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Magnetic field effects (MFEs) on the intramolecular exciplex fluorescence of a chain-linked phenanthrene
(Phen)/N, N-dimethylaniline (DMA) system, Phen—(CH3),~O—(CH;),-DMA, have been studied in the magnetic fields
(<0.62 T) as functions of (1) solvent polarity (¢ =7.6—36.7), (2) chain length (n=4—12), and (3) temperature (223—333
K). The MFEs on the exciplex fluorescence are attributable to the singlet—triplet intersystem crossing in the intramolecular
radical ion pair which is in dynamic equilibrium with the exciplex. (1) Solvent polarity increases significantly the MFEs
on the exciplex fluorescence of Phen—(CH>);0—O—(CH,),—DMA. This is attributable to the stability of the intramolecular
radical ion pair relative to the exciplex. (2) A remarkable influence of chain length on MFE:s in the exciplex fluorescence in
N, N-dimethylformamide (DMF) was observed. The results were discussed in connection with the edge-to-edge distances
(r) of two radicals obtained from molecular dynamics calculation for model compounds. (3) The temperature-induced
high-field shift of the exchange energies |2J| for Phen+(CH,)s—O—(CH>),~DMA in DMF was discussed in connection with

(r).

Magnetic field effects (MFEs) on photochemical and pho-
tophysical processes have been studied extensively in re-
cent years." Study of exciplex fluorescence in a magnetic
field may provide us important information on dynamics
of short-lived singlet radical ion pairs which are strongly
coupled with the exciplexes. Especially, fluorescence mea-
surements are suitable means for precise consideration of
the effects, since their accuracy and sensitivity are much
higher than those of transient absorption measurements.
MFEs on exciplex fluorescence have been studied by a
few groups.>~® MFEs on the intermolecular exciplex flu-
orescence of pyrene (Py)/N, N-dimethylaniline (DMA) have
been reported by Petrov et al.? and Batchelor et al.¥ The
effects on the intramolecular exciplex fluorescence of chain-
linked Py/DMA (Py—(CH;),~DMA) and related compounds,
in addition to the effects on the T-T absorption of Py, have
been studied very extensively by Weller, Staerk and their
collaborators.¥ Exciplex fluorescence of polymers contain-
ing Py and DMA in solution has been reported by Chowdhury
et al.” Tanimoto and his collaborators have studied the MFEs
on the intramolecular exciplex fluorescence of polymethyl-
ene chain-linked phenanthrene (Phen)/N, N-dimethylaniline
(DMA) (Phen—(CH,),~DMA, n=3—10) and copolymers
containing Phen and DMA moieties as well as the inter-
molecular Phen/DMA in solution.®

The MFE:s on the exciplex fluorescence of the chain-linked
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system, Phen—(CH,),~DMA, are different from those for the
intermolecular Py/DMA system as discussed in a previous
paper.9 For example, the dependence of the MFEs on solvent
polarity is remarkably different in these two systems. In the
case of Phen—(CH;);p—DMA, the magnitude of the MFE on
the exciplex fluorescence intensity increases monotonously
by increasing solvent polarity in the range of 7.6 (tetrahy-
drofuran) to 35.9 (acetonitrile), whereas for the intermolec-
ular Py/DMA system a maximum of the MFE appears at
£ =ca. 20.? This maximum is called the medium dielec-
tric constant (mDK) MFE maximum.*? This phenomenon
has been considered to arise from the competition between
the singlet—triplet intersystem crossing of the radical ion
pair and the dissociation of the pair in the intermolecular
system. Since radical ion pairs linked by covalent bonds
can not dissociate, the mDK maximum is not expected to
appear in the intramolecular system, as was the case of
Phen—(CH,);0-DMA. However, very recently it was re-
ported that the exciplex fluorescence from Py—«(CH,),~-DMA
(n=9,16) exhibits the mDK MFE maximum.*? Consequently
MEFEs on the two chain-linked systems are different from

~each other.

In a previous work, the MFEs have been examined for the
biradicals generated from Phen—(CH,),~DMA of short and
medium chain lengths (n=3—10), in which energies of two
radical ion states are non-degenerate, and the results were
discussed in a qualitative manner. It is the purpose of the
present paper to unravel the mechanisms of the MFEs on the
singlet biradicals precisely and quantitatively. New chain-
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linked Phen/DMA compounds (Phen-n-O-2-DMA, Chart 1),
which are suitable for the present purpose, were synthesized
and the MFEs on the exciplex fluorescence from them were
studied by means of photostationary and time-resolved fluo-
rescence spectroscopies as well as transient absorption one.
Influence of solvent polarity, chain length and temperature on
the MFEs were examined. Molecular dynamics calculation
was carried out for the model compounds so we could dis-
cuss the influence of edge-to-edge distances of two radicals
on the observed MFEs quantitatively.

Experimental

Materials. 2-[4-(Dimethylamino)phenyl]ethyl @-(9-Phe-
nanthryl)alkyl Ether (Phen-r-O-2-DMA):  2-[4-(Dimethyl-
amino)phenyljethyl 10-(9-phenanthryl)decyl ether (Phen-10-O-2-
DMA) was synthesized by the following procedure. To an anhy-
drous diethyl ether solution (20 ml) of 2.6 g 9-bromophenanthrene
in a flask in an ice bath, a 15% hexane solution (12 ml) of butyl-
lithium was added dropwise and then the mixture was stirred for
4 h. To this mixture was added 7 ml of 1,10-dibromodecane at
once. After stirring for several minutes, the flask was placed in
an oil bath and the solution was refluxed for 2 h. The reaction
mixture was extracted by benzene. The benzene layer was washed
with water and saturated NaCl aqueous solution and then dried over
Na;SOq overnight. The benzene was evaporated. The residue was
purified by column chromatography on silica (Wako, C-200, hex-
ane), giving 2.0 g of 1-(9-phenanthryl)-10-bromodecane (Phen-10-
Br, 50% yield) as a white solid.

