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ABSTRACT  

Polyacetylene, a versatile material with an electrical conductivity that can span seven orders of 

magnitude, is the prototypical conductive polymer. In this letter, we report the observation of a 

significant Overhauser Effect at the high magnetic field of 14.1 T that increases with temperature 

in both linear and cyclic polyacetylene. Significant NMR signal enhancements ranging from 24 to 

45 are obtained. The increased sensitivity enabled the characterization of the polymer chain defects 

at natural abundance. The absence of end methyl group carbon-13 signals provides proof of the 

closed-loop molecular structure of the cyclic polyacetylene. The remarkable efficiency of the 

soliton based Overhauser Effect DNP mechanism at high temperature and high field holds promise 

for applications and extension to other conductive polymer systems. 
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In recent years, the research and utilization of conductive polymers has expanded significantly, 

with applications ranging from optoelectronics to material science.1 Linear polyacetylene (linear 

PA), the simplest polyene and the most extensively studied organic conjugated polymer, was first 

synthesized using titanium-based catalysts by Natta in 1958.2 A major breakthrough occurred 

when Shirakawa synthesized free standing films of linear PA, endowing PA materials with both 

mechanical flexibility as a polymer film3,4 and, after doping, conductivities comparable to 

metals.5,6 When synthesized at -78 °C using Shirakawa’s method, linear PA contains cis double 

bonds as a natural consequence of an insertion mechanism2 but the more stable trans-transoid 

isomer with higher conductivities can be obtained via thermal isomerization.3,7 In 2022, we 

reported the synthesis of cyclic polyacetylene (cyclic PA; Figure 2).8–10 Unique to its topology, 

cyclic PA synthesized with catalyst 111–15 (Scheme 1) exhibits an exclusively trans-transoid 

structure, even at -94 °C.9  
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Scheme 1. Synthesis of cyclic polyacetylene with catalyst 1. Panels A-C depicts various samples of cyclic 

polyacetylene that can be produced with catalyst 1.   

Characterizing such a conductive polymer is a challenge because it is insoluble. For such 

materials, solid-state NMR provides unrivaled structural information at the atomic scale. However, 

conventional solid-state NMR is a notoriously insensitive technique which makes it challenging 

to detect chemical sites at low concentrations. The sensitivity of solid-state NMR can be increased 

by combining magic angle spinning (MAS) with Dynamic Nuclear Polarization (DNP). DNP 

increases the nuclear spin polarization via irradiation of electron spin resonance transitions 

associated with paramagnetic centers with a high power microwave source.16–21 With only a few 

notable exceptions,22–24 MAS-DNP in high magnetic fields is carried out with extrinsic 

paramagnetic species at low temperature where the electron and nuclear spin dynamics is more 

favorable.25–27 DNP using intrinsic paramagnetic species is interesting as it directly probes the 

properties, spin interactions, and spin dynamics of the material itself.28–30 In this context, 

conductive polymers are intriguing materials for fundamental studies of high-field MAS-DNP that 

can server as a unique probe of structure and dynamics in solids with extended electronic states. 

Among conductive polymers, linear PA is known to display efficient Overhauser effect (OE) DNP 

at low fields ranging from 0.3 to 1.4 T using the bond alternation domain wall (a.k.a. solitons31) 

and trapped unpaired electron spins.32–35 However, DNP at high field on conductive samples is 

challenging. It requires the sample to be sufficiently transparent to w irradiation, but since the 

skin depth in conductors is inversely proportional to the w frequency, the volume that is 

effectively irradiated is limited, and microwave absorption can result in significant sample heating, 

even for materials with modest conductivity.36 In addition, the dynamic properties of the spin 

system, particularly the spectral density of the fluctuations in the electron-nuclear coupling at the 
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Larmor frequency difference frequency, needs to be sufficient to generate DNP at high field, which 

is one of the key challenges of OE in liquids.37,38 Therefore, reports of room temperature MAS-

DNP in paramagnetic organic materials at high field are rare, and to our knowledge, DNP in a 

conductive organic solid at high magnetic field (≥14.1 T) has not been previously reported. 

