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This study aims to synthesize two newly designed, soluble asymmetrically substituted Zn(II) phthalocyanines
(ZnPcl-A3B and ZnPc2-ABj3) exhibiting liquid crystalline behavior, aimed at improving their chemiresistive
sensing performance towards dichloromethane vapor. They were characterized using Nuclear Magnetic Reso-
nance, Ultraviolet-visible, and Fourier Transform Infrared spectroscopies, together with mass spectrometry.
Polarizing Optical Microscopy, X-ray Diffraction, and Differential Scanning Calorimetry techniques were
employed to determine phase transition temperatures. The formation of a columnar hexagonal (Col,) mesophase
for ZnPc1-A3B and a rectangular columnar (Col,) mesophase for ZnPc2-AB3 was confirmed over a wide tem-
perature range by complementary methods. The observed phase transition temperatures were found to be
strongly dependent on the nature of the substituents.

Spin coating and Surface Plasmon Resonance techniques were employed to fabricate thin film sensors and to
investigate the influence of phthalocyanine molecular architecture and the controlled incorporation of poly-
oxyethylene and alkylthio substituents on sensor behavior. For the detection of dichloromethane vapor, the
ZnPc1-A3B thin film sensor produced the highest sensitivity, the lowest limit of detection, and limit of quanti-
fication values compared with the ZnPc2-ABs thin film sensor. It is shown that the polyoxoethylene side chains
having oxygen atoms play an important role in enhancing sensor performance before and after heating processes.
The Elovich model was employed to determine the adsorption rate constants. This study improved gas sensor
performance using Zn(II) phthalocyanine derivatives, optimizing the number of the substituents on the sensor
response, and showed that the ZnPc1-A3B thin film sensor is a good candidate for an optical-based sensor in the
field of environmental monitoring or dichloromethane vapor detection.

organic electronics [4], photodynamic therapy [5-7] chemical sensing
[8,9] catalysis [10], and photovoltaic technologies [11-13]. Coordina-

1. Introduction

Phthalocyanines (Pcs) are highly robust, predominantly planar
macrocyclic compounds whose physicochemical characteristics can be
finely tuned through rational molecular design [1]. In metallo phtha-
locyanines (MPcs), key properties are governed by the nature of the
coordinated metal ion, the substitution pattern on the macrocycle, the
presence of axial ligands when relevant, and the surrounding chemical
environment [2,3]. Owing to this structural versatility, Pcs have
emerged as functional materials in a broad range of fields, including

* Corresponding authors.

tion with metal centers such as zinc, copper, or cobalt enhances charge
transport and electron-transfer processes, thereby expanding their
applicability [14,15]. The position and intensity of the characteristic
Q-band absorption are particularly sensitive to substituent effects on the
Pc framework, with electron-donating or electron-withdrawing groups
inducing notable spectral shifts [16]. The introduction of
electron-donating alkoxy groups, polyoxyethylene (POE) chains, and
alkylthio (-SR) substituents enhances molecular solubility while
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simultaneously reducing strong intermolecular n—rn stacking. This
attenuation of aggregation effects is crucial, as excessive self-association
commonly compromises the optoelectronic and photophysical proper-
ties of phthalocyanine-based materials [17]. Moreover, the inherent
planarity of Pcs facilitates strong interfacial interactions and efficient
adsorption onto diverse substrates. Their extended n-conjugated systems
render them highly responsive to local electronic perturbations,
enabling enhanced sensitivity and selectivity towards a variety of ana-
lytes, including volatile organic compounds, environmental contami-
nants, and hazardous gases such as ammonia and carbon monoxide [18,
19]. Furthermore, the incorporation of these substituent groups into the
phthalocyanine core induces liquid crystalline behavior, favoring the
formation of well-defined columnar mesophases that are characteristic
of discotic phthalocyanine systems.

Discotic metal phthalocyanines bearing flexible alkyl or POE chains
frequently exhibit liquid crystalline behavior and have emerged as
promising functional materials for a wide range of electronic applica-
tions, particularly in chemical sensing devices [20,21]. Their ability to
self-assemble into well-organized thin films with tunable molecular
orientation enables precise control over charge-transport properties. In
such systems, n—x interactions between adjacent phthalocyanine cores
lead to the formation of columnar architectures, where charge carriers
preferentially migrate along the stacking direction, resulting in pro-
nounced anisotropic electrical conductivity.

Despite extensive investigations into the sensing behavior of
phthalocyanine-based materials, the vast majority of reported studies
have been confined to symmetrically substituted derivatives [20,22,23].
Remarkably, gas-sensing studies on asymmetrically substituted phtha-
locyanines that also display liquid crystalline mesomorphism are
exceedingly scarce. This pronounced lack of research highlights an
important knowledge gap, which the present work seeks to address by
systematically evaluating the gas-sensing performance of liquid crys-
talline asymmetric phthalocyanine derivatives [24-27]. Although
several studies in the literature have investigated the sensing properties
of asymmetric phthalocyanines, these studies have mainly focused on
their sensing responses toward various gases such as ammonia [28] and
NO-, as well as pesticides [29] and alcohols [30]. In particular, studies
on liquid crystalline asymmetric phthalocyanine derivatives containing
polyoxyethylene chains are quite limited, and these compounds have
generally been used in combination with single-walled carbon nano-
tubes (SWNTs) for ammonia gas sensing applications [31,32].

In thin film characterization and volatile organic vapor (VOC) sensor
applications, the optical surface plasmon resonance (SPR) technique is
widely employed using thin film sensors to monitor the amount of VOC
due to its high resolution, ease of use, rapid detection, and real-time
measurement capabilities [33,34]. Dichloromethane (DCM) is a vola-
tile, colorless liquid with an odor. DCM is a powerful industrial solvent
across pharmaceutical, laboratory, and manufacturing sectors and is
widely used in many industrial settings, including paint stripping solu-
tions and the manufacture of pharmaceuticals. In case of DCM exposure,
it irritates the skin and eyes by preventing evaporation, and it causes
chemical burns in the long term. Its main toxic damages can be given as
reversible central nervous system depression (neurophysiological and
neurobehavioral disturbances) and carboxyhemoglobin formation,
extending up to renal, hepatic, cardiovascular, and hematological effects
[35,36].

In the literature, there are very limited studies on the detection of
DCM vapor using liquid crystalline Zn(II) phthalocyanine derivatives
[37]. However, different Zn(II) phthalocyanine derivatives were used to
study VOC sensor applications using DCM [38,39], ammonia [40,41],
toluene, acetone, chloroform, isopropanol, ethanol, methanol, and car-
bon tetrachloride [42-45] vapors. In addition, to the best of our
knowledge, there is no report in the literature investigating the sensing
properties of liquid crystalline asymmetric phthalocyanine derivatives
containing polyoxyethylene chains toward chlorinated volatile organic
compounds using the SPR technique. Moreover, in the limited number of
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SPR-based sensing studies employing phthalocyanine derivatives, sym-
metric phthalocyanines have generally been preferred as sensing ma-
terials [34,39,42,46,47]. All these findings clearly demonstrate that this
present study contributes to filling an important gap in the literature.
The obtained results demonstrate the significant potential of these
functional liquid crystalline phthalocyanines for advanced optical
sensing applications.

