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ABSTRACT:  While intensive studies have focused on the synthesis and characterization of new metal organic 
nanotube (MONT) structures, the lack of size and morphology control remains an obstacle in broadening 
applications for this class of materials. Herein, we demonstrate control of MONT crystallite size and 
morphology by tuning polarity and the protic/aprotic nature of solvents, including dimethylformamide (DMF), 
N-methyl-2-pyrrolidone (NMP), ethanol (EtOH), or 2-methyltetrahydrofuran (MeTHF), for the isostructural 
syntheses of two MONTs. Through a combination of transmission electron microscopy (TEM), powder X-ray 
diffraction (PXRD), and selected area electron diffraction (SAED), we find that MONT crystallite sizes can be 
tuned while maintaining control over relative dispersity without significantly altering the underlying crystal 
structure.  

Introduction 

Metal-organic nanotubes (MONTs) are materials that share similar tunability and porosity 
to their 3-dimensional counterpart, metal-organic frameworks (MOFs).1, 2 Like MOFs, 
MONTs are typically synthesized by ordered assembly of organic linkers and inorganic metal 
salts.2 MONTs have been shown to be amenable to applications which exploit their porosity, 
including gas storage and liquid separation.3-6 Previous studies on MONTs have not only 
focused on controlling the pore shape and aperture through modular approaches (e.g. 2-
pillar, 4-pillar, and 6-pillar), but also expanded towards multivariate ligand functionality to 
successfully generate a statistically copolymerized MONT.7-12  

Yet, a key aspect of MONT tunability that has yet to be fully explored is the ability to control 
the size and morphology of the synthesized crystallites. It has been previously demonstrated 



that the utilization of different solvents for MOF synthesis can result in a change in crystal 
size and morphology, where previous works have demonstrated that even subtle changes to 
the solvothermal MOF synthesis (i.e., solvent ratios or exchanging solvents) resulted in 
significant changes in crystallite morphology and size.13-15 In some cases, these changes 
could result in variations in porosity and adsorption capabilities.16, 17 While there have been 
considerable efforts in exploring this aspect within the field of MOFs through a variety of 
methods, including temperature control, addition of surfactants, solvents selection, and a 
variety of other methods, there is limited research in showing the same can be accomplished 
for MONTs.18-23  

Typically, as-synthesized MONT structures are solved and refined by single crystal X-ray 
diffraction (SCXRD), yet this technique is typically limited to large (> 20 microns), high-
quality crystals to produce atomically precise structures. Thus, it is highly likely that there 
are MONT structures that have been missed by most common methods due to their 
nanoscale morphology (<500 nm diameter). To further investigate and confirm the 
generation of nanoscale MONTs and MOFs, we must rely heavily on a combination of powder 
X-ray diffraction (PXRD), transmission electron microscopy (TEM), and selected area 
electron diffraction (SAED) to properly characterize the crystal structure and morphology of 
nanoscale MONT crystals. 

As a proof of concept, we report the first size and morphology control of MONT structures 
using different solvents in their syntheses. We have chosen to investigate two previously 
reported MONTs and examine how the use of different organic solvents resulted in the 
different size of the yielded MONTs, as previous works have demonstrated that using similar 
solvents for MOF synthesis resulted in changed morphology.13, 14, 16 Here, we focus on the 
reactions of (4,4’-(1,4-(2,3,5,6-tetrafluoroxylene)-diyl)bis(1,2,4-triazole) ligand (L1) and 
1,4-bis((4H-1,2,4-triazol-4-yl)methyl)naphthalene ligand (L2) with copper(II) bromide to 
generate crystalline MONTs in dimethylformamide (DMF), N-methyl-2-pyrrolidone (NMP), 
2-methyltetrahydrofuran (MeTHF), and ethanol (EtOH) (Figure 1).7, 24 TEM images revealed 
that crystal size and morphology of the two systems varied significantly from reactions using 
different solvents, resulting in a reduction in crystallite size of three orders of magnitude by 
using EtOH rather than DMF without significant changes in relative size dispersity. The 
crystal structures remained mostly unchanged, as evidenced by the alignments of PXRD 
patterns and well-matched lattice parameters from SAED.  



 

Figure 1. MONT reaction scheme.  

