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3.1.  Introduction  

 

Sulfaphenazole, 4-amino-N-(1-phenyl-1H-pyrazol-5-yl) benzenesulfonamide, belongs to 

well-known antibacterial sulfonamide family. Sulfaphenazole and phalloidin are able to 

reduce hUII induced hypotension. Sulfaphenazole, being an antimicrobial agent, is a 

potent inhibitor of cytochrome P4502C9 and protective against ischemia-reperfusion (I/R) 

injury [163]. Sulfaphenazole is a selective inhibitor of CYP 2C9 [164], the member of the 

CYP2C subfamily that is expressed at the highest level in human liver [165-167]. 

Sulfaphenazole shows the inhibitory effects on the inViVo metabolism of tolbutamide 

[168]. Such inhibitory effects on tolbutamide hydroxylation have been shown in Vitro 

either on human liver microsomes [169] or on recombinant CYP 2C9 [170]. 

The crystal structure of sulfaphenazole is reported earlier by H. C. Patel & T. P. Singh 

[171]. Sulfaphenazole has several groups with donor atoms which are able to interact with 

metal. This ligand has shown tendency to coordinate with the metal ion through 

sulfonamido nitrogen and pyrazole nitrogen, even in case of deprotonation of the amino 

nitrogen atom. The deprotonation of the NH group yields an anionic donor ligand and in 

case of sulfaphenazole, the pyrazole ring affords the stereochemical requisites for the 

achievement of complexes with a monodentate, chelating or bridging ligand. The chemical 

structure of sulfaphenazole is shown in Figure 3.1. 

 Literature survey reveals that quite a few silver complexes of sulfonamides are worked 

out [172-175]. Some of them present lower activity than free ligand and other has shown 

higher activity [176-177]. Silver is effective against a broad range of gram negative and 

gram positive bacteria, fungi and yeast [178].  Silver has the most outstanding properties 

among all metals with antimicrobial activity because of its higher toxicity to 

microorganisms and lower toxicity to mammalian cells [179].  

 

 
 

Figure 3.1 Chemical structure of Sulfaphenazole 
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Looking towards the importance of the sulfaphenazole, author has attempted to explore the 

synthesis, spectral characterization, antimicrobial studies, X-ray crystal structure, 

Hirshfeld surface analysis and quantum chemical calculation of silver complex of 

sulfaphenazole. To explore the geometry and stereochemistry of new complex, different 

spectral techniques such as IR, UV and NMR are used. The quantum chemical study of 

optimized molecular geometries and Mulliken population are examined. Comprehensive 

experimental and theoretical studies have been carried out to obtain complete reliable and 

precise structural features of the molecule. The 3D Hirshfeld surface analysis and 2D 

fingerprint analysis are performed to study the nature of the interactions and their 

quantitative contribution towards the crystal packing. To correlate the structure-function 

relationship the SPZ and its silver complex are tested for microbiological test against gram 

positive and gram negative bacteria. 

 

3.2.  Experimental 

 
3.2.1. Chemicals  

Sulfaphenazole is procured from Sigma-Aldrich and all the solvents are purchased from 

Loba-Chemie. The silver nitrate and solvents are reagent grade and used without further 

purification. 

 

3.2.2. Synthesis of Silver Complex of Sulfaphenazole 
 

The Silver complex of Sulfaphenazole is synthesized by the reflux method. A solution of 

silver nitrate (AgNO3) (0.1689 gm, 1mmol) in distilled water is added to alcoholic (25ml 

Methanol) solution of the sulfaphenazole (0.6286gm, 2mmol).  The mixture is then 

refluxed for more than 2 hours. A shiny grey colored yield is filtered, washed with hot 

distilled water and methanol and dried into desiccator over anhydrous CaCl2 for overnight.  

The results for (AgSPZ.2H2O) are: Anal. Calcd (%): C, 42.84; H, 3.02; N, 12.75 and 

found (%): C, 39.49; H, 3.53; N, 12.28. 

 

3.3.  Spectroscopic Characterization 
 

3.3.1. Infrared Spectroscopy 
 

The probable assignment of the bands based on some general references [180-186] for 

particular stretching frequencies are tabulated in Table 3.1. A comparative study of the IR 

spectra of the complex with that of the free ligand and those of the complexes of related 
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ligand gives information regarding the binding sites of the ligand. The infrared (IR) 

spectra of free sulfaphenazole and its silver complex taken in the region 4000-400 cm
-1

 

using KBr pallet are shown in Figure 3.2 and Figure 3.3, respectively. 

 

 

Figure 3.2 FTIR spectra of SPZ 

 

Figure 3.3 FTIR spectra of AgSPZ 

 

The bands at 3495, 3394 and 3316 cm
-1

 in the IR of the free ligand attributed to ɜasy(NH2), 

ɜsy(NH2) and ɜ(NH2) of the amino group [176, 181]. However, these bands are modified in 

the IR spectrum of the complex, as a consequence of the interaction of the amino group 

with the Ag which is confirmed by X-ray diffraction data. The disappearance of band, at 

3042 cm
-1 
in the SPZ, corresponding to ɜ(ïSO2NHï) stretching mode in the spectra of the 

complex reveals the deprotonation of the sulfonamido N atom. The ɜ(C=N) stretching 

vibration mode that occurred at 1631 cm
-1

 in the free ligand, remained absent in the 

complex suggested the coordination of Ag with pyrazole nitrogen atom. The peak at 518 
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cm
-1

corresponding to AgïN is observed in the complex remains absent in free ligand. The 

remaining bands are recorded in close positions both for the ligand and for the complex. 

The 925ï1045 cm
-1

 band in the ligand assigned to ɜ(SïN) [186] are at higher frequencies 

(962ï1071 cm
-1

) in the complex, this shifting to higher frequencies is in accordance with 

the shortening of the SïN bond length, which has been observed in the crystal structure of 

complex.  

