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1. General Experimental Methods

Compounds 3a-3d were synthesized as reported before.! Chemical grade reagents were
used without further purification. The 1X lysis buffer mentioned in the legend of Figure 6a

was provided by Gene and Cell Technologies, Inc., CA. *H NMR spectra were recorded at

500 MHz on a Varian INOVA spectrometer. Chemical shifts were expressed in parts per
million (8) using tetramethylsilane (TMS) or residual solvent protons as internal standards
(*H: chloroform §7.26 ppm; DMSO 82.50 ppm). Diffusion-ordered spectroscopy (DOSY)

experiments were performed on a Varian Inova 500 MHz spectrometer under regulated

temperature (298 K), with a 5 mm probe. The pulse sequence employed was a bipolar pulse
pair simulated echo (BPPSTE). Additional parameters: gradient strength array has 15
increments from 3 to 94% of the maximum gradient strength in a linear ramp, diffusion

gradient length is set to 2 ms, diffusion delay is 100 ms.

2. Dynamic Light Scattering (DLYS)

DLS measurements were performed on a Brookhaven 90plus Particle Analyzer. The
wavelength of laser is 532 nm. Fluorescence spectra were recorded on a Perkin Elmer LS55
luminescence spectrometer.

The hydrodynamic diameters of the assembly of macrocycles 3a and la in mixed
solvents containing DMF and CHCI; were measured at room temperature. A total of three
experiments were performed per data set and averaged.

Two stock solutions of 3a (1 mM), each prepared in DMF and CHClI; respectively, were
filtered immediately through a 0.45-um filter to remove dust and debris, and left to stand for
15-min before each series of measurements. The first measurement started with 3 mL of 3a
(2 mM) in DMF, followed by removing a pre-calculated aliquot from the DMF solution that
had been measured, to which the same volume of the 3a stock solution in CHCI; was added
to result in the desired volume percent CHCI; while the concentration of 3a was maintained
at 1 mM. This procedure was repeated by removing the needed volume of the measured
solution out of the cuvette, followed by adding the same volume of the 3a stock solution in

CHCI; to the cuvette, until measurements were completed on all the compositions of CHCls.
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To let the aggregational process reach equilibrium, a 15-min rest period after mixing was
allowed before each measurement was performed. The hydrodynamic diameters of the 1 mM
solutions of l1a at different CHCI; volume ratios were similarly measured after the samples
have been rested for 15 minutes and 24 hours.

The viscosity of mixed solvents containing different portions of DMF and CHCI; was
measured by an in-house computational program written via a similar protocol.! The

refractive index of DMF and CHCI; mixtures were calculated via Wiener equation.?*

3. Fluor escence Spectr oscopy

Fluorescence measurements in parallel with DLS. To further probe the effect of CHCI,
on the aggregation of 3a and la, a set of fluorescence experiments were performed
analogoudly to the DLS studies of 1la and 3a at the reduced concentration of 1 uM. Once
samples were tested with DLS, they were quickly examined with fluorescence (within 5
minutes of the DLS measurements) spectroscopic measurements. Fluorescence emission
spectra of 1a and 3a in mixed solvents containing different ratios of CHCI3; in DMF were
obtained (Aex = 282 nm, Slitex = 4 nm, Sliter, =5 nm) with a scan speed of 100 nm/min.

Recording fluorescence emission spectra of la and 3a at various concentrations in
CHCIs. Stock solutions of 1a and 3a (1 pM) in spectroscopic grade CHCI; were prepared one
hour before each round of experiments. Samples were prepared by simple dilution to reach
the required concentrations. Fluorescence spectra of la and 3a in CHCI; at different
concentrations were obtained (Aex= 282 nm, Slitex = 8 nm Sliter, = 10 nm) with a scan speed
of 100 nm/min.

