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Abstract: Two novel cadmium-based 2D coordination polymers have been synthesized and 

characterized. Experimental results evidence that the best delamination processes occurs 

when weak interactions dominate the cohesion between layers, modulated by solvent 

molecules occluded within the crystalline network. In this case, the delamination of the crystals 

occurs spontaneously in water whereas nanoflakes though they can also be obtained by 

ultrasound-assisted liquid phase exfoliation in solvents such as ethanol or acetone. However, 

when interlayer solvent molecules are coordinated to metal centers, more robust structures 

are obtained, making very difficult the delamination process. This study shows how the 

physicochemical properties and structure of the bulk crystals determine the success of the 

exfoliation process in which the sonication method and type of solvent used are critical 

parameters. These systems offer also platform to study different experimental parameters and 

approaches (ultrasound bath vs. probe tip) on the delamination of these 2D materials. 

Keywords: 2D-structures, coordination polymers, nanomaterials, delamination process, 

ultrasound-assisted process 

 



    

 

 

 

 

 

Introduction 

Single- or few-layers exfoliated 2D materials exhibit original properties in comparison with bulk 

counterparts, offering innovative routes to explore fundamental phenomena at the nanoscale 

while enabling novel applications [1,2]. Several different 2D materials have been so far 

described, among them graphene or transition metal dichalcogenides showing unique 

outcomes [3]. However, and in spite of the exponential growing number of scientific works 

devoted to the area, the design of 2D materials with fine-tuned properties still remains a 

challenge. Recently, coordination polymers (CPs) have emerged as novel versatile materials 

with interesting tunable properties based on the quasi infinite number of combinations 

between metal centers and polydentate ligands. In addition to its rich chemical flexibility, 2D-

CPs contain metallic ions that confer novel optical, magnetic and/or electrical properties [4]. All 

these premises have already crystallized in different examples of 2D materials relevant for the 

electrochemical detection of H2O2 [5], functional thin films [6], molecular sieve membranes [7], 

polymer composites for gas separation [8-9], catalysis [10-11], photoluminescence [12-13], or 

several electronic applications [14] such as field effect transistors [15], chemoresistive gas 

sensors [16] including e-textiles [17], electrochemical oxygen reduction catalysts [18], 

supercapacitors [19-21] or spin-cross over systems [22].  

2D-CPs can be obtained using bottom-up approaches [23-25] such as the liquid-liquid 

interface synthesis [26-28]. With this approach, sheets with large aspect ratios and nanometer 

thickness have been reported, although as a main disadvantage the procedure requires 

outsized reaction times [26]. To avoid this limitation, some authors have developed new 

methodologies to induce a fast diffusion of the reactants by increasing the temperature 

reaction, leading though to the uncontrolled synthesis of nanocrystals coexisting with bulk 

materials and platelets [26]. Other procedures based on surfactant-assisted solvothermal 

synthesis may also allow for control over the reaction. Nevertheless, the removal of the 

surfactant excess is problematic [29-32], requiring of additional annealing [30] or reflux in 

ethanol or chloroform [32].  

A successful alternative is the so-called liquid phase exfoliation (LPE) process, consisting in 

the top-down delamination of bulk crystals [33-36]. This can be achieved by submerging the 

crystals in a solvent, without any additional source of energy. For instance, Zamora et al. 

reported the delamination of [Cu(µ-pym2S2)(µ-Cl)]n compound crystals into nanosheets (1.5 



    

 

 

 

 

 

nm - 2.5 nm thick) simply by immersion in water [37]. However, in most of the cases a solvent-

assisted sonication [38] is required to obtain the delaminated material [39]. For this reason, 

further basic studies that allow us to understand and therefore to control the role of sonication 

on the delamination of 2D materials is highly required. 

Beyond the nature of the solvent used, the delamination process can be also fine-tuned with 

the intercalation of specific chemical groups between the 2D-layers that modulate the 

interaction between layers and their subsequent exfoliation [40-42]. For instance, Cheetham et 

al. proved the liquid exfoliation in different solvents of isostructural Cu and Zn complexes 

incorporating weakly interacting chains [33] and Banerjee et al reported the synthesis of three 

isostructural metal-organic polyhedra exposed to different alkyloxy chains in their outer 

surface [43]. Alternatively, Vittal et al. pointed out to the relevance of intercalated solvent 

molecules in the delamination process reporting five 3D bulk lanthanide isostructural 

complexes with DMF solvent molecules entrapped [44]. After soaking into dimethylacetamide 

(DMA), solvent exchange takes place in all five structures, resulting in 40-100 nm nanoplates 

that retain the bulk properties. In spite of these pioneering results, the role of crystallization 

solvent molecules in the delamination process is not fully understood in spite of its relevance. 

