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Abstract
This paper reports six crystal structures of five calix[n]arenes (n = 4, 6, or 8), highlighting the remarkable ability of 
this molecular class to self-assemble into diverse architectures and conformations, and rationalizing which struc-
tural features predispose calixarenes to act as supramolecular hosts. The structures of p-sulfonatocalix[4]arene and 
1,3-bis(carboxymethyl)calix[4]arene reveal open-crown conformations accessible to guest molecules, both in the calcium 
salt and DMSO solvate forms, respectively. Closed-crown conformations were identified in two conformational poly-
morphs of hexakis(carboxymethyl)calix[6]arene methyl ester and in a lower-rim n-butyl-functionalized p-tert-butylcalix[8]
arene derivative, in which their first crystal structures are reported here. Meanwhile, the p-tert-butylcalix[8]arene without 
lower-rim functionalization crystallizes with two structurally similar pleated-loop conformers that display distinct packing 
motifs. Hirshfeld surface analyses and DFT help us also to understand the interactions patterns and conformerism, such 
as the finding of an atypical high-energy 1,2,3-alternate conformer in which the closed crown is kept by π···π interactions 
between phenyl rings in one of the two polymorphs of hexakis(carboxymethyl)calix[6]arene methyl ester.
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This ability emerges from the hydrophobic pocket formed 
inside the crown that encloses the guest compound and that 
names the compound class. Nevertheless, some calixarenes 
had served as cocrystallization platforms in the solid state 
without direct inclusion of the target drug molecule within 
the crown [6], so the inclusion of guest solvent is necessary 
to cocrystal formation with other larger compounds [7].

It is well known that both functionalization of the upper 
rims (crown top) and the lower rims (hydroxyl groups) 
drive the properties of calixarene, including their pro-
pensity to act as molecular hosts, since these groups can 
establish further interactions with guests or lead to a spe-
cific conformation suitable for inclusion or not [8–12]. 
Furthermore, functionalization of the rims dictates solvato-
morphism and polymorphism. For instance, substituted 
p-tert-butylthiacalix [4]arenes have been well investigated 
in terms of multiple crystal forms [13–15]. One of them is 
the p-tert-butylthiacalix [4]arene tetrasubstituted with eth-
ylcarboxymethyl groups on the lower rim, which presents 
different crystal forms due to conformational mobility of its 
substituents [13]. More related to this study, true polymor-
phism is reported in tetrakis(carboxymethyl)calix [4]arene 

Introduction

Calixarenes are heterocyclic compounds made up of pheno-
lic units cross linked by methylene bridges at 2,6-positions. 
They have been widely explored as molecular carriers due 
to their ability to assemble host-guest inclusion supramolec-
ular entities, that is, stable aggregates comprising different 
molecules kept in contact through non-covalent interactions 
[1–5].
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methyl ester, which only differs for the number of calix[n]
arene units from one of the compounds studied here (n = 4 in 
the literature compound and 6 in compound 3, see below). 
It is known to crystallize in different crystal forms with-
out cocrystallized solvent molecule, adopting either cone-
shaped or 1,3-alternate conformations [16].

Here, we report six crystal structures of five calix[n]
arenes (n = 4, 6 or 8; compounds 1–5 in Table 1), showing 
the structural diversity in this molecular class and how the 
number of units and the substitution pattern affect their con-
formation. Closed crown is found in two polymorphs of one 
calix [6]arene (compound 3) and in one calix [8]arene (com-
pound 4), while the crown remains open to guest molecules 
in two calix [4]arenes (compounds 1 and 2) and in another 
calix [8]arene unsubstituted at lower rim (compound 5). 
Hirshfeld surface analyzes were employed to depict inter-
actions patterns of the calixarene structures, and the found 
polymorphs were also investigated by electronic structure 
calculations based on density functional theory (DFT).

Experimental

Synthesis

Compounds 2, 4, and 5 were obtained according to previ-
ously published methodologies [17, 18]. Full synthetic 
procedures and characterization data, including infrared 
spectroscopy and 1H and 13C nuclear magnetic resonance, 
for compounds 1 and 3 are detailed in the Supplementary 
Material.

