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Fluorescence excitation spectroscopy at both vibrational and rotational resolution has been used to
probe the changes in energy, electronic distribution, and geometry that occur when
1-aminonaphthalene~1AN! absorbs light at;332 nm. The 00

0 band of theS1←S0 transition of 1AN
is red shifted by nearly 2000 cm21 with respect to the corresponding band of naphthalene.
Additionally, it is mainlyb-axis polarized, unlike the corresponding bands of naphthalene and other
1-substituted naphthalenes. Thus,1La /

1Lb state reversal occurs on 1-substitution of naphthalene
with an NH2 group. TheS0 state of 1AN is pyramidally distorted at the nitrogen atom. Additionally,
the NH2 group is rotated by;20° about the C–NH2 bond. Excitation of 1AN to the zero-point
vibrational level of itsS1 state reduces the C–NH2 bond length by;0.2 Å and flattens the NH2
group along both out-of-plane coordinates. Other vibronic bands in theS1←S0 transition exhibit
significantly different rotational constants, inertial defects, and transition moment orientations. An
explanation for these findings is given that is based on the well-known conjugative properties of the
NH2 group in chemically related systems. ©1996 American Institute of Physics.
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INTRODUCTION

A simple rule in electronic spectroscopy is that an ele
tric dipole transition between different molecular orbita
~MOs! is allowed only for those orbitals that are, respe
tively, symmetric and antisymmetric with respect to refle
tion through a plane. In that event, the transition momen
perpendicular to that plane.1 Thus, the lowestpp* transition
in ethylene is allowed and polarized along the C–C a
whereas the lowestpp* transition in benzene is orbitally
forbidden, though vibronically allowed.

Complications arise in the application of this rule t
larger conjugated systems. Naphthalene is an interes
example.2 Here, there are two low energypp* excitations in
simple Hückel MO theory, one of which is degenerate. Th
first, p5p6* , is allowed and polarized along the short in
plane axis (y), 1La←1A in the Platt notation.3 The second,
p4p6* or p5p7* , also is allowed but polarized along the lon
in-plane axis (x), 1Lb←1A. Thus, it was at first sight sur-
prising to learn that the lowest energypp* transition of
naphthalene is weak andx-axis polarized whereas the secon
pp* transition is strong andy-axis polarized.4We now know
that the lowest energypp* transition in naphthalene is to an
electronic state (1Lb) that is a nearly equal mixture of the
two degenerate excitations, and that the antisymmetric c
figuration (p4p6* –p5p7* ) lies at lower energy than
p5p6* .

5

Previous experiments performed by Hollas an
co-workers6,7,8 have shown that this rule also can be appli
to substituted naphthalenes in an approximate way. Ro
tional contour analyses of the 00

0 bands of theS1←S0 tran-
sitions of 1- and 2-fluoro, hydroxy, and aminonaphthale
showed that, typically, all bands are in-planeab hybrid
J. Chem. Phys. 104 (11), 15 March 1996 0021-9606/96/104(11)/
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bands owing to the inertial contributions of the substituents
~a andb are the in-plane inertial axes, which are parallel to
x and y, respectively, in the parent molecule.! However,
1-substituted naphthalenes exhibit mainlya-type activity
whereas 2-substituted naphthalenes exhibit mainlyb-type ac-
tivity. More recent high resolution measurements have con
firmed these conclusions for naphthalene9 and the 1- and
2-fluoro and hydroxynaphthalenes.10,11,12

TheS1←S0 transitions of 1-substituted naphthalenes are
principally a-type (1Lb←1A) because substitution in the
1-position has relatively little effect on the nodal properties
of the one-electron MO’s of the parent molecule. In contras
substitution in the 2-position produces a major change in th
nodal properties of these MO’s. Thus, theS1←S0 transitions
of 2-substituted naphthalenes are principallyb-type
(1La←1A) owing to a significant contribution of thep5p6*
excitation to the electronic properties of theS1 state.

