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An unsubstituted sample, three symmetrically N-substituted samples (methyl, butyl and heptyl) and two
asymmetrically N-substituted samples (butyl and heptyl) of 3,6-diphenyl-2,5-dihydro-pyrrolo[3,4-c]
pyrrole-1,4-dione (DPP) were investigated using thermogravimetry and differential scanning calorimetry
to reveal the influence on physical-chemical properties of different alkyl chains and symmetry of N-
substitution. Stability tests revealed that in all cases the substitution brought significant destabilization
of the structure in comparison with the unsubstituted DPP molecule. It was demonstrated that the length
of the substituting alkyl chain is a crucial factor in the stability of N-alkyl derivatives; the shorter the
alkyl chain was, the less stable was the derivative. Further, the symmetrical derivates were less stable
than the asymmetrical ones. Unlike the unsubstituted DPP molecule, all the derivatives showed
remarkable sensitivity to different cooling regimes which lead to the revealing of monotropical poly-
morphism in the symmetrical butyl and heptyl derivatives crystalline structure.
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1. Introduction

Nowadays, a strong effort can be seen in seeking for high-
performance and simultaneously photo- and oxidative-thermally
stable materials used in organic electronics. Printing technology
seems to be a leading technique for cheap large scale production of
such devices. Using this technique, the layers of electronic devices
are printed employing solutions containing the active materials.
However, the increase in solubility can reversibly act on the
stability of the materials. Derivatives of 3,6-diphenyl-2,5-dihydro-
pyrrolo[3,4-c]pyrrole-1,4-dione, commonly referred as DPPs, are
potentially attractive materials for organic electronics. They belong
to important industrial high-performance pigments [1] showing
significantly high melting points with respect to other low molec-
ular pigment standards. They also exhibit remarkable resistance
against chemical, heat, light and climate influences. There is a wide
range of possible applications which have been already investi-
gated covering e.g. latent pigments [2], solid state dye lasers [3], gas
detectors [4,5] or electroluminescent devices [6,7].

The DPPs are usually insoluble in common solvents [8]. One of
the reason for their low solubility is the existence of hydrogen

* Corresponding author. Tel.: +420 5 41 14 94 85; fax: +420 5 41 21 16 97.
E-mail address: kucerik@fch.vutbr.cz (J. Kucerik).
URL: http://www.fch.vutbr.cz/home/kucerik

0143-7208/$ — see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.dyepig.2010.10.001

bondings between the H atom of the nitrogen functional group and
oxygen. The unsubstituted DPP is perfectly planar, the T—m elec-
trons stacking occurs in solid state and also contributes to their
insolubility. In order to modify the solubility, it is necessary to carry
out either the N-substitution and/or the breaking of the molecule
planarity [8]. In our previous work [7], we discussed the influence
of N-alkylation on optical properties, and the results were corre-
lated with molecule geometry calculated by quantum chemical
methods. It was found that while the parent DPP molecule
(abbreviated as DPP in this work) is perfectly planar, the N-
substitution causes rotation of the adjacent phenyl rings (see Fig. 1)
and thus reducing the effective conjugation extent. This, in turn,
causes hypsochromic shift of the absorption spectrum. Simulta-
neously, the fluorescence spectra move to the longer wavelength
region increasing Stokes shifts. The effect is more pronounced for
the double N-alkylated derivatives. Since the angle of distortion is
not dependent on the length of the substituent, no differences
between butyl substituted (DPP-B, DPP-BB) and heptyl substituted
derivatives (DPP-H, DPP-HH) were found [7].

The stability and behavior of physical structure of photo-sensi-
tive materials which were exposed to different thermal history is
very important. In order to produce high quality devices in
a controlled way, knowledge about the crystallinity, and poly-
morphism seems to be crucial. Since physical properties of
polymorphs can significantly differ, polymorphism can cause
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Fig. 1. The basic structure of 3,6-diphenyl-2,5-dihydro-pyrrolo[3,4-c]pyrrole-1,4-dione
(DPP), also known as DPP and the respective derivatives used in this study. The defi-
nition of calculated torsion angles o and B can be found in [7].

troubles in technological applications [15]. Essentially, the differ-
ence in crystal structure leads to different optical properties,
structural stability, solubility, melting temperature, enthalpy etc.
Since the crystallization of one specific polymorph is controlled by
a combination of thermodynamic and kinetic factors [9], it is
important to determine the relationship between such fraction and
the others in the polymorphs mixture.