Single crystal X-ray diffraction

Single crystals of suitable size were obtained from room 
temperature slow solvent evaporation from the following 
solutions (5 mL) loading 5 mg of the corresponding calix[n]
arene: DMSO (1), ethyl alcohol (2, where 1 mg of CaCl2 
was also dissolved together with the target compound, and 3 
– Form I), methyl alcohol (3 – Form II), and toluene (4 and 

5). Crystal formation occurred within around 5 days, except 
for 1 (around one month). Single crystals were selected 
for the collection of X-ray diffraction data using a Bruker 
diffractometer equipped with an APEX II CCD detector at 
293 K. Cell refinement was performed with the APEX III 
programs, while the raw data set treatment was performed 
with the SAINT and SADABS programs [19]. The struc-
tures were solved and refined by SHELX [20] using OLEX2 
systems [21], and all non-hydrogen atoms were refined with 
anisotropic thermal parameters. CH Hydrogens were added 
to their bonded atoms and constrained during refinements 
following a riding model with unchanged bond angles and 
lengths (0.93 Å, 0.96 Å and 0.97 Å in the Csp2, methyl 
and methylene groups, respectively). OH Hydrogens were 
found from the difference Fourier electronic density map, 
and their positional parameters also were constrained dur-
ing refinements with standard bond lengths (0.82 Å, or 0.85 
Å in water). The isotropic thermal parameters of hydrogens 
were set to 1.2 times the Ueq of the bonded carbon (except 
for methyl hydrogens and OH ones, where this value was 
1.5 times the Ueq of the bonded carbon or oxygen). The 
interpretation of the structure, including the measurement 
of geometric parameters and the preparation of the draw-
ings, was performed with Mercury [22]. The complete 
X-ray diffraction data set for each structure, including the 
final refinement file and hkl data set, is available under the 
CCDC number codes shown in Table 2, together with a brief 
report of the collection and processing of the X-ray diffrac-
tion data.

Smeared electronic density peaks were also found in 
the difference Fourier map of 1, 4 and 5, which can be 
probably non-stoichiometric solvent molecules. How-
ever, their assignment was not possible and their con-
tribution to the X-ray scattering was removed in these 
datasets using the solvent mask tool available in OLEX2 
[21], and then not reported in their molecular formula 
shown in Table 2.

We have not assigned precisely the electron counting in 
the voids to solvent molecules because of the low amount 
of observed data (below 50% in the three structures, 

Table 1.  The calix[n]arenes studied here



1 3

Structural Chemistry

approximately 28% and 21% in 4 and 5). The absence 
of strong high-order reflections precludes the reliability 
of the electron count using the OLEX2 mask. Therefore, 
even if anyone is sure of which solvent proportion is in 
the void, the electron number could not be reliably attrib-
uted to solvent content on the basis of such poor intensity 
data from the weakly diffracting crystal. In fact, these low-
order phenomena and the derived unsatisfactory refine-
ment statistics are well known for the determination of the 
crystal structure of calixarenes, mainly in solvated crystal 
forms [23].

Finally, refinement convergence had not been full in 
the structure of 4 due to disorder in the alkyl tails in the 
lower rim which could not be modeled properly based on 
the poor data set as mentioned earlier. It is important to 
note that trial refinements were used with the split-atom 
approach. However, since the extra disordered sites were 
very close together, still higher correlation and more 
unstable refinements were observed by applying the clas-
sical split-atom approach to n-butyl. Then, to achieve full 
convergence, this structure was first refined using conju-
gate gradient least-square method (CGLS instruction), and 
then full matrix least-square (L.S. instruction) refinement 
followed.

To further compare the intermolecular interactions pat-
terns found in the studied structures, the Hirshfeld surfaces 
were calculated using Crystal Explorer software (version 
21.5) [24]. The surfaces were also analyzed by plotting the 

fingerprints made up of external distance (de, the distance 
between the calculated Hirshfeld surface and the nearest 
atom of a packed molecule outside the calculated surface) 
versus internal distance (di, the shortest separation from 
the calculated Hirshfeld surface to an atom of the molecule 
within the calculated surface) [25].

