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Abstract

Recently there has been much interest in designing passid® frequency identification (RFID)
tags with sensing capabilities. Passive RFID sensor taigealréor many applications due to their
low cost, wireless monitoring with non-line of sighperation capabilities, small size and pre-
existing infrastructure. There are two approaches in gieisig passive RFID sensor tags: either a
functioning passive sensor is integrated into the integdatércuit (O of a RFID tag or a sensing
component (stimuli-responsive material) is used. la trmer approach the sensor readout is
digital while in the latter approach the sensor readouinade indirectly by monitoring variances
in the analog response of the RFID tag. The advantage ddttee approach over the former is
that commercially available IC chips can be utilised - furkbwering the cost of the sensor tag.
The aim of this research was to fabricate and investigatersé stimuli-responsive polymers for

use as sensing components in passive UHF-RFID sersor tag

An epidermal passive strain sensor, composed of abflexintenna mounted onto a stretchable
barium titanate (BaTi¢) loaded PDMS composite is presented for assistedgligipplications.
Permittivity of the elastomer could be controlled by thesight % loading of BaTiGnd self-
adhesion of the antenna was achieved during the elastoroersg process. The epidermal strain
sensor presented in this thesis can differentiate betwgeand x-axis stretching and monitor an

increase in x-axis strain up to 10.4 %.

The known characteristic of PDMS swelling in solvapburs was exploited and utilised as an
actuator mechanism in a solvent vapour displacement senddre swelling extents of several
polysiloxane networks in various solvent vapours, glatith the diffusion properties of the solvent
vapours into the polysiloxane networks were studiedl.prototype solvent vapour sensor with a
standard PDMS elastomer actuator is demonstrated. The sermad differentiate between

solvents as the RFID response was related to the extepblgfer swelling at a given exposure
time. Ink-jet printing of PDMS was also explored forkitowards additive manufacturing of PDMS

based sensing components for RFID tags.

A light sensor design is also presented, in whicth@tgsensitive material that becomes highly
conductive as a result of light exposure acts as a shounitiresulting in the degradation of the
tags performance. Silver nitrate-PVA composite filmsaveaiplored as possible candidates for the
photosensitive material. However, these films were fdua be unsuitable for this application as
the measured film resistance was not low enough to achiewshort circuit and was not affected

by light irradiation.
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Figure 2.7: lllustration of S11 and S22 parameters.r&fets to the reflected signal where S11 =
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Figure 2.11 Relative permittivity of barium filled PDbtnposites (permittivity measurements

performed between30 ', 1eYYYYYYYYYYYYYYYYYYYYYYYYYYYYSBX¥YYY)

Figure 2.12: (a) FTIR of BaTiO3 (28.5 wt%)-PLdt®mposite fabricated using method B section
2.2.3 and BaTiO3 (27.8 wt%)-PDM& SEM micrographs of BaTiO3 (28.5 wt%)-PRitSa)
cross section (b) corner edge of cross-section aqbupurface and (c) corner edge of cross-section
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Figure 2.15: SEM micrograph (a) cross-section efr dilicra® adhered to BaTiO3 - PDMS substrate
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Figure 2.16: Silver Lycra placed on substrate at vatyimgs (4 minutes apart) during the curing
%o E} ¢ ~( € 0 (S ]* 70 uJvpusSsS ]vdp WEREPU](SE (EFRZPYBEYYYY

Figure 2.17: Prototype RFID strain sensorantenna @ésif Y Y YYYYYYYYYYYYYBA XY Y

Figure 2.18: Image of (a) silver Lycra® antenna BalPiQi4S tag prototype (b) copper antenna
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Figure 2.19: Prototype tag on PFTE jig for strain measemts (¢ v} *SE Jv ~ ¢« ii9 68 E ]v)
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Chapter 3:
Figure 3.0: SEM micrograph of PDMS sponge prepasin) a) caster sugar template and (b)

granulated sugar template. SEM micrograph of (c) caster sugh(d) granulated sugar. Scale bar
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Figure 3.1: SEM micrographs of (a) top surface anddir surface of PDMS sponge prepared
using a caster sugar template and (c) top surface andoftipiin surface of PDMS sponge prepared
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Figure 3.2: Nitrogen physisorption isotherm of PDNd8nges fabricated using a caster sugar
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Figure 3.3: FTIR spectra of (a) standard PDMS elastdm&DMS sponge formed using a caster
sugar template, (c) PDMS sponge formed using a granulstegr template and (d) caster
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Figure 3.4: FTIR spectra of (a) TEOS (b) silanol taediPTFPMS (pure polymer) and (c) cross-
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Figure 3.5: SEM micrographs (a-b) top surface, (otthrin surface and (e) cross-section of PTFPMS
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Figure 3.6: Swelling ratio (Q) of PDMS elastomer &=hours exposure to a range of solvent
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Figure 3.8: Swelling ratio, S of PDMS in various sislwersus the soh v3[e ,Jo @& v <}op
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Figure 3.9: (a) QV (b) QW and (c) moles of absorbiedrst vapour versus Ra for each solvent. The
VUuU E+ E 0 8§ 8} 3Z E vI]vP }( SO SOAY Y YAYYXYPYYYBYYYY

Figure 3.10: (a) QV versus vapour pressure (b) Qedsempour pressure and (c) moles of solvent
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Figure 3.11: (a) QV versus the total Hansen solulpbivameter and vapour pressure of each
solvent (b) QW versus the total Hansen solubility parameternapour pressure of each solvent
and (c) moles of solvent in swollen elastomer versues ttital Hansen solubility parameter and

vapour pressure of eachsAl vEYYYYYYYYYYYYYYYYYYYYYYYYYYY®BYYY Y

Figure 3.12: (a) Measured volume swelling ratio vermeslicted swelling ratio calculated using
results from linear regression analysis. Ra and vapogspre variables used (equation 3.10) (b)
Measured volume swelling ratio versus predicted swglfiatio calculated using results from linear
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Figure 3.13: (a) Measured weight swelling ratio versuelicted swelling ratio calculated using

results from linear regression analysis. Ra and vapougspre variables used (equation 3.10) (b)



Measured weight swelling ratio versus predicted swelliaigp calculated using results from linear
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Figure 3.14: (a) Measured moles of solvent vapouwiollen elastomer versus predicted moles of
vapour calculated using results from linear regressioalyamis. Ra and vapour pressure variables
used (equation 3.10) (b) Measured moles of solvent vajrogwollen elastomer versus predicted
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Figure 3.15: (a) QV and (b) QW of standard PDMS elastamdrBaTiO3-PDMS composites after
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Figure 3.16: (a) QV and (b) QW of standard PDMS elastandrPDMS sponges after 72 hours
exposure to arange of solve® %o JHE*YYYYYYYYYYYYYYYYYYYYYYBXYYYY

Figure 3.17: (a) QV and (b) QW of standard PDMS elastoamel TESPN cross-linked PDMS
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Figure 3.18: (a) QV and (b) QW of standard PDMS elagt@ndPTFPMS elastomers after 72 hours
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Figure 3.19: (a) QV versus the total Hansen solulhiyameter and vapour pressure of each
solvent (b) QW versus the total Hansen solubility par@mend vapour pressure of each
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Figure 3.20: Side on view illustration of (a) doubieetad elastomer and (b) PTFPMS elastomer
with a PDMS tip. Orange represents PDMSa ol & % E ¢ vS§e WAd&WD Y YIOY YY Y

Figure 3.21: Images of 2 cm2 double layered PTFPNWBRIastomer exposed to diethyl ether
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Figure 3.22: Images of PTFPMS strip with PDMS tip(ajtérminutes (b) 1 hour (c) 5 hours and (d)
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Figure 3.23: (a) SEM micrograph of double layeredatzer. EDX spectra of (b) point 9 and (c)
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Chapter 4:

Figure 4.0: Area swelling ratio versus sOolvent vapexposure time for standard PDMS
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Figure 4.1: Swelling kinetics of standard PDMS elas®imeacetone, xylene, diethyl ether, DCM,
S}v]SE]o V U S3Z v}o *}0A v3 A %}UEYYYYYYYYYYYYMYYXYY

[Y



Figure 4.2: Relationship between PDMS area swellingaiq@Asolvent vapour exposure time.
Inclusion of the solventvapourS}op v v Z £ v YYYYYYYYYYYYYYVYIYS'YY Y

Figure 4.3: (a) Swelling kinetics, (b) the first 58w¢lling data versus the square root of time for

the standard PDMS elastomers and (c) plot to determinéuslifin exponent, n and polymer
characteristic constant, k for the swelling of standard POiBiethyl ether, DCM, acetone, xylene,
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Figure 4.4: Area swelling ratio versus solvent vapogosure time for (a) PDMS sponges (b) 40
wt% BaTiO3-PDMS elastomers (c) TESPN cross-link&idtatbmers and (d) PTFPMS elastomers.
The data gap observed in (d) for acetone was due to #mera going out of focus which meant
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Figure 4.5: First 55 % swelling data versus the squareafdone for (a) PDMS standard elastomers
(b) 40 wt% BaTiO3-PDMS elastomers (c) TESPN crossdiakeaners (d) PDMS sponges and (e)
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Figure 4.6: Comparison of the diffusion rate of sntwapours into standard PDMS elastomers and
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Figure 4.7: Comparison of the diffusion rate of sotwepours into standard PDMS elastomers and
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Figure 4.8: Comparison of the diffusion rate of sotwexpours into standard PDMS elastomers and
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Figure 4.9: Comparison of the diffusion rate of thevent vapours into the standard PDMS
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Chapter 5:
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Figure 5.1: (a) Transmitted power ratio versus solvapbwur exposure time, (b) Area swelling ratio,

QA versus solvent vapour exposure time and (c) imagestdndard PDMS elastomer from left to

right after 0 minutes, 30 minutes, 150 minutes and 144idutes diethyl ether exposure: top -
images taken during absorption rate measurements and bottoimages taken during RFD
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Figure 5.2: Comparison of RFID response at 1440 nsisoteent exposure time and PDMS swelling
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Chapter 6:
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Figure 6.1: Surface tension of the Sylgard-xyleng\vith varying xylene wt %..................... 151
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Figure 6.3: (a) Example of a printing waveform andl(stiations of the ink cartridge at different
stages of the printingA A (J@EuUX dZ EE}AZ =« «Z}A §Z (OJBEY¥MYBY XZ

Figure 6.4: Printing of Sylgard (30 wt%)-xylene (7@ovink on glass substrate with a 150 micron
drop spacing (a) image taken from middle of the prinsegiare and (b) image taken at the edge of
S§Z % @E]VS <gp E YYYYYYYYYYYYYYYYYYYYYWWWYWWYWYHERKY Y

Figure 6.5: Printing of 5 wt% sylgard ink onto a glabkstrate with a 200 micron drop spacing (a)
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Figure 6.6: Printing of 5 wt% pre-cure Sylgard® 18#%inglass substrate drop spacing of (a) 100
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Figure 6.7: Printing of 5 wt % pre-cure Sylgard®idlBén glass substrate (a) 2 layers with drop
spacing 100 apart and (b) 2 layers with drop spacingal®&z0t with platen temperature set at 60
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Figure 6.8: Printing of 5 wt% pre-cure Sylgard® ABém glass substrate with a drop space of 40
microns with platen temperature set at 60 °C (a) 5 laymiag 1 nozzle and (b) 20 layers using 4
nozzles. Note that these are images of the edge of the piictentinuous Sylgard® 184 film, the
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Chapter 7:
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Figure 7.1: UV-Visible spectra of (a) light irradiateav® AgNO3-PVA solution (b) non-irradiated
40 wt% AgNO3-PVA solution (c) light irradiated 60 wtdO83PVA solution (d) non-irradiated 60
wt% AgNO3-PVA solution (e) light irradiated acidified®® AgNO3-PVA and (f) non-irradiated 60
Wt% AgNO3W's  «}ops]lv JA E 3Ju YYYYYYYYYYYYYYYYYYYYMY YYY)

Figure 7.2: Images of (a) 40 wt% AgNO3-PVA solutip® (wt% AgNO3-PVA solutions after 142
hours and (c) acidified 60 wt% AgNO3-PVA solutions Bi¢hours. In each image the solution on
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Figure 7.3: Plot of lambda max of 40 wt% and acidieéavt% AgNO3-PVA solutions versus light
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Figure 7.4: Mean number particle distribution from DL&asurements of light irradiated (144

hours) acidified 60 wt% AgNOBFs ¢} o uS]IVYYYYYYYYYYYYYYYYYYMBBYYYY"

Figure 7.5: SEM micrographs of (a) 40 wt% AgNO3-¢lvttos (b) 60 wt% AgNO3 solution after
142 hours light irradiation and (c) acidified 60 wt% @§NPVA solution after 144 hours light
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Figure 7.6: FTIR of (a) standard PVA and light irradéieut % AgNO3-PVA composites after (b) O
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Figure 7.8: FTIR of (a) standard PVA and light irradi&®ed% AgNO3-PVA composites after (b) O
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Figure 7.9: FTIR of (a) standard PVA and non-irradiated%%0AgNO3-PVA composites after (b) 0
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Figure 7.10: FTIR of (a) standard PVA and light irradéatielified 60 wt% AgNO3-PVA composites
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Figure 7.11: FTIR of (a) standard PVA and non- irrachaidiied 60 wt% AgNO3-PVA composites
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Figure 7.14: Images of 40 wt% AgNO3-PVA films aftérta} light exposure (b) 553 hrs non-
irradiated and (c) 553 hrs light exposure. Images of &8 wgNO3-PVA films after (d) O hrs light
exposure (e) 553 hrs non-irradiated and (f) 553 hnst lexposure. Images of acidified 60 wt%
AgNO3-PVA films after (g) O hrs light exposure (H) H$ non-irradiated and (i) 144 hrs light
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Figure 7.15: SEM micrographs of 40 wt% AgNO3-RWAftier (a) 142 hrs light exposure (b) 142
hrs non-irradiated (c) 700.5 hrs light exposure and’/@).5 hrsnonfEE ] § YYYYYBYYYX

Figure 7.16: SEM micrographs of 60 wt% AgNO3-RWAftér (a) 142 hrs light exposure (b) 142
hrs non-irradiated (c) 700.5 hrs light exposure and/@).5hrsnonfEE ] § YYYYYIAYYYY

Figure 7.17: SEM micrographs of acidified 60 wt% RgRNA film after 144 hrs (a) light exposure
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Figure 7.18: Average resistance measurements of the toface of light irradiated and non-
irradiated (a) 40 wt% AgNO3-PVA films (b) 60 wt% AJgR@B{ilms and (c) acidified 60 wt %
AgNO3-PVA films. In figure 13 (a) resistance measuresnesre too high to record from 335 to
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Figure 7.19: Resistance of the top and bottom surface 60 awt% AgNO3-PVA film (a) light
iradiatedand (b)nonNfEE ] 8§ YYYYYYYYYYYYYYYYYYYYYYYYYMYYYY

Figure 7.20: Images of 90 wt% AgNO3-PVA aluminiunbéesafter (a) 0 hrs dark exposure (b) O
hrs light irradiation (c) 144 hrs dark exposure (d) bllight irradiation. Images of 60 wt% AgNO3-
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Figure 7.21: Resistance of 90 wt% AgNUZ § 3§ JA E % E]} }( iofXaH o]Pz

Figure 7.22: Resistance of both 90 wt% and 60 wt% AgN®3siver test beds. The lack of
resistance readings betweent5151 and 28% 391 hours light irradiation time for the 60 wt% test
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Figure 7.23: Resistance as a function of light expohmefor 90 wt% AgNO3-PVA silver test beds
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Abbreviations

Abs.
AgNQ
ASIC
asym
BaTiQ
BSE
DAK
DCM
def
DLS
DMP
EDX

FTIR

HNQ
IC

M. W.
PDI
PDMS
PTFE
PTFPMS
PVA
Qa

Qv

Qw

rock

absorbance

silver nitrate
application specific integrated circuit
asymmetric

barium titanate
back-scattered electrons
dielectric assessment kit
dichloromethane or methylene dichloride
deformation

dynamic light scattering

Dimatix materials printer
energy-dispersive x-ray spectroscopy
fourier transform infra-red

grams

nitric acid

integrated circuit

molecular weight

polydispersity index
polydimethylsiloxane
polytetrafluoroethylene
polytrifluoropropylmethylsiloxane
polyvinyl alcohol

area swelling ratio

volume swelling ratio

weight swelling ratio

rocking
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SEM

str

sym

Tg

TEOS
TESPN
THF

UHF RFID
UVvisible
wt %

XRD

scanning electron microscope
stretching
symmetric
glass transition temperature
tetraethyl orthosilicate
2-cyanotriethoxysilane
tetrahydrofuran
ultra-high frequency radio frequency ideatifn
ultraviolet-visible spectroscopy
weight percentage

x-ray diffraction
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1.0Introduction to Radio

Radio frequency identification (RFID) is a technology iwh$es radio waves to identify items or
people! A RFID system has three main components: a RFID tag (aésbacatinsponder), a RFID
reader and a controller (which is often a P.C.). At itstnibasic a RFID system operates in the
following way: a RFID tag is placed onto the objectwaat to identify and when the RFID tag is
interrogated by a RFID reader it transmits back identifyjirigrmation which in turn is processed

by the controller (Figure 1.0).

Computer RFID
— — Antenna ) >> < ( ( RFID Tag
System Reader

Figure 10: Basic operation of radio frequency identificationlRF

RFID systems can be classified as automatic identification-({B)iteystems where an identifier is
attached to an object that can automatically reathere are many different kinds of RFID systems:
they can vary in power source, operating frequencies famdtionalities. The characteristics of a
RFID system (i.e. power source etc.) are determinetstapplication and the characteristics of the
RFID system and regulatory restrictions will in turnetitine the RFID systems cost, physical size
and performance. A brief history of RFID will be pnésé along with the major applications of
RFID technology used today followed by a detailedudision of RFID tags.

1.0.1 Origins of RFID
The origins of RFID are found in thé"t@ntury when progress into understanding electromagmet

v EPC A+ Z] A X D}*3 v}§ o0CU0ffec®maghptic induptin€E)C A A oo
equations which described the behaviour of the interactimiween a magnetic and electric field

v , Sl AZ} %% 0] D AA oo[* 3Z-y@BC I{EP uUSEEFU PIWARA « 0 ]
to RFID technolog¥ In the early 28) century the use of radio waves in detection systems hemhb
realised t RADAR developed by Watson-Watt being the most well-kn@wming World War II,
radar was being used by both sides to warn of approachiigafts however as it is only a detection
system it could not be used to differentiate between emgand allied planes. To solve this problem
the British developed the Identity Friend or Foe (IlyB)esn where they placed transponders onto
their own and allied aircrafts which could respond t@éio signal transmitted from base statiofs.

For many the IFF system is considered the first useFoD.



A few years after the war in 1948, Stockman, an engiimeerduced the idea of passive RFID systems
in his papeilCanmunication by Means of Reflected Poweéfowever, it was almost 30 years later after
A 0}%u v3e Jvi} JvE PE §& ]E u]8+ & E) VE PBIE) AL E 23} lu v[e A
begin to reach fruition. During the 1950s and 1960&aesh into RFID technology continued. Most
notably the 1950s saw the development of long range IFFspamnders and the 1960s saw the first
commercial use of RFID technology in electronic arsiateeillance (EAS) - an anti-theft system. RFID
based EAS uses 1-bit passive tags which are either off. ofMhen the passive tag is on, it will be
detected by the RFID readers placed at the exit of shogssanond an alarm. When the tag is turned
off or removed (item has been paid for) no radio sigealetected and therefore no alarm is sounded.
These systems are still in use today. There was ao%®plof RFID development in the 1970s with
inventors, companies, academic institutions and governmewodies all actively working on RFID
systems for an array of applications. A select few hava lgescribed here. In 1973, Cardullo received
the first patent for a passive RFID tag with rewritable mentoty the same year Walton received a
patent for a passive transponder that could unlock a dodhetit a key. When the RFID reader near
or on the door interrogated the passive transponder andeieed valid identification data the door
would be unlocked. At the request of the U.S. DeparttmaAgriculture scientists at Los Alamos
Scientific Laboratory (University of California) devetbpepassive identification system for livestock
AZ]l Z & %} ES 18z 87 §8§o0 [+ ] VI3RS @g in this systeniséqu@dilated
backscatter to communicate information to the RFID readéris research formed the foundation of
passive UHF RFID tags today which utilise modulated badakscdtt 1977 Sterzer of RCA (Radio
JE%IE 3]1}v }( u E] ¢ A 0}% -+ v%Z0o03 S(EFEVU}IB]IEVA Z] o o[ (JE

purposes: electronic identification of vehicles for tiaffontrol, anti-theft protections and automatic

toll billing.

The 1980s saw RFID technology being implemented imugsampplications but most notably in

electronic toll collection systems. By the 1990s andye2t century RFID technology had become
widespread and was a part of everyday life. Current agjtins of RFID technology are briefly
discussed in the next section. It was also during tbrfogd that industrial standards and government

regulations concerning both the power and frequencgdign RFID systems were formed.

1.0.2 Current Applications of RFID technology
At present RFID technology is being used in a variegppfications including logistics, healthcare,
animal tracking and human identification. A non-exhauststeficurrent applications of RFID is shown

in Figure 1.1.



Sports Tracking & location (other than in supply

- chains)
X RFID timing tag for runners

Asset tracking

Security & Authentication

x Postal packages

x E-passports X Luggage
x ID cards X Library inventory
x E-tickets

Animal trackin
X Access cards g
X Vehlclg anti-theft |mm.ob|I|sers. x Livestock identification & diagnosis
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Figure 1.1: Current applications of RFID technology.

As the use of RFID technology is so widespread as#ieat few applications will be further discussed.
One of the most famous applications of RFID is in sugpiyn management. In 2003 Wal-Mart
famously announced that their top 100 suppliers wouldrbgquired to use RFID tags on cases and
pallets of inventory shipped to its Texas distributiomttes by January 2005.0ther major retailers,
such as Tesco and METRO have also implemented RFIDr sugh@iy chains. Though in addition to
RFID in their supply chains METRO is currently expeting with item-level RFID in store for smart
shelving’ Smart shelving indicates to the store personnel when thelfsneeds to be replenished.
Currently in the Metro Future Store 4 products use itEwel RFID (Procter & Gamble Pantene
shampoo, KE (3 WZ]o 0%Z] @& u Z < U 'Jo00s3[@+0 FTA|€E-E}Es v}
RFID gates between the inbound landing dock and the dtaokroom as well as between the store

backroom and sales floor allowing for complete trackofgall RFID-tagged merchandise. Several



shipping services such as UPS, DHL and FedEx heased URKFID tagging in their postal tracking
systems Along with retailers and shipping services, airports aimihes have also begun to replace

their bar code tags with RFID tays.

In 2008 Hong Kong International airport became one offiret airports to utilise RFID baggage tags
and in the last month Delta airlines announced they willuseng RFID for baggage tracking. Delta
]JEo]v ¢+ Z A Jved 00 Z& E (E+ZAFXo |VESBIE}IRES AZ]z Pl 28

the bag is loaded onto the plane. The reader will flageg if the bag is being loaded onto the correct
aircraft and go red if the bag is being loaded onto the wraircraft. As well as RFID being used in the
supply chain, many manufacturers have implemented RFIDth@in assembly lines as a means to
identify the product being assembled along with any partg tiesed to be fitted to that product. This
means that during assembly an instant check can be perfonmedther verify which parts need to be

fitted or to ensure the correct parts have been fitted &jty control). This type of system has been

utilised by Fordt the car manufacturet®

Security and authentication is another major application dCRFRFID tags have been embedded in
many ID cards such as student ID cards and e-passporpassBerts are currently issued by 74
countries around the world and contain biometric informatiof the holder so it can be used to validate
§Z Z}o E[+] Vv3]3CX dZ h< v BMNP®&/0F Py ]ERNEs » S} % E .
RFID tag cards are also used by many different organisati@esess contrdl as well as ID. The RFID
readers are positioned at building entrances and internalrd@md only authorized personnel can gain
access. The advantage of RFID tag cards is that they candsarpmed to only grant access to certain
areas. RFID tags have been embedded in several prodigttsas pharmaceuticals and banknotes to
aid in authentication and counterfeit prevention. This isiagld via (i) the presence of a RFID tag, (ii)
the specific details encoded onto the RFID tag and (&ijnchf custody i.e. the record of different tag
reads throughout the chain supply which will be savedacsupply chain computer system. The RFID
chain of custody of a product is also known as an egpediof a product. With the e-pedigree of a

product the progress of the product from manufacturerdoestomer can be determined ensuring the

validity of the product.

1.1 RFID Tags

The main components of a RFID tag (also called a transpoadean integrated circuit, an antenna

and a substrate. In some cases extra components such agr ources (in the case of active tags)
and sensors are also a part of a RFID tag. The basic fuaE8dRFID tag is to store and transmit data
to the RFID reader. The IC is responsible for storatg, orocessing data and modulating and

demodulating received radio signals. The antenna ipamsible for receiving transmitting radio



signals. The substrate offers support and protection ® dther tag components. RFID tags can be
classified based on four main criteria: power sourcgetyf memory, computational power and
functionality> However, RFID tags are mostly classified on their pomgce and can be categorised

as either active, semi-passive or passive.

1.1.1 Active & Passive Tags

Active RFID tags have an internal power source which @ tospower the IC and transmit data to a
RFID reader. In most cases the power source is in thedba battery*® There are two types of active
tags: beacons and transponders. Beacon type tags transmii@gmghal at pre-set intervals, whereas
transponder type tags only transmit a signal once activated IBFID reader. Major advantages of
active tags are their large read range and identification capgbiRead ranges of active tags can reach
up to 100 meters. The internal power source also aléov greater memory storage up to 128 Kbytes
compared to 16 of 64 Kbytes of memory in passive'tagsl means sensors and GPS can be integrated
into the active tag. The disadvantages of active tags are #gje Isize, high cost and poor lifetime.
Tag cost and size increases as a result of the powecseund additional components such as sensors.
The operational life of an active tag is restricted by tfegiine of the power source which in most cases

is2t7 years.

Passive RFID tags do not have an internal power source. ICfis powered by the radio signal
transmitted from a RFID reader. In passive tags data transfsvelen the RFID reader and tag is
achieved by either inductive coupling or backscatteegtntwo communication methods are discussed
in more detail later). Advantages of passive tags are #maall size, low cost and potentially infinite

lifetimes. Disadvantages include small read ranges asdiesnory when compared to active tags.

Semi-passive (also called semi-active) RFID tags hantearal power source which is used to power
the IC. Semi-passive tags, like passive tags, utiliser éftthuctive coupling or backscatter to transmit
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transmitted from a RFID reader. The read range of sensiym$ags are larger than passive tags as all
the received energy is used to transmit the data back toRR¢D reader. In the case of passive tags a
portion of the received energy is required to power the. However, due to their power source

component semi-passive tags tend to be larger in sizkcast more than passive tags.

1.1.2 Frequencies

As RFID systems communicate via radio waves they ardielhssid regulated as radio systems. To
avoid signal interference with other radio systems, atlio systems are allocated narrow frequency
bands within the frequency range 300 GHz to 3 KHz.three main frequency ranges in which RFID
systems operate in are: low frequency (LF)300 KHz, high frequency (HF) 30 MHz and ultra-high
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frequency (UHF) 300 MHz3 GHz. More specifically, LF RFID systems operatedeti25t 134.2
KHz, HF systems at 13.56 MHz and UHF systems at eitBavid3 or between 865t 928 MHz.
Frequencies for RFID are subject to regulations and céer diétween different geographies. For
example, the UHF frequency range for passive tagsnopEus 865.6t 867.6 MHz whereas the UHF
frequency range used in the United States is 9®28 MHz. Active tags only operate at UHF (mainly
at 433 MHz), while passive tags can be designed to operad# titree frequency ranges. There are
advantages and disadvantages associated with each frequen€ytddtll have longer read ranges and
faster data transfer rates. An additional advantage of UHF tatheiilssmall sizet high frequencies
have short wavelengths which means they can operate withllsamtennas. The main disadvantage
of UHF tags is that their performance can be affected by theitironment, surrounding conductv
metals reflect any radio waves altering the electromagnéiéld and water absorbs any radio waves
reducing the amount of energy available for the tag to @per LF tags have the smallest read range
and slow data transfer but the long wavelengths can penetiigtéds, live tissue and objects resulting
in these tags not being as effected by their surround@émgironment. HF tags have a read range

between LF and UHF tags and are effected by metal sodings but not water.

1.1.3 Communication method of passive tags
As previously mentioned passive tags use either induciupling or backscatter to communicate and
transfer data to a RFID reader. Inductive coupling is afiedreffect and used by LF and HF tags and

backscatter is a far field effect and used by UHF patasise

1.1.3.1 Inductive Coupling

Inductive coupling occurs between two wire coils thate the property of mutual inductance. Mutual
inductance is when two or more coils are magneticallgdthand a change in current flow in one coil
will induce a voltage in the others. Tags that use indeatoupling have wire coils as antennas. The
magnetic field generated by the RFID reader coil antendacdes a voltage in the tags coil antenna
which is used to power the IC. Transfer of data fromt#geto the RFID reader is performed by load
modulation. The IC varies the load on the tag antenna inrdeoce with the data to be transmitted,
by switching a load resistor on and off. The resistgtching causes the current in the tag coil to vary
resulting in fluctuations in the magnetic field. Thecflations in the magnetic field are detected by

the RFID reader as variation in voltage in the reader coilrenate

1.1.3.2 Backscatter
Backscatter uses the radio signal rather than the magnetid ftecommunicate and transfer data to
the RFID reader. Tags that use backscatter reflect backathie signal emitted by the RFID reader.

The IC is powered by the received radio waves and tradfdata is performed by the IC varying its



input impedance between two different states. The radarssreection of the tag i.e. measure of the
tags ability to reflect radar signals in the direction of REID reader differs for the two impedance
states. Therefore when the IC varies its input impe@datize radio signal reflected back is modulated

t this is why the reflected radio waves are called modudiackscatter.

1.1.4 Standards

RFID standards provide specifications about the frequenaiewhich RFID systems operate, the
method of communication, data transfer and applications. in&ional organisations that provide
RFID standards include EPCglobal and the joint committagode¢tween the International Standards
Organisation (ISO) and the International Electrochemicalriiesion (IEC)A few of the standards for
RFID are described here. The standards for contactlesd sards (at 13.56 MHz) are ISO/IEC 10536,
14443 and 15693. The standards for animal identificatio©3a.4 KHz) are ISO/IEC 1178-x and 14223-
X. The standard ISO/ISE 18000-6 part c / EPC claseratimm2 describe both air interface and data
protocols of UHF RFID systems used in item managementintétface protocols include rules for
encoding, modulation and reading and writing to a tag. Datéomols specify tag data formatting, size

and structure of the tag memory and the way informatiostisred, accessed and transferred.

1.1.5 Tag Antenna
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energy transformer and impedance matching between the anteand IC is extremely important for
maximum power transfer. It is the tags application that defithe antenna specifications. The tags
application determines the read range, surrounding envinent, size and cost of the RFID tag. These
properties in turn define the type of RFID tag choserdative or passive LF, HF or UHF. LF and HF tags
use inductive coupling as their communication method amaktly utilise loop antennas (Figure 1.2 (a)
& (b)). The type of antennas used for UHF RFID tagsléalicrostrip patch, wire or microstrip dipole

and slot antennas (Figure 1(&f)).



(a) (b) (c)

Figure 1.2: (a) circular loop antenna (b) square kmaggnna with several turns (c) wire dipole antenna (dteviolded dipol
antenna (e) slot antenna and (f) microstrip patch antenna

1.1.6 Tag substrate

In some cases the tag substrate is simply to act as the supfracture for the other components of
the tag and used for protection measures. However, subssrasa play a vital role in the development
of RFID tags for various applications. For example, th@sébeen much interest in developing flexible
electronic substrates. Also along with the tag antennas gegméhe physical properties of the
substrate have an effect on both the impedance and reflegtiof a passive UHF RFID tag antenna
meaning that the type of tag substrate used could have d&cebn the tags performance and size.
Babaret al.found that a high permittivity low dielectric loss stitate allowed for a smaller tag antenna

and resulted in an increased read ran§e.

1.2 RFID sensor tags

In recent years the use of RFID technology has becanesmyread and is most notably used in access
control and manufacturer tagging. So far many of the RFIDatzgjiable only store and transmit static
data, however, there has been much interest in RFID tagsseitking capabilitie’$. The ability to both
track the position of the tag and gain information of the tagwieonment such as temperature,
pressure and humidity has many possibilities. For exaraRFID sensor tag attached to perishable
goods could record the temperature during transit. Tieeipients of the goods can read this
information to determine if the perishable goods arelldtiesh and fit for consumption. There are
already several commercial RFID sensor tags on the maddy a select few are discussed here. The
CAEN RFID easy2log® A927Z is a semi passive UHFagenbarh monitors temperature. It is mainly

used for monitoring perishable foods and temperaturesiéve pharmaceuticals during storage and
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transportation. The Savi ST-673 and ST-674 are actis®rstags which monitor temperature and
humidity. Acceptable temperature and humidity ranges areaset if the recorded temperatures and
humidity values are out of the set ranges an alarm ig genthe internet, phone or email. These Savi
tags are used in both military and commercial shipmentee G2 microsystems G2C501 is an UHF
active tag which can be combined with a number of différeensors including temperature, shock
pressure, motion, light and radiation which makes it extedy versatile. It was found that many of the

commercially available RFID sensor tags were either astigemi-passive.

The main competitive technologies of RFID sensor tagdateeloggers, indicators and wireless sensor
networks (WSNSsY¥. The advantages of RFID sensor tags is that the RFID infrasgrig already in
place. Many companies already use RFID tags for taggingsai¥FID is standardised compatible
hardware is available. Data loggers are an electroniicds that records data over time. They are
equipped with a microprocessor, memory and sensorsaameither be used as a stand-alone device
i.e. they can process the collected data or they can fatar with a computer. A flight data recorder is
an example of a data logger. The advantages of data loggytiratithey can collect data continuously,
however due to the presence of microprocessors angdanemory storage, data loggers can be quite
expensive and large in size. Indicators do not storEansmit any data, they display a visual change
in response to a stimulus. For example optical @@dicators which utilise a GBensitive material that
changes colour in response to £&Rposure have been demonstratétiThough indicators can only be
used to sense one environment they are often inexpemsare easily analysed by untrained individuals

and do not require extra electronic infrastructure for dagading or analysis.

Wireless sensor networks (WSNSs) consist of severaosarmdes. Each node consists of a sensor,
microcontroller, a transceiver and a power source. Ttdas communicate with one another and form

an ad-hoc network to send their data back to a monitoring statf As the power source of the nodes
cannot be replaced, power consumption in the designe8NAis an important facto'WWSNs are able

to monitor stimuli in a number of specific places wiitla large area with only one monitoring station.
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Great Duck Islant. Recently, there has been an interest in integrating RFIDVifiNs to extend the

operating area of RFI.

There are two different approaches in designing RFIDaseags?? One method is to design a tag
whose analog response i.e. read range, resonance fregguem backscattered power varies as a
response to stimuli such as temperatétestrain and humidity. These sensor tags utilise exierna
sensor components i.e. stimuli responsive materialsorévioften than not these tags work on the
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measured. The change in the electrical propertiesiin tauses impedance mismatching between the
antenna and chip, resulting in the tags analog response tp vAardisadvantage of these type of tags is
that it can be difficult to be sure that the variation in tkegs analog response is due to the stimuli
rather than other factors such as electrical interference anthe stimuli-responsive materials can be
expensive. The other approach in designing RFID s&g®is to integrate different working sensors
such as light, temperature and moistétesensors into a RFID tag. In the past these sensor @gs w
often expensive and large in size due to the fact that okl components such as an on board power
source and microcontroller were required. Howevereréh has been a move to integrate passive
sensors into the RFID IC cfiiwhich removes the need of an on board power souR&ID sensor tags

are classified according to their power source, operaidrequency and function.

1.2.1 Sensor components in passive RFID sensor tags

1.2.1.1 Temperature sensor tags

In temperature sensor tags researchers have used Wateano conductive inksand shape memory
polymer<® as the sensor components. Virtanenal. demonstrated a tag design which relied on the
( 8§ 83Z 38 A S E[+ E o 3]A fusktiofEof t8Bpdratii@. JA water pocket consisting of
distilled water encased in a plastic containervas placed onto the impedance matching network part
of the tag. As temperature varies, the permittivity of the emtaries which has an effect on the
impedance matching between the antenna and chip. Impedanisnatching results in a change of
the measured power transmitted to the tag along with a chaimgeesonance frequency. The authors
found a linear relationship between ambient temperature drefjuency point of lowest power on tag.
Gaoet al. presented a temperature sensor tag with a printed silvér an-off switch?® At a certain
temperature, sintering of the silver ink would occesulting in a drop in resistance of the printed silver
switch. The change in resistance of the switch resultethe tag to be essentially unreadable.
Bhattacharyyaet al. utilised both the phase difference of a polymer belowd aove its glass transition
temperature (T) and that RFID tags performance degrades near metal in thgidesigrf® The tag
consists of two RFID tags separated by 25 mm in distadoderneath these two tags is a metal plate
attached to crosslinketBAco-PEGDMAté€rt-butyl acrylate co poly(ethylene glycol) dimethacrylate.
The metal plate is positioned under one of the tags aaiisg point. When the ambient temperature
increases above the,©f tBACOo-PEGDMA, the polymer becomes soft and rubbery and actmas
actuator causing the metal plate to move from its starting posito underneath the other RFID tag.
The RFID response is measured as the difference betiteetag performance of each tag as the tag
with the metal plate underneath it will have a lowered perfance when compared to the metal free
tag. The advantage of this threshold sensor design is gzduse the Jof the polymer can be altered

a range of sensors that trigger at different temperatures caridsmulated.
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1.2.1.2 Humidity sensor tags

In humidity sensor tags polyimide filmis’® moisture absorbing materigfand PEDOT: PSS (poly(3, 4-
ethylenedoxythiophene): poly(styrenesulfonic aéldhave been used as the stimuli-responsive
materials. Both Chanet al. and Virtaneret al. used polyimide films whose relative permittivity is
dependent on moisture. While Virtanen et al used a conuiadlly available polyimide film Kapton
HN, Chang et al synthesised an aromatic polyimide fiiom foxydianiline (ODA) and-pyromellitic
dianhydride (PMDA). Though both researches used theessensing component the tag designs
differed greatly. Manzast al. utilised the conducting polymer PEDOT: PSS whoseauctivity varies
with humidity. The authors demonstrated an H shaped slot mmaein which the PDOT: PSS could be
deposited within the slot. It was found that as the relativartidity increased the required turn on
power for the tag increased as a result of the increased PIX3S conductivity. The authors also
showed that different RFID responses for the same reldmiwridity could be gained by depositing the
PDOT: PSS in certain patterns within the H shaped Blatomplete contrast Siden et al presented a
method to turn ordinary RFID tags into humidity sentsgs by embedding them in layers of blotting
paper. Blotting paper is highly absorbent and in highnidity environments a large amount of water
vapour is absorbed by the blotting paper. The RFID temsrpity to the water laden blotting paper
results in a degradation of tag performance (more spegliff detuning of the tag antenna occurs). The
sensor tag set up consisted of two tags in which onywas embedded in layers of blotting paper and
the transmitted power difference between the two tags was aeted with increasing relative
humidity. It was found the transmitted power differeneeieased with relative humidity. The authors
also investigated the effect of the thickness of blottirgppr used and where the blotting paper was

placed i.e. only in front of the tag or in front and badhi

1.2.1.3 Chemical sensor tags

Polymer composites, and Nafion polymers have found gseatess as sensing components in RFID
chemical sensor tags. Potyrailo and Morris adapted conweatiRFID tags for vapour sensing by
coating them in a thin layer of Nafioha copolymer of tetrafluoroethylene and sulfonyl flige vinyl
ether3! The ionic conductivity of Nafion varies with the absarptof polar vapours. The change in
the conductivity of Nafion as a response to polar vapafifects the impedance of the antenna
resulting in impedance mismatching between the antennaemg. Fiddes and Yan demonstrated an
array of passive volatile chemical sensor tags which wdilisebon black polymer composites as the
sensing element? When exposed to volatile vapours the carbon black polyomenposites swelled
causing the distance between the carbon black particlesntvease resulting in the composites

conductivity to change. The conductivity change resblitethe RFID tags output frequency to change.
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Each tag within the array had a different polymer, therefpreducing a unique pattern of signals for

each vapour.

1.2.1.4 Strain sensor tags
In the majority of passive strain sensor tag designs fountiterature the RFID antenna itself was
utilised as the sensing component. Occhietal. proposed a passive strain sensor design based on a
meander-line antenna (MLAJ. A copper wire MLA with one turn either side of a tunifignatch
section was used. When vertical stress is applied the &lbAgates which results in a change in the
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by Yiet al** The patch antenna was fabricated using copper claddingabomd) with the IC chip was
mounted onto a PTFE substrate. The back of the tag waslaldovith copper which acted as the
electronic ground plane. When the tag is placed on aisp&t experiencing strain, the strain transfers
8§} §Z }% % E VS vv (JEuU]VP 18 ESPds]EP}v vIZAIES<vVSEZ X d
found a linear relationship between strain and normaliseefjfiency change. Bhattacharygh al.
demonstrated a displacement strain sensor tag which utilifes known RFID performance
degradation effects of metdP. The sensor system is composed of a conventional RFID dea raetal
backplane which is attached to the specimen being monid@e that any strain experienced will cause
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metal backplane moves closer to the tag. In contrast Meni et al. presented a wearable strain
sensor design where the tag antenna was screen printetgusiconductive polymer thick film (PTF)
ink3® Two different antenna designs were investigated on twffedent stretchable substratest
polyvinyl chloride (PVC) and fabric. The conductofithe antenna (PTF ink) decreased with increasing
*SE Jv CE *un0S8]VvP ]v ZVvP v 8Z & B[FA AX 33 E <]Pv

1.2.1.5 Light sensor tags

The majority of passive light sensor tags demonstratddamature have light sensors integrated into

the IC chip rather than using an external light sensitov@monent?* However, Amiret al. presented

a light sensor design where an off the shelf photottesisvas integrated into a multiresonator RFID
tag3’ With light exposure, the resistance of the photoresistarigs causing an impedance change in

the resonator it is integrated into. As the resonator irdpace varies so does the resonant frequency.

1.3 Stimuli-responsive polymers
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to changes in their environment. It has been shown thagli-responsive polymers have been used
to great success as the sensing components in passives®ibr tagg®283%32 As well as being utilised

in sensors, stimuli-responsive polymer materials haeél uses in numerous applications including
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drug delivery?, tissue engineering, coatings, diagnostics and micrtrele®chanical system¥. They
can be classified according to the stimuli they respondtémperature, pH, light, chemical agents,
mechanical deformation, biological agents, electric fieldsagnetic field4° It should be noted some
stimuli-responsive polymers respond to multiple stinfi Another method to classify stimuli-
responsive polymers is according to their physicamfochains in solutions, chains grafted onto
surfaces or cross-linked polymer chains. The respah stimuli-responsive polymers to stimuli can be
a change in permeability, shape, conductivity, soitybiand hydrophobicity/hydrophilicity of the
polymer. In some cases several responses will bergbd at the same time for one stimuli. Both the
type of stimuli the polymer responds to and the way inieththe polymer responds determines the
applications of a stimuli-responsive polymer. Polynteage the advantage that they can be easily
modified, thus resulting in a lot of research designiadymers to respond in specific ways to specific
stimuli. In the case of designing UHF-RFID sensorgtigsili-responsive polymers whose electrical
properties vary in response to stimuli are often ugéef°%2 This is due to the fact that the
performance of UHF-RFID tags are susceptible to electéc@nces. For optimum UHF-RFID tag
performance the tags antenna impedance must conjugately miaelimpedance of the IC. To ensure
this matching, the tag antenna and other tag components suchesubstrate or sensing material are
designed with specific electrical properties. If at gont the electrical properties of the antenna
varies as a direct result of stimuli or indirectly througdriances in electrical properties of components
attached to the antenna, impedance mismatching and antennaumag occurs. Impedance
mismatching results in the tags read range to vary and anteratanthg results in the resonant
frequency of the tag to vary. Tag antenna and IC chip impesl mismatching and antenna detuning
as a response to stimuli is the basis of all passive sddbid--RFID tag designs which use sensing
components. Itis the method in which mismatching aatliding is caused that separates the different
sensor tag designs from one another and determinestyipe of stimuli-responsive polymer required.
In some cases it is the design of the tag that inspiresctivice of stimuli-responsive polymer, where
as in others the type of response shown by a stimulpogsive polymer inspires the tag design. In this
thesis three different passive UHF-RFID sensor tags wtiiige stimuli-responsive polymers as sensing
components are presented: an epidermal strain sensor, & esblapour sensor and a light sensor. In
the case of the strain sensor and light sensor the tag desitjctated the choice of the stimuli-
responsive polymers investigated for use. In contrdmst, solvent vapour sensor tag was designed in

reaction to the response of a polymer to solvent vapours

1.4 Epidermal UHF-RFID strain sensor tag

One of the aims of the research in this thesis is to tgva prototype passive strain sensor tag using

a stretchable slot antenna design proposed by Rakibet.s&hsor proposed by Rakibet operates using
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the principle of detuning slotd as the slot dimensions change with antenna stretching,rés@nant
frequency of the tag varies. Simulations highlighted tthesre was a linear relationship between
stretch percentage and resonant frequency and the desighdogecipher between y and x directional
strain. This stretchable slot antenna design shows prerrisassisted living applications to allow
paraplegic patients to control their wheelchair through &anuscle tweaking. For this design to
operate experimentally, a stretchable elastic dielectribstrate was required. Designing RFID tags to
be mounted onto the body is challenging as tag mismaleiften occurs due to the high permittivity
of skin. Though the use of a dielectric substrate damrdshth (( S }( SZ el]v[e Z]PZ %o !
resulting in the tag retaining its performance even whenumied onto the body. In addition to being

a dielectric the substrate also has to be stretchable to emsirain transfer from the skin to the
antenna occurs and elastic to ensure repeatability. Elastanmasterials present themselves to be
superb candidates for the substrate required. They haveymeseful properties, though for this case
the two most important being their elasticity and resil@n Elastomers have the ability to be deformed
by either stretching, compression or torsion and rettontheir original shape once the force causing
the deformation is removed (elasticity), while their itessice allows them to return to their original

shape quickly.

