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Abstract7

NMR measurements of spin-lattice relaxation of hydrogen nuclei in two prototype organic semi-8

conducting solids, MEH-PPV and DOO-PPV, were carried out for temperatures between 4.2 K and9

room temperature, and for applied magnetic fields between 1.25 T and 4.7 T. These pi-conjugated10

polymers are of interest for use as the active semiconducting layer in spintronic devices. They11

typically exhibit weak spin-orbit coupling, and the interaction with inhomogeneous hyperfine fields12

generated by the nuclear spins plays a significant, if not dominant, role in the spin coherence and13

spin relaxation of electronic charge carriers. Our studies were conducted on unbiased bulk material14

with no photo-illumination. The characteristic 1H longitudinal relaxation times in these materials15

ranges from hundreds of milliseconds to > 1000 s, and are predominantly non-monoexponential.16

We present the data both in terms of a recovery time, T1/2, corresponding to 50% recovery of17

thermal magnetization from saturation and in terms of a “T1 spectrum” produced via a numerical18

Laplace transform of the time-domain data. The evidence best supports relaxation to paramag-19

netic centers (radicals) mediated by nuclear spin diffusion as the primary mechanism: the observed20

relaxation is predominantly non-monoexponential, and a characteristic T1 minimum as a function21

of temperature is apparent for both materials somewhere between 77 K and room temperature.22

The paramagnetic centers may be somewhat-delocalized charge-carrier pairs (i.e., polarons) along23

the polymer backbone, although the concentration in an unbiased sample (no carrier injection)24

should be very low. Alternatively, the centers may be localized defects, vacancies, or impurities.25

Our results may also be used to judge feasibility of Overhauser-type dynamic nuclear polarization26

from polarized charge carriers or optically pumped exciton states.27
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I. INTRODUCTION1

The inexpensive and versatile nature of pi-conjugated polymer materials coupled with2

a rich variety of spin-mediated phenomena has made organic spintronics a rapidly growing3

field in semiconductor physics.1 Such organic semiconductors (OSECs) generally exhibit4

weak spin-orbit coupling and correspondingly long electron-spin-coherence lifetimes, which5

makes them highly suitable for use in devices that rely upon the spin-dependent transport of6

charge carriers through an active semiconducting layer. However, exceedingly low mobility7

in OSECs results in spin-transport lengths in the range of tens to hundreds of nanometers,28

compared to tens of micrometers in more ordered silicon-based devices.3 Hence, organic9

spintronic devices are based on thin-film active layers, generally complicating the fabrication10

process. Nonetheless, the relative tunability and low cost of the device materials continues11

to fuel further advances in the field, including the development of spin valves,4 organic12

light-emitting diodes (OLEDs),5 and magnetic sensors.613

In light of the relatively weak spin-orbit coupling, it is expected that hyperfine coupling to14

nuclear spins should play a significant if not dominant role in the spin relaxation of charge15

carriers, yet key details of how this interaction affects the magneto-transport properties16

of OSECs remain poorly understood. The coupling of charge carriers to the surrounding17

nuclear bath has major implications for spin decoherence and the associated characterization18

of hopping transport inside of OSECs.7 It is also possible that this coupling could result19

in an Overhauser-type cross-polarization of the hydrogen nuclei (or of 13C or deuterium in20

labeled materials). Enhanced nuclear polarization via techniques such as chemically induced21

dynamic nuclear polarization, (CIDNP)8 and optically pumped NMR (OPNMR)9 may also22

prove feasible. Of the many rate constants involved in such processes, the longitudinal23

relaxation time T1 of the nuclei in OSECs is a little-studied yet important limiting parameter.24

Here, we report NMR spin-lattice relaxation (T1) measurements of hydrogen made25

in two prototype OSP materials used in the fabrication of OLEDs and organic spin-26

valves:2,10,11 poly[2,5-dioctyloxy-1,4-phenylene-vinylene] (DOO-PPV) and poly[2-methoxy-27

