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Thermaeoptic propertiesenhancemensf the bi-stabletemperaturehresholdsensors
basedon apartiallyfilled photoniccrystalfiber wasreported Previouslytestedransducers
filled with a selectedgroup of pure n-alkaneshad in most casesdifferencesbetween
switching ON and OFF states Therefore,the modification of filling material by using
additionalcrystallizationcenterdn theform of gold nanoparticlesvasappliedto minimize
this undesirableeffect. The evaluationof thethermodynamicproperties of pentadecanand
its mixtures with 14nm spherical Au nanoparticlesbasedon the differential scanning
calorimetry measurementw/as presentedOptical propertiesanalysisof sensorgprepared
with thesemixtureshas shownthatthey areboundedwith refractiveindex changef the
filling material ParticularsensorswitchesON beforemelting processdeginsand switches
OFFbeforecrystallizationstarts Admixing nextgroupof n-alkaneswith thesenanopaiitles
allows to designsix sensos transduceravhich changeON and OFF statesat the same
temperatureThus, the transducersith a wider temperaturgangefor fiber-optic multi-

thresholdtemperaturesensottestswill beusel.

1. Introduction

Possibility to use an infiltrated photonic crystal fiber
(PCF)in the optical fiber sensortechnologywasfound at
an early stageof its development.The most important
advantagef infiltrated PCFsis a directinfluenceon light
guidedin the fiber with a relatively small amountof the
filing material. Such hybrid design has led to various
applications. The comprehensivereview of applied
materials physicaleffectsandimplementationsn sensors
technologycanbe foundin Refs.1 and2. However,from
the pointof view reportedn the papemresearchit is worth
to mentionthe studiesfocusedon infiltrated PCFthermo-
optic propertiesOneof themostimportantphysicaleffects
observedin filed PCFsis a change of propagation
propertieswhen arefractive index of the filling material
decreasewith anincreaseof temperatureThis effectwas
observedn solid and hollow core PCFswhen they were
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infiltrated by immersingoils [3,4], liquid crystals[5,6,7],
pha® changingmaterials[8-11], nanomaterialsnixtures
or nanecompositeg12-17], and polymers[18,19]. Based
on suchPCFtransducersvarioussensos platforms were
developed for measurment of different physical
parameterd1,2]. Moreover, some special designswere
focusedon nonlinearopticsapplicationsuchasdispersion
managemerr supercontinuungeneratio [20,21].

In this paper,thermaoptic propertiesof the optical
fiber tranglucersbasedon a partially filled PCFwith the
phasdransitionmaterialswverereported n-Alkanesfrom a
selectedgroup usedasthe filling materials changetheir
statefrom solid to liquid for specifictemperaturesPhase
transition is a discontinuousproces and the refractive
indicesof thesematerialschangediscontinuouslyaswell.
These optical propertes in connection with optical
propertiesof PCFallow to designa bi-stableoptical fiber
transducef8-11] and a multi-stagetemperaturghreshod
senso [10]. Light is able to propagatethrough such
structurewhen a filling material is in a liquid state— ON
stateandit stopswhenafilling materialis in a solid stae—
OFF state.Similar bi-stableeffectwasdemonstratedvhen

18963 7 5 R202@Associationof PolishElectricalEngineer{SEP)andPolishAcademicof SciencegPAS). Publishedby PAS.


http://journals.pan.pl/opelre?language=en
https://doi.org/10.24425/opelre.2020.136111
mailto:pawel.marc@wat.edu.pl
https://orcid.org/0000-0002-7328-0088
https://orcid.org/0000-0003-2648-2186
https://orcid.org/0000-0001-8838-5846

N. Przybysztal. / Opto-ElectronicsReview28 (2020 220-228

selectech-alkaneor pardfin wax wereusedasa cladding
of thetaperedbpticalfiber [22,23].

Theunstablehermodynamipropertieof n-alkanesor
broaderparaffinsarethe critical pointin work of suchtype
of bi-stablePCFtransducersFor mostof thesematerials
the melting and freezingtemperatuoes are different This
induces a discrepancybetweenswitching ON and OFF
temperaturesof the transducer.As a solution to this
problem the use of a mixture of pure n-alkane and
metallic nanoparticlesvas proposed/17]. Nanomateals
are extensivelystudiedin various scientific fields [24].
Enhancementf selectedmaterialsoptical propertiesby
nanoparticleslopingis oneof the mostinterestingsubjecs
of thosebroadrangestudieg12,17].

