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Internal Conversion in 1-Aminonaphthalenes. Influence of Amino Twist Angle
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With the 1-aminonaphthalenes 1N5 and 1DMAN a fast radiationless process ocauigekane, diethyl
ether, and acetonitrile, which is shown to be internal conversion (IC). The IC reaction is slower with 1N4 and
much less efficient with IMAN and 1AN. This IC process is thermally activated and slows down with increasing
solvent polarity, due to a larger IC activation energy. In the ground statb&amino twist anglé relative

to the naphthalene plane increases in the order IMAN, 1AN, 1N4, 1N5, 1DMAN, as derived from absorption
and fluorescence spectfdd NMR spectra, ground-state dipole moments, and ab initio calculations. For the
five 1-aminonaphthalenes in the equilibratedsgate, the twist angle and the radiative rate constant have
similar values. The different IC efficiences of these molecules are therefore determined by the structural
differences (amino twist angle) betweena®d $. A correlation is found between the IC efficiency in these
molecules and the twist anghe The IC process togstarts from the equilibrated, State, which is vibronically
coupled with $ due to a small energy gapE(S,,S,). It is therefore concluded that the extent of vibronic
coupling and the magnitude of the twist anglare the determining factors in the IC process.
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The replacement of the amino substituent in 4-(dimethylami- N
no)benzonitrile (DMABN) by a pyrrolidinyl or an azetidinyl
group, giving either 4§-azetidinyl)benzonitrile (P4C) or 4N O
pyrrolidinyl)benzonitrile (P5C), leads to a considerable decrease
in the intramolecular charge transfer (ICT) efficiency, especially 1N

in the case of P4&:> The difference between P4C and P5C
comes from a substantially larger ICT activation energy for the

former molecule, determined by the amino nitrogen inversion °C, a decay time of 120 ps and a quantum yieli; of 0.01

barr|e_r.3’§ . has been determinéfl.These data should be compared with

A similar phenomenon has been observed for the ICT reaction e values of 6.65 or 7.80 ns ferand 0.44 or 0.58 forb; of
in 1-amino-4-cyanonaphthalenes. With N-¢zetidinyl)-4-cy- 1-aminonaphthalene (1AN) or 1-(methylamino)naphthalene
anonaphthalene (1N4C), a dual fluorescence from a charge(lMAN)’ respectively, under these conditions, for which
transfer (CT) state next to that from the initially prepared locally yjecules only a weak IC reaction occdfgrom the fact that
excited (LE) state has not been obserbetht even in polar  he dimethylamino group in 1DMAN is twisted out of the
solvents such as acetonitrile, in contrast to the dual CT and LE naphthalene plane in the electronic ground state, whereas the
emission found with 1-(dimethylamino)-4-cyanonaphthalene ,qiecule becomes more planar in the equilibratedtstelo.1t
(IDMACN).+~7 it follows that the amino substituent undergoes an antitwist

These differences in photophysical behavior clearly show that movement toward planarity with the naphthalene moiety during
the presence of a pyrrolidinyl and especially an azetidinyl group the relaxation process.
can lead to a reduction in the ICT efficiency as compared with  The efficiency of the IC reaction with IDMAN decreases
the dimethylamino derivatives. In the present paper the influence with increasing solvent polarify:1! This decrease is caused
of replacing the dimethylamino group of 1-(dimethylamino)- mainly by an increase in the IC activation eney.1° The
naphthalene (LDMAN) by a heterocyclic azetidinyl or pyrro- occurrence of the IC phenomenon and its polarity dependence
lidinyl group, resulting in 14-azetidinyl)naphthalene (IN4) or  have been attributed to vibronic coupling between the two lowest
1-(N-pyrrolidinyl)naphthalene (1N5), on the photophysical singlet excited states;Sand S, the energy gapAE(Sy,S)
behavior of these compounds will be discussed. becoming larger when the solvent polarity increa$es.has

With 1DMAN, a thermally activated internal conversion (IC) been suggested that, as far as the vibronic coupling is concerned,
takes place, which reduces the fluorescence decay time the IC process in 1IDMAN is photophysically analogous to the
well as the quantum yield;.8~11 This IC process is especially  ICT reaction in DMABNZ0

efficient in nonpolar solvents such asalkanes at ambient
temperaturé® As an example, for 1DMAN im-hexane at 25
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Internal Conversion in 1-Aminonaphthalenes

P4C3 1N5 was made from naphthalene-1-yl-(4-phenoxybutyl)-
amine and AICJ.1* This amine resulted from a reaction between
1AN (Merck) and 4-methoxybutylbromidé@.A synthesis pro-
cedure similar to that employed to obtain 1N4 did not lead to
the desired product. LDMAN was obtained from Fluka. 1MAN
was made by reacting 1AN with formic aciélwith all these
molecules HPLC was the last purification step.

The solvenn-hexane (Merck) was used as received. Diethyl
ether (Merck-Uvasol) and acetonitrile (Baker) were chromato-
graphed over AlO3 just prior to use. The solutions, with an
optical density between 0.6 and 1.0 for the maximum of the
first band in the absorption spectrum, were deaerated by
bubbling with nitrogen for 15 min.