1.5 Elastomeric materials

An elastomer can be defined as a polymeric material wiicbn deformed reverts back to its original
dimensions once the load responsible for the deformatisnremoved. For a polymer to exhibit
elastomeric properties it must have the following threeustiural requirements: the polymer (i) must
be above its glass transition temperature)({ii) have a low degree of crystallinity and (iii) Skidoe
lightly cross-linked® Elastomers can be divided into two categories: physicatbss-linked or
chemically cross-linked. Physical cross-links argpaohanent and are either formed via hydrogen
bonds, ionic bonds or polymer domains. Chemicalstio&s are permanent and are formed through
covalent bonding between the polymer and multifunctiomablecules. Chemically cross-linked
elastomers are referred to as thermoset elastomers, aigphysically cross-linked elastomers are
referred to as thermoplastic elastomers. General propsriof all elastomers include their rubber
elasticity, low permeability and physical swelling inp@sse to liquids and vapours. Thermoplastic
elastomers have many of the same physical propertigh@imoset elastomers, however, they can be
processed like thermoplastic polymers i.e. when heategly can be remoulded. Natural rubber or
vulcanised natural rubber (cis-polyisoprene) is the indbelastomer, it is classified as a thermoset
elastomer and is formed through the vulcanisation (crirgsing) of natural rubber latex with sulphur.
Natural rubber latex is mainly sourced from the tree spgEievea Brasiliensend was brought to the

attention of Europe in 1493 by Columbus after he had @ssed the indigenous people of the Americas
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using it in waterproof clothing and as bouncy balls.fddmnately in colder climates natural rubber
latex became brittle which limited its applications, thoughlLi770 Priestly discovered it could be used
to rub out pencil marks and gave it the name rubberwidtsv[§ pvs]o i6i6 $Z § v SpcE o
formed; Goodyear had mixed rubber (natural rubber latexd aulfur together and accidently spilled it
onto a hot stove resulting in a cross-linked product that not go brittle when cold or melt at high
temperatures. Over the years a large range of differemstelmers with widely varying properties have
been developed. Acrylic (alkyl acrylate copolymesytadiene, butyl (isobutylene-isoprene
copolymer), bromobutyl, chlorobutyl, chlorinated potiiglene fluorocarbon, isoprene (synthetic cis-
polyisoprene), chloroprene, silicone and nitrile rglob are examples of thermoset elastomers.
Styrenic block copolymers, thermoplastic polyurethanesl aopolyether ester elastomers are
examples of thermoplastic elastomers. The propertied applications of a select few elastomers are
shown in Table 1.0. It should be noted that the basic prtigs of the different elastomers can be
substantially modified by compounding. Compoundinghien additional ingredients are added to the
elastomer ingredients resulting in a compounded elasto. Most commercially available elastomers
are compounded, for example, a typical compounded Nenprelastomers only contains about 20
50 % Neoprene by weight. Compounding ingredientshaarious roles including: accelerating the
cross-linking reaction, improve processability and iower the elastomers properties. Examples of
compounding ingredients include polymers (to formypoer blends), fillers (both reinforcing & non-
reinforcing), accelerators, pigments and plasticisdiise specific properties of any elastomer depends
on their polymer base chemical composition and structaress-linking, degree of cross-linking and

any additional compounding ingredients.

15



Table 10: General properties and applications of a few selexdtetners

Elastomer Structure General Properties Applications
x  High resilience & tensile x Large vehicle & aircraft
strength tyres
X Good abrasion resistance x  Waterproof clothing
Natural Rubber (NR) / X Good electrical resistance (Macintosh coats)
n x  Poor oil resistance X  Protective gloves
X Low cost
cl x  Good weather & ozone x  General purpose sés
Chloroprene Rubber (CR) resistance _ _ X _Seals in the refrigeration
(trade name Neoprene) / X Moderate oil resllstance |ndu§try
x  Limited heat resistance x  Coatings
" x Low cost X Wetsuit fabric
x  Low tensile strength X  Medical equipment &
‘ X  Biocompatible implants
o . X  Good water resistance X Sealants in aircraft &
Thermoset Silicone Rubber (SR) %S' O%n‘ x  Poor oil resistance spacecraft applications
‘ x  High heat resistance X Adhesives & Coatings
x  Kitchen equipment
X Good oil resistance X  Sealants in the auto & oil
« . x  Poor water resistance drilling industries (O-
X Low resilience rings, gaskets etc.)
Acrylic Rubber (ACM) o o OI X High heat resistance
NN
Fy H, Fs E X  Good oil resistance x Aircraft engine seals
—(—C —C %C —C X Good heat resistance X General purpose seals
Fluorocarbon Rubber (FKM) o | y % Poor water & steam
(Type 1 FKM) CFs resistance
Styrenic block copolymers: X Good resilience x Adhesives (SIS)
x  Poor oil resistance X Medical tubing (SEBS)
Thermoplastic (SBst styrenetbutadiene-styrene) X Poor heat resistance x  Footwear soles (SBS)
(SISt styrene-isoprene-styrene) x  Plastic toys (SEBS)

(SEBS styrene-ethylene/butylene-
styrene)
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1.5.1 Mechanical properties of elastomers
Mechanical properties are the physical properties that a matelisplays upon application of force.
Examples of mechanical properties are elasticity, plastigtgength and toughness. Many
materials are anisotropic which means that their mechanicalpprties will vary with the
orientation of the applied force. Only uniaxial meclwahiresponses of elastomers are discussed
here. Elasticity is the property of a material which widsformed returns back to its original
dimensions once the force responsible for the deforratis removed. Elasticity is a characteristic
of many materials but what sets elastomers apart is theireawmely large reversible elongations.

}JE JvP 8} ,}}l [+ o A }e abamgd i &@dth of a given body is proportionathe
force acting upon that body provi ]3[+ A]3Z]v ]3¢ o0 *3] o]Ju]3X /v }8Z E
material is proportional to the strain on that material and ahn stress-strain curve is observed as
shown in Figure 1.3.
|

Hookean material

Non-Hookean material

Stress

Strain (Elongation)

Figure 1.3: lllustration of Stress-strain plots for éggbHookean and non-Hookean materials.

JA A EU o0 *3}u E- } v}S (}oo}A 3YEI Neleaxhibit &Snah}iM&arestress strain
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material resists deformation i.e. how stiff/rigid the mataris and is the ratio of the stress to the

corresponding strain of a material within the elasticitim

"L - (Equation 1.0)

WhereE]e Z}UVP[e U} HOpHeU o Jo ¢SE oo R «¥HJVXEEZ+%}UVIR[* u} p
determined from the slope of a stress-strain curve thi@ case of elastomers as the strain-curve is
non-ojJv & 3Z ]v]8] 0 *0}% ] uU° $} } pogpo ¥ SZ S P e Jw P v
very low modulus of elasticity and therefore regardedsaft i.e. easily deformed. Both the strength

and toughness of a material can be gleaned from the strzafascurve. Tensile strength is the
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amount of force required to deform a material to breagipoint. Elastomers tend to have low
tensile strengths compared to other materials, howeverhdudd be noted the elongation at tensile
strength for elastomers is extremely large. Toughmessmeasure of the energy a sample absorbs
before it breaks and can be calculated from the area uradstress-strain curve. Figure 1.4 shows

some typical stress-strain curves displayed by polyrftéts.

A

Stress

/D

\J

Strain (Elongation)

Figure 1.4: lllustration of stress-strain plots forigas polymeric materials. The stress-strain curvetypisal of polyme
fibres, curve B is typical of glassy polymers, cuigay@ical of flexible plastics and curve D is typitalastomers.

The stress-strain curve A is typical of polymer fibtehsas nylon. Polymer fibres present a large
Z}UVP[e u} popeU Z]PZ 3§ ve]o <3SE vP3Z &The$thessesiraiR clije B is
typical of amorphous or semi-crystalline polymers at temgbures below their glass transition
temperature i.e. glassy polymers. Polymersthathave gl g Z <« %}0C+SCE v- +Z}A
strain behaviour observed in curve B. These polyraegsoften referred to as rigid plastics and
display similar stress-8&E ]v Z AJJUE 3} %}oCu E (] E ~~uldo % BN P
modulus and lower tensile strength. The stress-strairvelt is typical of amorphous or semi-
crystalline polymers at temperatures above theig, Dften referred to as flexible plastics.
Polyethylene and polypropylene are examples of flexfastics. Along with elastic deformation,
flexible plastics also display plastic deformation as shbwithe plateau in curve C and often are
labelled as ductile. Plastic deformation is defined asnagrent deformation under the application

J( spes v (JE X tZ]lo (o £] 0 @ v3]oe Z3AE VRIA v U Of
modulus compared to polymer fibres and rigid plastit®ey are tougher and have a larger

elongation at break. The stress-strain curve D is typicalastomers. Elastic deformation occurs
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strength compared to the other polymer types is observethe type of elasticity displayed by
elastomers is denoted as rubber elasticityTlemperature can have a large effect on the mechanical
properties of polymers; with increasing temperature@ymer can exhibit stress-strain behaviour

ranging from rigid plastics to elastomer-like.

Elastic strain can be due to chemical bond stretching, bamgle deformation or crystal structure
deformation. The mechanism of elasticity in flexiblEymers involves the deformation in the
amorphous region which can cause interlamellar slip,as&on or stack rotation. The plastic
deformation shown in flexible plastics corresponds tdodenation in the crystalline region where
the interlamellar rearrange from a spherulite to fibrousorphology where parts of the
interlamellar have unfolde® The mechanism of elasticity in elastomers involves tmetld
movement of flexible polymer chairt§. The chains in an unstrained elastomer exist in a random
coiled structure linked via cross-links and uncoil tinaar structure with increasing strain. The
mechanical properties of elastomers are largely dependentype of chain, chain length, chain
entanglement, degree of crystallinity and degree of sfimking. As expected different types of
elastomers show slightly different stress-strain curnfes,example unreinforced natural rubber
displays a sharp increase just before breaking points iSldue to the fact that at high strains the
long chains that have been pulled into parallel alignmentifa crystalline structure togethetrthis
process is known as strain crystallisation. An increaseduatraf force is required to break the

bonding between the parallel chains.

1.6 Silicone Elastomers

Silicone elastomers are inorganic elastomers which arenéd through the cross-linking of
polysiloxanes. They have numerous advantages includiigdy temperature resistance, good
release properties, good electrical insulation, goodstsice to low concentration acids and bases,
high gas permeability, non-toxic and odourless. Congbéoeother types of elastomers, silicone
elastomers do exhibit reduced mechanical properties nmagably a low tensile strength. Though
their mechanical properties are retained at high temperatuaesl can be easily improved via the
addition of reinforcing fillers such as silica. Anottisadvantage of silicone elastomers is their low
resistance to oils, non-polar solvents and strong acidslzs®s. Though the poor resistance to
nonpolar solvents can be overcome by using polysilozaméh trifluoropropyl! side groups. The
exact properties of a silicone elastomer are dependenttlom polysiloxane, cure (cross-linking)
system, cross-linker, cross-linking degree and anytiaddl additives i.e. fillers used. Silicone
elastomers are used in numerous industries includiregdizal, construction and automotive. In
biomedical applications silicone elastomers are commardgd for medical devices such as

catheters and drains and for both aesthetic and prosthetiplants. In both the construction and
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automotive industries silicone rubbers are used as sealaruatings and adhesives. Silicone

elastomers have also been used to fabricate sportingdgptoys and kitchen utensils.

1.6.1 Polysiloxanes

Polysiloxanes are the most common inorganic polymershanve a basicr% § pv]s }O-E*1ZZ;
They have gained a large amouritinterest due to their useful properties such as: hftgxibility,
gas permeability, lowgJ thermal stability and low surface energy. The palysihe that has had
the most scientific and commercial interest is polydimgsiioxane (PDMS). Polydimethylsiloxane
is a member of the symmetrical dialkylpolysiloxanes aitiepeat unit of [Si (G)3-O-}.. The large
flexibility of the polysiloxanes arises from the unigur@racteristics of the SO bonds that make
up the chain backbone. The 8D bond is unusually long with a length of 1. 64 doimparison to

a Ct C bond with a length of 1.53 A. The long length of3heO bond combined with the fact that
side groups are only present on every other atom of laekbone reduces steric hindrance. The
reduced steric hindrance results in a low barrier édation. The Sit O t Si bond angle is larger
than the angle in usual tetrahedral bonding, around 143&mvbompared to around 110°. Unlike
in most hydrocarbon systems where the bond angles aedfithe Sit O t Si bond shows much
wider variability. The energy required to deform thet® t Si to 180° is extremely lowapprox.
1.3 KJ/mol. The combination of the long length and laamegle of the St O t Si bond results in
polysiloxanes having both a large dynamic and equilibrilexibility. Dynamic flexibility is the
ability for a molecule to change spatial arrangements by rotatiround its skeletal bond, while
equilibrium flexibility is the ability of a chain to benapact when in the form of a random coil. The
large dynamic and equilibrium flexibility of polysiémes is reflected in their low glass transition
and melting temperatures, respectively. The flexibiitypolysiloxanes can be reduced via several
different methods: increasing the size of the side gr®wr inserting rigid groups into the chain
backbone and this will result in an increase in batladd T.. PDMS which has the most basic side
group (methyl group) has one of the lowest dhd T, of the polysiloxanes]125°C and -40°C,
respectively. The low surface energy exhibited biygitoxanes is due to the flexibility of the
backbone chain. In general silicate based molecules hiavesurface energy, while hydrocarbons
have low surface energy. However, the flexibilityhef polysiloxane backbone means that the side
groups (often alkyl or aryl groups) can be presented atdhace interface resulting in the low
surface energy. The surface properties of polysilogaaee associated with their side group
characteristics. The movement of side groups to thefesmar interface also explains the
hydrophobic nature of PDMS. The thermal stability propeftpolysiloxanes is due to the strength
of the Sit O and Sit C bonds when compared to 3O and Ct C bonds. The nature of the side
groups can also change the bulk properties of polyaies. For example, introducing fluorine side
groups (commonly trifluoropropyl) can increase thertinal stability of the polysiloxane. Thet€

bond is stronger than both a €C bond and @ H bond.
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Functional silanes,RSiX (where X is Cl, OR, NR any other easily hydrolysed group) are the
precursors to polysiloxanes. Organohalidesilanes aaalimethyldichlorosilane were synthesised

using a Grignard reaction as follows from tetrachloroglan
SiCl, + 2MeMgx —> Me,SiCl, + 2MgCIX

Scheme 1.0: Grignard reaction.

However, for industrial processesZ]e § Zv]<u Z o v E %0 € Bn SZ)E
where silicon is reacted with gaseous methyl chlodtibigh temperatures using a copper catalyst.
The synthesis route of polysiloxanes from functionahgs consists of two steps. The first step is
the hydrolytic condensation of the precursor silane whicoduces a mixture of cyclic and hydroxyl
terminated linear polysiloxanes of low molecular weifht. The hydrolytic condensation of

dimethyldichlorosilane is shown in Scheme 1.1.

+H,0
(n+m) Me,SiCl, ——— Me,Si(OH), ——> HO(Me,SiO) H + (Me,SiO),,
- HCI -H,0

(disilanol) (linear) (cyclic)

Scheme 1.1: Hydrolytic polycondensation of dimethyldichlanss

Both products can be used to produce high molecular tefgplysiloxane chains, either via the
polycondensation of the linear polysiloxanes or ring mipg polymerisation of the cyclic
polysiloxanes. In the industrial preparation of poly&ioes ring opening polymerisation of cyclic
polysiloxanes (commonly the trimer and tetramer) are threferred route. The ring opening
polymerisation of cyclic siloxanes can be performddgisither cationic or anionic initiators. Along
with initiators, triorganosiloxyl terminated oligo silox@mare often added to the reaction mix to
act as a chain end. Generally, trifluoroethansulfonid ac sulfuric acid are used as initiators in
cationic ring-opening polymerisation. The polymerigatis initiated by the ring opening of the
cyclic siloxane which is followed by parallel polycamghtion and chain polymerisation
mechanismg! A disadvantage of the cationic route is that a significant amoafntcyclic
polysiloxanes are produced alongside the linear chakikali metal hydroxides or metal silanolates
are the most common used initiators in anionic ring-opgnaolymerisation. Ring opening occurs
first followed by propagation. Propagation occurs viartikieleophilic attack of the silanolate anion
on a positively charged silicon either within a cyctitypiloxane or a growing linear polysiloxate.
Propagation will occur from both silanolate end groups.siap the ring opening polymerisation
the acid or base initiator is neutralised. Terminatioroascurs through back-biting (a process in
which a silanolate anion attacks a positive silicon withiroitg chain) or using an end capping

reagent.
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1.6.2 Cross-linking mechanisms of polysiloxanes
There are a variety of cross-linking mechanisms (whiehadgo referred to as cure systems)

available to use such as peroxide cure, addition curecamdlensation cure.

Peroxide cure systems utilise free radicals to initiae ¢hoss-linking reaction. This cure system is
classified as a high temperature vulcanising (HTV) systéma. free peroxide radicals are formed
via the thermal decomposition of the peroxide curing agefte peroxide radical undergoes a
hydrogen abstraction reaction with the methyl side groums the silicone polymer forming
methylene radicals. Cross-linking is achieved via theedkzation of two methylene radicafé.
Scheme 1.2 shows the peroxide free radical crossalinkf silicones. Post cures where the cured
elastomer is exposed to elevated temperatures are perfed to remove the volatile acid by-
product. Vinyl containing silicones are often useddoederate the cure rate and control the cross-
linking reactiorf® Peroxide curing agents that are used in cross-linkiiigpeies are divided into

two categories: general purpose and vinyl specific.

o| o| ﬁ
R C o} o) C R > 2 R—C——O0
o) o)
——Si—CH, + R——C—0 > —F5i CH,” + R——C—OH

Si
——Si—CH, + Si CH, > Si/\/

Scheme 1.2: Peroxide free radical cross-linking ofrsés.

The crosslinking in addition cure systems occurs thinoa hydrosilylation reaction between vinyl
groups on the polysiloxane chain and a multifunctionatail hydride cross-link&as shown in
Scheme 1.3. The hydrosilylation reaction requireatalyst which is often a platinum or rhodium
complex, has no by-products and can be accelerated vidrigeaOne of the most well-known and
studied addition cured platinum catalysed PDMS elastonerSylgard@84 which is a 2-part

system. 2-Part addition cure systems are classified as temperature vulcanising (RTV) systems.

Pt /Rh /
catalyst i/
%Si/\ p o= /Si/\/s
/

Scheme 1.3: Addition cure cross-linking reaction.
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Condensation cure systems are room temperature vulcagisirstems and are classified into two
groups: one component system (RIVand two component system (RTV-2). RTV-1 cure systems
are dependent on atmospheric moisture for curing. Theing begins at the surface and moves
inwards according with the moisture diffusion rate. Tglly an organometallic tin catalyst is used

in RTV-1 systems. RTV-1 systems are further classiieddang to the by-product of the curing
reaction - they can either be acidic, basic or neutral csystems. Many commercial silicone
sealants are RTV-1 cure systems. On the other hand whit€RTire systems are not dependent
on atmospheric moisture for curing, the presence ofisture can accelerate the curing reaction.
Typically, RTV-2 systems use silanol terminated silipolyeners, alkoxysilane cross-linkers and an

organotin salt as the catalyst. Scheme 1.4 shows the creagtion of a RTV-2 cure system.

=—sSi—OH + /\O—Si__ > —Si O——Si=——= + CH,CH,OH

v

Scheme 1.4: RTV-2 cure cross-linking reaction

1.6.3 Compound design to introduce dielectric prtipsrto silicone elastomers

A dielectric material is an electrical insulator that cangolarised by an applied electric field. The
electric charges are slightly displaced from their &tium positions at the atomic, molecular and
bulk material levels causing what is referred to asedigic polarisatior?® Most dielectric materials
have no free electrons and can have three forms: gasidiignd solid. There are three types of
solid dielectric materials: (i) Elemental solid dielexsty these are materials that consist of single
type of atoms, such as diamond; (ii) lonic non-potdidsdielectrics, these are ionic crystals such
as alkali halides; (iii) Polar solid dielectrics, whith made up of molecules that possess a
permanent dipole moment. There are several differenteymf dielectric polarisation processes
such as, orientation (dipole), ionic, electronic andac® charge polarisatiott. Orientation
polarisation occurs in materials which possess a permidipole. When an electric field is applied
the dipoles tend to line up along the direction of theetic field as shown in Figure 1.5 (c). lonic
polarisation occurs in ionic materials i.e. materials cosgal of anions and cations. In ionic
materials each anion and cation pair is a dipole, howethersum of the dipole moments over the
whole material i.e. net dipole moment can still be zerm the presence of an electric field, the
anions and cations are displaced in opposite directiori thie cations moving in the direction of
the electric field. The displacement of the ions refatio one another causes the dipole moment
to increase resulting in an overall increase in the npold moment. All non-conducting materials
are capable of electronic polarisation. In electronicapisktion the shift of the negative electron
cloud relative to the nucleus to which it belongs inds@ dipole moment. Within each atom or
ion there is a positively charged nucleus surroundea Imegatively charged electron cloud. When
an electric field is applied the positive nucleus mowethe direction of the applied field and the
electron cloud distorts in the opposite direction. Spaharge polarisation is found in ferrites

(compounds composed of iron oxide combined with atineetal oxides) and semi-conductors.
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Space charge polarisation occurs due to the diffusidores along the direction of the electric field

resulting in the accumulation of charges at the interfacethe material.

(a) Electronic polarisation (b) lonic polarisation
E=0
& ®
E=0 z * E !
(c) Orientation polarisation (c) Space charge polarisation
+
e \ / ' ’ ’
0000 0000,
(ol ==
~N - ——— O XX
B0 SEOD
— / / % - L
E=0 E

Figure 1.5: lllustration of the dielectric polarisatiangesses. E represents the applied electric field.

Both temperature and frequency can have an effect on theedielc polarisation processes. Both
electronic and ionic polarisation are independent of teradare. However, orientation and space
charge polarisation processes are both effect by tempemtu A decrease in orientation
polarisation occurs with an increase in temperature. Thietules in a material always possess
some energy which results in random motion. When peemanent dipoles are realigned due to
an applied electric field, the molecules are still unaéng random motion which means that at a
given instant not all the dipoles will be perfectly aligneAs the temperature is increased the
molecules have more thermal energy which results iargdr amplitude of motion. The large
amplitude of motion exhibited by the dipoles means that #és a greater range of deviation from
perfect alignment with the electric field and therefore theentation polarisation of the material
is less. In contrast thermal energy facilitates the difosof ions and therefore space charge

polarisation increases with increasing temperatures.
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As highlighted above a dielectric material becomes figdakin an electric field. When the diregtio
of the electric field is switched the polarisation wilk@lswitch direction to align with the new
direction of the field. The time it takes for the pokaiion to switch direction i.e. the time needed
for rotation (orientation polarisation) or movement of atgees (ionic, electronic and space charge
polarisation) is called the relaxation time. Each polarisgtimtess has a different relaxation time.
If the relaxation time is lower than the frequency of thedtic field the polarisation process ceases
to contribute to the polarisation of the material as it cannetelp up with the alternating electric
field. Electronic polarisation is the fasted dielecpadarisation process and therefore can occur at
1%8] o (E «<u VW MMz): Gpate charge polarisation is the slowestldhalpolarisation
mechanism and occurs at low frequencies (less th&m). However, with increasing temperature
space charge polarisation can occur at larger frequerdtiesto their increase in thermal energy.
lonic polarisation occurs at frequencies below*1MHz and orientation polarisation occurs at
frequencies below 1I0MHz%? Figure 1.6 shows the frequency dependence of thdedieic
polarisation processes.

A

Space charge

Orientation

Polarisation

Electronic

] ] ] ] | ] ]
10° 10* 108 10*? 10'®

Frequency (Hz)
Figure 1.6: Frequency dependence of dielectric pataoms
The dielectric constant or relative permittivity of a matdrdetermines its response to an applied
external electric field. Materials which show greatefgsisation in response to an applied electric
field have larger dielectric constants / relative permvities. The dielectric constant can be defined
as the ability of a material to store electrical energgmrelectric field and is the ratio of permittivity
of a material to the permittivity of free space. Pernmity is a measure of how much the material

opposes the external electric field. Table 1.1 shokes dielectric constant of some common
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materials. It should be notedhat the dielectric constant of the materials in Table 1.4re

not absolute as they cavarywith both temperature andrequencyaspreviously discussed.

Table 1.1: Dielectric constar(telative permittivitiesat roomtemperature forsane commormaterials.

Material Dielectric constant Material Dielectric constant
Vacuum 1 Silcon dioxide (silica) 3.7t39
Air (1 atm) 1.0006 Neoprene rubber 6.7
Polyethylene 2 Acetonitrile 36
Benzene 2 Water 80
PDMS 23128 Titanium dioxide 100
Silicone rubber 3.2t9.8 Barium titanate 500- 5000

As shown in Table 1.1, silicone rubber has quiteradizlectric constant. There are two methods
that can be used to increase the dielectric constant afailé rubber: one method is to incorporate
dielectricmoieties, such gsolar moieties into the polymer backbone, side groapd cross-linkers.
The other route is to introduce high dielectric materi@to the polymer matrix such as fillers. The
addition of ferroelectric/piezoelectric ceramics such asad magnesium niobate-lead
titanate (PMN-PTPy, titanium dioxide (Ti§* and barium titanate (BaTi{>**® have shown to
significantly increase the dielectric constant / relative rp#tivity of silicone elastomers.
However, it should be noted that often an improvement ofegproperty such as the dielectric
constant in this case catome at the expense of another property. The addition dérfdl to
elastomers often results in affjv E + ]Jv §8Z u 8§ &] o z}uvP[e u} poue }
§Z & (}E& ul « 8Z & -panijosie Phoye Ggid. This means that a larger amount
of force is required to cause a smaller elongation. Hmweit has been shown that some fillers
can act as reinforcing fillers and therefore the addition tbése fillers improves both the
mechanical and dielectric properties of the polymer comipem For example, loading silicone
rubbers with titanium dioxide has shown an increase in ttedative permittivity, elongation
(%) at break and tensile strength of the silicone;Td@mposite2” It was found that the
elongation at break and tensile strength reached maximum vaie35 wt % titanium dioxide
loading. Composites with > 35 wt % Ji@ading saw a decline in mechanical properties which

was attributed to the effects of titanium dioxide agglomeratioithin the composites.
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1.7 UHF-RFID solvent vapour displacement sensor tag

Subsequently in this thesis the development of a vapousi®y passive RFID tag based upon the
swelling of silicone elastomer where the elastomerulgbact as an actuator component will be
described. The solvent vapour sensor tag desighaws in Figure 1.7. The displacement sensor

tag consists of two antennas: the main antenna and feed lodprera. The feed loop antenna is

on a separate substrate and is the moving component of the télge tag sensor is designed to
show optimum performance when the loop antenna is cltzssthe main antenna. On exposure to
solvent vapour the elastomer swells, pushing the fesaplaway from the main antenna. As the
distance between the feed loop and main antenna increaestransmitted power increases and

§Z 8§ P[ E E vP E + X tZ]o }B8Zu% viA op VR %o ° VAT

a few other vapour sensor tag designs, none have usedwelling as a method to cause antenna

T
=

Main antenna

displacement.

Feed loop antenna

Elastomer
Block for elastomer restraint

Figure 1.7: UHF-RFID solvent vapour displacement srigsdesign. The red arrow indicates the direction inctvithe
feed loop antenna is pushed as a result of elasteswnailing.

1.8 Swelling phenomenon in elastomeric materials

As previously highlighted one of the common propertésll elastomers is their physical swelling
in response to contact with liquid and vapours. Theoant of swelling shown by elastomers can
range from negligible amounts to large volume sweltmd00 t 150 % and is highly dependent on
the compatibility of the elastomer and liquid. The proyeof elastomer swelling has in the past
been seen as a negative, especially in microfluidicceeand solid phase microextraction (SPME)
applications. Though in recent years the swelling oftetasrs has become a desirable property.
PDMS sponge elastomers which swell in oil but not whteve been investigated as potential oil
spill cleaning materials. Swellable elastomers have fdsad applications in oilfields to seal
undesired fluid flow and are used in either self-heglicements or swellable packe¥s. Oil-
swellable, water-swellable and hybrid swellable elastorsgstems for oilfield applications are
commercially available. The mechanism of water-sweldlagtomers is via osmosis while the

mechanism of oil-swelling elastomers is through auditin proces§® The swelling of elastomers
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has also been used as a method to join silicone tubingtd plastic or metal components such as
barb fittings. In the past lubricants such as isopropytait (IPA) and silicone oil were often used
by engineers for joining parts. However, using ikes the fitting process very time consuming
as it does not evaporate quickly. Silicone oil-baseddahts, on the other hand, do not evaporate
and can easily migrate to other surfaces resulting in addili@hean-up to be required. Another
limitation of silicone oil is that contamination risk iglhias oil attracts dust and contaminants from
the environment. The method of swelling the silicdabking as a fitting method is attractive as the
process is fast, mess free and produces a secure gggdt MicroCare SwellEx® is a commercially

available silicone swelling agent and is based on volattyl siloxanes.

The phenomenon of polymer swelling is the first stafjihe process of polymer dissolution. Unlike
non-polymeric materials where dissolution is instantango the dissolution of polymers is
generally a slow process. The dissolution of a polyimtera solvent comprises of two processes,
solvent movement and chain disentangleméhtwhen a polymer is added to a solvent, forces of
attraction or dispersion begin to act between the polymedawlvent according to their chemical
nature, polarity and solubility parameter. If the polymeihgnt interactions are stronger than that
of the polymer-polymer interactions the solvent can penag¢ the polymer chains, causing the
chains to disentangle and loosen out from their tighthediconformation resulting in an increase
in polymer volume i.e. swelling. As the polymer nkabegin to disentangle and unfold, more
solvent can penetrate the space between the chains leatbire increase in the polymer-solvent
interaction which in turn causes further polymer swellirithis process is the first stage of polymer
dissolution. The phenomenon of swelling is dependarly on the forces of interaction between
the solvent and polymer and cannot be influenced bytadigin or stirring. When the polymer
segments are fully solvated they diffuse out of the samwlpolymer and disperse in the solvent
phase. This is the second stage of polymer dissolatimhis comparable to the diffusion process
of non-polymeric and low molecular weight materialseTdiffusion of polymer segments out of
the swollen polymer occurs simultaneously and the rdtditfusion can be increased via agitation.
The stages of polymer dissolution is shown in Figuge TThe dissolved polymer chains do not
assume an extended straight chain but are found in an expambil structure where the space

between the unfolded coils is occupied by solventecales.

(a) (b) (c)

.
Figure 1.8: Schematic representation of polymer dissolufe) morphology of polymer chains just after bemadgled to

a solvent (b) first stage of polymer dissolutionypmtr swelling due to the penetration of solvent molecblesveen the
polymer chains and (c) second stage of polymer dissol polymer chains are fully solvated and dispeis&ula solution.
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Though some polymeric materials like elastomers onmiglemgo the first stage of polymer
dissolution i.e. they swell but do not dissolve. ExBE®smf such polymeric materials are cross-
linked polymers, highly crystalline polymers and pdysithat exhibit strong interactions such as
hydrogen bonding. In cross-linked polymers the stioks act as anchors, preventing the polymer
chains from diffusing out of the swollen polymer andhe case of highly crystalline and hydrogen
bonded polymers the polymer-polymer interactions atesger than that of the polymer-solvent
interactions preventing full solvation of the polymer ammi Where the polymer-solvent
interactions are weaker than the polymer-polymer interacti@my a limited degree of swelling
will occur. The swelling of elastomers is a revéesiprocess and is similar to an elastic
deformatiorf! - in both cases the individual chains unfold to a lingtaucture. There are several
factors that affect the degree of elastomer swelling, thestnprominent being the compatibility of
the solvent and the elastomer i.e. the strength of the polyraelvent interactions. Other factors
include the degree of elastomer cross-linking, preseaf any compounding ingredients, angdot

the base polymer which is associated with free volume.

Cohesion energy parameters or solubility parametersvigt® an easy method of predicting the
adhesive and cohesive properties of a material. They haem used to predict the miscibility of
materials and the swelling extent of elastomeric materialsolvents. The Hildebrand solubility
parameter reflects the total intermolecular forces withan material and is derived from the
cohesive energy density of that material. Miscibilityf anly result when the intermolecular forces
between two materials are similar. These intermolectitaces are known as van der Waals forces
of attraction. There are four types of van der Waal ferchydrogen bonding, dipole-dipole
interactions, dipole-induced dipole (polarisation) irdetions and induced dipole-induced dipole
interactions (London dispersion forces). The amountaof de Waals forces present in a material
]J* Jv] 8§ C 3Z us E]o[*Z 3§17 AS%BIABE]%IEYXSGE ]« §Z Z \
(enthalpy) required to change a liquid into a vapourthe.amount of energy required to break the
van der Waal forces between the liquid molecules. Gbieesive energy density of a material is
expressed a&

CAEI

% L -

(Equation 1.1)

where 4 ,is the heat of vaporisatiorR is the gas constant, is temperature and/ is the molar
Alopu X dZ & CEu Z<}op ]o]3C % (E u SCEJOA «EH|ME& [WSIBE Vv

square root of the cohesive energy density:
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into the contributions of each type of van der Waal fof¢eHansen calculated three solubility

% E u 3 Ee« ~ }oo 3]A 0C IVIAvV « SE u, ¥@Br W} oWO]ISE %eisZ u 3
§Z ,vVve Vv *}op ]o]3C % E u 3 E EIJA EEIuU]% Ev|EPGE U
Hansen solubility parameter derive@E}u SZ v EPC S} & | %}o (s thes &
Hansen solubility parameter derived from the energybi@ak hydrogen bonding between the
molecules. The Hansen solubility parameters are addiggelting in what is known as the total

Hansens@u ]0]SC % E u s EU w

tg L GE gJE gj (Equation 1.3)

1.9 UHF-RFID light sensor tag

In this thesis the development of a light sensor tag desifare tag mismatching is achieved by a
short circuit within the tag antenna as a result of lighkpesure will be described. A material that
becomes highly conductive as a result of light expossirequired to act as the short circuit. The
material would be cast onto the tag where a short circuiilddoe achieved. Figure 1.9 shows the
light sensor tag design. The advantage of this short tinoethod is that conventional tags can be
easily transformed into light sensor tags through simplytiegghe short circuit material onto the

tag where a short circuit could be achieved. In additio being light sensitive the final material

has to offer simplicity in processing i.e. easy to caso the tags.

Short circuit Short circuit

Figure 1.9: Light sensor tag design.

1.10 Light sensitive polymeric materials

There are numerous examples of light sensitive polyoneraterials in literature whose response
to light include a change in shape, phase, optic prige, mechanical strength, electrical or
thermal properties. There are two main ways in which thieee the desired light-sensitivity of
polymeric materials; one method is to incorporate phactive molecules as filler into the polymer
matrix while the other method is to incorporate photoreaetimoieties into the polymer structure
either as groups on the backbone or side groups. rélponse of the light sensitive polymer will
depend on the type of photoreaction that occuffs.Some of the most common photo-activated
reactions used to obtain different light induced responses: isomerization, dimerization, ring-

opening, excitation and reduction.
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Isomerization is the process in which a molecule isdiammed into another molecule that has the
same atoms but in a different arrangement. This changdermmolecules configuration can have
profound effects on the both the molecules geometry atigole moment. One of the most well-
known and utilised photoactive molecules that undergpésto-isomerization is azobenzene and
its derivatives. Azobenzene undergoes a trans-cis igsat®n upon exposure to UV lightas
shown in Schemd.5. The advantage of this reaction is that it is reversiblén wither the

application of heat or irradiation of visible light.

hv (365 nm) N=—=N
N\ B
N -
hv (450 nm)
or heat
trans-azobenzene cis-azobenzene

Schemel 5: Trans-cis isomerisation of azobenzene.

Due to the large change in the molecular length of azakee with isomerization: the distance
between the para carbons decreases from 9.9 A to 85b&nding and contraction of azobenzene
containing materials with light can be achieved. eYwal. demonstrated a single film of a liquid-
crystal network containing azobenzene chromophores thatlddae reversibly bent along any
chosen direction using linearly polarised li§htThe corresponding increase in the dipole moment
of azobenzene from 0.5 D to 3.1 D with trans-cis isosaéion has been utilised in surfactant or
amphiphilic block copolymer (BCP) micelle based ctattodrug delivery systenf§. The
azobenzene moieties are incorporated into the structuretlté hydrophobic block. With the
increase in the dipole moment with UV exposure the hythabic block becomes more hydrophilic
shifting the hydrophilic/lipophilic balance towards thestabilization of the micelles thus releasing

their contents.

Photo induced dimerization involves an addition reactiogiween an excited molecule and
unexcited molecule of the same species forming a diniEne most common photo-dimerization
reactions are [2+2] and [4+4] cycloadditions. There derge variety of different molecules that
undergo these photo reactions including cinnamic acid anthracene derivatives. Photo-induced
self-healing polymef8and photo-induced shape memory polymétthat utilise the photo induced
dimerization of cinnamic acid have been demonstrated. dthlrases the photo-dimerization
reaction was used to form cross-links between the paymhains. The photo-dimerization of
cinnamic derivatives is a reversible reaction, thus timeets formed are photo-responsive. In the
case of the shape memory polymer presented, the polyfilen was deformed and fixed into a

temporary shape via the formation of dimer cross-linkeg&VIEE ]| S]}v ~, E 101 vueX
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film to return to its original shape.

HO
o)
— hv (> 260 nm)
B
-—
— hv' (< 260 nm)
o)
OH

Schemel..6: Dimerization of cinnamic acid.

One of the most well-known photoactive molecules that urgees photo-induced ring opening
(photocycloreversion) is spiropyran. Spiropyran unitdergo a transformation from a colourless
ring closed spiropyran to a coloured open-ringed aagranine form as a response to ultraviolet
irradiation as shown in Scheme T7The reversible reaction (photocyclization) occurs tigiothe
irradiation with visible light. The photo-induced ringeming of the ring closed spiropyran to the
ring-opened merocyanine is accompanied with a large changpolarity. This photo-induced
transformation between hydrophobic spiropyran and hydrdighmerocyanine has been utilised in
creating micelles that can undergo reversible disruptiegéneration as a response to light which
is highly attractive for drug delivery and separation amtlons’?> The large change in polarity
accompanied by the photocycloreversion reaction of gpjran has also been utilised in reversible
solubility control of polystyren@ and reversible wetting of surfacés. The reversible
photocycloreversion of spiropyran has also been evaluéedise in optical switchingand as a

photo-induced switch as part of a light-actuated molecukve.*

uv
—_—

-
NO, visible light

spiropyran merocyanin

Scheme 1.7: Photo induced ring-operohgpiropyran.

Photoconductive materials are materials that become morecteieally conductive due to the
absorption of light. They are used in numerous applicetighough most notably in photocopy
techniques (xerography), laser printers and as photistess in photodetectors. The absorption of
photons energetically elevates electrons into the conduttband which results in the generation
of electron holes. Both the excited electrons and electholes can be used to carry electrical
current and are classified as charge carriérghe excited electrons can move through the material

carrying the electrical current. In addition, other electsoare able to move through the material
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by filling the electron holes. The latter mechanisroalled hole conduction or hole transport as it
appears that the electron holes migrate in the opposite cli@n of the excited electrons. Charge
carriers can also be formed from photogenerated excitoExcitons are bound excited electrons
and electron holes which cannot transport charge. Havew free electron and electron hole
(electron-hole pair) can be produced if two excitorwlide or if the exciton is photoionised.
Photoconductive materials can either be inorganic oramig in nature. Examples of inorganic
photoconductors include cadmium sulfide, titanium oxidaed selenium. There are several
polymers which exhibit photoconductivity, such as potlyl fluoride, polyvinyl acetate, polyvinyl
pyrene and polWN-vinyl carbazole (PVKY.Photoconductive polymers can be classified as p-type
(hole transporting), n-type (electron transporting) or bigr (combination of hole and electron
transporting) though the majority of photoconductive polyraeare p-type. Vinyl derivatives of
polyaromatic compounds such as polyvinyl pyrene and pélyinyl carbazole have high
photoconductive efficiencies, which is believed todae to the fact these materials can form into
a helical shape with the aromatic side chains in paralleh® another allowing easy charge carrier
transfers. The backbone of the polymer is not involiedhe photoconduction mechanism.
Though one of the downsides of these materials is thaytare only photoconductive in ultraviolet
light.”” It has been found that the addition of electron acceptor emliles such as 2, 4, 7-
trinitrofluorenone (TNF) can enhance both the photocoaitikity efficiency and spectral sensitivity.
When TNF is added to poNrvinyl carbazole (PVK), PVK becomes photoconductithesimisible
region due to the formation of charge transfer commex It has been suggested that the increase
in photoconductivity displayed by PVK: TNF complexesaused by the transfer of the free
electrons generated in the PVK molecule to TNRRVK transports charge via electron holes,
however, TNF molecules have shown to be electron transporting tiredtefore contribute to the

conductivity of the complex.

The photoreduction of silver salts to silver metal hasrb&nown for many years and is the basis of
the photographic proces$. The light sensitive silver halides (AgX, where X Br @, 1) are used in
photographic films for both black and white (B&W) andbco photography. In the case of colour
photography the silver halides only act as mediators fansforming light into organic image dyes.
B&W photographic films consist of two layers: a supfmase layer and the photosensitive layer
which comprises of silver halide crystals suspendedrmatrix, almost invariably gelatin. The silver
halide suspensions are referred to as emulsions and ilvershalide crystals within them are
commonly termed grains. In general, emulsions contaimiature of two silver halides.
Photographic materials which contain both silver bromated silver iodide are referred to as
iodobromide materials and those that contain silver chlerahd silver bromide as chlorobromide
materials. The silver halide emulsions are prepareddacting silver nitrate with alkali metal
halides in the presence of gelatin. The resulting eionlés cast onto a support layer (often

polyethylene terephthalate or cellulose acetate) and cdaie ensure the sol to gel transition of
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the emulsion takes place. When the photographic filexigosed to light a latent image is formed.
The formation of a latent image is a multi-stage processavmlves Frenkel defects. A light photon
interacts with a halogen ion in the silver halide crystatrifiting an electron as shown in the

following reactiof®

ZA
E\ E = (Equation 1.4)

The electron is free to move within the crystal lattice anigirates towards the interstitial silver ion
that is a part of the Frenkel defect. The interstitial sife@ is subsequently reduced to form a silver

atom:
P=1"7 P (Equation 1.5)

The above reaction is reversible meaning that the silvematan revert back to a silver ion.
However, the silver atom can be stabilised if anothertphactivates a nearby region in the crystal
resulting in the formation of a silver atom cluster. ikkes atom cluster can form via two different
methods: the first method is where the silver atom traipge electron liberated by the second
photon forming a negative silver ion. This negativeesiion is then neutralised by another
interstitial silver atom producing a cluster of two sihagoms. The second method is where the
second electron reacts with another interstitial silferming a second silver atom. The two silver
atoms then form a cluster of two silver atoms. It has bebhawn that a latent image is formed of
a minimum of four silver atoms. To transform the latemage into a visual image, the
photographic film is treated with a developer. Only trgstals that have a latent image are fully
reduced to metallic silver by the developer. A fiiethen used which removes the silver halide
crystals that contain no latent images from the emulsion anddess the photographic film
insensitive to light. It should be noted that if thegiographic film was left exposed to light rather
than being developed the photoreduction reaction would toune until all the silver halides had

been reduced to metallic silver.

Silver has one of the highest electrical conductivitie$.80 x 10 S/m and has in the past been
utilised as a conducting filler to improve the electricanductivity of traditionally insulating
materials®® Therefore, thein-situ formation of silver through the photoreduction of sitvealts
presents an efficient method to increase the conductivitpohaterial via light exposure. The light
sensitive material required for the light sensor tag dasips based on photographic films. The
use of silver halides, however, introduce procesdingtations due to the fact that they are
extremely light sensitive. They are also water insoluldlch is the reason why they are formed in
the gelatin matrix via the reaction with silver nitrate andaliknetal halides to ensure they are
evenly distributed. Silver nitrate, whilst also a sils@lt is not light sensitive - this is due to the fact

that the nitrate ion cannot be oxidised and therefore an &lee is not produced for the silver ion
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to be reduced. However, it has been shown that sihimate can become light sensitive in the
presence of organic materials. Silver nanoparticles feen produced via the photoreduction of
silver nitrate in the presence of poly(N-vinylpyrrolid)24® cellulose acet®® and
polyvinylalcohol (PVA):2® These organic matrices act as the electron donors for ¢loieiction of

the silver ion.

