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This work reports on the assembly of imine-linked macrocycles that serve as models of two-dimensional
covalent organic frameworks (2D COFs). Interlayer interactions play an important role in the formation of 2D
COFs, yet the effect of monomer structure on COF formation, crystallinity, and susceptibility to exfoliation are
not well understood. For example, monomers with both electron-rich and electron-poor π-electron systems
have been proposed to strengthen interlayer inter-actions and improve crystallinity. Here we probe these
effects by studying the stacking behavior of imine-linked macrocycles that represent discrete models of 2D
COFs.
Specifically, macrocycles based on terephthaldehyde (PDA) or 2,5-dimethoxyterephthaldehyde (DMPDA)
stack upon cooling molecularly dissolved solutions. Both macrocycles assemble cooperatively with similar
ΔHe values of -97 kJ/mol and -101 kJ/mol, respectively, although the DMPDA macrocycle assembly process
showed a more straightforward temperature dependence. Circular dichroism spectroscopy performed on
macrocycles bearing chiral side chains revealed a helix reversion process for the PDA macrocycles that was
not observed for the DMPDA macrocycles.
Given the structural similarity of these monomers, these findings demonstrate that the stacking processes
associated with nanotubes derived from these macrocycles, as well as for the corresponding COFs, are
complex and susceptible to kinetic traps, casting doubt on the relevance of thermodynamic arguments for
improving materials quality.
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ABSTRACT: Interlayer interactions play an important role in the formation of two-dimensional covalent organic frameworks (2D COFs), yet
the effect of monomer structure on COF formation, crystallinity, and susceptibility to exfoliation are not well understood. For example, monomers with both electron-rich and electron-poor π-electron systems have been proposed to strengthen interlayer interactions and improve crystallinity. Here we probe these effects by studying the stacking behavior of imine-linked macrocycles that represent discrete models of 2D COFs.
Specifically, macrocycles based on terephthaldehyde (PDA) or 2,5-dimethoxyterephthaldehyde (DMPDA) stack upon cooling molecular dissolved solutions. Both macrocycles assemble cooperatively with similar ΔHe values of -97 kJ/mol and -101 kJ/mol, respectively, although the
DMPDA macrocycle assembly process showed a more straightforward temperature dependence. Density functional theory calculations of the
stacking of PDA macrocycles suggested two stable configurations that were close in energy. Circular dichroism spectroscopy performed on
macrocycles bearing chiral side chains revealed a helix reversion process for the PDA macrocycles that was not observed for the DMPDA macrocycles. Given the structural similarity of these monomers, these findings demonstrate that the stacking processes associated with nanotubes
derived from these macrocycles, as well as for the corresponding COFs, are complex and susceptible to kinetic traps, casting doubt on the
relevance of thermodynamic arguments for improving materials quality. Rather, a deeper understanding of the mechanism of supramolecular
polymerization and its interplay with polymerization and error correction during COF synthesis is needed for improved control of the crystallinity and morphology of these emerging materials.

Introduction

crystallinity of structures lacking these design criteria through modification of the polymerization conditions14,18 or superior catalysis.19
These observations suggest that 2D COF formation involves kinetic
traps that complicate design conclusions based on stacking energies
or other thermodynamic arguments.20–23
The study of COF formation is made difficult by the insolubility
of COFs upon polymerization, with studies of their formation as stable colloids a recent and notable exception.22,24,25 Soluble or dispersible model systems of COFs are therefore of interest to better understand COF growth processes. We previously reported boronate ester-linked and imine-linked macrocycles whose dynamic bond formation and assembly are analogous to those of the corresponding
2D COFs.20,21 For example, boronate ester-linked macrocycles
showed hallmarks of nucleation-elongation processes also found in
2D COFs comprised of similar monomers.14,20 Likewise, iminelinked macrocycles form through a rapid polymerization, followed
by the formation of layered aggregates that mimic how imine-linked
2D COFs crystallize under similar conditions.21,22 Given the