11

We report here a study of theS1←S0 electronic spec-
trum of 1-aminonaphthalene~1AN!. Experiments have been
performed at both low~;1 cm21! and high~;1024 cm21!
resolution. The low resolution experiments provide informa
tion about the vibrational displacements that occur on
S1←S0 excitation. The high resolution experiments on 1AN
and several of its isotopomers provide information about th
equilibrium geometries of the two states and the orientation
of the S1←S0 transition moments of different vibronic
bands. We find, not unexpectedly, that the NH2 inversion
barrier is significantly lower in theS1 state than in theS0
state. But we also find, somewhat to our surprise, that th
lowestpp* transition of 1AN is principallyb-axis polarized,
unlike the corresponding bands in naphthalene
1-fluoronaphthalene, and 1-hydroxynaphthalene. 1-Amin
39353935/12/$10.00 © 1996 American Institute of Physics
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3936 Berden et al.: Spectroscopy of 1-aminonaphthalene
substitution of naphthalene produces a reversal of the or
ing of the1Lb and

1La states in the parent molecule. Apply
ing the simple rule, this means that the orbitals betwe
which the lowest energy transition occurs in 1AN are, r
spectively, symmetric and antisymmetric with respect to
flection in theac plane, not thebc plane. Finally, we give an
explanation for these findings that is based on the we
known conjugative properties of the amino group in chem
cally related systems.

EXPERIMENT

1AN was studied at low resolution using both fluore
cence excitation and resonance-enhanced multiphoton
ization ~REMPI! techniques. Both methods utilized a supe
sonic jet for sample preparation. In the fluorescen
excitation experiments, 1AN was seeded into He at vario
backing pressures and expanded through a 1 mm diam
pulsed nozzle operating at 10 Hz. The resulting jet w
crossed about 2.5 cm downstream of the nozzle by a doub
Nd31/YAG-pumped dye laser~FWHM ;0.3 cm21!, also op-
erating at 10 Hz. The resulting fluorescence was collected
a single lens system, focused on a PMT, and detected usi
boxcar integrator interfaced to a MASSCOMP MCS561 da
acquisition system. Spectra were calibrated in relative f
quency to60.1 cm21 using markers from a solid e´talon.
Dispersed fluorescence spectra were obtained using a 0.2
Jarrell–Ash monochromator with 150m slits.

REMPI measurements were performed using a stand
pulsed beam laser ionization mass spectrometer with
thogonal molecular beam, laser beam, and linear time-
flight axes. 1AN was seeded into a pulsed expansion of
lium and skimmed before entering the ionization region.13 A
doubled Nd31/YAG pumped tunable dye laser~FWHM
;0.15 cm21! operating at 10 Hz was used to excite 1AN
a one-color~111! REMPI scheme. Additionally, a KrF ex-
cimer laser was used to ionize 1AN via the triplet state in
two-color ~111! REMPI scheme. Ions corresponding to th
mass of 1AN were collected and amplified by a dual micr
channel plate detector that was monitored by a 10-bit dig
oscilloscope interfaced via a parallel GPIB bus to a perso
computer. The PC also controlled the wavelength scans
the dye laser.

1AN was studied at high resolution using fluorescen
excitation techniques. The spectrometers employed h
been described elsewhere.9,14 Briefly, a molecular beam
formed by expanding 1AN in Ar or He and skimming twic
in a differential pumping system was crossed 30~Nijmegen!
or 100 cm~Pittsburgh! downstream of a CW quartz nozzl
~;100m diam! with the collimated beam of a CW ring dye
laser~FWHM ;500 kHz! operating in the UV. Fluorescenc
detection using spatially selective optics imaged a small
ameter~;1 mm! portion of the interaction region onto a
PMT placed above the crossing point of the two beam
Standard photon counting and data acquisition techniq
were employed to record the spectra. These were calibra
to 61.0 MHz using simultaneously acquired interferen
fringes from a near-confocal interferometer and the I2 ab-
J. Chem. Phys., Vol. 104,
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sorption spectrum.15A typical ;5 cm21 scan took 30 min or
less and generated 1 Mbyte of data. The computer softwa
that was used to acquire, display, and analyze the high res
lution spectra is described elsewhere.14,16

Deuterated 1AN was prepared by dissolving 1AN in
methylene chloride and mixing the solution with D2O in a
rotating evaporator, with mild heating~35 °C!. The resulting
deuterated compound was separated from the D2O and
CH2Cl2 to give a solid sample.

