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Low energy permanent magnetic fields (0.5T) applied in hydrodynamically turbulent 

conditions are observed to enhance self-assembly of geometrically frustrated spin 

systems (spin-glass, spin-ice or spin–liquid). This effect is demonstrated for the 

crystallization of vanadium oxide nano-scrolls, manganese oxide nano-tubes and 

HKUST-1 type Cu3(BTC)2.3H2O Metal-Organic Framework. Crystallization of these 

geometrically frustrated spin systems involves spin coupling and alignment of initially 

isolated paramagnetic metal ions, respectively V(IV), Mn(IV) and Cu(II) into molecular 

precursor units that self-assemble into the final material. The electromagnetic and 

hydrodynamic forces applied during magnetohydrodynamic precursor treatment induce 

a long lived state of collective spin order by the resonant coupling of magnetic field and 

turbulent structured flow. This altered magnetic alignment in the molecular precursor 

units consequently assist the self-assembly process. The presented experimental setup 

enables precise control over the magnetohydrodynamic conditions during synthesis, 

which will be essential to elucidating the detailed mechanism. 

Molecular assembly involves the self-organization of pre-existing chemical units into larger, 

ordered structures.[1] While self-assembly can be driven merely by cooperative interaction 
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forces, dynamic phenomena and transient interactions or shapes play an important role in 

processes involving energy dissipation.[2,3] Literature provides examples of such energy 

dissipative self-assembly processes in a magnetic field. Grzybowski et al. demonstrated a 

dissipative self-assembling system generating high degrees of order from a disordered set of 

macroscopic paramagnetic discs floating at an air/water interface.[4] The rotation of an 

external magnetic field below the system forced the discs to self-organize into a hexagonal 

pattern of auto-rotating monomeric units as result of the competition between the magnetic 

and auto-rotation induced hydrodynamic forces. On a molecular scale, Coey et al. 

demonstrated how a permanent magnetic field (1T) can be used to create a self-contained tube 

of concentrated paramagnetic electrolyte solution flowing inside a solution of ultra-pure 

water.[5,6] 

These examples demonstrate how the application of a static, external magnetic field on 

moving magnetic or electric dipoles (or vice versa) results in an accumulation of forces 

comprising the Lorenz force, field induced internal electric currents generating an opposing 

magnetic force and the hydrodynamic forces. In case of electrolyte solutions containing 

paramagnetic ions (charged magnetic dipoles) the resulting effective magnetic and electric 

fields are extremely complex, but still can be tuned to either suppress or augment convection 

and dispersion of paramagnetic ions in the solvent.[5]  

The external forces acting on a flow of charged species can be controlled by guiding the flow 

through a restriction in a hydrodynamic (HD) system, with a permanent magnetic field 

perpendicular to the flow direction, the so-called magnetohydrodynamic (MHD) system.[6] 

MHD treatment with weak magnetic field has already been demonstrated to assist in 

formation of monodisperse emulsions,[7] in nano-aggregate breakup,[8,9] and in Mo-V-Sb 

mixed oxide catalyst synthesis.[10] 

This manuscript reports on a new type of MHD induced phenomenon dramatically and 

permanently affecting self-organization and magnetic structure of spin-ice, spin-glass or 
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spin-liquid materials during wet-chemical synthesis. This effect is demonstrated by 

application of a weak permanent magnetic field (ca. 0.3 T) during synthesis of vanadium 

oxide nano-scrolls, manganese oxide nano-tubes and COK-16, a polyoxometalate 

encapsulating HKUST-1 type MOF in a magnetohydrodynamic device. The presented MHD 

system enables precise variation of the nonlinear flow-magnetic field dynamics by controlling 

the MHD parameters - flow and field.[11] Since the beneficial effects induced in the example 

materials are likely to occur in many systems, MHD synthesis of technologically advanced 

materials is expected to both represent significant economic value, and deepen the 

mechanistic understanding of dynamical self-assembly processes.[12,13] 

