FERE: kF 2026 £ FE 56 %E F 8 Hi: 2656 ~ 2690 OPIEF2E) Zekdt

SCIENTIA SINICA Chimica chemen.scichina.com SCIENCE CHINAPRESS
iT ik BN E S TR LEEH Crosshark

FT H HEEX P B9 Y6 A S R B S RO B
2
A AT, B B ALY

AR TORE BRI A, T 511442

CAER TR A T, TN 510641

CAEIRUR A 55y T TR, TR AT, 63T 100871

AR B TR R OGRS A [ X R SRR S, T 510641

LR A R, AR NS S B R T E SR I, SRR DR R AT, SO 500 T LR AR, TR AE ThRk T AR SRR
WHFE s G, T 510275

6. dLRURAA 500 T AR B, ALR0or TR A K SER0 ==, ki ThRE M kLS # AL 5 R S280 =55, b5t 100871

*#HiN{E#, E-mail: zhangjunlong@pku.edu.cn; gaosong@mail.sysu.edu.cn; zhoulinan@scut.edu.cn

L S S R S

WekE 1 99: 2026-05-18; 43252 H H]: 2026-06-16; W28 iz % % H #: 2026-08-17
EXE SR ITRI(9T: 2022YFA1505400). B K HARIZIE S (G5 22488101)Fl i e & Sk A BHIF L 45 2% & 0% & (%R 5
2023ZYGXZR002)% B3 H

WE YRR FRANEEAAZAFERNHYEY, EREMF5LELATEITRREL
HRRBN. AXRAGER T ET B HEMNFA N F L BHUNNFRLR. AL ELERT HIFREE
TR B AR E AR A F (B E R EREAFE . Aghlal. SRR XHH 5 BALF) R LA A B2 7 % T
e R X — BRI 4R. TR RN F B 5 i b S B O A L IR, KX RS ME T £
Ao ¥R =f 4 (1) B ENRHER, AMRIELHERY #08; Q) BXIREEREE RTINKIRE
TR EY BRER; 3) B RN B FBAHE], ik B FEN, AT ERR KRSy BT E. A, AXEHRITT £
M52 RERFERARBREFLENAFRARE. &G, AXLET Lal B RUFERAAE RN U
RPEREMEFNAETARRNERZRY, AN ARET AR TERNEBOLEME R B
MBI R BEREE A HATT RE.

KR BN, RFRAE, BEERE, 310 F TR

1 5§ TR AR, TEIRAN &M T SR s R TR R i e
R B RE, RHfeah N3 ST Hrs & R 10 S 3R 7.

N2 LISR, @O ZRIERA S SRR AR 4 Ak SR B T 2 P () SR
BRI L AT RIEN, GO BEENEARIE X, CHYE T BRI, ML TR E, i AE FiE

S| SsunM, Zhang J, Gao S, Zhou L. Advances on magnetic field effects in photochemical processes based on the radical pair mechanism. Sci Sin Chim,
2026, 56: 2656-2690, doi: 10.1360/SSC-2026-0114

©2026 (PERE) FKEHL www.scichina.com


https://doi.org/10.1360/SSC-2026-0114
www.scichina.com
chemcn.scichina.com
http://crossmark.crossref.org/dialog/?doi=10.1360/SSC-2026-0114&amp;domain=pdf&amp;date_stamp=2026-08-02

RER: b 2026 0 56 % 8 M

REERS o, TR N DL K 25 1) 2 A s FE 3 ) 4%
RF. S ae R AN K = R B A =
L, B AR A AR A — P A S A e =X

SR, NG M KRG, HinfERe E R E
XA OB ) 2 M k<P FL . g, 7E1 TSRS T,
LT A 8 2 BN ZIN107 eV, LR R A
B RE R (~0.026 e V) AUH WL 1k 22 [ Wi AL fE
(1~5 VY& T HA B!, Bk, 5 G i 0
“WhIARE S R SRS RE R BEAS L.

XAAFIE201H 2260 AR R AL AR, — RIF
BRI LR 1 S8 I BT a kiR A RS, 1967
4F, Johnson % I7E B PR MLIN B T = HA - K
RICHITEZR08, B 5 Merrifield™ F B Hens &4 77 7%
St HGHAT T R, 5 ILIRIR, Brocklehurst™ 7R 5 5414
SIS I, E LR X (radical ion pair, RIP)[H]
FIAG S R L B iR e SPE Y, JETE 7 H B E
YN ZE B RE I HORUBUNE. 201 20 604EAX, 5T
N G AE B 3 S B ]2 7 ) AR G L 3R (nuclear
magnetic resonance, NMR)FH, T Miifi I 4% (electron
paramagnetic resonance, EPR)WEEHHIEMI%2 R T i h
AR BRI S G (A5 5 o B, X ST 5oy AR R b
75 S8 S %M At (chemical induced dynamic nuclear
polarization, CIDNP)FIt.51%5 T 272 HL ¥4k (chemi-
cally induced dynamic electron polarization, CIDEP)W.