Estimating the “dimerization” constant of macrocycle 3a. The calculation was
performed based on a “monomer-dimer” equilibrium that is made at the extremely low
concentration of 1 pM (aggregated, assuming to be mainly dimers), with a conservative
estimate of 10% dissociation of the dimers. Such an assumption is reasonable because
at 0.1 pM, macrocycle 3a exists mainly as monomers.

Recording fluorescence excitation spectra. Excitation spectra of 3a in spectroscopic
grade solvents were collected at both A¢m = 350 nm and Aem = 450 nm with background

subtraction (Slitex = 4 nm, Sliter, = 5 nm).
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Times course of aggregation at 1 uM of 1la and 3a in solvents with different ratios of
CHClI3 in DMF. The times course of aggregation at 1 uM of 1a and 3a was assessed based on
the following steps: Stock solutions of both 1a and 3a in DMF (198 uM) were prepared and
diluted to 1 uM into mixed solvents with various ratios of CHCI; pre-mixed with DMF
(spectroscopic grade). The stock solutions were prepared 1 hour before measurements,
which were performed immediately after dilution. Aggregational times course was followed
by recording emission intensities at A = 450 nm (Slitex = 8 nm, Sliter, = 10 nm over 1200
minutes).

Times course of aggregation at significantly reduced concentrations. Solutions of 1a and
3a were prepared in DMF at various concentrations. Each stock solution was prepared one
hour before measurements. The measurements were performed immediately after dilution by
adding DMF stock solution to spectroscopic grade CHCIs. The final volume ratio of CHCI;
and DMF of each experiment is 99.9:0.1. Aggregational times course was followed by
recording emission intensities at A = 450 nm (Slitex = 8 nm, Sliter, = 10 nm over 1200 mins).
Fluorescence emission spectra of the samples were collected immediately following the
above procedure (Aex = 282 nm, Slitex = 8 nm, Sliter, = 10 nm).

All time-resolved intensity decays were measured by using an IBH model 5000 W SAFE
time-correlated single photon counting (TCSPC) fluorescence lifetime instrument. A 280 nm
light emitting diode (Nano LED) served as the excitation source. Emission was recorded at
450 nm (32 nm bandpass). All experiments were conducted until there were at least 10*
counts in the peak multichannel analyzer channel. The typical time resolution for an
experiment was between 0.04 and 0.05 ns/channel and 1024 total channels were used.

The TCSPC traces were analyzed by using Globals WE (Globals Unlimited), a
commercially available nonlinear least-squares analysis software package, and evaluate the
reduced x?2, residuals and autocorrelation traces to determine the best fit model. The solvent
blank was paramatized within a Global analysis strategy to account for its contribution to the

sample signal.

4. Fluor escence Anisotropy

All steady-state fluorescence measurements were performed by using a SLM-AMINCO

model 8100 spectrofluorimeter (SLM Instruments, Inc.) with a 450 W Xe arc lamp excitation
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source. The sample temperature was maintained by using a temperature bath (Brookfield
model TC-620D). The excitation wavelength was maintained at 282 nm. For emission
spectra and steady-state fluorescence anisotropy experiments, the excitation and emission
spectral bandpasses were 4 and 8 nm and 8 and 32 nm, respectively.

The stacking of 3a in solution was probed with steady-state fluorescence anisotropy at 25
°C in CHCIs. By monitoring the 450-nm emission band (Aex = 282 nm) that serves to indicate
aggregation in CHCIs, at 10 nM, a concentration at which 3a engages in ground-state
aggregation as shown by its emission spectrum (Figure S15), an excited-state fluorescence
lifetime (t) of 2.35 = 0.03 ns and a steady-state fluorescence anisotropy (r) of 0.0529 +
0.0013 were found for the aggregate formed by 3a. Besides, the fundamental fluorescence
anisotropy (ro) of 3a (10 nM) was determined to be 0.1167 + 0.0023 in glycerol at 0 °C.

Based on Perrin equation:

F = ro/(L + ©/0) (1)

and the experimentally determined ro, r, and < values, the rotational correlation time 6 of

the aggregate of 3a was calculated to be 1.94 ns.

