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Summary

The radical melt polymerization oR-[4-(6-methacryloybxyhexa-1,6-diyloxy)phergzo]-
anthraquinone is describedelding the hormpolymer p_ with the number average mole-
cular weight 1) of M =74kg/mol ctermined by gel permeatiorhromatography (GPC)
using polystyrene (PS) calibrati. The redox propges of a thin film ofp_were investi-
gated by cyclic voltammegt. Two reversible redox waves were foundadit applied sweep
rates indicating two reversible elemt (E) transfer processes of the anthraquinone units
according theEE-mechanism. A thin film of the rmlomlike ©polymethacrylatecp, with

the molar mass oM =73kg/mol was investafed, too. The sidegroups op, are substitu-

ted by 77mol% with benzyl, by 22mol% with phenylazoanthnagme and by 1mol%
with COOH groups. The redox propérs of cp, depend on the timescale of the oxal-
tammetric experiment. At high sweep rates two reversibBoxewaves are observable
corresponding to théEE-mechanism. At low sweep rates an additional reversible redox
wave appears, which is essentially smaller than the other two. The third wave is explained
to be a result of hydrogen bonding between ti@O& groups and anthraquinone mono-
and dianions. The most anthraguinone units are redamedrding the EE-mechanism
without hydrogen bonding due tdasistical reasons. The reversibledo& propeties of p_

and cp, are closely connected to their molar mass&§=7{5kg/mol), kecause both
polymers have been previously obtained by radical solution polymerization yielding low
molecular products with molar masses d#l =10kg/mol. The low miecular polymers
have shown an irreversible redox behaviour. Therefore, it could be deatedsthat the
molar mass of an electroactive polymer significantly affects dsx@ropeties.

Introduction

In 1989, a new model of a emical transducer based on molecular architecture has been
published byShimidzu(1). He has shown that the dye 2nréthoxyphenhlazo)anthraqui-
none () meets all requirements of a chemical transducer, which can be switched between
four discete states applying two different stimulation modes. Similar transducer
propeties have been perted for a dihydroazulene-anthraquinone (2) and tibese-
anthraquinone sysm (3). Furthermore, the stghability of a blend ofl in polyacrylo-
nitrile has been anfirmed (4). But, polymer blends are notitable materialsfor the use

as memory deges, because low molecular cpounds can diffuse in polymers (5-9).
Due to the migration of transducer molecules, the molecular structure of the blend
changes. As a result, the photo- agldctrotromic propeties of the material change, too,
and the written nformation is lost. To overcome therodems of gueshost sytems, the
polymethacrylate p with phenylazoanthragoone sidegroups has been synitex$ by
radical solution polymerization of theomesponding monomerisiding the product p,

with the molar mass oM =12kg/mol (GPC, P$alibration) (10). The redox propees of
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CH;—R p. have been investigated in ¢H, by cyclic
1 voltammety. The vdtammograms contain two
reversible redox waves. They are ibgl for
anthraquinone, which is reduced in &prosol-
s .
C(CH,4)-COO—(CH,);—O—R vents by two reversible eleon (E) transfer
(I:H processes according to thEE-mechanism in
P P fig. 1 (11). In theelecton transfer I, a quinone
radicalanion isformed, which is reduced in the
electon transfer Il giving a quinone dianion.

"&EHS)_COO_(CHz)B_O_R The redox propeies of thin films of p, are
| complex. Two different redoxmechanisms

Gz have been found depending on timaescale of
C(CHs)—COO*CHz@ the cyclovoltammetric experimentl2). Using
(1:H — high sweep rates, two reversibledog waves
e cp are observable according thEE-mechanism.

