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Summary

The fluorescence quenching of 2-naphthyl-substituted 1,3-diketo-
boronates (2-NDKB) by naphthalene in heptane is accompanied by exciplex
emission. The exciplex formation occurs irreversibly because of the high
electron affinity of 2-NDKB. In one case the exciplex fluorescence decay
reveals the existence of ground state rotamers.

1. Introduction

In many cases the existence of ground state rotamers of 2-naphthyl-
substituted compounds leads to multiple fluorescence behaviour (cf. ref. 1
and references cited therein). The rotamers do not equilibrate within the
excited state (non-equilibration of excited rotamers (NEER) principle [2]).

We have shown [3] that the 2-naphthyl-substituted 1,3-diketoboronates
(2-NDKB) (Formula 1) form the rotamers A and B in polar solvents.
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Formula 1.

However, the fluorescence of these molecules in non-polar solvents shows no
evidence for the existence of rotamers. This paper is concerned with the
exciplex formation and the fluorescence decay of compounds 1 (R = CH,,
X =CH;COO, c¢f. Formula 1) and 2 (R=CsHs, X = CH3;CO0) with the
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donor naphthalene in heptane. Since the rotamers can possess different
exciplex properties, as in the case of 2-naphthyl-substituted styrenes {4], we
want to investigate the possibility of the simultaneous formation of different
exciplexes according to Scheme 1.
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Scheme 1.

2. Experimental details

Compounds 1 and 2 were prepared by refluxing naphthoylacetone and
benzoylnaphthoylacetone respectively in C;H4Cl, in the presence of boron
trioxide and acetic acid [5]. The compounds were recrystallized three times
from acetic acid and then from heptane.

Heptane was first distilled over P,O5 under N, and then over K,COj.
Naphthalene was recrystallized four times from alcohol and finally from
heptane.

The stationary fluorescence measurements were performed using a
FICA 55 (ARL) automatically correcting spectrofluorometer—phospho-
rometer. The fluorescence quantum yields were determined relative to
quinine sulphate (¢r = 0.54) as the standard. The fluorescence kinetics was
measured by means of the nanosecond single-photon-counting technique
[6]. The deconvolution of the fluorescence signals from the excitation pulse
was performed using standard techniques (cf. ref 7). Both stationary and
time-resolved fluorescence data were measured in non-degassed solutions
unless stated otherwise. To degas solutions we used the simple technique of
bubbling argon through them.

3. Results

3.1. Stationary absorption and fluorescence measurements

The absorption spectra of 1 and 2 do not show a marked change in
the presence of naphthalene up to 0.1 mol 1!, At higher concentrations
(cx > 1 mol 1™1) the formation of electron donor-acceptor complexes can be
observed, but this concentration range is not of interest for our measurements.

Figure 1 shows the fluorescence spectra of 1 (Fig. 1(a)) and 2 (Fig.
1(b)) in non-degassed heptane at different naphthalene concentrations. In
the low concentration range (cy < 0.04 mol I"!) isosstilbic points appear. At
higher concentrations the exciplex fluorescence is quenched. The exciplex
fluorescence bands (curve 9 in (a) and curve 7 in (b)) were calculated using
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Fig. 1. Corrected fluorescence spectra of 1 {(a) and 2 (b) in heptane as a function of
naphthalene concentration (curves 0-8, 0-0.8 mol 1™ curves 7 and 9, calculated
exciplex spectra).
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Fig. 2. Fluorescence intensity plots at selected wavelengths according to spectra 1 -5
(Fig. 1(a)) for increasing naphthalene concentrations (concentration increments
are smaller than in Fig. 1(a); Ix and Isqs are in identical arbitrary units, whilst the I5s
are fivefold enlarged).

the intensity plots according to ref 8. These plots at selected fluorescence
wavelengths are shown for 1 in Fig. 2 for the concentration range ¢y < 0.04
mol 17! (cf. selected spectra O - 5 in Fig. 1(a)).

