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Abstract

The tetramorphth crystals of 4,4edimethylbenzophenone (D) were obtained using

slow-evaporation crystallization method and the structure is elucidated using

single crystal X-ray diffraction technique. D crystallizes in the orthorhombic

crystal system (space group Pbca) with cell parameters a ¼ 14.6986 (11) �A, b ¼
6.1323 (4) �A, c ¼ 26.2730 (18) �A, V ¼ 2368.2 (3) �A3 and Z ¼ 8. In the crystal

structure, intermolecular interaction of the type C—H...p stabilizes the crystal

packing. This polymorph is the fourth candidate of its kind and second candidate

in the orthorhombic crystal system. The structural comparisons and crystal

packing of tetramorphs (A, B, C and D) are analyzed using molecular structures,

Hirshfeld surfaces, enrichment ratios (E) and energy frameworks. The

conformational differences are observed in all the tetramorphs and the

intercontacts H/H and C/H contributes around 85 % to the Hirshfeld surfaces.

The E ratio provides evidence of H/H, C/H and O/H intercontacts having

high propensity to form contacts in the crystal packing. The average energy

(dimer formation) for each polymorph is calculated from energy framework

analysis. The systematic comparison of crystal packing in tetramorphs through

3D-topology is visualized. In the energy-frameworks of the crystal packing,

dispersion energy dominates over the electrostatic energy. Overall, the molecular

packings of the four polymorphic structures are different.
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1. Introduction

A polymorphic phenomenon in the solid state system is one of the hot topics in the

crystallographic community. In this phenomenon, the same compound appears in

different crystal structures (at least two) [1]. The review report on polymorphism sys-

tematic screening of history and facts revealed molecular crystal polymorphs are

frequent [2]. There are differences in the three dimensional (3D) similarities among

polymorphs [3]. The concept of supramolecular synthon [4] and supramolecular

constructs are used to analyse spatial arrangements of intermolecular interactions

in crystals (molecular packing) and to identify the similarity among crystal structures

and polymorphs, (packing similarities) respectively [5]. Further, packing polymor-

phism deals with conformational rigid molecule packing in different arrangements,

while the conformational polymorphism deals with flexible molecule rearranging to

produce more than one different conformation in the solid state [6]. They show

different physical properties and other physico-chemical properties according to

the polymorph [7]. One of the organic moieties ‘benzophenone’ shows prevalent

polymorphism and among them 4,4edimethylbenzophenone has three polymorphic

structures [8]. The reported trimorphs of the title molecule crystallize in the crystal

systems trigonal (A: CSD refcode FEVMUO0; space group e P321) [8], ortho-

rhombic (B: CSD refcode FEVMUO01; space group e P212121) [9], and mono-

clinic (C: CSD refcode FEVMUO02; space group e P21/c) [10].

Benzophenones are biologically active compounds [11, 12] and are used as UV-

filters in sunscreens [13]. The Enrichment ratio (E) is used identify the propensity

of the pair of elements (X, Y) to form contacts in the crystals [14, 15]. The energy

framework concept [16, 17, 18] is a computational graphical tool for representing

the magnitudes of interaction energies within the crystal packing. 3D topology of

the intermolecular interactions relates to the properties of the molecular crystals.

In this paper, I present the crystallization, single crystal X-ray diffraction, Hirshfeld

surfaces computational method, enrichment ratios and 3D energy frameworks of the

tetramorph of 4,4edimethylbenzophenone (Figs. 1 and 3). In addition, the reported

trimorphs A, B and C were analyzed and compared using Hirshfeld surfaces, enrich-

ment ratios and 3D energy frameworks.
2. Methodology

2.1. Materials and crystallization

4,4edimethylbenzophenone (D) (Sigma-Aldrich) with molecular grade were used

for the crystallization experiments. About 50 grams of D is dissolved in binary sol-

vents of DMF and Ethanol at ambient conditions. The slow evaporation resulted in

colourless crystals after few days.
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Fig. 1. ORTEP view with atom labelling system of the title compound with displacement ellipsoids are

drawn at the 50% probability level.
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2.2. Single crystal X-ray diffraction

