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Abstract: 

The impact of nanoconfinement on the crystallization and glass transition behaviors of nifedipine (NIF) 

has been investigated using differential scanning calorimetry. Nanoconfinement was provided by 

imbibing the NIF into a porous medium (controlled pore glass, CPG) and results were compared with the 

unconfined bulk material. Consistent with previous results from the literature, both glass transition 

temperature Tg and melting temperature Tm decrease with decreasing pore size. The melting temperature 

was found to decrease with the reciprocal of pore diameter and could be analyzed with the Gibbs-

Thomson equation. In addition, for confinement sizes of 7.5nm and 12nm, it was found that no cold 

crystallization occurs upon heating from the glassy state to above the expected melting transition. Finally, 

at intermediate confinements we find evidence of a possible new, confinement-induced polymorph of 

NIF.   

Keywords: Glass transition; Cold crystallization; Amorphous pharmaceutical; Polymorphism; Nifedipine 

  



4 
 

1. Introduction 

The amorphous pharmaceutical is generally considered to have a higher water solubility and 

better bioavailability than the crystalline counterpart. As a result, the study of amorphous pharmaceuticals 

has become a subject of great interest, especially for those with poor solubilities in the crystalline state. 

However, amorphous pharmaceuticals tend to crystallize from the amorphous (glassy) state back to a 

lower energy crystalline state even at ambient temperatures. Therefore, to extend the shelf-life for 

processing and storage, a challenge faced by industry is to predict and prevent the amorphous 

pharmaceutical from reverting to the crystalline state. Re-crystallization from the glassy state or 

supercooled liquid, which occurs upon heating up to the normal melting temperature, is referred to as 

cold-crystallization. For a given heating rate, the cold-crystallization depends on the number of nuclei 

existing in the amorphous material [1-4], and reducing or avoiding nucleation would be expected to 

stabilize the amorphous pharmaceutical. 

Hence, it is of interest to study how to enhance the solid-stability and suppress crystallization of 

amorphous pharmaceuticals [5-11]. Among the ways to do this, one method is to add a polymer additive 

to the amorphous pharmaceutical and make the system into an amorphous solid dispersion (ASD) 

mixture. Though, the mechanism of how the added macromolecule functions as a crystallization inhibitor 

is still poorly understood, it seems that one contribution is that the glass transition temperature Tg 

increases upon addition of the polymer, which reduces the molecular mobility and results in a more stable 

amorphous system [12-16]. At the same time, both crystallization and glass transition have been shown to 

be strongly affected by nanoscale confinement, and this offers another potential route to control the 

stability of the amorphous phase pharmaceutical. 

For over 25 years, there has developed a significant body of work on the impact of 

nanoconfinement on the glass transition [17-26] and crystallization [27-30]. Relative to the bulk state, the 

materials confined at the nanoscale usually have a different glass transition temperature, both for 

polymeric and small molecule systems. For small molecule systems, it is commonly reported that Tg is 



5 
 

depressed by confinement in the nanoporous structure[17, 21, 26, 31]. For certain cases, even multiple 

glass transition temperatures are observed in the nanoconfined material[24, 32], and these have been 

attributed to the interaction between the confining medium and the studied material for the higher glass 

transition[30]. The lower one is thought to be due to an intrinsic size effect [31]. As regards 

crystallization, previous research shows that the kinetics and thermodynamics of crystallization at the 

nanoscale can have complicated crystallization modes, leading to the formation and stabilization of 

metastable polymorphs [29, 33-38].  Moreover, it has also been reported that nucleation inhibition can 

occur in the nanoconfined organic glass forming liquid [27, 28, 39]. Jackson and McKenna reported 

suppression of crystallization in benzyl alcohol confined in 4 nm controlled pore glass (CPG) and o-

terphenyl confined in 8.5 nm CPG [40]. Similarly, nucleation suppression has been observed in 

acetaminophen confined to 4.6 nm pores[39].   

In the present work, we use nifedipine (NIF) as a model to study the glass transition and cold-

crystallization both in bulk and under nanoconfinement. NIF is a common calcium channel blocker and 

has been widely used in the pharmaceutical community to study crystallization from the amorphous 

state[41-46]. Previous studies show that, more than one crystal growth mode appears in the cold 

crystallization of NIF [45-49] and an abruptly fast crystal growth occurs at temperatures even below Tg. 

Such behavior makes NIF a complex but interesting model to study the glass transition and crystallization 

at the nanoscale. Here we report results from an investigation of the crystallization and glass transition 

behavior of the pharmaceutical nifedipine under nanoconfinement with the aim of increasing our 

understanding of stabilization in amorphous pharmaceuticals. The nanoconfinement in this work was 

achieved by filling NIF into different size CPGs, and the glass transition and cold crystallization were 

studied by differential scanning calorimetry (DSC). The results show that, NIF under nanoconfinement 

exhibits significant differences from bulk scale behaviors, in both glass transition and cold crystallization 

behaviors. Both glass transition temperature Tg and melting temperature Tm decrease with decreasing pore 

size, and two Tgs are also observed except for the smallest 7.5nm confinement. For the CPG pore sizes of 
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7.5nm and 12nm, no cold crystallization occurs upon heating from the glassy state to above the expected 

melting transition. For intermediate confinements evidence of a possible new, confinement-induced NIF 

polymorph is observed in the DSC thermograms. 