The plots of the I\(en)—Is7s(cn) pairs, with the two values at the same
naphthalene concentration in each case, will give straight lines which increase
with naphthalene concentration (up to ¢x < 0.03 mol I ! for compound 1) if
two fluorescent species only are present (cf. ref. 8 for more details of the
formalism of the intensity plots). It can be concluded from the isosstilbic
behaviour of the spectra of 1 in the low concentration range that the
monomer and the exciplex are the two species. At 575 nm there is no
monomer fluorescence, whilst at 375 nm there is no exciplex fluorescence.
In order to determine the spectrum of the pure exciplex (i.e. “I3;5 = Q) the
straight lines I (cy) = f{I575(cy)} are extrapolated in the direction of in-
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creasing Is;5(cy) beyond the measured points. The point at which the
Is;s(en)—Isys(cn) straight line crosses the abscissa gives the value of *I475. The
exciplex spectrum can now be derived from the intersections of the Ix{cy)—
15-,5(cN) straight lines with the perpendicular passing through “Is,s. Thus, the

*=I» determined in this way are not influenced by the effects resulting from
exciplex quenching which occur in the concentration range ¢y > 0.03 mol
17! in the case of compound 1.

The plots

I(0

1O _ tien) (Ta)
1

and

I I

> - f§1(0) € (I1a)

(J(0) and I, fluorescence intensity of 2-NDKB in the absence of quencher
and in the presence of quencher respectively; Ir, exciplex fluorescence
intensity at the wavelength A and at the same quencher concentration;
“I,, calculated fluorescence intensity of the “pure” exciplex according to
Fig. 1) yield straight lines up to quencher concentrations of 0.03 mol 1!
for 1 and 0.04 mol 17! for 2. The slopes of these curves are independent of
the fluorescence wavelengths in the case of both 1 and 2.

We did not detect any excitation-wavelength dependence of the
exciplex bandshape or of the plots (Ia) and (IIa) in the case of compound 2.
The excitation-wavelength dependence of the 1l—naphthalene exciplex
fluorescence cannot be investigated because of the overlapping absorption
spectra of 1 and naphthalene at A < 360 nm. The long wavelength edge of
the absorption band of 1 1s located at 380 nm,

The plots
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(¢°, fluorescence quantum yield of pure 1 and 2; ¢, fluorescence quantum
yield in the presence of the quencher; ¢’, fluorescence quantum yield of the
exciplex at the same quencher concentration; for the slopes k and § cf Table
1) are depicted in Fig. 3.

On degassing the solutions the fluorescence quantum yields of the
exciplexes increase (¢geg/¢’ = 1.2 for 1; c,b,',e,/tp' = 1.1 for 2) but the shape of
the exciplex fluorescence bands remains the same. The fluorescence
quantum yield of the pure monomers is nearly independent of degassmg
because of the short fliiorescence lifetimes 7° (cf. Table 2).
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Fig. 3. Dependence of the fluorescence quantum yield ratios on the quencher concentra-
tion for 1-naphthalene (a) and 2—naphthalene (b) exciplex formation in non-degassed
heptane at 293 K.

TABLE 1

Quantitative spectroscopic and kinetic data

Compound 2\%, AP AFdplex 40 =gra i ¢ K’ K"

(nm) (nm) (nm) (Imol™) (Imol™) (I mol™!) (1 mol™)
1 379 383 496 0.2 0.3¢ 11.4 37.6 5.0 -
2 398 410 525 0.5 0.2 15.1 5.2 (0) 5.3

a>g’ calculated fluorescence quantum yield of the “‘pure’’ exciplex.

TABLE 2

Quantitative kinetic and thermodynamic data

Compound 1° T max Troax Exde  AHSP AHSHe D AGSHe ¢
(ns) (ns) (ns}) eV (kdJ rnol_l) (kd mol“) (kdJ mol™)

1 0.934 10.2° — —1.0¢ —14.4 —48.9 —26.6

2 14,9 4.2f 65f —0.8¢ —18.8 —44.8 —22.4

aIn CH3CN against Ag/AgCl[92].

b According to eqn. (2).

€ According to eqn. (3); T = 298 K.
dMeasured as described in ref. 3.
®Aexc = 366 nm; A = 540 nm.
fAexc = 405 nm; A¢ = 560 nm.

