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Abstract

This study investigated Langmuir-Schaefer (LS) films of a free base porgh{omnl5,20-
tetrakis[3,4-bis(2-ethylhexyloxy)phenyl]-21H,23H-porphine (EHO) as sensors to detect acetic
acid and methylamine. Such films are known to adsorb VOCs, resulting in a color change and
a swelling of the film resulting in a thickness increase for the film. The adsorption kinetics of
this process were studied using two different techniques, nakd¥hvis absorbance
spectroscopy and surface plasmon resonance (SPR), to investigate the color change and film
thickness change respectively when exposed to acetic acid and methylamine Magses.

two techniques were used to allow a comparative study to be made of the color change and
film swelling in order to enhance understanding of the interaction between the thin films and
both acidic and basic vapor molecules.

The transfer process of the LS thin films was performed using the constant transfer pressure
of 5 mNnit. EHO films with different numbers of layers were fabricated and exposed to 855
ppm acetic acid and 900 ppm methylamine vapor. Sensor responses were recorded using both
UV-vis and surface plasmon resonance techniques. The EHO films exhibited high sensitivity
and fast responses using both techniques. Using two different detection systems permitted the
investigation of the interaction mechanism with a quantitative, comparative study with the
aim of obtaining an enhanced understanding of the nature of the interaction of the organic
vapors with the sensor. The interaction between EHO and the analytes can be considered in
terms of three processes which are surface adsorption, diffusion and desorption process.
Although both the optical techniques have distinct sensing principles, similar vapor
interaction characteristics can be distinguished in both sets of experiments. For both
techniques the response to the acid was stronger than the response to methylamine. However,
apart from this difference in the magnitude of the responses the interaction with the acid and
base were remarkably similar. The sensitivity of the sensor is largely independent of the

measurement system.
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1. Introduction

Gas sensors will play an increasingly important role in life as awareness of the dangers of
indoor and outdoor air pollution increases. Therefore research in the field of gas sensing has
become an important issue during the last few decades [1,2]. One group of common air
pollutants are toxic VOCs (volatile organic compounds) which are extensively used in daily
essentials such as paints, cleaning solvents, plastics, cosmetics and wood preservatives. The
vapors of VOCs can be highly dangerous when released after using such products and need to
be detected before they reach critical levels in the environment. Therefore there is an
increasing demand to develop new sensor devices with increased selectivity and sensitivity
compared to existing sensors, ideally at lower cost. Organic materials are widely used as
sensing material with a wide range of specific subsections including polymers [3],
calixarenes [4], porphyrins [5] and phthalocyanines [6]. The most important partyof a
adsorption sensor device is the sensing material which directly interacts with the analyte
vapor. Accordingly, most of the research reported on gas sensors is related to development of
highly sensitive new sensor materials. However an ideal sensor material should
simultaneously demonstrate both high sensitivity and selectivity between analyte vapors.
Therefore understanding in detail the interaction between the sensor material and analyte
vapor is required to maximize the advantages of using this type of sensor and therefore
improve any new sensor devices.

Porphyrin molecules show a distinctive color change upon exposure to VOCs which can be
easily detected using ultra-violet to visibld\{-vis) spectroscopy. Moreover, adsorption of
vapor molecules by thin film matrix causes swelling of the thin film and the surface plasmon
resonance (SPR) technique is capable of detecting these very small thickness changes. These
two techniques were studied and the results analyzed in order to obtain a deeper
understanding of the sensing process. It is assumed that the vapor molecules first interact with
the surface of the sensor film and then diffuse into thin film layers as reported in the literature
[7]. These two steps affect the sensor response depending on their intensity and speed.

The main purpose of this study was to investigate the response mechanism when exposed to
acetic acid and methylamine in order to develop a deeper understanding of the response
mechanism. This was achieved by investigating the intensity, duration and speed of the sensor
response using two the different sensing techniques. These analytes were chosen because they
both elicit a response from the porphyrin, the molecules are similar in size but differ in the
functional groups present (-COOH amtH,). Thus the sensor responses can be compared for



both techniques. The two sensor measurement techniques have been widely used in literature
but previously always in separate studies. This study is unique in applying these two
techniques using the same thin film structures with the same organic vapors in order to
directly compare the two techniques.

