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7 ABSTRACT: Dithiine linkage formation via a dynamic and self-correcting
8 nucleophilic aromatic substitution reaction enables the de novo synthesis of a
9 porous thianthrene-based two-dimensional covalent organic framework
10 (COF). For the first time, this organo-sulfur moiety is integrated as a
11 structural building block into a crystalline layered COF. The structure of the
12 new material deviates from the typical planar interlayer π-stacking of the COF
13 to form undulated layers caused by bending along the C−S−C bridge,
14 without loss of aromaticity and crystallinity of the overall COF structure.
15 Comprehensive experimental and theoretical investigations of the COF and a
16 model compound, featuring the thianthrene moiety, suggest partial
17 delocalization of sulfur lone pair electrons over the aromatic backbone of
18 the COF decreasing the band gap and promoting redox activity. Postsynthetic sulfurization allows for direct covalent attachment of
19 polysulfides to the carbon backbone of the framework to afford a molecular-designed cathode material for lithium−sulfur (Li−S)
20 batteries with a minimized polysulfide shuttle. The fabricated coin cell delivers nearly 77% of the initial capacity even after 500
21 charge−discharge cycles at 500 mA/g current density. This novel sulfur linkage in COF chemistry is an ideal structural motif for
22 designing model materials for studying advanced electrode materials for Li−S batteries on a molecular level.

23 ■ INTRODUCTION

24 Crystalline layered covalent organic frameworks (COFs) are
25 porous materials consisting of highly symmetrical aromatic
26 units linked within two dimensions (2Ds) by covalent bonds
27 and are stacked into the third dimension (3D) by π−π
28 interactions.1−7 Historically, starting from boroxines and
29 boronate esters8 and expanding to a multitude of different
30 organic linkages including imines9,10 and sp2C−sp2C connect-
31 ing units,11,12 the geometry and spatial arrangements of the
32 building blocks of the 2D framework significantly depend on
33 the orbital symmetry within these different linkages.13 As a
34 result, the overall COF skeleton and its structure-dependent
35 properties are governed by their linkage chemistry. For
36 instance, switching from CC and CN bonds to linkages
37 based on fused aromatic rings enhances the structural rigidity
38 of the COF layers and assists the electronic conjugation
39 throughout the structure.14,15 Additionally, the construction of
40 2D crystalline COFs from linkages consisting of aromatic
41 heterocycles endows the resulting materials with interesting
42 electronic and redox properties. Prominent examples of such
43 aromatic heterocycles include dioxin,16−18 phenazine,19−21

44 oxazole,22 thiazole,23,24 benzimidazole,25 or benzo-oxazole26

45 linkages which affect the energy levels of the resulting

46material’s band structure. This gives the opportunity to
47precisely engineer the band gap25 of the framework via
48reticular chemistry for targeted use in applications such as
49photocatalysis,27 electro-catalysis,28 electronic devices,29 and
50energy storage.30−33

51In the case of sulfur-containing heterocycles, the vacant
52sulfur d-orbital can potentially interact with guest ions for
53charge storage, and the low electronegativity of sulfur also
54provides lone pair electrons for the C−S bond of the
55heterocycle. This can play an important role for the electronic
56conjugation, especially when it sustains in a radical cationic
57form.34 Moreover, the moderate C−S bond strength facilitates
58chemical tunabilty via postsynthetic transformations. However,
59the poor stability of the S-rich frameworks and the instability of
60S-containing precursors hamper the engineering of crystalline
61frameworks via heterocycle ring-closing mechanisms. While
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62 oxazole-, thiazole-, and benzo-oxazole-containing 2D COFs
63 follow similar ring closures, they are constructed mainly from
64 ortho-hydroxy-/thiol-substituted arylamines.22,26,35 However,
65 free rotation along the single bond there disrupts the electronic
66 conjugation in the layer. In contrast to this, the phenazine
67 linkages formed by reacting diketones with ortho-diamines
68 yield aromatic and planar frameworks, but long-range periodic
69 order is hindered due to the relatively low crystallinity caused
70 by low reversibility during cyclization.19 However, some
71 advances have been recently made using dynamic covalent
72 chemistry.36

73 COF formation by ring cyclizations offers additional stability
74 due to the connecting fused aromatic rings which allow the
75 framework to withstand the harsh conditions of postsynthetic
76 modification.37,38 Also, fused heterocycles containing p block
77 elements (O, S, Se, or P) would propel COFs toward
78 applications exploiting their electronic properties.39−41 The
79 design of suitable linkers and the optimization of reaction
80 conditions for COF construction remains a demanding task for
81 synthetic chemists. The dioxin linkage formation in a 2D COF
82 by irreversible nucleophilic aromatic substitution (SNAr)
83 between diol- and difluoro-functionalized linker molecules
84 was established by Yaghi and co-workers in the synthesis of
85 COF-316.18 This is a prime example of a fused heterocyclic
86 organic linkage building up crystalline and very stable COFs.
87 This linkage has been suggested for various applications
88 ranging from catalysis to energy storage devices.17,18,42,43 The
89 transfer of this irreversible ring-closing mechanism for
90 developing crystalline COFs with other heterocyclic linkages
91 remains an open challenge.
92 In this work, a novel dithiine-linked 2D thianthrene COF
93 (DUT-177) is constructed by SNAr of an aromatic ortho-
94 aryldifluoride with ortho-aryldithiol nucleophiles showing
95 strikingly different chemical and electronic properties
96 compared to analogous COF-316. Although dithiine linkages

