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Viscosity Dependence of the Magnetic Field Effect Due to thAg Mechanism
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We investigated the magnetic field effect on the yields of the escaping radicals formed by the hydrogen
abstraction reaction of excited triplet 4-methoxybenzophenone with 4-chlorothiophenol in mixtures of
2-propanol and cyclohexanol. The yields of the escaping radicals decreased with increasing external magnetic
field owing to theAg mechanism. The relative yield of the escaping radicals to that in the absence of the
external magnetic field in 2-propanol was 0.9 at 1.4 T. The magnetic field effects in a nonviscous solution
such as 2-propanol were proportional to the square root of the external magnetic field and the solvent viscosity,
(Bn)¥2. However, the deviation from this relationship, the decrease in the exponent, was observed by increasing
the solvent viscosity, up to 60 cP. The relative yield in cyclohexanol was 0.88 at 0.8 T and roughly constant
upto1.4T.

Introduction is mainly caused by the difference between the hfcs and/or the
nuclear magnetic quantum numbers of the component radicals
of the RP. Then the RP feelkdue to the re-encounter, and
SToM-RPM polarization is produced. This re-encounter model
predicts that the magnitude of the $8~RPM polarization is
proportional toQY2 and has been commonly used to analyze
CIDEP spectra. However, several groups have discussed the
deviation from the QY2 relationship in the case of slow
diffusion 12716
In this paper, we investigated the external magnetic fiB)d (

tand solvent viscosityr() dependence of the MFE due to the
Ag mechanism on the yields of the escaping radicals formed
by the hydrogen abstraction reaction of excited triplet 4-meth-
oxybenzophenone (MBP) with 4-chlorothiophenol (CIPhSH) in
he mixtures of 2-propanol (2-PrOH) and cyclohexanol (c-

exOH), namely in the case of viscous solution, up to 60 cP.

Magnetic field effects (MFES) on chemical reactions via
radical pairs (RPs) in solution have been investigated exten-
sively1-2 One of the important mechanisms to induce MFEs is
the Ag mechanism. This is caused by the magnetic field
dependence of the singtetriplet (S—To, where T is the middle
triplet sublevel) mixing due to the difference between the
values, namely the Larmor frequencies, of the component
radicals of the RP. Here we consider the following case. The
triplet precursor produces the initial triplet RP. The Ty mixing
takes place in the presence of magnetic field, and then the single
RP recombines. The probability of the recombination is
proportional to Q¥Q? + J9)~%43 Here J is the exchange
interaction between the RP, ar@ is half of the difference
between the resonance frequencies of the component radical
of the RP and is given by

Experimental Section

4-Methoxybenzophenone (Cica-Merck) and 4-chlorothiophe-
a b
+E(ZA1JM1J o ZAZJMZJ) @) nol (Tokyo Kasei) were recrystallized from ethanol and a

' ! mixture of ethanol and water, respectively. 2-Propanol (Junsei
Chemical) and cyclohexanol (Cica-Merck) of guaranteed grade
i : ; . were used as obtained. The sample solutions were degassed
the hyperfine coupling constant (hfc) of radical 1 dueitto under N atomosphere and flowedﬁnto a quarts tube at ?oom

A . .
nuclei, My, is the nuclear magnetic quantum number of radical o herature. The concentration of MBP and CIPhSH was 0.02
1 due toith nuclei, which exists in the overall nuclear spin states ;.49 12 mol dm? respectively. The viscosities of mixtures

a, and the other symbols have their usual meanings. The first ¢ 5 5,04 and c-HexOH were measured by a viscometer
term of eq 1 is ascribed to theg mechanism. If we neglec (VM-1G-L, Yamaichi). The third harmonic, 355 nm, of an

and the hfcs of the radicals, the probability of recombination is Nd:YAG laser (Quanta Ra ;
f . ) . . : y GCR-3, Spectra-Physics) was used
proportional toQ? and accordingly @ This B relationship as an exciting light source. We observed the time profiles of