Manganese oxide nanorods are rod-like morphologies of the 2x2 tunnel oxide hollandite, 

which are commonly synthesised by chemical reduction of dissolved permanganate followed 

by hydrothermal treatment.[14] In presence of K+ cations, prolonged hydrothermal treatment 

converts the initially dense nanorods (diameter: 100 nm) into hollow nanotubes with a wall 

thickness of 30 nm via a chemical etching process.[15] Post-synthesis modifications changing 

the K+ content in the 2x2 tunnel cavity allows tuning of the magnetic properties α-MnO2 

nanotubes by alteration of the distribution of Mn3+ and Mn4+ ions on the triangular lattice of 

the Kagomé oxide α-KxMnO2. Above x=0.1 the geometrical frustration of the spins leads to 

spin glass behaviour.[16] 

Preparation of K+ doped α-MnO2 nanorods by hydrothermal treatment of a hydrodynamically 

mixed synthesis suspension (HCl + KMnO4)[17] resulted in whorled, rodlike MnO2 

nanocrystals with poorly defined morphology and plenty of surface defects in the form of 

ongrown secondary crystallites. Addition of a weak permanent magnetic field (0.3 T) 

perpendicular to the flow in the HD device to create magnetohydrodynamic turbulent 

conditions, improved the self-assembly leading directly to nanotubes during hydrothermal 

treatment. As shown in Figure 2 (P-XRD and Electron Microscopy (EM)), the MHD pre-

treatment induces the formation of well-defined hollow MnO2 nanotubes, increases yield and 
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crystallinity, supresses formation of non-tubular crystals and surface-nucleation (XRD, 

Scanning EM, Transmission EM; see Figures S4 – S5). As shown by Luo et al., the growth 

process of these hollow nanotubes involves initial self-assembly of dense nanorods, followed 

by chemical etching of the inner core. This process was shown to be higly dependent on the 

spin order in the structure,[15,16] and can be correlated with the dissolution of an 

antiferromagnetic inner core of α-MnO2 (hollandite), in favour of an α-KxMnO2 

(cryptomelane) shell with spin glass behaviour.[15,16,18] Therefore it can be hypothesized that 

the MHD turbulent conditions applied during pre-treatment induce a long lived state of 

collective spin order by the resonant coupling of magnetic field and turbulent structured flow 

(Couette type). The internal spin order of the nanoscopic building units consequently 

improves self-assembly and induces formation of perfectly aligned, hollow nanotubes, 

without any need for etching dense nanorods. 

Vanadium oxide nanoscrolls can be synthesized from brightly yellow layered vanadium 

pentoxide. During the first stages of the synthesis, the layered V2O5 is intercalated with 

organic amine templates at room temperature.[19] During intercalation, diamagnetic V+5 is 

partially reduced to paramagnetic V+4, a process accompanied with a progressive change in 

color from bright yellow via orange to deep brown-red, caused by a precursor with polarons 

that are mobile within the vanadium sheets. This precursor is best described as spin liquid 

system.[19,20] Upon hydrothermal treatment of this deep red precursor gel,[19] the mixed 

octahedral/tetrahedral layers flex to form vanadium nanoscrolls from alkylamine[VOx] sheets, 

closely related to the structure observed in TMA[V4O10].[21] In a synthesis combining a stirred 

pre-treatment with the hydrothermal treatment non-uniform scrolls with low degrees of order 

of the scrolling are obtained. MHD treatment strongly enhances precursor formation resulting 

in deep red gels after 3 h of MHD treatment as compared to 6 h of pure HD treatment. 

