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Electrical conductiv K*-val in electrode

‘ :
Plasticized polyviwlxloﬂde films Polymeric stors
Conduction activation energies and volumes
ass transition temperature (Tg)

. ADSNEAC - (BTN W pesvasry
Electrical conductivity of plasticized polyvinylchloride films coanium
valinomycin and potassium salts have been measured at various temperatures
ssures in order to obtain the conduction activation energies and volumes.

e electrical fes change significantly at the glass transition
tewperature (Tg) of m polymer. For the first time, a :nnﬂd correlation

of the Tg and electrochemical behavior of the Kjsvalinosycin electrode
has been"obtained. ﬁm‘m ON SECOND SWEET)
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The present inveSE134LTON"3¢  EAT Ritire- EndoRIchENISN o7-ePoctrieatoohsrs’:
ductivity of polymeric films incorporsting various organic solvent-compatidle
salts and eupum wvas inspired initially by our research in the ares of
fon selective electrodes. Ion selective electrodes (ISE), one of the most
gsu:iting recent developments. in elictnehuhtry. permit rapid, reliable,
selective, and sensitive potentiometric sensing of a wide number of inorgenic
(1, 2) and organic (2) cations and anfons as well as of fonogenic species
(e.9.5 of CSy; CSp # RoNH: + RoNCS3,H*) (3). In the course of our ISE work
we discovered that a wetallic conductor (Cu, Pt, Ag, etc.), when coated with
2 \Q:» polymer film tove, polyuethylnthlcryhtc. epoxy) in which a suitable
organic-soluble salt was dissolved, would serve as an fon selective clnctnu
in a manner equivalent, or in many cases, (4, 5) superior to the conventional
“barre)® type of *iquid membrane” fon selective electrode. Our fon selective
electrodes, termad “coated wire" electrodes, have the further structural ad-
vantages of simplicity and concomitant very low cost, of ruggedness so that
they can be used ﬂujrim field applications (including in situ oceanographic
measurements as will be described later), and of miniaturization to a potnt
where they could serve in intracellular measurements. Having no internal
reference solution, the coated wire electrodes can be piaccd in any attitude
(the barrel type must be mounted vertically or nearly so).

The mechanism of electrode behavior of the coated wire electrode, or
even the fact that they function well, is something of a mystery in terms of
orthodox electrochemical principles. In fact; one of the active and prominent
workers in the ISE field, Prof. G. Rechnitz of SUNY Buffalo, referred to
coated wire electrodes as "those improbsble devices® in his plenary lecture
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st the International Conference on ISE at Cardiff, Males in 1972. Although no
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InterfaddobatablAb LR MEtA111E" condictbridhd" the tnder §106°5F° the' poiymdp® **°
fiim, sobd 8tHer' Rind 5P providing'a v Etivaly’ cohstine’ potentidl de that" ™'
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A further extension of the ésedrch tiivolved ‘exssitratton ‘of ‘Coatédl wirg™ "
electrodes  invoTviiig the ‘96:¢d FHed eutvd) cariiers™.” 'These #ré'or ‘ntérest
from a number of points of view - (a) the fons involved, ‘such ds 'k*, hdve Grest
relevince % probTens of odesnographic anatysts (6} (b) ‘the ‘syStens ¥AE 2"
QuILESflnt 14776 'thosié 1AVO1Ved ‘In ‘Crdnsbort GF ‘fons’ 11 Bhoche|caY e’ *
(c) the concentrations of the very expenstve %t! used ﬂf\u Mﬁf: 2
films are so low L Mmmwwmwwm% ‘fncorporation

udeneared ipid yIisvevny Fhdldxa 20siveiam

of suitable plasgicfzh% Li!o thq "r‘f'; ubn‘s" %% }m we m%to address
ourselves to fuwwmmu.mammauwuum.
For example, failures Wms‘ﬂdm have ‘been observed When the

wide Bathulde z “aftn ol "‘“fﬂﬁ tpem stnol bne

temperature of ms}mnnt i3 lovered. “ng# t{“ s .‘c&ﬁ;j?b d ﬂﬁ‘f so-called

glass transition tmnmw mmum . Exemination was also planned
of the diclectricdﬂtm wam-& MQWV& » anction of

