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Kinetics of the mechanically induced ibuprofen-nicotinamide co-
crystal formation by in situ X-ray diffraction 

Lucia Casali,a Maria Carta,b,c Adam AL Michalchuk,a,d Francesco Delogu,*b,c Franziska Emmerling*a,e  

Mechanochemistry is drawing attention from the pharmaceutical industry given its potential for sustainable material 

synthesis and manufacture. Scaling mechanochemical processes to industrial level remains a challenge due to an incomplete 

understanding of their underlying mechanisms. We here show how time-resolved in situ powder X-ray diffraction data, 

coupled with analytical kinetic modelling, provides a powerful approach to gain mechanistic insight into mechanochemical 

reactions. By using the ibuprofen-nicotinamide co-crystal mechanosynthesis as a benchmark system, we investigate the 

behaviour of the solids involved and identify the factors that promote the reaction. As mechanochemical mechanisms 

become increasingly clear, it promises to become a breakthrough in the industrial preparation of advanced pharmaceuticals.

Introduction  

Co-crystals (i.e. crystals comprising multiple different 

molecules) are of significant interest to the pharmaceutical 

industry as a platform to supply Active Pharmaceutical 

Ingredients (APIs). By combining an API in the solid state with 

other chemically distinct entities, their physico-chemical 

properties can be enhanced, including thermal stability, water 

solubility, dissolution rate, bioavailability and processability.1  

Among the APIs in the WHO Model List of Essential 

Medicines, R/S ibuprofen (hereafter, ibuprofen) is an excellent 

example of how co-crystallization can markedly improve API 

physico-chemical properties. Ibuprofen (Fig.1a) is an analgesic 

drug with a market size estimated at around 45,000 MT 

(December 2023), growing at an annual rate of 2%.2 The poor 

aqueous solubility, bioavailability and thermal stability 

adversely affect the therapeutic efficacy of ibuprofen. 

Correspondingly, several strategies have been developed over 

the decades to overcome these issues,3,4,5 with co-

crystallisation emerging as one of the most effective 

approaches.6  

The cocrystal of ibuprofen with nicotinamide (Fig 1b) is 

particularly promising since it presents a 7.5-fold increase in 

water solubility as compared with pure ibuprofen, along with 

increased thermal stability.7,8 Given the advantages of the 

ibuprofen-nicotinamide cocrystal,9 strategies to reliably 

prepare this compound have been extensively investigated.10 

To date, the ibuprofen-nicotinamide cocrystal has been 

successfully made by solution11,12 and vapor crystallization 

methods,13 from melts7 and even by mechanochemical 

methods i.e. extrusion14,15,16 and ball milling.17,18  

Co-crystal syntheses based on mechanochemistry are of 

particular interest for future industrial applications. The 

drastically reduced use of solvents and energy, along with 

reactions that often result in 100% yields of single products, 

make mechanochemistry a sustainable and eco-friendly 

method.19 In fact, a recent study demonstrated how the 

ibuprofen-nicotinamide co-crystal can be prepared 

mechanochemically without waste,20 and with improved green 

metrics and reduced environmental impact in comparison with 

large-scale processes in solution (in batch) or solvent-free in 

continuous by HME (Hot Melt Extrusion).21  

Though mechanochemical methods are very promising, 

their translation to industry remains hindered by a lack in 

mechanistic understanding and selectivity. This is exacerbated 

by the fact that the kinetic and thermodynamic rules of 

analogous solution-based syntheses tend not to apply to 

mechanochemical routes. To tackle this challenge, methods for 

time-resolved in situ (TRIS) monitoring of mechanochemical 

reactions have been developed,22 paving the way to obtaining 

otherwise inaccessible information on intermediates or new 

products, as well as on reaction rates. 
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Figure 1. Schematic representation of ibuprofen (left) and nicotinamide 
(right). The star indicates a chiral carbon centre. 

