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Abstract 

This work focuses on the physical properties and crystallization of theophyline co-

crystals. Co-crystals of theophylline with oxalic acid, glutaric acid and maleic acid have 

been investigated.  

The DSC curves of these co-crystals show that their first endothermic peaks are all 

lower than the melting temperature of theophylline. The decomposition temperature of 

theophylline – oxalic acid co-crystal is at about 230 °C, determined by DSC together with 

TGA. After decomposition, the remaining theophylline melts at about 279 °C, which is 

higher than the known melting temperature of theophylline, suggesting a structure 

difference, ie. a new polymorph may have been formed. The formation of hydrogen 

bonds in theophylline – oxalic acid co-crystal was investigated by FTIR. Changes of FTIR 

peaks around 3120 cm-1 reflects the hydrogen bond of basic N of theophylline and 

hydroxyl H of oxalic acid. The solubility of theophylline – oxalic acid co-crystal and 

theophylline – glutaric acid co-crystal was determined in 4:1 chlroform – methanol and in 

pure chloroform respectively. At equilibrium with the solid theophylline – oxalic acid co-

crystal, the theophylline concentration is only 60 % of the corresponding value for the 

pure solid theophylline. At equilibrium with the solid theophylline – glutaric acid co-

crystal, the theophylline concentration is at least 5 times higher than the corresponding 

value for the pure solid theophylline. Two phases of theophylline were found during the 

solubility determination. In the chloroform – methanol mixture (4:1 in volume ratio) the 

solubility of the stable polymorph of theophylline is found to be about 14 % lower than 

that of the metastable phase. Various aspects of the phase diagram of theophylline – 

oxalic acid co-crystal was explored.  

Theophylline – oxalic acid co-crystal has been successfully prepared via primary 

nucleation from a stoichiometric solution mixture of the two components in chloroform 

– methanol mixture. By slurry conversion crystallization, the co-crystal can be prepared in 

several solvents, and yield and productivity can be significantly increased. Theophylline – 

glutaric acid can be successfully prepared via both co-grinding of the two components 

and slow evaporation with seeding.  
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1. Introduction 

An active pharmaceutical ingredient (API) is the substance that is pharmaceutically 

active in a drug. Most APIs are in solid crystal form, and are made with some other 

materials to form an oral dosage form such as a tablet.  Much research has been done to 

improve the physical properties of the API crystal, since the efficiency of the dosage form 

is often strongly related to them.1 The traditional improvement methods include 

generation and testing different salt forms, crystalline polymorphs, hydrates, solvates, and 

amorphous forms. However, some drugs cannot be improved by these traditional 

methods because their salt or other forms are also unstable.2 

By co-crystallization, a crystalline complex of two or more molecules is constituted, 

including API, bonding together in the crystal lattice through non-covalent interactions 

such as hydrogen bonding.3 Figure 1.1 describes the difference between co-crystal and 

other traditional API improving methods. 

 

Figure 1.1 (a) pure API; (b) another polymorph of pure API; (c) clathrate hydrate/solvate of API; (d) 
hydrate/solvate of API; (e) salt of API; (f) pharmaceutical co-crystal.4 

 

As showed in figure 1.1, polymorphs of API have the identical chemical composition, 

but only differ in molecule arrangement of the crystal structure. Hydrate / solvate of API 
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is formed by API molecule with some kind of small molecular compound which is liquid 

under ambient atmosphere. They are bonded by hydrogen bond. A little bit special case is 

a clathrate hydrate / solvate, in which the small molecules are wrapped by API molecule 

clusters. The salt of API is formed by charged APIs and counter ions. They are connected 

by strong ionic bonds. In the co-crystal, API molecules and co-crystal formers are bonded 

by hydrogen bond or Van de Waals force, and the co-crystal former is also in solid phase 

under ambient atmosphere.  

Co-crystal, as a novel research focus, has recently been studied about the design, 

preparation and some physical properties. However, most of these studies only discussed 

a small aspect of co-crystals and none of them investigated the possibility of co-crystal 

production from an industrial interested point of view. This work selects theophylline – 

carboxylic acids co-crystals as a model system to explore the physical properties and 

crystallization of co-crystal. The molecules included in this work are listed below.  

Theophylline, used for the treatment of respiratory diseases such as asthma, is a typical 

purine derivative. Figure 1.2 showed the chemical structure of theophylline. The melting 

temperature of theophylline is 271 – 273 °C. (Data from the product label) 

 

Figure 1.2 Chemical structure of theophylline 

Carboxylic acids have at least one carboxyl group (-COOH). They can act either as a 

hydrogen – bond acceptor (=O, the carbonyl) or a hydrogen—bond donor (-OH, the 

hydroxyl). Thus many of them can be used as a co-crystal former. Oxalic acid, maleic acid 

and glutaric acid are all dicarboxylic acid, having two carboxyl groups at ends of the 

monovalent functional group. Oxalic acid sublimate to a great degree at 157 °C, melt at 

around 189 °C. The oxalic acid steam will decompose to carbon dioxide, formic acid, 

carbon monoxide or water at different conditions. The melting temperature is 137 – 140 

°C for maleic acid and 95 – 98 °C for glutaric acid. (Data from the product labels) 
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Figure 1.3 Chemical structures of oxalic acid, maleic acid and glutaric acid 
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2. Literature review 

2.1 Physical properties of co-crystals 

As there is no new covalent bond formed in a co-crystal compared to its mother 

molecules, the chemical properties of the original compounds will be well preserved. 

However, the crystal structure of a co-crystal is totally different from the crystals of its 

mother compounds. Therefore a co-crystal has different physical properties from its 

mother crystals.  

2.1.1 Melting points 

Co-crystals of pyrazine with n-alkyl carboxylic acids exhibit some regularity on their 

melting points.5 For those acids longer than C7 (heptanoic acid and longer acids), the 

corresponding co-crystal show an alternation in their melting point which is opposite to 

that in the n-alkyl carboxylic acids themselves. The melting points of the odd co-crystals 

are systematically higher than those of the evens since they have systematically higher 

packing efficiency at the methyl-group interface between layers in the structures. 

A series of DSC tests was carried out on the nonstoichiometric co-crystal of 

phosphodiesterase-IV inhibitor and L-tartaric acid.6 The co-crystal‘s melting point is 

between the melting point of L-tartaric acid and phosphodiesterase-IV inhibitor, 

increasing with the percentage of phosphodiesterase-IV inhibitor. The co-crystal with acid 

: base value of 0.5:1 has the best thermal stability, like no phase transformation or other 

transition with endothermic or exothermic process exists, though it is not the co-crystal 

with highest melting point in this series. 

