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New aspects of thermal treatment effects on gelatin films studied
by microhardness
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SUMMARY: Microhardness measurements were carried out using various treatment cycles, including hea-
ting and cooling during different treatment times at high temperatures. Two possible processes to explain the
observed increase in the microhardness are proposed, namely crystallisation and crosslinking. In order to
distinguish between these two alternatives, differential scanning calorimetry (DSC), wide-angle X-ray scatte-
ring (WAXS), and swelling kinetics measurements were performed. The observed decrease of crystallinity
(from DSC and WAXS measurements) as well as the decrease of swelling ability with increasing temperature
and duration of thermal treatment are in favour of the occurrence of crosslinking reactions during thermal
treatment. It is suggested that the crosslinking, as a result of additional intra- and intermolecular condensation
processes, leads to a denser chain packing in the amorphous gelatin and consequently to higher microhard-
ness values.

Introduction amount of free side-chain carboxyl, hydroxyl, and amine
In a preceding study we reported on the unusually highgroups, arising from the diaminomonocarboxylic and
surface microhardnessi] of gelatin films after thermal monoaminodicarboxylic acids. On the other hand, con-
treatment. Even thermally untreated gelatin films show densation polymers are well known to undergo additional
surprisingly high surface microhardness, as compared tondensation®, involving the end groups when appropri-
that of synthetic polymefs Room-conditioned gelatin ate conditions are available (temperature, catalysts, and
films, containing about 15 wt.-% water — the latter havingrzacuum are the major factors accelerating the prédess
a strong plasticizing effect and thus causing a significar@imilar interactions between reactive side-chain groups
softening of the materi@ll- has a microhardness value ofcan be expected in the case of protéffisFor instance,
about 200 MP4 After drying, H increases up to the insolubility of gelatin after sufficiently prolonged eva-
390 MPa in the temperature range 135-1@%. It is cuation (days!) at a temperature between 65 and@d§
worth mentioning here that paraffins, polyethylene (PEgxplained by the formation of a three-dimensional net-
and metals, such as Pb and Sn, exhibit microhardnessrk, resulting from interchain crosslinkifig This con-
values below 100 MPa; semicrystalline poly(oxymethylclusion is supported by the fact that such an insolubility
ene), poly(ethylene terephthalate), extended-chain PIs, not observed with chemically modified gelatin (by
poly(ethylene 2,6-naphthalate), and metals, such as Adcetylation of the amino groups or by esterification of the
Au, Ag, Cu, and Pt, show values between 100 and 30€arboxyl group3). Finally, swelling ratio measurements
MPa; carbon fibre-reinforced polymer composites (900f thermally untreated and treated gelatin as well as the
Mpa) and common metals, such as Zn and Co (2000 amtiange in the aggregative state of the annealed s&mple
4000 Mpa, respectively) and white steel (5000 Mpa) recently led to the same conclusion. It was asstihtbet
Thermally untreated gelatin with its microhardness oés a result of the chemical link formation between chain
400 MPa really surpasses most commonly used syntheSegments, regardless of whether intra- or intermolecular,
polymers and soft metals, and the thermally treated pola denser chain packing was achieved. Such a densifica-
mer, having a microhardness of almost 700 MPa tion ought to lead to an increased microhardness, since it
approaches the hardness values of carbon fibre-reinforciscknown that these two properties are closely refatéd
composites. The purpose of this study is to provide a deeper insight
The observed unusual increase in the microhardnessiofo the effect of thermal treatment conditions on the
gelatin films after thermal treatment was explained by thenicrohardness of the gelatin films. To this end, micro-
chemical peculiarities of this polymirBeing a polypep- hardness measurements were carried out using various
tide, in contrast to polyamides that are chemically closgeatment cycles, including heating and cooling during
to it, gelatin is characterized by the presence of a largdifferent treatment times at high temperatures. The

2 Permanent address: Laboratory on Structure and Properties of Polymers, Sofia University, 1126 Sofia, Bulgaria.

Macromol. Chem. Phy200, No. 2 © WILEY-VCH Verlag GmbH, D-69451 Weinheim 1999 1022-1352/99/0202-0405$17.50+.50/0



