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Time-Domain Observation of External Magnetic Field Effects on the Delayed Fluorescence
of N,N,N',N'-Tetramethyl-1,4-phenylenediamine in Alcoholic Solution
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The external magnetic field effects (MFES) on the intensity of the delayed fluorescenceNfidmN,N'-
tetramethyl-1,4-phenylenediamine (TMPD) are studied in mixed alcohol and 2-propanol under the conditions
of both low and high concentration of TMPD at room temperature. In mixed alcohol solution, three different
MFEs on the delayed fluorescence intensity are separated by time-domain observation and different
concentration conditions. The MFEs in the solution of low concentration can be explained by the radical-pair
mechanism (RPM) of the TMPD cation radical and the solvated electron in the early-time region and the
triplet—triplet pair mechanism (TTPM) through triptetriplet annihilation (7T annihilation) in the later-

time region. In the solution of high concentration, the MFEs can be explained by the TTPM in the early-time
region and the tripletdoublet pair mechanism (TDPM) in the later-time region. This TDPM affects the
delayed fluorescence intensity of-T annihilation. In 2-propanol, similar results are obtained, except for no
apparent observation of the RPM. According to the present results, it is clarified that TMPD in alcohol emits
two types of the delayed fluorescence, recombination type anildnnihilation type. The former shows the
MFEs due to the RPM, and the latter shows the two different MFEs of the TTPM and the TDPM.

Introduction singlet-triplet mixing through the hyperfine coupling mecha-
nism (HFCM) and so oA2 The TTPM and TDPM can also be

Many photochemical reactions take place through pairs of lained tivelv. by the infl f th ic fiold
intermediate paramagnetic species in liquid media. In particular, explained, respectively, by the influénce of the magnetic e
on the singletquintet and the doubletquartet transitions

radical pairs are well-known as one of the most important types . - . . . - .
of chemical intermediates because the spin selectivity of the induced tl));‘llntradlpole Interactions of the excited triplet
reaction and intersystem crossing in the radical pair determinemo.leCUIesf" ' The recombmatlpn—type delayed fluorescence,
the reaction pathway. This has been investigated by observation hich emits via th_e _ra(_j|cal pair, shows the MFEs due to_the
of the external magnetic field effects (MFEs) on the chemical PM' T_he T ann|h|_lat|on type of delayed fluorescence, which
reaction yield, time-resolved electron spin resonance, and time-SMIts via t_he FT pair, shows the MFEs due to the TTF.)M'. I
resolved reaction yield detected magnetic resonance tech_both the triplet molecule and the doublet species haveT I!fetlmes
niques!-2 The other kinds of pairs, a tripletloublet pair and a long enough that they encounter each other, thd annihila-
triplet—triplet pair, might also play roles in photochemical tion type of delayed fluorescence m|ghF also provide information
reaction processes. on the TDPM. The thermal depopullatllon type of.dellay.ed fluq-
In some cases, delayed fluorescence is useful for the studyrescence shows no external magnetic field gffect n Ilqwd meglla,
of the pairs of paramagnetic species. The delayed quorescencé)ecause there exist no apparent palr-hk_e spln-related |r_1teract|ons.
is classified into three types according to the mechanism of the ~\:N:N,N-Tetramethyl-1,4-phenylenediamine (TMPD) is known
occurrence of the lowest singlet excited statg.tS? The first to be easily photoionized in alcoholic medidiirata and co-
is due to the thermal depopulation of the lowest excited triplet WOrkers showed that this photoionization process occurs by way

state () to S.. The second is caused by the interaction between of a long-lived tra_nsient gpecies such as a radical-ion pair (RIP)
two excited triplet-state molecules, which is called the triplet ~ ©f the TMPD cation radical and the solvated electron formed

