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Abstract

The contribution summarizes the results of a systematic study of the transformations of the poly-

morphs of glycine into each another, including the effects of temperature, of the mechanical treat-

ment and of various gases on the transformations.
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Introduction

In [1] the order of relative stability of the three forms of glycine at ambient tempera-
tures (β<α<γ) was found from the variable temperature heat capacity measurements.
The next step was to study the possible polymorphic transitions under different ex-
perimental conditions: to find if the polymorphs are enantiotropically or mono-
tropically related [2, 3], to find conditions, under which a particular polymorph trans-
forms into another one, to determine the thermodynamic parameters characterizing
these phase transformations.

Experimental

Details of the preparation of the samples and of the thermoanalytical, calorimetric
and diffraction experiments were described in [1]. For the mechanical treatment, var-
ious devices, ranging from a small hand-mortar to a powerful planetary AGO-2 mill
and a Fritsch-5 activator were used. For the studies of the effect of gases on the
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polymorph transitions, gaseous NH3 was obtained by heating its concentrated (25%)
water solution, purified by KMnO4, activated carbon, and then dried by KOH and
CaCl2 [4]. A LOMO microscope with a video-adaptor was used for optical micros-
copy observations.

Results and discussion

Phase transitions at variable temperature

For the α-polymorph, no phase transitions were observed in the whole temperature

range from 5 to 500 K. This agrees with the results of recent variable-temperature

structural studies [5, 6] and does not confirm the hypothesis of a phase transition at

about 304 K, which was proposed as an explanation of the anomalous electrical be-

haviour at this temperature [7]. Although the α-form is thermodynamically slightly

less stable than the γ-form at low temperatures, its transformation into the γ-form

seems to be kinetically hindered.

For the γ-polymorph, an irreversible endothermic phase transition was observed

on heating up to 440 K and a reversible endothermic phase transition – on cooling

down to 5 K [1]. The high-temperature phase transition gave the α-polymorph, what

was proved by X-ray diffraction analysis of the sample after the transition. Earlier

Iitaka [8] has observed the γ→α transition at 438±5 K and has estimated the heat of

this transformation as less than 2.5 kJ mol–1. Kozhin has also observed the γ→α tran-

sition at 438 K [9]. Perlovich et al. have observed the γ→α transition in a wide tem-

perature range from 438 to 474 K [10]. The polymorph transition temperatures were

shown to be different for various single crystals, and to depend strongly on the size

and shape of crystals, on the thermal pre-treatment, on grinding and other mechanical

treatment of the crystals. The heat effects of the γ→α transition were also reported to

differ from sample to sample (1200±80 J mol–1 for Ttr=438 K and 1800±80 J mol–1 for

Ttr=453 K) [10].

In our experiments the γ→α transition temperature was also different for differ-

ent samples. We have carried out a more detailed study of the γ→α transition in

glycine, using both powder and single crystal samples, including the samples pro-

vided to us by Perlovich. The heat effect of the γ→α transformation studied using a

powder sample was found to be described by a curve similar to Gaussian, i.e., to the

normal distribution function (Fig. 1). If the measurements were carried out with a

small single crystal, the heat effect could be described by a narrow peak (Fig. 1). If

large single crystals were studied, the γ→α transformation proceeded in clear

‘jumps’, giving several sharp peaks in the temperature range about 10–15 K (Fig. 1).

If the heating of such a large single crystal was stopped at some intermediate time

moment, the sample turned out to be partly converted into the α-polymorph. It looked

like an opaque pseudomorph preserving the shape of the initial crystal but consisting

of disordered blocks of the parent γ- and the product α-forms. Based on our experi-

ments, we can suggest the following possible explanation of the fact, that a long iso-

thermal treatment of the γ-glycine at 432 K has increased the γ→α transition temper-

J. Therm. Anal. Cal., 73, 2003

420 BOLDYREVA et al.: POLYMORPHIC TRANSITIONS



ature from 441 to 455 K [10]: the single crystal of the γ-glycine used in the experi-

ment reported in [10] also transformed heterogeneously, a block after block, and the

more reactive blocks have transformed into the α-form earlier, during the pre-treat-

ment. It could be possible to test this explanation, if the heat of the γ→α transforma-

tion for this very experiment was reported in [10], but unfortunately it was not. The

polymorphic transformations proceeding in a ‘jump-wise manner’, when different

blocks of the same crystal transformed at different temperatures, were previously de-

scribed for molecular solids by Mnyuch [11, 12].

