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ABSTRACT: In this work, the synthesis, X-ray crystal structure analysis, studies on meso-

morphism and luminescence spectroscopy of 2,7-diphenyl-4,5-diazafluorenones carrying 2, 4 

or 6 peripheral alkoxy side chains of different lengths in the mesogenic unit are reported. The 

latter was attached to starting 2,7-dibromo-4,5-diazafluoren-9-one via Suzuki cross coupling 

of the respective 2-(alkoxyphenyl)-tetramethyl-1,2,3-borolane. The liquid crystalline proper-

ties were found to depend on both the number of side chains and their lengths. Derivatives 

with two short alkoxy chains (C6–C8) in the periphery formed nematic (N) and smectic C 

(SmC) mesophases while for the higher homologues only SmC mesophases were observed. 

Compounds carrying six alkoxy side chains with a minimum length of C8 assembled into 

columnar hexagonal phases. Homologues with C14 and C16 chain length displayed addi-

tionally two columnar rectangular mesophases. Four peripheral alkoxy chains, however, led to 

the loss of mesomorphism. Crystal structure data of a series of rod-shaped diazafluorenones 

helped to rationalize their liquid crystalline self-assembly and to understand geometry and 

thermal stability. Temperature-dependent luminescence spectra of diazafluorenone with two 

C12 chains revealed aggregation-induced emission (AIE) depending on the supramolecular 

order of the bulk phase. These studies suggested that AIE requires a lower degree of 

aggregation as compared to mesophase formation.

Keywords: fluorenone, luminescence, crystal structure, mesophases, nematic, smectic, 

columnar, X-ray diffraction
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  INTRODUCTION

The self-assembly of rod-like molecules consisting of a bi- or tricyclic rigid core unit and two 

or more flexible peripheral side chains leads to the formation of liquid crystalline phases (so-

called mesophases) with long range orientational order and nanosegregation of immiscible 

parts.1,2 A large variety of rigid rods such as biphenyls, saturated analogues, phenylpyrimi-

dines, naphthalenes, azobenzenes, anthracenes or phenanthrenes have been used for this pur-

pose. Introduction of lateral dipole moments by grafting polar groups to the rod gives tilted 

phases, e.g., smectic C (SmC), which are of great practical importance for switching devices.3 

A very successful SmC promoting group is fluorenone, as was discovered by Sackmann,4 

Shimizu,5,6 Mazepa7 and more recent extensive work by Lemieux8–11 and Donnio12,13 (Chart 

1). Replacement of two CH groups in the fluorenone core by nitrogen atoms leads to a 

reduced dipole moment as compared to the parent fluorenone and thus should directly affect 

the self-assembly and luminescence. In order to probe this we aimed to study 4,5-diaza-

fluoren-9-one (DAF) that has been described first in 1973 by Eckhard and Summers as an 

oxidation product of 1,10-phenanthroline.14 Since then it has been recognized as a valuable 

donor ligand for various transition metal complexes, which are particularly useful catalysts in 

allylic C-H oxidations,15 dehydrogenation of aldehydes and ketones,16,17 aerobic dehydro-

genative Heck reactions,18,19 -vinylidenation of aldehydes,20 aerobic C-H aminations21 and 

oxidative cleavage of aldehydes to ynones.22 Furthermore, diazafluorenone derivatives and 

their corresponding metal complexes have also raised the interest of materials scientists due to 

their photoluminescence,23,24 use in dye sensitized solar cells25,26 and organic semiconduc-

tors.27 However, surprisingly little is known about liquid crystalline properties of diazafluo-

renones in contrast to the corresponding calamitic and bent-core type fluorenones4–7,12,13,28–41 

and lyotropic fluorenones.8 Side chain modified fluorenones have also been used in crystal 

engineering to fabricate 2D assemblies.42,43 Lemieux studied azafluorenones which formed 
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smectic C mesophases regarding their ferroelectricity.10 Tai reported diazafluorenone Schiff 

base amphiphiles.44 In order to broaden the scope of the diazafluorenone mesogen, we 

wondered whether attachment of linear or wedge-shaped mesogenic units to the diaza-

fluorenone core should provide rigid compounds (Chart 1), which might help to correlate 

structural data of the crystalline solid state with those of mesophase type and stability as well 

as luminescence porperties. 

O

OC10H21C10H21O

1 Cr 62 SmC 87 I (ref.7)

O

2 Cr 112 SmC 129 I (ref.12)

SS

C8H17H17C8
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O
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Chart 1. Some selected known fluorenone core liquid crystals 1–5 and our envisioned system.
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  RESULTS AND DISCUSSION

Synthesis. The homologous series of symmetrical diazafluorenones DAF(OCn)m and an 

unsymmetrical derivative (C14O)3DAF(OC14) were synthesized as shown in Scheme 1. 
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Scheme 1  Synthesis of target symmetrical diazafluorenones DAF(OCn)m and unsymmetrical 

derivative (C14O)3DAF(OC14) (for details see Supporting Information).

Known 3,8-dibromophenanthroline 645–47 was converted to key intermediate 2,7-dibromo-4,5-

diazafluorenone 7 following a method by Huang.27 Suzuki cross coupling of 7 with the 

respective pinacol borolanes 8–1048–55 gave 2,7-diphenyl-4,5-diazafluorenones DAF(OCn)2, 

DAF(OCn)4 and DAF(OCn)6 with 2, 4 and 6 peripheral alkoxy chains, respectively. Treat-

ment of 7 with 1 equiv. of pinacol borolane 8 (n = 14) provided the desired mono-coupling 

product BrDAF(OC14) in 76% together with DAF(OC14)2 (7%), which could be separated by 

column chromatography. Subsequent cross coupling of BrDAF(OC14) with borolane 10 (n = 
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ACS Paragon Plus Environment

Crystal Growth & Design

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Acc
ep

ted
 M

an
us

cri
pt



5

14) yielded unsymmetrical (C14O)3DAF(OC14) almost quantitatively. It should be empha-

sized that this sequential method is more reliable on a preparative scale than the one pot pro-

cess, which provided a difficult to separate mixture of symmetrical DAF(OC14)2, 

DAF(OC14)6 and unsymmetrical (C14O)3DAF(OC14).