97have been constructed following the dynamic and self-
98correcting covalent chemistry reported by Swager and Ong,
99the crystalline nature of DUT-177 conveys more insights into
100the structure and properties.44 The thianthrene structure is
101known to show a reversible conversion from a nonplanar to a
102planar state upon oxidation.45 Hence, DUT-177 obtained from
103this thianthrene unit also shows anomalous nonplanar
104undulated layers in its neutral form which is exceptional,
105featuring unique weak nonplanar aromaticity. The sulfur
106skeleton of the thianthrene-based COF, its reversible redox
107properties, unique electronic features, and the presence of
108polar functionality (nitrile) are well suited for charge storage
109applications.46 The systematic investigation of the possible
110chemical conversion of thianthrene to dithianthrene structures
111upon sulfurization is described to facilitate reversible lithiation
112chemistry in lithium−sulfur (Li−S) batteries. Detailed
113experimental studies assist in understanding this conversion
114precisely. In addition to the linkage conversion, further sulfur is
115attached to the COF backbone in the form of polysulfide
116chains. The covalent anchoring minimizes the polysulfide
117shuttle under charge−discharge conditions. The high-sulfur-
118content framework serves as a sulfur cathode in a Li−S battery
119with a deliverable specific capacity of 700 mA h/gsulfur at 100
120mA/gsulfur. Furthermore, the material retains 76% of the
121specific capacity over 500 continuous charging−discharging
122cycles, highlighting the potential of thianthrene-based COFs
123for charge storage applications.

124■ RESULTS AND DISCUSSION

125Synthesis and Characterization. Inspired by the syn-
126thesis established by Yaghi and co-workers18 for COF-316 by
127reacting a 3-connecting hexahydroxy linker (2,3,6,7,10,11-
128hexahydroxytriphenylene) with a 2-connecting aryl-tetrafluor-
129ide (2,3,5,6-tetrafluoroterephthalonitrile), we prepared a COF
130with a dithiine linkage (known as thianthrene). For the

Figure 1. (A) Synthetic route toward the thianthrene model compound via an irreversible SNAr reaction. C, H, N, and S are represented in gray,
white, blue, and yellow, respectively. (B) Synthetic route toward the thianthrene-based COF named DUT-177. (C) Comparison of the
experimental PXRD pattern (red) of DUT-177 with the simulated pattern (black). The experimental pattern was fit via the Pawley method (blue,
fit; green, difference). (D) N2 physisorption isotherm N2 of DUT-177 recorded at 77 K. (E) Pore width and cumulative pore volume distribution
obtained through the BJH method from the desorption branch of the N2 isotherm at 77 K. (F) Physisorption of carbon dioxide (CO2) on DUT-
177 at 195 and 273 K. Filled and empty symbols in physisorption isotherms represent ad- and desorption branches. Lines connecting the
measurement points are a guide for the eye and do not have any physical meaning.
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131 synthesis of the thianthrene-based COF, 2,3,6,7,10,11-
132 triphenylenehexathiol, previously used for the construction of
133 2D MOFs,47−49 was combined with 2,3,5,6-tetrafluorotereph-
134 thalonitrile in a sealed ampoule at elevated temperatures (see
135 the Supporting Information for details). The obtained orange
136 powder was termed DUT-177 (DUTDresden University of
137 Technology). In parallel, the dynamic and self-correcting SNAr
138 reaction between ortho-aryldithiols (benzene-1,2-dithiol) and
139 ortho-aryltetrafluorides (2,3,5,6-tetrafluoroterephthalonitrile)
140 was used to prepare a novel model compound which also

f1 141 contains the dithiine linkage (Figure 1A and Scheme S1).
142 Unlike the dioxin-linking structures reported, the C−S−C
143 units in dithiine are stabilized in a nonplanar configuration to
144 minimize sulfur’s lone pair electron repulsion (Figure S1).17,18

145 Single crystals grown from the model compound (a novel
146 molecule) allowed us to verify this nonplanar configuration
147 (Figures 1A and S1, for crystal structure data, see Table S1,
148 CCDC-2149889). The structural model of DUT-177 was
149 simulated in silico and experimentally verified by powder X-ray

f2 150 diffraction (PXRD) patterns (Figures 1C and 2), confirming
151 the formation of a periodic honeycomb structure analogous to
152 the known dioxin-linked COF-316 with thianthrene repeating
153 units in its skeleton (Figures 1B and S2 and Scheme S2).
154 The chemical integrity of this dithiine linkage and the cyano
155 substitution in DUT-177 are evidenced by comparison with
156 the model compound based on infrared spectroscopy (IR),
157 Raman spectroscopy, and cross-polarization magic angle
158 spinning carbon-13 nuclear magnetic resonance (CP-
159 MAS-13C NMR) (Figures S3 and S4). The powdered sample
160 was washed thoroughly, purified, and activated by solvent
161 exchange and supercritical drying for the spectrochemical
162 studies (Section 2 of the Supporting Information). The
163 characteristic signals of the carbon−sulfur linkage appeared
164 at 694 and 717 cm−1 in the IR and Raman spectra, respectively,
165 and at 141 ppm in 13C NMR for the thianthrene-based COF,
166 and a slight shift of the signal position was noticed for the
167 model dithiine-linked compound. The nitrile functionality of