In this letter we report the unexpectedly strong 1H MAS-DNP signal enhancements ranging 

between 24 and 45 in both undoped linear and cyclic polyacetylene (trans-transoid),39 hereafter 

referred to as linear PA and cyclic PA, at high field and room temperature. The explanation of the 

origin of these remarkable signal enhancements is guided by previous studies on linear PA32–35 

together with EPR spectroscopy and numerical simulations based on the Overhauser (OE) and 

Solid Effect (SE) mechanisms. These large enhancements enabled us to analyze the topological 

and chemical defects in the novel cyclic conductive polymer.39 The quality of the data suggests 

that the method is extensible to other conductive polymers.1,40  

Conductive polymers such as polyacetylene contain defects in the π-conjugation that are referred 

to as bond alternation domain-walls or solitons31 that bear isolated unpaired electrons.40 The 

conduction mechanism is different than in metals as it relies on the presence of these electronic 

defectswith energy levels in the band-gap as in semiconductors. Here, the linear and cyclic PA 

samples were initially characterized by EPR. The room temperature X-band EPR spectra (9.6 GHz 

/ 0.3 T) presented in Fig. S1 of the Supporting Information (S.I.) exhibit a single, featureless 

resonance reflecting the high mobility of the conduction electrons which averages the local spin 

interactions,41,42 i.e., the g-tensor and hyperfine couplings. The EPR linewidth is 0.12 mT for the 

linear PA (similar to previous reports)32 and 0.2 mT for cyclic PA. The motional narrowing 

indicates that the correlation time is much shorter than the inverse of the largest hyperfine coupling, 
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 42 with an upper bound of ~10��� s,32,33,35,43 consistent with the literature reports 

for linear PA33,41. The high-field EPR spectra at 8.4 T/240 GHz at a series of different temperatures 

are presented in Figure 1. In both samples, the EPR transition broadens as the temperature is 

reduced from 220 K to 10 K. At this field, the low temperature EPR linewidths for linear and cyclic 

PA at 100 K are 1.64 mT and 1.27 mT, respectively, considerably larger than at X-band.32 At high 

field, the effect of g-tensor anisotropy on the EPR spectra is more important, and motional 

narrowing is not as effective. Fits of the EPR spectra for both samples at 100 K and 10 K using a 

single spin population are reported in Fig. S5. While at 100 K the agreement is reasonable, it is 

poor at 10 K, especially for the linear PA. Indeed, the EPR spectra of the linear PA sample exhibits 

additional features at 10 K, as does the cyclic PA to a lesser extent. This observation aligns with 

the existing literature, suggesting the presence of two distinct spin populations in linear PA: one 

comprised of delocalized electron spins  that move along the chain and another consisting of 

electrons trapped in localized defects.32,33,35,40,44 As the temperature decreases, the delocalized 

electrons become trapped within the defect sites, leading to reduced motional narrowing.32,33,41,42,44 

In linear PA, the exact nature of the defect sites is debated; they could arise from either O2 

exposure32,33 or residual cis bonds.43 The soliton mobility in cyclic PA follows the same trend. The 

EPR line exhibits some  asymmetry as the temperature is lowered, also indicating reduced motional 

narrowing. However, at 10 K the EPR linewidth of cyclic PA is only that of the linear PA line and 

presents fewer features. This suggests that the reduction in mobility within cyclic PA is less 

pronounced. This is consistent with a lower density of topological (e.g. cis bonds) and polymer 

chain defects in the cyclic PA sample and/or a soliton trapping potential that is shallower compared 

to that of the linear PA sample.32,35,45  
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Figure 1 EPR spectra as a function of temperature of (a) linear PA and (b) cyclic PA collected between 

225 K and 10 K at a w frequency of 240 GHz.  

MAS-DNP NMR experiments were performed on linear and cyclic PA samples at magnetic 

fields around 14.1 T or 600 MHz 1H Larmor frequency. Figure 2 (a) presents plots of  the 1H NMR 

signal enhancements as a function of the static magnetic field for a fixed microwave frequency of 

