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The quality of crystalline two-dimensional polymers (2DPs)!¢ is intimately related to the
elusive polymerization and crystallization processes. Understanding the mechanism of such
processes at the (sub)molecular level is crucial to improve predictive synthesis and to tailor
material properties for applications in catalysis’!?, and (opto)electronics'’> 12, among
others!*18, We characterize a model boroxine 2D dynamic covalent polymer, by using in situ
scanning tunneling microscopy, to unveil both qualitative and quantitative details in the
nucleation-elongation processes in real time and under ambient conditions. Sequential data
analysis allows for the observation of the amorphous-to-crystalline transition, the time-
dependent evolution of nuclei, the existence of “nonclassical” crystallization pathways and
importantly, the experimental determination of essential crystallization parameters
including critical nucleus size, nucleation rate and growth rate with excellent accuracy. The
experimental data has been further rationalized by atomistic computer models that
altogether provide a detailed picture of the dynamic on-surface polymerization process.
Furthermore, we show how two-dimensional crystal growth can be affected by abnormal
grain growth (AGG). This finding provides support for the use of AGG - a typical
phenomenon in metallic and ceramic systems - to convert a polycrystalline structure into a

single crystal in organic and 2D material systems.

Two-dimensional polymers (2DPs) —covalently linked networks of monomers in orthogonal
directions— can be found as individual monolayers, as part of few-layer stacks, or as part of
multilayered crystals, the latter known as 2D covalent organic frameworks (2D COFs). Over the
past decade, research has focused on exploring efficient and controlled synthetic strategies to
produce highly crystalline 2DPs!*26 and 2D COFs?’?. Yet little is known about the mechanistic

and kinetic aspects of the dynamic processes involving bond formation/breakage, nucleation,
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elongation and interplay between nuclei’*® because of the challenges associated with the

stochastic nature of nucleation events and requirements imposed by molecular level imaging.

Herein, we show a detailed picture of the different polymerization and crystallization steps for the
formation of a crystalline 2DP at the solid-liquid interface, by in situ scanning tunneling
microscopy (STM) under ambient conditions. The advantage of the solid-liquid interface is that
the 2D polymerization process can be decoupled from the stacking/destacking process that leads
to 2D COFs. Therefore, fundamental mechanistic parameters of the formation of 2DPs can be
obtained. For instance, the optimal resolution —in terms of space (molecular resolution) and time
(minute resolution)— of STM for this system enabled the observation and identification of the
different reactive monomeric, oligomeric, and crystalline species involved and their evolution over

time.

The self-condensation of pyrene-2,7-diboronic acid®’ (PDBA) has been studied as a model system
(Fig. 1a, e) since PDBA is known to form boroxine polycrystalline 2D COF powders?®, single-
crystalline 2D COF colloids®®, 2D COF thin films* and 2DPs*’ by dynamic covalent chemistry.

Here, a confined synthesis protocol*!

has been implemented for probing the polymerization and
crystallization of a PDBA 2DP on an atomically flat highly oriented pyrolytic graphite (HOPG)
surface, by in-situ STM with the scanning rate set at 1.5 minutes per frame. Dynamic on-surface
polymerization processes are clearly observed by in-situ STM when 5 uL of a 1-octanoic acid
solution of PDBA (50 uM) is drop-casted onto freshly cleaved HOPG surface. Initially, an apparent
disordered phase of PDBA was formed at the 1-octanoic acid/HOPG interface (Fig. 1b). The
amorphous nature of this phase is revealed by the halo feature of the fast Fourier transform (FFT,

inset Fig. 1b). Structural analysis of the amorphous phase revealed the co-existence of PDBA