X-ray crystal structure analysis. Compounds DAF(OC6)2, DAF(OC8)2, DAF(OC9)2 

and DAF(OC12)2 with two C6, C8, C9 and C12 side chains, respectively, gave single crystals, 

which were studied by X-ray crystal structure analysis (Figures 1–4, Table 1).

Table 1. Crystal Data and Structural Refinement Details for Selected DAF(OCn)2
a

DAF(OC6)2 DAF(OC8)2 DAF(OC9)2 DAF(OC12)2

formula C35H38N2O3 C39H46N2O3 C41H50N2O3 C47H62N2O3

formula weight 534.67 590.78 618.83 702.99
temperature (K) 130(2) 130(2) 100(2) 110(2)
 (Å) 1.54178 1.54178 0.71073 1.54178
crystal system triclinic triclinic monoclinic triclinic
space group 𝑃1 𝑃1 P21/n 𝑃1
a (Å) 4.8987(2) 5.06340(10) 11.7393(7) 5.4135(5)
b (Å) 13.5905(6) 22.4039(6) 5.3920(4) 11.2702(10)
c (Å) 22.2404(9) 29.0032(8) 52.865(3) 32.507(3)
 (deg) 72.777(4) 98.9720(10) 90 99.509(7)
 (deg) 88.586(4) 91.776(2) 95.425(4) 92.311(7)
 (deg) 83.448(3) 96.471(2) 90 91.176(7)
V (Å3) 1404.98(10) 3225.20(14) 3331.2(4) 1953(3)
Z 2 4 4 2
Dc (g/cm3) 1.264 1.217 1.234 1.195
µ (mm–1) 0.631 0.595 0.077 0.565
GOF on F2 1.003 1.017 1.090 1.040
R1, wR2 (I > 2(I)) 0.0526, 0.1112 0.0685, 0.1651 0.1295, 0.3229 0.0675, 0.1422
R1, wR2 (all data) 0.0904, 0.1224 0.0984, 0.1781 0.1411, 0.3268 0.1309, 0.1584
largest diff. peak and hole 
(e/Å3)

0.214, –0.207 0.254, –0.295 0.488, –0.468 0.231, –0.226

a Cif files were deposited with CCDC reference numbers CCDC 1896543 (DAF(OC6)2), CCDC 
1896545 (DAF(OC8)2), CCDC 1896547 (DAF(OC9)2), and CCDC 1896549 (DAF(OC12)2).

Compounds DAF(OC6)2 with the shortest chain length crystallized in the centrosymmetric 

space group  with one molecule in the asymmetric unit. Both phenyl moieties are rotated 𝑃1
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6

out of plane with respect to the diazafluorenone core characterized by the torsion angles C11–

C10–C24–C25 and C8–C7–C12–C13 with –24.4(4)° and –15.9(4)°, respectively. 

Figure 1. ORTEP drawing of the structure of DAF(OC6)2 in the solid state, top view (a) and 

side view (b) and the packing diagram viewed along the b axis (c). The translation vector of 

the columns is along the a axis and the layer-type orientation of the molecules is building up 

along the c axis. 

Only one of the alkoxy chains shows an all-trans zig-zag conformation with a nearly 

coplanar orientation of 8.5(2)° to the attached phenyl moiety. The other alkoxy chain is 

strongly out of plane in relation to the attached phenyl moiety indicated by an interplanar 

angle of 64.4(4)° (Figure 1b). There is a (C–H)···O interaction evident, which works 
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pairwise vice versa between molecules generated by the inversion center (Figure 1a). The 

intermolecular stabilization is forced by the distances between the donor H atoms and the 

carbonyl oxygens of 2.33 Å and 2.54 Å. The corresponding angles C–H···O are 169° and 

163°. The packing diagram of the cellplot (Figure 1c) shows a stacking orientation of the 

molecules along the b axis. The translation vector of the columns is along the a axis and the 

layer-type orientation of the molecules is building up along the c axis. Tilted layers are 

formed with a tilt angle of about 38.5° with respect to the c axis.

The higher homologue DAF(OC8)2 crystallized in the centrosymmetric space group  𝑃1

with two independent molecules in the asymmetric unit (Figure 2a). 

Figure 2. ORTEP drawing of the structure of DAF(OC8)2 in the solid state, side view (a) and 

top view (b) and the packing diagram viewed along the a axis (c). The translation direction of 

the layers is along the c axis and the intermolecular hydrogen bond stabilization works along 

the b axis. 
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The alkoxy chains of one molecule are oriented in an all-trans zig-zag conformation similar to 

DAF(OC9)2 and DAF(OC12)2 (see Figures 3, 4), whereas on the other molecule one alkoxy 

chain has an all-trans zig-zag orientation and one alkoxy chain is strongly out of plane 

oriented with respect to the attached phenyl moiety similar to DAF(OC6)2 (see Figure 1). The 

observed packing of the alkoxy chains in DAF(OC8)2 seems to resemble a mixture of 

DAF(OC6)2 and the higher homologues DAF(OC9)2 and DAF(OC12)2. Both conformers of 

DAF(OC8)2 are stabilized pairwise by weak (C–H)···O intermolecular hydrogen bond 

interactions. O1A works as acceptor and C27B–H27B together with C11B–H11B as 

bifurcated donor (Figure 2b). In the same way O1B interacts with C8A–H8A and C13A–

H13A. The C–H···O distances range between 2.32 Å to 2.60 Å and the intervall of the 

associated angles is 133–172°. Those pairs are additionally stabilized by another neighbor 

pair which is generated by an inversion shift. This (C–H)···N hydrogen bond interaction acts 

vice versa with a C–H···H distance of 2.39 Å and a related angle of 152° (Figure 2b). The 

packing diagram reveals a layer-type organization of the molecules with the stacking vector of 

the molecules along the a axis and the translation direction of the layers along the c axis 

(Figure 2c). 

