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ABSTRACT: Ordered organic materials and assemblies have great potential to be tailored to have desirable properties for 

optoelectronic applications, such as long exciton lifetime and high directional exciton mobility. Framework materials, such as two-

dimensional covalent organic frameworks (2D COFs), as well as their truncated macrocyclic analogues, are versatile platforms to 

organize functional aromatic systems into designed assemblies and robust materials. Here we investigate the exciton dynamics in a 

2D COF, its corresponding hexagonal macrocycle, and extended nanotubes comprised of stacked macrocycles. The excitonic 

behavior of these three systems provide an understanding of excitonic processes that occur in the plane of the covalently bonded 2D 

macromolecules and between layers of the nanotubes and 2D COF. The nanotube and analogous 2D COF exhibit longer excited-state 

lifetimes (~100 ps) compared to the individual, solvated macrocycles (<0.5 ps). These differences are attributed to the internal 

conversion facilitated by the internal motions of the imine linkages which are significantly reduced in the assembled macrocycles in 

the nanotube and 2D COF sheets in the layered structures. The exciton diffusion processes in the assembled nanotubes and 2D COF 

systems were characterized by the autocorrelations of the transition dipole moment of the excitons, giving the depolarization time 

constants for both systems to be ~1 ps. This work also reveals the anisotropic exciton dynamics related to the in-plane and inter-plane 

structural factors in these systems. These studies provide guidance for the design of future COF materials, where the longer excited 

state lifetimes imparted by assembly are beneficial for optoelectronic applications.

INTRODUCTION 

Inspired by the natural photosynthetic machinery, in which 

efficient light-harvesting is achieved by specific 

interchromophore orientations and distances, recent studies 

have targeted the synthesis of structurally precise materials or 

supramolecular assemblies to achieve similar effects.1-4 The 

degree to which these precise structural components dictate 

functions in energy transfer have been investigated in numerous 

studies to gain a thorough understanding of excitonic energy 

migration dynamics in ordered assemblies.5, 6 The results from 

these studies will provide design principles for directional and 

efficient energy transfer in synthetic systems.  

Two-dimensional covalent organic frameworks (2D 

COFs) organize their monomers into crystalline, permanently 

porous polymer networks. 2D COFs usually form 

approximately eclipsed, layered structures, providing π-orbital 

overlap that might give rise to mobile excitons and other 

delocalized electronic properties. Because of these 

characteristics, these materials have been implemented in 

photovoltaics,7, 8 chemical sensors,9-11 and catalysis.12-14 In 

particular, 2D COFs have gained notable interest because their 

dimensionality aligns functional aromatic systems, an attribute 

that has inspired their potential use in optoelectronic devices.15-

19 Furthermore, small interlayer spacings in 2D COFs allow for 

strong interlayer chromophore coupling – an important attribute 

for efficient charge and energy transfer.20 Despite the promise 

in these applications, their related electronic properties are 

challenging to characterize using optical absorption 

spectroscopy, because of poor optical quality in films resulting 

from limited solubility. In some cases, they can only be studied 

as colloids, dispersions or low optical quality thin films, whose 

tendency to scatter light encumbers accurate measurements on 

electronic processes as well as eventual integration into devices. 

Despite these hinderances, previous spectroscopic studies have 

revealed long-lived charge transfer states and free carrier states, 

as well as the capability to undergo efficient excitonic 

transport.21-23 However, in the case of triphenylene-based 

boronate ester-linked COFs, rapid conversion of the S1 state to 

the excimer state significantly shortened the exciton lifetimes 

of these materials, thereby limiting their overall capacity for 

long-range energy transport.21 

In order to investigate exciton behaviors influenced by the 

local and long-range structural factors, here we characterize 

photophysical behaviors of an imine-linked 2D COF, a 

macrocycle (MC) that approximates a single hexagonal unit of 

the COF, and its assembled, layered columnar nanotube.24-27 

Taken together, these measurements provide insight into how 

each component influences the overall electronic properties. 

The monomers used for MC synthesis are analogues of COF 

building blocks, in which one of the reactive moieties is 



 

replaced by a solubilizing decyloxy side chain. This substitution 

provides discrete, soluble MCs that retain chemical and 

structural similarity to COFs. The MCs assemble into high 

aspect ratio nanotubes (NTs) upon protonation by a strong 

acid,28 resulting in layered structures that approximate  the non-

covalent interlayer interactions in 2D COFs (Scheme 1). Taken 

together, these systems enable systematic studies of the exciton 

dynamics of 2D COFs in comparison to both isolated MCs and 

assembled NTs. 