TRIS methods for monitoring ball milling reactions via X-ray 

diffraction (XRD) are particularly powerful to follow 

mechanochemical co-crystallization,22 and are excellent tools to 

probe and optimize mechanochemical reactions.23,24 Moreover, 

the collection of TRIS-XRD data provides access to kinetic 

profiles, which, when modelled analytically, offer exciting 

insight into the fundamental behaviors of solids under 

mechanochemical conditions.25,26 To date, such analyses have 

shown that mechanochemical kinetics derive from the complex 

interplay of physical parameters, including changes of the 

internal and surface energy, the reduction of the crystallite 

sizes, as well the reduction in the coherence energy of the 

solids.27,28,29 

Using the synergies of TRIS-XRD and analytical kinetic 

modelling, we here investigate the mechanochemical synthesis 

of the ibuprofen-nicotinamide cocrystal and demonstrate that 

the transformation likely occurs via the mechanically induced 

melting of ibuprofen. 

Materials and methods 

Reagents. R/S ibuprofen (4-Isobutyl-alpha-Methylphenyl acetic 

acid 99 %) and nicotinamide 99% were purchased from Alfa 

Aesar (Thermo Fisher Scientific). The experimental powder 

diffractograms were compared with simulated patterns to 

verify the purity of the samples (see Fig.SI1a): we had pure 

polymorph I for R/S ibuprofen (IBPRAC06)30 and the 𝛼 

polymorph for nicotinamide (NICOAM02)31. The compounds 

were used without further purification.  

Mechanochemical reaction. The stoichiometric 

mechanochemical reactions between R/S ibuprofen (75.38 mg) 

and nicotinamide (44.62 mg) were performed in a vibrational 

ball mill (Pulverisette 23, Fritsch, Germany) with a custom-made 

PMMA jar with hemispherical steel ends (12 mm diameter)32 in 

neat grinding conditions with the frequencies and steel ball 

sizes reported in the Results and Discussion section. The 

experiments were performed using a single milling ball. 

Ex situ Powder X-ray Diffraction (PXRD) measurements. PXRD 

data were collected on a laboratory diffractometer (D8 

Discover, Bruker AXS) in transmission geometry equipped with 

a Cu Kα1,2 source (λ1 = 1.54056 Å, λ2 = 1.54443 Å) and a Lynxeye 

XET detector. The sample powder was loaded into capillaries of 

0.5 mm diameter, and data were measured in a 2θ range 2–60°, 

6000 steps, 4s per step. 

Time Resolved In Situ (TRIS) PXRD measurements. TRIS-PXRD 

measurements were performed at the μ-Spot beamline (BESSY 

II, Helmholtz Centre Berlin for Materials and Energy).33 The 

reactions were carried out in a vibrational ball mill (Pulverisette 

23, Fritsch, Germany) using a custom-made PMMA jar with 

hemispherical steel ends (12 mm diameter). Data were 

measured using an incident wavelength of λ = 0.7314 Å, 

obtained with a double crystal monochromator (Si 111). Each 

data frame was obtained by accumulating scattering for 30 s. 

The resulting scattering images were integrated using the 

Dpdak-software,34 and background corrected with a custom-

built python script using the ARPLS and ALS algorithms.35 

Kinetic study. For single peak analysis, data points collected one 

minute apart were selected from the in situ data set. For each 

data point, the area under the Bragg peak of the co-crystal at 

scattering vector q = 2-2.40 nm−1 was calculated using OriginPro 

2020. For multivariate analysis, we used software The 

UnscrumblerX to perform MCR-ALS (multivariate curve 

resolution - alternating least squares) on the background 

corrected data set. We note that the experimental set-up used 

for TRIS-PXRD caused distortion of the PXRD profiles that made 

reliable quantitative analysis by Rietveld methods unfeasible.  

Differential Scanning Calorimetry (DSC). The DSC profiles for 5 

mg of the physical mixture of R/S ibuprofen and nicotinamide 

were recorded at a speed of 10 K/min and 1 K/min in the 

Mettler Toledo TGA/DSC 3+ thermal analysis system. The DSC 

profiles of the reagents ibuprofen and nicotinamide, and of the 

pure product ibuprofen-nicotinamide, were collected at a rate 

of 10 K/min. All the samples were placed in a 100 µL Al pan, and 

analysed under an N2 atmosphere at a rate of 80 µL/min. 

High-speed camera measurements. Frames of the 

mechanochemical reactions were recorded with a Basler 

acA2040-180kmNIR with an acquisition speed of 602 or 1782 

frames per second depending on the chosen set-up. 

