Tuning Photoexcited Charge Transfer in Imine-Linked Two-dimensional Covalent Organic Frameworks
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ABSTRACT
The generation of a long-lived charge-separated state in versatile π-conjugated two-dimensional covalent organic frameworks (2D COFs), a process essential to extending their great potentials in advanced semiconducting applications, is yet fully elucidated. Herein, we report a systematic investigation of the photophysical properties of three highly crystalline imine-linked 2D COFs using steady-state and transient absorption spectroscopy accompanied by time-dependent density functional theory (TDDFT) calculations. The different electron affinity between 5,5',5''-(1,3,5-benzenetriyl)-tris(2-pyridinecarboxaldehyde) (BTPA) and three tunable electron-donating/accepting triamine monomers dominated the formation of the excited state, charge transfer direction and lifetime. A prominent charge transfer from electron-rich 4,4',4''-triaminotriphenylamine (TAPA) to BTPA in COFTAPA-BTPA led to the long-lived charge-separated state, which was attributed to a greater degree of delocalization compared to the two other COFs. These results provide fundamental insight into the importance of structure-property correlation for designing advanced photoactive 2D COF materials with the efficient charge transfer and long-lived charge-separated state.
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[bookmark: _Hlk83848062][bookmark: _Hlk90931967][bookmark: _Hlk90931942]Two-dimensional covalent organic frameworks (2D COFs) are a class of layered crystalline porous materials that have boosted extensive interest in various fields, such as gas adsorption, catalysis, luminescence, and electronics.1-7 As for optoelectronic applications in particular, the atomically aligned π-array columns in 2D COFs provide well-defined channels for the extraction and migration of excitons or charge carriers,8-10 which may facilitate the formation of a long-lived charge separated state.11-13 Moreover, the introduction of fully π-conjugated covalent linkages such as imine, vinylene, and fused rings into 2D COFs further enables the intralayer electronic coupling in the π-conjugation for extended photo-absorption to near-infrared region or long-lived charge carriers.14-20 Benefiting from these unique photophysical properties together with well-defined structures, 2D COFs are considered as an ideal platform for investigating the collective interaction of photons, excitons, electrons, holes, and ions to extend their advanced semiconducting applications.21-29 
[bookmark: _Hlk89034296]While many efforts have been made to fundamentally understand the excited-state and charge transfer (CT) dynamics in 2D COFs by employing various macroscopic or microscopic characterization techniques,30 significant gap exists in elucidating the impact of topology, composition, and π-conjugation on their excited state and CT dynamics, yet they are key properties that determine their future applications as photoelectronic and photocatalytic materials. For instance, the geometry and size of building blocks, as well as the degree of π-conjugation between chromophore units play a key role in tuning bandgap, band alignment, structural topology, specific π-column density, and π-conjugation pathway, which subsequently impact the exciton generation and charge separation dynamics,12,13,15 and are crucial to achieving effective charge separation for desirable long-lived charge carriers.30,31
Herein, we report the systematic studies on the photoexcited charge transfer dynamics of three highly ordered and stable imine-linked 2D COFs (COFTTA-BTPA, COFTAPB-BTPA, and COFTAPA-BTPA, Scheme 1) constructed by the polycondensation of pyridine-containing 5,5',5''-(1,3,5-benzenetriyl)-tris(2-pyridine carboxaldehyde) (BTPA) unit with three aromatic triamine monomers with tunable electron-rich/deficient cores. Using the steady-state and transient absorption (TA) spectroscopies coupled with time-dependent density functional theory (TDDFT) calculations, we found that the exciton relaxation dynamics and charge carrier lifetimes of these 2D COFs strongly depend on the electron affinities of the monomers. COFTAPA-BTPA exhibits an efficient charge separation and a greatly prolonged carrier lifetime due to the extended π-conjugation, larger delocalization, and relatively sustained charge-separated state freely across multiple edges offered by the tertiary nitrogen of triphenylamine compared to the meta-substituted aromatic rings in COFTTA-BTPA and COFTAPB-BTPA. Our work presents a systematic investigation of the photoexcited state of fully conjugated imine-linked 2D COFs that can guide the future design of similar materials with long-lived charge separated state, which is of interest for organic optoelectronics and photochemistry including organic light-emitting diodes, photovoltaics, fluorescent bioimaging, and photocatalysis.