In the paper gold nanopartles (Au NPs)weremixed
with selectech-alkanedo verify theirinfluenceon optical
propertiesof the PCFtransducer.

2. Thermodynamic properties of filling materials
2.1. Thermodynamicof n-alkanesphasetransition

In the paperthe subgroupof n-alkaneswith morethan
10 carbon atoms in the molecule was taken under
consideratiordueto their melting pointswhich arewithin
therangeof —30-65 °C and thereforetheyareappropriate
to design a bi-stable PCF transducer Moreover, their
physical properties,such as dersity, melting or boiling
point changeregularly as the number of hydrocarbon
groups in the molecule increases(homologousseries).
Howeve, they are thermodynamicallyunstablewhich is
visible as a difference between melting and freezing
temperature when the material changs its phaseby its
heatng or cooling. Thesethermodynamicpropertiesare
directly relatedto the excesof the systeminternalenergy
which results from their internal structure,i.e., a large
number of grain boundariesand interphaseboundaries.
According to Gibbs theory, the undergoingchangesare
divided into type | or Il and eachof themis thermally
activated25]. Thisis dueto thefact, thatat atemperature
lower than the phase transition temperature, the
transformationrate is negligible and increasesvhen the
diffusionrateis relatively high. In transformatiorof typel,
the energy barrier is triggered by an emergenceof
apermanentnew phasenucleus This new structuregrows
in a changedorder and has lower energy In type Il,
agradualchangeof the unstablephaseto the stableone
occursthroughthe sequencef intermediatestatescausing
a reduction of material free energy This type of
transformatioroccurssimultaneouslyn the entirevolume
of the material Changeof Gibbs free energyAG from the
initial to the final state which occurs at the given
temperaturd is directly relatedto the change®f enthalpy
A Handentropy4 Sy thefollowing equation25]:

AG = AH — TAS. 1)

Chemicalreactionscarriedout under constanipressure
and temperatureoccur spontaneouslyif thdar AG is
negative. A given systemalways tendsto achievethe
minimum of energyin which the further energyreduction
is impossible,and then AG reachesa value equalto zero,
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i.e., equilibrium. Analyzingthephaseransitionfrom liquid
to solid, a disorderedstate of moleculestendsto the
structurein which eachof molecules hasaspecificlocation
in thecrystallattice. Thisis typel transformatiomrelatedto
a discontinuouschangein entopy which causesa non
linear changein the temperaturegradientof AG. In this
procesghelatentheatd His releasedatthe crystallization
point.

In orderto initiate a phaseransformationa newphase
must be created.Size of a new phasegranularstructure
determineshespeedf thistransformationThenewphase
volumeis directly relatedto thereductionof free energyof
thesystemwhichis adifferenceof freeenergyfor thesolid
andliquid phasegbelowthe melting point). This negdive
changén freeenergypervolumeshouldbeproportionatto
the moleculevolume. In addition, the nucleationprocess
dependsn the solid-liquid interfacialenergyys. which is
associateavith anincreasdn free energyof the systemin
proportionto the interfacesurface[25]. A total changeof
AG causedoy the generatiorof a sphericalnucleuswhich
hasthe Gibbs free energyper unit volume AGy and the
radiusr when the nucleationwasassumeds describecdby
therelationship[25]:

AG = gn r3AG, + 4 riys | )

In Fig.1, changesof AGy of the material without
modificationasa functionof temperaturavereshown.
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Fig. 1. Graphillustrating the changeof Gibbs free energyas a
function of temperaturenearthe melting temperaturely, For
subcoolingd Tthechangen freeenergyperunit volumedueto
aconversiorfrom liquid to solidis 4Gy.

