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Abstract: The influence of the amorphisation technique on the physico-chemical properties 

of amorphous lactulose has been investigated. Four different amorphisation techniques have 

been used: quenching of the melt, milling, spray-drying and freeze-drying, and amorphous 

samples have been analysed by DSC, NMR, and powder X-ray diffraction. Special attention 

has been paid to the tautomeric composition and to the glass transition of amorphised 

materials. It has been found that the tautomeric composition of the starting physical state 

(crystal, liquid or solution) is preserved during the amorphisation process and has a strong 

repercussion on the glass transition of the material. The correlation between these two 

properties as well as the plasticizing effect of the different tautomers have been clarified by 

molecular dynamic simulations. 
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1. Introduction 

Glass forming sugars play a major role in nature as they are able to protect biological systems 

from many external stresses1,2. They are in particular synthetised in large quantities by 

organisms which can resist to freezing, high temperatures and severe dehydrations2–4. Glass 

forming sugars are also widely used in pharmaceutical formulation5,6 for the encapsulation, 

the stabilisation, and the release of drugs7,8 and nutrients9. They help to preserve labile 

biological molecules like proteins from stresses induced by some usual pharmaceutical 

processes10,11 (freeze-drying, spray-drying, milling, extrusion, heating…). 

Most sugars can exist in different tautomeric forms which can adopt cyclic or open chain 

conformations12,13. This is, for instance, the case of glucose14, sorbose15, fructose16, lactose17 

and many others. Mutarotation is another striking feature of sugars15,18–21 which is the 

conversion of one tautomeric form into another. The kinetic of this conversion strongly 

depends on the physical state of the material. In solution or in the liquid state, mutarotation is 

generally fast and an equilibrium tautomeric composition is rapidly reached. In the amorphous 

solid state, mutarotation has been found to require a much higher activation energy so that 

mutarotation kinetics are quite slower16,22–25. While there is almost no molecular mobility in 

crystals, Tombari et al. have postulated that mutarotation can also occurs in this ordered 

physical form through the mediation of vacancies and defects. It then causes local 

amorphisations which could ultimately lead to the liquefaction of sugars well below their 

reputed melting points26. All these changes in the tautomeric composition due to mutarotation 

can have a strong repercussion on the physical properties of the material and in particular on 

its glass transition temperature (Tg). For instance, Wlodarczyk et al.16 have shown that the Tg 

of tautomerically pure fructose (pyranose form) can change by 10°C when it converts to a 

mixture of pyranose and furanose forms by mutarotation. Such a change of the molecular 

mobility can thus have critical repercussion on the physical stability of glass forming sugars. 

In practice, amorphous sugars can be produced by many different techniques which drive 

materials through different intermediate physical states27. To cite only a few: i) the classical 

thermal quench of the melt involving the liquid state28,29, ii) the mechanical route 

(compression, milling) occurring entirely in the solid state30–32 iii) the solvent removal 

processes (freeze-drying33, spray-drying34…) requiring the dissolution of the drug in a 

solvent. These different processes are not yet fully understood and can possibly lead to 

different amorphous states characterised by different chemical and physical properties. In 

particular, the amorphisation process can generate impurities arising from chemical 

degradation, leave residual traces of solvent, and modify the tautomeric composition if 

molecules are prone to mutarotation. It can also have an impact on the enthalpic level, the 

short-range order and the microstructure of the amorphous state. All these parameters must 

thus be understood and controlled as they have a direct influence on the glass transition and 

the effective physical stability of the final product against recrystallisation. 

In this paper, we investigate the influence of the amorphisation route on the physical and 

chemical states of amorphous lactulose35. Four amorphisation routes were explored: 

quenching of the melt, milling of the crystal, spray-drying and freeze-drying. Physical and 

chemical properties of these samples were investigated by nuclear magnetic resonance 



3 
 

(NMR), differential scanning calorimetry (DSC) and X-ray diffraction (XRD). Lactulose was 

chosen for its excellent glass forming ability, its high solubility and its complex tautomerism 

made of five tautomers which can inter convert by mutarotation36. Tautomers A (galactosyl β-

furanose), B (galactosyl α-furanose) and C (galactosyl β-pyranose) were detected in large 

proportions. Their chemical structures are reported in Figure 1. On the contrary, tautomers D 

(galactosyl α-pyranose) and E (partially open-chain transiently produced during mutarotation) 

are much rarer and have not been detected in the present study. 

