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The structure and properties of gelatin in the solid state are discussed with respect to the structural, 
chemical and polymeric characterization of gelatin. Also the influence of casting conditions on the 
structural characteristics of gelatin, the relationship between the physico-mechanical properties of 
gelatin and the conformational state of the gelatin macromolecules and the effect of water on the 
structural and mechanical properties of gelatin are discussed. The effect of heat on the structural 
transformations and properties of gelatin are considered with reference to structural transformations, 
physico-mechanical properties, physico-chemical properties, internal stress and relaxation properties. 
The principles of modification of the physico-mechanical properties of gelatin are discussed, in 
particular the physical modification, physico-chemical modification and finally chemical modification. 
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I N T R O D U C T I O N  

It is well known that gelatin is a product of the structural 
and chemical degradation of collagen. Because of this, 
reviews and monographs dealing with the structure and 
properties of collagen t - 6 also present data on gelatin thus 
providing additional information on collagen. Moreover, 
the few available reviews and monographs devoted 
specifically to gelatin 7- 9 deal, to a large extent, with the 
structure and properties of collagen. This naturally stems 
from the similarities in amino acid composition and, to 
some extent, in structure between collagen and gelatin 
and hence the similarity in properties between the two 
proteins. At the same time, gelatin exhibits its own 
properties which are either absent in collagen or are 
developed only to a slight extent. Gelatin has some 
individual importance as a polymeric product widely 
utilized in the manufacture of various articles and 
materials 1°-~8. In most cases, except for the food 
industry, gelatin is used in the solid state. However, 
whereas the properties of gelatin gels and solutions have 
been thoroughly surveyed tg- 26, only a few reviews have 
dealt with the solid state of gelatin 9'2~-29, and they 
provided only a brief outline, ignoring many aspects of the 
behaviour and properties of gelatin. 

Alongside a large number of quite useful features 
inherent in gelatin, it also exhibits some significant 
shortcomings which are aggravated under unfavourable 
temperature and humidity conditions. Among these 
shortcomings there is, first of all, a high brittleness 
exhibited by solid gelatin at reduced humidity and 
elevated temperatures, the brittleness resulting in 
premature failure of gelatin articles. Because of this, the 
problem of modification of the properties of solid gelatin 
and, first of all, the problem of its plasticization has been 

the subject of much investigation for over a century and 
cannot yet be considered as completely resolved. This 
impelled us to discuss the methods for modifying the 
properties of solid gelatin and to compare these methods 
and outline their capabilities in reducing brittleness of 
gelatin materials under severe environmental conditions. 

THE STRUCTURE AND PROPERTIES OF 
GELATIN IN THE SOLID STATE 

Structural, chemical and polymeric characterizations ~[" 
gelatin 

The characterization of gelatin as a product of the 
denaturation and structural degradation of collagen has 
been discussed not only in numerous experimental works 
but also in some review papers and 
monographs 4"7'27"3°-32. The physico-chemical and 
structural characterizations of gelatin have been given in 
refs. 7, 26 and 27, and the polymeric characterization in 
the fundamental review by Yannas 9 and the paper by 
Kargin et al. 3° 

The properties of gelatin, as a typical rigid-chain high 
molecular weight compound, are in many respects similar 
to those of rigid-chain synthetic polymers. Gelatin 
exhibits essentially the same common properties typical of 
polymeric substances, which is not the case with native 
collagen. Thus, in a similar way to linear-chain synthetic 
polymers, in aqueous solutions gelatin macromolecules 
assume, at elevated temperatures, the conformation of a 
statistical coil v. Under specific conditions (temperature, 
solvent, pH) gelatin macromotecules can display a 
flexibility sufficient to realize a wide variety of 
conformations. This makes it possible to vary all the 
gelatin characteristics dependent on its molecular 
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structure. Besides, gelatin, similar to synthetic high 
polymers, shows a rather wide molecular weight 
distribution v'33. Quite as interesting is the capacity of 
gelatin to form a large variety of supermolecular 
structures, from the simplest globular structure 34, typical 
of amorphous polymers 35, to a well developed fibrillar 
structure with various intermediate states 36-43. Clearly 
the differences in supermolecular structures should be 
reflected in the physico-mechanical properties of the 
gelatin materials. 

Structural diversity of gelatin chain units determines 
the specific features of gelatin properties. Most synthetic 
polymers show no such features that are typical of most 
biopolymers. 

The first peculiarity Of gelatin common to all 
biopolymers arises from the presence of both acidic and 
basic functional groups in the gelatin macromolecules. 

The second peculiarity of gelatin is its capacity to form 
a specific triple-stranded helical structure not observed in 
synthetic polymers (this structure is formed in solutions at 
low temperatures). The rate of the formation of a helical 
structure depends on many factors such as the presence of 
covalent cross-bonds TM, gelatin molecular weight 44, the 
presence of iminoacids 4s and the gelatin concentration in 
the solution 46'47. 

The third peculiarity of gelatin as a biopolymer is its 
specific interaction with water which is different to that 
observed with synthetic hydrophilic polymers. This 
peculiarity governs the structural and physico- 
mechanical properties of gelatin in the solid state and will 
be discussed in a separate section of this paper. 

The influence of castin9 conditions on the structural 
characteristics of gelatin 

The details of the casting process are known to have a 
pronounced influence on the polymer structure in the 
finished products. This is especially true of the 
manufacture of gelatin films or layers. Thus the 
conformational state assumed by gelatin macromolecules 
is completely determined by the temperature of casting, 
the rate of drying, the concentration of gelatin in the initial 
solution, as well as by the nature of the solvent and the 
content of various denaturating or structuralizing 
substances. X-ray diffraction 48-s2, i.r. spectroscopic s3 
and optical rotation 5°'53 -53 studies of gelatin films have 
revealed that in films cast at room temperatures and 
lower, the gelatin macromolecules have mainly a 
collagen-like helical structure (hereafter such films will 
conventionally be referred to as 'cold' films and such 
gelatin as 'helical' gelatin). At the same time, in films 
prepared from aqueous solutions by evaporating the 
solvent off at temperatures above 35°C, gelatin 
macromolecules assume the conformation of a statistical 
coil with no indications of ordering (hereafter such films 
will conventionally be called 'hot' films and such gelatin 

Burdygina 

'coiled' gelatin) 27's~'~5'56. 
The kinetic nature of the helix formation process z5'46 

necessitates storage of gelatin gels for a certain period of 
time prior to drying. During this period, the maximum 
degree of helicity is attained. The degree of renaturation of 
the collagen-like helical structure may vary substantially 
during the casting of the gelatin films and may attain high 
values in films cast from well aged gels. The degree of 
helicity of gelatin macromolecules in films is also affected 
by air humidity 52'54'57. 