The above examples show that the melting point of co-crystal could be very dependent 

to the co-crystal formers. The melting point of API can be changed by co-crystallization. 

However, higher melting point does not represent higher thermal stability. Co-crystals 

may absorb or release heat before they finally melt, indicating the possibility of the 

existence of phase change.  
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2.1.2 Hygroscopicity 

Hygroscopicity describes the stability of a solid drug in the presence of atmospheric 

moisture. The reports of co-crystals now generally presented less hygroscopicity than that 

of the original crystal. In the case of co-crystal of an API with phosphoric acid, compared 

with the API itself, the co-crystal has improved chemical and physical stability to 

humidity.7 A systematic study on the co-crystals of caffeine with several carboxylic acids 

showed that they generally have less hygroscopicity than caffeine.8 Among them, the co-

crystal with oxalic acid even exhibits complete stability to humidity over a period of 

several weeks. Another example is the co-crystal of 2-[4-(4-chloro-2-

fluorophenoxy)phenyl]pyrimidine-4-carboxamide with glutaric acid.9 This co-crystal solid 

is reported as nonhygroscopic. 

2.1.3 Solubility and dissolution rate 

Solubility and dissolution rate are very important properties to the pharmaceutical 

industry since the bioavailability of an API is often related to them.10 Compared with the 

original API, the solubility and dissolution rate of co-crystal could be either higher or 

lower.  

A series of dissolution profile experiments and solubility measurements about 

fluoxetine hydrochloride and its co-crystals were carried out in water at 20 °C.10 The 

solubility of fluoxetine HCl – fumaric acid co-crystal is about 30% higher than fluoxetine 

HCl. The solubility of fluoxetine HCl – succinic acid co-crystal is generally higher than 

fluoxetine HCl, but the value fluctuates as time goes. However, the solubility of fluoxetine 

HCl – benzoic acid is only about 50% of fluoxetine HCl. Among these four solid phases, 

fluoxetine HCl – succinic acid has highest dissolution rate. The dissolution rates of 

fluoxetine HCl – fumaric acid / benzoic acid are lower than fluoxetine HCl. 

The co-crystal of 2-[4-(4-chloro-2-fluorophenoxy)phenyl]pyrimidine-4-carboxamide 

with glutaric acid increased the aqueous dissolution rate by 18 times as compared to the 

homomeric API crystalline.9 The increased dissolution rate of this co-crystal translated 

into plasma concentration values that were nearly three times higher than the API itself 

when dogs were dosed orally. Another example of co-crystal showing enhanced solubility 

is the co-crystal of norfloxacin with isonicotinamide. It has 3 times higher solubility than 

norfloxacin crystal.11 
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2.2 Hints for co-crystal design 

During the last years the principles of co-crystal design has been discussed. 

Intermolecular interactions that direct molecular assembly are regarded as a key point for 

co-crystal design. One of the most useful interactions would be hydrogen bonds, due to 

their inherently robust and directional nature.12  All good hydrogen bond acceptors and 

donors can be used to form hydrogen bonds. The tendency of a system to maximize 

electrostatic interaction results in that the best hydrogen bond donor ends to interact with 

the best hydrogen bond acceptor in a given crystal structure.3 This phenomenon is 

concluded as ‗hydrogen-bond rules‘, which can be used as a guide line for co-crystal 

design.  

Some report mentioned a simple design principle that the relatively solution-based pKa 

value or calculated molecular electrostatic potential surface could possibly be used to 

select or specify parent molecules for a co-crystal.13 This idea also got some support from 

the results of some experiments.14         

2.3 Co-crystal preparation 

2.3.1 Solution growth 

Solution growth is a traditional method for crystallization. Crystals grow from the 

solution with a proper supersaturation degree. There are several ways to produce 

supersaturation, such as cooling, evaporation, addition of a substance or solvent that 

lowers the solubility and chemical reaction. Among them, evaporation is the most popular 

way for preparing co-crystals. By slow evaporation, co-crystals have been prepared of 

carboxylic acids with 4-methyl/4-chlorobenzamide,15 theophylline,16 carbamazepine,17 

aminopyrimidine,18 bent dipyridines,19,20 2-acetaminopyridine,21 and N, N‘-

bis(picolinoyl)hydrazine.22 Some of the co-crystals contain water as well. By combining 

with some assistance, such as evaporation in dark or evaporation with cooling, co-crystal 

of sym-triiodo-trifluorobenzene with bipyridyl23 and co-crystal of 2,2‘-diamino-4,4‘-

bis(1,3-thiazole) with molecules containing pyridyl moeties24 were prepared respectively.  

Though the number of samples prepared is relatively large, the successful rate of 

cocrystallization by solution growth is low. Seeding is a valid way to improve the success 
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rate of the solution based co-crystallization.25 Solid state grinding is one of the methods to 

prepare seeds. 

Another solution based method is reaction crystallization. By this method, product 

formed through the chemical reaction between liquids and crystallized when the liquid 

phase becomes supersaturated with respect to the reaction product.26 Co-crystal of 

carbamzepine with nicotinamide can be prepared by this method.12 

2.3.2 Solid state grinding 

Solid state grinding is not a new method for co-crystal formation – it was first reported 

in the late 19th century. By this method, co-crystals were prepared by co-grinding two 

parent compounds together by machine or by hand. Many co-crystal materials could be 

prepared by both solid state grinding and solution growth. In some report recently, solid 

state grinding is used to reduce the experiment burden of co-crystal screening.27 

Moreover, it could also be used to prepare novel pharmaceutical co-crystal materials 

which are not readily accessible by solution growth. Successful examples of co-crystals 

prepared by this method include the co-crystal of caffeine with monocarboxylic acids,12 

and the co-crystal by carboxamide-pyridine N-oxide heterosynthon.28 

2.3.3 Solvent drop grinding 

Solvent drop grinding involves the grinding of two materials together and a small 

quantity of solvent.3 The solvent here is used as a catalytic role, to enable the formation of 

co-crystals not obtained by neat grinding. And the solvent molecules will not exist in the 

final product. Some co-crystals could be prepared by both neat grinding and solvent drop 

grinding, such as the co-crystals of some carboxylic acid with trimethoprim and 

pyrimethamine.29 A series of experimens have been carried on to prepare co-crystal of 

caffeine or theophylline with carboxylic acids,30,31 and demonstrated that solvent drop 

grinding has higher successful rate than that of solid state grinding under certain 

condition.27 By this method, a ternary co-crystal is prepared by introducing solids as 

guests in a host-guest design. In this ternary co-crystal, complex of caffeine and succinic 

acid is regard as the host component; C4H8O2, C4H8OS or CH3NO2 is introduced as the 

guest component. 
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2.4 Co-crystals of theophylline with carboxylic acids 