1.11 Polyvinyl alcohol

Polyvinyl alcohol (PVA) is a polyhydroxyl polymer i@ structural formula EGHCHOH)(-
CHCHOCOGH and was discovered in 1924 by scientists Herrman and H&&hhis a dry solid
which is white to yellow in colour and can be founckither granulated or powdered forms. PVA
has many desirable properties which has led to its usa iange of products including lacquers,
surgical threads, food packaging materials and adhesivés bibdegradable, water soluble, non-
toxic and hydrophilic. PVA is formed through eitheg #ridic or alkaline hydrolysis of polyvinyl
acetate?! though alkaline hydrolysis is the preferred method dise industry and is shown in
Schemel .8.%2 This reaction is also referred to as saponification or semterification. Typically

sodium or potassium hydroxide catalysts are used along méthanol as the solvent.

NaOH
+ CH,;0H —_— + CH30COCH,
n n
methyl acetate
0] OH
Y polyvinyl alcohol

0]

polyvinyl acetate

Schemd..8: Alkaline hydrolysis of polyvinyl acetate to polyiaigohol

In the acidic hydrolysis of polyvinyl acetate, watensed as the solvent along with sulfuric acid as
the catalyst and acetic acid is produced as the by-produdtA éan be classified according to the
degree of hydrolysis, the three main commercial grade3\0A are: (i) fully hydrolysed (2 mol%
residual acetate groups), intermediate hydrolysed @Bmol% residual acetate groups) and partially
hydrolysed (10t 15 mol% residual acetate groups). The degree ofdlysis is extremely important
as it dictates both the chemical and physical properties efghlymer? for example PVA grades
with a high degree of hydrolysis are less water s@uwsid are more difficult to crystallize. For a
wide variety of applications including medical and wateatment PVA is cross-linked to form a
hydrogel. A hydrogel can be described as a crossdimetwork of hydrophilic polymer chains
which swells in contact with water. PVA hydrogels cansynthesised by both chemical and
physical methods. The most common methods of chemjicaibss-linking PVA is the use of
dialdehyde cross-linkers such as glutaraldehyde, sothorate cross-linkers and electron beam or

virradiation treatment. Physically crossivl Ws ZC E}P o v (JEuU A] Z(
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methods. The 1, 3 diol units of PVA react with diajdigls in the presence of acid, usually sulfuric

acid to form acetal cross-linksas shown in Scheme 1.9. This reaction is known aslizegion.

i Y

OH OH 0 0
+
0 H
+ OW —
3 - 2H,0 0
glutaraldehyde 0
(0]

polyvinylalcohol (PVA)

cross-linked PVA

Schemel.9: PVA cross-linking reaction using a dialdehydesdinker.

The cross-linking of PVA with sodium borate is an @arof a condensation reaction. When
sodium borate is dissolved in water it forms boricda¢tBQ which accepts a further hydrogen
from water resulting in the formation of tertrahydroxybomtB(OH). The condensation of
tertrahydroxyborate and PVA results in borate ester clogss (Schemé.10) and water which is

trapped within the cross-linked PVA.

OH OH
+ B(OH), —_— B
- 4H,0
tetrahydroxyborate /
NY o o

polyvinylalcohol (PVA)
cross-linked PVA

Schemdl.10 PVA cross-linking reaction using sodium borate @ess-linker

Radiation cross-linking of PVA offers several advantaggtiver chemical cross-linking methods:

no catalysts or cross-linkers are required therefore ndesirable residues are left over and further

purification is not required, the reaction conditions arddrand the gelation process is fast. When
oxygen-free PVA solutions are irradiated, polymer radi@edsormed via hydrogen abstraction by

8Z $, v $K, E ] o EJ* Vv (E}lu 3Z AR VE §Joe B *XSE §
-CH(OH)- and/oiGH- groups of PVA and the resulting polymer radicals @theeinteract with one

another by disproportion or combinatiofi. Physical cross-linking of PVA by freeze/thawing
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methods is due to crystallite formation. This cras&ihg method does not require the presence
of a cross-linker and the resulting PVA hydrogels éxhigpher mechanical strengths compared to
chemically cross-linked PVA hydrogels. The propedii¢hese hydrogels formed via free/thawing
methods depends on the PVA molecular weight, temperatifréreezing, time of freezing and
thawing and the number of freeze/thaw cycles. It hasrbehown that as the molecular weight
and number of freeze/thaw cycles increase, the hydrogelicture becomes denser. Also, the

number of crystallites increase with increasing PVA entration *

Another property that has made PVA so desirable for mamjiegions is its film-forming ability.
PVA films are formed through the removal of water fronu@ous PVA solutions through drying.
The characteristics and properties of PVA films are déeenon the drying process, for example
the crystallinity of PVA can change during dryinghad been shown that as an aqueous PVA
lous]lv E] ¢ Zel]v[ Jthe(P\Esolutior} At the polymer-air interfate.d Z]s Zel]v[ ]
made up of a glassy polymer region. The glass transéioperature (T) of PVA is lowered by the
water and therefore as the water evaporates, thgricreases resulting in a polymer transition from
rubbery to glassy. At this point the resulting polymeluson is made up of two regions: a glassy
region and rubbery regioff. The glassy polymer region subsequently slows dowrdiffesion of
water out of the PVA solution thus changing the rate ofrdyy The glassy region increases in size
until a PVA film is formed. The polymer can undejeent-induced crystallisation, however, as
the solvent is removed crystallisation cannot occur dughe limited mobility of the polymer.
There are several methods in which polymer solutioas be deposited onto substrates such as,
solution casting, dip coating and spin coating. Solutiotirgas simply when the polymer solution
is deposited onto the surface and allowed to dry. &ipting is a variation of solution casting except
the substrate is dipped into the polymer solution and rad. The spin coating method uses
centrifugal force to form polymer films with uniform iglits. The polymer solution is deposited
onto the centre of a substrate which is then spun at higees{s. As a result of centrifugal force
the polymer solution flows outwards towards the edges aogithe substrate. Evaporation of the
solvent i.e. film drying also occurs during the spugni The final film thickness depends mainly on

the solution viscosity and spin speed.

1.12 Aims and Objectives

The overall aim of the work in this thesis is to fabricated investigate the use of stimulus
responsive polymers as sensing components in three-RHB sensor tag designs; an epidermal
strain sensor, a solvent vapour sensor and a light sen&durther aimis to achieve ink-jet printing

of a sensing component to work towards fully printed /RJRFID tags.

Chapter one of this thesis has introduced RFID technoRighD tags, passive UHF-RFID sensor tags

and stimulus responsive polymers. In addition, the ¢hrdHF-RFID sensor tag designs; an
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epidermal strain sensor, a solvent vapour sensor andha signsor were described as well as the

type of stimulus responsive polymers required to actressensing component for each design.

Chapter two of this thesis describes the investigation DMS elastomers as a substrate for an
epidermal strain sensor design, along with the fabricatiod @erformance testing of the tag
prototype. The addition of a polar cross-linker and Bafiiler were the two methods explored to
increase the permittivity of the PDMS elastomers to theiosd value required for the tag design
to function. Both adhesion using silicone glue andaeélfesion techniques were investigated as a
means of attaching the antenna to the substrate. The pemémce of the prototype tag was
achieved using an adjustable PTFE jig to vary the straimgmdResults found in this chapter have
been published in O. O. Rakibet, C. V. RumensBatchelor and S. J. HoldéEEE Antenna and
Wireless Propag. LetR014,13, 814-817.

Chapters three, four and five of this thesiee dedicated to the investigation of the swelling of
PDMS elastomers in solvent vapours for use as an actuatohanésm in a displacement solvent
vapour tag design. Chapter three investigated the swedixignt of PDMS elastomers and other
polysiloxane networks in several solvent vapours. latieship between the swelling extents of
PDMS elastomers in solvent vapours and the solubility patars and vapour pressure of the
solvents was explored. The diffusion behaviour ofghlvent vapours into the PDMS elastorser
and polysiloxane networks was examined in chapter folihe performance of the solvent vapour
sensor prototype tag exposed to a range of solvent vaposging a PDMS elastomer as the actuator
mechanism was reported in chapter five. A selectiomesiilts found in chapters three, four and
five have been published in C. V. Rumens, M. A.Kid3glsey, J. C. Batchelor and S. J. Halder,
Mater. Chem. (2015,3, 10091-10098.

Chapter six of this thesis describes the investigation imtojet printing Sylgard 184®. Ink
formulations containing varying amounts of Sylgard 184®wprepared and the surface tension
of each ink was measured. The ink formulation with thefage tension closest to the value
recommended for the ink-jet printer was used to grboth discrete droplets and continuous films

onto glass substrates.

Chapter seven of this thesis describes the investigatitmusing silver nitrate-PVA composites as
a short circuit when exposed to light in a light sent® design. The photmrmation of silver
nanoparticles within a PVA matrix was explored both in smiugind thin films before the resistance

of the silver nitrate-PVA composite films was measuregr @ period of light exposure time.

Chapter eight of this thesis presents the overall conohsdf the research undertaken in this thesis

and describes any further work that could be undertaken.
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Chapter 2: Fabrication of BaTiPDMS
composites as substrates for passive wireless

epidermal UHF-RFID strain sensors

2.0 Introduction

Passive RFID strain sensors have found applications irstvatftural health monitoring (SHM) of
damaged structures and vehicles and the monitoring of huimasly movements. These sensors
are ideal for both applications due to their low cost, wésd monitoring with a non-line of sight
operation capabilities, long read range and ability to be eduasl into objects. A passive RFID
strain sensor design based on a meander-line antenna@jMilas proposed by Occhiugetial A
copper wire MLA with one turn either side of a tuningn@tch section was used. This sensor can
measure*SE |v SZE}uPZ Z vP v 8§z vS vv [* J]VBhdMS %) uTh(} ®&U V
caused by the elongation of the MLA when vertical strespjdied. A RFID folded patch antenna
sensor design has shown the ability to detect strain charfgem 20 plto as high as 10,000
This sensor relies on a shift in resonance frequaratised by antenna deformation as a result of
applied strain, which introduces mismatching between thg and antenna. The authors found a

linear relationship between normalised frequency chaage strain.

A slot stretchable antenna design for a passive strain gaegsor was proposed by RakifeThe
sensor operated using the principle of detuning slatsthe slot dimensions changed as a result of
antenna stretching, the resonant frequency of the antennaadariSimulations using a single port
slot antenna showed x-axis stretching of the antenna cawsethcrease in resonant frequency,
while y-axis stretching caused a decrease as showigume=2.0. In both cases there was a linear
relationship between resonant frequency and stretch petege. These results showed the
viability of this antenna design as a strain sensor whialidcbe used as an actuator in assisted
living applications due to its ability to determine strainection. For example, this design could be

used to allow paraplegic patients to control their wheelttthrough facial muscle tweaking.
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Figure 2.0: (a) X-axis and (b) Y-axis stretchingteffe single slot stretchable antenna design. (c) Sinmrda#sults showir
the effect of stretch percentage on resonant frequency C22EEE.

For this sensor design to operate experimentally for phevious application, the following two
design challenges had to be met: (1) fabrication oélastic dielectric substrate that can withstand
repetitive stretching and (2) fabrication of a stretchablendoctive antenna and formulate a

method to attach it to the substrate.

Polydimethylsiloxane (PDMS) elastomers showed greainis® as the candidate for the tag
substrate. They have many desirable properties such esicial and heat resistancanon-toxic
nature?, good flexibility and elastic propertie¥he one disadvantage of PDMS is its low permittivity
(dielectric constant) of around 2.3. The simulations efphoposed strain gauge design by Rakibet
used a silicone substrate with a permittivity of 3.1, tHere the aim was to produce a PDMS
substrate with a similar permittivity value. A larger petiwvity also prevents the mismatching
between the antenna and chip that is often caused when theisaglaced on a high dielectric
surface, such as the human body. Addition of polaugsocould be used to increase the relative
permittivity of the PDMS elastomer as materials with polaugs in their molecular structure have
high relative permittivities because their dipoles areeatal orient in an electric field and have large
dipole moments’ There has been much interest in increasing the polarityydrophilicity of PDMS
for applications such as microfluidic and biomedical idev through PDMS surface
functionalisation via oxygen plasma, UV ozone and chemieainvent. However, surface polar
functionalisation alone would not contribute to the increasepermittivity of the bulk material
desired. Another method is to use a polar functioredisiloxane copolymer. Gankersa al.
synthesised a siloxane copolymer containing cyanopromps by anionic copolymerisation of
functionalised cyclotetrasiloxanésThe polarity of the final siloxane copolymer could beed by
varying the amount of cyanopropyl functionalised cycloteteagine used in the copolymerisation.
Instead of using a polar functionalised siloxane homopelyar copolymer, a polar functionalised

cross-linker - 2-cyanotriethoxysilane (TESPN) was ohose

Another well-established method to improve polymer pettivity is the use of high permittivity
inorganic fillers. Addition of ferroelectric/piezeetric ceramics such as lead magnesium niobate-

lead titanate (PMN-PT)titanium dioxide (Ti@?®° and barium titanate (BaTi{d*!! have shown to

46



significantly increase polymer permittivity. Multi-its and the addition of powder metals, such as
aluminium have also shown to increase polymer permtti¥i Barium titanate was chosen in this
study as the filler material as it has shown to exhibit extely high permittivity values, it is
commercially available and there have been well reporteethuds for its incorporation into
polymers. Silver Lycra® (polyether/polyurea urethane polymdéres embedded with silver
nanoparticles) was chosen as the antenna material as it is @induand can retain both its shape

and electrical properties after repeated stretching.

In this chapter, both the introduction of a more polar sselinker TESPN and addition of barium
titanate to PDMS elastomers were investigated as methodsd@ase the permittivity of the PDMS
elastomers to the desired value of 3 The best method of attaching the silver Lycra® antéana
the PDMS substrate was also explored and a UHF RFIDrepidstrain-sensor tag prototype was

fabricated and tested under varying strain loadings.

2.1 Experimental

2.1.1 Materials and Apparatus

Silanol-terminated polydimethylsiloxane ¢St 1000 (DMS-$81 W. 26,000, Fluorochem Ltd.),
silanol-terminated polydimethylsiloxane cSt 18000 (D842) (M. W. 77,000, Fluorochem Ltd.), tin
(1) 2-ethylhexanoate (95%, Sigma Aldricb)uene (analytical reagent grade, Fisher Chemigcals)
tetraethyl orthosilicate (99%, Sigma Aldrich), 2-cyanogtieyhoxysilane (Fluorochem Ltd.) and
barium titanate (< 2um 99.9% trace metal basis, Sigma A)drieddical silicone adhesive (Makeup
International), Telesis silicone adhesive, Skin Tios# adhesive (www.smooth-on.com), silver
Lycra® (0.5 mm thickness) (www.mindsetsonline.co.NM®P UHF RFID chip (Higgs3 RFID chip
provided by Alien Technology), copper clad Mylar st{aiPont Teijin Films) and flexible filling
knife were used as received. Homogenous mixingwiposite components was achieved using a
RCT basic IKA labortechnik speed-mixer and all mouldswese fabricated out of PTFE to ensure

easy removal of the cured composite.

2.1.2 Synthesis of TEOS and TESPN cross-linkethetas

Silanol-terminated PDMS (16.5 g, 1.27 mmol), and tetraaihtylosilicate (with the ratio of Si®
groups in PDMS to SiOR groups in TEOS at 1:1 and 24)yanoethyltriethoxysilane (with the
ratio of SIOH groups in PDMS to SiOR groups in TESRNat11:3) were added to a glass beaker
and speed-mixed for 30 seconds. Table 2.2 displaysnbles of tetraethyl orthosilicate and 2-
cyanoethyltriethoxysilane used. Tin (II) 2-ethylheoate dissolved in toluene (0.755 énl.51
mmol) was then added to the mixture and speed-mixed fors8conds before being poured into
the rectangular mold (width = 3 cm, length = 5.8 cnf)e @lastomers were allowed to cure at room

temperature for 10-15 minutes before being placed intocaen at 60 °C overnight. Heating in an
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oven ensures the full removal of ethanol and makes sheeelastomers were completely cude

The elastomers structures were confirmed by FTIR spsxbimy.

FTIR (cn) PDMS2966 CH, CHstr); 1438 (St CH, CH asym def); 1261 (SiCH, CH sym def);
1103, 1020 (Si-O-Si str); 786 (Si - C str agddCk); 862, 704, 646 (not identified).

FTIR (cn) TEOS2981 (Ck Ct H asym str); 2929 (GHC t H asym str), 2890 (C-H asym str); 1443
(CH, C - H asym bend); 1391 ¢CEt H sym bend); 1294 (€H twist/wag); 1164, 995 (GHC tH
rock); 1072 (@ O asym str); 779 (Si@sym); 525 (Q C t C def); 1203 (not identified).

FTIR (cm) TESPN2981 (Ckl CtH asym str); 2929 (gHC t H asym str), 2890 (C-H asym str); 2245
(C t N str); 1443 (CGHIC - H asym bend); 1391 ¢CEt H sym bend); 1319 (€C (ethyl) str); 1294
(C t H twist/wag); 1196 (@ C(N) str); 1164, 995 (&K t H rock); 1072 (€O asym str); 1004, 880,
742 (CHrock); 642 (@ C t C bend) 525 (@C t C def); 1203 (not identified).

2.1.3 Synthesis of BaEPDMS composite elastomers

Silanol-terminated PDMS (12 g, 0.156 mmol) and Bajp@ticle loading in the range of 040
weight %) were added to a glass beaker and speed-mixegDfminutes. Tetraethyl orthosilicate
(0.070cm?®, 0.336 mmol) was then added to the mixture and speedehifor 30 seconds. Tin (l1)
2-ethylhexanoate dissolved in toluene (0.074°ct148 mmol) was then added to the mixture and
speed-mixed for 10 seconds before being poured threctangular mould. The elastomer was
allowed to cure overnight at room temperatureThe composites structure and distribution of
BaTiQ@ was verified using FTIR, XRD spectra and SEM micrograbbssample for FTIR and XRD

analysis was a composite with 27.8 wt% barium titanate loading.

FTIR (cm) BaTi@-PDMS composite2966 CH, CHstr); 1450 (BaTi)carbonate ion impurities);
1438 (Sit CH, CH asym def); 1261 (SiCH, CH sym def); 1103, 1020 (Si-O-Si str); 786 (Si - C str
and CHrock); 520 (Tt O vibration); 865 and 660 (not identified).

2.1.4 Synthesis of BaEifellet

Barium titanate (powder, < 2um, 99% trace metal basis, &igfdrich) was used as the starting
material. The material was ground for 40 minutes usangnortar machine (Agate and General
stonecutters Ltd) to ensure good packing of the pelletllg®s for impedance measurements were
pressed for 30 minutes at 1 ton pressure and fired28A°C overnight. Electrodes were prepared
by coating the top and bottom of the pellet with silvemnductive paint. The structure of the pellet

was confirmed using X-ray diffraction (XRD) spectroscop

2.1.5 Measurements and Instruments

FTIR spectroscopic measurements were performed usiBfimadzu IRAffinity-1 spectrometer
with a Specac Golden GateATR sampling accessory each sample was scanned 64atinoesn

temperature and atmospheric pressure with a resolution oM. For the FTIR spectroscopic
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measurements the samples were clamped down using thidgd Gaté to ensure a good optical
contact between the sample and diamond was achieved. M&d&3urements of the BaTi@ellet
and BaTi@PDMS composite was performed by L. V. Stimpson ad8rgker D8 Advance. Relative
permittivity of the TEOS and TESPN cross-linked RilAdg®mers and BaTiPPDMS composites
was measured using both a rectangular waveguide (trangniseflection line method) and
dielectric assessment kit (DAKSpeag) (coaxial probe method) attached to a vector netwo
analyser. For the waveguide measurements the edge of idt@ners were tapered to produce
a sloped edge and placed in the middle of the waveguiggpasrted by polystyrene foam. Before
any permittivity measurements of the elastomers were penied, a calibration measurement
where the waveguide was empty apart from the supportingyptyirene foam was completed. For
the permittivity measurements using the DAK, the probe plased flush against the surface of
the elastomers. Before any permittivity measurements, écation measurement using distilled
water was performed. In the case of the calibration meament the probe was placed under the
surface of the water ensuring there were no air bubbbessent on the underside of the probe.
The permittivity of the elastomers was measured over trexjfiency range 3t 6 GH for both
methods and the average permittivity was calculated. Anedamce analyzer (4192A LF
Impedance Analyzer 5 Hz13 Hz, Hewlett Packard) was used to measure the capacitdribe
BaTiQ pellet which was in turn used to calculate relative pitivity. Electrodes were prepared
by coating the top and bottom of the pellet with silverductive paint and the pellet dimensions
were measured using a micro meter, 0-25 mm range Qr@l mm increment (T5450, Agar
Scientific).Resistance measurements of the tag antenna were done ugiegistance meter (ISO-
TECH, IDM 201). The resistance was measured a tdaimés and the average resistance was
calculated. All tag simulations and RFID measurements warfermed by O. O. Rakibet. Tag
simulations were done using CST Microwave Studio amdRFFID measurements were performed
using the Voyantic TagperformanceLite UHF RFID charatimnissystem. In all RFID
measurements, the sample was placed at a distance of 30 mm fthe Voyantic
TagperformanceLite antenna. For the RFID measurements girtetype RFID stain sensor tag
at varying strain loadings, an adjustable PTFE jig was cotestruThe prototype tag was clamped
into the jig at the right and left edges and top and bottom eslgo strain along both the y axis and
X axis could be achieved. The jig was placed at a distaf 30 cm from the Voyantic
TagperformanceLite antenna and the transmitted power, dB maasured between 700 1200
MHz with a frequency step of 5 MHz for each strain measerdg. Each strain measurement was

repeated five times and the average was calculated.
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2.2 Results and Discussion

2.2.1 Characterisation of TEOS and TESPN cressfHbiMS elastomers, BaFiO
PDMS elastomers and Bafg@llet
2.2.1.1 TEOS and TESPN cross-linked PDMS elastomers

The elastomers produced were transparent and rubber iik@ppearance. As anticipated the
elastomers with the higher cross-link density i.e. camtag the larger ratio of cross-linker were
slightly firmer. The FTIR spectra of pure PDMS, TEOSSI|inked PDMS elastomers and TEOS are
shown in Figure 2.1 for comparison. Assignment of Fi@Rabsorption bands were made in
accordance with literature reports:** As shown in figure 2.1, there is no broad absorptiondban
around 3600t 3100 cm' for the Si-OH in pure PDMS due to the low relative entration of OH

to (CH):Si units. Therefore the hydroxyl groups could notused as markers to show the cross-
linking condensation reaction. It was also clear thatribevly formed Sit O t Si groups as a result
of cross-linking could not be distinguished from tagge number of such bonds already present at
1020 and 1091 crhin pure PDMS. It has been shown that copolymerisdt@weenSiOH groups
of hydrolysed TEOS and Si-OH groups of PDMS is tehiset by an absorption band at 850 tm
114 However, this characteristic absorption band was absent ifFfhR spectra of either elastomer
though this could be due to masking by the band at 864.cfrhe disappearance of the absorption
band attributed to TEOS (2929 ¢)rin the FTIR spectra of the elastomers suggested drisag

had occurred.

PDMS:TEOS

(1:4) W( T f\

PDMS-TEOS \ q [
(1:1) m | ﬂq J
PDMS e Y'- ey (u;;

I T T T I T I T I T I T I T T
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Wavenumber (cm™)

Figure 2.1: FTIR spectrum of pure PDMS, cross linked &&dit8ners with varying ratio of TEOS cross linkdrpame
TEOS.
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The broad absorption band at 3400 ¢rim the FTIR spectrum of the PDMS-TEOS 1:4 elastomers
was attributed to hydrolysed excess TEOS. TEOS cargarngalrolysis in acidic conditions before
forming SiQvia a water condensation reactidh.Evidence of hydrolysed TEOS was not shown in
the FTIR PDMS-TEOS 1:1 elastomers confirming crkisgtlimad occurred. The absence of
absorption bands at 3391 and 881 ¢monfirmed the by-product of the cross-linking reaction

ethanol had been removed by heating during the cugpngcess.

Figure 2.2 shows the FTIR spectra of pure PDMS, T&ES#2Ninked PDMS elastomers and TESPN.
TESPN displayed similar characteristic FTIR absorption &aifdOS apart from the absence of the
band at 779 cm (SiQ asym str) and additional absorption bands associated wittptbgionitrile
group (2245, 1319, 1196, 1004, 880, 742 and 642)éMmNone of these absorption bands were
observed in the FTIR spectra of either PDMS-TESPN etaistoento the low relative concentration

of the propionitrile group within the elastomers.

PDMS:TESPN ——————
(1:3) |
PDMS:TESPN =y~ r

% el

PDMS ™ T

f T T y T y T y T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'1)

Figure 22: FTIR spectrum of pure PDMS, cross-linked PDMS elestoitievarying ratios of the TESPN cross linke
pure TESPN.

2.2.1.2 BaTi&©PDMS elastomers

Both FTIR spectroscopy and XRD was used to investigatdrtlvtuse of the BaTi@PDMS
elastomers, while SEM imaging was used to investigaedistribution of barium titanate within
the composite elastomer. The FTIR spectra of pure BaP[MMS and BaTiQ PDMS composite
are shown in Figure 2.3. In the case of pure Ba&i®road absorption band around 500 ¢ndue
to the Ti-O vibration was observétAnother absorption band was observed at around 145¢,cm
previous research has attributed this peak to carbonateimpurities!® In the FTIR spectra of the

BaTiQ PDMS composite, characteristic absorption bands due tih BaTiQ and PDMS are
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observed. There is no disappearance of PDMS absorptinds in the composite FTIR spectra
indicating that there is no or minimal chemical interactiostieeen the PDMS and BatiOThe
broad absorption band due to BaTi@t around 500 cm in the BaTi@ PDMS composite has a
smaller transmission than the corresponding absorption bangure BaTi® This difference is
observed because of the concentration of BaT{®Y.8 wt % in this case) compared to the PDMS.
On decreasing the BaT@eight % in the composite, the absorption band at 508cwould
predictably decrease or not even be observed at the lawesght percentage. Only one of the
BaTiQabsorption bands is observed in the composite FTIR spedine second BaTki@bsorption
band at around 1450 ctis most likely masked by the €asymmetric deformation of $H in

PDMS at around the same wavenumber (1438cm
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Figure 2.3: FTIR spectra of BaTRDMS and 27.8 wt% BaTDMS composite.

XRD patterns of pure barium titanate and barium titanate PDMS ositgare shown in Figure 2.4.
In the XRD pattern of the barium titanate PDMS compositeaetheas no change in the reflection
peaks compared to the pure barium titanate indicating theradhbeen no change in the
morphology of barium titanate. There is some slight naishe XRD pattern of the barium titanate

PDMS composite due to the amorphous nature of the PDMBIX.
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Figure 2.4: XRD of barium titanate powder and 27.8 B&%iQ-PDMS composite.

Scanning electron microscopy micrographs of the PDMibihatitanate composites with various
amounts of BaTigare shown in Figure 2.5. The micrographs show umected and homogenously
distributed barium titanate particles in the PDMS matrix. |\ particle loadings, the ceramic
powder is well dispersed in the PDMS matrix without appaigglomeration. However, at the

higher loading level (36.6 wt %) slight agglomeratioBaTiQ in the composite was observed.

Figure 2.5: Distribution of barium titanate (a) 0 wt% 10 wt% (c) 1.9 wt% (d) 4.6 wt% (e) 8.8 wt% (f) 18% (g,
27.8 wt% and (h) 36.6 wt%.

2.2.1.3 BaTi©Pellet
Characterisation by XRD was applied to the pellet and was a@dgo BaTi@powder. This was
performed to ensure that the heating process necessarfotm the pellet did not cause a phase

transformation. It is important the BaTiQs in the tetragonal phase as in this phase, BaTiO
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demonstrates interesting properties, such as a high dieie constant and ferroelectricity. Figure
2.6 shows larger splitting of the two peaks correspogdim (200) and (002) at 45° for the pellet
compared to the powder. This splitting identifies the ibar titanate pellet is in the tetragonal
phase. In the cubic system, there is no splitting&fta@nd heating will cause this peak to broaden.
The XRD of the pellet also shows further splitting opaliks compared to the starting powder.
Further splitting is fostered by the sintering (heatingpgess and will cause the c/a ratio to
increase. The c/a ratio of the barium titanate pellet w0976 compared to 1.00455, the c/a
ratio of the powder. Even with the c/a ratio increase, tharibm titanate pellet is still in the

tetragonal phase.
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Figure 2.6: XRD of barium titanate powder and bariurméte pellet.
2.2.2 Effect of chemical modification and inorgditier on permittivity of PDMS
2.2.2.1 Permittivity

The dielectric constant or relative permittivity of a matgriletermines its response to an applied
external electric field in dielectric materiafs. Relative permittivity is the ratio of the absolute

permittivity of a medium to the permittivity of free sge (equation 2.0)

Yé L — (Equation 2.0)

Where 1is relative permittivity,lis absolute permittivity andp is permittivity of free space at 8.85

X 10%2F/m.

There are several ways to measure permittivity, in thspter the relative permittivity of the

elastomers was measured via both the transmission/refledliioemethod (waveguide) and coaxial
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probe method (DAK) and the relative permittivity of theTBQ pelletwas calculated via capacitance
measurements. The transmission/reflection line method aswes the reflected (S11) and
transmitted (S21) S-parameters, which are used to calculatgive permittivity. S-parameters
describe the electrical behaviour of linear electricalvmetks when undergoing electrical signals
and are always frequency dependéefitn this case, the network is a two-port S-parameter network
as there are two ports (one either end) of the waveguidéhe S11 parameter is the input port
voltage reflection coefficient and S21 is the forward vadtagin. Figure 2.7 illustrates both S11
and S21 parameters. The transmitted (S21) and refle¢&Hdl) wave will have changed in
amplitude and phase from the incident wave. It is tharde in amplitude that is important in
permittivity measurements.

511

Port 1 Elastomer Port 2
-—
b
Sn
d: b
Portl] —————» Elastomer —* Port2

Figure 2.7: lllustration of S11 and S22 parametetd. r&fers to the reflected signal where S1L/ab S21 refers to tr
transmitted signal where S21 z/d;.

It was found that the straight edge of the elastomer (90 @egrto the incident wave) caused large
reflections within the waveguide preventing an accurateule To prevent this from happening,
the edge of the elastomer was tapered to produce a slopefter the incident wave a gradual
transition from air to the elastomer at the air/elastomer intacke. In the case of the coaxial probe
method only the S11 parameter is measured and usedlutate relative permittivity. The relative
permittivity of the BaTi@pellet was calculated using the following equation:

Ygl L %?x (Equation 2.1)

Where X is relative permittivityCis capacitance measurediyas the thickness of the pelleiwas

the area of the pellet andg is the permittivity of free space.
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2.2.2.2 Effect of TESPN cross-linker on permittivity

The relative permittivity values of the TEOS and TES#4S-linked elastomers are listed in Table
2.0. It was found that both the TEOS and TESPN crked-lglastomers displayed similar
permittivity values to pure PDMS, which has a permtitivalue of around 2.3. There was minimal
difference between the permittivity of the TEOS craekdd and TESPN cross-linked elastomers
which was unexpected as it was thought the inclusionhef highly polar cyano groups would
increase the overall relative permittivity of the elastomelt was also noted that the amount of
cross-linker had no effect on the relative permittivityBoth the concentration and resultant
moments of a polar group in a polymer chain determithe permittivity of the polymert!

Therefore, it could be suggested that the concentratidrpolar groups within the TESPN cross

linked elastomers were too low to display an increasgamittivity. However, increasing the polar
group concentration may not increase permittivity as dggonoments of polar groups are also
effected by the spatial requirements imposed by the padyrohain. Popielarz arab-workers have

shown that at high frequencies the mobility (dipole mortjesf the polar groups in polymer chains
is too slow to contribute to the relative permittivifi?. This indicates that at high frequencies the
permittivity becomes dependent primarily on the polymehain, which in this case has a low

permittivity.

Table 2.0: Relative permittivity of TEOS and TESPNIrksd PDMS elastomers measured using the waveguedieod.

Elastomer (;Irzn?)ﬁ (LES g;\l (rn[r)nl\gﬁ (SIOR) : PDMS (SiOl Mean R\e/\l/z:\i/veegsizremittivity*
PDMSTEOS(1:1) 1.34 - 1.27 0.95:1 2.6
PDMS-TEOS(1:4 5.18 - 1.27 3.78:1 2.6
PDMS-TESPN(1: - 1.31 1.27 1.03:1 2.5
PDMS-TESPN(1: - 3.86 1.27 3.04:1 2.5

*Permittivity measurements performed betweent® GHz

2.2.2.3 Effect of barium titanate filler on permiittyv

Barium titanate is a ferroelectric material. A ferroic candefiv = " e us E&] o %E} ]
or more orientation states or domains which can switcheait one to another through the
application of one or more appropriate forcé Therefore, ferroelectrics are materials in which

the orientation state of spontaneous polarization can be cleahgith the application of an electric

field. BaTi@ possess four different crystal phases cubic, tetragonal, orthorhombic and
rhombohedral. Above 120°C (393K) Bah&3 a cubic structure, with the Bdons in the centre,

Ti* ions at the corners of the cube and an octahedron dfd@s around each titanium ionn this
structure BaTig@is not a ferroelectric as it does not have a net dipolenmeat as the charges are

symmetrically positioned. Between 120 °C and 5 °C3B&&s a tetragonal structure (Figure 2.8)
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as the Ti atom moves off-centre along a Ti-O bond whigsgise to a spontaneous polarisatién.

If displacement occurs in all the Fi@ctahedra, a net polarisation is seen.

Temp > 1R2°C 5°C <Temp <120 “
a=b=c a=bBR

°o T

O Ba*
b

Mo d SE P}

+“—>
a

Figure 2.8: Cubic and tetragonal phases of BaTiO

Tetragonal BaTis a ferroelectric material and its relationship betweenrs@aneous polarisation
and voltage is characterised by a hysteresis loop rathan the linear relationship shown by
dielectrics?® BaTiQcontains domain structures, which are variable in sizethiwa single domain
there is net polarisation (the dipoles have a commoreiatation), but different domains have their
polarisation in different orientations. In tetragonal Bajithe titanium atom can be off-centre in
six directions along any of the Ti-O bonds and therefeeghbouring domains can only have
polarisations that are at 90° or at 180° to each other as shiowFigure 2.9The net polarisation is
the vector resultant of the polarisations of the individuahdains. When an external electric field
is applied a change in net polarisation can occur. Haiage in net polarisation can be caused by
180° or 90° domain switching (where the direction ofgpization of the domains changes) and
domain wall migration. Domain wall migration is the prooghsre favourably orientated domains
grow in size at the expense of the less favourably éaied domains until the whole crystal has its

dipoles aligned, known as saturation polarisation.

180° boundary
90° boundary

-—

—_—

Figure 2.9: Sketch of domains in BaBitwing 90° and 180° boundarie

Permittivity of bulk barium titanate (BaTiQellet) was determined over a low frequency range)(10

t 1E7 Hz) using an impedance analyzer and shown iref@d0. Barium titanate has shown to
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have permittivity values up to 4000 at room temperattfehowever such large values were not
observed. The BaTi@xhibited a high relative permittivity of around 850tlween 100 Hz and 100
KHz. Above 100 KHz the permittivity drops then stadsliuntil 1 MHz and decreases further.
Overall, permittivity decreases as the frequency increaseThis was expected as the two
polarisation processes that are responsible for the petimiy of BaTiQ@ (ionic and electronic
polarisation¥® are frequency dependent. As frequency increasesg ipalarisation contributions
decrease as the ionic molecules can no longer followasellations and at the point of optical
frequencies (around 1E16 Hz) there is no contributipioic polarisatiort’ This suggests that the
effect of barium titanate filler on the composite permittiyiat high frequencies will not be as large

as expected.
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Figure 2.10: Relative permittivity of barium titanate pell

Permittivity is also dependant on temperature and the matkrisynthesis route including purity,
density and grain siz&. For example, BaTiGsynthesised via the sol gel method has shown
permittivity values of 500t 650 at 1 MH? compared to 2000 at 1 KHz exhibited by BaTiO
synthesised via the hydrothermal methéU As previously highlighted the permittivity of the bulk
barium titanate in this case did not reach values of 4000 iptesly shown in literature. The low
permittivity was attributed to the low pellet density. sl densities have a large effect on
measured permittivity values. Low density usually indisaéighly porous pellet which will have
a significantly lower permittivity compared to a soliddy as the pores will contain air which has a
low relative permittivity of about 1. The pellet detysiwas calculated at 0.0514 g dm
corresponding to 0.85 % of the theoretical density ofiBa{6.012 g cm).3* Therefore, it is most
likely that the bulk permittivity of the barium titanate usésl much larger than observed in figure
2.10. However, the BaT®DMS composites are not expected to exhibit permittivajugs as
large as bulk BaTi@s it has already been previously shown that the permijtiof BaTi®@in cross-
linked PDMS is 93% smaller than the permittivity of Baii®@DMS before cross-linkid§.This is

58



attributed to the fact that the BaTiparticles arainable to orientate and align in the electric filel

in the cross-linked polymer resulting in weak dipwiements.

The permittivity of the BaT#¥2PDMS composites were determined betweert 8 GHz using the
waveguide method and shown in figure 2.11. It was tbtimat the relative permittivity of the
composites increased with wt% loading of BaTi@ positive linear relationship{R 0.9443) was
observed which agreed with previous findings that useebl¥barium titanate loading® The
relative permittivity of 0 wt% BaTidoading was 2.6 compared to 4.2 shown for 36.6 wt%@aTi
loading. It was found that barium titanate loading of 27.84yirovided a relative permittivity value
of 3.4 close to the ideal value of 3.1 previously maméd. Therefore, all further composites
synthesised had a barium titanate loading of around 27.8 wBhen ando-workers reported a
permittivity of 6 with 40 wt% barium titanate filler at 128Z* and Babaret al. reported a
permittivity of 8 with 15 % vol (around 50 wt%) barititanate filler3* As shown in figure 2.11, the
permittivity of the 36.6 wt% BaTilPDMS composite was about 30 % lower compared to the
permittivity of the 40 wt% composite reported by Shenal. The difference in permittivity was
attributed to the fact that the permittivity value from literatarwas gained at a low frequency. It
has already been shown in figure 2.9, that the permittivifyBaTiQ@ decreases with increasing
frequency. Even though the permittivity measurementsfpened by Babaet al. were done at
ultra-high frequencies, it was still found that the permiiiyvvalue at 50 wt% extrapolated fino
figure 2.11 was still around 45 % lower. However,dbmposites reported in literature contained

BaTiQwith smaller grain sizes, 80 rwersus T Ru pe S} ul §Z }u%}e]S ¢ Jv $Z]
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Figure 2.11 Relative permittivity of barium filled PDdé8posites (permittivity measurements performed betwgei®
GHz).
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2.2.2.4 Comparison between waveguide and DAK measatem

Table 2.1 shows the permittivity values obtained usinthldbe waveguide method and coaxial
probe method (DAK) for each sample. For all sampiespermittivity value obtainedvas larger
using the DAK method. The slight difference betwtenpermittivity values measured using the
waveguide and DAK could be contributed to the dieledois of the material. Along with the
permittivity results, the DAK method also measured thesldangent of the BaTyPDMS
composites. It was observed that the loss tangent for all domposites regardless to the
percentage of barium titanate filler was extremely low aswhoin Table 2.1. Waveguide
measurements are not as effected by the loss tangent comptaréite DAK measurements. As the
waveguide is filled with air and completely closed of, power is lost through radiation and
dielectric loss is negligible. However, in the aaise coaxial probe method (DAK) if a sample has
a low loss tangent a thicker sample is required to preaithe electromagnetic waves reflecting
back from the samples boundaries which results in th@reasion of a sample with a larger
permittivity value. This was confirmed in Table 2. alathe DAK measurements were slightly larger
than the waveguide measurements. Therefore, it was cateduhat the difference between the
DAK and waveguide measurements was due to the low tangssof the BaT¥PDMS composites

and the permittivity values measured using the waveguitethod were accurate.

Table 21: Permittivity results from both waveguide and DAK rneaments.

. 4 rl:. ! Tangent Loss
Sample 1 Waveguide 1DAK waveguide -1 (from DAK)
DAK
PDMS-TEOS(1:1) 2.6 2.7 -0.1 0.020
PDMS-TEOS(1:4) 2.6 2.7 -0.1 0.020
PDMS-TESPN(1:1) 2.5 2.7 -0.2 0.022
PDMS-TESPN(1:3) 2.5 2.7 -0.2 0.028
1.0 wt% BaTie@PDMS 2.6 2.7 -0.1 0.022
1.9 wt% BaTi@PDMS 2.6 2.7 -0.1 0.020
4.6 wt% BaTi@PDMS 2.7 2.8 -0.1 0.021
8.8 wi% BaTiePDMS 2.8 2.9 -0.1 0.022
27.8 wt% BaTi&PDMS 3.4 3.7 -0.3 0.023
36.6 wt% BaTiPDMS 4.2 4.3 -0.1 0.024

2.2.3 High molecular weight PDMS composites

As discussed in section 2.2.2 composites with a batitamate loading of around 27.8 wt% showed
an ideal relative permittivity value of 3.4. Howevelhats been shown that the addition of fillers
causes an increase in the composites elastic moduluswvddet al. observed an elastic modulus

increase of around 30% for PDMS composites with a loaafiBgvol% nickel nanoparticlés. The
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addition of ceramic fillers (a rigid phase) increases dtifness of the composite. Along with a
permittivity value of around 3.4, the final composite the strain-sensor design has to exhibit good
elasticity to withstand repetitive stretching. Thereforecampromise was made to ensure high
permittivity while maintaining the flexibility of the PD®hetwork. A high molecular weight PDMS
(cSt 1000, M. W. 77,000) was used, as a high moleadmht PDMS has a lower elastic modulus
than the low molecular weight used (cSt 18000, M. WO0Q6).

However, the high molecular weight PDMS posed a newleno. High molecular weight PDMS
inherently has a high viscosity due to the increasehart entanglements and this high viscosity
brought difficulties to the synthesis of the composierégards to mixing and pouring. The mixing
stage of the synthesis route was extremely important to eaghie barium titanate and tin catalyst
was homogenously distributed. In order to reduce ttigcosity of the PDMS, addition of different
solvents at varying weight ratios to PDMS were investigataddition of a solvent to a polymer
can cause two effects: plasticization and dilution. In taise the former is the effect desired, as
plasticization causes a decrease in the glass transition temperathich lowers the viscosity of
the polymer®® Varying amounts of tin catalyst and methods of curing (ireler pressure, change
in temperature) were also investigated alongside the additid solvent to produce a composite

with a smooth shiny surface.

The following experiments were all performed with aibar loadingcirca28.2 t 28.5 wt% and a
ratio of SiOH groups in PDMS to SiOR groups in TEQSES dt Was found the addition of toluene
at a weight ratio to PDMS of 0.25:1 lowered the viscosity manageable level. A 1:3.8 molar ratio
of PDMS to catalyst and curing method of being left atmaemperature until the composite
became tacky before being placed into a 60°C oven oylrrimethod A) produced a composite
which had a highly patterned rough surface and was flexiblowever, at the time this combination
of factors seemed to prove to be the best and was usethé synthesis of the BaT{®DMS

composites for the antenna attachment experiments in secfidh4.

A 1:0.9 molar ratio of PDMS to catalyst and curing metsfdd hour at room temperature before
being placed in the oven at 60°C overnight (method &) feund to be the best combination and
resulted in a composite which was flexible with a smodtimg surface. This method was used to
synthesise the composite for the antenna resistance measargmin section 2.2.5. The latter
Ju%c}e]S [¢ ~u 8§Z} o «SEMN SPUE v 3 \as Eiifipd Uswg JKTIR duhdk SEM
micrographs. There were no FT-IR absorption peakréeiftes between the high molecular weight
BaTiQ (s5 weyPDMS7, 000 cOmposite and the low molecular weight Bad i®.s wisyPDMSs, 000
composite (figure 2.12 (a)), indicating that increasing itmolecular weight of PDMS has no effect
on the minimal chemical reaction between PDMS and BaTi@e absence of characteristic peaks
associated with toluene (3099, 2925, 1086 and 1506)dmthe FTIR spectra of the BafRDM$;,

ooo composite confirmed that the toluene was removed coetely during the composite curing
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process. SEM micrographs of the Bati&} wegPDMS7, oo are shown in Figure 2.12(bd). The
SEM micrographs showed homogeneously dispersed batiitamate within the polymer matrix
indicating that adding toluene to the mixture encouraged tligpersion process during mixing and
there was no observed settling of barium titanate at the upaed lower surfaces which means an

even permittivity throughout the composite should be acted.
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Figure 2.12: (a) FTIR of Bad(i#@s wsyPDMS7,000cOmposite fabricated using method B section 2.2.3 alt@® (7.8 wioey

PDMSs000  SEM micrographs of BaFig.s weefPDM$7,000 (@) cross section (b) corner edge of cross-sectioruppd
surface and (c) corner edge of cross-section and lowéace.
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2.2.4 Antenna attachment

Silver Lycra® with a thickness of 0.5mm was chosen astbhana material. Silver is a well-known
and a commonly used conductor on account of the higtdoetivity it shows even when oxidised.
Silver is relatively easy to work with and can be incoaped within polymers as seen in silver
Lycra®. Lycra® is a polyether/polyurea uretfamhich forms fibres (as seen in Figure 2.13). These
fibres are highly elastic and are ideal for stretchinggufe 2.13b) shows that the silver particles
(the white spots) are embedded along the Lycra fibr@sver particles are observed as white spots

in the SEM micrograph because silver has a high derwitypared to the polymer fibre.