Compounds DAF(OC9)2 crystallized with one molecule in the asymmetric unit of the 

centrosymmetric space group P21/n. The alkoxy chains are oriented in an all-trans zig-zag 

conformation resulting in a perfect calamitic structure in the solid state (Figure 3a,b). The 

packing diagram (Figure 3c) shows a stacking behavior of the molecules along the b axis. The 

translation direction of the stacking columns is along the a axis and the layer-type orientation 

of the molecules along the c axis. Tilted layers are formed with a tilt angle of about 45° with 

respect to the c axis.
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9

Figure 3. ORTEP drawing of the structure of DAF(OC9)2 in the solid state, top view (a) and 

side view (b) and the packing diagram viewed along the b axis (c). It must be noted that the 

R1 value converged at rather weak 13% due to insufficient crystal quality. Nevertheless the 

overall standard deviation of the C–C distances is approximately 0.8 pm. 

DAF(OC12)2 crystallized in the centrosymmetric space group  with one molecule in the 𝑃1

asymmetric unit. The all-trans zig-zag conformation (Figure S18) of the alkoxy chains is 

comparable to that in DAF(OC9)2 leading again to a layer type organization. The packing 

plot reveals a face to face stacking of the molecules along the ac diagonal. The translation of 

the stacking columns is along the b axis generated by the inversion center (Figure 4). 
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10

Figure 4. Packing diagram of DAF(OC12)2 viewed along the a axis. The completeness of 

data reached ca. 90%, which may be caused by the Cu source and depends on the orientation 

of the crystal in context of the geometric limitation of the device at large theta angles. How-

ever, this is not relevant for the discussion.

The packing diagrams of both DAF(OC9)2 and DAF(OC12)2 (Figures 3c, 4) reveal a layer 

type orientation suggesting a prevalence for lamellar self-assembly in the mesophase as well.

Studies on mesomorphism. Mesomorphic properties of diazafluorenones DAF(OCn)m 

were investigated by differential scanning calorimetry (DSC), polarizing optical microscopy 

(POM) and X-ray diffraction (WAXS, SAXS). The DSC results are summarized in Table 2. 

All members of the series DAF(OCn)2 with two peripheral alkoxy chains showed enantio-

tropic mesomorphism (Table 2). In contrast to derivatives with short chain lengths (C6–C8), 

whose DSC curves displayed two endothermal phase transitions besides the clearing 

transition upon heating (Figure 5a), the second phase disappeared for DAF(OC9)2 as well as 
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11

higher homologues DAF(OCn)2 (n = 10,11,12,14,16). Their DSC curves revealed 

endothermal melting and clearing transitions, as exemplified for DAF(OC12)2 (Figure 5b).

Table 2. Phase Transition Temperature (°C) and Enthalpies H (kJ mol–1) of 
DAF(OCn)m and (C14O)DAF(OC14)3 upon Second Heating (rate 5 K min–1)a

compound phase Tm (H) phase Tc (H) phase
DAF(OC6)2 Cr 222 (24.1) SmC

N
256 (2.7)
302 (1.3) I

DAF(OC7)2 Cr 214 (26.0) SmC
N

262 (4.3)
287 (1.6) I

DAF(OC8)2 Cr 210 (29.1) SmC
N

272 (5.5)
283 (2.1) I

DAF(OC9)2 Cr 198 (26.2) SmC 266 (9.4) I
DAF(OC10)2 Cr 193 (25.6) SmC 266 (11.5) I
DAF(OC11)2 Cr 191 (27.6) SmC 264 (10.6) I
DAF(OC12)2 Cr 189 (31.4) SmC 261 (13.7) I
DAF(OC14)2 Crb 178 (21.1) SmC 239 (9.7) I
DAF(OC16)2 Crc 175 (20.0) SmC 230 (10.6) I
DAF(OC6)4 Crd – – 130 (46.3) I
DAF(OC8)4 Crd – – 123 (44.1) I
DAF(OC10)4 Crd – – 127 (64.6) I
DAF(OC12)4 Crd – – 126 (82.7) I
DAF(OC14)4 Crd – – 125 (99.3) I
DAF(OC6)6 Crd – – 94 (20.8) I
DAF(OC8)6 Crd 87 (17.5) Colh 95 (4.0) I
DAF(OC10)6 Crd 84 (17.2) Colh 96 (5.0) I
DAF(OC12)6 Cr 85 (19.4) Colh 93 (5.8) I
DAF(OC14)6 Cr 6 (42.6) Colro

Colrd

Colh

36 (1.3)
79 (16.6)
88 (6.9) I

DAF(OC16)6 Cr 30 (49.6) Col1

Col2

Colh

50 (15.5)
71 (6.0)
82 (5.9) I

(C14O)3DAF(OC14) Cr 30 Colh 80 I
a Phases observed: crystalline (Cr), nematic (N), smectic C (SmC), columnar 
hexagonal (Colh), columnar rectangular ordered (Colro), disordered (Colrd), iso-
tropic liquid (I). b Additional transition Cr1 159 (7.6) Cr2. c Additional transition 
Cr1 149 (14.3) Cr2. d Heating rate 10 K min–1.