Two-dimensional covalent organic frameworks (2D COFs) are
crystalline polymers with periodic bonding in two orthogonal directions that are typically isolated as microcrystalline powders with layered structures.1–4 Because of their designed topology and permanent porosity, these materials are of interest for applications such as
gas storage,5 optoelectronics,6,7 electrical energy storage devices,8–10
catalysis,11 and filtration membranes.12,13 Although 2D COF formation is not yet fully understood, interlayer interactions almost certainly play an important role, and strengthening them has been invoked in the design of structures with improved materials quality
and stability.14,15 However, the strength of these interlayer interactions is difficult to measure experimentally, and both electron-rich11
and electron-poor16,17 aromatic aldehydes have produced highly
crystalline imine-linked structures. Although differences in the crystallinity of different 2D COF structures have been rationalized by
the more crystalline material having stronger interlayer interactions,11 follow-up reports have demonstrated equal or better
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importance of stacking to drive macrocycle formation during their
synthesis, we hypothesized that studying macrocycle assembly in the
absence of transimination catalysts would provide insight into the
relative strengths of COF interlayer interactions and the ways in
which layered structures form in systems of higher dimensionality.
Here we report the synthesis and self-assembly of two types of
imine-linked macrocycles containing either terephthaldehyde
(PDA) or dimethoxyterephthaldehyde (DMPDA) condensed with
truncated analogues of 1,3,5-tris(4-aminophenyl)benzene (TAPB,
Figure 1). These macrocycles serve as direct analogues of TAPBPDA-COF, which has been the subject of mechanistic studies,18,19,22
and the TAPB-DMPDA-COF reported by Jiang and coworkers.11
Highly crystalline samples of the TAPB-DMPDA COF were first obtained under polymerization conditions that provide only weakly
crystalline and low surface area samples of TAPB-PDA COF, and it
was initially proposed that the electron-donating methoxy groups of
DMPDA induce stronger interlayer interactions and enhanced crystallinity. However, highly crystalline samples of TAPB-PDA COF
were later obtained by other means,14,25 including the use of Lewis
acid catalysts19 and transimination reactions.18 With questions of the

role of stacking in the two COFs unresolved, we studied the self-assembly of macrocycles by UV-vis spectroscopy, as well as circular dichroism (CD) spectroscopy of macrocycles bearing chiral side
chains. Upon cooling, both macrocycles cooperatively stack from a
molecularly dissolved state. van’t Hoff analysis reveals similar ΔHe
and ΔSe values for the achiral macrocycles, showing that the incorporation of dimethoxy groups does not significantly stabilize macrocycle stacking. However, the PDA and DMPDA assemblies form
through different kinetic pathways, as evident from a difference in
their assembly as a function of cooling rate in achiral derivatives, and
a helix reversion process observed for chiral PDA macrocycles that
is not observed for chiral DMPDA macrocycles. These studies reveal
distinct and complex assembly mechanisms, even for these structurally similar macrocycles. A deeper understanding of the mechanisms
of noncovalent assembly will greatly benefit our ability to control
and manipulate polymerization processes in two or three dimensions, as well as the one-dimensional assembly of large macrocycles
into nanotubes.26

Figure 1. (A) Synthesis of achiral and chiral imine-linked macrocycles from the condensation of truncated TAPB analogues with either PDA or
DMPDA. (B) Gel permeation chromatography traces of each macrocycle in THF. (C) MALDI-MS of each isolated macrocycle.
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Results and Discussion
PDA and DMPDA-containing macrocycles were obtained by
condensing the corresponding dialdehyde with a truncated analogue
of typical COF monomer, 1,3,5-tris(4-aminophenyl)benzene, here
capped with either achiral (A) decyloxy or chiral (R or S) 3,7-dimethylalkoxy groups (Figure 1A). These macrocycles are formed in
high yields and selectivity for the hexagonal macrocycle, as shown by
single distributions of monodisperse peaks eluting at ~15 min by gel
permeation chromatography (Figure 1B) and the corresponding
MALDI-MS [M+H]+ adducts of the two types of macrocycles at
3543 and 3905 m/z for the PDA and DMPDA-containing macrocycles, respectively (Figure 1C).

The PDA and DMPDA macrocycles assemble from molecularly
dissolved state into layered structures when anhydrous toluene:1,2-dichloroethane solutions (v/v=1:1, 1.4-5.6 μM) are cooled
from 75 °C to room temperature. Both PDA and DMPDA macrocycles are monomeric at temperatures above 50 °C, with absorbance
maxima at λmax = 375 and 410 nm, respectively (Figure 2A & 2B).
Upon cooling, the spectra of both types of macrocycles exhibit decreased absorbance intensity at λmax and the appearance of a redshifted shoulder with a corresponding isosbestic point at 403 nm for
A-PDA and 448 nm for A-DMPDA. Dynamic light scattering confirms that these spectral changes are associated with macrocycle aggregation (Figures S1-S3). Drop-cast films of macrocycle

