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ABSTRACT: In the present work we have studied the dispersion of single-walled carbon nanotubes
(SWCNTs) in liquid crystalline asymmetrically substituted phthalocyanines (MPc, where M=Cu, Co, and H,)
bearing one pyrene and six polyoxy groups as side chains. The influence of SWCNT on the phase behavior of
MPcs was investigated using X-ray diffraction XRD, polarized optical microscopy and differential scanning
calorimetry. It was demonstrated that the incorporation of small amounts of SWCNT (<1 wt. %) does not alter
the MPc mesophases. The structural features and the sensor response of MPc/SWCNT composite thin films to

ammonia vapour (10-50 ppm) was studied and compared with those of the films of pure MPc derivatives.
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INTRODUCTION

Metal phthalocyanines and porphyrins coupled with different carbon nanomaterials are of great interest due to their
ability to form long-lived charge separated states which makes them useful for application in photonics and solar energy
harvesting [1-4]. A combination of such important properties of carbon nanomaterials as their electrical conductivity and
large surface area together with the sensitivity and selectivity of phthalocyanines to different chemical analytes provides an
effective use of hybrids of these materials as active layers of chemical sensors [5-6].

Among various metal phthalocyanines liquid crystalline (LC) phthalocyanines with long alkyl substituents play
significant role as active layers in different electronic devices including chemical sensors [7-9]. On the one hand, LC
phthalocyanines form films with controllable alignment and ordering and the efficient overlap of n electron orbitals of
neighboring phthalocyanine macrocycles in stacks provides anisotropic electronic transport channels along columnar axis
[10-11].

Hybrids and composites of carbon nanomaterials with phthalocyanines are known to be obtained using three different
ways, namely by covalent and noncovalent functionalization [12-14] of CNT or graphene with phthalocyanine derivatives
and by preparation of blends containing various ratios of these two components [15]. In the literature, hybrids are refered to
as materials where the main component is a carbon nanomaterial (carbon nanotubes, graphene etc.), while phthalocyanines
are attached to them via m-m interaction or covalent bondings. Composites are said to be materials consisting of a
phthalocyanine derivative as the main matrix in which a small amount of a carbon nanomaterial is dispersed. Hybrids of
carbon nanotubes and graphene with covalently and noncovalently attached metal phthalocyanine derivatives have been
studied in the literature from different points of view [1, 13, 16, 17]. The use of hybrids of these materials for the
development of chemiresistive sensors has been extensively studied in recent years [18-23]. In our recent publications, we
studied sensor properties of hybrids of single walled carbon nanotubes and reduced graphene oxide with symmetrically
polyoxyethylene octasubstituted MPc (M=H,, Zn, Cu, Co) and similar asymmetrically substituted ZnPc [5, 23]. Those
hybrids were obtained by covalent and noncovalent attachment of the phthalocyanines to the carbon nanomaterials. At the
same time, the studies of composite materials obtained by dispersion of small amounts of carbon nanomaterials in the MPc¢
matrix, including distribution and alignment of CNTs in the matrix of liquid crystalline phthalocyanines are rather scarce
and were published only in a few papers using only one ZnPc derivative [15]. A blend of ZnPc bearing 16 long alkane
moieties with fullerene C60 was produced to promote self-organization on a substrate surface [24]. In our recent work we
studied the distribution of SWCNT in the ordered matrix of polyoxyethylene symmetrically substituted (B4 type) and
pyrene containing asymmetrically substituted (AB3 type) zinc(Il) phthalocyanine derivatives [15]. Pyrene groups were
demonstrated to enhance the interaction of the phthalocyanine molecules with CNTs via z-stacking interactions. It was
shown that the nature of the mesophases was not altered in these composites and the lateral conductivity of the films tends
to increase with the increase of SWCNT concentration as additives, however the sensing properties of such composites
obtained by dispersion of small amounts of single-walled carbon nanotubes in liquid crystalline phthalocyanines were not
studied at all.

