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The magnetic field effect (MFE) (£ 13 T) on the intramolecular exciplex fluorescence of chain-linked pyrene/N,N-
dimethylaniline systems is studied. In the case of pyrenyl-(CH,);—O-(CHa2)1o—N(CH3)-phenyl, the exciplex fluorescence
lifetimes are 34.2 (0 T), 50.6 (1 T), and 36.1 ns (13 T) in tetrahydrofuran/N,N-dimethylformamide (1 : 1) mixed solvent at
room temperature. The lifetime decrease above 1 T is explained in terms of a Ag mechanism. Solvent dependence of the
MFE maximum is discussed in terms of stabilization energy of the intramolecular radical ion pair, which is in fast dynamic
equilibrium with the singlet exciplex. Influences of chain length and temperature are also discussed.

A large number of experimental and theoretical investi-
gations on the magnetic field effect (MFE) in photoinduced
electron transfer reaction have been reported or reviewed.'
This is because MFE can provide detailed information about
ashort-lived reaction intermediate, i.e., radical ion pair (RIP),
which takes an important role in controlling reaction path-
ways. In the case of MFE on exciplex fluorescence, the
effects on inter- and intramolecular exciplexes have been ex-
amined.* ¢ In these studies a relatively weak magnetic field
(< 1 T) which can be generated by a conventional electro-
magnet has been used.

Recently we have started to study effects of high mag-
netic field (< 14 T) on various chemical reactions.” As
an example of the MFE on photochemical reaction, we
have reported the MFE on intramolecular exciplex fluores-
cence of chain-linked phenanthrene (Phen)/N,N-dimethyl-
anilne (DMA) systems.'” The lifetime of the exciplex flu-
orescence generated from Phen—(CH,);,—O-(CH,),-DMA
in N,N-dimethylformamide exhibits remarkable reversal of
MEE at ca. 1 T; the lifetimes are 22.6 (0 T), 66.1 (1 T), and
43.1 ns (13 T). The degree of the reversal (R, %), which
is tentatively defined as —(713 t — % 1)/ 70 7% 100, is 35%,
713 T and 7y 1 being the lifetimes at 13 T and O T, respec-
tively. The lifetime decrease in the higher magnetic field
region is explained in terms of a Ag mechanism. We have
intended to investigate the MFE on the exciplex of other well-
known molecules in order to further verify the mechanism
proposed, since the Phen/DMA system is the only case so far
where reversal of exciplex fluorescence lifetime is observed.

The MFEs on intermolecular and intramolecular exciplex
fluorescence of pyrene (Py)/DMA systems have been stud-
ied very extensively in the lower magnetic field region (< 1
T),>—* but no study in the higher region (> 1 T) is reported.
So we have chosen the Py/DMA system as another example
for the MFE study in the high magnetic field region. In a pre-

vious paper,'' we have reported that the lifetime of exciplex
fluorescence of Py—«(CH,);—CO,—(CH;),—~O—«CH,),-DMA
in acetonitrile exhibits reversal of MFE. However the R
value is as small as 10%, as the lifetimes are 20.4 (0 T), 27.0
(1T),and 24.4 ns (13 T).

In order to obtain clear evidence for reversal of MFE,
the MFE (£ 13 T) on intramolecular exciplex fluorescence
of newly synthesized Py/DMA systems (Chart 1) has been
carried out by means of photostationary and laser induced
fluorescence spectroscopies. Furthermore, the influence of
solvent polarity on the MFE is examined, since the MFE
on exciplex fluorescence of Py/DMA systems is reported to
become maximum at the medium solvent polarity (medium
dielectric constant (MDK) effect).® Remarkable reversal of
MFE is observed for one of the present molecules around
1 T. In solvent dependence of MFE, the MDK effect is
explained on the basis of averaged contributions of decays
from singlet exciplex (SE) and singlet radical ion pair (SRIP).
The influence of linker and temperature is also discussed.

