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ESR in conducting polymers: Oxygen-induced contribution to the linewidth
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The oxygen-induced ESR line broadening has been investigated in the case of the conducting polymer
polyaniline in powder and in film form. Pumping under vacuum results in a narrowing of the ESR linewidth.
After initial pumping various oxygen containing gases have been applied to the sga@ed, ambient air,
dry air) and the linewidth has been measured as a function of time. The residual water in these gases was found
to seriously affect the narrowing behavior of the linewidth. A theoretical calculation is proposed showing that
the line broadening is proportional to the oxygen concentration and to the polaron mobility. Considering the
linewidth dependence upon applied oxygen pressure an evaluation of the polaron mobility is obtained. This
value is consistent with the values estimated from previous spin dynamics studies. An evaluation of the
exchange integral is also give80163-182806)06021-3

I. INTRODUCTION In this work, we present a comprehensive study of the
origins of the ESR linewidth in polyaniline in the presence of
Conducting polymers have been the subject of a considexygen and more generally in conducting polymers. Our no-
erable amount of work for fifteen years. Among the varioustable, and rather unexpected, finding is that the oxygen-
techniques of investigation, ESR has been used intensiveljpduced linewidth increases with the polaron mobility. This
since it enables one to directly “see” the polaron, a para-S contrary to the case of the motional narrowing,.and also to
magnetic charge carrier species, which plays a major role ifhe case of the line broadening of the conduction-electron
the physics of conducting polymers. The width of the ESRSPIN resonance in metals by the Elliott mechantSm.
signal is a particularly meaningful parameter: it is directly ~ The paper is organized as follows. Section Il describes the
connected to the interactions of the spins with their environexperimental results:  the linewidth broadening in the pres-
ment and to their motion. According to the well known pro- €nce of oxygen is thoroughly investigated. It has been known
cess of motional narrowing, the observation of a narrow lindor @ long time that oxygen broadens the line. However, the
is expected to be an evidence for fast motion. The narrowbroadening was first believed not to persist, but to “relax”
ness of the line should be a measure of the spin mobilityWith time. We demonstrate that such a “relaxation” of the
However, besides narrowing, possible processes of linBroadening is suppressed if stringent experimental conditions
broadening should also be considered. For instance, for @€ used. In Sec. lll, we develop the theory of the line broad-
sample left in air, the oxygen contamination results in a lineeNing based on polaron-oxygen collisions. We establish that
broadening due to magnetic interactions of the polarons wit#f iS proportional to the polaron hopping frequency. Various
the molecular oxygen triplet state® The observed linewidth ~Situations of spin-exchange during the collisions are consid-
iS then the resu't Of Competing processes' The purpose Of thged Utilizations Of the theoretical eXpreSSionS are made in
paper is to specify the various parameters which determin&€cs. IV and V for estimating the polaron hopping frequency
the observed linewidth, paying a special attention to the link&nd the exchange value from the data in polyaniline.
between the oxygen-induced line broadening and the motion
of the spins. Il. EXPERIMENTS
It has been known for a long time that the ESR signal of
the free spins in various compounds is reversibly broadened
in the presence of air. As examples we mentiorfree radi- The samples were powder or thin films of emeraldine salt
cals in solution: the resolution of the hyperfine structure isform of polyaniline prepared by the conventional method
lost if the solution has not been properly degassedi) developed by MacDiarmict all’ and protonated in 1 M
phtalocyanine radicals such as lithium phtalocyafiifté, HCI aqueous solution. The ESR experiments have been per-
(iii) alkali-DCNQI radical ion salt$? and (iv) amorphous formed with an ER 200 Bruker ESR X band spectrometer.
silicon® We also mention the effect of oxygen in polyacety- The sample was in a quartz cell placed inside the microwave
lene, which is only partly reversibfé:'® cavity and connected to a pumping line. The ESR linewidth
Basically, the ESR line broadening relies on the magnetieneasurements have been automatized. The ESR linewidth
interactions of the spins with the triplet state of the molecularthe full linewidth at half maximumAH,,,, and the peak-to-
oxygen contained in air. However, depending on the compeak linewidth,AH ;) could be recorded as a function of
pounds, various mechanisms might be involved, and in mantime.
cases the broadening mechanism is not actually understood The starting point of the experiment is the following. If
in detalils. one takes a polyaniline sample, that has been left in ambient

A. Experimental conditions
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OB e r—— 2. Effect of N,

] Opening the pumped sample to a given pressure of N
1 the narrow line remains unchangedAHpp~0.8 G. N,

20 ] seems to have no effect on the linewidth. Indeed, this behav-
] ior is consistent with the diamagnetic nature of the nitrogen
-~ molecules.
ST oxygen 7
o B « 3. Effect of O,
T 10 t 1 At t=0, the pumped sample is opened to an oxygen pres-
< 1 Teteses sure:P;=150 Torr, i.e., the partial pression of,@ air (in

