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Abstract: Macrocycles possessing radially oriented orbitals have experienced a fantastic development in the last ten years. However, their incorporation in organic electronic devices remains very scarce. In this work, we aim at bridging the gap between organic electronics and nanorings by reporting the first detailed structure-properties-device performance relationship study of organic functional materials based on a nanoring system. Three [4]cyclo-N-alkyl-2,7-carbazoles bearing different alkyl chains on their nitrogen atoms have been synthesized and characterized by combined experimental and theoretical approaches. This study includes electrochemical, photophysical, thermal and structural solid-state measurements and charge transport properties investigations. An optimized protocol of the Pt approach has particularly been developed to synthesize the cyclocarbazoles in very high yield (52-64%), of great interest for further development of nanorings especially in materials science. As the supramolecular arrangement can be tuned by the chain borne by the nitrogen atom, the consequences on the solid state properties of the nanorings are important. The charge transport properties of cyclocarbazoles and a model compound [8]CPP have been studied upon incorporation in both p-type organic field effect transistors (OFET) and space-charge-limited current (SCLC) devices in order to precisely study the in-plane and out-of-plane mobilities of the charge carriers, respectively. Although no field effect (FE) mobility was recorded for benchmark [8]CPP, FE mobility values of ca 10-5 cm².V-1.s-1 were recorded for the cyclocarbazoles. The characteristics (threshold voltage VTH, subthreshold swing SS, trapping energy E) recorded for the three cyclocarbazoles appear to be modulated by the alkyl chain length borne by the nitrogen atoms. Remarkably, the SCLC mobilities measured for the cyclocarbazoles are about 3 orders of magnitude higher than that of [8]CPP (1.37/ 2.78 × 10-4 for the cyclocarbazoles vs 1.21 × 10‑7 cm².V-1.s-1 for [8]CPP) highlighting the strong effect of nitrogen bridges on the charge transport properties. These results have been contrasted by computing the electronic couplings between the nanorings at the Density Functional Theory (DFT) level in the single crystal structures as well as the associated thermally induced fluctuations. The whole study opens the way to the use of nanorings in electronics, which is now the next step of their developments.

Introduction
Since their discoveries in 2008,1 hoop-shaped π-conjugated macrocycles, i.e. nanorings, have attracted a considerable attention worldwide due to their uncommon electronic properties arising from the radially distributed π-conjugation.2-7 Since then, various directions have already been taken to explore the potential of these fascinating molecular structures. These studies have mainly focused on the influence of the nanoring size and of the building units on the structural, electronic and chiral properties.3-14 As recently reviewed by Jasti and coworkers,15 nanorings can cover a broad range of applications including imaging tools in biology,16 complexing agent for single-walled carbon nanotubes17 or fullerenes,18-20 carbon-based porous material,21-22 solid state emitters,11, 23-24  or spin crossover compounds.25
Molecular nanorings are now considered for their potential applications in organic electronics.15 However, despite several theoretical reports published,26-29 only a few experimental data are yet available, essentially due to the difficulty to reach sufficient amount of nanorings for device incorporation. In early 2019, Houk and coworkers,26-28 and Negri and coworkers29 have predicted through a theoretical approach the strong potential of cyclo-para-phenylenes (CPPs), the flagship family of nanorings, and of Donor-Acceptor CPPs as high mobility materials. Indeed, CPPs display strong intermolecular interactions in the solid state, reminiscent to those found in fullerenes and carbon nanotubes, which can favor charge migration, resulting in high efficiency materials for electronics. However, despite the fantastic development of organic electronics in the last twenty years,30-31 the gap between nanorings and this field remains huge.32-33 For example, there is almost no available experimental data on charge carrier mobility of nanorings, which is a central notion in organic electronics34 for the three main types of devices, namely Organic Light-Emitting Diodes (OLED),  Field-Effect Transistors (OFET) and solar cells. As far as we are aware, the literature only reports two examples. The first one has been reported in 2017 by Yamago and coworkers,35 with a 10-CPP nanoring bearing butoxy chains. An electron mobility value of 4.5 × 10-6 cm2.V−1.s-1 was measured in an electron-only device using the space-charge-limited current (SCLC) technique. In 2019, the first incorporation of a nanoring as active layer in a p-type channel OFET has also been performed.36 The field effect (FE) mobility extracted, 1.1×10‑5 cm2.V-1.s-1 has demonstrated that nanorings can be used in such devices, enlarging the molecular diversity of organic semiconductors (OSC). The corresponding OFET has displayed interesting characteristics such as a particularly low Subthreshold Swing (SS) of 2.2 V dec-1. However, there is still a long way to go in terms of device efficiency and fundamental knowledge in this field.
In the present work based on a dual experimental and theoretical approach, we report on the very first detailed structure-properties relationship study of a nanoring series including their charge transport properties in both SCLC and OFET electronic devices. We describe the electrochemical, photophysical, thermal and structural properties of a series of nanorings made with four carbazole units linked at their para positions C2 and C7, namely [4]cyclo-N-alkyl-2,7-carbazoles. The alkyl chain length borne by the nitrogen atom has been systematically modified, i.e. [4]C-Et-Cbz, [4]C-Bu-Cbz and [4]C-Hex-Cbz, with ethyl, butyl and hexyl groups, respectively (Chart 1 top), in order to investigate the impact on the electronic and physical properties. Chain length engineering is indeed a well-known molecular design technique widely used in organic electronics to adjust both the properties in the solid state and the processability to improve the device performances.37-38 In the present cyclocarbazoles, the chain has a significant impact on some physico-chemical properties while others are kept unchanged.
[bookmark: _Hlk64623943]Furthermore, we present here an optimized synthetic approach of cyclocarbazoles, whose global yield has been increased eightfold as compared to the first synthesis published in 2016 by Yamago and coworkers (yield of 6% for a N-methyl-substituted cyclocarbazole from 2,7-dibromo-N-methylcarbazole).39 In this emerging field of nanorings, the synthesis is obviously a crucial concern and particularly if an application is envisaged. Two model compounds ─ the unbridged [8]-cycloparaphenylene [8]CPP and the carbon‑bridged [4]cyclo-9,9-diethyl-2,7-fluorene [4]C-diEt-F23 analogues (Chart 1 Bottom) ─ were also studied in order to compare the impact of the presence and the nature of the bridge on the electronic and photophysical properties.

Chart 1. Nanorings investigated in this work.
The cyclocarbazoles and corresponding model [8]CPP have finally been incorporated as active layer in both p-type OFET and SCLC devices in order to study the mobility of the charge carriers in-plane and out-of-plane. Interestingly, no FE mobility was recorded for benchmark [8]CPP while a FE mobility value of ca 10‑5 cm².V-1.s-1 was recorded for the three cyclocarbazoles. A very low SS of 0.89 V.dec-1 was interestingly measured for [4]C-Bu-Cbz, highlighting the promising behavior of this molecule. In addition, the OFET characteristics (Threshold voltage VTH, trapping energy E…) recorded for the three cyclocarbazoles appear to be modulated by the alkyl chain length. Remarkably, the SCLC mobility measured for the cyclocarbazoles are ca 3 orders of magnitude higher than that of [8]CPP (1.37/ 2.78 × 10-4 cm².V-1.s-1 for the cyclocarbazoles vs 1.21 × 10-7 cm².V-1.s-1 for [8]CPP). These results have been contrasted by computing the electronic couplings between the nanorings at the DFT level in the single crystal structures as well as the associated thermally induced fluctuations. This study sheds light on the molecular and supramolecular parameters, which influence the charge transport in nanorings and shows how it can be significantly tuned by the nature of the building unit. 
Results and discussion
Synthetic investigations


