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a b s t r a c t

Two novel mesomorphic octakis and tetrakis (alkylthio)-substituted phthalocyanines of Pb(II) were
synthesized and characterized using NMR, UVeVis, FT-IR and mass-spectrometry. The mesogenic
properties of these new materials forming columnar-hexagonal mesophases were studied by differential
scanning calorimetry, optical microscopy and X-ray diffraction. Visible absorption spectroscopy provided
evidence of thermally induced molecular reorganization in films. IR spectroscopy and density functional
theory calculations were used to study the preferential orientation of molecules relative to the substrate
surface. The intense IR bands in the spectra of the lead phthalocyanines were assigned with the aid of
quantum chemical computations. The observed increase in the intensity of the out-of-plane modes in the
IR spectra correlate with an average preferential edge-on orientation of the molecules on the substrate
surface in the film. The current-voltage characteristics of films before and after thermal treatment were
also measured. The results confirmed the film ordering proposed on the basis of the IR and DFT studies.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Metal phthalocyanines (MPcs) are highly stable organic semi-
conductors with a broad range of applications, such as light emitting
diodes, solar cells, gas sensors, thin film transistors, and even single
molecule devices [1]. Among the various MPcs, lead (Pb(II)) phtha-
locyanines are of particular interest due to their promising sensor
[2,3] and electrical switching properties [4e6]. While an unsub-
stituted PbPc compound has attracted attention for a long time
[7e13], only a few substituted PbPcs have been synthesized and
characterized. Among the examples of those PbPc derivatives are the
non-peripheral 1,4,8,11,15,18,22,25-octakis(hexylsulfanyl)Pc [14],
non-peripheral tetraalkoxy-[15], tetra- and octa-diethoxymalonyle
[16], cumylphenoxy- [17], tetranitro- [18], tetraamino- [19], and
tetra-tert-butyl [20] derivatives. The structure of single crystals of
Pb[Pc(SC6H13)8] and Pb[Pc(OC5H11)4] with substituents in non-
peripheral positions were characterized by X-ray diffraction [14,15].
x: þ7 383 330 94 89.

All rights reserved.
Non-linear optical properties of tetra-tert-butylnaphthalocyanine
lead were also studied [20]. Density functional theory (DFT) calcu-
lations were applied to obtain molecular structures, HOMOeLUMO
energy gaps, atomic charges, vibrational and UVevis spectra of
unsubstituted PbPc [21e23] and of some substituted PbPcR8
compounds (R ¼ F, Cl, Br, H, eCH3, eC2H5, eC3H7) [21], Pb[Pc
(OC2H5)4] [23], and Pb[Pc(OC5H11)4] [23]. However, to our knowl-
edge, no assignment of the IR bands in the spectra of substituted
PbPcs has been made so far.

A very promising and fascinating class of PbPc compounds is
mesomorphic lead phthalocyanines. The first successful synthesis of
such species was reported in 1987 [24,25]. Simon et al. [24] showed
that alkoxymethyl substituted phthalocyaninato lead(II) complexes
(PbPcR8, R ¼ eCH2OCnH2nþ1; n ¼ 8, 12) formed a hexagonal
columnar mesophase which was stable at room temperature. Ford
et al. [26] subsequently found that octa-(2-ethylhexyloxy) lead
phthalocyanine exists in a mesophase in the temperature range
from �100 �C to þ200 �C. Compounds with eCH2OR and
eCH2CH2OR side chains turned out to be columnar liquid crystals
with no detectable order within the columns [24,26]. An intra-
molecular antiferroelectric coupling of the molecules along the
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columns was found in Pb[Pc(CH3(CH2)7OCH2)8] [27] while the eOR
side group yielded mesophases with some degree of intercolumnar
organization [28]. Both the crystal-to-mesophase and the meso-
phase-to-isotropic phase transition temperatures were found to be
lower for shorter paraffinic chains [29]. In comparison with other
mesogen metalleted Pcs, Pb(II) destabilizes sterically the cofacial
columnar structure and dramatically reduces both crystal-to-
mesophase and mesophase-to-isotropic transition temperatures
[30]. The strong dependence of the type of mesophase and the
transition temperature on the nature of connecting link between
the side chains and aromatic core was also observed [31,32].

Alkylthio-substituted PbPc derivatives have also attracted
attention, mainly owing to better electroconductivity in compar-
ison with alkyl and alkoxy analogues. Adam et al. [33] have shown
that the highly ordered columnar phase of 2,3,6,7,10,11,13,14-hex-
ahexylthiotriphenylene molecules exhibited an extraordinary high
mobility of photoinduced charge carriers. However, only two
examples of successful synthesis and characterization of meso-
morphic alkylthio-substituted PbPcs have been reported so far by
some of our co-workers [34]. In comparison with their Ni(II) and
metal-free derivatives, mesomorphic alkylthio-substituted PbPcs
possess lower clearing point temperatures [35,36].

The present contribution addresses the synthesis and charac-
terization of new octa- and tetra-alkylthio-substituted lead
phthalocyanines (Pc1 and Pc2, Fig. 1). The mesogenic properties of
these new materials were studied by differential scanning calo-
rimetry, optical microscopy and X-ray diffraction. The preparation
of thin films of these derivatives and their investigation by the
UVeVis absorption and IR spectroscopy techniques are also
reported. Experimental studies were supported by theoretical
considerations using quantum chemical (DFT) calculations for the
detailed assignment of different bands in IR spectra of the lead
phthalocyanines.
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Fig. 1. Synthetic pathway and structure of Pc1 a
2. Experimental

2.1. Materials

4-(n-Hexadecylthio) phthalonitrile [37] and 4,5-Di(n-hex-
adecylthio) phthalonitrile [38] were synthesized according to the
reported procedures. All other reagents and solvents of reagent-
grade quality were obtained from commercial suppliers and were
dried as described in Perrin and Armarego [39].

