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Abstract

This work refers to the synthesis and characterization of new (2E, 4Z)-5, 7-diphenylhepta-2, 4-dien-6-ynoic acids. We
describe the nucleophilic addition of bis(trimethylsylil)ketene acetals (TMS) to aryl ynones substituted by halogen groups
activated by boron trifluoride diethyl etherate (BF; Et,0) for the stereoselective synthesis of dienynoic acid. The molecular
materials were structurally characterized by IR spectroscopy, NMR spectroscopy and X-ray diffraction. After the charac-
terization the synthesized acids were doped with indium(III) phthalocyanine chloride (In(III)PcCl) in order to generate a
organic semiconductor that was characterized by UV—Vis spectroscopy to subsequently obtain their optical bandgap (Eg)
values. The Eg value was compared to that obtained for the pure state dienynoic acids in order to evaluate the doping effect
with the In(IIT)PcCl. The Eg diminished from values near 2.6 eV obtained for pure compounds to values around 1.4 eV for
the same compounds, but now with doping. With the molecular semiconductors obtained were manufactured structures of
disperse heterojunction which later were evaluated in their electric behavior. A behaviour ohmic at low voltages and Space
Charge Limited Current (SCLC) at higher voltages was observe from the study J(V) carried out.
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1 Introduction polymers [2—4]. Organic semiconductors can be classified

in different categories: one integrates conjugated polymers,

Most of the solid-state electronics device that are currently
on the market are manufactured with semiconductor materi-
als; however, the high cost of germanium, the technological
limitations associated with the use of silicon, and the suc-
cessful development in the organic semiconductor materials
have led to the development of organic electronics. Exam-
ples include the development of the first organic transistor
(OFET) based on a semiconducting film of polythiophene
[1] and the first hybrid solar cells made from conjugated
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while in the second category we find semiconductors based
on small molecules, also called molecular materials. These
organic semiconductors are especially promising in the
field of organic electronics [5—7] since they present some
advantages over silicon technologies, such as their relatively
simple processability, low cost production, large coverage
area, and flexibility. The most important aspects to con-
sider during the synthesis and preparation of the organic
semiconductor were the generation of structures with high
m-conjugation, molecular packing with strong overlapping.
In recent decades, interest has been devoted to the develop-
ment of new stereo-selective routes to conjugated polyenes
and polyenyne systems [8], a class of compounds which
includes natural products such leukotrine B4, a regulator
of immune response and retinaldehyde, a chemical com-
pounds involved in animal vision [9, 10]. These molecules
are polyunsaturated organic compounds that interacted in
conjugation process, resulting in some unusual optical and
electrical properties [11-13]. In this paper we presented
the direct formation of stereo-defined dienes functionalised

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10904-019-01430-7&domain=pdf

Journal of Inorganic and Organometallic Polymers and Materials

under mild conditions and with complete atom economy
[14-16]. The essential synthetic problem has been to prepare
the functionalized diene system in a highly stereo-selective
manner, and a wide variety of synthetic approaches have
been used. 2,4-Dienoic acids and their derivatives are use-
ful starting materials for the preparation of available natural
products with fixed configurations E,E-, E,Z-, and Z,Z-iso-
mers. The conjugated polyenes have been synthesized by
the Horner—Wadsworth—Emmons reaction from stabilized
phophonate carbanions and several coupling reactions, such
as the Suzuki approach, McMurry coupling, and the Stille
approach [17-25]. Abarbri et al. reported obtaining dieny-
noic acids under Sonogashira conditions from alkynes and
iodoalkadienoic acid using dichlorobis(triphenylphosphine)
palladium (IT) and copper (I) iodide as catalysts under mild
experimental conditions [26]. An efficient procedure has
been described for the synthesis of captodative dienyne
acids by reaction of the corresponding Fisher alkynil car-
bene complexes with 2-(trimethylsiloxi) furan in a one-pot
process [27].

Here, we describe the stereoselective synthesis of (2E,
47) dienynoic acids based on the nucleophilic addition
of bis(TMS)ketene acetals to aryl ynones substituted by
halogen groups using an efficient and simple procedure
(Fig. 1). It is important to note that the diene products
were obtained in geometrically pure (E,Z, )-configurations,
highlighting the mildness of the reaction conditions and
the simplicity of the procedure. A strategy to increase their
charge mobility is to introduce electro-acceptant groups,
where hydrogen atoms are replaced by fluorine atoms
[28]. Marks et al. synthesized type-n semiconductors,
making functional thiophene oligomers with perfluori-
nated substituents [29-32], while Bao et al. synthesized
derivatives of imides with different halogens as substitu-
ents in the nucleus of perylene and different fluorinated
substituents in imidic positions [33, 34]. In the current
study, the introduction of halogens in the structure of the
(2E, 4Z) dienynoic acids it was carried out in order to
enhance their behaviour as n-type semiconductors. The
objective of the present study was centred in two parts, (i)
the synthesis and characterization of conjugated molecular
materials based on (2E, 47)-5, 7-diphenylhepta-2, 4-dien-
6-ynoic acids. To ensure n-type semiconductor behaviour,

