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Electron-nuclear double resonance (ENDOR) spectra have 
been recorded for samples of pristine cis- and 
trans-polyacetylene at temperatures ranging from 15 OK to 
29OoK. The ENDOR spectra of cis-polyacetylene consist 
of resolved contributions arising from distant and local 
ENDOR mechanisms. The temperature dependence of the 
peak positions of the local ENDOR spectra is analyzed in 
terms of a simple two-site electron jump model resulting in 
modulation of a 1.8 MHz isotropic hyperfine coupling. 
This analysis leads to an activation energy of 34’K. The 
ENDOR spectra of trans-polyacetylene at  temperature 
above 70°K consist of a single line centered at  the free 
proton Larmor frequency and exhibiting a temperature- 
dependent linewidth. These spectra are assumed to be 
composed of distant and local ENDOR contributions with 
motional narrowing of the local ENDOR structure account- 
ing for the temperature dependence of the ENDOR linew- 
idths. This assumption is supported by observation of 
two-component ENDOR spectra below 40’K. Analysis of 
the linewidth variations of the high temperature spectra 
suggests that the linewidths are determined by modulation 
of an approximately 1.4 MHz hyper-fine interaction by a 
dynamic process characterized by a 400-K activation ener- 
gy. These numbers are in excellent agreement with values 
obtained from analysis of electron spin echo (ESE) spin- 
spin relaxation data establishing that the same process 
determines both ENDOR and ESE data. No evidence is 
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344 10661 H. THOMANN cr al. 

obtained froin ENDOR spectra for the existence of large 
hyperfine interactions. Thus, the EPR, ESE, and ENDOR 
results for trans-polyacetylene are dominated by an inter- 
mediate motion process ( T  = to sec) modulating 
approximately 2 MHz hyperfine couplings and character- 
ized by a relatively high activation energy (400'K) and not 
by a fast, highly directional motion modulating large hyper- 
fine interactions as suggested by recent soliton theory anal- 
ysis of EPR spectra. 

INTRODUCTION 

The conducting organic polymer polyacetylene has been exten- 
sively studied by electron paramagnetic resonance (EPR) 
spec t ro~copy~-~~  in an effort to define the magnetic susceptibility 
by analysis of integrated signal intensities and to elucidate the 
electron dynamics by an analysis of EPR linewidths. The magni- 
tude and temperature dependence of EPR linewidths were initial- 
ly analyzed in terms of a highly one-dimensional soliton 

Recently, electron spin echo (ESE), l 6  microwave-induced 
nuclear p ~ l a r i z a t i o n , ~ ~ . ' ~  and nuclear spin-lattice relaxation13J7 
measurements have shown that the major contribution to EPR 
linewidths cannot be assigned to a fast, highly dimensional soli- 
ton motion but rather appears to be characterized by a motion 
with a correlation time of approximately lo-' to loa9 sec at am- 
bient temperatures. Moreover, the ESE results indicate that at 
temperatures below 200'K the EPR spectrum of 
rrans-polyacetylene is inhomogeneously broadened. This observa- 
tion, together with predictions of the magnitude of the modulated 
hyperfine interactions derived from quantitative analysis of the 
ESE spin-spin relaxation data, led us to perform electron- nucle- 
ar double resonance (ENDOR) measurements on protonated cis- 
and trans-polyacetylene. Local ENDOR frequencies are given by 
the expression 
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MAGNETIC RESONANCE IN POLYACETYLENE [ I067]/35 

where vP = gNfihHO is the free proton frequency associated with 
the nuclear Zeeman effect. A, is the Fermi contact hyperfine 
interaction or coupling constant; ui is the unpaired electron spin 
density on the ith atom in the molecule; D is a constant reflect- 
ing the magnetic moments of the interacting spins, ri and rp are 
vector distances from the origin of the ith atom and the nucleus 
(e.g., proton) respectively, Bi is the angle between H, and (r  -ci) 
and d7 is the volume element in the electron distribution. from 
Eq. (1) it is clear that the spectral position of an ENDOR reso- 
nance line is linearly related to the hyperfine interaction experi- 
enced by that class of protons. Such is not the case for conven- 
tional EPR where the position of any resonance line is dependent 
upon all hyperfine interactions and the number of nuclei experi- 
encing each particular hyperfine interaction. This feature of 
ENDOR spectroscopy results in a great simplification in the 
analysis of ENDOR spectra as compared to the analysis of EPR 
spectra. i8-26 

Local ENDOR spectra intensities depend upon induced 
transition probabilities which predict a quadratic dependence 
upon vENDOR and upon various relaxation If relaxa- 
tion rates are isotropic, the analysis of even complex distribu- 
tions of hyperfine interactions is possible. On the other hand, if 
relaxation rates, such as proton spin-lattice relaxation rates, are 
anisotropic, then quantitative analysis of ENDOR spectra is 
difficult if not impossible, although qualitative insight can still be 
obtained into the magnitude of hyperfine interactions. 

