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Covalent organic frameworks (COFs) are emerging organic semiconductors with
potential for energy conversion and storage. However, their electronic structure and
electron-phonon interactions remain poorly understood. This issue is particularly
important in 2D COFs, where covalent and van der Waals interactions along orthogonal
directions manifest intrinsic anisotropy. In this work, seven 2D COFs with varied bond
linkages, stacking patterns, and side-group conjugation were synthesized to investigate

their electron-phonon interaction properties. The results show that electron-phonon
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coupling (EPC) exhibits obvious direction dependence. Strong EPC is observed'dfong’">*"%**

the interlayer direction, whereas negligible momentum exchange occurs along in-plane
direction. A positive correlation between thermal conductivity and EPC strength was
recognized, in contrast to the behavior of conventional semiconductors. Further
analysis confirms that interlayer EPC hardens phonon frequencies and promotes in-
plane acoustic phonon bunching, thereby enhancing thermal transport. A proof-of-
concept study using a highly oriented COF film revealed extreme transport anisotropy.
The thermal conductivity difference between perpendicular directions approaches two
orders of magnitude, while the in-plane value reaches 20 W m! K-! as determined by
the laser flash method. These findings provide fundamental insight into the transport

mechanism of 2D COFs and highlight their potential as efficient thermal conductors.

Introduction

Covalent organic frameworks (COFs) possess versatile and tunable molecular
architectures with intrinsic porosity, which already confer notable advantages in gas
storage,'> molecular separation,®’ and heterogeneous catalysis.®-!! More recently, their
semiconducting features have attracted considerable attention. In particular, two-
dimensional (2D) COFs show distinctive electronic characteristics, positioning them as
promising candidates for energy conversion and storage applications, such as
photocatalysis.'>!15 As organic semiconductors, 2D COFs exhibit unique structural
traits compared with other known organic systems. Their high crystallinity ensures
ordered atomic arrangements that strongly influence electronic band structures and

charge transport, providing a degree of structural precision not usually attainable in
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polymer-based semiconductors. In addition, 2D COFs display intrinsic ani$ottopy?’>><°%**
within each plane, covalent linkages dominate, while adjacent layers are held by van
der Waals interactions.'®!® Moreover, the frameworks can be tailored at the molecular
level, offering flexible strategies to tune electronic properties. Despite these promising
aspects, the understanding of the electronic structures of 2D COFs and their interaction
with lattice vibrations remains limited. This lack of knowledge prevents the
establishment of predictive theoretical models to guide molecular design for
semiconductor-related applications. A deeper comprehension of these interactions is
also essential for exploiting their full potential in determining thermal, electrical,
magnetic, and optical properties, which would enable advances in microelectronics,
thermal management, and light-matter coupling.

Herein, we report the design and synthesis of six representative 2D COFs that

differ in covalent linkages (imine and keto-enamine), stacking patterns (AA and AB),

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

and side-group polarity (electron-donor and electron-acceptor). Using high-resolution
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spectroscopies combined with low-temperature approaches, we systematically
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investigated their electron and phonon structures. Our study reveals pronounced
anisotropy. Along the interlayer c axis, where van der Waals forces dominate, electron-
phonon coupling (EPC) leads to the formation of quasi-large polarons reminiscent of
Frohlich interactions. These excitations strongly affect semiconducting behavior by
regulating charge dynamics and phonon modes. In contrast, in the ab plane stabilized
by covalent bonds, momentum exchange between electrons and phonons is minimal.

This anisotropy produces the unusual trend that thermal conductivity increases with
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EPC strength. First-principles calculations confirm that stronger EPC stiffens’phomon’”>>2%%**
frequencies and induces bunching of in-plane acoustic phonons, thereby facilitating
thermal transport. To validate these predictions, we measured the thermal conductivity
of a highly oriented 2D COF film with layered stacking. The ratio of in-plane to cross-
plane conductivity approaches two orders of magnitude, and the in-plane value reaches
around 20 W m-! K-! as measured by lash flash method, far exceeding isotropic powders
and most polymeric materials. These findings demonstrate the essential role of
anisotropic EPC in enhancing in-plane heat transport. This work offers new insight into
electron-phonon interactions in COFs and provides a basis for future exploration of

their unique physiochemical properties and broader functional applications.