o
1) BFg-Et,0
SN o= oo
R O 2) :HOSIM%
R= F, Cl, Br H OSiMe3
1a-c 2

Fig. 1 Synthesis of (2E, 4Z) dienynoic acids
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the synthesis of (2E, 4Z) dienynoic acids is based on the
nucleophilic addition of bis(TMS )ketene acetals to aryl
ynones substituted by electro-acceptor groups (F~, CI™,
Br7). (ii) These (2E, 47)-5, 7-diphenylhepta-2, 4-dien-6-
ynoic acids were doped with the p-type semiconductor
indium(IIT) phthalocyanine chloride (In(IIT)PcClI) and the
molecular semiconductors were optically characterized.
The diamagnetic indium(III) metal cation was selected in
this study as central metal in the phthalocyanine cavity for
enhance the optical properties [35-37]. Aditionally the
mono-axially chloro substituted indium(IIl)phthalocyanine
is especially known as a promising material for nonlinear
optic devices [38—40].

2 Experimental Section

We started the study with the reaction of 1-(4-fluorophenyl)-
3-phenylprop-2-yn-1-one (see Fig. 1). All reagents and sol-
vents were obtained from commercial sources and used
without further purification. Starting materials included bis-
(trimethylsilyl) ketene acetal 2, which was prepared accord-
ing to a published method [41] and alkynones (1a—c), which
were prepared following the literature reported method [42].
All compounds were characterized by IR spectra, recorded
on a Bruker Tensor 27 spectrometer in KBr pellets, and
all data are expressed in wavenumbers (cm™'). Melting
points were obtained on a Melt-Temp II apparatus and are
uncorrected. NMR spectra were measured with a Bruker
Advance III, 300 MHz using CDCl; and DMSO-d; as sol-
vents. Chemical shifts are in parts per million (), relative
to TMS. The following abbreviations are used: s =singlet,
d=doublet, t=triplet, dd =double doublet, and m = multi-
plet. The MS-EI spectra were obtained with an AccuTOF
JMS-T100LC using 19.8 eV as the ionization energy and
using ethylene glycol as a matrix. Suitable X-ray quality
crystals of 3a and 3¢ were grown through slow evapora-
tion of an ethyl acetate/n-hexane solvent mixture at room
temperature. Single white crystals of compounds 3a and 3¢
were mounted on a glass fibre at room temperature. The
crystals were then placed on a Bruker SMART APEX CCD
diffractometer equipped with Mo Ka radiation. Decay was
negligible in both cases. Systematic absences and inten-
sity statistics were used in space group determinations.
The structures were determined using direct methods [43].
Anisotropic structure refinements were achieved using full-
matrix, least-squares techniques on all non-hydrogen atoms.
All hydrogen atoms were placed in idealized positions,
based on hybridization, with isotropic thermal parameters
fixed at 1.2 times the value of the attached atom. Structure
solutions and refinements were performed using SHELXTL
v 6.10 [44].
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2.1 General Procedure for the Synthesis of (2E,
47)-5, 7-diphenylhepta-2, 4-dien-6-ynoic
Acids 3(a—c)

BF;-Et,0 (0.44 mL, 4.44 mmol) was added to a solution
of 1-(4-fluorophenyl)-3-phenylprop-2-yn-1-one (1a) (0.5 g,
2.22 mmol) in anhydrous diethyl ether (11.14 mL, 0.2 M)
at 0 °C under a nitrogen atmosphere and stirred for 30 min.
Then, we slowly added bis-(trimethylsilyl) ketene acetal 2
(0.59 mL, 2.22 mmol) at O °C. The reaction was stirred for
4 h at 0 °C. The reaction mixture was washed with water
(11.14 mL) and extracted with dichloromethane (3 X 15 mL).
The organic layer was dried over anhydrous Na,SO,, and the
solvent was evaporated in vacuum. The crude product was
purified by column chromatography on silica gel using a
mixture of hexane and ethyl acetate as the eluent.

