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Analysis of the Effects of Protic, Aprotic,
and Multi-Component Solvents on the Fluorescence
Emission of Naphthalene and its Exciplex with Triethylamine
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The emission spectra of naphthalene (NP)—triethylamine (TEA) systems were measured under steady-
state illumination conditions in some protic and aprotic solvent-tetrahydrofuran (THF) mixtures. The
fluorescence spectrum of the NP-TEA system in THF could be separated into two component bands
(band A at 329 nm (fluorescence of NP) and band B at 468 nm (emission from an intermolecular
exciplex)). The intensities of bands A and B decreased with increasing solvent polarity. The intensity
of band B also decreased owing to the hydrogen-bonding interaction between TEA and protic
solvents, but in this case the intensity of band A increased. The decrease in the intensity of band A
with increasing solvent polarity is considered to be caused by the enhanced formation of an ion-pair
parallel to the formation of an exciplex with increasing solvent polarity. The decrease in the intensity
of band B is considered to be caused by the enhanced formation of ion-pair both parallel to and
through the formation of the exciplex. The increase in the intensity of band A and the decrease in
that of band B upon the addition of protic solvents is caused by the decrease in the concentration of
free TEA. Acetonitrile only has a polar effect and trichloroacetic acid only has a hydrogen-bonding

(protonation) effect, while alcohols have both the effects.
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INTRODUCTION

Effects of solvent—solute interactions on multi-
component fluorescence and charge-transfer reactions of
aromatic compound—amine mixtures have been subjects
of intensive research. The fluorescence of naphthalene and
other aromatic compounds is quenched by tertiary amines
with the formation of fluorescent exciplexes [1-7], which
is revealed by broad and structureless emission bands that
appear on the red side of naphthalene fluorescence in low
or non-polar solvents [8].

The intensity and position of the exciplex emission
are highly solvent-dependent, and a large red shift and
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decrease in the intensity were observed with increasing
solvent polarity [8—10]. Shirota et al. [11, 12] observed
that the addition of alcohols to an NP-TEA system in ace-
tonitrile (AN) reduces both the bimolecular rate constants
for the quenching by triethylamine (TEA) and the quan-
tum yields of the photoinduced reactions, and suggested
that the hydrogen-bonding interaction between the amine
and alcohol suppressed the electron transfer process ow-
ing to the decrease in the concentration of free TEA. We
reported previously that the effects of the addition of alco-
hols on the intra- and inter-molecular exciplex systems (4-
phenyl-1-N,N-dimethylaminobutane (PDAB) [13, 14] and
toluene-TEA system [15]) can be separated into solvent
polarity and hydrogen bonding effects. These studies are
closely related to the investigation by Shirota et al. How-
ever, in our studies tetrahydrofuran (THF) was used as a
solvent instead of AN and both fluorescences of aromatics
and emissions from the exciplexes could be observed and
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more detailed information about the emission intensities
could be obtained. It would be interesting to understand
how these two factors affect other intermolecular exciplex
systems which show more complicated spectral changes.

In the present study, the spectral changes of the
NP-TEA system in THF upon the addition of AN,
trichloroacetic acid (TCAA) and some alcohols were stud-
ied, and the effects of the hydrogen-bonding interaction
and the change in solvent polarity on the intermolecu-
lar photo-induced processes of the NP-TEA system are
discussed.

EXPERIMENTAL

All the reagents were obtained from commercial
sources. TEA (extra purity grade) was used after dry-
ing with sodium hydroxide and a trap-to-trap distil-
lation. Methanol (MeOH), ethanol (EtOH), propanol
(PrOH), Butanol (BuOH), cyclohexane (CH), tetrahy-
drofuran (THF) and acetonitrile (AN) were of spectro-
scopic grade and were used as supplied. TCAA (extra
purity grade) was used as available. NP (extra pure grade)
was purified by recrystallization from ethanol followed
by sublimation.