has been .confir.med by many c_experimental reﬁjﬁ;. the transient absorptions due to MBP ketyl radical (MBPH
In.chemlcallly !nduced dyn_amlc electron poIarlgatlon (CIDEP) and 4-chlorophenylthiyl radical (CIPHSit 550 nm”8and 510

stud|e§jv10a_3|mllar mechanism to thig mech_amsm h_as t_)een nm1° respectively. The measurement system was based on an

known, which produces large electron spin polarization of y .4 pulsed ESR spectrometer (RSV2000, JEOL) without

tg?i'/leg;iﬂd'g?l\xrzt Is the-STo mngmg radlcallphalr mgchanlsm ‘ using microwave and the apparatus for the nanosecond time-
(h oVl- d)'. L enJ apﬁroac es zero with an |ncr$1§she O resolved optical absorption measurements, which was similar
the inter-radical distance, the-3, mixing occurs viaQ, whic to that described elsewhet®.

AgugB
2h

Q:

where Ag = ga — Ob, B is the external magnetic fieldy; is
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Figure 1. Time profiles of transient absorptions due to 4-methoxy- B/mT
benzophenone ketyl radical in cyclohexanol, which was observed at m
550 nm, and the ratio of the transient absorption at 1.4 T to that at 102 0 100 400 900 1600
0 .I_ . S + t T U LIS S S R B B B B N B
: . . 1 L Bleeu0 e 2-ProH |
et al.8 was confirmed by the quenching of the transient 0.98 L o o o c-HexOH |
absorption of the excited triplet MBP at 680 He in the ) o ‘-,-,w
presence of CIPhSH. The reaction scheme is represented as £ 0-96 Cop Vmg 7
follows: < 094 | -~ -
I~ @ o ¥l
3 3 o % 0.92 - 0000%@ '.0.".'\ . h
MBP + CIPhSH—°(MBPH" CIPhS) (2) 09 L $ °%<9@o% .:W i
’ R S °
° @ O% 5) o o i
MBPH" CIPhS) < {MBPH" CIPhS) () 0.88 - e N
0.86 I P B N IR I W A
*NMBPH' CIPhS) —MBPH +CIPhS  (4) (b) 0 5 10 15,20 25 30 35 40
l(MBPH' CIPhS) — recombination products (5) Figure 2. Magnetic field dependence of the yields of the escaping (a)

In the presence of magnetic fields, eq 3 describes th&oS
mixing because the other singtdtiplet (S-T+, where T. are

top and bottom triplet sublevels) conversions are inhibited by
Zeeman splitting. The STy mixing due to theAg accelerates
with an increase in the magnetic field. Thus the recombination

4-methoxybenzophenone ketyl and (b) 4-chlorophenylthiyl radicals,
which were averaged from 820 to 1440 ns after the laser irradiation.

have saturated and achieved the limiting vaRig,because a
complete S Tp mixing due to theAg mechanism with an
extremely fast recombination of the singlet RPs causes ¢he T
state RPs, namely; of the triplet RPs, vanish. However, the

products and the escaping radicals become larger and Sma”ebhenomenon in c-HexOH cannot be interpreted by the complete

at higher magnetic field, respectively. Thevalue of MBPH
has been observed to be 2.0627is thought that they value
of CIPhS is similar to that of phenylthiyl radical (PH$2.0082,
based on the broad and unsymmetrical signal at 727 Rhe
fast electron spin relaxation of CIPh®ay occur in the same
way as that of the thiyl radical.

Figure 1 exhibits the time profiles of transient absorption due
to MBPH' in c-HexOH and the ratio of the transient absorption
at 1.4 T to that at O T. The ratio in this viscous solvent is
independent of the delay time after the laser irradiation (80 ns
<t < 1440 ns). The MFE due to the longitudinal relaxation
mechanisn?? which causes the escaping radicals to become
larger at higher magnetic field, rises more slowly than the MFE
due to theAg mechanism. The stationary ratio indicates that
the MFE is not influenced by the longitudinal relaxation
mechanism.