Scheme 1. Synthesis of [4]cyclo-N-alkyl-2,7-carbazoles: [4]C-Et-Cbz, [4]C-Bu-Cbz and [4]C-Hex-Cbz.
[4]C-Et-Cbz, [4]C-Bu-Cbz and [4]C-Hex-CBz were synthesized following the ‘Pt approach’ initially developed by Yamago and coworkers in 2010.40 In a first attempt, [4]C-Et-Cbz was obtained with a relatively low yield of 6% from the bis(pinacolato)diboron carbazole 3a in two steps: i) the transmetallation step (Pt(cod)Cl2/CsF at the reflux of THF for 24 h) to form the tetraplatinum intermediate 4a, followed by ii) the reductive elimination step (P(Ph)3 in toluene 30 min at RT and then 24 h at the reflux). First, the reductive elimination step has been studied. Switching from the reflux of toluene to the reflux of o-dichlorobenzene (o-DCB) and from 24 to 48 h allow to significantly improve the yield from 6% to 25% (see Table S1). Isobe and coworkers have previously noted the positive impact of o-DCB on the reaction yield in the case of cyclonaphthylene nanohoops.41 Since the reductive elimination step is unfavoured by the strain energy, it can be helped by increasing both the temperature and reaction time. These conditions have been applied to the two other nanorings investigated herein and have allowed to isolate both [4]C-Bu-Cbz (from 3b) and [4]C-Hex-CBz (from 3c) with identical yields (ca 25/24%). This not only shows the versatility of these experimental conditions but also highlights that the alkyl chain length does not have any impact on the reaction yield. A different result has been recently reported for structurally related fluorene nanorings, for which the alkyl chain borne by the bridge has a significant impact on the reaction yield.14 
The transmetallation step has also been studied as a function of the reaction solvent. In the above mentioned experimental conditions, THF was used, as commonly found in literature. Herein, four other solvents (with a different polarity) have been studied for [4]C-Bu-Cbz, namely dimethylformamide (DMF), 1,1,2,2-tetrachloroethane (TCE), carbon tetrachloride (CCl4) and 1,2-dichloroethane (DCE). Keeping the optimized elimination step described above (o-DCB, 180°C, 48h), the yields appeared to be drastically different. Both CCl4 and TCE led to very low yield below 1%, whereas DMF provided a modest yield of 9%. Remarkably, DCE provided a very high yield of 60%. It is clear that this reaction is highly sensitive to the characteristic of the solvent used (boiling point, polarity etc…) but the link between the different parameters is not unraveled to date. Additional mechanistic studies should be performed to finely investigate these solvent effects, which are undoubtedly crucial in this approach.
Finally, the three nanorings [4]C-Et-Cbz, [4]C-Bu-Cbz and [4]C-Hex-Cbz were synthesized using these optimized conditions in 64, 60 and 52% yield respectively from their corresponding bis(pinacolato)diboron carbazole derivatives (i. Pt(cod)Cl2/CsF in DCE at 70°C for 24h, ii. (P(Ph)3 in o-DCB at RT for 1h and at 180°C for 48 h), giving an overall yield for the formation of the present [4]-cyclocarbazoles of ca 47% from 2a, 2b and 2c, corresponding to an eightfold increase as compared to the protocol described by Yamago and coworkers via a distanylated carbazole (yield of 6% from the dibrominated precusor).42 This high yield procedure is promising and represents a first important step in order to reach sufficient amounts of cyclocarbazoles for incorporation in electronic devices.
Structural Properties
Molecular Structures of [4]C-Et-Cbz (CCDC 1893079), [4]C-Bu-Cbz (CCDC 2055214) and [4]C-Hex-Cbz (CCDC 2055215) were revealed by X-ray diffraction on single crystals (Figure 1). The three carbazole nanorings reveal the alternated  conformation in accordance with the NMR data (See figure S1-6). This conformation is consistent with that obtained with other bridged-CPPs.14, 23, 36
[image: D:\flucas\Desktop\publications thèse\4CPCbz_OFET_SCLC\version final\single cristal structure_VF.png]
[bookmark: _Ref67562773]Figure 1. Single crystal structures of cyclocarbazoles and of their related analogues [8]CPP (CCDC 871414) and carbon-bridged [4]C-diEt-F (CCDC 1580867).
Single crystals of [4]C-Et-Cbz and [4]C-Hex-Cbz were obtained by vapor diffusion of hexane in concentrated solution of chloroform, while for [4]C-Bu-Cbz they were obtained from hot saturated solution of toluene. [4]C-Et-Cbz, [4]C-Bu-Cbz and [4]C-Hex-Cbz crystallize in C2/c, P212121 and Cm space groups respectively (see X-ray diffraction tables in SI). [4]C-Et-Cbz crystallizes with a molecule of chloroform outside of the nanoring cavity, with which there is no apparent interaction. [4]C-Bu-Cbz co-crystallise with two molecules of toluene one trapped into its cavity and the other outside, implying that there are some interactions occurring. 
Since the main factors regarding the origin of the specific electronic properties of the nanorings are the deformation of the constituting units and their relative arrangement, three structural parameters should be considered: the cavity axes and the mean diameter Ø, the mean torsion angle  and the mean displacement angle  (see definitions and detailed calculations in SI).
[4]C-Et-Cbz, [4]C-Bu-Cbz and [4]C-Hex-Cbz possess a mean diameter of ca 10.9 Å, with minimal C-C axes of 10.5, 10.7 and 10.5 Å respectively, and,  maximal C-C axes of 11.2 Å for [4]C-Et-Cbz and [4]C-Hex-Cbz and 11.1 Å for [4]C-Bu-Cbz (Table 1, Figure S7), thus forming less distorted ellipsoidal nanorings than [8]CPP (minimal C-C axis of 10.3 Å and maximal C-C axis of 11.7 Å). [4]C-diEt-F forms a perfect cylinder with a diameter of 11.0 Å (Figure 1 and S7). Going from [8]CPP to [4]C-Et-Cbz, a decrease in the maximal C-C axis is induced, whereas an increase in the minimal C-C axis (to a lesser extent) is observed. This is related to shorter biphenyl bonds on average for [4]C-Et-Cbz (1.46 Å) than for [8]CPP (1.49 Å), Figure S8. However, when comparing [4]C-Et-Cbz and [4]C-diEt-F, nitrogen bridges do not generate a perfect cylinder in contrast to carbon bridges, as a result of the substitution of the bridge. Indeed, in the case of [4]C-diEt-F, it has been shown that there are four among the eight alkyl chains which are directed towards the centre of the cavity and which drive the shape of the ring.23 In [4]C-Et-Cbz, the pyramidal nitrogen bridges lead to a different situation, with only one chain diving within the ring, leading therefore to a distorted ring. As we will see below, this structural characteristic has an impact on the photophysical properties. Finally, increasing the alkyl chain length borne by the nitrogen bridges does not significantly impact the shape of the carbazole nanoring.
In nanoring chemistry, the mean torsion angle  between adjacent carbazole rings is an important parameter driving the electronic properties. [4]C-Et-Cbz, [4]C-Bu-Cbz and [4]C-Hex-Cbz present a of 20.7, 19.0 and 20.3° respectively whereas those of [8]CPP and [4]C-diEt-F are recorded at 24.3 and 20.8° respectively (Table 1). Thus, bridging [8]CPP with nitrogen ([4]C-Et-Cbz) or carbon atoms ([4]C-diEt-F) leads to a similar decrease of , i.e. by 3.6 and 3.5° respectively. This shows that  is more impacted by the presence of bridges than by their nature. The alkyl chain length has also an impact on . The smallest was found for [4]C-Bu-Cbz and the largest for [4]C-Et-Cbz. At first glance, this behavior (the largest  observed for the shortest chain) may be surprising, but the same was observed for 4-cyclofluorenes,14, 23, 32  and assigned to steric hindrance of alkyl chains that forces the alignment of the constituting units. 

