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The aim of this study was to investigate the rheological properties, molecular mobility and crystallization
tendency of pure citric acid and paracetamol or blends of them. Amorphous samples were produced by
ethanol-evaporation or by melt-quenching. Enthalpy recovery, glass fragility and heat capacity were
determined by differential scanning calorimetry (DSC). Other physical characterization methods were
rheology and the crystallization tendency using X-ray powder diffraction (XRPD) and DSC. All the sam-
ples behaved as Newtonian liquids and they were fragile glasses. The 50/50 (w/w,%) blend had good
physical stability upon consecutive shearing regardless of the preparation method. All the samples were
stable for at least one year in dry conditions at �20 �C. The melt-produced blends containing 25% or 50%
paracetamol were stable at least two years in dry ambient conditions. The good physical stability at ambi-
ent temperature cannot be explained by molecular mobility because molecular mobility of the model
material is less than 100 s in ambient conditions. Thus other factors, such as the thermodynamic and
crystallization driving forces or formation of degradation products, must determine the physical stability
of the blends. The composition and processing method have an impact on the physical stability of the
sample.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

In the pharmaceutical literature, amorphous drugs or amor-
phous blends studied nowadays usually have a higher glass transi-
tion temperature (Tg) than ambient temperature. This is due to the
fact that amorphous materials having a Tg lower than the ambient
temperature are hard to produce. Also it is hard for them to remain
amorphous [1]. One explanation for the poor physical stability of
low Tg amorphous materials is fast molecular mobility, because
molecular mobility is closely related to the physical stability of
an amorphous state. Molecular mobility of amorphous materials
at Tg is about 100 s, and much less at temperatures higher than
Tg [2]. Molecular mobility is the combination of different molecular
movements, such as the translational and rotational motions of
molecules. Translational motion ceases at temperatures lower than
Tg but there is still some restricted rotational and vibrational
mobility. However, the crystallization tendency is not always re-
lated to the molecular mobility of small glass formers. Other
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important factors such as molecular interactions and thermody-
namic properties may be involved [3–6]. Similarly, other properties
of the amorphous state, including chemical reactivity in glass, are
not dependent on molecular mobility alone, but they may be af-
fected by other factors which are not understood [7]. In addition,
relaxation time is reported to change as a function of annealing
time [8,9] and the way the sample is handled may also change
molecular mobility [10].

Similarly, lowered viscosity can be connected with the increased
molecular mobility of the amorphous system. Viscosity is an impor-
tant physical parameter of amorphous materials since it is directly
related to processability. Still, only a few papers have dealt with
the viscosity of amorphous drugs [11–13]. Viscosity contributes to
material properties like stickiness, adhesion and softness [14]. Usu-
ally, the viscosity of the glassy material is considered to be approxi-
mately 1012 Pa s, but it may vary between different systems [15].

Since the development of a new chemical entity has led to prob-
lems in crystallization, because of the structural complexity of new
drugs [16], this will increase the amount of amorphous drugs in
formulation development. Because some amorphous drugs will
have a Tg lower than ambient temperature, there is a need for a
physically stable and sticky amorphous model drug system for
large-scale processing studies. Further processing of materials with
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List of symbols and abbreviations

KWW Kohlrausch–Williams–Watts equation
skww mean molecular relaxation time constant (KWW)
b mean relaxation time distribution constant (KWW)
/ relaxation function
DH enthalpy recovery
DH1 maximum enthalpy recovery
Cp specific heat capacity
DCp change of specific heat capacity at Tg

Tg glass transition
To

g Tgonset (extrapolated)
Tmid

g Tgmidpoint
T temperature
t storage time
AGV Adam–Gibbs–Vogel
s0 initial relaxation time
s0 pre-exponential factor (approximately similar to vibra-

tional lifetimes 10�14 s)
x crystalline
g glassy
l liquid
c related to Cp ratio of the crystalline (x) and glassy (g)

material at Tg

D strength parameter
T0 ideal glass transition temperature where relaxation

times approach infinity
Tk Kauzmann temperature
Tf fictive temperature, temperature where a property of a

non-equilibrium state (enthalpy/entropy) corresponds
to an equilibrium state

T0
f initial fictive temperature

DSC differential scanning calorimetry
MDSC modulating DSC
R gas constant
g* complex viscosity
G0 storage modulus
G00 loss modulus
x angular velocity
Ea flow activation energy
g viscosity
VTF Vogel–Tamman–Fulcher
A material parameter
s molecular relaxation time
XRPD X-ray powder diffraction
HPLC high performance liquid chromatography
DEA dielectric analysis
GC gas chromatography
RH relative humidity
PARA paracetamol
CAA citric acid anhydrate
CAM citric acid monohydrate
PARA25 sample containing 25% (w/w) of PARA
PARA50 sample containing 50% (w/w) of PARA
PARA75 sample containing 75% (w/w) of PARA
EtOH ethanol
wt/% weight% is the same as w/w (%)
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low-Tg to the solid dosage form is difficult due to the sticky nature
[17]. Citric acid and paracetamol blends have been studied earlier
[18] and recently we characterized this blend using modern ana-
lytical methods [19]. At room temperature, it was shown to be
physically stable long enough to be a model system with low-Tg.
The aim of this work was to study rheology, physical stability
and molecular mobility properties of pure citric acid and paracet-
amol or blends of them prepared with different methods. The citric
acid and paracetamol blend will work as a model material in pro-
cessing studies in the future, imitating a physically stable amor-
phous sticky drug. This system can be used instead of a true drug
substance of interest, which is sticky, amorphous, highly potent
and expensive.