2.2. Measurements

Thermo Finnigan Flash 1112 was used for elemental analysis of
all compounds under study. Infrared spectra in KBr pellets were
recorded by a Bio-Rad FTS 175C FT-IR spectrophotometer. Optical
spectra in UVevisible region were recorded with a UV-vis-3101PC
“Shimadzu” using 1 cm pathlength cuvette at room temperature.
Matrix-assisted laser desorption/ionisation time-of-flight mass-
spectrometry (MALDI-TOF-MS) measurements were performed on
a Bruker Daltonics micrOTOF (Bremen, Germany). Positive ion and
linear mode MALDI-TOF-MS spectrum of Pc1 and Pc2 were
obtained in 2,5-dihydroxy- benzoic acid MALDI matrix using
nitrogen laser accumulating 50 laser shots. The phase transition
behaviour of Pc1 and Pc2 was observed by means of a polarizing
microscope (Leitz Wetzler Orthoplan-pol.) equipped with a hot
stage (Linkam TMS 93) and a temperature controller (Linkam LNP).
Transition temperatures were determined at a scan rate of
10 �Cmin�1 byusing aMettler Toledo Star Thermal Analysis System/
DSC 822. Differential scanning calorimeter system was calibrated
with 3 mg indium samples under nitrogen atmosphere. X-ray
diffraction measurements (Cu-Ka-radiation) were performed using
a Bruker Advanced D8 diffractometer. 1H and 13C NMR spectra were
recorded in CDCl3 solutions on a Varian 500 MHz spectrometer.
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2.3. Synthesis

2.3.1. Octakis(n-hexadecylthio) Phthalocyaninato lead (II) (Pc1)
A round-bottomed flask fitted with a condenser was degassed

and flame-dried under dry argon. The flask was charged under argon
with 4,5-(n-hexadecylthio) phthalonitrile (0.369 g, 0.576 mmol) and
anhydrous Pb(II)O (0.064 g, 0.288 mmol). The mixture was heated at
210 �Cwith stirring under argon atmosphere for 5 hwithout solvent.
The reaction mixture was dissolved in chloroform, centrifuged, and
the precipitate including inorganic impurities was removed. The
solvent was evaporated and a crude product was passed through
a Bio Beads column (Bio-Rad Laboratories) using CH2Cl2 as an eluent
for eliminating organic impurities. This purification step was
repeated two times. Purificationwas further achieved by preparative
thin layer chromatography [silica gel; eluent CH2Cl2/n-hexane, 10:1
(v/v)]. Yield: 75 mg (19%). Anal. Calc. for C160H272N8PbS8: C, 69.33; H
9.89; N 4.04. Found C, 69.50; H, 9.43; N, 4.25. IR (KBr) nmax (cm�1)
2923, 2852, 1591, 1466, 1405, 1365, 1340, 1201, 1065. MS (MALDI-
TOF) m/z, % (Fig. S1 in the Supplementary Information): 2774
[MþH]þ (100). 1H NMR {500 MHz, CDCl3, d (ppm)} (Fig. S2 in the
Supporting Information): 0.90 (t, 24H, J ¼ 6.94 Hz, CH3), 1.26 (m,
192H, CH2), 1.66 (m, 16H, CH2), 1.94 (m, 16H, CH2), 3.37 (t, 16H,
J ¼ 6.44 Hz, SCH2), 8.99 (s, 8H, CHar). 13C NMR {125 MHz, CDCl3,
d (ppm)} (Fig. S3 in the Supplementary Information) 14.37 (CH3),
22.94 (CH2), 29.07e30.07 (CH2), 32.19 (SCH2CH2), 34.24 (SCH2),
121.34 (CarH), 135.30(Car), 140.44 (Car), 153.84 (CarCa]N).

2.3.2. Tetrakis (n-hexadecylthio)Phthalocyaninato lead (II) (Pc2)
Pc2 was prepared by the same procedure as described for

Pc1 starting with 4-(n-hexadecylthio) phthalonitrile (0.151 g,
0.394 mmol) and anhydrous Pb(II)O (0.043 g, 0.197 mmol). The reac-
tion mixture was dissolved in chloroform, centrifuged, and a precipi-
tate including inorganic impurities were removed. The solvent was
evaporated and the crude product was passed through a Bio Beads
column using CH2Cl2 as an eluent for eliminating organic impurities.
The product was further purified with the preparative thin layer
chromatography [silica gel; eluent CH2Cl2/n-hexane, 20:1 (v/v)]. A
mixture of four peripherally substituted isomers of Pc2 (each alkyl
grouphas two possible substituting positions, Fig.1)was synthesized.
A separation of these isomerswas not carried out. Yield: 45mg (26%).
Anal. Calc. for C96H144N8PbS4: 66.05;H8.31;N 6.42. FoundC, 66.10;H,
8.35; N, 6.53. IR (KBr) nmax (cm�1) 2954, 2921, 2850,1598,1467,1384,
1315, 1143, 1079. MS (MALDI-TOF),m/z, % (Fig. S4 in the Supplemen-
tary Information): 1746 [MþH]þ (100). 1H NMR {500 MHz, CDCl3,
d (ppm)} (Fig. S5 in the Supporting Information) 0.91 (t, 12H, CH3,
J ¼ 6.66 Hz), 1.29 (m, 96H, CH2), 1.64 (m, 8H, CH2), 1.92 (m, 8H, CH2),
3.27 (t, 8H, SCH2), 7.80 (d, 4H, CHar, J¼ 7.85Hz). 8.69 (m, 8H, CHar). 13C
NMR {125 MHz, CDCl3, d (ppm)} (Fig. S6 in the Supplementary Infor-
mation): 13.10 (CH3), 21.67 (CH2), 28.05e28.74 (CH2), 30.91 (CH2),
32.38 (CH2), 32.59 (SCH2), 119.69 (CarH), 119.76 (CarH), 121.61 (CarH),
127.64 (Car), 133.11 (Car), 136.86(Car), 139.65 (Car), 152.88 (CarC ¼ N).