2. Experimental Section 

2.1 Materials and preparation methods 

The Nifedipine used in this study came from Laborate Pharmaceutical Ltd, India. Both powder X-

ray diffraction and DSC results (melting point = 172oC) indicated that as received, it is the pure A (α or I) 

form of NIF. The material was used as received without further purification. Controlled pore glasses 

(CPG) of nine different sizes 7.5, 12, 16.5, 22.6, 46.6, 50, 96.6, 111 and 198 nm, were used in the study. 

7.5, 12, 16 and 50nm CPGs were supplied by Sigma-Aldrich, while the other sizes are from CPG, Inc. 

Before any usage, the CPGs were cleaned thoroughly by being immersed in 70% nitric acid at 110oC for 

10 hours, washed with distilled, deionized water and then dried in a vacuum oven at 100oC for 24 hours 

[50]. 

Table 1 CPG manufacturer specifications and pore fullness calculations 

pore 
size 
nm 

±% 
pore volume 

cm3/g 
Mesh 
size 

100% fullness 
mass ratio 
NIF: CPG 

60% fullness 
mass ratio 
NIF: CPG 

7.5 13.5 0.49 200/400 0.63:1 0.38:1 
12 10 0.68 80/120 0.88:1 0.53:1 
16 12.1 1.13 20/80 1.47:1 0.88:1 

22.6 6.2 0.85 120/199 1.10:1 0.66:1 
46.6 6.4 0.98 120/200 1.27:1 0.76:1 
50 10 1.1 80/120 1.40:1 0.84:1 

96.6 6.8 1.02 120/200 1.31:1 0.79:1 
111 6.9 1.02 120/199 1.32:1 0.79:1 
198 7.2 0.91 120/200 1.18:1 0.71:1 

 

Amorphous nifedipine was prepared by a melting and quenching procedure: the crystalline NIF 

was melted in a vacuum oven at 182 oC (about 10 oC above the melting point) and then quenched onto a 

precooled aluminum block at -10 oC (about 40 oC below the bulk NIF Tg). For the CPG nanoconfinement, 
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NIF liquid was imbibed into the CPGs via capillarity as follows: the CPGs were first placed in a small 

aluminum weighing dish (1.25-inch diameter, with a cover), and covered with the desired amount of NIF 

powder. Then the mixed NIF/CPG samples were heated in a vacuum oven at 185-190 oC for 10 mins, 

allowing the liquid NIF to flow into the pores. Both the masses of NIF powder and CPG were measured 

with a Scientech SA210 micro-balance having a precision of 0.1 mg. Similar to previous works [51], the 

actual fullness ratio of  sample/CPG was generally lower than the theoretical value calculated from the 

pore volume provided by the CPG manufacturer. However, the pore fullness does not affect the change of 

Tg or Tm because the filling material forms plugs rather than layering caused by wetting of the pore walls 

[40, 50]. Considering this fact, to prevent overfilling, the mass ratio of NIF and CPG was used to 

calculate a value that allows the NIF to reach 60%-80% volume fullness of pores. For the 50nm diameter 

sample, the overfilling condition was also prepared to compare results with those obtained in the under-

filling condition. The CPG specification from the manufacturers and fullness calculations are shown in 

Table 1. After preparation, all samples were placed in a jar containing Drierite as desiccant.  

2.2 Thermal Analysis 

To establish the thermal stability of the NIF, thermogravimetric analysis (TGA) was carried out 

for the bulk and 12nm confined NIF using a Mettler Toledo TGA2. To estimate the degradation 

temperature, both bulk and 12 nm confined NIF were heated from 110 oC to 350 oC at a 10K/min heating 

rate in a nitrogen atmosphere. Before the temperature scans, both samples were held in nitrogen at 110oC 

for 20 min to exclude any moisture weight loss effects in the subsequent temperature scans. All 

subsequent preparation and testing were performed below the degradation temperature measured by TGA. 

Calorimetric analysis was carried out using a Mettler Toledo DSC823e with nitrogen purge gas 

and Freon intra cooling system. Indium was used to calibrate the instrument before measurement, using a 

heating rate of 10K/min. And all heating scans were performed at 10K/min. Cooling rates of 3, 10, 20, 30 

K/min were investigated. In the DSC measurements, the effective NIF amount ranged from 2.5mg to 

7mg, Perkin Elmer Hermetic pans were employed to prevent any possible leaking. For all samples 



8 
 

measurements were performed at least 2 times on different samples from the same batch, and at least 

three DSC scans (N=6 in total) were carried out to insure repeatability and estimate a standard deviation. 