The fluorescence spectra were measured with a quantum-
corrected Shimadzu RF-5000PC spectrofluorimeter. The fluo-
rescence decay times were determined with picosecond laser
or nanosecond flashlamp single-photon counting (SPC) setups.
These systems were described previotisl:18The picosecond
SPC equipment consists, in brief, of a mode-locked argon ion
laser (Coherent, Innova 100-10) and a synchronized-thaer
system (Coherent 702-1CD, Rhodamine 6G). The outcoupled
light is frequency-doubled (298 nm) in a Lit(Qrystal. The

fluorescence and scatter (Ludox) records are measured with a

Hamamatsu R3809 MCP photomultiplier§000 V). Alterna-

tively, a picosecond laser system consisting of a mode-locked =
titanium—sapphire laser (Coherent, MIRA 900-F) pumped by =

an argon ion laser (Coherent, Innova 415) was used. By
frequency-doubling and sum-frequency generation a wavelength
of 300 nm is reached. The instrument response function has a
half-width of 25-35 ps. The fluorescence is detected at magic
angle (54.7).

The intersystem crossing yiettlsc from the equilibrated S
state to the lowest triplet state; Was measured by T
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Figure 1. Absorption and normalized fluorescence spectra of 1N5,

absorption, using a method based on triplet energy transfer with1N4, 1DMAN, 1MAN, and 1AN in (a)n-hexane and (b) acetonitrile

9,10-dichloroanthracene as the accepfof! As a reference
substance, eithek-methyl-1,8-naphthalimide im-hexane or
benzophenone in acetonitrile was used. For both substances
®sc was taken to be equal to 126:2% The solutions used in
these experiments were degassed employing the frgrrap—

thaw method.

at 25°C.

, Itis thereby assumed that no processes other than fluores-

cence, intersystem crossing, and internal conversion take part

in the deactivation of the ;Sstate of the 1-naphthylamines, as

evidence for the occurrence of photochemical reactions was not

found.

Results and Discussion

Fluorescence, Intersystem Crossing, and Internal Conver-
sion. The fluorescence spectra of the 1-aminonaphthalenes 1N5,
1N4, 1DMAN, 1MAN, and 1AN consist of a single emission
band (Figure 1). This is the caserirhexane as well as in the
more polar solvents diethyl etlfeand acetonitrile. There is no
sign of the dual fluorescence that was previously postulated for
1AN.2* In contrast to this spectral uniformity, the fluorescence
guantum yields of the naphthylamines are strikingly different.

In n-hexane at 28C, the fluorescence quantum yields of
1N5 (0.007), 1N4 (0.14), and 1DMAN (0.010) are considerably
smaller than those of 1IMAN (0.58) and 1AN (0.44) (Table 1).
To determine the cause for the Iely values of the three former
molecules, the yields for intersystem crossing (ISC) and internal
conversion (IC) were determined.

The intersystem crossing yietll;sc was measured by T
absorption, giving im-hexane at 25C relatively small values
for IDMAN (0.02), 1N5 (0.03), and 1N4 (0.13), see Table 1,
as compared with those for IMAN (0.43) and 1AN (0.46). From
these data andy, the internal conversion yiel®,c can then
be calculated by using the expression in eq 1.

bc=1— ¢ — disc 1)

It follows from these data, that internal conversion is the
major process causing the strong decrease in the fluorescence
guantum yield®; and also in the decay time(see below) of
IN5 (@ic = 0.96) and 1N4¢,c = 0.73) in an unpolar solvent
such am-hexane at 25C, similar to what has been observed

with 1DMAN (®,c = 0.97)19IC also takes place with IMAN

and 1AN, but with much lower yields of 0.10 and 0.09,
respectively (Table 1). In the polar solvent acetonitrile at 25
°C, the yields®,c of 1N5, 1N4, and 1DMAN are considerably
smaller than im-hexane, see Table 1, especially in the case of
1N4: 0.11 in acetonitrile as compared with 0.73nimexane.
With IMAN and 1AN in acetonitrile, appreciable IC does not
occur, as the sum ob; and ®sc is equal to unity (Table 1).

Temperature Dependence of Fluorescence Quantum Yields.
The fluorescence quantum yiedd; of the aminonaphthalenes
1IN5, 1IN4, 1IDMAN, and 1AN was determined as a function of
temperature im-hexane and acetonitrile (Figure 2). In the case
of IN5, 1IDMAN, and 1N4 im-hexane (Figure 2a¥p; sharply
increases with decreasing temperature. This shows that the
fluorescence quenching in these molecules is thermally acti-
vated!® With 1N4, @ reaches a plateau at—60 °C, whereas
such a temperature independence is not observed for the more
strongly quenched molecules 1N5 and 1DMAN. For 1DMAN



1960 J. Phys. Chem. A, Vol. 103, No. 13, 1999

Rickert et al.

