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Organic semiconductors (OSCs) are featured by weak spin-orbit coupling due
to their light chemical element composition, which enables them to maintain
spin orientation for a long spin lifetime and show significant potential in room-
temperature spin transport. Carrier mobility and spin lifetime are the two main
factors of the spin transport performance of OSCs, however, their ambiguous
mechanisms with molecular structure make the development of spintronic
materials really stagnant. Herein, the effects of halogen substitution in bay-
annulated indigo-based polymers on carrier mobility and spin relaxation have
been systematically investigated. The enhanced carrier mobility with an
undiminished spin lifetime contributes to a 3.7-fold increase in spin diffusion
length and a record-high magnetoresistance of 8.7% at room temperature. By
analyzing the spin-orbit coupling and hyperfine interaction, it was found that
the distance of the substitution site from the conjugated center and the
nitrogen atoms in the molecules play crucial roles in spin relaxation. Based on
the above results, we proposed a molecular design strategy of halogen sub-
stitution far from conjugate center to enhance spin transport efficiency, pre-
senting a promising avenue for advancing the field of organic spintronics.

12-14

Spintronics, utilizing spin degree of freedom for information sto- scattering will aggravate along with increasing temperature

rage, transport and processing, have greatly triggered the devel-
opment of information technology'”. Efficient spin transport in
spintronic channel materials is the prerequisite for fundamental
scientific research and achieving various spin-related functional-
ities, which require the charge carriers to maintain their spin
orientation for as long or as far as possible® . At this request, the
channel materials with long spin lifetime at room temperature
would be attractive in practical applications, since the spin

Organic semiconductors (OSCs) composed of atoms with low
atomic numbers (such as C, H, etc.) possess weak spin-orbit cou-
pling (SOC) and thus relatively long spin lifetime at room
temperature® ™, due to the SOC strength is proportional to the
fourth power of atomic numbers'. In addition, the unique chemical
tailorability and optoelectronic properties of OSCs coupled with
their effective spin transport property further triggered the utili-
zation of OSCs in multipurpose spintronic devices*?°. These
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factors collectively drive organic spintronics as an independent and
widely researched field with substantial potential.

In organic spintronics, spin transport is considered as the most
central and concerned research content. Improving the spin transport
efficiency of OSCs is a long-term pursuit, and the investigation of the
molecular structure of OSCs should be the most fundamental way to
realize this aim. According to the spin diffusion length (A,) relationship:

A=+/uksTT/e @

where u, K, T, T and e are the carrier mobility, Boltzmann constant,
temperature, spin lifetime and the charge constant, respectively**"5,
Itis clearly observed that the mobility and spin lifetime of OSCs should
be equally important to the spin diffusion length. However, many
investigations focus only on exploring the relationship between ele-
ment composition and molecular structure of OSCs and their spin
lifetime, ignoring the effect on mobility or simply assuming no
effect™'**7! In contrast, in the study of improving the mobilities of
OSCs in organic electronics, the influence of molecular structure
change on spin lifetime has been ignored in a long period. Generally,
the design of traditional high-mobility OSCs mainly introduces some
electron-withdrawing or electron-donating groups into the molecular
skeleton to modulate the electrical properties of the material®*®,
However, most of the introduced groups contain magnetic nuclei
(such as H, N, and F) or heavy atoms (Cl, S, and Se)*, which is
thought to alter the spin relaxation environment and thus spin lifetime
within the molecule'®*, Unfortunately, the spin-flipping mechan-
ism of many m-conjugated materials is not yet better understood, and
their microscopic interactions remain elusive, especially for nitrogen-
containing T-conjugated molecular systems with high carrier mobility.
The absence of comprehensive studies on the effects of molecular
structure on spin transport and relaxation mechanisms results in the
lack of theoretical guidance for molecular structure design, which has
greatly hindered the development of organic spintronic materials.

Considering the introduction of electron-withdrawing groups
into the molecular skeleton is the most typical approach to modulating
electron mobility, herein, bay-annulated indigo (BAI)-based polymers
with many active sites were taken as the research object, and a series of
polymers by halogen substitution were designed and synthesized. As
expected, the mobilities of BAl-based polymers increased by more
than one order of magnitude with the increase of substituent groups.
However, unexpectedly, the spin lifetime of these molecules, precisely
measured by pulsed electron paramagnetic technology, has been
found not to decreased as the number of substituent groups increased.
By respective and detailed analysis of the spin relaxation mechanisms
from the micro-interaction of the substituents, together with DFT
calculations, it was found that the influence of substituents on spin
relaxation is closely related to the distance of substituents from the
conjugated center of the molecules. When halogen groups are sub-
stituted in the edge region far from the conjugated center of mole-
cules, the influence of introduced halogen groups on spin density
distribution, SOC and hyperfine interaction (HFI) strength was very
weak. Therefore, the mobility can be increased without reducing the
spin lifetime. In this case, the spin diffusion length of the molecules
whose edge is replaced by halogen has been improved by more than
three times compared to the original molecules. Such results can
provide a molecular design strategy for overall improving spin trans-
port distance, and will open an avenue for organic spintronic study
from a molecular design way.