Phen-10-Br (1.8 g) and 1.6 g of 2-[(4-dimethylamino)phenyl]-
ethanol (Aldrich) were added to a solution (20 ml) of 1.5 g of NaH
(abt. 60% oil suspension) in N, N-dimethylacetamide and this was
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stirred for 4 h in an ice bath. The reaction mixture was filtered and
extracted by benzene. The benzene layer was washed with ice water
and saturated NaCl aqueous solution, and then dried over Na;SOy4
overnight. The product was separated by column chromatography
on silica (Wako, C-200) with hexane—chloroform (2: 1) as eluent to
give a crude solid. It was purified by recrystallization from hexane
to afford Phen-10-O-2-DMA as white crystals (400 mg, 18% yield).
Mp 49—50 °C. '"HNMR (CDCl3, 270 MHz) 6 =8.76—7.56 (d, 9H
protons of phenanthrene ring), 7.11—6.67 (d, 4H protons of benzene
ring), 3.59—3.40 (t, 4H O—CHz), 3.14—3.08 (t, 2H —-CH>-DMA),
2.90 (6H, —CH3), 2.82—2.77 (t, 2H Phen—CH,), 1.84—1.29 (t, 16H
protons of chain). IR (KBr) 2924, 2850, 1468, (~(CHz),—) 1616,
1523, (¢c=c) 1348, (C-N) 1117, (C-O0-C) 949, 880, 809, 770, 741,
721 cm™'. MS (EI) m/z 481 (M*; 100), 191 (Phen—CH;; 85), 134
(CH, —DMA, 100). Anal. Calcd for C3sH43NO: C, 84.77; H, 9.00;
N, 2.91%. Found: C, 84.88; H, 9.15; N, 2.79%.

Other ethers with different chain lengths (Phen-n-O-2-DMA,
n=4,6,7,8,12), 9-decylphenanthrene (Phen-10), and 2-[4-(dimeth-
ylamino)phenyl]ethyl decyl ether (DMA-2-O-10) were prepared in
an analogous manner.

For spectroscopic measurements, spectrograde N, N-dimethyl-
formamide (DMF), acetonitrile (MeCN), tetrahydrofuran (THF),
and dimethyl sulfoxide (DMSO) were used as received. The con-
centrations of all samples were about 10™* mol dm . All solutions
were deaerated by several freeze-pump-thaw cycles.

Apparatus. The conventional fluorescence and absorp-
tion spectra were measured with a Hitachi F-3010 fluores-
cence spectrophotometer and a U-3210 spectrophotometer, respec-
tively. Fluorescence decay curves were measured with an ex-
cimer laser (Lumonics 500, 308 nm) as an exciting light source
and a 10 cm monochromator (Ritsu, MC-10L)—photomultiplier
(Hamamatsu, R928)—digital oscilloscope (Tektronix, 2440)—micro-
computer (NEC, PC-9801) as an detection system. Transient ab-
sorption spectra were measured with the experimental setup men-
tioned above where a xenon arc lamp (Ushio, UXL-500-0) was
used as the probe light source.”

The photostationary fluorescence spectra in the presence of a
magnetic field were measured with the fluorescence spectropho-
tometer mentioned above by attaching a permanent magnet (ca.
0.26 T). .

The photostationary fluorescence intensities in the presence of
magnetic fields were determined by using a super-high-pressure
Hg lamp (Ushio, USH-500D) equipped with a narrow band-path
filter (Melles Greot, 03FIU004, 300 nm, FWHM 10 nm) as an
exciting light source and a filter (Melles Greot, 03FIV006, 500
nm, FWHM 10 nm)-photomultiplier (Hamamatsu, R928)—chart
recorder (Graphtec, SR6211) as a detection system. An electro-
magnet (Tokin, SEE-9) was used in the above measurements. The
time-resolved fluorescence and transient absorption measurements
in magnetic fields were also performed on the above setup. Its
residual field was < 0.5 mT by applying an electric current for
cancellation. The magnetic field strength was determined by a
gaussmeter (Denshijiki, GM-1220).

Analysis of Fluorescence Lifetime. The decay curves of ex-
ciplex fluorescence could not be always expressed by a single expo-
nential. The exciplex fluorescence decay for short chain molecules
was analyzed by single exponential fittings, while for longer chain
molecules in a polar solvent double exponential fittings were used:

I(t) = Crexp(—t/ 1) + Crexp(—t/ 1), ¢))

where I(z) is the fluorescence intensity at time ¢, 7;, and 7 are
the lifetimes of the fast and slow decay components, respectively,
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and C) and C; are the respective pre-exponential factors. When
fluorescence decay was double exponential, a mean lifetime (7)
was used as described by Werner et al.**? which was calculated
according to:

(1) =(C1+ Cw) [(Cr + Cy). )

Molecular Dynamics Calculation. Estimation of
the mean edge-to-edge distance (r) of the two radical ion
pairs was performed for model compounds, n-alkyl pro-
pyl ethers, CH3;~(CH2)n—1—O-(CH3),~CH3 (n=5—13), and
CH3—(CHa)0—-CH3 by the mixed Monte Carlo/stochastic dynam-
ics (MC/SD) method using the Macro Model v.4.5 program 2 The
AMBER* force field was employed for the simulation with the
GB/SA water solvation model.'” The total simulation time was
1000 ps with a 1.5 fs time step for the SD calculation. The first 50
ps of the each simulation was taken as an equilibration period. The
MC part of the calculation used random rotations of all rotatable
bonds. The ratio of SD steps to MC steps was one to one. Non-
bonded cutoff distances were not used. Structures were sampled
every 1 ps for 1000 ps. The mean distance between the methyl
carbon atoms at the two ends was evaluated from those sampled
structures as a representative of the edge-to-edge distance in the
radical ion pair.

Results

1. Phen-10-O-2-DMA in DMF. 1.1 Assignment of
Fluorescence Spectrum:  Figure 1 shows the absorption
spectra of Phen-10-O-2-DMA, Phen-10, and DMA-2-O-10
in DMF. Making a comparison with the absorption spectra
of Phen-10 and DMA-2-0O-10, the absorption band of Phen-
10-O-2-DMA at 330—350 nm is chiefly attributable to the
absorption band of Phen and the band at 290—320 nm is
attributable to the sum of absorption bands of Phen and DMA.
The ratios of the molecular extinction coefficients of Phen to
DMA are 4:1 at 300 nm and 1: 3 at 308 nm.

