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Abstract 

The solid-l iquid phase diagram of the binary system D20 1,2-propanediol has been 
studied for concentrations up to 50% w/w. The homogeneous nucleation was also analyzed 
using an emulsification technique within the classical theory. The isothermal and non-isother- 
mal crystallizations of ice were studied during warming for samples which vitrify during the 
initial cooling down below the glass transition. The thermal analysis was performed using the 
Johnson-Mehl  Avrami model extended to non-isothermal conditions. Comparisons are 
made with previous results from the binary system H20-1,2-propanediol.  The suppression 
of crystallization during cooling is similar for both binary systems for concentrations in 
%mole/mole .  The differences between melting and devitrification temperatures are also 
similar. The results do not indicate major differences between the crystallization kinetics with 
H20 or with D20. Calculations of the kinetics parameters do, however, underline detailed 
differences. The suppression of the nucleation of ice is steeper for the D20 system than for 
the H20 system, even if the homogeneous nucleation temperatures are higher with D20 than 
with H20. Estimates of the solid-liquid surface free energies are higher for the H20 solvent 
than for the D20 solvent and decrease as the 1,2-propanediol concentration increases. They 
cross over for a concentration close to 89% mole/mole solvent. For the isothermal and 
non-isothermal crystallization, the determination of the Avrami exponent is similar for the 
two solvents, with values of between 2.5 and 2 for solute concentrations higher than 
37.5% w/w. However, D20 presents higher absolute activation energy values than H20. 
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These variations confirm that the nucleation is better suppressed and the crystal growth less 
suppressed by addition of 1,2-propanediol in D20 solutions than in H20 solutions for dilute 
concentrations. 

Keywords: Crystallization; Deuterium oxide; Nucleation; Phase diagram; Propanediol; SLE; 
Vitrification; Water 

1. Introduction 

An understanding of the suppression of ice crystallization in aqueous solutions is 
essential for the design of vitrification solutions for the purpose of cryopreservation 
of organs. The vitrification technique avoids ice crystal formation which is respon- 
sible for the major mechanical damage for cryopreserved organized tissues and 
organs [1]. This is the only actual technique which can be considered for long-term 
preservation of organs at very low temperatures. Previous studies have underlined 
the effect of 1,2-propanediol as a good vitrification agent in aqueous solutions and 
also as a good cryoprotectant for different biological systems [2,3]. In the present 
paper, the effect of the solvent is also investigated as a possible solution for the 
success of the vitrification technique. The substitution of the solvent by an analog 
solvent will bring more insight to the understanding of the solute/solvent interac- 
tion at low temperatures. This substitution of water (H20)  by deuterium oxide 
(D20)  has already been investigated in flushing solutions used for organ transplan- 
tation in rats. Fisher and co-workers have shown an improvement of the post-trans- 
plant recovery when water is substituted by D20  [4,5]. D20  is observed to behave 
as a good cryoprotectant for red blood cells [6]. Moreover, other advantages have 
been observed with D 2 0 : D 2 0  has been observed to stabilize proteins against either 
"cold" or warm denaturation [7-9], membranes, microtubules [6,10] and also to 
have a baroprotection effect on cells [11]; according to the melting and boiling 
point temperatures, D20  is a more structured liquid than H20; D20  liquid is 
therefore thought to have stronger hydrogen bonds than H 2 0  liquid [12]; a 
decrease in temperature increases the difference in the activation energies for the 
dielectric relaxation rates between D20 and H20  liquids [ 13] which may result in an 
increasing difference in the strength of hydrogen bonds between D20  and H20  
liquids, the activation energies being higher for D20  than for H20.  All these 
considerations suggest D20  as a possible solvent in the vitrification technique. The 
effect of D20  on the suppression of ice crystallization by 1,2-propanediol is 
investigated here with the determination of the phase diagram and of the related 
kinetics for homogeneous nucleation and crystal growth at low temperatures, 
within the classical theories and adapted thermal analysis by calorimetry and 
cryomicroscopy. The results are compared with previous studies on the crystalliza- 
tion of ice in the binary system H20-1,2-propanediol  [2], with a kinetics approach 
to the crystallization [ 14,15]. The dissociation of the effect of  the solvent on the ice 



P.M. Mehl/Thermochimica Acta 255 (1995) 297-317 299 

nucleation and on the crystal growth is considered essential for the understanding 
of the crystallization kinetics. 

2. Materials and methods 

The samples were prepared with 1,2-propanediol (99%+,  gold label from 
Aldrich), D 2 0  (100% D from Sigma) and diionized water. The concentrations are 
expressed in terms of %mole/mole to allow comparisons between solvents. Prior to 
the experiments, the samples were filtered through a 0.22 gm diameter filter to 
remove foreign particles. 