In this study, using thermogravimetrical analysis (TGA), our
research was extended by the thermal and thermo-oxidative
stability tests and by distinguishing between processes of evapo-
ration or degradation. In fact, materials DPP and DPP-MM have
already been investigated by TGA [10]; however, the large set of
DPP materials and comparison of their properties can bring deeper
insight into the physical chemistry of such interesting pigments.
Furthermore, employing differential scanning calorimetry (DSC)
we would like to shed light on the structural variability of inves-
tigated samples after different thermal history. The obtained results
are discussed with respect to the chemical structure of the studied
molecules.

2. Experimental
2.1. Materials

Samples of the studied derivatives were synthesized in VUOS,
a.s. (Research Institute of Organic Syntheses, Inc., Rybitvi, Czech
Republic) according to the procedures described in [7,8]. One
unsubstituted sample (DPP), three symmetrically N-substituted
samples (DPP-MM — methyl group substituted, DPP-BB — butyl
group substituted and DPP-HH — heptyl group substituted) and two
asymmetrically substituted samples (DPP-B with butyl group and
DPP-H with heptyl group) were investigated in this study. Molec-
ular structures of investigated samples are depicted in the Fig. 1.

Before all the experiments had been performed, the compounds
were carefully milled in the agate mortar in order to maintain
uniform heat flow to the whole dosing of sample in both thermal
analysis methods.

2.2. Methods

2.2.1. Thermogravimetric analysis

Thermogravimetric studies were performed using TA Instru-
ments TGA Q5000 (New Castle, DE, U.S.A.) device in 100 pL open
platinum pans. The samples, typically 5 mg, were heated by using
thermal ramp of 10 °C min~! from 40 °C to 650 °C in either dynamic
atmosphere of nitrogen (thermal stability) or air (thermo-oxidative
stability). Flow rate of both gases was 25 mL min ™.

2.2.2. Differential scanning calorimetry
Calorimetric analyses were carried out employing TA Instru-
ments DSC Q200 equipped with an external cooler RCS90 allowing

experimental temperature range from —90 to 400 °C. Experiments
were conducted in open TA Tzero™ aluminum pans. The first
heating run was conducted at 10 °C min~' from 40 °C to the
temperature 5 °C lower than the degradation temperature onset
(Tonset) previously determined by using thermogravimetry under
nitrogen. In order to simulate the moderate temperature decrease,
cooling ramp of 0.5 °C min~' was applied to reach —90 °C, followed
by 1 min of isothermal stage. The first calorimetric measurement
was performed using heating ramp of 10 °C min~! from —90 °C to
the temperature (Topser — 5)°C. The second experiment was per-
formed using the same heating ramp after the rapid equilibration of
the sample down to —90 °C and 1 min of isothermal stage. It is
necessary to point out that in this case, the averaged temperature of
cooling exceeded 20 °C min~". All DSC experiments were made
under 50 mL min ! of nitrogen purge. The device was calibrated for
temperature and enthalpy using indium, tin and zinc standards
(Perkin Elmer). Additional measurement of sample DPP was carried
out also by the TA Instruments Q600 (simultaneous DSC and TGA)
under the same conditions as described above. All the records were
assessed by TA Universal Analysis 2000 software version 4.4A.

3. Results
3.1. Stability tests — thermogravimetric analysis (TGA)

TGA measurements were conducted to test the temperatures of
mass loss occurrence. These temperatures correspond either to the
temperature of degradation (Tp), evaporation (Te,) or sublimation
(Ts). The character of two latter phenomenons was revealed by DSC.
In principle, if the sample shows an endotherm on DSC record, the
sample is melted and therefore, the temperature can be associated
to evaporation. On the contrary, if DSC record does not show any
melting, the sample is solid and the process can be attributed to the
sublimation.