Quantum chemical calculations

The electronic structure calculations and molecular geomet-
rical optimizations were performed at the Density Functional 
Theory (DFT) level. The B3LYP [26, 27] exchange-correla-
tion functional and the base set def2-TZVP [28] were used. 
All calculations were performed by Gaussian 16 [29]. In 
the DFT calculations, geometry optimizations, including 
hydrogen atoms, were performed without any symmetry 
constraint.

Results and discussion

The DMSO solvate of 1

The DMSO solvate of 1 was solved in the non-centro-
symmetric orthorhombic space group P212121 with one 
calixarene molecule and three DMSO ones in the asym-
metric unit. Calixarene adopts a classical cone conforma-
tion with hydrogen bonds between the hydroxyl groups 

Table 2  Summary of crystal data collected with MoKα at 293 K and refinement statistics for the five structures elucidated for the first time here
1 2 3 - Form I 3 - Form II 4 5

structural formula (C32H28O8)
(C2H6OS)3

Ca3(C28H21O16S4)2
(C2H6O)4(H2O)16

C60H60O18 C60H60O18 C120H176O8 C88H112O8

space group P212121 P21/n P-1 P-1 P-1 P-1
Z/Z’ 4/1 2/0.5 2/1 2/1 2/1 4/2
a (Å) 10.339(6) 10.762(3) 11.5688(19) 9.538(4) 16.827(3) 17.421(4)
b (Å) 12.52(2) 27.453(6) 12.443(2) 14.685(6) 17.200(4) 21.725(4)
c (Å) 30.86(2) 14.925(3) 20.709(3) 20.620(8) 21.879(4) 29.323(6)
α (°) 90 90 78.840(4) 84.029(9) 97.375(12) 100.621(5)
β (°) 90 96.687(6) 75.187(4) 84.816(10) 105.376(11) 104.138(5)
g (°) 90 90 72.953(4) 72.412(9) 90.438(13) 97.879(6)
V (Å)3 3995(7) 4379.5(17) 2732.6(7) 2733.0(19) 6049(2) 10,382(4)
θ range for data collection (°) 1.76–25.35 1.48–25.10 1.03–25.06 1.46–25.21 1.70-25.14 0.97–25.26
Completeness to qmax (%) 99.7 99.7 99.6 98.7 96.4 98.3
data collected 54,494 68,525 55,809 59,382 48,245 158,212
unique reflections 7262 7768 9642 9730 20,846 37,000
unique reflections with I >2σ(I) 3570 3745 3086 3909 5957 7890
symmetry factor (Rint) 0.1581 0.2019 0.1984 0.1287 0.1087 0.1977
parameters refined 469 578 714 703 1154 1729
goodness-of-fit on F2 0.857 1.018 0.969 1.017 1.041 0.818
final R1 factor for I >2σ(I) 0.0889 0.0802 0.0957 0.0847 0.2063 0.1091
wR2 factor for all data 0.2892 0.2255 0.3140 0.2449 0.5175 0.3173
largest Δρ peaks (e/Å3) 1.421/-0.619 0.653/-0.612 0.537/-0.478 0.707/-0.633 1.030/-0.790 0.342/-0.276
CCDC deposit number 2,546,792 2,546,791 2,546,794 2,546,793 2,546,795 2,546,796
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and the oxygen atoms of carboxymethyl. One DMSO is 
strongly entrapped inside the crown, performing CH…π 
interactions with phenyl rings (Fig. 1). This same DMSO 
is a hydrogen bonding acceptor from the carboxyl group 
of another calix [4] arene molecule packed along the b 
axis. Another crystallographically independent DMSO 
molecule is positioned between the two carboxymethyl 
legs of the same calix [4] arene, interacting by means 
of the sulfur electron lone pair with one carboxyl group 
and through its methyl group with another CO2H moiety 
(Fig. 1). Finally, the third DMSO in the asymmetric units 
is a non-classical hydrogen bonding donor to hydroxyl 
and carbonyl oxygens of the same calix[n]arene mol-
ecule. Compound 1 has already been elucidated in the 
solid state, exhibiting the same cone conformation in 
metal-free crystal forms [hydrate (Cambridge Structural 
Database (CSD) reference code CEFWAM), acetone sol-
vate (UFIQEG), 1,10-phenanthroline tetrahydrofuran 
solvate (MITKAE), and chlorhexidinium monohydrate 
(WODGIG)].