The effect of gelatin concentration in the starting 
solution on the structure of films is closely related to the 
temperature conditions of the film formation. Thus, the 
closer the temperature of drying to the gel melting 
temperature the higher the gelatin concentration needed 
to obtain as large a degree of renaturation of the collagen- 
like helical structure as possible 55. 

The conformational state of the macromolecules in the 
solid gelatin (for instance, in films) depends on the 
presence of some substances in the initial gelatin solution. 
Thus, the replacement of water by such gelatin solvents as 
formamide, dimethylsulphoxide (DMSO), ethylene- 
chlorohydrine (ECH) prevents helix formation 5a'59. The 
addition of urea or thiocyanates to aqueous gelatin 
solutions also hinders renaturation of the gelatin. 
Moreover, treatment of films of helical gelatin with 
solutions of urea or thiocyanates results in a transition to 
the coil structure 5~. At the same time, crosslinking agents 
may both promote and hinder renaturation of gelatin 
depending on the relative rates of the helix formation and 
crosslinking processes 6°'61. 

It thus appears that the structural characteristics of 
gelatin in the solid state can be controlled at the stage of 
the gelatin structure formation in solution. This makes it 
possible to produce gelatin materials with markedly 
differing structures, i.e. in the conformational states of the 
constituent macromolecules and hence, as will be shown 
in the following section, in their physico-chemical and 
mechanical properties. 

The relationship between the physico-mechanical 
properties of gelatin and the conformational states of yelatin 
macromolecules 

The physico-mechanical properties of rigid-chain 
polymers are known to depend appreciably on their 
molecular and supermolecular structures. Thus polymers 
having fibrillar structures display typical polymeric 
properties, while polymers having globular structures lose 
these properties partially or completely. This is well 
exemplified by amorphous polyarylates with globular and 
fibrillar structures which differ from one another in their 
physico-mechanical properties drastically 6z. Naturally, 
the differences at the molecular (helix-oil) and 
supramolecular levels should affect the physico- 
mechanical properties of gelatin materials (Table 1). 

Table 1 Effect of gelatin structure on the mechanical properties of gelatin films (at 65% r.h.) 

Resistance to  
Casting The state Macro- Ultimate Elasticity impact 
temperature, of the layer molecular strength Elongation at modulus, (kg • cm/cm 3) 
degrees during drying con format ion  (kg cm--2) 51 fracture 51 (kg mm--2) 63 (65% r.h.) 

20 gel helix 646 3.7 370"  140 
5 0 - 6 0  solut ion coil 350 1.7 600 20 

* Casting temperature 5°C 
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Table 2 Mechanical properties of gelatin films obtained from 
gels formed in water-formamide mixtures 

The presence Resistance to impact 
Formamide of the 2.86 ~ (kg • cm/cm 3) 
content, meridional 
volume % reflection 65% r,h. 0% r.h. 

0 present 70--100 30--40 
10 very weak 30 20 
20 absent 0* O* 

* The films underwent brittle fracture 
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Figure 1 Dependence of the limiting shear stress of gelatin gels 
on ECH content for various gelation durations: (1) 1 hr; (2) 2 h; 
(3) 1 day; (4) 4 days 

in film resistance to impact at ordinary and reduced 
moisture contents (Figure 2, curves l-3). The films 
prepared from solutions containing more than 10vol'),,, 
ECH show an improved resistance to impact only at 
elevated air humidity (Figure 2, curves 4 and 5). The 
introduction of DMSO into aqueous gelatin solutions (up 
to 300,~,; by volume) also results in a dramatic decrease in 
resistance to impact of films prepared from these 
solutions6% This was observed with films having an 
equilibrium water content at < 65'~0 r.h. At the same time, 
strength of gelatin gels, containing DMSO in the 
percentages indicated above, increases (unlike those with 
ECH). A decrease in film resistance to impact (at DMSO 
concentrations below 301~'o) can be attributed to a decrease 
of gelatin macromolecules' helicity rather than to 
destructuralization of the system. Indeed, at the DMSO 
concentrations indicated, the duration of the induction 
period of the structure formation process remains 
constant while the gelatin gel strength increases ~6. The 
conformational state of the gelatin macromolecules also 
influences its physico-chemical properties such as 
solubility, swelling and sorption capacities 67"68. 

To sum up, the data on the effect of the conformational 
state of gelatin macromolecules on the mechanical 
properties of gelatin products available at present, suggest 
that a decrease in the degree of helicity of gelatin 
macromolecules always results in deterioration of the 
solid gelatin mechanical properties provided gelatin is in 
the glassy state, i.e. at normal (65'7,; r.h.) and reduced 
moisture contents. 

The efjbct of water on the structural and mechanical 
properties of gelatin 

In the past twenty years the state of water in 

The mechanical properties of films containing 
macromolecules of different conformations respond in 
different ways to changes in relative air humidity. It has 
been shown 5~ that coiled gelatin is less strong and less 
elastic than helical gelatin at 45 to 65~'o air humidity, 
though the difference in elasticity decreases as the 
humidity falls. As air humidity rises (above 65~ r.h.) the 
elasticity of coiled gelatin increases more rapidly than 
does the elasticity of helical gelatin. The strength of coiled 
gelatin, however, decreases simultaneously to the extent 
that the increased elasticity of the films can hardly be 
utilized. At the same time, films of coiled gelatin cast at 
65~'C from glycerol solutions exhibit (at 25~C) rubber-like 
properties: the films may undergo as much as 700!~,~ 
reversible deformations 64. 

Coiled gelatin films are also formed from aqueous- 
organic solutions. The mechanical properties of gelatin 
films obtained from water-formamide mixtures at 20°C 
are given in Table 265 . As can be seen from Table 2, 
brittleness of gelatin films (their exceedingly low 
resistance to impact) increases drastically as the degree of 
helicity decreases. Films prepared from water DMSO 
and water--ECH mixtures 66 show a similar behaviour. A 
decrease in the ECH concentration in the starting 
solution, i.e. a decrease of helicity of gelatin 
macromolecules 58, results in a sharp decrease in gelatin 
gel strength (Figure 1) and in the corresponding decrease 

c~ 150 
i 

I00: ;  

C I 
20 40  60  

C ( vol O/o) 

Figure 2 Dependence of resistance to impact (P) of gelatin 
films on the ECH content in the starting gelatin solutions. 
P/Po 0 (1); 0.3 (2); 0.65 (3); 0.8 (4) and 0.9 (5) 
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biopolymers has been discussed extensively in the 
literature 69. As an inherent component of living cells, 
water plays an important role in all biological 
processes v°'7l. Because collagen and gelatin are 
important commercial products, the elucidation of the 
effect of water on their structural and mechanical 
properties is of great practical significance. It is well 
known that the isotherms of water sorption by gelatin are 
S-shaped which is typical of most natural and synthetic 
hydrophilic polymers 72- vs and is evidence for the varied 
degrees of interaction of the polymers with sorbed 
water 76. This S shape has allowed many authors vz'Ts to 
apply the Brunauer, Emmett and Teller (BET) 
polymolecular adsorbtion theory 7v to the gelatin-water 
system. For this system the sorption isotherm plotted on 
the BET coordinates exhibits linearity up to a relative 
vapour pressure of ca. 0.4. A thorough study of the 
sorption parameters of hydrophilic polymers toward 
water has shown the linear region to correspond to the 
strongest interaction between the components of the 
system 76. The amount of water bound directly to gelatin 
(with the greatest energy effect) is 12-14~ and 
corresponds to the so-called 'monomolecular layer'. 
Further water sorption ('polymolecular layers') is 
accompanied by a far lower thermal effect though this 
water is also bound as will be shown later. 

