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li ctrical conductivity of plasticized polyvlnylchlorids fIlms containi ng
val1no~ ’cin and potassium salts have been sasured at virious ts~ eroture$ and
pressures In order to obtain the conduction activation energies and volumes.
These electrical properties change sigeificastly at the glass transition
t~~srsture (Ta) of the polymer. For the f irst tIme, a deta iled correlation
of the Tg and the electraduumical behavior 01 the ~~ vs1ine~ cbi electrode
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The present inv.ftt ~~~~~~~~~~~~~~~~~~~ df~et tP U1~~Oá6~~
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-
~~ ductivity of polymeric films incorporating various organic solvent 1 tlble

salts and complexes was inspired initially by our research in the ale. of

Ion selective electrodes. Ion selective electrodes (ISE ) one of the most

exciting recent developments. in electroch lstry. permit rapid, reliable .

selective. and sens itive potantlemetric sensing of a wIde number of Inorganic

(1, 2) and organic (2) catio ns and anions as well as of lonogenic species 
—

(e.g., of CS2; CS2 + R~$H! . R2NCS~,H4 ) (3). In the course of our ISE work
- 

- 
- we discovered that a metallic conduc tor (Cu, Pt, Ag. etc. ), when coated with

‘ iiki~n polymer ff1 (PVC, polymethylmethacrylate, epoxy) in wh ich i suitabl e
:-~:: orj~.i

Ac,ss1uble salt ws.s dissol ved, would serve as an ion selecti ve elect rode

in a manner equivalent , or In many cases, (4. 5) superIor to the conventional

‘barrel type of *l iquid membrane’ ton selective electrode. Our Ion selective

electrodes , termed ‘costed wi re’ electr odes , have the further structu ral ad-

vestIges of slepli ty- and concomitant very low cost , of ruggedness so that
they can be used $i~nrIous field appl ications (Including in Sits oceanographic

sw iwts as will be described later ) , end of miniaturization to a point

whir. they could serve in intracellu lar measurements . Having no internal

reference solution, the coated wi re electrodes can be placed in ày attitu de

(the barrel type must be mounted vert ically or nearly so).

The mechanism of electrode behavior of the coated wire electrode, or

even th. fact that they function well , Is something of a u~ystery In terms of
‘I

orthodox electrochemical pr inciples . In fact one of th. active end prominen t
-
~~~~~ workers in the ISE fi eld, Prof. 8. *eclmitz of SUNY Buffalo , refined to

coated wire electrodes as those Improbable devices’ In his plenary lecture

• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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at the Int rnational Conferen ce on ISE at Cardi ff , Wales ii 1972. Although no
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temperatá!~
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undIV4y4sg’~’reJ46nt~ 
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A further extension of ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
-~~ - 

~~~~~~~~~~~~~~~ ~~~~~~~~~~ ~d?!1~is~.- ~~~~ i’~1~ 
‘i~tM!st

from a number of points of view - (a) the ions ~~~~~~~~~~~~~~~~~~~~~~
relev~~E~~~pY~bTiI~ of ~~ i~~~a M ~~ uly~4s f~~~ (‘b) ~~d

qu$t~~~ $~~~~~t*~s. ~trivM~~d iii *i1~~ort ó?f u1~4~ b ) i ~~!c~t ~~~
Cc) the concentration s of the very expds~Pt Wi~ö~nts u’s~d ~t!~th. ~�I~

t

films are so lo~ ~ *t p?~~ r ~~~~1oni tt~.I1~ ~~~~ ~ncorporat1on
~ ~~~ ‘j Ei.’ ~Hb; ‘~~~ 1~~~5 1~~.IE~rtof suitable pla $ciz.rs ln th* fil~.~b In t~e~e~ 4 ~~~~~ n~Ø~~to address

ourselves to fun ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
H For example, ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~- 

- - ~~~~~~~~~ ~~~~~~ 
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~ ~iJ t  ~ 
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* ,• - - iL~~ ’1 ~t~ O-~ ~~~~~!-temperature of ms.s)ue.ent l.s l e 4.~~~~ i d~e4 J~~~~ so-called
glass transition temp~rat~ e,gW~~sp o )~~ r? ~ijc*1.~tfan was les planned
of the dielectric - eb~~~~~~~ %~~~~~~%kIVh ~ 1~Mt1on of
temperature to explore this and alternate explanation s. The e~f ect of plas
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t icizers on var~ovs poiymeric film electrodes has been reported to be vart ibl e
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epo* conta4ning ~ia~ n~i,y ~~~V~4 ~~~~~~~~~~~~~~~~~~ ?O 2~
chlorides and selected plasticizers . In addition,
diel ectric constants measurements have been made

