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a b s t r a c t

In this study, the molecular structure and conformational analyses of the 4-isopropylthioxanthone (4-
ITX) are reported according to experimental and theoretical results. The compound crystallizes in the
centrosymmetric P1 space group with only one molecule in the asymmetric unit, presenting the most sta-
ble conformation, in which the three fused-rings adopt a planar geometry, and the isopropyl group
assumes a torsional angle with less sterical hindrance. The structural and conformational analyses were
performed using theoretical calculations such as Hartree–Fock (HF), DFT method in combination with 6-
311G(d,p) and 6-31++G(d,p) and the results were compared with infrared spectroscopy (FT-IR) and X-ray
diffraction (XRD). The supramolecular assembly of 4-ITX is kept by non-classical C–H� � �O hydrogen
bonds and weak interactions such as p–p stacking. 4-ITX was also studied by 1H and 13C NMR spectros-
copy. UV–Vis absorption spectroscopic properties of the 4-ITX showed the long-wavelength maximum
shifts towards high energy when the solvent polarity increases.

� 2011 Elsevier B.V. All rights reserved.

1. Introduction

Thioxanthone (TX) derivatives are widely studied due to their
photochemistry and their vital role in photopolymerization activ-
ity [1–3]. Previous studies have presented the free radical polymer-
ization of olefinic compounds photoinitiated by TX and their
derivatives, which are sensitive to the quenching of the excited
triplet states that react with a hydrogen donor thereby producing
an initiating radical. The mentioned quenching effect is the reac-
tive precursor of light-induced chemical changes in carbonyl
groups [4]. This process occurs mainly because TX derivatives ab-
sorb at a longer UV wavelength region than other well known
photoinitiators ensuring efficient light absorption during the UV-
curing process for a number of materials such as adhesives and
printing inks [5].

A specific class known as isopropylthioxanthone (ITX) has been
used in the printing process of the packaged food cartons. Since
2005, when a mixture of 2- and 4-isopropylthioxanthone was de-
tected in baby milk, authorities have been aware of the risks of

ITX for human health and have fostered studies on the analytical
field to develop new methods for the determination of both 2-
and 4-ITX isomers in foods, for which the technique of liquid chro-
matography/tandem mass spectrometry has been used [6,7]. In
addition, antitumor and cytotoxic are interesting pharmacological
activities exhibited by TX derivatives. Previous studies have inves-
tigated the in vivo efficacy of SR 233377 derivatives against the
murine solid tumor Panc03 [8]. Recently, a promising thioxanthone
analog of third-generation, SR 271425, has presented antitumor
activity against a wide range of tumor types, and it already is in
phase I studies [9].

Even though many studies about the photochemical and phar-
macological activities of thioxanthone derivatives are found in lit-
erature, there are few reports dealing with their structural and
chemical properties, including X-ray diffraction (XRD) analysis,
spectroscopic techniques, and theoretical calculations. Therefore,
the aim of this study is to report a detailed structural investigation
of 4-isopropylthioxanthone (4-ITX). The structure was solved by
single-crystal XRD, and its molecular conformation and the crystal
self-assembly were analyzed. The geometrical parameters ob-
tained were compared with similar structures deposited in the
Cambridge Structural Database (CSD). In addition, theoretical cal-
culations were performed using ab initio molecular orbital proce-
dures [Hartree–Fock (HF)], density functional theory (B3LYP) in
combination with the 6-311G(d,p), and 6-31++G(d,p) basis sets in
order to compare with XRD and infrared (IR) spectroscopy results.
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The 1H and 13C{1H} NMR technique and UV–Vis absorption were
performed to investigate the behavior of the 4-ITX in solution.

