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Abstract: The recent development of π-conjugated nanohoops in organic electronics has opened new perspectives for this family of 
curved materials. Addressing the difference arising from curved vs non-curved materials is an important concern in order to highlight 
the specific properties of curved materials. Herein, we discuss the significant differences arising between [4]-cyclo-N-pyridine-2,7-
carbazole ([4]C-Py-Cbz) and its linear counterpart, N-pyridine-2,7-tetracarbazole [4]L-Py-Cbz. This study gathers optical, 
electrochemical, structural, morphological and charge transport properties and highlights the key role played by the curvature. We 
notably show how the electronic effects of the pending pyridines differently affect the molecular orbitals energies. We have also shown 
how structural rearrangements between ground and first excited states can be at the origin of the peculiar emission of nanohoops. 
Finally, the huge difference in term of charge transport properties was discussed. Nanohoop [4]C-Py-Cbz displays a Field-Effect 
mobility in the saturated regime µFEsat  of 3.4 × 10-6 cm².V-1.s-1, six times higher than that of its linear analogue [4]L-Py-Cbz (5.7 × 10-

7 cm².V-1.s-1). However, the detailed study of the charge transport properties shows that the linear analogue forms a semi-conducting 
layer with a lower trap density, more favourable to the charge hopping processes. Theoretical calculations have provided clues on the 
origin of these differences, revealing that despite the intensity of electronic couplings is significantly in favor of [4]L-Py-Cbz, their 
highly anisotropic character renders them more sensitive to defects and disorder. This is consistent with the fact that [4]C-Py-Cbz 
displays experimentally better charge transport properties than [4]L-Py-Cbz. Such a type of structure-properties relationship study 
provides fundamental finding of interest for the future design of high-performance nanohoops.
Nanohoops represent nowadays an important research field 
worldwide.1-2 Constituted by the assembly of π−conjugated 
fragments forming a macrocycle with a cylindrical shape, 
nanohoops have fascinated chemists since the first example 
reported in 2008.3 Their curved and radially oriented π-system 
induce uncommon electronic properties4-12 and starts now to 
interest researchers involved in organic semiconductors for 
electronics. Indeed, curved materials represent a new 
generation of π-systems, which possess very specific 
properties and can be advantageously used in electronic 
devices. The first examples of incorporation in organic 
electronic devices,13 either Organic Light-Emitting Diodes 
(OLED),14-16 Organic Field-Effect Transistors (OFET),17-19 
solar cells20-21 or photodetectors21-22 have been reported in 
recent years and some finding have appeared highly promising. 
For example, a high performance red emitting phosphorescent 
OLED  using a nanohoop as host material has been reported 
very recently (external quantum efficiency EQE of 17%),15 
revealing the potential of nanohoops in organic electronics. 
These performances are particularly promising as they are 
significantly higher than those obtained with its acyclic 
analogue (EQE=11%). However, there is still plenty of 
room for improvement in terms of fundamental knowledge and 
practical electronic applications of nanohoops. In 2022, 
Stępień has discussed, through different examples, the 
properties arising from molecular curvature and how they can 
be specifically used in applications.23  In other words, what can 
do a curved material that a linear material could not? Thus, 
one of the most important targets in the field of nanohoops 
consists to well understand the difference between nanohoops 

and their linear counterparts in order to highlight the impact of 
the shape on the electronic and physical properties 
(HOMO/LUMO energy levels, absorption/emission spectra, 
decomposition and glass transition temperatures, etc). Such a 
type of study has been developed in nanohoop literature with 
different π-systems5, 14, 24-28 but very rarely includes device 
incorporation and materials properties. Thus, only a few data 
on the charge transport of nanohoops have been reported to 
date.17-19, 29-32 However, as nanohoops have recently shown 
their potential in electronic devices,15, 19, 22 studying the 
experimental behaviour of such unusual structures in devices 
appears as a relevant direction of research. Doing so, contorting 
aromatic motifs could lead to highorganic electronic 
performance, as recently shown by Nuckolls and coworkers.33 
In the present work, through a combination of experiments and 
theoretical calculations, we discuss the difference arising 
between the nanohoop [4]-cyclo-N-pyridine-2,7-carbazole 
([4]C-Py-Cbz) and its linear counterpart, N-pyridine-2,7-
tetracarbazole [4]L-Py-Cbz. The [4]cyclo-2,7-carbazole 
backbone has been investigated due to the recent advances 
showing the high efficiency of cyclocarbazoles in organic 
electronics.15, 18 We particularly discuss the significant 
difference observed in structural (supramolecular 
arrangement), electrochemical (HOMO/LUMO levels) and 
photophysical properties. The study of the charge transport 
properties has revealed that nanohoop [4]C-Py-Cbz displays a 
p-type field-effect mobility in the saturated regime µFEsat  of 3.4 
× 10-6 cm².V-1.s-1, six times higher than that of its linear 
analogue [4]L-Py-Cbz (5.7 × 10-7 cm².V-1.s-1) demonstrating 
the strength of the hoop shape in term of charge transport. 
However, the detailed studies of these charge transport and 
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surface properties have highlighted that the linear analogue 
forms a semi-conducting layer with a lower density of traps, 
more favourable to the charge hopping processes. To shed light 
on these significant differences between the linear and hoop 
shapes, we have computed, for both molecules, the electronic 
couplings and the reorganization energies at the DFT level in 
the single crystal structures. Despite significantly higher 
electronic couplings are obtained for [4]L-Py-Cbz (vs 
[4]C-Py-Cbz), their anisotropic character renders them more 
sensitive to defects and disorder. Thus, the homogeneity of the 
transfer integrals, which appears as an advantage of the hoop 
shape vs classical linear structures has been proposed as a 
credible origin of the different performance. 
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Figure 1. Molecular structures of tetracarbazole oligomers: cyclic 
[4]C-Py-Cbz (Left) and acyclic [4]L-Py-Cbz (Right). 
 