triplet annihilation (F-T annihilation) type of delayed fluores- O™ the lowest excited singlet state of TMPD using a transient
cence. The third is recombination-type delayed fluorescence, OPtical absorption technique and a photocurrent measureifient.
which is due to the charge recombination of a cation and a |animoto and co-workers showed the MFE on the transient
solvated electron formed in solution. The MFEs on the delayed Photoconductivity in the system of TMPD in 2-propar®lhe

fluorescence in liquid media are usually attributed to the three Photoconductivity is proportional to the total amount of free
pair mechanisms, the radical pair mechanism (RP#Mhe ions created by escape from the RIP, and the MFE appears by
(excited) triplet-triplet pair mechanism (TTPM)34 and the singlet-triplet mixing in t_he RIP. We reproduced their re-
(excited) triplet-doublet pair mechanism (TDPM$:4The RPM sults**2 and succeeded in observing the photoconductivity-
can be explained by the influence of the magnetic field on detected magnetic resonance (PCDMRjand the transient
absorption-detected magnetic resonance (ADMRYhese

*To whom correspondence should be addressed. Fe1-22-217- results indicate that the predominant quenching manifold of the

6570. E-mail: murai@orgphys.chem.tohoku.ac.jp. RIP is the triplet state in this particular system. Percy and co-
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recombination of the singlet RIP created by biphotonic excitation (a)
of TMPD. We also tried to observe the FDMR signal and __ 006 . . . T
confirmed that the precursor was the highly excited singlet state e o
of TMPD.15 In that investigation, the quantum nutation due to o 004r = 1
the microwave field was carefully studied at room temperature. = E:
We suggested that there existed not only the recombination- £ 0027 | .
type delayed fluorescence but also another emission, which =2
might be the 7T annihilation type of delayed fluorescence. l,_.: 0
However Sacher and Grampp have recently reported no MFEs £
by fluorescence detection in this systéhmur system provided g 0.02r
apparent and peculiar MFEs that might be related to the spin =
of this particular system. 004 00 400 600 800 1000

In this paper, new findings of the MFEs on the delayed time / ns
fluorescence in the system of TMPD in mixed alcohol and
2-propanol are presented, and a discussion and rationalization 0.03 (b}
of these findings are given. ) ' ' '

—~ o 9 ©
Experimental Section g 002 , oo 5 © |
(=]

TMPD supplied by Aldrich Chemical was purified by vacuum = o.01 ©© 4
sublimation. Special-grade 2-propanol and 2-methyl-2-propanol E ®
provided by Kanto Chemical were used as received. In the o 0
present system, a mixed alcohol solution (2-propanol/2-methyl- i ¢ o
2-propanol ratio of 1:4 by volume) and a neat 2-propanol @ .0.01 e © ° ® o .
solution were deoxygenated by bubbling with pure nitrogen gas = P ® T
prior to and during the experiments. The solution was pumped -0-020 200 200 500 200
through a flat quartz cell installed in an X-band ESR cavity B/mT

(TEouy) and excited by an excimer laser (Lambda PhyS|k_, L_PX' Figure 1. MFEs in mixed alcohol under the low-concentration

105, XeCl,A = 308 nm) pulse under an external magnetic fu_eld conditions of TMPD (5x 10-* M) at room temperature. (a) Time-

(0—800 mT) at room temperature. The flow rate of the solution evolution of the intensity ratiol(B) — 1(0 mT)}/I(0 mT) whereB =

was about 8 mL minl, and the laser repetition rate was 20 Hz. 800 mT. The positive and negative signs of the intensity ratio show

The fluorescence was introduced to a photomultiplier tube the increment and decrement of the delayed fluorescence intensity,

(Hamamatsu, R1477) with a magnetic field shield case by an res.peCTtL"e'y- (b) E>:jter|na| r;agmlatic ﬁhe'd dﬁpefr‘ffg”ge of ;he intenslitglo
. . . - . . ratio. e open and closed circles show the fie ependence at

optlcall fiber with a Pyrex.glass filter, which cuts off the dll’leC.t and 800 ns after laser excitation, respectively.

