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ABSTRACT: For a series of substituted dithieno[3,2-a:2',3'-c]phenazine derivatives X-ray 

diffraction studies have been carried out. It was found that in dependence on crystallization 

conditions (solution or gas phase and additives) several packing polymorphs for phenazine 

derivatives with H, F and Cl substituents were obtained. For F-substituted compound an unusual 

number of symmetrically independent molecules (six and four) were found among its crystalline 

polymorphs. Comparison of the calculated lattice energies revealed insignificant energy 

differences between the polymorphs, thus explaining the existence of the large number of 

polymorphs in this series of materials. TD-DFT calculations of HOMO-LUMO gap for these 

molecules demonstrated close correspondence to the results of the previously published 

electrochemical measurements. 

Keywords: Dithieno[3,2-a:2',3'-c]phenazine / polymorphism / single crystals / high Z’ 

structures  / X-ray diffraction  
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1. INTRODUCTION 

Multiple sources tell that in spite of significant efforts invested in studies of polymorphism of 

molecular crystals, it is still almost impossible to theoretically predict the structure of 

thermodynamically stable polymorph from the variety of possible crystalline forms for a particular 

material and to figure out how to obtain certain polymorph. Therefore, the famous quotation from 

McCrone that “the number of forms known for a given compound is proportional to the time and 

money spent in research on that compound” 1 is still in place and has many supporters2-5. It is 

interesting to mention, however, that for many materials a second polymorph was never found, 

most probably because researchers, after establishing structure of material under study did not 

attempt detailed study of material polymorphism. On the other hand, in many cases the second 

polymorph modification was found long after the first one, and was discovered quite unexpectedly 

when, for instance, the materials under investigation have been crystallized in presence of another 

compound.  For example, crystals of maleic acid were characterized as early as 1881 and until 

2006, for 124 years, has considered to be monomorphic6. However, the attempt to co-crystallize 

this acid with caffeine brought to discovery the second form of maleic acid4. The appearance of 

maleic acid form II should serve as a precaution against assuming that consistent production of 

only one crystal form rules out the appearance of new polymorphs. It was suggested that the 

presence of an additive (coformer) may have played a structure directing role in the growth of this 

latent crystal form4. A similar situation was observed for sym-trinitrobenzene where two new 

stable crystal forms of the 120-year-old compound were obtained by applying an additive, 

trisindane, and changing thermodynamic conditions of crystal growth7. Other polymorphs may be 

discovered during exploration of new solvent/co-solute combinations4. This statement is supported 

by the examples of co-crystallization which enable formation of new polymorphs.  For instance, 

induced conformational polymorphism of 1,1-dicyano-2-(4-hydroxy-3-methoxyphenyl)-ethene 

was observed during attempts to grow its co-crystals with L-proline and L-tartaric acid8. Co-

crystallization of 8-hydroxyquinoline with acetaminophen resulted in a new monoclinic packing 

polymorph of 8-hydroxyquinoline9. This effect was discussed in a more general way as additive-

induced polymorphism or additive controlled crystallization in several reviews10-12. The weak 

interactions such as hydrogen bonding, halogen bonding and other dispersive interactions are the 

reliable and widely used tools that play crucial role in self-assembly and molecular recognition in 

the solid-state.13,14
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Polymorphism is especially important for crystal engineering of organic π-conjugated 

materials, which demonstrate specific intermolecular interactions, including stacking interactions 

and every polymorph has specific physical properties useful or preventing their use for organic 

electronic technology. Molecules in such materials can be arranged in layers or in stacks and 

different arrangement can alternate physical properties of these materials including their electronic 

properties.15-17

Recent findings demonstrate the achievements in control of polymorphism aimed to show that 

so far polymorphism can be considered not as a drawback, but more as an opportunity that allows 

to control and fully exploit the intrinsic properties of polymorphism and transitions between its 

various metastable states, through fine-tuning of molecular packing in a reproducible manner.18-20

Introducing various substituents, such as halogen atoms or bulky groups, allow modulation of 

intermolecular interactions, and molecular packing, making some crystal structures preferable in 

terms of their properties.21

One such property is charge transport in organic semiconductors which can be altered 

dramatically in various polymorphs of the same compound due to variation of intermolecular 

interactions.22 Though some features of molecular arrangement and intermolecular interactions in 

the charge transfer crystalline polymorphs have been discussed, there is no general approach that 

can predict these properties based on crystal structure. Accumulation of experimental data will 

help to move closer to formulation of such approach. The influence of weak intermolecular 

interactions on electronic properties in crystalline polymorphs of molecular compounds was 

studied experimentally and theoretically.23-30 Two polymorphs of fluorinated 5,11-

bis(triethylsilylethynyl)anthradithiophene with slightly different packing show different 

temperature dependence of the charge mobilities.23 From the two polymorphs of thieno[3,2-

b]thiophenethiazolo[5,4-d]thiazole, only a herringbone packed polymorph with continuous π–π 

stacking and S···S close contacts displayed p-type semiconductive properties, while the 

polymorph with slipped-stacked packing, in which molecules are arranged in isolated groups of 

