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ABSTRACT: We report herein on the solid-state structures of three closely related triphenylamine derivatives endowed with
tricyanovinyl (TCV) and dicyanovinyl (DCV) groups. The molecules described contain structural features commonly found in the
design of functional organic materials, especially donor−acceptor molecular and polymeric architectures. The common feature
noticeable in these structures is the impact of these exceptionally strong electron-accepting groups in forcing partial planarity of the
portion of the molecule carrying these groups and directing the molecular packing in the solid state, resulting in the formation of π-
stacks of dimers within the unit cell of each. Stacks are formed between phenyl groups bearing electron-accepting groups on two
adjacent molecules. Short π−π stack distances ranging from 3.283 to 3.671 Å were observed. Such motif patterns are thought to be
conducive for better charge transport in organic semiconductors and enhanced device performance. Intramolecular charge transfer is
evident from the shortening of the observed experimental bond lengths in all three compounds. The nitrogen atoms (of the cyano
groups) have been shown to be extensively involved in short contacts in all three structures, primarily through C−H···NC
interactions with distances as short as 2.462 Å. The compounds reported here are (3,3-dicyano-2-(4-(diphenylamino)phenyl)-1λ3-
allylidene)amide or tricyanovinyltriphenylamine, Ph3NTCV (1); 2-(4-(diphenylamino)benzylidene)-malononitrile or dicyanovinyl-
triphenylamine, Ph3NDCV (2); and (3,3-dicyano-2-(4-(di-p-tolylamino)phenyl)-1λ3-allylidene)amide or dimethyltricyanovinyl-
triphenylamine, Me2Ph3NTCV (3). Results of density functional theory calculations using DFT-B3LYP/6-31G(d,p) indicate the
lowering of LUMO levels as a result of the introduction of these groups with band gaps of 3.13, 2.61, and 2.55 eV for compounds 1−
3, respectively, compared with 4.65 eV calculated for triphenylamine. This is supported by the electronic and fluorescence spectra of
these molecules with absorption λmax of 483, 515, and 545 nm for compounds 1, 2, and 3, respectively.

■ INTRODUCTION
Triphenyl- and triarylamine-based materials constitute an
important category of compounds in organic materials
chemistry with many uses in organic optoelectronics, solar
cells, and electroluminescence and electrochromic applica-
tions.1−4 Donor/acceptor molecules incorporating this building
block have received considerable attention. Synthetically, many
creative and interesting molecular architectures incorporating
triphenylamines have been reported.5 However, much less
attention has been paid to the solid-state structures of this
important class of organic functional materials and how one can
predict or attempt to control the way they aggregate to form
crystals or thin films suitable for device fabrication. This is
probably due to the relative difficulties one encounters in
growing single crystals suitable for X-ray studies compared with

oligothiophenes, for instance. Recently, enhancement of
efficiencies of solar cells up to 24%was reported bymanipulating
inter- and intramolecular interactions. This achievement was
attributed to favorable solid-state packing using S···O and Se···O
interactions to induce planarity and π−π stack formation.6 This
further demonstrates the importance of studies directed at
achieving planarity and π-stack formation in improving device
performance by a better understanding of competing inter- and
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intramolecular interactions in organic functional materials,
where conjugated organic molecules and polymers are used.

Therefore, studies directed at understanding the solid-state
structures of substituted triphenylamine are highly desirable.
Such studies would hopefully provide some insights for further
development of solid structure−property relationships and yield
better correlation with device performance. In general, our
ability to make and selectively control noncovalent interactions
and syntheses is much less developed compared with synthetic
organic chemistry. Various strategies and methods have been
employed in attempting to control the solid-state structures of
molecular materials. These methods have included the use of
intermolecular interactions such as hydrogen bonding, electro-
static interactions, surface modification, and size confine-
ment.7−9

We reported earlier on structural features of some
tricyanovinyl or (TCV)-substituted10 and dicyanovinyl-
(DCV) oligothiophenes.11 We demonstrated that the introduc-
tion of these strong electron acceptors provides a rather simple
approach to modify their electrical properties (as evident from
the electrochemical data), enforces molecular planarity, and
promotes π-stack formation, In addition, these strong electron-
accepting groups appear to significantly improve the thermal
stability and solubility, both of which are sought-after character-
istics for the fabrication of thin film and single crystal devices
from solution and vapor phase.