Piezoelectric sensor measurements. The milling jar containing 

one 10 mm ball was equipped with piezoelectric transducers 

attached to one of the hemispherical caps. The sensors were 

connected to a computer and the signals generated by contacts 

between the jar and ball were recorded and subsequently 

analysed using in house software. 

Kinetic modelling. Analysis of the experimental kinetic data was 

performed using a phenomenological analytical model based on 

the statistical character of the mechanical processing by ball 

milling. Kinetic equations were written to describe the specific 

case study and fit to the experimental kinetic curves. The final 

objective was to provide a quantitative rationalization of the 

observed physical behaviour. 

Simulation of milling dynamics. The trajectories of the single 

milling ball (steel, 10 mm in diameter, 4 g) inside the jar were 

reconstructed through the numerical solution of the equations 

of motion of the ball and jar. To this aim, an in-house code was 

written to simulate the motion of the jar in the inertial Cartesian 

reference frame of the laboratory and the motion of the ball in 

the non-inertial Cartesian reference frame that moves with the 

jar. Impacts were described as instantaneous events with a 

degree of elasticity measured by a coefficient of restitution (see 

more details in the SI).  
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Figure 2. Comparison between the mechanochemical reactions performed at different neat grinding (NG) milling conditions. The black box highlights the 
disappearance of the reagent peak (ibuprofen), while the red box indicates the emergence of the main co-crystal reflection.

Results and discussion 

It is widely known that the choice of milling conditions can 

influence the progress of a mechanochemical reaction, in terms 

of both kinetics and the appearance of intermediate phases.36–

38 To determine the sensitivity of ibuprofen + nicotinamide co-

crystallisation to mechanochemical conditions, we followed the 

reaction using time-resolved in situ (TRIS) powder X-ray 

diffraction (PXRD), Fig. 2. All of our reactions were performed 

under neat grinding conditions for 1 hour, and we modulated 

the milling frequency and the ball size (Fig.2). 
The first reaction that we investigated by TRIS-PXRD was the 

mechanochemical co-crystallisation of ibuprofen + 

nicotinamide performed at 20 Hz with a 4 mm steel ball (Fig. 2, 

left). From literature,39 we did not expect these mild conditions 

to yield a complete reaction within an hour, and indeed under 

these mild conditions, the first hour of milling was dominated 

by scattering from the reagents alone. Only early signs of co-

crystal formation were seen to appear after 40 min milling.  

Aiming to drive the reaction further, we increased the 

milling frequency to 50 Hz, and doubled the diameter of the 

milling ball (to 8 mm), Fig. 2, middle. Under these harsher 

conditions, the co-crystal appeared within the first few minutes 

of milling, indicating a significant speed-up of the reaction. 

However, these conditions still did not yield a complete reaction 

within 1 h; scattering from the reagents remained until the end. 

Finally, we increased the ball size to 10 mm, keeping the 

frequency at 50 Hz, Fig. 2, right. Under these conditions the 

reaction reached completion within 1 hour, providing us a 

complete dataset on which to perform analytical kinetic analysis 

(for details see Fig.SI1b). To apply our analytical kinetic model 

to the experimental data, we had to extract quantitative phase 

information from the TRIS PXRD data.  

The most robust approach to extract quantitative phase 

data for crystalline materials from PXRD data is via Rietveld 

methods. However, owing to the distortions to Bragg scattering 

data that are common for TRIS PXRD datasets,32,40 along with a 

poor crystallinity of the product, our attempts at performing 

quantitative Rietveld refinements of our TRIS data were 

unreliable. As shown in Fig. 3, QPA on profiles containing 

reagents was effective, with a good quality of the fitting, and 

reliable weight percentages of the components. In contrast, 

with the appearance of products, the Rietveld refinement was 

no longer suitable.  

 
Figure 3. Comparison of QPA via Rietveld refinement on powder 
diffractograms collected after a milling time of 30 seconds (top) and 15 
minutes (bottom). The blue line is the measured pattern, the red line 
represents the fit and the grey line the difference curve.  
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Figure 4. Comparison between single peak (black dots) and MCS-ALS (red 
dots) analyses in a semi-logarithmic plot for the data collected the first 30 
minutes of the reaction. 

