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The thin film and sensing properties of a novel (N-phthalimido)-p-aminobenzoic acid (FIABA) com-
pound against methanol vapor is investigated using Atomic Force Microscopy (AFM) and Surface
Plasmon Resonance (SPR). AFM results indicated that FIABA molecule is a suitable material to
produce thin films by spin coating method, with compact and granular morphology. SPR results
showed that thin films of this material are highly selective for methanol vapor with fast response
and recovery times. Vapor exposure tests using SPR measurements clearly show that the novel
FIABA molecules demonstrate a promising material in the development of room temperature vapor

sensing application.

Keywords: Phthalimide, Surface Plasmon Resonance, Vapor Sensors, Thin Films.

1. INTRODUCTION

Methanol is a light, volatile, colourless, flammable and
poisonous liquid. It is used as an antifreeze, solvent, fuel,
dye, drug and as a denaturant for ethyl alcohol.!:? It is
toxic by its breakdown (toxication) by the enzyme alco-
hol dehydrogenase in the liver by forming formic acid and
formaldehyde, which cause blindness by destruction of the
optic nerve.** The initial symptoms of methanol intoxica-
tion are those of central nervous system depression such
as headache, dizziness, nausea, and lack of coordination,
confusion, drowsiness, and with sufficiently large doses,
unconsciousness and death.’ These potential applications,
toxicity and clinical implications of methanol attracts most
researchers to study of reliable, selective and sensitive
methano] sensors® and there has been increasing efforts
towards the design and synthesis of new molecules to
detect and identify methanol vapor at low concentration.””

Phthalimide and their derivatives have a wide range
of applications in the fields of chemistry, biomedical
and pharmacological research such as in the synthesis
of pesticides, activated drug-binding materials, antimicro-
bial activity, antiandrogen, tumor treatment and against
HIV cells.!™™ These materials are largely investigated
in the field of sensor research and a few publica-
tions are reported in the literature.””"” A donor-acceptor
molecule was synthesized by bonding tercarbazole to
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phthalimide through flexible bridge and it was found
that the relative intensity of the long wavelength emis-
sion depends on the solvent polarity, which implied that
this D-A dyad might be used as solvent polar-
ity sensor.!®  N-trifluoromethylsulfonyloxy-phthalimide
and N-trifluoromethylsulfonyloxy-1,8-naphthatimide were
investigated for the mechanisms and efficiencies of pho-
toacid generation using acid sensor and an actinometer.'’

In this work, a novel (N-phthalimido)-p-aminobenzoic
acid (FIABA) molecule is synthesized for the study of the
thin film preparation and the methanol vapor sensing prop-
erties using atomic force microscopy (AFM) and surface
plasmon resonance (SPR).

2. EXPERIMENTAL DETAILS

o-Phthaloyl dichloride (2.03 g. 10 mmol) was dis-
solved in tetrahydrofurane (25 ml). A suspension of
p-hydrazinobenzoic acid (1.52 g, 10 mmol) and triethy-
lamine (2.02 g, 20 mmol) in 15 m! tetrahydrofuran (THF)
was added dropwise to the former solution with a vigor-
ous mixing, The reaction mixture was stirred for 6 hours
at 60 °C. The ammonium salts of the Et;N as white
precipitate was filtered off, then the crude product was
obtained by evaporating the rest solutions. Pure prod-
uct was received by re-crystallization from ethanol-water
mixture (8:2). Yield: %61. The synthesis route of FIABA
is given in Figure 1.

doiz 10. 1166/51. 2008 048 261
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Fig. 1. The chemical structure of {N-phthalimido)-p-aminobenzoic acid (FIABA).

In order to prepare samples for SPR measurements,
microscopic glass slides were ultrasonically cleaned and
gold was thermally evaporated onto these glass slides with
a rate of | nm s~ under vacuum of 107% Pa. The thick-
ness of the gold film was estimated to be 45 nm using the
conventional quartz crystal microbalance method. Gold-
coated glass substrates were vacuum held onto a rotating
chuck of a photoresist spinner {(Microsystem model 4000).
Using a micro syringe, a small amount of FIABA solution
in ethane was dispensed onto the substrate from a distance
of 5 mm above the substrate surface. Samples of FIABA
thin films were prepared using different spin speeds from
1000 rpm to 5000 rpm.

