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(ABSTRACT)

Molecular mobilityhas long been establishedradate to textural properties and stability of
polymer films andis thereforean important property toccharacterie to better understand
pharmaceutical film formulationsThe nolecular mobility of solvent cast hydroxyethyl

cellulose(HEC) films has beernnvestigated by means of thermally stimulated current (TSC)
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below the temperature at which the film was foroféekliminary physical characteation of
the films was performed usingRPD, TGA DSC and texture analysis (tensile properties)
XRPD results shoedthe films to be completely amorphous withdetermined by DSC to be
127 + 1°C TGA analysisshowedthe films tocontain8 + 1 % water anfllm wasdried to only
0.06 £ 0.01 % watecontentwhen heated to 18Q. Application of TSC detectenholecular
mobility in HEC films at sukrero temperaturesTwo motional transitionswith average
relaxation time of 50 + 3 wereidentified ap-relaxationat-57 + 2°G attributedto localised
non-cooperative orientation of HEC polymer chain ends and the hydroxyethyl side gralips
an o-relaxation originating from cooperative segmental mobilityat -20 £ 2°C The tensile
propertiesi.e. elongation, tensile strength and elastic modofuthe HEC filmhave been

related to hemolecular relaxation processastected by TSC

1. I ntroduction

Polymer films are one of the most important technologies in pharmaceutickigleeatwith
applicatiors rangingfrom use agdrug deliverysystemssuch as Triaminic and Theraflu thin
strips (Novartis)and use in controlled drug delivery such as filmsritegc coated tablet®
enhancing the appearanaed tasteof pharmaceutical produc{gelton, 2007, Bhattacharjya
and Wurster, 2008, Bala et al., 201@ptimisationof thesefilms for a particular applicatign
however,is a challeging process and one that re@gs indepth understandingf materials
behaviour. It is established that mechanic@énsile) propertiesand stability which are
commonly characteriseid evaluate formulated filmsreassociated witlthe glass transition
temperatureTgy) (Fadda et al., 2010, Connie and John, 2005, McPhillips et al.,. IB89]q
(in addition tothe mechanical properties and theypltal and chemical stabilixyf polymer
films have,in turn, beenrelated to molecular mobilityDamaceanu et al., 20,1Ballesteros

and Walters, 2011, Fadda et al., 2010, Bhugra et al., 2008, Zhang et al.,0d:Zcterisation
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of molecular mobilityis thereforemportant to better understapdlymer film performancdor

pharmaceutical applications.

Various analytical techniques have been employedinwestigatemoleculardynamicsin
polymer films Techniques such ag-wetting(Connie and John, 2005, Wang and McKenna,
2013), éipsometry(Tress et al., 2010, Inoue et al., 2009, Mok et al., 20d€)tron scattering
(Inoue et al., 2009, Soles et al., 2002, Soles et al., 2003, Clough et al,, H0bigscence
spectroscopyConnie and John, 2005, Roth et al., 2007, Priestley et al., 2007, Kim et al,, 2008)
X-ray reflectivity(Wallace et al., 1995, Weber et al., 2Q@jllouin light scattering(Forrest
etal., 1997, Mattsson et al., 2000, Fukao et al., 2@8@tpndary ion mass spectroscggieng

et al., 1997, Pu et al., 2001, Connie and John, 2&@&jiielectric spectroscop{Priestley et
al., 2007, Yin et al., 2012, Yin et al., 2013, Tress et al., 2010, Serghlei 2005)have been
used to interrogate the dynamic behaviour of polymer filthgarying thickness on solid
support or freestanding.The application of these techniques haadlectively, demonstrate
significantdecreasén Tywith decreasing film thickness below 75 @onnie and John, 2005,
Lipson and Milner, 2010)or films analysed on solid suppodecreasinghe film thickness
further to below 20 nm causes an increaskifYin et al., 2013) The decrease iy for films
>20 and <75 nm were shown to have no corresponding enhancermpelynrerchainmobility
andthe increase iiig for films < 20 nm thick were attributed teductionof segmentainobility
due to enhanced interaction between polymer segmentsesulid suppor{Connie and John,

2005, Yin et al., 2013).

