PHYSICAL REVIEW B 66, 014423 (2002

Spin soliton in a «r-conjugated ladder polydiacetylene
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The electronic structure and the spin dynamics of a spin soliton observed in a “ladder”-structured polydi-
acetylene have been investigated using multifrequency pulsed and continuougsewqedectron paramag-
netic resonanc€éEPR), electron spin ech@ESE) spectroscopy, electron-nuclear double resondB&DOR),
and electron-nuclear-nuclear triple resonafiERIPLE). The undoped ladder polymer in which two polydi-
acetylene wires are linked by bridges consisting of two triple bonds exhibits a strong EPR signal. In contrast,
no EPR signal is observed in the ladder-structured polydiacetylene, where the bridges consist of single bonds.
The observed bridge effect on the probability of formation of paramagnetic centers is interpreted in terms of a
quasidegenerate ground state due tostheonjugated ladder structure that creates-bond kink correspond-
ing to a spin soliton. High-frequency and high-field EPR reveals a small anisotropy gftémsor(principal
valuesg,;=2.0037, g,=2.0028, andg;=2.0023) for the spin soliton. By nutation spectroscopy, the spin
multiplicity was confirmed to b&=1/2. The hyperfine pattern attributed to tBeprotons was detected by
ENDOR and TRIPLE methods, providing evidence for both the positive and negative spin densities of the
soliton wave function. These experimental results led to the conclusion that the unpaired electron of the spin
soliton was substantially delocalized over the two polydiacetylenes through-tieajugation. At temperatures
(T) below 50 K, the width of the EPR spectrum narrows by about 45% with increasing temperature and the
width remains nearly constant for>50 K. The pronounced change in the line width Tox 50 K suggests the
presence of a mobile spin soliton in the ladder-structured polydiacetylene. A temperature dependence of the
electron spin system’s phase memory timgfor T<50 K was also observed by ESE spectroscopy. The decay
of the ESE exhibits a nonexponential behavior, wit increasing monotonically with rising temperature.
These findings represent clear experimental evidence for motional narrowing phenomena. Based on a one-
dimensional random-walk model for the unpaired electron spin along the ladder polymer, the soliton’s diffusion
rate constant was estimated from an analysis of the ESE dephasing process. An Arrhenius plot of the diffusion
rate was asymptotic te-8x 10’ s ! at very low temperature, which is two orders of magnitude slower than
that of the soliton intrans-polyacetylene.
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. INTRODUCTION experiment$3-2° On the basis of the diffuse-trap model, in
which the soliton visits some trapping sites and resides there

The existence of spin solitons is well established for bothor a long time compared to normal sit#s28a comprehen-
the cis- andtrans-polyacetylenes. Over the past few decadessive interpretation of the experimental data concerned with
numerous theoretical and experimental studies on spin solsoliton dynamics confirms a one-dimensional soliton
tons in polyacetylenes have been presented in order to umiffusion?%°
derstand their nature as an elementary excitation in A spin soliton is not observed in polydiacetylene wires
m-conjugated polymers:® In such systems, two different with an alternating arrangement of double and single bonds.
chemical structures with respect to the exchange of singl®©ne reason for this may be the large energy gap between the
and double bonds can be present in a single polyacetylerdomain with ene/yne structures and the domain with bu-
wire. These two different domains result in a degenerateéatriene bonds. However, we have recently reported an in-
ground state. In this framework, the soliton is defined as dense electron paramagnetic resona(iteR) signal due to a
domain wall separating the different structures and givingstable magnetic center in an undoped ladder polydiacetylene
rise to an unpairedr-electron spin(without charge at the  that was synthesized by the topochemical solid-state poly-
position of the bond alternation kifk® However, the un- merization of a monomer crystii®2 The polymer, denoted
paired spin—or, in other words, the soliton wave by LPDAT hereafter, is composed of two polydiacetylene
function—is not localized at the specific carbon position cor-wires which are regularly connected by bridges consisting of
responding to the kink, but rather is extended over severdinked triple bonds(Fig. 1). The X band EPR spectrum of
tens of carbon atoriS®8in balance with the localization LPDAT consists of a single unstructured line at a resonance
and condensation energi&® Theoretically the spin soliton position corresponding tg = 2.0030+0.0005. The spin
is able to move within the polymer wire by electron-phononconcentration of the stable magnetic center in LPDAT is es-
coupling#°1°-22 The soliton’s mobility has been demon- timated to 4.6 108 spin/g corresponding to the spin density
strated by various types of magnetic resonanceof one unpaired electron in 240 monomer units. The ob-
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served spectrum is quite different than those of various reac- B/ﬁe{agneﬁc
tive intermediates such as biradicals and carb&hdso )
changes in the EPR line shape and intensity of LPDAT have MW__% T2 %
been observed over a time period of several years when the 01
sample is stored at ambient temperature. Based on our pre- b '
vious results from electron spin echo envelope modulation ~ RF A
(ESEEM experiments, it was concluded that, similar to the
spin soliton in polyacetylene, the unpaired electron spin of (d)
the stable magnetic center in LPDAT is delocalized over sev- T2 T