The calcium salt of 2

The other calix [4]arene has also adopted cone conforma-
tion in the new crystal form reported here. Compound 2 
is tetra-sulfonated in its upper rim, with intact hydroxyl 
groups at the lower rim. It has been well studied in the solid 
state, with 320 entries in the CSD (version 6.01, November 
2025) [30]. Of these 320 structures, there is only one that 
differs from the cone conformation (CSD reference code 
BUCRIA, 1,3-alternate conformation). Here, there is one 
calix [4]arene molecule in the asymmetric unit solved in the 
centrosymmetric monoclinic space group P21/n, with three 
sulfonic groups deprotonated and bonded to two crystal-
lographically calcium ions (one with full occupancy, Ca1, 
and another one with half occupancy on an inversion center, 
Ca2). The protonated sulfonic group does not bind to cal-
cium and is a hydrogen bonding donor to hydroxyl oxygen 
of another calix [4]arene molecule packed along the [101] 
direction (Fig.  2). This interaction is responsible for con-
necting molecular sheets along the b axis (see below). In 
addition, in the asymmetric unit, there are five water mol-
ecules bonded to full occupancy calcium and another one 
bonded to half occupancy calcium, in addition to two etha-
nol molecules and two water not interacting with calcium. 
Ca1 and Ca2 adopt pentagonal and square bipyramid geom-
etries, respectively, keeping the calix [4]arene molecules 
in contact in two-dimensions (along the c and a axes, by 
Ca1 and Ca2, respectively), giving rise to molecular sheets 
made up of cross-linked calcium and calixarene species 
(Fig. 2). In the same way as seen in compound 1, one sol-
vent molecule is strongly entrapped inside the crown. This 
ethanol molecule interacts with phenyl rings through its 
hydroxyl and methyl groups, while methylene moiety is a 
non-classical hydrogen bonding donor to SO3

− of another 
calix [4]arene packed along the b axis. A similar orienta-
tion of calixarenes molecules is found in another litera-
ture crystal structure of this compound (YENQIR), which 
is present even without metal ion and cocrystallized with 
a larger guest (1,4,8,11-tetra-azoniocyclotetradecane). Ten 
crystal forms thereof with ethanol are known (HUVXUV, 
ICOYAC, OROXID, OROYIE, WOXLAY, OROXUP, 
RADGOT, RADHAG, RADHEK, YOFBII), in which the 
first five codes have ethanol included inside the crown, as 
occurs in our structure. One precedent with calcium is also 
existent (YAYLOB), with 2,2’-bipyridine also bonded to 
calcium ions and included inside the crown.

The two polymorphs of 3, including DFT calculations

Here, the crystal structure of compound 3 is elucidated for the 
first time in two true conformational polymorphs, both crys-
tallizing in the centrosymmetric triclinic space group P-1. 

Fig. 1  The DMSO solvate of 1 elucidated here. Most of the hydrogens 
were omitted to clarity (except OH and DMSO ones). For CH…π and 
CH…O interactions, the distances are calculated between the hydro-
gen and the entire phenyl centroid. For classical hydrogen bonds, the 
O…O distance (in Å) and the OH…O angle (in °) are shown. The 
distance 3.62 Å was measured between sulfur and the carbonyl carbon
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Two molecular halves rise into two entire calixarene mole-
cules by the inversion symmetry present in the crown centers 
(Fig. 3). Both polymorphs have general 1,2,3-alternate [31] 
conformations as well as in the ethyl ester analog. However, 
in the literature related crystal structure (CSD reference code 
DAKSIR), two ethyl ester legs are pointed inward the crown 
center, and carbonyl oxygen atoms point toward themselves 
in the cavity center. In one of our polymorphs, labeled as 
Form I, and in one molecule of the so-called Form II, this 
conformation is similar, but carbonyl oxygens point outwards 
the cavity, laying out the OCH3 moieties in the cavity center. 
In one molecule of Form I (labeled as B), this former group 
is disordered over two site sets of equal occupancy (parts A 
and B). The orientation of the carbonyl and the alkyl ester 
groups found in the ethyl ester analog occurs in this part B. 
Anyway, to adopt this conformation, in our compound and 
in the literature analog, the phenyl rings having the ester legs 
pointed inwards the cavity center are tilted outwards the cone 
[with angles relative to the plane calculated through the six 
methylene carbons of the crown measuring 32.8° and 44.6° in 
Form I (molecules A and B, respectively) and 44.4° in Form 
II (molecule A)], while the four neighboring phenyl rings 
incline inwards the cone [with corresponding crystallograph-
ically independent angles of 59.3°/83.9° and 69.2°/73.8° in 
Form I (molecules A and B, respectively) and 68.7°/84.7° in 
Form II (molecule A)].