RESULTS

Figure 1 shows the low resolutionS1←S0 fluorescence
excitation spectrum of 1AN recorded in a supersonic jet. Th
prominent features are a strong band at;30 044 cm21, a
number of well-resolved vibronic bands at energies up t
DE;600 cm21 above the apparent origin, and a much
higher density of vibronic bands at still higher energies. A
list of the stronger observed bands up toDE5723 cm21 is
given in Table I. The one- and two-color~111! REMPI spec-
tra of 1AN are qualitatively similar to the fluorescence exci
tation spectrum. A spectrum was measured in a two-col
~111! REMPI scheme in which the ionization laser was de
layed by 500 ns with respect to the excitation laser. Since th
lifetime in the S1 state is only 11 ns~see below!, 1AN is
ionized from the triplet state. It is therefore concluded that
significant coupling exists between the first excited single
and triplet states in 1AN.

Representative dispersed fluorescence spectra are sho
in Fig. 2. Exciting the band at;30 044 cm21 results in
strong resonance fluorescence and other fluorescence com
nents to lower energies, characteristic of an electronic orig
band. Strong bands were observed in this spectrum at d
placements ofDE52467,2943,21389, and21848 cm21.
Weaker emissions were observed between the strong ban
Exciting the S1←S0 band atDE5284 cm21 results in a
similar pattern of intensities, a surprising result if this band i
not an origin. ‘‘Hot band’’ dispersed fluorescence spectr
~not shown in Fig. 2! are more typical of the vibronic bands
of an allowed electronic transition, with a weak–strong–

FIG. 1. Fluorescence excitation spectrum of theS1←S0 electronic transition
of 1-aminonaphthalene in a supersonic jet. The origin lies at;30 044 cm21

~;333 nm!.
No. 11, 15 March 1996
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TABLE I. Prominent bands observed in theS1←S0 fluorescence excitation spectrum of 1-aminonaphthalene.

Energy DE ~cm21!a Int.b Energy DE ~cm21!a Int.b Energy DE ~cm21!a Int.b

29 980.6 263.0 HB 30 478.4 434.8 55 30 633.8 590.2 9
30 027.0 216.6 HB 30 480.0 436.4 48 30 638.5 594.9 13
30 043.6 0.0 100 30 482.4 438.8 20 30 642.9 599.3 6
30 088.4 44.8 HB 30 501.8 458.2 2 30 649.6 606.0 7
30 184.0 140.4 10 30 505.5 461.9 85 30 656.5 612.9 8
30 259.2 215.7 3 30 514.0 470.4 7 30 659.9 616.3 6
30 295.0 251.4 4 30 517.7 474.1 6 30 662.0 618.4 3
30 313.4 269.8 HB 30 523.9 480.3 15 30 667.7 634.1 2
30 319.2 275.5 1 30 534.8 491.2 75 30 681.4 637.8 7
30 327.8 284.2 82 30 543.8 500.2 7 30 694.4 650.8 5
30 342.6 299.0 25 30 546.7 503.1 2 30 698.2 654.6 5
30 372.8 329.2 HB 30 550.1 506.5 HB 30 702.5 658.9 2
30 377.3 333.6 9 30 551.8 508.2 1 30 714.2 670.6 3
30 386.2 342.6 HB 30 555.2 511.6 5 30 718.6 675.0 4
30 405.8 362.2 15 30 556.7 513.0 3 30 722.0 678.4 14
30 409.9 366.3 5 30 557.0 513.4 HB 30 724.9 681.3 15
30 413.1 369.5 9 30 573.6 530.0 36 30 729.6 686.0 12
30 445.3 401.7 2 30 580.7 537.1 5 30 732.2 688.6 3
30 449.8 406.2 1 30 585.8 542.2 18 30 736.5 692.9 6
30 451.6 408.0 HB 30 593.4 549.8 22 30 741.1 697.5 13
30 453.3 409.7 4 30 616.6 573.0 7 30 756.6 713.1 3
30 458.0 414.4 3 30 618.4 574.8 6 30 760.5 716.9 8
30 468.4 424.8 14 30 624.3 580.7 21 30 763.1 719.5 11
30 474.6 431.0 2 30 627.0 583.4 24 30 766.4 722.8 45

