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Abstract In this work, we present the synthesis, characteriza-
tion, and computational study of the supramolecular arrange-
ment of a new cinnamic acid derivative: ethyl-(2E)-3-(4-hy-
droxy-3,5-dimethoxyphenyl)-prop-2-enoate (EHD). Single
crystals of EHD were obtained using ethyl ether as solvent
and a slow evaporation technique. Its crystallographic structure,
derived from X-ray diffraction experiments, includes a disor-
dered water molecule on the EHD supramolecular structure.
This water molecule participates in four O–H···O hydrogen
bonds, which are arranged as a centrosymmetric H-bond array
with the water at the center. Electronic and structural properties
of the isolated EHD molecule and of the EHD molecule in the
presence of one water molecule were calculated at the B3LYP/
6-311++G(2d,2p) level of theory. These calculations show that
the HOMO–LUMO energy gap of EHD decreases upon the
introduction of the water molecule, suggesting that EHD be-
comes a stronger electron acceptor. These results indicate that
the water molecule helps to stabilize the crystal structure in this
system containing unequal numbers of acceptor and donor
atoms. The supramolecular synthon involving the disordered
water molecule and the supramolecular features presented here
provide new possibilities in the design of functional materials

and should also help us to gain a deeper understanding of the
processes by which molecules recognize biological targets.

Keywords Cinnamic acid derivatives . Crystallographic
disorder . Quadruple hydrogen bond . X-ray diffraction

Introduction

Studies leading to greater comprehension of biologically active
compounds in the solid state play a key role in the synthesis of
new chemical entities [1–3]. Understanding the supramolecular
chemistry of these crystalline materials is an important task, as it
aids attempts to generate more effective and active compounds
[4–7]. Exploring the arrangements of molecules in crystals pro-
vides a path to the design of new functional materials and to the
elucidation of processes in which a molecule recognizes a par-
ticular biological target. Lately, derivatives of trans-cinnamic
acid have been shown to possess a wide range of pharmacolog-
ical properties, including antimalarial, antimicrobial, antioxidant,
and hepatoprotective activities [1, 3, 8–11]. Furthermore, in vitro
assays of the effects of such cinnamic acid derivatives on protein
tyrosine phosphate 1B (PTP1B) have led to the discovery of new
potent competitive inhibitors, driving the design of potential lead
candidates for drugs to treat diabetes and obesity [8]. These
trans-cinnamic acid derivatives are also important intermediates
in chemical reactions such as hydroarylation in the presence of
strong acid and phenol to form dihydrocoumarins [12, 13].

In this paper, we report a study in which the crystal struc-
ture of the trans-cinnamic acid derivative ethyl-(2E)-3-(4-hy-
droxy-3,5-dimethoxyphenyl)-prop-2-enoate (EHD;
C13H16O5) was explored both experimentally and theoretical-
ly. The experimental results were obtained by single-crystal
X-ray diffraction. Single crystals were grown by a slow
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evaporation technique using ethyl ether as solvent. The crystal
structure was elucidated and refined, and the final X-ray-
derived model showed a residual factor R1 of 0.0607 for 181
refined parameters using 25 restraints, revealing that the com-
pound crystallizes in the monoclinic space group C2/c in a
monohydrate system with an asymmetric unit. A repulsive
interaction between the hydrogen of the water molecule and
the hydroxyl of the ester molecule contributes to solvent dis-
order, leading to a quadruple O–H···O hydrogen-bond array in
the supramolecular structure. This type of intermolecular in-
teraction, that allows the recognition of typical molecular ar-
rangements (also known as supramolecular synthons), was
previously reported for an analogous structure with methanol
instead of water on the supramolecular structure [14].

Water molecules can play key roles in the stabilization of
crystal structures, especially in systems that have unequal
numbers of acceptor and donor atoms. In order to investigate
the disordered water molecule and its role in crystal structure
stabilization, the interatomic bond lengths and angles of iso-
lated EHD and EHD in the presence of a water molecule were
optimized using the B3LYP density functional method [15,
16]. The theoretical results we obtained are supported by our
experimental data, thus demonstrating the reliability of the
level of theory and the basis set selected for the present work.
The theoretical predictions made and experimental data ob-
tained could be very important in the design of functional
materials and for understanding the processes by which mol-
ecules recognize biological targets.