2. Experimental

2.1. Measurements and computational details

The sample of 4-ITX was purchased from Sigma/Aldrich and
used without further purification. The IR spectrum of the com-
pound was recorded on a FT-IR Bomem-Michelson 102 spectrom-
eter in the 4000–400 cm�1 region using solid samples pressed in
KBr pellets. UV–Vis spectra were recorded in a HP8452A (diode ar-
ray) spectrophotometer. Dilutions of 1.0 � 10�4 mol L�1 in dichlo-
romethane, tetrahydrofuran, and methanol were prepared, and
quartz cells of 1.0 cm path length were used in the analysis. The
1H and 13C{1H} spectra were recorded in CDCl3 solution in a
5 mm sample tube at 293 K on a Bruker Avance III DRX 400 spec-
trometer working at 400 and 100 MHz, respectively. The splitting
patterns of proton resonance are designated as d = duplet,
dd = double doublet, dt = double triplet, sep = septet, m = multiplet
(the NMR assignments follow the crystallographic numbering sys-
tem). 1H NMR (d): 8.60 (dt, 1H, J = 0.96 and 0.80 Hz; H1), 8.55 (dd,
1H, J = 1.52, 1.48 Hz; H8), 7.64–7.61 (m, 3H; H2 and H7); 7.51–7.47
(m, 2H; H3 and H6); 3.49 (sep, 1H, J = 6.76 Hz; H41); 1.40 (d, 6H,
J = 6.76 Hz; H42 and H43). 13C{1H} NMR (d): 180.77, 144.62,
136.96, 135.41, 132.24, 129.80, 129.62, 128.91, 128.62, 127.87,
126.33, 30.03, and 23.00.

All calculations were performed with Gaussian 03 W [10] pro-
gram package using an AMD Phenon II X4 965 Quad Core processor
with 4 GB Ram. We used the Hartree–Fock (HF) [11] and density
functional theory (DFT) [12] with the three parameters hybrid
functional of BECK (B3), for the exchange part, and the Lee, Yang,
and Parr (LYP) correlation function [13,14] using 6-31++G and 6-
311G(d,p) basis sets in order to obtain the vibrational frequencies
of the IR spectra, scanning of potential energy as a function of dihe-
dral angle, optimized energies, and thermodynamic parameters.

2.2. X-ray crystallographic analysis

Single crystals of 4-ITX were grown by recrystallization in a
methanol solution at room temperature. To perform the X-ray dif-
fraction experiment, a suitable single crystal was mounted on glass
fiber, and positioned on the goniometer head. Intensity data were
measured with the crystal at 150 K using the Enraf–Nonius Kappa-
CCD diffractometer with graphite monochromated Mo Ka radia-
tion (k = 0.71073 Å). The cell refinements were performed using
the software Collect [15] and Scalepack [16], and the final cell
parameters were obtained on all reflections. Data reduction was
carried out using the software Denzo-SMN and Scalepack [16].

The structure was solved by the Direct method using SHELXS-
97 [17] and refined using the software SHELXL-97 [17]. Non-
hydrogen atoms of 4-ITX were unambiguously located, and a
full-matrix, least-squares refinement of these atoms with aniso-
tropic thermal parameters was carried out. The C–H hydrogen
atoms were positioned stereochemically and were refined with
fixed individual displacement parameters [Uiso(H) = 1.2Ueq (C2

sp)
or 1.5Ueq (C3

sp)] using a riding model with aromatic, methyl, and
methyne C–H bond lengths were fixed of 0.93, 0.96, and 0.98 Å,
respectively. Tables were generated by WinGX [18] and the struc-
ture representations by ORTEP-3 [19] and MERCURY [20]. The
intramolecular parameters (bond lengths, valence angles, and acy-
clic torsion angles) were analyzed using MOGUL [21], a knowledge
base of molecular geometry derived from Cambridge Structural
Database (CSD, Version 1.12, update August 2010, [22]). Hirshfeld
surface for 4-ITX was calculated using the CrystalExplorer 2.1 pro-

gram [23] to illustrate the main differences between the intermo-
lecular contacts in the crystal structure. Table 1 summarizes the
main crystal data collections and structure refinement parameters
for the thioxanthone derivative under study.

3. Results and discussion

3.1. Structural analysis

The structural study performed by XRD pointed out that 4-ITX
crystallizes in a centrosymmetric P1 space group with only one
molecule in the asymmetric unit (Fig. 1). With regard to the intra-
molecular conformation of 4-ITX, it is observed that the three
fused-rings adopt an almost planar conformation, which agrees
with other thioxanthone structures reported previously [24]. Com-
paring with similar structures, planarity also can be observed to
the thioxanthone S,S-dioxide derivative named thioxanthone-
10,10-dioxide [25], whereas small folding angles are present in
the 2,4-dimethylthioxanthone-10,10-dioxide [26]. On the other
hand, molecules containing thioxanthone S-oxide core present
the central ring strongly distorted with the sulfur atom on center
of a trigonal pyramidal geometry [27].