Such a progression, from MC to NT to 2D COF with 

increasing dimensions, allows us to capture the structural 

influence of the exciton properties, such as lifetime, transport 

dynamics and directionality by ultrafast transient absorption 

(TA) spectroscopy. This work will describe exciton dynamics 

in these systems, especially the excited state lifetime upon 

aggregation. Furthermore, the exciton diffusion along different 

structural packing directions of these three systems will be 

characterized by transient absorption anisotropy (TAA). These 

results demonstrate that proper design of building blocks, 

chromophores, and their extended structures in COFs can 

enable rapid energy transfer through their planes, in addition to 

imine COF structures prolonging exciton lifetimes, promising 

effectiveness of COFs and NTs in a number of optoelectronic 

devices. 

METHODS 

Synthesis of DAPB-DiOMe-PDA MC. The macrocycle 

was synthesized and characterized according to previous 

procedures26 (Scheme 1). A solution of bifunctional arylamine 

(diaminophenyl benzene [DAPB]) and dialdehyde (2,5-

dimethoxyterephthalaldehyde [DiOMe-PDA]) were made in 

1,4-dioxane (3.4 mL) in a 4-mL closed vial (30 mM solution of 

both components). Immediately after adding CF3CO2H (5 𝜇L, 

0.5 equiv) and shaking, a precipitate formed. The solutions were 

left to sit without stirring (6 days). The reaction was run for 6 

days because shorter reaction times revealed a population of 

five-membered MCs by MALDI-MS, which disappeared after 

extended reaction times. Et3N (0.14 mL, 10 equiv) was added 

to neutralize the acidic catalyst and the resulting precipitate was 

isolated by centrifugation. The precipitate was subsequently 

resuspended, rinsed, and centrifuged with Et2O (3 x 15 mL), 

EtOAc (3 x 15 mL), hexane (3 x 15 mL), and anhydrous acetone 

(3 x 15 mL). The solid was dried under vacuum at room 

temperature overnight to obtain 44 mg (66% yield) of an orange 

powder. 

Synthesis of DAPB-DiOMe-PDA amorphous polymer. 

Briefly outlined below is the synthetic scheme for the polymer, 

which follows a modified version of a previous procedure26 

(Scheme 1). To synthesize the polymer, identical reaction 

conditions to the macrocycle were carried out, with the main 

exception being that tetrahydrofuran was used as the solvent, 

rather than 1,4-dioxane. 

Synthesis of Nanotube: Formation of the NT from the MC was 

performed using previously reported procedures.28 Briefly, 

solutions of MC in THF were generated at 100 𝜇M 

concentration and diluted until absorbance was ~0.25 at 400 

nm. 10% by volume of trifluoroacetic acid (TFA) were added 

to the MC solution, leading to the rapid formation of the NTs as 

indicated by a redshift of the absorbance.  

Synthesis of TAPB-DiOMe COF colloids Solutions of 

trisaminophenyl benzene [TAPB] (3.0 mL, 14 mM) and 2,5-

dimethoxybenzene-1,4-dicarbaldehyde (15 mL, 4.2 mM) in 

acetonitrile (MeCN) were prepared separately and combined. A 

solution of Sc(OTf)3 (2.0 mL, 2.5 mM) in MeCN was added, 

and then the mixture was shaken briefly by hand to ensure 

mixing. The combined reaction mixture was held at room 

temperature for 20 hours. Suspension was then centrifuged for 

1 hour, and concentrate was separated from supernatant. 

Concentrate solvent was evaporated and remaining product was 

washed 5x with MeCN, and then resuspended in fresh MeCN 

 
Scheme 1.  Structures of the building blocks, TAPB, DAPB and DiOMe-PDA, that comprise the network, the non-hexagonally condensed 

amorphous polymer, the free imine-linked macrocycle generated from condensation of DAPB and DiOMe-PDA. Addition of large 

equivalents of TFA result in the assembly of the macrocycles into the corresponding NT.  The structure of the 2D COF generated from 

condensation of the similar building blocks as the macrocycle and the NT. 
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via sonication. Synthesis via this methodology yields COF 

particles with crystalline domains ~70 nm in size. Suspension 

was diluted until its optical density reached ~0.25 at 400 nm and 

was stirred during all measurements.29 

UV-Vis Spectroscopy. Steady-state spectra of samples 

diluted with their respective solvents to an optical density of 

~0.25 at 400 nm in a 1-mm path quartz cuvette were recorded 

on a Shimadzu UV-3600 Spectrophotometer at room 

temperature. 

Fluorescence Lifetime Measurements. Samples were 

photoexcited using a 400 nm pump outputted as the frequency-

doubled wavelength of a 35 fs, Ti:Sapphire laser with a 2 kHz 

repetition rate. Photoluminescence decay kinetics were 

measured by detecting photoluminescence at a 150 mm 

spectrograph using a single-photon sensitive streak camera with 

an instrument response function (IRF) of ~5 ps. 

