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ABSTRACT: Low sensitivity is the primary limitation to
extending nuclear magnetic resonance (NMR) techniques to
more advanced chemical and structural studies. Photochemically
induced dynamic nuclear polarization (photo-CIDNP) is an NMR
hyperpolarization technique where light is used to excite a suitable
donor−acceptor system, creating a spin-correlated radical pair
whose evolution drives nuclear hyperpolarization. Systems that
exhibit photo-CIDNP in solids are not common, and this effect
has, up to now, only been observed for 13C and 15N nuclei.
However, the low gyromagnetic ratio and natural abundance of
these nuclei trap the local hyperpolarization in the vicinity of the
chromophore and limit the utility for bulk hyperpolarization. Here,
we report the first example of optically enhanced solid-state 1H
NMR spectroscopy in the high-field regime. This is achieved via
photo-CIDNP of a donor−chromophore−acceptor molecule in a frozen solution at 0.3 T and 85 K, where spontaneous spin
diffusion among the abundant strongly coupled 1H nuclei relays polarization through the whole sample, yielding a 16-fold bulk 1H
signal enhancement under continuous laser irradiation at 450 nm. These findings enable a new strategy for hyperpolarized NMR
beyond the current limits of conventional microwave-driven DNP.

■ INTRODUCTION
Nuclear magnetic resonance (NMR) spectroscopy is the
method of choice to determine the atomic-level composition,
structure, and dynamics in complex molecular or materials
systems from pure solutions to disordered solids.1−23 This is
due to the very rich chemical contrast provided by chemical
shifts, which is largely orthogonal to other characterization
methods. However, NMR is a low-energy technique, and its
comparably low sensitivity is today the main roadblock to
many applications, such as trace analysis, surface science, and
metabolic imaging.
The sensitivity limitation of NMR is so critical in

contemporary structural analysis that the development of
methods to generate nuclear hyperpolarization is now of
central importance.24−27 For solids, the most general approach
so far is microwave-induced dynamic nuclear polarization
(DNP).26 In this approach, a material under investigation is
typically co-formulated with a stable radical and cooled to
cryogenic temperatures. Then, upon microwave irradiation, the
large thermal electron spin polarization is transferred from the
radical spins to nearby nuclei and successively, by spin
diffusion, to the entire nuclear spin network.28−31 In this
framework, 1H nuclei are the ideal nuclear species to be
polarized due to the very efficient spin diffusion arising from

their large gyromagnetic ratio and high natural abun-
dance.31−35

In recent years, optically driven nuclear polarization in solids
has attracted more and more attention,36−38 primarily because
of its potential to overcome the enhancement limits of
standard microwave-induced DNP approaches imposed by the
thermal electron polarization. Indeed, for 1H nuclei, the
theoretical maximum DNP enhancement εmax, which corre-
sponds to the ratio of the electron and proton gyromagnetic
ratios, εmax = |γe/γ1H|, is a factor of 658.26 Optically induced
nuclear polarization is not limited by this constraint, as
photoexcited states can be generated with polarization much
higher than equilibrium electron spin polarization38−43 that
can, in theory, be transferred to nuclear spins.
Today, the most common optical nuclear polarization

methods in solids harness the electron spin polarization in
the excited triplet state of a chromophore, using gated

Received: April 18, 2023
Published: June 27, 2023

Articlepubs.acs.org/JACS

© 2023 The Authors. Published by
American Chemical Society

14874
https://doi.org/10.1021/jacs.3c03937

J. Am. Chem. Soc. 2023, 145, 14874−14883

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
B

IR
M

IN
G

H
A

M
 o

n 
Ju

ly
 2

0,
 2

02
3 

at
 1

2:
59

:5
0 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Federico+De+Biasi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+A.+Hope"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Claudia+E.+Avalos"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ganesan+Karthikeyan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gilles+Casano"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aditya+Mishra"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aditya+Mishra"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Saumya+Badoni"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gabriele+Stevanato"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dominik+J.+Kubicki"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jonas+Milani"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jean-Philippe+Ansermet"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jean-Philippe+Ansermet"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aaron+J.+Rossini"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Moreno+Lelli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Olivier+Ouari"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lyndon+Emsley"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.3c03937&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03937?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03937?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03937?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03937?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c03937?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jacsat/145/27?ref=pdf
https://pubs.acs.org/toc/jacsat/145/27?ref=pdf
https://pubs.acs.org/toc/jacsat/145/27?ref=pdf
https://pubs.acs.org/toc/jacsat/145/27?ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacs.3c03937?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/


microwave irradiation, fast magnetic field sweeps, and/or low-
field level anti-crossing (LAC) matching conditions to transfer
the electron spin polarization to nearby nuclear spins.27,38,44−51

These optical hyperpolarization techniques are typically
performed in single crystals, as they require alignment of the
chromophore molecular frame with respect to the applied
magnetic field because of the strong orientation dependence of
the triplet zero-field splitting. Consequently, it is extremely
challenging to generate optical nuclear polarization if the target
cannot be formulated as a single crystal, although one example
of 1H hyperpolarization has been observed in pentacene-doped
polycrystalline naphthalene under microwave irradiation and
magnetic field sweeping.52

Photochemically induced DNP (photo-CIDNP) is an
alternative technique that can be applied in the high-field
regime without using microwaves.53−55 Despite the similarity
in the name, spin polarization in photo-CIDNP is achieved
through a fundamentally different process as compared to
microwave-induced DNP. Originally, photo-CIDNP was
observed for the products of photochemical reactions in
solution56,57 and has since found application for the study of
various radical photoreactions as well as the surface
accessibility of proteins.53,58,59 However, solution-state
photo-CIDNP is not appropriate as a general sensitivity
enhancement method because there is no effective mechanism
to transfer the local hyperpolarization to other species of
interest.
In the solid-state, photo-CIDNP is caused by reaction cycles

where a transient spin-correlated radical pair (SCRP) is
created upon photoexcitation and whose evolution drives
nuclear hyperpolarization.54 Local (site-specific) solid-state
photo-CIDNP signal enhancements of up to 10,000 have been
observed at 4.7 T in 13C NMR spectra of various biological
systems,60,61 typically flavoproteins and photosynthetic reac-
tion centers, and the effect has been studied under magic angle
spinning at fields up to 17.6 T.60,62 Nevertheless, to date, only
low-γ nuclei (13C and 15N) have been successfully directly
polarized via this method in the solid state.60,63−71 In one
example, 13C polarization was then transferred to adjacent
protons by radiofrequency-driven cross polarization.72

