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External magnetic field and magnetic isotope effects on the lifetimes of several isotope-labeled triplet biradicals
(BPH—0O—(CH,),—O—BPH, n = 8, 10, and 12) composed of two equivalent benzophenone ketyl radicals
(BPHs) were studied by laser flash photolysis in magnetic fields up to 14 T. The biradical lifetimes increased
with increasing a magnetic field beloga. 3 T and then slightly decreased at¥4 T. Below 4 T, a large
magnetic isotope effect on the biradical lifetimes was observétCiisotope substitution at a benzylic carbon

of BPH:, whereas no magnetic isotope effect was observed above 4 T. The magnetic isotope effect in magnetic
fields up b 4 T can be explained only by the spilattice relaxation mechanism due to thaisotropic
hyperfine interaction of the biradicals.

1. Introduction the difference irg values!! The biradical lifetimes below 0.9

T showed an increase in the lifetime with increasing magnetic
fields, and a large MIE on the lifetime in the magnetic fields
was observed i#*C substitution at a benzylic position with the
highest spin density in BPH They have interpreted the
observed results in terms of the SLR mechanism. Useful

Magnetic field and magnetic isotope effects (MFEs and MIES)
on chemical reactions involving biradicals and radical pairs have
been extensively studied over the past two decadesMost
of the research has been carried out in magnetic fields up to

ca 1 T with conventional electromagnets. Recently, we have information about the magnitude of magnetic interactions

found two new phenomena by combining a pulse magnet that - . Sl
e responsible for the SLR and rotational correlation times can be
can generate magnetic fields up to 14 T and a nanosecond laser - o e
. 10 C L evaluated from the comparison between the biradical lifetimes
flash photolysis apparatds!® The first is a reversal in biradical

(radical pair) lifetimes with increasing magnetic fief#s%° The obtained for the magnetic isotope species. If the decay process
' - .~ . of the biradical in high magnetic fields is subject to an influence
second is the appearance of MIEs on the lifetimes even in high

magnetic fields of +2 T and the disappearance of the MIEs in ggee;%et:teoﬁrxjglté:?g ifrl]);pt;r:]lnl\j? gf)wiilnt)eer?tt)?:rvéh datevIZn in
magnetic fields higher than 4 . The lifetimes of triplet b pIns,

I : . = high magnetic fields. However, if the decay process is
?cl:rﬁg)lff—lsoﬁ;%ii;ﬁmé?ﬁaﬁgo(tgggsozoi?gﬂjﬁ?ﬂgﬁfﬁggﬁﬂ) controlled by the dd interaction, such an MIE is unpredictable

- PN because the interaction is independent of nuclear spins. This
gg_?g?_é;)lzr_]e(;?gﬁ%hgj:g ;]20 WC; lg?geg);\l/leg:?& (S?Jz paper presents the effects of high magnetic fields up to 14 T
stitutions at their benzylic positions below 4 T; however, no and magnetic isotopes on the dynamic behavior of the symmetric

—0)— —0)— i i 12 i
MIE has been observed above 4°T The lifetimes at 1.5 T BPH—O—(CHp),—O—BPH biradicals:* Mechanisms for the

decreased from 9.9 to 7@ and from 6.3 to s in thel3C MFE are discussed on the basis of the observed MIE.
substitution in the respective radicals. To understand these . )

phenomena in full detail, the following factors that may affect 2- Experimental Section

spin—lattice relaxation (SLR) processes should be quantitatively 5 1 Materials. Al compounds (BPa-BH, n = 8, 10, and

evaluat‘_ed: _anisotropic hyperfine argj tensors, rotationa_l 12) (Chart 1) were available from the previous w3 The
correlation times for the component radicals, and the magnitude1sc ang2H isotope purities werea. 99 and 98%, respectively.

of an electron dipoledipole (dd) interaction between the gpecirograde benzene (Wako) as a solvent was used without
radicals. By choosing appropriate radical structures, we can frther purification. All sample solutions were degassed by
re(_juce the n_umber of u_nk_nown paramete_rs for those interactions ggyeral freezepump-thaw cycles. The concentration was
Triplet biradicals consisting of two equivalent benzophenone adjusted toca. 3 x 1074 M.

ketyl radicals (BPks) have been studied below 0.9 T by

Nakagaki and his collaborators to avoid the complexity due to 2.2. Apparatus. Transient absorption signals were measured

for biradical lifetime determination by a pulse magnktser
*To whom correspondence should be addressed. flash photolysis apparatds.In the laser flash photolysis,

TE-mail: tanimoto@sci.hiroshima-u.ac.jp. Fax:-+81-824-24-7409. exciting and probe light sources were an excimer laser (Lu-
€ Abstract published irAdvance ACS Abstractéyugust 1, 1997. monics, EX-510) (308 nm, 15 ns fwhm, 30 mJ/pulse) and a Xe
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arc lamp (Ushio, 150 W), respectively. The laser pulse and
probe lights were introduced coaxially to a sample cell. The
Xe light passed through a sample solution and was directed to
a 20 cm monochromator (Ritsu, MC-26tphotomultiplier
(Hamamatsu, R636)digital oscilloscope (Tektronix, 2446)
microcomputer (NEC, PC9801UV) detection system with a 0.8
mm i.d. quartz optical fiber (Sumitomo Electric Industries, MS-
08).

