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ABSTRACT: 4-Hydroxynicotinic acid (4-HNA) was discov-
ered to exist in the solid state as either 4-HNA or its tautomer
4-oxo-1,4-dihydropyridine-3-carboxylic acid (4-ODHPCA) in
three polymorphs and two hydrates. Packing motifs differ as
each of the three oxygen atoms acts as the hydrogen-bond
acceptor, respectively, in the anhydrate forms, while in the
hydrate forms, water molecules participate in hydrogen
bonding with 4-HNA. Phase behaviors of the forms were
characterized by differential scanning calorimetry (DSC), hot-
stage microscopy (HSM), and thermogravimetric analysis
(TGA). It was found that anhydrates I and II converted into
III during heating; the two hydrate forms dehydrated at different temperatures and eventually transformed into anhydrate III, and
sublimation of all five forms led to form III when the crystals were heated. Quantum mechanical calculations were performed
providing further insight into the polymorphism.

1. INTRODUCTION

Tautomerism is a well-known phenomenon in organic
compounds with the ability of protons to shift from one
atom to another. Enol/keto tautomers are the most frequently
encountered,1,2 while other tautomers such as sulfonimide−
sulfonamide3−5 are also observed. Hydroxypyridines (HPs) and
hydroxynicotinic acids (HNAs) are prone to enol−ketonic
tautomerization and are actively investigated. For example, 2-
HP was shown to be present as either the enol or keto form in
solution, depending on the polarity of the solvent.6

Introduction of carboxylic acid to the 3 position of HP’s
pyridine ring leads to various HNAs, including 2-hydroxynico-
tinic acid (2-HNA), 4-HNA, 5-HNA, and 6-HNA. Detailed
studies of the enol/keto tautomerization of HNAs in gas and
solution phases were reported in the literature; for example, 2-
HNA prefers the keto form while 4-HNA leans to the enol
form.7,8 Preference of one tautomeric form over another is
obviously determined by the conformational energy, as well as
by interaction with solvent molecules when in the solution
phase. It is thus of a great interest to uncover how
tautomerization of HNAs affects crystal packing of the
molecules in the solid state. Our laboratory and others have
systematically examined crystal structures of HNAs over the
past few years.8−10

Studies of tautomeric polymorphism, particularly the keto−
enol variety, date back at least 80 years.2 In essence,
polymorphism of such systems results from tautomerization
of the molecules in question. Molecules that have been studied

include triclabendazole,11 barbituric acid,12−15 omeprazole,16

ranitidine,17 sulfasalazine,18 irbesarten,19−21 2-amino-3-hy-
droxy-6-phenylazopyridine,22 and 2-(2,4-dinitrobenzyl)-3-
methylpyridine.23 Desmotropy is preferred by some researchers
over the term tautomeric polymorphism.24 Our studies of
HNAs aimed to identify tautomers in the solid state and
understand the influence by intermolecular interactions on the
tautomeric preference. Four polymorphs were discovered for 2-
HNA, and all four forms exist in the keto form, 2-oxo-1,2-
dihydro-3-pyridinecarboxylic acid (2-ODHPCA), which is in
agreement with the solution state study and gas phase
calculations.25 For 6-HNA, only one crystal structure was
obtained and the molecule adopts the keto form.26 Crystal-
lization of 5-HNA failed to generate quality single crystals.
Herein, we report crystal forms of 4-HNA and molecular
identities in the solid state. In total, five crystal forms of 4-HNA
were discovered, including three solvent-free polymorphs and
two hydrates. Interestingly, both the enol and keto forms exist
in the solid state, making the molecule a highly polymorphic
system resulting from tautomerization. This is a rarity especially
for a small and rigid molecule such as 4-HNA. Tautomerization
of 4-HNA is illustrated in Scheme 1 along with its keto form, 4-
ODHPCA. All possible tautomeric species are shown in
Scheme 2. The molecule has shown some pharmacological
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potential as it can be used to treat rheumatism and common
cold associated symptoms such as nasal congestion and
hoarseness.27,28 In this report, detailed crystal structures and
molecular packing are discussed, along with their thermal
behaviors. Theoretical calculations were conducted to further
interpret the tautomeric polymorphism.

