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ABSTRACT: Columnar polymers and liquid crystals obtained from π-conjugated cone-shaped molecules are rising increasing in-
terest due to the possibility of obtaining unconventional polar organizations that show anisotropic charge transport and unique chi-
roptical properties. However, and in contrast to the more common planar discotics, the self-assembly of conic or pyramidic molecules 
in solution remains largely unexplored. Here, we show how a molecular geometry change, from flat to conic, can generate supramo-
lecular landscapes where different self-assembled species, each of them being under thermodynamic equilibrium with the monomer, 
exist exclusively within distinct regimes. In particular, depending on the solvent nature – aromatic or aliphatic – cone-shaped C3-
symmetric subphthalocyanine 1 can undergo self-assembly either as a tail-to-tail dimer, showing monomer-dimer sigmoidal transi-
tions, or as a head-to-tail non-centrosymmetric columnar polymer, exhibiting a nucleation-elongation polymerization mechanism. 
Moreover, the experimental and theoretical comparison between racemic and enantiopure samples revealed that the two enantiomers 
(1M and 1P) tend to narcissistically self-sort in the dimer regime, each enantiomer showing a strong preference to associate with 
itself, but socially self-sort in the polymer regime, favoring an alternate stacking order along the columns.  

INTRODUCTION  

π-Conjugated discotics are a well-known, attractive class of 
molecules with great potential in organic liquid crystal and op-
toelectronic technologies.1,2 This is due to their strong tendency 
to order in columnar architectures, driven by the stacking of 
their extended planar cores, which results in efficient intermo-
lecular π-π overlaps and is the origin of bulk semiconducting 
properties. Perylenes, acenes, phthalocyanines, porphyrins, tri-
phenylenes, and hexabenzocoronenes are just a few examples 
of relevant flat molecules that have been the subject of myriads 
of studies focused on their properties and columnar organiza-
tion, not only in condensed phases,3 but also in solution.4 

Now, when molecular structure deviates from planarity, as 
in cone-shaped molecules – also named conic, bowlic, or pyra-
midic –,5 additional intriguing properties may arise as a conse-
quence of their stacking. First, a molecule with a conic shape or 
cone conformations6 may present axial dipoles that can interact 
with electric fields and, if piled up in columns and aligned uni-
axially, give rise to polarly ordered materials7 exhibiting 
switchable (i.e., ferroelectric)8,9 or permanent10,11 polarization, 
as well as anisotropic charge transport.9b,12 As a matter of fact, 
conic molecules are contributing strongly to the renovated in-
terest in the field of supramolecular ferroelectrics and polar as-
semblies, where novel materials with unprecedented physical 
properties are being developed from molecular design.13 A sec-
ond important difference with respect to planar discotics is that, 
when properly substituted, a pyramidal molecule may become 
chiral14 and will thus have the possibility of forming homochiral 
helical assemblies.15,16 As opposed to the many examples of hel-
ically stacked discotics where chiral centers are placed in the 
disordered peripheral chains,17 chirality resides here intrinsi-
cally in the aromatic core of the molecule. Finally, contrarily to 
flat discotics, a cone-shaped molecule may show diverse aggre-
gation modes (Figure 1). Since they display a convex side (a 
head) and a concave side (a tail), intermolecular stacking inter-
actions between two pyramidal molecules may in principle lead 

to three distinct geometries: centrosymmetric head-to-head and 
tail-to-tail interactions, and a non-centrosymmetric head-to-tail 
aggregation mode. Only the latter can produce polymeric col-
umns with a polar organization.  

 

Figure 1. Potential stacking modes for planar discotics and pyra-
midic molecules. 

However, many of the available cone- or bowl-shaped -
conjugated molecules that can potentially generate these re-
markable properties, such as sumanene, coronene, calixarene, 
cyclotriveratrylene, etc., exhibit relatively fast bowl inversion 
that eventually results in dipole cancellations and, in the case of 
chiral molecules, in racemization.18 Subphthalocyanines (Sub-
Pcs),19 on the other hand, are an important class of C3-symmet-
ric organic semiconductors with a singular rigid pyramidal 
structure in which cone inversion is blocked due to tetrahedral 
coordination of a central boron atom to three isoindoles and to 
an axial ligand.20 As a consequence, these unique molecules are 
endowed with permanent axial dipoles and their enantiomers 
show no racemization.14a,16 Unfortunately, most axial ligands 
used in SubPcs are too bulky and efficiently prevent aggrega-
tion, which has been so far the basis of many of the applications 
of these highly soluble magenta dyes in the fields of nonlinear 



 

optics,21 photodynamic therapy,22 artificial photosynthetic 
mimics,23 or organic optoelectronics.24  

Nonetheless, we demonstrated that SubPc head-to-tail co-
lumnar stacking can be promoted by providing these molecules 
with a very small axial ligand: a fluorine atom.16,25 Moreover, 
the presence of a strongly polar axial B-F bond additionally re-
inforces head-to-tail association due to dipole-dipole interac-
tions and lead to unprecedented columnar liquid-crystalline ma-
terials that can be oriented in the presence of electric fields and 
that exhibit permanent10 or switchable9b polarization. We also 
showed that these non-centrosymmetric columnar assemblies 
can be stabilized in alkane media by equipping the SubPcBF 
core with arylamide substitutents (as in 1; Figure 2a),16 which 
originated the first lyotropic columnar nematic mesophases ex-
hibiting polar switching.9a  

Here, we investigate in detail the solution self-assembly of 
SubPc 1 and demonstrate how a geometrychange from the 
common flat discotic to the unusual cone-shaped pyramidic can 
generate a more complex supramolecular landscape where dif-
ferent self-assembled species, each of them being under ther-
modynamic equilibrium with the monomer, exist exclusively 
within distinct regimes. Specifically, depending solely on the 
solvent nature – aromatic or aliphatic –,26 -conjugated SubPc 
1 can self-assemble either in a tail-to-tail dimer, showing mon-
omer-dimer sigmoidal transitions (Regime A), or in a head-to-
tail columnar stack, formed via a nucleation-growth polymeri-
zation mechanism (Regime B). Furthermore, if the two enantio-
mers of this C3-symmetric molecule (1P and 1M; Figure 2a)19a 
are separated by chiral HPLC,16 homochiral assemblies can be 
then produced that show opposite helicities. Additional spectro-
scopic and computational studies, comparing the assembly of 
racemic and enantiopure 1 samples, demonstrate that each of 
these aggregation modes additionally reveals prominent and ex-
clusive chiral self-sorting behavior. Whereas the SubPc enanti-
omers socially self-sort in the polymer regime (Regime B), 
showing an alternate columnar stacking order, they reveal nar-
cissistic self-sorting in the dimer regime (Regime A), each en-
antiomer disclosing a strong preference to associate with itself. 
Our studies also provide a deeper insight into some unique 
structural features of both self-assembled species, especially re-
garding the conformational arrangement of the exocyclic dipo-
lar H-bonded amide groups.  