2.4. Quantum chemical calculations

The IR spectra of Pc1 and Pc2 were calculated at the B3LYP/
LANL2DZ level of theory [40,41]. The geometries were fully opti-
mized and each stationary point was fully characterized as a true
minimum by the vibrational analysis. The vibrational frequencies
were scaled by an empirically derived factor of 0.970. All calcula-
tions were performed using Gaussian 03 suite of programs [42].

2.5. Film preparation and characterization

Small amounts of solutions of Pc1 and Pc2 derivatives in THF
(5 mg/ml) were dispensed by a glass pipette onto an ultrasonically
cleaned substrate held onto photoresist spinner. The substrate was
rotated for 60 s at a speed 2000 rpm. The solvent was evaporated
upon rotation to generate a film of the phthalocyanine derivative.
The substrates were varied according to the experimental
requirements for different characterization.

Absorption spectra of the films on quartz substrates were recor-
dedwith a UVevisible scanning spectrophotometer (UVevis-3101PC
“Shimadzu”) in thewavelength range 400e1200nm. Infrared spectra
of PbPcs in NaCl pellets and their films on NaCl substrates were
recorded using Vertex 80 FT-IR spectrometer.

Currentevoltagemeasurementswere performed using a Keithley
6517A electrometer equipped with a microprocessor controlled
measuring system. For the measurements of the in-plane film
conductivity, the Pc1 and Pc2 films were spun onto glass substrates
with inter-digitated electrodes (IDE) at an interelectrode distance
L ¼ 60 mm and at a width of electrode overlap W ¼ 3.125 mm. All
electrical measurements were performed in air at room tempera-
ture. Currentevoltage dependencies were compared for the as-
deposited and annealed films.

3. Results and discussion

3.1. Synthesis and general properties

The PbPc can be prepared by heating PbO or Pb(OAc)2
with respective phthalonitrile derivative without solvent
[16,17,26,34,43,44], or in n-pentanol [15]. Addition of anhydrous
lead(II) acetate to a solution of Li2Pc or H2Pc in anhydrous alcohol
also yields PbPc [15]. Apart from this, PbPc can be obtained by
a microwave method [18,34]. In the present work, the cyclo-
tetramerization of the dinitrile compounds was carried out in the
presence of the dried PbO (Fig. 1) without any solvent according
to the technique described in Refs. [16,17,34]. By the use of this
method, we have already synthesized PbPcs with high yield
comparable to the one of the earlier reported microwave proce-
dure [34]. Therefore, we employed only the melting method to
prepare the target PbPc compounds. The crude product was first
passed through a Bio Beads column to eliminate organic impu-
rities. Then the lead phthalocyanines obtained (Pc1 and Pc2)
were purified very quickly using preparative thin layer chroma-
tography because the PbPcs transformed to corresponding metal-
free analogues on a preparative TLC card. The chemical structures
of Pc1 and Pc2 are shown in Fig. 1.

3.2. Spectroscopic characterization

The complexes Pc1 and Pc2 were characterized by elemental
analysis and various spectroscopic methods. The mass spectra of
the Pc compounds were obtained by means of MALDI-TOF-MS
techniques. The protonated molecular ion peaks were observed,
respectively, at 2774 [MþH]þ and 1746 [MþH]þ. 1H NMR spectra in
CDCl3 of the diamagnetic lead(II) compounds Pc1 and Pc2 were
also recorded. Well-resolved multiplicity and integration of signals
enabled an unambiguous assignment of the signals of all aliphatic
protons.

The experimental IR spectra of Pc1 and Pc2 are presented in
Fig. 2. Both phthalocyanine derivatives have a non-planar “shuttle-
cock” structure similar to unsubstituted lead phthalocyanine [7,45].
Small divalent ion complexes of phthalocyanines (Cu, Ni, Zn, Mg
etc.) form planar complexes whereas larger ions (Pb, Sn) have too
large radii (1.2 and 0.93 Å respectively) to fit the central cavity of
the phthalocyanine ring. Due to this fact these ions lie out of the
molecular plane of the phthalocyanine. The introduction of bulky
alkyl substituents to the phthalocyanine ring leads to further
distortion of Pc moiety; it becomes bent and the molecular
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symmetry reduces to C4 for both Pc1 and Pc2 species. The alkyl
chains in Pc2 molecule are arranged parallel to the isoindole unit
planes. Actually, a mixture of several isomers of Pc2 with different
positions of alkyl chains were synthesized (Fig. 1). However, all of
them showed very similar spectral properties, therefore, only the IR
spectra of 2,9,16,23- tetrakis(n-hexadecylthio)phthalocyaninato
lead (II) were calculated. One of the alkyl chains in each benzene
ring of Pc1 molecule are also arranged parallel to isoindole unit
plane, while the second one extends to the outside of the isoindole
unit plane.