The emission spectra were measured by a
Shimadzu spectro-fluorophotometer, model RF1500
(band-pass, typically 10 nm), at room temperature. Exci-
tation was effected at 290 nm to avoid the local excitation
of TEA. The concentrations of NP and TEA were chosen
to be 1.0 x 107* M and 5.0 x 1072 M, respectively. The
relative permittivity (&) of mixed solvents was determined
with a dielectric analyzer, Type FAM-3A, manufactured
by Yamato Scientific Instrument Co. The oscillator, con-
trolled by a quartz crystal, was operated at a frequency
of 2 MHz. The cell constant was determined using CH
(¢ =2.02), THF (e = 7.39) and AN (g = 37.5). These
data have been reported previously [14].

RESULTS

The fluorescence of NP was quenched by TEA, and a
new emission band appeared on the long wavelength side
of NP fluorescence in CH (Fig. 1) and THF. The emission
spectrum of the NP-TEA system consists of two emission
bands; the fluorescence of the NP (band A, with a peak at
329 nm) and the exciplex emission (band B, at 412 nm in
CH and 468 nm in THF) (Table I). The wavelength of the
peak and the bandwidth of band B were independent of
the excitation wavelength.

Upon the addition of TCAA to THF solutions, the
intensity of band B decreased, while that of band A in-
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Fig. 1. Emission spectra of the NP-TEA system in cyclohexane at
room temperature: [TEA] are (1) 0, (2) 1.0 x 1073, (3) 5.0 x 1073,
(4) 1.5 x 1072, (5) 3.0 x 1072, and (6) 5.0 x 10~2 mol dm 3, [NP] =
1.0 x 107 mol dm~3.

creased (Fig. 2). Since a clear isosbestic point is seen, there
seems to be only one factor affecting the spectral changes.
Since the concentrations of TCAA are very low, the po-
larity of the solution is kept almost constant (the relative
permittivity of the solution was found to increase slightly
from 7.39 to 7.52, when the concentration of TCAA in-
creased from 0 to 1 x 1072 M in THF). Therefore, the
effect was attributed to the hydrogen-bonding interac-
tion between TEA and TCAA (or the protonation of the
amine). The decrease in the concentration of free amine
suppresses the formation of the intermolecular exciplex,
and results in the increase in the intensity of band A and
the decrease in that of band B.

Figure 3 shows the emission spectra of the NP-TEA
system in some THF-AN mixtures. The intensities of
bands A and B decrease with increasing AN concentra-
tion, and the decrease in the intensity of band B is larger
than that of band A. A red shift of band B upon the addition
of AN was also observed.

The decrease in the intensity of band B on the ad-
dition of AN to THF must be attributed to the increase

Table I. Wavelengths (nm) (and Bandwidth) of Band B and the Kgy for
Naphthalene Fluorescence Quenching by TEA in Different Solvents

Relative Ky

Solvent permittivity A (A1/2) (dm3 mol™!)
Cyclohexane 2.02 412 (76) 200
THF 7.39 468 (84) 330
Acetonitrile 37.5 - 725
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Fig. 2. Emission spectra of the NP-TEA system in THF-TCAA
mixtures at room temperature: [TCAA]y are (1) 0, (2) 1.0 x 10’2,
(3) 2.0 x 1072, (4) 3.0 x 1072, (5) 4.0 x 1072, (6) 4.5 x 1072, and
(7)5.0 x 1072 mol dm—3, [NP] = 1.0 x 10~* mol dm—3, and [TEA] =
5.0 x 1072 mol dm—3.

in the solvent polarity. The exciplex converts to a non-
fluorescent ion-pair in polar medium. The red shift
of band B shows that the exciplex is highly polar
[16].

Spectra of the NP-TEA system in some THF-
ethanol mixtures are shown in Fig. 4. Upon the addition
of ethanol, the intensity of band B decreased, while that
of band A increased. Similar spectral changes were ob-
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Fig. 3. Emission spectra of the NP-TEA system in THF—AN mixtures
at room temperature: vol% of AN are (1) 0. (2) 5.0, (3) 10, (4) 20,
(5) 30, (6) 50, (7) 70, and (8) 90. [NP] = 1.0 x 10~* mol dm~3, and
[TEA] = 5.0 x 1072 mol dm~>.
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Fig. 4. Emission spectra of the NP-TEA system in THF-EtOH mixtures
at room temperature: vol% of EtOH are (1) 0, (2) 10, (3) 20, (4) 30,
(5) 60, and (7) 90. [NP] = 1.0 x 10~* mol dm~3, and [TEA] = 5.0 x
102 mol dm~3.

served for the other alcohols. Figure 5 shows the intensity
changes of bands A and B resulted from the addition
of alcohol. The spectral changes increased in the order:
butanol < propanol < ethanol < methanol. Since the ad-
dition of alcohol results in increases in solvent polarity and
hydrogen-bonding ability with TEA, the spectral changes
resulting from alcohol additions must be a result of the
effects of these two factors.