The synthesis of [4]C-Py-Cbz is previously described in 
literature,32 and the one of [4]L-Py-Cbz is presented in 
Supporting Information (Scheme S1). Both cyclic 
[4]C-Py-Cbz and acyclic [4]L-Py-Cbz are built on four 
carbazole units attached by their C2 and C7 positions (Figure 
1). These linkages are in para position of the biphenyl linkage 
and in meta position of the nitrogen atom. 

 

 
Figure 2. A. Single-crystal structures of [4]C-Py-Cbz (Top, 
CCDC n° 2265379) and [4]L-Py-Cbz (Bottom, CCDC n° 
2325120). B. Representation of the displacement angle ω showing 
the deformation of the carbazole unit 
 
The structural analysis is particularly important in the 
understanding of the electronic properties. Single crystals of 
[4]C-Py-Cbz (CCDC n° 2265379) and [4]L-Py-Cbz (CCDC 
n° 2325120) were obtained by vapor diffusion of methanol in 
concentrated solutions of dichloromethane with several drops 
of THF (Figure2). [4]C-Py-Cbz and [4]L-Py-Cbz crystallize 
in the Cc and P212121 space groups, respectively (see X-ray 
diffraction tables in the Supporting Information).  The first 
difference in term of structural arrangement is related to the 

relative orientation of the pyridine rings (Figure 2A). For 
[4]L-Py-Cbz, two adjacent pyridines are directed upwards and 
the two others downwards of the carbazole mean plane. This 
topology can be called ααββ. [4]C-Py-Cbz displays a different 
behaviour as an αβαβ topology is obtained. Indeed, this 
conformer is usually favoured during the synthesis of 
nanohoops and observed in many other examples.17-18, 24, 34  

Table 1 Structural parameters measured from 
crystallographic structures of [4]C-Py-Cbz and [4]L-Py-Cbz. 

 [4]L-Py-Cbz [4]C-Py-Cbz 

θ int (°) 
[min-max] 

3.0 
[0.5-9.0] 

2.3 
[0.0-5.8] 

θext (°) 
[min-max] 

13.1 
[5.57-17.75] 

46.4 
[39.1-51.3] 

θ (°) 
[min-max] 

8.1 
[0.5-17.8] 

24.4 
[0.0-51.3] 

ω int  (°) 
[min-max] 

1.1 
[0.3-4.0] 

6.4 
[3.0-8.9] 

ωext  (°) 
[min-max] 

1.2 
[0.7-2.3] 

7.2 
[6.3-9.3] 

ω (°) 
[min-max] 

1.1 
[0.3-4.0] 

6.8 
[3.0-9.3] 

γ (°) 
[min-max] 

42.3 
[33.7-48.1] 

36.7 
[30.9-42.0] 

Since the main features governing the specific electronic 
properties of the nanohoops are the deformation of the 
constituting units and their relative arrangement, two structural 
parameters are determined: the mean displacement angle ω, 
and the mean torsion angle θ (see definitions Fig S13-14 and 
values Tables S12-13). In π−conjugated systems, the torsion 
angle θ is an important parameter, which drives the electronic 
properties such as the HOMO and LUMO energy levels (see 
below). In nanohoop chemistry, two torsion angles should be 
determined, θ int , which is the torsion angle between two phenyl 
rings of a carbazole, and θext, which is the torsion angle 
between two phenyl rings of two neighbouring carbazoles. 
Herein, θ int  is very similar for both molecules, showing that the 
hoop shape does not induce a higher torsion within the 
carbazole fragment.  The situation is different for θext , which is 
measured as high as 46.4° for [4]C-Py-Cbz, this value being 
significantly higher than that measured for [4]L-Py-Cbz, 13.1°. 
The average torsion angles θ of [4]C-Py-Cbz and 
[4]L-Py-Cbz are measured at 24.4° and 8.1°, respectively. The 
torsion is therefore much greater in the nanohoop than in the 
linear oligomer, which in turn induces a better delocalization 
of π-electrons in the latter. This is a central notion in 
understanding electronic properties, see below. The average 
displacement angle ω corresponds to the curvature of the 
phenyl units and is also an important parameter in the structural 
characteristics of nanohoops. Indeed, unlike linear 
oligocarbazoles, the hoop shape induces a strong constraint, 
which disturbs the electronic delocalization. Thus, due to the 
nanohoop curvature, the average displacement angle ω of 
[4]C-Py-Cbz is measured as high as 6.8° whereas that of 
[4]L-Py-Cbz is measured at 1.1° (Figure 2B). Finally, it should 
be mentioned that the angle formed by the pyridine and the 
carbazole γ (42.3 vs 36.7°) is similar for both compounds and 
should not induce a significant difference between them.