Experimental

Materials. 1-(N-Methylanilino)- 10- (1- pyrenylmethoxy)-

CH,-0-(CHpo~ 1;‘1"@
CH,

Py-O-10-NMA
/CHS
O CHy~ O-(CH2)..'0'(CH2)2‘< }N\CH3
,‘O Py-O-n-O-DMA n=812
Chart 1.
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decane (Py-O-10-NMA), 1-(4-dimethylaminophenethyloxy)-12-
(1-pyrenylmethoxy)dodecane (Py-O-12-0O-DMA), and 1-(4-di-
methylaminophenethyloxy)- 8- (1- pyrenylmethoxy)octane (Py-O-
8-O-DMA) were synthesized by an analogous method reported
elsewhere.'®—"*

For spectroscopic measurements, spectrograde N,N-dimethyl-
formamide (DMF) and tetrahydrofuran (THF) were used as sup-
plied. All solutions were deaerated by several freeze-pump-thaw
cycles.

Apparatus. Fluorescence spectra were measured using a con-
ventional fluorescence spectrophotometer (Hitachi F-3010). For
measurement of photostationary fluorescence intensities in the pres-
ence of a magnetic field, a super high pressure Hg lamp (Ushio,
USH-500D) equipped with a narrow band pass filter (Melles Greot,
03FIU004, 300 nm, FWHM 10 nm) as an exciting light source and a
cut off filter (Melles Greot, 560 nm)-photomultiplier (Hamamatsu,
R928)-chart recorder (Graphtec, SR6211) as a detection system
were used. An electromagnet (Tokin, SEE-9) was used in these
measurements. Exciplex fluorescence decays (> 1 T) were mea-
sured by using a pulsed magnetic field laser photolysis apparatus
described elsewhere.!® An XeCl excimer laser (Lumonics 500, 308
nm, 10 ns) was used as an exciting light source. The decay curves
were detected by a monochromator-photomultiplier-digital oscil-
loscope-personal computer system and were analyzed by a single-
exponential function.

Results

1. Fluorescence Spectra and Lifetime.  Taking into
account the solvent dependence of the MFE on the exci-
plex fluorescence lifetime, it is found that all the compounds
exhibit maximum MFE near medium polarity (see below).
Hence the MFE on the exciplex fluorescence has been stud-
ied in DMF/THF (1:1) mixed solvent. Figure 1 shows the
photostationary fluorescence spectra of Py-O-10-NMA and
Py-O-n-O-DMA (n = 8,12) in DMF/THF (1 : 1) mixture. All
the spectra consist of a structured band (350—450 nm) and
a broad one (470—650 nm) which are assigned to the fluo-
rescence of the excited singlet of pyrene, 'Py* and that of
the singlet exciplex generated by the intramolecular electron
transfer reaction, respectively. The maximums of the exci-
plex fluorescence band are 536 (Py-O-10-NMA) and 564 nm
(Py-0-12-O-DMA, Py-0-8-O-DMA). The lifetime of the
exciplex fluorescence at zero field is given in Table 1. The
lifetime of the monomer band at 380 nm is a few nanosec-
onds.

2. Magnetic Field Effects on the Exciplex Fluores-
cence. Low Magnetic Field Region (< 0.6 T). The

Table 1. Exciplex Fluorescence Lifetimes (7) in DMF/THF
(1:1) Solvent®

t/ns
B/T Py-O-10-NMA Py-O-12-O-DMA  Py-0-8-O-DMA
0 34.1 19.1 194
0.35 494 25.3 22.7
1 50.6 . 25.8 23.1
13 36.1 21.9 204

a) Experimental errors are +10%.
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Fig. 1. Steady state fluorescence spectra of Py-O-10-NMA,

Py-O-12-O-DMA, and Py-O-8-O-DMA in DMF/THF (1 : 1)
mixture. Excitation wavelength is 308 nm.

exciplex fluorescence lifetime and intensity are influenced
by the application of external magnetic field, whereas the
monomer ones are insensitive to the magnetic field. Figure 2
shows the magnetic field dependence (MFD) of the exciplex
fluorescence lifetime of Py-O-10-NMA and Py-O-n-O-DMA
(n =8, 12) in DMF/THF (1:1). A trend of rapid increase in
the lifetime in low magnetic field region, followed by grad-
ual saturation in the high magnetic field region (> 0.1 T), is
observed. The lifetime ratios in the presence and absence of
a magnetic field of 0.5 T are 1.45 (Py-O-10-NMA), 1.31 (Py-
0-12-0-DMA), and 1.15 (Py-O-8-O-DMA). Figure 3 shows
MED of the photostationary exciplex fluorescence intensity
ratio, Ig/Iy, for Py-O-10-NMA and Py-O-n-O-DMA (n = 8,
12) in DMF/THF (1 : 1), Iy and I being the exciplex fluores-
cence intensities in the presence and absence of a magnetic
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Fig. 2. Magnetic field effect of the exciplex fluorescence