A Kretschmann type optical set-up system with a
6 — 26 rotation platform driven by a stepping motor (with
a resolution of 0.01°) and controlled by a microproces-
sor was employed for SPR measurements. A p-polarised
monochromatic (A = 633 nm) He—Ne laser light source
was used to excite surface plasmons and the obtained SPR
data were analysed using a least squares algorithm for
theoretical fitting of the Fresnel’s reflection Equations.'
A special PTFE gas cell, which was sealed by the sam-
ple through a rubber O-ring system, was constructed to
study the response of FIABA thin films on exposures to
methanol vapor. For the kinetic measurements, a fixed
angle 6* was chosen from the SPR curve and the reflec-
tion intensity at this angle was measured as a function of
time when the sample was exposed to methanol vapor for
at least 2 minutes and was then allowed to recover after
injection of dry air.

The AFM measurement was performed on samples
deposited onto silicon substrates at room temperature using
a Nanoscope I a (Digital instruments) microscope in the
standard tapping mode. A standard silicon nitride tip was
used to obtain the images and the spring constant of the
cantilever was 40 nm™'. The AFM image was taken in an
area of 5 um x5 pm.

3. RESULTS AND DISCUSSION

The surface morphology of FIABA thin film deposited
onto a silicon substrate is carried out using AFM in tap-
ping mode. Figure 2 shows an AFM picture of FIABA
film deposited at a rate of 2000 rpm spin speed. The sur-
face of the film has a compact and granular morphol-
ogy with a root-meansquare (rms) value of 4.72 nm. This
granular morphology could have an advantage for the
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detection of methanol vapor during the physical interaction
between the film and methanol molecules.'® AFM images
of N-dodecylphthalimide thin films obtained by Langmuir-
Blodgett method indicated a smooth, compact, uniform
and void-free film morphology.” The LB film is shown
to possess a more uniform structure compared to the spin
coated films, however the LB method is proved to be more
difficult and less practical for thin film deposition of this
phthalimide material.

Figure 3 presents the SPR curves showing the variation
of reflected intensity as a function of the incident angle
0 for a bare gold film and the gold film with a FIABA
thin overlayer spun from a 2 mg/ml solution of FIABA
in ethane at the speed of 2000 rpm. The minimum of the
SPR curve is shifted to a larger angle when the gold sub-
strate is coated with FIABA material. SPR measurements
were repeated on different points over the FIABA film
surface and the results obtained were quite similar, indi-
cating a reasonable degree of uniformity over the film sur-
face. A refractive index value of n, = 1.62 of phthalimide
derivative was obtained from the literature,?' and used for
the fitting of the SPR measured curves to the theoretical
Fresnel equation, giving a thickness value d = 7.41 nm for
films spun at 2000 rpm.

In order to investigate the dependence of FIABA film
thickness on the spin speed, five different films were pre-
pared onto gold-coated substrates at different spin speeds
ranging from 1000 rpm to 5000 rpm. SPR measurements
were used to evaluate the thickness of FIABA films and are
given in Figure 4, in which the thickness d was plotted as

Py 100.0 om

53.8 rm

Fig. 2, AFM image of FIABA thin film.

Sensor Letters 6, 261-265, 2008
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Fig. 3. SPR curves of the FIABA thin film.

a function of spin speed @ on the logarithmic scales. This
graph yields a linear behaviour with a slope of —0.577.
In the hydrodynamic theory, the thickness of a spun film
is defined as a function of the viscosity 7 of the spreading
solution, the density p of the pure solvent and the mass
flux ¢ as a result of evaporation in the form:*

(1)

It is well known that ethane is one of the highly volatile
solvents and the mass flux ¢ can be assumed independent
of spin speed in this case because the concentration of
2 mg/ml of FIABA molecules in ethane is considered to
be low. If the mass flux is independent of spin speed for
such low solution concentration, the ratio of (n/p?) also
remains invariant for different spin speeds. The experimen-
tal result of 0.577 is in a good agreement with the value
of (2/3) theoretically predicted by Eq. (1).

Figure 5 shows the SPR curve obtained for the FIABA
thin film before and after the exposure of methanol vapor
and a [arge shift in the SPR minimum occurred due to the

1.35
A
1.25 F
st
£ 8
=] r
= L
<0 105
095
083 L i I i i 1 S S | 1 i i 1 i I ) S T i A
2.95 3.15 335 3.55 375

log @ (@ in rpm)

Fig. 4. Dependence of FIABA, film thickness on spin speeds.
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Fig. 5. Response of FIABA thin film to methanol vapor: SPR curves
obtained (i) before, (ii) after exposure of methanol vapor and (iii) recov-
ery after withdrawal of methanol vapour.

adsorption of methanol vapor on the FIABA film. This
shift can be explained in terms of an increase in refrac-
tive index of the sensitive layer and a change in the film
thickness due to the film swelling.”>** The methanol vapor
could interact with FIABA film via hydrogen bonding due
to the presence of the —OH group. Similar results were
obtained for poly(3-butoxythiophene)/stearic acid thin film
when the film exposed to methanol vapor.” After clean air
injected into the gas cell, the recovery of the FIABA film
is found to be fully complete with a fast and reversible
response.