The diffracted X-ray intensity data for single crystal of compound D were collected

at a temperature of 296 K on a Rigaku Saturn724 diffractometer using graphite

monochromated radiation (Mo-Ka). The diffracted intensities obtained after the ex-

periments were processed using CrystalClear [19]. Reflection file after processing is

used to solve the structure by direct methods and refined by full-matrix least squares

method on F2 using SHELXS and SHELXL programs [20] embedded within the

Olex2 software [21]. In the first difference Fourier map, non-hydrogen atoms

were identified followed by isotropic and anisotropic refinement. The riding model

was applied to position hydrogen atoms geometrically and refinement. Final model

refinement (ten cycles) difference Fourier map showed no chemical significance

peaks. The molecular structure [ORTEP (Fig. 1)] and packing diagrams [Fig. 2]

were generated using the softwareMERCURY [22]. Crystal structure and data refine-

ment parameters/values are given in Table 1.
2.3. Hirshfeld surfaces analysis and enrichment ratio (E)

The final refined crystallographic information file (CIF) is given as input to the Crys-

talExplorer 3.1 software [23] to analyze and visualize Hirshfeld Surfaces [24] and

their relative 2D fingerprint plots [25]. The parameters dnorm (normalized contact dis-

tance) and 2D fingerprint plots were used for quantifying/visualizing and decoding

of the intercontact in the crystal packing. The dark-red spots on the dnorm surface

arise as a result of the short interatomic contacts, while the other intermolecular in-

teractions appear as light-red spots. The parameters used on 2D fingerprint plots

(Fig. 4: di (inside) and de (outside) represents the distances to the Hirshfeld surface

from the nuclei, with respect to the relative van der Waals radii [vdW]. The propor-

tional contribution of intercontact over the surface is visualized by the colour

gradient (blue to red) in the fingerprint plots. The Hartree-Fock theory with STO-

3G basis set was used to generate electrostatic potential on the Hirshfeld surfaces
on.2019.e01209
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Fig. 2. (a) Packing of the compound; a view along b e axis. (b) Intermolecular interactions of the tet-

ramorphs (A, B, C and D). Atom labels of polymorphs A, B and C kept without changing from the re-

ported article [8].
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(Fig. 4). The electrostatic potential surfaces with red region indicates negative elec-

trostatic potential (hydrogen acceptors) and blue region indicates a positive electro-

static potential (hydrogen donor) [26].

The values of intercontacts calculated over Hirshfeld surfaces are used to evaluate

the propensities of the pair of elements (X, Y) to form contacts in the crystal and

are analyzed using enrichment ratio (E) [14] (Table 4). E is the ratio between the
on.2019.e01209
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Fig. 3. Chemical diagram of 4,4edimethylbenzophenone [8].
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actual contacts (proportion) in the crystal and random contacts (theoretical pro-

portion). The pairs of element will have high propensity to form contacts and

pairs avoid contacts with each other in the crystals if E > 1 and E < 1, respec-

tively [17, 18].
Table 1. Crystal Data and Structure Refinement details for D.

D

CCDC number 1538365

Empirical formula C15 H14 O

Formula weight 210.26

Temperature (K) 293 (2)

Wavelength (Ka,�A) 0.71075

Crystal system, space group orthorhombic,
Pbca

Unit cell dimensions (�A, �) a ¼ 14.6986 (11)
b ¼ 6.1323 (4)

c ¼ 26.2730 (18)

Volume �A3 2368.2 (3)

Z,
Calculated density (Mg/m3)

8,
1.179

Absorption coefficient (mm�1) 0.072

F(000) 896

Crystal size mm 0.21 � 0.23 � 0.24

Theta range for data collection (0) 2.8 to 26.4

Limiting indices �18 � h � 18, �7 � k � 6, �32 � l � 32

Reflections collected/unique [R (int)] 24455/2418 [0.091]

Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 1586/0/147

R value 0.0726

Goodness-of-fit on F2 1.04

Largest diff. peak and hole (e. �A�3) 0.18 and �0.19

on.2019.e01209
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Fig. 4. (a) Percentage contributions of various close intermolecular contacts to the Hirshfeld surface area

in tetramorphs (A,B, C-1/C-2 and D) and rotated over 180�. Hirshfeld surfaces (dnorm mapped) of tetra-

morphs. (b), 2D Fingerprint plots (c) and Electrostatic potential surfaces (d) of the tetramorphs.