395.145 GHz at 100 K. Both samples exhibit maximum enhancement of the 1H nuclear spin 

polarization for microwave irradiation (w) at the EPR resonance condition. Significant 

enhancements of 24 and 32 were obtained for linear PA and cyclic PA, respectively. In addition, 

a modest nuclear spin depolarization is observed at the lower field of 14.078 T. The sign of the 

enhancement remains constant in the vicinity of ~14.095 T which is characteristic of the 

Overhauser Effect (OE) mechanism.46–48 In addition, the maximum enhancement is obtained for a 

modest w irradiation strength (~8 W at 100 K, see Fig. S2) while the depolarization at ~14.078 

T (≡ 600 MHz lower Larmor Frequency) is attributed to the SE49,50 mechanism where irradiation 
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of the double quantum electron-nucleus transition generates a polarization below thermal 

equilibrium.  

As seen in Figure 2(a), the enhancement due to the OE in cyclic PA is significantly larger than the 

SE enhancment, as it reaches 32 while for the SE it is only ~0.6. For the linear PA sample, the OE 

enhancement is as high as 24 but only 0.7 for the SE condition. The observation of the OE indicates 

a fast fluctuation of the isotropic hyperfine couplings with an upper limit on the correlation time 

of 1/(2� × 395 GHz) ≈ 4.10��� s that can be attributed to the soliton dynamics.32,35,51 

Nevertheless, the identification of the SE DNP mechanism implies that the anisotropic hyperfine 

coupling is not entirely averaged at 100 K. Again, this suggests that either the motional averaging 

resulting from electron spin delocalization is incomplete or there are two distinct populations of 

unpaired electron spins. The former assertion aligns with experimental findings in linear 

PA32,33,35,44,52 as well as the high field EPR spectra. Hence, it is reasonable to extend this 

interpretation to cyclic PA. Since the two electron spin populations have identical Larmor 

frequencies, the enhancement field profile was simulated by considering the coupling between N 

nuclear spins and � electron spins split into two populations, �� on site #1 and �� on site #2. The 

coupling for both should be temperature dependent. The corresponding rotating frame spin 

Hamiltonian is given by: 

��� = �((���� − Δ�)���,� + �����,�

�

���
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Eq. (1) 

The first two terms relate to the Zeeman and w interactions, while the remaining terms represent 

the hyperfine couplings to the nuclei. We assume that the nuclei are equilibrating quickly and thus 
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can be represented as a single nucleus. Since the two mechanisms are well separated in frequency, 

the problem can be reduced to a simple “two-spin” system where only the “average” hyperfine 

couplings are considered for each of the two populations: 

��� = (���� − Δ�)��� + �����  
+ ����〈2��

��� + ��
�����〉〈���〉+⟨��

�����⟩〈���〉 + ⟨��
�����⟩〈���〉� 

 

Eq. (2) 

Under this approach, ⟨��
���⟩ and ⟨��/±

�����⟩ should be temperature dependent as they depend on the 

relative site populations �� and ��. The simulations of the field profile used the fitted g-values at 

100 K and the measured intrinsic nuclear spin-lattice relaxation times (0.45 for linear PA and 0.5 

s for cyclic PA sample #2). From these relaxation times, and DFT simulations reported in the SI, 

it is possible to extract the Zero Quantum (ZQ) and Double Quantum (DQ) relaxation rates, 

assuming a 1D diffusion of the solitons with a diffusion coefficient, �//.32 The simulations of the 

OE and SE are reported in Figure 2 (a) as dashed lines. and the previously reported electron spin 

relaxation time for linear PA (0.1 ms).35,52 The only fitting parameter is ⟨�⬚
�����⟩ that we found to 

be 0.2 MHz, in good agreement with the SE experiments. The agreement between experiments 

and simulations for the OE is very good for the cyclic PA and good for the linear PA. The 

maximum enhancement is well reproduced for the cyclic PA and slightly overestimated for the 

linear PA. The relaxation model previously developed32,33 (see details in the SI) is thus robust and 

appears to be working for both samples. 
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Figure 2 (a) 1H MAS-DNP field profiles for linear PA (black circles) and cyclic PA (red squares, sample #2) 

collected at 100 K and 9.2 kHz spinning speed and the corresponding simulated enhancement using the two-spin 

model (dashed line, same colors) of Eq. (2). The insert is a focused view of the Solid-Effect negative (DQ) 

enhancement region. (b) 1H13C CP spectra of cyclic PA (sample #1) collected at room temperature with (red) 

and without (blue) w irradiation (19 W, see SI). A focused view of the cyclic PA polymer chemical defect region 

is displayed in the insert. 