2.2 (2E,AZ)-5-(4-fluorophenyl)-7-phenyl-
hepta-2,4-dien-6-ynoic Acid (3a)

A yellow solid was obtained. Chromatography column
(hexane/ethyl acetate), mp 178—180 °C. IR (KBr, cm™h)
Vinax: 2988 (COO-H), 2195 (C=C), 1679 (C=0) and 1594
(C=C). '"HNMR (300 MHz, Acetone-dg): 6 (ppm)=10.83
(s, COOH), 8.01 (dd,J=15.3 Hz,J=3.9 Hz, 1H, CH), 7.88
(ddd, J=7.2 Hz, J=3.9 Hz J=2.1 Hz, 2H, CH), 7.61-7.56
(m, 7.32, 2H, CH), 7.43-7.38 (m, 3H, CH), 7.32 (dd, J=11.1
Hz,J=0.9 Hz, 1H, CH), 7.17 (dt,]=8.7 Hz, ] =2.1 Hz, 2H,
CH), 6.22 (dd, J=15.3 Hz, ]=0.9 Hz, CH). >*C NMR (75
MHz, CDCly): 6 (ppm) =166.88(C=0), 163.31 (J—p=246
Hz, C-F), 141.67 (CH), 133.02 (C), 131.60 (CH), 131.43
(CH), 129.37 (CH), 128.84 (C), 128.79 (CH), 128.67 (CH),
124.30 (CH), 122.31 (C), 115.6 (Jop=21.9 Hz, CH-F),
99.39 (C), 85.41 (C). MS (DARTY) m/z (%): 310 (10)
[M*+18], 293 (100) [M*+1], 275 (28) [M*—OH], 247 (8)
[M*—COOH]. MSHR calculated for C,oH,5sFO,: 293.1056,
found 293.1050.

2.3 (2E,4Z)-5-(4-chlorophenyl)-7-phenyl-
hepta-2,4-dien-6-ynoic Acid (3b)

A yellow solid was obtained. Chromatography column
(hexane/ethyl acetate), mp 192-194 °C. IR (KBr, cm™)
Vimax: 2968 (COO-H), 2191 (C=C), 1679 (C=0) and 1606
(C=C). '"H NMR (300 MHz, DMSO-dy): 6 (ppm)=12.52
(s, COOH), 7.85 (dd, J=6.9 Hz, ]=2.4 Hz, 2H, CH), 7.78
(dd, J=15Hz,J=3.6 Hz, 1H, CH), 7.63-7.59 (m, 2H, CH),
7.53-7.45 (m, 6H, CH), 6.28 (dd, J=15 Hz, CH), 7.17 (dt,
J=8.7Hz,J=2.1 Hz, 2H, CH), 6.22 (dd, J=15.3Hz,J=0.9
Hz, CH). '*C NMR (75 MHz, DMSO-d,): 6 (ppm) = 167.80
(C=0), 141.10 (CH), 135.25 (C), 134.47 (CH), 132.79
(CH), 131.97 (CH), 131.94 (C), 130.08 (CH), 129.42 (CH),
129.34 (CH), 128.59 (CH), 127.94 (C), 126.44 (CH), 121.95

(CH), 100.06 (C), 85.63 (C). MS (DART") m/z (%): 326 (8)
[M*+18], 309 (100) [M*+1], 291 (36) [MT—OH], 265 (24)
[M*—COOH]. MSHR calculated for C,oH,,Cl0,: 309.0707,
found 309.0697.

2.4 (2E,4Z)-5-(4-bromophenyl)-7-phenyl-
hepta-2,4-dien-6-ynoic Acid (3c)

A yellow solid was obtained. Chromatography column
(hexane/ethyl acetate), mp 208-210 °C. IR (KBr, cm™)
Vimax: 2925 (COO-H), 2201 (C=C), 1679 (C=0) and 1608
(C=C). '"HNMR (300 MHz, Acetone-dg): 6 (ppm) =10.83
(s, COOH), 8.05 (dd,J=15.3 Hz,J=11.4 Hz, 1H, CH), 7.87
(ddd, J=6.6 Hz, J=2.7 Hz ] =1.8 Hz, 2H, CH), 7.69-7.64
(m, 7.32, 4H, CH), 7.52-7.45 (m, 4H, CH), 6.32 (dd, J=15.3
Hz, 1=0.9 Hz, 1H, CH). '3C NMR (75 MHz, Acetone-dy):
0 (ppm)=166.74 (C=0), 141.45 (CH), 135.83 (C), 132.01
(CH), 131.84 (CH), 131.61 (CH), 129.42 (C), 128.80 (CH),
128.72 (CH), 128.43 (CH), 124.83 (CH), 122.92 (C), 122.25
(CH), 100.05 (C), 85.09 (C). MS (DART") m/z (%): 371
(5) [M*+18], 353 (40) [M*+1], 274 (50) [M*-Br], 230
(100) [M*—COOHBr]. MSHR calculated for C,oH,,BrO,:
354.0255, found 354.0263.