Our previous study focused on the heating effect over the detection
of chlorinated hydrocarbon vapors using a symmetrical liquid-
crystalline octakis(hexylthio)zinc(II) phthalocyanine (ZnPc2-B4) spun
thin film sensor, aiming to identify the interaction patterns between the
reactive sites of the thin film sensor and the vapor molecules [37]. The
results showed that Zn interacts with the nucleophilic carbon atom of
the vapor, thereby interacting with the n-electrons of the C=C double
bond. In addition, C---Cl, Zn---Cl, and N---H interactions occurred be-
tween the symmetrical thin film sensor and vapor molecules. Following
the promising sensor response of the thin film sensor, we decided to
further investigate the same core of ZnPc2 with different side molecular
groups.

The novelty of this article can be defined as follows: it involves the
synthesis of completely new materials and the investigation of their
interactions with DCM vapor, which is made possible by differences in
their molecular structures. A rational molecular design (Fig. 1) based on
asymmetric ABs-type phthalocyanines (ZnPcl-A3B and ZnPc2-ABs3)
incorporating controlled numbers of weak and strong electron-donating
substituents as 4-(2-(2-ethoxyethoxy)ethoxy)phthalonitrile (PN1) and
4,5-bis(hexylthio)phthalonitrile (PN2) is introduced. The reduced sym-
metry of the ABs architecture suppresses aggregation and improves film
homogeneity, which are essential for reproducible chemiresistive re-
sponses. By correlating substituent donor strength with resistance
changes toward dichloromethane vapor, this work provides insight into
structure-property-response relationships in phthalocyanine-based gas
sensors. We demonstrate the contributions of the molecular structure of
the Pc and the number of polyoxyethylene and alkylthio substituents to
the Pc to sensitivity and selectivity in VOC detection. In addition, the
articles’ originality can be further defined by investigating the behavior
of the dichloromethane vapor sensor in response, both before and after
heating.

In this study, we report the synthesis of two newly designed, soluble,
asymmetrically substituted Zn(II) phthalocyanines (Fig. 1) that exhibit
liquid-crystalline behavior, with the aim of improving their chemir-
esistive sensing performance toward DCM vapor. These phthalocyanine
derivatives were designed to provide accessible coordination environ-
ments that promote efficient analyte-sensor interactions. Polyoxy-
ethylene and alkylthio substituents were intentionally selected due to
their distinctly different electron-donating strengths, enabling system-
atic modulation of the electronic structure of the phthalocyanine core.
While polyoxyethylene chains primarily influence solubility, film
morphology, and interfacial interactions, alkylthio groups offer stronger
electronic coupling with the n-conjugated macrocycle. The thin-film
sensors were prepared using the spin-coating fabrication method. Op-
tical properties and sensor behavior were studied using a SPR mea-
surement system. A comprehensive study was conducted on the design,
synthesis, and functional characterization of two novel asymmetric zinc
(II) phthalocyanines (ZnPcl-AsB and ZnPc2-ABs) for the detection of
dichloromethane vapor by optical surface plasmon resonance. It was
systematically investigated how the controlled incorporation of poly-
oxyethylene and alkylthiosubstituents, coupled with molecular asym-
metry, influences liquid crystal mesophase formation, thin-film
morphology, and analyte-sensor interactions. The Elovich model for
adsorption dynamics was applied to SPR experimental data and the
adsorption rate constants of ZnPc1-AsB and ZnPc2-ABs thin films before
and after heating process were calculated with correlation coefficients of
>0.95. This research combines synthetic chemistry, photophysical
characterization, mesophase analysis, and detection measurements,
which may be of interest to the fields of physical chemistry, materials
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ZnPc2- AB;

Fig. 1. Molecular structure of asymmetric phthalocyanine derivatives (ZnPcl-A3B, ZnPc2-AB3).

science, and sensor technology.
2. Experimental details

Details of the equipment and materials used, along with the photo-
physical and photochemical measurements, and the synthesis of 4-(2-(2-
ethoxyethoxy)ethoxy)phthalonitrile (PN1) and spectroscopic data
related to the characterization of the compounds, are provided in the
Supporting Information Section S1-S4.

2.1. Synthesis of ZnPc1-AsB

500 mg (1.91 mmol, 10 eqv) of PN1 and 68 mg (0.191 mmol, 1 eqv)
of PN2 were transferred into a reaction flask under an Arg). Then, 2 mL
of dry DMF and 200 pL of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU)
were added. Subsequently, 87 mg (476.54 pmol, 2.5 eqv) of dry zinc
acetate (Zn(OAc),) were introduced to the mixture (Scheme 2). The
reaction mixture was then stirred at reflux temperature overnight under
a cooling condenser. After completion of the reaction, the mixture was
transferred into cold water (100 mL) and extracted with DCM. The
resulting crude material was purified by silica gel column chromatog-
raphy employing DCM:EtOH solvent mixtures of 50:1 and 20:1, enabling
the separation of symmetric and asymmetric products. The asymmetric
and symmetric Pc derivatives were further purified with preparative
TLC plates using a mixture of n-hexane-dioxane (2:1). As a result, a green
colored viscous ZnPc1-A3B (36 mg, 14%) and ZnPc1-A4 (125 mg, 26%)
were obtained. CgoH76NgOgS2Zn, Mw: 1206,84 g/mol. FT-IR [(ATR)
vmax/cm_l]: 2995-2882 (CHy), 1607, 1488, 1452, 1386, 1337, 1278,
1235,1092, 1052, 955, 854, 827, 750. MALDI-TOF-MS (DHB): m/z
Caled: 1206.84 g/mol, Found: 1206.140 [M+H]".'"H NMR (500 MHz,
THF-dg): 6 8.89, 8.81, 8.78, 8.46, 8.34, 8.21, 8.10, 7.66, 7.61, 7.53, 7.34,
4.66, 4.20, 3.92, 3.76, 3.58, 3.47, 2.48, 2.06,1.73,1.57,1.27, 1.05 ppm.
13C NMR (125 MHz, THF-dg,): § 161.92, 161.82, 161.73, 153.07,
152.72, 141.21, 140.77, 139.75, 132.41, 124.20, 121.72, 121.22,
118.75, 118.24, 106.98, 106.73, 106.39, 72.20, 71.36, 71.20, 71.15,
69.37, 68.10, 67.57, 35.10, 34.93, 34.60, 34.42, 32.84, 32.83, 32.64,
30.81, 30.19, 30.11, 29.34, 25.49, 24.07, 23.87, 23.84, 23.58, 16.01,
14.75, 14.61 ppm (Figures. S5-S8). Elemental analysis (%) caled C,
61.71; H, 6.35; N, 9.29; S, 5.31, found C, 61.51; H, 6.46; N, 9.11; S, 5.27.

