
Sulphonamide Chalcones: Conformationally Diverse yet Optically 

Similar  

 
Jean M. F. Custodioa*, Fernando Gotardob, Wesley F. Vazc, Giulio D. C. D’Oliveiraa, Leandro H. 

Z. Coccab, Ruben D. Fonsecabd, Caridad Noda Pereza, Leonardo de Bonib and Hamilton B. 

Napolitanoc* 
aInstituto de Química, Universidade Federal de Goias, Goiania, Goias, Brazil 
bInstituto de Física de São Carlos, Universidade de São Paulo, Sao Paulo, Sao Paulo, Brazil 
cCiências Exatas e Tecnológicas, Universidade Estadual de Goiás, Anapolis, Goias, Brazil 
dCampus Universitario, Universidad Popular del Cesar, Barrio Sabana, Valledupar, Colombia 

 

Correspondence email: jeanmfcustodio@gmail.com; hbnapolitano@gmail.com 

 

Synopsis Three sulphonamide chalcones are characterized. Comparisons between the substitution 

patterns and optical properties are made. 

Abstract  

In this paper, we present the synthesis of three chalcone analogues and their spectroscopic, 

structural and optical characterization. The influence of the different substituents on the crystalline 

structure and on their optical properties was evaluated. The effects of derivatization on the 

chalcones, both at the molecular and supramolecular levels, were evaluated. Also, the molar 

absorptivity, the first hyperpolarizability β and the two-photon absorption cross-section σ2PA were 

obtained. The extended structures in each compound are stabilized by hydrogen-bonded dimers 

and by a pseudo-ring formed from an intramolecular H-bond. It was observed that more 

voluminous substituents, such as chlorine, contribute to the deviation from planarity. Although 

many effects were observed in molecular structures of these analogues when in solid form, 

experimental results of linear and nonlinear optical (NLO) properties showed that the optical 

properties were not as much influenced in solution. In addition, and to support some experimental 

results, the theoretical first hyperpolarizability was calculated and showed good agreement with 

experimental results, which are approximately 10 × 10���  �	
/�
�. 
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1. Introduction 

Chalcones are a class of natural compounds with easy synthesis that have been extensively 

studied, showing to be promising compounds for diverse applications 1–5. Optically active 

materials can be designed and improved from the combination of chalcones with other compounds 

that also have known application 6–12. For example, the association of chalcones with coumarins 
13,14, imino 15 and indole 16,17 groups have formed new functional hybrid materials. Among them, 

knowing the molecular structure of sulfonamide chalcones is important when considering their 

biological applications 18–20. The crystallographic description of sulfonamide chalcones appears in 

just a few papers 21–25 and reports of their application as functional materials is also scarce. 

There are some examples regarding how structural modifications affect optical properties. 

Gu and coworkers reported a proportional increase between NLO properties and the electron donor 

strength 26. According to da Silva and coworkers, the presence of inter and intramolecular 

interactions in chalcone co-crystals improves the second harmonic generation efficiency 27. Also, 

the relationship between hyperpolarizability values and structural modifications of a chalcone set 

was studied: the lowest values were found for less conjugated and dimeric systems, while the 

highest values were found for compounds with strong electron acceptors 28. 

In this sense, we sought to determine if there are structural modifications in sulphonamides 

chalcones that also retain their NLO properties. This paper presents synthesis, crystallographic 

analysis and optical properties determination of three new hybrid chalcone derivatives consisting 

of chalcone backbone linked with a sulphonamide group. The three compounds synthesized are: 

(E)-3-(2-chlorophenyl)-1-(2-(phenylsulfonylamine)phenyl)prop-2-en-1-one (II), (E)-3-(2-fluoro-

phenyl)-1-(2-(phenylsulfonylamine)phenyl)prop-2-en-1-one (III) and (E)-3-(4-fluorophenyl)-1-

(2-(phenylsulfonylamine)phenyl)prop-2-en-1-one (IV). Considering the different medium of 

crystal structure determination (solid state) and optical properties (DMSO solution), we also 

simulated the conformations of II, III and IV in DMSO medium. Finally, the influence of the 

substitutions was evaluated against on their crystal structures and, in solution, on their optical 

properties, such as one- and two-photon absorption spectra and molecular second harmonic 
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generation. Crystallization process of these type of compounds gives the possibility of optical 

second harmonic generation organic crystals to be employed at the VIS-NIR region, which is the 

adequate region for optical communications29–31 

2. Experimental and computational procedures 

2.1. Synthesis and Crystallization  

2.1.1. General procedures  

Compound 2’N-phenylsulfonyl acetophenone I was synthesized by reaction between 

benzenesulfonyl chloride and 2-aminoacetophenone in dichloromethane, following literature 

methods 32. Three 2-N’-sulfonamide chalcones were synthesized (compounds II to IV) by means 

of Claisen-Schmidt condensation between the I and a substituted benzaldehyde via basic catalysis 

in ethanolic medium. 

