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After heat erases the order in 1,3-0,0’-bis(dodecyl)calix-
[4]arene, it self-organizes the phenyl units into a rigid calix
bowl first at T, = 111 °C, followed by the formation of all-
trans alkyl chains at Ty = 62 °C, which eventually yields a
stable cone-shaped structure at room temperature.

As a bundle of tethered single aromatic molecules in a ring
structure, calixarene can be viewed as a nanoscale molecular
object with each individual unit pivoting upon the bridging
methylene groups. As aresult, cone, partial cone, 1,2-aternate,
and 1,3-aternate configurations are interchangeable. Such
molecular mechanics can be exploited to construct chemical
sensors,! triggering mechanisms for inclusion,2 and self-
organized ‘smart’ systems.3 In thisreport, we present a series of
self-organization eventsin 1,3-O,0’-bis(dodecyl)calix[4]arene,
which leads it from a random structure to an ordered cone-
shaped calixarene nano-object.

Synthesis of 1,3-O,0’-bis(dodecyl)calix[4]arene were con-
veniently carried out by reacting calix[4]arene with a 4 times
excess of 1-bromododecane or deuterated 1-bromododecane in
the presence of K,CO3 in DMF.4 Typical reactions were run for
18 h at 95 °C (Scheme 1); the pure product was obtained by
extracting the mixture in water with methylene chloride,
followed by crystallization with the addition of ethanol.> 1H
NMR shows, interestingly, that there are only two dodecyl
chains incorporated into the trans-1,3-positions of the calix-
[4]arenes. To synthesize fully substituted O,0’,0”,0"”-tetra-
kis(dodecyl)calix[4]arene, one must use a stronger base such as
sodium hydroxide in DMF. Despite that, two unsubstituted
phenol units are still small enough to be fluxional, which could
have yielded partial cone or 1,3-aternate structures, 1,3-0,0'-
bis(dodecyl)calix[4]arene and its deuterated derivative adopt a
stable cone configuration as indicated by a set of characteristic
doubletsfrom bridging methylene proton resonance at 4.30 ppm
(axia proton) and 3.35 ppm (equatoria proton) with typical
coupling, J = 13 Hz. The structure of calixarene and its
deuterated derivative was aso confirmed with MALDI mass
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T Electronic supplementary information (ESI) available: experimental
procedure, Fig. S1: FTIR spectra, Fig. S2: solid-state CP/MAS 13C NMR
spectra. See http://www.rsc.org/suppdata/cc/b2/b200214k/
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spectrometry. The molecular weight peak appeared at M =
760.5 (exact mass) and parent mass plus one sodium ion
appeared at M + Na+ = 783.5 for calixarene with protonated
chains. For the calixarene with deuterated chains, we observed
amass corresponding to the complex between calixarene and a
sodiumion at M + Na* = 833.3. Thisis not surprising because
the pocket of calix[4]arene formed by the phenol oxygen atoms
isideal for inclusion of the smaller alkaline metal ions such as
sodium, and sodium is ubiquitous in MALDI experiments.
Differential scanning calorimetry (DSC) showed 1,3-O,0'-
bis(dodecyl)calix[4]arene to have two exothermal peaks (Fig.
1), indicating two order-to-disorder transitions. The low-
temperature (T;) peak corresponds to the side chain order-to-
disorder transition, whereas the high-temperature transition
peak (T,) at 110 °C corresponds to the fluxional motions of the
arene units. Heating the sample to 250 °C destroyed all orders
or erased the memory in the system and produced an amorphous
material, asindicated by theimmediate DSC run (traceb in Fig.
1). The small and growing exothermic peak at 111 °C indicated
that the rigid calixarene bowls just began to crystallize during
the process of quenching and re-scanning. Upon standing at rt
for 2 h, the system remarkably self-organized and established
order for both therigid cone configuration and all trans-dodecyl
chains, as evidenced by the two well defined exothermal peaks
aT, =62°Cand T, = 111 °Cinthe DSC trace (d in Fig. 1).
The appearance of the shape peak at 62 °C (c,d in Fig. 1)
indicates that the alkyl chains in the sample as prepared (ain
Fig. 1) have considerable disorder. Repeated cycles of heating
and cooling convert gauche to trans configurations. Carefully
designed DSC experiments revealed that the rigid arene units
began to assemble immediately (b in Fig. 1) after quenching
from 250 °C, while the flexible alkyl chains started to self-
organize 0.5 h later (c in Fig. 1). This can be understood by
noting that aromatic systems are rigid and more elastic and
therefore self-organize first, whereas alkyl chains are soft and
flexible and have slower kinetics. If the calixarene system was
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Fig. 1 Differential scanning calorimetry traces of 1,3-O,0’-bis(dodecyl)ca
lix[4]arene as prepared (a), immediately after quenching from 250 °C (b), 1
h (c) and 2 h after quenching (d). The rigid cone-shaped calixarene bowl
self-reorganizes first (T, = 111 °C), followed by the ordering of alkyl
chains (T, = 61.6 °C).
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annealed at 60 °C overnight, DSC resultsindicated that only the
alkyl chains randomized, as evidenced by the disappearance of
the order-to-disorder phase transition at T;, while the order of
the rigid calixarene units was intact (T5).