2.2. Synthesis of ZnPc2-ABg3

500 mg (1.39 mmol,) of PN2 and 36 mg (0.139 mmol,) of PN1 were
transferred to a suitable flask under an Ar(g) atmosphere, followed by
degassing. Then, 2 mL of dry DMF and 200 pL of DBU were added.
Subsequently, 64 mg (346.67 umol) of Zn(OAc), were added to the
mixture (Scheme 2). The reaction mixture was then stirred at reflux
temperature overnight under a cooling condenser. After the reaction
was terminated by precipitation in EtOH. The crude product was

initially purified by DCM:EtOH (50:1) followed by (20:1) on silica gel
column chromatography to separate symmetric and asymmetric struc-
tures. The asymmetric and symmetric Pc derivatives were further puri-
fied on preparative TLC plates using a mixture of DCM: EtOH (50:1). Asa
result, a green colored viscous ZnPc2-AB3 (30 mg,16%) and ZnPc2-B4
(120 mg, 31%) were obtained. C74H;00NgO3S¢Zn, Mw: 1407.41 g/mol.
FT-IR [(ATR) Vmax/Cmil]: 2955-2855 (CHy), 1594, 1485, 1457, 1406,
1373, 1338, 1248, 1102, 1068, 944, 854, 827, 742. MALDI-TOF-MS
(DHB): m/z Caled: 1407.41 g/mol, Found: 1407.047 [M*H] *. H
NMR (500 MHz, CDCls,): § 8.25, 8.07, 8.02,7.97,7.72,7.52,7.41, 7.31,
7.24, 7.13, 4.11, 3.80, 3.56, 3.46, 3.14, 2.96, 2.71, 1.83, 1.74, 1.53,
1.33, 1.23, 1.13, 0.92, 0.84, 0.82, ppm.lSC NMR (125 MHz, CDCls,): 6
161.02, 152.00, 138.19, 137.37, 134.83, 120.07, 117.14, 77.41, 77.16,
76.91, 70.87, 69.93, 69.87, 67.98, 67.58, 66.76, 33.85, 33.63, 33.40,
32.74, 31.87, 31.78, 29.85, 29.24, 29.19, 29.13, 28.84, 28.61, 28.52,
25.32, 22.89, 22.84, 22.80, 22.58, 15.25, 14.35, 14.32 ppm (Figures S9-
S12). Elemental analysis (%) caled C, 63.15; H, 7.16; N, 7.96; S, 13.67,
found C, 63.26; H, 7.27; N, 7.86, S, 13.44.

2.3. The thin film sensor fabrication and SPR measurements

The spin coating method was preferred to use for the fabrication of
organic thin films onto a gold-coated glass substrate, which is suitable in
the field of gas sensor applications. The main working principle of the
spin coating technique can be defined as centrifugal dispersion of an
applied solution onto a solid substrate, which is employed to rotate
about the horizontal axis at a predetermined rotation speed. The cen-
trifugal force effect provides the formation of a uniform thin film on the
solid substrate. The accurate control of its acceleration and deceleration
can be achieved. SPR spectrometer was employed to estimate the
thickness and the optical parameters of the thin film sensors, as well as
to record the real-time vapor sensing data via the reflected light in-
tensity value. The number of replicates used in each experiment was
three. Details of the spin coating system, vapor concentration values
(Table S1), and SPR measurements were provided in the Supporting
Information Section S3.

2.4. The Elovich model fitting theory

The Elovich model was chosen to elucidate the adsorption dynamics.
This model is widely employed to analyze the adsorption behavior of
organic thin films during the interaction between a thin film surface and
a selected adsorbent. In this study, SPR real-time kinetic measurement
data obtained for ZnPc1-A3B and ZnPc2-AB3 thin film sensors were used
to determine the adsorption capacity (q;), Elovich parameters, and
correlation coefficient (R?). R? indicates the conformity between SPR
experimental data and the Elovich model parameters.

For the SPR time dependent kinetic measurement data during the
adsorption interaction between thin film and vapor molecules, g; is
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described for the first time as [48]:

q: = [W} (€Y

where [; is the initial reflected light intensity, I, is the equilibrium re-
flected light intensity, A is the thin film surface area and V is the injected

vapor volume respectively. Adsorption rate (%) was described as [49]:

2: _ qexp(-bg,) @
where g, is the quantity of gas adsorbed at time (t), a is the initial
adsorption rate and b is the Elovich desorption constant respectively. If
q: was chosen as 0, Eq. (2) equals to a. If we chose the boundary con-
ditions from g =0 att =0 to q; = q; at t = t, Eq. (2) can be easily in-
tegrated as [50]:

q: = <%> In(ab) + (%) Int 3)

Using Eq. (3), SPR experimental data can be fitted for the determi-
nation of Elovich constants a and b. If we assume t>t, a plot of g,versus
Int yields a linear relationship [51]. The Elovich model parameters a and
b are calculated using the calculated g, values as a function of Int fitting
graph.

3. Results and discussion
3.1. Synthesis

The step-by-step synthesis of asymmetric phthalocyanines (ZnPcl-
A3B, and ZnPc2-AB3) was shown in Schemes 1 and 2 together with the
reaction conditions. 4,5-bis(hexylthio)phthalonitrile (PN2) was synthe-
sized and purified following previous work [52]. 4-(2-(2-ethoxyethoxy)
ethoxy)phthalonitrile (PN1) was obtained by the aromatic nucleophilic
substitution reaction of DEGME with 4-nitrophthalonitrilein the pres-
ence of K;CO3 and DMF (Scheme 1). The last step of the synthesis is
template tetramerization of the substituted phthalonitrile in a
high-boiling solvent using zinc acetate as a template agent.

Numerous asymmetric phthalocyanine derivatives with A3B/ABj3
substitution patterns have been synthesized through the statistical co-
cyclotetramerization of the phthalonitrile precursors PN1 (A) and PN2
(B) (Schemes 1 and 2) [53-58]. The ratio of these two precursors orients
the proportion of the desired derivative. To promote the formation of the
A3B/ABj product, an excess of precursor A or B was used, respectively
[59]. This approach ensures that the phthalocyanines formed predom-
inantly consist of the symmetrical As or Bs derivatives together with the
asymmetrical AsB/ABs phthalocyanines. A 10:1 ratio of the starting
materials was selected to favor the formation of these products, resulting
almost exclusively in a mixture of symmetric As/Bs and asymmetric
AsB/ABs phthalocyanines, as identified in our previous reports [52,60].
This 10:1 ratio was applied to a mixture of starting materials (PN1 and
PN2), which underwent mixed cyclotetramerisation in the presence of
zinc acetate in n-pentanol, and led to the phthalocyanines ZnPcl-Ay,
ZnPc2-By4, and ZnPcl-A3B, ZnPc2-ABs, separated by preparative thin
layer chromatography. The reaction was successful as no other de-
rivatives (except traces of A;B, isomers) were observed, the symmetric

O,N CN
L
CN

DEGME

DME \/0\/\0/\/0 CN
\/0\/\0/\/0H E—
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phthalocyanines ZnPcl-A4, ZnPc2-B,4 being obtained in 26% and 31%
yield, and the asymmetric phthalocyanines ZnPcl-A3B, ZnPc2-AB3 in
14% and 16% yield, respectively, which are excellent for such asym-
metrically substituted phthalocyanines.