tetramers, is an insulator.26 For these polymorphs, calculations suggest the possibility of n-type 

character of conductivity, which was not observed in the experiments. The theoretical calculations 

of the charge transport properties for three crystalline polymorphs of 9,10-bis((E)-2-(pyrid-2-
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yl)vinyl)anthracene have shown that the different character of molecular overlapping and 

intermolecular interactions affect the transfer integrals and reorganization energy in these three 

polymorphs.27 The calculations using density-functional theory and Marcus charge transport 

theory revealed that different intermolecular interactions in four quinacridone polymorphs impact 

their hole mobility.28 All four of them can be used as electron transport materials, but only αII 

polymorph can be used as dipolar transport material. The influence of the weak interactions such 

as hydrogen bonding and π…π interactions on charge transport in various organic polymorphs was 

also studied theoretically, where correlations between charge transfer degree and week 

intermolecular interactions in polymorph crystals (H-bonds, stacking) was established.29

Reported in this publication dithienophenazines (Scheme 1), represent a wide class of novel 

organic π-conjugated compounds, with the same core structure as shown in Scheme 1, but various 

positions of heteroatoms.31-39 These compounds attracted considerable interest as potential 

materials for diverse applications in organic electronics, such as organic light-emitting diodes 

(OLED),31 as well as pendant groups in donor-acceptor polymers for solar cell application32-34  in 

dye-sensitized solar cells,35-37 and in anion probe.38 This aromatic system with sp2-hybridized 

nitrogen atoms might be capable in formation of C–H···N hydrogen bonds, and those had been 

shown to assist molecular self-assembly and increase charge mobility in the thin films.39 

Surprisingly, according to Cambridge Structural Database, only few crystal structures of 

compounds with the same core and same positions of heteroatoms as presented in Figure 1 were 

reported. The initial goal of this project was creation of  dithienophenazines cocrystals with 

acceptor molecules, for instance, tetracyanoquinodimethane to obtain charge transfer materials. 

Unfortunately, our attempts allowed to obtain only one cocrystalline material. Structure of the 

charge-transfer cocrystal of dithieno[3,2-a:2',3'-c]phenazine DTPhz, (X=H, R=H) with TCNQ was 

described earlier in.40 Nonetheless, these attempts brought to formation of three groups of 

polymorphs.  It should be mentioned also that in41 synthesis, structure and mechanooptics of pure 

(DTPhz, X=H, R=H) were presented. Obtained 1D crystals revealed very uncommon properties 

such as elastic bending in combination with efficient transmission of optical signals of different 

colors that suggest potential use of such material for crystalline flexible waveguides.  A series of 

DTPhz derivatives with R = Hal, and X=CnH2n+1 was presented.42, 43 Their structures were modified 
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with halogen substituents and linear alkyl chains of various lengths, and they were used as building 

blocks to assemble luminescent one-dimensional nano/microcrystals.  

In the presented paper, molecular and crystal structures in series of halogen and trimethylsilyl 

(TMS) substituted dithieno[3,2-a:2',3'-c]phenazines (Scheme 1) and their polymorphism are 

considered on the base of the experimental diffraction data. 
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Scheme 1. The structural formula of studied DTPhz derivatives with atoms numbering 

scheme; R=H, F, Cl, Br; X=H, TMS.

 In addition to experimental structures, the theoretical calculations of single molecules and 

crystal structures were carried out to analyze the electronic characteristics of the molecules, in 

particular, their HOMO-LUMO gaps and excitation energies. For R-DTPhz derivatives (R=H, F, 

Cl, Br), the quantum chemical and force field calculations of crystal structures were carried out 

for both, experimentally studied polymorphs, and for some hypothetical polymorphs to investigate 

the possibility to obtain other polymorphs of these compounds.

Development of a concise multi-gram approach to 2,7-bis(trimethylsilyl)benzo[2,1-b:3,4-

b']dithiophene-4,5-dione (TMS-BDDO) previously allowed for preparation of a series 2,7-dihalo-

BDDO derivatives, which were used to investigate the influence of the halide substituents as well 

as crystallization conditions on their molecular packing in  crystals.44-47 In perspective, it would 

be possible to cocrystallize presented here donor molecules with acceptor molecules to engineer 

charge transfer (CT) materials in form of cocrystals and thin films.40, 41 

2. MATERIALS AND METHODS 

Synthesis of materials. Key starting material for the preparation of dithieno[3,2-a:2',3'-

c]phenazine derivatives, TMS–BDDO, was prepared in two steps from commercially available 2-

bromothiophene.45-47  Dithieno[3,2-a:2',3'-c]phenazine derivatives H–DTPHz, F–DTPHz and Cl–

DTPHz were prepared in two steps by the condensation reaction TMS–BDDO with benzene-1,2-

diamine derivatives followed by the removal of trimethylsilyl (TMS) groups with 
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tetrabutylammonium fluoride. Detailed descriptions of these procedures are given in.40 Br–

DTPHz derivative was prepared from the unsubstituted BDDO by condensation with 4,5-

dibromobenzene-1,2-diamine.