2. EXPERIMENTAL SECTION
2.1. Materials. 4-HNA was synthesized by hydrolysis of 4-

chloronicotinic acid (purchased from Alfa Aesar Co.),25 purified by
recrystallization from MeOH. The chemical purity of the compound
was verified by solution NMR; no impurities were detected. It is also
commercially available from a variety of vendors. All solvents were
obtained from commercial sources and used as received.
2.2. Crystal Growth. The crystal growth method of slow

evaporation or slow cooling was applied for polymorph screening of
4-HNA. For slow evaporation, the compound was dissolved in
different solvents (aqueous and organic) forming saturated solutions at
ambient temperature (∼22 °C) (Table 1). The solutions were set for

slow evaporation until single crystals were harvested. For example, 100
mg of 4-HNA was added to 10 mL of HPLC grade methanol. The
mixture was stirred overnight, and the remaining solid was removed by
pipet filtration. A vial containing clear solution was covered with
perforated parafilm. Slow evaporation led to single crystals in about a
week. For slow cooling, a saturated solution in a beaker covered by a
cover glass was concentrated to one-third of the original volume by
gently heating on a hot plate, and then the solution was cooled to
room temperature with the heating turned off. All crystallization
experiments were conducted in an unmodified atmosphere. Each
experiment was repeated multiple times. Specifically, forms I, II, and
III can be produced in methanol, acetone, and ethanol, respectively.
And form III can also be obtained by sublimation from heating a solid

sample. Hydrates I and II were both harvested from water. Note in
methanol and water, crystals were grown in a noncontrollable fashion.
The identity of the crystals was confirmed by powder X-ray diffraction
and, when high quality single crystals were obtained, by single-crystal
X-ray diffraction.

2.3. Crystal Structure Determination. Crystal structures of the
three anhydrates and two hydrates of 4-HNA were determined by
single-crystal X-ray diffraction. For all five forms, data collection was
carried out at 90 K on a Nonius kappaCCD diffractometer with Mo
Kα radiation (λ = 0.71073 Å).29 Cell refinement and data reduction
were done using SCALEPACK and DENZO-SMN.30 Structure
solution and refinement were carried out using the SHELXS97 and
SHELXL97 programs, respectively.31−33 The hydrogen atoms involved
in tautomerism in these structures were first located in difference
electron density maps and subsequently refined freely with no
ambiguity (for more clarification, see the Supporting Information).

Powder X-ray diffraction (PXRD) data for each sample were
collected on a Rigaku X-ray diffractometer with Cu Kα radiation (40
kV, 40 mA; λ = 1.5406 Å) between 5.0 and 50.0° (2θ) at ambient
temperatures. The finely ground sample was placed on a quartz plate
in an aluminum holder.

2.4. Thermal Analyses. Phase behaviors of the solid forms were
studied by differential scanning calorimetry (DSC), thermogravimetric
analysis (TGA), and hot-stage microscopy (HSM). These experiments
were performed on TA Instruments DSCQ20-1250, TGAQ50-0738,
and INSTEC STC200, respectively. For DSC and TGA, Tzero pans
and aluminum hermetic lids poked with holes were used at a heating
rate of 10 °C/min. For HSM, a few crystals were placed on a glass
slide, and a heating rate of 10 °C/min was used. The heating process
was captured with a digital camera.

2.5. Computational Details. Single molecules of 4-HNA and 4-
ODHPCA were optimized from various initial conformations at the
B3LYP/6-311G++(d,p) level to identify the most stable conforma-
tions. The optimization was done by Gaussian09 (Gaussian, Inc.,
Wallingford, CT, USA) in gas phase or implicit solvent environments,
including chloroform, dimethyl sulfoxide (DMSO), and water. The
dielectric constants used in the calculation for these solvents were 4.71,
46.83, and 78.36, respectively. IEF (integral equation formalism) PCM
(polarizable continuum model) was chosen as the solvation model.
Frequency calculations were performed for all optimized structures to
identify energy minima (zero imaginary frequency).