2.3 X-ray Diffraction 

Powder X-ray diffraction (PXRD) was also employed to characterize the as-received powder 

sample, a bulk glassy sample (prepared by melting and quenching, and made into powder using a pestle 

and mortar) and a 12nm confined sample at room temperature. The diffraction data were collected on a 

Rigaku Ultima III powder diffractometer.  X-ray diffraction patterns were obtained by scanning a 2θ 

range of 5 -40°, step size = 0.02°, and scan time of 2.0 min/degree. The X-ray source was Cu Kα radiation 

(λ =1.5418 Å) with an anode voltage of 40 kV and a current of 44 mA.  The beam was then discriminated 

by Rigaku's Cross Beam parallel beam optics to create a monochromatic parallel beam. Diffraction 

intensities were recorded on a scintillation detector after being filtered through a Ge monochromator. The 

samples were prepared as standard powder mounts and the diffractograms were processed through the 

software JADE v9.1. All PXRD measurements were performed at room temperature. 

2.4 Data analysis  

2.4.1 Glass transition temperature and Moynihan method 

In this work, the glass transition temperature Tg was determined from the fictive temperature Tf,  

i.e., Tg = Tf. The value of fictive temperature was determined by applying the Moynihan area matching 

method to each heating curve[25, 52, 53]: 

                             � �𝐶𝐶𝑝𝑝.𝑙𝑙 − 𝐶𝐶𝑝𝑝,𝑔𝑔�𝑑𝑑𝑑𝑑
𝑇𝑇≫𝑇𝑇𝑔𝑔

𝑇𝑇𝑓𝑓
=  � (𝐶𝐶𝑝𝑝 − 𝐶𝐶𝑝𝑝,𝑔𝑔)𝑑𝑑𝑑𝑑

𝑇𝑇≫𝑇𝑇𝑔𝑔

𝑇𝑇≪𝑇𝑇𝑔𝑔
               (1) 

Where Cp, g and Cp,l represent the glassy state heat capacity and liquid state heat capacity, respectively. Cp 

is the apparent heat capacity measured from experiment, T is temperature, Tf is fictive temperature and Tg 

is glass transition temperature. Through integration of both sides of equation (1) and comparison of the 
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integrated areas, the Tf point is determined when the right hand side is equal to the left hand side. 

Generally, slower cooling rate will cause a larger enthalpy overshoot during heating, leading to  

differences between fictive temperature from the Moynihan method and the glass transition temperature 

obtained from the midpoint method (half-height) [54].  

 

2.4.2 Melting point depression and Gibbs-Thomson equation 

The Gibbs[55] - Thomson[56] equation is a very common method to describe the melting point 

depression as crystal size decreases [57]. The expression for the change of melting point ∆𝑇𝑇𝑚𝑚 with crystal 

size is [50, 58]: 

∆𝑇𝑇𝑚𝑚 = 𝑇𝑇𝑚𝑚 − 𝑇𝑇𝑚𝑚(𝑑𝑑) =
𝐴𝐴𝜎𝜎𝑠𝑠𝑠𝑠𝑇𝑇𝑚𝑚
𝑑𝑑∆𝐻𝐻𝑓𝑓𝜌𝜌𝑐𝑐

                (8)  

Here Tm is melting point of the bulk material, Tm(d) is the melting point in the pore of diameter d, 

σsl is the solid- liquid interfacial energy, A is a geometry factor, which is 4 in the case of the CPG 

cylindrical pores [50, 59]; d is the pore diameter, ΔHf  refers to the bulk heat of fusion, which was 

obtained in the present study as 104.24±1.70 J/g, ρc is the density of the bulk crystal, where ρc = 1.29 

g/cm3 for nifedipine[18]. 

3. Results and Discussion 

3.1 Thermogravimetric Analysis and PXRD 

The PXRD results for the as-received sample and quenched sample are shown in Figure 1, 

together with other samples isothermally crystallized (Curve C to E), and which will be discussed in the 

section on crystallization. The diffraction pattern for the as-received NIF (Curve A in Figure 1) agrees 

with the A form NIF reported in the literature [60-62], indicating that the as-received sample is pure A 

form crystalline NIF. The bulk (Curve B) and 12nm confined NIF (Curve D) after melting and quenching 
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show a typical amorphous pattern, indicating that both for bulk and nanoconfined NIF, the material 

formed by quenching is amorphous NIF.  

 

 

 

In Figure 2, we present the TGA curves showing the thermal degradation of the bulk NIF and the 

12nm pore confined NIF. All the TGA experiments were done in a nitrogen atmosphere. A 20-minute 

isothermal hold at 110 oC preceded each heating ramp. The mass loss attributed to moisture in this step is 

less than 2%. The following heating scan was performed from 110 oC to 350 oC at 10K/min heating rate, 

which is the same heating rate used in the DSC experiments. The onset degradation temperature for the 

NIF was 256 oC. The same procedure was also applied to the 12nm pore confined NIF, and the 

Figure 1. Powder X-ray diffraction patterns for (A) Pure bulk crystalline nifedipine as received from 
the manufacturer; (B) Bulk amorphous nifedipine after melting and quenching; (C) Bulk amorphous 
nifedipine, same as B after being held at 100 oC for 2 hours; (D) Nifedipine confined in 12 nm 
nanopores after melting and quenching; (E) Nifedipine in 12 nm nanopore, same as D, after being 
held at 100 oC for 2 hours. 
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degradation temperature was 266 oC. From Figure 2 it can be seen that above the degradation 

temperature, the nanoconfined NIF has a slower weight loss rate, indicating that the nanoconfined NIF 

has a higher thermal stability. While it has been known that nanoconfinement can accelerate 

polymerization[63-65], it has been also widely reported that the thermal stability and flame-retardation of 

polymers is enhanced in nanocomposites systems [66-69], with enhancement being attributed to the 

hinderance of diffusion by nanoconfinement [67]. A study of poly(ethylene oxide) confined in anodic 

aluminum oxide (AAO) also showed a higher thermal degradation temperature[70], which is similar to 

the observation in the present work.  