Figure 2 show¥(B) = A(B)/A(0), which were averaged from
820 to 1440 ns after the laser irradiation. We regard this value

S—Tp mixing, because the relative yields in c-HexOH were
larger than those in middle viscosity solvents (see Figure 4), to
say nothing of/3. Therefore this can be caused by the deviation
from theBY2 relationship for the MFE due to thg mechanism

in the case of slow diffusion.

In the simple model wherd and hfcs are neglected, the
theoretical expression of the relative yields of the escaping
radicals to that in the absence of the external magnetic field
due to theAg mechanism is given By

REB)=1- @%(A%B)“Z

wheremis the square root of the average time between diffusive
steps, ang is the total probability that the component radicals
can re-encounter. To elucidate the relationship between the
relative yields and the magnetic fields at various solvent
viscosities, we tried to fit the results shown in Figure 2 with

(6)

as the magnetic field dependence of the relative yields of the the following equation,
escaping radicals to that in the absence of the external magnetic

field in 2-PrOH ¢ = 1.63 cP) and c-HexOHy(= 53.3 cP). In
2-PrOH, the relative yield decreases smoothlyBasecomes
larger and was approximately proportionaB#? in the region

R(B) =1— aB* (7)

Here eq 7 originated from eq &,is a proportionality constant,

of 0.11-1.4 T. On the other hand, the MFE observed in andx is a variable exponent that can deviate fré In the
c-HexOH seems to saturate above 1 T. Under ultrahigh magneticpresent study, we cannot eliminate the contribution of the
fields above 20 P, the relative yields in 2-methyl-1-propanol  hyperfine coupling mechanisthfrom Y(B) at low magnetic
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Figure 3. Solvent viscosity dependence of the exponent in the () 172, .1/2
relationship of the magnetic field effect due to thg mechanism:Y(B) no/ep
=1 — a(B — b)* The solid and open circles show the results of 1 e 193mT
4-methoxybenzophenone ketyl and 4-chlorophenylthiyl radicals, re- ~_" T T T ! o 607mT
spectively. R

field. Therefore we excluded the data at the magnetic field below 0.95 I

b, whereb is the magnetic field under the condition féth) =
1 andb = 0. We fitted the data using the corrective magnetic
field, B — b, to fulfill the condition of Y(B) < 1 as follows,

A(B)/A(OT)
o
©
T
—O0—
—O—
—0—
—O0— —@—
—O0—
1

Y(B)=1—a(B — b)* (8) 0.85 # -
Figure 3 shows that the values of the exponextdecrease as
n becomes larger. 0.8 ' : : ' : ' '
There may be another possible explanation that the decreaSE(b) 0 ! 2 3 172 4 1/25 6 ’ 8
in the obtained exponents is caused by the saturation of the n/eP

MFE due to theAg mechanism rather than the deviation from Figure 4. Solvent viscosity dependence of the magnetic field effects
the B2 relationship. The experimental results, which have been of the yields of the escaping (a) 4-methoxybenzophenone ketyl, which
observed with the saturation of the MFE due to the was observed at 550 nm, and (b) 4-chlorophenylthiyl radicals, which
mechanism, of the RP consist of MBP&hd PhSatB = 0—30 was observed at 510 nm.