In this work, a free base porphyrin, 5,10,15,20-tetrakis[3,4-bis(2-ethylhexyloxy)phenyl]-
21H,23H-porphine (EHO) was selected as the sensor material because this porphyrin has
proven sensitivity to many analytes including alcohols [8],3N#], acids [10,11], amines

[12]. Initially the Langmuir-Schaefer (LS) thin film preparation technique was used to
produce EHO films on solid substrates with differing numbers of solid state porphyrin layers.
The reproducibility of this process was measured and confirmed by SPR. The sensing
properties of these films upon exposure to acetic acid and methylamine were investigated
using bothUV-vis absorbance spectroscopy and SPR methods. Both methods are highly
sensitive and have individually shown remarkable results in previous sensor studies and

provide high resolution sensor response results [13,14].

2. Experimental Details

2.1 Materialsand LS Film Fabrication

The synthesis and chemical structure of EHO has been described elsewhef@dg¢1bHO

was dissolved in chloroform at a concentration ~0.5 mifjantl the Langmuir-Schaefer (LS)
technique was used to transfer different numbers of layers of EHO molecules onto a solid
substrate in a precise manner. The chloroform solution of EHO was spread onto an ultrapure
water subphase (ElgaPURELab Option >15 MQcm) using a Hamilton microliter syringe in a

NIMA Model 601 BAM Langmuir trough. In order to permit the solvent to evaporate a time
period of 15 min was allowed before the area was reduced by closing the trough barriers.
Surface pressure - ared-f) isotherm graphs were recorded using at a barrier compression
speed of 200 cfrmin . All experiments were performed in a cleanroom and at a temperature
of ~18°C.

LS films were transferred onto glass slides for the optidalvis measurements and 40 nm

gold coated glass substrates for the surface plasmon reso8&meneasurements. The gold
layers were deposited by thermal evaporation onto pre-cleaned glass slides with a deposition
rate of 0.2 nm$ under a vacuum of 10Torr. All substrates were subsequently exposed to
1,1,1,3,3,3-hexamethyldisilazane (HMDS) vapor for min 12 h in order to render the surface of



the substrate hydrophobic prior to deposition. Before the deposition process, the monolayer
on water surface was compressed to the selected constant surface pressure of. SheNm
monolayer floating on the water surface was transferred onto the solid substrates by
contacting the substrate horizontally onto the floating monolayer and subsequently lifting off

a single LS layer. The substrate speed used was 10 mrh auiring the transfer. Each LS

layer was allowed to dry for 5 min between subsequent depositions and the surface pressure
was allowed to return to the target pressure between each deposition by controlling the trough
barrier position. This process was repeated the required number of times in order to produce a

multilayer LS film.

2.2 Optical Measurement Systems

In order to investigate the vapor adsorption kinetics of EHO LS films two different optical gas
sensing measurements were used to carry out a comparative study. The first one is UV-vis
absorbance spectroscopy which was performed using a Mikropack MiniD2i$AR light

source and a®cean Optics USB2000 spectrometer. Absorbance spectra of EHO LS films
were recorded in the range of 350-800 nm. The second measurement was made using a SPR
system which consists of a Kretschmann configuration custom built optical setup [16]
incorporating a semi-cylindrical prism (refractive index of 1.515) and optical laser
(wavelength of 632.8 nm) the details of which have already been described in another study
[17]. A gas cell (PTFE - polytetrafluoroethylene) sealed with a rubber O-ring were integrated

to the SPR setup which was placed on the LS films and the reflected light intensity was
measured as a function of angle or time depending on the measurement type. The thicknesses
of the LS films were evaluated by fitting the SPR curves based on the Fresnell equations. The
fitting procedure was achieved using the Winspall 3.01 software which was produced by the
Max-Planck Institute [1B

2.3 Vapor sensing measurements

The investigation of the kinetic adsorption of EHO LS films involved recording the dynamic
response upon exposure to the analyte vapor. Acetic acid and methylamine vapors were
chosen as analytes because they permit a comparison of the sensing response measured using
two similar sized molecules with different functional groups. Both analytes HaMe -
functional groups but differ in the one has a -COOH group and the othRiHaigroup. This



allowsthe study to investigate the influence of functional group on the sensor responses and
the nature of the adsorption. The analytes were obtained from Sigma-Aldrich and dry nitrogen
was used as the carrier and diluent gas irtUtevis absorbance spectroscopy measurements.