Results and Discussion
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Figure 1. Molecular structure and spectroscopic characterization of 2D TFB-DB COFs with
AA and AB stacking. (a-b) Molecular structures; (¢c-d) intensity-normalized diffuse reflectance
(DR) UV-Vis and PL spectra; (e-f) temperature-dependent steady-state PL spectra; (g-h)
temperature-dependent FWHM of three representative PL peaks for the AA- and AB-stacked
COFs, respectively. The solid gray lines represent fits to the Frohlich polaronic broadening
model, which accounts for contributions from both inhomogeneous broadening and Fréhlich
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coupling with LO phonons.
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Using one of the most representative imine-linked 2D COFs, TFB-DB (also known as

(cc)

LZU-1),!° as a model system, we investigated how different crystalline stacking modes
influence the electronic structure. Through a one-step aqueous synthesis, we obtained
highly crystalline TFB-DB polycrystalline powder with the classical AA stacking at
room temperature (Figure 1a, Figure S1). When the solution was heated to 80 °C, we
synthesized highly crystalline TFB-DB polycrystalline powder adopting the AB
stacking configuration (Figure 1b, Figure S2). To the best of our knowledge, this

represents the first successful preparation of AB-stacked 2D TFB-DB. This aqueous
5
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approach provides a practical route to control stacking arrangements of 2D COFS g/ >>°<0%**

establishes a reliable material basis for studying the correlation between stacking and
electronic properties. As illustrated in Figure 1c, the high-resolution diffuse reflectance
ultraviolet-visible (DR UV-Vis) spectrum of TFB-DB-AA displays two distinct
absorption bands. The band near 350 nm mainly originates from interlayer m-n
conjugation, whereas the broad absorption across 400-600 nm is attributed to extended
conjugation between alternating imine and benzene units within the in-plane
framework.?? To validate these assignments, we carried out DFT-based optical
absorption calculations using optimized COF structures. The simulated spectra of TFB-
DB agree well with the experimental data, reproducing both the sharp band at 300-400
nm and the extended absorption above 400 nm (Figure S3). Analysis of the dielectric
tensor along different crystallographic directions indicates that the higher-energy band
arises from interlayer m-m* transitions along the c-axis, while the lower-energy
absorption originates from intralayer conjugated transitions. This interpretation aligns
with numerous previous studies. As summarized in Table S1 (Supporting Information),
both theoretical and experimental results consistently support that the 300-400 nm band
is due to interlayer transitions, whereas absorption beyond 400 nm arises from
intralayer conjugation.

Compared with the AA stacking mode, AB stacking enhances the intensity of the
interlayer conjugation absorption and slightly narrows the extended absorption range
to about 500 nm (Figure 1d). This result suggests that AB stacking enhances the

interlayer coupling of TFB-DB through direct interactions between adjacent layers,
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while the A-B-A pathway may also contribute to the coupling, potentially leading& 4’">>=2%%**"
modest increase in the band gap. The absorption edge intensity for both AA and AB
stacking shows an initial sharp drop followed by a gradual attenuation. Similar behavior
has been observed in many other 2D COFs, suggesting the possible coexistence of
direct and indirect band gaps.?'-?* Mathematical fitting of the absorption edge with the
Tauc relation yielded a good linear dependence for hv versus (ahv)? as well as (ahv)!?,
providing preliminary evidence that TFB-DB COFs may contain both direct and
indirect band gaps (Figure S4-5).2526 To evaluate the reliability of the optical band gaps
obtained from the Tauc analysis, we compared them with electronic band gaps
calculated by DFT based on optimized COF structures. As shown in Figure S6-7, the
calculated gaps are slightly smaller due to the idealized assumptions of the models, yet
the overall trends agree well with the experimental values, confirming the validity of

our band gap determination.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

To further confirm the coexistence of direct and indirect band gaps in TFB-DB,
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photoluminescence (PL) excitation spectra were collected at room temperature (Figure
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S8). The results indicate that excitation light with wavelengths below 400 nm produces
only weak photoluminescence signals, whereas excitation light above 450 nm generates
markedly stronger emission. This behavior suggests that electrons promoted to excited
states through interlayer transitions relax mainly through non-radiative pathways, while
those excited by in-plane transitions decay through radiative processes. These findings
imply that the indirect band gap likely originates from interlayer van der Waals

interactions, whereas the direct band gap is associated with in-plane covalent bonding.
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Furthermore, although the optical absorption range of AB-stacked TFB-DB is ratrowel
its PL wavelength range closely matches that of AA-stacked TFB-DB, extending up to
800 nm. The AB-stacked sample exhibits a relatively larger Stokes shift, suggesting
stronger non-radiative relaxation than in the AA configuration, and this behavior may
be influenced not only by adjacent-layer interactions but also by the A-B-A stacking
sequence, which could modify the interlayer potential field and enhance out-of-plane
electron-phonon coupling.?’-28