We subsequently performed QPA via Rietveld methods on ex 

situ data sets, but in doing so we encountered an unexpected 

behaviour. Namly, the reaction continued spontaneously once 

the powder was mechanically activated, even after the mill was 

stopped. For example, we observed that after ball milling for 

five minutes, the ex situ PXRD profile measured immediately 

after milling differed from that measured on the same sample 

aged for 48h (see Fig.SI2a). This behaviour unfortunately limited 

the reliability of ex situ data to track the progress of the 

mechanochemical reaction and required us to identify an 

alternative strategy for robust QPA of our TRIS PXRD datasets. 

To this end, we applied two alternative approaches to 

extract phase composition from our TRIS data: (1) we evaluated 

the variation of the area under a single, isolated Bragg peak of 

the product phase41, and (2) we applied the multivariate 

method MCS-ALS.42 Although these methods are not as robust 

as QPA via Rietveld methods, reliable kinetic modelling has 

been previously performed using them,43,44,45 especially when 

non-crystalline or unknown crystalline materials are involved in 

the mechanochemical reactions. In a recent work, it was shown 

that MCS-ALS may represent a method to derive kinetic insights 

with comparable validity as from Rietveld refinements.42 
As shown in Fig. 4, the two analytical methods provide consistent 

trends in the reaction kinetics, lending significant degree of 

confidence to the observed trend and the methods themselves (for 

details see Fig.SI2b). In both cases, the relative total amount of 

reactants is plotted in a semi-logarithmic plot to emphasize the 

dependence of the fraction of reactants on time. When plotted in 

this way, the data are approximately linear, revealing exponential 

kinetics. We note that particle size can influence reaction kinetics in 

mechanochemical processes, affecting parameters such as rate 

constants without fundamentally altering the underlying reaction 

mechanism or compromising the extraction of mechanistic insights 

from kinetic data.46 

To interpret the kinetic trends and gain deeper insight into the 

observed transformation, we used a kinetic model as follows. We 

assumed that the mechanical loading exceeds a certain threshold in 

a set of small volumes 𝑣∗ that are located at the points of contact 

between powder particles, or inside them. Once the volumes 𝑣∗ 

experience such critical loading conditions (CLCs), the reactants 

undergo effective mixing. The total volume of powder affected by 

CLCs, 𝑣, during an individual impact is simply the sum of the volumes 

𝑣∗. Under the assumption that the powder is effectively stirred and 

that the involvement of volumes 𝑣∗ in any given impact is stochastic, 

the statistics of 𝑣∗ affected by CLCs can be described analytically. If 

we denote with 𝜅 the ratio between 𝑣 and the total volume of 

powder, 𝑉, inside the jar, the volume fraction of powder, 𝜒𝑖(𝑚), that 

has undergone CLCs 𝑖 times after 𝑚 impacts can be expressed, to a 

first approximation, as 

 

𝜒𝑖(𝑚) = [(𝜅 𝑚)𝑖 𝑖!⁄ ] 𝑒𝑥𝑝(−𝜅 𝑚).    (1) 

 

Although Eq. 1 describes how volumes 𝑣∗ undergo CLCs, it does 

not consider the possible changes induced by CLCs in volumes 

𝑣∗. In this regard, it is reasonable to expect that specific values 

𝛼𝑖  of the degree of chemical conversion in volumes 𝑣∗ after 𝑖 

CLCs can be associated to volume fractions 𝜒𝑖(𝑚).  

 

Accordingly, the total degree of chemical conversion, 𝛼(𝑚), can 

be expressed as 

 

𝛼(𝑚) = ∑ 𝜒𝑖(𝑚) 𝛼𝑖
∞
𝑖=1 ,          (2) 

 

which is a weighted average of the conversion degree over the 

different volume fractions 𝜒𝑖(𝑚). 

 

Eq. 2 allows us to relate the volume 𝑣 effectively involved in 

CLCs to the degree of chemical conversion. Since the total 

number of impacts, 𝑚, undergone by powders can be calculated 

as the product 𝑁 𝑡 between the impact frequency, 𝑁, and time, 

𝑡, the fraction of final co-crystal can be expressed as 

 

𝛼(𝑡) = 1 − 𝑒𝑥𝑝(−𝜅 𝑁 𝑡) =  1 − 𝑒𝑥𝑝(−𝑘 𝑡)   (3) 

 

and 

 

𝑙𝑛[1 − 𝛼(𝑡)] = −𝜅 𝑁 𝑡 =  −𝑘 𝑡,    (4) 

 

where 𝑘 = 𝜅 𝑁 (see ESI for more details). 