2. Materials and methods

2.1. Materials and design of experiment

2.1.1. Sample preparation
The materials and preparation of melt-quenched samples have

been previously described in detail [19]. The sample size in melt-
quenching was 50 g. Factors used in the design of the experiment
were: the melting temperature, the melting time at constant tem-
perature and the composition of the blend. Compositions were
melted in a thermostated electric heating reactor, and the hot melt
was cooled down in aluminum pans floating on liquid nitrogen.

The compositions used in ethanol-evaporation were pure citric
acid, PARA25 and PARA50 (paracetamol%, w/w). The sample size
used was 6.0 g. The samples were dissolved to 15 g of 96% (V/V)
ethanol (Altia, Rajamäki, Finland) with a thermostated magnet stir-
rer (+50 �C). The solution was poured into an aluminum pan on a
thermostated hot plate (110 ± 10 �C) with vacuum (at the end of
drying the vacuum used was 100 mbar). The samples were held
under these conditions for 30 min (residual weight approximately
4–10% w/w), after which they were set in a vacuum oven (110 �C,
40 mbar). The samples were kept in the oven as long as the resid-
ual weight increase was less than 0.5% (w/w) as calculated from
the total weight of added dry powder.

2.2. Rheology

Viscosity measurements were made from selected melt-pro-
duced samples (all duplicates and samples 0–6–179 and 75–6–
186 [amount of PARA (%, w/w) – melting time (min) – melting tem-
perature (�C)]). All ethanol-evaporated samples were measured.
Rheological measurements were carried out using a TA Instru-
ments AR2000 controlled stress rheometer (TA instruments, DE,
USA). A parallel plate configuration with a 20 mm diameter steel
plate, and a gap setting of 1.5 mm was used as a measuring setup.
Measurements were made at temperatures between 40 and 100 �C
(n = 2-4). For dynamic measurements, the linear region was estab-
lished by performing a strain sweep, while frequency sweeps were
made typically in the frequency range of 100–0.01 rad/s. In steady
shear-flow measurements, shear rates from 0.1 to 500 1/s were ap-
plied in a controlled rate mode.

The zero-shear viscosities for calculations were taken from the
values of complex viscosity (g* = [(G0)2 + (G00)2] 1/2/x) at low-fre-
quencies. The apparent melt-flow activation energy was deter-
mined from the temperature dependency according to the
Arrhenius equation

g ¼ Ae
Ea
RT ; ð1Þ

where g is the viscosity (Pa s), A is a constant, Ea is the apparent
flow energy (J/mol), R is the gas constant (J mol�1 K�1) and T is
the temperature (K). Parameters were also determined using the
Vogel–Tamman–Fulcher (VTF) equation
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g ¼ Ae
DT0

T�T0 ; ð2Þ

where T0 is the transition temperature and A and D are material
parameters. The temperature T0 corresponds to ideal glass transi-
tion temperature where viscosity and relaxation times approach
infinity. T0 is typically mentioned to be quite near the Tk (Kauzmann
temperature) where all the molecular motion in the glass vanishes.
The ‘‘strength parameter” D indicates the extent of deviation from
Arrhenius’ law and it may be used in describing the fragility of
the liquids. Typically, D would be below 10 for fragile liquids and
30 to infinity for very strong liquids [20–22]. Because viscosity (g)
relates to molecular relaxation time (s), the VTF equation can be
presented as Eq. (3) below [2,13]. With the help of this relationship,
s can be calculated above Tg. In Eq. (3), s0 is the pre-exponential fac-
tor, which is usually of a similar order as vibrational lifetimes
10�14 s.

s ¼ s0e
DT0

T�T0 ð3Þ
2.3. Thermoanalytical characterization

2.3.1. Glass transition temperature
The glass transition temperature (Tg) of the samples was mea-

sured 12 h after the evaporation of ethanol with a Mettler DSC823e

(Mettler-Toledo AG, Greifensee, Switzerland) with Julabo FT900
intercooler (Seelbach, Black Forest, Germany) (n = 3). Onset ðTo

gÞ
(extrapolated) and midpoint ðTmid

g Þ values were determined. The
nitrogen gas flow during measurements was 50 ml/min. The sam-
ple size was 9 ± 1 mg using 40 ll aluminum pans with a pinhole.
The temperature ranged from �40 to +100 �C. Two scans were
made for each sample at the same temperature range. The sample
was held for 10 min at �40 �C to stabilize the temperature before
scans. The heating rate was 10 �C/min and the cooling rate approx-
imately 25 �C/min. An analysis of melt-quenched samples has been
presented previously [19].
2.3.2. Enthalpic relaxation
Enthalpic relaxation was measured using DSC. Sample size

was 9 ± 0.5 mg and the pan was hermetically sealed (n = 3). Pure
PARA and CAA samples were melt in-situ. The temperature was
5 �C higher than the reported melting temperature and the melt-
ing time was 5 min, after which the samples were cooled to
�40 �C at a cooling rate of 10 �C/min. Chemical purity of in-situ
samples was more than 98% measured with HPLC (Method pre-
sented elsewhere [19]). In addition, the bulk samples of PARA50
ethanol-produced and PARA50 melt-produced materials were
measured.

