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ABSTRACT

In differential scanning calorimetry (DSC), remnant moisture loss in samples often overlaps and distorts thermal
events such as glass transitions. Temperature modulated DSC (TMDSC) is known for separating such overlapping
processes. In this study, chitosan was depolymerized by oxidative degradation method. By this method, chito-
oligomers of different molecular weights were produced. The glass transition temperature (Tg) of chitosan and its
oligomers was analyzed by temperature modulated DSC. While performing this event hermetically sealed pans were
used. Tg of chitosan and its oligomers was resolved by TMDSC-exhibiting glass transition temperature in the first
heating curve. The structural formation of chito-oligomers was evaluated by FTIR and *H NMR. The water
plasticizing effect on Tg of chitosan and its oligomers was discussed with the help of TMDSC measurements and the
presence of water in them have been evaluated by FTIR and *H NMR. XRD had explained the crystallinity of
chitosan and its oligomers and even the effect of water on crystallinity.

Key Words Temperature modulated DSC; Chitosan depolymeoisatiOxidative degradation; Moisture;
Plasticizing effect.

INTRODUCTION

Differential scanning calorimetry is generally exy®d for finding glass transition temperature ajgalymers in

presence of water [1]. Native structure of biopatymis maintained in its steric form till the waiepresent in it. If
the structure undergoes deformation then watewsswhich destroys its steric structure affectitsgproperties, as
biopolymers show biological activity in presencevadter [1]. Even presence of water affects manyeirties of

polymers, such as rheological, transport properied glass transition temperature [2]. Presenceaibture in

material gives a broad endothermic peak due toaasipn of water during DSC analysis. This affebis thermal

measurements such as Tg. Here, water acts ascjgaestowering the glass transition temperaturey 8amples of
the same material will give different Tg than thetwnaterial [3]. Therefore, materials which are foggopic in

nature are subjected to advanced technique of Hieamalysis ie. Temperature modulated differerdznning

calorimetry (TMDSC).

Temperature Modulated differential scanning caletipm (TMDSC) is an advanced technique of differanti
scanning calorimetry which involves the superimposiof a modulation on the conventional linear pemature
programme, allowing separation of the total heatvfignal into its heat capacity and kinetic congrus, these
being known as the reversing and non-reversing flmas respectively. The glass transition tempemats obtained
from reversing heat flow [4]. Whereas the crystallion occurs from the non-reversing heat flowtas ia non-
reversing process which liberates heat. This teghmioffers a unique combination of high resolutéord high
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sensitivity [4]. It is mostly used to separate dapping of thermal effects such as cold crystafiora and glass
transition of polymer blends [5]. This techniqueniglely used in pharmaceutical industries to deteenTg [6,7].

The effect of absorbed water on Tg of the amorpleystem has been resolved in the first cycle of BZO8].

This is how TMDSC is used in resolving the Tg whieere is presence of water in the material.

Chitosan is a biodegradable polymer obtained bwliz& deacetylation of chitin. It is a linear cogukr of 2-
acetamido-2-deoxy-D-glucopyranose and 2-amino-2egl€glucopyranose joined bg (1,4) glycosidic bonds.
Chitosanis nontoxic, biodegradable, biocompatible polymewihg inherent film forming propertywhich also
exhibits biological activity [9]. Chemical modifitan of chitosan becomes feasible due to presefieenmo and
hydroxyl groups in it. It finds wide application gu as biomedical [10], food [11], textile [12], weaswater
treatment [13], adsorption [14] and interior firisp coatings for formaldehyde adsorption [15]. Effect of water
content on phase structure of water/ chitosan bas mvestigated by conventional differential séagralorimetry
[16]. Even a comparative study of water effect tarch and chitosan was carried out using conveatiDisC [17].
Conventional differential scanning calorimetry difitosan has provided different glass transitiongeratures (Tg)
[16, 18-20]. Chitosan is a high molecular weightypeer. Its chemical structure and molecular siz{ [fecides its
applicability. Therefore to enhance its applicapilit has been depolymerized. Chitosan has beemaded to
different molecular weights by various methods efjhdation. It consists of degradation of chitobgrsodium
nitrite [22], hydrogen peroxide [23], enzymatic dedption [24], ozone treatment [25] potassium gdpteate [26]
etc.