Water sorption by gelatin depends on a number of 
factors, both common to all substances and specific for 
gelatin and related polymers. Thus the sorption capacity 
of gelatin depends substantially on pH and increases with 
ionization of dissociating groups 73'78. At the same time, 
the sorption capacity of gelatin is independent of its 
molecular weight v3 except probably in the case of a highly 
hydrolysed product where the number of carboxyl and 
amino terminal groups is greatly increased, and also the 
sorption capacity of gelatin decreases with increasing 
temperature 72'v9, which is of some practical 
importance s°. The specific behaviour of the gelatin 
sorption capacity toward water vapours, considered as a 
function of the conformational state of gelatin 
macromolecules, is also of interest. Comparison of the 

sorption capacities of films made of collagen with those of 
helical and coiled gelatin has shown that the higher the 
degree of molecular ordering in the protein the higher its 
sorption capacity toward water vapour at almost all air 
humidities ~5. Only at P/Po>>.O.9 will coiled gelatin 
become a somewhat stronger water absorbent than its 
analogues characterized by the higher degrees of 
molecular ordering. A similar sorption behaviour has 
been reported in refs. 81 and 82. The analysis of the 
sorption isotherms in terms of the BET theory and 
calculation of the amount of water contained in a 
monolayer, A,,, show that biopolymers with the helical 
structure (both synthetic polypeptides 83 and collagen and 
gelatin 75 feature higher A,,'s than the same substances in a 
disordered state. The analysis of the literature data on 
hydration of gelatin and collagen makes it possible to 
subdivide protein-bound water according to its state, 
function and influence on the properties of these 
materials. Hence the critical amount of water 
corresponding to the optimum physico-mechanical 
properties of gelatin materials may be determined. Table 3 
contains the data reported by various authors on the 
amount of water bound in helical gelatin and in collagen. 
As can be seen from Table 3, the amounts of bound water 
in gelatin and collagen are 0.37 and 0.47 g per g of dry 
protein, respectively. It is precisely at those water contents 
that the heat of wetting gelatin with water approaches 
zero 1°3. Protein bound water does not freeze at 
temperatures down to -60 ° to -70°C 92'97-99 and this 
water differs from free water in all respects 8v. Water 
sorbed by gelatin in quantities above ca.0.37 g/g and by 
collagen above ca.0.47 g/g is considered free water 
possessing properties of bulk water. However, the free 
water present in collagen is in three states99: the first 
portion of water, although it freezes, differs from bulk 
water in its temperature and heat of melting; the next 
portion differs from bulk water in the melting point only; 
finally there are portions identical to bulk water in both 
temperature and heat of melting. This suggests that 
portions of free water are strongly influenced by protein 
macromolecules. It is not unlikely that this influence 

Table 3 Amount of bound water in helical gelatin and collagen 

Gelatin Collagen 

The amount The amount 
of bound of bound 
water, g/g Method Refs. water, g/g Method Refs. 

0,30 compressibility 84 0.52 calorimetry 87 
0.30 vapour pressure 85 0.465 calorimetry 95 
0.40 calorimetry 86, 102 0.35 sorption isotherms, 96 
0.42 calorimetry 87 0.54 X-ray diffraction 
0.50 calculated 88 calorimetry 97 

0.50 n.m.r. 98 
0,45 n.m.r. 89 0,30 calorimetry 99 
0.35 n.m.r. 90 0.70 calorimetry 4 
0.28 d,t.a. 91 0.54 electric 
0.38 freezing 92 0.61 properties 100 

0.30 ultrasound 78 
0.50 freezing 93, 94 0,45 dynamic mechanical 

properties, 
X-ray diffraction 101 

Average Average 
0.37 0.47 
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Table 4 Types of bound water in collagen and gelatin and the corresponding relative pressures of water vapour (P/Po) 

Collagen Gelatin 

Type of moisture moisture 
bound content content 
water (g/g) P/P0 (g/g) P/Po 

Monomolecular layer Inside helix 0--0.12 0--0.25 0--0.055 C--0.10 
(structural water) Outside helix 0 .12-0.23 0.25--0.60 0.055-0.14 0.10-0.40 

Polymolecular layers 0.23--0.4"7 0.60--0.90 0.14-0.37 0.40-0.90 

results from intense proton exchange between bound and 
free water molecules ~°2. 

As for water bound by protein it may be subdivided into 
three types according to its state: 

(1) Water bound by high-energy sorption centres. This 
water occurs inside the collagen triple helix and plays a 
major role in its stabilization by intramolecular hydrogen 
bonds. The amount of this water depends on the degree of 
helicity of the macromolecules and ranges from 0.04 to 
0.055g/g for gelatin 99J°4 and from 0.10 to 0.12g/g for 
collagen ~ 05,106 

(2) Water sorbed by polar groups of gelatin and collagen 
macromolecu/es. This water is also strongly bound with 
the proteins by H-bonds and is located outside the helical 
fragments but it also contributes substantially to the 
stabilization of the collagen helical structure. The amount 
of this water in gelatin and collagen probably corresponds 
with the so-called monomolecular layer. The average 
amount of water necessary to constitute the monolayer 
calculated from the data of various authors using the BET 
equation is 0.086g/g for gelatin and 0.105g/g for 
collagen 72'73'75'79'83. Water directly bound with 
macromolecules of the proteins through H-bonds (both 
inside and outside helical fragments) should be considered 
as structural water, which ranges from 0.12 to 0.14 for 
gelatin and from 0.21 to 0.23 g/g for collagen. The latter 
value, though obtained by approximate calculations from 
data of different authors, compares well with the results of 
calorimetric and X-ray diffraction experiments '°7J°8. 
This moisture content corresponds to the maximum so- 
called crystallinity of collagen 109,~ 10. 

(3) Water sorbed by proteins to give polymolecular 
layers. Proceeding from the total amount of water bound 
with gelatin and collagen (Table 3) and from the amount of 
structural water in them, polymolecular layers should 
account for 0.23-0.25 and 0.244).26g/g of water for 
gelatin and collagen, respectively. 