The measured samples were first cooled to �40 �C, after which
the sample was heated to 40 �C and cooled again to destroy the
thermal history. The sample was heated from �40 �C to storage
temperature and held there for a specific time. The relaxation
times were 1, 2, 3, 4, 8, 16 and 24 h, after which the sample was
cooled again to �40 �C. The sample was scanned twice from �40
to 40 �C to measure enthalpy recovery in the first scan (DH) and
to check the total enthalpy recovery in the second scan. Heating
and cooling rates were 10 �C/min and relaxation temperatures
were 10 or 20 �C lower than Tg (accuracy ±1 �C). The area obtained
at time (t = 0) was subtracted from all the other annealing time
points as recommended [1]. The Kohlrausch–Williams–Watts
(KWW) equation Eq. (4) was used to define the mean molecular
relaxation time constant (skww) and mean relaxation time distribu-
tion constant (b). Maximum enthalpy recovery (DH1) was calcu-
lated as below Eq. (5) where the measured heat capacity change
(DCp) at Tg is needed. The storage temperature is (T) and the stor-
age time is (t).
/ ¼ 1� DH
DH1

� �
¼ exp � t

skww

� �b
" #

ð4Þ

DH1 ¼ ðTg � TÞDCp ð5Þ
2.3.3. Heating-rate dependence
Fragility parameters (D and T0) were defined by the heating rate

dependence method [9,23] using a normal DSC mode (n = 3). Mea-
surements were made similarly to those presented in the literature
[9] except that samples were cooled at a 40 �C (not 50 �C as they
did) lower temperature than Tg because of intercooler inefficiency.
Tg midpoints ðTmid

g Þ were used to define fragility and activation
enthalpies using a normal DSC mode. Heating and cooling rates
were similar: 2, 5, 10, 15, and 20 �C/min. Sample size for all the
measurements was 9 mg.

2.3.4. Heat capacity measurement
The specific heat capacity (Cp) was measured using the TOPEM

mode (TOPEM is a modulating DSC of Mettler-Toledo) (n = 5). The
thermal history of samples was destroyed before measurement, as
in the enthalpic relaxation measurements. Samples were scanned
at a temperature ranging from �20 to 40 �C with a heating rate
of 1 �C/min, amplitude 0.5 �C and frequency variation of 15–30 s.
Cp of crystalline blends were measured from crystalline starting
materials weighed directly in the DSC pan in the right ratio.

2.3.5. Time-dependent structural relaxation and initial relaxation time
The Adam–Gibbs–Vogel (AGV) theory is related to the glass

relaxation controlled by configurational entropy and activation en-
ergy [24]. The AGV equation is often presented as in Eq. (6) [25].
Mao et al. [26] presented a method to calculate the time-depen-
dence of molecular mobility Eqs. 6,7 in which the annealing time
of a compound is combined with the AGV theory; we used the
same method. In Eq. (6), s0 is the pre-exponential factor which is
usually of a similar order as vibrational lifetimes 10�14 s. The fic-
tive temperature (Tf) Eq. (7) is presented as a following function
that is combined with the normal AGV function, and s is dependent
on the change in the Tf. T is the annealing temperature and DH the
enthalpy relaxed during time as in the KWW equation. Parameter c
is related to the Cp ratio of the crystalline and glassy material at Tg.
Superscripts of Cp are liquid (l), glass (g) and crystal (x). In the mod-
ified AGV equation Eq. (8), the initial relaxation time (s0) was cal-
culated similarly to Mao et al. [9].

s ¼ s0 exp
DT0

T 1� T0
Tf

� �
0
@

1
A ð6Þ

T f ¼ T0
f exp � c � DH

DCp � Tg

� �
; T0

f ¼ Tc
g � T

ð1�cÞ ð7Þ

s0 ¼ s0 exp
DT0

T � T0
T

Tg

� �c

0
B@

1
CA; c ¼

Cl
p � Cg

p

Cl
p � Cx

p

 !
Tg

ð8Þ
2.4. Other characterization methods

Analysis of the residual ethanol amount was done according to
the method and equipment of Klick and Sköld [27]. X-ray powder
diffraction (XRPD), Fourier transform infrared microscopy (FT-IR),
Karl Fischer titration and aging study (samples were stored at 3%
and 43% RH) were done in similar settings as previously described
in ambient conditions [19]. The chemical stability of samples was
investigated using HPLC (Thermo Separation Products, San Jose,
CA, USA) equipped with a UV–vis detector using wavelengths
215 nm for CAA and 245 nm for PARA (model FOCUS, San Jose,
CA, USA) [19]. The eluent used was composed of 96% (V/V) water
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Fig. 1. Dynamic moduli of the ethanol-evaporated samples. CAA (G0D, G00N),
PARA25 (G0s, G00d) and PARA50 (G0h, G00j) at 80 �C.
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with 0.1% (V/V) trifluoroacetic acid at pH 2.1 and 4% (V/V) of ace-
tonitril. In addition, samples of enthalpic relaxation study were
stored in dry silica at �20 �C for one year, after which the samples
were measured with a DSC to check the physical stability of the
samples.