2.5 Doping of (2E, 42Z)-5, 7-diphenylhepta-2,
4-dien-6-ynoic Acids

Indium(III) phthalocyanine chloride was used in this study
to obtain molecular semiconductors. They were purchased
from a commercial source and required no further purifi-
cation. A series of three semiconductors were doped by a
simple reaction in absolute methanol between 3a, 3b, 3¢ and
In(II1)PcCl in a conventionally heated reactor (Monowave
50) with a pressure sensor. The reactor was operated with a
borosilicate glass vial and manually closed by a cover with
an integrated pressure (0-20 bar) and temperature sensor.
663 mg (1 mmol) of In(II1)PcCl was added to 292 mg (1
mmol) of 3a or 308 mg (1 mmol) of 3b or 353 mg (1 mmol)
of 3¢, respectively, and dissolved in methanol. These were
kept in the reactor for 30 min and cooled by lowering the
pressure and temperature of the system. The doped semi-
conductor was filtered, washed with methanol/water (1:1)
and dried in vacuum. Structural characterization of these
semiconductors was performed by energy-dispersive X-ray
(EDS), infrared (IR) and ultraviolet-visible (UV-Vis) spec-
troscopies. A ZEISS EVO LS 10 scanning electron micro-
scope was coupled to a Bruker microanalysis system and
operated at a voltage of 20 kV and a focal distance of 25 mm.
IR analysis was carried out using a Nicolet iS5-FT spectro-
photometer and a Unicam spectrophotometer model UV300
in the wavelength range of 200-1100 nm was employed for
UV-vis spectroscopy. The electrical behaviour of doped
semiconductors was evaluated using the four-tips collinear
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method with equal spacing and inline over simple structures.
The structures was fabricated on glass substrates coated with
a tin-doped In,0; (ITO) film. Subsecuently buffer layer of
poly(3,4-ethylenedioxythiophene)poly(styrenesulfonate)
(PEDOT:PSS) were deposited by spin-coating aqueous pol-
ymer solutions, with added organic semiconductors. Film
deposition was carried out in a Smart Coater 200 in the fol-
lowing two-step process: 300 rpm for 7 s, followed by drying
at 110 °C for 30 min. ITO/PEDOT:PSS act as anode, the
doped semiconductor acts as the active layer and finally, a
top Ag contact was deposited as cathode. The /(V) behaviour
were obtained using a sensing station with lighting control-
ler circuit from Next Robotix and an auto-ranging Keithley
4200-SCS-PK1 pico-ammeter were employed.

3 Results and Discussion

3.1 Synthesis and Characterization of Dienynoic
Acids as Conjugated Semiconductors

We started the study with the reaction of 1-(4-fluorophenyl)-
3-phenylprop-2-yn-1-one (see Fig. 1). One mmol 1a in dry
dichloromethane at 0 °C was added to 1.1 mmol of BF;Et,0.
The formation of a brown solution was observed after 30
min, and subsequently was added an 1.0 mmol of ketene
acetal 2 reacted for 4 h at 0 °C. Then, the product of the reac-
tion was washed with distilled water to remove boron waste
and it was subjected to an extraction process with 3 X 15
mL of dichloromethane. To ensure high purity, needed for
use of this compound as a semiconductor, purification of
the organic phase was carried out by column chromatog-
raphy with a hexane-ethyl acetate elution system. The cor-
responding (2E,4Z)-5-(4-fluorophenyl)-7-phenylhepta-2,4-
dien-6-ynoic acid 3a was obtained as a yellow solid in 27%
yield. According to their physical data, the observed product
results from the nucleophilic addition of the ketene acetal 2
to carbonyl of the ynone 1a. In the "H NMR spectrum of 3a,
can be identified by the signal appearing at 8.01 ppm, which
corresponds to the methine H13, which appears at a high fre-
quency due to the electronic desprotection by being between
double bonds, the multiplicity presented as a signal double

Fig. 2 Push-pull systems of (2E, 4Z) dienynoic acids
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of doubles is due to their interaction with the methines H12
and H14. Likewise, the signal corresponding to H12 can be
observed at 7.41 ppm, as a double signal with a coupling
constant of J=11.1 Hz. The proton H14 appears also with
as double signal to 6.24 ppm, with coupling constant of
J=15.3 Hz. The value of both constants gives information
about the configuration of the system, because by being the
methines in trans position, the stereochemistry of the mol-
ecule most be (E, Z), confirming that the thermodynamic
product is obtained. Another characteristic signal of the
system is the wide signal at 10.80 ppm, which corresponds
to the proton of the carboxylic acid. The other signals cor-
respond to the two aromatic systems, both the disubstituted
and the monosubstituted. The '*C NMR spectra confirmed
the incorporation of a carboxylic acid by the signal appear-
ing at 166.88 ppm and the signal at 99.93 ppm and 85.41
ppm correspond to the alkyne. These signals give certainty
that the triple bond was not compromised in the process of
nucleophilic addition of the ketene acetal to the ynona 1a,
which is of great benefit since there is a conjugated system
and the presence of a halogen allows for a push-pull system
(Fig. 2), where the carbonyl can pull electronic density, and
the triple bond can donated electronic density for compen-
sate in part the electronic delocation. Since the halogens
have the particularity to be an electron donating group by
resonance and electron withdrawing group by inductive
effect, they can be generated a molecule with semiconduc-
tor properties behaviour.