2.3. Molecular Dynamics Simulation. An estimate of the
mean inter-radical distance in the biradical was carried out by

Absorbance

0 +—a .
300 400 500 600 700
Wavelength / nm

the mixed Monte Carlo/stochastic dynamics (MC/SD) method Figure 1. Time-resolved transient absorption spectra'¥@-BPH-

12-BPH-'2C in benzene at (a) 0 and (b) 0.67 T. Insets are the decay

i ,16 *
using the MacroModel V5.0 prograth1® The MM3* force profiles monitored at 350 nm.

field was employed for the simulation with the GB/SA solvation
modell” The total simulation time was 1000 ps with a 0.75fs |n the presence of a magnetic field, the spectra withis dvere
time step at 300 K for the SD part of the simulation. The MC also assigned to the BP triptetriplet absorption of BP-12-BH
part of the simulation used random rotations of all rotatable py analogy. (iii) The magnetic-field-dependent shoulder at 350
bonds. The ratio of SD steps to MC steps was 1-to-1. nm observed at 14s was ascribed to BPHO—(CHy)1,—O—
Nonbonded cutoff distances were not used. Structures wereBpH (BPH—12—BPH') generated from an intramolecular HA

sampled every 1 ps for 1000 ps. The mean distance betweernreaction of3BP* from BH at the other end of the methylene
the benzylic carbons in each BPiWas evaluated from those  chain. Comparison of the lifetime (38 0.3 us) of 3BP*-12-

sampled structures. BH (see Table 1) with that (84 0.8us) of 3BBP*—0—(CHy)11-
CHsin benzene also indicates that intramolecular HA takes place
3. Results in the former. It seems that the lifetime of BRE2-BPH in

the absence of a magnetic field is short compared with that of
3BP*-12-BH, since the steps in eqs 4 and 5 described later are
estimated to be as fast as’t@(® s! and, experimentally, no
detectable absorption band due to BRiths observed in the
spectra in the absence of a magnetic field. On the other hand,
the 320 nm band was tentatively attributed to reaction products
"hecause it remained even at 99.

Based on the above-mentioned transient spectra and the
reported photochemical process of BP and its derivafive,
the reaction pathways of the BP-12-BH are given as follows.
Upon 308 nm laser excitation of BRBH (n = 8, 10, and 12)

3.1. Transient Absorption Spectra of BP-12-BH and
Reaction Scheme. Figure 1 shows time-resolved transient
absorption spectra generated from the photolysis of BP-12-BH
in the absence and presence of a magnetic field (0.67 T). In
the absence of a magnetic field, the spectrum at @s6&howed
absorption bands at 340, 540, and 650 nm. The spectra take
within 15 s were the same as that observed at @60 The
spectrum at 9@xs had a peak at 320 nm. In the presence of a
magnetic field (0.67 T), the spectra observed withimsdwere
identical with that observed at 0.66s in the absence of a
;nh%%rllggrc ;Ieliaéhlxgbgomﬁver’ the spectra changed and a in benzene at room temperature, intramolecular HA takes place

PP ) (eqs 13).1113 The 3BP* abstracts a hydrogen atom from a

For the purpose of comparison, transient absorption spectray o, vjic hosition of BH to yield a triplet biradical composed

generated from the photolysis of 4-dodecyloxybenzophenoneof two equivalent BPks as shown in the following scheme:
(BP—O—(CHz)11CH3) in benzene were examined, since a q g '

photoinduced intramolecular hydrogen abstraction (HA) reaction hv 308 nm 1
in this solution was considered to be inefficient. The transient BPn-BH sc BP*-n-BH @)
spectra of BR-O—(CH,)1:CHs had absorption bands at 340, 'BP*-n-BH — *BP*-n-BH 2)
540, and 650 nm (lifetime= 8.4+ 0.8 us), which were assigned 3npx_npiH FA 3 .o
to the BP triplet-triplet absorption. In cyclohexandenzene 5 BP*-n-BH ,SC[BlPH n-BPH] (3)
(1:1) mixed solvent, new peaks appeared at 345 and 560 nm [BPH-n-BPH] — [BPH-n-BPH] 4)
with an intensity ratio of 1:0.15. They were assigned to BPH 1[BPH'-n-BPH'] — recombination products (5)
O—(CH,)11CHj3 because cyclohexane is a good hydrogen donor. )

(CH2)1.CHs 4 J ycrog *[BPH'-n-BPH] — monoradicals (6)

Taking these spectra into account, the transient spectra shown .

in Figure 1 were assign_ed as follows. (i) The magnetic-field- 3[BPH'-n-BPH‘] Mproducts )
independent spectra with the peaks at 340, 540, and 650 nm

observed within 1%s in the absence of a magnetic field were The triplet biradical’[BPH-n-BPH] undergoes intersystem
ascribed to the BP triplettriplet absorption of BP-12-BH. (ii) crossing (ISC) to the singlet biradic§BPH*-n-BPH] (eq 4)
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TABLE 1: Lifetimes (pus) of 3BP*-n-BH?2

12C-BP-12-BH¥C
13C-BP-12-BH¥2C
12C-BP-12-BH¥C
13C-BP-12-BH¥C
?H-BP-12-BH*H
1H-BP-12-BH?H
?H-BP-12-BH?H
12C-BP-10-BH¥2C
13C-BP-10-BH1C
13C-BP-10-BH¥C
12C-BP-8-BH+C
13C-BP-8-BH+C
13C-BP-8-BH+3C

aExperimental error is about 10%.

and is thought to result in a recombination reaction (eq 5). The
triplet biradical is considered to react with impurities contami-
nated in benzene followed by generation of the corresponding
monoradicals such as BPH-BPHH (eq 6).
biradical disappears partlya spin—orbit (SO)-induced ISC to
the ground state (eq 7). The external magnetic field affects the
ISC (eq 4) to change the triplet biradical lifetime.