Diazafluorenones DAF(OCn)4 with four alkoxy chains in the periphery were devoid of 

any mesomorphism (Table 2). It should be noted that Lodeiro and coworkers56 recently 

reported for borondifluoride diketonato complexes that certain combinations of symmetrical 
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12

and unsymmetrical mono-, bis- and trisalkoxyphenyl side chains were non-mesogenic due to 

insufficient space filling.

Figure 5. DSC curves of selected diazafluorenones: (a) DAF(OC8)2, (b) DAF(OC12)2 and 

(c) DAF(OC14)6 (heating/cooling rate 5 K min–1). (2nd and 3rd heating: 2. H, 3. H; 2nd and 3rd 

cooling: 2. C, 3. C). 
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Sixfold alkoxy substituted diazafluorenones DAF(OCn)6 again formed enantiotropic 

mesophases, except the shortest chain member DAF(OC6)6 which was non-mesomorphic 

(Table 2). Whereas compounds DAF(OCn)6 (n = 8, 10, 12) displayed only one mesophase 

(Table 2), an additional phase transition was observed for DAF(OC14)6 and DAF(OC16)6 

with C14 and C16 chains. As shown for DAF(OC14)6 in Figure 5c, in the DSC curve an 

endothermal crystalline to mesophase transition at 6°C, followed by two endothermal meso-

phase-to-mesophase transitions at 36°C and at 79°C and subsequent clearing into the isotropic 

liquid at 88°C were visible upon second heating. 

From the graphical presentation of the DSC results, the following trend could be observed 

for the series DAF(OCn)2 (Figure 6a). Both melting and clearing points decreased with in-

creasing chain lengths. The nematic phase widths decreased from C6 to C8, while the tempera-

ture ranges of the smectic C phase increased and then remained relatively constant for longer 

C9–C16 chains.

Figure 6. Temperature ranges of the mesophases of (a) DAF(OCn)2 and (b) DAF(OCn)6 

with different chain lengths obtained by DSC upon second heating. 
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Within the series DAF(OCn)6 a slight decrease of clearing points together with more or less 

constant melting points (up to C12) led to smaller columnar mesophase ranges (Figure 6b). 

The presence of two additional columnar mesophases at lower temperatures resulted in very 

broad phase widths of 82 K and 52 K for DAF(OC14)6 and DAF(OC16)6, respectively.

Texture analysis by POM revealed the formation of broken fan-shaped and Schlieren 

textures for DAF(OC9)2, DAF(OC12)2 and their homologues DAF(OCn)2, indicating a 

smectic C mesophase (Figure S2). The texture of DAF(OC9)2 is depicted in Figure 7a as an 

example. The additionally observed droplets for the short chain diazafluorenones 

DAF(OCn)2 (n = 6–8) at high temperature upon cooling from the isotropic liquid are 

characteristic of a nematic phase (Figure 7b). Compounds DAF(OCn)6 (n  8) typically 

displayed fan-shaped textures with line defects and homeotropic alignment upon cooling from 

the isotropic liquid indicating a columnar (Col) mesophase. In the case of DAF(OC14)6, the 

fan-shaped texture observed at 82°C (Figure 7c) changed its color upon further cooling to 

78°C (Figure 7d), suggesting a transition from one columnar phase into a second one. 

Figure 7. Textures of diazafluorenone derivatives as seen between crossed polarizers upon 

cooling from the isotropic liquid (cooling rate 10 K min–1, magnification 100). (a) 

DAF(OC9)2 at 255°C, (b) DAF(OC6)2 at 300°C, (c, d) DAF(OC14)6 at 86°C and 78°C, 

respectively, the color change of the textures indicated a transition from a columnar to another 

columnar mesophase (cooling rate 1 K min–1, magnification 100). 
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X-ray diffraction (XRD) investigations. In order to verify the mesophase geometries, 

diazafluorenones DAF(OCn)m were studied by XRD. X-ray scattering of calamitic 

DAF(OC9)2 exhibited a sharp reflection in the small-angle region which was assigned as 

(001) and a broad halo at 4.4 Å in the wide-angle region typical for smectic phase geometries 

(Figure 8a). Further support for the assigned mesophase came from the temperature-depen-

dent layer distances d001 calculated from the (001) reflection. Their increase with rising 

temperature is common for smectic C phases (Figure 8b).57–61 

Figure 8. (a) Wide-angle scattering (WAXS) profile of the LC phase of DAF(OC9)2 at 

207°C; inset: the corresponding diffraction pattern. (b) Layer spacing temperature depen-

dency for DAF(OC6)2, DAF(OC9)2 and DAF(OC11)2. 
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The homologues DAF(OC6)2 and DAF(OC11)2 gave comparable results. The XRD data are 

listed in Table 3. Due to the high temperatures (256–300°C), the nematic (N) phases could not 

be examined by XRD measurements.

Table 3. X-Ray Diffraction Data of Diazafluorenones DAF(OCn)2

Compound Mesophase d-value / Å Miller 
indices

DAF(OC6)2 SmC 
at 226°C

24.2
4.4 

(001)
(Halo)

DAF(OC9)2 SmC 
at 216°C

28.4
4.3 

(001)
(Halo)

DAF(OC11)2 SmC 
at 207°C

31.4
15.7
4.8 

(001)
(002)
(Halo)

The results of XRD studies of DAF(OCn)6 are summarized in Table 4. The short chain 

derivatives DAF(OC8)6 and DAF(OC10)6 gave only the (10) reflection in SAXS experi-

ments. However, due to the similarity of the POM textures with those of DAF(OC12)6 

(Figure S3) a Colh phase was assigned as well. In the case of DAF(OC12)6, an ordered 

diffractogram was obtained at 93°C, which revealed a hexagon pattern within the (10) reflex 

with an azimuthal angle of 60° supporting the Colh phase (Figure 9a). In the WAXS profile of 

DAF(OC12)6 a diffuse halo was detected at 4.6 Å (Figure 9b). 

