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This paper investigates multicomponent gas adsorption at the active surface of plasmonic chemical
sensors and shows that there are situations where transients in a single sensor element can be used
for simultaneous detection of different gases in multicomponent mixtures. A general master
equation set is provided, describing multicomponent adsorption. Analytical expressions for
sorption rates are derived and high-accuracy simplified models are proposed. Expressions for
adsorption rate constants and rates and for number of binding sites are proposed. The derived
analytical model takes into account the adsorbate molecule size, distribution of binding sites as
determined by the crystallographic structure of the sensor surface and multi-site adsorption. The
model allows for the calculation and optimization of deterministic behavior of the system. It is
shown that trace amounts of target gas species can be made detectable by adding controlled
amounts of known carrier gas. Besides being applicable in plasmonic sensor design and
optimization, the obtained results may be of importance in situations where fast and low-cost
detection of trace amounts of gases is needed, including natural gas leakage in residential heating,
radon outgassing in dwellings, environmental protection, homeland defense and hazardous

materials management, greenhouse footprint investigations, etc.

HIGHLIGHTS

« general equation set for multicomponent monolayer gas adsorption is derived

« analytical model of adsorption takes into account adsorbate molecule size

« adsorption rate constants are modeled using chemical software and data
mining

« simultaneous plasmonic sensing of several gas species in mixture is

considered
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Page 3 of 48



1. INTRODUCTION

There is a need for simultaneous multi-analyte detection in various applications
(gas chromatography, greenhouse gas footprint, etc.), but the available options are
quite limited. Some of them are an early stage of investigation (Azcon et al.,
2012; Basker & Zabe, 2012a, 2012b; Blecka et al., 2011; Lagrone et al., 2012;
Macfie et al., 2012; Woudenberg et al., 2012) and some are constrained by the
targeted number of analytes like in multi-channel sensor platforms for biosensing
(Djuri¢ et al., 2007; Homola et al., 2005; Yu & Li, 2009). Plasmonic sensors are
especially promising as miniaturized optical devices fabricated by the use of
nanostructures, nanoparticles and nano arrays (Stewart et al., 2008), having high
sensitivities (2.510° for RI change, (Slavik & Homola, 2007)) and extremely fast
read-out (according to (Byard et al., 2012), about a nanosecond). There are
nanoengineered sensor platforms capable for the detection of two (Wright et al.,
2012) or more analytes (Homola et al., 2005) simultaneously, but it is not always
the case that the nanostructured array of sensors gives improvements over the
single sensor area (Joy et al., 2012).

There is also another approach: single sensor employment. It has been
investigated by monitoring the free diffusion-physisorption of the analytes in
multiple microfluidic channels (Ghafarinia et al., 2012). Also, the surface of a
single plasmonic sensor can be functionalized so that multiple modes of operation
co-exist and enable simultaneous detection of different analytes (MacKay &
Lakhtakia, 2012; Swiontek et al., 2013), but the fabrication of such a special
surface, chiral sculptured thin film (CSTF), a form of biomimetic nanoengineered

metamaterials, represents a significant technological challenge.
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We address here the adsorption kinetics at the surface of a single-element
plasmonic sensor and consider the possibility that the regular measurement with
proper data analysis and interpretation might be sufficient for the multiple
measurands identification.

Adsorption and desorption (ad) processes are crucial for the operation of micro
and nano systems. They may be favorable like in adsorption-based bio and
chemical sensors (Anker et al., 2008; Barnes et al., 2003; Eggins, 2002; Jaksic et
al., 2009; Willets & Van Duyne, 2007), or they can be unfavorable, causing
adsorption-induced mass fluctuations (Vig & Kim, 1999; Yong & Vig, 1989).
Plasmonic sensors base their operation on the existence of a surface-bound
electromagnetic wave at an interface between a medium with positive relative
dielectric permittivity (air for instance) and another one with negative permittivity
(good metals like gold or silver), coupled with collective oscillations of electron
gas within the negative permittivity part. Alternative plasmonic materials
(Boltasseva & Atwater, 2011) like e.g. transparent conductive oxides,
intermetallic, graphene, etc. have also been studied, because they ensure lower
absorption losses and wider choice of operating frequency ranges.

The established wave is denoted as the surface plasmon polariton (SPP). The
adsorption of analyte particles at the interface causes the change of the dielectric
permittivity in the location of field maximum that can be externally detected.
There are two main classes of such sensors. One of them bases its principle of
operation on propagating SPP (conventional surface plasmon resonance sensors),
and the other on localized plasmons-polaritons (nanoparticle-based sensors)
(Abdulhalim et al., 2008). All pplasmonic sensors ensure direct and label-free,

real-time, all-optical detection of analytes with extreme sensitivities.
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In addition to engaging the propagating and localized plasmon polaritons on the
surface there is another degree of freedom in sensor design and it is ensured by
nanostructuring plasmonic sensors, thus obtaining 1D, 2D or 3D subwavelength
plasmonic crystals. Examples include nanoaperture or nanowire arrays and
generally electromagnetic/optical metal-dielectric periodic metamaterials
(Bingham et al., 2008; Kabashin et al., 2009).