DISCUSSION

Basic Mechanism for Exciplex
and Ion-Pair Formation

Knibbe et al. [17] proposed the following reactions
to explain their observations on the dependencies of the
lifetime and relative emission intensity of the exciplex
in the anthracene-N,N-diethylaniline system on solvent
polarity:

A*4+D — Exciplex, ke
A*+D — lon-pair, kip
Exciplex — lon — pair, kpp

where A* and D denote an excited anthracene and N,N-
diethylaniline, respectively.

In this scheme, the formation of the ion-pair occurs
through and parallel to the formation of the exciplex. They
pointed out that kip and kip depend on solvent polarity,
whereas k. should be virtually independent of solvent po-
larity, and that these electron-transfer reactions are highly
exergonic in AN and thus presumably irreversible. Indeed,
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Fig. 5. Plots of relative intensities of bands A (a) and B (b) against vol.%
of alcohols in THF-alcohol mixtures: ((J) MeOH, (A) EtOH, (V) PrOH,
and (o) BuOH. [NP] = 1.0 x 10~* mol dm 3, and [TEA] = 5.0 x 1072
mol dm—3.

the exciplex emission was not detected in AN, as with
many other systems.

In the previous studies [13—15], it was observed that
in the cases of 4-phenyl-1-N,N-dimethylaminopropane
and toluene-TEA system, the emission intensity of ex-
ciplexes decreased with increasing solvent polarity as
the present study, but the intensity of the fluorescence
of phenyl group (or toluene) (band A) was independent
of solvent polarity. The decrease in the intensity of exci-
plex emission was considered to be caused by the con-
version of the exciplex to ion-pairs enhanced by the in-
crease in solvent polarity. The finding that the intensity
of band A was constant was thought to show that the
rate of exciplex formation was independent of solvent
polarity and the reaction for exciplex formation was not
reversible.

As shown in Fig. 3, however, both the intensities of
bands A and B decreased with increasing solvent polarity.
As shown later, the value of Ky for the quenching of band
A by TEA increases with increasing solvent polarity. The
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decrease in the intensity of band A seems to show that
the rate of exciplex formation from the excited naphtha-
lene and TEA increases with increasing solvent polarity
or that the reaction for exciplex formation is reversible.
As shown above, however, the rate of exciplex forma-
tion was found to be independent of solvent polarity for
similar cases of exciplex formation. Further, any enhance-
ment of the exciplex emission with increasing solvent po-
larity was not observed. Judging from these things, the
rate of exciplex formation is not considered to increase
with solvent polarity. Since the change in the intensity of
band A was not parallel to that of band B and all Stern—
Volmer plots for the quenching of band A by TEA in
CH, THF, and AN were linear, the reaction for exciplex
formation is thought not reversible. In the present study,
to explain the decrease in the intensity of band A, the
above reactions proposed by Kinbbe et al. were adopted.
The direct formation of ion-pair from the excited naph-
thalene must occur and the rate constant of this reaction
depend on the solvent polarity. In polar solvents, dissoci-
ation of the exciplex to a solvent-shared ion-pair occurs,
and in highly polar solvents, such as AN, the dissociation
is essentially irreversible (the exciplex emission was not
observed in AN). However, in moderately-polar solvents,
the dissociation can be considered to be reversible [14,15].
In the following reaction mechanism, it is assumed that
the equilibrium between the exciplex and the ion-pair is
attained:

NP + hv — NP*, Iy ()
NP* — NP + hyy, ak) )

NP* — Otherprocess, 1 -k @A)

NP* + TEA — Exciplex, k> 4)
NP* + TEA — Ion-Pair, k3 (5)
Exciplex — NP + TEA + hv,, Bky  (6)
Exciplex — Otherprocess, (1= PBks (7)
Exciplex = Ion-pair, (K5s) (8)
Ion-pair — NP + TEA, ke 9

Here NP* denotes NP in the excited singlet state.
Exciplex denotes the intermolecular exciplex, and ion-
pair denotes the solvent-shared ion-pair. The proportions
of radiation processes from the two excited species are
shown by the factor o and 3, respectively.