Results

Synthesis and characterizations of halogen-substituted BAI-
based polymers

At present, the introduction of electron-withdrawing groups to reg-
ulate the energy level of OSCs is an effective strategy for modulating

carrier mobility. Among them, halogen substitution is a typical
method***, which can not only regulate the energy level of the
materials but also optimize their crystallinity and solubility. BAI
unit**¢ is an excellent building block for studying halogen substitu-
tion since there are eight hydrogen atoms with similar chemical
environments on both sides of the BAI unit, which provides the pos-
sibility for molecular synthesis and quantitative halogen substitution.
In addition, BAI derivatives commonly possess excellent solution
processing performance and electrical properties, which is beneficial
for constructing spintronic devices. Herein, we use a novel two-step
synthesis method to effectively introduce various halogen atoms into
BAI units at different substitution positions. As shown in Fig. 1a, BAI
units containing electron-withdrawing groups have been synthesized.
Finally, 7a (PBAI-V), 7b (P2CIBAI-V) and 7c (PFCIBAI-V) have been
prepared via traditional stille polymerization.

The Ultraviolet-visible absorption spectra of BAl-based poly-
mers were measured in thin films, as shown in Fig. 1b. The absorp-
tion maxima (A,,4,) of BAl-based polymers showed an obvious
redshift from 778 nm to 917 nm with the increase of the number of
halogen atoms. Furthermore, we also tested the material films’
LUMO/HOMO energy levels (Supplementary Fig. 4) by low energy
inverse photoelectron spectroscopy (LEIPS) and ultraviolet photo-
electron spectroscopy (UPS). Supplementary Fig. 5 gives the energy
level diagram of the organic layer. With the introduction of the
electron-withdrawing group, the energy level of BAl-based poly-
mers has undergone a significant downward shift. In fact, haloge-
nated BAI units could exhibit stronger electron-withdrawing
behaviors and thus corresponding halogenated polymer would
enhance intramolecular push-pull interactions between BAI units
and neighboring thiophenes. In this case, we further study the
influence of halogen substitution on the carrier mobility of BAI-
based polymers thin films by space charge limiting current method.
Firstly, to eliminate the effect of the film’s crystallinity on carrier
mobility as much as possible, trichloromethane with a lower boiling
point was selected as the solvent for the three materials without
annealing. Through GI-XRD data (Supplementary Fig. 6), we deter-
mined that the material’s film morphology is amorphous. According
to the curves of current density versus voltage as shown in Fig. Ic,
the electron carrier mobility in the vertical direction of PBAI-V,
P2CIBAI-V, and PFCIBAI-V is 0.98 x10* cm?V's?, 3.2 x10* cm?V's®
and 12.7 x10™* cm?V's?, respectively (Fig. 1d). Compared with the
mobility of PBAI-V, the carrier mobility of P2CIBAI-V is increased by
three times, and the mobility of PFCIBAIl is increased by one order of
magnitude.

Spin-relaxation time of BAl-based polymers

To investigate the effect of halogenated-edge substitution on the spin
relaxation of BAl-based polymers, pulsed electron paramagnetic
resonance (EPR) as the most authoritative means is used to directly
capture the spin precession and obtain accurate time parameters*’*°,
The spin-relaxation time includes the spin-lattice relaxation time Ty
and the spin-spin relaxation time 7,. Ty is the time constant char-
acterizing the recovery process of the longitudinal component, that is,
the spin lifetime of the spin-polarized carrier in the material. It is an
irreversible energy loss process that completed by the energy transfer
between the spin center and the surrounding environment. The spin
relaxation time T is tested using an inversion recovery sequence®, and
the motion can visualize the quantum evolution of the spin on a Bloch
sphere. The zenith position corresponds to the spin-up and spin-down
states, respectively, and all quantum evolution processes are mapped
onto the sphere (Fig. 2a). When we apply a 1t pulse, the spin in the
material is reversed from top to bottom position (diagram I to Il in
Fig. 2a). And then the spin gradually evolves to the initial state as time t
increases (diagram Ill in Fig. 2a). As shown in Fig. 2b, the intensity of the
spin-echo increases with increasing t. By fitting the exponential
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function*s:

2

where / is the strength of the spin echo, A is the initial strength of the
spin echo, and ¢ is the recovery time, respectively. We obtain the T; of
PBAI-V, P2CIBAI-V, and PFCIBAI-V as 23.9 s, 21.4 us and 19.7 ps (Fig. 2c),
respectively, which indicates a slight decrease of T; along with halogen
substitution increased.