In this work a systematic study of two related cadmium-based 2D-CPs, where the interstitial 

solvent plays a differential role, is reported. On one hand, in complex [Cd(oba)(bpfb)]n·xDMF 

(1), where oba means 4,4’-oxybis(benzoic acid) and bpfb µ-N,N’-bis(4-pyridyl formamide)-1,4-

benzene, the solvent molecules occupy interstitial voids between weakly interacting layers 

mainly by Van der Waals interactions. On the other hand, complex [Cd(5-aip)(DMF)2]n (2), 

where 5-aip means 5-aminoisophthalic acid, presents DMF as solvent molecules directly 

coordinated to metal centers acting as an effective linker between layers. A schematic 

representation of both structures together with an illustration of the ultrasound assisted 

process followed is shown in Figure 1. Whereas the delamination of complex 1 has been 

achieved under very mild conditions, the structure of complex 2 is notably stabilized, 

interfering in the proper delamination of the flakes. To assess such influence, different 

sonication methods have been applied on the quest for the optimal delamination. In all the 

cases, water seems to be the more efficient soamination of complex 1 though it exhibits a 

clear time dependent sonication exfoliation in other solvents. 



    

 

 

 

 

 

 

Results and Discussion 

Synthesis and characterization of complexes 1 and 2  

 

Synthesis and characterization of complex 1.  

 

Reaction between cadmium (II) nitrate, and a mixture of 4,4’-oxybis(benzoic acid) (oba) and µ-

N,N’-bis(4-pyridyl formamide)-1,4-benzene (bpfb) in DMF yielded a crystalline material 

formulated as [Cd(oba)(bpfb)]n·xDMF (1). Suitable crystals for X-Ray diffraction were obtained 

and its structure shown in Figure 2. Complex 1 crystallizes in the triclinic Pī  space group as a 

2D supramolecular coordination network (crystallographic details are given in Supporting 

Information, Table S1), where pyridyl groups of bpfb coordinate Cd(II) ions in axial positions 

and the equatorial plane is occupied by the oba ligands which coordinate Cd(II) ions through 

carboxylic groups (see Figure 2a). Each Cd(II) ion is coordinated to two oba ligands which 

bridge the metal ion with other adjacent Cd(II) ion forming Cd(II) dimers, and other oba ligand 

that coordinates Cd(II) in a chelate mode and interconnects adjacent Cd-Cd dimers. 

 
 

 

Figure 1. (Top) Schematic representation of the different configuration of DMF 
solvent molecules in layered complexes 1 and 2. (Bottom) Representation of the 

ultrasound assisted LPE process followed for the delamination of complexes 1 and 2. 



    

 

 

 

 

 

As a result, one of the carboxylic groups from oba ligands act as chelate ligand to one of the 

Cd centers and the other carboxylic group act as a bridge between Cd centres in the 

equatorial positions. Thus Cd dimers are formed by two metal centers interconenced by 

carboxyl bridges of different oba ligands, and adjacent dimers are connected by oba ligands. 

The two remaining coordination positions are occupied by bpfb ligands that interconnect Cd 

centers in the axial position.  This structural arrangement results in the formation of 2D layers 

that consist on double rows of bpfb-Cd dimers units connected by oba ligands that appears in 

a zigzag configuration (see Figures 2b-c). The structural stabilization of the double rows is due 

to the supramolecular π-π stacking interactions between the aromatic rings of bpfb ligands. 

Regarding the 2D layers, they pack along the (1-21) plane with an interlayer distance of 6.106 

Å. Globally, C……H and O……H intermolecular interactions are most abundant in the crystal 

packing (21.7%, and 19.5%, respectively according to Hirshfeld surface analysis). It is evident 

that van der Waals forces and hydrogen bonds exert an important influence on the 

stabilization of the packing in the crystal structure, and other interlayer interactions [H……H 

(4.4%), O…...O (5%) and Cd……H (0.4%)] contribute less. The structure formed leads to the 

generation of cavities between the layers of the crystal allowing the location of DMF solvent 

molecules (Figure 2d). Moreover, the formation of stabilizing N−H……O hydrogen bonds 

takes place in two ways: in the interlayer and between DMF molecules and layers with a 

bonding distance of 2.352 Å and 1.981 Å, respectively. Thus, DMF molecules are linked to the 

2D layers through labile hydrogen bonds.  