E
=
]

eral units of ther-conjugated system.
In this contribution, we have utilized various magnetic P P ESE
resonance techniques, such as multifrequency EPR and RF
pulsed electron-nuclear double and triple resonafieis-
DOR and TRIPLE, to prove the existence of a spin soliton  FIG. 2. Pulse schemes fdp) transverse spin relaxatiortb)
in LPDAT and to investigate its spin dynamics and electronic2D-nutation, (c) Davies-ENDOR, and(d) TRIPLE resonance
structure. In particular, EPR experiments performed at higi¢xperiments.
microwave frequencies and correspondingly high magnetic
fields enhance the spectral resolution determined bygthe sized. The ladder-structured polymers were sealed in quartz
anisotropy of the paramagnetic center or by ¢ghealue dif-  tubes for the EPR experiments.
ference of different site¥ The direct observation of an EPR ~ Multifrequency EPR experiments were performed Sat
response signal in the time domain by pulse techniques prd3.0 GH32, X (9.6 GH2, andQ (34.1 GH2 band frequencies
vides useful information on the spin relaxation and spin mul-using commercially available spectrometéBruker ESP-
tiplicity of the spin systeni> By ENDOR spectroscopy, the 300 and ESP-380E Continuous-wavécw) EPR spectra of
hyperfine interaction of individual magnetic nuclei with the the W band were recorded with a laboratory-built high-field
unpaired electron spin is detected even in the case of inh@&nd high-frequency EPR spectrometer operating at 94-96
mogeneously broadened EPR lifsThe extension to GHz* The six-line EPR signal of a Mi)/MgO standard
pulsed ENDOR detection allows unwanted relaxation effect§g=2.00101,/a|=8.71 mT), placed near the sample in the
among different spin sublevels to be avoidédn TRIPLE  cylindrical TEyy; cavity, was simultaneously recorded for the
resonance, the effect of an excitation of two nuclear spirg-factor calibration. Pulsed EPR, ENDOR, and TRIPLE ex-
transitions on the magnitude of the EPR signal is monitoredperiments were performed & band frequencies using the
From the characteristic change in signal intensity, comparethstrumentation equipped with a 1-kW traveling-wave tube
with those of the ENDOR signals, the relative signs of the(TWT) amplifier and an overcoupled dielectric resonator
hyperfine couplings can be determin@d® Additionally,  (Bruker ER4118X-W}, which was immersed in a helium
TRIPLE experiments allow one to distinguish whether or notgas flow cryostat(Oxford CF935. Radio-frequency(RF)
the ENDOR signals are connected within the same paramagpulses for the ENDOR and TRIPLE were generated with an
netic center. RF synthesizer and amplified by a 1-kW TWT amplifier
(Kalmus 166LPL. Unwanted signals within the detection
Il. EXPERIMENTAL SECTION time. period were eIiminate'd by a suitable set of phase cycles.
Figure 2 depicts the microwau®W) and RF pulse se-
Ladder-structured polymers in which the two polydiacety-quences used in the pulsed multiresonance EPR studies. In
lene backbones were linked by single or triple bonds, asll the experiments, a two-pulse electron spin e¢BESE
illustrated in the previous section, were produced by solidwas used to observe the amplitude of the electron spin’s lon-
state polymerization. The polymerization reaction proceedgitudinal magnetization. A boxcar integrator was utilized to
by a successive 1,4-addition between the neighboringletect the total ESE intensity. As shown in Figa)2 to ob-
monomers in the crystdh*® The monomers for LPDAT serve the spin dephasing process of the spin system’s trans-
and LPDAS were 15,17,19,21,23,25-tetracontahexayneerse magnetization, the ESE intensity was monitored as a
and 5,7,15,17-docosatetraynylene (Nigbutoxycarbonyl- function of the pulse separationbetween the first and sec-
methy)carbamatk respectively, which were also synthe- ond MW pulses. For the nutation experimeff&g. 2(b)],*?
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the ESE intensity derived from the last two MW pul$ds-
ration: 48 ns /2 pulse and 96 ns 4 pulse] was recorded