Furthermore, MHD pre-treatment drastically improves intra- and inter-layer order, which 

upon hydrothermal treatment leads to unprecedented hexagonally scrolled materials (Figure 
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3). Commeinhes et al. demonstrated with polarized-light microscopy how application of a 

weak permanent field orients the nanoribbons comprising nematic vanadium pentoxide gels to 

form one single magnetic domain.[22] Translated to the MHD turbulent conditions prevailing 

during MHD pretreatment of the nanoscroll synthesis gel, the local formation of magnetic 

domains implies an alignment of the spins within and between neighbouring VOx nanosheets 

during their presence in the magnetic field. This increase in correlation time can allow 

unpaired electron spins to evolve into weakly coupled electron spin structures.[23]
 The 

hexagonal scrolling can easily be rationalised considering the construction of the V2O5 sheets 

with chains of vanadium square pyramids (SP) with their apexes alternating up (U) and down 

(D) while sharing two neighbouring edges of the base. These UD chains share SP corners in 

such a way that they can be transformed to each other by a 120° rotation along a chiral 3-fold 

axis. Related structures are for example found in VnO2n+1  hexagonal tunnel frameworks such 

as Cs0.3V2O5 and Cs0.35V3O7.[24] 

In case of polyoxometalate encapsulated metal organic framework COK-16,[25,26] magneto 

hydrodynamic (MHD) synthesis results in the appearance of a double quantum excitation in 

the Electron Paramagnetic Resonance (EPR) spectrum (Figure 1) without changing the 

framework structure, according to X-ray Diffraction (XRD) (Figure S 2). These half-field 

transitions are typically observed when magnetic dipole/dipole coupling between Cu2+ sites or 

Cu2+ pairs gain importance, relative to the direct exchange or super-exchange coupling in the 

pairs. The rate limiting reaction steps in the synthesis of HKUST-1 type MOFs such as COK-

16 is the conversion of isolated, paramagnetic Cu2+ ions into diamagnetic Cu2
4+ pairs in 

paddle wheels (Figure 1, inset left). Antiferromagnetic (AF) coupling between the Cu2+ spins 

in the paddle wheel occurs via a super-exchange mechanism. Comparison of the quantitative 

EPR spectra for COK-16 synthesized in presence and absence of magnetic fields (Figure 1) 

indicates significant differences in the magnetic ordering of the AF coupled paddle wheels. 

The lower intensity of the broad, isotropic Lorentzian component indicates improved long-
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range antiferromagnetic ordering. Together with the appearance of a half-field transition in 

the powder EPR spectrum a significant, positive influence of the magnetic field on the 

formation of the EPR silent spin coupled copper dimers is evident. As expected both phases 

(MHD and HD only) contain a spectral component due to the presence of mononuclear, 

extraframework Cu+2 compensating the charge of the HPA units enclosed in the pores.[25] The 

broad, isotropic signal resulting from the inter-dimer interaction between the AF coupled [Cu-

Cu]4+ dimers, indicates increased diamagnetism of the phase crystallized in presence of the 

magnetic field. Because the structure does not change (as confirmed by XRD, Figure S 2), 

enhanced magnetic ordering between the paddle wheels can be concluded. Even without 

MHD mixing, the interaction between Cu2+ and Keggin ion induces dimerization of Cu2+ 

improving the formation of Cu3(BTC)2.3H2O, allowing room temperature formation as 

opposed to the typical hydrothermal synthesis of HKUST-1.[26] This effect is clearly enhanced 

by the presence of the magnetic field, during the MHD synthesis. The half-field resonance in 

the EPR spectra of the MHD synthesized sample results from a formally forbidden double 

quantum coherence in a thermally populated triplet state. The magnetic treatment during self-

assembly of the material clearly affects the efficiency of this coherence transfer. A similar 

half-field transition was observed by Veber et al. studying a temperature induced phase spin 

transition inducing a diamagnetic dilution of Cu(hfac)2LMe.[27] It should be noted that the 

111 planes in the Cu3(BTC)2.3H2O structure resemble a Kagomé lattice with AF coupled Cu2+ 

pairs located on the corners of each triangle (Figure 1, inset right). Since Kagomé lattices 

count among the geometrically most frustrated magnetic systems,[28] the strong effect of 

relatively small magnetic fields becomes less surprising. 

