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Abstract: 2-((2-ethylphenyl)amino)nicotinic acid (2EPNA) 
was synthesized and its crystal structure was determined. 
It was observed that alkylation of the phenyl ring with ethyl 
group disrupts the planar conformation of the molecule by 
steric repulsion, resulting in formation of an acid-pyridine 
heterosynthon (instead of acid-acid homosynthon) in the 
crystal. Crystallization tendency from the melt state of the 
polymorph was studied by differential scanning calorim-
etry (DSC). It was revealed that this compound could form 
a very stable amorphous phase on melt quenching and not 
crystallize even on re-heating. The formation of acid-pyri-
dine hydrogen bonding in the amorphous state is believed 
to be responsible for its good glass forming ability.

Keywords: amorphous; crystal structure; DSC; NMR; 
polymorphism.

Introduction
Understanding the structure-property relationship of 
organic compounds is critical for controlling the bulk 
properties of materials [1–4]. Considerable research efforts 
have been devoted towards predicting the crystal packing 
of compounds based on their molecular structures [5–7]. 
The impact of molecular structure on formation of amor-
phous solids has emerged as an active field. Better under-
standing of glass formation and stability permits the use 
of amorphous materials for a wide range of applications 
ranging from food [8] to opto-electronics [1] and to phar-
maceutical products [9]. In drug development, amorphous 

drug products are used for enhancing the solubility of 
poorly water-soluble drug molecules. However, this meta-
stable state has a tendency to crystallize, which impacts 
the safety and efficacy of the products [10–12].

Previous work in our laboratory examined the rela-
tionship between intermolecular interactions and confor-
mation through crystal engineering. By covalently linking 
bulky alkyl or electron-withdrawing groups to the phenyl 
ring of diarylamine compounds, we investigated how the 
molecular structure influences the hydrogen bonding 
motif in the crystal [13–16]. It was observed that bulky alkyl 
groups lead to crystal structures with the acid-pyridine 
synthon because of the groups’ ability to destabilize the 
planar conformation by steric repulsion and expose the 
pyridine nitrogen [15]. On the other hand, linking an elec-
tron-withdrawing group leads to the acid-acid synthon in 
the crystals because of the ability of the functional group 
to reinforce the π-conjugation in the molecule, and there-
fore strengthen the planar conformation [14].

We have recently utilized a series of structurally similar 
diarylamine compounds to study the structure-amorphi-
zation relationship. By introducing various structural ele-
ments to the same diarylamine scaffold, we studied the role 
of molecular structure on glass formation and stability. We 
found that in this family of compounds, hydrogen bonding 
between carboxylic acid and pyridine nitrogen contributes 
to glass formation by generating supramolecular aggre-
gates that hinder crystallization [17]. One of the compounds 
we studied was 2-((2-ethylphenyl)amino)nicotinic acid 
(2EPNA) (Scheme 1a). Herein, we report the synthesis, poly-
morph screening, and crystal structure of the compound. 
The glass forming ability of this compound was evaluated 
using thermal analysis; the solid forms were characterized 
by spectroscopic analysis. It is concluded that, because of 
the presence of a large bulky group on the phenyl ring, this 
compound crystallizes with an acid-pyridine synthon that 
contributes to its good glass forming ability.

Experimental
Materials

2-Chloronicotinic acid (98% purity), aniline (ACS grade), pyridine 
(ACS grade), and p-toluenesulfonic acid (98% purity) were purchased 
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from Sigma-Aldrich (St. Louis, MO, USA). Methanol, hexane, toluene, 
acetone, ethyl acetate, chloroform, and dichloromethane were pur-
chased from Macron (Center Valley, PA, USA). Ethanol (200 proof) 
was obtained from Decon Labs (King of Prussia, PA, USA). Deuter-
ated dimethyl sulfoxide (DMSO-d6) was purchased from Cambridge 
Isotope Inc. (Tewksbury, MA, USA).