It is also necessary to keep in mind, that because of the sublimation [1], it is dif-

ficult to carry out accurate calorimetric measurements for glycine at the temperature

range close to the temperature, at which the γ→α transformation is observed. Any

preliminary thermal treatment of the samples will increase the possible error. For ex-

ample, in [10] it was found, that a long (5 h) preliminary treatment of the γ-glycine at

432 K results in an increase of the γ→α transition temperature from 441 to 455 K.

The heat of transition was also reported to change with the transition temperature

[10]. Our experiments have shown, that at 432 K the rate of the sublimation of

α-glycine is equal to 4⋅10–4 % min–1. This means that the mass loss of glycine result-

ing from an isothermal treatment of glycine at this temperature during 5 h must be

about 0.12%. This noticeable surface etching is able to affect the nucleation of the

α-glycine during the subsequent γ→α transformation. This can be also a possible rea-

son of the effect of this pre-treatment on the transition temperature, in addition to a

partial transformation in the single crystal, that was discussed above.

The low-temperature phase transition in the γ-glycine was never reported previ-

ously, and its nature remains unclear (probably related to the piezoelectricity of the

γ-form). In relation to a possible phase transition in the γ-glycine at low temperature,

it is interesting to note, that a pressure-induced polymorph transition of unknown na-

ture was mentioned in [13, 14], and some reversible spontaneous changes in the pow-

der diffraction patterns of the γ-glycine that might be an indication of a phase transi-

tion above 4 GPa were described also in [15].
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Fig. 1 The heat effect of the γ→α transformation in glycine for different samples:
1 – powder, 2 – an individual small crystal, 3 – a large single crystal



For the β-polymorph, a reversible endothermic phase transition was observed at

about 252 K [1], and an irreversible exothermic transition at about 340 K (Fig. 2) [16].

The latter transition gave the α-polymorph of glycine, as was confirmed by X-ray dif-

fraction of the sample after the transformation. The transition was observed in a wide

temperature range, 310–415 K, the total heat release during the transformation being

about 200 J mol–1. This value is extremely small and explains why the unstable β-poly-

morph of glycine can exist at normal conditions for a long time. Comparing our data on

heat capacity in the course of the β→α transformation with the data on the enthalpy of

solution for the α- and the β-forms, we found that they agree very well with another. Op-

tical microscopy observations have shown the high-temperature phase transition to be

heterogeneous; after an induction period an interface propagated rapidly from one face of

the crystal to the opposite one; the interface stopped in front of the macroscopic crystal

defects and then rounded them. Thus, our study obviously did not confirm the statement

published in [10], that ‘all the efforts in order to observe a phase transition of the

β-glycine in a temperature interval of 25 up to 220°C (for different heating rate and iso-

thermal treatments for about 30 min) were not successful’. We have not only measured

the heat of the phase transition at about 340 K, but have also proved that it was a β→α
transformation by X-ray diffraction, and have observed this phase transition by optical

microscopy. The conclusion that ‘the β-form of glycine is monotropically related to other

forms’ [10] has proved to be erroneous. It is worthy noting that Iitaka also mentioned ‘a

β→α transformation on heating not higher than 373 K’ [8].

The nature of the low-temperature phase transition in the β-form remains un-

clear. No indications at a phase transition could be found in an X-ray diffraction study

of β-glycine on cooling from ambient temperature down to 105 K [5]. One can sup-

pose the transformation to be a second-order transition involving reorganization of

the hydrogen bonds formed by the protons of glycine zwitter-ions, possibly related to

the piezoelectric properties of the β-polymorph. Repeated cooling-heating cycles
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Fig. 2 Difference in the heat capacity between the α-polymorph of glycine (averaged after
7 runs) and the β-polymorph of glycine during its transformation into the α-form.
Dashed lines indicate the standard deviations of the Cp(α) measurements [16]



around the phase transition point seem to increase the instability of the β-polymorph

and to favour its transformation into the α-form [17].