 

2.1.2. Characterization  

1H NMR and 13C NMR spectra were recorded by a 400 MHz Bruker Avance III 11.75 T 

NMR spectrometer. UV-Vis absorption spectra were recorded with a PerkinElmer Frontier Dual 

Range. FT-IR spectrum was measured in Attenuated Total Reflectance mode in a Spectrum 

Frontier equipment. Mass spectrometric analyses were performed using a MicrOTOF-Q® III 

spectrometer equipped with a commercial ESI ion source (Bruker Daltonics, Bremen, Germany). 

The degree of purity of the compounds was determined from the 1H NMR spectrum, by peak area 

integration assigned to the structure and the total area of all peaks attributed to the material under 

analysis. Absorption and fluorescence spectra were measured in the UV-vis-NIR region by using, 

respectively, a SHIMADSZU UV-1800 and HITACHI F7000 fluorimeter. For both 

measurements, a 10 mm optical path length fused silica cuvette was filled with sample solution. 

Chromospheres were dissolved in Dimethyl Sulfoxide (DMSO) in a concentration of about 10-5 

mol/L. 

 

2.1.3. Synthesis and physicochemical characterization 
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The synthesis and physicochemical characterization of compound, 1-(2-(phenylsulfonyl-

amine)phenyl)ethanone (I) and, (E)-3-(2-chlorophenyl)-1-(2-(phenylsulfonylamine)phenyl)prop-2-en-1-

one (II), was reported by Demetrius and coworkers33. The synthesis and physicochemical characterization 

of compounds III and IV are described below. Claisen-Schmidt condensation reaction between compound 

I and 2-fluorobenzaldehyde (III) and 4-fluorobenzaldehyde (IV) was used to synthes compounds III and 

IV. 

The synthesis of (E)-3-(2-fluorophenyl)-1-(2-(phenylsulfonylamine)phenyl)prop-2-en-1-

one (III) was performed using 20.0 mmol of intermediate I, 22.0 mmol of 2-fluorobenzaldehyde 

and 28.0 mmol of potassium hydroxide as catalyst. The reagents were dissolved in 200 mL of 

ethanol and stirred at room temperature. After 2.5 h, the reaction was quenched by addition of 37% 

(w/w) hydrochloric acid in equimolar amounts to potassium hydroxide. The solution was filtered, 

the precipitate suspended in solution of ethanol and water, and extracted with dichloromethane. 

The non-aqueous phase was dried with sodium sulfate and allowed to evaporate for crystallization. 

The crystals were collected and rinsed with ethanol. Yield 54.2 % of a yellow crystalline solid, 

degree of purity: 97%, mp 136 – 138 oC. 1H NMR (CDCl3) δ 7.15 (m, 2H); δ 7.21 (t, J 7.60 Hz, 

1H); δ 7.40 (m, 4H); δ 7.46 (d, J 15.85 Hz, 1H); δ 7.50 (t, J 7.65 Hz, 1H); δ 7.58 (t, J 7.63 Hz, 

1H); δ 7.75 (d, J 15.80 Hz, 1H); δ 7.76 (d, J 8.25 Hz, 1H); δ 7.83 (m, 3H); δ 11.17 (s, 1H) (Fig. 

S3); 13C NMR (CDCl3) δ 116.41 (d, J 21.99 Hz), 120.81, 122.60 (d, J 11.31 Hz), 123.24, 124.670 

(d, J 3.11 Hz), 124.673 (d, J 12.70 Hz), 127.24, 129.00, 130.00 (d, J 2.58 Hz), 130.73, 132.33 (d, 

J 8.90 Hz), 132.88, 134.48, 138.71, 139.38, 139.94, 161.79 (d, J 255.01 Hz) (Fig. S4), 192.86; IR 

1645 (m), 1491 (m), 1331 (m), 931 (m), 756 (s); HRMS calculated for [C21H16FNO3S+H]+ = 

382.0913, found 382.0727; [C21H16FNO3S+Na]+  404.0733, found 404.0553. 

The synthesis of (E)-3-(4-fluorophenyl)-1-(2-(phenylsulfonylamine)phenyl)prop-2-

en-1-one (IV) was performed employing 20.0 mmol of intermediate I, 21.7 mmol of 4-flu-

orobenzaldehyde and 28.0 mmol of potassium hydroxide dissolved in 200 mL of ethanol 

and stirred at room temperature. After 4.5 h of stirring, the reaction was quenched by 

addition of 37% (w/w) hydrochloric acid in equimolar amounts to potassium hydroxide. 

The solution was filtered, the precipitate suspended in solution of ethanol and water, and 

extracted with dichloromethane. The dichloroethane phase was dried with sodium sulphate 

and allowed to slowly evaporate for crystallization. The crystals were collected and rinsed 

with ethanol. Yield, 3.30 g (43.3%) of a yellow crystalline solid, degree of purity of 97%, 
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mp 136 – 139 oC. 1H NMR (CDCl3) δ 7.12 (m, 3H); δ 7.28 (d, J 15.55 Hz, 1H); δ 7.39 (m, 

2H); δ 7.44 (m, 1H); δ 7.49 (ddd, J 1.46 Hz, 7.26 Hz, 8.46 Hz, 1H); δ 7.60 (m, 2H); δ 7.65 

(d, J 15.55 Hz, 1H); δ 7.75 (dd, J 0.67 Hz, 8.38 Hz, 1H); δ 7.83 (m, 3H); δ 11.20 (s, 1H) (Fig. 