 

Table 3.1 Characteristic IR bands (cm
-1
) of the spectra of Sulfaphenazole (1) and Ag-

sulfaphenazole (2) complex 

 

Assignment (1) (2) 

ɜ(NH2)asy 
3476 

3441 
3445 

ɜ(NH2)sym 
3353 3360 

3315 3318 

ɜ(N-H) 3042 --- 

SO2 

ɜasy 1337 1346 

1314 1316 

ɜsy 
1148 1143 

1152 1124 

ŭSO2 547 553 

ɜ(S-N) 925-1045 962-1071 

ɜ(C=N) 1631 --- 

ɜ(S-C) 681 684 

ɜ(phenyl ring) 1592 1596 

ɜ(Ag-N) --- 518 
   

3.3.2.  NMR Spectroscopy 
 

The proposed assignment of the signal is based on some general references as well as on 

data of related complexes [187-189]. The 
1
H NMR spectrum of the AgSPZ are recorded in 

DMSO-d6
a 

and compared with that of ligand. 
1
H NMR spectrum provides information 

about the number of different type of protons and also the nature of immediate 

environment of each of them. 
13

C NMR spectrum gives the structural information with 

regard to different carbon atoms present in the molecule. The 
1
H and 

13
C NMR assignment 

of the bands of sulfaphenazole and AgSPZ are tabulated in Table 3.2. 
1
H NMR spectra of 

sulfaphenazole and its Ag-sulfaphenazole are shown in Figure 3.4 and Figure 3.5 

respectively. 
13

C NMR spectra of sulfaphenazole and its AgSPZ are shown in Figure 3.6 
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and Figure 3.7 respectively. The chemical shifts are expressed in ppm relative to internal 

TMS.  

1
H NMR Spectrum 

 

Almost all of 
1
H NMR resonance suffers up field shift. The signals for hydrogen bonded 

to aromatic carbon are almost comparable in ligand and in complex. H3 & H5; 6.607 ppm 

in SPZ, 6.572 ppm in AgSPZ (ȹŭ = -0.035 ppm). H2&H4; 7.377 ppm in SPZ, 7.213 ppm 

in AgSPZ (ȹŭ = -0.164 ppm). H15; 7.47 ppm in SPZ & 7.29 ppm in AgSPZ (ȹŭ = -0.18 

ppm). H9; 7.55 ppm in SPZ and 7.317 ppm in the complex (ȹŭ = -0.233 ppm).  The most 

noticeable observation is for signal of amide proton (N1ïH, ŭ= 9.880 ppm) remain absent 

in the spectra of complex, which reveals that the sulfa moiety is deprotonated in the 

complex. 

 

 
 

Figure 3.4 
1
H NMR spectra of SPZ 

 

 

Figure 3.5 
1
H NMR spectra of AgSPZ 
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Figure 3.6 
13

C NMR spectra of SPZ 
 

 

Figure 3.7 
13

C NMR spectra of AgSPZ 
 

13
C NMR Spectrum 

 

The most noticeable change is observed for pyrazole ring signal which assigned to the 

atom of C7 bonded to the sulfonamido group (ŭ = 153.14 ppm in the spectra of SPZ and ŭ 

= 147.49 ppm in the spectra of the complex). Almost all of 
13

C NMR resonance suffers 

downward shift. The signal for aromatic carbon from phenyl rings (C12 & C14, C1, and 

C8 & C15) suffers almost equal chemical shift due to same environment surrounding 

them. Other aromatic carbon C3 & C5 signal at 112.57 ppm in the spectra of SPZ and at 

112.04 ppm in the complex.  
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Table 3.2 NMR shift assignments of SPZ (1) and AgSPZ (2) in DMSO-d6
a
 

 

Assignment 
1
H(1) 

1
H(2) 

13
C(1) 

13
C(2) ȹŭ(H)

b
 ȹŭ(C)

b
 

N(1)ïH 9.8 ---- ---- ---- ---- ---- 

C(1) ---- ---- 128.77 128.36 ---- 4.02 

C(2)ïH/C(6)-H & 

C(11)ïH/C(15)-H 
7.377 7.213 135.23 137.29 -0.164 2.06 

C(3)ïH/C(5)-H & 

C(12)ïH/C(14)-H 
6.607 6.572 112.57 112.4 -0.035 -0.17 

C(7) ---- ---- 153.14 147.49 
 

-5.65 

C(8)-H/C(15)-H 7.47 7.29 127.38 127.75 -0.18 0.37 

N(4)H2 6.097 5.747 ---- ----  0.35 ---- 

C(9)ïH 7.55 7.317 112.57 112.4 -0.233 -0.17 

C(10) & C(4) ---- ---- 139.4 140.41 ---- 1.01 
 

a
Relative to TMS with DMSO-d6 peak as reference (

1
H, 2.60 ppm, 

13
C,43.5 ppm)

 

b
ȹŭ = ŭ(sulfonamide complex) - ŭ(sulfonamide) 

 

3.3.3.  UVïVis Absorption Spectroscopy 
 

The electronic spectra of SPZ and AgSPZ are recorded in DMSO, showing an intense 

lowest charge ïtransfer absorption band in the UV-region (Figure 3.8). The absorbance 

value of sulfaphenazole (SPZ) and its silver complex are listed in Table 3.3. Most of the 

absorption spectroscopy of the compound based on the transition of n or ˊ electrons to the 

ˊ* exited state take place in the range of 200-400nm [190-192].  Literature survey reveals 

that no d-d transition is expected for silver complex [190]. SPZ displays absorption 

maxima at about 318 nm, which is reasonably accounted for ˊŸ ˊ transition. The silver 

has completely vacant 5d orbital consequently ligand to metal (LŸM) binding can take 

place by the acceptance of one pair of electron from the donor nitrogen atom of the ligand. 

The same transition is observed for AgSPZ with 
1
S spectroscopic term [192]. The complex 

AgSPZ shows an intense absorption peak at 287 nm, exhibit 31 nm blue shift compared to 

that of SPZ and can be attributed to n Ÿ ˊ transition.  

 

Table 3.3 Absorption data recorded for sulfaphenazole and Ag-sulfaphenazole 
 

Compound Wavelength (nm) Absorption Probable Assignment 

SPZ 318 3.1747 ˊŸ  ́

AgSPZ 287 3.0863 n Ÿ ˊ 
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Figure 3.8 UV- Vis spectra for SPZ and AgSPZ 
 

3.4.  Thermogravimetric Analysis 
 

The thermal behavior of the complex is evaluated by means of thermogravimetric analysis. 

The thermal degradation of silver complex of sulfaphenazole is studied for the temperature 

range of 34° C to 960 °C in nitrogen atmosphere. The TG curve is shown as % mass loss 

versus temperature (Figure 3.9) and the DTG curve, as the rate of loss of mass versus 

temperature, shown in Figure 3.10.  

 

 
 

Figure 3.9 TGA curve for AgSPZ 
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Figure 3.10 DTG curve for AgSPZ 
 

The compound (AgSPZ.2H2O) is stable up to 240° C. The first step, occurs between 250 

to 270° C, corresponds to loss of water molecules.  The second step at 340° C corresponds 

to a loss of two aniline group of sulfonamide and third step corresponds to loss of pyrazole 

phenyl ring occurs within the range of 500- 800° C. The fourth step occurs at 950°C, 

leaving a percentage residuals weight of 50.70% which can be attributed to the oxide of 

silver.  