In this work, we studied the dispersion of single-walled carbon nanotubes in liquid crystalline asymmetrically substituted
MPc¢ (M=Cu, Co, H,) phthalocyanines bearing one pyrene and six polyoxy groups as side chains (Fig. 1). The synthesis of
MPc¢ (M=Cu, Co, H;) has been published in our previous work [6], however their liquid crystalline properties have not been

described so far. LC properties of MPc (M=Cu, Co, H,) and the influence of SWCNT on phase behavior of these MPc are



investigated. The structural features and the sensor response of MPc/SWCNT composite thin films to ammonia vapour (10-
50 ppm) are studied for the first time and compared with those of the films of pure MPc derivatives.

Fig. 1.

EXPERIMENTAL

Synthesis

The synthesis of 2,3,9,10,16,17-hexakis(4,7,10-trioxaundecan-1-sulfanyl)-23(24)-(1-pyrenylmethoxy) metal-free
phthalocyanine (H,Pc), 2,3,9,10,16,17-hexakis(4,7,10-trioxaundecan- 1 -sulfanyl)-23(24)-(1-pyrenylmethoxy)
phthalocyaninato ~ copper (II) (CuPc) and 2,3,9,10,16,17-hexakis(4,7,10-trioxaundecan-1-sulfanyl)-23(24)-(1-
pyrenylmethoxy) phthalocyaninato cobalt(Il) (CoPc) has already been described elsewhere [6]. MPc/SWCNT dispersion
was prepared by adding small amount (1 wt. %) of SWCNT (Sigma-Aldrich) to the phthalocyanine solutions in
dichloromethane (Merck) and subjected to sonification for up to 2 h to enhance the nanotubes solubility. Thin films of the
obtained composites were deposited by spin coating of their dispersion in dichloromethane onto the substrates for their

further investigation.

Equipment

The phase transition behavior of MPcs was observed using a polarizing optical microscope (POM) (Leitz Wetzler
Orthoplan-pol.) equipped with a hot stage (Linkam TMS 93) and a temperature controller (Linkam LNP).
Thermogravimetric analysis (TGA) was carried out on a Mettler Toledo Stare Thermal Analysis System heated at a rate of
10 °C min™ in a nitrogen flow (50 mL min™). Transition temperatures were determined at a scan rate of 10 °C min™' using a
Mettler Toledo Star Thermal Analysis System/DSC 822. The differential scanning calorimeter (DSC) system was calibrated
with 3 mg indium samples under a nitrogen atmosphere. X-ray diffraction measurements (XRD) (Cu-K,-radiation) were
performed using a Bruker Advanced D8 diffractometer.

Optical absorption spectra in the UV-visible region were recorded with Shimadzu UV-Vis-2101 spectrometer. Raman
spectra were recorded with a Triplemate, SPEX spectrometer equipped with CCD detector in back-scattering geometry. The
488 nm, 40 mW line of an Ar-laser was used for the spectral excitation.

Scanning electron microscopy (SEM) images were obtained using FEI-nova nanosem 200. Spectroscopic ellipsometry
was used to determine the thickness of the films using a Woolam M—20007"" rotating analyser spectroscopic ellipsometer

in the spectral range of 400-800 nm.

Sensor properties study

The sensor response to low-concentrations of NHj in the range 10-50 ppm was studied. Pure commercial NH; gas was
used as the NH; source, while air was used for dilution and purging of NH; gas. The injection of NH; was carried out at the
constant flow of air of 200 mL/min and the exposure time was fixed at 8 s for all films. MPcs and MPc/SWCNT composites
were deposited as films by spin casting of their solutions in dichloromethane onto interdigitated Pt electrodes (DropSens, G-
IDEPT10). The dimension of gaps is 10 um; the number of digits is 125 x 2 with a digit length equal to 6760 um; cell
constant is 0.0118 cm™. Electrical characterization of the films was carried out using a Keithley 236 electrometer by

applying a constant dc voltage of 10 V. The thickness of the films as determined by spectral ellipsometry was about 20 nm.



RESULTS AND DISCUSSION

Liquid crystalline properties of MPc derivatives and MPc/SWCNT composites

The LC properties of MPcs and the their binary mixtures with SWCNT (0.1-1 wt. %) were investigated by POM, thermal
gravimetric analysis, DSC, and XRD at room temperature and all these phthalocyanines displayed thermotropic columnar
mesomorphism. Liquid crystalline textures typical for columnar discotic mesophases were observed both for MPcs and their
composites with SWCNT (1 wt. %) (Fig. 2).