laser light scatter. The signal detected by the photomultiplier

tu_be was sentto a digital oscilloscope (LeCroy 94_130) connecte_d At zero magnetic field

with a microcomputer system for data processing. The detalil

of this setup designed for our FDMR works was presented S sm?,',?,:}:;p'et Tx Ty T2
beforel215 recombination \ O 33 S—
The experiments were performed for two typical concentra- ——
tions of the TMPD, 5x 1074 mol dnm23 (low concentration)
2 3 (hi i i
and 1 x 1072 mol dm3 (high concentration), to clarify the At high magnetic field T.
mechanism of the MFEs. —
S,
Results and Discussion AN - To
recombination —p  ——
Low-Concentration Experiment in Mixed Alcohol Solu- singlet-triplet
tion. Figure 1a shows the time profile of the MFEs on the mixing T
L]

delayed fluorescence intensity(§00 mT)— 1(0 mT)]}/1(0 mT),

under the low-concentration conditions in the mixed alcohol Figure 2. Conceptual diagram of the MFE due to the RPM. The singlet
solution. Here, (800 mT) and (0 mT) are the delayed state (S), Whiph is rela.ted to the recombination-type delaye;d fluores-
fluorescence intensities at 800 and 0 mT, respectively. The time gﬁ?fgﬂcﬁ{i‘x”gﬁlthgieett”rflTéts;?t'fg\z?gg Izq)i art] Zn‘:go rr?eat\%nﬁglzﬂeld
region of 6-120 ns after the laser excitation is a dead time Y P 9 g '
because of interruption of the observation by prompt fluores- with increasing external magnetic field. The MFE in the early-
cence (lifetime~ 8 ns¥ with a strong intensity. The sign of the  time region is very similar to that observed in the photocon-
intensity ratio (sign of the MFE) changes from positive to ductivity measurements by Tanimoto et&and our group12
negative at about 400 ns after laser excitation. This changeand can be explained by the RP¥MThe positive sign of the
suggests that multiple MFE mechanisms might exist. Figure 1b MFE shows that the singlet precursor creates the singletRIP.
shows the magnetic field dependence (MFE curves) of the This is because the singlet state (S) of the RIP can mix three
delayed fluorescence intensity ratio(§) — (0 mT)]/I(0 mT), triplet sublevels (T, Ty, T,) of the RIP at zero magnetic field
versus the external magnetic field strengd) &t 150 and 800 but can mix only one triplet sublevel {Jrof the RIP at high

ns after laser excitation. The intensity ratio at 150 ns after laser magnetic field, as shown in Figure 2. Therefore, the population
excitation sharply increases with increasing external magnetic of the singlet state of RIP at high magnetic field is greater than
field up to about 40 mT, where it reaches a near plateau. At that at zero magnetic field, and the recombination-type delayed
800 ns after laser excitation, no obvious MFE is observed below fluorescence intensity, which is proportional to the population
about 100 mT, but the intensity ratio seems to gradually decreaseof the singlet state of the RIP, increases with increasing
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(a) SCHEME 1
0.15
e ' ' [ ' . $q —k-*—>So +hv' fluorescence
E @ * 1
g o1r £ Sq —k:I—*So fluorescence quenching
= k-]
= ]
E 005 o > .
g © 81 ky' D*) + DV ionization (D*): TMPD*-, D©: ey, )
. 0 S1—/—>T4 intersystem crossing
g : ‘2
2 -0.05 .~ i T4 —s>Sp+hv" phosphorescence
2 k3
- -0.1 L L L L Tq —k—PSo phosphorescence quenching
o 200 400 600 800 1000 3
time / ns T4+D ——»55+D triplet-doublet quenching
k3'(B)
b T4+Ty —=>Sq+§ triplet-triplet annihilation
0.1 . : : (b) 17 ey 170 plerinp
E 0.08 - ° ¢ o T fluorescence intensity ratio for 150 and 800 ns after laser
o 0.06| ® | excitation. At 150 ns after laser excitation, no obvious MFE
= ® was observed from 0 to about 100 mT, but the intensity ratio
E 0.04 ° o® . gradually decreased with increasing external magnetic field. This
S o0zl @ MFE curve is similar to that observed in the later-time region
> e | under low-concentration conditions. The intensity ratio at 800
S o 5 ns after laser excitation gradually increases with increasing
Osvo o o0 0 o external magnetic field. These MFEs cannot be simply explained
-0.02 o 200 200 500 3060 by the RPM. Because the lifetime of the excited triplet state of