In this study chitosan is depolymerised by oxidatilegradation method and the effect of water otosan and its
oligomers which are formed after deformation in 8teucture of a native chitosan has been studied.tlfis
evaluation temperature modulated differential soanoalorimetry is used in order to obtain pregjtess transition
temperature and the effect of water on Tg.

MATERIALS AND METHODS

Chitosan obtained from shrimp shells was acquirethfSangam Laboratories (Mumbai, India). The degree
deacetylation (DDA) of chitosan was 85%. Chitosas wbtained in the solid form and its colour wagigtnivory.
Acetic acid, sodium hydroxide, sodium nitrite, nmatbl used were purchased from S. D. Fine Chemidals
Acetate buffer for intrinsic viscosity measuremerds procured from Himedia chemicals Ltd. Deuterateder
(D,0) and deuterated acetic acid-@D;COOD) used fotH NMR was obtained from Sigma-Aldrich.

Depolymerization of Chitosan

The low molecular weight chitosan were prepareaXigative degradation with NaNGt room temperature [22].
1g chitosan was dissolved in 1% (v/v) 100ml acatiid solution. When chitosan was completely dissd\NaNQ

in different concentrations viz, 0.08, 0.1 and 0w added slowly and stirred at room temperatmréhfee hours

1 N NaOH was used to neutralize the reaction mét@ubsequently, chitosan was precipitated by addbove
solution in excess of methanol. It was filteredstved several times with methanol and dried at reemperature.
After this various oligomers like C1 (Chitosan dimoerized by 0.08g of sodium nitrite), C2 (Chitosan
depolymerized by 0.1g of sodium nitrite), C3 (Ch#a depolymerized by 0.2g of sodium nitrite) froamepchitosan
(B) were formed.

Characterizations

Molecular weight of chitosan and its oligomers l&en measured by intrinsic viscosity method. Foasugng
intrinsic viscosity of chitosan, pure chitosan ascoligomers were dissolved in acetate buffer. &lbbde capillary
viscometer was used to determine intrinsic visgoBit a constant-temperature water bath at 25 + @1n

triplicate. The capillary diameter used was 0.63 .Wamious concentrations were tested for each sanifie
intrinsic viscosity was determined by the commoatericept of both Huggins;$p/C ~ C) and Kraemersinh ~ C)

plots on the ordinate & = 0.

While reduced viscosity of polymers is defined as:
Nsp/ C=t4,/4C

and inherent viscosity is defined as:
MNinh = In (t/to)/C
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wheret, is the flow time for solvent artds the flow time for tested solution.

Both #sp/lC andyinh are plotted on the same graph. The commondeperof the plots on the ordinate @t= 0
gives:

[7] = (4sp/C) c=0 = (yinh) C=0 = 3.85 lig

The viscosity-average molecular weights of chitosane calculated using the classical Mark-Houwiglation:
[1] = K (Mv) *

Where ] is the intrinsic viscosity of the depolymerizelditosan,K anda are constants for given solute—solvent
system and temperature. For pure chitosan, dedideacetylation (DD) value was 85%.

The constants reported in literature [21] Kre 1.38 x 10-5 and = 0.85

Fourier transformed infrared spectroscopy (FTIR¥wanducted on FT-IR spectrometer (Shimadzu 8406 8
range between 3400 and 600 ¢rnSpectra was evaluated on attenuated total refieet using diamond crystal
(angle of incidence = 45°). 64 scans with a resmuof 2 cm®* were given.