[bookmark: _Hlk41149453]Scheme 1. Construction of imine-linked COFTTA-BTPA, COFTAPB-BTPA, and COFTAPA-BTPA by polycondensation of BTPA with TTA, TAPB, and TAPA, respectively.
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[bookmark: _Hlk90059886]Synthesis and characterization. Three imine-linked 2D COFs were synthesized by polycondensation of BTPA with 4,4',4''-(1,3,5-triazine-2,4,6-triyl)trianiline (TTA), 1,3,5-tris(4-aminophenyl)benzene (TAPB), and 4,4',4''-triaminotriphenylamine (TAPA), respectively, under convenient solvothermal conditions (Scheme 1. See experimental details in Supporting Information). The crystal structures of these COFs were characterized by powder X-ray diffraction (PXRD). As shown in Figure 1, the PXRD patterns of all three COFs exhibit prominent diffraction peaks. Based on the 3-fold symmetry of both amine- and aldehyde-based building blocks and the linear imine linkages, 2D layered topology (P1 space group) with hexagonal aperture is proposed for modeling the possible COF structures. The Pawley refinement demonstrates the good fit of the eclipsed stacking mode (AA stacking) for all three COFs, and this assignment is further confirmed by the precise match of diffraction angles with experimental data as well as later discussed porous surface area. The optimized unit cell parameters were a = 25.9793 Å, b = 24.6632 Å, c = 3.6264 Å, α = β = 90°, γ = 120° for COFTTA-BTPA with good residual factors (Rwp = 2.76% and Rp = 1.83%); a = 25.1799 Å, b = 25.4141 Å, c = 3.7322 Å, α = β = 90°, γ = 120° for COFTAPB-BTPA (Rwp = 4.12% and Rp = 2.95%); a = 22.9347 Å, b = 23.6126 Å, c = 4.1407 Å, α = β = 90°, γ = 120° for COFTAPA-BTPA (Rwp = 4.61% and Rp = 3.53%). The peaks at 4.03°, 7.02°, 8.12°, 14.75° and 25.42° in the PXRD patterns for COFTTA-BTPA are attributed to the diffraction characters of (100), (110), (200), (120), (220), and (001) facets, respectively (Figure 1a). Similarly, the diffraction peaks in the PXRD patterns of COFTAPB-BTPA can be indexed as in Figure 1b. The diffraction peaks for COFTAPA-BTPA also indexes with the refinement (Figure 1c), whereas the diffraction peaks significantly shift to higher angles due to the smaller size of TAPA compared to TTA/TAPB. These results conclude the successful synthesis of these highly ordered imine-linker 2D COFs. The lower crystallinity of COFTAPA-BTPA compared to two other COFs can be attributed to the inferior planarity of TAPA. Notably, COFTAPB-BTPA shows higher crystallinity with remarkably stronger diffraction intensity and narrower full width at half maximum (FWHM) with respect to that of COFTTA-BTPA, although TTA is more planar than TAPB.32 Thus, balancing the planarity of building blocks seems to facilitate the formation of highly ordered 2D COFs.
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Figure 1. Experimental, refined, and simulated PXRD patterns of (a) COFTTA-BTPA, (b) COFTAPB-BTPA, and (c) COFTAPA-BTPA. Inset represented the simulated eclipsed (AA) and staggered (AB) stacking models for the corresponding imine 2D COF.

The chemical structures of three imine-linked 2D COFs were characterized by Fourier transform infrared (FTIR) spectroscopy and solid-state 13C NMR spectroscopy. As shown in Figure 2a, the characteristic FTIR peak at 1706 cm−1 is assigned to the typical C=O stretching vibration mode of aldehyde groups in BTPA, and several sharp peaks around 3400 cm−1 are indexed as the N-H stretching vibration of amine building blocks. The disappear of those two kinds of peaks are accompanied by the emerging new peaks at ⁓1620 cm−1 that can be attributed to the stretching mode of C=N bonds, suggesting the formation of imine linkage in 2D COFs. COF formation is further supported by the characteristic peak at 159 ppm for COFTTA-BTPA, 160 ppm for COFTAPB-BTPA, and 155 ppm for COFTAPA-BTPA in the solid-state 13C NMR spectra (Figure 2b), corresponding to the C of the imine bond.
