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ABSTRACT 

 

ABSTRACT 

Purpose: To characterize the phase behavior of mannitol and tertiary butyl alcohol (TBA) 

in TBA-mannitol-water ternary frozen solutions.  

Methods: Solutions of mannitol (2 and 5% w/w) in TBA-water systems of different 

compositions (5 to 30% w/w TBA) were prepared and cooled to -40 °C. The frozen 

solutions were thawed to RT. The solutions were characterized, both during cooling and 

warming, by differential scanning calorimetry (DSC) and X-ray diffractometry (XRD), 

using both a laboratory source and synchrotron radiation (Argonne National Laboratory). 

Selected compositions were freeze-dried. 

Results:  At and below the TBA-water eutectic composition (22.5% w/w TBA), mannitol 

crystallization was completely inhibited while TBA crystallized as a heptahydrate. When 

these frozen compositions were heated the thermal events observed were (i) two glass 

transitions, crystallization of mannitol and TBA heptahydrate, (ii) melting of binary 

eutectics of ice with each TBA dihydrate, TBA heptahydrate and mannitol along with (iii) 

ice melting. Irrespective of the initial TBA concentration, when freeze-dried with mannitol, 

the final lyophile consisted of δ-mannitol. 

Conclusions: While mannitol did not affect the phase behavior of TBA-water systems, 

TBA completely inhibited mannitol crystallization in the frozen state at compositions ≤ 

22.5% w/w TBA. This provides an avenue for mannitol to serve as a cryoprotectants in 

frozen systems and as a bulking agent in lyophiles.  
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CHAPTER 1 

INTRODUCTION 

 

Freeze-drying 

Freeze-drying or lyophilization, is a widely used technology for manufacturing sterile 

powders for injections injectable pharmaceutical dosage forms. Active pharmaceutical 

ingredients such as small molecules which are heat sensitive and macromolecules, which 

exhibit poor solution state stability might undergo rapid degradation when formulated as 

an aqueous solution. Apart from improving stability, freeze-dried formulations can be 

stored at room temperature which aids in handling during shipping and shelf-storage. 

Freeze-drying is a multi-step process where most of the solvent, typically water, is 

separated from solutes to form ice. During primary drying, the ice then sublimes, leaving 

a dry porous mass of similar size as the original frozen mass. The resulting product is a 

stable dry solid that can be reconstituted rapidly with an appropriate solvent prior to 

administration. Freeze-drying is a time and energy consuming process and if not 

optimized, might take an unnecessarily long time1. In order to optimize the process, it is 

imperative to know the critical properties of the formulation and the various steps 

involved in freeze-drying. The critical formulation properties include the stability of the 

drug, and the properties of excipients used.  

The solid-liquid-gas behavior of a substance can be summarized in terms of phase 

diagram which indicates conditions of temperature and pressure under which the various 

states of matter of a substance exist in equilibrium. In order to understand the steps 

involved in freeze-drying, it is critical to understand the phase behavior of water with 
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respect to two thermodynamic variables - temperature and pressure. In other words, the 

phase behavior of water drives the development of freeze-drying cycle2. At reduced 

pressure, the boiling point of water decreases until the triple point, which is at 0.0098°C 

and 4.59 Torr. Water exists only as ice or water vapor below the triple point. Thus, in 

freeze-drying, sublimation of water is achieved by reducing the temperature and pressure 

below the triple point. As shown in Figure 1, the blue arrow represents the freezing step 

where, under atmospheric pressure, liquid water is converted to ice as the temperature is 

reduced3. The yellow arrow represents the transformation of solid ice to water vapor as 

the pressure is reduced at a subambient isothermal condition.  

 

Figure 1: Phase diagram of water 

Figure reference: Ganguly et al, Vacuum, 20123 
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The freeze-drying process is typically divided into three steps:  

1. Freezing 

2. Primary drying and  

3. Secondary drying 

Water is the most common solvent used for freeze-drying small as well as large 

molecules of pharmaceutical interest. During freezing most of the solvent crystallizes and 

is phase separated from the solutes to form ice. In presence of other solutes, it is well 

established that not all of the water initially present in the product is converted to ice 

during freezing. As the freezing proceeds, the solute phase separated from ice results in a 

highly concentrated phase termed as the ‘freeze-concentrate’. The amount of unfrozen 

water is a function of formulation composition. Primary drying, or ice sublimation step is 

initiated as the chamber pressure is reduced and the shelf temperature is raised to supply 

sufficient heat required for ice to sublime. The chamber pressure during this step is well 

below the vapor pressure of ice resulting in removal of water vapor from the product. 

When the bulk (unbound) ice has sublimed, the product temperature increases sharply 

towards the shelf temperature, indicating the end of primary drying. Removal of the 

unfrozen (bound) water, which might be  ̴ 20% w/w of the dry solids is called secondary 

drying. The shelf temperature is further increased as ice is no longer present. As opposed 

to primary drying, where water vapor is removed by bulk flow, water vapor removal 

during the secondary drying is largely by diffusion.  
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Figure 2: Typical freeze-drying cycle, temperature profile as a function of time for shelf 

and product during various stages of freeze-drying  

Image reference: http://users.unimi.it/gazzalab/wordpress/wp-

content/uploads/2011/12/54-Liofilizzazione.pdf 

 

Freezing step 

The events occurring during the freezing step are very critical to understand how both 

formulation composition and process conditions can influence the final freeze-dried 

product. Supercooling, or the retention of liquid state below the equilibrium freezing 

point of the solution, occurs to some extent depending on the concentration of solutes 

present. In a multi-component system, ice may not be the first component of the solution 

to crystallize. As the temperature of the solution is decreased, the equilibrium solubility 

of one or more solutes may be exceeded, allowing nucleation and crystal growth. As ice 

crystals grow in the system, the solutes are concentrated. The physical state of the solute 



14 
 

in freeze-concentrated solution, as the system is cooled further, is determined by the 

properties of a particular solute. For instance, freezing of an aqueous solution of sodium 

chloride can be considered to occur as follows. The ice crystals form at a temperature 

below the theoretical freezing point of the solution. The solution tends to supercool, and 

as the ice crystals nucleate, grow and phase separate the solute becomes more 

concentrated. Sodium chloride and water is known to form a eutectic at   -21°C and 

eutectic composition of 23.3 % w/w. At -21°C, the unfrozen water and sodium chloride 

in the freeze-concentrate will crystallize simultaneously as a physical mixture and the 

entire system solidifies. The temperature at which the solute-water crystallizes as a single 

phase is termed the eutectic temperature (Teu).  

In case of an aqueous solution containing non-crystallizing solutes such as sucrose, the 

solute does not form a eutectic upon freezing. As the freezing proceeds along the 

equilibrium solid-liquid curve, ice crystallization occurs. However, sucrose does not 

crystallize, but ice crystallization continues and concentrates the solution. With further 

freezing, the freeze-concentrated solute becomes viscous and reaches the glass transition 

temperature of maximally freeze-concentrated solute (Tg’). The Tg’ is a characteristic 

temperature which gives an indication of the solute composition.  

