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Abstract

A discussion is presented of the fast excited state intramolecular charge transfer (ICT) and dual fluorescence observed with several
4-aminobenzonitriles. The occurrence or absence of this ICT reaction is shown to be determined by the magnitude of the energy gap AE(S,,S,)
between the two lowest excited states. The strong decrease of the ICT efficiency in the series P8C to P3C of 4-aminobenzonitriles in which
the amino nitrogen atom is part of a three- to eight-membered heterocyclic ring, is attributed to the increase with decreasing ring size of the
barrier for the configurational change of the amino nitrogen from pyramidal to planar, which is considered to be an important reaction
coordinate in the ICT process. Dual fluorescence does not occur with P3C nor with P4C in diethyl ether. Application of a pressure of 6000 bar
leads to a threefold increase of the CT/LE fluorescence quantum yield ratio for the 4-(dialkylamino)benzonitrile DMABN (methyl) in
diethyl ether, whereas this ratio only slightly increases for DDABN (#n-decyl) in n-hexane. This difference is attributed to the increase of the
solvent dielectric constant with pressure, which effect is much larger for diethy! ether than for n-hexane. These results mean that a large
amplitude motion does not occur during the ICT reaction of DMABN and DDABN, in accordance with the model of planar intramolecular
charge transfer for dual fluorescence. Dual fluorescence is observed with the rigidized aminobenzonitrile NMC7, showing that a full
perpendicular twist of the amino group is not essential for the CT state. 1-(Dimethylamino)naphthalene (1DMAN) undergoes a fast thermally
activated internal conversion (IC), for which the activation energy increases with solvent polarity. This IC reaction depends on the magnitude
of the AE(S,, S,) energy gap and is similar in this respect to the ICT reaction of DMABN. © 1997 Elsevier Science S.A.
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1. Introduction lowest excited states ('L, and 'L,) occurring after excitation,
was superseded in the years between 1973 and 1977 by the
‘twisted intramolecular charge transfer’ (TICT) model
[13,14]. In this TICT model [ 1-4] it is proposed that in the
CT state of DMABN the dimethylamino group is twisted in
a plane perpendicular to that of the phenyl ring, leading to a

practically complete electronic decoupling: the principle of

With 4-(dimethylamino)benzonitrile (DMABN) [1-8]
and a series of 4-(dialkylamino)benzonitriles, having alkyl
groups ranging from ethyl (DEABN) to n-decyl (DDABN)
[8], dual flucrescence is observed in a variety of solvents,
even in nonpolar alkanes such as cyclohexane and n-hexane

[8]. Dual emission in alkane solvents has also been found
with alkyl esters of 4-(dialkylamino)benzoic acid [2,3,9-
11]. These observations show that a polar solvent is not
necessary for the appearance of ICT in these systems.

An unusually large number of different mechanisms for
the photophysics of DMABN have appeared in the literaiare
since the discovery of its dual fluorescence around the year
1960 [12]. The original model of Lippert [ 12], treating the
phenomenon as a solvent polarity induced reversal of the two
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minimum overlap [3].

A variety of alternative models were proposed to explain
the dual emission of DMABN [15]. There was generally a
valid experimental reason for the introduction of the alter-
native reaction mechanisms. The proton transfer model advo-
cated by Kosower [15]b, for example, was based on the
interesting observation that the CT/LE fluorescence intensity
ratio for DMABN is considerably larger in deuterated ethanol
C,H,0D than in normal ethanol. Similarly, the model based
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on specific solute-solvent interactions proposed by Varma
[15]c originated from experiments showing the strong influ-
ence of small amounts of polar solvents added to non-polar
alkane solutions of DMABN, its effect outweighing by far
the bulk properties of the medium such as the polarity.

Whereas Lippert’s model was concerned with the nature
and molecular properties of excited state levels, the TICT
hypothesis is defined in terms of the molecular structure of
the final equilibrated CT state. Other mechanisms, such as
our ‘planar intramolecular charge transfer’ (PICT) model
[6,7] in which the CT state is considered to be planar, like-
wise make a statement on the molecular structure of the final
CT state, and do not directly identify the detailed pathway
nor the reaction dynamics of the ICT reaction from the ground
state S, via the locally excited state LE to the equilibrated CT
state. As the number of experimental methods enabling a
direct determination of excited state configurations, such as
time-resolved infrared [ 16] and resonance Raman spectros-
copy, is still rather limited, it is not too surprising that the
question of the molecular structure of the CT state of
DMABN has not yet been settled.

In our studies of the photophysics of DMABN and related
molecules a rotation around the N-phenyl bond was not found
to be needed to explain the experimental observations.
Instead, a change in the configuration of the amino nitrogen
from pyramidal towards planar was invoked as an important
reaction coordinate [6,7,17-19]. This was based on our find-
ing that in a series of 4-(amino)benzonitriles in which the
amino nitrogen is part of a heterocyclic ring the ICT efficiency
strongly decreases when the ring size becomes smaller. It was
hence concluded that the decrease in ring size is connected
with an important ICT reaction coordinate: the change in
molecular configuration of the amino nitrogen from pyrami-
dal (S,) towards planar (CT). In support of our conclusion
that a large amplitude motion does not take place in DMABN
on the reaction pathway from LE to CT, it should be noted
that an influence of solvent viscosity on the ICT reaction of
DMABN has not been observed [20].