We set out to examine how these strong electron-accepting
groups might impact triphenylamines. We report herein our
results on the structural features of three triphenylamine
derivatives endowed with tricyanovinyl or TCV and dicyano-
vinyl or DCV groups. The compounds reported here are (3,3-
dicyano-2-(4-(diphenylamino)phenyl)-1λ3-allylidene)amide or
tricyanovinyltriphenylamine, Ph3NTCV (1); 2-(4-(diphenyl-
amino)benzylidene)-malononitrile or dicyanovinyltriphenyl-
amine, Ph3NDCV (2); and (3,3-dicyano-2-(4-(di-p-
tolylamino)phenyl)-1λ3-allylidene)amide or dimethyltricyano-
vinyltriphenylamine, Me2Ph3NTCV (3).

The structures of these molecules are listed in Figure 1.

■ RESULTS AND DISCUSSION
Compounds 1−3 were synthesized following modified pub-
lished procedures as follows.12,13

Synthesis of Compound 1. Triphenylamine (Aldrich) 125
mg (0.5 mmol) was reacted with tetracyanoethylene (TCNE),
(Aldrich) 196mg (0.75mmol) in DMF (5mL) in 25mL of RBF
at room temperature. After 2 h, the reaction was worked out
either by addition of 6 M HCl or extraction by methylene
chloride. The product, Ph3N-TCV (1), is isolated as a purple
solid, mp 181−182C. Typical yields for the synthesis are 100mg
(57%). ν(KBr)/cm−1 2220 (CN); 1H NMR spectroscopy. δH

(360 MHz; CDCl3) 7.98 (2H, m), 7.27 (10 H, m), 6.94 (m,
2H); 13C NMR (360 MHz; CDCl3) 154.6, 144.3, 138.2, 132.2,
130.2, 127.1, 127.0, 120.2, 118.0, 114.2, 113.2, 113.0, 81.9.
Synthesis of Compound 2. This compound was prepared

employing Knoevenagel condensation reaction by reacting the
corresponding aldehyde with malonitrile in dichloromethane or
ethanol.11,12

Synthesis of Formyl Triphenylamine. POCl3 (2.4 mL,
25.0 mmol) was added dropwise to a solution of the
corresponding triphenylamine derivative (3.0 g, 12.2 mmol) in
DMF (30 mL). After stirring at 90 C for 24 h. under nitrogen,
the reaction mixture was allowed to cool to room temperature
and then poured into ice water. The resulting solid was purified
by column chromatography using ethyl acetate/hexanes (1:4).
The aldehyde was obtained as an off-white solid, mp 130−132
°C, 3.1 g, 91%. H NMR: 7.01 (d, 2H); 7.15 (m, 6H); 7.32 (t,
4H); 7.70 (d, 2H); 9.81 (s, 1H).

Formyl triphenylamine (300 mg, 1.1 mmol) was dissolved in
dry dichloromethane (30 mL). Five drops of triethylamine were
added, followed by 100 mg of malonitrile (1.5 mmol). The
reaction mixture was stirred at room temperature for 6 h. The
solvent was removed under reduced pressure. The residue was
then purified by column chromatography using ethyl acetate/
hexanes (1:9) to give compound 2 as an orange solid, mp 138−
139 C. 2220 (CN); 1H NMR spectroscopy. δH (360 MHz;
CDCl3) 7.79, (1H, s); 7.98 (2H, m), 7.27 (10 H, m), 6.94 (m,
2H); 13C NMR (360 MHz; CDCl3) 154.6, 144.3, 138.2, 132.2,
130.2, 127.1, 127.0, 120.2, 118.0, 114.2, 113.2, 113.0, 81.9.
Synthesis of Compound 3. Compound 3 was prepared

using a similar procedure as for 1 above, using the proper starting
triphenylamine (commercially available, Sigma-Aldrich). Com-
pound 3: mp 189−190 °C, HNMR: 7.13 (d, 6H); 7.15 (d, 4H);
7.30 (d, 2H); 2.32 (s, 6H). We note that heating the reaction
mixture up to 80 °C gave better yields in the syntheses of
compounds 1 and 2.
Computational Methods. Calculations were carried out at

the DFT level of theory with the hybrid functional B3LYP using
the 6-311+G** basis set in the gas phase on isolated
molecules.14

Upon extraction with dichloromethane and recrystallization
from acetonitrile, suitable crystals from these three compounds
were selected for X-ray structural analysis. A summary of
crystallographic data for compounds 1−3 is shown in Table 1.