Influence of the excitation wavelength on the fluorescence
spectra of Phen-10-O-2-DMA is shown in Fig. 2. The spectra
in the 340—450 nm region are considerably affected by the
excitation wavelength, whereas the broad band peaked at ca.
500 nm is independent of the excitation wavelength. Taking
into account the spectra of Phen-10 and DMA-2-O-10 shown
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Fig. 1. Absorption spectra of Phen-10-O-2-DMA, Phen-10,

and DMA-2-O-10 in DME.
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Fig. 2. Influence of excitation wavelength on the fluores-
cence spectra of Phen-10-O-2-DMA in DMF. Inset: Flu-
orescence spectra of Phen-10 and DMA-2-O-10 in DMF.
Excitation wavelength is 308 nm.

in the inset, the fluorescence bands in the 350—450 nm
region are attributable to the sum of the fluorescence of the
Phen and the DMA moieties. When excited at 300 nm, the
370 nm band is mainly attributable to the fluorescence of
'Phen™, whereas it is the mixture of those of 'Phen® and
'DMA* when excited at 308 nm. The broad band around
500 nm is assigned to the singlet exciplex generated by the
intramolecular electron transfer from DMA to 'Phen®, as
will be discussed later.

To make the assignment clearly, the fluorescence decay
at 370 nm was examined for Phen-10, DMA-2-0-10, and
Phen-10-O-2-DMA in DMF. The lifetimes of Phen-10 and
DMA-2-0-10 are 48 and 6 ns, respectively, whereas that of
Phen-10-0O-2-DMA monitored at 370 nm is ca. 5 ns, though
fluorescence from two moieties were not separated. Fluores-
cence from the 'Phen™ moiety is strongly quenched in the
presence of the DMA moiety. The quenching of 'DMA* is
insignificant, if any, as the lifetimes of the excited DMA are
the same order of magnitude for DMA-2-0-10 and Phen-10-
0-2-DMA. These facts indicate that the exciplex is mainly
generated from 'Phen™ and not from 'DMA*,

1.2 Magnetic Field Effects on the Fluorescence and
Transient Absorption of Phen-10-O-2-DMA in DMF:

Photostationary Fluorescence Spectrum: Figure 3
shows the MFE on the fluorescence spectra of Phen-10-O-
2-DMA in DMF. In the presence of a magnetic field (0.26
T), the fluorescence intensity of the exciplex peaked at 500
nm increases significantly, whereas that of the 370 nm band
is independent of the magnetic field. Magnetic field-induced
enhancement in the exciplex fluorescence intensity is about
2.2 times, which is independent of the excitation wavelength
between 300 and 350 nm.
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Time-Resolved Fluorescence Spectra:  The time-re-
solved fluorescence spectra, taken by the 308 nm laser ex-
citation, are shown in Fig. 4. The fluorescence of "Phen*
and 'DMA* in the 350—400 nm region disappears at ca.
30 ns after the laser pulse, leaving a long-lived exciplex
fluorescence in the 450—550 nm region. The fluorescence
intensity of the exciplex (500 nm) observed at 70 ns delay
increases 2—3 times in the presence of a magnetic field (0.35
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Fig. 3. Magnetic field effect on the fluorescence of Phen-10-
0-2-DMA in DMF. Excitation wavelength is 300 nm.
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Fig. 4. Time-resolved fluorescence spectra of Phen-10-O-2-
DMA in DMF. Excitation wavelength is 308 nm.
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T), whereas the 370 nm band is insensitive to the magnetic
field. The mean lifetimes of the exciplex are 29 ns (0 T) and
70 ns (0.38 T). These observations are in line with the results
from Fig. 3.

Transient Absorption Spectra:  Transient absorption
spectra of Phen-10-O-2-DMA in DMF appear in the 400—
500 nm region (Fig. 5). As shown in the inset, a short-lived
transient absorption of 2Phen™ appears at 400—430 nm im-
mediately after the laser excitation,'” though the absorption
in the longer wavelength region was contaminated by the
intense fluorescence at the delay times shorter than ca. 100
ns. This indicates the formation of an exciplex and/or a rad-
ical ion pair in the reaction. Making a comparison with the
absorption spectra of Phen-10 and DMA-2-O-10 in DMF, the
absorption band at 460—490 nm, appearing at 0.3 us delay,
is assigned chiefly to the triplet—triplet absorption of Phen,
the contribution of the T-T band of DMA being minor in this
region, if any. Lifetimes of transient absorption of 2Phen™
and *Phen™ are about 29 ns and 3.5 us, respectively.

Figure 6 shows the MFE on the decay of transient absorp-
tion of Phen-10-O-2-DMA observed at 430 nm. The short-
lived component due to 2Phen™ is significantly affected by
the magnetic field, though the long-lived one due to *Phen*
is independent of the field within the experimental error. It
seems that 3Phen™ is mainly generated directly from ' Phen™.
The lifetimes of *Phen— are 29 ns (0 T) and 80 ns (0.36 T),
respectively, which are in good agreement with those deter-
mined from the exciplex fluorescence decay. Analogously,
the lifetimes of 2Phen™ in Phen-12-O-2-DMA were found
to be 21 (0 T) and 71 ns (0.36 T) in DMF. The MFE on the
transient absorption mentioned above indicates that a radical
ion pair (RIP) of >Phen™ and 2DMA* has intervened in the
reaction.