S5); 13C NMR (CDCl3) δ 116.30 (d, J 21.78 Hz), 120.67, 121.75 (d, J 2.25 Hz), 123.16, 

124.66, 127.26, 129.00, 130.57 (d, J 8.79 Hz), 130.58, 130.72 (d, J 3.24 Hz), 132.88, 

134.42, 139.46, 139.93, 144.68, 164.33 (d, J 252.57 Hz), 192.56 (Fig. S6); IR 1645 (m), 

1495 (m), 1332 (m), 930 (m), 744 (m); HRMS calculated for [C21H16FNO3S+H]+ = 

382.0913, found 382.0798; [C21H16FNO3S+Na]+ 404.0733, found 404.0628. 

 

2.2. Crystallographic characterization 

The single crystals selected for crystallographic characterization were obtained by 

evaporation of dichloromethane in ambient atmosphere for compound II and for compounds III 

and IV the evaporation of the dichloromethane in an atmosphere rich in ethyl ether was the 

methodology used to obtain the crystals. The single crystals were mounted in a Bruker APEX II 

CCD diffractometer with graphite-monochromator MoKα radiation (λ = 0.71073 Å). Data were 

measured at room temperature. Structure solutions were determined by Direct Methods using 

SHELXS software 34 and were refined by full-matrix least squares on F2 using SHELXL2014 

software 35. All hydrogen atoms were placed in calculated positions and refined with fixed 

individual displacement parameters [Uiso(H) = 1.2 or 1.5 Ueq (C)] according to the riding model 

(C–H bond lengths of 0.97 and 0.96 Å for aromatic and methyl groups, respectively). Finally, the 

chemical parameters were validated by means of Platon 36 and Parst 37 programs throughout the 

WingX suite 38. Tables and figures were generated by using Mercury 39 and ORTEP 38 programs. 

Molecules II, III and IV were deposited in the Cambridge Crystallographic Database Centre 

(CCDC) under codes 1868826, 1868827 and 1868828, respectively. Using the software Gaussian, 

the conformations of II, III and IV were simulated for DMSO medium and they were found to be 

similar, so that the crystal structural properties can be extended to the aqueous medium. 

 

2.3. Nonlinear optical measurements 
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2.3.1. Two-Photon Absorption 

Two-photon absorption (2PA) cross section spectra were determined by employing tunable 

femtosecond Z-Scan technique 40. This technique allows the quantification of the 2PA cross 

section by monitoring the sample transmittance. The sample is translated along (z-direction) a 

focused intense laser beam. Changes in the optical transmittance are acquired as a function of the 

sample position (Z). Consequently, around the focus, the transmittance of the laser by the sample 

decreases proportionally to the induced 2PA. Further from the focal region, the laser intensity 

diminishes and the nonlinear optical effects (2PA) are not induced, resulting in only linear optical 

transmittance. The ratio between the transmittance for each Z-position to the transmittance away 

from the focus is defined as the normalized transmittance (T(z)), from which the 2PA cross section 

can be evaluated by employing Eq. (1). Further details see: 40. 

In our experimental setup, a tunable optical parametric amplifier (TOPAS), pumped by a 

Ti:Sapphire (CPA-2001 system from Clark-MXR Inc.) laser with 150 fs pulse width at 775 nm, 

operating at 1 kHz repetition rate is used. This device delivers tunable wavelengths from 470 nm 

up to 2000 nm with 120 fs pulse width, operating at a 1 kHz repetition rate. The laser beam is 

focused by a 15 cm convergent lens at the Z-Scan experimental setup. The sample is positioned 

and translated with respect to the focused beam, and the transmitted light is registered by a Silicon 

photodetector for each Z-position of the sample. The signal is amplified and averaged by a 

commercial locking amplifier in order to increase the signal/noise ratio. Once the normalized 

transmittance Z-Scan signature is obtained, the 2PA cross section is determined by fitting T(Z) to 

Eq. 1 40: 

 

T�Z� = �
√�����,�� � ln [1 + q��Z, 0�e�"#]dt'

�'     (1). 

The sample position is defined by (, )� is given by )� = α+,-I�/ �1 + Z+/Z�+���. I� is the 

pulse intensity, Z�  is the Rayleigh length and, finally, / is the sample optical path. 2PA cross 

section is defined by σ+,- = �ℏω/N�α+,- , in which α+,-  is the nonlinear absorption 

coefficient, ℏ is the Planck constant, ω is the light frequency, and N is the number of molecule per 

cm3. To quantify the σ4,-, we usually use 1 GM = 1 × 10�
� cm9 s photon�� (Göppert-Mayer 
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unit (GM); 41. This procedure was performed at different wavelengths in order to obtain the 2PA 

spectrum of each sample. 