Methods

Synthesis and crystallization

0.8000 g (4.381 mmol) of 4-hydroxy-3,5-dimethoxy-benzalde-
h y d e ( 1 ) , 1 . 5 4 3 2 g ( 4 . 4 3 0 mmo l ) o f e t h y l
(triphenylphosphoranylidene)acetate (2), and 0.075 g
(0.4165 mmol) of benzoic acid in anhydrous toluene (40 mL)
were added to a 50-mL round-bottom flask (Fig. 1). This mix-
ture was submitted to heating and constant magnetic stirring
under a reflux system for 26 h. After cooling it to room temper-
ature, the mixture was poured into 20 mL of a saturated
NaH2CO3 solution and extracted using ethyl ether. The organic
extracts were washed with water and brine, dried over CaCl2,
filtered, and then concentrated under reduced pressure. The title
compound was thus obtained as a yellow solid after purification
by flash chromatography on silica gel using a solution of
hexane:acetone (8:2) as mobile phase. The yield of the title
compound was 70.2%. Its structure was characterized by infra-
red spectroscopy, 1H NMR, and 13C NMR. After purification,
the solid obtained was recrystallized at room temperature using
slow evaporation and ethyl ether as solvent. Single crystals with

a well-defined shape were obtained and submitted to single-
crystal X-ray diffraction analysis.

Infrared and NMR spectroscopic data

Melting point 69.7–70.0°C. IR (infrared; , cm−1): 3405, 2982,
2939, 2844, 1703, 1633, 1456, 1425, 1151. The IR spectrum of
(E)-ethyl-3-(4-hydroxy-3,5-dimethoxyphenyl)-prop-2-enoate
exhibited characteristic signals from carbonyl (1703.7 cm−1),
aromatic C=C (1446.7 and 1425.6 cm−1), and C=C olefinic
(1633.8) functionalities (Fig. 2). 1H NMR (300 MHz, CDCl3,
δ; s = singlet, d = doublet, t = triplet, q = quartet): 7.58 (1H, d,
J=15.9 Hz); 6.75 (2H, s); 6.29 (1H, d, J=15.9 Hz); 4.24 (2H,
q, J=7.2 Hz); 3.90 (6H, s); 1.31 (3H, t, J=7.2). 13C NMR
(75 MHz, CDCl3, δ): 14.34 (CH3); 56.46 (OCH3); 60.53
(CH2); 104.88 (CH); 115.86 (CH); 136.82 (C); 144.95 (CH);
147.19 (C–OH); 167.13 (C=O). The 1H NMR spectrum
displayed a singlet signal at δ=6.76 corresponding to two aro-
matic protons. A doublet signal at lower field, δ = 7.59
(J=15.9 Hz), was attributed to H-α, which was coupled to H-
beta (δ =6.29) in a trans relationship. A quartet signal appeared
at 4.25 ppmwith J = 7.2 Hz, which was assigned to methylenic
H; this was coupled tomethylic H, which yielded a triplet signal
at 1.33 ppm with J=7.2 Hz. A singlet signal at 3.90 ppm
corresponded to six methoxylic protons. Based on these spec-
tral features, compound 3 was identified as (E)-ethyl-3-(4-hy-
droxy-3,5-dimethoxyphenyl)-prop-2-enoate, a substituted
cinnamic ester. The 13CNMR spectrum of compound 3 showed
the presence of 10 signals attributed to 13 carbons. A downfield
signal at 167.5 ppm was attributed to C=O, while signals at
125.8, 137.0, 144.8, and 147.1 ppm were assigned to aromatic
carbons. Signals from the olefinic carbons C-α and C-β were
observed at 104.9 and 115.9 ppm, respectively.

Crystal structure determination

Data were collected using a Bruker (Karlsruhe, Germany) X8
Kappa APEX II diffractometer equipped with a fine-focus
sealed ceramic X-ray tube using graphite MoKα (λ =
0.71073 Å) radiation. 23,018 reflections were collected, with
4279 unique and 2587 observed. The structure was solved with
the software SIR92 [17] using direct methods, and least-squares
refinement was performed against F2 using SHELXL [18, 19].
The model obtained has an asymmetric unit containing one
molecule of EHD plus a molecule of water (EHD-W). It crys-
tallizes in themonoclinic space groupC2/c (relevant parameters
are shown in Table 1). During the refinement process, the dis-
placement of the oxygen atom of the water molecule (labeled
O6) showed very anisotropic behavior, suggesting that this at-
om has positional disorder. This disordered atom was split be-
tween two sites (labeled O6a and O6b), with each site
representing one component of the disorder. The contribution
of each component is described by the site occupancy factor,
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which in this case is 0.51973 for component O6a and 0.48027
for O6b. These were refined using restraints on the anisotropic
displacement parameters and bond distances. The next step was
to add the two hydrogen atoms of the water molecule.
However, three peaks of residual electron density were ob-
served around the O6 atom in the electron density map.
Consequently, hydrogen H1W was refined at a single site po-
sition and the second hydrogen was split between the sites
H2Wa and H2Wb, bonded to O6a and O6b, respectively. The
bonds and angles in this molecule of water are listed in Table 2.