it i 4
temperature to explore this and alternate explanations. The o%hct of plas-
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on AguoddtA SNRT Al cofel YHved 8 I01 ne songrotned Tenoidspeednl 843 35
ond ImOregicEable: . Aysystemarlc, stdy would.bg. undertaken 2o reaglNe., (sovsiit
such cqnflicing, evidence and to. develgp. 3. rational, set,of guidalines outsr1osn:
Haing, | fhe effects. thet. 530.be. expected and hoy, o ﬂ!ﬂ!&l&-mﬁm Moy ity
developing properly fupctioning glegtrodes.. We planned 0, I0Lerface QuEs.tvs:ni

polymer Film condyct{vity expgeiment, to 3 ninicompyuter in.a magosr, that wemld

not only. mprove the quality of the data,raquirgd. in the determination 8t op-ci
"steady-stage’ conductivity and,15s tgmperatuve.contrictent, tut-would alse;;,::
permit 3 more quantitative and usefyl examinatign gf transient phenomend;. . :.s
occyrring i the first second or twa, ,Stydyaf such transfents will,aresent. ..o
an opportunity to obtain further discriminating evidence in megﬂf&%bm
°“'%§P%%%%WGPM%‘N§“amm'm&t ot o i 5 ed¥vey A
:Q’& A1 laning technical repacts have _mmsw.;mwmmmq;@ fs
sareh anising frop this GnaRL: . o Liv (a) - welv 1o arnlog to vedus 5 movh
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Salt, Pispersions, in Polyperic Films". . This mas, also publi Mf‘ﬁ:lh!\a‘rm up
4, 1?1’*4".*&’%:3”?‘% of this reports .. oy ais ‘e cacidsvinosnos afy (o)

not saraqrorolutions of quatarnary ammontum salts in polwmeric.: oo .oq eits
materials exhibit unusually Mgh temperature co-
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- 2007750 arg describad which tiviicate that conduction might © o0 csvizevgoe
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and fonic mechanisms, The materials studitd shou g
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Conductance studies at varfous tmniuros and
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_ ob:PVC -and epoXy CONtAINING QUARSIMARY SMDNAUR 155 (<1 1o 27 0ge -

~chlorides and selected plasticizers. In addition,
dielectric constants wmeasurements have been made
on these materfals. The work is discussed in terms
of its bearing on the mechanism of electric con-
ductdon 4n FHTTed polymeric Tims. o 0" 7o rofvidod Toaiuianld

Technical Report #3, 6 April 1975, *Electrical Chivge Conductson Mechs'
anism in Polymer Membrane Ion Selective Electrodes. ThisWii’dlse pqlh!shed
in AnaP."Chem.; 4%, 22849 (1975) “Abstrdce of this Peporesc-i730° 2

8215384 .*‘9““’ éf.mimmm sz_m’ .maw“,ga anto3sdonoen
1gdmun 6 ﬂ'm M¥ m&fnﬂ‘mwﬁﬂ $albnoaniy vicds 3o
‘ i i l uscd in ISEs was
oAl .2otidgetron. ° mum eémim &im-aoaﬁ ¢ biwo} zew
(- and:A Hinear -10g iazge vS. JWe strongly ‘Indicates: . .. o 1o cires
Q“"} qu nqmnim Of cham ‘“"z“‘"""r"«!«‘fm ’m Wt el lowden
sssbranes. Tha Mgh ‘conductance activation energies
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“Yechnical %rt in.'"lo Decelbgif 1976, Vetectrical ¢
Exchange Resfns”. ;ﬂnf“s" was ‘aYs0 published ‘{n AnaT. Chem. _f" 1# 81770 P
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Br-, I~ and NO3~ forms have been determined at -~ Ji7uiis sz

van | Pressures; ranging up to. mm«mmm
volumes for col tion proccss c‘lm’ly
BN g8 5 { Iy o 2 SRS AYE
o 4 S LAl o el Y™ 4 s
data sheds 11ght on the conduction m by fonet helsT el
fon selective electrodes employing polymeric mem-
branes. R
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In addftion g the falioying, vork oot Araviously. described An gechnical
reports or publicationy uvising fvals Shis Jrawt will be described;

Jol2tbbs nl .evastoiresly besaslse bar esbivsida
sbom nesd svsad 2inmisnuzesn 2inslizrod oivdoalsls
zimiad nt bseaudsid 2¢ dvow odT .. {sivsisn arsdd po
~1102 21130979 YO mainsfoem ody o gaivesd 237 10