406

microharahessevaludion was selectedas a test metod
for the surfacechamcterization becauseof its simplicity
and high sensitvity. It is known that this methodgives
usefulinformaton aboutthe microstructureof polymers,
provided that relaionships betweenmicrohardnessand
crystallinity, crystallite perfection chan conformation,
andother structural parametes havebeenderived: 1,

Experimental part

Materialsand samplepreparation

Gelatinpowder(type A: from porcineskin, 300 bloom) was
purchasedfrom Sigma. Films were preparedfrom gelatin
powdersoakedovernightin distilled waterat 5°C, thendis-
persedby the addition of somewater at 50°C (water bath)
andcastin analuminiumPetridish. An isotropicgelatinfilm
with a moisturecontentof about15-17 wt.-% wasobtained
after drying underroom conditionsfor 2—3 d, and will be
furtherdesignategsroom-conditionedsample(Sample3).

Sampledor microhardness

A room-conditionedyelatinfilm wasdriedfor 5 h at 140°C
undervacuum.Then a piece from the dry film was mois-
tenedup to 11 wt.-% water contentby placingit for a few
minutesbetweertwo wetfilter papersn orderto depresshe
glass transition temperature.The moistened gelatin was
insertedin a sealecbeakercontainingsomewaterat the bot-
tom. The beakerwas placedinto an oven at 90°C for 5 h
until crystallizationtook place. Thereafter the samplewas
driedat80°C for 5 h undervacuum(Samplel in Tab.1).
Completelydry gelatin samplesusedto follow the time
dependencef the microhardnesst high temperaturevere
preparedoy placingthe room-conditionedyelatinfilm in an

Tab.la. Samplegreparatiorconditions
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ovenfor 22 h at 105°C andthenundervacuumfor 41 more
hoursat the sametemperaturdSample2 in Tab.1). Accord-
ing to Yannasand Tobolsky, after sucha treatmenthe sam-
ple weightreaches constantevel (+0.05%).

Samplsfor swellingkineticsand WAXS

The room-conditionedyelatinfilm (Sample3 in Tab.1) was
cutinto 1 cn? squarepieces.Threeof thesepieceswereused
to obtainthe standardswelling kineticscurve,andthe fourth
one to obtain the native gelatin diffractogram. The other
piecesweretreatedin the sameway asSamplel, i.e., dried
at 140°C for 5 h undervacuum,moistenedup to 11 wt.-%
water content,annealedat 90°C for 5 h in water vapour
atmospheg, anddried againat 80°C for 5 h undervacuum.
After this treatmenthalvesof thesepieceswereplacedon a
heatingplateat 100°C for 10 min (Sample4). Thiswasdone
to simulatethe conditionsat the beginningof thetemperature
dependacemeasuremat of the microhardnessThe remain-
ing halvesof the treatedpieceswere placedon the heating
plate at 100°C for 20 min, thenthe temperaturevasraised
up to 123°C andmaintainedfor 20 min. Thereafterthe sam-
pleswerekeptfor 30 min at 146°C, for 30 min at 168°C, for
35 min at 180°C andfor 10 min at 191°C (Sampleb). The
final thermaltreatmentsimulateghe conditionsat the end of
the microhardnesstemperaturedependencemeasurement.
The samplepreparationconditionsandtheir designationare
summaried in Tab.1. Swelling kinetics curvesand WAXS
diffractogramsvereobtainedwith Samples3, 4, and5.

Samplsfor DSC

Samplesfor DSC measurementwere preparedn the same
way as Samples3 and 4 (seeTab.1); however for the last
samplethe non-isothermatreatmentwas performedin the
DSC cell ratherthanon the heatingplate.Immediatelyafter