monomers and  oligomers of  variable sizes, which  underwent dynamic
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polymerization/depolymerization processes on the surface, as supported by sequential data
acquisition (Fig. 1a, Supplementary Fig. 1). After a period (c.a. 30-60 min) of structural fluctuation,
honeycomb clusters with ordered ‘cavities’ emerged within the amorphous phase (Fig. 1c). Figure
1d displays the submolecular resolution STM image of this newly-formed phase, in which each
pyrene unit appears as a six-lobed feature. FFT analysis (insert in Fig. 1c, Supplementary Text 1,
Supplementary Fig. 2) of the honeycomb clusters reveals a hexagonal network with lattice
parameters of a=b=2 + 0.1 nm and p = 60 + 2°, which are in perfect agreement with the ex-situ
synthesized PPy-COF and theoretical values®® *’. Computer models allow us to establish the on-
surface reaction pathway (Fig. 1f) for the formation of a trimer. As shown in Fig. 1f, the activation
energies for bond breaking (3-7 kcal/mol) are substantially lower than the forward reaction (10-12
kcal/mol), meaning that smaller 2D polymers are more likely to shrink than to grow. Figure 1g
shows early-time snapshots of 2D crystalline clusters with their sizes ranging from 1 to 19
hexagonally ordered cavities. The nucleation pathway is clearly revealed by sequential imaging
(Supplementary Fig. 3, Supplementary Video 1) that shows how the initial amorphous phase
evolves into crystalline nuclei. In some rare cases (Supplementary Fig. 4), nucleation occurs via
alternative pathways such as merging and division, i.e., two smaller nuclei incorporate into a large
ol e; orilversely, a large [ucleus divides il to two separate [uiclei. The formation of well-structured
oligomers from an amorphous phase, as well as the interconnection between them is consistent
with a step-growth polymerization mechanism>**?. The entropy penalty due to the covalent linking
of many monomers into a larger entity and the confinement of the surface is balanced/overcome

by the production of H>O as a by-product.

As the system tends to equilibrate, the initial formation of oligomeric nuclei is entropically

disfavored, but subsequent addition of monomer units to form larger polymeric structures becomes
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energetically favorable for the crystallites to reach the critical nucleation size d. (or critical
diameter). We have experimentally determined d. by means of the direct visualization of sub-,
near- and super-critical nuclei at different timeframes. Real-time imaging by in situ STM enabled
the unambiguous identification of the structure of individual nuclei, as well as their evolution over

time (Fig. 2a-d, Supplementary Video 2). Noted that most of the nuclei have an irregular shape

during the dynamic nucleation process, we use an equivalent diameter (d; = \/Ti/n) derived from
the area of nuclei (A;) to specify the size of each individual nucleus (Supplementary Text 2,
Supplementary Fig. 5). Upon statistical analysis of the time evolution of 2268 nuclei (Fig. 2e,
Supplementary Text 3, Supplementary Fig. 6, Supplementary Data 1), we were able to determine
the size dependence of the probability to grow (pg) and the probability to shrink (ps), shown in
Supplementary Fig. 7. The critical size (d.) lies in the range in which the difference (p; — ps) goes
from negative to positive*’. According to the plot of (pg — ps) against nuclei diameter (Fig. 2f), we
found that d. is ~ 9 nm, which corresponds to 54 + 5 monomer units. Another important parameter
that we have been able to establish and that provides information about the nucleation kinetics is
the nucleation rate (J), which is defined as the total number (N.) of ‘mature’ nuclei (d > d,) created
per time per unit area. A plot of N¢ versus time ¢ (Fig. 2g) gives a linear trend with a slope of 17.9
um>min’! that corresponds to J. The growth rate is the second key factor in controlling the size of
2D crystals. By plotting the average nucleus size over time, we calculated an average growth rate
of c.a. 0.05 nm/min (Fig. 2h). When considering the elongation at the single-nucleus level, the
individual nucleus growth is rather complex since nucleus-nucleus interactions play an important
role. Time-resolved in situ data revealed that the size of some nuclei increased continuously
(Supplementary Fig. 8), whereas other nuclei underwent structural fluctuation or shrinkage

(Supplementary Fig. 9, 10). The measured high nucleation rate and low growth rate can be used to
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justify the lateral size of the generated 2DPs crystals. Consequently, when the coverage of 2DPs
reaches 30 % at time = 70 mins (insert, Fig. 2h), the average grain size is less than 14 nm. To

ensure that the observed 2D polymerization is not an effect of the tip** %

, the dynamic process has
been carefully analyzed (Supplementary Text 4, Supplementary Fig. 11-17), showing that the

observed 2D polymerization is not tip-induced.