1. Electrical Bchavior of Potassiue Valinomycin/Potymer Filas.,
o Aaodffect 08 RIASRAGHRRN i1 iarit BVE1 Tivah 3 L0h §0aed (821 ndoaT
‘hweﬂlwq Sackouonund ;v abovioal? avitaelal ol sustdmed 1om¢foR ni meing
Electrical ;prapertics of polymeric mixtures iacorporating the, .
macrotetrolide antibiotic valinomvcin-are-of current great interest because
of their widespread Fsé fFpotassian ton Selective electvodes.  In » number

321t 2angadmen 3tvgay o orialsings
of studies reported in iﬁe ﬁ'tcr perfo of tﬂue electrodes
-NGY PSR Yo e ‘% yum 93 335bTowla 0F mebInsbiy

was found to be critically dependent mw!!‘i%m.m#'"'
ratio of plasticizev -to pélymér-has to be -Garefully setéctéd and strictly

B NG

controlled. Fu her. 'ihe ast!é e 3&3 Msff:fer a 3&’?’&“‘!’0. it acted

E3lpYan: v r:rvrns saneloubnnd dprd adt [ zansag

both as a "mediatqr’.ox solvent for the valinomycin as wk#awlw :
softening agent, presumably permitting gredteriditfusion Aa the polymer.

pntyadiaun oi easdzim 1 0oF sub gnfzvi ~ % rvouaf Taustodas?
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than 10°C. Speculation has been offered that electrical conductivity may pro- |

ceed through a protrq\ni | mhqmu (]l. t Htﬂbo cvi{dqce qi)st‘.}td,tn support
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I ‘this ‘study of WWQMIWW (K"-VaY) polymer
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systems, the effect qf plntic(’ zer on ¢ oct‘r ‘l %f vity over a wide
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Bibiw atebanco (ea Yo mdie & ;Mo DY SwtEvegied, 1ave! any vl

' 106!9 °f w Ry MM‘W z%’?a ’M %3"%'%: raad |
10 ommmm.amem;m UEHOUS 1% 47, Aqueaus. solution

containing 0.14 KC1. To assure quantitative loading with K* fon, a third, . .
“shaking using M KC1 for etght hours vns performed: - The organic phase-was

thoroughly washed witl‘m?" § ther Vo b &J%M“ Lotgst

W ey -4 ?o wrtﬁabw LsabdasTd no

P ion of K*-VA1/Polymer
mmm With the fol!ou‘lng cmitim |
Polymer °7° So1 > (3°107 | A00 £4¥
PolyvinyTeMoride ° “Jo-70% di(ethylhexyl) adipate (M) ‘
s : %-m dioctylphthlate (DOP) |
g1 §4 i
Polystyrene iy 50-70! DOA s §5 :
50-70% DOP
Polyhefhylmmcrylate 50% DOA ;
i

8. &em 0.1

A1l samples contained 1 mg valinomycin/ml of 5% polymer solution. :
VOIS J3Qxs alditw 0. 85 2aw 2algmes [fs 402 &S

Triplicate samples were prepared for each composition. In addltion. {uqﬂns &
Qe,-u ‘eaptel Yo nolpay
conuinﬁtﬂ"ﬁ ﬂaimw e :

7 1o prbvows! sdT

-2y A02 Yo, ¥ mmav'&mn«wmm applied Voltages bew: - o
tween lofm{mw.mwemm Fage 0P N22°-80° (excépt ' o'
when necéSsary, 0<75%way igedy o 1 consialtin sprsd thomarins o7

oT avm«n«‘a%mumimm«w\mmm duta acquisttion” '
and M’mmmmam wt 40% batvoyn vhsew o anlinte sdiup ot

g A A T Oy S S P Wpm P D 3

olangs MEsdPe ussTon !auemu cloms13xg o} 2t nutigesss trstvogwb
it i ”wa&m the atad DT '%e Tog R shew at Nwsui sa0iv
.{ distinct 1inear regfons with the data from some samples having o third 1inear

:3 region.
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For the lower temperature regions, s slope
for the higher temperature region the slope 1s greatly fncrease
behavior has been reported in the 1terature (8fnd: the fiéfa
bon i 554 e i ARG A, 15,