Magnetic field effects (MFEs) have been reported on chemical reactions with unpaired, spin 

correlated bi-radicals. MFEs can occur whenever radical pairs structurally or kinetically 
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evolve differently, depending on their spin state (Singlet, |S0> or Triplet, |T0>,|T-1>,|T+1>).*,[29–

31] This is mostly studied in the field of Chemically Induced Nuclear or Electron Polarisation 

spectroscopy (CIDNP and CIDEP), or solid state NMR DNP[30] using bi-radicals in situ 

prepared via homolytic decomposition of C-C bonds or stable bi-radicals specifically 

designed for DNP.[32] Initially, these radicals are strongly correlated and the exchange 

interaction locks the Larmor frequencies of their spins hence maintaining the energy 

difference between the singlet and triplet states. Following their creation, the radicals begin to 

diffuse apart, weakening the coupling and resulting in a weakly coupled electron (radical) pair 

just before complete separation. In this weak coupling regime, S-T transitions can be induced 

by several magnetic interactions: ∆g mechanism (Zeeman coupling), hyperfine coupling, spin 

orbit coupling and their related relaxation processes (spin-spin, spin lattice).[33–35]  Strength of 

these couplings and their effect on the rate of T-T interconversion and S-T intersystem 

crossing (ISC) depends on the chemical system, the inter-radical distance and external 

magnetic fields. For weakly coupled electron pairs in magnetic fields with strengths in the 

same order of magnitude as the nuclear hyperfine coupling energy (<1000 G ), the hyperfine 

coupling mechanism can induce spin flips by spin exchange between an electronic and a 

nuclear spin (“double quanta”), hence conserving the total spin angular momentum. In higher 

fields, where the Zeeman splitting matches the S-T splitting due to exchange, either the |T-1> 

or |T+1> state becomes degenerate with |S0> (for electron pairs with triplet or singlet ground 

states respectively) hence re-enabling the hyper-fine induced ISC. In addition, spin 

polarization in weakly coupled triplet-doublet pairs in external magnetic fields can also be 

expected to occur via energy transfer from a quartet or doublet precursor state.[23] 

In contrast with the score of studies investigating MFEs in systems with geminal singlet or 

triplet-born spin correlated radical pairs [29,33,36–38] (e.g. created using laser flash photolysis), 

                                                 
* |S0> = 1/√2(|αβ>−|βα>) ; |T+1> |αα> ; |T0> = 1/√2(|αβ>+|βα>) ; |T-1> |ββ> 
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almost no research has been performed on MFE’s involving initially uncorrelated radicals, e.g. 

dissolved paramagnetic metal ions or radicals.[39,40] Because ISC is typically much longer 

lived than diffusional migration of free radicals, such MFEs most often have been observed in 

micelle systems or systems with increased viscosity where cage reactions increase the lifetime 

of spin correlated radical pairs.[35,41] 

Lifetimes of interacting spin systems are significantly increased when consisting of uni-

molecular bi-radicals, micelles or in viscous solvents while spin polarization occurs via fast 

reactions. The MFEs described in this manuscript all occur in systems with initially 

uncorrelated paramagnetic ions forming AF coupled spin pairs during synthesis. 

Consideration of collisional spin pairing statistics readily indicates the importance of S-T ISC 

during formation of such spin coupled dimers with singlet ground states.[42,43] Since all 

examples describe solids formed during the MHD treatment, diffusion is expected to be 

limited, at least on local scale. 

The lifetime of spin pairs adsorbed on the surface of the solid phase is probably sufficient to 

allow ISC, as demonstrated by NMR signal amplification by reversible exchange (NMR-

SABRE), where reversible sorption of para-hydrogen in low magnetic field enables the 

transfer of spin polarization to a substrate which becomes hyperpolarized without chemical 

modification.[44] Furthermore, a surface can generate local magnetic field gradients, 

demonstrated to be beneficial for ISC enhancement.[45–47] 