In order to distinguish between T; and Ty, or T, the mass loss and
its first (DTG) and second temperature derivative curves were used.
The clarification of such an approach is explained further in the
text. The typical TGA record and its DTG curve were obtained by
using conditions described in Experimental part for sample DPP-
MM and is reported in Fig. 2. In this work, the DTG is plotted in an
inverse mode to improve the illustrative quality of Figures. Since
the TGA record provides an integral piece of information regarding
the mass loss, DTG or potential second derivation allows a closer
look into the dynamics of the processes and frequently helps to
distinguish the change in mass loss mechanism.

Sample DPP showed no event on the DSC curve when we used
the temperature program reported in Experimental section.
Therefore, in order to discover potential melting at temperatures
above sublimation, the simultaneous DSC and TGA was carried out
(Fig. 3). As it can be seen on the DSC curve, no overlapping of
enthalpy processes occurred, and thus the sample cannot be melted
under conditions used in this work. The respective 1st and 2nd
derivative curves of TGA of DPP are reported in Fig. 4.

The results obtained from DTG records are summarized in
Table 1. All of the samples in both atmospheres showed one or two
degradation steps. If occurred, the second degradation step was
only minor and was not taken for further assessment. The onset of
a process in DTG is traditionally determined from the 1st derivative
mass loss curve. However, it is clear that the determined temper-
ature does not indicate whether the temperature corresponds to
the degradation or to the evaporation. The determined onset only
indicates the beginning of mass changes which can be attributed to
both above-mentioned processes. Therefore, the 2nd derivative was
carried out in order to enable the separation of possible overlapping
processes. An example of such a separation for sample DPP is
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Fig. 2. TGA heating run for the DPP-alkyl derivate DPP-MM in the atmosphere of
nitrogen. Onset temperatures are summarized in Table 1.

reported in Fig. 4. Therefore, Table 1 reports the two temperatures,
i.e. Tey (mass loss without degradation) and Tp (mass loss connected
with degradation). The only exception is the sample DPP, which
showed no melting, and therefore, had no T, but a temperature of
sublimation Ts. All Tey and T; occurred in the temperature range from
238 °C to 383 °C. As it can be seen in Table 1, thermal-oxidative
stability results (experiments in air) are similar to the thermal
stability results (experiments in N3), but generally shows a slight
shift to lower temperatures. As expected, the thermal stability of
investigated materials is slightly higher than the thermal-oxidative
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Fig. 3. Simultaneous DSC and TGA record of sample parental sample DPP.
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Fig. 4. Determination of the onset; and the onset,, i.e., distinguishing between
sublimation and degradation of sample DPP. Other samples exhibited melting and
therefore, the onset; stands for evaporation temperature in this case.

stability. Comparison of Tp showed the thermal stability of samples
in order of DPP > DPP-HH > DPP-B > DPP-MM > DPP-BB; sample
DPP-H could not be taken into account since the whole sample was
completely evaporated at 350 °C. In dynamic air atmosphere, the
thermo-oxidative stability showed following order of DPP > DPP-
HH > DPP-B = DPP-H > DPP-MM > DPP-BB. DPP-H sample was
included in this order since the thermo-oxidative stability showed
lower temperature than the T, which suggests that the degrada-
tion under air occurs earlier than the evaporation. As stated in the
Experimental part, the temperatures of T, and onsets; (see Fig. 4)
were used to design the DSC experiments (to suggest upper
temperature limit). The T; and T,,, indicating the temperature at
which the molecular vibrations overcame the weak intermolecular
interactions stabilizing structures either in solid state (DPP4) or in
melted (the rest), are ordered as follows: DPP4 > DPP-H > DPP-
HH > DPP-B > DPP-BB > DPP-MM.

3.2. Phase transitions — differential scanning calorimetry (DSC)

DSC experiments revealed additional differences in physical
structure of investigated materials. Most of the derivatives, when
heated from —90 °C expressed several phase transitions which
varied depending on the chemical structure and thermal history of
the respective samples. DSC records of selected samples are given in
Figs. 5 and 6, for samples DPP-BB and DPP-HH, respectively. Table 2
summarizes main phase transitions such as melting, crystallization
and glass transition of measured samples. Minor transitions, which

Table 1
Thermogravimetric analyses results. The onset; suggests the temperature of evap-
oration, the onset, indicates possible beginning of degradation.