The fully optimized computed geometries of Pc1 and Pc2 are
available in the Supporting Information (Table S1). Unfortunately,
the experimental data on Pc1 and Pc2 crystal structure are not
available (vide infra). Therefore, a comparison of the calculated
bond lengths and bond angles of the studied compounds with the
averaged experimental values of lead phthalocyanine analogues
was made and the results are presented in Table 1. Apart from the
computed values, Table 1 comprises X-ray crystallography data on
unsubstituted monoclinic and triclinic PbPc [7,45], lead
1,4,8,11,15,18,22,25-octakis(hexylsulfanyl) phthalocyanine (PbPc
(SC6H13)8) [14], and lead 1,8,15,22-tetrakis(3-pentyloxy) phthalo-
cyanine (PbPc(a-OC5H11)4) [15]. It is seen from the Table 1 that the
calculated bond lengths and angles of Pc1 and Pc2 are in good
Table 1
Experimental and theoretical bond lengths (Å) and bond angles (degrees) of various unsub
in accordance with Fig. 1.

Experimental

Monoclinic PbPc(a) Triclinic PbPc(a) Pb[Pc(OC5H11)4](b

PbeNa 2.21 2.36 2.38
NaeCa 1.38 1.37 1.37
CaeCb 1.49 1.46 1.46
CgeCd 1.44 1.40 1.39
CdeCd 1.38 1.40 1.38
CdeO 1.35
CdeS

NaePbeNa 80 73.0 72.5
CaeNbeCa 120 124.2 122.9
NaeCaeCb 110 109.8 108.7

(a) Refs. [7,45] (b) Ref. [15] (c) Ref. [14] (d) Ref. [23] (e) This work.
agreement with the corresponding values for other lead phthalo-
cyanine derivatives. These results confirm the reliability of theo-
retical methods employed in the present work.

As was alreadymentioned, Pc1 and Pc2 belong to a C4molecular
point group. All A and E modes are active in the IR spectra of these
compounds. The calculated IR spectra of PbPc are also presented in
Fig. 2. The assignment of experimental bands was primarily based
on calculated spectra of PbPcs and on the IR intensity data. The
comparison of experimental and calculated frequencies of the most
intensive vibrations in the IR spectrum and their assignments are
presented in Tables 2 and 3.

The experimentally measured vibrational frequencies of lead
phthalocyanine molecules are in good agreement with the DFT
theoretical predictions. The RMS difference between the calculated
and experimental IR frequencies is 15 cm�1.

The experimental IR spectrum in the range 400e1700 cm�1 is
rather complicated (Fig. 2). The most part of intense peaks repre-
sent actually the mixture of several closely lying broadened
vibrational modes. The most intensive peak in the predicted IR
spectrum of Pc2 corresponding to benzene stretching vibrations is
located at 1600 cm�1 (Fig. 2, Table 3). Upon octa-substitution in Pc1
this peak shifts to 1592 cm�1 and its relative intensity decreases in
comparison with another band at 1404 cm�1 (1435 cm�1 for Pc2,
Tables 2 and 3). This peak is mainly attributed to CeH deformations
in benzene ring with some contribution of the benzene stretching
vibrations (Table 2). Next intensive mode is located at 1063 and
1067 cm�1 for Pc1 and Pc2, respectively (Fig. 2, Tables 2 and 3). The
main contributions to the corresponding normal coordinates give
n(CC) and d(CH2) of alkyl substituents. Another important vibration
corresponding to in-plane stretching vibrations of isoindole moiety
lies at 943 cm�1 for Pc1 (Table 2). The similar vibration in the
spectrum of Pc2 lies at 905 cm�1, however, its normal coordinate
also involves CH-deformations of benzene ring (Table 3).

It should be noted that the geometries and vibrational
frequencies of Pc1 and Pc2were calculated for a single molecule in
the gas phase while the experimental IR spectra were measured in
the solid state. It is therefore reasonable to expect that the
conformations of the end alkyl groups in solid phthalocyanines
might differ from the calculated ones. For example, the confor-
mations of the hexyl groups of two molecules in the crystal cell of
Pb[Pc(SC6H13)8] differ noticeably [14].

3.3. Mesogenic properties

The phase transition temperatures of Pc1 and Pc2 were deter-
mined by differential scanning calorimetry (DSC). DSC measure-
ments were performed on the virgin materials with a scanning rate
of 10 �C/min. Phase transition temperatures and the corresponding
stituted and substituted lead phthalocyanine derivatives. The atomic labels are given

Calculated

) Pb[Pc(SC6H13)8](c) Pb[Pc(OC5H11)4](d) Pc1(e) Pc2(e)

2.41 2.33 2.33 2.33
1.38 1.40 1.39 1.39
1.46 1.47 1.47 1.47
1.40 1.42 1.41 1.41
1.38 1.41 1.44 1.43

1.38
1.75 1.84 1.90

71.9 76.2 76.1 76.1
124.0 125.6 125.2 125.2
109.0 108.6 108.6 108.7



Table 2
Experimental and calculated IR spectra of Pc1 (cm�1).

Experimental
frequency

Calculated
frequency

Symmetry irrep
(C4 group)

Intensity
(arb. units)

Assignments

439 447 A 21 CbeCgeH OOP, PbeNa, CaeNaeCa
509 636 E 45 CbeCgeCd, CgeCdeCd, CaeCbeCb, NbeCaeNa
693 674 E 22 SeCalk, d(CC)alk, CaeNaeCa, CbeCaeNa
722 684 E 44 CaeNbeCa, NaeCaeCb, PbeNa, CbeCbeCg, SeCalk

695 E 23 SeCalk, d(CH2)alk IP
740 715 A 65 d(CH2)alk torsional OOP

716 E 32 d(CH2)alk torsional OOP
718 A 29 d(CH2)alk torsional OOP

769 739 E 22 CaeNaeCa, NaeCaeNb, CaeNbeCa, d(CH2)alk, CbeCgeH
747 E 41 CaeNbeCa, NbeCaeNb, CbeCbeCg, CgeCdeCd, CdeS
760 A 40 Ca-Na-Ca, Ca-Na, Cb-Cg-H, d(CH2)alk OOP