The coordination of complex 1 was corroborated by FT-IR (see Supporting information, Figure 

S1). The band at 3330 cm−1 attributed to the pyridine ring present in bpfb ligand is shifted to 

higher frequency (∼3370 cm−1) and its intensity strongly suppressed due to the deformation of 

the ring after the coordination with Cd(II) ions. On the other hand, the coordination of the 

carboxylic groups to Cd(II) ions, is confirmed by the presence of the characteristic bands of 

the COO− at ν = 1594 cm−1 and ν = 1385 cm−1.  The prevalence of carboxylic groups from oba 

ligands is observed by the presence of characteristic vibrational bands of C=O and C−OH in 

the range of 1680−1580 cm−1 and 1250−1200 cm−1, respectively. Additionally, typical bands 

from bpfb (ν = 1320, 829, 662) and oba (ν = 1592, 1248, 773) ligands are observed in the IR 

spectra.  



    

 

 

 

 

 

 

 
 

Figure 2: (a) Coordination surrounding of the Cd dimers in complex 1 (b) Top 
view of on layer structure of complex 1 (c) Side view of two layers showing the 
supramolecular Van der Waals interactions between them (d) Side view of two 
layers showing the supramolecular hydrogen bonds between them and with DMF 
molecules. 

 

 



    

 

 

 

 

 

Synthesis and characterization of complex 2.  

 

Reaction between 5-aminoisophthalic acid (5-aip), and cadmium (II) nitrate in DMF yielded a 

crystalline material formulated as [Cd(5-aip)(DMF)2]n (2). Single crystals suitable for X-ray 

diffraction analysis were obtained by the slow diffusion method. Complex 2 crystallizes in the 

monoclinic C2/c space group as a 2D supramolecular coordination network (crystallographic 

details are given in Supporting Information, Table S1), where 5-aip ligands coordinate Cd(II) 

ions by their carboxylic terminations in the equatorial positions of the coordination sphere (see 

Figure 3). Each Cd(II) ion is coordinated to one 5-aip ligand in a chelate mode and two 5-aip 

ligands that bridge the metal ion with other adjacent Cd(II) ion forming in this way Cd(II) 

dimers. The axial positions of the metal ions are occupied by DMF molecules. According, to 

the solved structure, layers pack along the plane (100) and the interlayer distance is 8.021 Å. 

As a result, complex 2 is expanded in a 2D-layer and the presence of coordinated DMF 

molecules in the interlayer space determines the weak interaction between 2D layers.  

Globally, C……O and O……H intermolecular interactions are most abundant in the crystal 

packing (21.7%, and 55%, respectively according to Hirshfeld surface analysis). The layers 

are connected mainly by weak van der Waals interactions, having an important influence on 

the stabilization of the packing in the crystal structure. Other interactions as H……H (6.6%), 

O…..O (4.8%) and Cd……O (0.8%) contribute less. As seen in Figure 3d, the coordinated 

DMF molecules from adjacent layers interact between them and with the adjacent layer only 

by means of van der Waals interactions. The FT-IR spectrum (see Supporting Information, 

Figure S2) shows the vibrational bands characteristic for the coordination between the 

carboxylic groups from 5-aip (C=O and C−OH in the range of 1680−1580 cm−1 and 

1250−1200 cm−1, respectively) and Cd(II) ions  which are shifted with respect to the initial free 

ligand spectrum due to its coordination. Furthermore, a shift was also observed in the 

characteristic band of the carbonyl group around 1390 cm−1. 
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Figure 3: (a) Coordination surrounding the Cd dimers in complex 2 (b) Top 
view of one layer of complex 2 (c) Side view of two layers showing the 
interlayer supramolecular van der Waals (d) Side view of two layers showing 
the supramolecular van der Waals bonds between them and with highlighted 
DMF molecules. 

 

 

 

 



    

 

 

 

 

 

Solvent-induced delamination of complexes 1 and 2  

 

Crystals of complex 1 were manually selected, washed with DMF and dried (see Supporting 

Information, Figure S3). The XRPD powder spectrum of the resulting crystals exhibited less 

intense peaks and a different pattern than the as-synthesized material. Interestingly, the 

crystallinity and original phase can be fully recovered upon submerging the crystals (2 mg/mL) 

back in DMF for a few hours (see Supporting Information, Figure S4) indicating a reversible 

desolvation-solvation process and the lability of intercalated solvent molecules. Moreover FT-

IR spectra corroborated the chemical stability of the complex along the drying-wetting process 

(see Supporting Information, Figure S5). Interestingly, if the dried crystals are dipped in water, 

the crystallinity of the sample is increased resulting though in a novel crystalline structure, 

which turns out to be more stable than the one with DMF, as corroborated after re-dispersion 

of the crystals in DMF. Finally, in ethanol and acetone the pattern of the dried crystals is 

retained (see Supporting Information, Figure S6), indicating no significant effect of the solvent. 