[image: ]Figure 2. Views of the single-crystal structure of : [4]C-Hex-Cbz. from left to right, view along c-axis, b-axis (molecular slice at y = 0.0), b-axis (with molecular slice in background drawn in black, y = 0.5), and a-axis (with the molecules in background drawn in black, x = 0.5); [4]C-Et-Cbz, from left to right, view along c-axis (molecular slice at z = 0.15), a-axis (molecular slice from x = 0.0 to x=0.5 (molecules with centroids at x = 0.15 and x = 0.35), a-axis (entire cell with molecular slice in background drawn in black, x = 0.5 to 1.0), and b-axis; [4]C-Bu-Cbz, from left to right: view along a-axis (molecular slice at x = 0.0), c-axis (molecular slice at z = 0.0), c-axis (with molecular slice in background drawn in black, z = 0.5), and along b-axis (molecular slice at y = 0.0). [8]CPP43 From left to right: view along c-axis of the molecular layer at z = 0.0, view along c-axis of entire cell with molecular layer in background (z = 0.5) drawn in black, view along a-axis, view along b-axis.
In the case of [4]C-Bu-Cbz, the toluene molecules lying inside and outside the cavity might induce even more steric hindrance than in the case of the longer hexyl chains, leading to a smaller  than for [4]C-Hex-Cbz and [4]C-Et-Cbz. Nevertheless, calculated strain energies appear very similar (ca 72-73 kcal.mol-1 for [4]C-Et-Cbz, [4]C-Bu-Cbz and [4]C-Hex-Cbz) and almost identical to those of [8]CPP44 and [4]C-diEt-F23 (72 kcal.mol-1). This points to the little impact of the nature and the substitution of bridges and indicates that only the number of phenyl rings (8 for the nanorings considered in this study) is determining.44
[4]C-Et-Cbz, [4]C-Bu-Cbz and [4]C-Hex-Cbz display a mean displacement angle  of 7.2, 7.1 and 7.0 ° respectively, and, [8]CPP and [4]C-diEt-F of 9.6 and 6.9 ° respectively (Table 1). Thus, we observe that bridging [8]CPP with nitrogen or carbon atoms leads to a decrease of  linked to a planarisation of the biphenyl units. In summary, only the presence of the bridges (rather than their nature) affects . Furthermore, the substitution of bridges does not have a significant impact on .
Before any electronic application, studying the thermal and morphological stabilities is a mandatory step. As far as we are aware, such data have never been recorded for a nanoring to date (See TGA, DSC and POM in Figure S11-12, S14-15). TGA analysis of the three cyclocarbazoles revealed a very high thermal stability, with their 5% weight loss temperature degradation (T5%) lying in the 335-355°C interval. As observed by POM and DSC, the fine crystalline powders of [4]C-Et-Cbz and [4]C-Hex-Cbz do not show any phase transition on heating from room temperature onwards and up to degradation. After release of lattice solvent at 170°C, [4]C-Bu-Cbz is also crystalline (Cr1 form) and shows an irreversible, endothermic crystalline rearrangement in the first DSC run (Tonset = 231°C, H = 12.4 J/g); this new crystalline form, Cr2, is maintained on subsequent cooling/heating cycles up to degradation. For [8]CPP, weight loss from degradation starts around 350°C and reaches 5% at 420°C, and DSC curves on heating and on cooling do not display any phase transition peak (Figure S11). In consistency with DSC/POM/TGA analysis, the three powder samples exhibit same crystal phase at 20°C and 180°C, as that of [4]C-Hex-Cbz,  also identical to its single crystal phase at -123°C. [4]C-Et-Cbz and [4]C-Bu-Cbz give different structures in single crystal and powder states, due to presence of lattice solvent in the single crystal structures and its absence in the crystalline powders analyzed by S/WAXS. Contrarily to the crude solvent-free [4]C-Et-Cbz powder, [4]C-Bu-Cbz powder initially contained lattice solvent that is released by annealing for a few minutes at 170°C prior to DSC and S/WAXS experiments.
Remarkably, S/WAXS patterns of [4]C-Hex-Cbz point to a well crystallized powder having the same crystalline structure as the single crystal form. The sharp reflections in the whole angular range authorized the accurate determination of the cell parameters as a function of temperature. In contrast, reflections collapse above 20-25° for [4]C-Et-Cbz and [4]C-Bu-Cbz, which reveals a high level of structural disorder and precluded structural resolution. Recrystallization of [8]CPP in dichloromethane was consistent with the single crystal pattern previously reported.43 
It is interesting to note that the molecular volume, Vmol, increases linearly ([4]C-Et-Cbz → [4]C-Bu-Cbz → [4]C-Hex-Cbz) according to a volume contribution per methylene unit of VCH2 = 24.40 Å3 (Figure S13, Tables S5-6). This value is 8% above the lowest one reached in crystalline phases of linear n-alkanes (VCH2 = 22.63 Å3 for decane at -123°C in structure CSD-QQQFBG0).45 Such a substantial excess volume reflects chains with poorly stretched conformations that prevent their self-arrangement in compact crystalline slabs. Furthermore, extrapolation of the variation to n = 0 (i.e. no alkyl chain on nitrogen atoms) gives access to the partial volume of the ring moiety: Vring = 901 Å3 (Figure S13).
In the crystal phase, molecules of [4]C-Hex-Cbz (Figure 2) pile into rows with molecular spacing hmol that juxtapose with spacing Drow into molecular layers of thickness Dmol. Neighboring rows are shifted by hmol/2 and define a centered rectangular sublattice (a2D = b, b2D = a, and Z2D = 2 rings per lattice). Nanoring moieties are tilted in the row direction (out-of-plane tilt angle ), allowing them to stack over nearly half of their surface with stacking distance hstack and to repel the alkyl substituents into the interlayers. The chains therefore merge into aliphatic layers alternating with stacked nanoring layers by forming a lamellar substructure of a single molecular layer periodicity dlam = Dmol. Successive molecular layers superimpose with a shift in the row direction resulting in an overall cell structure of monoclinic symmetry. The rows of piled nanorings correspond to a supramolecular self-assembly into hollow columns arranged in a lamello-columnar structure, in which the equally tilted and vertically shifted columns alternate with aliphatic layers according to a primitive rectangular sublattice (acol = b, bcol = c, Zcol = 2 columns per lattice).
The self-assembly of nanoring [4]C-Et-Cbz (Figure 2) is similar to the hexyl counterpart [4]C-Hex-Cbz, in a centered rectangular in-plane arrangement (a2D = a, b2D = b, Z2D = 2 rings per lattice). However, the interlayer zones are of different nature and modify the 3D structure. The formation of aliphatic layers is excluded for the short ethyl chains, which is probably the main reason for the presence of co-crystallized solvent molecules between molecular layers. This interstitial solvent removes the constrains associated to the attachment of aliphatic chains to the nanorings but introduces other constrains due to the fixed volume of solvent molecules. Specifically, the lamellar configuration is changed in a sequence of 4 molecular layers, in which couples of neighboring layers and solvent molecules associate in herringbone fashion in double-layers with opposite tilt directions of the rows. The lamellar periodicity involves two of such double-layers with inverted ring orientations that alternate with interstitial solvent strata. Due to rows inversion, the average longitudinal shift in the direction of rows is zero and implies a rectangular sub-arrangement in the (bc) plane.At the same time, the incorporated solvent volume induces a laterally shifted positioning of successive molecular layers and an overall cell structure of monoclinic symmetry. Consequently, the hollow columns of piled nanorings form a lamello-columnar structure with an oblique lattice: acol = c, bcol = a, Zcol = 8 columns per lattice.
The structure of [4]C-Bu-CbzC6H5CH3 (Figure 2) crystals keeps some features of [4]C-Hex-Cbz, in particular the layers aligned in staggered rows according to a rectangular in-plane arrangement (a2D = c, b2D = b, Z2D = 2 molecules per lattice). However, the rows are swollen by the insertion of co-crystallized solvent between aligned molecules and the piling of ring is de facto suppressed. In addition, rows have lower section at solvent insertion zones, which is compensated by the partial intercalation of the neighboring rows and thus by the reduction of row spacing Drow and molecular layer thickness Dmol. Nanorings are tilted to adapt the constrain of space filling and fixed molecular volume of solvent. Due to the tilt inversion from row to row, the arrangement in the molecular layer plane is not any more centered but primitive rectangular. For the same reason, the arrangements in the ab and (ac) planes are also primitive rectangular with two molecules per sublattice, in consistency with the overall orthorhombic symmetry. The supramolecular structure annihilates the ring interactions and the self-assembly into hollow columns.