The UV-vis gas sensing measurement setup contains a purpose built gas exposure chamber
connected to two Tylan FC-260 mass flow controllers.[TBe analyte in its liquid phase

was contained in a small vessel anthass flow controller was used to deliver a controlled
amount of clean dry nitrogen to the vessel. The analyte vessel was maintained at a known
temperature in a temperature controlled water bath. When the nitrogen gas passes through the
headspace in the vessel it mixes with the analyte vapor present in the headspace and delivers
the analyte vapor to the exposure chamber. The concentration of the analyte vapor was
subsequently determined in ppm using the known Antoine parameters to determine the partial
pressure at the known temperature][2Zthe sample was positioned on a Peltier device and

the recovery cycle was carried out by gently heating the sample during the expadtyre to
nitrogen. During the recovery cycle, the heating process was sustained for only thenfirst 5
before the sample temperature was reduced such that is had cooled down to its initial
temperature prior to subsequent exposures. The exposure cycles were performefCat ~20
and the sensor recovery was conducted at “650The temperatures were measured by a
thermocouple attached to the top surface of the Peltier device. The kinetic response as
observed byUV-vis absorbance of the samples upon exposure to the analyte vapor was
recorded by measuring the change in the absorbance spectrum as a function of time. The
measurements of kinetic response were started with a recovery cycle for 10 min and then the
analyte vapor was directed into the exposure chamber for 20 min periods. Recovery cycles
were limited to only 10 min although the exposure cycles were 20 min in order to observe the
saturation points.

In order to perform the SPR sensing measurements SPR curves of LS films were recorded
before and after vapor exposure. The exposure to analyte vapor was carried out by injecting a
known volume of the analyte vapor into the gas cell using a microsyringe. The required
concentration of analyte vapor was prepared before injection. Precise amounts of liquid
analyte were transferred into a 2 L glass bottle and then evaporated by gently Adwting.

concentration of the analyte vapors were calculated using the gas law [21]:

22 45TV
o= 2%V (1)
273MV



where ¢ is the concentration (ppm), p is the density of the liquid sample (g mL™), T is the
temperature of container (K),sMs the volume of the analyte solution (uL), M is the
molecular weight of analyte (g) and V is the container volume (2 L). In order to cothpare
adsorption kinetics of analyte vapors, concentrations were fixed at constant values which were
855 ppm for acetic acid (GEOOH) and 900 ppm for methylamine (¢NH,) for all sensing
experiments. Dry air was used as the diluent gas for SPR measurements. An interaction time
of 20 min was allowed after injection of vapor into the gas chamber before the post exposure
SPR curve was recordefl.constant angléo=49°) was obtained from the linear region of the

SPR curve and close to the resonance angle. The kinetic measurements were performed by
fixing the incident angle at that constant value and recording the reflected light intensity as a

function of time.

3. Resultsand Discussion
3.1 Film Preparation and Characterization

The monolayer behawicof EHO on a water surface has been investigated previously and
reported in the literature [22]. It has been reported that on the water surface EHO molecules
tend to aggregate and organize themselves facing each other edge on to the surface, which
results in a small area per molecule [23,24]shoulder in the surface pressure versus area
isotherm associated with this transition has been reported tatssamface pressures over 6
mNm™ [19]. Therefore the transfer process of the LS thin films was performed using a lower
constant transfer pressure of 5 mNin an attempt to maximize the proportion of EHO
molecules that lying flat and therefore available to interact with the analyte vapors upon
transfer to a solid substrate.

Several multilayer EHO LS films were fabricated on gold coated substrates and Fig.1 shows
the SPR curves of these films. The SPR curves give the variation of reflected light intensity
versus angle of incidence and the minimum reflected light intensity value corresponds to the
SPR angle (0spr). Coatinga gold surface with an organic layer causes a shift ob¢hgto

higher angles when compared with bare gold. It is clearly shown that there are observable
shifts of the SPR angle after deposition of multilayer EHO films and the magnitude of the
corresponding shifts are directly related to the thickness and optical constants of the organic
film on the gold surface. The relation can be given by the following expressipn [25
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where A is the wavelength of the laser beam (A=632.8 nm), n, is the refractive index of the
semieylindrical prism, || is the modulus of the complex dielectric constant of the gold film,

gi 1s the dielectric constant of the medium in contact with thin film, € is the film’s dielectric
constant, and d is organic film thickness.