Hirshfeld surface analysis

Hirshfeld surfaces [20] (HSs) mapped using dnorm [21] and
2D f ingerp r in t p lo t s [22] were ob ta ined us ing
CrystalExplorer 3.3 software [23] for three different forms
of EHD: (I) the asymmetric unit containing the major com-
ponent of the disorder of C13H16O5 +H2O; (II) only the
major component of the disorder of C13H16O5, and (III)
the major component of the disorder of the water molecule
present as solvent. We applied this approach because we
wanted to analyze the structural effects of the presence of
the water molecule on interactions invoving the EHD mol-
ecule. Hirshfeld surfaces are used to visualize intermolec-
ular interactions in crystals. The surfaces were generated
from the crystallographic information file (CIF) obtained
from the experimental model (XRD). The Hirshfeld sur-
faces are derived from the sum of the independent atomic

spherical electron densities, based on the X-ray-derived
geometry. All X-H bond lengths were normalized to tabu-
lated neutron values inside the CrystalExplorer software
diffraction in the CrystalExplorer software.

The surfaces were generated using the highest resolu-
tion available and color-coded with the normalized contact
distances (dnorm). Consider a point on the Hirshfeld sur-
face. Let atomi be the atom that is both nearest that point
and inside the surface, and atome be the atom that is both
nearest that point and outside the surface. If the sum of di
(the distance from the point to atomi) and de (the distance
from the point to atome) is smaller than the sum of the vdW
radii of the two atoms, dnorm is negative and the HS is
colored red [24]. All surfaces were generated using the
same color code to facilitate comparison among surfaces.

Table 1 Crystallographic and experimental data for EHD-W

Parameter Value

Molecular weight 270.27

Temperature (K) 298(2)

Color Colorless

a (Å) 21.273(5)

b (Å) 7.391(3)

c (Å) 17.898(7)

α (°) 90

β (°) 92.64(3)

γ (°) 90

Volume (Å3) 2811(2)

Z 8

Dx (Mg/m3) 1.277

μ (MoKα) (mm−1) 0.101

F(000) 1152

Crystal size (mm) 0.3 × 0.3 × 0.3

Absorption correction None

θ range for data collection 2.28–30.59

Data/restraints/parameters 4279/25/181

Goodness-of-fit on F2 1.062

R indices [I> 2σ(I)] R1 = 0.0607, wR2 = 0.1885

R indices (all data) R1 = 0.0895, wR2 = 0.212

(Δ/ρ)max(e Å
−3) 0.365

(Δ/ρ)min(e Å
−3) −0.335

CCDC deposition number 819543
Fig. 2 IR spectrum of C13H16O5

Fig. 1 Synthesis of EHD-W
(C13H16O5)
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Computational procedures

All theoretical computations were carried out using density func-
tional theory (DFT) as implemented in the Gaussian09 software
package [25]. The B3LYP exchange-correlation functional was
used throughout the calculations with the explicit-valence triple
zeta 6-311++G(2d,2p) basis set. The starting geometric parame-
ters used in geometry optimization were taken from the major
component of the X-ray-derived model. The minima on the po-
tential energy hypersurface of the EHD-W system were charac-
terized by an absence of imaginary frequencies in the calculated
vibrational spectrum of the optimized structure when using the
same level of theory. In the present study, we considered two
systems: an isolated EHD molecule (EHD system) and an
EHD molecule with one water molecule (EHD-W system). The
latter was studied to explore the influence of the water molecule
on the electronic parameters of EHD, including the topology of
its molecular electrostatic potential (MEP), highest occupied mo-
lecular orbital (HOMO), and lowest unoccupiedmolecular orbital
(LUMO). The computed electrostatic potential V(r) on the mo-
lecular surface shows how the electrons are distributed in three
dimensions around themolecule. TheV(r) generated at point r by
the nuclei and electrons of a molecule is given by [26, 27]

V rð Þ ¼
X
α

Zα

Rα−rj j−
Z

ρ r0ð Þ
r0−rj j dr

0; ð1Þ

where Zα is the charge on nucleusα located at pointRα, and ρ(r′)
is the charge density at point r′ in space. V(r) is an observable of
the wavefunction that can be calculated theoretically and mea-
sured experimentally by diffraction methods. The MEP can be
positive or negative. It will be positive if the positive charge (from
nuclei) predominates over the negative charge (from electrons),
and negative if the negative charge predominates. The frontier

molecular orbitals and the MEP surface were visualized using
GaussView 5 [28].

