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a  b  s  t  r  a  c  t

Ethane-bridged  Zn  porphyrins  dimers  (ZnPP)  have  been  deposited  by Langmuir–Schäfer  (LS)  deposi-
tion  technique  onto  proper  transducer  layers  for  surface  plasmon  resonance  (SPR)  and  magneto-optical
surface  plasmon  resonance  (MO-SPR)  characterization  techniques  performed  in  controlled  atmosphere.
This last  tool  has  emerged  as  a  novel  and  very  performing  sensing  technique  using  as  transducer  layers  a
combination  of  noble  and  magnetic  layers  deposited  onto  glass  substrates.  A  magnetic  actuation  allows
eywords:
as sensor
PR-MOSPR
agneto-optical signal

nPP porphyrin
angmuir–Schäfer technique

recording  a  magneto  optical  SPR  signal  which  ensures  best  gas  sensing  performances  in terms  of signal
to noise  ratio,  sensitivity  and  limit  of  detection  parameters.  Primary  and secondary  amines  in vapour
phase  have  been  used  as  sensing  analytes  and  a possible  explanation  of  the  mechanism  as well as  of the
dynamics  of  the  interaction  with  the  sensing  Zn  Porphyrin  layers  is  provided.

© 2013 Elsevier B.V. All rights reserved.
. Introduction

Solid state chemical sensors are composed of two main ele-
ents: the sensing layer interacting directly with the analyte to

e detected and the transducer, necessary to convert the presence
f molecules in the environment into a detectable signal. On the
ensing layer the vapour molecules are either adsorbed or undergo

 chemical transformation, via processes producing the variation
f a physical quantity, which is measured by a suitable method,
sually through the conversion into an electric signal [1,2].

Porphyrin molecules have been exploited as sensor materials
or both inorganic and organic vapours [3] since their optical spec-
ra can be modified as a result of the binding interaction between
he porphyrin ring and the analyte vapour molecule [4].  Specifically,
inc substituted porphyrins have demonstrated larger responses to

 family of alkylamines due to the specific affinity between the zinc
tom and the amine moiety [5].  In this work, surface plasmon res-

nance (SPR) and magneto-optic SPR techniques have been chosen
s transducer techniques.

∗ Corresponding author. Tel.: +39 0832422523; fax: +39 0832422552.
E-mail address: mariagrazia.manera@le.imm.cnr.it (M.G. Manera).

925-4005/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.snb.2013.02.057
Surface plasmon resonance (SPR) technique is extensively used
to monitor the binding of biomolecules to the Au or Ag surface,
as well as to monitor interactions between a proper sensing layer
deposited onto the Au transducer interface and gas molecules
analytes [6].  Surface plasmon polaritons (SPPs) are essentially
transversal electromagnetic waves bound to a metal–insulator
interface (i.e. materials with dielectric constants of opposite signs)
that can be excited on thin metal films for example through gratings
or prism couplers. When excited, such collective oscillations of con-
duction electrons create regions of enhanced electromagnetic (EM)
fields in the direct proximity of the metal surface that are highly
sensitive to the local changes of refractive index occurring at the
surface of the thin metal film, which in turn provides a capability
for a label-free form of analytical detection.

Various approaches have been proposed to enhance the sensi-
tivity of such technique [7–9]. Among them a magneto-optic SPR
sensor (MOSPR), based on the interrelation of magneto-optic effects
and SPR [10,11] has been proposed recently [12–14].  This sensor is
based on the use as transducer layers of magnetoplasmonic (MP)
multilayers of noble and ferromagnetic metals: Au [15] or Ag [16]

as well as Co [17] or Fe [18] are the preferred materials. The large
enhancement of MO Kerr effects, recorded when the surface plas-
mon  resonance is achieved, strongly depends on the excitation
conditions of the SPP and therefore on the refractive index of the

dx.doi.org/10.1016/j.snb.2013.02.057
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:mariagrazia.manera@le.imm.cnr.it
dx.doi.org/10.1016/j.snb.2013.02.057
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Fig. 1. Experimental setup for SPR and MO-SPR characterization in dry air and con-
M.G. Manera et al. / Sensors an

ielectric in contact with the metal layer, thus providing the sensing
rinciple of the MO-SPR device [19].