2.1. Calibration 

Phase transitions were recorded with a DSC-4 from Perkin-Elmer adapted to low 
temperatures down to -160°C.  Samples weighed 6-20  mg. Warming and cooling 
rates ranged from 1 to "320"°C min-  ~. Calibration of the DSC-4 was done on the 
melting temperature Tm of different pure compounds: methylcyclopentane (98% 
from Aldrich), T m = -  142.4°C; pentane (99%+ from Aldrich), T m = - 1 2 9 . 7 ° C ;  
ethylcyclohexane (99% + from Aldrich), T m = - 111.3°C; butylcyclohexane 
(99%+ from Aldrich), Tm = - 7 4 . 5 ° C ;  and diionized water, T m = 0°C. The temper- 
atures and fusion heats were recorded as functions of the warming rate used, as 
usual [ 16]. The variation of the fusion temperature is a function of the warming rate 
with an approximate linear functions: Trea~ = ~ +/3V, where V is the warming rate, 
/~ = 0.048_+ 0.006, a characteristic of  the setting of the DSC-4, and ~ is the 
transition temperature at the limit V =  0°C min i. The temperature calibration 
allows corrections in the determination of the read transition temperatures to be 
made, and the estimate of  the fusion heats for each compound gives an error of less 
than 3%. 

2.2. Homogeneous nucleation 

The determination of the nucleation temperatures was carried out using an 
emulsion technique with a 1:1 mole:mole ratio of  methylcyclopentane and methyl- 
cyclohexane, with the addition of 4% w/w of SPAN 65 (Fluka) as surfactant. This 
emulsifiant solution and the sample solution were weighed and mixed together by 
passing them several times through a 26-gauge needle to form the emulsion, using 
a glass syringe to reach a mean value for the size of  the droplets. This technique was 
developed by Rasmussen and MacKenzie for the study of homogeneous nucleation 
in aqueous solutions [17]. The size of the droplets was checked by cryomicroscopy 
monitored through a television set as previously described for the determination of 
nucleus density [14], except that the magnification was changed by a factor of 1500 
from sample to television screen. The mean size of  the major number of droplets 
which were assumed to participate in the homogeneous nucleation peak was 
estimated to be v = 9 x 10 ~s m 3 within a factor 3 which corresponds to a reading 
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Fig. 1. Supplemented phase diagram of the binary system 1,2-propanediol-D20. The different temper- 
atures are reported as: Tm, end of ice melting; Th, onset of the homogeneous nucleation; T*, glass 
transition of the residual amorphous material after ice crystallization; Tg, glass transition with no 
crystallization during the initial cooling; Td, devitrification or crystallization during warming determined 
at the bottom of the crystallization peak. Homogeneous nucleation temperatures were determined using 
an emulsion technique with a cooling rate of 2.5°C min -~. The other temperatures were determined in 
bulk samples during warming at 2.5°C min ~ after cooling at "320°C min 1-. The temperatures are 
corrected with the calibration of the DSC-4. 

error of  1 mm on the screen. Successive cooling and warming can be done without 
changing the size of  the emulsions, as reported by Angell et al. [ 18,19]. The kinetics 
for the homogeneous nucleation was then analyzed using the method reported 
below. Several cooling rates were used, from 2.5 to 20°C min 1 for D20,  and only 
2.5°C min -1 for H20.  Higher cooling rates were not considered due to possible 
thermal conduction lag. Even if calibration during cooling was accurate, it was 
assumed that the kinetics of  nucleation was the same for the same sample at 
different cooling rates, with the absolute calibration in temperature at zero cooling 
rate being identical to that of  the warming rate (see Fig. 1). This assumption was 
applied to 9.09% w/w 1,2-propanediol in D 2 0  for the determination of the slope of 
the error versus cooling rate curve. This slope was then used for the determination 
of the error for the other studied concentrations to limit the effect of  ice crystal 
growth on the determination of the ice nucleation kinetics. Indeed, the recording of 
the ice nucleation peak is due to the growth of the ice crystal within the droplet as 
soon as the ice nucleus is formed. This assumes that the thermal range of ice crystal 
growth is strongly overlapping with that of  homogeneous ice nucleation. 
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2.3. Crystallization kinetics 

The crystallization during cooling and warming was recorded for analysis, and 
the quantity of  ice formed in the solutions was also analyzed. Isothermal and 
non-isothermal crystallization were investigated for various concentrations of 1,2- 
propanediol in D20 and compared with previous data for 1,2-propanediol in H20. 
The chosen concentrations were those where crystallization was not recordable 
within the sensitivity of the DSC-4. TADS and DSCI software were used for the 
analysis of the crystallization kinetics and the determination of the different 
parameters within the Johnson-Mehl -Avrami  theoretical model under isothermal 
conditions, as usual [14,15,20,21]. The non-isothermal data were analyzed using a 
modified equation derived from the isothermal JMA model [15] presented in the 
next section. 