‘ . . all the following the subscript stands for “impurity”). The
<~——ambient air linewidth increases fast to the same value as with air. Then,
“~ the linewidth decays with time but significantly slower than

] with air. The decay can be qualitatively described with a
single characteristic time of about 1 day; that is about the
0 1000 2000 3000 same as for the slow decay in ambient air.

time (min)
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|

.- linewidth after pumping

] ] ) ) 4. Discussion
FIG. 1. ESR linewidth(full width at half maximum of poly-

aniline powder as a function of time. The sample is initially pumped ~ The broadening observed with,@nd ambient air is due
under vacuum. At time&=0, atmospheric pressure of air, or 150 t0 the arrival of oxygen molecules into the polymer matrix.
Torr of oxygen, is introduced. The large broadening observed is evidence that the magnetic
interactions between polyaniline spifmlarons and oxygen
molecules(S=1) are strong and therefore that the oxygen

air for a long time, say several months, its ESR linewidth Smolecules succeed well in coming close to the polarons. This

typlcglly Apr§2 G Aiter bumping the sampléprimary can be visualized by the picture of a given, @olecule
pumping, the linewidth dec?reasegsn'a few SeCF’”dS folr a occupying an “active site” where a strong coupling exists
powde) to AH,~0.8 G. This preliminary experiment gives penyeen the spin of a polaron and the spin of thetr@let
evidence that ambient air has some broadening effect on thﬁate(whatever this coupling is exchange or dipole-dipole
linewidth, since its removal by pumping results in a line jnteraction.
narrOWing: Apr decreases from 2 to 0.8 G. In the follow- The mechanism responsib|e for the linewidth decay re-
ing, we report changes of the linewidth upon application of amained unclear to us for a long time. In particular, the dif-
gas pressure and as a function of time. The gas is introduce@rence of behavior upon exposure to air or to oxygen was
after a pumping stage which can be either skiatew min-  quite intriguing. Since Blseems at first to have no effect on
utes of primary pumpingor stringent(three days of second- the linewidth, the behavior with a{O,+N,) would therefore
ary pumping. The linewidth evolution can be quite intricate, have been expected to be essentially the same as with O
depending on the experimental procedure, but, at any timgpsing the same partial pressuré/e proposetf an explana-
pumping the sample always restores essentially the sani®n for the difference of behavior in the presence of air or
value for the linewidth under vacuum. This is evidence thatoxygen in terms of a scenario of competition betwegraad
the various effects are reversible. N,. Upon a sudden application of air, the, @olecules
would arrive first at the active centefeence the fast in-
crease of the linewidh and then would be progressively
B. Summary of known results replaced by the Nmolecules, according to their ratio in air
(hence the slow decayThis assumption was consistent with

Let us recall the results which have been previouslyine fact that upon application of oxygen alone, the decay
obtained'.'® After a short pumping stage few minutes of yin 7,~3 h was not observed. However, this assumption

primary pumping, the sample was opened to the following fajled in two respects. First, it did not explain the slow decay
gases: ambient air,Nand G. Data of the linewidth versus (7 ~1 day), which remains in presence of oxygen alone.
time are shown in Fig. 1 for powder. The data of the film aresecond, it was postulated that the number of available sites

presented in Ref. 1. was limited (so that, as they arrive, the nitrogen molecules
have to expel the oxygen one8ut there is an evidence that
1. Effect of ambient air only a small part of the active sites are occupied by the

) ] _oxygen molecules. This is shown in Fig. 2, in whigld is

After opening of the pumped sample tube to ambient airgjyen as a function of oxygen pressure. No significant satu-
one observes a fast increase of the linewiditha few sec-  ration effect in the line broadening versus oxygen pressure
onds for the powder, in a few minutes for the filnSurpris-  appears foP; close to the ambient pressure. In this range of
ingly, the linewidth reaches a much larger value than that opressures, there is thus plenty of sites available for gas mol-
the sample left in ambient air for a long time. After this ecules. The nitrogen molecules, when they arrive, need not
increase stage, a slow decay of the linewidth occurs. It cato expel oxygen. Consequently, we came to the conclusion
be qualitatively described with two characteristic timgs3  that the proposed assumption was incorrect. Moreover, the
hours andr,~1 day. lack of competition between Land N, allows us to explain
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FIG. 2. ESR broadenin@ull width at half maximum of poly- : a)
aniline powder as a function of the applied oxygen pressure. i
the same initial linewidth increase observed with ambient air 5[ P .
. . ! L linewidth after pumpin
and withP;=150 Torr of G;: the presence of diamagnetic / pumping
moleculeghere the nitrogen moleculedoes not prevent the
oxygen molecules from reaching the active sites. 0 Lttt
0 200 400 600
C. Effect of stringent drying time (min)

1. Effect of pumping conditions

FIG. 3. ESR linewidth(full width at half maximum of poly-

In our previous report%,lg pumping over the sample aniline powder as a function of time. The sample is initially pumped
meant a few min f primar mping: for the revers- : _
eant a fe utes of primary pumping: - for the revers for three days under secondary vacuum. At tim®, a pressure of

ibility of the observed phenomena it was indeed sulfficient for . . .
coming back to the narrow Iin(aApr%O.S G. Neverthe- 150 Torr of oxygen(a), or dried air(b), is introduced.
less, we decided to investigate the effect of the pumpin
conditions. A more drastic pumping was used: seconda
pumping for three days. This led to a narrower line
AHp,~0.7 G. Then an @ pressure ofP;=150 Torr was
applied(att=0). The linewidth change versus time is shown
in Fig. 3a).