Growth of single crystals for X-ray analysis

Crystal growth for X-ray diffraction studies was carried out from solution and from vapor 

phase. Usually, several solvents were used for materials crystallization. Crystallization from 

dichloromethane (DCM) resulted in needle-shaped yellow α H–DTPhz and α F–DTPhz crystals. 

The second polymorphs, yellow prism β H–DTPhz, and yellow plate β F-DTPhz, were obtained 

via physical vapor transport (PVT) during attempts to cocrystallize them with TCNQ using this 

method.48 The third polymorph, yellow needles of γ F–DTPhz, was obtained during attempt to 

cocrystallize it with TCNQ from dichloromethane solution. The yellow needles of α Cl–DTPhz 

were crystallized from chloroform solution, and orange blocks of β Cl–DTPhz were crystallized 

from 1:1 mixture of toluene and DCM. The orange blocks of Br–DTPhz were crystallized from 

toluene solution. TMS-F-DTPhz and TMS-Cl-DTPhz were crystallized from chloroform 

solution. 

Single-Crystal X-ray Diffraction. Single-crystal experiments were carried out with Bruker 

SMART diffractometer equipped with an APEX II CCD detector using MoKα (λ = 0.71073 Å) 

radiation. All single crystal diffraction data were integrated using the SAINT software program 

within the APEX II software suite and absorption corrections were applied using SADABS.49, 50  

The TWINABS program was used for γ F–DTPhz crystals, which were non-merohedral twins.51 

The structures were solved and refined using SHELXTL programs.52 53  All non-hydrogen atoms 

were located in difference Fourier maps and were refined anisotropically. Hydrogen atoms were 

added geometrically and refined with the use of a riding model. Crystal data, data collection and 

structure refinement details are summarized in Tables 1 and 2. The shortest intermolecular contacts 

as calculated by Mercury 54 are summarized in Table S1. The Hirshfeld surface analysis and 

distribution of types of intermolecular interactions within polymorphic series and between 

structures was carried out using CrystalExplorer17 software55 and results are summarized in 

Supporting Information (Figs. S1-S16, Table S2) 

CCDC 1576235–1576244 contains the supplementary crystallographic data for this paper. 

These data can be obtained free of charge from The Cambridge Crystallographic Data Centre 

(CCDC) via www.ccdc.cam.ac.uk/structures. 
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Table 1. Selected crystallographic data for R-DTPhz (R=H, F, Cl, Br) derivatives

α H-DTPhz β H-DTPhz α F-DTPhz β F-DTPhz γ F-DTPhz α Cl-DTPhz β Cl-DTPhz Br-DTPhz

Empirical formula C16H8N2S2 C16H8N2S2 C16H6F2N2S2 C16H6F2N2S2 C16H6F2N2S2 C16H6Cl2N2S2 C16H6Cl2N2S2 C16H6Br2N2S2

Method, solvent,
additive 

Solution
dichlorometha

ne
PVT, TCNQ

Solution 
dichlorometha

ne
PVT, TCNQ

Solution, 
dichlorometha

ne, TCNQ

Solution, 
chloroform

Solution, 
toluene /DCM

Solution, 
toluene

Color yellowish yellow yellowish yellow yellow yellow light-orange orange

FW 292.36 292.36 328.35 328.35 328.35 361.25 361.25 450.17

Crystal System Orthorhombic Triclinic Triclinic Triclinic Monoclinic Monoclinic Orthorhombic Orthorhombic

Space Group P212121 P-1 P-1 P-1 C2/c P21/n P212121 P212121

a, Å 4.8175(7) 8.317 (1) 13.536(2) 14.175(4) 26.70(2) 4.9687(7) 9.076(1) 9.034(2)

b, Å 15.993(2) 10.874 (2) 15.446(2) 14.277(4) 4.815(3) 18.077(3) 10.183(1) 10.366(2)

c, Å 16.143(2) 14.978(2) 19.582(2) 16.501(4) 20.82(2) 15.442(2) 29.957(4) 30.468(6)

α,  90 99.580(2) 80.141(2) 112.680(3) 90 90 90 90

β,  90 102.642(2) 84.184(2) 95.238(3) 104.90(1) 92.142(2) 90 90

γ,  90 101.257(2) 78.220(2) 115.518(3) 90 90 90 90

Vcalc, Å3 1243.7(3) 1265.0(3) 3939.3(8) 2644(1) 2586(3) 1386.0(4) 2768.7(6) 2853(1)

