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Abstract: Organic radicals feature versatile unpaired electrons key for photoelectronic and 

biomedical applications, but remain difficult to access in stable concentrated forms. We disclose 

easy generation of stable, concentrated radicals from various alkynyl phenyl motifs, including 1) 

sulfur-functionalized alkyne-rich organic linkers in crystalline frameworks; 2) the powders of 

these molecules alone; 3) simple diethynylbenzenes. For Zr-based framework, generation of 

radical-rich crystalline framework was achieved by thermal annealing in the range of 300‒450 °C. 
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For terminal alkynes, electron paramagnetic resonance signals (EPR; indicative of free radicals) 

arise after air exposure or mild heating (e.g., 70 °C). Further heating (e.g., 150 °C for 3 hours) 

raises the radical concentrations up to 3.30 mol kg‒1. For the more stable internal alkynes, 

transformations into porous radical solids can also be triggered, albeit at higher temperatures (e.g., 

250 to 500 °C). The resulted radical-containing solids are porous, stable to air as well as heat (up 

to 300‒500 °C) and exhibit photothermal conversion capacity. The formation of radicals can be 

ascribed to extensive alkyne cyclizations, forming defects, dangling bonds and the associated 

radicals stabilized by the polycyclic π-systems. 

1. INTRODUCTION 

Persistent stable organic free radicals are prized in chemistry and have since long been actively 

pursued.1-2 Such efforts are driven not only by the curious open-shell structure of radicals (e.g., as 

compared to the common octet), but also by broad applications covering polymer 

functionalization,3-9 solar cells,10-11 magnetic materials design,12-15 and bioimaging/cancer 

therapy.16-17 But the stabilization of organic radicals remains difficult—after all, it is the chemist’s 

instinct to draw bonds between unpaired electrons! Metal-organic frameworks (MOFs), 

constructed by metal nodes and organic linkers, represent a group of rising stars holding well-

defined structures, rich functionalities and tunable porosity;18-22 hence these are ideal platforms for 

formation and stabilization of radicals.23-24 In practice, elaborate molecular design and syntheses 

are often entailed, including steric protection2, 25-26 and large delocalization of the unpaired 

electron,27-32 as well as specialized functionality as in the recently developed stable radical systems 

(e.g., derived from 1,4-dithiin building blocks).33-34  
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Amidst the intense works on radicals, the common charcoal and carbon black have been largely 

missing in the picture. These are known to contain radical species (albeit in vanishing 

concentrations; below 1 ppm), and have, for example, been explored for in vivo electron 

paramagnetic resonance (EPR) oxygen sensing (oximetry) by the Gallez group.35-36 For broader 

applications, however, higher concentrations of radical centers would be helpful. On the one hand, 

the low concentration of radicals in carbon black is expected, because of the high carbonization 

temperatures (> 800 °C) in which the reactive radical species can barely survive; we therefore 

hypothesize lower temperatures to be a key to more concentrated radicals. On the other hand, it 

may be necessary to design reactive carbon-rich precursors that can carbonize or graphitize (e.g., 

via domino cyclization reactions) at lower temperatures, so as to afford the carbon/graphene 

scaffold that shelters the unpaired electrons (e.g., by way of defect/trap sites or delocalization). 

This hypothesis connects naturally to our ongoing works on alkyne annulation.37-42 In solution 

chemistry, similar cyclizations (e.g., Bergman cyclization for 1,2-dialkynylarenes) are intended 

for well-defined, discrete molecular products, and metal catalysts/hydrogen donors are used for 

promoting selectivity and minimizing side reactions (e.g., from the reactive radical 

intermediates).43-48 Our motivation, however, lies in the solid state; notice that in the solid state, 

cascade cyclizations to form polycyclic aromatics have been conducted, but, curiously, with no 

mention of radical species in the annulated products.48-50 Specifically, we build the alkyne units 

into the linker molecules of coordination (or covalent) frameworks: by cyclizing the alkyne-rich 