3. Analysis methods 

3.1. Nucleation kinetics during cooling 

The nucleation was analyzed using the classical method of Turnbull [22]. In the 
DSC-4, homogeneous nucleation occurs by spontaneous formation of clusters 
which might be stable or unstable. The DSC-4 records the crystal growth of  the 
stable nuclei within the droplets. It was assumed that only one stable nucleus will 
induce crystallization inside each droplet. The case of multiple nuclei formation 
within one droplet was excluded. The thermal curve during cooling gives the power 
dQ/dt  given to the sample to maintain it at the same temperature as the reference. 
Assuming that the droplets have the same mean volume, the heat released at the 
temperature T by the crystallization of dN droplets induced by dN formed nuclei 
during the time dt is 

dQ = q dU (1) 

with q being the mean heat release by crystallization of one droplet. The rate of  
formation of the nuclei also depends on the initial potential nuclei sites which is the 
number of remaining unfrozen droplets at temperature T, N(T) .  This number can 
be accessed by calculating the heat release from the temperature T until the end of  
the crystallization peak, which is 

Qrest = qU(T) (2) 

Then by taking the ratio 

dQ/Qrest = dNIN  (3) 

it is possible to have access to the nucleus formation rate. The nucleation rate J is 
given by 

J = [dN/dt] / V (4) 
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where V is the volume of the remaining unfrozen sample. I f  ~ is the ratio N / V ,  • is 
also 1Iv where v is the mean volume of one droplet, assuming the formation of one 
nucleus per droplet. Therefore V = Nv and J becomes equal to 

J = [ dU/dt]/[Uv] (5) 

The experimental data supply Jv 

Jv = [ d Q  /dt]/ Qrest (6) 

The classical nucleation theory [23] indicates that the nucleation rate can be 
expressed by 

J[T] = (A/tl)  e xp[B /F(T) ]  (7) 

with 

F ( T )  = IT~TIn]3[1 - (T/Tm)]  2 (8) 

as a temperature-dependent variable, A a constant, t / the viscosity of  the liquid, and 

B = 16~a3/3kTm H2 (9) 

where a is the interface solid-liquid free energy, Tm the melting temperature, k the 
Boltzmann constant, and Hr the molar heat of  fusion [22]. The factor 16~/3 in the 
expression for B is related to the shape of the nucleus which is assumed to be 
spherical. This assumption can be justified from the observation of cubic ice 
formation before growth of hexagonal ice [24,25]. Therefore, plots of  the natural 
logarithm ln(Jv) versus F ( T )  theoretically give lines which can be used for the 
determination of the different parameters. These different parameters are then 
analyzed as functions of  the solute concentration. These calculations did not take 
into account the temperature dependence of the viscosity. 

3.2. Isothermal  crystallization 

The isothermal conditions were analyzed within the JMA theoretical model 
where the crystallization fraction is related to the time exposure t by 

X = 1 - exp[ - (Kt)  n] ( 1 O) 

with n the Avrami exponent, K the kinetics constant, which is assumed to have an 
Arrhenius dependence with the temperature 

K = Ko exp[ - A / T ]  (11) 

with an apparent activation energy A expressed in K units. The second derivative of  
Eq. (10) gives 

dZX/d t  2 = ( 1 - X ) K " t " -  2n[(n - 1) - n(Kt)"] (12) 

At the bot tom of the isothermal crystallization peak, at t = t . . . .  this second 
derivative is null. Then 

Ktma× = [(n - 1)/n] '/" (13) 
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A was previously determined by plotting the logari thm of  the exposure time /max 

corresponding to the maximum crystallization rate versus 1000/T [14,15,20,21], as 
tma x is inversely propor t ional  to the kinetics constant  K. The other parameters  were 
determined by plotting 

ln( - l n ( 1  - X)) = n[ln(K) + ln(t)] (14) 

as a function o f  the logari thm of  the exposure time t. The Avrami  exponents and 
the kinetics constants were determined after linear regression of  the experimental 
data on the previous plots with the slope and the intersection at the origin. As 
reported previously [14,15], the cooling and warming rates have an effect on the 
nucleation kinetics. Therefore to complete the study, different cooling and warming 
rates were applied to study the effect o f  the different rates on the crystallization 
kinetics, and the time tm~x was plotted on a logarithmic scale versus the sum o f  the 
inverse o f  the cooling and warming rates prior to the isothermal annealing at the 
different chosen temperatures,  because the variation in K 0 depends on the nucleus 
density as indicated in classical theories [14,15]. This is related to the dependence of  
the kinetics constant  K in the J M A  model on the nucleation rate or  the nucleus 
density [26]. Therefore, the previous plots are justified when the nucleation thermal 
range and the crystal growth thermal range are relatively well separated compared  
to the cooling and warming rates used, as observed for relatively high concentrated 
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Fig. 2. Relative variations in the homogeneous nucleation temperature T h Tm(0% ) versus the melting 
depression Tin(0% ) --T m for both binary system, 1,2-propanediol in D20 and in HzO. The lines 
represent the linear regression estimated for concentrations which do not achieve vitrification during 
cooling. This consideration avoids the effect of the viscosity on the nucleation kinetics. 
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aqueous solutions. However,  when the extrapolated homogeneous  nucleation tem- 
perature is well below the glass transition, the dependence becomes weaker and 
nucleation is determined by the concentrat ion o f  heterogeneous sites for stabiliza- 
tion o f  the nuclei. 