Z 4 4 12 8 8 4 8 8

Z’ 1 2 6 4 1 1 2 2

ρcalc, g/cm3 1.561 1.535 1.661 1.649 1.687 1.731 1.733 2.096

T, K 100 215 100 215 215 100 215 100

µ-1, mm 0.416 0.409 0.425 0.422 0.431 0.764 0.765 5.970

Unique reflections 3622 8105 20489 17407 3758 4257 8042 8357
Unique reflections 

with I >2σ(I) 3354 6740 17353 12125 2488 3615 7941 7595

Rint 0.0485 0.0277 0.0325 0.0404 – 0.0274 0.0188 0.0660

R1 (I > 2(I)) 0.0324 0.0398 0.0608 0.0439 0.0564 0.0325 0.0268 0.0346

wR2 (I > 2(I)) 0.0718 0.1033 0.1499 0.1042 0.1193 0.0783 0.0685 0.0841

Table 2. Selected crystallographic data for TMS-DTPhz derivatives

TMS-F-DTPhz TMS-Cl-DTPhz

Empirical formula C22H22F2N2S2Si2 C22H22Cl2N2S2Si2

Method, solvent Solution, chloroform Solution, chloroform

Color yellow yellow

FW 472.71 505.61

Crystal System Orthorhombic Triclinic

Space Group Pnma P-1

a, Å 26.626(4) 7.3053(19)
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b, Å 6.9557(11) 10.911(3)

c, Å 12.568(2) 15.153(4)

α,  90 88.935(4)

β,  90 85.183(4)

γ,  90 82.192(4)

Vcalc, Å3 2327.6(6) 1192.4(5)

Z 4 2

Z’ 0.5 1

ρcalc, g/cm3 1.349 1.408

T,  K 215 100

µ-1, mm 0.360 0.561

Unique reflections 3666 5707
Unique reflections 

with I > 2(I) 2853 4419

Rint 0.0569 0.0298

R1 (I > 2(I)) 0.0459 0.0452

wR2 (I > 2(I) 0.0640 0.0658

Theoretical calculations. Quantum chemical calculations of molecular geometry, HOMO and 

LUMO energy levels, and excitation energies (TD-DFT method) for DTPhz derivatives were 

carried out at the B3LYP/6-311G(d) and M06/6-311G(d) levels of theory using the GAUSSIAN09 

program.56 The initial molecular coordinates were taken from crystallographic data. 

The geometries and energies of crystal structures of R-DTPhz polymorphs were calculated 

using empirical force field and quantum chemical approaches. Force field calculations were done 

with COMPASS force field implemented in Cerius2 software.57,58  Quantum chemical calculations 

were done with Perdew-Burke-Ernzerhof functional with the addition of a semi-empirical Grimme 

correction (PBE-D method) and ultra-soft pseudopotentials (PBE-RRKJUS for C, N, H, and PBE-

N-RRKJUS_PSL for S, F Cl, Br atoms) implemented in version 5.0.1 of Quantum Espresso 

program.59-62 The initial geometries were taken from the experimental X-ray crystal structures. 

The full optimization of the unit cell parameters along with all atomic positions was carried out.

]

3. RESULTS AND DISCUSSION

Molecular Structure. X-ray analysis revealed that the molecules of R–DTPhz (R = H, F, Cl, 

Br) are planar with mean least square deviation for aromatic core ranging from 0.01 up to 0.06 Å. 

All molecules possess the local C2v symmetry. The molecular geometries of dithiophene fragment 
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are similar to geometries of this fragment in 52 structures from the Cambridge Structural Database 

(CSD, Version 5.43 of November 2022).63 All four S–C bonds are essentially the same (1.719(2) 

– 1.728(2) Å) and comparable with average values from CSD 1.725(10) and 1.732(15) Å for S(1)–

C(4) (equivalent to S(2)–C(5)) and S1–C1 (equivalent to S(2)–C(8)), respectively. The molecular 

geometries of phenazine core are similar to geometries of this fragment in 348 structures from 

CSD. For all molecules, the C(9)-C(10) (1.438(4) – 1.457(4) Å) bond distances (Scheme 1) are 

elongated in comparison to C(11)–C(12) bond (1.415(4) – 1.441(4) Å) and average CSD value 

1.432 (13) Å due to conjugation with dithiophene fragment. The N(1)–C(9) and N(2)–C(10) bonds 

(1.328(3) – 1.340(3) Å) are slightly shortened in comparison to average value from CSD 1.344(12) 

Å, while N(1)–C(11) and N(2)–C(12) bonds (1.343(3) – 1.357(3) Å) are slightly elongated. There 

is also possible to observe bond length alternation in the six-membered ring C(11)-C(16): bonds 

C(13)–C(14) and C(15)–C(16), 1.36 Å, are shorter than four other bonds, equal to 1.42 Å. Such 

experimentally found bond length distribution corresponds to Scheme 1. The halogen substituents 

in the F-DTPhz, Cl-DTPhz, and Br-DTPhz molecules do not alter their geometries significantly. 

Bond lengths in these structures are similar to the corresponding values in H–DTPhz.

In addition to X-ray experiments, the quantum-chemical calculations (B3LYP/6-311G(d) and 

M06/6-311G(d)) of these molecules in gas phase have been carried out. The calculated molecular 

geometries are in good agreement with the experimental results. The mean-unsigned errors for 

B3LYP/6-311G(d) and M06/6-311G(d) methods are 0.007 and 0.008 Å, respectively. The largest 

disagreements were observed for C–S bonds. The calculated S(1)–C(4) bond lengths (X-ray 

average 1.722 Å) are 1.731 and 1.741 Å for M06 and B3LYP functionals, respectively. The S(1)–

C(1) bond lengths (X-ray average 1.725 Å) are 1.738 and 1.746 Å.