As a result, solid-state photo-CIDNP has so far been used to
hyperpolarize a target molecule and its immediate environ-
ment. Since 13C and 15N do not possess a large natural
abundance, the magnetization generated by photo-CIDNP
cannot propagate far by spin diffusion.30,73,74 In analogy to
microwave-induced DNP methodologies, here, we propose the
generation of 1H hyperpolarization by photo-CIDNP that can
then be relayed throughout the bulk of the sample by
spontaneous 1H−1H spin diffusion. This notably requires a
suitably tailored photo-CIDNP polarizing agent, capable of
generating net 1H hyperpolarization in the solid state.
Here, we report the first example of direct 1H optical

hyperpolarization in solids in the high-field regime. We
achieved this through solid-state photo-CIDNP at 0.3 T
(12.8 MHz) using a donor−chromophore−acceptor (D−C−
A) molecule (Figure 1) as the polarizing agent. The method is
microwave-free and leads to bulk 1H hyperpolarization.
Notably, the effect does not rely on low-field LAC of the
triplet levels, fast magnetic field sweeps, or aligned single
crystals, and thus the method can in principle be extended to
higher magnetic fields, best suited for high-resolution. Our
findings represent a major step forward toward the general use
of optical hyperpolarization in solid-state NMR spectroscopy.

To accomplish 1H solid-state photo-CIDNP, we chose a
polarizing agent that is able to form a charge-separated SCRP
upon photoexcitation and which generates a long-lived excited
triplet state with coupled nuclear spins. We focused here on
small molecules due to their larger versatility for future
optimization compared to proteins and photosynthetic
reaction centers.
The photoactive molecules (1) and (2) (Figure 1) satisfy

the criteria above. They possess a D−C−A structure, where D
is 4-methoxyaniline (MeOAn), C is 4-aminonaphthalene-1,8-
dicarboximide (ANI), and A is naphthalene-1,8:4,5-bis-
(dicarboximide) (NDI). Here, we refer to this motif as
PhotoPol. Two molecules were investigated, (1) and (2),
which differ from each other by the presence of a stable
nitroxide radical. Notably, molecule (2) has been extensively
studied by Wasielewski et al.39,75,76 and was shown to generate
electron spin polarization on the TEMPO radical upon
photoexcitation. The photochemistry of similar donor−accept-
or systems has also been studied both in the solid state and in
solution,41,77−80 with some exhibiting 1H and 13C solution-
state photo-CIDNP.81,82 Besides their donor−acceptor nature,
molecules (1) and (2) were selected as ideal candidates to
investigate 1H solid-state photo-CIDNP because of their
unbalanced singlet and triplet SCRP charge recombination
(CR) rates, as will be discussed further below.75,79,80

The photocycle kinetics of the D−C−A system are
schematically depicted in Figure 2. After photoexcitation of
the chromophore, charge separation in the form of a two-step
intramolecular electron transfer generates a SCRP in the
1(D+•−C−A−•) singlet state,39 which undergoes radical-pair
intersystem crossing (ISC) to also populate the 3(D+•−C−
A−•) triplet state. Charge recombination can then occur in
both the singlet (1CR) and triplet (3CR) channels, either
returning to the ground state or populating the neutral triplet
state, respectively. The neutral triplet state then also decays to
the ground state at sufficiently long times. Interestingly,
following the 3CR path, the triplet is localized on the acceptor
(D−C−3A) and not the donor, as observed in toluene at 85 K
for both (2) and one of its diamagnetic analogues (with R =
2,5-di-t-butylphenyl).39,78

In the following, we demonstrate that (1) and (2) generate
enhanced 1H polarization upon continuous 450 nm illumina-
tion at 0.3 T. We then discuss the mechanisms for spin
hyperpolarization.

Figure 1. Structures of molecules used in this work. The donor
(MeOAn), chromophore (ANI), and acceptor (NDI) moieties in the
photoactive part of the structure are shown in red, yellow, and blue,
respectively. The linker units are shown in black.
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■ RESULTS
A sample consisting of 10 μL of a 1 mM degassed solution of
(1) in o-terphenyl (OTP) was prepared in a 3 mm outer-
diameter NMR tube as described in Methods. OTP was
chosen because of its relatively long 1H T1 relaxation time and
its ability to form a clear and optically transparent glass, a
necessary condition for optimal light penetration.83−86 The
sample was melted at 65 °C and then rapidly frozen to 77 K in
liquid N2 before insertion into the NMR probe to ensure good
glass formation. 1H photo-CIDNP experiments were per-
formed at 0.3 T and cryogenic temperatures (10−125 K) using
a continuous wave (CW) 450 nm blue laser with adjustable
output power. In the laser-on experiments, the laser is on for
the whole duration of the experiments (Figure S1).
Figure 3 shows the 1H NMR spectra of the sample recorded

in the absence (red) and in the presence (blue) of 3.8 W/cm2

CW 450 nm laser irradiation. A clear inversion of the bulk 1H
NMR signal is observed, with a signal enhancement factor of ε