Investigation of ifms at such smalthicknessscales is important andorovidesinteresting
information onmobility of confined polymerswhich hasimportantimplications inseveral
fields such asnicroelectronics, optoelectronics, and miniature chemical and biol@ginabrs
(Pique et al., 2003, Hojalialemi et al., 2013However, he thickness gbharmaceuticdiims

are typicallyabove 250 nnfMay et al., 2010, May et al., 2011, Zhong et al., 2G0%)the
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behaviouiof confined polymeratthickness <5 nmhasnot been related tihe bulkproperties
of polymer films for pharmaceutical applicatien It is therefore equally important to

investigate motiondbehaviour of polymers in bulk films.

The study of hermally stimulated current (TSC) & useful toolfor the characterisation of
molecular mobility in polymer filmsThe technique measures currents generated by the
movemenbf dipoles in response tnexternally applied static electrical fie{deeAppendix

A). Due to its low equivalent frequency TSC exhibits greater sensitivity ahdneed
resolution of different relaxation processwhen comparedavith the most commonly used
technique i.e. i@lectricspectroscopyfor characterising molecular mobilitf SC investigaon

of formulatedpolymer filmsrelatedto intrinsic mobility of polymer molecules within the film

is limited andto the authors’ knowledgeno such investigation has been perfornted

hydroxyethyl cellulose (HECHIms.

HEC is a nonionic cellulosederivativewith a broad variety of industrial applications such as
in food products, adhesives, paints, textiles and pdanmat et al., 2011, Roy and Rohera,
2002, Luner and Oh, 2001). Thasllulose ethederivativehasalso found wide spread use in
pharmaceuticals as controlled release matrix, binders, stabjlthickeners and film formers
for drug coatiig and delivery (Kamel et al., 2008)mongthe good film forming cellulose
ether derivativesHEC films are perhaps the leastestigated and find use only in combination
with other polymergMorales and McConville, 2011). As such the physical behaviour of HEC
polymer films has not been fully characterisschen compared witlother cellulose ether
derivatives such as HPC and HPM( is therefore necessary to enhance current knowledge
of the physical behaviour diEC films for pharmaceutical applications. this study,the
molecular mobility of HEC films prepared bythe solvent castingmethod has been
characterisethy means off SC below thetemperature at which the filmm formed as this best

representpolymer behaviour withitlypical pharmaceuticahpplication conditions.

4



© 2016 This manuscript version is made available under the CC-BY-NC-ND 4.0 license
http://creativecommons.org/licenses/by-nc-nd/4.0/

2. M aterials and methods

21 Materials

Hydroxyethyl cellulose gverage molecular weight 250 kDa, _viscosity of 1% aqueous

solution at 20°C is ~14mPa) was purchased from Sigma Aldrich (UK)

2.2 Methods

2.2.1 Preparation of films

Films were prepared using the solvent casting methgdeous ge(2 % w/w)was prepared
by mixing the appropriate amount of HEC in deionised water (heated’t@)@dd the mixture
stirred at ambient temperature overnight (18 hours in totaly. &0thegel was poured into a
plastic Petridish diameter of 140 mjnand left in a 6GC oven for 24 hours. The resultant
films werestored in a desiccatower silicafor two days before analysinghe films that were
optically clear with novisible defectsvere chosen for analysis (Fig.. The thickness of the

films were determined using a digital calliper and found to be G:@BB805 nm.

Figurelhere

2.2.2 Thermogravimetric analysis (TGA)

TGA studies were performed usitige Q5000 IR (TA instrumentdJK). Sample mass of
3.20 = 0.5 mg was used for all compounds. Samples were heatechuittiegen atmosphere
at a flow rate of 25 ml/mi from ambient temperature to ®OC in hermetically sealed

aluminium pans with a single pin hole in the lid, at aihgatate of 10°C/min.