Table 4 presents the ranges of variation of the water 
content in gelatin and collagen related to the types of 
bound water discussed above. It also contains the 
corresponding relative pressures of water vapour found 
from the sorption isotherms obtained by various authors. 
As can be seen from Table 4, the range of structural water 
extends to P/Po=0.6. According to the i.r. data ~ that 
range corresponds to the maximum ordering of 
crystalline domains in collagen. Four regions of moisture 
content (the fourth one corresponding to free water) with 
the markedly different behaviour of collagen were also 
found ~°a . These regions are fairly close to those presented 
in Table 4. A similar subdivision of bound water in gelatin 
was inferred from the step-wise behaviour of the 

dependence of the long transversal relaxation time (T2.) 
on the moisture content of gelatin 9°. 

A number of authors have thus considered water a 
necessary element for the formation of the collagen and 
gelatin helical structures. A definite amount of water is 
believed to be necessary to maintain the native 
conformation of collagen molecu le s  4'6'96~99 - 106.11 1. T h e  

specific role of water in the formation of the helical 
structure has also been demonstrated for synthetic 
polypeptides isomorphous to collagen 1~2. The effect of 
water on the mechanical properties of collagen and 
gelatin also provides some information, though indirectly, 
on the role of water in the formation of the collagen and 
gelatin helical structures. Gelatin dehydrated below a 20,/, 
moisture level becomes insoluble in water because of 
crosslinking between the gelatin macromolecules ~3 
Dehydrated gelatin is thus a crosslinked polymer which 
makes it extremely brittle and hence unusable in the solid 
state. At 2 5 + 3 ~  moisture content, gelatin undergoes 
transformation from the glassy to the rubbery state at 
room temperature ~ 4. The behaviour of gelatin in the two 
states above and below T~ manifests itself most clearly 
when gelatin is subjected to impact 74. Figure 3 shows the 
dependence of resistance to impact of cold gelatin films on 
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Dependence of resistance to impact (P, kg cm cm -3 )  

of cold gelatin films on the pressure of water vapour (1) and 
the isotherm of water sorption by helical gelatin (2) 
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Figure 4 Dependence of the resistance to impact (P) of hot 
gelatin films on the pressure of water vapour (1} and the isotherm 
of water sorption by coiled gelatin (2) 

the relative pressure of water vapour (curve 1). The 
isotherm of sorption of water vapour by helical gelatin is 
also shown (curve 2). As can be seen from Figure 3, both 
curves can be subdivided into three regions. In the first 
region extending up to 0.124).13g/g moisture content 
(region 'a') the resistance to impact of gelatin increases 
gradually (up to P/Po~0.4) with moisture content. A 
comparison of this finding with the data in Table 4 shows 
that the increase results from the uptake of structural 
water. 

In the second region ('b', Figure 3) extending from 0.13 
to 0.25 g/g moisture content, resistance to impact of 
helical gelatin remains practically unchanged (P/Po ~ 0.4- 
0.8). It follows from the analysis of the sorption isotherms 
in terms of the BET theory and from the data given in 
Table 4 that when P/Po >0.4 polymolecular layers begin 
to form. The latter process has no actual effect on 
intermolecular interactions in gelatin and hence on the 
mobility of its macromolecules. 

The third region ('c', moisture content above 0.25 g/g, 
P/Po >.0.8) shows wide variations in resistance to impact 
of gelatin films. These variations, however, result from the 
transitions of the polymer from the glassy state to the 
rubbery state (an approximate twofold increase of 
resistance to impact) and then to viscous-flow states (a 
dramatic decrease of resistance to impact by a factor of 
10). The transition of gelatin to the rubbery state at 
P/Po>0.8 is conformed by variations of resistance to 
impact of hot gelatin films. As can be seen from Figure 4 
(curve 1), resistance to impact of hot films also increases 
(by a factor of about 5) in this moisture content region. It is 
of interest that over the whole region of the glassy state, 
the resistance to impact of coiled gelatin films is 
practically unaffected by variations of the moisture 
content, and the resistance to impact is well below that for 
helical gelatin by its absolute value. The above findings 
show unambiguously that water is not a mere plasticizer 
for gelatin. Rather, its influence on the gelatin properties 
in the glassy state has a strong bearing on the gelatin 
structure, viz. the presence of collagen-like helical 
formations. Indeed, there is a good correlation between 
the moisture-content dependences for (i) the resistance to 

impact of helical gelatin (Figure 3), (ii) the second moment 
of the n.m.r, absorption line and (iii) the long transversal 
relaxation time (Figure 5) 9°. 

THE EFFECT OF HEAT ON THE STRUCTURAL 
TRANSFORMATIONS AND PROPERTIES OF 
GELATIN 

Structural transformations 
Investigations into the stability of the solid gelatin 

structure and of the structural transformations occurring 
in gelatin during heating or cooling have grown of 
importance because of the use of gelatin over a wide 
temperature range. 

Linear dilatometric strudies of cold gelatin films at 
-100  ° to 230°C have revealed the existence of three 
temperature regions differentiated by the type of solid 
gelatin behaviour displayed (Figure 6) 29"115. 
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Figure 5 Dependence of the second moment (1) and long 
transversal relaxation time (2) on the pressure of water vapour 
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Figure 6 Dilatometric curve for  a cold  gelatin film 
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Figure 7 Dilatometric curves for cold (a) and hot (b) gelatin 
films kept for 2 weeks at the air humidities of 0 (1); 10 (2); 
20 (3); 40 (4); 65 (5); and 80% (6) 

In the first region ( - 1 0 0  ° to 20°C) gelatin exhibits 
reversible expansion and shows a number of temperature 
transitions on the dilatometric curves, because the 
gelatin-water system is in a non-equilibrium state 116. The 
behaviour of gelatin in this temperature region is 
essentially the same as that of hydrophilic polymers with 
positive linear expansion coefficients typical of them. 

In the second region (20 ° to 120°C) the behaviour of 
gelatin is mainly determined by its moisture content. The 
thermal contraction of cold and hot gelatin films observed 
in this temperature region (Figure 7) is not associated with 
relaxation processes since it is independent of the 
conformational state of gelatin macromolecules. Rather, 
it is in essence a purely physical contraction of samples 
caused by water desorption. This contraction is 
completely reversible on repeated moisturing of the 
gelatin 116 - 120 and correlates well with the contraction 
caused by decreasing air humidity at room 
temperature 121. 

Thermal treatment of oriented cold gelatin films results 
in a contraction which shows anisotropy along and across 
the direction of stretching. Increase in the degree of 
ordering in gelatin leads to decrease in the longitudinal 
and an increase in the transversal contractions 122. 