6 https://doi.org/10.1016/j.heliy

2405-8440/� 2019 Published

(http://creativecommons.org/li

Article Nowe01209
2.4. 3D energy framework analysis

New version of CrystalExplorer 17 [27] software (CIF as input) was used to calcu-

late, visualize and analyze the 3D energy framework along with intermolecular inter-

action energies. The single point molecular wavefunction at B3LYP/6-31G (d,p)

level of theory is used to calculate the energy by generating a cluster of radius 3.8
�A around the molecule. The neighbouring molecules in the shell around the central

molecule are generated by applying crystallographic symmetry operations [17, 18,

28, 29].
3. Results and discussion

3.1. Molecular and crystal structure

The tetramorphth (D) crystals of 4,4edimethylbenzophenone were obtained using

binary solvents of DMF and Ethanol at ambient conditions. The D molecules
on.2019.e01209
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crystallize in the orthorhombic crystal system, (space group Pbca) with cell param-

eters a ¼ 14.6986 (11)�, b ¼ 6.1323 (4)�, c ¼ 26.2730 (18)�, V ¼ 2368.2 (3)�A3 and

Z¼ 8 (Fig. 1). The reported trimorphs of the title compound A, B and C [8, 9], crys-

tallized in the tetragonal (P3221), orthorhombic (P212121) and monoclinic (P21/c)

crystal systems, respectively. The D is the second polymorph within the ortho-

rhombic crystal system. The dihedral angles between the phenyl rings is 50.63

(11)0. The torsional angle (Table 2: Fig. 3) measured are -15.8 (3)� (t1 - O1/C7/

C1/C2) and -33.4 (3)� (t2 - O1/C7/C8/C13), showing the t2 is two times t1. The

same trend is observed in molecule 2 of polymorph C with slightly different values.

The other polymorphs (A, B, C (1): Table 2) don’t show this type of trend in the

geometry. The polymorph A has similar torsional angles (t1 ¼ t2) when compared

to other polymorphs. The conformation of all the polymorphs varies according to

the crystal system/space group. In the crystal structure D (Fig. 2a, Table 3), the mole-

cule stabilizes with intermolecular interactions of the type C5/H5/Cg1 (C1-C6)

(Fig. 2b - D). Similarly, the other polymorphic crystal structures (Fig. 2b) are stabi-

lized through intermolecular interactions/hydrogen bonds of the type, C/H/p

(A), C/H/p (B), C/H/p (B) and C/H/O (C:molecule 2).
3.2. Hirshfeld surfaces and enrichment ratio

Hirshfeld surfaces computational method was used to visualize (Hirshfeld surfaces)

and quantify (Fingerprint plots) the intermolecular contacts in tetramophs crystal
Table 2. Torsion angles of the tetramorphs.

A B C (1/2) D

t1 (�) 28.2 (2) 21.1 (3) �29.6 (2)/�21.4 (2) �15.8 (3)

t2 (�) 28.2 (2) 32.3 (3) �42.4 (2)/�42.4 (2) �33.4 (3)

CSD Refcode/CCDC FEVMUO [8] FEVMUO01 [8] FEVMUO02 [8] 1538365 [This work]

Table 3. Intermolecular interactions parameters of tetramoprhs.