To emphasize the planar tendency of the thioxanthone core, a
careful analysis was performed by the root mean of square devia-
tion (RMSD) from the least-squares plane through the rings A, B,
and C of the 4-ITX. All atoms in the rings A, B, and C lie within
0.0505 Å of the least squares plane through the three-ring system.
Each ring is also almost planar, including the C41 atom linked to
ring A. The largest deviations from the individual least-squares
planes are 0.0058, 0.0074, and 0.0254 Å for rings A, B, and C,
respectively. The least squares planes of the rings A and C form a
dihedral angle of 2.55(6)�, those of the rings B and C form an angle
of 1.98(6)�, and those of the A and B rings form an angle of 4.40(7)�.
As observed and studied previously, the chromene central ring is
the most susceptible to distortion [28].

An analysis of the molecular structure of 4-ITX shows that the
isopropyl group linked at C4 atom is presenting the conformation
close to lower energy, when compared with the structure opti-
mized by theoretical calculation performed in this paper. In the

Table 1
Crystal data and structure refinement for 4-ITX.

Compound 4-ITX

Empirical formula C16H14OS
Formula weight 254.33
Temperature (K) 150
Crystal system Triclinic
Space group P1
Unit cell dimensions (Å, �) a = 7.3957(3); a = 90.215(2)

b = 8.0442(3); b = 103.037(2)
c = 10.6912(4); c = 96.033(2)

Volume (Å3) 615.97(4)
Z 2
Density (calculated) (Mg m�3) 1.371
Absorption coefficient (mm�1) 0.246
F(0 0 0) 268
Crystal size (mm3) 0.12 � 0.14 � 0.18
h range for data collection (�) 3.06–26.35
Index ranges �8 6 h 6 9, �10 6 k 6 10, �13 6 l 6 13
Reflections collected 4364
Independent reflections 2497 [R(int) = 0.0407]
Completeness to hmax 99.7%
Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 2497/0/165
Goodness-of-fit on F2 1.082
Final R indices [I > 2sigma(I)] R1 = 0.0475, wR2 = 0.1042
R indices (all data) R1 = 0.0634, wR2 = 0.1094
Largest diff. peak and hole (e Å�3) 0.321 and �0.362
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molecule this group presents freedom to rotate around C4–C41
bond. The conformational analyses were performed after the calcu-
lations of the gradient optimization and vibrational modes of IR.
The potential energy curve of 4-ITX was calculated ranging the
C4a–C4–C41–C43 torsion angle, /, from �180� to 180� with a step
of 10�. The results present a total of three minimum and two max-
imum (Table S1 and Fig. S2, in Supplementary material). The two
regions presenting states of maximum energies (�140� and 20�)
can be explained by electrostatic repulsion between the methyl
groups (C42 and C43) and the S1 atom. The global minimum was
observed at 90�, presenting absolute energy of
�2868315.971 kJ mol�1, whereas the other two minima at /
= 140� and / = �70� present energy values slightly higher, with rel-
ative energy of 0.066 kJ mol�1 and 11.058 kJ mol�1, respectively.
The energies values found in / = 90� and / = 140� are almost sim-
ilar. As observed, the three minima values obtained by the scan do
not agree with C4a–C4–C41–C43 torsion angle found in the crystal
structure [153.8(2)�]. Such deviation probably occurs due to the
influence of intermolecular hydrogen bonds discussed below in
this paper.

The main bond lengths and angles obtained by X-ray diffraction
and theoretical experiments are given in Table 2. These parameters
were compared using the program Mogul [20], which allows us to
compare the experimental bond lengths, bond angles, and torsion
angles of a given compound with those found in similar structures
which are deposited in the CSD [22]. Mogul statistic revealed that
all bond lengths and bond angles values for 4-ITX agree with those
found for similar compounds studied by X-ray diffraction (Table S2
and S3, in Supplementary material). The values of C–C bond dis-
tances within the A and B benzyl rings range 1.369(3)–
1.414(3) Å, which agree well with the normal aromatic value
[1.39(1) Å]. Meanwhile the C–C bond distances for the optimized
structure are ranging 1.388–1.419 Å, 1.403–1.418 Å and 1.397–
1.409 Å, respectively, for the HF/6-311G(d,p), B3LYP/6-31++G and
B3LYP/6-311G(d,p) methods. Similarly, the mean bond angles in
rings A and B are 120(2)�. The isopropyl parameters follow the
same behavior expected. In the literature, the average value of
the C–S bond length is 1.76(1) Å, which agree with that one found
in ring C for C4a–S1 [1.747(2) Å] and C10a–S1 [1.734(2) Å] bond
length. The C9@O9 fragment presents a small shift compared to
the other double bonds of similar crystal structures deposited in
the CSD, which present the mean value of 1.226(21) Å (Table 2).
This can be an effect of intermolecular hydrogen bonding and delo-
calization of the p-system involving the carbonyl and the ring C.
For example, an electron delocalization involving the moiety S1–