 

Special attention has been paid here to the effect of the amorphisation process on the 

tautomeric compositions of the resulting amorphous state and to its repercussion on the glass 

transition temperature (Tg). The correlation between these two characters as well as the 

plasticizing effect of the different tautomers have been further investigated by molecular 

dynamic (MD) simulations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Chemical structures of the three main disaccharide lactulose (C12H22O11) tautomers 

A, B and C. There exists two other tautomers that appear only in the state of traces36. 
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2. Experimental and simulations  

2.1 Material 

Crystalline anhydrous lactulose was purchased from Sigma Aldrich. Thermogravimetric 

experiments have shown that it contains about 3.5 % of water inclusions. The commercial 

form was thus slightly crushed to favour water release, and dried at 70 °C during 15 min. The 

obtained sample has been checked to be totally crystalline, and has been used for the different 

experiments. 

 

2.2 Amorphisation methods 

We used four different techniques to prepare amorphous lactulose compounds: quenching of 

the melt, milling, spray-drying and freeze-drying. The amorphous samples obtained using 

these techniques will be respectively noted QM, MIL, SD and FD in the following.  

a- Quenching of the melt 

Quenched melt was obtained by heating (5°C/min) crystalline lactulose just above its melting 

point (Tm = 161°C) and by quenching (10°C/min) the melt at 20°C. The whole process was 

performed in the DSC device, under a nitrogen atmosphere and with a small sample size. This 

allows to control the melting process and to minimise the time spent above Tm in order to 

limit as much as possible thermal degradation37. 

 

b- Milling 

Ball milling was performed during 8h in a cold room at -10°C and under a dry atmosphere 

(RH ~ 0%) using a high-energy planetary mill (Pulverisette 7—Fritsch, Idar-Oberstein, 

Germany). We used ZrO2 milling jars of 43 cm3 with seven balls (ø = 15 mm) of the same 

material. 1 g of material was placed in the milling jar corresponding to a ball/sample weight 

ratio of 75:1. The rotation speed of the solar disk was set to 400 rpm. We took care to 

alternate milling periods (typically 10 min) with pause periods (typically 5 min) in order to 

limit the mechanical heating of the sample. Lactulose was milled during 8h as this milling 

time was reported to be long enough to induce a complete amorphisation37. 

 

c- Spray-drying 

 

Lactulose was dissolved in distilled water (5 g / 50 ml) at room temperature (RT) and spray-

dried using a Buchi B-290 mini spray dryer (Buchi, Basel, Switzerland), equipped with a 

0.7 mm nozzle (feed rate: 5 mL/min; air flow rate: 601 l/h; inlet temperature: 120°C± 2°C; 

outlet temperature: 70± 5°C; concurrent feed flow/inlet drying gas-nitrogen). 

 

 

d- Freeze-drying 

https://www-sciencedirect-com.ressources-electroniques.univ-lille.fr/topics/materials-science/nozzle
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Lactulose was dissolved in distilled water (5 g / 50 ml) at RT and freeze-dried  using the 

freeze dryer Christ Epsilon 2-4 LSC (Martin Christ, Osterode, Germany):  freezing at −45 °C 

for 4 h, primary drying at −20°C/0.007 mbar for 20 h, and secondary drying at 

+35 °C/0.0014 mbar for 40 h. 

 

2.3 DSC experiments 

Differential Scanning Calorimetry (DSC) was performed with the DSC Discovery of TA 

Instruments. For all experiments, the sample was placed in an open aluminum pan (container 

with no cover) to allow any residual free water to be removed upon heating, and was flushed 

with highly pure nitrogen gas. Temperature and enthalpy readings were calibrated using pure 

indium at the same scan rates and with the same kind of pans used in the experiments. 

Experiments were performed in the temperature modulated mode (MDSC) using a heating 

rate of 5 °C/min, a modulation amplitude of 0.663 °C and a modulation period of 50 s. These 

parameters correspond to “heat only” conditions. 