Oapm

Figure 2.13: SEM micrographs of Silver Lycra® at rieagioif (a) x 65 and (b) x 474.

A method to attach the antenna to the BatiPDMS composite which resulted in good antenna-
‘i *SE § Z *]}v 82 8 v Al3Z+3 v E %03}3]Av $XE VE]wR [v
properties was required. Self-adhesion of the antennth®composite during the curing process
was the most desirable method. In this case, the tag wasgded to a specific substrate
permittivity; a self-adhesion method would eliminate thse of an adhesive which would form a
layer with a different permittivity to that of the substrateetween the antenna and substrate. This

could potentially stop the tag from functioning.

The antenna in Figure 2.14 was used for the self-adhesiimchment experiments. Laser cutting

was used to achieve the desired shape of the antenna.

Figure 2.14: Image of antenna with silicone IC chipcattd.

A simulation to predict the received frequency of the taing te antenna design in Figure 2.14
was performed. The antenna (slot dimensions length 82&m, width = 4 mm, radius = 20 mm
feed thickness = 2 mm) was simulated in CST Micro\Bawdio on a Mylar sheet (permittivity = 3,

thickness = 0.046 mm) attached to a BaTRDMS composite (diameter = 6 cm, height = 0.2 cm
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and permittivity = 3.43)which was placedon top of a rectangulaphantom usedto represent
human tissue. The phantom comprised of a 26 mm top laffeombined skin and fat (permittivity
= 14.5,conductivity= 0.25S/m) and a bottom layer of 20 mm thick muscle(permittivity = 55.1,
conductivity = 0.25 S/m). The simulations performediakibet showed the maximum read range
of the tag was 831 MHz, which is close to the desired 86%867.6 MHz frequency band for the
United Kingdont® For optimal performance, the maximum read range of the tagmfr
experimentalresults should be between 781 - 911 MHz (there can be a differenceof 50 MHz

between simulated and experimental results).

Twotagswere fabricated;one with the antennaplacedonto the surfaceand the other with the
antennaplacedjust under the surfaceof the substrate. The substratewas fabricatedfollowing
method A in section 2.2.3 (composite diameter = 6 kbeight = 0.2 cm). The IC chip was glued to
the antenna feed lines using conductive silver epoxg.gllihe placement of the antenna onto the
surface of the composite was performed at 9 minutes 4@gds into the BaTi@PDMS curing time
ta stage where the composite had become slightly tacky.plaoement of the antenna just under
the composite surface was performed as soon as possitdetht BaTi@PDMS mixture had been
poured into the mould. From looking at the two tagspad antenna adhesion had been achieved.
However,both tags exhibited poor RFIDperformanceeven when stretched. The tagwith the
antennajust under the surfacewasthe worseof the two sample,showinga smalltheoretical
maximum read range of around 0.5 meters outsidewfoptimal frequency range (781911MHz).
The reason for this poor performance was visually digdooking at the sample. With the antenna
under the substrate surface, the individual silver Lydila®s are surrounded by the Bat®DMS
mixture, givingthe antennaa white appearance. The BaTi@PDMSsubstrateis inherently an
insulator and as a result the antenfe (E ]S v v ] u %.changed £ausing the antenna
to be no longer conjugatematchedwith the microchip. It is the lack of conjugateimpedance
matchingthat resultsin the tags poor performance. Thetag with the antennaon the surface
showedthe same effects as the other tag, asthe BaTiG-PDMSmixture had seepedthrough

between the silver Lycra® fibres.

It was hypothesisedthe resistanceof the silver Lycrachangeddue to the interactionwith the
BaTi@-PDMS substrate. A preliminary experiment was perfateeinvestigate if the resistance

of the silver Lycra® does increase when placed dreabmposite. A resistance meter (ISO-TECH,
IDM 201) wasusedto measurethe resistanceof Lycra®before and after placedonto a BaTi@
PDMS substrate. The resistance measurement performed aftena® placement was completed
oncethe substratehad completelycured. Thesubstratewas synthesiseibllowing method B in
section 2.2.12 (dimension diameter = 8 cm, heightddn) and four silver Lycra® pieces (dimensions
width = 2.cm, length = 2cm)were placedonto the substrateat 25 minutes into curing. SEM

micrographs were performed to investigate the self-adbasf the Lycra® to the substrate.
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Resistance measurements performed by Rakibet showed tleatdhkistance of the silver Lycra®
pieces increased fourfold. The large increase irst&sce was caused by the silver Lycra® being
embedded in the substrate as shown in Figure 2.2&.first glance of Figure 2.15, it could be
suggested that the Lycra® was embedded from the mechanittalg required to produce a cross-
section for SEM analysis. However, Figure 2.15 shibves Lycra® strands protruding from within
the substratet a phenomena that is not caused by mechanical cutting but fiteenLycra® being
embedded within the composite. A method to prevent tlaege resistance change could be to

place the Lycra® onto the substrate further into the ogitime.

S00pm 200pm

Figure 2.15: SEM micrograph (a) cross-section of &ijxea® adhered to BatiPDMS substrate (b) expanded imag
highlighted area in micrograph (a).

2.2.5 Antenna resistance

As discussed above in section 2.2.4, placing the LymraRthe substrate further into the curing
time could prevent the large resistance change previoablerved. This hypothesis was tested by
measuring the resistance of silver Lycra® pieces ptat®da substrate at varying curing times. The
substrate was fabricated following method B in section.2.2nd six silver Lycra® pieces
(dimensions width = 0.5 cm, length = 2 cm) were plaoatb the composite 4 minutes apart
beginning at 24 minutes into curing. As adhesionliameon the interaction between the Lycra®
and substrate, the adhesion of the silver Lycra® pieces m@ed as it could become poor as time
into curing increases. Resistance of the Lycra® was neebbafore and after placed onto the
BaTi@G-PDMS substrate, as well as one week later to investigadechange is observed. The
resistance of the Lycra® was also investigated using thlieensi based adhesives Medical,
Telesis 5 and Skin Tite. Following the same proeedsrabove the resistance of the Lycra® was
measured before and after placement and one week latethécase of the adhesives, the Lycra®

pieces were attached to a fully cured substrate.

Table 2.2 shows the resistance measurements of Lycea®dbn at different times into the curing

process. It was the resistance difference betweemd®won PDMS (1 week later) and Lycra® on air

that was examined. Premature placing (32 minutes and belufnthe silver Lycra® caused an

Jv E ¢« Jv §8Z >C E [+ o SE] o HEH]HEI¥N }KSZ}A>E EU JA 8
]*%0 Ce* u JvsS v v }( 82 >C E [¢ GEEe]*% 0@ VIVEEZ S2Cepu «3SCE

minutes into curing still exhibited excellent adhesiofable 2.2 shows that as the time into curing
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increases, the resistance difference decreases. Howdveresistance difference at 28 minutes
into curing does not follow this generalisation. As seefigure 2.16, the silver Lycra® placed at
28 minutes (second from furthest left) shows a largeteshrea where the BaT&PDMS has seeped
through. This was most likely caused by using slightdlynuch pressure when placing the silver

Lycra® piece onto the substrate.

Table 2.2: Electrical resistance (R) of silver Lycea®dobn elastomers at varying times into the curing preces

P 4Z ~O-
Z <0« }( > Curing time Z ~0¢ }(1+4Z ~O+ A Z ~0- }( > R(elastomer 1

. substrate on fully cured R(substrate)t on substrate 1
on air : . week later) t

(mins) substrate R(air) week later .

R(air)

13.3+0.2 24 16.2+0.2 2.9 287 +0.1 154
14.0+0.2 28 22.3+0.6 8.3 34.1+0.3 20.1
11.4+0.2 32 11.6+0.4 0.2 20.0+0.2 8.6
129+0.2 36 10.6 £ 0.2 -2.3 17.1+0.1 4.2
13.3+0.3 40 11.1+£0.2 2.2 16.2+0.2 2.9
13.4+0.2 44 10.7+£0.2 2.7 15.0+£0.2 1.6

Figure 2.16: Silver Lycra placed on substrate atnvgutyines (4 minutes apart) during the curing process|éft is 2:
minutes into curing, far right is 44 minutes into curing).

Table 2.3 shows the resistance measurements of Lycra®) tisiee silicone adhesives. An
extremely low resistance difference was observed whsimg two of the adhesivesMedical and
doe]e AX ,JAAEGU A EC o EPI( E%pOVA «J[{((VEAZ v pe]vP -
adhesive. From studying the sample, it was expectedttiatesistance difference using Skin Tite
would be large as the silver Lycra® fibres were stucktheg. This suggests that the Skin Tite
adhesive has coated the fibres providing them with an sitsuy layer ceasing the conductivity,
resulting in the increase of resistance. Even though tfvdhe adhesives exhibited very low
resistance differences, self-Z «]J}v }( 3Z v3 vv A ¢ +5]00 % E ( EE®XO @ ]

tolerable and should not affect the tags RFID performance.
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Table 2.3: Electrical resistance (R) of silver Lydea®dponto PDMS using different silicone adhesives.

Z ~0- }( Z ~0O0«} 4Z ~O-
Z ~0- } . on fully 4z ~0- Lycra® on  R(elastomer
. Adhesive R(substrate)
Lycra® on air cured tR(air) substrate 1 1 week later)
substrate week later tR(air)

11.1+0.2 Medical 10.9+0.2 -0.2 10.9+0.2 -0.2
11.2+0.2 Telesis 5 11.6 £0.1 0.4 10.5+0.2 -0.7
11.2+0.1 Skin Tite 113 +@ 0.1 23.0+0.2 11.6

2.2.6 Design and Fabrication of Prototype RFIIhstemsor

The antenna design was further optimised and the final deskgpwn in Figure 2.17 (full antenna
dimensions shown in Table 2.4) was developed fromUatF RFID tattoo transfer tag which
exhibited good RFID performance when mounted on skiaser cutting was used to acquire the
antenna shape. The slot was originally rectangular in sHapeeve, due to over-burn at the slot
ends the delicate feed lines were often compromisetieréfore, the slot was rounded as shown

in Figure 2.17 which solved the previous problem.

Table 2.4: RFID antenna dimensions

17 I'E; : Parameters Symbol Length (mm)
’ 5 ' Slot width a 2
Slot length b 32
c Antenna width c 20
Antenna length d 72
d
chip length e 2
Figure 2.17: Prototype RFID strain sensor ant . .
Feed line thicknes: f 1

design.

The antenna was simulated in CST Microwave Studio ona ktyget (permittivity = 3, thickness =
0.046 mm) attached to the BaT®@DMS substrate (permittivity = 3.43, dimensions diamet80
mm, height = 1 mm) which was placed on top of a reatitargphantom used to represent skin. The
phantom comprised of a top layer of combined skin and cleugpermittivity = 14.5, conductivity =
0.25 S/m) and a bottom layer of muscle (permittivity =15%onductivity = 0.93 S/m). The
simulation performed by O. O. Rakibet showed the maximeew range of the tag was at 849 MHz.

Silanol-terminated PDMS ¢St 18000 (12 g, 0.156 mmol)OB@M8 g, 20.6 mmol), tetraethyl
orthosilicate (0.07@&m? 0.313 mmol) and toluene (3.4M°, 35.6 mmol) were added to a glass
beaker and speed-mixed for 30 minutes. Tin(ll) 2dkxanoate dissolved in toluene (0.0a@?,

0.148 mmol) was then added to the mixture which was spexxkd for a further 60 seconds before
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being poured into a PTFE circular mold (diameter mB9Q height = 1 mm). A flexible filling knife
was drawn down over the mold to ensure a uniform heiglastomer. As discussed previously in
section 2.2.5, premature placing of the silver Lycra® ohe curing composite lead to a loss in
antenna conductivity. With the new antenna design, it wasfbthat the narrow feed lines were
more susceptible to conductivity degradation compared te thain body. Therefore, the feed
lines were placed down onto the composite further intaethuring time. The main body of the
antenna was placed onto the composite 75 minutes into @uviile the feed lines were placed at
95 minutes. The composite was left to cure at room tenapure for a further 25 minutes before
being placed into a 60°C oven for 72 hours. Theltiaguag prototype showed excellent antenna

adhesion with no visible PDMS seepage (Figure 2.18(a))

2.2.7 Strain sensor RFID measurements

The results from the tag simulation using the new antennsigie from section 2.2.6 showed the

radiation efficiency to be -12.5 dB. To verify thisuleand to establish the accuracy of the body
phantom, the read range of the tag prototype was measured evenge of frequencies using the

Voyantic Lite measurement system. For the measurementsXR NMHF RFID chip with -15 dB
sensitivity was attached to the tag prototype using silvenductive epoxy glue and the tag was

%0 0O }vd} 8Z «l]v }( A}opvs adiRdsivétaBe. (Fhe puotbiype tag exhibited a

maximum read range of 1.6 m at 868 MHz, which corredpdrto the results of the simulation.

An antenna of the same design as Figure 2.17 was etadhmi@daocopper clad thin Mylar sheet and
an UHF RFID chip was attached. Two prototype tags weredtdatiusing this one copper antenna;
one where the antenna was placed on a BaTROMS substrate as shown in Figure 2.18 (substrate
synthesised following method in section 2.2.6) and tther where the antenna was placed onto

a Perspex substrate.

Figure 2.18: Image of (a) silver Lycra® antenna BaHADMS tag prototype (b) copper antenna BaROMS ta
prototype.

Perspex was chosen as it has the same permittivity v8lideas the BaT¥PDMS substrate. The
read range of both tags was measured and found to be identomaifirming the BaTiaPDMS
substrate fabricated in section x had a permittivity of aro@¥l. The read range of the silver Lycra®
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antenna BaTi®@PDMS prototype tag placed on skin was compared to the eoaptenna BaTi®
PDMS prototype tag. The silver Lycra® antenna tag shavesder read range, 60 % of the copper
antenna tag. This was expected as the conductiditgilver Lycra® is much lower than copper.

However, the maximum read range for both tags occuatetl68 MHz.

Figure 2.19 shows the RFID prototype strain sensor tageifPTFE jig used for the REitrain
measurements. Strain, in this case stretch along the xcaxised the slot of the antenna to become
longer and narrower. Whereas, stretch along the y axiseduhe slot to become shorter and
wider. The strain in all of the following measuremewtss expressed as a percentage change in
the slots width, where a positive value was a stretch gltre x axis and negative value along the
y axis. To assess the tag performance over time, the tagkeyasn the PTFE jig at 10% strain for

1 week and then the experiment was repeated.

i
Figure 2.19: Prototype tag on PFTE jig for strain oreasents (a) no strain (b) 10% strain.
Figure 2.20 shows the transmitted powegrsusfrequency of the prototype tag under both y axis
(negative stretch %) and x-axis (positive stretch %) strdine transmitted power required to
activate the chip was much larger when the tag was underigstxain when compared to x-axis
strain. As the slot became shorter and wider during g-attain, impedance mismatching between
the antenna and chip occurred resulting in the increas@aier required and essentially a less
efficient tag. The impedance mismatching was not onlseobed through the large transmitted
power but also through the small frequency range wheneasurements could be recorded.
Therefore, this strain sensor design could not be usealonitor y-axis strain. However, this is not
a limitation as this means that this sensor design can diffimee between y and x-axis strain.
However, by rotating the tag within the PTFE jig by 96°pitototype sensor tag would be able to
monitor y-axis strain as the antenna slot would become narrcavel longer instead of shorter and
wider. This highlights the importance of the angle of mounting tbe performance of the

prototype tag design described in this chapter.

The performance of the prototype tag over time was also ys&d and compared to the original

measurements as shown in Figure 2.20was clear that the difference between the original and
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new measurements (measurements performed after the tag wlsate10% stretch for 1 week)
was minimal - a difference of 0.2 dB at the operating fieagpy (868 MHz) for the tag experiencing
10.40% stretch was observed. The minimal differenegwben the original and new
measurements indicates that the prototype tag recovers welrafieing kept stretched. Ti
recovery after stretching is an important requirement the proposed application (an actuator to
allow paraplegic patients to control their wheelchair througiuscle tweaking) of the prototype

tag in terms of longevity.

—-5.31 % stretch (y-axis)
29 - - — -5.31 % stretch +1 week (y-axis)
—— 10.40% stretch (x-axis)

28—- - - 10.40 % stretch +1 week (x-axis)

27
26
25 1

24

Transmitted Power (dBm)

23 4

22 4

T T T T T T ¥ T 1 1
700 800 900 1000 1100 1200
Frequency (MHz)

Figure 2.20: Transmitted power versus frequency.
Figure 2.21 showed the transmitted power of the protodytag as a function of stretch. A linear

relationship was observed and statistical analysis showedetiwars a strong correlation between

the two properties (correlation coefficient = -0.97).

O original measurements
/A measurements after 1 week

277 Linear fit of original measurements

N N N
N [4;] [o)]
1 1 1
>0

Transmitted Power (dBm)

N
w
1

2+—T—T T T T T T T T

Stretch (%)

Figure 2.21: Transmitted Power of the prototype tagdisnction of stretch (%).
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This relationship could allow for accurate predictiontlud tags RFID response under strairt no
measured in this experiment. The transmitted power wasragaeasured for the prototype tag
under various strains after being left for 1 week at arodf@Po strain. As shown in Figure 2.21, the
measurements after 1 week all lie very close to the ocalyineasurements suggesting the prototype
§ P[e % E(}EU v } o viEime.P E 1A E

2.3 Conclusions

PDMS elastomers were successfully synthesised usitig TH©OS and TESPN cross-linkers. As
expected the PDMS-TEOS elastomers displayed sinmddiveepermittivity values as pure PDMS.
However, the PDMS-TESPN elastomers showed no incieasdative permittivity. It was
concluded that at high frequencies, polar groups cannal do not contribute to permittivity.
Therefore, the addition of polar cross-linkers was adtliable method to improve permittivity at
high frequencies. Barium titanate filler was choserinrease the permittivity of the PDMS
elastomer. It was found to be in the tetragonal crystal ghasd displayed high permittivity values
of 900 at 100Hz and 150 at 10MHz. Frequency and milegity showed to display a substantial
effect on permittivity values of the bulk barium titanatBarium titanate loaded PDMS elastomers
were successfully synthesised. FTIR spectrum cordirmimimal to no chemical interaction
between the PDMS and Batj@hile SEM micrographs confirmed homogenous distidlouof the
barium titanate within the elastomer. Increase in barium titan&tading led to an increase in
permittivity values. In conclusion permittivity values the elastomer could be controlled by
varying the weight percentage of BaZi@&lastomers with around 27.8 wt% Basillgading showed

the ideal relative value} = 3.4 for the straint sensor design.

High molecular weight PDMS-Bad @mposites were successfully synthesised. The additio
toluene at a weight ratio to PDMS of 0.25:1 caused plastioizafi the PDMS allowing homogenous
mixing. Silver Lycra was chosen as the antenna materinbamonstrates high conductivity and
elasticity. Self-adhesion of the antenna was achieveddwing the silver Lycra onto the elastomer
during the curing process. It was found that prematfpiigcing of the antenna caused an increase
in resistance (loss in conductivity), as the semi cwledtomer would coat and embed the silver
Lycra fibres. However, the placement of the antenna 4utes into curing displayed resistance

maintenance.

A prototype strain sensor RFID tag was successfully peadusing the high molecular weight
PMDS-BaTigZomposite as the substrate. RFID measurements showedohetype strain sensor
could differentiate between y and x-axis strains and contmhitor an increase in x-axis strain up to
10.4% via a decrease in transmitted power. The tag wasrefer around 10 % strain for 1 week
before the RFID measurements were repeated and it was wded| the tag showed good
performance over time as the 1 week later measurementsewmt significantly different from the

original measurements.
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Chapter 3: Swelling of polysiloxane networks in
solvent vapours; applications for passive UHF-

RFID wireless sensors

3.0 Introduction

The absorbent, permeable and partitioning properties ofydohethylsiloxane (PDMS) have led to
PDMS being widely used as a material in many analyticinigues including solid phase
microextraction (SPME)gas chromatograplyand membrane inlet mass spectroscopy. However,
it was also found that PDMS tended to swell in non-paddwents such as pentane and xylene but
not so much in polar solvents such as watéwhile this property of PDMS to swell in more non-
polar solvents has been shown to be advantageous in waerediation technigues, such as
removing oil from watef; it was seen as a large disadvantage in microfluidiesysthat used non-
polar solvents and in SPME. In the case of SPME, savelling can cause the PDMS coating to be
damaged when it is retracted into the needle resultingtlie sample to be lost. Leet al.
determined the extent of PDMS swelling in a range bfests and found swelling degree correlated
with the similarity between the solubility of the solveand PDMS. Though the swelling of PDMS
is often seen as a negative characteristic for many appliegtiio can be exploited and utilised as

an actuator mechanism in a passive RFID solvent vapourrssgso

Passive RFID sensors are highly desirable as they areoktwenergy-efficient, wireless and
lightweight. There has also been much interest in dgpiag passive RFID volatile organic
compound (VOC) sensors for a number of applicatioctuding; monitoring food quality in
packaging and homeland security.The majority of gas and vapour sensors rely on the variation
of electrical properties of a material in response to aalgite as a sensing material. Fiddes and Yan
demonstrated an RFID tag array, which utilised carbon blatkiper composites integrated into
conventional RFID tagsAs the carbon black/polymer composite swells in vapthe, distance
between the carbon black changes resulting in a condecthange which in turn changes the signal
frequency transmitted from the RFID tag to change. Ea¢heoRFID tags has a different polymer
as the sensing element, therefore producing a unique pattd# signals for each vapour. Potyrailo
and Morris coated conventional RFID tags with a thin layedadfon polymer electrolytes (co-
polymer of tetrafluoroethylene and sulfonyl fluoridényl ether); the resistance and capacitance of
this polymer layer changes in response to vapour atisam® Chemicapacitor systems have also
been used as vapour sensors and have previously dtilise known swelling of PDMS in chemical
vapour. Polymer-based capacitor sensors detect organic waphtough the absorption of vapour

by the polymer, which results in&] 3]}v }( 8Z % }oCu E[* % Eu]3®]AZ3\CPo
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in capacitance of the sensdr,}JA A GEU $Z A E] v ]Jv 8Z %}oCu GE[B>E®nud@®]
subtle which has led to either the addition of highlyndactive additives to PDM%or to measure

the change in both permittivity (dielectric) and deformatiof the polymer to increase sensitivity.

Rather than rely on capacitance variance, the RFID solventurapatotype tag used in chapter 5
takes advantage of the large physical deformation of PDM$oel&ss when exposed to vapours
using a displacement sensor design. RFID displacereasbrs have previously been used in
structural health monitoring in the place of using strain gasjdowever, a displacement tag design
has not yet been used in vapour sensing. Thereftweaim of this chapter was to fabricate PDMS
elastomers to be used in the RFID solvent vapour ggmsxiotype in chapter 5, investigate their
swelling extent in a range of solvent vapours and toarsthnd if the degree of swelling by solvent
vapours can be correlated with solubility as shown whkemlling occurred in solvents. Swelling
studies  of  2-cyanoethyltriethoxysilane  (TESPN) crokedin PDMS  elastomers,
polytrifluoropropylmethylsiloxane (PTFPMS) elastomé@,wt% BaTi@PDMS composites and
PDMS sponges were also performed to investigate theceffé chemical modification within the
cross-links, chemical modification on the polymer bacldyointroduction of fillers and pores,
respectively, on the degree of swelling with the intemtiof possibly creating an array of solvent
vapour sensor tags. The property of PDMS swellingaigasevaluated as a mechanism for solvent

scrubbing.

3.1 Experimental

3.1.1 Materials and Apparatus

Silanol-terminated polydimethylsiloxane (PDMS) (cSt 1000W. 26 000), silanol-terminated
polytrifluoropropylmethylsiloxane (PTFPMS) (cSt 150-29. W.2977) (molecular weight of
PTFPMS was calculateih *H NMR) and 2-cyanoethyltriethoxysilane (TESPN) was obthined
Fluorochem Ltd. Tin(Il) 2-ethylhexanoate (95%), telrgeorthosilicate (99%) and barium titanate
(< 2um 99.9% trace metal basis) were purchased froma&#garich. All the above chemicals were
used as received. Acetone (lab grade), acetonitrile (Hftlade), butan-1-ol (analytical grade),
chlorobenzene (analytical grade), diethyl ether (analytigadde), ethanol (analytical grade), ethyl
acetate (analytical grade), hexane (lab grade), methanollyaoal grade), methylene dichloride
(HPLC grade), pentan-1-ol (analytical grade), propant@nallytical grade), tetrahydrofuran (HPLC
grade), toluene (HPLC grade) and xylene (mixture ofdés® with meta-xylene as the predominant
isomer determined vidlH NMR spectroscopy) (analytical grade) were purchasenh fFisher
Scientific and used as received. Granulated and casggr glfate and Lyle®) was purchased from
the local supermarket. Homogenous mixing of the elastoommponents was achieved using a
DAC 150FV2-K speedmixer and elastomers were forme@HE square moulds (mould width = 2

cm, length = 2 cm and height = 0.2 cm).
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3.1.2 Synthesis of polysiloxane networks: Sn ca@dlgondensation method

3.1.2.1 Synthesis of standard PDMS elastomers

Silanol-terminated PDMS (8.00 g, 3.08 % fibl), cross-linking agent tetraethyl orthosilicate (0.13
g, 6.24 x 18 mol) (ratio of SIOH groups in PDMS to SiOR groufs@$, 1:4) and catalyst tin (1) 2-
ethylhexanoate (0.18 ¢l M solution in toluene) were speed-mixed at 3500 rfi@m90 seconds
in total. The mixture was poured into square moulds atldwed to cure at room temperature for

2 hours before being placed into an oven at 60 °Cruygét.

3.1.2.2 Synthesis of TESPN cross-linked PDMSredesto

Silanol-terminated PDMS (8.00, 3.08 x*l@ross-linking agent 2-cyanoethyltriethoxysilane 30.1
g, 5.98 x 10) (ratio of SiOH groups in PDMS to SiOR groupsSRNEL:3) and catalyst tin (Il) 2-
ethylhexanoate (0.18 ci1 M solution in toluene) were speed-mixed at 3500 f@m90 seconds
in total. The mixture was poured into square mould afidwed to cure at room temperature for

2 hours before being placed into an oven at 60 °Crigét.

3.1.2.3 Synthesis of PDMS sponges

Sugar templates were fabricated using either granulatedaster sugar. Distilled water (1¢hr)
and either granulated or caster sugar (25 g) was thorougtiked and packed into square moulds
before being kept under vacuum overnight to ensure tall removal of water. To fabricate a PDMS
sponge a sugar template was placed into a petri dish wiigh in turn placed into an ice bath. An
ice bath was used to slow the rate of the cross-linkaagtion to ensure full saturation of the sugar
template by the elastomer mixture could occur. Severaliprinary experiments showed that by
decreasing the catalyst to slow the rate of the cross-ligkimaction rather than the use of an ice
bath ensured full saturation of the sugar template but proedcsticky not fully cured sponges.
Silanol terminated PDMS (15.00 g, 5.77 %rh0l), cross-linking agent tetraethyl orthosilicate (0.24
g, 1.15 x 18 mol) and catalyst tin (Il) 2-ethylhexanoate (0.36°cinM solution in toluene) were
speed-mixed at 3500 rpm for 90 seconds in total. Theture was poured around the sugar
template until it was level with the top of the template emsg full immersion of the template did
not occur. The mixture was left to infiltrate the spadegween the sugar particles via capillary
action. After 30 minutes, the partially saturated template wamoved from the mixture and
turned over into a clean petri dish in an ice bath. Témaining mixture was again poured around
the sugar template and left to infiltrate for a further &linutes. The fully saturated sugar template
was removed along with any excess mixture. The satdregmplate was allowed to cure for 2
hours at room temperature and placed in a 60 °C ovemroght. The sugar template was removed
by dissolution in an 80 °C water bath and the resulting B@¥donges were left to dry at room
temperature. It was found that full immersion of the suggmplate within the elastomer mixture
caused an inner pocket within the PDMS sponges that waslesired. The full removal of the

sugar template from the PDMS sponge was confirmed by §d@Rroscopy. SEM micrographs
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were used to determine pore morphology along with ewited pore size and nitrogen

physisorption was used to determine the pore size distiibn and surface area of the sponges.

FTIR (cnd) PDMS sponge using caster sugar templa&23 (QH); 2963, 2905 (CH stretching of
CH); 1416 (CkHasymmetric deformation of 8CH); 1258 (Cklsymmetric deformation of $CH);
1080, 1009 (SDtSi stretching vibrations); 789 (&i stretching and GHocking); 864, 698, 662 (not
identified).

FTIR (cny) PDMS sponge using granulated sugar templag83 (QH); 2963, 2903 (CH stretching
of CH); 1412 (Cklasymmetric deformation of 8CH); 1258 (CkEHsymmetric deformation of i
CH); 1082, 1009 (3D tSi stretching vibrations); 787 (&I stretching and GHocking); 862, 698,
662 (not identified).

3.1.2.4 Synthesis of 40 wt% BalRDMS composites

Silanol terminated PDMS (8.00 g, 3.08 X &l), cross-linking agent tetraethyl orthosilicatel(®.

g, 6.24 x 10 mol) and barium titanate (5.39 g, 0.02 mol) were speegeaifor x minutes. The
catalyst tin (1) 2-ethylhexanoate (0.18 rh M solution in toluene) was added to the mixture and
speed-mixed at 3500 rpm for a further 90 seconds. fMndure was poured into square moulds
and allowed to cure at room temperature for 2 hours befdreing placed into an oven at 60 °C

overnight.

3.1.2.5 Synthesis of polytrifluoropropylmethylsiloexdP TFPMS) elastomers
Silanol-terminated PTFPMS (8.00 g, 2.69 X mdl), cross-linking agent tetraethyl orthosilicate
(1.12 g, 5.38 x 1®mol) and catalyst tin (1) 2-ethylhexanoate (1.62cinM solution in toluene)
were speed-mixed at 3500 rpm for 90 seconds in tothe Mixture was poured into square moulds
and allowed to cure at room temperature for 2 hours beftreing placed into an oven at 60 °C

overnight. The PTFPMS elastomer structures wererooadi by FTIR spectroscaopy

FTIR (cm): 2965 (CH stretching of ©H2913 (CHasymmetric GH stretching); 1447, 1422 (¢H

asymmetric deformation of 3CH); 1369, 1315, 1123 (€ stretching vibration); 1261 (symmetric
bending vibration of SCH); 1206 (SICHCHCE); 1063, 1009 (3OtSi asymmetric stretching

vibration); 799 (rocking vibration of &H); 764 (QF symmetric deformation vibration); 895, 837,
718, 673, 638, 552 (not identified).

3.1.3 Characterisation of the polysiloxane networks

The following instruments were used to characterise folysiloxane networks before solvent
vapour absorption experiments were performed. FTIR messants of the PTFPMS elastomers
and PDMS sponges were performed using a Shimadzuniiffi spectrometer, each sample was
scanned 64 time at room temperature and atmospheric pressuth a resolution of 4 cth BSE
SEM (Back Scattering Electrons Scanning Electron Mipggsmages of the PDMS sponges were
performed using a SEM (Hitachi SE-3400)/EDX (Oxftrdriments X-Max 80) integrated system.
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Nitrogen physisorption analysis of the PDMS sponges werformed using a Thermo Scientific
Surfer Gas Adsorption Porosimeter. Full characterisatfdhe standard PDMS elastomers, TESPN
cross-linked elastomers and BaFRDMS composites have already been performed and can be

found in full detail in chapter 2.

3.1.4 Swelling experiments

The PDMS elastomers were used as prepared (lengttns, &idth = 2cm and height = 0.2 cm) and
were placed in a saturated atmosphere of each solvent vafmuf2 hours. To achieve a saturated
atmosphere, 25 crof each solvent was poured into the bottom of a destic (internal seal
diameter of 10.1 cm). The circular perforated shelfwlaced back into the dessicator with a PDMS
elastomer in a petri dish placed on top. The dessicais sealed and at the end of 72 hours excess
solvent was still present indicating a saturated atmospheas achieved. The volume and weight
of each PDMS elastomer was measured before and afteeisiolapour exposure. To measure the
extent of PDMS selling, the volume swelling rafg (defined as the ratio of the volume of swollen
PDMS to its dry volume was calculated along with the wesglling ratio Qw), defined as the
ratio of the weight of swollen PDMS to its dry weighthe volume of the PDMS elastomer was
measured using digital calipers (0-150 mm). PDMS ingeaikperiments for each solvent were

performed three times in total.

3.1.5 Solvent scrubber experiments

To investigate if the standard eldsti GE« }po Zu}% H% [ *}oA vE Jv VE WO}
solvent scrubber experiments using toluene, chlorolare, ethyl acetate, acetone, hexane and
diethyl ether were performed. Only solvents that causdither large or mid-range PDMS swelling
were used. The standard PDMS elastomers were origiwailyhed and the maximum weight of
each of the six solvents that the PDMS elastomer couldrbbsas calculated using the weight
swelling ratio (@). 90 wt% of the maximum weight of the solvent that thenstard PDMS
elastomer could absorb was weighed in a crucible whigts then placed within a dessicator
(internal seal diameter of 10.1 cm) with a pre-weighddMS elastomer in a petri dish. The
dessicator was sealed and at the end of 72 hours the POMS$omer was re-weighed and the
presence of any remaining solvent within the crucible wated. This procedure was repeated for

all six solvents.

3.2 Results and Discussion

3.2.1 Polysiloxane Network Characterisation

3.2.1.1 PDMS sponges

The PDMS sponges produced were white in appearancewsihble pores and could be manually
compressed without any breakage. Visual inspection efdponges confirmed the pores were
interconnected throughout the whole sample and no largeiinal cavities of air were present It
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was found in preliminary experiments that if the sugar gate was immersed in the PDMS mixture
during the saturation process, a sponge with a large aitycavas formed. It was observed that
the PDMS sponges formed using the caster sugar templateaapg to possess smaller pores than
the sponges formed using the granulated sugar template, lwhias expected as the granulated
sugar crystals are much larger than caster sugar crystalurther investigate the size of the pores
and the surface area of the PDMS sponges both SEM grégies were taken and nitrogen
physisorption was performed. SEM micrographs of tless-section and surfaces of both PDMS

sponges are shown in figures 3.0 and 3.1.

Tmm

Figure 3.0: SEM micrograph of PDMS sponge prepared (&) caster sugar template and (b) granulated s
template. SEM micrograph of (c) caster sugar and (djuaded sugar. Scale bar is 1 mm in length.
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Figure 3.1: SEM micrographs of (a) top surface antdqtipm surface of PDMS sponge prepared using a casigau
template and (c) top surface and (d) bottom surface of BRlgonge prepared using a granulated sugar templ&ial
bar is 1 mm in length.

Figures 3.0 and 3.1 confirmed that both sponges exhib#iednterconnected three-dimensional
framework and showed that both the top and bottom surfacetttd sponges were also porous.
The pores within the sponges did not exhibit the culke-Ehape of the sugar crystals (figure 3.0)
asexpected. The irregular shape of the pores was atted to the random packing of the sugar
crystals in the sugar template. The walls of the pores amuety be smooth, however striations
were observed from the mechanical cutting required togwoe a cross-section for SEM analysis.
To obtain a rough guideline of pore size, the callifpriction in INCA (SEM software) was used to
measure the pore sizes of both PDMS sponges. P@® @izto 342 um were found when caster
sugar templates were used. In comparison, pore sizedou867 um were observed when
granulated sugar templates were used. The sponge fabdcasing the caster sugar template
exhibited a type Il Nphysisorption isotherm (Figure 3.2) which is typicabksociated with
macroporous or non-porous materials with weak absorbadsorbate interactions. The>N

physisorption isotherm confirmed the pore size measuiredn the SEM micrograph.
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Figure 32: Nitrogen physisorption isotherm of PDMS spongesdated using a caster sugar template.

The BET (Brunauer, Emmett and Teller) method is comymuseld to determine the surface area of
the material. BET theory describes multilayer adsorptidth the following assumptions:- (i) the
absorbent surface is made of equivalent sites where mdéscare absorbed randomly (ii) no lateral
interactions between absorbed molecules occur therefahe probability of a site being occupied
is independent of a neighbouring site being occupied @ii) the molecules in the first layer act as
sites for the molecules in the second layer and so fdotiming multi-layers? The derived BET

equation is as follows:

= EUSE;? = L éz 3 E ;;(..)5: 2 2 (Equation 3.0)
WherePis the partial pressure of the adsorbate gB%js the saturated pressure of the adsorbate
gas,w is the weight of gas adsorbed at standard temperature andsames(STPym is the weigh
of gas adsorbed at STP to produce a monolayer of adsorloetieecadsorbent surface and c is the
BET constant that is related to the enthalpy of adsorption efaksorbate gas on the adsorbent
surface. To calculate surface area using the BET methoghtfsisorption isotherm is transformed
into a BET plotl¢w [(P/P)-1] versusP/P’) from which thewr, andc can be derived® A typical BET
% 0}5 J* +3E ]PZ3 o]v ]v 3Z E iXEPA@D.%EThe sidhes &Rd Pigreept,
i of a BET plot are:

0?5 ,
@) Lgo (Equation 3.1)
E l— Equation 3.2
250 (Equation 3.2)

The two previous equations can be solved to derive lb&wy, andc as follows:®

5 .
S L gl (Equation 3.3)
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? L—Z.eE S (Equation 3.4)

The calculatedvn is then used to calculate the total surface ar&). (By dividing the total surface
area by the weight of the sample, the specific surface s known as the BET surface area) of

the sample is found. The equation for total surface aseas follows:
g ®s :
X L % (Equation 3.5)

Where §0]e A}P E}[+ VWuis thé&E tfoss sectional area of the adsorbate affels the
adsorbate molecular weight.However, it has been highlighted that the BET methodds n
applicable to a material which exhibits a type 1l phygiion isothernt® which was observed for
the PDMS sponge. The BET constants (c) of type lléismthare typically very small at around 1
or 2 and when this value is so small any small changéaama profound effect on the calculated
wm. Also, the values of w are extremely small over thatied pressure range used in the BET plot
which leads to inaccurate BET surface areas. As a d®uBET surface area was not calculated
and nitrogen physisorption was not performed on eithee tstandard PDMS elastomer or PDMS
sponge fabricated using the granulated sugar template. Ibkas suggested that using a different
*}J& § }po v o 8Z d <«p S]}v 8} g <%J}vPo [ror G E

shown in figure 3.2 the sponge exhibited a type Btherm which means that the adsorbate
adsorbent interaction is weak. If the adsorbent was chantezladsorbatet adsorbent interaction
could increase which in turn could change the isothértm one where the BET method to calculate

surface area was applicable i.e. type Il isotherm.

FTIR spectroscopy was used to determine if the sugar templasecompletely removed through
dissolution and to confirm the structure of the PDMSrspes. Figure 3.3 shows the FTIR spectrum
of a PDMS sponge fabricated using a caster sugar templed@®MS sponge fabricated using a
granulated sugar template, a standard PDMS elastomers and ast@rsugar. The FTIR spectrum
of caster and granulated sugar were exactly the same whieth expected as the only difference
between the two sugars should be the sugar particle sitke FTIR spectra of both sponges were
almost identical to the FTIR spectrum of the PDMS elastapeant from the appearance of a small
broad absorption band around 3300 dnassigned to @H stretching. The absorption band at
around 3300 cm in the PDMS sponges could be caused by either thepoesof sugar, hydrolysed
TEOS groups or water. It has been previously disdubae TEOS undergoes hydrolysis under acid
catalysis. In this case excess TEOS was used whitth ire$tee hydrolysed TEOS not being used
in the cross-linking reaction. However, it has beenaghthat hydrolysed TEOS can form silica via
a water condensation reaction with other hydrolysed TE@®&auled’ therefore potentially only

a small amount or if any hydrolysed TEOS would be I¢fieifiPDMS elastomer. As shown in figure
3.3, there were no other characteristic FTIR absorption bémdsugar observed in the FTIR spectra
of the sponges, which strongly suggested that the sugamptate had been completely removed
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through the dissolution process. The complete remo¥dhe sugar template was also confirmed

through SEM micrographs, as no sugar particles were obdervthe PDMS sponges. It is most
likely that the FTIR absorption band at around 3300' emas caused by the presence of a small
amount of water which was a result of incomplete drywrighe PDMS sponges after the dissolution

process.

v (a)

I T T I
4000 3000 2000 1000

Wavenumber (cm™)

Figure 3.3: FTIR spectra of (a) standard PDMS elast@m®DMS sponge formed using a caster sugar temglgd PDM
sponge formed using a granulated sugar template andéster sugar

3.2.1.2 PTFPMS elastomers

The resulting PTFPMS elastomers were opaque and whitppearance. Compared to the PDMS
elastomers, the PTFPMS elastomers were slightly firméthaid a distinctive mottled pattern on
the top surface. FTIR spectrum of pure PTFPMS, inéssHPTFPMS elastomers and pure TEOS
are shown in figure 3.4. FTIR absorption bands have laentified with different functional
groups of the cross-linked elastomers in section 351.2As shown in figure 3.4 there was a small
absorption band around 3600 chassigned to the @H stretch for the pure silanol terminated
PTFPMS polymer. As previously discussed in chapaslecrease in intensity or absence of the O-
H absorption band in the FTIR spectrum of the cross-lifKEEPMS elastomer can be used as a
marker to show the cross-linking reaction. The disappeee of the absorption band around 3600
cm! observed in the FTIR spectrum of the cross-linkedPRB-confirmed a full cross-linking
reaction had occurred. Further FTIR markers for the polyensation cross-linking reaction are
the appearance of the band at 850 2rand the bands 1000-1100 crassigned to the Si-O-Si cross-
link. However, neither of these FTIR markers coulaseel to investigate the cross-linking reaction.
As shown in figure 3.4, the absorption bands at 1063 4669 cm' assigned to the 3DtSi
asymmetric stretching vibration in the FTIR spectrum ofdtess-linked PTFPMS elastomer did not
increase in intensity nor did the absorption band at 837'cnThe presence of ethandlthe by-

product of the polycondensation reactionwas not detected in the FTIR spectrum which confirmed
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removal of the solvent was achieved through heating duthegcuring process. The FTIR spectra
of the PTFPMS elastomer was extremely similar to that eRDMS elastomer, apart from the
additional absorption bands at 1206, 1315, 1367, 1123 addcné' that are characteristic of the
trifluoropropy! group.

[ ¥ I L T L I L T ¥ I i I T 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'ﬂ)

Figure 3.4: FTIR spectra of (a) TEOS (b) silanol &#eaiiRTFPMS (pure polymer) and (c) cross-linked PTet&dusner

The morphology of the PTFPMS elastomers was investigaiad SEM. SEM micrographs of the
top and bottom surface along with a cross-section of aFM¥ elastomer was shown in figure 3.5.
The lacerations shown in figure 3.5 (e) were a resuthefmechanical cutting required to obtain
the cross-section of the elastomer. White circles walserved throughout the PTFPMS elastomer
as shown in figure 3.5 (b), (d) and (e). EDX analgsiparformed to examine the composition of
the white circles compared to the surrounding area. HREX spectra showed that while the same
elements (carbon, oxygen, silicone, fluorine and tieyevdetected within both the white circles
and surrounding area, a larger concentration of tin was tbwvithin the white circles. This
suggested that the white circles are a result of sligragghseparation between the polymer and
tin catalyst and are essentially capsules of tin catalyst. pHaise separation was not observed in

the SEM micrographs of standard PDMS elastomers.
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Figure 3.5: SEM micrographs (a-b) top surface, (ctthrbsurface and (e) cross-section of PTFPMS elastdbeate be
for (a) and (c) is 1 mm and for (b), (d) and (&Pigim in length.

3.2.2 Standard PDMS swelling

The standard PDMS elastomers were placed in a saturatedsgtnere of each of the fifteen
chosen solvent vapours for 72 hours. The long solegposure time was chosen to ensure the
PDMS elastomer reached their maximum swelling. Fi§uweshows the swelling ratio in terms of
both weight and volume of the elastomer after vapour expesuEach of the swelling experiments
were performed a total of three times and the standard erfstandard deviation of the mean) was
calculated. As shown in figure 3.6 the standard errorseveenall indicating the maximum swelling

values of the PDMS elastomers in each solvent vapote vediable.

Generally PDMS shows a degree of solvent vapour spgcifith non-polar to weakly polar solvent
vapours with ethers (diethyl ether and tetrahydrofuramgxane and DCM causing the largest
swelling, (Q > 2.0) and polar solvent vapours, alcohols (pentan-bwaian-1-ol, propan-2-ol,

ethanol and methanol) and acetonitrile causing the leastlbmge(Q = 1.0-1.3) which was expected
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for PDMS. As expected there were some observderdiices between Qand Qywhich was
attributed to the density differences between the solventor solvents with densities > 1 g'ml
Qv< Qv and solvents with densities < 1 gh@,> Q. The differences betweeny@nd Qy are
greater for solvents that cause a larger degree of saglliThus dichloromethane which possesses
a large density and caused large PDMS swelling showddrtiest difference betweenyand Qu.
Along with Q and Qv, the moles of absorbed solvent vapour were also calcdlateurther analysis
was performed using all three methods of describing FWelling, however, more focus has been
placed on using the volume swelling ratio as the RFID tegnaa relies on the lateral deformation
of the substrate. Figure 3.7 shows the swelling extetgims of moles of solvent vapour absorbed

into the standard PDMS elastomer after vapour exposure.
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Figure 3.6: Swelling ratio (Q) of PDMS elastomer @f2ehours exposure to a range of solvent vapours.
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Figure 3.7: Moles of solvent vapour absorbed intoteftasr after 72 hours exposure.