as a function of the pulse length of the preceding nutation
pulse. The ESE intensity as a function tgfwas converted
into the frequency domain by Fourier transformation. As the
soft 7/2 andw pulses selectively excite only a fraction of the
inhomogeneously broadened EPR  spectrum, two-
dimensional2D) nutation spectra were additionally obtained
by observation of the,-dependent ESE oscillations as a
function of the external magnetic fiel8,. Two pulse (b) LPDAS
schemes are commonly used in pulsed ENDOR spectros-
copy, the Mims and the Davies pulse sequeri¢ase pre-
ferred the Davies ENDORFig. 2(c)] over the Mims EN- N R R Rl R R ERRE AR
DOR, because blind spot effects in the Mims ENDOR may 340 346
result in severely distorted ENDOR spectra which make it

difficult to analyze the powder pattern spectrum. The Davies g5 3 cw EPR spectra of LPDAT and LPDAS observed at
ENDOR pulse scheme utilized in this study consisted of & pang frequency at room temperature. The amplitude and fre-
selective MW preparation pulse of duration 400 ns, followedgyency of the field modulation for a phase-sensitive detection
by a RF puls€RF1, 9.5us) that corresponds to@pulse o method were 0.1 mT and 100 KHz, respectively.
excite the nuclear magnetic resonaribMR). An ESE de-
tection scheme, utilizing soft 96 and 200 ns MW pulses,action linearly depends on the magnetic field and, hence, on
follows the RF1 pulse to detect the hole depth in the inhothe MW frequencyvyy, the linewidth contributions arising
mogeneous EPR line generated by the preparation pulse. Trom hyperfine interactions are independentigf,,. The
obtain the ENDOR spectrum, the ESE intensity was meagPR spectral shape can be also influenced by a dynamic
sured as a function of the frequeneyr; of the RF1 pulse. effect such as a random motion of the magnetic center with
In the pulsed TRIPLE resonance, two RF pulses are appliegbspect to the direction of the external magnetic field. How-
between the MW preparation pulse and the ESE detectioBver, the EPR measurement at highgy, tends to freeze out
pulse sequenddig. 2d)].** The frequency of RF2izr,) is  the motional effect on the spectrum due to the shorter time
fixed at the resonance frequency for a selected NMR transicale for detection. Therefore, a multifrequency EPR study
tion while the ESE intensity is measured as a function of thecan be used to distinguish between the different contributions
frequency of the RF1 pulseirg;. The TRIPLE effect(the  to the spectral broadening of the observed EPR line.
difference TRIPLE spectruyris obtained by subtracting the  The cw EPR signal of LPDAT observed at different com-
ENDOR spectrum, which was obtained from the pulsepinations of the magnetic field, and microwave frequency
scheme without RF2, from the TRIPLE resonance data. is shown in Fig. 4. The signals taken at tBeand X band
frequencies are nearly symmetric and exhibit almost identi-
IIl. RESULTS cal EPR linewidths. Therefore, we conclude that the signal
linewidth at low frequencies is mainly determined by the
unresolved hyperfine interactions. The spectra recorded at
Figure 3 shows the cw EPR spectra of LPDAT andhigher frequencies of th® and W bands and correspond-
LPDAS observed at thX band at room temperature. An ingly higher magnetic fields clearly revegbnisotropies that
unstructured signal with a line width of 0.45 njfull width manifest themselves in an increasing asymmetry of the
at half maximum(FWHM)] is detected for LPDAT[Fig. LPDAT EPR signal. The simulation in a rigid-limit approxi-
3(a)], whereas no EPR signal is observed for LPDAS. This ismation of motion, which gives a powder pattern spectrum,
clear evidence that the-conjugated bridging between the reproduced well the observed spectrum at\ttiéand using
polydiacetylene wires plays an essential role in the occurthe principalg values ofg,=2.00370.0001, g,=2.0028
rence of stable paramagnetic centers in polydiacetylene. *+0.0001, andg;=2.0023=0.00005. The spectra at lower
The spectral width £5) of an inhomogeneously broad- frequencies should be influenced by both static and dynamic
ened EPR line of a doublet radical may be decomposed inteffects because there are mobile and immobile magnetic cen-
contributions arising from the anisotropic Zeeman interacters in LPDAT as described in a later section. However, it
tion and unresolved hyperfine interactions: was impossible to distinguish their contributions in the low-
frequency spectra because thanisotropy is not so large in
comparison with the hyperfine interactions. Tentatively, the
sameg values have been used to calculate the spectral line
shapes observed at lower MW frequencj€sg. 4, traces
Here,qg. is theg factor for a free electron\g represents the (a)—(c)]. Organic polymer often undergoes oxidation and ad-
anisotropy of theg tensor,AA; is the hyperfine coupling dition reactions with atmospheric oxygen molecules that cre-
constants of magnetic nucléiere *H and 1°C) interacting ate oxygen-centered radicals for which higlgg, values
with the unpaired electron spin, amdis Planck’s constant. and largerg anisotropies would be expected. However, the
While the contribution due to the anisotropic Zeeman intersmall g anisotropy taken together with @, of 2.0029 is