Fig. 2.

No changes of the texture were observed in the temperature range from room temperatures to the temperature of their
decomposition. Decomposition temperatures were independently determined by TGA to be 250°C for all studied
derivatives.

Figs. 2a, 2¢ and 2e show typical mosaic textures of pure phthalocyanine derivatives. The textures of the MPc/SWCNT
composites (Figs. 2b, 2d, 2f) are noticeably different; inclusion of carbon nanotubes into the columnar matrix leads to an
increase of the domains size. It is possible to suggest that SWCNTs dispersed in LC matrix can act as seeds for oriented
domain growth as it was observed in the case of nematic liquid crystals [25-27].

In differential scanning calorimeter (DSC) measurements, CoPc, CuPc and H,Pc show transitions at about 55°C, 50°C
and 49°C for all cooling cycles, respectively. However, no changes in the optical texture are observed on cooling the
mesophase between two glass slides under POM, this can be attributed to columnar structure ‘frozen’ in glassy state [28,
29]. In addition, if the samples were prepared by evaporating a dichloromethane solution of these compounds on one glass
slide, a mosaic texture typical for planar alignment was obtained at room temperature without annealing. It can be
concluded that CoPc, CuPc and H,Pc show columnar structure at room temperature. POM measurements showed that these
phthalocyanines transfer to the isotropic liquid state around 250°C with partial decomposition. DSC measurements of the
composites with SWCNT (1 wt. %) did not show any significant peak corresponding to any phase transition or to any glassy
transition.

Identification of mesophases was performed by XRD measurements and the lattice constant (a) was calculated with d-
spacing and Miller indices, hkl (1/d*=4/3(h* + hk + k*/a%)); results are summarised in Table 1. Dichloromethane solutions of
CoPc, CuPc, H,Pc and their composites were dropped onto glass slides and left for the solvent to evaporate at room
temperature. The XRD patterns of the studied samples contained reflections typical of a Col mesophase of substituted
phthalocyanines [30]. The four Bragg reflections having reciprocal spacings of 1:V3:V4:\7, which are characteristics of a
two-dimensional hexagonal lattice in the columnar mesophase, were observed. According to the low angle region of the
XRD pattern, the mesophase could be established as a discotic hexagonal columnar (Coly) mesophase. In the wide angle
region the compounds show diffused halos at 4.06 A for CoPc, 4.10 A for CuPc, 4.13 A for H,Pc and at 4.12 A, 4.13 A,
4.18 A (20~20°) for their composites, respectively, which are compatible with the disorder of paraffinic tails in the side
chains [31-33].

Table 1.

Films characterization

The electronic absorption spectra of the solutions and films of H,Pc, CoPc and CuPc derivatives before and after heating

are given in Fig. 3. Films of the MPc derivatives exhibit optical absorption spectra typical for most metal phthalocyanines



[34]. The maxima of Q-bands attributed to the electron transitions from the HOMO a;, to LUMO e, [34] are located at 657,
650 and 653 nm in the spectra of H,Pc, CoPc and CuPc films, respectively.

Fig. 3.

The Q-bands in the spectra of the H,Pc, CoPc and CuPc films and their composites with SWCNT are blue shifted relative
to the spectra of the corresponding solutions. Such shift of the Q-bands is indicative of the cofacial (face-to-face)
arrangement of MPc molecules in the films, which is typical for many phthalocyanines forming Col mesophases [35-36].

The SEM images of the composites (Fig. 4 shows CuPc/SWCNT as an example)) demonstrate that their films have a
layered structure consisting of SWCNT nanotube bundles of 10-30 nm in diameter, wrapped by layers of liquid crystalline
MPc molecules.

Fig. 4.