3.2.3 Correlation between swelling and solubildyameters
Previous research investigated PDMS swelling by trectdabsorption of solvents (liquid-solid
interface) and found that the extent of swelling coulddmrelated with the Hildebrand solubility

% E u § EY?-ewl’). lothe Hildebrand model, solubility can be relatedthe cohesive

energy of the moleculé?!®
UL:F' 8;°6 (Equation 3.6)

tZ E w]Je $Z ,]Jo & v -<}ou-Ec|tBEmilecarucohedi/e energy and V is the
molar volume. The cohesive energy of the molecsiléeirived from the heat of vaporisationed

et al. observed that solvents with a solubility parameter closd¢hat of PDMS caused the largest
swelling (Figure 3.8). However, the authors did note a significant lack of corietatvas observed
for certain solvents where those with similar solubilggrameter caused significantly different
degrees of PDMS swelling. The differences werebated to the solvent polarity differences and
the authors used the dipole moment of the solvent to expliie difference observed swelling and
represent the polar contributions to the overall solutyil Generally Hildebrand solubility
parameters are good predictors for the compatibility of méés with non-polar and weakly polar

solvents but are often poor for solvent with significgrdlar and/or hydrogen bonding properties.
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As an extension of the Hildebrand method, Hansen ssiggethat the cohesive energy should be
1A] Jvs} SZE Ju% v vSeW ]e % «|[}% }JJov SEE v §)|8Bdh§fijogen~ w
}v JvP Jvs & 33 ¥ Thesw three components are known as the Hansen solubility

parameters (MP¥) and are additive:

QG L UPE gﬁ E b’f (Equation 3.7)

"top ]10]3C }(8 v (}Joo}Ae 3Z P V@A o @Elhd ¥( EE|E (P& 3SA} u
soluble the Hansen solubility parameters of each matariast be similar. In this chapter, the
Hansen solubility parameters (HSPs) rather than the biidel solubility parameter were used to
investigate PDMS swelling in a number of solvent veso@io measure the similarity of the HSP of
W DA 8§} §Z AW }( Z *}JoA v3U 38Z ¥Zv (]BA v 8Z W[ }(

molecules was calculated for each solvent using tHeviaghg equation??23

4=L 8 KkUsF U0 E kkaF U0 E KbaF e

(Equation 3.8)

Wherep ands indicate the polymer and solvent contributions, respeely. The smaller the Ra
value the higher degree of absorption and the higher $mglof PDMS. The Hansen solubility
parameters and calculated Ra values for each solvent was simowable 3.0. Figure 3.9 showed
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the calculated Ra values for each of the solverstisusQy, Q/ and moles of solvent absorbed. In

general solvents with a Ra < 8.0 show the largest PDMBreyvend solvents with a Ra > 8.0 show

the least PDMS swelling. However, it was clear that there mo simple relationship between the

value of Ra and the extent of PDMS swelling. Solvettslow polarities are ranked accurately in

swelling ability, however, more polar solvents are not.
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Figure 3.9: (a) QXb) Qv and (c) moles of absorbed solvent vapour versusiReath solvent. The numbers relate to
ranking of the solvents swelling ability.
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and moles of solvent vapour absorbed were plotted againststhivents vapour pressure as shown

in Figure 3.10(a) and (b), respectively.
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Figure 310: (a) Q versus vapour pressure (byy@ersus vapour pressure and (¢) moles of solventurajposwollel
elastomer versus vapour pressure.

None of the three graphs exhibited a linear relationshifpwever the Pearson correlation
coefficient values obtained via linear fitting of the gnapusing Origin software showed there was

a strong correlation between swelling degree and vapprgssure. The Pearson correlation
coefficient of figure 3.10(a), (b) and (c) was 0.73F90and 0.83, respectively. As previously
discussed the extent of PDMS swelling has shown agttorrelation between both solubility and

A %IUE % E **PE X dZ E (JE U Jw ARE E AIV.2®C[SA v
total , ve v eJold ]0]SC %), EApaurspra&ssurevof the solvent and extent of PDMSIswe

was plotted (figure 3.11). It was observed that the défece in Q for solvents with similar total
solubility parameters could be explained by the diffsrén $Z ¢}0oA v3[s A % }UE %o
Generally, a solvent with a high vapour pressure exhiblesger Q $Z v +}oA v3 A]3Z +]u
and a low vapour pressure. This was also observed Wiaand moles of absorbed solvent vapour

was used to describe the degree of elastomer swellinigear regression analyses were performed
using a range of x (independent) variables; includingsEiarsolubility parameters, Ra, vapour

pressure, molar volume and water content.
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Table 3.0: Volume and weight swelling ratios (stand@BMS elastomers), Hansen solubility parameters, Baaanking for each solvent. Ranking refers to ttaeoof the solvent swelling ability with rank 1
being the best solvent.

Solvent vapour

Hansen Solubility Parameters (MP3

Solvent Qv Ra (MP&?) Rank(Q) Rank(Q) Rank (mmol) Pvp (MmHg @ 20°C)
(mmol) w W " w
Acetone 1.32 1.33 4.4 155 10.4 7.0 19.9 10.6 9 9 8 181.0
Acetonitrile 1.06 1.02 0.4 15.3 18.0 6.1 24.2 18.0 14 15 15 74.0
Butan-1el 1.13 1.14 1.3 16.0 5.7 15.8 23.2 124 11 11 11 55
Chlorobenzene 1.52 1.75 54 19.0 4.3 2.0 19.6 8.0 7 7 7 11.7
Diethyl Ether ~ 3.27 3.33 26.0 14.5 2.9 5.1 15.6 4.0 1 2 1 422.0
Ethanol 1.11 1.08 1.3 15.8 8.8 194 26.5 17.1 12 12 12 44.3
Ethyl Acetate 1.75 1.90 8.6 15.8 5.3 7.2 18.2 5.8 5 5 5 73.0
Hexane 276 2.74 14.9 149 0.0 0.0 14.9 51 2 3 4 124.0
Methanol 1.03 1.04 0.8 15.1 12.3 22.3 29.6 215 15 14 14 96.0
DCM 229 3.37 22.7 18.2 6.3 6.1 20.2 7.8 4 1 2 350.0
Pentan-1lel 1.07 1.08 0.8 15.9 5.9 13.9 21.9 10.9 13 13 13 15
Propan-2el 126 1.22 2.9 15.8 6.1 16.4 23.6 13.2 10 10 10 33.0
Tetrahydrofuran 2.43 2.74 20.1 16.8 5.7 8.0 19.5 6.7 3 4 3 143.0
Toluene 172 181 7.1 18.0 1.4 2.0 18.2 5.2 6 6 6 22.0
Xylene 151 1.53 4.2 17.8 0.9 1.8 17.9 4.8 8 8 9 4.8
PDMS - - - 15.9 0.1 4.7 16.6 - - - - -
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Vapour Pressuré
(mmHg @ 20°C)

Moles of Solvent Vapour
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Figure 3.11: (a) Wversus the total Hansen solubility parameter and vagmessure of each solvent (byy@ersus th

total Hansen solubility parameter and vapour pressdreach solvent and (c) moles of solvent in swollert@tasr versu
the total Hansen solubility parameter and vapour pressafreach solvent.

The analyses were also performed presuming that maximDiM® swelling had been reached after
72 hours solvent vapour exposure. Two sets of viggatvere found to produce the best linear fits;
Ra and vapour pressure (equation 3.10) and the HSPs andnvagssure (equation 3.11).

3 L=E»xsTA=SE @z TeéA (Equation 3.10)

33 L=Ek, T WE @3T8 Ek>, TOE @UT«2A  (Equation 3.11)

Wherea was the calculated intercep, was the calculated slope from each independent variable,
P, is the vapour pressurdqy We $Z ]*% E-]}v <}ou ]0a]is thedpold@Etyusauldbity) w

% E u § @& isvhewvaydrogen bonding solubility parameter. Thd fakults of the linear

regression analyses are found in Table 3.1. To enbarassociation between the extent of PDMS

swelling (Q, Qv and moles of absorbed solvent) and each of the two sétgadables used in

equation (3.10) and (3.11) was statistically significant,Rest for regression was performed at a
confidence level of 95 %. Théest calculates the probability of the null hypothegi this case

that the association between the swelling ratio and each of the set of variables was not

statistically significant and that the fit was purely by chandéheFtest results as indicated by
significance from the linear regression output were all < 0.05 asvamaon Table 3.1. The small

significancef calculated led to the rejection of the null hypothesis ghdrefore confirmed the
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validity of the linear fit. The predictedvQalues calculated using equation 3.10 and 3.11 were
plotted against the measured values of  shown in Figure 3.12(a) and (b), respectively. The
predicted-measured plot was used to visually assess tedigtion error for each of the predicted
values and therefore how well the linear regression miofited the data. A few outliers
(deviations from the line) were noted, with the largest dgiwon from the line being THF and the
other smaller two outliers being xylene and acetone. Hesveit was found that the linear
regression model was a good fit as the majority of thedicted values lay close to or directly on,
the linear fit line.  This relationship could be usedauge the extent of PDMS swelling by other
solvent vapours that were not used in this chapter. Ritedi-measured plots for both \Qand
moles of absorbed solvent vapour were shown in Fi@ut& and 3.14. The linear regression model
was found to be a good fit even when using @ moles of absorbed solvent vapour to measure

degree of PDMS swelling.
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Figure 3.12: (a) Measured volume swelling ratio v@rgredicted swelling ratio calculated using results fiomear
regression analysis. Ra and vapour pressure vasalded (equation 3.10) (b) Measured volume sweléitig versu
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used (equation 3.11).
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Figure 313: (a) Measured weight swelling ratio versus predicteetlling ratio calculated using results from lin
regression analysis. Ra and vapour pressure vasaled (equation 3.10) (b) Measured weight sweliatip versu
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used (equation 3.11).
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Table 3.1: Results from the linear regression arslyEhe intercept and variables were used in equatib® &d 3.11 to predict swelling fox, @y and moles of absorbed solvent vapour.

Qv Qw Moles of Solvent Vapour
Eq3.10 Eqg3.11 Eg3.10 Eg3.11 Eqg3.10 Eqg3.11
R 0.820032972 0.8870684 0.851629341 0.879732317 0.870788294 0.870921352
Significance f 3.39749 x 10 9.98399 x 10 1.06681 x 16 1.35841 x 10 4.65x 16 0.000192
Intercept (a) 2.061165316 3.733022915 2.1428168 0.758810704 10.00094586 -0.383922955
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Figure 1.14: (a) Measured moles of solvent vapour in swollastemer versus predicted moles of vapour calculated
using results from linear regression analysis. Ravapdur pressure variables used (equation 3.10) (lgsMeed moles
of solvent vapour in swollen elastomer versus prediatetes of vapour calculated using results from linearesgion

v 0 C « }jUs Uivand vapour pressure variables used (equation 3.11).

3.2.4 Effect of polymer morphology on equilibriuneling

3.2.4.1 Fillers
The 40 wt% BaT#PDMS composites were placed in a saturated atmospherdiatiiyl ether,
acetone and methanol for 72 hours at room temperaturegué 3.15 shows the@nd Qy of the
BaTi@PDMS composites compared to the measured swelling raifoshe PDMS standard
elastomers in the three solvent vapours.
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Figure 3.15: (a) and (b) @ of standard PDMS elastomers and BaTRDMS composites after 72 hours exposure
range of solvent vapours.

Both the Q and Qv of the BaTi@PDMS composites followed the same pattern as the PDMS
standard in which diethyl ether caused the largest swekling methanol caused the least swelling.
This suggests that the barium titanate filler has no overéfitce on the Hansen solubility
parameters of the PDMS composite. As shown in figut® the Q of the standard PDMS and
BaTi@PDMS composite was similar for all three solvents, entiie Qv of the BaTi@PDMS
composite for all three solvents is slightly lower congghto the standard PDMS elastomers.
Previous research has shown that the addition of certaeréilsuch as silicates and zeolites causes
a decrease in the extent of PDMS swelling in solvé&nfshe decrease in BaG®DMS swelling

relative to PDMS is caused through the interaction of tllerfwith the polymer which in turn
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effectively increases the cross-linking density of tlEVIS matrix. In the FTIR spectrum of the
BaTi@-PDMS composite, characteristic absorption bands due tth BaTiQ and PDMS are
observed. There was no disappearance of PDMS absotgimts in the composite FTIR spectrum
which indicates that there is no or minimal chemical inter@ttbetween the PDMS and Ba%iO
which explains why the of the BaTigPDMS composite was so similar to the @ the PDMS
standard. Nayakt al. confirmed the lack of interaction between barium titanatedaRDMS and
revealed that BaTi{acts as a nonreinforcing filler for PDK¥SThe authors observed a reduction
in mechanical properties as a function of BaTwd filler, a positive slope in the Kraus plot and
similar glasstrve]8]}v 8§ u% &g SqutEe BaTi®@PDMS composites and neat PDMS.

3.2.4.2 Porosity
The sponges fabricated using granulated sugar templates eeremely fragile and difficult to
handle, therefore swelling experiments were only penfied using the sponges fabricated using
caster sugar templates. Materials with high porosity havashenhanced solvent absorption as
the pores act as additional space (free volume) where theesit molecules can be hefd.
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Figure 3.16: (a) @and (b) @ of standard PDMS elastomers and PDMS sponges afteout® exposure to a range
solvent vapours.

However, as shown in figure 3.16 the §hd Qv of the PDMS sponges were similar to that of the
Qvand Qy of the standard PDMS elastomer. The similar swellitenésxobserved for the standard
PDMS elastomer and sponges was attributed to the size@sp As shown in section 3.2.1, the
sponges fabricated had macro sized pores (up to 342 ymixh lead to the sponges to contain less
cross-linked polymer than the standard elastomers. Wais highlighted by the original weight of
the sponges and standard elastomers of the same dimessidt was found that the weight of the
standard elastomers was almost three times as large as the weifjlthe PDMS sponges.
Therefore, within the PDMS sponges there is less Waame associated with the cross-linked
polymer. Rather than providing additional free volume canegl to the standard elastomers, the
pores within the PDMS sponge made up the amount of Weame lost due to the smaller amount

of cross-linked polymer present.
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3.2.4.3 Nature of cross-links

Arimaet al. observed that the chemical nature of the cross-linkhinwia polymer network was an
important factor in the swelling extent of the polymer medrk.2® The authors found that increasing
cross-linking density generally decreased sorptionabfgthylmethacrylate polymers. However, if
cross-links with hydrophilic ether linkages were usedter sorption of the polymer increased with
cross-link concentration. These findings clearly destrated that the chemical nature of the
cross-links can have a more profound effect on payswelling than cross-linking density. The
effect of cross-linking density on the extent of pobmswelling is discussed further in section
3.3.3.4. Further swelling experiments of the TESBBkdinked elastomers were performed using
xylene, DCM and acetonitrile in addition to the originatBiwg experiments using diethyl ether,

acetone and methanol.

As shown in figure 3.17, the swelling extent of theAMESross-linked elastomers are slightly higher
than the standard PDMS elastomers except in acetonitrile solvapour. The Qof the TESPN
cross-linked elastomer in methanol was found to be beloindicating the elastomer shrunk and
no swelling had occurred. However, as the @& the TESPN cross-linked elastomer in methanol
was larger than 1, it was concluded that swelling had occuarel the small (could be attributed

to a small error in measuring the elastomer. Followingfthdings of Arimaet al. the addition of

the cyanoethyl group within the cross-links was expedigdncrease the swelling extent of the
elastomers in more polar solvents. However, as showiigure 3.17 an increase in swelling extent
was also observed in the non-polar solvents DCM, xyderediethyl ether. Also, even though the
cross-links (TESPN) and acetonitrile both shared the samg (cyano group), the TESPN cross-
linked elastomers did not show an increase in swebixtgnt compared to the standard elastomer
(cross-linked with TEOS) in acetonitrile. These t®shbwed that in this case, the main influence
on the swelling behaviour of the TESPN cross-linkest@her was not the chemical nature of the
cross-links. As with the standard PDMS elastomersxesss of TESPN was used - the ratio of SIOH
groups in PDMS to SiOR groups in TESPN was 1:3frépdtte difference in the chemical nature
of the two cross-links, there was a difference betweer ttross-link functionality of the two
resulting elastomers. The standard PDMS elastomer was asedpof tetrafunctional cross-links,
where as the TESPN cross-linked elastomer was compdggtunctional cross-links. The cyano
group within the trifunctional cross-link would not takp as much volume as a linked PDMS chain,
therefore the TESPN cross-linked elastomers woule laasmall additional amount of free volume
compared to the TEOS cross-linked elastomer (standardP&astomers). This small additional
free volume could have resulted in the slightly largeelling extent observed for the TESPN cross-
linked elastomers compared to standard PDM&ith the standard PDMS elastomers and TESPN
cross-linked elastomers contained silica as a result oktteess cross-link&rused in both cases.
Silica reinforces the elastomers which as discussedqusly in section 3.3.3.1 results in a decrease

in swelling extent. As the cross-linker TESPN i&adtional cross-linker compared to TEOS (cross-

98



linker in the standard PDMS elastomers) which is tetrafoneti the TESPN cross-linked
elastomers would contain slightly less reinforcingcailmaterial. The slight difference in the
amount of reinforcing silica could also explain the shglarger swelling extent observed for the

TESPN cross-linked elastomers compared to the starRiaMS elastomers.
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Figure 3.17: (a) @and (b) @ of standard PDMS elastomers and TESPN cross-linké8 Blastomers after 72 hot
exposure to a range of solvent vapours.

3.2.4.4 Fluoro containing Polysiloxanes

Further swelling experiments of the PTFPMS elastomers werformed using hexane, toluene,
DCM and ethanol in addition to the original swelling eipents using diethyl ether, acetone and
methanol. The swelling extent of PTFPMS in acetooklmot be measured accurately as after 72
hours acetone vapour exposure the PTFPMS elastomerbrolidn. It was also found that there
was an extremely large difference between the swellaiprof the PDMS elastomers and PTFPMS
elastomer in diethyl ether vapour. Therefore, to ghirther insight into the swelling behaviour of
PTFPMS supplementary swelling experiments were peddrnfFigure 3.18 shows they@nd Q

of PTFPMS compared to PDMS in a selection of solveaursap
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Figure 3.18: (a) {Jand (b) @ of standard PDMS elastomers and PTFPMS elastomersafteours exposure to a rar
of solvent vapours.



It was clear that in all solvent vapours the swelling exthPTFPMS was lower than PDMS; the
difference in swelling extent was much larger for #@vents that caused the largest and middle
range PDMS swelling. The difference in swellingnéxdethe PDMS and PTFPMS elastomers was
attributed to the effect of the trifluoropropyl group and ass-linking degree of the siloxane
elastomers. Previous research has shown the exte®@¥S swelling can change considerably
with varying cross-linking degré&¥® In fact, swelling experiments on polymer networks te&n
performed to determine the molecular weight between tveooss-links using the FlotyRehner
equatior?! (equation 3.13). The FlotyRehner equation follows from the FlotyHuggins equation
(equation 3.12but considers the free energy of elastic deformatioraasadditional contribution
factor to the free energy change on swelling an elastafieiThe Flory-Huggins theory is a
mathematical model of the thermodynamics of polymer-solveolutions and considers both the
enthalpy and entropy of mixing contributions to the freeeegy of mixing pure polymer and pure

solvent as follows:
Ze.lL Z%s F LoETsgE kilgo (Equation 3.12)

Where asis the activity of the solvent,,@3Z A}opu (E 3]}v }( 8Z %}oCu E
Huggins interaction parametefl.he first term (in the squared brackets) corresponds wehtropy
contribution while the second term to the enthalpy contrtimn. Flory and Rehner introduced a
further term to equation 3.12 to consider the free engrgf elastic deformation as a contribution

factor to the free energy of mixing solvents and criisked polymer networks.
Ze L Joks F LoETsg EKiTS0E B2 @I'F2T4AC  (Equation 3.13)
z:] ad a %75 g a q :

Where M is the molecular weight between two cross-links. In tase of cross-linked polymers,
as the volume of solvent increases within the polymemk as a result of thermodynamically
favoured mixing, the chains are deformed and an elasticef develops which causes a decrease in
entropy. The extent of deformation and resulting elasticcé depends on the chain length
between cross-links (hence thé: inclusion into equation 3.13). In the case of a sMathe elastic
resistance to the swelling stress is stronger than a IdMgeTherefore it is clear that the degree of

cross-linking has an effect on polymer network swgllin

The molecular weight of both PDMS and PFTPMS charesdettermined using NMR spectroscopy
and were found to be 24266 g michnd 2977 g mdi respectively. Asthe same ratio of cross-linker
was used i.e. the ratio of SIOH groups in PDMS or PSE#BIOR groups in TEOS was 1:4 it is clear
that the PFTPMS elastomers have a larger cross-link deosiyared to the PDMS elastomers due
to their much smaller chain length. In both cases th®8igroups were at the end of the polymer
chains, therefore the average molecular weight betweenss-linksMc, should be similar or equal

to the molecular weight of the polymer chains before ssdinking. Essentially the cross-linking

reaction occurring between the silanol terminated PDM$0FPMS and the TEOS is an end-linking
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reaction which forms tetrafunctional cross-links. Th@©¥$Bvas added in excess which ensures full
cross-linking occurs as well as simultaneously formilica which reinforces the elastom&r.As
previously discussed in section 3.3.3.1 a reinfgyditter can cause a decrease in swelling extent as
it effectively increases the cross-link density. Hosveas an excess of TEOS was used for both the
PDMS and PTFPMS elastomers, the effect of the reinfpsilica does not need to be considered.
TheM. of the PDMS is almost 10 times as large adMbef the PFTPMS which explains the large
difference in Qand Q observed for the two polymer networks (figure 3.18jowever, it has been
highlighted that for solvents that cause poor swelling, ¢festic deformation contribution present

in the Flory-Rehner equation would be negligible asstiages the neighbouring polymer chains do
not react with one another which only happens in higiyplen polymers?® This accounts for the
small difference observed between the swelling extehPBDMS and PTFPMS for both ethanol and

methanol.

Another reason for the large difference between they @nd Q of the PDMS and PTFPMS
elastomers was the effects of the trifluoropropyl groupmpared to the methyl group. Previous
research has shown the substitution of the methyl group witik trifluoropropyl group on the
°]Jo] }v | Jv Jv B ¢ ¢ §Z %}oCu YEP vipler]adivants ahyl oifs. The
trifluoropropyl group is larger and more rigid than theethyl group and therefore inhibits the
rotational mobility of the polymer chain. As a result PVIS has a higher glass transition
temperature and lower fractional free volume than PDMStasag in Table 3.2. The smaller the

free volume, the lower capacity for absorption.

Table 3.2: Fractional free volume)(\glass transition temperature {lfand Hansen solubility parameters of PDMS and
PTFPMS

Hansen Solubility Parameters (MP3

Polymer Vi Ty°C
W W W w
PDMS 0.33 -125 15.9 0.1 4.7 16.6
PTFPMS 0.29 -70 15.5 7.2 5.7 17.9

The substitution of one methyl group with a trifluoropypgroup also has an effect on the
%}oCu E[* $}5 0, ve vV e}ol ]0]SC % €E *Godt oA S @ Doo HEPMS 2 } (
PDMS is 17% and 16.6 MP¥ %, respectively. As previously discussed, it has Heand the
extent of PDMS swelling in solvent vapour can be ¢ated to the solvents vapour pressure and
the similarity between the Hansen solubility parametefdoth solvent and PDMS. Therefore, as
the Hansen solubility parameters of PTFPMS are différemt PDMS, a difference between the
swelling extent of PDMS and PTFPMS was expectedg witimthe large difference between the
Qw and Q of the PDMS and PTFPMS elastomers, it was observed thRIRRBMS elastomers do

not follow the same swelling pattern as PDMS. For exantipé PTFPMS elastomers swell more in
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toluene than they do in hexane whereas the PDMS elastonvegl Biore in hexane than they do
in toluene. This was solely attributed to the differeringhe Hansen solubility parameters of the
two polymers. Linear regression analysis using eitheahvapour pressure or the Hansen
solubility parameters and vapour pressure as the indepandariables, were not performed for
the PTFPMS elastomers as it was felt there was not enouglirsg data to produce an accurate

fit. However, both the @ and Q of PTFPMSersusthe total Hansen solubility parameter and

vapour pressure of each solvent was plotted (Figure)3.19
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Figure 3.19: (a) @versus the total Hansen solubility parameter and vagmessure of each solvent (byy@ersus th
total Hansen solubility parameter and vapour pressureazh solvent

It was observed thar}o A vie A]5Z .toihajl of FEFRMS exhibited the largest swelling and
VC J(( E v + ]Jv 8Z <A o0]vP /&S 8]0} @uld} behexpained ] §yZthe
J1(( E v Jv 8Z *}0oA v3[s A %}u@ED % ® &) E ®e U & da)\&ht \With @
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pressure. Previously it was noted that the PTFPMS elastdoneke apart when swollen in acetone

A %0} uE X $ hwalue elosevio that of PTFPMS and a mid-range vapousyme$181.0

mmHg @ 20€C) therefore it was not expected to cause the largest kmggl

As previously discussed a large difference betweendivelling extent of PDMS and PTFPMS in
solvents such as diethyl ether, hexane, toluene and D@A$ observed. A PDMS/PTFPMS
elastomer was fabricated and swelling studies were penfx to investigate its use as an actuator

component in a RFID vapour sensor. Two different PBVISPMS elastomers were fabricated: a

double layered elastomer and a PTFPMS elastomer wilbMSip (illustrated in figure 3.20).
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PTFPMS elastomer (section 3.1.2.5), however the RjliaEesmoulds were only filled half way with
the PTFPMS mixture. Once the PTFPMS mixture was patigtyand was tacky to touch, a PDMS
mixture (synthesis method 3.1.2.1) was poured on tbphe semi-cured PTFPMS elastomer. The
resulting PTFPMS/PDMS elastomer was left to cure faugshat room temperature before being
placed into a 60°C overnight. EDX analysis was perfoomedcross-sectional area of the double
layered elastomer to examine if the two polymers hadrgesl together or if there was a definite
edge where the two polymers are joined. The PTFPsSoener with a PDMS tip was fabricated
by first fabricating a PTFPMS elastomer following théhoin section 3.1.2.5. A slice about 5 mm
in width, Imm in height and 20 mm in length was remousihg a scalpel. The remaining part of
the PTFPMS elastomer was placed back into the squarednbefibre a PDMS mixture (synthesi
method 3.1.2.1) was poured to fill the hole formed thye missing PTFPMS slice. The resulting
elastomer was left to cure for 2 hours at room temperaturel glaced in an oven overnight at 60
°C. The PTFPMS elastomer with a PDMS tip was cut into strigoond 5 mm in width. The
PTFPMS/PDMS elastomers were placed into a saturated Hittingr atmosphere following the
method in section 3.1.4. Images of the elastomers weteen at intervals during diethyl ether
exposure to observe their swelling behaviour. Thelbag of the double layered elastomer and
PTFPMS elastomer with a PDMS tip in diethyl ether vapasr shown in figure 3.21 and 3.22

respectively.
()
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Figure 3.20: Side on view illustration of (a) douéyered elastomer and (b) PTFPMS elastomer withMSPtip
Orange represents PDMS and blue represents PTFPMS.
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Figure 321: Images of 2m?double layered PTFPMS/PDMS elastomer exposed toldittley vapour for (a) 90 minut
(b) 5 hours (c) 5 hours (same elastomer sample as=figi21 (b) but the image was taken from a differangle) and (c
46.5 hours

(@

Figure 3.22: Images of PTFPMS strip with PDMS tip aftemiinutes (b) 1 hour (c) 5 hours and (d) 72 hdigthy| ethe
exposure time.

The double layered elastomer used in the swellingeeixnent was placed onto the petri dish with
the PTFPMS half facing down. As shown in figure $h&%klastomer formed an arch shape which
became taller and narrower before forming into a hollovibéuand breaking apart as the diethyl
ether exposure time increased. A fault line in the dhédof the curved elastomer appeared after 5
hours exposurdo diethyl ether and it was at this fault line that the elaster broke apart after

46.5 hours vapour exposure. Fractures were also oleskirvthe broken elastomer. It was found

that if the double layered elastomer was placed with the PNIB half facing up, the elastomer

104



formed a U-shape in which the ends would connectaiof a hollow tube before again breaking
apart with increased diethyl ether time exposure. Thigking behaviour was completely different
to what was observed for the individual PDMS and PTFP&®wmlers. Along with the swelling
behaviour of a 2 cfdouble layered elastomer the swelling behaviour of @ulde layered
elastomer strip around 5 mm in width was also investigat&tie double layered elastomer strip
formed an arch shape which became taller and narrower wiiggthyl ether exposure time as
observed with the 2 cAsample. However, after 110 minutes vapour exposume tithe elastomer
fell onto its side before curling up to form a dorsliape. With increase vapour exposure time (24
hours) the donut shaped elastomer did not break, thofigittures within the PTFPMS layer were

seen.

As shown in figure 3.22, the PTFPMS strip with PDM1itins an arch shape which becomes
narrower and higher with diethyl ether exposure timenlide the double layered elastomer, the
swollen PTFPMS strip with PDMS tip did not fall ovem fato a donut-shape or break apart. The
desorption behaviour of the PTFPMS strip with a PDM$véip also investigated. The PTFPMS
elastomer with a PDMS tip returned to its original shaheugh a few fractures within the
elastomer were formed. Further experiments would hawebe performed to investigate if the
PTFPMS elastomer with a PDMS tip could be re-usedfahd same swelling behaviour was
achieved each time. The PTFPMS strip with a PDMS timadd&iwed more promise as an actuator
component than the double layered design as the formeiigletad the advantages of controlled
buckling - a clearly pronounced arch shape whichndidchange shape, fall down or break with
solvent vapour exposure timé and possibly the ability to be re-used. RFID sensor&aining
these PDMS/PTFPMS elastomer are potentially advantageotieyasould be more chemically
specific than sensors containing just PDMS or PTFPiMEooents since the swelling behaviour is
reliant on the unique difference between the swelliegtent of PTFPMS and PDMS in each solvent

vapour.

Energy-dispersive x-ray spectroscopy (EDX) analysisisedsto investigate the boundary where
the two different polymer layers met within the doulkeyered PDMS/PTFPMS elastomer. This was
performed to discover if the two different polymersemged with one another creating a thin
PDMS/PTFPMS mixed layer or if there was a distinatdsmy between the two polymer layers. A
SEM micrograph of the cross-section of the double lay@&BMS/PTFPMS was shown in figure 3.23
where one polymer layer was at the top of the image areldkher polymer layer at the bottom of
the image. EDX analysis was performed at points spaced daragtervals running down the
image at almost a 90 degree angle to the two layers. Asliemical composition of both polymers
was so similar, the presence and magnitude of fluorinhenEDX spectrum at around 0.677 was
used to confirm the presence of the PTFPMS elastoifiee. EDX spectra numbered 8 exhibited
large fluorine peaks indicating the top layer (accordmthe image) was PTFPMS. This was visually
confirmed as the top layer had white speckled dots whige observed in the SEM micrographs
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of the PTFPMS elastomers in section 3.2.1.2. The p&Xras numbered 11t 15 exhibited
extremely small fluorine peaks indicating the bottom layes predominately PDMS. As shown in
figure 3.23, spectrum 9 exhibited a large fluorine lp&aile spectrum 10 showed a small fluorine
peak which indicated the boundary between the two polymeas between these two points. The
distance between these two points was measured at 8.7 |gingiimage J software. The small
distance measured between points 9 and 10 suggested thaetives little or no polymer migration
between the two polymer layers and therefore a distinctubdary was present in the double
layered elastomer. Even though it has been shown thateheas a distinct boundary between the
two polysiloxane elastomer layers, the double layered elastr did not break apart at this
boundary after swelling confirming good adhesion betwdhe layers had been achieved. The
lacerations observed in figure 3.23 were attributed te timechanical force of cutting to achieve a

cross-section of the double layered elastomer.

Spectrum 1
'Spectrum 2
'S pectrum 3

‘Spectmm 4

Spect.l um 5

ASpoctrum 6
Spectrum 7

'Spectrum 8
Spectrum 9

‘Spectrum 10

'Spectrum 11
Spectrum 12

Spectrum 13

Spectrum 14

Spectrim 9

Spectrum 10

Figure 3.23: (a) SEM micrograph of double layeredt@iaer. EDX spectra of (b) point 9 and (c) point 10 dv
micrograph
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3.2.5 PDMS elastomers as solvent scrubbers

The solvent scrubber experiments were performed gsthe standard PDMS elastomers and
toluene, chlorobenzene, ethyl acetate, acetone, hexang diethyl ether as the chosen solvents.
Table 3.3 shows the weight of the solvent in the crucdtl® minutes (90 wt% of the maximum
weight of the solvent that the standard PDMS elastomer caodbt calculated from Q) and the
weight of the solvent absorbed by the PDMS elastomer affehours. As shown in Table 3.3 it is
clear that not all the solvent has been absorbed by the elastoafter 72 hours, however, there
was no visual solvent left in the crucible. In a sealedtainer a certain amount of solvent will
evaporate into the headspace forming a saturated atmospherlis amount of solventy was

calculated using the following equation:

Eep ¢ Uacpda0R 24B8980x0 UL
JL @ E & i A

OP¢f410mO K H R A(Euation 3.14)
Where Rp is the vapour pressure of the solvent at 20°C in Patfwaljnternal volume of the
dessicator was approximately 5.35 x“I®°, R is the ideal gas constant (8.314 J/mol) and T is the
temperature in Kelvin (293.15 K). The amount of sdlteax will be lost from the crucible to form
a saturated atmosphere was shown in Table 3.3 and it wagdfthet this did not account for the
rest of the solvent that was not absorbed by the PDMS elast. It was concluded that the
desiccator was not in fact air tight and the solvent that had Ineen absorbed by the standard
PDMS elastomer escaped. It was noted that the desiccatdrss experiment were sealed in the
same manner as the desiccators in the swelling experimiargection 3.1.4 and therefore it could
be concluded that a proportion of solvent vapour would éaalso escaped in the swelling
experiments. However, as such a large excess of sohkaused in the swelling experiments the
loss of escaped solvent vapour had no effect on the exaéttie polysiloxane network swelling i.e.
maximum swelling was achieved. This was supported byatighat there was still a large amount

of solvent left in the desiccators after the swelling esments were completed.

Table 3.3: Weight of solvent in the crucible at 0 minates weight of solvent absorbed by the PDMS elastafier 72
hours.

Amount of Solvent (g)

4 «}oA v§ A JF  Will evaporate from

Solvent In crucible (0 In elastomer :
. elastomer t In crucible to create saturated
Vapour minutes) (72 hours) .
crucible atmosphere
Toluene 0.5631 0.2909 -0.2722 0.0593
Chlorobenzene 0.5194 0.3229 -0.1965 0.0385
Ethyl acetate 0.6766 0.2430 -0.4336 0.1890
Acetone 0.2350 0.0216 -0.2134 0.3080
Hexane 1.1370 0.3875 -0.7495 0.3130
Diethyl ether 1.7170 0.2387 -1.4783 0.9190

“calculated from equation 3.14
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The PDMS elastomers still show promise as solventserubaterials as in all cases the elastomers
absorbed a certain amount of solvent vapour. Howeverther experiments would have to be

conducted in an air tight container.

3.3 Conclusias

A selection of polysiloxane networks; standard PDMS @tasts, TESPN cross-linked elastomers,
PDMS sponges, 40 wt% BafRDMS elastomer and PTFPMS elastomers were sucagessfull
synthesised and exposed to a range of solvent vapows®xpected non-polar solvents were found
to cause the largest standard PDMS swelling and polar dsleansed the least. It was found that
the swelling extent (using either/QQwv or moles of solvent vapour absorbed) of standard PDMS
elastomers could be directly correlat A]18Z §Z , ve v «}op ]0]5&@,%v Gand heE U v
vapour pressure of the solvent vapour used. This iatahip has allowed for a method to predict
polymer swelling by a range of solvent vapours. It feagd that neither the introduction b
barium titanate filler or pores nor the use of a more gnotross-linker had a profound effect on the
extent of polymer swelling. On the other hand the simgllextent of the PTFPMS elastomers was
much lower compared to the standard PDMS elastomers dubdo larger cross-link density. A
PTFPMS elastomer strip with a PDMS tip was successfatlyesised and exhibited controlled
buckling as a result of diethyl ether vapour exposurghis dual component elastomer design
showed good promise as a potential actuator and has the adganof being more specific than
the one component elastomers as its swelling behavioteliant on the unique difference between
the swelling extent of PTFPMS and PDMS in each solpotik Further experiments would have

to be performed to investigate the full potential of the stand PDMS elastomers as solvent

scrubber materials.
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Chapter 4. Diffusion rate of solvent vapours into
polysiloxane networks; applications for passive

UHF-RFID wireless sensors

4.0 Introduction

Diffusion is the process by which molecules, ionstber particles move from one part of a system
to another. Diffusion into polymers have been studiedngsseveral techniques such as
gravimetry, fluorescencé® and membrane permeatioh There are many applications in which the
study of diffusion in polymers is important, such asitcolled release of drugs gas barrier
properties for coatings and food packadirand selectivity for gas separation membrahasd
sensors In chapter 3, the extent of swelling of polysiloxamdworks in a range of solvent vapours
was investigated for the purpose to be used in a RFN&@sbVapour sensor tag design which utilises
the often regarded negative characteristic of PDMS8welling in non-polar solvents. Along with
the swelling properties, the diffusion properties ofettsolvent vapours into the polysiloxane
networks is also very important. The study of the sofwaapour diffusion into the polysiloxane
networks would provide knowledge on the rate of swelli.e. the rate of the RFID sensor response
and selectivity between solvent vapours which cause lsmequilibrium swelling values. The
understanding of both response rate and selectivitysisemtial for sensor applications. Therefore,
the main aim of this chapter is to investigate the difusirate of the solvent vapours into the
various polysiloxane networks used in chapter 3. Tiffesion into the polysiloxane networks was
studied via their area increase in response to a saturatedoaphere of solvent vapour. Area
increase was chosen as it is the lateral growth of the doleme networks that causes the feed
loop displacement. In this chapter, the diffusion ratésig chosen solvent vapours (diethyl ether,
hexane, DCM, xylene, toluene and acetone) into a rang®lysiloxane networks:- standard PDMS
elastomers (TEOS cross-linked), TESPN cross-libik¢8,iPDMS sponges, 40 wt% BgPDMS

elastomers and polytrifluoropropylmethylsiloxane (PWVIS) elastomers were investigated.

4.1 Experimental

4.1.1 Materials and Apparatus

A full list of materials and apparatus used in this chaptar be found in chapter 3 section 3.1.1.

4.1.2 Synthesis of polysiloxane networks: Sn c#@lgondensation method
Standard PDMS elastomers, TESPNsditked PDMS elastomers, PDMS sponges fabricated from

caster sugar templates, 40 wt% BasFRIDMS composites and polytrifluoropropylmethylsiloxane
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(PTFPMS) elastomers were synthesised following the odsthescribed in chapter 3 section 3.1.2.
Full characterisation of standard PDMS elastomers, TE®#¥sS-linked PDMS elastomers and
BaTi@PDMS composites can be found in chapter 2. Fulackerisation of PDMS sponges and

PTFPMS elastomers can be found in chapter 3.

4.1.3 Absorption Rate Experiments

Measurement of the absorption rates of the polysiloxane ratve were performed by placing the
polysiloxane elastomers into a dessicator (internal seameéter of 15.2 cm) with 50 chof a
chosen solvent for either 24 hours or 72 hours. pblysiloxane networks were placed onto 1 mm
square grid paper for scaling purposes and rather thanusual concave dessicator lid, a flat glass
lid was used to seal the dessicator to ensure good visoess to the elastomer. To measure the
lateral swelling of the polysiloxane elastomers over ssiwapour exposure time, photographs of
the polysiloxane networks were taken at either 30 minutel Brminutes intervals from a heights of
2.5 cm (distance between the dessicator lid and camehajage J software was used to calculate
the area of the polysiloxane elastomers from each photograpd the area swelling ratio g
defined as the ratio of the area of the swollen polysiloxaiastomer to its original area, was

calculated.

4.2 Results and Discussion

4.2.1 Absorption Rate / swelling kinetics of playane networks

Absorption rate experiments were originally performetdtbe standard PDMS elastomers using six
solvent vapours; two vapours that caused the largest PDMSisg (diethyl ether and DCM), two
vapours which caused mid-range PDMS swelling (acetosheydene) and two vapours that caused
the least PDMS swelling (methanol and acetonitrile). rBwgnt continually removing the PDMS
elastomers from the saturated vapour atmosphere for meaments, the area of the elastomer
was measured rather than the volume or weight. Figuresthd@ws the relationship between PDMS

area swelling, @and solvent vapour exposure time over a period oh2drs.
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Figure 4.0:Area swelling ratio versus sOolvent vapour exposune for standard PDMS elastomers.

It was found that the curves best fit was achieved usirgyphase exponential association model:
8 B
3L 3,E # @sFrAE ¢#@s FrA (Equation 4.0)

Adjusted R-square values were calculated for the 2-phaperential association model fits and
shown in Table 4.0. R-square describes how welirtbdel describes the variance of the data i.e.
how well the model fits the data. R-square values can rdrgge O to 1 with values close to 1
indicating a good data fit. As shown in Table 4.0, theuasg|values of the fitted absorption data
for standard PDMS were all close to 1 demonstrating thEh@e exponential association model

was a good fit and could be used to predict the maximueaawelling.
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Table: 4.0: Adjacent R-square values for the 2-phaperential association model fits of the absorption dafseach
polysiloxane network.

Adj. R-square values for 2-phase exponential asation model fit

Solvent Polysiloxane networks
Vapour
Standard TESPN cross- PDMS 40 wt% BaTi@ PTEPMS
PDMS linked PDMS sponge PDMS
Diethyl ether ~ 0.99806 0.99814 0.99814 0.99824 0.64354
Hexane 0.9982 0.99917 0.99799 0.99906 0.98562
0.97913*
DCM 0.99238 0.99648 0.99700 0.99665 0.98631
Acetone 0.98948 0.99292 0.98075 0.99335 0.99850
Toluene 0.99853 0.99753 0.99734 0.99851 0.98979
0.98820*
Xylene 0.98948 0.99731 0.99836 0.99549 0.98636
0.98667*
Methanol 0.90141 N/A N/A N/A N/A
Acetonitrile 0.94949 N/A N/A N/A N/A

* Adj. R-square values for the 2-phase exponential associmodel fit of 72 hours absorption data.

The maximum area swelling of the standard PDMS elastometisei six chosen solvents was
calculated using equation 4.0 whetewas set at 1 x 28 minutes and used to investigate the
swelling kinetics and diffusion behaviour of the stambd&@DMS elastomers. Many diffusion

%o E} oo o SZEIUPZ 0 *3}u E] %}oCULIEI[V(]E 3 GER }( J((m-]}Vv
, L F@A (Equation 4.1)

Where the fluxJis directly proportional to the concentration gradiertww) andD is the diffusion
coefficient. The swelling kinetics of the standard PVl six chosen solvent vapours was shown
in figure 4.1. The swelling kinetics of the standBfaMS in methanol and acetonitrile were not
further analysed due to the limited number of data pointghe initial swelling region as shown in
figure 4.1. The limited number of data points was atitéd to the poor swelling ability of the two
solvent vapours i.e. it takes minimal time for a small mmaxn swelling to be reached. Therefore,
it was decided that vapours that caused minimal PDMS swedlmgd not be used for swelling
kinetics and diffusion analysis. A further two solveapours were chosen for the absorption rate
experiments; one that caused mrdnge PDMS swelling (toluene) and one that caused largeS?DM

swelling (hexane) shown in Figure 4.2.
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Figure 4.1: Swelling kinetics of standard PDMS elastomecetone, xylene, diethyl ether, DCM, acetor
and methanol solvent vapour.

Figure 4.2: Relationship between PDMS area swellingan@ solvent vapour exposure time. Inclusion of theesd
vapours toluene and hexane.
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The swelling kinetics of the standard PDMS elastomedidthyl ether, DCM, hexane, acetone,
toluene and xylene solvent vapours was shown in FiguBga). The first 55 % swelling by the six

solvent vapours (Figure 4.3 (b)) displayed a lineatiogiship associated with Fickian diffusion.

@)

(b)

(€)

Figure 43: (a) Swelling kinetics, (b) the first 55 % swellingrd@rsus the square root of time for the standard Pl
elastomers and (c) plot to determine diffusion exponengnd polymer characteristic constant, k for the swell
standard PDMS in diethyl ether, DCM, acetone, xylenerieland hexane.
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This linear relationship further suggests case 1 Fiakiffusion where the mobility of the diffusant
is slower than the polymer chain relaxation. In ordedé&termine the mechanism of transport the

swelling data was fitted into the following equatiéf’*

. ;EZS L -GEJ-:P; (Equation 4.2)

Whereg is the fractional solvent vapour mass uptake of the p@yat time t, k is a constant that

depends on the structural properties of the polymer andsrthe diffusion characteristic of the
polymer solvent vapour system. The slope and intercét plot Ing versusin t gives the value

of n and k, respectivel.Equation 4.2 only applies up until the first 60 % swegllitf n = 0.5 the
mechanism of transport is Fickian (case 1) in which thelnatiting step is the diffusion rate. If n =
1.0 the mechanism of transport is case Il where the rditéiffusion is faster compared to polymer
relaxation, therefore the rate limiting step is the polgnrelaxation. Values of n between 0.5 and
1 indicate anomalous behaviour which occurs through tinggetween Fickian and non-Fickian
behaviour!® The values of diffusion exponent, n and polymer chanastie constant K were found
by plotting In fractional area increasersusin time (figure 4.3 (c)) and recorded in Table 4The
first 55 % swelling data was used for figure 4.3(gluds of n for the standard PDMS elastomers
were found to be between 0.5 and 1.0 indicating the spart mechanism was anomalous
transport rather than case 1 Fickian diffusion, which wageeted. The deviation from case 1
Fickian diffusion is most likely due to the swellifgle elastomers. The polymer characteristic
constant, k can be used to describe the interaction betwte solvent and the polymer, the larger
the value of k the increased interaction between the sotvesmpour and polymer. As shown in
Table 4.1, the value of k did not relate to the swelltgity of the solvent vapour. The largest k

value was for xylene, which caused mid-range swellingePDMS elastomers (chapter 3).