The structure of chitosan and its oligomers prepatsove were analyzed By NMR spectroscopy'H NMR was
recorded on Bruker Avance 500 spectrometer. Alldamwere dissolved in 1% (v/v)-€DsCOOD/ D,O at a
concentration of 2mg/ml. These samples were tramgfein 5mm NMR tube. Internal standard used was d
CDsCOOD/ D,O. *H NMR spectra of samples were acquired at 500 M#3z°C; centre of peak: 4.28ppm:; size of
spectral window: 7002 Hz; time domain: 16384; asijjain time: 1.16 s; number of scans 256 and datg 46 K.

The TMDSC experiments were conducted using a MaedlDSC TOPEM (TOPEM® is modulated DSC
optimized by Mettler Toledo) with a Refrigerated ding System (RCS) unit attached. The instrumens wa
calibrated using the melting of indium standardhit¥ spot’ nitrogen was used as the purge gas whiahflowing

at a rate of 40 cc/min throughs DSC cell. Perkimé&il aluminium hermetic pans were used throughaauistbody.
The sample weight employed was constant at appaiei;n15mg. After loading the samples, the panewealed
with a dry weld. The following parameters were stdd: modulation amplitude of 0.159°C and a 30 slufation
period with a 2°C/ min underlying heating rate. Experimental method consisted of an initial 20-ismthermal
period at 25°C to allow equilibration of the sampbethe programmed temperature modulation, thetirigedo
130°C. Analysis of the results was carried out bly Mhalysis software

Thermogravimetric analysis was carried out on a T&&, Shimadzu. All analysis was performed withCengy
sample in aluminium pans under a dynamic nitrogemoaphere between 0-500 °C. The experiments weratra
scanning rate of 10K/min.

X-ray diffraction patterns of samples were measimgd Rigaku XRD-6000 diffractrometer and used &&target
at 40 kV and 30 mA at 21°C.

RESULTS AND DISCUSSION

Depolymerization of chitosan

Depolymerisation of chitosan is a homogenous reacind it is proportional to the amount of nitraed used.
Sodium nitrite attacks the amino group of chitosestead of N- acetyl group. Subsequently, the @idio linkage
breaks and 2,5-anhydro-D-mannose forms. The coratemt of sodium nitrite plays a significant role the
depolymerisation process of chitosan. Thereforéd®ping chitosan concentration constant at 1g Dml®f 1%
acetic acid, the concentration of sodium nitrite baen changed. The molecular weights of the santaee been
measured. It has been observed that the molec@htvdecreases rapidly as the concentration alisoditrite
increases. Depolymerisation of chitosan by sodiitniten above 0.2g gives a rapid decrease in moécwkight.
The relationship between concentration of NaN@d the molecular weight (MWHf chitosan oligomers is shown
in Figure 1. Furthermore, from the slope of thefipgs, one can conclude that molecular weight oitogan
decreases progressively as the concentration ofQNadhcreases. This may be explained by larger moécul
dimensions of chitosan in solution, which increasescontact area with NaNO
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Fig-1 Relationship between concentration of NaN©and the molecular weight (MW) in kDaof chitosan oligomers
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Fig-2 FTIR of pure chitosan (B) and its oligomersC1, C2, C3)
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Fig-3 H' NMR spectra of oligomer (a) and pristine chitosar{b)

FTIR analysis of depolymerized chitosan samples

As shown in Figure 2, FTIR is used to depict tactural changes in the depolymerised chitosantoSan showed
characteristic peaks in IR spectrum which confiftesaccharide structure. These peaks are obtaintthb1, 1068,
1022, and 892 ci Characteristic strong amino peak was found afirmid3425 crit, 1651 cnt and 1317 cm
which are assigned to amide | and Il bands respaytiThe peak at 1418 cfin C3 is the joint contribution of
bend vibration of OH and CH. Its oligomers havevehdhe characteristic peaks of saccharide at 11612, 1018
and 892 crit. The strong absorption at 1650 Crare attributed to the absorption &f (-NH2) anddy- (amide
II). With the decrease in molecular weight, theslpectra of chitosan oligomers showed many fine raltism peaks
compared to initial chitosan. As the aldehyde groudepolymerised chitosan is present in the hgdrdbrm, the
free aldehydic group absorption appearing at 178 does not appear. This is supported BNWIR.

