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GRAPHICAL ABSTRACT  

 
 

Sonocrystallization of a magnetic molecular material allows controlling the size, morphology 

and purity of its microcrystallites 
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ABSTRACT  

 Size, morphology and purity control of coordination compounds powders is a key 

stage for their conversion into materials and devices. In particular, surface science techniques 

require highly pure bulk materials with a narrow crystallite-size distribution together with 

straightforward, scalable and reproducible crystallization procedures. In this work we 

demonstrate how sonocrystallization, i.e. application of ultrasounds during the crystallization 

process, can afford, very quickly, powders made of crystallites with controlled size, 

morphology and purity. We show that this process drastically diminishes the crystallite-size 

distribution (low Polydispersity Indexes, PDI) and crystallite aspect ratio. By comparing 

sonicated samples with various silent crystallization conditions, we unambiguously show that 

the improvement of the crystallite morphologies and size-distribution is not due to any 

thermal effect but to the sonication of the crystallizing media. The application of 

sonocrystallization on crystallization batches of Single-Chain Magnets (SCM) maintains 

SCMs chemical integrity together with their original magnetic behavior. Moreover, 

luminescent measurements show that sonocrystallization induces an efficient micromixing 

that drastically enhances the purity of the SCMs powders. We thus propose that 

sonocrystallization, which is already used on organic or MOF compounds, can be applied to 

(magnetic) coordination compounds to readily afford bulk powders for characterization or 

shaping techniques that require pure, morphology- and crystallite-size-controlled powder 

samples. 
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INTRODUCTION 

 

 Ultrasonication provides energy to a liquid via acoustic cavitation.
1,2

 Such 

phenomenon is due to the formation and collapse of bubbles caused by the expensive and 

compressive acoustic waves delivered to the liquid.
3
 The chemist can use this energy i) to 

induce a chemical reaction between reactants: this is sonochemistry.
4
 ii) to influence the 

crystal growth of a product: this is sonocrystallization.
5
 This last is often associated with 

sonofragmentation
6
 (crystallite breakage) and micromixing (mixing at the molecular scale).

7
 

 In first approximation, the collapse of cavitation bubbles has a thermodynamical and a 

mechanical effect on a reaction medium. First, the thermodynamic effect is related to the 

symmetric collapse of overgrown bubbles. This creates 'hot spots'
8
 in the liquid that have very 

high local temperatures (≈ 5000 K) and pressures (≈ 1000 atm).
9
 This collapse also generates 

very fast shockwaves (≈ 4000 m.s
-1

) and high pressure amplitudes (≈ 10
6
 kPa).

10
 Such 

unusual and local reaction conditions can induce chemical reactions that are not accessible by 

standard means. This is the main driving force of sonochemical reactions.
4,8

 

 Second, the mechanical effect is due to the asymmetric collapse of cavitation bubbles 

close to the surface of a crystal. This generates a high-speed liquid stream
11

 with velocities 

superior to 100 m.s
-1

. This phenomenon can be used for example to fragment aspirin,
12

 to 

break ultra-thin Ge nanowires,
13

 to disperse TiO2 agglomerates,
14

 to roughen the surface of 

spherical Zn particles
15

 or to partially melt metallic particle.
16

 This mechanical effect is thus 

the main driving force of sonofragmentation.
6
 

 When a reaction media is sonicated, it is hard to disentangle the sonochemical and the 

subsequent sonocrystallization processes. For the latter, it is generally accepted that it occurs 

at a timescale when the chemical reaction is already performed Accordingly, the first report 

of sonocrystallization, by Richards and Loomis in 1927,
17

 highlights that it reduces the 
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induction time,
9
 that is the time elapsed between supersaturation and the appearance of 

crystals.
18

 It is now known that this time is linked with the presence of a Metastable Zone 

Width (MZW) which is the zone where supersaturation occurs right before the crystallization. 

By consequence, sonocrystallization avoids secondary crystallization and agglomeration
19

 

that create high particle-size distribution.  