3.2. Lifetimes of3BP*-12-BH. The lifetimes of*BP*-12-
BH and its isotope-substituted compounds were calculated from
the decay profiles at 620 nm, since those observed at 680

The triplet
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Figure 2. MFD of 7gr of BPH-n-BPH" biradicals, where the parent
molecules are the following: @) C-BPN-12C-BH; (O) *C-BPn-1%C-
BH; (O) 2C-BP-1-13C-BH; (a) *C-BP-n-13C-BH; (¥) 'H-BP-122H-
BH; (2) H-BP-124H-BH; (x) ?H-BP-122H-BH; (a)n = 12; (b)n =

nm were independent of the magnetic field. The results are 19 (c)n = 8; (d)n = 12.

summarized in Table 1. WheA*C and ?2H atoms were
substituted at the benzylic position and in the phenyl rings,
respectively, the lifetime slightly increased with increasing extent
of 13C and?H substitutions. Fo#3C-BP-12-BHZ3C and2H-
BP-12-BH2H, the increments in lifetimes were calculated to
be 12 and 33%, respectively, compared with that of naturally
abundant?C-BP-12-BH#2C. The increment in théH substitu-

tion was relatively large.

3.3. MFEs and MIEs on Biradical Lifetimes and Depen-
dence of Biradical Lifetimes on Methylene Chain Length.
Biradical lifetimes in the presence of a magnetic field were

10

8 x"hg‘
&
a

Biradical Lifetime / us

0 1 2 3

estimated from measurement at 350 nm where the absorbance Magnetic Field / T
due to BPH was dominant. Because the absorption due to Figure 3. MFD of 7gr of BPH-12-BPH biradicals. The range of the

3BP*-12-BH overlapped the absorptions due to BRA-BPH
(egs 3 and 4), mono BPHadical (eq 6), and reaction products
(egs 5 and 7), the decay profiles at 350 nm were analyzed by

the following equation:

At) = A(1) exptitgg) + A(2) exptiry) + A3) (8)

whereA(t) is absorbance at timg 7gr andtr are lifetimes of
the biradical andBP*, A(1) andA(2) are their pre-exponential

abscissa is 83 T. The parent molecules ar®) °C-BP-12C-BH,
(O) B*C-BPn-1?C-BH, (O) **C-BP-'3C-BH, (a) *C-BP-1°C-BH, (V)
1H-BP-122H-BH, (a) 2H-BP-123H-BH, and (x) 2H-BP-122H-BH.

TABLE 2: Lifetimes (us) of BPH-n-BPH* Biradicals at
Magnetic Fieldst

magnetic field
biradical 0.15T 050T 15T 20T 75T 13T

12C-BPH-12-BPH-12C 5.7 7.0 7 17779 7.2

factors, andA\(3) is the absorbance due to reaction products and 13c.BpH-12-BPH-12Cb 4.4 4.9 70 73 77 71

mono BPH, since the mono BPHloes not practically decay

12C-BPH-12-BPH-13Cc 4.7 51 70 76 79 73

because of its low concentration, as shown in an inset in Figure :*C-BPH-12-BPH-*C 34 46 62 70 77 7.1

1b. The values oft were taken from Table 1 and were fixed
throughout the analyses of the decay profiles at 350 nm.
The results for BPH12-BPH and related biradicals are

’H-BPH-12-BPH-H¢ 5.5 7.1 80 87 78 73
!H-BPH-12-BPH-2H¢® 5.6 7.5 78 79 82 79
’H-BPH-12-BPH-?H 6.3 7.7 81 83 80 72
12C-BPH-10-BPH-12C 4.9 6.7 70 73 7.0 6.8

summarized in Figures 2 and 3 and Table 2. The biradical 3C-BPH-10-BPH-12C 4.2 53 67 69 71 73
lifetimes & O T were not obtained, as discussed in section 3.1. *C-BPH-10-BPH-13C 4.1 49 62 69 71 69

In the case of BPH12-BPH, the lifetime steeply increased up
to ca 8 us at 3 T as thenagnetic field increased and then it
appeared to slightly dwindle to 7% at 13 T. The lifetime at

3 T increased up toa. 140% of that at 0.15 T, and the lifetime
at 13 T decreased twa. 90% of the maximum lifetimeca. 8
us). This effect, that is, a reversal of the MFE on the lifetime,
is thought to be characteristic only of high magnetic fields above
2 T56-d89,10121922 A similar MFE was also observed in other

biradicals ofn = 8 and 10.