Presence of water in chitosan can be elucidated fR spectra. In chitosan hydrogen bonded hydrgrylp gave
a peak at 3353 cm-1. This peak in oligomers apgpaalower frequency due to formation of five meneiering
formed due to depolymerisation. The broadness @fpiak is due to presence of water and subseqyéradgen
bonding. Along with chitosan, its oligomers also@wstsuch broadness in the peak appearing at ardg4l@n-1.
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'H NMR analysis of depolymerized chitosan

'H NMR spectra of pure chitosan and its oligomeesrapresented in Figure 3a & 3bl NMR of pristine chitosan
was obtained at 500 MHz. Internal standard used dya&3D;COOD/ DO, its peak appears at 4.78 ppm. Two
resonances H-1 and H-2 at 4.8ppm occur due to Be@rideoxy- D-glucopyranose. Peak at 4.8 ppm ahitia-2-
deoxy-D-glucopyranose and peak of internal standawdrlap each other and therefore peak of (-CH) of
glucosamine is obscured. (-&WH,) proton is represented by a peak at 3.20 ppm. @la¢shifts at 3.38 ppm and
3.744 ppm correspond to protons of -APH. Chemical shifts from 3.91-3.95 ppm correspemdOH,C-CH-,
CH-CH,- and -CH-OH protons of glycoside ring. Peaks appeared bsiv@e2-3.9 ppm are broad due to presence of
water in chitosamtH NMR of depolymerised chitosan has exhibited saesenance as that of chitosan but they are
more defined in oligomers. As the molecular weigltchitosan reduces, the water content in the oligs
decreases, but still the broadening of peak$ifNMR spectra of oligomers is observed due to presef water.
The peak appearing at 5.1ppm in oligomers is mgrgith peak appearing at 4.8ppm which indicatesemee of a
hydrated aldehyde where a water molecule has beddedato the aldehydic group which seems to be titg o
existing form of the reducing end in wate.
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2000 T . . . ;

2500
2000

1500

T0.00 ' 2000 ' 000 ' a0.00
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Fig-4 X-ray diffraction pattern of chitosan (B) and its oligomers (C1, C2, C3)

XRD of chitosan and its oligomers

In Figure 4, X-ray diffraction patterns of chitosé®) and its oligomers (C1, C2, and C3) are shoisreported
previously initial chitosan shows characteristiak®at 10.4° and 20.4° which coincides with théepatof the ‘L-2
polymorph’ of chitosan. In oligomers a new peabliserved at 2= 21° and the other characteristic peaks at 10.4°
and 20.4° have been increased. These have pattearecterized of chitosan polymorph which is refdrto as the
‘tendon hydrate polymorph’ [27]. The other peaks abserved at®2= 15 © and 23 ° which is referred to as the
annealed polymorph’ as described earlier by Oga28j. [The higher molecular weight chitosan did nbows
complete conversion to the annealed polymorph kscat the low mobility of its polymer chain as pese of
water forms hydrogen bond with hydroxyl and amineug. The crystallinity of chito-oligomers is inasng in the
order B < C1 < C2 < C3 which is evident from (. This confers that crystallinity increases wite thcrease in
depolymerisation and decrease in water contentawdich re-crystallization of short chain occurs.