At first, there is a rapid increase of the linewidth to
AH,,=13 G. Then, the linewidth remains constantio sig-
nificant decay was observee were therefore led to the the case of oxygen
conclusion that, after the long pumping process, something The two charactéristic times observed in the case of am-
had been eliminated from the polymer matrix, which was, ;. .. a1 andr ~1 day, can be explained in terms of
responsible for the linewidth decay previously observed. It is[W0 watérareservoirS'b(a) wate’r molecules contained in am-
quite reasonable to conclude that this is water. Polyaniline i%ient air, and(b) residual water molecules in the polymer
known to be very avid of water, and extracting all the Watermatrix, c’orresponding to the time constantsand 7, , re-

molecules from polyaniline has been shown to require aspectively. In the case of oxygen applied after primary

drastic pumping®2° : . ;
. umping only the process with,~1 day is left.
We are thus led to the conclusion that the presence 0? What is the mechanism for the linewidth narrowing in

r'esidl_JaI water molecules was responsible for the decay of thﬁresence of water? One can imagine that, through hydrogen
linewidth after exposure to oxygen. bounds, HO molecules can be more intimately tied to the
chain than Q. They can thus have a shielding effect between
O, and polarons, resulting in a decrease of the magnetic in-
Considering the fact that ambient air also contains soméeraction and, consequently, in a narrowing of the line. The
moisture, we decided to introduce dry éambient air passed decay time constants are representative of the time for the

gihrough a column of KOMon the sample which had been
_r}.l)reviously pumped as explained in Sec. Il C 1. The behavior
"was exactly the same as the one obtained with oxygen: first,
the linewidth increased very fast thH,,=13 G; then, it
remained constant. See Figbg

This experiment clearly proves that, Mas no influence
on the linewidth behavior. It shows that the linewidth decay
observed with ambient air was due to water molecules as for

2. Effect of air drying
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H,O molecules to reach the active sites. A microscopic pic-

ture of the water action has not yet been elaborated.
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Theexchange frequencw,» , represents the flip-flop fre-
quency of the spin of a giveA particle due to its collisions
with the B spins. This exchange frequency can be written as
wypa=Pawea, Wherepy is the flip-flop probability during a
collision. The following expression is therefore obtained:

As previously emphasized, the oxygen-induced line

broadening relies on the magnetic interactions of the spins of

the sample with the triplet state of the molecular oxygen

oxp=PaKyCp . (3.9

These interactions can be either dipole-dipole or exchang®p exchange frequency, g, can be symmetrically defined

coupling. In this work only the latter will be considered.

A. Collision and exchange frequencies

Let us consider two mobile paramagnetic speéiesdB
with spinsS, andSg, respectively. They have two different
Larmor frequenciesy, and wyg corresponding to the gyro-
magnetic ratiosy, and yg, respectively. The difference be-
tween the Larmor frequencies will be denoted by
Swy=|woa— wgg|, and the spin-lattice relaxation &f (resp.

B) by T? (resp.TY). The two species undergo collisions

for B as

(3.9

oxg=PeKyCa .

B. Different exchange situations

Depending on the relative values 6y, T2, w5, and
wyg ON the one hand) andt; on the other hand, several
situations should be distinguished: separate spins versus
single spin reservoir case and weak versus strong exchange.

during which they interact through exchange coupling. Our

aim is to determine the ESR linewidth of speciestaking
into account the collision and exchange processes witBthe

species. Keeping in mind that the exchange integral drops O?re
very rapidly with increasing distance we assume that the ex-

change is only efficient during the collision duratiap, Let
us denote byl the value of the exchange integral during this

time. Following the usual formalism developed for the de-

scription of spin exchange between paramagnetic species
solution?!=2we introduce the following quantities.