 

2.4 X-ray diffraction experiments 

X-ray diffraction (XRD) experiments were performed with a PanAlytical X’PERT PRO MPD 

(Almelo, The Netherlands) diffractometer (λCuK = 1.5418 Å for combined K1 and K2) 

equipped with an X’celerator detector (Almelo, The Netherlands). Samples were placed into 

Lindemann glass capillaries (ø= 0.7 mm). Data were recorded from 5° to 40° 2θ by step of 

0.0167° 2θ using a counting time of 50 s every 2° 2θ. 

 

2.5 NMR experiments 

NMR spectra were recorded with the NMR 400 MHz spectrometer commercialised by 

Bruker. 10 mg of sample were dissolved into 0.75ml of Dimethyl Sulfoxide (DMSO). We 

used this solvent for its ability to slowdown the mutarotation in solution strongly38,39. The 

signal was collected at RT just after (typically 3 min) the dissolution, in order to limit as much 

as possible the mutarotation. For all experiments we used a 5 mm TBI probe which is suitable 

for proton NMR. Results were analysed using the TopSpin 3.5pl5 software of Bruker. 

 

 

2.6 MD simulations 

We have performed molecular dynamics (MD) simulations using the DLPOLY package40 

(version 4.07) and the OPLS (Optimised Potentials for Liquid Simulations) force field41,42. 

We chose this force field due to its capability of reproducing successfully the experimental 

data for a large number of molecules with low molecular weight43–45. We conducted the 

simulations either in the NPT or the NVT statistical ensemble, with N the number of 

molecules, P the pressure, T the temperature, and V the volume. The number of molecules, N, 

was fixed in the simulations. The pressure and temperature were controlled with a Nose-

Hoover barostat and thermostat, with relaxation times of 2.0 ps and 0.2 ps respectively. We 
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performed all NPT simulations at atmospheric pressure and we used the equilibrated volume 

at a given P and T for subsequent NVT simulations. The time step to integrate Newton’s 

equation of motion was chosen as 0.001 ps. A cut-off radius of 10 Å was used to calculate 

short-range van der Waals interactions. Long-range electrostatic forces were calculated using 

a shifted Coulombic potential, with the same cut-off radius. Periodic boundary conditions 

were applied in all directions. 

In order to investigate the impact of the tautomeric composition on the molecular mobility of 

amorphous lactulose, we have calculated the diffusion coefficients of tautomers A and C, as 

well as their gyration radii Rg. The diffusion coefficient D is determined from the long-term 

evolution of the mean square displacement (⟨r2(t)⟩ ∼ 6Dt). The gyration radius Rg is 

determined thanks to the following equation: 

Rg = < ( ∑ 𝑚𝛼 αs
2

α  / ∑ 𝑚𝛼 α )
1/2  >          Eq. 1 

where mα is the mass of the α atom, located at a distance sα from the molecule centre of mass, 

< > indicates an average over the N molecules and time. 

We have also calculated the number of intramolecular and intermolecular hydrogen bonds 

(HBs) developed by each tautomer. To do so, we have considered that an HB exists if the 

oxygen–oxygen distance d(O-O) is smaller than 3.4 Å and the O-H...O angle is larger than 

150.0°. This geometric criterion includes only well-formed and strong HBs46,47. It should be 

noted that use of less stringent criteria (d(O-O) < 4.0 Å, and O-H...O angle > 120°) including 

quite deformed and weaker HBs have given similar results. All those results are given in 

Supporting Information. 

Two amorphous systems respectively composed of only tautomer A and only tautomer C have 

been investigated from MD simulations. Each simulation box was generated using the same 

procedure. First, we build an initial cubic pseudo-crystal box composed of 64 molecules. 

Then, it was melted at a high temperature of 700K during 2ns in the NPT ensemble in order to 

eliminate any orientational or translational order, and to thus obtain a fully disordered system 

in the liquid state. Finally, we hyper-quenched the liquid box from 700 K to 300 K at a 

cooling rate of 10K/100ps. We applied a further equilibration of 8 ns (including 6 ns in the 

NPT ensemble and 2 ns in the NVT ensemble) to the resulting boxes at 650K, 600K, 550K 

and 500K. After equilibrations, several MD trajectories of different lengths (see Table 1) were 

generated at the different temperatures and used to calculate the diffusion coefficients, as well 

as the gyration radii. The densities of the different boxes are also reported in Table 1. 

 

Table 1: Densities and lengths of the MD trajectories generated at the different temperatures 

from both systems.  