3. Results and discussion

3.1. Ethanol-evaporated samples

Amorphous samples were possible to be produce by ethanol-
evaporation up to the 50/50 (w/w) blend. Samples containing
75% or more PARA started to crystallize during ethanol-evapora-
tion. A large amount of PARA in the sample eased up the etha-
nol-evaporation process. Moisture content of dry EtOH samples
varied from 0.5% to 0.8% (w/w) in the Karl Fischer titration. The
ethanol amount was less than 200 ppm in all the dry samples mea-
sured by GC.

If a high amount of residual solvent was captured in the sample
(i.e. 5% or more), all the ethanol samples started to crystallize in
24 h (3% RH) due to inefficient ethanol-evaporation. This is the re-
sult of residual solvents of ethanol and water in the sample, which
dramatically increase the crystallization rate as compared with the
pure solvents [28]. Well-dried samples, having less than 1% of
water, crystallized much more slowly although the water amount
in the samples was almost 10% after two weeks’ storage in humid
conditions (43% RH) than the samples with high residual solvent
content.This is connected to the hydrophilic and hydrophobic nat-
ure of the used materials and interaction with molecules. Water is
a polar molecule while ethanol has a non-polar alkyl group and a
polar hydroxyl group that compete hydrogen bonds and van der
Waals interactions between PARA and CAA that will plasticise
the sample.

3.2. Comparison of melt-quenched and ethanol-evaporated samples

Degradation of blend samples was similar to that of the samples
made by the melt-quenching method as measured by HPLC [19].
The pure ethanol-evaporated CAA sample was estimated to contain
less than 10% of the degradation products. In the ethanol-evapo-
rated blends, the purity of PARA was 90–97% (min–max). PARA
was less stable in the composition containing 25% PARA. Similarly
for pure CAA, the estimated purity was 75–90% in the blends.

Pure CAA was physically more stable when produced by the
EtOH method than when produced with melt-quenching. Citric
acid monohydrate (CAM) is known to crystallize poorly if no seed
crystals are available [29]. In the melt-quenched pure CAA, small
crystals were detected right after cooling [19]. These nuclei will
grow in storage conditions, increasing the crystallization tendency.
In the EtOH method, these nuclei are apparently not formed, which
increased physical stability. Under dry conditions, the samples did
not crystallize in 52 weeks according to XRPD. However, small
crystals were observed with a FT-IR on the surface after 52 weeks
in all the samples.
Table 1
The average (avg.) onset ðTo

gÞ and midpoint ðTmid
g Þ temperature compared with samples pr

PARA (w/w,%) 0%a 25%a 50%a 75%a

Parameter Avg. ± Avg. ± Avg. ± Avg.

To
g [�C] 8.7 1.3 8.9 0.8 12.4 1.1 16.8

Tmid
g [�C] 14.0 1.7 14.7 1.1 17.9 1.5 21.3

In melt-produced samples the average value is calculated from all the measurements. Eth
by wt/% of paracetamol (± = SD).
*Crystals, 75% or 100% ethanol samples crystallized during drying.
-Not measured.
Otherwise, physical stability of melt-quenched samples was
better than that of ethanol samples in 3% and 43% RH. A possible
reason is the thicker sample layer in the melt-produced samples
(5 ± 2 mm) than in the evaporated samples (only 1–2 mm). Water
could plasticize the whole sample produced by the EtOH method,
favouring crystallization especially in 43% RH [30]. A single glass
transition(Tg) was observed in all the DSC scans. None of the etha-
nol samples crystallized during DSC scans, which was not in accor-
dance with the behaviour of melt samples [19]. Glass transitions of
ethanol samples were somewhat lower in comparison with melt-
produced bulk samples [19] (Table 1). This was probably due to
the small degradation products that did not boil away at 110 �C,
as compared with a higher temperature in the melt method (tem-
perature over 170 �C). The existence of volatile degradation prod-
ucts is demonstrated in Hoppu et al. [19], where the CAA/PARA
blends melted in-situ in DSC pan had lower Tg when samples were
measured without pinhole than when they were measuredwith
pinhole in the pan[19]. The volatile degradation products were
found to change Tg.

3.3. Rheology

Fig. 1 shows the frequency dependence of the moduli of the dif-
ferent CAA/PARA samples at 80 �C, and Fig. 2 gives the frequency
dependence of the moduli of the melt-processed sample at 50
and 80 �C. It can be seen that the samples behave as viscous liquids,
loss modulus G00 being significantly higher than storage modulus G0

throughout the measuring frequencies. The frequency dependence
of the moduli is somewhat different from what has been observed
for indomethacin ðTmid

g ¼ 41 �CÞ [12] where G00 had a clear maxima
at varying frequencies at different temperatures between 44 and
56 �C, the maxima shifting to higher frequencies with increasing
temperature. No maximum in the loss modulus is observed for
oduced by bulk melta [19] or ethanolb evaporation methods

100%a 0%b 25%b 50%b

± Avg. ± Avg. ± Avg. ± Avg. ±

1.3 -* -* -4.7 4.5 0.3 3.8 8.0 4.2
0.9 -* -* 0.1 3.4 6.0 2.4 12.8 2.8

anol-evaporated samples were measured triplicate (n = 3). The samples are denoted
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Fig. 2. Dynamic moduli of the melt-processed PARA50 at 50 �C (G0h, G00j) and at
80 �C (G0D, G00N).
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the CAA/PARA mixtures and it may be possible that for the CAA/
PARA mixtures the measuring temperature is too high for the max-
ima to be observed at the accessible frequency range.