 

The OE DNP mechanism was further explored by measuring the 13C enhancement due to direct 

polarization (see Table 1). At 100 K, it is of the same order of magnitude as the 1H enhancement. 
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Nuclear spin diffusion between 13C nuclei at natural isotopic abundance is negligible; hence, the 

observed large enhancement values confirm that the solitons are well delocalized over the chains.  

Table 1: Measured values of the 1H and 13C polarization enhancements ���/��� and build-up 

times �� for linear PA and cyclic PA. Note that the build-up time for the 13C sample is not purely 

mono-exponential, and the reported �� is the approximate time scale. 

 OE 1H OE 13C (direct) 

 ���/��� �� max ���/��� �� 

Sample 100 K 290 K 100 K 290 K 100 K 

Linear PA 24 26 0.45 s 0.3 ~20 32 s 

Cyclic PA 
sample #1 30 45 1 s 0.5 s ~30 90 s 

Cyclic PA 
sample #2 32 38 0.5 s 0.26 s ~48 - 

 

Previous publications in the 1980s on linear trans-PA reported proton polarization enhancements 

with OE DNP at room temperature. However, most of the experiments were carried out at low 

fields (�� ≤ 1.4 T)34,35,53,54 where conditions are much more favorable for DNP in a conductive 

material (vide supra) but resulted in low resolution NMR spectra. As reported in table 2, we found 

that the DNP enhancement in cyclic PA at 100 K exceeds that of linear PA at 14.1 T, and 

furthermore, the enhancement in the former is even greater at room temperature (RT). At room 

temperature, cyclic PA exhibits a large enhancement at the optimal OE position. This enhancement 

increases from ~30 at 100 K to 45 at RT for both samples tested. At RT, the buildup times are 

faster, yet the enhancements are higher. The shortening of the nuclear relaxation times by a factor 

2 can be explained by the relaxation models in a 1D chain that should lead to a linear dependence32 

�
��,�

∝ ��(�)�
√�//

 (see SI). The increased enhancements at RT can be due to an increase in the number 
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of spins that generates OE, in other words ��(�) increases and ��(�) decreases which in turns 

increases the number of nuclei that undergo OE. This further supports our hypothesis for the 

existence of two populations of solitons in cyclic PA: the mobile population that generates the OE 

is increased at high temperature and the trapped electron spin population, that generates the SE, is 

increased at low temperature as proposed previously for linear PA.35 Estimation of the SE signal 

enhancement requires knowledge of the electron spin relaxation times at the experimental 

magnetic field (14.1 T), accurate measurements of the diffusion coefficient, �//, and the density 

of localized spins and their energetic depth. Since accurate values for these parameters are 

unavailable, we are unable to predict these enhancements. This is discussed in more detail in the 

SI. 

MAS-DNP experiments were repeated on multiple cyclic PA samples prepared and isomerized 

under various conditions. The observed enhancements all fell within the range of ~30-36 and �� 

ranged from 0.25 to 0.5 s at room temperature (see Table S1). In Table 1 we report the results for 

two cyclic PA samples at RT and 100 K that led to the largest nuclear polarization buildup times 

difference (0.5 s vs 1 s). This difference can be explained, in part, to different concentrations of 

conduction electrons (see fig S2) but also other factors yet to be determined.  

Importantly, these significant enhancements enabled for the first time the collection of 1H-13C 

Cross-Polarization (CP)55 spectra at both temperatures with very high sensitivity.  The cyclic PA 

13C NMR spectra at room temperature, with and without w irradiation (at the maximum OE 

position), are reported in Figure 2 (b). It is important to note the spectra at room temperature and 

100 K are near identical (see Fig. S.4). Despite the higher enhancement at room temperature, the 

higher spin polarization and the better signal-to-noise performance of the NMR probe, the 
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sensitivity remains better at the lowest temperature. The combination of high magnetic field and 

high signal-to-noise enabled the recording of 13C signals from defect sites in the 0 to ~100 ppm 

chemical shift range on the neat samples. Previous low field DNP studies attempted to identify the 

chemical structure of defects of linear PA under oxidative condition, but the lack of resolution in 

that work made the assignment challenging.34 Here we take advantage of the high resolution and 

very high sensitivity to address two key questions about these cyclic PA samples. Firstly, can we 

confirm that the chains are indeed cyclic? Secondly, what defects are observed in the neat sample? 