 

2.3.2. First order hyperpolarizability  

To determine the first hyperpolarizability (β) of each chalcone 42, we employed the Hyper 

Rayleigh scattering (HRS) technique 42,43. For this, we use a Nd:YAG Q-Switched mode-locked 

laser with pulses at 1064 nm (ω). This configuration delivers an envelope about 300 ns which 

contains of about 30 pulses of 100 ps, these pulses in the envelope are separated by 13.2 ns from 

each one 43. Laser was set to operate at 100 Hz of repetition rate. Pulses are focalized at the samples 

and the scattered optical second harmonic at 532 nm (2ω) was collected by a photomultiplier tube 

positioned perpendicular to the incident beam (1064 nm). It is important to highlight that we used 

an optical filter centered at 532nm with 10 nm of bandwidth at the photomultiplier window to 

ensure that only the nonlinear scattered signal is detected by the photomultiplier. The second 

harmonic scattered signal I�2ω� is related to the laser intensity I�ω� by the following expression: 

 

@�2A� = B ∑ DEFEG� HE+@+�A�    (2). 

 

In this equation, DE  is the molecular concentration, G is a constant instrumental factor. G 

depends on the laser beam and experimental setup and can be determined using a sample with a 

known β value; in this case, we use para-nitroaniline (pNA) dissolved in DMSO, β�1064 nm� =
25.3 × 10���cm
/esu  43. It is important to emphasize here that chalcones and pNA were 

dissolved in high concentration in DMSO solvent. Thus, it was possible to determine β of the three 

chalcone derivatives measuring I�2ω� for several NO. A linear relation between I�2ω� and DE is 

obtained, and the angular coefficient of it, αPQRSPTUV, is related to βPQRSPTUV by E.q 3  

  

βPQRSPTUV = WβXY-+ Z[\]^[_`a
Zbcd       (3) 
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in which, αPQRSPTUV = GβPQRSPTUV+  and αXY- = GβXY-+ .  

3. Results and discussion 

3.1. Molecular Structure of Compound II  

The compound II is a chalcone with a chlorine atom and phenyl-sulfonamide group ortho-

bonded to aromatic rings A and B, respectively (Fig. 1a). It crystallizes in the monoclinic 

centrosymmetric space group P21/c (Table 1). The angle formed by the mean plane of the chalcone 

rings A and B is 42.59(5)°, demonstrating a significant deviation from co-planarity. This is 

supported by the Cl1–C1–C9–O1 dihedral angle ω1 = 31.07(13)°, which shows a synclinal 

conformation of the chlorine group with respect to carbonyl group. 
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Figure 1 50% probability ellipsoid plot of II (a), III (b) and IV (c). Non-hydrogen atoms are arbitrarily 

labelled, and hydrogen atoms are shown as spheres of arbitrary radii. 

 

Table 1 Experimental details 

 (II) (III) (IV) 

Crystal data 

Chemical formula C21H16ClNO3S C21H16FNO3S C21H16FNO3S 

Mr 397.86 381.41 381.41 

Crystal system, 
space group 

Monoclinic, P21/c Monoclinic, C2/c Monoclinic, P21/c 

Temperature (K) 296 296 296 

a, b, c (Å) 13.7952 (7), 7.5840 (4), 
20.2728 (9) 

26.984 (3), 7.6486 (8), 18.354 
(2) 

13.1059 (5), 17.5044 (8), 
8.1948 (4) 

β (°) 62.896 (3) 107.479 (3) 102.278 (2) 

V (Å3) 1888.07 (17) 3613.2 (7) 1836.98 (14) 

Z 4 8 4 

Radiation type Mo Kα Mo Kα Mo Kα 

µ (mm−1) 0.33 0.21 0.21 

Crystal size (mm) 0.74 × 0.46 × 0.34 0.10 × 0.10 × 0.08 0.65 × 0.22 × 0.21 

 
Data collection 

Diffractometer Bruker APEX-II CCD Bruker APEX-II CCD Bruker APEX-II CCD 

Absorption 
correction 

– – – 

No. of measured, 
independent and 
observed [I > 2σ(I)] 
reflections 

27435, 3880, 3394  24691, 3749, 2712  23587, 3762, 2982  

Rint 0.035 0.054 0.033 

(sin θ/λ)max (Å−1) 0.626 0.630 0.626 

 
Refinement 

R[F2 > 2σ(F2)], 
wR(F2), S 

0.038, 0.106, 1.04 0.045, 0.132, 1.06 0.040, 0.110, 1.04 

No. of reflections 3880 3749 3762 

No. of parameters 259 256 263 

H-atom treatment H atoms treated by a mixture 
of independent and constrained 
refinement 

H atoms treated by a mixture 
of independent and 
constrained refinement 

H atoms treated by a mixture 
of independent and 
constrained refinement 

Δρmax, Δρmin (e Å−3) 0.27, −0.33 0.30, −0.31 0.32, −0.28 
Computer programs: SHELXL2016/6 (Sheldrick, 2016). 
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Only C–H⋯O intermolecular interactions are observed stabilizing the crystal packing of 

II. Two molecules are assembled in a dimeric arrangement by a f++�18� motif involving carbonyl 

group and aromatic ring C (Fig. 2a). These dimers are joined together by means of a bifurcated 

interaction which an Osulfonyl atom serves as an acceptor from two carbon atoms in a h+��8�[f+��6�] 

motif (Fig. 2b). Finally, the supramolecular arrangement of II is stabilized by one more C–H⋯O 

interaction involving the sulfonyl group and the aromatic ring A in a h(11) motif giving rise to a 

1D chain running parallel to [001] (Table 2).  