In the SAXS profile of DAF(OC16)6 at 81°C three distinct reflections are visible in a ratio 

of 1 : 1/√3 : 1/2, which were indexed as (10), (11) and (20) typical for a hexagonal columnar 

mesophase with p6mm symmetry (Figure 9c). In the wide-angle region a broad halo caused 

by the molten alkoxy side chains was observed at 4.6 Å (Figure 9d). 
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Figure 9. (a) SAXS profile of the LC phase of DAF(OC12)6 at 93°C. (b) WAXS profile of 

the LC phase of DAF(OC12)6 at 90°C. (c) SAXS profile of the mesophase of DAF(OC16)6 

at 81°C. (d) WAXS profile of the mesophase of DAF(OC16)6 at 84°C. Inset: the corre-

sponding diffraction patterns. 

In the case of DAF(OC14)6, two additional mesophases were identified at lower tem-

peratures. The SAXS profile revealed a set of eight reflections, indexed as (11), (12), (22), 

(40), (33), (14), (44) and (25) at 49°C, which did not change upon further cooling to 16°C 
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(Figure 10a). These reflections fulfil the symmetry requirements for a p2gg space group 

(h + k = no conditions, h0 = 2n, 0k = 2n) and thus Colr phases with p2gg symmetry were 

assigned.62

Figure 10. (a) SAXS profiles of DAF(OC14)6 and diffraction pattern (inset) at 16°C and 

49°C, (b) WAXS profiles of DAF(OC14)6 and diffraction pattern (inset) at 20°C and 65°C. 

The wide-angle region showed a broad halo at 4.6 Å at 65°C and upon further cooling to 20°C 

besides the halo (4.3 Å) an additional reflection at 4.2 Å caused by the intracolumnar  

interactions (Figure 10b). Although this distance is larger than the expected value of 3.5 Å for 

 interactions with face-to-face stacking,63 it should be noted that the single crystal X-ray 

data revealed  distances of 3.4–4.0 Å for diazafluorenone DAF(OC6)2 with the shortest 

chains and 3.6–4.0 Å for homologue DAF(OC12)2. Furthermore, similar distances have been 

reported for other columnar liquid crystals.63–65 For example, Matsumoto rationalized 

experimental values of 4.1 Å for Colro phases by the edge-to-edge type stacking of the 

mesogens in the column.63 

(33)

(25)
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Therefore, the presence of an ordered rectangular columnar (Colro) mesophase at ambient 

temperature, but a disordered rectangular columnar (Colrd) mesophase at higher temperatures 

seems to be reasonable. The observed phase sequence of one (or two) rectangular columnar 

phases at lower temperatures followed by a hexagonal columnar phase at higher temperatures 

is in good agreement with similar phase behavior of non-discoid66–70 and discoid 

mesogens71,72 and has been examined theoretically.73–75 However, the lattice parameters 

changed slightly during the Colro – Colrd transition (a = 0.7 Å, b = 0.2 Å), although a small 

but distinct endothermal peak was visible in the DSC curve (Figure 5c, H = 1.3 kJ mol–1). 

Wróbel reported similar lattice parameter changes (a = 0.9 Å, b = 0.3 Å) for vanadyl 

salene complexes but could not observe the Colro – Colrd transition peak in the DSC,76 while 

rod-like diacetylenes published by Matsumoto revealed a small endothermal DSC peak (H 

= 0.03–0.14 kJ mol–1) and larger changes of the a- and b-values (a = 3.05 Å, b = 1.26 Å).63 

As no suitable XRD results (Figures S14 and S15) could be obtained for the two lower 

temperature mesophases of DAF(OC16)6, Colro and Colrd were assigned in analogy to 

DAF(OC14)6. 

Following the previously reported method77,78 the number of molecules per unit cell Z was 

calculated by the equation    Z =  
ρ ∙  NA ∙  A ∙  h

M

(density ρ = 1 g/cm3, NA Avogadro factor, A area of the unit cell calculated from the lattice 

parameters, h height of the unit cell and M molar mass of the mesogen)77 

giving Z = 4 for the rectangular columnar mesophase and Z = 2 for the hexagonal columnar 

mesophase. We would like to emphasize that a precise calculation of Z is not possible without 

a π–π reflex and the exact density. However, in agreement with previous studies79–83 the 

columnar stratum h was obtained from the halo reflection in the WAXS in those cases, where 

the π–π reflection was not visible, and a density ρ of 1 g/cm3 may be assumed for an organic 

material containing no metals or heavy elements.79,84–86 
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Table 4. XRD Data of Symmetric Diazafluorenones DAF(OCn)6, BrDAF(OC14) and 

(C14O)3DAF(OC14)

Compound Mesophase Lattice 
parameter / Å

d values / Å
exp. (calc.)