The crystal structure of triphenylamine is known and has been
examined several times.15 We chose to use the latest report, ref
14, in our discussion. There are no significant close interactions
within the unit cell of triphenylamine except for C−H···π with a
relatively long distance (2.817 Å). We also note that there have
been several recent structural reports on triphenylamine
derivatives,16−19 with various structural features including
multicyanoderivatives.12

Although the compounds herein are known, to the best of our
knowledge, none of the structures in the current work have been
reported except for compound 1 whose structure was reported
in a conference paper and a brief report in 1975 and 1979,
respectively, with rather limited details.20 The authors described
two polymorphs.21 However, despite many crystallization
experiments from different solvents and by sublimation, we
were able to obtain only one polymorph (the orthorhombic
form). We point out the slightly different values for the unit cell
axes we obtained compared to those reported earlier in [square
brackets], a = 11.154; [11.335]; b = 14.604; [14.603]; c =
21.685; [21.731] Å (CYVTPA; CYVTPA01). It is worth

Figure 1. Structures of molecules in this study.
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mentioning that compounds 1−3 form shiny metallic crystals
with large, smooth surfaces (see Supporting Information).

We first consider the description of the structural features of
these compounds. We note that all three compounds adopt a
propeller molecular shape with (1) and (3) crystallizing in the
orthorhombic space group Pbca and (2) and in the monoclinic
space group P21/c (Table 1). The angles around the central
nitrogen atom were all nearly the same showing similar trends
with the smallest angle between the phenyl groups without the
electron-accepting group: 116, 121, and 123° in 1; 118, 121, and
121° in 2; and 116, 120, and 123° in 3. Whereas C−N bond
lengths clearly were significantly shorter for the ring bearing the
electron acceptor: They were as follows: 1.38, 1.44, and 1,44 in
1; 1.37, 1.44, and 1.43 in 2 and 1.36, 1.44, and 1.44 Å in 3. The
shortest lengths (italic) are for the N−C bond on the phenyl
group carrying the DCV or the TCV groups, suggesting, as
expected, intramolecular charge transfer. This is probably the
cause of the dramatic shift observed in these materials’
maximum absorption. For instance, λmax for triphenylamine, (a
white solid) is 230 nm (methanol) when compared with these
compounds which are highly colored with λmax of 483, 515, and
545 nm for 1−3 respectively (Figure 2). The three compounds
also exhibited fluorescence with λmax of 650, 575, and 430 nm for
1−3, respectively. Both the absorption and emission spectra
were measured in dichloromethane. In addition, a solvatochro-
mic behavior was observed. For example, in compound 1, a
bathochromic shift (Δλmax = 20 nm) was observed with
increasing polarity of the solvent from hexane to methanol.
More optical studies are currently underway in our group on
these and closely related structures.

All three molecules form π-stack dimers involving the
acceptor-carrying phenyl rings on two adjacent molecules with
the shortest distance of 3.616 Å in 1, 3.283 in 2, and 3.497 Å in 3.
The dimers are further held by C−H···NC interactions on both
ends with distances of 2.462, 2.645, and 2.637 Å in 1, 2, and 3,
respectively (Figure 3). Unlike 1 and 3, with identical C−H···N
and π−π stack distances, compound 2 showed two distinct
stacks and C−H···NC interactions. The additional C−H···NC
interaction in 2 resulted in two different distances (2.542, 2.645
Å).

Upon examining bond lengths revealed from the crystal
structures, intramolecular charge transfer is evident in all three
compounds. This is illustrated for 1 by considering the bond
lengths along the conjugation path (Figure 4) and the C−N
bond lengths around the central nitrogen as pointed out earlier.
For example, in 1, the C−C bonds in the aromatic rings range
from 1.365 to 1.411 Å, significantly shorter than the usual (1.440
Å), which indicates conjugated double bonds in a molecule. C−
C bond lengths in the phenyl rings without the accepting groups
were almost all identical (1.380 Å) in all three structures,
possibly indicating nearly equal contribution in donor behavior
of these two phenyl rings. Furthermore, these bond length
patterns are indicative of intramolecular charge transfer along

Table 1. Summary of Crystallographic Data for Compounds
1−3

Ph3NTCV (1) Ph3NDCV (2)
Me2Ph3NTCV

(3)

formula C23H14N4 C22 H15 N3 C25 H18 N4

formula weight 346.38 321.37 374.43
space group, Z Pbca, 8 P21/c, 4 Pbca, 8
a, Å 11.154(4) 6.9352(13) 16.8662(15)
b, Å 14.604(5) 15.731(3) Å 12.8555(11)
c, Å 21.685(7) 16.098(3) 18.7561(16)
α, deg 90 90 90
β, deg 90 95.190(3)° 90
γ, deg 90 90 90
V, Å3 3532 1749.1(6) 4066.8(6)
T, K 173(2) 173(2) 173(2)
dcalcd, g cm−3 1.303 1.220 1.223
reflections
collected