The imidazole NH and =CH group of theophylline can act as hydrogen-bond donors 

and the two coordinate imidazole N and the two carbonyl oxygen atoms can act as 

hydrogen-bond acceptors.32 Thus theophylline is a good candidate molecule for co-crystal 

formation and co-crystals have been successfully prepared with carboxylic acids through 

the intermolecular O – H···N and N – H···O hydrogen bond. The co-crystals of 

theophylline with oxalic acid, maleic acid, glutaric acid, malonic acid, gentisic acid and 

phthalic aicd have been reported. Hygroscopicity of some of these co-crystals has been 

studied.16,33 However, none of the other physical properties has been reported. 
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3. Experimental work 

3.1 Material and equipments 

Theophylline (purity>99%, CAS registry number 58-55-9), oxalic acid (>99%, CAS 

registry number 144-62-7), benzoic acid (CAS registry number 65-85-0), N,O-

Bis(trimethylsily)trifluoroacetamide (with 1% trimethylchlorosilane) and pyridine 

(>99.9%, CAS registry number 110-86-1) were purchased from Sigma-Aldrich, and were 

used as obtained.  Chloroform (for HPLC, ≥99.9%), methanol (>99%), ethyl acetate (for 

HPLC, >99.8%) and acetonitril (>99.8%) were purchased from VWR/Merck, and 

Toluene (Ph. Eur., >99.7%) from Riedel-de Haën. The solvents were maintained at all 

time in well sealed bottles, and solvent mixtures were prepared fresh for each experiment 

because of the instability of chloroform in the presence of oxygen. 

The co-crystallization experiments were carried in both 250 ml glass bottles, and in 1 L 

and 2 L agitated standard cooling crystallizers. The diameter of crystallizers is 10 cm and 

15 cm respectrively. Agitation was provided by a propeller having a diameter of 5 cm, and 

powered by RW 20 DZM, JANKE & KUNKEL IKA – WERK. Samples for solubility 

determinations were prepared in 10 ml glass vials. The experiment temperature was 

controlled by thermostat baths and checked by a calibration mercury thermometer 

(accuracy of 0.01 °C) from Thermo-Schneider, Wertheim, Germany. Differential scanning 

calorimetry (DSC) measurements were carried out by DSC 2920, TA Instruments. 

Thermal gravimeteric analysis (TGA) data were collected by a Perkin – Elmer 

Thermogrametric Analyzer, TGA 7. IR spectra were collected by FTIR-ATR, Perkin 

Elmer Instruments, Spectrum One. Crystal structures were determined by PANalytical 

XPert Pro powder diffractometer and Bruker-Nonius KappaCCD single-crystal X-ray 

diffractometer. Photos were taken by microscope Olympus SZX12 and scanning electron 

microscopy (SEM) by a Hitachi SU – 70. Gas chromatography analysis was carried on HP 

HEWLETT PACKARD 6890 Series GC System. 
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3.2 Formation of theophylline co-crystals 

Co-crystals of theophylline and oxalic acid having a molar ratio of 2:1 were prepared at 

first by cooling crystallization in a solvent mixture of chloroform and methanol3. A 

mixture of chloroform and methanol were prepared by mixing 40 ml chloroform and 10 

ml methanol. Addition of methanol is required as oxalic acid does not dissolve in 

chloroform. 2.047 g of theophylline (11.36 mol) and 512 mg of oxalic acid (0.5 eq) were 

added into the solvent mixture. All the solid phase was dissolved by keeping the solution 

under agitation over night in a water bath at 55 °C. Then the water bath temperature was 

brought down in 1 hour to 10 °C, after which the temperature was slowly raised and 

lowered (5°C – 15°C) for 2 days to generate large crystals. Larger amounts of co-crystal 

were prepared in the 2L crystallizer described above using basically the same procedure, 

except for the final temperature oscillations.  

Co-crystals of theophylline and glutaric acid having a molar ratio of 1:1 were prepared 

at first by grinding. Stoichiometric 1:1 theophylline and glutaric acid were added into a 

marble mortar and grinded by hand for 30 min. Equal mole of theophylline and glutaric 

acid was added into chloroform to form slurry at 50 °C. This slurry was seeded with the 

crystals from co-grinding of theophylline and glutaric acid (equal mole). Co-crystals 

theophylline and glutaric acid were produced by slow evaporation. 

Stoichiometric 1:1 theophylline and maleic acid were added into a marble mortar and 

grinded by hand for 30 min. This sample has been analysed by DSC. 

3.3 Determination of solubility of various solid phases 

Solid-liquid solubility has been determined by the gravimetric method. A surplus of 

solid phase is added to the desired solvent and is allowed to equilibrate under agitation at 

the desired temperature. After equilibrium has been assured the agitation is stopped for 5 

min to allow the remaining solid phase to settle down. From the upper clear liquid 

solution, two samples of about 10 ml each are taken by syringes from each bottle. The 

syringe is emptied through a filter into a pre-weighted vial. The weight of the vial with 

clear saturated solution is recorded right after filling with the solution. The vials are then 

placed in the fume hood un-capped and the solvent is allowed to evaporate. The weight 

of the vial is determined from time to time until there is no further weight change. After 
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sampling of the solution phase the temperature is raised by 5 C within 15 minutes where 

it is kept for at least 4 hours to allow for a new equilibration. At temperatures above 20 

°C, syringes, needles, and filters are pre-heated. 