Miller 
Indices

Z

DAF(OC8)6 Colh at 95°C
p6mm

a = 29.5 25.5
4.5 

(10)
(Halo)

2

DAF(OC10)6 Colh at 93°C
p6mm

a = 31.9 27.6
4.5 

(10)
(Halo)

2

DAF(OC12)6 Colh at 93°C
p6mm

a = 34.1 29.6
17.2 (17.1)
4.6 

(10)
(11)
(Halo)

2

DAF(OC14)6 Colh at 85°C
p6mm

Colrd at 49°C
p2gg

Colro at 16°C
p2gg

a = 36.1

a = 59.5
b = 40.5

a = 58.8
b = 40.3

31.3
18.0 (18.1)
15.7 (15.6)
4.6 
33.3 (33.3)
19.1 (19.1)
16.6 (16.6)
14.9 (14.6)
11.1 (11.1)
10.0 (10.0)
8.5 (8.3)
7.8 (7.8)
4.6 
33.0 (33.0)
19.0 (19.0)
16.5 (16.5)
14.7 (14.4)
11.0 (11.0)
9.9 (9.9)
8.5 (8.3)
7.7 (7.8)
4.3 
4.2

(10)
(11)
(20)
(Halo)
(11)
(12)
(22)
(40)
(33) 
(14)
(44) 
(25)
(Halo)
(11)
(12)
(22)
(40)
(33)
(14)
(44)
(25)
(Halo)
(π-π)

2

4

4

DAF(OC16)6 Colh at 81°C
p6mm

Col2
a

Col1
a

a = 38.2 33.1
19.0 (19.1)
16.6 (16.5)
4.6 

(10)
(11)
(20)
(Halo)

2

BrDAF(OC14) SmA at 
143°C

36.8
4.3 

(001)
(Halo)

(C14O)3DAF(OC14) Colh at 65°C
p6mm

a = 40.3 34.9
4.4 

(10)
(Halo)

3

a Reflections could not be assigned.
Molecular modelling of diazafluorenone DAF(OC14)6 employing AVOGADRO software87 

yielded a calculated molecular lengths of 53 Å. Thus each disk within the hexagonal lattice 

Page 20 of 42

ACS Paragon Plus Environment

Crystal Growth & Design

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Acc
ep

ted
 M

an
us

cri
pt



21

consists of two molecules oriented antiparallel in order to compensate the dipole moment and 

the alkoxy side chains are strongly interdigitated in the Colh phase. Also in the Colr lattice 

with p2gg symmetry each disk consists of two diazafluorenone molecules (Figure 11). 

Figure 11. Proposed packing model of the high temperature hexagonal columnar and low 

temperature rectangular columnar phases, respectively, for DAF(OC14)6 based on X-ray 

crystal structure data.

Symmetrical diazafluorenones DAF(OCn)2 and DAF(OCn)6 with two or six alkyloxy side 

chains in the periphery provided nematic, smectic and columnar mesophases, respectively, 

however, their high clearing points may limit possible applications. To overcome this prob-

lem, the unsymmetrical derivative (C14O)3DAF(OC14) was prepared (Scheme 1). According 

to DSC studies (C14O)3DAF(OC14) showed an enantiotropic mesophase that underwent 

transition to isotropic liquid at 80°C (Figure 12c), and thus a reduction of the clearing point as 

compared to the symmetrical counterparts described above. 
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Figure 12. (a) POM image of (C14O)3DAF(OC14) at 75°C and (b) at 59°C upon cooling 

from the isotropic liquid (cooling rate 10 K min–1, magnification ×100). (c) DSC curves 

(heating/ cooling rate 5 K min–1, 2nd and 3rd heating: 2. H, 3. H; 2nd and 3rd cooling: 2. C, 3. 

C). (d) SAXS profile and the corresponding diffraction pattern (inset) at 65°C.

Under the POM (C14O)3DAF(OC14) formed fan-shaped textures at 59°C and focal conic 

textures with homeotropic domains at 75°C (Figure 12a,b) which are typical for columnar 

mesophases. In the SAXS profile only the (10) reflection could be detected, and at wide 

angles a broad halo around 4.4 Å (Figure 12d). Although the mesophase could not be 

definitely assigned based on these XRD data, we assume a Colh phase with p6mm symmetry 

(Table 4) due to the observed POM textures and structural similarity in comparison with the 

other DAF derivatives. The number of molecules per unit cell Z was calculated to be Z = 3. 

Thus three molecules self-assemble to a discotic structure, stacking in columns which orga-

nize into a hexagonal lattice. Bromide BrDAF(OC14) displayed enantiotropic mesomorphism. 

Upon second heating the mesophase ranged from 151 to 193°C, and under POM a texture 

typical for a SmA mesophase was observed, that was confirmed by XRD studies (Figures S4 

and S16). The measured d layer spacing of 36.8 Å corresponds to the molecular length, 

indicating SmA monolayers. 
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UV/Vis and luminescence spectroscopy. Selected diazafluorenones DAF(OCn)2 (n = 

6,12,16), DAF(OC12)4 and DAF(OC12)6 were investigated by UV/Vis and luminescence 

spectroscopy in chloroform solution (Table 5, Figure 13). 

Figure 13. Normalized absorption (a) and emission spectra (b) of DAF(OCn)2 differing in 

the chain lengths (excitation wavelength exc = 357 nm). Absorption (c) and emission spectra 

(d) of DAF(OC12)m differing in the total number m of alkoxy chains. All spectra were mea-

sured in CHCl3 (conc. 10–5 mol L–1, exc = 357 nm (DAF(OC12)2), 363 nm (DAF(OC12)4), 

356 nm (DAF(OC12)6). 