TABLE 1: Fluorescence Decay Timeg, Yields ®;, and Rate Constantsk; of Fluorescence (f), Intersystem Crossing (ISC), and
Internal Conversion (IC) and the Arrhenius Parameters k?c and E,c for Internal Conversion (eq 2 and Figure 4)

ke kisc® kic k?ce Eic
25°C 7 [ns] Dy Disc? @ [107sY [107 s [107 s [10%s7Y [kJ moi]
n-Hexane
IN5 0.082 0.007 0.03 0.96 8.5 40 1260 1.1 17+ 1
1N4 1.73 0.14 0.13 0.73 8.4 8 402 1.5 26+ 1
1DMAN 0.120 0.01 0.02 0.97 8.3 15 83030 1.2 18+ 1
1MAN 7.80 0.58 (0.43) 0.04 7.4 4 0.6+ 0.4 5.8 404 10
1AN 6.65 0.44 0.46 0.09 6.6 7 140.6 6.4 38+ 8
Diethyl Ether
1N5 0.382 0.031 8.1
1N4 5.96 0.45 7.6
1DMAN 0.440 0.032 0.03 0.94 7.3 6 22010 13 27+ 2
1MAN 11.7 0.82 7.0
1AN 12.4 0.78 6.3
Acetonitrile

1IN5 4.45 0.24 0.33 0.43 5.3 7 12 5.7 33+ 3
1N4 14.2 0.75 0.14 0.11 5.3 1.0 0.340.09 1.4 404 15
1DMAN 4.45 0.21 0.31 0.48 4.6 7 2 3.4 31+ 2
1MAN 17.7 0.92 0.09 0.0 5.2 0.5 n
1AN 18.3 0.86 0.16 0.0 4.7 0.9 n

2 Determined from T absorption” Calculated from®bc = 1 — @ — ®sc, See eq 1¢ kisc is calculated fronbisg/z. @ ki is obtained by using
the Arrhenius expressiokf’C exp(—Ec/RT). ¢ The uncertainty in the preexponentiel fact(fig is exponentially related with that of the activation
energyEic. f Value probably too high due to the exceptional instability of IMANrom the temperature dependencer ¢éq 2) a value of 0.38
was obtained fobisc. With the other molecules in the Table, the same valuesbiprwere determined either by-IT absorption or from fitting
the t data (Figure 4)" An acceptable fit of the data could be achieved without takikg into account.
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Figure 2. Fluorescence quantum yields; of 1N5, 1N4, 1DMAN,
and 1AN in (a) n-hexane and (b) acetonitrile as a function of

temperature.

in isopentane, measured down to its melting point§0 °C),
the fluorescence yield only stops to increase upon cooling below with increasing solvent polarity;1 but remains more efficient

—140°CS$

In acetonitrile (Figure 2b), the fluorescence quantum yield
of the aminonaphthalenes likewise increases when the temper-
ature is lowered, except for 1AN. The increasedaffor the
strongly fluorescent 1AN upon heating, comes from the increase
of the predominant radiative rate const&ntto be discussed
below. The comparison of th@; data for n-hexane and
acetonitrile in Figure 2 indicates that for 1N5 and 1N4, similar
to what has been observed for 1IDMANL fluorescence
guenching by internal conversion still takes place in acetonitrile,
but has become less efficient in this polar solvent.

Fluorescence Decay Times and Radiative Rate Constants
at 25 °C. Influence of Solvent Polarity. The fluorescence
decays of 1N5, 1N4, 1DMAN, 1MAN, and 1AN in-hexane,
diethyl ether, and acetonitrile are single exponefti&fti The
decays of 1N5 and 1N4 in-hexane and acetonitrile at 2&
are presented in Figure 3. The decay timaf 1N5 (0.082 ns)
in n-hexane is much shorter than that of 1IMAN (7.80 ns) or
1AN (6.65 ns), with a value even smaller than the 0.120 ns
obtained for LDMAN, see Table 1. Also with 1N4 imhexane
(1.73 ns), a substantial decrease ias compared with IMAN
and 1AN is observed (Figure 3c).

The same differences as those found hererfaappear in
the fluorescence quantum yields (Table 1), see Figure 2.
This means that the radiative rate constaift= ®¢/7) is similar
for the five naphthylamines, with a value8 x 107 s for
1IN5, 1N4, and 1DMAN, and~7 x 107 s71 for IMAN and
1AN (Table 1). From these results it is concluded that the
molecular nature of the;State in these compounds does not
depend on the structure of the amino substituent.

Upon increasing the solvent polarity (diethyl ether and
acetonitrile), the decay times become longer, see Table 1. In
acetonitrile at 25°C, the decay times of 1N5 (4.45 ns),
1DMAN (4.45 ns), and 1N4 (14.2 ns) are still shorter than those
of IMAN (17.7 ns) and 1AN (18.3 ns). Again(1N5) and
7(1DMAN) are much smaller tham(1N4), butk: and hence
the molecular nature of;§see above) does not change. These
results show that the excited-state quenching process slows down

with IN5 and 1DMAN than in the case of 1N4.



Internal Conversion in 1-Aminonaphthalenes

Activation Energies of Internal Conversion from Fluo-
rescence Decay TimesTo determine the activation energies
Eic of the IC process, the fluorescence decay timef the
1l-aminonaphthalenes 1N5, 1N4, 1DMAN, 1MAN, and 1AN
in n-hexane and acetonitrile was measured as a function of
temperature, see Figure 4. In contrast to what is observed with
1AN and 1MAN, 7(1N4) in n-hexane strongly decreases with
increasing temperature, reaching a value of 550 ps at®5
(Figure 4a). This decrease is considerably smaller, however,
than that obtained with 1N5 in-hexane, for whiclr changes
from 2.2 ns at-92 °C down to 55 ps at 65C (Figure 4a). For
1DMAN a similar temperature dependence is folihsge Table

1. In acetonitrile, the temperature dependence of the decay times @

of IN5 and 1N4 (Figure 4b) is considerably smaller than that
observed im-hexane. Such a behavior has previously also been
reported for IDMAN? and was attributed to an increase in the
IC activation energy with increasing solvent polarity.