In all of these cases even miniscule alterations of the surface refractive index
greatly influence the device performance and it is of utmost importance to ensure
maximum control and enable tailoring of adsorption-desorption processes with a
goal to maximize sensor sensitivity and selectivity and at the same time to
minimize intrinsic noise caused by adsorption-desorption fluctuations (Jaksic et
al., 2009). Thus, there is an obvious interest to establish a connection between the
fundamental parameters of the ad process with the particular data that can be
measured, calculated or estimated with the satisfactory precision for a specific
application. Adsorption-desorption Kinetics for different combinations of
adsorbate molecules and adsorbent surfaces has been studied in various
applications. Till now, rich scientific heritage of gathered data exists in physico-
chemical databases available in bookshelves searchable online, for instance

Landolt-Bornstein series (http://www.springermaterials.com/docs/index.html) or

Pubshem Substance and Compound online database
(http://pubchem.ncbi.nlm.nih.gov/). But still, there are situations where literature
data are unavailable and experimental gathering of new data is unacceptable for
budget or safety reasons (toxic or hazardous materials), so the determination of
adsorption kinetics of different agents on such materials remains a non-trivial

problem. Most of the available literature dedicated to plasmonic sensors skips this

5
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and goes directly for particular engineering solutions, while at the same time
handling only a few materials (typically gold and silver for the plasmonic part)
and defining specific methods and protocols for particular situations (De Mol &
Fischer, 2010; Schasfoort & Tudos, 2008). This solves concrete engineering
problems in a very satisfactory manner but at the same time hinders the possibility
to optimize and enhance novel nanostructured sensors and impedes the
introduction of new materials.

In this paper we derive a general analytical master equation set enabling
modelling of multicomponent monolayer gas adsorption-desorption at different
plasmonic sensor surfaces in various situations. We establish a connection
between adsorption kinetics and material properties like the parameters of
adsorbate gases including their atomic/molecular size as well as the
crystallographic structure of the sensor surface. We present an estimation
procedure to determine the number of adsorbed molecules for different material
combinations in the case of multi-site adsorption. Finally we give some

illustrative examples and their discussion.

2. THEORY AND CALCULATIONS

We consider a situation schematically shown in Fig. 1 where the active solid
sensor area A has a given surface density of binding sites ns and is immersed in a
finite container of a volume V, filled with a mixture of different gases, each at its
partial pressure p; and with its given molecular properties like molecular size,

shape, orientation and mass. An adsorption site or binding site is defined as a
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location at the adsorbent surface where the adsorbate can make a single bond;
multi-site adsorption may occur if an adsorbate molecule is larger than a single
binding site (Do, 1998). Our interest is to determine kinetics of simultaneous
multicomponent monolayer adsorption of all of the different species present in the
mixture. We assume that in the starting moment the adsorbent surface of the
sensor is completely free, i.e. that its surface coverage by gas adsorbate molecules
is zero.

Our initial assumptions are as follows: we consider a monolayer gas-solid surface
adsorption-desorption process with one or more ideal gas species. All particles of
the same gas species are interchangeable. Adsorbate particles do not collide or
interact with each other (there is no dissociative adsorption). The surface is
homogeneous (the active binding sites are equal) so that the average residential

time of adsorbed particles is the same for all particles of the same gas species.

2.1 SINGLE SITE ADSORPTION

Although multi-site adsorption will be considered later in this text, it is more
convenient to start from a situation when a single adsorbate molecule of any gas
species in the mixture does not occupy more than one binding site. In this case, a
multicomponent adsorption-desorption process can be modeled as a second order
chemical reaction where Ay, a free gas molecule of the iy gas species and a single
free binding site, Ay, reversibly transforms into an adsorbed molecule of the iy, gas
species, A, , according to the following set of stoichiometric equations (Kolar-

Ani¢ et al., 2011)

kas,i
s,i
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where kas i and kg are the rate constants of the adsorption and desorption process
of the iy gas species in case of single site adsorption, respectively.
The time evolution of the number of adsorbed molecules for each gas species of

the mixture in (1) is described by a differential equation from the following set:

dN,; .
ds,l =Kas iNg Nt —Kgs iNgjr 1=1,0, M )

Here Ng; is the number of free gas molecules of the iy, gas species, Na; is the
number of adsorbed molecules of the iy, gas species and N; is the number of free
binding sites. The number of free binding sites is the same for all gas species. It is
the number of free places available for adsorption at that moment. If the
maximum number of free places, i.e. the overall number of binding sites on the
active area is denoted as M, then, at any instance, gas molecules compete for the
same number of free places on the same free surface and that number is

]
Nf=M—ZNa‘J—.
j=1

For each species there are two variables: the number of free non-adsorbed
molecules and the number of the adsorbed ones. A molecule is either adsorbed on
the surface or freely moving in the gas chamber. Since the gas mixture consists of
I species, expression (2) represents a set of r equations, but keeping Ng;i and Naj
both in one equation doubles the number of variables of interest. The system is
closed, thus the overall number of molecules for each gas species No; remains
constant during the observation time (from the initial moment when surface is
without any adsorbate till the moment when the thermo-dynamical equilibrium is

Ngi =Ngi+N

reached), such that the relation al js always satisfied.
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Since the initial partial pressure of a specific gas species is known, the overall
number of molecules for each gas species, N, is also known.; equation set (2)

becomes

r

dN,;
= Kas, (NO,i - Na,i)(M B Nayj]_ Kos,iNai- )
=1

dt

Equation set (3) describes a situation when a single adsorbate molecule of any gas
species in the mixture does not occupy more than one binding site. A special case
of that situation is mono-component adsorption (r = 1), described by Riccati
equation that can be solved analytically (Kolar-Ani¢ et al., 1985, 2011).