The rotational correlation time is in turn given by:

0 =nV/RT )

where m is solvent viscosity, T temperature in K, R the gas constant, and V the molar
volume of the rotating unit (i.e., the aggregate) being examined. Based on the value of 6, the
molar volume (V) of the aggregate of 3a was found to be 14.76 nm®. If a spherical shape is
assumed for the aggregate, a diameter of 3.0 nm, a value very close to the diameter of the
macrocyclic molecule, was obtained for the rotating “sphere” formed by 3a, which suggests
that the measured rotational correlation time for 3a reflects the spin of the cylindrical stacks

of 3a around their long axes.

Instead of assuming a spherical shape for the aggregate of 3a 10 nM in CHCl3, a model

based on a cylinder consisting of stacked 3a may allow the number of macrocyclic molecules
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that form such stacks to be estimated. Given that the radius (r) of 3a monomer is 14.9 A
(XRD data, Figure 5), and the molar volume of the aggregate of 3d is 14.76 nm® (see above),

based on the equation for the volume of a column:

V = hnr?

The average height (h) of the stacks of 3a is 2.12 nm, which, based on the stacking distance
of 3a in a column (3.66 A, Figure 5), gives an average number of ~6 (5.79) molecules for the

stacks of 3a.

5. X-ray diffraction (XRD)

X-ray diffraction was recorded at the 2-1D-D beam line of the Advanced Photon Source
at Argonne National Laboratory using 10.1 Kev radiation (A = 1.2275 A) on a Newport 6-
circle (Kappa) diffractometer. X-ray diffraction was measured with a QUAD-RO CCD
detector (Princeton Instruments, Trenton, NJ) placed behind the specimen. The detector-to-
sample distance was varied based on the angular range of the required measurement. Because
the limited field views of the CCD detector, usually full diffraction rings were measured for
those relatively small angle diffractions, and partial rings were measured for those large
angle diffractions. The diffraction intensities of individual reflections were integrated along

their rings and plotted along 26 angles.

6. Computational Study

Figure S16(a) shows the molecular structure of macrocycle 1e optimized at the level of
MO06-2X/6-31G(d) implemented in the Gaussian 09 software package,” where the molecular
axis is highlighted by a blue arrow. To understand the intermolecular interaction between
stacked macrocycles, two such molecules are stacked in parallel to form different dimers as
the function of rotation (stacking) angle (6) and interlayer distance (r). The stacking angle
and interlayer distance are respectively defined as the angle between two molecular axes and
the distance between the center of mass of each monomer (see Figure S16(b)). First, the

dimer with initial r = 3.3 A varies as a function of 6 from 0° to 60°. These dimers are
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optimized by using the Kohn-Sham formulation of density-functional theory (DFT) and the
Gaussian plane-wave (GPW) method® implemented in the CP2K software package.” The
Becke-Lee-Yang-Parr (BLYP) functional®® is employed for structural optimization. The core
electrons are described by the Goedecker-Teter-Hutter (GTH) norm-conserving
pseudopotential,*®** and the wave functions of valence electrons are expressed by the
combination of the polarized double-& quality Gaussian basis™* and a plane-wave basis set
(with an energy cutoff of 280 Ry). To better describe the long-range electron correlations that
are responsible for the van der Waals (vdW) interactions between two monomers, the
Grimme dispersion corrected (DFT-D3) method*? is adopted. After geometry optimization of
the dimers, the single-point energies of these dimers are computed using the more accurate
MO06-2X/6-31G(d) method. The computed binding energies (see Figure S17) are computed
14,15

with basis set superposition error (BSSE) correction
software package.* As shown in Figure S17, the dimer with r = 3.486 A and 6 = 60.5° has the

implemented in the Gaussian 09

largest binding energy of about -49.77 kcal/mol. The strong binding is most likely due to the