When separate nuclei grew and approached one another, interface elimination takes place —in order
to reduce the total area of grain boundaries and thus decrease the free energy of the system—
generally via two possible pathways: either particle attachment or Ostwald ripening, of which
coalesce of grains is driven by attachment of aligned particles and monomer-by-monomer

reorientation, respectively.*® 4/

Current understanding of the crystallization by particle attachment (CPA) process in 2DPs is
limited to theoretical predictions. Direct experimental evidence of CPA is still lacking despite of
the vital role of CPA in controlling crystal sizes, morphologies etc*. In Supplementary Fig. 18,
sequentially recorded data clearly reveal that when two adjacent nuclei (Z, II) approach one another,
growth units are quickly added at their interface, thereby resulting in a perfect attached grain (/1)
within 3 minutes. The two nuclei were perfectly aligned before attachment and their orientation
and relative location remained unchanged during the attachment process, arising from the 2D
confinement by the surface and trapping effect by surrounded nuclei. In order to understand if
small-sized nuclei of 2DPs are mobile due to reduced m-m interactions with the substrate, we
analyzed different sequences of cross-correlated STM images. The relative orientation or location
of nuclei is determined using reference points such as immobilized species and point defects.
Accordingly, we found that in-plane motion is never observed for nuclei larger than 6 nm

(Supplementary Video 3, Supplementary Fig. 19-20), and that translational or rotational motion is

6
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possible for nuclei smaller than 3 nm (Supplementary Fig. 1, 21). This observation is consistent
with theoretical calculations indicating that diffusion and rotation barriers increase as a function
of the crystal size (Supplementary Figure 22). Such nuclei attachment events were not frequently

observed as most often, we observed a mismatched interface followed by interface elimination.

Mismatched interface elimination is mainly driven by the Ostwald ripening process and two types
of crystal evolution routes have been observed (Fig. 3d). The first type refers to ‘continuous’ or
‘normal’ grain growth (NGG), in which growth takes place in a uniform manner. In this case (Fig.
3e-g, Supplementary Video 4), nuclei of smaller size (Z, II, III and 1V in Fig. 3e) were gradually
consumed. Total surface coverage of 2DPs is nearly constant after 75 min (Fig. 3g) and there is
only a slight increase of the average grain size (Fig. 3h). All the nuclei are either aligned with
respect to each other (green or blue domains), or rotated by an angle of 6°, suggesting that
crystallization is a hetero-epitaxial process. Imaging of the underlying graphite lattice showed that
the tilt angles between crystallographic orientations of 2DPs and main symmetry axes of the
HOPG lattice [100] have opposite signs; that is, +27° for Ri-2DPs (blue) and -27° for Si-2DPs

(green), respectively (Fig. 3a-c).

The second type refers to ‘discontinuous’ or ‘abnormal’ grain growth (AGG), wherein a
preferential growth of a few nuclei occurs at the expense of neighboring ones. In this particular
case (Fig. 3b, c, j-1, Supplementary Video 5, Supplementary Fig. 23, 24), in addition to the primary
type nuclei (R1-2DPs, S1-2DPs), another nucleus type is observed, of which the tilt angle with
respect to the main axes of graphite lattice [100] is +19° for R>-2DPs (pink) and -19° for S>-2DPs
(orange), respectively. In sharp contrast to the slow kinetics of the NGG process, a continuous
increase of 2DPs coverage (Fig. 3m) is observed. More interestingly, a preferential growth (Fig.

3n) of nuclei of secondary type (S2) occurs at the expense of the surrounding primary nuclei (R
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and S1), characteristic of AGG. In regions with all secondary nuclei (R> and S»), the NGG behavior
again dominates (Supplementary Fig. 25). In short, AGG process takes place only in presence of

both nuclei of the primary and secondary type.

The two different growth modes (NGG/AGG) provide a new mean to control the size of crystals:
secondary nuclei will continue to elongate laterally at the expense of surrounded primary nuclei or
oligomeric species (within the amorphous phase) until reaching the interface of another secondary
nucleus. If the purpose is to grow crystals to even larger sizes, the key factor lies in the fast
generation of primary type nuclei, which on the one hand occupy the limited space on the surface
(thus inhibiting the number of secondary nuclei) and on the other hand, serve as molecular sources
for secondary nuclei to grow. This concept is demonstrated with the assistance of a STM tip. We
show that if a domain of S» type is selectively ‘scratched’ by the STM tip, the surface will be
quickly covered by an amorphous phase, followed by the formation of primary nuclei (R; and Sy),
which in turn, allows for a further increase of crystal size through AGG (Supplementary Fig. 26).
Indeed, when the number of secondary type nuclei is limited to one within the scanning region,
the subsequent consumption of the primary type nuclei (R1/S1) results in the formation of a larger

unidirectional domain (Supplementary Video 6).