RESULTS AND DISCUSSION 

Tail-to-Tail Dimer vs Head-to-Tail Polymer Aggregation 
Regimes. C3-symmetric SubPc 1 exhibits quite distinct absorp-
tion, emission, and circular dichroism (CD) features as a func-
tion of the solvent environment. Figures 2b-c display the spectra 
of 1 in the three main solvents employed in this work: 1,4-diox-
ane, toluene, and methylcyclohexane (MCH). The correspond-
ing spectra in the same conditions of 2, featuring a bulky tert-
butylphenoxy axial ligand instead of the fluorine atom, are 
shown as well for comparison 

 

Figure 2. (a) Structure of SubPcs 1 and 2. (b) Absorption (solid 
lines) and emission (dashed lines; λexc = 530 nm) spectra of 1 and 
2 in dioxane, toluene, and MCH. Emission spectra were recorded 
for the same samples of the displayed absorption spectra exciting 
at 530 nm, where all samples show virtually identical absorbance. 
(c) CD spectra of 1P and 1M in dioxane, toluene, and MCH. In all 
cases: [1] = [2] = 3.2 × 10‒5 M; T = 20 ºC. (d) Model of the different 
self-assembly regimes studied in this work. Yellow spheres in the 
model represent the arylamide substituents. 

1 and 2 solutions in 1,4-dioxane (red and pink spectra in 
Figure 2b) show the typical narrow Q-band absorption charac-
teristics of monomeric SubPcs with a maximum at 580 nm (ε = 
88.900 (1) and 84600 M‒1 cm‒1 (2)) and shoulders at 560 and 
530 nm. Steady-state fluorescence experiments revealed strong 
emission bands for both compounds with a maximum at 603 
nm. On the other hand, the two enantiomers of 1 (1P and 1M)16 
in this solvent exhibit weak mirror-image CD signals with low-
intensity maxima at 583 nm, negative for the former and posi-
tive for the latter (Figure 2c). In toluene, on the contrary, both 
1 and 2 show clear signs of (partial) aggregation (green spectra 
in Figures 2b,c). The Q-band is slightly broadened and a new 
absorption shoulder arises at 542 nm, while fluorescence emis-
sion is slightly quenched and red-shifted for both compounds in 
comparison to dioxane. The CD spectrum of 1P shows now a 



 

pronounced negative maximum at 596 nm and zero-crossing at 
567 nm. The enantiomer 1M shows obviously mirror-image 
signals. The situation changes again in MCH, where the spectral 
features of 1 or 2 are now totally different (blue spectra in Fig-
ures 2b,c). 1 solutions in MCH display a broad, blue-shifted Q-
band with maxima at 518 nm (ε = 39600 M‒1 cm‒1) and a shoul-
der at 501 nm, while the emission is now almost fully quenched 
(by a factor of 25) with respect to the monomer in dioxane. The 
CD spectrum shows maxima at 494 nm (+), 531 nm (–), and 
557 nm (–) for 1P, whereas 1M displays a mirror-image spec-
trum with opposite signs. On the other hand, the spectral char-
acteristics in MCH of 2, equipped with the bulky axial ligand, 
are reminiscent of those found in toluene, suggesting that the 
same supramolecular species is formed in both solvents. 

From these observations we propose that each solvent me-
dia promotes a different regime, and thus the prevalence of one 
particular supramolecular species (Figure 2d). In dioxane (and 
also tetrahydrofurane (THF)), a competing solvent for H-bond-
ing, both compounds are fully dissociated, and the monomer is 
the dominant species in solution. In these solvents, the absorp-
tion features of 1 or 2 are identical independently of sample 
concentration and temperature and the 1H NMR spectra showed 
sharp signals characteristic of monomeric SubPcs (see below).  

On the contrary, in MCH (and also heptane or dodecane), a 
strongly nonpolar aliphatic solvent, 1 aggregates head-to-tail to 
form polymeric columnar π–π stacks, as observed in AFM and 
TEM microscopy measurements (see Figures S1A-C). Width 
dimensions obtained by TEM, between 4.5 and 6 nm, matched 
rather well the outer diameter expected for the columnar stacks 
of SubPc 1. AFM height profiles showed however smaller 
diameters, between 2 and 3 nm, rather matching the rigid 
aromatic SubPc core (see Figure S1C), which is usually due to 
the compression of side-chains by the force applied by the AFM 
probe, and by the affinity of the assemblies for the surface. As 
noticed in our previous work, the formation of these fibers can 
ultimately lead to solvent gelation and to lyotropic mesophases 
if the concentration is high enough.9a However, due to obvious 
steric hindrance caused by the bulky axial substituent, 2 cannot 
polymerize in head-to-tail stacks. The best option for this mol-
ecule to satisfy the involvement of the amide groups in H-bond-
ing is to dimerize by tail-to-tail interactions. Compared to the 
shape-complementary concave-convex association, the π-con-
jugated cores show only a moderate overlap in this concave-
concave association mode, which is principally characterized 
by a slightly broadened absorption Q-band and an intense CD 
signal at 596 nm. It should be noted that a related molecule in 
which the amide units are replaced by ethynylene groups10 

shows no association in solution, even at the highest concentra-
tions measured in MCH or dodecane, which suggests that the 
main driving force for SubPc 1/2 association is H-bonding be-
tween arylamide groups. 

Finally, in toluene (and also chlorobenzene or 1-phe-
nyloctane), a nonpolar solvent but a good solvating agent for π-
surfaces, these last spectral features are retained for both com-
pounds, so we assume that the formation of tail-to-tail H-
bonded dimers is predominant for both 1 and 2.  

To further prove these assumptions, we conducted optical 
experiments as a function of the three main parameters that rule 
self-assembly: temperature, concentration, and environment 
(i.e., solvent nature). Due to the clear changes observed and its 
sensitivity, UV-vis absorption was considered the most appro-
priate technique to monitor the association transitions between 

supramolecular species and fit the data to suitable models, as 
described below. The supramolecular transitions of racemic 1 
and 2 were compared in the same conditions and monitored at 
 = 580 nm. Our results are displayed in the set of experiments 
described below, where the three species can be readily distin-
guished based on their extinction coefficients at 580 nm: mon-
omer (580 ~ 88.000 M‒1 cm‒1), dimer (580 ~ 60.000 M‒1 cm‒1), 
and polymer (580 ~ 12.000 M‒1 cm‒1). These coefficients do not 
depend strongly on solvent composition or the nature of the ax-
ial ligand. In all cases, the degree of aggregation (agg) lowers 
with increasing temperature and decreasing concentration in 
both toluene and MCH, while cooling and heating curves over-
lap each other, which is consistent with supramolecular aggre-
gation under thermodynamic control.  