[bookmark: _Ref66882438][image: D:\flucas\Desktop\publications thèse\4CPCbz_OFET_SCLC\version final\Full CV_VF.png]Figure 3. Cyclic Voltammograms of [8]CPP, [4]C-diEt-F and cyclocarbazoles (2×10-3 M) in reduction (Left) in DMF (Bu4NPF6, 0.1 M) and in oxidation (Middle and Right) in CH2Cl2 (Bu4NPF6, 0.2 M). Platinum working electrode, sweep rate 100 mV/s. 
The molecular organization of [8]CPP (Figure 2) is analogue to that of [4]C-Et-Cbz and [4]C-Hex-Cbz. However, these structural features are modified since the arrangement of the cyclocarbazole nanorings is constrained by the rejection of the alkyl substituents in the interlayers, whereas that of [8]CPP reflects the optimal ring interactions and packing. Specifically, the carbazole nanorings are constrained by substituents to be tilted toward layer boundaries and a staggered juxtaposition of rows is needed for their compact interlocking; these constrains vanish for [8]CPP and rows orient with an in-plane component of tilt realizing the interlocking with the neighboring rows. As a consequence, the in-plane arrangement changes from centered rectangular with 2 molecules per lattice to primitive rectangular with 1 molecule per lattice (a2D = a, b2D = b). Successive molecular layers have shifted positioning and reversed tilt orientation defining a cell periodicity of two molecular layers and the monoclinic symmetry. There is no alternation with substituent layers and therefore no lamellar substructure; the arrangement of [8]CPP rows defines a columnar structure of herringbone-tilted hollow columns (2 columns with inverted tilt orientations per oblique sublattice of parameters: a’2D = c, b’2D = a, g’2D = b).
In addition, the mean cross-sectional areas (ring) including molecular gaps are ca. 154 Å2 for cyclocarbazoles and ca 167 Å2 for [8]CPP, corresponding to equivalent hard-cylinder diameters (Dring, cyl) of 13.4 and 13.9 Å (Table S5). [4]C-Hex-Cbz, [4]C-Et-Cbz and [8]CPP give rise to self-association of rings into tilted, hollow columns. The stacking distance (hstack) is 5.8 Å in all cases (Table S6) and the tilt angle () is larger for the cyclocarbazoles due to the space-requirement of substituents ( 51° compared to 44° for [8]CPP). Corollary, the tilting reduces the internal cross-section (sring) of columns to 96-98 Å2 and  104 Å2, respectively.
Finally, [4]C-Bu-Cbz stands out in this series since no lamello-columnar structure could be obtained for this compound. In fact, some crystal growth trials yielded a structure swollen with co-crystallized toluene, [4]C-Bu-CbzC6H5CH3, in which solvent molecules insert between nanorings, hence interrupting interactions and therefore erasing the supramolecular assembly. Tentatively, we propose that this swollen structure appears because of the volume of the butyl chain that is neither able to fill up the voids in the lamello-structure structure nor to leave sufficient space for the insertion of solvent molecules. For the solvent-free systems ([4]C-Hex-Cbz and [8]CPP), the supramolecular structures are maintained in the powder state. The effect of thermal expansion on lamello-columnar structures was scrutinized for [4]C-Hex-Cbz and revealed a marginal shrinkage between 20°C and ‑123°C, meaning that the structure freezes close to room temperature. Between 20°C and 180°C, the volume expansion is 2.4×10‑4°C-1 with balanced contributions of row spacing Drow (1.3×10-4°C-1) and lamellar periodicity dlam (0.9×10-4°C-1), while periodicity along columns hmol is nearly constant (0.1×10-4°C-1). Therefore, thermal expansion essentially affects the spacing of columns in a comparable way along all directions of the columnar plane.
Electrochemical Properties
Electrochemical properties of the five nanorings were determined by cyclic voltammetry in strictly identical conditions. [8]CPP, [4]C-diEt-F and [4]C-Et-Cbz present very different cyclic voltammograms (CVs, Figure 3 top). [4]C-Et-Cbz displays, between 0 and 1.5 V, two oxidation waves with maxima at 0.86 and 1.40 V (Figure 3 and Table 1). Similarly, [8]CPP also presents two oxidation waves with peak potentials recorded at 1.07 and 1.22 V. Finally, [4]C-diEt-F displays two irreversible waves with maxima recorded at 0.99 and 1.60 V. 

[bookmark: _Ref66882517]Table 1. Electrochemical properties, frontier molecular energies, structural parameters Ø,  and  of [8]CPP, [4]C-diEt-F, [4]C-Et-Cbz, [4]C-Bu-Cbz, and [4]C-Hex-Cbz. Potentials are given vs SCE. 
	
	[8]CPP
	[4]C-diEt-F
	[4]C-Et-Cbz
	[4]C-Bu-Cbz
	[4]C-Hex-Cbz

	
	Electrochemical data

	Eox (V)
	1.07 ; 1.22
	0.99 ; 1.60
	0.86 ; 1.40 ; 2.03*
	0.89 ; 1.3* ; 1.47 ; > 1.80
	0.89 ; 1.36* ; 1.53

	Eonsetox (V)
	0.88
	0.83
	0.77
	0.78
	0.79

	HOMOa (eV)
	- 5.28
	- 5.23
	- 5.17
	- 5.18
	- 5.19

	Ered (V)
	- 1.94*
	- 2.00* ; - 2.23
	- 2.30* ; - 2.52
	- 2.23 ; - 2.70*
	- 2.30 ; - 2.83

	Eonsetred
	- 1.80
	- 2.06
	- 2.18
	- 2.00
	- 2.19

	LUMOa (eV)
	- 2.60
	- 2.34
	- 2.22
	- 2.40
	- 2.21

	
	Structural data

	Ø (Å) 
[min-max]
	11.1
[10.3-11.7]
	11.0
[11.0-11.0]
	10.8
[10.5-11.2]
	10.9
[10.7-11.1]
	10.9
[10.5-11.2]

	
[min-max]
	24.3
[1.46-42.5]
	20.8
[0.0-41.5]
	20.7
[19.4-22.0]
	19.0
[17.3-21.1]
	20.3
[19.9-22.5]

	
[min-max]
	9.6
[7.2-11.4]
	6.9
[6.4-7.4]
	7.2
[6.5-8.2]
	7.1
[6.2-8.3]
	7.0
[6.1-7.8]


* shoulder, a. HOMO/LUMO energy levels have been calculated from electrochemical data as follows HOMO = - [4.4 + Eonsetox (V vs SCE)] and LUMO = -[4.4 + Eonsetred (V vs SCE)].
Note that the first wave appears reversible for all compounds at a sweep rate of 100 mV/s (Figure 3 top right). Thus, the lowest oxidation potential is detected for [4]C-Et-Cbz followed by [4]C-diEt-F and by [8]CPP.
HOMO energy levels, calculated from onset oxidation potentials (Eonsetox, Table 1) were respectively evaluated at        -5.17, -5.23 and -5.28 eV for [4]C-Et-Cbz, [4]C-diEt-F and [8]CPP. Thus, the presence of the bridge and its nature (C vs N) impact the HOMO energy level. The increase of the HOMO level going from [8]CPP to [4]C-diEt-F is readily explained by the increased degree of conjugation imposed by the bridging units which reduce the torsion angle between the connected phenyl units. The additional upward shift of the HOMO in the tetracarbazole derivatives is associated to the higher electron rich (electron-donating) character of the carbazole building unit. It is important to stress out that the HOMO trend detected for the three nanorings is the same as their constituting units: N-ethylcarbazole (HOMO = -5.52 eV)46 presents a higher HOMO energy level than 9,9’-diethylfluorene (HOMO = -5.71 eV)47 and biphenyl (HOMO = -6.15 eV).48 This confirms that the HOMO energy levels of the nanorings are controlled by their building units. We will see below that all properties do not follow this rule, e.g. absorption spectroscopy.
Let us have a look now at the effect of the alkyl chain length borne by the nitrogen atoms on the electrochemical properties. At a first glance, the three cyclocarbazoles present, in oxidation, very similar CVs with a first quasi reversible oxidation wave at ca 0.9 V (0.86 V for [4]C-Et-Cbz and 0.89 V for both [4]C-Bu-Cbz and [4]C-Hex-Cbz) followed by two other waves between 1.2 and 2.1 V. HOMO energy levels were evaluated at -5.17 eV for [4]C-Et-Cbz, -5.18 eV for [4]C-Bu-Cbz and -5.19 eV for [4]C-Hex-Cbz. Thus, the alkyl chain slightly modifies the first oxidation potential of the nanorings, as typically observed for -conjugated systems. This evolution is rationalized by the stronger inductive effect of the ethyl group compared to butyl or hexyl, which slightly shifts towards lower values the first oxidation potential. A similar result has already been observed in literature for carbazole itself.49-50 Another characteristic of the cyclocarbazoles is their ability to polymerize at the electrode surface as frequently observed for many linear -systems.51-53 This behavior has recently been approached in literature23, 36 and will not be discussed here. CVs showing the electro-polymerization processes are provided in Figures S15-16. 
In reduction, [4]C-Et-Cbz, [4]C-Bu-Cbz and [4]C-Hex-Cbz display two irreversible reduction processes at ‑2.30 (sh)/-2.52, -2.23/-2.70 and -2.30/-2.83 V respectively (Figure 3 left). These potential values are significantly lower than those of [8]CPP, -1.94 V, signing the strong impact of the nitrogen atoms on the reduction processes. The LUMO are hence evaluated at ca -2.40 eV for [4]C-Bu-Cbz and -2.22/-2.21 eV for [4]C-Et-Cbz/[4]C-Hex-Cbz respectively and appear significantly higher than that of [8]CPP (-2.60 eV), Table 1. This is caused once again by the electron-rich character of the carbazole building block. In this series, one can note that [4]C-Bu-Cbz displays the lowest LUMO and the smallest , in accordance with an increase in the conjugation degree.
Finally, it is interesting to compare these electrochemical data with those of the fluorene analogue [4]C-diEt-F, which displays a reversible wave centred at -2.23 V ([4]C-Et-Cbz displays an irreversible wave), leading to a LUMO energy level of -2.34 eV, lower than that of [4]C-Et-Cbz. This is in accordance with the more electron rich character of carbazole vs fluorene and with the HOMO evolution detailed above (HOMO of [4]C-Et-Cbz is higher than that of [4]C-diEt-F). Altogether, the trend is the following: LUMO([4]C-Et-Cbz) > LUMO([4]C-diEt-F) > LUMO([8]CPP)). This shows that the nature of the bridge (N vs C) influences not only the reduction potential but also the stability of the resulting radical anion. 
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[bookmark: _Ref65765442][bookmark: _Ref65765427]Figure 4. Left and Middle: Absorption (Top) and Emission (Bottom, exc = 340 nm) spectra of [8]CPP, [4]C-diEt-F and cyclocarbazoles in  cyclohexane. Right. Representation of the energy levels and the main molecular orbitals involved in the electronic transitions of [4]-Et-Cbz and [8]CPP, as obtained by TD-DFT, B3LYP/6–311 + G(d,p), shown with an isovalue of 0.02 [e bohr-3]1/2. For clarity purpose, only the major contribution of each transition is shown. 