Post freezing, the formulation should be in solid state where, the freeze-concentrate 

should be below Teu if the solute is in the crystalline state or below the Tg’ if amorphous. 

The shelf temperature should be kept below Teu or Tg’ for adequate time period so that 

ice crystallization is complete. Due to limited thermal conductivity between vials and 

shelf, complete freezing requires a significant amount of time.  
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Annealing or thermal treatment is sometimes done by holding the product at a 

temperature above the final freezing temperature for a defined period so as to crystallize 

the potentially crystalline components. For  example, mannitol and glycine, two popular 

bulking agents, can crystallize from solution. Annealing is typically conducted at 

temperatures above the glass transition temperature (Tg’). Incomplete crystallization of 

bulking agent has the potential to depress the Tg’ and compromise the storage stability by 

crystallizing from the solid during storage.  

Primary drying 

Primary drying is initiated once the sample is maximally frozen and involves sublimation 

of ice from the frozen product under reduced pressures and low temperatures. During this 

process, heat is transferred from the shelf to the frozen solution through the tray to the 

vial and conducted to the sublimation front. The ice sublimes and the water vapor formed 

passes through the dried portion of the product to the surface through the chamber to the 

condenser. The pressure in the chamber is typically ≤ 100 mTorr and the shelf 

temperatures ranges from -45 to -20 °C. Generally, the vapor pressure increases by 

roughly 70% for every 5 °C rise in temperature. The higher the temperature faster will be 

the rate of sublimation. It is therefore important to set a temperature as high as practically 

possible for maximum process efficiency and shorter primary drying time. The shelf 

temperature is increased until the Teu in case of a crystallizing solute, increasing the 

temperature is above the Teu might result in ‘melt-back’ due to melting of the eutectic 

solids. For non-crystallizing solutes, drying above Tg’ might result in “collapse’ due to 

increased mobility in the system. Teu and Tg’ represent maximally allowable product 
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temperature during primary drying. Towards the end of the primary drying cycle, ice 

sublimation is complete, and the heat transferred to the vial is used to increase the 

product temperature indicating the end of the primary drying phase. The end point of 

primary drying is detected when the product temperature increases and reaches the shelf 

temperature as shown in Figure 2.  

Secondary drying  

The last stage of freeze-drying is secondary drying, during which the unfrozen or bound 

water is removed by the process of diffusion or desorption. The shelf temperature is 

gradually increased (much higher than primary drying) while maintaining the chamber 

pressure so as to desorb the water at practical rates. The goal is to remove the residual 

moisture to a level (≤ 1% w/w) which results in stable, porous and elegant cake that 

rapidly reconstitutes into a clear solution on addition of suitable solvent4.  

Excipients in freeze-dried formulation  

Freeze-dried formulations are multi-component systems and contains a combination of 

excipients. The choice of excipients is based on the API stability during different phases 

of freeze-drying. The quantity and suitable combination of these excipients is determined 

based in early stage pre-formulation studies and knowledge of API.   

Bulking agents 

The function of this excipient is to provide elegance (prevent cake collapse) to the 

lyophilized cake, particularly in case of products where the active ingredient is highly 

potent (low dose). A prelyophilization solution with low API dose may result in blow-out 
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from the vial during lyophilization process. Bulking agent prevents powder blow out by 

providing the necessary mechanical strength to the cake. Excipients that are known to 

crystallize during the process of freeze-drying are preferred as bulking agents,  although, 

in some cases amorphous excipients can also be used.  

The most common excipients used as bulking agents are mannitol and glycine which 

have high propensity to crystallize during the lyophilization process. Crystallizing 

excipients phase separate from the amorphous matrix and remain inactive in stabilizing 

the API. Other examples of bulking agents include sugars such as lactose, glucose, 

sorbitol and sucrose. Some of the properties that are taken into consideration while 

selection of bulking agents are interactions with API, collapse temperature and cake 

structure.  

Cryo/Lyoprotectants 

Active ingredients especially peptides or proteins are relatively fragile molecules and are 

known to be affected by the stresses experienced during the freeze-drying process leading 

to denaturation. For proteins to retain their biological activity in the final drug product, it 

is critical to ‘protect’ the protein from the stresses (freezing and drying) encountered 

during the process. Excipients such as sugars (sucrose, trehalose), sugar-alcohols 

(mannitol, sorbitol) and surfactants (polysorbate 20, 80) are widely used to improve 

stability. In order for an excipient to be a cryoprotectant, it must remain amorphous 

during the freezing stage and a lyoprotectant must remain amorphous (the same phase as 

proteins or peptides) during freezing, drying as well as in the dried stage.  
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Two mechanisms have been proposed for amorphous sugars to provide cryo or 

lyoprotection. The first suggests that the proteins are mechanically immobilized in the 

glassy matrix and the restriction of motion and relaxation processes is thought to prevent 

protein unfolding5. The second mechanism is referred to as the ‘water replacement’ or 

‘preferential exclusion’ hypothesis6,7. According to this theory, sugars protect proteins by 

hydrogen bonding to the exposed polar and charged group of protein surface.   

Buffers 

Controlling the pH is important in case of protein formulations. If the pH changes to a 

value outside the stable pH range for a protein, it might lead to degradation. Buffers are 

added to maintain the desired pH during the process as well as post reconstitution.  

It is well established that selective crystallization of buffer components can lead to 

significant pH shifts in the freeze concentrate8. In case of sodium phosphate buffer, 

freezing results in crystallization of dibasic sodium phosphate dodecahydrate leaving 

only monosodium phosphate in the freeze-concentrate. This resulted in a drop in pH from 

7.5 to 4.19. 

Buffer crystallization is minimized in multi-component systems due presence of other 

amorphous components in the matrix. Most common buffers used in lyophilized products 

are sodium and potassium phosphate, citrate, histidine and glycine.  

Other excipients 

In case of low dose protein formulations, the freezing process might result in adsorption 

of protein at the ice-water or ice-air interface resulting in stress and conformational 
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changes10. Depending on the type of protein used, there can be reversible or irreversible 

aggregation resulting in loss in potency. Addition of surfactants has been to reduce the 

interfacial adsorption resulting in improved stability11. Surfactants such as tween 20, 

tween 80 and poloxamer 188 are effective at very low concentrations. 

It is critical for an injectable formulation to be iso-osmotic with blood. Tonicity adjusting 

agents such as sodium chloride, dextrose or glycerol are most commonly used for this 

purpose. As the complexity of the formulation increases with additional components and 

their impact on the freeze-concentrate, these agents can be used as a part of the 

reconstitution solution rather than prelyophilization solution.  

Other excipients can be used based on the nature of active ingredient and formulation 

considerations.  