bridging ligands, we aim to generate nanographene motifs as large-π functions (for electronic 

properties) and covalent bridges (for stabilizing the coordination net). As we are detached from 

targeting a specific molecular product, we simply apply heat to the coordination solid--without 

using metal catalysts or hydrogen donors; notably also, we do not normally heat to the fully 
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carbonizing temperatures of above 800 °C, but instead range lower at 250‒500 °C. Such mild but 

broad heating profiles preserve the crystalline order of the coordination scaffold on the one hand 

and offer control over the degree of graphitization on the other. The domino cyclizations among 

the dense alkyne arrays are extensive, and the resultant nanographene components are often 

disordered. While working towards better-defined graphitization (e.g., to emulate the coveted 3D 

graphenes of Schwarzites), we have discovered that the products of ortho-dialkynyl 

thermocyclization often feature strong EPR signals indicative of concentrated organic radicals. We 

have followed this lead and found, to our surprise, that even simple dialkynyl molecules, upon 

standing in air, can form organic radicals stable to heat, air, and water.  

2. EXPERIMENTAL SECTION 

The general procedure and synthetic procedures of linker (H2L3) and alkyne molecules (M1, M2 

and M3) as well as their thermal treatment are included in the Supporting Information. 

Crystallization of ZrL3: Ligand H2L3 (3 mg) and a DEF (0.2 mL) solution of ZrOCl2•8H2O (1.8 

mg, 2 eq.) and trifluoroacetic acid (12.5 μL, about 20 molar equivalents to ZrOCl2•8H2O) were 

added in a Pyrex glass tube (soda lime, 8 mm OD, 6 mm ID). The tube was flame-sealed and 

heated at 130 °C in an oven for 48 hours and cooled to room temperature to afford orange 

octahedron-shaped crystals. The crystals were washed with DMF (3 × 2 mL) and CH3CN (3 × 2 

mL), then evacuated at room temperature for 2 hours to obtain the as-made sample of ZrL3 

(donated as ZrL3-as) (3.2 mg, 73.6% yield based on H2L3). Elemental analysis found C (49.90%), 

H (3.50%), N (1.47%), O (15.05%) and S (16.62%) for as-made ZrL3, this analysis fits the formula 

to be Zr6O4(OH)8(H2O)4(L3)3.3(CF3COO)1.4(C3N7NO)5.5(H2O)11 (Mw 5067.40), calculated: [C 

(49.94%), H (4.15%), N (1.52%), O (15.31%) and S (16.70%) and Zr (10.80%)]. 
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Activation of ZrL3: The crystals were soaked in CH3CN (3 × 3 mL, replaced by fresh CH3CN 

every 12 hours) at 70 °C for solvent exchange. The resulting crystals were filtered and then 

evacuated at 85 °C for 12 hours to obtain the activated sample of ZrL3 (donated as ZrL3-ac). 

Elemental analysis found C (52.178%), H (3.316%) and N (0.215%) for activated ZrL3, this 

analysis fits the formula to be Zr6O4(OH)8(H2O)4(L3)3.3(CF3COO)1.4 (Mw 4467.21), calculated: 

[C (52.21%), H (3.34%) and Zr (12.25%)]. 

Thermocyclization of ZrL3: ZrL3 was heated in Quartz tube furnace in N2 atmosphere for 2 hours 

at 300, 350, 400 and 450 °C, respectively. Heating rate: 5 °C/min. The resultant powder was 

denoted as ZrL3-T (T = 300, 350, 400 or 450). 

Photothermal Conversion Measurement: Photothermal measurements of ZrL3 and ZrL3-T (T = 

300, 350, 400 or 450 °C) samples (30 mg) were performed by using the xenon lamp (AM 1.5 G, 

PLS-SXE300+). The temperature response of the samples was measured with an IR thermal 

camera (MAG14, Shanghai Magnity Technologies Co. Ltd., China). 