A 
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Figure 3. Left part: views of the single-crystal structure of [4]L-Py-Cbz, from left to right and top to bottom, views along the b-axis (molecular 
slices in the foreground at y = 0.0, in the background and drawn in black at y = 0.5), the a-axis and the c-axis (molecular slice at z = 0; molecules 
in the foreground at x = 0.0, in the midground and drawn in dark grey at x = 0.5, in the background and drawn in black at x = 1.0), and view 
along the molecular axes (molecular slice at z = 0). Right part: views of the single-crystal structure of [4]C-Py-Cbz, from left to right and top 
to bottom, views along the b-axis (molecular slices with centroids at y = 0.0 and y = 0.2), along the normal to the (b-a)×c diagonal plane 
(molecular slice at y = x) and along the normal to a×b plane (molecular slice at z = 0.0), and view in the molecular loop plane (molecular slice 
at z = 0.0). For sake of clarity, hydrogens are not shown and the solvent molecules co-crystallized with [4]C-Py-Cbz are only displayed for 
one view.  The definition and value of the characteristic distances are given in Table 2.  

 
Table 2. Structural and self-assembly parameters for N-pyridine tetracarbazole single crystals 

[4]L-Py-Cbz a 

T = -123°C 
Orthorhombic P212121 

a = 7.8187 Å, b = 13.8355 Å, c = 43.716 Å, V = 4728.9 (Z = 4) b  

d lay Å c φ ° d Drow Å 

e 
Dmol Å f hπ  Å g ψ ° h V/Z Å3 p   Vmol Å3 q  

21.86 53.7±0.2 6.918 4.63 3.42±0.02 49.4±0.2 1182.2 1182.2  

[4]C-Py-Cbz• 2CH2Cl2  a 

T = -123°C 
Monoclinic Cc 

 a = 13.7773 Å, b = 24.331 Å, c = 17.5236 Å, β = 111.036°, V = 5482.8 (Z = 4) b 

hmol Å i φ ° j hcol Å k Dcol  Å l Dcol,row Å m Dmol Å n hCbz Å o V/Z Å3 p Vmol Å3 q  
8.178 27.0 9.18 12.527 12.166 13.980 4.35±0.02 1370.7 1206.6  

a Composition, temperature of measurement and crystal symmetry; b lattice parameters; c d lay: molecular layer periodicity; d φ: tilt angle 
of molecular rod axis from layer normal; e Drow: spacing of the molecular rows; f Dmol: molecular spacing along the rows; g hπ: π-stacking 
distance; h ψ: chevron angle of the rows; i hmol: molecular slice height; j φ: tilt angle of the molecular loops out of the lattice plane; k hcol: 
stacking distance into hollow columns, l Dcol: distance between hollow columns; m Dcol,row: spacing along the rows of hollow columns; n Dmol: 
molecular spacing along the diagonal rows of the lattice; o hCbz: carbazole nanohoop spacing along the diagonal rows of the lattice; p V/Z: cell 
volume per molecule; q Vmol = V/Z – n·VS: molecular volume after subtraction of the contribution of co-crystallized solvent molecules ([4]C-
Py-Cbz: n = 2; VS ≈ 82.06 Å3: volume of CH2Cl2 from crystal structure CSD-DCLMET10).35 

 
The supramolecular self-assembly of the two N-pyridine 
tetracarbazoles is governed by their different molecular shape 
(Figure 3, Table 2). While the lath-like linear  [4]L-Py-Cbz 
pack side by side into layers superposing in a lamellar structure, 
the loop-like cyclic analogues of [4]C-Py-Cbz stack on top 
each other by forming a supramolecular arrangement of hollow 
columns (Figure 3). For the linear system [4]L-Py-Cbz, the in-
plane structure of the layers is rectangular with two molecules 
per lattice, based on staggered rows of aligned molecules that 
are tilted from layer normal. The high tilt angle φ close to 54° 
(Table 2) allows the compact interlocking of the rows, since 
molecules are in fact not straight but S-shaped with protruding 
pyridine substituents. Along rows, the molecules stack in a face 
to face arrangement with a compact π-stacking distance hπ of 
3.42 Å and a chevron angle ψ of nearly 50°. The lamellar 
sequence involves two layers with reversed in-plane 
orientations, leading to an orthorhombic structure with four 