Intermolecular interactions and lattice energies of the anhydrate
forms were calculated by first optimizing crystal structures. The
optimization was conducted at the B3LYP/6-21G(d,p) level by
Crystal1434 where lattice parameters were kept the same as
experimental values. Molecular pairs were then taken out of their
respective crystal structures for the calculation of hydrogen-bonding
strengths at the M06-2x/6-311g(2d,2p) level. The basis set super-
position error (BSSE) was considered by the counterpoise method.35

Moreover, the optimized crystal structures were calculated in order to
derive the lattice energy, and for this purpose, dispersion energy
contributions to lattice energy were considered by augmenting the
DFT (density functional theory) results with damped, analytical
energy models based on interatomic distances and predefined
parameters.36,37 BSSE was again handled by the counterpoise method.
Energy convergence of the optimization and energy calculation was set
to 10−7 hartree. Root-mean-square (RMS) values for calculation
convergence were set to 0.0003 and 0.0012 au for energy gradient and
atomic displacement, respectively. All calculations were conducted on
a Linux cluster.

3. RESULTS AND DISCUSSION
3.1. Crystal Structures. Three anhydrates (I, II, and III)

and two hydrates (H-I and H-II) of 4-HNA were discovered
(Figure 1). Form I crystals were obtained as colorless blocks
from methanol, form II crystals were grown as colorless rods
from acetone, ethyl acetate, and isopropanol, and form III
crystals were harvested as colorless prisms from ethanol.
Structure determination by single-crystal X-ray diffraction

Scheme 1. Enol-Keto Tautomerization of 4-
Hydroxynicotinic Acid

Scheme 2. Tautomeric Species of 4-Hydroxynicotinic Acid

Table 1. Polymorph Screening of 4-HNA

solvent growth condition form

methanol slow evaporation II, III
methanol slow evaporation I
methanol slow evaporation I, II, III
methanol slow cooling I, II, III
methanol slow cooling II, III
acetone slow evaporation II
ethyl acetate slow evaporation II
isopropanol slow evaporation II
ethanol slow evaporation III
water slow evaporation H-I, H-II
water slow evaporation H-II
water slow evaporation H-I
water slow cooling H-I
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found form I to be orthorhombic, space group Pna21 (Z = 4);
form II to be monoclinic, space group P21/c (Z = 4); and form
III to be monoclinic, space group Cc (Z = 8). Hydrate I is
orthorhombic, space group P21212 (Z = 4), and hydrate II is
monoclinic, space group P21/c (Z = 4). Crystallographic data of
the forms are listed in Table 2; for complete CIF files, see
CCDC Nos. 1443388, 1443390, 1443392−1443393, and
1443396. Careful examination of the crystallographically
independent molecules in each of the asymmetric units
indicates they are conformationally similar, as suggested by
the torsion angle between the carboxylic acid and the aromatic
ring defined by O8C7C3C4 (ca. 174.5° in form I, −176.9° in
form II, −176.4° in IIIa, 178.5° in IIIb, 179.4° in H-I, and
179.5° in H-II). A superposition of all six conformations in the
polymorphs clearly indicates the conformational similarity

(Figure 2). In the crystals of forms I, II, and H-I, the molecules
take the keto form and the carboxylic acid group forms an anti

configuration; in the crystals of forms III and H-II, the
molecules adopt the enol form wherein the carboxylic acid
proton is transferred to the pyridine N (i.e., enol-carboxylate in
Scheme 2). In particular, due to the lack of centrosymmetry in
form III, the crystal is polar.
In the anhydrate form I, the asymmetric unit consists of one

molecule (Z′ = 1). The molecule has a planar conformation,
and the anti configuration of carboxylic acid precludes the
possibility of forming acid−acid dimer motifs. Instead, the
hydroxyl group of the acid forms an intramolecular hydrogen
bond with the adjacent carbonyl O, with the distance and angle

Figure 1. Crystals of the three anhydrates and two hydrates of 4-HNA.
Scale bar, 0.2 mm.

