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ABSTRACT

The electrochemical behaviour of six novel conjugated polymers contain-
ing phenothiazine moietiesin main chain was studied in DMF with 0.1M
tetrabutyl ammonium perchlorate (TBAP) by meansof cyclic voltammetry
(CV) ontheglassy carbon electrode (GCE), aswell asthe electrochemical
effect on Zn?* and Hg?* ions of the six polymers was investigated. The
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results show that these polymers all had well defined redox peaks, and the
addition of metal ions had shifted the oxidation peak potential of the corre-
sponding phenothiazine group to more cathodal position. By some elec-
trochemical techniques, the el ectrode reacti on processeswereinvestigated
in detail and their dynamic parameters were obtained. In addition, the en-
ergy levels of the frontier orbits of the six polymers were calculated and

analyzed using CV.

INTRODUCTION

Conjugated polymers have been intensively pur-
sued owingtotheir potentia applicationin organic con-
ductingmaterids, light-emitting diodes(LED9)*4, solid-
state lasers’>7, photovoltaic cells (PVs)® 9,
biosensord?, and transistorg* 1. Especialy, Organic
light emitting diodes (OLEDSs) have beenwidely rec-
ognized asideal starting devicesfor thefabrication of
largeareaflat pand displays®**d sincethefirst OLED
was reported by Tang and Vanslyke in 198716, At
present, the OLED has been applied in avariety of
products such as e ectronic and optoel ectric commer-
cia products. However, the development of high effi-
ciency and color purity of organic semiconductor ma
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teriasfor blueand red OLEDsisstill muchindemand,
whichisto be currently resolved in the devel opment of
asatisfactory full color display based on OLEDS" 81,

Despitetheplenty of fruitful resultsacquiredina
vast body of work on organic-based materialss, recently,
there are strong motivationsfor chemiststo incorpo-
ratemetd unitsinto organic and polymer structured’*
2. Thekey interestin thisresearch areaisto determine
thenatureand extent of thee ectronic coupling between
the metal and conjugated backbone units. Therefore,
much atention hasbeenfocused on buildingand sudying
model complexesinwhich metal groupsaretetheredto
conjugated fragmentsviadifferent linkages, and exam-
ining the nature of the coupling in these systemg%2,
However, theresearch on eectrochemigtry istill inits
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infancy and isworthy of attention.

Inaddition, theeectronic structure of theemitting
materidsisof vitd importanceto the characteristics of
OLEDs. For example, theenergy gap isdefined by the
highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) and the
energy levelsarerequired to match thework function
of corresponding ectrodes. Themeasurement of elec-
trochemical redox properties providesabasisfor esti-
mating and assessing the e ectronic structure of the -
conjugated molecules?.

Inthisstudy, we present the detailed €l ectrochemi-
cd charactersof Sx new conjugated polymerscontain-
ing phenothiazinemoietiesinmain chain and survey the
electrochemical effect of the Polymersand metal ions.

EXPERIMENT

Materialsand instruments

Thepolymersaresdf-synthesizedinour lab by one
of authorswith Heck condensation polymerization and
thedetailed synthes saswell asfundamental character-
izationwill bepublished dsawhere. Thechemica struc-
turesof the polymersareshownin Scheme 1.
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Scheme1: Thechemical structureof thesix polymers
Theelectrochemical investigation was performed
onaCHI 650A dectrochemistry workstation (CHI in-
strument Co, USA) with athree-dectrodesystem. The
glass carbon disk el ectrode (O=4mm), Pt wire elec-
trodeand saturated cdomel e ectrode (SCE) wereused
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astheworking electrode, counter electrodeand refer-
ence el ectrode respectively. Redox processes of the
polymersin DMFwereobserved using 0.1M tetrabutyl
ammonium perchlorate (TBAP) assupporting e ectro-
lyte. TBAPwas prepared according to theliterature?.