831 800 E 69 CaeNaeCa, CaeNbeCa, CbeCgeCd, CbeCgeH
870 814 A 31 CaeNaeCa, PbeNa, CaeNbeCa, CbeCgeCd

878 A 15 d(CH3)alk, d(CC)alk
943 901 E 210 NaeCaeNb, CaeNbeCa, CdeS, CgeCdeCdIP

915 A 29 CbeCgeH OOP
943 A 37 CbeCgeH, CdeCgeH OOP

1024 1047 E 30 CaeNaeCa, NaeCa, NaeCaeNb, CbeCgeCd, n(CC)alk
1063 1058 E 96 n(CC)alk, d(CH2)alk, CbeCgeH IP

1059 E 182 CbeCgeH, CdeS, CgeCdeCd, d(CH2)alk IP
1060 E 41 n(CC)alk, CbeCgeH, CaeNa
1067 E 41 d(CH2)alk, CdeCgeH
1087 E 22 CgeCdeCd, CgeCbeCb, CbeCgeH, CaeNa, CaeNb
1116 E 26 d(CC)alk, d(CH3)alk OOP
1116 A 20 n(CC)alk, d(CH2)alk, d(CH3)alk OOP

1178 1199 E 68 d(CH2)alk IP
1199 E 41 d(CH2)alk IP
1200 A 54 d(CH2)alk IP

1219 1223 E 78 CbeCgeH, CdeCgeH, d(CH2)alk IP
1254 E 21 d(CH2)alk, CbeCgeH, CaeNaeCa, CaeCb, NaeCa

1282 1259 E 110 CaeNaeCa, NaeCa, NaeCaeNb, CaeCb, CbeCgeH, d(CH2)alk
1301 A 33 CaeNaeCa, NaeCa, CaeNbeCa, CbeCbeCa, CbeCg, CaeCb, CdeCd

1308 1309 E 148 CbeCb, CdeCdeCg, CbeCg
1313 E 31 d(CH2)alk
1323 A 31 CaeNbeCa, NaeCa, CbeCbeCg, CbeCg, CdeCd, CdeCgeH

1364 1358 E 79 CdeCgeH, CaeCbeCb, CaeNb, CdeCd
1358 E 34 CbeCgeH, d(CH2)alk IP
1359 E 32 d(CH2)alk, CbeCgeH IP
1392 E 20 d(CH3)alk OOP

1404 1395 E 421 CdeCgeH, CgeCd, CaeCb IP
1434 1452 E 19 CbeCgeH, CaeNb, CaeNa-Ca, CgeCd, d(CH2)alk OOP

1457 E 47 d(CH2)alk OOP, CaeNb
1467 E 24 d(CH2)alk OOP
1468 E 73 Ca-Nb, CbeCgeNa, CaeCb, CbeCb, CbeCgeH, d(CH2)alk

1465 1475 A 43 d(CH3)alk OOP
1490 E 86 d(CH2)alk OOP
1490 E 68 d(CH2)alk OOP
1490 A 75 d(CH2)alk OOP
1553 E 23 CbeCb, CbeCg, CgeCd, CdeCd

1588 1592 E 275 CbeCg, CbeCb, CdeCd
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enthalpy changes of the PbPc complexes are summarized in Table 4.
The DSC curves of both Pc1 and Pc2 have two significant peaks
corresponding to liquid crystal phase transition and isotropic phase
transition, respectively (see Table 4 and Figs. S7 and S8 in Supple-
mentary Information).

To provide more detailed insight into the phase structure and
phase transition of the studied compounds, we applied polarization
microscopy technique. The birefringence textures were observed by
polarizing optical microscopy while slowly cooling the sample from
the isotropic phase to the mesophase. A photomicrograph of the
mesophase of Pc1 at 160 �C is shown in Fig. 3. A fan-shaped texture
typical for Colhmesophaseswas observed for both phthalocyanines.
In mesogen metalleted Pcs, Pb(II) sterically destabilizes the cofacial
columnar structure and reduces drastically both crystal-to-meso-
phase and mesophase-to-isotropic transition temperatures [30].
A decrease of clearing point temperatures was observed for Pc1 in
comparison with the metal-free phthalocyanine and Cu(II) deriva-
tives [38]. It is also noteworthy that the clearing point ofPc2 is lower
than that of Pc1 due to the fact that Pc2 is actually a mixture of four
isomers.

The identification of mesophases was carried out by X-ray
diffraction measurements (Figs. S9 and S10 in the Supplementary
Information). All X-ray diffraction data are summarized in Table 5.
The mesophases were identified by microscopic observation and
X-ray diffraction measurements at mesophase temperatures. The
powder diffraction patterns of Pc1 and Pc2 contain typical reflec-
tions of a columnar mesophase of substituted Pcs [46]. In the low
angle region, the phthalocyanine derivatives produce sharp peaks,
the positions of which are in ratio 1 :

ffiffiffi

3
p

:
ffiffiffi

4
p

:
ffiffiffi

7
p

:
ffiffiffi

9
p

. These
results suggest a two-dimensional hexagonal lattice with disk-like
molecules stacked in columns in the hexagonal arrangement. In the
large angle region the compounds Pc1 and Pc2 show a sharp peak



Table 3
Experimental and calculated IR spectra of Pc2 (cm�1).