= −16 ± 2, defined as the ratio of the peak integrals with and
without laser irradiation, ε = Iz,on/Iz,off. The inversion of the
NMR signal on illumination can only be explained by a photo-
CIDNP effect, as discussed in detail below.
Figure 4 shows the effect of varying the laser power on the

photo-CIDNP enhancement. A relatively low intensity of 3.8

W/cm2 was sufficient to maximize the observed effect, which
increases only minimally at higher powers. Even at the lowest
power used, 1.0 W/cm2, inversion of the NMR signal is still
achieved, with an enhancement of ε = −6 ± 1.
1H longitudinal relaxation in the absence of light and

polarization buildup under CW laser illumination were
characterized on the same sample [1 mM of (1) in OTP] at
85 K (Figure 5). In both cases, the relaxation can be fit to an
exponential function with time constants Tb and T1 with and
without light, respectively. The buildup under illumination is
significantly faster than without (T1 ≈ 1.7 Tb). This effect is
not due to sample heating induced by the laser because similar
T1 and Tb time constants were measured upon heating the
sample to 125 K (Figure S2). This indicates that the
generation and propagation of 1H polarization by photo-
CIDNP is faster than T1 relaxation, potentially enabling further
time savings in these experiments.
From the measured T1 values, it is possible to estimate that

the proton spin diffusion length, λ = DT1 , in OTP is
approximately 190 nm (see Supporting Information),30,88

much larger than the average distance between molecules of
(1) in a frozen solution at 1 mM concentration (7.3 nm,
estimated using the Wigner−Seitz radius). This qualitative
analysis indicates that the signal enhancement observed under
laser irradiation is not limited by spin diffusion and that the
matrix is polarized uniformly.31 The dependence of the signal
enhancement on buildup time (Figure 5c) is characteristic of
relayed hyperpolarization.30,31,89 The enhancement exhibits a
broad maximum of ε = −16 ± 5 between 2 and 20 s and then
reaches a steady-state value of ε = −9 ± 2 after about 100 s.
This decrease in the magnitude of the enhancement at long
buildup times confirms that the system is not spin diffusion
limited.31

To further verify that the enhancement is limited neither by
spin diffusion nor by the laser power, 1H photo-CIDNP
experiments were repeated with a lower concentration of 0.1
mM (1) in OTP (Figure S4). Similar to the 1 mM sample, the
estimated spin diffusion length is still larger than the average
interparticle distance at 0.1 mM concentration (16 nm). The

Figure 2. Photocycle of the D−C−A system in (1) and (2); hν:
photoexcitation, ISC: intersystem crossing, CR: charge recombina-
tion. The two-step electron transfer occurs on the picosecond
timescale as D−C*−A → 1(D+•−C−•−A) → 1(D+•−C−A−•).

Figure 3. 1H NMR spectra (12.8 MHz) of a 1 mM frozen solution of
(1) in OTP at 85 K and 0.3 T without (red, 104 scans) and with
(blue, 50 scans) 3.8 W/cm2 CW laser illumination at 450 nm. A short
(15 μs) solid echo pulse sequence was applied prior to signal
acquisition and the re-polarization delay between scans was 20 s.
More details about the NMR pulse sequence, acquisition parameters,
and suppression of probe acoustic ringing87 are given in the Methods
section and in the Supporting Information. (Note that the greater
noise level in the laser-on spectrum is due to 200 times fewer scans
being acquired).

Figure 4. 1H NMR spectra (12.8 MHz) of a 1 mM frozen solution of
(1) in OTP (85 K and 0.3 T) recorded with CW laser illumination at
450 nm using different laser intensities (40 scans per experiment).
The re-polarization delay between scans was 20 s.
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steady-state signal enhancement ε = −8 ± 1, measured with a
re-polarization delay of 200 s, is virtually identical to that
observed on the 1 mM sample (ε = −9 ± 2), confirming that
uniform polarization of the matrix and homogeneous optical
excitation of the chromophores are attained at both
concentrations.
The effect of temperature on steady-state spin polarization

generated by 1H photo-CIDNP was investigated in the 10−
110 K range using a 1 mM frozen solution of (1) in OTP.
Figure 6 shows the integrated signal intensities of the bulk 1H
signal under CW laser illumination (Iz,on) as a function of
temperature. The negligible variation of Iz,on suggests that the
net photo-CIDNP process is not affected by temperature
within this range.
1H NMR spectra in the presence and absence of light were

also recorded on a 1 mM frozen solution of (2) in OTP. In this
case, lower enhancements were observed than for (1). The
maximum enhancement was ε = −8 ± 1 at 20 s (Figure 7), and
the steady-state enhancement was ε = −5 ± 1, roughly half of

that measured for (1) under similar conditions. Such
differences are ascribed to the paramagnetic relaxation
enhancement (PRE) and a spin diffusion barrier induced by
the stable nitroxide radical in (2).31,90−92 Partially deuterating
the matrix using a 20% OTP−80% OTP-d14 mixture did not
improve the overall 1H photo-CIDNP enhancement (Figure
S5), suggesting that the polarization transfer is also not spin
diffusion limited for molecule (2). In contrast, with a toluene-
d3 matrix a lower enhancement of ε = −0.7 ± 0.1 is observed,
which is most likely due to faster 1H relaxation and/or poorer
glass formation, though different solvents could in principle
also fine tune the photochemistry of (2) (Figure S6).