TG 2 W AN R ) R IR R A Bl 1 B 18 [ 58
. Kaptein. Oosterhoff FlClossZE ™ 3 T4 F- 7 25 1)
HIEs) /1%, 720 H HEX L (radical
pair mechanism, RPM), i Zf#ER: ¥ CIDNPIL %, B )5,
Wan®!, Atkins!" " FiPedersenZ!" K JE T = EAHLH
(triplet mechanism, TM)XKf#RECIDEP{E 5. X 43 it
BRI HRH, FREE — T2 SR H itk
2 (spin chemistry) JIEZUEAE. 42K, HIEMW I
WAWEE, T EAMUERE S IR A A
TR A 3 T XA 2 I 7 3o 2 A 2 [y o 22 5
SRR E A BRI R BT T B ek
(chiral induced spin selectivity, CISS)XN 5| & K H JiE
WA A %, S AR TR 1 f A O e
BB ETINEINZ 50T L E A KA F L
U AT R B B I AT SRR R,
M2 AR I &1 B esh 19 A, BUs sz
R AR S I .

H201 70K, ARt 7 E Pr B3k 1
EENRE, AT R B, LSRR
Hk s, IEEWE R E BRS04, B Ok
YA RS I E B S H T
Dysm BERE FERR) T, MBI MR 58 FE (£950 pT)AEEIG
Wiys, — BRI b (TR SRy, RS
Wiy 551 IR ROAE F RE /T =05 T i 3Aae, (=
RS AR VG RAEEAT BECA AR SR, R
FORERSE AR T JCAANE (1 B th 3k 3 7 2l R it
TR AR A AT B

LB ERRE, WIS R BT FUAE
SEREYIHEAL S UG 7K e r, R REEN
P H i) R MOV I PR S N2 31 77 2 A A 210
WZ IR ORI G S = T RG], WERAE
P22 U P B S R ER T 7 B A 22 2 B B LA 2B
AR 2 A P W37 TBOR e 4™ B DA SR8 80 70
PrFEIER YT, B R BL TR R A A
e (RS S BT T A

N T IRN PR TS KRGS 2 A0 R A2 X 28 5 A )
LA KA R R ORAE D PR T B R AR
AL, s IR T B O B O B 22 R fit——
HFEXT AL, ASCR E B GEEET Bt BT B
DB FETT 4738, X T3 TRk WA R BUCISS L. H i
WAL HT 51 R R FAt AL 7 S R %, B2 W 2 AH R
Erak e, AW A R T 2 A A
FEX AL 5 B 2 DL SR 5 5375 RGUHEL 1 eIl Eh
J1 A VL RC ) =0 AN SR (23 T AL IS BRI Rl d5g
VAT LRI FBEEAL); SRATTIR 1AM S B Rk
AP RIRBRIRS AR LN B0 J7 A TR R, 2 5%
BT R SR,

2 A HEXHLH] S BT S DL R

W3 A 2 N R BRAR FE A 3 BT 5 H RN
HLEITS. DA LA R B BI(E 1), HHL TA
BRI BWOR SRS, 5 AT AR ) B AL
RBR ZHE. XEPORE W FAT 4 A Y
2 TR #(single electron transfer, SET)[ZONZZ]
BAUR T ¥ (hydrogen atom transfer, HAT)™**1%&
18, X B 5. 7E B X (radical pair, RP)#I4A
D A= R T S 5o i I e B UM AR (R

2657



EINIRRIE HE o = B B g Kl hBy o A= S Uk St /57 F S VAT Wi

(a) (b)
hv
A 1A* ISC 3A* (+M) R1_R2 Pfoadguect
radical Spin-Correlated
formation Radical Pair
e smenle e (RB b e -l
(~]|r? [re|R]
Interradical _
P i : Sp‘in
-S|
f-pair tri;Ncape from cage f-pair singlet
encounter R1' & -R2 encounter ;(j;

/ Free Radicals\

Other escaping Escape
radicals product

B 1 (4 RROR B RS 1R 7 6 A S 1 ) P 22 LA s 75 .