Temperature (K) 

 

Density (± 0.01 g/cm3) Simulation time (ns) 

tautomer A tautomer C tautomer A tautomer C 

650 1.29 1.30 20 20 

600 1.33 1.35 20 20 

550 1.37 1.39 150 150 

500 1.41 1.42 150 200 
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3. Results and discussion  

3.1. Structure of processed materials 

Figure 2 shows the X-ray diffraction (XRD) patterns of crystalline lactulose recorded at RT 

after different processing: quenching of the melt (QM), milling (MIL), spray-drying (SD) and 

freeze-drying (FD). Clearly, the four diffraction patterns are free of Bragg peaks which 

indicates that each process has produced amorphous lactulose. Moreover, the four patterns 

appear to be very similar, showing a diffusion halo centred around 2 = 18°. Structural 

differences between the four amorphous states, if any, are too small to be detected by classical 

X-ray diffraction. However, it is worth noticing that subtle structural differences between the 

different amorphous states have been detected by neutron diffraction investigations. These 

results are reported in details in Ref48. 

 

The physical stability of SD, FD, MIL and QM amorphous samples was tested through long 

annealing at different temperatures. At 20°C, the amorphous samples were found to be stable 

during 6 months, except the MIL sample which showed slight signs of recrystallisation 

through the development of tiny Bragg peaks. For higher annealing temperatures, chemical 

degradation was found to occur before any crystallisation could be observed.  

 

 

 
Figure 2: XRD patterns of amorphous lactulose samples: FD (blue line), SD (pink line), MIL 

(red line) and QM (green line). 
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3.2. Tautomeric composition of processed materials 

Figure 3 shows NMR spectra of crystalline lactulose recorded after the four amorphisation 

processes: milling (MIL), freeze drying (FD), spray drying (SD), and quenching of the melt 

(QM). The unprocessed crystal is also reported for comparison. In each case the NMR 

spectrum was recorded within three minutes after dissolution in DMSO to limit as much as 

possible any mutarotation due to the dissolution itself. The validity of this protocol is 

demonstrated in Supporting Information. All spectra show three well defined peaks between 

5.2 ppm and 5.7 ppm which are characteristic of tautomers A (5.35 ppm), B (5.66 ppm) and C 

(5.28 ppm). We can also note strong differences in the relative intensity of the peaks from one 

sample to another, indicating noticeable differences in the tautomeric composition of the 

samples. The tautomeric compositions obtained by integration of the peaks are reported in 

Table 2. It is worth mentioning that the characteristic peaks were assigned on the base of 

previous studies36,39,49.  

In the unprocessed crystal the tautomeric composition appears to be XA = 79± 4%, XC = 

10±4% and XB = 11±4%. These values are slightly different from those previously obtained 

by Jeffrey et al.36 (XA = 74% XB = 10% and XC = 15%). However, we have found that the 

tautomeric compositions can noticeably vary from one batch to another. In particular, XA and 

XC vary respectively in the ranges [74% , 79%] and [10% , 16%] while XB is almost constant. 

Variations of XA and XC are probably due to the experimental conditions used by the provider 

to produce the crystalline lactulose. 

 

The tautomeric composition of the QM is different from that of the crystal. In particular, XA 

(49%) decreases to the benefit of XC (34%) and XB (17%). These changes reveal a strong 

mutarotation occurring upon melting. Moreover, the QM spectrum shows some additional 

small peaks which are likely to result from some thermal degradation occurring during 

melting37. 

 

The tautomeric composition (XA = 82%, XB = 8% and XC = 10%) of the sample milled during 

8h under a dry atmosphere (RH ~0%) appears to be very close to that of the initial crystalline 

form. This means that the amorphisation induced by milling has occurred without any 

mutarotation. Such a behaviour was already reported for lactose50 and glucose51. It proves that 

the amorphisation induced by milling really occurs in the solid state and that the sample 

temperature never exceeds, even locally, the melting point which would inevitably lead to a 

strong mutarotation as found for the QM sample. The absence of melting during milling is 

also proved by the absence of thermal degradation in the NMR spectrum which is 

characteristic of amorphous lactulose produced by QM. It must also be noted that if the 

milling is performed under a non-dried atmosphere, a noticeable mutarotation is observed. In 

that case, the mutarotation is mediated by the free water caught during the milling so that the 