3. RESULTS AND DISCUSSION 

The initial suspicion about possible radical presence was raised by the sulfur-rich molecule 

H2L3 (Figure 1). The design of H2L3 followed the previous design of backfolded alkyne side arms, 

e.g., for growing crystalline MOF structures and subsequently thermocyclizing the alkyne groups 

to generate nanographene functions.38-42 The numerous sulfur(methylthio) groups, on the other 

hand, were originally meant for functionalization such as facilitating metal uptake and oxidation 

treatment. As sulfur atoms are associated with many functional radical species in discrete 

molecules as well as in extended structures,51-54 we had wondered if the thermocyclizing the sulfur-

rich MOF solid of ZrL3 led to radical species.  
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Figure 1. Schematic showing the structure of ligand H2L3, and solvothermal synthesis of ZrL3 

network featuring bcu topology (shown as an octahedral cage based on Zr–O clusters and L3 

linkers). 

ZrL3 was grown solvothermally in DEF (N,N-diethylformamide) using H2L3, ZrOCl2·8H2O 

and CF3COOH as organic linker, metal source and modulator, respectively (Figure 1). Powder X-

ray diffraction (PXRD) pattern of as-made ZrL3 reveals a tetragonal unit cell (a = 24.284, c = 

33.770 Å; Figure  2a; details of refinement included in the Supporting Information), isomorphic 

with previously reported ZrL1 bearing the peaks at 4.40, 5.10, 7.34, 8.62, and 9.01° indexed as 

(101), (110), (112), (211), and (202), respectively.42 The framework structure features 8-connected 
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Zr6O4(OH)8(H2O)4 clusters bridged by linker L3 and adopts a bcu topology, with the octahedral 

cage missing four equatorial edges to provide structural flexibility (see PXRD patterns in Figure 

S3) and give rise to a tetragonal lattice. 

Fourier transform infrared (FT-IR) spectra show that the C=O stretch of H2L3 at 1695 cm‒1 

shifts to 1599 cm‒1 after coordinating the Zr–O cluster (Figure S4). 1H NMR spectrum obtained 

from digestion of ZrL3 in NaF/DCl/DMSO-d6 consistent with that of pure H2L3, revealing that 

linker L3 did not decompose during the solvothermal synthesis (Figure S5). Elemental analysis 

(EA) data can be fitted by the formula of Zr6O4(OH)8(H2O)4(L3)3.3(CF3COO)1.4 for ZrL3, which 

is further supported by thermogravimetric analysis (TGA, Figure S6). The linker deficiency (1.4/8 

= 17.5%) of ZrL3 is likely due to the steric hindrance from the long and rigid alkyne side arms on 

the L3 linker. 

Thermal treatments of the light-yellow ZrL3 solid at 300, 350, 400 and 450 oC formed the black 

solids of ZrL3-300, ZrL3-350, ZrL3-400 and ZrL3-450, respectively (see Figure S7 for 

photographs). As shown in the UV–Vis–NIR absorption spectra (Figure 2b), absorption of ZrL3 

exhibits more significant red shift along with thermal treatment at higher temperatures and even 

reaches near-IR (NIR) region (e.g., absorption edges beyond 1800 nm for ZrL3-400 and ZrL3-

450). While ZrL3 feature distinct IR peak at 2202 cm‒1 for the alkyne units, such alkyne signal is 

absent in samples of ZrL3-300, ZrL3-350, ZrL3-400, ZrL3-450, consistent with the cyclization 

reaction of the closely positioned alkyne groups (Figure 2c). Further evidence of aromatization 

comes from solid state 13C NMR (Figure 2d). The two broad signals at 129.83 and 136.13 ppm are 

attributed to aromatic C atoms and the crosslinking C–S carbons. The massive cyclization here is, 

however, complex and multifarious, and therefore difficult to characterize; to illustrate the various 

plausible cyclization steps, we attach a tentative scheme in Figure S8. The weak signal at 172.17 
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ppm belongs to the two carboxyl carbons of linker, while the peaks at 14.88 ppm are consistent 

with retained –SCH3 carbons. All four heated samples are crystalline (Figure 2a) and remain 

porous, with increased CO2 adsorption capacity and Langmuir surface area from 104.11 m2/g for 

activated ZrL3 to 448.71 m2/g for ZrL3-450 (Figure 2e).  