1.3 Influence of Solvent Polarity:

Photostationary Fluorescence: Many investigators
have explored the yield of RIP as a function of solvent po-
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Fig. 5. Transient absorption spectra of Phen-10-O-2-DMA

in DMF. Excitation wavelength is 308 nm. Inset: Transient
spectra at short delay times.
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Fig. 7. Influence of solvent polarity on the magnetic field

effects on the exciplex fluorescence intensities of Phen-10-
0-2-DMA observed at 500 nm. Iy and /g are intensities
in the absence and presence of a magnetic field (0.26 T),
respectively. Inset: Influence of solvent polarity on the ratio
of the fluorescence intensities observed at 500 nm (/) and
370 nm (Iy,).

larity. Here, the influence of solvent polarity upon the MFE
of the exciplex fluorescence intensity of Phen-10-O-2-DMA
was examined. Figure 7 shows the influence of solvent polar-
ity on the photostationary intensity ratio g/l of the exciplex
fluorescence, Iy and I being the intensities in the presence
and absence of a magnetic field of 0.26 T, respectively. The
intensity ratio /I, of the exciplex band (500 nm) to the
370 nm band is also displayed in the inset. In THF (£=7.6)
an external magnetic field does not affect the exciplex fluo-
rescence intensity at all. For solvents with higher dielectric
constants the MFE on the intensity ratio becomes significant
and the ratio becomes as large as 2.3 at £=37, whereas the
relative yield /Iy, of the exciplex decreases significantly.
Fluorescence Lifetime: = The magnetic field effects on
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Fig. 8. Influence of solvent polarity on the exciplex fluores-

cence lifetime of Phen-10-O-2-DMA in the absence and
presence of a magnetic field (0.57 T). ] and O are the
lifetime in the absence and presence of a magnetic field
(0.57 T), respectively. Bl and @ are the mean lifetime (7)
in the absence and presence of a magnetic field (0.57 T),
respectively. See text.

the lifetime of exciplex fluorescence in solvents with differ-
ent polarity were studied in detail for Phen-10-O-2-DMA.
The results are summarized in Fig. 8 and Table 1. The life-
times of the 370 nm band are ca. 5 ns and are magnetic field
independent in all the solvents used. Exciplex fluorescence
lifetimes both in the presence and absence of a magnetic
field (0.57 T) are strongly dependent on the solvent polar-
ity. In THF the lifetime is about 48 ns and magnetic-field-
independent. In DMF the fluorescence decay curve becomes
double exponential and the mean lifetimes are about 28 ns
at zero field and about 70 ns at 0.57 T. The magnetic field
dependence (MFD) of the lifetime are parallel with that of
photostationary intensity shown in Fig. 7.

It is interesting to note that the MFE on the exciplex life-
time is larger in DMF than in MeCN, though the ¢ values
of the two solvents are similar. In this case, solvent vis-
cosity seems to affect the MFE considerably. The MFE in
DMSO is slightly smaller than that in DMF. This might
be attributable to the hydrogen bonding in DMSO, since in
the case of Phen—(CH,);0-DMA the MFEs in alcohol are
always smaller than those in aprotic mixed solvents with
similar polarity.®

2. Magnetic Field Effects on the Exciplex Fluorescence
of Phen-n-0-2-DMA in DMFE. 2.1 Photostationary Flu-
orescence: Influence of chain length on the MFEs was
examined in DMF in which the most significant effect is
observed for the fluorescence of Phen-10-O-2-DMA. The
bifunctional chain-linked molecules Phen-#-O-2-DMA with
n=4,6,7,8,12 exhibit the exciplex fluorescence in almost
the same wavelength region as that of Phen-10-O-2-DMA
(Fig. 2). Figure 9 shows the MFD of exciplex fluorescence
intensity ratio Ig/Iy of Phen-n-O-2-DMA in DMF, Jgand I be-



2806 Bull. Chem. Soc. Jpn., 69, No. 10 (1996)

Magnetic Field Effects on Exciplex Fluorescence

Table 1. Influence of Dielectric Constant (£) and Viscosity (7/cP) of Solvent on the Fluorescence
Lifetimes of Phen-10-O-2-DMA in the Absence and Presence of a Magnetic Field (0.57 T)
7/ns (0 T) 7/ns (0.57 T)
Solvent £ n 370 nm® 500 nm® 370 nm® 500 nm®
DMSO 46.7 1.996 5.8 18.89 5.8 44.4°
MeCN 35.9 0.345 35 44.6° 3.5 70.8%
DMF 36.7 0.924 5.1 28.39 5.3 65.89
85%DMF+15%THF 32.3Y — 5.4 31.29 5.1 69.59
75%DMF+25%THF 29.4% — 5.4 33.49 5.2 69.3%
65%DMF+35%THF 26.5% — 5.0 34.49 5.3 65.9%
50%DMF+50%THF 22.1% — 5.1 40.29 5.3 65.6°
35%DMF+65%THF 17.8% — 5.3 477 5.3 62.4
25%DMF+75%THF 14.9% —_ 5.4 52.3 5.5 59.8
15%DMF+85%THF 11.9» — 5.5 53.8 5.2 55.9
THF 758  0.550 5.8 477 5.9 47.3

a) Wavelength for fluorescence decay measurements.

b) Calculated from equation &mix=£EpMFV| +Erugv2, Where

v; is the volume fraction of solventi. ¢) Mean lifetime (7).

ing the intensities in the presence and absence of a magnetic
field B. The intensity ratio Is/I;, of the exciplex fluorescence
to the monomer one is also displayed in the inset. With
increasing n from 4 to 12, the ratio Ig/ly at B=0.35—0.59
T increases drastically, though the relative yield of exciplex
fluorescence I/l decreases. When n is small (n=4,6,7), the
dips of the ratio are clearly observed. The magnetic fields,
at which the ratios become their respective minimum, are
180 (n=4), 30 (n=6), 11 (n=7), and 7.7 mT (n=8). When
n=12, the magnetic field-induced increase in the ratio Ig/ly
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<
ot
=
0.6 A T r T v 1 v T i Ll v
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Magnetic Field | T
Fig. 9. Magnetic field dependence of the exciplex fluores-

cence intensities of Phen-#-O-2-DMA in DMF. [, and /g
are intensities in the absence and presence of a magnetic
field B, respectively. Inset: Influence of the chain length n
on the ratio of the fluorescence intensities observed at 500
nm (/) and 370 nm (/).

is about 2.4 at 0.59 T. This is the most significant effect on
the exciplex fluorescence intensity so far reported.

2.2 Fluorescence Lifetime: = The MFD of the fluores-
cence lifetimes of the exciplex generated from Phen-n-O-2-
DMA in DMF are presented in Fig. 10 and Table 2. The life-
times exhibit significant MFEs, especially when 7 is large.
In the case of the exciplexes with n=4 and 6, shallow dips

90

70

50 B¢

Lifetime / ns

10 Ll M T i Ll ’ T
0.0 0.2 0.4 0.6

Magnetic Field | T

Fig. 10. Magnetic field dependence of the exciplex fluores-
cence lifetimes of Phen-n-O-2-DMA in DMF. Lifetimes
for compounds with n=10,12 are the mean lifetimes (7).