tautomeric composition converges towards that characteristic of lactulose dissolved into 

water. 
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The tautomeric compositions of SD and FD samples are similar to each other, but noticeably 

different from those of the other compounds. Tautomer C predominates in SD and FD 

compounds, while tautomer A predominates in the other amorphous samples. These 

differences of tautomeric compositions are likely to be due to the fact that SD and FD 

processes require an initial dissolution stage of lactulose. Mayer et al.49 have determined the 

tautomeric composition of lactulose in solution in water at RT. This composition is reported 

in Table 2 and appears to be very close to that those of SD and FD samples. This suggests that 

removal of water occurring during SD and FD processes occurs with almost no mutarotation. 

In the case of freeze-drying the mutarotation is likely to be blocked because the water removal 

occurs in the solid state where the molecular mobility is almost non-existent. In the case of 

spray-drying the removal of water molecules occurs on a very short time scale which does not 

allow mutarotation to occur. As a result, the tautomeric composition of lactulose in solution is 

preserved in the SD and FD samples.  
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Figure 3: NMR spectra of different lactulose samples. From top to bottom: crystal (black 

line), MIL (red line), QM (green line), SD (pink line), QSD (black line), FD (blue line), QFD 

(black line). 
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Table 2: Tautomeric compositions and glass transition temperatures of different lactulose 

samples. The tautomeric composition of lactulose in solution in water49 is also reported for 

comparison.  

Samples tautomer A in 

% (±4) 

tautomer B in 

% (±4) 

tautomer C in 

% (±4) 

Tg (°C) 

(±1) 

crystal 79 11 10 --- 

MIL at RH#0 82 8 10 88 

In solution 

[Mayer]49 

24 11 65 --- 

QM 49 17 34 99 

SD 29 9 62 98 

QSD 50 18 32 88 

FD 24 8 68 98 

QFD 51 18 31 88 

 

 

3.3. Glass transition of processed materials  

Figure 4 shows the MDSC heating scans (reversible signals) of lactulose amorphised by the 

different techniques (quenching of the melt, milling, spray-drying and freeze-drying). All of 

them show a Cp jump characteristic of a glass transition that confirms their amorphous 

character. Moreover, no sign of exothermic crystallisation could be detected in the total heat 

flow upon heating (5°C/min) revealing the high physical stability of each amorphous lactulose 

sample. It must be noted that for the MIL, SD and FD samples the Cp jump occurs in two 

steps. The first step corresponds to the glass transition itself while the second step is an 

artefact which is frequently observed in amorphous materials having a complex 

microstructure52. MIL and SD materials are finely divided powders and FD materials are 

characterised by a high porosity. Both kinds of microstructure have generally a much lower 

thermal conductivity than bulk amorphous materials obtained by QM giving rise to an 

apparent lower Cp. Above Tg, the viscosity drops, so that the previous microstructures 

collapse giving rise to dense droplets of liquid which have a much better thermal conductivity. 

As a result, the apparent specific heat increases giving rise to the second Cp jump in runs 2, 3 

and 4. The glass transition temperatures of the four amorphous lactulose samples, derived 

from the first Cp jumps, are reported in Table 2. They appear to depend noticeably on the 

amorphisation technique, ranging from 88°C for the MIL to 99°C for the QM. We show 

hereafter that this variable Tg is due to chemical changes arising either from thermal 

degradation or from mutarotation. 

 

Recently, it was reported that the chemical degradation of lactulose on approaching the 

melting point has a noticeable effect on the glass transition temperature of the quenched 

melt37. It was shown in particular that the degradation products have an anti-plasticizing 

effect, increasing the apparent Tg of the amorphous material. Different melting protocol can 
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thus give rise to slightly different Tg, as it has been observed for several compounds35,53. We 

have taken advantage of the possibility to obtain non degraded amorphous lactulose by SD 

and FD to produce quenched liquid lactulose without any thermal degradation. This was done 

by heating (5°C/min) the SD and FD samples up to 150°C. This temperature is located 

sufficiently above Tg in order to have the liquid state (although metastable), and sufficiently 

below the melting point (Tm = 162°C) to avoid any chemical degradation37. The metastable 

liquids thus obtained have then been quenched to 20°C to form non degraded quenched 

liquids called QSD (Quenched Spray Dried) and QFD (Quenched Freeze Dried). The NMR 

spectra of these quenched liquids are reported in figure 3. They do not show the degradations 

spikes previously detected in the QM sample which proves that QSD and QFD are not 

chemically degraded. The calculated tautomeric compositions derived from the two spectra 

are reported in Table 2. It appears that both of them are very close to the tautomeric 

composition of the QM sample. This means that a strong mutarotation has occurred in the SD 

and FD samples during their small excursion above Tg, to reach that of the liquid state. The 

heating DSC scans of the QSD and QFD samples are reported in figure 4 (runs 5 and 6). They 

both show three interesting features: 