The findings that the decrease in the intensity of band
B was larger than that of band A show that both k3 and K5
depend on the solvent polarity.

The following equations for the intensities of bands
A and B were derived by a steady-state treatment based on
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the assumption that a fast equilibrium between Exciplex
and ion-pair is attained:

Olk]
I — I 10
A Tk + (ko + k3)[TEA] (10
TEA
Is ko[ ] Bky L (D

= X
ki + (kp + k3)[TEA] k4 + Kskg

Here [TEA] denotes the concentration of free TEA.
From Eq. (10), the following expression can be de-
rived for the intensity changes in naphthalene fluorescence

on TEA addition:

19 kr +k
A =1+ 2+ K3
Iz ki
=14 Ksv[TEA]

[TEA]
(12)

where 12 represents the intensity of naphthalene flu-
orescence in the absence of TEA, and Kgyv = (ko +
k3)/ki. The Kgy values in some solvents are shown in
Table I.

As shown in Table I, the Kgy value increases signif-
icantly with increasing solvent polarity. The results indi-
cate that the value of k3 increases with increasing solvent
polarity.

Effect of Protonation of Amine on Emission Spectra

The emission spectrum of the NP-TEA system in
THF is only affected by the protonation of the amine
upon TCAA addition. Since the concentrations of TCAA
are very small, as mentioned above, the polarity of the
solvent is only slightly affected by the addition of TCAA.

The experimental results for the THF-TCAA mix-
tures can be explained by reactions (1)—(9) and the fol-
lowing reaction:

TCAA + TEA — TCAA™ + TEAH" (13)

Here TEAH™ denotes the protonated amine. Since
formation of the protonated amine with trichloroacetic
acid must occur quantitatively, the following equations
can be obtained ([TEA] = [TEA]y — [TCAA], and k3 and
K are independent of [TCAA]y, where [TEA] is the con-
centration of the free amine and [TEA]y and [TCAA], are
the initial concentrations of TEA and TCAA):

i . (k + kIHF)[ TEA]y

X =42 —1-

AT ki + (k2 + kTP TEA]
[TCAA], KGF[TEA]

[TEA]l, 1+ KNF[TEA],

[TCAA]

[TEA]o (9
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Fig. 6. Plots of Xtcaa (o) and Xrtcaa/Ytcaa (O) against
[TCAA]o/[TEA]p for changes in the intensities of bands A and B in
THF-TCAA mixtures.
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where I, and I3"'F are the intensities of bands A and B,
respectively, in pure THF. k3T HF represents the rate constant
of reaction (5) in pure THF.

As shown in Fig. 6, linear relationships between
Xtcaa and [TCAA]o/[TEA]o and Xtcaa/Ytcaa and
[TCAA]o/[TEA], were obtained. The slope of the straight
line for the relationship between Xrtcaa/YTcaa and
[TCAA]/[TEA]y is about —1.0 and that for the rela-
tionship between Xtcaa and [TCAA]y/[TEA]p is —0.94.
Since [TEA]y is equal to 5 x 1072 mol dm~3, the value
of the latter slope (—0.94) gives a value of Kg\' equal
to 314. This value is in good agreement with the value of
K ST\},IF shown in Table I. These findings indicate that the ef-
fect of TCAA addition on the intensities of bands A and B
can be explained by the quantitative protonation of TEA.

Direct Electron Transfer Between the Excited
Naphthalene and TEA

For the toluene-TEA system in THF—AN mixed sol-
vents, it was found that the intensity of band A was in-
dependent of the amount of AN, while that of band B
decreased with increasing amount of AN [15]. However,
as mentioned above, the intensity of band A decreased
with increasing AN amount in the NP-TEA system.
This must be caused by the direct formation of an ion-
pair between the excited naphthalene and TEA as in the
anthracene-N,N-diethylaniline system mentioned above.
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Fig. 7. Plots of X, against relative permittivity (&) for changes in the
intensities of Band A in THF-AN and THF-alcohol mixtures: (o) AN,
(0) MeOH, (A) EtOH, (V) PrOH, and (o) BuOH. The solid line is the
best-fit curve of all points obtained.