Table 2. Crystallographic Data of Three Polymorphs and Two Hydrates of 4-HNA

I II III H-I H-II

formula C6H5NO3 C6H5NO3 C6H5NO3 C6H5NO3.0.5H2O C6H5NO3.H2O
fw 139.11 139.11 139.11 148.12 157.13
cryst size (mm) 0.20 × 0.17 × 0.10 0.30 × 0.20 × 0.10 0.20 × 0.20 × 0.02 0.25 × 0.20 × 0.10 0.22 × 0.18 × 0.10
cryst syst orthorhombic monoclinic monoclinic orthorhombic monoclinic
space group Pna21 P21/c Cc P21212 P21/c
a/Å 13.4233(1) 3.71980(1) 3.6124 (1) 7.2840(2) 7.8418(3)
b/Å 3.8097(5) 14.5367(5) 22.8112 (7) 23.5200(3) 12.6104(6)
c/Å 11.6150(5) 10.6250 (4) 13.5495 (5) 3.6450(12) 7.2017(3)
α/deg 90 90 90 90 90
β/deg 90 93.3280 (15) 89.8980 (16) 90 113.9211(19)
γ/deg 90 90 90 90 90
Z, Z′ 4, 1 4, 1 8, 2 4,1 4,1
V/Å3 593.98(8) 573.56(3) 1116.52(6) 624.5(2) 650.99(5)
Dcal/(g·cm

−3) 1.556 1.611 1.655 1.575 1.603
T/K 90(2) 90(2) 90.0(2) 90(2) 90(2)
abs coeff/mm−1 0.127 0.132 0.136 0.132 0.137
F(000) 288 288 576 308 328
θ range/deg 3.04−27.40 2.38−27.46 1.50−27.49 1.73−27.45 2.84−27.49
limiting indices −16 ≤ h ≤ 17 −4 ≤ h ≤ 4 −4 ≤ h ≤ 4 −9 ≤ h ≤ 9 −10 ≤ h ≤ 10

−4 ≤ k ≤ 4 −18 ≤ k ≤ 18 −28 ≤ k ≤ 28 −29 ≤ k ≤ 30 −16 ≤ k ≤ 16
−14 ≤ l ≤ 15 −13 ≤ l ≤ 13 −17 ≤ l ≤ 17 −4 ≤ l ≤ 4 −9 ≤ l ≤ 9

completeness to 2θ/% 100.0 99.9 97.3 100 99.9
unique reflecns 838 1367 1320 912 1573
R1 [I > 2σ(I)] 3.58 5.52 4.01 5.11 4.30
Rw2 (all data) 0.0928 0.1401 0.0989 0.1315 0.1168

Figure 2. Superposition of six conformations in the asymmetric units
of forms I, II, and III and H-I and H-II (I, red; II, green; IIIa, gray; IIIb,
orange; H-I, blue; and H-II, purple).
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being 2.426 Å, and 156.34°, respectively. The carbonyl O of the
carboxylic acid group forms a hydrogen bond with the
secondary amino group NH, with the corresponding hydro-
gen-bonding parameters being 2.797 Å and 172.21°. These
molecules form one-dimensional chains (Figure 3). Interest-
ingly, the direction of the chains is the same, being along the c
axis. The crystal is thus polar, although the space group is
achiral.

Similar to form I, the anhydrate form II has one molecule in
the asymmetric unit, which is nearly flat and in the anti
configuration. The intramolecular hydrogen bonding between
the OH of the carboxylic acid and the nearby O from the
carbonyl has slightly different parameters, 2.518 Å and 158.23°.
The intermolecular hydrogen bonding in this case, however, is
between the exo O of the ring carbonyl and the secondary NH,
with hydrogen-bonding parameters 2.730 Å and 152.66°.
Essentially, this O acts as a bifurcated hydrogen-bond acceptor,
leaving the other carbonyl O not involved in any hydrogen
bonding. The crystal structure is based on one-dimensional
chains propagating along the b axis with alternant hydrogen-

bonding directions (Figure 3), thereby rendering the crystal
apolar. This anhydrate form was also reported by Santos et al.
although data were collected at 293 K in the latter case.8 They
show negligible difference in the unit cell parameters obviously
due to the temperature variation during data collection.
The anhydrate III form crystallizes with two molecules (A