 

Figure 2 Dimer formed by two molecules II (a) and its crystal packing (b)  

 

Table 2 Hydrogen-bond geometry (Å, º) for (II) 

D—H···A D—H H·· ·A D· · ·A D—H···A 

C5—H5·· ·O3i 0.95 (2) 2.58 (2) 3.342 (2) 137.1 (16) 

C21—H21···O1ii 0.92 (2) 2.53 (2) 3.320 (2) 144.1 (17) 

C12—H12···O2iii 0.98 (2) 2.70 (2) 3.274 (2) 118.1 (15) 

C13—H13···O2iii 0.94 (2) 2.59 (2) 3.255 (2) 128.5 (16) 
Symmetry codes: (i) x, −y+1/2, z−1/2; (ii) −x, −y+1, −z+1; (iii) −x+1, y+1/2, −z+1/2. 
 

3.2. Substituent effect on the crystal structure  

We evaluated substitution effects by comparing the crystal structures of II and III, which 

differs only by the atom bonded to the ring A. Compound III substitutes fluorine for the chlorine 
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atom in II (Fig. 1b).  III crystallizes in the C-centered monoclinic space group C2/c (Table 1). 

Figure 3 shows a molecular overlay obtained by mapping the aromatic ring B from molecules II 

and III. The main structural difference is the planarity of the chalcone moiety. For III, the angle 

formed between aromatic rings A and B is smaller than II (∡ = 20.37(10)°), as result of reduction 

of steric repulsion between the fluorine and carbonyl group and n⋯π donation differences of 

fluorine and chlorine atoms. Since chlorine atom has a greater atomic radius, this repulsion is 

greater in II 44. 

 

Figure 3 Overlapping obtained by fixing the aromatic ring B from molecules II (cyan color) and III 

(blue color). 

Similar to II, the crystal packing of III is also composed by dimers (Fig. 4). There is a 

dimer with f++�16� motif (blue color, in Fig. 4) involving sulfonyl group and olefinic hydrogen. A 

1D chain is formed by assembling these dimers in a second order f99�16� ring motif (pink color, 

in Fig. 4) parallel to [101]. The last C–H⋯O interaction observed in the crystal packing of III 

involves the carbonyl group and the aromatic ring C and contributes to 3D arrangement of III 

(Table 3). 
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Figure 4 Crystal packing of III, evidencing the supramolecular arrangement composed by two dimers 

with f++�16� ring motif (blue) joined by a f++�16�motif (pink) 

Table 3 Hydrogen-bond geometry (Å, º) for (III) 

D—H···A D—H H·· ·A D· · ·A D—H···A 

C3—H3·· ·O2i 0.95 (3) 2.69 (3) 3.577 (3) 156 (3) 

C5—H5·· ·O3ii 0.97 (3) 2.51 (3) 3.466 (3) 169 (2) 

C8—H8·· ·O3ii 0.96 (3) 2.55 (3) 3.475 (3) 163 (2) 

C20—H20···O1iii 0.88 (3) 2.73 (3) 3.273 (3) 121 (2) 
Symmetry codes: (i) x−1/2, −y+3/2, z−1/2; (ii) −x+1/2, −y+3/2, −z; (iii) −x+1/2, y−1/2, −z+1/2. 
 

3.3. Positional effect on the crystal structure  

The positional effect is evaluated by comparing the crystal structures of III and IV, which 

differs only by the position of the atom bonded to aromatic ring A. Similarly to III, the structural 

isomer IV also has a fluorine atom bonded to the aromatic A, but in the para position (Fig. 1c). It 

crystallizes in the primitive monoclinic space group P21/c (Table 1). 

Structural differences between III and IV are demonstrated in Figure 5. Compound IV has 

a more planar chalcone moiety than compound III, as confirmed from the angle formed by its 

aromatic rings A and B (∡ = 3.32°). This difference is again from a reduction of the electron-

electron repulsion of fluorine atom and carbonyl group. Since III has an ortho-bonded fluorine 

atom, this repulsion is stronger than in IV, causing the deviation from planarity 44. 
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Figure 5 Overlapping obtained by fixing the aromatic ring B from molecules III (blue color) and IV 

(gray color). 

Carbonyl group and aromatic ring C are assembled into centrosymmetric dimers with 

f++�20� motif (Fig. 6a). Also observed is a 1D chain formation involving the aromatic ring B and 

the sulfonyl group in a h�11� motif running along [010]. These chains are assembled in a 3D 

arrangement by means of Caromatic–H⋯Osulfonyl and Caromatic–H⋯Osulfonyl interactions (Fig. 6b); 

(Table 4). 