5-(2-ethylhexyloxy)-p-phenylene vinylene] (MEH-PPV). These initial experiments were done28

on bulk material, with no electrical or photo-excitation. We found that the characteristic29

values of T1 vary widely, from hundreds of milliseconds to thousands of seconds, depending30

on applied magnetic field and temperature. Additionally, we found that the relaxation31
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FIG. 1. Molecular structures for (a) MEH-PPV (260.18 Da per monomer) and (b) DOO-PPV (358

Da per monomer). Bond lengths vary between 0.1 - 0.15 nm, but the disordered packing behavior

of the long polymer chains can cause spacing between adjacent chains to be much larger.

behavior in many instances is significantly non-monoexponetial, leading us to conclude that1

spin diffusion to paramagnetic centers is likely the dominant relaxation mechanism. These2

centers are likely to be material paramagnetic impurities (e.g., vacancies or dangling bonds).3

They could also be localized charge carriers responsible for the conducting behavior in OSP4

devices; however, we find this to be less likely in our bulk samples, where without the requi-5

site photoexcitation or charge injection such carriers exist only in very low concentrations.6

Given this complexity and following Fukushima and Uehling12, we have recorded T1/2, the7

time for an initially unpolarized sample to return to half of its equilibrium value; the results8

for various applied magnetic fields and temperatures are shown in Table I. We note here9

that our T1 measurements are all of this “saturation-recovery” variety. In Section 3, we10

provide a more detailed characterization of the relaxation curves with a Laplace-transform11

approach, which shows the relative intensities of different exponential components in each12

case.13

II. THEORY14

In broad terms, the possible relaxation mechanisms for spin-1/2 nuclei, for which there15

can only be magnetic (i.e., no quadrupolar) interactions, in an OSEC are relatively limited.16

Nuclei in semiconducting materials are generally subject to relaxation via interactions with17

thermally generated (unpaired-spin) charge carriers in the conduction band.13,14 However,18

this mechanism is utterly negligible in undoped conventional semiconductors, where the19
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DOO-PPV

4.7 T 2.5 T 1.25 T

4 K 1130 ± 35 3.75 ± 0.10 15± 1

10 K 225± 10 0.70 ± 0.04 6.3± 0.2

50 K 4.1± 0.1 8.4 ± 0.4 – –

77 K 4.4± 0.1 2.4 ± 0.1 1.52 ± 0.06

∼150 K 0.29± 0.01 0.165 ± 0.005 – –

291 K 0.44± 0.02 0.260 ± 0.005 – –

MEH-PPV

4.7 T 2.5 T 1.25 T

4 K 9.0± 0.5 37.5± 4.5 16.3 ± 0.4

10 K 50± 2 8.6 ± 0.7 0.45 ± 0.10

50 K 15.0 ± 0.5 4.0 ± 0.2 – –

77 K 1.40± 0.25 1.5 ± 0.1 – –

∼150 K 0.29± 0.01 0.24 ± 0.01 – –

291 K 0.34± 0.01 0.25 ± 0.01 – –

TABLE I. Values of T1/2 , in seconds, for 1H in the organic semiconducting polymers MEH-PPV

and DOO-PPV as a function of applied magnetic field and temperature. The parameter T1/2 is

the time for recovery of magnetization from an initially unpolarized state to half of its thermal-

equilibrium value. Values shown in the “∼ 150 K” row were taken at temperatures near 150 K,

where the temperature drift as the cryostat warmed to room temperature from 77 K was slowest.