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Figure 2. (a) FTIR spectra of COFTAPB-BTPA, COFTTA-BTPA, COFTAPA-BTPA, and TAPA, TAPB, TTA, and BTPA; (b) solid-state 13C NMR spectra and (c) SEM (i) and high-resolution TEM (ii) images of COFTTA-BTPA, COFTAPB-BTPA, COFTAPA-BTPA; (d) normalized diffuse reflectance spectra of COFTAPB-BTPA, COFTTA-BTPA and COFTAPA-BTPA and UV-vis absorption spectra of their respective monomers measured in acetonitrile.
[bookmark: _Hlk43406491]The morphologies of these COFs were recorded by scanning electron microscope (SEM). Both COFTTA-BTPA and COFTAPB-BTPA demonstrate aristate microparticles or micro-flakes consisting of flower-like nanosheets (Figure 2c, left panel). Well-defined lattice fringes for layered stacking are observed in transmission electron microscope (TEM) images with the distance of 3.3 Å for COFTTA-BTPA and 3.6 Å for COFTAPB-BTPA, respectively, confirming the highly ordered crystalline structure (Figure 2c, right panel). While COFTAPA-BTPA appears as aggregates of irregular sheets and particles, the layered structures with the stacking distance of 4.0 Å are observed in the TEM image. These lattice distances are matched well with the (001) facets in the simulated models, which increases from COFTTA-BTPA to COFTAPA-BTPA due to the lower molecular planarity of the latter.
The porous structures of these COFs were investigated by nitrogen adsorption/desorption measurements at 77 K upon activation. All three COFs have the type I adsorption isotherms (Figure S1), implying the presence of micropores in these materials. The Brunauer–Emmett–Teller (BET) specific surface areas (SABET) are calculated to be 1842 m2 g−1 for COFTTA-BTPA and 1463 m2 g−1 for COFTAPB-BTPA. Using the nonlocal density functional theory (NLDFT) method, the pore sizes are evaluated as 1.75 nm for COFTTA-BTPA and 1.77 nm for COFTAPB-BTPA. The pore volumes are determined as 1.07 cm3 g−1 for COFTTA-BTPA and 1.11 cm3 g−1 for COFTAPB-BTPA. These porous values agree well with the simulated counterparts as summarized in Table S1. In contrast, COFTAPA-BTPA demonstrates a pore size of 1.54 nm, comparable to the predicted value of 1.80 nm. A lower BET specific surface area (771 m2 g−1) and a smaller pore volume of 0.958 cm3 g−1 are observed in the case of COFTAPA-BTPA with respect to the two other COFs due to the small domain size and structural defects of COFTAPA-BTPA powders as revealed by relatively lower PXRD intensity and broaden full width at half maximum of (100) diffraction peak.
All the above characterizations verify that highly crystalline 2D COFs are successfully synthesized. Furthermore, these COFs show good chemical stability based on the retention of the crystallinity after treatment in acid, base, and various solvents (as shown in Figures S2 to S4). These features lay the groundwork for further photophysical and photoelectrochemical investigations.
Steady-state spectroscopic characters. To investigate the basic spectroscopic performance, the steady-state absorbance of COFTAPB-BTPA, COFTAPA-BTPA, and COFTTA-BTPA was measured using solid-state diffuse reflectance spectroscopy (Figure 2d). Each COF powder demonstrates significant visible light absorption with a trailing edge past 600 nm. Absorption maxima for all COFs are bathochromic compared with their monomers, which can be attributed to the extended π-conjugation of BTPA with TTA, TAPB, and TAPA. Particularly, COFTAPA-BTPA has the reddest peak maximum among the three, which is likely attributed to the strong donor nature of TAPA.
[bookmark: _Hlk34827448][image: Map
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Figure 3. TA spectra of (a) COFTAPB-BTPA, (b) COFTTA-BTPA, and (c) COFTAPA-BTPA following 400 nm excitation. The early time spectra are shown in the insets. (d) The comparison of kinetic traces of TA spectra of COFTAPB-BTPA, COFTTA-BTPA, and COFTAPA-BTPA at the given wavelength.