D—H...A/Cg H...A/Cg (�A) D....A/Cg (�A) D—H...A/Cg (�) Symmetry

A
C14—H14...Cg1 2.71 (4) 3.620 (4) 143 (3) -1/2 þ X,1/2-Y,-Z

B
C6—H4...Cg2 2.701 (9) 3.625 (3) 144.4 (8) -X,1/2 þ Y,1/2-Z

C8—H9...Cg2 2.68 3.6971 (13) 156 -1/2 þ X,1/2-Y,-Z

C
C29—H25...O2 (2) 0.96 2.58 3.509 (6) 162 -X,1/2 þ Y,3/2-Z

D
C5—H5...Cg1 2.81 3.541 (2) 136 1/2-X,-1/2 þ Y,Z

on.2019.e01209
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packing (Fig. 4) [23, 24, 25]. The red spots (surfaces) over the Hirshfeld surfaces

indicate the closer contacts representing the intermolecular interactions based on

vdW separation. In each polymorph, red surfaces vary according to the strength of

the intercontacts. Among all the polymorphs, A has the least red surface [Fig. 4b].

The Hirshfeld surfaces are used to generate fingerprint plots (Fig. 4c), which are

used to quantify intermolecular contacts through histograms and their similarities/

dissimilarities [25]. The variation of the intermolecular contacts in the crystal envi-

ronment of tetramorphs: A, B, C (1, 2) and D are revealed by the fingerprint plots

and their corresponding values are compared in Fig. 4a. In all the polymorphs,

H/H (A:54.6 %, B:56 %, C-1:55.1 %, C-2:60.2 % and D:56.5 %) and O/H

(A:32.6 %, B:31.7 %, C-1:30.2 %, C-2:28.1 % and D-30.6 %) together contributes

more than 85 % to the Hirshfeld surface area and overall percentage contribution

is almost similar in tetramorphs. Other intercontacts observed are O/H (A: 12.8

%, B: 12.2 %, C-1:12.2 %, C-2:11.10 % and D:11.11 %), C/C (C-1:2.5 %, C-

2:0.6 % and D:0.5 %) and C/O (D: 0.2 %). The electrostatic potential drawn

over the tetramorphs Hirshfeld surfaces are drawn and shown in Fig. 4d. The system-

atic comparison reveals the polymorph B has more red region (electronegative re-

gion) when compared to other polymorphic electrostatic potential surfaces. This

difference in the electronegative region arises in B due to presence of both the

þsyn-periplanar (t1) and þsyn-clinal (t2) conformation.

Further, Enrichment ratio (E) is calculated for tetramorphs to analyze the intercon-

tacts having high propensity to form contacts in the crystal packing (Tables 4, 5,

6, 7, and 8) [14]. The E values of A (C/H ¼ 1.29, O/H ¼ 1.29, H/H ¼
0.91), B (C/H ¼ 1.28, O/H ¼ 1.26, H/H ¼ 0.92), C (1/2: C/H ¼ 1.31/1.1,

O/H ¼ 1.31/1.16, H/H ¼ 0.95/1.0) and D (C/H ¼ 1.16, O/H ¼ 1.27 and

H/H ¼ 0.94) are tabulated in Table. The E values of A, B, C (1,2) and D shows

C/H, O/H and H/H have high propensity of forming contacts within the crystal

packing.
3.3. Energy framewoks

The crystal packing in the tetramorphs are constructed through the recent computa-

tional method ‘energy frameworks’ integrated with latest version of Crysta-

lExplorer17 [27]. Initially, the interaction energy between the molecular pairs in

all the polymorphic forms are calculated [Tables 9, 10, 11, 12, and 13] and used

to generate/construct 3D-topology [Fig. 5] frame of the major interactions in the

form of energy frameworks. The comparison of the electrostatic, dispersion and total

energy frameworks across tetramorphs (Fig. 6) indicates dissimilarities in energy

frameworks. However, the views down a- and c- axis of A is comparable as similar

to the views down a-axis of B. Similarly, the views down b- and c-axis of C (mole-

cule 2) are almost similar to the views down a-axis of D. The dispersion energy term
on.2019.e01209
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Table 4. Hirshfeld contact surfaces derived random contact and enrichment ratio

for the A. The data values obtained from Crystal Explorer are written in italics at

the top of the table. The enrichment rations were not computed when the ‘random

contacts’ were lower than 0.9 %, as they are not meaningful (NA e Not

Applicable).

