous materials along with highly oxygen-permeable
amorphous polymers are matrices of choice for prepara-
tion of trace oxygen sensors. Whereas the second group
is limited to only a few accessible representatives, porous
materials represent a much broader class offering virtually
unlimited combination possibilities. Alone in the group
of MOFs, an enormous progress has been achieved in the
last decade. Since main applications of MOFs are guided
by their excellent gas-transport properties, it is likely that
many interesting candidates for oxygen sensing either have
been already reported in a different context or will appear
in future. Although porous materials often have their limi-
tations (cross-talk to humidity, availability in particle form
that requires utilization of a second matrix), their potential
for gas sensing applications has not been fully discovered
yet. For instance, many of them possess a robust 3D net-
work with high ratio of an inorganic component (silica-based
materials, MOFs) and thus may be nicely suitable for design-
ing oxygen sensors for non-aqueous environments. Particu-
larly the class of MOFs that is characterized by virtually
unlimited structural design possibilities in future may give
many interesting and promising materials for sensing oxygen
and other gaseous species.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00216-022-04014-6.
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