(c)

3

- T+1
2| To

w T,

J~0
S Region |

gmgB
gmgB

Region Il

Ty T4

(a) AHLEAE SRR E AR H X IR R A e

e S RS R N R AR, (b) B HEN DI BIRTANREE RN, 8B5S, Tos Tos Toy. (¢) HHIEXSETREHEE H H3E (A
FRAASAL KR . BEA B R B 50 B, JEIET0 (Region 1), M AN, AT i 28 2 308 51 #2 BE 2 29 %4 (Region 11),

A R 2 B E 2 5 = FE AN 2 A A L 45

Figure 1 (Color online) Schematic illustration of the radical-pair mechanism for magnetic-field-regulated photochemical reactions. (a) Generation of
spin-correlated radical pairs, spin-state interconversion, and subsequent reaction pathways in organic photochemical reactions. (b) Vector model of the
four spin sublevels of a radical pair, consisting of one singlet (S) and three triplet substates (To« T.;~ T_;). (c) Energy levels of the singlet (S) and

triplet (T) states of a radical pair as a function of the inter-radical distance (7).

As the radical pair diffuses apart, the exchange interaction J approaches

zero (Region I); at this stage, an external magnetic field induces Zeeman splitting (Region II), thereby effectively modulating the interconversion

between the singlet and triplet states.
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Figure 2 (Color online) Modulation of radical-pair spin dynamics by hyperfine coupling. (a) Energy level diagram of a radical pair at zero field and
under an external magnetic field. The external magnetic field induces Zeeman splitting of the triplet states, thereby suppressing coherent
interconversion between the S and the T.; substates. (b) Magnetic-field dependence of product yields (solid lines: S-precursor cage products or T-
precursor escape products; dashed lines: T-precursor cage products or S-precursor escape products). In the low-field regime, the “protection” effect on

the initial spin state leads to a monotonic change in product yields, which rapidly approaches saturation.
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Figure 3 (Color online) Modulation of radical-pair spin dynamics by the Ag mechanism. (a) Under a strong magnetic field, radicals with different g
factors undergo Larmor precession at different frequencies, driving coherent interconversion between the S and T, states. (b) Magnetic-field
dependence of product yields (solid lines: S-precursor cage products or T-precursor escape products; dashed lines: T-precursor cage products or S-
precursor escape products). As the magnetic field increases, the S-T, mixing is accelerated, leading to a monotonic increase or decrease in the product
yields.
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Figure 4 (Color online) Biphasic magnetic field effects under synergistic mechanisms. (a) Schematic diagram of energy levels and spin mixing
combining the HFCM and Ag mechanisms. (b) Magnetic-field dependence of product yields (solid lines: S-precursor cage products or T-precursor
escape products; dashed lines: T-precursor cage products or S-precursor escape products). In the low-field regime, the HFCM dominates; in the high-
field regime, the Ag mechanism takes over. The alternation between these mechanisms gives rise to characteristic extrema and inversion in the yield
curves.
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Figure 5 (Color online) Modulation of radical-pair spin dynamics by the level-crossing mechanism. (a) In systems with nonzero electron exchange
interaction (J#0), Zeeman splitting induced by an external magnetic field compensates the S-T energy gap at a specific magnetic field, leading to a
level crossing between the S and T_; states. (b) Magnetic-field dependence of product yields (solid lines: S-precursor cage products or T-precursor
escape products; dashed lines: T-precursor cage products or S-precursor escape products). At the level-crossing field (B;), the spin-conversion
efficiency recovers sharply, giving rise to a characteristic abrupt resonance peak.
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Figure 6 (Color online) Microscopic kinetic model of the relaxation
mechanism. Under a strong magnetic field, anisotropic magnetic
interaction fluctuations induced by molecular thermal motion drive
incoherent spin relaxation processes (with rate constants &y and kg).
These processes compete with cage escape (ki) and cage recombination
(kp) of the radical pair, thereby influencing the final product distribution.
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Figure 7 Magnetic field effects on the pyrene-dimethylaniline system
linked by flexible polymethylene chains (Py-(CH,),-DMA) in acetoni-
trile. The three-dimensional plots show the relative triplet yield of
biradical recombination (expressed as absorbance Ar(B)) as a function
of the external magnetic field strength for different chain lengths (n=7—
16). For medium-chain systems (n=8-11), resonance peaks arising from
the LCM are clearly observed, and the resonance field (B, shifts
significantly toward higher fields as the chain length decreases. In
contrast, for long-chain systems (n>12), the yield decreases mono-
tonically with increasing magnetic field, exhibiting the characteristic
behavior of the hyperfine coupling mechanism.
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Figure 8 (Color online) Photoinduced charge transfer and magnetic field effects in the MAnt-(CH,),-O-CH,CH,-DMA (n=6, 8, 10, 16). (a) Reaction
scheme and molecular structures illustrating intramolecular exciplex formation, spin evolution of the RIP, and recombination. (b) MARY spectra
showing the magnetic field effect on exciplex emission (yE) as a function of the external magnetic field (B,) for systems with different chain lengths in
butyronitrile (upper panel: absolute change rate; lower panel: normalized curves). The plots clearly display a monotonic increase with magnetic field
for the long-chain systems, as well as an anomalous decrease in fluorescence intensity at low fields (~10 mT) for the short-chain (n=6) system,