Sample Purge gas Onset; [°C] Onset; [°C] Char [%wt] Steps
DPP N, 383 396 0.4 1
DPP air 356 0 1
DPP-MM Ny 238 262 3.8 2
DPP-MM air 237 0 2
DPP-B Ny 269 281 0.1 1
DPP-B air 267 0 2
DPP-BB N3 241 246 0 1
DPP-BB air 234 0 2
DPP-H N, 290 E 0 1
DPP-H air 267 0 2
DPP-HH N, 282 290 0 1
DPP-HH air 271 0 1

E — sample was completely evaporated, no degradation was observed.
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Fig. 5. Comparison of DSC records for sample DPP-BB after different cooling regime.
Moderate cooling regime was 0.5 °C per min from 200 to —90 °C, heating 10 °C per
min.

are not important for further discussion, are only described in the
next paragraphs.

DSC record of DPP sample after both moderate and rapid cooling
did not show any event at lower temperatures (Fig. 3). In contrast,
at elevated temperatures the simultaneous DSC/TGA record
showed an intensive endothermal peak with no shoulder accom-
panied by a massive mass loss which can be attributed to the
sublimation of the sample followed by degradation (cf. Table 1).

After moderate and rapid cooling DSC record of DPP-MM sample
showed endothermal melting peaks around 234 °C with melting
enthalpy around 112 | g~!, which indicates no influence on the
sample thermal history.

Moderate cooling ramp caused a tiny exotherm probably cor-
responding to the cold crystallization of DPP-B with onset at —19 °C
(enthalpy 0.43 ] g~1) and followed by an endotherm corresponding
to the melting at —8 °C (peak temperature —5 °C, melting enthalpy
0.26 ] g~ 1). Further, at 10.7 °C an endotherm appeared again indi-
cating the structure melting (peak temperature 17 °C, melting
enthalpy 0.18 ] g~ ). A glass transition with midpoint at —18 °C was
observed in the record after rapid cooling ramp.

2 T T T T T T T T T T
1} _
0 |l A
5 . |
E |l glass transition
T 2 -
=
2 r
w
6 T b
b} L
o 4L _
5 .
— after rapid cooling
6 ---- after slow cooling -
-7 1 1 1 1 1 1 1 1 1 1

-30 -10 10 30 50 70 90 110 130 150 170
Temperature (°C)
Fig. 6. Comparison of DSC records for sample DPP-HH after different cooling regime.

Moderate cooling regime was 0.5 °C per min from 200 to —90 °C, heating 10 °C per
min.

One of the most complex calorimetric results was given by the
measurement of the sample DPP-BB. DSC records after the
moderate cooling ramp resulted in three consecutive and intensive
phase transitions; melting at 120 °C (melting enthalpy 72.3 J g~ 1),
followed by cold crystallization at 124 °C (peak temperature 125 °C,
enthalpy of crystallization 38.5 ] g~') and subsequent second
melting peak at 135.2 °C (melting enthalpy 70.9 ] g !). Calorimetric
results from the experiment after the rapid cooling ramp showed
a glass transition with midpoint of 5 °C, a cold crystallization at
56 °C (enthalpy of crystallization 69 | g~1). After that, a slight
melting peak at 108 °C was detected (melting enthalpy 6.1 ] g~ 1)
followed by intensive melting at 136 °C (melting enthalpy 84 ] g~ 1),
which was observed in the experiment after moderate cooling rate
as well.

Heating run after moderate cooling of sample DPP-H resulted in
a cold crystallization at —41 °C with peak temperature of —26 °C
and crystallization enthalpy of 1.85 ] g~! followed by melting at 0 °C
and peak temperature at 2 °C and melting enthalpy of 1.09 ] g~
After rapid cooling, the DPP-H sample showed two consequent
melting peaks at —19 °C (peak temperature at —16 °C, melting
enthalpy of 0.04 ] g ') and at —12 °C (melting enthalpy of
0.24 | g 1), respectively. Both temperature regimes performed
similar melting peaks around 212 °C (enthalpies around 100 ] g~ 1).

