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5,10,15,20-Tetraphenylporphyrin (TPP) was synthesized, and a glass optical waveguide (OWG, which
restricts and maintains the light energy in a specific, narrow space and propagates along the space
axially) was coated with a gas-phase protonated TPP thin film to develop a sensor for NH3z gas detection.

The results show that the TPP thin film agglomerated into H-based J-type aggregates after H,S gas

exposure. The molecules in the protonated TPP film OWG sensor acted as NHz receptors because the
gas-phase protonated TPP film morphologically changed from J-type aggregates into free-base
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monomers when it was deprotonated by NHz exposure. In this case, H,S gas could be used to increase

the relative amount of J-type aggregates in the TPP film and restore the sensor response. The reversible

DOI: 10.1039/c7ral1643h

rsc.li/rsc-advances and UV-vis spectroscopy.

1. Introduction

Porphyrins are a well-known class of organic compounds that
have attracted much attention owing to not only their important
role in many bio-chemical processes, but also their unique
electronic properties, which make them valuable reagents in the
formation of functionalized molecular devices, such as
porphyrin chemical sensors," solar cells,> and memory storage
devices.>* In such functionalized devices that have spectro-
scopic and optochemical properties, various intermolecular
interactions can drive the porphyrins into specific assembled
structures such as nanowires,” nanorods,*” nanotubes,*® and
nanodiscs.' These assemblies are mostly stabilized by van der
Waals forces, hydrogen bonds, - interactions, and electronic
repulsion.'* Therefore, characterizing such interactions of free-
base porphyrins and correlating the structures of final assem-
blies through specific applications are fundamentally impor-
tant for the design of free-base porphyrin assemblies.
Tetraphenylporphyrin (TPP) has a square framework with four
phenyl groups located perpendicular to the central ring and two
free nitrogen atoms at the center of the ring.”> Since under
acidic condition, the two nitrogen atoms undergo
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surface morphology of the TPP film was analyzed by 'H NMR spectroscopy, atomic force microscopy,

protonation,*® various protonated derivatives have been ob-
tained from liquid-liquid interface™® and in the gas-phase.”
Such phenomena were investigated by UV-vis spectroscopy and
monitoring the displacement of the sorption peaks, which
suggested face-to-face stacking of the TPP rings and the
formation of J-type aggregates.'® Interestingly, the gas-phase
protonated aggregates of TPP reversed into its monomers
when exposed to amine vapors. Such electronic spectral
behaviors and optical properties of TPP are highly beneficial for
gas sensing applications.

Detection of molecular species by optical sensing techniques
is currently a topic of great interest.” Thin film-based OWG gas
sensors have two key principles: (i) the absorbance of the thin
film is directly affected by the interactions with the analytes and
(ii) the changes in the intensity of light reflected from the OWG
thin film are related to the changes in the absorbance of the
sensor, which, in turn, is affected by the interactions with the
analytes. Since the major development in planar OWG sensors
in the 1980s,%°>* scientists have paid close attention to research
and application of OWG sensors in the field of optical
communication.”®** Thin planar OWG sensors have been used
for electronic and/or fluorescence detection of clinical analytes
and toxic agents.*

Ammonia (NH3;) is one of the most common and harmful air
pollutants that can significantly endanger human health.”
Humans can smell NH; gas at concentrations as low as
~55 ppm.*® Exposure to even 1 ppm NH; gas may cause irrita-
tion of the eyes, throat, and nose. Exposure to concentrations
higher than 25 ppm can cause extensive lung damage as well as
the burning of eyes and skin, and over 300 ppm can cause

