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5 ABSTRACT: Nanothreads are one-dimensional nanomaterials composed of a primarily sp3 hydrocarbon backbone, typically
6 formed through the compression of small molecules to high pressures. Although nanothreads have been synthesized from a range of
7 precursors, controlling reaction pathways to produce atomically precise materials remains a difficult challenge. Here, we show how
8 heteroatoms within precursors can serve as “thread-directing” groups by selecting for specific cycloaddition reaction pathways. By
9 using a less-reactive diazine group within a six-membered aromatic ring, we successfully predict and synthesize the first carbon
10 nanothread material derived from pyridazine (1,2-diazine, C4H4N2). Compared with previous nanothreads, the synthesized
11 polypyridazine, shows a predominantly uniform chemical structure with exceptional long-range order, allowing for structural
12 characterization using vibrational spectroscopy and X-ray diffraction. The results demonstrate how thread-directing groups can be
13 used for reaction pathway control and the formation of chemically precise nanothreads with a high degree of structural order.

14 In 2015, it was found that the slow room-temperature
15 compression of benzene produced nanothreadscrystal-
16 line, one-dimensional polymers composed of sp3 diamondoid
17 bonds.1 Whereas previous high-pressure reactions of small
18 molecules resulted in amorphous products,2−11 the discovery
19 of ordered nanothreads suggests the existence of rational
20 design principles for the controlled formation of crystalline
21 extended solids at high pressure. These diamond-like materials
22 that border nanotubes and polymers are predicted to possess
23 enhanced mechanical, thermal, and chemical stability, making
24 them ideal candidates for a diverse range of applications.12−16

25 Several design principles have been established to assess the
26 likelihood that a precursor molecule will form ordered
27 nanothreads with minimal atomic displacement. For aromatic
28 precursors, π-stacking interactions between neighbors play an
29 important role in reaction pathway selectivity as short inter-
30 ring distances along stacks can limit potential reaction
31 pathways. Precursors with nonparallel/significantly displaced
32 π-stacks typically require slow (GPa/h) anisotropic compres-
33 sion to produce crystalline products.1,17,18 Conversely,
34 precursors composed of parallel−displaced/sandwich-like π-
35 stacks were demonstrated to produce ordered nanothreads via
36 rapid compression, even under quasi-hydrostatic condi-
37 tions.19−22 Stacking overlap can be quantified by using factors
38 such as the distance between ring centroids (dc), ring planes
39 (dp), and the slippage angle between ring centroids (ϕ).19

40 Heteroatom incorporation into thread-forming precursors
41 provides additional opportunities to tune synthetic pathways
42 and tailor nanothread properties for specific advanced
43 applications.23−25 This approach may also provide a level of
44 synthetic control that is currently unavailable for purely
45 carbon-based systems. For example, in aromatic hydrocarbons
46 each carbon−carbon bond is potentially capable of participat-
47 ing in [4 + 2] cycloaddition, providing a number of competing

48pathways and a distribution of products.26−28 In comparison,
49nanothreads derived from furan29 and thiophene30 indicate
50enhanced structural order due, in large part, to their localized
51bonding, which limits potential reaction pathways to [4 + 2]
52cycloaddition between the carbon atoms in the ring, confirmed
53by advanced NMR studies of furan nanothreads.31 If such
54predictable reactivity could be generalized to more complex
55nanothread systems, it would represent a major advancement
56for controlled solid-state synthesis and enable the a priori
57prediction of polymerized nanothread structures from their
58precursor structures alone.
59While the use of heteroatoms as thread-directing groups has
60not yet been explicitly investigated in the hypothesis-driven
61synthesis of a target product, previous reports of nanothreads
62synthesized from N-bearing precursors indicate that nitrogen
63heteroatom substitution may be used to guide nanothread
64formation. 13C NMR of pyridine-derived nanothreads
65determined that NCH bonds are most likely to persist in
66degree 4 products.18 In addition, azobenzene-derived double-
67core nanothreads show that the azo (NN) group persists
68even after compression to 20 GPa.32,33 These studies indicate
69that bonds containing nitrogen may be less reactive in
70comparison to analogous carbon−carbon bonds. Therefore, if
71nitrogen is incorporated strategically within the precursor with
72respect to molecular packing, it may be able to direct
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73 nanothread formation toward atomically precise chemical
74 products with long-range order.
75 On the basis of these factors, we compiled potential thread-
76 forming aromatic precursors that crystallize with significant π-
77 stacking interactions and also incorporate nitrogen heter-
78 oatoms so as to direct the in-stack reaction pathway. Pyridazine
79 (1,2-diazine, C4H4N2) shows near-sandwich-type π-stacking34