Evidence has been presented that for dual fluorescence and
ICT to appear in molecules such as DMABN two require-
ments should be fulfilled [6-8,18]: (a) a relatively small
energy gap AE(S,, S,) between the two lowest excited sin-
glet states and (b) an energy barrier for the change in config-
uration of the amino group from pyramidal towards planar
that is small enough to allow the ICT reaction to occur within
the fluorescence lifetime of the locally excited (LE) state of
the aminobenzonitrile. It has been suggested that vibronic
coupling between S, and S, is an essential element in the ICT
reaction [7,17-19}. Such a coupling clearly depends on the
magnitude of AE(S,, S,). Further, the change in the molec-
ular configuration of the amino group will be an important
reaction coordinate in the ICT process of the dual fluorescent
4-(amino)benzonitriles. With electron donor/acceptor-sub-
stituted naphthalenes ICT has been observed when the energy
gap AE(S,, S,) is sufficiently small for vibronic coupling to
take place, such as with 1-dimethylamino-4-cyanonaphthal-

ene [7,18]. In the first publication on the dual fluorescence
of DMABN in 1961 [12] Lippert already pointed out that
the presence of a small energy gap AE(S,, S,) is directly
correlated with the appearance of dual fluorescence in
4-aminobenzonitriles. For instance, in the group of the 1,4-
donor(D) /acceptor(A) benzenes dual fluorescence is not
observed for 4-methoxybenzonitrile with D=0CH,; and
A=CN or 4-nitro-N,N-dimethylaniline with D=N(CH,),
and A =NO,, which molecules have a considerably larger
energy gap AE(S,, S,) than DMABN.

On the basis of the absence of a linear correlation between
the maximum of the CT emission band Ar™*(CT) and the
redox potentials of the electron donor (D) and acceptor (A)
subunits in DMABN and other dual fluorescent 4-amino-
benzonitriles, it has been concluded that a strong electronic
coupling exists between the amino and benzonitrile subunits
[6.7,18], in clear contradiction of the principle of minimum
overlap of the TICT model [3,21]. DMABN car: clearly not
be treated as a D (NR;) and an A (CN) group separated by
a phenyl ring playing the role of an inert molecular spacer.
The photophysics of DMABN has been shown to be clearly
different from that of inter- and intramolecular exciplexes,
9,9'-bianthryl, 6-cyanobenzoquinuclidine (CBQ) and intra-
molecular donor/acceptor systems such as 9-(N,N-dimethyl-
anilino)anthracene [6,7].

In the present paper it is proposed that the onset of vibronic
coupling caused by the proximity of the two lowest singlet
excited states leads to specific photophysical processzs, such
as the photophysics governing the ICT and dual fluorescence
in DMABN and other 4-aminobenzonitriles. A second exam-
ple to be treated here of the possible influence of vibronic
coupling in a system with a small energy gap between the
S, and S, states, is the fast thermally activated internal
conversion observed with 1-(dimethylamino)naphthalene
(1IDMAN) in nonpolar solvents such as n-pentane. With
4-(methylamino) 3,5-dimethylbenzonitrile (MHD) similar
observations were made [22].

2. Experimental section

The fluorescence spectra were measured by using a quan-
tum-corrected Shimadzu S000PC spectrophotometer. Fluo-
rescence quantum yields were determined using quinine
sulfate in 1.0 N H,SO, as a standard (@=0.546 at 25 °C)
[23]. The picosecond time-correlated single-photon count-
ing (SPC) data were obtained with a system described before
(5,8] or with a picosecond laser system consisting of amode-
locked titanium-sapphire laser (Coherent, MIRA 900-F)
pumped by an argon ion laser (Coherent, Innova 415). The
analysis of the fluorescence decays was carried out by using
the method of modulating functions [24]). The pressure
equipment was built following the design provided by
Schwarzer of this Institute [25]. The synthesis of the com-
pounds discussed here has been described previously [5,8]
or will be reported separately. For all compounds HPLC was
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used as the last purification method and the solvents were
purified by chromatography just prior to use. The solutions
were deoxygenated by nitrogen bubbling or by employing
the freeze—pump-thaw method.

3. Reversible ICT reaction with DMABN
3.1. ICT stabilisation enthalpy — AH

From the double exponential fluorescence response func-
tions of the LE and CT states of DMABN in solvents such as
toluene {5] and diethyl ether [7,18] it has been concluded
that the ICT reaction of DMABN in these solvents is revers-
ible and can be described by Scheme 1. This scheme is
composed of the forward (k,) and backward (k;) reaction
rate constants as well as the (reciprocal) lifetimes of the
LE(1/7,) and the CT (1/1,') state.

By measuring the decay times 7, and 7, of the double
exponential fluorescence decay function i(LE)=
A, exp(—t/7,) +A,, exp( —t/7) and also their amplitude
ratio A=A,,/A,,, the rate constants k, and k, can be deter-
mined [5,8]. From such measurements carried out with
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DMABN in toluene or diethyl ether [5-8] as a function of
temperature, the activation energies E, and E, of the ICT rate
constants in Scheme 1 have been determined. It was found
from these data that the .CT stabilisation enthalpy
—AH(=E,—E,) is relatively small: 6 kJ mol ! in toluene
and 15 kJ mol ~ ' in diethyl ether. It should be noted, however,
that these values for AH have been determined with the
assumption that the ICT stabilisation enthalpy does not
depend on temperature. The validity of this assumption is
questionable [26] in view of the temperature dependence of
the dielectric constant €, and the refraciive index np, of the
solvents toluene and diethyl ether [27]. The AH values
reported here have, therefore, an approximate character.

