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DMU/H2O- Polymorphic transition

Solid – solid transition studies of all sorts:

• Polymorphism (kinetics of transition during slurrying)

• De/resolvation (peritectic transitions in binary, 

ternary systems, etc.)

• Co-crystal formation

• Host Guest associations

• Clathrates
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• No need for sampling (cytotoxic

compounds, radioactive

elements, low temperature

crystallization, efflorescent

solvates, CO2, O2, light,

moisture sensitive compounds)

• Laboratory X-ray Source

Not suitable for:
• In-situ analyses
• Metastable phase
• Efflorescent solvate
• Crystals in suspension
• Transient statesUsual ex-situ X-ray diffraction technique

In-situX® - Principle

Diffractometer[5]:  
Ä Geometry: -q/-q
Ä Detector: Lynx eyesTM

Ä X-ray tube: anticathode 
in copper
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• Temperature of The
suspension is controlled
by a cryostat.

Computer-controlled (stirring rate,
chemical injection, temperature) by
Labview ® software
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Temperature rangeAFRODISM[6]:

• Temperature control of the exterior of the reactor

• Anti-frosting and anti-condensation on the Kapton
window
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ð V = 40mL, Vmax. = 100mL
Measure in suspension 

Kaltgas® system

ð Coexistence from 27±1°C up to 42±1°C of LT
and HT forms

Pathway 1
DMU+ 0.15 mol%

∼300ppm
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30°C? 40°C?
Polymorphic transition[1]

P21212
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Fdd2
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Water 
Influence

?

àevidence of a metatectic
invariant [2]
àWater as impurity
strongly impacts the phase
transition of DMU
Dried DMUà Tt=58°C
∼300ppm +DMU àTt=27°C!
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relative humidity

DMU
In
te
ns
ity

methanolate

anhydrous

Int
en
sit
y

1000

8000

10 20 30

8000

2-θ- Scale10 20 30

filtration

Suspension in methanol (In-situX®) Just after filtration (ex-situ)

àDetection of highly 
efflorescent solvate

Detection of solvate

To highlight, through different examples, the possibilities of 
In-situX® as analytical tool able to solve academic as well
industrial problems

2ϴ (°)

In
te
ns
ity

1000

8000

10 20 30

8000

2-θ- Scale10 20 30

filtration

In-situX®

X-ray sourceDetector

Vapor/solid equilibria

Nomogestrol acetate [3]

At 25°C [4]:
à Hydration detected at 73%RH (DVS 73.4%) and completed at 78%
àAbove deliquescence: significant decrease of peak intensities
à Useful information for the storage conditions  

was no more evidence of the hydration in the experimental

condition imposed during DVS analyses.
In this temperature range (30! \ T \ 35 !C), the

monohydrate has a narrow stability domain. If the differ-

ence between two consecutive RH steps (D % RH = 1 %)
was bigger than the width of the domain, then the hydration

can occur concomitantly with the deliquescence.

In order to obtain a structural characterization of the
anhydrate/hydrate transition via solid/gas equilibria, which

was characterized by DVS measurements, in situ X-ray
diffraction analyses were performed at 25 !C under

increasing relative humidity (i.e., increasing water partial

pressure). The patterns recorded at the end of each relative
humidity steps (Fig. 6) highlighted the beginning of the

hydration at 73 % RH. This result is in good agreement

with the DVS analysis (73.4 % RH).
At 78 % RH, no more diffraction peaks of the anhydrate

remained, the complete hydration was achieved. Above

this RH a significant decrease of the intensity of the dif-
fraction peaks highlights the onset of deliquescence.

Even if there is a good accordance between the mini-

mum RH values of hydration determined by DVS and by
in situ X-ray diffraction, kinetics consideration has to be

taken into account to explain some differences between the

results. Indeed, owing to the stability of each crystalline
network, the kinetics of transition from the anhydrate into

hydrate is slow. During DVS experiments, the sample

weight was recorded after stabilization of the mass
whereas, for the in situ X-ray analysis, the time of each RH

step was fixed. That is why the structural analysis high-

lights a hydration extended on several RH steps. Con-
cerning the detection of the deliquescence, there is a

supplementary difficulty. Indeed, this phenomenon can

only be detected by X-ray diffraction analysis, while the

diffraction peak intensities decrease significantly, i.e., if a

large part of the sample evolved into liquid. This condition,
added to the experimental parameters described above,

explains the shift by 2 % in the detection of deliquescence.