168DUT-177 and the model compound appeared in the IR
169spectrum at 2227 cm−1, and the 13C NMR featured a doublet
170signal at 114 ppm. Numerous asymmetric stretching bands of
171the carbon−sulfur bond and the nitrile functionality in the
172Raman spectra indicate different vibrational splittings of the
173energy states of the C−S bond associated with the bending or
174out-of-plane twisting of the bonds. PXRD measurements reveal
175reasonable crystallinity of the thianthrene-based COF DUT-
176177, even though the used SNAr reaction is not as reversible as
177many of the literature known polycondensation reactions for
178imine, imide, oxazole, or benzimidazole linkage formation
179(Figure 1C and Scheme S2). The highly intense reflection at
1802θ = 4.01° and the respectively lower intensity reflections
181observed at 2θ = 8.2, 16.39, and 24.3° verify the formation of a
182crystalline COF analogous to the honeycomb structure of the
183dioxin-linked material COF-316. The shifting of the reflection
184signifying the π-stacking distance at lower 2θ (24.3°) in
185comparison to that in the simulated pattern suggests the
186weakening of the interlayer interaction and increased
187probability of layer slipping. The simulated pattern and the
188fit of the experimental PXRD pattern via the Pawley method50

189with starting values obtained from the modeled structure
190illustrate a slight deviation of the experimental structure of
191DUT-177 from its ideal conformation caused by the reduced
192stacking interactions of the thianthrene unit compared to those
193of a fused aromatic ring (Figures S5−S13). Despite the
194slipping possibility of the layers, DUT-177 still generates
195nanoporous one-dimensional (1D) channels across the plane
196with a Brunauer−Emmett−Teller (BET) surface area of 709
197m2 g−1 calculated from N2 physisorption at 77 K (Figures 1D
198and S14). This surface area is slightly higher than that reported
199for COF-316 which amounts to 557 m2 g−1. The nanochannels
200have a pore width of ∼19 Å, which was estimated by the
201Barrett−Joyner−Halenda (BJH) method using the desorption
202branch of the isotherm (Figure 1E). The hysteresis in the N2

203(77 K) and CO2 (195 K) isotherms indicates welling effects
204typical for porous polymers (Figure 1F). Elevation of the

Figure 2. (A) Geometry and energy-minimized unit cell of DUT-177. (B) A portion of DUT-177 shows its 1D porous nanochannel. (C)
Visualization of the buckling of the layers of DUT-177 along the dithiine linkage. The repulsion of the lone pairs of sulfur increases the intralayer
distance. (D) The columnar view of DUT-177 along the c-axis shows the wavy stacking. (E) The 3D view of the 2D layered structure of DUT-177
shows uniform distribution of honeycomb-type pores. C, H, N, and S are represented in gray, white, blue, and yellow, respectively.
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205 measurement temperature to 273 K significantly reduced the
206 hysteresis, leading to a reversible adsorption−desorption
207 profile of CO2.
208 Structure Analysis. The crystallinity and repeating order
209 of DUT-177 can be modeled in the preferred symmetrical unit
210 cell, and a comprehensive analysis of the structure−property
211 relationship was conducted via geometry and energy
212 optimization. The dithiine linkage in 2D COFs is still
213 unexplored, and unique structural properties compared to
214 other highly π-stacked COFs are expected. The molecular
215 structure of the dithiine-linked model compound, derived from
216 single-crystal X-ray diffraction data, shows that the dithiine
217 bridge induces nonplanarity in the structure (Figures 1A,B and
218 S1). The out-of-plane bending of these two S−C bonds has a
219 101° dihedral angle (Figure 1C). The theoretically studied
220 molecular unit of DUT-177 verifies the out-of-plane bending
221 with the possibility of forming two energetically indistinct
222 isomers depending on the thianthrene arrangements (up-down
223 bending and all-up-all-down bending of the thianthrene ring;
224 studied using Gaussian51). These two isomers can reversibly
225 interchange by overcoming the low energy barrier of 5.06 kcal
226 mol−1 (Figure S5 and Supporting Information VII). These two
227 isomeric units periodically repeat to form two different
228 arrangements of monolayers of DUT-177, defined as
229 monolayer-1 and monolayer-2 in Figures S6 and S7, which
230 are also indistinguishable in energetic stability (Table S3).
231 However, once the single layers are π-stacked to form the
232 layered thianthrene COF, only the structural arrangement from