(Specific values for each measurement are given in Fig. 3.)

equilibrium density of charge carriers is on order 1012 − 1013 cm3. The band gap in OSEC1

materials is ≈ 2 eV; large enough that, even at room temperature, the equilibrium concen-2

tration of charge carriers should be similarly small. (We return later to the question of the3

nature and density of charge carriers in OSECs in connection with the mechanism of re-4

laxation to paramagnetic centers.) Another known mechanism is the spin-rotation coupling5

between moving electrons and the nucleus, modulated by Raman phonon scattering. 15,16
6

This mechanism is particularly weak for low-Z materials (it has been studied, for example,7

in solid 129Xe17 and 207Pb salts18) and at low temperatures, where phonons are frozen out.8
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Indeed, there is a characteristic quadratic dependence (as per phonon occupation number) of1

1/T1 on temperature, which is not observed anywhere in our data. The nuclear dipole-dipole2

interaction, modulated by molecular motions, can also be a source of relaxation. These mo-3

tions are not necessarily frozen out at low temperatures in disordered polymer materials.4

Indeed, such a mechanism has been identified37,38 as a dominant source of T1 relaxation in5

organic polymer materials consisting of much smaller molecules than MEH-PPV and DOO-6

PPV. Bloise, et al.39 have used 13C NMR to study molecular motion in MEH-PPV. With7

one exception (discussed in Sec. IV) the motions occur on time scales that are too long to8

effectively mediate nuclear dipole-dipole relaxation. This leaves the interaction of nuclear9

spins with paramagnetic centers (radicals) as the only other known mechanism. Nuclear10

spins closer to these centers can undergo direct dipole-dipole cross relaxation, leading to po-11

larization gradients along which spin angular momentum from more distant spins can flow12

diffusively. Such spin diffusion is mediated by mutual spin flips among nearest-neighbor13

nuclei, which occur on the time scale of the nuclear-spin T2.
19 This relaxation mechanism14

has been observed in both insulating12,26 and semiconducting20 solid-state systems and is15

characterized by the equation:12,1916

Ṁ(r, t) = D∇
2M(r, t)−

C

r6
M(r, t), (1)

where M is the fractional magnetization difference from equilibrium magnetization, D is the17

spin-diffusion coefficient, and C is the dipolar-coupling coefficient. An angular dependence18

in C, arising from the orientation of the applied field B0 relative to the line connecting the19

paramagnetic center to the nucleus, can usually be averaged away for a polycrystalline or20

disordered sample, so that one obtains:2121

C̄ =
2

5
(h̄γSγI)

2S(S + 1)

[

τc
1 + ω2

Iτ
2
c

]

, (2)

where S and I refer respectively to the spins of the paramagnetic center and the nucleus,22

γ is the gyromagnetic ratio, ωI = γIB0 is the nuclear Larmor frequency, and τc is the23

correlation time for the interaction, taken here to be the longitudinal relaxation time of the24

paramagnetic center.25

Equation (1) is not generally solvable analytically. Limiting regimes have been identified,25–2726

under the assumption that the paramagnetic centers are dilute enough that each nucleus27
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is affected by only one such center, by comparing two characteristic distances. Within the1

diffusion-barrier radius b, one assumes that the local field surrounding each nucleus is so2

strongly shifted by the presence of the nearby paramagnetic center that it is completely3

removed from the magnetic resonance line and cannot be detected by NMR. Furthermore,4

nuclei within the diffusion-barrier radius cannot exchange energy with nuclei outside the5

barrier radius via mutual spin flips. In the case where the nuclear-spin T2 ≫ τc, we can6

estimate b by comparing the thermal-equilibrium ensemble magnetic moment µS(µSB0/kT )7

of the paramagnetic centers to µI
26:8

b = a

(

µ2
SB0

µIkT

)1/3

, (3)

where a is the lattice parameter, k is the Boltzmann constant, and T is absolute temperature.9

The other characteristic distance in the problem is the pseudopotential radius ρ, roughly the10

maximum distance from a given paramagnetic center at which the center can relax nuclei11

through the direct dipole-dipole interaction described by Eq. (2). It can be expressed as:1212

ρ = 0.68
(

C

D

)1/4

. (4)