In the determination of the solubility of theophylline, a phase change occurred recorded 

as a reduction of the solution concentration. At 20 °C the phase change was completed 

within 2 days. The solubility of stable theophylline was measured again after the phase 

change complete. Oxalic acid is not as stable as theophylline, which leads to problems in 

the experimental work. In case of determination of the oxalic acid solubility, the weight of 

the vial with the solid phase after evaporation never stabilized completely. The solubility 

of oxalic acid in several solvents as well as in the chloroform – methanol mixture cannot 

be measured by the gravimetric method, since the weights of the remaining solid do not 

stabilize even after a long time. In reference experiments, known amount of oxalic acid is 

dissolved in known volumes of acetonitril, ethyl acetate and methanol. After 24 hours of 

drying no remaining liquid can be observed, but the weight is still 20 – 40 % higher than 

the original weight of oxalic acid added. During continued drying for up to 192 h there is 

a slight decrease by less than 1 % of the weight recorded after 24 hours of the samples 

from ethyl acetate, and correspondingly perhaps 2-3 % for samples from acetonitrile and 

methanol.  The solid material remaining after 192 h drying at room temperature in the 

fume hood was examined by DSC and single crystal XRD. Then the solubility of oxalic 

acid in chloroform – methanol mixture at 20 °C was determined by gas chromatography 

(GC). Benzoic acid was used as an internal standard. Mixtures of oxalic acid and benzoic 

acid with different molar ratios were used for calibration. For sample analysis, after 

mixing in known amount of benzoic acid into the sample, the solution containing around 

2 – 5 mg oxalic acid was evaporated under a stream of nitrogen at room temperature. The 

residue was dissolved in 75 µL pyridine and then trimethylsilylated for 30 min at room 

temperature by 75 µL N, O-bis-(trimethylsiyl)-trifluoroacetamide (containing 1% 

trimethylchlorosilane) before analysis by GC. GC analysis was carried out using a DB-

5MS or an Rtx-5MS column with helium as carrier gas. The initial temperature was 150 

°C for 2 min, and then the temperature was increased at 5 °C/min to 170 °C. Injector and 

detector temperature was 230 °C and 250 °C respectively.  
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To further examine the phase diagram of the system, solid phase solubility was 

measured at 20 °C when the ratio of theophylline and oxalic acid in the solution were not 

of 2:1 stoichiometry. A surplus of theophylline as purchased (metastable form) was added 

into the chloroform – methanol mixture (4:1 in volume ratio) until solid phase did not 

dissolve anymore. The concentration of theophylline in the solution was determined. 

Then the slurry was filtered to obtain the saturated theophylline solution. This solution 

was divided into test tubes provided by magnetic spin bars rotated at 400 rpm. Different 

amounts of solid oxalic acid (from 0.1 equivalents to 2 equivalents) were added. The 

oxalic acid rapidly dissolved. When the amount of added oxalic acid reaches a certain 

point, co-crystals formed in the solution in 30 minutes. 2 hours later, clear solution was 

filtered out for determination of the amount dissolved theophylline and oxalic acid in 

total by the gravimetric method. Then the relative amount of theophylline, oxalic acid and 

co-crystal as the only existed solid phase in the system was calculated. The crystals in the 

remaining slurry were filtered out and dried in the open atmosphere and were investigated 

by XRD and DSC. 

In water surplus of theophylline anhydrate will turn to theophylline monohydrate in 1 

hour. The solubility of theophylline monohydrate has also been determined by the 

method described above. However, to make sure the solid phase in water have transferred 

from theophylline anhydrate to theophylline monohydrate completely, the measurement 

started at least 4 hours later than for other samples. 

3.4 Crystallization process of theophylline – oxalic acid co-crystal 

Two different methods for manufacturing of the co-crystal have been investigated – 

cooling crystallization and slurry conversion crystallization. In the cooling crystallization, 

co-crystals were prepared in the 250 ml bottle agitated by magnetic bar according to the 

same method as described under ―Formation of co-crystals‖, except for that different 

controlled cooling rates were applied and no temperature oscillation was used towards the 

end. The solution was cooled down from 55 °C to 5 °C at a constant cooling rate. Three 

different cooling rates were applied: 100 C/h, 25 C/h and 10 C/h. Product crystal size 

distributions were determined by microscopy, using image analysis software Image-Pro 

Plus Version 4.0. Samples were prepared from diluted slurry drops. In such samples, there 
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were mainly single crystals. However, agglomerates still existed, and they were manually 

excluded from the size determination. The longest dimension of the crystals is used as the 

characteristic size and is reported. In total, between 1100 and 1650 crystals are sized for 

each experiment. The weight of crystals is set to be proportional to the characteristic 

length raised to power to 3 assuming all the crystals having the identical shape.  

In slurry conversion crystallization, a co-crystal slurry is fed by stoichiometric amounts 

of solid oxalic acid and theophylline. Further co-crystal solid phase is formed while the 

pure compound material gradually dissolves. To evaluate this alternative, an experiment 

was carried out in a standard 1L crystallizer by 4 steps. The crystallizer was set with 4 

baffles and filled with 480 ml chloroform and 120 ml methanol. The stirring rate is 260 

rpm. To start with a solution is created at 55 °C by dissolving stoichiometric amount (2:1) 

of theophylline and oxalic acid corresponding to a co-crystal solution saturated at 45 °C. 

Then the temperature was decreased down to 5 °C by a fixed cooling rate of 0.83 

°C/min. Crystals emerged in the crystallizer. A small amount of crystals were taken out 

for DSC analysis. Then the same amount of solid theophylline and oxalic acid is added to 

the crystallizer after 16 hours of agitation at 5 °C. A small amount of crystals were taken 

out for DSC analysis. Then the same amount of solid theophylline and oxalic acid added 

once again to the crystallizer, and a sample is taken after 16 hours of agitation at 5 °C. 

Finally, the same amount of solid theophylline and oxalic acid is added once again to the 

crystallizer, and a sample is taken after every 2 hours period of agitation at 5 °C. 

From the process point of view, chloroform is not a desirable solvent. As a substitute, 

pure ethyl acetate and acetontril has been evaluated as well as a mixture of toluene – 

methanol (4:1 volume ratio, as oxalic acid does not dissolve in pure toluene). The 

experiments were performed in test tubes at room temperature. A surplus of theophylline 

– oxalic acid co-crystals was added into the solvent to create a saturated solution at 20 °C 

containing seed crystals of the co-crystal, and kept at 20 °C. stoichiometric 2:1 mounts of 

solid theophylline and oxalic acid were added into the test tube. Crystals were taken out 

for analysis after 12 hours, 24 hours and 48 hours.  
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3.5 Crystallization process of theophylline – glutaric acid co-crystal 

Two slurry conversion crystallization experiments were carried on in the 250 ml bottles 

agitated by magnetic bars. At 50 °C a surplus of theophylline – glutaric acid co-crystal was 

added into 70 ml pure chloroform and ethyl acetate respectively. Then stoichiometric 1:1 

theophylline and glutaric acid were added into the slurries. 1 hour later the bottles were 

taken out from the water bath and nature cooled to room temperature. The crystals were 

filtered out and sent for DSC analysis.  

3.6 Characterization of solid phase 

Theophylline was investigated by DSC using a heating rate of 5 °C/min from room 

temperature to 300 °C. In the DSC evaluation of the co-crystal, the sample was brought 

from room temperature to 300 °C by 5 °C/min to start with (first heating process), then 

followed a cooling procedure to room temperature during which the sample crystallizes, 

then the temperature was brought to 300 °C by 5 °C/min again (second heating process). 

