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Abstract

Azines are a class of compounds with significant potential in materials science
due to their good electronic and optical properties. In this study, a series of three
novel compounds incorporating one, two, and three azine-type bonds was syn-
thesized via an acetic acid-catalyzed condensation reaction between 9-anthralde-
hyde hydrazone (AN-2) and formylated derivatives of triphenylamine (TPA): 4-
(diphenylamino) benzaldehyde (TPA-1), 4,4"-(phenylazinediyl) dibenzaldehyde
(TPA-2), and 4,4',4"-nitrilotribenzaldehyde (TPA-3). The chemical structures
of the resulting azines (AZ-1, AZ-2, and AZ-3) were confirmed by nuclear
magnetic resonance (NMR), infrared (IR), and mass spectrometry (MS).
Their thermal properties were further investigated using thermogravimet-
ric analysis (TGA) and differential scanning calorimetry (DSC), while their
electronic properties were examined via Ultraviolet-visible (UV-visible)
spectroscopy. The results indicate that the three azines exhibit distinct ther-
mal behaviors while demonstrating good thermal stability. Furthermore,
the azine linkage between the TPA and anthracene moieties has minimal
influence on the electronic properties of the compounds, suggesting a lim-
ited conjugation effect across the azine bridge. This finding provides valu-
able insights for the design of azine-based functional materials for future
applications.

Keywords

Anthracene, Triphenylamine, Azine, Spectroscopic Analysis, Thermal
Characterization

1. Introduction

The synthesis of polyconjugated compounds is a rapidly growing and highly
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promising field of research driven by their diverse applications, particularly in or-
ganic materials [1]-[9]. This synthesis typically involves the formation of one or
more bonds that establish a connection between chromophores of the same or
different nature [10] [11]. The linkages between chromophores are most com-
monly carbon-carbon (ethylenic or acetylenic) [12] or carbon-nitrogen bonds (az-
omethine or azine) [13]. Among polyconjugated compounds featuring a carbon-
nitrogen bond, azine-based polyconjugated compounds (>C=N-N=C<) [14] re-
main significantly less explored than their azomethine counterparts (>C=N-) de-
spite similar synthetic conditions [15]. Azines are organic compounds formed by
the condensation of two aldehydes or ketones with hydrazine. They are classified
into two categories, aldazines and ketazines, depending on whether the starting
carbonyl compound is an aldehyde or a ketone [16]-[18]. Various strategies for
the synthesis of symmetrical and unsymmetrical azines have been reported in lit-
erature [19]. Symmetrical azines can be readily synthesized, either directly or in-
directly, by reacting hydrazine with excess aldehydes or ketones. However, syn-
thesis of their unsymmetrical counterparts is challenging. Selective methods for
the preparation of unsymmetrical azines have also been reported [20]. Azines ex-
hibit a wide range of interesting chemical properties, making them valuable inter-
mediates in organic syntheses. For example, they serve as key synthons for the
construction of heterocycles [21], such as pyrazoles, purines, and pyrimidines
[22]. Azines are also used to protect the carbonyl functional groups [23]. In this
context, we focused on the synthesis of polyconjugated compounds that incorpo-
rate at least one azine bond. To this end, we synthesized a series of azine-based
polyconjugated materials via condensation of triphenylamine (TPA) derivatives
with a hydrazone derived from anthraldehyde. The coupling of anthraldehyde, a
fluorophore [24] [25], with three different TPA derivatives known for their re-
markable redox properties [26]-[29], led to the formation of three novel polycon-
jugated compounds bearing one, two, or three azine bonds. The electronic and

thermal properties of the newly synthesized materials were investigated.

2. Results and Discussion

2.1. Synthesis of Azines

Three novel azines were synthesized via the acid-catalyzed condensation of hy-
drazone AN-2 with a series of three aldehydes derived from TPA. The syntheses
of these azines are shown in Scheme 1. First, the key synthon AN-2 was prepared
from anthraldehyde (AN-1) following a previously reported procedure [30]. Spe-
cifically, the condensation of commercially available anthracene-9-carbaldehyde
(AN-1) with 65% hydrazine monohydrate in absolute ethanol in the presence of a
catalytic amount of glacial acetic acid yielded hydrazone (AN-2) in 79% yield.
Three formylated TPA derivatives, 4-(diphenylamino) benzaldehyde (TPA-1),
4,4'-(phenylazinediyl) dibenzaldehyde (TPA-2), and 4,4',4"-nitrilobenzaldehyde
(TPA-3), were synthesized from TPA via the Vilsmeier—-Haack reaction, following
a previously reported method [28] [31]. The target compounds AZ-1, AZ-2, and
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AZ-3, which incorporated one, two, and three azine bonds, respectively, were ob-
tained by condensing the amine functionality of AN-2 with the formyl derivatives
of TPA (TPA-1, TPA-2, and TPA-3). The reactions were performed under stoi-
chiometric conditions in the presence of a catalytic amount of glacial acetic acid.
After recrystallization from absolute ethanol, the final compounds were obtained
as powders: yellow for AZ-1 and orange for both AZ-2 and AZ-3 with yields of
35%, 92%, and 75%, respectively.
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Scheme 1. Overall reaction in the synthesis of azines.