lifetimes of Py-O-10-NMA, Py-O-12-O-DMA, and Py-O-
8-O-DMA in DMF/THF (1 : 1) mixture.
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Fig. 3. Magnetic field effect of the exciplex fluorescence

intensities of Py-O-10-NMA, Py-O-12-O-DMA, and Py-
0-8-0O-DMA in DMF/THF (1:1) mixture, Iy and Iy are
intensities in the absence and presence of a magnetic field
B, respectively.

field B, respectively. It is similar to that for the fluorescence
lifetime shown in Fig. 2. For the case of Py-O-10-NMA, the
intensity ratio, Ig/ly, at By = 0.5 T is 1.48, whereas for the
case of Py-O-n-O-DMA, the ratios are 1.18 (n = 8) and 1.31
(n = 12). Although there is a small discrepancy between the
MFD of the lifetime and that of the intensity ratio, this seems
to arise from the experimental errors involved in the latter.

High Magnetic Field Region (>1 T). The effect of
high magnetic field on the exciplex fluorescence lifetime
for the present Py/DMA systems is presented in Fig. 4 and
Table 1. For all the compounds, the lifetime increases in
low magnetic field (< 1 T); this increase is then followed
by a gradual decrease up to 13 T. The reversal of the MFE
occurs around 1 T. In the case of Py-O-10-NMA the MFE
is significant. The lifetime is 34.1 ns at zero field, increases
up to 50.6 ns at 1 T, then gradually decreases to 36.1 ns at
13 T. The R values are 29 (Py-O-10-NMA), 15 (Py-O-12-
0O-DMA), and 12% (Py-O-8-O-DMA).
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Fig. 4. Magnetic field effect of the exciplex fluorescence

lifetimes of Py-O-10-NMA, Py-0-12-O-DMA, and Py-O-
8-O-DMA in DMF/THF (1 : 1) mixture.

Inset: Plots of 1/7 vs. B for the data at 2—13 T. Straight
lines are the least-squares fittings of the representative data.
See text.

3. Influence of Solvent Polarity. The influences of
solvent polarity on the MFE of exciplex fluorescence lifetime
for the present molecules are studied. Figure 5 and Table 2
show the influence of solvent polarity on the exciplex lifetime
ratio 73/1, 78 and 7y being the lifetimes in presence and
absence of a magnetic field B = 0.35 T. The change in the
lifetime with solvent polarity at zero field for Py-O-12-O-
DMA is shown in the inset. In THF (g = 7.58), the external
magnetic field does not affect the exciplex lifetime, £ being
the dielectric constant of the solvent. With increase in solvent
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Fig. 5. Influence of solvent polarity on the magnetic field

effects of exciplex fluorescence lifetimes of Py-O-10-
NMA, Py-0-12-0O-DMA, and Py-O-8-O-DMA in differ-
ent DMF/THF mixtures. 7g and 7p are the lifetimes in the
presence and absence of a magnetic field (B = 0.35 T) re-
spectively.

Inset: Influence of solvent polarity on the exciplex fluores-
cence lifetime of Py-O-12-O-DMA at zero field.
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Table 2. Solvent Dependence of Exciplex Fluorescence Lifetimes (r)a)

t/ns (0 T) T/ns (0.35 T)

Solvent” £ Py-10-NMA Py-O-12-O-DMA  Py-0-8-O-DMA Py-O-10-NMA Py-O-12-O-DMA Py-O-8-DMA
DMF 36.7 20.4 13.5 112 30.2 15.9 12.5
85%D+15%T 32.3 13.4 16.5

75%D+25%T 29.4 25.8 137 13.6 39.1 17.8 15.7
65%D+35%T 26.5 14.5 15.2 19.5 17.5
50%D+50%T 22.1 34.1 19.1 19.4 49.4 25.3 22.7
35%D+65%T 17.8 42.1 20.4 25.5 54.9 25.6 28.1
25%D+75%T 14.9 22.1 25.6 26.7 27.0

a) Experimental errors are £10%.

polarity, the MFE on exciplex lifetime becomes significant
and the maximum MFE is observed at near medium polarity.
The solvent dielectric constants £’s at which the ratio g/1
shows maxima are 29.4 (Py-O-10-NMA), 26.5 (Py-O-12-O-
DMA), and 22.1 (Py-O-8-O-DMA).