This journal is © The Royal Society of Chemistry 2018
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immediate danger to life or health.” Analytical laboratory
instruments, such as gas chromatography (GC/MS, MS, and
AAS), enable the detection and quantification of NH; with high
sensitivity and resolution.** However, these techniques suffer
from some drawbacks such as they are generally costly, cannot
be used in the real field monitoring of analytes, and need
experienced operators. The OWG method for analyte detection
has several advantages over other types of sensors, such as the
potential for high sensitivity, fast response and recovery times,
anti-electromagnetic interference, remote controllability, and
intrinsically safe detection. Furthermore, this type of sensors
can be fabricated at a very low cost.*** Herein, based on the
changes in the absorption spectrum of TPP and the OWG
technique, we examined the performance of a free-base TPP
film ammonia sensor modified with gas-phase protonation and
demonstrated the synthesis of a gas-phase protonated TPP thin
film and its coating on a glass OWG as a sensing layer. H,S gas
was used as a gas-phase proton donor owing to its noticeable
features such as ease of preparation, proton-richness, and most
importantly, its unique gas-phase acidity compared to other
hydrides (HCI and HBr). A highly sensitive and fast responding-
recovering gas-phase protonated TPP OWG sensor was prepared
and applied in the detection of low concentrations of NH; gas,
which yielded a detection limit (40 ppb) lower than that re-
ported for NH; sensors in literature.*-%”

2. Experimental
2.1 Synthesis of 5,10,15,20-tetraphenylporphyrin

Free-base TPP was prepared according to the method developed
by Zhang et al*® Pyrrole was purchased from Sigma-Aldrich
(USA) and all the other chemicals (analytical grade) were
purchased from Tianjin Kermel Chemical Reagent Co., Ltd
(China), and were used without further purification. Propionic
acid (1.63 g, 0.022 mol) and benzaldehyde (4.05 mL, 0.04 mol)
were added to 180 mL xylene and stirred for 3 h. Pyrrole (2.8 mL,
0.04 mol) was completely dissolved in 20 mL xylene and added
to the previous mixture and refluxed for 3 h at 140 °C. Xylene
(200 mL) was removed by distillation under reduced pressure,
and the crude product was purified by column chromatography
(silica gel, CHCl;/CH;0H, 90 : 10), which yielded purple crystals
(2.8 g, 45.6%). 'H NMR (Bruker AVANCE DMX400, 400 MHz,
CDCl;, USA) 6 8.87 (s, 8H), 8.26-8.23 (m, 8H), 7.80-7.74
(m, 12H), —2.73 (s, 2H).

2.2 Fabrication and characterization of the film

The gas-phase protonated TPP film OWG sensor was prepared
by the following method: the sensing element was coated on
a glass slide (76 mm x 26 mm x 1 mm, microscopy slide, Cit-
otest Labware Manufacturing Co., Ltd., China) by spin-coating.
Before coating, the glass slide (contains various oxides
including Na,O, CaO, and SiO,) was subjected to a potassium-
ion (K') exchange process via the thermal ion-exchange
method,* and the glass was immersed into molten KNO; at
400 °C for 40 min. The net index depends on the molar volume,
ionic polarizability, and stress state created by the substitution.
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In the case of K'-Na' exchange, as the polarizability of K" is
comparably higher than that of Na' on glass, K' can be easily
incorporated into glass (=1-2 um deep), and the accompanying
surface index change is lower (n < 0.01) along with a smaller
diffusion rate.*® The TPP solution (0.07 wt%) was then coated
onto the surface of the K'-exchanged glass OWG by using a spin-
coater at a rotation speed of 1850 rpm for 30 s. The coated
sample was heated at 60 °C for 10 min to allow desorption of
any solvent trapped in the film, and then dried in a vacuum
oven for 24 h at room temperature. Finally, it was exposed to
standard dry H,S gas (100 ppm) for 2 min to induce the
formation of gas-phase protonated TPP film OWG sensor, and
then flushed with pure nitrogen gas (99.99%) for 2 min to clean
the thin-film surface (see Fig. 1).

The changes in the refractive index, thickness, porosity,
absorbance, and attenuation of the TPP thin film after exposure
to 100 ppm H,S gas were examined. Five different points on the
TPP film surface were monitored. Mean thickness and refractive
index were determined using an SGC-10 ellipsometer, the
porosity of the film was calculated from Yoldas' expression,*
and the attenuation of the protonated TPP film due to absorp-
tion and scattering was measured by using the cut-back
method.** All the results are summarized in Table 2.