■ DISCUSSION
The observation of the purely optically induced enhancements
in Figures 3−7 unambiguously demonstrates that the PhotoPol
motif can yield bulk 1H photo-CIDNP hyperpolarization in
solids.
To enable future developments, it is then important to

understand the mechanism behind this effect. Photo-CIDNP
can occur by three mechanisms in the solid state: differential
relaxation (DR), differential decay (DD), and three-spin
mixing (TSM).93−97 We now briefly describe each mechanism
and discuss their contribution in this system.
The simplest form of the Hamiltonian necessary to describe

the photo-CIDNP effect in the SCRP-nuclear three-spin
system is98

Figure 5. Saturation recovery experiments plotting the 1H NMR
integrated signal intensity without light [Iz,off, (a)], with 2.4 W/cm2

CW 450 nm light [Iz,on, (b)], and the signal enhancement [ε = Iz,on/
Iz,off, (c)], as a function of re-polarization delay at 85 K for a 1 mM
frozen solution of (1) in OTP at 0.3 T. The number of scans for each
datapoint is given in Table S1. Data were fitted (solid lines) with a
single exponential function having a time constant T1 (longitudinal
relaxation with no laser) or Tb (polarization buildup under CW
irradiation) to yield the values given in the inset. All data shown here
are background subtracted (see Supporting Information for additional
details). Error bars are calculated from the signal-to-noise ratios in the
spectra. Some of the errors in (a,b) are smaller than the symbol size.

Figure 6. Steady-state 1H NMR integrated signal intensities in the
presence of 3.8 W/cm2 CW 450 nm light as a function of temperature
for a 1 mM frozen solution of (1) in OTP at 0.3 T. The re-
polarization delay in the experiments performed at 90 and 110 K was
350 s; in all others it was 500 s (8 scans per experiment).

Figure 7. 1H NMR spectra (12.8 MHz) of a 1 mM frozen solution of
(2) in OTP at 85 K and 0.3 T without (red, 104 scans) and with
(blue, 60 scans) 3.8 W/cm2 CW laser illumination at 450 nm. The re-
polarization delay between scans was 20 s.
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where ω1e and ω2e are the electron spin Larmor frequencies of
the SCRP, ωN is the nuclear spin Larmor frequency, d is the
electron−electron interaction strength, and a and b are the
secular and pseudo-secular components of the hyperfine
interaction between the nucleus and the first electron spin.
In general, this truncated form of the Hamiltonian describes
the spin dynamics in the high-field regime (∼0.1 T and above),
where the secular approximation is valid for all spin
interactions except the hyperfine coupling for the nuclear spin.
The SCRP is typically singlet-born, but the singlet is not an

eigenstate of the Hamiltonian, so the system coherently
evolves between the |S⟩ = 1

2
(|αβ⟩ − |βα⟩) and |T0⟩ = 1

2
(|αβ⟩ + |βα⟩) electronic states,98,99 represented, respectively,
by 1(D+•−C−A−•) and 3(D+•−C−A−•) in Figure 2. The |S⟩ ↔
|T0⟩ interconversion rate is given by the energy difference
between the |αβ⟩ and |βα⟩ states, which, due to the hyperfine
coupling, depends also on the spin state of the coupled nuclear
spin. This results in nuclear spin sorting, where nuclear
polarization is accumulated in |S⟩ and |T0⟩ with equal
magnitude but opposite signs.93,95 If these states simply return
to the ground state, the sorted nuclear spin states are
recombined and no net nuclear hyperpolarization is observed.
In the DR mechanism, net nuclear polarization is generated

by differences in nuclear relaxation between the singlet and
triplet channels. Following charge recombination (3CR, Figure
2) to form the neutral triplet state (here, D−C−3A), PRE can
reduce the nuclear polarization accumulated by spin sorting in
the triplet channel if the polarized nucleus is close enough to
the paramagnetic center. After the triplet D−C−3A then
decays to the ground state, the nuclear polarization from the
singlet and triplet channels no longer fully cancels, and net
hyperpolarization from the singlet channel remains. In order to
observe photo-CIDNP via DR, the neutral triplet lifetime must
be at least comparable to the reduced nuclear T1, otherwise
PRE is not effective. In addition, maximum polarization is
expected when |Δωe| = |a/2| (where Δωe = ω1e − ω2e), as this
is when the spin sorting mechanism is most efficient.95

In DD, nuclear hyperpolarization is observed after spin
sorting if 1CR and 3CR (Figure 2) occur at different rates.94

When the nuclear Larmor frequency is comparable to half of
the hyperfine coupling a, the pseudo-secular coupling b
induces a LAC between the |αβαN⟩ and |αββN⟩ states (or
alternatively |βααN⟩ and |βαβN⟩, depending on the sign of a).98
This enables coherent nuclear spin flips (|αN⟩ ↔ |βN⟩) within
both SCRP states, and such flips act to reduce the nuclear
polarization accumulated in those states by spin sorting. The
rate of spin flipping is equal and opposite in the singlet and
triplet SCRP states; however, if CR happens more quickly in
one of the channels, then nuclear polarization in that channel
decreases less than in the other before the state decays and net
hyperpolarization develops. Photo-CIDNP due to DD is
observed if |Δωe|, |ωN|, and |a/2| are all comparable within 2
orders of magnitude,94 and maximum polarization is expected
when |ωN| = |a/2|, as this maximizes the mixing of the states
induced by the LAC.
In the TSM mechanism, nuclear hyperpolarization is

generated by coherent evolution of the SCRP between the |
S⟩ and |T0⟩ states accompanied with a concurrent nuclear spin

flip (e.g., |SαN⟩ ↔ |T0βN⟩), so that unbalanced polarizations
are directly accumulated in 1(D+•−C−A−•) and 3(D+•−C−
A−•), unlike the pure spin sorting discussed above.96,97,100 In
the limit of strong coupling (|d| ≫ |Δωe|), this occurs when
|ωN| = +d a /42 2 .98,101 Alternatively, in the weak coupling
limit (|d| ≪ |Δωe|), TSM requires a double matching condition
|Δωe| = |ωN| = |a/2|.96,97,101
The sign of the photo-CIDNP enhancement for each

mechanism is determined by simple rules, depending on the
signs of the secular component of the hyperfine coupling (a),
the electron−electron interaction (d), and the difference of the
electron Larmor frequencies (Δωe).