Femtosecond and Nanosecond Transient Absorption 

Spectroscopy. Femtosecond transient absorption (fsTA) 

measurements were performed using multiple previously 

described systems. Namely, a Ti:Sapphire regeneratively-

amplified laser system (Spectra-Physics MaiTai Oscillator / 

Spitfire Pro XP amplifier) outputting 830 nm pulses (1 kHz, 100 

fs, 2.6 mJ).30, 31 The samples were excited with 415 nm pulses 

(1 µJ) and probed with broadband continuum pulses (450-800 

nm) and the transient spectra were recorded using a Helios 

transient absorption spectrometer and associated software 

(Ultrafast Systems). Additionally, other measurements were 

performed using additional ultrafast laser system as described 

previously.32, 33 

Nanosecond transient absorption (nsTA) spectroscopy was 

performed using a previously described Nd:YAG mode-locked 

laser (EKSPLA PL2210, 500 kHz, 25 ps FWHM pulses) as the 

pump and a supercontinuum laser (Leukos STM-1-UV, 1 kHz, 

600 ps pulses) with white light output as the probe. The samples 

were excited with 415 nm pulses (1 µJ) and probed with the 

supercontinuum pulses (400-800 nm) and recorded using a SP-

2150i Acton Series spectrograph (Princeton Instruments) 

coupled with a Spyder3 SG-14 (Teledyne DALSA) CCD 

camera and laboratory-written software (LabVIEW). 

Full details for the fsTA and nsTA procedures can be found 

in Supplementary Note 1 in the Supporting Information. 

Femtosecond Transient Absorption Anisotropy 

Spectroscopy. Femtosecond two-color transient absorption 

(TA) experiments were performed using two home-built visible 

noncollinear optical parametric amplifiers (vis-NOPAs) 

pumped by 800 nm, 35-fs (FWHM) pulses from a 10-kHz 

regeneratively-amplified Ti:Sapphire laser (Solstice Ace, 

Spectra Physics). The pump pulses at 400 nm were obtained by 

the second harmonic generation of the fundamental pulse 

through a 2 mm thick Type I BBO crystal (φ = 29.2°), while the 

probe pulses centered at ~580 nm with ~100 nm bandwidth 

were compressed by a pulse shaper using the multiphoton 

intrapulse interference phase scan method (MIIPS) with a 

spatial light modulator (MIIPSBox640, Biophotonic Solutions) 

resulting in ~10 fs pulse (FWHM) in a chirp-free spectral region 

of 500 - 700 nm. The pump and probe beams were each focused 

at the sample position using a 25-cm focal length concave 

mirrors, respectively. All TA measurements were carried out 

with the pump polarization at the magic angle (54.7) with 

respect to the polarization direction of the probe. The time delay 

between pump and probe pulses was varied using a computer 

controlled motorized translation stage (ILS300LM, Newport). 

For the TA spectra, the pump-on and pump-off spectra were 

obtained by a chopper operating at 200 Hz and detected with a 

spectrograph (Shamrock, Andor) and EMCCD camera 

(Newton, Andor). The IRF of the experiment was determined 

to be ~ 100 fs at ~ 400 nm by cross-correlation measurement 

between the pump and probe pulses using 5 m BBO crystal 

(United Crystals Inc.). All samples were placed in a 1 mm 

quartz cuvette with ~ 0.5 optical density around 520 nm. 

For the TA anisotropy measurements, the polarization of 

the probe beam was set to 45 relative to the vertical 

polarization of the pump beam. The probe beams parallel (||) 

and perpendicular (⊥) to the polarization of the pump beam 

were separated by a polarizing beam splitter cube and then read 

out at the same time in two regions (defined as tracks in the 

Multi-Track mode) of the EMCCD chip. 

RESULTS AND DISCUSSION 

Steady-State Optical Characterization of Components. 

Steady-state UV-Vis spectroscopy of the imine-linked MC 

reveals a slight red shift of the lowest-energy transition of the 

linker (λmax = 394 nm) upon condensation of the building blocks 

into the MC (λmax = 415 nm, Figure 1a). The lowest energy 

transition results in an intramolecular charge transfer excitonic 

state from the DiOMePDA donor to the DAPB acceptor 

building block (DFT calculations, Supplementary Note 2, 

Figure S1).34 The red shift upon formation of the MC (0.16 eV) 

is indicative of increased electron delocalization due to the 

formation of the imine linkages between the two building 

blocks DAPB and DiOMe-PDA in the MC.35 In this case, the 

π-electrons are unlikely to delocalize throughout the MC due to 

a few components: the polarizability of the imine bond, the 

presence of meta-linked aromatic systems, as well as the non-

planarity of the MC due to its flexible conformation as reported 

previously.26, 28, 36, 37 Furthermore, an amorphous polymer 

formed from the same monomers has similar absorption 

characteristics to those of the MC with an equivalent λmax of 415 

nm (Figure S2). As the polymer would more easily distort in 

solution as well as having distinct structural components, these 

results suggest that conjugation is not spread around the MC, 

and is in fact confined to a single arm of the MC. 