Transient absorption spectra and photophysical properties. Femtosecond transient absorption (fs-TA) measurements were collected upon 400 nm excitation with thin-film samples formed by drop-casting onto a piranha etched glass slide. COFTAPB-BTPA (Figure 3a) displays an induced absorption (IA) at > 550 nm, which rises until 1 ps (inset of Figure 3a) and is completely quenched after 5 ns. The negative signal at < 550 nm reflects the inverse ground state diffuse reflectance spectrum (Figure 2d), leading to its assignment as ground state bleach (GSB). The positive IA (>550 nm) and negative GSB (<550 nm) decayed concertedly with an isosbestic point at 480 nm, suggesting that they are related to the same relaxation process. The IA spectral signature of COFTAPB-BTPA at 750 nm is somewhat similar in shape to IA in the TA spectra of TAPB (Figure S5), suggesting its origins from the TAPB portion of the framework.
Optical signatures observed in the TA spectra of COFTTA-BTPA after 400 nm laser irradiation (Figures 3b) are strikingly similar to those of COFTAPB-BTPA. A 460 nm negative feature due to GSB is separated from the broad IA by an isosbestic point around 550 nm which decays concertedly before 5 ns. Like COFTAPB-BTPA, COFTTA-BTPA has an IA spectral signature at 750 nm similar in shape to that of monomer TTA (Figure S6), providing evidence for its emergence from the TTA portion of the COF structure.
Differences in IA between COFTAPB-BTPA and COFTTA-BTPA and their constituent monomers can be explained based on what does – and doesn’t – change as a result of connecting TAPB and TTA with BTPA. For instance, new π-conjugation is introduced between the COF monomers by imine π-bond formation that was not present prior; this leads to a 100 nm redshift of the 750 nm IA spectral signatures for COFTTA-BTPA and COFTAPB-BTPA from monomeric TTA and TAPB, respectively. Continuing under the assumption that COF IA redshifts ~100 nm from monomer IA allows for the assignment of the 600 nm IA peak in both COFTTA-BTPA and COFTAPB-BTPA to the BTPA portion of the framework (Figure S7). We ascertain that π-conjugation formed in COFTAPB-BTPA and COFTTA-BTPA causes excited states to distribute closer in energy than in their respective monomers, causing the IA redshift. This also indicates only partial charge transfer (CT) between moieties with dissimilar electron affinities takes place as the excited state preserves IA characteristics of both monomers.
In stark contrast to COFTAPB-BTPA and COFTTA-BTPA, the TA spectra of COFTAPA-BTPA upon laser irradiation at 400 nm (Figure 3c) exhibits IA at 475 nm, higher in energy than a negative signal at 675 nm, and separated by an isosbestic point around 580 nm. Like COFTAPB-BTPA and COFTTA-BTPA, the negative band in the TA spectrum can be attributed to GSB since the sample has absorption at these wavelengths (Figure 2d). In particular, the GSB above the 580 nm isosbestic point can be attributed to the hole localization on TAPA moieties of COFTAPA-BTPA since TAPA has significant steady-state absorption in this region. On the other hand, the IA profile has very similar features to monomeric BTPA (Figure S7), suggesting electron localization on the BTPA moiety in COFTAPA-BTPA; but unlike COFTTA-BTPA and COFTAPB-BTPA, COFTAPA-BTPA and monomeric BTPA have similarity in both shape and wavelength. This difference is rectified by considering the clear hole localization on TAPA units in COFTAPA-BTPA, an indication of a much more pronounced CT with TAPA being oxidized (hole carrier, TAPA+) and BTPA being reduced (electron carrier, BTPA−). Thus, relatively well-separated charge carriers in COFTAPA-BTPA act somewhat independently of one another, causing IA due to BTPA in COFTAPA-BTPA to resemble its monomeric form more closely than in COFTTA-BTPA and COFTAPB-BTPA.
The excited states of the three imine-linked COFs were further studied using time-dependent density functional theory (TDDFT) calculations. Natural transition orbitals (NTOs) of the S1 transition on the edge fragments of COFTTA-BTPA (Figure 4a), COFTAPB-BTPA (Figure 4b), and COFTAPA-BTPA (Figure 4c) provide support for more complete CT in COFTAPA-BTPA compared to COFTTA-BTPA and COFTAPB-BTPA, which helps explain the difference between the transient spectral features. In both COFTTA-BTPA and COFTAPB-BTPA, the excitation is confined to the fragment between the central BTPA and TTA/TAPB rings (Figures 4a and 4b), providing evidence that the meta substitution pattern prevents further delocalization. In contrast, the excitation involves all the phenyl rings of the TAPA fragment (Figure 4c, top panel) shown by NTOs of COFTAPA-BTPA having greater hole delocalization in comparison to COFTTA-BTPA and COFTAPB-BTPA. This can be more clearly seen from the star-shaped fragment (Figure 4c, bottom panel) illustrating the symmetry-breaking nature of the CT around the tertiary nitrogen in the TAPA portion of the COF.