The co-crystal was also investigated by TGA at the same heating rate. The chamber 

temperature was brought from 30 °C to 400 °C. The powder XRD determinations were 

carried out by PANalytical XPert Pro powder diffractometer with Cu Kα radiation 

(λ=1.54056 Å). 
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4. Result and discussion 

4.1 Theophylline – oxalic acid co-crystal 

Crystals from cooling crystallization of a stochiometric 2:1 theophylline oxalic acid 

solution are shown in Figure 4.1. Single crystal XRD identifies the crystals as 2:1 

theophylline : oxalic acid co-crystals, with the reference code XEJWF (Cambridge 

Structural Database), space group P21/c, cell lengths a = 5.8205 Å, b = 16.609 Å and c = 

9.806 Å, in accordance with the previously published structure.16 Figure 4.2 shows the 

packing diagram obtained by the software Mercury. Theophylline and oxalic acid are 

connected in sheets by N···H hydrogen bonds between the basic N atom of theophylline 

and the H atom of oxalic acid.  In addition, two theophylline molecules are connected by 

N – H···O hydrogen bonds forming a hydrogen-bonded dimer in a cyclic motif. 

Compared with theophylline anhydrate crystals, the theophylline molecule are bonded 

with the hydrogen bond between N–H ···N. Figure 4.3 shows the powder XRD pattern 

of theophylline – oxalic acid co-crystal. The diffraction pattern has good consistency with 

the calculated diffraction pattern of theophyline – oxalic acid co-crystal by the software 

Mercury. 

 

Figure 4.1 SEM image of theophylline – oxalic acid co-crystal 
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Figure 4.2 Crystal structure of the 2:1 theophylline oxalic acid co-crystal (view from different direction) 
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Figure 4.3 Calculated and experimental diffraction pattern of 2:1theophylline – oxalic acid co-crystal 

The IR spectra of metastable theophylline, oxalic acid and the co-crystal are compared 

in Figure 4.4. Particular differences between the spectra of the co-crystal and of pure 

theophylline are found around 3120 cm-1, 1500 – 1750 cm-1. According to previous 

report,34 the peak change at 3120 cm-1 is related to the hydrogen bond between N atom 

of theophylline and H atom of oxalic acid. The peak change between 1500 and 1750 cm-1 

reflects changes in the N – H···O=C bonds between two theophylline molecules. 

  

Figure 4.4 FTIR spectra of theophylline, oxalic acid and the 2:1 theophylline – oxalic acid co-crystal 
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4.2 Theophylline – glutaric acid co-crystal 

Powder XRD result of sample from slow evaporation of a stochiometric 1:1 

theophylline glutaric acid slurry showed consistency with the calculated diffraction pattern 

of theophylline – glutaric acid co-crystal by the software Mercury. (see figure 4.5)  

 

Figure 4.5 Calculated and experimental diffraction pattern of 1:1 theophylline – glutaric acid co-crystal 

Figure 4.6 shows the packing diagram obtained by the software Mercury. Similar as 

theophylline – oxalic acid co-crystal, in theophylline – glutaric acid co-crystal, two 

theophylline molecules are connected by N – H···O hydrogen bonds forming a 

hydrogen-bonded dimer in a cyclic motif. Theophylline and glutaric acid are connected in 

sheets by N···H hydrogen bonds between the basic N atom of theophylline and the H 

atom of glutaric acid. However, different from theophylline – oxalic acid co-crystal, only 

one of the two hydroxyl hydrogen atoms of glutaric acid sets hydrogen bond with the 

basic N of theophylline, the other one sets up hydrogen bond with another glutaric acid.  

Thus the molecule ratio of theophylline and glutaric acid is 1:1 in theophylline – glutaric 

acid co-crystal. 
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Figure 4.6 Crystal structure of 1:1 theophylline – glutaric acid co-crystal (view from different direction) 
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4.3 Theophylline – maleic acid co-crystal 

According the data from Cambridge Structural Database, the packing diagram of 

theophylline – maleic acid co-crystal is showed in figure 4.7. This figure was obtained by 

the software Mercury. 

 

Figure 4.7 Crystal structure of 1:1 theophylline – maleic acid co-crystal 

 Similar as the other two co-crystals, in theophylline – maleic acid co-crystal, two 

theophylline molecules are connected by N – H···O hydrogen bonds forming a 

hydrogen-bonded dimer in a cyclic motif. Theophylline and maleic acid are connected in 

sheets by N···H hydrogen bonds between the basic N atom of theophylline and the 

hydroxyl H atom of maleic acid. Though maleic acid has two hydroxyl H atoms, only one 

of them is able to form hydrogen bond with theophylline. Thus the molecule ratio of 

theophylline and maleic acid is 1:1 in theophylline – maleic acid co-crystal. 

4.4 Thermal analysis of solid phases 

The solid materials remaining of oxalic acid solutions after 192 h drying at room 

temperature in the fume hood was examined by DSC (Fig. 4.8). As shown in Figure 4.8 all 

these materials had a melting point around 101 °C – 102 °C, which is much lower than 

the melting point of the anhydrate at about 200 °C, corresponding to the melting point of 
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oxalic acid dihydrate. Single crystal XRD supports that the material actually is the 

dihydrate in all these cases.   

 

Figure 4.8 DSC graphs of oxalic acid and crystals from oxalic acid solution of acetonitril (Crystal 1), 
ethyl acetate (Crystal 2) and methanol (Crystal 3) 

Figure 4.9 shows the DSC curves of purchased theophylline (metastable phase form I) 

and the co-crystal. The melting point of metastable theophylline is 272.2 °C (on set 

temperature). In the first heating process of the co-crystal sample, the first endothermic 

peak appears around 231 °C, and the second one appears at 278.5 °C (on set 

temperature). However, in the second heating process of the same sample, only one 

endothermic peak appears at 271.2 °C (on set temperature). This suggests a 

decomposition of the co-crystal during the first heating sequence, and that the compound 

that melts in the second heating is theophylline. When the measurement is finished, solid 

material can be observed on the cover of the DSC chamber, indicating sublimation and 

accordingly a weight change of the sample during the procedure. Therefore the melting 

temperature or melting enthalpy of the co-crystal could not be determined. 
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Figure 4.9 DSC graphs of theophylline and the 2:1 theophylline – oxalic acid co-crystal 