B/mT TMPD is long enough to create the-T pair}® we can interpret

Figure 3. MFEs in mixed alcohol under the high-concentration them in terms of the FT annihilation type of delayed
conditions of TMPD (1x 102 M) at room temperature. (a) The solid ~ fluorescence suggested in our previous paperere, we

line shows the time-evolution of the intensity rati¢gg) — 1(0 mT))/ employed an analysis of the kinetics of the-T annihilation

1(0 mT) whereB = 800 mT. The positive and negative signs of the process according to the treatment proposed by Azumi %t al.
intensity ratio show the increment and decrement of the delayed Tpq photochemical reactions of TMPD are postulated as shown

fluorescence intensity, respectively. The dotted line shows the curve . , . .
fitting by eq 9. (b) External magnetic field dependence of the intensity n Scheme Jk?’ (B) andk(B), which are functions of t.he external
ratio. The open and closed circles show the field dependence at 150Magnetic field, are the rate constants of the triptiublet

and 800 ns after laser excitation, respectively. guenching (F-D quenching) process and the-T annihilation
process, respectively. Because the lifetime of the TMPD cation
Because the main contribution of this singtétiplet mixing is radical is much longer than that of the excited triplet stai (

the HFCM, the specific parameter Bfj,, which is the magnetic =~ of TMPD ?18the T-D quenching process can be expressed by
field strength at which the MFE reaches one-half the amplitude a pseudo-first-order reaction with the rate constkgit(B)
at the plateau, can be used as a measure of the HFCIMe expressed byks'(B) = ks'(B)[D]. The set of differential

value of By, defined theoretically by Weller et al.lis equations for the model represented by Scheme 1 is
282+ B.) dis) _ 2
Be= g E (1) & = K KIS]+ k(BT 3)
d[T,] 2
where ar = ky[S)] = Ky(B)[Ty] —2k,(B)[T,] (4)

Bi=[12|ij(|ij+1)pﬁj2]l’2 (i=ab) (20 where

K=k +k*+k' (5)
andj represents every magnetic nucleus contained in a radical
pair. Assuming that the MFE curve reaches a plateau at 800 K3(B) = ks + kg* + k3"(B) (6)
mT, the observeds, value is estimated to be about 5 mT.
This value is close to the theoretical one of 3.2 mT estimated Equations 3 and 4 lead to the delayed fluorescence intensity
from the HFC constants. via T—T annihilation
The MFE in the later-time region cannot be explained by

the RPM. This MFE is discussed with regard to high- 1(B) = 1o(B) exp[-2K4(B)t] (7)
concentration experiment. where

High-Concentration Experiment in Mixed Alcohol Solu-
tion. The solid line in Figure 3a shows the time profile of the K * k2K (B)R02
delayed fluorescence intensity ratio for 800 mT and zero field, 1o(B) = L2l (8)
[1(800 mT) — I(0 mT)]}/I(0 mT), under high-concentration (K, + k2)2