 

Figure 6 Dimer formed by two molecules IV (a) and its crystal packing (b) 
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Table 4 Hydrogen-bond geometry (Å, º) for (IV) 

D—H···A D—H H·· ·A D· · ·A D—H···A 

C20—H20···O1i 0.94 (3) 2.64 (3) 3.317 (3) 129.2 (19) 

C5—H5·· ·O2ii 0.92 (3) 2.67 (3) 3.590 (2) 174 (2) 

C20—H20···O3iii 0.94 (3) 2.71 (3) 3.416 (2) 132.3 (19) 

C19—H19···F1iv 0.93 (3) 2.64 (3) 3.375 (3) 136.0 (19) 
Symmetry codes: (i) −x+1, −y, −z; (ii) −x+1, y+1/2, −z+1/2; (iii) x, y, z−1; (iv) x−1, −y+1/2, z−1/2. 
 

3.4. One-, two-photon absorption spectra and first order hyperpolarizabilities  

Figure 7 shows molar absorptivity (dashed blue lines) of the three chalcone derivatives 

dissolved in DMSO solvent at room temperature. One can see that the lower transition band is 

located at approximately 318 nm with a molar absorptivity of about 16500 L mol-1 cm-1 to the 

derivatives shown in (a) and (c) and about 19500 L mol-1 cm-1 for (b). Changes in the atoms, from 

chlorine to fluorine and from ortho to para position, did not significantly change the energy of the 

lowest energetic band and the molar absorptivity magnitude, when comparing the compounds. All 

three compounds dissolved in DMSO are transparent at wavelengths longer than 400 nm. 

Fluorescence emission was not evidenced for these samples, which indicates a nonradiative 

relaxation process from first singlet excited state to the ground state45. 
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Figure 7 Linear absorption (ε) (dashed blue lines) and two-photon absorption (open red circles) spectra 

of all three chalcone derivatives dissolved in DMSO solvent. The black line is the adjustments obtained 

with Sum-Over-States model. The inset shows the molecular structure of the derivatives. 

 

Figure 7 also depicts 2PA spectra (open red circles) of all three chalcones obtained 

with fs-tunable Z-Scan technique. Each point of the spectrum represents the two-photon 

absorption cross section calculated from Eq. (1). Similar to the 1PA spectrum, 2PA spectra 

are not significantly different across the compounds. The maximum 2PA cross sections are 

of the same order of magnitude. For all compounds, two 2PA bands appear located at 
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approximately 565 nm and 635 nm. The latter corresponds to the same transition allowed 

by 1PA (~ 318 nm). The other, located at 565 nm, represents a state located at 

approximately 255 nm, which has no similar 1PA. For wavelengths shorter than 500 nm, 

the 2PA cross sections increase due to the one-photon resonance enhancement. Similarities 

in the 1PA and 2PA between the compounds could be understood by the molecular 

structures. The chalcone moiety, which has the same j -conjugated characteristics,  is 

responsible for the one- and two-photon absorption bands centered at approximately 318 

nm (636 nm) in all compounds.  The replacement of the chlorine atom to the fluorine, which 

has the higher electronegativity, do not affect considerable the 1PA and 2PA spectra 

between the molecules. 

It is important to mention here than by using both 1PA and 2PA spectra combined, 

we could estimate information about the magnitude of some electronic properties, such as 

the transition dipole moments  and permanent dipole moment difference between the 

ground and first excited states �Δμmn�� = μmn�� − μmn���. For example, the transitions dipole moment 

from the ground to the first excited state (μ��) is determined by 46: 

 

μ��+ = �∙��q SU����ħP
�+��qYds�t

U
u# � ε�ω�dω     (4), 

 

in which, N- is Avogadro’s number, ħ is Planck’s constant, c is the speed of light, and ω�� 

represents the transition frequency of the first excited state. L = 3n+ �2n+ + 1�⁄  describes the 

Onsager local field factor, which represents the surround medium effect of the solvent to 

the solute47, that in the present work is DMSO solvent, with a refractive index (n) equal to 

1.42. In Equation (4), y�A� is the molar absorptivity, obtained from the linear absorption 

measurements. 

Combining μ��, determined directly from the linear absorption spectrum, with some 

other spectroscopic parameters, the experimental 2PA spectrum can be  modeled with Sum-

Over-States (SOS) approach. In Figure 7, the solid black lines represent a construction of 

the experimental 2PA (open circles) with SOS model, which is given by the following 

expression 48,49: 
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σ+,-z{z �ω� = �+|



�}
�PQU�# L9 s#

�s�t�s�#~��t# � |��t|#���t# ��t
�s�t�+s�#~��t# + |�t#|#|��t|#��#

�s�#�+s�#~��## + |�tq|#|��t|#��q
�s�q�+s�#~��q# �      (5) 

 

in which, ω is the frequency of the laser. ω�U and Γ�U are, respectively, the transition frequency 

and damping constant of the 0 → n transition (n=1,2,3). It is important to mention here that the 

three terms, inside of the brackets, describe the electronic transitions observed in the 2PA 

experimental spectrum. In all terms, one can notice the product between the dipole moments in the 

numerator, in which all have μ��  in common, an input parameter obtained from the linear 

absorption spectra. It ensures that each term in the brackets is independent and only one dipole 

parameter is adjusted per term. In summary, Table 5 presents the parameters obtained with both 

1PA and 2PA spectra combined with Eq. 4 and Eq. 5. The damping constants were used to be Γ�U 

= 0.3 eV, which is common, in most cases, to describe electronic transitions for organic molecules 

at the UV-VIS region. These parameters are close in magnitude, which indicates that the charge 

distribution at the ground and excited state are similar between the molecules.  