When assembled into NTs, a significant red shift (415 nm 

to 485 nm) in the lowest energy transition occurs (Figure 1B). 

The observed red shift (0.43 eV) can be rationalized by a few 

phenomena. First, self-assembly flattens the MC - electrostatic 

attraction in the NT as well as the imine bond polarization 

caused by its protonation forces the MCs to assemble, 

planarizing the MCs and leading to slightly increased in-plane 

conjugation. Along these lines, DFT-calculated absorption 

spectra (Figure S3) on a truncated model system equivalent of 

an arm of the hexagonal MC with two TAPB groups bound to 

a DiOMe-PDA reveal similar trends as observed in the MC and 

NT, with the flattened model having a red-shifted lowest-

energy transition relative to the geometry optimized model that 

deviates from a perfectly planar conforamtion. Secondly, 

protonation sequesters the electron lone pair, allowing for the 

imine to behave as a better electron acceptor and facilitating the 

CT excitonic state, shrinking the HOMO-LUMO bandgap. This 

phenomenon has been noted in the case of other imine-based 

COF’s in the presence of acid.38 Finally, it has been noted that 

the nature of the induced aggregation via protonation leads to 

slip-stacked chromophores such that inter-MC coupling likely 

has J-type character, a phenomenon known to induce redshifts 



 

Figure 1. Steady-state optical characterization of the MC, its building blocks, and its derivatives. UV-visible absorption spectra in THF 

of A) the TAPB building block, the DiOMe-PDA building block, and the corresponding imine-linked MC and B) the MC, its NT derivative 

formed upon addition of TFA, and a corresponding imine-linked COF with vertical off-sets for display. All spectra are normalized to the 

greatest absorption and a blue arrow indicates the lowest transition peak energy shift. 

in absorbance.39 The broadening of the absorption band is in 

part due to the inhomogeneous nature of the different 

aggregation states present in the solution as well as mixing 

between the vibrational states due to electron delocalization.35  

The lowest-energy absorption peak of the COF is also red-

shifted relative to the MC (λmax = 422 nm, shifted by 0.05 eV). 

However, the NT shows a more significant shift than the COF 

as well as a longer tail in the low-energy region. These spectra 

reveal the degree to which the protonation and interlayer 

chromophore effects come into play. One factor that results in 

the observed redshift is the difference in solvents. In the case of 

the COF, the more polar MeCN solvent would stabilize the 

polar excited state relative to the THF solvent used for the MC. 

Additionally, the 2D COF sheets adapt a more planar 

conformation than the MC due to the stacking, similar to the 

NT, which would cause a redshift as indicated earlier; however, 

they have different inter-sheet couplings. As noted by the 

powder X-ray diffraction (PXRD) pattern, the chromophores in 

the COF sit cofacially with one another, which does not induce 

J-type coupling. The primary drivers of the significant redshift 

seen in the NT, thus are the shrinking of the HOMO-LUMO gap 

because of the stabilization of the electron-accepting imine as 

well as the effects of interchromophore coupling through 

stacking (Figure S1).  

In fact, the addition of large equivalents of TFA to the COF 

colloids results in a similar red-shift to what is observed in the 

formation of the NT (Figure S4). This confirms the role of lone 

pair protonation of the nitrogen in the imine bonds in decreasing 

the HOMO-LUMO bandgap. However, the COF structure 

reveals a λmax of 510 nm, 0.13 eV more than what is observed 

in the case of the NT. This is likely the result of the more polar 

solvent stabilizing the excited state as well as the larger 

extended nature of the COF structure resulting in a greater 

degree of conjugation. The similarities in the steady-state 

spectra of the MC and the COF further support the ability for 

the MC and its derivatives to serve as effective models for COF 

dynamics. 

Exciton Dynamics of Free Macrocycle. TA spectroscopy 

with the photoexcitation of the MC at 415 nm reveals the 

emergence of a broad excited-state absorption (ESA) feature 

from 510 to 760 nm, with the decreased intensity at wavelengths 

below 500 nm partially stemming from a ground-state bleach 

(GSB) feature starting at 460 nm, which was unfortunately 

outside the white light probe spectral region (Figure 2A). 

Additionally, a shoulder feature centered at 480 nm was 

observed. Kinetic traces of the ESA centered at 630 nm rapidly 

decays in < 0.5 ps (Figure 2B). Conversely, the ESA feature at 

480 nm decays more slowly with a longer lifetime of 2 ps. 