To carry out a more precise elucidation of the structure
of 3a, an IR spectroscopy study took place. In the spectrum,
the presence of functional groups in the molecule in ques-
tion could be observed. The vibration correspondent to car-
boxylic acid COO-H is observed in 2968 cm™!. The triple
bond was evident with a low intensity band at 2191 cm™ L
typical of an internal alkyne. The bands correspondent to
stretch vibrations for a double bond C=0 of carboxylic
acid appears at 1679 cm™! and the vibrations of the doubles
bonds C=C are observed 1606 cm™". Due to the intensity of
this band, it is possible that the signal of both double bonds
overlapped, it is possible to mention that corresponds to a
conjugated dyeno, since it’s in the characteristic zone for
this type of systems. Additionally, the mass spectrometry

Pull
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analysis by means of the DART™ technique was carried
out, observing the base peak at 293 m/z, corresponding to
[M + 1] when using an indirect ionization method. Access is
given to the molecular ion plus a hydrogen and the molecu-
lar ion plus ammonium [M + 18], which is obtained in the
peak at 310 m/z. Peaks of higher m/z ratios are not observed.
This suggests that compound 3a presents a high degree of
purity. Finally, the peaks observed by HRMS (DART™) at

293.1050 m/z confirmed the expected masses, in accordance
with their calculated mass of 293.1056 and the molecular
formula of C,4H,,FO,. Suitable X-ray quality crystals of 3a
were grown through slow evaporation of an ethyl acetate/n-
hexane solvent mixture at room temperature. The structure
of 3a was verified by X-ray analysis (Fig. 3a; Table 1). 3a
showed a special group P 21/n in a monocyclic crystalline
system, and the structural disposition showed the formation

(a)

01 (b)

Fig.3 ORTERP of structure of (a) 3a and (b) 3c. Thermal ellipsoids at 50% probability level

Table 1 Crystal data and

structure refinement for 3a and

3c

Compound 3a 3c

Empirical Formula C,oH,5FO, C,oH,3BrO,
Formula Weight (g mol~") 292.29 353.20

Cristal size (nm) 0.374x0.230%x0.217 0.36x0.18%x0.18
Color Yellow Yellow

Cristal system Monoclinic Orthorhombic
Space group P21/n Pna2

a(A) 5.9471(3) 13.6906(16)

b (A) 21.8990(9) 31.234(4)

¢ (A) 11.8841(5) 7.6144(8)

a®) 90 90

p©) 98.818 90

7y (©) 11.8841 90

V(A% 1529.44(12) 3256.0(6)

D,y (g cm?) 1.269 1.441

Z 4 8

Number of collected reflections 27333 35969

Number of independent reflections 4287, R;,= 0.0540 9482, R;,,= 0.073
Maximum and minimum transmission 0.959 and 0.9705406 0.63 and —0.33
Data/restraints/parameters 8/30/16 8/30/16

Final R indices [[>26>1)]
R indices (all data)
Absorption correction method

R=0.0540 wR2=0.1241
R=0.0996 wR2=0.1499
Multi-scan

R=0.053 wR2=0.109
R=0.0996 wR2=0.1499
Multi-scan
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of dienynoic acid in conformation (E, Z). Geometric param-
eters of the bond distance for C-O in carbonyl and hydroxyl
showed good differentiation, with a distance of 1.242(19)
A for the carbonyl and 1.289(2) A for the hydroxyl. On the
other hand, the bond distances of alkenes show a slightly
difference respect to their elongation, being the nearest to
the carboxyl, that of shorter length 1.327(2) A, respect to the
other double bond of 1.352(2) A. However, both bond dis-
tances are in the range of acceptable parameters for a double
bond. With respect to the triple bond, it has a length of C=C
of 1.196(2) A, very coherent distance for this type of bond.
Also, the intermolecular interactions that these molecules
present can be analysed, making the hydrogen bridge type
interaction evident between the hydroxyl of a carboxylic acid
and the carbonyl of the same molecule O,—H,,-0O,, with
distance of 1.09(2) A. Finally, an intermolecular interaction
can be observed, now between the oxygen of a carboxylic
acid with the proton of one of the aromatic rings of another
molecule (C;,—H,,—0O,), with an elongation of 0.93 A. These
types of interactions are common in molecules of carboxylic
acids due to their trend to form dimers in their crystalline
structure.