The collision frequencyw,, is defined forA as the fre-
guency of collision of a giverA particle against anf par-
ticle. We only take into account the nonidentical particle
collisions (i.e., collisions betwee and B) since they are
much more efficient in line broadening. For a giv&rpar-
ticle the probability to collide with & particle is propor-
tional to the concentratio@g of B in the solution and to the
relative mobility of the particles. Its collision frequeney
(resp.w.p) is then written as

(3.2

whereK is a characteristic diffusion frequency. A collision
frequency,w.g, can be symmetrically defined f& as

0.p=KyCpg,

0.g=KyCha. (3.2

The value ofK, depends on the relative motion of the par-
ticles. In a liquid, if the displacement of a particle during

an elementary diffusion step is less than the effective radiu

r; of the spin-exchange region, it has been shdwthat
Ky=4mDr; whereD=D 5+ Dg is the sum of the diffusion
coefficients of the colliding partners. A3x=1/7, wheren is
the viscosity of the solvanK is inversely proportional to
the viscosity of the solvant. In our systepolyaniline in the
atmosphere of oxygenthe polarons are hopping from site to
site with a frequencywy,,, and they collide with the oxygen

molecules adsorbed on active sites. Whereas the polarons are
mobile, the oxygen molecules can be considered as fixed.

1. Separate spins versus single spin reservoir

According to the value of the exchange-induced flip-flop
quencyw, (wy=wya Or w,g) compared tasw, or T, one
an deal with the two cases as follows.

Case of separate spinsor two species having short spin-
lattice relaxation rates TA"® compared todw, (like free
radicals in solutioly two separate spin reservoirs can be de-
fihed if maX wya , wyg} < dwq (slow exchange However, if
one of the partnergfor instanceB) can be considered as a
diluted species in the sea of the majority specidg (
(Cg<C,) and, moreover, has a relaxation timé& so short
that the conditiondw,<1/T? is satisfied, the separate spins
condition has to be writtem, < 1/T £.2% Indeed, theB spins
then appear for th& spins as if they were always in thermal
equilibrium with the lattice. They have therefore to be
treated as two different kinds of spins even if the condition
maX wy,wyp} <dw, is satisfied. Under the separate spins
condition the lines of the two partners broaden indepen-

C

dently.
Case of single spin reservoiiThe condition for having
one single spin reservoir can be written as

max wy, wegt =0, (fast exchangeand w,g>1/TS. This
condition leads to the well known exchange narrowing phe-
nomenon: the lines of the two paramagnetic species merge
into one single narrow line at the center of the spectfaim.

These results can be obtained by a statistic approach
based on a Markovian frequency migration proc@ss,by a
auantum calculation of the second and fourth moments. Let
us recall briefly the basic ideas of the latter, in order to
clarify the physical process which governs the line broaden-
ing or narrowing. The contribution of the exchange Hamil-
tonian.7,=—JS,-Sg to the second and fourth moments is
given by

1 (78D

2=~ hZ <SX2>

Thus, if the exchange interaction region is limited to one unit

cell (one aniline ring, one can write

Kd=wh0p. (33)

4 F <SXZ> ’ (36)
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where Ce
wxp=PaK¢CgxJ? K
H=Hon+ Hg+ Ty, d
C
7/A:_’)/AH()S'ZA\_ ’}’AH]_S')&, (37) wyg= pBKdCAOCJZ K—A (31_'])
d
and

In the case of weak exchange, an increas&kgfmay
He=—vygHoSE— y8H 1S5 . (3.8  resultin a decrease of the exchange frequency. Studying the
evolution of the exchange frequency in terms of the charac-
Ho andH; are the static and alternating fields, respectively.teristic diffusion frequencysolvant viscosity or spin hop-
Let us describe briefly the moment appro&tirom the  ping frequency should therefore be a means of discriminat-
above expressions dfl, and M, it is clear that when the ing between weak and strong exchange.
moment of a resonance line is computed, only those spins
which participate in that particular resonance should be in- C. ESR linewidth and exchange
cluded in the transverse magnetic momshtNote that 7, . .
commutes with the total spiB‘=S}+ S§ but not with the In the following, we develop a calculation of the ex-
individual spinsS} and S§. In the separate spins case, we change _contr|but|on to the linewidth l‘.".]der assumptions cor-
have to considef.7,,S%] and [.7,,S%], independently, responding to our experimental conditions.
which have nonzero values. It follows therefore that ex-
change contributes tdl , of each resonance line and hence to
their linewidth. Each resonance is broadened by exchange The spin exchange leads to a line broadening. Two sepa-
with the other one. rate spin reservoirs can therefore be considered.
In contrast to this case, for the single spin reservoir, the To make the detailed calculation, we taRg=1/2 (polar-
spins are indistinguishable. We have therefore to conside®n spin andSg=1 (oxygen molecule spjn
[.7,,S] where S‘=S%+S§. Since [.7%,,S]=0, the ex- The solution is considered to be dilute so that the time
change Hamiltonian does not contribute Mb,; however, between two collisions is long compared to the collision du-
owing to crossed terms like [ 7, [ 7 SIP  or ration; that is, lb., and lbg>t.. This assumption will
[.7, [ 75 STI% the exchange Hamiltonian contributes to permit a one-particle description.
M,. As a consequence, the narrowing phenomenon is The exchange integral is constant during the collision
observed® duration.
This interpretation has been extensively developed by In view of the instantaneous nature of the collision, all
Gulley and Jaccarino in their studies of the bottleneck effecinteractions except exchange in the evolution operator can be

1. Physical assumptions

in exchange-coupled paramagn@ts. neglected. In the case of a fast relaxing impury this
assumption implies that > 7. so that the spin-lattice relax-
2. Weak versus strong exchange ation of B during the collision can be neglected.