The broad ESA feature centered at 630 nm for the MC, 

immediately being formed, corresponds to S1 absorption 

(Figure 2A) and decays much faster than typical singlet excited 

states for organic molecules, which are typically on the order of 

nanoseconds. These short excited-state lifetimes suggest 

alternative excited-state decay pathways for the MC which are 

not facile in the other common organic chromophores (Figure 

2B). In the case of the isolated MC, the rapid decay of the 

singlet state likely arises from their flexible bonds in solution 

which enable internal motions of the groups in the system. As 

noted in other imine-linked chromophores, the bonding 

flexibility might enhance the internal conversion route for the 

excited state or exciton decay to the ground state.40, 41 The 

mechanism of this deactivation process is suggested to be 

caused by the proximity effect imparted on the 𝑛 − 𝜋∗ and 𝜋 −
𝜋∗ transitions as the unhindered imine bond gains access to the 

S1/S0 conical intersection.42, 43 Ultimately, the potential energy 

surface is such that along the reaction coordinate, the excited 

molecule migrates to said intersection and relaxes to the trans 

or cis product (Figure 2C). During this process, the double bond 

is claimed to lose its sp2 character and gain sp3 character as it 

approaches the conical intersection.44 



 

 

Figure 2. Transient absorption characterization of free 

macrocycle. A) Transient absorption spectra of free macrocycle 

with probe wavelengths highlighted at 480 and 630 nm. B) Kinetic 

trace of macrocycle probed at 480 and 630 nm revealing divergent 

kinetics. Trace at 630 nm reveals rapid deactivation of S1 state. C) 

Schematic demonstrating kinetic pathway including internal 

conversion of the excited state to a vibrationally excited ground 

state which follows slower recovery. Representation of proposed 

pyramidalization which facilitates internal conversion via conical 

intersection. 

Notably, it is impossible for the imine bonds in the MC to 

be in the cis form as this causes extreme strain on the cyclic MC 

structure (Figure S5). This conclusion suggests that only 

pyramidalization is necessary to approach the S1/S0 conical 

intersection and undergo rapid internal conversion—generating 

the equivalent isomeric product is unnecessary. 

The ESA feature at 480 nm is redshifted from the ground 

state absorption and exhibits a derivative line shape at the onset 

of the ground state absorption position (Figures 2A and S6). As 

mentioned above the MC is believed to rapidly decay to the 

ground state via the conical intersection accessed by the imine 

bond. Thus, the induced absorption at 480 nm is likely the result 

of vibrationally excited ground state absorption. As the excited 

state deactivates to the ground state via internal conversion, it 

enters into a high energy manifold of vibrational states within 

the ground state. As this population has a smaller energy 

transition to the excited state due to occupying a higher energy 

vibrational state, its absorption is redshifted relative to that of 

the ground state absorption. This “hot” ground state feature also 

rapidly decays (2 ps), though still more slowly than the 680 nm 

ESA, likely resulting from vibrational cooling (Figure 2B). We 

speculate that the rise of this ESA feature would occur in 

conjunction with the decay of the ESA feature at 630 nm; 

however, both processes occur too rapidly to be resolved by the 

instrument’s capabilities. To further confirm the idea of this 

feature being associated with a vibrationally excited ground 

state, the position of the absorption feature was determined at 

each time point by converting the spectral axis to energy and 

fitting to a Gaussian line shape to determine the peak position 

(Figure S7). These results reveal that the maximum position of 

this feature undergoes a hypsochromic shift with an 

approximate time scale of 2 ps. As the vibrationally excited 

ground state cools, the absorption corresponding to S0-S1 

transition requires more energy, which is reflected in the 

observed blue shift. 

The amorphous polymer exhibits similar excited state 

characteristics as the free MC (Figure S8), suggesting similar 

excited state characteristics to the free MC. Probing at 

equivalent wavelengths 480 and 630 nm reveal almost identical 

responses to the MC with an IRF limited lifetime of >0.5 ps at 

630 nm and a short ~3 ps component at 480 nm. Also, decreased 

scattering relative to the MC allows the GSB feature to be more 

easily resolved at 430 nm revealing rapid (>0.5 ps) recovery of 

the ground state, via internal conversion coincident with the 

ESA feature at 600 nm. As the polymer is chemically similar in 

its imine bond to the MC, it is also suggested to undergo internal 

conversion via the pyramidalization of the imine bond, and the 

rapid decay is in fact observed. 

Effect of Assembly on Fluorescence Dynamics. Time-

resolved photoluminescence studies of the free MC at various 

temperatures were performed to further investigate the effect of 

restricting motion on the excited state dynamics. As the 

temperature is decreased from 333 K to 80 K, the emission 

spectrum of the free MC narrows (Figure 3A), which is 

consistent with narrower conformational disorder in the 

molecules. The excited state lifetimes also increase as the 

temperature is decreased (Figure 3B). Strong temperature 

dependence of the excited state dynamics has been observed 

with an instrument response-limited <6 ps decay at 333 K 

increasing to bi-exponential decay upon cooling to 80 K with a 

20 ps time constant and an additional time constant of about 120 

ps as well as an offset feature present for the remainder of the 

experiment. This rapid deactivation of the excited-state 

population is suggested to result from non-radiative internal 

conversion pathways provided by the imine bond.40, 41, 45 Room-

temperature fluorescence studies of small molecules with imine 

bonds show quenching due to the internal conversion and rapid 

excited-state decay lifetimes.40, 41 In such systems, when the 

temperature of the system is decreased, there is a drastic 

increase in the relative fluorescence quantum yield as well as an 

increased excited-state lifetime. Therefore, reducing the 

degrees of freedom of the molecule by decreasing the extent of 

imine bond pyramidalization hinders the rapid internal  



 