The present observations have some similarity with relatively weak magnetic fields also 

influence the ratio between the CaCO3 allotropes calcite and aragonite.[48–51] Weak magnetic 

fields are also exploited to improve the quality of silicon and germanium single crystals 

grown by the Czochralski process.[52] Funasako et al. demonstrated how a weak external 

magnetic field (< 1T), applied during room temperature crystallisation of a paramagnetic 

ionic liquid induced long range magnetic order in the obtained ferrocenium.[53] While 
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experimental evidence for a strong effect of magnetic fields on self-assembly under 

hydrodynamic conditions is accumulating, the theoretical framework remains intangible.[54,55] 

The most comprehensive experimental realisations of long lived hyperpolarized spin states of 

weak magnetic order can be recognized in the interacting pairs of AF coupled spins in the 

[Cu-Cu]4+  paddle wheel dimers found in MHD synthesized COK-16, or in the singlet long 

lived state of a pair of coupled spins ½ in magnetic resonance hyperpolarization. Though the 

long lived singlet states observed and experimentally used in NMR are within reach of 

theoretical treatment of pair of spins residing in collective spin assemblies, theoretical 

methodologies have not yet been implemented to allow full treatment within current 

computability limits. A new paradigm for coarser grain computational algorithms must 

become available before theoretical treatment in large-scale chemical systems could be 

achieved.  

In contrast with the current limitations of theoretical treatment, the role of turbulent flow and 

magnetic field are confirmed to be related to field orientation, perpendicular to the flow, the 

flow speed, and the time of exposure to the magnetic field, with an additional internal 

fluctuation time determined by the weak inter-spin couplings. These four parameters not only 

control suppression of convection and decreased self-diffusion, resulting in an increase of 

residence time in collectively migrating density fluctuations, but also determine the timescale 

and frequency of exposure to the external magnetic field.  

The simplicity of the presented experimental MHD device and the resulting control over the 

critical parameters, flow, magnetic field and total residence time in the magnetic field allows 

systematic experimental exploration of many systems within rigorously controlled physico-

chemical conditions. Extension of the current device with frequency controlled alternating 

magnetic fields will also enable exploration of weak inter-spin coupling by tuning the devices 

resonant mode to the fluctuating internal inter-spin fluctuations. 
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Conclusions 

This report describes how magnetically enhanced hydrodynamic synthesis significantly 

improves self-assembly and crystallisation of technologically and economically relevant 

materials containing interacting spin coupled paramagnetic metal ions. Asides increasing 

efficiency of the synthesis, the magnetic field permanently and drastically improves magnetic 

order in the material. The simplicity and versatility of the MHD strategy already enables its 

application for innovation of material synthesis processes and identification of materials 

potentially hosting long lived polarised spin states. 

Similar to simple crystallisation, self-assembly in dynamic systems remains almost terra 

incognita because of the difficulty to measure and assess proper phenomena governing the 

transition from density fluctuation to crystallization. The presented magneto hydrodynamic 

(MHD) strategy enables the development of a new class of devices providing control over 

parameters that were considered out of reach of manipulation: suppression of self-diffusion, 

time length of coherent collective behaviour, time window of induction spin order. Nucleation, 

crystallization and morphological control are therefore accessible with a much broader range 

of physico-chemical controls for elucidating complex many-body spin systems that resisted 

advanced investigation up to now. 

Although a general framework explaining the generation of long lived spin states and their 

impact during magnetically enhanced material synthesis is developing very fast, further 

improvements will be dependent upon experimental categorization of the score of 

physicochemical parameters potentially affecting this process needs to be simplified by 

experimental categorization derived from by systematic observations for different chemical 

systems. The development of inter-spin coupling of pairs in the different schemes of 

hyperpolarization in NMR can impact deeply the description of these long lived magnetic, 

albeit at a cost of developing a new generation of theoretical models for description of 

multi-spin magnetic interactions. As a result the presented results can be expected to stimulate 
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the exploitation of the magnetic field effects on material synthesis, and also to induce further 

developments in spectroscopies exploiting spin polarization. 