(a) LPDAT
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FIG. 4. cw EPR spectra of LPDAT observed at the microwaveat room temperature.

frequencies ofa) 2.9915 GHz,(b) 9.6130 GHz,(c) 34.059 GHz,
and (d) 95.050 GHz at room temperature. The amplitude and freconcluded that the EPR signal has a doublet spin multiplicity.
guency of the field modulation for a phase-sensitive detectionlhus, the stable magnetic center in LPDAT also behaves as a
method were 0.1 mT and 100 KHz, respectively. The dashed linespin uncorrelated with the other unpaired electrons like the
indicate the powder pattern spectra calculated using the orthorhonsoliton in polyacetylene does.
bic principalg values(2.0023, 2.0028, and 2.00B8@nd anisotropic
linewidths using Gaussian functions depending on the magnetic C. ENDOR and TRIPLE resonance
field.

The ESE-detected Davies-type ENDOR spectrum of
characteristic for a carbon-centered radical in thelLPDAT is depicted in Fig. @&). A broad and symmetric sig-

m-conjugated polymer rather than for oxygen-centered’@l centered at the proton Larmor frequency of
radicals. =14.30 MHz is observed. It is considered that these hyper-

fine signals almost stem from the pinned magnetic center
since the motion of the center can be fast enough to average
out the signals in the NMR frequency region of less than a
To confirm the effective spin multiplicityS) of the stable  few MHz. The main contributions to the ENDOR spectrum
magnetic center in LPDAT, transient nutation measurementgre expected to arise from tieprotons within the alkyl side
v_vere_performed in two dimensions. For small MW irradia- chainR (-CH,R’). Because the hyperfine interaction of pro-
tion fields (B,), the nutation frequencyif) for an EPR-  tons being more remote from the-conjugated polydiacety-
allowed transition oAMg=*1 can be expressed@$*~*®  |ene wires quickly levels off with increasing distance, the
very small couplings arising from the and & protons are
vp=VS(S+1)~Mg(Mg—1)vy, (2} observed in a narrow region of the matrix line. The hyperfine