For molecules with TMS substituents, TMS-F-DTPhz, and TMS-Cl-DTPhz, the S(1)–C(1) 

and S(2)–C(8) bonds, adjacent to TMS, are slightly elongated in comparison to S(1)–C(4) and 

S(2)–C(5) bonds. This observation is in agreement with quantum-chemical calculations of these 

molecules. The aromatic systems in both molecules are planar.

Molecular Packing in Crystals. In spite of similar molecular shapes, in crystals of studied 

compounds, molecules packed differently demonstrating for three of materials the so-called 

packing polymorphs. So, seven packing motifs were observed for R-DTPhz (R = H, F, Cl, Br) 

compounds.
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For H-DTPhz, two polymorphs with very distinctive crystal packings were obtained by 

crystallization from solution (orthorhombic) and from vapor phase (triclinic). The orthorhombic α 

H-DTPhz polymorph contains one crystallographically unique molecule. The molecules are 

packed in stacks along [1 0 0] direction (Figure 1a). Each stack contains identical molecules related 

by translation (Figure 2) with the interplanar distance equal to 3.38 Å. Of other specific interactions 

only weak edge-to-edge CH…N contacts between neighboring stacks were found. The molecules 

from neighboring stacks related by the two-fold screw axis form the interplanar angle of 65.72  

and are interconnected by weak CH…N hydrogen bonds [C(13)-H(13)…N2, 3.486(3), 2.73 Å; 

CHN 137.6 , and C(8)-H(8)…N1, 3.340(3), 2.53 Å; CHN 143.4 , Table S1].

The triclinic β H–DTPhz polymorph (Figure 1b) contains two crystallographically unique 

molecules, A and B located almost in perpendicular planes. Molecules A are arranged in the 

centrosymmetric stacking dimers (Figure 3a) with big overlapping area and interplanar distance 

3.53 Å. The dimers are stacked in the [1 0 0] direction. Molecules B only slightly overlap (Figure 

3b) with interplanar distance of 3.46 Å, and they do not form stacks. On the other hand, the 

shortened intermolecular S(1B)…S(2B) contacts of 3.4857(7) Å were registered between adjacent 

B molecules. These contacts link molecules in planar centrosymmetric dimers that are further 

interlinked in the planar tapes through the stabilizing H…H contacts, H(13B)…H(14B)=2.158 Å 

(Table S1), [64new]  both types of interactions are absent in α H-DTPhz. It should be mentioned 

that in α form molecules are packed in parallel manner, which is different from β modification 

where they are packed in an anti-parallel manner. 

 
                                  (a)                                                                              (b)
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Figure 1. The crystal packing in α H–DTPhz (a) and β H–DTPhz (b). This and all following figures 

were prepared using XP program.49 

 
Figure 2. An overlay scheme of the molecules in stacks of α H–DTPhz. The symmetrically 

equivalent atoms are denoted with suffix A.

  
                      (a)                                                                                  (b)

Figure 3. An overlay scheme of the antiparallel molecules A (a) and B (b) in dimers of β H–DTPhz. 

The symmetrically equivalent atoms are denoted with prime.

Crystallization of F-DTPhz from two solvents and vapor phase produced three crystalline 

forms of this compound. Since substitution of two hydrogen atoms in H-DTPhz molecule with 

two F atoms did not change significantly molecular shape and volume, it was reasonable to suggest 

that structures of F-substituted phenazines would be isomorphic or at least similar to crystal 
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structures of unsubstituted molecules. However, structural similarities were not observed for these 

derivatives, on the contrary, it appeared that F-substituted compound was quite unique, 

demonstrating packing in crystals with several systems of symmetrically independent molecules 

and significant impact of specific F…F, C…F,  and CH…F interactions in the crystal packing (Tables 

S1, S2, Figs S6, S8, S10).65-68 

The crystal packing in the triclinic polymorph α F-DTPhz is very uncommon; its asymmetric 

unit contains six independent molecules (Figure 4a). Four molecules, A, B, E, and F are almost 

parallel, with the interplanar angles between plane of molecule A and molecules B, E, F equal to 

4.1, 3.6, 3.6°, respectively. These molecules are arranged in stacks along the [1 0 0] direction. The 

distances between the molecular centroids and the planes of neighboring molecules in stack vary 

from 3.3 to 3.5 Å. The two other molecules, C and D, are almost orthogonal to the previous four 

(for instance, C/A and D/A angles are equal to 93.6 and 92.6°), and form a dimer. The angle 

between molecular planes in CD dimer is 9.3°. The distance from the centroid of molecule C to 

the plane of molecule D is 3.4 Å. From specific interactions the most meaningful contacts are 

F(2D)…F(1B) 2.744(3) Å, F(2)…N(1C) 2.874 Å,  S(2B)…S(2B)=3.204(1) Å, S(2A)…S(2A) 3.513 

Å, and numerous CH…F contacts (Table S1).