molecules per cell. For [4]C-Py-Cbz, the in-plane-
arrangement of the hollow columns is rectangular with two 
columns per lattice, following a staggered row arrangement 
very close to the hexagonal cylinder packing geometry (the 
lattice parameter ratio deviates from √3 by only 2%).32 The 
columns are segmented in carbazole loops and intermingled 
pyridine substituents; the molecules are tilted by φ ≈ 27° out of 
the lattice plane. This tilting leads to intercalation of the 
carbazole and pyridine segments of neighboring columns, 
which compensates their different bulkiness and ultimately 
optimizes the compacity of the supramolecular organization. 
Two molecular orientations alternate along columns, resulting 
in a monoclinic structure with four molecules per cell.  
At the end, although the oligomer organizations are 
characterized by different self-assemblies and cell geometries, 
the building principles of the structures are nevertheless 
analogue, with in particular equal numbers of rows and 
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molecular strata and molecules per cell. Both molecular 
organizations are compact, but the cell volume is 16% larger 
for [4]C-Py-Cbz due to the cavity inside the loop. However, 
co-crystallizing solvent molecules partly fill out the voids of 
this structure, reducing to 2% the excess of molecular volume 
of the (dry) cyclic oligomer. Conversely, the fact that voids are 
left by the self-assembly of [4]C-Py-Cbz but not of [4]L-Py-
Cbz is consistent with the growing of lattice solvent-containing 
crystals for the former and of solvent-free crystals for the latter. 
Regarding the self-assembly features, there is a major impact 
of shape on molecular interactions: cohesive π-stacking 
assemblies with short stacking distance for the linear 
tetracarbazole vs. reduced contact zones at hoop 
circumferences for the cyclic analogue. As a matter of fact, the 
intercalation of carbazole and pyridine segments prevents the 
carbazole interactions in the direction of hollow column rows. 
There are carbazole contacts along diagonal rows but the 
average distance between proximal rings is as high as hCbz ≈ 
4.35 Å, which exceeds the π-stacking distance of [4]L-Py-Cbz 
by 27%. As the supramolecular assembly drives the charge 
transport, one may expect, at this stage, higher mobilities for 
[4]L-Py-Cbz vs [4]C-Py-Cbz. We will show below that it will 
not be the case. 
Thanks to cyclic voltammetries (Fig S9), LUMO of 
[4]C-Py-Cbz and [4]L-Py-Cbz are evaluated at -2.38 and          
-2.30 eV, respectively. In a nanohoop, the LUMO energy level 
is usually influenced by geometric parameters induced by the 
hoop shape. This is one important characteristic of nanohoops, 
which has been rationalized by Itami and co-workers in 20129 
(the evolution of HOMO/LUMO energy levels and resulting 
gap in nanohoops has been the subject of several studies 14, 25-

26, 36). This usually provides a LUMO energy level significantly 
lowered compared to that of its linear analogue.15, 20, 37 For 
example, when the nitrogen atom of a cyclocarbazole is 
substituted with an electron donating butyl chain as in 
[4]C-Bu-Cbz, its LUMO energy level is recorded at -2.40 eV 
and that of its linear analogue [4]L-Bu-Cbz is measured 
at -2.17 eV (see structures in Fig S1 and values in Table S1).15 
Herein, the LUMO of [4]C-Py-Cbz (-2.38 eV) is almost 
identical to that of its analogue bearing a butyl chain 
[4]C-Bu-Cbz (-2.40 eV), highlighting that the effect of the 
electron accepting pyridine does not impact the LUMO, which 
is mainly driven by geometric parameters and particularly by 
the torsion angle θ as detailed in Itami’s works.9 Since θ of 
[4]C-Bu-Cbz (19°) is lower than that of [4]C-Py-Cbz (θ= 
24.4°, Table 1), the LUMO of [4]C-Bu-Cbz is expected to be 
lower compared to that of [4]C-Py-Cbz. This is a 
counterintuitive result as [4]C-Py-Cbz possesses four electron-
accepting units, which should decrease the LUMO energy. 
Herein, the electronic and geometric parameters compensate 
each others to give similar LUMO energy levels. This is a 
specificity of nanohoops and shows the importance of 
geometric parameters vs electronic parameters in this peculiar 
family of materials. This result is strengthened by the different 
trend obtained for linear derivatives. Indeed, in [4]L-Py-Cbz, 
the electron-withdrawing effect of the pyridine classically 
decreases the LUMO energy level compared to that of its butyl 
analogue [4]L-Bu-Cbz (-2.30 vs -2.17 eV). Thus, the electron-
donating/accepting effects of the carbazole substituents differ 
from linear to hoop structures, providing different rules of 
molecular design. Similarly, the cyclic voltammetry of [4]C-
Py-Cbz provides a HOMO level of -5.38 eV, significantly 
lower than that of [4]C-Bu-Cbz: -5.18 eV. In this case, both 
geometrical and electronic parameters induce similar effects on 

the HOMO energy levels. Indeed, the higher torsional angle θ 
(24.4 vs 19.1°) and lower displacement angle ω (6.8 vs 7.1°) of 
[4]C-Py-Cbz vs [4]C-Bu-Cbz (geometric parameters) coupled 
to the electron-accepting effect of the pyridine (electronic 
parameter) all induce a decrease of the HOMO level 
([4]C-Py-Cbz: -5.38 eV / [4]C-Bu-Cbz: -5.18 eV). Note that 
quantum chemical calculations show nevertheless that the 
pyridine is not involved in the HOMO delocalization. 
Table 3 Physico-chemical properties of [4]C-Py-Cbz and 
[4]L-Py-Cbz. 