3.3. Non- i so the rma l  crystall ization 

The non-isothermal  conditions are more  difficult to analyze. The crystallizable 
fraction as a function o f  the end of  melting temperature Tm is required, as 
previously mentioned [15]. In this paper, a semi-integral/differential equat ion is 
deduced f rom the J M A  model  to be applied in non-isothermal  conditions. The same 
parameters  as for isothermal conditions are used. The calculations are processes 
with an algori thm for the determination o f  the quant i ty  o f  heat released during the 
crystallization as a function o f  the scanning temperature.  The equat ion o f  the 
kinetics is 

and 

dX(t) = n K " t  *("- 1)[1 -- X(t*)] dt (15) 

X ( t * )  = Oi + Q'max(T) (16) 

0 

-1- 

-2- 

°6- 

32 .64%w/w 
"7- 

-8 
30 4'o 

4-3- 
m 

==-4- 

~ - 5 -  

v = mean droplet volume 
Tm = melting temperature 

18.37%w/w ~! 

,2 ~ ld  / 

s'0 60 70 
F(T) = TmS[T3(Tm-T) 2] 

+ 2.5"C/min 
i 5"C/min 

- lO~/min 
x 20°C/min 

O%w/w 

Fig. 3. Natural logarithms of the product of the nucleation rate J and the mean volume of the emulsion 
droplets versus the function F(T) = T~,/[Ta(Tm - -  T) 2] for different concentrations of 1,2-propanediol in 
D20. Different cooling rates have been used to record the nucleation kinetics. 
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where K and n are the kinetics constant and the Avrami constant determined 
in isothermal conditions, respectively, and X is the volume ratio of  the crystal- 
lized ice over the total crystallizable ice; X is approximated to the ratio of  
the corresponding heat of  crystallization. Qi is the heat of  crystallization equiv- 
alent to the amount  of  ice already crystallized after cooling below the 
glass transition and is approximated to the heat of  formation of the total 
stable nuclei which will grow during the subsequent warming. Q * a x ( T )  is the 
crystallization heat corresponding to a maximum quantity of  formed ice at 
the temperature T. It should be noted that the times t* and t are different: t is 
the scanning time of the thermal curve and t* is the natural time of the mat-  
erial. 

The crystallization during warming within the vitrified state is estimated 
using Eqs. (15) and (16) for the aqueous solutions which will vitrify within the 
cooling rate range of the DSC-4 and allow crystallization during the subsequent 
warming. 
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Fig. 4. Natural logarithms of the product of the nucleation rate J and the mean volume of the emulsion 
droplets versus the function F(T) = T~/[T3(Tm- T) 2] for different concentrations of 1,2-propanediol in 
H20. Samples were cooled at 2.5°C min ~ only. 



4. Results 

0.03- 

4.1. Supplemented phase diagram 

The different phase transitions observed on the recorded thermal curves are 
reported in Fig. 1. The end of melting, the homogeneous nucleation, the glass 
transition of the whole vitrified sample or of  the amorphous residue after partial 
crystallization of ice, and the devitrification temperatures are recorded on cooling 
and warming at 2.5°C min-~; these have been corrected with the calibration. No 
hydrate or eutectic formation is observed within the sensitivity of the DSC-4. The 
different transition temperatures are reported in Fig. 1. The homogeneous nucle- 
ation temperature is defined as the onset temperature of  the exothermic crystalliza- 
tion peak observed during cooling of the emulsion sample. A comparison between 
H 2 0  [14] and D 2 0  solvents for the homogeneous nucleation temperature depres- 
sion 5Th versus that of  the melting temperature 6Tm as the solute concentration 
increases is given in Fig. 2. As the solute concentration is above a threshold of 
35-40% w/w of solute, the homogeneous nucleation temperature decreases more 
rapidly than the melting temperature with an increase in the solute concentration. 
As reported by other authors [17,23], a linear relationship between the two 
temperature depressions can be observed for low solute concentrations with 

6Th = 1.96 5Tin (17) 
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Fig. 5. Comparison of the liquid-solid surface free energy variations with the concentration of solvent 
when 1,2-propanediol is diluted in H20 or in D20. 
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(without the homogeneous nucleation temperature for the 35% w/w 1,2-propane- 
diol sample) for H20  and 

8Th =2.35 ~T m (18) 

for D20.  No nucleation is observed in emulsified samples of concentration higher 
than 37.5% w/w at cooling rates higher than I°C min -~. This suggests that the 
crystal growth thermal domain is at higher temperatures than that of the homoge- 
neous nucleation. 