Temperature-dependent measurements. Figures 3a and 3b 
show the absorption changes recorded for the dissociation of the 
1 tail-to-tail dimer in toluene and the 1 head-to-tail polymer in 
MCH, respectively, as a function of temperature (from ‒5 to 95 
ºC). In Figures 3c and 3d we plot the corresponding extinction 
coefficient changes observed at 580 nm for 1 and 2 in toluene 
and MCH, respectively, at different concentrations. The corre-
sponding set of spectra are collected in Figure S2 in the S.I. The 
variable-temperature fluorescence emission spectra, shown in 
Figure S3, closely match the trends recorded from UV-vis ab-
sorption measurements. 

 

Figure 3. (a,b) 1 Q-band absorption changes as a function of tem-
perature in (a) toluene at 2.5 × 10‒4 M and (b) MCH at 2.5 × 10‒6 
M (scan rate: 0.5 K min−1, to ensure that the process takes place 
under thermodynamic control). Arrows indicate spectral changes 
upon temperature decrease. Insets: relationship between the degree 
of aggregation and temperature and the corresponding fit (solid 
line) to isodesmic (a) and nucleation-elongation (b) models. (c,d) 
Molar absorption changes monitored at 580 nm in toluene (c) and 
MCH (d) of 1 or 2 solutions at different concentrations. In red: Re-
gime A. In blue: Regime B. Tm is the melting temperature (temper-
ature at which  = 0.5) calculated in each experiment. The corre-
sponding set of spectra can be found in the S.I. (Figure S2). 

a b

c d

Tm = 43 °C 

Tm = 38 °C 

Tm = 17 °C 

Tm =  -3 °C 

Tm = 84 °C 

Tm = 63 °C 

Tm = 80 °C 
Tm =   0 °C 

Tm =   5 °C 

Tm = 18 °C 

Regime A Regime B

Tm = 71 °C 



 

Table 1. Thermodynamic Parameters Calculated upon (a) Polymerization by Decreasing Temperature in MCH, and (b) Depolymer-
ization in MCH:Dioxane mixtures by Increasing the Volume Fraction of Dioxane (χD). 

  Kn 
(M-1)[a] 

Ke 
(M-1)[b] 

Te 

(K)[c] 
 [d/j] H 0 

(kJ mol‒1)[e] 
S 0  

(J mol‒1·K‒1)[f] 
Hn0  

(kJ mol‒1)[g] 
m 

(kJ mol‒1)[h] 
G 0  

(kJ mol‒1)[i] 

a 
1 1.5 × 103 3.7 × 105 350.3 ± 0.3 0.004 ‒97.4 ± 2.7 ‒17.1 ± 0.8 ‒16.3 ± 1.1 - - 

1M 7.1 × 103 4.2 × 105 344.9 ± 1.1 0.017 ‒56.1 ± 3.4 ‒55.0 ± 2.8 ‒11.7 ± 1.3 - - 

b 
1 - -  0.027 - - - 120.0 ± 3.0 ‒38.0 ± 3.0 
2 - -  1 - - - 102.0 ± 2.6 ‒32.0 ± 2.3 

[a] Nucleation and [b] elongation constants, [c] elongation temperature, [d] degree of cooperativity, elongation [e] enthalpy and [f] entropy, and 
[g] nucleation enthalpy of the polymerization process calculated by decreasing T. [h] m parameter, [i] Gibbs free energy, and [j] degree of 
cooperativity of the depolymerization process analyzed by increasing χD.  

In toluene (Figures 3a,c and S2A), a monomer‒dimer equi-
librium is established for both 1 and 2, with clear isosbestic 
points at 520, 554, and 589 nm. At the same concentration, the 
two compounds display similar spectral features and tempera-
ture trends, which supports the notion that the same self-assem-
bled species is formed. Both molecules showed sigmoidal tem-
perature-dependent curves characteristic of isodesmic or equal-
K processes. The corresponding /T plots (inset in Figure 3a 
and Figure S4) afforded the melting temperature (Tm; defined as 
the temperature at which  = 0.5) at each concentration, which 
is also indicated in Figure 3c. All the temperature-dependent 
data obtained in toluene were fitted to an equal-K model in or-
der to calculate the main thermodynamic parameters, namely 
the equilibrium constant (KD) and the enthalpic (H) and en-
tropic changes (S), associated to this supramolecular process 
(Table S1). The data was consistent with a dimerization process 
and indicated a slightly stronger association for 1 (KD = 1.5 × 
104 M‒1) than for 2 (KD = 4.2 × 103 M‒1) at a 3.9 × 10‒6 M con-
centration in toluene. 

In MCH, on the contrary and as stated above, 1 and 2 dis-
played very different spectra, that were assigned to the head-to-
tail stacks of 1 (Figures 3b,d and S2B) and the tail-to-tail dimer 
of 2. Both species exhibit extraordinary stability to temperature 
changes and full dissociation could only be observed at high 
temperatures in very diluted samples (ca. 10‒6 M). Therefore, 
we were limited to a very narrow concentration range to acquire 
complete polymerization data through cooling experiments 
(higher concentrations did not result in complete depolymeriza-
tion, whereas lower concentrations were out of our UV-vis ab-
sorbance detection limit). Still, the polymerization mechanism 
for 1 at 2.5 × 10‒6 was analyzed by fitting the non-sigmoidal 
cooling curves obtained at 576 nm to the cooperative model de-
veloped by Meijer and co-workers,27,28 in which the polymeri-
zation process is divided in a nucleation and an elongation 
phase. A non-linear least-square analysis (equations 1-3) of the 
experimental melting curves allowed us to obtain a set of ther-
modynamic parameters (Figure S5, Table 1) including: the 
elongation temperature (Te; the temperature at which the elon-
gation phase from the nucleus is triggered), the elongation en-
thalpy (ΔH0) and entropy (ΔS0), the nucleation enthalpy (ΔHn

0), 
the nucleation (Kn) and elongation (Ke) equilibrium constants 
and, finally, the degree of cooperativity () associated with the 
polymerization process.  

𝐾𝑛 = 𝑒
(
−(∆𝐻0−∆𝐻𝑛

𝑜)−𝑇∆𝑆𝑜

𝑅𝑇
)
       (1) 

𝐾𝑒 = 𝑒
(
−(∆𝐻0−𝑇∆𝑆𝑜)

𝑅𝑇
)                  (2) 

𝜎 =  
𝐾𝑛

𝐾𝑒
= 𝑒

(
∆𝐻𝑛

𝑜

𝑅𝑇
)
                     (3) 

The data fitted reasonably well to a nucleus comprising two 
1 molecules that then grows by successive SubPc head-to-tail 
polymerization. Our results, in particular the calculated cooper-
ativity factors, are within the same range of those obtained from 
related C3-symmetric planar discotics to which this model has 
been applied,29 such as benzene-1,3,5-tricarboxamides 
(BTAs),30 triangular‐shaped oligo(phenylene ethynylene)‐
based trisamides,31 disks based on the 3,3′-diamino-2,2′-bipyri-
dine fragment,32 or tricarboxamides,33,34 as well as other π-con-
jugated molecules, such as oligo(phenylene‐ethynylene)s,35 N-
heterotriangulenes36,37 and star-shaped oligo(p-phenylene-
vinylene) substituted hexaarylbenzenes.38 

Concentration-dependent measurements. Next, we per-
formed concentration-dependent absorption measurements in 
toluene and MCH (Figures 4a,b and S6) and the changes ob-
served at 580 nm were plotted as a function of concentration 
(Figure 4c). A comparable trend to the temperature-dependent 
experiments was noticed when decreasing concentration: 
whereas in toluene both 1 and 2 dimers gradually evolved to the 
monomeric form through similar isosbestic points to those 
found in the cooling experiments (520, 554, and 589 nm), in 
MCH the 1 polymer and the 2 dimer showed no significant dis-
sociation along the whole concentration range, indicating a 
much stronger aggregation in this aliphatic solvent.  