C4a–C9a–C9–O9 atoms and also the fragment S1–C10a–C8a–C9–
O9. To emphasize the resonance effect, the S1–C4a, S1–C10a,
C9a–C9, and C8a–C9 single bonds are slight shorter than the aver-
age values found for these geometric parameters (Table 2), contrib-
uting to keep the molecule in a flat conformation. In most cases,
the theoretical studies reported that the HF method generally
underestimates the values of bond lengths, while the DFT method
provides the geometric parameters closer to experimental data. For
this reason, we must take into account the DFT method for the
structural data. Although there are some differences between the
experimental and theoretical values, it is shown that the experi-
mental results can be reproduced by procedure of optimizing
methods. Thus, using three methods, Tables 2 shows a comparison
of the calculated geometrical parameters for 4-ITX with the exper-
imental structure obtained from X-ray diffraction by means of the
root-mean square deviation (RMSD) values. According to these re-
sults, the basis set that best reproduces the theoretical geometrical
parameters for the compound is B3LYP/6-311G(d,p), in which the
mean differences for the bond length are 0.011, 0.012 and
0.030 Å for the B3LYP/6-311G(d,p), HF/6-311G(d,p) and B3LYP/6-
31++G methods, respectively, while for the bond angles the values
are 0.5, 0.6 and 0.7� (Table 2).

The supramolecular investigation of 4-ITX shows that classical
intermolecular hydrogen bonds were not present due to the ab-
sence of a strong proton donor. Thus, there are only non-classical
hydrogen bonds. An important hydrogen bond that contribute
for the crystal packing stabilization involves the C5–H5� � �O9
atoms, which form a one-dimensional infinite ribbon along the
[010] direction (Fig. 2, Table 3). In addition, the 1-D chains are
linked by van der Waals interactions involving mainly the iso-
propyl group, such as the one illustrated in Fig. 2 with a gray
line in zigzag.

A surprising result related to the intermolecular analysis of 4-
ITX is that the crystal self-assembly of this compound is similar
to another thioxanthone derivative known as 4-methylthioxanth-
one (4-MTX) [24]. The main intramolecular difference between
both thioxanthone derivatives is the substituent linked at C4 atom,
which it is an isopropyl group in the 4-ITX, whereas it is a methyl
group in the 4-MTX molecule. As observed by the crystallographic
analysis, both structures are isomorphic, that means, they crystal-
lize in the same P1 space group with similar cell parameters and
crystal assembly. For 4-MTX, the unit cell parameters
[a = 7.118(1) Å, b = 7.907(2) Å and c = 10.415(2) Å; a = 77.74(1)�,
b = 74.35(1)�, and c = 73.96(1)�] are smaller than the values of 4-
ITX. The compression of the unit cell parameters is expected be-
cause the different volume of substituents linked to the position
4. In a recent paper, we reported a similar behavior of isomorphism
occurring in natural products, such as the case of Lupeol [29], a
pentacyclic triterpene derivative. Lupeol proved isomorphic to
3b,30-dihydroxylup-20(29)-ene [30], which differs chemically
due to an additional hydroxyl group.

Another weak intermolecular interaction is represented by
C42–H42� � �O9 [the C� � �O distance is 3.387 Å] forming a dimer
(Fig. 3a). As observed, this interaction plays an important role in
stabilizing the conformation of the isopropyl group thus justifying
the slight deviation related to the theoretical calculation results.
Also, a common kind of interaction occurring in resonant three-
fused rings [28] can be seen in Fig. 3b. The molecules are face-to-
face p-stacked forming dimer, in which the planes of thioxanthone
rings are strictly parallel to each other. They also present a dis-
placement angle between their centers of about 19.5�. The center
to center distance between Cg1 and Cg3 is 3.631(1) Å with an
interplanar separation of 3.460(1) Å.