The activation energieB,c were determined by fitting the
decay time data im-hexane and acetonitrile as a function of

temperature with the expression given in eq 2, where the rate

constantsc andkisc are given in Arrhenius form ankisc(0)

is the temperature-independent ISC rate constant. In this
procedure, a constant value of 5 kJ/mol for the ISC activation
energy Eisc is adopted® and k; is taken to be temperature
independent. The fits are shown in Figure 4 and the data for
ki. andEc so obtained are listed in Table 1. It is seen that
indeed increases with solvent polarity.

1 IC
;:kf‘*‘kic"‘klsc:kf""k?ce)q(ﬁ)""

—E
k?sc exr(%) + kisc(0) (2)

Solvent Polarity Influence on Internal Conversion. The
IC rate constank,c of 1N5, 1IDMAN, and 1N4 is much larger
in n-hexane than in acetonitrile (Table 1). With 1N5, for
examplekc equals 1.2«< 10'°s1in n-hexane against ¥ 10°
s 1 in acetonitrile. For 1N4 and 1DMAN a similar result is
obtained. These decreases kg are caused mainly by the
activation energ¥,c, which is considerably larger in acetonitrile
than inn-hexan€'® whereas the preexponential fackdr even
slightly increases, with an average valé.3 x 103 st in
n-hexane and-3.5 x 103 s71in acetonitrile, see Table 1.

To explain the increase dc with solvent polarity in the
case of 1IDMAN, an energy gap model has been introdéted.
In the context of this model, invoking vibronic coupling between
the two lowest excited singlet stategs &d S, the observed
decrease of the IC rate with increasing solvent polarity is
explained by assuming an increase AfE(S;,S;) when the
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Figure 3. Fluorescence decays with decay timesf 1N5 and 1N4

in n-hexane and acetonitrile at 2%. Excitation: (a) 299 nm, (b)
316 nm, (c) 300 nm, (d) 316 nm; emission: measured at the
fluorescence maximum-400 nm, see Figure 1. The values in
parentheses are attributed to impurities. These are visibiehexane

due to the small fluoresecence quantum yield of the 1-aminonaphtha-
lenes in this solvent.

could indicate that in the aminonaphthalenes the admixture of
the zero-order naphthalene statks and'L, with several CT
stated?® changes with temperature.

Molecular Structure of the 1-Aminonaphthalenes in 9
and S;. It was shown in the preceding sections that especially
in the nonpolar solvent-hexane an efficient internal conversion
occurs with IN5, 1IDMAN, and 1N4 (in that order, see Table
1), with clearly larger rates than in the case of 1IMAN and 1AN.
Before an explanation for this photophysical behavior can be
given, information on the molecular structure of these naph-
thylamines is presented. The difference in their molecular
configuration in the ground and excited singlet state, in particular
the twist anglé? between the amino group and the naphthalene
plane (Figure 6), is discussed on the basis of absorption and

solvent polarity becomes larger. This is caused by a more fluorescence spectréii NMR chemical shifts, data on dipole

strongly polar character of thg 8s compared with the,Statel®
It is thereby assumed that the magnitud&gfis directly related
to that of AE(S,,S).

Radiative Rate Constant as a Function of Temperature.

moments, and ab initio calculations.

Ground-State Structure. Absorption Spectra. The absorp-
tion spectra of 1N4, 1N5, 1DMAN, 1MAN, and 1AN in
n-hexane and acetonitrile at 2& are shown in Figure 1. In

The temperature dependence of the ratio of the radiative ratethe spectrum of 1AN im-hexane, the two overlapping 8&nd

constank; and the square of the solvent refractive inadgxor
1N5, 1N4, 1IDMAN, and 1AN im-hexane and acetonitrile is
plotted in Figure 5. The plot is presented in this way,kas
depends om (ki ~ n??2® and n becomes smaller at higher
temperature$’28 For 1N5 and 1DMAN inn-hexane (Figure
5a), kf/np? is practically constant upon heating the solution,
whereas with 1AN and 1N4 a clear increase kphp? is
observed. In acetonitrilés/np? also increases with increasing

S, band$£ are still visible, whereas these bands more strongly
overlap for the other molecules. This indicates that the energy
gapAE(S,,S,) decreases when the amino group is alkyldfed.
The energies of the maxima of these composite absorption bands
are listed in Table 2. The absorption spectrum of LMAN is red-
shifted relative to that of 1AN, as is usual fbkmethylated
aromatic amines, such as fdrmethylaniline as compared with
aniline3! Contrary to what is found foN,N-dimethylaniline3!

temperature for all aminonaphthalenes discussed here. Thishowever, the red-shift upon introducing an additional methyl
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Figure 4. Fluorescence decay time®f 1N5, 1N4, 1IDMAN, 1MAN,
and 1AN in (a)n-hexane and (b) acetonitrile as a function of

temperature. The lines through the data points represent the fitting of

the data with eq 2, giving the activation energigsand the preexpo-
nential factors kiO (Table 1) of the internal conversion (IC) and

intersystem crossing (ISC) processes in these 1-aminonaphthalenes.

group is not continued for IDMAN: its absorption maximum
is strongly blue-shifted with respect to that of 1AN and 1MAN.
This blue-shift has been attributed to a larger twist angle-(
60°) of the dimethylamino group in 1DMARZ-34 than that of
the NHx-substituent in 1AN which is assumed to be only
moderately twistedd between 20 and 30 in the electronic
ground staté?36 These data fol® have been derived from
photoelectron spectfd;33ground-state dipole momerits3®>and
from a Hartree-Fock calculation coupled with high-resolution
fluorescence excitation experiments in a supersoniééj&he
deviation from planarity of the naphthylamines igiS due to
the peri effect exerted by the hydrogen atom ¥48.