f1 80 (i.e., dc < ∼4 Å, Φ < ∼25°, Figure 1A,B), suggesting it is an

81 excellent candidate to undergo pressure-induced polymer-
82 ization down the stacking axis.19 Additionally, pyridazine
83 possesses a much longer nitrogen−nitrogen bond (N1−N2 =
84 1.431 Å) and shorter carbon−nitrogen bonds (avg = 1.322 Å)
85 relative to other comparable heterocycles,34−38 suggesting the
86 respective bonds have more single- and double-bond character
87 than truly resonant systems. With this in mind, we propose
88 that compressed pyridazine will undergo a direct top-
89 ochemical-like, nanothread-forming reaction in which the
90 nitrogen atoms serve as a thread-directing group by restricting
91 polymerization to a single, carbon-exclusive [4 + 2] cyclo-

92addition down the stacking axis, in agreement with previous
93theoretical studies.39 On the basis of the molecular crystal
94structure, we hypothesize nanothreads with azo bonds aligned
95on one side (syn conformation), producing a distinct, ordered
96chemical structure with an anisotropic azimuthal cross section.
97As an initial step to test the hypothesis of controlled
98polymerization in compressed pyridazine, energy barrier
99(Figure S1) and first-principles molecular dynamics (MD)
100simulations were conducted for crystalline pyridazine at 30
101GPa and 500 K. After 230 fs (Figure S2), a spontaneous
102reaction initiates between carbons in adjacent rings via [4 + 2]
103cycloaddition, producing the polymerized product shown in
104Figure 1C. This product represents the closest-contact reaction
105pathway. This degree-4 nanothread consists of a sp3-bonded
106carbon backbone with a pendant syn-NN group, resulting
107from exclusive carbon reactions down the stacking axis. The
108observation of spontaneous polymerization at moderate PT
109conditions suggests an energetically favorable reaction pathway
110and provides initial validation of pyridazine as a viable
111precursor candidate for controlled, heteroatom-directed syn-
112thesis. The syn-NN structure is also favorable based on barrier
113and reaction energy considerations.
114To validate polymerization experimentally, liquid pyridazine
115was loaded into diamond anvil cells (DAC) and compressed to
11632 GPa. Liquid pyridazine solidified at ∼0.2 GPa, and in situ X-
117ray diffraction (XRD) patterns were readily indexed to the
118previously reported monoclinic structure.34 Upon solid-
119ification, crystals exhibit strong preferred orientation, before
120exhibiting more powder-like character when broken up at
121higher pressures (Figure S3). Upon compression, Bragg peaks
122monotonically shift to higher angles reflecting contraction of
123the unit cell. Minor peak splitting was observed above 9.5 GPa,
124possibly indicative of a subtle polymorphic (molecular) phase
125 f2transition (Figure 2A). Above 13 GPa new strong peaks appear
126at low and high angles, and the sample takes on an orange hue
127indicative of reaction onset in agreement with XRD (Figure
1282B). Most notably, the emergence of a new 6-fold diffraction
129pattern indicates that this chemical transformation is consistent
130with nanothread formation (Figures S3−S7), and the relative

Figure 1. (A) Structure of pyridazine-I showing local π-stacking at
0.61 GPa. (B) π-Stacking of pyridazine along the a-axis. (C) (left)
Close-contact [4 + 2] cycloaddition pathway within pyridazine;
(right) syn-NN nanothread structure observed in first-principles
molecular dynamics (MD) simulation at 500 K and 30 GPa.