Results and discussion

Crystallization and solid-state characterization

Each component of the disorderedwatermolecule can form up to
four intermolecular hydrogen bonds: two as a hydrogen-bond
donor (one of these is a bifurcated hydrogen bond) and one as
a hydrogen-bond acceptor. These hydrogen bonds are signifi-
cantly shorter than the sum of the van der Waals radii of the
atoms involved [29] (3.04 Å for Odonor and Oacceptor), indicating
a strong intramolecular interaction between the oxygen centers.
One of these centers is the oxygenO5 of the EHDmolecule (split
between components O5a and O5b), and another is a bifurcated
bond directed towards the hydroxyl group and the methoxy
group of EHD. The hydrogen bonds are listed in Table 3. Once
again, throughout the electron densitymapwe observe two peaks
of residual electron density instead of one around the oxygen
atom of the hydroxyl group, suggesting that the hydrogen of this
hydroxyl group also occupies two sites (components H2a and
H2b). The ORTEP plot [30] of the asymmetric unit (with atoms
labeled) can be seen in Fig. 3. The hydrogen bonds between
water and EHD molecules are shown in Fig. 4, and the packing
of the molecular backbone is depicted in Fig. 5.

Figure 6 shows the Hirshfeld surfaces obtained when study-
ing the intermolecular interactions of EHD-W (in cases I, II,
and III), where weaker contacts (shown in blue) occur around
the hydrophobic regions of the molecules, surrounding groups
containing carbon and hydrogen atoms. Furthermore, a few of
the contacts (shown in red) occur mostly around the oxygen
atoms (in methoxyl, hydroxyl, and ester groups, and in water),
which are involved in interactions. This indicates that hydrogen
bonds contribute significantly to the various supramolecular
features of this structure. Following the analysis of contacts
between atoms, the percentage of each meaningful contact
can be detailed with the 2D fingerprint plots (Fig. 7). The
intermolecular contacts that were explored for this structure
were C···H, C···O, C···C, O···H, O···O, and H···H, except in
the case focusing on the surface of the water molecule (III),
where only O···H, O···O, and H···H contacts were considered.

Table 2 Bond distances and angles in the water molecule of EHD-W

Atoms Distance (Å) Atoms Angle (°)

O6a–H1W 0.92(2) H1W–O6a–H2Wa 102(5)
O6a–H2Wa 0.92(2) H2Wa–O6a–H2Wb 103(6)
O6a–H2Wb 0.86(6) H1W–O6b–H2Wa 104(5)
O6b–H1W 0.92(2) H1W–O6b–H2Wb 107(5)
O6b–H2Wa 0.90(6)
O6b–H2Wb 0.93(2)

Table 3 Intramolecular
hydrogen bonds for EHD-W Atoms D–H (Å) H…A (Å) D…A (Å) < (DHA) (°) Symmetry operation

O2–H2a···O6a 0.82 2.09 2.794(6) 143.5 −x+ 3/2 , y – ½, −z+ 3/2
O2–H2b···O6b 0.82 2.05 2.758(7) 144.0 x+½, y – ½, z

O6a–H2Wa···O2 0.92(2) 1.95(4) 2.774(6) 148(6) x – ½, y+½, z

O6a–H2Wa···O3 0.92(2) 2.46(5) 3.122(6) 129(5) x – ½, y+½, z

O6b–H2Wb···O2 0.93(2) 2.01(6) 2.750(7) 136(6) −x+ 3/2 , y +½, −z+ 3/2
O6b–H2Wb···O1 0.93(2) 2.57(8) 3.025(7) 111(6) −x+ 3/2 , y +½, −z+ 3/2
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Table 4 shows the percentage of each contact for each of the
explored surfaces. For all of the surfaces, the O···O contacts
were not significant enough to investigate further. Figure 7
shows O···H and H···H contacts on the Hirshfeld surfaces and
fingerprint plots (colored ellipses and arrow), which can be
observed located in the shorter distances of de and di.
Compounds which exhibit a more elongated trace typically
show classical intermolecular hydrogen bonds [20, 31, 32].