At melting point, Gibbsfree energyis the samefor the
liquid and solid states.The solid stateof the materialis
thermodynamicallystable below T, whereasthe liquid
phase— aboveit. For temperguresbelow melting point,
Gibbsenergyof bothstatesncreasesThis increaseresults
in anincreaseof crystallizationdriving forces.Therefore,
a sufficiently largechangeof AGy of thesystemis adriving
force of thenucleationprocessandincreasen the stability
of the basematerialsolid phase

Equation(2) allowsto determinea critical radiusof the
nucleus* [25]:

* ZYSL
=gk Q3)
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If the radiusof the admixturenucleusintroducedinto
the basematerial is smaller than the critical ong then
thermodynamicfluctuations of the sphericalcluster are
unstableandits growthincreases total free energyof the
system.However, if the synthesizednucleushas a size
equalor largerthanthecritical radius,it will be stable,and
its increasewill reducethe systemenergy.The latter can
lead to reducethe hysteresisbetweenthe heating and
cooling processCritical free energy (4Gv') necessaryor
the formation of a stable nucleusis determinedby the
relationship[25]:

R
3(AGy)?

AGy (4

In addition, for slight undercooling 4 G can
be
expresse@sthe temperaturalifference4 7of the melting
process related to the melting temperature T, and
determinedrom equation25]:

AGV=;—VAT, (5

whereLy is thelatentheat4 Hperunit volume.

Moreover the aboverelationsindicatethat the critical
nucleus radius and the nucleation energy barrier are
reducedif super-coolingoccursand, thus,the nucleation

processis more preferred. However. it is worth to
temperature changes Thermal fluctuations argq

accompaniedby anincreasdn alocal free energyrelated
to 4 @* andthe probability of this processlepend®n the
Boltzmanncoefficiente x(=AG,"/k 7). In addition, the
presence of solid phase molecules or particles in

asupercoolediquid hasa positive effecton the activation
energy decrease which is necessaryto initiate the
crystallinematerialnucleationprocessThis is significant
becausethese molecules become preferred nucleation
ceners. Whenanalyzingthe heterogeneousucleationthe
critical activation energy of the nucleation processis
reducedby a geometricfactor that specifiesthe nucleus
efficiencyby thecontactangle(8) andis presenteas|25]:

f() =3(1—c 083*(2+c 063, (6)

Hence 4 G is written asfollows [26]:

s _L1Ey$Tm 1
AG™ = 3L%/ AT? f(e) . (7)

Contact angle less than & significantly reducesthe
undercooling degee The preferred and effective
nucleationcenteris the given phaseexisting nucleusand
thenthe contactangleis zero[25].

2.2. Thermodynamic properties of selectedn-alkanes
and their Au nanoparticlesmixtures

In previous experinents switching ON and OFF
temperaturesf the tesed PCFtransducersvere different
whenthey were heatd and cooled [10]. Thermodynamic
consideratioapresentedh thepreviousparagraphallow to
understandhow to design a proper filling material of

transduces basedon selectedn-alkanes Therefore,the
mainaim of thiswork is to find a possibilityto compensate
an undesirabletemperatureeffect by using alkali tightly
dedicated nanoparticks (NP9 as an admixture.
Appropriately designed shape, size and chemical
compositionon the surfaceof the NPsto preventunwanted
agglomerationsvereconsidered

Gold (Au) NPstransferredrom an organiccolloid as
anadmixtureof selectedr-alkanesactasnucleatiorcenters
and increasea thermodynamicstability of the system.It
was expecte that this effect reduces the observed
hysteresishetweenswitching ON and OFF temperatures
while the PCFtransduceis heaedandcooled.

In the higher alkanesselectionprocess the melting
temperatue and the refractive index were taken into
considerabn. Melting temperattes of alkanes were
differentof around10°C andalwayslessthan70°C. The
refractiveindex of the materialin aliquid statewaslower
thantherefractiveindexof silica.

As a modifier of n-alkane Au NPswere used They
were preparedas a stabile calloid of Au NPs uniformly
dispersedin an organic solvent without agglomeation
effect. Preparationof Au NPs colloids was a two-stage
experimentwhich was partially describedn the previous
work [17]. Briefly, in the first stage,the synthesisof Au
NPs was performedby a chemicalreductionmethodin
anaqueoussolution. For this purpose,a gold precursor
solution (HAuUCls) of an appropriateconcentrationwas
preparedandheatedo theboiling pointunderreflux. Then
a heatedreducant solution was vigorously introduced
which alsoactedasa stabilizer.Table1 presentshelist of
reagentaisedfor the synthesis.