In the case of the ring compounds 1IN5 and 1N4, the
absorption band in-hexane and in acetonitrile (Table 2) is blue-
shifted relative to 1MAN, although to a smaller extent than with
1DMAN. The blue-shift for 1N5 is larger than that for 1N4.
This indicates that the amino group in 1N5 is more strongly
twisted than in 1N4, with angleg@ between those of 1DMAN
and 1IMAN or 1AN. This conclusion is supported by an analysis
of 'H NMR spectra, Stokes-shifts, and differences in the ground-
state dipole momenty as well as by ab initio calculations, to
be discussed in the following sections.

The extinction coefficient™®* of the lowest energy absorption
maximum of 1DMAN inn-hexane (5100) is lower than that of
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Figure 5. Plots of the ratid/np? for IN5, 1N4, 1DMAN, and 1AN

in (a) n-hexane and (b) acetonitrile as a function of temperature. The
radiative rate constait is divided by the square of the refractive index
np, see text and ref 28, and this ratio is normalized af@5
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Figure 6. (a) Top view of a 1-aminonaphthalene used to define the
amino twist angled between the amino group and the plane of the
naphthyl moiety. (b) Partial side view of a 1-aminonaphthalene used
to define the pyramidal anglg. N is the amino nitrogen, X(1) and
X(2) are the amino substituents, and C(1) is the carbon atom in the
1-position of the naphthyl group.

attributed to the larger amino twist angle and the consequently
increased amino/naphthyl decoupling in the case of 1DMAN.
A similar phenomenon occurs in a series of anilines with
blocking ortho substituenf8:3° The observation (Table 2) that

in n-hexane theM®values of 1N5 (6000) and 1N4 (6700) are
between those of IMAN and 1DMAN supports the conclusion
that the amino twist angle of 1N5 is larger than that of 1N4,
with values between those of 1IDMAN and 1MAN. It should
be noted that absorption spectra (spectral position and extinction
coefficient) reflect the transition from the equilibrategigbound
state to the FraneckCondon (FC) excited states, 8nd not to

the relaxed gstate.

Structure of the Relaxed § State. Fluorescence Spectra.

1MAN (7000), see Table 2 and Figure 1. This decrease is againUpon methylating the amino group of aromatic amines, their
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TABLE 2: Maxima of the Absorption ( 75%) and

Fluorescence %) Spectra, Stokes-ShiftAv(St), Energy of
the First Excited Singlet StateE(S;), and Extinction

J. Phys. Chem. A, Vol. 103, No. 13, 199963

TABLE 4: Calculated and Experimental Ground-State (ug)
and Excited-State fz¢) Dipole Moments of Five
1-Aminonaphthalenes in Debye Units

Coefficient em of the Lowest Energy Absorption Maximum Alpm] xS0 [D]  uPPCD] Aud we[D]
for Five 1-Aminonaphthalenes g g
1N5 420 1.1 7.0 8.1
. . ema 1N4 410 1.45 (18 62 80
abs U Av(St) E(S) [Imol™* 1DMAN 410 0.84 1.05 6.1 7.1
[10°cm™] [10°cm™] [10*cm ] [10°cm™] cm] 1MAN 390 1.37 1.75 5.7 7.4
1AN 370 1.44 1.55 5.7 7.2
n-Hexane ] ) )
1N5 31.46 25.92 5.54 28.13 6000 aOnsager radius, see eq°drom calculations (Gaussian 94, ref 51)
1N4 30.66 25.56 5.10 27.98 6700 using the HFSCF method with a 6-31G* basis séData from ref
1DMAN  32.64 25.84 6.80 28.82 5100 35. 9 Au = e — ug®™. © Experimental value assumed to be the same
1MAN 30.04 26.06 3.98 28.19 7000 as for 1IDMAN.' Calculated dipole moment for 1N4, scaled by the
1AN 31.44 26.52 4.92 28.96 5600  factor 1.25 for the ratiquf™/us™ of the tertiary amine 1DMAN.
Acetonitrile
IN5 30.74 23.52 7.22 26.67 6200 chemical shift of the hydrogens next to the amino group pro-
ig:\"AAN gg-gg 22361(? 87-55 22;3-;8 s30p  dressively changes to lower ppm values, when the molecular
IMAN 29.86 2374 6.12 26.69 7100 _structure such as the amino twist angldoes not. change..Thls
1AN 30.74 23.88 6.86 27.28 5900 is due to the inductive-l-effect? based on the increase in the
) _ electron donor strength in the series NINH(CHs), N(CHz),,
TABLE 3: 'H NMR Chemical Shifts for the Proton H2 of which can be deduced from the amine oxidation potentfals.