30 628.7 585.1 21

aRelative frequencies accurate to60.5 cm21.
bPeak intensities,610%. HB5hot band.
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weak... pattern of intensities. At still higher energies; e.
DE5462 cm21; the unusual strong–weak–strong... patte
is again repeated but the most red-shifted bands begin
broaden and merge. We interpret this as evidence for vib
tional level mixing, a prerequisite to intramolecular vibra
tional relaxation. A list of the prominent bands observed
the dispersed fluorescence spectra of 1AN is given in Ta
II.

Several of the bands in theS1←S0 excitation spectrum
were examined at high resolution. Figure 3 shows the h
resolution spectrum of the 00

0 band at ;30 044 cm21

~30 043.6060.01 cm21!, a typical example. The spectrum
consists of more than 1000 well-resolved lines, each with
linewidth of 21 MHz ~Nijmegen!. The minimum linewidth

FIG. 2. Fluorescence spectra of selected vibronic bands in theS1←S0 ex-
citation spectrum of 1-aminonaphthalene.
J. Chem. Phys., Vol. 104,
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observed for other molecules in Nijmegen is 12 MHz, owing
to residual Doppler broadening, transit time effects, fluores-
cence collection optics, and laser linewidth. From the excess
linewidth observed~;9 MHz!, we estimate the lifetime ofS1
1AN in its zero-point vibrational level~ZPL! to be 1163 ns.
This lifetime is substantially shorter than that ofS1
naphthalene.9

The spectrum shown in Fig. 3 is predominantlyb-type;
no strongQ branches were observed. To fit this band, a spec-
trum was simulated using asymmetric rotor Hamiltonians for
both electronic states, rotational constants estimated from a
crude geometrical structure, and the appropriate selection
rules. This spectrum was then compared with the experimen-
tal one. An initial assignment of lines in the center of the
spectrum followed from this comparison. Then, the assigned
lines were returned to the fitting program, producing adjust-
ments to the rotational constants and a new simulation. This
process was continued until allb-type transitions could be
accounted for. Still, some unassigned lines appeared in the
experimental spectrum. These exhibited patterns characteris-
tic of ana-type band.~No other ‘‘extra’’ lines were detected.!
The observed band is therefore a hybrid band. Including
these lines in the fit~a total of 300 assigned lines was used!
resulted in a standard deviation of 1.9 MHz, substantially
less than the observed linewidth. The parameters determined
from this fit are listed in Table III.

A best fit of the observed intensities in the spectrum in
Fig. 3 ~at Tr53.560.5 K! yielded a band of 9163% b-type
character and 963% a-type character. From the relationship
tan2 u5I (b)/I (a), we calculateuuu572°63°. Here,u is the
No. 11, 15 March 1996
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3938 Berden et al.: Spectroscopy of 1-aminonaphthalene
TABLE II. Prominent bands observed in theS1→S0 dispersed fluorescenc
spectra of 1-aminonaphthalene.