This fact aims us to study the immersion of the crystals in all four solvents for longer periods of 

time (lower concentrations were used for these experiments, 0.25 mg/mL). Representative 

scanning electron microscopy (SEM) images of the self-exfoliated films in water after one day 

and one month of immersion are shown in Figure 4. As observed there, sub-micrometer thick 

films organized in star-like morphologies after drying are obtained within the first day. A 

statistical analysis of the films thicknesses obtained from several different samples (see 

Supporting Information Figure S7) shows a rather broad distribution centered at a mean 

thickness size of 478 ± 255 nm. Similar films (mean size of 454 ± 222 nm) are obtained after 

one month of immersion (see Supporting Information Figure S8).  

No significant delamination of complex 1 was detected over a month in any of the other three 

solvents (DMF, ethanol and acetone). Similar results were found for complex 2 (see 

Supporting information Figures S9 and S10), which did not show any delamination process not 

even in water, reason why additional experiments under sonication were now repeated. 



    

 

 

 

 

 

 

Ultrasounds-assisted delamination of complexes 1 and 2 

 

Bath assisted sonication. First attempts to delaminate complex 1 in DMF assisted with an 

ultrasound bath were unsuccessful in spite of the different experiments tested. In all the cases 

fragmentation in smaller crystals with less defined morphologies were found from where only a 

small fraction of flakes was identified (see Supporting Information, Figure S11). Afterwards, 

the delamination process was tested in ethanol, acetone and water at different sonication 

times of 4, 6 and 8 hours. In all cases the exfoliation takes place with a defined tendency to 

increase the delamination yield with sonication time, reaching a maximum at 8h (see 

Supporting Information, Figure S12). After this time, centrifugation allows for the removal of 

the non-exfoliated material, which deposits at the bottom of the centrifugation tube, meanwhile 

the exfoliated flakes remain as a stable colloidal suspension that can be recovered and 

isolated.  

 

Figure 4. SEM images of the colloidal suspensions of 1 obtained after (a) one day and (b) one 
month of the immersion of the crystals in water. (c) Size distribution statistics of the thicknesses of 

films obtained after one day (left) and one month (right) of immersion of 1 in water. 



    

 

 

 

 

 

Dynamic light scattering (DLS) measurements of the colloidal dispersions obtained in ethanol 

and water show a good monodispersion with average dimensions of 280 nm and 290 nm, 

respectively (see Supporting Information, Figure S13).  DLS measurements repeated five days 

later, provide very similar size distributions confirming the stability of the colloidal dispersion 

(Figure S14). However, aggregation-disaggregation processes were detected in acetone as 

evidenced by the variation of the average sizes found along the measurements even at short 

periods of time. SEM images of the resulting flakes after 8 hours of ultrasonication in all three 

solvents are shown in Figure 5. Delamination in ethanol and acetone results in relatively 

monodispersed films with average diameters of 2-3 µm (Figure 5a to 5d). The exfoliated 

material in water is obtained as thin flat-shape hexagonal film with large lateral sizes close to 5 

µm (Figure 5f).  

Different attempts to achieve the exfoliation of 2 in DMF, ethanol and water using the 

ultrasound bath for 8 h result in the fragmentation of the crystals instead of the desired 

 

Figure 5. SEM images of the colloidal suspensions of complex 1 obtained after 

optimization of the sonication time with the ultrasound bath and centrifugation (1 min, 

7000 rpm) in (a-b) ethanol, (c-d) acetone and (e-f) water. Images (b), (d) and (f) are a 

large magnification image of the samples imaged in (a), (c) and (e) respectively. Images 

(a-d) prove the obtaining of flakes with lateral sizes of the order of 1-2 µm in ethanol and 

acetone. On the other hand, images (e-f) show the exfoliation of 1 into nanometre-thin 

films with lateral sizes of the order of 5 µm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



    

 

 

 

 

 

delamination process (see Supporting Information, Figure S15). Only in the case of acetone 

partial formation of flakes could be detected tough in low amounts and always mixed with 

smashed crystals, making difficult their manipulation and isolation (see Supporting Information, 

Figure S16). The few observed flakes present a rather irregular shape with lateral sizes of 5 

µm. Shorter sonication times lead to large amounts of non-exfoliated bulk materials. On the 

other hand, larger periods afford further breaking of the crystals. 