Therefore, for the whole crystal packing stabilization of 4-ITX,
weak intermolecular contacts (H� � �H, C� � �C and H� � �H) together
with the hydrogen bonds are necessary. The analysis of the Hirsh-

Fig. 1. ORTEP-3 plot of 4-ITX showing the non-hydrogenous atoms and the rings
labeled. The ellipsoids are represented at 50% probability level, and the H-atoms are
shown as spheres of arbitrary radii.
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feld surface shows the relative contribution of the intermolecular
contacts present in each compound (Fig. 3S, in Supplementary
material) [23]. In the crystal structure, the higher contribution oc-
curs to H� � �H contacts (57.6%). The C� � �H contacts account for
14.5% of the Hirshfeld surface, a slightly larger value compared
with that of C� � �C (12.3%). These three kinds of contacts emphasize
the significant occurrence of van der Waals and p–p interactions
[28]. Accordingly, the hydrophilic O� � �H contact contributions to
the crystal structure is 9%. In addition, the smallest 2D-fingerprint
contributions occur for S� � �H (4.9%), C� � �O (0.8%), C� � �S (0.7%) and
S� � �O (0.4%) contacts. Finally, the examination of the Hirshfeld sur-
face demonstrates that there are no contributions for S� � �S and
O� � �O halogen contacts. In the crystal packing of 4-ITX, the mole-
cules are assembled to form layers parallel the (402) plane
(Fig. S4, in Supplementary material).

3.2. Molecular electrostatic potential map

The molecular electrostatic potential (MEP) was obtained after
the Gaussian calculations using the DFT available in the Gaussian
03 W [10], investigated under B3LYP/6-311G(d,p) optimized
geometry, and visualized with the Molekel program [31]. The exis-
tence of the mentioned intermolecular interactions of 4-ITX can be
supported by the calculated MEP map (Fig. 4), a useful tool to visu-
alize charge distribution in molecules, indicating regions suitable
to participate in intermolecular interactions as a donor and accep-
tor of hydrogen bonds. The positive regions (blue) of 4-ITX are
basically localized on Cg3, followed by less positive regions located
on the aromatic hydrogen atoms (except H1 and H8 atoms) and
two CH3 of isopropyl group with electrophilic reactivity. The nega-
tive (red and yellow) regions are observed mainly around the O9

Table 2
Experimental and theoretical bond lengths and bond angles obtained for 4-ITX.

Bond length (Å) X-ray Mogul Values B3LYP B3LYP HF
6-31++G 6-311G(d,p) 6-311G(d,p)

O9–C9 1.231 (3) 1.226 1.260 1.226 1.195
S1–C10a 1.734 (2) 1.759 1.817 1.759 1.756
S1–C4a 1.747 (2) 1.762 1.832 1.772 1.768
C1–C2 1.369 (3) 1.386 1.387 1.380 1.370
C2–C3 1.391 (3) 1.386 1.403 1.397 1.388
C3–C4 1.385 (3) 1.392 1.401 1.392 1.382
C4–C41 1.521 (3) 1.518 1.531 1.526 1.528
C41–C42 1.532 (3) 1.520 1.550 1.542 1.536
C41–C43 1.528 (3) 1.520 1.544 1.538 1.534
C5–C6 1.374 (3) 1.386 1.393 1.384 1.372
C6–C7 1.396 (3) 1.374 1.407 1.402 1.394
C7–C8 1.370 (3) 1.386 1.390 1.382 1.371
C8–C8a 1.404 (3) 1.394 1.415 1.408 1.400
C8a–C9 1.478 (3) 1.478 1.481 1.484 1.486
C10a–C8a 1.396 (3) 1.403 1.405 1.403 1.385
C10a–C5 1.400 (3) 1.396 1.407 1.406 1.398
C4a–C9a 1.406 (3) 1.408 1.412 1.409 1.394
C9a–C9 1.475 (3) 1.478 1.486 1.490 1.493
C9a–C1 1.403 (3) 1.394 1.413 1.405 1.396
C4a–C4 1.414 (3) 1.405 1.419 1.418 1.409
RMSD 0.030 0.011 0.012