3.2, Red shift of the CT emission: potential energy
diagrams

The CT emission in the fluorescence spectrum of DMABN
and other 4-(dialkylamino)benzonitriles is strongly red
shifted with respect to the LE band, see Fig. 1(a). This is the
case in cyclohexane [8], toluene [5,7] and acetonitrile [6],
irrespective of solvent polarity. From the energy Av™*(CT)
of the CT emission maximum and the energy difference
AE(LE) between the LE and the ground state (Fig. 1(a)),
the energy OE,,(CT) of the Franck-Condon (FC) ground

LE kq CT state reached during the CT fluorescence can be obtained, by
/ ky \ using Eq. (1) [6].
o s 8E,p(CT) =AE(LE) — (— AH) —hv™>(CT) ()
Scheme 1.
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Fig. 1. Stylized fluorescence spectra (upper part) drawn according to (a) the shape of the fluorescence spe?trum of (a) 4-(d‘i,methylanuno)benzon;‘t:!e
(DMABN) in diethyl ether at —50 °C and (b) the LE component of 4-(diethylainino)benzonitrile (DEABN). in toluene at —92 °C [26]. Both spectra v ;
been subtracted with the LE spectrum of 4-(methylamino)benzonitrile (MABN) obtained under similar conditions. In the Iowx‘er part of the figure, pot'erftl:le
energy diagrams are depicted for situations with relatively small values of the ICT stabilisation enthalpy — AH, for () a considerable and (b) a negligi

magnitude of the CT ground state repulsion energy A E,,,.
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It then follows that the factor 8E,.,(CT) — (—AH), which
determines the red shift of the CT emission (Eq. (1)), is
strongly dominated by 8E,,(CT). With DMABN in toluene,
as an example, 8E,,(CT) =79 kJ mol~' to be compared
with AH= —6kJ mol ™! [5]. It is clear, therefore, that the
reason that the CT emission of DMABN and related mole-
cules can easily be identified in the fluorescence spectrum i
predominantly caused by the large value of the repulsion
energy OE.,(CT). In molecules for which 8E,(CT) is
small, see Fig. 1(b), it would be difficult to establish from
an analysis of the fluorescence spectrum whether such a com-
pound is dual fluorescent or not.

The magnitude of the ground state repulsion energy
OE,(CT) reflects the configurational changes that have
occurred in the molecule DMABN and its immediate solvent
environment during the ICT reaction from the S, ground state
to the equilibrated CT state. Two contributions to 8E,,(CT)
can be distinguished in principle: firstly, the reorganisation
of the solvent moiecules, induced by the increase in the dipole
moment of DMABN from 6.6 D in the ground state to 17 D
in the CT state [8]; secondly, changes in the molecular con-
figuration of DMABN such as bond lengths and bond angles,
due to the increase in charge separation when going from S,
to CT.

4. Requirements for the occurrence of dual fluorescence
with aminobenzonitriles

4.1. S,('L,) and S('L,,CT): large energy gap AE(S,.S,)

The conditions required for the occurrence of dual fluores-
cence in DMABN and related D/A-substituted molecules
have been discussed on the basis of the level ordering of the
'Ly, and ('L,,CT) states and the magnitude of the energy gap
AE(S,,S,),asdepicted inFig. 2 [7,18,19]. Four level order-
ings of S, and S, are considered in Fig. 2, two each for either
'Ly or ('L,,CT) as the lowest excited state S,. With 4-(meth-
ylamino)benzonitrile (MABN) and 4-aminobenzonitrile

H\ y~CHs HC\ N~ CHs
@ MABN @ DMABN
C C
N N

sz_lLa

Sl S lLb S, lLb
LE
So — so

DUAL FLUORESCENCE (LE +CT)

(ABN) no dual fluorescence and ICT is observed, even not
in strongly polar solvents such as acetonitrile [5,8,28]. This
has been attributed to the relatively large energy gap AE(S,,
S,), preventing the vibronic coupling between S, and S,,
which is thought to take place during the ICT reaction
{7.17,28]. The absence of ICT in MABN is not due to specific
molecular properties of the NH(CH;) group [5], as dual
fluorescence is readily observed in 4-(methyiamino)-3,5-
dimethyl-benzonitrile (MHD) [28].

4.2. ('L, CT) as the lowest excited singlet state: dual
Sfluorescence with M4D

As compared with DMABN, a reversal of the molecular
nature of the two lowest excited states has taken place with
4-(N-azetidinyl)-1},5-dimethyl-benzonitrile (M4D), the
level ordering now being S, ('L,,CT) and S,('L,) [7,19],
see Fig. 2. A similar situation occurs with 4-(dimethylam-
ino)-3,5-dimethyl-benzonitrile (MMD). This state reversal
has been deduced from a detailed analysis of the absorption
spectra of M4D and MMD [22]. In the case of MMD the
change in the level ordering has already been reported, based
on MCD spectra [29].