A

Atoms H C O

H 54.6 Contacts (%)

C 32.6

O 12.8

Surface % 77.3 16.3 6.4

H 59.75 Random contacts (%)

C 25.20 2.66

O 9.90 2.10 0.41

H 0.91 Enrichment

C 1.29 0

O 1.29 0 NA

Table 5. Hirshfeld contact surfaces derived random contact and enrichment ratio

for the B. The data values obtained from Crystal Explorer are written in italics at

the top of the table. The enrichment rations were not computed when the ‘random

contacts’ were lower than 0.9 %, as they are not meaningful (NA e Not

Applicable).

B

Atoms H C O

H 56 Contacts (%)

C 31.7

O 12.2

Surface % 77.95 15.85 6.1

H 60.69 Random contacts (%)

C 24.71 2.51

O 9.51 1.93 0.37

H 0.92 Enrichment

C 1.28 0

O 1.26 0 NA
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Table 6. Hirshfeld contact surfaces derived random contact and enrichment ratio

for the C-1. The data values obtained from Crystal Explorer are written in italics

at the top of the table. The enrichment rations were not computed when the

‘random contacts’ were lower than 0.9 %, as they are not meaningful (NA e Not

Applicable).

C-1

Atoms H C O

H 55.1 Contacts (%)

C 30.2 2.5

O 12.2 0 0

Surface % 76.3 17.6 6.1

H 58.22 Random contacts (%)

C 26.86 3.10

O 9.31 2.14 0.37

H 0.95 Enrichment

C 1.31 0.81

O 1.31 0 NA

Table 7. Hirshfeld contact surfaces derived random contact and enrichment ratio

for the C-2. The data values obtained from Crystal Explorer are written in italics

at the top of the table. The enrichment rations were not computed when the

‘random contacts’ were lower than 0.9 %, as they are not meaningful (NA e Not

Applicable).

C-2

Atoms H C O

H 60.2 Contacts (%)

C 28.1 0.6

O 11.1 0 0

Surface % 77.95 16.45 6.1

H 60.69 Random contacts (%)

C 25.65 2.70

O 9.51 2.00 0.37

H 1.00 Enrichment

C 1.10 0.22

O 1.16 0 NA
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Table 8. Hirshfeld contact surfaces derived random contact and enrichment ratio

for the D. The data values obtained from Crystal Explorer are written in italics at

the top of the table. The enrichment rations were not computed when the ‘random

contacts’ were lower than 0.9 %, as they are not meaningful (NA e Not

Applicable).

D

Atoms H C O

H 56.5 Contacts (%)

C 30.6 1.6

O 11.1 0.2 0

Surface % 77.35 17 5.65

H 59.83 Random contacts (%)

C 26.30 2.89

O 8.74 1.92 0.32

H 0.94 Enrichment

C 1.16 0.55 NA

O 1.27 0.10 NA

Table 9. Molecular pairs and the interaction energies (kJ/mole) obtained from

energy framework calculation for A. R is the distance between molecular cen-

troids (mean atomic position) in �A. Total energies, only reported for two

benchmarked energy models, are the sum of the four energy components, scaled

appropriately (see the scale factor below). Energy model is CE-B3LYP...B3LYP/

6-31G (d,p) electron densities with K_ele (1.057), K_pol (0.740), K_disp (0.871)

and K_rep (0.618). Refer Fig. 5 for Sl. Nos.