Tip assisted sonication. Same experiments were repeated by sonicating now with a tip at three 

different times of 20, 40 and 80 minutes. As the previous results showed that delamination of 1 

in DMF was unsuccessful, the exfoliation process was directly performed with ethanol, 

acetone and water. Representative images of the materials obtained at each sonication time 

for the three solvents can be found in Supporting Information (Figure S17). Once more, best 

results are obtained for the longest sonication times (80 minutes). Figure 6 shows 

representative images of the films obtained with the probe tip (80 minutes) after centrifugation 

of the surplus non-exfoliated material. As seen there, the delamination in ethanol and acetone 

provides films 2-3 µm long similar to those obtained with the ultrasounds bath (Figures 6a to 

6d). Shorter sonication times lead to a high amount of non-exfoliated material, resulting in a 

low exfoliation yield. Worth to mention, the resulting colloidal dispersions also show in all the 

cases a low reproducibility and non-consistent DLS measurements, by comparison with those 

obtained with the ultrasound bath (see Supporting Information, Figure 18).  

For comparison purposes, Figure 7 shows representative cross section images of the flakes 

obtained in water with the ultrasound bath and probe tip methods. Statistic measurements 

over a large number of films show mean sizes of 218 ± 73 and 115 ± 33 nm for the bath and 

tip, respectively with a relatively good monodispersion (see Supporting Information, Figures 

S19-S20). The chemical stability was also confirmed by FT-IR spectroscopy, upon comparison 

of the spectra associated to the initial crystalline material and the flakes (Figure S21). Only a 

small blue shift can be noticed for the peaks corresponding to the carboxylic groups (νC=O,  ~ 

1650 cm-1) and the C-N bond (1245 cm-1). This increase in energy is characteristic of the 

reduced and nanometer thicknesses of the films [45]. Additional FT-IR measurements after ten 

days indicate no variation of the initial spectrum corroborating the high chemical stability of the 

exfoliated material over long periods of time in water (see Supporting Information, Figure 

S21b). 



    

 

 

 

 

 

The delamination of complex 2 was also attempted sonicating with a probe tip for 20 minutes 

(see Supporting Information, Figure S22). Similar results to those previously obtained with 

ultrasound bath are found, mainly fragmentation of the crystals in ethanol and water and the 

obtaining of some flakes in acetone mixed with fragmented crystals. Different efforts to isolate 

the flakes from the larger crystalline aggregates by centrifugation or the use of different 

solvent combinations were unfruitful. The use of longer sonication time does not seem to be a 

solution, making evident the importance of chemical stability during the exfoliation process in 

order to achieve sufficient delamination yields for its isolation and consequent study (see 

Supporting Information Figure S23).  

 

 

 

 
 

Figure 6. SEM images of the colloidal suspensions of complex 1 obtained after optimization of the 

sonication time with the probe tip and centrifugation (1 min, 7000 rpm) in (a-b) ethanol, (c-d) acetone 

and (e-f) water. Images (b), (d) and (f) are a large magnification images of the samples imaged in 

(a), (c) and (e) respectively. Images (a-d) prove the obtaining of films with lateral sizes of the order of 

1-2 µm in ethanol and acetone. On the other hand, images (e-f) show the exfoliation of 1 into 

nanometre-thin films with lateral sizes of the order of 5 µm. 

 

 

 

 

 

 

 

 

 

 

 



    

 

 

 

 

 

 

Conclusion 

Two novel cadmium-based 2D coordination polymers have been synthesized and 

characterized. The structure of [Cd(oba)(bpfb)]n·xDMF (1), showed Cd(II) dimers coordinated 

by the dicarboxylic related ligands which occupy equatorial positions as chelate or bridging 

ligands; the axial positions were occupied by bpfb ligands which coordinate and strongly 

interconnect the Cd(II) dimers, forming a 2D layer. Voids between layers were occupied by 

DMF solvent molecules mostly stabilized through hydrogen bonds and weak VdW interactions. 