By varying the temperature and utilizing the plot

In (%) = f(%) (III)
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the dissociation enthalpy AH, of an exciplex can be determined [10].
For the case of a reversible exciplex formation and assuming the temperature
independence of the ratio k/k, the following relationship holds:

ln(%—) = const + ln(—ﬂ——-) (1)

1+ k—l'r,

(k,, formation rate constant; k_,, dissociation rate constant; 7', fluorescence
lifetime of the exciplex). Within the high temperature range (k_,7’' > 1)

In (%) = const + ln(:—l) (1a)

—1

Therefore, in this temperature range the plots (III) give the temperature
dependence of the equilibrium constant K = k;/k_, and the value of AH, can
be calculated. Within the low temperature range (k_,;7" < 1) the temperature
dependence of k;7' and consequently the activation energy for exciplex
formation can be obtained, but this is not the aim of this work. In the cases
of compounds 1 and 2 the plots (III) (cf. Fig. 4, 293 K < T'< 343 K) fall in
the non-linear region. This means that because of the low boiling point of
the solvent we cannot reach the high temperature range necessary for a
completely reversible exciplex formation. If solvents with higher boiling
points (e.g. dodecane) were to be used at temperatures T' > 398 K we would
expect that the investigated 2-NDKB would not be completely stable. How-
ever, we have calculated the lower limits for the AH, from the plots in Fig. 4
(cf. Table 2).

Assuming the formation of charge transfer exciplexes and utilizing the
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Fig. 4. Temperature dependence of the fluorescence intensity ratio of the 1-naphthalene
and 2-naphthalene exciplexes.
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semiempirical relation
—AH, (eV) =~ Ego — (ES* — E4*9) — 0.15 (2)

given by Weller et al [10,11] (£y, molecular zero—zero fluorescence
energy of the pure 2-NDKB) we can calculate approximately the real AH,
for the solvent heptane because the polarographic half-wave reduction poten-
tials EX*9 are known (cf. Table 2; ERSapntnaiene = 1.52 eV against Ag/AgCl).

For the exciplex formation free enthalpy in the excited state, taking
into consideration the constant exciplex formation entropy for different
exciplexes [10, 11]

AG, (kd mol™!) ~ AH_ + 0.075T (3)

The calculated high negative exciplex formation free enthalpies AG. (cf.
Table 2) leading to the temperature dependence illustrated in Fig. 4 show
that the formation of the exciplexes at room temperature occurs nearly
irreversibly. ‘ i

Fluorescence quenching and exciplex formation at higher temperatures
have been investigated in the same manner as at room temperature. We did
not observe any dependence of the exciplex bandshape on the temperature.
Furthermore, the slopes of the plots (Ia) and (IIa) do not depend on the
fluorescence wavelength at a fixed high temperature.

3.2. Fluorescence decay of the exciplexes

The fluorescence decay was measured at long wavelengths. For com-
pound 1 within the limits of experimental error [6] the decay is mono-
exponential for all naphthalene concentrations. In the concentration range
0.01 < ¢y < 0.03 mol 17! the decay time 7' remains nearly constant (Tmax,
¢f. Table 2, see Fig. 5(a)). On increasing the naphthalene concentration
7' decreases and we can obtain K’ (see Table 1) by utilizing the equation

r
;
‘:,‘"‘ =1+«k'cy (4)

In contrast with compound 1 the exciplex fluorescence of the 2-
naphthalene exciplex decays biexponentially (again within the time resolu-
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Fig. 5. Dependence of exciplex decay times on the naphthalene concentration in non-
degassed heptane at 293 K: (a) compound 1; (b) compound 2.
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tion and the limits of experimental error of our equipment) for all naphtha-
lene concentrations and the decay times 7’ and 7" can be determined (cf,
Table 2, Fig. 5(b)). Whereas 7' remains constant up to 0.06 mol I"! the
longer decay time 7" is reduced on increasing the naphthalene concentration
and with eqn. (4) we can obtain the value of the k" (see Table 1).

Furthermore, the values 7’ and 7" for both 1 and 2 are independent of
the fluorescence wavelength.

4. Discussion

The rotamers A and B of 2-NDKB could be detected in polar solvents
[3]. There may be two reasons why we cannot find any experimental
evidence for the existence of rotamers in non-polar solvents from the fluores-
cence properties of the pure 2-NDKB. Firstly, the ground state equilibrium
A 2 B may be shifted in non-polar solvents completely to one rotamer, or,
secondly, the deactivation rate constants of the rotamers may be very similar
to each other, i.e. ks =~ kyg and kgs = kgp (cf. Scheme 1). In the second case
there is the possibility of distinguishing the different properties of the
rotamer exciplexes if at least two of the rate constants are not identical, i.e.
k, # k, and/or k¢, # kep, and/or ki #* kap (cf. Scheme 1). The irreversibility
of the exciplex formation at room temperature (see above) gives the
advantage of a simplified reaction mechanism as indicated in Scheme 1
because the dissociation rate constant can be neglected. For the general case
it can be shown easily that when there are two exciplexes simultaneously
with different formation constants and spectral properties the plots (I) and
(II) may be non-linear and a dependence of these plots on the fluorescence
wavelength should be observed. Our stationary fluorescence investigations at
different donor concentrations and at different temperatures give no hint of
the existence of different exciplexes for either 1 or 2.