 

In the present investigation, the general thermal behavior of the complex in terms of 

degradation mechanism, thermodynamics and kinetic parameters as like change in 

enthalpy (ȹH), entropy (ȹS) and Gibbôs free energy (ȹG) are evaluated by Broidoôs 

graphical method [193] and the data are tabulated in Table 3.4.  The activation energy 

(Ea), at the different stages, is in the range of 4.56- 117.29 kJ/mol for the AgSPZ.2H2O 

complex. The corresponding entropy value of the activation is in the range of -0.23 to -0. 

25 kJ/mol.K.  The negative values of the ȹS indicate that the activated complex is more 

ordered.  The enthalpy of activation (ȹH) values lie in the range of -1.98 to 112.95 kJ/mol.  

The Gibbôs free energy values are in the range of 155.8 to 229.5 kJ/mol. 

 

The thermal decomposition of silver complex of sulfaphenazole occurs with DTG curve 

maxima showing endothermic peak at 250 ÁC (ȹH = 112.95 kJmol
-1
), 273 ÁC (ȹH = 24.66 

kJmol
-1
) and 342 °C (ȹH = 12.83 kJmol

-1
), while exothermic peak is observed at 512°C 

(ȹH = -1.98 kJmol
-1

). 
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Table 3.4 Thermodynamic and kinetic parameters for Ag-sulfaphenazole 

 

DTG (mid T)  

Peaks/°C 

Ea 

KJ/mol  

ȹH 

KJ/mol  

ȹS 

KJ/mol.K  

ȹG 

KJ/mol  

250 117.29 112.95 -0.2229 229.5 

273 29.27 24.66 -0.2368 155.8 

342 17.95 12.83 -0.2479 160.78 

512 4.56 -1.98 -0.2547 201.57 

 

3.5.  Electrical Conductivity M easurement 
 

The electrical conductivity (millimolar solution) of sulfaphenazole and its silver complex 

in pyridine are measured at room temperature. The calculated molar conductance (ȿm) 

values are given in Table 3.5.  The molar conductance values of the ligand and that of the 

complex range from 1.2 - 3.9 and 17.8 ï 31.1 mScm
-1

mol
-1
 respectively indicating their 

non-electrolytic nature. In non-electrolytic complexes the anion is bonded to the metal and 

therefore, it is present within the coordination sphere while in electrolytic complexes the 

anion remains outside the coordination sphere [194-195]. The result indicates that no 

anion is present outside the coordination sphere. The very low molar conductivity value in 

the case of silver complex of sulfaphenazole indicate that complex remain neutral in 

solution. 

 

Table 3.5   Electrical conductivity and Molar conductance of Sulfaphenazole and its silver 

complex 

Concentration Conductivity(ɛS cm
-1

) 
Molar conductance   

(mS cm
-1

 mol
-1

) 

mM SPZ AgSPZ SPZ AgSPZ 

0.01 3.9 31.1 3.9 31.1 

0.02 4.9 49.6 2.45 24.8 

0.03 5.5 66.2 1.83 22.067 

0.04 5.8 80.6 1.45 20.15 

0.05 6 88.9 1.2 17.78 

Average Molar conductance 2.17 23.18 

 

3.6.  X-ray Crystallographic I nvestigation 
 

The synthesized powder of silver sulfaphenazole (AgSPZ) is insoluble in water and in 

most of the common solvents but soluble in Dimethyl sulfoxide, Dimethylformamide 

(DMF), Pyridine and 3-picoline. A few  red colored diamond shaped single crystals 
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adequate for X-ray structure analysis are possible to grow from pyridine solvent by slow 

evaporation method. A transparent crystal with size (0.55 × 0.25 × 0.2 mm) has been 

selected for three dimensional X-ray intensity data collection. The photograph of grown 

single crystal from pyridine solvent is shown in Figure 3.11. Crystallographic data are 

collected on a Bruker Kappa APEX-II CCD4 single crystal diffractometer with graphite 

monochromated MoKŬ radiation (ɚ= 0.7107 ¡) at T = 293 K.   

 

 
 

Figure 3.11 Photograph of grown single crystal 
 

The cell refinement and data reduction are carried out using Bruker SAINT [196] 

programme. The unit cell parameters are refined using 9917 reflections in the range 1.8ę< 

 <27.50ę using ɤ-2  scan mode technique, out of these 3850 reflections are unique 

reflections having hkl in the range -36 < h <31, -10 < k < 10 and -24<l < 22 and 3591 

reflections are treated as observed using I >2 (I) criterion. The preliminary 

crystallographic data are listed in Table 3.6. 

Table 3.6 Preliminary Crystallographic Data 

 

Chemical name : silver (4-amino-N-(1-phenyl-1H-pyrazol-5-

yl)phenylsulfonamido) dihydrate 

Chemical formula : Ag(C15H12N4O2S)·2(H2O) 

Molecular weight : 456.25 amu 

Crystal system : Monoclinic 

Space group : C2/c 

a  : 28.55(8) Å 

b : 7.83(2) Å 

c : 18.69(5) Å 

 : 90° 

 : 126.67(1)° 

 : 90° 

Volume (V) : 3352.82(16) Å
 3
 

Z : 8 

ɟc  Mg/m
3
 : 1.808 

µ mm
-1
 : 1.36 

F(000) : 1832 
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3.6.1. Structure Solution and Refinement 
 

 Crystal structure of [AgSPZ.2H2O] is solved by Patterson method with SHELXS-97.  

SHELXS-97 built in WinGX programme package is used to determine the phases to locate 

the atomic positions and SHELXL97 is used for refinement of the data to obtain a precise 

model of the structure. The phases obtained from the set are incorporated to generate an E-

map. All the non hydrogen atoms are refined anisotropically using SHELXL-97 by full-

matrix least squares procedure against F
2
. The hydrogen atoms are stereochemically 

positioned with  C-H = 0.93 Å (for aromatic C-H) and refined with the riding model to  

their parent atoms with Uiso(H)=  1.2  Ueq  (carrier  atoms  of  CH).  The rest of the 

hydrogen atoms are located from difference Fourier map and refined isotropically. The 

Programs PLUTON and ORTEP-3 within WinGX are used for molecular graphics. The 

value of Rint = 0.0243 and Rsigma = 0.0178 show that the quality of data is satisfactory. 