4. Influence of Temperature.  The influence of tem-
perature (293—313 K) on MFE (< 13 T) of the exciplex
fluorescence lifetime of Py-O-10-NMA is measured in the
binary mixture as shown in Fig. 6 and Table 3. Exciplex
lifetime both in the presence and absence of a magnetic field
depends on temperature. The lifetime at zero field increases
from 32.7 to 38.2 ns, but the overall MFE decreases with in-
creasing temperature from 293 to 323 K, though the observed
change is not significant.

Discussion

1. Reaction Pathways. By considering the photosta-
tionary fluorescence spectra and the decays of monomer and
exciplex fluorescence, we proposed the reaction pathways
of the present molecules shown in Scheme 1. Upon pho-
toexcitation of Py, !Py* is generated. It undergoes electron
transfer reaction with DMA, which leads to an intramolec-
ular singlet radical ion pair (SRIP) composed of a pyrene
anion radical (Py~") and a DMA cation radical (DMA™*").
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Fig. 6. Influence of temperature on the magnetic field ef-
fect of exciplex fluorescence lifetimes of Py-O-10-NMA in
DMEF/THF (1 : 1) mixture.

b) D and T stands for DMF and THF.

¢) Calculated dielectric constant of solvent.

Table 3. Influence of Temperature on the Lifetimes (7) for
Py-O-10-NMA?
7/ns
Temperature /K 0T 1T 13T
293 32.7 47.1 33.8
303 343 49.3 375
313 36.1 514 39.0
323 38.2 52.5 41.5

a) Experimental errors are £10%.
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Scheme 1.

SRIP undergoes conformational change to generate singlet
exciplex (SE), back electron transfer (BET) to ground state,
and hyperfine coupling (hfc) induced intersystem crossing
(ISC) to a triplet radical ion pair (TRIP). TRIP deactivates
by BET to produce excited triplet pyrene, 3Py*. The SE and
SRIP are considered to be in fast dynamic equilibrium.

In the present analysis of fluorescence decay curves, a sin-
gle exponential decay is assumed. This is simply because
the decay curves are fitted reasonably using only a single-
exponential function. It is considered that the BET reaction
is responsible for the deactivation from TRIP to *Py*. If one
considers the free energy change (AGJgr) associated with
this process, the AGEy value falls in the normal region, as
the values calculated for AGLgr and A (nuclear reorgani-
zation energy) for Py~ "/DMA™*" are —0.51 eV and 1.4 eV
respectively.'* As —AGREpr < A, BET can take place effi-
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ciently in the normal region and fast BET reaction from TRIP
to *Py™ may take place. This will cut T — S reverse ISC in
the RIP. Based on this reason, the decay of the SE-SRIP is
considered to be single-exponential.

In the case of Phen—(CH,),—O—-(CH;),-DMA (n =
4—12)'% the exciplex fluorescence decay becomes non-ex-
ponential by increasing solvent polarity and by increasing
chain length n. These observations were explained by the
contribution of T — S reverse ISC in the RIP to the deactiva-
tion of SE-SRIP. The absence of double exponential decays
for the RIPs studied here indicates that T — S reverse ISC
does not contribute significantly to the lifetime of SE-SRIP.

2. Mechanism of MFE on the Exciplex Fluorescence.
For all the molecules, significant MFE is observed on their
exciplex fluorescence lifetimes as well as their intensity, as
shown in Figs. 2, 3, and 4 and Table 1. These MFEs can be
explained by the radical pair mechanism.