 The underlying mechanisms of sonocrystallization and its use on the different stages 

of the crystallization process have been reviewed recently.
20,21

 Ultrasounds are used at the 

industrial scale
22

 mainly on pharmaceutical
23-27

 or food compounds
28,29

 to control crystal 

shape, size distribution and morphology.
6,9,19,30

 Sonocrystallization increases the 

reproducibility of the crystal growth process.
20,31

 Many small molecules can be processed by 

ultrasonication such as NaCl,
32

 polymorphs of lactose
33

 or paracetamol.
25-27

 For example, the 

ultrasonic processing of paracetamol solution during crystal growth produces powders with 

enhanced mechanical behavior that allow easy compaction into tablets without requiring any 

excipients.
26

 It is also possible to use sonocrystallization to synthesize more elaborated 

molecules such as Mn(II) precursor for manganese oxide
34

 or extended coordination 

networks such as metal-organic coordination polymers.
35

 However, to the best of our 

knowledge sonocrystallization has not been used on coordination material targeted for their 

magnetic properties. 

 Magnetic coordination polymers
36-38

 are extended molecular networks
39,40

 that display 

interesting magnetic properties such as magneto-caloric effect,
41

 nanoporous magnetism,
42

 or 

single-chain magnet behavior.
43-59

 These compounds face drawbacks as far as their 

conversion into materials is targeted. Indeed, they are insoluble by nature and their 

purification by standard techniques can be tricky. It can be found surprising but in most 

reports, magnetic investigations are still performed on samples made of hand-picked crystal 

from a mother solution. This is an issue as magnetic coordination polymers are made of 
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several building blocks (magnetic and/or non-magnetic) assembled by chemical reaction and 

thus unreacted species can act as magnetic impurities that will severely degrade the overall 

magnetic behavior. If neutral building blocks are used, local stoichiometry changes can 

induce crystallization of several undesired phases because reactant ratios are not driven by 

electroneutrality. Obviously, these polyphasic and/or impure samples are not suitable for 

surface deposition because local and global magnetic properties can be totally different. 

 In this work, we use a well-known mono-dimensional magnetic coordination polymer 

of formula [Tb(hfac)3(NIT-PhOPh)]n (where hfac
-
 = hexafluoroacetylacetonate and 

NIT-PhOPh = 2,4’-benzoxo-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide nitronyl nitroxide 

radical) (Figure 1).
60

 This compound behaves as a Single-Chain Magnet (SCM) and is a 

target compound for the design of molecule-based magnetic data storage devices. Indeed, 

when compared to zero-dimensional compound such as Single-Molecule Magnets
61

 (SMMs), 

SCMs are not sensitive to parasites magnetic relaxations (Raman, quantum tunneling of the 

magnetization…) that cancel the magnetic information encrypted on the molecules. However, 

the deposition of SCM on surface to make devices is a huge challenge because the transfer of 

polymeric chains on surfaces is particularly tricky.
62

 The first step toward this goal is to 

obtain SCM powders suitable for dispersion and deposition via wet deposition techniques.
63,64

 

This requires pure and, most of all, homogenous powders with a narrow crystallite-size 

distribution and a straightforward, scalable and reproducible crystallization procedure. In this 

work we demonstrate how sonocrystallization is a useful tool to achieve these goals. 

 

EXPERIMENTAL SECTION 

Synthesis 

 Syntheses of [Tb(hfac)3(NIT-PhOPh)]n (Figure 1) have been optimized from the 

previously reported procedure.
60

 1.3 mmol (106.1 mg) of [Tb(hfac)3⸱2H2O] is dissolved in 
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40 mL of boiling heptane (Tb= 98 °C) and concentrated to 12 mL. 1 mmol (32.5 mg) of 

NIT-PhOPh is then added to the boiling solution along with 3 mL of CHCl3 (Tb= 61 °C). The 

process is thus performed in anti-solvent conditions with CHCl3 as solvent and heptane as 

anti-solvent. The obtained deep blue solution is then directly transferred in a 20 mL vial for 

immediate sonication (Figure 2 and 3). 

 

Figure 1. Representation of [Tb(hfac)3(NIT-PhOPh)]n (redrawn from
60

) along (right) and 

perpendicular (top left) to the chain. Bottom right: picture of a cluster of single-crystals 

suitable for crystal structure determination. 
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Figure 2. Schematic representation of the crystallization and synthesis procedures. 