The third region (12ff to 225'~C) comprises two sub- 
regions, the pre-transitional one (12if' to 200°C) and the 
temperature region (200 ° to 225'~'C) of the helix~zoil 
conformational transformation of solid gelatin 
macromolecules. The transformation is followed by the 
appearance of rubbery properties in the gelatin 116,12 3 , 1 2  4- 

In the pretransitional subregion (120 ° to 200~C) gelatin 
also exhibits contraction caused by both the removal of 
the remaining water and by a thermal relaxation process 
induced by the increase in mobility of the individual 
structure elements of gelatin. Macroscopically, the helix 
to coil conformational transition occurring in solid 
gelatin shows itself as an irreversible spontaneous sample 
supercontraction (of up to 30~o of the initial sample 
length) at approximately 21ff>C. Supercontraction of 
gelatin is similar to that observed in collagen. Its 
magnitude depends directly on the initial conformational 
state of the gelatin macromolecules (Figure 8). The film 
thickness increases by a factor of 2 to 3 upon super- 
contraction. The X-ray diffraction patterns of the films 
taken after the supercontraction show the disappearance 

of the 2.8, 7.5 and 11.4 A spacings indicative of the loss 
of helicity of gelatin macromolecules 123. Figure 8b shows 
the dependence of supercontraction of gelatin films on 
the casting temperature. The linearity observed suggests 
that the degree of uncoiling (anisotropy) of gelatin 
macromolecules can be inferred from the magnitude of the 
thermal supercontraction. The conformational transition 
of gelatin occurs with heat consumption (17cal/g 27. 
6.4cal/g 125) and hence exhibits an endothermic peak on 
d.t.a, curves llg. Besides, supercontraction is independent 
of the initial moisture content of gelatin' 16, of planar 
orientation of the structural elements 12°. but decreases 
with increasing external load124. A critical load 
( ~ 5 0 0 g mm -2) has been found at which gelatin 
undergoes elongation with heating and shows no super- 
contraction effect 124. A suggestion has been made that 
gelatin macromolecules tend to coil after thermal break of 
bonds, stabilizing the helical conformation with the force 
equal to that of the critical load. 

The supercontraction temperature of gelatin, T, is 
independent of the conformational state of its 
macromolecules 116,123 and of the load applied 124 but is 
dependent on the rate of heating. 

The temperature of the transition appearing on the 
thermomechanical curves of cold films (Fi,qure 9, curves 2 
and 3) coincides with T (curve 1). Gelatin also shows a 
sharp drop in relative rigidity at 200 2 lOC which 
coincides with the maximum of the mechanical damping 
index' 26. 

When ~ (210 C) is attained, gelatin turns rubbery and 
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curves for cold gelatin films. Load: 380 g mm - 2  (2) and 
285 g mm - 2  (3). (1,2) not annealed f i lms; (3) fi lms annealed 
at 190 °C 

heating gelatin above 140°C. Above 170°C, gelatin is 
insoluble in hot water 116'127. Thermally treated gelatin 
occurs in water as an elastic gel-like film. The formation of 
chemical bonds between gelatin macromolecules in 
heating above 140°C is confirmed by its insolubility in hot 
saturated urea solutions 116. As soon as gelatin undergoes 
transformation to the rubbery state (at ,,~210°C) and its 
viscosity decreases, its liability to thermal destruction 
and, in the presence of air, thermo-oxidative destruction 
increases. 

It therefore follows that the thermal stability of gelatin, 
determined by the temperature at which it begins to 
decompose, is close to its heat resistance determined by 
the supercontraction temperature. 

Physico-mechanical properties 
Throughout the temperature range of the glassy state 

(20 ° to 220°C) gelatin behaves as a brittle solid with a very 
low deformability (3-7~o). Stretching diagrams of gelatin 
films at various temperatures shown in Figure 11 provide 
a good illustration of this 129. 

The brittle fracture is also typical of air-dry gelatin films 
(at 20°C, curve 1). The film strength, however, decreases 
sharply (nearly twofold) if gelatin macromolecules change 
their conformational state (curve 5). The most sensitive 
characteristic is the resistance of films to impact. This 
decreases from 70 kg cm cm- 3 at 20°C to 25 kg cm cm- 3 
at 70°C (i.e. about threefold). Heating of gelatin 

is characterized by large reversible deformations (up to 
100~ and more) at comparatively low loads. It can be seen 
from Figure 10 that on cooling and removal of load, 
gelatin samples contract sharply to regain their initial 
length within a narrow temperature range (2°-3°C). 
Thermomechanical studies of gelatin, subjected to 
thermal supercontraction, have shown that the only sharp 
temperature transition (204°-209°C) in this coiled gelatin 
occurs at the temperature coincident with T, for helical 
gelatin (205°-210°C). After coiling and removal of load, 
stretched coiled gelatin films exhibit reversible 
contraction which is essentially completed at 213°C 124 
Consequently, T, of helical gelatin coincides with T o of 
coiled gelatin. 

Proceeding from experimental evidence available at 
present, the gelatin supercontraction process may be 
thought to comprise of at least two steps. The first step is 
(at ~200°C) degradation of the gelatin helical structure 
which occurs with the breaking of three-stranded 
segments into separate chains (X-ray diffraction patterns 
only show a diffuse halo 116,124). Gelatin macromolecules 
acquire high mobility causing subsequent transition of 
macromolecules to a statistical coil state (at ~ 210°C) and 
supercontraction of the sample. 

Physico-chemical properties 
When heated, gelatin undergoes not only structural 

and mechanical but also physico-chemical 
transformations116.119 such as partial or complete loss of 
solubility in water caused by crosslinking and lowering of 
molecular weight caused by thermal and thermo- 
oxidative destruction. These changes are observed in 
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Figure 10 Dilatometric curves for a cold gelatin f i lm on heat- 
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ing after the removal of load (1', 2') 
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Figure 11 Stretching diagrams fo r  cold gelatin f i lms (a) at 20 
(1), 70 (2), 100 (3), 150 (4), and 220°C (5) and the temperature 
dependences of ultimate stress (1 b) and deformation (2b) 

affecting internal stress over a wide temperature range 
(20 ~ to 240'~C) has shown that there are three temperature 
ranges (A, B and C) differing by the gelatin behaviour 13o. 
These ranges correlate well with those observed for 
gelatin dilatometric curves (ranges II, III and IIl', Figure 
6). 

In temperature range A, (20 to 120C) gelatin films 
show large internal stresses resulting from gelatin 
contraction caused by water desorption (Figure 12, curve 
1). In dry gelatin, these stresses are absent (Figure 12, 
curve 2). The upper temperature limit of this range is 
determined mainly by the conformational state of the 
gelatin macromolecules and consequently by the 
cohesion strength of the gelatin. For helical gelatin this 
upper limit is 12OC while for coiled gelatin it is shifted to 
about 5OC (Figures 13 and 14) because of the earlier 
appearance and development of cracks 130. To large part 
stress increases during the first 10-15 rain of heating after 
the loss of 0.5 to 1.2% water (to more than 200 kg 
cm-2) 130 

In temperature range B (120" to 220:C) additional 
stress associated with relaxation processes and resulting 
from film shrinkage develops in gelatin 116 (Figure 12, 
curve 2). This magnitude and the temperature at which 
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Figure 12 Temperature dependence of  internal stress in air- 
dry (1) and dry (2) cold gelatin f i lms 

containing a large number of functional groups increases 
intermolecular interactions and hence material rigidity. 
This effect outweighs the increase in thermal mobility of 
structural fragments. Moreover, even the transition of 
gelatin to the rubbery state does not increase its elasticity 
because it coincides with the helix to statistical coil 
conformationai transformation resulting in the loss of all 
useful mechanical properties of polymers. 