Low Magnetic Field Region (<1 T). The MFE on SE
actually stems from the effect on the ISC process between
SRIP and TRIP. At zero field, singlet, S, and three triplet
levels, Tg and T4, of RIP are nearly degenerate and hfc-
induced ISC takes place between S and Ty and T sublevels.
With increase in external magnetic field, this ISC rate is
reduced as the Zeeman splitting removes the degeneracy
between S (Tp) and T4 levels. Hence the lifetime of the
RIP formed in the singlet state increases with the applied
external magnetic field in low magnetic field region (< 1
T) (hfc mechanism). These lifetime changes result in the
increase in the fluorescence intensities of SE.

In the case of radical ion pairs generated by the inter-
molecular reaction, MFE due to hfc mechanism is saturated
at lower magnetic field. In the case of radical ion pairs con-
nected by linkers, saturation of MFE occurs in the higher
magnetic field. This difference arises from that of their life-
times. In the former, a lifetime achievable is limited by the
dissociation rate of the pair, whereas in the latter it is not so
limited.

The fluorescence lifetime increases very slightly with fur-
ther increasing the magnetic field from ca. 0.1 to ca. 1 T.
This lifetime change can not be explained by the hfc mecha-
nism mentioned above. Although the hfc mechanism seems
responsible for interpretation in this region, a more sophis-
ticated theory may be necessary to explain the lifetime in-
crease between ca. 0.1 toca. 1T, since spin-lattice relaxation
induced by the anisotropic hfc is estimated to be a few mi-
croseconds at 0.1—1 T.”®

High Magnetic Field Region (>1 T). In the high
magnetic field region (> 1 T), the SE fluorescence lifetime
decreases gradually, as shown in Fig. 4. In this region the
paths left for S—T conversion are hfc induced S-Ty ISC and
the ISC due to a Ag mechanism, because hfc-induced S — T4
ISC is reduced due to the large Zeeman splitting. In the Ag
mechanism, S—Tg ISC rate increases due to differences in the
Larmor precession frequencies of unpaired electrons in two
radicals. For Py-O-10-NMA, a large decrease in lifetime has
been observed above 1 T.

Now let us examine the SE fluorescence decay curves
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of Py-O-10-NMA in the high magnetic field region. In
this molecule, S and T of RIP are considered to be nearly
degenerate at zero field, because S-T_ level crossing is not
observed for this molecule. The decay of the SE fluorescence
can be fitted very well by a single-exponential function in
polar (¢ = 36.5) as well as in the less polar solvent (¢ = 11.9).
Since SE is considered to be in fast dynamic equilibrium
with SRIP and fluorescence decays can be expressed by a
single-exponential function, we can apply the simple reaction
scheme shown in Fig. 7. In the figure, ks is the radiative and
nonradiative deactivation rate constant from SE, k.(g) and
k(&) are the rate constants for the formation and dissociation
of SE, kprr(€) is the BET reaction from SRIP, and k;..(B) is
the S — T ISC rate constant. Spin lattice relaxation due
to g anisotropy in S (Ty) — T4+ is neglected for the present
systems as it was estimated to be a few microseconds between
2—14 T,”® whereas the lifetimes for these molecules are in
the nanosecond order. Since SE and SRIP are considered to
be in fast dynamic equilibrium, k.(€), ko €) > ks, kpeT(£),
kiic. Then the SE fluorescence lifetime 7 is given by the
following equation:'®

1/7 = (kisc(B) + kpe(8) + kseke(£)/ko(£)) /(1 + ke(€) /ko(£)). (1)

Furthermore, k.(€)/k,(&)< 1, since RIP is more stable in
energy than SE in polar solvent (see below). Then,

1/7 = kisc(B) + kper(€) + kseke(£)/ko(£). @)

The rate constant kis.(B) is given by the sum of two rate
constants due to the hfc and Ag mechanisms in high magnetic
field (> 1T),

kie(B) = (2/h)gBBu +(2/W)AgLB, (3)

where h is the Planck constant, g is the electron g value, £
is the Bohr magneton, B,, is the average of the hfc constants
of the two radicals, Ag is the difference in the isotropic g
values of two radicals and B is the magnetic field strength.
Therefore, 1/7 is given by the following equation:

1/‘[ = kper(€) + ksskc(f)/ko(é‘) + (2/h)gﬂBav + (2/h)AgﬁB (4)