Sample Initial water Drying in vacuum Moisture Anneding Drying in vacuum
content content
wt.-% Temp time wt.-% Temp time Temp time
°C h °C h °C h
Samplel 15-17 140 5 11 90 5 80 5
Sample2 15-17 - - - 105 22 105 41
Sample3 15-17 - - - - - - -
Sampled 15-17 140 5 11 90 5 80 5
Sampleb 15-17 140 5 11 90 5 80 5
Tab.1lb. Additionalthermaltreatmenbf thesampésfor DSC,WAX S, andswelling kinetics measuements
Sample Anneding conditions
Temp tiﬂ: Temp tiie Temp tiﬂe Temp tiie Temp tiie Temp tiﬂ:
°C min °C min °C min °C min °C min °C min
Sample3 - - - - - - - - - - - -
Sample4 100 10 - - - - - - - - - -
Sample5 100 20 123 20 146 30 168 30 180 35 191 10
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reachingthe highesttemperaturef the non-isothermatreat-
ment (100°C), a DSC themogramwas taken. Thereforethe
thermogranof Sample4 beginsat 100°C.

Techniques

Microhardnessvasmeasuredt elevateddemperaturesjsing
alLeitz testerequippedwith asquare-basediamondindenter
in conjunctionwith a hot stage . The microhardnessalue (in

MPa)wasderivedfrom the residualprojectedareaof inden-
tationaccordingto the expressiofi:

P
H= k? (1)
whered is the lengthof theimpressiordiagonalin meters,P
thecontactoadappliedin N, andk is ageometridactorequal
to 1.854.A loadingcycle of 0.1 min andaload of 2 N were
used.Tenmeasurementwereaveragedor eachpoint. Since
thevaluesof Ty and T, of dry gelatinobtainedby microhard-
nesstestsdiffered from the reportedone® aswell asfrom
thosederivedby DSCusingthe samesample®?, a calibration
of the hot stagetemperaturevasperformedusingcrystalsof
sevenorganiccompoundgoveringthe temperaturgangeof
interest(70—210°C). Thetestsubstancewrere placedon the
surfaceof the gelatinfilm wherethemicrohardnessiasmea-
sured. A fairly good linear correlation was achieved.The
microhardnessaluesof the gelatinfilms weredeterminedas
follows: eachsamplewas placedon the hot stageof a Leitz
testerat 100°C and10indentationavereperformed Thetem-
peraturewas raisedto 123°C (for 20min) and 10 further
indentationswere made. The microhardnesof the gelatin
samplewassimilarly measurect 146,168,180,and191°C,
respectivelyThenmicrohardnesseasurementsuring cool-
ing in orderof decreasingemperaturevere made(from 180
to 100°C). Thereaftethenextheating-coolingcycle wasper
formed.Betweeneachmicrohardnesdeterminatiorcyclethe
samplewaskeptin a desiccatarFourcycleswereperformed,
eachtimereachingahigheruppertemperaturel91,205,214,
and261°C, respectively

Eachsample preparedor the swellingmeasurementsyas
immersedin 50 ml of distilled waterat 20°C. Over a period
of 100 min, at every 5 min the samplewas weighedafter
gentlesurfacewiping usinglint-free tissuesandreturnedto
the swellingwater The swelling ratio Swascalculatedusing
thefollowing equation®:

_ Ws_vvi

W

(2)

where W is the initial weight of the sampleand W is the
weightof the swollensampleatimmersiontime t. The swel-
ling measurementaereperformedfor threesamplesf each
typeandthe datawereaveraged.

Theheatof fusionandthe meltingtemperaturef the sam-
ples were determinedusing a Mettler TA-3000 differential
scanningcalorimeterin the temperatureangeof 40-260°C
ataheatingrateof 10°C/min.

Wide-angle X-ray scatteringpatternsof gelatin samples
with differentthermalprehistorywererecordedat roomtem-
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peratureon a standardTUR M 62 diffractometemusingCoK,
radiationin thetransmisionrmode.

Results

Temperatire and heattreatmentime dependencef
microhardness

Fig.1 showsthe neaty linear microhardhessincrease
with temperatue obseved for a dried gelatinfilm (Sam

ple 2) from 100 to 191°C. In a precedingstudy’, we

denonstratel that room-conditiored, i.e., non-dried gela

tin exhibits a microhadnessvalue of about 200 MPa,

which increasesvith thetenperaturerise (to 225°C) dur-

ing the measurerantup to 400 MPa.Hercetherelatively

high initial value (437 MPg) obtainedin the presentcase
is consisent with the microhadnessvalue of dried gela-
tin films.