The values of the SPR shifts (A8) and the thicknesses were determined by fitting the SPR
curves using Winspall 3.02 software and the results are summarized in the inset of Fig.1 for
all layer numbers. It is clear that the average monolayer thickness increases with increasing
number of layers. Taking the gradient of the straight line fitted to the thickness data in order
to estimate the average thickness of each EHO monolayer gives 41 A. The steadily increasing
thickness observed implies that multilayer EHO LS films have been achieved since the film
thickness increases monotonically with number of depositions. However this is not the whole
story because it appears there are some fluctuations in the thickness of each layer. The
number of layers increases the thickness causing an SPR shift but it also results in a
broadening of the SPR curve. This type of SPR curve change has previouskebren
literature for multilayer thin films and has been attributed to damping of the resonance due to
increasing non-uniformity in the film thickness with increasing number of layers [26,27]. We
attribute the non-uniformity in these samples to variations in the orientation of the molecules
relative to the substrate. This could be as a result of aggregation and stacking of the porphyrin
molecules. Therefore a simple gradient analysis to determine the layer thidkness
misleading. Note that the thickness of the 4 layer film is only 66 A giving an average value of
only 16.5 A for the first 4 layers of EHO film. Much closer to the value of 20 A which was
previously reported for a 6 layer EHO film [19Some of the EHO molecules may be
deposited side on rather than flat resulting in much thicker regions whilst others lie flat
resulting in thinner regions. The results obtained will therefore be an average thickness. This
spatial variation in thicknesses results in non-uniform layers which correspond with the

broadening of the SPR curves for the thicker and therefore increasingly non-uniform films.

3.2 Sensing Properties



In order to investigate the adsorption kinetics of EHO films the two different optical
measurement systems were used and the sensor responses were recorded upon exposure to
acetic acid and methylamine vapors. These two distinct chemicals have been chosen to help
clarify the adsorption kinetics of EHO filmEV-vis and SPR measurement systems are both

very capable of detecting small sensor responses [18,19]. Both are optical techniques but
differ in what they measure; while UV-vis detects spectral absorbance changes SPR is
sensitive to thickness changes of the organic film. Thus the adsorption kinetics of EHO film

canbe clarified using the complimentary information available from these optical techniques.

3.2.1 UV-VisCharacterization

UV-vis absorption spectra of EHO have been studied and described previously in the
literature [28]. EHO in solution exhibits a distinctive Soret band at 426 nm which upon
transfer to a solid substrate broadens and redshifts to abOutrd4There are also four
weaker Q bands between 500 and 650 nm. This shift has been attributed to changes in the
local environment of the EHO molecules, which may be due to aggregation and/or removal of
the solvent. When EHO is exposed to an equal con¢emtraf each analyte the Soret band at

440 nm is replaced by a band around 460 nm. The magnitude of the Q bands also decreases
and a new band appears around 710 nm. After the interaction with an analyte molecule, the
energy levels of the conjugated m-electrons in the porphyrin are subsequently shifted and
therefore the absorption spectra changes. One of the advantages of using EHO as a sensor is
that the spectral change depends upon the number of EHO molecules which have interacted
which depends upon the concentration of the analyte. Therefore the level of the EHO response
varies with analyte concentration. This spectral characteristic makes the EHO films a useful
and selective sensor material.

Fig.2 shows the spectral change of 10 layer EHO LS film after expts@®5 ppm acetic

acid and 900 ppm methylamine vapors. The spectral shift after acetic acid exposure was as
expected; similar changes have been recorded before in literatufe BfBosure to
methylamine causes a similar but smaipectral change and similar results have also been
previously recorded against different amines for porphyrin sensor [29-31]. The spectral
response observed depends upon the analyte molecule adsorbed and the magnitude of the
response depends upon the likelihood of interaction level between the EHO and analyte
molecule. The interaction detected is directly related to the physical and chemical properties
of the analyte molecule such as its molecular size [19] and active sites present [32]. As seen i



Fig.2 the acetic acid vapor causes a greater response than the methylamine vapor. This could
be attributed to a greater binding strength between the porphyrin and the acetic acid vapor in
comparison the methylamine vapor. The stronger response of the acetic acid indicates that a
greater number of EHO molecules have interacted with the acetic acid molecules than for the
methylamine.

Fig.3 shows the kinetic response of LS films with several layers of EHO upon exposure to
855 ppm acetic acid (Fig.3a) and 900 ppm methylamine (Fig.3b). Kinetic measurements were
carried out by recording the absorbance change at the constant wavelength of 440 nm
(corresponding to the peak of the Soret band) versus time. During the first 10 min period the
sensors were exposed to dry nitrogen and at the end of this period vapor molecules were
introduced into the exposure chamber. It is clear that the multilayer EHO filmsalfase
response against to both acetic acid and methylamine vapor. As expected from Fig.2, acetic
acid responsesilarger than methylamine, and it is noted ig.B that it is also faster. During