It was found that in diethyl ether, DCM, hexane, acetdokjene and xylene solvent vapour the
standard PDMS elastomers had reached 97.6 %, 95.2 %.94,995.0 %, 92.0 % and 69.7 %
maximum swelling, respectively after 24 hours of vapexposure. In all the solvent vapours apart
from xylene and hexane, PDMS had almost reached maximusiiirsyvafter 24 hours which
confirmed the assumption in chapter 3 that after 72 hour$vent vapour exposure maximum
swelling was achieved. The 2-phase exponential assatiatarlel was also used to predict the
area swelling of the standard PDMS elastomers at 72 houdsitawas found the predicted
maximum area swelling in all solvent vapours was preditddae reached at this time. To assess
the accuracy of the use of the 2-phase exponential aasooi model to predict maximum area
swelling and therefore the accuracy of the swelling kirgetthe absorption rate experiments for
the other polysiloxane networks were performed forff@irs. The 2-phase exponential model was
fitted to only 24 hours of the absorption data and the préeit maximum area swelling and

measured area swelling at 72 hours was compared. It wasdfthat the absorption data for all
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the polysiloxane networks could be fitted to the 2- phasgonential association model with all
the r-square values apart from the value for the fitted abdimnp data of diethyl ether by PTFPMS
being very close to 1 as shown in Table 4.0. Thea4sguare value observed for the fit of the
absorption data of diethyl ether in PTFPMS was moslyli result of the curling deformation of
the PTFPMS elastomer during swelling. The sidésedPTFPMS elastomer curled inwards with
swelling causing the area to decrease in size as shofiguire 4.4(d). Even with the lower r-square
value, the 2-phase exponential association model fit wastkgllbest fit for the swelling data of
PTFPMS in diethyl ether. Even though the r-square valkm® close to 1 for the PTFPMS
elastomers in toluene, hexane and xylene solvent vajtomas found that the maximum area ratios
calculated from equation 4.0 were unreasonably large walugs in the millions. As the swelling
extents for the PTFPMS elastomers were so small iptéeious three solvent vapours, the area
ratio did not increase significantly in 24 hours causirg2kiphase exponential association mbde
to extrapolate indefinitely. To obtain reasonable data fits the absorption data of the PTFPMS
elastomers in toluene, hexane and xylene, the area ratieasured at 72 hours were included to
inform the model the area ratio levelled off rather thartirased indefinitely. The r-square values
for the fitted 72 hours absorption data of toluene, hexamed xylene by PTFPMS was shown in
Table 4.0 labelled * and were found to be close tovhkie of 1. Figure 4.4 shows the relationship
between the other polysiloxane networks (PDMS spongeSPN cross-linked PDMS, 40 wt %
BaTi@PDMS and PTFPMS) and solvent vapour exposure time.
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Table 4.1: Diffusion exponent, n and polymer charéstte constant, k values in the various polysiloxae®vorks using different solvent vapours.

n values k values
Solvent Standard PDMS 40 wt% TESPN cross- Standard PDMS 40 wt% TESPN cross-
PTFPMS PTFPMS
Vapour PDMS sponge BaTiQ-PDMS linked PDMS PDMS sponge BaTiQ-PDMS linked PDMS
Diethyl
0.68 0.81 0.72 0.70 0.70 3.94 4.09 4.09 412 3.11

ether

DCM 0.65 0.65 0.70 0.64 1.04 3.70 3.36 3.86 3.56 4.85
Hexane 0.71 0.88 0.81 0.79 1.02 4.60 4.41 4.80 472 5.35
Acetone 0.74 1.32 0.71 0.68 0.79 3.71 5.25 3.72 3.50 4.07
Toluene 0.68 0.87 0.61 0.72 0.89 4.49 5.18 4.26 4.87 5.19
Xylene 0.92 0.66 0.60 0.63 0.63 6.77 4.44 4.45 4 .55 4.64
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(a) (b)

() (d)

Figure 4.4: Area swelling ratio versus solvent vapoyosure time for (a) PDMS sponges (b) 40 wt% B&DOI!
elastomers (c) TESPN cross-linked PDMS elastomgd) &Td-PMS elastomers. The data gap observedfor éetont
was due to the camera going out of focus which meant tlea @ould not be accurately measured.

The predicted maximum area ratio swelling (calculated femuation 4.0) and measured area ratio
swelling at 72 hours was compared for each polysiloxateork in the following solvent vapours:
diethyl ether, hexane, DCM, toluene, acetone and xylenshasvn in Table 4.2. It was observed
that for about half of the solvent vapour polysiloxane systeire measured area ratio at 72 hours
was larger than the predicted maximum area ratio swelling ths was not the case for the
majority it was concluded that the 2-phase exponential aggmn model fit did not underestimate
the extrapolated value. The largest area ratio differencedmted max.-measured) of -0.16 was
observed for 40 wt% BaT#®DMS composite in hexane. An area differencé0dI6 relates to a
64 mntarea difference presuming the area of the pre-swolletypiloxane networks was 400 nim
An area difference of 64 mwas deemed to be within acceptable error in this caBiee difference
observed was most likely a result of reasonable errgpamted with the measuring technique. As
shown in Table 4.2 for three of the solvent vapour piddysne systemg standard PDMS in hexane,
TESPN cross-linked PDMS in DCM and 40 wt%:BWMS in acetone - no difference between the
predicted and measured area ratio was observed. As dtrefstihe r-squared values of the 2-phase
exponential fit all being very close to 1 (Table 4.0) #vel small area ratio swelling difference
between predicted maximum and measured at 72 hoursvéts concluded that the 2-phase

exponential model was the best fit and could accurateldat the maximum swelling ratio area.
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The small area ratio swelling difference also confirmedalsumptions made in chapter 3 that the

maximum swelling ratio is reached by 72 hours solvepbur exposure.

The values of diffusion exponent, n and polymer chiardstic constant K were found for the PDMS
sponges, TESPN cross-linked PDMS elastomers, 40a@it%-BDMS and PTFPMS elastomers and
are shown in Table 4.1. The diffusion exponent was afgaind to be between 0.5 and 1.0 except
for the swelling of the PDMS sponge in acetone and MBF#astomers in DCM and hexane where
the diffusion exponent was n = > 1 which indicated swgaese Il diffusion. Super case Il diffusion is
when the rate of diffusion of the penetrant molecule isuch faster than the relaxation of the
polymer. Therefore, the limiting step is the rate oflypuer relaxation. There was not a large
difference between the k constants for the standard PDMStemers and 40 wt% Bak®DMS
composites apart from xylene, which suggested that the amiditf the barium titanate filler did
not have an effect on the interaction between the solveapour and the polymer. To compare
the diffusion rate of the solvent vapours into each patysane network and the effect of polymer
morphology on the vapour diffusion rate, the diffusiarefficient for each different swelling system

was calculated.
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Table 4.2: Comparison between predicted maximum eaga swelling (using equation 4.0 where t = 1 *&@inutes)
and measured area ratio swelling at 72 hours fopalysiloxane networks in diethyl ether, hexane, DQldtane, toluene
and xylene.

Measured area

Predicted ) 4 E E 3]
Solvent Vapour  Polysiloxane network  Maximum ratio at 7 frs predicted max. t
solvent vapour
area ratio measured at 72 hrs
exposure
Diethyl ether Standard PDMS 2.26 N/A N/A
TESPN cross-linked PDMS 2.17 2.29 -0.12
40 wt% BaTi@PDMS 2.05 N/A N/A
PDMS sponge 2.21 N/A N/A
PTFPMS 1.27 1.23 0.04
Hexane Standard PDMS 2.33 2.33 0.00
TESPN cross-linked PDMS 1.97 2.02 -0.05
40 wt% BaTi@PDMS 2.00 2.16 -0.16
PDMS sponge 1.98 2.01 -0.03
PTFPMS 1.16 1.15 0.01
DCM Standard PDMS 1.63 N/A N/A
TESPN cross-linked PDMS 1.59 1.59 0.00
40 wt% BaTi@PDMS 1.56 1.59 -0.03
PDMS sponge 1.65 1.70 -0.05
PTFPMS 1.33 1.29 0.04
Acetone Standard PDMS 1.20 N/A N/A
TESPN cross-linked PDMS 1.22 1.23 -0.01
40 wt% BaTi@PDMS 1.18 1.18 0.00
PDMS sponge 1.21 1.22 -0.01
PTFPMS 1.65 1.58 0.07
Toluene Standard PDMS 1.50 1.63 -0.13
TESPN cross-linked PDMS 1.51 1.55 -0.04
40 wit% BaTi@PDMS 1.51 1.55 -0.04
PDMS sponge 1.57 1.65 -0.08
PTFPMS 1.22 1.21 0.01
Xylene Standard PDMS 1.33 N/A N/A
TESPN cross-linked PDMS 1.35 141 -0.06
40 wt% BaTi@PDMS 1.35 1.39 -0.04
PDMS sponge 1.50 1.52 -0.02

PTFPMS 1.20 1.19 0.01
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4.2.2 Diffusion Coefficient

The diffusion coefficient, D is a physical constant thedatdibes how well a substance can self-
diffuse or diffuse into a certain media - in this case tlifusion of solvent vapours into the
polysiloxane networks. Therefore, to compare theuwdifbn of the different solvent vapours into
the varying polysiloxane networks the diffusion coedint for each solvent in each media was
calculated. There are several methods where the empircatelations were derived from
mathematical models for Fickian sorption and can be usedstimate the diffusion coefficient.
The first method is known as the half-time method wh&ean be calculated using the following

equation??

45848=6 .
& L T 0o (Equation 4.3)
where 12 is the time it takes for the polymer to absorb 50 % of th&l solvent vapour absorbed
at equilibrium and h is the height of the polymer samplde second method is known as the initial

slope method where D can be calculated using the faligvexpression:

o 5 6
%3 L v UQA L-P 6 (Equation 4.4)

Where / .8/ ¢ is the fractional solvent vapour mass uptake of the polyaret K is the slope of a

I ¢®l g versus ¥2 plot. Equation 4.4 can be further simplified to:

i () 6
& L @—UA e (Equation 4.5)

Both equations 4.4 and 4.5 are dependent on the geometithe sample and are representative
of a plane sheet polymer sample. Rogeal. highlighted that substitutingDwith Oy (height of the
sample at equilibrium) and .8/  with 4,844 (R is the degree of swelling) into equation 4.4

produces an equation which relates swelling to the diifun coefficient:

E Ya g > 6 .
g L v @U_ A (Equation 4.6)
®

However, the new equation is only valid if the volum@amsion of the polymer is equivalent to
the mass uptake of the polymer i.e. ideal solution behawioln this case area expansion rather
than volume expansion was used to describe swellingetegHowever, as the swelling of the
polysiloxane networks by solvent vapour is believetdécequal in all three spatial directions (x, y
and z) the area expansion would be related to mass uptake préviously shown in chapter 3
section 3.3.1 the PDMS-solvent vapour systems did nbib#éxideal solution behaviour and

therefore equation 4.6 could not be used to accuratelyedatine D of the solvent vapours in the
polysiloxane networks. As accurate diffusion coeffitsecould not be calculated, the slopes of the

fractional area increaseersust'? plots for the first 55 % swelling were used to compétre
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diffusion rates of the different solvents. The slodeacstraight line indicates the rate at which a
change in x produces a change iny. Relating this térélctional area increaseersust'? plots, a
larger slope equals a larger fractional area increase atpamicular time and therefore the
magnitude of the slope is indicative of the diffusion ra#s shown in equation 4.5, the magnitude

of the slope is also related to the magnitude of thewhfbn coefficient.

4.2.3 Solvent Vapour Diffusion Rates

As previously discussed, the slope of the fractional areseaseversust'’? plots for the first 55 %
swelling can be used to indicate the diffusion rate of $olvent vapours into the polysiloxane
networks. There are several factors which influetieerate of diffusion of molecules into polymers
including: (i) size and shape of the penetrant molecilemorphology of the polymer; (iii) solubility
of the penetrant molecule in the polymer and (iv) diffus conditions i.e. temperature. The first
55 % swelling by all six solvents in each of thegtlolyane networkss shown in figure 4.5 and the

slope of each graph was recorded in Table 4.3.

@) (b)

(c) (d)

(e)

Figure 4.5: First 55 % swelling data versus the requant of time for (a) PDMS standard elastomers (bjv BaTi@
PDMS elastomers (c) TESPN cross-linked elastomPBNEH sponges and (e) PTFPMS elastomers.
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Table 4.3: Diffusion rates of the solvent vapours th&different polysiloxane networks and the diffusemefficient in air of each solvent vapour.

Solvent

Vapour

Diffusion rate in polysiloxane networks i.e. slogd graphs in figure 4.5

PDMS standard

PDMS sponge

TESPN cross-linked
PDMS

40 wt% BaTi@
PDMS

PTFPMS

elastomer

Diffusion Coefficient in air
(cné/s)

Diethyl Ether

DCM

Hexane

Toluene

Acetone

Xylene

0.05692 *+ 0.00067

0.05858 + 0.00116

0.03255 + 0.00112

0.03233 + 0.00081

0.08815 = N/A

0.02251 *+ 0.00046

0.08771 = N/A

0.07539 *
0.00043
0.07895 =+
0.00226
0.04186 *
0.00154

0.17828 = N/A

0.03089 *
0.00068

0.04738 = 0.00235

0.05940 * 0.00225

0.04412 + 0.00086

0.02862 + 0.00078

0.07165 *+ 0.00612

0.02541 + 0.00053

0.05909 * 0.00274

0.05821 + 0.00399

0.04831 + 0.00091

0.02732 + 0.00045

0.07474 + 0.01020

0.02266 *+ 0.00045

0.11532 = N/A

0.09926 * 0.0056¢

0.06640 * 0.0019-

0.04777 = 0.0023¢

0.07472 + 0.0035=

0.02358 * 0.0010¢

0.074

0.101

0.200

0.087

0.124

0.070
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For all the polysiloxane networks, xylene showed tbavekt diffusion and apart from the PTFPMS
elastomers acetone showed the fastest diffusion rate. Hbe of diffusion into the standard PDMS

elastomers decreased in the solvent vapour order:
Acetone > DCM > diethyl ether > hexane > toluendengry

It has been highlighted the diffusion coefficient of aletule into a polymer decreases with an
increase in a molecules sizéAccording to the volume of the solvent vapours, the rateliffusion

would be expected to be in the order:
DCM > acetone > diethyl ether > toluene > xylenexahe

However, as this order of diffusion rate was not obgerfor the solvent vapours diffusing into the
standard PDMS elastomers it was clear that the diffusion cdtéhe solvent vapours was not
influenced by size effects alone. Saleetnal. showed that exceptions to the general rule of small
molecules diffuse faster were attributed to difference shape of the molecul&. The authors
found that o-xylene has the lowest diffusion coefficient compatedthe other xylene isomers
despite being the smallest molecule in size. It wageated that the two adjacent methyl group
ono-xylene distorts the molecules symmetry which in toeduces the molecules mobility resulting
in a low diffusion coefficient. The authors also higjtted that an increase in the number of
chlorine atoms within a penetrant molecule was seen tacréase the diffusion coefficient.
Chlorine atoms are rather bulky and therefore reduce thebitity of the penetrant molecule.
Therefore, even though DCM is smaller than acetone #uk lof chlorine atoms in acetone
compensates for its larger size resulting in acetondrtpa faster diffusion rate than DCM. The
research also highlighted that small ring structured molesilave lower diffusion coefficients than
larger linear molecules which explains why hexane waaddo have a faster diffusion rate than
both toluene and xylene.It has been previously found that the diffusion rate of dveat is
dependent on the dielectric constant of the solvéht.The order of solvents according to their

dielectric constant is as follows:
Acetone > DCM > diethyl ether > xylene > toluenexahe

When compared to the order of the rate of diffusion oétkolvent vapours into the standard PDMS
elastomers, it was found in general that the larger theleti&ic constant the faster the diffusion

rate of the solvent vapouX ,}A A U 3Z (( 8 }( 8Z +}o& vi[*0}lvo }S€EV}S
explain why xylene was observed to have the slowesusliish rate of all the solvent vapours
investigated but has a larger dielectric constant than botlieake and hexane. Therefore, while

the diffusion rate of the solvent vapours may be weaklpatedent on the dielectric constant the

ulv ( 8}Ee (( 3]vP 3Z +}0oA vE3A Zoppu@Eliv BYXp-13Z G]I Vv *Z %
solvent. The order of diffusion into the TESPN clioked elastomers was the same as the standard
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elastomers. In the case of the 40 wt% BalROMS elastomers, PDMS sponges and PTFPMS
elastomers the order of solvent vapour diffusion varghightly compared to the order shown in the
standard PDMS elastomers. The order of diffusion i the 40 wt% BaTyPDMS elastomers

and PDMS sponges were similar to the standard elastomers fpar the fact that diethyl ether
showed a larger diffusion rate than DCM in both netwakd in the PDMS sponges hexane showed

a larger diffusion rate than DCM as follows:

The rate of diffusion into the 40 wt% BaFHPDMS decreased in the order:

Acetone > diethyl ether > DCM > hexane > toluene »gyle

In addition the rate of diffusion into the PDMS spondesreased in the order:

Acetone > diethyl ether > hexane > DCM > tolueneengy|

In the case of the PTFPMS elastomers the rate of ffudecreased in the solvent order:
Diethyl ether > DCM > acetone > hexane > toluene »ayle

Taking into account the slope (diffusion rate) error, #safound that the diffusion rates of DCM
and diethyl ether were similar in both the standard PDMS 48dvt% BaTi@PDMS elastomers
and therefore the order of solvent vapour diffusion irtee 40 wt% BaTiaPDMS was the same as
the standard PDMS elastomers. However, even taking irtowent the slope errors the diffusion
rate of DCM was still faster than diethyl ether into the TESPSss-linked elastomers. This possibly
suggests that in the TESPN cross-linked elastomersnaahsize effects were more profound than
shape effects on the penetrant diffusion rate. The ordethe solvent vapour diffusion rates in the
following polysiloxane networks PDMS sponges and PTFPMS - could not be explainest lyg
size and shape of the penetrant molecule suggesting imdhese two vapour-polymer systems,
the morphology of the polymer has an effect on the penetrdiffusion coefficient. The effect of
polymer morphology on the diffusion rate of a parti&ulolvent vapour was discussed in more
detail in section 4.2.4. In the case of the PTFPMS et@stothe high diffusion rate shown by
diethyl ether may not be accurate. As shown in figu# dnce the area ratio of the PFTPMS
elastomer in diethyl ether solvent vapour reached its maximvalue, it decreased before levelling
out. This was due to the fact that the sides of the PTFEIR&Somers began to curl inwards during
the swelling process. As a result to this slight fgdirhibited by the PTFPMS elastomers, the true
area growth was difficult to measure and most likelydarestimated which in turn would cause
the maximum area growth calculated from the 2-phase exmpbiaé association model to be
underestimated. This underestimation of the maximum arearatbuld lead to an overestimated
diffusion rate. Not taking into account the diffusion ratedidthyl ether as it is most likely slightly
overestimated, the solvent vapour diffusion rate ordetoinhe PTFPMS elastomers apart from
hexane follows the expected order predicted by the sizhe penetrant molecule. For the PTFPMS
elastomers, it appears the shape effects of the bulky @mogroup do not have the same effect on
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the diffusion rate of DCM as what was seen in the stand®DiIS elastomers. This observation
was attributed to the different side groups in PTFPMSRDMS. As transient free volume which
facilitates diffusion is caused by the movement of polywtesins, the shape of the resulting volume
must be dictated by the chain side groups. In the case@PTFPMS elastomers it was suggested
that the shape of the transient free volume facilitates the nfibp of DCM negating the shape

effects observed in standard PDMS.

4.2.4 Effect of the polymer morphology on the diffusrate of a solvent vapour

4.2.4.1 Barium titanate fillers

The effects of filler on the diffusion properties pdlymer-filler composites have been previously
investigated. In the majority of cases it was found that thigusion coefficient decreased with
increasing filler concentration. However, Aminabhavi atarlapur found that the diffusion
coefficient of solvents into carbon black filled fluetastomers were independent of carbon black
loading?® It has been suggested that fillers which are compatiblté wie polymer matrix, occupy
the free volume of the polymé? and act as obstacles to the penetrants increasing the diffusi
path length resulting in a decreased diffusion coeffitienCohen and Turnbull proposed a
mathematical relation between the diffusion coefficientaopenetrant in a liquid of hard spheres

and free volumé?
2 &l
& L # AT—%f P (Equation 4.7)
N

WhereA v > & }v s iythe thinimum volume of the void required to fit tipenetrant
volume andv: is the free volume of the material available for penetramnsport. According to
equation 4.7, the penetrant diffusion coefficient woutlibcrease with decreasing available free
volume. Therefore, a decrease in diffusion coedficiwith filler loading would be expected if the
(Joo E A+ } H%C]VP §Z % }oCu £ [E Y @et@Nionpdithdt the}diffusio
coefficient of penetrants increased with increased funsfitta loading in high free volume glassy
poly(4-methyl-2-pentynej. The authors discovered that with increased fumed siliealilog, the
available free volume of the polymer actually increasedultesy in the increased diffusion
coefficients. However, with the increased free volumealecrease in diffusion selectivity was
observed as expected. As free volume increases, rlgygeetrants can easily diffuse into the
polymer. It was suggested that rubbery polymers can accodate obstacles such as fillers,
without introducing additional free volume and therefor@lbws the Maxwell model which can be
used to estimate the diffusivity of a penetrant in a fillpdlymer system. The Maxwell model
assumes the non-porous fillers act as obstacles and gebfending between the fillers and the

polymer matrix occurs.
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The Maxwell model is as follows:

6 ?26k>k5> eﬂe@a
a .
&ad &alN “Oa@ (Equation 4.8)
0

6>6h>k5’?6,§|e—

Oa

Where D is the diffusivity of a penetrantin the filled polymerm, D, is the diffusivity of a
penetrant in the unfilled polymep. Vx is the volume fraction of the fillers arid; is the diffusivity

of a penetrant in the filler. Equation 4.8 can be appratid to:

& ad &4 N (Equation 4.9)

If both the volume fraction of the fillenf) and Izezéﬁ‘are small, according to equation 4.9, the
au

diffusion coefficient of a penetrant will decreaselwincreasing non-porous filler concentration. It
has been suggested that fillers not only affect frekuate by acting as obstacles but via adherence
to the polymer matrix (reinforcement). Free volumeadslistributed continuously and diffusion of
penetrants via free volume occurs through transient gapshe polymer!® The transient gaps
connect sections of free volume and are caused byoriBrownian motions of the polymer chains.
However, good adherence of the fillers to the polyménders the Brownian motions of the
polymer chains, resulting in a decrease in transient gap3he hindering of polymer chain
movements also causes thg @f the composite to increase. The effect gfoh the diffusion
coefficient is further discussed in section 4.2.4T8e diffusion rate of each solvent vapour into the

40 wt% BaTi©@PDMS elastomers and the standard PDMS elastomers are cethipaligure 4.6.

Figure 4.6: Comparison of the diffusion rate ofemiwapours into standard PDMS elastomers and 40 wtOB&#DM:
elastomers
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It was clear that the introduction of fillers does not appeéarhave a large effect on the solvent
vapour diffusion rates and therefore does not follow eitlthe mathematical expression presented
by Cohen and Turnball (equation 4.7) or the Maxwell m@elguiation 4.9). The similarity between
the diffusion rates into standard PDMS elastomers and 4% BaTi@QPDMS elastomers was
attributed to the poor adherence between the barium titanatdler and PDMS matrix. As
previously discussed in Chapter 3 section 3.3.3 it le&s Ishown that there is a lack of chemical
interaction between BaTiand PDMS. Imperfect bonding or filler incompatibilith the polymer
introduces voids which facilitate facile diffusion anccremses the available free volurfe.
Therefore, in this case the Maxwell model is invalid twedntroduction of defects and voids caused
by filler/polymer incompatibility balances out the argl loss of free volume caused by the

presence of the BaTidiller.
4.2.4.2 Porosity

Comparisons were made between the diffusion rate of esaifient vapour into the PDMS sponges
and the standard PDMS elastomers. The increase inithusidn rates of the solvent vapours into

the sponges compared to the standard PDMS elastomersagnsim Figure 4.7 was expected.

Figure 4.7: Comparison of the diffusion rate of stiwapours into standard PDMS elastomers and PDMSyggson

As previously discussed diffusion (transport) of males into polymeric systems relies on both the
free volume of the polymer and segmental mobility of thelymer chains. The introduction of
pores, which are essentially free space increases teeatifree volume of the polymer network.
Therefore, following equation 4.7 a porous material |wilcrease the penetrant diffusion
coefficient. The diffusion through the pore spacenigch faster than the diffusion through the free
volume associated with the polymer. In the case of tB8S sponges, the interconnected pores
allowed for fast facile penetrant diffusion before diffos through the free volume associated with

the polymer occurred. Essentially, the interconnectedegs of the PDMS sponge increased the
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surface area where penetrant diffusion into the polymbains transpires. The degree of porosity
can be mathematically related to penetrant diffusion coédiint.® The volume fraction porosity of
a material, Y (volume of the material which is occupied by poresjelated to both the surface

area of the pores, fand the average pore radius &s follows:
& L 4#; (Equation 4.10)

The permeability of a penetrant, P through a porous miatecan be given by the following

equation:
2L:sF |.',48 BB (Equation 4.11)

Wherep is the relative density of the film anddnd f are factors that account for the shape of the
pores and non-linear pathway the penetrant has to take in ttaarial respectively. The diffusion

coefficient, D is related to permeability as follows:

& L —IE (Equation 4.12)
Where S is solubility of the penetran€ombining equations 4.11 and 4.12, it was found that D is
directly proportional to the average pore radius squard®l’ assuming constant solubility.
Therefore, it could be concluded that an increase in nmiatgyorosity would cause an increase in
the diffusion coefficient of the penetrant. This relat&brip confirmed the increased diffusion rates
observed for the PDMS sponges. dinal. also observed an increase in penetrant diffusion
coefficient with an increase in pore size of porousriogels?* The difference between the diffusion
rates into the two different polymer morphologies was rnihe same for each solvent vapour. It
was found that hexane displayed the largest differencefiausion rate between the PDMS sponges
and PDMS standards (diffusion into sponge was 2.4 fasterititarstandard) where as DCM and
toluene showed the least (diffusion into sponge was a&dr than into standard). The solvent
vapours were placed in order according to how much fatitely diffuse into the PDMS sponge

compared to the standard PDMS elastomer:
Hexane > Acetone > Diethyl Ether > xylene > DCM eriolu

In the case of the PDMS sponges where the interconmkptges were filled with air the diffusion
rate of the solvent vapour in air combined with the sirel shape of the penetrant influenced the
measured diffusion rate. The diffusion coefficiehath six solvent vapours in air are shown in Table
4.3. A penetrant with a larger diffusion coefficient air would diffuse faster through the
interconnected pores allowing for diffusion into theé volume of the polymer to occur at several
points within the PDMS sponge. In the case of the stan®DS elastomer, diffusion into the

free volume of the polymer originally occurs at thidge of the elastomer before moving inwards.
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The solvent diffusion in air decreased in the order:
Hexane > Acetone > DCM > Diethyl Ether > Toluene nexyle

The order of the solvent diffusion coefficient in aoes$ not match the order of how much faster
the solvent vapours diffuse into the PDMS sponge conbaoethe standard PDMS elastomer.
Therefore, it was clear that effect of the size and shapthe penetrant (as previously discussed in
section 4.2.3) on diffusion is not completely overcohbyethe effect of the diffusion coefficient of
the penetrant in air. However, the inclusion of theeeff of the penetrant diffusion rate in air does
explain why the diffusion rate of hexane was affected s@imwith the inclusion of pores to the
PDMS network and why the solvent diffusion rate ordeo ithe PDMS sponges differed from the

standard PDMS elastomers.

4.2.4.3 Nature of cross-links

The diffusion rate of the solvent vapours into the TEQRdMs-linked PDMS elastomers were
compared with the diffusion rates into the standard PDMS elagtrs as shown in Figure 4.8. There
was minimal difference in the diffusion rates of DCMu&ne and xylene between the two different

polymer morphologies. The diffusion rates of boththyé ether and acetone were slower into the

TESPN cross-linked elastomers than into the PDMS eladiorfteras found that hexane was the

only solvent vapour that diffused faster into the TESRidszlinked elastomers.

Figure 4.8: Comparison of the diffusion rate of stlwvapours into standard PDMS elastomers and TESBbtanked
PDMS elastomers.

One well known method to reduce cross-link dengitythermoset polymers is to decrease the
monomer functionality’?> A decrease in cross-link functionality should work sagne way and
cause a reduction in the final cross-link density of thress-linked polymer. As previously

highlighted in chapter 3, apart from the chemical diffiece between the two cross-linkers used
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(TEOS and TESPN), the two cross-linkers also have wiiffienetionalities. TEOS has a functionality
of 4 compared to TESPN that has a functionality of 3.refére, it would be expected that the
TESPN cross-linked polymers have a slightly lowepss-tink density compared to the standard
PDMS elastomers (TEOS cross-linked). A reductmose-link density is shown in the reduction
of the Ty of the cross-linked polymé®?. Previous research has shown that the diffusion coefficie
of a penetrant molecule is larger in polymers with a [ Thus, a reduction in cross-link
functionality would cause an increase in the diffusionfioent of a penetrant molecule. As the
functionality of TESPN is smaller than TEOS it woulxjpeceed that the diffusion rate into the
TESPN cross-linked elastomers would be faster tharthetstandard PDMS elastomers. However,
as shown in figure 4.8 this was not the case. It is nikadylthat a difference of 1 cross-link function
(3 compared to 4) does not have a large effect on the elioksdensity of the polymer and

therefore the T, of the polymers are most likely very similar.

4.2.4.4 Fluoro-containing Polysiloxanes

As shown in Table 4.3 and figure 4.9, it was clear thatdiffasion of the solvent vapours apart
from acetone was faster into PTFPMS compared to the PBlskomers. This was not in
agreement with previous research that found the diffus@rCQ and CHinto PTFPMS was much
slower than into PDM&. The substitution of a methyl group with a large bulkyupsuch as
SE](OU}E}% E}% CO  Jv §Z o }WoYWodBUWE (EE S$q}v DZ(E
compared to 0.33 of PDMS and reduces the mobility of gbymer chains as reflected indh
increased glass transition temperaturgdf the polymer® The T of PTFPMS ig0 °C while the g
of PDMS is -125 °C. A decrease in both free volurdelaain mobility of a polymer is expected to

be accompanied with a decrease in the diffusion coefficof a penetrant molecule.

Figure 4.9: Comparison of the diffusion rate of thlvestt vapours into the standard PDMS elastomers and &3
elastomers.
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As previously discussed the diffusion coefficiena gienetrant molecule is larger in polymers with
a low T,.° Therefore, as theglof PTFPMS &5 °C higher than PDMS the diffusion of solvent vapours
into the PTFPMS elastomers would be expected to beesidhan into the standard PDMS

elastomers.

Charati and Stern estimated the diffusion coefficients safveral gases into PDMS, PPMS
(propylmethylsiloxane), PTFPMS and PPhMS (polyphetiyiriloxane) using molecular dynamics
(MD) simulations. They found the estimated diffusion ftioeents decreased with the increased
size of the polymer side chains and this agreed withatteer shown by the experimental diffusion
coefficients of C@and CHlin the above silicone polymet$.Along with the differences in the, T
and free volume of PDMS and PTFPMS, the elastomerbadisdifferent cross-link densities. The
molecular weight of the PDMS and PTFPMS chains detedmising NMR spectroscopy were
24266 g mot and 2977 g mdj respectively. As the same ratio of cross-linker wasl disr both
elastomers (ratio of SiOH groups in PDMS or PTFPMGRogBoups in TEOS was 1:4) it was clear
that the PTFPMS elastomers have a higher cross-linktgenmnpared to the PDMS elastomers
due to their much smaller chain length. In the literatirdhas been shown that the diffusion
coefficient increases with decreasing cross-link dgrf8i At lower cross-link densities, the
individual polymer chains are not as restricted by thess-links and therefore more mobile which
facilitates diffusion. For that reason, it would be exgetthat the diffusion rate into PTFPMS
would be slower than into PDMS. However, as showfigure 4.9 this was not the case. One
possible explanation for the very high diffusion ratgs the PTFPMS elastomers is their low degree
of swelling in solvent vapour compared to the standard D& astomers apart from in acetone.
As area growth i.e. fractional area swelling has beenl tiseletermine the diffusion rate it is clear

that the extent of swelling is important.

4.3 Conclusions

It was concluded that the mechanism of transport into the pidbxane networks followed mainly
anomalous diffusion with n values between 0.5 and 1e diffusion coefficient of each solvent was
not calculated but it was concluded that the slope of the fi@tal area increaseersusthe square
root of solvent vapour exposure time plot could be usethdicate the diffusion rate of the solvent
vapour into the polysiloxane networks. It was foundttthe diffusion rates of the solvent vapours
into standard PDMS were dependent on the size and shapieegienetrant solvent vapour. It was
clear that the introduction of barium titanate fillers and a mguelar cross-linker (TESPN) had no
E o (( 8}v3Z <}oA v3 A %}u@EEX A AiyEdugidh]gfpores in the
PDMS sponges caused the solvent vapours diffusion ratectease. Therefore, it was concluded
that PDMS sponges would be suitable to use if a decreasesponse time in detecting solvent

vapours was required. The diffusion rates into the R Rlastomers were not comparable to the
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standard PDMS elastomeasthe very large differengin swelling extehof the two polysiloxane

networkscouldnot be accountedfor.
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Chapter 5. Passive UHF-RFID displacement
solvent vapour sensor tag with a PDMS

elastomer actuator

5.0 Introduction

There has been much interest in the fabrication of pasd$RFID solvent vapour sensors for
applications in food package monitorfpgnvironmental monitoring and securityThe use of RFID
technology allows for light-weight, inexpensive and myyeefficient sensors. Polydimethylsiloxane
(PDMS) has many desirable properties such as low cheauttaity, high thermal stability, a non-
toxic nature, low surface tension and high gas permeabilithich has led to it being used in
numerous applications including microfluidic devigematings, and medical devicesAnother
well-known property of PDMS is its tendency to svielihon-polar solvent$.While for some
applications such as microfluidic systems the phenomenfdADMS swelling is seen as a negative
characteristic it has been exploited and utilised in sal/&FID solvent vapour sensor designs. To
improve the sensitivity of polymer-based chemicapac#ensors the swelling deformation of the
%}oCu E ] u uE e A oo 37 [ZWRE(JV33ZIAPHEECoGuU E ~pos }(
of the solvent vapour by the polymérTraditionally polymer-based chemicapacitor sensorsatete
organic vapours through the absorption of vapour by thé/peer which results in a variation of the

% }o0Cu E[* % Eu]33]AIS3C o JvP 3} 1§ YA (H @ % HoWedEX the %o
¢« Vo]3]AISC }( Z u]l %o ]3}E ¢ ve}@e EE v} (JWSD A% IBZU E [+ %o C
be extremely subtle. Fiddes and Yan demonstrated a RFI@rtag which utilised carbon
black/polymer composites integrated onto conventional R&@s? The swelling deformation of
the polymer in solvent vapour caused the distance betwdlee carbon black particles to vary
resulting in a change in conductance which was detecte@ abange in the signal frequency
transmitted from the RFID tag. The RFID tag array producesjaeupattern of signals for each
solvent vapour as each of the RFID tags has a differeyitngolas a sensing element. Even though
both of the RFID sensor designs discussed above ytdigener swelling they are both still reliant
on the variation of electrical properties of the polymmeaterials in response to the solvent vapour.
In this chapter a RFID solvent vapour sensor tag which uiitiges the physical deformation of
polymer swelling as a sensing method is demonstratieds removing the need to measure two
different responses or add expensive conductive adektito the polymer. A displacement sensor
tag design was ultimately chosen where the PDMS elastomikract as an actuator. RFID
displacement sensors are very important in structural trealonitoring of buildings?!t however,

the design has not been used before in a solvent vapemsar. The RFID solvent vapour

displacement sensor tag design (Figure 5.0) usedisnctimpter operates on the principle that as
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the PDMSelastomerswellsthe feedloop antennais pushedfurther away from the main body
antenna which leads to a change in the transmitted power aadirange of the RFID tag. The aim
of the researchdescribedin this chapter was to fabricate and assesgshe performanceof the
prototype RFID displacement solvent vapour sensor tage séhsor tag was testdd a range of
solventvapoursusinga standardPDMSelastomeras the actuatorand its ability to distinguish
between solvent vapours and identify solvent vapourswas assessethy comparingthe RFID
response to both the maximum PDMS swelling extent(r@easured in chapter 3) and the PDMS
area swelling ratio, Qat a particular solvent vapour exposure time (measuredapter 4) in each

solvent vapour tested.

5.1 Expeimental

5.11 Materials and Apparatus

Silanolterminated polydimethylsiloxangPDMS)(cSt 1000, M. W. 26 000) was obtainedfrom
Fluorochenitd. Tetraethyl orthosilicate (98) and tir(ll) 2-ethylhexanoate (9%) were purchased
from SigmaAldrich. All the abovechemicalsvere usedas received.Homogenous mixing dhe
elastomercomponentswas achievedusing a DAC150FV2-Kspeedmixerand elastomerswere
formed in PTFE square moulds (mould width = 2 cngtlles 2 cm and height = 0.2 cm). Higgs3
RFID IC was provided by Alien Technology. Acetongrgale), acetonitrile (HPLC grade), diethyl
ether (analytical grade), methanol (analytical grade), methglchloride (HPLC grade) and xylene
(mixture of isomers with meta-xyleneas the predominantisomer determined via *H NMR
spectroscopy) (analytical grade) were purchased fromeFiSkientific and used as received. RFID
tag simulationsand sensormeasurementsvere performedusingCST Microwav&M simulation
software and a Voyantic Tagformance life RFID characterizatiotenrsyg§Voyantic Ltd,

Finland), respectively. d P eJupo §]}ve A E % E(}Eu C DX X ] ]X

5.1.2 Synthesisfetandard PBDISelastomers

Standard PDMelastomers wee synthesigd followingthe method descriled in chapte 3 section

3.1.2.1. Fultharacterisation othe PDMSelastomerswas reported in chapte?.

5.13 Sensotag design

A folded dipole antenna with an inductive feed loop wasigned to provide an input impedance
which conjugately matched the tag transponder ASIC (Appmlit&pecific Integrated Circuit) RFID
silicon chip (Higgs3 RFID chip). CST Microwave &Mdéimulation software was used to tune the
sensor response to European UHF RFID frequency (86%3.6 MHz) for maximum power transfer
betweenthe feed loop and the ASICThereader power required to activate the sensortag at

distanced in the un-swollen state is given by:

@ 'SQ ¥'+42 T.opT 1.8 (Equation 5.0)
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Where the transmitted power (EIRP) has a maximum of 2 Biinpe. Tag antenna gaingand

ASIC sensitivitydP & (] A& C sz §P *]Pv v Z]1%A CZvyo} A€ ¥E
wavelength of theS@E veu]se]}v ¢]JPVv 0 ~ifi U*X dZ % fA]|E@XE vaA]-v]EZ
tag antenna and transponder ASIC is variable according to:

VL 8vEiun

®r e (Equation 5.1)

Where £ & Zn are the port impedances of the transponder ASIC and the tenaa, respectively,

while R. and R are the real (resistive) parts. The relative position ef ithductively coupled feed

loop to the tag antenna affects bothwZand R.. As a consequence, if read distamtcée (]/£ U o
and the required transmit power are functions of the ppoposition. As the loop moves away from

the antenna the required transmit power increaséhe RFID design is shown in figure 5.0 and the
tag dimensions are shown in Table 5.0. The main bodlyeoAntenna and feed loop were etched
from two square pieces of 0.8 mm thick copper clad&&# (fibreglass reinforced epoxy laminate)
circuit board. The RFID ASIC silicon chip (HiggsZRp)lien technology) was soldered across
the slot in the feed loop and the PDMS elastomer wagertpd by an FR4 block to restrict its

movement in that direction.

Figure 5.0: Displacement fekmbp RFID tagntenna design. DimensionsTiable iXiX d P ¢]Pv C DX X ¢]

Table 5.0: Dimensions of displacement feed loop REIBni@nna

Symbol a b c d e f g h

Length (mm)| 25 25 1 80 14 3 2 4
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5.1.4 RFID sensor tag measurement

The RFID measurements were performed using the starfdBiMS elastomers as the polysiloxane
network actuator. An RFID tag was placed into a dessicaterr{al seal diameter of 15.2 cm) with
50 cn? of a chosen solvent in an open pyrex dish. Thaidatr was sealed with a flat glass lid.
The dessicator was placed at a fixed distance, 30 crweathe RFID reader antenna. The tag read
range was measured with a Voyantic Tagformance life RFIBatbarzation system (Voyantic Ltd,
Finland) which measures the backscattered power for theastmi@ function of calibrated transmit
power. Measurements were taken over a period of Bdits solvent vapour exposure at 21 °C. For
each measurement, the transmit power from the reader waspad from 0t 26.5 dBm over the
frequency range, 80G 1000 MHz. This transmit power value is then used toutate tag read
range for a calibrated system using a calibration tag withmkmparameters to determine the losses
in the system. The transmitted power required to activate thg relates directly to the coupling
efficiency between the main body of the antenna and thedéoop, which decreases as the swollen
PDMS standard elastomer forces the feed loop away fromntlaén body of the antenna. To
describe the RFID response the transmitted power ragdingd as the ratio of transmitted power
(at 865 MHZz) for the tag at a defined solvent vapour expesome to the transmitted power (at
865 MHZz) for 0 minutes solvent vapour exposure was ttled. To fully investigate the response
of the RFID tag design six solvents were used for tH2 REasurements; two vapours that caused
large PDMS swelling (diethyl ether and DCM), two vepatnich caused mid-range PDMS swelling
(acetone and xylene) and two vapours that caused small PBWM&ling (methanol and

acetonitrile).

5.2 Results and Discussion

5.2.1 RFID response versus PDMS swelling

The RFID measurements were performed using six solveiethyl ether, DCM, acetone, xylene,
methanol and acetonitrile. Figure 5.1 (a) shows the trattech power ratio versus solvent vapour
exposure time. The RFID vapour sensor was able taalitiate between solvent vapours as

demonstrated by the varying magnitude of the RFID respémsach solvent vapour.
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Figure 5.1: (a) Transmitted power ratio versus sdlvapour exposure time, (b) Area swelling ratia,v@rsus solve
vapour exposure time and (c) image of a standard PBIs&omer from left to right after 0 minutes, 30 minutd$C
minutes and 1440 minutes diethyl ether exposure: topages taken during absorption rate measurements anddoa
- images taken during RFD measurements.

The RFID response was directly related to the displaceofeéhe antenna loop and could therefore
be related to the extent of PDMS swelling. It was obsérthat the shape of the RFID response
curves (figure 5.1 (a)) were similar to that of the absanptiate curves shown in figure 5.1 (b). This
similarity in shape suggests that the RFID responsdatedeto the area swelling growth of the
PDMS elastomers. Further repeat measurements would teabe performed to ensure the RFID
responses for each solvent vapour measured in figutd®). are accurate and reproducible. It was
also observed that the RFID response plateaued at a transnptieer ratio of 3.5 at 150 minutes
diethyl ether exposure even though the area swellingoraias still increasing quite dramatically.
This observation was attributed to the fact that the responkthe sensor is limited by the distance
of the feed loop from the main body antenna. Therefasace the tag requires around 3.5 times
more power than the minimum it requires, the tag becomnless sensitive and can no longer

monitor vapour exposure.

The relationship between PDMS swelling and RFID respeas investigated by comparing the
transmitted power ratio at 1440 minutes solvent vapour expesand the PDMS swelling volume

ratio (@) measured in chapter 3 (Figure 5.2).
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Figure 5.2: Comparison of RFID response at 1440 raisabeent exposure time and PDMS swelling volume (@go

As expected solvents that cause large PDMS swelling she largest RFID response. Three
separate groups of data were observed in figure 5.2ctviielates to the three categories of how
well the solvents swell PDMS: large swelling£@ 2), mid-range swelling (@ 1.3-2.0) and least
swelling (Q = 1.0-1.3) as previously defined in chapter 3. Die#ither and xylene show some
divergence from the general trend that a largev Will result in a larger RFID response. Whilst
diethyl ether caused greater PDMS swelling than DCM I8 RISponse was lower. It is assumed
that this is a result of the RFID responses for both DCMdattyl ether being near to the RFID
sensors upper limit. As previously discussed andveha figure 5.1(a) the RFID sensor is limited
by the distance displaced by the loop antenna which srtleseen by the plateau at 3.5 transmitted
power ratio exhibited after 150 minutes of diethyl ethslvent vapour exposure. The transmitted
power ratio for both DCM and diethyl ether at 1440 minuiesibove the threshold of 3.5. Xylene
shows a lower RFID response than acetone even though gesalarger PDMS swelling. This
observation is due to the difference in diffusion ratet xylene and acetone into the PDMS
elastomers. The RFID measurements were only perforfae@4 hours, however, the PDMS
swelling experiments performed to obtain,@ere performed for 72 hours. It was concluded from
chapter 4 that after 72 hours solvent vapour exposure maxrmmRDMS swelling was achieved.
However, it was also shown that maximum PDMS swellingaimasst achieved after only 24 hours
solvent vapour exposure with the exception of xylene hegane. In diethyl ether, DCM, acetone,
acetonitrile and methanol the standard PDMS elastomers leadhred 97.6 %, 95.2 %, 95.0%, 100
% and 100 % maximum swelling, respectively, after 24shehereas in xylene the PDMS elastomer

only reached 69.7 % maximum swelling. Therefore rdason why the RFID response of xylene is
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lower than acetone is because after 24 hours xylene supmothe PDMS elastomer has not reached

its Q,/value in xylene.