conditions in the mixed alcohol solution. The sign of the MFE
changes from negative to positive at about 300 ns after laserandRy? is a function of the conditions on excitatiéhFinally,
excitation. Figure 3b shows the MFE curves of the delayed the equation that shows the time evolution of the intensity ratio
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(a) teristic ofks'"'(B) — k3" (0 mT) also corresponds to the positive
T ' ' sign of the MFE in the later-time region as shown in Figure
1 1 3b. Furthermore, these tendencies correspond to those of the
_ E TTPM and the TDPM discussed in the previous papérs?®26
£ = We calculated the magnetic field dependenceky(B)/k4(0
g 0.98 0.98 i_" mT) andks"(B) — k3" (0 mT) according to the analytical methods
x by proposed by Atkins et & These methods involve simple
o o guantum-mechanical calculations including relaxation due to
S 0.98 0.96 i: only intradipole interactions of the triplet molecules. We
consider a FT pair composed of two ifmolecules of TMPD
0.94 ‘ . . 0.94 and a D pair composed of a ;Tmolecule of TMPD and a
o 200 400 600 800 TMPD cation radical. Assuming that thggevalues of two T
B/mT molecules in the FT pair and of the T molecule and the
TMPD cation radical in the FD pair are isotropic and identical,
2 ] . . {b) g = gr = go = 2, the spin Hamiltonians are as follows:
T 0 0 Hr_r = QugBh (Sraz + Srzd) — 23S1Sr, —
r_"i' 20 = SiD(Qy)S;; (10a)
E o 1005 =12
S 4 o) - -1
? 0 5 Hr_p = QugBh (Srz + Sp) — 29SS, — SID(Q)S;  (10b)
= ©°r o
a o o 101 5 The T—T annihilation and the ¥D quenching occur from the
£ 8 & singlet state (S) of the ¥T pair and the doublet state (b))
10 0.15 of the T—D pair, respectively. Therefore, the rate constants of

o 200 400 600 800 the T-T annihilation and FD quenchingks(B) andks"(B),
B/mT respectively, are proportional to the-T annihilation and FD

Figure 4. Magnetic field dependence of (#)(B)/ks(0 mT) and (b) quenching probabilitiesPr—1(B) and Pr_p(B), resepctively
ki'(B) — k3''(0 mT). The open circles show the magnetic field

dependence derived from the experimental data. The solid lines show — _
the magnetic field dependence calculated by eq 12. (See text) ky(B) 0 Pr_+(B) /IT[]- ;LT + ;LTfT—T(B)] (11a)

" _ 1 2
on the T-T annihilation type of delayed fluorescencKg) — K'(B) UPrp(B)=1—-Fhpo+ 45"~ ApFr_p(B)  (11b)
(0 mT)]/1(0 mT), is expressed by
where fr_1(B) and fr—p(B) are the parameters related to the
I[(B) — 1(0mT)  ky(B) singlet character in theT pair and doublet character in the
OmT) k0 mT)exp[—Z[K3(B) —Ky(Omtp —1 T—D pair, respectively, as shown in Appendix. andp are
the reaction probabilities from the singlet state of theTTpair
* h i babilities f he singl f theTTpai
and the doublet state of the=D pair, respectively. Finally,
B ©) d the doubl f the-D pai ively. Finall
«(B) exp{ —2[k;"(B) — ky"(O mT)jt} — 1 the equations that show the MFEs due to theTTpair and the

k(O mT) T—D pair are expressed as
k,(B P;_(B 1+ ¢r_f+_(B
Equation 9 indicates that a distinction between the MFEs due K 8( )T = P i ;( )T = e ¢TfTT 8( )T (12a)
to the TTPM and the TDPM can be made on the basis of the ,(0 mT) (0 mT) ¢rtr (0 mT)
observation data. The analysis of the observed time evolution ky'(B) — kg (0 mT) O P;_g(B) — P;_p(0 mT)
of the MFE at every magnetic field by curve fitting according (12b)
to eq 9 can lead to an experimental preexponential value of Ofr_p(B) — f1_p(0 mT)
ka(B)/ks(0 mT) and the exponential part kf'(B) — k3" (0 mT).
The dotted line in Figure 3a shows the curve fitting result where
obtained at 800 mT in this manner. The circles in Figure 4a
and 4b show the MFE curves of the experimental value,(@&)/ At (13)