T andy < 3.33 cP have been well reproduced by the following

equatior? interaction strongly affect the MFE due to tieg mechanism
like the CIDEP due to the SM-RPM.16
~/_a{1+;|n(1+J_a)} Figure 4 shows that the relative yield decreases and then
2 2 increases with the increase in the solvent viscosity. The yields

1 gﬂzfs 2
VB =1 (§ Ps B )A ~/E| 1 Ja ©) at 0 T were independent of the solvent viscosities within
1+ > 1+ > In|1+ > experimental errors. The behavior of the relative yield can be
explained qualitatively in the following wad. Component
_ . radicals of initial triplet RPs separate to a distance where the
q QdZ/D - AguBBdZ/ZhD (10) S—To mixing occurs effectively. Then they approach each other
and recombine from singlet RPs. The increase in the viscosity
enhances the re-encounter and the geminate recombination due
to the restriction of the escaping process. In the high-viscosity
region, however, the increase in the viscosity suppresses the
spin conversion owing to the repression of separation for the
S—Tp mixing. Thus the recombination probability from singlet
D = 2k T/37nR (11) RPs is enhanced and then suppressed by an increase in the
solvent viscosity.
whereR is the molecular diameter. Equation 9 is applicable for ~ There are linear relationships between the relative yields and
triplet precursor aB > | /5| and the continuous free diffusion %2 up to about 18 cP at 193 mT and 6 cP at 607 mT. The
model®224This analytical form reproduces well the elaborated products ofB and# have similar values (1& 193 and 6x

Here Uy is (3/2)-fold of the zero-field splitting constant of
the Z-axis, pg is a polarization factor;A is a constant for the

degree of diffusion-controlled reaction, is the distance of

closest approach, ardlis the mutual diffusion constant, which
is given by the StokesEinstein-Debye equation:

numerical calculation results in a large regiongpf Qd#/D. 607), which indicates that the application of eq §6; Qd¥/D
We tried to fit the “experimental curve” derived from eq 9 for (which is approximately proportional 8r), for analysis of the
this experimental system, namely, excited triplet MBRs = MFE is reasonable. The MFE due to thg mechanism in the
2.7 GHz8 pg = 0.388 g = 0.11-1.5, corresponding t8 = system of benzophenone ketyl radical (BPlnd PhSis

0.1-1.4 T aty = 60 cP assuming that= R = 0.4 nm, using approximately proportional tg¥/2 for smallBy, <1.7 T x 3.33

eq 8. The obtained exponent was 0.48, larger than the valuescP® On the other hand, the $W-RPM polarization is ap-
0.26 and 0.27, at 53.3 cP as shown in Figure 3. Therefore we proximately proportional to@d?/D)¥2 for Qc¥/D < 0.016, but
concluded that the decrease in the exponents with the increasehe value of the exponent decreaseQd¥D becomes large

in 77 is caused by the deviation from tt8#/2 relationship for In this MFE due to theé\g mechanism in the system of MBPH
the MFE due to theé\g mechanism in the case of slow diffusion. and CIPhS the deviation from they*2 relationship also takes
This result may imply that the solvent structure and molecular place asBy becomes larger than 3.6 T cP. There are linear
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T, t=—X (12)
2 1+ 0?2

Boc’ 1 References and Notes
=1+ —

(1) Steiner, U. E.; Ulrich, TChem. Re. 1989 89, 51.

(2) Hayashi, HPhotochemistry and Photophysi&RC Press: Boca
whereBy is the local magnetic fieldy is the energy separation  Raton, FL, 1990; Vol. 1, p 59.

of two spin states, antl is the rotational correlation time that (3) Kaptein, RJ. Am. Chem. S0d.972 94, 6251.

P ; ; PR, (4) Tanimoto, Y.; Hayashi, H.; Nagakura, S.; Tokumaru, Ghem.
is given by the StokesEinstein-Debye equation: Phys. Lett1976 41, 267.

(5) Wakasa, M.; Nakamura, Y.; Sakaguchi, Y.; Hayashi,Gthem.
T, = 4m7R3/3kBT (13) Phys. Lett.1993 215, 631.

(6) Wakasa, M.; Hayashi, Hl. Phys. Chem1996 100, 15640.

(7) Sakaguchi, Y.; Hayashi, H.. Phys. Chem1997, 101, 549.