Table YRS 8 .not MY dyiw eMibsal svitsditnsun svurus of ,L';:xf}}{

3 pabad s3a0n
TSR 3108010 9T ~haumyoMag 2aw 3vverl gt (04 e g e
Table 1. ‘"ﬁ&ﬂ%ﬁmﬁxﬂm&&%‘%w%: v tatfesw Tdouovorns

. e ;"*'u‘zxm* GERERIEEA |

eI Liecnmoy piwol faY gase A% b b:mq%a
MEX DOA Vlme 300, 1 ; Tolt) <12 1gd

e e,

QL{}Q} sdsalhs f?’x;:ogif{y’m:g)f‘}a (’J{}""»ﬁs 0 ahi«an 2(5',}; intvwioq Lo

” ~ & » % " ™Y :
30 (908) a5 Bdatyiaein o5 1.5
50 42 o e 1.3
AGQ TOT-g 7 Ak FLATREL
70 63 W A0V-0h . §§eeie
WG F0T-0¢
AQG 2pa s¥slevasdiont yistamefod
Nomss.omgPve
mafiuioe vomyion 20 s [s\ntounant lev o [ Bonisdinon esigie> 114
%€ for a1l samples was ca .0 within expt. error
2ofomes (0. 5! ohs nil -actiteogms dosy g% LEYBER TG Bfew dotamsz siestiainT 3
3region of largest slope :
1 e IAPITIDHETY on pATRTEges 4
The lowering of Tg by incre higher, entrations of DOA i

's conststent with nomal palumer.behavion (9)... A plot of, waluse £ of DOA vs. |

19 18 la:1) also Hnear e s ottmnabserved for mlartictaed polmerto: ... i
The extremely large difference in activation energy, L7 -

the regions ‘nplow sand ahove T .As wmeual ©3/T0a ¥alue. for. the region above Tg

s quite simflar to results reported for the quaternary smmatum salts, . M. ;..

important exception is the extremely unusual m g*&& (ﬂl&.

hose ER:of:I ow fammangsthe Mghest measereds yet 48 s 4, contictivity at
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b b . atavont (sv-sbtvalddlyaty
at temperatures below the Tg definitely suggests a completely different mode

of conductivity. The Ea value is consistent with those generaily observed for

.9, 07 -

awptd

Rl o

electronic inorganic semiconductor systems (11ke CdS). i
Studies co-naring other plasticizers with DOA reveal that it is
the most effective in reducing Tg (Table I). ;(b 0s
' Table !l Wi
Comparison of Tg for PVC/K*-Val //
Containing 70 wt Plastict 7 1 og
Plasticizer ,«»/._.L ’t
Dioctyladipate A0 250 $ e (0
Dibutylsebacate A
Ofbutyladipate o 1”7 x
Diphenylphthalate i 28° |
Dioctylphthalate 7 33°
A - 08
B. Pressure-Conductivity Studfes ;
Our previous work (10) on the study of the pressure dependence/of
the conductivity of the impregnated polymer films was extended to the p aftd;-
clzed valtnomycin filns. . Infetaddy r “ g
, due to the relatively high sample reststance, o.g., 4000, Super-thtn ;
; | f ; -7‘6701 cm) films were recast but electrical shorting of the electrodes was :
o a common problem; however, sample resistances were lowered to 108-10'0, The ‘
pressure dependence of the resistance was nmvm in the apparatus previously
described,
The following variations tn film composition were used: 1.0 mg of
potassium valinomycin or valinomycin ftself (referred to as loaded or unloaded, j
E
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regard to the oV’ found. ,nmuimiwﬂts& ot 186
1. The valinomycin pmue? &ra ﬂw}m which coincidentally

have a aV¥ of ca. 40-50, ;Surgrﬁ cgrgechn?en "W‘x"‘““:w yh 2 av?

{ ,
are m% rit{es, con : changes 1n the VAL structure,
associated inorganié. fons. 44 0 23 babe )

2. A sm&aﬁt wore nﬁely mmgsn 1s that nl!mi

~source of charge cagrgers chb\gn dcumhnt upon mmm poimm for
their mobility. Spectfically, this could fAvolve the m-%iiuctm of%

JAY ol

atom (protons?) curi‘eﬁff-carrierf from valinomycin which gqve along % g&lm
chain by a hopggng‘gr,dissociatiqn mechanism. Such a segnntﬂ wotion, facil-
ftated transpomt of ipddtons has-been suggested as the current-caffying-Hechanisa

fn polyamides.