12C-BPH-8-BPH-12C 4.7 5.7 60 61 57 55
13C-BPH-8-BPH-12C 3.9 4.7 57 61 63 57
13C-BPH-8-BPH-13C 3.8 4.6 54 60 68 63

a Experimental error is about 10%0btained from3C-BP-12-BH-
12C. ¢ Obtained from'?C-BP-12-BH¥3C. 9 Obtained from?H-BP-12-
BH-1H. ¢ Obtained from'H-BP-12-BH2H.

strated in Figures 2 and 3 and Table 2. In @ substitution,
the change in lifetimes was remarkable around 0.9Te large

The MIEs on the magnetic field dependences (MFDs) of MIE was obsered only below ca3 T, where the biradical

biradical lifetimes int3C and?H substitutions are also demon-

lifetime was increasing, and the lifetime difference among the
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SCHEME 1 (i) Although the isotropic HFC mechanism should be significant
— T belowca. 0.1 T, the MFE in magnetic fields higher than 0.2 T
FLS 55 o is discussed in this work. (ii) ThAg mechanism is inadequate
s— 8¢ TTE‘/ gt L to explain the decrease in lifetimes in high magnetic fields
- ~S~ S because théAg value is exactly zero in these biradicals because
— T < the component radicals are identical. The mechanism-Gf-S

mixing was not seen in these biradicals.

In contrast, the SLR mechanism becomes significant in
magnetic fields above 0.1 T. Because the biradical lifetimes
in magnetic fields were longer than that (3:8) of 3BP*, the
rate-determining steps are considered to be-TTpand T. —

S transitions, as shown in Scheme 1. In the SLR of biradicals,
the T. — Tp and T. — S transitions are usually modulated by
three interactions: thanisotropichyperfine phf) and aniso-
tropic Zeeman 4§g) interactions, and the inter-radical electron
dipole—dipole (dd) interaction. These three interactions may
play an important role in the MFD in high magnetic fields. In
the case where the initially populated state of the biradical is a
triplet, the biradical populated in the S ang States cannot go

on the substates;Tbecause of the very fasy ¥ S— P process.
The biradical deactivation in magnetic fields can be assumed
to be controlled mainly by the.T— To and T. — S pathways.

Therefore, the observed decay rate constgbdf a biradical
composed of radicals 1 and 2 is expressetf by

Magnetic Field = 0 Magnetic Field # 0

isotope-substituted biradicals was not detected:@bd T within
experimental accuracy The steep increase in lifetimes was
conspicuous when carbon atoms at benzylic positions of both
BP and BH in BPa-BH were in natural abundancé’C-BP-
n-BH-12C). For example, the lifetimes at 0.5 T were %6
(12C-BPH-12-BPH-12C), 4.9 us (3C-BPH-12-BPH-12C), 5.1

us (2C-BPH-12-BPH-13C), and 4.6us (3C-BPH-12-BPH-
13C), respectively. HeréiC-BPH-12-BPH-12C and2C-BPH"-
12-BPH-13C were generated frodfC-BP-12-BH12C and!?C-
BP-12-BH43C, respectively. Furthermore, the biradical&;
BPH-n-BPH-12C, 2C-BPH-n-BPH-13C, and *C-BPH-n-
BPH-13C) derived from!3C-substituted BR+BH compounds
tended to require a higher magnetic field intensity to reach the
maximum lifetime along with the extent of tRéC substitution.
The magnetic fields at which the maximum lifetimes were
obtained were about 2.5 T°C-BPH-12-BPH-1°C), 4.5 T (3C-
BPH-12-BPH-12C), 4.5 T (2C-BPH-12-BPH-13C), and 6.5 1
T (13C-BPH-12-BPH-1%C), respectively. InthéH substitution  Ksr = 1/7ar = /:{ W(1:0hf,09) + W(2:0hf,60)} + W(dd) +

in the phenyl rings, on the other hand, there was no detectable kr (9)

MIE on the MFD of lifetimes, as shown in Figure 3.

In magnetic fields abaw 4 T there seemed to be a slightly whereW(1:0hf,6g) andW(2:5hf,6g) are the SLR rate constants
monotonic decrease and no MIE on the MFD of biradical governed by thedhf and &g interactions in each component
lifetimes in 1*C and?H substitutions. For example, all the radical andW(dd) is the SLR rate constant determined by the
biradical lifetimes im = 12 were about 7.2s at 13 T regardless  dd interaction in the biradical. The terkn is the rate constant
of the isotope substitutions. for the disappearance directly from the triplet biradical sublevels

Furthermore, dependence of the lifetimes on the chain lengththat includes the magnetic-field-independent SO-induced ISC
(n) was slightly detected in the magnetic fields. Figure 2 also (eq 7) and other magnetic-field-independent processes (eq 6).
showed a tendency for the biradical lifetimes to become longer Because the present biradical is composed of two equivalent
asn is increased:tgr = 7.2, 6.8, and 5.s forn = 12, 10, BPHs, eq 9 can be simplified as
and 8 of the naturally abundant biradicals at 13 T, respectively.

4. Discussion Kegr = Lltgr = 1/2{ 2W(BPH'":6hf,00)} + W(dd) + k; (10)
4.1. Isotope Effects orfBP*-n-BH Lifetimes. The lifetime By use of the explicit expression féhf, dg, and dd interactions

of 3BP*-n-BH was affected by isotope substitution, as shown modulating the SLR, eq 10 is rewritten as a function of the
in Table 1. The lifetime increase in BP-12-BH b¥C external magnetic fieldBp):

substitution was 12%, whereas the increas@Hbgubstitution

was 33%. In cases ofH-BPH-12-BPH-1H, 1H-BPH-12- _ _1 1 2. 2 2 2

BPH-2H, and 2H-BPH-12-BPH-2H, the nonradiative decay Ker MBRZ 22[3{( /5)(f/h) ,fg'g)BO +2V ZH"’CZ}TCI(lJF

from 3BP* may be reduced by the perdeuterated BP, as known Y By t)] + v Hyg T+ v By ) + K (11)

from the deuterium isotope effett. The lifetime change

induced by the doublé®C substitution increased from 12 to  wherey is the magnetogyric ratio of the electron on BRifd