 

Experimental Section 

HKUST-1 type MOF COK-16 was prepared by dissolution of Cu(NO3)2.3H2O (Fluka) in a 

10-3 M H3PW12O40 (Fluka) solution prepared using a 50% vol. ethanol (VWR)-water solution 

containing 0.1 M NaNO3. Upon complete dissolution, a 1.259 x 10-2 M 1,3,5-H3Btc (Acros 

organics) solution prepared 50% vol. ethanol-water containing 0.1 M NaNO3 in was added. 

After mixing the pH of all synthesis solutions was 30.1. 50 ml of the synthesis mixture was 

transferred to a transparent tube (Masterflex High Perfomance Tygon® 70 Lab tubing R-3603, 

with 8 mm inner diameter and total volume of 50 ml) equipped with a magneto hydrodynamic 

device and pumped at RT in a peristaltic pump (Cole Parmer High Performance Pump - 

Model I/P 77600-62) applying a flow rate of 4 L/min respectively in absence and presence of 

an external magnetic field (NdFeB block magnets, B = 0.3 T) oriented orthogonally to the 

flow direction.  

Manganese oxide nanotubes were prepared in the MHD system describe above, using a 

synthesis recipe described in literature.[17] 0.39 g potassium permanganate (KMnO4) was 

mixed with 0.82 mL hydrochloric acid (37 %) in 45 mL dest. water. The resulting mixture 

was aged for 10 minutes in the MHD system at a flow rate of 4 L/min, respectively in absence 

and presence of the external magnetic field. The final products were obtained after 

hydrothermal treatment at 140 °C for 12 h, dried in a vacuum oven overnight (40 °C) and 

analyzed by XRD, SEM and TEM. 

Vanadium oxide nanoscroll synthesis was done by mixing 42 mL solvent (EtOH/H2O = ½ 

vol/vol), 6.68 g of V2O5 (36.73 mmole) and 4.92 g of dodecylamine (26.54 mmole), 

corresponding to a surfactant-to-vanadium ratio of 0.36. The mixture (total volume: 50 mL)  

was filled in the tubing of the MHD system and aged for 6 h at 4 L/min respectively  in 
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absence and presence of the external magnetic field oriented orthogonally to the flow 

direction. The resulting gel was transferred into a Teflon-lined autoclave (23 mL volume) and 

hydrothermally treated for 3 days. The as-synthesized nanotubes were filtered, washed with 

EtOH and hexane and also dried under vacuum. 

Powder XRD patterns were obtained for all samples from 3 to 90 degrees 2θ using a Stadi P 

(CuKα1, STOE & Cie GmbH) in θ-2θ geometry and capillary mode. STOE Software 

WinXPOW was used to process the data. 

EPR spectra were measured on samples diluted in K2SO4 (4%wt) using a Bruker ESP 300E 

X-band EPR spectrometer at 295 K and 140 K, using 50 KHz magnetic field modulation and 

a microwave frequency of 9.594 GHz. The magnetic field was centered at 3415 G using a 

sweep width of 6000 G,  the microwave power was set at 20 mW, the modulation amplitude 

at 4.48 G, the time constant and conversion time at respectively 10.24 and 40.96 ms, and the 

receiver gain at 1.25 x104. The graphs were plotted using Igor Pro 6.2.  

Tilt series for electron tomography were obtained using a FEI Tecnai G2 electron microscope, 

operated at 200 kV and equipped with a Fischione tilt-rotation model 2040 tomography holder. 

The high angle annular dark field-scanning transmission electron microscopy (HAADF-

STEM) images were acquired from -70° to +72° using 2° tilt increments for each sample. 

Alignment and reconstruction of the series were carried out using the FEI Inspect3D software. 

The 3 dimensional reconstruction was based on the Simultaneous Iterative Reconstruction 

Technique (SIRT), as implemented in Inspect 3D software. 

Supporting Information 

Supporting Information is available online or from the author. 
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Figure 1: Room temperature EPR spectra of COK-16 for a stirred, hydrodynamic (HD) and 

magneto-hydrodynamic (MHD) synthesis using a static magnetic field of 0.3 T. 