Figure 4.10 is the TGA result of the theophylline - oxalic acid co-crystal. At 260 °C the 

weight has decreased to about 3 mg, i.e. the weight has decreased to about 80 % of the 

initial sample weight and there is a clear change in the slope of the curve. Considering the 

co-crystal composition of 2:1 of theophylline to oxalic acid, (the mole mass of 

theophylline 180.164 g/mol and the mole mass of oxalic acid 90.03 g/mol), 20 % of the 

co-crystal weight corresponds to the amount of oxalic acid. Accordingly, it appears as if 

the co-crystal disintegrates over the temperature range 200 to 260 °C. We may note that 

anhydrous oxalic acid starts sublimating at around 130 °C, and melts at 187 °C. The oxalic 

acid vapour will decompose to CO2 and formic acid or CO, CO2, and H2O under 

different conditions.35 We may note that the temperature range of the initial weight decay 

in the TGA measurement corresponds to the first endothermic peak in the DSC curve of 

the co-crystal. Hence, we may conclude that a decomposition of the co-crystal takes place 

at around 230 °C and oxalic acid leaves the co-crystal as a gas. The melting of the 

remaining solid phase generates the endothermic peak at 278.45 °C.  This value is higher 

than the known melting temperature of theophylline, suggesting a structural difference, 

i.e. a new not previously reported structure may have been formed. 
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Figure 4.10 TGA graph of the 2:1 theophylline – oxalic acid co-crystal 

   

Figure 4.11 DSC graphs of theophylline, glutaric acid and their co-crystal 

Figure 4.11 showed the DSC result of theophylline, glutaric acid and theophylline – 

glutaric acid co-crystal. For theophylline, there is a endothermic peak at around 273 °C, 

corresponding to its melting temperature. For glutaric acid, there are 2 endothermic 

peaks. One is at around 74 °C, the other at around 97.2 °C. The theophylline – glutaric 

acid co-crystal sample shows two endothermic peaks, one at 120.7 °C, the other at around 

180 °C. None of them overlaps with the known theophylline or glutaric acid peak.  
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Figure 4.12 DSC graphs of theophylline, maleic acid and their co-grinding sample 

Figure 4.12 shows the DSC results of theophylline, maleic acid and their co-grinding 

sample. The melting peak of theophylline is at around 273 °C. Maleic acid shows two 

endothermic peaks, the first one is at 193.1 °C, corresponding to its melting temperature. 

The second one is around 201 °C, which could relate to some endothermic process of 

maleic acid. In the DSC result of the co-grinding sample of equal mole theophylline and 

maleic acid, two endothermic peaks appears at 123.8 °C and 133.9 °C. No peak shows at 

the melting temperature of theophylline or maleic acid, indicating the co-grinding sample 

owning a different structure from theophylline or maleic acid, which could probably be a 

co-crystal. 

The DSC analysis of the theophylline monohydrate is shown in figure 4.13. The first 

peak at 77 °C is the dehydration peak. The second peak at 200.1 °C suggests a structure 

transformation from the dehydrated monohydrate to the Form I. The third peak at 

271.57 °C is then likely to be the melting of theophylline Form I. 
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Figure 4.13 DSC graph of theophylline monohydrate 

4.5 Solubility and the phase diagram 

4.5.1 Theophylline – oxalic acid co-crystal system 

Table 4.1 presents the solubility data with the results‘ standard deviation and the 

number of samples of the two forms of theophylline and of the co-crystal in the 4:1 

chloroform—methanol mixture.  

Table 4.1 Solubility of theophylline and co-crystal with associated standard deviations 

Temperature 

(°C) 

g theophylline / kg 

solvent 

Standard deviation / 

number of samples 

Theophylline 

concentration mol / L 

Theophylline I 

10.00 34.14 0.08 / 3 0.254 

15.00 35.97 0.23 / 4 0.268 

20.00 38.07 0.24 / 2 0.283 

25.00 40.29 0.13 / 4 0.300 

30.00 42.60 0.16 / 3 0.317 

35.00 44.97 0.14 / 3 0.335 

40.00 47.77 0.21 / 4 0.355 

45.00 50.59 0.13 / 4 0.376 

50.00 53.57 0.09 / 4 0.398 
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Table 4.1 Solubility of theophylline and co-crystal with associated standard deviations 
(continues) 

Temperature 

(°C) 

g theophylline / kg 

solvent 

Standard deviation / 

number of samples 

Theophylline 

concentration mol / L 

Theophylline II 

10.00 30.52 0.19 / 4 0.227 

15.00 32.39 0.12 / 4 0.241 

20.00 34.44 0.13 / 4 0.256 

25.00 36.67 0.17 / 4 0.272 

30.00 39.24 0.29 / 4 0.292 

35.00 41.66 0.20 / 4 0.310 

40.00 44.59 0.16 / 4 0.332 

45.00 47.66 0.12 / 4 0.355 

50.00 51.03 0.16 / 4 0.380 

Co-crystal 

10.00 23.68 0.34 / 2 0.141 

15.00 25.30 0.10 / 4 0.151 

20.00 27.34 0.06 / 4 0.163 

25.00 29.54 0.15 / 4 0.176 

30.00 31.80 0.20 / 4 0.189 

35.00 34.70 0.12 / 4 0.207 

40.00 37.55 0.12 / 4 0.224 

45.00 40.60 0.20 / 4 0.242 

50.00 44.49 0.38 / 4 0.265 

 

For theophylline I at 10 °C and 30 °C, one out of the four values is far away from the 

other three. These values are regarded as outliers and are not included in the averaging.  

The solubility data are shown in figure 4.14, as the concentration of theophylline in the 

solution versus temperature, for the three different solid forms. The concentration is 

given as moles of theophylline / L solvent. In the case of the co-crystal solubility the 

solution contains an equimolar concentration of oxalic acid. The solubility of the 
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metastable form theophylline (form I) exceeds the corresponding solubility of the stable 

form by approximately 14% and the theophylline concentration in equilibrium with the 

co-crystal is only approximately 60 % of that of pure theophylline (form II, stable). The 

temperature dependence of solubility is often described in a Van‘t Hoff plot and is given 

in Figure 4.15. The mol fraction xeq is given as number of moles of theophylline per total 

number of moles. Details about the regression curves shown in Figure 4.15 are given in 

table 4.2. The R value of the regression is in all cases 99.999 %. The curves for the two 

theophylline polymorphs intersect at about 72 °C. Accordingly the data suggest that the 

polymorphic system of theophylline is enantiotropic with a transition temperature of 

approximately 72 °C. 