ka(0 mT) andks"(B) — ks''(0 mT), respectively. The fact that $rr = 1-1;

k4(B)/k4(0 mT) is less than unity shows that the-T annihilation

process is decelerated by the application of a magnetic field, Simple conceptual diagrams of the-T and T-D pairs are
which is to say, the intensity of the—T annihilation type of shown in Figures 5a and 5b, respectively. Because the popula-
delayed fluorescence under a magnetic field is weaker than thattion transfer between the quintet and the singlet states in the
at zero magnetic field. Therefore, this characteristik4B)/ T—T pair is decelerated by the Zeeman splitting of the spin
k(0 mT) corresponds to the negative sign of the MFE in the states with increasing external magnetic field, the intensity of
early-time region in Figure 3b. The negative signkgf(B) — the delayed fluorescence decreases at high magnetic field. In
k3" (0 mT) shows that the FD quenching process is decelerated the T—D pair, the deceleration of quenching of the pair can be
by the application of a magnetic field, specifically, thestate explained in the same manner. The solid lines in Figure 4a and
of TMPD under magnetic field has a longer lifetime than it 4b show the calculated MFE curves due to theTTand T-D

does at zero magnetic field. Therefore, the intensity of thd T pairs according to eqs 12a and 12b, respectively. The parameters
annihilation type of delayed fluorescence, which is proportional used here are shown in Tableit.= 0.25 is a reasonable value

to [T4]?, increases with increasing magnetic field. This charac- according to the demonstration by Atkins efaAs shown in
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(a) TABLE 2: Mechanisms of the MFE Observed in Mixed
T-T pair Alcohol and 2-Propanol Solution of TMPD
p

low concentration high concentration

earlytime latertime earlytime later time

mixed alcohol RPM TTPM TTPM TDPM
2-propanol TTPM TTPM TTPM TDPM

Sp + So ¢ — T1+Ty alcohol (2.6 cP) under our experimental conditiétis? the
delayed fluorescence intensity due to theTrannihilation in
2-propanpl might be stronger than that in the mixed alcohol.
The permittivities of the solvents [2-propanol)= 19.92 and

L ) e(2-methyl-2-propanol}= 12.47 at 25°C]%2 might affect the

charge recombination efficiency. The rate constant of back

(b) electron transfer from the singlet RIP tg, Svhich determines

the intensity of the recombination-type delayed fluorescence,

might depend on the permittivity of the solvent. Consequently,

the signal of the recombination-type delayed fluorescence might
be obscured by the intense signal of theTrannihilation type

of delayed fluorescence in 2-propanol. This might have pre-

_'1-1 +D vented Sacher’s grodpfrom observing the MFE on the delayed

D fluorescence in this particular system by using a modulated

magnetic field. However, the existence of the RPM in 2-pro-

panol has already been demonstrated by microwave nutation
experiments in more diluted solutiofs!>

Figure 5. Conceptual diagrams of the MFEs due to the TTPM and  Under high-concentration conditions, the MFEs are very
the TDPM. (a) The FT pair is created by the random encounter of  similar to that observed under high concentration in the mixed
two triplet molecules. The ¥T annihilation process occurs through  zlcohol solution. Therefore, the MFEs in the 2-propanol solution

the singlet state (S) of theT pair. (b) The F-D pair is created by can be explained by the same manner as that in the mixed
the random encounter of a triplet molecule and a radical. Th® T alcohol solution