 

Sonication procedures 

 Sonication is performed with a Hielscher UP400St sonicator using a S24d3 sonotrode 

operating at a fixed frequency (24kHz). The temperature of the solutions is continuously 

monitored during the crystallization process. The respective positions of the sonicating horn, 

the temperature sensor, and the vial are carefully checked to ensure good reproducibility. All 

the experiments are performed in identical 20 mL crystallization vials. Right after the transfer 

of the solution into these vials, six different procedures are followed (Figure 4): 

i) Three samples have been prepared to observe the influence of the sonication on the 

crystallization process. In our case we used pulsed-sonication. This technique allows 

delivering a high amount of energy to the solution during a high amount of time without 

boiling of the solvent because of ultrasound-induced heating (Figure 3, Figures S1-S2). We 

have chosen a 90% pulse rate (cycles of 0.9 s of sonication and 0.1 s of silence) that 

corresponds to an energy delivery of ≈ 24 J per pulse. This energy delivery induces a 

temperature plateau at 56°C (Figures 4 et S2) that is an ideal temperature because it 

corresponds to the temperature where early signs of crystallization are observed in silent 

conditions (observation via Tyndall effect). This also corresponds to a critical concentration 

for crystallization of 1.7 mmol.L
-1

 (Figure 3). Three ultrasonicated samples are tested and are 

named UltraSonicated 1 (US1), US2 and US3. The total amount of energy received by the 

solution is approximately 75, 150 and 300 kJ that corresponds to sonication times of 52, 100 

and 193 min, respectively (Figure 4).  

ii) Three control samples have been prepared to observe the crystallization reaction under 

silent conditions. Crystallization time is tested on two solutions that are let cool down after 

transfer in the vial and filtered after 5 minutes ('Short' crystallization, sample S) or 24 hours 
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('Long' crystallization, sample L). The sample L is the usual crystallization procedure that 

provides coordination compounds in their crystalline form.
60

 Thermal effect is tested on a 

sample that is thermalized for 100 min at 56°C. These conditions mimic the temperature 

plateau generated by the sonication of sample US2 (Figure S3). This sample is named sample 

T for 'Thermally-assisted crystallization conditions'. This control sample allows 

discriminating thermal and ultrasound effect on the crystallization.  

Last, all solutions (except sample L) have been hot-filtered to avoid secondary 

recrystallization in the fritted funnel. 

 

Figure 3. Experimental temperature profile measured during the crystallization of sample L 

(24 h crystallization under silent conditions) with several pictures of the crystallization vials 

during the first minutes of cooling (in inset). The two rods are the sonotrode and the 

thermometric probe. Turbidity is observed below 56°C for an estimated critical concentration 

of 1.7 mmol.L
-1

 (see text). 
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Figure 4. Schematic representation of the thermal profiles for samples US1, US2, US3 

(sonocrystallized with approximately 75, 150 and 300 kJ of energy delivery by sonication), S, 

L and T (control samples of Short, Long, and Thermally assisted crystallization, 

respectively). 

 

Powder X-Ray diffraction. 

 Experimental diffraction patterns have been measured with a Panalytical X’pert Pro 

diffractometer equipped with a PIX’Cel detector. Spectra were collected using a CuKα 

(45 kV, 40 mA, λ = 1.542 Å) in a θ/θ configuration. Calculated pattern is generated using the 

Mercury program (Version 3.9 RC1) from CCDC on the basis of the deposited cif file.
65

 

FT-IR measurements. 

FT-IR spectra were collected using a Perkin Elmer Frontier UATR spectrometer 

directly on the powders with a measurement range from 4000 to 550 cm
-1

 and a resolution of 

1 cm
-1

. 

SEM measurements. 
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 SEM images were obtained using a Hitachi Tabletop TM-1000 microscope (version 

02.11 (Hitachi High-Technologies, Corporation Tokyo Japan)) equipped with a silicon drift 

detector with an energy resolution of 165 eV. Samples were observed with an acceleration 

voltage of 15 kV under high vacuum. The samples were put on carbon disc, immobilized 

with double sided carbon tape and measured with an angle of 22° from the beam. SEM 

pictures have been taken with magnification of x1000 (sample S and L) and x5000 (US1, 

US2, US3, T). 

Size distribution analysis. 

 The SEM images have been analyzed using the Gwyddion software (version 2.50).
66

 

For each sample, 400 crystals have been measured (length and width). On each sample the 

mean length and mean width are calculated together with the standard deviation (σ) and the 

Polydispersity Index (PDI = σ
2
 / mean value). 