In the “fast-diffusion” regime of ρ ≪ b, relaxation is limited by 1/τc, the rate at which the13

paramagnetic centers leak angular momentum to the lattice. In this regime, spin diffusion is14

rapid enough to equilibrate the sample on time scales short compared to the relaxation time,15

and the sample is well-characterized at all times by a single spin temperature. As a result,16

one expects monoexponential behavior to characterize the entire approach to equilibrium17

from an initial unpolarized state with a characteristic rate is given by:2618

1

T1f
=

4π

3

NC

b3
(5)

where N is the concentration of paramagnetic centers. In the “diffusion-limited” regime,19

ρ ≫ b, diffusion is slow enough that significant gradients in the polarization develop during20

the approach to equilibrium. The presence of such gradients means that the sample cannot21

be described by a single spin-temperature, and the corresponding spin-lattice relaxation22

exhibits multi-exponential behavior corresponding to the multi-mode spin-diffusion given23

by Eq. (1). The late-time rate (slowest diffusion mode) is given by25,2724
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1

T1s
=

17

2
NC1/4D1/4, (6)

where we emphasize that Eqs. (5) and (6) are valid in low-concentration limit, i.e., ρ ≪ R,1

where R is the mean distance between paramagnetic centers. Fukushima and Uehling122

treat the more general case of larger values of N . For some very short time t, spin-diffusion3

cannot occur because significant polarization gradients have not yet developed in the sample.4

Blumberg26 first formulated the expression for magnetization recovery in this regime:5

M(t) = 1− (4/3)π3/2NC1/2t1/2, (7)

which is valid for t < C1/2D−3/2 or, equivalently, when the characteristic spin-diffusion6

distance is shorter than the characteristic distance over which the dipolar field from the7

paramagnetic center falls off. The t1/2 dependence might be considered an indicator for the8

impurity-relaxation mechanism; however, such a dependence is not easily distinguishable9

from a simple exponential dependence over the range of times for which it is supposed to10

be valid.12 Moreover, in saturation-recovery experiments, the earliest time points have the11

lowest SNR.12

The magnetic-decoupling factor in square brackets in Eq. (2) gives rise in the usual way2213

in both regimes to a minimum T1 value when ωIτc = 1, i.e., when the Larmor period14

is equal to the relaxation time of the paramagnetic center. Thus, in the high-field limit15

ωIτc ≫ 1, T1 ∝ B2
0 in the fast diffusion regime and T1 ∝ B

1/2
0 in the diffusion-limited16

regime. In principle, transitions between these regimes can thus be studied by measuring T117

as a function of temperature and applied field.18

Beyond simply recording the T1/2 times in Table I, we provide a more general characteriza-19

tion of longitudinal relaxation for these materials by implementing a Laplace transformation20

scheme to an effective T1-space. The general form of the Laplace transform is:21

F (s) =
∫ ∞

0
e−stf(t)dt. (8)

Now, if we let f(t) represent the recovery of the sample magnetization as a function of22

time toward its thermal equilibrium value from f(0) = 0, and s = 1/T1 , we thus obtain23

a spectrum of T1 values from the time-domain relaxation data f(t). Representative time-24

domain data and corresponding T1 spectra are shown in Fig. 2 for (a) monoexponential and25
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(b) multi-exponential decays.1

III. EXPERIMENT2

MEH-PPV was purchased as product number ADS100RE (American Dye Source). DOO-3

PPV was synthesized in house. Both of these materials were ground into a powder, then4

stored in 2 cm length by 5 mm diameter pyrex cylindrical NMR sample containers, sealed5

with teflon plugs. Pulsed-NMR experiments were performed on the DOO-PPV sample6

over the course of two years, whereas the experiments performed on the MEH-PPV sample7

spanned six months. The sealed sample containers helped to slow effects of degradation due8

to oxygen exposure.9

All data were acquired with a Redstone (Tecmag) NMR spectrometer and various home-10

built tunable probes with 50-Ω impedance, resonant at the Larmor frequency ω0 = γpB0,11

where the 1H gyromagnetic ratio γp = 2π(42.58 MHz/T), and the values of B0 were 4.7,12