the 20 min exposure cycle EHO films reach the saturation for both vapors. The final
magnitude of the response depends on the thickness of the thin film which can be seen to
increase with increasing number of layers. The interaction between the vapor and the thin film
can be considered in terms of three processes which are surface adsorption, diffusion and
desorption process. The surface adsorption causes sharp increase in response immediately
after the vapor molecules introduced into the gas cell. Afterwards the vapor molecules start to
diffuse into the film structure during which time the sensor response continues to increase but
at a slower diffusion limited raté&radually during the diffusion limited stage the response
starts to settle down until saturation is reached. A dynamic equilibrium and therefore
saturation is achieved when the rate of adsorption/desorption and diffusion in/out are in
balance. Therefore the magnitude of the initial sharp response and the final saturated response
depends on the type of vapor molecules and thin film structure. The final saturation response
to methylamine is lower than for acetic acid and the methylamine response takes more time to
reach to saturation. This is due to the time taken to reach dynamic equilibrium being longe
for the methylamine. In order to obtain quantitative results of the gas sensors, response time
(tso) and sensitivity parameters were determined. Fhealue gives information about the
response time of sensing material and defined as the time taken to get to 50% of the full
saturated response. An ideal sensor should be both fast and sededtys an important
measure of the how fast the sensor material can respond. An alternative measure of response
rate is §owhich is defined as the time taken for 90% of the total change in absorbance [33].

The magnitude of the maximum saturated absorbance change serves as a measure of the

1C



magnitude of the total sensor response. Table 1 presents the maximum saturated absorbance
change and thesd tyo parameters of EHO films. The most remarkable result is that the
response time for acetic acid is notably higher than methylamine even though the magnitude
of the response is much greater. For instance the 10 layer EHO film upon exposure to acetic
acid has asp value of 49 seconds while methylamine takes 139 seconds. The time difference
between two responses is more than twice although the methylamine final response is much
lower, approximately half, compared to the acetic acid. Whemnyghalties of 10 layer film

are compared, acetic acid response reaches that value in 300 seconds while methylamine takes
499 seconds. The results in Table 1 demonstrate that the EHO sensor has a higher affinity for
and therefore sensitivity to acetic acid than methylamine.

In order to provide an explanation of this result based on vapor diffusion and kinetic
interactions between thin film and vapor molecules, the Elovichian model was emplojed [33
The model states that the vapor adsorption rate or the rate of increase of the surface coverage
(de/dt) should decay exponentially as the amount dfogbed vapor (®) increases. The
Elovichian equation defined as:

de/dt = A exp{—p0} (3)

where A and [ are constants. This equation can be integrated in order to express the coverage

itself in which:

0= (1/[),) In(t) + K (4)

where K is constant. This equation can be interpreted in terms of the probability of adsorption
of the vapor molecules decreasing exponentially as a function of the number of the vapor
molecules that have already been adsorbed by film surface. Therefore the surface t®verage
directly linked to the absorbance change and plots in Fig.4 show the change in the Soret band
absorbance versus In(t). It is clear from the Fig.4 that the relationship is linear until high
values ofA which corresponds to the surface adsorption. So initially the Elovich model fits
the surface adsorption process very well. Then the gradient of the curve is changes indicating
that the surface adsorption is completed amgw interaction becomes dominant which is
attributed to the diffusion limited response. Therefore the curves in Fig.4 need to be

considered in three steps: (1) surface adsorption, (2) diffusion limited and (3) saturation.
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Saturation is the flat linear regiat the end of interaction which can be clearly seen in all
cases. So in order to differentiate between surface and diffusion interactions two gradients
have been determined and are given in Table ilin@cates the first linear part which is
dominated by the fast surface interaction andsGhe subsequent slower linear region when

the diffusion limited response is dominant. The magnitude of the gradient indicates the speed
of interaction related to absorbed vapor molecules in time. Table 1 also indicates the duration
of each of these stages asnd %, surface adsorption and diffusion interactions respectively.

It can be clearly seen from the table that the diffusion interactions are considerably slower
than the surface adsorption. This is as expected because of the interaction dyesatinécs
analyte molecules are required to travel an increasingly tortuous path through the sensor film
the diffusion slows the response down, i.e. G2 decreases. Another interesting result is that for
the methylamine vapor response it is not as clearly sepamtsdrface and diffusion
interactions until the film thickness increases to a 10 layer EHO film. For the lower layer
number of EHO films it is difficult to identify two distinct gradients before saturation which is

a result of the slower surface interaction and the lower magnitude response between EHO film
and methylamine molecules making it more difficult to clearly resolve the two regions of the
curves. Thus the surface and diffusion interactions occur simultaneously and it appears in
graphs as a curved single step. When surface interaction(ti)n@se compared it can be seen

that there is not a big difference between ttiartes for the different thicknesses of EHO film
when considering the acetic acid exposure. This is an expected result because the surface of
each film must have similar characteristics and a similar physical structure. As the number of
layers and the thickness of the film change the diffusion limited part of the response of vapor
molecules is extended, and the total response increased; Valeds in Table 1 show the

increasing diffusion time with increasing number of EHO layer.