Non-aqueous co-solvents 

A large proportion of marketed products are lyophilized from simple aqueous solutions.  

In most pharmaceutical systems, water is the only component that must be removed by 

the freeze-drying process. However, a small proportion of marketed products use a non-

aqueous cosolvent and these have been shown to provide significant advantages over the 

use of water alone. Non-aqueous solvents are also known to sublime under reduced 

pressure12. Some of these advantages of using organic solvents in freeze-drying include; 

increased rate of sublimation, increase in chemical stability of dried product and 

facilitating solubility of poorly water-soluble drugs.  Some the organic solvents that have 
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been used include tertiary butyl alcohol (TBA), ethanol, methanol, acetone and isopropyl 

alcohol. 

The type and concentration of a particular organic solvent has the ability to impact different 

stages of the freeze-drying process. Tert-butyl alcohol (TBA) is a popular organic 

cosolvent for freeze-drying poorly water-soluble pharmaceuticals. TBA is known to impact 

the freezing as well as sublimation stages and has been thoroughly investigated13,14. During 

the freezing stage, the presence of TBA resulted in altered crystal habit of ice. The 

concentration of TBA present in the solution impacted the size of crystals. Freeze-drying 

microscopy and SEM studies suggested the formation of needle shaped ice crystals when 

TBA was in the concentration range of 3 to 19%. The sublimation of these large needle 

shaped ice crystals led to a more porous, less resistant matrix resulting in faster drying.   

The freeze-drying process is a long and expensive unit operation. Enhancements in the rate 

of mass transfer of solvent through the partially dried cake layer will increase the rate of 

sublimation thus, reducing the drying times. There was a significant increase in sublimation 

rates of solutions containing lactose and sucrose in 5 and 10% TBA15. Successful freeze-

drying of both lactose and sucrose solutions in presence of TBA was carried out at higher 

primary drying temperatures as compared to its aqueous solutions. TBA froze 2 to 6°C 

earlier than pure aqueous solutions and remained frozen during the entire primary drying 

phase. The sublimation of TBA resulted in a porous structure which enabled efficient mass 

transfer of water vapor due to decreased cake resistance. The solutions freeze-dried with 

TBA as a cosolvent resulted in lyophiles with higher surface area.  
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In addition to enhancing sublimation rates, the use of TBA increased solubility of poorly 

water-soluble drugs by facilitating wetting of hydrophobic drugs and enabled its freeze-

drying. A  notable example is prostaglandin E-1 (Caverject®, Pharmacia and Upjohn Inc, 

MI) distributed commercially, prepared by freeze-drying from a 20% w/w TBA solution16. 

TBA was also used as a co-solvent in freeze-dried EO-9, an investigational anticancer drug 

due to its low aqueous solubility. Additionally, the use of TBA as a cosolvent, increased 

the degree of crystallinity as well as the stability of lyophilized cephalothin sodium17. 

Some of the physical properties of TBA that makes it an ideal cosolvent for the 

freeze-drying process are: miscibility with water, a vapor pressure of ~ 26 mm Hg at 20°C 

and freezing point of 24.0°C. TBA is the only cosolvent that has a higher melting point 

than water. The phase diagram of TBA-water system, a subject of several research articles, 

is an important tool to optimize freeze drying-cycle parameters as well as identify a suitable 

composition15,18,19. The 20% w/w TBA-water seems to be a composition of choice for most 

the formulations that have been investigated.  

Reconstitution 

The ability of the freeze-dried cake to readily reconstitute upon addition of an appropriate 

pharmaceutical solvent is dependent on several factors. The structure of the dried product, 

degree of cake collapse or meltback that might have occurred during drying, the surface 

area of the cake, the presence of hydrophobic coatings and the homogeneity of the dry 

matrix are all the factors which can influence reconstitution in the dried product. As per 

USP, reconstitution is defined as complete dissolution of solids after addition of 
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reconstitution fluid. Rapid reconstitution is a critical quality attribute for lyophilized 

formulations. Reconstitution times can be in the range from as low as 1 minute to 15 

minutes. Long and variable reconstitution times would be an undesirable attribute of 

freeze-dried products.  

Lactose and sucrose when freeze-dried in presence of TBA resulted in lyophiles with 

higher surface area as compared to lyophiles from aqueous solutions20. These cakes 

reconstituted rapidly upon addition of a reconstitution vehicle.  

Residual Solvent 

When an organic cosolvent is used in a freeze-dried formulation, the major concern is 

residual solvent in the final lyophile. The amount retained is a function of the solvent used, 

formulation components and processing conditions. Based on safety considerations and 

risk assessments, in the International Conference of Harmonization (ICH) guidance 

document on residual solvents, organic solvents are divided into 3 classes21. Class I organic 

solvents are known carcinogens and possess a high toxicity, for example carbon 

tetrachloride. Class 2 solvents can cause reversible toxicity or can be nongenotoxic animal 

carcinogens.  The permitted daily dose for some of the organic solvents used in freeze-

drying is provided in Table 112. Class 3 organic solvents exhibit less toxicity potential. 

Permitted daily exposure for this class of organic solvents is 50 mg/day or less. TBA 

belongs to class 3 solvent and is safe to be used in freeze-dried formulations if the residual 

solvent content is controlled. Some other examples of solvents in this category that are 

evaluated for freeze-drying are mentioned in Table 212.  
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Table 1: Class 2 organic solvents evaluated for freeze-drying 

Solvent Permitted daily exposure 

(mg/day) 

Concentration limit 

(ppm) 

Acetonitrile 4.1 410 

Cyclohexane 38.8 3880 

Dichloromethane 6.0 600 

Methanol 30.0 3000 

 

Table 2: Class 3 solvents evaluated for freeze-drying 

Acetic acid Methyl acetate 

Acetone  Methylethyl ketone  

1-Butanol 1-Pentanol  

2-Butanol  1-Propanol 

Dimethyl sulfoxide  2-Proponal  

Ethanol Ethyl acetate 

Permitted daily exposure for this category of solvents is 50 mg/day. 
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HYPOTHESIS AND SPECIFIC AIMS 

 

Mannitol is often used as a bulking agent in freeze-dried formulations. The popularity of 

mannitol stems from the high eutectic temperature, -1.5 °C, of mannitol-water system.  

Moreover, the glass transition temperature of the freeze-concentrate is very low. The 

mannitol-water system is characterized by Tg’1 of -32 °C and Tg’2 of -25 °C. When heated 

above Tg’2, there was immediate and rapid mannitol crystallization22. As a result, it was 

possible to carry out primary drying at elevated temperatures and the highly crystalline 

nature of mannitol in the final lyophile provided mechanical strength to the final cake.   

If the process of freezing destabilizes an API (peptide or protein), a cryoprotectant such as 

sucrose or trehalose is added to the system. A necessary condition for the functionality of 

a cryoprotectant is its existence in the amorphous state.  Sucrose and trehalose are widely 

used and are known to resist crystallization in the frozen state.  Izutsu et al demonstrated 

that mannitol can serve as a cryoprotectant, if it is retained amorphous in the frozen state23. 