             
                      (a)                            (b)

Figure 4. An arrangement of the symmetrically independent molecules in crystal structures of α F-

DTPhz (a) and β F-DTPhz (b).
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The crystal of triclinic polymorph β F-DTPhz, obtained from vapor phase, contains four 

symmetrically independent molecules, A, B, C, and D (Figure 4b). Molecules are arranged into 

dimers AB and CD (Figure 5), which are stacked along the [0 1 0] and [1 1 0] directions, 

respectively. The interplanar angles are 4.2° and 4.1° in dimers AB and CD. In both dimers the 

distances from the centroid of one molecule to the plane of the second molecule are in the range 

of 3.4 – 3.5 Å. The molecules from different dimers are situated in approximately perpendicular 

positions, but to a lesser extent than in α F-DTPhz polymorph. The interplanar angles between 

molecules from different dimers range from 76.8 to 81.5°. The molecular arrangement in the 

crystal is somewhat similar to the arrangement in α F-DTPhz crystal (Figure 4), however, in 

structure of α F-DTPhz, dimers CD do not form infinite stacks, but associate in tetramers via 

edge-to edge contact, F(2)…S(3) 3.093(2) Å. The set of intermolecular interactions is poorer than 

in  α-polymorph (Table S1) and does not contain F…F short contacts.  

 
(a)                                                                             (b)

Figure 5. The overlay schemes of molecules A and B with antiparallel (a) and C and D with parallel 

molecular organization (b) in β F-DTPhz.

The third γ F-DTPhz polymorph (Figure 6) crystallizes in the monoclinic C2/c group and 

contains only one molecule in the asymmetric unit. Similar to α H-DTPhz polymorph, the 

molecules form translational stacks along the shortest b-axis (Table 1) with interplanar distance of 

3.39 Å (Figure 7). In both cases the stacks progress along the shortest axes,  b in γ F-DTPhz and 

a in α H-DTPhz, that tells about similarity of stacks in these two forms. The interplanar angle 

between molecules from neighboring stacks is 89.9°. Analogously to α H-DTPhz and β F-DTPhz, 

molecules form planar S…S connected dimers with S…S distances 3.488(2) and 3.577(2) Å. 

Centrosymmetric dimers are associated in the planar tapes via centrosymmetric weak contacts 
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H(3)…F(1) 2.63 Å, and form the stacking walls. No other short edge-to-edge intermolecular 

interactions were found between stacking walls related by the two-fold screw axis. 

    

Figure 6. Crystal packing of γ F-DTPhz in two orientations.

Figure 7. An overlay scheme of the molecules in stacks in γ F–DTPhz. The symmetrically 

equivalent atoms are denoted with suffix A. 

The monoclinic α Cl-DTPhz contains molecular stacks along the [1 0 0] direction (Figure 8a). 

The distance between molecular planes is 3.41 Å (Figure 9a). Between the neighboring stacks 

specific C(4)…Cl(2)  3.365(2) Å (Table S1)  contacts were registered. The neighboring stacks 

pack in a herringbone mode, with the interplanar angle of  87.9  between adjacent molecules.

In the orthorhombic β Cl-DTPhz (Figure 8b), the two independent molecules (A and B) form 

dimers (Figure 9b) with interplanar angle equal to 5.0°. The average distance from the centroid of 

one molecule to the plane of the second one is 3.25 Å. The dimers are arranged in stacks along the 

[1 0 0] direction. The interplanar distance between neighboring dimers in stacks is larger than 
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between dimers inside the stack (average centroid–plane distance is 3.45 Å), and the overlapping 

area is smaller.

(a) (b)

Figure 8. The crystal structures of α Cl-DTPhz (a) and β Cl-DTPhz (b).

      
(a) (b) 

Figure 9. An overlay scheme of the parallel molecules in α Cl-DTPhz (a) and antiparallel in β Cl-

DTPhz (b).

The crystal structure of Br-DTPhz is isomorphic to the β Cl-DTPhz. The interplanar angle in 

dimers is 4.5°. The distance from the centroid of one molecule to the plane of the second molecule 

is 3.28 Å. The interplanar distance between neighboring dimers in stack is larger than inside the 

stack (centroid –plane distance is 3.43 Å).

In TMS-F-DTPhz that crystallizes in the orthorhombic Pnma space group (Table 2), 

molecules occupy special positions on the mirror plane. The molecules form stacks along the [0 1 

0] direction. The distance between planes of molecules in stacks is 3.48 Å. The crystal structure 

of TMS-Cl-DTPhz also consists of stacked molecules. The distances between planes of molecules 
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in the stacks are 3.44 and 3.46 Å. In both structures, molecules pack in an antiparallel mode (Figure 

10), most favorable in the presence of bulky TMS substituents.

  
                           (a) (b)

Figure 10. Packing in the crystal structures of TMS-F-DTPhz (a) and TMS-Cl-DTPhz (b) 

demonstrating molecular stacks with antiparallel arrangement of molecules in both crystals.