where v, is a critical function ofS and Mg, and also de- intera_ction of theB protons is nearly isotropic and can be
pends onv; = y.B;, andy, is the magnetogyric ratio for an described by
electron spin. According to E@2), the nutation frequency of _ :
a doublet state§=1/2) is expected to be smalléby a fac- Apl0ip) = (Aot AgSinGi)pi. ®
tor of \/2) than that of a triplet stateS&1). where the coefficierh,= 164 MHz reflects the spin density
The 2D-nutation spectrum of LPDAT observed at e of a proton arising from hyperconjugatitit® and A,
band is depicted in Fig. 5. A strong signal is observed at & 0.8 MHz contributions due to spin polarizatithp; is the
nutation frequency of 5.10 MHz centered at the resonancspin density on the polydiacetylene carbonwith the alkyl
field of 346.5 mT. The same nutation frequency is observedide chain and; is the dihedral angle between the plane
in a calibration experiment with the organic radical of 2,2-containing the GC-H; bonds and the principal direction of
diphenyl-1-picrylhydrazyl(DPPH diluted in a KBr host the p, orbital of the G atom in which the unpaired electron
crystal that is used as a standard &t 1/2. Therefore, we spin resides. FoA,> A, the size of the3 proton hyperfine

B. 2D-nutation spectroscopy
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FIG. 6. (@) Davies-ENDOR spectrum for proton observed at
. 0.0_|||||||||||||||||||||||||||||_
room temperaturglb) Difference TRIPLE resonance spectrum ob- 50 100 150 200 250
tained by pumping at 12.99 MHz. Temperature T (K)

interaction critically depends on both the geometry of the FIG. 7. Temperature dependen@ of the two-pulse ESE de-
alkyl side chain and the spin density on.@®o well-resolved tected EPR spectrum that is normalized at the top of the signal and
hyperfine lines arising from thg protons is a clear indica- (b) of the spectral linewidth. ESE was observed usitig (64 n9

tion that a distribution of the spin density and/or a distri- ~andw (128 n3 pulses separated by 232 ns. The broken line through
bution of geometric configurations is present, resulting in ghe data in b is a visual guide.

broad and unresolved proton ENDOR spectrum.

The difference TRIPLE spectrum observed by pumping at(p), the FWHM of the EPR line is plotted as a function of
13.0 MHz is depicted in Fig.(®). TRIPLE resonance effects the temperature. Line narrowing phenomena, as observed
were observed in both regions lower and higher thanTo  pere for T<50 K, have been reported for the soliton in

excite the less hyperfine lines among the many signals i“franspolyacetylene which was found to be highly mobile
cluded in the broad ENDOR spectrum, we chose the secon ong themr-conjugated wire of carborfs For T>50 K, the

RF frequencies that were as far fromy as possible. How- : . o
. o . . nearly temperature-independent linewidth is similar to that of
ever, it was difficult to detect reliable difference TRIPLE the soliton incis-polyacetylene which was found to be im-

signals when the frequency difference| o, — vy| became - . .
larger than 1.8 MHz due to the loss in signal intensity. Themoblhzed. By comparison with the results observed for the

L -54
signal in the difference TRIPLE shows hyperfine lines cor-s’oIIton in polyacetyleneS, *we conclude that the observed

related with the pumped line; i.e., they belong to the saméEPR line is compqsed c@ c_ontributions frOT“ mobile mag-
spin center within the sand s sublevel manifold. The con- Netic centers within the finite polymer chain length ail

formational variation in the alkyl side chain never changescomribUticmS of pinned centers that are trapped within the

the sign of the proton hyperfine couplings. Therefore, the®@rtially disordered regions of LPDAT.

; i : - Additionally, the temperature dependence of the ESE
observation of difference TRIPLE signals on both sides of
vad ! J ! pjephasing process has been studiEd. 8. While ESE

-gtephasing proceeds efficiently at low temperatures, the pro-
cess becomes slower and exhibits a nonexponential behavior
as the temperature is increased. No MW power dependence
on the ESE decay was observed, which is why instantaneous
diffusion effects® can be ignored. The phase memory time
Figure 7a) depicts the temperature dependence of thdengthens by approximately 40% when the temperature is
ESE-detecteX band EPR spectrum that was observed usingncreased to 50 K. This corresponds to the decrease in the
two selective MW pulses. The spin center in LPDAT exhibitsEPR linewidth observed in the same temperature rdsge
a symmetric EPR line with a FWHM of 0.775 mT at 2.9 K, above. Therefore, we conclude that the ESE dephasing pro-
which narrows by almost 45% when the temperat{ireis  cess(for T<50 K) arises from the diffusive motion of the
increased to 50 K. This behavior suggests that the mobilitynagnetic center. On the other hand, the decay rate of the
of the magnetic center affects the EPR spectral width. In FIgESE becomes very fast again above 50 K. Such a behavior

on the carbons bonding with the side chains.