and B) in the asymmetric unit (Z′ = 2). Unlike anhydrates I
and II, the molecules become zwitterionic with the carboxylic
acid proton no longer associated with the O. The molecules are
in the enol form. An intramolecular hydrogen bond is formed,
similar to that of anhydrate I or II except for the position of the
proton. The intramolecular hydrogen bond has identical
parameters of 2.457 Å and 150.02° in molecules A and B. An
intermolecular hydrogen bond is formed between adjacent
molecules of the same conformation with slightly different
parameters, 2.777 Å and 163.55° for A conformers and 2.776 Å
and 167.71° for B. The one-dimensional hydrogen-bonded
chains propagate along the c axis with alternating directions
(Figure 3). Interestingly, the acceptor for the intermolecular
hydrogen bond is from the deprotonated carboxyl, which is
different from either I or II.
The three anhydrous polymorphs of 4-HNA, therefore, result

not from conformation differences because the molecules have
similar conformations, but from the different participants in the
intermolecular hydrogen bonds, particularly dissimilar hydro-
gen-bond acceptors due to both the tautomerization and the
proton transfer. As illustrated in the abstract graphic, the chief
difference among the polymorphs stems from the three oxygen
atoms of the molecule acting respectively as hydrogen-bonding
acceptors in the crystal structures. In form I, the carbonyl O on
the carboxylic acid forms a hydrogen bond with the NH from
an adjacent molecule; in form II, the carbonyl O on the ring
participates in the hydrogen bonding. The molecules in the two
forms are nearly identical conformationally, and the intra-
molecular hydrogen bonds bear similar configurations. The
only major variance is the bond angle of the intermolecular
hydrogen bond (172.21° in form I and 152.66° in form II). Yet,
form II is more compacted as indicated by its higher density
(1.611 g·cm−3 in II vs 1.556 g·cm−3 in I). Form III appears
drastically different from form I or II because not only is the
molecule no longer in the keto form but also the proton has
been transferred intramolecularly. The exo O on the ring is no
longer a hydrogen-bond acceptor but a donor. One carboxylic
acid O becomes a bifurcated hydrogen acceptor, forming the
intramolecular hydrogen bond with enol OH and intermo-
lecular hydrogen bond with NH. The intermolecular hydrogen
bond shows the bond length similar to that of form I or II, but
the bond angle is different from either. Among all three forms,
it has the highest density at 1.655 g·cm−3.
Hydrate I crystallized in the Sohnecke space group P21212

with one 4-HNA molecule and one water molecule in the
asymmetric unit. The 4-HNA molecule has a planar
conformation with the carboxylic acid being anti. An intra-
molecular hydrogen bond is formed between the carboxylic
acid OH and the adjacent carbonyl O (2.44 Å and 156.7°). In
addition, each 4-HNA molecule participates in two intermo-
lecular hydrogen bonds with water molecules (Figure 3). The
hydrogen bonding between the 4-HNA NH and O of water has
parameters 2.79 Å and 161.4°. The hydrogen bond between the
OH of water and the carbonyl O of the carboxylic acid has
parameters of 2.69 Å and 172.6°. Each water molecule is
involved in four hydrogen bonds (two donors and two
acceptors). The structure, thermal stability, and dehydration

Figure 3. Crystal packing of anhydrates I, II, and III and hydrates I and
II (for clarity, hydrogens not involved in hydrogen bonding are
omitted).
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kinetics/mechanism of this hemihydrate have been reported.9,10

The two structures have similar unit cell parameters with the
previously known one showing a slightly higher cell volume
since its diffraction data were collected at 296 K.
Hydrate II also consists of one 4-HNA molecule and one

water molecule in the asymmetric unit of space group P21/c.
The 4-HNA molecule shows a near flat conformation. Unlike
H-I but similar to form III, proton transfer takes place and 4-
HNA is zwitterionic. The carboxylic acid H shifts to the nearby
exo O of the carbonyl and the molecule is in the enol form. A
similar intramolecular hydrogen bond to that in form III exists
with 2.48 Å and 148.6° of the hydrogen-bonding distance and
angle, respectively. In addition, each 4-HNA molecule
participates in three intermolecular hydrogen bonds with
water molecules. The one between NH and O from water
has hydrogen-bond parameters of 2.68 Å and 173.8°. The other
two, between O of carboxylic acid and OH from two water
molecules, have different strengths: the stronger one having
parameters of 2.74 Å and 177.1° and the weaker one of 2.83 Å
and 166.6°. In contrast to H-I, each water molecule only
partakes in three hydrogen bonds, twice as donors and once as
acceptor. Two water and two 4-HNA form a rectangular
hydrogen-bonding motif of R4