The 1D 13C NMR spectrum is dominated by the -CH=CH- signal at 136.5 ppm originating from 

the main chain. However, resonances at 25, 33, 46, 48, and 56 ppm are also clearly visible and 

correspond to various types of “defects”. Those defect signals are enhanced by the same amount 

as the main chain signals which indicates a close spatial proximity with the main polymers. These 

signals are confirmed by spectra at different MAS rates at 100 K or at room temperature (see S.I.). 

These signals are different than those observed in linear PA (see S.I.). The presence of signals in 

the 15-20 ppm range, typically associated with -CH3, is observed for the linear PA but is absent 

for the cyclic PA (see Fig S4). Such methyl groups are associated with chain termination,34 and 

their absence is consistent with a closed cycle PA chain topology. The signal at ~25 ppm/1.8 ppm 

(13C/1H chemical shift) may correlate with the main chain but is more likely to be indicative of 

tetrahydrofuran solvent molecules that can remain trapped in the polymer after synthesis.  

Assignment of the additional signals based on the 1D spectra is not possible or at least ambiguous. 

Therefore, we took advantage of the high sensitivity to carry out 1H-13C correlation experiments 

with different CP times to assess the proximity of the sites to solitons. Figure 3 reports the 

correlations obtained using a contact time of 40 s and 400 s. In the first case, the spin diffusion 

among 1H nuclear spins during CP is minimal and thus no long range correlations are observed. 
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For the longer CP time, the spin diffusion among proximal 1H nuclear spins, enables probing of 

the chemical nature of the 1H surrounding the 13C sites. Based on this approach, the signals at 33 

ppm (1.8-2 ppm in the 1H frequency dimension) correlate with the main peak at 136.5 ppm. These 

carbons belong to the main chain and their chemical shift indicates they are saturated sites =CH-

CH2-CH2-CH= as shown in Figure 3. The signals at 46 and 48 ppm correlate with the main signals 

at 136.5 ppm. This indicates that these carbons are close to the main chain. However, the lower 

cross peak intensity indicates that these sites are further away from the main chain. Finally, the 

peak at 56 ppm only correlates with the signal at 46 ppm but not the main chain. This site is thus 

even further away from the main chain as it does not correlate with it. Based on the chemical shifts, 

these sites could be CH3-O- that are connected to the main chain via an unsaturated site -CH- 

resonating at 46 ppm. Such a site would be the result of partial oxidation on the sample’s surface. 

It is nonetheless difficult to attribute the signal with full confidence.  
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Figure 3 1H-13C correlation for cyclic PA using two different cross-polarization contact times, 40 s (black) and 

400 s (blue). Spectra were collected at 100 K and 9.2 kHz.  

In summary, this study establishes the feasibility of DNP on conductive polymers at very high 

magnetic fields, utilizing solitons as a nuclear hyperpolarization source. The experiments, 

performed on linear PA and the recently synthesized cyclic PA, revealed a remarkable 

enhancement which is attributed to the Overhauser effect (OE) originating from the solitons, which 

intriguingly persists even at room temperature where an enhancement factor of 45 was reached, a 

record for intrinsic defects under such magnetic field. 

The combination of enhanced sensitivity and high resolution was instrumental in determining the 

structural composition of the defects in cyclic PA. Notably, the absence of methyl groups within 

the cyclic PA is unveiled, further confirming its inherent cyclic nature, and excluding the presence 

of detectable linear chains. This achievement not only advances our understanding of cyclic PA 

but also establishes a pathway towards the comprehensive analysis of conductive polymers, which 

are pivotal components in the landscape of molecular electronics and optoelectronics.1 
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