M4D in diethyl ether is dual fluorescent, see Fig. 3, where
the CT and LE emissions in the spectrum of M4D at 20 and
= 110 °C are shown. Apart from the state reversal mentioned
above, the energetic situation is similar to that of DMABN,
with arelatively small energy gap AE(S,, S,) (Fig. 2).From
the fact that dual fluorescence is observed with DMABN as
well as with M4D, irrespective of the molecular nuture of the
lowest excited state, it is concluded that the proximity of the
S, and S; states is indeed an important factor for the occur-
rence of ICT and dual fluorescence in 4-aminobenzonitriles.
Dual fluorescence apparently only appears when AE(S,, S,)
is sufficiently small to make vibronic coupling possible.

The LE and CT fluorescence response functions of M4D
in diethyl ether are double exponential, as seen in Fig. 4,
where a global analysis of the functions at 20 °C is presented.
From the very short decay time 7, of 2 ps an ICT rate constant

&S

HyC CH,
M4D

C
N

Beort

S——L, S—,

sl_lLa

Sp = J—

Fig. 2. Different level ordering of the two lowest excited states 'Ly and ('L,,CT) for 4-aminobenzznitriles.
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Fig. 3. Fluorescence spectra of 4-(N-azetidinyl)-3,5-dimethyl-benzonitrile (M4D) in diethyl ether at (a) — 110 °C and (b) 20 °C. The CT and LE emission
bands are separated by taking the shape of the spectrum of 4-( methylamino )benzonitrile (MABN) for the LE state.
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Fig. 4. Fluorescence response functions of the LE and CT emission of 4-(/N-
azetidinyl)-3,5-dimethyl-benzonitrile (M4D) in diethyl ether at 20 °C. The
decay times ( 7>, 7;) and their pre-exponential factors A,, (CT) and A,; (LE)
are given. The LE and CT decays were analyzed simultaneously (global
analysis [24]). The decays were obtained by using picosecond laser
excitation at 296 nm. The weighted deviations, expressed as o (expected
deviations) and the autocorrelation functions A-C are indicated.

k, (Scheme 1) of 5X 10" s ! can be calculated [5,8] . Itis
of interest to note that this value of &, is considerably larger
than the 2.3 X 10'® s~ ! obtained for DMABN in diethyl ether
at 20 °C [ 7]. Although it has been shown here that the obser-
vation of dual fluorescence does not depend on the nature of
the lowest excited state, it is clear that the increased CT
character of the S,('L,,CT) state of M4D as compared with
the S,('L,) state of DMABN has made the ICT process

! When 7, < 7,, as in Figs. 4 and 8, the rate constants of the forward (k,)
and backward (ky) ICT reactions can be determined in an approximate
manner from k, + k,=1/7, and k,/ky=A,,/A,,. Using this procedure in the
case of M4D (Fig. 3) the values k,=5.0X 10"° s~ ' and k,=3.14 X 108 s~ '
result, in excellent agreement, obvious in this case with a large value for
A2/ A}y, with the outcome of a full analysis, with 7,=3.91 ns at diethyl
ether at 20°C from MABN as the model compound (cf. Ref. [5]):
499%10s™" (k,) and 3.12X 10% 57! (Kky).

considerably faster. This may be related to the molecular
nature of the ('L,,CT) state, which is more polar than ('L,)
and therefore perhaps more closely related to the final equil-
ibrated CT state of the aminobenzonitriles.

With CBQ, having a larger energy gap between S, and S,
than M4D [7,18], see Fig. 2, only a single CT emission band
without an LE component is observed. This absence of dual
emission is similar to the observation, described in Sec-
tion 4.1., that only an LE emission is found with MABN. In
both cases the lack of dual emission is attributed to the large
energy gap AE(S,,S,), which prevents vibronic coupling
between S, and S, see Fig. 2.

5. P3C to P8C: an important ICT reaction coordinate

In the series of 4-aminobenzonitriles 4-(N-aziridinyl)-
benzonitrile (P3C) to 4-(N-octahydrcazocinyl ) berzonitrile
(P8C), in which the amino nitrogen is part of a three- to
eight-membered heterocyclic ring, the CT/LE fluorescence
quantum yield ratio @' (CT)/®(LE), and also the forward
ICT reaction rate constant k, (Scheme 1), strongly decreases
with decreasing ring size. This behaviour has been observed
in several solvents of different polarity such as acetonitrile
and diethy! ether [7,17-19]. Whereas the fluorescence of 4-
(N-azetidinyl)benzonitrile (P4C) in diethyl ether only con-
sists of a single LE emission band, dual fluorescence is found
with this compound in the more polar solvent acetonitrile.
From measurements of the double exponential LE and CT
fluorescence decays of the molecules P4C to 4-(N-hexahy-
droazepinyl)benzonitrile (P7C) in acetonitrile it was shown
that the activation energy E, of the forward ICT reaction (k,)
increases when the amino ring becomes smaller, from
4.7kJ mol ! for P7C o 13.5 kI mol~"! for P4C [7]. This
increase in E, has been attributed to the increase of the energy
involved in the change of the configuration of the amino
nitrogen from pyramidal towards planar. This interpretation
is based on the results from dynamic NMR measure-
ments, which show that in the series N-methylhomo-
piperidine (M7N) to N-methylaziridine (M3N) the amino
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nitrogen inversion barrier increases with decreasing ring size
from 28.5 kJ mol =" for M7N to 79.5 kI mol~' for M3N
[30]. The results presented here mean that in potentially dual
fluorescent 4-aminobenzonitriles the configurational change
of the amino nitrogen towards planarity is an important
reaction coordinate for the ICT reaction.