2 (8). The rectangle fuses with
another large ring of R4

4 (16) hydrogen-bonding motif. The
collective construct leads to a staircase-like packing pattern
perpendicular to the (1 0 1) face (Figure 3).
Keto−enol tautomerization as a base for polymorphism was

investigated more than 80 years ago when Weygand studied the
four modifications of acetyldibenzoylmethane.38 Since then,
there have been few well-defined cases of keto−enol tautomeric
polymorphism. Our newly reported polymorphic system of 2-
HNA can merely be considered as polymorphism of a
tautomer. Yet, 4-HNA seems to be strikingly different from
2-HNA because both tautomers crystallized in the solid state.
The molecule in form I is the keto tautomer, indicated by the
bond length of 1.287 Å of C4−O10 and the proton associated
with N1. Similar results can be found in form II with the bond
length of 1.285 Å of CO. For form III, the molecule adopts
the enol form with bond lengths of 1.315 and 1.308 Å for the
enol C−OH of the two conformers, respectively. The proton
on the carboxylic acid is transferred to the pyridine N. For the
two hydrate forms, H-I is of the keto form with CO bond
length of 1.294 Å while H-II is of the enol form with C−OH
bond distance 1.323 Å. In H-II, the carboxyl is deprotonated,
similar to form III. The results seem to suggest that the enol
form is associated with the deprotonation of the carboxyl group
in the solid state.
3.2. Thermal Properties. DSC was conducted to

investigate the thermal properties of the five forms, shown in
Figure 4. Form I shows multiple DSC peaks, whose onset
temperatures are 67.5, 176.4, 227.0, and 255.6 °C. It seems that
at around 68 °C (inset, Figure 4), form I undergoes a phase
transition to become an intermediate phase, and the
intermediate phase further converts into likely form II at
around 176 °C (inset, Figure 4), which then transforms into
form III at about 227 °C. Form II has two endothermic DSC
peaks. The first one, with the onset temperature of 231.1 °C,
appears to be a solid-to-solid phase transition to form III, and
then the second one at 256.8 °C corresponds to melting of the
new form. Form III shows one melting peak at an onset
temperature of 259.8 °C. Hydrate I has three DSC events,
dehydration at onset 65.1 °C, phase transition likely to form III
at 240.1 °C, and melting at 260.9 °C. Similar to H-I, H-II shows

three thermal events, dehydration at 32.0 °C, phase transition
at 227.2 °C, and melting at 260.1 °C. The dehydration of
hydrate forms was confirmed by TGA (see Supporting
Information).
The phase behaviors were further studied under a hot-stage

microscope. A solid-to-solid phase transition from form II
single crystals to form III was captured (Figure 5). In addition,
transformation to form III due to sublimation of either form I
or II was observed. For example, when crystals of form II were
heated to about 210 °C and held at that temperature for several
hours, new crystals appeared on the cover glass gradually
(Figure 6), which were identified as form III by single-crystal X-
ray diffraction. Form III crystals also sublimed when heated on
the hot-stage, but the resulting new crystals were still of form
III. Given the fact that the 4-HNA molecules adopt a different
tautomeric form in form I or II (i.e., keto) from that in form III
(i.e., enol-carboxylate), it is reasonable to argue that the
molecule undergoes tautomerization in the gas phase prior to
crystallization, likely due to the enol form being more
energetically favored in the gas phase than keto (as seen by
our Computational Results). This is also supported by results in
ref 8. Arguably, when the enol form crystallizes into form III, it
would be of great interest to investigate whether the
deprotonation process occurs simultaneously with the
tautomerization or during the crystallization process. A similar
sublimation-assisted tautomerization was reported for 2-
thiobarbituric acid, in which the enol form II converts into
the keto through sublimation.13

Figure 7 shows powder X-ray diffraction patterns of forms I,
II, and III collected at room temperature, along with simulated
patterns calculated from the single-crystal structures deter-
mined at 90 K. The similarity of each form between the
experimental and simulated patterns indicates the thermody-
namic stability at room temperature. The comparison also
suggests that each batch of crystallization product was most
likely of one polymorph, not a mixture of multiple polymorphs.