Experimental
frequency

Calculated
frequency

Symmetry irrep
(C4 group)

Intensity
(arb. units)

Assignments

430 422 E 15 CaeNbeCa, NaePb, CgeCdeCd, CdeSeCalk, CdeS
451 437 A 13 CbeCgeH OOP, CdeCgeH, CaeCbeCg
509 471 A 13 NbeCaeNa, CbeCgeCd, CbeCgeH, CgeCdeH OOP
646 635 A 21 CaeNbeCa, NaeCaeCb,CbeCgeCd, CdeCdeS, CdeCgeH OOP
680 669 E 38 CaeNaeCa, PbeNa, CdeS, CbeCgeCd IP
721 700 E 31 SeCalk IP, d(CC)alk
740 716 A 65 d(CH2)alk torsional OOP

719 A 30 d(CH2)alk torsional OOP
731 A 18 d(CH2)alk torsional OOP

754 735 E 24 CaeNbeCa, PbeNa, CaeNaeCa, CbeCgeCd, CbeCgeH OOP
738 E 51 CaeNbeCa, NbeCaeNb, CbeCbeCg, CgeCdeCd, CdeS

766 758 A 48 CaeNaeCa, PbeNa, CbeCgeCd OOP
785 E 16 CbeCgeH, CbeCbeCg, CaeNaeCa, PbeNa, d(CH2)alk
788 E 12 d(CH2)alk torsional OOP, CaeNaeCa, CbeCgeCd

816 800 A 36 CaeNaeCa, PbeNa, CaeNbeCa, CbeCgeCd
870 850 A 108 CgeCgeH, CdeCdeH OOP
905 876 E 223 NaeCaeNb, CaeNbeCa, CgeCdeCd, CdeS, CbeCgeH IP

912 A 21 CbeCgeH, CdeCgeH OOP
1034 1025 E 35 CbeCgeH, CdeCdeH, n(CC)alk, d(CC)alk, CgeCdeCd,

1026 E 30 CdeCgeH, CdeCdeH, n(CC)alk IP
1049 E 16 d(CH)alk, n(CC)alk IP

1067 1053 E 136 n(CC)alk, d(CH2)alk, CbeCgeH, NaeCa IP
1054 E 133 n(CC)alk, CgeCdeCd, CbeCgeH, NaeCa, CaeCbeCg

1080 1075 E 27 CdeCgeH, CgeCdeH, NaeCa, CbeCbeCg, CdeS
1084 E 11 n(CC)alk, d(CC)alk IP
1116 E 26 d(CH3)alk, d(CC)alk
1129 E 53 CaeNaeCa, CbeCbeCg, CgeCdeCd, CbeCb, CdeCgeH, CgeCdeH OOP

1142 1177 E 74 CdeCgeH, CgeCdeH IP, CaeNaeCa, NbeCa
1180 1199 E 67 d(CH2)alk
1260 1254 E 73 CdeCgeH IP, CaeNaeCa, CaeCb, NaeCa, d(CH)alk

1256 E 47 d(CH2)alk IP
1291 1273 E 33 CdeCgeH, CdeCdeH OOP, NaeCa
1300 1304 A 42 NaeCa, CaeCb, CaeNbeCa, NaeCaeNb, CbeCb

1330 E 30 d(CH2)alk, CgeCd
1315 1333 E 217 CgeCd, CbeCg, CaeCbeCb, d(CH)alk
1354 1345 E 12 d(CH2)alk
1383 1380 E 223 CaeNb, CbeCgeH, CdeCd, CdeCdeH IP

1391 E 19 d(CH3)alk
1435 1436 E 160 CdeCdeH IP, CgeCd, CbeCg, CbeCbeCa

1454 E 18 d(CH2)alk, CgeCdeH, CbeCgeH, CbeCg, CaeCb
1458 E 52 d(CH2)alk OOP, CaeNb
1466 E 10 d(CH2)alk OOP
1468 E 20 d(CH2)alk OOP

1467 1470 E 99 CaeNb, CaeCb, CbeCb, CgeCd, CdeCgeH, CbeCgeH IP
1475 A 42 d(CH3)alk OOP

1480 1490 E 93 d(CH2)alk
1544 1568 E 25 CdeCd, CbeCb, CaeCb, CaeCbeCb, CdeCdeH IP
1600 1600 E 444 CdeCg, CbeCg, CaeCb
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at 4.41 and 4.28 Å, respectively (2q ¼ 20�). Most likely, this distance
corresponds to paraffinic tails in the side chains. An additional
reflection observed at w3.5 Å (2q ¼ 25�) for Pc1 (but not for Pc2)
may be assigned to packing macrocyclic subunits in the columns.
A broad peak observed in the diffraction pattern of Pc1 suggests the
absence of long range translational disorder of the molecules along
the axis of stacks. This fact is probably due to discotic hexagonal
ordering of Colho-mesophase [46].
Table 4
Phase transition temperatures, �C (corresponding enthalpy changes in parentheses,
kJ/mol) for the compounds Pc1 and Pc2 determined by DSC. Heating and cooling
rates: 10 �C, heating range: �25e250 �C. Phase nomenclature: C e crystal, Colh e

discotic hexagonal columnar mesophase, I e isotropic phase.

C / Colh / I I / Colh / C

Heating Cooling

Pc1 31.2 [108.3] 204.5 [7.4] 184.7 [3.7] 22.8 [105.0]
Pc2 65.1 [24.9] 185.1 [6.3] 156.3 [7.0] 57.6 [23.7]
3.4. UVeVis and IR spectroscopic studies of structural
properties of films

Unfortunately, we were unable to grow crystals of appropriate
quality for the X-ray diffraction studies. To bypass this obstacle, we
applied optical spectroscopic techniques (viz., visible and IR spec-
troscopy) to obtain some information on the structure and ordering
of PbPc films. In the following section we describe briefly the most
important structural features of the films under different conditions.