98 The magnetic inter-
actions in the PhotoPol motif have been previously determined
through transient absorption experiments, (time-resolved)
electron paramagnetic resonance spectroscopy, and density
functional theory calculations.39,75,77−80 With these known
values, we can consider the contribution of each mechanism.
The isotropic g-factor is higher for D+• than for A−•;39,78

consequently, with a singlet-born SCRP and with PRE on A in
the triplet channel, a negative hyperfine coupling is required
for 1H nuclei on A−• to give an overall negative enhancement
by DR. This is indeed the case for both aromatic protons in
NDI,82 and the magnitude of the hyperfine couplings (∼5.5
MHz) is comparable to 2|Δωe| ≈ 2.5 MHz at X-band.
Furthermore, the lifetime of D−C−3A is in principle long
enough for PRE to occur (∼42 μs, as measured in a toluene
solution at room temperature),77 therefore we conclude that
DR is a feasible mechanism here. However, if the predominant
polarization mechanism was DR, the negligible temperature
dependence of the photo-CIDNP effect shown in Figure 6
would require a constant triplet lifetime within the 10−110 K
temperature range, which is unlikely.
From solution-state experiments,79,80 the measured 3CR for

(1) is faster than 1CR, so DD is in principle a possible photo-
CIDNP process here. Based on the isotropic g-factors for D+•

and A−•, negative enhancement would be obtained for protons
on D+• with negative hyperfine couplings and/or protons on
A−• with positive hyperfine coupling, when their magnitude is
comparable to 2|ωN| ≈ 25 MHz (1H at 0.3 T). However, as
mentioned in the previous paragraph, A−• has only negative
hyperfine couplings, while D+• has mainly positive calculated
hyperfine couplings in the 5−40 MHz range,39 so we conclude
that DD is unlikely to be the dominant mechanism and could
in fact reduce the net negative enhancement.
In the case of TSM, a negative 1H enhancement is predicted

for the measured negative electron−electron coupling in the
PhotoPol moiety, d ≈ −5.5 MHz .39,78,98 Both d and Δωe are
of comparable magnitudes and depend on orientation,
rendering this semi-quantitative analysis challenging. Never-
theless, the system most closely resembles the strong-coupling

regime, for which the matching condition |ωN| = +d a /42 2

can be satisfied with hyperfine coupling constants of ∼25
MHz, which is within the range of calculated values for D+•.39

The coherent dynamics of TSM depend only on the strength
of the spin interactions, not on time-dependent decay and
relaxation processes (c.f. DD and DR), assuming that the
SCRP lifetime is long enough. The temperature dependence of
the spin interactions for a molecule in a rigid frozen matrix is
expected to be minimal in the range 10−100 K, consistent with
the negligible temperature dependence below 110 K in Figure
6.
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Overall, based on the sign analysis, matching conditions, and
temperature dependence, we propose that TSM is most likely
to be the dominant photo-CIDNP mechanism here, although
both DR and DD could also contribute.
Finally, here we have demonstrated the proof of principle for

bulk 1H hyperpolarization by photo-CIDNP in the solid state.
However, we note that the magnitude of the effect using the
PhotoPol motif is relatively small compared to previously
reported 13C and 15N solid-state photo-CIDNP enhancements
at higher fields in proteins.60,63−71 We speculate that this could
be due to cancellation between competing pathways with
opposite signs, as well as dependence of the magnetic
interactions on orientation, especially since 1H spin diffusion
acts to homogenize the overall polarization of the sample.
Having established bulk solid-state 1H hyperpolarization in

the high-field regime, the next step is to extend the effect to the
higher magnetic fields required for high-resolution NMR. The
PhotoPol motif was chosen because of its well-characterized
photochemistry, enabling the photo-CIDNP effect to be
predicted and rationalized. However, based on their spin
chemistry, molecules (1) and (2) are not expected to work at
higher fields, for which alternative polarizing agents must be
developed. Nevertheless, this can be achieved by tailoring the
spin interactions to the desired field, and there is no intrinsic
reason for photo-CIDNP to be less effective at high field
(unlike microwave-driven DNP). Indeed, solid-state photo-
CIDNP has been demonstrated for other nuclei across the
whole range of NMR fields, from 0.3 to 17.6 T. We envisage
that this optical hyperpolarization method can be readily
extended to high-resolution NMR.

■ CONCLUSIONS
Here, we have reported the first example of optically enhanced
solid-state 1H NMR spectroscopy in the high-field regime. This
was achieved via photo-CIDNP at 0.3 T using PhotoPol, a
donor−chromophore−acceptor system, as the polarizing
agent. The 1H hyperpolarization is relayed from the randomly
oriented polarizing agent by spin diffusion to the bulk solvent
(here OTP), resulting in uniform polarization across the entire
sample. Therefore, unlike for nuclei with a low natural
abundance, the polarization can be used to enhance a separate
target molecule or solid, and/or transferred to heteronuclei of
interest via cross-polarization. This opens up a new pathway
toward hyperpolarized solid-state NMR spectroscopy beyond
the thermal limit of microwave-driven DNP.
Given that localized photo-CIDNP enhancements have been

reported of up to 10,000 for other nuclei,60,61 there is clearly
tremendous room for further development of the relatively
modest bulk 1H signal enhancements observed here. In
particular, we note that based on our mechanistic analysis
above, the versatile D−C−A polarization agent can almost
certainly be tailored to optimize the hyperfine couplings,
electron g-factors, and electron−electron couplings to increase
the 1H polarization further and to extend the effect to higher
magnetic fields. This will be achieved through a deeper
understanding of the spin dynamics among the excited states,
ultimately guiding a rational design of the molecular machinery
for optimal spin chemistry.

■ METHODS
Synthesis of Molecules (1) and (2). See the Supporting

Information for full details.