4.2. Homogeneous nucleation kinetics 

The nucleation rate ,Iv is reported on a logarithmic scale versus F(T)  as defined 
in the previous section (Fig. 3). For comparison, the nucleation with H 2 0  as 
solvent is also analyzed and the nucleation rate ,Iv is similarly reported in Fig. 4 
with only a cooling rate of 2.5°C min -~. The slope B is estimated and the 
solid-liquid interface free energy ~ can be extracted from Eq. (9). Indeed, H* and 
Tm are accessible, where H* is the heat of fusion per gram of solution, and the 
determination of the molar mass for the liquid can be made from published data by 
the approximate determination of the density of D20 or H20  and 1,2-propanediol 
at low temperature using a quadratic form [27]. The surface solid-liquid free 
energy a for the binary system 1,2-propanediol in either H20  and D20  was then 
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Fig. 6. Comparison of the variations of the preexponential term A divided by the viscosity with the 
concentrations of 1,2-propanediol, in the product Jv with H20 or D20 as solvent. 
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Fig. 7. Comparison of the dependence of the nuclei density determined by cryomicroscopy for 14.88% 
mole/mole 1,2-propanediol in D20 or in H20 , with the sum of the inverse of the cooling and warming 
rates. 

calculated and is reported in Fig. 5 as functions of the molar concentration. The 
preexponential factor for the nucleation rate Jv  is reported in the Fig. 6 with a 
similar droplet size distribution for the different solute concentrations as checked by 
cryomicroscopy. The diameter of the droplets has a mean value of 2.6 x 10 6 m, 
with a standard deviation of 0.7 x 10 _6 m. 

As reported previously, the thermal ranges for nucleation and crystal growth do 
not overlap for the experimental time scale for concentrations of 1,2-propanediol 
higher than 37.5% in D20. Therefore, the cryomicroscopy technique was used for 
these "vitrifiable" solutions. The nucleus density is reported for 39.95% w/w 
1,2-propanediol in D20 in Fig. 7 and compared with those previously published for 
42.5% w/w 1,2-propanediol in H20 [14]. The nucleus density is plotted against the 
sum of the inverse of the cooling rate and the warming rate which is proportional 
to the time spent by the liquid in the nucleation thermal range. The slope of the 
curve is estimated as 1.23 for D20  and 1.29 for H20. 

For intermediate concentrations, the homogeneous nucleation temperature is 
closer to the glass transition and the effect of the viscosity on the intrinsic crystal 
growth used in the emulsion technique to reveal the nucleation is not negligible. A 
more interesting observation is the lack of correlation of nucleation between 
adjacent crystallizing droplets. Indeed, each droplet crystallizes during cooling in a 
way that is independent of the state of its next neighbor. Moreover, as a droplet 



P.M. Mehl/Thermochirnica Acta 255 (1995) 297-317 309 

c -  
l _  

- IE  

0.1 

0.2 

y -80°,_78°C C 

-76 "C 

/ ~  and warming 
f rates: 40°C/min - 84 °C 

100 

._c 
E .E 10 

J 

Linear regression 
I n ( t m a x )  = -41.99 + 8535/T 

r 2 = 0 .99~. . . . .~  

1 
,5 511 5~2 5.3 

1000/T in ~I/K) 

0 1'0 2~) 3() 4() 5'0 60 
time in rain 
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Fig. 10. Arrhenius representation of the kinetics constant K(T) versus 1000/T. The values of the Avrami 
exponents are also reported. The experimental conditions are those in Fig. 8. 

crystallizes, it releases heat proportional to the size of  the droplet. This heat will 
diffuse to the next neighbors which will become warmer than they would have been 
without the crystallized droplets. Therefore, the crystallization of one droplet will 
limit the nucleation within the next neighbors. 

4.3. Isothermal crystallization 

The isothermal results were analyzed within the JMA theoretical model. The 
recorded isothermal crystallization peaks (as reported for 39.95% w/w 1,2-propane- 
diol in O20 in Fig. 8) were used to determine the time of the maximum crystalliza- 
tion rate (bot tom of the crystallization peak corresponding to d2Q/dt 2 = 0), and the 
time variation of the crystallized fraction as a function of the temperature. The 
apparent activation energy is determined as the slope in Fig. 8 and the plot of  
l n ( - l n ( 1 -  X)) versus ln(t), as reported in Fig. 9, gives the determination of the 
Avrami exponent and the kinetics function K as a function of the temperature at 
which the isothermal experiment was processed. As the constant K(T) also depends 
on the thermal history, the effect of  different cooling rates on the kinetics is shown 
in Fig. 10, as previously reported for the solution 42.5% w/w 1,2-propanediol in 
H 2 0  [14]. The apparent activation energy, the rate constant K and the Avrami 
exponent for 42.5% w/w 1,2-propanediol in H 2 0  are respectively 66.1 kJ mol 1, 
0.109 min -1 at - 84°C ,  and 2.2 4- 0.2 [14]. This behavior is similar to that of the 
nucleation process. For higher concentrations of  1,2-propanediol in D20  , the 
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Table 1 
Heat of crystallization (cal per g of solution) versus cooling rates for different concentrations (%weight/ 
weight and %mole/mole) of 1,2-propanediol. Comparison of the solvents H20 (from Ref. [2] and this 
study) and D20 