From Eq. (10), X, can be expressed as follows:

ITHF ki + (ko + k5ITEA]o

XS = — =
Iz ki + (ky + KIME)[TEA],
_ ki + k[TEA]y [TEA]p R
ki + (ks + KITD[TEAly ki 4 (ko + KIT)[TEA],
_ 1+ KSC\I;I [TEA], [TEA]p k5

a7)

T 14+ KIF[TEAL, | 1+ KIFF[TEA] ki

where KSC\EI is the value of Kgy in CH (KSC\],{ =ko/ky)
and k5 denotes the value of k3 in a solvent with relative
permittivity e. SinceKSC\I,{, KST\I,{Fand [TEA]y are known,
the values of k5/k; can be estimated from X, in various
THF-AN mixtures (see Fig. 7). Using the value reported
for ky (ky = 1/71, 71 = 104 ns) [18], k5 can be obtained
as a function of e. The values of k5 obtained in THF-
AN mixtures are in the order of 10° dm>® mol~! s~! and
they are a little smaller than the diffusion-controlled rate
constant (those in THF—alcohol mixtures are also a little
smaller than the diffusion-controlled rate constant).

Reichardt [19] discussed the dependence of the rate
constant of the electron-transfer reaction on the solvent
polarity using the difference in solvation Gibbs energy
between the activated complex and the reactants. Accord-
ing to this theory, the dependence of k5 on the solvent
polarity can be expressed as follows:

Na
47T€QRT

2
Kz Mip  Mipa | (e
X 3 3 3 7 I (18)
ry Typ  TTEA e+

Inki = Ink) +
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Fig. 8. Correlation between In k3 and the Kirkwood function (¢ —
1)/2e + 1) in THF-AN and THF-alcohol mixtures: (e) AN, (O0)
MeOH, (A) EtOH, (V) PrOH, and (o) BuOH.

Here kg is the reference rate constant when ¢ = 1,
&o is the permittivity of vacuum, N4 is the Avogadro’s
constant, u is the dipole moment, r is the radius of the
spherical molecule described by Kirkwood [20], and the
subscripts #, TEA and NP represent the activated com-
plex, TEA, and excited naphthalene, respectively.

The linear relationship between In k3 and
(e — 1)/(2e 4+ 1) is shown in Fig. 8. Using Eq. (18), the
dipole moment of the activated complex was estimated
as 5.8 x 107% cm (17 D) from the slope of the line
by assuming that 7 = 0.7 nm, ryp =0.35 nm and
rrea = 0.30 nm, punp = 0, and prpa = 2.7 X 1073% ¢cm
(0.8 D). The dipole moment of the exciplex of the
NP-TEA system has been reported to be about
(3.7 —4.8) x 107% cm (11-12 D), [8, 21] and we also
obtained the similar dipole moment of the exciplex
(4.1 x 1072 cm (12 D)). Although the crude assumption
and approximation were used in the treatment, we can
state that the activated complex for the direct electron
transfer is more close to the ion-pair than the exciplex is.

Conversion of Exciplex to Ion-Pair in Polar Solvent

The decrease in the intensity of band B that occurs
on the addition of AN can be caused not only by the direct
formation of the ion-pair, but also by the conversion of
the exciplex to a non-fluorescent ion-pair. The following
equation for the intensity changes of bands A and B was
derived from Egs. (11) and (17):

Y. k4 ke

— = + K: 19
X, k4+K;rHFk6 k4+K;rHFk6 3 (19)
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where Y, = IgHF /I, and K5THF and K¢ denote the values
of K5 in THF and THF-AN mixtures.

Weller [22] calculated the solvent-dependent free
energies of exciplex and radical ion-pair formations in
solution on the basis of the experimentally-obtained ther-
modynamic and spectroscopic values, with the aid of theo-
retical considerations for solvent polarity effects. Accord-
ing to his method, the following equation was obtained
for the difference in the free energy between the exciplex
and the ion-pair for the present case:

AAG®/kImol™' = AG°(exciplex) — AG°(ion-pair)

MZ e—1 Ehex — 1
[ — X J—
o3 26 + 1  2epex + 1

< 1 1 ) ( 1 1>
+695| —+— ) x|{——~-
ry r_ EAN &

+ @ +36.7 20)

ed

where u is the dipole moment of the exciplex, p the cavity
radius according to Onsager’s definition, . and r_ are the
radii of the cation and anion formed by the intermolecu-
lar electron transfer from TEA to naphthalene and d the
distance between the centers of the cation and the anion
in the ion-pair (4, r— and d are given in nm). &nex and
ean denote the relative permittivity of hexane and AN
(ehex = 1.89 and gpn = 37.5).