See text.

Table 2.  Exciplex Fluorescence Lifetime of Phen-n-O-2-
DMA in DMF in the Absence and Presence of a Magnetic
Field (0.62 T).

n 4 6 7 8 10 12
TOTYns 752 672 503Y 4027 2939 21.3%
7(0.62T)ns 761 867 79.80 78.9Y 7099 62.59

a) Mean lifetime (7).
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are also observed, as in the case of the MFD of the exciplex
fluorescence intensity mentioned above.

2.3 Temperature Dependence of MFE:  Figure 11
shows the influence of temperature on the photostationary
fluorescence intensity ratio Ig/ly for Phen-n-O-2-DMA (n=4,
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Fig. 11. Influence of temperature on the magnetic field de-

pendence of exciplex fluorescence of Phen-n-O-2-DMA
(n=4,6,7) in DMF. (a) n=7, (b) n=6, and (c) n=4.
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6,7) in DMF. In the case of Phen-4-O-2-DMA, the minimum
is 112 mT at 220 K and moves gradually to the higher field by
increasing temperature, the minimum being 209 mT at 336
K. Analogous change is also observed for the exciplexes
with n=6 and 7. As shown in Fig. 12, the minima shift lin-
early to higher fields in the temperature region between 217
and 341 K, though their slopes are dependent on n.

Discussion

1. Magnetic Field Effects on the Exciplex Fluorescence
of Phen-10-O-2-DMA. 1.1 Reaction Scheme and Mecha-
nism of MFE: Taking into account absorption and photosta-
tionary fluorescence spectra, and time-resolved fluorescence
and transient absorption ones shown in Figs. 1, 2, 3, 4, 5,
and 6, the primary processes in the photochemical reaction
of the present system in DMF are proposed, as shown in
Scheme 1. After photoexcitation, ' Phen™ is generated. End-
to-end electron-transfer reaction between 'Phen™ and DMA
leads to the formation of an intramolecular singlet radical ion
pair (SRIP). Singlet exciplex (SE) is generated from SRIP.
SRIP undergoes intersystem crossing (ISC) to the triplet rad-
ical ion pair (TRIP). SE and SRIP are considered to be in fast
dynamic equilibrium. The SE-SRIP system can deactivate
via three processes: (1) the radiative and nonradiative decay
from SE, (2) the back electron transfer in SRIP and (3) the
ISC from SRIP to TRIP, as discussed in a previous paper.?
The MFEs on the SE fluorescence would originate from the
effects on the ISC process between SRIP and TRIP, as will
be mentioned later.

In DMF, electron transfer seems to be the more efficient
process in the intramolecular quenching of ' Phen™ by DMA,
rather than the direct SE formation, on the basis of the fol-
lowing two reasons. (1) Electron transfer takes place at every
end-to-end distance of the chain, whereas SE formation oc-
curs only when 'Phen*™ and DMA are in close proximity
(ca. 3 A) (1 A=0.1 nm). Thus, the frequency of electron
transfer is considered to be much higher than that of the SE
formation. (2) In DMF, the free energy change (—AG) for

|2J11'T

. 200 250 300 350

Temperature | K
Fig. 12. Plot of |2J] vs. temperature.
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Scheme 1.

the SRIP formation is larger than that for the SE formation,
since SRIP is more stable in energy than SE (see, Section 1.2
of Discussion).

In a previous paper, we have studied the exciplex fluores-
cence of Phen—(CH;);-DMA in MeCN.® The exciplex is
also generated from ' DMA*, in addition to that from ! Phen*.
In the present case, 'DMA™ does not seem to form an ex-
ciplex. The molecular conformation of the present chain
molecule containing an ether oxygen atom seems slightly
different from that of Phen—(CH,);p—DMA in which the two
moieties are linked by a pure polymethylene chain.

In the case of Phen-10-O-2-DMA, significant MFEs are
observed for its exciplex fluorescence intensity and lifetime
(Figs. 3 and 4) as well as the decay of transient absorption
(Fig. 6). These MFEs can be explained by the radical pair
mechanism. In this molecule, SE and SRIP are considered to
be in fast dynamic equilibrium. The SE-SRIP may deactivate
partly through the S—T ISC process in RIP. At zero field the
electron-nuclear hyperfine (hf)-induced ISC occurs between
the nearly degenerate three triplet sublevels (T, Ty, T_) and
the singlet state (S) in RIPs. In the presence of a magnetic
field (>ca. 0.2 T), the ISCs between the two triplet sublevels
(T4, T_) and S are restrained because of the Zeeman splitting
of T, and T_ (hf mechanism), as will be discussed in detail
later.

1.2 Influence of Solvent Polarity: Influence of solvent
polarity on the MFE is strongly correlated to the stability
of RIP relative to exciplex. The energies (AGsg, AGgrp)
of exciplex and RIP are calculated by using the following
equations:'?

AGsg =EY — Ex*+ (Ugest— Usuan) — (U / ) (&— 1) /(2&+1)—0.19]
+0.38, V), 3)
AGrip=EY —EX* —7.2(1/ro+1/ra)(1/37 — 1/ &) — 14.4/(&dcc),
(eV), 4

where EY is the half-wave oxidation potential of the donor,

D, E%Y is the half-wave reduction potential of the acceptor,
A, u is the dipole moment of the exciplex, p is its equiva-
lent sphere radius, & is the dielectric constant of the solvent,
Uges: and Uy, are various destabilizing and stabilizing inter-
actions between the zero-order charge-transfer, nonbonded
and locally excited states. The following parameters are used
for calculation of AGsg and AGgyp, for Phen-10-O-2-DMA:
E%,,=0.81 V in MeCN,”? EEd =—-2.20 V in MeCN,'?
Ugest— Usian=0, 12/ p*=0.75 eV,"? rp=ra=3 A, d..=11.9 A.
The results are shown in Fig. 13.