The Ag value can be calculated from the plots of 1/t
vs. B. The inset of Fig. 4 shows plots of 1/7 vs. B for
the three molecules. From the least-squares fitting of the
plots the Ag values are estimated to be 0.000029+0.000004
(Py-0O-10- NMA), 0.000019+0.000004 (Py-O-12-O-DMA),

_L v\kc(e)
SRIP ki, TRIP
k,(e) - T

kgg kger(e)

Fig. 7. Processes responsible for the exciplex fluorescence
lifetime.
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and 0.00001140.000004 (Py-O-8-O-DMA). These val-
ues are comparable with that obtained in a previ-
ous work for Py—(CHz)g,—COQ—(CHg)|2—O~(CH2)2—DMA
(0.000012+0.000004)."" They are also comparable with that
obtained for RIP of Phen™"/DMA*" (0.000022)."° 1t is quite
reasonable, for the g values of Py~" (2.002717) and Phen™"
(2.002736) are very similar to each other.'® Therefore it is
confirmed experimentally that the reversal of MFE is com-
mon for the intramolecular exciplex fluorescence lifetime
and is attributable to the Ag mechanism.

3. Influence of Linkers. It is known that the magni-
tude of MFE on the intramolecular SE fluorescence increases
with increasing the number of chain units connecting two
groups.**!° This occurs because contribution of chain con-
formations with small S-T energy gaps in RIP increases with
increasing the chain length.>*10.!!

In the case of Py—(CH,),~DMA where Py and DMA are
linked by a pure methylene chain, the SE fluorescence in-
creases in intensity by about 4 (n =8), 17 (9), 44 (10), and
72% (16) in DMF/THF (1: 1) on application of a magnetic
field of 0.3 T.? In the present molecules, the total number of
linkers connecting two groups are 17 (Py-O-12-O-DMA), 13
(Py-0-8-O-DMA), and 11 (Py-O-10-NMA), if one assumes
that DMA is linked at methyl position of nitrogen atom in Py-
0-10-NMA. Thus it is expected that the magnitude of MFE
is Py-O-12-O-DMA > Py-O-8-O-DMA > Py-O-10-NMA.
Against this prediction, however, the SE lifetime (and in-
tensity) increases by about 28 (Py-O-12-O-DMA), 14 (Py-
0-8-O-DMA), and 45% (Py-O-10-NMA) in a magnetic field
of 0.3 T. The MFE on Py-O-12-O-DMA and Py-O-8-O-
DMA is about one third of the values expected from the ones
for Py—(CH,;),~DMA, whereas the MFE for Py-O-10-NMA
is in reasonable agreement with the expected value. These
facts indicate that the MFE is also affected by the type of
linker used. It is considered that a chain-linked exciplex
can not always take the most stable conformations, since its
conformations are restricted by the linker and, therefore, the
accessible conformations are dependent on the type of linker
used. This may further affect magnitude of MFE, since the
SE is dynamically coupled to the RIP.

The above-mentioned consideration is also supported by
comparing the lifetimes in less polar solvents. The SE life-
times in a less polar solvent are considered to represent
their stability, since it is mainly controlled by the deacti-
vation from SE. The SE fluorescence lifetimes of Py-O-n-
O-DMA are 22.1 (n=12) and 25.6 ns (8) in DMF/THF(1 : 3)
(€ = 14.9), whereas the mean lifetimes of Py—(CH,),-DMA
are 35 (n=16), 48 (9), and 47 ns (8) in the same solvent.? The
SE lifetimes of Py-O-1n-O-DMA are smaller than those of the
exciplexes of the corresponding Py—(CH,),~DMA. This in-
dicates that the conformation of the former is less stable than
that of the latter. Unstable conformations of SE in Py-O-n-O-
DMA result in the large ksg and, therefore, small MFE, com-
paring with the corresponding value for Py—(CH,),-DMA.

In a previous paper,'' the MFE on the lifetime of the SE
fluorescence generated from Py—(CH;);—CO,;—(CH;)s—O-
(CHy),-DMA is reported where Py and DMA are linked

Magnetic Effect on Exciplex Fluorescence

by 16 chain units. The lifetime increase in a magnetic
field of 0.3 T is about 10% in acetonitrile which is about
one sixth of the value (60%) expected from the MFE for
Py—(CH,);s~DMA in acetonitrile. This small MFE for
Py—(CH;);—-CO,—(CH,)s—O—(CH;);,-DMA may be also at-
tributable to its conformational instability, though in a previ-
ous paper quenching of the SE by an ester group at the linker
was considered to be responsible for the small MFE.