3.2.2 SPR Characterization

Fig.5 shows the shift of the SPR curves for 10 layers of EHO before and after exposure
acetic acid and methylamine vapors. The SPR results correspond witlu\has
measurements in that the acetic acid interaction causes a bigger change than methylamine
vapor. It is clear in Fig.5 that acetic acid causes an SPR minima shift of adband.the
methylamine shift is only about G.When a 10 layer EHO film is exposed. Table 2 presents

the angular shift of the SPR minima for each EHO film after exposure to acetic acid and
methylamine. The shift of the SPR curve minima is a result of the level of interaction between

12



organic film and vapor molecule. So the SPR sensing experiments are in strong agreement
with the results observed in th#V-Vis experiments. Both experiments suggest that acetic
acid and methylamine vapor molecules interact with EHO film, and the acetic acid interaction
is greater in magnitude.

Fig.6 presents the kinetic SPR results of EHO films exposed to 855 ppm of acetic acid
(Fig.6a) and 900 ppm of methylamine vapor (Fig.6b), where the normalized reflected light
intensity is plotted as a function of time at the SPR angle &f @@ring the dynamic
experiments the EHO LS films were exposed to organic vapors in the gas cell for 20 min
followed by clean dry air for a further 10 min. Injection of the vapors causes a shagséncre

for a few seconds and then the responses decrease exponentialtysattitation point is
reached. This has been observed previously and has been attributed to initial vapor
condensation on the film surface as a result of the injection process3dsed/lien dry air is
subsequenglinjected into gas cell, the reflected light intensity returns back to its initial value.
The responses of the EHO films are both fast and reversible upon exposure to both vapors.
Again it is noted that the response rate for the exposure to acetic acid is faster than when
exposed to methylamine. The response time is approximately 1 second which is a sufficiently
fast for a good sensor device. The recovery time is about 3 seconds and fully recovery can be
achieved by simply injecting clean dry air.

It is clear from the kinetic measurements that the sensing response increases with increasing
number of EHO layer which indicates that the vapor di#éusto the bulk film structureThis
dependence between thickness and the magnitude of response is beneficial as it provides a
simple mechanism to increase the strength of the sensor signal. As with the UV-vis data, the
SPR data can be better understood by considering the interaction between the vapor and the
organic film. It starts with the surface adsorption of the analyte which causedden
response increase within a fraction of a second. The surface interacadasisresponse
because there are no obstacles in the way and therefore is a good indicator of the pfesenc
the vapor molecules. When we consider the sharp increase of SPR curve after injection of
vapors, it can be seen that the acetic acid interaction with the film surface is stronger and
faster than for methylamine. The faster initial response reported for the SPR data is thought to
be related to the fast injection process used to deliver the analyte which may result in a thin
film of analyte momentarily condensing onto the sensor film surface [34]. In the case of the
UV-vis experiments the flow is switched from clean t8 N, with analyte so the initial
response rate is influenced by the time taken to fill the exposure chamber. After the easily
accessible EHO molecules on film surface are have all been exposed to the analyte the rapid

13



surface adsorption process reaches completion and then the slower diffusion limited
interaction mechanism becomes dominant. Vapor molecules which are diffusing into the film
structure can access the lower layers of EHO within the film. Eventually the response of the
thin film starts to settle down to a dynamic equilibrium. During the diffusion limited stage,
adsorption and desorption of vapor molecules and diffusion in and out of the sample occur
simultaneously. Diffusion of the vapor molecules depends on several parameters because
there is a partially obstructed path for the vapor molecules which slows down the sensor
response. TiB change of the sensor response speeddistinctive and useful characteristic

for the interaction mechanism. Vapor molecules which have diffused into the film are adsorb
onto the thin film molecules inside the structure thus the swelling of thin film occurs. SPR is a
perfect system to monitor the swelling as a function of time. Therefore swelling behavior has
been investigated in order to clarify the diffusion effect.