The aim of this work is to propose a novel combination of Zn
orphyrin (ZnPP) dimers and MP  multilayers acting as gas sens-

ng layer and transducer multilayer structure sensors, respectively,
or amine vapours detection. To this purpose an ethylene-bridged
inc porphyrin dimer has been deposited in thin film form [20]
y Langmuir–Schäfer (LS) method and tested as sensing layer in a
ovel sensing platform based on MOSPR sensor using as transducer

 Au/Co/Au multilayer structure.
Herein we  demonstrate that quite uniform films are obtained

nto the MP  transducer interfaces, and they are able to detect quite
eversibly different concentrations of aliphatic amine vapours in
ry-air as carrier gas, thus confirming the potentiality of the tech-
ique as optimal transducer platform for room temperature amine
ensing.

In this work, two typical molecules representative of a primary
nd secondary aliphatic amine family were investigated, namely n-
utylamine and di-butylamine vapours. The effect of structure and
teric hindrance of the analyte molecules is investigated and related
o the possible interactions occurring at the interface between the
rganic layer and the analyte vapours.

. Experimental details

.1. Preparation of magneto-optical transducing layers

To evaluate the MP  properties of Au/Co/Au transducer a set of
5 nm Au/6 nm Co/25 nm Au/multilayers were deposited on Corn-

ng glass substrates coated with 2 nm of Cr to improve adherence.
he thickness and the position of the Co layer with respect to
he external medium were dictated by the need of preventing it
rom oxidation and getting the most efficient enhancement of the

agneto-optical activity when the SPP in excited, while minimiz-
ng the loss of sensitivity due to its optical absorption, according
o previous theoretical studies [15]. All layers were deposited by
c magnetron sputtering at room temperature in an ultrahigh-
acuum chamber with a base pressure of 10−9 mbar. In these
onditions all the constituents layers are polycrystalline and the
o layer has in-plane magnetization.

.2. Deposition of the ethane-bridged zinc porphyrin dimer
ensing layer

The compound used as active material is a commercial ethane-
ridged Zn porphyrin dimers [21] and the Langmuir curve was
btained by means of a NIMA trough apparatus (area of 450 cm2)
nd by spreading 150 �l of ZnPP chloroform solution with a con-
entration of 0.27 mg/ml  onto an ultrapure water subphase (from a
illi-Q system, resistivity larger than 18 M� cm). The trough tem-

erature was regulated at 293 K. After the chloroform evaporation,
he floating film was continuously compressed at the air/water
nterface at a speed of 5 mm min−1. All chemicals were purchased
rom Sigma–Aldrich and used without further purification.

Three layers of the ethane-bridged zinc porphryin dimers were
eposited.

.3. Atomic force microscopy (AFM)

The surface topography of the film was investigated by contact
ode atomic force microscopy (AFM) using a VEECO EXPLORER
ystem equipped with a Si3N4 pyramidal tip with minimum force
etween the tip and the surface. Typical tip radius of the AFM probe

s 20 nm.  The spring constant of the cantilevers is about 0.5 N/m
ith a natural resonance frequency of 125 kHz.
trolled atmosphere. The magnetic field vector is represented; it is applied in the
plane of the surface and perpendicular to the plane of incidence of light.

2.4. SPR and MOSPR characterization in controlled atmosphere

SPR and MOSPR characterization was  performed by using an
experimental bench based on prism-coupled Kretschmann config-
uration as depicted in Fig. 1. Further details on the experimental
configuration can be found in Ref. [19].

Au/Co/Au multilayers were used as transducing layers both in a
traditional SPR and in the proposed MO-SPR configurations. Briefly,
in the second case, the sensor signal is the relative variation in the
reflected p-polarized light, defined as:

�R = R(+M) − R(−M)

where R (±M) are the reflectance of the p-polarized light with the
sample magnetically saturated along the direction of the applied
magnetic field.

The sensing performances of the prepared Zn porphyrin LS
thin films deposited onto Au/Co/Au substrates were investigated
towards different concentrations of aliphatic amines, namely pri-
mary, and secondary amines, n-butylamine and dibutylamine
vapours. The choice of a family of alkylamines as analyte vapours
is due to the high affinity of zinc porphyrins for nitrogen donors
and in particular the specific affinity between zinc and the amine
moiety [5].  The main factors affecting adsorption of amines onto
metal–porphyrin thin layers are essentially: the central metal ion,
the molecular size of the amine and the electronegativity of the
nitrogen within the adsorbed amine.

The gas sensing measurements were performed in an home-
made flow type test. Dry air was used as the carrier and the
reference gas went through a desired organic solvent to make an
air stream containing the test organic vapour. A desired concentra-
tion of organic vapour at low concentration ranges was obtained by
diluting the corresponding saturated organic vapour through a suit-
able change of flow rate. The delivery of these gases was controlled
and automated using a program (except ‘program’ in computers)
developed using Labview software.

