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Sensoric properties of aromatic and heterocyclic
compounds with conjugated bonds
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Dipyridyldiketopyrrolopyrrole and phenylpyridyldiketopyrrolopyrrole were investigated in terms of
the effect of acid vapour on their properties, in comparison with diphenyldiketopyrrolopyrrole. Materials
were deposited by vacuum evaporation in the form of thin films ca. 100 nm thick. Reversible changes of
UV-VIS absorption spectra as well as those of IR absorption spectra when treated with acid vapour were
tested. The explanation for the protonation of the ternary nitrogen atom in the pyridyl ring was found. The
conductivity measured in a gap electrode arrangement increased by 5 to 6 orders of magnitude. All
changes remained stable, unless the sample was regenerated by annealing at 170 °C and the entire process
was fully reversible. The compounds exhibit good thermal and chemical stability and are suitable as
detector materials in sensors of acids, vapours, and hydrogen.
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1. Introduction

The future expectation of the hydrogen based economy will necessitate a vast de-
mand for devices that operate on hydrogen, including new sensors. The main draw-
back of modern sensors is the need for extra energy for hydrogen dissociation.

A comparative study of acid protonation of three diketopyrrolopyrrole (DPP) de-
rivatives shown in Table 1 was performed. Derivatives of DPP compounds are widely
used as colorants in the paint industry, especially as red pigments for automobile top-
coat paints of various tones. The compound 1,4 diketo-3,6-bis phenyl-pyrrolo-[3,4-
c]pyrrole (U4), specified also as DPP Scarlet EK (manufacturer Ciba-Geigy, name
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— Iragazin DPP Scarlet EK) [1] or as the pigment Red255, is the simplest, from which
the other compounds are derived.

Table 1. Series of investigated compounds with maximum thermal stability 7,

U4

1,4 diketo-3,6-bis phenyl-pyrrolo-[3,4-c]pyrrole (DPP)
diphenyldiketopyrrolopyrrole

T,,> 300 °C

U34
1,4 diketo-3-phenyl-6-(4’—pyridyl) pyrrolo-[3,4-c]pyrrole
T,,> 300 °C

u3s

1,4 diketo-3,6-bis (4’ —dipyridyl) pyrrolo-[3,4-c]pyrrole (DPPP)
dipyridyldiketopyrrolopyrrole

T,,>220°C

In 1993, Mizuguchi [2] noticed a colour change in the colorant diketo-
dipyridylpyrrolopyrrole (DPPP) when the pigment dispersed layer in polymer was
prepared at higher temperatures. It was found that traces of protons evolving from the
polymer matrix were captured by three-valent nitrogen. A range of organic molecules
exist containing three-valent nitrogen atoms with a high proton affinity. In the case of
diketopyrrolopyrrole derivatives with pyridyl, piperidyl or a morpholinyl ring, we
obtain a pigment that can change colour after protonation [2]. These materials are also
semiconductive, thus protonation can influence their conductivity. It has already been
observed in the case of a pyridyl derivative [3]. The protonation itself is tested in acid
vapours, because in an acid water solvent the shielding effect of water molecules pre-
vents proton penetration to active centres in the DPP film. Protonation in real hydro-
gen gas is possible only after dissociation of hydrogen molecules. It proceeds on the
catalyst surface of a noble metal such as platinum or palladium [3]. The presence of an
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electric field promotes hydrogen dissociation, so the clusters of non-conductive cata-
lyst layer between gap electrodes have to be fabricated. The catalyst can be sputtered,
evaporated or galvanically electrodeposited using anodic alumina templates [4] or
simply spread by Pd nanoparticle suspension.

The mechanism of enhancement of the material conductivity is based on the donor
function of a protonated quaternary nitrogen in a pyridyl ring. The electron contributes
to the conductivity after hydrogen capture. The process is reversible; thermal hydro-
gen evolution brings the conductivity back to a low value [5].

2. Experimental

A comparative study of acid protonation of three DPP derivatives shown in Table 1
was performed. The compound U04 (3,6-diphenyl-2,5-dihydro-pyrrolo[3,4-c]pyrrole-1,4-
dione) is a commercial pigment. This sample was prepared according to previous work
[6]. Synthesis of the derivative U35 (3,6-di-pyridin-4-yl-2,5-dihydro-pyrrolo|3,4-
c]pyrrole-1,4-dione) was carried out in compliance with the patent literature [7].