guenching process occurs through the doublet state of t2 pair.
The population transfer between the different spin multiplicity states
in the pairs occurs by intradipole interactions of the triplet molecule. Conclusion
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;LAtE'éET_lﬁjGaéﬁgnfﬁgiéoél\tﬂhe Calculation of the MFEs Due We succeeded in clarifying the emission mechanism of the
delayed fluorescence and the mechanism of the MFEs on the
zero-field splitting constants of the lowest excited triplet TMP@mM™) delayed fluorescence according to the time-domain observation
D =0.0506,E = ~0.035 of the MFEs in the photochemical system of TMPD. The
o diffusion coefficient? (m? s™) . delayed fluorescence in the present unique system shows three
_?’;/TgeDdctgﬁéitEé'izz g..gss];llcgg types of MFEs, which can be attributed to the RPM, TTPM,
Viscosity -3 (cP) and TDPM, as show.n in Table 2. These MFE§ make it clear
2-propanal 18 that both the recomblnanpn and the-T ann|h|Iat|0n.types. of
mixed alcohol 26 delayed quorescr]en(;;ebemrl]t and that the Iowes; ex|C|ted triplet of
i . S TMPD is quenched by the TMPD cation radical. Here, it is
. reaction probabilty of the T-T pa'r0_25 noteworthy that three different MFEs are observed by time-

domain measurements in nonviscous solutions at room temper-

Figure 4a and 4b, both calculated MFE curves reproduce theature and that these MFE results Clarify the mechanisms of the

observed data well. The negative MFEs observed for both delayed fluorescence. The time-domain observation of MFEs

concentrations and the positive MFE observed in the later-time is shown to be a useful technique for investigating the

region under high-concentration conditions can be explained Paramagnetic pairs involved in photochemical reactions in liquid

by the TTPM and the TDPM, respectively. media. It is shown that the spin behavior of not only the radical
Accordingly, the delayed fluorescence in the present system Pair but also the ¥T and T-D pair plays an important role in

is classified into two emission mechanisms, recombination and the photochemical reaction.

T—T annihilation. The observation of the MFE due to the TDPM

indicates the importance of the—=D pair in this particular Acknowledgment. Authors express their grateful acknowl-

system for the first time. edgment to Professor T. Azumi for stimulating discussions. This
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no obvious positive MFE due to the RPM was observed within Research on Photoreaction Dynamics (08218205) and a Grant-

our experimental inaccuracy, but a negative MFE of about 8% in-Aid for Development Science Research (08740437, 10440164)

at 1.2 T was observed clearly. No apparent observation of the from the Ministry of Education, Science, Sports and Culture of

MFE arising from the RPM might be due to the low viscosity Japan.

and/or high permittivity of the solvent. According to eq 8, the

initial delayed fluorescence intensity due te-T annihilation Appendix

is proportional to the rate constant of the-T annihilation

processkq(B), which is a diffusion-controlled reaction. Because =~ The parameterf_1(B) andfr—_p(B) in egs 11a and 11b are

the viscosity of 2-propanol (1.8 cP) is less than that of the mixed given by’
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fr1(8) = §{8 — [F(BRuy00) + F(@Way) + 2F(~2R,_1y_) +
2F(2W,7) + 2F(2Ry010— 2Ry00- 1)1} (Ala)

fr-o(B) ~ §l6 — 2AFWyy) + 2F(Wyp)l} (A1)
and at zero field

f_(OmT)= g - gFEk(O mT)] - %F[gk(o mT)] (ALc)

f,_o(0mT)= %{ 1— F[kO mT)]} (ALd)
where
. 1/ 1/
rig = EL ISIEET g
2r?
TaT-T D, (A3a)
(ry +rp)’
Y (A3b)
Wi = Ryy00F Rip 1 1 (Ad)
Wor = —Ryg10F Rigo-1 (A5)

Rarmm @andk(0 mT) are presented in the equations given later.
T4 IS the translational correlation time, amgl andrp are the
radii of the triplet and doublet molecules, respectivély.and
Dp are the translational diffusion constants of the triplet and

lwasaki et al.

k(B) = w (Alla)
1+ (qugBh 1)

k(0 mT)= (D* + 3E%)1, (A11b)

Ty = % (A12)

7, is the rotational correlation time, ard; is the rotational
diffusion constant of the triplet molecule, with isotropic
rotational diffusion assumed:, is connected tor, by the
Stokes-Einstein relationg, = 97».
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