v oo o O Q
3850

C
N

With P3C, the molecule with the smallest amino ring, for
which we therefore expect the highest barrier for the config-
urational change from pyramidal to planar in the series P3C
to P8C, dual fluorescence is not observed over an extended
temperature range, neither in diethyl ether nor in acetonitrile
(Fig. 5). The spectrum of P3C consists of a single LE emis-
sion band [19]. The fluorescence decay of P3C in diethyl
ether as well as in acetonitrile (Fig. 5, at —40 °C) is single
exponential, supporting our conclusion that an ICT reaction
does not take place in this system owing to the magnitude of
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Fig. 5. (a) Fluorescence and absorption spectra of 4-(N-aziridinyl)-
benzonitrile (P3C) in acetonitrile at 20 °C and (b) single exponential flu-
orescence response function of P3C in acetonitrile at —40 °C. See the
caption of Fig. 4.

the activation energy E,. Other factors, such as a large energy
gap AE(S..S;) and possibly insufficient electron donor
strength of the aziridinyl group, can also negatively affect the
ICT reaction.

6. Pressure dependence of the ICT reaction of DMABN
and DDABN: solvent viscosity and polarity

The fluorescence spectrum of DMABN was measured as
a function of pressure in diethyl ether at around 20 °C. The
spectra at 6000 bar and at normal pressure are shown in Fig. 6.
The CT/LE fluorescence quantum yield ratio @' (CT)/
@(LE) strongly increases with pressure from 0.32 (1 bar)
to 1.05 (6000 bar). Simultaneously, the CT emission maxi-
mum hv™*(CT) shifts to the red, from 23800 to
22 800 cm ™. The shape of the CT band and its width at half-
maximum A (1/2) do not change.

Pressure measurements with 4-(di-n-decylamino)-
benzonitrile (DDABN) in n-hexane at 20 °C, however, show
a quite different behaviour. Here, the ratio ¢’ (CT)/®(LE)
undergoes at most an increase of a few percent when the
pressure is raised from 1 to 6000 bar and a shift of the CT
maximum hr™**(CT) is not observed.

Upon increasing the pressure, the viscosity of n-hexane
increases from 0.29 to 3.53 cP between 1 and 6000 bar [31]a
and the dielectric constant €. changes slightly from 1.88
(1 bar) to 2.17 (6000 bar) [31]b, all data at 30 °C. The very
small pressure dependence of the @'(CT)/®P(LE) ratio
found with DDABN therefore means that an increase in sol-

2
(7]
[ -4
2
£
8
@
o
2
w
p = 6000 bar
2
[7]
[
£
]
4
[~]
2
[T
;
15 20 30 35

25
¥ (1000 cmi'")
Fig. 6. Fluorescence spectra of 4-(dimethylamino) benzonitrile (DMABN)
indiethyl etherat 20 £ 1 °Cat 1 barand at 6000 bar. The CT and LE emission
bands are separated by taking the shape of the spectrum of 4-(methyl-
amino)benzoniuile (MABN) for the LE state.
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vent viscosity by a factor of 12 has practically no effect on
the efficiency of the ICT reaction. It is therefore concluded
that the substantial increase with pressure of the CT/LE flu-
orescence quantum yield ratio observed in the case of
DMABN in diethy! ether cannot be attributed to the change
in the viscosity of the solvent. It then follows that the increase
in @' (CT)/®(LE) must be due to the strong increase in the
polarity of diethyl ether, for which the € value, at 30°C
[31c], changes from 4.15 at 1 bar to 6.53 at 6000 bar. This
increase of the solvent polarity with pressure is reflected by
the red shift of h»™*(CT) mentioned above.

Our conclusion that the solvent polarity and not the solvent
viscosity is the determining factor for the ICT process and
the dual fluorescence of 4-aminobenzonitriles such as
DMABN, is in accord with previous studies [20] on the
solvent polarity dependence of the photophysics of DMABN,
which show that the ICT activation energy E, decreases with
increasing polarity.

The absence of a viscosity dependence of @' (CT) / d(LE)
for DDABN in n-hexane and the increase of this ratio with
pressure for DMABN in diethyl ether makes the involvement
of a large amplitude motion in the course of the ICT reaction
unlikely. The observations can be understood, however,
within the framework of our reaction mechanism [7,18],
which identifies as the essential reaction coordinates the
change in configuration of the amino nitrogen of the amino-
benzonitriles from pyramidal to planar and the concomitant
changes in bond lengths occurring between the ground state
and the equilibrated CT state. Such changes are not expected
to show a pronounced viscosity dependence.

7. NMCS, NMC6 and NMC?7: blecking perpendicuiar
twist

Two different structural arguments have been advanced as
support for the TICT model proposed for aminobenzonitriles:
(a) the photophysical behaviour of model compounds such
as 1-methyl-6-cyano-1,2,3,4-tetrahydroquinoline (NMC6)
and MMD, in which the rotation around the N-phenyl bond
is affected [ 1-4] and (b) the presence of a linear correlation
between the CT emission maximum and the redox potentials
of the A and D subunits [21]. The last argument has been
discussed in detail recently [6,7,18], the first one will be
treated here.