attributed to the exchange interaction.
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Figure 9 (Color online) Chemical compass model for avian magnetoreception based on the C-P-F ternary compound. The upper panel shows the
molecular structure and schematic diagram of the anisotropic hyperfine interaction of the radical cation C . The lower panel illustrates the reaction
mechanism of photoinduced electron transfer and spin evolution of the radical pair. The singlet radical pair s[C'inF'*] undergoes singlet-triplet
intersystem crossing under the magnetic field, followed by spin-selective recombination with rate constants kg and kr, respectively.
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Figure 10 (Color online) Modulation of magnetic field effects on recombination fluorescence by tuning radical-pair energies in rigid donor-bridge-
acceptor (D-B-A) systems. (a) Molecular structures of BDH-F-iF-TARA (R=OMe, Me, H) and schematic illustration of the photoinduced charge
separation and recombination processes. (b) Magnetic field effects (MFE) on recombination fluorescence as a function of the external magnetic field
(MARY spectra) for compounds 1 and 2 with different radical-pair energy levels (AGCSO) in various solvents; the arrows indicate the shift trend of the
resonance position (2J). (c) Linear correlation between the extracted exchange interaction (2J) and the Gibbs free energy change for charge separation
(AGCSO), along with the Anderson model fit. (d) Dependence of the rate constants for various electron transfer processes (charge separation (CS),
backward charge recombination (bCR), ground-state recombination (CRS), and triplet recombination (CRT)) on the reaction free energy change
(—AG®), with the semiclassical Marcus theory fitting curves.
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Figure 11 (Color online) Schematic illustration of the magnetic field effect mechanism in the photolysis of DBK in micellar solution. Upon
photoexcitation and ISC, DBK reaches the T, state and undergoes decarbonylation to form the triplet geminate benzyl radical pair (3RP). In the
confined environment of the micellar cage, the external magnetic field suppresses the hyperfine-mediated triplet-singlet (3RP1RP) conversion via
Zeeman splitting, thereby reducing the yield of the in-cage recombination product (1,2-diphenylethane) from the singlet radical pair, while promoting
the escape of free radicals from the micelle. These escaped radicals can be scavenged by CuCl, in the aqueous phase to form benzyl chloride.
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Figure 12 (Color online) Long-distance sequential charge separation mediated by dynamic charge transporters at the micellar interface. (a) Chemical
structures of the electron donor (D: Triton X-100, TX), chromophore (C: riboflavin derivatives RFTB or RF), and electron acceptor (A: dioctadecyl
viologen, odVH) used in the experiments. (b) Schematic illustration of the photoinduced charge separation and dynamic charge transport processes in
the micellar system. Upon photoexcitation, C accepts an electron from D, and the resulting C™ diffuses to the interface to transfer the electron to A,
forming a long-lived charge-separated state. (c) Mechanistic diagram of electron transfer and molecular diffusion dynamics in the TX(D)-RFTB(C)—
odV2+(A) system. The region to the left of the symbol “||”” corresponds to the hydrophobic core, while the region to the right corresponds to the