 

 

We also performed an isothermal experiment at 200 oC for both bulk and 12nm pore confined 

NIF. After one hour, no significant mass loss was observed in either case. Based on the degradation 

measurements, all experimental temperatures in the present study were kept below 200oC to make sure 

that no thermal degradation occured during sample preparation and the DSC measurements. 

Figure 2. TGA curves for heating scans from 120 to 350 oC at a heating rate of 10K/min for bulk 
and 12 nm CPG confined samples. Before measurement samples were held a 120 oC for 20min to 
remove moisture and its effects on the heating scan weight loss measurements. The moisture weight 
loss was less than 2%. 
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cooling rate, crystallization occurs during cooling and no glass is formed. To avoid this and insure that the 

NIF samples remained amorphous during cooling, subsequent measurements were performed with 

cooling rates of 10K/min or above. Typical DSC results for the heating curves for the NIF samples are 

shown in Figure 3(A), Figure 3(B) shows an amplification of the data of Figure 3(A) in the glass 

transition region. In Figure 3(B), it is apparent that for confinement sizes from 12 to 198 nm, two glass 

transitions are observed. The lower Tg (Tg,low) in the nanopore confined NIF falls in the temperature range 

from 17 to 31.3 oC,  and is dependent of the confinement size. The confined Tg,low was found to be lower 

than the bulk Tg of 38.3 oC. A second, higher Tg (Tg,high) emerges at a temperature of  approximately 50±3 

oC, which is higher than the bulk Tg, and is relatively independent of the pore diameter. 

For the bulk sample, for a 10K/min cooling rate, the Tg was 38.3 oC, and for 30K/min cooling, the 

Tg was 41.0oC, which is consistent with the literature[44, 45]. In the present work, we use the Tg value 

obtained from the 10K/min cooling rate.  For the NIF confined in 198nm pores, the Tg,low is 31.8oC, i.e., 

compared with the bulk Tg, a reduction of 6.5K is observed. The Tg,low for the 12nm confined NIF is lower 

than the bulk Tg by approximately 24.7K. The relationship of Tg,low versus 1/d is shown in Figure 4(A). 

The observation of a decreasing Tg,low with pore size is similar to the Tg reduction for o-terphenyl(oTP) 

and benzyl alcohol [17] in CPGs, where the Tg,low of oTP was reduced by as much as18.2K compared to 

the bulk Tg. In addition, a 30K Tg reduction has been reported for cyanate ester confined in 8.1nm CPG 

and 50K for a polycynurate confined in the same size CPG [71]. While a significant confinement size 

dependence is observed for Tg,low, the confinement size does not have a comparable effect on Tg,high. As 

shown in Figure 4(C), Tg,high for different confinement sizes varies over a narrow temperature range from 

48 to 52 oC. 
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transition is affected by the interaction between the confining walls and the material, as well as by the size 

of the confinement. In this case, for NIF in the core, a primary glass transition with Tg,low occurs because 

of an intrinsic size effect [31]. At the same time, the NIF at the pore wall has a positive interaction with 

the wall, leading to a lower molecular mobility and a second glass transition with Tg,high [22]. The sum of 

the heat capacity change ΔCp, total of first and second glass transitions is close to the heat capacity change 

of the glass transition in bulk NIF obtained from the current study, which is 0.37J/g. The heat capacity 

change of the first glass transition ΔCp, low. is about two times higher than the heat capacity change of the 

second glass transition ΔCp, high. The fraction of material in the core and shell can be estimated from the 

ratio of the heat capacity changes at the relevant glass transitions. Assuming constant density, the 

thickness as well as volume fraction of the interfacial layer can be obtained from ΔCp, high and ΔCp, low. The 

results are presented in Table 2. 