To investigate detailed differences in the electronic structures, temperature-
dependent PL spectra of TFB-DB with two distinct stacking modes were collected
(Figure 1e-f). This approach enables the decoupling and analysis of contributions from
different fine electronic features. The PL intensity of both samples decreases with
increasing temperature; however, the AB-stacked sample shows a faster decay than the
AA-stacked sample. The exciton binding energy of the AB-stacked sample (66.21 meV,

Figure S9b) is slightly larger than that of the AA-stacked sample (64.45 meV, Figure

S8b), suggesting a marginally weaker charge separation ability in the AB stacking mode.

At low temperatures, the PL spectrum of both samples clearly contains two sub-peaks
that can be attributed to carrier relaxation and emission through interlayer conjugation
(indirect band gap) and intralayer extended conjugation (direct band gap). Gaussian
fitting successfully deconvoluted the PL spectrum into these two components. The
lower-energy PL peak corresponds to intralayer relaxation, whereas the higher-energy
peak originates from interlayer relaxation. The temperature dependence of the full

width at half maximum (FWHM) of the two peaks is summarized in Figure 1g-h. The

/D5SCO08033A
s
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FWHM of the intralayer PL peak remains nearly constant with rising temperatufé, whilg’">>=2%%**
the interlayer PL peak broadens significantly, which is a characteristic signature of EPC.
2930 Fitting the data with the Frohlich polaronic broadening model shows that both AA-
and AB-stacked samples exhibit coupling between electrons and longitudinal optical
phonons. This behavior is consistent with the formation of a Frohlich-type large polaron
and falls within the temperature range over which the Frohlich model is applicable
(Table S2).31-35 This result suggests the presence of EPC along the interlayer direction
in TFB-DB, while EPC within the in-plane direction is negligible. Moreover, the
calculated Frohlich coupling factors (a) reveal stronger EPC in the AB-stacked sample

(o =0.126) than in the AA-stacked sample (a = 0.09).
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Figure 2. Molecular structure and spectroscopic characterization of 2D TFB-DB COFs
functionalized with trifluoromethyl and hydroxyl groups. (a-b) Molecular structures; (c-d)
diffuse reflectance (DR) UV-Vis and PL spectra; (e-f) temperature-dependent steady-state PL
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spectra; (g-h) temperature-dependent FWHM of three representative PL peaks for the GORS) pssc0s033a

with trifluoromethyl and hydroxyl substitution, respectively. The solid gray lines represent fits
to the Frohlich polaronic broadening model, accounting for both inhomogeneous broadening
and Frohlich coupling with LO phonons.

On this basis, we incorporated an electron-withdrawing trifluoromethyl group and
an electron-donating hydroxyl group into the molecular framework (Figure 2a-b, Figure
S10-11) to investigate how side-group polarity influences the electronic structure of 2D
TFB-DB. X-ray diffraction (XRD) analysis shows that introducing either hydroxyl or
trifluoromethyl substituents results in only minimal changes to the (001) interlayer
spacing (Figure S12), indicating that functionalization does not significantly perturb the
stacking distance in these COFs. Consistently, DR UV-Vis spectra reveal that these
chemical modifications leave the position of the interlayer m-m absorption peak
unchanged (Figure 2c-d). However, the trifluoromethyl group narrows the absorption
window, thereby increasing the bandgap (Figure S4-5), whereas the hydroxyl group
markedly broadens the absorption range, leading to a pronounced bandgap reduction.
This observation further indicates that absorption beyond 400 nm mainly arises from
the extended conjugation between the imine linkage and benzene ring within the in-
plane framework, which predominantly determines the final bandgap of 2D COFs.
Photoluminescence (PL) measurements provide additional insight. The trifluoromethyl
group broadens the PL peak of TFB-DB and induces a more prominent Stokes shift
(Figure S13), while the hydroxyl group sharpens the PL peak and significantly
suppresses the Stokes shift (Figure S14). Remarkably, hydroxyl substitution also

enables intense PL emission even under shorter-wavelength excitation, consistent with