Values in Table 5 and the magnitude of the 2PA cross section shown in Figure 7, 

taking in consideration the experimental error, are close to those reported in the literature 

for chalcone-based compounds, which were obtained by using similar methodology of 

measurements45,50–53. Values in Table 5 and the magnitude of the 2PA cross section shown 

in Figure 7, taking in consideration the experimental error, are close to those reported in 

the literature for chalcone-based compounds, which were obtained by using similar 

methodology of measurements 45,50–53, as the ones employed in the present work. For 

example, ref. 48 presents a similar study in two substituted chalcones employing similar fs 

Z-Scan experiment to determine the 2PA cross-sections. Results have shown similar 2PA 

cross-sections between the chalcone molecules. The magnitudes observed for the 2PA 

cross-section in the lower energetic band are close (~ 15 GM) to the ones showed here. It 

is interesting to point out that the 2PA band located at 565 nm for molecules II, III and IV, 

have no similar band in the case of Ref. 48. One explanation for it is the presence of the 

phenylsulfonylamine group attached to the main chalcone moiety in our molecules. Santos at al.X 

studied two-photon absorption spectrum in bromo- and chloro-derivatives of 
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dibenzylideneacetone and obtained a maximum value of about 25 GM for the molecule containing 

bromine and 17 GM for the one with chlorine atom. Lemes et al.51 presented a similar study in a 

chalcone derivative with a chlorine atom in the para position and also with twice the 

conjugation length when compared to our molecules. In that work, a maximum 2PA cross-section 

of about 30 GM was observed. The increase in the 2PA magnitude comparing to the present 

molecules is explained by the conjugation length be greater. Custodio et al studied two-photon 

absorption spectrum of a bromine sulfonamide chalcone52, with a similar molecular structure to 

the ones presented here. 2PA maximum cross-section value of 10 GM was obtained for the lower 

energetic band. A blue shifted in the one- and two-photon absorption spectrum is observed when 

compared to the sulphonamide chalcone presented here. It can be understood by the presence of 

bromine atom, which is less electronegative than chlorine and fluorine atoms. Moreover, it is 

important to describe that for bromine sulfonamide chalcone, the overlap between the two 2PA 

bands have increased. It indicates that charge distribution in the phenylsulfonylamine group 

attached to the main chalcone moiety may not suffer influence replacing bromine by chlorine or 

fluorine atoms. 

 

Table 5 Transitions dipole moments and permanent dipole moment difference for the three compounds 

studied in this work, in Debyes unit. 

Chalcone derivatives μ�� Δμ�� μ�+ μ�� 
II 6.4 4.6 4.0 4.0 
III 7.2 3.8 4.1 4.5 
IV 6.5 5.2 4.4 4.5 

 

Concerning to the molecular second harmonic generation measurements, which are 

related to the first order hyperpolarizability (β) of the molecule, the values of chalcone 

derivatives were determined after the experimental setup was calibrated with pNA 

(standard compound) dissolved in the same solvent. As it was shown in the molecular 

structure, one can see that all three chalcones derivatives are noncentrosymmetrical 

molecules in terms of charge distribution. It because of the different donor-acceptor groups 

attached to the main chalcone moiety. Consequently, when the molecules are in solution 

and not crystallized, it is expected to observe a very low incoherent second-order signal 
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from each individual molecule that can be measured by using HRS technique. The 

measured scattered nonlinear signal (532 nm) shows a quadratic dependence with the pump 

intensity (1064 nm), indicating that two photons of 1064 nm are annihilated in order to 

generate one of 532 nm. It can be visualized at the left hand inset in Fig. 8, as example, for 

compound III.  The solid line, for each curve, represents the best second order polynomial 

fit. Also, in Fig. 8, it is presented the linear dependence of I�2ω�/I+�ω� (open symbols) as 

a function of five molecular concentrations for II, III, IV derivatives, as well as pNA 

molecule. Lines in these graphs represent the best linear fits, in which the angular 

coefficients, when compared with the pNA, provide β values for the studied samples, all 

calculated from Eq. (3).   