Table 2 Effect of pore size on Tg, ΔCp, interaction layer thickness and volume fraction of Tg, high. 

a. Mean of data ± standard deviation. Standard deviation is obtained from multiple measurement for two different 
samples. 

b. Thickness l = d {1-(1- ΔCp, high/ ΔCp, total)1/2} /2, where d = pore diameter 

 

Pore size 
 d (nm) Tg, low

a (oC) Tg, high 

(oC) 

ΔCp, low 

 (J/g K) 
ΔCp, high  
(J/g K) 

ΔCp, total  
(J/g K) 

Interaction layer  
thickness (nm)b 

volume  
fraction of 

Tg, high   

7.5 15.4±2.7 NA NA NA 0.358±0.005 NA NA 
12 13.6±0.3 49.7±1.4 0.337±0.020 0.034±0.014 0.371±0.005 0.28±0.12 0.07±0.03 
16 16.3±0.5 52.9±1.5 0.300±0.019 0.078±0.011 0.378±0.007 0.87±0.12 0.16±0.02 

22.6 17.9±0.1 48.4±0.6 0.270±0.013 0.099±0.014 0.369±0.001 1.63±0.24 0.20±0.03 
46.6 22.1±0.9 50.7±0.5 0.252±0.004 0.113±0.017 0.365±0.014 3.94±0.49 0.23±0.03 
50 23.8±0.1 48.1±0.7 0.262±0.021 0.111±0.012 0.373±0.02 4.05±0.24 0.22±0.01 

96.6 27.2±1.0 49.2±2.2 0.282±0.011 0.093±0.008 0.375±0.007 6.42±0.47 0.19±0.01 
111 27.9±1.1 48.2±1.2 0.289±0.095 0.097±0.011 0.386±0.010 7.48±0.71 0.19±0.02 
198 31.8±0.6 48.4±1.3 0.277±0.004 0.098±0.007 0.375±0.002 13.91±1.00 0.20±0.01 

bulk 38.3±0.2 NA NA NA 0.370±0.028 NA NA 
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The Tg reduction accompanying the decreasing pore size mentioned above is usually presented in 

a linear plot of Tg versus 1/d (pore diameter) [23, 26, 73], in analogy to the Gibbs-Thomson analysis, in 

which melting temperature Tm is linearly depressed with reciprocal of crystal size (see equation 8). 

However, the relationship between Tg and 1/d does not have a similar strict linear behavior. In the case of 

NIF, as shown in Figure 4(A), a linear relationship is inadequate to describe Tg versus 1/d. However the 

relationship can be linearized by plotting Tg,low versus log (d), as shown in Figure 4(B). Such a 

dependence is different from the reported power law for the Tg reduction in polymer ultra-thin films, 

where the Tg depression with thickness can be expressed as[74, 75]: 𝑇𝑇𝑔𝑔 = 𝑇𝑇𝑔𝑔(∞){1 − (𝐴𝐴
𝑑𝑑

)𝛿𝛿} , with fitting 

parameters A and 𝛿𝛿. Though, as shown in Figure 4(B) it may be consistent with data reported for freely 

standing films in which ΔTg appears linear in the logarithm of film thickness[76]. From Figure 4(B), the 

equation can be expressed as:𝑇𝑇𝑔𝑔 = 𝑇𝑇𝑔𝑔,𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏(𝐴𝐴 + 𝛿𝛿 log(𝑑𝑑)),  where in this case, δ = 0.047, A = 0.87. On 

the other hand, the Tg,high was only weakly dependent on pore size, as shown in Figure 4(C). Both the 

behaviors of Tg,low and Tg,high are consistent with prior work done by Lopez and Simon [72] where it was 

reported that as the Tg,low decreased with decreasing diameter, the dependence of Tg,high on pore size 

remained relatively weak.   

From the shell and core model discussed above, the interaction layer with the pore wall accounts 

for the high Tg. As shown in Figure 4(D). It can be seen that, the thickness of the interaction layer 

decreases as pore size decreases, which leads to an assumption that, in the smaller pores, the material is 

more uniform. However, upon examination of the volume fraction of the interaction layer, we see that 

above 16nm, it is relatively constant. But it seems to decrease rapidly from the pore diameter of 22.6nm 

where vf =0.20 to vf  = 0.16 at d =16nm and then to vf =0.07 for d =12nm. The results for d > 16nm are 

consistent with the prior work by Lopez and Simon who reported the volume fraction of the surface layer 

to be independent of  pore size [72]. A possible reason for the differences at the small pore size is related 

to the further observation that as size decreases to 7.5nm, only one Tg is observed in the NIF system, i.e., 

the surface interaction layer seems to become like the core material. 
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3.3 Crystallization and Melting 

3.3.1 Bulk NIF crystallization 

The crystallization of NIF is widely studied and there are literature reports that NIF is able to 

crystallize below Tg, with the crystal growth rate increasing as T increases towards Tg [41, 45, 46]. In the 

present work, the main focus is on crystallization inhibition upon heating from the glassy to the 

supercooled liquid state. When the bulk NIF was cooled from above Tm to 60 oC below Tg, no exothermal 

peak was observed during cooling when the cooling rate ≥ 10K/min, indicating no crystallization during 

cooling. The reheating curve is shown in Figure 3(A) and for bulk NIF with 10K/min heating rate, an 

exothermal cold crystallization peak is observed at approximately 100 oC. This response was observed for 

cooling rates from 10K/min to 30K/min, consistent with prior works on bulk crystallization of NIF [42, 

45, 46]. This can be interpreted to imply that even though crystallization is avoided during rapid cooling, 

nucleation is not suppressed. Therefore, cold crystallization can still occur when the NIF is reheated to 

above Tg. Prior work suggests that, a rapid cooling rate is necessary to fully suppress nucleation, in such a 

case, cold crystallization would not be expected during re-heating [11, 77, 78].  