Tablel
List of reagentsusedfor Au NPssynthesisn
asizeof 5nmand14 nm.

Sizes of Au NPs 5nm 14 nm
Concentration of 100 ppn 100 ppm
Au
Molar ratio of
HAuCls:sodium 1:3:2 1:3.5.0
citrate:tannic acid
Gold precursor 94.34 g, 95.42 g,
HAuUCls 0.0183% 0.0181%
<
€5 Sodiumcittate  3.939,1% 4589, 1%
55
2o
x Tannic acid 1.739,1% -

After the reductantwasadded the solutionturnedred
which provesthe formation of gold nanoparticleqafter
1 min for 14nm Au NPs and immediatelyfor 5nm Au
NPs). The solution was stirred for additional 15 min and
nextcooleddown to room temperatureThe next stageof
the Au NPs colloid synthesiswas basedon the phase
transfer process.In order to obtain Au NPs organic
colloids, octadecylamine was used as a modifier.
Alkylamineswith long hydrophobicchainswere selected
as Au NPssurfacemodifiers. Selectedmodifiers enabled
the transferof Au NPssuspendedh waterto hexaneand
obtaining stable organic colloid systems.The modifier
amountcorrespond#n 50 moleculesf octadecylaminger
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1 nn? of anNPssurface To fully replacetheligandalready
adsorbedn the NPs surface(citrate) in waterandenable
aphasetransfer,an excessof incoming ligand (amine)
shouldbe provided.Theweightratio of aqueousolloid to
hexanewas 1:1, thus the Au massconcentrationdid not
changeand was of 100ppm. The bi-phasic sysem was
shaken for 5min and then left for another 2 min.
Subsequentlythesystemspontaneouslgeparateihto two
layers,hexangphaseandwaterphase.

The obtained Au NPs were examined using the
scanning transmission electron microscopy (STEM)
techniqueto give complementey information aboutsize,
size distribution and shapeof nanoparticlegFig. 2). The

aqueousand organicAu NPs colloids were characterized

using a dynamic light scattering(DLS). As a result, the
hydrodynamic diameter of the obtained Au NPs was
determine and the effective phasetransferprocesswas
confirmed(Fig. 3).

As shown in Fig. 2, the obtained nanopaticles are
monodispersg and quasispherical.ln order to obtain a

size distribution histogram 500 particleswere measured

andthemeanAu NPssizewasdeterminedas5+ 1 nmand
14+ 2 nm, respectively.

As shownin Fig. 3(a), differencesin size obtainedby
two techniques(DLS and STEM) are related to the
measured value specificity. In the DLS technique,
hydrodynamicdiametersof nanoparticle{metallic cores
togethemwith modifiers/stabilizeradsorbednthesurface)
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Fig. 2. STEMimageswith correspondingarticlesizedistributions
histogram®f Au NPs:measuredize(a) 5+ 1 nm; (b) 14+ 2 nm.
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Fig. 3. Schematicpresentatiorof the measuredsizein DLS and
STEM techniquega); DLS sizedistributiongraphsof Au NPs
5 nm — measurechydrodynamicdiameterswere 10+ 2 nm in
aqueouphasgb) and11+ 2 nmin hexanephaseg(c); DLS size
distributiongraphsof Au NPs14 nm— measuredhydrodynamic
diametersverel7+ 2 nmin aqueouphasgd) and2 0 shin
hexanephase(e).

are measured,and, therefore, larger sizes are obtained
while in the STEM techniqueonly diametersof metallic
coresare measuredThus, the nanoparticlesize obtained
by the STEM techrique comparedwith DLS will be
smaller.In orderto confirm the effectivenessof the phase
transfer process, measurementsof the hydrodynamic
diameterwere performedusing the DLS technique.The
measured hydrodynamic diameter for 5nm Au NPs
(STEM) in watea was10+ 2 nm [Fig. 3(b)] and11+ 2nm
in hexanephase[Fig. 3(c)]. The measued hydrodynamic
diameter for 14nm Au NPs (STEM) in water was
17+2nm [Fig.3(d)] and 20+5nm in hexane phase
[Fig. 3(e)]. No aggregate®r agglomeratesvere detected
afterthe pha® transferprocess.