The orientation of MPc molecules in the films of MPc derivatives and their composites were studied by polarized Raman
spectroscopy. The principles of this method for the investigation of molecular film orientation were described in details in
our previous publications [37-38]. This technique resides in estimation of the angle of molecule inclination relative to the
substrate surface based on the measurements of the ratio of intensities of the bands for each symmetry type of vibrations in
the Raman spectra measured in the parallel (/;) and cross (/;) polarizations of incident and scattering light. The
phthalocyanine macrocycle is characterized by Dy, group symmetry where Ay, By, Bo,, E; modes are Raman active. In
contrast to the MPcs, the metal-free phthalocyanine (H,Pc) molecule is of Dy, symmetry. Therefore, in the present case the
tilt angle should be estimated using the polarizability tensor for Dy, point group. However, this would introduce a third
tensor element due to the additional twist between the benzene rings. Thus, we assumed that the polarizabilities of the H,Pc
in x and y directions are the same. In other words, to simplify the calculations of the tilt angles, we treated the H,Pc as a
molecule of Dy, symmetry.

The nonpolarized Raman spectra of MPc films are given in Fig. 5a. The Raman spectra of films of the CuPc derivative
and its composite deposited on glass substrates in parallel (i7) and cross (ij) polarizations are shown in Fig. 5b as an
example. The intensities of the strongest lines with known symmetry types were measured (Fig. 5b). It has already been
shown that there are no intensive bands belonging to organic substituents in the range from 300 to 1650 cm ™" in the Raman
spectra of substituted phthalocyanines due to the resonance character of the Raman spectra excited by the lasers of visible
region [39].

Fig. 5.

The average values of I;/I;; were 3.7, 3.6 and 1.4 for A, By, and B,, modes in the Raman spectra of CuPc films, while in
the case of the films of CuPc/SWCNT-1% composite these values were 3.9, 3.2 and 1.4. The angles of inclination of
molecules relative to the substrate surface in the films of CuPc and CuPc/SWCNT-1% were calculated to be 85° and 82°,
respectively. Similar data were also obtained for H,Pc, CoPc and their composites. Therefore, inclusion of carbon nanotubes
into the columnar matrix of the MPcs does not lead to the change of LC properties of the investigated materials and the
orientation of their films. As most of LC phthalocyanines the films of H,Pc, CoPc, CuPc and their composites with SWCNT

have planar alignment [10].

Sensor response of MPc and MPc/SWCNT composite films to ammonia

The sensor properties of thin films’ of MPc and MPc/SWCNT composites containing different amounts of SWCNT
toward NH; (10-50 ppm) were studied using chemiresistive method. The typical sensor responses R, (R, = (R — R,)/R,,



where R, is the resistance value at the beginning of an exposure/recovery cycle and R is the resistance of the film at a
certain NH; concentration) of the MPc films are shown in Fig. 6. All three derivatives exhibit strong and reversible sensor
response to ammonia (10-50 ppm).

Fig. 6.

The sensor response value increases in the order H,Pc<CuPc<CoPc. This order is in good agreement with the results
obtained by Liang et al. [40] showing by the first-principle density functional theory that the central metals play a critical
role in the sensitivity towards NH;. To study the effect of incorporation of SWCNT into phthalocyanine matrix, the sensor
response of the composites containing different amounts of carbon nanotubes was measured. R, of CoPc/SWCNT
containing 0.1, 0.5, 0.75 and 1 wt. % SWCNT is given in Fig. 7 as an example. The dependence of the R,, on ammonia
concentration for MPc/SWCNT-1% (M=2H, Cu, Co) is given in Fig. 8 in order to compare the effect of the central metal in
the phthalocyanine macrocycle on the sensor response.

Fig. 7.

Fig. 8.

The sensor response value increases in the order H,Pc/SWCNT < CuPc/SWCNT < CoPc/SWCNT which is similar to the
case of pure MPc films.

It is worth mentioning that the film resistance decreases from 10”-10% Q-m to about 10° Q-m with the addition of 1 wt. %
of SWCNT. The increase of films conductivity makes it possible to use simple equipment for the conductivity
measurements and does not require the employment of expensive electrometers for precision high resistance and low
current measurements. However it is necessary to mention that the addition of SWCNT leads to the decrease of the relative
sensor response of the composites compared to that of pure phthalocyanine films. Fig. 7 shows that the more amount of

SWCNT incorporated into the matrix of LC phthalocyanine the less relative sensor response to ammonia is observed.