Five 1-Aminonaphthalenes in CDC}

0(H2) [ppm]

In accordance with this expectation, #igH2) of IMAN (6.65
ppm) is shifted to smaller ppm values as compared with 1AN

1N5 6.98 (6.78 ppm), see Table 3. In 1DMAN, however, a further upfield
1N4 6.56 shift does not take place. Instead, a large downfield shift (to
1DMAN 7.09 7.09 ppm, Table 3) is observed, which is attributed to the
i%NAN g:gg substantial increase in the amino twist an¢léo ~60°, as

derived from the absorption spectra.

fluorescence spectra generally undergo a red-shift, due to an  For 1N5 with ad(H2) value of 6.98 ppm, not much smaller

increase in the inductive effect of the substituent. Such a red-
shift has been observed for the series anilenethylaniline,

and N,N-dimethylaniline?® as well as for the pair 2-amino-
naphthalene and 2-(dimethylamino)naphthat&fé The fluo-

than that of 1DMAN, a relatively large twist angle (close to
60°) is deduced. As thé(H2) shift of 1N4 (6.56 ppm) is clearly

smaller than that of IN5 (Table 3), it is concluded that the
azetidinyl group in 1N4 is less strongly twisted in the electronic

rescence spectra in the group 1AN, IMAN, and each of the ground state than the amino group in IN5. Similar conclu-
three dialkylaminonaphthalenes 1DMAN, 1N5, and IN4 in sjons on the amino twist angles are reached in the previous
n-hexane and in acetonitrile at 2& (Figure 1 and Table 2)  gections.

also show such a shift to the red. These observations indicate

that the molecular structure of the equilibrated singlet excited
state $is similar for all five 1-aminonaphthalenes. As the amino
twist angled in the relaxed Sstate of 1AN is close to zer,

it is therefore concluded that the amino group of the other four

1-aminonaphthalenes likewise does not deviate appreciably from.

planarity.

Stokes-ShiftsThis conclusion is supported by the data for
the Stokes-shif\v(St) between the maxima of the absorption
and fluorescence spectra, which correlate with the twist angle
0 in S treated in the preceding sections. ifhexane (Table
2), Av(St) has the highest value for IDMAN (6800 cHhand
then decreases in the same order as foundfolN5 (5540
cm1), 1IN4 (5100 cm?), 1AN (4920 cnt?l), and 1IMAN (3980
cm™b). In acetonitrile a similar correlation is found (Table 2).
It hence follows that the differences w(St) are determined
by the ground-state amino twist angles.

IH NMR Spectra. Differences in Amino Twist Angle. In

Dipole Moments ug4 and ue. Solvatochromic Data.Dipole
Moment & The ground-state dipole momentg of 1AN,
1MAN, and 1DMAN are listed in Table #:35 The dipole
moment of IMAN (1.75 D) is larger than that of 1AN (1.55
D), similar to what is observed upon alkylating the amino group
in aniline’® and 2-aminonaphthalerie.This increase is not
continued, however, when a second methyl group is introduced
in IMAN: the dipole momenty of 1IDMAN (1.05 D) is
considerably smaller than that of LIMAN and 1AN. The decrease
in ug for 1IDMAN has been attributed to the twist of the
dimethylamino group, causing an electronic decoupling between
this group and the naphthyl moiety3°as discussed above. For
1N4 and 1N5, experimental, data are not available, therefore
calculated values are employed (Table 4).

Dipole Moment § The dipole momente of the molecules
in the equilibrated Sexcited state listed in Table 4 are derived
from solvatochromic measurements. In a plot of the fluorescence

the 1-aminonaphthalenes, the magnitude of the amino twist angleband maxima (see Figure 1 and Table 1) against the solvent
0 determines the electronic coupling between these groups, wherpolarity parametef — ' the slope is equal tae(ue — ug)/p%
the pyramidality of the amino nitrogen remains unchanged, seesee egs 3 and#:“°The value taken for the equivalent spherical

below. The extent of this coupling is determined by the twist-

radiusp of the solute molecule obviously is of great importance

dependent delocalization of the lone-pair electrons of the aminoin the evaluation of these data. A number of methods for the

nitrogen into the naphthalene nucleus: the mesomeit
effect3 The twist angle can then be monitored by measuring
the chemical shift$) in the NMR spectrd?43see the data for
0(H2) in Table 3.

Upon the introduction of methyl groups in the amino

determination ofo are availablé® The u. data in Table 4 are
based on an Onsager radjusalculated by using the assumption
that the molecular density equals unity. It is seen that the dipole
moment of the 1-aminonaphthalenes increases substantially upon
excitation, from~1.5 D for ug, to values between 7 and 8 D

substituents of an aromatic amine, it is to be expected that thefor ue in the equilibrated Sstate (Table 4).
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.~ _ -1 2 , TABLE 5: Results from ab Initio Calculations, Gaussian 94
Vi = g elte —ug)(f — F) +constant  (3)  (ref 51), HF—SCF Method with a 6-31G* Basis Set (See
ohco Figure 6)
On the basis of these data, it is concluded that the electronic N4 1DMAN IMAN 1AN
6 [°]2 36 60 15 22
_ 2 d [pm]° 140.5 142.4 139.7 140.4
f_po ez (1) ) SN [°]° 337 342 344 335
(2¢+1) (@2n*+1) MR 38 41 38 47

a Amino twist angle> N—C(1) bond length¢ Sum of the valence
properties and hence the molecular structure of LDMAN, 1N4, angles between the amino nitrogen and its neighboring carbon atoms.
and 1IN5 in the relaxed;State are similar to those of 1AN and ¢ Pyramidal angle.
1MAN. The amino group of the last two molecules is considered
to be practically planar in:Sas discussed above. This means
that especially for IDMAN and 1N5, strongly twisted i, S [ ]
and to a smaller extent also for 1N4, IMAN, and 1AN, a large 10+
change in amino twist anglé takes place upon reaching the L
equilibrated $ state. The same conclusion was reached from i
the large Stokes-shifAv(St) of the two former molecules
(Table 2).