In general,a mixture of n-alkaneand Au NPs colloid
waspreparediccordingo thefollowing procedurel ml of
a higherakane and 1 ml of a colloid with Au NPswere
mixed in oneglassphial. This wasa compositon of 1:1.
Thel:x compositionhasx ml of Au NPscolloid. Next, the
mixturewasintensivelymixedandheatedatatemperature
higherthantheevaporatioriemperatue of acolloid solvent
at which the NPs were stabilized. After the solvent
evaporationthemixturewascheckedvhethertheresulting
materialhad undesirableeffectssuchassplitting into two
phasesor agglomerates.If any negative effect was
observedthemixturewasreadyto make a PCFtransducer.

In theresearchtwo sizesof Au NPsin a cadloid were
tested.PCFtransducerdasedon mixtureswith 5 nm Au
NPs and selectedhigher alkaneshad adverseeffectsand
anincreaseof switching ON and OFF temperéures was
observed Regarding Eqg.(3), it could be a result of
asmaller than critical radius of the nucleus Thus the
preparednixtureswerethermodynamicallyinstable In the
nextstep 14 nm Au NPsweretested However beforethe
PCFtransducerpreparationinfluenceon thermodynamic
properties of n-alkane by Au NPs was verified by
differential scanning calorimdry (DSC) measurements
[2€]. In the experiments mixtures compositions of
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n-alkane/AuNPs colloid in the following proportion: 1:x
where x =0.6 were prepared.DSC measurementsvere
madeusingthe NetzshDSC 204 F1 Phoenixcalorimeter.
Studies were conductedin the ambient atmosphereof
nitrogen with a gas flow rate of 20.0ml/min and a
heating/coolingateof 2.0°C/min.

As examplesseeFig. 4, DSC measurementsf pure
pentadecanéC = 15) andits first two mixtureswereused.

In all presenteglots, blue andred curvesrepresentl
heatflow perunit samplevs temperaturdor cooling and
heatingprocesseggespectively For higherconcentrations,
both crystallization and melting temperaturesremain
unchangedDuring the heatingprocesghe testedmaterial
is in a solid phase Heattransportmechanisnis basedon
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Fig. 4. DSC measurementf pentadecaneand its Au NPs
mixtureswith thefollowing proportionsof n-alkaneandAu NPs
colloid: (a) 1:0, (b) 1:1, (c) 1:2. Red color indicatesheating
while blue oneindicatesthe coolingprocess.
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conducton and a much larger temperaturegradient is
observedin the system.Each plot consistsof two peaks
which arerelatedto increasedemperaturesf solid-solid
[26] andsolid-liquid transitions.Whenamixtureis cooled,
only aliquid phasas presentn theinitial stageandtheheat
exchangedbetweenthe environmentand the mixture is
relatively high. Phasetransitionsfrom liquid to solid and
next solid-solid are representeds depths on theseplots.
Eachpeak/deth is describedby a setof datawhich are:
areaandonsetpeakandendtemperatures.
Onsetandendtemperaturesallow to calculatedT from
Egs.(5) and (7). Peak temperature which indicates
crystallization(Tc) or meling (Tm) temperaturelefines the
metastablezonewidth Tmuszw= Tm — T¢ [27]. Thereforeto
simpify theanalyss of solid-liquid-solid transitionswhen
the sampleis heded or cooled in Table2 cumulativedata
of peakstemperatureof the testedpentadecae for all
preparedcconcentrationsvereshown

Table 2
Crystallizationand melting temperaturesieta-sableonewidth and
latentheatof solid-liquid-solid phase transitions based on DSC
measurements for pentadecane and its mixtures

Co“rfq'gggi‘fion 0 11 12 13 14 15 16
T.['C] 64 66 70 71 70 70 70
Lwc[¥g] 1534 1514 151.0 146.8 150.1 1485 1485
Tm[°C] 132 128 125 124 124 124 124
Lum[Jlg] 149.2 1464 146.8 1435 1457 1440 144.0
Tmszw[°C] 6.8 6.2 5.5 5.3 54 5.4 5.4

Lve, Lvmdenotdatentheatsof crystallizationandmelting processesgspectively.