- 

— on these materials. The work Is discussed In terms
of its bearing on the mechanism of electric con-

- duc*1O~I in ~A~1~d ~tc ffiu s.~~ ~ .1 ~~~~~~~~~~ 
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Technical Report #3, 6 Apr11 1975, ‘Electr icat CI~ii~.~~ ióiIc 
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ion selectiv e electrodes employing polymeric mem-
branes .
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of their widesp~ àd ~~~W~~t**~ iion slwedve ~teét~ dI%.~ -1~ a swMer
~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - ~ -~t - •~~ ••of studies reported ~n ~he literature , ~~ peSorirnice of these e9Tectrodes

Tt03 ~~~~~ I P f 4 
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- wes. found to bój~ tigally ~depen4 e~~ ~~~~~~~~~ ne ç~~ e~%tion. The

ratio of p1asti ciUi~tô $l~~i,U~has teb •derefetly iePictèd anó ~trictly

~~j~trolled. Furt ~~~~~~~~~~ ~~~ ~e.~O~sj rat~d a duaY roTe: it acted
a~3t~ ’1g*~ ~~~~~~ f~ ~~~~ ~~~~~~~~~~~~~~~~~~~ - ~~~~~

both u a “eedi~~ ~ e$~f~ ~~~~~~~~~~ as well U4jplymer

softening agent, presumably permitting gr’iE**r~~~~ stOflitW -~~1ymer.
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is not mni .le~trodes faIl bto,~
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tlon ~t ~~~~~~~~~~~~~~~ ~~ •,

then b .C . Speculation has been offered that electrical conductivity 107 ro--
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~~~ teed through a pr 1c~1mecMnism(7)
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, itt le evidence e~1sts to support
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- these assu mptions. .,
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10 .1 a cb~ s~f~q~ S 
~t% ~t ~i Qyeoi~. solution

containing 0.IM KCI. To assure quan titative loading with K” ion, a third 7 ~~~~~~~~~

shakin g using 1$ ICC1 fo r eight hours was performeth-— The organic phase-ims
thoroughly washed wIU tiie~n _ _ _  

-

~‘o 1 -Fb~
(
~ ~~~~~~~~~~~~~~~~~~~~~~~~ s~~f!~ .r!.ti~iói K .VAl /Po1 mer~~~~~ij 

—.
-prepared with the following compositions:

_ _ _ _ _ _  

~~~~~~~
Polyvinyfdlflorjd. —70% di(ethylhèxyl ) adipats (O0A)~

*-70% dloctylphth late COOP)
- -  

:. -

Polystyr*n~ - 5O~7O% OOA g- ,

50 70% DOP

Polymethylipethacr ylate 50% DOA

; s~~ ~~\ç~’- t )_ 1~All samples contained 1 my va1 1nos~c1-n/*l of 5% polymer solution. 
-_t 1-~$ ~~~~~~~~ ~~I~~NW tP - ~~~~

‘ ~ ? ‘ P  - -~~- - ~~~TrIpli cate samples were prepared for each composition. In addition , samples
_________________ 

9qu~~ ~~~~~~~~~~~~~~~~~ Th ~~~~~~~~~conta ifliflh no PTactWlj .r w~~~-pr~pi~~ :-~~ —- --
~~~~~~~

-- - - — --- — -  —

F ~~~
‘ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ J P ’i ~wd
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- ~~ ~~~~~~~~~~~~~~~~ rb,~ j fl~ ~~~~~~~~ t~;1i ~ ‘ jq~~ v ~~~~~~~
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distinct linear regions with the data fro. some s~~ 1es hiving a third linear
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For the lower temperature re~1ons, a slope of Ca. 0 exists while

for the higher temperature region the slope is greatly fn4Aasedx~ -SuCh
beliaviop has been reported in the ii tersture (~f~iid- 

~~~~~~~~~~ point has
bee~~k,~~ ~~~~ ti~à âT~~ ~ ~~~~~~~~~~~~~~~~~ ?~. ~~“~~~~~~~~~~~~~ ‘ i -
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VtX DOA Tg( C) c T92 >Tg3
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~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ : u ~~~~~
5 0 

• 2 3
~~~~~~r q

30 1.5
50 42 3 N 1.3
70 63 •
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- L ~~~~~~~~~~~~~~~~11.O mg/5.o mg pyc -
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The lowering of Ty 
~~ 4Iac~rmy~Jp~~ l~ I g h  ci tra*~jons of O~- :  is cons1~stm,t wi ;$h -~~ri~~ ~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ S of BOA vs.