A second possible contribution to the ENDOR spectrum 
may arise from a distant ENDOR m e c h a n i ~ m . ~ ~ ~ ~ ~  A schematic 
representation of this mechanism is shown in Fig. 1. The polari- 
zation reflected in the local ENDOR effect may, in favorable 
cases, be transmitted to distant nuclei by simultaneous nuclear 
spin flips (a process called nuclear spin diffusion.**) The trans- 
ition frequencies and hence lineshape of the distant ENDOR 
spectrum is determined by nuclear Zeeman and nuclear dipole- 
dipole interactions. Distant ENDOR spectra are centered at the 
free nuclear Larmor frequency and exhibit spectral widths that 
are substantially less than the widths of the local ENDOR spec- 
tra, reflecting the smaller magnitude of nuclear dipolar interac- 
tions as compared to hyperfine interactions. Distant ENDOR 
transition intensities depend strongly upon relaxation rate includ- 
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36/[ 10681 H. THOMANN et ul. 

FIGURE 1 A schematic representation of the interactions and energy 
transfer processes relevant to the ENDOR experiment is shown. Nuclear spins 
are divided into two classes according to whether they experience finite (local 
nuclear spins) or no (distant nuclear spins) hyperfine interaction with pararn- 
agnetic electrons. 

ing nuclear spin-diffusion rates; in the simplest case, spectra are 
determined by the ratio of the nuclear spin-diffusion rate to the 
nuclear spin-lattice-reiaxation rate. 

EXPERIMENTAL 

ENDOR measurements were performed employing two different 
ENDOR spectrometers. The first system consisted of a Varian 
E-1700 ENDOR accessory interfaced with a Varian E-12 EPR 
spectrometer equipped with an E-272B field/frequency lock 
accessory. A variety of modulation schemes are available with 
this instrument as has been described e l ~ e w h e r e . ~ ~ . ~ ~  The second 
system consisted of an IBM Instruments ER-250 Computer- 
Controlled ENDOR/TRIPLE accessory interfaced to an Aspect 
2000 computer controlled ER 220 EPR system (12 inch electro- 
magnet). This EPR spectrometer was also equipped with a 
field/frequency lock accessory. Modulation schemes available 
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MAGNETIC RESONANCE IN POLYACETYLENE [ 1069]/37 

with the IBM ENDOR include frequency or amplitude modula- 
tion of the radiofrequency field. 

Variable temperature operation between liquid nitrogen and 
ambient temperatures was accomplished employing either a 
Varian E-257 accessory or an IBM Instruments 4111 accessory. 
Variable temperature operation between liquid helium and am- 
bient temperatures was accomplished employing either a Varian 
ESR-9A accessory or an IBM Instruments ER 41 12 HV accesso- 
ry (or an Oxford ESR-9 variable temperature unit). Tempera- 
tures at the sample were measured as described previo~sly.~ '  

Spectra were recorded employing all of the possible modu- 
lation schemes and the essential spectral shapes were found to be 
independent of modulation scheme employed. Spectra were also 
investigated as a function of microwave and radiofrequency field 
intensities. The spectral shapes of the spectra reported here 
were found to be independent of field intensities, i.e., free from 
radiofrequency coherence effects32 and modulation broadening.26 

RESULTS 

Extensive investigation of ENDOR spectra as a function of 
modulation and detection scheme, type of microwave cavity, and 
type of radiofrequency coil structure demonstrated that the 
spectra shown in Figs. 2-5 are free from instrumental artifacts 
and are representative of cis- and trans-polyacetylene, respective- 

With both cis- and rruns-polyacetylene samples, an exhaus- 
tive search was made for large hyperfine interactions. The base- 
line at high frequencies was established as a zero ENDOR effect 
baseline by standard  procedure^.^^.^^,^^ As shown in Fig. 2, no 
features19 that could be associated with large hyperfine interac- 
tions were observed. 