At each step of the synthesis, both the structural integrity and the
identity of the products were verified using spectroscopic analyses. All
spectroscopic results are consistent with the proposed molecular struc-
tures (Figures S1-S12). The MALDI-MS spectra display intense molec-
ular ion peaks at m/z 1206.140 and 1407.047, confirming the formation
of the ZnPc1-A3B and ZnPc2-ABg, respectively. Their structural verifi-
cations were further achieved using both 'H and 1*C NMR spectroscopy
(Figures S7, S8, S11, S12). In comparison with their corresponding
phthalonitrile precursors (PN1) (Figures S3, S4), the I NMR signals of
the phthalocyanines appear noticeably broadened. This broadening
arises from the presence of multiple positional isomers that generate
overlapping resonances, as well as from dynamic aggrega-
tion—disaggregation equilibria characteristic of phthalocyanine systems.
Additionally, elemental analysis data for the PN1 and PN2 and the
ZnPcl-A3B and ZnPc2-AB3; were in close agreement with the corre-
sponding theoretical values, further supporting the successful synthesis
of the target compounds.

3.2. Photophysical and photochemical properties of asymmetric
phthalocyanine derivatives

Phthalocyanines are highly n-conjugated macrocycles that display
characteristic UV-Vis absorption profiles consisting mainly of Q and
Soret (B) bands. The intense Q band, generally located between 650 and
750 nm, originates from HOMO-LUMO n—n* electronic transitions,
whereas the Soret band appears in the near-UV region (300-350 nm)
and is associated with higher-energy electronic excitations involving
n—n* transitions. The aggregation behaviors of ZnPc1-A3B and ZnPc2-
ABgj structures were investigated by recording UV-Vis measurements, at
a constant concentration (2 pM) in various organic solvents, including
THF, DMF, toluene, dioxane (DIOX), CHCls, and DMSO (Fig. 2,
Table S2). The compounds exhibited no significant solvatochromic
shifts, with the Q-band positions remaining nearly constant across the
different solvent environments. The lack of significant solvatochromism
indicates that the electronic states of the core remain unaffected by
solvent polarity. Moreover, the sharp and intense Q-bands across all
solvents confirm that both complexes remain strictly monomeric at 2
pM, demonstrating excellent solubility and high stability against
aggregate formation.

The electronic absorption spectra were recorded in THF at 2 pM-12
uM to verify their aggregation state. As illustrated in Figure S13, the Q-
band intensities of both Pcs derivatives increased linearly with con-
centration, showing excellent correlation (R?>0.998). This strict
adherence to the Beer-Lambert law confirms that the ZnPcs derivatives
exist predominantly as monomers within the studied range. Such ob-
servations underscore the high solubility and stability of structures
against molecular association in organic media. The molar absorptivity
coefficients (¢) were subsequently derived from the slopes of these re-
gressions. The variations in the maximum absorbance wavelengths
(MAmax), molar extinction coefficients (¢), and log € values determined for
the ZnPc1-A3B and ZnPc2-AB3 in THF are summarized in Table 1.

The structural differences between the Pcs derivatives lead to notable
shifts in their Q-band maxima, arising from the nature and number of the

K,CO; CN

PN1

Scheme 1. The synthesis method of PN1.
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Scheme 2. The synthesis route of asymmetric phthalocyanine derivatives (ZnPc1-A3B (A) and ZnPc2-ABj3 (B)).
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Fig. 2. Electronic absorption spectra of ZnPc1-A3B (a) and ZnPc2-AB; (c) in various organic solvents at a constant concentration of 2 pM. The fluorescence emission
spectra for ZnPc1-AsB (b) and ZnPc2-ABs (d) recorded at the same concentration in the same solvent set.
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Table 1
Maximum absorption wavelengths (Anax), molar extinction coefficients (¢) and
log € values of the ZnPc derivatives in THF.

Compound Amax (nm) & (x10*mol 'em™) log
ZnPcl-AsB 687 12.3 5.09
ZnPc2-AB3 698 18.8 5.27

donor atoms bonded to the Pc-core. While both derivatives are asym-
metric, ZnPcl-A3B features three oxygen (O) and two sulfur (S) donor-
bonded groups, whereas ZnPc2-ABg is substituted with one O-bonded
and six S-bonded functional groups. The higher degree of S-substitution
in ZnPc2-AB3 enhances the electron density of the macrocyclic ring
more effectively than O-donors, thereby narrowing the HOMO-LUMO
energy gap. Compared with ZnPc1-A3B, the Q band of ZnPc2-AB3 was
shifted bathochromically by 11 nm.

As illustrated in Fig.s 2a and 2d, the fluorescence spectra were
recorded at a constant concentration in various solvents to evaluate the
photophysical profiles of the complexes. Consistent with the electronic
absorption data, the fluorescence spectra showed no significant sol-
vatochromic shifts. This indicates that both the ground and emissive
states of the compounds remain relatively unaffected by solvent polar-
ity. Table 2 summarizes the maximum absorption and emission wave-
lengths, along with the Stokes shifts. Despite minor fluctuations in their
absorption maxima, both ZnPc1-AgB and ZnPc2-ABj3 exhibited highly
consistent photophysical behavior across all studied solvent
environments.

The fluorescence quantum yields (&f) of the ZnPcs were determined
by the relative method using unsubstituted zinc phthalocyanine (unSub-
ZnPc) as the standard (Figures S14 and S15). The technical details and
the equation used for the relative method are provided in Supporting
Information Section S2. The results, along with fluorescence lifetimes
(I'r) and singlet oxygen yields (®Ag), are detailed in Table 2
(Figure S16). ZnPcl-AsB and ZnPc2-ABj3 exhibited relatively similar
fluorescence quantum yields of 0.22 and 0.26, respectively. The minor
variation shows that the number of sulfur and oxygen donor atoms does
not lead to a drastic change in the radiative decay pathways. The slightly
shorter fluorescence lifetime of ZnPc2-AB3 (2.31 ns) compared to ZnPcl-
A3B (2.61 ns) is consistent with the minor narrowing of the HOMO-
-LUMO gap.