The composition of the samples affects the viscosity. The viscos-
ity of the blends decreased as the amount of CAA in the composi-
tion increased. Citric acid is reported to decrease the shear
viscosity of thermoplastic starch even at low-weight proportions
[31]. Similarly, lowered viscosity increased the processing possibil-
ities of starch and hindered crystallization of starch due to the
strong hydrogen-bond capability of CAA. The rigid molecular struc-
ture of PARA, compared with CAA, due to an aromatic ring, may in-
crease the viscosity of the samples. The recorded steady shear
viscosities at low-shear rates were on the same level as the com-
plex viscosities. The complex viscosity calculated from the moduli
gives nearly constant viscosity and thus samples behave as Newto-
nian liquids.Additionally, it was found that the melt-processed
samples show slightly higher values of moduli and viscosity than
the corresponding ethanol-evaporated samples having the same
composition. The extrapolated viscosity at the calorimetric Tmid

g

calculated by the VTF equation was much lower than the often-
quoted value of 1012 Pa s for glassy materials (Table 2). This behav-
iour has been observed also for indomethacin [12].

The viscosity increases roughly a decade per each decrease of
10 K in temperature (Fig. 3). The behaviour is not linear with re-
gard to the temperature, and at lower temperatures the viscosity
increases faster than at higher temperatures. Similar behaviour
has been detected with amorphous salol, a-phenyl-o-cresol and
o-terphenyl [32]. Thus, only apparent activation energies (Table 2)
may be calculated from Eq. (1). by using the viscosity values at
temperature closest to Tg. As shown in Fig. 3, the deviation from
linearity can be fitted using the VTF equation Eq. (2) to access
Table 2
Material parameters calculated from the viscosity data

Citric acid/paracetamol Tg
0 ± Dg ±

[wt% PARA] [K] [K]

0b 218.2 3.2 8.6 2.4
25b 210.8 0.6 11.6 0.5
50b 213.1 0.4 13.6 0.4
50a 241.9 0.6 6.6 0.8

Tg
0 and Dg values are based on the VTF fits according to Eq. (2) (The apparent activation
a Melt-processed.
b Ethanol-evaporation.
c Using temperatures closer to Tg.
d From fit to Eq. (2).
material parameters describing the glass fragility (Dg) and temper-
ature, in which molecular mobility is but insignificant ðTg

0Þ. It can
be seen that all samples show deviation from Arrhenius behaviour
and the fitting parameters using Eq. (2) are shown in Table 2. For
all the samples, values of Dg are close to 10, indicating that the
samples can be described as ‘‘fragile” according to Angell’s classifi-
cation. The Dg value of ethanol-evaporated blends increased from
the pure CAA sample to PARA50, indicating a stronger glass former.
These parameters were used to study the molecular mobility.

3.4. Physical stability under shearing

Crystallization proceeded more rapidly under the consecutive
shearing than in the desiccator. The melt-produced 25% and 50%
PARA blends were amorphous after two years of storage in dry
conditions.The melt-processed PARA50 sample shows surprisingly
good shear stability up to 80 �C. Upon shearing none of the EtOH
samples crystallized during the measurement, although the melt-
processed samples with compositions other than 50% tended to
crystallize upon heating above 50 �C and upon consecutive shear-
ing. Melt-produced pure CAA samples started to crystallize at
40 �C without any shear. Melt samples containing 25% or 75% PARA
started to crystallize under shear but not as rapidly as CAA. The
monoclinic PARA crystallized from the sample PARA75. PARA25
formed an amorphous inner part and a crystalline outer part on
the steel plate. The outer part was crystalline CAA and the inner
part was still amorphous as measured by XRPD and FT-IR. The rea-
son for this kind of behaviour is that the shear strain at the edges of
the plate is higher than in the middle.
Ea,appc Tmid
g ± Viscosity at calorimetric Tmid

g
d

[kJ/mol] [�C] [�C] [Pas]

156 0.1 3.4 2.6E + 10
175 6.0 2.4 6.7E + 09
215 12.8 2.8 1.3E + 10
201 14.0 1.0 8.3E + 10

energy (Ea) was calculated by Eq. (1)).
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It might be possible that the EtOH method produced a more
homogeneous blend without small nuclei, compared with the
melting method in which only a glass rod was used in the blending.
During shearing, small crystals behaved like nuclei, with small par-
ticles stuck around them. This kind of behaviour is observed in dis-
persion systems [33].