But in real situations some molecules can be large enough to cover several
binding sites. In that case the number of molecules in a fully populated
monomolecular mono-component layer is not the same for all gas species and the

described model is no longer valid.

2.2 MULTI-SITE ADSORPTION

As seen in Fig. 1, the molecules of adsorbate (gas) cannot be packed closer than
they are allowed by the layout and the size of the adsorbent atoms (top layer
atoms at the plasmonic surface). On the other hand, large gas molecules may
cover several binding sites when sticking to the surface, and in that case the
number of free binding sites for other species and the number of molecules that
can fully populate that surface in monolayer are not governed only by the
adsorbent surface structure but also by the size of the adsorbate molecules.
When the mixture contains at least one gas species whose molecules need more

than one binding site on the surface to be adsorbed (multi-site adsorption), then
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the maximum number of adsorbed molecules on a completely free surface ceases
to be equal to the number of binding sites M for that gas species. In order to make
a distinction, let us denote with My ; the maximum number of adsorbed molecules
on a completely free surface i.e. the maximum number of binding places for the i,
gas species. That number depends on the molecular size and on the
crystalographic structure of the surface and is calculated in different ways that
depend on the ratio between the adsorbate molecule size, its geometry and the
binding site area. For molecule sizes below that of a single binding site (Fig. 1a)
or approximately equal to it (Fig. 1b), My ; equals the number of binding sites, i.e.
the number of binding sites M. For larger molecules whose adsorption involves
more than a single binding site from the surface (Fig. 1c), My is the maximal
possible number of adsorbed molecules that can be calculated as the product of
the surface density of adsorbed molecules and the active surface area. A problem
with this approach is that the adsorbate surface density is a parameter rarely met
in literature and different for various adsorbate-adsorbent combinations, so that it
has to be experimentally determined for each material pair. An alternative
approach is to estimate My, ; by the procedure outlined later in this text.

If we denote with S the active surface area of a sensor and with o; the surface
density of adsorbed molecules for the gas species i, then the initial number of
multi-site adsorption places on the given surface, available for adsorption of

molecules of that gas species, will be
Mb,i = O'iS . (4)

It is the maximal number of places that a particular gas species can occupy in a

fully populated monolayer on that surface. The instantaneous number of free

10
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places on the surface for the gas species i, N¢;, depends on the surface that is free
at that moment, i.e. the difference between S and the sum of all the surface
fractions occupied by adsorbed molecules of all gas species. At one instant, the
total occupied surface equals the sum of all surfaces occupied by adsorbed
molecules. Each gas species has its share on the surface (N./o) and the

instantaneous free surface can be approximated by the difference of S and the

r N i
sum Z al g The instantaneous number of free places available for the
j=1 ]

adsorption of molecules of iy, gas species is then

r N i r N .
Nf,|=6|[s—z a’JJsz,I_O-IZ a’J.

j=1 O] i=L 9j

Actually, the connection between the free surface and the number of free places is
not determined solely by the surface density of adsorbate molecules, since
separate free adsorption centers do not form a free place for multisite adsorption
unless they are grouped.

After the initial stage, an adsorbed molecule, A, reversibly transforms into a free
gas molecule, Ay, and leaves a free multi-site adsorption place on the surface, Ay;.
If we employ new notation for this multisite adsorption case and denote with Kam,i
and kqm the rate constants of the multicomponent adsorption and desorption
process of the iy, gas species, respectively, the modified stoichiometric equation

applicable for this situation becomes

I(am,i
Ag,i + Ab,i (kd—-Aa'i :
m,i

11
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The corresponding differential equation, whose solution gives the time evolution
of the adsorbed molecules of the iy gas species, must be modified, since the effect

of molecular size has been taken into account:

r

dN,; Naj
dfll =Kam,i (Noji — Na,i)[Mb,i —0 ) ]_kdm,iNa,i' ®)
=1 9]

In the above kinetic equations, the characteristics of gas-solid interactions in
particular cases are included in the rate constants.
The focus of this work is on the question how the molecular size affects the rate

constants.

2.3 RATE CONSTANT MODELING

In order to define rate constants necessary for gas sensing applications we use an
approach based on the ideal gas theory. The overall dynamics of the adsorption-
desorption process depends both on adsorption and desorption. The rate equation
for the number of adsorbed molecules is obtained from the difference between the
adsorption and the desorption rate. The adsorption rate is proportional to the
incident molecular flux, to the free surface available for adsorption and to the
proportion of the incident molecules that are adsorbed.

The flux R, of gas molecules of the species i arriving onto the solid surface is

proportional to that species' partial pressure (Do, 1998), pi

Ryj = ———.
o J2amikgT

Here m; is the mass of a single molecule of the iy, gas, kg is the Boltzmann

constant, and T is temperature.

12
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In order to define the free surface area Ase. We focus on the current fractions of
occupied surfaces for each of the r surrounding gases, 8. These fractions depend
on the number of adsorbed molecules and on the number of molecules of one gas
in a fully populated monolayer on the surface &

r r N .
Afreezs(l_zejjzs[l_zlvl;“] j=1,...,l’.
i=1""b

=1 i

For every particle that arrives at the active surface area A there is a certain
probability that it will remain adsorbed. Let us denote that sticking probability
with o .