Sl. No N Symop R Electron Density E_ele E_pol E_dis E_rep E_tot

i 2 xþ1/2,-yþ1/2,-z 7.62 B3LYP/6-31G (d,p) �9.2 �2.1 �22.7 12.3 �23.3

ii 2 �x,yþ1/2,� zþ1/2 5.85 B3LYP/6�31G (d,p) �8.1 �1.1 �39.9 23.4 �29.6

iii 2 xþ1/2,-yþ1/2,- z 7.87 B3LYP/6-31G (d,p) �3.4 �0.7 �19.3 9.0 �15.4

iv 2 -xþ1/2,-y, zþ1/2 7.09 B3LYP/6-31G (d,p) �4.7 �2.1 �23.1 13.3 18.5

v 2 -xþ1/2,-y, zþ1/2 10.58 B3LYP/6-31G (d,p) �1.9 �0.9 �8.8 4.5 �7.7

vi 2 x,y,z 12.16 B3LYP/6-31G (d,p) �0.0 �0.2 �7.5 3.2 �4.7

vii 2 -x,yþ1/2, -zþ1/2 10.97 B3LYP/6-31G (d,p) 0.3 �0.1 �3.7 1.1 �2.4
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Table 10. Molecular pairs and the interaction energies (kJ/mole) obtained from

energy framework calculation for B. R is the distance between molecular cen-

troids (mean atomic position) in �A. Total energies, only reported for two

benchmarked energy models, are the sum of the four energy components, scaled

appropriately (see the scale factor below). Energy model is CE-B3LYP...B3LYP/

6-31G (d,p) electron densities with K_ele (1.057), K_pol (0.740), K_disp (0.871)

and K_rep (0.618). Refer Fig. 5 for Sl. Nos.

Sl. No. N Symop R Electron Density E_ele E_pol E_dis E_rep E_tot

i 2 xþ1/2,-yþ1/2,-z 10.94 B3LYP/6-31G (d,p) �4.1 �1.4 �5.5 3.5 �8.0

ii 2 -x,yþ1/2,- zþ1/2 7.66 B3LYP/6-31G (d,p) �14.8 �7.6 �24.7 14.3 �33.9

iii 2 xþ1/2,-yþ1/2,- z 5.81 B3LYP/6-31G (d,p) �15.7 �5.9 �49.2 41.6 �38.1

iv 2 x,y,z 12.17 B3LYP/6-31G (d,p) �14.0 �5.8 �15.3 13.6 �24.1

v 2 -xþ1/2,-y, zþ1/2 7.08 B3LYP/6-31G (d,p) �12.1 �8.6 �28.0 22.2 �29.8

vi 2 -x,yþ1/2,-zþ1/2 7.90 B3LYP/6-31G (d,p) �6.8 �6.1 �23.2 12.6 �24.2

vii 2 -xþ1/2,-y, zþ1/2 10.60 B3LYP/6-31G (d,p) �19.4 �6.1 �12.5 6.0 �32.1
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is more dominating in all the tetramorphs when compared to electrostatic term

(Fig. 6).

The net interaction energies in each of the polymoprhs are derived from the pair-wise

interaction energies used to plot energy frameworks. During the calculation, the mol-

ecules around the residue (symmetry independent molecule) shell are taken and the
Table 11. Molecular pairs and the interaction energies (kJ/mole) obtained from

energy framework calculation for C-1. R is the distance between molecular

centroids (mean atomic position) in �A. Total energies, only reported for two

benchmarked energy models, are the sum of the four energy components, scaled

appropriately (see the scale factor below). Energy model is CE-B3LYP...B3LYP/

6-31G (d,p) electron densities with K_ele (1.057), K_pol (0.740), K_disp (0.871)

and K_rep (0.618). Refer Fig. 5 for Sl. Nos.