2.2.3 Differential scanning calorimetry (DSC)

DSC studies were performeding Q2000 (TA instruments, UKinder a nitrgen atmosphere

at a flow of 50mL/min, using hermetically sealed Tzextlwminium pans with a pin hole in the
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lid. Sample massef 2.60 +£0.24 mg was heated to 140 to remove moisture, equilibrated at

-90 °C, held isothermbl for 5 minutes and heated to 200 °C atC@min.
224 Textureanalysis

Mechanical (tensile) properties of the HEC films were analysed using aDrplus (Stable
Micro System, UK) texture analyser. The filnms<3) devoid of any physical defects were cut
into dumbbell shape. A trigger force of ON was applied during the testing and the films
stretched between two tensile grips at a speed ohth to a maximum distance of 300n
or until the films broke. The % elongation at break, the tensile strength and slasiulus

were determined.
2.25 Thermally stimulated current (T SC) spectroscopy

TSC studiesising the thermally stimulated deposaiion current (TSDC) mode, covering the
range-100 to60 °Cwere conducted using a TSCII/RMA spectrometer (SETARAM, France)
equipped with a 900 series LN2iquid Nitrogen) micro-dosing cooling systemNErhof,
Netherlands) and 6517A electrometer (KeithleygA). Experiments were performagsing
electrode arrangement that consists of bottb8mm diameterand uppef10 mm diameter)
sted electrodesThe amplediametercut for analysiswas 12.0 + 0.5 mmwith an average
weightof 14.7+ 1 mgandsurfacearea ofthe sample in direct contact between the top and the
bottom electrode wag8.54 mm. The analysischamber was evacuated to“fbar and
flushed several times with high purity helium (1.1 bau$dr to analysis Each samplevas
initially subjected to a pr&reatment in which itwas heated to 60°C (the film forming
temperature) and held isothermal for 30 min. This was followed by evacuationasfatysis
chamber to 18 and flushing three timesith high purity helium (1.1 bars). The global TSDC
spectra were obtained by polarising the sampl@@tC with a polarisation field (§ ranging

from 50 to 300V/mm in increments of 50 V/mnfior 2 min (). In the case of thermal
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windowing experiment§TW), samples were polarised witl £250V/mm at T, of -86 to -8
°C in increments o8 °C. Ty was set a8 °C, whilst t and  were set at 2 min for all four

samples.
3. Results and Discussion
3.1  Préiminary physical characterization

Water contentletermined by TGA (Fig. 2) was found to be 8 £+ 1 % after the dehydration
process in the initial heating to 18G. The sample was then cooled and rehetiel0°C

and was found to contain only 0.06 £ 0.01 % moisthveeh could be attributed to bound wat
within the polymeric film matrix DSC analysis (Fig3) showed a single glass transition
temperature at 127 = 1C, followed by degradation of the polymer at ~18D. The Ty
determinedfor the HEC films isin agreement with previously reported d@ararli et al.,
1990).The results obtained from texture analysis show the solvent cast HEC film undergo 9 %
elongation at break, with tensile strength ofl® Nmn? and elastic modulus of 151 mPa

Figure 2 here

Figure 3 here

32 TSDC

TSDCexperiments wermitially performed at varioupolingtemperatures (fronrB0to 50°C)

to identify the temperature region where samples display observable and reproducible
depolarisation current$he TSDC outputshowed thatHEC films undergo a globatlaxation
processwith a small shoulder on the high temperature splgr to the film forming
temperatre (60°C) (Fig. 4). Thisglobalrelaxation processvhich has demperature maxima

(Tm) at-22 = 1°C, is confirmed tooriginatefrom molecular dipole orientationstrinsic to

molecules in the HEC film i.e. there is a linear relationgRfp= 0.9998)betweerthe ratios of
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total polarisation (P) and ahof theappliedelectrical field strengtfEy), with a slope very close

to unityand an intercept at(@ig. 5) (Correia et al., 2000, Diogo et al., 2008, Pinto et al., 2010)
Furthermore tls relaxation processasdetectedt the same temperature even after the sample
was dehydratedvhichprovesthatit originates from the movemendf HEC moleculesvithin

the filmwith negligibleor no contribution from water moleculéhe increasingly high current
tail observed above 2% is likely to originate from a combination of polymer mobility and
movement of water moleculéshich mayindicatethe initial molecular motions that contribute