Subsequently, we explored this reaction of due different
aryl ynones 1 bearing CI and Br substituents reacted with
2, which led to the formation of compounds 3b and 3¢ (see
Fig. 1) in yields of 63% and 75%, respectively. Both syn-
thetized dienynoic acids showed similar properties, even
when the halogen atom was changed. All are yellow crys-
talline solids, with low solubility in polar solvents such as
ethyl acetate, ethanol, and methanol. This could be because
the carboxylic acids tend to form dimeric structures, which
provides stability to their crystalline lattice. In the ORTEP
projection of compound 3¢ shown in Fig. 3b; Table 1, the
formation of an intermolecular dimer can be seen. How-
ever, the use of polar solvents, not protic solvents, such as
dimethylformamide or dimethylsulfoxide, allows for proper
solubility, perhaps because this type of intermolecular inter-
action is diminished by providing excellent solvation. On the
other hand, the melt points were measured; all acids have
high thermal stability with melt points around 200 °C (188,
182, and 200 °C for 3a, 3b, and 3c, respectively). Since the
physical properties of compounds 3b and 3c are similar,
only the crystalline structure of 3¢ will be described and
analysed by X-ray diffraction (XRD) (Fig. 3b; Table 1). The
proper monocrystal was obtained from an n-hexane-ethyl
acetate solution. The structural arrangement showed the
formation of dienynoic acid with (E, Z) conformation of
the double bonds. Crystallized in a special group (Pna2,) in
an orthorhombic crystalline system, the geometric param-
eters of the bond distances for C-O of the carbonyl and the
hydroxyl show good differentiation to a 1.257(6) A distance
for the carbonyl and 1.286(7) A distance for hydroxyl. On
the other hand, the bond distances show slight differences
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with respect to their elongation, being the nearest to the car-
boxyl, that of shorter length 1.324(7) A, respect to the other
double bond with a distance of 1.346(7) A. However, both
bond distances are in the range for the acceptable param-
eters for a double bond. With respect to the triple bond,
it has an elongation of 1.188(7) A, which is a very coher-
ent distance for this type of bond. On the other hand, the
hydrogen bond geometry shows the intermolecular interac-
tion between the carbonyl and hydroxyl (O,—H;-O,,) of two
different molecules of acid 3¢, with a distance of 0.99(6)
A and O,,-H,,~0, with a distance of 1.01(7) A. These are
characteristic of the marked tendency of the acids to form
dimers. Details about crystallographic information are pro-
vided in the supporting information.

It is important to note that all diene products were
obtained in geometrically pure (E, Z)-configurations, high-
lighting the mildness of the reaction conditions and the
simplicity of the procedure. The proposed pathway of this
Mukaiyama-type aldol reaction begins with the formation
of intermediate A by the nucleophilic addition of ketene
acetal 2 to the ynone 1; the dehydration of intermediate A
gives the corresponding dienyne B. Finally, intermediate B
can undergo hydrolysis, leading to the formation of suitable
dienynoic acid 3. Although the yield of the reaction is mod-
erated, the molecular materials obtained present high purity,
proven by the NMR, mass spectrometry, and XRD results.
Impurities in organic semiconductors for applications in
electronic devices are undesirable because they may act as
traps for charges, resulting in a decrease in average mobil-
ity. Due to the information above, two main approaches are
currently used to obtain high purity organic semiconductors:
simplification/optimization of synthetic routes or repeated
purification of the final products. The synthesis proposed in
the present study to obtain 3a, 3b, and 3c is not only simpli-
fied, but the purification by chromatography performed in
the three compounds generates the expected purity.

3.2 Doping of Semiconductors

The molecular doping carried out consisted of mixing each
acid with In(IIT)PcCl to shorten the distance between the
two species, electron-donor and electron-acceptor, and to
ease the electronic transfer between both. During doping,
the dienynoic acid was unpurified with In(III)PcCl in a way
that could favour electronic transfer by the mixed bulk het-
erojunction, (BHJ), giving place to a random distribution
between the acid and the phthalocyanine and increasing
their contact surfaces. The BHJ is formed by the mixture
of these compounds in absolute methanol, which generates
dispersed phases and interconnects one to the other, amongst
which there is a greater contact surface [45]. The supramo-
lecular interaction is through weak bonds van der Waals.
These bonds form segregated blocks with intermolecular
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overlap in which the spacing between the molecules gener-
ates bands through which conduction channels are formed.
The doped materials, named 3a’:InPcCIF, 3b":InPcCICl,
and 3c¢":InPcCIBr, were analysed by IR spectroscopy to
monitor the chemical structure of the dienynoic acid and
the In(II1)PcCl. The signs referring to dienynoic acids are
at 2968 cm™! for the vibration of COO-H, 2191 cm™! for
the internal alkyne, 1679 cm™! for the vibration of C=0,
and 1606 cm™! for the C=C bond. With respect to InPcCl,
the bands responsible for C=N appear at 1481, 1334, and
1279 cm™ !, while the bands located around 1160, 1119, and
748 cm™! result from the interaction of C—H [46, 47]. On
the other hand, from IR spectroscopy it is possible to iden-
tify the different crystalline structures, o and f3, in Pcs [48].
The a-form of Pc can be characterized by a band around
720 cm™!, while the p-form can be characterized by one
band around 778 cm™ ! [49]. Table 2 shows the characteristic
signs for each doped material, 3a":InPcCIF, 3b’:InPcCIClI,
and 3c¢’:InPcCIBr, and as can be seen, in all cases are pre-
sent a mixture of Pc, in a-form, as well as in f-form. Based
on the IR spectroscopy results, it is observed that doping
with In(IIT)PcCl was performed properly, so efficient charge
transport between both molecules joined by BHJ is expected.
On the other hand, IR spectroscopy did not detect the pres-
ence of external impurities that could affect charge transport.