2.5, and 1.25 T (see Table I). A conventional capacitively-tapped probe design was used13

at 21 and 53 MHz, and a high-frequency design23 was used at 85 and 200 MHz. The RF14

power amplifier, model BT-02000-AlphaSA-T (Tomco), operated between 20-500 W (1-25%15

of maximum output power). The longitudinal relaxation time T1 of 1H in MEH-PPV and16

DOO-PPV was measured using the saturation-recovery method: an initial series of hard17

pulses to destroy any longitudinal magnetization, a variable wait time, τ , and a final read18

pulse to project some fixed fraction of the recovered magnetization into the transverse plane19

and record the intensity of the resulting free-induction decay (FID). The saturation comb20

consisted of ten to fifty 1-µs pulses separated by a time T2 ≪ tsep ≪ T1, typically ≈ 521

ms. In general, the saturation comb preceded each time point in a T1 measurement and22

was followed by a π/2 read pulse to maximize the signal from the recovered magnetization.23

However, in some cases where SNR allowed, the saturation comb was implemented once24

at the beginning of the entire T1 measurement, and a low-flip-angle (< 1◦) read pulse was25

used at successive time points in the recovery, significantly decreasing measurement time for26

many of the longer-T1 measurements.27

All experiments were performed in a vertical wide-bore (89 mm) superconducting mag-28

net (Oxford), for which the field was adjusted down from its maximum (8.0 T) to each of29

the three measurement fields listed in Table I, and in a model MD3A variable-temperature30
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FIG. 2. (a) Magnetization recovery of 1H vs. time in DOO-PPV at 1.25 T and 77 K. This is

a relatively rare instance in these measurements where the decay fits reasonably well to a single

exponential. The boxed graph shows corresponding Laplace transform having a single peak cor-

responding to T1 = 2.28 ± 0.04 s (uncertainty extracted from the fit to the time-domain data).

(b) Magnetization recovery of 1
H vs. time in MEH-PPV at 2.5 T and 10 K. Here, the decay is

strongly non-monoexponential. The boxed graph shows corresponding Laplace transform which

shows many peaks, some of which are not reflected in the multi-exponential fit to the time-domain

data.
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cryostat (Oxford) designed to fit inside the magnet bore. A Cernox (Lakeshore) temper-1

ature sensor mounted at the dewar’s heat exchanger was used to monitor and control the2

temperature between 4 K and 77 K. For measurements 77 K and higher the dewar was first3

cooled to 77 K and then allowed to drift slowly back towards room temperature. This drift4

could be maintained ≤ 0.1 K/min and never exceeded a total of 2 K over the course of a T15

measurement. Each measurement was taken twice, at minimum, to ensure that the observed6

exponential components were consistent and reproducible.7

Results across the accessible values of applied field and temperature are shown for both8

MEH-PPV and DOO-PPV in Fig. 3. For the highest temperatures and lowest applied9

fields, the large dipolar line width (corresponding to T2
<
∼ 20 µs) led to relatively low10

SNR, which precluded reliable measurement of T1. In most cases, the time-domain data11

are highly non-monoexponential. For better characterization of these data, we implemented12

the CONTIN algorithm24 for a numerical discrete Laplace transformation to a normalized13

relaxation spectrum, where the intensity at each value of time on the horizontal axis indicates14

the relative weight of that T1 component in an assumed multi-exponential decay. We note15

that the uniform width of the spectral peaks is related to finite sampling and does not appear16

to carry any physical significance. A similar width is generated from the transform of an ideal17

monoexponential decay and shows no appreciable dependence on artificially added noise. We18

treat the transformed data as only a number and intensity of discrete characteristic decay19

times as we are unable to distinguish any further complexity in the spectral characteristics.20