Figure 2. (A) In situ XRD patterns for 1,2-diazine, asterisks show new peaks during compression. (B) Micrographs of 1,2-diazine during
compression (transmitted light). (C) FTIR absorbance spectra of 1,2-diazine with pressure. The gray box indicates artifacts from the diamond
anvils. The broad band ca. 3400 cm−1 indicates the presence of absorbed H2O. (D, E) 2D XRD patterns for 1,2-diazine before (1.8 GPa) and after
polymerization (compressed to 32 GPa and recovered to ambient pressure).
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131 shifts of the (021) and (002) Bragg peaks reflect nanothread
132 formation from the pyridazine molecular geometry (see the
133 Supporting Information). These new peaks become more
134 intense with increasing pressure, while precursor peaks
135 disappear completely above ca. 19 GPa. The new diffraction
136 peaks persist when the DAC is opened to ambient condiions
137 (Figures 2D,E), which indicates the formation of an extended
138 crystalline polymer (liquid pyridazine evaporates at ambient
139 conditions).
140 In situ vibrational spectra obtained during compression are
141 consistent with the XRD results (Figure 2C and Figure S10). It
142 should be noted that all samples contained some amount of
143 absorbed H2O (Supporting Information). Above 8 GPa, two
144 new peaks in the FTIR spectrum emerge at ca. 962 and 1174
145 cm−1, and the Raman spectrum shows splitting of peaks ca. 206
146 and 3104 cm−1 (Figures S15−S17), confirming a subtle
147 polymorphic phase transition. This transition is reversible, and
148 the starting FTIR spectrum is recovered upon decompression
149 (Figure S14). Although we cannot solve the structure of this
150 new molecular phase, it does not appear to involve a significant
151 structural rearrangement based on the subtle spectral and
152 diffraction changes. An irreversible chemical transformation
153 occurs above 13 GPa, notably indicated by the emergence of
154 new peaks in the sp3 C−H stretching region in the FTIR and
155 Raman spectra (ca. 3116 cm−1 at 13 GPa, Supporting
156 Information), the onset of a color change which causes an
157 increase in the fluorescence background in Raman spectra
158 (Figures S15−S18), and the splitting of the sp2 C−H
159 stretching peak. The formation of sp3 carbon is fully consistent
160 with the nanothread-forming [4 + 2] cycloaddition reaction
161 observed in MD simulations.
162 Recovered samples, hereafter termed polypyridazine, remain
163 an orange translucent solid, similar to previously described
164 carbon nitride nanothreads.18,30 PXRD patterns of polypyr-
165 idazine show distinct differences to that of molecular

166pyridazine, indicating that the recovered product possesses
167new structural packing. Compared with previous nanothreads
168such as benzene or pyridine, which show broad/weak
169diffraction below d = 5.6 Å due to considerable intrathread
170disorder,1,17,40 polypyridazine exhibits crystalline diffraction to
171d-spacings below 1.2 Å, indicating precise atomic ordering of
172individual threads. This intense high-angle diffraction suggests
173polypyridazine may approach “perfect” chemical ordering
174similar to furan nanothreads, a fraction of which were
175determined to be “perfect” by solid-state 13C NMR.31

176The FTIR spectrum of polypyridazine exhibits extremely
177well-defined absorption features, further indicating a high
178degree of structural order. These absorption bands are notably
179sharp in comparison to previously reported carbon nitride
180nanothreads and amorphous carbon nitride films.40−43

181Following evidence for controlled polymerization via MD
182simulations and diffraction/spectroscopy, we optimized a
183packed syn-NN nanothread model using DFT for quantitative
184comparisons with experimental observables. A comparison of
185the experimental and calculated FTIR spectra for the syn-NN
186 f3structure shows that the two are an exceptional match (Figure
187 f33) and for the first time allows for the complete assignment of
188the IR spectrum of a nanothread material. The Supporting
189Information details peak assignments for polypridazine (Table
190S2) and any defects or impurities such as absorbed H2O
191present (Figures S11−S13). Notably, the intense peaks at ca.
1922968 and 2924 cm−1 can be assigned to sp3 C−H stretching
193vibrations, consistent with previously reported nanothreads.
194The peak ca. 1532 cm−1 is clearly attributed to NN
195stretching, in good agreement with molecular cis-diazine
196systems.44−46 Notably, the NN bond distance is smaller
197than that in molecular pyridazine (1.25 Å vs 1.43 Å), and this
198higher-frequency stretch is diagnostic of the syn-NN polymer
199due to the [4 + 2] reaction of the carbon atoms and the
200formation of a NN double bond.