 

Figure 4.14 Concentration of theophylline in solution in equilibrium with the two polymorphs of 
theophylline and the 2:1 theophylline – oxalic acid co-crystal (in mixture of chloroform and methanol in 

4:1 volume ratio) 
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Figure 4.15 Van’t Hoff plot of the solubility of theophylline over two polymorphs of theophylline and the 
2:1 theophylline – oxalic acid co-crystal 

Table 4.2 Regression curve of theophylline and co-crystal in chloroform – methanol 

 

Solid phase 

Regression curve ln(xeq)=A/T+B+C*T 

A B C 

Theophylline I 234.11091 -8.78993 0.01362 

Theophylline II 580.55658 -11.64191 0.01898 

Co-crystal 1063.84825 -16.8656 0.02731 

 

Figure 4.16 shows the equilibrium concentration of oxalic acid theophylline in the 

chloroform – methanol mixture for various ratios of oxalic acid added to the saturated 

solution at 20 °C. When the equivalent number of oxalic acid is zero, it means that there 

is no oxalic acid in the solution. When the equivalent number of oxalic acid is unity, the 

amount of oxalic acid is 2:1, i.e. the stoichiometric composition corresponding to the co-

crystal composition. When this value is 0.5, the amount of oxalic acid is one half of the 

adequate amount to form 2:1 theophylline – oxalic acid co-crystal, i.e. the ratio of 

theophylline and oxalic acid is 1:1. As showed in the figure, the concentration of 

theophylline decreases with increasing concentration of oxalic acid in equilibrium with 

theophylline – oxalic acid co-crystal. Tabulated values are given in Table 4.3. When ratio 

of oxalic acid added to the solution increases above unity, sufficient accuracy could not be 

reached because of oxalic acid dihydrate formation during the gravimetric analysis.  

0.0030 0.0032 0.0034 0.0036

-6.0

-5.5

-5.0

-4.5

-4.0

-3.5

 

 

 
ln

(x
e
q
) 

[m
o

l/m
o

l]

1/T [k
-1
]

 Theophylline I

 Theophylline II

 Co-crystal

 Regression curves



31 
 

 

Figure 4.16 Solubility of metastable theophylline over 4:1 mixture of chloroform and methanol with 
various concentration of oxalic acid at 20 °C 

 

Figure 4.17 Concentration of theophylline and oxalic acid in non-stoichiometric solution in equilibrium 
with the 2:1 theophylline – oxalic acid co-crystal at 20 °C (4:1 mixture of chloroform and methanol) 

In figure 4.17 the solubility data of figure 4.16 are redrawn to illustrate the theory of 

solubility product. The line corresponds to the relation  

[theophylline]2[oxalic acid]=constant.  
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and has the equation y = (1.6124E-6)/x2 (R2=0.98839), which means the solubility 

product is 1.61E-6. 

In mole fraction terms all solubility data are low and accordingly appear very close to 

the solvent corner in a ternary diagram. In Figure 4.18, ―solvent‖ indicates the solute free 

mixture of chloroform and methanol. At the y-axis to the left, there is no theophylline in 

the system. The value of solubility of oxalic acid was determined by GC. At the y-axis to 

the right, there is no oxalic acid in the system, indicating the solubility of theophylline in 

the solvent mixture. From this figure we can see from the theophylline region, small 

amount of oxalic acid will be enough to form co-crystal.  

 

Figure 4.18 Phase diagram of theophylline – oxalic acid – co-crystal – chloroform – methanol system 

4.5.2 Theophylline – glutaric aicd co-crystal system 

Table 4.3 and table 4.4 present the solubility data with the results‘ standard deviation 

and the number of samples of theophylline (as purchased, metastable), glutaric acid and 

theophylline – glutaric acid co-crystal in the chloroform. From 20 °C to 50 °C, the 

solubility of theophylline increases from 5.21 g/kg to 6.24 g/kg as temperature increases. 

The solubility of glutaric acid increases from 5.43 g/kg to 49.14 g/kg as temperature 

increases. The solubility of theophylline – glutaric acid increases from 10.38 g/kg to 26.79 

g/kg. When the solution is in equilibrium with theophylline – glutaric acid, the 

theophylline concentration and glutaric acid concentration are more than 10 times larger 

than that with equilibrium of mono solid phase respectively.  
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Table 4.3 Solubility data of theophylline and theophylline – glutaric acid co-crystal in 
chlorofrom 

Temperature 

(°C) 

Solid phase solubility 

 ( g solute / kg solvent)  [standard 

deviation / number of sample] 

Theophylline concentration (mol / L) 

Theophylline 
Theophylline – glutaric 

acid co-crystal 
Theophylline 

Theophylline – glutaric 

acid co-crystal 

20.00 5.21 [0.14/4] 10.38 [0.29/4] 0.043 0.49 

25.00 5.40 [0.16/4] 11.57 [0.27/4] 0.044 0.55 

30.00 5.47 [0.24/4] 14.44 [0.18/4] 0.045 0.68 

35.00 5.71 [0.08/4] 15.77 [0.27/4] 0.047 0.75 

40.00 5.88 [0.08/4] 17.85 [0.41/4] 0.048 0.85 

45.00 6.13 [0.16/4] 21.76 [0.39/4] 0.050 1.03 

50.00 6.24 [0.04/4] 26.79 [0.08/4] 0.051 1.27 

 

Table 4.4 Solubility data of glutaric acid and theophylline – glutaric acid co-crystal in 
chloroform 

Temperature 

(°C) 

Solubility of glutaric acid in chloroform 

 ( g solute / kg solvent) [standard 

deviation/number of sample] 

Concentration of glutaric acid 

in chloroform (mol / L) 

Glutaric acid 

Theophylline 

– glutaric acid 

co-crystal 

20.00 5.43 [0.19/4] 0.06 0.49 

25.00 8.32 [0.30/4] 0.09 0.55 

30.00 11.58 [0.80/4] 0.12 0.68 

35.00 19.07 [0.21/4] 0.21 0.75 

40.00 23.33 [0.03/3] 0.26 0.85 

45.00 36.26 [0.43/4] 0.40 1.03 

50.00 49.14 [0.42/2] 0.55 1.27 
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The solubility data are shown in figure 4.19 and figure 4.20, as the concentration of 

theophylline or glutaric acid in the solution versus temperature, for the three different 

solid forms. The concentration is given as moles of solute per litre solvent. 

 

Figure 4.19 Theophylline concentration of solution with equilibrium with theophylline – glutaric acid co-
crystal and theophylline 

 

Figure 4.20 Glutaric acid concentration of solution with equilibrium with theophylline – glutaric acid co-
crystal and glutaric acid 
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4.5.3 Solubility of theophylline monohydrate 

The solubility of theophylline monohydrate in water is shown in the figure 4.21. In this 

figure, the y-axis gives the mole concentration of theophylline in the solution. Table 4.5 

shows the detail of solubility data.  