To gain insight into the mechanistic aspects of the AGG processes, we considered both
thermodynamic and kinetic aspects. Based on Ostwald’s step rule that metastable phases often
appear first, followed by the thermodynamically more stable phases, it is reasonable to assume that
the on-surface generated secondary type nuclei (R2/S2) are more stable than the primary type
(R1/S1), which is likely responsible for the gain in overall energy being the driving force for the
growth of more stable phase at the expense of metastable ones. In order to validate our hypothesis,

we carried out quantum calculations which indicate that the energetically favored phase will adopt
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a specific orientation along a particular angle due to the mismatch of 2DPs and graphite surface

periodic cells (Supplementary Fig. 27).

We then investigated the kinetic aspects of nuclei coalescence, up to single monomer level. When
two nuclei share the same crystallographic orientations (R1/R1, R2/R2, S1/S1, and S2/S»), the grain
boundary (GB) migration rate is measured to be less than 0.05 nm/min (Supplementary Fig. 28)
due to slow kinetics of the building block exchange. Although the grain misorientation is 0° (GB-
1), a slight lattice displacement (~0.6 nm) causes the separation of nuclei by nanometer-scale (~1.4
nm) distances (Fig. 4a). Other mismatch examples, both for NGG and AGG, involve those where
two nuclei are not aligned with each other, therefore giving rise to the generation of tilt GBs. When
both nuclei are of either primary type or secondary type (R1/S1, or R2/S»), a grain misorientation
of 6° (GB-I1, Fig. 4b) or 22° (GB-II1, Fig. 4c) exists. The migration rates of GB-II and GB-III are
measured to be lower than 0.1 nm/min (Fig. 4e-h, Supplementary Fig. 29). While for the mixture
of primary and secondary type nuclei (R1/S2, R2/S1, Ri/Ro, or S1/S»), two additional types of grain
misorientation, 8° (GB-/IV) or 14° (GB-V), were identified (Fig. 4d). In this case, migration rates
of GB-1V and GB-V are estimated to be 0.4 nm/min and 0.2 nm/min, respectively (Fig. 4i-1,
Supplementary Fig. 30), which are at least two times faster than that of other types (GB-1, GB-II

and GB-III). The measured anisotropic GB migration rate is in line with other systems*

showing
that certain crystallographic grain boundaries have a higher mobility than others. Indeed, according

to the Monte Carlo model established by Anderson and co-workers’, if secondary grain (R» and

S») shows mobility advantage compared to primary ones (Riand S1), AGG is more likely.

Remarkably, this work illustrates our ability to establish experimentally the fundamental
polymerization and crystallization parameters of 2D dynamic covalent polymers on a surface.

Given the importance that the elucidation of reaction mechanisms has had on the synthesis of
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precision polymers, this work paves the way for controlling 2D polymerization reactions directly
on 2D materials of different nature, which in turn, will allow the development of novel 2D

heterostructures with a level of precision similar to current state-of-the-art polymeric materials.

References

1. Wang, W. & Schliiter, A.D. Synthetic 2D Polymers: A Critical Perspective and a Look into the
Future. Macromol. Rapid Commun. 40, 1800719 (2019).

2. Feng, X. & Schliiter, A.D. Towards Macroscopic Crystalline 2D Polymers. Angew. Chem. Int.
Ed. 57, 13748-13763 (2018).

3. Servalli, M. & Schliiter, A.D. Synthetic Two-Dimensional Polymers. Ann. Rev. Mater. Res. 47,
361-389 (2017).

4. Payamyar, P, King, B.T., Ottinger, H.C. & Schliiter, A.D. Two-dimensional polymers: concepts
and perspectives. Chem. Commun. 52, 18-34 (2016).

5. Colson, J.W. & Dichtel, W.R. Rationally synthesized two-dimensional polymers. Nat. Chem.
5, 453-465 (2013).

6. Sakamoto, J., van Heijst, J., Lukin, O. & Schliiter, A.D. Two-Dimensional Polymers: Just a
Dream of Synthetic Chemists? Angew. Chem. Int. Ed. 48, 1030-1069 (2009).