The energies of exciplex and RIP are almost the same at
£=ca. 10, and, therefore, no significant MFE is observed in
the less polar solvent. With increasing the dielectric constant
of the solvent, the energy of RIP is stabilized compared with
that of the exciplex. At £=36.7 (DMF) the difference in AG
is about 0.2 eV (4.6 kcalmol~'). Although this value is con-
siderably larger than the thermal energy at room temperature,

3.7
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&
Fig. 13. Influence of solvent polarity on the energies of the

intramolecular exciplex, radical ion pair (RIP), and 'Phen*,
generated from Phen-10-O-2-DMA.
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the above calculation indicates clearly that the equilibrium
between SE and SRIP shifts to the latter in a polar solvent,
resulting in the significant MFEs in polar solvent. This is in
good agreement with the results shown in Figs. 7 and 8.

With increasing solvent polarity, (1) relative intensity of
exciplex fluorescence to monomer one decreases, (2) ex-
ciplex fluorescence lifetime decreases, (3) the fluorescence
decay curve changes from single exponential to double one
at £=ca. 20, and (4) magnitude of the MFE increases. Ac-
cording to the energy diagram shown in Fig. 13, the fraction
of RIP which intervenes in the reaction increases with in-
creasing solvent polarity. Since the S—T ISC process in
RIP competes with the SE formation process from SRIP, the
lifetime of the exciplex fluorescence as well as its intensity
should decrease. At zero field, the exciplex fluorescence
lifetime decreases from 47.7 ns in THF to 28.3 ns in DMF.
This lifetime change is in good agreement with the prediction
mentioned above.

Double exponential decay is observed only in polar sol-
vents. This means that double exponential decay is the re-
flection of dynamics of either (1) the SE-SRIP process or
(2) the S—T ISC one of the RIP. In the former case, the
rate is considered to be controlled by chain dynamics. Since
the difference in solvent viscosity of THF and DMF is not
significant (Table 1), it seems unreasonable to consider that
the difference in SE-SRIP process affects the SE fluores-
cence decay. Furthermore, the exciplex fluorescence should
exhibit rise and decay instead of double exponential decay,
and, therefore (1) is not the case. Based on the following
considerations, the S—T spin conversion process (case (2))
seems responsible for the double exponential decay of the ex-
ciplex fluorescence. (i) When # is small, the decay is single
exponential even in polar solvent. In short chain molecules,
degeneracy between singlet and triplet RIP is lifted and S-T
spin conversion becomes slow (see, Section 2.1 in Discus-
sion). (ii) The double exponential decay is only observed
in the reaction system in which MFEs are significant. In-
deed, a study of MFE in higher magnetic field region (1—
13 T)"*'" concluded that the singlet—triplet spin conversion
was responsible for the double exponential decay.

Solvent effects on Ig/ly shown in Fig. 7 are analogous
to those for Phen—(CH>);o~DMA in MeCN.® On the other
hand, the exciplex fluorescence of Py—(CH,),~DMA (n=9,
16) exhibits a medium DK MFE maximum around £=ca.
20.Y In the case of intramolecular exciplexes composed
of carbazole (Cz) and methyl hydrogen terephthalate (TP)
(Cz—(CH,),~TP, n=16-—20)," their exciplex fluorescence
intensities decrease by increasing the solvent polarity from
£=2.2 (dioxane) to 7.6 (THF); with further increasing of the
polarity, the fluorescence disappears. At the same time, the
lifetime of transient absorption due to the carbazole cation
radical, which may be attributable to intramolecular RIP, be-
comes very short (<20 ns). As a result, MFE was observed
for neither exciplex fluorescence nor transient absorption.
Comparison of MFEs in the three chain-linked systems in-
dicates that the rates of the magnetic field independent proc-
esses from SE and SRIP, which are dependent on solvent
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polarity, are different in them. As discussed by Werner and
Staerk,*” the back ET process from SRIP seems to be a most
probable candidate for such a process and, therefore, a mDK
MFE maximum may be observed under certain conditions.

2. Magnetic Field Effects on Phen-n-O-2-DMA in DMF.
2.1 Influence of Chain Length on MFE:  Influence of
chain length on the MFEs on the exciplex fluorescence,
shown in Figs. 9 and 10, is explained as follows. MFEs
caused by the hf mechanism are based on the concept of
modifying the mixing between S and T, Ty, T_ of RIP, that
occurs at zero field or low field and is broken by introducing
a Zeeman splitting between the T and the T, and T_ states.
However in the case of RIP generated by intramolecular ET
reaction, the component radicals of the RIP at the ends of the
chain cannot separate freely because of the steric restriction
imposed by a flexible chain. Its S—T states are nondegener-
ate even at zero field when a chain length is short. A scalar
exchange interaction, 2J, between the unpaired electrons is
supposed to be a parameter controlling the details of the in-
terplay between spin and chain dynamics. The energy gap
|2J] of the S-T splitting in RIP is usually expressed in the
following form:'®

| 2J(r) |=| 2J0 | exp(—ar), (5)

where r is the distance of the RIP separation. In the following
discussion, J <0 is assumed as usual, though a possibility
of J>0 is suggested for some radical ion pair."” The |2J|
value increases with the decrease in r, leading to a large S-T
separation and a decrease in MFE when r is small. In the
case of the molecule with n=4, the S—T separation is quite
large compared with other molecules and the observed MFEs
are relatively small, as shown in Fig. 9. This is because the
|2J] value affects the yield of ISC in RIP as well as the ISC
rate in a complex manner.'"® In the case of the molecules
with n=10,12, S and T states are nearly degenerate and MFE
can be simply explained by the hf mechanism. The (mean)
lifetimes of the exciplexes at zero field are 75 (n=4), 67
(n=6), 50 (n=7), 40 (n=8), 29 (n=10), and 21 ns (n=12).
Therefore, this lifetime change with n is the reflection of the
S—T separation of the respective RIP.