The structure of complex [Cd(5-aip)(DMF)2]n, (2) showed the presence of Cd(II) dimers 

coordinated by the dicarboxylic ligands at the equatorial positions, both as chelate or bridging 

 
 

Figure 7. SEM cross section images of the colloidal suspensions of 1 in water obtained after optimization 

of the sonication time with (a) the ultrasound bath and (b) the probe tip and centrifugation for one minute 

at 7000 rpm. Some measurements on the thickness can be seen in green on the image (a) and the inset 

of image (b). (c) Size distributions of the thicknesses of films of complex 1 obtained with the optimized 

LPE process in water with the ultrasound bath (left) and with the probe tip (right). 



    

 

 

 

 

 

ligands, resulting in the formation of a 2D layer; the axial positions were occupied by DMF 

molecules. Additionally, the solvent molecules of different 2D structures reinforce the structure 

by mean of numerous interactions between them. In this situation large energies are needed 

to break these interactions and replace these molecules with the assistant solvent and 

propitiate the delamination processes by reducing the cohesive forces between 2D layers.  

Such differential role of the solvent molecules is claimed here as the origin of the different 

delamination behavior between both complexes. Indeed, while complex 1 can be delaminated, 

complex 2 failed in all the cases yielding a fragmented crystalline material from where it was 

impossible to isolate the flakes. We cannot discard the contribution of other factors. While 

complex 2 presents a unique ligand species and the 2D layer is built as a flat and non-highly 

compact structure, in complex 1 the 2D layers contains the intersection of two types of ligand-

to-metal coordination: i) the coordination of the bpfb ligands to the Cd ions generating parallel 

double chains with strong interactions by π-π stacking forces, and ii) the coordination of the 

oba ligands as bridge ligands between Cd dimers which interconnect perpendicularly the 

double chains defined by the Cd dimers and bpfb ligands. In this disposition, oba ligands act 

as clamps that afford an extremely high stabilization of the 2D layer. 

Delamination of complex 1 was achieved in water without the need of any external added 

energy whereas in the extreme situation delamination in DMF was not achieved even in the 

presence of additional ultrasound energy. This fact has been attributed to the interstitial DMF 

solvent molecules that remain within the voids generated in between layers stabilizing the 

structure. In between we can find solvents such as ethanol or acetone, which need the 

presence of additional ultrasound energy to induce the delamination, either ultrasound or tip-

induced. These results confirm the role of the solvent in the delamination process.  

Finally, a comparison of the delamination process done with an ultrasound bath or a tip was 

done. Both methods give rise to exfoliated flakes of similar characteristics. However, LPE with 

the ultrasound bath seemed to provide larger yields of exfoliation although longer sonication 

times are required. This hypothesis was supported by the observed pellets of non-exfoliated 

crystals after centrifuge, since they were larger in the suspensions obtained with the probe tip. 

Moreover, the flake morphology proved to be independent of the sonication power, being more 

relevant the nature of the solvent.  

 



    

 

 

 

 

 

Materials and Methods 

Chemicals and materials.  

Cadmium nitrate tetrahydrate salt, 5-aminoisophtalic acid ligand (5-aip) and 4,4’-

oxybis(benzoic acid) ligand (oba) were purchased in Sigma Aldrich.  

 

Synthesis 

Synthesis of complex µ-N,N’-bis(4-pyridyl formamide)-1,4-benzene (bpfb) ligand. bpfb ligand 

was synthesized by dissolving of p−phenylenediamine (1.081 mg, 10 mmol) in tetrahydrofuran 

(50 ml) and triethylamine (5.2 ml). Then, isonicotinic acid chloride was added. The overall was 

refluxed under stirring for 24 h. After cooling to room temperature, the yellow residue was 

filtered and was washed several times with sodium bicarbonate. 

Synthesis of complex 1. The ligands bpfb (105 mg, 0.1 mmol) and oba (10.8 mg, 0.1 mmol) 

were dissolved in 15 ml DMF solvent and stirred 30 min, at room temperature. A solution of  

Cd(NO3)2·4H2O (30.8  mg,  0.1  mmol)  was  added  to  the  above-mentioned  solution. The 

reaction mixture was placed in a Parr-Teflon lined stainless steel vessel. It was sealed and 

heated to 120°C for 2 days. The reaction mixture was cooled by slow cooling to the room 

temperature. Crystals of 1 were collected from the final reaction mixture by filtration and were 

air dried at ambient temperature. FT-IR (ATR mode, cm-1): 3368 (w), 3051 (w), 1652 (s), 1594 

(s), 1543 (s), 1513 (s), 1385 (s), 1318 (w), 1245 (s), 1159 (m), 1095 (m), 1066 (m), 1013 (m), 

833 (m), 783 (s), 658 (s), 525 (s). Elemental analysis calculated for [C32H22CdN4O7] · 

0.5DMF · 2.95 H2O : C, 51.8%; H, 4.09%; N, 8.15%. Found: C, 51.7%; H, 3.69%; N, 8.34%. 