Fig.7 shows the normalized photo detector respongi)(hgainst swelling time dt where

the t=0 represents the start of vapor exposure. It is clear from the Fig.7 thatldwdases

while the vapor exposure time increases. The rate of the decreaseanies depending on

the introduced vapor into gas cell. This can be explained by the penetrating vapor molecules
moving into thin film structure and increasing the film transparency. The decrease @f the |
continues until the saturation point where the diffusion of vapor molecules eventually reaches
dynamic equilibrium when adsorption is matched by desorption and diffusion in by diffusion
out. So the time until saturation defines the swelling time thiieisime taken for the vapor
molecules to diffuse into the film. Table 2 gives the swelling times for each of the samples for
eachanalyte vapor.

As seen in Fig.7a, the swelling time increases with increasing number of layers. Similar
behavior is observed in the case of methylamine in Fig.7b. The swelling time can be
correlated with the interaction time which starts with exposure and continues until saturation.
The thicker films have a larger volume of structure for the vapor molecules to diffuse through
resulting in larger swelling times for thicker films. The specific analyte vapor molecule also
influences the swelling characteristics. When Fig.7a and Fig.7b are compared, methylamine
swelling time is notably longer than acetic acid when considering films with equal number of
layers. Although the final saturated response magnitude is lower, methylamine diffusion takes
a longer time and increases the swelling time. This is a result of the different interaction
mechanisms of the two analyte molecules. Considering these results, methylamine EHO film
interaction is weaker and diffusion of vapor is slower than acetic acid. This is somewhat

surprising given that the concentrations used were similar and acid and the amine molecules
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are similar in size. One possible explanation is that the acidic nature of the acid helps it to
penetrate between aggregated porphyin molecules resulting in a faster and stronger response.
Adsorption of the vapor molecules by the thin film matrix causes the swelling and thus the
thickness of the film to increases during the swelling process. Table 2 presents the thickness
changes of the samples after exposure to the analyte vapors.

The change of thesican be related to the quantity of the analyte moleculgswMch have
penetrated into thin film matrixtick’s second law of diffusion describeshis relation and

means that the rate of change in concentration with time is proportional to the rate at which
the concentration gradient changes with the distance in a given direction [35]. The simplified

form of the diffusion equation can be defined by the following equation [18]:

M; D vy
—t 4 /—t 2 (5)
Mo nag °

where g is the thicknesd) is the diffusion coefficient, Mand M, represent the amount of
diffusant entering the plane sheet at time t and infinity, respectivelysaegrésents the

swelling time.

The amount of the vapor penetrating into film il inversely proportional to the reflected
light intensity ). So the Eq. (5) can be written as:

-1
(Mt> NAICATS 4 D /2 6)
Mg Irf(oo) T[a% S

where }iy is the reflected light intensity at any time angd)lis the reflected light intensity of

the saturation point.

Fig.8 depicts the normalized intensity of reflected light versus the square root of the swelling
time. Diffusion coefficients ([ for every step can be determined from the gradients of the
linear sections in relation with Eq. (4) and these are plotted in the insets in Fig.8. The
correlation between the number of layer in each film apdf@cetic acid is shown in inset of
Fig.8a. Since the gradients in figures 8a and 8b are all quite similar it appears that tks chang
in the film thickness squaredstpare largely matched by changes in the diffusion coefficient

D. This can be understood in that as the film swells it will create more available free space
and become more open and therefore diffusion occurs more rapidly. It is clear that the
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diffusion coefficient of acetic acid increases with increasing number of layer. The bigger
value of diffusion coefficient corresponds to the fast diffusion. Similar behavior is recorded in
the case of methylamine. Although the correlation between thicknesssas@linhost linear

for methylamine vapor, whereas this exhibits an exponential increase in the case of acetic
acid. This supports the argument that the diffusion coefficient is directly dependent on the
analyte vapor.

In order to obtain quantitative results about sensor performance, the sensitivity (S) and the
limit of detection (LOD) parameters were calculated and summarized in Table 3. The change
of response per exposed vapor ppm gives the sensitivity value. It was estimated from the
change of Absorbance at 440 nm per ppm (A/ppm) for UV-vis results. The sensitivity of the
SPR results was estimated from the reflected light intensity el@@rgppm (k/ppm) at the

SPR angle of 49 The limit of detection implies the lowest quantity (ppm) of the analyte that

can be detected by the sensor and described by the following equation [22

LOD = 30 (7)
S

where o is the standard deviation of the signal.