233monolayer-1 retains its stability (see Supporting Information
234VII and Figure S8). Therefore, monolayer-1 was used to
235simulate the possible stacking orders of DUT-177 which are
236AA-eclipsed, AA-inclined, AA-serrated, and AB-staggered
237conformers (Figure S8 and Table S4). Though the sym-
238metrical stacking of the layers builds the periodic structure in
239the C2/m space group, the density functional theory results
240show that the AA-inclined stacking geometry is energetically
241favored in the P1 space group (Figure 2 and Tables S4 and
242S5), and its calculated PXRD pattern (Figures 1C, S9, and
243S10) agrees well with the experimental PXRD. The
244corresponding unit cell parameters are a = b = 25.92 Å, c =
2453.93 Å, α = β = 84.9°, and γ = 120°, indicating long-range
246ordering along the ab-plane. Interestingly, in this lowest energy
247structure, the layer flexes around the carbon−sulfur bond in
248the thianthrene unit and shows bending in two different
249directions to form a wavy 2D stacking (Figure 1B). The
250thianthrene and triphenylene units from adjacent layers are π-
251stacked at a distance of 3.95 Å (excluding van der Waals radii
252of atoms), which retains identical layer distances throughout
253the structure and generates a 1D nanochannel (Figure 1C,D).
254The 2D layers of the sheets of the powdered DUT-177
255agglomerate or stack onto each other to different extents,
256leading to the irregular shape and patterns of the crystallites
257which were observed from the field emission scanning electron
258microscopy images (Figure S11). The columnar π-stacking of
259the eclipsed structure along the c-axis supports the small offset
260between the simulated and experimental PXRD results due to

Figure 3. (A) Distribution of the HOMO and LUMO on the molecular unit of DUT-177 and the corresponding energies. (B) Electronic band
structure analysis of AA-inclined stacked DUT-177 calculated using the HSE06 functional. (C) The oxidation−reduction potential from
nonaqueous CV measurements of DUT-177 denotes the energies of the HOMO and LUMO and the electronic band gap. (Inset) The Tauc plot
obtained from the UV−vis absorption spectra of DUT-177 used to determine the optical band gap. (D) CP-MAS-13C NMR of the aromatic region
of DUT-177 and its model compound (full range in the Supporting Information). (E) Theoretically calculated hybridization of available lone pairs
of sulfur in dithiine linkage.
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261 higher slipping of the layers (Figure S10). This is also
262 supported by the lattice fringes detected by transmission
263 electron microscopy (TEM) on the surface of the crystallites
264 which are not much prominent due to the lower extent of
265 ordered stacking (Figures S12 and S13). Since the wavy
266 stacking is not expected to be strong enough to keep the layers
267 at precise distances in the solvent-free activated sample, it is
268 hypothesized to increase in comparison to the ideal structure,
269 and the diffraction peaks representative of the layer stacking
270 along the c-axis (between 2θ = 20 and 30°) shift to lower
271 angles in the experimental PXRD pattern. However, the 3D
272 propagation of the 2D structure originates from the numerous
273 micropores with a lot of polar functional groups (sulfur- and
274 cyano-containing rings) immobilized at the pore walls of DUT-
275 177 (Figure 2E). The pore dimension (∼19 Å) estimated from
276 the N2 physisorption at 77 K also matches well with the
277 Connolly surface of the proposed structure taking the van der
278 Waals radii of the atoms into account.
279 The dithiine linkage impacts the electronic energy levels of
280 the COF and triggers redox activity at its sulfur center. The
281 redox activity and electron transfer mechanism of the COF
282 mostly depend on the electron density distribution of the
283 orbitals of the building units. A closer look at the orbital energy
284 diagram of the molecular units of DUT-177 (calculated using
285 Gaussian) shows that the highest occupied molecular orbital
286 (HOMO) is delocalized over the π-conjugated backbone,
287 whereas the lowest unoccupied molecular orbital (LUMO) is

f3 288 localized on the nitrile-substituted benzene ring (Figures 3A
289 and S15). Also, the electronic band structure analysis of DUT-
290 177 monolayers (monolayer-1 in Figure S16) shows small
291 dispersion in the valence band (VB) along with a
292 dispersionless conduction band (CB), indicating a compara-
293 tively smaller in-plane effective mass of holes and large effective
294 mass for electrons. The localization of the LUMO mainly
295 causes this flat CB in DUT-177’s monolayer-1. However, the
296 situation changes when this monolayer-1 is stacked in an AA-
297 inclined fashion in DUT-177, where an appreciable dispersion
298 of the band structure due to the interlayer π−π interaction
299 (Figure 3B) is observed. The band gap of DUT-177
300 [calculated by the Perdew−Bruke−Ernzerhof (PBE) func-
301 tional]52 is narrowed down to 1.62 eV (Figure S16C) with
302 respect to monolayer-1 (2.01 eV) (Figure S16A). However,
303 the actual band gap of 2.40 eV was obtained by the inclusion of
304 the HSE06 functional results (Figure 3B),53 which is in close
305 accordance with the experimentally obtained value of 2.33 eV
306 using cyclic voltammetry (CV) measurements (Figure 3C).
307 Here, the calculated band structure reveals anisotropic
308 transport in the stacked geometry, with a small in-plane and
309 finite out-of-plane charge transport. The onset oxidation and
310 reduction potentials of the COF can be related to the
311 electronic energy level of the COF. The CV measurement was
312 carried out under an inert atmosphere using a nonaqueous
313 electrolyte system which indicates the position of the HOMO
314 and LUMO energy levels (3.56 and 5.89 eV, respectively) and
315 the corresponding band gap (2.33 eV) of the COF powder
316 (Figure 3C). A Tauc plot considering the maximum wave-
317 length of the UV−vis absorption of the COF shows the
318 position of the band edge at 2.16 eV, which is also comparable
319 to the theoretical band gap (Figure 3C, inset, and Figures S16
320 and S17). On the other hand, the strong delocalization of the
321 electron density along the sulfur bridge interconnects the
322 aromatic ring current throughout the 2D layer of DUT-177.
323 This results in a significant line broadening and poor resolution