Figure 2. UV-vis spectra of (A) A-PDA and (B) A-DMPDA (5.6 μM in 1:1 v/v DCE:toluene) cooled at 0.1 °C/min. Light red traces are seven evenly
divided steps between the high (dark red) and low (blue) temperatures. (C) Absorbance intensity of the red-shifted shoulder (monitored at 375 nm)
of solutions of A-PDA (1.4 μM in 1:1 v/v DCE:toluene) cooled at various rates. (D) Absorbance intensity of the red-shifted shoulder (monitored at
410 nm) of A-DMPDA solutions (1.4 μM in 1:1 v/v DCE:toluene) cooled at various rates. (E) Absorbance intensity of the red-shifted shoulder (monitored at 375 nm) of solutions of A-PDA (various concentrations in 1:1 v/v DCE:toluene) cooled at 0.1 °C/min. (F) van’t Hoff plot for A-PDA, ADMPDA, S-PDA, and R-DMPDA macrocycles. Concentrations are in molar fractions.
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solutions at room temperature revealed fibrous structures, as observed by atomic force microscopy (AFM), further confirming that
the macrocycles aggregate under these conditions (Figures S4 &
S5). Furthermore, a linear imine-linked polymer independently prepared from the achiral TAPB analogue and PDA did not show the
same spectral changes upon cooling, indicating that differences in
the UV-vis spectra are due to supramolecular interactions between
the macrocycles (Figure S6). These combined observations suggest
that both types of macrocycles stack cofacially into extended structures as they are cooled to room temperature.
To obtain a first understanding of the stacking of unfunctionalized
macrocycles, we optimized the stacking geometry of a dimer of
TAPB-PDA. The calculations were performed at the density functional theory (DFT) level using the tuned long-range-corrected
ωB97X-D functional, which includes dispersion interactions, and
the 6-31G(d,p) basis set (see Supporting Information). Note that,
since we are interested in the backbone-backbone interactions and
given the size of the dimer, the alkyl chains (R1 in Figure 1) were replaced as hydrogens in the calculations. We considered four starting
geometries by placing the two macrocycles: (1) exactly on top of one
another, which corresponds to an eclipsed configuration; as well as
on top of one another with the upper macrocycle rotated by 10 (2),
20 (3), or 30 (4) degrees with respect to the bottom macrocycle.
Given the approximate six-fold symmetry of each macrocycle, these
initial geometries provide for a comprehensive set of starting conditions.

of the optimization, by some 0.4 Å (Figure 3A); the average distance
between lower and upper phenylene rings is ca. 3.98 Å. However, the
other three starting configurations converge into the same dimer geometry, corresponding to a rotation of the upper macrocycle by 9º
(Figure 3B). Here, the binding energy is only slightly smaller than in
optimized configuration (1), 502.1 kJ/mol. Thus, the two optimized
geometries are thermodynamically very similar in energy, which suggests that the identity and nature of interactions among solubilizing
groups could stabilize one with respect to the other. It is also possible
that these configurations are similar enough in energy that kinetic
effects could influence which form is obtained under various assembly conditions.23 These dimer binding energies roughly translate
into interaction energies between two stacked phenylene rings of
some 14 kJ/mol, which is consistent with the binding energies found
in benzene dimers.27 It must be borne in mind that the binding energies calculated here are specific to isolated dimers. When addressing
stacking energies in solution (see below), the values are expected to
be significantly smaller since the formation of a macrocycle dimer in
solution implies a loss of macrocycle-solvent interactions.
To further investigate the mechanism of macrocycle aggregate
formation, we evaluated the macrocycle assembly as a function of
cooling rate and concentration. The change in absorbance at each
macrocycle’s λmax (375 nm for PDA and 410 nm for DMPDA) was
plotted as a function of temperature at various cooling rates (Figures
2C and 2D). At the slowest cooling rate (0.1 °C/min), a sudden
change in absorbance at a specific temperature (Te, temperature of
elongation) indicates that both PDA and DMPDA macrocycle assemble cooperatively. Prior to assembly, there is a small increase in
absorbance, which we attribute to an increase in the average conjugation as the temperature decreases from 75 °C to Te. This phenomenon is also consistent with fluorescence spectroscopy, which shows
a red shift in emission as the macrocycles are cooled from 75 °C to
50 °C (Figure S7). The rate of cooling has a significant effect on the
overall shape of the cooling curve. For PDA macrocycles, slower
cooling rates give rise to higher Te and greater absorbance changes
(Figure 2C). A PDA solution cooled at 1 °C/min exhibited a Te of
28.8 °C and Te of 36.5 °C when cooled at 0.1 °C/min. This cooling
rate dependence suggests the formation of kinetically trapped assemblies. In contrast, DMPDA macrocycles have similar Te values at
each cooling rate, ranging from 41.9 °C at 1 °C/min to 42.9 °C at 0.1
°C/min (Figure 2D). We hypothesized that this discrepancy is due
to PDA’s more complex kinetic behavior, which is consistent with
the circular dichroism studies of chiral macrocycles described below.
However, even though DMPDA macrocycles have similar Te at each
cooling rate, we were unable to reach the thermodynamic state of
macrocycle assembly for either macrocycle, at which the same Te
value and absorbance change would be observed for different cooling rates. Because the self-assembly of macrocycles is pathway-dependent, all cooling curves for thermodynamic analysis were generated at the slowest cooling rate of 0.1 °C/min.
Table 1. Thermodynamic Parameters of Macrocycle Assembly