At low sweep rates the sawd redox wave and
the reoxidation peak of the first one disappear.
This can be explained with an irreversible che-
R: 0‘@"\':” Xy  mical (C) reaction following the elemn (E)
transfer | corresponding to thEC-mechanism
in fig. 1. The product of the emical reaction
o Is unknown. One explation for the kind of
the reaction is the combination of neighboured
quinone rattalanions, as it has been postulated Fynt for polyvinyl-p-benzoquinone,
which shows the irreversibl&C-mechanism(13). In contrast, a copolymer of 75mol%
styrene and 25mol% viny-benzoquinone shows the reversibEE-mechanism. Funt
draw the conclusion that the number of neighboured quinonieatadions in the apoly-
mer is too low for the appearance of theemiical reactn. The polymerp, is not a proper
material for the aptication in a memry devce due to the irreversible reaction occuring
during theelectrochemical switchg. To overcome this, the dilution of thedectroactive
species has beenpproached to suppress the undesire@dcton. Various copolymers
containing the réoxactivegroup in low concenation have been synthesizéti4-16). The
copolymer cp containing phenylazoanthragoine and benzyl sidegroups has been
obtained by radical solution polymerization of therrespondingmethacrylate mnomers
yielding the radomlike product cp, with a molar mass oM =9kg/mol (GPC, PS-ca-
libration) (14). The content of the quinone sidegroug, () IS Xme= SmMol%. Thin
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Figure 1: Redox scheme of anthraquinone with the EE- and EC-mechanism (11-12)
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films of the opolymercp, show the same electrochemical bebavj as it has been found
for the homopolymerp. At high sweep rates the reversiblEE-mechanism and at low
sweep rates the irreversiblEC-mechanism have been observéd). Thus, the suppres-
sion of the irreversible reaction has not been attained by the dilution of db&active
group. This result is astonishing lexfting the higher content of thedexactive group in
Funts copolymer X,...=25mol%) than incp, (X,..—5mol%). The probahty that
quinone radtalanions are nghboured is esséally lower in cp, than in Funt s copoly-
mer. Therefore, another reason than the dilution of the emtioe species has to be
responsible for the disappearance of thencical reaction observed Byunt

One important polymer feature is the molar mass. Many polymer piepdike thermal,
mechanical or electricapropeties areknown, which change as a fttiron of the molar

mass until a characteristic molar mass has been red@BgdStarting from this value the
corresponding polymer property is independent of the molar mass. It can not be excluded
a priori that the electrochemical behaw of a redoactive polymer coated on an electro-

de depends on the molar mass. The influence of the molar mass on the redoxmechanism
has not been reported Byunt To check the hypothesis of a adation between the molar

mass and the redoxmechanism of adoxactive polymer, synthetical nhetds had to be

found to olbain high moleculaproducts for the homopolymerand the copolymesp.

The polymer-analogous estécdtion reaction of polymethacrylic acid with theorie-
sponding alkylbromides in the presence of CsF has beecessful to obtain the ran-
domlike product cp, with a molar mass oM =73kg/mol (GPC, P®alibraton) (14). The
sidegroups ofcp, are substituted by 77mol% with benzyl, by 22mol% with phenylazo-
anthraquinone and by 1mol% with unconverte@@H groups. A high miecular product

of the homopolymep has not been available by this pathw@y). Onemethod to otain
such materialtsould be the radal melt polymerization of theocresponding monomer.

In this paper, the synthesis of the homopolymeby radical melt polymerization of the
correspondingmethacrylate mnomer yielding theproduct p_ is described. Furthermore,
the redox propeies of thin films of the howpolymerp_ and copolymercp are outlined
discussing the results of intensive cyclovoltammetric measurements.

Experimental Part

Materials

The synthesis of the monomer 2-[4+(Gthacryloybxyhexa-1,6-diyloxy)phergzo]an-
thraquirione is desribed in detail elsewhg®). The iitiator 2,5-bisfert.-butylperoxy)-
2,5-dmethylhexane was used as receivddom Aldrich. Propylercarboate and
N(CH,),PF, were received in the electrochemical grade qudlityn Fluka und used as
received.

Polymerization

0.5g of 2-[4-(6methacryloybxyhexa-1,6-diyloxy)phergzolanthraquinone  (1.0mmol)
were heated in a glass tube, which has been flushed withefdre flling. After reaching
140°C, the monomemelt was degassed by passing fir 30 minutes under stirring and
keeping the temperature.2.9mg of 2,5-bigert.-butylperoxy)-2,5-tmethylhexane
(0.01lmmol) were added to themelt. The polymerization mixture was stirred for
12 minutes at 140°C and afterwards cooled to rdemperature. 20mL of CHClwere

given on the glassy solid to dissolve the reaction mixture, which was completed over
night. The CHC| solution was poured into 150mL of HGOH. The precipitated polymer