 It can be noted that IUPAC recommended in 2009 that 'dispersity' (symbolized 'Ð'), 

replaced PDI.
67

 This terminology has been progressively adopted by the polymer science 

community because Ð can be simply calculated as Ð = Mw/Mn with Mw the mass-average 

molar mass and Mn the number-average molar mass. Similarly the 'polydisperse' and 

'monodisperse' terminologies have been changed for 'uniform' and 'non-uniform'. However, 

as far as particle counting is concerned the PDI terminology is still the one that is commonly 

used, in particular in the Dynamic Light Scattering (DLS) community.
68-70

 PDI is a simple 

way to characterize the dispersion of a given value (length, width, diameter,…) over a 

particles population. It takes values from 0 (perfectly monodisperse (uniform) sample) to 1 

(perfectly polydisperse (non-uniform) sample). The commonly accepted limit for 

monodispersity is PDI < 0.3 (drug delivery applications for example)
71

 while PDI > 0.7 is 

considered extremely polydisperse.
68

 As our particles are needle-shaped we provide PDI 

values for length (PDIl) and width (PDIw) (Figure 5, Table 1). 
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Luminescence measurements 

 Luminescence emission spectra were measured with a Horiba Jobin-Yvon 

Fluorolog-III fluorescence spectrometer equipped with a 450 W Xe lamp. The luminescence 

was collected with a Hamamatsu R928 UV–vis photomultiplier in the 190–860 nm range. All 

samples were measured in the same slit configuration to allow easy comparison: the emission 

was measured directly on quartz cuvette containing the powder (in reflection mode at 90°) 

with a step of 1 nm, an excitation of 312 nm with 8 nm slits and a grating of 

1200 grooves/mm. Appropriate filters were used to remove residual lamp excitation, 

scattered light and associated harmonics, the spectra were reference corrected for the 

excitation source intensity variation and the emission spectral response of the detector.  

Magnetic measurements 

 Static (dc) magnetic measurements were performed with a Quantum Design MPMS 

SQUID magnetometer equipped with a Reciprocating Sample Option (RSO) sample holder. 

All the samples have been measured on microcrystalline powder pressed into pellets and 

wrapped with Teflon to avoid in-field orientation of the crystallites. Measurements were 

corrected from the contribution of the sample holder and diamagnetic corrections were 

calculated via Pascal’s constants.
72

 

 

RESULTS AND DISCUSSIONS 

 Silent crystallization procedures have been performed for 5 min (sample S, short and 

silent crystallization ) and 24 h (sample L, the usual long and silent crystallization).
60

 As 

expected, they afford very different SEM images (Figure 5). Sample S is made of very thin 

needles with an average width and length of 0.34 µm and 2.62 µm, respectively (aspect ratio, 

i.e. ratio between crystallite length and width, of 7.71). As the crystallization time is 
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increased (sample L) the mean width increases more than ten folds (3.82 µm) and the mean 

length reaches 12.83 µm (aspect ratio of 3.36).  

 On sample S, high PDI values are observed (PDIw = 0.38 and PDIl = 0.83, Table 1) as 

a consequence of an uncontrolled crystallization made of primary and secondary 

crystallization germs. If these small crystallites are let grown over 24 h as in sample L, the 

size distribution becomes so large that σ does not describe the distribution properly and very 

high (PDIw = 0.92) or senseless (PDIl > 1) are found. These two samples show that usual 

crystallization procedures don’t provide batches with homogenous crystallite dimensions and 

small crystallites can be mixed with almost 20 times bigger ones. The very high 

polydispersities observed are a drawback for homogenous and simultaneous solubilization of 

the crystallites for surface sciences purposes. SEM image of sample L, illustrates another 

main issue of the standard crystallization procedure as impurities that stand as white spots on 

crystallites can be observed easily (see luminescence measurement section for their 

characterization).  
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Figure 5. Experimental thermal profile (bottom), example of SEM images (x1000, in inset), 

and particle counting (top) for sample S (short crystallization, 5 minutes) and sample L 

(standard (long) crystallization procedure of 24 h) obtained in silent conditions. Note that the 
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histograms scales for the width and length of L are multiplied by 2 and 10, respectively. 

Abbreviations: mw = mean width, ml = mean length, σ = standard deviation, 

PDIw,l = Polydispersity Indexes in width or length. PDIl for sample L is not representative 

(see text). 

 

Sonocrystalization for morphology and size distribution control of SCM 

microcrystallites. 