hydrophilic outer layer.
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Figure 13 (Color online) Giant magnetic field effects and long-lived charge separation at the interface of nonionic vesicle bilayers. (a) Chemical
structures of the vesicle building blocks (surfactant Tween 40 and hydrophobic additive cholesterol, Chol), electron donor (ZnTPP or MgTPP), and
electron acceptor (ocV2+ or etVH). (b) Schematic illustration of photoinduced intermolecular electron transfer and the formation of a charge-separated
state at the nonionic vesicle membrane interface. (c) Transient absorption kinetic traces, demonstrating a giant magnetic field effect of approximately
100% on the long-lived charge-separated state confined at the vesicle interface upon application of a 250 mT magnetic field at room temperature.
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Figure 14 (Color online) Magnetic field regulation of the photochemical reaction pathways and product distribution of AQ in SDS micelles.
(a) Schematic illustration of the photochemical reaction mechanism of AQ in SDS solution and the spin-dependent reaction pathways. The singlet radical
pair preferentially undergoes pathway A to form cage products, whereas the triplet radical pair preferentially undergoes pathway B to form escape
products. (b) High-performance liquid chromatography (HPLC) chromatograms of the AQ-SDS reaction products in the absence (blue) and presence
(red) of a magnetic field, demonstrating that the magnetic field significantly alters the selectivity ratio between cage products and escape products.
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Figure 15 (Color online) (a) Schematic illustration of the spin-correlated catalytic cycle mechanism based on a dual synergistic strategy. The
nonpolar microenvironment of micelles promotes triplet charge recombination, opening up an efficient triplet reaction pathway. The external static
magnetic field blocks back electron transfer by suppressing radical-ion-pair intersystem crossing (RIP-ISC), thereby promoting radical cage escape to
generate the target product. (b) Quantitative analysis of the synergistic enhancement (SE) and magnetic field effects for different substrates under high
conversion conditions. The plot compares the reaction yields under three conditions: homogeneous DMSO at zero field (Yield"), SDS micelles at zero
field (Yieldb)7 and SDS micelles under a 3000 Gs magnetic field (Yield®), demonstrating a 2-3-fold enhancement in catalytic efficiency across various
substrates.
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Figure 16 (Color online) Magnetic field effects on the hydrogen abstraction reaction of thiobenzophenone (TBP) and the underlying microscopic
kinetic mechanism. (a) Relative yield of escaped radicals R(1.7 T) as a function of solvent viscosity. The red curve represents the simulation result
based on the stochastic Liouville equation (SLE), clearly showing the decrease at low viscosity, the recovery at intermediate viscosity, and the complete
quenching at high viscosity of the MFE. (b) Kinetic model for the diffusion and spin evolution of radical pairs incorporating the spin-orbit coupling
recombination pathway. Under strong SOC, the triplet tight radical pair can recombine directly via the kgo- pathway. As the solvent viscosity increases,
the lifetime of the tight radical pair is prolonged, rendering this recombination pathway dominant and thereby effectively quenching the magnetic field

effect of the system.
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Figure 17 (Color online) Magnetic field effects on photoinduced hydrogen abstraction reactions in the ionic liquid TMPA TFSA. (a) Transient
absorption kinetic traces of the BPH- monitored at 380 nm in the absence (0 T) and presence (1.7 T) of a magnetic field. (b) Relative yield of escaped
radicals R(B) as a function of the magnetic field strength (0—1.7 T). The solid curve represents the theoretical fit based on a diffusion model, showing a
sharp decrease in the yield at low fields due to the Ag mechanism, followed by saturation near 1 T.
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Figure 18 (Color online) Magnetic field effects and kinetic mechanisms in ionic-liquid-regulated homogeneous photoredox catalysis. (a) Magnetic
field effects on the product yield as a function of the external magnetic field strength for the phenothiazine-mediated photoreductive dechlorination
reaction at different acetonitrile/ionic liquid volume ratios (i.e., different solvent viscosities). As the ionic liquid fraction increases, the MFE is
significantly enhanced and tends to saturate at low fields (~1000 Gs), exhibiting the characteristic behavior of the hyperfine coupling mechanism.

cage escape rate constant (kcg) of radicals, making it comparable to the spin evolution rate. This allows the external magnetic field to effectively
intervene in spin-state interconversion and suppress back electron transfer.
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M AR, (c) Maeyamasd Hi (IR ARV 7 [ e i 704
X IRA VAT oy 7 IE R SR B AR T K B IX,  BEAS 7
o T 5 IE; X IB Iy B I 2% R A 1) R S 2 B« = 4
Fe7, W H HEE AT AR DO A BEAT =4S A i
Figure 19 “Supercage effects” and magnetic field effect kinetics in
the nanopores of MCM-41 mesoporous silicate. (a) Schematic reaction
mechanism: the hydrogen abstraction reaction between xanthone (XO)
and xanthene (XH,) upon 355nm UV excitation generates spin-
correlated xanthone radical (XOH-) and xanthyl radical (XH-) pairs.
(b) Magnetic field dependence (0-500 mT) of the escape product yield
in MCM-41 with different pore sizes and in different solvent systems.
Curves (1) and (2) correspond to MCM-41 (2.5 nm) and MCM-41
(3.4 nm) in isopropanol, respectively; curves (3) and (4) correspond to
MCM-41 (2.5 nm) and MCM-41 (3.4 nm) in ethanol, respectively. The
results clearly demonstrate the strong dependence of the magnetic field
effect on both solvent type and pore size. (c) Heterogeneous solvent
cluster model proposed by Maeyama et al.: region A represents solvent
clusters formed by strong hydrogen bonding, which hinder the
penetration of solute molecules; Region B represents locally confined
“three-dimensional cages” where the hydrogen-bond network is
disrupted, allowing the solute radical pairs to undergo three-dimensional
diffusion and spin evolution within these regions.
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Figure 20 Photochemical magnetic field effects on the xanthone (XO) and N,N-diethylaniline (DEA) system in a nonviscous homogeneous solvent
(isopropanol) at room temperature. (a) Schematic reaction mechanism: photoexcited triplet XO (3XO‘) undergoes electron transfer with DEA,
generating a triplet radical ion pair. This ion pair can undergo intersystem crossing to the singlet state to form cage products, or undergo diffusive
separation to yield escaped radical products. (b) Relative yield of escaped radicals (represented by the transient absorption signal A(1.7 ps) at 1.7 us) as
a function of the external magnetic field strength (010 T). The results show that the yield reaches a maximum at approximately 1.5 T, followed by a
reversal and decrease at higher fields.