Conventionally, the hydrophobic interactions are the C···C,
C···H, and H···H contacts, and these are not easily observed or
measured (especially the last two). However, with the fingerprint
plot, these interactions can be observed in a generic way. The C···
H contacts—with contact percentages of 18.0% (I) and 16.5%
(II)—and the C···C contacts—with contact percentages of 1.1%

(I) and 1.0% (II)—are mainly located near the backbone chain
and the aromatic ring of EHD-W (Table 4). The C···H contact
percentage values in I and II suggest the presence of a C–H···π
interaction corresponding to C13–H13C···Cg(ring) (d=3.320 Å;
angle = 134.68°). The regions containing these contacts can be
seen on the dnorm and shape index surfaces depicted in Fig. 7a–d.

Optimized structure and energies

Diff1 and Diff2 are percent relative differences calculated
using the formula

Diff ¼ I−Jj j
I

� 100; ð2Þ

Fig. 3 Ortep plot of the
asymmetric unit, with thermal
ellipsoids at 30% probability level

Fig. 4 Hydrogen bonds between water and EHD molecules
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where I and J represent values of the same parameter calcu-
lated or measured in different scenarios: Diff1 is the difference
between the theoretical result for the EHD molecule in vacu-
um and the theoretical result for the EHDmolecule in vacuum

in the presence of one water molecule; Diff2 is the difference
between the theoretical result for the EHD molecule in the
presence of one water molecule and the experimental result
for EHD.

Fig. 5 Molecular packing in the
[001] direction (water molecules
shown in blue)

Fig. 6 Hirshfeld surfaces mapped using dnorm (color range of red to blue
corresponds to values ranging from −0.548 to 1.416) and fingerprint plots
for C13H16O5 +H2O (I), C13H16O5 (II), and H2O (III). Contacts are
highlighted by colored circles and a yellow arrow, with black indicating
H···O contacts for hydrogen bonds where the molecule(s) inside the
surface act as acceptor(s), red indicating H···O contacts for classical and
nonclassical hydrogen bonds where the molecule(s) inside the surface act
as donor(s), and yellow indicating H···H contacts. These contacts are

emphasized in the 2D fingerprint plots, which show that shorter
hydrogen bonds have H···O contact distances of around 1.9 Å, and
those of shorter H···H contacts are around 2.1 Å. All X–H bond lengths
were normalized to tabulated neutron values within the CrystalExplorer
software and may therefore differ from those in the hydrogen-bond table
in the deposited CIF. The percentage contribution of each contact can be
found in Table 4
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The theoretical results show only six major changes in
bond length when a water molecule is added to the EHD
system. The bonds O4–C9, C6–C7, and C8–C9 decrease
by 0.443%, 0.168%, and 0.471%, respectively, whereas
the bonds O4–C10, C7–C8, and O5–C9 increase by
0.113%, 0.208%, and 0.665%, respectively, as shown
in Table 5. The changes in bond length occur because
the water molecule modifies the electronegativities of
neighboring atoms in the cinnamic ester. The bond or-
ders were calculated for the cinnamic ester atoms, and
small differences were observed between the bond or-
ders for the isolated molecule in vacuum and those for
the EHD molecule in the presence of the water mole-
cule. The largest differences in bond order were seen
for O4–C9 and O5–C9, with the Wiberg index changing
from 1.01 to 1.05 and from 1.68 to 1.64 (relative per-
cent differences of 4.14% and 2.88%, respectively). In
the presence of the water molecule, the bond order

increases for O4–C9 and decreases for O5–C9. When
the bond lengths obtained in the theoretical calculations
were compared to the corresponding experimental re-
sults, a 2.628% longer O4–C9 bond and a 2.329% lon-
ger C7–C8 bond were calculated theoretically. These
results show that the theoretical calculations account
for the resonance of bonds along the chain from C6 to
O4: the bonds C1–C6, C7–C8, and C9–O5 are in reso-
nance and should be slightly longer than would normal-
ly be expected, while C6–C7, C8–C9, and C9–O4
should be slightly shorter than normal (for both single
and double bonds). This can be explained by the fact
that the theoretical calculations consider the molecule to
be in the gas phase whereas the experimental results are
for the solid phase.

Notable changes in theoretically derived bond angles
were also seen upon adding a water molecule to the iso-
lated EHD molecule. The presence of water decreased the
angles C1–C6–C7, O5–C9–O4, and C6–C7–C8 but in-
creased C8–C9–O5, C8–C9–O4, C9–O4–C10, C7–C8–
C9, and C5–C6–C7, as shown in Table 6. The largest
changes were seen for O5–C9–O4, C7–C8–C9, and C8–
C9–O5: 0.9%, 0.7%, and 0.5%, respectively. Figure 8
shows a comparison of the theoretical bond lengths
(Fig. 8a) and bond angles (Fig. 8b) for the hydroxyl of
the EHD molecule between the isolated EHD system and
EHD-W. The data points are close to the y= x line, indi-
cating strong agreement between the theoretical results
for the two systems. Figures 8c, d show similar bond
length and angle comparisons to those above, but be-
tween the theoretically and experimentally derived results
for the EHD-W system. The figures indicate that the the-
oretical results and the experimental data are in good