Tg is ~ i1~~) ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
The extremely large diffe rence in aq*i io. aner~ , 1~~~or~ r~~

-t~~the re1~~ ~~~~ ~~~~ $ho~~ T~ ~-t~ u~ j i~aJ 
~ (1b ~~~~ for~~~ p~egion above Ty

is quite similar to results reported for the quaternary i 1qm~~J~~ - -
~~~~~ ~- -~~~~

Important exception is the extremely unusual ~~~~~~~~~~~ ~~~ s~~ le,
whose £ of4~4 g~ ~~t4%t~~ ~~C icttyity at
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y

~~ 10fl NeVgy~- 

~~~~~~~~~~~~~~~~~~~~~ ~HOat temperatures below the Ty definitely sUggests a completely di fferent mode
of Conductivity. The La va lue Is consistent wI th those generally obse!ved for
electronic inorganic semiconductor systems (like CdS). 

--1~~~i
Studiss cor~a ring other plast Iciz~ s wIth BOA reveal that ~it Is

the most effective In reducing Tg (Table I).

= 

- 

.I~ itLL ,
/

_ 

IComparison of Tg for PVC/IC’-Val
Co~ta1n1ng 70 wt% Plastici zer 

-

_ _  

/Plasticizer / T0
Dioctyladipate /6 —25’ 

* ~~

Dlbutylsebacate 15°
Olbutyladlpate 17’

• 
•

-Diphenylphthalate /
Dloctyjphthalate / 330

/
B. Pressure-conductjyie~ Studies -

Our previous work (10) on the study of the pressure depeidenc of
the conductivity of the impregnated polymer films was extended to the p~asti-
ci zed va) 1nau~cin films. t..~Iidt4.~-4,

(
~3 th) oe~ -

due to the relativ ily high seep!. resis tance , e.g. , lOlO Q. Super-thIL
(0.001 cii ) fi lms ware recast but electr ical shorting of the electrodes was
a coomon probl em; however, sample resistances were lowered to lO8_iOl0~. The
pressure dependence of the resist ance was measured in the apparatus previously
described .

The foll owing var iations in f ile composi t ion were used : 1.0 my of
potassiu m va1Ina~cin or val inos~cln itse l f (referred to as loaded or unloaded,

-
~1
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re~~~ti~~~~~ ~~~~ P~~ w~$~ 2~~$ 4~oc pat. 400A1~~ Th~~~f4las ~~~cast from tetrahydrofuran. 
~~rwo~ ~VA ~$S O~

~~~~~~~~~~~~~ ~~~~~~~~ fl~~~~Oci~ T -~-y 94~1 ç 
—

4~’5  ~~ ~Vfl ~I j 1 ~~~ - - “t9rfl.~~ ~r~ok) ~ q, 
~~~~~~~~ 

.(~ -O~ -~~~~~~ ~$o ~#4 6 9Y6*1
~amp1e i Tg E nctid £ V’ LO~ R2~•11at., - J ~~’ ~r ’IV ~~~ n~ ~~~~~~~ 1i~in T3U ~~ ,aa13~~

-- ’ ~~’~~ ~ - -  .~ tJo~c~m~i-’ - ~1~e

Loaded 40 0 39 .~~~ -l.B )P~’LM~ b9i1~tJQ~2$
Unloaded 40 .0 4p

B ~~~~~~ fl~~~~X-~~ :,V 1I~’~.’ ~t ~~~~~~~~~~ ~I>~~1 g (cm ~!~ -~ c~n 4Loaasc, 30 - +64 9.3
“~D~ ~-Wi0ad d ~~~~~ ~3O -~~~~? ~iCq~ 9~~~~~•~- -3~~ 47113~1tW a I i~ 6 ~~~~~ ~~
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- j  (

~~ - ~~~~~~~~~~ It 3~ 1 o  a ~i flfad3

~
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*Saj to , et. al ., J. Polymer S d ,  j , 1297 (1968)
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(2) 4y # Se s to  be de dent o3ily pn PV OO~ cp~ os1t~~~ A ‘tl- ~~~~~ 

-, 
- 
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(3) ~sa~~ies contain ing yaiIno~ycirL gave gr~a~er u !v 4i~~ ,st,~~. ~ ,~~~~~ -

- 
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regard to the aW found. ~~