Bond angles (�)
C10a–S1–C4a 104.5 (1) 101.412 103.1 104.3 104.6
C10a–C8–C9 123.7 (2) 123.747 124.1 123.8 123.5
C10a–C8a–C8 118.4 (2) 118.792 118.3 118.5 119.0
C9–C8a–C8 117.9 (2) 119.274 117.6 117.7 118.0
S1–C10a–C8a 124.4 (2) 121.899 123.9 124.4 124.5
S1–C10a–C5 115.7 (2) 118.337 115.5 115.5 115.5
C8a–C10a–C5 119.9 (2) 119.098 120.8 120.1 120.0
C4a–C9a–C9 124.5 (2) 123.733 125.3 125.0 124.8
C4a–C9a–C1 118.7 (2) 119.031 118.5 118.9 119.4
C9–C9a–C1 116.7 (2) 119.274 116.2 116.1 115.8
S1–C4a–C9a 122.9 (2) 121.988 122.1 122.6 122.4
S1–C4a–C4 116.1 (2) 119.708 116.4 116.6 116.9
C9a–C4a–C4 121.0 (2) 119.042 121.5 120.9 120.7
O9–C9–C8a 119.4 (2) 120.777 119.2 119.9 119.9
O9–C9–C9a 120.9 (2) 120.777 119.3 120.1 120.0
C8–C9–C9a 119.6 (2) 117.662 121.5 119.9 120.2
C10a–C5–C6 120.3 (2) 119.864 120.0 120.2 120.1
C8–C7–C6 119.2 (2) 120.156 119.6 119.6 119.4
C8a–C8–C7 121.7 (2) 119.802 121.3 121.4 121.1
C4a–C4–C3 117.7 (2) 118.384 117.6 117.8 117.7
C4a–C4–C41 120.9 (2) 122.224 121.8 122.0 122.2
C3–C4–C41 121.4 (2) 119.948 120.5 120.3 120.0
C4–C3–C2 122.0 (2) 120.836 121.8 122.0 122.2
C9a–C1–C2 120.8 (2) 119.802 120.8 120.9 120.6
C42–C41–C43 109.6 (2) 110.553 110.5 111.0 111.1
C42–C41–C4 110.5 (2) 111.849 110.7 110.7 110.8
C43–C41–C4 113.5 (2) 111.849 113.5 113.4 113.2
C3–C2–C1 119.8 (2) 120.280 119.7 119.6 119.4
C5–C6–C7 120.4 (2) 120.156 120.1 120.3 120.4
RMSD 0.7 0.5 0.6
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atom of the carbonyl group with nucleophilic reactivity. Hence, the
MEP map clearly shows the possibility of occurrence of intermolec-
ular interactions in 4-ITX. The negative regions around the O9
atom highlight its participation as a proton acceptor in two inter-
molecular hydrogen bonds in the crystal structure (Table 3). There-
fore, it can be inferred from Fig. 4 that hydrogen bonds (C–H� � �O
bonds) can be formed between the stronger electron donors (O9
atom) and the regions of positive potential on the aromatic and
isopropylic hydrogen atoms from the adjacent molecules, which
act as a moderate proton donor. The positive regions of MEP
map, which are centered mainly on Cg3 compared with Cg1 and
Cg2, can be an explanation for the p–p stacking geometry observed
in Fig 3b. As a result, in the 4-ITX structure, it is most favorable p–p
interactions linking the centroid Cg3 to Cg1 or Cg2 (with less posi-
tive potential) than Cg3 accepting p-electrons of another Cg3 adja-
cent (with most positive potential).

3.3. Thermodynamic properties

The thermodynamic properties obtained from theoretical stud-
ies of 4-ITX are shown in Table S4, in Supplementary material. The
total energy of the system is higher for the HF method when com-
pared to the DFT method, whereas the zero point energy has a
greater value when using the 6-31++G basis for the level of DFT.
The rotational constants calculated were the same for both meth-
ods used in this study. The value of entropy is higher for B3LYP/6-
311G(d,p) when compared with the other basis sets and the HF
method. For the dipole moment, the DFT method results are simi-
lar, whereas for the HF method the value is smaller. These thermo-
dynamic parameters clearly play an important role in describing
the vibrational motion and the behavior of the compound.

3.4. Infrared spectroscopy

The structural features of 4-ITX were also analyzed by experi-
mental FT-IR spectroscopy and the theoretical IR data providing
important insights to understand the structural properties of 4-
ITX in the solid state. This molecule has 32 atoms and 90 normal
modes of fundamental vibration and the description of vibrational
modes can be given by means of normal coordinate analysis. The
detailed vibrational assignments are achieved by comparing the
band positions and intensities observed in FT-IR spectra with
wavenumbers and intensities reported in the literature, and from
molecular modeling calculations at B3LYP/6-311G(d,p) and
B3LYP/6-31++G level [32]. The best match between theoretical
and experimental data was obtained using B3LYP/6-311G(d,p).
Accordingly, this method was used to further comparisons. The cal-
culated vibrational wavenumbers were scaled with the scale factor
obtained from the correlation between the key experimental and
computed wavenumbers for 4-ITX (Fig. S5, in Supplementary
material). The experimental and scaled theoretical infrared spectra
of 4-ITX are shown in Fig. 5.