Ab Initio Hartree —Fock Calculations.Ab initio Hartree—-
Fock (HF) calculations (Gaussian 346-31G* basis set) were
performed on the 1-aminonaphthalenes in the electronic ground
state. The results of these HBCF calculations are listed in I
Table 5. The amino twist anglé has the largest value (60 6
for LDMAN, in good agreement with the experimental results 0 ' 20 ' 40 ' 60
discussed previously. For 1N4 an intermedi@tealue (36) is
obtained, larger than that of IMAN (36and 1AN (22). 0[°]

The pyramidality C.Jf the amino nltrog_en does not differ Figure 7. Plot of the logarithm of the internal conversion rate constant
strongly for the 1-aminonaphthalenes, with anglebetween ke (in n-hexane at 25C) against the amino twist angt of 1AN,
38° for IMAN and 47 for 1AN. For 1IDMAN, 1N4, and 1MAN, 1N4, and 1DMAN.

1MAN, having similar pyramidal angleg, the lengthd of the
N—C(1) bond (Figure 6) is correlated with the twist angle
showing that the electronic decoupling of the amino and
naphthyl moieties increases with

Summary on Amino Twist Angles in § and S. On the
basis of the calculations and experimental data presented here
for the 1-aminonaphthalenes, it is concluded that their amino
twist angle depends on the structure of this group. The
dimethylamino group in LDMAN{ ~ 60°) and the pyrrolidinyl
substituent in IN5 are strongly twisted out of the naphthalene
plane. For 1N4 an intermediate value for the twist angle is
obtained, whereas the andlés considerably smaller for LMAN
and 1AN (~20°).

In the equilibrated Sstate, in contrast, the naphthylamines
have a similar molecular structure with a planar amino group,
as QeQUced from their fluorescence SpeCtra_ (_Sto_kes-shlfts) alnC‘:igure 8. Potential surfaces of the electronic ground statar®l the
radiative rate constants. The structural similarity of the S 5 jowest excited singlet states &d S for the 1-aminonaphthalenes
state together with the different amino twist angle in the ground yndergoing internal conversion (IC). The reaction coordifatwolves
state 9, is reflected in the differences in Stokes-shift (see the amino twist angle. Light is absorbed to a FranGondon $ state,
Table 2). and fluorescence occurs after relaxation. The surface if flattened

Mechanism of Internal Conversion. Influence of Vibronic by vibronic coupling with 8 Eic is the activation energy for the
Coupling and Amino Twist Angle. The occurrence of efficient no':]ad'abat'c IC re%ﬂ'on fro';;ge equilibratedsiate to & AE(S,S)

IC in 1IDMAN and the other 1-aminonaphthalenes discussed 's the energy gap between %

here, is attributed to vibronic coupling between the two lowest tation to a still twisted §FC) state, a fast equilibration process
excited singlet states;&nd $ caused by the small energy gap  of the amino group structure sets in, toward a smaller twist angle.
AE(S1,$).19 The mechanistic importance of the ground-state From the planar equilibrated; State, a thermally activated IC
amino twist anglé can be deduced from the fact that a linear reaction to g then starts. When the energy gAE(S:,S,) is
correlation exists between Idg- and 6, see Figure 7 (Tables  sufficiently small, the $potential energy surface is flattened
1 and 5). In accordance with this correlation, only a weak IC by vibronic coupling between;Sand $.5253 This leads to an
processKc ~ 1 x 107 s71) takes place in the case of IMAN increase of the isoenergetic vibrational overlap between the S
and 1AN, for which molecules relatively small amino twist and $ surfaces (Figure 7), which overlap is further enhanced

log k.
o0

angles are calculated. by the horizontal shiftA&) of these potential energy surfaces,
For the IC process occurring in the present 1-aminonaphtha-depending on the difference in amino twist angle. The height
lenes, with an amino twist angle betweerf &hd 15 in S, of the IC activation energ¥c depends on the strength of the

the following mechanism is adopted, see Figure 8. After exci- vibronic coupling, related toAE(S;,S,), and the shiftAg
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governed by the amino twist angle. The energy 8&(S,,S;) _(2) von der Haar, Th.; Hebecker, A.; Ilichev, Yu. V.; Jiang, Y.-B.;
becomes larger with increasing solvent polatftywhich is Kahnle, W.; Zachariasse, K. Azec. Tra. Chim. Pays-Bad995 114,430.
ible for the laradi. barri dh ller IC (3) von der Haar, Th.; Hebecker, A.; Il'ichev, Yu. V.;"Kaole, W.;
responsible for the largeésic barriers and hence smaller IC raté  zachariasse, K. A. Ifast Elementary Processes in Chemical and Biological
constants in acetonitrile as compared withexane. SystemsLille, France, 1995AIP Conf. Proc 1996 364, 295.
Comparison of IC in Aminonaphthalenes with CT in (4) Zachariasse, K. A.; Grobys, M.; von der Haar, Th.; Hebecker, A ;

Aminobenzonitriles. The IC process in 1N4 is clearly slower gé%hev’ Yu. Vi Kahnle, W.; Morawski, O.J. Inf. Recordingl996 22

than in IN5 and 1DMAN, caused by an increase in the IC (5) Zachariasse, K. A.; Grobys, M.; von der Haar, Th.; Hebecker, A.;
activation energ¥ic. A similar phenomenon has been observed Iichev, Yu. V.; Jiang, Y.-B.; Morawski, O.; Kbinle, W.J. Photochem.
for the CT reaction of 4-aminobenzonitriles upon replacing the Photobiol. A: Chem1996 102,59. _
dimethylamino group in DMABN by an azetidinyl (P4C) or a (6) Rickert, I.; Zachariasse, K. A. Unpublished results.