When r, =0.30, r_ =0.35 and d = 0.70 nm (r,
and r_ were evaluated from the Corey—Pauling—Koltum
models for TEA and NP, and d was assumed to be some-
what larger than the sum of r and r_), the above equation
can be rewritten as follows:

2 1
—AAG/KImolt = B (£ _0.19
03 2e +1
213
122 474 @
&

The value of 1 2/p3 can be estimated from the solvent
shift of the exciplex band (Fig. 9) using the following
relation:

_ 2u? e—1 n?—1
Vex = — X -
hep3 2e 4+1 4n24+2
+ constant (22)

where Ve is the maximum wavenumber of exciplex emis-
sion, h the planck’s constant, ¢ the velocity of light,
and 7 is the refractive index of the solvent. A value of
103.2 kJmol~! was obtained (the dipole moment of the
exciplex can be estimated to be 4.1 x 1072 cm (12 D) by
assuming p = 0.45 nm?®).
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Fig. 9. Wavenumber of the emission peak (Vex) vs. f(= [(e — 1)/(2e +
1) — (n2 - 1)/2(2n2 + 1)] relation for band B in THF—AN and THF—
alcohol mixtures: (o) AN, ((J) MeOH, (A) EtOH, (V) PrOH, and (o)
BuOH.

Then, the following equation was obtained from
Eq. (21):

—1
“AAG®/KImol™! = 103.2 £
2e +1

213
+2= —68 (23)
&

Figure 10 gives the linear relationship between Y,./X,
and K¢ in the range K{ < 10. This is consistent with the
expectation from Eq. (19), because k4, kg and K ST HE 4o not

0 5 10

Fig. 10. Plots of Y./X; calculated by Eq. (30) against K¢ in THF-AN
and THF-alcohol mixtures: () AN, (OJ) MeOH, (A) EtOH, (V) PrOH,
and (o) BuOH.
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depend on ¢. The intercept and slope of the plot in Fig. 10
give kg/kqy = 0.12.

Polar and Hydrogen-Bonding Effects on the Emission
Spectra Resulting from the Addition of Alcohols

As shown above, the addition of alcohols will cause
not only an increase in the relative permittivity of the
solvent, but also in the hydrogen-bonding interaction be-
tween TEA and alcohol:

TEA + ROH = TEA - - - HOR Ku (24)

The concentration of free TEA is expressed as fol-
lows:

[TEA]o
[TEAl = ——————— (25)
1 + Ky[ROH]

The addition of alcohols increases the polarity of the
solvent and decreases the concentration of free TEA.
The former effect decreases the intensity of band A and
the latter effect increase that of band A, while these effects
both decrease the intensity of band B.

From Egs. (10), (17) and (25), the following equa-
tions for the intensity of band A in THF—-alcohol mixtures
can be derived:

P LYk (ko + k§)[TEA]
ROR ™ JROH ™ k¢ (k, + KIPF)[TEA,
X; ki

= T+ KulROH] ' ki + (ks + K]™)[TEAI,
Ky[ROH]
“ 1+ Ku[ROH]
(26)
Ky[ROH
X, = (1 + Ku[ROH]) Xgop — —HIROH]__ )

1 + KSHF[TEA],

In the previous study [15], we estimated the value
of Ky from the fluorescence intensity of the toluene—
TEA system in various THF-alcohol mixed solvents,
and Ky values of 0.48, 0.31, 0.25 and 0.18 dm> mol~!
were obtained for MeOH, EtOH, PrOH and BuOH,
respectively.