The molecules 1-methyl-5-cyancindoline (NMCS) and
NMCS6, in which the rotation around the N-phenyl bond is
blocked, have played an important role as model compounds
designed to investigate the validity of the TICT model. The
finding that only LE emission is observed for these molecules,
even in polar solvents such as acetonitrile, has been consid-
ered to support the hypothesis that the possibility of rotation
arcund the N-phenyl bond is an essential requirement for the
occurrence of dual fluorescence in aminobenzonitriles
[1-4].

15 20 25 30 35 40

—— n-heptane
------ acetonitrile

15 20 25 30 35 40

(1000 cm™)
Fig. 7. Fluorescence and absorption (ABS) spectra of 1-mzthyl-5-cyanoin-
doline (NMC5), I-methyl-6-cyano-1,2,34-tetrahydroquinoline (NMC6)
and 1-methyl-7-cyano-2,3,4,5-tetrahydro-1H-1-benzazepine (NMC?7) in n-
heptane ( ) and acetonitrile (- - -) at 25 °C. The fluorescence spectra
of NMCS5 and NMC6 consist of a single LE band in both solvents. The CT
and LE abbreviations (see Scheme 1) inthe fluorescence spectrum of NMC7
refer to acetonitrile. The emission spectrum of NMC?7 in n-heptane predom-
inantly consists of an LE band with a small admixture of a CT component
at the red edge of the spectrum.

In Fig. 7 the fluorescence and absorption spectra of NMCS5,
NMC6 and 1-methyl-7-cyano-2,3,4,5-tetrahydro-1H- 1-benz-
azepine (NMC7) in n-heptane and acetonitrile at 25 °C are
presented. The fluorescence spectra of NMCS and NMC6 in
acetonitrile are red shifted relative to those in n-heptane, as a
consequence of their excited state dipole momeat u. of
around 11 D [32]. The spectra only consist of a single LE
band, which is similar in shape to the spectra of MABN and
ABN [28] in the case of NMC6. There is no indication of
the appearance of dual fluorescence and the fluorescence
decays of NMC5 and NMC6 in n-heptane and acetonitrile
are single exponential, see Table 1. These results are in agree-
ment with previous spectral data obtained with NMCS5 and
NMC6 in a variety of solvents spanning the polarity scale
over an extended temperature range [26,33].

For the seven-membered heterocyclic molecule NMC7 in
acetonitrile, in contrast, a CT emission band dominates the
fluorescence spectrum with a clearly larger Stokes shift for
the CT than for the considerably weaker LE band (Fig. 7).
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Table 1

Decay times 7, and 7, and their amplitude ratio A, /A,, fiuorescence quantum
yield & for LE and CT and LE radiative rate constant k of three rigidized
aminobenzonitriles in acetonitrile at 25 °C. Excitation wavelength: 300 nm
(NMCS 2 and NMC6 ®) and 320 nm (NMC7 ©)

NMC5 NMC6 NMC7
7 (ns) 4.19 287 6.46
3 (ns) - - 0.014
AsJA, - - 106
@ (LE) 0.23 0.26 0.01
?(CT) - - 0.13
ke (X107s7) 54 26 -

* |.methyl-5-cyanoindoline.
® |-methyl-6-cyano-1,2,3,4-tetrahydroquisofine.
¢ 1.methyl-7-cyano-2,3.4,5-tetrahydro- 1 H-1-benzazepine.

The contribution of the CT emission to the overall fluores-
cence spectrum of NMC7 in n-heptane is much smaller than
in acetonitrile. Such a polarity dependence is commonly
observed with dual fluorescent aminobenzonitriles and can
in the case of DMABN be ascribed to a strongly increased
ICT back reaction k4 in nonpolar solvents [5,7,8]. The pre-
dominant CT character (Table 1) of the NMC?7 fluorescence
in acetonitrile [7,18,28] is supported by solvatochromic and
time-resolved microwave conductivity (TRMC) experi-
ments [32], showing that the dipole moment of the CT band
of NMC?7 is similar to that found for DMABN, for which a
1(CT) of around 17 D has been determined by TRMC meas-
urements [ 8]. The excited state dipole moment of 11 D found
for NMC6, mentioned above, is similar to that of MABN [8]
and therefore supports the identification of its fluorescence
band as originating from an LE state.

The observation of dual fluorescence and ICT in the case
of NMC7 indicates that the increased flexibility of its seven-
membered heterocyclic ring, as compared with the smaller
more rigid rings in NMCS5 and NMCS, is sufficient to enable
NMC?7 to undergo an cfficient ICT reaction. In acetonitrile a
rate constant k, of 7% 10's~! at 20 °C can be determined
[5,2,8] *fromthetwodecay times 7, = 14 psand 7, =6.51 ns
together with their amplitude ratio A,/A, =11.2, obtained
from the double exponential LE fluorescence decay curve
shown in Fig. 8. For NMC7 in n-heptane at 20 °C the ICT
reaction is considerably slower than in acetonitrile:
k,=2.6X%10°s™", as similarly determined from the LE flu-

2 See footnote 1.

Table 2

t@ms) 0014 651 (0.529) o>
A; 101 09 (03) 1.0

KILOCOUNTS
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(=]

3 SIGMA

Fig. 8. Fluorescence response function of the LE emission of 1-methyl-7-
cyano-2,34,5-tetrahydro-1H-1-benzazepine (NMC7) in acetonitrile at
20°C. The decay times 7,=0.014 ns and 7, =6.51 ns as well as their pre-
exponential factors A, are given. The decay time in parentheses is attributed
to an impurity. See the caption of Fig. 4.

orescence decay data 7,=72ps, 7,=1.51 ns and A,/A, =
0.20, taking NMC6 in n-heptane as the model compound.
These observations are another [20] example of the increase
with polarity of the rate constant k,.