Complicated results were obtained from calorimetric experi-
ments in the sample DPP-HH as well. After moderate cooling,
significant melting at 115 °C with peak temperature of 116 °C and
melting enthalpy of 96.3 | g~ was detected. After a rapid cooling,
a glass transition with midpoint at —22 °C was observed followed
by two cold crystallization peaks. The first crystallization peak
occurred at 25 °C, with temperature of the peak at 31 °C and
crystallization enthalpy of 37.4 ] g~ . The second cold crystallization
event was less prominent and appeared at 62 °C with peak
temperature of 71 °C and crystallization enthalpy of 30.7 ] g~ L. The
same melting peak, as observed in the experiment after moderate
cooling, was detected also after rapid cooling, i.e., the onset at
115 °C, peak temperature at 116 °C and melting enthalpy of
954]g L

In contrast to the order of T,, the temperatures of crystal
melting followed reverse order, i.e., DPP-MM > DPP-BB > DPP-
HH > (DPP). Similar order can be seen for asymmetrical samples
onsets DPP-B < DPP-H and for melting temperatures of DPP-
B > DPP-H.

4. Discussion

Table 1 indicates significant distinctions in stability and struc-
tural feature of investigated samples. First of all, there has been
observed a great difference between substituted derivates and
unsubstituted DPP. In fact, all the substituted samples were less
stable thermally (except DPP-H where stability could not be
determined) than the unsubstituted parent sample DPP. The onset
temperature of degradation 238 °C found for the least stable
derivative DPP-MM is about 145 °C lower compared to the DPP
(383 °(C). Table 1 summarizes the data obtained from TGA under
inert atmosphere and oxidative atmosphere of air. As can be seen in
several cases, the temperatures of evaporation in nitrogen are
similar to those obtained in air (i.e., DPP-MM, DPP-B and possibly
DPP-BB). That suggests that in those samples, oxygen did not play
an important role in their degradation.

The highest stability of DPP can be easily explained with respect
to its structure. As already mentioned, overlapping of w— elec-
trons between adjacent molecules occurs due to the planarity of the
molecule [8]. The compact and rigid structure is stabilized by four
intermolecular hydrogen bonds per molecule between the —NH
group of one molecule and the oxygen atom of the neighboring one
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Table 2

Comparison of results obtained by DSC measurement for samples which underwent different thermal history. For better understanding only major events are given, the rest
can be found in the text. DPP is not reported due to the absence of significant transitions.

Thermal history Sample Crystallization I Crystallization II Melting I Meting I Glass transition
Tonset [DC] AH [J g71] Tonset [OC] AH U gil] Tonset [CC] AH U gil] Tonset [cc] AH [J g71] Tmidpoint [DC]

moderate cooling DPP-MM — — - — 2344 1094 — - -

rapid cooling DPP-MM n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

moderate cooling DPP-B - - - - 2454 93.8 - - -

rapid cooling DPP-B - — - - 244.6 92.5 — - -18.3

moderate cooling DPP-BB 1239 38.5 — — 120.1 723 135.2 70.9 —

rapid cooling DPP-BB 55.5 69.0 — — 108.3 6.1 135.6 83.9 5.1

moderate cooling DPP-H — — — — 211.9 75.8 — — —

rapid cooling DPP-H - — - — 2121 74.9 — — -

moderate cooling DPP-HH - - - - 115.2 96.3 - - -

rapid cooling DPP-HH 253 374 62.1 30.7 114.7 954 — - -22.2

along the b axis [11]. This interaction further contributes to the
insolubility of the non-N-substituted DPPs. In DPP, the number of
atomic contact along the stacking axis is 9 [12]. That number
strongly depends on the character of the N-substitution of the
derivate [13]. Therefore, the existence of hydrogen bonds between
the —NH group and oxygen on the central pyrrolo-pyrrole core
additionally increases the energy needed for molecule defrag-
mentation as confirmed by T, or Ty or degradation Tp. On
the contrary, it has been stated that the torsion angles between the
central pyrrolo-pyrrole part and the phenyls are independent of
the alkyl length [7], therefore, the difference between derivates
with different alkyl length has to be related to different properties.