From the pre knowledge of the chemical formula predicted by chemist, the significant 

peaks are picked up. A trial model of the structure is developed and it is isotropically 

refined for few cycles till it reaches to R=0.10. At this stage, all non Hydrogen atom are 

refined anisotropically till R = 0.065. All Hydrogen atoms are treated by a mixture of 

independent and constrained refinement at this stage. Final R value is 0.0263 for 3591 (I > 

2 (I)) reflections and 246 parameters and wR2 = 0.071 whereas R is 0.0282 and wR2 = 

0.072 for all data. The weighting scheme employed is of the type w = 1/[ů
2
(Fo

2
) + 

(0.0363P)
2
 + 5.1121P]     where  P = (Fo

2
 + 2Fc

2
)/3   with goodness of fit S = 1.080.  

The details of intensity data collection along with refinement parameters are listed in 

Table 3.7. Highest and lowest electron density peaks óæɟô are 0.690 and -0.86 eÅ
-3

 

respectively. The fractional coordinates and equivalent isotropic thermal parameters of 

non-hydrogen atoms are listed in Table 3.8 and Table 3.9 reports the fractional 

coordinates of hydrogen atoms with isotropic thermal parameters. The anisotropic thermal 

parameters of non-hydrogen atoms are given in Table 3.10.  
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Table 3.7 Intensity Data Collection and Refinement Parameters 

 

Instrument used : Bruker Kappa APEX-II CCD 

diffaractometer 

Temperature during data collection : 293 K 

Size of the crystal  : 0.55 × 0.25 × 0.20 mm 

Radiation type : MoKŬ 

Radiation source : Fine-focus sealed tube 

Wavelength (ɚ) : 0.71073 Å 

Mode of data collection  ɤ - 2ɗ scan mode 

ɗ range for data collection (Á) : ɗmin = 1.80Á, ɗmax = 27.50° 

Total number of measured reflections : 14404 

Total number of independent reflections : 3850 

h : -36 to 31 

k : -10 to 10 

l : -24 to 22   

Refinement method : Full Matrix Least Square of |F|
2
 

Number of parameters : 246 

Goodness of fit on |F|
2 

: 1.080 

Final R indices [I > 2ů(I)] : R1 = 0.0263, wR2 = 0.071 

R indices (all data) : R1 = 0.028, wR2 = 0.072 

Largest difference peak and hole : ȹɟmin = -0.69 eÅ
-3

 

ȹɟmax = 0.86 eÅ
-3

 

Software used to data collection : Bruker Kappa Apex-II  

Software used to cell refinement : Bruker SAINT 

Software used to solve the structure : SHELXSï97 

Software used to refine the structure : SHELXLï97 

Software used for Molecular Graphics  : PLUTON and ORTEP-3 
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Table 3.8 Fractional co-ordinates of the non-hydrogen atoms and equivalent isotropic 

displacement parameters (Å
2
) with estimated standard deviation in parentheses  

1
Ueq ( 11 22 33)

3
U U U  

Atom x y z Ueq 

Ag1 0.145531(7) 0.05958(2) 0.18342(2) 0.03882(7) 

Sulfaphenazole 

S1 0.087379(2) 0.25397(7) ī0.00969(3) 0.02625(2) 

O1 0.04195(6)   0.1716 (2) ī0.00927(2) 0.0390(4) 

O2 0.08005(8)   0.4369(2) ī0.02848(2) 0.0396(4) 

N1 0.14688(7)   0.2113(2)   0.08269(2) 0.0273(3) 

N2 0.23861(7)   0.3429(2)   0.18822(2) 0.0269(3) 

N3 0.28739(7)   0.4025(2)   0.19835(2) 0.0298(4) 

N4 0.06075(8) ī0.0613(3) ī0.32193(2) 0.0334(4) 

C1 0.08448(8)   0.1607(3) ī0.09808(2) 0.0253(4) 

C2 0.08515(9) ī0.0160(3) ī0.10420(2) 0.0321(4) 

C3 0.07765(2) ī0.0906(3) ī0.17757(2) 0.0340(4) 

C4 0.06923(8)   0.0111(3) ī0.24560(2) 0.0277(4) 

C5 0.07047(9)   0.1869(3) ī0.23754(2) 0.0313(4) 

C6 0.07764(9)   0.2626(3) ī0.16452(2) 0.0298(4) 

C7 0.19704(8)   0.2892(3)   0.10289(2) 0.0250(4) 

C8 0.21946(9)   0.3202(3)   0.05609(2) 0.0319(4) 

C9 0.27460(9)   0.3899(3)   0.11767(2) 0.0325(4) 

C10 0.23608(8)   0.3485(3)   0.26193(2) 0.0268(4) 

C11 0.18810(2)   0.4215(3)   0.25152(2) 0.0350(5) 

C12 0.18703(2)   0.4324(3)   0.32453(2) 0.0466(6) 

C13 0.23354(2)   0.3728(4)   0.40657(2) 0.0500(6) 

C14 0.28092(2)   0.3006(4)   0.41607(2) 0.0458(6) 

C15 0.28287(9)   0.2869(3)   0.34437(2) 0.0347(4) 

Water molecule 

O3 ī0.06846(2) 0.3319(4) ī0.07738(2) 0.0815(9) 

O4 ī0.03358(2) 0.5753(3) ī0.1583(2) 0.0743(8) 
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Table 3.9 Fractional co-ordinates of hydrogen atoms and isotropic displacement parameters 

(Å
2
) 

 
 

Atom x y z Uiso 

H2 0.0906 ī0.0842 ī0.0590 0.038 

H3 0.0782 ī0.2089 ī0.1815 0.041 

H5 0.0665   0.2552 ī0.2816 0.038 

H6 0.0779   0.3809 ī0.1601 0.036 

H8 0.2015   0.2990 ī0.0040 0.038 

H9 0.2996   0.4237   0.1039 0.039 

H11 0.157   0.4627   0.1962 0.042 

H12 0.1549   0.4799   0.3182 0.056 

H13 0.2329   0.3814   0.4556 0.060 

H14 0.3121   0.2606   0.4716 0.055 

H15 0.3149   0.2375   0.351 0.042 

H4A 0.0532(2) ī0.160(4) ī0.3298(2) 0.038(7) 

Water molecule 

H3A ī0.0691(2) 0.407(5) ī0.038(3) 0.091(2) 

H3B ī0.0390(2) 0.272(6) ī0.041(3) 0.105(2) 

H4B ī0.0447(2) 0.514(6) ī0.127(3) 0.086(2) 

H4C   0.0040(3) 0.543(7) ī0.133(4)   0.13(2) 
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Table 3.10 Anisotropic displacement parameters (Å
2
) of non-hydrogen atoms with estimated 

standard deviation in parentheses 

 