The electronic absorption spectra of Pc1 and Pc2 solutions in
tetrahydrofurane (THF) are presented in Fig. 4 (solid line). The
spectra of solutions are characterized by an intense electronic
absorption in the visible region, with the Q-band at 739 and 723 nm
for Pc1 and Pc2, respectively. The intense Q-bands are shifted to
longer wavelengths in comparison with nickel and metal-free Pc
analogues [21,38].

The lead phthalocyanines are often chemically unstable. Both
the solution and the thin films of PbPcs are prone to the loss of the
Pb2þ central ion forming metal-free phthalocyanine (H2Pc) while



Fig. 3. The optical texture of the Pc1 observed at 160 �C.
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Fig. 4. The electronic absorption spectra of Pc1 (a) and Pc2 (b): a solution in THF (solid
line); an as-deposited film on quartz (dashed line); a film on quartz after annealing at
220 �C (dotted line).
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heated and even stored at room temperature [34]. On the contrary,
the films of Pc1 and Pc2 are characterized by a higher stability and
do not lose the metal atom at least for some weeks. To confirm the
composition of the films before and after heating theywerewashed
away from the substrate by THF and the electronic absorption
spectra of the solutions were recorded. The spectra obtained were
similar to the ones in Fig. 4a and b (solid lines). The split of the
Q-band, which might indicate the formation of H2Pc, was not
observed in the spectra.

Fig. 4 (dashed line) shows the UVeVis absorption spectra of the
spun films of the phthalocyanines at room temperature immedi-
ately after deposition. A single optical absorption band corre-
sponding to the HOMO-LUMO pep transition splits into Qx and Qy
components due to a reduction of molecular symmetry in the
crystalline environment [47]. Note that the splitting of these bands
correlate with the extent of distortion. As a consequence, the
position and intensity of Q-band in the visible region are very
sensitive to the specific crystalline phase.

In particular, the wide Q-band, ranging from about 650 to
1050 nm, is characterized by at least two components, Qx (shorter
wavelengths) and Qy (longer wavelengths). The large splitting is
observed for the films of Pc1 and Pc2 before heating (Fig. 4, dashed
lines). The position of the Qy bands, shifted to 979 nm in the case of
Pc1 and to 893 nm in the case of Pc2, is an indication of a lower
Table 5
X-Ray diffraction data for Pc1 and Pc2.

Observed
spacings (Å)

Theoretical
spacings (Å)

Lattice
constant (Å)

Ratio Miller
indices

Pc1 25.97 25.97 a ¼ 30.02 1 (100)
15.01 14.99 Colho at 35 �C O3 (110)
12.97 12.98 O4 (200)
9.85 9.81 O7 (210)
8.65 8.66 O9 (300)
7.50
6.32
4.41
3.51

Pc2 22.09 22.09 a ¼ 25.51 1 (100)
12.73 12.75 Colh at 70 �C O3 (110)
10.13 11.06 O4 (200)
8.39 8.35 O7 (210)
7.44 7.36 O9 (300)
6.21
4.28
lattice contraction along the molecular stack. The spectrum of Pc1
film is more complicated and contains other peaks at 756 and
850 nm that originate possibly from components of other phases.
Such spectra with wide splitted Q-band are similar to those for
triclinic phase of unsubstituted lead phthalocyanine [48] and for
the crystalline phase II of TiOPc and VOPc [47,49].

Kasha et al. [50] proposed a simple model explaining how the
orientation of transition dipole vectors of two interacting mole-
cules influences the electronic spectra. The corresponding band
splits only in the case of so-called oblique dimers (i.e., those with
non-parallel alignment of dipole vectors). Other types of dimer
alignment (parallel, co-planar and in-line) do not lead to splitting of
bands. Therefore, according to the above proposed model [50], the
split of Q-bands in the spectra of the films before heating refers to
oblique (roof-top-shaped) dimers. A steady transformation of the
films after heating to the temperature of isotropic liquid and then
cooling down to the room temperature leads to a decrease in
intensity of the longer wavelength bands. It is seen from Fig. 4(a)
that the split Q-bands at 756 and 979 nm (dashed line) transform to
a single band at 697 nm after heating of Pc1 film (dotted line). This
wide single Q-band in the spectrum may correspond to cofacial
(face-to-face) or slipped (co-planar) dimers [51e53].

The temperature of liquid crystalline phase transition (cooling
stage) of Pc1 is 22.8 �C, therefore the room temperature (25 �C)
state of this species is a liquid crystalline. The molecular layers in
Pc1 films most probably re-organize irreversibly such that the
herring-bone columns transform into columns of fully cofacial
molecules. This type of reorganization is analogous to that under-
gone by the octaalkyl analogues upon transition from the crystal
phase to the hexagonal discotic mesophase [51,54,55].

TheQ-band (703nm) in the spectrumof thePc2filmafter heating
has a shoulder at about 745 nm (Fig. 4(b), red curve). The presence of
this shoulder indicates the crystallization ofPc2 at room temperature
and formation of another crystalline phase upon heating.

The IR spectroscopy was used to study the preferential orien-
tation of molecules relative to the substrate surface. The IR spectra



800 1000 1200 1400 1600

c

b

Wavenumber, cm-1

a

Tr
an

sm
is

si
on

Fig. 5. The IR spectra of Pc1: (a) in a NaCl pellet; (b) an as-deposited Pc1 film on NaCl
substrate; (c) the same film after heating to 220 �C and cooling down to a room
temperature.
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thermal treatment in air. For clarity, the experimental points are fitted by a spline.
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of Pc1 and Pc2 in the NaCl pellet (black curve) and in the film
deposited on NaCl surface (blue curves) are presented in Figs. 5
and 6, respectively. A comparison of the relative intensities of in-
plane and out-of-plane modes in IR spectrum of NaCl pellet and
films shows the extent of molecular organization and preferential
orientation of molecules in the film [56,57].