3.5. Thermoanalytical characterization and physical stability

Blends of CAA and PARA had lower Tg than pure PARA, yet the
physical stability of PARA was better in the blend than as a pure
substance. Thus differences in Tg do not explain good physical sta-
bility of the blends when compared to pure PARA. Crystalline heat
capacities change linearly, while in the amorphous samples step
change is observed at the Tg (Fig. 4). Crystalline PARA and CAA
had similar heat capacities as reported earlier [34–36]. Parameters
c for CAA (0.90) and PARA (0.86) were quite similar. This has been
presented previously in the literature [5,9].

High DCp is correlated with more stable glass in single-phase
amorphous materials [37,38]. This is because of the reduced entro-
py and the enthalpy of the amorphous system. It correlated well for
amorphous PARA and CAA, where change of DCp was higher for
CAA than for PARA. In PARA50 blends DCp changes were more re-
lated to the heat capacity of pure PARA. One explanation is the
composition, in which the mole fraction of PARA was 0.56 and
0.44 for CAA. Change of DCp did not follow exactly the simple addi-
tivity of pure materials when DCp should be 0.73 J/g � �C in PARA50.
In blends, there are many possibilities for why DCp might change
[39]: for instance, the effect of degradation products and possible
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Fig. 4. Heat capacity as a function of temperature for crystalline and amorphous
samples. Error bars present the standard deviation (n = 5). Open symbols are
amorphous samples, and closed symbols are the crystalline material. Symbols: CAA
(N,D), PARA (j,h), melt PARA50 (d,s). For crystalline materials Srel% was
approximately 3% (n = 5).

Table 3
The heat capacity change (DCp) of in-situ melt-produced samples at the Tg

Composition Tmid
g

c[�C] DCp
d½J=g �� C� Tg �10 �C

Ta[�C] skww[h] ±[h

CAA a 11.7 ± 0.9 0.84 ± 0.03 2 2.6 0.3
PARAa 20.7 ± 0.7 0.64 ± 0.04 11 1.3 0.1
PARA50b 14.0 ± 1.0 0.70 ± 0.01 4 2.4 0.5

Relaxation times (skww) and a distribution of relaxation times (b) at two different annea
a In situ melts.
b Melt-produced bulk sample.
c MDSC (n = 5).
d Normal DCS mode (n = 24).
changes in hydrogen bonding [40]. In the blends, DCp does not
approximate the good physical stability of PARA50 blends. The
blends had lower DCp than, for example, CAA but still they were
physically more stable in comparison with CAA. This might be re-
lated to the effect of the aromatic ring on the hydrogen-bond net-
work in the blends [40,41], which might decrease DCp.

CAA and PARA blends can be classified as forming an eutectic
mixture at a composition of 50/50 blend (w/w) [42]. The free en-
ergy of a mixture is lower than the free energy of pure materials.
Theoretically, the 50/50 molar composition of ideal mixtureshould
have the lowest free energy of the eutectic mixtures [43]. However,
specific interactions between molecules, such as hydrogen bonding
as reported earlier [19], may change the molar composition in
which the minimum occurs. It is known that the thermodynamic
driving force for crystallization is lower for the eutectic mixture
than for other compositions [43] and this would agree with the real
physical stability of our system.

3.6. Molecular mobility and physical stability

Molecular mobility was attempted to be correlated with the
real physical stability of the samples at ambient conditions
(25 �C) and at lower temperatures. Relaxation time is reported to
estimate physical stability of amorphous samples, but it is not nec-
essarily the only important factor [9]. It has been reported that the
crystallization tendency of drugs in the blends may be dependent
on the crystallization tendency of pure substances [3]. Because
none of the samples crystallised in dry conditions at �20 �C during
one year and all the other samples but not 50/50 (or PARA25) blend
crystallised at ambient temperature in two years, molecular mobil-
ity studies were done at higher temperature than Tg and at lower
temperature than Tg.

3.6.1. Enthalpy recovery
If approximately similar annealing temperatures, Tg �20 �C for

PARA or Tg �10 �C for CAA and melt PARA50, are compared, it is
shown that PARA is the most stable when skww is compared (differ-
ence in b values) (Table 3). However, melt PARA50 was physically
the most stable and pure PARA had the highest crystallization ten-
dency at ambient conditions. It seems that there must also be some
other factors besides molecular mobility stabilizing this blend.

Increasing aging time and aging temperature increased the
recovery of enthalpy as expected. Mean relaxation times increased
as the annealing temperature decreased in all the samples (Fig. 5,
Table 3). Pure PARA had the shortest mean relaxation times (skww)
at Tg �10 �C and at Tg �20 �C. The relaxation time of PARA was dif-
ferent than that reported earlier in the literature [44]. In the previ-
ous work, Di Martino et al. [44] could not measure skww at a
temperature of Tg �10 �C. At Tg �16�C, they reported skww to be
32.3 h, and at Tg �22 �C, skww was 8.6 h. However, since b values
were not similar, the comparison between different samples and
studies is difficult [1]. In our study, the skww of the CAA samples
Tg �20 �C

] b ± Ta[�C] skww[h] ± [h] b ±

0.5 0.1 �8 64.3 9.9 0.5 0.0
0.7 0.1 1 38.0 4.4 0.5 0.0
0.8 0.3 -6 64.4 12.3 0.6 0.1

ling temperatures (Ta) according to Eq. (4). (n = 3). (± = SD).
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PARA50 melt (d,s). Error bars present the standard deviation in the measurements
(n = 3).
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was quite similar to that of the PARA50. Ethanol and melt-pro-
duced PARA50 samples had similar skww at Tg �10 �C and at Tg

�20 �C although they had different Tg (data not presented). Enthal-
py recovery was more than 0.95 for all the samples at Tg �10 �C.
Enthalpy recovery did not achieve the often-demanded 0.8 (DH/
DH1) relaxation [1] to achieve good reliability of skww at Tg �20
�C. The relaxation ratio varied from 0.44 to 0.56 at Tg �20 �C.