The dilution data in toluene was fitted to a dimer model that 
assumes only dimer formation.39 

2𝑀
𝐾𝐷
↔ D         (4) 

the equilibrium constant KD can be characterized by the equa-
tion 5:  

𝐾𝐷 = 
𝐶𝐷

(𝐶𝑀)
2    (5) 

Herein, both CD (dimer concentration) and CM (monomer 
concentration) can be expressed as a function of the overall con-
centration (CT) and the molar fraction of aggregated molecules 
(αagg) as shown in the following equations:  

𝑐𝐷 =
𝑐𝑇𝛼𝑎𝑔𝑔

2
                (6) 

𝑐𝑀 = 𝑐𝑇(1 − 𝛼𝑎𝑔𝑔)    (7) 
Since the αagg values at a certain concentration CT can be 

extracted from the nonlinear least-squares analysis, both CD and 
CM are obtainable. The resultant dimerization constants (KD) 
calculated from the monomer absorption maximum at 580 nm 
are KD = 4.0  0.9 × 104 M‒1 for 1 and KD = 3.4 ± 0.5 × 103 M‒



 

1 for 2. These values are in good agreement with the temperature 
dependent data in toluene and indicate again that 1 undergoes a 
slightly stronger dimerization process than 2 (see also the 1H 
NMR dilution measurements described below). 

 

Figure 4. (a,b) 1 Q-band absorption changes as a function of the 
concentration in (a) toluene or (b) MCH. Arrows indicate spectral 
changes upon dilution. (c) Absorption changes monitored at 580 
nm in toluene or MCH of 1 or 2 solutions upon dilution. In all cases, 
T = 20 ºC. In red: Regime A. In blue: Regime B. The corresponding 
set of spectra for 2 can be found in Figure S6. 

Solvent-dependent measurements. The dissociation of both 
dimer and polymer species was also monitored and analyzed by 
changing solvent composition. Concretely, we studied the de-
gree of aggregation of the 1 polymer and the 2 dimer in MCH 
by increasing the volume fraction of 1,4-dioxane (Figure 5). 
The denaturation curves of 1 or 2 in MCH with 1,4-dioxane (3.2 
× 10-5 M) were analyzed by an extended nucleation-elongation 
model developed by de Greef, Meijer, and co-workers (SD 
model).40,33,41 In this equilibrium model the monomer addition 
steps in the nucleation regime are described by an equilibrium 
nucleation constant Kn with a cooperative parameter (σ):  

𝜎 =  
𝐾𝑛

𝐾𝑒
 < 1             (8) 

The elongation equilibrium constant Ke is defined via: 

𝐾𝑒 = 𝑒
(
−∆𝐺0′

𝑅𝑇
)           (9) 

where G0’ is the Gibbs free energy gain upon monomer addi-
tion, R the gas constant and T the temperature. According to 
denaturation models, the Gibbs free energy is assumed to be 
linearly dependent on the volume fraction of good solvent (χD): 
∆𝐺0′ = ∆𝐺0 +𝑚 · 𝑓      (10)

where G0 represents the Gibbs free energy gain upon mono-
mer addition in the pure solvent (MCH) and the dependence of 
G0’ on χD is described by the m parameter, which characterizes 
the ability of the good solvent to associate with the monomer 
thereby destabilising the supramolecular aggregated species 
(Table 1). 

SubPc 2 in MCH reveals absorption changes upon denatur-
ation with dioxane that are typical of those observed in Regime 
A, with isosbestic points at 544 and 590 nm (Figure 5a). The 
degree of aggregation displays a sigmoidal dependency with di-
oxane content at a constant concentration and the data was fitted 
to the model with  = 1 (Figure 5c), thus in accordance with the 
presence of a monomer-dimer equilibrium in mixtures of these 
solvents. The free energy gain was calculated in this case as G0 
= ‒32.0  2.3 kJ mol‒1. Likewise, 1 or 2 tail-to-tail dimer solu-
tions in toluene developed the same spectroscopic changes as 
those seen in temperature- and concentration-dependent meas-
urements when dissociated with increasing amounts of dioxane 
(Figure S7). 

 

Figure 5. Changes in the (a) 2 and (b) 1 Q-band absorption spectra 
as a function of the volume fraction of dioxane (χD) in MCH (3.2 × 
10‒5 M, T = 20 ºC). Arrows indicate spectral changes upon molar 
fraction of dioxane increase. Fitting of denaturation curve of (c) 2 
at 580 nm and (d) 1 at 519 nm to the extended nucleation-elonga-
tion model.  

However, the experimental data for the self-assembly of 1 
reveals a critical solvent composition in which polymerization 
is abruptly triggered, with a clear isosbestic point at 528 nm 
(Figure 5b). This fact can be attributed again to a nucleation 
phenomenon operating in a cooperative aggregation process.42 
Curve fitting by applying a global nonlinear least-squares pro-
cedure using the SD equilibrium model shows a good descrip-
tion of the data for supramolecular polymers growing via a co-
operative mechanism (Figure 5d) with G0 = ‒38.0  3.0 kJ 
mol‒1 and  = 0.027. 
Additional Insights into the Self-assembly and Structure of 
the Tail-to-Tail Dimer Obtained by NMR Spectroscopy. In 
order to gain a deeper insight into the self-assembly process and 
the structure of the associated species, we performed a series of 
1H and 19F NMR experiments in different solvents as a function 
of sample concentration and temperature.  

In THF-d8, a solvent chosen as the NMR substitute for di-
oxane, 1 and 2 showed characteristic signals corresponding to 

a b

c

Regime A Regime B

a b

c d

Regime A Regime B



 

the monomeric species that did not change significantly in 
shape or position with temperature or concentration. The amide 
proton signal, presumably coordinated to solvent molecules, 
was found at 9.7 ppm (Figure S8A).  