T, is the time constant characterizing the recovery process of the
lateral component. This process is completed by energy relay transfer
from the spin center, which does not involve energy loss and is a
reversible process. In this study, we test T, using the Hahn echo
sequence (see orange diagrams in Fig. 2a, IV to VIII corresponds to the
evolution of the electron’s spin), in which the intensity of the spin echo
decreases with increasing 7 (Fig. 2d). By fitting an exponential decay
formula:

I(t)=A (1 - 2e*r*’1)

I(t)=Ae 3)
where /is the strength of the spin echo, A is the initial strength of the
spin echo, and ¢ is the free precession time (¢ =21). We extracted T,
of PBAI-V, P2CIBAI-V and PFCIBAI-V as 579 ns, 566 ns and 489 ns
(Fig. 2e), respectively. The experimental results indicate that when
hydrogen atoms at X, sites in the BAI unit are replaced by two CI
atoms (Fig. 1a), the spin relaxation time T, decreases by 13 ns,
suggesting that Cl atoms have little effect on spin relaxation.
However, after substituting two F atoms and two Cl atoms, T, of
PFCIBAI-V was significantly shortened by 90 ns compared with PBAI-
V. The experimental findings clearly demonstrate that such halogen
substitution has a slightly negative effect on the spin lifetime of the
material. It is worth noting that the spin relaxation times of BAI-
based polymers are all measured in solid films and at room
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temperature, which can better reflect the spin relaxation changes
of materials in spin-related devices.

Spin diffusion length of BAl-based polymers

Spin diffusion length, as one of the important properties of OSCs, is
closely related to both spin lifetime and mobility. Results shown in
Fig. 1and Fig. 2 reveal that the mobilities improved by an order, and the
spin lifetimes did not go down obviously along with the increase of
halogen substitution. Accordingly, calculated by the formula (1), As of
PBAI-V, P2CIBAI-V, and PFCIBAI-V are 77nm, 133nm and 254 nm,
respectively, which has been greatly improved along with the increase
of the number of halogen substitution. About 170% and 330%
enhancements of As have been achieved in P2CIBAI-V and PFCIBAI-V,
respectively, compared to the non-substituted PBAI-V. Such results
preliminarily prove that our designed halogen-substituted BAl-based
polymers can significantly improve the carrier mobility without
decreasing the spin relaxation time, and finally enhance the spin dif-
fusion length.

To further demonstrate the enhancement of spin transport effi-
ciency of these BAl-based polymers after halogen substitution, a spin
valve, the most typical spintronic device for studying spin transport
efficiency of channel materials, has been utilized. The spin valve used
in the study is a vertical sandwich structure, in which the BAl-based
polymeric film is sandwiched between the two ferromagnetic (FM)
electrodes (Co and NiFe)®. In such device, spin-polarized carriers are
injected from one of the FM electrodes driven by a bias voltage, fol-
lowed by transport and spin relaxation in BAl-based polymer layer, and
finally detected by the other FM electrode. The spin transport effi-
ciency of BAl-based polymers can be characterized as magnetoresis-
tance, MR= (R,p — Rp) /R4p x100%, where Rap and Rp are the device
resistances when the two FM electrodes are aligned as antiparallel and
parallel, respectively’. In our study, the spin valve structured by Co
(20 nm)/AlOy (1.7 nm)/Polymer/NiFe (12nm) from bottom to top is
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Fig. 1| Molecular synthesis and characterization of BAl-base polymers. a The
synthesis route of BAl-based polymers consists of six steps. Compounds 1-5 serve
as the raw material molecules, and the synthesis methods for compounds 6 and 7
are provided in the Supplementary Information. b Ultraviolet-visible absorption
spectra of BAl-based polymers in thin film. ¢ Experimental (hollow icons) and fitted

(solid lines) current density—voltage characteristics of ITO/Polymer/LiF/Al devices.
d Carrier mobility of BAl-based polymers measured by space charge limited current
(SCLC) method. Error bars indicate that data are collected from five devices on the
same chip.
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Fig. 2 | Spin relaxation time of BAl-based polymers at room temperature.

a Pulse sequence of ESR used to extract the spin-lattice and coherence times (top
panel), and the spin evolution in Bloch spheres corresponding to above pulse
sequence (bottom panel). I to VIII represent the evolution state after the action of
different pulses. The green and orange sections represent the testing and evolution
of spin relaxation times Ty and T, respectively. b The inversion recovery curves
measured in PBAI-V, P2CIBAI-V and PFCIBAI-V thin films. Black lines are the fitted
result according to the circular data points. The green, tan, and blue circular dots

represent the experimental data collected by PBAI-V, P2CIBAI-V, and PFCIBAI-V,
respectively. ¢ The spin relaxation time T; extracted from (b). d Hahn-echo signal
versus the free precession time 7 for PBAI-V, P2CIBAI-V and PFCIBAI-V. Black lines
are the fitted result according to the circular data points. The green, tan, and blue
circular dots represent the experimental data collected by PBAI-V, P2CIBAI-V, and
PFCIBALI-V, respectively. e The spin relaxation time T, extracted from (d). The error
barsin (c) and (e) indicate that the data are collected from five measurements of the
same sample.