The MFE due to the hf mechanism is usually character-
ized by the averaged hf interaction, B,,, which is calculated
from the electron-nuclear hyperfine coupling constants of
two component radicals. In the case of (intermolecular) rad-
ical pairs composed of pyrene and substituted anilines, this
B,y value is nearly equal to the magnetic field strength B / at
which the yield of excited triplet pyrene becomes a half of its
saturation value.*® In the case of long chain molecules Phen-
n-0-2-DMA (rn=10,12), the B/, values, calculated from the
MEFD of Ig/ly shown in Fig. 9, might be comparable with
the B,, value for the Phen”/DMA™ pair, since their S and T
states are considered to be nearly degenerate. From Fig. 9
the B/, value is calculated to be about 20 mT. This is about
4 times larger than the B,, value (5.5 mT) estimated from the
hyperfine coupling constants of component radicals.®” As a
matter of fact, the MFD of Ig/ly is determined not only by
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the hf-induced S-T ISC rate but also by the deactivation one
from SE-SRIP. In the case of (intermolecular) radical pairs
dissociation of the pair also affects the latter rate, whereas it
does not take place in that of chain-linked biradicals. This
difference in the deactivation rate results in the discrepancy
between B/, and By, in the present molecules.

In the case of short chain biradicals (n=4,6,7), the S-T_
level crossing takes place in low magnetic field and enhances
the deactivation of exciplex via S-T_ ISC in RIP, leading to
a negative MFE (dips in Fig. 9) (see, Fig. 14). From the dips
the |2J|values were obtained (Table 3).

Difference in exchange interaction leads to the ISC rate
constant (ki) dependent not only on the magnetic field but
also on the chain length which connects the two radicals. If
chain length is long, the |2J] is very small and, hence, the
kisc should be faster than that of the back electron transfer
from TRIP. This leads to a double exponential decay of the
exciplex fluorescence when T—S ISC rate is faster than the
back ET from TRIP. For a short chain molecule, a large
|2J] value decelerates the ISC rate and the rate becomes
slower than the rate of deactivation from TRIP. Based on
this reason, the exciplex fluorescence decay becomes a single
exponential. This is in good agreement with experimental
results (Table 2 and Fig. 10).

Distances between the two radicals in a chain-linked bi-
radical are reflected remarkably in the magnitude of MFE,
as discussed above. In order to evaluate the distribution
of the edge-to-edge distances of Phen and DMA in chain
molecules, the MD/stochastic calculation was carried out for
CHj3(CH,),—O—(CH;),H;C at 300 K as the models of Phen-
n-0-2-DMA. Distances between the two methyl carbon
atoms for n=4,7,10 are depicted in Fig. 15. Then the mean
distance, (r), was also calculated by using the next equation:

\
El
T,
S (n=10,12) I?jl T To
o S A
S (ll=6) ! !
E E 1234}
S (n=4) —E : "'<
P A
B, By B, B'

Fig. 14. Schematic energy diagrams of intramolecular radi-
cal ion pairs generated from Phen-n-O-2-DMA in magnetic
fields. B, and |2J,| are the magnetic field strength, where
S-T_ level crossing takes place, and the |2J| value for the
molecule with chain length n, respectively. '
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(r) =Zfiri/ Zf;, (6)

where r; and f; are the distance between the two methyl
carbon atoms and its fraction, respectively. All of the data
are summarized in Table 3. From Fig. 15 and Table 3, the
following may be derived: With increasing n, interradical
edge-to-edge distance increases. The increment of (r) per one
methylene group is about 0.47 A. Width of the r; distribution
increases with increasing n. (r) for the molecule with n=12
is slightly shorter than that for n=10. This is inconsistent
with the MFE shown in Fig. 9. The model used for the
present calculation may not be accurate enough to reproduce
the (r) values for long chain molecules. Because of the
hydrophobic interaction between methylene chain and polar
solvent, contracted conformations of the chain might be more
stable in long chain molecules than in the short chain ones.

The valuable information available from the above-men-
tioned results is the relationship between |2J({r))| and (r).
Here, the |2J| is an average value over all the conforma-
tions visited by the linker. In fact, it is possible to compute
an energy for each of the many accessible conformations
and to obtain an edge-to-edge distance for them. From the
plot of In |2J((#})| vs. {(r) (Fig. 16), the exchange parameters
a=1.566 A~" and |2J|=4.010x10® G (3.52x 10" rads™1)
were obtained by Eq. 5.

The a and |2Jo| were estimated to be 2.709 A~! and
0.892x10' rads~' from the analysis of CIDNP signals of
chain-linked biradicals generated from cyclic ketones.'” In
this case, r is taken to be the center-to-center distance of
the two radicals. The difference between the reported val-
ues and the present ones may arise from the definition of r,
since in the present estimation (r) is taken to be the edge-to-
edge distance of the two radicals. When a distance of 6 A
is tentatively added to the edge-to-edge distances shown in
Table 3 to estimate the center-to-center distances, & and |2Jp|
were obtained to be 1.566 A ! and 4.83x10'* G (4.25x 10"
rads™'), respectively. Agreement with the CIDNP results
seems reasonable, since the |2J| value is an exponential func-
tion of r.

Now, let us consider the role of an oxygen atom in the
present chain linker. The Ig/lj ratio in the exciplex fluores-
cence of Phen-10-DMA in DMF at 0.75 T is about 1.5,
whereas that in the exciplex of Phen-7-O-2-DMA is about
1.6 under the identical conditions. The |2J| values of the
former and the latter are 170 G® and 110 G, respectively.
Although the total number of chain units is the same (10),
the MFE is slightly different in the two molecules. The
distribution of the distances of the two methyl carbons in
CH;(CH,;)0CH;3 was calculated so as to know the influence
of the ether oxygen on the chain conformation as a model
for Phen—(CH;),0-DMA (Table 3). (r) was obtained to be
8.85-£2.42 A. This length is about 0.8 A shorter than that
for CH3~(CH,)7—-O—(CH,),~CH3 (9.6642.19 A). In polar
solvent, Phen-10-DMA, having a nonpolar methylene chain,
may exist in a closed chain conformation. This situation can
be compared with that of the Phen-7-O-2-DMA which has
a polar ether oxygen atom at the chain. By introducing an
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Table 3.  Edge-to-Edge Distance (r) and |2J| Values of the Intramolecular Radical Ion
Pairs Generated from Phen-n-O-2-DMA and Phen—(CH,);0-DMA (1 A=0.1 nm, |
Gauss=0.1 mT)
(ry are estimated from the average distances between two methyl carbons of
CH3—(CHz)»—O—(CH:),—CHj; and CH3—(CH3)0—CH3. See text.
Sample Temperature (K) (ry/A |27]/Gauss
333 7.79+1.15
Phen-4-0-2-DMA 300 7.88+1.19 1800
223 8.11£1.19
Phen-6-0-2-DMA 300 8.974+1.98 302
Phen-7-0-2-DMA 300 9.66+2.19 111
Phen-8-0-2-DMA 300 9.88+2.75 77
Phen-10-0-2-DMA 300 11.934+3.11 3.1Y
Phen-12-0-2-DMA 300 11.64+3.46 4,99
Phen—(CH;),0-DMA 300 8.85+2.42 —_
a) Calculated from the equation |2J]=|2Jy|exp (— ar), where a=1.566 A~ and |Jy|=2.007x 108 G.
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Fig. 15. Distribution of intramolecular distances between two methyl carbon atoms of CH3;—(CH;),—~O—(CH;),—CH3 and