So, the final expression for the rate equation of the number of adsorbed molecules
for i, gas, obtained from the difference of adsorption rate and desorption rate,

becomes

dNai SOfsi d Naj I\Iai
= = ’ 1=y —= | ——. 6
dt  J2zmkgT y jz_llvlb, i) T (©)

Partial pressures depend on the number of gas molecules at any instant throughout
the process. So the ideal gas equation holds at the beginning of the process when
the surface is free and all molecules are in gaseous phase with Ng; gas molecules
of the ity gas, po; being its initial partial pressure and V being the gas chamber

volume.

PoiV = NO,ikBT _

Later, when adsorption takes place, the same equation holds but some gas
molecules are missing, Ng; is the number of molecules of the i, species in gaseous

phase, pressure drops to the instantaneous value of p;. At any instant the sum of
13
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adsorbed molecules and those in gas phase must be equal to the initial number of

gas molecules, Ng ;. In order to make a correlation with (5) we transform (6) into

Nay _Sesy [T (y oy o Nas | Mas

In situations where the surface density of adsorbed molecules of all gas species
equals the surface density of binding sites on the surface, (7) is in agreement with
the expression for single-site adsorption (3), which is repeated here for

convenience:

dN,; Seag; N N, ;
i 2% KT (Noi =Nai )| M= Ng j |-—=. (8)
dt MV \2zm O il IS

Thus, the final expression for the gas adsorption rate constant in the case of
multicomponent process where each molecule occupies only one site is described
by a model that follows the pattern of r parallel second-order chemical reactions.
In this case the following expression for the rate constant is valid

__Sasyi kgT
a& MV A 22m,

., (9)

while the desorption rate constant is

1
Kgsi =— - (10)

ri

The analogy between (8) and (5) implies that in a general situation that includes
multi-site adsorption, the final expression for the molecular size-dependent

adsorption rate constant is

14
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The multi-site desorption rate constant is not affected by the molecular size, and is

equal to the single-site desorption rate constant.

2.4 PHYSICAL PARAMETERS FOR ADSORPTION KINETICS

Using (9) and (10) for single-site processes or (10) and (11) for multi-site case one
is able to define sorption rate constants as functions of measurable physical
parameters of each gas species in the system (partial pressure, temperature, gas
chamber volume, active surface area, mean residential time of adsorbed
molecules). All controllable parameters can be used to tailor the adsorption
process dynamics.

In some cases some parameters might be hard to obtain or interpret. Such is the
desorption rate constant which has the same form for both models. It depends on
the mean residential time of adsorbed molecules through their desorption energy

Eq,i

Tri = To,i exp(Ed%T) ' (12)

where 1 is the period of adatom vibrations perpendicular to the solid surface. It is
assumed to be 10™ s (1/v, where v is the frequency of lattice thermal vibrations,
~10 ** Hz) (Venables, 2000).

Literature data for desorption energies is relatively scarce and usually defined for
very specific gas-surface material pairs. Among the few sources of numerical data
that can be used in the models described here are (Christmann, 2006; Wetterer et

al., 1998). They refer to the adsorption of hydrocarbons on gold. Data on

15
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adsorption of molecules on metallic, semiconductor and oxide surfaces can be
found in Landolt Bornstein handbooks.

Next we rewrite the expressions for the adsorption rate constant in terms of the
surface density of binding sites (free spaces in the case of multi-site adsorption),
rather than using their number. The multi-site adsorption rate constant (12) can be

rewritten using (4) as

as‘i kBT

oV \[2zm,

am,i —

On the other hand, in the expression for the rate constant for the adsorption in case
of single-site adsorption surface the density of adsorbate molecules for all gas
species that follow the single-site adsorption pattern equals the surface density of
adsorption centers on the surface of the adsorbent material used for sensor

fabrication.

k _ i KT

asii (7\/ 27Z'm| .

To our best knowledge, there are no available systematic databases for the surface
density of adsorbed molecules or the surface density of binding sites, and
obtaining these data from experimental sets for each particular case could be both
complex and time consuming. Because of this we propose here a simple general
procedure to obtain their approximate values.

For single-site adsorption the surface density of adsorbate may be
straightforwardly estimated if the crystallographic structure of the adsorbent is
known.

Molecules with their projected area smaller than the area of a binding site cannot

be packed denser than allowed by the binding sites, which is determined by the
16
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crystalographic structure of the adsorbent material. Thus the feasible surface
density of adsorbed molecules is the minimum between the fictive calculated
surface density of adsorbate molecules which disregards the surface structure and
the real surface density of adsorbent molecules on the top layer. Typical materials
for plasmonic sensors are good metals like silver, gold, copper. All of these have a
face-centered cubic lattice (FCC). For instance, it is observed from the density
calculated from the molar mass of gold (196.97 g) and from its unit cell size
(0.40786 nm) that the distance between the binding sites of gold may be either
0.40786 nm or 0.2884 nm, hence the density of binding sites for gold, ns, might be
about 4 molecules/nm?. This estimated value is very close to the data Leung
reported in (Leung, 2005), where it is said: "A flat metal surface typically has a
surface binding site density 10° moles/m? or 6:10"® sites/m*".