Diazafluorenones DAF(OCn)2 carrying two peripheral alkoxy chains exhibited a strong 

absorption band at 358 nm irrespective of the chain lengths n (Figure 13a). The broad weak 

band at 440 nm was responsible for the orange color of the solution. The emission spectra of 

DAF(OCn)2 are shown in Figure 13b. The excitation wavelength was fixed at the absorption 

maximum (exc = 357 nm). A pronounced orange luminescence emission band at λ = 575 nm 

was observed, resulting in a large Stokes shift of 10620 cm–1 (Figure 13b, Table 5). Neither 

emission intensity nor Stokes shift were affected by the chain lengths, which is in good 

agreement with previous results by Li88 and Goncalves.89
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However, the number of alkoxy chains in the periphery of the diazafluorenones considerably 

influenced absorption and emission spectra, as shown for DAF(OC12)m (m = 2,4,6) (Figure 

13c,d). The absorption maximum was only slightly red-shifted with increasing number of side 

chains from 358 nm for DAF(OC12)2 to 364 and 359 nm for DAF(OC12)4 and 

DAF(OC12)6, respectively, along with minor changes of the relative intensities (Figures 13c). 

In contrast, fluorescence wavelength and intensity were strongly impacted by the substitution 

pattern (Figure 13d). 

Table 5. Absorption and Emission Data of DAF(OCn)2, DAF(OC12)4 and DAF(OC12)6 

in CHCl3 (conc. 10–5 mol L–1)

compound λmax, abs / 
nm (cm–1)

εmax / 
104 L mol–1 cm–1

λmax, fl / 
nm (cm–1)

Stokes shift/
cm–1

DAF(OC6)2 268 (37313) 2.16 575 (17391) 10620
303 (33003) 1.95
357 (28011) 4.66
440 (22727) 0.16

DAF(OC12)2
a 270 (37037) 2.96 575 (17391) 10542

300 (33333) 2.34
358 (27932) 4.79
440 (22727) 0.16

DAF(OC16)2 268 (37313) 2.27 575 (17391) 10542
303 (33003) 2.05
358 (27932) 4.88
440 (22727) 0.18

DAF(OC12)4
b 255 (39215) 4.39 594 (16835) 10637

364 (27472) 4.58
445 (22471) 0.22

DAF(OC12)6
c 250 (40000) 7.50 446 (22422) 5433

359 (27855) 5.24
438 (22831) 0.22

a Excitation wavelength 357 nm. b Excitation wavelength 363 nm. c Excitation 
wavelength 356 nm.
A shift of the wavelength of the emission maximum from  = 575 nm to 594 nm was ob-

served when going from DAF(OC12)2 to DAF(OC12)4, resulting in a Stokes shift for 

DAF(OC12)4 larger than that of DAF(OC12)2 (10637 cm–1 vs. 10542 cm–1). More pro-

nounced is the decrease of emission band intensities. In comparison to the orange emission of 
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DAF(OC12)2, derivative DAF(OC12)4 with four dodecyl chains displayed a much weaker 

orange emission and DAF(OC12)6 with six dodecyl chains showed a weak blue emission 

(Figure 13d). The weak blue emission and small stokes shift in the latter case might be 

imparted to reabsorption phenomena. In order to study this decrease of the emission intensity 

for DAF(OC12)4 and DAF(OC12)6, concentration dependent emission spectra were recorded 

(Figure 14). 

Figure 14. Concentration dependent emission spectra of DAF(OC12)4 (a) and DAF(OC12)6 

(c). Emission intensity plotted versus concentration at the emission maximum 594 nm for 

DAF(OC12)4 (b) and 446 nm for DAF(OC12)6 (d). 

As can be seen from Figures 14b,d at concentrations below 1.4·10–5 mol L–1 for DAF(OC12)4 

and 1.7·10–5 mol L–1 for DAF(OC12)6, respectively, an increase of the emission intensity was 

observed with increasing concentration. In the case of DAF(OC12)6, the emission maximum 

additionally shifted from 396 nm (3.0·10–7 mol L–1) to 446 nm at higher concentrations 

(Figure 14c, see also Figure S20), presumably due to electronic effects of the diazafluorenone 

core. However, the emission intensities are still very low as compared to DAF(OC12)2. At 

concentrations above 1.4·10–5 mol L–1 and 1.7·10–5 mol L–1, respectively, the intensity 

decreased for both DAF(OC12)4 and DAF(OC12)6, resulting from aggregation-caused 

quenching of fluorescence.90 
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In the solid state derivative DAF(OC12)2 showed a broad emission profile ranging from 550 to 

750 nm with a maximum at 596 nm and two shoulder peaks around 650 and 680 nm as well 

as a minor red shift in contrast to the emission profile in solution (Figure 15a). The shoulder 

peaks might originate from emission in excited vibrational levels of S0, which do not exist in 

solution due to solvent quenching effects. 

Figure 15. (a) Comparison of normalized emission spectra of DAF(OC12)2 at ambient tempe-

rature in solution (CHCl3, dashed dots) and in the solid state. Solid state emission spectra 

were recorded by POM (exc = 375 nm) with a connected photo detector. (b) Emission inten-

sity evolution of DAF(OC12)2 with temperature. The sample was heated to the isotropic liquid 

and spectra were recorded upon cooling in intervals of 5 K (cooling rate 1 K min–1). The in-

tensity maxima (I) at given temperatures were divided by the maximum intensity at 30 °C 

(I30). Transition temperatures (dotted lines) are taken from DSC data in Table 2. The tempera-

ture dependent fluorescence spectra are depicted in Figure S19 in the Supporting Information.

The temperature dependent emission spectrum of DAF(OC12)2 revealed a very low intensity 

in the isotropic liquid as compared to the I30 value due to non-radiative deactivation of the 

excited state at high temperatures. Surprisingly, the intensity increased at the phase transition 
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to the SmC phase and further increased strongly at the SmC-to-Cr transition (Figure 15b). 