Figure 3. (left) Structure of the syn-NN polypyridazine nanothread. (center) Comparison of the experimental polypyridazine (green) and
calculated syn-NN (black) IR spectra at 1 atm. The calculated spectrum is represented by Gaussian peaks with an arbitrary width. Inset:
background-corrected spectrum between 600 and 1400 cm−1. (right) XRD pattern of oriented polypyridazine at 1 atm (black points) with Le Bail
refinement (red), λ = 0.3344 Å. Patterns for the syn-NN structure simulated by using refined cell parameters (orange) and with crystallites oriented
in the [011] direction (purple) are shown for comparison. Top: experimental 2D XRD data showing intensity of spots associated with the (0, k, l =
k) series.
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201 The simulated XRD pattern for the DFT-optimized syn-NN
202 structure also shows good agreement with experimental data
203 (Figure 3). Recovered samples always showed the crystallo-
204 graphic preferred orientation; however, by averaging multiple
205 diffraction patterns, we were able to improve powder averaging
206 statistics and index a monoclinic lattice. The ability to index to
207 a three-dimensional lattice establishes enhanced structural
208 ordering of the product compared with other nanothread
209 materials. Refinement of the experimental unit cell at room
210 temperature using the Le Bail method gives the lattice
211 parameters a = 2.568(4) Å, b = 9.88(2) Å, c = 11.78(2) Å,
212 and β = 90.51(3)°, which compare favorably with the DFT-
213 optimized (0 K) syn-NN structure (a = 2.59 Å, b = 9.75 Å, c =
214 11.53 Å, and β = 90.01°; space group = P21). Notably, the
215 length of a is significantly smaller than the starting molecular
216 crystal (∼3.7 Å at 0.6 GPa) due to polymerization down the
217 stacking axis. Changes in the b and c dimensions reflect
218 changes in geometry and hydrogen bonding caused by
219 nanothread formation (Figure S7). While several other
220 polypyridazine nanothread structures are possible, only the
221 degree-4, syn-NN model can describe both the experimental
222 XRD and FTIR data (see the Supporting Information).
223 Finally, thermal decomposition experiments were performed
224 to confirm the structure of polypyridazine. If the syn-NN
225 structure is correct, it should be possible to postsynthetically
226 remove the azo groups as N2 gas via thermal decomposi-
227 tion.47−50 A sample of polypyridazine was loaded into an
228 optical cell and monitored by in situ FTIR measurements

f4 229 (Figure 4). After heating the sample at 250 °C for 72 h a new,

230 sharp absorption peak appears at ca. 2333 cm−1, corresponding
231 to physisorbed N2 (cf. 2331 cm−1).51,52 All thread-related
232 peaks below 1600 cm−1 disappear with only the sp3 nature of
233 carbon product remaining clear via C−H vibrations near 2900
234 cm−1. Raman measurements collected under the same
235 conditions show a notable decrease in fluorescence (see
236 Figure S19), consistent with the loss of nitrogen from the
237 nanothread.18 These data confirm the pendant NN nature of
238 the nanothread polymer.

239The level of structural control over nanothread forming
240reactions shown in the synthesis of polypyridazine is
241encouraging for the design of future nanothread systems.
242This work indicates that careful heteroatom incorporation can
243be used to limit the number of potential reaction pathways and
244obtain highly ordered nanothread products. Further inves-
245tigation of other heterocyclic ring systems is needed to
246understand the scope of this synthetic strategy.
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304 GPa, gigapascals; dc, distance between ring centroids; dp,
305 distance between parallel ring planes; ϕ, slippage angle
306 between rings; fs, femtoseconds; P, T, pressure and temper-
307 ature; syn-NN, structure in which each NN bond is oriented
308 along the same side of the nanothread; anti-NN, structure in
309 which NN bonds are oriented along alternating sides of the
310 nanothread; PXRD, powder X-ray diffraction; FTIR, Fourier-
311 transform infrared spectroscopy; DAC, diamond anvil cell;
312 NMR, nuclear magnetic resonance.
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