In each measurement the porphyrin film was  exposed to
vapour(s) for about 15 min  (necessary to reach a steady state for the
sensor signal); then, after the measurements it was flushed with a
pure dry air flow for about 20 min  to restore the initial conditions.

All measurements were performed at room temperature in a ther-
mally conditioned laboratory. Next, fixed concentration of vapours
was transferred into the sensor test cell realized in the meander
pipe as described above.
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 (a) and after the LS deposition of the ZnPP thin layer (b) on a region of 5 �m × 5 �m.
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Fig. 2. Atomic force microscopy image of the bare Au/Co/Au transducing layer

. Results and discussion

.1. Langmuir–Schäfer films

The isotherm curve surface pressure (�)  vs area per molecule
A) was recorded during the motion of the Teflon barriers of the
angmuir equipment and has been reported previously [20]. The
angmuir curve suggests the existence of a pseudo-gaseous phase
� < 1 mN/m); then the onset of a new phase with a rapid slope
ariation is recorded.

.2. AFM characterization

The morphology of the LS thin film of the investigated Zn por-
hyrin dimer deposited onto the multilayer Au/Co/Au structure

s shown in Fig. 2 and differs strongly from the bare MP  multi-
ayer structure. In such transducing assembly the Au layer presents,
efore the deposition of the organic tri-layer, a typical surface with

 very flat morphology. The surface of Au covered by the thin LS
n porphyrin film follows the surface morphology of the Au film
urface as well as a uniform coverage of the transducing under-
ayer with a granular look reflecting that an increase in root mean
quared roughness after Zn porphyrin layer deposition, namely
rom (0.8 ± 0.2) nm to (1.8 ± 0.2) nm is observed across all sample.
he change in optical and morphological features of the thin films at
he interface Au/air is shown also in the following SPR and MOSPR
haracterization.

.3. SPR and MOSPR gas sensing test

The angular dependence of the reflectivity and the magneto-
ptical �R  signal for the Au/Co/Au/glass and the investigated
nPP/Au/Co/Au sample are reported in Fig. 3. As expected, reflectiv-
ty curves have a characteristic dip with a minimum corresponding
o a maximum coupling of light into surface plasmons at metal/air
nterface [21]. Also the magneto-optical �R  signal, is characterized
y a sharp resonance like angular behaviour at around 45◦, i.e. when
he SPP is excited. When the SPP is not excited, both R and �R  are
asically constant in the same angular range (data not shown).

If the metal surface is covered by the sensing layer, the incident
esonance angle – i.e. where the reflectivity minimum take place –
xhibits a shift towards higher angles. This effect can be ascribed to
he optical property modifications caused by the deposition process
nd particularly to the refractive index change that occurs above

he gold layer.

Also in the �R  signal the angular shift can be ascribed to the
hange of refractive index due to the presence of a thin film at the
u/air interface, since the magneto-optical �R  signal represents

Fig. 3. (a) SPR and (b) magneto-optical curves reporting the change in optical fea-
tures of the Au/Co/Au multilayer after deposition of the ZnPP LS thin films in dry air
condition.
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tion process increases linearly with surface coverage. The weak
000, 3400 ppm) of di-butylamine vapours in dry air spaced out by a flux of bare dry
ir. The increase in the signal to noise ratio in the MO-SPR signal is evident in (b).

he variation of the reflectance values due to the magnetic actuation
nd therefore being dependent on the same optical features of the
P multilayer.
Dynamic changes of the two transducing signals can be moni-

ored upon changes of the refractive index of the sensing layer as a
onsequence of a physical or chemical interaction with a gas ana-
yte. The monitoring of the transducing signal during time at a fixed
ngle of incidence of light was performed in this work (Fig. 4).

Obviously, sensors performances are limited by the noise of
he sensors baselines due to the different natures in the MO  and
eflectivity measurements, respectively. Noise relative to SPR sen-
or signal is three order of magnitude higher with respect to the
OSPR signal.
So, the modulated nature of MOSPR technique ensures a sensor

ignal characterized by a high signal to noise ratio thus allowing
esolving small changes of this optical parameter upon interaction
f the sensing layer with the analyte gas.