324of the 13C NMR signals of the COF compared to those of the
325model compound at 300 and 800 MHz (Figure 3D),
326respectively. This broadening of the characteristic 13C NMR
327signal of the thianthrene-based COF is also attributed to the
328strong anisotropy of the bulk magnetic susceptibility of the
329layered COF material. COF materials having a layer-type
330structure can exhibit a strong anisotropy of the bulk magnetic
331susceptibility.54,55 For this reason, further line narrowing of the
332COF sample is not possible. The line narrowing factor, υ, can
333be written as υ = Δυ1/2MAS/Δυ1/2Static = 1/3|Δχ/χ̅|, where Δχ = |χ⊥
334− χ∥| denotes the anisotropy and χ̅ = 1/3(2χ∥ + χ⊥) is the
335isotropic average of the bulk magnetic susceptibility.56

336The impact of the extended conjugation is not prominent in
337the case of the model system since the aromatic ring current is
338terminated. Consequently, the NMR signals of the model
339compound appear at the expected positions and are well
340resolved. This similarity in the signal pattern of the model
341compound with the deconvoluted signals of the COF helps to
342identify the presence of the cyano functional group and the
343carbon−sulfur bridges in the CP-MAS-13C NMR of DUT-177.
344The presence of the aromatic ring current is expected to
345contribute to the push−pull electronics between the
346thianthrene moiety and the nitrile substituents on DUT-177.
347The orbital symmetry calculation of the thianthrene molecule
348using natural bond orbital (NBO)57 analysis suggests that one
349of the lone pairs of sulfur is hybridized with s (65.38%) and p
350(34.61%), while the other retains its pure p character (Figure
3513E). This characteristic of the thianthrene molecule is similar
352to that of thiophene featuring strongly delocalized p-orbitals.
353Notably, the thianthrene core also exhibits the overlap of one
354of the sulfur’s nonbonding electrons with the 2p orbital of the
355neighboring carbon atom but to a weak extent (Figures 3E and
356S18). This “sp” mixing generates a 16π electron-rich
357thianthrene node with a weak aromatic character even though
358the carbon−sulfur bridge is out of the plane. Therefore, the 2D
359thianthrene-based COF is a unique example of a nonplanar
360weak aromatic system.
361Sulfurization of the Thianthrene Structure. The redox
362affinity of the sulfur center and the high electron density on the
363framework structure render DUT-177 as an ideal candidate for
364charge storage. However, a typical lithium-ion battery half-cell
365which is fabricated from DUT-177 and a lithium metal
366reference electrode show irreversible COF degradation at 1.75
367V, likely attributed to the carbon−sulfur bond cleavage and
368irreversible lithium salt deposition on the electrode (Figure
369S19). On the other hand, the dithiine linkage belongs to the
370category of the organo-polysulfanes with one sulfur atom
371covalently shared between two carbon atoms. In such systems,
372sulfur−sulfur affinity can be vital for the interconversion of
373organo-sulfur compounds into a higher number of sulfur-atom-
374containing analogues during sulfurization reactions. Thus,
375DUT-177 shows potential for postsynthetic modification via
376sulfurization. Here, the well-defined structure of the crystalline
377COF and its analogous model compound create a platform to
378obtain deep insights into the possible structural transformation.
379To investigate the possibility of the conversion of the dithiine
380linkage, the model compound was treated with excess sulfur at
381180 °C under vacuum. Among the many possibilities, the
382conversion takes place on the sulfur bridge itself to generate a
383dithianthrene structure which is detectable via matrix-assisted
384laser desorption/ionization time of flight mass spectrometry
385(MALDI-TOF-MS ) (Figures S20−S22). Additionally, the
386sulfurized model compound (S-model compound) was
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387 thoroughly characterized by CP-MAS-13C NMR, Raman, and
388 IR spectroscopies (Figure S23). These studies indicate the
389 possible conversion of thianthrene to dithianthrene after
390 sulfurization which is the first observation of this kind of
391 transformation to the best of our knowledge.
392 A similar conversion was expected during the sulfurization of
393 DUT-177; however, only molten sulfur pore adsorption was
394 detected after sulfurization under similar reaction conditions.
395 To optimize the covalent anchoring of sulfur, DUT-177 was
396 soaked in a solution of sulfur in toluene, followed by
397 evaporation of toluene. Afterward, the powder mixture was
398 subjected to sulfurization under a vacuum of 10−4 (kPa) in a
399 flame-sealed quartz ampoule by stepwise temperature increase
400 (120 °C2 h, 150 °C6 h, 360 °C12 h). Subsequently,
401 excess elemental sulfur was removed using toluene to obtain a
402 sulfurized version of DUT-177, named S-DUT-177, with most
403 of the sulfur covalently anchored to the COF backbone

f4 404 (Figure 4A and Scheme S3). The obtained material lost its
405 crystallinity, but no crystalline elemental sulfur impurity was
406 observed by PXRD analysis (Figure 4B). The experimental

407data of S-DUT-177 strongly suggest the possible replacement
408of the nitrile substituents by polysulfide chains via a SNAr
409pathway along with conversion to the dithianthrene linkage
410after sulfurization. The mechanism might be similar to the one
411reported by Thompson and Huestis.58 We expect that
412polysulfides are likely to form highly basic radical dianions
413(Sn