F 1 WEAIPENE R X MPTZ 5p-DONBY 5 3 HL T 56 8 [ SE 30 35 T B3 2% 31 ) i
Table 1 Effects of solvent physical properties on the kinetics and magnetic field effects of photoinduced electron transfer between 3MPTZ" and
p-DCNB

SET

e
'5 CN
MPTZ: p-DCNB: ,©/
g NC

Solvent 7 (cP) P ke (10°s7) Dp (0T)” R(B) am/(1=p) (107 s"%)?
MeCN 0.37 36.64 18 0.93 1.03 0.49
MeOH 0.61 33.0 9.5 0.93 1.05 =
EtOH 1.19 253 3.1 0.85 1.06 0.78
2-PrOH 2.20 20.18 1.0 0.71 1.07 1.20
1-BuOH 2.95 17.84 0.53 0.56 1.14 1.24

C H-DMSO" NA? NA NA - 1.15 1.51

a) /MRS AR T, b) (0 YRR ERS T I A BB T77 %K. ¢) R(B)max &R i K708 ot (B0 TR N BTl fs
SRR LUAE); d) om/(1-p)EE T Noyes EIBIEAHE T H K 54 BN E G M MBI IS4 o) R LI h RN B ZEHE. 0 R ETERIEH
L63:1. g) NARRA T H S

WEFCoRIM, LAAUR TR R E S-S H R BN IR

Ry BB A AH AT F SRS B AR T 1 % (coherent pro- (2) BT T RIS A B R 2%
cess), A fesE B HEISLI PSR M =EAE WS B 7O T B S B LG B B, VAT T

ROBE; AR AR T A, W E i A S I OUL HEAT R BE AR AR I TR P b OO R < 50
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Figure 21 (Color online) Mechanism of bimolecular photoinduced electron transfer and spin evolution. Upon diffusive encounter of the singlet
excited donor (ID*) and the ground-state acceptor (IA), charge separation (W) generates the singlet radical ion pair (l[zD'+* : -ZA;]). This ion pair can
evolve into the triplet ion pair (3[2D'+---n2A'_]) via coherent spin interconversion. The singlet and triplet ion pairs can return to the ground state
(]DmrrlA) via charge recombination (Wyg and Wy, respectively) or to the locally excited triplet state (3D*~~n'A), or they can undergo diffusive

separation to form free ions.
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Figure 22 Water-mediated dynamic hydrogen-bonding network and magnetic field effect mechanism in homogeneous solution. In the photoinduced
electron transfer reaction between dibenzo[a,c]phenazine (DBPZ) and an amine (illustrated here with N,N-dimethylaniline, DMA), one or more water
molecules bridge the DBPZ radical anion and the DMA radical cation via hydrogen bonds. This solvent-constructed microscopic “dynamic cage”
effectively maintains the optimal radical separation distance and spin correlation, thereby overcoming the rapid diffusive escape characteristic of
nonviscous solvents and achieving a significantly enhanced magnetic field effect.

DR R T R (o) FH 5 1, 9 TIC 5 i B PG S v 2
VYU EE IR,  ELEAE AR L5 2 3% A el

F2 TORHIE S AR A USR] e A AR X
T 70 300 L B RS P, TOUH 47 14 9 BP-5 PhSH HTHAT 7% B

Table 2 Relative magnetic field effects on the escape radical yield in
the hydrogen abstraction reaction between benzophenone and thiophe-

nol, along with solvent viscosities, the upper inset shows a schematic of
the HAT between BP and PhSH

HAT
(o]
O
Solvent n (cP)” R(1.7T)” R(10T)?
hexane 0.29 1.00 -
acetonitrile 0.34 1.00 -
methanol 0.55 0.97 0.87
cyclohexane 0.89 0.95 -
ethanol 1.08 0.94 -
nonanenitrile >1.49 0.94 -
1-propanol 1.94 0.94 -
2-propanol 2.04 0.94 -
2-methyl-1-propanol 3.33 0.90 0.80

a) nUE 5 AR T . byRile) AR RN B SRR E
Wtn 520 T kiR A b3 52 W R(B)=Y(BYY(0T); R(B)
F SR ZAE+0.02 A . d) A (nonanenitrile)7E298 K T f%h & ok
WARIE, BTN B E A E >1.4 cP.