Synthesis of complex 2. 5-aminoisophthalic acid (5-aip) (18.07 mg, 0.1 mmol) and NaOH (8 

mg, 0.2 mmol) were dissolved in 15 ml DMF and stirred 30 min, at room temperature. A 

solution of Cd(NO3)2·4H2O (61.6 mg, 0.2 mmol) was added to the above-mentioned solution. 

The reaction mixture was placed in a Parr-Teflon lined stainless steel vessel. It was sealed 

and heated to 110°C for 2 days. The reaction mixture was cooled by slow cooling to the room 

temperature. Crystals of 2 were collected from the final reaction mixture by filtration and were 

air dried at the ambient temperature. FT-IR (ATR mode, cm-1): 3330 (w), 3131 (w), 1608 (m), 

1538 (s), 1368 (s), 1311 (s), 1039 (w), 968 (m), 814 (s), 774 (s), 735 (s), 579 (w).  

 

 



    

 

 

 

 

 

Crystal cleaning and resuspension.  

Crystals of complex 1 were cleaned and resuspended before the delamination process. The 

cleaning was performed dispersing the crystals in the same solvent used for their synthesis 

(DMF). The dispersions were subjected to three cycles of centrifugation at 6000 rpm for one 

minute. Centrifugation was performed with Sorvall Legend Micro 17R centrifuge (Thermo 

Scientific). Between cycles, the excess of DMF solvent was removed and replaced. The 

analyzed crystals were selected for delamination. 

 

Hirshfeld surface analysis. 

Molecular Hirshfeld surfaces have been constructed from CIF file, so that you can dissect 

crystal structures into noncovalent contacts.The very high-resolution Hirshfeld surfaces were 

generated by Crystal Explorer and functions of curvature, distance including shape index and 

dnorm were mapped to the surfaces. The normalized contact distance (dnorm) based on both de 

(distance from a point on the Hirshfeld surface to the nearest external nucleus) and di 

(distance from a point on the Hirshfeld surface to the nearest internal nucleus), and the vdW 

radii of the atom (ri
vdW and re

vdW) , given by the following equation, enables identification of the 

regions of particular importance to intermolecular interactions: dnorm= [(di – ri
vdW) / ri vdW]+[(de – 

re
vdW) / re

vdW]. The value of the dnorm is negative or positive when intermolecular contacts are 

shorter or longer than vdW separations, respectively. The combination of the distances from 

the Hirshfeld surface to the nearest nucleus inside the surface (di) and outside the surface (de) 

and the data conveyed by the shape index are consistent with 2D fingerprint plots. The 2D 

fingerprint maps of 1 and 2 provide some quantitative information gives the possibility of 

obtaining additional insight to the intermolecular interactions in the crystal state and for 

describing the surface characteristics of the molecules. 

 

Liquid phase exfoliation.  

Delamination was performed with the LPE method assisted by ultrasound. Two different set 

ups were investigated with different ultrasound generators: an ultrasound bath and a probe tip. 

Exfoliation parameters like sonication time and used solvent were optimized for both 

ultrasound sources. 



    

 

 

 

 

 

Delamination with ultrasound bath. For this method, 0.5 to 1 mg of crystals were dispersed in 

4 mL of four different solvents: DMF, ethanol, acetone and water. The dispersions were 

sonicated with ultrasound bath equipment (Elma S40H Elmasonic) kept at room temperature 

in order to avoid thermal decomposition of the complex. This equipment has an effective 

ultrasonic power of 140 W. Aliquots from every suspension were taken after 4, 6 and 8 hours 

of sonication. 

Delamination with probe tip. In this case, 0.5 to 1 mg of crystals were dispersed in 4 mL of 

three different solvents: ethanol, acetone and water. Ultrasounds were applied with a Branson 

Digital Sonifier SFX 550 (Emerson) sonicator equipped with a double step 1/8 inch microtip. 

This equipment has an effective ultrasonic power of 550 W. The microtip was immersed in the 

dispersions to produce the assistant ultrasound. The dispersions also were stirred to avoid 

sedimentation of the crystals and were kept at room temperature in a water-ice bath in order to 

avoid thermal decomposition. Ultrasounds were applied in cycles of 2 minutes spaced by 30 

seconds at 25% amplitude of the tip. Aliquots from every suspension were taken after 20, 40 

and 80 minutes of sonication. 