A theoretical calculation indicates that a 113 nm-thick film
could support the guiding mode of the transverse electric (TE)
mode.* Propagation of the TE, mode in the TPP film OWG was
then examined by prism coupling of a 650 nm laser beam. Fig. 1
shows a schematic illustration of the OWG spectroscopy setup
and the idealized electric distribution of the TE, mode. As
shown in Fig. 1, when the film is irradiated with a laser beam,
the OWG mode can be excited in the film, and a streak is
observed on the film surface along the traveling path of the TE,
mode.

In the TE, mode, the protonated TPP film waveguide on
a glass substrate was calculated with Runge-Kutta method
expressed by the following equation:**

flow cell inlet

outlet <= T @ analyte gas <4 prism
Laser beam

2=650 nm

4

sensitive layer

K*-exchanged (optical wa

e) layer

glass substrate 76 nm%26 nmx1 nm

Fig.1 Schematic illustration of a setup for gas-phase protonated TPP
OWG gas sensing spectroscopy and an idealized electric distribution
of the TEg mode.
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Fig. 2 Absorbance spectra of (a) TPP thin film and after exposure to
100 ppm (b) H,S and (c) HCl gases.
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Fig. 3 Absorbance spectra of (a) TPP thin film and after exposure to
saturated vapors of (b) ammonia, (c) methylamine, (d) dimethylamine,
and (e) trimethylamine.
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where Sowg is the surface sensitivity of the protonated TPP film
OWG, and ng,r and Negr are the average surface refractive index
and effective index of the waveguide, respectively. The ng,, is
defined by (n@ + n2)"?, where n; and n. are the refractive
indexes of the protonated TPP film and cladding layer, respec-
tively. The intensity of the electric field on the surface of the
OWG is E,(0) and the electric field distribution of the guided
light is E,(x). According to theoretical calculation,* sensitivity of
the OWG reached its maximum value when the protonated TPP
film mean thickness was in the range of 100-120 nm. This result
is in agreement with the choice of film thickness used in this
work.
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Fig.4 'H NMR spectra of (a) neutral TPP and (b) gas-phase protonated
TPP in CDCls at 298 K.

2.3 Gas sensing measurements

The gas sensing apparatus*® consisted of the protonated TPP
film OWG sensor, a compressed air source, a red semi-
conductor laser beam (650 nm), a flow meter, a reflector,
a diffusion tube, a light detector, and a recorder. The proton-
ated TPP film OWG sensor was attached to the prism in an
index matching fluid (glass prism, n = 1.75, matching fluid of
diiodomethane, n = 1.74), and irradiated by light, and then
fixed to the detection cell. The intensity of the reflected light
was detected by a light detector, and the signal was recorded
by a computer. For each measurement, a new syringe was used
to inject 20 cm”® of gas sample into the flow cell which was then
vented out. In order to carry the sample gas to the sensitive
layer, dry air was directed through the cell at a constant rate of
50 cm® min~'. All measurements were performed at room
temperature.

Standard H,S gas was obtained by reacting a given
amount of FeS with HCI at room temperature and normal
pressure, and the produced H,S gas was allowed to flow into
a standard vessel (600 cm?). Standard NH, gas was obtained
by vaporizing a given amount of ammonia solution
(25-28%) inside a standard vessel (600 cm®). The concen-
trations of H,S and NH; gases were confirmed using
commercial H,S and NH; gas detection tubes (working
range of 2-200 ppm, Gastec, Beijing Municipal Institute).
Different amounts of standard NH; gas were diluted with
dry air in a second standard vessel (600 cm®) in order to
obtain the desired concentrations. Using this standard
vessel-dilution method, a very low concentration of NH; (0.1
ppm) could be obtained.