2.2. Structural Characterization of Azines

In the proton NMR spectrum of hydrazone AN-2, the formation of the imine
functional group is evidenced by the presence of singlets at 8.80 and 5.91 ppm,
corresponding to the imine proton and the two protons attached to the nitrogen
atom, respectively. The remaining signals corresponded to the aromatic protons
of the anthracene core. In the carbon NMR spectrum of AN-2, the carbon bearing
the imine function resonates at 140.94 ppm and was the most unshielded carbon.
These results are consistent with the IR spectrum, which exhibited a band at 3363
cm™ corresponding to the NH, group and a band at 1620.80 cm™ associated with
the CH=N imine function, confirming the formation of compound AN-2. The
formation of the azine moiety and assignment of protons in compounds AZ-1 and
AZ-2 can be demonstrated by overlaying the proton NMR spectra of AN-2 with
those of the corresponding formylated TPA derivatives (Figure 1 and Figure 2).
The proton NMR spectra of compounds AZ-1 and AZ-2 revealed the disap-
pearance of the two protons attached to the nitrogen atom of hydrazone AN-2 as
well as the aldehyde proton of the TPA derivative. This disappearance is accom-

panied by the appearance of a new imine proton, resonating at 9.93 ppm for AZ-
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1 and 9.90 ppm for AZ-2. This proton, the most unshielded proton in each spec-
trum, reflects the strong conjugation effect induced by the TPA moiety, confirm-
ing the formation of azine bonds in AZ-1 and AZ-2. Additionally, the aromatic
protons of the anthracene core (highlighted with a solid line frame) and those of
the TPA unit (highlighted with a dashed line frame) remain well distinguishable.
The formation of the azine functional group is further supported by the carbon
NMR spectra, which exhibit characteristic peaks at 162.22 and 160.97 ppm for
AZ-2 and at 162.57 and 160.49 ppm for AZ-1. In the IR spectra, the presence of
two absorption bands at 1584.48 and 1484.24 cm™ for AZ-1 and at 1589.06 and
1504.04 cm™ for AZ-2 confirms the formation of the azine bond. Final confirma-
tion of the formation of AZ-1 and AZ-2 was confirmed using mass spectrometry.
The molecular ion peaks at m/z = 476.21 and m/z = 706.29, correspond to the
protonated molecular ions [(AZ-1) + H]* and [(AZ-2) + H]*, respectively. Unlike
azines AZ-1 and AZ-2, azine AZ-3 has low solubility in conventional organic sol-
vents, which prevents the acquisition of high-resolution NMR spectra. This lim-
ited solubility is likely due to strong 7-stacking interactions between the aromatic
rings in the solution. Consequently, the characterization of AZ-3 was primarily
based on infrared spectroscopy and mass spectrometry. The IR spectrum of AZ-3
exhibits two strong absorption bands characteristic of the azine functional group
at 1592.89 and 1503.19 cm ™. Mass spectrometry confirmed the formation of AZ-
3. The presence of peaks at m/z = 936.38 and m/z = 734.29, supports its molecular
structure. The molecular ion peak at m/z = 936.38 corresponded to [(AZ-3) + H]*,
whereas the peak at m/z = 734.29 was attributed to a fragment resulting from the
cleavage of one of the N-N bonds in AZ-3. Additionally, a comparison between
the calculated and experimental isotopic profiles of [(AZ-3) + H]* further con-
firms the formation of AZ-3.
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Figure 1. Overlay of the proton NMR spectra of AN-2, AZ-1, and TPA-1.