After full optimization, starting configuration (1) leads to the largest dimer binding energy, on the order of 516.7 kJ/mol. To reduce
the repulsion effects that are associated to a perfectly eclipsed situation, the upper ring displaces slightly over the course

Figure 3. Geometry of the TAPB-PDA macrocycle dimer optimized at
the ωB97X-D level: (A) displaced-eclipsed configuration; and (B) rotated configuration (color coding is gray for carbon, white for hydrogen,
and blue for nitrogen).

Achiral
PDA

Achiral
DMPDA

Chiral
PDA

Chiral
DMPDA

ΔHe (kJ/mol)

-97 ± 4

-101 ± 7

-145 ± 8

-127 ± 5

ΔSe (J/mol⋅K)

-181 ± 11

-192 ± 23

-360 ± 26

-282 ± 17

0.996

0.984

0.991

0.995

2

R

4

Figure 4. (A, B) CD spectra of PDA and DMPDA macrocycle solutions (2.8 μM in 1:1 DCE:toluene) after cooling to 20 ˚C and standing for 3 hours.
(C) CD spectra of S-PDA (2.8 μM in 1:1 DCE:toluene) at 0, 35, 100 minutes after cooling at 20 ˚C. Grey traces show the evolution of the spectra at 5
minute increments between 35 and 100 minutes. (D) CD spectra of S-DMPDA (2.8 μM in 1:1 DCE:toluene) at 0, 50, 100 minutes after cooling at 20
˚C. Grey traces show the evolution of the spectra at 5 minute increments between 0 and 50 minutes. (E) Scheme of chiral self-assembly of PDA and
DMPDA.

A van’t Hoff analysis of cooling curves collected at different macrocycle concentrations was performed to determine thermodynamic
assembly parameters. A-PDA and A-DMPDA were heated to 75 °C
and then cooled to 10 °C at 0.1 °C/min, and these experiments were
performed at five macrocycle concentrations (Figure 2E & S8). Due
to the observed redshift, fitting the cooling curves to the nucleationelongation model developed by Markvoort et al.28 and ten Eikelder

et al.29 resulted in significant deviation at low temperatures (Figure
S9).30,31 However, these deviations do not perturb the determination
of Te, which are used in the van’t Hoff analysis32 for A-PDA, ADMPDA, S-PDA, and R-DMPDA. We obtained ΔHe values of -97 ±
4 kJ/mol and -101 ± 7 kJ/mol, for A-PDA and A-DMPDA, respectively (Figure 2F, Table 1). The similarity of these values indicates
that there is little to no enthalpic gain in macrocycle aggregation for