 [4]C-Py-Cbz [4]L-Py-Cbz 
λabssol[nm]a 335, 305, 256 361, 301, 258 

λabsfilm [nm]b 339, 264 379, 310, 260 
λem fluosol [nm]a 

(λexc) 490 (340) 403, 425 
(310) 

λem fluo film [nm] 

(λexc)b 
490 (350) 445 (350) 

QYsol c 0.18 0.57 
QYfilm d 0.11 0.32 

τs [ns] (λem) 7.1 (490) <1 (403) 
kr (×108) [s−1] 0.25 >5.7 

krnr (×108) [s−1] 1.2 >4.3 

Eox (eV)e,g 1.08, 1.5, 1.7, 
2.28 

0.78, 0.89, 
1.22, 1.77  

Ered (eV) f,h -2.17, -2.62 -2.34, -2.60,   
-2.85 

HOMO (eV) g -5.38 - 
LUMO (eV)g -2.38 -2.30 
HOMO (eV)h -5.56 -5.71 
HOMO (eV)i -5.15 -5.41 
LUMO (eV)i -1.87 -1.77 
ΔEEL (eV)j 3.00 - 
ΔE theo (eV)j 3.28 3.64 

a. in CH2Cl2 b. in thin solid film prepared from a THF solution (1 
mg/mL), c. measured with quinine sulfate in 1 N H2SO4 as 
reference, d. measured with an integrated sphere using [4]cyclo-N-
butyl-2,7-carbazole [4]C-Bu-Cbz as reference, e. in CH2Cl2 f. in 
DMF g. from electrochemical data h. by Ultraviolet photoelectronic 
spectroscopy in thin solid film prepared from a CHCl3 solution i. 
from TD-DFT B3LYP/6-311+G(d,p) j. |HOMO-LUMO|. 
 
If the cyclic voltammetry of [4]C-Py-Cbz was in accordance 
with those of other cyclocarbazoles,18 that of [4]L-Py-Cbz was 
unusual signing adsorption processes (Figure S10). Ultraviolet 
photoelectronic spectroscopy (UPS) has then been carried out 
to measure the HOMO energy levels of both compounds. In the 
solid state, [4]C-Py-Cbz and [4]L-Py-Cbz respectively 
present a HOMO level of -5.56 eV and -5.71 eV (See Figure 
S12).  The HOMO of [4]L-Py-Cbz is therefore lower than that 
of [4]C-Py-Cbz in accordance with the theoretical study of 
Itami on CPPs9 and other previous works.18 This is also in 
accordance with the results obtained by theoretical calculations 
(-5.15 and -5.41 eV for [4]C-Py-Cbz and [4]L-Py-Cbz). 
The optical characteristics of [4]C-Py-Cbz and [4]L-Py-
Cbz are detailed in Figure 4. In solution, [4]C-Py-Cbz 
displays a classical UV-vis absorption profile with three 
maxima at 256, 305 and 335 nm. The theoretically forbidden 
HOMO→LUMO transition, signature of nanohoops, is also 
observed between 375 and 425 nm (Figure 4, Top). The main 
band is predicted at 360 nm (H-4→LUMO and H-5→LUMO, 
see time-dependent density-functional theory, TD-DFT, 
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analysis in Figure 4, bottom) and theoretically estimated at 447 
nm. The shoulder experimentally detected at 361 and simulated 
at 371-372 nm is assigned to two transitions each involving two  
gf _èmain contributions: H-1→LUMO, HOMO→L+1, 
H-2→LUMO, and HOMO→L+2. The linear counterpart [4]L-
Py-Cbz displays a very different profile with a red shifted 
spectrum displaying three main bands at 258, 301 and 361 nm. 
The principal difference with the nanohoop arises from the 
main band, which is assigned to a HOMO→LUMO transition 
with a very high oscillator strength of 2.45, as classically 
observed in linear π-conjugated systems. Thus, the 
HOMO→LUMO transition of [4]L-Py-Cbz is detected at a 
lower wavelength than that of [4]C-Py-Cbz, implying a shorter 
HOMO/LUMO gap for the later, in accordance with 
electrochemical measurements.   
In emission spectroscopy, the curvature effect leads to an 
impressive red shift of 87 nm, [4]L-Py-Cbz being a blue 
emitter (λ= 403 nm) whereas [4]C-Py-Cbz is a green emitter 
(λ= 490 nm). The different shape of the two spectra, structured 
for [4]L-Py-Cbz as classically observed for bridged 
oligophenyls,38 and unresolved for [4]C-Py-Cbz, as classically 
observed for nanohoops, can be tentatively related to structural 