to the evaporation proceashigher temperaturgs

Fig. 4 about here

Fig. 5 about here

The individual relaxation processes contributing to tlyobal TSDC process were
deconvoluted by means tfermalwindowing (TW) experimentgFig. 6). Theseresults show
more clearly the existence to groups of relaxatioprocessesvith peak maxima located at
-22 +1 °Cand 0z 1 °C. FurthermoreFig. 6 (insert)showsthe distribution of relaxation times
(Bucci lines)for thefirst twelveisolated relaxation processesexhibit straightines while a
small degree of curvatureas observed for rest of the isolated relaxatjgmocessesThis
indicatesthat up to thetwelfth isolatedprocessegT, = -53 °C), the activation energies of
molecular relaxatiomare narrowy distribuied (Alvarez et al., 2000, Correia et al., 20@0d
impliesthe movement ot single molecular fragmetfior each isolatedelaxationproess.At
polarisationtemperatures abow®3 °C,Bucci line curvatur@bservedsuggestshe activation
energies are no longer narrowly distribytederefore two or more groups of molecular
fragmentswith different activation energiemre activatedn each isolated relaxatigmrocess
These observatiordemonstratéhat anumberof motioral modes are activatedn HEC films

well belowambient temperaturegith anaverage relaxation timaf 50 + 3 s.
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Fig. 6 about here

The cooperative nature of these isolated relaxation processesnvestigated further using
the enthalpy of activatiorH *) (extracted byneans ofheEyring's model)in a Starkweather
type analysis(Ramos and Mano, 199%Fig. 7). In this analysis the assumption is made that
AH* valueshave no entropic contribution AS* = 0) whenthe relaxation process ison-
cooperative whilst for cooperativerelaxation processeghe AH *values hasentropic
contribution (AS* # 0) andwill therefore deviate from the zero entropy prediction. Hté *
values for the first twelve isolatedlaxations processdBrst twelve points)are close to the
zero entropy prediction and are therefore Hsonperative The groupof non-cooperative
relaxationsare secondary-relaxationswith the temperature located &7 + 2 °C This -
relaxationis proposed tooriginate from localised orientation of short sections of the HEC

polymer chairendsandor the hydroxyethyl side grous.

Relaxation processes activated abed@ °C (points 13 to 2ih Fig. 7) deviata from the zero
entropyline and are therefore cooperative i.e. they require the cooperation of neighbouring
atoms, molecules anolecularsegments to mové&he rise and descent of theH * values
represent the beginning and end dfaasition(Sauer and Avakian, 1992, Sauer et al., 1996)
hence points 13 to 23 (Fig. dje consideredn o-relaxation Points24 to 27 represents the
beginning ofa second cooperative relaxation processes thatlé&ed toother highe

temperature processes

Fig. 7 about here

Cooperativeamobility or a-relaxations are associatadgth the glass transitiorprocesgSmith
and Bedrov, 2007)The factthatthis a-relaxation(Tm’ = -20 + 2 T) was notdetectecby DSC
suggests it is of low energnd likely to originate fronmobility of a small groupof HEC

polymersegmentgsmallergroup(s)of polymer segmenia comparisono the size and number
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of polymer segmestthatwould typically generate heat signal large enough to be detected by
DSC for bulk glass transitiopsn localised regions othe film. The solvent cast HEC film,
therefore ha twoamorphous regions with different glass transitemperaturesa local glass
transitionat -20 + 2 °C(determined by TSCand thebulk glass transitiorat 127 + 1 °C

(detected by DSC)