Phase transitions on storage

Once obtained, neither α-, nor the γ-form were observed to transform into another

form on storage at ambient temperature in most publications [9, 18–26]. Iitaka men-

tioned a spontaneous α→γ transformation at ambient conditions for the deuterated

glycine [8]. Only Sakai et al. [27] have reported spontaneous transformation of the

non-deuterated α-form into the γ-form on storage, and have claimed this process to

account for the caking of glycine tablets during storage. At the same time, according

to Sakai, the α→γ transformation could be observed only in humid atmosphere (70%

relative humidity) and proceeded due to the solubility difference between α- and

γ-crystals in the small amount of water at the surface of the α-crystals. The β-poly-

morph of glycine was reported in several publications to be unstable on storage

[8, 9, 28]. According to Iitaka, this form ‘has a great tendency to transform into either

the α-, or the γ-polymorphs at room temperature, and the transformation is very much

accelerated by the presence of water vapor, although the formation of the γ-form was

never observed in such a rapid change’ [8]. In [10], on the contrary, no transforma-

tions of the β-polymorph were observed on storage.

In our experiments both the α- and the γ-forms were preserved at ambient condi-

tions for an indefinitely long time [5, 29, 30]. The crystals of the β-polymorph could be

preserved in dry air for several months. This was confirmed not only by optical micros-

copy observations, but also by several X-ray diffraction data collections during this time

period. As the humidity of the air increased, a polymorphic transformation into the

α-form was observed. The crystals lost transparency but have preserved their original

shape. X-ray diffraction data could be collected from the crystal after the transformation.

Reflections became broader after the transformation, than they were in the diffraction

pattern from the original crystal, but the structure could be still refined. Orientation ma-

trix after the transformation was determined and the angles between the crystallographic

axes of the product α-polymorph with respect to crystallographic axes of the parent

β-polymorph were calculated. Molecular layers (normal to b-direction) rotated at the an-

gle of about 27° in the course of β→α transformation [29, 30].

Effect of gases on the phase transitions

Gases are known to be able to affect phase transitions, as well as re-crystallization pro-

cesses in the solids [31–34]. The effect of humidity on the transformations and chemical

reactions of glycine was noticed long before the existence of the glycine polymorphs was

known and their crystal structures solved [35]. Later on, the effect of humidity on the sta-

bility of the glycine polymorphs was repeatedly reported [8, 9, 27, 28]. One could sup-

pose that interactions between vapor molecules and the zwitter-ions at the surface of

glycine polymorphs could be strong enough, to influence upon phase transitions between

the polymorphs and/or to induce their recrystallization. The enthalpies of transitions are
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rather small (–200 J mol–1 for the β→α transition, +1500 J mol–1 for the γ→α transition

at high temperature, –325 J mol–1 as estimated for a hypothetical α→γ transition at ambi-

ent temperature). Since a phase transition in the crystalline glycine must be related to a

reconstruction of the hydrogen bond network, one could expect, that the ability of a mol-

ecule in the gas to form hydrogen bonds with glycine zwitter-ions at the surface of the

crystal should be important for the gas to influence upon a reorganization of the crystal

structure.

Table 1 Transformations of the α-, β-, and γ-polymorphs of glycine at ambient temperature in
the presence of various gases

EtOH CH3COOH NH3 H2O NH3+H2O NH4Cl HCl

α-gly α-gly α-gly α-gly α-gly
γ-gly

(+α-gly)
α-gly gly⋅HCl

β-gly β-gly β-gly β-gly α-gly
γ-gly

(+α-gly)
(γ+α+β)-gl

y
gly⋅HCl

γ-gly γ-gly γ-gly γ-gly γ−gly γ-gly γ-gly gly⋅HCl

(α+γ)
-gly

(α+γ)
-gly

(α+γ)-gly
(α+γ)
-gly

α-gly γ-gly
(α+γ)
-gly

gly⋅HCl
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Fig. 3 Powder diffraction patterns measured for the glycine polymorphs before (1) and
after (2) the exposure to various gases: a – the β-glycine exposed to H2O vapor;
b – the β-glycine exposed to NH3, c – the α-glycine with a small admixture of
the γ-form exposed to NH3, d – the β-glycine exposed to NH4Cl vapor, e – the
α-glycine exposed to HCl vapor



Following this criterion, we have tested the effect not only of H2O, but also of

NH3 (dry and wet), CH3COOH, NH4Cl, HCl, EtOH on the three polymorphs of

glycine [36, 37]. A selected compound was able to contact solid glycine via gaseous

phase only. The powder diffraction patterns of glycine were monitored after the con-

tact with a gas was established. The results of the experiments are summarized in Ta-

ble 1. EtOH, CH3COOH and dry NH3 had no effect on all the three forms. Water va-

por induced transformation of the β- into the α-form, and did not affect the γ-form