Sample Preparation. Separate 1 mM solutions of (1) and (2)
were prepared in toluene and stored at −80 °C. For (1), a solution at
0.1 mM concentration was also prepared. For each sample, 10 μL of
the desired solution was transferred to the bottom of a 3 mm outer-
diameter NMR glass tube and evacuated until all toluene evaporated
(toluene was chosen because of its solvation properties and low
boiling point). Then, 11 mg of solid OTP (d = 1.1 g/cm3) was added
to the tube and melted at 65 °C. Several freeze−pump−thaw cycles
using liquid N2 were applied to degas the sample, melting the OTP
solution each time under vacuum with a water bath at 65 °C.
Degassing was performed until no bubbles were observed during
remelting of the OTP solution. After this, the samples were sealed
with a flame torch and stored at −80 °C.
NMR Spectrometer. The applied magnetic field of 0.3 T is

generated using a Varian electromagnet. The NMR signal is recorded
with a setup consisting of a PulseBlaster Spincore pulse generator, a
PTS 620 frequency synthesizer, a TOMCO RF pulse amplifier, a
Gage Applied RazorMax digitizer, and a home-built spectrometer.
The setup is controlled with a LabVIEW interface. The NMR coil has
a saddle geometry and is shielded by a copper cavity. The cavity is
located inside a Bruker ER 4118CF cryostat connected to either a
liquid N2 or a liquid He dewar with active temperature regulation.
The tuning and matching capacitors (NMTIM120CEK, Municom)
are situated outside of the cryostat in an aluminum box. Both the
copper cavity and the cryostat have an optical window for sample
irradiation, performed with a 450 nm CW blue laser coupled to a λ/2
waveplate and a polarizing beam splitter to adjust the output power.
Light is delivered on the optical window of the cryostat using an
optical fiber connected to a collimator. The diameter of the beam
exiting the collimator is 3 mm, which corresponds to a cross-sectional
area of 7 mm2. With our setup, we expect light losses due to the
various interfaces that the beam crosses between the collimator and
the sample, so the actual laser intensity at the sample position is likely
to be much smaller than the values reported in the text and that are
measured at the exit of the optical fiber.
NMR Experiments. The pulse sequence used to record all NMR

spectra is reported in Figure S1. The 1H resonance in Figures 3, 4, and
7 is centered at 12.765 MHz. Suppression of probe acoustic ringing
was achieved by applying an additional inversion pulse only on even
scans prior to the solid echo and inverting the receiver phase. The 90
and 180° pulses were 3 and 6 μs long, respectively. All spectra in
Figures 3, 4 and 7 were acquired with τsat = 0.1 ms, τrec = 20 s, τrs = 0.5
ms, and τSE = 15 μs. Data in Figures 5 and 6 were acquired with
identical parameters but varying τrec between 0.5 and 200 s (Figure 5)
or with τrec either equal to 350 or 500 s (Figure 6). Presaturation was
performed with a sequence of 20 equally spaced hard 90° pulses.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.3c03937.

Pulse sequence and probe acoustic ringing suppression;
additional buildup experiments and data fitting;
calculation of the spin diffusion length in OTP;
steady-state photo-CIDNP experiments on (1) at 0.1
mM in OTP; NMR experiments in other solid matrices;
and synthesis of compounds (1) and (2) (PDF)
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(10) Blümich, B.; Singh, K. Desktop NMR and Its Applications
From Materials Science To Organic Chemistry. Angew. Chem., Int. Ed.
2018, 57, 6996−7010.
(11) Luchinat, E.; Banci, L. In-cell NMR: a topical review. IUCrJ
2017, 4, 108−118.
(12) Gronenborn, A. M.; Polenova, T. Introduction: Biomolecular
NMR Spectroscopy. Chem. Rev. 2022, 122, 9265−9266.
(13) Seifrid, M.; Reddy, G. N. M.; Chmelka, B. F.; Bazan, G. C.
Insight into the structures and dynamics of organic semiconductors
through solid-state NMR spectroscopy. Nat. Rev. Mater. 2020, 5,
910−930.
(14) Marchetti, A.; Chen, J.; Pang, Z.; Li, S.; Ling, D.; Deng, F.;
Kong, X. Understanding Surface and Interfacial Chemistry in
Functional Nanomaterials via Solid-State NMR. Adv. Mater. 2017,
29, 1605895.
(15) Witherspoon, V. J.; Xu, J.; Reimer, J. A. Solid-State NMR
Investigations of Carbon Dioxide Gas in Metal−Organic Frameworks:
Insights into Molecular Motion and Adsorptive Behavior. Chem. Rev.
2018, 118, 10033−10048.
(16) Pecher, O.; Carretero-González, J.; Griffith, K. J.; Grey, C. P.
Materials’ Methods: NMR in Battery Research. Chem. Mater. 2016,
29, 213−242.
(17) Reif, B.; Ashbrook, S. E.; Emsley, L.; Hong, M. Solid-state
NMR spectroscopy. Nat. Rev. Methods Primers 2021, 1, 2.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.3c03937
J. Am. Chem. Soc. 2023, 145, 14874−14883