Microhardness (MPa)

1
200

T T T T v T
100 120 140 160 180

Temperature (°C)

Fig.1. Temperaturaepenlenceof the microhardressof a dry
gelatinfilm (Sampe 2in Tab.1)

In the presenstudythe thermaltreatment of the sample
used during the microhadnessmeasuementshas two
pecuiarities: (i) it is non-isadhermal and, wha is more
important, (ii) it is relatively short (20-30 min at each
temperature) in contrastto the subsegentmeasuement
at consant temperéure. For this reasonan attempg was
mack to follow the microharadhessbehaviair of gelatin
(Sanple 2 in Tab.1) at the highesttemperatue (191°C)
for alongertime interval (33 h). Theresultsareplottedin
Fig. 2. Measuemeris were performed every 5 min, and
the values of the two impressiondiagonallengths were
aveiged. The kinetic nature of the experimen did not
allow to take more measurerantsat a given constantset
of conditions.The relativdy low accuacy of eachpoint
in Fig.2 takenat a sinde se of conditionsis compen
saedby thevery large numter of measurerants.Regard
less of the large scdtering of data,one seesduring the
first 400 min a strong H increase (from 520 up to
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Fig.2. Time depemenceof the microhardnesof a dry gelatin
film treatedat 191°C (Sampe 2 in Tab.1)

670MPa) of the gelatin film. Longer treatment times
resultin a sharpdrop (almaost to the initial value, i.e.,to
about550 MPa). After 420 min thereis a slight H varia-
tion at this value, and only after treamenttimes longer
than1200min atendencyto decreasés observel.

The same sanple usedto follow the time dependace
of the microhardnessat high temperatue (191°C) for
2000 min (Sample2 in Tab.1) wassubjectedo non-ise
thermal coding down to 146°C, heatedagan up to
246°C, and finally cooledto 100°C. During the above
thermal treatmant indentatons were performed in order
to obtain the tempeature dependece of the microhard-
ness.The resultsare plotted in Fig. 3. One can observe
that the first cooling (from 191°C to 146°C) doesnot

600

550
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Microhardness (MPa)
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T T T 1
100 150 200 250

Temperature (°C)

Fig.3. Temperaturalepemienceof the microhardnes®f a dry
gelatinfilm (Sample2 in Tab.1) heatedup to 191°C andthere-
after treatedas follows: a) cooled down to 146°C; b) heatel
from 146°C up to 248°C; c¢) semnd coolingdownto 100°C (o =
heating,e = cooling)
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Fig.4. Temperaturaepemlenceof the microhardmessof a dry
gelatin film (Sampe 1 in Tab. 1) in a heatirg-cooling regime
after increasingthe upper limit tempeature to: a) 191°C; b)
205°C: ¢) 214°C; d) 248°C (o = heatirg, e = cooling)

charge significantly the microhadnessvalues(about512
MPa) (Fig. 3a). Howe\er, the subsequerntemperaurerise
(up to ca.214°C) causesa slight deceaseof microhard-
ness,followed by a similar microhadnessincreaseup to
246°C (Fig. 3b). A detectble changein microhardness
takes place during the cooling from 246°C to 100°C.
During the first 50—-60°C the microhardnessdrops by
25% (from 554to 418 MPa), keepng a value of 440 MPa
downto 100°C (Fig. 3c¢).

Finally, the temper&ure dependeoe of a dry gelatin
film (Sanple 1, Tab.1) wasfollowedin various heatng-
coding cyclesby increasimg the upperlimit temperaure
after eachcycle. Theresultsaredisplayel in Fig. 4.

Thewell edablishedH increaseduringthe first heating
up from 100 to 191°C (Fig.1) is again obsened
(Fig. 4a). After cooling down to 100°C the microhard-
ness continuousy increases reachng a value of
496 MPa. During the se®mnd cycle (Fig.4b), heating
above 150°C causesan H increaseup to 534 MPawhen
thetempertureapproacks180°C, followedby anabrupt
drop downto 460 MPawithin 10—15°C. The last micro-
hamdnessvalue is moreor lesspreservediuring the subse-
guent cooling of the sampe downto 100°C (Fig. 4b).