3.6.2. Time-dependence of molecular mobility
Because the KWW model gave only mean relaxation time

(sKWW), the change in molecular relaxation time as a function of
annealing time was also studied (presented in [26]). The time-
dependence of molecular mobility indicated that 100% PARA is
physically the most stable glass, if relaxation times are compared
although as a pure substance it crystallised rapidly at ambient
temperature(Fig. 6). When Eq. (7) was combined with Eq. (6), the
relaxation times increased during annealing time in all the samples
measured. The highest increase of s was seen in PARA while melt
PARA50 had the slowest increase of s. PARA had a factor of 42.3
or 27.0 increase of s after 8 h of annealing at Tg �10 �C or at Tg
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Fig. 6. Time-dependence of molecular mobility (s) Eqs. (6) and (7) at different
annealing temperatures. Calculated from Tmid

g values (Table IV). Relaxation time of
samples as a function of annealing time. Open symbols are measured at temper-
ature Tg �10 �C and filled at Tg �20 �C. Symbols: In-situ PARA (h, j), in-situ CAA
(D,N) and bulk PARA50 melt (s,d).
�20 �C, respectively. In the melt PARA50 s increased only 11.7 or
5.8 times, respectively. Similarly in CAA, ratios were 16.8 or 14.4,
respectively. In all the samples s increased as the sample relaxed.
This kind of behaviour has been reported earlier [26].

3.6.3. Molecular mobility above and below Tg as determined by DSC
and rheometer

Relaxation times for freshly prepared, un-annealed samples, as
presented in Fig. 7, are calculated using the VTF equation Eq. (3) at
a higher temperature than Tmid

g , and initial relaxation time (s0)
using Eq. (8) (modified AGV) at a lower temperature than Tmid

g .
All the measured samples had approximately similar relaxation
times at Tmid

g , i.e. approximately 100 s or less, which agrees well
with the literature [2].

3.6.3.1. Molecular mobility at temperatures lower than Tg. The mod-
ified AGV model Eq. (8) was used to calculate the s0 for PARA50.
The AGV equation has been used for drug and polymer blends
[45], assuming that Tf is the same as Tg. Similarly, for dispersions,
c can be assumed to be 1 if it is difficult to measure crystalline
forms. We used the parameters presented in Tables 2 and 4.

Again, molecular mobility calculated by this method correlated
poorly with the real physical stability of the samples. Pure PARA
showed the highest initial relaxation times (s0) (Fig. 7) for freshly
prepared glasses although it crystallized most easily at room tem-
perature. Pure CAA had intermediate relaxation times and melt
PARA50 had the lowest s0 although it was physically the most sta-
ble sample at ambient conditions. Differences were similar also
when a non-scaled x-axis was used (data not presented).

3.6.3.2. Molecular mobility at temperatures higher than Tg. In tem-
peratures higher than Tmid

g (VTF), the viscometry data show lower
relaxation times than the DSC data (Fig. 7). This is due to the differ-
ence in defined T0 and D parameters resulting from different meth-
ods (Tables 2 and 4). If the x-axis was not scaled (data not
presented), PARA50 blends had a higher relaxation time than all
the other viscometry-measured samples that was relevant with
viscosity (i.e. slow molecular mobility creates high viscosity)
(Fig. 3). The VTF equation was calculated with s0 as a constant
value 10�14 s for the viscosity data. Usage of constant s0 for the
0.8 0.9 1.0 1.1 1.2
1E-6

1E-5

1E-4

1E-3

0.01

0.1

1

10

100

1000

10000

100000

1000000

1E7

1E8

R
el

ax
at

io
n 

ti
m

e 
[τ

] 
(s

)

T/Tmid

g

Modified AGV VTF

     T<T
mid T>
g T

mid
g

                         T= T
mid
g

Fig. 7. Molecular relaxation times (s) as a function of scaled x-axis ðT=Tmid
g Þ for
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Parameters used in calculations are shown in Tables 2 and 4. Tmid

g are used in
calculations. In VTF equation Eq. (3) s0 is constant 10�14 s.



Table 4
Fragility parameters ðThr

0 , Dhr) calculated from heating-rate dependence (n = 3)

CAA/PARA [wt% PARA] Tmid
g ½�C� Thr

0 ½K� Dhr DCp [J/g �C] DCx-l
p ½J=g �C� c

CAAa 11.7 ± 0.9 215.9 ± 2.7 11.8 ± 0.6 0.82 ± 0.04 0.91 ± 0.03 0.90
PARAa 20.7 ± 0.7 231.4 ± 4.7 9.9 ± 0.8 0.64 ± 0.03 0.74 ± 0.02 0.86
PARA50a 14.0 ± 1.0 204.5 ± 2.3 14.9 ± 0.6 0.68 ± 0.01 0.75 ± 0.03 0.91
PARA50b 10.8 ± 2.5 210.2 ± 5.0 12.9 ± 1.0 0.68 ± 0.03 0.79 ± 0.02 0.86

Tmid
g and DCp values measured using MDSC with heating rate 1 �C/min (n = 5) (± = SD).
a Melt-processed, CAA and PARA are in situ samples. Melt and EtOH PARA50 are bulk samples.
b Ethanol-evaporation.
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evaluation of molecular mobility from the viscosity data might not
be an ideal method [12].