Remaining char observed on TGA for DPP sample confirms the
hypothesis about the degradation which follows the sublimation or
evaporation. Traditionally, the DPP pigments are deposited on
a surface at elevated temperatures. The char formation indicates
that choosing an inappropriate temperature can lead to the
pigment degradation since Ts and Tp of this sample are not signif-
icantly different. In TGA experiments the linear heating is employed
which implies that the sample has not enough time to sublimate
completely from the pan. In technological (industrial) practise this
problem can be (and usually is) solved by pressure reduction [12]. It
is clear that the processes of evaporation are relatively moderate
and since the temperature of degradation is shifted only 15 °C
higher, the deposition under vacuum is necessary.

The introduction of two methyl groups to the nitrogen atoms
breaks the planarity of the molecule [7] decreasing the strength of
H-bonds and consequently causes easier defragmentation of the
molecule. That can be identified in the sample DPP-MM which
showed the lowest onset on DTG plot. Since T,, and Tp in air are
similar, it could be expect that the temperature is associated with
sample’s evaporation. However, as suggested by TGA analysis in
nitrogen, that temperature is again either close or identical to the
temperature of sample degradation since there was a char observed
at the end of the analysis at 650 °C. In contrast, it can be seen that
N-substitution by methyl groups in sample DPP-MM caused rela-
tively high melting temperatures of present crystals (very close to
the temperature of evaporation/degradation) with the highest
melting enthalpy in comparison with other samples. Unlike the
other samples, DPP-MM was not able to be measured after different
thermal history due to the vicinity of both temperatures. The value
of melting enthalpy reported in Table 2 can also be biased by
processes occurring simultaneously.

A similar situation was observed for sample DPP-B. Unlike the
sample DPP-MM, DPP-B presents an asymmetrical derivate of DPP
which seems to increase both temperatures of evaporation and
crystal melting. Again, the temperatures of degradation determined
using TGA in both atmospheres were very close to each other

suggesting the same explanation as given for DPP-MM sample, i.e.
sample is simultaneously evaporated and decomposed above Te,.
That observation is confirmed by the presence of char at 650 °C
(Table 1).

An increase in the onset temperature was observed also for the
second asymmetrical sample DPP-H. The significant difference in
the onset temperatures obtained under different conditions indi-
cates the decrease of thermo-oxidative resistance with the
increasing length of alkyl chain. This can be interrelated to the
decrease in temperature of crystal melting in the sample. It is our
hypothesis that alkyl chains have higher molecular motion after the
crystalline structure melting and reactive gas can easily diffuse
through the sample. It is well known that aliphatic chains are
relatively unstable under a thermo-oxidative attack [14], hence, the
stability of the derivatives under study decreases with the
increasing length of alkyl chain.

Table 2 reports that asymmetrical molecules, i.e. samples DPP-B
and DPP-H did not show any response to the different thermal
history which implies a relatively easy molecular transport to form
crystals and no tendency to polymorphism. In contrast, symmet-
rical molecules with longer alkyl chains DPP-BB and DPP-HH seem
to have tendency to form different crystalline forms resulting in
occurrence of multiple peaks in DSC signal. In contrast to the
sample DPP-HH, when the DPP-BB sample was cooled rapidly,
the enthalpy of melting dropped down which indicates that the
molecular motion during the crystal formation of both samples was
disturbed by different extraneous factors. Moderate cooling of
sample DPP-BB gave melting-crystallization-melting sequence
while DPP-HH simply melted in one step and at lower temperature
than DPP-BB. When cooled quickly, DPP-HH pre-crystallized in two
steps while the onset of the first melting was at lower temperature
than that for sample DPP-BB. That implies that in the first stage the
longer alkyl chains in sample DPP-HH needed lower energy input to
re-crystallize rather than the shorter chain in sample DPP-BB.
Accordingly, inspired by melting temperatures and enthalpies of
pure alkanes, it is supposed that there is a hindrance in molecular
motion in C4Hg alkyl chain reducing the rate of crystallization.
There is a possible explanation that the DPP molecular skeleton has
an influence on the alkyl chain via van der Waals interactions. In
fact, the first carbons of alkyl chain can be affected by the presence
of neighboring electron acceptor atom having a great influence on
the molecular motion of the whole chain. The other possibility is
that the molecular motion is influenced by the whole DPP skeleton
and the C4Hg chain length is not long enough to overcome the
electrostatic interactions between adjacent DPP molecules. Since
there is a strong intermolecular interaction between oxygen lone
electron pair and hydrogen of —NH group [18], it seems that the H
atom can be substituted in its role by short alkyl chain since the
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melting of DPP-MM sample is relatively high; on the contrary, the
temperature of degradation/evaporation is very close, as a result
the H-bonds formed by —NH group is weaker and consequently
destabilizes the structure at relatively low temperatures.