DOI: 10.4236/ijoc.2025.152002

10 International Journal of Organic Chemistry


https://doi.org/10.4236/ijoc.2025.152002

M. Lo et al.

AN-2 H Anthracene

NH,

AZ-2

H azine \ _~-HTPA
/ -7 I
r—l l'___l‘,
Ity

| 1
1 1l 1 |
| J1 1 . i
TPA-2 : 1 : 1
CHO | : | :
| 1
1 1 .
H ! | I
H 1 N
| 1
e 2JU
1(‘).0 5‘.8 9‘.5 5'.4 ‘3'.2 SI.D HI.S B‘.G BI.4 E‘.Z Br.ﬂ 1 (7‘8 ) ?r.G 7'.4 7'.2 7'.0 Gl.B 5‘.6 624 G‘.Z 6r.0 5I.E 5‘.6
PRpmM

Figure 2. Overlay of the proton NMR spectra of AN-2, AZ-2, and TPA-2.

2.3. UV-Visible Characterization of Azines in Solution

The optical properties of azines AZ-1, AZ-2, and AZ-3 in chloroform solution
were investigated via UV-visible spectroscopy. Similar to the proton NMR analy-
sis, the spectra of AZ-1, AZ-2, and AZ-3 were compared to those of their precur-
sor, hydrazone AN-2. The UV-visible spectra are presented in Figure 3.
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Figure 3. UV-visible spectra of AN-2, AZ-1, AZ-2, and AZ-3.

The key UV-visible data for the four compounds are summarized in Table 1.
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Table 1. UV-Visible data of AN-2, AZ-1, AZ-2, and AZ-3.

Compounds A1 (hm) A2 (nm)
AN-2 260 387
AZ-1 258 392
AZ-2 258 410
AZ-3 258 416

Analysis of the UV-visible spectra revealed similar features for all four com-
pounds in chloroform, with each spectrum displaying two main absorption bands.
The first absorption band, with a maximum at A; = 258 or 260 nm, was attributed
to the 7~ 7* transition of the anthracene core [32]. The second maximum absorp-
tion band, with A, values ranging between 387 and 416 nm, corresponds to the n—
7* transition of the imine group [33]. Two key observations can be made. First,
the formation of the azine bond induces minimal perturbation of the electronic
transitions originating from the anthracene moiety. Second, a slight redshift in 1,
was observed with increasing number of imine groups in azines AZ-1, AZ-2, and
AZ-3. These subtle changes in the UV-visible spectra confirm that the azine bond

acts as a conjugation blocker between the anthracene and TPA moieties [34].

2.4. Study of the Thermal Properties of Azines

The thermal behavior of azines was investigated by thermogravimetric analysis
(TGA), derivative thermogravimetry (DTG), and differential scanning calorime-
try (DSC). TGA was performed on AZ-1, AZ-2, and AZ-3 to evaluate their ther-
mal stability and decomposition behavior. The samples were heated to 600°C un-
der nitrogen atmosphere at a heating rate of 10°C/min. Figure 4 presents the TGA
curves (top), which display the mass loss as a function of temperature, and DTG
curves (bottom), which highlight the corresponding decomposition steps by

showing the rate of mass loss.
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Figure 4. TGA curves (left) and DTG curves (right) for AZ-1, AZ-2, and AZ-3 azines.
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Analysis of the TGA curves indicated that all three azines exhibited high ther-
mal stability up to 300°C with no detectable mass loss. This suggests that their
molecular structures remain intact up to this temperature. Above 300°C, signifi-
cant thermal decomposition occurred for all three compounds, as evidenced by
the substantial mass loss between 300°C and 355°C. The DTG curves reveal a
maximum peak at 338°C for AZ-1 and two peaks at 330°C, corresponding to the
decomposition temperatures of AZ-2 and AZ-3. The estimated mass loss at the
decomposition temperature of the azines was 61.53% (calculated: 60%) for AZ-1
and 39.43% for the other two azines (calculated: 38.16% for AZ-2 and 39.02% for
AZ-3). The molecular fragments corresponding to each mass-loss step are repre-
sented by dotted lines in Figure 5 [35]. The small variation in the mass loss be-
tween the theoretical and experimental values suggests that the decomposition
process of our compounds begins with a break at the azine bond. At 600°C, the
carbon residue rates of the three azines were 9% for AZ-1, 37% for AZ-2, and 45%
for AZ-3. This variation is primarily attributed to the number of aromatic rings

in the structures [36].

@@A% ! , ®

O LTV
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Figure 5. Decomposition profile of azines obtained from TGA analysis.