When a scaled x-axis of the DSC data was used, the samples
were in rank order with the real physical stability (Fig. 7) [19]. In
addition, the molecular mobility obtained from the DSC data corre-
lated well with the rank order of viscosity presented in Fig. 3. A
high viscosity (i.e. low molecular mobility) in the liquid just above
the solidification point has been mentioned to be one reason for
the formation of glassy state [15]. Differences in viscosity (i.e.
molecular mobility) above Tg would explain good physical stability
of PARA50 blends compared to other physically stable blends
although molecular mobility is high. In the DSC data, PARA had
the highest relaxation time in the non-scaled x-axis near Tmid

g while
melt PARA50 had the highest relaxation time at a higher tempera-
ture than 315 K (data not presented). Melt PARA50 had the highest
relaxation times and PARA had the lowest when a scaled x-axis
was used (Fig. 7). CAA had intermediate relaxation time.

3.6.4. Fragility parameters determined by DSC and rheometer
In all the methods, the blends had higher D values than the pure

materials (Tables 2 and 4). There was clear evidence of this in the
heating-rate dependence data. Materials with high D value formed
glass more easily than materials with low-D value, but this is not
usually experimentally confirmed [46]. Fragility values determined
using heating-rate dependence method have been found to give
higher D parameter values than viscosity data [13], which was also
the case in this study. D value seems to be dependent on the mea-
surement method, production method and composition. Degrada-
tion products may also have an input in this result. In this study,
the difference between Tg and T0 was approximately 50 �C (Tables
2 and 4). This agrees reasonably well with the literature [47]. T0 va-
lue is estimated to be quite near the temperature at which amor-
phous pharmaceuticals should be stored to ensure adequate shelf
life [47]. Significant differences were observed between measure-
ment methods and reported values in the literature (Tables
2,4,5). The wide distribution in fragility parameters questions the
reliability of these parameters expressed without any careful con-
sideration (Table 5). Since, small changes in defined parameters c,
Cp, D, Tg and T0 affect s markedly, the parameters used as well as
the measurement settings should be clearly presented and mea-
surements should be done carefully [9]. Otherwise, there might
be uncertainty in molecular mobility evaluated.
Table 5
Fragility parameters reported in the literature for PARA and citric acid

Method Sample D T0 [K] Reference

DSC CAA 5.6 249 [22]
DSC CAMb 9.6 199 [22]
DSC CAA 15.0 200.7 [9]
DSC PARA 7.5 240.5 [48]
DSC PARA 9.3 236.7 [5]
DEAa PARA 4.9 260.3 [49]

a Dielectric analysis.
b Citric acid monohydrate.
4. Conclusions

Consecutive shearing tests correlated well with the real physi-
cal stability of the samples. In the viscosity studies, the melt-
quenched samples crystallized more easily than the ethanol-evap-
orated samples (EtOH) under consecutive shearing. The exception
was the 50/50 blend (w/w), which behaved quite similarly among
the different production methods. All the samples behaved as
Newtonian liquids and were fragile glass formers according to An-
gell’s classification. The evaluated D value in the Vogel–Tamman–
Fulcher (VTF) equation changed with the composition of the blend
and the processing method. The viscosity was dependent on the
measurement temperature and the composition. The amount of
paracetamol in the sample increased the measured viscosity. Slight
viscosity differences were observed between samples produced by
the melt-quenching or the ethanol-evaporation.

The time-dependent molecular mobility, initial relaxation time
and Kohlrauch–William–Watts equations overestimated the physi-
cal stability of pure materials compared with the real physical stabil-
ity where the 50/50 blend was the most stable for at ambient
temperature. When the rank order of the samples was compared,
molecular mobility calculated by the VTF equation from the DSC (ob-
tained below Tg) and rheometer (obtained above Tg) data correlated
with the viscosity measured. At �20 �C all the samples were amor-
phous after one year storage in dry conditions that correlated well
with a long molecular mobility estimated at this temperature. How-
ever, the binary system (50/50) of citric acid anhydrate and paracet-
amol seems to be stable although molecular mobility is relatively
high in the supercooled melt in the ambient conditions, i.e. the
molecular relaxation time is less than 100 s. Thus, factors other than
the molecular mobility are important in the physical stabilization of
blends in this composition range. These include structural factors
giving rise to thermodynamic driving force and possible degradation
products. Degradation products or impurities may increase the sta-
bility of the system due to a more complex structure in the blend. A
detailed physical property study of pure non-degraded samples will
be reported later. The melt-processed 50/50 blend is a good model
system in a supercooled liquid state for processing studies due its
good physical stability under shearing.
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