CONCLUSIONS

The dispersion of single-walled carbon nanotubes in liquid crystalline asymmetrically substituted phthalocyanines MPc¢
(M=Cu, Co, 2H) bearing one pyrene and six polyoxy groups as side chains was studied and their composite films were
examined for ammonia detection. The influence of SWCNT on phase behavior of MPcs was investigated by XRD,
polarized optical microscopy and differential scanning calorimetry. It was demonstrated that the incorporation of small
amounts of SWCNT (0.1-1 wt. %) does not alter the MPc mesophases nor does it change the orientation of their films. Both
MPc derivatives and their composites with carbon nanotubes form Col, mesophases at room temperature. The
chemiresistive sensor response of MP¢c/SWCNT composite thin films to ammonia vapour (10-50 ppm) were studied and
compared with those of the films of pure MPc derivatives. The sensor response to ammonia of both MPc¢ films and
composite films increases in the order H,Pc<CuPc<CoPc. On the one hand, the film resistance decreases from 107-10*Q'm
to about 10° Q'm with the addition of 1 wt. % of SWCNT, which makes it easier for the measurements without the need of
expensive electrometers for precision high resistance measurements. On the other hand, the addition of SWCNT leads to a

decrease of the relative sensor response of the composites compared to that of pure phthalocyanine films.
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Fig. 1. Structure of asymmetrical type phthalocyanine compounds MPc, where M = 2H, Cu or Co.




Fig. 2. Polarized optical microscopy images of metal phthalocyanines (CoPc (a), CuPc (c) and H,Pc (e) and their composites

(CoPc/SWCNT-1% (b), CuPc/SWCNT-1% (d) and H,Pc/SWCNT-1% (f)).




Fig. 3. Optical absorption spectra of solutions (a, black curves) and films of H,Pc, CoPc and CuPc derivatives (b, blue lines) as well as

their hybrids containing 1% (c, red lines) of SWCNT.
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Fig. 4. SEM image (edge view) of CuPc/SWCNT-1% film.




Figure 5. Raman spectra of H,Pc, CuPc and CoPc derivatives (a); polarized Raman spectra of CuPc and CuPc/SWCNT-1% films,
measured in parallel (ii) and cross (ij) polarizations of incident and scattering light (b). The Raman bands labelled with an asterisk

correspond to those overlapped with SWCNT modes.

1a b CuPc 1500 Aég

1
m

A

By A 1077
q 1g 28 1g
CoPc 688 747 860

] CuPc/SWCNT-1% v

CuPc

Intensity (arb. units)

Intensity, arb. units

4 H>Pc

I T I T 1 i I i 1 i 1
600 800 1000 1200 1400 1600
Raman shift (cm'1)

T T T T T T T T T T T T
400 600 800 1000 1200 1400 1600
Raman shift, em!



Fig. 6. Sensor response of MPc films (M=Co, Cu, 2H) towards ammonia (10-50 ppm).
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Fig. 7. Typical sensor response of thin films of CoPc/SWCNT containing 0.1, 0.5, 0.75 and 1 wt. % SWCNT towards ammonia (10, 30

and 50 ppm).
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Fig. 8. Response of MPc/SWCNT-1% hybrid films towards NH; concentrations.
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Table 1. XRD data of the studied metal phthalocyanines CoPc, CuPc, H,Pc and their composites CoPc/SWCNT-1% , CuPc/SWCNT-1%
and H,Pc/SWCNT-1% at room temperature.

Compound Phase Observed Calculated Lattice parameters Miller indices
spacings (A) spacings (A) (A) (hkl)
CuPc Coly 21.02 21.02 100
12.10 12.13 24.27 110
10.49 10.51 200
8.01 7.94 210
CuPc/SWCNT-1% Coly, 21.61 21.61 100
12.9 12.48 24.95 110
10.72 10.80 200
8.25 8.17 210
CoPc Col, 21.65 21.65 100
13.46 12.50 24.99 110
10.84 10.82 200
8.84 8.18 210
CoPc/SWCNT-1% Coly 21.81 21.81 100
13.46 12.59 25.18 110
11.76 10.90 200
8.92 8.24 210
H,Pc Coly, 21.87 21.87 100
12.41 12.62 25.25 110
10.18 10.93 200
8.38 8.26 210
H,Pc/SWCNT-1% Col, 21.73 21.73 100
12.24 12.54 25.09 110
10.63 10.84 200

9.33 8.21 210