DMPDA compared to PDA. Although this observation is in contrast
with previously reported theoretical values for the corresponding
COFs calculated at the DFT-B level,11 it is consistent with the description coming from state-of-the-art quantum chemistry calculations by Sherrill,33 which point to the subtle balance between dispersion and electrostatic effects when considering the impact of electron-accepting or electron-donating substituents on stacking enthalpies. Chiral alkyl sidechains significantly increased the elongation entropies and enthalpies for both PDA and DMPDA, potentially by inducing more ordered assemblies with increased interactions among the chiral alkyl side chains.
When functionalized with enantiopure chiral alkoxy groups, PDA
and DMPDA macrocycles assemble into helical structures that show
distinct kinetic behavior. Four macrocycles were investigated, each
with 3,7-dimethyloctyloxy side chains of either (R) or (S) configuration, including both PDA and DMPDA structures. Solutions of
each macrocycle (2.8 μM, 1:1 DCE:toluene) showed silent circular
dichroism (CD) spectra at 75 °C (Figure S10), but strong CD signals emerged and stabilized upon cooling and standing at room temperature for 3 hours. S-PDA and R-PDA exhibit mirror-image CD
spectra, whereas achiral A-PDA remains CD silent, and the same
phenomena are observed for DMPDA macrocycles (Figure 4A &
4B). S-PDA exhibits a positive Cotton effect at 300 to 430 nm and a
negative Cotton effect from 430 to 600 nm (Figure 4A), while SDMPDA exhibits negative Cotton effect from 300 to 463 nm and
positive Cotton effect at 463 to 600 nm (Figure 4B), suggesting PDA
and DMPDA ultimately form assemblies of opposite helicity under
the influence of the same chiral alkyl sidechains. To further explore
why the DMPDA and PDA macrocycles form assemblies of opposite
helicity, CD spectra of S-PDA and S-DMPDA were obtained as a
function of time, beginning immediately after the solutions were
cooled to 20 °C (Figure 4C & 4D). The spectral evolution of the SDMPDA solution was straightforward, with the spectra intensifying
but always maintaining the positive feature centered at 478 nm and
negative feature centered at 420 nm, corresponding to the formation
of the structures observed after longer times (Figure 4D). In contrast, spectra of the S-PDA macrocycle initially showed a similar behavior to those of the S-DMPDA. However, the intensity of these
peaks reached a maximum at 35 min, after which they transformed
into the spectrum of opposite helicity obtained at extended times
(Figure 4C). This behavior corresponds to the rapid formation of
one helical superstructure, which undergoes a helix reversion to the
final thermodynamic product (Figure 4E). Helix reversions have
been observed as kinetic products during the formation of other chiral supramolecular assemblies.23,31 In these macrocycles, we hypothesize that both PDA and DMPDA form the same initial kinetic product, but that only the PDA macrocycles undergo the helix reversion.
This difference may arise from the steric effects of the dimethoxy
groups, which could limit the rotations of layered macrocycles.
These differences in the chiral systems may also explain the differences observed in the elongation temperatures in the achiral macrocycles.