Solvent "/,,Solute Cooling rates/'~C min 

W/W M/M 2.5 5.0 l0 20 40 80 160 320 

D20 18.37 5.58 32.9 33.1 33.6 
H20 " 20.00 5.58 33.0 32.4 32.9 33.7 33.1 

D20 27.84 9.20 23.3 22.4 22.4 19.7 18.0 
H20 ~ 30.00 9.20 20.3 21.2 21.5 21.7 21.1 17.0 7.5 

D20 32.64 11.30 18.9 19.1 14.3 0.9 0.2 0.0 
H2Oa 35.00 11.30 17.4 17.5 17.0 13.2 3.20 0.6 0.0 

D20 37.50 13.62 14.6 13.5 10.3 1.1 0.0 0.0 0.0 0.0 
H . O a  40.00 13.52 13.2 4.9 1.3 0.0 0.0 0.0 0.0 

D20 39.95 14.88 13.8 3.1 1.0 0.0 0.0 0.0 0.0 0.0 
H20 42.50 14.88 10.9 2.2 0.5 0.0 0.0 0.0 0.0 0.0 

D20 42.40 16.21 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
H20 ~ 45.00 16.21 4.9 0.0 0.0 0.0 0.0 0.0 0.0 

D20 47.37 19.13 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
HzOa 50.00 19.13 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

a Results from Boutron and Kaufmann [2]. 

dependence of the time tm~x with the cooling and warming is weaker, which can 
indicate a saturation of heterogeneous nucleation sites for the present experimental 
conditions. 

4.4. Non-isothermal crystallization 

The effect of the cooling and warming rates on the crystallization is reported in 
Table 1 and in Fig. 13, below. The amount of crystallization as a function of the 
cooling rate in Table 1 shows the effect of the solute concentration on the ability to 
suppress crystallization. The suppression during cooling in the diluted aqueous 
solutions is linked to the efficiency of the heterogeneous nuclei present in the 
solutions. As soon as the first or the first few heterogeneous nuclei are formed, 
crystal growth occurs quickly due to the low viscosity of the liquid at this 
temperature. Fig. 11 reports the difference between the temperature of melting Tm 
and the devitrification temperature Td with a comparison between D 2 0  and H 2 0  as 
solvents. No large discrepancy exists between the two solvents. Even if T m is 
suppressed by a few degrees from D 2 0  to H20,  the effects of 1,2-propanediol 
concentrations and cooling rates on the suppression of ice crystallization are 
comparable. 
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Fig. 11. Variations in the difference T m - -  T d as a function of the natural logarithm of the warming rate 
for concentrations of 1,2-propanediol, allowing vitrification during cooling. 

H20 D20 

The maximum amount  of  crystallized ice is a function of the melting temperature 
T m. It can also be related to the isothermal crystallization through the JMA 
theoretical model, as done for previous studies where isothermal crystallization 
took place at temperatures close to T m. A slowing down of the crystallization was 
observed due to a limitation of  the driving force for the crystallization which is the 
concentration difference between the equilibrium concentration after complete 
crystallization at the temperature T and the initial concentration. 

4.5. Relation between isothermal and non-isothermal crystallization 

A recent equation has been developed that uses directly the JMA parameters 
determined under isothermal conditions for the calculation of the devitrification 
peaks in non-isothermal conditions [15]. This method has been applied to 42.5% 
w/w 1,2-propanediol in HzO with good results and was applied here for the present 
binary system for different solute concentrations. The parameters determined in 
isothermal conditions were placed in the differential system to be solved. The 
devitrification peak is calculated as a function of the warming rate assuming that 
the ice nucleation during cooling occurs for the vitrified samples without any 
growth of the nuclei. This assumption holds for concentrations with homogeneous 
nucleation temperatures close to that of  the glass transition. 
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Fig. 12. Calculated devitrification peaks for 39.95% w/w 1,2-propanediol in D20. For comparison, the 
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isothermal parameters. 

r - - - - ~ ]  Calculations with parameters K ITd (80)/ 
30- assumed rate independent ~ [ _ ? _ ~ / ~ T  

Experimental devitrification ~ t ~ _ J / /  ~ 
temperatures at •/ / 

~E 20. different warming rates ~ r ~ -  --7 ~ /  1 ¢ -  

, m  

1 0  

0 , 
190 200 210 220 230 240 250 

Temperature in K 

Fig. 13. Calculated devitrification peaks for 42.4% w/w 1,2-propanediol in D20. The calculations 
proceeded assuming that the constant K is weakly dependent on the warming rate. 