30% with decreasing from 12 to 8. At the moment we have is assumed to be equal to that of a free electron. The parameters

no possible explanation for thisdependence. 7. andz¢ are rotational correlation times of tumbling Brownian
4.2. Mechanism of MFEs on Biradical Lifetimes. Scheme motion for anisotropic interactionglgf and 6g) of BPH and

1 shows the energy diagrams of a biradical in the absence andor the dd interaction between the two BRHrespectively. The

presence of a magnetic field when the exchange interaction isparameterd:g) is an inner product of the anisotrogictensor.

negligibly small. In the absence of a magnetic field, the triplet The parameteHy is a locally fluctuating magnetic field due

biradical is found to disappeania eqs 4 and 5. The rate- to thedhf interaction, which is exactly expressed by a product

determining step in those processes is considered to be the HAof the quantum number of the nuclear spin, the isotropic HFC

(eq 3) of 3BP* having a 3.3us decay time in BP-12-BH. In  constant, and the spin density (see Appendix). The Vd|ué

general, in the presence of a magnetic field-% ISC is for biradicals is defined aldioc(1)? + Hioc(2)? using each value

controlled by both isotropic hyperfine coupling (HFC) afnd for radicals 1 and 2. The valudyy is a locally fluctuating

mechanisms in whickAg is a difference of the values of the magnetic field due to the dd interaction of the biradical.

two-component radicals. The ISCs of 7> S are quenched  According to the theory for the SLR;25the SLR rate due to

because of the Zeeman splitting of these sublevels fromdhe T the ohf and dd interactions decreases as the external magnetic

sublevel. However, these two mechanisms seem to be irrelevanfield increases, whereas the rate due to &weinteraction

to the results obtained here because of the following reasons.increases. Therefore, the MFD shown in Figure 2 is classified
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TABLE 3: Calculated Local Magnetic Fields (Hio) by the
Ohf Interaction 4
radicals and biradicals Hiod/ 1074 T Hioc#/1078 T22 \Q
12C-BPH 1.76 3.10 &
13C-BPH 9.43 88.9 2
°H-BPH 0.746 0.556 <
12C-BPH-n-BPH-12C 2.49 6.20 2
13C-BPH-n-BPH-12C 9.59 92.0 N
13C-BPH-n-BPH-13C 13.3 178 -
°H-BPH-12-BPH-H 1.91 3.66
2H-BPH-12-BPH-2H 1.06 1.11 B / T2
aThe values for biradicals were evaluatedHhy(1)? + Hioo(2)? with Figure 4. Plots of 1Akgras13-1212versusBe?.  The value of 1Akar(313-
Hioc(1 and 2) for the component radicals 1 and 2. 1212) was obtained from eq 14.

into two magnetic field regions of 043 T and 4-13 T. In in 13C-BPH-12-BPH-13C and 13C-BPH-12-BPH-12C is con-
the former region the biradical lifetime increases as the external trolled by theohf interaction, whereas that iFFC-BPH-12-
magnetic field increases, whereas in the latter the lifetime BPH-12C, 2H-BPH-12-BPH-1H, and?H-BPH-12-BPH-?H is
decreases. modulated mainly by the dd interaction. Therefore, several

4.3. MFEs and MIEs in 0.1-3 T. As already described,  parameters in théhf and dd interactions in eq 12 are evaluated
because biradical lifetimes increased in-83LT, the Shf and from the MFDs of*C-BPH-12-BPH-13C and?H-BPH-12-
dd interactions should be discussed as mechanisms for the MFEBPH-?H, respectively, compared with that éfC-BPH-12-
The biradical lifetimes if3C-BPH-n-BPH-13C showed a large ~ BPH-1°C.
decrease compared with those ¥#C-BPH-n-BPH-12C, as 4.3.1. Raluation of Parameters for théhf Interaction from
shown in Figures 2 and 3 and Table 2. The large MIE due to Comparison ot*C-BPH-12-BPH-13C with 2C-BPH-12-BPH-
13C substitution should be very important because such an MIE *2C. By use of the MFD data of*C-BPH-12-BPH-13C and
abowe 2 T isunprecedented, though there are many reports about'?C-BPH-12-BPH-12C, 7. and the difference/Hioc?) in Hioc?
MIEs below 0.1 T The result of the MIE presents the best between them can be experimentally obtained. Let us now
evidence for the type of magnetic interaction in the biradical consider the differenceAker(si3-1212) in ker between?*C-
that is responsible for the lifetime change in high magnetic BPH-12-BPH-13C and 1°C-BPH-12-BPH-1?C. Because the
fields. The appearance of the MIE means that the dominant only term in eq 12, which is dependent on the nuclear spin of
biradical deactivation in magnetic fields is the SLR, which is *3Cis Hioc?, the terms for the dd interaction akglare canceled,
mainly due to thedhf interaction, not to the dd interaction. If ~ and thenAksr(sis-1212)iS derived from eq 12 as
the dd interaction is of primary importance to the increase in
lifetimes, no such MIE should appear because the most effective AKer(313-12127= Karsis) ~ Keraziz)
dd interaction is due to two electron spins on the component
radicals, not nuclear spins. ="l 2Hos 13— 2Hine a2} (1 +