Three different samples (US1-US3) have been sonocrystallized by varying the sonication 

time and thus the energy delivery in the crystallization vials. SEM images show that the 

crystallite mean lengths are in the range 2.63 - 4.25 µm (Figure 6) to be compared with 

2.62 µm for sample S and 12.83 µm for L. This highlights that the sonication prevents the 

growth of the needles along their longitudinal axis and tends to provide crystals with more 

isotropic shapes. The more the sample is sonicated, the bigger the crystals are and the less the 

needle shape is pronounced. Aspect ratios are 4.05, 2.91 and 2.07 for US1, US2 and US3, 

respectively.  
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Figure 6. (for double column). Schematic thermal profile (bottom), examples of SEM images 

(x5000 magnification, in inset) and particle counting (top) for sample US1 (pulse-sonicated 

for a total energy delivery of approximately 75 kJ), US2 (150 kJ), US3 (300 kJ) and the 

control sample T (silent conditions and thermalized at 56°C for the same duration as US2). 

Note that the histograms scale for the width and length of T are multiplied by 2 and 10, 

respectively. Abbreviations: mw = mean width, ml = mean length, σ = standard deviation, 

PDIw,l = Polydispersity Indexes in width or length. 

 

Additionally, as the sonication proceeds the crystal edges are rounded because the sonication 

shockwave and the asymmetric collapse of cavitation bubbles induce mechanical damages on 

the crystal region that have the least mechanical robustness. This is particularly noticeable on 

US3, that is the most sonicated sample. One of the most spectacular effects of the sonication 
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is its influence on particle-size distribution. All sonicated samples have very low PDI values 

when compared with S and L (Table 1). A clear trend is observed from S (PDIw = 0.38, 

PDIl = 0.83), to US1 (0.20, 0.36) and US2 (0.17, 0.16). It is interesting to note that US3 have 

small PDI values (0.20, 0.23) but it does not follow this trend. At this stage, we don’t have 

definitive explanations. However, it can be hypothesized that the larger distribution in 

crystallites lengths is linked with crystal sizes that are big enough to be comparable with the 

ones of the cavitation bubbles (maximal size of 10 µm in our operating conditions).
73,74

 So 

the longer crystallites break, increasing the length distribution. Accordingly, as far as 

homogenous crystallite-size is targeted, the US2 sample is the most optimized one: it has the 

lowest PDI values, and the more Gaussian-shaped repartition of the population of crystallite 

dimension. 

 As detailed in experimental section the sonication conditions generate a thermal 

plateau at 56°C. Obviously this could be the reason for a so strong difference in aspect ratio 

along the S, L, US1-US3 series (Figure 6 and Table 1). In order to rule-out any purely 

thermal effect on the crystal growth, a control sample that mimics the thermal profile of US2 

(Figure S3) has been prepared by conventional heating and is hereafter called sample T for 

'Thermally-assisted crystallization' (see experimental section). SEM image shows that T is 

drastically different from US2 (Figure 6). The thermal plateau and the absence of sonication 

produced very big crystallites with mean width and mean length that are 3 and 12 times 

bigger, respectively than that of US2. Notably the mean length is in an extremely large range 

(5 - 155 µm). This induces the highest aspect ratio of all 6 samples (11.21) but also very high 

Polydispersity Indexes with PDIw = 0.55 and PDIl = 0.92. In the absence of sonic shockwaves 

crystal edges and apexes are very sharp. Additionnaly the comparison of T with L shows, as 

expected, that crystallization with a temperature plateau at the highest temperature efficient 
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for crystal growth (56°C here) is favorable over cooling toward room temperature to provide 

big crystallites (longest crystal in L is only 65 µm long). 

 

Table 1. Main morphologic parameters gathered from the SEM images of the six samples* 

 

Width Length 

Aspect 

ratio 
Mean 

width 

(µm) 

σ PDIw 

Mean 

lenght 

(µm) 

σ PDIl 

Control 

samples 

Short 

crystallization (S)  
0.34 0.21 0.38 2.62 2.39 0.83 7.71 

Thermal 

crystallization (T) 
2.93 2.17 0.55 32.85 31.45 0.92 11.21 

Standard (long) 

crystallization (L) 
3.82 3.67 0.92 12.83 15.66 ** 3.36 

Ultrasonicated 

samples  

US1 0.65 0.29 0.20 2.63 1.57 0.36 4.05 

US2 0.93 0.38 0.17 2.71 1.10 0.16 2.91 

US3 2.05 0.92 0.20 4.25 2.02 0.23 2.07 

Abbreviations σ = standard deviation, PDIw,l = Polydispersity Indexes in width or length. 