Fig. 7 a–d Locations of C···H
contacts visualized using dnorm (a)
and shape index surfaces (b). c
View of the C–H···π interaction
corresponding to C13–
H13C···Cg(ring) (d= 3.320 Å;
angle = 134.68°) in the EHD-W
crystal structure. d 2D fingerprint
plot of C···H contact (18.0%)

Table 4 Contact
percentages, as obtained
from the Hirshfeld
surface for EHD-W

Contact I II III

H···H 50.3 50.0 36.3

O···H 26.0 28.3 63.7

C···H 18.0 16.5 –

C···O 3.5 3.2 –

O···O 1.1 1.0 0

C···C 1.1 1.0 –

All values shown in the table are percent-
ages . I i s C13H16O5 + H2O; II i s
C13H16O5; III is H2O. Surface areas of I,
II, and III are 316.56 Å2 , 345.30 Å2 , and
43.35 Å2 , respectively.
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agreement. Differences between the experimental and
theoretical bond lengths and angles can be explained by
the fact that there is a crystalline field that links the

molecules in the solid. Due to the low scattering power
of hydrogen atoms and shifts in electron density towards
the bonds, X-ray crystallographic data for the hydrogen

Table 5 Theoretically derived
interatomic bond lengths (Å) for
isolated EHD (in the gas phase)
and EHD-W (where W = water
molecule) as well as X-ray-
derived bond lengths

Number Atoms EHD (DFT) (Å) EDH-W (DFT) (Å) X-ray (Å) Diff1 (%) Diff2 (%)

1 O1–C13 1.423 1.425 1.410 (3) 0.105 1.062
2 O1–C2 1.372 1.371 1.367 (2) 0.056 0.294
3 O2–C3 1.356 1.355 1.353 (2) 0.061 0.138
4 O3–C4 1.359 1.359 1.364 (2) 0.028 0.362
5 O3–C12 1.421 1.420 1.418 (3) 0.018 0.159
6 O4–C9 1.357 1.351 1.316 (2) 0.443 2.628
7 O4–C10 1.445 1.446 1.441 (3) 0.113 0.361
8 O5–C9 1.212 1.220 1.210 (1) 0.665 0.850
9 C1–C2 1.388 1.387 1.383 (3) 0.065 0.268
10 C2–C3 1.397 1.398 1.394 (3) 0.050 0.283
11 C3–C4 1.404 1.405 1.391 (3) 0.038 0.977
12 C4–C5 1.389 1.388 1.383 (3) 0.030 0.396
13 C5–C6 1.403 1.403 1.402 (3) 0.026 0.101
14 C6–C1 1.401 1.402 1.388 (3) 0.039 1.009
15 C6–C7 1.456 1.453 1.463 (3) 0.168 0.653
16 C7–C8 1.342 1.345 1.314 (3) 0.208 2.329
17 C8–C9 1.471 1.464 1.474 (3) 0.471 0.671
18 C10–C11 1.513 1.513 1.505 (3) 0.021 0.542

All theoretical values were obtained at the B3LYP6-311++G(2d,2p) level of theory. Diff1 and Diff2 are the
difference between the theoretical results for EHD and EHD-W and the difference between the theoretical result
for EHD-W and the experimental result for EHD-W, respectively

Table 6 Theoretically derived
interatomic bond angles (°) for
isolated EHD (in the gas phase)
and EHD-W (where W = water
molecule), and well as X-ray-
derived bond angles

Number Atoms EDH (DFT) (°) EDH-W (DFT) (°) X-ray (°) Diff1 (%) Diff2 (%)