Because no decrease in lifetimes due todpénteraction is

2n 2_2
observed in 0.43 T as shown in Figures 2 and 3, tidg Y Byl
interaction can be excluded from eq 11. Hence, eq 11 can be L ) o2 2
simplified as = Dy (2AH o¢ (1312)7d (1 + ¥ By7 )] (13)
kar = 1/tgr = [y (2H, )t + y°ByT)] + where the subscripts, (1313), (1212), (13) and (12) sighity

BPH-12-BPH-13C, 12C-BPH-12-BPH-12C, 13C-BPH, and'’C-
P Ha T+ ¥ "By ) + ke (12) BPH, respectively. The reciprocal of eq 13 is

The MIE on the biradical lifetimes is associated with, _ 2 2
sinceHoc is the only parameter in eq 12 that is dependent on VAkgrziz-1z127= 27 (2AHc 13.12)7ct +
nuclear spins. The valué.? for isotope-substituted biradicals chOZ/(2AH|OCZ(13_129] (14)
were theoretically estimated with electron spin density and
isotropic HFC constants according to a procedure reported in aTherefore, when the data ofAlzr(1313-12128r€ redrawn versus
previous papet® The results are listed in Table 3. For Bg? 7. and AHi,? for the biradical are obtained from the
biradicals composed ofC- and 13C-BPH's, the theoretical intercept and slope.
values qualitatively explain the experimental data of MIEs on  Figure 4 shows the plot of Akgr(1313-1212versusBe?. The
lifetimes shown in Figures 2 and 3 and Table 2. That is, a values ofz; and AHie%13-12) Were calculated to be 8.1 ps and
large value oH,c2 means a small biradical lifetime. There is 69 x 10°8 T2, respectively. From the theoretical estimation of
a large difference in the theoretichl,? between'?C-BPH:- the two biradicals shown in Table 3, théHi,c%13-12)is estimated
12-BPH-12C and 1°C-BPH-12-BPH-13C, which corresponds  to be 85.8x 1078 T2. The agreement between the theoretical
to that in the lifetimes (7.0 and 44 at 0.5 T; see Table 2) value and experimental one rationalizes the application of the
between them. On the other hand, although the theorétigal values in Table 3 to the estimation Hfyc13y The experimen-
for 12C-BPH-12-BPH-12C is about 6 times larger than that for  tally obtained valudHioc(13yWas determined to be 84 1074 T
’H-BPH-12-BPH-2H, there is no difference in lifetimes between  from the relationshifHio%13) = Hioc?12) + AHioc%13-12) based
them as shown in Figure 3. This implies that another mecha- on the theoretical valueHgc12) = 1.76 x 1074 T) in Table 3.
nism that is independent of nuclear spins is operative in them. Similarly, the values of. andHioc3) were obtained to be 7.9
Because the lifetime increases in 63 T, the dominant ps and 6.1x 1074 T from the data of3C-BPH-12-BPH-12C
mechanism might be the dd interaction rather than dhé and'’C-BPH-12-BPH-1C. The calculatedHioc13 values listed
interaction. This is supported by the fact that the dd interaction in Table 4 are close to the theoretical one (9:43074 T) in
is independent of nuclear spins. It may be stated that the SLR Table 3 and the experimental one (£71074to 27 x 1074 T)
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Figure 5. Plots of 1/(1tsr — kr) versusBo?>. The value of 1/(Ikr —
kr) was obtained from eq 15.

TABLE 4: Parameters Obtained from the Analyses of the
MFDs of BPH*-12-BPH Biradicals

HIoc(lB)I:I-O_4 T 8.12 6.lb
7J/ps 8.F 7.9

a Obtained from*C-BPH-12-BPH-13C and*?C-BPH-12-BPH-12C.
b Obtained from3C-BPH-12-BPH-12C and ?C-BPH-12-BPH-12C.

reported in"3C-BPH, which was generated frokC-substituted
benzophenon®. We have reported. = 10 ps for a biradical
derived from BP-CO,—(CHy)1,—O—DPM andr, = 12 ps for
a biradical derived from BPCO,—(CH,)1,—O—PET10 The
value . = 8.1 ps) obtained in this work is comparable to those
reported within experimental accuracy.

A similar estimate ofr; andHoc for 2H-BPH* could not be

carried out because there is no significant difference between

the data ofH-BPH-12-BPH-2H and?C-BPH-12-BPH-12C,
as previously mentioned.

4.3.2. Dominant Contribution of the dd Interaction to the
MFDs of Naturally Abundant and Deuterated Biradical.
the biradical SLR at 023 T is predominantly controlled by
the ohf interaction, the difference in the MFD data should be
observed, since the theoretid¢hh? value (6.20x 1078 T?) for
12C-BPH-12-BPH-12C is 6 times larger than that (1.24 1078
T?) for 2H-BPH-12-BPH-2H (see Table 3). There is, however,
no significant difference between the MFD data?iff-BPH-
12-BPH-2H and 12C-BPH-12-BPH-12C, as shown in Figure
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TABLE 5: Parameters for the dd Interaction Obtained
from the Analyses of the MFDs of Deuterated and Naturally
Abundant BPH*-12-BPH Biradicals