For the case of multi-site adsorption the task of determining the adsorbate surface
density o is different. One of the problems here is that non-spherical molecules of
the same gas species can occupy different areas depending on their orientation
with respect to the adsorbent surface (Gopal & Lee, 2006). For non-spherical
molecules there are preferable orientations for physisorption and chemisorption so
that in modeling one could treat all molecules of the same gas species in the same
manner. An additional problem is that the available experimental data on surface
density of adsorbate most often refer to the equilibrium case and are thus not
usable for calculating the adsorption rate constants. The use of computational
procedures such as ab initio calculus or the method based on extended Hiickel
molecular orbital theory may ease interpreting scanning tunneling microscope

images, predict surface features of given adsorbate, their preferred binding sites

17
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and orientations (Futaba & Chiang, 1999) but it may also be cumbersome and
time consuming.

Our procedure for obtaining a quick estimate of the surface density of adsorbed
molecules is based on the use of chemical software and data mining. First, the
molecule structure is obtained using the chemical structure information available
in the PubChem Substance and Compound online database through the unique
chemical structure identifier CID (National Centre for Biotechnology Information.
PubChem Substance and Compound database 2012). The molecular projected
area can be then obtained using the program Marvin 5.9.3, 2012, ChemAxon
(ChemAXxon, 2012). The obtained results are further modified with an appropriate
correction factor. The spheres do not cover rectangular areas completely, so in
order to take that into account, the molecular projected areas should be corrected
by a factor of 4/n. The fact that separate free adsorption centres on the surface do
not form a free multisite adsorption place unless they are grouped, can be argued
from a probabilistic point of view and an additional correction factor can be set,
related to the probability that there are classes of grouped adjacent sites among Nt
free adsorption centres. A different value of the additional correction factor may
be used in case there are unusable fractions of the free surface (e.g. if the surface
Is nanostructured like in the case of subwavelength plasmonic crystal or
metamaterial-based sensors (Anker et al., 2008)) or the adsorbent topology affects
the surface density of adsorbed molecules for some other reason. Finally the
reciprocal value of the projected area is used to obtain the maximal number of free
places available for adsorption per unit area for different gas species.

Numerical data for the rate constants are necessary for the further qualitative and

quantitative study, i.e. for the analysis of transients and equilibrium states by

18
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using the phenomenological kinetic approach. The molecular projected area,
needed for the calculation of the surface density of adsorbed molecules and the
calculation of the number of binding sites on the surface, was determined in the
above described manner and the obtained data were compared with the available
literature data. For instance, the surface densities of adsorbed molecules, given in
10"® molecules/m? would be 7.7 for oxygen, 6.6 for nitrogen, 6.1 for carbon
dioxide, 6.6 for carbon monoxide and 6.3 for methane, according to the
experimental results from (Do, 1998). For the same gases our estimation
procedure gives relatively close values: 7.34 for oxygen, 7.5 for nitrogen, 6.52 for
carbon dioxide, 7.15 for carbon monoxide and 6.52 for methane. A similar degree
of accuracy is obtained for other gases. A comparison of the surface density of
adsorbed molecules determined utilizing the calculated molecular projected areas
with the data given by Gland (Gland, 1980) also give a good agreement. Thus we
consider our approach suitable for preliminary investigations of the adsorption of
arbitrary gases (industrial pollutants, hazardous, military chemical agents like

nerve gases and vesicants, etc.).

3. METHOD

Using the approach presented in this work it is possible, in gas sensing for
instance, to explore the time evolution and hence the temporal response which
indicates the speed of operation, transient response which gives insight into any
overshoots that might occur before the sensor reaches its steady-state response,
but also into the steady-state itself, as well as the minimum detectable signal,

noise, device sensitivity and selectivity.
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One can calculate the time evolution of the number of adsorbed molecules by
solving the master equation set (3) or (5). These equation sets are Riccati type
matrix differential equations. We demonstrate here the application of our results
for the case of a single-component gas mixture. The solution of (3) in the single-
site single-component case is (Kolar-Ani¢ et al., 1985, 2011):

ELE! [1‘ eXp(‘kasyl(Vw) - ﬁ(e))t)}

' ) ,
aa(3)(1) Y3~ Ba) exp(_kasyl(y O <3))t)

where

2
1| Kgsa Kgs 1
9= =+ Ng+M + ( *=+Ng+M | —4NyM |,

as,1 as,1

2
B =% Koot Ng+M — [kds*l + N, + Mj —4NyM
as,1 as,1
The single-component case for multisite adsorption, the solution of (5), has the
same form safe for the use of different rate constants and the different maximums
of available adsorption places My,
The solution to a system of r interdependent Ricatti equations is more suitable for
numerical procedures than analytical, but in most practical situations
approximation can be made. In (Arakelyan et al., 2008) it is shown that if the
equilibrium constant (the ratio of adsorption rate constant and desorption rate
constant) is small or the number of adsorbed molecules is smaller than that in the
gas phase, adsorption-desorption process may be treated as isobaric (at any instant

the number of adsorbed molecules is so small that the initial pressure does not
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drop). For the number of adsorption places in micro and nanostructures (the
maximum possible number of adsorbed molecules) that condition is satisfied. In

that case, equations in sets (3) or (5) become linear differential equations:

dN,;
da" =k|s,i(M _ZNa,j}_kds'iNa*i
t j=1
N rN. .
—d:"' =Ky i (Mb,i —Gijz_; ;Jjj J_ Kam,iNai -

The rate constants for desorption can be calculated using (10) and the new rate

constants for adsorption in the cases of multi-site and single-site adsorption are

o S 05 ;S

K i = K2 ——
™ My, J22mikgT ST M 2mkgT

Under these circumstances, the solution to the single component case of (3) is

(13)

Mk (1— g (ks )‘)
N, (t)= — , (14)

and the solution to multi-component case can be obtained in analytical form using
the Laplace transform.