Since Ky and Xgop are known, the polar effect (X;)
on band A from the addition of alcohols can be calculated
as a function of [ROH] using Eq. (27) from the relation-
ship between Xgoy and [ROH]. The X, values obtained
for THF—-alcohol mixtures are shown as a function of ¢ in
Fig. 7. The X, values for THF—alcohol mixtures are con-
sistent with those for THF—AN mixtures. The k5 values
in THF-alcohol mixtures can be calculated in a similar
manner to the one above. As shown in Fig. 8, the plots of
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In k5 against (¢ — 1)/(2e + 1) for THF-alcohol mixtures
are also consistent with those for THF—AN mixtures.

As mentioned above, band B in THF-alcohol mix-
tures is influenced by three factors: (1) The decrease in
the concentration of free TEA by the hydrogen-bonding
effect, (2) the increase in the rate constant for the direct
formation of the ion-pair by the polar effect and (3) the
increase in the equilibrium constant between the exciplex
and the ion-pair with the increase in the solvent polarity.
These factors decrease the intensity of band B. The follow-
ing equation for the intensity of band B in THF-alcohol
mixtures can be derived from Egs. (11) and (25):

T k(1 + Ky[ROH]) + (K, + K)[TEA],
ki + (ko + k3 "F)[TEA]y
(14 kks)
)~ M) (28)
(1+ L)

From Egs. (25), (26) and (28), the following equation
can be derived:

Yron _ [TEA] y ks + Kke
Xron  [TEAly ~ ks + KJMkg

Using Eq. (19), Y. /X, in THF-alcohol mixed solvents
can be expressed as follows:

Yron = 7RO =
B

(29)

Yo Yron

X.  Xron
In Fig. 10, the Y./X, values obtained from Eq. (30)
are plotted against K. As shown in Fig. 10, these values

are in good agreement with each other, and also fairly
consistent with those for THF—AN mixtures.

(1 + Kx[ROH]) (30)

CONCLUSIONS

The fluorescence spectrum of the NP-TEA system
in THF consists of two emission bands (fluorescence of
naphthalene (band A) and exciplex emission (band B)).
The intensities of bands A and B decrease with increas-
ing solvent polarity. However, the intensity of band A
increases and that of band B decreases when a hydrogen-
bonding interaction (or protonation) occurs between TEA
and protic solvents. Acetonitrile shows only a polar ef-
fect and trichloroacetic acid only a hydrogen-bonding
(protonation) effect, while alcohols have both effects.

In polar solvents, the fluorescence of naphthalene
is quenched by TEA through electron transfer and exci-
plex formation. The electron transfer reaction is enhanced
by the solvent polarity. The hydrogen-bonding interac-
tion between amine and protic solvents suppresses these
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reactions due to the decrease in the concentration of free
amine. It was shown that the decrease in the intensity of
band B can be ascribed to the suppression of exciplex for-
mation and the conversion of the exciplex to the ion-pair
under polar conditions.

The spectral changes resulting from the addition of
AN and TCAA can be used as references for solvent polar-
ity and hydrogen-bonding effects, respectively, whereas
those resulting from alcohol addition could be consid-
ered to be the simultaneous effects of solvent polarity and
hydrogen-bonding interactions.

ACKNOWLEDGMENTS

This work was supported by a Grant-in-Aid for Sci-
entific Research (no. 15550014) from the Ministry of Ed-
ucation, Culture, Sports, Science and Technology.

REFERENCES

1. H. Knibbe, D. Rehm, and A. Weller (1968). Intermediates and kinet-
ics of fluorescence quenching by electron transfer. Ber. Bunsen-Ges,
Phys. Chem. 72,257-263.

2. E. A. Chandross and H. T. Thomas (1971). Intramolecular exciplex
formation in naphthylalkylamines. Chem. Phys. Lett. 9, 393-396.

3. M. M. Hui and W. R. Ware (1976). Exciplex photophysics. IV Effect
of diffusion-controlled quenching on exciplex photokinetics. J. Am.
Chem. Soc. 98, 4712-4717.

4. A. M. Halpern (1984). Energetics of intramolecular photoassociation
in 3-phenyl-1-(dimethylamino)propane in the vapor phase. J. Am.
Chem. Soc. 106, 6484—6489.

5. A. M. Swinnen, M. Van der Auweraer, and F. C. De Schryver (1985).
On the electronic structure of exciplexes in d-(1- or 2-naphthyl)-w-
N,N-dialkylaminoalkanes. J. Photochem. 28, 315-327.