 

Figure 2. (a) PXRD patterns, (b) UV-vis-NIR absorption spectra and (c) FT-IR spectra of ZrL3 

before and after thermocyclization. (d) Solid-state 13C NMR spectrum of ZrL3-300 (the asterisks 

indicate spinning side bands). (e) CO2 adsorption and desorption isotherms at 273 K and (f) solid-

state EPR spectra at room temperature for activated samples of ZrL3, ZrL3-300, ZrL3-350, ZrL3-

400 and ZrL3-450. 

The key evidence of organic radical species comes from the strong EPR signals of the heated 

samples, ZrL3-300, ZrL3-350, ZrL3-400 and ZrL3-450, as compared with the weak EPR of the 

as-made ZrL3 solid (Figure 2f). From ZrL3-300, ZrL3-350 to ZrL3-400, the signal steadily 

increases, indicating the correspondingly greater concentration of radicals as a function of the 
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temperature; at higher temperatures, however, the EPR signal becomes weaker, as is shown in 

ZrL3-450, which can be ascribed to higher temperature driving the formation of products closer 

to the thermodynamic, stable, radical-free state. The radicals of these samples are stable in air and 

acids. For example, treatment with HF (this etches away the Zr4+ ions) destroys the crystalline 

order as shown by PXRD, but the EPR signal persists (Figure S9).  

In addition to the EPR measurements, variable-temperature magnetic susceptibility studies of 

ZrL3 and ZrL3-400 were conducted at a dc field of 1000 Oe at 2–300 K to further characterize 

these radical-containing solids. As illustrated by χMT versus T plots (Figure S10), the χMT of ZrL3 

is 0.39 cm3 K mol−1 at 300 K and decreases to 0.005 cm3 K mol−1 at 2 K. As for ZrL3-400 [molar 

mass = 3911.94: 87.57% of ZrL3, based on TG curve in Figure S6), the χMT is 17.24 cm3 K mol−1 

at 300 K and decreases to 0.13 cm3 K mol−1 at 2 K. This χMT value of 16.85 cm3 K mol−1 can be 

ascribed to the organic radicals in ZrL3-400. The corresponding effective magnetic moment, μeff 

= 8χMT1/2 = 11.61 B.M., closely matches ten unpaired electrons: μeff = g[S(S + 1)]1/2 = 10.95 (S = 

10/2 = 5, with g = 2). As ZrL3 and ZrL3-400 each contain 3.3 linkers in the asymmetric unit, each 

linker bears roughly 3 unpaired electrons. With this information, the radical concentration of ZrL3-

400 was calculated to be 2.56 mol/kg (obtained by: 1/3.91194 kg mol−1 × 10). With the radical 

concentration in ZrL3-400 thus quantified, it can be quantitatively correlated with the measured 

EPR intensity. This relationship is employed to calculate (from the EPR intensities) the radical 

concentrations of other samples in this study (Table S1). 

The radical can also form without using the elaborate, ordered ZrL3 structure--namely, simply 

by heating the sodium salt Na2L3 (Scheme S2, prepared from simple mixing of H2L3 and NaOH) 

and even the solid sample of the H2L3 molecule. Like the ZrL3 solid, both Na2L3 and H2L3 exhibit 

similar blackening and disappearing of the alkyne groups (e.g., as per IR, Figure S11) upon heating 
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(e.g., 300 °C or above). After heating at between 400 and 500 °C, the EPR signal of Na2L3 (e.g., 

Na2L3-400 and Na2L3-500) appear to be stronger than those of ZrL3 (Figure 3a), even though at 

higher temperatures (e.g., 600 °C), the radical is also significantly suppressed for Na2L3. The EPR 

signals of the H2L3 samples appear to be similar in strength to those of ZrL3 (Figure 3b). It remains 

to be elucidated why Na2L3 exhibits stronger EPR signals. 