Results and Discussion 

L1, L2, [(L1)Cu2Br2] MONTs, and [(L2)Cu2Br2] MONTs were synthesized following 
previously reported procedures with slight modifications.7, 24 Briefly, reactions were 
performed at 85 °C of a 1:2 mixture of copper(II) bromide dissolved in water and the ligand 
dissolved in an amide solvent such as DMF, where the reactions achieve completion within 
seven days as the copper is reduced to a copper(I) species and the crystallites no longer 
noticeably grow any further.  

Conventional solvents for MONT formation typically include DMF or NMP – where these 
solvents are polar aprotic in nature. Meanwhile, MOF literature has suggested that the 
addition of polar protic solvents, such as water or EtOH, alter crystallite size and morphology 
due to hydrogen bonding between the ligand and solvent in the presence of anionic 
species.25, 26 We hypothesized that crystal growth could be driven by both the nature of the 
solvent and the solubility of the ligand, where decreased ligand solubility and increased 
hydrogen bonding between the ligand and the polar protic solvent will increase the 
nucleation rate and result in many nanoscale crystallites rather than the previously reported 
macroscale MONT crystallites.15 Thus, we predicted the replacement of DMF with NMP 
would still result in the growth of macroscale crystallites, while utilizing EtOH or MeTHF 
would result in nanoscale crystallites. We note that although MeTHF displays some polar 
aprotic nature, we predict that its immiscibility with water should produce MONT crystals 
that are smaller than those produced with DMF but larger than those produced with EtOH. 
Notably, while both ligands are soluble in DMF and NMP, the ligands require sonication to 
become soluble in most other solvents. 

To monitor the generation of crystallites and examine their size and morphology, we 
prepared diluted samples for examination via TEM following the reaction reaching 
completion after seven days at 85 °C. The images were then analyzed to determine the 
average value and polydispersity of their size and aspect ratio (Figure 2 and Figure 3). The 
crystal structures of the resulting precipitates were subsequently examined via SAED 



(Figure S1 and Figure S2). Following washing and drying, the remaining bulk product was 
then analyzed via PXRD. If the resulting crystals were large enough, the crystals were also 
characterized via SCXRD. 

 

 

Figure 2.  a-d. TEM of [(L1)Cu2Br2] MONTs produced in DMF, NMP, MeTHF, and EtOH after 
7 days, respectively.  e-f. Distribution of size and aspect ratio [(L1)Cu2Br2] MONTs resulting 
from TEM image analysis.  

 

Solvent Size (nm2) σSize (nm2) Aspect Ratio σAspectRatio 

DMF 6.14E+07 2.55E+07 35.46 7.66 

NMP 2.37E+07 1.01E+07 5.23 2.34 

MeTHF 7.64E+04 3.34E+04 4.16 1.58 

EtOH 2.69E+04 1.71E+04 1.77 0.68 

Table 1.  Size, aspect ratio, and respective standard deviations found by image analysis of 
TEM of [(L1)Cu2Br2] MONT produced in DMF, NMP, MeTHF, and EtOH after 7 days. 

 



 

Figure 3.  a-d. TEM of [(L2)Cu2Br2] MONTs produced in DMF, NMP, MeTHF, and EtOH after 
7 days, respectively.  e-f. Distribution of size and aspect ratio [(L2)Cu2Br2] MONTs resulting 
from TEM image analysis.  

 

Solvent Size (nm2) σSize (nm2) Aspect Ratio σAspectRatio 

DMF 2.78E+07 1.93E+07 53.03 19.53 

NMP 1.18E+07 1.06E+07 36.91 12.33 

MeTHF 8.36E+04 4.79E+04 13.20 5.06 

EtOH 4.39E+03 2.08E+03 3.54 1.09 

Table 2.  Table including size, aspect ratio, and respective standard deviations found by 
image analysis of TEM of [(L2)Cu2Br2] MONT produced in DMF, NMP, MeTHF, and EtOH after 
7 days. 

 

TEM micrographs of [(L1)Cu2Br2] MONTs reveal a difference between crystallite size among 
those synthesized with DMF, NMP, MeTHF, and EtOH (Figure 2a-2d). Notably, MONTs 
synthesized in DMF exhibited an average crystallite size three orders of magnitude greater 
than the MONTs synthesized with EtOH (Figure 2e and Table 2). We also note the decrease 
in the crystallite aspect ratio with decreasing crystallite size (Figure 2f). We believe this 
change is caused by the inability of the crystals to grow beyond their nucleation seed. Thus, 
the crystallites possess a parallelepiped morphology when formed in EtOH rather than rod-



like when formed in DMF or NMP. A similar trend was observed for the [(L2)Cu2Br2] MONTs 
synthesized with DMF, NMP, MeTHF, and EtOH (Figure 3a-3f and Table 2).  