Two limiting cases must be considered depending on the
value of the exchange tim@/h) ! as compared to the col-
lision durationt,. . The calculation is based on a one particle description us-

Strong exchange(J/#%)t.>1. Many flip-flops can pro- ing the density matricep, andpg . The equations of evolu-
ceed during a collision. It will be shown in the next para- tion have the general form
graph that this condition leads to flip-flop probabilitipg
and pg which are independent aof andt.. The exchange ap in U p, 7]+T(p—p%)+®(p), (3.12

2. Calculation

frequencies are then given by ot

where.77 is the total spin Hamiltonian of the particle allow-
ing for int%raction with the static fielt; and the aI(t)ernating
_ field Hq, p" is the equilibrium density matri{,(p—p") is the
xp=PeKaCa*KqCa- 3.9 relaxatliog matrix, andb(p) is the collision ter’r)‘n gescribing
In the case of strong exchange, an increadé oeads there-  the effect of Heisenberg exchan@exchange relaxation ma-
fore to an increase of the exchange frequency. trix). In this calculation we are only interested in the influ-
Weak exchangd:J/#)t.<1. The flip-flop probability dur- ~ence of exchange on the density matrix evolution: the relax-
ing a collision is now dependent dnandt, . More precisely, ation matrix I' will therefore be ignored. Moreover, the
it can be shown that this condition leads to flip-flop prob-collision term will only take into account the nonidentical
abilitiesp, andpg proportional toJt 2. Moreover, assuming  particle interactionsi.e., interactions betweeh andB). Just
that the collision duration, is given in terms of the charac- after the beginning of the collision, the density matrix of the

0xp=PaKyCpxKyCpg,

teristic time of diffusion, we can write colliding particle compleXA-B is represented by the external
productp,® pg . At the end of the collision, the density ma-

1 trix pp®pg has becomeUp,®pgU 1, where U is the

tc‘xK—d- (310  Heisenberg evolution operatod =exd —i(J/%)S,- Satcl-

Then the A particle density matrix after collision is
The exchange frequencies are then given by pa(te) =Trg(Upa®pgU 1) where Tg is the trace in theB
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spin space. The latter expression must be averaged over the

collision duration distribution. For the general case, the av-

eraging can be carried out if we assume, as in the liquid case,

that the distribution of collision times obeys the law of ra- T
X (— 1+ cos(

A
1212 A 16

ot :Pllz,l/i ~i7aHot 57 KqCs

dioactive decay(t.) = (1) exp[— (t./t,)], wheret,, is the e )

width of the duration distribution. Thé particle density 2h

matrix can_finally be written after the collision as \yhereM$ is the equilibrium magnetization of th& spins.
Trg(Upa®pgU 1), where (--) denotes the average over  The variation of p”;, ., due to spin exchange
thet, distribution. For theB particle matrix there is an analo- (3Pél/2,1/13t)x is given by

gous expression. Then equations for the density matrices can

-H,M%, (3.18

be written as ap™ 12172 16 3Jt,
(T X:_2—7 K¢Cep2 12,4 1—co 5 )
d Trg(Upa®pgU 1) —
ﬂz_iﬁ_l[ﬂ/.\,-%”A]'f' s8(Upa®pp ) PA’ (3.19
dt ta We thus obtain the expression of the linewidth broadening
due to exchange,

J Tra(Upa®pgU 1) —
£=—iﬁ_1[p3,,,%3]+ A(Upa®pp ) PB. 9 J2 ,
at te a1 16 472w

(3.13 S(Aw)x=57—g 37— KdCs. (3.20

T 42
ta(tg) is the mean time between collisions of &B) 1+ 4 h2 tw
particle against 8(A) particle. Accordingly with Eqs(3.1)

and(3.2), one can write Remembering the general form af, 5 given by Eq.(3.4),

wypa=pPaK4Cg, ONe has

£ 0oA= K4Csg, i A(Aw)x= wyp (3.20)
1 97 2
€=ch= K4Ca- (3.19 _16 Zh—ztw
PA=57 Tzz (3.22
The A resonance line is proportional toM}) Tzt

=Im[Tr(paM %)], whereM , is the A species magnetization . 2,2
andM 5 =M x+iM X. According to the assumption of sepa- :jn the case of weak exchangé, <1, we havep,J't,, as

rate spin reservoirs, the lines of the two species are indeed” icl”gg; p\/rvi\i/::%uz)/ihlcjnetheengiif gff ;r:g)tng exchartge-1,
broadened independently. TH& magnetization therefore Pa ' P wr
gives no contribution to thé resonance line.