D. Temperature dependence
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served by time increments) between the firs(16 ng and second quasidegenerate
(32 n9g pulses. The ESE intensity is normalized at2200 ns. The double well
dashed lines describe the fitting curves. -

implies that additional dephasing mechanisms, such as spin
exchange, significantly contribute to the ESE decay at higher
temperatures.

IV. DISCUSSION FIG. 9. Molecular structures and schematic potentialgaf
polyacetylene,(b) polydiacetylene, andc) w-conjugated ladder
polydiacetylene.

Based on the characteristics, such as doublet spin multi-
p||C|ty and delocalization of the electron spin and diffusive domain through thm-conjugated bridges, a pseudodegener-
motion, the magnetic center observed in the undoped LPDARte ground state may be achievigdlg. 9(c)]. As a conse-
where the two polydiacetylene wires are linked with quence, this may lead to a soliton in LPDAT. Although the
m-conjugated bridges can be regarded as a spin soliton of theyliton in LPDAT does not have a mirror plane at the kink, as
m-conjugated polymer. However, no soliton was observed ifar as structural symmetry is concerned, such a situation is
unbridged polydiacetylenes and in the respective LPDASsimilar to the one present icis-polyacetylene. On the other
where the polydiacetylene wires were connected by aliphatiaand, the fact that no soliton is observed in LPDAS can be
bridges. A soliton in ar-conjugated system can be defined asinterpreted in terms of the aliphatic bridges not sufficiently
a m-bond kink between two domains with different chemical assisting in stabilizing the conjugated system to allow a
structures with respect to bond alternation within the poly-butatriene domain to exist next to the ene/yne domain within
mer chain[Fig. 9a)]. In the case of polydiacetylene, the the polydiacetylene wire.
ar-bond structure in the one domain consists of a periodically
repeating ene/yne unit, while in the other domain a bu-
tatriene structure is present. The conjugational defect at the
junction between the two domains gives rise to an unpaired The deep nuclear modulation effect previously repdfted
electron spin. In a single polydiacetylene wire, however, theand the smallg anisotropy determined by multifrequency
two domains may not be simultaneously present within theEPR indicate an electronic structure in which the unpaired
same chain because the total energies for the two domaimdectron spin is considerably delocalized within the
are very differenfFig. 9b)]. In fact, in polydiacetylene, a w-conjugated system of carbons. Based on TRIPLE reso-
periodic enelyne structure has been confirmed from opticatance, the broadening of the proton ENDOR signal can be
absorption spectroscopy and resonance Raman studies ratinly attributed to a distribution of the spin density on the
temperatures below 300 ¥:°° Therefore, a soliton is absent carbons rather than a distribution of conformations of the
in the unbridged polydiacetylene. alkyl side chains because they play an important role in the

When two polydiacetylenes are connected by bridges cormpolymerization to fix the monomers at the proper positions in
sisting of two consecutive triple bonds, the energies ofithe crystal by van der Waals forces. Therefore, the alkyl side
orbitals are strongly affected by the conjugation effect be-chains in LPDAT tend to form a coplanar structure with the
tween the two polymer wires. If the second polydiacetylenepolymer sheet. The most probable conformation conse-
wire stabilizes the butatriene domain more than the enefynguently results ing,=30°. Using this dihedral angle, the

A. Effect of conjugated bridges

B. Electronic structure
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observed main hyperfine signals within the ranggq
+1.8 MHz lead[according to Eq(3)] to |p|<0.026. Al- 18.7
though the total spin distribution cannot be probed by
ENDOR because of the lack of hyperfine information from
carbons without attached alkyl side chains, the estimated
small spin density on the specific carboni€consistent with
a considerable delocalization of the soliton’s unpaired elec-
tron spin.