During the third cycle (Fig. 4c), whenthe temperaure
reahes214°C, the microhardhessvalues aresimply scat-
tered betweerd80 and 550 MPa, this situaion being dra
maically changedduring the last cycle (Fig. 4d): upon
heatng, the constaint value of microhadnessof 545 MPa
is observedup to about168°C, followed by a continuous
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drop untl 248°C, when the microhardnesseacles the
value of 416 MPa. During cooling this value almost
remainsconstant.

Both factorstempergure (Fig. 1, 3, and4) andduration
(Fig. 2) of thermal treament affect the microhadness.
This is assuned” to be dueto crosslinkng betweenfree
side-chaingroupsin the proten molecue. In orderto ver
ify this assumptia, additional experimeis were carried
out, aiming to follow the effect of crosslinkng on other
gelatin properties,such as crystallinity, solubility, and
degreeof swelling in addtion to our preliminary swet
ling behavie measuements.

Differential scanningcalorimetry

Fig.5 illustrates the DSC traces from: a) thermally
untreatel gelatin (Sample3 in Tab.1), andb) a sampe
thermally treated at 100°C for 10 min (Sample4 in
Tab.1). Thetwo thermogamsshowonehigh temperature
melting peak, Tn,, with closevaluesfor the two samples
In addtion, both thernngramsshowa lower tempeature
melting peak Tn, with widely different values. The
appearaneof morethanonemelting peakin the thermo-
gramsof polymersis a well documeted phenonenori®.
The maost commoninterpretaion is relatedwith recrystal
lization processs during the scaining in the DSC,
althoughother reasonsas the coexistenceof more than
one crystaline populaton differing in their perfection
canleadto the sameeffect'?.

In the presentcase,the most probalte reasm for the
observatn of two melting peals, as demonstrad in a
previous study?, is a recrystllization process. This
meanghatthe crystallitescreatedbeforeplacingthe sam-
ple in the DSC apparatis melt at Tr,. The semnd melting
at T, arisesfrom the crystalites creded during the ther
mal scanning.Let us take into account the specialmea-
surementcondiions in this patticular case,i. e., the fact
thatSampe 4 is anrealeddirectly in the DSCinstrument

b
Tm
o
2
@5 T
\‘_\/’/’ﬁ/— a
Tm
T
1 n 1 1 1 1 —_
0 50 100 150 200 250

Temperature (°C)

Fig.5. DSC curves of: a) untreatel gelatin (Sampe 3 in
Tab.1), andafterheattreatmentb) Sample4 in Tab.1
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Tab.2. Melting tempeatureandheatof fusion (from DSC)for
Samples3 and4

Sample Melting temperaturén °C  Heatof fusionin J/g
Th T AH AH

Sample3 98 221 112.12 4.06

Sample4 163 237 177.7 2.03

andthat the measuremerd startat differenttemperaures
for the two sampes (Fig. 5). For the purposesof this
study the relevantvalues are thoseof Ty, The degreeof

crystallinity is evaluatedfrom the areaof this peak,since
the supposedcrosslinkng during anrealing will affect
only T, butnot Ty,. Thevaluesfor both T,, and T}, aswell

astherespective heatof fusion, AH, giving anideaabout
the degee of crystallinity w, for the two sampes of

Fig. 5, aresummaizedin Tab.2. A quite interesing ten-
dercy is obsened: the thermally untreaed sampe (Sam

ple 3in Tab.1, Fig. 5a) is distingushedby the lowest T,

value, but at the sametime by the highestdegreeof crys-
tallinity (AH = 4.06 J/g, Tab.2). The thermally treated
sanple (Sanple 4 in Tab.1, Fig. 5b) showshigherT,, and
lower w; values(AH = 2.03J/g, Tab.2). The decrasein

the degreeof crystallinity could originatefrom crystalli-

zation hamperingfactors. The observe resuts — more
peffect crystallites,as concludel from their high T, but
decreasingin amount- canbeinterpretel only asanindi-

cation of intensivechemicalreactiors resulting in cross-
linking of the samples during annealing (Sanple 4 in

Fig.5 and Tab.2). Thus, the restriced crystallization

ability with the progres of anneaihg suppots the above
corclusionsaboutcrosslinkng dueto cordensatiorreac

tions.