Thermogravimetric analysis

TG curves of chitosan and its oligomers are shawRigure 5. The first stage begins at 80°C withgheioss of
6%. The second stage starts at 260 °C and reachesiom at 380 °C with weight loss of 54%. The weigtmains
after 500 °C is 40%. The first stage starts at®@th weight loss of 6% for chitosan due to theslof water.
Whereas the water loss in oligomers is more duttigmal analysis which infers that their thermabdity is less
as compared to chitosan. Even from the second sffafpermal analysis it can be observed that wdigtg is more
as the molecular weight decreases. As moleculaghweiecreases the amine group present in chitcsaeases due
to which even the water content decreases, evéynthal stability of oligomers reduces down. Therefan the first
stage only the oligomers losses most of its weggtd as the thermal analysis moves ahead it lossst of its
weight. After 500 °C the remaining weight of thegomers goes down substantially. This analysis icmsf
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structural changes which occur during depolymdongsabf chitosan. Thermal stability of chitosan isnma than the
oligomers as their molecular weight decreases.
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Fig-5 Thermogravimetric graphs of pure chitosan (B)and its oligomers (C1, C2 and C3)

Modulated Temperature Differential Scanning Calorimetry

Ratto et. al [16] have reported presence of watehitosan and its effect on glass transition tewrtpee. They have
observed glass transition temperature of chitos@03aC for water content ranging from 8 to 30%zamdou and
Biliaderis [18] found Tg ranging from -23° to 6743 per the water content in them. This indicatestigizing

effect of water in both the above cases. Where&ar8a Maegawa and Takahashin [19] reported Tghithbsan at
203° C. While Kittur et. al [20] found no evidenéar Tg suggesting that Tg for chitosan could lieaahigher
temperature, where degradation prevents its detetion.

Water is present in three forms in macromolecutes freezing water loosely bound, freezing watiha melting
point below that of pure water and water tightlyubd to hydrophilic groups that does not freeze T2].determine
exact Tg of chitosan and its oligomers, as wateskntae Tg (TOPEM) has been used because TMDSC is such a
technique where reversing and non-reversing heat dire separately detected. As the glass transgimperature is
the change in sample heat capacity, it has beesnadss in reversing heat flow instead of non-reveydieat flow.
This can be understood with the reference to tiseclhgeat flow equation associated with TMDSC.

dQ/dt = Cp dT/ dt + f (¢, T) )(1

where dQ/dT is the total heat flow (J/s or W), Ghie heat capacity (J/K) and dT/dt is the heatatg. The term
Cp dT/dt is the reversing heat flow which is departcbn rate of change of temperature and heativg Whereas f
(t, T) is the non-reversing heat flow component esnfrom kinetically controlled event which has héatv
contribution and it is dependent on both tempeeatamd time. The Cp dT/dt component is calculatedhfthe
response to the oscillation via

Amnt! Amne . K=Cp 2
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where A is the amplitude of the modulated heat flow sig@al, is the amplitude of the heating rate signal and K
is the heat capacity calibration constant. Eq.%iges the non-reversing signal which is the diffee between the
total heat flow response and the reversing sigkgthe limits of Tg measurement are less depermtethe baseline
quality it is considered that the technique sha@it@ an enhancement in sensitivity, becan@p is calculated from
the amplitude of the oscillation rather than areixibn in the baseline. The assumption given bydiegnet al. [29],
Lacey et al.[30] that the response of the ratéhefkinetic response to the temperature is linear the modulation
interval, hence the phase lag between the modulbgad flow and the derivative modulated temperatsre
negligible is used in this and subsequent decomioois.

TMDSC graphs of chitosan and its oligomers aresttlated in Figure 6. (a-d). Choice of pan during OSC
measurement is important [8]. Therefore, the stofdyemperature modulated DSC of chitosan and igoolers
were carried out in hermetic sealed pans in orevbid the loss of water present in them. Useenfietic sealed
pan helps in keeping the water content constamutirout the temperature programme. The presencgas$
transition temperature appears on the reversingfloea signal. The hermetic pan does not allow wateescape
which leads to plasticization of the material whakentually lowers Tg. It has been confirmed by itiess of the
hermetic pan remaining constant before and afeeMADSC run. TOPER graphs clearly demonstrate the ability
of TMDSC to separate the associated endothermagaitbn from the glass transition of chitosan aadliigomers.
The water loss peak appears in the non-reversiagfloav together with the endothermic relaxatioralpas it is a
kinetically controlled event.