As stated, the two molecules of Form I are formed with 
its two crystallographically independent molecular halves. 
Although they are similar, they are not equal. If disordered 
methyl sites that point to the center of the cavity of molecule 
B are considered, the root-mean square deviation (RMSD) 
for their superimposed non-hydrogen atoms is greater than 
1 Å, and there are different patterns of CH…π interactions 
inside the crown. Most of these interactions are localized on 
two phenyl carbons and are related to different conforma-
tions of the methyl ester legs inside the crown. Molecule 
A has these legs inclined out of the meridional plane cross-
ing the crown, pointing in the direction of an inner side of 
the crown, while these legs are more aligned with the cen-
ter of the cavity in molecule B. The torsion around O-CH2 
bond connecting the methylene moiety to phenolate oxygen 
describes this leg conformation. It measures 140.9(7)° and 
156.3(7)° in molecules A and B of Form I, and 140.1(4)° in 
molecule A of Form II, which, however, has more overall 
resemblance with molecule B of Form I given their lowest 
RMSD value (Fig. 3). In contrast to these three resembled 
molecules, the other one (molecule B) has a different 1,2,3-
cone conformation in Form II, that is marked by cavity clos-
ing through strong inclination of two inversion symmetry 
related phenyl rings inwards the cavity center instead of 
methyl ester legs. These phenyl rings form an angle of 32.3° 
with the plane formed with the methylene carbons of the 

Fig. 2  The calcium-calixarene sheets formed in the crystal form of 2 
elucidated here. Most of the hydrogens were omitted for clarity (except 
OH and ethanol ones in the framed panels). For CH…π and OH…π 

interactions, the distances are calculated between the hydrogen and 
the entire phenyl centroid. For classical hydrogen bonds, the O…O 
distance (in Å) and the OH…O angle (in °) are shown
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crown. In turn, the other four phenyl rings are bent outwards 
the cone, with two angles of 61.1° and two others of 62.8° 
(Fig. 3).

In order to get insights on the conformations adopted by 3 
in its two polymorphs, we have entered their coordinates into 
the DFT calculations of energy and geometry optimization. 
The optimized conformations were well fitted to the exper-
imental ones, as can be viewed in all RMSD values being 
lower than 1.0 Å (Fig. 4). Moreover, the lowest energy con-
formation came from molecule A of Form I, which had the 
highest RMSD value (0.9044 Å) between experimental and 
theoretical geometries. This energy lowering and geometry 
deviation increase in the optimized conformation received 
contribution from moving the methyl ester legs from the cav-
ity center towards the neighboring legs, setting them closer to 
each other so that CH moieties can be brought together with 
the oxygen atoms. Another interesting finding resides in the 
low relative energy for molecule B of Form I with carbonyl 

group pointing inward the cavity center as occurs in the ethyl 
ester analog (DAKSIR reference code). This conformation, 
labeled part B of molecule B, would have at room tempera-
ture (298 K) a population of ca. 23% of that of the lowest 
energy conformer, while the populations of its part A and 
molecule A of Form I do not reach 8% of the minimal energy 
population in this temperature. However, for the atypical con-
former B of Form II, the corresponding population is around 
10− 5%, evidencing its very high-energy and the difficult task 
of isolating this polymorph. Nevertheless, the isolation of this 
polymorph is possible due to contributions from intermolecu-
lar interactions and solvation energies.