Using the nomenclature of Lehman [15], enantiotropic poly-
morphism pertains two crystal forms that undergo reversible phase
exchanges between one another, while monotropic polymorphism
corresponds to two crystal forms where one — a kinetically trapped,
metastable form — undergoes an irreversible phase change to the
other thermodynamically more stable form [16]. Fig. 5 indicates
two crystalline structures present in sample DPP-BB represented by
two endothermal melting peaks. Clearly, the existence of the less
stable form depends on the rate of cooling, so it is kinetically
governed and therefore the sample crystalline structure is mono-
tropically polymorphous. In the case of sample DPP-HH (Fig. 6),
after cooling the kinetically most favorable polymorph crystallized
first and subsequently transformed into thermodynamically stable
one. Again, such behavior can be attributed to the monotropic
polymorphism.

Fruitful discussion can be held after comparison of mono-
substituted and bi-substituted derivatives. The Tps obtained for the
mono-substituted derivatives were always higher than those for the
bi-substituted. A possible explanation implies the electron donating
character of the alkyl groups. Due to the mesomeric effect between
the nitrogen and oxide atoms, the electron density is unequally
distributed over the molecule and creates a dipole. The alkylation
even increases the mesomeric effect and consequently increases the
polarity of the molecule. This can be experimentally observed as
a blurring of vibrational structure of electron spectra [7,16,17].
Therefore, the electron donating character of the substituted alkyls
increases reactivity and consequently causes easier defragmenta-
tion of the molecule. As a result the mono-substituted derivatives
are thermally more stable because of their lower reactivity.

In order to support our statement about the evaporation fol-
lowed by degradation, the DPP-MM sample was thermally treated
at specific temperatures and the sample composition was followed
by FTIR analysis (KBr pellet technique). As shown in Fig. 7, at
temperature 260 °C, i.e., 3 °C below the predicted decomposition
temperature, the sample still resembled the molecular character of
DPP-MM. At 280 °C the FTIR spectra showed a shift in intensities at
several wave numbers, and the shift continued with increasing
temperature (not shown). The attribution of peaks wave numbers

trasnmittance
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Fig. 7. Comparison of FTIR records of sample DPP-MM, and DPP-MM heated up to 260
and 280 °C. The Figure shows only selected wavenumbers range.

to bond vibrations can be found for example in [3]. It was impos-
sible to determine the exact temperature at which the change of
structure occurred since the degradation did not take part in the
whole volume of the sample. Indeed, the changes were observable
at first sight, the color of the pigment changed from red to orange at
280 °C and greenish above 300 °C.

5. Conclusion

One unsubstituted sample, three symmetrically N-substituted
samples (methyl, butyl and heptyl) and two asymmetrically N-
substituted samples (butyl and heptyl) of 3,6-diphenyl-2,5-dihy-
dro-pyrrolo[3,4-c]pyrrole-1,4-dione were investigated to observe
the influence on physical-chemical properties of different alkyl
chains and symmetry of substitution. From the point of view of
their evaporation temperature, thermal stability and thermo-
oxidative stability, it was revealed that substitution brought about
significant destabilization of the structure in comparison with
parental molecule. It was demonstrated that the length of
the substituting alkyl chain is a crucial factor in their stability; the
shorter chain the less stable derivate was obtained while
the symmetrical derivates were less stable than asymmetrical ones.
As revealed by DSC, unlike the other samples, the symmetrical
derivates indicated monotropical polymorphism. On the contrary,
DSC experiments did not reveal the presence of different crystalline
structures in DPP, although the presence of two crystalline forms
was reported [19]. It seems that the thermal agitation (and there-
fore DSC) is not a suitable manner for transformation of those
phases, it is likely that the aforementioned weak interactions are
strong enough to resist their vibration upon heating.
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