A more realistic situation is met if there are residual adsorbed gases at the
substrate prior the beginning of the observed process. For real samples there is
always exposure of the plasmonic surface to some kind of background gases, for
instance to the air. Thus we need to extend our consideration to the case when the
initial condition is non-zero and the time evolution starts from some finite value.
Equations (3)-(8) that constitute our model are general and can be used both in the

case of zero and of non-zero background, while residual adsorption can be
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arbitrary. Background exposure is modeled by additional component/components
in the mixture and the pre-existence of any component is modeled by different
initial condition in differential equations, as stated before.

Further we consider single-component adsorption with non-zero background. To
this purpose we assume that the pressure in the system before the momentt =0,
was not zero but p”. By using p” instead of p equation (6), and by putting the left
hand side of (6) to zero and solving it, one gets the value N,(0) that refers to the
previously established equilibrium. We use N,(0) as new initial condition instead
of zero. The solution (14) is now

Mk Mk N
N ()= {Nam)——kl k} (ke

The identical approach is used for the multi-component case.

Further we consider the sensor output. The number of adsorbed molecules cannot
be measured directly. A plasmonic sensor senses the refractive index change
instead. To establish the connection between the refractive index change and the
number of adsorbed molecules, the standard approach for the determination of
optical coefficients for layered thin films for TM polarization of surface
electromagnetic waves (Cai & Shalaev, 2010) can be used, so the effective value
of refractive index change is calculated by the use of the method of weighted

averages (Jaksi¢ et al., 2010)

n,—n
— _a e
Nt =WN, =

N,, (15)

where w equals the difference between the refractive index of the adsorbate n, and

the refractive index of the environment ne, normalized with the maximum possible
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number of adsorbed molecules (M or My, depending if the situation is with single
site adsorption or multisite adsorption).
Analogously, in multicomponent case where molecules of r different gas species
compete for an adsorption place on the same sensor surface the effective value of
refractive index change is calculated by

r r .. —n
n :EW-N-:E—E’" “Ngji -
eff - i'NVa,i M a,i

i=1

4. RESULTS

Figure 2 shows the time evolution of the number of adsorbed molecules in case of
single-component adsorption for five different situations occurring in practice
(hexane and oxygen adsorption on gold, hydrogen adsorption on nickel and
adsorption of carbon dioxide on iron and palladium). Numerical data for
desorption energies were adopted from (Christmann, 2006; Fichthorn & Miron,
2002; Wetterer et al., 1998). All calculations were done for room temperature, a
volume of 3 lit, a pressure of 0.05 Pa and a surface area of 1 cm?. For the same
initial number of gas molecules and the same adsorbent/sensor surface area of 1
cm? different transient times and equilibrium values are obtained. That difference
is a consequence of the effect of the molecular size and weight and can be used in
qualitative and quantitative analysis if analyte is unknown. We see also that gas
adsorption is a fast process and that, at room temperature, typical plasmonic

sensor would record equilibrium values.
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Figure 3 shows time evolution of refractive index for different pressures and
temperatures in case of hexane detection with plasmonic sensor surface of gold.
Typical response has a knee between a flat plateau indicating the equilibrium and
a constant slope rise defining rise time or response time of a sensor. At lower
pressures and lower temperatures the knee is detectable since the state-of-the-art
plasmonic sensors are fast enough (Byard et al., 2012).

If we want to deduce the measured gas properties (in case of field applications
where the measurand is known) based on a single regular measurement with a
plasmonic sensor, without the expensive/massive laboratory equipment, we must
then find a correlation between one set of data comprising the knee position and
plateau level and another set that includes the rate constants and the weighted
factor w. In case of a single component gas, for practical situations where (14) and
(15) hold, the task is equivalent to finding a known-function-three-parameter-fit
for measured data. If we ensure that the knee is detectable (by controlling the
environmental conditions: lowering pressure and temperature) after obtaining the
rate constants and w, we then go backwards through equations presented in this

paper and calculate desorption energy, refractive index, etc.

Figure 4 shows multicomponent adsorption where molecules of 3 gases, whose
molecular weights and desorption energies are close to each other (Wetterer et al.,
1998), compete for the same number of adsorption places on a sensor surface of
gold. Figure 4 indicates that, unless we are certain about the number of
components in gas mixture, fitting may be deceiving, for there is no noticeable
change of slope and only one knee appears. Two sets of curves are given, one