7. Wang, X. et al. Homochiral 2D Porous Covalent Organic Frameworks for Heterogeneous
Asymmetric Catalysis. J. Am. Chem. Soc. 138, 12332-12335 (2016).

8. Lin, S. et al. Covalent organic frameworks comprising cobalt porphyrins for catalytic CO2
reduction in water. Science 349, 1208-1213 (2015).

9. Ding, S.-Y. et al. Construction of Covalent Organic Framework for Catalysis: Pd/COF-LZU1

in Suzuki-Miyaura Coupling Reaction. J. Am. Chem. Soc. 133, 19816-19822 (2011).

10



229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

10. Dong, R. et al. Large-Area, Free-Standing, Two-Dimensional Supramolecular Polymer Single-
Layer Sheets for Highly Efficient Electrocatalytic Hydrogen Evolution. Angew. Chem. Int. Ed.
54, 12058-12063 (2015).

11. Dogru, M. et al. A Photoconductive Thienothiophene-Based Covalent Organic Framework
Showing Charge Transfer Towards Included Fullerene. Angew. Chem. Int. Ed. 52, 2920-2924
(2013).

12. Wan, S., Guo, J., Kim, J., Thee, H. & Jiang, D. A Belt-Shaped, Blue Luminescent, and
Semiconducting Covalent Organic Framework. Angew. Chem., Int. Ed. 48, 3207-3207 (2009).

13.Li, X. et al. Tuneable near white-emissive two-dimensional covalent organic frameworks. Nat.
Commun. 9, 2335 (2018).

14. DeBlase, C.R., Silberstein, K.E., Truong, T.-T., Abrufia, H.D. & Dichtel, W.R. B-Ketoenamine-
Linked Covalent Organic Frameworks Capable of Pseudocapacitive Energy Storage. J. Am.
Chem. Soc. 135, 16821-16824 (2013).

15. Furukawa, H. & Yaghi, O.M. Storage of Hydrogen, Methane, and Carbon Dioxide in Highly
Porous Covalent Organic Frameworks for Clean Energy Applications. J. Am. Chem. Soc. 131,
8875-8883 (2009).

16. Coté, A.P. et al. Porous, Crystalline, Covalent Organic Frameworks. Science 310, 1166-1170
(2005).

17. Liu, W. et al. A two-dimensional conjugated aromatic polymer via C—C coupling reaction. Nat.
Chem. 9, 563-570 (2017).

18.Bin, H. et al. 11.4% Efficiency non-fullerene polymer solar cells with trialkylsilyl substituted

2D-conjugated polymer as donor. Nat. Commun. 7, 13651 (2016).



251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

19. Liu, K. et al. On-water surface synthesis of crystalline, few-layer two-dimensional polymers
assisted by surfactant monolayers. Nat. Chem. 11, 994-1000 (2019).

20. Lange, R.Z., Hofer, G., Weber, T. & Schliiter, A.D. A Two-Dimensional Polymer Synthesized
through Topochemical [2 + 2]-Cycloaddition on the Multigram Scale. J. Am. Chem. Soc. 139,
2053-2059 (2017).

21.Kissel, P., Murray, D.J., Wulftange, W.J., Catalano, V.J. & King, B.T. A nanoporous two-
dimensional polymer by single-crystal-to-single-crystal photopolymerization. Nat. Chem. 6,
774-778 (2014).

22.Kory, M.J. et al. Gram-scale synthesis of two-dimensional polymer crystals and their structure
analysis by X-ray diffraction. Nat. Chem. 6, 779-784 (2014).

23. Dieter Schliiter, A. Mastering polymer chemistry in two dimensions. Comm. Chem. 3, 12
(2020).

24. Grill, L. & Hecht, S. Covalent on-surface polymerization. Nat. Chem. 12, 115-130 (2020).

25.7Zhong, Y. et al. Wafer-scale synthesis of monolayer two-dimensional porphyrin polymers for
hybrid superlattices. Science 366, 1379-1384 (2019).

26. Kissel, P. et al. A two-dimensional polymer prepared by organic synthesis. Nat. Chem. 4, 287-
291 (2012).

27.Evans, A.M. et al. Seeded growth of single-crystal two-dimensional covalent organic
frameworks. Science 361, 52-57 (2018).