IV. RESULTS AND DISCUSSION21

In general, with lower temperature and increased magnetic field strength, longitudinal22

relaxation of 1H in MEH-PPV and DOO-PPV becomes both longer and more highly non-23

mono-exponential, ranging from over 1000 s for DOO-PPV at 4 K and 4.7 T to a few hundred24

milliseconds for both materials at 150 K and above. Low SNR precluded data acquisition25

for T >
∼ 77 K at 1.25 T, but the trends in our data indicate that relaxation times in this26

regime would be on the order of 100 ms and relatively mono-exponential. In comparing27

the two materials, DOO-PPV has significantly longer relaxation times at the highest field28

measured, but this property disappears or is even reversed somewhat at lower applied fields.29

Whether we approach the diffusion-limited or the fast-diffusion regimes described in Sec.30
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FIG. 3. The relaxation spectrum for 1H in DOO-PPV and MEH-PPV as determined by taking the

Laplace transform of time-domain saturation-recovery data. If one assumes a multi-exponential

decay model, then the intensities correspond to the weights of the various T1 components. Non-

monoexponential behavior, in general, tends to be most prevalent at lowest temperatures and

highest fields. Significant dependence of the relaxation behavior on both temperature and magnetic

field is observed; the largest T1 component may pass through an apparent minimum between 77 K

and room temperature.
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II depends on our limited knowledge of quantities such as the spin-diffusion coefficient D,1

the dipolar coupling coefficient C̄ (via the correlation time τc), and the concentration N of2

paramagnetic centers. From Eq. (2), we find C̄ ≈ 7 × 10−32 cm6/s for τc = 1 ns. (The3

rationale for choosing τc ≈ 1 ns comes from the observed T1 minimum, discussed at length4

below.) Even if the diffusion coefficient is assumed to have a large range from 10−12 cm2/s to5

as low as 10−16 cm2/s, the range for the psuedopotential radius in Eq. (4) is about 1-10 nm.6

For longer τc or larger B0, this range decreases as τ
−1/2
c . From Eq. (3), we calculate a range7

for the barrier radius b of about 1-10 lattice constants, where the higher end of that range8

corresponds to B0 = 4.7 T and T = 4 K. If we take a to correspond to typical bond lengths9

of 1-1.5 angstroms, we see that we cannot reasonably assume a significant separation in10

length scales for ρ and b. Additionally, if we assume the diffusion-limited regime, we can11

calculate N from Eq. (6) for reasonable values of D = 10−14cm2/s, τc = 1 ns, and T1 = 1 s,12

obtaining N = 4× 1012 cm−3. On the other hand, assuming the slow-diffusion regime with13

b = 10−7 cm, τc = 1 ns, and T1 = 1 s yields N = 3× 1018 cm−3. These are almost certainly14

extreme values for N , with the actual number likely lying somewhere between the more15

reasonable values of 1014 cm−3 and 1016 cm−3. These calculations lead us to conclude that16

our experimental parameters lie between the fast diffusion and diffusion-limited regimes.17

Although Eq. (1) cannot be solved analytically in this intermediate regime, our essential18

hypothesis of proton relaxation (with associated spin diffusion) to paramagnetic centers is19

supported by two key features of the data shown in Fig. 3. First, we observe predominantly20

non-monoexponential relaxation across most values of field and temperature—a signature21

of the non-uniform spin temperature resulting from spin diffusion towards discrete local-22

ized centers of relaxation in the bulk material. In fact, there is considerable evidence in23

the literature to suggest that paramagnetic centers of several varieties could be present in24

OSECs. Materials such as DOO-PPV and MEH-PPV are of interest for organic spintronics25

precisely because lattice impurities create trapped electronic states between the HOMO and26

LUMO bands. The existence of these states allows for the generation of precursor polaron27

pair states, upon which spin-dependent transport properties of organic spintronic devices28

depend sensitively28,29. Since in this work we studied these materials with no applied bias or29

illumination, such carriers may still exist in our samples but in much lower concentration.30