Theresults obtained frortexture analysigdicate thathefilm is brittle and harqFelton and
Porter, 2013, Felton et al.)From the TSC analysig was observed that the HEC film
underges B-relaxation aswell-as locala-relaxation processes (local glass transitidmese
molecular motiongare of small scaleinvolving only a small group of short sections of HEC
polymermolecules within thefilm. Thereforeat the temperature of testing (22 °C) using
texture analysigmolecules within the film do not have enough motional freedom/ orientational
capacity to plastically deform under tensile stiestre failure This explains theery low %
elongationat breakof 9 %. Dueto the high average molecular weigdh250kDa) of the HEC
polymer used is able to undergo high degree of intermoleanthmtramoleculainteractiors
through hydrogen bondin&uch high degree of interactiomthe HEC filmlimits the ability

of molecule to undergdarge scale mobilitymaking thefilm brittle and rigid resulting in the
high tensile strength and elastic modulespectively Such low flexibility could also be due

in part to the absence of plasticiser and the low residual moisture content béfaw 10

The current study potentially has important pharmaceutical technology atigtis for film
based formulations. Generally, films have low drug loading due to the reduced physica volum
as a result of the thin nature and therefore effect of such low dadinhs at the molecular
level is not always detectable using the traditional thermal techniqueas@3C. Therefore,
detection of molecular motions using the more sensitive TSC provides arcapaiailityin

characterising the functional performandgbarmaceutical films. It is also plausible that the

10



© 2016 This manuscript version is made available under the CC-BY-NC-ND 4.0 license
http://creativecommons.org/licenses/by-nc-nd/4.0/

information gained from such investigations might provide complimentary iafttwmabout
physicachemical stability in the apparently dry state of pharmaceutical films which slway

have residual levelsf bound water.

4. Conclusions

Molecular mobilitycan have significant influence on the stability and textural properties of
polymeic films. The gplication of TSC has revealedato motional processesa - and a-
relaxationswell below ambient temperaturgssolvent casteHEC film. Thenon-cooperative
B-relaxation detected at57 £ 2 °C originates from independenorientation of short sections

of the HEC polymer chain ends and the hydroxyethyl side groups:-fidiaxationdetected at

-20 = 2°C, which could not bdetected by DSGs attributed to cooperative mobilitgvolving

a small group oshortHEC polymer segmentand considered a local glass transition pracess
The fact that thisi-relaxation(Tm’ = -20 £ 2 T) was not detected by DSC suggests it is of
low energy and likely to originate from mobility of a small group of HEC polysegments

in localised regions of the filnand has energy signature lower than the detection limit of

conventional DSC.

The bulkTg of the solvent cast HEC polymer film was detected at 127& andit can be
concluded that the HEC film investigated has two amorphous regitimslifferent motional
propertiesTogether with texture analysis data, this study has demormksthatethe brittle and
rigid nature of the solvent cast HEE 250kDa) film at the temperature studieattributed
to the fact that it can only undergmall scale, localisedndlow energy moleculamotiors.

This limited orientational capacity of HEC polymers in the filmatrix is the direct result of
the size of the polymer and the high degree of strong intra and intermolearagéy bondig

it undergoes within the film.
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Figure Legends
Fig. 1 Typical example of the HEC films used for studies exhibiting transparency with no

visually observable defects (e.g. patches, tears or cracks).
Fig. 2 A typical TGA output for HEC film showing the first and second heating cycles.

Fig. 3 DSC thermogramof HEC films obtained using TA Instruments (UK) Q2000 DSC.
Each sample is initially heated fror0 to 140°C at 10°C/min to remove moisture (not

shown), cooled and heated a second time from -90 to 140 °C at 10 °C/min.

Fig. 4 TSDC signals obtained for HEC film at different polarisation temperatures adiaigl

strength of 100 V/mm. The insert is a zoonme@rea of the TSDC process of interest.

Fig. 5 Global TSDC curve overlay of HEC film polarised -20 °C using electrical field
strength (k) of 50— 300 V/mm with an insert of a linear regression showing the relationship
between the ratios of total polarisation and the ratios,@pplied. P () is the polarisation

obtained at a particular Ep and RYHs the polarisation obtained for the lowest E

Fig. 6 Typical TW results obtained for HEC films showing the isolated motional modes along
with the corresponding distribution of relaxation times/ Bucci lines (insetrtésl for below

the film forming temperature.
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Fig. 7 Overlay of the plots of the enthalpy of activationH *) valuesobtained for each
isolated relaxation process from thermal windowing (TW) experiments arzktheentropy

prediction AS = 0).
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