Wde angleX-ray scattering

Fig. 6 shows the WAXS diffractogramsfor: a) a room-
conditionedgelain film (Fig. 6a, Sampk 3 in Tab.1), b)
a sampe thermallytreatedat 100°C for 10 min (Fig. 6b,
Sampe 4 in Tab.1), andc) andhergelain film thermally
treatedfor a longertime (Fig. 6¢, Sampeé 5in Tab.1). In
the diffractogram presentedin Fig. 6a, two crystalline
peals, at 20 = 8° and 20 = 36°, andan amaphoushalo,
ceneredat 20 = 23.9°, can be seen.Accordng to the
recent interpretdion of Itoh et al.*®, the peakat20 = 8° is
dueto the repeat of triple helical protofibril in the direc-
tion pempendicubr to the fibre axis of a junction zone.
This peakcorrespondto a repeat distanceof 12.6A. The
second peakat 26 = 36° is presumablyderivedfrom the
amino acid residuesn thejunction zone(crystalites) ata
repeatdistanceof 2.9 A1,

Tab.3 summaizesthe lattice spacingsd, andthe aver
age “coherencelength” values,D, corresponihg to the
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Tab.3. Latticespacinggd) andcohererelength(D) for the crystallinepeaksandamorphousaloderivedfrom the WAXS patterns

for gelatinSamples3, 4 and5

Sample Crystdline spadng in A Amorphous Crystalsizein A Clustersize
spacingin A inA
d1 dz da D1 Dz Da
Sample3 12.6 29 4.7 57 78 16.2
Sample4 - - 4.8 - - 19.0
Samples - - 5.0 - - 194
w2
e
c bs
Y
2 2
0]
[}
= 3
b 3
0‘1.-—'7 T T T T T T Y T T 1
0 20 40 60 80 100 120
Swelling time t (min)
Fig.7. Swelling curvesof: a) untreatel gelatin (Sample3 in
Tab. 1), and after heattreatment:b) Sample4 in Tab. 1 andc)
a Sample5in Tab.1
i % 17 16 20 23 98 32 36 40 a4

26 (deg)

Fig.6. WAXS curvesof: a) untreatel gelatin(Sample3 in Tab.
1), andafter heattreatment: b) Sampe 4 in Tab.1 andc) Sample
5in Tab.1

“crystalline” and“amorphous”maxmafor thethreesam-
plesstudied.lt is interestingto note that the crystal size
perpendcular andpardlel to the chainin theroom-condi
tionedsample(Fig. 6a) presentvery smallvalues (57 and
78 A, respetively). Thesevaluesareonly slightly larger
thanthe "coherencdengh” comrespondingo the clusters
of the molecdes in the amaphousphase(D = 16 ,&).
After the heattreatmentthe scatteing pattens of Sam-
ples4 and5 (Fig. 6b and 6¢) showthe disapearanceof
the two crystalline peakswith only the “amorphous”
maximumremairing, havinga slightly larger “coherence
length” of D = 19 A. This meansthat, after remowal of
the water, the packingof the amino acid residuesandthe
helical arranggmens of the protdibrils in the bette
orderedregonsarelost. However the aveiagepacking of
all themolecuesin the matrial after waterremovd, giv-
ing riseto a slightly higher“coherenceength”D = 19 A
presumablys respnsiblefor the observecdighermelting
peakTh.

In addtion to this, the disappeaanceof thetwo crystal-
line peaksafter thermaltreatmensuggstsanamorphiza-

tion of the gelain samplesdueto crosslinkng in agree
mert with DSC measuementgFig. 5).