Analyses of ENDOR spectra were carried out assuming that 
a simple two-site jump process modulates isotropic hyperfine 
interactions. The expression used for analysis of the effect of 
electron dynamics upon the separation of the peaks of the EN- 
DOR spectra of cis-polyacetyene is 

ly. 
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1 I 1 1 1 1 l 1 1 1 1 1 1 1 1 1 1 1 1 I  
10 I 5  20 25 Mh’z 

FIGURE 2 A typical single scan ENDOR spectrum of Cis-polyacetylene, 
recorded employing amplitude modulation of the radiofrequency field, is 
shown. This spectrum, obtained a t  a sample temperature of lS°K, demon- 
strates the absence of large hyperfine couplings. The spectral regions 1-9 
MHz and 30 to lOOMHz were also exhaustively investigated with the result 
that no evidence of large hyperfine interactions was found. 

where 7(T) is the correlation time for the electron motion, AvT=O 
is the low-temperature limiting value of the splitting of the EN- 
DOR spectra and AvT is the value of the splitting measured at 
temperature T. In the analysis presented here A V ~ , = ~  was taken 
as 1.8 MHz. As can be seen in Fig. 6, this value of 1.8MHz 
optimizes the linearity of the plot of -In T(T) versus 1/T. Eq. 
(2) assumes the dynamics are in the slow exchange region. 

trans-polyacetylene with temperature was conducted assuming 
two independent contributions to the linewidth. The resolution 
of these two contributions at  low temperature is evident in Fig. 
5 .  The first contribution is a temperature- independent contrib- 
ution from a distant ENDOR signal. This contribution deter- 
mines the residual linewidth and arises from proton dipole-dipole 

The variation of the ENDOR linewidth for D
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MAGNETIC RESONANCE IN POLYACETYLENE [ 1071]/39 

I I I I I I I I I I  
10 12 14 16 MHz 

FIGURE 3 Typical ENDOR spectra for cis-polyacetylene, recorded 
employing amplitude modulation of the radiofrequency field, are shown as a 
function of temperature. The spectra shown are single scan spectra. Comput- 
er averaging was used to improve signal-to-noise for detailed lineshape analy- 
sis. These spectra are composed of local and distant ENDOR contributions. 
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i 

I 
I 

I 
130 

I 
13.5 1’ 

I 

i 

5 MHz 
I 

15.5 
FIGURE 4 Typical ENDOR for trans-polyacetylene, recorded employing 
10 khz frequency modulation of radiofrequency field, are shown as a function 
of temperature. 

interactions. The magnitude of the proton dipolar interactions 
are calculated from structural data for truns-p~lyacetylene~~-~~ 
assuming a point-dipole approximation.*’ The second contrib- 
ution to the ENDOR linewidth arises from the motional narrow- 
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MAGNETIC RESONANCE IN POLYACETYLENE [ 1073]/41 

t I I I 
13 14 15 16 MHz 

FIGURE 5 An ENDOR spectrum of trans-polyacetylene recorded at 
24'K employing amplitude modulation of the radiofrequency field is shown. 
The high sensitivity IBM spectrometer was not available for measurements on 
trans-polyacetylene between 15 and 80°K so measurements were carried out 
on the Varian system. With this system, quantitative linewidth measurments 
were not possible but the systematic broadening of the spectra to a two 
component spectrum such as shown in this figure was observed qualitatively. 
The characteristic spectrum does not appear to change between 30 to 15'K; 
the appropriate local ENDOR linewidth in this temperature region is 1.4 MHz. 

ing of the local ENDOR couplings by electron dynamics. The 
following equation assumes that the electron dynamics are in the 
fast motion region 

where GvRESIDUAL is the temperature-independent residual 
linewidth determined by the distant ENDOR signal and SvT is 
the ENDOR linewidth measured at temperature T. A value of 
GvRESIDUAL of 40 kHz was calculated and used in the analysis 
discussed here. 

The correlation times obtained from the simple two-jump 
model are plotted versus 1 /T  in Figs. 6 and 7. Activation ener- 
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4 2 4  10743 H. THOMANN e# a/. 

gies of 34'K and 400'K are obtained for cis- and 
trans-polyacetylene, respectively. 

DISCUSSION 

The ENDOR spectrum of cis-polyacetylene obviously consists of 
two components. The narrow component detected at the free 
proton Larmor frequency is very likely a distant ENDOR. The 
linewidth of this component does not appear to change with 
temperature; however, accurate measurement of the linewidth is 
hindered by overlap of a broader local ENDOR spectrum. More- 
over, the assignment of the distant ENDOR component must be 
approached with care as this signal may arise from 
"trans-polyacetylene domains" in the nominally cis-polyacetylene 
sample. 