Melting temperaturef the heatingprocessarewithin
the rangeof 12.4-13.2°C, while crystallizationtransition
temperaturesf the cooling proces<or all examinedcases
are between6.4°C and 7.1°C. The data show that the
transferof Au NPsto the pentadecanallows to reduce
Tmszwof aboutl.5°C becausef a simultaneouslecrease
of Tm and an increaseof T.. Significant changesin the
above-mentionedemperaturesook place alreadyat the
lowest concentrationsof NPs i.e, 1:1 and 1:2. The
influence of higher NPs concentrationsvas within the
uncertaintylimit.

In a phase transitiompoint the free Gibbs energy
change(4 G:) equalsO. Therefore,from Eq.(1) it is
possibleto calculate entropy (4S,1) which is enthalpy
(4Hp.y andpeaktemperature(dTpea) ratio. These values
areshownin the DSCthermogramsstheinsetsin Fig. 4.
In Table3 summarized calculations for tipeire penta-
decaneand its Au NPs 1:1 and 1:2 mixtures for the
heatingandcoolingprocesseareshown.Theadmixturein
the form of NPs slightly decreasedoth AH,: and A4S,
during the liquid-solid and solid-solid phasetransition
comparedto the pure n-alkanes.The latent heat Ly
decreasesas the mass fraction of gold nanoparticles
increasesLy is attributedto the intermolecularvan der
Waals forces and to ordering the n-alkanestructure by
introducingadditionalcrystallizationcenters.The limited
thermal translational movementsof individual alkane
moleculesby arrangingthe mixture with nanoparticles
reducelLy and change4 § as well. Moreover, with an
increasenof NPsconcentratiodatentheatsof both melting
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Lvm and crystallization Ly. processesdecreaseand less
energyis necessaryo transformthe preparednixturefrom
onephaseto another Areais relatedto the integral of the
plot betweeronsetandendtemperatureandis theLy value
of thephasdransformatior{Eq. (5)].

Table3.
Calculated entropg §:) changedased on DSC measuremefuts
heatingand coolingof purepentadecane and ifg1 NPsmixtures
for concentrationsf 1:1and1:2.

Mixture
composition A Hi [kd/mol] Treak[K] A §r.[J/molK]
Lo 31.69 285.75 110.91
' 8.55 272.35 31.40
(@]
£ 31.10 285.95 108.75
© 1:1
£ 8.51 272.35 31.24
2 31.18 285.65 109.16
' 8.40 27215 30.85
Lo 3258 280.05 ~116.35
' -8.05 268.55 —29.97
g 32,16 279.75 ~114.96
[} 1:1
8 -7.86 268.45 -29.27
2 ~32.07 280.15 ~114.49
' ~7.79 268.65 ~29.01

3.  Optical properties of PCF transducers

In thenextstepof theresearcha setof PCFtransducers
basedon synhetized mixtures with 14nm Au NPswas
preparedThe manufacturingprocedurewas asfollows. In
the first stage afterthe basematerialmodification(higher
alkane),it was introducel into the air holesof a PCF by
means of capillay forces, a elevatedtemperatureand
pressureNext, the materialwas movedto an appropriate
distancefrom the optical fiber end by using external
vacuum Finally, standardtelecommunicatiorfibers with
FC APC connectorswere spliced to both ends of the
partially filled PCF.In the experimentan LMA 10 PCF
(ThorLabs)with alengthof about25 cmwasapplied The
standardfilling length was of around 40mm. In this
configuraton each patch cord is a single sensorwhich
worksasabi-stabletemperatursersor. Whentemperature
is high enoughto meltthefilling materialandits refractive
index is lower than the optical fiber material refractive
index the light canpassthrough the sensor(stateON). If
oneof theseconditiors is notfulfilled, the sensordoesnot
transmit light (stateOFF) [10]. Temperatureat which the
light can passthroughthe sensoris namedTon, wWhile the
temperaturatwhich thelight is stoppeds namedTore.