Other fixed paramagnetic centers can result from defects, vacancies, or dangling bonds that31

are not necessarily associated with conduction in the pi-conjugated chain, all of which are32
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known to exist in significant densities in pi-conjugated semiconducting polymers30. Whether1

charge carriers in such localized precursor-pair states are some significant fraction of the2

paramagnetic centers responsible for 1H T1 relaxation in these materials remains an open3

question that might be addressed through similar T1 measurements performed with samples4

under illumination to generate such pairs. From the standpoint of nuclear relaxation, lo-5

calized or only slightly delocalized charge carriers would produce the same basic relaxation6

characteristics in the solid as ordinary paramagnetic centers in insulating materials.137

A second key feature of the data is an apparent minimum value in T1 (considering either8

the T1/2 values in Table I or the dominant peaks in the T1-spectra of Fig. 3) somewhere9

between 77 K and room temperature for both of the higher applied fields of 2.5 T and 4.7 T.10

Regardless of how close the system is to either limiting regime of spin diffusion in Eq. (1),11

the theory predicts such a minimum to occur for ω2
Iτ

2
c ≈ 1, from which we can extract an12

associated correlation time of τc = 1-2 ns. While electron spin-relaxation times in solids13

vary widely according to material, temperature and applied field,31 this is a reasonable14

time scale for relaxation of paramagnetic centers in paramagnetic salts,32,33 bulk inorganic15

semiconductors,34 and glasses doped with iron oxides,35 particularly at 77 K and above36.16

We note here that our extracted value of τc is much shorter than timescales reported by17

Baker et al.7 (≥ 36 µs) in their study of spin dephasing of polaron pairs in MEH-PPV at18

room temperature, where coherence times (ultimately limited by the polaron T1) can be quite19

long. However, as discussed above, polarons exist in negligible concentrations in bulk OSECs20

without photo excitation or charge injection, so it is unlikely that such states are relevant for21

the nuclear spin relaxation observed here. More generally, the weaker spin-orbit coupling in22

organic materials would argue for longer values of τc than those observed in typical high-Z23

inorganic materials, as the prevalent relaxation mechanisms generally have to do with direct24

or indirect (Raman) phonon processes that modulate the spin-orbit interaction. In any case,25

we would generally expect τc to decrease with temperature, and thus for the longest T1 values26

to be measured at the highest applied fields and lowest temperatures (ω2
Iτ

2
c ≫ 1).27

It is important to note that motion of the spins inside the bulk solid could produce effects28

analogous to the T1-minimum effects discussed previously. In fact studies of motion in some29

organic systems show signs of significant motion even at temperatures as low as 4 K37,38.30

However, Bloise, et. al.39 showed that, although the macromolecules do go through small31

angle rotations in the solid state, the time scales for this motion are on order 100 ms, far32

13



too slow to play a significant role in nuclear spin relation at these magnetic fields. However,1

Bloise, et. al. do observe free rotations of the terminal CH3 groups on the polymer side chains2

that have thermal activation energies in the 0.06 - 0.1 eV range. Though these activation3

energies exclude the possibility of this motion playing a role in nuclear spin relaxation at low4

temperatures, these motions may not be completely frozen out close to room temperature.5

In regimes where the motion is present, it has a correlation time on order 1-10 ns, and6

therefore can produce fluctuations in the local magnetic fields with frequency on order ωI .7