*All values calculated on 400 crystallites per sample (see experimental section). 

** PDI > 1 (see experimental section).  

 

 Table 1 shows that sonocrystallization of [Tb(hfac)3(NIT-PhOPh)]n provides more 

isotropic crystallites (small aspect ratios) than standard crystallization as already seen on 

some organic compounds.
75-77

 Similarly, particle-size distribution becomes considerably 

smaller upon sonication
78,79

 and the most optimized sonicated sample is US2 

(PDIw,l = 0.17,0.16 on). Interestingly, sonication is efficient in optimizing the PDI as long as 

crystal-size remains below cavitation bubbles dimension (limiting case of US3).  

 Overall, the more the crystals are sonicated the bigger they are. This is in agreement 

with some previous reports
6,7

 but the reason for this counterintuitive finding is still debated: a 

recent and very documented review stated that“no consensus can be found in literature on 
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the effect on ultrasound on the growth rate”.
20

 Several hypotheses can be formulated to 

explain the observed crystal growth under sonication: 

i) a balance between a positive ultrasound effect on nucleation (sonocrystallization) and a 

negative ultrasound effect on crystal growth (sonofragmentation).
20,80

 More precisely, 

bubbles cavity can acts as nucleus for primary heterogeneous nucleation
20,81

 but as the 

bubbles explode they can fragment first nuclei
82,83

 and creates a large amount of smaller 

secondary nucleating sites. This dual contribution is particularly likely to occur in our system 

because our 24 kHz ultrasound frequency corresponds to a frequency domain in which 

cavitation bubbles can be both in a transient or stable mode and lead to nucleation or 

fragmentation.
3,7,22,31,80

 US2 is thus the most optimized sample on the crystal growth point of 

view. 

ii) an enhanced micromixing in the solution
32,79,84

 where sonication induces a more 

homogenous anti solvent and temperature distribution in the vial than in standard condition. 

Van Gerven et al,
7
 detail that ultrasonication enhances micromixing in three ways: first, 

implosion of transient cavitation bubbles causes turbulences in the reaction media. Second, 

stable cavitation bubbles induce convection in their surroundings. Third, dissipation of 

ultrasound energy induce vortices in the reaction medium. In any case, efficient micromixing 

induces a more homogenous anti-solvent and temperature distribution in the vial than in 

standard condition. This induces more homogenous local crystal growth condition for every 

nucleation point and provides overall a smaller crystal-size distribution. In any case, the 

crystal growth observed under sonication is not a purely thermal effect as shown by the 

comparison of US2 with T sample.  

 

Sonocrystallization for purity control of SCM microcrystallites. 
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 The synthesis of [Tb(hfac)3(NIT-PhOPh)]n can afford many different impurities such 

as unreacted [Tb(hfac)3⸱2H2O] complex or NIT-PhOPh radical as well as undesired phases of 

non-polymeric molecules of formula (Tb(hfac)3)(NIT-PhOPh)2 
85

 (Figure 7). This is a direct 

consequence of the use of neutral building blocks as reactant because the formation of the 

final product is driven by local stoichiometry and not by product’s electroneutrality. The 

purity control of [Tb(hfac)3(NIT-PhOPh)]n sample is thus a significant issue. 

 

 

Figure 7. Examples of the various crystallites that can be found in a crystallization batch of 

[Tb(hfac)3(NIT-PhOPh)]n (left); the targeted chains produces blue-green needles (a) but two 

phases of non polymeric compound of formula (Tb(hfac)3)(NIT-PhOPh)2 can be found. (b 

and c). Vials with and without unreacted luminescent [Tb(hfac)3⸱2H2O] (right). 

 

 All samples have been comparatively analyzed by Infra-Red (IR) spectroscopy, 

Powder X-ray Diffraction (PXRD) and solid-state luminescence measurements (Figure 8). IR 

spectra of all samples are superimposable and show that sonication preserves the chemical 

integrity of [Tb(hfac)3(NIT-PhOPh)]n (2954 cm
-1

 and 2871 cm
-1

 ν(C-H), 1650 cm
-1

 ν(C=C), 

1610 cm
-1

 ν(C=Carom), 1560 cm
-1

, 1533 cm
-1

 and 1501 cm
-1

 ν(C=C), 1334 cm
-1

 ν(NO), 

1298 cm
-1

 ν(CO)). Similarly PXRD patterns show that all samples match the simulated 
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diffractogram obtained from crystal structure data (CCDC N°262704), showing that 

sonication does not induce any structural changes between the samples. 