biradical Ha/104T  7/lps Rinm  ki/10*s™
’H-BPH-12-BPH-2H 4.7+ 1.3 25+13 1.3+£0.12 14
°H-BPH-12-BPH-'H* 4.8+ 1.3 28+15 1.3+0.12 14
IH-BPH-12-BPH-2HP 3.54+1.9 25427 1.44+0.26 14
2C-BPH-n-BPH-2C 44416 26+20 1.34+0.16 14

a Obtained fron?H-BP-12-BH*H. P Obtained fromtH-BP-12-BH-

?H,
2 200715 2 2015
Ewo Shf [ dd Etso dd
% %
£ 100 £ 100 shi
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Figure 6. Experimentally obtained®, a) and calculated<{) MFDs

by the respective contributions éhf, dd, andkr in (a) ?C-BPH-12-
BPH-12C and (b)13C-BPH-12-BPH-13C. The bold lines show the
total contribution by those three terms. The parameters used in eq 12
arer,c(lz) =176x 104 T, H|oc(13) =8.1x 104 T, .= 8.1 ps,Hdd
=47 x 10*T, andkr = 14 x 10*s™%.

TABLE 6: Inter-radical Distance Simulated by the MC/SD

Method of the MacroModel

n=28
1.7

n=10
1.8

n=12
1.9

R/nm

latter. Very recently, we have estimatedg = 9.05 x 1074

and 14.3x 1074 T for triplet biradicals that resulted from the
photoinduced HA in BRCO,—(CH,)1,—O—DPM and BP-
CO,—(CHy)1,—O—PET, respectively, assuming that the two
rotational correlation times for théhf and dd interactions are
the samé? The Hyq values in Table 5 obtained in this work
are comparable to those reported within experimental accuracy.
In a previous papef MFEs (<0.6 T) on the lifetimes of triplet
biradicals generated from the photolysis of xanthe@€,—
(CHo)h»—OCO—xanthenerf = 10, 12, 16, and 20)Hjoc = 6.1

3. This fact implies that the dominant interaction responsible , 10-4 T) and BP-O—(CHy),—O—diphenylamine if = 10,

for the MFDs of?H-BPH-12-BPH-2H, 2H-BPH-12-BPH-1H,
1H-BPH-12-BPH-?H, and >C-BPH-12-BPH-1C is the dd

12, 14, and 18)Hi,c = 10.1 x 104 T) were assumed to be
caused by théhf interaction. From the present results on the

interaction of the biradicals. Therefore, an evaluation of the \j|Es, the MFEs of the former and latter biradicals may be due
Haa parameter for the dd interaction was carried out with their {g the dd interaction and to théhf—dd hybrid interaction,

MFD data. By neglecting théhf term from eq 12, the equation

respectively, since the former and latter biradiel). values

for the deuterated and naturally abundant biradicals is obtainedare close to those dRC-BPH-12-BPH-12C (Hioc = 2.49 x

as

1kgr — ky) = U(Lhgg — ky) = 1/(V2Hdd277c’) + Tc'Boledd2
(15)
Figure 5 shows a plot of eq 15 féiH-BPH-12-BPH-2H where

kr is assumed to be 14 10* s 1. TheHyqandz: were obtained
to be (4.74+ 1.3) x 10* T and 254 13 ps, respectively, from

104 T) and 13C-BPH-12-BPH-13C (Hj,c = 13.3 x 1074 T),
respectively.

The mean distance of two radical centers is obtained from
Haa with the relationHg? = (3/10A%?R6 where R is the
distance between two electron spfisThe distanceR was
estimated to be 1.3 0.12 nm for2H-BPH-12-BPH-2H, as
summarized in Table 5. The values in this work are also close
to our previous results obtained in the biradicals generated from

the intercept and slope in Figure 5. The similar values were BP—CO,—(CH,)1,—O—DPM (R = 1.04 nm) and BP-CO,—

obtained in other biradicals, as summarized in Table 5.

(CHy)12—O—PET R = 0.89 nm)!® Furthermore, the molecular

Figure 6 depicts the MFDs of the inverses of the SLR rates dynamics simulation by the MC/SD method provided a similar

due to the dd andhf interactions in'2C-BPH-12-BPH-12C
(Hioc =2.49x 104 T, 7. = 8.1 ps,Hgg = 4.7 x 104 T, and
¢ = 25 ps) (Figure 6a) anéfC-BPH-12-BPH-13C (Hjoc =
13.3x 104 T, 7. = 8.1 ps,Hqg = 4.7 x 1074 T, andz; = 25
ps) (Figure 6b). As expected, the contribution of the dd

R value (1.9 nm) forn 12, as listed in Table 6. The
consistency inHgg and R with values so far reported and
simulated suggests that the SLRs in the deuterated and naturally
abundant biradicals are controlled by the dd interaction of the
biradicals. If the StokesEinstein-Debye (SED) equation is

interaction is remarkable in the former lifetime, whereas the used for ther, calculation, the distancB could be obtained

ohf interaction chiefly determines the biradical lifetime in the

also from the calculated.. However, ther ' calculation with
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the SED equation was not carried out at the present stage, SInc&6CHEME 2