Remembering thaS,=1/2, we obtain IV. ESR LINEWIDTH AND POLARON HOPPING

FREQUENCY
y 1 11 A As shown in the previous sectiEg. (3.20] the oxygen-
(Mp)={~ 5|PAIS | TP-1212 (319  induced linewidth&(Aw), is directly connected to the char-

acteristic diffusion frequencKy and therefore, in our sys-
tem, to the polaron mobilitfyEqg. (3.3)]. The aim of the
present section is to take advantage of this connection to
obtain a quantitative estimate of the polaron hopping fre-

The problem is now to calculatﬁ)’il,z'l,zlat. The equation

giving dpa/dt will be projected on the bré—3| and on the

ket |+3). When carrying out this projection dd or U™, it _ u

is necessary to pass from individual to total spin,duéncy in polyaniline. . .

S=S,+Sg, representation. As the state of total spin is the Polaron and oxygen spins can be considered as corre-

eigenstate of the operat&-Sg, one has sponding to spin systen#s andB, respectively, and they are
assumed to fulfill the conditions stated in Sec. Il C 1. The

3 3 oxygen-induced linewidth is then given by
exp( *i SA~SBtC) |S)\>=exp( i ths> [SN), (3.19 S(Aw)=PanoCi @.1)

whereay,, is the polaron hopping frequencg; the oxygen
concentrationper aniline ring, andp=p(J,t,,) is the spin
flip-flop probability during a collision, which depends on the
amplitude of exchange during collisiods and on the char-

ds=3 [S(S+1)—Sa(Sa+1)—Sa(Se+1)]. (3.17) acteristic collision duratiot, ,

whereS,\ are the total spin of the colliding complex and its
projection

16 a?

After carrying out the projection, we obtain P= 27 a?+1" 4.2
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with 1

317 | @
a= E g tw- |
08| . 4

The ESR linewidth has been measured as a function of the
oxygen pressure. The data are presented in Fig. 2. It appears

that the linewidth increase is essentially linear with the oxy-

gen pressure. Besides, the mass uptake of polyaniline 0.6 - * 1
samples as a function of the oxygen pressure has been mea- [
sured by Rebattett al?” The oxygen adsorption isotherms |
are also linear functions of the oxygen pressure, at least to a 0.4l o |

first order approximatiofisee Fig. 4a)]. Rebattet's data en-

able us to convert the data of linewidth versus pressure into
data of linewidth versus concentration, as shown in Filg).4 L
Denoting bym the slope of the linewidth versus concentra- 0.2+ d .
tion, from Eq.(4.1) one has

3 -3
C, (emspem™ o)

’ym: pwhOp, (43) 0 1 1 Il Il Il 1 ]
where v is the electronic gyromagnetic ratio. o 200 400 600 800
A fit of the data in Fig. 4b) with a straight line gives P, (Torr)
Pwho~4X 10 rad/s. (4.4
100

Generally speakingy is a function of the characteristic col-

lision durationt,, [cf. Eq. (4.2)] and therefore ooy, if we

assume that, > 1/wy,,. However, according to E¢4.2), this

function is limited [0<p(t,)<35,Vt,]. Equation (4.4) 80
therefore gives

whop=6x 10" rad/s. (4.5 o) 5

Such a value is quite consistent with the values estimated X

from previous spin dynamics studi&s.For the diffusion T

ratesD, andD, , along and perpendicular to chains, respec- 3

tively, the following values have been found: w 40 1
D,~10"-10" rad/s

and 20 7

D, ~10" rad/s.

For a comparison with the present determination based on

polaron collisions against adsorbed oxygen molecules the O 0001 0002 0.003 0004  0.005
relevant diffusion rate to be considered is more likEly.
Taking wno,=D), EQ. (4.4) gives an estimate for the spin flip
efficiency factor:

C, (per aniline ring)

FIG. 4. (a) Sorbed oxygen concentration in polyaniline powder
p~0.04-0.4, (4.6)  as a function of the applied oxygen pressuré) ESR line broad-

which is near the strong exchange linfip=16/27~0.6). ening (full width at half maximum of polyaniline powder as a
This relation will be discussed in more detail in the nextnction of the sorbed oxygen concentration.
section.