The carbonyl stretching receives special attention because of
their characteristic band in thioxanthone [33,34] and xanthone
derivatives [35], a class of chemical compounds that differ from
thioxanthones exchanging the oxygen heteroatom for a sulfur
atom. In the present study, for the 4-ITX, was found the experi-
mental mC@O axial stretching at 1630 cm�1, which is closer than
the calculated frequencies obtained for B3LYP/6-311G(d,p) meth-
od, presenting the value of 1629 cm�1. With regard to the endocy-
clic sulfur, it can be seen that the experimental C–S stretching
vibration was attributed to a very weak band at 777 cm�1, while
the theoretical calculations predicted this mode at 786 cm�1 for
the B3LYP/6-311G(d,p) method.

Fig. 2. Illustration of 1-D chains occurring along the b axis linked by weak
intermolecular interactions. The hydrophobic regions are also emphasized.

Table 3
Hydrogen-bonding lengths (Å) and angles (�) for 4-ITX. ‘D’ and ‘A’ mean hydrogen
bond donor–acceptor, respectively.

D–H� � �A D–H H� � �A D� � �A D–H� � �A

C5–H5� � �O9a 0.93 2.60 3.364(3) 140
C42–H42� � �O9b 0.96 2.52 3.387(3) 150

Symmetry codes:
a x, 1 + y, z.
b 1 � x, �y, �z.

Fig. 3. Representation of weak intermolecular interactions occurring in 4-ITX. (a) Non-classical H-bond (symmetry code: #1 � x, y, z) and (b) face-to-face p–p interaction
(symmetry code: i = �x, �y, �z).
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In the 4-ITX, the experimental C–H aromatic stretching vibra-
tions are assigned to a weak band in the region of 3065 cm–1,
which is similar considering the computed frequencies in the
B3LYP/6-311G(d,p) method occurring around 3066 cm�1. Also, a
weak combination and overtone bands in the experimental spec-

trum appear between 1977 and 1966 cm�1. In plane deformations,
the experimental and the computed data are 1325 and 1280 cm�1,
respectively. The bands occurring at low-frequencies (ranging
894–688 cm�1) are related to out-of-plane deformations of the
C–H aromatic groups, while these bands are predicted to be in be-
tween 868 and 672 cm�1 by theoretical calculation.

The C–H stretching vibration tertiary is very weak. Experimen-
tally, it was attributed to a band at 2897 cm�1, and the CH3 asym-
metric stretching vibrations were associated to the band at
2956 cm�1, whereas the band at 2869 cm�1 was assigned to the
CH3 symmetric stretching vibrations of the two methyl substitu-
ents of isopropyl. According to a theoretical analysis, these bands
are displaced around 2975 cm�1, a region with overlaps among
them. The bands at 1463 and 1436 cm�1 are assigned to the asym-
metric deformations vibrations of the methyl group because the
calculations predicted those modes at 1449 and 1439 cm�1. In
addition, as predicted by theoretical calculations, the CH3 symmet-
ric deformation vibrations is assigned to the band at 1380 cm�1 in
the experimental data.

3.5. 1H and 13C{1H} NMR analysis

In the 1H NMR experiment, the chemical shifts of the most acid
aromatic protons (H1 and H8) are found in the 8.61 and 8.53 ppm
regions, respectively. The other aromatic protons (H2, H3, H5, H6
and H7) are magnetically similar, giving rise to a complex set of
multiplet signals ranging 7.64–7.47 ppm [34]. Analyzing the iso-
propyl group, the hydrogen linking to C41 atom exhibits a septet
signal in 3.49 ppm (J = 6.76 Hz). In addition, the signals related to
the six hydrogen atoms of the methyl groups (C42 and C43) appear
as doublet in 1.40 ppm (J = 6.76 Hz). Probably, this is an evidence of
the non-equivalence among the protons of each methyl group, as
observed above according to the crystal structure and theoretical
optimization. Moreover, in the 13C{1H} NMR experiment, the
chemical shift of the carbonyl group appear at 180.8 ppm, which
is slightly different from that of the thioxanthone molecule
(180.1 ppm) [36]. Other five signals of low intensity are observed,
and they can be attributed to those carbon atoms non-hydroge-
nated named as C4, C4a, C10a, C9a, and C8a, which present the val-
ues of 144.62, 136.96, 135.41, 129.80, and 128.62 ppm,
respectively. The remaining aromatic hydrogenated carbon atoms
were also identified in the range of 132.3–126.0 ppm. Finally, the
other more shielded atoms, including the methylene (30.0 ppm)
and the two methyl groups (23.0 ppm), present characteristic
chemical shifts [36]. In such case, it was not possible to distinguish
the two methyl groups given that a broad signal is observed.