strong mt— interaction as well as local dipole interaction between two monomers.
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7. Supporting Figures
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Figure S1. *H NMR spectra of macrocycles 3a-d (1 mM in CDCl,, 500 MHz, 25 °C).
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Figure S2. Full-range *H NMR spectra of (a) 3a-3d in DMF-d; and (b) 3a-3c in DMSO-d; or
DMSO-de/CDCls3 (3/1, vIv).
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Figure S3. Partial '"H NMR (500 MHz, 25 °C) spectra of 3a (1 mM) in solvents containing
various volume percent DMSO-ds in CDCl;. All NMR samples were prepared from the same
stock solutions of 3a in DMSO-ds and CDCl..
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Figure $4. Partial '"H NMR (500 MHz, 25 °C) spectra of 3a (1 mM) in solvents containing

various volume percent DMF-d, in CDCl..
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Figure S5. '*H NMR (500 MHz, 25 °C) spectra of 3a (1 mM) in DM SO-d, (top) and CDCl,
(bottom).
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Figure S6. Partial DOSY spectra of 3a (1mM) (a) in CDCl3 40% DMF-d; and (b) in 100%
DMF-d;.
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Figure S7. Fluorescence excitation spectra of (a) 125 nM, (b) 0.1 pM of 3a in CHCI; monitored
at 350 nm or 360 nm (blue) and 450 nm (red) with background subtraction [Slit,. = 4 nm, Slit,,=

5nm].
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Figure S8. Ratio of the 450-nm and 350-nm emission bands, Easo/E3s0, Which serves as an
indicator for the aggregation of 1a (1 uM, blue) and 3a (1 n M, red), versus volume percent of
CHCl3 in DMF at 25 °C.
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Figure S9. Time courses for the fluorescence emission intensities (at 450 nm) of 3a (1 uM) at
450 nm vs volume% CHCI, in DMF.
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Figure S10. Time courses for the fluorescence emission intensities (at 450 nm) of 3a at various
concentrations in 99.9% CHCI,; and 0.1% DMF.
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Figure S11. Emission spectrum of 3a (10 nM) in the mixed solvent containing 99.9% CHCI, and
0.1% DMF.
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Figure S12. Emission spectrum of 3a (1 pM) in the mixed solvent containing 99.9% CHCI; and
0.1% DMF.
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Figure S13. Time course for the fluorescence emission intensities (at 450 nm) of 3a (1 pM) in
the mixed solvent containing 99.9% CHCI, and 0.1% DMF.
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Figure S14. The two phases of the aggregation of macrocycles 3: the rapid stacking of the
macrocyclic molecules into columns and the slow packing of individually dissolved columns into
bundles.
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Figure S15. Emission spectra of 3ain CHCI, at various concentrations.
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Figure S16. (a) M06-2x/6-31G(d)-optimized monomer and (b) BLYP-D3/GTH optimized dimer.
The molecular axis is highlighted by a blue arrow. The rotation angle (6) and interlayer distance
(r) are respectively defined as the angle between two molecular axes and the distance between

the center of mass of each monomer.
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Figure S17. Computed binding energies with BSSE correction for dimers with different
interlayer distance (r) and rotation angle (6). The dimer with r = 3.486 A and 6 = 60.5°, whose
structure is highlighted in insets, has the strongest binding energy. The dimers are optimized at
the BLYP-D3/GTH level of theory and the binding energies are computed at the MO06-2X/6-
31G(d) level of theory.
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8. Table S1

Ratios of normalized fluorescence emission of 1a and 3a (1 uM) at 450 nm and 350 nm
(E450/E3s0) VS volume% of CHCI3 in DMF.

E4s50/E3s0
Volume% CHCI;in DMF la 3a

0.0% 0.23385 0.19019
10.0% 0.24498 0.20186
20.0% 0.33124 0.22100
30.0% 0.42024 0.22631
40.0% 0.56238 0.24138
50.0% 0.64068 0.26017
60.0% 0.74397 0.40204
70.0% 0.84293 0.72311
80.0% 1.48594 2.34813
90.0% 1.87874 9.75216
100.0% 2.07645 34.39988
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