Atom U
11

 U
22

 U
33

 U
12

 U
13

 U
23

 

Ag1 0.03129(2) 0.05400(2) 0.03135(2) 0.00672(7) 0.01878(8) 0.0150(7) 

Sulfaphenazole 

S1 0.0183(2) 0.0393(3) 0.01826(2)   0.00335(2) 0.00936(2) -0.00016(2) 

O1 0.0214(7) 0.0675(2) 0.0299(7)  -0.0032(7) 0.0161(6) -0.0036(7) 

O2 0.0429(9) 0.0390(8) 0.0328(8)   0.0138(7) 0.0203(7)  0.0024(6) 

N1 0.0186(7) 0.0417(9) 0.0168(7)  -0.0023(6) 0.0080(6)  0.0014(6) 

N2 0.0202(7) 0.0408(9) 0.0189(7)  -0.0033(6) 0.0112(6) -0.0034(6) 

N3 0.0213(8) 0.0421(9) 0.0260(8)  -0.0054(7) 0.0142(7) -0.0065(7) 

N4 0.0273(9) 0.0488(2) 0.0248(9)  -0.0028(7) 0.0155(8) -0.0065(7) 

C1 0.0173(8) 0.0373(2) 0.0161(7)   0.0014(7) 0.0073(6) -0.0002(7) 

C2 0.0316(2) 0.0381(2) 0.0251(9)   0.0049(8) 0.0161(8)  0.0059(8) 

C3 0.035(2) 0.0323(2) 0.0336(2)   0.0013(8) 0.0200(9) -0.0004(8) 

C4 0.0169(8) 0.0411(2) 0.0228(8)  -0.0022(7) 0.0106(7) -0.0039(8) 

C5 0.032(2) 0.0401(2) 0.0238(9)   0.0014(8) 0.0176(8)  0.0036(8) 

C4 0.0292(9) 0.0336(2) 0.0254(9)   0.0006(8) 0.0154(8)  0.0008(8) 

C7 0.0195(8) 0.0339(9) 0.0183(8)   0.0008(7) 0.0096(7) -0.0009(7) 

C8 0.0276(9) 0.0480(2) 0.0221(9)  -0.0038(8) 0.0157(8) -0.0050(8) 

C9 0.0263(9) 0.0472(2) 0.0292(2)  -0.0045(8) 0.0194(8) -0.0049(8) 

C10 0.0261(9) 0.0341(9) 0.0194 8) -0.0044(7) 0.0132(7) -0.0037(7) 

C11 0.0347(2) 0.0422(2) 0.0331(2)   0.0019(9) 0.0226(2) -0.0003(9) 

C12 0.0563(2) 0.0536(2) 0.0500(2)   0.0009(2) 0.0422(2) -0.0060(2) 

C13 0.0275(2) 0.0445(2) 0.0243(9) -0.0032(9) 0.0109(8)  0.0000 8) 

C14 0.0462(2) 0.0582(2) 0.0202(9) -0.0150(2) 0.0129(2) -0.0006(9) 

C15 0.0716(2) 0.0571(2) 0.0364(2) -0.0153(2) 0.0404(2) -0.0105(2) 

Water Molecule 

O3 0.0534(2) 0.116(2) 0.0511(2) 0.0285(2) 0.0179(2) -0.0208(2) 

O4 0.0546(2) 0.0553(2) 0.0806(2) 0.0187(2) 0.0237(2)   0.0062(2) 

 

3.6.2.  Crystal Structure of Ag(C15H12N4O2S).2(H2O) 
 

Silver complex of sulfaphenazole crystallizes in monoclinic space group C2/c with Z= 8. 

The geometry at the silver center is a distorted trigonal array. Each sulfaphenazole 

molecule acts as tridentate ligand coordinated to silver, via three donor atoms 

(sulfonamido nitrogen N1, pyrazole N3 and amino N4). The lattice of [AgSPZ.2H2O]n 

holds bidimensional network sheet. An óORTEPô
 
view of the molecule indicating atomic 

numbering scheme (thermal ellipsoids drawn at 50% probability level) is shown in the 

Figure 3.12. Figure 3.13 reflects Geometry of the silver complex of sulfaphenazole 

dihydrate (Ag(C15H12N4O2S).2(H2O)) which forms a chain. 
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Figure 3.12 ORTEP diagram of the title compound showing thermal displacement ellipsoids 

are drawn at 50% probability level 

 

Figure 3.13 Geometry of the silver complex of sulfaphenazole dihydrate. Hydrogen atoms are 

excluded for better clarity. 
 

Molecular Dimension 
 

All the geometrical calculations are performed using PLATON software. Bond length 

involving non-hydrogen atoms, as obtained by X-ray data (with estimated standard 

deviation in parentheses) and by theoretical calculations at the B3LYP /LAV2p** level of 

theory, are summarized in Table 3.11. Table 3.12 is the list of bond length involving 

hydrogen atoms. Table 3.13 presents the bond angle involving non hydrogen atoms as 

obtained by X-ray data and by theoretical calculation at the B3LYP/LAV2p** level of 
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theory. The bond length and angle of the phenyl ring of the AgSPZ confirm well to those 

found in the free sulfaphenazole [171]. The distances S1ïN1 of 1.573(15) Å and N1ïC7 

of 1.386(2) Å are shorter in the Ag (I) complex than those in free ligand (S1ïN1 is of 

1.626(9) Å for molecule A and that of 1.644(6) Å for molecule B and N1ïC7 is of 

1.401(11) Å for molecule A and 1.396 (12) Å for molecule B [171]). The maximum and 

minimum value of angle around the sulfur atom are for O1ïS1ïO2 (115.86(13)ę) and O2ï

S1ïC1 (105.11(11)ę ) respectively. 