Since this motion would be possible in all terminal CH3 groups in all polymer chains, any8

relaxation of nuclear spins associated with this mechanism would be uniform across the9

sample, and would therefore suppress non-monoexponential relaxation behavior once the10

motion is thermally activated. Since this suppression appears to have a more pronounced11

effect at 4.7 T than at 2.5 T, it is likely that the local field fluctuations caused by this motion12

have a frequency > 100 MHz.13

The distribution of chain lengths and the strongly disordered packing of the chains in14

these materials plays a critical role in any relaxation mechanism that depends on spin15

diffusion. The strong dipolar coupling of nearby 1H nuclei in both of these materials leads16

to large dipolar linewidth, corresponding to T2
<
∼ 20 µs, whereby we note that the receiver17

deadtime (5− 10 µs) precludes a more precise characterization of the transverse relaxation18

and NMR spectrum. This strong coupling would lead to a large spin-diffusion coefficient:19

using Bloembergen’s original estimate of D ∼ a2/50T2, we calculate D ≈ 1 × 10−13 cm2/s20

using reasonable values of a = 0.1 nm and T2 = 20 µs. However this would apply only to21

protons along a single polymer chain and perhaps to places where protons on separate chains22

happen to lie close enough together for dipolar coupling to be important. The DOO-PPV23

sample was synthesized with a nominal target value of 20 monomers per chain, whereas24

the nominal value for the MEH-PPV sample is > 380. In both cases, the concentration25

of paramagnetic centers is almost certainly much less than one per chain, and effective26

relaxation by spin diffusion must therefore include hopping from chain to chain. Such27

hopping is likely to be characterized by a much smaller diffusion coefficient than calculated28

above. Multimode diffusion with at least two very different diffusion coefficients, even within29

either analytically describable limiting regime, likely leads to a complicated T1 spectrum that30

is difficult to interpret, in terms of matching the behavior of particular relaxation components31

to the theory presented in Sec. II.32

14



One might invoke the shorter DOO-PPV polymerization length to account for the signifi-1

cant difference in T1 between the two materials at high field and low temperature: given com-2

parable densities of paramagnetic centers in a regime where spin-diffusion plays an important3

role in relaxation, there could be a bottleneck in flipping spins between shorter chains, i.e.,4

the DOO-PPV sample would have a longer T1 because characteristic spin-diffusion coefficient5

for interchain flips is much smaller than that for intrachain flips. While this is represents a6

plausible explanation for the observed behavior at 4.7 T, it does not account for the reversal7

of the identified trend at 2.5 T (slower relaxation in MEH-PPV), although the rate increases8

dramatically (by more than two orders of magnitude) for DOO-PPV in going from 4.7 T to9

2.5 T at 4 K. Indeed, the 2.5 T values measured for DOO-PPV at 4 K and 10 K stand apart10

in being so large compared to all other data for both materials.11

We have presented a systematic study of proton spin-lattice relaxation times in two12

widely studied OSECs as a function of both temperature and applied magnetic field. These13

measurements have identified nuclear spin diffusion to paramagnetic impurities as a domi-14

nant relaxation mechanism in these solids, which produces the multi-exponential relaxation15

behavior observed in many of our measurements. To analyze this multi-exponential relax-16

ation behavior, we have implemented a Laplace transform algorithm to transform relaxation17

measurements into T1 spectra, which have been plotted as a function of temperature and18

magnetic field strength. Thus, although our experimental parameters place our system of19

study somewhere between the two most common analytically-solvable regimes of Eq. (1),20

our hypothesis of diffusion to paramagnetic centers as the dominant relaxation mechanism21

in OSECs is supported by (1) our observation of non-monoexponential relaxation behavior22

across a range of temperatures and magnetic fields and (2) the identification of a T1 mini-23

mum value which gives a reasonable estimate of the lifetime of the trapped electronic states24

likely serving as the paramagnetic centers of relaxation in these materials. In addition to25

identifying a likely mechanism for nuclear spin relaxation in OSECs, knowledge of nuclear T126

values could prove helpful as attempts to hyperpolarize nuclei in OSECs through dynamic27

nuclear polarization (DNP) methods such as CIDNP or OPNMR continue. Since our data28

show nuclear T1s to be much longer than lifetimes of typical electronic spin states in OSECs,29

it is unlikely to be a limiting factor in any such experiment.30

15
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