A linear relationship between the transmitted power ratio @40 minutes solvent exposure time
and Q was found (correlation coefficient = 0.89, R-squavatlie = 0.75). This linear relationship
potentially will allow the @ and therefore the identity of the solvent vapour to beedicted from

the transmitted power ratio at 1440 minutes solvent vapoxpesure using the following equation:

ca0axalccox 246084804047 _

3i L ¢ £< % (Equation 5.2)
53.7=

This relationship between maximum polymer swelli@y)(and RFID response allows the easy

prediction of which solvent vapours would or would s readily sensed by the RFID sensor tag

described in this chapter.

5.2.2 RFID response time and analyte concentration

Response time is another important factor in sensors, titéstime is takes for the sensor to reach
90 % of its steady-state valti®.As previously highlighted in section 5.2.1, the RFHpasse is
related to the area swelling of the PDMS elastomers assaltr of solvent vapour exposure.
Therefore, it would be expected that the RFID responseginvould correlate with the rates of
diffusion i.e. how quickly the PDMS elastomers swgflarticular solvent vapours. In chapter 4, it
was found that the rate of diffusion into the standard PDM&®mers decreased in the solvent

vapour order:
Acetone > DCM > diethyl ether > xylene

Therefore, it would be expected that the RFID response imacetone should be faster than the
other 3 solvent vapours. Due to the lack of sensor datavéen 480 and 1440 minutes solvent
vapour exposure the response time to each solvent vapouwld not be determined. However, to
be able to preliminary investigate the RFID response tiofidse solvent vapour sensor tag to each
solvent vapour the time taken for the RFID response to li€sts % of its maximum value was
calculated. The rate of diffusion of both methanol and aoétile into the standard PDMS
elastomers was not calculated due to the lack of data poamis therefore the response times of
the sensor tag to methanol and acetonitrile absorption wals not calculated. Maximum PDMS
swelling was achieved by 72 hours exposure time ardeflore the RFID response at 72 hours
should be used as the maximum RFID response. Howavéine sensor tag measurements were
only performed for 24 hours, the RFID response at@4r$ solvent vapour exposure was used as
the maximum RFID response. It was shown in chaptertdibaimum PDMS swelling was almost
achieved by 24 hours with the exception of xylene whiereached 69.7 % maximum swelling. It
was found that the RFID response times to the solvent vapmareased in the solvent vapour

order:
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Diethyl ether < Acetone < DCM < xylene

It was expected that the RFID response time to acetondavoei the smallest i.e. fastest not diethyl
ether. The observation that the order of RFID responsedi do not directly correlate with the
order of the solvent vapour diffusion rates into the PDM&stomers was attributed to the limits
of the sensor tag design. In chapter 4 it was also distadd that the diffusion rate of the six solvent
vapours tested (diethyl ether, DCM, hexane, tolueasetone and xylene) was much faster into the
PDMS sponge compared to the PDMS elastomer. Therdfoaecrease the RFID response time
i.e. gain a faster RFID response time of the displacersensor design in this chapter a PDMS

sponge rather than a PDMS elastomer should be used aaciv@tor component.

In most cases the ability to be able to quantify analyte emti@ation from the sensor response is
desirable. Unfortunately, as the RFID experiments wdrpeaformed in a saturated atmosphere
the quantification of analyte concentration from the sensospense could not be investigated. To
demonstrate if the sensor design in this chapter cowdulsed to quantify analyte concentration
the sensor would have to be exposed to a range of silvapour concentrations for a set period
of time and then calibration curves (RFID respoveesusconcentration) for each solvent vapour
would need to be generated. It would be expected that RFID response would increase with
increasing solvent vapour concentration. Larger solvapbur concentrations would lead to larger
PDMS swelling which in turn would cause a larger disptent distance resulting in an increase in

the transmitted power needed to power the sensor tag.

5.3 Conclusions

A working prototype wireless RFID passive sensor taghwdxploits the swelling properties of
PDMS elastomers in solvent vapours as an actuator mechamsnibeen demonstrated. It was
found that the solvent vapour sensor tag could identifyvieen solvent vapours and the identity
of the solvent vapours could be determined from thellRFFesponse at 1440 minutes solvent
exposure using equation 5.2 ilv@alues are known. The linear relationship found betwése
RFID response at 1440 minutes solvent vapour exposuré)ardables easy prediction to which
solvent vapours the RFID sensor tag described in this chegbdd and could not be readily sensed.
The RFID vapour sensor is limited by the distance digplagehe loop antenna as shown by the
plateau in figure 5.1 (a) for diethyl ether. Further wavkuld be to increase chemical specificity
through both sensor design (via changing the distancéhefactuator from the displacement
component) and explore the use of the PTFPMS/PDMS daobiponent elastomer that exhibited
controlled buckling in response to solvent vapour @que (chapter 3). Additional further work
would be to investigate if the analyte concentration abble quantified from the sensor response

and also investigate how the RFID sensor tag would respma mixture of solvent vapours.
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Chapter 6: Ink-jet printing of PDMS; applications

for printed passive UHF-RFID wireless sensors

6.0 Introduction

Additive manufacturing technologies such as printing offeeliable and economical method to
produce RFID tags quickly and efficiently at low cbsfShere are several additive printing
techniques including screen printing, flexographiang, gravure printing, ink jet printing and
aerosol jet printingg Many researchers have found great success in usinginkinting to print
antennas for RFID tag applications onto both p&pand Kaptoh’substrates. Ink jet printing is a
non-contact digital printing technigue with the main advantagésigh printing speeds, minimal
material wastage and ability to print multilayer designgvhile ink jet printing RFID antennas has
been successful, to enable the realisation of fully pghiRFID tags, printing of the IC comporient
is essential along with printing any additional componentshsas stimuli-responsive materials
(sensing components) that the RFID tag design may hawe aifrhof this chapter was to explore
the ink-jet printing of PDMS to work towards the useadflitive manufacturing in the production
of RFID tags with PDMS sensing components. Ink-jeingriof siloxanes to produce silicone resins

and PDM® has been previously demonstrated for applications inrafigidic devices.

Ivl i 8 % E]vE Ee pe 3A} u v u} « F IWE1EBIIVIVI J3Z E /:» }E
u v [ ~ K'Tke difference between the two printing methods is thature of how the ink
flows through the cartridge nozzle. In CIJ printers ithk flow is continuous whereas in DOD
printers the ink flow is impulsive. CIJ systems jebatinuous stream of ink which forms into
droplets due to the phenomenon of the Plateau-Rayleighaibility modulated by induced vibration
modulation. The droplets are then charged and pass thnauget of deflector plates. The droplets
used for printing are deflected onto the substrate, white rest of the droplets are collected and
returned back to the ink containéf. DOD systems on the other hand only produce an ink dtople
when it is needed to print. Ink droplets are generatdd a pressure pulse formed in the ink
cartridge which ejects ink through the nozzle. The rodthsed to produce the required pressure
pulse further classifies DOD printers into the furthetegmries: piezoelectric, thermal, electrostatic
and electrohydrodynamic. Piezoelectric and thermal DObtgys are the most commonly used.
Piezoelectric materials which are used in piezoeleBX@ printers deform as a result of an applied
voltage and it is this deformation that generates a pressurisgi® Piezoelectric printers can be
further classified according to the mode of deformatidrthe four different types are squeeze,
push, bend and shear. The resistive heating elemetttéermal DOD printers heats the ink within
the cartridge which creates a vapour bubble. As the vapuibble expands in size it pushes the

ink through the nozzle. The advantages of a continuokigett printer are that it can print at high
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speeds and the cartridge is less likely to clog due kodimplets being generated continuously.
However, the fast printing speeds of a continuous inkpjetter can result in a loss of resolution.
Further disadvantages include that the choice in ink igiest as only ink that can be charged can
be used and the cost of the printer is high due to thdusion of the essential ink recycling system.
While DOD printers cannot print as fast as continuousters they do have the advantage of
greater resolution. There are also advantages and disadvantegeshe different DOD printers,

for example heat sensitive inks cannot be used in thef@D printers as this could clog the nozzle.

The ink jet printer used in this chapter is a piees#ic Dimatix DMP-2800 system which uses a
lead zirconate titanate (PZT)/silicon bimorph as the piezigte material** Sylgard® 184 was
chosen as the PDMS ink as it is easy to use, its qatagt different temperatures is well-known
and has a long enough working time (up to 90 minutésyood working time is essential to prevent
the ink from curing in the ink cartridge. For optimuminting performance the surface tension of
the ink needs to be 28 33 dynes/cm however, the main component of Sylgard®-IBDMS has a
low surface tension of 20 mN/m. To increase the sarfi@nsion of Sylgard® 184, a solvent with a
larger surface tension was required. Xylene was ultimatblysen as even though its surface
tension is only 30.1 mN/m is it soluble in PDMS. imc¢hapter preliminary experiments to achieve

ink-jet printing of Sylgard® 184 were conducted.

6.1 Experimental

6.1.1 Materials and Apparatus

Sylgard® 184 was purchased from Dow Corningoandene was purchased from Sigma Aldrich.
Both chemicals were used as received. PEL (Prirgettdtlics Limited) Nano P60 paper was used
as received (Printed Electronics). Surface tension nmeasents were performed using a Kruss
DSA-100 and the ink- jet printing was performed usimeaoelectric Dimatix DMP-2800 system
(Dimatix-Fujifilm Inc., USA).

6.1.2 Fabrication of Sylgard® 184 ink
To fabricate the ink, Sylgard component A and Sylgard coermad was mixed in a 10:1 ratio by

mass and any trapped air bubbles were removed by applyiggntle vacuum. The resulting pre-
cure Sylgard® 184 was diluted with o-xylene to forks nith the following pre-cure Sylgard&4
wt% 100, 75, 50, 25, 10 and 0. The resulting pre-@pigard@84-xylene inks were placed ingh
fridge while not in use to prevent the ink from curit@p quickly. Surface tension measurements

were performed using a Kruss DSA-100 at 20°C ovencdpd 10.01 seconds.

6.1.3 Ink-Jet printing parameters
Ink-jet printing was performed using a piezoelectrimBiix DMP-2800 system equipped with a 10
pL cartridge (DMC-11610). Various cartridge temperaturesRlaten temperatures were used.

Printing of the Sylgard-xylene inks were performed anmange of substrates including glass
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microscope slides and PEL paper and curing of théeprBylgard-xylene inks was performed either

in situ using the platen or on a heating mantle at 60°C.

6.2 Results and Discussion

6.2.1 Characterisation of pre-cure Sylgard® 1&4 ink

A series of pre-cure Sylgard® 1t84/lene inks were made up by mixing the two Sylgandpmments
(10:1 mix ratio of Sylgard component A to B) with varyiright percentages of xylene. Sylgard®
184 is a platinum catalysed addition cured (cross-linkmdydimethylsiloxane (PDMS) elastomer.
Cross-linking in addition cure systems occurs via adsyiglation reaction between vinyl groups on

the polysiloxane chains and a multifunctional silicon ldelcross-linkeéf as shown in scheme 6.0.

Platinum %
%Si/\ + H—Si=— —>cataly5t /Si/\/S'
7

Scheme 6.0: Addition cure cross-linking reaction.

Sylgard® 184 is a two part addition cure system and classi$i@ room temperature vulcanising
(RTV) system. However, the curing of Sylgard® 18&eautcelerated via heating. The typical
curing times of Sylgard® 184 (fabricated using the recentded 10:1 mix ratio of component A to
B) at room temperature and 150°C is 48 hours and 10 minuespectively. The ability to control
the curing time of Sylgard® 184 via curing temperatuideial as the ink needs to stay fluid i.e. not
cure while it is in the printer cartridge and being peid. As a result the fabricated pre-cure
Sylgard® 184-xylene inks were kept cool to prevertnptare curing. It has been shown that ink
properties such as surface tension and viscosity along thithapplied piezo voltage and pulse
duration have an effect on the size and velocity of an ipht.’® The surface tension of the ink
plays an important role in the droplet pinch-off procéssThe stages of ideal droplet formation
using a piezoelectric printer is shown in figure 6When the voltage is changed the piezoelectric
material deforms causing a pressure pulse within thedakridge. This pressure pulse causes ink
to start to flow out of the nozzle. The ink gains its kinenergy from the actuator (piezoelectric
material). At this point the droplet is connected to thezzle by the means of a thin flament. The
acting force to pinch off the filament from the nozzlesigface tension. In an ideal drop formation
the filament would join the main droplet forming a spieal droplet of ink. In some cases the
filament will break from the main droplet and separatdoirseveral smaller droplets causing

satellite droplets.
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Figure 6.0: Stages of droplet formation.

Inks with a surface tension and viscosity too far awaynfthe desired values can lead to either
satellite drops or no formation of ink droplets. If tearface tension is too high ink jetting will not
occur and if the surface tension is too low the ink eitbieeams out of the nozzle or forms unstable
droplets both of which lead to satellite droplets. Ttdienensionless Reynolds humber and Weber
number have previously been used to predict the apito print an ink based on its fluid
properties!® The Reynolds number, Re represents the ratio betweeriai@nd viscous properties

and is defined by:

x|

4 AL (Equation 6.0)

tZ & €& ] §Z Vel]3C }( 83Z ]vflQessle AP A03Q3SQU e zZ &
which is normally the diameter of the jet. The Webember, We represents the ratio between

inertia and surface tension and is defined by:

|X

9AL

(Equation 6.1)

Where @s the surface tension of the ink. The Ohnesorge memnOh only reflects the physical

fluid properties of the ink and removes the influenaevelocity:
vD @

1DLE®

(Equation 6.2)

The Oh number has been used to characterise the behawiban ink droplet being released from
a cartridge!® It was found that a fluid with an Oh number between 0.1 ancbuld be a printable
fluid. A fluid with Oh > 1 will not form a droplet # viscous forces will not allow the droplet to

separate from the rest of the fluid in the cartridge fldid with Oh < 0.1 will form satellite droplets.
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To truly predict the printability of a fluid, the velocitbeeds to be taken into account which is
achieved by plotting the Oh number against the Re num@ére jet must have enough energy to
eject a droplet corresponding to Re = 2/Oh, howeveg touch energy (high velocity) can cause

splashing of the droplet onto the substrate correspondingOhRé&* = 502°

The surface tension of the ink is also an important fagtahe drop impact i.e. behaviour of the
ink droplet on the substrate. Inks with a surface tengimnch lower than the surface energy of the
substrate exhibit spreading and a greater degree of wettingin inks wetting behaviour on a
substrate is particular important in terms of the resolutiohthe printed image, for example if a
very detailed image is to be printed, an ink droplet thatesyals along the surface of the substrate

creating a larger droplet would not be desired.

As discussed above, both the surface tension and vigcoka fluid affects whether the fluid is
printable. To achieve optimum printing performance gsthe Dimatix DMP-2800 system the
surface tension and viscosity of the ink should be 28mMN/m and 10-12 cP at printing
temperature, respectively. The viscosity of pre-cuyg&d® 184 (10:1 mix ratio of Sylgard
component A to B) is 3500 cP which is much higher thardesired range of 10-12 cP. The use of
a 100 wt% pre-cure SHGI® 184 ink would have most likely resulted in nodrdp formation due

to clogging of the printer nozzle which is often obsehfor high viscous inks. There is not a
literature precedent on the surface tension of pre-cugdgard® 184, however as Sylgard® 184 is
polydimethylsiloxane based the surface tension of PDRIST{N/m) was used as a guideline. 20
mN/m is much lower than the desired value of 28-33 miIN/To simultaneously increase the surface
tension and decrease the viscosity of the pre-cure Sg®at84, o-xylene which has a surface
tension and viscosity of 30.1 mN/m and 0.81 cP, respelgt was added at varying weight
percentages. The surface tension of the resulting pre-Sylgard® 184-xylene inks (xylene wt %
100, 75, 50, 25 and 0) was measured at 20 °C and shov¥iguie 6.1. Unfortunately, viscosity

measurements on the pre-cure Sylgard® 184-xylenecimkisl not be performed at the time.

Figure 6.1 shows that an increase in xylene wt% resuttegn increase in surface tension as
expected and a linear relationship was found<(R.96873). Pure (100 wt%) o-xylene showed an
average surface tension of 29.5 mN/m which was justiwithe desired range of 28 33 mN/m.
Sylgard®184 inks fabricated using solvents with a larger surfacesitam than xylene were
attempted. 1,2-dichloroethane, cyclohexanone and diabib@nzene with surface tensions 32220
35.19° and 36.02 mN/m at 20 °C, respectively, were used to dilute the-pure Sylgard® 184.
However, it was found that full dissolution did not océnirany of the three high surface tension

solvents even at high solvent wt% even after vigorousngixsing a vortex mixer.
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Figure 6.1: Surface tension of the Sylgard-xyleneviitksvarying xylene wt %.

Polymer inks such as siloxane based inks pose fupttedlems when printing, as their viscoelastic
properties affect drop formation, in particular the dropleinph-off process. Viscoelasticity can
suppress the effect of surface tension which resinta delay in the pinch-off procedsThis delay

in the pinch-off process results in long length filartsawhich often cannot reconnect with the main
droplet in time causing satellite droplets. In someesathe filament does not pinch off from the
nozzle causing the droplet to retreat back into the nozekutting in no ink jetting. Research has
shown that both the polymer concentration and molecular vigas an effect on the lifetime and

length of the filament®

It was concluded that 70 wt% xylene would be the minimamount of xylene used in the pre-cure
Sylgard® 184-xylene solution inks for printing. 4a8g® 184 (30 wt%)-xylene (70 wt%) ink would
have a surface tension of 25.4 (mN/m) which while noitejthe desired surface tension, it was
close enough to work with. Also, the high xylene vi%he ink should reduce both the lifetime

and length of any filament formed and the viscositylod ink.

6.2.2 Printing using pre-cure Sylgard® 184 (30)wi/Bne (70 wt %) ink
All printing was performed on a piezoelectric Dimataterials printer (DMP) 2800 series. A

schematic of a DMP 2800 printer is shown in figu& & he printer has four main components:

X Print carriage supports the ink cartridge.
x Platen:is the holder of the substrate to be printed onto. It lmsyacuum system which

keeps the substrate in place and flat during printinge Platen can also be set at different
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temperatures (maximum 60 °C in this case) to facilitayéndy of the printed ink. However,
high platen temperatures can cause nozzle clogging.

x Cleaning stationis where cleaning cycles are performed. The cleastiipn is essentially
a blotting pad. Cleaning cycles can help unclog noarésan also be performed during
printing.

x Drop watcherallows direct viewing of the cartridge nozzles and #téng of the ink.

Figure 6.2: Schematic of the Dimatix materials printer 288tes used in this chapter.

The chosen pattern to print was a 2 €mmquare with a 150 micron drop spacing onto a glass
microscope slide substrate. The drop spacing is medsas the distance between the centre of
two subsequent ink drops in both X and Y directionse flaten was set at room temperature.
Before any printing was performed the cartridge was serthsdrop watcher to observe the drop
formation. It is at this point when the cartridge voltage ahd waveform can be varied to ensure
ideal drop formation. The waveform is divided into falifferent segments (1 to 4 in Figure 5.3
and each segment has three properties: duration, levelté§gel) and slew rate. Each different
segment is related to a different parts of the dropletrfmation. Segment one relates to the filling
of the cartridge reservoir with ink, the voltage is decegmoving the piezoelectric material away
drawing the ink in. Segment two is when the ink drojpbemmation is initiated via the piezoelectric
material bending towards the ink reservoir as a resultrfran increase in voltage. Segment three
relates to when the ink droplet breaks from the nozzlel @®gment four is a standby mode. In
segment three, the voltage is reduced causing the pieztridanaterial to move away from the ink
cartridge back to its original standby position. The dorais how long the piezoelectric material
remains in a certain position, while the slew rate is hast the material is being deformed as a

result of changing voltage.
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(@)

(b)

Figure 6.3: (a) Example of a printing waveform dm)dl(ustrations of the ink cartridge at different stagefsthe
printing waveform. The arrowheads show the directibthe ink flow.

Initial attempts to print the ink failed due to jet cloggingpst likely due to the high viscosity of the
ink, though increasing the voltage solved this issuealhjti Increasing the cartridge temperature
from room temperature up to 70 °C was also attempted, howeetogging of the jets was still
occurring which was most probably due to the ink bedgigrto cure within the cartridge at higher
temperatures. Ink jetting was achieved by lowering thdradge temperature from 70 °C along
with manipulating the waveform by varying the duration,tege and slew rate of each segment.
Further manipulation of the waveform was performed to rgdine best ink droplet formation
possible. An ideal droplet formation is characterisgdaldroplet that leaves the nozzle vertically,
is a singular body, spherical in shape and has fulljesoed (i.e. the filament has fully joined the
main droplet) before it has reached a distance of around)@® from the nozzle. Figure 6.4 shows
the best representative images of the printed pre-curég8sd® 184«iene ink on a glass slide
substrate. The shapes of the majority of the ink dragse irregular as ink drop satellites were

observed and no better definition was achievable even ditether waveform manipulation. The
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appearance of satellite droplets was attributed to both thawl surface tension and high

viscoelasticity of the ink.

Figure 6.4: Printing of Sylgard (30 wt%)-xylene (#@Wnk on glass substrate with a 150 micron drop spg@E) imag
taken from middle of the printed square and (b) im#ageen at the edge of the printed square.

However, it was noted that the satellite droplets could hals® been produced by splashing which
is a consequence of using high firing voltages to aehiek jetting. To diminish the formation of
satellite drops, the xylene weight percentage content of fire-cure Sylgard® 184-xylene ink was
increased. Increasing the xylene content increases thfa@eitension, decreases the viscosity and
reduces the effect of viscoelasticity. It was decided$e a pre-cure Sylgard® 184 (5 wt %)-xylene

(95 wt %) ink would be used in subsequent printingegiments.

6.2.3 Printing using pre-cure Sylgard® 184 (5 wiyéhe (95 wt %) ink

A pre-existing waveform that was optimised for printindexie was used as a starting point due to
the large xylene content of the pre-cure Sylgard® 184t¥5)-xylene (95 wt %) ink. Again, the
waveform settings were varied to produce the best dfopmation and the resulting printed image
before and after curing at 60°C was shown in Figure A.3.cnd square pattern with a 200 micron
drop spacing was printed onto a glass microscope slithestrate. Curing of the ink was performed
by placing the glass slide with the printed image onto a ingatnantle. Discrete circular shaped
ink droplets were observed with no evidence of anieB#es and it was found that the removal of

xylene through curing had no effect on the shapé¢hef printed Sylgard® 184 droplet.

Figure 6.5: Printing of 5 wt% sylgard ink onto a gfadsstrate with a 200 micron drop spacing (a) before @) after 6!
°C curing.
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The minimum drop spacing required to produce distitiotular droplets was between 50 and 100
. Whilst discrete ink droplets were obtained at 100 mitspacing, at 50 and 38n drop spacing
the droplets combined (figure 6.6). The loss of fimop resolution at the smaller drop spacing was
attributed to the difference between the surface energytioé ink and glass substrate. An ink with
a surface energy lower than the surface energy of the tsateswill spread and fully wet the surface
forming large droplets. The surface energy of glassbieen reported to be in the range 10312
mN/m.?® The surface energy of the Sylgard® 184 (95 wt %)eyewt %) ink was calculated to be

28.3 mN/m using the following linear equation:
U :OQNB=?A AJARQCU; L (Equat®n 6.

Wherex is the xylene wt% content in the ink andandc are the slope and intercept of the linear
fitin figure 6.1. The values of m and ¢ are 0.11425hd152 respectively. As the surface energy
of the ink is much lower than the glass substrate the irdptirts spread and wet the substrate. At
the small drop spacing of 50 and 30 um the ink dropéats close enough to their neighbouring
droplets that when they spread they combine with one anothesulting in the non-discrete
droplets observed in figure 6.6. Increasing both thdace tension and the viscosity of the ink can

prevent spreading and wetting leading to a better resalnti

Figure 6.6: Printing of 5 wt% pre-cure Sylgat8®ink on glass substrate drop spacing of (a) 100 @kgri (c) 30. No
figure 66 (b) was after 60 °C curing using a heating mantle.

Unfortunately due to the low quantity of Sylgard in the dietp, after curing there was only a small

amount of PDMS left. Thus to increase PDMS deposititeyers of the circular drops were
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sequentially printed one on top of the other. It was fauthat if curing of the first layer had not
occurred, the second layer of drops combined with tingt fayer and spread which resulted in large
irregular shaped printed ink droplets (figure 6.7 (8).prevent this, curing was performed during
the printing process by setting the platen temperatureg® °C (figure 6.7 (b)). The printing of the
two layers was performed consecutively. Comparing@g.7 (a) and (b) it was clear that curing
the ink during printing resulted in more regular shapdidcrete droplets. As the first layer of ink
droplets are deposited on a hot substrate, they begin toecwhich increases the inks viscosity.
This increase in viscosity results in less spreadidgesvents splashing when the second layer of
ink droplets are deposited. The first layer of sentiecuink droplets also prevent the second layer
of ink droplets from wetting their surface due to theimilar surface energy. As with the first layer
of ink droplets, the second layer of ink droplets woirldrease in viscosity as curing occurs on the
hot substrate which again results in less ink spreadi@gme spreading is still evident (not quite
perfect circular droplets observed) which is most likélie to the fact that the first layer of ink is
only semi-cured when the second layer of ink was d@ed. This could be rectified by placing a

pause in printing between the two layers.

Figure 6.7: Printing of 5 wt % pre-cure Sylgdr@®ink on glass substrate (a) 2 layers with drop spatid0 apart and
(b) 2 layers with drop spacing 150 apart with platen tengure set at 60 °C.

As well as printing patterns (in this case squares) formidiscrete Sylgard® 184 ink droplets,
printing continuous films of Sylgard® 184 was also tigasd. To achieve a continuous printed
film of Sylgard® 184 a small drop spacing was useddare the ink droplets would spread and
combine. A 0.5 chsquare pattern was printed onto a glass substrate and tiegipusly modified
pre-existing waveform for printing xylene was usedontuous films of varying layers were
printed, 5 layers were chosen as the minimum amountagets and 20 layers as the maximum
amount of layers attempted. A minimum of 5 layers ofdnéplets was chosen to ensure that there
were no gaps where the ink droplets had not been abledmbine and spread within the printed
film. As previously highlighted heating the substraite naising the platen temperature to 60 °C
caused the ink droplets to cure reducing the spread efittk. While a reduction in the spread of
the ink is not desired when producing a continuolis fiit was thought that with the amount of

layers being printed the resulting film would not havedided shape as a result of ink splashing
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and large spreading. Therefore, it was decided to lheeplaten temperature set at 60° C during
printing. As shown in figure 6.8, continuous printed films wemeheeved. However, it was found
that the edge of the printed continuous Sylgard® 184 lfisbame less defined with increasing ink

layers.

Figure 6.8: Printing of 5 wt% pre-cure Sylgat8®ink on glass substrate with a drop space of 40 micwaitis plater
temperature set at 60 °C (a) 5 layers using 1 nozzlg(lan20 layers using 4 nozzlddote that these are images of t
edge of the printed continuous Sylgard® 184 film, tiidnénd side in both images (smoother side) is thegtabstrate
while the right hand side in both images is of the &g® 184 film.

From the images in figure 6.8, it was observed that thdage of the printed Sylgard® 184 films
appeared rough (bubbled). The rough appearance was atéibto the large amount of xylene
evaporating off during the curing of the Sylgard® 184e during of the Sylgard® 184 most likely
occurred too quickly preventing the even evaporation af #tylene. The thickness of the printed
continuous films were not investigated. As the curetg&g® 184 is transparent the printed
continuous films on glass were difficult to visualising the naked eye. Continuous Sylgard® 184
films made up of 20 layers using the same printing edoce as above were also printed onto PEL
Nano P60 paper. However, due to the morphology ofRE& paper and the transparent nature of
Sylgard® 184 the printed films could not be observiadthe naked eye or under the microscope

and therefore were not further analysed.

6.3 Conclusions

Sylgard® 184 based inks were successfully formulatédeetiminary experiments showed that
the ink formulationt pre-cure Sylgard® 184 (5 wt %)-xylene (95 wt %)l d@usuccessfully printed
onto glass with no evidence of satellite droplets. #sWound that the minimum drop spacing to
produce discrete printed droplets was between 50 and Ificrons. At 50 microns combined
droplets were observed and at 100 microns discreteptkts were observed. Curing of the Sylgard®
184 via heating had no effect on the shape of the puhtieoplet. However, due to the low wt %
of Sylgard® 184 in the ink formulation only a small amod printed Sylgard® 184 was left on the
glass substrate after curing. Increasing the amount wited Sylgard® 184 could be achieved by
printing 2 layers of droplets (droplets printed one tp of the other), however, it was found that

to produce regular shaped discrete droplets from pngt layers, curing of the Sylgard® 184 had

157



to be performed during the printing process. Curifighe Sylgard® 184 during the printing process
decreased both droplet spreading and subsequent splastéuged by the second layer of ink
droplets hitting and combining with the first layer. Red continuous 0.5 cihSylgard® 184 films
made up of several printed layers (minimum 5 layers, imam 20 layers) on glass were also
achieved. Further work into improving the Sylgard imkmiulation to increase the Sylgard wt%
content while maintaining the desired surface tensiomequired. The viscoelastic effect on ink
drop formation would also have to be considered. Furtbptimisation of the printer settings
would also have to be performed before ink-jet pmgiof Sylgard® 184 could be used in additive

manufacturing.
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Chapter 7. Fabrication of silver salt-PVA
composites as light sensitive components of a

UHF-RFID light sensor

7.0 Introduction

Light sensors have many applications including secumigoor light intensity control and
environmental monitoring. Passive RFID light sensargigrovide cheaper, lighter and disposable
alternatives to traditional light sensors. Amghal. presented a RFID light sensor design where an
off the shelf photoresistor was integrated into a multioestor chipless RFID tdgWith light
exposure, the change in resistance of the photoresistawuld result in the attached resonator
frequency to change. This frequency change woultsea change in the tag read range or power
input which could be used to measure light intensityrelifhinary experiments showed that a
frequency shift was observed for the photoresistoteigrated resonator, while the frequency of
the other resonators responsible for carrying the taginibrmation remained unchanged as a
function of light intensity. Chet al. integrated a light sensor into an RFID IC chip to diteVRFID
light monitoring? While Smithet al. demonstrated a wireless identification and sensingfptan
(WISP) with the capabilities of sensing light intensity.WISP is similar to an RFID tag as it is
powered by radio frequency energy and has an antenna,gvew instead of an IC chip a printed
circuit board (PCB) is used instead. The authors usedilarsconcept to Chet al. and mounted

a light sensor onto the PCB.

The aim of this chapter was to produce a photosensithaterial that becomes highly conductive
as a result of light exposure to act as a short circuit withenantenna of the prototype RFID light
sensor tag shown in Figure 7.0. If a short circditri;med within the antenna, an overall change in
antenna impedance occurs which would cause mismatchingvdxat the chip and antenna
resulting in a decreased read range. The decreased sgagkrcould then be used to monitor the
amount of light exposure experienced by the RFID lighé@etag. Full antenna tag dimensions are
given in Table 7.0, and the places where a short tiveould need to be achievedre labelled in

Figure 7.0.
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Table 7.0 : RFID antenna dimensions.

Symbol Length (mm)

a 88.00

b 26.00

T T c 82.00
Short circuit Short circuit d 15.00
e 28.75

Figure 7.0: Prototype RFID light sensor tag design.d&signed kt
M.A. Ziai.

Silver metal has one of the highest electrical conduogisitie.30 XL0” S/m) and can be formed
through the photoreduction of silver salts. Previousearch has shown that polymers are good
matrices for the fabrication of silver nanopatrticles throudjie reduction of silver nitrate, as the
polymer can act as a surface capping agent thus contrgifémticle size and/or a co-reducing or
reducing agent:® A polymer matrix also offers simplicity in processawjit is easier to cast a silver
salt/polymer composite film than directly depositing silvsalts onto the prototype RFID light
sensor. The polymer polyvinyl alcohol (PVA) has previousgnhesed successfully as a matrix in
the fabrication of silver nanopatrticles from the reductioisilver nitrate’® It was shown that PVA
can act both as a mild reducing agent and size reducing.a@gdher advantages of PVA is its water
solubility, non-toxic nature and easy film formatidmo cross-linking is required as PVA films can
be formed simply through drying an agueous solutionP&A out. Silver halides, such as silver
chloride and silver bromide are extremely light semsitihowever, neither are very water soluble
therefore silver nitrate was chosen. Silver nitrate ftgehot photosensitive, however, silver nitrate
has been shown to reduce to metallic silver within yooér matrices via photochemical

processes?!!

In this chapter 40 wt%, 60 wt% and acidified 60 wt% AgRNA films were fabricated and
investigated as possible candidates for the photoseresitivaterial required for the RFID light
sensor. Formation of silver particles via light expesuas first investigated in 40 wt%, 60 wt% and
acidified 60 wt% AgNEPVA solutions. UV-visible spectroscopy, DLS andrs&ihg were used
to detect the presence, size and shape of the formedesiparticles. The formation of silver
particles were then investigated in both light irradiated amzh-irradiated AgN©PVA films using
FTIR analysis and SEM imaging. Resistance measurements aroemgd on the films to
investigate the relationship between the formation of eil\particles via light exposure and the
electrical resistance of the composite film to see if fiv@s could be used as short circuits in the
RFID tag design. The silver nitrate reduction mecharasong with the AgN®PVA film conductive

mechanism was also discussed.
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7.1 Experimental

7.1.1 Materials and Apparatus

PVA (M. W. 85,00Q 146,000, degree of polyvinyl acetate hydrolysis aB®98s) (Sigma Aldrich),
silver nitrate (>99.0 %), nitriccal (70 %, Fisher Chemicals), distilled water, coppetdeld FR4
(fibreglass reinforced epoxy laminate) circuit boardl. RE&no 60 (Printed Electronics) and silver

conductive paint (Electrolube) were used as received.

7.1.2 Synthesis of light sensitive PVA materials

7.1.2.1 AgN®PVA solutions

AgNQ-PVA solutions were prepared by first dissolvind g3 VA into 28.50 g of distilled water at
80°C. The resulting 5 wt % PVA solution was cooleabio temperature before silver nitrate was
added to ensure 40 wt % (1.00 g AgN&nd 60 wt % (2.25 g Agh©@f the AgN@PVA content (the
water in the solution was disregarded in the calculationBhe AgN®PVA solutions were stirred
in darkness for half an hour to ensure complete dissohutbf the AgN® had occurred. The
solutions were then degassed for half an hour and stoneairi-tight conical flasks which were kept
in the dark at room temperature and pressure until the $ions were required. The solutions
were stored in the dark to prevent premature photoreductiof the silver nitrate. An acidified 60
wt% AgNG@PVA solution was also prepared following the same nbtidmove except that prior to
the addition of AgN@ the 5 % PVA solution was acidified with 1 M killdution to pH 4.

7.1.2.2 AgN®PVA composite films

40 wt %, 60 wt % and acidified 60 wt % AgIRUA composite films were prepared by pouring the
respective pre-made solutions into PTFE square mouldsiithwidth = 2 cm, length = 2 cm and
height = 0.2 cm) ensuring the solutions were flustihhe top of the mould. This ensured films of
similar heights were produced after water evaporation hadwoed. The filled moulds were kept
in the dark at room temperature and pressure to allow théutons to dry out resulting in the
formation of the AgN@PVA composite films. The films were dried in thekdir prevent
premature photoreduction of the silver nitrate. The stwre of the composite films were

confirmed by FTIR spectrum.

FTIR (cr) 40 wt% AgN&®PVA film 3279 (hydrogen bonded @H str); 2943, 2908 (EH broad
alkyl str); 1715, 1647 (carbonyl group) 158 sym str); 1398 (Q H vibration); 1304 (coupling
of O t H vibration with Ct H wag vibration); 1142 (€O stre); 1086, 1038 (€O stre and Ot H
bend); 854, 816(- H out of plane vibration); 671 (absorption band associated WNgNQ); 916
(not identified).

FTIR (cn) 60 wt% AgN®PVA film 3296 (hydrogen bonded ®H stre); 2943, 2911 (€H broad
alkyl stre); 1636 (carbonyl group); 1377 {®l vibrations); 1292 (coupling of tH vibrations with
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C t H wag vibrations); 1144 (O stre); 1082, 1036 (0O stre and & H bend); 845, 814 (€H out
of plane vibration); 914 (not identified).

FTIR (cn acidified 60 wt% AgNGPVA film 3304 (hydrogen bonded ®H stre); 2945, 2913 (€
H broad alkyl stre); 1638 (carbonyl group); 1377 t(® vibrations); 1287 (coupling of ©H
vibrations with Ct H wag vibrations); 1142 (€O stre vibration); 1082, 1036 (C stre and O H
bend); 847, 812 t Hout of plane vibration); 912 (not identified).

7.1.3 Measurements and Instruments

The following instruments were used to characterise thgNGQ-PVA solutions, AQN@®VA films
and acidified AgNE@PVA films before, during and after light exposune.all measurements non-
irradiated samples (films and solutions that had been keplié dark) were also characterised. The
AgNQ-PVA solutions were kept in glass vials with lids oinduight exposure. To expose the film
and solution samples to light they were placed in a aobut fume cupboard under an LED aqua
light (7W, Eheim) at a distance of around 30.5 cm. Adignr spectra of the AgNEPVA solutions
were measured in the wavelength range of 190600 nm using a Shimadzu UV180%-Vis
spectrophotometer. DLS analysis of the AgIRUA solutions was performed in a Malvern high
performance particle sizer (Nano Zetasizer HPPS HPP&@D1 laser operating at a wavelength
of 633 nm. BSE SEM (back-scattered electrons scanmeicigosl microscope) images of both the
AgNQ-PVA films and solutions were performed using a SHKhadhi SE-3400)/EDX (Oxford
instruments X-Max 80) integrated system. FTIR measuremates completed using a Shimadzu
IRAffinity-1 spectrometer with a Specac Golden Ga&TR sampling accessory where each film
sample was scanned 64 times at room temperature and atmasppeessure with a resolution of

4 cm!.  Resistance measurements were performed on theG3dN/A films with a probe point to
point distance of approximately 2 cm using a resistance m@@®-TECH, IDM 201). The film
resistance measurements were performed at varying interrddring light exposure and three
samples of each different film; 40 wt% AgiNRVA, 60 wi% AgN@®VA and acidified 60 wt% AgNO

PVA were measured and the average resistance was calculated.

7.2 Results and Discussion

7.2.1 Nature of formation of silver nanoparticiesolution

U\tvisible spectroscopy, DLS and SEM micrographs wadasegestigate the presence, growth
and size of any silver nanoparticles formed in the lighposed AgNOPVA solutions. For
reproducibility and control of the light intensity, a L&fua light (7W, Eheim) was used rather than
daylight to photo reduce the AgNGn the AgN@PVA solutions. UV-visible spectroscopy of the
solutions was performed over a period of 142 houghtliexposure. The non-irradiated 40 wt%, 60
wt% and acidified 60 wt% Agh®VA solutions were also measured. The solutions wete

filtered or diluted before performing the UV-visibleeasurements. Figure 7.1 shows the UV-visible
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absorption spectra for the solutions exposed to light an@ thon-irradiated solutions. The
characteristic PVA bands at 2@®50 nm and 300 nm attributed to the carbonyl gpstf were
observed for all solutions. In all cases apart from the-madiated 60 wt% AgNEPVA solution
the intensity of the band at around 25@m remained unchangedln the spectrum of the non-
irradiated 60 wt%AgNGs-PVA solution it was observed that after 124 hours darktiessntensity
of the carbonyl band at 20@ 250nmdecreased and by 142brs darkness the band had shifted
to lower wavelengths. However, the carbonyl band at aro888nm in the 40 wt% AgN&PVA
solutions increased in intensity as a function of lightasyre. All of the light irradiated solutions
exhibited an absorption band around 466 which was attributed to silver nanoparticlés'* The
intensity of this absorption band was shown to increase famation of light exposure time, which

confirmed the reduction of silver nitrate had occurresbulting in the formation of silver particles.

The formation of silver particles as a result of lighp@sure was also visually confirmed (Figure
7.2). The light irradiation AQN®VA solutions turned a dark grey colour which is aidie of a
high silver concentratiof. It is known that photoreduction of silver nitrate alone dogot occur
as the nitrate ions cannot be oxidised by light. Howewesearch has shown that silver nitrate
within a polymer matrix can be reduced via photochemicalcpsses. Kutsenko and Granchak
sUPP ¢8 §Z § «]JoA E V]3E § |- E3E]LEADyEEyFaicMEH-UK -
CH and RR? OH which are formed through photolysis of P¢#Rhotolysis of water can also occur
producing a hydrogen radical which has been argued talide to reduce silver ions to metallic

silver via the following reaction:
Ag+H —>» AP+ H (Equation 7.0)

Therefore, the reduction of the silver nitrate in thehigrradiated AQN@PVA solutions was most
likely caused by a combination of both hydroxyl radiesld hydrogen radicals produced through

the photolysis of PVA and water, respectively.
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Light irradiated Non-irradiated

@) (b)
(©) (d)
(e) (f)

Figure 7.1: UV-Visible spectra of (a) light irradia4€dwt% AgN@PVA solution (b) non-irradiated 40 wt% AgNRY/
solution (c) light irradiated 60 wt% Agh®VA solution (d) non-irradiated 60 wt% AgNRYA solution (e) light irradiat
acidified 60 wt% AgN$EPVA and (f) non-irradiated acidified 60 wt% AgIRUA solution over time.
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It was observed that the magnitude of the characteristic migtailver band in the 60 wt% AghO
PVA solution was low compared to both 40 wi% and acidbi@avt% AgN&®PVA solutions. The
low magnitude of the peak at 450m exhibited by the 60 wt% AgN®VA solution could be due to
agglomeration of the silver nanoparticles. In a UV-vissiplectrum agglomeration of particles is
often characterised by the broadening and intensity deceeatthe absorption band. Particle
agglomeration and precipitation of the 60 wt% AgNRYA solution was also visually confirmed in
Figure 7.2 (b). It has been shown that at high silveatei concentrations it is easy for the formed
silver nanoparticles to aggregate.Howeve, PVA has shown to prevent agglomeration of silver
particleg® the high silver nitrate concentration used (60 wt%) hasnteracted the effects of the
PVA. However, the acidified 60 wt% Ag®PWA solution showed no signs of particle
agglomeration or precipitation (Figures 7.1 (e) and régpectively) even with its high silver nitrate
concentration. This observation suggested that the oiiéid used to acidify the solution acts as a
particle stabiliser. Previous research has shown thatidi@conditions silver particles are less
likely to agglomeraté’ Z}YA A EU 13 A « ZIPZo]PZ8 38Z 5%3@SES +0}}* %04

nitric acid forming silver nitraté?

The absorption band attributed to silver nanoparticles was asen to shift towards the red
wavelengths as a function of time (Figure 7.1 (a),(c)(ejidvhich is indicative of an increase in the
size of the silver nanoparticles formét.As shown in Figure 7.3, the lambdg (max of the
absorption band attributed to the silver nanoparticles was larfg the 40 wi% AgNEPVA
solution when compared to the acidified 60 wt% AgNRWA solution after light exposure,
suggesting the photo reduced acidified 60 wt% AgR®WA solution produced smaller sized silver

nanoparticles.

Figure 7.2: Images of (a) 40 wt% AgNRYA solutions (b) 60 wt% AgiNRVA solutions after 142 hours and (c) acid
60 wt% AgN@PVA solutions after 144 hours. In each image theisolon the left was non-irradiated and the solut
on the right was light treated.
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Figure 7.3: Plot of lambda max of 40 wt% and acidii@édvt% AgN@PVA solutions versus light exposure time.

DLS measurements were used to confirm the size and pasize dispersity of the formed silver
nanoparticles in all three photo-reduced solutions. Both 49 wt %, 60 wt% AgN®VA solutions
were exposed to light for a total of 142 hours, whhe acidified 60 wt% AgNEdPVA solution was
exposed to light for a total of 144 hours. Each sohutias measured a total of ten times at 25 °C
and was not filtered or diluted beforehand. Table 7.8whkd that the acidified 60 wt% AgN®GVA
solution had the lowest calculated mean polydispersity in@@DI) when compared to the other

two solutions.

Table 7.2: DLS results for 40 wt%, 60 wt% and acidifledt% AgN@PVA solutions exposed to light for 142, 142 and
144 hours respectively.