Synthesis and characterization

2-Chloronicotinic acid (4 g, 25.3 mmol), aniline (3.07 g, 25.3 mmol), 
pyridine (2.0 g, 25.3  mmol), and p-toluenesulfonic acid (1.0 g, 
6.0 mmol) were added to a round-bottom flask, followed by addition 
of 40 mL of water. The resulting mixture was refluxed overnight. The 
reaction mixture was cooled to room temperature and the result-
ing crystals were retrieved by filtration [15]. The synthetic scheme is 
shown in Scheme 1b. Solution NMR spectroscopy (Bruker ARX500; 
BBO probe) was used to verify the chemical structures of the synthe-
sized compound.

1H NMR (DMSO-d6, 500 MHz): δ 13.5 (s, 1H), 10.3 (s, 1H), 8.3 (dd, 
1H), 8.2 (dd, 1H), 8.1 (d, 1H), 7.2 (d, 1H), 7.1 (t, 1H), 7.0 (t, 1H), 6.8 (dd, 
1H), 2.6 (q, 2H), 1.1 (t, 3H).

FTIR (cm−1): 3264, 3065, 3027, 2968, 2930, 2871, 1658, 1594, 1580, 
1504, 1396, 1250, 1225, 1189, 1142, 816, 756.

Crystal structure determination

The crystals cracked when cooled to 90  K, but were stable and 
remained intact above 180 K. X-ray diffraction data were collected 

at 200(2) K on a Bruker-Nonius X8 Proteum diffractometer with 
graded-multilayer focused CuK(α) X-rays. Raw data were integrated, 
scaled, merged and corrected for Lorentz-polarization effects using 
the APEX2 package [18]. Corrections for absorption were applied 
using SADABS [19]. The structure was solved by direct methods 
(SHELXT) [20] and refined against Fˆ2 by weighted full-matrix least-
squares (SHELXL-2014) [21]. Hydrogen atoms were found in differ-
ence maps but subsequently placed at calculated positions and 
refined using a riding model. Non-hydrogen atoms were refined with 
anisotropic displacement parameters. The final structure model was 
checked using an R-tensor [22] and by Platon/checkCIF [23]. Atomic 
scattering factors were taken from the International Tables for Crys-
tallography [24].

X-ray powder diffraction (XRPD)

A Rigaku Smartlab (The Woodlands, TX, USA) diffractometer (in the 
Bragg-Brentano configuration) with Cu Kα radiation (40 kV, 40 mA) 
was used for collecting powder diffraction data. Diffraction patterns 
were collected between 4.0° and 40.0° 2θ with a step size of 0.02° and 
scan rate of 4°/min.

Differential scanning calorimeter

A DSC Q2000 (TA instruments, New Castle, DE, USA) equipped with 
a refrigerated cooling system (RCS 90) and an auto-sampler was used 
for thermal analysis. Samples were placed in a hermetically sealed 
Tzero pan/lid system and heated at 10 °C/min to 418.1 K. After waiting 

Scheme 1: Chemical structure of 2EPNA (a) and synthetic scheme for 2EPNA (b). Torsion angles (τ) are marked. The atomic numbering for 
non-hydrogen atoms is also marked.
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for 3 min, the melt was cooled at 20 °C/min. Finally, the sample was 
re-heated at 10 °C/min to 418.1 K.

Crystal growth and optical microscopy

The compound recovered from the reaction mixture was colorless. 
The solid was then dissolved in a variety of solvents and the solu-
tions were allowed to evaporate until crystals formed. An Olympus 
SXZ12 microscope (Shinjuku, Japan) was used to image the crystal-
line samples.

Solid-state NMR spectroscopy

A Chemagnetic CMX 400  MHz (1H = 399.82  MHz; 13C = 100.55  MHz) 
spectrometer was used to obtain the spectra of crystalline and amor-
phous samples of 2EPNA. Samples were packed in a 5 mm zirconia 
rotor and 13C spectra were obtained with cross-polarization/magic-
angle spinning (CP/MAS) and total sideband suppression (TOSS) 
at ambient temperature. Operating conditions included a spinning 
speed of 6 kHz, acquisition time of 16 ms, TPPM high-power proton 
decoupling, and a 1H pulse width of 5 μs (90°). A CP contact time of 
3.5 ms was used for all samples. A delay time of 50 s was employed 
for the crystalline sample, while a shorter delay time of 10 s was used 
for the amorphous sample.