In the reported compounds, the interplanar distances in the stacking dimers range from 3.25 to 

3.53 Å, that is consistent with values for analogous compounds, where such distances range from 

3.25 to 3.61 Å.69, 70

The size and shape of Hirshfeld surfaces (HS) help identify intermolecular interactions and 

classify molecular crystals in terms of packing similarities. The CrystalExplorer program55 was 

used to generate Hirshfeld surfaces and fingerprint plots in eight R-DTPhz (R=H, F, Cl, Br) 

compounds taking in consideration in all cases the contents of the asymmetric units. The main 

contributions to the total HS areas were depicted by the dnorm surfaces (Figures S1, S3, S5, S7, S9, 

S11, S13, S15) and by the full and decomposed fingerprint plots (Figures S2, S4, S6, S8, S10, S12, 

S14, S16 in Supporting Information file) and numerical values were summarized in Table S2. It 

was evident, that in the lack of strong donor centers in the molecules all the registered interactions 

were concentrated in the area of weak interactions with the predominant impact of those with H-

participation, like H···H, and H···X(X= N, C, S, F, Cl, Br). Particularly H···H interactions 
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comprised 35.7 and 34.6% in H-DTPhz polymorphs, with the decreasing of this value up to 18.8-

23.0 % in the halogen-substituted compounds (Table S2) in favor of impact of H···Hal interactions 

that varied in the range 10.8% (α Cl-DTPhz) -19.3% (Br-DTPhz). The C···C contacts associated 

with π-π stacking interactions were registered with the meaningful contributions, 7.5% (Br-

DTPhz) – 15.0% (α F-DTPhz) in all compounds. 

Computational analysis. The quantum chemical calculations showed that substituents at 

positions 9 and 10 in a series of H-DTPhz, F-DTPhz, and Cl-DTPhz do not have significant 

effect on HOMO and LUMO wave functions, and both frontier orbitals are delocalized over whole 

π-system (Figure 11). The electron density on halogen atoms F-DTPhz, Cl-DTPhz and Br-

DTPhz is present in both HOMO and LUMO with stabilization of both frontier orbitals by 

approximately 0.2 eV in comparison with unsubstituted H-DTPhz, resulting in similar HOMO-

LUMO gaps (Table 3). In addition, the first excitation energies for all molecules were calculated 

with TD-DFT method (Table 3). 

LUMO

HOMO

                         R=H       R=F      R=Cl    R=Br

Figure 11. Pictorial representations of the HOMO and LUMO wave functions of R-DTPhz (R=H, F, 
Cl, Br) as determined at the B3LYP/6-311G(d) level of theory.

Table 3. Theoretical calculations of orbital energies in DTPhz derivatives (eV)
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H-DTPhz F-DTPhz Cl-DTPhz Br-DTPhz F-TMS-
DTPhz

Cl-TMS-
DTPhz

B3LYP/6-311G(d)
EHOMO -5.93 -6.10 -6.16 -6.14 -5.96 -6.01
ELUMO -2.56 -2.78 -2.92 -2.91 -2.70 -2.84
Egap 3.37 3.32 3.34 3.23 3.26 3.17
TD-DFT 2.85 2.79 2.71 2.70 2.73 2.64

M06/6-311G(d)
EHOMO -6.20 -6.37 -6.41 -6.39 -6.23 -6.28
ELUMO -2.40 -2.62 -2.75 -2.73 -2.55 -2.68
Egap 3.79 3.75 3.66 3.66 3.68 3.60
TD-DFT 2.95 2.90 2.82 2.82 2.84 2.76

The calculated TD-DFT energy for H-DTPhz is almost the same as electrochemical band gap 2.87 

eV.40 It should be mentioned that cyclic voltammetry analysis presented there in demonstrated that 

TMS groups have only marginal impact on both half-wave reduction potentials of H-TMS-DTPhz 

(–1.80 V and –1.79 V, for H-TMS-DTPhz and H-DTPhz respectively) and oxidation potentials 

(+1.06 and + 1.08 V, respectively) with their difference for H-DTPhz equal 2.87 V and for H-

TMS-DTPhz 2.86 V. These results also agree with computational data presented in Table 3.  

Crystal energy calculations of polymorphs

Results of X-ray studies demonstrated that DTPhz derivatives crystallize in seven different 

crystal packing types, I-VII, which correspond to experimental crystal structures of α H-DTPhz, 

β H-DTPhz, α F-DTPhz, β F-DTPhz, γ F-DTPhz, α Cl-DTPhz, and β Cl-DTPhz (which is also 

isomorphous to Br-DTPhz). To evaluate if all these packing types have some probability of 

realization for all four DTPhz derivatives (R=H, F, Cl, Br), lattice energy computations of these 

seven types for each R substituent were carried out with quantum-chemistry periodic plane-wave 

DFT and empirical force field methods (Table 4). In the case of experimental polymorphs, the X-

ray crystal structures were used as initial models with C–H bonds normalized to standard distance 

1.09 Å. For the hypothetical structures, the halogen or hydrogen atoms of the experimental 

polymorph were substituted with R atoms of the corresponding R-DTPhz derivative. For example, 

for energy calculation of the polymorph of F-DTPhz with the crystal structure VI (α Cl-DTPhz), 
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Cl atoms in α Cl-DTPhz were substituted with F atoms. For all calculated structures, the 

optimization of atomic coordinates and unit cell parameters was carried out.  