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Figure 4. Natural transition orbitals (CAM-B3LYP/6-311G**) of the S1 transition of fragments of (a) COFTTA-BTPA, (b) COFTAPB-BTPA, and (c) COFTAPA-BTPA. Due to delocalization across tertiary N in COFTAPA-BTPA, the transition on both the edge fragment and star fragment (right) is shown. Isosurface values of the displayed orbitals are 0.02.

Table 1. Exciton lifetimes of COFTTA-BTPA, COFTAPB-BTPA, and COFTAPA-BTPA.
	Lifetime
	τ1 (ps)a
	αBEb
	τ2 (ps) c
	αCSb
	τ3 (ps) c


	COFTTA-BTPA
	1.23 ± 0.01
	75%
	24.1 ± 0.11
	25%
	2710 ± 30

	COFTAPB-BTPA
	1.92 ± 0.01
	72%
	49.4 ± 0.23
	28%
	3050 ± 20

	COFTAPA-BTPA
	1.27 ± 0.01
	4%
	35.0 ± 0.24
	96%
	10700 ± 100


(a) τ1 represents the lifetime of the FC state as a weighted average of the decay rate to BE and CS. (b) αBE and αCS represent the weighting coefficients, respectively. These two FC decay rates were combined otherwise they would be too close to be meaningfully separated. (c) τ2 and τ3 represent the average lifetime of BE and CS before returning to the GS, respectively.

This assignment is further supported by the comparison of GSB recovery kinetics or IA decay (Figure 3d), where the rate for COFTAPA-BTPA is much slower than in COFTTA-BTPA and COFTAPB-BTPA due to better charge separation. Kinetic traces of the excited state decay are normalized to the maximum intensities (Figures 3d) and analyzed using global target analysis (Figures S9-S11) in Glotaran.33 For global target analysis a three-compartment model (Figure 5) is used in which the initial Franck-Condon (FC) state splits into two lower energy excited states that each returns to the ground state – a bound excitonic (BE) state where the exciton is trapped, localizing on a single edge of the COF; and a charge separated (CS) state where electron and hole, either by intra- or interlayer CT, reside on separate edges that increases their exciton radius, reduces their coulombic attraction, and prolongs their persistence in the excited state. As summarized in Table 1, the FC lifetime, τ1, is determined by letting FC relaxation to both BE and CS share a rate constant and optimizing the proportion of that rate resulting from FC→BE relaxation and FC→CS relaxation, respectively. This method is necessary since treating these processes separately leads to similar rate constants that could not be meaningfully separated, and forms τ1 as a weighted average of the FC→BE rate and FC→CS rate with αBE representing the weighting coefficient of FC→BE, and αCS representing the weighting coefficient of FC→CS. In COFTAPA-BTPA decay to the longer-lived CS state is found to comprise 96% of the τ1 lifetime, but only 28% and 25% in COFTAPB-BTPA and COFTTA-BTPA, respectively. We propose that the initial excited state with the shortest lifetime (τ1) corresponds to the TA rising component (Figure 3a-3c, insets) and is attributable to the FC state before nuclear rearrangement. From FC the exciton can either become trapped into a BE state with intermediate recombination lifetime (τ2), or separate into a CS state with longer recombination lifetime (τ3).
[image: ]
Figure 5. (a) Three-compartment model used for global target analysis and the K-matrix by which the model is defined. Diagonal elements represent those states decaying back to the ground state, off-diagonal elements represent the column index decaying to the row index state. (b) Schematic showing the excited state dynamics of COFTTA-BTPA and COFTAPB-BTPA. (c) Schematic showing the excited state dynamics of COFTAPA-BTPA.