1. The val 1noi~cin prov1de~ ~~rge1 ~ rrj~r~ which coincidentally
—-

have a ô of cc. 40-SO. Soer?s of charge c rrjers w~j çh wou ld give such a
~s r ~l ~oJ V ~ J P - ~U 9 1L~’6C iJ~ -I

are numerous . r1tfWf~ con one chanjiiTñ the VAL stri~tare,
associated inorgani~~4ons. 0 O9b 6~ J

~~~
- I :-~~ b~~~~n~2. A s t more li ly mechanism Is that va1ino~ ’cin p~ y~~s a

source of charge carrAers whIch~~re ds~~~~it upon segmental po1ymsr~jpefton for
their mobilit y . Sp ctf ical )y , this cou ld t*~o1ve the pr~ uction of l$ en
atom (proton s?) cur~4~It-carr ier~ from valinoi~’cin which uo~ve along ~ pcl~~ r

— - -) JJ~~ q ~~

- 

~~~~~~ I chain by a hop~I~n% ~r 4isso clat iqn mechanism. Such a segmental -.ISt$O.~ 1fadi1_
Itated transport ot~ç~ tons has -been suggested as the current_d?1#7Thg1II~hanhsm

in polyamides.
~~~~~~ cc -cr  ~ t ~~~~~ N .J~ f ( j1 Y1*

11. Elec t rochem ical Behavior of Pot ~~~~~~~~~~~~~~~~~ fU-~~~~~
- -~-~i I Effect of P1ast1ciz~~

- 

~~~ 
- -

~~~~
- - ‘ ‘  

~~~ 
‘ ‘The earl iest va1Ino~ ceifn~~aiád_I~

hion ~ leà~ e~Ie~irodes (ISE’s) - _

I i were of the ~~~~~~~~~~~~~~~~~ ~~e~d ~~~~~~~~~~~~~~~~~~~ ~Y,’
12, 13). A disad ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~aei~ieg~~
point at 2rt~~~~~~~*~~~ ~~~~~ ot~~~~~d ~~
potassium (13, 14). Similarl y , It was noted by ~~~~~~~~~~~~~~~~~~~~~~
for ~~~~~~~~~~~ ~~~~~~ 

1mc~:i ~~~~~~~~~
(Ta) ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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g
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room ts~ era~ pp~1.b~J~~ cpj~ ~~ dL Addi$f OIL 
~~~~~ uu~~~~st.ics r, -4

however, yields membranes that will not dry completely at room t~~~raturt whiCh 
—

Is, of course, undesirable.
Peach effort has been devoted in this laboratory towards determInation

of the mechanism of electrical co4ictlvIty of the polymeric flies incorporated
in ISE’s. These stud ios (10, 15) and s~~a~1ished results of differential ‘- (ia

scanning calorimeter studies on PVC-val1no~ u1n .smbranes have allowed as to
predict the Tg of a PVC-valincs~c1n membrane as a functlma-of the percent

- - plasticizer (DOP) present. Thus, membranes can be prepared with just about 
-

an.y (reasonable) Tg.
It was decided, then, to test quantitativ,)y the relationship bethii~i

- electrode response and 1g• Since the 19, to a f1rs~t approximation, Is anile-
gous to the freezing point of the membrane, It has been proposed that the Vdi-

in’e of membrane electrodes operating at temperatures~be1ow their is caused
by restricted ion mobility. That ii . the ~freez1ng” Of the electrode dscrft ~ s
the ion transport through the membrane thus resulting In a vionfunctloning

j

‘

~~~ electrode. - -
-

As a first t*st o’V this hyjthesls, ~~e rssp~~Øe of el~~ rodes , Q
- - 

varying plasticiz er content, at 2?C wss~~ tep~1n~~.~ The results of this study
are shoim in Figure 2. It is seen from this figure that electrode response
(as measured by the slope obtained) decreases sharply with ducreesing plasti-
cizer content, starting at that composition at which the T9 is approximately
the same as room temperature. The unsatisfactory respons, of the electrode - 

=
— 

- with smaller plasti cizer content, therefore, can be said to resul t from the -

fact that the T9 of these files has been nise~ above roam temperature.
Next an Investi gatio n of the response of these electrodes (20, 25, 30

and 40% OOP) at S O C  was undsrtahan. If the poor response at lower plasticiz er

_ -

~
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At ‘Pr.~s~it~ ~~~ y ~~ ~~~~~~~~~~~~ l~~~~ J~~~l~~~~ ~~~ ~~~~~~~~~
from s.micsndealag metal oxides (16). T ~~~~~~~~~~~~~~ ~~~~~ 0f

-: as being p~t~~~ ~~~ _ _  ~~~~~~~~~~~~~~~~~~~~~~ beads).
- —- -a - 
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