p, was filtered off, reprecipitated three timegrom CHCI, solution into CHOH and
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dried to constant weight at 40°C in vacuoield: 0.15g (30%). IR (CECL): vicm' =
2945, 1724, 1676, 1593, 1501, 1474, 1326, 1146, 932, 'B4NIMR (CDCL): 5 = 0.7-2.0
(13H, m), 3.6-4.0 (4H, m), 6.6-6.9 (2H, m), 7.5-8.2 (9H, HJ-NMR (CDCL): & = 25.8,
26.0, 28.1, 29.1, 44.7, 44.8, 45.2, 64.8, 64.9, 65.0, 68.1, 114.5, 121.4, 125.5, 126.7, 127.0,
128.3, 133.2, 133.3, 133.8, 134.1, 146.4, 155.1, 162.3, 177.4, 177.5, 181.9, 182.1. UV/Vis
(CHCL): ¢/10cmmol™= 19-10 (388nm), 18:10 (341lnm). Elemental analysis:
(C,H,.N,05), calculatedC72.56% H5.68% N5.64%, found C72.85% H5.64% N5.83%.

Cyclic voltammetry

Each polymer film was prepared ldropping 10uL of a 0.1wt% solution of the polymer
in CHCI, on the cross-section plane of the glas®oa working discelectode with the
diameters of é6mmfor the tdal cross-section plane and of 3mior the centered glass-
carbon part. After evapation of the solvent, the remaining polymer film was dried with
hot air and the workinglectode was ready to use. Thant thickness was calculated to
be 0.5um using an ®wated polymer density ofl.15g/cni according to the polymer
density of 1.1523g/cinfor a polynethacrylate, which is substituted in the gideip via
the (CH),-spacer with a biphenylbenzoate mesogegioup (19). Cyclovitammograms
were recorded on a Bio Andigal System instrument. A three elextes syem was used
consisting of the workinglectode, a Pt wire counteglectode and an Ag/AgCl reference
electode. The solvent was propykearbomte containing0.3md/L N(C H,),PF, as sup-
porting electrolyte. The insolubility of the investigated polymprsand cp, in the elec-
trolytic system was verified. All experiments were carried out inalinosphere atoom
temperature. The sweep rate) (vas varied:v/Vs'=2, 0.6, 0.2, 0.08, 0.03. The foal po-
tentials E’) of the redox waves were w@ined by averaging the ¢aidic E,) and anodic
peak potentialsH,). The separation oE, and E, was calculated20): AE=E_-E . The
reference eleobde wascalibrated by measuring thermal potential of the fe@ocene (Fc)
electode: E’(Fc/FE)=+0.42V. It was tested that the low haoular polymersp, and cp,
showed the irreversibIEC-mechanism using the describexhditions.

Results and discussion

Polymer properties

The radical melt polymerization of2-[4-(6-methacryloybxyhexyloxy)pheniazo]anthra-
quinone was scessful. The obtained polymer, was characterized byR-, 'H-NMR-,
“C-NMR- and UV/Vis-spectroscopy. The esgiroscopic data op_ are in good agement
with p, (10). The results of the GPC (fe&Hbraton) and differehal scanning calorimetry
(DSC) are given in table 1. The GPC-chromatogrampof shows monomodal distri-
bution. Its molar massM,=74kg/mol) is sixfold higher inealation to p, (M,=12kg/mol),
which may be a result of branching during theelt polymerizatbon. The degree of

Table 1: Properties of different samples of the homopolymer p and copolymer cp:

Polymer Synthesis Reference Yield/ Xguinone / M, M,/ P, Tg/

procedure % mol% kg-mol'1 M, °C
Pm radical melt polym. this work 30 100 74 24 149 89
Ps radical solution polym. (10) 49 100 12 1.5 25 82
Cpr polymer reaction (14) 64 22 73 2.4 290 69

Cps radical solution polym. (14) 59 5 9 21 45 71
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branching could not be determined. Usually, branching is not significantly occuring for
low monomer conversion degrees (18). Therefore, the lehd yof p_ (30%) indcates not

a high degree of branching. The glass fiteors temperature T) of p (T,=89°C) is 7°C
higher in comparison te, (T.=82°C), which can be eijgined with a molar mass effect.

In addition to the glass transition, four peaks above Theare observable in the DSC-
curves ofp,_. The peak temperatures até5°C, 124°C, 154°C and 192°C. The four peaks
can be explained witliour liquid crydalline phase transitions inoaelation to the liquid
crystalline phase behanir ofp, (17): g 82°C s115°C §125°C § 148°C n 186°C i.