 

Table 3.11 Bond length (Å) involving non-hydrogen atoms with estimated standard deviation 

in parentheses by X-ray data and that of by B3LYP /LAV2p** level of theory 

 

Bond length X-ray B3LYP Bond length X-ray B3LYP 

S1ïO1 1.453(2) 1.607 C3ïC4 1.396(3) 1.434 

S1ïO2 1.458(2) 1.562 C4ïC5 1.384(3) 1.384 

S1ïN1 1.573(2) 1.737 C5ïC6 1.387(3) 1.433 

S1ïC1 1.762(2) 1.853 C6ïC1 1.389(3) 1.398 

N1ïC7 1.386(2) 1.391 C7ïC8 1.380(3) 1.388 

N2ïN3 1.370(2) 1.360 C8ïC9 1.392(3) 1.408 

N2ïC7 1.367(2) 1.395 C10ïC11 1.391(3) 1.407 

N2ïC10 1.422(2) 1.415 C11ïC12 1.385(3) 1.403 

N3ïC9 1.329(3) 1.330 C12ïC13 1.379(4) 1.398 

N4ïC4 1.416(3) 1.340 C13ïC14 1.378(4) 1.397 

C1ïC2 1.392(3) 1.399 C14ïC15 1.379(3) 1.395 

C2ïC3 1.383(3) 1.382 C15ïC10 1.390(3) 1.400 

 

Table 3.12 Bond length (Å) involving hydrogen atoms by X-ray data  

Bond length X-ray Bond length X-ray 

N4ïH4A  0.80(3) C9ïH9 0.93 

C2ïH2 0.93 C11ïH11 0.93 

C3ïH3 0.93 C12ïH12 0.93 

C5ïH5 0.93 C13ïH13 0.93 

C6ïH6 0.93 C14ïH14 0.93 

C8ïH8 0.93 C15ïH15 0.93 

Water molecule 

O3ïH3A 0.97(5) O4ïH4B 0.91(6) 

O3ïH3B 0.89(5) O4ïH4C 0.84(9) 
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Table 3.13 Bond angle (°) involving non-hydrogen atoms with estimated standard deviation 

in parentheses by X-ray data and by that of by B3LYP/LAV2p** levels of theory 
 

Bond angle (°) X-ray B3LYP Bond angle (°) X-ray B3LYP 

O1ïS1ïO2 115.8(2) 114.7 C4ïC5ïC6 120.8(2) 121.6 

O1ïS1ïN1 106.4(4) 101.1 C3 ïC4 ïC5 119.3(2) 117.9 

O1ïS1ïC1 106.3(2) 106.6 N4ïC4ïC3 120.8(2) 117.5 

O2ïS1ïN1 112.2(2) 115.9 N4ïC4ïC5 119.9(2) 124.6 

O2ïS1ïC1 105.1(2) 109.3 N2ïC7ïC8 106.1(2) 105.2 

N1ïS1 ïC1 110.9(2) 108.6 N1ïC7 ïN2 119.3(2) 122.2 

S1ïN1ïC7 117.9(2) 116.3 N1ïC7ïC8 134.4(2) 131.9 

N3ïN2 ïC7 111.7(2) 112.2 C7ïC8ïC9 105.6(2) 105.5 

C7ïN2 ïC10 129.0(2) 128.0 N3ïC9ïC8 112.1(2) 112.3 

N3ïN2 ïC10 119.3(2) 119.2 N2ïC10 ïC11 119.6(2) 120.4 

N2 ïN3 ïC9 104.5(2) 104.7 N2ïC10 ïC15 119.6(2) 119.5 

S1ïC1ïC2 119.6(2) 117.6 C11ïC10 ïC15 120.7(2) 120.1 

S1ïC1ïC6 120.3(2) 118.6 C10 ïC11 ïC12 119.2(2) 119.4 

C2ïC1ïC6 120.0(2) 123.8 C11ïC12 ïC15 120.2(4) 120.5 

C1ïC2 ïC3 120.0(2) 118.2 C10 ïC15 ïC14 118.9(3) 120.4 

C2ïC3ïC4 120.3(2) 120.9 C13ïC14ïC15 120.8(2) 120.6 

C1ïC6 ïC5 119.6(2) 117.5 C12ïC13ïC14 120.1(3) 119.6 

 

Co-ordination Sphere of Ag  
 

The geometry of the silver is a distorted trigonal array. The coordination sphere of Ag(I) is 

formed by aryl amine N4, sulfonamido N1 and pyrazole N3 from three symmetry related 

ligand molecules. Each silver is co-ordinated by N1 of a single SPZ ligand. The N3 of this 

ligand is bound to adjacent silver in such a way that chain is formed in the crystal structure 

and the silver is bound to N4
 
of the preceding SPZ ligand. The lattice of [AgSPZ.2H2O]n 

holds bidimensional sheets. The bond length involving Ag represents a distorted trigonal 

configuration but are compatible to those of (2.24-2.364 Å) reported in other Ag 

complexes (Table 3.14) [172-175]. The nearly tridentate bonds on silver present variable 

distances: Ag1 N1=2.2464(16), Ag1 N4
iv
 =2.3624(19) and Ag1 N3

iii
 = 

2.2381(17) Å. It clearly suggests that, the Ag N3 (pyrazole nitrogen) and Ag N1 

(sulfonamido nitrogen) bond distances (2.238(17) and 2.246(16) Å) are almost same but 

slightly shorter than the Ag N4 (amino nitrogen) ones (2.3636(19) Å), which confirms 

that the pyrazole N atom is able to bind the Ag (I) atom much stronger compared to the 

amino N atom which may be due to the increase of the negative charge on the pyrazole N 

atom as consequence of the charge delocalization through the pyrazole ring upon the 

deprotonation of the sulfonamido group, which is also confirmed by the analysis of 

Mullikan charge distribution. The maximum and minimum values of the angle around Ag 
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(I) atom are 133.29(6)° (N3
iii

Ag1 N1) and 107.20(6)° (N3
iii

 Ag1 N4
 iv

) 

respectively.  

 
 

Table 3.14 Coordination covalent bond surrounding silver 

 

Coordination covalent bond length surrounding silver 

Ag1 N1 2.2464(16) 
  

Ag1 N3
iii

 2.2381(17) N3 Ag1
i
 2.2381(17) 

Ag1 N4
iv
 2.3624(19) N4 Ag1

ii
 2.3624(19) 

Coordination covalent bond angle surrounding silver 

N1 Ag1 N4
iv
 119.46 (6) N3

iii
Ag1 N1 133.27 (6) 

N3
iii

Ag1 N4
iv
 107.20 (6)   

Symmetry codes: (i) īx+1/2, y+1/2, īz+1/2; (ii) x, īy, zī1/2; (iii) īx+1/2, yī1/2, īz+1/2; 

(iv) x, īy, z+1/2. 