This was attained by flash-freezing mannitol solution in liquid nitrogen. Such an operation 

can be challenging in large scale freeze-drying. 

There have been various other attempts to retain mannitol in the amorphous state in frozen 

solutions. The effectiveness of numerous additives in inhibiting mannitol crystallization in 

frozen solutions was investigated. Salts (sodium chloride, sodium citrate, sodium acetate) 

were the most effective in inhibiting mannitol crystallization24.  The use of cosolvents 

provides another avenue to modulate solute crystallization12. The crystallization of 

mannitol was also inhibited when ethanol-water systems were cooled to -50°C. The authors 
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hypothesized that the interaction between ethanol and mannitol inhibited crystallization. 

The very low eutectic temperature, ~ -124°C, of the ethanol-water system will pose a 

challenge in using ethanol as a cosolvent25.   

We explored the phase behavior of mannitol in TBA-water systems during the various 

stages of the freeze-drying process.  Our goal was to modulate the physical form of 

mannitol so as to exploit its functionality both as a cryoprotectant and as a bulking agent. 

This can be accomplished by retaining mannitol in the amorphous state in frozen solutions 

while enabling an amorphous to crystalline transition during drying so that it is crystalline 

in the final lyophile.  In order for this approach to be successful, it is necessary to ensure 

that mannitol does not crystallize when the system is in the glassy state (T < Tg’).  

We had two main objectives 

1. To characterize the phase behavior of mannitol in frozen TBA-water systems 

of different compositions (5 - 30% w/w TBA).   

2. To evaluate the impact of solvent composition on the physical form of mannitol 

in the final lyophile.  
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CHAPTER 2 

 

INTRODUCTION 
 

If a thermolabile active pharmaceutical ingredient (API) is not sufficiently stable in 

solution state to meet shelf-life requirements, freeze-drying is often the preferred method 

of its stabilization in the dried state. Before lyophilization, the purified API may be stored 

in the frozen state, sometimes for long time periods26. To ensure stability during this 

storage period, excipients such as a sugar and a buffer may be added to the system27. When 

the frozen solution is ready to be lyophilized, additional excipients may be added. Often 

mannitol is used as a bulking agent in freeze-dried formulations. The popularity of 

mannitol stems from the high eutectic temperature, -1.5°C, of mannitol-water system.  

Interestingly, the glass transition temperature of mannitol freeze-concentrate is very low. 

The mannitol-water system is characterized by Tg’1 of -32°C and Tg’2 of -25°C22. When 

heated above Tg’2, there is immediate and rapid mannitol crystallization. As a result, it is 

possible to carry out primary drying at elevated temperatures and the highly crystalline 

nature of mannitol in the final lyophile provided mechanical strength to the final cake.   

If the process of freezing destabilizes an API  especially macromolecules, a cryoprotectant 

is added to the system. A necessary condition for the functionality of a cryoprotectant is its 

existence in the amorphous state.  Sucrose and trehalose are known to resist crystallization 

in the frozen state and hence widely used.  Izutsu et al demonstrated that mannitol can serve 

as a cryoprotectant, if it is retained amorphous in the frozen state23. This was attained by 
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flash-freezing mannitol solution in liquid nitrogen. Such an operation can be challenging 

in large scale freeze-drying. 

There have been various other attempts to retain mannitol in the amorphous state in frozen 

solutions.  The effectiveness of numerous additives in inhibiting mannitol crystallization 

in frozen solutions was investigated.  Salts (sodium chloride, sodium citrate, sodium 

acetate) were the most effective in inhibiting mannitol crystallization24.  The use of 

cosolvents provides another avenue to modulate solute crystallization12,28. The 

crystallization of mannitol was inhibited when ethanol-water systems were cooled to -

50°C. The authors hypothesized that the interaction between ethanol and mannitol inhibited 

crystallization. The very low eutectic temperature, ~ -124°C, of the ethanol-water system 

will pose a challenge in using ethanol as a cosolvent25.   

We explored the phase behavior of mannitol in tert-butyl alcohol (TBA)-water system 

during the various stages of the freeze-drying process.  TBA is a popular organic cosolvent 

for freeze-drying poorly water-soluble pharmaceuticals29. In addition to enhancing 

solubility, the use of TBA reduced the drying times and enabled the freeze-drying of 

lipophilic drugs.  A notable commercial example is prostaglandin E-1 (Caverject®, 

Pharmacia and Upjohn Inc, MI) prepared by freeze-drying from a 20% w/w TBA solution 

16. Additionally, the use of TBA as a cosolvent increased the degree of crystallinity as well 

as the stability of lyophilized cephalothin sodium17 and tobramycin sulfate30. If the initial 

TBA concentration was close to the TBA-water eutectic composition, the residual 

cosolvent content in the final lyophile was very low14. Addition of non-crystallizing solutes 



28 
 

such as sucrose inhibited TBA crystallization while trehalose did not have any effect on 

TBA-water phase behavior31.  

Our goal was to modulate the physical form of mannitol so as to exploit its functionality 

both as a cryoprotectant and as a bulking agent. This can be accomplished by retaining 

mannitol in the amorphous state in frozen solutions while enabling an amorphous → 

crystalline transition during drying so that it is crystalline in the final lyophile.  In order for 

this approach to be successful, it is necessary to ensure that mannitol does not crystallize 

when the system is in the glassy state (T < Tg’). We had two main objectives: (i) To 

characterize the phase behavior of mannitol in frozen TBA-water systems of different 

compositions (5 to 30% w/w TBA).  DSC revealed thermal events attributable to crystalline 

and amorphous phases. Low temperature XRD enabled the identification and 

characterization of the crystalline TBA and mannitol phases.  Phase transitions in real time, 

with very high sensitivity were monitored using a synchrotron source (Argonne).  (ii) To 

evaluate the impact of solvent composition on the physical form of mannitol in the final 

lyophile.  

MATERIALS AND METHODS 

Materials 

Mannitol (C6H14O6) and tert-butyl alcohol (TBA, C4H10O) were purchased from Sigma-

Aldrich (St. Louis, MO, USA). Aqueous TBA solutions, ranging in concentration from 5 

to 30% w/w TBA were prepared using distilled and deionized water.  
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Differential Scanning Calorimetry (DSC) 

A differential scanning calorimeter (model Q2000 TA instruments, New Castle, DE, 

USA) equipped with a refrigerated and cooling system was used. The instrument was 

periodically calibrated with tin and indium. Dry nitrogen at 50 mL/min was used as a 

purge gas. Approximately 15 mg of solution was weighed in an aluminum pan, sealed 

hermetically, cooled to -40°C at 1°C/min and held for 10 minutes. Unless otherwise 

stated, the frozen solutions were warmed to 25°C at 1°C/min. Only the final heating 

curves are shown.   