In chlorinated solvents like CDCl3 or CDCl2CDCl2, how-
ever, 1 and 2 displayed clear signs of aggregation. Both com-
pounds exhibited similar trends when increasing sample con-
centration (Figures S8B) or decreasing the temperature (Figure 
6a,b): in 1H NMR (Figures S8B and 6a) the amide signal shifts 
downfield and the aromatic signals shift upfield, whereas in 19F 
NMR (Figure 6b) the fluorine signal of 1 broadens and experi-
ences a downfield shift. This behavior is characteristic of a fast 
exchange between the monomer and a H-bonded aggregated 
species which, in view of the similarity between SubPcs 1 and 
2, was assigned again to the tail-to-tail dimer. On the other 
hand, below 10‒4 M, at concentrations where optical measure-
ments are carried out, the spectra obtained in these chlorinated 
solvents are typical of monomeric species. The chemical shift 
changes of some selected protons as a function of concentration 
fitted adequately to the dimer model39 described above. In this 
way, the dimerization constant in CDCl3 was calculated as KD 
= 101 ± 18 M‒1 for 1 and KD = 63 ± 13 M‒1 for 2 (see Figure 
S8B and Table S2).  

Decreasing solvent polarity to toluene-d8, however, resulted 
in totally different spectra (Figures 6c,d and S8C). At high tem-
peratures, the spectra of 1 and 2 are reminiscent to those found 
in chlorinated solvents, but decreasing the temperature below a 
certain value – that depends on the sample concentration (see 
Figure S8C) – results in the stabilization of a self-assembled 
species which, surprisingly, loses the C3-symmetry of the 
SubPc monomer. As shown in Figure 6c,d for a 5 mM sample 
of SubPc 1, both 1H and 19F NMR reveal a clear transition 
around 348 K. Above that temperature, a fast exchanging mon-
omer-dimer mixture with a single set of proton signals is found, 
just like in chlorinated solvents. Below that temperature and 
down to 238 K, an aggregated species is kinetically stabilized 
that presents three well-resolved sets of 1H signals (named here-
after with the subscripts 1, 2 and 3) and one set of 19F signals. 
These signals integrate equally at different concentrations and 

temperatures, suggesting the persistence of a single structure 
with C1-symmetry below the transition temperature. All aro-
matic signals are strongly shifted downfield when compared to 
the monomer signals. In addition, the shape and position of the 
amide proton signals of the new species suggest that all of them 
are in average involved in H-bonding, but with different 
strength and/or chemical environment. Decreasing the temper-
ature down to 238 K produces a downfield shift of these amide 
signals that is particularly evident for the a2 proton ((a1) = ‒
0.4 ppm; (a2) = ‒1.2 ppm; (a3) = ‒0.1 ppm), which can be 
an indication of the formation of stronger H-bonds. In 19F NMR 
experiments performed for 1 at the same concentration and in 
the same temperature range, a new signal arises below 348 K, 
again in slow exchange at the NMR timescale, that grows at the 
expense of the original signal found at high temperatures (see 
Figure 6d). The addition of very small amounts of THF-d8 (be-
low 5% v/v) produces full dissociation and the recovery of the 
C3-symmetric proton pattern. Together with the dependence of 
the transition temperature with concentration (see Figure S8C), 
this confirms the supramolecular nature of the species formed 
in toluene-d8. It is important to note that 2 revealed very similar 
1H NMR changes in the same conditions and temperature range. 

In order to assign all proton signals, Heteronuclear Multi-
ple-Quantum Correlation (HMQC) 1H–13C NMR experiments 
were performed (Figure 7a). Those signals that did not show 
correlation to any carbon nucleus were assigned to the amide 
signals. Upon addition of D2O to the sample in toluene-d8 those 
amide signals disappeared, thus corroborating our assignment.  

On the other hand, NOESY experiments afforded further 
useful information about the structure of the stable assembly 
formed in toluene and, more concretely, about the conformation 
of each of the three amide groups in the assembled species and 
hence on the origin of the loss of the C3-symmetry. The amide 
conformations in SubPcs 1 and 2 can be divided in four groups 
depending on the C−C−N−H dihedral angle formed between 
the amide group and the isoindole ring (Figure 7b).16 We can 
define syn and anti orientations, depending whether the amide 
carbonyl dipole is aligned parallel or antiparallel, respectively,

 

Figure 6. Changes in (a,c) the aromatic region of the 1H NMR spectrum or (b,d) the 19F NMR spectrum of 1 in (a,b) CDCl2CDCl2 and (c,d) 
toluene-d8 as a function of temperature. In all cases: [1] = 5 mM (see also Figure S8C).



 

to the axial B−F bond, or in and out orientations, as a function 
of the position of the carbonyl oxygen with respect to the isoin-
dole ring.  

 

Figure 7. (a) HMQC NMR experiment (500 MHz; 298 K; [1] = 5 
mM; toluene-d8) showing the 1H–13C correlations and the assign-
ment of each aromatic proton signal. (b) Four groups of amide con-
formations that lead to intermolecular H-bonding. We can define 
syn and anti orientations – depending whether the amide carbonyl 
dipole is aligned parallel or antiparallel, respectively, to the axial 
B–F bond –, and in and out orientations – as a function of the posi-
tion of the carbonyl oxygen (in red) with respect to the isoindole 
ring. (c) SubPc 1 structure and assignment of the most relevant 
NOE cross-peaks observed in the aromatic region of the NOESY 
spectrum of a 5 mM 1 solution in toluene-d8 at 298 K. 

Figure 7c shows the most relevant region of the NOESY 
spectrum of 1 in toluene-d8 at 298 K, where the three signals for 
each aromatic and amide protons are located. Let us first focus 

on the amide a1 signal at 11.58 ppm. This proton displays NOE 
cross-peaks with the proton of one of the gallic wedges and with 
a vicinal proton at the  isoindole position, assigned arbitrarily 
as e1 and d1 (Figure 7b), but not with a “b” proton. This suggests 
an out orientation for this amide group. The  isoindole proton 
labelled as b1 in Figure 7b, which displays an unusual downfield 
shift, does not show NOE with any other proton and thus could 
belong to the same isoindole unit as amide a1 (see below). The 
NOE pattern is however totally different for the a2 amide proton 
at 9.48 ppm. This proton presents instead strong NOE cross-
peaks with the  isoindole proton ortho to the amide group, la-
belled as b2, and no cross peaks with the corresponding “d” pro-
tons at the  isoindole position. This suggests an in confor-
mation for this amide group. Finally, the amide proton at 9.28 
ppm, labelled as a3 in Figure 7b, presents NOE cross-peaks with 
the two ortho protons: b3 and d3, so its conformation cannot be 
clearly assigned. In any case, these NOESY experiments clearly 
reveal that the assembled species exhibits different defined con-
formations for the H-bonded amide groups, and this must be the 
origin of the loss of the C3-symmetry.  