10
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characteristics of a direct single bandgap. These results suggest that extended in-pian
conjugation enhances EPC in electron-deficient states, whereas electron-rich states tend
to weaken this interaction. This interpretation is further corroborated by temperature-
dependent PL results (Figure 2e-f), where the FWHM of the interlayer PL peak of TFB-
DB increases substantially with temperature (~150 meV), in sharp contrast to the much
smaller broadening observed for Sa-DB (~40 meV, Figure 2g-h). Overall, the
introduction of side groups with distinct polarities provides a simple yet powerful
strategy to tune the bandgap of 2D imine-linked COFs. Beyond bandgap engineering,
these substituents also modulate the electron cloud density within the in-plane

conjugated framework, thereby influencing the strength of EPC.
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Figure 3. Molecular structure and spectroscopic characterization of 2D TP-DB COFs with and
without trifluoromethyl substitution. (a-b) Molecular structures; (c-d) diffuse reflectance (DR)
UV-Vis and PL spectra; (e-f) temperature-dependent steady-state PL spectra; (g-h)
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temperature-dependent FWHM of three representative PL peaks for COFs with and,without nsscososza

trifluoromethyl groups, respectively. The solid gray lines represent fits to the Frohlich polaronic
broadening model, accounting for contributions from both inhomogeneous broadening and
Frohlich coupling with LO phonons.

Subsequently, we synthesized f-ketoenamine-linked 2D COFs TP-DB (Figure 3a,
Figure S15a) through an aqueous-based strategy to further examine how different
covalent linkages influence the electronic structure of 2D COFs.3¢ In parallel, we
prepared 2D TP-DB modified with trifluoromethyl side groups (Figure 3b, Figure S16a)
to assess the effect of side group polarity. The DR UV-Vis absorption spectra reveal
that, in addition to the interlayer n-m conjugation absorption peak below 400 nm, two
distinct absorption bands emerge beyond 400 nm (Figure 3c). These features are
primarily assigned to in-plane conjugation modes in 2D TP-DB, including the n-n
conjugation extension between the nitrogen lone pair and the benzene ring and the n-n
conjugation extension between the carbonyl and the ethylene bond. The absorption
range is broader than that of the amine-linked 2D COFs (TFB-DB), reflecting a higher
degree of in-plane conjugation. Moreover, the absorption edge of 2D TP-DB displays
two distinct attenuation stages, a more pronounced characteristic that points to the
coexistence of direct and indirect bandgaps. This interpretation is also supported by
excitation spectra results (Figure S17a). The introduction of the electron-withdrawing
trifluoromethyl group narrows the in-plane absorption range and reduces the absorption
intensity of in-plane conjugation (Figure 3d). This effect likely arises from the weaker
electronic interaction of the n-m extended conjugation relative to the n-m extended

conjugation in 2D TP-DB, which is more vulnerable to the modulation of the side group

12
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electron cloud distribution. Nonetheless, the influence of electron-withdrawing' $idg/>>>2%**
groups on the electronic structure follows a trend consistent with that observed in
amine-linked 2D COFs and results in an increased bandgap in 2D TP-DBTF.

Using the same method, we collected temperature-dependent PL spectra for both
B-ketoenamine-linked 2D TP-DB samples (Figure 3e-f). Compared with the spectra at
room temperature, the three PL peaks become more pronounced at low temperatures,
particularly the high-energy PL peak that is associated with interlayer n-n relaxation
excitation (Peak 3). Furthermore, the PL peaks of 2D TP-DB at low temperatures
exhibit a clear overall redshift relative to those at room temperature. These observations
provide convincing evidence of EPC in 2D TP-DB. At low temperatures, lattice
vibrations are restricted and phonon density decreases, which enhances electronic
radiative relaxation and lowers the transition energy between excited and ground states,

resulting in a redshift of the PL peak (Figure S17). We also found that with increasing

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

temperature, the FWHM of the interlayer PL peak expands, a behavior characteristic of

Open Access Article. Published on 17 December 2025. Downloaded on 12/24/2025 2:39:53 PM.