It is noteworthy that the mass uptake measurements b€ linewidth increase is proportional to the}Feoncentra-
Rebattet are concerned with the total oxygen adsorbed in tH#n with a slope quite consistent with that obtained with
polymer sample, while ESR linewidth is only sensitive to OXygen.
oxygen molecules whose spins can undergo a coupling with
polarons. It has not been proved that all adsorbed oxygen
molecules actually contribute to the linewidth. However, we
have obtained other results, which are consistent with the
assumption that all oxygen molecules adsorbed in the poly- It has been described in Secs. Ill and IV that for the
mer participate to the linewidth broadening. A set of poly-efficiency of polaron-oxygen collisions in broadening, the
aniline samples containing various known amounts of Fe line depends on the exchange amplitude during the collisions
in the dopant counterion has been prepared. It turns out thaind on the duration of the collision. In a more general way,

V. EXCHANGE FREQUENCY AND EXCHANGE
AMPLITUDE: DISCUSSION
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in this section, we envisage the different possible situations (g) Pi (b) Pi
for the polaron-oxygen exchange. Namely, on the one hand, / /
the oxygen and polaron spins can be separated or included in
a single reservoir, depending on the value of the exchange
frequency compared to their Larmor frequency difference
and to their spin-lattice relaxation rates; on the other hand, .
the collision can be strong or weak, depending on whether pieces of paraffin
fche lifetime of the spin pgir entity formed d_uring the collision polyaniline sample paraflftfn after
is long enough to permit, or not, well defined exchange en- melting
ergy levels. FIG. 5. An experiment to test a relaxation process via oxygen
gas.(a Oxygen gas at pressuRg is applied on the sampléb) the
A. Separate spins versus single spin reservoir melted paraffin isolates the sample from the oxygen gas.
1. Preliminary discussion c 1
In the separate spins and single spin reservoir conditions, Ep O(Aw),< T (5.3
|

the leading terms are the exchange frequeneigs w,g of 1

the two colliding spins, their spin-lattice relaxation ratesThis condition is all the more drastic as the oxygen pressure
1/T4®, and their Larmor frequency differenaksy. In our  increases. AP, =1 bar,C,/C;~10 and&(Aw),~100 G; this
case, the latter is not clearly known. Indeed, whereas thgields T} <1071s. It implies a strong relaxation mechanism
polaronic ESR spectrum consists of one lin@atg, (g is  for the oxygen spins. Different possible cases can be con-
the free electromg factor, the gaseous oxygen spectrum con-ceived to explain such an efficient relaxation process.

tains many lines associated with transitions between rota- |n the case of the relaxation via oxygen gas, the sample is
tional levels of the molecul®3? As for the adsorbed oxy- surrounded by oxygen molecules in the gas state at a given
gen no line has been specifically observed, afg) is  pressure. They collide each other at a rate given by the gas
unknown. However, we know that the gaseous oxygen spedinetics theory. It is known that the molecule collisions gov-
trum broadens drastically fd?;>5 Torr: under this pressure, ern the spin relaxation in the gas state. This process is so
the rotational lines rapidly overlap leading to one single veryefficient that the ESR spectrum broadens drastically for
broad line. In the adsorbed state, the symmetry lowering?,>5 Torr. One possibility to envisage is that the relaxation
leads to even broader lines. We are therefore led to assume the gas state is the primary source which induces the re-
that the adsorbed oxygen molecules have a spin-lattice relaxaxation in the solid state via collisions of the gas molecules
ation rate 1T so fast that the condition T} >dw, is satis-  against the surface. In order to test such a process we have
fied. Moreover, the adsorption isotherififsg. 4@)] indicate  carried out an experiment, which enables us to suppress the
that the oxygen concentratidD is very low: C;=<0.005in presence of gas oxygen around the sample. This was ob-
the whole pressure randé<P;=<1 bay. The oxygen mol- tained by covering the sample with cuttings of paraffin. After
ecules can therefore be considered as fast-relaxing impuritigaelting the paraffin the sample was isolated from the gas

in a polaronic sea. reservoir(see Fig. % The polaron linewidth has been mea-
sured before and after this process. No change has been ob-
2. Separate spins versus single spin reservoir served. Therefore, it seems that the presence of an oxygen

Let us, first, recall the experimental datai) the polaron 928 reservoir is not required for the relaxation of the sorbed

line is broadened in the presence of oxygen, the broadeningY9en SpIns. _ »
being essentially proportional to the oxygen pressure(@pd N the case of the relaxation by oxygen-oxygen collisions
no line shift has been observed, even at high oxygen pressuVéthe solid state, the relaxation originates from the collisions
(1 bab. t_)e_tween adsorbed oxygen molecules. Let us evalu_ate the ef-
From these results, it is clear that the oxygen and polarofici€ncy of such a relaxation process. The mean tinige-
spins belong to separate reservoirs. As the oxygen moleculd¥€€n two collisions depends on the mean free pzahd on
can be considered as fast relaxing impurities, the separaf8® diffusion coefficienD through the relation
spins condition has to be written A2
. =5 (5.9
ﬂ" 5.0 According to the adsorption isothern®,/C;~10 atP;=1
bar; as the polaron concentration in polyanilineCis~0.05
where w,; is the oxygen exchange frequency. According to(1 polaron per 20 unit cells, i.e., aniline ringwo oxygen
Egs.(3.4 and(3.5), molecules are separated by 200 rings at this pressure. Taking
the lengthd of a cycle & 5 A and assuming that=200d, =
wp G can be calculated using the value of the diffusion coefficient