 

(i) A well-defined glass transition at 88°C occurring through a single Cp jump. Such a 

single Cp jump indicates that the complex microstructures characteristic of the SD and 

FD samples have been erased above Tg and replaced by a droplet microstructure typical 

of quenched melts.  

(ii) The glass transition is noticeably depressed compared to those of SD and FD lactulose. 

This shift must thus clearly be attributed to the changes in the tautomeric composition 

previously detected (Table 2). 

(iii) The glass transition of QSD and QFD are also strongly depressed compared to that of 

the QM, while the three amorphous samples have very close tautomeric compositions. 

This confirms that the highest glass transition of the QM is due to an anti-plasticization 

effect arising from degradation products. 

 

The above results indicate that the glass transition temperature of amorphous lactulose 

depends noticeably on its tautomeric composition. In particular, the analysis of Table 2 shows 

that the samples rich in pyranose moiety (SD and FD) have a glass transition temperature 10 

°C higher than that of samples rich in furanose moiety (QSD and QFD). This suggests that 

tautomer A has a plasticizing effect on the tautomeric mixture while tautomer C has an anti-

plasticizing effect. These behaviours are coherent with those previously detected on fructose 

by Wlodarczyk et al.16 using Dielectric Spectroscopy. These authors have shown that 

mutarotation can change the Tg of fructose by 10°C and that the Tg of the pyranose moiety is 

higher than the furanose one. Moreover, the variation of Tg with changes in the tautomeric 

composition due to solid state mutarotation is not specific to sugars. It was also noticed in 

some drugs like glibenclamide54 and aberchrome 67055, and in some polymers like 

azopolymers (polymers containing azobenzene) where mutarotation (photo-isomerization) can 

be interestingly triggered by UV irradiation56. All these materials have thus the interesting 

property to have a tunable Tg which can be varied by some external physical parameters. 
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In the case of lactulose, a better characterisation of the effect of each tautomer on Tg can 

hardly be achieved experimentally. The difficulty mainly arises from the impossibility to 

control the tautomeric composition of amorphous lactulose and to produce amorphous 

lactulose tautomerically pure. In the next section, we show how numerical simulations can 

overcome these experimental limitations and give interesting information on the influence of 

the tautomers (A and C) on the glass transition. 

 

 

 

Figure 4:  Heating MDSC curves (5 °C/min) of amorphous lactulose samples. From top to 

bottom: QM (green line), MIL (red line), SD (pink line), FD (blue line), QSD (purple line) 

and QFD (dark blue line). For reason of clarity, only the reversible signals are represented. 

The dashed lines mark the position of the glass transition temperature. 

3.4. Study of the molecular mobility of tautomers A and C by MD simulations 

Molecular mobility of amorphous compounds composed only of tautomer A, and only of 

tautomer C was studied by MD simulations in order to understand better the differences found 

concerning the glass transition of the different processed amorphous samples and their link 

with the tautomeric fractions. The glass transition temperature could be determined by MD 

simulations from the temperature dependence of  the density57,58. Assuming a linear evolution 

of the density as function of the temperature at very low and very high temperatures, the 

crossing between the high temperature equilibrium line and the low temperature out of 
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equilibrium line can usually provide a rough estimation of the glass transition temperature. 

However, very high cooling rates are used in MD simulations (~1012 K/min) compared to 

experimental cooling rates (~10 K/min) which usually lead to an overestimation of Tg of 

about 100K in some cases and therefore to high discrepancies59. 

 

Instead of determining Tg, the molecular mobility of tautomers A and C was studied 

separately by means of their diffusion coefficient D obtained from the mean-squared 

displacement (msd) calculated in the liquid state from fully equilibrated MD runs. Since 

lactulose is a quite viscous liquid on the MD timescales, the diffusive regime can be reached 

only at relatively high temperatures. 