2•−) at a high temperature (360 °C),59 which possibly
414substitute some of the nitrile groups to covalently anchor the
415polysulfide chains in a similar way. This enhances the
416percentage of the covalently integrated sulfur in the S-DUT-
417177 framework from 38 to 85% (calculated from the elemental
418analysis) which is even higher than that of the theoretically
419calculated sulfur content in the converted dithianthrene COF
420(Figures S24, S25 and Table S6). Anchoring of polysulfide
421chains has been previously reported and showed advantages for
422the use of the COFs in energy storage devices.60 The scanning
423electron microscopy (SEM)−energy-dispersive X-ray (EDX)
424analysis mapping of S-DUT-177 supports a homogeneous
425distribution of sulfur throughout S-DUT-177 and confirms
426high sulfur loading throughout the carbon skeleton of the

Figure 4. (A) Schematic illustration of the sulfurization of DUT-177 resulting in the formation of S-DUT-177 with covalently linked sulfur. (B)
PXRD patterns of the as-made DUT-177, S-DUT-177, and elemental sulfur. (C) TGA-DTA plot of the as-made DUT-177 and S-DUT-177. (D)
Raman shifts of the as-made DUT-177 with S-DUT-177. (E) Change of the modified Auger parameters from the S LMM Auger region of DUT-
177 and S-DUT-177 estimated from Auger electron spectroscopy. (F) X-ray photoelectron spectroscopy analysis data of (i) C 1s, (ii) N 1s, and
(iii) S 2p nuclei of DUT-177 and S-DUT-177. The yellow shaded area shows the marked decrease in nitrile’s signal.
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427 framework. Thermogravimetric analysis (TGA) coupled with
428 mass spectrometry (MS) in synthetic air shows an early onset
429 of the decomposition of S-DUT-177. The sulfur monoxide and
430 sulfur dioxide releases from the sample are detected at 270 °C
431 with nearly 62% weight loss, while the pristine DUT-177
432 degrades at 380 °C (Figures 4C and S26). This mass loss is
433 attributed to covalently bound polysulfides attached to the
434 pore wall of S-DUT-177. A drastic drop in porosity was
435 observed after the sulfurization of DUT-177, although the
436 chemical integrity remained, as confirmed from the character-
437 istic IR stretching bands (Figure S26). The covalent anchoring
438 of polysulfide by a partial replacement of the nitrile groups was
439 confirmed by X-ray photoelectron spectroscopy (XPS) and IR
440 spectroscopy, while the conversion from thianthrene to
441 dithianthrene structures was detected by Auger electron
442 spectroscopy (AES) and Raman studies of pristine DUT-177
443 and S-DUT-177 (Figures 4D−F). Though the profound sulfur
444 electron density results in a substantial line broadening of the
445 Raman shift of S-DUT-177, the drift of the stronger C−S−C
446 linkage (788 cm−1) to a weaker C−S−S−C linkage (418
447 cm−1) is distinguishable. Substantial decrease of the N1s signal
448 in the XPS measurement of the COF after sulfurization and the
449 disappearance of the C−N signal in the C1S region suggest the
450 covalent anchoring of polysulfide by partial substitution of the
451 pseudo-halogen-type nitrile group (Figure 4Fi,ii). This is
452 accompanied by shifting of the binding energy of S 2p1/2 and S
453 2p3/2 to a lower energy after the conversion to the easily
454 ionizable dithianthrene unit (Figure 4F). The sulfurization of
455 the model compound was performed at lower temperatures
456 (180 °C) since the compound degraded at higher temper-
457 atures. Hence, a change in the binding energy was only
458 observed for the S 2p1/2 and S 2p3/2 signals for thianthrene to
459 dithianthrene conversion, while the C 1s and N 1s signals did
460 not show any significant change (Figure S27). Therefore, the
461 substitution of the thenitrile group with the polysulfide chain
462 did not occur on the model compound. IR spectra of S-DUT-

463177 show a marked decrease of the strong signal of the −C
464N stretching (2227 cm−1) frequency. This also suggests partial
465substitution of nitrile groups. Furthermore, the appearance of
466terminal thiol (−SH) stretching frequencies (2662 cm−1)
467clearly indicates the termination of the anchored polysulfide
468chains in S-DUT-177 which was not present in DUT-177
469(Figure S26D).
470However, due to similarities in electronegativity, the
471conversion of C−S−C bonds (thianthrene) to C−S−S−C
472bonds (dithianthrene) is hard to determine through the
473analysis of the traditional photoemission core electrons (C 1s
474and S 2p). One way in which changes to the sulfur bonding
475may be probed is through the measurement of the S LMM
476Auger region and subsequent calculation of the corresponding
477modified Auger parameter (a’) (Figure 4E). Analysis of a’ may
478provide insights into the relaxation energy and screening of
479core holes located on the sulfur atom of interest.61 If a system
480reports higher energy of a’, this indicates higher relaxation
481energy or improved screening of the core hole following
482photoemission. The dithiine-linked framework exhibits a
483higher Auger parameter following sulfurization (S-DUT-177)
484which indicates the formation of the dithianthrene (“C−S−S−
485C”) linkage due to a higher number of valence electrons
486capable of screening the partner core hole via charge transfer
487(Figure S28 and Table S7). Importantly, this dithianthrene-
488linked S-DUT-177 is highly sensitive and degrades easily even
489in the presence of ambient atmosphere (Figure S29).
490Activity of Covalently Anchored Polysulfide in
491Lithium−Sulfur Batteries. The presence of thianthrene
492and nitrile in these sulfur-linked COFs (thianthrene and
493dithianthrene structures) suggests cathodic activity against a
494lithium metal electrode in the higher potential window (1.2 to
4952.8 V). The cyclic voltammogram of a coin cell derived from
496DUT-177 and a lithium metal reference electrode shows
497prominent and strong oxidation at 1.75 V at all analyzed scan
498rates while using lithium bis-(trifluoromethanesulfonyl)imide