 

Figure 3. Solid-state electron paramagnetic resonance (EPR) spectra at room temperature of (a) 

Na2L3, Na2L3-400, Na2L3-500 and Na2L3-600, and (b) H2L3, H2L3-300 and H2L3-400. 

We then took a leap of faith, and tested the simple alkyne molecules of M1 

(tetraethynylbenzene), M2 (diethynylbenzoic acid), and M3 (1,4-diethynylbenzene). Because of 

the high proportion of the alkyne units in these molecules, safety measures against explosion are 

needed, especially for freshly prepared samples. For example, the powder of fresh M1 explodes 

when heated to 100 °C (in air or N2); but air exposure tempers its tendency to explode: an exposure 

of 5 hours (spread out on a Petri dish) is sufficient to obviate explosion in subsequent heat 

treatment. Alternatively, one can heat the sample at 70 °C for a few hours (e.g., 3 hours; in N2), 

then proceed to higher temperature; this also eliminates explosion. 
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As it were, the powder of M1 is not stable in air: at room temperature, it turns from light yellow 

to brown over a few hours, with its EPR spectrum already showing signal for radical species 

(Figure 4d, exposure time 72 hours). The EPR signal strengthens significantly after mildly heating 

the air-exposed sample (e.g., between 70 and 100 °C; under N2); the EPR intensity further 

increases after heating at 150 °C (under N2; to give M1-150), and intensifies after heating at the 

higher temperature of 300 °C (to give M1-300). The IR spectra (Figure S18a) indicates the 

presence of alkyne units for samples M1-70, M1-100 and M1-150, whereas for M1-300, the 

alkyne peaks are absent, suggesting an extensively cyclized product. 

 

Figure 4. (a) The ethynylaryl molecules M1, M2 and M3; (b) N2 adsorption and desorption 

isotherms at 77 K for samples of M1-150 and M2-150; (c) CO2 adsorption and desorption 
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isotherms at 273 K for samples of M1-150 and M2-150; (d) EPR spectra of M1 and M1-T (T = 

70, 100, 150, 300); M2 and M2-T (T = 70, 150, 200, 300); M3 and M3-T (T = 70, 100, 150, 200) 

at 298 K. 

Compared with M1, M2 contains only one pair of neighboring ethynyl groups, and shows 

distinct but weaker EPR signals after air-exposure and heating at lower temperatures (e.g., 70 °C; 

Figure 4d). But the EPR signal (same amount 8.0 mg) becomes similarly strong after heating at 

higher temperatures (e.g., 150 °C). Both the alkyne C‒H and C‒C IR stretches for M2 disappeared 

after heating at 150 °C, indicating extensive cyclization at this temperature. Heating at 300 °C 

resulted in slightly strong EPR signal. Both M1-150 and M2-150 exhibit small N2 uptake (77 K), 

but larger CO2 uptake (273 K; BET surface areas 182 and 129 m2/g, respectively); indicating 

microporosity for these heated samples (both are insoluble solids).  

By contrast, M3 contains no neighboring ethynyl groups, and its air-exposed and heated sample 

(e.g., 100 °C) do not develop significant EPR signals. But at 150 °C, a significant EPR signal 

emerges, which further intensifies at the higher temperature of 200 °C. This comparison suggests 

neighboring alkynyl groups to be more effective for radical formation at lower temperature (Figure 

4d). Out of precaution against explosion, fresh powder samples of M1‒M3 were never directly 

heated above 70 °C (they were first either exposed to air or heated at 70 °C for several hours). 