Excitation
energy~cm21! DE ~cm21!a Int.b

30 043.6 0 75
~00

0! 2141 2
2262 28
2307
2467 100
2505 3
2570 9
2734 29
2943 61

21032 19

30 088.4 0 43
~00

0145! 2110 87
~Hot! 2246 14

2357 48
2567 100
2680
2843 46

21057 73

30 327.8 0 92
~00

01284! 2148 1
2268 34
2473 100
2508 46
2578 11
2748 30
2946 61

21028 17

30 342.6 0 5
~00

01299! 2329 59
2600 19
2792 100

21258

30 386.2 0
~00

01343! 2880
~Hot! 21331

21783

30 451.6 0 53
~00

01408! 2256 78
~Hot! 2460 49

2535 49
2735 85
2784 100
2912 52

21003 74
21378

30 505.5 0 100
~00

01462! 2262 38
2463 87
2586 4
2717 25
2922 35

21087 9
21384
21453
21632

30 534.8 0 88
~00

01491! 2263 44
2465 67
J. Chem. Phys., Vol. 104
angle between the transition moment~TM! vector and the
a-inertial axis ~positive angles are measured countercloc
wise froma!, and I (b)/I (a) is the intensity ratio of thea-
and b-type bands. Thea-axis of 1AN makes an angle of
about 16° with the long in-plane axis of naphthalene,x.
Thus, the TM vector in 1AN makes an angle of eithe
u85256° or 88° with thex axis of naphthalene.

FIG. 3. Rotationally resolved fluorescence excitation spectrum of the ele
tronic origin in theS1←S0 transition of 1-aminonaphthalene. Note the
mainly b-type polarization of the band.

TABLE II. ~Continued.!

Excitation
energy~cm21! DE ~cm21!a Int.b

2509 48
2717 18
2783 32
2941 80
2974 100

21017 77
21390
21417
21487

30 550.1 0 100
~00

01507! 2107 27
~Hot! 2256 31

2359 15
2477 38
2563 36
2722 32

21381

30 557.0 0 69
~00

01513! 2110 100
~Hot! 2256 22

2356 35
2480 24
2576 82
2821 28

21379
21486
21954

aAccurate to65 cm21.
bIntegrated intensities,610%.
, No. 11, 15 March 1996
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3939Berden et al.: Spectroscopy of 1-aminonaphthalene
Two additional properties of the data shown in Table
are worthy of note here. The first is that the rotational co
stantA increaseson electronic excitation, suggesting a co
traction of 1AN in directions perpendicular toa with the
absorption of a photon. The second is that the magnitud
the inertial defect (DI ), relatively large in S0 ~20.80
amu Å2!, decreaseson S1←S0 excitation to20.37 amu Å2.
This suggests that 1AN is distorted from planarity in t
ground electronic state along some out-of-plane coo
nate~s!, and becomes more planar in theS1 state.

To probe further the atomic displacements respons
for these changes, high resolution experiments also were
formed on several deuterated 1AN’s. Eight deuterated s
cies resulted when 1AN was exchanged with D2O; each gave
a fully resolvedS1←S0 fluorescence excitation spectrum
However, because each spectrum spans;5 cm21, and the

TABLE III. Inertial parameters of the zero-point vibrational levels of theS0
andS1 electronic states of 1-aminonaphthalene.

S0 S1

A, MHz 1933.8 ~3! DA, MHz 45.61 ~2!
B, MHz 1127.6 ~2! DB, MHz 228.19 ~1!
C, MHz 713.1 ~2! DC, MHz 25.916 ~8!
k9 20.321 ~1! k8 20.383 ~1!
DI 9, amu Å2 20.80 ~2! DI 8, amu Å2 20.37 ~2!

Band origin 30 043.6060.01 cm21

Band character 9163% b-type, 963% a-type
I
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of

e
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le
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ZPL energy shifts on deuteration are comparable to th
width, the observed spectrum of the isotopically mixed
sample was extremely congested. Nonetheless, it was p
sible to fit each of the bands separately, by repeating th
procedure previously described, yielding a set ofS0 andS1
rotational constants for each of the observed isotopome
Then, by comparing the rotational constants of the differen
isotopomers using Kraitchman’s equations~vide infra!,17 we
determined which deuterium-labeled molecule was respo
sible for each observed 00

0 band. The results of these deter-
minations are listed in Table IV.