 

Thus, the slope of the linear plots shown in Fig. 4 is equal to 

𝑘. Since 𝑘 represents a measure of the effective amount of 

powder affected by CLCs per unit time, and then transformed, 

it can be regarded as the rate constant of the co-crystal 

formation. 

The best-fitted 𝑘 values are equal to about 0.056 min-1 and 

0.059 min-1 for the data obtained from single-peak and 

multivariate analyses, respectively. The two values are close 

enough to suggest that we can consider a single average value 

equal to about 0.057 min-1. By considering that the total mass 

of reactants in the jar was 120 mg, the mass of powder affected 

by CLCs per unit time is approximately equal to 6.8 mg min-1. 
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Since the impact frequency, 𝑁, is determined by the details 

of the jar movement, which are characteristic of each ball mill, 

and the specific processing conditions, it is more appropriate to 

refer the kinetics to individual impacts.25 This can be done by 

estimating 𝑁 and subsequently extracting 𝜅 from 𝑘. In this way, 

we can in principle use the quantity 𝜅, which corresponds to the 

effective amount of powder affected by CLCs per single impact, 

to compare the kinetics of co-crystal formation obtained using 

different ball mills and under different processing conditions. 

To this aim, we combined experimental and numerical 

methods to study the dynamics of the single milling ball inside 

the moving jar under the selected working conditions.  

The ball can be expected to behave like a forced-damped 

oscillator that undergoes, to a first approximation, harmonic 

motion along the main jar axis. The amount of powder inside 

the jar affects the impact elasticity and, in turn, the overall ball 

dynamics. On a phenomenological basis, the effects of damping 

can be described by a coefficient of restitution that measures 

the average degree of elasticity for the impacts between ball 

and jar, and thus the amount of mechanical energy transferred 

from the ball to the powder. While details can be found in the 

Supplementary Information, the most relevant results of 

numerical simulations performed with a coefficient of 

restitution of 0.4 are shown in Fig. 5. The sequence of vertical 

segments has been constructed by plotting the modulus of the 

velocity vector, 𝑣𝑖𝑚𝑝 , of any detected impact as a function of 

the time, 𝑡, at which the impact was detected. Positive and 

negative 𝑣𝑖𝑚𝑝  values correspond to impacts on the top and 

bottom hemispherical caps of the cylindrical jar, respectively. 

Approximately half of the detected impacts take place at a 

velocity 𝑣𝑖𝑚𝑝  between ca 2.0 m s-1 and 5.0 m s-1. Less severe 

impacts can be considered in the same way as rebounds, 

probably having minor effects on the compressed powder. 

We then performed a DSC analysis on a physical mixture of 

ibuprofen and nicotinamide (Fig. 6). Along with the information 

on the thermal behaviour of the compounds, the thermal 

analysis was instrumental to estimate the effective thermal 

properties of ibuprofen and nicotinamide. After melting of 

ibuprofen (78 °C) we observe the melting of the co-crystal at 

around 90 °C. However, we do not observe melting of 

nicotinamide (ca 130 °C). This strongly suggests that 

nicotinamide reacts entirely with the ibuprofen melt (see Fig. 

SI4 for more details). To better understand the thermal events, 

we lowered the heating speed from 10K/min to 1K/min, and we 

observed an increase in the co-crystal melting contribution 

(black circle in Fig. 6), which agrees with our hypothesis.  

 

 

 

Figure 5. Part of the sequences of impacts obtained from (a) numerical 
simulation and (b) piezoelectric sensors. Vertical dotted lines are a guide to 
the eye aimed at facilitating the comparison between the times at which the 
impacts are detected. 