Measurements at 140 K are provided in the supplementary material (Figure S1). The inset on 

the left shows a Cu paddle wheel, the basic building block of the structure. The one on the 

right provides a general view of the COK-16 structure, where the Cu-pairs are arranged in a 

Kagomé lattice [28] in the 111 planes. Green arrows illustrate the alignment of the magnetic 

moments. 
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Figure 2: MnO2 nanotubes after hydrothermal treatment, obtained from reaction mixtures 

pretreated in presence (a,c) and absence (b,d) of an external magnetic field (B = 0.3 T). a and 

b: SEM images, c and d: Electron tomography showing the particle morphology along 

different viewing directions. The inset (center) illustrates the crystal structure of α-MnO2. The 

differently colored octahedra symbolise opposite alignment of the magnetic moments. 
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Figure 3: Conventional bright field transmission electron microscopy images of vanadium 

oxide nanotubes (VOx-NTs) obtained after hydrothermal aging of precursor gels pretreated 

with MHD and HD are presented in Figure 3 a and c respectively. These images only 

correspond to 2 dimensional projections of 3 dimensional objects. Therefore, electron 

tomography was used and cross sectional slices through the (3 dimensional) reconstructed 

volume are presented in Figure 3 b and d. Note the improved ordering and increased layer 

stacking in the tube walls, highlighted by a well-defined hexagonal cross-section of the tube 

compared to a rather tubular, oligo-layered cross-section of the sample derived from HD 

pretreated gels. 
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Magnetic Field Assisted Ordering of Electron Spins in Nanoscroll, Nanorod and MOF 

Formation Processes 

 

Weak external magnetic fields applied on a recirculating synthesis mixture innovates 

formation of materials containing antiferromagnetically coupled paramagnetic ions. 

This magneto-hydrodynamic effect is demonstrated for three different, technologically 

relevant materials: COK-16 metal organic framework, manganese oxide nanotubes and 

vanadium oxide nano-scrolls.  
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Figure S 1: COK-16 EPR spectra recorded at 295 K (top) and 140 K (bottom) for a stirred, hydrodynamic 

(HD) and magneto-hydrodynamic (MHD) synthesis using a static magnetic field of 0.3 T. All samples were first 

recorded at RT followed by data collection at 140 K. 
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Figure S 2: PXRD patterns for COK-16 samples prepared by mixing the synthesis solutions in a 

hydrodynamic mixing system in presence and absence of a static magnetic field of 0.3 T applied transverse to the 

flow. 

Figure S 2 shows the PXRD patterns for COK-16mailto:HPA@Cu3(BTC)2.3H2O samples prepared 

from the same starting solution but aged at in a hydrodynamic mixing systems respectively in presence and 

absence of a 0.3 T external magnetic field applied transverse to the flow. Refinement of this series of identical 

patterns resulted in similar unit cell parameters (spacegroup Fm3m, unitcell dimensions respectively 26.3169 and 

26.3280Å). 

 

 

 
Figure S 3: COK-16 structure (left) showing the Kagomé lattice (right) found in the 111 planes. 

Superexchange coupled Cu2+ ions are located on each corner of the triangles. 

mailto:HPA@Cu3(BTC)2.3H2O
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Figure S 4: MnO2 nanotubes after hydrothermal treatment, obtained from reaction mixtures pretreated in 

presence (a,c,e) and absence (b,d,f) of an external magnetic field (B = 0.3 T). a and b: SEM images of MnO2 

nanotubes pretrated in presence and absence of an external magnetic field respectively,  c and d: High Resolution 

TEM images of MnO2 nanotubes pretrated in presence and absence of an external magnetic field respectively. 

The EM images only correspond to 2 dimensional projections of 3 dimensional objects. Therefore, electron 

tomography was used and 3D visualizations of the nanotubes is presented along different viewing directions. 
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Figure S 5: PXRD patterns for MnO2 nanotubes after hydrothermal treatment, obtained from reaction mixtures 

pretreated in presence (MHD) and absence (HD) of an external magnetic field (B = 0.3 T).   