28.Evans, A.M. et al. Emissive Single-Crystalline Boroxine-Linked Colloidal Covalent Organic
Frameworks. J. Am. Chem. Soc. 141, 19728-19735 (2019).

29. Martinez-Abadia, M. & Mateo-Alonso, A. Structural Approaches to Control Interlayer

Interactions in 2D Covalent Organic Frameworks. Adv. Mater. 32, 2002366 (2020).



274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

30.Li, H. et al. Nucleation—Elongation Dynamics of Two-Dimensional Covalent Organic
Frameworks. J. Am. Chem. Soc. 142, 1367-1374 (2020).

31.Li, H. et al. Nucleation and Growth of Covalent Organic Frameworks from Solution: The
Example of COF-5. J. Am. Chem. Soc. 139, 16310-16318 (2017).

32.Smith, B.J. & Dichtel, W.R. Mechanistic Studies of Two-Dimensional Covalent Organic
Frameworks Rapidly Polymerized from Initially Homogenous Conditions. J. Am. Chem. Soc.
136, 8783-8789 (2014).

33. Liu, X.-H. et al. On-Surface Synthesis of Single-Layered Two-Dimensional Covalent Organic
Frameworks via Solid—Vapor Interface Reactions. J. Am. Chem. Soc. 135, 10470-10474 (2013).

34.Liu, C., Yu, Y., Zhang, W., Zeng, Q. & Lei, S. Room-Temperature Synthesis of Covalent
Organic Frameworks with a Boronic Ester Linkage at the Liquid/Solid Interface. Chem.-Eur.
J. 22, 18412-18418 (2016).

35. Grossmann, L. et al. On-surface photopolymerization of two-dimensional polymers ordered on
the mesoscale. Nat. Chem. 13, 730-736 (2021).

36. Schliiter, A.D., Weber, T. & Hofer, G. How to use X-ray diffraction to elucidate 2D
polymerization propagation in single crystals. Chem. Soc. Rev. 49, 5140-5158 (2020).

37.Crawford, A.G. et al. Synthesis of 2- and 2,7-Functionalized Pyrene Derivatives: An
Application of Selective C-H Borylation. Chem. Eur. J. 18, 5022-5035 (2012).

38.Wan, S., Guo, J., Kim, J., Ihee, H. & Jiang, D. A Photoconductive Covalent Organic Framework:
Self-Condensed Arene Cubes Composed of Eclipsed 2D Polypyrene Sheets for Photocurrent
Generation. Angew. Chem. Int. Ed. 48, 5439-5442 (2009).

39.Medina, D.D. et al. Room Temperature Synthesis of Covalent—Organic Framework Films

through Vapor-Assisted Conversion. J. Am. Chem. Soc. 137, 1016-1019 (2015).



297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

40. Dienstmaier, J.F. et al. Isoreticular Two-Dimensional Covalent Organic Frameworks
Synthesized by On-Surface Condensation of Diboronic Acids. ACS Nano 6, 7234-7242 (2012).

41.Bilbao, N. et al. Anatomy of On-Surface Synthesized Boroxine Two-Dimensional Polymers.
ACS Nano 14, 2354-2365 (2020).

42.Sassi, M., Oison, V., Debierre, J.-M. & Humbel, S. Modelling the Two-Dimensional
Polymerization of 1,4-Benzene Diboronic Acid on a Ag Surface. ChemPhysChem 10, 2480-
2485 (2009).

43. Gasser, U., Weeks, E.R., Schofield, A., Pusey, PN. & Weitz, D.A. Real-Space Imaging of
Nucleation and Growth in Colloidal Crystallization. Science 292, 258-262 (2001).

44.Cai, Z.-F. et al. Electric-Field-Mediated Reversible Transformation between Supramolecular
Networks and Covalent Organic Frameworks. J. Am. Chem. Soc. 141, 11404-11408 (2019).

45.7Zhan, G., Cai, Z.-F., Martinez-Abadia, M., Mateo-Alonso, A. & De Feyter, S. Real-Time
Molecular-Scale Imaging of Dynamic Network Switching between Covalent Organic
Frameworks. J. Am. Chem. Soc. 142, 5964-5968 (2020).

46.Li, D. et al. Direction-Specific Interactions Control Crystal Growth by Oriented Attachment.
Science 336, 1014-1018 (2012).