The cooling and warming rates affect the kinetics o f  the crystallization as 
reported previously [14]. The main effect is on the nucleus density inside the 
material. Indeed, as reported in Fig. 10, the variat ion of  the kinetics constant  K 
depends on the time spent by the sample in the nucleation thermal range. However,  
for concentrat ions corresponding to homogeneous  nucleation temperatures below 
the glass transition, this dependence is weaker for 42.5% w/w 1,2-propanediol in 
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D20 with a critical exponent c~ close to 0 for K[Dn]'= constant. Therefore, 
knowledge of the thermal variations of the nucleus density is important for 
the calculation of non-isothermal crystallization as anticipated by the model of 
Johnson-Mehl-Avrami.  In Fig. 12, the calculated devitrification peaks are drawn 
showing a comparison with the experimental devitrification temperatures for 42.5% 
w/w 1,2-propanediol in D20. In contrast with 39.95% w/w 1,2-propanediol in D20, 
K 0 depends on the cooling and warming rates (Fig. 10); this dependence is taken 
into account in the calculations. The calculated peaks are reported in Fig. 13 with 
the experimental devitrification peaks. 

5. Discussion 

The supplemented phase diagram in Fig. 1 shows that for the binary system 
1,2-propanediol H20 , no eutectic or hydrate forms. Crystallization is suppressed 
with solute concentrations higher than 11.3% mole/mole 1,2-propanediol (Table 1). 
For lower concentrations, after crystallization of ice during cooling, the remaining 
amorphous residue presents a glass transition T* which is not constant but 
decreases slightly with the concentration. This is due to the crystallization process 
and the diffusion across the high solute concentration layer around the crystals. For 
lower concentrations, crystallization occurs at higher temperatures allowing a 
higher diffusion of water molecules through the high concentration layer, resulting 
in a more complete crystallization. When crystallization is not recorded, the sample 
is vitrified during cooling below the glass transition Tg. For 32.64% w/w 1,2- 
propanediol in D20, a sharp increase in the value of Tg is observed, as reported by 
Boutron and Kaufmann when H20 is the solvent at the same molar concentration 
(35% w/w) [2]. Similar behavior is observed with H20 or D20 as solvents. The 
main difference is that the melting temperatures for the D20 system are 4-5.5°C 
higher than for the H20 system, by comparing Fig. 1 and the results in Ref. [2]. 
The comparison with the literature values in Ref. [2] also gives melting tempera- 
tures that are higher by 3.6__+ 0.8°C for D20 than for H20. However, the glass 
transition Tg values are difficult to compare because different definitions have been 
used in their determination. However, the Tg values for the D20 system are slightly 
higher, by less than 3°C, than those for the H20 system [2]. 

An investigation of the comparison of the homogeneous nucleation temperatures 
in aqueous solutions with H20 and D20 as solvents has been reported for several 
salts such as LiCI by Angell et al. [19]. They have shown that the homogeneous 
nucleation is lowered in the same manner with H20 and with D20. This is in 
accord with a general depression of the transition temperatures from D2 O to H20 
due to the change in the molecular weight of the solvent. The depression of Th 
versus the depression of Tin, with the assumption that T m is characteristic of the 
osmotic properties of the solute interacting with the solvent, shows that D20 has a 
stronger effect on the suppression of the homogeneous nucleation than H20 for the 
dilute concentrations. However, in the present experiment the concentrations are 
sufficiently high to allow the vitrification, therefore the effect of the viscosity is not 
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negligible and an inversion of the depression of the homogeneous nucleation is 
observed: more nucleation occurs with D20 than with H 2 0  as recorded by 
cryomicroscopy. This can be explained by the difference between the melting and 
glass transition temperatures, which are lower for H20 than for D20. The effect of 
the viscosity on the nucleation kinetics is therefore more efficient in H20 than in 
D20. From the results of  Henderson and Speedy [27] on the effects of pressure on 
the melting temperature, the melting temperature decreases more quickly for D20 
than for H20.  

However, the different parameters for the crystallization in isothermal conditions 
for H20  and D20  are close. The suppression of the ice crystallization is very close 
for both binary systems, as reported in Table 1. Therefore, a macroscopic analysis 
of the suppression of the crystallization will lead to the conclusion that U20 and 
H20 have the same physical behavior at low temperatures. In fact, as previously 
discussed, the nucleation processes are different. The nucleation seems to begin at 
different temperatures and the kinetics are different. Therefore, the crystal growth 
for D20 and H20 must be different. As calculated for the different concentrations 
of 1,2-propanediol in D20 , the activation energy for 020 as solvent is higher than 
that of H20  as solvent. For example with 14.88% w/w 1,2-propanediol, H20 has an 
apparent activation energy of 66.1 kJ mol ~ and D20 has a mean value of 69.8 kJ 
mol ~. A higher apparent activation energy slows the crystallization rate. This 
shows that the crystal growth rate is lower for D20  ice crystals than for H20  
crystals in vitrifiable concentrations. Therefore, in view of Table 1 and Fig. 11, it 
seems that a compensation between nucleation and crystal growth exists for 
concentrations higher than 11.30% mole/mole 1,2-propanediol. However, the results 
seem to differ in Fig. 11 for 13.62%, with higher devitrification temperatures for 
H20 than for D20. These results cannot be explained at present as the values for 
H20  are from Ref. [2]. 