Figure 5. (A) CV measurement of a DUT-177-derived coin cell shows irreversible degradation of DUT-177 in different electrolyte systems.
(Right) Depiction of a plausible degradation pathway upon the lithium interaction with the dithiine linkage of DUT-177. (B) CV measurement of
the S-DUT-177-derived coin cell shows reversible oxidation−reduction. (Right) Illustration of a plausible reversible interaction mechanism of
lithium ions with covalently anchored sulfur in S-DUT-177.
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499 (LiTFSI) in dioxolane (DOL)/dimethoxyethane (DME) (1:1)
f5 500 with 0.1 M lithium nitrate (LiNO3) as an electrolyte (Figure
f5 501 5A). This oxidation also reduces the Coulombic efficiency of

502 the battery since the oxidation capacity of the COF always
503 remains higher than the reduction capacity. This eventually
504 results in a drop in capacity with cycling. However, the reason
505 behind the fading capacity was unexplored because this
506 oxidation of the COF did not reach completion in each
507 cycle in the restricted potential window of LiTFSI.62 As an
508 alternative, lithium hexafluorophosphate (LiPF6) in an ethyl-
509 ene carbonate (EC)/dimethyl carbonate (DMC) (1:1)
510 electrolyte with an enlarged potential window (1.2 to 2.8 V)
511 was employed, and complete irreversible oxidation of DUT-
512 177 was detected at 1.75 V and at 1.25 V in the very first cycle
513 which is not observed in the subsequent cycles (Figure S30).
514 This signifies irreversible degradation of DUT-177 probably
515 due to the cleavage of the carbon−sulfur bond accompanied
516 with the decomposition of the carbonate electrolyte by
517 polysulfide species (Figure 5A). The strong affinity of sulfur
518 to the lithium ion aids this degradation process which does not
519 revert to the thianthrene unit during the following reduction
520 cycle of DUT-177. Meanwhile, the dithianthrene structure and
521 anchored polysulfide of S-DUT-177 interact with the lithium
522 ions reversibly with the available lone pair electrons from the
523 disulfide bridge (“S−S” linkage) (Figure 5B). The partial
524 replacement of the nitrile group with covalently attached
525 polysulfide entities starts reacting with the lithium ions from
526 LiTFSI and shows reversible oxidation−reduction peaks in the
527 cyclic voltammograms in the desired potential window (1.8 to
528 2.8 V) of the Li−S battery (Figure S31). The interaction of
529 lithium ions with multiple sulfur atoms confirms the potential
530 of exploiting this sulfurized COF (S-DUT-177) for an
531 advanced Li−S battery. The Nyquist plot of the impedance
532 analysis confirms a low resistivity (90 Ω) for the S-DUT-177-
533 derived coin cell against high AC frequency but poor diffusivity

f6 534 of the lithium in the extremely low-frequency region (0.1

535 f6MHz) (Figure 6A). However, the impedance measured after
53624 h of soaking the electrolyte shows drastic reduction of the
537diffusion resistance because of improved wettability of the
538electrode with the electrolyte. The improvement in the
539conductivity of the S-DUT-177-derived cathode was adjusted
540by a homogeneous mixing with 20% of super-P-carbon (Table
541S8). This makes S-DUT-177 a suitable cathode for facile
542lithium interactions and hence for effective lithium ion storage.
543The redox activity of the anchored polysulfide chains mostly
544contributes to the charge−discharge profile with a long-range
545voltage plateau at 2.08 V (Figure 6B), which delivers almost
54672% of the total capacity with 99% Coulombic efficiency in
547each cycle. The minor contribution of the capacity at the
548voltage plateau of 2.35 V comes from unavoidable dissolution
549of the anchored polysulfide chain in the DOL/DME (1:1)
550medium which is unlike that of the sulfurized polyacrylonitrile
551(S-PAN).63 However, this degradation process is slow and
552does not show any immediate impact on the overall battery
553performance. We must consider that one side of the polysulfide
554chain is directly attached to the framework’s skeleton of S-
555DUT-177, while the other side remains free, leading to an
556irreversible reaction during the interaction with lithium.
557Though the nitrile substitutions are present in both DUT-
558177 and polyacrylonitrile, the chemical transformation
559products are not similar after sulfurization. The proposed in-
560plane ring-closure mechanism of nitrile groups in S-PAN is
561unlikely to happen in the stacked layers of the COF since the
562nitrile groups are present in subsequent layers. In this case, we
563expect the SNAr reaction

58 for the partial replacement of the
564nitrile groups by polysulfides at elevated temperature since
565their diradical anion forms are highly basic and prone to react
566to form “S−C” bonds, while the other side of the sulfur chains
567remains unbound.59