Table 1 Bonding energies (Eg) of aqueous solutions, and molar refractivity values (Rp) and atomic gas-phase acidities (AH,¢q) of HCl and H,S

gases (298 K)

Aqueous solution Bonding energy E, (k] mol™*)* Molecule Rp (cm® mol*)*® AH,eiq (kJ mol™1)*°
H,0---HCl —15.55 HCI 12.81 1400

H,0---H,S —7.28 H,S 18.16 1474

5616 | RSC Adv., 2018, 8, 5614-5621
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Fig. 5 AFM surface morphologies of the sensitive layer: (a) 2D and (b) 3D images of untreated TPP film, (c) 2D and (d) 3D images of TPP film after
treatment with H,S gas, and (e) 2D and (f) 3D images of gas-phase protonated film after treatment with NHz gas.

3. Results and discussion

3.1 Characterization of protonation of TPP film under gas-
phase condition

The film was characterized by optical absorption (UV-1780,
Shimadzu Technology Co. Ltd, China) and "H NMR spectros-
copy. Atomic force microscopy (AFM) was performed using
a Multimode 8 system (Bruker, USA) to characterize the surface
morphologies of the TPP thin film before and after exposure to
the analytes.

The UV/vis absorption spectra was performed to characterize
the protonated TPP film under gas-phase condition before and
after exposure to the analytes, as shown in Fig. 2 and 3. We can

This journal is © The Royal Society of Chemistry 2018

see that before exposure to H,S and HCI, the typical absorption
spectrum of TPP contains a Soret band at 436 nm and Q bands
at 522, 557, 596, and 652 nm (see Fig. 2). The TPP thin film
absorption spectra show a significant change after exposure to
H,S and HCI gases. As we can see from Fig. 2, first, the Soret
band at 436 nm shifted to 461 nm when the film was exposed to
analytes and demonstrated a pronounced broadening. Second,
there a slight increase in intensity of the peak observed at
365 nm, while the peak at 677 nm increased obviously. The red-
shifting of the Soret band suggests that when the TPP thin film
was exposed to acidic gases, the porphyrin monomers under-
went J-type aggregation, wherein the monomers were arranged
in a head-to-tail fashion.*” However, no noticeable differences

RSC Adv., 2018, 8, 5614-5621 | 5617
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Fig. 6 Absorption spectra of (a) TPP film, (b) thin film exposed to H,S
gas (100 ppm), and (c) gas-phase protonated thin film exposed to NH3
gas (100 ppm).

in the intensities of the Soret band or Q bands were observed in
the UV/vis spectra of the TPP film after exposure to amine
vapors, as shown in Fig. 3.

The degree of deprotonation in gas-phase reactions,
including proton transfer reactions, is measured in terms of
gas-phase acidity, defined as the enthalpy of deprotonation
(AH,ciq)- Further, Fig. 2 indicates that there were minor differ-
ences in the intensities of the absorbance peaks for the sensitive
film exposed to HCl and H,S gases. Although the bonding
energy of HCl is higher than that of H,S in aqueous solution, as
shown in Table 1, both the AH,.4 and molar refractivity (Rp) of
H,S are greater than those of HCI, with the Ry of a gas being
proportional to its adsorption.*® This indicates that a greater
number of H,S gas molecules were adsorbed onto the thin film
surface compared to HCI gas, and provided protons to the TPP
monomers.

In order to elucidate the protons that were transferred from
the gas-phase to the TPP monomer, "H NMR spectroscopy was
performed on the TPP solution (0.07 wt%) in deuterated chlo-
roform (CDCl,) after the treatment of the active TPP monomer
with the analyte gas. The injection of high concentration of H,S
gas (=10" ppm) caused a noticeable change in the '"H NMR
spectrum of the TPP thin film, as shown in Fig. 4. Fig. 4 presents
the "H NMR spectral data of the neutral and protonated forms
of TPP. In CDCl;, TPP exhibited a chemical shift of —2.73 ppm,
which is related to the pyrrolic NH protons (see Fig. 4a).*

Table2 Changes in refractive index, thickness, and absorbance of TPP
sensing film after exposure to various gases (A = 650 nm)¢

Refractive Thickness Absorbance Attenuation

Samples index (n) (nm) (AAbs) Porosity (dB mm ")
TPP film 1.6324 111.95 — — —
Protonated TPP 1.7757 118.31 0.057 22.68% 5.42

film

After exposure 1.6302  110.31 0 — —

to NHj

a

“—” implies no change.
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Fig. 7 Evolution of response of protonated TPP thin film upon
exposure to NHz gas.