 

 

Figure 8. Comparison of X-ray powder diffractograms (top) and infrared spectra (bottom) of 

the six samples (S, L, T, US1 – US3) of [Tb(hfac)3(NIT-PhOPh)]n. 

 

 If infrared spectroscopy and PXRD are efficient techniques to check the chemical and 

structural integrity of [Tb(hfac)3(NIT-PhOPh)]n, they are not sensitive enough to detect traces 

of amorphous impurities. Moreover, highly sensitive characterizations such as elemental 
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analysis are not always accurate
86

 on coordination polymers because they can host 

crystallization solvent. We have recently demonstrated that solid-state luminescence 

measurement can be used to verify the purity of coordination polymers made of emissive 

building blocks.
87

 This is the case of [Tb(hfac)3(NIT-PhOPh)]nthat is obtained by reacting: i) 

[Tb(hfac)3⸱2H2O]
88

 that shows a green and line-shaped emission that is characteristic of Tb
III 

ion.
89,90

 It is so luminescent that we have shown that it can be detected on surface at the 

molecular scale by standard luminescent setups
88

 ii) nitronyl-nitroxide radicals, that show 

broad near-IR emission
91

 that can be blue-shifted
92

 or cancelled upon metal ion coordination. 

 This sensitivity to minute amount of uncoordinated reactants makes solid-state 

luminescent measurements a key characterization of the purity of our samples. It can be 

efficiently combined with PXRD, IR and SQUID measurements to evidence traces of 

impurities. 

 All samples have been investigated with fixed fluorimeter experimental conditions to 

allow easy comparison (see experimental procedures). Figure 9 shows a comparison between 

S, L, T and US2 that is the most optimized sample from the crystal growth point of view. On 

all samples no trace of radical ligand is observed. On sample L, that is the sample that clearly 

presents impurities on SEM images, strong Tb
III

 emission bands are observed (Figure 9 and 

Table 2) at 489, 544, 580 and 620 nm that can be attributed to the 
5
D4 → 

7
F6, 

5
D4 → 

7
F5, 

5
D4 → 

7
F4 and 

5
D4 → 

7
F3 f-f transitions, respectively.

89
 On sample S, the Tb

III
 emission is 

reduced but still observable (5.9 and 4 % of integrated intensity, respectively when compared 

to L) (Table 2). This shows that the hot-filtering (T = 45°C and T = 56°C, respectively) that is 

expected to prevent the formation of insoluble [Tb(hfac)3⸱2H2O] particles on 

[Tb(hfac)3(NIT-PhOPh)]n crystallites is not fully efficient. This makes all these samples 

unsuitable for further surface deposition processes. On the contrary, no trace of Tb
III 

emission 

is observed on the three ultrasonicated samples (US1, US2 and US3). The peak area of the 
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Tb
III

 
5
D4 → 

7
F5 transition is so low that is it comparable to the background of the sample 

holder (Table 2). This highlights that sonocrystallization prevents the formation of particles 

of unreacted [Tb(hfac)3⸱2H2O]. Even with the widest slit aperture for incident UV-light none 

of the Tb
III

 emission peaks can be distinguished from the sample holder contribution (quartz 

cuvette of optical grade). This is in line with the hypothesis of an efficient micromixing of the 

crystallizing solution triggered by sonication. 

 

 

Figure 9. Solid-state luminescence spectra of compounds L, S, T and US2 obtained with 

λexc = 312 nm (US1 and US3 are omitted for clarity) at room temperature. 