Internal stress 
The internal stress in gelatin materials heated under 

isometric conditions has been studied in some 
detail 13o,131. Figure 12 shows the temperature 
dependence of internal stress in air-dry (65 r.h., curve 1) 
and dry (0~o r.h., curve 2) cold gelatin films. As can be seen 
from Figure 12, air-dry gelatin features a significantly 
different temperature dependence from dry gelatin which 
suggests different stress origins. A study of various factors 
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this stress appears depends on the conformational state of 
the gelatin macromolecules (Figure 14, curves 1'-7'). 

In temperature range C, above 220°C (Figure 12), a 
sharp acceleration of the processes associated with stress 
relaxation is observed regardless of the conformational 
state of the gelatin macromolecules and the initial 
moisture content (Figures 13 and 14). This acceleration 
results from the transition of gelatin to the viscous-flow 
state~ 19. 

The experimental data described above suggest that 
isometric heating of gelatin, which is a constituent of 
many materials used in the production of various articles, 
results in extremely high internal stress which can be on a 
par with gelatin strength. This is, e.g. the case with 
photographic materials where gelatin layers are tightly 
bound to backings. If gelatin materials are kept under 
isometric conditions for a sufficiently long period of time 
this cannot but lead to prematory breakdown of articles 
made of these materials. 

Burdygina 

and therefore compensate each other. Stress relaxation in 
dry gelatin also shows some specific features (Figure 15b). 
At 20 ° and 30°C the stress gradually decreases to zero for 
about 50 min (curves 1, 2). At higher temperatures the 
stress does not disappear completely but the relaxation 
rate rises appreciably (Figure 15c). Under heating, two 
processes occur in dry gelatin: water sorption from the 
surrounding medium and water desorption caused by 
gelatin heating. At 20 ° and 30°C, water sorption only 
takes place, and the mobility of all structural elements 
increases appreciably to provide complete relaxation of 
stress. In this case the stress relaxation rate only depends 
on the relative pressure of water vapour. The relaxation 
rate increases substantially with air humidity to the extent 
that relaxation occurs almost instantaneously 133,134. At 
higher temperatures, above 30°C, the rate of desorption 
exceeds the rate of water sorption and the amount of 
water sorbed is insufficient to provide mobility of gelatin 
structural elements needed to achieve complete 
relaxation. 

The studies of mechanical relaxation processes thus 
reveal the rigid-chain nature of this polymer and the role 
played by water in its stress relaxation. The data discussed 
above suggest that the relaxation processes observed in 
heated gelatin involve only the elastic component of 
deformation. 

THE PRINCIPLES OF MODIFICATION OF THE 
PHYSICO-MECHANICAL PROPERTIES OF 
GELATIN 

Physical modification 
Physical modification of the properties of polymeric 

materials implies an alteration of the molecular and 
supramolecular structure of a polymer during its 
processing. Structural modification may involve changes 
of conformations of polymer macromolecules, 
orientational changes at the molecular and supra- 
molecular levels and changes of the phase state. 

Physical modification of gelatin includes two groups of 
methods: renaturation of the collagen-like helical 
structure and orientation of gelatin macromolecules. 

Relaxation properties 
The stress relaxation curves for air-dry (65~o r.h.) and 

dry (c.a. O~ r.h.) cold gelatin films over a wide temperature 
range taken under isometric and isothermal conditions 
are shown in Figure 15 ~ 32. As can be seen from Figure 15, 
the shape of the relaxation curves and the relaxation rate 
strongly depend on the moisture content. With air-dry 
gelatin, relaxation processes of two types are distinctly 
observed: fast and slow relaxation processes (Figure 15a). 
The fast relaxation features an anomaly at temperatures 
above 100°C which is not observed with synthetic 
polymers, viz. the fast relaxation (taking about 5 seconds, 
Figure 15a') is replaced by the slow relaxation after a 
spontaneous increase of stress. At the same time, no 
increase in stress is observed with dry gelatin films (Figure 
15b). This suggests that the origin of the anomaly is the 
presence of water in the air-dry gelatin. Consideration of 
the relaxation curves in Figure 15a shows that after the 
load is removed, two relaxation processes occur in gelatin: 
almost instantaneous elastic stress relaxation and 
increase of stress caused by unrealized gelatin 
contraction. The two processes have opposite effects 
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Figure 15 Stress relaxation in air-dry (a) and dry (b) cold gela- 
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temperature dependence of the stress relaxation rate 
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Figure 16 Dependence of T s of cold gelatin films on the num- 
ber of moles of low-molecular weight compounds introduced into 
the films: (a) 1, tr iethanolamine; 2, glycerin; 3, resorcin; 4, thio- 
diglycol; 5, sodium salt of toluenesulphoacid; 6, 1,4-butylene 
glycol; 7, ethylene glycol; 8, ethylenechlorohydrin. (b) 9, urea 
nitrate; 10, thiourea; 11, urea; 12, dimethyl sulphoxide; 13, ace- 
tamide; 14, formamide. (c) 15, glutamic acid; 16, aspargic acid; 
17, val ine;18, glycine. (d) 19, KSCN;20, KI ;21 ,  LiBr 

Conjbrmational methods of modification. Controlling 
the processes of conformational transformations is 
known to be a very convenient means for manufacture of 
polymeric materials ~35. Gelatin processing may serve as a 
good example of the production of polymer materials 
with specifically intended conformations of 
macromolecules. At elevated temperatures gelatin 
molecules are known to form coils in water which 
undergo transformation to give collagen-like helical 
formations during casting at reduced temperatures. Thus 
the modification technique only involves cooling of the 
solution and storage of the resulting gel for some time in 
order that the molecules attain the highest degree of 
helicity. This technique, however, falls behind the 
demands of large-scale production of gelatin materials. 
Up-to-date polymer industry requires intended 
renaturation of gelatin involving no cooling (gel 
formation) stage. This problem, though of great practical 
and theoretical interest, is still far from being resolved. 