corresponding to the temperature of 200 K (printed in blue) and the other
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corresponding to the temperature of 250 K (printed in red). Each of them
comprises the refractive index change due to the presence of the three component
mixture (solid line with stars), curves of the refractive index change for each
separate component (dotted or diamonds for hexane, dashed or squares for
heptane and dash dotted or circles for benzene), and curves for the refractive
index change due to the adsorption of every separate gas as if it were alone (blue
or red solid lines). This figure is important for it reveals that the presence of
additional gases in mixture does not remarkably influence the time that a single
gas takes to reach the equilibrium on its own. However, it affects the equilibrium
value. Even small amounts of gas added to a mixture (the heptane pressure is
three orders of magnitude lower of that of hexane and benzene), lead to lowering
the equilibrium value of refractive index for the adsorbed gas (compared to the
equilibrium value for single gas adsorption). This effect is here demonstrated by
blue curves corresponding to the temperature of 200 K. Red curves, that
correspond to the temperature of 250 K, demonstrate that there are situations
where gases don’t influence one another: the refractive index change due to the
adsorption of every separate gas as if it were alone (solid lines) coincides with the
calculated contribution of each separate component to the refractive index change
(symbols). That means that instead of solving r second order Riccati equations
numerically, or r linear differential interdependent equations analytically, one may
simply add contributions of separate gases treated separately and make a quick
rough estimate about the sensor response.

The degree of the mutual influence of gases in multicomponent mixtures will
obviously depend on the parameters of the particular gases in the mixture. A low

influence will be observed if gases are relatively similar — for instance, the
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molecular weights and the desorption energies of gases are close to each other.
However, if gases are reactive or significantly more (or less) "aggressive" toward
the adsorbent, the situation will be completely different and the mutual influence

will not be negligible.

Figure 5 shows the situation where the existence of two "knees™ in the transient
response indicates the presence of at least two gases in the mixture. The mixture
contains methane at a partial pressure of 0.9 mPa, CO, at a partial pressure of 0.3
mPa and traces of benzene (its partial pressure is 1 pPa) at 200 K. The individual
contribution of methane is beyond the detection limit, but that makes the problem
easier to analyze. Compared to carbon-dioxide or higher hydrocarbons, methane
has low desorption energy (Koel et al., 2006; Wetterer et al., 1998), it reaches
very fast the equilibrium and the existence of any knee (for that combination of
pressure/temperature) indicates the presence of impurities from natural gas,
landfill gas or biogas. Based on Fig. 5 one may also conclude the nature of that
gas (natural gas does not contain carbon-dioxide, biogas has up to 40% of it and
landfill gas has up to 50%). Figure 5 is also representative for situations where
trace amounts of gases can be made detectable by adding large amounts of known
carrier gas: if we cannot detect traces of a gas alone (here it is benzene), we add
large quantity of another gas (or gases) and the presence of otherwise undetectable

gas is revealed (here, the highest knee corresponds to benzene).

The transient response presented in Fig. 6 shows an important case when the gas
background is non-zero and there is a significant amount of pre-adsorbed gas

particles at the plasmonic surface. We analyzed a situation when there is a
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background of nitrogen at near-atmospheric pressure to which a pollutant gas
(benzene or sulfur dioxide) is added at the initial moment in an amount much
smaller than the background (up to 100,000 times smaller). Since there is an
initial value of the refractive index of the adsorbed analyte, the addition of a
pollutant causes a change of the readout that we denote by Anes. The calculation
has been done for a gold substrate temperature of 250 K. The relative refractive
index changes at the adsorbent surface are sufficiently high to be detected by the
state-of-the art plasmonic sensors.

Recording transient response of plasmonic sensor gives insight into sorption
dynamics and sorption rate constants of measured gases. Rate constants are
related to known gas parameters (size, mass, refractive index) that are collected in
available chemical databases or obtainable by the use of chemical software. They
are also related to the gas parameters that are not so easy to estimate, like
desorption energy. That means that by recording the transient response of a
plasmonic sensor one may recognize or rule out the presence of specific gases in
certain situations but it means also that by recording transient response of a
plasmonic sensor one may deduce unknown gas properties from the estimated rate
constants.

According to (10), desorption rate constant does not depend on the molecular size
but rather on the interaction between the adsorbate molecules and the binding sites
on the surface as governed by the desorption energy. The only system parameter
that affects the desorption rate is temperature. Increasing temperature causes rise
of the desorption rate constant. Measuring transient response at different

temperatures gives insight into desorption energy.
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5. CONCLUSIONS

The kinetics of adsorption at a plasmonic sensor surface is modelled for an
arbitrary multicomponent gas mixture and analytical expressions are derived for
all addressed situations. A method for the estimation of the surface density of
binding sites for arbitrary gas species is proposed, taking into account binding site
distribution, adsorbate molecular size and multi-site adsorption.

It is demonstrated how the rate constants derived here enable quantification of
important figures of merit in the phenomenological kinetic analysis and the
analysis of both transient and equilibrium states, as well as the stochastic analysis.
The presented results show that simultaneous sensing of multiple analytes using a
single-element plasmonic sensor may be possible with proper device calibration
and transient response data analysis. Consequently, sensor dimensions could be
reduced compared to the state of the art devices. It is also shown that in some
situations measurement of adsorption transients in multi-species environment may
improve sensing of trace amounts of gases by adding controlled amounts of other
gases, thus ensuring detection of species that would else be below the detection
threshold.