 

Figure 4.  a. PXRD of [(L1)Cu2Br2] MONTs depicting identical diffraction patterns between 
MONTs produced in different solvents. We note the diffraction patterns are quite similar to 
the simulated and previously published PXRD. b. SCXRD of [(L1)Cu2Br2] MONT synthesized 
in DMF. c. PXRD of [(L2)Cu2Br2] MONTs depicting identical diffraction patterns between 
MONTs produced in different solvents. We note the diffraction patterns are quite similar to 
the simulated and previously published PXRD. d. SCXRD of [(L2)Cu2Br2] MONT synthesized 
in DMF 

 

The resulting MONTs were also characterized by X-ray diffraction to confirm that all MONTs 
shared an identical crystal structure irrespective of solvent (Figure 4). The PXRD patterns 
generated for all [(L1)Cu2Br2] MONTs and [(L2)Cu2Br2] MONTs match simulated and 
previously published MONTs from DMF and diethylformamide, respectively (Figure 4a and 



4c).7, 24 SCXRD was performed on MONT crystals if they were sufficiently large, and we 
confirmed that the PXRD for [(L1)Cu2Br2] MONTs synthesized in DMF and [(L2)Cu2Br2] 
MONTs synthesized in NMP match the previously published structures (Figure 4b and 4d).7, 

24 The PXRD patterns of [(L1)Cu2Br2] synthesized in DMF and in NMP are not identical to 
each other due to subtle changes of the unit cell parameters as a result of the tilt of the 
tetrafluorinated phenyl moiety. The phenyl moiety tilts significantly more in NMP than DMF 
(21° compared to 16° via SCXRD) and results in a larger crystallographic a-axis.  This leads 
to a shift to smaller 2 in the PXRD for hkl values where h ≠0. Notably, the naphthyl ring 
cannot rotate in [(L2)Cu2Br2] due to - stacking. As this feature is absent from [(L2)Cu2Br2] 
MONTs, nearly identical PXRD patterns are observed despite changes in organic solvent. 
Additional SCXRD data can be found in the SI (Figure S4-5 and   Table S3).  

Due to the size of the EtOH and MeTHF MONT crystallites (<500 nm), it is not feasible to 
determine an exact crystal structure via standard SCXRD setups. Using SCXRD data, we can 
simulate electron diffraction patterns that correspond to the expected MONT crystal 
structures. Based on these simulated patterns and newly acquired SCXRD and PXRD, SAED 
confirms the generation of the expected MONT crystal structures (Figure S1-S2, Table S1-
S2). 

The change in size and morphology demonstrates a clear solvent effect in MONT synthesis 
similar to what has been previously observed in MOF synthesis.13-15, 17, 25 It has been 
previously demonstrated that when using NMP to synthesize MONTs, the rate limiting step 
is nucleation – meaning that crystal growth dominates the kinetics of MONT formation.27 The 
sharp difference in the aspect ratios of [(L1)Cu2Br2] MONT structures generated by DMF and 
NMP (Table 1) indicate there is a significant change in the kinetics of MONT growth, as 
opposed to the gradual decrease in aspect ratio of L2 MONTs. Due to the high number of 
nanoscale MONTs produced in EtOH (Figure 2d and Figure 3d), we believe that the polar 
protic nature of EtOH has shifted the reaction kinetics to enhance nucleation. The enhanced 
nucleation of MONTs resulting from the use of MeTHF and EtOH as synthesis solvents results 
in numerous nanoscale crystallites that do not display any significant increase in size, 
suggesting that most of the reactants have been consumed during nucleation. After seven 
days, the [(L1)Cu2Br2] MONTs synthesized in DMF have grown substantially while the 
[(L1)Cu2Br2] MONTs synthesized in EtOH have displayed negligible growth (Figure S3a, and 
Figure S3b).  

Conclusions 

 

From the above results, we provide considerable evidence that size and morphology control 
of isostructural MONTs can be achieved using different solvents. The MONTs synthesized 
displayed a size change of up to three orders of magnitude, as well as a morphological change 
from a rod-like to parallelepiped structures, while maintaining identical crystal structures at 
the atomic scale. We aim to continue to investigate the versatility of these findings and will 
further understand the influence of size and morphology on the properties of MONTs (i.e., 
porosity, adsorption capability, catalytic activity).  
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