Orientational methods of modification. The second 
group of physical methods used for modification of 
gelatin involves orientational stretching to obtain gelatin 
fibres or other materials possessing high strength along 
the stretch direction 136J37. Bergmann and Jacobi ~3s 
were probably the first to investigate the strength of 
stretched gelatin and to show that this material had a 
tensile strength of 9.3 kg mm-2 along the stretching axis 
and 4 kg mm-  2 in the direction normal to that axis. Even 
stronger gelatin fibres were obtained by Anokhin 136, by 
casting fibres from 60~o gelatin solutions and applying 
fourfold stretching. His fibres showed high strengths, for 
such materials, ranging from 10 to 20 kg ram- 2. These few 
investigations were made to develop the technique for 
manufacturing fibres for specific, e.g. medical, purposes. 
Such fibres, however, have found no practical application 
unlike other protein fibres (casein, vegetable proteins, 
collagen fibres) which are produced commercially, but 
only on a limited scale. 

and properties of gelatin: P V Kozlov and G I Burdygina 

Physico-chemical modification 
Physico-chemical modification of polymeric 

substances implies the preparation of two- or multi- 
component systems modifying the chemical composition 
and structure of the material, but involving no chemical 
reaction between the components. Physico-chemical 
modification includes the use of various methods for 
plastization of polymers and for construction of 
heterogeneous systems. 

We will consider these two groups of methods in more 
detail. 

Plasticizing of gelatin. Like other polymers gelatin is 
plasticized to increase its elasticity, decrease transition 
temperatures and modify its other physico-chemical 
characteristics. However, in some cases the behaviour of 
gelatin differs markedly from that of other polymer 
glasses 139. This mainly refers to the effects of plasticizers 
on gelatin transition temperatures and mechanical 
properties, in particular, on gelatin resistance to impact. 
Most plasticizers reduce gelatin's T~ (Figure 16) 65"14o,~ 41 
Decrease of T~, however, depends appreciably on the 
chemical structure and size of the low-molecular weight 
compounds introduced into gelatin ~5'~4°. 

Effects of low-molecular weight compounds on thermal 
contraction of gelatin below 120~C, i.e. contraction 
caused by water desorption ~ 16 are similar to their effects 
on the T. As can be seen from Figure 17, the concentration 
dependences of the thermal contraction and ~ are 
identical except for a few cases (cfFigure 16). This is rather 
interesting since the two processes differ in nature. 

Recent detailed studies of resistance to impact and 
sorption properties of gelatin films containing plasticizers 
and free water gave the lowest prerequisite moisture 
content for a plasticizer to have a modifying action 142. As 
can be seen from Figure 18 the resistance to impact 
dependence of the plastized gelatin films on their moisture 
contents always exhibit maxima. Whatever the type and 
concentration of the low-molecular weight compound 
and its water sorption ability, the maximum occurs in the 
same region (P/Po ~0.5 0.7). The maxima are associated 
with the transition of the gelatin to the rubbery state. As 
can be seen from Figure 18, neither of the low-molecular 
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weight compounds studied has a plasticizing action at 
P/Po < 0.5-0.6, i.e. resistance to impact of films containing 
these compounds is lower than or, at best, the same as that 
of gelatin films free of plasticizers. And it is only at a 
definite moisture content (~129/o water) that low- 
molecular weight compounds have a plasticizing action 
and the pattern typical of plasticizing of polymers is 
observed. Interestingly, this minimum percentage of 
water is independent of the nature of the low-molecular 
weight compound introduced into the gelatin. None of the 
low-molecular weight substances studied has a modifying 
action on anhydrous gelatin. It should, however, be noted 
that low-molecular weight compounds appreciably 
reduce internal stress in both air-dry and dry gelatin films 
subjected to isometric heating 143. 

Modification of gelatin in formation of heterophase 
systems. Modification of gelatin with high-molecular 
weight compounds may be accomplished by the 
introduction of hydrophilic or hydrophobic polymers (in 
the form of latexes). Modification of gelatin with 
hydrophilic polymers was thoroughly studied with 
polyethyleneglycols (PEG) which form mixtures with 
gelatin of limited miscibility ~42'144. As can be seen from 
Figure 19, resistance to impact of gelatin film, containing 
PEG as a function of water vapour pressure, features a 
maximum. The position of the maximum depends on the 
molecular weight and concentration of PEG and 
corresponds to the optimum degree of microdemixing of 
the system. As the moisture content increases (P/Po > 0.7) 
the system undergoes macrodemixing which manifests 
itself by turbidity and lowering of resistance to impact. 
Increase of resistance to impact of gelatin films is also 
observed with other hydrophilic (PVC, agar) and 
hydrophobic polymers as admixtures ~45. In this case the 
concentration dependence of resistance to impact also 
exhibits a maximum whose height and position depend on 

the chemical nature ~45 and molecular weight ~44 of the 
polymer. The thermophysical properties of gelatin- 
polymer systems such as thermal contraction and heat 
resistance temperature, T~, are close to those of 
unmodified gelatin '44'146. Hydrophilic oligomers (for 
instance, PEG-300, PEG-400 a44) like low-molecular 
weight compounds have a stronger effect on those 
characteristics. The effect of PEG of various molecular 
weights on the appearance, growth and relaxation of 
stress in gelatin films during their isometric heating has 
been studied ~43 and shown that PEG, although it reduces 
stress in air-dry gelatin films, does not inhibit the 
displaying of the intrinsic gelatin matrix properties. 

In discussing the physico-mechanical properties of 
gelatin-based heterophase systems it seems pertinent to 
mention one more example, viz. heterophase systems 
containing a single polymeric component (gelatin) and 
formed in coacervation of gelatin by addition of certain 
organic solvents to its aqueous solutions. Two liquid 
phases present in these systems contain gelatin in different 
concentrations. One of the phases (the more concentrated 
one) forms coacervative drops which act as a disperse 
phase 147. The limiting shear stress of gels and resistance 
to impact of films made from aqueous gelatin solutions 
containing DMSO exhibit maxima at 50volVo DMSO 
(Figure 20). As the DMSO concentration increases 
macrodemixing of the system with the appearance of 
sharp interphases occurs. The gels and films turn white 
and their strengths decrease. 

To sum up, non-modified gelatin undergoes brittle 
fracture under impact even at ordinary moisture contents. 
Increase of resistance to impact is only observed when 
gelatin undergoes transformation to the rubbery state or 
occurs as constituent in heterophase systems with the 
latter seeming to offer more promise. The 
microheterophase systems show less severe humidity 
dependences than nonmodified gelatin. 
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Chemical modification 
The methods of chemically modifying gelatin take 

advantage of the presence of various functions in gelatin 
that are reactive towards various low- and high-molecular 
weight compounds. These methods will be subdivided 
into three groups: (1) polymer-analogous conversions; (2) 
crosslinking; (3) graft copolymerization. 

Polymer-analogous conversions. These methods were 
employed both for purely scientific purposes and to 
improve some technological processes for manufacturing 
new materials with the desired properties. The scientific 
utility of these methods comes mainly from the possibility 
they offer for elucidating the mechanism and nature of gel 
formation in gelatin ~4s-151 As for technological 
applications, gelatin thus modified is widely used in the 

manufacture of photographic emulsions by a solid phase 
deposition method 152'~53, in microcapsulation of 
hydrophobic substances ls4, in medicine 155 and various 
industries. 