6. S. Matsuzawa, M. Lamotte, P. Garrigues, and Y. Shimizu (1994).
Naphthalene-amines exciplex formation promoted by phase transi-
tion in crystallized cycrohexane. J. Phys. Chem. 98, 7832-7836.

7. D. P. Andrews, G. S. Beddard, and B. J. Whitaker (2000). Charge-
transfer formation and geometry of the naphthalene-trimethylamine
van der Waals complex. J. Phys. Chem. A 104, 7785-7792.

8. S. P. Van and G. S. Hammond (1978). Amine quenching of aromatic
fluorescence and fluorescent exciplexes. J. Am. Chem. Soc. 100,
3895-3902.

9. A. T. Amos and B. L. Burroughs (1973). Solvent-shift effects on
electronic spectra and excited-state dipole moments and polarizabil-
ities. Adv. Quan. Chem. 7,289-313.

10. A. M. Halpern and S. L. Frye (1988). Solvent and substituent ef-
fects on intermolecular electronic energy transfer between saturated
amines and benzene; Evidence of exciplex intermediates. J. Phys.
Chem. 92, 6620-6625.

11. S. Oh and Y. Shirota (1995). The effect of intermolecular hydro-
gen bonding on the photoinduced electron transfer reaction of a
naphthalene-triethylamine-alcohol system: estimation of the equi-
librium constant for hydrogen bond formation from fluorescence
quenching and reaction pathways. J. Photochem. Photobiol., A 92,
79-83.

12. S. Oh, Y. Shirota, H. Mikawa, and S. Kusabayashi (1986). The
effect of the hydrogen bonding on the photoinduced electron transfer
reaction of a naphthalene-triethylamine system in the presence of
alcohols. Chem. Lett. 12,2121-2124.

13. S. Yamamoto, G. Xie, M. Nakamura, and Y. Sueishi (2002).
Effects of 1-butanol on emission spectrum of 4-phenyl-1-N,N-
dimethylaminobutane in THF: Separation into polar and hydrogen-
bonding interactions. Chem. Lett. 7, 760-761.

14. G. Xie, M. Nakamura, Y. Sueishi, and S. Yamamoto (2004).
Separation into polar and hydrogen-bonding factors of the ef-
fects of alcohols on the emission spectrum of 4-phenyl-1-N,N-
dimethylaminobutane. J. Photochem. Photobiol., A 162, 73-79.

15. G. Xie, Y. Sueishi, and S. Yamamoto (2004). Effects of alcohols on
emission spectra of toluene-triethylamine mixtures in THF: sepa-
ration into polar and hydrogen-bonding interactions. J. Photochem.
Photobiol., A 162, 449-456.

16. M. Van der Auweraer, F. C. De Schryver, A. Gilbert, and S. Eilson
(1979). Intramolecular exciplex formation in d-N-dialkylamino-w-
arylalkanes. Bull. Soc. Chem., Belg. 88, 227-232.

17. H. Knibbe, K. Rollig, and F. P. Schafer (1967). Charge-transfer
complex and solvent-shared ion pair in fluorescence quenching. J.
Chem. Phys. 47, 1184—1185.

18. G. Grabner, K. Rechthaler, B. Mayer, G. Kohler, and K. Rotkiewicz
(2000). Solvent influences on the photophysics of naphtha-
lene: Fluorescence and triplet state properties in aqueous so-
lutions and in cyclodextrin complexes. J. Phys. Chem. A 104,
1365-1376.

19. C. Reichardt (2002). Solvents and solvent effects in organic chem-
istry, 3rd ed., Weinheim, Ch. 5.

20. J. G. Kirkwood (1934). Theory of solutions of molecules containing
widely separated charges with special application to amphoteric ion.
J. Chem. Phys. 2,351-361.

21. M. G. Kuzmin and L. N. Guseva (1969). Donor-acceptor complexes
of singlet excited states of aromatic hydrocarbons with aliphatic
amines. Chem. Phys. Lett. 3, 71-72.

22. A. Weller (1982). Photoinduced electron transfer in solutions: Exci-
plex and radical ion pair formation free ebthalpies and their solvent
dependence. Z. Phys. Chem., N. F. 133, 93-98.