Ferm ARG 3 R W T BRI
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ZHTHERF T RN =Y, AIAE 2200 3R 30 B 2
Wism M. X — TAE BRI & FE R SL T <8 fi2: 51
ZH R AE AR RS PR A FAIMEFE A 1 e AR

3.3.2  5IAZ ANed FE A et B

B 7 R ECR g 7 2 ik B e Ak Ak, Mori
2t S I3R 7 — bR 2 AN AR N HL TR v ) 4 ke
NSRS TR S 7 ST (T SR ms . AT T T =4S
10- LWy BB CMPTZ ) 5 % 42 TEMPO 1 HL T2 14
(AL-R)TESEAEE PR A TR RN, AR T
AEWEASM - ESRNNE b -8 HEE T
(BRIPs). %4k & om0 s+ B B A AR- 1R AR AH AR
PR E IR T A st B R, AR E R v R b
BE 5 BGOSR IR T, 2 B R X E e &
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F3 293K F’MPTZ 5A1-R- A AR S 3 48
(R(L.7 T))[W¥ AL, TR I AMPTZ A % B TEMPO ] HL
FZAR(AL-R) KA B TR SRR

Table 3 Solvent effects on the relative magnetic field effect R(1.7 T)
in the reaction of *MPTZ" with A1-R- at 293 K, the upper inset shows a
schematic of the single electron transfer reaction between MPTZ and
the TEMPO-linked electron acceptor (A1-R-)

SET
m
N
MPTZ: @[ :@ A1-Re : /©/‘Lo
S NC
Solvent " 7 (cP)” R(1.7T)?
MeCN 36.64 0.369” 1.0
MeOH 33.0 0.611 1.08
MeOH-ethylene glycol (1:1) - - 1.23
EtOH 253 1.19 1.28
2-PrOH (containing B B 162
0.05 M "Bu,NBF,) :
2-PrOH 20.18 2.39 1.85
2-butanol 17.93 3.096” 2.57

a) e BREI EAAL LT, b) o RS EAH A ST,
¢) HIRTBASMRIR(LT T)iE SUNTELT TR T 5 Z 05 F ULk
Hhi B TR L. d)Fle) %% 1E 9298 KT 5.

3.3.3  THL-HHALA R B g N T 2RI E
H gk

& A6 AR FAE DN B Jie s 4k 77 T3S 1k
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TEREHE— R EIRG) T AT R R L. A TR
X — R, TR SN S A B LB m L
SRR KL AR TENL-A VIR R, R
BLZH 53 5 2 ) B BRI R0 R AT B K g w1, A
ST S 4 ) E VEAH TR IR T AEE AR