PRI (5.2  given by Rebatteet al:*’ D=123 cnf/s. The result is
Xi p

(J)Xi<

7~8x10 % s.
where w,, and C,, are the polaron exchange frequency and

concentration, respectively. Sinae,,=§(Aw), [see Egq. Assuming that all the collisions lead to a flip-flop of the
(3.21)], the separate spins conditi¢.1) becomes spins, one should have
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Ti1=7'. (5.5 tified, we were able to carry out careful studies, that is, to
] . ) obtain only the real oxygen-induced linewidAH), . The
The value obtained foT ; is then much too large to satisfy theory of the line broadening upon polaron-oxygen collisions
the condition (5.3). Although the previous calculation is hags peen developed. We have shown that the line broadening
quite rough, it do_es not seem possible_to obtain valuésiof pserved in the whole oxygen pressure raf@eP; <1 baj
as short as required K.3) by a relaxation process through requires the oxygen and the polarons to belong to separate
collisions. . _ _ _ reservoirs. In our system where oxygen molecules can be
Since the oxygen-oxygen collisions, either in the solidconsidered as fast-relaxing impurities, two separate spin res-
state or via the gas state, seem not to be sufficient to expla:ugr\,oirS can be defined. This implies the oxygen exchange
the fast relaxation process, we are led to propose that thigequency to be much lower than its spin-lattice relaxation
process is induced by the spin-orbit coupling of adsorbeqate. This drastic condition leads to an oxygen spin-lattice

oxygen molecules. relaxation time much shorter than 1§ s. A strong relax-
ation mechanism must exist for the oxygen spins, likely
B. Estimate of the polaron-O, exchange integral originating from the spin-orbit coupling. Since the gaseous

From Eq.(3.22 and with Eq.(4.6) the exchange during OXY9en molecule has a fundamental electronic state with no
the polaron-oxygen collisions can be estimated angular momentum and therefore no spin-orbit coupling, the
adsorbed oxygen molecule may have a deformed electronic

Jty, cloud allowing for a strong spin-orbit coupling.
7 ~02-1 (5.6 Another interesting theoretical result is that the line
broadening can be either proportional or inversely propor-

Preliminary data in samples of different conductivities showtional to the polaron mobility depending on the value of the
that the linewidth varies like the conductivity, consistently exchange timeJ/#) ! as compared to the collision duration
with the strong exchange limif. Besides, assuming that the t_ (weak and strong exchangén our case, the evaluation of
polaron motion is not disturbed by the presence of oxygenhe collision efficiencyp indicates that we are in an interme-
molecules, we can conclude that the collision duration isjiate case. However, preliminary data have shown that the
governed by the polaron diffusion. Polarons are usually definewidth broadening increases with the polaron hopping fre-
scribed as quasiparticles extended olefattice units. As  quency and therefore with the conductivity of the saniple.
their motion is a random walk along the chain, they spend arhis is contrary to the case of the motional narrowing, and
time t,,~L */wyqp Near a given fixed oxygen molecule. With also to the line broadening of the conduction-electron spin

L =4, as usually admitted, one obtaid#~0.4-0.9 K. resonance in metals by the Elliott mechanism. We note that
qualitatively similar broadening effects have been mentioned
VI. CONCLUSION for free radicals in solutioA® in magnetic insulator contain-

_ ing spin impurities’® and in amorphous silicotf:
: dWe gal\_/e pr%stﬁntbed adcomprgheph3|ve Suédyt.Of b cixygen— Lastly the theoretical expression of the line broadening
Induced linew roadening In the conducting polymer . vs s to estimate the polaron hopping frequency and the

Egh’;{i‘g':se'h'ggabzrg’; S;?queﬁézggglUI?r;ﬁ];’;:Qﬁse)e(ggz:?ggﬁaf(change integral from the ESR data. The value obtained for
" : . ; o i i nsistent with the val im from pre-
conditions are not used, the broadened linewidth exhibits @nop IS qUite consistent with the values est ated from pre

o g - . ious spin dynamics studies using NMR. This result reveals
decay with time. Residual water is therefore responsible folEhat the oxygen spins act as a nanoscopic probe of the po-
the linewidth “relaxation” previously reportet.The de-

) . . . . laron dynamics. The phenomenon of line broadening by
Falle'd mechanism for this Water-coqtrolled linewidth naIrow- g g spins could therefore provide a new method for spin
ing is not known. Generally speaking, one can say that re- namics studies
sidual water leads to a decrease of the magnetic interactiongl '
petween 'Fhe pplarons and the oxygen molecules. One can for ACKNOWLEDGMENTS
instance imagine that J® molecules remove QOmolecules
from the adsorption sites thus having a shielding effect be- We are grateful to J. P. Travers and F. Genoud for many
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The effect of water upon the linewidth being clearly iden-for the line broadening.
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