However, for H,S treatment, the pyrrolic NH protons resulted in
a shift of 0.26 ppm (see Fig. 4b). In addition, the broad
B-pyrrolic CH resonance shifted from 7.72 ppm to 8.01 ppm. At
the same time, the two resonances at 8.25 ppm and 8.85 ppm
(see Fig. 4a) merged into a single resonance observed at
8.65 ppm (see Fig. 4b). These changes indicated that strong
hydrogen bonding was responsible for the up-field shift in the
"H NMR resonance arising from the inner NH protons.*?

The AFM images of the TPP-coated glass slide were obtained
in the tapping mode both before and after exposure to H,S and
NH; gases. We can see from Fig. 5a and b that the film is
relatively dense and smooth before exposure to H,S. After
exposure of H,S gas, nanosized aggregates were observed on the
film surface (see Fig. 5c and d), whereas no such aggregates
were detected in the unexposed TPP film. It is evident from the
images that the TPP monomers on the film surface aggregated
in the gas-phase after exposure to H,S gas. Furthermore, the
high-magnification 3D view (see Fig. 5d) shows that the TPP
aggregates grew vertically, and bundles of small nanorods of
TPP assembled in a parallel manner, producing the nanosized
aggregates. This observation is in agreement with that in
a previous report.”® However, significant structural changes

38
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T
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% Intercept = 3.023
Slope = 0.321
2.6 4
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Fig. 8 Relationship between sensor signal and NHsz vapor

concentration.
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Table 3 Ammonia detection performance of gas-phase protonated TPP OWG sensor developed herein and those of other types of porphyrin

ammonia sensors

Analytical range

Sensor type Sensitive element and LODs (ppm) Ref.

Optical fiber PDDA/TSPP nanoassembly 0.5-50 56
0.5

QCM HMZnP networks 10-3010 57
10

Chemiresistive type Zn-bis-TPP 5-40 58
5

LOR TiO, containing TMPyP 0.1-5 59
0.16

Absorption intensity type Zn(u)TPP-PLA NFM nanoporous 1-5 60
0.264

OWG Gas-phase protonated TPP 0.1-100 This work
0.04

were observed in the film topography after exposure of the film
containing surface aggregates (by exposure of H,S) to NH; gas
(see Fig. 5e and f); the vertical nanorods disappeared and the
surface of the film became smooth. This indicates that the
aggregates dispersed after exposure to NH;.

3.2 Gas sensing measurement

The gas sensing property of the protonated TPP thin film OWG
sensor was evaluated based on the deprotonation of TPP. The
protonated film turned from red to blue after exposure to NH;
gas, as shown in Fig. 6. When the TPP film was exposed to H,S
gas, significant changes were observed in the visible region,
with the Soret band of the TPP film undergoing a red shift from
436 nm to 460 nm and two new Q bands emerging at 364 nm
and 677 nm, respectively. At the same time, when the same film
was exposed to NH; gas, the Soret band underwent a blue shift
from 460 nm to 436 nm, with the two Q bands splitting into four
Q bands; these are characteristic features of the free-base TPP
monomer. The absorbance changes are listed in Table 2.

For the OWG sensor, as mentioned above, the thickness,
refractive index, porosity, and attenuation of the film are the
major factors that affect its intensity. A sensing film with higher
refractive index, thickness, and porosity, and lower attenuation
reveals higher sensitivity.>® We can see from Table 2 that the
refractive index decreased from 1.7757 to 1.6302 due to the
decrease in thickness. The remarkable decrease in the refractive
index in the excitation of the waveguide mode in the protonated
TPP film OWG, which enhanced the inherent sensitivity of the
sensor in accordance with the simulated results shown in Fig. 7.
Besides, the NH; gas molecule was small enough to penetrate
the protonated TPP pores several tens to hundred nanometers
in diameter.