Crystal forms of p-tert-butylcalix[8]arenes 4 and 5

Another compound crystallographically elucidated here is 4 
(triclinic, P-1). It adopts a cone conformation with an alter-
nate pattern of phenyl ring inclination, clearly enclosing the 

Fig. 3  The molecules of 3 in its two polymorphs elucidated here, and 
its ethyl ester analog (CSD reference code DAKSIR). Only part A of 
molecule B is shown for Form I (part B can be seen in the next picture). 
Hydrogens were hidden for sake of clarity (except those of methyl 
groups pointed inwards the crown cavity). The distances are calcu-
lated between the hydrogen and the interacted bond centroid (except 
for those measuring 2.97 Å, that is the entire phenyl centroid, and 3.51 

Å, that is between the centroids calculated through the 3,4,5-carbons). 
The phenyl inclination inwards or outwards the cavity center is also 
depicted together with carbonyl orientation relative to the cavity cen-
ter. In the overlay picture, molecule A of Form I was used as pivot 
to superimpose the two others, and the root mean square deviation 
(RMSD) values for the superimposed atoms are in Å

 



1 3

Structural Chemistry

crown entry with four t-butyl substituted aromatic heads 
(Fig.  5). This conformational pattern can be viewed in 
the angles between phenyl rings and the plane calculated 
through the eight methylene carbons, which, in alternance, 
assume similar values (in sequence these angles measure 
54.3° (out), 59.3° (in), 55.3° (out), 62.0° (in), 51.5° (out), 
64.5° (in), 47.7° (out) and 68.3° (in)). In the lower rim, one 
n-butyl chain is directed inward to the center of the cavity, 
making no interaction with the guest there. This conforma-
tion is similar to that found in the calix [8]arene with t-butyl 
on the upper rim and the carboxymethyl ethyl ester on the 
lower rim (CSD reference code MADHOP).

A new crystal form of p-tert-butylcalix [8]arene (5) was 
synthesized and solved by single-crystal X-ray diffrac-
tion. It has crystalized in the triclinic space group P-1 with 
two crystallographically calix [8]arene molecules adopting 
the pleated-loop conformation, which is common in sol-
vated crystal structures of this compound [32]. These mol-
ecules resemble (Fig. 6), while their packing patterns differ. 
Indeed, this is the first report with Z’>1 for p-tert-butylcalix 
[8]arene. While one molecule exhibits a chain of stacked 
inversion-symmetry related units, growing along the a axis, 
another crystallographically independent molecule forms 

Fig. 5  The asymmetric unit of compound 4. The phenyl inclination 
inwards or outwards the cavity center is depicted (hydrogens were hid-
den for clarity)

 

Fig. 4  Molecular overlay between each conformation found in the two polymorphs of 3 (sticks colored by element) and the corresponding DFT-
optimized molecules (yellow sticks). The RMSD values for the superimposed atoms are in Å, and the relative energies are in eV
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centrosymmetric dimers which are separated away by solvent 
channels. Both packing motifs are found in other solvated 
crystal structures of p-tert-butylcalix [8]arene [32], but not 
simultaneously in the same architecture as found here.

Hirshfeld surface analysis

The Hirsfeld surface was computed to further inspect 
intermolecular interactions in our structures, most of 
which have only weak interactions in their crystal lattice. 
Hirshfeld surface for our structure of 5 is featured by short 
side wings and one central short spike accompanied by 
almost whole body, corresponding to C…H (12.6%) and 
H…H (84.6%) interactions (Fig. 7). When computed indi-
vidually for each molecule, the Hirshfeld surface analysis 
reveals that molecule B has a higher proportion of H…C 
interactions assembling the chains (14.4% against 9.0% 
in molecule A), whereas the H…H interactions are more 
abundant in the dimers of A (89.2% over 82.1% in mol-
ecule B). The C…C interactions typical of π…π interac-
tions are very low in both molecules (0.4% in A and 0.5% 
in B). This pattern of interactions distribution is similar in 
compound 4, whose Hirshfeld surface is present mainly 
with H…H (88.3%) and C…H (8.9%) interactions (Fig. 7), 
without any contribution of C…C interactions.