14880

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Federico+De+Biasi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6548-8383
https://orcid.org/0000-0001-6548-8383
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+A.+Hope"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4742-9336
https://orcid.org/0000-0002-4742-9336
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Claudia+E.+Avalos"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ganesan+Karthikeyan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gilles+Casano"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6642-4808
https://orcid.org/0000-0001-6642-4808
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aditya+Mishra"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Saumya+Badoni"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gabriele+Stevanato"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dominik+J.+Kubicki"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9231-6779
https://orcid.org/0000-0002-9231-6779
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jonas+Milani"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jean-Philippe+Ansermet"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aaron+J.+Rossini"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1679-9203
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Moreno+Lelli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Olivier+Ouari"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4320-4313
https://orcid.org/0000-0003-4320-4313
https://pubs.acs.org/doi/10.1021/jacs.3c03937?ref=pdf
https://doi.org/10.1016/j.jmb.2017.07.007
https://doi.org/10.3390/ma11040476
https://doi.org/10.3390/ma11040476
https://doi.org/10.1021/cr050312q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr050312q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ccr.2019.213147
https://doi.org/10.1016/j.ccr.2019.213147
https://doi.org/10.1016/j.pnmrs.2020.03.001
https://doi.org/10.3390/metabo9070123
https://doi.org/10.1038/s41570-021-00309-x
https://doi.org/10.1038/s41570-021-00309-x
https://doi.org/10.1038/s41570-021-00309-x
https://doi.org/10.1038/nrd2606
https://doi.org/10.1038/nrd2606
https://doi.org/10.1021/acs.accounts.8b00092?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.8b00092?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201707084
https://doi.org/10.1002/anie.201707084
https://doi.org/10.1107/s2052252516020625
https://doi.org/10.1021/acs.chemrev.2c00142?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.2c00142?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41578-020-00232-5
https://doi.org/10.1038/s41578-020-00232-5
https://doi.org/10.1002/adma.201605895
https://doi.org/10.1002/adma.201605895
https://doi.org/10.1021/acs.chemrev.7b00695?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.7b00695?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.7b00695?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.6b03183?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s43586-020-00002-1
https://doi.org/10.1038/s43586-020-00002-1
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c03937?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(18) Walkley, B.; Provis, J. L. Solid-state nuclear magnetic resonance
spectroscopy of cements. Mater. Today Adv. 2019, 1, 100007.
(19) Meier, B. H.; Riek, R.; Böckmann, A. Emerging Structural
Understanding of Amyloid Fibrils by Solid-State NMR. Trends
Biochem. Sci. 2017, 42, 777−787.
(20) Seco, J. M.; Quiñoá, E.; Riguera, R. The Assignment of
Absolute Configuration by NMR. Chem. Rev. 2004, 104, 17−118.
(21) Alderson, T. R.; Kay, L. E. NMR spectroscopy captures the
essential role of dynamics in regulating biomolecular function. Cell
2021, 184, 577−595.
(22) Dyson, H. J.; Wright, P. E. Unfolded Proteins and Protein
Folding Studied by NMR. Chem. Rev. 2004, 104, 3607−3622.
(23) Xu, J.; Wang, Q.; Deng, F. Metal Active Sites and Their
Catalytic Functions in Zeolites: Insights from Solid-State NMR
Spectroscopy. Acc. Chem. Res. 2019, 52, 2179−2189.
(24) Griesinger, C.; Bennati, M.; Vieth, H. M.; Luchinat, C.; Parigi,
G.; Höfer, P.; Engelke, F.; Glaser, S. J.; Denysenkov, V.; Prisner, T. F.
Dynamic nuclear polarization at high magnetic fields in liquids. Prog.
Nucl. Magn. Reson. Spectrosc. 2012, 64, 4−28.
(25) Ardenkjaer-Larsen, J.-H.; Boebinger, G. S.; Comment, A.;
Duckett, S.; Edison, A. S.; Engelke, F.; Griesinger, C.; Griffin, R. G.;
Hilty, C.; Maeda, H.; et al. Facing and Overcoming Sensitivity
Challenges in Biomolecular NMR Spectroscopy. Angew. Chem., Int.
Ed. 2015, 54, 9162−9185.
(26) Lilly Thankamony, A. S.; Wittmann, J. J.; Kaushik, M.;
Corzilius, B. Dynamic nuclear polarization for sensitivity enhance-
ment in modern solid-state NMR. Prog. Nucl. Magn. Reson. Spectrosc.
2017, 102−103, 120−195.
(27) Eills, J.; Budker, D.; Cavagnero, S.; Chekmenev, E. Y.; Elliott, S.
J.; Jannin, S.; Lesage, A.; Matysik, J.; Meersmann, T.; Prisner, T.; et al.
Spin Hyperpolarization in Modern Magnetic Resonance. Chem. Rev.
2023, 123, 1417−1551.
(28) van der Wel, P. C. A.; Hu, K. N.; Lewandowski, J.; Griffin, R. G.
Dynamic nuclear polarization of amyloidogenic peptide nanocrystals:
GNNQQNY, a core segment of the yeast prion protein Sup35p. J.
Am. Chem. Soc. 2006, 128, 10840−10846.
(29) Rossini, A. J.; Zagdoun, A.; Hegner, F.; Schwarzwälder, M.;
Gajan, D.; Copéret, C.; Lesage, A.; Emsley, L. Dynamic Nuclear
Polarization NMR Spectroscopy of Microcrystalline Solids. J. Am.
Chem. Soc. 2012, 134, 16899−16908.
(30) Pinon, A. C.; Schlagnitweit, J.; Berruyer, P.; Rossini, A. J.; Lelli,
M.; Socie, E.; Tang, M.; Pham, T.; Lesage, A.; Schantz, S.; et al.
Measuring Nano- to Microstructures from Relayed Dynamic Nuclear
Polarization NMR. J. Phys. Chem. C 2017, 121, 15993−16005.
(31) Prisco, N. A.; Pinon, A. C.; Emsley, L.; Chmelka, B. F. Scaling
analyses for hyperpolarization transfer across a spin-diffusion barrier
and into bulk solid media. Phys. Chem. Chem. Phys. 2021, 23, 1006−
1020.
(32) Chen, Q.; Schmidt-Rohr, K. Measurement of the local 1H spin-
diffusion coefficient in polymers. Solid State Nucl. Magn. Reson. 2006,
29, 142−152.
(33) Clauss, J.; Schmidt-Rohr, K.; Spiess, H. W. Determination of
domain sizes in heterogeneous polymers by solid-state NMR. Acta
Polym. 1993, 44, 1−17.
(34) Khutsishvili, G. R. Spin diffusion. Usp. Fiz. Nauk 1965, 87,
211−254.
(35) Bloembergen, N. On the interaction of nuclear spins in a
crystalline lattice. Physica 1949, 15, 386−426.
(36) Kundu, K.; Dubroca, T.; Rane, V.; Mentink-Vigier, F. Spinning-
Driven Dynamic Nuclear Polarization with Optical Pumping. J. Phys.
Chem. A 2022, 126, 2600−2608.
(37) Sheberstov, K. F.; Chuchkova, L.; Hu, Y.; Zhukov, I. V.;
Kiryutin, A. S.; Eshtukov, A. V.; Cheshkov, D. A.; Barskiy, D. A.;
Blanchard, J. W.; Budker, D.; et al. Photochemically Induced Dynamic
Nuclear Polarization of Heteronuclear Singlet Order. J. Phys. Chem.
Lett. 2021, 12, 4686−4691.
(38) Tateishi, K.; Negoro, M.; Nishida, S.; Kagawa, A.; Morita, Y.;
Kitagawa, M. Room temperature hyperpolarization of nuclear spins in
bulk. Proc. Natl. Acad. Sci. U.S.A. 2014, 111, 7527−7530.