1 C12–O3–C4 118.2 118.1 118.6 (2) 0.0 0.4

2 O3–C4–C3 115.2 115.1 114.0 (2) 0.0 1.0

3 O3–C4–C5 125.2 125.2 126.1 (2) 0.0 0.7

4 C4–C3–O2 119.5 119.5 120.3 (2) 0.0 0.7

5 C4–C3–C2 119.5 119.6 119.6 (2) 0.1 0.0

6 O2–C3–C2 121.0 120.9 120.1 (2) 0.1 0.6

7 C3–C2–O1 113.6 113.6 114.5 (2) 0.0 0.8

8 C2–O1–C13 118.3 118.2 118.1 (2) 0.1 0.0

9 O1–C2–C1 125.7 125.7 125.0 (2) 0.0 0.6

10 C2–C1–C6 120.1 119.9 120.0 (2) 0.1 0.0

11 C1–C6–C7 118.0 117.5 118.1 (2) 0.5 0.5

12 C1–C6–C5 119.2 119.3 119.5 (2) 0.2 0.1

13 C6–C5–C4 120.9 120.7 120.4 (2) 0.1 0.3

14 C5–C4–C3 119.7 119.6 119.9 (2) 0.0 0.2

15 C8–C9–O5 126.2 126.9 127.2 (6) 0.5 0.2

16 O5–C9–O4 123.0 122.0 122.5 (6) 0.9 0.4

17 C8–C9–04 110.7 111.1 110.2 (2) 0.3 0.8

18 C9–O4–C10 116.0 116.4 117.8 (2) 0.4 1.2

19 O4–C10–C11 107.7 107.6 106.3 (2) 0.1 1.2

20 C7–C8–C9 120.5 121.3 123.7 (2) 0.7 2.0

21 C5–C6–C7 122.8 123.2 122.4 (2) 0.3 0.6

22 C6–C7–C8 128.1 128.0 126.2 (2) 0.2 1.4

23 C3–C2–C1 120.7 120.7 120.5 (2) 0.0 0.2

All theoretical values were obtained at B3LYP6-311++G(2d,2p) level of theory. Diff1 and Diff2 are the difference
between the theoretical results for EHD and EHD-Wand the difference between the theoretical result for EHD-W
and the experimental result for EHD-W, respectively
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atoms were not considered when comparing the structural
parameters.

Molecular electrostatic potential map

The molecular electrostatic potential (MEP) is generally visu-
alized by mapping it onto a molecular surface reflecting the
boundaries of the molecule of interest. The MEP is a very

powerful tool for identifying molecular sites for electrophilic
attack, nucleophilic reactions, and hydrogen bonds. In addi-
tion, MEP maps are often used to explore drug–receptor and
enzyme–substrate interactions because electrostatic forces act
over long distances [33]. As the MEP is an observable of the
wavefunction, it can be determined experimentally by diffrac-
tion or computationally. Figure 9 shows the MEP surface cal-
culated at the B3LYP/6-311++G(2d,2p) level of theory for

Fig. 8 a–d The plots show comparisons between the isolated EHD
molecule (in the gas phase) and EHD-W in terms of the a bond lengths
and b bond angles obtained using the DFT method, as well as

comparisons between the experimentally and DFT-derived c bond
lengths and d bond angles in EHD-W

Fig. 9 a–b Molecular electrostatic potential surface at the
ρ(r) = 4.0 × 10−4 electrons/bohr3 contour of the total SCF electron
density for the compound under investigation in the gas phase (a) and
in the presence of one water molecule (b), as calculated at the B3LYP/6-

311++G(2d,2p) level of theory. Regions with negative electrostatic
potential are shown in red, and those with positive electrostatic
potential are shown in blue

J Mol Model (2017) 23: 35 Page 9 of 12 35



EHD in the gas phase (a) and in the presence of one water
molecule (b).

Negative MEP (red color in Fig. 9) corresponds to high
electron density, which occurs at O13 (E=−0.579 eV), O21
(E=−1.429 eV), and between O1 and O7 (E=−1.350 eV) in
Fig. 9a and at O6 (in the water molecule; E=−1.397 eV), O3
(E = −1 . 365 eV ) , O4 (E = −0 . 483 eV ) , a nd O5
(E = −0.935 eV) in Fig. 9b. Positive MEP (blue color in
Fig. 9) corresponds to depleted electron density, which oc-
curs at the H-bonded O2 (E=−1.177 eV) in Fig. 9a and at
the H-bonded O2 (E= 1.155 eV) and H-bonded O6 (in the
water molecule; E = −0.961 eV) (water hydrogen) in
Fig. 9b. The changes in MEP that occur upon the inclusion
of one water molecule are very small. The MEP surface
plotted in Fig. 9 shows well-distinguished regions.

Frontier molecular orbitals

As pointed out by Fukui [34, 35], the frontier molecular or-
bitals (FMOs) play an important role in understanding chem-
ical reaction mechanisms. This is because the highest occu-
pied molecular orbital (HOMO) of one reactant interacts with
the lowest unoccupied molecular orbital (LUMO) of the other
reactant during the chemical process. In many cases, proper-
ties such as orbital energies and orbital symmetries should be
considered when analyzing a chemical reaction, as doing so
leads to a better explanation of the mechanism. In addition,
FMOs strongly influence electrical and optical properties and
UV–vis spectra [36]. It is important to mention that hydrogen
bonds can also be characterized energetically through other
approaches such as the multicenter bond index method [37].