Laboratory based X-ray Diffractometry (XRD) 

An X-ray diffractometer (D8 Advance, Bruker AXS, Madison, WI) equipped with 

variable temperature stage (TTK 450, Anton Paar, Graz-Straßgang, Austria) and Si strip 

one-dimensional detector (LynxEye, Bruker AXS, Madison, WI) was used. The solutions 

were subjected to controlled temperature program in the XRD sample holder, cooled 

from RT to -50°C at 1°C/min, held for 15 min, and then heated at 1°C/min to RT. It was 

then exposed to Cu K radiation (1.54 Å; 40kV x 40 mA) and XRD patterns were 

obtained by scanning over angular range of 7 to 28°2θ with a step size of 0.05° and dwell 

time of 1 s. The results were compared with calculated patterns from Cambridge 

Structure Database of TBA dihydrate, heptahydrate and decahydrate (reference codes 

LEBJUX, LEBKEI and QEVPEP respectively).  
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XRD of Freeze-dried samples 

The TBA-mannitol solutions were lyophilized in a freeze-dryer (VirTis Genesis 35L Pilot 

Lyophilizer, SP Scientific, Gardiner, NY). 3 mL of solution containing mannitol (5% w/w) 

in  TBA (10 to 30 % w/w) was placed in 10 mL glass vials. These vials were loaded to a 

shelf at room temperature. The shelf temperature was lowered to -45°C and samples were 

frozen for 6 hours. Primary drying was carried out for 48 h at -25°C under vacuum (~ 

200mTorr). The temperature was then ramped to 25°C and then held for 12 h. The vials 

were stoppered and stored at room temperature. The lyophiles were subjected to XRD. 

Synchrotron XRD (Transmission Mode) 

The experiments were performed at the synchrotron X-ray beamline 17-BM-B (sector 17) 

at the Advanced Photon Source, Argonne National Laboratory (Argonne, IL, USA). A 

monochromatic X-ray beam (λ=0.45452 Å, beam size 300 µm x 300 µm) and a two-

dimensional (2D) area detector (XRD-1621, Perkin Elmer) were used. The flux of the 

incident X-rays (intensity: 6 x 1010 @27 keV photons/sec) was attenuated to prevent 

detector saturation. The sample to detector distance was maintained at 900 mm. A triple-

bounce channel-cut Si single crystal monochromator with [111] faces polished was used, 

which limited the broadening to its theoretical low limit (i.e. the Darwin width).  The 

calibration was performed using lanthanum hexaboride (SRM660C; NIST).  

The TBA-water solution was placed in a custom-made copper sample holder with a 

Kapton® window, polyether ether ketone (PEEK) base and a thermocouple as shown in 

Figure 3. 100 µL of sample was placed in the V-shaped copper sample holder and the 
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temperature was continually monitored using a thermocouple. The sample holder design 

was adapted  from Varshney et al32. The solutions were frozen with the aid of Cryostream 

700 plus (Oxford Cryosystems Ltd, Oxford, UK) which was adjusted 3 to 5 cm above the 

sample holder. The solutions were cooled at ~1.0°C/min from room temperature to -40°C 

and held for 15 min. The frozen solutions were exposed to X-ray’s (exposure time of 1s) 

every 30 seconds. The temperature difference between the cryostream and sample holder 

was determined by using 20% w/w of sodium chloride (NaCl) water solution. As the 

sodium chloride water eutectic temperature is well established in the literature, it 

provided us with a reference point for sample versus cryostream temperature difference.  

Additionally, blank data was obtained by exposing the sample holder without any 

solution. The time resolved 2D data was integrated to 1D 2θ scans using GSAS-II 

software developed by Edgewall Software for the Argonne National Laboratory33. A 

commercial software was used for identifying the crystalline phases and determining the 

integrated peak intensities (JADE 2010, Material Data, Inc.). 

 

Figure 3: Sample holder design used for synchrotron X-ray diffraction study at 17-BM 

(Argonne national labs). 
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RESULTS AND DISCUSSION 

Our investigations were restricted to TBA-water solutions with TBA concentrations ≤ 

30% w/w. Since the objective is to explore the potential utility of TBA as a cosolvent in 

pharmaceutical, and specifically frozen and freeze-dried macromolecule formulations, 

high cosolvent concentrations were deemed undesirable. 

 

Characterization of Frozen Solution 

Frozen TBA-water solutions, irrespective of composition, contained ice (hexagonal) and 

TBA dihydrate.  When a solution with 10% w/w TBA (a representative example; Figure 

4) was cooled, there was first evidence of ice crystallization at ~ -12°C followed by the 

appearance of TBA dihydrate peaks at -20°C.  As expected, there was pronounced 

supercooling. The phase behavior of the systems, in the context of the phase diagrams, 

was based on the heating curves of the frozen systems (both DSC and XRD) and will be 

discussed in the subsequent sections.  

 

 



33 
 

Figure 4: Overlay of synchrotron XRD patterns of 10% w/w TBA solution during cooling 

from 10°C to - 40°C at 1°C/minute. Only select XRD patterns are shown. Ice peaks (  ) 

are first seen at -12°C followed by TBA dihydrate peaks (   ) at -20°C.  

 

Thermal behavior of frozen TBA-Water systems 

The thermal behavior of frozen TBA-water systems of different compositions was 

comprehensively investigated by several groups 29,15,18,19. Three TBA hydrates - 

dihydrate, heptahydrate and decahydrate were identified in frozen solutions31. The phase 

diagram of the water-rich region, the subject of numerous investigations, reveals the 

eutectic composition to be between 20.0 and 23.0% w/w TBA in water 12-14.  Recently, 

the eutectic composition was unambiguously determined to be 22.5% w/w TBA34.  

Figure 5 contains the DSC heating curve of frozen TBA solutions of different 

compositions.  The 30% w/w TBA solution (30TBA, Figure 5) shows an exotherm at -

13.0°C, and two endotherms, the first at  -10.0°C. The behavior was qualitatively similar 

at a TBA concentration of 22.5% (22.5TBA, Figure 5).  When the TBA concentration 

was decreased to 20.0% w/w, the crystallization exotherm was no longer evident, while 

both eutectic melting endotherms were observed (20TBA, Figure 5). The shoulder in the 

eutectic endotherm (~ -3°C), attributed to ice melting, is discussed in a subsequent 

section.  At lower TBA concentrations (5TBA and 10TBA, Figure 5), in addition to the 

dihydrate melting, ice melting was observed at ~ 0°C.  Synchrotron XRD (discussed 

later) enabled us to interpret these results.  

Since multiple thermal events were observed over a narrow temperature range, some 

overlapping events may not be discerned. This is an intrinsic limitation of DSC when 
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charactering frozen systems with multiple components.  Low temperature XRD, a 

technique to identify and characterize crystalline phases, served as an orthogonal 

technique.  