Optical properties measuremest of the prepared
tranglucerswere carried out in an experimental se¢—up
presentedn Fig. 5. In theaboveset-upit is possibleto test
four transducergS1, S2, S3, S4) simultaneously Light
from the laser diode (central wavelengthof 850nm) is
divided by a 1x4 uniform splitter and illuminates each
sampleLight intensty pasing througha singleelements
measuredby a detector.Analog signalsfrom all tested
transducersare convertecby A/D convertersandacquired
by PC.

225
VCL 7010
S1
. S2
LED | 1 Splitter . A/D
850nm 1x4 = Deistons [~ converters
S4
PT 100

|Mu1timetcr|—| PC |

Fig. 5. Theexperimentaket-up for the PCFtransducecharacterization.

To redue temperature fluctuation inside the
temperaturechamber(VCL 7010) all preparedsamples
wereisolatedin asinglemetaltube.Additionalinformation
acquired by PC was temperaturecalculated based on
resistanceof the PT100thermocoupleplacedinside this
metal tube. For each transducer,the measuredlight
intensity chargesin a specificrange of temperaturevhich
is aroundthe solid-liquid transitiontemperatureof the
filling materialused Usuallytwo heating- coolingcycles
were carried out. Measurenent voltageswere read from
detectorswith aspeedof 1 S/s.

During each test the sensor time responsewas
measured-However to evaluatehermo-optic propertieof
the transducersthesesdata were plotted as normalized
voltage measuredby the photodeector vs. tempersure
measuredby thethermocouple.

As an example of such measurementsin Fig.6 a
normalized voltage of PCF transducers based on
pentadecanandits mixturesis presentedThetemperature
spanfor all samplesvaswithin the rangeof 0-20 °C. By
analogyto Fig. 4, measurmentsdataaremarkedn redwhen
thesamplewasheaing andin bluewhenit wascooling.

Opticalpropertiesof the purepentadecanpresentedn
Fig. 6(a) showthatit switchesOFF (Torg) and ON (Ton)
for temperaturesf around5.4°C and7.7 °C, respectively.
However, transferred from colloidal, NPs cause
fluctuationsof ON and OFF temperaturesk-or a mixture
compositionof 1:1 [Fig. 6(b)], the presencef NPsresuls
in the shift of both temperatureto lower valuesand Togr
is of around3.8°C while Ton is of around6.1°C. Next, a
transducewvith a 1:2 mixture [Fig. 6(c)] hasTorr=7.8°C
andTon=9.1°C. Finally, for amixture compositionof 1:5,
both switching temperaturesequalize. This mixture
composition fulfill s requiremerg of a developedPCF
transducer.

Comparingthesedatawith the measurednelting and
crystallization temperaturespresentedin Table2, it is
obvious that the optical transmission observed in
measurementappeardor lower temperatureshanfillin g
material changesits phase.When this mixture startsto
melt, its refractiveindex deaeasesindbecausdts valueis
lower thansilicalight, it canpassthroughthetransduwer.

Detailedanalysisof Fig. 6(a) showsthatthe heatflow
of a pure pentadecam startsto increaseof around8°C
which co-relates with Ton temperature. When the
transducemwascoding, theintensitydecreasedlowly and
around Ton dropped indicating the start of the phase
transition. Due to a super-cooling effect of the melted
mateial, Torr is of around5.4°C what correlateswith an
onset temperature of the DSC measirement of the
crystallizationpeak. Unfortunately,the above-mentioned
correlationof apurematerialis notin coincidencevith NPs
mixtures.
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Fig. 6. Temperatureresponsesof PCF transducersbased on
pentadecanandits Au NPsmixturesin avolumeratio: (a) 1:0,
(b) 1:1, (c) 1:2 and(d) 1:5. Red color indicatesheatingwhile
blue oneindicatescoolingprocess.

Therefore,taking into consideratiordatain Figs.6(c)
and6(d), theapplicationof Au NPshasincreasedefractive
indicesof the mixturesin their liquid state.And the PCF
transducefilled with a 1:5 mixture hasits refractiveindex
at switching ON and OFF temperatureexactly below the
refractiveindex of silica. It is becausdhefilling material
refractive index, when phase transition effects are
observedis in theregionin whichwaveguidegropertiesof
a filled PCF are shifted to a non-guiding or band gap
guiding region [1,2]. Moreover, influence of an optical
attenuationincreaseof a filling material in solid state
shouldbe considered.