8. Internal conversion in IDMAN
8.1. Thermally activated internal conversion

The fluorescence quantum yield @ as well as the flu-
orescence lifetime 7 of 1-(dimethylamino)naphthalene
(1IDMAN) in an alkane solvent such as n-pentane at 25 °C
have considerably smaller values than in the more polar sol-
vents diethyl ether and acetonitrile, see Table 2 and also
Fig. 9. The fluorcscence decays are single exponential and
no sign of dual fluorescence is detected. The values of ®and
7of IDMAN both increase with solvent polarity. The radia-
tive rate k; is not so strongly affected, decreasing by a factor
of two between n-pentane and acetonitrile (Table 2). These

Fluorescence quantum yield @, fluorescence decay time 7, radiative (k) and internal conversion ( ki) rate constants and the internal conversion activation
energy ;¢ of 1-(dimethylamino)naphthalene (1DMAN) in three solvents of different polarity at 25°C

&908 ¢ 7(ns) ke (X10"s71) ke (X107s™Y) Eic (kI mol ™)
n-pentane 1.84 0.01 0.106 9.1 960 18.6
diethyl ether 43 0.03 0.440 73 200 274
acetonitrile 315 0.21 4.40 4.7 12 30.3

# Static dielectric constant at 20 °C. Data from Ref. [34].
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Fig. 9. Fluorescence response functions of 1-(dimethylamino)naphthalene (1DMAN) in (left) n-pentane at — 100 °C and (right) n-hexadecane at 155 °C.
The decay time in parentheses (left) is attributed to an impurity. See the caption of Fig. 4.

Table 3
Fluorescence quantum yield @ and fluorescence lifetime 7 of four amino-
haphthalenes in n-hexane at 25 °C

IDMAN* 1AN® IMAN € 2DMAN¢
7(ns) 0.120 6.65 7.80 10.5
@ 0.010 0.44 047 -

2 1-(dimethylamino ) naphthalene.
® ).aminonaphthalene.

© 1-(methylamino ) naphthalene.

¢ 2-(dimethylamino)naphthalene.

data indicate that a solvent polarity dependent radiationless
process takes place in IDMAN. Somewhat surprisingly, such
a process does not occur with 1-aminonaphthalene (1AN),
1-(methylamino) naphthalene (1IMAN) and 2-(dimethyl-
amino)naphthalene (2DMAN), see Table 3 for data in
n-hexane at 25 °C. The solvent polarity dependent radiation-
less process operating in IDMAN was first described by
Phillips, as part of an investigation of its excited state prop-
erties and their sigaificance for the widely used amino-
naphthalene sulphonate solvent polarity probes [35].

The fluorescence decay time 7of 1IDMAN in alkane sol-
vents strongly depends on temperature, increasing in isopen-
tane from 106 ps at 25 °C to 3.94 ns at — 150 °C. A similar
temperature dependence can be seen in Fig. 9. By combining
measurements of the fluorescence quantum yield @, the life-
times 7 and the T-T absorption intensity of IDMAN in a
variety of alkanes as a function of temperature, it could be
established that an efficient thermally activated internal con-
version (IC) process occurs with IDMAN [36]. The acti-
vation energy E;c of the internal conversion rate constant k;c
increases with solvent polarity from 18.6 kJ mol ~' in n-pen-
tane to 30.3 kJ mol ~! in acetonitrile (Table 2), showing that
internal conversion still operates in polar solvents, although
with a strongly reduced efficiency.

8.2. Internal conversion and level interaction between S,
and S,

With the four aminonaphthalenes 1AN, IMAN, 1DMAN
and 2DMAN the magnitude of the energy gap AE(S,,S,) is
relatively small {37]. This energy gap has the smallest value
for IDMAN. Even a state reversal from S,('L,), S,('L,),
the level ordering present in the other three aminonaphthal-
enes, i0 S;('L,), S,('L,,) has been discussed in the literature
[37-39]. As a further difference, the dimethylamino group
of IDMAN in its electronic ground state is strongly twisted
with respect to the naphthalene plane [40]. In the S, state the
molecule is considered to be planar, based on the analysis of
the influence of the N-methyl substituents on the absorption
and fluorescence spectra of the three 1-aminoaminonapthal-
enes {37,39] and the planarity of 1AN in the S, state [38].
A ground state twist of the amino group is not present with
1AN, IMAN or 2DMAN [40]. The question now arises,
whether the proximity of S, and S, is responsible for the fast
internal conversion process in IDMAN. Further, it is of inter-
est to investigate whether the antitwist movementof IDMAN
upon excitation from S, (twisted) to S; (planar) plays arole
in the radiationless process.