 

Figure 5: DSC heating curves of frozen TBA (5 to 30% w/w)-water  systems. The 

solutions were cooled from room temperature to -40°C, held for 10 minutes, and reheated 

to room temperature.  Both the heating and cooling rates were 1°C/min.  Only the heating 

curve is shown. The TBA concentrations were  5% (5TBA), 10% (10TBA), 20% 

(20TBA), 22.5% (22.5TBA) and 30% (30TBA) w/w TBA. TBA heptahydrate 

crystallization ‡, TBA dihydrate-ice eutectic    , TBA heptahydrate-ice eutectic Δ, ice 

melting #.  
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There was an inherent limitation while collecting data using a laboratory source 

diffractometer.  While the instrument permits sophisticated temperature programming, 

the sample is maintained under isothermal conditions while the XRD patterns are 

collected. Since it takes ~ 10 minutes to collect each diffraction pattern, there can an 

unintended “annealing” effect while the XRD patterns are collected.  We were able to 

circumvent this problem and also substantially enhance sensitivity using a synchrotron 

(Argonne National Laboratory) source.  The very rapid data collection (<1 s), also 

enabled time-resolved studies. The intensities of one characteristic peak each of TBA 

dihydrate (8.9°2θ) and heptahydrate (20.3°2θ) were monitored continuously during 

warming. 

Eutectic composition.  Figure 6 compares the synchrotron XRD and thermal behavior of 

frozen TBA solution (22.5% w/w) heated from -40°C to ~ 10°C.  At -40°C, several 

characteristic peaks of hexagonal ice, for example at 22.6, 24.1 and 25.7°2θ, were 

observed (Figure 6 panel B). The coexistence of TBA dihydrate was evident from its 

characteristic peaks at 8.9, 17.8, 19.9 and 21.3°2θ. During warming, starting at ~ -15°C, 

there was a progressive decrease in the intensity of TBA dihydrate peaks with their 

complete disappearance at -6°C.  The first evidence of TBA heptahydrate formation was 

at -15°C, through the appearance of peaks at 14.5 and 20.3°2θ. Thus, there was a 

dihydrate → heptahydrate transition. These transitions in the XRD facilitated the 

interpretation of the DSC results. The exotherm observed at -13°C could be ascribed to 

TBA heptahydrate crystallization (Figure 6 panel A). On further heating, between -14 and 

-8°C, there was an increase in the intensity of XRD peaks of heptahydrate accompanied 
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by a decrease in the intensities of dihydrate and ice peaks. The first DSC endotherm at ~ -

10°C (occurring as a shoulder) can be due to dihydrate-ice melting. On further heating, 

the XRD peaks of both the heptahydrate and ice completely disappeared at -5°C. In the 

DSC, there was a pronounced endotherm at ~ -8°C, attributable to TBA heptahydrate-ice 

eutectic melting. Thus, based on the crystalline phases disappearing between -6 and -5°C 

in the XRD, and the endotherm at -8°C (DSC), we can conclude that the eutectic 

temperature is between -6 and -8°C. It is well recognized that TBA dihydrate is a 

metastable phase, formed during cooling and persisted during heating15,18,19. The 

dihydrate → heptahydrate transition was observed well before the eutectic melting. 

Therefore, the eutectic comprised of TBA heptahydrate and ice. Earlier, the eutectic 

temperature and composition were identified in solutions cooled at -5°C/min34. Our 

cooling rate of 1°C/min, closer to the conditions in industrial scale freezing, confirm the 

eutectic temperature and composition.  Thus, as expected, the eutectic temperature and 

composition were independent of the thermal history35. 
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Figure 6: (A) DSC heating curve of 22.5% TBA solution heated from -40 to 10°C at 

1°C/min.  The solution was initially cooled from RT to -40°C, at 1°C/min, and held for 

10 min.  (B) Corresponding XRD (synchrotron) patterns obtained when the frozen 

solution was heated at 1°C/min from -40°C to ~10°C.  Only patterns at selected 

temperatures are shown. 

 

The results of two compositions; 10 and 20% w/w TBA are discussed in detail, while the 

data for additional compositions (5 and 30% TBA) is provided in supplementary 

information (Figure S1 and S2).  Upon cooling a 10% w/w TBA solution, crystallization 

of ice and TBA dihydrate was evident (as shown in Figure 4). When the  frozen solution 

was heated  from -40 to 10°C, the peak intensities of TBA dihydrate and ice remained 

unchanged up to  ~ -10°C.  On further heating, there was a decrease in the intensities of 
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TBA dihydrate peaks and a concomitant increase in TBA heptahydrate peaks (Figure 

5A). Around -8°C, the intensity of TBA heptahydrate reached a maximum.  However, 

starting at -6°C, there was a sharp and abrupt decrease in the intensities of both TBA 

heptahydrate and ice peaks. While the TBA heptahydrate peaks had completely 

disappeared at ~ -5°C, the ice peaks persisted until ~ -3°C.   

The profiles observed over the temperature of -40 to -12°C were qualitatively similar for 

20% w/w TBA (Figure 7 panel B). For the 20% w/w TBA system (close to the eutectic 

composition), the dihydrate → heptahydrate transition resulted in a pronounced intensity 

of heptahydrate peaks at -6°C. On further heating, the peaks of heptahydrate and ice 

disappeared at -3°C while the dihydrate disappeared at -4°C. Based on the persistence of 

ice peaks up to -3°C in the XRD, the  final shoulder in the DSC endotherm (Figure 5, 

20TBA) can be due to ice melting (Figure 7 panel B).  

To summarize, at concentration ≥ eutectic TBA solutions, the thermal events during 

heating frozen solutions could be ascribed as:  an exotherm to crystallization of TBA 

heptahydrate, and two endotherms, to melting of TBA dihydrate (metastable phase)-ice 

eutectic and of TBA heptahydrate (stable)-water eutectic respectively.  
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Figure 7: Overlay of synchrotron XRD patterns of 10 and 20% w/w TBA solution (A and 

B respectively) during end of freezing cycle and warming cycle. TBA dihydrate peak (   ), 

TBA heptahydrate peak (   ). 

The high sensitivity afforded by synchrotron radiation enabled us to simultaneously 

monitor the intensities of the TBA dihydrate and heptahydrate peak intensities, at 30 

second intervals, during the entire warming cycle (Figure S3A to C, appendix). The 
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decrease in dihydrate intensity and the concomitant increase in heptahydrate intensity 

provided a direct visual evidence of dihydrate → heptahydrate transition.   

Thermal behavior of TBA-Mannitol-Water ternary solutions 

Mannitol solutions, at concentrations of 2 and 5% w/w, were used since they are 

pharmaceutically relevant. Even when aqueous mannitol solutions were rapidly cooled  

(at 20° C/min), solute crystallization occurred readily22.  However, the addition of TBA, 

over a concentration range of 5 to 22.5%, inhibited  mannitol  crystallization when the 

solutions were cooled at 1°C/min.    