Fig. 10 a–b The HOMO,
HOMO-1, LUMO, and LUMO+
1 distributions for EHD a in the
gas phase and b in the presence of
a water molecule, as calculated at
the B3LYP/6-311++G(2d,2p)
level
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However, this technique was not considered in the present
work because an analysis of the frontier molecular orbital plot
was sufficient for our purposes. Figure 10 shows a graphical
representation of the HOMO, HOMO-1, LUMO, and
LUMO+1 frontier molecular orbitals calculated at the
B3LYP/6-311++G(2d,2p) level of theory for the EHD mole-
cule in (a) the gas phase and (b) in the presence of a water
molecule. Figure 10a shows that the HOMO (E=−5.799 eV)
and HOMO-1 (E=−6.499 eV) orbitals present π-antibonding
and π-bonding symmetries, respectively.

Absolute hardness was defined by Parr and Pearson [38] in
1918 as

η ¼ 1

2

∂μ
∂N

� �
ν

¼ 1

2

∂2E
∂N 2

� �
ν

;

where η, μ, N, and E are the absolute hardness, chemical
potential, number of electrons, and total energy, respectively.
The following approximation for η can be obtained by a finite
difference method from a plot of E vs N:

η ¼ 1

2
I−Að Þ;

where I is the ionization energy and A is the electron affinity.
According to Koopman’s theorem [39], the HOMO and
LUMO are associated with the ionization potential
(I=−EHOMO) and electron affinity (A=−ELUMO). Hence, an
approximate formula for the hardness is

η ¼ 1

2
ELUMO−EHOMOð Þ:

As pointed out by Dewar [40] and Fukui and Fujimoto
[41], there are three types of bonding interactions between
two closed-shell molecules: electrostatic, delocalization, and
polarization. Delocalization interactions involve the partial
transfer of electron density between molecules. In this case,
the HOMO–LUMO gaps of both molecules should be small
to achieve the strongest bonding; in other words, both mole-
cules should be “soft.” The polarization interaction is favored
if both molecules have small HOMO–LUMO gaps, whereas
the electrostatic interaction predominates between two hard
molecules. Indeed, the electrostatic interaction can be very
strong if both molecules are very hard. As the calculated hard-
ness for EHD is large (1.973 eV), we expect the contribution
of the electrostatic interaction between the molecules in the
crystal to be substantial.

In addition, the large HOMO–LUMO gap (3.947 eV) and
hardness value of EHD suggest that its chemical stability and
excitation energies are high. Figure 10b shows that the
HOMO (E=−5.799 eV) and HOMO-1 (E=−6.466 eV) or-
bitals present π-antibonding and π-bonding symmetries, re-
spectively. The energies of the HOMO and HOMO-1 orbitals
barely change (by 0% and 0.507%, respectively) when a water

molecule is added to the EHD. The LUMO (E=−1.956 eV)
and LUMO+1 (E=−0.340 eV) have π*-antibonding and σ-
antibonding symmetries, respectively, and change in energy
by 5.465% and 11.787% when a water molecule is added to
the EHD. Thus, the largest changes in MO energy occur for
the LUMO and (especially) the LUMO+1 when a water mol-
ecule is introduced into the EHD system. The HOMO–LUMO
gap energy and hardness (η) for the EHD-W system are
3.845 eVand 1.922 eV, respectively.

Conclusion

The positional disorder observed in the crystal structure of
EHD-W may be caused by a repulsive interaction between
the hydrogen of the water molecule and the hydroxyl group
of the EHD. This is important due to the harmonic behavior of
the atoms involved in this disorder, since all of the compo-
nents have almost the same site occupancy factors (about 48–
52%) for each group, which may be indicative of resonance
along the structure. Theoretical calculations show that intro-
ducing a water molecule into the EHD system decreases its
LUMO energy from −1.852 eV to −1.956 eV, suggesting that
the EHD compound becomes a stronger electron acceptor and
that the water molecule plays a key role in the stabilization of
the crystal structure. On the other hand, the HOMO energies
of the evaluated systems (isolated EHD and EHD-W, both in
the gas phase) are the same (−5.799 eV), suggesting that the
ability of the compound to donate electrons remains un-
changed upon the introduction of the water molecule.
Finally, the centrosymmetric quadruple O–H···O hydrogen-
bond array displayed in Fig. 4 is an interesting supramolecular
synthon that may prove a useful tool in the design of function-
al materials and also for understanding the processes by which
cinnamic acid derivatives recognize their biological targets.
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