It is worth mentioning that in this work, we have assumed that molecular mobility (as probed 

by the diffusivity) should have a monotonous behaviour as function of the tautomeric 

concentration in a mixture. Indeed, since the tautomers A, B and C are similar molecules, they 

are not expected to develop strong interactions in a mixture, and the Tg of the lactulose 

tautomeric mixture should obey the Gordon-Taylor law60 (with K close to 1) as observed for 

some other mixtures (lactose/budesonide, lactose/mannitol)61.  Therefore, the determination of 

molecular mobility of liquids composed of single tautomers should allow to understand Tg 

differences of mixture observed experimentally. 

 

Figure 5 shows the diffusion coefficients calculated at 500, 550, 600 and 650 K in lactulose 

boxes having only tautomer A (green line) and only tautomer C (blue line). The obtained 

values are also reported in Table 3. In the studied temperature range, tautomer A is clearly 

found more diffusive than tautomer C. Upon decreasing temperature, the difference between 

the diffusion constant of the tautomers A and C also tends to increase.  It suggests that a liquid 

composed of only tautomers A would possess a lower glass transition temperature than a 

liquid composed of only tautomers C. It should be noted that this trend is consistent with the 

results obtained with other time-dependent function such as the coherent intermediate 

scattering function S(Q,t) of the two tautomers (data not shown here). Therefore, a mixture 

composed of a higher proportion of tautomer C, as found for the SD lactulose (%A = 29, %C 

= 62) and the FD lactulose (%A = 24, %C = 68), could be expected to have a higher Tg than a 

mixture composed of a higher proportion of tautomer A, as found for the MIL lactulose (%A= 

82, %C= 10). It is worth mentioning that extrapolation of the diffusion coefficient to D ≈ 10-20 

m2/s using a MYEGA law62 shows that the simulated glass transition of the pure tautomer C 

liquid would be approximately 20K higher than the one of the pure tautomer A liquid. This 

result is compatible with the experimental Tg obtained on the different compounds. It should 

also be mentioned that the same calculations have been performed for tautomer B, and the 

results clearly show that tautomers A and B have the same molecular mobility and diffusivity. 

Therefore, two main behaviours exist in the different amorphous lactulose compounds: 

tautomers A and B on the one hand, and tautomer C on the other hand. 
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The difference in diffusivity between both tautomers A and C can be understood from the 

difference of the densities reported in Table 1. Indeed, a liquid composed of only tautomers C 

always seems a bit denser than a liquid composed of only tautomers A. However, this 

difference is very small about 0.01 or 0.02 g/cm3 and thus of the same order of the 

uncertainties ± 0.01 g/cm3. Moreover, differences in transport properties of fructose (five-

membered ring) and glucose (six-membered ring) have been observed experimentally63, and 

are well in line with our results. In order to understand better the origin of the molecular 

mobility difference between tautomers A and C, the distribution of their gyration radii at the 

different investigated temperatures have been computed. The obtained results at T = 500 K 

are represented in the inset of Figure 5. As it can be seen, the maximum of the distribution is 

at slightly higher position for tautomer C compared to tautomer A. In addition, at high 

gyration radius values, the amplitude of the distributions is higher for the case of tautomer C 

compared to tautomer A. Same behaviour is also found at 550, 600 and 650 K. All these 

results indicate that tautomer C would possess a size slightly larger than tautomer A. This 

difference is particularly well in line with the differences in topology between tautomer C 

composed of two six-membered rings on the one hand and tautomer A composed of one five-

membered and one six-membered ring on the other hand (see Figure 1). Assuming that 

smaller molecules diffuse faster than larger molecules and vice-versa, this would explain the 

molecular mobility difference observed between tautomer A and C. 

 

Surprisingly, tautomer C develops less intermolecular hydrogen bonds (HBs) than tautomer A 

at all temperatures (see Supporting Information) despite its lower diffusivity. Indeed, we 

could have expected a higher number of HBs for tautomer C.  For two other disaccharides, 

namely trehalose and sucrose, results shown that trehalose molecules develop more 

intermolecular HBs than sucrose molecules47, with a higher glass transition temperature 

(lower diffusivity) for trehalose: Tg(trehalose)64 = 120°C ; Tg(sucrose)65 = 69°C. 