47.De Yoreo James, J. et al. Crystallization by particle attachment in synthetic, biogenic, and
geologic environments. Science 349, aaa6760 (2015).

48. Viswanathan, R. & Bauer, C.L. Kinetics of grain boundary migration in copper bicrystals with
[001] rotation axes. Acta Metall. 21, 1099-1109 (1973).

49. Sun, R.C. & Bauer, C.L. Tilt boundary migration in NaCl bicrystals. Acta Metall. 18, 639-647

(1970).



319

320

321

322
323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

50.Rollett, A.D., Srolovitz, D.J. & Anderson, M.P. Simulation and theory of abnormal grain
growth—anisotropic grain boundary energies and mobilities. Acta Metall. 37, 1227-1240

(1989).

Fig. 1 | Disorder to order transition. a, Schematic illustration of the dynamic nucleation process,
from the monomer building block pyrene-2,7-diboronic acid (PDBA, left panel) towards the
generation of 2D polymers nuclei (right panel), monitored by in situ STM at the 1-octanoic
acid/HOPG interface. Four STM images reveal oligomers with variable sizes before forming a
closed hexagonal unit. b, Amorphous phase formed on HOPG, insert: fast Fourier transform (FFT)
image revealing the halo feature. ¢, Emergence of honeycomb clusters within the amorphous
phase; insert: FFT of areas contoured with white dashed curve. d, High resolution STM image of
the honeycomb cluster. White dotted square points out the unit three-armed pattern of 2D polymers
with the chemical structure shown in e. f, Reaction pathway, representative structures and energies,
for the on-surface polymerization of three monomers to give a trimer. The energies (in kcal/mol)
are relative to isolated monomers on the surface. g, Snapshots of different images, showing
individual nuclei with their sizes ranging from 1 to 19 hexagonally ordered cavities. Imaging
conditions: b-c, 40 nm x 40 nm, It = 0.04 nA, Viias =-0.2 V. d, 10 nm X 10 nm, fset = 0.04 nA,

Vbias = 0.5 V. g, 12 nm X 12 Ilm, Iset = 0.04 IlA, Vbias = 0.5 V.

Fig. 2 | Nucleation-elongation processes. a-d, Large scale STM images obtained during the
nucleation-growth processes. e, Growth rates plotted against the size of 2268 individual nuclei. f,
Plot of the probability difference to grow (pg) and the probability to shrink (ps) against the nuclei

diameter, allowing for the determination of critical nucleation size d.. g, The evolution of the
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number density (Ne. um™?) of ‘matured’ nuclei (d > d.) over time. The nucleation rate (J) is
obtained from the slope of a linear fit. h, The evolution of the average nucleus size (mean value of
the diameter of ‘matured’ nuclei) over time, providing the average growth rate. Insert: plot of
surface coverage of 2DPs over time. Imaging conditions: a-d, 150 nm x 150 nm, I = 0.08 nA,

Vbias = 0.3 V.

Fig. 3 | Normal and abnormal 2D grain growth routes. a, Scheme illustrating the tilt angle 6
between the crystallographic orientation of 2DPs and the main axes of HOPG lattice [100]. b, STM
image revealing four possible orientations colored in orange, pink, blue, and green, respectively.
¢, Scheme illustrating the four tilt angles with respect to graphite lattice: +27° (R1) /-27° (S1) and
+19° (R2) /-19° (S2). d, Scheme illustrating the normal and abnormal grain growth processes. e-g,
STM images from Supplementary Video 4 at time = 0 min, 30 min and 75 min, respectively. h,
The evolution of 2DPs coverage (R in blue and S1in green) over time. i, The evolution of average
grain size over time. j-1, STM images from Supplementary Video 5 at time = 0 min, 30 min and
75 min, respectively. m, The evolution of 2DPs coverage (R in blue, S1in green and S» in orange)
over time. n, Bimodal evolution of average grain size over time, displaying the preferential growth
of Sxtype at the expense of Ry and Si. Imaging conditions: b, 80 nm x 80 nm, Iyt = 0.1 nA, Vpias =
0.3 V. e-g, 60 nm x 60 nm, Isec = 0.08 nA, Viias = 0.3 V. j-1, 100 nm x 100 nm, Iset = 0.08 nA, Vbias

=0.3 V.