shown in Fig. 3a. Among them, the role of AlO is to isolate the contact
between Co and the organic layer and prevent interfacial hybridization
between the active Co and the organic molecules. In addition, to
eliminate the effect of the thin film microstructure on spin properties
as much as possible, we used the same film preparation process as the
carrier mobility test. As shown in Supplementary Fig. 7, the 50 nm BAI-
based polymers coated on the AlO, layer have very smooth mor-
phology and root mean square roughness (Ry) <1nm. Meanwhile, to
suppress the penetration damage of the polymer layer originating
from the top electrode evaporation and thus improve the credibility of
device performance, low-temperature deposition technology has been
used for preparing the top NiFe electrodes™. The interface between
the polymer intermediate layer and the NiFe electrodes can be found
very smooth and clear through the transmission electron microscope
and energy dispersive X-ray spectroscopy (EDS), as shown in Fig. 3b, c,
indicating the interfacial penetration is negligible and the consistent
evaluation of the BAI polymer performance can be ensured.

As shown in Fig. 3d, the MR signals of spin valves based on PBAI-V,
P2CIBAI-V, and PFCIBAI-V are 2.9%, 4.6% and 8.7% at room

temperature, respectively. Notably, the spin transport efficiency of
BAl-based polymers is significantly improved with the increase of
substitution of halogen groups into BAl-based polymers, and the MR of
8.7% at room temperature is a highest record reported so far. Fur-
thermore, the MR of spin valves based on different thicknesses of BAI-
based polymers has been measured, and accordingly, the spin diffu-
sion length A have been extracted by fitting the thickness-dependent
MR response via the modified Julliére model’:

_Rup —Rp _ 2P Py @A
Ry 1+PPye-(d-doks

MR 4)

where d is the thickness of the organic layer between the FM elec-
trodes, and d, is the thickness of the ill-defined layer. P, and P, are
the injected and detected spin polarizability at the side of the
spacer, respectively. Figure 3e shows the fitting results of the MR
response with different thicknesses of BAl-based polymers at room
temperature. The A5 of PBAI-V, P2CIBAI-V, and PFCIBAI-V are 63 nm,
141 nm, and 247 nm, respectively. Such results are also very close to

Nature Communications | (2024)15:8368


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-52770-z

a
Polymer
NiFe o .
N ColAID,
Polymer
> 1 sio, — 20mm
Co/AlOx
Si/SiO2
d 10 PBAI-V [ P2CIBAI-V | PFCIBAI-V g 3001
This work
X
n§c 5 r PFCIBAI-V
200F O T1PD
ot L @ F,,CuPC
-50 0 50 -50 0 50 -50 0 50 B
B(mT) E,
¢ 1o . PaCIBAV f 30 s, furgrere 0 ceo
O PFCIBAI-V 0= A % 100 | O P3HT A Hpe
2
S z 200f Z
x Of S ] % PIMT [> sep
= h 100 f % %
% % é % Rubrene
oF . . 0 él % é L TI.PS-pentacen : .
0 100 200 PBAI-V P2CIBAI-V PFCIBAI-V 0 5 10
Thickness (nm) MR (%)

Fig. 3 | Spin diffusion length of BAl-based polymers at room temperature.

a Schematic diagram of BAl-based polymers spin valve. b A cross-sectional trans-
mission electron microscope image and (c) The corresponding elementary map-
ping by EDS of the spin valve structure. d Magnetoresistance curves of spin valves
with 50 nm-thick BAl-based polymers at room temperature. The bias voltage was
fixed at 10 mV to measure the magnetoresistance effect. Note that all the MR tests in
this article are measured by a sweeping magnetic field from negative to positive
(corresponding to the right peak of curves) to negative (corresponding to the left
peak of curves). e Thickness-dependent MR of spin valves based on PBAI-V,

P2CIBAI-V, and PFCIBAI-V, respectively. The solid lines are the fitted curves
according to formula (4). Error bars indicate the data are collected from five devices
on the same chip at each thickness. f Comparison of the spin diffusion length of
PBAI-V, P2CIBAI-V, and PFCIBAI-V, green pattern bar chart represents A calculated
by formula (1) and blue bar chart represents A; fitted by formula (4). g Comparison
of MR and A, of BAl-based polymers with other organic materials at room tem-
perature reported in the literature. The same color used for both the icon and font
represents the corresponding molecular semiconductor material. Details of data
points are presented in Supplementary Table 2.