. y group . Yy . . Yy (7) Ayuk, A. A.; Rettig, W.; Lippert, EBer. Bunsen-Ges. Phys. Chem.
pyrrolidinyl (P5C) substituent;® as mentioned in the Introduc- 1981 85, 553.
tion. The reasons for the decrease in reaction efficiency are565(8) Druzhinin, S. I.; Uzhinov, B. MTheor. Exp. Chemistr982, 18,
different, howe\_/er. In the present case of th(_a 1-an_1monaphtha— -(9) Meech, S. R.: O'Connor, D. V. Phillips, D.: Lee, A. G. Chem.
lenes, the relatively large value f&ic of IN4 is attributed to  soc. “Faraday Trans. 2983 79, 1563.
the smaller amino twist angle of 1N4 as compared with 1N5 (10) Zachariasse, K. A.; Grobys, M.; von der Haar, Th.; Hebecker, A.;
and 1DMAN, whereas with P4AC the increase in the CT Ilichev, Yu. V.; Morawski, O.; Rigkert, I.; Kihnle, W.J. Photochem.

. . Photobiol. A: Chem1997 105, 373.
activation energ¥cr relative to that for P5C and DMABN has (11) Suzuki, K. Tanabe, H.; Tobita, S.: Shizuka,dHPhys. Chem. A

been explained by a larger barrier for the latter compounds of 1997 101, 4496.

the configurational change of the amino group from pyramidal  (12) Ernst, L.Z. Naturforsch.1975 30B,794.

to planar%*5 (13) Suhr, H.; Grube, HBer. Bunsen-Ges. Phys. Chet866 70, 544.

(14) Deady, L. W.; Topsom, R. D.; Hutchinson, R. E. J.; Vaughan, J.;
. Wright, G. J.Tetrahedron Lett1968,1773.
Conclusion (15) Lohmann, JChem. Ber1891, 24, 2631.
. . (16) Tobias, GChem. Ber1882 15, 2443.
With INS and 1DMAN, and to a smaller extent also with (17) Zachariasse, K. A.; Duveneck, G.; Busse,JRAm. Chem. Soc.

1N4, a fast thermally activated internal conversion reaction takes 1984 106, 1045.

place inn-hexane. This process becomes much slower in the (18) Leinhos, U.; Klanle, W.; Zachariasse, K. Al. Phys. Cheml991,

- ; 95, 2013.
polar solvent acetonitrile, caused by a polarity-dependent (19) Carmichael, I.: Helman, W. P.: Hug, G. . Phys. Chem. Ref.

increase in the IC activation energt. An increase irEc also Data 1987 16, 239.
leads to a less efficient internal conversion with 1IMAN and (20) Wintgens, V.; Valat, P.; Kossanyi, J.; Demeter, A.; Biczok, L.;
1AN than with the three other naphthylamines. Berces, TNew J. Chem1996 20, 1149.

. . - (21) Nemes, P.; Demeter, A.; Biczok, L.; Berces, T.; Wintgens, V.; Valat,
A correlation is found between the efficiency of the IC  p %(issanyi, Ja. Photochem. Photobiol. A: Chert@98 113, 225.

process in the 1-aminonaphthalenes and the structure of their (22) carmichael, I.; Hug, G. LJ. Phys. Chem. Ref. Datt986 15, 1.
amino group in the electronic ground state, in particular the  (23) Lamola, A. A.; Hammond, G. S.. Chem. Phys1965 43, 2129.
twist angled of this group relative to the naphthalene plane. __(24) Suzuki, S. Fujii, T. Imal, A.; Akahori, HJ. Phys. Cheml977,

. - . 81, 1592.
For 1IN5 and 1DMAN, with an amino twist angle of60°, the (25) An activation energy of intersystem crossibgc = 5 kJ/mol was

IC rate is considerably larger than for the moderately twisted obtained from the analysis of the decay tinresf 1IDMAN in isopentane
1N4. With IMAN and 1AN, having a relatively small value in the low-temperature region (ref 6).

~ - ; ; (26) Timmermans, JPhysico-Chemical Constants of Pure Organic
(~20°), the IC efficiency is strongly reduced as compared with CompoundsVol. |- Elsevier: New York, 1950.

INS, 1DMAN'_ and 1N4. ) ] (27) Birks, J. B.Photophysics of Aromatic Moleculé#/iley: London,
In the equilibrated Sstate, in contrast toSthe 1-amino- 1970. _
naphthalenes all have a planar structure, as deduced from the (28) The data fonp at the various temperatures were calculated from

S . o the corresponding solvent densitigby using the LorentzLorenz equation
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