The time-resolved measurements, in contrast with stationary investiga-
tions, can be quite successful in searching for rotamers, but investigating
both the monomer fluorescence decay and the exciplex rise time is not the
proper way to distinguish between the rotamers. Therefore, we measured the
exciplex fluorescence decay; according to Scheme 1 one obtains (k; = k; =

kdiff[Q])
I(t) = Iiaqy+(2) + Ipqy* (1)

=c exp(— —t;—) +d exp(— i,—) —(c+d) exp(— i) (5)
TA s T
with
.n [A*Tokiakaie[Q)
kea + Raa — Raire[Q] — Ry — kg
g- [B*Jokinkairs [Q]

kep + Rip — Rairt [Q] — ke — ka
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1
—— = Rea + Raa
Ta
1__kl +kl’
— = B¢B dB
(3}

=Ry + kg + Rkai1¢[Q]

The kinetics is triexponential. If we assume 7, > 7 and 75> 7 (i.e. the
growing component is very fast) we can observe, by nanosecond time resolu-
tion, a biexponential exciplex fluorescence decay for the case {A*],# 0
and [B*],# O.

The decay of the exciplex fluorescence of 1 may be mono-exponential
for the following reasons: (i) [A*]o> [B*], or [A*]o <€ [B*],, i.e. we have
only one rotamer; (ii) [A*]¢# 0, [B*]o#* 0 and 7, =~ 7g, i.e. the two
exciplexes have very similar lifetimes (it ought to be mentioned that a life-
time difference of 10%, i.e. At =7, — 71,2 7,/10 for v, > 7,, can be distin-
guished within two orders of magnitude in the dynamic range of the nano-
second single-photon-counting method); (iii) the exciplexes equilibrate
according to Scheme 2.

T
Scheme 2.

We do not know anything about the electron distribution or the
magnitude of the bond orders within the molecules of the exciplex. It may
be that the NEER principle is not valid for the exciplexes. The kinetics for
Scheme 2 can also lead to mono-exponential exciplex fluorescence decay.

At this time we cannot distinguish between cases (i) - (iii) for
compound 1. The exciplex fluorescence of 2 decays biexponentially. There-
fore, with respect to eqn. (5), [A*]o# 0, [B*]o # 0 and 7, # 7g. In addition,
we must exclude the possibility of reversible formation of hlgher exmplexes
according to Scheme 3.

+ KouiL Q]

R

Scheme 3.
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The processes in Scheme 3 give a biexponential decay in the case of the
existence of one rotamer only:

) +h exp(—- ! ) (6)

TAQ)* T(AQ,)*

For mechanism 3 the coefficients & and A must be related to the quencher
concentration by the relation

r'ey=g exp(—

ln(%— — 1) = f(cy)

but we found the values In(g/h — 1) to be independent of concentration and
therefore the mechanism in Scheme 3 can be ruled out.

The exciplex fluorescence is quenched in the case of both 1 and 2 on
increasing the naphthalene concentration, for instance by irreversible forma-
tion of terplexes or higher exciplexes with fluorescence quantum yields
smaller than those of the 1:1 exciplexes, or by complete exciplex quenching
[12]. Therefore, the intensity plots (c¢f. Fig. 2) and the plots (1), (Ia), (II)
and (IIa) are non-linear at higher naphthalene concentrations. Furthermore,
the exciplex decay times are reduced for this reason. Exciplex quenching
at higher donor concentrations according to Scheme 4 gives further evidence
for the existence of two exciplexes of compound 2.

Kqs
Q

(AQ)" A+ QO

LK
(BQ) 22 B+ Q
Q

Scheme 4.

We found different ¥’ and k" (¢f. Table 1) for the two fluorescence
lifetime components and it may be understocod that the longer living
exciplex is more strongly quenched by the donor.

In summary, for compound 1 in heptane only one exciplex can be
detected. For compound 2, nancsecend time-resolved measurements allow
us to conclude that two different exciplexes with different lifetimes but
identical fluorescence bands and formation rate constants exist. At this
stage we cannot assign the conformational structure of either the rotamers
A and B or the exciplexes (AQ)* and (BQ)*.
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