3.3. Computational Results. Conformational energies
were calculated for single molecules of either enol or keto form
in vacuum (gas phase) or implicit solvent environments. The
results show that the enol form is preferred in the gas phase by
a free energy difference of −8.2 kJ/mol, compared with the
keto form. However, when the environment is polarizing, the
keto form is stabilized and preferred over enol by free energy

Figure 4. DSC thermograms of 4-HNA anhydrates and hydrates.
Insets are of the form I.
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differences of −16.4, −26.6, and −27.1 kJ/mol in continuous
solvent models of chloroform, DMSO, and water, respectively.
Interestingly, zwitterionic forms of enol and keto forms
(Scheme 2) were not found to be stable during the calculation
in either vacuum or an implicit solvent environment.
Furthermore, when the molecule forms carboxyl−carboxyl
hydrogen-bonded dimers, the keto form is always preferred
over enol in vacuum (by −20.1 kJ/mol) or in a solvent model
(by −7.2, −3.0, and −2.8 kJ/mol in chloroform, DMSO, and
water, respectively).
Combined with the experimental results of form selection in

different solvents (Table 1), the calculation indicates that
preference of the keto form results from the polarity of the
solvent, as well as intermolecular hydrogen bonding that forms
in the solid state.
Intermolecular hydrogen-bonding strengths and lattice

energies of the anhydrate forms were calculated. Hydrogen-
bonded chains are formed in forms I, II, and III. Potential
energies of each hydrogen bond are −65.3, −46.1, −81.2, and
−95.2 kJ/mol for these chains in forms I, II, and III (Z′ = 2),
respectively. For comparison, the total potential energy of two
hydrogen bonds in a carboxyl−carboxyl dimer (in the keto
form) is −77.8 kJ/mol. The results suggest that the dimer motif
is not energetically favored and pyridine N needs to be involved
in the intermolecular hydrogen bonding in the solid state.
Furthermore, the hydrogen bonding becomes more stabilized
when the molecule adopts the enol form but requires
deprotonation of the carboxyl group. The lattice energies
calculated are −117.9, −121.8, and −105.4 kJ/mol for forms I,
II, and III, respectively, indicating the stability order to be II > I
> III with form II being the most stable. This is contradictory to
the stability order based on the calculated densities which

suggest III > II > I. And it also disagrees with the thermal study
results since both forms I and II convert into form III. Yet, the
lattice energy calculation compares total energy values of the
three polymorphic structures against the energy of the same,
most stable molecular conformation in vacuum, which is the
enol form. If the comparison is made against the energy of the
individual conformation found in each crystal, the respective
packing energies of forms I, II, and III are −72.3, −61.7, and
−103.7 kJ/mol. This illustrates that the total intermolecular
interactions in form III are the strongest, in good agreement
with form III being the most densely packed.

4. CONCLUSIONS
Three anhydrates and two hydrates of 4-HNA were obtained by
crystallization from solution. The crystal structures demonstrate
tautomeric polymorphism with the molecule either in the keto
form as a neutral molecule (anhydrate forms I and II) or
zwitterion (H-I), or in the enol form (forms III and H-I) which
involves proton transfer from carboxyl to pyridine N. The
molecule prefers the keto form in a polarized environment, but
the enol form can form stronger intermolecular hydrogen
bonding (with the carboxyl deprotonated). Carboxyl−carboxyl
hydrogen-bonding dimer is not observed in the solid state, and
pyridine N is always involved in the intermolecular hydrogen
bonds. The polymorphism of the anhydrate forms may also be
viewed as a result from the three O atoms acting as respective
hydrogen-bonding acceptors. Thermal behaviors indicate that
the molecule undergoes tautomerization in gas or solid phase
from the keto to enol when crystals of forms I or II sublime and
condense or transfer to form III. However, deprotonation of
the enol form seems to be a prerequisite to accompany the
tautomerization during the self-assembly process of molecules.

Figure 5. Solid-to-solid phase transition from form II to form III observed under a hot-stage microscope.

Figure 6. Sublimation-assisted phase transition from form II to form III.
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