By TRIPLE resonance, the presence of a negative spin 18.4
density was proved for the soliton in LPDAT. In the soliton
of trans-polyacetylene, the positive spin density appears at 18.3
every even-numbered carbon relative to the center of the
soliton, reflecting the nonbonding character of the soliton T T b
whose energy is localized at the center of the band*gapn 0.00 040 0.20 0.30
the other hand, a negative spin density is induced at odd- ' ' P '
numbered carbons by spin polarization due to the effect of T (KD
electron correlatiofi’ The negative spin density of LPDAT  gg. 10, Arrhenius plot for the diffusion rate constakg) es-
can be understood by the spin polarization effect at the oddimated from the dephasing curves of ESE. The dashed line drawn
numbered carbon sites from the soliton center. Each carbofrough the data can be used as a visual guide.
with an attached alkyl side chain on the polydiacetylene
wire, where the spin center is located, corresponds to the
odd-numbered carbon site. The carbons with the alkyl groups |, Fig. 10, Ink), which was obtained from the analysis of

on another poly_diacetylene wire give rise to the even NUMthe ESE decay according to EG), is plotted versus the
bered carbon sites. Hence, the occurrence of both positivyerse temperature. The Arrhenius plot is asymptotic to
and negative spin densities also suggests the effect af gy 17 51 gt very low temperatures. This value is two
m-conjugation and the delocalization of the unpaired electroRyqers of magnitude slower than the on-chain diffusion rate
spin over two polydiacetylene wires. constant determined for the soliton intrans
polyacetylené®3° The soliton center corresponding to the
7r-bond alternation kink can be displaced by the exchange of
C. Spin dynamics one of the single bonds with the adjacent multiple bonds,

The temperature dependences of both the EPR speCtruﬁrs{ulting in a displacement of the soliton. The relatively slow
and the ESE dephasing process were observed for the solit§ifusion rate in LPDAT is probably associated with the ex-
in LPDAT, indicating mobility. To estimate the diffusion rate change between the double_and tnpl_e bonds or the imperfect
of the soliton, we have analyzed the ESE decay with a mod(ﬂegeneracy of the electronic energies for the ene/yne and
for a one-dimensional random-walk procé&siere, we as- utatriene domains. On the other hand, the diffusion rate is
sume that within an infinite polymer wire soliton, hopping €XPonentially accelerated above 10 K. There seems to be
takes place only between nearest-neighbor sites and that ti8Me small barrier of local potential for the soliton, V\_/h_lch is
hopping rate constarit, is much larger than 1/ According necessary for a rearrangement of thebonds. The driving

to Kubo and Tomita's formalisr® the response function force of the nonballistic soliton diffusion may be related to
S(t) is expressed as ' scattering with the low-frequency phonon.

e
.-

.
-
e

18.6

e

In Ky
iy
o
A
9.,
@

IIIIIIIIIIIIIIIIIIIIIIIII_L

LY
~o

2
S(t)= exp[ - 12“;k2{(1+ A kyt) 32— 61 kgt — 1}1 . V. CONCLUSION
T (4 Using various EPR methods, we have studied the elec-
tronic structure and the dynamics of the stable magnetic cen-
ter newly observed in the undoped ladder polydiacetylene
Here S(t) is an exponential function that decays with the that is regularly linked byr-conjugated triple bonds. Based
characteristi¢®? andt dependences of its exponentw rep-  on several spectroscopic features, it was concluded that the
resents the local magnetic field that an unpaired electron spimagnetic center is a spin soliton. Theconjugation effect
experiences within one site, which is an ensemble average tetween two polydiacetylene wires on the spin soliton was
the nuclear hyperfine couplings in the solitahw of the  examined by comparison with a ladder-structured polydi-
soliton in LPDAT can be estimated from an integration of theacetylene that is bridged by aliphatic bonds. It was consid-
proton ENDOR spectrum, because the local magnetic field isred that thew-conjugated ladder structure achieves a
almost exclusively governed by hyperfine interactions withquasidegenerate ground state of the ene/yne and the bu-
the B protons of the alkyl side chains. The observed ESEatriene domains, and this introduces the spin soliton in poly-
decays in Fig. 8 are well fitted by a nonlinear least-squaresdiacetylene. The results of multifrequency EPR and 2D-
method using the functio8(t) with Aw=2.5 MHz. nutation measurements are indicative of the fact that
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