Th? transverse relaxation b.etW'een S ar@d.s.tﬁtes o = 0), (8) Wakasa, M.; Nishizawa, K.; Abe, H.; Kido, G.; Hayashi,JHAm.
which enhances the recombination probability due to accelera-Chem. Soc1999 121, 9191.
tion of the S-Ty conversior?’ is independent of the external (9) Muus, L. M.; Atkins, P. W.; McLauchlan, K. A.; Pedersen, J. B.

magnetic field and is proportional to the solvent viscosity. Thus Chemically Induced Magnetic PolarizatiprReidel: Dordrecht, The

h ibl del which lai h h Netherlands, 1977.
another possible model which explains that the exponents (10) Murai, H.; Hayashi, HRadiation Curing in Polymer Science and

approach zero with an increasesjnmay be the effect due to  TechnologyElsevier Applied Science: London and New York, 1993; Vol.
the transverse relaxation. This model predicts that the relative 2, p 63.

yields of the escaping radical decrease &ecomes larger due (11) Adrian, F. J.J. Chem. Physl971, 54, 3918.

to the relation off,~1 O # in the high-viscosity region. However, (12) Pedersen, J. B.; Freed, J. H.Chem. Phys1973 58, 2746.

the experimental relative yields increasezabecomes larger gz I\F/lrSLechJHl:r;’ Eege_rgf:\;:ﬁfj[”)' ga&r;gﬁeézgfg&g’ 613 473

in the high-viscosity region as shown in Figure 4. Therefore T ehar a1 0c ' T

. (15) Shushin, A. 1Chem. Phys. Lettl99Q 170, 78.
the effect due to the transverse relaxation does not cause the (1) kitahama, Y.; Kimura, Y.; Hirota, NBull. Chem. Soc. Jpr200Q

viscosity dependence of the exponent in this system. 73, 851.
(17) Shizuka, H.; Obuchi, HJ. Phys. Cheml1982 86, 1297.
Conclusion (18) Baral-Tosh, S.; Chattopadhyay, S. K.; Das, PJKPhys. Chem.

. . . 1984 88, 1404.

.We .|nvest|gated the external magnetic field anq so'lvent (19) Jeschke, G.; Wakasa, M.; Sakaguchi, Y. Hayashj, Bhys. Chem.
viscosity dependence of the MFE due to thg mechanism in 1994 98, 4069.
the case of slow diffusion. In viscous solution, deviation from (20) Grant, A. I.; McLauchlan, K. A.; Nattrass, S. Rol. Phys.1985
the linear relationship of the MFE andB#)Y2 takes place, 55v(25%7-M0rle W.: Jeziersii, A Singer, tZ. Chem 197 19, 147
because bthis rEIat;ﬁnSh'p IS ;ngugr;ceig ?y thde re-e:;ougter (22) Hayashi, H.; Nagakura, ®ull. Chem. Soc. Jpri984 57, 322.
pr_oc_:ess etween the separate a _pro uces Q)_ (23) Werner, H. J.; Staerk, H.; Weller, A. Chem. Phys1978 68,
mixing and also the contact RP that recombines from the singlet 2419,

RP. On the other hand, a similar relationship has been examined (24) Pedersen, J. B. Chem. Physl977, 67, 4097.

in the studies of the $M-RPM polarization in CIDEP. If the (25) Aizawa, T.; Sakata, T.; Itoh, S.; Maeda, K.; AzumiChem. Phys.
deviations from By)"*%, namely /D)™ relationships in the Let(té(]i-)g%a:-r?r?gt]ﬁ; A.; McLachlan, A. Dlntroduction to Magnetic
MFE due to theAg mechanism and that in the §MI-RPM ResonanceHarper 'Inte.}national: Néw York., 1967.

polarization, are compared in the same system, further informa- (27) Hansen, M. J.; Neufeld, A. A.; Pedersen, JGBem. Phys. Lett.
tion on the dynamics of the RPs may be expected. 200Q 260, 125.