RESULTSAND DISCUSSION

The electrochemical behavior of six polymersat
GC electrode
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Figure 1 : CV curves of 5x10°mol/L PQSe (red line),
PQS(green line) and PQ(blueline) in DM F+0.1M TBAP with
scan rates 0.1V/s

Theéd ectrochemistry behavior of thesix polymers
isinvestigated by Cyclic Voltammetry (CV) inDMF
+0.1 mol/L TBAP. Figure 1 showsthedifferent redox
processes of PQ, PQS and PQSe occurring at differ-
ent potentials. Theresultsindicatethat PQ hasawell-
defined oxidativepeak at 1.142V and astablereduc-
tivepeak at —1.401V. However, PQS has another oxi-
dativepeak at 1.196V and reductivepeak at—1.974V
besidesthe oxidative peak at 0.770V and the reduc-
tive peak at —1.385V. Although PQSe has also two
pair redox peakswhich are similar with that of PQS,
the peak potentia sare obvioudy different from that of
PQS. Theelectrochemistry behavior of theother three
polymersissemblableto that of PQS. Thesix poly-
mersarestructural analogs, thereforeitispossiblethat
they have similar redox behaviors. Thedatum of CV
arelistedinTABLE 1.

Theredox peak separation va ue of the selenium-
contai ning polymer ismore positivethan that of other
without-selenium polymers. Thiscan be attributed to
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TABLE 1: Electrochemical datum of thesix polymers

Polymers Epa Epc
PQ 1.184 -1.401
PQDB 0.780 1.186 -1.497 -2.041
PQDN 0759 1161 -1.478 -2.082
PQTN 0.739  1.183 -1.385 -1.968
PQS 0.764  1.196 -1.422 -1.818
PQSe 0.743  1.209 -1.794 -2.435

the d ectronegative s enium atom, whichisbonded di-
rectly to the heterocyclicring, causing the oxidationto
be moredifficult than that of other without-selenium
polymers. At the sametime, these resultsmean that the
reduction of PQSebecomes moredifficult whenthe S
atomson heterocyclic are substituted by €l ectrophobic
Se. It can be speculated that the electronic cloud is
dispersed with theincreasein el ectron-withdrawing
ability of the substituents. The decrease of the elec-
tronic cloud density in themiddle part of themolecule
makesit difficult tolosedectronsand easeto gain them,
S0 asto raise the oxidative potential and reduce the
reductive potential .

Inaddition, it wasfound that the peak current of
thesix polymersincreased and the pesk potentid shifted
to more positive val ues (oxidation peaks) or negative
values (reductive peaks) with increasing scan rateand
thel andl_werelinearly proportional to v'2, con-
firmingtheirreversblediffuson-controlled processfor
thesix polymerselectrochemica system. Sotheelec-
tron transfer number (n) was cal culated using curve
equation of normal pulsevoltammetry (NPV):
i —i

, &)

Where Eand E, , are separately the potential and
the half wavepotentia (V); nisthenumber of e ectron
transferred, i representstheeectrical current (A); and
i, expressesthelimited electrica current (A). At25°C,
the RT value becomes 2480 J-mol* and the Faraday
constant isF=96487 C-mol™.

Theresultsshow that thesix polymersareboth one-
electron redox processes. It isagreement with there-
sultswhichtheliteraturereported the other smilar poly-
mers previoudyi? 27,

Based ontheliteraturd®!, the oxidation peskswere
caused by the phenothiazine group of the polymersac-

RT
E=E, 6 +2303—1I
1/2 nE g
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cordingtothereaction (1) and (2) in Scheme 2. There
isonly one electron transfer in the reaction process
owingto the neutral molecul e of the polymersin non-
agueous medium. Thisisdifferent fromtheliterature?.
Also, for theother five polymersexcept PQ, thereare
strong e ectron donating group, thusthedectronic cloud
density islarge, so they can continueto lose another
electron whenthe potentia shifted tomorepositiveva-
ues, whichiscorresponding to thereaction (2).

In addition, based on theliteraturd®, thereductive
peak was caused by vinyl group according to thereac-
tion (3) in Scheme 2. Also, for thefive polymersexcept
PQ, thereisstrong el ectron donating group, therefore,
they continued to gain another electron when the po-
tentia shifted to more negative val ues, which was cor-
responding to reaction (4). At the sametime, the poly-
mer ischanged atwin-electron species. The possible
€l ectrode reaction mechanismsof thesix polymersare
shownin Scheme?2.
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Scheme2: Thepossibledectroder eaction mechanism of the
sx polymers.