In Fig. 4 dynamic curves of the plasmonic and magneto-
lasmonic transducing signal are reported upon exposure of the
S Zn porphyrin films to increasing concentrations of the amine
apours. The stability and reversibility of the signal are evident,
oth parameters being important for ensuring the good perfor-
ance of the sensor. First three pulses of Fig. 4a and b show a similar

ynamic behaviour. On the contrary, last three pulses of MOSPR sig-
al present a singular dynamical behaviour: a very sharp increase
nd a further decay can be evidenced. Such behaviour can be ascrib-
ble to a fast superficial dynamics due to a strong interaction of the
nalyte vapours with the sensing layers so that a fast and complete
overage of the surface is achieved in the first minutes of inter-
ction. The high analyte concentration allows an elevate number
f vapour molecules to reach and cover the sensing surface in few
inutes as well as to penetrate and diffuse into the sensing layer

eading to a change in the density. The arrival of further interacting
olecules causes a dynamic process leading to remove from the
urface all exceeding analyte molecules until a new equilibrium
ondition is set on. Therefore, reversibility to baseline condition
equires more time than expected.
ators B 182 (2013) 232– 238 235

Such behaviour do not find correspondence in the SPR pulses:
the lower signal to noise ratio is now responsible of the minor abil-
ity to follow the dynamic of the interactions in details. It can be
stressed that the ability of the modulated wavevector to follow
optical variations at Au/air interface per unit time allows record-
ing a more faithful representation of the dynamics of interaction
between the sensing layer and the investigated analyte.

The response time tresp is considered as the time taken for 90% of
the total change in sensor signal saturation to occur, while recovery
time trec value is considered as the time required to reduce the
signal to 10% [22]. Response and recovery times were calculated by
considering sensor responses achieved at low gas concentrations.

The interaction is a dynamical process towards the achievement
of an equilibrium stage where the recovering of the surface of sens-
ing layer is obtained with a different kinetics for the two  analyte
vapours; a faster rate is recorded by the secondary than by the
primary amine vapours.

In both SPR and MOSPR transducer platforms, secondary amines
present shorter response and recovery times with respect to the
primary amines taken at a similar concentrations. This is consistent
with a fast superficial dynamics of interaction.

Calibration curves reporting the two  sensor responses with
respect to increasing concentrations of the analyte vapours are
in Fig. 5. Sensor response here is defined as the relative varia-
tion Sgas/Sair between the signal (either SPR and MOSPR) recorded
when the test chamber is filled by the analyte vapours at the given
concentration and the signal recorded in dry air.

As it can be observed, the sensor response to tested analytes
increases as the amine vapour concentration increases. For any
specific alkylamine, the vapour pressure is highest for the primary
amine than for the secondary amine, therefore the highest concen-
tration is delivered for the first ones [23]. This means that the sensor
response should be expected to be higher for primary amines if the
concentration were the dominating effect in the interaction pro-
cess. In fact, exposure to secondary amines induces larger sensor
responses compared to primary amines for both transducing plat-
forms. This means that Zn-porphyrin sensing layer responds to the
specific nature of secondary amines rather than simply as a result
of the high concentration of an amine of any type, independently
from the chosen transducer signal. Indeed, in secondary amines,
the increasing of the size of an alkyl group with respect to primary
amines allows increased electron donation to the nitrogen. Increas-
ing the electron-donating power of an amine increases the possible
bond strength with the active site of the porphyrin films. This trend
agrees with results reported in literature for related systems both
in solution and in solid state [5,24].  In addition, binding of sec-
ondary amines by these porphyrins has been reported in literature
[5] to results in an asymmetric porphyrin ring distortion, that is
more pronounced with respect to primary amines as a result of the
presence of two  alkyl group rather than the only one present in pri-
mary amines. Evidently, doubling the number of carbon chains is a
more effective method of increasing electron-donating power and
therefore the reactivity of the amine with the metallic porphyrin.

In order to better understand the sensing process, the obtained
data were modelled by one of the isotherm models which describe
the adsorption/desorption of gas molecules onto a solid surface.

Here, we assume that the sensor signal increase is proportional
to the number of adsorbed gas molecules on the Zn porphyrin sur-
face, following the Freundlich adsorption isotherm � = kPx where
P is the pressure and k and x are constants [25]. This considera-
tion suggests that gas molecules are weakly chemisorbed by Zn
porphyrin molecules and that the activation energy for the adsorp-
chemisorption character of the interaction of the analytes with the
ZnPP surfaces ensures the reversibility of the sensing mechanism,
which is attained faster by the di-butylamine vapours.
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ig. 5. Calibration curves corresponding to the two different sensing platforms tow
apours.