the value of the spin diffusion lengths calculated by formula (1). A
summary of spin diffusion lengths achieved by these two methods
can be seen in Fig. 3f and Supplementary Table 1. The detection of a
room-temperature MR signal in the spin valve is mainly related to
the thickness of the organic interlayer and electrode selection. We
summarize the organic semiconductors that have been reported
and achieved room-temperature spin transport so far (see
Supplementary Table 2 for details)** . It is clearly observed that
the room-temperature MR signal of the spin valve using an LSMO
electrode is relatively small, and the maximum is only 3%. The
reason is that the Curie temperature of the LSMO electrode is
relatively low (T¢=360K), and it is difficult to achieve spin
injection at room temperature. However, ferromagnetic electrodes
with high Curie temperatures (7¢c > 800 K), such as NiFe, Co, and Fe,

can achieve spin injection and transport at room temperature even
if the spin polarization ratio of the electrode is only 30 to 40%. In
addition, the thickness of the organic interlayer is also a direct
factor affecting the room temperature MR Signal. However, the
thickness of spin devices used for each material is different, making
it difficult to compare the spin properties of materials. Spin
diffusion length, as an essential parameter to describe the spin
transport properties of materials, provides the possibility for the
performance comparison between different materials. As shown in
Fig. 3g, our BAl-based polymers show the long spin diffusion length
and MR in non-doped and non-single-crystal organic semiconduc-
tors at room temperature. All these results make sure that our
designed BAIl-based polymers enable to obviously improve the spin
diffusion length.
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Fig. 4 | Spin density distribution and g-factor of BAl-based polymers at room
temperature. a Spin density distribution of PBAI-V (top), P2CIBAI-V (middle) and
PFCIBAI-V (bottom) (where n=6). The DFT calculations were performed at the

CAM-B3LYP/6-31 G* level. The colors of the atoms: gray for C, red for O, blue for N,

yellow for S, white for H, pink for F, and green for CI. b Derivative electron para-
magnetic resonance (EPR) spectra of PBAI-V (green line), P2CIBAI-V (tan line), and
PFCIBAI-V (blue line) at room temperature.

Discussion

Spin density distribution of BAl-based polymers

The above results reveal that the introduction of halogen atoms with
high spin relaxation causation in BAl-based polymers does not result in
an apparent decrease in spin lifetime, which is somewhat surprising.
An investigation into the intrinsic mechanism of such results will surely
be meaningful for further revealing the spin relaxation mechanisms in
OSCs and opening avenues for the design of efficient spin transport
materials. In OSCs, SOC and HFI are the main spin relaxation
mechanisms to affect the spin lifetimes. Therefore, an analysis of the
changes in SOC and HFI (or the lack thereof) should reveal the reasons
why that the spin lifetimes of P2CIBAI-V and PFCIBAI-V are in line with
PBAI-V despite the halogen substitutions. In addition, spin density
distribution describes the probability density of finding electrons with
a particular spin orientation in a specific region of space, which is
mainly influenced by SOC and HFI strength in molecules™®. The
changes in chemical element compositions and spatial geometry in
OSCs are likely to result in changes in the spin relaxation environment
with a high probability.

To investigate the spin density distribution of BAl-based poly-
mers, we first explored the origin of their radicals using EPR tech-
nology. As shown in Supplementary Fig. 8, we added paraxylene to a
solid sample, and as the material dissolved, the EPR signal completely
disappeared. It shows that the single chain of BAl-based polymers
itself may not exist free radicals. Subsequently, the BAl-based poly-
mer was tested using EPR under nitrogen protection. As shown in
Supplementary Fig. 9, the EPR signal showed a rapid decline. The
results indicated that air was an essential source of radicals for BAI-
based polymers. This phenomenon is consistent with the recently
reported results of trace oxygen in organic semiconductors®®. Fur-
thermore, we scanned the EPR signal from 160 mT to 175 mT at room
temperature and 100K (Supplementary Fig. 10 and 11) and did not
observe a half-field signal®, thereby excluding the possibility of BAI-
based polymers exhibiting an open-shell biradical character. Given
that this study primarily focuses on the spin properties of BAl-based
polymers for electron transport, we employed density functional
theory (DFT)*“’ to calculate the spin density in the anionic radicals
of BAl-based polymers. The calculation results are shown in Fig. 4a. It
is found that the spin density is mainly distributed on the conjugated

skeleton (that is, the BAI unit) of the molecules. However, different
from the substitution of specific functional groups into the skeleton
sites of molecules in the traditional molecular design strategies
(whose SOC and HFI will be greatly influenced by substituted
groups), the change of spin density in BAl-based molecules along
with the degree of halogen substitution can almost be negligible. We
note that the halogen substitution sites are at the edge of the con-
jugated skeletons, far from the center of the conjugated BAI unit,
which may lead to a very low coupling probability between the sub-
stituted halogens and spins at the conjugated skeleton center.
Therefore, we assume that the variation of the edge elements of the
conjugate skeleton has little effect on the spin density distribution in
the molecule, and thus the introduced F and Cl atoms play an almost
negligible role in the change of spin density distribution.