Redox properties

The cyclic voltammgrams of the high molecular polymgss and cp, contain two rever-
sible redox waves independently of the legib sweep rate (fig2). The vaiation of the
sweep rate has only little effect on th@rmal potentialsE’l and E'll determinedfor the
waves | and Il. The values fqu_ are E’I=-0.80V, E’llI=-1.15V and forcp, E,l=-0.73V,
E°ll=-1.13V (table 2:v=0.2V/s). The curves of the homopolymp; show no peculiari-
ties. But, two characteristics are noticalite the copolymercp. An additional peak Il is
observable at -0,93V for low sweegtes ¢ <0.08V/s) and theatio of the reduction peaks
| and Il changes depending on the sweep rate. Using high sweep vat€s6Y/s), the
peak Il is higher than the peak I. At the lowest sweep net®.Q3V/s) this peakatio is
converted. Redition peaks of similar magnitude are detectable with medium sweep rates
(0.08V/xv<0.2V/s). Thefore, a complex redmechanism is indicatedr cp.

The diagnoic parameterAE, was determinedor both polymers to distinguish between
the adsorption and the diffusion redoxechanism and to investigate the reversibility of
the eleaton transfer processes. A value oFE =0mV is expectedfor the adsorption
mechanism, which i&nown for electodes cated with thin rdoxactice films with thick-
nesses of about 10nm. The shape of corresponding cytelowoograms is highly symme-
trical and shep. For thicker ims an increase oAE, and an altered shape of tharees
are observable. The cyclovoltamgrams look like those of solved redative species,
which are reversibly reduced by diffusion control. Both changes can Haireg by the
fact, thatfor relatively thick layersAE, is governed by theate of the elecon transfer and
by the rate of the &usion of theelectrolytic ions into the polymer film and out of it. The

L —0.03 V/s (x3) -
0.4 0.8 42 0.4 0.8 A2
Evs. Ag-AgCl/V Evs. Ag-AgCl/V

Figure 2: Cyclic voltammograms of thin films of p,, and cp, scanning with the sweep
rates of v=2V/s (dotted lines), v=0.2V/s (dashed lines, scaled up by the factor
of 2) and v=0.03V/s (solid lines, scaled up by the factor of 3)
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Table 2: Cyclovoltammetric data of the homopolymer py, and copolymer cp;,:

Polymer: v/ E’1/ E'TL/ AE,L/ AEIL/ ipcl / Ipcll /
Vs A% Vv mV mV HA HA

Pm 2.00 -0.80 -1.18 147 121 41.7 66.9
0.60 -0.80 -1.16 114 88 24.4 36.4

0.20 -0.80 -1.15 108 96 16.4 25.1

0.08 -0.80 -1.14 92 86 12.7 22.0

0.03 -0.78 -1.11 67 73 10.3 17.7

cpr 2.00 -0.74 -1.16 326 307 163.1 247.7
0.60 -0.73 -1.15 259 251 156.5 190.8

0.20 -0.73 -1.13 159 161 99.8 105.7

0.08 -0.73 -1.12 98 102 55.4 51.7

0.03 -0.73 -1.11 63 82 26.9 22.5

presence of the ions in the polymer film is necessary to maintain theoakaality
during the redox ayling. The electrolytic ions act asoctinterions of the electrochemically
formed ions in the polymer film. In the case of films with layer thicknesses of 1um and
more the value ofAE, =58mV for a reversible, diffusion contled electon transfer of a
solved species can be widely passed d&d). The AE, -values of the polymerg  and

cp, are in the range of 67-147mV fqy, and 63-326mV forcp, (table 2). Due to the
shapes of their curves and th&E, -values the redox processes of the polymers are gover-
ned by diffusion control. This result is consistent with the polym#n fthicknesses,
which have been calculated to Bebpum. It can betated that both box processes of

are reversible, because & -values are smaller thatbOmV even for the fastest sweep
rate (=2V/s). But, it can not be excluded that the redox processep, aire only quasi-
reversible, because i&8E, -values are greater thalbOmV even for medium sweejtes

(v 20.2V/s). This result focp, can be a solvent effect, becaus itkkiown that theelectron
transfer Il of solved anthraquinone is only quasireversible in propgboate due to

its value of AE>150mV using a low sweepate ¢=0.1mV/s) (22). Therefore, the larger
AEvalues ofcp, can be a result of a higher swelling degreecpfin propylerecarbonate
compared withp . This assumption is also indicated by the higher paakentsi | and

i,ll of cp, in relation top, (table 2),although the content of the redmtice qunone
group is essdially larger inp_ (X_,.,,=100mol%) than irtp, (X,,...=22mMol%).