Notably, τ1 is greatest for COFTAPB-BTPA whereas COFTAPA-CTPA and COFTTA-BTPA have similar lifetimes. In COFTAPA-BTPA this is because FC relaxation is dominated by FC→CS (96%) that occurs more rapidly than FC→BE (4%) due to FC possessing CS-like characteristics as predicted by TDDFT (Figure 4c, top). COFTTA-BTPA, on the other hand, primarily undergoes rapid exciton trapping (75%) due to its FC possessing relatively poor, edge-confined intralayer CT resulting from the electron withdrawing, meta substituted triazine unit. This exciton trapping, however, is similarly prevalent in COFTAPB-BTPA (72%) and cannot completely account for the τ1 difference with COFTTA-BTPA, leading to the interpretation that CS must also occur more slowly in COFTAPB-BTPA, which is possibly related to its longer interlayer distance and subsequently sluggish interlayer CT. The trend observed in τ1 FC lifetimes is consistent with τ2 BE lifetimes, suggesting that BE persistence is related to intralayer CT characteristics. Surprisingly, COFTAPB-BTPA has the longest-lived BE state, which implies it has more favorable intralayer CT characteristics than COFTAPA-BTPA. Analysis of the TDDFT transition density matrix (Figure S12, Table S2) supports this interpretation, revealing that the same tertiary nitrogen that allows efficient charge separation also allows its adjacent phenylene to have relatively large dihedral angles (Figure S13), likely preventing a more complete intralayer CT in the BE state. Finally, τ3 CS lifetimes in COFTAPA-BTPA are much longer-lived, implying the redox species (TAPA+ and BTPA-) are well separated compared with those in COFTAPB-BTPA and COFTTA-BTPA. With evidence from TA and TDDFT (Figure 4c, bottom) we conclude that the tertiary nitrogen in COFTAPA-BTPA instead of a meta substituted aromatic ring in COFTAPB-BTPA or COFTTA-BTPA is responsible for greater charge separation capabilities that ultimately prolong the excited state lifetime. 
[bookmark: _Hlk87288653]Altogether, we summarize our findings with a pictorial model illustrated in Figures 5b and 5c. Upon photoexcitation, little CS occurs between TTA and BTPA in COFTTA-BTPA or TAPB and BTPA in COFTAPB-BTPA (Figure 5b), which is supported by the similar IA in TA spectra of the COFs and their corresponding monomers. In contrast, prominent CS from TAPA to BTPA unit was observed in COFTAPA-BTPA (Figure 5c), which is reflected by the much longer-lived IA/GSB in TA spectra due to a well-separated CT state and retarded charge recombination. These experimental results are well supported by TDDFT calculations, which show that the excitation is confined to the portion of the fragment that is between the central BTPA and TTA/TAPB rings in COFTTA-BTPA and COFTAPB-BTPA (Figure 4a, 4b) but delocalized in COFTAPA-BTPA (Figure 4c, bottom).
In summary, we designed and synthesized three imine-linked 2D COFs, and systematically investigated their photophysical properties and excited-state dynamics using steady-state absorption and femtosecond TA spectroscopy associated with TDDFT calculations. The imine-linked 2D COFs constructed from the polycondensation between BTPA and three amine monomers (i.e. TTA, TAPB, and TAPA) demonstrated high crystallinity, excellent stability, and lowered energy bandgap. Excited state dynamics studied by TA spectroscopy and TDDFT calculations provided information on the charge transfer processes of the 2D COF structures, where the excited CT state of COFTAPA-BTPA is much longer lived than that of COFTTA-BTPA and COFTAPB-BTPA due to the larger electron affinity difference between TAPA and BTPA units. This is unambiguously supported by TDDFT calculations. The charge carriers on COFTAPA-BTPA are generated freely across multiple edges that lead to a relatively sustained charge-separated state, whereas confinement of charge carriers on a single edge of COFTTA-BTPA and COFTAPB-BTPA. COFTAPA-BTPA generated a pronounced CT state due to the extended π-conjugation and greater delocalization radius in COFTAPA-BTPA with tertiary N instead of a meta-substituted aromatic ring. Our work paves the way for the rational design of fully conjugated 2D COFs with long-lived charge carriers for advanced organic optoelectronics and photochemistry, such as highly efficient organic light-emitter, photovoltaics, fluorescent bioimaging agents, and photocatalysts.
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