Fig. 4 | Identification of grain boundaries (GB) and their kinetic movement. a, STM image
showing the displacement of two nuclei sharing the same crystallographic orientations. b-¢, Tilt
GBs of two nuclei of either primary or secondary type, of which a grain misorientation of 6° (R1/S1)

and 22° are identified, respectively. d, Tilt GB formed between a secondary type nucleus (R2) and
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the surrounded primary type (R or Si), leading to a grain misorientation of 8° and 14°. e-h,
Sequential recorded images showing the kinetic movement of GB-/I over time. i-l1, Sequential
recorded images showing the kinetic movement of GB-V over time. The white dashed circles in
panel e-l indicate the immobilized point defects during the sequential imaging processes. Imaging
conditions: a-h, 30 nm x 30 nm, Zt = 0.08 nA, Viias = 0.3 V. i-1, 40 nm x 40 nm, It = 0.08 nA,

Vbias = 0.3 V

Methods

Chemicals and sample preparation.

Pyrene-2,7-diboronic acid (PDBA) was synthesized as reported in the literature®”. 1-octanoic acid
(Sigma-Aldrich > 99%) and dimethylsulfoxide (Sigma-Aldrich > 99%) were used without further
purification. Solutions of PDBA were prepared by dissolving the solid sample in
dimethylsulfoxide (1 mg/g) and further diluted with 1-octanoic acid to generate concentration
series. For all STM measurements, we use commercially available solvent without further

treatment. The ambient humidity was controlled to be in the range of 45% to 50%.

In situ STM measurements.

All experiments were performed at room temperature using a PicoLE (Agilent) machine operating
in constant-current mode. STM tips were prepared by mechanical cutting from Pt/Ir wire (80/20,
diameter 0.25 mm, Advent Research Materials). HOPG (grade ZYB, Momentive Performance
Material Quartz Inc., Strongsville, OH, USA) was used as substrate for STM measurements at the
solid-liquid interface under ambient conditions. Several samples were investigated, and for each
sample, several locations were probed. The bias voltage refers to the substrate. STM images were

processed using Scanning Probe Image Processor (SPIP, Image Metrology ApS) software.
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Imaging parameters for the STM images are indicated in the figure captions and denoted by Vpias

for sample bias and I, for tunneling current.

Density Functional Theory (DFT) and Tight Binding (TB) calculations.

DFT calculations were performed with the Fritz Haber Institute ab initio molecular simulations

51-53

package’'~° using “light” numeric atomic orbitals, which approximately correspond to the TZVP

level of calculations. The PBE functional augmented with Many Body Dispersion (MBD)

corrections>*>>

was used for geometry optimization and energies. All presented data are
geometrically optimized minima obtained either with the FHI-aims internal optimizer or with the
FIRE optimizer’® via the Atomic Simulation Environment (ASE)*’. Tight Binding (TB)
calculations were benchmarked against DFT and used for the larger computations. For the study
of the motion of monomers, dimers and trimers and periodic 2DPs adsorbed on graphene the
Matsci parameter set with dispersion classical corrections from OPLSAA force-field

5839 was used within the DFTB+ program®. The polymerization pathway was

parametrization
computed with the NEB-CI methodology with 8 images on a graphene 2D unit cell with 4 nm side
with 512 carbon atoms cut from a graphite crystal with a GFN1-xTB Hamiltonian® within the
DFTB module of the current version of the Amsterdam Modeling Suite®. The computation of the
larger systems presented, a finite 2DPs on a hexagonal graphene flake with 15780 atoms,

Supplementary Fig. S27, was performed with the XTB v6.4.1 software® with the GFN-FF

Hamiltonian®*.

STM image calibration.

For analysis purposes, recording of each series of images was followed by imaging the graphite
substrate underneath it under the same experimental conditions, except for increasing the current

and lowering the bias. Raw STM images were calibrated by using the STM images of the HOPG
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lattice as a reference. This exercise removes the distortions in the STM images that arise due to
thermal drift. The lattice parameters were then obtained from these calibrated images. SPIP

software (Image Metrology ApS) was used for image calibration.
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Data availability

The main data supporting the findings of this study are available within the paper and its
Supplementary Information. Additional data are available from the corresponding authors upon

reasonable request.
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