 

Figure 4.21 Solubility of theophylline monohydrate in water 

Table 4.5 Solubility of theophylline monohydrate in water with associated standard 
deviations 

Temperature 
(°C) 

g theophylline / kg water  
[standard deviation / number of samples]  

mol theophylline 
/ L 

10.00 3.71     [0.28/4] 0.0206 

15.00 4.13     [0.16/3] 0.0229 

20.00 4.76     [0.14/4] 0.0264 

25.00 6.14     [0.25/4] 0.0341 

30.00 7.72     [0.26/4] 0.0423 

35.00 9.69     [0.21/4] 0.0538 

40.00 12.50   [0.28/4] 0.0694 

45.00 16.05   [0.20/2] 0.0891 

50.00 20.95   [0.38/4] 0.1163 
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4.6 Crystallization of theophylline – oxalic acid co-crystal 

During the 25 °C/h cooling crystallization, the co-crystal started to appear at around 23 

°C. In 10 °C/h process, they started to appear at 27 °C. Accordingly the metastable zone 

width is about 20 °C. According to figure 9, at 25 °C the concentration of theophylline in 

a solution saturated by co-crystal is 0.175 mol/L, corresponding to 31.5 g/L theophylline 

can be dissolved. Accordingly the metastable zone width is about 0.067 mol/L, equal to 

12.6 g/L of theophylline expressed as a mass concentration difference.  

Figure 4.22 shows microscope images of the co-crystals from the three cooling 

crystallizations of 100 °C/h (a), 25 °C/h (b), and 10 °C/h (c). They are all marked with 

100 µm label. These co-crystals are needle like, and generally the crystal size increases with 

decreased cooling rate. Several similar images from each sample were analyzed to 

determine the size distribution of the crystals shown in Figure 4.23. For the product of 

100 °C/h experiment, the maxium crystal length is around 140 µm, the number average 

crystal length is 48 µm, and the standard deviation is 30. The maximum crystal length 

from 25 °C/h experiment is around 250 µm, the average length is 50 µm, and standard 

deviation is 41. For the sample from 10 °C/h cooling experiment, the maximum crystal 

length is about 450 µm, the average crystal length is 73 µm and the standard deviation is 

72. The affection of large crystals to the total weight is much more than small crystals, 

thus the curve for 5 hours cooling sample changes abruptly in the right part. 
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(a)  100 °C/h 

 

(b) 25 °C/h 

 

(c) 10 °C/h 

Figure 4.22 Microscope image of co-crystal obtained by controlled cooling (a) 100 °C/h; (b) 25 °C/h; 
(c) 10 °C/h. 
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Figure 4.23 Cumulative weight distributions of co-crystals prepared by different cooling rate 

In 2 L cooling crystallizations, about 41 g/L theophylline and 10 g/L oxalic acid was 

originally dissolved and approximately 17.5 g/L of co-crystal was produced. Hence, the 

yield is about 29% and the production is about 18 g/L, which is obviously unsatisfactory 

for a process for industrial production of the co-crystal. Of course, these values can be 

improved by using a starting solution having a higher concentration. However, the slurry 

conversion crystallization turns out to be much more favourable. In the slurry conversion 

experiment, the final weight of product is approximately 103 g, corresponding to 170 g/L 

solvent which obviously id much more productive then the cooling process. The DSC 

analysis of the samples from the different steps show that in all cases the product has 

transformed into the theophylline – oxalic acid co-crystal. Even in the final step operated 

for 2 hours at 5 °C, the conversion appears to be completed.  

In the slurry conversion experiments in pure ethyl acetate, acetontril and in the toluene 

– methanol mixture, conversion is completed within 24 hours in all 6 test tubes (2 for 

each solvent). Thus the theophylline – oxalic acid co-crystal can be easily produced by the 

slurry conversion crystallization in an industrially feasible solvent.  
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4.7 Crystallization of theophylline – glutaric acid co-crystal 

The DSC result of the product of the slurry experiment in chloroform showed 

consistence with the DSC result of theophylline – glutaric acid co-crystal, indicating the 

formation of theophylline – glutaric acid co-crystal. However, the DSC result of the 

product of the slurry experiment in ethyl acetate showed two peaks, one at the melting 

temperature of glutaric acid, and the other at the melting temperature of theophylline. 

Thus no evidence of formation of theophylline – glutaric acid co-crystal in the ethyl 

acetate slurry exists.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



40 
 

 



41 
 

5. Conclusion 

The present work explored the physical properties of theophylline co-crystals, mainly 

about the thermal physical properties of the solid phase and their thermodynamics in 

solvents, which could benefit the rational design of co-crystallization process in the 

future. The crystallization process of theophylline co-crystals is also investigated. For the 

first time, we demonstrate that the 2:1 theophylline – oxalic acid co-crystal can be 

produced in large scale in an industrial feasible solvent.  

The most important conclusions of the present work can be summarized as: 

 The 2:1 theophylline-oxalic acid co-crystal begins to decompose by liberation of 

oxalic acid when the temperature reaches 200 °C.  

 The concentration of theophylline in a stoichiometric (2:1 theophylline – oxalic 

acid) solution in equilibrium with the co-crystal is about 40% lower than in a 

solution in equilibrium with pure theophylline solid phase. In non-stoichiometric 

solutions, the solubility of the co-crystal complies with the solubility product 

rule.  

 The concentration of theophylline and glutaric acid in chloroform is much 

higher when in equilibrium with the theophylline – glutaric acid co-crystal than 

in equilibrium with the pure solid phases respectively.  

 During the solubility determination, the stable form of theophylline appeared 

and was found to have a solubility about 14% lower than the purchased 

metastable form.  

 The theophylline – oxalic acid co-crystal can be successfully produced via 

primary nucleation from a stoichiometric solution mixture of the two 

components in a standard, agitated tank cooling crystallization, however, only in 

chloroform mixed with methanol, and with a fairly low yield and productivity.  
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 By slurry conversion crystallization more industrially feasible solvents can be 

used and yield and productivity of the 2:1 theophylline-oxalic acid co-crystal can 

be significantly increased.  

 The 1:1 theophylline – glutaric acid co-crystal can be prepared by co-grinding of 

the two compounds, slow evaporation of chloroform solution with seeding or in 

chloroform by seeded slurry crystallization in the presence of equimolar 

amounts of theophylline and glutaric acid. 
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