Furthermore, singlet oxygen quantum yields (®,s) and fluorescence
lifetime (I'r) measurements were determined using a Horiba Jobin Yvon
Fluorolog-3 spectrophotometer. The singlet oxygen yields, determined
by the direct method using unSub-ZnPc as the reference, were found to
be 0.74 and 0.72 for ZnPcl-A3B and ZnPc2-ABj3, respectively
(Figure S16). These high and comparable values show that both de-
rivatives remain highly efficient photosensitizers, regardless of the
specific substitution pattern of the O- and S-donor groups.

3.3. Mesogenic properties of asymmetric phthalocyanine derivatives

The thermotropic liquid crystalline properties of the asymmetric
phthalocyanine derivatives were characterized using polarizing optical
microscopy (POM), thermogravimetric analysis (TGA), differential
scanning calorimetry (DSC), and X-ray diffraction (XRD) techniques.
Both compounds exhibited thermotropic columnar mesophases. During
POM analysis, the birefringent textures remained unchanged

Table 2
Photophysical and photochemical parameters of ZnPc compounds determined in
THEF.

Compound Aghet (nm) AgeX (nm) Dp DAg I'z (ns)
ZnPcl-A3B 687 698 0.22 0.74 2.61
ZnPc2-AB3 698 710 0.26 0.72 2.31
unSub-ZnPc 666 673 0.25[61] 0.53[62]
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throughout the heating process from 25 to 300°C, indicating high
mesophase stability. Characteristic optical textures associated with
discotic columnar liquid crystalline phases were clearly observed for
both ZnPc derivatives (Fig. 3). In addition, no visually detectable ther-
mal decomposition occurred during the microscopic investigations of
both ZnPc derivatives.

The mesophases were identified by XRD measurements performed at
room temperature. Chloroform solutions of compounds ZnPc1-A3B and
ZnPc2-AB3 were drop-cast onto glass substrates and allowed to evapo-
rate under ambient conditions. The resulting powder XRD patterns
exhibit characteristic reflections of columnar mesophases commonly
observed for substituted phthalocyanines (Figure S17, Table S3). In the
low-angle region (20 = 4°-6°), both derivatives display a sharp primary
reflection accompanied by either a shoulder or a weak additional peak.
According to literature reports, the splitting of the (10) reflection of a
hexagonal columnar phase (Coly,) into the (11) and (20) reflections is
indicative of a rectangular columnar phase (Col;) [25,63]. The lattice
parameters a and b were calculated using the relation l/dﬁkl =h?%/a% +
k?/b% On this basis, a plausible indexation of the Col, mesophase was
established, as summarized in Table S3. These findings indicate the
formation of a two-dimensional rectangular lattice in which disc-like
phthalocyanine molecules stack into columns arranged in a rectan-
gular geometry (Fig. 3). ZnPc2-AB3 was thus assigned to a Col, meso-
phase with P2gg symmetry. In contrast, in the low-angle region,
ZnPcl-A3B exhibits sharp diffraction peaks with spacing ratios of 1:
1/4/3: 1/4/4: 1..., which are characteristic of a hexagonal columnar
mesophase [64] (Table S3). Together with the observed liquid crystal-
line texture, these results indicate the formation of a two-dimensional
hexagonal lattice in which disc-like ZnPcl-A3B molecules stack into
columns arranged in a hexagonal geometry. The texture of ZnPc1-A3B is
similar to the texture described in the literature for other metal phtha-
locyanines, forming a discotic hexagonal mesophase (Coly) (Fig. 3a)
[65-68].

3.4. SPR curves of ZnPc1-AsB and ZnPc2-ABg thin films;
characterization and dichloromethane sensing

SPR curves of uncoated gold, ZnPc1-A3B, and ZnPc2-ABj thin films
were obtained before and after the heating process and presented in
Fig. 4.

Compared to the bare gold substrate on which no thin film was
produced, the SPR curves of the ZnPc1-A3B thin film indicate an angle of
shift, which proves thin film formation. The SPR (8spg) angle of the bare
gold layer occurred at a value of 44.04°. The SPR (6spg) angles of the
ZnPcl-A3B and ZnPc2-ABg thin films reached a larger value, as expected
with thin film production. The amount of angle shifts A6 (°) during thin
film production compared to the bare gold layer was given in Table 3
separately before and after the heating process. It is observed that the
surface plasmon resonance angle value decreased for all thin films
during the heating process. SPR curves and the WINSPALL fitting data
for the ZnPc2-ABg thin film are presented in Figure S18. Using these SPR
curves and a WINSPALL fitting software, the optical constants of both
thin films were determined before and after heating. Results were
summarized in Table 3.

Fig. 5 shows the SPR curves of the ZnPc1-A3B thin film sensor during
exposure and unexposure to DCM vapor. The SPR curves of the ZnPc2-
ABg3 thin film sensor were presented in Figure S19. Both thin film sensors
have a change in the resonance angle that is obvious when DCM vapor
was introduced into the gas cell. After flashing dry air into the gas cell,
DCM vapor was removed from the ZnPc1-A3B and ZnPc2-ABg thin film
sensors because the angle shift came back to its initial value. These re-
sults proved that the ZnPc1-A3B and ZnPc2-ABj thin film sensors yielded
reversible responses to DCM vapor. The resonance angle value its
change during interaction with the DCM vapor were stated in Table 4
separately for the thin films before and after heating.
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a) ZnPcl-AsB N : b) ZnP_cZ-ABs

Fig. 3. POM images of compounds a) ZnPc1-A3B and b) ZnPc2-AB3 (50X magnification).
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Fig. 4. SPR curves of a) bare gold, ZnPc1-A3B thin film before and after heating. b) WINSPALL fitting data, including the estimated values of the thickness and the
optical constants.
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Table 3
SPR results and optical constants of thin films.
Thin film before heating after heating Optical constants calculated from WINSPALL fitting software Reference
Ospr (%) AB Ospr AO before heating after heating
0 0 0
) (@) ®) d N k d n X
(nm) (nm)
ZnPcl-A3B 45.39 1.35 45.1 1.06 60.6 1.54 0.13 47.7 1.58 0.1328 This study
ZnPc2-AB3 45.05 1.01 44.95 0.91 48.6 1.52 0.1238 31.1 1.54 0.146
ZnPc2-B4 45.06 1.02 44.96 0.92 49.5 1.52 0.1154 43.5 1.54 0.1286 [37]
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Fig. 5. The SPR curves of the ZnPc1-A3B thin film sensor. Inset in the figure provides a close look at the SPR minimum value.

3.5. Responses of the ZnPc1-A3B and ZnPc2-ABg thin film based SPR

Table 4 optical sensors

A values of the ZnPc1-A3B and ZnPc2-ABg thin film sensors on exposure.