As was mentioned above, the IR spectra of Pc1 and Pc2 are
rather complicated because of the large number of overlapping
modes belonging to the phthalocyanine ring and substituents.
Nevertheless, some bands (namely, CeH out-of-plane and in-plane
deformations, in-plane isoindole bending and stretching, vide
infra) can still be used for the study of the film orientation. In NaCl
pellet phthalocyanine molecules are distributed randomly without
any preferred orientation (Fig. 5(a) and 6(a)), and the relative
intensities of in-plane and out-of-plane modes would simply
correspond to the transition dipole moment associated with
a particular vibration. The spectra of the pellet and films of PbPcs
before heating are very similar (Fig. 5(b) and 6(b)), indicating the
absence of the preferable orientation of the phthalocyanine mole-
cules on the substrate surface.

The IR spectra of the films of Pc1 and Pc2 after heating to the
temperature of isotropic liquid and then cooling down to the room
temperature are given in Fig. 5(c) and 6(c), respectively. It is seen
that the relative intensities of some bands have decreased signifi-
cantly. This is a clear indication of a certain degree of molecular
organization in the film where the transition dipole moment
vectors are partially aligned with respect to the substrate surface.
Since the wave vector of the incident light is normal to this surface,
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Fig. 6. The IR spectra of Pc2: (a) in a NaCl pellet; (b) an as-deposited Pc2 film on NaCl
substrate; (c) the same film after heating to 220 �C and cooling down to a room
temperature.
the in-plane modes would only be excited, and the out-of-plane
modes should not be observed for a molecular orientationwith a C4
axis perpendicular to the surface (face-on). Correspondingly, an
edge-on molecular orientation would result in an increase of the
relative intensity of the out-of-plane vibrations. A significant
difference of the spectra of pellet samples and of the films after
annealing is especially pronounced for the A modes at 740 cm�1

(CeH out-of-plane deformations, Tables 1, 2). They become very
prominent in the Pc1 film spectra (Fig. 5(c)), while the intensities of
some in-plane modes, e.g. the CeH deformation modes (1063,
1364 cm�1), the in-plane isoindole bending (943 cm�1) and
stretching (1404 cm�1) modes (Table 1) undergo a significant
reduction. The enhancement of the intensity of the out-of-plane
modes in the transmission spectrum correlate with an average
preferential edge-on orientation of the phthalocyanine molecules
on the substrate surface in Pc2 film. Similar tendency is observed
for Pc1 films (Fig. 6(c)). We therefore infer that the new edge-on
molecular orientation formed during the heating process remains
largely unchanged in the cooled films of Pc2. Similar orientation of
the molecules relative to the substrate surface was also observed
for planar metal phthalocyanines deposited on the surface of one
substrate with an air interface [55,58,59].

3.5. D.C. conductivity of Pc1 and Pc2 films

Current-voltage characteristics of Pc1 and Pc2 films deposited
on inter-digitated planar electrode structures are given in Fig. 7(a)
and 7(b), respectively, both before and after thermal treatment in
air. When plotted in the logelog scale, the data for both films
demonstrate ohmic conduction in the most part of the applied
voltage range. A slight increase of the slope of the log Ielog V plot is
observed in the region of log V > 0.5 (w3 V, Fig. 7(a) and 7(b))
indicating the onset of a high field transport mechanism such as
space charge limited conduction. The latter is expected to occur in
low-conductivity materials at high applied fields [60].

The lateral d.c. conductivities (s//) are 4.5$10�6 and
1.2$10�5 U�1 m�1 for the as-deposited films of Pc1 and Pc2, respec-
tively, before thermal treatment. After the heating these values
increased to 1.2$10�5 and 1.8$10�4 U�1 m�1 for Pc1 and Pc2,
respectively.
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An increase of the lateral conductivity of the PbPc film upon
heating may be explained by changing of the film organization: the
initially disordered films of PbPc become ordered. The stacks of
molecules are formed upon heating with the stacking axis parallel
to the substrate surface. This result is also confirmed by the IR
spectroscopy studies (cf. Section 3.4).
4. Conclusion

In this work, the synthesis of new mesomorphic octakis
(alkylthio)-substituted phthalocyanines of Pb(II) have been
described. The Pb(II) phthalocyanines were characterized using
different spectroscopic techniques (NMR, UVeVis, FT-IR, and Mass-
spectrometry). The phase transition temperatures of the complexes
have been determined by the polarizationmicroscopy and DSC. The
formation of the columnar-hexagonal (Colh) mesophase over
a wide temperature range was confirmed by X-ray phase analysis.

Thermally induced molecular reorganization within PbPc films
was studied by visible absorption spectroscopy. The broadened and
blue-shifted Q-bands in the visible absorption spectra of the films
after heating provide an evidence of a molecular ordering and
indicate a cofacial (face-to-face) arrangement of molecules in the
films.

The IR spectroscopy was used to study the preferential orien-
tation of molecules relative to the substrate surface. Quantum
chemical (DFT) calculations were used for the detailed assignment
of the IR bands in the spectra of the lead phthalocyanines. The
enhancement of the intensity of the out-of-plane modes in the
transmission IR spectra correlatewith an average preferential edge-
on orientation of the Pc molecules on the substrate surface in the
film.

The currentevoltage characteristics of PbPc films deposited on
inter-digitated planar electrode structures were measured, both
before and after thermal treatment. An increase of lateral conduc-
tivity of both Pc1 and Pc2 films upon heating agrees with the
results of IR studies demonstrating preferential edge-on orienta-
tion of the Pc molecules in the film.
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