Frohlich interaction that suggests coupling between excitons and longitudinal optical
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phonons (Figure 3g). The presence of the electron-withdrawing trifluoromethyl group
further amplifies this broadening of FWHM, implying stronger EPC (Figure 3h, Figure
S18). The calculated Frohlich coupling constants of 2D TP-DB and TP-DBTF are
significantly larger than those of imine-linked 2D COFs, which can be ascribed to the
smaller layer spacing of B-ketoenamine-linked 2D COFs, as confirmed by XRD
analysis (Figure S15-16). Interestingly, the FWHM of the PL peak does not vary
monotonically with temperature. It first broadens and then narrows as the temperature

13
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rises, with the transition occurring near 150 K. This feature likely indicates 4 Shift
the dominant phonon scattering mechanism. At lower temperatures, rising thermal
energy enhances molecular vibrations and broadens the emission.3”° At higher
temperatures, exciton delocalization within the intralayer conjugated network becomes
more prominent, producing spectral narrowing due to the suppression of molecular
vibration.**-#? Fitting the interlayer PL FWHM with the Frohlich Polaronic Broadening
model demonstrates enhanced coupling between electrons and longitudinal optical
phonons above the transition temperature, suggesting that thermal excitation of high-
frequency optical phonons governs this process.

Based on the above findings, the PL spectra of six distinct COFs consistently
display significant broadening of the interlayer emission peak with increasing
temperature, confirming the presence of EPC behavior. In contrast, the intralayer
emission bandwidth remains nearly unchanged across the tested thermal range. We
applied the Frohlich polaronic broadening formula to calculate both the Frohlich
coupling constant and phonon energy (Table S3), thereby quantifying EPC strength in
different 2D COF molecular frameworks. To further validate this analysis, we measured
the fluorescence decay lifetimes of six 2D COFs and correlated them with EPC intensity
(Figure S19). The results indicate an intrinsic relationship between the degree of
conjugation in covalently bonded molecular structures and the van der Waals-mediated
interlayer EPC interactions. For 2D COFs with the same covalent linkage and similar
interlayer spacing, the introduction of electron-withdrawing groups reduces the in-
plane conjugation, as shown by the narrowing of the extended conjugation absorption
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range in the spectra, which in turn enhances interlayer EPC, and vice versa. By Eontfagt; ”>>2%%**

a reduction in interlayer spacing through covalent bond variation produces a much
stronger EPC effect. Unlike the localized polarons commonly observed in traditional
organic semiconductors, polarons in 2D COFs display features of long-range polarons
along the interlayer direction.***> This characteristic possibly facilitates enhanced
charge carrier separation efficiency.*%4” Nevertheless, stronger EPC may tend to reduce
charge carrier mobility, increase non-radiative relaxation pathways, and facilitate
recombination, which aligns with the observed decrease in fluorescence lifetime.*3-3
From a molecular design perspective, a controlled decrease in in-plane conjugation or
a reduction in interlayer spacing can effectively strengthen interlayer EPC.

It is meanwhile important to recognize the inherent limitations of the Frohlich
model, which primarily describes interactions between electrons and longitudinal

optical phonons while neglecting contributions from transverse optical and acoustic

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

phonons. We further quantified the temperature-dependent PL broadening by extracting

Open Access Article. Published on 17 December 2025. Downloaded on 12/24/2025 2:39:53 PM.

the linear expansion coefficients (dFWHM/dT) for several COF samples. This

(cc)

parameter can also serve as an experimental indicator of electron—phonon coupling
strength, and the obtained values (Table S4) follow the same trend as the calculated
Frohlich coupling constants. This consistency reinforces the conclusion that the
variations in EPC among these COFs arise from their distinct lattice environments and
stacking-dependent vibrational interactions. In the 2D COF systems examined here, the
phonon spectrum is complex, comprising both optical and acoustic branches arising
from the intricate molecular structures, features that are not captured by the Frohlich
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formalism. As a result, this model may underestimate the full complexity of EPE'ilf Z1y/?>°<0%033

COFs. Addressing these limitations requires the development of more comprehensive
theoretical frameworks that account for electron coupling with multiple phonon
branches, including acoustic and transverse optical modes. Such approaches would
provide a more complete understanding of EPC in COFs and offer deeper insight into
their thermal transport mechanisms. Future studies incorporating these advances are
expected to significantly improve both the fundamental understanding and practical

exploitation of COF materials in thermal management and related applications.
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Figure 4. Thermal conductivity and phonon structures of isotropic 2D COF powder samples.
(a) Representative SEM image and (b) 2D-WAXD pattern of a compressed 2D COF pellet. (c)
Measured in-plane thermal conductivity of six 2D COF pellets at different temperatures.
Calculated in-plane phonon spectra of (d) 2D TFB-DB COF and (e) 2D TP-DB COF.