CH3—(CH3),0—-CH3 (1 A=0.1 nm). (a) n=4, (b) n=7, (c) n=10, and (d) CH3~(CHa);0—~CHj3. See text.

mation of a linker which connects two radicals may be also
important in understanding MFEs.
The intensity ratio Ig/ly at 0.3 T for the fluorescence of

oxygen atom in place of a carbon atom, the conformation of
each chain changes. This leads to an increment of 0.8 A in
(r) and the MFE is enhanced by ca. 7%. The local confor-
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-4 -

In(|2J| I T)

-5

-6 y r v T v T .
7 8 9 10 11
Distance | A

Fig. 16. Plotof In|2J| vs. {(r). See text.

Py—(CH,),s~DMA is 1.6 in DME* whereas that for the
fluorescence of Phen-12-0-2-DMA is about 2.4 in DMF.
The MFE in the former is about 70% of the value in the latter,
though the total numbers of chain units in the former and the
latter are 16 and 15, respectively. This means that the rate of
the deactivation process from SE-SRIP, which is magnetic
field independent, is faster in the former than in the latter,
since the B,y values are nearly the same (both 5.5 mT), as
discussed in a previous paper.” The A,y ’s of the former and
the latter exciplex fluorescence band are about 580 and 500
nm, respectively, indicating a smaller energy gap between
the SE and its ground state in the former molecule. The non-
radiative deactivation from SE-SRIP may be enhanced by
the large Franck—Condon factor in the former.

2.2 Temperature Dependence of MFE:  As shown in
Fig. 12, the magnetic fields, where I/l becomes a minimum
(i.e., [2J] value) of Phen-n-O-2-DMA (n=4,6,7), shift to a
higher field with increasing temperature. It is considered
that, with increasing temperature, the chain motion becomes
faster and at the same time the mean distance between the two
radical ions decreases. This is because trans form at meth-
ylene C—C bond is more stable than the gauche form by 2—
3 kcalmol ™!, as is often discussed in polymer chemistry.?
Staerk and his collaborators have examined theoretically and
experimentally the mechanism of high-field shift of |2J| of
Py—(CH,),~DMA, which is induced by solvent viscosity and
temperature.**—9 By decreasing solvent viscosity, |2J| val-
ues for the molecules with n=7—16 shift to a high field. By
increasing temperature, they also shift to a high field. The
authors have concluded that a fast chain motion results in the
high field shift of |2.J].

We attempted to examine the effect of temperature on (r),
though the present observation, which is analogous to the re-
ported one, may be partly explained in terms of the motional
shift of |2J|. The MD calculation was, therefore, carried out
for CH3—(CH,)4—0—(CH;),~CHj3 at two temperatures (223

Magnetic Field Effects on Exciplex Fluorescence

and 333 K) (Table 3). The decrease in {r) is estimated to
be about 0.3 A between 223 and 333 K. When temperature
dependence of |2.J| would be attributable solely to the short-
ening in the chain length, one could evaluate (r) by using
the relationship of |[2J| and (r) shown in Fig. 16. From the
|2J] value of Phen-4-O-2-DMA shown in Fig. 12, the differ-
ence in (r) between 223 and 333 K is calculated to be 0.4 A.
This value agrees semiquantitatively with that obtained by
the MD calculation. The high field shift of |2/] values shown
in Fig. 12 may be attributable partly to the contraction in the
mean distance of the linker with temperature.

As shown in Fig. 12, the |2J] value for the molecule with
n=4 depends strongly on temperature, whereas those for n=6,
7 depend weakly on temperature. The degree of conforma-
tional freedom for the molecule with n=4 is much smaller
than that for n=6,7, as shown in Fig. 15. By increasing
temperature, a remarkable conformational change may take
place in the former, whereas the change may be insignifi-
cant on average in the latter. This difference in the degree
of conformational freedom may lead to the difference in the
temperature dependence of |2J] values.

Conclusions

MFEs on the exciplex fluorescence of Phen-n-O-2-DMA
(n=4—12) have been studied as functions of solvent polarity,
chain length, and temperature. The effects are interpreted in
terms of the hf and S—T_ level crossing mechanisms of the
radical ion pair, in which magnetic fields affect the S-T ISC
of RIP which intervenes in the reaction. (1) Solvent depen-
dence of the MFE on the exciplex fluorescence of Phen-10-
0-2-DMA is discussed on the basis of the free energies of SE
and SRIP. In THF (£=7.6) the energy of the SRIP is slightly
higher than that of exciplex, whereas in DMF (£=36.7) the
energy of SRIP is stabilized compared with that of SE. This
results in the significant MFEs in DMF. (2) In DMF, the most
significant effect on the exciplex fluorescence intensity ratio
is observed for the long chain molecules (n=10,12) (ca. 2.2—
2.4 times at 0.59 T). (3) The MFEs correlate strongly to the
mean edge-to-edge distances (r) of two radical ions. S and T
states of the RIP become nearly degenerate at (r)=ca. 12 A
(n=10,12). (4) An experimental relationship between the ex-
change energy |2/ and (r) is obtained: 2J=2Joexp (—a(r)),
where |2J5|=4.014x 108 G and a=1.566 A=". (5) It is sug-
gested that the temperature-induced high-field shift of the
|2J] value for the molecule (n=4) is comparable with the
magnitude which is expected from the thermal contraction
of the linker.
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