In order to confirm that the aggregates formed in toluene are 
compatible with the size expected for a dimer model (about 5 
nm in diameter), DOSY NMR experiments were carried out in 
this aromatic solvent at different concentrations (Figure S8D). 
From these experiments, it is inferred that: 1) the diffusion-or-
dered signals are relatively sharp, which is characteristic of dis-
crete assemblies, 2) all signals assigned to the dimeric assembly 
have the same diffusion coefficient, and 3) the analysis of the 
diffusion data according to the Stokes-Einstein equation re-
vealed that the hydrodynamic radius of our assemblies in tolu-
ene is about 2.8 nm, which is in agreement with the one esti-
mated from theoretical models (see Figure S8D). This evidence, 
together with the well-defined 1H NMR spectra, discards the 
formation of mixtures of ill-defined oligomers, where only one 
or two amide groups are H-bonded, since these should give rise 
to far more complex spectra that would change considerably 
with temperature. Furthermore, a dimer assembled via three H-
bonding points should be far more stable in diluted solutions if 
we consider chelate cooperative effects.43 The inversion of 
these H-bonded amide groups must be, however, fast in the 
NMR timescale, and this must be the reason why we cannot dis-
cern between the two SubPcs in the dimer. Figure S8E offers a 
more detailed interpretation of this last hypothesis. 

In short, all the experimental evidence obtained in toluene-
d8 can only be explained by the formation of a single tail-to-tail 
dimeric species with C1-symmetry for both 1 and 2, which is in 
full agreement with the absorption and emission experiments 
performed for both compounds in toluene at similar and lower 
concentrations, as shown above. So, what is the cause for the 
symmetry loss? Why would a C3-symmetric molecule associate 
in a C1-symmetric dimer species? NOESY experiments indi-
cated that our tail-to-tail dimer has different amide confor-
mations. Why would they arrange in such an asymmetric fash-
ion if a C3-symmetric H-bonding arrangement is in principle al-
lowed? Solvents with low dielectric constants, like toluene, are 
not suited to stabilize polar structures. Hence, we believe that 
the preservation of a minimum net dipole moment in the dimer, 
as it occurs in most crystal structures, is the reason for such 
striking, rarely observed unsymmetric arrangement. We can 
identify two main functional groups that could influence the net 
axial dipole moment of the 1 assemblies: i) the B−F bond, that 
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in a tail-to-tail dimer is canceled due to their antiparallel orien-
tation, and ii) the amide carbonyl dipoles, which can change 
orientation in each isoindole unit. A C3-symmetric tail-to-tail 
dimer with 3 H-bonded amide pairs would be able to cancel the 
dipole component in the xy plane, but never the component in 
the z direction, defined as the direction of the B−F bond. In or-
der to cancel the z component as well, the H-bonded amide pairs 
must readapt their conformations so that the overall vector sum 
is zero. In short, it is obvious that a 1 tail-to-tail H-bonded dimer 
must adopt a distorted C1-symmetric conformation to reach a 
minimum net dipole moment.  

Finally, decreasing solvent polarity even further, by the use 
of cyclohexane-d12 or mixtures of this solvent with toluene-d8 
resulted in the broadening of all proton signals and, at high cy-
clohexane-d12 content/concentration, in the precipitation of 1, 
which is consistent with a noncovalent polymerization process, 
as observed by optical spectroscopy at lower concentrations. 
Chiral Self-sorting in each Aggregation Regime. With the 
exception of the CD spectra shown in Figure 2c, all optical and 
NMR spectroscopy measurements shown so far were per-
formed with a racemic mixture of P and M SubPc enantiomers. 
However, these enantiomers may distribute within the two self-
assembled structures, dimer and polymer, in a different manner 
(Figure 8). We can first distinguish between two extreme situa-
tions: i) chiral narcissistic self-sorting (or chiral self-recogni-
tion), leading to homochiral assemblies where each enantiomer 
will interact only with its own, or ii) chiral social self-sorting 
(or chiral self-discrimination), resulting in heterochiral dimers, 
formed by the two enantiomers, or racemic polymers, where the 
enantiomers alternate in the stack. In between these extreme sit-
uations, we must also consider the formation of randomly sorted 
polymer stacks, where there is no preference for internal or-
der.44 

 

Figure 8. Three possible enantiomeric self-sorting situations that 
may occur in Regime A and Regime B: chiral self-recognition or 
narcissistic self-sorting (left), chiral self-discrimination or social 
self-sorting (right), or no self-sorting, which leads to a statistical 
distribution of enantiomers (middle). For a clearer differentiation 
between the two SubPc enantiomers, the models bear peripheral 
marks of different color: yellow (1M) and orange (1P), despite they 
actually represent the same chemical structure (arylamide group). 

In the case of Regime A, for instance, three assemblies could 
in principle be formed (Figure 8): the homodimers 1P·1P and 
1M·1M, which have an enantiomeric relationship and would 
thereof give rise to a single set of proton resonances, and the 
“meso” heterodimer 1P·1M (or 1M·1P). However, if a mixture 
of both homo- and heterodimers were formed in toluene (central 
picture in Figure 8), the 1H NMR spectral pattern should be 
more simple if both of them were C3-symmetric (only 2 sets of 
1H resonances would be observed), or far more complicated if 
at least one of them was C1-symmetric. Moreover, both kind of 
dimers should present different stabilization energies and thus 
their relative abundance in solution should change with concen-
tration or temperature, something that was not observed in the 
NMR measurements, as stated above. Therefore, chiral self-
sorting must be operating in the dimerization of 1 (or 2) in tol-
uene, and only a single dimeric species, either a homodimer 
(1P·1P + 1M·1M) or a heterodimer (1P·1M / 1M·1P), is pre-
sumably formed. In the first scenario, our SubPc molecules 
would undergo a chiral self-recognition process (left picture in 
Figure 8) and, in the second scenario, a chiral self-discrimina-
tion process (right picture in Figure 8). 

In order to ascertain which of these situations take place 
within Regime A, we performed identical temperature-depend-
ent NMR analysis in toluene-d8 with enantiomer 1M, and com-
pared the results with those of the 1 racemate. As shown in Fig-
ure S8F, not only the same kind of three-fold splitting and shifts 
were observed, but also the transition temperature at which 
these changes were recorded is the same for both samples at the 
same concentration. In other words, the 1H NMR spectra of 1M 
(or 1P) is virtually indistinguishable to that of the 1:1 racemic 
mixture at each temperature. This is a decisive proof that 1 un-
dergoes a chiral self-recognition process along dimerization in 
Regime A. Nonetheless, to confirm the narcissistic self-sorting 
of the 1 tail-to-tail dimers, we monitored and compared the ab-
sorption and CD changes experienced by 1P, 1M, and their 1:1 
mixture as a function of temperature (Figures 9a,c,e). The re-
sults, plotted in Figure 9g, indicate again that the thermodynam-
ics of the dimerization process is virtually identical in the three 
cases, which is in agreement with the preferential formation of 
homochiral 1P·1P + 1M·1M dimers in the racemic mixtures.  