features. Indeed, in the case of [4]L-Py-Cbz, in the first excited 
state S1, the bonds linking the carbazoles are shortened 
compared to ground state S0 and the torsion angles between 
them are reduced as well (Figure 5, right) according to 
theoretical calculations, leading hence to a more planar 
conformation and a structured spectrum.39-40 However, the 
reduction of the dihedral angles is less pronounced in the case 
of [4]C-Py-Cbz potentially due to the hoop strain (Figure 5, 
left). This is an interesting characteristic, which can be at the 
origin of the peculiar emission of nanohoops. The fluorescence 
decay curve provides a single lifetime of 7.1 ns for 
[4]C-Py-Cbz (Figure S1), which is noticeably longer than the 
corresponding lifetime, below 1 ns, estimated for [4]L-Py-Cbz 
(Figure S2). Thus, the radiative rate constant (kr) of [4]C-Py-
Cbz was calculated to be 0.25 × 10-8 s−1, which is significantly 
lower than that evaluated for [4]L-Py-Cbz (>5.7 × 10-8 s−1). As 
kr is related to the oscillator strength and the energy of the 
transition,41 this difference can be correlated to these two 
parameters. The strong difference observed in term of 
oscillator strength appears particularly significant and also 
explain the different quantum yield values, around 3 times 
higher for [4]L-Py-Cbz (0.57 vs 0.18). 
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Figure 4. [4]C-Py-Cbz and [4]L-Py-Cbz. Top: Absorption (dash) and emission (full) spectra in cyclohexane (left, λexc = 310 nm for 
[4]L-Py-Cbz and λexc = 350 nm for [4]C-Py-Cbz) and in thin film (middle, λexc = 360 nm for [4]L-Py-Cbz and λexc = 340 nm for [4]C-
Py-Cbz). Normalized emission and delayed emission at 77 K, in 2-Me-THF, of [4]C-Py-Cbz (red lines, λexc = 400 nm for both) and of 
[4]L-Py-Cbz (black lines, λexc= 350 and 400 nm respectively). Bottom: Representation of the energy levels and the main molecular orbitals 
involved in the electronic transitions obtained by TD-DFT, B3LYP/6–311+G(d,p), shown with an isovalue of 0.02 [ebohr−3]1/2.  
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Figure 5. Optimized geometries (B3LYP/6-31+g(d)): S0 (ground 
state, bottom) and S1 (first singlet excited state, top) of [4]C-Py-
Cbz (left) and [4]L-Py-Cbz (right). On each structure, in the S0 
and S1 states, the modelized mean torsion angle θextbetween the 
carbazoles and the length of the C-C bond linking two carbazoles 
are presented. 
 
Thin films have been prepared from a THF solution (1 mg/mL) 
and spin-coated on quartz. [4]C-Py-Cbz presents a similar 
absorption spectrum as that recorded in solution with only a 
very short bathochromic shift of 4 nm. In emission, the 
difference between solution and film is also small (6 nm). This 
is the consequence of isolated chromophores displaying weak 
intermolecular interactions in the solid state as revealed in the 
structural analysis presented above. For linear derivative 
[4]L-Py-Cbz, in which stronger intermolecular interactions 
were detected, both absorption and emission spectra were 
broader and red shifted (ca 20 nm in absorption and 40 in 
emission) compared to their solution spectra. For both 
molecules, the absolute quantum yield is divided by ca 1.7 
(0.32 for [4]L-Py-Cbz and 0.11 for [4]C-Py-Cbz). Thus, the 
different supramolecular arrangements have strong 
implications for the thin film optical properties. 

Figure 6. [4]C-Py-Cbz and [4]L-Py-Cbz Top: 2D ( 500 ×
500 nm2) AFM images of semiconducting layer deposited under 
vacuum on SU8 insulating layer, Middle:  Transfer characteristics 
in linear (Left) and saturated (Right) regimes. Bottom. Threshold 
voltage behavior under gate bias stress (VGSstress = -20 V, VDSstress 

= -10 V) (Left) and Arrhenius plots of FE mobility ln(μFE) as a 
function of 1000/T (Right). 

Finally, the charge transport properties were studied thanks to 
the electrical characterization of OFET devices fabricated with 
[4]L-Py-Cbz and [4]C-Py-Cbz as semi-conducting layer. 
Despite some theoretical works have predicted high mobilities 
for nanohoops, showing the importance, for example, of 
reorganization energies42-44 the number of experimental works 
remain very scarce in the field.17-19, 29-32 
The architecture of the OFET is provided in Fig S14 and has 
been previously reported.45 Tetracarbazoles [4]C-Py-Cbz and 
[4]L-Py-Cbz present field effect (FE) mobilities in the 
saturated regime µFEsat  (VDS = - 100 V) of 3.4 × 10-6 cm².V-1.s-