3.3.2 Nanoconfined NIF crystallization  

Similar to the glass transition behavior, crystallization of nanoconfined NIF also shows a strong 

pore size dependence. When the pore size is above 22.6 nm, a cold crystallization is observed during 

reheating, followed by a corresponding melting peak. The cold crystallization temperature Tc, melting 

temperature Tm and heat of fusion ΔHm for cold-crystallization and melting varied with pore size.  When 

pore size was reduced to 7.5 and 12 nm, neither cold-crystallization nor melting were observed during re-

heating. Even when the cooling rate was as low as 1K/min, cold crystallization and melting were not 

observed in the heating curves. For the 16nm confined NIF, a barely detectable endothermal melting 

appeared at approximately 150 oC, and for a pore size of 22.6nm and above, crystallization and melting 

are apparent, as shown in Figure 3(A).  
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The absence of cold-crystallization and melting for NIF confined in the 12 and 7.5 nm pores 

indicates that, nucleation, which occurs for the bulk sample, is effectively suppressed by the nano-

confinement. To further verify this, we investigated the 12 and 50 nm confined NIF by performing 

isothermal crystallization experiments: in the DSC, the samples were directly cooled (cooling rate= 

30K/min) to the annealing temperature Ta at 100 oC (50nm) and 120 oC (12nm and 50nm) for 2 hours, 

before cooled to -20 oC and then heated (heating rate=10K/min) back to 180 oC. The Ta values of 100oC 

and 120oC were chosen to be the onset temperature and peak temperature of the cold crystallization peak 

for the 50nm confined NIF.  

Figure 5(A) shows that, subsequent to annealing at 120oC for 2 hours, the 12nm confined NIF 

exhibits neither crystallization nor melting upon heating, as seen in curves (I); On the other hand, both 

crystallization and melting are seen for the 50nm confined NIF treated at both 100oC and 120oC as seen in 

II and III. Another interesting observation is that, for the 50nm confined NIF, the crystallization and 

melting behaviors differ depending on Ta. As seen in Figure 5(B) curves (II), for the 50nm confined NIF 

that has been treated at 120 oC , upon re-heating, two melting peaks are visible in the plots; however, for 

(III), which is the same sample but treated at 100 oC, only one melting peak is observed. The only 

difference between treatments is the annealing temperature, and thus, one of the melting peaks appearing 

in curves (III) can be recognized as a response of a new polymorph of NIF, as discussed subsequently.  
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PXRD was also employed to try to further identify the morphology of the 12nm confined NIF, 

both the amorphous bulk and the 12nm confined NIF were investigated, and the results are shown in 

Figure 1. After quenching, both bulk and 12nm confined NIF show typical amorphous patterns (Figures 

1B and 1D). During the 100oC annealing treatment in a vacuum oven for 2 hours, the bulk NIF starts to 

crystallize and gives an A-form-like PXRD pattern as shown in Figure1C. However, for the 12nm 

confined NIF, as seen in Figure 1E, no crystalline pattern is observed, indicating no cold crystallization 

occurs during the thermal treatment. This result implies that amorphous NIF in the 12nm CPG has higher 

stability compared to bulk NIF. This result is consistent with the DSC measurement results and will be 

discussed subsequently. All samples used in the PXRD measurements here were stored at room 

temperature in a desiccator for 2 days prior to measurement. 

These observations demonstrate that the crystallization behavior of NIF in the CPG nano-

confinement depends on pore size. In the 12 and 7.5 nm pores, crystallization does not occur during 

heating, even when cooled slowly or annealed isothermally. Consequently, it suggests that there is an 

Figure 5. DSC thermograms: A. isothermal curve of crystallization (only 40min is plotted because it 
better illustrates the crystallization peak); B. heating at 10K/min after isothermal crystallization. (I) NIF 
in 12nm CPG annealed at 120oC for 120 mins; (II) NIF in 50 nm CPG, annealed at 120oC for 120 mins; 
(III) NIF in 50nm CPG, annealed at 100oC and for 120 mins  
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effective inhibition of crystallization when the NIF is confined below a certain size. The inhibition is 

unlikely to be due to a lower molecular mobility because the Tg reduction observed in the confined 

systems is consistent with greater mobility. This behavior is similar to previous findings from Jackson 

and McKenna[40, 50], where a crystallization suppression in cyclohexane and o-terphenyl confined in 4.0 

nm and 8.5nm CPGs were reported. In addition, Beiner et.al[39] have reported a similar effect in the 

pharmaceutical acetaminophen confined in 4.6 nm pores.  