We then turned our attention to Regime B in MCH. Due to 
the formation of polymeric assemblies with very broad 1H sig-
nals, a similar NMR analysis in cyclohexane-d12 could not be 
made. However, the CD and absorption changes of 1P, 1M, and 
their 1:1 mixture could be recorded in MCH as a function of 
temperature (Figures 9b,d,f). As can be observed when visually 
comparing Figures 9d and 9f, the racemic stacks are, with a big 
difference, more stable than the homochiral stacks obtained 
from the individual enantiomers. This is also clear in the tem-
perature-dependent trends reproduced at different concentra-
tions in Figure 9g, from which the melting temperatures (Tm) 
were extracted. For instance, the Tm of racemic polymer sam-
ples were consistently far larger than the enantiopure polymer 
samples, reaching differences even above 10 ºC. In addition, 
Table 1 compares the main thermodynamic parameters ob-
tained by fitting the cooling curve to a nucleation-elongation 
process in Regime B for racemic and enantiopure samples. Alt-
hough, as explained above, we were limited to a very narrow 
concentration range to fit the cooling curves with the nuclea-
tion-growth model, and thus could not compare across a wide 
range of concentrations, the calculated elongation temperature 
(Te) is also significantly lower for the polymers composed of 
pure enantiomers when compared to the racemic mixture (Table 
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1). Furthermore, dissociation of the homochiral polymers re-
quired a slightly lower amount of dioxane than the stacks 
formed by the 1:1 mixture (Figure S9A). In short, all the exper-
iments we performed strongly indicate that the racemic stacks 
(right picture in Figure 8) are more stable than those formed 
from single enantiomers (left picture in Figure 8), and hence 
that there is a clear preference for heterochiral head-to-tail bind-
ing. This means that social self-sorting, in which each enantio-
mer discriminates its own, mainly operates in Regime B.  

 
Figure 9. (a,b) 1P/1M Q-band CD in (a) toluene and (b) MCH 
solutions. 1P (c,d) and 1 (e,f) absorption changes as a function of 
temperature in toluene (c,e) and MCH (d,f) solutions (1Mabsorp-
tion experiments are shown in Figure S9B). Arrows indicate the 
trends with decreasing temperature. [1] = [1P] = 3.2 × 10–5 M. (g) 
Absorption changes at 580 nm as a function of temperature for ra-
cemic 1 and enantiomer 1P in toluene (red) an MCH (blue) at dif-
ferent concentrations (see also Figure S9C).  

Unfortunately, crystalline samples could not be obtained for 
the assemblies of 1 or 2, or of related molecules where the long 
peripheral alkoxy chains are substituted with fluorine or hydro-
gen atoms (see compounds 3‒6 in the S.I.), which were synthe-
sized with the exclusive purpose to generate suitable samples 
for X-ray analysis. However, as will be detailed below, quan-
tum chemical calculations were highly informative and useful 
to characterize and compare the structure and energetics of ho-
mochiral and heterochiral tail-to-tail dimers and head-to-tail 
polymers of SubPc 1. 
Structural Models of the Tail-to-Tail Dimers and Head-to-
Tail Polymers. Theoretical calculations were performed under 
the density functional theory (DFT) approach and the semiem-
pirical tight-binding GFN2-xTB model to: 1) obtain a deeper 
insight into the structure of the supramolecular tail-to-tail dimer 
and the narcissistic self-sorting behavior occurring in Regime 
A; and 2) describe the supramolecular polymer and explain the 
chiral self-discrimination process observed in Regime B. 

First, tail-to-tail homochiral 1P·1P and heterochiral 1P·1M 
dimers were modelled at the DFT B97D3/6-31G** level of the-
ory45 without including the peripheral alkoxy chains to save 
computational resources (see the S.I. for full computational de-
tails). Among the different possible conformers, C3-symmetric 
dimers (with the three pairs of amide groups equally oriented) 
were found to be among the most stable conformations in vac-
uum (see Figure 10 and Section S10 in the S.I.). The homochiral 
1P·1P C3-dimer (Figure 10a) favourably interacts through a 
large number of noncovalent intermolecular forces between the 
two constituting monomers, including three strong H-bonds 
(1.93 Å), a mixture of  interactions and short CH··· inter-
actions (2.95 Å) between the peripheral benzene rings, and a 
relatively close disposition of the SubPc cores (B···B distance 
of 6.21 Å). In contrast, the heterochiral 1P·1M C3-dimer (Figure 
10b) shows slightly larger H-bonds (1.99 Å), along with an in-
creased distance between the SubPc cores (B···B distance of 
7.29 Å), and practically negligible CH··· interactions (4.06 Å). 
As a result, the homochiral 1P·1P dimer is calculated 10.6 kcal 
mol‒1 more stable than the heterochiral 1P·1M analogue, with 
binding energies (Ebind) of ‒60.7 and ‒50.2 kcal mol‒1, respec-
tively, supporting the chiral self-recognition behaviour rec-
orded experimentally in the dimeric Regime A. 

 

Figure 10. Side and top views of the minimum-energy structures 
calculated at the B97D3/6-31G** level of theory for the most stable 
tail-to-tail C3 1P·1P homochiral (a) and 1P·1M heterochiral (b) di-
mers. Characteristic intermolecular distances are indicated in Å. 
Carbon atoms of 1P and 1M are represented in green and light-blue, 
respectively. 



 

The theoretical CD spectrum was calculated for the homo-
chiral 1P·1P dimer at the DFT level (see the SI for details). A 
clear intense, positive-to-negative CD signal is predicted 
around 500‒600 nm for 1P·1P (Figure S10Ba), which corre-
sponds to the electronic transitions to the S6/7 and S3/4 singlet 
excited states, respectively. These transitions are described by 
monoelectronic local excitations involving each monomeric 
SubPc core in the tail-to-tail dimer (Figure S10Bb). The larger 
intensity and red-shift predicted for this bisignated CD band 
compared to the one calculated for a head-to-tail homochiral 1P 
oligomer (Figure S10Ba),16 supports the experimental observa-
tions (Figure 2c).  

To further explain the origin of the asymmetry observed in 
the proton signals recorded in the 1H NMR experiments in tol-
uene-d8, C1-1P·1P homochiral dimers were modelled. 
B97D3/6-31G** calculations indicate that C1-1P·1P dimers 
(Figure S10C) can compete in energy with the most stable C3-
structure shown in Figure 10a, the former being less stable by 
only 1 kcal mol (Table S3). In the C1-1P·1P dimers, the three 
amide groups of each monomer are not in the same in/out ori-
entation with respect to the adjacent isoindole moiety and give 
rise to asymmetric H-bond pairs and also to asymmetric inter-
actions between the peripheral benzene rings. This leads to a 
displacement of one SubPc core with respect to the other (Fig-
ure S10C), and could explain the 3 sets of 1H signals recorded 
in the NMR spectra in toluene.  