1 and 5.7 × 10-7 cm².V-1.s-1 respectively (Figure 6, middle-right). 
Thus, the hoop shape found in [4]C-Py-Cbz appears to favor 
the charge transport and leads to a µFEsat 6 times higher than 
that of its linear analogue. As far as we know, such difference 
between a nanohoop and its linear analogue has never been 
discussed. This concept of ‘cyclic vs acyclic’ molecular 
structures in organic electronics has been the subject of several 
studies in recent years as it can be an important feature in the 
development of curved molecules.15 Nuckolls and coworkers 
have shown, for example, that macrocycles based on 
perylenediimide fragment can be more efficient than their 
corresponding linear structures in organic solar cells.20-21  
In the light of these promising results, other characteristics of 
the OFET were investigated. FE mobilities in the linear regime, 
µFElin, is an important data, which oppositely to µFESat , provides 
information on the trap density in the semi-conducting layer. 
µFELin was measured at 7 × 10-7 cm².V-1.s-1 for [4]C-Py-Cbz 
and at 2.8 × 10-7 cm².V-1.s-1 for [4]L-Py-Cbz (Figure 6, middle-
left). Thus, even in the linear regime, the mobility of 
[4]C-Py-Cbz remains higher than that of [4]L-Py-Cbz. 
However, µFElin appears to be less affected by the traps in the 
case of [4]L-Py-Cbz, highlighting a higher trap density for 
[4]C-Py-Cbz. To evaluate the capability of the materials to 
accumulate charges at the semi-conducting/insulator interface, 
subthreshold slope (SS) is an interesting data as it reflects 
notably the organization of the layer. The SS obtained confirm 
the values of µFElin discussed above as [4]C-Py-Cbz possesses 
a SS of 3.4 V/dec, twice that measured for [4]L-Py-Cbz 1.7 
V/dec. 
AFM studies have also been performed directly on the OFET 
device (Figure 6, top). The root mean square roughness Rq of 
the surface is respectively measured at 0.65 and 0.98 nm for 
[4]L-Py-Cbz and [4]C-Py-Cbz, thus translating a smooth 
morphology (Table S17). The difference observed is in 
accordance with the SS presented above and also with the 
smaller difference measured between µFElin and µFEsat  in the 
case of [4]L-Py-Cbz. All these differences are the 
consequences of the different molecular arrangements of the 
two tetracarbazoles. 
Electrical stress, using the gate bias stress protocol, has been 
finally carried out. A stretched exponential model has been 
applied to evaluate the structural trap effect on the electrical 
stability of OFETs (Figure 6, bottom-left). ΔVTHmax, maximum 
threshold voltage shift under unlimited stress, β, average 
deepness of level energy of traps and t0, time for a carrier to be 
trapped, have been measured. These three parameters are in 
favor of a better layer organization for [4]L-Py-Cbz than for 
[4]C-Py-Cbz. For [4]C-Py-Cbz (t0 = 0.32 × 103 s), the carriers 
are significantly more quickly trapped than for [4]L-Py-Cbz 
(t0 = 7.9 × 103 s). The maximum threshold voltage shift is also 
higher for [4]C-Py-Cbz (ΔVTHmax=13.4 V) than for 
[4]L-Py-Cbz (ΔVTHmax=8.2 V). The energy level of traps into 
the [4]C-Py-Cbz layer (β = 0.63) is also deeper than for 
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[4]L-Py-Cbz (β = 0.58). It has been proposed, since the 
development of nanohoops, that the lack of ends in such cyclic 
molecules, as opposed to the linear materials, may be beneficial 
for charge carrier as it may eliminate structural defects that can 
cause charge traps.20, 22, 43 We show herein that this statement 
should be tempered. If [4]C-Py-Cbz displays indeed a higher 
saturated mobility than its linear analogue [4]L-Py-Cbz, it also 
possesses more traps. The origin of the higher mobility should 
then be unraveled.  
Measurements of µFElin as a function of temperature lead to an 
evaluation of the activation energy (Ea), Figure 6, bottom-right. 
In the hopping regime, the conduction takes place via carrier 
jumps between localized states and the Marcus theory 
describes the transfer rate.46 For a hopping process, Ea is given 
by Ea = (∆E + λ)2/4λ, with ∆E  = Ef – Ei the difference 
between the final and initial site energies (energetic disorder) 
and λ the internal reorganization energy (driven by the 
geometric changes in the molecule when going from the neutral 
to the charged state and vice versa, see below).47  For both 
molecules, µFElin evolves linearly with the inverse of the 
temperature (1000/T). The activation energy calculated for 
[4]C-Py-Cbz appears to be higher than that of [4]L-Py-Cbz 
(369 vs 347 meV) indicating that the linear shape of [4]L-Py-
Cbz favours the hopping process. In term of stability, it is 
important to mention that both OFETs constructed either with 
[4]L-Py-Cbz or [4]C-Py-Cbz display an excellent stability 
with no modification of the mobility after 6 months (Figure 
S16). This is particularly interesting in the case of [4]C-Py-
Cbz, as there is almost no study reported to date regarding the 
stability of nanohoops in electronic devices.  

At this stage, the contribution of theoretical calculations 
appeared essential to unravel the origin of the different charge 
transport properties. Two key molecular parameters are 
decisive to gain a good understanding of the charge transport: 
the internal reorganization energy λ and the electronic coupling 
between adjacent molecules.48 

The internal reorganization energy has been calculated 
here with the traditional four-point method47 from gas-phase 
geometries at the DFT level using the M06-2X  functional 
(used herein in accordance with our previous work),19 and a 6-
31G** basis set. Doing so, we obtain λ values of 338 and 370 
meV for [4]L-Py-Cbz and [4]C-Py-Cbz respectively. Thus, 
the reorganization energy calculated for [4]C-Py-Cbz appears 
to be higher than that of [4]L-Py-Cbz. For [4]C-Py-Cbz, the 
torsion angle θext  between the carbazole units is changing from 
41° to 33° approximately when going from the neutral to the 
cation form respectively, while the angle between the 
carbazole and the pyridine (γ) is not changing significantly. For 
[4]L-Py-Cbz, θext  is shifting from 35° (neutral form) to 28° 
(cation form) on average. Despite the fact that the variation of 
the torsion angle is very similar in absolute value, the 
difference in the reorganization energies primarily 
demonstrates that the energy costs are higher when dealing 
with larger torsion angle values. Note, however, that the value 
of 35° for [4]L-Py-Cbz corresponds to the dihedral angle of 
the neutral molecule in gas phase, which is reduced down to 
13° in the crystal, i.e., closer to the value characteristic of the 
charged state. If we repeat the calculations by freezing the 
torsion angle to this value of 13°, the reorganization energy is 
then lowered to 281 meV. It seems then that [4]L-Py-Cbz is 
more influenced by packing effects than its cyclic counterpart 
[4]C-Py-Cbz. Hole transport is thus clearly favored in linear 
[4]L-Py-Cbz based on this parameter. 