 

Molecular Conformation 

The equation of few significant least-square planes, along with the displacement of the 

relevant atoms from the mean planes and the dihedral angle between the different mean 

planes are presented in Table 3.15. Molecular conformation, described by few torsional 

angles, about significant bond as obtained by X-ray data and by quantum chemical 

calculation (B3LYP/LAV2p**levels of theory), are tabulated in Table 3.16. Molecule of 

the complex adopts gauche conformation about the SīN bond with torsional angle of 

71.15 (17)°   (92.82° by B3LYP method) and for free ligand the angle is of -73.7 (8)° for 

molecule A and 94.0 (8)° for molecule B [171].  Pyrazole ring (N2-N3-C7-C8-C9) and 

both the phenyl rings are effectively planar. Pyrazole ring plane (C7-C8-C9-N3-N2) is 

oriented at 67.57(13)° to (C1-C6) phenyl ring plane and inclined at 49.32(13)° to (C10-

C15) phenyl ring plane, values in the brackets are those of the calculated by B3LYP 

method (77ę between pyrazole and (C1-C6) ring plane and -65.7ę between pyrazole and 

(C10-C15) ring plane). 
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Table 3.15 Equation of least-square planes along with the displacement of relevant atoms 

and the dihedral angle between different planes with standard deviation in parentheses 

 

(1) C1-C2-C3-C4-C5-C6 

0.8787(5) x + 0.0113(12) y + 0.4772(10) z = 2.406(5) 

C1 -0.011(2) C4 -0.015(2) 

C2 0.006(3) C5 0.010(3) 

C3 0.007(2) C6 0.003(3) 

(2) N2-N3-C7-C8-C9 

-0.3226(11) x + 0.9184(5) y - 0.2292(11) z = 0.288(8) 

N2 0.010(2) C8 0.001(2) 

N3 -0.009(2) C9 -0.005(2) 

C7 -0.007(2)   

(3) C10-C11-C12-C13-C14-C15 

0.3813(10) x + 0.8983(5) y + 02185(11) z = 4.763(5) 

C10 0.001(2) C13 0.002(3) 

C11 0.002(3) C14 0.001(3) 

C12 -0.004(3) C15 -0.003(2) 

Dihedral angle (ę) between LSQ- planes 

Planes  X-ray B3LYP 

C1-C2-C3-C4-C5-C6 & N2-N3-C7-C8-C9 67.57(13)ę 77ę 

N2-N3-C7-C8-C9 & C10-C11-C12-C13-C14-C15   49.32(13)ę 65.7ę 

 

 
Table 3.16 Few torsional angles (°) as obtained by X-ray data with estimated standard 

deviation in parentheses and by B3LYP method 

 

Atom X-ray B3LYP Atom X-ray B3LYP 

O1ïS1ïN1ïC7 ī173.8(2) -155.2 N1ïS1ïC1ïC6 ī120.3(2) -163.63 

C1ïS1ïN1ïC7 71.15(2) 92.82 S1ïN1ïC7ïN2 141.39(2) 105.53 

 

3.6.3. Hydrogen Bonding and Molecular Packing 

Analysis of the hydrogen bonding pattern of the title compound shows the presence of Oï

H···O and NïH···O intermolecular hydrogen bond interactions and weak but significant Cï

HĀĀĀˊ, ˊĀĀĀˊ intermolecular interactions in the structure. The Intra and intermolecular 

hydrogen bond interactions are summarized in Table 3.17.  
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 Table 3.17 Intramolecular and Intermolecular interactions with symmetry code 

Hydrogen bond geometry 

DïH···A H···A  Å D···A  Å  ᷁DïH···A ° 

O3ïH3A···O2 (i) 1 .90(5) 2.844(4) 173(4) 

O4ïH4B···O3 (i) 2.03(5) 2.952(5) 165(4) 

O4ïH4C···O2
  
 (ii)  2.04(7) 2.861(4) 149(7) 

O3ïH3B···O1
 
 (ii)  2.16(6) 2.888(4) 145(5) 

N4ïH4A···O4(iii) 2.12(3) 2.914(3) 176(4) 

·́··́  intermolecular interaction 

Cg(I)···Cg(J) Cg(I)···Cg(J)Å  ɓ ɔ Cg(I) ···P Å 

Cg(2)···Cg(2)(iv) 3.560 1.29 13.08 13.08 3.468 (2) 

X-H···́  intermolecular interaction 

Xï H(I)···Cg (J) d(HïCg) Å d(XïCg) Å XïH...Cg ę ɔę H···P Å 

C9ïH9···Cg(2)(v) 2.94 3.720(3) 142 8.64 2.904 

Cg(2) represents the centroid of the phenyl ring (C1ïC6) 

Symmetry code:   (i) x, y, z; (ii) -x,1-y,-z; (iii) x,-y,-1/2+z; (iv) -x,y,-1/2-z; (v) 

1/2-x,1/2-y,-z 

 

 

Both the water molecules contribute significantly in supramolecular aggregation. In the 

crystal packing, water oxygen O3 acts as donor via H3A to amido oxygen O2 at x, y, z 

such that O3-H3A···O2 = 2.844(4) Å with O᷁3ïH3A···O2 = 173(4)°, it acts as donor to  

O1  amido oxygen at ïx, 1-y, -z via H3B where O3ïH3B···O1 = 2.888(4) Å with O᷁3ï

H3B···O1 = 145(5)°. Further two water oxygen atoms are interconnected where,  water 

oxygen O3 acts as an acceptor to water oxygen O4 such that O4ïH4B···O3 = 2.952(5) Å 

with  O᷁4ïH4B···O3 = 165(4)°. Water oxygen O4 interlinks amido oxygen O2 of the 

molecule at ïx, 1-y, -z such that O4ïH4C···O2 = 2.861(4) Å with O᷁4ïH4C···O2= 149(7) 

°, thus utilizing all the donor and acceptor capabilities of water molecules. In the 

molecular packing as seen on ac plane, water molecule assembly interconnected by 

hydrogen bond forming R(8) [197] graph set motif arranged themselves parallel to [001] 

direction which forms a column of water in between two molecular chains (Figure 3.14). 
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Figure 3.14  A part of molecular packing diagram showing O3ïH3B···O1 and O4ïH4C···O2 

intermolecular interactions along with C4ïH4···O2, O3ïH3A···O2 and O4ïH4B···O3 

intramolecular interactions 

 

One NïH···O interaction is also formed between terminal amino nitrogen (N4) and one of 

the symmetry related water oxygen (O4) such that N4ïH4A···O4 = 2.914(3) Å with N᷁4ï

H4A···O4 = 176(4)° at x,-y,-1/2+z. The molecular packing is further strengthened by ˊ···́  

interaction and CïH···́  interactions and depicted in Figure 3.15.  The carbon atom C9 via 

H9 connected to the centroid Cg(2) of phenyl ring (C1-C6) at symmetry related molecule 

(1/2-x, 1/2-y, -z). The rarest face to face (Ŭ = 1.29ę) ·́··́  interaction is observed between 

the centroids of the two symmetry related phenyl rings (C1-C6) at -x, y, -1/2-z with their 

centroids separated by 3.560(15) Å.  