The temperature dependence of the local ENDOR peak 
separations (i.e., hyperfine interactions in the simplest model) is 
shown in Fig. 8. Clearly, this graph suggests a limiting value of 
1.8 MHz or a simple isotropic hyperfine coupling of 1.8 MHz. 
Employing this limiting value in the simple two-site jump model 
yields correlation times which in turn yield a highly linear activa- 
tion energy plot. Other values of AvTIO lead to substantially less 
linear plots. While the justification for the simplicity of this 
model may be disputed, the excellent linearity of the activation 
plot is suggestive and it is clear that no large hyperfine interac- 
tions contribute to the ENDOR spectrum within the limits of 
instrumental sensitivity. 

It is clear from simple visual observation that the ENDOR 
spectra of cis-polyacetylene are composed of two components. 
As a working hypothesis, it is assumed that the high-temperature 
ENDOR spectra of trans-polyacetylene are also composed of the 
same two components. This hypothesis is supported by observa- 
tion of two-component ENDOR spectra at low temperatures. 
The distant ENDOR spectrum is computed from structural infor- 
mation and the assumption of proton point dipolar interactons 
determining the spectral width. The hyperfine interactions which 
are modulated by the electron dynamics and give rise to the local 
ENDOR linewidths were adjusted to optimize the linearity of the 
plot of In T versus 1/T yielding a ''best fit" hyperfine interaction 
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FIGURE 6 The plot of calculated logarithm of the motional correlation 
time versus reciprocal temperature for cis-polyacetylene is shown for three 
model calculations. In the first calculation (squares) a limiting hyperfine 
interaction of 2.0 MHz was assumed to be modulated by electron diffusion 
(two site hopping). In the second model (triangles) a 1.9 MHz hyperfine 
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4 4 4  10761 H. THOMANN et al. 

interaction was assumed while in the third model (circles) a 1.8 MHz interac- 
tion was assumed. The improved linearity for the value of 1.8 MHz suggests 
that this model may be correct. The slope yields an activation energy of 
34’K. 

of 1.4 MHz. The value of the activation energy and of the 
hyperfine interaction obtained from analysis of the 
trans-polyacetylene ENDOR linewidths are in good agreement 
with values obtained from analysis of the magnitude and temper- 
ature dependence of spin-spin relaxation times measured by 
electron spin-echo spectroscopy. Clearly, the same process 
determines both ENDOR linewidths and spin-spin relaxation 
times and the linearity of all plots suggests but does not prove 
the appropriateness of a single-jump model analysis. Both EN- 
DOR and ESE data are determined by the modulation of small 
hyperfine interactions on the order of 2 MHz for protonated 
samples. ESE data are also affected by the modulation of 
electron-electron dipolar interactions as is demonstrated from the 
isotopic dependence of measured spin-spin relaxation times. 

While the presently available magnetic resonance data do 
not conclusively prove the absence of a fast motion modulating 
large hyperfine interactions as suggested by the soliton model, 
such a process does not contribute to the observed ENDOR or 
ESE data. Both ENDOR and ESE data for trans-polyacetylene 
are determined by a process that is characterized by a rather high 
activation (400°K), and which modulates a rather small hyper- 
fine interaction, 2 MHz. If the simple analysis of ENDOR 
spectra is correct, there exists only a narrow distribution of 
hyperfine interactions. 
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MAGNETIC RESONANCE IN POLYACETYLENE [ 1077]/45 

FJGURE 7 The plot of calculated logarithm of the motional correlation 
time versus reciprocal temperature for trans-polyacetylene is shown. A 
residual linewidth of 40 kHz was used in the analysis and a hyperfine interac- 
tion of 1.4 MHz was assumed to be modulated by the motion. The slope 
yields an activation energy of 400'K. 
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2.0 1 - 
4 

0 0 0  
4 

O 0  
4 

1.5’ 

0 
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0 
1.0 ! I 1 I I 1 1 1 1 1 1 

0.1 0 
1/ 7 ( O K )  

0 0.05 

FIGURE 8 The ENDOR peak separation (or equivalently the hyperfine 
interaction for purely isotropic cmplings) for cis-polyacetylene is shown as a 
function of temperature. The low temperature limiting value is 1.8 MHz. 
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