The results represent a tool that could be useful in further research in the fields of
adsorption and plasmonics. Besides being useful for fundamental investigations of
gas/solid interactions and gas properties, the present analysis is applicable in
various practical situations where early detection of gas leakage and sensing of
trace amounts of gases is required in general. These range from the natural gas
leakage in residential systems and industrial burners, carbon monoxide presence

in automotive applications, radon outgassing from the walls in homes, presence of
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trace amounts of chemical agents and explosive vapours in homeland defence,
early warning to toxic spillage in environmental protection and hazardous material
management, to such applications as early warning to volcanic and limnic
eruptions based on released fumes, spacecraft appliance outgassing and many

more.
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FIGURE CAPTIONS

Figure 1 Schematic representation of the homogeneous surface of an adsorbent surrounded by a
mixture of different gases. White dashed outline defines a single binding site. Three cases of
physisorption of different species are shown: a) helium atom (monatomic gas, size smaller than the
binding site dimensions); b) argon atom (here comparable to the binding site size); c) benzene

molecule (much larger than the binding site)

Figure 2 Time evolution of the number of adsorbed molecules in case of single-component
adsorption for six different realistic situations. Black dashed line: hexane on gold, dotted magenta
line: oxygen on gold, cyan solid line: hydrogen on nickel, red dash dotted line: carbon dioxide on

iron; black solid line with symbol |: carbon dioxide on palladium

Figure 3 Time evolution of the refractive index due to hexane adsorption on gold for different
pressures and temperatures. Dashed lines correspond to pressure of 1Pa and solid lines correspond
to pressure of 1 uPa. Thin blue lines correspond to temperature of 200 K, thicker green lines

correspond to temperature of 300 K and thickest red lines correspond to temperature of 400 K

Figure 4 Time evolution of the refractive index due to adsorption of 3 gas mixture (hexane and
benzene at 1 uPa, heptane at 5 pPa) on plasmonic sensor active surface of gold for different
pressures and temperatures, represented with a red solid line. Dashed line corresponds to
calculated component due to hexane contribution, dashed line corresponds to calculated
component due to heptane contribution, and dash-dot line corresponds to calculated component
due to benzene contribution. Next to each component, blue solid line corresponds to the refractive
index change due to the presence of that particular gas alone on its unchanged partial pressure and

at the same temperature of 200 K

Figure 5 Time evolution of the refractive index due to adsorption of three-gas mixture (methane at

partial pressure of 0.9 mPa, carbon-dioxide at partial pressure of 0.3 mPa and benzene at partial
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pressure of 700 nPa) on gold at a temperature of 250 K (Red solid line.) Calculated contribution of
methane corresponds to dotted black line, blue dash-dot is used for benzene and green dashed for

carbon-dioxide.

Figure 6 Time evolution of the refractive index change due to adsorption of gases in case of non-
zero background. Benzene (solid lines, blue) or sulfur dioxide (dashed lines, red) are added in the
initial moment t = 0 to a nitrogen atmosphere. N, partial pressure is 90 kPa, while C¢Hg partial

pressures are (0.1 — 100) Pa, and SO, pressures are 1 Pa and 100 Pa.
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CeHs

Binding site

Figure 1 Schematic representation of the homogeneous surface of an adsorbent surrounded by a
mixture of different gases. White dashed outline defines a single binding site. Three cases of
physisorption of different species are shown: a) helium atom (monatomic gas, size smaller than the
binding site dimensions); b) argon atom (here comparable to the binding site size); ¢) benzene

molecule (much larger than the binding site)
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Figure 2 Time evolution of the number of adsorbed molecules in case of single-component
adsorption for six different realistic situations. Black dashed line: hexane on gold, dotted magenta
line: oxygen on gold, cyan solid line: hydrogen on nickel, red dash dotted line: carbon dioxide on

iron; black solid line with symbol |: carbon dioxide on palladium
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Figure 3 Time evolution of the refractive index due to hexane adsorption on gold for different
pressures and temperatures. Dashed lines correspond to pressure of 1Pa and solid lines correspond
to pressure of 1 uPa. Thin blue lines correspond to temperature of 200 K, thicker green lines

correspond to temperature of 300 K and thickest red lines correspond to temperature of 400 K

38

Page 39 of 48



Figure 4 Time evolution of the refractive index due to adsorption of 3 gas mixture (hexane and
benzene at 1 uPa, heptane at 5 pPa) on plasmonic sensor active surface of gold for different
pressures and temperatures, represented with a red solid line. Dashed line corresponds to
calculated component due to hexane contribution, dashed line corresponds to calculated

component due to heptane contribution, and dash-dot line corresponds to calculated component

due to benzene contribution. Next to each component, blue solid line corresponds to the refractive

index change due to the presence of that particular gas alone on its unchanged partial pressure and

at the same temperature of 200 K
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Figure 5 Time evolution of the refractive index due to adsorption of three-gas mixture (methane at
partial pressure of 0.9 mPa, carbon-dioxide at partial pressure of 0.3 mPa and benzene at partial
pressure of 700 nPa) on gold at a temperature of 250 K (Red solid line.) Calculated contribution of

methane corresponds to dotted black line, blue dash-dot is used for benzene and green dashed for

carbon-dioxide.
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Figure 6. Time evolution of the refractive index change due to adsorption of gases in case of non-
zero background. Benzene (solid lines, blue) or sulfur dioxide (dashed lines, red) are added in the
initial moment t = 0 to a nitrogen atmosphere. N, partial pressure is 90 kPa, while C¢Hg partial

pressures are (0.1 — 100) Pa, and SO, pressures are 1 Pa and 100 Pa.
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