NMR chemical shift calculations and conformational 
analysis

NMR chemical shielding was calculated using the gauge-invar-
iant atomic orbital (GIAO) method [25–28]. Atomic coordinates 
for a single molecule were extracted from the crystal structure 
and a full optimization was done under the level of B3LYP/6-
311++g(d,p). Then NMR calculations were run under the level of 
B3PW91/6-311g++(d,p). NMR calculations were run for a partially 
optimized (all non-hydrogen atoms were fixed) single molecule 
and for a dimer extracted from crystal structure. Calculated iso-
tropic chemical shielding was converted to a chemical shift value 
by: δiso = σref − σcalc, where the isotropic chemical shift (δiso) was 
obtained as the difference between the chemical shielding of a ref-
erence molecule – tetra methyl silane (TMS) – (σref) and the calcu-
lated shielding value (σcalc) [29].

The conformational energy of the 2EPNA single molecule was 
evaluated with Gaussian 09/C.01 [30] (Gaussian, Inc., Wallingford, 
CT, USA) under the level of HF/6-311++G(d,p). Each torsion angle was 
scanned with all bond lengths, bond angles, and other torsion angles 
allowed full flexibility to find the energy minima.

The crystal structure of 2EPNA was optimized by Crystal14 [31] 
at the level of PW1PW/6-21G(d,p) with the lattice parameters kept 
constant. The optimized crystal structure was further evaluated for 
calculating electron densities and Hirshfeld surface. Fukui functions 
and electrostatic potential (ESP) calculated from the optimized sin-
gle molecule were respectively mapped onto the Hirshfeld surface. 
The results were analyzed and processed by a program developed in 
our laboratory, which also generated input files used by OpenDX for 
visualization [32].

Results and discussion

Crystal packing

Polymorph screening was performed in a variety of sol-
vents (ethanol, methanol, acetonitrile, methanol, hexane, 
toluene, acetone, ethyl acetate, chloroform, dichlorometh-
ane, water). The crystals collected from all experiments 
showed similar colorless blocks (Figure 1). Subsequently, 
the structure of the crystallized form (called Form I) was 
determined. The crystallographic data are presented in 
Table 1. For the complete CIF file, see Supporting Informa-
tion (CCDC deposition number is 1543341).

Form I is monoclinic with space group of P21/n 
(Figure 2a). The asymmetric unit consists of one crystal-
lographically independent molecule. The molecules form 
one-dimensional supramolecular chains through inter-
molecular O–H · · · N hydrogen bonds between the OH of 
the carboxyl and N of the pyridine ring (C(6) by the graph 
set concept [33]) (Figure 2b). The chains further stack 
upon each other along the b axis. The distance between O 
and N is 2.666 Å with the angle between O–H · · · N being 
172.14°. The intramolecular hydrogen bond between the 
amine and carbonyl O can be identified with the distance 
between N and O as 2.680 Å and angle between N–H · · · O 
being 138.17°. Figure 3 shows the comparison between the 
experimental XRPD and the powder pattern simulated 

Fig. 1: 2EPNA crystals observed under the microscope. The large 
clump is about 1 mm × 0.5 mm, and the individual single crystals are 
plates, about 0.1–0.2 mm across.
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from the single-crystal structure, demonstrating the 
phase purity.

Two important packing motifs – formation of acid-
pyridine hydrogen bonding chains and π–π stacking 
between molecules in adjacent chains – can be identified 
in the crystal structure of 2EPNA. These packing features 
were rationalized by mapping the electrostatic potential 
(ESP) and Fukui functions on its Hirshfeld surface. The 

molecular ESP of 2EPNA is shown in Figure 4a and high-
lights the local hardness [34]. The positive and negative 
regions of ESP can be observed at the –OH and pyridine 
nitrogen, respectively. These groups are associated with 
the hydrogen bonding in the crystal structure. It is known 
that hydrogen bonding bears an electrostatic interaction 

Fig. 2: Crystal packing of 2EPNA. (a) unit cell (b) hydrogen bonding 
synthon in 2EPNA.