EPC plays a critical role in determining the thermal conductivity of materials. We
synthesized six 2D COF crystal powders and compacted them into bulk plates using
cold-compression molding for thermal conductivity measurements (Figure 4a, Figure
S20-22). To verify the crystallinity of the 2D COFs after compression, synchrotron-
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based 2D-WAXS measurements were performed on the plate samples. The diffractin’">><°%**
patterns exhibit uniform concentric rings, indicative of well-preserved long-range order
with random and isotropic orientation after pressing (Figure 4b). The corresponding 1D
profile shows clear (100) and (200) reflections, confirming that the crystallinity is
maintained despite mechanical processing (Figure S23). Thermal conductivity
measurements of the six 2D COF flakes reveal that their in-plane thermal conductivity
generally exceeds 1 W m! K-! (Figure 4c¢, Figure S24-29), significantly higher than that
of conventional organic polymer materials (Table S5). To ensure that the measured
values reflect intrinsic properties of well-ordered crystalline 2D COFs, a comparative
experiment was conducted using a deliberately low-crystallinity sample (Figure S30).
Subjected to identical cold-pressing and testing protocols, the low-crystallinity sample
exhibited thermal conductivity nearly an order of magnitude lower than that of its

crystalline counterpart. This comparison underscores the essential role of long-range

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

order in promoting efficient thermal transport and confirms that the high thermal

Open Access Article. Published on 17 December 2025. Downloaded on 12/24/2025 2:39:53 PM.

conductivity observed in this study originates from the preserved crystallinity of the

(cc)

COF materials.

More importantly, comparison of thermal conductivity among the six 2D COFs
reveals a clear correlation between stronger EPC and higher thermal conductivity
(Figure S31), a trend opposite to that typically observed in conventional organic
semiconductors.’!3* To elucidate the mechanism by which EPC affects thermal
conductivity, we performed first-principles calculations of the phonon spectra for two
representative 2D COFs, TFB-DB and TP-DB, with differing interlayer EPC strengths
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(Figure 4d-e).5* 55 Compared to 2D TFB-DB, 2D TP-DB exhibits pronduiiéed’>>*<%**

hardening of both in-plane acoustic and optical phonons, resulting in acoustic phonon
bunching along the in-plane direction within the first Brillouin zone (Figure S32). This
phenomenon theoretically enhances solid-state heat conduction.’*->® Additionally, 2D
TP-DB displays a larger optical phonon bandgap than 2D TFB-DB, which can suppress
Umklapp scattering and improve thermal transport efficiency. Both 2D TFB-DB and
TP-DB show no frequency overlap between acoustic and optical phonons, further
reducing optical-acoustic phonon scattering and increasing the mean free path of
acoustic phonons.

The interlayer EPC-induced in-plane phonon hardening is further supported by
Raman spectroscopy. As shown in Figure S33, 2D TP-DB displays a clear blue shift of
several in-plane vibrational modes relative to 2D TFB-DB. This trend is consistent with
our phonon dispersion calculations, which show that enhanced interlayer electron—
phonon coupling in TP-DB stiffens the low-frequency ZA and LA branches. The
agreement between the Raman peak shifts and the calculated phonon hardening
provides direct evidence that the interlayer coupling field modulates and elevates the
energy of in-plane lattice vibrations. It is acknowledged that crystallinity and defects
influence thermal transport, and slight variations are unavoidable because current COF
synthesis methods cannot yield samples with fully uniform crystallinity. Nonetheless,
the COFs examined here all exhibit comparably high polycrystalline order, making
crystallinity-driven differences less dominant. Under these conditions, the consistent
trends are most plausibly attributed to variations in electron—phonon coupling rather
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than to minor differences in crystallinity or grain boundaries. High crystallinity’of Z5°>°<2%%*
COFs promotes orderly atomic arrangements, which enhances carrier mobility within
the in-plane covalent network.>*-*! Enhanced EPC allows electrons to more effectively
screen ionic field effects on phonons, and dynamic polarization and self-energy
corrections contribute to the hardening of in-plane acoustic phonons.®? 63 In contrast,
interlayer charge transport mainly occurs via a hopping mechanism due to interlayer
spacing exceeding 3 A, so EPC tends to increase phonon scattering and limit thermal

transport along the interlayer direction.