 

Table 2. Relative Tb
III

 emission measured for the six samples 

Sample 
Relative peak area of the 

5
D4 → 

7
F5 transition  

Standard (long) crystallization (L) 1 

Short crystallization (S) 0.059 
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Sample 
Relative peak area of the 

5
D4 → 

7
F5 transition  

Thermal crystallization (T) 0.040 

Ultrasonicated samples (US1, US2, US3) 0.001 

Sample holder contribution  0.001 

 

Magnetic Properties 

 [Tb(hfac)3(NIT-PhOPh)]n has been investigated in the past for its strong Single-Chain 

Magnet (SCM) properties.
60

 This study has been also performed for its Gd, Dy, Ho, Er, Tm 

and Yb derivatives.
60,93,94

 In these
 
reports, samples were made according to a synthetic 

procedure similar to sample L. In order to check that the SCM property we target is preserved 

by sonocrystallization, magnetizations versus field curve have been measured at 1.8 K. The 

very characteristic magnetization shape of [Tb(hfac)3(NIT-PhOPh)]n is observed on all 

samples (Figure 10). It is composed of an opened hysteresis in zero field with coercive field 

of ≈ 400 Oe followed by a high-field step (≈ 12500 Oe). The opened hysteresis is due to the 

efficient magnetic slow relaxation of the chains that are unaffected by quantum tunneling. 

The high-field step is a consequence of the spin canting with dominant next-nearest-neighbor 

antiferromagnetic interactions observed in the chains together with a very peculiar crystal 

packing arrangement.
94

 Very little differences can be seen between all curves. This 

demonstrates that the magnetic behavior of [Tb(hfac)3(NIT-PhOPh)]n is not damaged by the 

sonication process. However, it can be noted that bulk magnetic measurements are not very 

sensitive to impurities. This is a severe drawback as far as surface deposition of molecular 

magnetic compounds is targeted because a control of the magnetic property of a bulk powder 

is not enough to ensure that the corresponding molecular deposit will be pure and 

homogenous. Such magnetic impurities could be detrimental for the creation of an effective 
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magnetic device based on molecular magnetic compounds. This is the reason why magnetic 

characterizations are not enough to qualify a sample for surface deposition. 

 

 

Figure 10. Magnetic hystereses of [Tb(hfac)3(NIT-PhOPh)]n for all samples (S, L, T, US1 –

 US3). T = 1.8 K, magnetic field sweep rate is 15.5 Oe. s
-1 

(unfitted experimental data) 

 

CONCLUSION 

 In this study we report a new synthetic pathway for [Tb(hfac)3(NIT-PhOPh)]n using 

sonocrystallization. The analysis of six different samples shows that this approach allows a 

size and purity control of the crystallites that is not achievable with conventional 

crystallization techniques and that is not due to the thermal effect of the sonication. 

Sonocrystallization impacts the crystallite morphology (rounded apexes, low aspect ratio) 

when compared to standard crystallization techniques. Additionally, Polydispersity Index in 

length of the crystallites (0<PDIl<1) is severely reduced from 0.92 on the usual and silent 

crystallization procedure (L) to 0.16 on the most optimized sonocrystallized sample (US2). 
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This highlights how sonocrystallization is able to afford highly homogeneous crystallization 

batches. Interestingly, it can be noted that the PDI optimization is limited to crystallite sizes 

that are below the dimension of the cavitation bubbles (≈ 10 µm).  

 For most coordination chemists it is counterintuitive to obtain crystals with a 

sonication process, because sonication is often mistaken with, or reduced to, 

sonofragmentation. However, sonication involves a lot of different processes such as 

sonochemistry,
4,8

 sonofragmentation,
6
 sonocrystallization

20
 and micromixing.

7
 In our case, 

this last mechanism is expected to be the one that allows sonication to produce very pure 

SCM as demonstrated by solid-state luminescence measurements. Such a high purity upgrade 

is an asset for the synthesis of pure coordination polymers adapted for further highly sensitive 

physico-chemical characterizations. Sonocrystallization can be a way to end up with the 

obsolete sampling of hand-picked crystallites in mother solutions. Our demonstration is based 

on the use of 24 kHz sonotrodes and it would be interesting to extend it to highest frequencies 

using transient transducers
95

 as well as on different ultrasound reactors.
96

 

 In conclusion, while sonocrystallization is widely used on purely organic 

compounds
19,20,22,27,29,97

 and on some metal-organic coordination polymers,
35

 it seems also 

very efficient on magnetic coordination compounds. Within some hours it provides samples 

with optimized crystallite-size distribution, controlled aspect ratio, and significant purity 

enhancement when compared with conventional silent crystallization techniques. This 

approach could lead to better sampling of magnetic coordination compounds. This can be 

particularly useful for characterization or shaping techniques that require pure, 

morphology- and crystallite-size-controlled bulk samples as in molecular surface science for 

example. 
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