Crosslinking. Chemical modification by crosslinking 
should direcrly affect the physico-mechanical properties 
of gelatin. These methods are widely used in the 
manufacture of various gelatin and collagen products and 
seem to offer limitless possibilities for modifying the 
properties of gelatin because the number of bi- and 
polyfunctional organic and inorganic compounds that 
can interact with the particular gelatin functions is very 
large indeed. Crosslinking of gelatin macromolecules is 
known to increase the viscosity of the gelatin solutions, 
strength and melting points of gelatin gels, and to affect all 
the physicochemical and mechanical properties of solid 
gelatin. A linear relationship between the swelling and 
rigidity modulus of hardened gelatin layers independent 
of the nature of the hardener, the temperature and the 
conformational state of the gelatin macromolecules has 
been observed 156. It is noteworthy that crosslinking of 
gelatin has no effect on the helix formation in 
solutions 6°'61. As for solid gelatin, the crosslinking has 
practically no effect on its heat resistance (T~) but 
substantially reduces its supercontraction 141. It is also of 
interest that the presence of hardener does not hinder the 
decrease of T~ under the action of plasticizers 15~. 

Graft copolymerization. The third group of methods 
employed for chemically modifying gelatin is the 
preparation of graft copolymers based on gelatin and 
synthetic polymers. The synthesis, structure, 
thermophysical and physico-mechanical properties of 
graft gelatin copolymers have been studied in 
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detaip8 - 1 6 4 .  It is important that graft gelatin copolymers 
retain the valuable properties of the parent gelatin: the 
ability to form gels and helices and the high heat 
resistance. At the same time, gelatin acquires new 
properties depending on the nature of the grafted 
polymer. Thus grafting of rubber-like polybutylacrylate 
(PBAC) and rigid-chain polyacrylonitrile (PAN) onto 
gelatin yields products differing greatly in their properties 
(Fiqure 21). The dependence of the physico-mechanical 
properties of graft gelatin copolymers on the 
conformational state of gelatin macromolecules has 
attracted much interest of researchers 163. The grafting of 
PBAC, a flexible-chain polymer, onto coiled gelatin 
produced a substantial increase in film elasticity (Table 5). 
As can be seen from the data in Table 5, PBAC is capable 
of improving the mechanical properties of coiled gelatin 
to the extent that the product compares well with helical 
gelatin, which cannot be done otherwise, and even graft 
helical gelatin. 

C O N C L U S I O N S  

The analysis of the structure and properties of gelatin in 
the solid state over a wide temperature and humidity 
range has revealed the specific features of gelatin 
responsible for all its physico-mechanical properties. 
Firstly, gelatin behaves very differently depending on 
whether its macromolecules are in the collagen-like 
helical or coiled conformation. In the former case articles 
made of gelatin exhibit properties suitable for service at 
ordinary temperatures and humidities, while in the latter 

I© 

2 4 5 

O0 5 I0  15 2 0  25 3 0  
(%) 

Figure 21 Stretching diagrams fo r  f i lms made o f  gelatin (1) 
and of graft copolymers of gelatin wi th  6 (2), 27 (3), 40 (4), 
60% (5) PBAC and 3 (6), 46% (7) PAN T M  

Burdygina 

case gelatin behaves as a brittle impractical material. 
Secondly, gelatin is a typical rigid-chain polymer. 

Because of this gelatin behaves as a brittle material 
regardless of molecular conformations in the absence of a 
solvent (water). 

Thirdly, gelatin features a rather wide temperature 
range of the glassy state with the upper limit of 205 °- 
210°C. This characterizes gelatin as a material with a 
fairly wide range of heat resistance. 

Finally, gelatin as a hydrophilic biopolymer specifically 
interacts with water and undergoes drastic changes of its 
physico-mechanical properties depending on the 
moisture content. 

It thus follows that the manufacture of gelatin articles 
intended for use in wide temperature and humidity ranges 
requires some modification of gelatin. We would like to 
focus the attention of researchers on two fundamental 
problems which still remain to be solved. These are the 
'conformationar problem and the problem of gelatin 
plasticizing. 

Let us consider the 'conformationar problem first. The 
technological principles of manufacturing articles having 
suitable mechanical properties are as follows: 

(1) the temperature of gelatin solutions to be used for 
film or layer casting should provide the most compact 
state of gelatin macromolecules, i.e. the temperature 
should be above 45°C when the solution is most mobile; 

(2) the temperature and duration of film casting should 
provide the optimum conditions for formation of the 
spatial structure of gel and attainment of the highest 
degree of renaturation of the collagen-like helical 
structures possible ( < 20°C). 

The second requirement is contradictory to the current 
tendency to intensify technological processes. In view of 
this, systematic studies in two principal directions are 
urgent: 

(a) The search for specific structurizers accelerating 
formation of the collagen-like helical structure in gelatin 
rather than gelation of gelatin solutions (substances 
accelerating the gelation are available). The introduction 
of such structurizers would make it possible to obviate the 
necessity of solution gelation. At present, gelation is the 
only route to helical gelatin. 

(b) The search for ways to improve the physico- 
mechanical characteristics of gelatin with a globular 
supramolecular structure. This can probably be 
accomplished by chemical modification, such as graft 
copolymerization, of synthetic flexible-chain polymers 
with gelatin. 

The second problem is the problem of gelatin 
plasticizing. When gelatin materials are used at ordinary 
temperatures and humidities and when the fibrillar 

Table 5 Mechanical propert ies o f  gelat in--PBAC graft copolymers depending on the conformational state of gelatin macromolecules ~3 

Helical conformation Coiled conformat ion  

PBAC Elasticity Ul t imate Ul t imate Elasticity Ul t imate Ul t imate 
content modulus elongation strength modulus elongation strength 
% (kg mm - 2  ) % (kg mm - 2  ) (kg mm - 2  ) % (kg mm - 2  ) 

0 280 9.6 5.5 -- -- - 
12 150 18.0 6.2 148 5.5 4.6 
35 106 16.2 4.3 103 12.6 3.0 
60 52 28.0 2.4 56 48.9 1.6 
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structure and the necessary moisture content are retained 
plasticizing of gelatin poses no problem. If however these 
conditions are not met the usual plasticizing methods fail. 
In this case the problem can be solved, in our opinion, by 
modification of gelatin with high-molecular weight 
compounds, viz. by the preparation of heterophase 
systems featuring less severe humidity dependences than 
the parent polymer. Such modification of gelatin layers is 
now finding ever increasing applications and is carried 
out either by introducing latexes into the gelatin layers or 
by grafting flexible-chain polymers onto gelatin 
macromolecules as there seems to be no other method 
available. 
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