Sl. No. N Symop R Electron Density E_ele E_pol E_dis E_rep E_tot

i 1 - 7.53 B3LYP/6-31G (d,p) �4.6 �0.9 �29.7 16.0 �21.5

ii 2 x,y,z 6.08 B3LYP/6-31G (d,p) �7.0 �4.3 �25.5 17.2 �22.2

iii 2 -x,yþ1/2,-zþ1/2 6.89 B3LYP/6-31G (d,p) �2.9 �1.0 �26.7 13.0 �19.1

iv 1 -x,-y-z 9.74 0.4 �0.3 �5.9 1.9 �3.7

v 1 - 8.51 B3LYP/6-31G (d,p) �0.5 �0.3 �15.9 7.3 �10.1

vi 1 - 11.86 B3LYP/6-31G (d,p) �0.1 �0.1 �6.7 3.0 �4.2

vii 1 -x,-y,-z 7.44 B3LYP/6-31G (d,p) �4.4 �1.4 �32.6 12.2 �26.5

viii 1 - 7.44 B3LYP/6-31G (d,p) �8.2 �2.1 �20.8 9.5 �22.5

ix 1 - 8.89 B3LYP/6-31G (d,p) �5.1 �0.8 �23.9 16.0 �16.9

x 1 - 12.72 B3LYP/6-31G (d,p) �0.1 �0.2 �5.4 2.6 �3.3

on.2019.e01209

by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

censes/by-nc-nd/4.0/).

https://doi.org/10.1016/j.heliyon.2019.e01209
http://creativecommons.org/licenses/by-nc-nd/4.0/


Table 12. Molecular pairs and the interaction energies (kJ/mole) obtained from

energy framework calculation for C-2. R is the distance between molecular

centroids (mean atomic position) in �A. Total energies, only reported for two

benchmarked energy models, are the sum of the four energy components, scaled

appropriately (see the scale factor below). Energy model is CE-B3LYP...B3LYP/

6-31G (d,p) electron densities with K_ele (1.057), K_pol (0.740), K_disp (0.871)

and K_rep (0.618). Refer Fig. 5 for Sl. Nos.

Sl. No. N Symop R Electron Density E_ele E_pol E_dis E_rep E_tot

i 1 - 7.53 B3LYP/6-31G (d,p) �4.6 �0.9 �29.7 16.0 �21.5

ii 0 x,y,z 6.08 B3LYP/6-31G (d,p) �7.0 �4.3 �25.5 17.2 �22.2

iii 0 -x,yþ1/2,-zþ1/2 6.89 B3LYP/6-31G (d,p) �2.9 �1.0 �26.7 13.0 �19.1

iv 0 -x,-y-z 9.74 B3LYP/6-31G (d,p) 0.4 �0.3 �5.9 1.9 �3.7

v 1 - 8.51 B3LYP/6-31G (d,p) �0.5 �0.3 �15.9 7.3 �10.1

vi 1 - 11.86 B3LYP/6-31G (d,p) �0.1 �0.1 �6.7 3.0 �4.2

vii 0 -x,-y,-z 7.44 B3LYP/6-31G (d,p) �4.4 �1.4 �32.6 12.2 �26.5

viii 1 - 7.44 B3LYP/6-31G (d,p) �8.2 �2.1 �20.8 9.5 �22.5

ix 1 - 8.89 B3LYP/6-31G (d,p) �5.1 �0.8 �23.9 16.0 �16.9

x 1 - 12.72 B3LYP/6-31G (d,p) �0.1 �0.2 �5.4 2.6 �3.3

xi 2 -x,yþ1/2,-zþ1/2 8.05 B3LYP/6-31G (d,p) �7.4 �1.7 �19.1 12.5 �18.0

xii 1 -x,-y,-z 11.89 B3LYP/6-31G (d,p) �0.3 �0.2 �6.9 2.8 �4.7

xiii 1 -x,-y,-z 14.41 B3LYP/6-31G (d,p) 0.2 �0.1 �3.8 1.3 �2.3

xiv 2 x,y,z 6.08 B3LYP/6-31G (d,p) �1.8 �0.6 �24.8 7.4 �19.4

xv 2 x,-yþ1/2,zþ1/2 7.82 B3LYP/6-31G (d,p) �4.2 �1.6 �8.1 3.7 �10.4

xvi 2 x,-yþ1/2,zþ1/2 9.50 B3LYP/6-31G (d,p) �3.4 �1.6 �6.0 4.2 �7.4

Table 13. Molecular pairs and the interaction energies (kJ/mole) obtained from

energy framework calculation for D. R is the distance between molecular cen-

troids (mean atomic position) in �A. Total energies, only reported for two

benchmarked energy models, are the sum of the four energy components, scaled

appropriately (see the scale factor below). Energy model is CE-B3LYP...B3LYP/

6-31G (d,p) electron densities with K_ele (1.057), K_pol (0.740), K_disp (0.871)

and K_rep (0.618). Refer Fig. 5 for Sl. Nos.