SOC of BAl-based polymers

To further confirm the origin of the almost unchanged spin lifetimes of
BAl-based polymers with increasing degree of halogen substitution,
the SOC and HFI strength have been respectively characterized by
continuous-wave electron paramagnetic technique. It is well known
that the g-factor can reflect the change in the SOC of the material, and
the formula is as follows:

Ag = AgRMC + AgGC + pgOZ/50C )
where Ag™°€ is the relativistic mass correction, Ag°¢ represents the
diamagnetic gauge correction, 4g°%°°C is the cross-term of the orbital
Zeeman and SOC operators, corresponding to the mixed derivative of
the total molecular energy with respect to the electron magnetic
moment and the external magnetic field®. Usually, the first two terms
are minimal and cancel each other out, so 4g°“>° is the main factor
determining the change in the g-factors. In the EPR spectra of BAl-base
polymers (Fig. 4b), only a single peak with a peak width of 0.6 mT has
been observed at room temperature. Through the EPR data, we
extracted the g-factors of PBAI-V, P2CIBAI-V, and PFCIBAI-V as 2.0036,
2.0035, and 2.0037, respectively. Therefore, the g-factor changes by
no more than 50 p.p.m. with the increase of halogen atoms, proving
that the effect of halogenated edge substitution on BAl-based polymer
SOC is almost negligible.
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Fig. 5 | HF1 of BAl-based polymers at room temperature. a Schematic diagram of
stimulated echo sequence of 3P-ESEEM”°. Electron coherence is generated by 1t/2-T-
/2 pulse sequence (Polarization generator). After time 7, electron and nuclear
spins are mixed, and the spin echo signal is modulated periodically (Mixing time).
Finally, the T/2-T-1/2 pulse sequence is applied to read out the signal (Read out).
b Echo signals of H,PC, PDPP-TT, PBAI-V, P2CIBAI-V and PFCIBAI-V with mixing time
T, respectively. The blue curve represents the echo signal of H,PC and PDPP-TT,
and the yellow curve represents the echo signal of BAl-based polymers. ¢ Frequency

domain spectrum of echo signal after Fourier transform. d The energy level dia-
gram with an $=1/2, /=1 spin system under the condition of exact cancellation (|A/
2|=Ivi|). (EZ electron Zeeman interaction, HFI hyperfine interaction, NZ nuclear
Zeeman interaction, NQI nuclear quadrupole interaction, SQ single quantum, and
DQ double quantum). e Schematic representation of the spin-relaxation interac-
tion, in which the azure sphere represents the spin-polarized charge carriers, the
yellow and blue sphere represents the nuclear spins of the *N and 'H atoms, and the
[ is the nuclear magnetic moment from the nuclear spins of the N and 'H atoms.

HFI of BAI-based polymers

To understand the effect of HFI on spin relaxation in thin-film materials
at room temperature, we used the electron spin-echo envelope mod-
ulation (ESEEM) technique to explore the deeper interaction
mechanism. The basic principle of ESEEM technique™® 7 is to detect
the dynamic changes of the echo intensity of the spin signal as the
pulse time interval (7) gradually increases. Suppose all the nuclear
spins in the material are zero (/= 0). In that case, the electron spin echo
will decay exponentially with T. If one or more magnetic nuclei exist in
the material (/>0), the echo intensity is not only attenuated by the
envelope exponentially with T, but also affected by the modulation of
the nuclear spin transition frequency. The advantage of this method is
that if there is HFI between magnetic nuclei and spin-polarized elec-
trons, the nuclear frequency will modulate the spin-echo signal, so this
technology can effectively detect the spin relaxation information
inside molecules.

The standard three-pulse ESEEM (3P-ESEEM) has been used to
detect the HFI effects in BAl-based polymers with the same solid
weight, where the applied pulse sequence is 1/2-1-11/2-7-11/2-T-echo.
As shown in Fig. 5a, we present the evolution of spins on Bloch spheres.
After the first /2 pulse is given, the stimulated echo in vibration

attenuation along with the mixing time (7) between the second and
third pulse”. Figure 5b shows the spin-echo data with the exponential
decay deducted. The modulation of the spin echo shows two different
modulation characteristics, one of which is featured by large ampli-
tude and small frequency, and the other one presents small amplitude
and high modulation frequency. It indicates that the spin-polarized
electrons in the material system are subjected to the hyperfine cou-
pling of two different modulation frequencies. Generally, the Larmor
precession information of the magnetic core in the original data is
encoded as a modulated signal, and the corresponding frequency
information is usually extracted by the Fourier transform of the ori-
ginal data (Fig. 5b, c). We can clearly see two different frequency signal
peaks at 2.5 MHz and 14.7 MHz. It is worth noting that the BAl-based
polymer was tested at the same solid weight and parameter settings, so
its data are comparable. According to the relationship between the
Larmor frequency of protons (wy) and the strength of the external
magnetic field By’