DSC measurements were conducted to analyze the thermal transitions of the
azines. The first and second heating cycles were performed at a constant rate of
10°C/min. The second heating cycle was performed immediately after rapid cool-
ing. Figure 6 shows the DSC thermograms from the first and second heating cy-
cles for azines AZ-1 and AZ-2.
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Figure 6. DSC thermograms of AZ-1 (left) and AZ-2 (right) azines.
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Analysis of the DSC curves of AZ-1 and AZ-2 during the first heating cycle
revealed three distinct endothermic peaks. These values correspond to the melting
temperatures of azine AZ-1 at 219°C and the melting temperatures of azine AZ-2
at 229°C and 237°C, respectively. During the second heating cycle, azine AZ-1
exhibited a glass transition (Tg) at 68°C, followed by two exothermic cold crystal-
lization events at 132°C and 160°C. In contrast, azine AZ-2 undergoes a glass tran-
sition at Tg = 112°C, followed by two endothermic melting peaks at 234°C and
239°C. These results suggest that AZ-1 is semicrystalline whereas AZ-2 is amor-
phous [37]. Overall, DSC analysis confirmed that both AZ-1 and AZ-2 function
as molecular glasses, primarily differing in their Tg values [38]. Notably, no ther-
mal transitions were observed for azine AZ-3 during either the first or second

heating cycle, as confirmed by DSC analysis.

3. Experimental
3.1. Materials and Methods Authors

Commercially available reagents and solvents (ACS grade) were used as pur-
chased, without further purification. NMR spectra were recorded using a Bruker
Advance 500 spectrometer (500 MHz). Chemical shifts are given in ppm and were
determined using solvent as a reference. The abbreviations used to describe the
NMR signals are as follows: s, singlet; d, doublet; m, multiplet. All coupling con-
stants are in hertz. Mass spectrometry was performed on a Bruker Daltonics mi-
croTOF spectrometer (Bruker Daltonik GmbH, Bremen, Germany) by the Service
de Spectrométrie de Masse de la Fédération de Chimie “Le Bel” (FR 2010). All the
UV-visible measurements were performed in chloroform at room temperature.
UV-visible spectra were obtained using a Cary 6000i UV -visible spectrophotom-
eter. Infrared (IR) spectra were recorded on a PerkinElmer Spectrum IR spec-
trometer (Spectrum One, FT-IR Spectrometer) within the range of 800 - 4000
cm™. TGA and DSC were performed using an SDT Q600 (TA Instruments) and
a DSC Q2000 (TA Instruments) by Laboratoire de Caractérisation des Matériaux
Polymeres (LCMP), Université de Montréal, Complexe des Sciences, Campus
MIL, 1375 Avenue Thérese-Lavoie Roux, Montréal, Québec, H2V 0B3.

3.2. Synthesis of the Compounds

3.2.1. Synthesis of the Formulated TPA
These three formylated TPAs (TPA-1, TPA-2, and TPA-3) were synthesized from
TPA according to previously described procedures [28].

3.2.2. Synthesis of 9-Anthraldehyde Hydrazone (AN-2)

To a solution of 9-anthraldehyde (1.06 g, 5.16 mmol) in 10 ml of absolute ethanol
at room temperature was added 64% - 65% hydrazine monohydrate (3 ml, 618,4
mmol). The reaction mixture was then heated under reflux for 2 h. After cooling
to room temperature and filtering, a yellow powder was obtained, which was re-
crystallized from ethanol to provide AN-2 as a yellow solid. Yield: 0.90 g (79%).
RMN 'H (500 MHz, CDCl;) § ppm: 8.80 (s, 1H), 8.49 (d, ] = 8.7 Hz, 2H), 8.43 (s,
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1H), 8.00 (d, ] = 8.1 Hz, 2H), 7.55-7.44 (m, 4H), 5.91 (s, 2H). RMN “C (126 MHz,
CDCls) § ppm: 140.94, 131.42, 129.96, 128.84, 128.30, 126.73, 126.28, 125.53,
125.22, 125.16, 77.34, 77.29, 77.08, 76.83. FTIR-ATR (cm™'): 3363 (NH.), 1620, 80
(CH=N).