they are susceptible to kinetic effects. The stacking of A-PDA is
highly dependent on the cooling rate, as evidenced by shifts in the
observed elongation temperature. In contrast, the elongation temperature of A-DMPDA macrocycle assembly is much less dependent
on the cooling rate. When cooled at 0.1 °C/min, the elongation enthalpy and entropy of A-PDA and A-DMPDA were determined using a van’t Hoff analysis based on changes in elongation temperature
as a function of macrocycle concentration. Similar values of enthalpy
and entropy were acquired for both macrocycles, suggesting that the
methoxy groups do not stabilize stacking thermodynamically. PDA
and DMPDA macrocycles bearing chiral side chains exhibit distinct
assembly behavior, with PDA undergoing a helix reversion that is not
observed for DMPDA. We hypothesize that the methoxy groups interdigitate during stacking, which prevent the stacked DMPDA macrocycles from undergoing helix reversion to the thermodynamic assembly. The PDA macrocycle’s more complex kinetic processes may
also explain the dependence on cooling rate observed in achiral PDA
macrocycle elongation.
These experiments demonstrate that the introduction of methoxy
groups hardly changes the thermodynamic properties of interlayer
interactions among macrocycles but does alter the kinetic process of
self-assembly. Although previous COF studies have used calculated
stacking energy to justify the formation of highly crystalline products, our findings suggest that kinetic processes associated with the
formation of layered structures may more strongly affect materials
quality. These model systems deepen our understanding of interlayer interactions crucial to the formation of nanotubes and COFs.
The studies also contribute to the critical mechanistic understanding
of noncovalent synthesis, including aspects of monomer functionalization and programed supramolecular control (such as temperature, concentration, reaction time, and monomer addition rate), to
achieve ordered, dynamic, and ultimately, functional molecular assemblies.
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Conclusions
We have studied the assembly of imine-linked hexagonal macrocycles, in part to gain insight into the stacking of closely related 2D
COFs. Upon identifying appropriate conditions for the assembly of
PDA and DMPDA macrocycles, it was found that both were molecularly dissolved at 75 °C and stack cooperatively upon cooling. DFT
calculations identified two energy minima conformations of PDA
macrocycles without significant energy differences, suggesting that
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A. Materials and Instrumentation
Materials.
All reagents were purchased from commercial sources and used without further
purification. Reactions were monitored by thin layer chromatography (TLC) carried out on
EMD 250µm silica gel 60-F254 plates. Visualization was performed by UV light irradiation.
Compounds S1,1 A-DAPB,1 (S)-3,7-dimethyloctyl 4-methylbenzenesulfonate2 and (R)-3,7dimethyloctyl 4-methylbenzenesulfonate2 were synthesized as previously reported.
Instrumentation.
NMR spectra were recorded on a Bruker Avance III 500 MHz spectrometer using a
CryoProbe 5mm DCH w/ Z-Gradient or on a 400 MHz Agilent DD MR-400 spectrometer using
a AutoX 5mm probe w/ Z-Gradient.
Sonication was performed with a Branson 3510 ultrasonic cleaner with a power output
of 100W and a frequency of 40 kHz.
Matrix assisted laser desorption ionization time-of-flight (MALDI-TOF) mass spectra
were recorded on a Bruker Autoflex III with a 2,5-dihydroxybenzoic acid matrix.
Gel permeation chromatography traces were recorded using 2 PolyPore 300×7.5mm
columns with 18 Angles Dawn Heleos multi angle light scattering and Optilab T-rex differential
refractive index detectors. All samples were dissolved in tetrahydrofuran (1 mg/mL) and
sonicated for 10 minutes before being filtered through a 0.45 µm syringe filter (PTFE
membrane).
AFM was conducted using SPID Bruker FastScan AFM under the non-contact mode in
air, using highly ordered pyrolytic graphite (HOPG) as the substrate.
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UV/Vis/NIR absorbance and turbidity spectra were recorded on a Cary 5000 UV-VisNIR spectrophotometer with a mercury lamp. Cuvette temperature and stirring were regulated
with a Quantum Northwest Temperature Controller.
Circular dichroism measurements were taken on Jasco J-815 CD instrument. PDA and
DMPDA macrocycle solutions were heated at 75 °C for 15 minutes, cooled at room temperature
ambiently before measurement at 20 °C.
Cooling curves were fit by performing a non-linear least square analysis using the
method developed by Markvoort et al.3 and Eikelder et al.4 Accurate Te values were obtained
by applying a weight of 10 at Te (ΔT = 1).
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B. Computational Methodology
The geometry optimizations and single-point calculations on isolated macrocycles and
macrocycle dimers were performed with the tuned long-range corrected ωB97X-D functional
and the 6-31G(d,p) basis set, using the Gaussian 09 Revision D.01 suite of programs.5 We note
that, in the optimized geometry of single macrocycle, the six TAPB units form a co-planar
structure. Initial geometry optimizations were carried out using the ωB97XD functional without
tuning. Based on the optimized geometries, further geometry optimizations of the macrocycles
were carried out at the tuned-ωB97XD level with the same basis set. The range-separation
parameter ω was optimized following the IP tuning procedure6,7 for the molecular fragment
shown below; the optimal ω value is 0.15 Bohr-1.
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C. Synthetic Procedures
General procedure for imine-linked macrocycle synthesis
Diamine (A, S, or R-DAPB) and dialdehyde (PDA, or DMPDA 1.0 equiv) were dissolved in
1,4-dioxane to make a 30 mM solution of both components, after which CF3CO2H (10 equiv
for R/S-PDA, 0.5 equiv for all others) was added. A precipitate formed within minutes. The
solutions were left to sit for 1-6 days. The acid was neutralized by the addition of Et3N (50
equiv for R/S-PDA, 10 equiv for all others). The precipitate was isolated by centrifugation and
subsequently rinsed with Et2O (15 mL x 3). The solid was dried under vacuum at room
temperature.