[bookmark: _Ref46219660]Photophysical Properties
The optical properties were characterized by UV/visible absorption spectroscopy as well as stationary and time-resolved fluorescence (Figure 4). The absorption spectra of the three cyclocarbazoles in cyclohexane are almost superimposable with three main bands at 256/257, 292/293 and 337 nm, Figure 4 top left. The classical band tail is also detected at around 400 nm. This band is assigned, according to time-dependent density functional theory (TD-DFT) calculations (Figure 4 and S26-27), to a symmetry forbidden (f = 0) HOMO→LUMO transition due to the Laporte rules (See HOMO/LUMO distribution in Figure S30). These calculations also show that the three cyclocarbazoles display an identical behavior, with the same transitions involved (see diagrams in Figures S25-26). Thus, the different substitutions of the nitrogen atom have a negligible impact on the absorption characteristics in solution and the corresponding molecular orbitals involved. 
The main band at 337 nm is due to six transitions (almost degenerated two by two): HOMO-5→LUMO and HOMO-6→LUMO (th = 340 nm), HOMO→L+1 and HOMO→L+2 (th = 354 nm), and HOMO-1→LUMO and HOMO-2→LUMO (th = 361/362 nm); the latter are responsible for the shoulders at around 370 and 385 nm in the experimental absorption spectra. The HOMO density in the three cyclocarbazoles is similar to that in [8]CPP,28, 54 and [4]C-diEt-F (See Figure S30) with no participation of the nitrogen atoms (as LUMO+1 and LUMO+2 orbitals), whereas the LUMO density resembles that of carbazole Cbz (Figure S30), with no participation of the carbon atoms at C3/C6. For the other orbitals involved (HOMO-6, HOMO-5, HOMO-2 and HOMO-1), the nitrogen atoms participate to the electronic delocalization.
The energy band found at 337 nm for [4]C-Et-Cbz (=8.3 ×104  L.mol-1.cm-1) and the tail at 400 nm are also found in both [8]CPP (= 333 nm, =1.9 ×104  L.mol-1.cm-1) and [4]C-diEt-F (= 347 nm, =9.1 ×104  L.mol-1.cm-1) and are therefore not dependent on the nature of the building unit but rather to the specific arrangement of the nanoring itself, in other words the radial geometry (Figure 4 top left). Nevertheless, it should be noted that the band at 337 nm of [4]C-Et-Cbz is due to 6 transitions, among which 2 are also found in [8]CPP and [4]C-diEt-F (HOMO→LUMO+1 and HOMO→LUMO+2, without the participation of the nitrogen in these orbitals) and 4 specific to cyclocarbazoles (HOMO-5→LUMO and HOMO-6→LUMO, HOMO-1→LUMO and HOMO-2→LUMO, with the nitrogen atoms involved in these orbitals). The latter couple explains why the cyclocarbazoles display a larger tail than [8]CPP and [4]C-diEt-F.
Moreover, the two higher-energy bands of the cyclocarbazoles at 256/257 and 292/293 are absent from the spectra of [8]CPP and [4]C-diEt-F. These two bands are the signature of the carbazole unit as they are also found in Cbz (= 292 and 255 nm in cyclohexane, Figure S20). To conclude, the low energy transitions (= 337 and 400 nm) are specific to the nanoring itself (these bands are also found in many nanorings) whereas the high-energy transitions (= 260 and 290 nm) and the shoulders (= 370 and 385 nm) are specific to the cyclocarbazoles. Thus, the impact of the unit, carbazole vs fluorene, is different when comparing absorption and electrochemical properties. In electrochemistry, the carbazole mainly drives the properties whereas in absorption, the radial geometry is the driving force.
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[bookmark: _Ref66882930]Figure 5. Left and Middle: Absorption spectra (Top) and Emission spectra (Bottom, exc = 340 nm) of [8]CPP, [4]C-diEt-F and cyclocarbazoles in thin film. Right: Molecular packing of [8]CPP, [4]C-diEt-F and [4]C-Et-Cbz along the b axis. 
In emission spectroscopy (Figure 4 bottom), the three cyclocarbazoles display an almost identical unresolved spectrum with a maximum comprised between 482 and 487 nm (in cyclohexane). The full-width at half maximum (FWHM) is 80 nm for the three compounds. The efficiency of these green emitters is also the same with quantum yields of 0.2. Remarkably, the emission spectrum of [4]C-Et-Cbz almost overlaps with that of [4]C-diEt-F (max = 487 nm) and the quantum yield is also almost the same (0.24). This highlights that the nature of the bridge has no influence on the emission properties, showing the importance of the radial geometry. Compared to [8]CPP (max = 528 nm), a strong hypsochromic shift of 41 nm is detected. Thus, the presence of a bridge linking two phenyl units leads to a significant blue shift of the fluorescence signal compared to that of non-bridged [8]CPP. Since the absorption spectra of cyclocarbazoles and [8]CPP are similar, this induces a smaller Stokes shift in the formers than in the latter. This can be explained by a weaker rearrangement in the excited state for [4]C-Et-Cbz and [4]C-diEt-F due to the presence of the bridges. Note that the presence of the bridges does not impact the quantum yield which was evaluated at 0.25 for [8]CPP. 
The fluorescence decay curve of the cyclocarbazoles (exc = 310 nm, Figure S21-24) provides a lifetime of 6.2, 6.2 and 6.3 ns for [4]C-Et-Cbz, [4]C-Bu-Cbz and [4]C-Hex-Cbz respectively, clearly indicating that the size of the alkyl chain does not affect this parameter. These lifetimes are shorter than that of [8]CPP measured at 10.6 ns in identical conditions, due to higher radiative and non-radiative constants (resp. kr and knr) for the cyclocarbazoles. The kr of cyclocarbazoles are calculated to be ca 3.1/3.2 × 107 s-1 and are only slightly higher than that of [8]CPP (2.4 × 107 s-1) whereas the knr of cyclocarbazoles is twice larger than that of [8]CPP (1.3 vs 0.7 × 108 s-1). 
This shows that the rigidification induced by the bridges in cyclocarbazoles does not decrease the knr values as often observed in linear compounds. This conclusion is confirmed by looking at [4]C-diEt-F, which displays a lifetime of 7.9 ns with kr / knr values of 3.0/13.0 × 107 s-1. kr is identical to that measured for cyclocarbazoles whereas knr is slightly larger than that of [8]CPP. This confirms that the bridges do not attenuate non radiative pathways by rigidifying the molecular system. Finally, it should also be mentioned that the photophysical properties of the present tetracyclocarbazoles linked by their para positions are drastically different from those of meta linked tetracyclocarbazoles recently reported in literature.55 Indeed, the meta linkages do not form a nanoring with the resulting radially directed orbitals and the photophysical properties are significantly affected.
Absorption spectra of the three [4]-cyclocarbazoles in thin solid film (Figure 5 top) is very similar to those in solution except for a small bathochromic shift of 10 nm (337 nm in solution vs 347 nm in thin solid film, Table 2), indicating the absence of strong aggregation in the solid state. [8]CPP also display a small bathochromic shift between solution and solid of 13 nm whereas the absorption spectra of [4]C-diEt-F in solution and in thin film are superimposed with a maximum at 347 nm. [4]C-diEt-F also exhibits the shortest increase of FWHM from solution to thin film (resp. 35 and 43 nm for [4]C-diEt-F, 39 and 100 nm for [4]C-Et-Cbz and 45 and 100 nm for [8]CPP). This points to a different molecular packing in the solid state (as exposed above) and more isolated chromophores in the case of [4]C-diEt-F, as will be detailed below.
Emission spectroscopy (Figure 5 bottom) is more sensitive to environment effects, which may significantly impact the energy of excited states.56-58 [4]C-Et-Cbz presents an emission in thin film with a maximum at 525 nm and a shoulder at 498 nm, significantly red-shifted by 38 nm compared to its solution spectrum ( max =487 nm). [8]CPP presents the same behavior with a similar shift of 42 nm between solution and thin film. The red shift observed in the case of [4]C-diEt-F is smaller (15 nm), reflecting different supramolecular arrangements in the solid state between the nanorings. 