At 500K for example, tautomer A develops about 6.4±0.2 intermolecular HBs while tautomer 

C develops about 5.8±0.2 intermolecular HBs. Almost no intramolecular (between rings) HBs 

was developed by each tautomer: about 0.1±0.1 for tautomer A, and 0.3±0.1 for tautomer C 

were calculated. A thorough analysis of the intermolecular HBs allows us to understand the 

observed differences. Indeed, the oxygen atom of the CH2OH groups (three are present in 

tautomer A and two in tautomer C) develops between 1.2 and 1.6 HBs, with an average value 

of 1.44 for tautomer A and 1.40 for tautomer C. The oxygen atom of the OH groups not 

belonging directly to CH2OH groups (five are present in tautomer A and six in tautomer C) 

develops between 0.1 and 0.9 HB, with an average value of 0.49 for both tautomers. 

Clearly, the oxygen atom in the CH2OH groups always develops more HBs than in the OH 

groups. This result is expected since the rotation around the C-C bond is allowed, thus 

increasing the accessibility of the oxygen atom in the CH2OH group compared to the oxygen 

atom in the OH group. Therefore, the differences between intermolecular HBs developed by 

both tautomers are due to the fact that tautomer A has three CH2OH groups, while tautomer C 

has only two CH2OH groups (see Figure 1).  It could be noted that tautomer A in the 

crystalline state36 also form no intramolecular HB. This result gives confidence on the number 

of HBs calculated by MD simulations.  
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Our results thus suggest that HBs cannot be used to explain molecular mobility differences in 

this case. The HBs are not the only intermolecular interactions develop by the tautomers. 

Additional interactions, such as hydrophobic C-C ones, might also impact the molecular 

mobility of the tautomers. The overall intermolecular interaction energy of both tautomers 

should be calculated to check this assumption. 

 

 

Table 3: Diffusion coefficients of tautomers A and C at different temperatures. The 

uncertainties on those values are very small and have not been reported.  

 Diffusion coefficients (x 10-9 m2/s) 

Temperature (K) Tautomer A Tautomer C 

650 19.581 13.731 

600 5.3082 3.7256 

550 1.2750 0.4711 

500 0.073108 0.015084 

 

 

 

 
Figure 5: Diffusion coefficients of tautomers A (green points) and C (blue points) as a 

function of the temperature. The data are fitted with a MYEGA law62 . Diffusion coefficients 

of tautomer B (not shown) are very similar to tautomer A. The inset shows the distribution of 
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the gyration radii of tautomers A (green line) and C (blue line) calculated at 500K. Same 

behaviour is also found at 550, 600 and 650 K. 
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4. Conclusion 

In this paper, we have investigated the influence of the amorphisation route on the physical 

and chemical properties of amorphous lactulose. Four amorphisation routes have been 

explored: quenching of the melt, high energy milling, freeze drying and spray drying. Special 

attention has been paid to the tautomeric composition and to its influence on the glass 

transition temperature. It appears that the tautomeric composition of each amorphous state 

reflects that of the physical state preceding the amorphisation process. In particular, the 

tautomeric composition is that of the liquid state for the quenched liquid, that of the crystal for 

the milling induced amorphous sample and that of lactulose in solution for the spray-dried and 

freeze-dried samples. The different tautomeric compositions have been found to have a 

noticeable repercussion on the glass transition which can vary in the range [88°C; 99°C]. The 

results also indicate that tautomer A has a plasticizing effect on the tautomer mixture while 

tautomer C has an anti-plasticizing effect. Molecular dynamic simulations have confirmed 

this point and have shown that the molecular size could be responsible of this difference of 

mobility between the tautomers. 
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Supporting Information Available: Two sections are presented. The first one shows ability 

of DMSO to slow down mutarotation in lactulose. The second one shows the number of 

intermolecular and intramolecular HBs developed by tautomers A and C at different 

temperatures, using four different geometric criteria to determine the HBs: d(O…O) < 3.4 Å 

and (O-H…O) > 120°; d(O…O) < 3.4 Å and (O-H…O) > 150°; d(O…O) < 4.0 Å and (O-

H…O) > 120°; d(O…O) < 4.0 Å and (O-H…O) > 150°.  
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