Wy = ;—:[Bo (6)
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where yy is the gyromagnetic ratio of nuclear spins, Bg used in the
experiment is 0.3458 T. The magnetic atoms in BAl-based polymers
include H, N, F, and CI, and their yy are 267.519 x10° Hz'T",
19.331 x10°Hz'T?, 251.662 x 10°Hz-T?, and 26.251 x10° Hz-T?, respec-
tively. From the above formula and data, we extract the Larmor
frequencies of 'H, N, *F, and *Cl as 14.7 MHz, 1.05 MHz, 13.86 MHz
and 1.45 MHz, respectively. Accordingly, the precession frequency at
14.7 MHz in Fig. 5¢ can be confirmed as being derived from the H atom.
As for the Larmor frequencies of N and Cl atoms, they are very close
and likely to be the source of the signal peak centred at 2.5MHz.
Since PBAI-V, P2CIBAI-V, and PFCIBAI-V all have a strong oscillation
frequency at 2.5 MHz, the influence of Cl atoms on spin modulation
can be excluded. Moreover, N atoms commonly possess nuclear
quadrupole moments’™7¢, and thus exhibit multiple quantum transi-
tions of different frequencies (as shown in Fig. 5d), which can lead to
frequency broadening in the Fourier spectrum. For the above analysis,
it can be concluded that all signals from 0.5MHz to 5.0 MHz are
contributed by N atoms. From Fig. 5c, it is worth noting that the
modulation intensity of N atoms is much higher than H atoms, which
means N atoms play a more obvious effect on HFI. Particularly, N atoms
in BAl-based polymers are located closely to the conjugated center of
BAI unit, The relatively high spin intensity around the N atom in BAI-
based polymers shows a robust spin-modulated signal, while the spin
modulation peak of the H atom mainly comes from the H atom on the
side of the BAI skeleton, and the coupling effect provided by the H
atomon the TVT unit is very weak. Therefore, we have a reason to infer
that the halogen substitution at the margin of conjugated center plays
a very tiny and even negligible effect on the spin relaxation.

In order to further demonstrate this conjecture, the spin density
and HFI measurements of H,Pc and PDPP-TT (both of them contain N
and H atoms, their chemical structure can be seen in Supplementary
Fig. 12) have been provided as shown in Supplementary Fig. 13 and
Fig. 5c. The modulation intensity of N and H atoms in these two
molecules are slightly different from that of BAl-based polymers. For
PDPP-TT (see Supplementary Fig. 13), the spin density is mainly dis-
tributed around the N atom, and a certain amount of spin density
exists in the thieno[3, 2-b]thiophene (TT) unit, which indicates the H
atoms on the TT unit also contribute to HFI. Therefore, compared with
the BAl-based polymers, the spin modulation intensity of the H atomin
the ESEEM spectrum of PDPP-TT is slightly increased. As for H,Pc, the
spin density of H,Pc (see Supplementary Fig. 13) is distributed
throughout the molecule, and there are 16 H atoms at the edge of the
molecule. Therefore, the spin modulation intensity of the H atom is
more robust than that of the N atom.

According to the above experimental and theoretical analysis, we
need to point that N atoms play a crucial role in spin relaxation in the
molecules that contain N atoms. For molecules that only contain C, H,
and O elements, the analysis of hyperfine interactions is relatively
simple. The H atom has a relatively fast spin modulation frequency.
When the spin-polarized carriers injected by ferromagnetic electrodes
are transported along the main chain of these molecules, the magnetic
coupling from the H atom at the edge of the molecules will result in
rapid spin flipping and spin polarization loss'®*’. However, for OSCs
with more complex molecular structural units, such as bay-annulated
indigo (BAI), diketopyrrolopyrrole (DPP), isoindigo (IID), naphthale-
nediimide (NDI) and other amide derivatives OSCs, N atoms have a
recurring presence, especially in the conjugated skeleton of the
molecules. In this case, the spin relaxation environments in such
molecules become more complex, and the investigation on spin
relaxation mechanisms will be more challenging. When N atoms
occupy the central position of the conjugated skeleton of the mole-
cule, the propagation of spin-polarized carriers in disordered materials
is easily subject to robust magnetic interaction from N atoms, inducing
the spin relaxation of electrons; the corresponding sketch of spin-
polarized carriers transport in BAl-based polymers has been shown in

Fig. Se. In fact, most of the studies on the spin relaxation of organic
materials focus on H atoms. In contrast, the role of N atoms is often
underestimated or even ignored.

This study investigated the effects of halogen substitution at the
edge of the conjugated center on the spin relaxation environment and
transport properties of BAl-based polymers. After introducing F and CI
atoms to the edge of the BAI polymer, it is surprisingly found that the
carrier mobility of the materials increased by an order of magnitude
while its spin lifetime only showed a tiny amount decrease, and
eventually the spin diffusion length of BAl-based polymer increased
from 64 nm to 247 nm, a record-high value so far. Spin relaxation and
their microscopic interactions within molecular structures have been
researched, and we found the effects of halogen atoms located at the
margin of the molecular conjugated center play an even negligible
effect on both SOC and HFI. As a result, an edge substitution strategy
can be summarized for guiding molecular structure design towards
improving the spin diffusion length of OSCs, whose core characteristic
is to substitute atoms far from the centralized region of spin density
(commonly the conjugated center) of the molecules. This study pro-
poses a feasible and efficient strategy for the design of OSCs and
provides new credible experimental and theoretical guidance for the
study of spin relaxation mechanisms and microscopic interactions in
organic spintronics.