We comprehensively investigated the thermal behavior of the frozen solutions when 

heated. In the absence of TBA, at the lower mannitol concentration (2% w/w), no glass 

transition events were observed in the DSC, a likely limitation of instrumental sensitivity.  

At 5% w/w mannitol, two glass transitions (- 32°C and -29°C) were observed, 

immediately followed by a crystallization exotherm at ̴ - 21°C. We had earlier reported 

two glass transitions, at -32°C and at -25°C, and a crystallization exotherm at  ̴ -15°C, 

when the initial mannitol concentration was 15% w/v22. In those studies, the cooling (20 

°C/min) as well as the heating rates (10 °C/min) were much higher.  

The Tg’ values of mannitol, over a TBA concentration range of 5 to 30% w/w, were ~ -

30°C and -27°C (Figure 8). The Tg’ of mannitol (in water) was determined to be -32 and 

-29°C. Our initial discussion will be restricted to the thermal behavior of the system 

between -40 and -15°C.  In the TBA-water systems, irrespective of composition, the Tg’ 

of mannitol essentially remains unchanged. One possible explanation is that the TBA 
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constitutes a very small weight fraction of the freeze-concentrate and therefore does not 

influence the Tg’.  This argument is strengthened by the fact that even at a high TBA 

concentration of 30%, the Tg’ values remain unchanged. While TBA did not have a 

noticeable influence on the Tg’, it influenced the crystallization behavior of mannitol.  At 

a low TBA concentration of 5%, there was some evidence of delay in mannitol 

crystallization (Figure 8; inset).  As the TBA concentration was increased up to 22.5%, 

the mannitol crystallization temperature progressively decreased.   

At TBA concentrations ≥ 20% w/w, TBA heptahydrate crystallized at ~ -25°C.  This 

conclusion was based on XRD (both laboratory source and synchrotron) studies which 

enabled us to interpret the DSC results (discussed later).  Unambiguous interpretation 

was not possible by DSC, since the crystallization of mannitol and TBA heptahydrate 

overlapped (Figure 8; 5M22.5TBA and 5M30TBA).   
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Figure 8: DSC heating curves of frozen TBA (5 to 30% w/w)-water systems each 

containing 5% w/w mannitol. The solutions were initially cooled from room temperature 

to -40°C, held for 10 minutes, and reheated to room temperature.  5%  TBA (5M5TBA), 

10% TBA (5M10TBA), 20%  TBA (5M20TBA), 22.5% TBA (5M22.5TBA) and  30% 

w/w TBA (5M30TBA). The mannitol concentration was 5% w/w. 

 

At temperatures ≥ -15°C, interpretation of the DSC results was challenging because of 

the  overlapping thermal events. We therefore simulated the DSC temperature program in 

the synchrotron beamline. Selected ternary systems, with a constant mannitol content of 

2% w/w, will be discussed in detail while the data for  5% w/w TBA composition is 

presented in appendix (Figure S4). 

When a solution with 10% w/w TBA was cooled, from RT to -40°C, only crystallization 

of ice and TBA dihydrate was evident ( 

Figure 9 panel A). When the frozen solution was heated, δ- mannitol crystallization (peak 

at 9.9°2θ) was first observed at -20°C, with a progressive increase in mannitol peak 

intensity up to ~ -7.5°C. TBA heptahydrate first appeared at -8°C.  The TBA dihydrate 

and heptahydrate peaks disappeared at -6.5 and -6.0, the respective eutectic melting 

temperatures of dihydrate-ice and heptahydrate-ice. The peaks of mannitol and ice were 

observed up to -4°C. On further heating, the melting of mannitol-ice eutectic occurred. 

Finally, the residual ice disappeared at -1°C. The XRD and DSC results are in good 

agreement (Figure 8; 5M10TBA). The two eutectics were observed as overlapping 

thermal events at -10.0 and -9.7°C followed by the mannitol-ice eutectic and ice melting 

as an overlapping endotherm at -3°C. 
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Figure 9: Overly of synchrotron XRD patterns of 2% w/w Mannitol in 10% (panel A) and 

30% (panel B) w/w TBA solution during end of freezing cycle and warming cycle. 

A 

B 
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dihydrate peak (   ), TBA heptahydrate peak (   ) δ-Mannitol peak (δ), Mannitol 

hemihydrate (MHH). 

When the TBA concentration was 30% w/w, in the solution cooled to -40°C, mannitol 

had crystallized as a mixture of the anhydrous δ- form and the hemihydrate, while TBA 

dihydrate and decahydrate were observed ( 

Figure 9 panel B).   The decahydrate was reported in solutions of the same composition, 

either cooled rapidly or under high pressure36. On heating the frozen solution, there was  

progressive crystallization of the decahydrate (increase in peak intensity)  up to -23°C, 

followed by very rapid decahydrate → heptahydrate transition, with the former 

completely disappearing at -10°C.  The results suggest that the decahydrate is metastable 

under the experimental conditions.  The TBA dihydrate persisted up to  -5°C.  At this 

temperature, the intensities of  δ- mannitol and TBA heptahydrate were pronounced. On 

further heating, TBA dihydrate disappeared, while the heptahydrate and δ- mannitol 

persisted up to  -0.6°C. 

Thermal behavior of TBA-water eutectic composition containing mannitol 

This composition (5% mannitol in 22.5% TBA-water),  revealed  two glass transitions 

followed by a broad exotherm at ~ -21.8°C, due to overlapping crystallization of 

mannitol and TBA heptahydrate (Figure 8, 5M22.5TBA).  However, in the presence of 

TBA, there was: (i) no evidence of mannitol crystallization during cooling, and (ii) the 

crystallization during heating was not sharp and appeared to occur over a wide 

temperature range. Synchrotron experiments provided additional insight into the phase 

behavior of this complex system (Figure 10 panel B). The frozen solution (at -40°C)  
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revealed TBA dihydrate. On heating, pronounced δ- mannitol crystallization occurred at -

20°C and the peak intensities increased until ~ -10°C. TBA heptahydrate also appeared at 

this temperature, a behavior observed in the absence of mannitol as well.  The 

overlapping sharp endotherms at -8°C in the DSC can be attributed to sequential melting 

of the heptahydrate-ice followed by mannitol-ice. Thus, the presence of mannitol does 

not seem to influence the phase behavior of TBA-water eutectic.  

 

Figure 10: (A) DSC heating curve of 22.5% TBA solution (with 5% w/w mannitol) 

heated from -40 to 10°C at 1°C/min.  The solution was initially cooled from RT to -40°C, 

at 1°C/min, and held for 10 min.  (B) Corresponding XRD (synchrotron) patterns (this 

system contained only 2% w/w mannitol) obtained when the frozen solution was heated 

at 1°C/min from -40°C to ~10°C.  Only patterns at selected temperatures are shown. TBA 

dihydrate peak (   ), TBA heptahydrate peak (   ), δ-Mannitol peak (δ). 