The results of quantum-chemical (PBE-D method) and force field (COMAPSS Force Field) 

calculations of relative energies for experimentally observed and hypothetical polymorphs are 

presented in Table 4; the energies that correspond to the experimentally found structures are 

presented in bold font. For both methods, the low-lying polymorphs correspond to experimentally 

observed structures. The quantum-chemical calculations demonstrated a polymorphic diversity of 

F-DTPhz compound, which is in agreement with experimental data. The calculated relative 

energies in PBE-D method show that F-DTPhz has a high probability to crystallize in six of seven 

crystalline forms. Such behavior can be explained by geometrical and electronic properties of F-

DTPhz molecule. Geometrically, it is similar to H-DTPhz molecule, since C–F bond distances 

(1.35 Å) are not much longer that C–H bond distances (1.09 Å), and at the same time its dipole 

moment (2.65 D) is close to dipole moments of Cl-DTPhz (3.12 D) and Br-DTPhz (2.71 D). The 

relative energies for H-DTPhz show that, in addition to experimentally observed polymorphs α 

and β (I and II polymorph type), it can also form three polymorphs with crystal packing of types 

IV–VI (structures of β F-DTPhz, γ F-DTPhz, and α Cl-DTPhz). The experimentally observed 

Cl-DTPhz polymorphs (structures VI and VII) are more than 2.0 kcal/mol lower in energy than 

hypothetical polymorphs. This can be explained by the geometrical factor because the C–Cl 

distance, 1.72 Å, is much longer than C–H and C–F distances. For the Br-DTPhz, for which only 

one polymorph VII was experimentally observed, PBE-D calculations suggest the second possible 

polymorph corresponding to structure of α Cl-DTPhz; both modeled structures VI and VII for Br-

DTPhz have the same energies. This can be explained by the geometrical (C–Br distance is 1.89 

Å) and electronic similarities of both molecules. 

Table 4. The relative energies (kcal/mol) for seven types of polymorphs of R-DTPhz 
derivatives

polymorph I II III IV V VI VII
structure 
type

α H-
DTPhz

β H-
DTPhz

α F-
DTPhz

β F-
DTPhz

γ F-
DTPhz

α Cl-
DTPhz

β Cl-
DTPhz

PBE-D
H 0.0 0.9 4.9 1.7 1.7 1.4 5.3
F 0.1 2.7 0.3 0.0 0.0 0.1 0.3
Cl 3.6 8.1 3.8 2.4 2.8 0.1 0.0
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Br 0.0 0.0
COMPASS Force Field

H 0.9 0.6 3.4 0.5 0.0 0.2 4.7
F 2.2 4.4 3.3 1.2 0.0 1.4 4.3
Cl 3.0 4.8 2.9 2.3 2.6 0.0 1.3
Br 3.4 5.4 3.0 2.7 3.6 0.0 0.7

The COMPASS Force Field calculations show similar energy ranging for the polymorphs of 

H-DTPhz, Cl-DTPhz, and Br-DTPhz. For H-DTPhz compound, the calculations also predict 

possibility of polymorphs IV–VI. For the molecules of Cl-DTPhz and Br-DTPhz, only structures 

VI and VII correspond to low-lying polymorphs. For the F-DTPhz compound, COMPASS Force 

Field also predicts additional polymorphs, however the calculated lattice energy for α F-DTPhz is 

3.3 kcal/mol higher than for γ F-DTPhz, and thus α F-DTPhz should be unstable. Such deficiency 

of calculations can be caused by the presence of six symmetrically independent molecules that 

significantly increases the number of variable parameters and complicates optimization.

4. CONCLUSIONS

Several new materials including dithieno[3,2-a:2',3'-c]phenazine and its 9,10-dihalogen 
derivatives (Hal=F, Cl, Br) with general formula R-DTPhz have been characterized with 
experimental and computational methods. Crystals for X-ray diffraction analysis were prepared 
using solutions and gas phase crystal growth methods, with and without TCNQ conformer, which 
lead to formation of seven packing polymorphs for three compounds with R=H, F and Cl. In spite 
of similar molecular structure, all seven packing patterns are rather different, including two very 
uncommon crystal structures with 6 and 4 symmetrically independent molecules per asymmetric 
part of the unit cell (R=F). Results of quantum chemical calculations of lattice energy for H-, F- 
and Cl-substituted R-DTPhz polymorphs demonstrate that the low-lying polymorphs correspond 
to the experimentally observed structures. In all studied compounds π-stacked associates (dimers 
or stacks) with molecular interplanar distances below 3.5 Å were found that indicates, along with 
the voltametric and computational data on HOMO-LUMO band gaps, that they might be useful 
for formation of two-component co-crystals with stacked structure for potential applications in 
organic electronics. The most probable candidate to be employed in organic electronics seems us 
γ F-DTPhz which structure and crystal shape are similar to characteristics found for  α F-DTPhz, 
which is described in the literature as crystalline elastic waveguide.41 

It should be mentioned that for compounds Br-DTPhz, TMS-F-DTPhz and TMS-Cl-DTPhz, 

only one polymorph was found experimentally, however energy calculations of series of crystal 

structures of these materials demonstrated high probability of finding several more polymorphs 

for these compounds.  
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