Table 2. Photophysical data of [8]CPP, [4]C-diEt-F and cyclocarbazoles in solution and in thin film.
	
	[8]CPP
	[4]C-diEt-F
	[4]C-Et-Cbz
	[4]C-Bu-Cbz
	[4]C-Hex-Cbz

	
	In solution (cyclohexane)

	abs [nm]
[ ×104 (L.mol-1.cm-1)]
	333 (1.9)
	347 (9.1)
	337 (8.3)
292 (5.7)
256 (8.5)
	337 (7.7)
293 (5.3)
257 (7.9)
	337 (10.3)
293 (7.2)
257 (10.7)

	em,max [nm]
(exc = 340 nm)
	528
	487
	487
	483
	482

	Quantum yield
	0.25
	0.24
	0.19
	0.20
	0.20

	f [ns]
	10.6
	7.9
	6.2
	6.2
	6.3

	kr (×107) [s−1]
	2.4
	3.0
	3.1
	3.1
	3.2

	knr (×108) [s−1]
	0.70
	0.96
	1.3
	1.3
	1.3

	
	In thin film

	abs [nm]
	346a
	347b
	347a
295
267
	347a
295
267
	347a
295

	em,max [nm]
(exc)
	570
(400)a
	502
(340)b
	498; 525
(350)a
	495; 518
(350)a
	491; 514
(350)a

	Quantum yield
	0.08b
	0.12b
	0.15b
	0.13b
	0.18b


a. From thermally evaporated thin film, b. from spin-coated film.
Analysis of the short intermolecular distances occurring in the crystals can shed light on this behavior (Figure 5 right). In the case of [4]C-Et-Cbz, the nanorings form a tube-like structure along the b-axis and are stacked along the a-axis with a particularly short C-C distance of 3.31 Å between two neighbouring carbazoles. This distance is shorter than the sum of the van der Waals radii (dC-C = 3.4 Å59). Several other short C-C distances between the carbazole units, comprised between 3.44 and 3.49 Å (Figure S16), are also detected as a signature of  interactions in the crystal. As explained above, the analysis of the molecular packing of [4]C-diEt-F also shows a pseudo-tubular supramolecular arrangement but this time along the c-axis. However, oppositely to the above mentioned arrangement of [4]C-Et-Cbz, no short C/C distance is detected between two fluorene units. This difference in term of molecular packing (and the resulting different  interactions) between [4]C-Et-Cbz and [4]C-diEt-F can explain the difference observed between the emission spectra in solution and in thin solid film. Note that the same behavior is also detected in absorption though with a smaller amplitude.
The packing diagram of [8]CPP confirms its influence on the photophysical properties as very short C-C distances of 3.31 Å are also detected between the phenyl units (many short C-H distances are also measured, see Figure S17). This behavior, similar to that of [4]C-Et-Cbz (the short distance is observed along the crystallographic axis a for both), matches the trend observed in the emission spectra. The two other cyclocarbazoles [4]C-Bu-Cbz and [4]C-Hex-Cbz demonstrate the influence of the alkyl chains on the solid state emission. Indeed, the intensity of the shoulder observed for [4]C-Et-Cbz at 498 nm is clearly increased in [4]C-Bu-Cbz and [4]C-Hex-Cbz (Figure 5 bottom-middle). The maximum of the emission spectra is therefore shifted from 525 nm in [4]C-Et-Cbz to 491 nm in [4]C-Hex-Cbz, pointing to a different molecular arrangement in the thin film. This molecular engineering strategy appears as an interesting tool to tune the solid-state electronic properties of cyclocarbazoles. The charge transport studies presented below confirm the different layout of the nanorings in the solid state.
Finally, the absolute quantum yields in the solid state have been determined. In the case of [8]CPP, the quantum yield is divided by 3, from 0.25 in solution to 0.08 in the solid state. For the fluorene analogue [4]C-diEt-F, the quantum yield is divided by 2  (0.24 → 0.12), showing the interest of the bridge incorporation in the fluorophore efficiency in the solid state. Remarkably, for the cyclocarbazoles, there is only a slight decrease of the quantum yield from 0.19-0.20 in solution to 0.13-0.18 in thin film. Thus, in this family of nanorings, the quantum yield is almost maintained between solution and thin solid film. This is an interesting finding for the future design of cyclocarbazole nanorings for solid state optoelectronics. This is a very different behavior compared to linear fluorophores such as oligofluorenes, whose quantum yield dramatically drops down due to the stacking of the fluorenes.23
Charge Transport Studies. 
Finally, OFET electrical characterizations and I-V measurements in two-terminal devices have been performed to evaluate the charge transport properties of the cyclocarbazoles and model compounds [8]CPP either in-plane or out-of-plane, respectively. Note that one example of a SCLC device incorporating a nanoring35 has been reported but no CPP have been incorporated in OFET to date; only theoretical descriptions of the charge transport properties have been reported.26, 29, 60
First, the nanorings have been incorporated as active layer in OFETs possessing a bottom-gate bottom-contact (BG-BC) architecture (the device structure is presented in Figure S2561). This BG-BC structure, in which the active layer is evaporated in the last step, prevents any structural effect resulting from the deposition of other layers.62-63 The temperature dependence and the gate-source voltage VGS dependence were analysed to estimate the field effect (FE) hole mobility µFE and assess the influence of the alkyl chains borne by the nitrogen atoms. It is worth stressing that the four nanorings can be easily evaporated (2.10-7 mbar with temperature between 190 and 230°C).
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[bookmark: _Ref66812129]Figure 6. Transfer characteristics in linear and saturated regimes (Top) and Arrhenius plot of FE mobility ln(µFE) as a function of 1000/T (bottom) of [4]C-Et-Cbz (left), [4]C-Bu-Cbz (middle) and [4]C-Hex-Cbz (right).
The first striking result is obtained with [8]CPP. Indeed, no µFE is measured for this molecule. Since the calculations yield significant electronic couplings between molecules in the active layer (see below), this suggests that [8]CPP does not allow efficient injection of charges and hence accumulation of holes at the OSC/insulator interface in the transport channel. This can be tentatively assigned to the deeper HOMO level of this derivative among the nanorings (as supported by the CV data) studied and/or a different contact geometry at the interface limiting the electronic overlap between the conjugated rings and the metallic surface as further discussed below.
In the case of cyclocarbazoles, the situation is different. We observe a strong impact of the carbazole unit on the charge transport properties. The transfer characteristics of the three molecules are presented in Figure 6. The first observation concerns the FE mobility in the saturated regime µFE_sat (VDS = 100 V). The extracted values are very close for the 3 molecules: 1.03×10-5, 1.04×10-5 and 8.81×10-6 cm².V-1.s-1 for [4]C-Et-Cbz, [4]C-Bu-Cbz and [4]C-Hex-Cbz, respectively. The values µFE_sat are obtained at high electric field VDS. In this condition, traps into the OSC are filled and do not impact the carrier mobility. To compare the effect of the ethyl, butyl and hexyl chains, it is more interesting to focus on the capability of the OSC to accumulate charges at the OSC/insulator interface and on the FE mobility in linear regime. Indeed, in the case of disordered semiconducting layer, the linear FE mobility is dependent on the gate-source voltage VGS and on the temperature.
The ability to accumulate charges at the OSC/insulator interface is reflected through two key electrical parameters: the threshold voltage (VTH) and subthreshold slope (SS). VTH is the gate-source voltage needed for the channel to be populated while SS corresponds to the voltage required to increase the current at the OSC/insulator interface by one order of magnitude. This last parameter is very dependent on the defect density at the insulator/OSC interface and into the OSC itself. Indeed, if the density of traps is high, most of the carriers initially injected do not participate in the electrical conduction within the channel. SS is thus intimately related to the actual organization of the molecules within the active layer as it is also the case for the FE mobility in the linear regime. The lowest SS is measured for [4]C-Bu-Cbz with SS = 0.89 V/dec while the highest SS is observed for [4]C-Hex-Cbz, 1.61 V/dec. An intermediate value is obtained for [4]C-Et-Cbz with SS = 1.29 V/dec. The extraction of VTH also confirms this trend, the lowest VTH being detected for the butyl chain (VTH = -12.8 V) and the highest VTH for the hexyl chain (VTH = -13.9 V). These data suggest that the butyl chain promotes a good organization of the molecules in thin films whereas the hexyl chain increases the density of structural defects, and hence traps for the charge carriers. Since the molecular packing has indeed a high impact on the OSC/insulator interface, AFM studies have been performed (Figure 7). The film surface of both [4]C-Bu-Cbz (root mean roughness Rq=0.421 nm) and [4]C-Et-Cbz (Rq=0.837 nm) remarkably present a regular and smooth morphology with low surface roughness. Oppositely, [4]C-Hex-Cbz (Rq=1.47 nm) and more significantly [8]CPP (Rq=3.67 nm) display a high surface roughness (see Table S8). These results are in full accordance with the SS and VTH values presented above and reflect the different molecular arrangements of the four nanorings. These data are also consistent with the differences observed between linear and saturated FE mobilities. Indeed, in the case of the [4]C-Bu-Cbz, the linear FE mobility (µFE_lin = 1.03 ×10-5 cm².V-1.s-1) is almost identical to the saturated FE mobility (µFE_sat= 1.04×10-5 cm².V-1.s-1), which indicates that the linear FE mobility is almost unaffected by traps into the OSC. In contrast, the highest difference between linear and saturated FE mobility is measured for [4]C-Hex-Cbz with µFE_lin = 2.59×10-6 cm².V-1.s-1 and µFE_Sat = 8.81×10‑6 cm².V-1.s-1. In addition, [4]C-Hex-Cbz displays the lowest linear FE mobility in the series. Interestingly, calculations performed on single crystal structures demonstrate that [4]C-Hex-Cbz exhibits the weakest electronic couplings between molecules (see below), thus making it for all these reasons the worse performing nanoring. To sum up, the electrical characteristics and morphological data are in complete accordance and shows the importance of the bridge and of the alkyl chains in the OFET performance.
[bookmark: _Hlk64555931]Measurements of linear FE mobilities as a function of temperature were carried out to further confirm this trend. For disordered materials, a hopping model is typically inferred to describe charge transport. The static disorder in this type of materials supplemented by the dynamic disorder induced by thermal agitation leads to a pronounced localization of the charges over a single molecule.The accessible states for transport are then distributed in energy and spatially and the conduction occurs via carrier jumps between such localized states. The probability of jumping from a site to another is typically described nowadays by Marcus theory.64 The activation barrier for a hopping process is there given by (E + )2/4, with E = Ef – Ei the difference between the initial and final site energies and  the reorganization energy typically dominated by the geometric changes in the molecule when going from the neutral to the charged state and vice versa.65 Temperature-dependent measurements thus allow the evaluation of the average activation energy E for charge hopping.
In the case of the present cyclocarbazoles, the logarithm plot of FE mobility ln(µFE) evolves linearly with the inverse of the temperature (1000/T). Extraction of the activation barrier from these curves confirms the observations made from the transfer characteristics. Indeed, the butyl chain appears to favor the molecular organization in the film since the trapping energy is the lowest with E = 0.167 eV. In contrast, the hexyl chain yields the largest activation energy with E = 0.287 eV while [4]C-Et-Cbz provides an intermediate value of E = 0.209 eV, eV in accordance with roughness extracted from AFM measurements (Figure 7, Table S8). 
Table 3. Main electrical characteristics of devices made with cyclocarbazoles and [8]CPP.
	