Light irradiated Average PDI Mean Z-average Mean number CONTIN

AgNQ-PVA (nm) average (nm) analysis (nm)

solutions

40 wt% 0.2907 £ 0.0154 7308 £ 173 1677 £ 372 2386 + 224
325+ 109
18.7x0

60 wt% 0.4133 + 0.0296 8903 + 200 14+2 1137 £ 63
359 + 81
19+1
5+2

Acidified 60 wt% 0.1992 + 0.0122 5540 + 77 3833 + 393 4924 + 190

2525 + 382
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PDI values range from 0 to 1; where O represents mapmtse samples and 1 represents highly
polydispersed samples. Therefore, the silver paditdemed from the acidified solution were less
polydispersed and more discrete than the silver partidlasned from the 40 wt% and 60 wt%
AgNQ-PVA solutions. These results confirm the observatinade from the UV-visible spectra.
Silver particle sizes for the 40 wt% and 60 wt% AgRNA solutions could not be determined
accurately using DLS. In the case of the 40 wt% ABNA@A solution the count rate and size
increased over the ten measurements indicating the sipaeticles were aggregating. In the case
of the 60 wt% AgN&PVA solution the count rate and size decreased overgherteasurements
indicating evidence of sedimentation which was visuatligfirmed (Figure 7.2 (b)). Sedimentation

leads to inaccurate particle size distributions as the laetled particles are not measured.

The mean number particle distribution of the light irradidtacidified 60 wt% AgNGPVA solution
was shown in Figure 7.4. The error bars displayethenDLS distribution histogram were the
standard error (standard deviation of the mean) calculatednfi@l ten measurements. According
to the DLS measurements the mean Z-average of the piarticles formed from the light irradiated
acidified 60 wt% AgN£LPVA solution was 5540 = 77 nm. The mean number avevagealso
calculated to ensure direct particle size comparisons |dobe performed between DLS
measurements and measurements from SEM micrographs.mEa@ number average dimension
of the silver particles was 3833 + 393 nm, which wahtsy lower than the calculated mean Z-

average value.

Figure 74: Mean number particle distribution from DLS measureme light irradiated (144 hours) acidified 60 v
AgNQG-PVA solution.

The Z-average @pvalue is an intensity weighted average, which can baeéfas:

p2

/2
&() L %ﬁé (Equation 7.1)

P
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where N is the number of molecules with diameter size Bs shown from the equation, the Z-
average is dominated by the presence of large particteapared to the number mean which
counts on the contribution of the number of particles atdihmeter sizes. The number average

(D) can be defined as:

ACo %
. L — guatign 7.2)
S ACo
CONTIN analysis of the DLS measurements of the liglaidated acidified 60 wt% AgN®VA
solutions showed there were two different size populasopresent in the sample. One size

population was 4924 + 190 nm whereas the other was 25382 nm.

Images of the light irradiated AgM®VA solutions were taken using SEM to investigate the
morphology and size of the formed silver particles. pfepare the solutions for SEM, they were
cast onto carbon sticky tabs and left to dry in complete dads overnight. As expected the light
irradiated 40 wt%, 60 wt% and acidified 60 wt% AgRWA solutions confirmed the presence of
irregular shaped silver particles. Agglomeration waseobed in the Figure 7.5 which corroborated
the observed broadening of the silver plasmon peak at adod50 cm' with increasing light

exposure time.

(@) (b)

(€)

Figure 7.5: SEM micrographs of (a) 40 wt% AgRWA solution (b) 60 wt% Agh§dlution after 142 hours light irradiati
and (c) acidified 60 wt% AghBVA solution after 144 hours light irradiation.

Size measurements of the silver particles were attempted jp@&rformed using ImageJ software.
Particles in a 40 pfarea were measured with any particles on the edge belingigated from the
measurements. As the particles were not perfectly sptadyithe largest diameter of each particle

was recorded. The particles formed in the 40 wt% addv8% AgN@PVA solutions had a mean
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diameter of 2830 and 3250 nm, respectively after 142rkdight exposure. Size measurements
could not performed for the acidified 60 wt% AgiNEVA solution due to poor resolution of the
SEM micrograph. The size measurements are only a riodgtation of size as agglomeration of
the particles introduced difficulties in measuring and as garticles were not perfectly spherical
and appear to be present in layer (a possible result froendasting method) the largest diameter

of each particles may not appear at the top surface.

The absorption spectra of the non-irradiated 40 wt%, @%wand acidified 60 wt% gN®VA
solutions (Figures 7.1 (b), (d) and (f)) did not slaogefinite band at around 450m as shown by
the light irradiated solutions indicating no silver particlesre formed. However, it was observed
the intensity in that area did slightly increase with timeig¥hcould indicate a minimal amount of
silver particles were formed. The non-irradiated solnticemained colourless which confirmed
that little to no silver particles were formed. Previotssearch has shown that silver nitrate

reduction can occur within PVA in darkness at room terapge, but this is a slow proceés.

It has been shown that silver particle formation can be aatikethrough the light irradiation of
AgNQ-PVA solutions. The reduction of the silver nitrate witthe PVA solutions occurred via
hydroxyl radicals and hydrogen radicals formed througk tthotolysis of PVA and water,
respectively. Particle agglomeration combined with largetiples sizes were observed for both
the light irradiated 40 wt% and 60 wt% AgiN®V/A solutions. However, the particles in the 40 wt%
solution did remain dispersed as shown by both UV-asipectroscopy and DLS. On the other
hand the acidified 60 wt% AgM®VA solution formed the most discrete particles sizedls40 +

77 nm (Z-average). The addition of acid was shown to aztpasticle stabiliser which prevented
agglomeration and large particles. The non-irradiated AgRNA solutions were shown to produce

little to no silver particles.

7.2.2 Nature of formation of silver nanoparticlegilims

FTIR spectroscopy and SEM micrographs were used to cleaisecthe structure of the AgNO
PVA composite films and investigate formation of silmanoparticles via light exposureFT-IR
measurements of the AQN@PVA films were performed at varying intervals durigbtland dark
exposure, whereas the SEM micrographs were perforneddrb and after light and dark exposure.
FTIR measurements were also performed on non-irradiateN@gPVA composite films and neat
standard PVA films. Figures 7.6, 7.8 and 7.10 showedrThIR spectra of 40 wt%, 60 wt% and
acidified 60 wt% AgNEPVA films irradiated for varying lengths of time regpely, along with
the FT-IR spectrum of neat standard PVA.
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Figure 7.6: FTIR of (a) standard PVA and light atedi4(
wt % AgN@PVA composites after (b) 0 hrs (c) 24 hrs (
hrs (e) 142 hrs and (f) 700.5 hrs light irradiation.

Figure 3: FTIR of (a) standard PVA and light irradi&t
wt% AgNG@-PVA composites after (b) 0 hrs (c) 24 hr

48 hrs (e) 142 hrs and (f) 700.5 hrs light irradiatio

Figure 3: FTIR of (a) standard PVA and light irrad
acidified 60 wt% AgN$EPVA composites after (b) O hrs
23 hrs (d) 47 hrs (e) 96 hrs and (f) 144 hrs lighdiation,
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Figure 3: FTIR of (a) standard PVA and non-irrac
40 wt % AgN®PVA composites after (b) 0 hrs (c
hrs (d) 48 hrs (e) 142 hrs and (f) 700.5 hrs
exposure.

Figure 7.9: FTIR of (a) standard PVA and non-ited
60 wt% AgN@PVA composites after (b) O hrs (c) 2
(d) 48 hrs (e) 142 hrs and (f) 700.5 hrs dark exgos

Figure 7.11: FTIR of (a) standard PVA and
irradiated acidified 60 wt% AgN®VA composit
after (b) O hrs (c) 23 hrs (d) 47 hrs (e) 96 hrs(Bridi«
hrs dark exposure.



All the AgN@PVA films after 0 hours light exposure displayed tharatteristic bands of neat
standard PVA, however, two new peaks at 1522 and 671were observed in the 40 wt% AgN
PVA film spectrum. These peaks could be attributedili@rsnitrate as N® symmetric and
symmetric stretching vibrations are commonly foundweén 1660t 1500 cm! and 1390t 1260
cni?, respectively’® When compared to neat PVA, the peaks at 1329 and 141%icithe spectra
of the AANGs-PVA films after O hours light exposure had larger isitggs. Previous literature has
shown that a decrease in the ratio of intensities of 1328 1419 mtindicates decoupling of ®H
vibrations and Ct H wagging vibrations due to the interaction betweenesilgalts or silver
nanoparticles and the OH groups on the polymer backiiAdisze / 11410 Was calculated for the
neat PVA and AgN@VA films after O hours light exposure and shownaild7.1. It was found
that the intensity ratio decreased with increasing AgNiler confirming an interaction between
PVA and silver nitrate. A P4 chelate structure as shown in Figure 7.12 was propoydduang

et al?

CH—OH

CH—OH

Figure 7.12: PVAg' chelate structure proposed by Huang et'al.

Mbhele et al. observed the disappearance of the peak at 837 attributed to the out of plane
vibration of Ct H group in PVA the FT-IR spectra of PWWy-nanocomposites® The authors
reasoned that the attachment of Ago PVA triggers chain restriction thus preventing thé ofu
plane vibrations. However, as shown in Figures 78&,ahd 7.10 the peak around 88 does
not disappear in the FT-IR spectra of the 0 hours lightliated 40 wt%, 60 wt% and acidified 60
wt% AgN@PVA films. The lack of disappearance of the peak atB887s most likely due to the
high silver nitrate wt % used. It has been suggestedahate 0.1 wt% AgNQ@ontent, the excess
Ad ions do not co-ordinate with the OH groups in PVAaith the nitrate ion as shown in Figure
7.132t Therefore, it is most likely that a large proportion of Aans are chelated with nitrate ions
over PVA. This would result in free OH groups atbegPVA backbone which maintains the

polymer chain mobility allowing for the out of planération of Ct H to occur.

H,C Ag=---NO; ------ (Ag™--- NO57)

Figure 7.13: PVAg' chelate structure proposed by Yen etlal.
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Table 7.1: Intensity Ratio{id11419 from the FTIR spectra of neat PVA and 40 wt%, 60 wt%ddified 60 wt% AgNE
PVA films.

Intensity Ratio (Is2d1 1419 at 0 hours exposure

Sample film
Light Irradiated Non-irradiated
Neat PVA 1.03 N/A
40 wt% AgN@PVA 0.80 0.81
60 wt% AgN@PVA 0.45 0.48
Acidified 60 wt% AgNEPVA 0.44 0.39

It was found that the absorption bands attributed to silvétrate disappeared in the FT-IR spectra
of both the light irradiated and non-irradiated 40 wt% AgNRYA films after 700.5 hours suggesting
reduction of silver nitrate. Absorption bands attributémla carbonyl group (1755, 1773 and 733
cm) were shown to appear in the FT-IR spectrum of the 88 WgNG@-PVA films after 24 hours
light exposure. These carbonyl absorption bands incretasenagnitude and sharpened slightly as
a function of light exposure time. Along with the appeaentthe carbonyl peaks, the magnitude
of the peaks attributed to the OH group in PVA decreasil increasing light exposure time. This
suggested that the OH groups were being converted to aarbgroups as a function of light
exposure. The appearance of a carbonyl group and disappearof the PVA OH groups was also
shown in the FT-IR spectra of the non-irradiated 60 wg@-PVA films (Figure 7.9) suggesting
the change in the structure of the AghN®VA films was not reliant on light exposure. The gban
in structure observed could be caused by the reductiérsilver nitrate by the PVA polymer as
previous literature has shown that PVA has the ability tcaadboth a supporting matrix and a mild
reducing agent. Gautamt al. proposed the following reaction mechanism to descrilogviPVA

can reduce silver ions to metallic siiér:
RtOH+ AN, —» RtOtAg+ HN® (Equation 7.3)
ROtAg ——> R=0+Ag

As shown above in equation 7.3, the hydroxyl grouphenPVA backbone is oxidised to a carbonyl
group while the Agis reduced to metallic silver. This confirmed tHeserved change in the
structure of the AgN®PVA films was a result of the PVA reducing the silveate. The
appearance of a carbonyl group, along with the disappeararidbe OH group as a function of
light was also observed in the FT-IR spectra of theirradiated acidified 60 wt% AgN®VA film
(Figure 7.9). However in the FT-IR spectra of thedigjsed acidified 60 wt% AgMBVA film the
carbonyl group (peaks at 1755, 1773 and 733Ycappeared at 23 hours and then disappeared
with further light exposure time. Also, the OH grouid diot disappear as a function of light

exposure, suggesting that a different silver nitrate retilon mechanism was occurring.

173



Visual observation of the AgN®VA films further suggested that silver particles ha@nbe
produced in both light and dark conditions. Previousegch has shown the formation of silver
particles causes a colour changehe colour changes from pale yellow to a greeniséygwith
increasing silver particle concentratidh. After 553 hours both the light irradiated 40 wt% and 60
wt% AgN@PVA films had darkened in colour and were opaque. ligheirradiated 40 wt% films
also exhibited a metallic sheen and had become moregség colour. On the other hand the non-
irradiated films were not as dark in colour when compatedhe corresponding light irradiated
films and the non-irradiated 40 wt% AgNRVA film was still slightly translucent as shown iar€ig
7.14. After 144 hours the light irradiated acidified @6 AgN@PVA films had darkened to a
metallic grey colour, whereas the non-irradiated acidift@iwt% films were a shiny metallic brown
colour. The differences in colour between the lighadiated and non-irradiated films highlighted
that with light exposure a larger concentration of silvertjdes are produced i.e. the reduction of
the silver nitrate is faster in the light. SEM micrographthe AgNG@PVA films were performed to

confirm the presence of silver particles.

Figure 7.14: Images of 40 wt% AghNRYA films after a) O hrs light exposure (b) 553nlrs-irradiated and (c) 553 t
light exposure. Images of 60 wt% AgNRYA films after (d) O hrs light exposure (e) 553brsirradiated and (f) 553 t
light exposure. Images of acidified 60 wt% AgRUA films after (g) O hrs light exposure (h) 14sbrsirradiated an
(i) 144 hrs light exposure.

Figure 7.15, 7.16 and 7.17 shows the SEM micrograpthmth the light irradiated and non-
irradiated 40 wt%, 60 wt% and acidified 60 wt% AgRWUA films, respectively. After 142 hours
light exposure the 40 wt% film exhibited previoushpaorted 2 spherulite-like morphology
compared to the 60 wt% film which showed possiblyrfation of a silver cluster but no defined
particles. Defined almost cuboidal shaped particles vadrgerved for the 60 wt% film but not the
40 % film after 700.5 hours light exposuré/hen compared to the 60 wt% film after 142 hours
light exposure where no defined particles were formddfined non-spherical needle-like particles
and a few cuboidal like particles were observed fordbalified 60 wt% film after a similar amount
of light exposure time (144 hours). It was also noteat tine particles formed in the acidified 60
wt% AgNG-PVA films did not appear aggregated like the particlesemon-acidified 60 wt% films
after 700.5 hrs. Particle aggregation did not occur sdhidified films due to the stabilising effect

of the nitric acid as previously discussed in the agialgf the AQN©PVA solutions (section 7.2.1).
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Comparing the SEM micrographs of the light irradiated andinmaniated AQN@PVA films it was
clear that silver particles had been formed irrespectivdight exposure as suggested by both the
colour change and structure change observed in theR=3pkctra of both the irradiated and non-
irradiated AQN@PVA films. There were slight differences in the pkesi formed in the light
irradiated and non-irradiated 60 wt% and acidified 60 wbl@&-PVA films. In the 60 wt% film the
particles formed in the non-irradiated films were needllee rather than cuboidal like particles
observed in the light exposed films. In the casé¢hef acidified 60 wt% films, less cuboidal like
particles were observed in the non-irradiated film comphte the light irradiated film. These
observations confirmed that the reduction of silver nitratetihe dark occurs at a slower rate than
in light as suggested by the difference in colour @f light irradiated and non-irradiated films. The
slow reduction of silver nitrate in darkness had beenviizasly highlighted in literature and is due
to the fact that only one reduction mechanism (equation 7s3piedominately occurring. The
possible additional mechanisms that are most likely happginirthe light irradiated films are the
reduction of silver nitrate by either PVA hydroxyl rafiqproduced through the photolysis of PYA
or excited carbonyl groups generated through the absorptid certain wavelengths of light.
Even though there is no structural evidence via FTIRtgseopic analysis to support that the
previous reduction mechanisms are occurring it is dlean the SEM images and colour of the films
that silver particles were formed more quickly in ligbnhditions and therefore a light dependant

reduction must take place.

Figure 7.15: SEM micrographs of 40 wt% AgR\Q@A film after (a) 142 hrs light exposure (b) 142rman-irradiated (¢
700.5 hrs light exposure and (d) 700.5 hrs non-iatadl.

As shown through FIRspectroscopic analysis, visual appearance and SEM maptegyof the films

silver particles were produced in the non-irradiated AgiRVA films. However, in the case of the
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non-irradiated AGQN®PVA solutions little to no silver particles were degéglc The reason for this
is the effect of the water content in the AgN®VA solutions on the ability of PVA to reduce the
silver nitrate (equation 7.3). Equation 7.3 shows that iyelroxyl group of the PVA is responsible
for the reduction of the silver nitrate. The large watentent present in the non-irradiated AgNO
PVA solutions prevents the reduction of silver nitratéheshydroxyl groups along the PVA polymer
are involved in hydrogen bonding with the surroundimgter molecules rather than coordinating
with the silver nitrate. Mahanta and Valiyaveettil observedow reduction of silver ions in
PVA/dextran AgN©solutions and concluded it was due to the low availgbiif free hydroxyl
groups in PVA caused by hydrogen bonding betweetraexnd PVA moleculéd. In the case of
the light irradiated AgN©®PVA solutions silver particles are still formed as otlght dependant
reduction mechanisms are occurring overriding the lacsilger nitrate reduction via the oxidation

of PVA caused by the water content.

Figure 7.16: SEM micrographs of 60 wt% AgR®@A film after (a) 142 hrs light exposure (b) 142rfum-irradiated (¢
700.5 hrs light exposure and (d) 700.5 hrs non-iatad.

Figure 7.17: SEM micrographs of acidified 60 wt% AN film after 144 hrs (a) light exposure (b) noadiated.
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In conclusion, silver particles are formed in both tight irradiated and non-irradiated AQN®VA
films via the reduction of the silver nitrate. The retion of the silver nitrate via the oxidation of
the PVA OH group occurred in both the light irradiated aod-irradiated films. However, in the
light irradiated AQN@PVA films further light dependant reduction mechanisrosusred. Due to
the additional reduction mechanisms, silver particle formatio the light exposed films occurred
faster than in the non-irradiated films as shown by both Skiktographs and visual appearance

of the films.

7.2.3 Resistance Measurements

7.2.3.1 AgN®PVA films

To investigate if the AQNEPVA films could be used in the designed RFIDdagtgor tag, resistance
measurements of the films were performed at varying imtds during light exposure. The
resistance of non-irradiated AgN®VA films was also measured. For the resistance measute
the AgNG-PVA films were placed onto glass and a probe to praftamte of approximately 2 cm
(the length of the film) was used. The resistanc#nef40 wt%, 60 wt% and acidified 60 wt% AgNO
PVA films were measured over a period of 700.5 htwrdoth the 40 wt% and 60 wt% films and
144 hours for the acidified 60 wt% film. Three stmiice measurements were performed each time
and the average resistance along with the standard error ofrttean was calculated. It was
previously concluded that the formation of silver paegis faster in the light irradiated films when
compared to their non-irradiated counterparts. Therefotke resistance of the light irradiated
films would be expected to decrease before the resise of the non-irradiated films. Figure 7.18
shows the average resistance of the top surface of the/#0, 60 wt% and acidified 60 wt% AgNO
PVA films as a function of light exposure. The iniéisistance (0 minutes) for 60 wt% AgNE/A
films was much lower than the initial resistance of bothwt® and acidified 60 wt% Agh®OVA
films. The initial resistance of the 60 wt% AgNRYA films was 2 x 4@nd 3 x 18 ohms when
compared to 2 x 10and 3 x 1Bohms for the 40 wt% films and 4 x°1&nhd 8 x 1®ohms for the
acidified 60 wt% films.

An initial increase in resistance for all films was obseérirrespective of light exposure. The
resistance of the light irradiated and non-irradiated adédif60 wt% AgN&EPVA films appeared to
level off at around 1 x T®hms after around 40 hours. This was not observedfth the light
irradiated or non-irradiated 40 wt% and 60 wt% AgNRYA films. For the most part both the light
irradiated and non-irradiated films displayed a similar paitas a function of time. It was clear
that none of the films showed a decrease in resistance ametion time, even though silver
particles are being formed. The resistance of the botsnface of the films was also measured
and the resistance of both the top and bottom surface of tBewg% AgN@PVA film was shown

in Figure 7.19. It was observed that there was little¢odifference between the resistance values
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of the top and bottom surface for either the light or nimadiated films. This was also observed
for the other two filmst 40 wt% and acidified 60 wt% AgNRVA.

(a) (b)

(€)

Figure 7.18: Average resistance measurements of theudpce of light irradiated and non-irradiated (a) 40WAgNG-
PVA films (b) 60 wt% AghBVA films and (c) acidified 60 wt % AgPVA films. In figure 13 (a) resistance measurer
were too high to record from 335 to 505 hours exposimne.

@) (b)

Figure 7.19: Resistance of the top and bottom surfaeeG@fwt% AgNOPVA film (a) light irradiated and (b) non-irradia:
To compare the conducting ability of the AgNEVA films with other materials the average
resistivity of the films was calculated using the follogvequation:
E &o

3

) L (Equation 5.4)

178



Where) ] E +]*3]A]3C ~O ueU Z ]Je §Z ASE B WPSIF(VSZ~O0u%0 ]|L
(m) and A is the average cross-sectional area of the samgasumed (). The minimum resistivity
of the light irradiated 40 wt%, 60 wt% and acidified G2aAgNG@-PVA films was 14.2, 1.5 and 21.5
O urespectively and the minimum resistivity of the noradiated 40 wt%, 60 wt% and acidified
60 wit% AgN@PVA(Joue A « iiX3U TXi ,respackvield The minimum resistivity for all
the films was shown at O hours apart from the non-irradiat®@dng% AgN@PVA films where the
minimum resistivity was shown at 168 hours. The minimasistivity of the films categorises them
as semi-conductors. At room temperature, conductorsigixia resistivity of around 190 uU « u]
conductors are materials with a resistivity betweern®1010° O u v ]Jvepo $}E+ Z A E
higher than 18 O @&*Even though it has been confirmed that silver particlesfarmed within
both the light exposed and non-irradiated AgiNPVA films, resistivites near to silver (1.59 X
m) were not seen. This suggests that the conductive rmeisin of the AQNEPVA films was not
contact conduction where the formed silver particles comte contact with each other creating a
conductive pathway throughout the film. Also, if contaonhduction was occurring, a sudden drop
in resistance would have been observed at a particular tithere enough silver particles had been
formed to create a conductive pathway. As previousgjhlighted silver particles were produced
faster in the light irradiated AgNE&PVA films when compared to the non-irradiated films.
Therefore the drop in resistance attributed to contact dontion would have been observed at a
shorter time in the light irradiated films. Combined wittie fact that a large resistance drop
associated with contact conduction was not observed and #sistivites of the AgNEPVA films
were in the semi-conductor region it was concluded tthet conductive mechanism in the 40 wt%,

60 wt% and acidified 60 wit% AgNPVA films was not contact conduction.

At 0 hours the AgNEPVA films did not show any structural evidence of théuction of silver
nitrate to silver by FTRspectroscopic analysis. However, at 0 hours the fiber® shown to have
the electrical resistivity associated with a semi-conductoot an insulator like neat PVA
highlighting that just the addition of silver nitrate has hawl effect on the electrical properties of
PVA. The conductance of PVA has shown to be incrdpséte doping with silver nitrate and
halide salts. Charge transfer complexes are formed betvike silver nitrate and PVA polymér.
These charge transfer complexes assist the delocalisafietectrons and can either add electrons
§} 8Z }v pu 8]}v v ~<Ze }E E ulA A © \BE}w o HAWEIGh causes
PVA to exhibit metallic properties such as increaseddaotance. Materials which use charge
transfer complexes as the conductive mechanism exhibistigity values associated with semi-
conductors as shown by the AgNBVA films. Charge transfer complexes have also besansto
form between silver nanoparticles and P¥At was concluded that the conductive mechanism in
the AgNG-PVA films was through charge transfer complexes. faitmeation of charge transfer
complexes would explain why the initial resistance of@ent% AgNOPVA films was much lower

than the 40 wt% AgN&PVA films. More charge transfer complexes wouldoomed in the film
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containing the larger silver nitrate loading resulting inimerease in conductivity. It was also clear
that the resistance caused by charge transfer complexes dmtvgilver nitrate and PVA could not
be distinguished from the resistance caused by chargasfer complexes between silver particles
and PVA as the resistance values of the irradiated and nadiated films were similar even though
it has been shown that silver particles are formed fastethairradiated films. The larger initial
resistance exhibited by the acidified 60 wt% AgRVA film when compared to the corresponding
non-acidified 60 wt% film was attributed to the effect mifric acid on the dissociation of silver
nitrate. The increased acidity from the addition of nitsicid prevents the dissociation of silver

nitrate?’ which could have an effect on the formation of chargmsfer complexes.

It was concluded that the 40 wt and 60 wt% AgNRYA films could not be used in the light sensor
design as the resistivity of the films was not low enoagl not affected by light irradiation. To
try and achieve low resistivites needed for the light serdesign, the silver nitrate percentage in
the AgNG@-PVA films was increased. By increasing the A§N&D content, a large amount of silver
particles should be formed with very close neighboguirarticles allowing for a conductive pathway

to be achieved.

7.2.3.2 Increased AgN®ading

The silver nitrate filler was increased up to 90 wt%rmduce silver particles close together to form
a conductive pathway to allow contact conduction to occune Filver nitrate solutions were cast
onto test beds rather than being poured into moulds as thé besis closely represent the antenna
design of the light sensor. Also, the high wt% silvignate filler would form highly rigid films
introducing difficulties in the resistance measurement§he test beds consisted of two linear
conductive tracks separated with a small gap. The silet@ solutions were painted into the gap
connecting the two conductive tracks and left to dry omplete darkness at room temperature.
The resistance was measured using a resistance meteMESBL IDM 201) where each probe was

placed at each end of the conductive tracks.

Preliminary experiments were performed using test bewiere the conductive tracks were copper
etched onto FR4 and Aluminium tape on FR4. Each tedtdubthree sets of conductive tracks and
before the test beds were used a resistance measuremex® performed with a conductive wire
placed over the gap connecting the tracks, to ensure a gotive pathway could be achieved. A
40 wt% silver nitrate solution was painted in the gap oftive copper etched test beds. As soon
as the silver nitrate solution connected with the coppeadks, needle-like silver crystals were
formed by means of the displacement reaction between tbpper and silver. The formation of
silver crystals was confirmed through initial resistan@asurementst the average resistance was
u pE § 1 X1 O Xle 9as left to dry in darkness at room temperature andasqa to
light for 48 hours before further resistance measurensemere performed. The resistance

E ulv o0}A v v AEP E *]*83vVv }((BXEDAZ}EE}E&|PZS |ECE
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test beds with the copper conductive tracks were not uigther as the light sensor design relies

on the concept of the film becoming conductive as a ltesilight exposure.

40 wt%, 60 wt% and 90 wt% silver nitrate solutions (sgsited following the same method as
described in section 7.1.2) were used for the préliany experiments of the aluminium tape test
bed. In this case crocodile clips rather than probesawesed in the resistance measurements to
prevent pressure variance. Each solution was paintedarg#p of the aluminium track of two test
beds which were left to dry in darkness at room tengiare. After drying it was observed that the
90 wt % AgN&PVA film had turned white and what looked like clurapsilver crystals had formed
(Figure 7.20).

€Y (b)
(c) (d)
(e) ()

Figure 7.20: Images of 90 wt% AgN®VA aluminium test bed after (a) 0 hrs dark expogoy® hrs light irradiatic
(c) 144 hrs dark exposure (d) 144 hrs light irradmatiomages of 60 wt% AgN®VA aluminium test bed after (e) :
hrs dark exposure and (f) 144 hrs light irradiation

This suggested that the aluminium had displaced the sftwening metallic silver and aluminium
nitrate which is white in appearance. After 144 hourshbthe light irradiated and dark 90 wt%
sample appeared to have formed more silver crystals. oApaint did the resistance of either 90

wt% sample reach the low resistance exhibited when 8iegcopper tracks. However, it was the
sample kept in the dark and not lighttr& 3$Z 8§ E Z §Z o0}A 3 A E P & -«
which was observed at 126 hours. Neither of the 40@Mat% sample exhibited a white film after
drying in darkness. However, after 144 hours the appezgari silver crystals were formed in both

the light treated and dark standard of the 60 wit% sampls.sihown in Figure 7.21 the resistance

is similar for both the light exposed samples and darkgam
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Figure 721: Resistance of 90 wt% AgNPVA test bed over a period of 165.25 light exposure.

As previously discussed it has been shown that PMVdcesdsilver nitrate, however this mechanism
is slow and does not explain why the resistance of th&k damples at times are lower than the
light treated samples. Therefore, it was concluded aahdisplacement reaction had occurred.
The displacement reaction of the silver with aluminium egmed to be less reactive than with

copper, this was attributed to the fact that there was most lijka& small amount of aluminium oxide
coating on the aluminium tape. The test beds with the aluammiconductive tracks were not

further used. It was also decided that crocodile cliygsuld not be used in further resistance

measurements as they caused damage to the conductivegrack

To prevent the issues of the metal used for the cactthe tracks displacing the silver, a metal that
is less reactive than silver was required which left¢baductive tracks to either be silver, gold or
platinum. Silver conductive paint was ultimately chosenréate the conductive tracks. PEL Nano
60 (Printed Electronics) paper was used as the test faduktrate rather than FR4. PEL paper
consists of a base paper layer and an ink receiving layée chemical composition of the ink
receiving layer is not disclosed by the manufacturemvéeer, it has been shown through -
spectroscopic analysis that the layer is most likelyasbiesed?® PEL test beds were made up by
painting two silver conductive tracks about 0.5 cm inthviseparated with a gap of around 0.2 cm.
The silver conductive paint was left to dry for 30 mirsutt room temperature. Before any
experiments occurred a resistance measurement was perdravith a conductive wire placed

over the gap connecting the tracks, to ensure a condegbiathway could be achieved.

A 90 wt% AgNEPVA solution was painted in the gap of the silver cotideidcracks making sure
the solution reached and covered the edges of the tracH$his was done to ensure a good
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conductive pathway would be produced. The test bed s to dry in darkness at room
temperature overnight before being placed under an Ligbt,|at a distance of around 30.5 cm.
The resistance across the gap was measured over a pefid@5025 hours light irradiation time

and was shown in Figure 7.21.

dZ 0}A ¢§ E ]38 v ~1iXiA6 <O+ FPViZesttediasDbserizdd at 0 minutes
light irradiation time. After 2.25 hours light irradiatidime the resistance began to increase.
However, there was no distinct relationship observed kesw the resistance of the test bed and
amount of light exposure it had received after 4.25 holight irradiation time. It was to be
expected that the lowest resistance measured would be thev8 AgN@PVA film. However, a
comparison between the films resistance and the test beala not be performed. The films and
test bed samples differed in size, resulting in a d#fifree in length the resistance was measured
across. Resistance values are subject to the length ofahmple; the resistance increase as the
length between the probes increases. Therefore, & lbesl was made up with a 60 wt% AgNO
PVA solution, left to dry in darkness at room temperatbefore being placed under the LED light
for a total of 416 hours with resistance measurementsf@aned periodically. The resistance of
both the light irradiated 60 and 90 wt% test beds is shawRigure 7.22. It was observed that the
90 wt % test bed did indeed exhibit the lowest resisamcich was to be expected. While the
increase in 90 wt% filler has shown to decrease thsistance values, a relationship between test
bed resistance and light irradiation time was not observAtso, the 90 wi% AgN@ VA silver test

beds still did not display the very low resistance valassociated with metals.

Figure 722: Resistance of both 90 wt% and 60 wt% AgRWA silver test beds. The lack of resistance reabeiggeen
5 t 151 and 289t 391 hours light irradiation time for the 60 wt% testheas due to 0.L values being measured.

7.2.3.3 Thermal treatment
Thermal annealing has previously been used to fornersihanoparticles within a PVA matrix

through thermal reduction of AQNEPVA composite&?®?! Heat treatment before light irradiation
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exposure was investigated to see if thermal annealing cteldised in conjunction with light
irradiation to produce highly conductive films. It wasaght that the heat treatment would begin
the reduction of the silver nitrate and nucleation of thiéver particles, while the light treatment
would cause further reduction, nucleation and growth caontng the process of silver particle
production. Various thermal annealing temperatures and anngdlmes have been used to form
silver nanoparticles and it has been shown that particle sizeeases with annealing time as well
as annealing temperature. Clemensaral. found that increasing the annealing time at 110 °C only
slightly increased silver particle size. Whereas, amirg the annealing temperature to 160 °C for
1 hour produced particles double the sizeAt temperatures around 160 °C, a portion of the
crystalline phase of PVA melts to produce amorphous lemelhere the particles develop. Porel
et al. found low temperatures, 50 °C for 60 minutes prodilieither no particles for low AgNO
concentrations or few particles with varying sizes foréamygNQ concentrations’® Therefore, to
ensure reduction of the silver nitrate and nucleation of ferticles began without the complete
conversion of silver nitrate to silver particles the testibavere heated at 150 °C for 30 minutes. A
90 wt% AgN@PVA solution was painted onto two test beds; one test Wvas left to dry in darkness
at room temperature before being placed into an oven at 156r 30 minutes and the other test
bed was placed immediately into the oven with the film dgyduring the thermal annealing. Both
test beds were removed from the oven and exposed tbtligResistance measurements were

periodically taken over a period of 416 hours lighadiation time.

Figure 7.23 shows the resistance as a function of ligddiation time for both the 90 wt% test bed

dried before and during heat treatment.

Figure 723: Resistance as a function of light exposure time Gov® AgN@PVA silver test beds dried before and dt
heat treatment.

At 0 minutes light irradiation time both samples exhibitedl resistance values i.e the resistance

was so high it was beyond the upper limit of the resiseameter. This was unexpected as it was
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presumed a small portion of silver nanoparticles woukvdn been produced resulting in a lower
resistance. Also, it was interesting to note that the nomthieeated 90 wt% sample in section
OXTXiIXT AEZ] ]S 0}A E +]e8 v WY iXXA/G A0+ $}F udv E + 3} A:
treated samples showed such a large initial resistance. rébistance values of both samples
decreased after 151 hours light irradiation time and the letveesistance of the test bed dried
before heat treatment was observed after 223 hours ligkp@sure, whereas the lowest resistance

of the test bed dried during heat treatment was observegaf41 hours. As shown in Figure 7.23

both samples show very similar resistance values andwelll the same pattern as a function of

light irradiation time. Therefore, it was concluded that difference was made if the annealing

was performed on dried films or aqueous solutions.

As discussed above increasing the silver nitrate fokedihg still did not result in test beds with low
resistance readings associated with metals. For the 90AgBE3-PVA test beds, it could be argued
that the effect of charge transfer complexes on the contlity of the film was negligible due to
the high dopant concentration. Charge transfer complexasse a conductive pathway through
the PVA, therefore if the concentration of the PVA g that conductive pathway is more likely to
be broken. However, it was clear from the resistancaemthat good conductive pathways via the
silver particles had not been achieved. Liab@l. reported conductive fern-like silver-PVA films
through thein situ reduction of silver nitrate in PVA via heatiig.The authors found that to
produce an interconnected silver conductive pathway coaeese of the silver particles was
essential. SEM micrographs were not performed on driligd90 wt% test bed samples, however,
it was clear from the light-irradiated 60 wt% AgNRVA films that silver particles were produced
and appeared to be agglomerated (Figure 7.b6},the particles did not appear to be coalesced.
It is highly likely the same would be observed for #8ewt% test bed samples except for larger
silver particles. It was clear that by just increasinggiheer nitrate filler therefore producing more
or larger silver particles did not cause coalescence wilser a low resistance would have been
measured. Accordingly, it was concluded that to pradachighly conductive silver-polymer film
via light irradiation, coalescence or a form of sintesvauld have to occur simultaneously with the

production of silver particles.

7.3 Conclusions

In conclusion, it was found that silver particles werenfed in the light irradiated AgNEPVA
solutions via the reduction of silver nitrate by both hydyband hydrogen radicals formed through
the photolysis of PVA and water, respectively. The amdiif acid was found to act as a stabilising
agent resulting in discrete, least polydispersed sipeaticles to be formed in the light irradiated
acidified 60 wt% AgN£PVA solution. The particles formed in the 60 wt% @gfRVA solution did
not remain dispersed and settled out of solution as a festihggregation as shown by UV visible

spectroscopy, DLS and visual observation. On the otiied khe particles formed in the 40 wt%
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AgNQ-PVA solution did not settle out of solution but were ragrolydispersed than the particles
formed in the acidified solution. In the case of the 8gRVA films, it was found that silver
particles were formed in both the light irradiated and neradiated samples. In the non-irradiated
samples the reduction of the silver nitrate was caused lgydkidation of the hydroxyl group on
the PVA backbone. This reduction mechanism could nadroo the non-irradiated AgNEPVA
solutions due to their high water content. The water smlles form hydrogen bonds with the PVA

hydroxyl groups resulting in a lowered availabilityled PVA hydroxyl groups for the silver nitrate.

It was found that the 40 wt%, 60 wt% and acidified 60 wt¥@ePVA films could not be used as
the photosensitive material in the RFID light sensor taggtess the resistivity of the films was not
low enough and not affected by light irradiation. THe$ displayed resistivity values associated
with semi-conductors and it was concluded the filmsdwetive mechanism was via charge transfer
complexes. Light exposure had no effect on the filsistevity as charge transfer complexes are
formed with both silver nitrate and silver nanoparticleheEilver nitrate loading was increased to
90 wt% in the attempt to produce silver particles cles@ugh together so a conductive pathway
would be formed which would result in a much lowerich resistance. It was concluded that
neither increasing the silver nitrate filler content noedt treatment before light exposure
produced films with very low resistance values requiigcthe RFID tag design. It was thought that
to achieve films with low resistance values via lightasxpe, coalescence or a form of sintering

would have to occur simultaneously with the formationtbé silver particles.
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Chapter 8: Conclusions and further work

8.0 Conclusions and further work

The aim of this research was to fabricate and investigaterse stimuli-responsive polymers for
the use as a substrate for an UHF-RFID epidermal strain s@gs@n actuator component of an
UHF-RFID solvent vapour sensor tag and a short circwainf® HF-RFID light sensor teé8uitable

stimuli-responsive polymers were found for both theigermal strain sensor tag and solvent

vapour sensor tag which led to prototypes of both tagdé fabricated and tested.

The epidermal strain sensor tag design required a digtecttretchable substrate. PDMS
elastomers were chosen as suitable candidates due to ¢lastic properties. It was concluded the
addition of high dielectric filler BaTi@as an efficient method to improve the dielectric propes
of the PDMS elastomers. To prevent the reduction kilflity associated with the addition of rigid
fillers a high molecular weight PDMS was utilised.prétotype epidermal strain sensor was
fabricated using a high molecular weight PDMS-Bada@hposite with a 28.4 wt % BaTildading
and a silver Lycra® antenna. Antenna attachment via self-mdth€antenna placed during
composite curing) and silicone glue was exploredf-&#iesion was the preferred method and it
was concluded placing the antenna 40 minutes into curgsylted in good adhesion and had no
SEJuvs o (( 8 8} §Z vS vv [ E *]*%E}X}Sd%sendss Godig v P
differentiate between y and x-axis strains and monitor opl0.4% x- axis strain. The tag also
displayed no degradation in its performance over time. b& able to use the strain sensor tag as
an actuator in assisted living applications, further wotk ireducing the size and thickness of the
sensor will be performed. A suitable method of attachithe sensor to the skin requires
investigation along with the performance of the sensortbea skin measuring eyebrow twitching.
The fabrication of BaT&PDMS films could be investigated as a means of regubithickness of

the sensor tag.

The swelling extent of several polysiloxane networksandard PDMS elastomers, PDMS sponges,
TESPN cross-linked PDMS elastomers, 40 wt % HDMS elastomers and
polytrifluoropropylmethylsiloxane (PTFPMS) elastomersn varying solvent vapours were
investigated for the use as an actuator component for the {RFD solvent vapour sensor &g
described in this thesisThe solvent vapour sensor tag works on the principle #sathe feed loop

is pushed further away from the main antenna as a result dfmer swelling the transmitted
power required by the tag increases. The PDMS elastostewed a high degree of swelling in
non-polar and weakly polar solvent vapours such as diatthdr and a low degree of swelling in

polar solvent vapours such as methanol. It was conclutiatl the swelling extent of standard
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PDMS elastomers was related to both the Hansen solubgitgmeters and vapour pressure of the
solvent vapour. The addition of pores, polar crosksliand inorganic fillers had no effect on the
extent of swelling.However, the introduction of pores led to the diffusiofthe solvent vapours
to increase PTFPMS elastomers on the other hand displayed dramatitfilyent swelling extents
compared to standard PDMS due to their larger crossdenisity. A dual component elastomer
PTFPMS elastomer strip with a PDMS ttighowed great promise as a potential actuator. The
transport of solvent vapour into the polysiloxane netwstkas concluded to be mainly anomalous
diffusion and it was found that the diffusion rates of tl@@nt vapours into standard PDMS were
dependent on the size and shape of the solvent vapdtre introduction of barium titanate fillers
and polar cross-linker had no effect on the solvent vapdiffusion behaviour. A solvent vapour
displacement tag with a standard PDMS elastomer was sucdgsifoticated and tested. The
sensor could differentiate between solvent vapours asRidD response was related to the extent
of PDMS swelling, therefore large swelling solvenouap showed the largest RFID response and
the small swelling solvent vapours showed the smalledd RFponse However, it was shown that
the sensor was limited by the distance displaced by the.lodt was also found that the RFID
response times correlated to the diffusion rate of thevaoit vapour into the PDMS elastomers.
Repeat measurements for each solvent vapolul Wwave to be performed to investigate the
reproducibility and accuracy of the solvent vapour tagida. Further work would be to increase
the chemical specificity by changing the distance of theatoturom the displacement component
andinvestigate how the RFID sensor tag would respond to a neixitisolvent vapours. Additional
further work would be to investigate if the analyte conttion could be quantified from the

Sensor response.

Preliminary experiments in ink-jet printing Sylgart®t were performed with the aim to work
towards the use of additive manufacturing in the productichRFID tags with PDMS sensing
components. The addition of xylene to the pre-cure Sylgard® 184 fwasd to be an efficient
methodto simultaneously increase the surface tension and decreasidtosity of the resulting
ink solution to the desired values to ensure printaliliDiscrete droplets were successfully printed
onto glass using a pre-cure Sylgard® 184 (5 wt%)-xy#hevt %) ink. Curing of the printed
Sylgard® 184 droplets had no effect on their shape,g@vew due to the small amount of Sylgard®
184 in the ink formulation only a small amount was lafttbe glass. It was found that printing
several layers could be achieved, however, curingnduthe printing process was required to
prevent droplet spreading and splashing which would lesu satellite droplets. Continuous
Sylgard® 184 films made up of a minimum of 5 layets raaximum of 10 layers were also
successfully printed onto glass using a pre-curga®g® 184 (5 wt%)-xylene (95 wt%) ink.
Increasing the Sylgard® 184 content in the ink whiletasiing the desired surface tension needs

to be further investigated along with further optimisatiom rinter settings.
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40 wt%, 60 wt% and acidified 60 wt% silver nitrate-P\fApasite films were investigated as light
sensitive materials that would act as a short circuit fpe&come highly conductive) as a result of
light exposure for the light sensor taigsign described in this thesiSilver particle formation was
investigated in both irradiated and non-irradiated AgNRYA solutions and filmdn the case of
the AQNG-PVA solutions silver particles were only formed in soéutions that were exposed to
light. It was concluded that the silver particles wereried by both hydroxyl and hydrogen radicals
formed through the photolysis of PVA and water, respegy. It was also found that discrete, low
polydispersed particles were formed in the acidifie@l8t% AgN@PVA solution as the acid was
acting as a stabilising agent. In the case of the AGN@\ films silver particles were formed in both
the light irradiated and non-irradiated films. It was comtgld that the reduction of the silver nitrate
in the non-irradiated films was caused by the oxidatiothefhydroxyl group on the PVA backbone
and this reaction does not occur in solution due to thghhwater content. From visual inspection
and the SEM images it was clear that silver particles wereddmmore quickly in the light irradiated
films compared to the non-irradiated films. It was shothat silver particles were formed in the
films, the resulting resistivity values of the films wehat of semi-conductors. It was concluded
that the films conductive mechanism was via charge transfanplexes rather than contact
conduction between the formed silver particles. Ligkposure had no effect on the film resistivity
as charge transfer complexes form with both silver nitrane silver particles. Increasing the silver
nitrate content nor treating the films with heat before liglexposure also did not result in
resistivites associated with conductors. Due to the fact thatrésistivity of the films was not very
low and not effected by light the 40 wt%, 60 wt% and dieidi60 wt% silver nitrate-PVA composite
films were found unsuitable to be used as the photostves material in the light sensor tag. New
candidate materials such as poly N-vinyl carbazole trinitows€none mixtures which are organic

photoconductors should be further investigated.
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Appendix

A.1 NMR spectrum of silanol-terminated polydimetlopane (PDMS) (cSt 1000)
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A.2NMR spectrum of silanol-terminated polydimethyisitte (PDMS) (cSt 18000)
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A.3NMR spectrum of silanol-terminated polytrifluoropybmethylsiloxane (PTFPMS) (cSt 1880)
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A.4NMR spectrum of xylene
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