 

Influence of TBA on ice crystallization. The freezing stage in the freeze-drying process is 

initiated by ice nucleation followed by its growth. Due to supercooling, ice nucleation is 

typically observed 10 to 12°C below the equilibrium freezing point1. Most of the water 

then separates into ice crystals through a matrix of glassy and/or crystalline solutes.  The 

ice formation is influenced by numerous factors including shelf temperature, ramp rate, 

-45 -25 -5 15

H
ae

t 
Fl

o
w

 (
A

rb
it

ra
ry

 U
n

it
s)

Temperature (°C)

5M22.5TBAA B 



46 
 

formulation composition and concentration, fill volume and position of the vial on the 

shelf. The nature of the matrix formed during freezing (crystalline, amorphous or a 

mixture of the two) influences the drying kinetics which in turn determines the quality of 

the final lyophilized product. The impact of organic cosolvents on the various stages of 

the freeze-drying process was investigated13. As expected, the type and concentration of 

the organic cosolvent influenced the freezing characteristics of the solution. TBA, in a 

concentration dependent manner, altered the size and shape of ice crystals. 

The crystalline phases can be readily visualized from the two-dimensional XRD patterns 

(Debye rings) of frozen solutions of different compositions collected using synchrotron 

radiation (Figure 11).   At low TBA concentrations, the large grain size of ice is evident 

from the spotty character of its Debye rings (selected rings are pointed out). When the 

TBA concentration was increased, the Debye rings are no longer spotty and become 

continuous revealing small ice crystals. 

Thus, from a formulation and processing perspective, this obviated the need for 

controlling ice nucleation and also provided an avenue to increase the efficiency of the 

freeze-drying cycle.  

SEM and freeze-drying microscopy investigations suggested that TBA levels in the range 

of 3 to 19% w/w led to formation of needle-shaped ice crystals20. The sublimation of 

these crystals led to efficient freeze-drying cycle times. Other advantages of adding TBA 

include reduction in supercooling by 2 to 6°C along with reduced cake heterogeneity37.   
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Figure 11: 2D XRD patterns of frozen mannitol (2% w/w) solutions after cooling them 

from room temperature to -40°C at 1°C/min. The TBA concentrations were: (a) 0% (i.e. 

aqueous solution),  (b) 5%,  (c) 10%,  (d) 20%,  (e) 22.5% and (f) 30% w/w. The 

characteristic d-spacing (Å) lines of ice is shown.  

SIGNIFICANCE 

When aqueous mannitol solutions are cooled at pharmaceutically relevant conditions (≤ 

1°C/min), solute crystallization is invariably observed.  In presence of TBA, its 

crystallization was completely inhibited during cooling, enabling mannitol to serve as a 

cryoprotectant38. However, since mannitol existed as the δ-polymorph in the final 

lyophile,  it can serve as a bulking agent (Figure S5, appendix). Thus, the use of TBA 

conferred dual functionality to mannitol-cryoprotectant in the frozen state and bulking 

agent in the final cake.  A significant fraction of freeze-dried products are formulated for 

parenteral use. It is imperative that these formulations contain the minimum number of 

excipients. The use of mannitol, as a dual function excipient, obviates the need for the use 
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of a sugar (typically sucrose or trehalose) as a protectant.  While there is hesitation with 

the use of cosolvents during the freeze-drying of macromolecule formulations, evidence 

is emerging that, at least in select systems, the presence of cosolvent can increase 

stability39. 

CONCLUSION 

When frozen in TBA-water solutions of select compositions, mannitol was retained 

amorphous. However, when the frozen solution was heated, mannitol crystallized as the 

δ- polymorph. While TBA crystallized as the dihydrate in frozen solutions, when heated, 

it transformed to the heptahydrate. While both the dihydrate-ice and heptahydrate-ice 

eutectic melting endotherms were observed, the latter was the stable eutectic.  
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APPENDIX 

  

Figures S1 to S5 included in this section 
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Figure S1: (A) DSC heating curve of 5% w/w TBA solution heated from -40 to 10°C at 1°C/min.  The solution was initially cooled 

from RT to -40°C, at 1°C/min, and held for 10 min. (B) Corresponding XRD (synchrotron) patterns obtained when the frozen solution 

was heated at 1°C/min from -40 to ~10°C.  Only patterns at selected temperatures are shown. TBA dihydrate peak (   ), TBA 

heptahydrate peak (   ).  

 

-45 -35 -25 -15 -5 5 15

H
ae

t 
Fl

o
w

 (
A

rb
it

ra
ry

 U
n

it
s)

Temperature (°C)

5TBAA B 



51 
 

 

 

Figure S2: (A) DSC heating curve of 30% w/w TBA solution heated from -40 to 10°C at 1°C/min.  The solution was initially cooled 

from RT to -40°C, at 1°C/min, and held for 10 min. (B) Corresponding XRD (synchrotron) patterns obtained when the frozen solution 

was heated at 1°C/min from -40 to ~10°C.  Only patterns at selected temperatures are shown. TBA dihydrate peak (   ), TBA 

heptahydrate peak (   ). 
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Figure S3 (A): Relative intensity of the 8.9°2θ peak of TBA dihydrate and 20.3°2θ peak 

of TBA heptahydrate using synchrotron radiation as a function temperature for 10% w/w 

TBA solutions when the frozen solution was warmed from -40 to 10°C at 1°C/min. 
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Figure S3 (B): Relative intensity of the 8.9°2θ peak of TBA dihydrate and 20.3°2θ peak 

of TBA heptahydrate using synchrotron radiation as a function temperature for 20% w/w 

TBA solutions when the frozen solution was warmed from -40 to 10°C at 1°C/min. 
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Figure S3 (C): Relative intensity of the 8.9°2θ peak of TBA dihydrate and 20.3°2θ peak 

of TBA heptahydrate using synchrotron radiation as a function temperature for 30% w/w 

TBA solutions when the frozen solution was warmed from -40 to 10°C at 1°C/min. 
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Figure S4: (A) DSC heating curve of 5% TBA solution (with 5% w/w mannitol) heated from -40 to 10°C at 1°C/min. The solution 

was initially cooled from RT to -40°C, at 1°C/min, and held for 10 min.  (B) Corresponding XRD (synchrotron) patterns (this system 

contained only 2% w/w mannitol) obtained when the frozen solution was heated at 1°C/min from -40°C to ~10°C.  Only patterns at 

selected temperatures are shown. TBA dihydrate peak (   ), TBA heptahydrate peak (   ), δ-Mannitol peak (δ).
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Figure S5: XRD of lyophiles for 5%  TBA (5M5TBA), 10% TBA (5M10TBA), 20%  

TBA (5M20TBA), 22.5% TBA (5M22.5TBA) and  30% w/w TBA (5M30TBA). The 

mannitol concentration was 5% w/w. δ-Mannitol peak (δ). 
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