From conventional DSC the Tg of glass transitiomgerature of chitosan has appeared at 118°C irstdtg. In
presence of water and by temperature modulated &adysis, it came out to be at 61 °C. This confithat water
does acts as plasticizer in chitosan. Water fornmgermolecular hydrogen bonding with chitosan tigio amine
and hydroxyl groups present in them. This helpsnimiecular rearrangement which eases the chain ityobil
chitosan.

TOPEM® of chitosan Figure 6.a, shows same type of therapis for total heat flow and non-reversing heawflo
Due to this Tg of the material cannot be elucidatexdthe presence of water is masking the Tg. Bignwhe total

heat flow is further divided into reversing heatwil and non-reversing heat flow, the Tg becomes moveinent.

In reversing heat flow Tg for chitosan is obtaird1.37°C. The water which is presenting in thifferent forms

starts liberating at various stages. Freezing wattr a melting point below that of melting point water comes
out at around -5 °C, tightly bound water releasethé range of +10 °C- 100 °C and free looselyndowater is

liberated at about 150 °C. From heat capacitiegimdd from non-reversing and reversing heat flowah be

concluded that the Tg values are correct to iterfGA studies indicated that the endotherm appgat a lower

temperature corresponds to a weight loss procegshvithis reasonable to assume represented losgatsdr. As

TMDSC analysis is performed in hermetically segbads the removal of water does not happen wherehows

its plasticizing effect on glass transition tempeara. Whereas in TGA, pan is not sealed, therefiirshows

removal of water peak and even on constant hedtiagds to degradation.

Oligomers are prepared by oxidative degradatiorhotkin which amine group decreases. As amine graigis
contribute in hydrogen bonding with water, theirduetion eventually reduces water content in oligmme
exponentially with the decrease in the amine gr&ui, as the water reduction is exponential with tdecrease in
molecular weight, it helps in providing the samagpticizing effect of water in oligomers which itshahown in
chitosan. Therefore, TOPEMbf oligomers, Figure 6.b shows the same trend é@bshn. In sample C1 water
liberates in the range of -5 °C-150 °C which mablkesTg occuring at around 40.76 °C. But reversiagt Hlow
eventually separates it from non-reversing and ngakimore prominent. The water content in this gkenis 9.33%
whereas it was 9.78% in pure chitosan. Due to gepelisation the water content reduces down evdgtual
decreasing the heat capacity required to provideBugthe water content does not reduces drastibaltause there
is not much decrease in bound water which helgsrawiding Tg which is not very less in comparisonpristine
one. Therefore, even though there is a drasti@miffce in molecular weights of chitosan and itgastiers, but
there is a little decrease in Tg. Even the strattciange is small which aids in restoring waterteot and provides
the precise value of Tg for oligomers. The mobiliiychain becomes less as the water content goes dod
rearrangement of polymer chains becomes confineglass transition of the amorphous regions. Saeredtis
observed in other two oligomers. The Tg of C2 i222°C whereas the water content in it is 8.22%n@a C3
attains the Tg at 12.17 °C whose water content0is%. Hence a clear manifestation of glass trawstimperature
of chitosan and its oligomers in presence of wiasasrbeen obtained using TMDSC.
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Fig-6.b Modulated DSC TOPEM® of chitosan oligomer C1
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Fig-6.d Modulated DSC TOPEM® of chitosan oligomer C3
CONCLUSION

This study has explored the practicalities of maagutheTg of chitosan and its oligomers which are prepdngd
oxidative degradation method. The effect of waterTg of chitosan and its oligomers have been etatlasing
MTDSC ie. TOPEM. An understanding of such factor underpins the afsglass transition measurements for
further applications such as the study of the &ffe¢ water as a plasticiser on the mechanical gat@gs of film
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coats and the effects of chain substitution onrtfiecular mobility of these polymers. It has praddTg of
chitosan and its oligomers which falls in the raraferequired Tg which may be feasible for surfacating
application.
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