Swelling

The occurence of a crossinking processis also sup-
ported by the swelling expaiments.The sweling curves
of gelatin films differing in their thermal prehistay are
shown in Fig. 7. Thesweling of nativegelain film (Sam
ple 3 in Tab.1) (Fig.7a) is the one showingthe fastest
rate. With increasng time and tempegture of sampe
treatmenta decreseof the sweling ability is observe
(Sanples4 and5 in Tab.1) (Fig. 7b andc). The rate of
the swelling processf all sanplesis describedasa sec
ond order proces¥). The resultsin Fig.7 confirm this

cortention. The equationdescribirg the sweling process
it

as 2
= = k8- 9 3
ds . . . . .
where— is therate of swellingat any giventimet, k is

dt
a specific rate corstant, S is the equiibrium sweliing

ratio and S is the swelling ratio. After integraion one
obtains:
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Fig.8. Lineardepemnlenceof the quotient:time of swellingt /
swellingratio S (t/S) vs. swelling time t for: a) untreatedgelatin
(Sample3 in Tab. 1), and after heattreatment:b) Sample4 in
Tab.1 andc) Sample5in Tab.1

Tab. 4. Equilibrium swelling ratio S and regres®n coefi-
cientfor Samples3, 4, and5

Sample Sq Regression
coeficient

Sample3 13.2:0.4 0.99
Sampled 9.7+ 0.6 0.96
Sampleb 10.8: 0.6 0.97

t 1 t
— = + — 4
S kg, Sy “)

. . . t
Fig. 8 illustratesthe linear dependace of 5 vs. t for

Samples3, 4, and5. This represetation allows the calcu

lation of the specific equilibrium swelling ratio Sq

(Tab.4). As canbe seenthe S valuesfor Sampes4 and
5 are almostequal (within the experimetal error), and
lower thanthe S for Sample3. Onepossibleexpanation
of this finding is the occurenceof crossinking between
macromoéculesduring the treatmentat high tempen-

tures.Thesereactiondeadto the formation of a netwak,

hinderingthe penetratiorof the solventmolecuks (water
in this case)andin this way the equilibrium swellingratio

S, decrased’. On the other hand, the sane treatment
leadsto an improved microhardnes®f the gelatin sam-
ples which could also be explained by intermoleailar

crosslinkng.

Onecaneasly seethatthetreatnmentathighertempera-
tures(or longertimes)strongly restrict the swelling abil-
ity. Sucha behaviou is usualy interpreted® as a restit
of progressivecrossinking.

Finally, the resultsof a solubility testof the thermally
treatedsamplesare also in favour of the occurence of
crosslinkng. For instance,while thermally non-treaed
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geldin readly dissolvesin wate evenbelow 40°C, the
sanple usedto follow the temperature depadence of
microhardnesg§Samplel, Fig. 4) remainsinsolubk, even
whenleft in waterat 60—70°C for severahous.

Discussion

In previous studied?, a very strong effect of thermal
treatmenton the microhadnessof gelatin was obsened
and has been confirmed in more detail in the present
investigaton. Both factors,the tempeature(Fig. 1, 3 and
4) as well as the treatmenttime (Fig. 2), significantly
influencethe H values.The treatmentdurationaffectsthe
microhardnessip to sone limit (6—7 h) andthereafterit
hasa negaive effect, i. e.,a strong dropin microhardness
is obseved (Fig. 2).

This effect of the thermal conditions on H can be
expainedonly by the occurenceof chenical interactions
betweenside-chain groups of carboxy, hydroxyl, and
amino type. They are known to be readily involved
mainly in condensabn reactons®, restlting in the for-
maton of a more or less densethreedimensimal net-
work. The crosslinled chairs or chah segmatsinducea
derserpacking of the chairs. At the sametime, it is well
known that materials with higher density are chaacter
ized by highermicrohardnesgpo.