(Fig. 3a). In the presence of wet NH3 the β- and the α-glycine transformed into the

γ-polymorph (Figs 3b, c). For the latter transition, the presence of even very small

(trace) amounts of the γ-form in the starting α-sample accelerated noticeably the tran-

sition. The γ-polymorph (sometimes with the traces of the α-form) was formed as a

result of storage of the β-polymorph in the presence of wet gaseous NH3. The same

was true for the storage of the β-polymorph in the presence of NH4Cl: a mixture of

the α- and γ-forms, as well as of the remaining β-form, was observed (Fig. 3d). In the

presence of HCl vapor all the three polymorphs of glycine formed crystalline glycine

hydrochloride (Fig. 3e). The changes in the two-dimensional powder diffraction pat-

terns allow us to suppose, that the transformations induced in the polymorphs of

glycine in the presence of gases are related to the recrystallization of the samples,

since the powder patterns become more “spotty” after a sample is kept in the contact

with a particular gas (Fig. 4). It is interesting, that dry NH3 had no effect on the poly-

morphs of glycine, whereas in the presence of the wet NH3 polymorphic transforma-

tions of the alfa and of the beta-forms into the gamma-form were observed, what is
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Fig. 4 The two-dimensional (above) and the integrated (below) diffraction patterns of a
powder sample of the α-glycine with a small admixture of the γ-form (shown by
the arrows). 1 – the initial sample, 2 – the same sample after storage in the pres-
ence of water vapor



different from the transitions induced in these polymorphs by pure water vapour (the

alfa-polymorph not transforms into any other form, the beta-form transforms into the

alfa-form) [37]. In the presence of H2O and NH3 gases simultaneously, the samples of

glycine became so hydroscopic, that a full dissolution could be observed after a long

enough storage. Neither pure water vapour, nor dry NH3 had such an effect on glycine

[37].

Effect of grinding on the phase transitions

Grinding is a stage in preparing the samples for many types of the instrumental stud-

ies, and also for processing glycine as a drug. Therefore, it is important to have reli-

able data on the effect of grinding on the polymorphs of glycine. Contradictory data

on the transformations of the glycine polymorphs induced by grinding could be found

in the literature. Iitaka has observed that grinding results in the β→α transformation

[8]. Perlovich et al. have reported the γ→α transformation to be induced by grinding,

but they could not observe any β→α transformation [10]. In our experiments we have

observed, that grinding of wet (for example, freshly precipitated) β-polymorph re-

sulted in a β→α transformation. At the same time, dry samples of the β-polymorph

were stable not only with respect to grinding, but also with respect to a prolonged me-

chanical treatment in much more powerful mechanical activators, than a mortar

(Fritsch-5, AGO-2). The samples of γ-glycine were stable with respect to simple

grinding in a mortar, but converted into a mixture of α- and γ-polymorphs after

30 min treatment in the Fritsch-5 activator. Humidity facilitated the γ→α transforma-

tion on grinding. The α-polymorph was absolutely stable with respect to grinding

[36]. It is remarkable, that both the α- and the γ-polymorphs were shown to be stable

with respect to hydrostatic pressure at least up to 4 GPa [15].

Conclusions

The differences in the free energies between the polymorphs of glycine and the heats

of transitions between the polymorphs are related to the differences in the weak

intermolecular interactions and are therefore rather small. At the same time, the ki-

netic barriers for the transformations seem to be rather large. This is why, once ob-

tained, the metastable polymorphs can be preserved for indefinitely long time, also at

the conditions at which they are not thermodynamically stable. Even the least stable

β-polymorph can live long enough in dry atmosphere. Gas molecules (water, NH3)

catalyze the phase transitions between the polymorphs, (β→α, β→γ, α→γ). Initiation

of a phase transition plays a very important role. Therefore the transitions are so sen-

sitive to the presence of even traces of another polymorph, as well as to the impurities

or structural defects in the glycine crystal. The mechanisms of the transitions, which

must involve some cooperative reorganization of the whole hydrogen bonded net-

work in the crystal, require further detailed studies, and so do the mechanisms of the

effect of gases and of the mechanical treatment on the polymorphs. Model computer

simulations [38, 39] can be helpful for this purpose. In turn, the experimental thermo-
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dynamic and structural variable-temperature and variable-pressure data can be used

to work out better potentials describing the interatomic interactions in the glycine

polymorphs and to test the predictive power of the simulations [5, 15].
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