3.6. UV spectroscopy

The UV–Vis absorption spectra of 4-ITX were measured in a
solution of dichloromethane, tetrahydrofuran and methanol
(1.0 � 10�4 M). The computed UV–Vis was processed using the
TD-DFT method at the B3LYP and 6-311G(d,p) basis set in Gaussian
03 W software package [10]. The main results of experimental and
TD-DFT calculated absorptions are summarized in Table 4. In each
solvent, the experimental spectrum presents two maximum
absorption bands between 305 and 385 nm, whereas the TD-DFT
results predict these bands around 286 and 360 nm (Table 4).
Experimentally, the long-wavelength maximum shifts towards
high energy when the solvent polarity is increased, in agreement
with previous reports [37,38]. Probably, the different interactions
between chromosphere regions of 4-ITX and the solvent are
responsible for this slight shift observed. However, this tendency
is not observed in the TD-DFT data. Comparing the experimental
and the TD-DFT results shown in Table 4, it is observed a reason-
able concordance between the wavelengths. The band found in

Fig. 4. Molecular electrostatic potential map calculated at B3LYP/6-311G(d,p). Red
indicates a value greater than or equal to the maximum in negative potential and
blue indicates a value greater than or equal to the maximum in positive potential.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 5. Infrared spectra of 4-ITX. (a) Experimental FT-IR in KBr and (b) scaled
theoretical data using B3LYP/6-311G(d,p).
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the region of 361.2–360.0 nm varying the solvent can be assigned
to the p ? p⁄ transition from HOMO to LUMO, in which the car-
bonyl and endocyclic sulfur are involved in the electronic transi-
tion (Fig. S8, in Supplementary material). In addition, the UV
absorption band at 286 nm of 4-ITX results from an electronic tran-
sition from HOMO to LUMO + 1, with the LUMO + 1 localized
mainly on the aromatic rings A and B. This supports the interpreta-
tion that the characteristic UV absorption at 286 nm is contributed
by the p ? p⁄ transition of the two aromatic systems. The transi-
tion from HOMO to LUMO + 1 does not involve the carbonyl group
or the sulfur atom, as can be seen in the Fig. S8.

4. Conclusion

In summary, a detailed analysis of 4-ITX was performed accord-
ing to its crystal structure, theoretical and experimental infrared,
1H and 13C{1H} NMR, and UV–Vis absorption. The geometric
parameters of 4-ITX obtained using the B3LYP/6-311G(d,p) method
match well with the X-ray diffraction data. In both theoretical and
experimental studies, the three fused rings adopt a planar confor-
mation and the isopropyl group in a most stable orientation. In
addition, the crystallographic analysis reveals the influence of C–
H� � �O intermolecular hydrogen bonds and resonance on the in-
crease in the carbonyl bond length. The hydrogen bonds in the 4-
ITX compound were supported by calculation of the molecular
electrostatic potential (MEP), where the negative potential located
on O9 atom highlights its behavior as a strong proton acceptor re-
gion. The crystal self-assembly of 4-ITX is also kept together by van
der Waals and p–p interactions. In the UV–Vis study, the red shift
that increases the solvent polarity is attributed to p ? p⁄ transi-
tion. The knowledge obtained from the present study will be useful
in further analysis of other thioxanthone and similar derivatives,
and it will certainly aid future investigation of structure–activity
relationships and electronic properties.
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Table 4
Experimental and theoretical electronic absorption values for 4-ITX in different solvents.

Solvent Experimental B3LYP/6-311G(d,p)

k (nm) k (nm) Transition energy (eV) Oscillator strength Transition character

Dichloromethane 388 360.5 3.4397 0.0976 HOMO � LUMO
306 286.2 3.7042 0.0169 HOMO � LUMO + 1

Tetrahydrofuran 384 360.0 3.4440 0.0964 HOMO � LUMO
306 286.1 4.3331 0.0176 HOMO � LUMO + 1

Methanol 384 361.2 3.4326 0.0918 HOMO � LUMO
302 286.6 4.3261 0.0112 HOMO � LUMO + 1
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