A possible explanation here is that the critical nucleus size for the crystallization of NIF is close 

to the pore diameter[79]. In classical crystallization theory[40], the critical diameter d* for nucleation of a 

cylindrically shaped nucleus is given by:  

𝑑𝑑∗ = (4𝜎𝜎𝑠𝑠𝑠𝑠𝑇𝑇𝑚𝑚)/∆𝐻𝐻𝑓𝑓𝜌𝜌𝑠𝑠(𝑇𝑇𝑚𝑚 − 𝑇𝑇)    (9) 

where Tm
 is the bulk melting temperature, T is the crystallization temperature, ∆Hf is the heat of fusion, ρs 

is the solid density, σsl is the solid-liquid interfacial tension (surface energy). Although this equation is 

usually applied to describe homogeneous nucleation, it can also describe heterogeneous nucleation when 

no wetting occurs at an interface[40]. In this case, assuming NIF is in the A form, Tm and ∆Hf are obtained 

from our DSC measurements (for NIF before any thermal treatment), where Tm = 172.3± 0.73 oC, ∆Hf = -

104.24 ± 1.70 J/g; σsl is obtained from applying the Gibbs-Thomson equation, where σsl = -33.28 ± 2.22 

mJ / m2. The calculation of the critical nucleus diameter d* for the A form NIF at 100oC is 6.79 ± 0.32 

nm, and 8.34 ± 0.55 nm for 120oC. This calculation might be a sufficient explanation for the 7.5nm 

confined NIF, however, for the 12nm confined NIF, the pore size is larger than the critical nucleus size, 

hence nucleation suppression may also include other considerations, which is a subject for future study. 

3.3.3 Melting Point Depression and Polymorphism 

Cold-crystallization and melting peaks appeared during heating (heating rate= 10K/min) for the 

NIF confined in CPGs with pore size larger than 16 nm. For the 16 nm confinement, only a barely 

detectable cold-crystallization was observed. The melting was observed on heating and the peak becomes 
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apparent as confinement size increases. The onset temperature for cold crystallization decreases slightly 

as pore size decreases and the melting endotherms show a significant melting point depression as pore 

size decreases as expected from the Gibbs-Thomson equation. For some samples, i.e. pore size greater 

than 50nm, two endothermal melting peaks appear upon heating. Analysis of the melting temperature 

with the Gibbs-Thomson size dependence prediction suggests that the melting temperature of the second 

peak is consistent with the bulk (form A crystal). This is also true of the single melting point samples. 

Thus, for the samples with two melting peaks, the second peak (high temperature) is recognized as the 

melting peak of form A, and the first peak is postulated to be a polymorph transition. Detailed 

information of the onset temperature for cold-crystallization and for melting is given in Table 3. 

Table 3. Onset temperature of cold crystallization peaks and melting peaks for different pore size confined NIF. All 
samples were cooled to -30oC at 10K/min cooling rate before heating with a heating rate of 10K/min.  

pore size  
diameter d (nm) 

Cold crystallization 
temperature (oC)a 

A form  
melting point (oC)b 

Potential new 
polymorph  

Melting (oC) 
7.5 NA NA NA 

12 NA NA NA 

16 104.3 ± 0.4 142.4 ± 0.5 NA 

22.6 102.7 ± 1.7 146.7 ± 0.6 NA 

46.6 100.6 ± 0.6 153.0 ± 1.3 NA 

50 99.4 ± 1.7 157.0 ± 0.2 138.2 ± 0.2 

96.6 98.6 ± 0.9 162.3 ± 0.7 145.7 ± 0.2 

111 94.4 ± 0.5 162.7 ± 0.8 146.2 ± 0.2 

198 92.6 ± 0.2 164.3 ± 0.2 147.1 ± 1.6 

bulk 96.4 ± 0.5 166.9 ±0.8 NA 
a. The standard deviation determined from three DSC measurements on two different samples. 

b. The melting peaks are recognized as A form because they show a reasonable Tm depression tendency as pore 

diameter decreases 

It is interesting to note that, for bulk NIF, the reported Tm of intact A form NIF is 171-173 oC [43, 

80-82], however, in this study, after the bulk sample was quenched into the glassy state, the Tm for the 
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crystal form cold-crystallization is 167oC, which is slightly lower than the reported value. This 

phenomenon is similar to what is reported by Miyazaki et.al [44], where they reheated amorphous NIF to 

above Tm, in their work, the samples share a melting point of around 168oC, which they related to crystal 

imperfection. 

Figure 6 shows an amplification of the data in the melting regime. For confinement pore sizes of 

50, 96.6, 111 and 198nm, two endothermal peaks were observed. Applying the Gibbs-Thomson analysis 

to the second endotherm (melting point) for all samples, as commented upon above, we find that the Tm 

values related to the second peak are consistent with the bulk material as depressed in the pores and with 

those samples exhibiting only a single melting peak. The Tm of the bulk is close to the Tm of crystal form 

A, thus we interpret it as a melting temperature which is consistent with the bulk (second peak, and 

samples showing a single Tm) and recognized it to be A form NIF. Fitting of the Gibbs-Thomson 

Equation to the A form Tm is shown in Figure 7. From the fitting slope, the interfacial tension of the A 

form is estimated to be σsl= 33.8 ± 2.2 mJ/m2. The value is slightly higher than result from molecular 

dynamic simulations, which give an interfacial tension σsl = 21.5 ± 1.6 mJ/m2[83] for NIF. 