When a sensing material is exposed to selected vapor
molecules, adsorption and desorption process of the
detected vapor molecules will occur simultaneously. This
adsorption and desorption process as a function of time
is known as the kinetic response of the sensing mate-
rial, Kinetic response of FIABA thin film to methanol
vapor was recorded by measuring the SPR reflectivity at a
fixed angle of incidence of 8* = 45.2°. Prism and FIABA
thin film were mounted on a 6 — 26 rotation platform
driven by a stepping motor (with a resolution of 0.01°)
and controlled by a microprocessor. Figure 6 shows the
kinetic response as a function of time when the sample
was periodically exposed to methanol vapor for a period of
2 min followed by injection of dry air for a further 2 min
period. The reflectivity increased sharply with time at first
when the spun film was exposed to methanol vapor. The
response of FIABA thin film is quite large, fast and a com-
pletely reversible when the gas cell is flushed with dry air.
Response and recovery times of about 4.7 and 2.8 seconds
respectively are observed. Furthermore, the new FIABA
thin film is shown to possess excellent reproducibility in
its interaction with methanol vapor exposures.

The concentration dependence of the SPR response for
FIABA thin film is important to establish the sensitivity
of the materials for calibration proposes. Figure 6 gives
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Fig, 6. Kinetic response of FIABA thin films on exposure to step
changes in the concentration of methanol vapor at room temperature.

the dynamic variation of the reflectivity of the FIABA film
when increasing concentrations of methanol were intro-
duced in the test chamber at the room temperature. In each
cycle, the FIABA film were exposed to a given concen-
tration of methanol for 2 min and then flushed with air

for 2 min.
centrations

The response is very high for all vapor con-
tested and FIABA film is stable with a com-

pletely recovery of the signal when the air flux is restored
after the vapor test. The calibration curves for the FIABA
film is given in Figure 7 by plotting the reflectivity as
a function of concentration of the methanol vapor. The

response is

linear over the vapor concentration range mea-

sured (35-140 ppm). The slope of this straight line can
be regarded as the sensitivity of the FIABA thin film to
methanol vapor. The vapor sensitivity is given by:**20

AR
§="= )
¢
25
L
4k
s
1.5t
% L
- i *
i }
03 F
! >
‘)'x i i TN OV SN W T N T TP ST WO S SO T SO UUIE NN ST T W S S T 1 dmd ko i
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Fig. 7. The reflectivity change of the methanol vapor against concen-

tration,

264

Sen et al,

where AR, ¢ are the reflectivity change and the concen-
tration respectively. Using Figure 7 and Eq. (2), a value
of 1.7% per ppm is calculated from the slope of a linear
approximation to experimental data.

In order to test the stability of FIABA film, kinetic
measurements repeated several times using the same
experimental conditions at room temperature. The film was
stable without significant losses in its sensitivity.

4. CONCLUSION

Preparation and propertics of thin films of a novel
(N-phthalimido)-p-aminobenzoic acid molecule and its
interaction with methanol vapor were evaluated using
AFM and SPR measurements. The AFM image indicated
that FIABA thin film is characterised by a compact and
granular surface morphology. rms value of the film sur-
face is obtained 4.72 nm. SPR measurements showed that
this FIABA material is suitable to produce sufficiently
homogeneous thin films on a gold surface. The film thick-
ness showed a power-law dependence on the spin speed
in good agreement with the hydrodynamic theory for a
low-viscosity and highly volatile liquid. This can be con-
cluded that the thickness of the film can be effectively
controlled by the spin speed. The thickness of FIABA film
at 2000 rpm is found to be 7.41 nm.

FIABA film is used as a sensing element for the detec-
tion of methanol vapor and it yields a large and fast shiftin
the SPR minimum to the exposures of methanol vapor. The
recovery of this shift is found to be fully complete with
a fast and reversible response. On the basis of SPR mea-
surements under dynamic variations, the room temperature
response of FIABA film to methanol vapour is found to
be fast, highly sensitive, reversible and reproducible. The
concentration dependence of the SPR response for FIABA
film shows a linear relationship with a sensitivity value of.
1.7% per ppm. This new FIABA material is stable during
the measurements without significant losses in the sensi-
tivity. These results can be concluded that this FIABA film
may find potential applications in the development of room
temperature optical sensors for methanol vapor.
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