Methods

Materials and synthesis

The 7a, 7b, and 7c are designed according to the halogenated-edge
substitution. The synthetic methods are presented in the Supple-
mentary Information. The H,Pc and PDPP-TT were purchased from
TCI (Shanghai) Development Co., Ltd. and Derthon Optoelectronic
Materials Science Technology Co LTD, respectively, and do not
require further purification. The ferromagnetic metals (Co and
NigoFe,o) were all purchased from Lesker Co., and deposited by
e-beam evaporation with the low-temperature deposition technol-
ogy. The ITO glass was purchased from Wuhan Jinghui Electronic
Technology Co., Ltd.

EPR measurements

The EPR spectra were acquired using a Bruker Elexsys ES00-T. ESR data
acquisition parameters: microwave power 1 mW (23 dB), microwave
frequency 9.4 GHz, modulation amplitude 2 gauss, time constant
40.96 ms, and conversion time 40.96 ms. All samples are in a solid film
state and are directly loaded into natural quartz tubes for testing at
room temperature. Pulse EPR experiments were conducted at X-band
frequency on a CIQTEK EPR10O spectrometer. The central magnetic
field used for the 77 and T tests was 345.8 mT. The pulse lengths of 11/2
and mt are 11 ns and 18.5 ns, respectively. The t values of both inversion
recovery sequence and Hahn echo sequence are 400 ns. For 3P-ESEEM,
the mixing time T is stepped up, starting from 170 ns with a step size of
16 ns, to obtain the time-domain spectrum. The delay 7 is fixed at
150 ns. The central magnetic field positions of H,Pc and PDPP-TT are
348 mT and 340 mT, respectively. The EPR spectra of H,Pc and PDPP-
TT can be seen in Supplementary Fig. 14.

Density Functional Theory (DFT) Calculations

All calculations were carried out with the Gaussian 16 software. The
CAM-B3LYP functional and 6-31 G* basis set were adopted for all cal-
culations. The DFT-D3 dispersion correction with BJ-damping was
applied to improve the calculation accuracy”””°. The atomic coordi-
nates of 7a, 7b, and 7c are shown in Supplementary Tables 3, 4, and 5,
respectively.

Device fabrication and measurements
The SCLC device was prepared on a glass substrate with 110 nm ITO.
The substrate was ultrasonic rinsed with deionized water, ethanol
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and trichloride for 2 h and then dried with nitrogen before the device
was made. The PBAI-V/P2CIBAI-V/PFCIBAI-V was dissolved in
chloroform with a concentration of 25 mg/mL and then deposited on
the device by spin coating with a thickness of 100 nm in a nitrogen
glove box. Subsequently, a 1.1 nm thick LiF was deposited onto the
organic layer at a rate of 0.2 A/s with a shadow mask. Then, 100 nm-
thick Al electrodes were deposited as cross-bar layout to the bottom
electrodes at the rate of 0.8 A/s. Finally, the carrier mobilities were
extracted using the Keithley 4200 semiconductor analysis system by
the SCLC method. The organic spin valves with multilayer vertical
structures were prepared on Si/SiO, substrate. The substrate was
ultrasonic rinsed with deionized water, isopropyl alcohol, and acet-
one for 1h and then dried with nitrogen before device fabrication.
The Co electrodes were prepared at a rate of - 1A/s by high vacuum
electron beam evaporation with a shadow mask. The Al layer (1.7 nm)
was deposited at a rate of 0.3 A/s and immediately oxidized by air
plasma to form a leak-AlO, layer. Subsequently, PBAI-V/P2CIBAI-V/
PFCIBAI-V was dissolved in chloroform with a concentration of 8 mg/
mL and then deposited on the device by spinning coating with a
thickness of 50nm in a nitrogen glove box. Finally, A low-
temperature deposition technique was used to deposit 12 nm NiFe
onto the organic layer at a rate of 0.7 A/s with a shadow mask. The
effective area of the prepared organic spin valve is 0.2 mm?. Sup-
plementary Fig. 15 shows the optical picture of BAl-based polymers
spin valve and the thickness of the organic layer was measured by the
Spectroscopic Ellipsometer (SE-VE-L from Wuhan Eoptics Technol-
ogy Co. Ltd). The magnetoresistance is tested through a vacuum
magnetic-field probe station (CRX-EM-HF from Lake Shore Cryo-
tronics Co., Ltd.) with a four-probe method. The calculation formula
of magnetoresistance (MR) signal: MR=(R,p — Rp)/R,p x100%,
where Rap and Rp are high and low resistances, respectively. The
cross-section of the spin valve was prepared by the standard focused
ion beam method (lon-Electron Dual Beam system, FEI Strata DB235),
where 100-nm Al was deposited on the device surface to protect the
surface during cutting. The cross-section TEM images were obtained
using an FEI G2 F30 operating at 300 kV.

Data availability

All data needed to evaluate the conclusions in the paper are present in
the paper and/or the Supplementary Information. Source data are
provided with this paper.
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