there are many controversies in using the SED equation for the

7¢ estimation (for example, lots af. values experimentally

obtained are smaller than that calculated with the SED equa-

tion).28

4.4, MFEs and MIEs in 4—13 T. In magnetic fields above
4 T, the MIE disappeared as shown in Figure 2. This indicates
that theohf interaction does not play an important role in this
magnetic field region. A slight decrease in lifetimes was also
observed in the MFD curves. The biradical lifetimes'&t-
BPH-12-BPH-12C in Table 2 show the decrease from 7.8
at 2.0 Tto 7.2us at 13 T. The numerator in the first term on
the right-hand side of eq 11 consists of two term&)(5/h)2-
(9:9)Bg? and y?Hioc? for the 6g and dhf interactions, respec-
tively). Theodg term has the variablBy, whereas théhf one
does not. Since the denominator{1y?By?zc?) is common for
both terms, thedg interaction accelerates the SLR with
increasing magnetic fieldsBf) whereas thedhf interaction

m|=-1/2 m|=+1/2
ms=+1/2 _wf(x]) _—
We] / ]we

N

@ 9
ms=-1/2 S —

magnetic fields and rotational correlation times in ¢ and

dd interactions were obtained. The rotational correlation time
(25 ps) for the dd interaction was found to be larger than that
(8.1 ps) for thedhf interaction.
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fields, therefore, implies a contribution of tidg interaction to

the biradical SLR. Since thég interaction is independent of
nuclear spins, no detectable MIE aleowt T is realistic.
Tanimoto’s3¢,5d86-d.9.12b  Nakagaki'si®122 and Hayashi's
groupg92ic22reported the great importance of hginteraction

to the SLR in many biradical and radical pairs and evaluated
the anisotropicg values and rotational correlation times.

However, in the case of the present biradicals, the decrease in
lifetimes is too small to evaluate those parameters. For that
purpose, the higher magnetic field intensity may be necessary.yy @), respectively

4.5. Dependence of Biradical Lifetimes on Methylene
Chain Length. The biradical lifetimes at 13 T become longer
as the chain length increases:tgr = 7.2, 6.8, and 5.s for
n =12, 10, and 8, respectively, #C-BPH-n-BPH-12C (see
Table 2). Thisn dependence is observed for magnetic fields
up to 14 T. The interactions showing thelependence are the
dd interaction in the SLR in eq 9 and the SO-induced ISC in
eq 7. According to eq 12 and the relatiblg? = (3/19h%y2R 6

Appendix

Let us consider the simple case of a hydrogen atom that has
single electronicrfis = £%;) and nuclearry = £1/,) spins.
Scheme 2 shows the energy diagram at a magnetic field. If the
rate constants of the SLRs betwdag = +1/,, m = +/,00and
=15, my = £Y,0 betweenms = +5, m = —1/,0and
ms = —15, m = +1/,0) and betweenms = +,, m = +/,0
and|ms = —Y,, m = —Y,0are expressed a#k, W, and
the averaged SLR rat@jlfor a hydrogen

atom is
Ty, =205 W)/N = 2(2w, + W+ w, )2 =
2W, + WP + W@ (a1)

whereN is the number of nuclear substates (hé&tes 2). The
termsW,, Wi, andW,@ for a hydrogen atom are defined as

for the dd interaction, the dd interaction depends on the distancefollows. Sincem = £,

(R) between the component radicals and lengthens the biradical

lifetime with an increase iR. The results foR(R= 1.7, 1.8,
and 1.9 nm fon = 8, 10, and 12, respectively) obtained by the
MC/SD molecular dynamics simulation predict a trend toward
longer lifetimes fom = 12 compared with that fon = 8 (see
Table 6). However, the possibility of the dd interaction may

be excluded because its contribution to the SLR in high magnetic

fields aboe 4 T isthought to be too small to explain the
difference in biradical lifetimes. The SO-induced ISC is also
dependent oR and independent of the magnetic field intensity.

W, = { (g)y?(t:t) £ (1) (BIR)y(t:0)B, +

M) (BR)Ag:9)B (Te)td(L + 7Bt (a2)
W = () @) ()rd (L + Byt (a3)
WP = ()y At (Me)rd (1 + y*Byz, (ad)

where (:t) is an inner product of théhf tensor. Thus,

Therefore, then dependence may be due to the enhanced SO- 1/ = {(1/5)(ﬁ/h)2(g:g)BO + (1/6)V2(t2t)} tJ(1+ yZBOZTCZ)
1

induced ISC in eq 7.

5. Summary

The MFD of 7gr was found to be controlled by the SLR
because of both théhf interaction of the component BPENd
the dd interaction of the biradical at -8 T and also because
of the dg interaction of the component BPHeyond 4 T. The
large MIE in13C-BPH-n-BPH-13C suggests the following. (i)
The lifetime of13C-BPH-n-BPH-13C (Hioc &~ 14 x 1074 T) is
determined by théhf interaction, whereas the dd interaction
seems to be a minor contribution to the lifetime. (ii) The
lifetimes in naturally abundant and deuterated biradic&is-(
BPH-n-BPH-12C, 2H-BPH-12-BPH-!H, 1H-BPH-12-BPH-
2H, and2H-BPH-12-BPH-2H) (Hioc &~ 3 x 1074 T) are mainly
determined by the dd interaction. In addition, from the results
of quantitative analyses of the large MIE, the fluctuating local

(a5)

Therefore,

Hie. = (Te)(t:1)

The factorl/e in eq a6 is derived from the quantum number
m; of related nuclei. Since the present biradical (BfRHBPH")
has three different nuclear spiri$i( 2H, and3C), the factor is
difficult to estimate. Furthermore, because the vattgié not
known for BPH and the distribution of spin density should be
considered, the fluctuating magnetic field is denoted simply as
Hioc? in eq 11.

(a6)
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