The organic semiconductors 3a’:InPcCIF, 3b":InPcCICl,
and 3c’:InPcCIBr, were analysed by SEM and EDS to

Table 2 IR spectroscopy characteristic bands for doped materials.

verify the presence of the chemical elements of the doped
semiconductors. In all cases, the presence of indium, nitro-
gen, and chlorine from Pc and the oxygen and the halogens
F, Cl, or Br from dienynoic acid was found. The results of
SEM and EDS for 3b’:InPcCICl are shown in Fig. 4, simi-
lar results were obtained for the rest of the semicondutors.
The dienynoic acids and In(III)PcCl integrate the organic
semiconductors and they are responsibles for the genera-
tion of the charge carriers. The BHJ favour and increase
the contact surface acid/In(III)PcCl that contributes to the
transition of electron-hole pairs. UV-vis spectroscopy was
carried out in order to analyse the electronic transitions that
could take place within the molecular semiconductors. Fig-
ure 5 shows the absorption spectra for each dienynoic acid
pure and doped. The absorbance value is practically the
same for pure acids; however, the most significant spectral
properties are caused by In(III)PcCl and its aromatic cyclic
conjugated 18-m-electron system. The spectrum shows: the
B-band in the near UV region and the Q-band on the red side
of the spectrum. The doped semiconductors have the B-band
around 350 nm [47]. The electronic n—n* transition corre-
sponds to a B-band, which gives the fundamental absorption
edge. The B-band is due to a,,(7) — e,(z™) together with
b,,(7) — e,(x™) transitions [50]. Additionally in the UV-
vis spectra of Fig. 5a peak is observed around 650 nm, this
corresponds to the QO-band of the In(III)PcCl, assigned to
the first z-7* transition on the Pc macrocycle [47, 51]. The

Sample COO-H C=C C=0 C=C C=N C-H a-form p-form
v(cm™h v(cm™h v(em™) v(cm™") v(cm™") v(ecm™h v(cm™ b} v(cm™ b}
3a’":InPcCIF pellet 2969 2191 1678 1610 1481, 1334, 1284 1163, 1118, 748 720 780
3b’:InPcCICl pellet 2970 2203 1681 1608 1484, 1338, 1281 1161, 1114, 748 720 780
3c¢’:InPcCIBr pellet 2973 2206 1694 1609 1480, 1335, 1284 1162, 1117, 748 720 780

a
Energy [keV]

Fig.4 SEM image at 15000x and EDS spectrum for 3b’:InPcCICl semiconductor
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Fig.6 Absorption curves showing the transitions that correspond to optical bandgaps of dienynoic acids pure and 3a’:InPcCIF, 3b’:InPcCICl

and 3c¢’:InPcCIBr doped

(O-band is localized on the Pc ring and is sensitive to the
environment of the molecule [52]. It is possible to observe
in the spectra that around 500 nm, absorption bands are
recorded by electron donation process between the ligand
and the metal center.

In addition to obtaining the Q and B bands, UV-vis spec-
troscopy was used to obtain the optical bandgap (E,). The
bandgap characterizes the electronic behaviour of the mate-
rial, in organic semiconductors, the difference in energy
between the HOMO (highest occupied molecular orbital)
and the LUMO (lowest unoccupied molecular orbital), or
Eg, is located around 1.5-4.0 eV, which makes charge trans-
port possible and thus their use in optoelectronic devices.
The E, of each dienynoic acid doped was obtained using
Tauc’s semi-empiric method, used for amorphous semi-
conductor [53]. The E, was obtained from (i) the evalua-
tion of absorbance and transmittance from UV-vis spec-
troscopy, (ii) the calculation of absorption coefficient (o)
and (iii) the calculation of photon energy (hv). E, should
be determined by extrapolating the linear trend observed
in the spectral dependence of (ahv )2 = f(hv) over the axis
of photon energy [53] (see Fig. 6). Table 3 shows the E,
values obtained of each dienynoic acid doped. It should be
mentioned that to determine the effect of In(II)PcCl, the Eg

@ Springer

Table 3 Optical bandgap (E,)