Polymorphism of compound 3 can be also assigned by 
Hirshfeld surface analysis. The Hirshfeld surface fingerprint 

shapes differ for their polymorphs. This map of Form II has 
two sharper spikes referring to O…H interactions, which are 
slightly more abundant in this polymorph (28.3% against 
25.0% in Form I). The Form II fingerprint has also a central 
elongated and bifurcated tip, referring to H…H interactions, 
while these interactions outline a shorter central tip with two 
side broader spikes in Form I (Fig. 8). However, the Hirsh-
feld surface computed individually for each of the two mol-
ecules present in each polymorph does not show significant 
differences (Fig. 8).

Unlike the structures of compounds 3–5 reported here, 
Hirshfeld surface fingerprints of 1 and 2 in the crystal 
forms elucidated here exhibit the occurrence of classical 
OH…O hydrogen bonds (Fig. 9). For the DMSO solvate 
of 1, very sharp symmetric spikes are found, with the 
upper and lower spikes corresponding to hydrogen donor 
and acceptor groups, respectively. Their end dots have 
short di and de distances at ∼0.6 Å or at ∼0.9 Å, reflect-
ing the strong classical OH…O hydrogen bond between 
calixarene and DMSO molecules (Figs. 1 and 9). For the 
calcium salt of 2, the hydrogen bonding spikes are also 
viewed in its Hirshfeld surface fingerprint, with short 
ending (di, de) pairs around 0.7 Å and 1.1 Å, indicating 
the presence of strong OH…O bonds as described ear-
lier (Figs.  2 and 9). In this structure, these interactions 
are even the most abundant, contributing to 42.9% of the 
total points of the surface.

Fig. 6  The conformational similarity between the two crystallographi-
cally independent molecules of 5 contrasts with their different packing 
motifs. In all pictures, molecules labeled as A and B are by-element 

and green colored, respectively (hydrogens were hidden for clarity). In 
the left view, the spaces between the dimers of molecules A are filled 
with solvent molecules
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Fig. 8  Polymorphism ascribing in compound 3 by Hirshfeld surface analysis. Surface were calculated for both molecules of each polymorph and 
by selecting only one molecule at a time. For more guidance, see Fig. 7 caption

 

Fig. 7  Full fingerprint maps of the Hirshfeld surface and the major 
interactions contributions calculated for the structures of 4 and 5 elu-
cidated here. Here and in the next two figures, the blue color indicates 
lower proportions of a (di,de) pair; green outlines an intermediary fre-

quency; and red draws an upper limit fraction greater than 0.1% of the 
surface points with the same (di,de) combination. Gray shadow draws 
the distances of the interactions hidden in the panel
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Conclusion

The results presented here expanded the actual knowledge 
on the crystal forms and conformations of calix[n]arenes 
(n = 4, 6 or 8). The solved structures of calix [4]arenes 
reinforce their trend to work as hosts due to their open 
cavity, while the elucidation of the calix [6]arene shows 
that its cavity is filled by itself in both isolated poly-
morphs, which exhibited typical corformerism to close 
the crown cavity. Surprisingly, a high-energy conformer 
was found in one of its polymorphs, which also keeps 
the crown closed by the π…π interaction between phenyl 
rings. This conformational propensity to not expose the 
cavity to guests was also observed in the p-tert-butylca-
lix [8]arene substituted with n-butyl at lower rim, while 
the calix [8]arene without this lower rim functionaliza-
tion was crystallized with similar molecules showing 
different packing motifs. The findings of this study can 
contribute to a better understanding of the (un)success 
of host-guest supramolecular strategies for similar and 
related compounds, allowing more accurate efforts to be 
made towards smart multicomponent aggregates made up 
of calixarenes. Notably, the results indicate that the calix 
[4]arenes have higher chance to receive guests inside 
their crown in the solid state, when, for instance, they 
are conceived into a host-guest approach to improve drug 
delivery performance, while functionalization on the 
lower rim should be avoided in the calix[n]arenes (n = 6, 
8) whether this is desired.
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