There seems a correlation between the fluorescence band
maximum of SE and the magnitude of MFE. In the case of SE
fluorescence of Phen—(CH,);,—O~(CH;),-DMA in DME,"
its band maximum is 500 nm and it shows significant MFE
on the SE lifetime. The lifetime at 1 T is 2.2 times larger
than that at zero field. The MFE on the present systems
is Py-O-10-NMA(536 nm) > Py-O-n-O-DMA (n =38, 12)
(564 nm). This may happen partly because kger(€) in Eq. 2,
which is the rate constant of a magnetic field independent
process from SE-SRIP, increases with decreasing the energy
gap between SRIP and the ground state. Comparing the MFE
on three chain linked systems, one finds that the exciplex
with lower energy possesses a relatively short lifetime and
exhibits less MFE.

4. Influence of Solvent Polarity. From Fig. 5 it is ob-
served that SE fluorescence lifetime decreases monotonously
with increasing solvent polarity. On the other hand, the life-
time ratio Tg/7y in the presence and absence of a magnetic
field of 0.35 T increases at first with polarity, passes through
a maximum, and then shows a decrease in ratio in high polar
solvent. This solvent dependence of the MFE maximum,
which is called the MDK effect, can be explained qualita-
tively based on the stabilization of SRIP with respect to SE
with increasing solvent polarity. Figure 8 depicts the influ-
ence of solvent polarity on the energies of SE and SRIP for
the Py/DMA systems.'* The energy of SRIP depends strongly
on solvent polarity, whereas that of SE changes slightly.

The SE-SRIP lifetime, given by Eq. 2, is controlled by the
sum of three terms: i.e., kisc(B), kper(€), and ksgk.(€)/k,(€).
The rate constant k;.(B) of the spin conversion process is
independent from solvent polarity, though its expression in
the low magnetic field region (< 1 T) is different from Eq. 3.
The second term kggr(€) increases with increasing solvent
polarity because the stabilization of SRIP results in the de-
crease of the energy gap between SRIP and the ground state.
In the last term, the rate constant ksg depends poorly on
solvent polarity, whereas k.(£) and k,(£) are dependent on
solvent. It is considered that there exists the Boltzmann dis-
tribution between SE and SRIP, since they are assumed in fast
dynamic equilibrium, and, therefore, the ratio k.(&)/k,(&) de-
creases with increasing solvent polarity. As a result, the term
ksek.(£)/k,(€) decreases with increasing solvent polarity.

In order to examine the influence of solvent polarity on
78/ Ty, two extreme cases are considered for the purpose of
simplicity. If the BET process is negligible, the lifetime ratio
becomes a simple form:

78/ % = (Kisc(B) + kseke(£)/ko(€))/ (Kisc(0) + kske(€) ko (£)).  (5)
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Fig. 8. Influence of solvent polarity on the reaction free

energies of the intramolecular exciplex and radical ion
pair (RIP) generated from Py/DMA systems. The follow-
ing parameters are used for the calculation of AGsg and
AGsrip : Epaia =0.53 V, Efene = —2.09 V, AGoo =3.32 ¢V,
u?/p’ =0.75 eV, rp = 0.37 nm, ra = 0.43 nm, dec = 1.20
nm. See Ref. 14.