In addition to the exising data on the occurrence of
crosslinking=?, sone other proofsin favour of this con-
tenion are obtainedin the presentresults, such as a
strongly reduced crystallization ability with the progres
of crosslinkng. This is demonstratd by thermal (DSC)
(Fig. 5), WAXS (Fig. 6), and swelling experimentsper
formed. The fact that the thermally treated gelatin films
do not dissolvein water evenat elevaed tempeaturecan
also be regarad as an evidence for the occurence of
crosslinking

Another peculiarity of the influenceof temperatureon
the microhardnesss that when the temperaturereacthes
180-200°C, H deceasessigrificantly (Fig. 4b and d).
This drop in H shoud be relatedto the softenirg of the
material sincethe T, of dried gelain lies in this tempera
ture rarge. In a previaus study where no thermd pre-
treatmentwas applied®, a tencency of geldin to harden
with the furtherrise of temperéure wasobservel. Thisis
not the casein the presentwork: here a coninuous
decease in the range of 180-248°C is registere
(Fig. 4d), becawse the highly cross-linkel systemis not
capalbe to crystallize anymore.

Conclusion

In conclusia, dueto the addtional condensatn of free
side-clain groupsenhancedby elevaed temperatues, a
threedimensonal netwok, chamacterized by a denser
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packingwhich givesriseto anenhacedmicroharaesss
formed. The measure values of almost 700 MPa sur
passthose of all known synthetc polymers approacing
the onesof carbonfibre-reinforcedpolymer composites.

Acknowedgement The authorsgratefdly acknavledge the
financial supportprovided by the U.S.National Sciencé~ounda-
tion (Grart INT-9514149), by the Bulgarian Ministry of Educa-
tion, Science,and Techndogy (contract TH-714) and by the
DGICYT Span (Grart PB940049).1t is a pleasurdor oneof us
(S.F) to acknowledgehetenuee of a sabbaticarantfrom DGI-
CYT Span.

D E. Vassileva,F. J. Balta Calleja, M. E. Cagiao,S. Fakiroy,
Macromol.RapidCommun19, 451(1998

2) S.Fakirov, M. E. Cagiao,F. J. BaltaCalleja,D. Sapundjieva,
E. Vassilevajnt. J. Polym.Mat., accepted

3 P I. Rose,“Gelatin’ in: Encydopedia of Polymer Sciene
and Engineering 2nd edition, vol. 7, H. F. Mark, N. M.
Bikales, C. G. Overbeger, G. Menges,Eds.,JohnWiley &
SonsNew York 1987,p. 488

4 F. J. Balta Calleja, S. Fakirov, Trends Polym. Sci 5, 246
(1997)

E. VassilevaF. J. BaltaCalleja, M. E. Cagiao,S. Fakirov

5 P. J. Flory, “Principles of Polymer Chemistry, Cornell Uni-
versity Press|thacal953

6) S. Fakiroy “Solid State Reactionsin Condesation Poly-
mers’ in: Solid State Behaviourof Linear Polyestersand
Polyamides J. M. Schultz, S. Fakirov, Eds., PrenticeHall,
EnglevoodCliffs, New Jersey1990

7)1, V. YannasA. V. Tobolsky Nature 215, 509 (1967)

8 A. Ward, A. Courts,“The Scienceand Techndogy of Gela-
tin”, Academic Press,London, New York, San Francisco,
1997

9 J.Bello, H. Riese-Bello Sci.Ind. Photagr. 29, 361 (1958

10) F J. BaltaCalleja,Adv. Polym. Sci 66, 117 (1985)

1) F. J. Balta Calleja, TrendsPolym.Sci 2, 419(1994

12) s.Fakirov, Z. Saak, T. Anbar, B. Boz,|. Bahar M. Evstatiey
A. A. Apostoloy J. E. Mark, A. Kloczkowsky Colloid
Polym. Sci 275 307(1997)

13) T, Hakata, H. Sato, Y. Watanabe,M. Matsumoto, Chem.
Pham.Bull. 42, 1138 (1994)

14) S, Fakirov, “Structue and Properties of Polymers, Sofia
Pres, Sofial1985

15) M. Itoh, Y. Okawa,H. Kobayashi,T. Ohno,Y. Okamado, T.
Katoh,J. Photogr Sci.42, 14 (1994)

16) S, C. Temin, “Cross-linkng”, in: Engyclopediaof Polymer
Scienceand Technologyval. 4, H. F. Mark, N. G. Gaylord,
N. M. Bikales, Eds.,JohnWiley & Sons,New York 1970,
p. 336