	[8]CPP
	[4]C-Et-Cbz
	[4]C-Bu-Cbz
	[4]C-Hex‑Cbz

	µFElin × 10-5 
(cm².V-1.s-1)
	a
	0.965
	10.3
	0.259

	µFEsat × 10-5 (cm².V-1.s-1)
	a
	10.3
	10.4
	0.881

	VTH (V)
	a
	-13.1
	-12.8
	-13.9

	SS (V/Dec)
	a
	1.29
	0.89
	1.61

	µcarrier × 10-4 (cm².V-1.s-1)
	0.00121
	2.71
	2.78
	1.37

	E(eV)
	b
	0.209
	0.167
	0.287


a. Not measurable; b. Not determined
The electrical performance of a transistor is known to be very dependent on the device architecture. In this study, the specific organization of the molecules in the thin film could be induced by the nature of the interface between the OSC and the insulator. The insulator is here an epoxy resin type SU8 2000.5, which has already been used in OFETs61-63 exhibiting very high FE mobilities (~ 1.5 cm².V-1.s-1). However, the interfacial interactions could be favorable for some OSCs but not for others. To confirm that the structural organization of the molecules in thin films is not strongly driven by the nature of the insulator, the carrier mobilities were also extracted in a two-terminal device by applying the Mott-Gurney model to the I-V measurements (space-charge-limited current SCLC transport, see details in SI). Another advantage of this approach is to probe charge transport in the out-of-plane direction in contrast to the FE measurements. To promote the injection of holes into the OSC, a “sandwich” structure was fabricated with two gold electrodes (work function: -5.3 eV). The resulting I-V characteristics are shown in Figure S26.
The measurement of the SCLC carrier mobility fully confirms what has been discussed above from the transfer characteristics and from the temperature measurements. [4]C-Bu-Cbz shows better transport properties with carrier mobility µcarrier = 2.78×10-4 cm².V-1.s-1. In agreement with the FE data in the saturated regime, [4]C-Et-Cbz behaves similarly with µcarrier = 2.71×10-4 cm².V-1.s-1. [4]C-Hex-Cbz is also close in terms of electrical performance with a mobility µcarrier = 1.37×10-4 cm².V-1.s-1. Note that for this last molecule, we observe that the electric field to be applied to fill the defects is higher, in deep consistency with the larger activation energy inferred from the temperature measurements. Finally, the mobility of [8]CPP has been measured following the same experimental protocol. Doing so, a very low mobility value of 1.21×10-7 cm².V-1.s-1 is obtained. This mobility is ca 3 orders of magnitude lower than that of cyclocarbazoles in agreement with the significant differences detected by AFM studies (Figure 7). This shows how a subtle structural modification of the nanoring backbone can have important consequences on the charge transport.
[image: ]
[bookmark: _Ref67573176]Figure 7. 2D () AFM images of semiconducting layer deposited under vacuum on SU8 insulating layer
Finally, the stability of the devices, which is a central feature for practical use, has been evaluated. First, it is worth mentioning that after 18 months of storage under a nitrogen atmosphere, the OFET characteristics of both [4]C-Et-Cbz and [4]C-Bu-Cbz remain the same (see Figure S28), whereas those of [4]C-Hex-Cbz are damaged. This can be again linked to the higher defect density found in the latter and highlights that the alkyl chain is also involved in the stability of the devices. The electrical stability of an OFET can be then evaluated by gate bias stress analysis. In such conditions, it is known that VTH shifts and the drain current ID decreases.63 A stretched exponential fit has been applied to VTH shift with stress time. The good agreement between experimental and simulated data highlights a reorganization of the OSC layer with the electrical stress. Because the density of structural defects of [4]C-Hex-Cbz is higher than that of [4]C-Et-Cbz and [4]C-Bu-Cbz, electrical stress significantly decreases its electrical performance (Figure S27). From this stretched exponential fit, characteristic trapping time of carriers has also been evaluated. [4]C-Hex-Cbz exhibits a very short trapping time t=558.9 s leading to a strong increase of VTH. For [4]C-Et-Cbz and [4]C-Bu-Cbz, this characteristic trapping time is higher with t=4623.4 s and t=39045.2 s respectively. These results can also be linked to the roughness of the film, with the lowest value obtained for [4]C-Bu-Cbz and the highest value for [4]C-Hex-Cbz (see above). 
Theoretical modelling
In order to better understand the possible origins for the very low mobility in [8]CPP and to assess the intrinsic transport properties of the nanorings, we have computed the electronic coupling between the HOMO levels of adjacent molecules in the single crystal structures. This parameter, often referred to as transfer integral, is indeed a central quantity governing the mobility values whatever the transport model considered (band or hopping regime). This key parameter reflects the degree of electronic overlap between the wave functions of adjacent molecules and has to be maximized. It is highly sensitive to the relative orientation of the molecules and allows theoreticians to draw maps of the most probable pathways a charge would take in bulk structure, thus assessing the dimensionality of charge transport. Moreover, the weak van der Waals interactions between molecules cause intermolecular vibrational modes to induce large molecular displacements, greatly affecting in turn electronic couplings in many occasions. We must thus include another important factor when analyzing charge transport through modeling methods and that is by how much the electronic coupling is spread by phonons at ambient temperature. In other words, we must consider as well the standard deviation of the distribution of electronic couplings induced by thermal motion. Comparing electronic couplings at both the static and dynamic levels is thus important to compare the nanorings performance.
To evaluate performances of the materials at the static level, we computed all the transfer integrals involving the molecules in the central unit cell of a 3×3×3 super cell. The results are exposed in Figure 8. The total number of pairs of neighbors stems from the amount of inequivalent molecules there are in one unit cell. This explains why the total number of couplings is different for each system. The maximum electronic couplings in the carbazole nanorings are slightly lower than the values observed in the CPP systems where the average transfer integral is on the order of 10 meV.26, 29 From this plot, one realizes that, intrinsically, the new generation of bridged cyclocarbazoles does not exceed the range of transfer integrals of the unbridged nanoring [8]CPP. Herein, [8]CPP displays the highest HOMO coupling, ca 18.3 meV along a molecular axis. These molecular pathways are highlighted by green arrows in Figure 9. A larger set of couplings also appears around 10 meV along two non-parallel molecular pathways that cross each other in the (bc) plane of the system. 
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[bookmark: _Ref65514045]Figure 8. Energetic distribution of transfer integral values for the three carbazole nanorings vs [8]CPP in a 3×3×3 supercell. The number of different electronic coupling is didacted by the crystal packing and the number of molecules in the unit cell.
This molecular plane appears in yellow in Figure 9 and the orientation of the two pathways are highlighted by orange arrows. Electronic couplings in this region of the distribution are so close that our bin size was too large to separate them. The 18 meV molecular axis goes through this plane, making [8]CPP the closest material to be of 3D transport nature in the scope of this study, despite relatively low couplings compared to the best organic OSCs with high transfer integrals typically between 50 and 100 meV.66-67