 

Figure 8 Linear dependence of I�2ω�/I+�ω� as function of the molecular concentrations for pNA 

(squares) and chalcone derivatives: II (blue triangle), III (green triangle and IV (circles). Lines represent 

the linear fits. The inset, at left side, represents the first hyperpolarizability scattering signals as a function 

of the pump intensity for five distinct molar concentrations of sample III. Lines are the best second order 

polynomial fits. Similar curves were obtained for the other compounds. The inset, at right side, depicted 

the β values for all compounds and pNA. 
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The results obtained for all three compounds showed that values of β are similar to 

each other of approximately 1x10-29 cm5/esu. This nonlinear optical effect agrees with the 

other optical characteristics, such as linear absorption and 2PA spectra. In other words, as 

can be seen, linear and 2PA spectra are all similar across all three chalcones analysed. 

Consequently, it is expected that β´s are similar when comparing the three compounds 

studied here. β values at 1064 nm for II, III and IV can be indirectly estimated by 

employing a simplified two-level model 54, taking in consideration properties obtained from 

the one- and two-photon absorptions. In this model,  Δμ�� and μ�� (presented at Table 5), 

were used in this approach to first determine the static first-order hyperpolarizability (β�)  by 

employing the following expression: 

β��0; 0,0� = �
+

|��t|#|���t|
�ℏs�t�#      (6), 

in which, ℏω��   is the energy of the first electronic transition, in the present case to be 

approximately 3.88 eV for all three compounds, because the lower electronic transition is at the 

approximately same wavelength. The estimated static first-order hyperpolarizabilities are 7.3, 7.7 

and 8.5 x10-30 cm5/esu, respectively, for compounds II, III and IV. 

To calculate the dynamical β and thus compare to the experimental ones, one can  take into 

account the resonance enhancement effect due to the optical frequency dispersion,  it can be 

evaluated by using the undamped two-level model 54–56. With this simplified model, the dynamic 

hyperpolarizabilities of the compounds were extrapolated at the incident laser frequency (A), 

which is far from the first excited state (ℏω��), by using 54: 

β�−2ω; ω, ω� = s�t�
�s�t# �9s#��s�t# �s�#� β�    (7). 

In Figure 9, the experimental values obtained with the HRS technique (symbols) are 

compared to the ones obtained with the undamped two-level model (solid lines), the latter 

calculated by using 1PA and 2PA experiments.  One can see a good agreement between 

both results at approximately 1.16 eV (~ 1064 nm). At 1.16 eV, the values obtained with 

Eq. 7 are 12.6 (1.26 times higher), 13.3 (1.02 times higher) and 14.7 x10-30 cm5/esu (1.47 

times higher), respectively, for compounds II, III and IV.  
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Figure 9 Experimental HRS signal measured at 1064 nm (~ 1.16eV) (symbols) and simplified two-level 

dispersion model (lines) for II, III and IV. 

Values of the molecular optical second harmonic are in the same order of magnitude 

to the ones found in the literature for chalcone-based compounds 45,50–53. In that works, a 

similar HRS experimental methodology was employed. For example, Abegão et al48 

determined values of the molecular second order nonlinear response of about two times 

higher than the ones reported here, for two substituted chalcones dissolved in methanol. 

Also, a chalcone derivative with a chlorine atom in the para position and with twice the 

conjugation length showed a value of about 22 ×10−30 cm5/esu, obtained also at 1064 nm51. 

Custodio et al52 determined for a bromine sulfonamide chalcone a value similar to the ones 

presented here. Santos et al53 studied bromo- and chloro-derivatives of dibenzylideneacetone, in 

which the molecules presented a conjugation length longer than ours chalcones. The results 

obtained for the molecular second-order nonlinear response were 25 and 27 ×10−30 cm5/esu 

respectively for bromine and chlorine dibenzylideneacetone. The results reported in the literature, 

by using similar methodology, have shown that chalcones molecules present similar values of first 

order hyperpolarizability. An augment of β magnitude can be understood by an increase in the 

conjugation length of the molecule associated to the presence of donor-acceptor groups, which 

defined a noncentrosymmetric charge distribution. 
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4. Conclusions 

The substituent effect on crystal structures was measured by comparison of molecules II 

and III, which differ only by the atom bonded to the ring A. For III, the angle formed by aromatic 

rings A and B was found to be smaller than II, evidencing the planarity deviation observed due to 

the greater atomic radius of chlorine. In addition, the positional effect on the crystal structure was 

evaluated after comparing the isomers III and IV. The para substitution observed in IV 

contributed to the planarity of its chalcone backbone, due to its lower steric repulsion when 

compared to III, a ortho-substituted chalcone. Finally, crystal packing of the molecules was found 

to be stabilized by dimers and by a pseudo-ring formed from an intramolecular H-bond. Although 

slightly different structural conformations were observed for the molecules II, III and IV at solid 

state, experimental results from linear and nonlinear optical measurements in solution showed that 

the values of optical effects are not significantly influenced by these structural modifications. 

Considering the nonlinear optical properties, estimated first hyperpolarizabilities (β´s), by 

employing parameters obtained from distinct spectroscopic techniques, are in good agreement with 

the ones experimentally obtained with Hyper Rayleigh scattering technique, which are 

approximately 10 × 10���  �	
/�
�. 

 

5. Supporting Information 

1H and 13C{1H} NMR spectrum (500 MHz, CDCl3), of compounds II, III and IV. 
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