Starting from all experimental information contained in
Fig. 5, it was possible to represent a phase diagram of the

citric acid/water system as a function of the water partial

pressure ðPtransition
H2O ¼ RHTransition # PSat

H2OÞ and of the

temperature (Fig. 7).
Theoretically, the intersection between the curves repre-

senting three-phase equilibria is an invariant quadruple point

corresponding to an equilibrium involving four phases (satu-
rated solution, solid anhydrate, solid monohydrate, and vapor;

Fig. 7a). This point defines a temperature and a vapor partial

pressure of water under which the transition\CA[ ? \CA,
1H2O[ ? water vapor ? saturated solution ?\CA[ ?

water vapor ? saturated solution takes place. Unfortunately,

it was not possible to accurately determine the coordinates of
this quadruple point because of the difficulty in not being able

to well distinguish the hydration and the deliquescence in this

range of temperature by DVS experiments (see large experi-
mental error bars on Fig. 7b).

Nevertheless, according to a linear regression

(ln PH2O = f(1/T)) of experimental values presented in

Fig. 7, some thermodynamic parameters can be deduced.

Indeed, according to the simplified Clausius Clapeyron

equation for condensed phases/gas equilibria (water is
considered as a perfect gas), the slope of such representation

is related to the heat of reaction involved in the equilibrium.

ln PH2O ¼
% DHreaction

R
# 1

T
þ B ð2Þ

In Eq. (2), PH2O is the partial pressure of water at the

equilibrium (Pascal), DHreaction the heat of reaction
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Fig. 6 In situ XRD patterns
obtained at 25 !C during a step-
by-step increase of relative
humidity. Gray patterns
references, black pattern pure
anhydrate, red patterns mixture
of anhydrate and monohydrate,
blue patterns pure monohydrate,
and blue rectangles first
characteristic diffraction peaks
of the monohydrate. Arrows at
circa 16.64!, 25.07!, family of
(h00) planes (h = 2, 3) of the
anhydrous phase show a
significant loss of crystalline
prior hydration. (Color figure
online)

Transition between the monohydrate and the anhydrous citric acid 311

123

Vapor/solid equilibria 

Citric acid (anydrous)

RH%

Citric acid (monohydrate)

2

1

According to this method, the peritectic temperature

might be at circa 37 !C. As the suspension of hydrate was
seeded with anhydrate citric acid at the beginning of every

step, the hydrate evolved into the anhydrous phase as soon

as the temperature was higher than the peritectic temper-
ature. Nevertheless, the important structural modifications

as well as the apparent metastability of hydrated phase may

have somehow delayed the dehydration.
Even if the efficiency of the overhead stirrer was good

enough to homogenize the suspension, this analysis was

reproduced with MCH to estimate the influence of this
addition on the thermodynamic parameter of the water/

citric acid system. Under these conditions, the beginning of

the dehydration was detected at 37.5 !C, confirming the
minor influence of the MCH on the system. Therefore, the

addition of MCH in the DITA analyses did not induce a

significant inaccuracy on the results.
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Fig. 11 a Van’t Hoff representation and b binary phase diagram of the citric acid in water according to the DITA solubility values. Blue crosses
solubility values of the anhydrate; purple crosses solubility values of the monohydrate (lines are only guides for the eyes). (Color figure online)
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Fig. 12 In situ XRD patterns
recorded during step by step
heating. ! Blue lines pure
monohydrate; ` red lines
mixture of monohydrate and
anhydrate; red rectangles first
characteristic diffraction peaks
of anhydrate. (Color figure
online)

Table 1 Summary of the obtained peritectic temperature

Analytical method Tperitectic/!C

Extrapolation of solubility points

Literature

Groen et al. 34

Dalman et al. 36

ECAMA 33

DITA

Without MCH Inconsistent

With MCH 36

DVS 36

Direct observation

In situ X-ray diffraction

Without MCH 37

With MCH 37.5

314 A. Lafontaine et al.

123

Perictectic invariant determined at 37°C. [4]

àPossibility to dehydrate citric acid
monohydrate above this temperature
directly in aqueous solution.

Determination of peritectic invariants à Non-solvated phase can be obtained
directly in suspension

• Optimization of the

resolution of chiral

molecules

• Optimization of the

filterability by means of

temperature cycling