In further studies,elevenn-alkaneswith carbonatom
numbersbetween12 and 28 were testedto verify the
suppressiorpossibility of observeddiscrepancybetween
TON andTOFF.

A mixed mixture was prepared with the same
compositionas for pentadecanef-or all testedpure and
mixed with Au NPs n-alkanes a bi-stable work of
individual transducersvasobservedandmostof themhad
no zero temperaturedifference betweenON and OFF
states.

In Fig. 7 cumulativedataof optical propertiesof PCF
transducerbasednall testech-alkanesandtheirmixtures
werepresentedn theaggregateglotsareshownmaterials
with theincreasedhumberof carbonatomsfrom thetop to
the bottom. Mixture compositionsare indicated at the
bottom of the plot. In general,for six n-alkanes,i.e.,
tridecane, pentadecane, nonadecane, heneicosane,
tetracosanegndoctacosané waspossibleto find aproper
concentratiormixture for which Ton and Torr of @ PCF
transducerare equal or very close to each other. For
hexadecanend heptadecaneit was possibleto reduce
adifference betweenthesetemperatureof around?2 °C
when the mixture concertationwas of 1:6 and 1:5
respectively. For three materials, i.e., dodecane,
tetradecaneand octadecandt was impossibleto find a
proper concentrationof Au NPs in the mixture for a
sufficientreductionof thesetemperaturedt is alsovisible
that n—alkaneswith odd numberof carbonatomsallow to
design proper optical properties of the transducer.
Additionally, with theincreaseof the carbonatomnumber,
discrepancy between ON and OFF states decreases.
Moreover, thermal anomalies observed in some
measurementare relatedto changesf a heating/cooling
rategradientwhich inducesthe shift of crystallizationand
melting temperaturesand directly influences optical
propertief thetestedransducer§27].

4. Conclusions

A previousresearcltoncerninghermao-optic effectsin
bi-stable threshold temperaturetransducersbased on
apartially filled PCF had led to the observation of
ahysteresis of single sensor ON and OFF states.
Temperaturesit which a single sensorhas switched ON
andOFF during heatingor cooling processesvereusually
different. Main reasonfor that was a thermodynamic
instability of the n-alkane used. To overcome this
phenomenonthe heterogeneousucleationcentersin the
form of Au NPs were addedto the basematerial. This
additive increasedhe activationenergyof n—alkanesand
NPs system.In this way the initiation of a crystallization
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Fig. 7. Switching ON (Ton) and OFF (Torr) temperature
modificationsfor selectedr-alkanesandtheir Au NPSmixtures
with 1:0,1:1,1:2,1:3,1:4, 1:5, 1:6 mixture compositionsRed
colorindicatesheatingwhile blueoneindicatescoolingprocess.

processy this type of nuclaus reducel the super-cooling
effect observed in this kind of material Presented
thermodynamicconsderationswere verified by a DSC
measuremestof pentadecanand its Au NPs mixtures.
Two sizesof Au NPsweretested Au NPswith anaverage
sizeof 5 nmweretoo smallto stabilizethermodynamis of
the selectedn-alkanesand the optical propertiesof the
testedPCFtransducersvere not acceptableAu NPswith
anaveragesize of 14nm allowed to prepare mixtures

227

required by a PCF transdicer From the group of 12
selectedralkaneswith thenumberof carbonatomshigher
than11, in six casegherewerefound optimal concentra
tions of NPsto sufficiently reduceswitchingON andOFF
tempeatures Dataanalysisshowsthatthethermodynamic
effects causedby the NPs admixture were also accom
panied by an increaseof the refractive index which
contributedto a significantimprovemenin the parameters
of the testedelementsBasedon the testedmaterials it is
possibleto selectn-alkaneswith a properconentraion of
Au NPsin the mixture which allows to createa fiber optic
multi-stagetemperaturehresholdsensomith a dedicated
temperaturespan.
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