Variable temperature FTIR was employed to monitor the
self-assembly processes of calixarenes after cooling from 250
°C to rt. In order to separate the rigid cone vibrationa
information from that of the flexible alkyl chains, we further
synthesized 1,3-O,0’-bis(dodecyl)calix[4]arene-dso with deut-
erated dodecyl (Ci2D2s) chains. After the low temperature
transition (rt to 90 °C), we observed a frequency shift of the
symmetric C-D vibration from 2094 to 2096 cm—1 (Table 1),
suggesting configuration changes or ‘melting’ of the flexible
alkyl chains.® Frequencies associated with the rigid cone
structures such as aromatic (Ar) rings, bridging methylenes
(Ar—CH2-Ar), and aromatic carbon hydrogen stretching (Ar—
H), remain constant, which is a sign that the rigid cone
configuration was not perturbed much. This result is consistent
with the DSC observation that annealing the sample at 60 °C
overnight completely removes T, while leaving the high
temperature transition peak (T,) untouched. Above T,, the
symmetric vibration of the methylene group linking phenyl
units shifted about 4 cm—1 from 2852 to 2856 cm~—1. Thisisa
clear indication of twisting the methylene groups upon rocking
the phenyl groups back and forth. Asthe phenyl groups become
disordered, the aromatic hydrogen stretching vibration bands
change from a doublet to a triplet, with frequency shifts. The
combining of two out-of-plane bending modes into one
vibration band a 758 cm—1, which is characteristic for
1,2,3-substituted benzene, also manifests the transition from
order-to-disorder for the rigid aromatic cone structure. Fur-
thermore, the phenyl-ring modes and the aromatic ether modes
between 990-1100 cm—1 aso sense structural changes in the
rigid cone by weakening their vibrations by 2 cm—1. In the
phenol O—H region, we observed a broad band centered at 3333
cm—1 at both rt and 90 °C, indicating that there islittle activity
involving the phenoxy groups for the T, transition. The low
vibration frequency of this band suggests a possible intra
molecular hydrogen bond, presumably from the 2,4-hydroxy
groupson the calixarene. At 120 °C, this hydroxy vibration shift
to higher frequency with a pronounced component at 3500
cm—1, indicates that there are more free hydroxy groupsinstead
of the hydrogen bound hydroxy groups. This observation
corroborates with the assignment of T, transition to the rocking
of the phenyl rings.

In solid state CP/MAS 13C NMR, the chemical shift of a
given 13C atom isinfluenced by the configuration changes of the
v-positions related to the observed carbon.” In hydrocarbon
chains, if the probability of gauche character is Pg,, and the
number of substitutions on the y-carbon is n, one can derive the
shielding produced by the y-effect® as, Ad = Nyc_cPgau, Where
the unit y-gauche shielding effect is estimated as yc ¢ = —5.2
ppm. To understand the self-organization processes in the
memory erase or recovery, we applied solid-state variable-

Table 1 Infrared frequency (cm—1) summary of 1,3-O,0’-bis(dodecyl)ca-
lix[4]arene-dso. The shifts of C-D bands (vs v,) correspond the soft alkyl
chains while the other bands come from the rigid calixarene bowl

Assignment C-D: vs vy Ar—CH>-Ar 1,2,3-sub. Ar
rt 2094 2196 2852 2921 760 748
90 °C 2096 2196 2852 2921 758 748
120 °C 2096 2198 2856 2921 758 Sh
Assignment Ar—H Ar ringgC-O

rt Sh 3037 3058 995 1088 1099
90 °C Sh 3037 3056 995 1088 1099
120 °C 3020 3039 3058 993 1086 1097

temperature CP/MAS 13C NMR techniques. At rt, we observed
the resonance of the alkyl chains at 34 ppm corresponding to an
ordered state (al trans, zigzag). At 90 °C (T < T < Ty), we
found that these alkyl chain resonances shifted to 32 ppm, which
was equivalent to a gauche-conformation probability of 20%.°
These results suggest that about half of the total akyl chain
populations are disordered (liquid-like) above T;. The aromatic
resonances remained sharp and constant, suggesting that phenyl
ringswere not fluxional. At 120 °C, thetotal resonance shift for
thealkyl chainswas A§ = —3 ppm, which indicated about 75%
liquid-like state in akyl chains. More importantly, the other
resonances disappeared due to molecular motion or dynamics
on the NMR time scale. This leads usto conclude that both the
rigid calixarenes and the flexible alkyl chains are at constant
flux above T,. The order-to-disorder transitions were observed
in both 1,3-O,0'-bis(dodecyl)calixarene and deuterated
1,3-O,0’-his(dodecyl)calixarene-dso.

Both variable-temperature FTIR and solid CP/MAS 13C
NMR showed a hysteresis for the calixarene system to fully
recover to the ordered states. Upon cooling, it frequently
required longer times before the ordered states were established,
but the calixarene self-organized into the original ordered state
eventually, which was confirmed repeatedly by both solid state
NMR, variable-temperature FTIR, and DSC.

In summary, we report two self-organization processes with
different kinetics within a single calixarene system. The results
demonstrate that such supramolecular systems, upon perturba-
tion, have a ‘memory’ effect and can find pathways to direct
themselves towards the ordered structure. In a system where
two self-organization processes couple and compete with each
other, we found that the rigid cone self-assembled first,
followed by the flexible hydrocarbon chains.
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