 

Figure 3. Time-resolved photoluminescence of the macrocycle 

and nanotube following photoexcitation at 400 nm. A) Spectral 

cross-sections of the macrocycle at 80 K, 283 K, 333 K, and the 

nanotube formed after addition of the acid (at 333 K). B) Kinetic 

traces at maximum photoluminescence intensity revealing longer 

lifetimes at colder temperatures and after formation of the 

nanotube. 

conversion deactivation pathways and thereby extends the 

excited-state lifetime. Resultantly, the relative quantum yield of 

the fluorescence should increase due to the longer times over 

which to fluoresce. Indeed, a relative quantum yield increase of 

around two orders of magnitude is observed upon formation of 

the nanotube structure (Figure S9). 

The emission spectrum of the NT shows a red shift from 

that of the free MC, consistent with the absorption spectra of 

both species (Figure 3A). The kinetic trace of the NT emission 

at 333 K reveals a significantly longer lifetime compared to its 

MC counterpart at 333 K. In fact, the rapid component of the 

NT has a lifetime of about 13 ps with a second longer time 

component beyond the detection time window of the 

experiment (around 95 ps). Observing the fluorescence on a 

longer time scale reveals the presence of a weak offset feature 

that is beyond the window that can be probed (Figure S10). The 

similarity in its spectral profile to early time points infers that it 

comes from an identical state. This result can be rationalized by 

looking at the structure of the NT. Since the protonation forces 

assembly into NTs and makes the structure more rigid, the 

deactivation pathway allowed by pyramidalization of the imine 

bond (similar to the effect of decreasing temperature) would 

likely be drastically reduced,46 resulting in an increased excited-

state lifetime.  

Exciton Dynamics of Assembled Nanotube and COF. 

TA spectroscopy was also performed on the assembled NT 

structure as well as the corresponding COF in solution. The TA 

signals of the NT revealed a broad ESA feature from 550 to 800 

nm, similar to that in the MC, but overlaid with a GSB feature 

at ~560 nm, which matches with the ground-state absorption 

(Figure 4A). For the COF, a similarly broad ESA feature 

peaking at 600 nm was observed, slightly blue shifted relative 

to the NT (Figure 4B). Low probe intensity below 500 nm, due 

to light scattered by the COF sample obscured the GSB feature, 

but the onset of the GSB feature was observed starting at <500 

nm, significantly blue-shifted relative to the NT due to the 

significantly blue-shifted steady-state absorption.  

The traces and spectra were fit using a global fitting 

procedure. Namely, the kinetics were fit at three wavelengths 

(580, 650, 720 nm) to a biexponential decay model as well as a 

long-lived offset component. The resultant decay features had 

varied amplitude at different wavelengths revealing the 

resulting decay-associated spectra. The TA spectra of the free 

MC, the NT and COF all exhibit broad ESA features spanning 

much of the visible spectral region. This ESA feature is likely 

to arise from the S1 state due to its direct excitation. The broad 

nature of the ESA indicates a wealth of different discrete 

conformations that each feature could occupy allowing for 

inhomogeneity in the excitonic structure. This feature decayed 

monotonically with no spectral change, demonstrating no 

discernible change in the state distribution. 

Observing the kinetics of the NT and COF at 630 nm 

reveals similar kinetic traces for both species (Figure 4C). The 

two kinetic traces were fit for both femtosecond TA data and 

nanosecond TA data. Fitting of the decays reveals ESA decays 

occurring on three time scales for both species. The first, very 

rapid decay occurs with a lifetime of 5.3 ps for the NT and 4.3 

ps for the COF and the second decay has lifetimes of 51 and 85 

ps for the NT and COF, respectively. The signal did not return 

to the baseline within the time range measured in the fsTA 

experiments for both the NT and COF. Longer time nsTA 

spectroscopy resolved a lifetime of 12.5 ns for that feature in 

both the NT and COF (Figure S11). Global analysis of the 

femtosecond dynamics revealed the absorption features of all 

species. In this case all decay features, as well as the offset, are 

resultant from similarly broad ESA features across the spectrum 

(Figure S12). As the rapid component of the NT decay (5.3 ps) 

is consistent with the rapid decay observed in the time resolved 

fluorescence measurement (Figure S13), both features likely 

result from the initially excited S1 state. 