A-PDA: Performed on a 0.101 mmol scale of A-DAPB. Reaction was run for 24 hours.
Obtained 43.8 mg (73% yield) of a yellow powder.
S-PDA: Performed on a 0.101 mmol scale of S-DAPB. Reaction was run for 24 hours. Obtained
51.8 mg (86% yield) of a yellow powder.
R-PDA: Performed on a 0.101 mmol scale of R-DAPB. Reaction was run for 24 hours.
Obtained 52.4 mg (87% yield) of a yellow powder.
A-DMPDA: Performed on a 0.101 mmol scale of A-DAPB. Reaction was run for 6 days
(shorter reaction times revealed a population of five-membered MCs by MALDI-MS, which
disappeared after extended reaction times). Obtained 43.7 mg (66% yield) of an orange powder
S-DMPDA: Performed on a 0.101 mmol scale of S-DAPB. Reaction was run for 6 days (shorter
reaction times revealed a population of five-membered MCs by MALDI-MS, which
disappeared after extended reaction times). Obtained 37.5 mg (56% yield) of an orange powder
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R-DMPDA: Performed on a 0.101 mmol scale of R-DAPB. Reaction was run for 6 days
(shorter reaction times revealed a population of five-membered MCs by MALDI-MS, which
disappeared after extended reaction times). Obtained 39.0 mg (59% yield) of an orange powder.
Preparation of macrocycle solutions for UV/vis and CD spectroscopy: The macrocycle was
dissolved in 100 mL dried toluene through sonication and then combined with 100 mL 1,2dichloroethane, which had been dried with molecular sieves. The solution was then diluted to
the desired concentration by adding additional 1,2-dichloroethane:toluene solution (1:1 v/v).

Synthesis of poly-A-PDA
A-DAPB (0.030g, 0.061 mmol) and PDA (0.0082g, 0.061mmol, 1 equiv) were dissolved in
ethyl acetate (6 mL). 18 µL of a 0.65 M solution CF3CO2H in ethyl acetate (0.012 mmol, 0.2
equiv) was then added. Immediately the solution turned yellow and precipitate formed shortly
after. The solution sat for 3 min under ambient conditions before being neutralized by 10 µL of
Et3N (0.72 mmol, 1.2 equiv). The precipitate was isolated by centrifugation and subsequently
rinsed with Et2O (5 mL x 3). The solid was dried under vacuum at room temperature, yielding
poly-A-PDA as a yellow solid (15.6 mg, 43% yield).
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Synthesis of S2 and S3: S1, (R)-3,7-dimethyloctyl 4-methylbenzenesulfonate or (S)-3,7dimethyloctyl 4-methylbenzenesulfonate (2.5 equiv) and K2CO3 (2.5 equiv) were dissolved in
DMF (0.25 M in S1) in a flame dried 20 mL reaction vial. The solution was sparged with N2
for 10 min before being heated at 100 °C for 4 h. The solution was then poured into water (50
mL) and extracted with CH2Cl2 (3x 20 mL). The organic layers were combined, dried over
anhydrous MgSO4 and concentrated by rotary evaporation. The crude material was purified by
chromatography (SiO2, 25% v/v EtOAc:hexanes) yielding S2 and S3 as a white fluffy powders.
S2: Done on 0.50 g (0.91 mmol) of S1, isolated 0.51 g (80% yield).
S3: Done on 1.00 g (1.81 mmol) of S1, isolated 1.04 g (83% yield).
1

H NMR (500 MHz, CDCl3) δ 7.66 (m, 3H), 7.61 (m, 6H), 7.46 (d, J = 8.5 Hz, 4H), 7.00 (d, J

= 8.7 Hz, 2H), 6.55 (s, 2H), 4.06 (m, 2H), 1.86 (m, 1H), 1.71 (m, 1H), 1.63 (m, 1H), 1.55 (br,
19H), 1.33 (m, 3H), 1.18 (m, 3H), 0.97 (d, J = 6.6 Hz, 3H), 0.88 (d, J = 6.6 Hz, 6H). 13C NMR
(126 MHz, CDCl3) δ 159.05, 152.83, 142.14, 141.81, 138.00, 136.11, 133.64, 128.46, 127.97,
124.23, 123.93, 118.95, 115.00, 80.82, 66.60, 39.41, 37.46, 36.39, 30.03, 28.52, 28.14, 24.83,
22.87, 22.77, 19.84.
ESI HRMS m/z calcd. for C44H56N2NaO5 ([M +H]+) 693.4262, found 693.4226.
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Synthesis of S-DAPB and R-DAPB: S2 or S3 was dissolved in CH2Cl2 (0.16 M) in a 20 mL
reaction vial, followed by the slow addition of CF3CO2H (20 equiv). The solution was then
stirred for 1 h, during which gas evolved out of the solution. The solution was then poured into
a saturated NaHCO3 solution (30 mL) and extracted with CH2Cl2 (3x 15 mL). The organic
layers were combined and washed with 1M KOH (3x 15 mL). The organic solution was dried
over anhydrous MgSO4 and concentrated by rotary evaporation, yielding pure R-DAPB and SDAPB as white powders.
R-DAPB: Done on 0.49 g (0.71 mmol) of S2, isolated 0.31 g (89% yield).
S-DAPB: Done on 1.00 g (0.71 mmol) of S3, isolated 0.54 g (77% yield).
1