Thus the ratio 73/ increases with increasing solvent polar-
ity, as schematically shown by Curve (a) in Fig. 9. On the
other hand, if the term ksgk.(€)/ko(€) is negligible, it is

w8/ 1 = (kisc(B) + ker(£))/ (kisc (0) + kpET(£)). ©)

In this case, the ratio 7g/% decreases with solvent polar-
ity (Curve (b) in Fig. 9). When both terms kggr(€) and
ksek.(€)/k,(€) are operative, the ratio /1 is

‘L'B/l'o = (kisc(B) + kper(€) + ksgkc(e)/ko(é‘))
[ (Ckisc(0) + kpeT() + kseke(£)/ko(£)). (7

Thus Eq. 7 exhibits a bell-shaped dependence on solvent po-
larity, as given by Curve (c) in Fig. 9. In a solvent with low
polarity (i.e., THF) no MFF is observed since the lifetime of
SE-SRIP is mainly controlled by the term ksg(k.(£)ko(£)).
In a solvent with high polarity (i.e., DMF), it is mainly
controlled by the term kggr(€) and, therefore, MFE is not
significant. Between these two extreme cases, there exists
an optimum solvent polarity at which the SE-SRIP lifetime
becomes maximum. Under the circumstance, the MFE in
kisc(B) leads to the maximum change in the lifetime ratio

Fig. 9. Schematic presentation of the solvent effect on the
lifetime ratio 7s/ % of the exciplex fluorescence in the pres-
ence and absence of a magnetic field. See text.
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The Boltzmann distribution between SE and SRIP may be
estimated from the energy gap between SE and SRIP (0.17
eV at £ =22.1) shown in Fig. 8. The population ratios of
SE/SRIP are calculated to be 0.0011 (293 K) and 0.0023
(323 K). These values are too small to explain the observed
MEFE and, therefore, the energy gap of 0.17 eV seems to be
overestimated.

Many investigations>*'" have been reported regarding
this MDK effect. As with the intermolecular systems, the
appearance of the MFE maximum is explained in terms of the
competition between geminate and homogeneous recombi-
nation. In the case of chain-linked molecules, however, the
MDK effect cannot be explained by the same mechanism.
Staerk and Werner® explained the change of RIP lifetime
to the AGggr(£) variation, where AGggr(£) corresponds to
the free energy associated with BET from SRIP. No expla-
nation, however, was given about the bell-shaped nature in
(@ (B)— @(0))/ @(0), D(0) and D(B) being the SE fluores-
cence intensities in absence and presence of a magnetic field
B. In the present consideration, the observed MDK effect is
explained qualitiatively by taking into account the solvent
polarity dependence of the rate constants k.(€) and ky(€) in
addition to kggr(£).

5. Influence of Temperature. From the tempera-
ture effect on MFE it can be derived that, with increase in
temperature, SE lifetime increases and the MFE decreases.
Interestingly, the Ag value is found to decrease slightly with
increasing temperature, i.e., 0.000023 (293 K), 0.000018
(303 K), 0.000017 (313 K), and 0.000015 (323 K). This ten-
dency is qualitatively explained by using Eq. 1. In the present
analysis, Eq. 2 is derived by neglecting the term k.(&)/ko(€)
in the denominator, for the purpose of simplicity. However,
it may not be neglected at high temperature as there exists
the Boltzmann distribution between SE and SRIP. The value
Ag may become slightly smaller at high temperature as ob-
served, since it is obtained using Eq. 2.

It is known that at high temperature chain motion becomes
faster and the mean distance between two ends of the chain
decreases. This results in high field shift of an exchange
energy.'’ From the present experimental result, one can say
that an increase in temperature reduces the S-T ISC rate,
resulting in an increase in lifetime at zero field because the
fraction of the deactivation from SE increases. This leads
to the reduction in the MFE on SE fluorescence lifetime.
Since the SE lifetime increases with increasing temperature,
the magnetic field at which a reverse MFE starts also shifts
slightly to the higher magnetic field region as observed. Thus
the Ag values obtained in the present study may be considered
to be a measure of their magnitudes.

Conclusions

The MFE (£ 13 T) on the fluorescence lifetime and in-
tensity of the exciplexes generated from three chain-linked
Py/DMA systems has been studied. Significant reversal of
MEFE (R = 29%) is observed for the exciplex generated from
Py-O-10-NMA in DMF/THF (1 : 1) mixed solvent. The de-
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crease in the lifetime above 1 T can be explained by the Ag
mechanism. Now the reversal of MFE is considered to be
common in the intramolecular exciplex fluorescence, since
not only Phen/DMA systems but also Py/DMA systems ex-
hibit analogous MFD. In solvent dependence of MFE, the
MDK effect can be explained by considering the stability of
SRIP relative to SE. Influences of linker and temperature on
MEFE are also discussed.
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