The extra endothermal peaks for the 50, 96.6, 111 and 198nm confined NIF that emerged before 

the A form melting peak, on the other hand, are unexpected. To test the possibility of overfilling effects, 

we overfilled the NIF into the 50nm pore size CPG and did the same measurement. In this case, a third 

peak appears at the bulk melting point of the NIF. In addition, the emergence of the low temperature 

melting peak depended on crystallization temperature. Referring to Figure 5: for NIF in the 50nm pores, 

two endothermal peaks are observed after annealing at 100 oC, whereas only one melting peak emerges 

after annealing at 120oC. These results indicate that, the low temperature endotherm does not result from 

bulk melting and another explanation is required. We postulate that a stable polymorph accounts for the 

low temperature endothermal peaks appearing in the NIF confined in pores of size ranging from 50-198 

nm. In this case, the low T peaks would be a transformation from a polymorph to A form, with an 

endodermal heat of transformation. 
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Figure 6. DSC thermograms showing the transformation regions for NIF confined in pore sizes above 22.6nm and 
for bulk NIF. The first peak is marked as unknown peak, indicating an unknown polymorph transition peak. 

 

It is known that, A form NIF is the most stable crystalline form in the bulk. Other polymorphs of 

NIF are generally considered as metastable with a tendency to convert to the A form over time. Though, it 

has been reported that, upon confinement in CPGs or nonporous channel anodic aluminum oxide (AAO), 

the molecules might have a different nucleation mode, resulting in a more stable polymorph [34, 35, 37, 

38, 84]. The formation of different polymorphs is generally considered to be determined by nucleation. 

Based on classical crystallization theory, after the nuclei achieve a critical size, the nuclei can grow into a 

crystal[85]. The crystal mature form, i.e. crystal packing and orientation, is an outcome corresponding to 

the nucleation form[86, 87]. When crystallization occurs under nanoconfinement, the pores have a 

dimension similar to the critical nucleus size, so it is reasonable to presume that a certain size 

confinement might regulate the nucleus size, resulting in a selection or stabilization of different 
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polymorphs[29, 84]. In spite of the fact that the specific mechanism of stabilization and selection of 

polymorphs in nanoconfinement is still incomplete, studies of their bahaviors provide a potential path to 

stabilize or even control the formation of polymorphs for specific materials. 

 

Figure 7. Gibbs-Thompson equation fitting for melting of A form NIF and the unknown low temperature 
endothermal peak. 

 

 In the present work, a low T melting peak emerged in the temperature range 138 to 147 oC, and 

only one cold-crystallization peak was observed during heating. The total heat of fusion during the cold-

crystallization (exotherm) is approximately equal to the sum of heat fusion from the low T peaks and high 

T peaks (melting of form A). Similar to the A form behavior, the onset temperature of the low T peaks 

also shows a transformation point depression, which can also be described by the Gibbs Thomson 

equation, as shown in Figure 7. By assuming that the transition temperature also follows the Gibbs-

Thomson relation and applying a linear fitting, the interfacial tension for the crystal-to-crystal interface is 

estimated as as σpolymorph to A = 46.7 ± 5.2 mJ/m2, and the transition temperature in the bulk is estimated by 

linear extrapolation to be 151.3± 3.7 oC.  
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According to the literature[61, 80, 88], two metastable polymorphs have been reported for NIF: B 

(II or β) form with a melting point of around 161-163oC and C (III or γ) form with a melting point 

reported as 135oC. Neither of these polymorphs has been reported to have a melting or transition point of 

151.3± 3.7 oC.  Thus, we attribute the low T peak to a transformation of an unknown polymorph to form 

A in 50- 198nm size nanoconfinement.  

4. Summary and Conclusions 

The glass transition and crystallization of the pharmaceutical nifedipine confined in nanoporous 

glass matrixes has been studied by differential scanning calorimetry. NIF confined in nine different pore 

size CPGs and in the bulk were investigated. The behavior of the glass transition, cold-crystallization and 

melting were found to depend on the confinement size. For the glass transition, a Tg depression effect was 

observed in the CPG confined NIF, and the material confined in all but the smallest pore size exhibited 

two glass transition temperatures consistent with previous studies on porous confined organic molecules. 

The observations could be described by a two-layer model. For cold-crystallization and melting, when the 

CPG pore size is smaller than 12nm, cold-crystallization and melting are missing from the 10K/min re-

heating thermogram following cooling at the same rate, on the other hand, clear cold-crystallization and 

melting peaks are observed for the NIF confined to larger pore sizes with the same thermal treatment. The 

missing of the cold-crystallization peak as well as melting peak is not affected by changing of the thermal 

conditions, indicating that an effective inhibition of crystallization in NIF when confined at the nanoscale. 

For NIF under confinement with pore sizes of 50, 96.6, 111 and 198nm, two melting peaks were observed 

during re-heating. We interpret the low temperature endotherm as providing evidence of a new, 

previously unreported, isomorph of the confined NIF. Further work is underway to perform structural 

analysis to establish the crystal structure of the new polymorph observed in nanoconfined NIF. 
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