Fig. 3: Experimental and simulated powder X-ray diffraction pat-
terns of 2EPNA (λ = 1.54056 Å).

Fig. 4: Hirshfeld surfaces of 2EPNA showing mapped molecular 
electro static potential (ESP) (a) and Fukui function (b). The units for 
ESP and Fukui function are hartrees and electron/bohr3, respectively.

Tab. 1: Crystallographic data of 2EPNA.

Form I

Morphology Colorless blocks
Space group P21/n
a/Å 8.9247 (2)
b/Å 14.0340 (2)
c/Å 10.9795 (2)
α/deg 90.0
β/deg 107.139 (1)
γ/deg 90.0
Z′ 1
Z 4
V/Å3 1278.20
Dcal/g · cm−3 1.259
R1 0.0373
T/K 200
R (int) 0.0505
S 1.033
θ range for data collection 5.359–68.407°
Data/restraints/parameters 2333/0/170
Limiting indices −10 ≤ h ≤ 10, −7 ≤ k ≤ 16, −12 ≤ l ≤ 12
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component, and thus local hardness is associated with 
this type of interaction. In addition, the Fukui function 
characterizes local softness [34]. Fukui functions can be 
seen at the hydrogen-bonding region as these interactions 
also contain soft-soft components. Figure 4b shows the 
Fukui function (f2, dual descriptor [35]) mapped on the 
Hirshfeld surface for two molecules involved in π–π stack-
ing. A soft region of a molecule, indicated by large positive 
or negative f2 values, prefers interacting with a soft region 
of another molecule [34]. The π–π stacking between these 
molecules follows this principle with the Fukui function 
hotspots showing the region of maximum interaction.

The molecule has three conformational degrees of 
freedom, designated as τ1, τ2 and τ3 (Scheme 1a). Confor-
mational energy versus torsion angle is plotted in Figure 5. 
The global minimum for τ1 is at 90° (Figure 5a). Within  
80°–130° torsion angles there is a very small energy 
difference (around 2  kJ/mol) between the conformers 
(Figure 5a). For the crystallized polymorph, this dihedral 
angle is observed at 123.62°, within this energy minima. 
The difference from the calculated energy-minimal angle is 
likely due to contributions by intermolecular interactions 
in the crystal. The global minimum for τ2 coincides with 
the planar conformation (Figure 5b). The torsion angle 
in the crystal structure is close to this global minimum, 
with a value of 168.71°. The dihedral angle τ3 in the crystal 
structure was observed at −0.42° with the –COOH func-
tional group adopting the syn conformation with the car-
bonyl O forming an intramolecular hydrogen bond with 
N–H of the diarylamine, leading to an S(6) motif. Based 
on the conformational energy scan of this torsion angle 
(Figure 5c), the energy minima is located at 0°, which is 
in accordance with the experimental value. These results 
show that all three dihedral angles are close to their global 
minimum values, suggesting that this crystalline form 
might be the most stable polymorph for this molecule.

Crystallization from melt

Thermal properties of the compound were studied using 
differential scanning calorimetry (DSC) (Figure  6). The 
melting onset temperature of the crystal was observed 
at 135.6 °C with a heat of fusion of 80.8  J/g. The molten 
sample was then cooled at 20 °C/min to −10 °C. During this 
cooling process the sample does not show any exothermic 

Fig. 5: Conformational energy scan of τ1 (a), τ2 (b) and τ3 (c) of single 
2EPNA molecule.

Fig. 6: DSC thermogram of 2EPNA showing the heat-cool-heat 
sequence.
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peak, indicating the formation of an amorphous solid. On 
re-heating at 10 °C/min, the glass transition temperature 
(Tg) was observed at 38.4 °C. Furthermore, re-heating did 
not lead to any re-crystallization of the amorphous sample 
since no exothermic peak was detected. This compound 
exhibits good glass forming ability along with good glass 
stability on non-isothermal temperature treatment.