. - Sample E, (eV)

for pure and doped dienynoic g
acids 3a 2.60

3b -

3c 2.35

3a":InPcCIF 1.70

3b':InPcCICl 2.60

3c":InPcCIBr 1.41

for compounds 3a, 3b, and 3¢ without doping was obtained.
It is important to observe how the In(III)PcCl and the BHJ
significantly diminishes the value of E, from 3a”:InPcCIF
and 3¢”:InPcCICl, from values between 2.35-2.6 eV
obtained for pure compounds to values near 1.4—1.7 eV for
the same compounds but now with Pc doping. In the case of
3b the presence of In(III)PcCl is evident, since apparently
the behavior of acid 3b changes to semiconductor with 2.60
eV bandgap. E, for molecular semiconductors has typical
values between 1.5 and 4.0 eV, so the results obtained are
within the expected range. However the evaluation of the
electrical behavior of the organic semiconductors provides
complementary information to establish the usability or non-
usability of this molecular semiconductors in optoelectronic
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applications. Until now it has been considered that the
molecular semiconductor 3a’:InPcCIF, 3b’:InPcCICl, and
3c¢":InPcClIBr are in equilibrium; however, besides evaluat-
ing their electric behaviour in dark conditions, they were
illuminated with electromagnetic radiation in order to carry
out the excitation of charge carriers and for each absorbed
photon, generating an electron-hole pair. Additionally,
thanks to the BHJ inside the semiconductor doped, there
is a transfer of carriers from one semiconductor to another
(from dienynoic acid to In(II[)PcCl), which is verified from
the Eg values obtained (reported in Table 3).

The current-voltage I(V) relationship of each molecu-
lar semiconductor was evaluated using ITO/PEDOT:PSS
as the anode [54, 55], 3a’":InPcCIF, 3b':InPcCICl and
3c¢":InPcCIBr as the active layer and Ag as the cathode.
From (V) evaluations in lighting conditions as well as in
dark conditions, the current density (J) transported in each
structure was determined. The forward and reverse biased
J(V), characteristic of the structures at room temperature,
are exhibited in Fig. 7. Figure 7a shows the J(V) graphic
for the ITO/PEDOT:PSS/Ag structure in order to establish
a comparative study between 3-InPcCl semiconductors
and the PEDOT:PSS. It is evident that the presence of the

T T T
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doped semiconductor 3-InPcCl modifies the transport prop-
erties. The J(V) graphs of the structures with active layers of
3a’":InPcCIF and 3b":InPcCICl (Fig. 7b and c, respectively)
in the dark and under illumination show the typical form of
organic semiconductors in diode-type devices. It is worth
observing how the curves obtained under lighting conditions
show higher current transported at voltages greater than 0.5
V, which indicates slight photovoltaic behaviour. The shape
of the curve is usually related to imbalances in charge mobil-
ities [56] the presence of interfacial poles [57] energy barri-
ers in the interphase with the active layer and the electrode
[58-60], as well as limitations in the charge transport [61].
In the present study, it is considered that the shape of the
J(V) curve added to the slope change in 0.8 and 0.5 V for the
structures with the layer 3a’:InPcCIF and 3b’:InPcCICl,
respectively, is an indication of the change of charge trans-
port regime from ohmic at low voltages, to the controlled
by a current type SCLC (space charge limited current). This
change in the charge transport regime is associated with the
charge accumulation inside the structure. Although, accord-
ing to the graphics of Fig. 7, the rectification mechanism
is not present in the structures; asymmetry is observed in
the curves, which indicates the importance of the electrodes
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Fig.7 J versus V plot of the (a) PEDOT:PSS, (b) 3a":InPcCIF, (c) 3b’":InPcCICl and (d) 3¢':InPcCIBr
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used as the cathode and anode because the electronic trans-
port changes slightly. Since the change in semiconductor
3a’:InPcCIF and 3b":InPcCICl is not significant, it could
be assumed that their behaviour is ambipolar. With respect
to the structure manufactured from the dienynoic acid with
bromine 3¢’:InPcCIBr (see Fig. 7d), insulating behaviour
is observed by exchanging the polarity of the structure. Yet,
in the third quadrant of the graphic, the behaviour is ohmic.
Finally, it is possible to observe that although the differ-
ences are small, the structure 3b':InPcCICl is the one that
transports highest current density.

4 Conclusions

The new (2E, 47)-5, 7-diphenylhepta-2, 4-dien-6-ynoic
acids were chemically and structurally synthetized and
characterized. These compounds were doped with In(IIT)
PcCl in order to generate molecular semiconductors. The
optic bandgap of these semiconductors was evaluated by
UV-Vis spectroscopy, and the values found ranged from 1.4
to 2.6 eV. When comparing the optical bandgap of the doped
semiconductors to the bandgap of pure acids, a decrease
in the bandgap values is observed. The heterojunction with
In(IIT)PcCl diminishes the value of E,. With the doped
semiconductor obtained were manufactured structures of
disperse heterojunction which later were enhanced in their
electric behavior. A behaviour ohmic at low voltages and
Space Charge Limited Current (SCLC) at higher voltages
was observe from the study J(V) carried out. However in all
cases, the behaviour of the structures is similar to an organic
diode and the (2E, 47)-5, 7-diphenylhepta-2, 4-dien-6-ynoic
acids can used in optoelectronic devices.
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