3.2.3. Synthesis of Compound AZ-1

A suspension of 9-anthraldehyde hydrazone (111 mg, 1.1 mmol) and TPA-1 (1.25
g, 1.2 mmol) in 10 ml of absolute ethanol was stirred and slightly warmed until
dissolution of the solid, after which 1 to 2 drops of glacial acetic acid were added.
The reaction mixture was then heated under reflux and stirred for 2 h. After cool-
ing to room temperature and filtering, an orange powder was obtained, which was
washed with cold ethanol and dried. Yield: 191 mg (35%). RMN 'H (500 MHz,
CDCl;) 6 ppm: 9.93 (s, 1H), 8.85 (s, 1H), 8.79 (d, ] = 8.8 Hz, 2H), 8.58 (s, 1H), 8.08
(d,J =8.3Hz, 2H), 7.82 (d, ] = 8.6, 1.7 Hz, 2H), 7.62 (m, 2H), 7.56 (m, 2H), 7.37
(m, 4H), 7.26 - 7.20 (m, 4H), 7.20 - 7.14 (m, 4H). RMN *C (126 MHz, CDCl;) 6
ppm: 162.56, 160.54, 150.86, 146.94, 131.41, 130.68, 130.38, 129.91, 129.58, 129.02,
127.06, 126.91, 125.65, 125.59, 125.44, 125.35, 124.18, 121.54, 77.34, 77.08, 76.83.
MS (ESI*): m/z calculated for C;,H,\N; = 476.21 [M + H]*; found: 476.21.
FTIR-ATR (cm™): 1584.88 and 1484.84 (CH=N).

3.2.4. Synthesis of Compound AZ-2

The synthesis was analogous to that used for the synthesis of AZ-1 with 9-anthral-
dehyde hydrazone (220 mg, 1 mmol) and TPA-2 (150 mg, 0.5 mmol). Compound
AZ-2 was obtained as an orange-colored solid. Yield: 321 mg (92%). RMN 'H (500
MHz, CDCl;) 6 ppm: 9.90 (s, 1H), 8.83 (s, 1H), 8.75 (d, ] = 8.9 Hz, 2H), 8.53 (s,
1H), 8.03 (d, ] = 8.4 Hz, 2H), 7.84 (d, ] = 8.6 Hz, 2H), 7.58 (m, 2H), 7.51 (m, 2H),
7.41 - 7.34 (m, 1H), 7.25 - 7.17 (m, 4H). RMN "C (126 MHz, CDCl;) § ppm:
162.18, 160.93, 149.88, 146.33, 131.35, 130.66, 130.49, 129.97, 129.80, 129.00,
128.45, 127.08, 126.72, 126.25, 125.42, 125.41, 125.24, 125.04, 124.56, 123.37,
121.35, 77.28, 77.02, 76.77. MS (ESI*): m/z calculated for C;H,N; =706.3 [M
+ H]*; found: 706.29. FTIR-ATR (cm™): 1589.06 and 1504.04 (CH=N).

3.2.5. Synthesis of Compound AZ-3
The synthesis was analogous to that used for the synthesis of AZ-1 with 9-anthral-
dehyde hydrazone (220 mg, 1 mmol) and TPA-3 (98.5 mg, 0.3 mmol). Compound
AZ-2 was obtained as an orange-colored solid. Yield: 208 mg (75%). MS (ESI*):
m/z calculated for C,H,N; = 936.38 [M + H]*; found 936.38. FTIR-ATR
(cm™): 1592.85 and 1503.19 (CH=N).

4. Conclusion

In this study, we successfully synthesized three novel azines (AZ-1, AZ-2, and AZ-
3) via the acid-catalyzed condensation of their hydrazone precursors and
formylated triphenylamine derivatives. Azines were obtained in satisfactory yields
and their structures were confirmed by NMR, IR, and MS. Complete proton as-

signments for AZ-1 and AZ-2 were achieved via a combination of 1D (*H, **C,
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and DEPT-135) and 2D (COSY and HSQC) NMR techniques. UV-visible charac-
terization in chloroform revealed that the azine bridge had minimal influence on
the electronic communication between the anthracene and TPA moieties. Ther-
mal analysis further demonstrated that while the three azines exhibited distinct
thermal behaviors, they had good thermal stability, with decomposition tempera-
tures exceeding 300°C. These findings suggest that azine-based materials can offer
a balance between structural tunability and robustness, making them promising
candidates for further functionalization in materials science applications. Addi-
tional UV-visible studies in solution are planned to deepen our understanding of
these materials, particularly those in which a wider range of polar and nonpolar
solvents are used to assess their solvatochromic properties. Furthermore, solid-
state UV-visible investigations, along with a comprehensive photophysical study,
will provide deeper insight into their optical behavior. Finally, an electrochemical
study of the redox properties was conducted to evaluate their potential for elec-

tronic and optoelectronic applications.
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