The crystalline and amorphous samples were further 
characterized by solid-state NMR spectroscopy. Figure  7 
shows the 13C SSNMR spectra of solution state, crystalline 
Form I, and amorphous samples of 2EPNA. Peak assign-
ment was based on solution-phase spectra and quantum 
chemical calculations (Table 2). 2EPNA has two alkyl carbon 
atoms, C13 and C14, which are observed in the chemical 

Fig. 7: 13C NMR spectra of solution state (a), amorphous state (b) and crystalline state (c) of 2EPNA are presented. The solvent peak is seen 
at 39.9 ppm. The dashed region is of the carbonyl carbon peak which is the most characteristic of the three phases.

Tab. 2: Chemical shift assignment of 2EPNA.

Carbon 
number

  Calculated fully optimized 
single molecule

  Calculated monomer 
(H positions optimized)

  Calculated dimer 
(H positions optimized)

  δsol (ppm), 
solution

  δcrys (ppm), 
crystalline

  δamor (ppm), 
amorphous

C1   162.0  163.8  161.9  156.2  157.8  155.6
C2   108.1  107.7  108.8  107.4  109.1  107.5
C3   146.9  143.8  146.5  140.6  142.9  139.5
C4   116.6  113.3  114.6  113.6  111.9  112.5
C5   160.9  160.1  160.7  152.9  152.5  152.6
C6   173.8  170.7  170.5  169.5  170.0  169.1
C7   142.7  141.9  139.6  137.4  142.9  139.5
C8   140.7  145.9  147.5  134.2  137.0  127.7
C9   135.0  132.8  134.0  126.1  128.8  127.7
C10   129.2  127.7  129.5  122.4  127.7  122.7
C11   131.0  128.3  130.4  128.7  131.1  127.7
C12   129.3  132.8  131.7  123.1  127.7  122.7
C13   30.3  31.0  32.0  24.5  26.2  25.5
C14   18.2  17.5  16.3  14.3  16.0  15.0
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shift range of 10–30 ppm for the crystalline and amorphous 
samples. For the crystalline sample, C3 and C7 have similar 
resonant frequency and present broad overlapping peaks at 
142.9 ppm. The remaining peaks were easily assigned based 
on GIAO calculations (Table 2). The amorphous sample shows 
broad peaks with considerable overlap seen for aromatic 
carbons in the region of 120–145 ppm. Sharp 13C resonances 
generally associated with solution spectra reflect statisti-
cally averaged signals because of molecular tumbling. In 
the solid state, molecular motions are impeded, resulting in 
chemical shift peak broadening. The broader nuclear reso-
nance distributions from the amorphous samples largely 
result from multiple orientations and diverse environments 
around carbon nuclei [36]. Because magic-angle spinning 
(MAS) can significantly reduce the orientation effect of 
dipolar coupling and chemical shielding anisotropy, it is 
mainly the conformational distribution of the molecules in 
the glassy state that leads to the NMR peak broadening [37, 
38]. The carbonyl carbon (C6), which is involved in hydrogen 
bonding, was observed at 170.0 and 169.1 ppm for Form I and 
the amorphous sample respectively, indicating the similar 
electronic environment surrounding this carbon and the 
likely presence of acid-pyridine intermolecular interactions 
in the amorphous state. This argument is made because the 
crystal bears the acid-pyridine hydrogen-bonding motif.

In summary, 2EPNA provides an example of a diar-
ylamine compound where functional group substitution 
on the phenyl ring provides a convenient way of controlling 
the polymorphic outcome. The substitution of an –ethyl 
group on the phenyl ring leads to formation of crystals with 
acid-pyridine synthons by preventing planar conformation 
due to steric hindrance. This relationship between synthon 
and conformation has been observed for other compounds 
examined in previous studies [13–16]. Furthermore, the 
hydrogen-bonding motif was also present in the amor-
phous state, which likely impedes the recrystallization from 
the amorphous state. Alignment of these hydrogen bonding 
chains into a three-dimensional lattice (i.e. a crystal) 
appears to present a kinetic barrier for crystallization.
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