Furthermore, the longer component in the time-resolved 

fluorescence matches with the long-lived decay component 

from the S1 ESA feature revealing that all decays arise from the 

S1 state. In particular, the rapid decay component is suggested 

to be due to vibrational cooling of the initial excitation, 

happening on the timescale of <15 ps. The longer-lived feature 

for both the NT and COF (51 ps and 85 ps) likely represents the 

population decay, still arising from the same luminescent state. 

Furthermore, the offset feature (Figures 4A and 4B) is 

hypothesized to arise from a slower structural change following 

photoexcitation that traps a small fraction  of the excited state 

population. Consequently, the overall lifetime of the S1 state of 

the MC chromophore increases from <0.5 ps to ~100 ps upon 

aggregation and inhibition of the imine bond pyramidalization, 

a significant prolonging of the excited state lifetime. This 

inhibition is demonstrated to occur via three routes in this 

discussion, one the forced assembly via strong electrostatic 

interactions in the NT, the COF structures which are aggregated 

via Van der Waals forces, and finally via freezing of the 

structures at 80 K. This large increase in the excited-state 

lifetime allows for more time through which excitonic 



 

 

Figure 4. Transient absorption characterization of assembled 

nanotube and COF. A) Transient absorption spectra of nanotube 

revealing broad excited state absorption interspersed with ground 

state bleach (550 nm) and spontaneous emission troughs (760 nm). 

B) Transient absorption spectra of COF also revealing broad 

excited state absorption interspersed with ground state bleach 

(<500 nm) and spontaneous emission troughs (780 nm). C) Kinetic 

traces of the nanotube and COF samples probed at 630 nm, 

revealing similar decay kinetics of the excited state and increased 

excited state lifetimes relative to that of the unassembled 

macrocycle. 

processes can occur, greatly increasing the effectiveness of this 

material for optoelectronic properties which necessitate longer 

time scales. 

Excitonic Mobility in Nanotubes and COF. To explore 

the exciton transport dynamics in NTs solutions and COF 

suspensions power dependent TA was employed (Figure S14). 

By increasing the fluence of the excitation pulse raises the 

excited state population to a threshold in which the mobile 

excitons can undergo exciton annihilation. Only if the excitons 

are mobile can this process occur, confirming the capability of 

exciton transport in these materials.21  

Furthermore, TA anisotropy was employed for further 

insight into the dimensionality of exciton transport. In this case, 

samples were excited with a horizontally polarized laser pulse 

to preferentially excite chromophores with their transition 

dipoles aligned in that axis to create anisotropically oriented 

distributions in the ground and excited states. Then the 

transmitted probe pulse signals after the sample were collected 

as a function of the pump-probe delays at parallel and 

perpendicular polarization directions with respect to the pump 

pulse polarization (see Methods). The resulting TA anisotropy 

is defined as 

𝑟(𝑡) =  
𝐼∥(𝑡)−𝐼⊥(𝑡)

𝐼∥(𝑡)+2𝐼⊥(𝑡)
                (1) 

where I||(t) and I⊥(t) are transient absorption signals at 
parallel and perpendicular polarization directions, 
respectively, relative to the polarization direction of the 
pump pulse. At 630 nm where the NT S1 state absorbs, I||(t) 

only decays from the initial value at delay time zero, whereas 

I⊥(t) rises and then decays (Figure S15). 

Considering that excitons initially have a preferred dipole 

orientational distribution aligned with the excitation 

polarization,49 any change in that initial preferred polarization 

will be reflected in the differences in intensity of the probe beam 

polarizations (Equation 1). The initially excited dipole can 

depolarize through different mechanisms, the most prominent 

of which are rotational depolarization or energy transfer. In the 

case of rotational depolarization, the initially excited molecule 

will depolarize the excited state via rotation of the entire 

molecule, or at least a segment encompassing the dipole, in the 

solution. Alternatively, depolarization can occur through 

energy transfer. As the exciton moves through the material, if 

the orientation of the transition dipole changes from the initial 

excitation, it will result in an anisotropy decay within the time 

window defined by the exciton lifetime. While energy transfer 

is heavily sample-dependent, hopping between sites typically 

happens on the order of a few ps.50, 51 

In the case of the NT, r(t) decay kinetics are consistent 

across the probe spectrum. The normalized [r(t)/r(0)]  

anisotropy signal at 630 nm reveals that the initial excitation  

depolarizes via two different time constants, 1.34 ps and 8.75 

ps (Figure 5A). Additionally, the initial excitation of the COF 

reveals depolarization rates consistent across the probe 

spectrum, with decays occurring with a single rate of 1.12 ps. 