The validity of the determination of the kinetics parameters for the crystallization 
in isothermal conditions was checked through the determination of the devitrifica- 
tion peaks under constant heating rate conditions. In Fig. 7, it is shown that the 
stabilization during warming of the nuclei formed during cooling is dependent on 
the history of the sample and will effect the kinetic constant K as predicted in the 
JMA theory. As the solute concentration increases, the dependence of K on the 
warming rate decreases due to a limitation of the nucleation, with a possible switch 
from homogeneous to heterogeneous nucleation predominance in the crystalliza- 
tion. Therefore, as reported in Figs. 12 and 13, the devitrification peaks have been 
calculated with the mean values of the isothermal parameters of crystallization with 
either the dependence of K0 on the warming rate for 39.95% w/w or the indepen- 
dence of Ko for 42.5% w/w 1,2-propanediol in D20. In these figures, the experimen- 
tal devitrification temperatures have also been reported for a qualitative 
comparison between theory and experiment. It seems that the theoretical calcula- 
tions give good agreements for the lower warming rates but diverge slightly for the 
higher warming rates, e.g. for 39.95°/° w/w 1,2-propanediol at 40°C min -~ the 
difference between experimental and calculated T d is less than 1.5°C. A better fit can 
be obtained within the standard error of the values of the parameters determined 
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isothermally. The same observation has been made for 42.5% w/w 1,2-propanediol 
in H20  [15], with good agreement but also with a difference which increases with 
the warming rate. 

In the whole discussion, the fact that D20  solvent, like H20,  will be ionized has 
been ignored. Indeed, it is difficult to distinguish the effect of the different 
distribution of the deuterium atom on the solute molecules as part of the atomic 
exchange between solute and solvent as the steady state of acid-base equilibrium is 
reached. Therefore assuming that all OH groups are transformed to - O D  in 
1,2-propanediol to give D O C H 2 - C H O D - C H 3 ,  then the concentration of solute 
will only increase by a multiplication factor of 78/76 (1.0263). Therefore the 
increase in the suppression of the crystallization can only be explained by a possible 
exchange of deuterium atoms from solvent to solute. This can explain the transient 
behavior for concentrations between 32.5% and 39.95%, where vitrification seems to 
be easier to achieve for D20  than H20  as solvent. However, deuterated 1,2- 
propanediol is not commercially available to check the importance at low tempera- 
ture of the proton substitution on the vitrification or the suppression of ice 
formation. 

6. Conclusions 

The results show that in general, the two binary systems of 1,2-propanediol in 
H20  and in D20  show similar behaviors and physical properties on a macroscopic 
level. However, as D20  forms stronger bonds than H20 , suppression of the 
crystallization is more difficult. On a microscopic level, the kinetics of the crystal- 
lization are different. As O20 presents stronger bonds, the nucleation rates for D20 
are higher than for HzO. However, the nucleation suppression is higher for D20  
than for H20  when 1,2-propanediol is added. The calculated surface liquid-solid 
free energies for D20  and H20  both decrease with the initial concentration of 
1,2-propanediol and cross at a concentration close to that allowing vitrification in 
the DSC-4. However, this vitrification is subject to the sensitivity of the DSC-4 to 
detect the nucleation: nucleation cannot be recorded directly and must be analyzed 
indirectly with successive annealing experiments [28]. This method has been used in 
a vitrification solution which has been tested for the vitrification of  rabbit kidneys 
for long-term cryopreservation [28]. 

However, it has been observed that D20  has the advantage over H 2 0  of a lower 
crystal growth kinetics. For  the purpose of cryopreservation of organs, the impor- 
tant factor is the crystal growth. It has been shown that the size of intracellular ice 
crystals might be deleterious for the cells above a threshold radius of 50-80 nm 
[29,30] which might also be dependent on the sensitivity of various cells; arguments 
have been presented on the non-effect behavior of  the nucleus density on the 
possible survival of vitrified organs [31]. Therefore a lower crystal growth kinetics 
will lower the warming rates needed to limit the size of the ice crystals below the 
deleterious threshold value. Moreover, with the consideration of the other interest- 
ing properties of D20  [4-11], D20 could partially or totally replace H20  in 
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vitrification solutions to solve actual problems in the vitrification technique, with or 
without pressure, for long-term preservation of organs at very low temperatures. 
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