‘quinone quinone

A multi-sweep experiment was carried out at a newly made polymer filmpofo inve-
stigate the electrochemical behawi of cp, under seady state anditions using a low
sweep rate U=0.08V/s). 20 cgles were taken in series witut a elay (fig. 3). The pat-
tern of the curves chang®ith an increasing number of cycles the reduction waves | and
Il decline startingfrom cathodic peak currents af=50pA urtil values of i =30uA are
reached. Simultaously, an adtional redox wave Il with the fanal potential of
E"lI=-0.97V grows up.With the 1% cycle, the pattern of theuoves change not any-
more. The cyclovoltampgram of the 20 cycle exhibits three reversible dex waves.
The appearance of the wave lll can be lax@d with the presence ofGDH groups in
cp.. Recently, an extensive investigation has bpahlished on the reduction of quinones
in aprotic electrolytic solvents in the presence hofdroxylic additives (23). Electro-
chemical effects have beeiound over the conlpte interaction rangefrom hydrogen
bonding of reduced dianions to pro&tion of unreduced quinones. Three different types
of electrochemical behamir can be distinguished depending on theiciigs of the
quinone and the hydrogen bonding power acidity of the hydroxyic agent. The
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Figure 3: Multi-sweep experiment of a thin film of cp, scanning 20 cycles in series
without delay with the sweep rate of v=0.08V/s

investigated systems have been classified into weakly, moderately andglyst
interacting qumone-addive pairs. For weakly interacting systems two seperated redox
waves are observable. With increasing concentration ofhgdroxyic agent the waves
are shifted positively. Heby, the second wave shifts more strongly.afiy) the second
wave merges with the first. The positive shifts are causecdyayrogen bonding of the
quinone mono- and dianion and not by pratiion of the quinone. The copolymep, can

be classified as a weakly interacting system, because the basicity of phenylazoanthra-
qguinone is low due to the strorgjectons withdrawing etct of the conjugated phenylazo
group. The ©OH groups incp, are weak protoracids. Therfore, the wave Il can be a
result of hydrogen bonding between th©@H groups and the anthraquinone mono- and
dianions formed during the redox atyng of cp,. The redox wave lll is esseally smaller
than the redox waves | and Il,edause incp the content of COOHgroups
(Xcoo=1mol%) is lower in relation to the content of anthragme groups
(Xunn=22Mol%). Due to tatistical reasons, only.5% of the anthraquinone mono- and
dianions can undergo hydrogen bonding with tOE! groups.

Conclusion

It was possible to obtain the high molecular lopwiymerp (M =74kg/mol) by rattal
melt polymerization of the arrespondingmethacrylate mnomer. Thin films ofp_ show
reversible redox propees at all applied sweep rateduring the cyclovitammetric
investigations according to thEE-mechanism. This electrochemical beloavi is emark-
ably different to the low molecular hapolymer p, (M =12kg/mol) exhilting the irre-
versible EC-mechanism. The electrochemical beloavi of the high miecular ©polymer

cp, (M,=73kg/mol) is complex due to the supeifpios of the EE-mechanism with a
hydrogen bonding comprising redaoechanism, which is caused by the presence of a
small content of OOH groups incp,. But, cp, shows not an irreversible redox behaviour
as the low molecular apolymer cp, (M,=9kg/mol) exhibiting the EC-mechanism. It
could be demonstrated in two cases that the molar mass of dxactive polymer
significantly affects its r@ox propeties. This can be explained by the different mobility
of the polymer chains, which are swollen in the electrolytic solvent. For low molar
masses, the chain mobilithauld be enlarged inefation to high molar masses due to the
higher number of entanglements of the high molecular polymers, which aphyasal
cross links constraining the chain motion (24). Thereforeactive species in the
sidegroups have a higheeactivity for chemical reactions in the case of low molar
masses. The possible reaction betweennane radcalanions can occurfor the low
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molecular polymerg_andcp,, but not for the high mecular polymerg_andcp,.

Focus

The swellingpropeties of the low and high molecular polymers have to be investigated in
the electrolytic solvenpropylerecarbomte to check théwypothesis of the higher shing
degree of the polymers with low molar masses. Finally, the homopolgmes a suitable
material for further investigtions verifying its eleecb- and photochmic propeties due

to its outstanding reversible redox behaviour and gidférming propeties.
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