Although the exact details for the transition dipole are still 

unclear, they likely align along a single edge of the hexagon due 

to the limited redshift upon condensation discussed earlier. For 

this reason, we will only explore the nature of the depolarization 

dynamics in this report. In the case of the COF, the x-ray 

diffraction pattern reveals that the TAPB-DiOMe COF 

crystallizes in P6 structures, and as such, the inter-planar 

orientation of transition dipoles are entirely eclipsed and 

parallel (Figures S16 and S17).29 Thus, if energy transfer occurs 

purely through the stacks of the COF, it would not result in 

depolarization of the initial excitation (Figure 5C). Conversely, 

if energy transfer occurs between adjacent chromophores along 

the plane axis of the 2D sheet, the chromophores are held at 

different relative angles resulting in depolarization of the initial 

excitation (Figure 5C). It is also possible that energy transfer 

occurs via both pathways, but this mechanism would be 

indistinguishable via this method and would still ultimately 



 

Figure 5. Exciton dynamics via time resolved anisotropy in nanotubes and COF. A) Transient absorption anisotropy kinetics of nanotube 

probed at 630 nm revealing two depolarization kinetics. B) Schematic of nanotube demonstrating both intermolecular energy transfer and 

intramolecular energy transfer. Both forms can lead to depolarization. C) Schematic of COF depolarization scheme showing that energy 

transfer through stacks would not result in depolarization. 

result in the same angle of depolarization as entirely in-plane 

energy transfer. Thus, the 1.12 ps depolarization of r(t) in COFs 

reflects energy transfer along the plane of the sheets, 

demonstrating that energy transfer in the plane of the 2D sheets 

of this COF occurs rapidly. 

Similar to the COF, the NT has a hexagonal structure albeit 

without the 2D intraplanar extension of the network. As such, 

energy transfer around the hexagonal structure in the NT will 

likewise result in depolarization of the initial excitation. 

However, in the NT, the interplanar chromophores organize in 

such a way that they are not entirely eclipsed but are in fact 

slightly offset in relative angle to one another (Figure 5B). 

Thus, intermolecular energy transfer along the long axis of the 

NT could simultaneously occur through nearly parallel stacked 

structure which results in nearly no depolarization. Considering 

that the exciton anisotropy decay time constants for both the NT 

and COF are similar (1.3 and 1.1 ps respectively), the exciton 

hopping is dominant via intraplanar processes within the 

constituent MCs that comprise the NT. Interestingly, the COF 

exhibits a slightly faster depolarization rate which may result 

from the additional sites available for energy transfer within the 

plane of the 2D network. Thus, as these two rates are very 

similar, the longer 8.8 ps depolarization rate in the case of the 

NT results from interplanar energy transfer along the long axis 

of the NT. 

Previous reports have related the angle between hopping 

sites as well as the depolarization rate to the hopping rate 

itself.49, 51, 52 As the offset 𝜎 (Figure S18) between each MC in 

the NT covers a broad range of angles, determining specific 

hopping rates is non-definitive. As such, a plot comparing the 

angle to the hopping rate demonstrates that angles going from 

2° to 30° can result in hopping rates that vary from 100 fs to 10 

ps depending on the relative angle, 𝜎, between chromophores, 

suggesting even at the limit of largest angle, rapid energy 

transfer is occurring through the NT (Figure S19).  

These two results taken together reveal energy transfer 

occurs both around the ring as well as through the NT itself. 

While it is not possible to reveal interplanar energy transfer in 

the COF via TAA, coupling the results which reveal the transfer 

rates within the plane with future studies on using exciton-

exciton annihilation will help to extract the two distinct rates of 

energy transfer in the two different directions. These results 

inform future design of COF structures for use as optoelectronic 

materials. 

CONCLUSION 

The exciton dynamics of a series of model compounds 

related to an imine-linked COF were investigated. We compare 

the monomer building blocks to the hexagonal MC, to the NT 

comprised of stacked macrocycles, as well as to the COF 

structure to reveal important photophysical distinctions among 

these systems. These investigations reveal that the isolated 

macrocycles have an excited state lifetime of <0.5 ps, as they 

rapidly dissipate excited-state energy likely via internal 

conversion to the ground state driven by pyramidalization of the 

sp2 hybridized carbon in the imine bonds. In the case of the 

assembled structures such as NTs or the COF, the conical 

intersection that accelerates internal conversion is no longer 

accessible, resulting in a prolonged exciton lifetime up to tens 

of nanoseconds. This long excited state lifetime improves the 

probability for exciton to diffuse in longer distances and the 

potential applications involving chemical transformation and 

sensing. To explore further the degree to which these materials 

would be effective for use in such optoelectronic applications, 

energy transfer dynamics of the assembled materials were taken 

to confirm for the first time (to the best of our knowledge) that 

energy transfer along the two dimensional axis of the COF 

sheets can occur, with a depolarization time constant of 1.1 ps. 

Energy transfer through the stacks of macrocycles in the NT is 

also detected, demonstrating the promise of COF materials for 

energy transfer-based applications. This study guides design 

principles for the use of these materials in optoelectronic 

devices by inferring the dimensionality of energy transfer.  

Future studies can further elucidate the role structure plays in 

the excitonic properties of these materials. 
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