DSC analysis show a melting enthalpy of ca 22.3 kJ.mol-1 for 

ibuprofen, in good agreement literature values (25.0 kJ mol-1 to 

39.5 kJ mol-1),47,48 and a heat capacity in the range of 200 J K-1 

mol-1 to 300 J K-1 mol-1.47 Accordingly, melting 1 mol of 

ibuprofen (~206.3 g), requires between 35.6 kJ to 55.4 kJ.47  

Our above analysis shows that, per unit time, the volume of 

powder affected by CLCs is 6.8 mg min-1, and that the effective 

amount of powder affected by CLCs per single impact, κ, is ~1.2 

µg. The mass of ibuprofen affected by CLCs, and eventually 

involved in the formation of the co-crystal, is equal to about 0.7 

µg min-1. It follows that the amount of energy needed to melt 

this much ibuprofen is between 0.12 mJ and 0.19 mJ. Notably, 

these values are well below the amount of energy transferred 

to powders during a single impact, (ca 3.0 mJ to 20.0 mJ, see SI). 

The hypothesis of powder melting at impact is supported by 

high-speed video monitoring, which shows that powder sticks 

to the jar walls within the first minute of the reaction (Fig.SI5). 
 

Mechanical stimulation can induce both bulk amorphization through 

defect accumulation and surface melting at particle-particle 

interfaces during milling processes. While bulk amorphization has 

been the focus of attention in multicomponent reactions, the 

importance of surface melting, first observed by Bowden in the 

1940s,49,50 has been largely overlooked. In this respect, our findings 

are particularly noteworthy in the field of mechanochemistry. We 

also note that our experimental results do not indicate formation of 

amorphous phases (i.e. there is no notable no peak broadening or 

visible increase in background scattering contributions of the PXRD 

data). Moreover, our thermal analyses show no indication of glass 

transitions or recrystallisations of amorphous compositions. Thus, all 

our experimental data support that the only ‘fluid’ phase being 

generated in this system is a molten state. 

 

Ultimately, we conclude that processing conditions are 

compatible with the melting of ibuprofen, which provides a 
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mechanism for co-crystal formation through the dissolution of 

nicotinamide in molten ibuprofen and the subsequent 

nucleation of the co-crystal. Though this aspect will be subject 

to further study, when combined with other observations we 

hypothesise that ball milling is just a way of promoting a melt-

mediated reaction of ibuprofen, consistent with literature 

data.48 

Conclusions 

In this work we demonstrate the feasibility of using kinetic 

modelling on in-situ PXRD data to gain insight into the 

microscopic features of mechanical activation. The behaviour of 

the solids involved in the mechanochemical preparation of the 

co-crystal ibuprofen-nicotinamide was investigated as a 

benchmark system, and the factors that promote solid-state 

transformations were understood. 

Firstly, we monitored the mechanochemical reactions between 

ibuprofen and nicotinamide carried out at different grinding 

conditions to assess the optimal grinding conditions and 

eventually to detect the formation of transient phases or 

intermediates. We observed that the use of different milling 

frequencies and ball sizes only affected the reaction kinetics, so 

we selected the data set of the most optimised reaction (10 mm 

steel ball at 50 Hz) for kinetic modelling. 

The kinetic analysis on PXRD data, along with a detailed 

characterization of the ball motion inside the jar, revealed that 

the formation of the final co-crystal was reasonably facilitated 

by the presence of a molten phase capable of enhancing the 

mixing. Further experiments, i.e. thermal analysis (DSC) and 

monitoring of the mechanochemical reaction with a high-speed 

camera, supported this suggestion. Therefore, we assumed that 

ball milling was an effective method for the preparation of the 

co-crystal as it locally promoted the melting of ibuprofen. 

 

 

 

Figure 6. 10°/min DSC trace for the physical mixture ibuprofen-nicotinamide. It is evidenced the melting point of ibuprofen (78 °C), of the co-crystal (90 °C) 
and the one – missing – of nicotinamde (130 °C). In the black dashed circle on the right, the 1°/min DSC of the physical mixture to better appreciate the 
formation of the co-crystal among melting. 

In conclusion, the combination of TRIS PXRD measurements 

with kinetic modelling proved to be a powerful tool for the 

mechanistic understanding of mechanochemical reactions, as 

well as for their optimisation. We demonstrated that the 

ibuprofen-nicotinamide system was reasonably formed via the 

mechanically induced melting of ibuprofen. Although further 

investigation is required, this study on the benchmark system 

ibuprofen-nicotinamide can be considered a valuable protocol 

for understanding and subsequently scaling up 

mechanochemical reactions. As mechanochemistry becomes 

clearer, it is believed to represent a breakthrough in the 

industrial preparation of pharmaceuticals. 
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