Deter mination of thediffusion coefficient (D) and
electrochemical reaction rateconstant (k)

Thediffusion coefficient (D) wascalculated using
thefollowing e ectrochemica equation:

i, =301x10°n(n,a)"'? AD" 2cv*'2 2
Whereip isthepeak current of the CV peak (A); A
denotesthe electrode surface area (cm?); ¢ represents

theanayte concentration (mol-cm), and thediffusion
coefficient, D, inunitsof cm?-s* canbedetermined from

Eq. (2).
Inaddition, the potentia step chronoamperometry
(CA) and chronocoulometry (CC) method arewiddy
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used for the determination of thediffusion coefficients
indiffusion controlled el ectrode processes based on
thetheoretical derivation presentedinitially by Wen et
al.®, Inthis study, the potential stepsfrom 0.8V to
1.4V wereinflicted ontheée ectrodeand maintained for
1s. According to the Cottrell relationships? (Eq. (3)),
and using thevaues of slopeof Cottrell i-t*2and Q- t
Y2 plots, thediffusion coefficient D can becdculated.
1/2
it) =—”ztAt')Dl,2 C4i,

2nFAD" ?ctg’?

3
Q= o
T

+Qdl

Wheret isthe e apsed time from the beginning of
thestep (s), and other parametershaveether beendis-
cussed above or havetheir usual significance.

TheD vauesof six polymerscalculated are sum-
marizedinTABLE 2.

TABLE.2: Electrochemical kineticsdata of thesix polymers

Dx10%(cm?/s)
Polymer kex10*(cm/s)
CcC
PQ 2616 2744 2505 3.355
PQDB 1.419 1.302 1.295 2.128
PON 1.132 1232 1.112 1.817
PQTN 0.998 1.038 0.977 1.490
PQS 1.946 2.093 1.825 2.544
PQSe 1.277 1308 1.250 2.020

Theresulting va uesof diffuson coefficient obtained
by the three methods are almost agreements. In addi-
tion, wecan find theorder of the D vaues. PQ> PQS>
PQDB> PQSe> PQDN> PQTN, which agree with
this concept of that D usually decreaseswith thein-
crease of themolecular weight and the size of amol-
ecule,

According to the relationship between peak po-
tential (E p) and scanrate (0) of irreversible redox pro-
cess(Eq. (4)):

E,=E, —ﬂ(0.780+ 0.51
anF

4)

an, DFv
In

—Ink,)

Where a is the transfer coefficients; v expresses
scanrate(V-s*),andE and E . arethe standard peak
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potential and peak potential, separately. Theelectro-
chemical reactionrate constant k values(TABLE 2)
can becalculated withtheintercept of E_ ‘Inv.

Theresultsreved that e ectrochemicd reectionrate
constant (k) of PQisthelargest inthesix polymers.
Thisisagreement with the phenomenon of diffusion
coefficient (D).

The evaluation of the energy level (HOMO and
LUMO)

The highest occupied molecular orbita (HOMO)
and thelowest unoccupied molecular orbital (LUMO)
aretwo energy parametersthat establish the positions
of thefrontier orbita. Extensve previousstudieshave
illustrated that the energy parameters HOMO and
LUMO arerelated to the measured redox onset po-
tentials. Inthiswork, theHOMO and LUMO level sof
thesix polymerswerecdculatedwithformulaof E ,,, .=
B, et T4 €V AN E, ), o= -[E, oy oo +4- 74| EVEL
A, whereE _, _ andE___ arerespectively theonset
reductive potential and the onset oxidativepotentia in
voltsversusthe SCE. Theenergy gap E, isthesepara-
tion betweentheHOMO and LUMO level, thusEgz
E. ..~—E All theresultsarelistedinTABLE 3.

LUMO ™ ~HOMO.
TABLE 3: Theenergy levelsof thesix polymers

Polymer Eoxonset Ered-onse HOMO LUMO E, (V)
M M ev) (&)

PQ 0.953 -1.192 -5.693 -3548 2145
PQDB 0596 -1.246 -5336 -3.494 1.842
PQDN 0.633 -1.240 -5.373 -3.5 1.873
PQTN 0.609 -1.180 -5349 -356 1.789
PQS 0.617 -1.219 -5357 -3521 1836
PQSe 059% -1584 -5336 -3.15 2.18