As seen on Table, EHO sensor system is more sensitive to acetic acid then methylamine.
Furthermore the sensitivity of the sensor system increases with increasing number of layers
against both analyte. This is a predictable result because of the increasing magnitude of
response of multilayer EHO films results in a better signal to noise ratio for thicker films.
Another interesting result in Table 3 is the dependence of sensitivity to the measurement
technique. In UV-vis measurements, the sensitivities of the EHO are in the rangepgm0

! which is much lowerin SPR results around 10ppni*. So the experimental setup and
measured physical property resulting from the vapor interacti®a b@gnificant effect on the
sensitivity. But if we consider the LOD values; there are no significant differences between
UV-vis and SPR measurements. LOD values of acetic acid estimated from UV-vis setup are
in the range of ~12-25 ppm which are ~6-40 ppm for SPR measurements. In the case of
methylamine sensing, UV-vis results give LOD values in the range between ~24-135 ppm,
SPR data give ~13-108 ppm. There is an inverse proportionality between film thickness and
LOD values as seen in Table 3. The decrease in LOD with increasing number of layers is

observed for both systems. This indicates that it is possible to ddteer ppm of analyte
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vapor by increasing number of EHO layers. This is a very important consideration when

seeking to design highly sensitive gas sensors.

4. Conclusion

The aim of this study was to investigéte sensor response of multilayer porphyrin LS films

upon exposure to both acidic and basic organic vapors in order to compare the performance of
the sensing films when measured by eitb¥rvis or SPR EHO was chosen for the active

layer of the vapor sensor and multilayer films were produced via Langmuir-Schaefer
technique. Films of 46, 8 and 10 layers of LS films were successfully produced and the
thickness was determined to be between 66-314 A depending on the number ofTlagers

films were exposed to acetic acid and methylamine until the sensor response reached
saturation point. In order to perforacomparative study, kinetic measurements were carried

out using both UV-vis and SPR measurements systems. Both of the techniques are based on
optical measurements howevdy -vis measures the spectral changes while SPR evaluates the
thickness change and swelling of the thin film. Using two different sensing techniques gives
an opportunity to check the relative sensitivity of each sensor system and to make
comparisons in order to further understanding of the adsorption kinetics. The results obtained
show that EHO sensors demonstrate significant responses to both acetic acid and
methylamine. In the UV-vis experiments the spectral response to the acid was very similar to
the response to the base, and for the SPR the swelling responses were also similar. For both
the UV-vis and the SPR the acetic acid caustadger response and therefore it can be said
EHO as a sensor is more sensitive to acetic acid than methylamine. In addition, as was
expected the sensor response increases with increasing film thickness because an increasing
number of EHO molecules are available for interaction. It is shown that the results obtained
from UV-vis and SPR are consistent with the theory that the sensor response consists of two
main interactions which are a fast surface interaction followed by a slower diffusion limited
response as the vapors penetrate deeper into the films. The response speed depends on the
specific interaction occurring on the films and the diffusion rate of the analyte vapor through
the films. SPR results show that adsorption of vapor molecules by the film matrix causes
swelling of the film so the thickness of film increases. The rate of swelling is directly related
with the analyte vapor and initial thickness of the film. Our results showed that the sensitivity

of the sensor is largely independent from the measurement system provided it is sufficiently
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sensitive to measure the physical parameters which are changing and the interaction process

consists of two different stages.
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Figure Caption

Fig. 1. SPR curves of different number of layer EH®films as a function of internal angle.

Fig. 2. The UV absorption spectra of 10 layer EHO LS film upon exposure to 855 ppm acetic
acid and 900 ppm methylamine vapors.

Fig. 3. The kinetic UV absorbance change of several layers EHO LS films upon exposure to
(a) 855 ppm acetic acid vapor, (b) 900 ppm methylamine vapor.

Fig. 4. Elovich response kinetics for the several layers EHO LS films upon exposure to (a)
855 ppm acetic acid vapor, (b) 900 ppm methylamine vapor.

Fig. 5. SPR curves of 10 layer EHO LS film before and after exposure to aceti@%&id
ppm) and methylamine (900 ppm) vapors.

Fig. 6. The kinetic SPR measurements of several layers EHO LS films upon exposure to (a)
855 ppm acetic acid vapor, (b) 900 ppm methylamine vapor.

Fig. 7. Normalized photo detector responsg/]d)l against swelling time, dtfor the several
layers EHO LS films upon exposure to (a) 855 ppm acetic acid vapor, (b) 900 ppm
methylamine vapor.

Fig. 8. Plot of reflected light intensity against square root of swelling time for the several
layers EHO LS films upon exposure to (a) 855 ppm acetic acid vapor, (b) 900 ppm

methylamine vapor.
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