On the other hand, intrigued by the clear experimental dif-
ferences observed for the homochiral and heterochiral head-to-
tail supramolecular polymerizations in MCH (Figure 9g), theo-
retical calculations were performed to give insight into the 
structure of the resulting supramolecular aggregate and explain 
the chiral self-discrimination process occurring in Regime B for 
racemic 1. Different helical head-to-tail hexamer aggregates 
were constructed including the long aliphatic alkyl chains, and 
were fully optimized within the cost-effective GFN2-xTB 
method in solution (see the S.I.).46  

Figure 11 displays the structure computed for the optimized 
homochiral and heterochiral (i.e., alternated) hexamer stacks. 
For the homochiral 1P hexamer (Figure 11a), a C3-symmetric 
helical right-handed columnar assembly governed by H-bond-
ing and strengthened by π–π, alkyl-alkyl, and dipolar electro-
static interactions is obtained. Neighboring molecules are sepa-
rated by 4.20 Å and rotated by 25°. The amide groups are 
twisted out of the plane of the isoindole rings by 30° to promote 
the intermolecular H-bonds with distances around 1.9–2.1 Å. 
Short intermolecular C···C contacts between the isoindole rings 
and between the terminal benzenes of adjacent molecules are 
predicted in the range of 3.4–3.8 Å, indicative of the presence 
of attractive π–π interactions. Similarly, short H···H contacts in 
the 2.7–3.1 Å range are also found between the alkyl chains of 
neighboring molecular units. An intermolecular distance of 
2.75 Å is calculated between the F and B atoms of contiguous 
molecules, which is significantly shorter than the sum of the van 
der Waals radii of boron (1.92 Å) and fluorine (1.47 Å), indic-
ative of a strong dipolar electrostatic interaction between the 
B−F dipoles along the assemblies. All these values agree with 
the geometry parameters previously reported at the wB97X-
D/cc-pVTZ level of theory.16 Moreover, note the good accord 
obtained in the bisignated CD band predicted theoretically (Fig-
ure S10B) and recorded experimentally (Figure 2c) for the 
head-to-tail assembly. 

Unlike the homochiral aggregate, where only a molecular 
building block (enantiomer) is self-assembled, the heterochiral 
aggregate can be seen as a supramolecular growth of a head-to-
tail 1P·1M heterochiral dimer (Figure 11b). This head-to-tail 
heterochiral dimer building block is characterized by a separa-
tion between the adjacent SubPc molecules of 4.21 Å and ro-
tated by ca. 35°. Note that the amide groups are linked to dif-
ferent positions of the isoindole rings although the amide con-
formation is the same in both enantiomers. The twisting of the 
amide groups in each arm with respect to the plane of the isoin-
dole rings leads to the formation of a zig-zag array of strong 
intermolecular H-bonds of 1.8–2.2 Å. Importantly, an efficient 
interaction between the peripheral long aliphatic chains of vici-
nal monomers with H···H contacts of 2.4–2.6 Å is predicted. 
Short intermolecular π–π interactions between the aromatic 
rings are also obtained with distances in the 3.3–3.9 Å range. 
The heterochiral dimer can therefore grow up supramolecularly 
by forming a C3-symmetric head-to-tail helical columnar as-
sembly of heterochiral subunit pairs, which is stabilized, simi-
larly to its homochiral homologue (Figure 11a), by H-bonds and 
π–π, alkyl-alkyl, and dipolar electrostatic interactions. 

 

Figure 11. Top and side views of the C3-symmetry-like helical ho-
mochiral (a) and heterochiral (b) fully-optimized hexamers calcu-
lated at the GFN2-xTB level of theory. Carbon atoms of 1P and 1M 
enantiomers are represented in green and light-blue, respectively. 

In terms of energetics, the C3-symmetric head-to-tail helical 
heterochiral hexamer turns out to be the most stable aggregate, 
with a total energy difference of ca. 23 kcal/mol with respect to 
its homochiral analogue (ca. 5 kcal/mol per interacting pair). 
This theoretical outcome stems from the more efficient core-to-
core interaction and the larger amount of aliphatic contacts be-
tween vicinal peripheral alkyl chains, as mentioned above. Our 
calculations therefore suggest that, in the presence of a racemic 
mixture of 1, the formation of a helical heterochiral supramo-
lecular polymer would be energetically favored against a homo-
chiral polymer, thus in agreement with the self-discrimination 
process experimentally observed in this regime. 



 

CONCLUSIONS  

This work demonstrates that reducing the symmetry of a π-con-
jugated discotic from the classical planar Dn to a conic Cn intro-
duces novel intermolecular binding modes that can generate 
richer self-assembly landscapes. In particular, by providing a 
cone-shaped SubPc molecule with the classical peripheral ar-
ylamide “sticky” groups, we have proven that two association 
modes, defined by the establishment of either convex-concave 
(head-to-tail) or concave-concave (tail-to-tail) intermolecular 
interactions, exist exclusively within two distinct regimes. 
These regimes are only defined by the solvent nature, either al-
iphatic or aromatic, and we never observed any “foreign” self-
assembled species in neither of them, independently on sample 
temperature or concentration.  

In toluene, SubPc 1 undergo a tail-to-tail dimerization pro-
cess by establishing three H-bonds between arylamide units, 
which is characterized by a sigmoidal monomer-dimer transi-
tion. Surprisingly, at relatively low temperatures the structure 
of the dimer becomes very well-resolved by 1H NMR, which 
reveals that each isoindole unit presents different confor-
mations, leading to the loss of the C3-symmetry. This rarely ob-
served phenomenon was attributed to the requirement to main-
tain a null net dipole moment in the dimer structure within the 
nonpolar solvent matrix, as it happens in many crystal struc-
tures. A comparison between the self-assembly of racemic 1 
and enantiopure 1M /1P by temperature dependent NMR and 
UV measurements disclosed a marked narcissistic self-sorting 
behavior. This means that each of the enantiomers in the race-
mate prefers to associate with itself, leading to homochiral di-
mer structures. Computational calculations supported this ex-
perimental finding. Homochiral dimers were found to be sub-
stantially more stable than their heterochiral versions and, in ad-
dition, reproduced quite well the sign of the experimental CD 
spectrum.  

In MCH the supramolecular scenario changes radically, and 
SubPc 1 is found to associate in a head-to-tail mode, which 
leads to non-centrosymmetric columnar polymers, as it was also 
previously observed in homochiral samples and in lyotropic or 
thermotropic liquid crystals.9,10,16 The most likely explanation is 
that aliphatic solvents are far less efficient in solvating π-conju-
gated moieties, and the concave-convex polymeric association 
clearly leaves a minimum amount of exposed π-surfaces. Such 
polymers are formed from the monomer through a cooperative 
nucleation-growth mechanism, as determined in temperature- 
and solvent-dependent measurements. Interestingly, the 1 race-
mate columnar polymers were found to be substantially more 
stable than homochiral 1M /1P polymers, which suggests that 
1M and 1P tend to alternate, or socially self-sort, along the 
stack. Theoretical calculations, which are able to predict the ex-
perimental CD sign from a homochiral structure, indicate that 
the reason behind this preference resides in the stronger core-
to-core contacts of head-to-tail heterochiral stacks in compari-
son to the homochiral versions. Hence, this work additionally 
constitutes a nice example of how different can be the self-as-
sembly of enantiopure and racemic samples for molecules in 
which the chiral center resides at the aromatic core and not at 
the peripheral chains, as also observed by other authors.39,41a,47,48 
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