4200 19646 24792

observed
reflections

1633 3136 2619

goodness-of-fit on
F2

0.821 1.035 1.023

final R indices
[I > 2σ(I)]

R1 = 0.0490,
wR2 = 0.1052

R1 = 0.0409,
wR2 = 0.0916

R1 = 0.0490,
wR2 = 0.1052

R indices (all data) R1 = 0.0901,
wR2 = 0.1268

R1 = 0.0581,
wR2 = 0.0996

R1 = 0.0901,
wR2 = 0.1268

short C−H···N
contacts, Å

2.462; 2.682 2.542; 2.645 2.637; 2.640

C−N bond
length*, Å

1.380 Å 1.375 1.366

shortest π−π
distances, Å

3.614 3.283, 3.470 3.444

CCDC Number 186368 2202335 2202337

Figure 2. UV−vis (a) and fluorescence (b) spectra of compounds 1−3.
The emission spectra are excited at 355 nm. Both absorption and
emission spectra were measured in dichloromethane.
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the path shown for 1 (phenyl groups toward the electron-
accepting groups).

Computational and theoretical studies have proven to be very
useful in organic materials chemistry research. These inves-
tigations provide insights to guide synthetic work and help
interpret experimental results especially when carried out on
structurally related series of molecules.22 A recent theoretical
investigation on the effects of substitution of the triphenylamine
(TPA) on the overall properties of materials based on small
push−pull molecules designed as donors for organic photo-
voltaics (OPV) has been reported.23 Therefore, to augment our
work, we carried out density functional theory (DFT)
calculations on molecules 1−3 in addition to triphenylamine
as a reference point. All calculations reported herein were
performed at the density functional theory level using the hybrid
functional B3LYP as implemented in the software package
Spartan 20.14 The choice of this method is based on earlier
studies in which the DFT-B3LYP method was proven to
produce geometries and energetics comparable to experimental
results.24 We first note the narrowing of the calculated band gap
of all three molecules, primarily due to the lowering of the
LUMO levels upon the introduction of the TCV and DCV
groups (Figure 5), whereas the introduction of the methyl
groups slightly raised the HOMO level.

The main points these calculations indicate are as follows: (1)
Calculated molecular geometries and shapes were in good
agreement with the X-ray experimental data, lending further
confidence in this level of computational work. (2) The
evolution of LUMO−HOMO levels is as one might expect,
with calculated band gaps ranging from 2.55 eV for compound 3
[compared with a band gap of 4.65 eV for triphenylamine] to
3.13 eV for compound 1. This is probably due to 3 having a
stronger donor nature due to the presence of the methyl groups
and hence the raising of the HOMO levels. (3) The reduction in
band gap is mainly due to the lowering of the LUMO levels in all
three compounds. (4) Electrostatic potential map (EPM) shows
a high negative electrostatic potential (red) located on the TCV
group (Figure 6).

Finally, we also note that none of these molecules, despite
forming nice large crystals with good quality smooth surfaces
suitable for single crystal device fabrications, showed field effects
in the thin film or in single crystal device configurations.

■ CONCLUSIONS
We have successfully synthesized and structurally characterized
three triphenylamine derivatives endowed with strong electron-
accepting groups. They all had a shared feature of forming π-
stacks involving phenyl rings carrying the electron acceptor
groups between adjacent molecules with π···π distances ranging
between 3.28 and 3.61 Å. We also reported on their electronic
and fluorescence properties, which support the presence of
intramolecular charge transfer as evidenced from experimental
crystal structural data. DFT calculations showed the evolution of
the HOMO−LUMO levels upon the introduction of these
strong electron-accepting groups. In summary, we have shown
that the introduction of tricyanovinyl (TCV) and dicyanovinyl
(DCV) groups into triphenylamine molecules provides an
efficient way to induce partial planarity of the molecule and π-
stack formation between the planar parts of adjacent molecules
and results in drastic shifts in the electronic and fluorescence
behavior of triphenylamine. These electron-accepting groups
can provide a new tool for the molecular design and crystal
engineering of triphenyl- and possibly triarylamine-based
materials. One might use them in other conjugated organic
molecules. The optical data suggest strong intramolecular

Figure 3. π-Stacking and C−H···N interactions in compounds 1 (a), 2
(b), and 3 (c).

Figure 4. Bond lengths highlight the intramolecular charge transfer
path in 1.
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charge transfer, as seen from the significant differences in their
electronic spectra with the parent unsubstituted triphenylamine.
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