Thin before A6 () dueto after 40 () dueto  Reference The interactions between thin film sensors and DCM vapor caused
Film heat":)g exposure of heat";g exposure of changes in the reflected light intensity due to the additional adsorbed
Ospr () DCM vapor Ospr () DCM vapor . . . ..

vapor molecules, which resulted in changes in the refractive index and
Znpel- - 45.26 0.26 45.13 0.10 This thickness of the thin film. The reflected light intensity difference (AI)
AsB study b he baseline value (Io) and the equilibrium value (I) af
ZnPeo- 44.98 o1 44.68 0.06 . etweeg the baseline va ue'( o) and the equilibrium Va' ue '( ) after vap9r
AB4 interaction was used to define the sensor response, which is presented in
ZnPc2-  45.05 0.09 44.96 0.05 [37] Eq. (5) as follows;
By

AI=I-Iy @
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sensor response (%)=(AI/Ip)x100 5)

To accurately represent the variability of the results, the SPR mea-
surement data to selected vapor was analyzed using the mean value
(SR%) and the standard deviation (¢). They were calculated using
following equations as [69]:

n 0
SR%ZW:&U 6)

where n is the number of cycles. ¢ is given as:

7

3L ((SR%);, — SR%)®
77 n-1)

The SPR dynamic responses of the ZnPcl-A3B and ZnPc2-ABj3 thin
film sensors before and after heating were recorded by collecting the
reflected light intensity data against time at a constant angle, when they
were exposed to the DCM vapor. To monitor the concentration depen-
dence behavior of these thin film sensors, a 5 mL syringe was used to
introduce the vapor into the gas cell with the concentration vapor/air
ratio of 25, 50, 75, and 100% within a 2 min time period. Fig. 6 gives the
concentration dependence responses of the ZnPc1-A3B and ZnPc2-ABg
thin film sensors before and after heating.

The results show that the sensor responses increase rapidly with the
injection of the DCM vapor and reach the equilibrium state after a while,
and it returns to the baseline value in time after exposure to dry air.
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Fig. 6. Time-dependent dynamic SPR response of thin film sensors at different
concentration values: a) before heating b) after heating.
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When the concentration of the vapor was increased, the ZnPc1-A3B and
ZnPc2-ABs thin film sensor responses were also increased. Additionally,
the sensor responses before heat treatment are higher than the sensor
responses after heat treatment. According to Fig. 7, the ZnPc1-A3B thin
film sensor before the heat treatment has much higher responses to DCM
vapor compared to the ZnPc2-ABg thin film sensor. After heating pro-
cess, both sensor responses were reduced due to film thickness changes.

The results show a gradual increase in both sensor responses with
increasing DCM concentration. This is due to the adsorption and/or
diffusion of a larger number of vapor molecules on the surface of the thin
film sensor at higher concentrations. The maximum sensing response of
the ZnPc1-A3B thin film sensor can be clarified by the highest film
thickness and refractive index of this thin film sensor compared with the
other thin film sensors.

3.6. Reversibility, repeatability, and response/recovery times of ZnPc1-
A3B and ZnPc2-ABg spun thin films

Reproducibility and reversibility are two other important parameters
for evaluating vapor sensor applications. To test these parameters, the
dynamic time-dependent SPR response of each thin film sensor has been
repeated for three sequential cycles at 100% saturated concentration
value for the DCM vapor (Fig. 7). The results for both thin film sensors

100

—— ZnPcl-A3B (a) before heating

90 F
%0 ——ZnPc2-AB 3
70 F

60 F

AV, x 100

PRI PR r——,

0 TR e
0 120 240 360 480 600 720 840

Time (s)

30

—— ZnPcl-A3B (b) after heating

[ ]
wn
T

w—TZnPc2-AB 3

AL, x 100

10 ¢

n
T

0 120 240 360 480 600 720 840
Time (s)

Fig. 7. Reproducibility, stability, and sensitivity measurements of the thin film
sensors a) before heating b) after heating.



Z. Oger et al.

show that after the injection of the analyte and its absorption by the
sensor and vapor discharge, the sensors’ response almost returns to its
baseline state, indicating that the sensors were fully reversible. Besides,
the results show that the responses were almost equal for three repeated
cycles, which validates the repeatability of both thin film sensors.

The response time is defined as the time taken for the sensors’
response to reach 90% of its maximum signal value, and the recovery
time is the time for the sensor response to decrease to 10% of the
equilibrium baseline value [70-72]. For three successive cycles, the
ZnPcl-A3B and ZnPc2-ABg thin film sensor responses were similar under
the same concentration value, with no significant changes in response
and recovery times. The sensor response time to reach 90% of the
equilibrium value when the sensor was exposed to the DCM vapor at
100% concentration was determined as an average value of response
time (1-2 s before-after heating treatment respectively) and an average
value of recovery time (8-10 s before and 7-10 s after heating treat-
ment) for both thin film sensors during three cycles. It can be concluded
that both proposed thin film sensors have relatively fast response and
recovery times. Similar results have been reported for the symmetrical
ZnPc2-B4 thin film sensor [37].

3.7. Calibration curves for ZnPc1-Asb and ZnPc2-AB3 spun thin films,
sensitivity, limit of detection and limit of quantification

Fig. 7 shows the ZnPcl-A3B and ZnPc2-ABj3 thin film sensor re-
sponses before and after the heating process versus DCM concentrations.
Linear relationships between sensor responses and DCM vapor concen-
tration values were observed, and the slope of this linear relationship
was used to calculate the sensor sensitivity. Other important parameters
that can affect the sensors’ performance are limit of detection (LOD) and
limit of quantification (LOQ). In general, the LOD value is the lowest
amount of an analyte that can be detected by a sensor. The LOQ value is
the lowest concentration of an analyte that can be consistently measured
with respectable precision and accuracy [73,74]. LOD and LOQ values of
both thin film sensors before and after heating treatment were calcu-
lated using Eqgs. 8 and 9 [75,76]:

3.30

LOD = < (8
100
LoQ = T (C)]

where o is the standard deviation (0.001), and S represents the sensi-
tivity of the sensor that is calculated via the linear slope of the calibra-
tion curve presented in Fig. 8. ¢ was calculated using blank signal data
taken at 1-second intervals between 1 and 120 s for baseline noise. All
sensor parameters were presented in Table 5.

Sensitivity values, which are represented as (% response) per ppm of
the DCM vapor concentration, were calculated using the linear depen-
dence shown in Fig. 8. The highest sensitivity before and after the
heating treatment was calculated for the ZnPc1-A3B thin film sensor in
this work. All sensitivity values before the heating treatment were
higher than after the heating treatment. It is very clear that heating the
thin film sensor reduced the sensor sensitivity. Another important result
is that the ZnPc1-A3B thin film sensor yielded significantly the highest
sensitivity values compared with the ZnPc2-AB3 and ZnPc2-B4 thin film
sensors, as well as the lowest LOD and LOQ values compared with those
of the ZnPc2-AB3 and ZnPc2-B4 thin film sensors.