20254, RYLEBAHE T Bk Sh R TN
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in, AZ)5TH B THL-A P B B3R R
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JEILH K He e AR 3 — 2 EOK H s T R AgRL
MR R R RS AR, AR R I AglE
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Wk TARCRHINE | RS 5 =HAZ A H gk
fry AR A EAE R RO . Bl e &=
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T RSP (INCdSe 3.3V 22,6 nm), AT ARG E % L T
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Figure 23 (Color online) Coherent manipulation of photochemical spin-triplet formation in quantum dot-molecule hybrid systems. (a) Schematic of
energy level alignment, charge transfer, and spin-coherent evolution (quantum beating) of the radical pair in the QD-AZ hybrid system. (b) Dependence
of the Ag and exchange interaction magnitudes (|2J]) of the radical pair on the exciton energy of quantum dots with different compositions (CdS, CdSe)
and sizes. (¢) Simulated time evolution of the singlet and triplet radical-pair populations for the 3.3 nm CdSe-AZ system under a 7 T magnetic field,
showing pronounced quantum beating. (d) Experimentally observed transient absorption kinetics (upper) and its first derivative (lower) for the 3.3 nm
CdSe-AZ system at room temperature under a 7 T magnetic field, directly revealing quantum beating with a period of approximately 15 ps.
(e) Experimental and simulated charge recombination times and triplet yields as a function of the external magnetic field (0-1.9 T). (f) Schematic of the
steady-state photochemical reaction for magnetic-field-controlled isomerization of all-trans B-carotene sensitized by QD—3AZ* triplet states.
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Figure 24 (Color online) Photochemical reaction mechanism in
cryptochrome. Upon photoexcitation, the primary radical pair RP1
([FAD "-TrpH ™)) is generated and undergoes coherent singlet-triplet
interconversion modulated by the magnetic field. The singlet state of
RP1 can undergo charge recombination to return to the ground state
(rate constant k), while both the singlet and triplet states can undergo
proton transfer (rate constant k;) to generate the longer-lived secondary
radical pair RP2 (with distinct protonation states in AtCry and EcPL),
thereby converting the magnetic field effect into changes in the yield of
long-lived signaling states.
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Figure 25 (Color online) Magnetic field modulation of the reactivity of l02. (a—c) Mechanism of the reaction between ]OZ and I” to form the radical-
pair intermediate [1 -0, "], and the “decrease-increase-decrease” trend of the reaction rate as a function of magnetic field strength. (d, €) Mechanism of
the cycloaddition reaction between 102 and anthracene derivatives to form a biradical (BR) intermediate, along with the corresponding magnetic field
effects. (f, g) Biradical pathway for 1Oz-induced lipid peroxidation (using cholesterol CHO, oleic acid OA, and linoleic acid LA as examples), and the
magnetic field effects on lipid conversion rates at different magnetic field strengths.
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Figure 26 (Color online) Magnetic field-enhanced photodynamic
therapy induces apoptosis in cancer cells. (a) Schematic illustration of
the PDT-induced apoptosis process in living cells under a magnetic field
and the microscopic mechanisms of magnetic-field-enhanced ROS
generation (Type 1 pathway: O, ; Type Il pathway: l02).
(b) Fluorescence microscopy images of DAPI-stained HeLa cells after
light irradiation in the absence (Without B field) and presence (With B
field) of a magnetic field. The results directly demonstrate that the
external magnetic field significantly accelerates nuclear pyknosis and
the apoptotic process.
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Figure 27 (Color online) Schematic illustration of the mechanism and application of magnetic field-enhanced photodynamic therapy based on CyS5-
3,4,5-3F. Under light-only conditions, the radical-pair intermediate tends to undergo singlet recombination, limiting the release of free radicals. In
contrast, under dual light-magnetic fields, the spin state of the radical pair is modulated toward the triplet state through the significant Ag effect
between the photosensitizer and oxygen radicals, promoting radical escape and thereby achieving massive generation of oxyradicals such as HO" and
O, . This magneto-PDT strategy enables efficient antitumor therapy in an in situ mouse tumor model by targeting and disrupting subcellular organelles

including the endoplasmic reticulum and mitochondria.
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Figure 28 (Color online) Magnetic field effects on a chemical
oscillating reaction and the nonlinear amplification at the Hopf
bifurcation. The figure compares the oscillatory behavior of the key
intermediate concentration ratio ([Mn3+]/ [Mn2+]) in the absence (blue/
green curves) and presence (red curve) of a weak 41 mT magnetic field.
In the sustained oscillation regime far from the critical point, the
magnetic field effect is only about 10%. However, when the reaction
system operates near the critical point of the Hopf bifurcation, the same
weak magnetic perturbation is dramatically amplified by the nonlinear
dynamics, resulting in a magnetic field effect of approximately 1500%
on the oscillation amplitude.
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Abstract: As a non-contact, non-destructive external physical field with extremely high spatial penetration, magnetic
fields show great application potential in the fields of green chemistry and photocatalytic regulation. This paper
systematically reviews the research progress on magnetic field effects in photochemical processes based on the radical
pair mechanism. First, the basic physical mechanisms of magnetic field-regulated spin state transitions (including the
hyperfine coupling mechanism, Ag mechanism, level crossing mechanism, and relaxation mechanism) and the core
prerequisite of the kinetic matching principle for their functioning are elaborated. To address the bottleneck wherein the
rapid diffusion of radicals in liquid-phase photochemical reactions hinders the manifestation of magnetic field effects,
this paper systematically summarizes three strategies for achieving kinetic matching: (i) fundamentally eliminating
diffusion separation via covalent coupling; (ii) decelerating the diffusion rate by increasing system viscosity or
introducing nanoconfinement; and (iii) accelerating spin evolution by enhancing spin mixing mechanisms to match the
fast diffusion process. Furthermore, this paper explores natural confinement and nonlinear kinetic amplification effects
within biological and complex systems. Finally, this paper summarizes the important breakthroughs made in current spin
chemistry in terms of microscopic mechanism analysis, macroscopic yield regulation, and biomedical applications, and
prospects the future design of highly efficient photocatalytic systems based on spin coherent control, the development of
novel magneto-optical materials, and applications at the in vivo level.
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