N Symop R Electron Density E_ele E_pol E_dis E_rep E_tot

i 1 -x, -y, -z 7.53 B3LYP/6-31G (d,p) �2.6 �0.8 �31.5 11.9 �23.4

ii 2 -x, yþ1/2, -zþ1/2 8.28 B3LYP/6-31G (d,p) �4.5 �1.6 �21.7 11.4 �17.7

iii 1 -x, -y, -z 8.42 B3LYP/6-31G (d,p) �7.0 �1.4 �14.5 11.1 �14.2

iv 2 x,y,z 6.13 B3LYP/6-31G (d,p) �5.4 �3.8 �23.3 13.0 �20.8

v 2 -xþ1/2,yþ1/2,z 4.85 B3LYP/6-31G (d,p) �2.9 �1.4 �41.7 20.7 �27.7

vi 2 x, -yþ1/2, zþ1/2 14.05 B3LYP/6-31G (d,p) �0.2 �0.1 �5.3 3.0 �3.0

vii 2 -xþ1/2, -y, zþ1/2 13.80 B3LYP/6-31G (d,p) �0.0 �0.1 �2.9 0.9 �2.0

viii 2 x, -yþ1/2, zþ1/2 13.19 B3LYP/6-31G (d,p) �0.1 �0.2 �4.5 1.0 �3.5
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Fig. 5. Color coding of neighbouring molecules with respect to the central molecule (gray) of the tetra-

morphs (A,B, C-1, C-2 and D). A view along a,b,c-axis. Symmetry molecules around central molecules

are represented by respective colours.

Fig. 6. Energy frameworks corresponding to the different energy components (i. electrostatic, ii. disper-

sion and iii. total energy framework along a, b and c-axis for tetramorphs A, B, C-1/C-2 and D. The tube

size (scale factor) used in all the energy frameworks was 300.
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Table 14. Interaction Energies of tetramorphs (A,B, C-1, C-2 and D).

Eele Epol Edis Erepl Etot Average Etot (kJ/mole)

A �27.60 �7.2 �125 66.8 �101.6 �50.8

B �86.9 �41.5 �158.4 113.8 �190.6 �95.1

C-1 �32.5 �11.4 �193.1 98.7 �150 �75

C-2 �49.4 �17.2 �261.8 130.6 �212.2 �106.1

D �22.7 �9.4 �145.4 73 �112.3 �56.15
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values are listed [Tables 9, 10, 11, 12, and 13]. The overall average net interaction

energy with molecules around the chosen radius (shell) is listed in Table 14]. The

average total energy (Etot in kJ/mole) for A, B, C (1/2) and D are -50.8 kJ/mole,

-95.1 kJ/mole, -75/-106.1 kJ/mole, and -56.15 kJ/mole, respectively. The Etot of

polymorphs A and D are almost similar. The Etot values of other polymorphs

show significant differences.
4. Conclusions

In summary, the tetramorphth crystals of 4,4edimethylbenzophenone (D) were ob-
tained using slow-evaporation crystallization method. This polymorph is the fourth

candidate of its kind and second candidate of the orthorhombic crystal system. The

structural comparisons and crystal packing of tetramorphs (A, B, C and D) are

analyzed using molecular structures, Hirshfeld surfaces, enrichment ratios (E) and

energy frameworks. The conformational differences are observed in all the tetra-

morphs. The E values provide evidence of H...H, C...H and O...H intercontacts hav-

ing high propensity to form contacts in the crystal packing. The energy framework

analysis provided average energy between dimers and the 3D-topology of the crystal

packing is visualized. Overall, the tetramorphs of the title compound with dissimi-

larities in molecular packing and packing similarities reveals the scope for more

polymorphic candidates and corresponding varying properties.
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