(0301} @St @ .02 yoxfod .U .18 .38 ,oliec?

1I. Electrochemical Behavior of Potegy_n,!gimd!&l&n Films. o

Effect of Plasticizer

rolds: dd & ¥ iig 25l
The earliest valinmygfn ‘&fed-xw ‘10:?9 s"eloctive e «:tmbs ( SE
: Ak -n abpal diod U
rane Yypés And ‘enp' W%Mﬁ ras a solvent (11,

za wgdingn A

s i

were of the 1fquid

o bk \s 5. t5) i

12, 13). A disadvdiitage of this system is ft'in Wmﬁethwjhn 3 uit’iag ]

o wen e arstonn i P

point at 26°C Thd Yt Wk Beth Hotsd AT foen" membrahes 3 vt relpo e 45 %
~Y 0

potassium (13, 14). Similarly, 1t was noted by Fiedler und ‘%ch (14) that ;

for & " polymel metibranie’ eVectisle to tunction the giass }aﬁsﬁt‘i&“‘&ﬁ%ﬁ‘”’ ‘i
(Tg) wwwﬁq‘gwﬁaﬁnﬁﬂiﬁﬂsmﬁwﬁwrsﬁ*omr bsl doidw 2oiqme2 2043 |
nes ?{%f’idwmk“m% l‘ﬂ%rﬁ"y %&;ﬂ ";z:;wnwg:;ﬁaw ﬁam. 4
HcAHbH AR EhE R Phe ol BYC ARG Yn hesbrines” dhostyiadspate fods) B0 "
a good pikseiE2eF: el iREBRBrERIAG"4" LuFHIERRE dmdunt .&’Wi“ St b bontnatsh
valinomycin hembRand (generiiiy dg wvd 13 'G ng uﬁr&ﬁ that &ugg& ;2* ke




room temperature: and weil mmcm be: made, Additfon. of too much plesticizer, -

] however, yields membranes that will not dry completely at room u-mm which.
is, of course, undesirable.

. Wich effort has been devoted in this Taboratory toverds mnmtm
of the mechanism of electrical m&ntivm of the polymeric films 1mmutu
in ISE's. These studies (10, 15) and MMM results of differential .
scanning calorimeter studies on Wc-nliuuk!a membranes have allowed us to
predict the Tg of a PVC-valinomycin membrane as a function of the percent o
Plasticizer (DOP) present. Thus, mesbranes can be prepared with just sbout
any (reasonable) T, |

It was decided, then, to test quncmtmly the relationship betweén
electrode response and Tg. Since the Tg, to 2 ﬂrst approximation, is analo-
gous to the freezing point of the membrane, it has hpcn proposed that the fall-
ure of membrane electrodes operating at tanperatures bo‘low their ‘I’, is cuud
by restricted ion mobility. That is, tho *freezing” bf the electrodt duﬁlgr
the fon transport through the membrane thus rosult‘lm in & mfmctioning
electrode.

As a first test of. this Wh. the mmc electrodes, q"
varying plasticizer content, at 23°C was deterwined.. The results of this study
are shown in Figure 2. It 1s seen from this figure that electrode response
(as measured by the slope obtained) decreases sharply with decreasing plasti-
cizer content, starting at that composition at which the T' 1s approximately
the same as room temperature. The unsatisfactory response of the electrode
with smaller plasticizer content, therefore, con be said to result from the
fact that the T’ of these films has been raises above room tesperature.

Next an investigation of the response of these electrodes (20, 25, 30
and 403 DOP) at 50°C was undertaken. If the poor response at lower plasticizer
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of properties. Inwdditions these thermal sensitiyy resistors coyld be

contets: 13, 1hdebd; e to! the-1gher Ty bfuthezpoiymer #iny: thon.sakieg) i .: o
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possessed by quaternery asmonium Mdimr% i polm% yxmu
suggests that tl;; ;li be W‘ as sensitive temperature probes. Such
saterials would have great advantages ‘a‘t.?"" of esse and ulhtp_,’llty of fab-
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