This effect might be explained by an increase in rigidity in the corresponding phases, leading 

to less non-radiative deactivation and thus resulting in a higher emission intensity. Another 

remarkable feature of the bulk luminescence spectra of DAF(OC12)2 is the observed effect, 

that the luminescence intensity does not change instantaneously at the melting and clearing 

temperature. This effect is particularly visible at the clearing transition, where the 

luminescence intensity of the SmC phase persists although the clearing point has been 

surpassed by already 10 K.91 This behavior might be rationalized by the presence of 

pretransitional aggregates.92,93 In other words, the isotropic phase seems to contain some 

aggregates with lamellar order contributing to the higher luminescence intensity.

  CONCLUSION

We have developed for the first time luminescent liquid crystals DAF(OCn)2, DAF(OCn)4, 

DAF(OCn)6 based on 4,5-diazafluoren-9-one. Their self-assembly behavior in the mesophase 

was strongly controlled by both chain lengths and total number of side chains. All members of 

the calamitic series DAF(OCn)2 (n = 6–16) formed enantiotropic SmC phases with broad 

phase widths up to 73 K demonstrating the potential of the diazafluorenone core as a smectic 

C promoting scaffold, that complements previous work on fluorenones.4–13 Additionally, short 

chain members DAF(OC6)2, DAF(OC7)2, DAF(OC8)2 displayed a nematic phase whose 

temperature range and stability decreased with increasing chain lengths. Chain length depen-

dent differences were also found in the solid state packing behavior. Although direct correla-

tions between solid state and mesophase structures have to be considered with great care, a 

comparison of the crystal structures of DAF(OC6)2, DAF(OC8)2, DAF(OC9)2, and DAF(OC12)2 

revealed for the latter homologues that van der Waals interactions strongly favor a linear all-

trans conformation with increasing chain lengths and a lamellar arrangement, that corre-

sponds with the "smectic C only" mesomorphism. In contrast, interdigitation of the alkoxy 
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chains in the shorter chain homologues DAF(OC6)2 and DAF(OC8)2 is less pronounced due to 

smaller van der Waals interactions and out of plane orientation, which results in coexisting 

nematic and smectic C phases. In addition, the crystallographic data suggest that the (C–

H)···N bond induced dimers not only stabilize the crystal packing but also enforce the stabili-

ty of the SmC phase resulting in a temperature range of up to 74 K.

Whereas the attachment of four side chains in DAF(OCn)4 led to complete loss of mesomor-

phism, the phasmidic molecular structure in combination with the lateral dipole moment pro-

moted enantiotropic Colh mesophases with a minimum chain length of C8 (phase widths 

12 K) for the series DAF(OCn)6. Besides a high temperature Colh phase DAF(OC14)6 and 

DAF(OC16)6 displayed two rectangular columnar phases Colro and Colrd at lower tempera-

tures (phase widths  43 K). The packing models based on XRD data suggested that the C2-

symmetrical (C–H)···N bond induced dimers found in the X-ray crystal structure persisted 

both in the Colr and Colh mesophase. 

According to UV/Vis spectra of selected derivatives in solution neither chain lengths nor total 

number of side chains had any influence on the absorption behavior of the diazafluorenones. 

In contrast, luminescence spectra showed different trends. In the case of DAF(OCn)2, in 

solution emission wavelengths and intensity were invariable with respect to the chain 

length n. However, emission intensities decreased significantly when more than two alkoxy 

side chains were grafted to the core. For example, phasmidic DAF(OC12)6 may be able to 

form strong H-aggregates due to van der Waals interactions of alkoxy side chains, – 

interaction and Coulomb forces of the diazafluorenone core. 

Investigation of the bulk emission properties of DAF(OC12)2 at various temperatures showed 

that the diazafluorenone DAF(OC12)2 was non-emissive in the isotropic liquid. In the SmC 

phase an emission was detected, which increased significantly upon cooling into the 

crystalline solid, revealing aggregation-induced emission (AIE) behavior.94,95 The AIE-
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induced fluorescence enhancement is not centered at the phase transition temperature, but at 

higher temperature, indicating that the extent of aggregation needed for fluorescence 

enhancement is lower than that required for mesophase formation.96 The results demonstrate 

that both self-assembly and emission behavior of the diazafluorenone scaffold can be 

manipulated by tailoring of the side chains providing access to both calamitic and discotic 

(columnar) mesogens. 

For an unsymmetrical derivative (C14O)3DAF(OC14) we demonstrate that the clearing tran-

sition could be decreased while the temperature range of the Colh phase increased at the ex-

pense of the Colr phases. Following recent precendence by Williams97 such symmetry break-

ing might be a useful strategy for the calamitic series DAF(OCn)2 to reduce clearing transi-

tions significantly without compromising the SmC to N transition. Future work is necessary to 

exploit this in detail. 

In summary, we not only developed new calamitic fluorophores and phasmidic mesogens 

based on diazafluorenone, but also provide some insight into the mesomorphic self assembly 

of liquid crystalline compounds on the basis of solid state structural data. We believe that this 

tool might facilitate the design of other calamitic liquid crystals as well.
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Novel Luminescent Diazafluorenone Liquid Crystals

Korinna Bader, Rafet Gündemir, Wolfgang Frey, Philipp Ehni, Yann Molard, Angelika Baro, 

and Sabine Laschat*

Liquid crystalline properties of 2,7-diphenyl-4,5-diazafluorenones carrying 2, 4 or 6 

peripheral alkoxy side chains depend on both the number of side chains and their lengths. 

Crystal structure data of a series of rod-shaped diazafluorenones helped to rationalize their 

self-assembly and to understand geometry and thermal stability. Temperature-dependent 

luminescence revealed aggregation-induced emission (AIE) depending on the supramolecular 

order of the bulk phase. 
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