To properly contextualize the selectivity claims and assess the
practical utility of the sensors for environmental monitoring, measure-
ments of two non-chlorinated volatile organic compounds, such as
toluene and ethanol, were included, along with comparative SPR
response data. 3 reciprocal exposures to saturated ethanol and toluene
vapors were tested, and the SPR kinetic experimental results were pre-
sented in Fig.s 9 and 10 for both as prepared thin films and the heat-
threated thin films after the heating process.
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Fig. 8. The calibration curves to determine the S, the LOD and the LOQ of the
a) ZnPc1-A3B and b) ZnPc2-AB; thin film sensors.

It was observed that for all cases, both thin films exhibited the
highest amount of sensor response to dichloromethane vapor compared
with ethanol and toluene vapors. ZnPcl-A3B and ZnPc2-ABg thin-film
sensors can be labelled as selective for dichloromethane vapor among
the tested vapors. Table 6 gives the statistical analysis from at least three
replicate measurements. These results demonstrated that the observed
SPR signal enhancement is specific to dichloromethane interactions and
is merely a general response to vapor-induced refractive index changes.

For the long-term stability test, 10 cycles of exposure to saturated
dichloromethane vapor to the ZnPcl-AgB thin film sensor were per-
formed, and the result was presented in Fig. 11.

It was observed that the sensor gives a stable response through 10
cycles in terms of the sensor response value. Sensor parameters such as
response and recovery times were also shown to be stable over 10 cycles
of exposure.

3.8. The Elovich model fitting results

From the SPR kinetic graph for ZnPc1-A3B and ZnPc2-ABg thin film
sensors in Fig. 7, the 120-240 s time interval was selected as cycle 1, the
360-480 s time interval as cycle 2, and the 600-720 s time interval as
cycle 3. Using each cycle's data and Eq. (1), q; was calculated. The
changes of q; versus t and In t for the ZnPc1-A3B thin film sensor before
and after the heating process were given in Fig.s 12 and S20 respec-
tively. Similar calculations were repeated for the ZnPc2-ABg thin film
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Table 5
Sensor parameters of the ZnPc1-A3B and ZnPc2-ABj thin films.
ZnPc thin film exposed to DCM vapor Sensitivity x 107 LOD LOQ Reference
(% response/ppm) (ppm) (ppm)
ZnPcl-A3B Before heating 0.9115 3.62 10.97 This study
After heating 0.2861 11.53 34.95
ZnPc2-AB3 Before heating 0.1759 18.76 56.85
After heating 0.1239 26.63 80.71
ZnPc2-B4 Before heating 0.2849 11.58 35.10 [37]1
After heating 0.1213 27.20 82.44
Pillar[5]arene derivatives thin films P[5]1 0.483 6.83 20.69 [771
P[5]2 0.225 14.68 44.48
Pillar[6]arene thin films 0.2614 1.26 3.825 [78]
n-n* complexes thin films PHENPc 0.0007 4714 14.286 [79]
ANTPc 0.005 660 2000
PRYPc 0.006 550 1667
Calix[4]resorcinarenes thin films FC1 0.115 28.69 86.95 [80]
FC2 0.084 39.29 119.04
PMMA/UiO-66-NH2@PMMA MOF thin films pure PMMA 0.117 25.68 Not reported [81]
UiO-66-NH2@PMMA 0.043 69.76 Not reported
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Fig. 9. Sensor response of the ZnPc1-A3B thin film before and after heating towards saturated concentrations of dichloromethane and toluene vapors.

sensor before and after heating processes, which were given in Figures S Table 7 shows the Elovich constants (a and b), their mean values, and
21 and S22. Using Eq. (3), and Figs. (12, $20-22), a, b and R? parameters standard deviations that were calculated for each cycle of the DCM
for each cycle of ZnPcl-A3B and ZnPc2-ABj3 thin film sensors were vapor to which the ZnPc1-A3B and ZnPc2-ABg thin film sensors were
calculated for DCM vapor. These values were summarized in Table 7. exposed. The mean value of the initial adsorption rate (a) for both thin
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Fig. 10. Sensor response of the ZnPc2-ABj thin film before and after heating towards saturated concentrations of dichloromethane and toluene vapors.

Table 6
The statistical analysis of three replicate measurements.
Thin Film Vapor Run (cycle) SR% The mean value Standard Deviation
SR% ¢
Before heating After heating Before heating After heating Before heating After heating

ZnPcl-A3B DCM 1 61.736 26.315 74.49 25.48 17.82 0.83
2 94.855 24.653
3 66.881 25.484

ZnPc2-AB3 DCM 1 12.210 10.600 16.64 12.26 3.84 1.44
2 18.681 13.100
3 19.047 13.100

ZnPcl-AsB Toluene 1 13.421 6.527 13.86 6.35 1.45 1.05
2 12.684 5.221
3 15.486 7.310

ZnPc2-AB3 Toluene 1 9.208 3.810 8.65 3.50 0.67 0.52
2 7.910 3.810
3 8.854 2.896

ZnPcl-A3B Ethanol 1 17.109 12.335 14.69 8.83 2.23 3.03
2 12.684 7.086
3 14.306 7.086

ZnPc2-AB3 Ethanol 1 10.623 5.052 10.05 5.05 0.64 0.001
2 9.348 5.050
3 10.198 5.053
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Fig. 11. 10 cycles of exposure to saturated dichloromethane vapor of spun ZnPc1-A3B thin film sensor.

films before the heating process is higher than the mean value of a value
after the heating process. Similar results are seen, where the values for
the ZnPc1-A3B thin film are higher than the values for the ZnPc2-AB3
thin film. R? values were found to be in the range of 0.95-0.99, which
shows fitting results are in very good agreement.

3.9. Influence of chemical structure on sensor sensitivity in the liquid-
crystalline octakis(hexylthio)zinc(II) phthalocyanine spun thin films

Previous studies have suggested that metallophthalocyanines possess
two principal adsorption sites for gas molecules: the central metal ion
and the conjugated n-electron macrocyclic system [47,82,83]. In
substituted phthalocyanines, the peripheral substituents act as addi-
tional adsorption sites. Based on our previous studies and Raman spec-
tral comparisons of phthalocyanine films before and after VOC exposure,
saturated compounds such as ethanol and chloroform predominantly
interact through hydrogen-bonding between the electron-donor atoms
(O or Cl) of the analytes and the hydrogen atoms of the alkyl or poly-
oxoethylene substituents. In contrast, VOC vapors containing n-bonds
mainly interact with the phthalocyanine layer via n-n stacking with the
conjugated macrocyclic system [84,85]. Accordingly, the sensor re-
sponses observed for the ZnPc1-A3B and ZnPc2-ABg3 derivatives toward
DCM may be associated with intermolecular interactions between
dichloromethane molecules and the polyoxoethylene and alkylthio
substituents present in these structures. Although non-clasical hydro-
gen-bonding may contribute to the adsorption process, direct experi-
mental evidence confirming the nature of these interactions was not
obtained in the present study.

In our previous study, ZnPc2-By, bearing eight alkylthia chains, was
employed to fabricate spin-coated thin films, and its vapor sensing
properties toward various organic vapors were investigated [37].
Following the promising sensor performance obtained from this com-
pound, two novel asymmetric phthalocyanine molecules, ZnPc1-A3B
and ZnPc2-ABg3, were subsequently designed and synthesized to enhance
sensing performance.