We have next computed the way lattice vibrational modes activated by temperature modulates the electronic couplings via molecular dynamics (MD) simulations. Once transfer integrals were computed from snapshots extracted from the MD run, we obtained the HOMO coupling distributions. For  [8]CPP, the average coupling associated to the green direction is 11.6 vs 18.3 meV in the crystalline structure. The average coupling associated to the dimers in the yellow plane is around 3.71 vs 10.1 meV in the experimental structure. The thermal vibrations of the lattice lead to moderate fluctuations in the transfer integrals, with standard deviation of 5.27 meV for the green coupling and 2.81 meV for the yellow couplings; all relevant information about electronic couplings and standard deviations can be found in Table S22. Electronic coupling distributions relevant to this description are presented in figure S33-35. At this stage, we can thus conclude that the absence of current in devices incorporating [8]CPP does not originate from an intrinsic property of the bulk of the material. Although weak electronic couplings prevail between the nanorings, [8]CPP exhibits a rather unique 3D character in contrast to the most performant OSCs68 typically organized in layers with a dominant 2D character.69 The experimental data seems to point towards injection problems.
CV data and DFT calculations highlight a difference in HOMO levels on the order of 0.1 eV between [8]CPP and the carbazole nanorings. The current going through the interface is proportional to the exponential of the injection barrier,70 which is thus larger for [8]CPP.
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[bookmark: _Ref66896957]Figure 9. Most efficient hole transport networks in [8]CPP (Green: molecules taking part in the 18 meV coupling. Yellow : plane defined by the two 10 meV molecular pathways), in [4]C-Bu-Cbz ((bc) molecular planes hold the most probable hole pathways for this system) and in [4]C-Et-Cbz (3×3×1 supercell seen from the (ac) plane; the 1 and 2 labels on the scheme correspond to the respective conducting planes in the (ab) plane).
Couple this to the idea that if the metal-molecule interaction is strong enough to distort [8]CPP at the interface or if the metal is not in direct contact with the aromatic rings, this might impede efficient charge injection in the devices. Note that carbazole-based nanorings are much less likely to be distorted at the metallic interfaces since they are more rigid, and that injection barrier is very material dependent, even when considering the same electrode.71 The electrode/OSC contact geometry is actually surely modified by the size of the pending alkyl chains. Future works in the field on charge carriers in nanorings will provide relevant data on this feature.
From the electronic couplings point of view, the materials displaying the less efficient charge transport is [4]C-Hex-Cbz with an average maximum at 4 meV. Such couplings are associated to directions in the (bc) plane, revealing a weak 2D transport. [4]C-Bu-Cbz does not pack very well in favor of charge transport, as the highest HOMO coupling reaches 7 meV along a single direction. In the scope of a hopping model (see SI for details), [4]C-Bu-Cbz requires the holes to jump in a zigzag fashion along the c axis as shown in Figure 9 (red arrows). Three of these recognizable columns (red, green and blue in Figure 9) go through the unit cell. All possible transfer integrals between these columns are close to 0 meV, indicating there are hardly any chances for a hole to jump on a neighboring 7 meV molecular pathway. Fluctuations of the electronic couplings in these zigzag columns reaches 1.2 meV and are illustrated in SI.
[4]C-Et-Cbz is the most promising compound among the systems under theoretical investigation. It has 8 molecules per unit cell, where each pair along the blue and green molecular axes in the bc plane forms a cluster of large HOMO couplings, between 10 and 12 meV, Figure 8. The hole transport network in [4]C-Et-Cbz crystals thus only extends in 2D. Thermal fluctuations of two selected dimers lead once again to standard deviations on the order of 4-5 meV. Transfer integral distributions can be found in SI, Figure S35.
Although standard mean deviations of the electronic couplings in carbazole nanorings represent 50-100% of their average value, they are rather low (1-5 meV, see table S21) compared to state of the art materials such as OSC based on pentacene (40-50 meV72), anthracene (20-35 meV,73) or rubrene (20-50 meV67). Rod-like molecules such as pentacene, naphtho[2,3-b]naphtho[2′,3′:4,5]thieno[2,3-d]thiophene (DNTT) and benzothieno[3,2-b][1]benzothiophene (BTBT) derivatives typically display high charge-phonon couplings that are detrimental to transport, the most notable being a shearing mode of vibration along the longest axis of the molecules.74 This normal mode is tightly correlated to the flat and elongated shape of the molecule. Nanorings, because of their geometrical features, might be an interesting solution for crystal engineering to avoid this problem. Interestingly, this study suggests that designing any molecular structure beyond simple rod-like shapes but with high electronic couplings could help reducing the often detrimental impact of lattice vibrations on charge transport.
Conclusion
This work reports the first detailed structure-properties-device performance relationship study of functional materials based on nanoring systems i.e. [4]cyclo-N-alkyl-2,7-carbazoles. The nanorings have been synthesized through an optimized synthetic protocol leading to a very high yield of ca 60%. As far as we are aware, this yield is among the highest reported to date for this approach. Electrochemical, photophysical and structural properties have been then unraveled to elucidate the key role played by the bridge and by its substitution. It appears that cyclocarbazoles present many promising characteristics such as the stability of the quantum yield in the solid state. As the supramolecular arrangement can be tuned by the chain borne by the nitrogen atom, the consequences on the solid state properties of the nanorings are important. The charge transport properties are impacted and the OFET characteristics of the three cyclocarbazoles appear to be different and modulated by the size of the alkyl chain. In addition, FE mobility values of ca 10-5 cm².V-1.s-1 were recorded for the cyclocarbazoles, whereas non-bridged benchmark [8]CPP does not display any FE mobility.  Similarly, the SCLC mobility of cyclocarbazoles appears to be three order of magnitudes higher than that of [8]CPP highlighting the strong effect of the bridging on the charge transport properties. At the theoretical level, the computed electronic couplings between HOMOs of adjacent molecules nevertheless indicate that [8]CPP is intrinsically a better hole transporter than the cyclocarbazoles, provided that charges can be injected efficiently. Analysis of the fluctuations in the electronic couplings induced by thermal agitation points to a small dynamic disorder, most often detrimental, compared to the rod-like best performing organic semiconductors. It is noteworthy mentioning that [4]C-Et-Cbz and [4]C-Bu-Cbz based devices remain stable at the year time scale and under electric stress showing the potential of this family of nanorings.
This study opens the way to the development of nanorings in electronics. With further molecular designs to tune the HOMO/LUMO energy levels and/or the intermolecular interactions, the mobility values will be surely rapidly increased. The rational construction of nanorings for application in organic devices is now the next stage of development and we are putting efforts along this direction. 
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