Synthesis  of  3-phenyl-6-pyridine-4-yl-2,5-dihydro-pyrrolo[3,4-c]pyrrole-1,4-
dione [8—10] (U34 derivative) was carried out as follows: tert-amyl alcohol (165 ml)
and 3 g (0.13 mol) of metallic sodium were charged into a 500 cm’ flask equipped
with a stirrer, a reflux condenser, a thermometer and a nitrogen inlet. Metallic sodium
was dissolved under the reflux in the presence of a catalytic amount of FeCl; (it takes
approximately 2 h), whereupon 6.7 g (0.064 mol) of 4-cyanopyridine was added. After
that, 15 g (0.064 mol) of pyrrolinone ester [11] (in small portions) was continuously
added over a total time of 15 min. This mixture was stirred and refluxed for 2 h. The
reaction suspension of U34 sodium salt was cooled to 60 °C, and 100 cm® of methanol
together with 10 cm’ of acetic acid were added to protolyze it. The dark red suspen-
sion was again refluxed for 1 h and then filtrated after cooling to room temperature.
The filtrate cake was dispersed in 300 cm® of methanol and refluxed again for 1 h. The
final product was filtrated off, washed with 100 ml of methanol and hot water. Yield:
5.15 g (28%) compound U34. MS analysis of U34 gave M = 289; negative ion MS:
m/z =288 [M + H]", 100%. NMR: 'H chemical shifts: 11.15 (2H, br. s, NH); 8.84 (2H,
m, H-orto Py); 8.55 (2H, m, H-orto Ar); 8.35 (2H, m, H-meta Py); 7.65 (3H, m, H-
meta + H-para Ar) °C chemical shifts were not determined, due to a very low solubil-
ity of the sample.

Thin films of DPP derivative materials were prepared by vacuum evaporation. The
compounds were available in a powder form. Products composed of heterocyclic rings
without alkyl chains bonded to the molecule appear to be poorly soluble in organic
solvents and they cannot be deposited from solutions. They exhibit, however, good
thermal resistance against pyrolysis and can be sublimed. Substrates were selected in
the following way: high resistivity silicon wafers were used for FTIR spectroscopy,
quartz glass for optical measurement, and glazed alumina plates for electrical gap ar-
rangement. The deposition of the active DPP layer was carried out in a vacuum coat-
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ing facility with the ultimate pressure of 1x10* Pa pumped by a diffusion oil pump. A
crystal thin film thickness monitor was used for the deposition control. Thin films of
100 nm thickness were deposited on the selected substrates. The material was pressed
into pellets 5.8 mm in diameter and about 1 mm high, typically having the mass of
about 30mg, which was the proper amount for producing a 200
—300 nm thick layer without excess waste. The evaporator was home-designed in or-
der to minimalize possible decomposition, droplet creation, cluster sputtering, wastage
and irradiation damage of the fabricated film. The shape of the molybdenum boat was
optimized to focus the irradiation onto the pellet, thus it reduced the required heating
power (Fig. 1). This procedure allowed a steady sublimation and deposition rate,
without sputtering of bigger clusters or drops, in the case of non-melting material. It
also improved ease of manipulation and general cleanliness— no powder was sputtered
into a vacuum chamber. The thickness, checked by elipsometry, was typically 100 nm.
The deposition rate was typically 0.2-0.5 nm/s. The 10 um gap was fabricated by
aluminium contacts deposited by evaporation through a 10 pm tungsten wire mask.
(Fig. 2). Glazed corundum prefabricated substrates with firm gold contact layers for
wire soldering and electrical shielding were used.

The samples were then analyzed using a scanning electron microscope (SEM) FEI
QUANTA 200. No grain structure was observed at a scale of 50 nm resolution, so the
surface appeared uniform. A NICOLET IMPACT 400 FTIR spectrometer was used
for scanning IR spectra, and a Varian UV-VIS-NIR spectrometer was used for scan-
ning UV-VIS spectra.