 

 
 

Figure 3.15 A part of molecular packing displaying ˊ···  ́and CïH···́  interactions  
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3.7.  Ab ï initio and DFT Calculations 
 

Density Functional theory (B3LYP) method has been used to calculate all quantum 

chemical calculation, performed using JAGUAR utility from Schrodinger software 

package. The optimization geometry, Mulliken Charge Distribution, dipole moment and 

HOMO-LUMO calculation have been carried out using B3LYP method with 

LAV2p** basis set.  

 

3.7.1. Geometry Optimization Calculations 

The optimized geometry parameters obtained from B3LYP/LAV2p**  calculation are 

listed in Table 3.11 and Table 3.13. Comparison between the experimental bond length 

and theoretical bond length indicated that all optimized bond lengths are slightly larger 

than the experimental value. This is the case because the experimental data are collected in 

the solid phase subjected to the intermolecular forces like CïH···́  and OïH···O 

interactions, whereas the computational theoretical data corresponds to the isolated 

molecule in gas phase [198]. The correlation coefficient and root mean square error 

(RMSE) for molecular geometry (bond length and bond angle) have been calculated and 

the results are depicted graphically in Figure 3.16. The highest bond length difference is 

0.163Å for the S1ïN1 bond, whereas the biggest bond angle deviation occurred in the O1ï

S1ïN1 angle 5.26°. The root mean square error and correlation coefficient value for bond 

length are 0.0649 Å and 0.962 respectively, while for bond angle, root mean square error 

and correlation coefficient are 2.134° and 0.902 respectively.  
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Figure 3.16 Graphical representation of correlation between experimental versus theoretical 

(a) bond length and (b) bond angle  

3.7.2. Mulliken Charge Distributions  
 

The atomic charge values have been obtained by the Mulliken population analysis which 

helps to predict whether a particular atom will take part in hydrogen bond interactions or 

not. The Mulliken charge distribution calculated using B3LYP method with LAV2p**  

level are tabulated in Table 3.18 and graphically as shown in Figure 3.17. It is noted that 

all oxygen and nitrogen atoms have negative charge and all hydrogen atoms have positive 

charge.  The sulfonamido oxygen O2 atom has more negative charge (-0.77133) than other 

oxygen atoms, whereas the hydrogen atom from water molecule H3B has more positive 

charge than the other hydrogen atoms. The result suggests that the oxygen atoms are 

electron acceptor and charge transfer takes place from H to O. The sulfonamido nitrogen 

atom N1 has more negative charge (-0.8682) against amino and pyrazole nitrogen atom. 

The carbon atoms C6, C3 and C11 are more positive than the other carbon atoms due to 

electron-donating substitution at that position.  

 

 
 

Figure 3.17 Graph sheet of Mulliken atomic charge (e) by B3LYP method 
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Table 3.18 Mulliken charges (e) for atoms calculated by B3LYP method 

 

Atom Charge Atom Charge Atom Charge Atom Charge 

N2 -0.33481 C15 -0.11731 H11 0.18865 O2 -0.77133 

N3 -0.26695 C14 -0.07649 H15 0.11571 C1 -0.30064 

C10 0.24941 H13 0.14453 H14 0.11339 O1 -0.74906 

C4 0.16777 H9 0.10235 H12 0.12268 C2 -0.03679 

C9 0.07446 H4 0.17205 H3A 0.30388 N1 -0.8682 

C11 -0.19782 H8 0.09354 H3B 0.35469 C6 -0.03699 

C12 -0.09794 H4A 0.2309 H4C 0.31923 C7 0.51374 

N4 -0.44216 H5 0.12543 H4B 0.31507 C8 -0.19574 

C13 -0.11477 H2 0.15971 Ag1 0.53177 C3 -0.07983 

O4 -0.653 H3 0.13249 S1 1.55208 C5 -0.1087 

O3 -0.635       

 

3.7.3.  HOMO and LUMO A nalysis 
 

Analysis of the wave function indicates that the electron absorption corresponds to the 

transition from the ground state to the first exited state and is mainly described by electron 

excitation from the highest occupied molecular orbital (HOMO) to the lowest unoccupied 

molecular orbital (LUMO). The HOMO and its orbital play the role of electron donors, 

and the LUMO and its orbital play the role of electron acceptors. HOMO and LUMO 

energies have been calculated using B3LYP/ LAV2p**  method. The HOMO and LUMO 

plot is shown in Figure 3.18. It is shown that HOMO is delocalized on the pyrazole and 

ƄSO2NƄ group, whereas, LUMO is also delocalized on silver. The calculated energy 

value of HOMO is -5.7342 eV and LUMO is -2.5162 eV. The energy gap of HOMO-

LUMO (-3.21802 eV) explains the charge transfer interaction within the molecule. The 

high value of dipole moments (8.2808 Debye) suggests the reactivity and attraction for the 

interaction with other system.  
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Figure 3.18 The highest occupied molecular orbital (HOMO) and the lowest unoccupied 

molecular orbital (LUMO) of the molecule  

 

3.8.  Hirshfeld Surface Analysis and 2-D Fingerprint Plot 
 

Hirshfeld surfaces are mapped with different properties e.g. de, dnorm, shape index, 

curvedness. The dnorm region mapped over -0.632(red) - 1.391 (blue)Å while the shape 

index region and curvedness region vary from -1.000 to +1.000 Å and -4.000 to +0.400 Å 

respectively. The molecular Hirshfeld surfaces (dnorm, shape index and curvedness) are 

shown in Figure 3.19. The dnorm surface is used for identification of very close 

intermolecular interactions. The dnorm surface (Figure 3.19(a)) reveals the close contacts 

of hydrogen bond donors and acceptors, but other close contacts are also evident. In dnorm 

surfaces, the large red circular depressions are the indicators of hydrogen bonding contacts 

whereas other visible spots are due to H···H contacts. The presence of red spots on the 

dnorm surface indicate the presence of OïH···O and NïH···O interactions. Inspection of the 

shape index indicates the presence of H···C interaction between the molecular pairs. The 

shape index is most sensitive to very subtle changes in surface shape, the red triangles on 

them (above the plane of the molecule) represent concave regions indicating atoms 

é́stacked molecule above them, and the blue triangles represent convex regions 

indicating the ring atoms of these molecules inside these surfaces (Figure 3.19(b)). In the 

case of the present compound, the red triangles are CïH···́  intermolecular interactions, 

indicated by the ñwingsò in the upper left and lower right of the 2-D fingerprint plot. The 

curvedness is the measurement of ñhow much shapeò. The large flat region delineated by a 

blue outline on curvedness surface refers to the ˊéˊ stacking interaction. The curvedness 