These asymmetric ZnPc derivatives contain different numbers of
polyoxyethylene and alkylthia substituents attached to the ZnPc mac-
rocycle, resulting in variations in the number of oxygen and sulfur atoms
within their side chains. The sensor sensitivities, as well as the calcu-
lated LOD and LOQ values, indicate that increasing the number of pol-
yoxyethylene side chains is associated with improved sensor
performance. Specifically, the ZnPcl-AsB thin film (before heating)
exhibited the highest sensitivity (0.9115 response/ppm) and the lowest
LOD value (3.62 ppm) among all measurements. Moreover, compared to
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ZnPc2-ABg thin film (before the heating) which showed a considerably
higher LOD value (18.76 ppm), suggests that the larger number of ox-
ygen atoms present in the polyoxyethylene groups may contribute to
enhanced analyte uptake and sensing behavior. Nevertheless, the spe-
cific molecule analyte interactions for this trend were not directly
investigated in the present study and therefore require further experi-
mental investigation.

As known, the nature of the peripheral substituents play a significant
role in determining the sensing behavior of phthalocyanine thin films
toward chlorinated solvents. Phthalocyanine containing polyoxy-
ethylene side chains (ZnPc1A3B) generally exhibit enhanced responses
to DCM due to the presence of multiple oxygen atoms, which increase
polarity and promote stronger interactions with the analyte molecules.
In addition, the flexible polyoxyethylene groups can facilitate analyte
diffusion within the sensing layer, leading to a more pronounced mod-
ulation of the electrical properties. In contrast, alkylthia substituents for
ZnPc2-AB3 mainly contribute to structural stability and intermolecular
packing, but their relatively hydrophobic character may limit analyte
uptake and result in a comparatively weaker sensing signal.

Considering the liquid crystalline properties, it is observed that the
two phthalocyanine derivatives exhibit different mesophases; columnar
hexagonal (Colp) for ZnPcl-A3B and columnar rectangular (Col,) for
ZnPc2-AB3. ZnPc1-A3B exhibiting a Col, mesophase demonstrates su-
perior sensing performance compared to ZnPc2-AB3 possessing a Col;
mesophase. This difference may be attributed to the distinct liquid
crystalline organizations of the two phthalocyanine derivatives. In
general, discotic liquid crystalline phthalocyanines are considered
promising organic semiconductors for VOC sensing applications because
their sensing performance is governed not only by molecular structure
but also by supramolecular organization, particularly the type of mes-
ophase formed. Their ability to self-assemble into columnar architec-
tures provides efficient one-dimensional charge transport pathways,
thereby enhancing both electronic communication and analyte in-
teractions [21,86]. Among these mesophases, the columnar hexagonal
(Coly) phase offers the most favorable framework for VOC sensing due to
its highly ordered arrangement and hexagonal symmetry. This organi-
zation strengthens n—n stacking interactions and generates well-defined
diffusion channels that facilitate analyte penetration and adsorption. As
a result, adsorption-induced modulation of the electronic properties
may become more pronounced, potentially leading to enhanced sensor
sensitivity and response behavior [87]. The variations in sensing per-
formance can be attributed to the different liquid crystalline organiza-
tions of the two phthalocyanine derivatives, which influence molecular
packing, analyte diffusion pathways, and charge transport processes
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Table 7

The Elovich Model results for ZnPc1-A3B and ZnPc2-AB3 thin films.

q, (ppm/mm?)

q; (ppm/mm?)

Surfaces and Interfaces 96 (2026) 109958

2400 [
2200 E (a) ZnPc1-A;B (before heating)
®cycle 1
2000 F
b @cycle 2
1800 E ®cycle 3
1600
1400
1200
1000
800
600
400
200
0
0 20 40 60 30 100 120
Time (s)
2000 g
fo (b) ZnPc1-A;B (before heating)
1800 E. y = -406.09x + 1907.4
1600 F < ® R2=0.9803
FaYQ o y = -425x +2039.9
)
1400 §§} R2=0.9516
[ N
1200 F S \h y=-374.52x + 1900.6
1 & R2=0.9783
1000 F
800 F
600 F
400 E ®cycle 1
F @cycle2
200 f  ®cycle3
0t .
1 1.5 2 2.5 3 35 4 4.5 5
Int (tins)

Fig. 12. Elovich model adsorption graphs for the ZnPc1-A3B thin film a) q; versus t, b) g, versus In t.

Elovich model Cycle
parameter

ZnPc1-A3B thin film

ZnPc2-ABj thin film

a lst
x107% (ppm/ 2ond
mm?) 3t

b 1%
x10% (mm?s/ ond
ppm) 3t

ato
x107 (ppm/
mm?)

b+o
x10% (mm?s/
ppm)

Before
heating
44.5141
51.6297
59.8985
2.463
2.353
2.67
52.0141

+7.69
2.495
+0.16

After
heating
39.9012
38.9848
69.1854
2.386
2.829
2.608
49.3571

+17.17
2.607

+0.221

Before
heating
41.5144
44.5803
52.1763
2.365
2.533
2.702
46.0903

+5.48
2.533
+0.168

After
heating
42.5505
42.9603
45.4750
2.137
2.247
2.353
43.6619

+1.58
2.245
+0.108

within the columnar structures.

14

4. Conclusion

In this study, novel asymmetric zinc(II) phthalocyanines bearing
peripheral alkylthio and (dioxyethylene)oxy substituents were success-
fully synthesized and structurally elucidated by conventional spectro-
scopic methods, while their liquid crystalline behaviors were
systematically investigated through mesophase transition analyses. The
ZnPc1-AsB thin film sensor against DCM vapor yielded the highest
sensitivity with the lowest LOD and LOQ values before and after heating
processes compared with the ZnPc1-A3B and ZnPc2-B4 thin film sensors.
The polyoxoethylene side chains having oxygen atoms improve sensor
performance parameters. The ZnPcl-AsB material could be a good
candidate for the detection of DCM vapor at room temperature sensor
applications.

Considering the liquid crystalline properties, it is observed that the
two phthalocyanine derivatives exhibit different mesophases. While
ZnPcl-A3B displays a columnar rectangular (Col,) phase, ZnPc2-AB;3
exhibits a columnar hexagonal (Coly) mesophase. This difference in
liquid crystalline behavior, which arises from variations in their
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chemical structures, also influences the sensing properties of these
compounds toward DCM. It is well known that the sensor response in
liquid crystal materials is primarily dependent on the interactions be-
tween the analyte and LC molecules, as confirmed by this study. In
addition, this work elucidates the role of phthalocyanine molecular ar-
chitecture and the controlled incorporation of polyoxyethylene and
alkylthio substituents in governing charge-transport modulation,
thereby determining the sensitivity towards DCM vapor.
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