By considering the plasmonic signal and the related magneto-
lasmonic signal directly related to the number of chemisorbed
olecules on the active layer and taking into account that the Fre-

ndlich isotherm, at equilibrium, establishes that the concentration
f molecular units of adsorbed gas is connected to the partial pres-
ure P of the gas by the relation [gasads] ∝ Pgas

n with 0 < n < 1, where
 is in turn proportional to the concentration Cgas of the gas in
he mixture, we obtain that the dependence of the sensor signal
hange upon gas concentration is well described by the relation

 ≈ Cgas
˛, where the number  ̨ depends on the stoichiometric coef-

cients of the equilibrium reaction between ZnPP macromolecules
nd the amine vapours chemisorbed [26]. Thus, as reported in
ig. 6, a linear plot of log(sensor signal variation) vs log(amine
apours concentration) in the low concentration range can be
btained.

Calibration curves demonstrate also a different behaviour in the
nteraction of di-butylamine vapours with respect to n-butylamine
apours because the saturation of the signal is attained at lower
nalyte concentrations. This can be ascribable to the fact that the
i-butylamine molecule has a higher steric hindrance and a higher

ensity with respect to the corresponding primary amine, thus a

ower concentration is required in order to have a similar cov-
rage of the sensing surface producing the same change in the
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ig. 6. Logarithmic plot of the sensors response curves versus the concentration of the
quilibrium.
different concentration of the investigated primary and secondary aliphatic amine

density of the superficial part of the sensing layer. The layer with
their pores completely filled with the vapour molecules under-
goes a sharp change in the overall refractive index of the film and,
in turn, to the corresponding modification in the SPR response.
By assuming a similar degree of filling of the pores for the two
investigated vapours, it is likely that the magnitude of the change
depends on the refraction index of the analytes (higher in secondary
than in primary amines). As a consequence of this, a lower limit
of detection can be attained towards di-butylamine vapours. Cali-
bration curves allow extracting important information concerning
the sensitivity and limit of detection for the investigated sensors
(Table 1). Limit of detection values are calculated by LOD = 3�/S
where � is the standard deviation of the signal recorded in a time
range of 10 min  and S is the sensitivity intended as the derivative
of the response with respect to measurand and extracted form
the linear part of the calibration curves for each of the investi-
gated analytes [27]. A greater improvement in sensitivity values
can be recognized when passing from classical SPR configuration
to the magneto-optical SPR configuration. Better sensitivity values
added to the best signal to noise ratio, as evidenced in the dynamic

curves relative to the two platforms, allows getting improved val-
ues of the limit of detection. The improvement is of a factor of 3 for
n-butylamine vapours and more interestingly is of a factor 12 in
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Table  1
Comparison of gas sensing parameters for the two  investigated experimental platforms.

Analyte Sensitivity (ppm−1) LOD (ppm) tresp (min) trec (min)

SPR n-Butylamine 2.32 × 10−6 14,200 10 8
Di-butylamine 4.32 × 10−5 760 3 6
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[

MOSPR n-Butylamine 5.23 × 10−6

Di-butylamine 4.31 × 10−4

i-butylamine vapours, in accordance to the discussion reported
bove.

. Conclusions

Ethane-bridged zinc porphyrin dimers have been deposited in
hin film form and tested as sensing layer by using SPR and MOSPR
latforms using as transducer a Au/Co/Au multilayer structure.
rimary and secondary amines vapours were chosen as analyte
olecules. The investigated sensing layers responded to the spe-

ific nature of secondary amine as a result of the increased electron
onating power with respect to primary amines. Higher steric
indrance of secondary amines is responsible of the rapid cover-
ge of the surface even at low analyte concentration. Secondary
mines demonstrated also shorter response and recovery times
ith respect to primary amines, thus revealing a faster surface
ynamics. Freundlich isotherm were used to describe the adsorp-
ion of analyte molecules onto the Zn porphyrin layer thus revealing
he weak chemisorption character of the interaction.

As expected, MOSPR configuration allows recording an higher
ignal to noise ratio sensorgram. As a consequence, better sensor
erformances can be achieved both in terms of sensitivity and of

imit of detection. The improvement is of a factor 3 for n-butylamine
apours and of a factor 12 in di-butylamine vapours. Further inves-
igation are in progress in order to correlate sensor signal changes
o a variations in refractive index of the sensing layer. The contribu-
ion of air humidity is also under study in particular for application
f this sensing technique in food industry.
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