In the NH,-derivative IMAN, according to the MO cal-
culations of Suzuki [41], the S, state has predominantly
1L, character with an important admixture of 'L, and several
CT states, whereas the S, state has a similar composition but
is mainly of 'L, character. When we assume that the state
reversal mentioned above has already taken place for
IDMAN in n-pentane, the more polar composite 'L, state has
a lower energy than the composite 'Ly, state. When this is the
case, the AE(S,,S,) energy gap will increase with increasing
solvent polarity. This would explain the observed polarity
dependent increase of Eic (Table 2). It is assumed that the
activation energy E;c of the internal conversion is related to
the energy gap AE(S,.S;). The mechanistic details of the
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fast internal conversion operating in 1DMAN are under
further investigation.

8.3. Photophysical similarities between IDMAN and
DMABN

It is of interest to point out that for IDMAN as well as for
DMABN a level interaction between the S, and S, states,
made possible by a sufficiently small energy gap AE(S,, S,),
is invoked in the explanation of their specific photophysical
reactions treated here: internal conversion in the case of
1DMAN and dual fluorescence for DMABN. The new pho-
tophysical reactions disappear when in derivatives of both
molecules the proximity of the S, and S, levels no longer
exists. Examples of such derivatives are IMAN for the ami-
nonaphthalenes and MABN for the aminobenzonitriles, as
discussed above.

9. Conclusion

On the basis of the double exponential LE and CT fluores-
cence decays of DMABN in various solvents, it is concluded
that its dual fluorescence originates from a reversible ICT
reaction in the singlet excited state. A polar solvent is not
necessary for this reaction, as dual fluorescence has been
observed with several 4-(dialkylamino)benzonitriles in non-
polar alkane solvents. From measurements of time-resolved
fluorescence data as a function of temperature it appears that
the largest contribution to the substantial red shift of the CT
emission comes from the repulsion energy AE,.,(CT) of the
Franck-Condon ground state reached during the CT emis-
sion. Changes in the solvent reorganisation around the emeig-
ing dipole and especially changes in the molecular
configuration such bond lengths and bond angles occurring
as a consequence of the increase in charge separation during
the ICT reaction are assumed to contribute to the magnitude
of AE,,(CT).

Evidence is presented that dual fluorescence is observed
with 4-aminobenzonitriles when two requirements are ful-
filled: (a) asufficiently small energy gap A E(S,.S,), leading
to vibronic interaction between the two lowest singlet excited
state S, and S,, and (b) the possibility to change the config-
uration of the amino nitrogen from pyramidal towards planar
within the time range set by the LE fluorescence lifetime of
several nanoseconds. With M4D, for which the lowest excited
state is of ('L, CT) character, contrary to the S,('L,) state
of DMABN, dual fluorescence is in fact observed. As with
DMABN, the energy gap AE(S,,S,) of M4D is relatively
small.

From the observation that in the series P3C to PSC, having
a three- to eight-membered heterocyclic amino group, the
ICT efficiency strongly decreases with decreasing size of the
amino ring, it is concluded that the configurational change of
the amino nitrogen from pyramidal to planar is an important

ICT reaction coordinate. This attributed to the increase in the
ICT activation energy E, when the amino ring becomes
smaller. In accordance with this hypothesis, no dual fluores-
cence but only an LE emission is observed with P3C, having
a three-membered aziridinyl ring.

Fluorescence spectra of DMABN in diethyl ether and of
DDABN in n-heptane at room temperature were studied as a
function of pressure to address the question of the viscosity
dependence of their ICT reactions. The fluorescence quantum
yield ratio @' (CT)/®(LE) of DDABN in n-hexane remains
practically constant when increasing the pressure to 6000 bar.
With DMABN in diethyl ether, however, such a pressure
increase leads to a 3 times larger @' (CT)/®P(LE) ratio. In
view of the negligible pressure dependence found for
DDABN in n-hexane, the higher ICT efficiency observed for
DMABN is attributed to the polarity increase of diethyl ether
under pressure. It is therefore concluded that the dual fluo-
rescence and ICT reaction in the 4-aminobenzonitriles is
practically not influenced by solvent viscosity. This means
that it is not likely that a large amplitude motion takes place
during the ICT reaction of DMABN or DDABN from the
ground state to the final equilibrated CT state, in accordance
with our PICT model of a planar CT configuration.

With the rigidized but slightly flexible molecule NMC?7,
in which the amino nitrogen is connected to the phenyl moiety
as part of a seven-membered ring, dual fluorescence with a
predominant CT component is observed in acetonitrile. With
the more rigid derivatives NMCS and NMC6 only an LE
emission is found. These results show that a perpendicular
configuration of the CT state, leading to acomplete electronic
decoupling of the amino group from the benzonitrile moiety,
is not a necessary requirement for the appearance of duz!
fluorescence in these systems.

The aminonaphthalene IDMAN undergoes a fast ther-
mally activated internal conversion in alkane solvents. The
activation energy Ec of this process increases with solvent
polarity, from 19 kJ mol~' in n-pentane to 30 kJ mol~! in
acetonitrile. Itis suggested that a vibronic interaction between
the two lowest excited states S, and S, induces the internal
conversion. The increase of Ej¢c with solvent polarity is attrib-
uted to asimilar polarity dependent enlargement of the energy
gap AE(S,.S,). Attention is drawn to the similar dependence
on AE(S,,S;) of the internal conversion in IDMAN and the
ICT reaction in DMABN.
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