We now turn to the transfer integrals reflecting the strength of 
the electronic coupling between the HOMO of adjacent 
molecules. They are computed from the crystalline structures 
at the DFT Theory level within a fragment approach49 using the 
B3LYP function and a DZ basis set, as implemented in the 
ADF (Amsterdam Density Functional) package. In the case of 
[4]C-Py-Cbz, the largest transfer integrals on the order of 19 
meV are found along one-dimensional columns highlighted in 
Figure 7-top; smaller transfer integrals around 7-8 meV are 
also computed between adjacent columns. For [4]L-Py-Cbz, 
there is one favored stacking direction promoting a huge 
transfer integral (141 meV, Figure 7-bottom) and much less 
efficient transport pathways between adjacent stacks with 
electronic couplings around 7-8 meV.

 
 

 
Figure 7. Transport direction yielding the highest transfer 
integrals in the crystalline structure of [4]C-Py-Cbz (top) and 
[4]L-Py-Cbz (bottom). 
Based on these results, we can now reach some relevant 
conclusions about the hole transport properties in the two 
compounds. For [4]C-Py-Cbz, the amplitude of the hole 
transfer integrals is much smaller than the reorganization 
energy, implying that the transport will mostly operate within 
the hopping regime. On the basis of the experimentally 
estimated activation energies Ea (see above) and the calculated 
reorganization energies λ, the Marcus expression for the 
activation barrier allows us to estimate the average energetic 
disorder ∆E=363 meV in [4]C-Py-Cbz. For the linear analogue 
[4]L-Py-Cbz, the transport does not operate most likely in a 
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pure hopping regime since the transfer integral is not much 
smaller than the reorganization energy along the main transport 
direction, which suggests that the charges are likely 
delocalized over several molecules in the stacks. 
 
In [4]C-Py-Cbz, the key feature for an efficient transport is the 
rather isotropic character of the electronic couplings when 
comparing the values within the columns and between 
columns.50 This implies that there is an almost similar 
probability to move in different directions, which is very useful 
to cope with energetic disorder or the presence of defects. In 
contrast, in [4]L-Py-Cbz, the high spatial anisotropy of the 
electronic couplings is highly detrimental since it makes the 
transport between stacks much less probable; this imparts a 
strong one-dimensional character to the transport which 
becomes much more sensitive to defects and disorder. This 
analysis is fully consistent with the fact that [4]C-Py-Cbz 
displays experimentally better charge transport properties than 
[4]L-Py-Cbz. 
 
Conclusion 
To conclude, we report in this work the key effect played by 
the molecular curvature on the electronic, structural and charge 
transport properties of two tetracarbazoles, one with a hoop 
shape ([4]C-Py-Cbz), the other with a linear shape 
([4]L-Py-Cbz). These different shapes lead to crystalline 
structures based on self-assembly into hollow columns and 
compact layers, respectively. Despite the substantially higher 
density and shorter distance between carbazole units in the 
[4]L-Py-Cbz structure, the charge transport was better for 
[4]C-Py-Cbz, in relation with the impact of the hoop shape on 
molecular properties. Cyclic voltammetries have notably 
revealed how the electronic effects of substituents differently 
affect the molecular orbitals energies. This is particularly 
relevant for further design rules. We have also shown how 
structural rearangements between ground and first excited 
states can be at the origin of the peculiar emission spectra of 
nanohoops. Finally, the different charge transport 
characteristics were particularly highlighted. The FE mobility 
in the saturated regime µFEsat  of [4]C-Py-Cbz was measured at 
3.4 × 10-6 cm².V-1.s-1, six times higher than that of its linear 
analogue [4]L-Py-Cbz (5.7 × 10-7 cm².V-1.s-1). However, 
studying in details the charge transport reveals that the linear 
analogue  displays a lower trap density, a priori more 
favourable to the charge transport. Despite the fact that the 
intensity of electronic couplings is significantly in favor of the 
linear analogue [4]L-Py-Cbz, their anisotropic character 
renders them more sensitive to defects and disorder. This not 
only explains the higher mobilities measured for [4]C-Py-Cbz 
vs [4]L-Py-Cbz but may also appear as an interesting 
caracteristic, which can be further used in the future. The 
rational design of nanohoops for electronic applications is 
indeed now the next barrier to lift in this field in order to reach 
specific properties, which will translate in high performance 
devices. In this context, as presented in this study, we are 
convinced that the structures, the properties, the theoretical 
data and the device performance should be all connected in 
order to gain insights in the understanding of nanohoop 
performance.  
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