001
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Figure 5. Thermal conductivity of anisotropic 2D COF thin-film samples. (a) Molecular
structure and crystal stacking mode; (b) cross-sectional SEM image; (¢) GIWAXD pattern of
2D TP-Bpy COF; (d) time-dependent laser thermal diffusion signals in the in-plane and cross-
plane directions; obtained thermal conductivities of (¢) 2D TP-Bpy COF thin film and (f) 2D
TP-Bpy COF pellets prepared from powder.

To experimentally verify the anisotropic thermal conductivity induced by EPC,

we fabricated a highly oriented, layered PB-ketoenamine-linked 2D COF membrane
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using a water-based deposition method (Figure 5a, Figure S34-35); detailed procedu
are provided in the Supporting Information). SEM images reveal that the 2D TP-Bpy
COF membranes possess a typical layer-by-layer stacked architecture (Figure 5b,
Figure S36), while 2D WAXS patterns indicate that the sheet-like crystals are highly
oriented within the plane (Figure 5c, Figure S37). Thermal diffusion was measured
along both in-plane and cross-plane directions using the laser flash method 64, 65. The
results show a nearly two-order magnitude difference in diffusion time (Figure 5d), and
the calculated anisotropy index of thermal conductivity for the oriented 2D TP-Bpy
COF films reaches 83.02, markedly higher than that of powder-pressed samples (8.18)
(Figure Se-f, Figure S38-39), directly demonstrating the strong anisotropy arising from
directional EPC. Notably, the in-plane thermal conductivity of the oriented film reaches
around 20 W m! K-!. The obtained in-plane thermal conductivity is higher than values
recently reported for COF membranes; however, differences in measurement
methodologies and the absence of detailed descriptions of the homemade instruments
and data-processing procedures in those studies prevent a direct quantitative
comparison. Our measurements were carried out using a commercial laser-flash system
operated strictly in accordance with ASTM-based standards. The reliability of this
approach is also supported by control experiments on polyethylene and polyimide films
of comparable thickness, whose in-plane thermal conductivities remain below 1 W m™!
K™ and are fully consistent with literature values, as shown in Figure S40. This
agreement may rule out measurement artifacts as the origin of the high conductivity
obtained for the COF films. The Supporting Information provides a complete
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description of the laser-flash protocol, the applied standards, the correction procedifrds;/>>>-2%0>#
and the specific considerations required for semiconducting COFs, including the use of
a graphite buffer layer to prevent direct laser interaction with the sample surface and
the associated photothermal effects. This information enables transparent evaluation
and informed discussion within the community. These results highlight the exceptional
potential of 2D COFs in thermal management. It suggests that tailored crystal
orientation and EPC strength can enable directional heat transport and high thermal
conduction efficiency, providing a foundation for applications in precision thermal
management in electronics, spacecraft, batteries, and nanoscale thermal control.
Conclusion

In summary, a comparative investigation of six structurally distinct 2D COFs reveals
pronounced anisotropy in EPC. This coupling is primarily along the c-axis, stabilized

by van der Waals interlayer interactions, and leads to the formation of large polarons

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

through Frohlich interactions. In contrast, the covalently bonded in-plane ab-axis

Open Access Article. Published on 17 December 2025. Downloaded on 12/24/2025 2:39:53 PM.

exhibits substantially weaker coupling. A clear relationship exists between in-plane

(cc)

conjugation and interlayer EPC strength, with reduced in-plane conjugation generally
enhancing interlayer interactions. This coupling profoundly affects the thermal
transport properties of 2D COFs. Along the interlayer direction, EPC promotes
frequency overlap between optical and acoustic phonons, which increases phonon
scattering and reduces cross-plane thermal conductivity. In-plane, EPC strengthens
acoustic phonons, resulting in frequency hardening and phonon bunching that enhance
thermal transport. Thermal conductivity measurements of oriented 2D COF thin films
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demonstrate nearly two orders of magnitude difference between in-plane and’crosg=/>>°<0%0%3

plane conductivity, confirming the anisotropic nature of EPC. These findings reveal a
unique anisotropy in phonon-electron interactions within 2D COFs, providing new
insight into their electron and phonon structures. This work offers a theoretical basis
for designing high-performance semiconducting 2D COFs and informs the exploration
of their potential in applications requiring precise and efficient thermal management.
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