 

Isolation of 2D flakes.  

Non-exfoliated bulk crystals in suspension after LPE process were removed by centrifugation. 

The flakes were remaining suspended in the supernatant. Aliquots from the suspensions were 

centrifuged for one minute at 7000 rpm. After delamination and centrifugation, the colloidal 

suspensions are kept under constant agitation in IKA HS 260 basic shaker. The complete 

exfoliation process was repeated with all the optimized parameters for full characterization of 

the obtained flakes. 

 

Physico-chemical characterization of crystals. 

 Optical images were obtained with a Zeiss Primo Star microscope equipped with a Zeiss 

Axiocam ERc 5s camera on top. The software used for image acquirement was Zen Imaging 

Software (version ZEN 2012 blue edition). The crystals were dispersed on top of glassy and 

transparent microscope slides and put underneath the microscope. Powder X-ray diffraction 

(PXRD) patterns of the crystals were obtained with X’Pert3 Powder equipment (PANalytical), 

using Cu-Kα radiation. Intensity data were collected in continous-scan mode with a step size 



    

 

 

 

 

 

of 0.0334° and time per step of 160.02 s (speed 0.026526°/s). Data from the equipment was 

recorded and treated with X’Pert Data collector software (PANalytical). The obtained patterns 

were compared to the one from the resolved structure with single crystal X-ray diffraction 

(SXRD).  SXRD of 1 was carried out using a Rigaku XtaLAB Pro: Kappa single diffractometer 

delivering a Mo microfocus radiation (Mo K 0.71075 Å) and equipped with a HPAD 

PILATUS3 R 200K detector. SXRD of 2 was carried out at 120 K on a Supernova Agilent 

Technologies diffractometer equipped with a graphite-monochromated Enhance (Mo) X-ray 

Source (λ = 0.71073 Å). Suitable single crystal 2 was mounted on a glass fiber using a viscous 

hydrocarbon oil and then transferred directly to the cold nitrogen stream for data collection. 

The program CrysAlisPro, Agilent Technologies Ltd., was used for unit cell determinations and 

data reduction. Empirical absorption correction was performed using spherical harmonics, 

implemented in the SCALE3 ABSPACK scaling algorithm. Crystal structures were solved with 

direct methods with the SIR97 program, and refined against all F2 values with the SHELXL-

2014 program, using the WinGX graphical user interface. All non-hydrogen atoms were 

refined anisotropically, and hydrogen atoms were placed in calculated positions and refined 

isotropically with a riding model. Fourier transform infrared spectroscopy (FT-IR) for both 

complexes was performed with Tensor 27 FT-IR spectrometer (Bruker) in attenuated total 

reflectance (ATR) mode. The instrument is equipped with a room temperature detector and a 

mid-IR source (4000 to 400 cm−1). ATR was performed with a single window reflection of 

diamond model MKII Golden Gate, Specac. The spectra were recorded and treated with 

OPUS (Bruker) data collection software. Background spectrum in air was performed before 

the measurements, since the instrument is single beam. The dried samples were placed on 

the window reflection for measurement. 

 

Physico-chemical characterization of flakes.  

Flakes were characterized by Scanning Electron Microscopy (SEM) with SEM FEI Quanta 

650F microscope. The samples were prepared by drop-casting of the aliquots onto metallic 

sample holders. After evaporation of the solvent under ambient conditions, the previously 

suspended flakes remained on the holders. A 5 nm Pt layer was sputtered with Leica EM 

ACE600 on top of the samples, reproducing their topography. Afterwards, the particles were 

imaged with high acceleration voltages, between 10 to 20 kV at a working distance of 10 mm. 



    

 

 

 

 

 

Cross –section images were taken tilting the sample 70°. Stability of the colloidal suspension 

was characterized by Dynamic Light Scattering (DLS) with Zetasizer Nano 3600 equipment 

(Malvern Instruments, UK) at 25°C. The data was collected with Zetasizer 7.02 software. 

Measurements were performed by introducing 1 mL of sample in disposable plastic cuvettes. 

FT-IR of the flakes was performed with Hyperion 2000 FT-IR microscope (Bruker) working in 

reflection mode. The instrument is equipped with a room temperature detector and a mid-IR 

source (4000 to 600 cm−1). The spectra were recorded and treated with OPUS data collection 

software. Samples were prepared by drop-casting of the colloidal suspensions on top of gold 

substrates and left evaporated under ambient conditions. 
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