568This is in contrast to the S-PAN-derived cathode material
569where both ends of the polysulfide chains are covalently
570attached to the carbon backbone. Our investigation shows

Figure 6. (A) Nyquist plots obtained from impedance measurements of the S-DUT-177-derived coin cell immediately after configuration of the
coin cell (dark blue) and after 1 day of electrolyte wetting (light blue). (B,C) Charge−discharge profiles of the S-DUT-177-derived coin cell at
different current densities. (D) Rate performance of the S-DUT-177-derived coin cell at different current densities. (E) Cycle stability of the S-
DUT-177-derived coin cell at 500 mA/g current densities.
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571 similarities to the work of Zhang and co-workers.64 They
572 described anchoring of polysulfide chains by substitution of
573 fluorine atoms in a 2D COF (COF−F−S). However, this
574 covalent sulfur attachment could not completely inhibit
575 polysulfide dissolution. The TGA−differential thermal analysis
576 (DTA) of the cycled (after 500 cycles) electrode shows a
577 reduction of sulfur content by 14% (Figure S32).
578 Although the specific capacity (720 mA h/g@100 mA/g)
579 achieved for S-DUT-177 is not higher compared with that of
580 carbon-based cathodes, the results demonstrate that sulfur is
581 electrochemically addressed at a lower overpotential (0.17 V)
582 than that in the typical sulfur-impregnated electrodes.65,66 The
583 covalently anchored polysulfide and the lithium chelating effect
584 of the disulfide (“S−S”) moiety in the dithianthrene unit play a
585 vital role in the reduction of the overpotential for charge−
586 discharge. The lower gravimetric specific capacity (720 mA h/
587 g@100 mA/g) in comparison to the theoretical value (1675
588 mA h/g) is attributed to poor electronic conductivity of the
589 sulfurized COF (S-DUT-177). This hampers the electronic
590 activation process of the anchored polysulfide during lithiation.
591 As a result, the achieved specific capacity originating from the
592 voltage plateau at 2.08 V gradually decreases with the increase
593 of current density (at 1 A/g, the specific capacity is 276 mA h/
594 g) (Figure 6C,D). It is interesting to see the improved rate
595 performance of the polysulfur-anchored S-DUT-177 in
596 comparison to most of the sulfur-impregnated porous COFs
597 (Table S9).64,67−72 Since the sulfur loading was possible only
598 up to 0.55 mg/cm2 in the S-DUT-177-derived electrode owing
599 to the very low density of the material, the areal capacity (1.8
600 mA h/cm2@0.25 mA/cm2) is comparatively low. Also, in our
601 derived electrode, the organic backbone contributes consid-
602 erably to the weight along with the sulfur content. To enhance
603 the sulfur-to-carbon backbone ratio in the polysulfide-
604 anchored COF, we envision frameworks with smaller organic
605 moieties but highly functionalized with substitutable functional
606 groups for polysulfide anchoring. In this regard, formation of
607 the anchored polysulfides with longer chains would be a better
608 option.
609 The S-DUT-177-derived electrode soaks the electrolyte
610 easily and initiates quick drying of the cell. Hence, the
611 electrolyte-to-sulfur ratio (E/S) was kept higher (16 μL/mgS)
612 than the limits achieved for optimized pouch cells (3 to 10 μL/
613 mg). This higher E/S maintains the reversibility of the redox
614 reaction and retains the Coulombic efficiency and delivers
615 76.6% of the initial capacity even after 500 cycles while running
616 the coin cell at 500 mA/g (Figure 6E), which is substantially
617 better than the “COF−F−S” (64.5% retention after 100
618 cycles).64 Hence, some inhibition of the shuttle effect
619 (polysulfide dissolution in the Li−S battery) in the initial
620 cycles was possible by covalently anchored sulfur entities in S-
621 DUT-177.

622 ■ CONCLUSIONS
623 The ring-closure mechanism during DUT-177 formation leads
624 to a dithiine-linked framework featuring a weak aromatic ring
625 current and a wavy-type stacking interaction between the layers
626 of this COF and integrates fascinating electronic properties.
627 This not only brings novel linkage chemistry to expand the
628 family of 2D layered COFs but also offers a dynamic platform
629 for postsynthetic modification. The sulfurization of the
630 thianthrene COF shows the possibility of the interconversion
631 to the dithianthrene structure as well as functionalization of the
632 pore wall with the covalently anchored polysulfide chains by

633partial substitution of the nitrile moieties. This allows the
634sulfur entities to be redox-active owing to stable and reversible
635lithium interactions with the sulfurized framework. However,
636the sulfurization decreases the crystallinity of the framework,
637impeding mechanistic investigations of plausible Li frame-
638work−sulfur interactions. Improvement of design strategies
639and development of suitable linkers can enhance the inherent
640sulfur quantity in the framework to fulfill the requirements for
641improved cathodic activity in Li−S batteries. Strongly binding
642the sulfur to the framework via polysulfide rings or using
643polysulfide itself as the linkage for framework construction can
644potentially reduce the shuttle effect in higher electrochemical
645potential windows. Advanced COFs containing sulfur linkages
646may play an important role in improving the understanding of
647Li−S-batteries on a molecular level. In particular, electronically
648conductive frameworks will lead to a significantly improved
649overall battery performance.
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