H NMR (500 MHz, CDCl3) δ 7.63 (m, 5H), 7.53 (d, J = 8.5 Hz, 4H), 7.01 (d, J = 8.8 Hz, 2H),

6.79 (d, J = 8.6 Hz, 4H), 4.07 (m, 2H), 3.74 (br, 4H), 1.87 (m, 1H), 1.72 (m, 1H), 1.64 (m, 1H),
1.57 (m, 1H), 1.34 (m, 3H), 1.20 (m, 3H), 0.98 (d, J = 6.6 Hz, 3H), 0.90 (d, J = 6.6 Hz, 6H). 13C
NMR (126 MHz, CDCl3) δ 158.88, 146.07, 142.16, 141.85, 133.99, 131.88, 128.41, 128.32,
123.30, 123.29, 115.50, 114.90, 66.56, 39.39, 37.45, 36.38, 30.01, 28.12, 24.81, 22.86, 22.76,
19.83.
ESI HRMS m/z calcd. for C34H41N2O ([M + H]+) 493.3213, found 493.3207.
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D. Additional Characterization
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Figure S1. DLS correlograms of S-DMPDA (0.011 mg/mL in DCE:toluene, v:v=1:1) at various
temperatures. The lack of correlogram at 38 °C suggests molecularly dissolved macrocycles.
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Figure S2. DLS correlograms of A-PDA (0.01 mg/mL in Toluene) at either 25 °C or 90 °C,
suggesting no aggregation at higher temperatures.
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Figure S3. DLS correlograms of A-DMPDA (0.011 mg/mL in Toluene) at either 25 °C or 80
°C, suggesting no aggregation at higher temperatures.
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Figure S4. A-DMPDA macrocycle solid was dissolved in solution (0.01 mg/mL in Toluene)
without heating and drop casted on HOPG.

Figure S5. Solution of A-DMPDA (0.01 mg/mL in toluene) was heated to 85 °C, cooled to
room temperature, and drop casted on HOPG.
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Figure S6. (A) Reaction scheme for the formation of poly-A-PDA. (B) GPC trace of poly-APDA, showing a broad polymer distribution. (C) UV-Vis of poly-A-PDA (0.01 mg/mL in 1:1
v/v DCE:toluene) at various temperatures, showing little change upon heating.
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Figure S7. Normalized fluorescent spectra of A-PDA solution (0.02 mg/mL in 1:1 v/v
DCE:toluene) upon cooling from 75 °C (red) to 50 ˚C (blue) at 0.1 °C/min.
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Figure S8. UV-vis cooling curves of A-DMPDA, S-PDA, and R-DMPDA (1:1 v/v DCE:
touluene) cooled at 0.1 °C/min at various concentrations, monitored at λmax = 375 nm (PDA)
or 410 nm (DMPDA).
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Figure S9. (A) Cooling curve of S-PDA (2.8 µM in 1:1 v/v DCE:toluene) and fit curve
between 310 K and 280 K. (B) Residual analysis of the cooling curve and fit curve. No
significant residual was observed around Te. (C) White test of the cooling curve and fit curve.

Figure S10. CD spectra of A-PDA, A-DMPDA, S-PDA, S-DMPDA, R-PDA, R-DMPDA
solution (2.8 µM in 1:1 v/v DCE:toluene) at 75 ˚C.
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Figure S11. 1H NMR spectrum (CDCl3, 500 MHz, 298 K) of S2.

Figure S12. 13C NMR spectrum (CDCl3, 126 MHz, 298 K) of S2.
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Figure S13. 1H NMR spectrum (CDCl3, 500 MHz, 298 K) of S3.
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Figure S14. 1H NMR spectrum (CDCl3, 500 MHz, 298 K) of R-DAPB.

Figure S15. 13C NMR spectrum (CDCl3, 126 MHz, 298 K) of R-DAPB.
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Figure S16. 1H NMR spectrum (CDCl3, 500 MHz, 298 K) of S-DAPB.

Figure S17. 13C NMR spectrum (CDCl3, 126 MHz, 298 K) of S-DAPB.
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