The radicals present in these thermally annealed products are durable and concentrated. Most 

importantly, these radical-rich solids exhibit significantly broadened intense absorption covering 

the whole UV-visible spectral range even reaching NIR region when compared with their pristine 

analogues (e.g., M1 and M2 showing significantly red-shifted absorption reaching NIR region 

(Figure S21), highlighting the extensive conjugated structures as well as the radical-rich nature of 
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the solid samples. In particular, ZrL3 maintains the crystallinity even after thermal annealing at 

400 oC, thus allowing for easier monitoring of sample stability. Therefore, ZrL3 and its thermally 

annealed forms were chosen here for photothermal conversion studies. Under one-sun irradiation 

(420‒2500 nm) simulated with a xenon lamp at 0.1 W cm‒2, ZrL3 and thermally annealed products 

(30 mg of samples) also exhibited photothermal conversion. Specifically, temperature change after 

eight-minute irradiation recorded for ZrL3 is 18.3 oC while those increase together with elevating 

annealing temperatures and reach highest for ZrL3-400 (ΔT: ZrL3-300 = 24.5 oC; ZrL3-350 = 

27.3 oC; ZrL3-400 = 34.2 oC) (Figure 5b). The best photothermal conversion efficiency of ZrL3-

400 over pristine analogue and other counterparts thermally annealed at lower temperatures 

highlights broad absorption and abundant radicals as crucial components to execute effective 

photothermal conversion. All of them showed higher ΔT along with increasing powers of light 

source (0.1, 0.2, 0.3 and 0.5 W cm‒2) with ZrL3-400 reaching the maximum temperature of 112.6 

oC at the highest irradiation power (0.5 W cm‒2) (Figure S25). Noteworthily, all these radical-rich 

solids showed excellent anti-photobleaching property, as reflected by consistent ΔT throughout 

five cycles of xenon-lamp on-off irradiation (Figure 5c and Figures S22‒24b). More importantly, 

all these solids are operationally stable during photothermal study, as revealed by the consistent 

PXRD patterns and FT-IR profiles of ZrL3-300, ZrL3-350 and ZrL3-400 before and after cycling 

photothermal experiments (Figure S26). Substantial improvement of photothermal conversion 

capacity by thermal annealing of crystalline solids offers opportunities towards photothermally 

active crystalline materials via easily accessible modification of frameworks. 
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Figure 5. (a) The IR thermal images ZrL3-400 (30 mg) under a xenon lamp (0.1 W cm−2, one-sun) 

and then with the xenon lamp turned off; (b) Photothermally induced temperature change of ZrL3 

and ZrL3-T (T = 300, 350, 400, 450) under xenon lamp irradiation (0.1 W cm−2, one-sun); (c) 

Anti-photobleaching property of ZrL3-400 (30 mg) during five cycles of the heating−cooling 

process. 

4. CONCLUSIONS 

In conclusion, stable and concentrated organic radicals can be readily generated by heating 

alkynylaromatic molecules. The thermocyclization reactions thus triggered are extensive and 

vigorous: as no catalysts were added for channeling the reaction pathways, the annulated products 

are defect-rich and mixed, with the associated radical species stabilized by the resulted large (e.g., 

nanographene-like) π-systems. Further characterization of the annulated products would be 
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informative. In spite of not being ordered, the resultant radical-rich carbonaceous solid can open 

new grounds for applications, especially because of their stable porosity and polarizable π-system 

(e.g., being black, highly absorbing solids). After all, activated carbon and ion-exchange resin, as 

two major industrial porous materials, are both non-ordered structures. 

We close with some flashback. This simple and surprising discovery traces back to our 

fundamental curiosity about backfolded molecules as building blocks for exploring framework 

materials. The backfolded linker design was executed in the form of the o-alkynyl motifs, while 

our long-standing focus on the sulfur (thioether and mercaptan) functions has led us to build many 

of these onto the backfolded linker scaffold (as in L3 here). Sulfur groups are known for their 

propensity to form and stabilize radical species, so we tested the presence of radicals in the 

thermally treated framework solid ZrL3. The strong and stable radicals led us to suspect the 

generality of this observation, and--wenn schon, denn schon—to test for radicals in the simplest, 

all-too-familiar diethynyl benzenes. 
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