The reversible responses of the protonated TPP thin film
OWG sensor to NH; gas at various concentrations were studied,
and the results are presented in Fig. 7. The signal attenuations,
defined as & = —10 10g(Limmonia/Ihydrogen sulfide),” corresponding
to 100, 10, 1, and 0.1 ppm of NH;, were 4.07, 1.01, 0.57, and 0.24
dB, respectively. The injection of air from the surrounding

This journal is © The Royal Society of Chemistry 2018

environment caused a slight disturbance in the signal; however,
the disturbance was significantly smaller than the change in the
signal in the presence of 100 ppb NH;.

The reaction mechanism is shown in Fig. 7. Initially, the H,S
gas molecules are adsorbed onto the TPP film OWG primarily in
the form of J-aggregates. The exposure of the protonated TPP
film OWG sensor to NH; gas leads to the deprotonation of
H,TPP**, which results in its return to the monomeric state. TPP
becomes protonated again when it is exposed to H,S gas. It is
clearly seen from Fig. 7 that TPP can be reversibly converted into
H,TPP>" through protonation and deprotonation reactions in
the presence of H,S and NH3, respectively. Repeated exposure of
the TPP thin film to NH; and H,S causes the formation of
(NH,),S as a by-product. However, (NH,),S can be removed by
washing the film with water. The protonated TPP film OWG
sensor exhibited a strong and fast response, complete revers-
ibility, and excellent repeatability even after several sensing
cycles (see Fig. 7). These results confirm that the gas-phase
protonated TPP film OWG sensor is a suitable material for the
detection of NH; gas.

A calibration curve of absorbance as a function of NH; gas
concentration is plotted in Fig. 8. This curve was obtained by
plotting the signal («) of the sensor against the concentration of
NH; gas. The value of o = log(Alhydarogen sulfide/Tammonia) iS
plotted on the ordinate axis; here, Ihydrogen suifide i the change in
the initial intensity of the output light after injection of H,S gas
and Lymmonia i the highest output light intensity either before or
after the injection of NH; gas into the flow chamber. The rela-
tionship between the signal and NH; concentration was found
to be linear. From the data, it can be observed that the response
of the sensor to NH; gas was strongly dependent on NH; gas
concentration, with the response being linear in the range of
NH; concentrations from 100 ppb to 100 ppm (4 = (2.59 +
0.019) + (0.32 £ 0.013)[NH;], R = 0.99).

Table 3 provides a comparison of the ammonia detection
performance of the developed sensor with those of the other
porphyrin sensors in terms of analytical range and limit of
detection (LOD), revealing that the gas-phase protonated TPP
film OWG sensor featured a much lower detection limit than

RSC Adv., 2018, 8, 5614-5621 | 5619
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other types of porphyrin sensors did. Furthermore, compared to
other sensors, the one described herein was easier to fabricate
and was reusable for NH; detection.

4. Conclusions

In summary, TPP monomers underwent protonation when they
were exposed to acidic gases. H,S gas acted as a proton donor to
the TPP monomers in gas-phase owing to its proton richness,
and the sensor was characterized by "H MNR and AFM. Here,
a novel gas-phase protonated TPP film OWG sensor for NH; gas
detection was demonstrated. The sensor was highly sensitive
toward NH; gas, and sensitivity to other amine gases were
smaller (see Fig. S11) then that of NH;. The sensing mechanism
was found to be strongly dependent on the changes in the TPP
film morphology, which in turn led to changes in the film
absorbance. The enhanced absorbance was associated with the
presence of aggregate structures on the protonated TPP film
surface, and was examined in terms of the changes detected in
the reflected light intensity. We successfully detected NH; gas at
a concentration as low as 0.1 ppm. Furthermore, the sensor
exhibited a high sensitivity, reversible response, and fast
response-recovery times. In addition, the sensor was found to
be both inexpensive and reusable and should therefore find
wide application in environmental monitoring and detection of
poisonous gases in agricultural, industrial, and medical fields.
This sensor system can also be utilized as a novel bio-sniffer for
sensitive and selective detection of amines found in the envi-
ronment or those produced by the human body.
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