Fig. 1. Vacuum evaporation by radiative Fig. 2. Samples of DPP gap structure (10 um) on
heating of the material pressed into a pellet a glazed alumina plate with aluminium deposited contacts

3. Results and discussion

The effect of HNO; vapour treatment on thin film material was observed in
changes of UV-VIS spectra, IR spectra and gap electrical conductivity. The investi-
gated compounds (Table 1) in layers were first placed in a quartz cell and their ab-
sorbances in hydrochloric acid were measured. The attempt with acid aqueous solu-
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tions of various pH brought only a weak spectral shift in the case of the U35 sample. It
is explained by water molecules shielding protons, which means that the protons can-
not penetrate into active centres of the film where they could be captured by quater-
nary nitrogen. Only acid vapours had a significant effect. Nitric and hydrochloric acids
produced a very similar effect. Vapours of organic acids such as acetic acid and formic
acid were tested and the results were similar but they damaged the layers by dissolving
them quickly.

O U35_1_a asgrown
20 F ® U35_1_b HNQ, vapour treatment
A U35_1_dannealed at 170 °C
® U35_1_e repeated treatment
U35_1_f annealed at 190 °C
15 F U35_1_i annealed at 210 °C
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Fig. 3. Layer U-35. Absorption affected by vapour of nitric
acid treatment and subsequent annealing
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Fig. 4. Sample U34. Absorption affected by vapour of nitric acid
treatment and subsequent annealing
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Thin film samples of U34 and U35 react, in an etching dish, with HNO; vapour by
changing their colour from vivid red to violet under the same conditions. A very similar
reaction was observed in hydrochloric acid vapour. A U4 sample was taken as a reference
with a similar absorption spectrum, where no detectable changes were observed.

Absorption spectra of thin film samples of U4, U34 and U35 on quartz glass sub-
strates in the UV-VIS region were recorded. The results are presented in Figs. 3 and 4.
The spectra of U4 sample are not presented, as they did not change in the presence of
acid vapour. The effect proves that the quaternary nitrogen in the pyridyl ring is re-
sponsible for the absorbance variation. The nitric acid vapour treatment causes irreversible
changes in the spectrum, which cannot be removed by the subsequent exposition to air
— spectrum (b) in Fig. 3. This means that the acid vapour is firmly bonded and cannot be
released at room temperature. Weak absorption decrease can be caused by pinhole damage
in the layer or scratching. The annealing to 170 °C leads to spectrum (d). A certain initial
formation is present because the initial, as-grown layer spectrum (a) was not recovered. By
repeated treatment and annealing, the recovered spectra switch between (b, d) and (e, f, 1)
regions and the effect is fully reversible if damages are negligible. Also the shape of the
recovered spectrum differs from the initial one (a). This can be explained only by a
structure change. The qualitative, permanent change in the U35 case (curves a—i) can
be due to crystallographic dimorphism of the compound, as described by Mizuguchi et
al. [3] and a change of the ratio of the amounts of the two phases by annealing. All
thin films were also observed under a scanning electron microscope. The grain struc-
ture of 0.1-1 pm with regular shapes as well as X-ray diffractograms are the evidence
of crystallinity. These results will be presented elsewhere.

Sample U34 (Fig. 4) behaved very similarly, with the exception of a qualitative
permanent change: the initial forming equivalent to thinning is observable but does not
change the character of the spectrum. The acid treatment represents spectrum (b), the
relaxation confirming stability for four days spectrum (c) and annealing change spec-
trum (d). It was then fully reversible and switched between curve (c) and (d) in Fig. 4
similarly as in the case of U35. X-ray diffractograms as well as the scanning electron
microscopy show unimorphism.

The HNO; treatment also caused some changes in the IR absorption spectra. First,
the U4, U34 and U35 samples were deposited with a thickness of 300—500 nm on high
resistivity silicon substrates. The comparison of their absorbances was related to
maximum equal to 1 at 1640 cm™' corresponding to keto-oxygen bond and 1610 cm '
corresponding to N—H bond, which is also called amide II band [12]. These are the
strongest absorption bands due to the largest electrical dipole moment in the molecule
(Fig. 5). Substitution of the phenyl ring with the pyridyl ring has a slight effect on
amide II band shift — single substitution in compound U34 from 1610 to 1595 cm'
and double substitution in compound U35 further to 1585 cm ', Other bands in the
fingerprint region are weak due to smaller dipole moments and do not differ much for
all three compounds. Only a small shift to lower energy oscillations with pyridyl sub-
stitution is apparent.