(39) Colvin, M. T.; Carmieli, R.; Miura, T.; Richert, S.; Gardner, D.
M.; Smeigh, A. L.; Dyar, S. M.; Conron, S. M.; Ratner, M. A.;
Wasielewski, M. R. Electron Spin Polarization Transfer from
Photogenerated Spin-Correlated Radical Pairs to a Stable Radical
Observer Spin. J. Phys. Chem. A 2013, 117, 5314−5325.
(40) Avalos, C. E.; Richert, S.; Socie, E.; Karthikeyan, G.; Casano,
G.; Stevanato, G.; Kubicki, D. J.; Moser, J. E.; Timmel, C. R.; Lelli,
M.; et al. Enhanced Intersystem Crossing and Transient Electron Spin
Polarization in a Photoexcited Pentacene−Trityl Radical. J. Phys.
Chem. A 2020, 124, 6068−6075.
(41) Harvey, S. M.; Wasielewski, M. R. Photogenerated Spin-
Correlated Radical Pairs: From Photosynthetic Energy Transduction
to Quantum Information Science. J. Am. Chem. Soc. 2021, 143,
15508−15529.
(42) Rane, V. Achieving Maximal Enhancement of Electron Spin
Polarization in Stable Nitroxyl Radicals at Room Temperature. J. Phys.
Chem. B 2021, 125, 5620−5629.
(43) Qiu, Y.; Equbal, A.; Lin, C.; Huang, Y.; Brown, P. J.; Young, R.
M.; Krzyaniak, M. D.; Wasielewski, M. R. Optical Spin Polarization of
a Narrow-Linewidth Electron-Spin Qubit in a Chromophore/Stable-
Radical System. Angew. Chem., Int. Ed. 2023, 62, No. e202214668.
(44) Buntkowsky, G.; Ivanov, K. L.; Zimmermann, H.; Vieth, H.-M.
Coherent manipulation of non-thermal spin order in optical nuclear
polarization experiments. J. Chem. Phys. 2017, 146, 114501.
(45) Stehlik, D.; Doehring, A.; Colpa, J. P.; Callaghan, E.; Kesmarky,
S. Optical nuclear polarization in molecular crystals through an optical
excitation cycle. Chem. Phys. 1975, 7, 165−186.
(46) Tycko, R.; Pines, A.; Stehlik, D. Time-resolved optical nuclear
polarization by rapid field switching. Chem. Phys. Lett. 1982, 93, 392−
395.
(47) Eichhorn, T. R.; Haag, M.; van den Brandt, B.; Hautle, P.;
Wenckebach, W. T. High proton spin polarization with DNP using
the triplet state of pentacene. Chem. Phys. Lett. 2013, 555, 296−299.
(48) Yago, T.; Link, G.; Kothe, G.; Lin, T.-S. Pulsed electron nuclear
double resonance studies of the photoexcited triplet state of
pentacene in p-terphenyl crystals at room temperature. J. Chem.
Phys. 2007, 127, 114503.
(49) Iinuma, M.; Shaké, I.; Takizawa, R.; Daigo, M.; Shimizu, H. M.;
Takahashi, Y.; Masaike, A.; Yabuzaki, T. High proton polarization in
crystalline naphthalene by dynamic nuclear polarization with laser
excitation at room temperature and liquid nitrogen temperature. Phys.
Lett. A 1995, 208, 251−256.
(50) Takeda, K.; Takegoshi, K.; Terao, T. Dynamic Nuclear
Polarization by Electron Spins in the Photoexcited Triplet State: I.
Attainment of Proton Polarization of 0.7 at 105 K in Naphthalene. J.
Phys. Soc. Jpn. 2004, 73, 2313−2318.
(51) Hausser, K. H.; Wolf, H. C. Optical Spin Polarization in
Molecular Crystals. Advances in Magnetic and Optical Resonance;
Academic Press, 1976; Vol. 8, pp 85−121.
(52) Takeda, K.; Takegoshi, K.; Terao, T. Dynamic nuclear
polarization by photoexcited-triplet electron spins in polycrystalline
samples. Chem. Phys. Lett. 2001, 345, 166−170.
(53) Goez, M. Photo-CIDNP Spectroscopy. Annual Reports on NMR

Spectroscopy; Academic Press, 2009; Vol. 66, pp 77−147.
(54) Matysik, J.; Ding, Y.; Kim, Y.; Kurle, P.; Yurkovskaya, A.;
Ivanov, K.; Alia, A. Photo-CIDNP in Solid State. Appl. Magn. Reson.
2021, 53, 521−537.
(55) Daviso, E.; Jeschke, G.; Matysik, J. Photochemically Induced
Dynamic Nuclear Polarization (Photo-CIDNP) Magic-Angle Spin-
ning NMR. Biophysical Techniques in Photosynthesis; Springer:
Dordrecht, 2008; Vol. 26, pp 385−399.
(56) Bargon, J.; Fischer, H.; Johnsen, U. Kernresonanz-Emission-
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