The phenomenon can be explained by showing that
the better conjugated property of PQSeresultsinthe
better charge-transporting property and the HOMO
value of PQSeishigher than that of other polymers,
withtheresult that holeinjectionintotheHOMO level
of PQSefrom Fermi energy level iseasier. Theband
gap of the PQSeislarger than that of the other poly-
mers, which may al so be aroused from the effect of the
el ectronegative selenium atom. It isnot surprising that
theHOMOfilled orbitdl in PQisthelowestindl poly-
mers, whereno substituent at the phenothiazinereduce
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itsHOMO levd.
Theeffect of thepolymersand metal ions

The voltammograms of free polymers, Zn?* and
Hg?" complexed polymersin potential window of
0.4~1.6V areillustrated in Figure 2. As can be seen
from Figure 2, the new well defined irreversible an-
odic wavesin potential 0.6V (versus SCE), can be
assigned to oxidation processof Hgll/Hgl. Thereare
no oxidation peak of Znll/Znisdetected intherange
of the scan potentials. Compared with the free poly-
mers, the addition of metal ionshave shifted the oxi-
dation peak potentia of the corresponding phenothi-
azine group to more cathodal position (see TABLE
4 and the cyclic voltammograms of Figure 2). Itis
interesting to note that thefirst oxidation peak po-
tential isnearly not changed, but the second oxida-
tion peak potential isremoved alot. Thereason may
bethat the reaction of metal ionsand phenothiazine
moieties. The phenomenahelp usto gain further in-
sight into the reaction mechanism whichisdescribed
above. The E, values represent the difference be-

0

Chmrrent

Fodemtanl [
Figure 2 : CV curves of the free PQSe (brown ling), Zn#
complexed PQSe (blueline) and Hg? complexed PQSe (red
line) in molar ratiosof 1:1 with scan rates0.1V/s

TABLE 4: Thepeak potentialsof free polymersand Zn? or
Hg? complexed polymers

Polymers Epatree Epoy-zn>. AEpazn’” Epoyrg AEpang
(V) (V) (V) (V) (V)
PQ 1184 1.114 0.07 1.153 0.031
PQDB 1.186 1.093 0.093 1.131 0.055
POQDN 1.161 0.983 0.178 0.997 0.164
PQTN 1183 1.081 0.102 1.151 0.032
PQS 1.196 1.087 0.109 1.108 0.088
PQSe 1209 1.042 0.167 1.079 0.13

= Pyl Paper

tween the potential s of in the Zn?* or Hg?* complexed
(Epac) and free (Epaf) polymers (TABLE 4). For
those containing smaller sizes such as PQDN and
PQSe, the bigger shift (178, 164 mV and 167, 139
mV, respectively) of oxidation potentialsresulted from
the addition of the Zn?* and Hg?* ions, respectively.
On the other hand, for those with bigger sizes such
asPQ and PQDB, the smaller shifts (70, 31 mV and
93, 55 mV, respectively) were obtai ned upon addi-
tion of Zn* and Hg?* ions. It may be that the metal
ionic radii and the coordination configuration of the
polymers have an effect on the el ectrostatic repul -
sion through space between the polymers and the
respective metal ions, and the stronger therepulsion
that exists between them, the bigger peak potential
shiftisoccured. It may be associated with the fol-
lowing aspects: (i) the size of the polymers; (ii) the
ionic radii of thetwo metal ionsin oxidation states,
(iii) the coordination configuration, which depends
on theligand-field strength and the el ectronic states
of themetal cations.

Inaddition, It isnot surprised that theDEpais in-
creased gradually asthe concentration of metal cat-
ionsincreased indifferent molar ratiosof 1:1, 1:2, 1:3.
It may bethat every polymer has several monomers,
and themetd cations can react with only part of mono-
mers.

CONCLUSIONS

In this paper, the electrochemical property of the
sx novel conjugated conducting polymerswasinvesti-
gated indetail. Every polymer except PQ hastwo oxi-
dative peaks and two reductive peaksin potential —
2.4~1.6V. The peak potentia of PQSeis obviousy
different from that of other polymers. Thiscan beat-
tributed to the el ectronegative sl enium atom, whichis
bonded directly to the heterocyclic ring, causing the
oxidationto bemoredifficult thanthat of other without-
selenium polymers. Theresearch onthe e ectrochemi-
ca effect of the polymersand metal ionsshow that the
addition of metal ions had shifted the oxidation peak
potentia of the corresponding phenothiazinegroup to
more cathodd postion. The phenomenahe pustogain
further ingght into thereaction mechanismwhichisde-
scribed above.
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