Sensoric properties of aromatic and heterocyclic compounds with conjugated bonds 655

1.0
1.0 u4
us4
8 — U35
€ o
g 205 ©
g S e
Sos} ﬁ
o
123
Q
<
0.0 | &

500 1000 1500
Wavenumber [cm™ ']

Fig. 5. IR spectra of compounds U4, U34 and U35

HNO; treatment of the U4 layer as a reference did not bring any visible changes in the
IR spectrum. U34 layer showed significant increase of intensities of vibrational modes at
1320, 1460, 1500, 1530, 1630, and 1680 cm ™' as well as layer U35 even more consider-
able. This is explained by the higher dipole moment of the molecule when an N atom is
charged by a proton and the remaining electron is captured in the central part of the mole-
cule. A detailed analysis did not show any shift in the absorbance peak, as is apparent from
Figs. 6, 7 but only their growth. This means that the oscillations are strengthened by
charge redistribution and hence increase the electrical dipole moment in the molecule. In
U35 case there appeared two strong new peaks at 1630 and 1680 cm ™' related to protona-
tion which might have included weak peaks or shoulders at U34. This effect is not under-
stood. The protonation — annealing process was fully reversible, as can be seen from the
third spectrum scanned after recovery by annealing at 170 °C.
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Fig. 6. Influence of HNO; treatment on IR absorption of U35 sample
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Fig. 7. Influence of HNO; treatment on IR absorption of U34 sample
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Fig. 8. Effect of HNOj treatment on conductivity Fig. 9. Relaxation after acid vapour treatment
of U34 and U35 samples under 4 V of voltage load

The conductivity and photoconductivity of thin films was tested as well since its
changes under acid vapour treatment are expected. The measurements were carried out
in the surface arrangement of electrodes, the inter-electrode distance amounting to
10 um and the electrode lengths to 4 mm. The film thicknesses were equal to 100 nm.
Voltages up to 15 V have been applied; the resulting current—voltage characteristics
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were linear yielding the currents ot the order of a few pA in the case of as grown films
(cf. Fig. 8). This translates into specific conductivities of the order of 10 ' Q"m™".
Repeated measurements after acid treatment proved irreproducible. The current
permanently decreases as can be seen from the curves measured after 30 min relaxa-
tion. That is why the current was scanned at a constant applied voltage for a period of
3600 s. The current was found to decrease slow at first, as the carrier would be perma-
nently supplied until exhaustion, and then a more rapid decrease is observed (Fig. 9).
It gives evidence of more processes, affecting the current, such as decomposition of
NOj ion or quaternary nitrogen in pyridyl. The process is again reversible although

small permanent forming changes appeared. No effect of the applied voltage on the
relaxation process was observed.

The conductivity of U34 is higher than that of U35. We find it surprising as the
U34 molecule has only one functional group. But full bonding saturation in the solid
samples can play the role of some ternary nitrogen atoms. The latter could be already
saturated by intermolecular interactions and not available for protons.

The explanation of reversible variations of properties proposed by Takahashi and
Mizuguchi [2] may have the following explanation: one hydrogen ion from the acid is
captured by the nitrogen atom in the pyridyl ring, and the complex salt (R-N-
H)'(NO;)™ undergoes colour and structure change. The evolution of NO, and O, is
possible as well, while the free electron remains in the material. In the case of dissoci-
ated hydrogen, it is presumed the reaction, where instead of (NO3) ion free electron is
created, which contributes to material conductivity.

4. Conclusions

DPP pyridyl derivatives semiconductive organic pigments are able to capture pro-
tons in amine groups. HNO; vapour treatment offering protons leads to significant
optical and electrical changes that are reversible. The dipole moment of the molecule
is enhanced and increases the infrared absorption in the region 1230-1500 cm™'. UV
-VIS absorption exhibits significant growth of the absorption at 580 nm and decrease
at 470 nm that results in a colour shift from red to violet. Absorption spectrum of the
derivatives undergo hypsochromic shift. The protonation releases conductive elec-
trons, thereby enhancing conductivity by orders of 10 to 10° Q "-cm . Other side
effect as conductivity, anomalous voltage—current characteristics and time relaxations
were observed and will be further investigated. All processes described are reversible;
the material can be recovered by annealing at 170 °C and repeatedly tested. Relaxation
tests indicate the presence of at least two processes with different time constants. It is
believed that the studied derivatives can be exploited for the development of new
sensing material, especially hydrogen sensing.
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