Examination of the data in Table IV shows that the ori
gin bands of most deuterated 1AN’s are blue shifted relativ
to the origin band of the fully protonated molecule. The only
exception is the 00

0 band of the DHHH isotopomer which is
red shifted by23.58 cm21. Further examination of these
data shows, also, that most shifts are additive. Thus, for e
ample, the shift of the DHHH isotopomer is23.58 cm21, the
shift of the HHHD isotopomer is 12.11 cm21, and the shift of
the DHHD isotopomer is 8.59 cm21. The only exception is
the shift for DDHH, predicted to be22.16 cm21 but ob-
served to be 2.99 cm21. Finally, we note that the shifts for
the two-NHD isotopomers are different,23.58 cm21

~DHHH! and 1.42 cm21 ~HDHH!.
Several vibronic bands also were examined at high res

lution. The data obtained from fits of these bands are sum
J. Chem. Phys., Vol. 104, No. 11, 15 March 1996
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3940 Berden et al.: Spectroscopy of 1-aminonaphthalene
marized in Table V. All examined bands exhibit ground st
rotational constants that are identical, within experimen
error ~60.1 MHz!, to those of theS0 ZPL. Hence, all listed
bands originate in this level. However, theS1 rotational con-
stants, inertial defects, and band polarizations vary sign
cantly from band to band, as shown in Table V. Additional
the band atDE5462 cm21 exhibits significantly larger
single rovibronic linewidths, 33 vs 21 MHz.

DISCUSSION

One of the most intriguing results of this study is t
finding that the 00

0 band of theS1←S0 transition of 1AN is
predominantlyb-axis polarized. This is an unexpected resu
In early studies of the orientations of the electronic transit
moments in substituted naphthalenes, Hollas and Thak6,7

found that the 00
0 bands in theS1←S0 spectra of 1FN~1-

fluoronaphthalene!, 1HN ~1-hydroxynaphthalene!, and 1AN
are mainlya-type bands whereas the 00

0 bands in theS1←S0
spectra of 2FN, 2HN, and 2AN are mainlyb-type bands.
They concluded that the angle through which the transit
moment is rotated away from the long in-plane axis of na
thalene depends mainly on the position of the substituent
not on its chemical nature. The present result shows that
is not the case. The 00

0 bands of 1FN and 1HN are predom
nantly a-axis polarized,10,11 but the 00

0 band of 1AN is pre-
dominantlyb-axis polarized.

Simple MO theory provides an explanation for this r
sult. The relevant Hu¨ckel MO’s of naphthalene arep4

TABLE V. S1 rotational constants of several vibronic bands of 1AN and
isotopomers.

DE, cm21 a A8, MHz B8, MHz C8, MHz DI Band typeb

0 1979.4 1099.4 707.2 20.37 91%b
140 ~141! 1979.1 1099.5 709.2 22.2 90%b
284 1952.2 1102.3 705.1 20.58 81%a
299 1974.8 1100.5 707.9 21.2 100%a
362 1975.1 1099.9 708.9 22.4 a
366 1976.0 1099.8 707.3 20.73 b
425 1965.7 1101.2 707.8 22.1 a
435 ~437! 1975.3 1099.4 707.9 21.7 b
462 ~463! 1969.8 1100.9 705.9 0.31 50%b
542 1972.9 1100.4 707.8 21.5 67%a
583 1965.9 1101.0 708.1 22.4 57%a
585 1967.8 1100.6 708.3 22.5 100%a
723 1962.3 1101.5 706.4 21.0 a
865 1967.8 1100.3 708.0 22.3 67%b

0 ~DHHH! 1921.0 1096.6 698.5 20.39 b
82848 ~DHHH!c 1899.9 1098.4 697.6 21.6 a
87238 ~DHHH!c 1894.7 1101.2 698.0 21.6 a

0 ~HDHH! 1940.2 1081.9 695.0 20.39 b
82848 ~HDHH!d 1933.4 1083.6 694.2 0.25 a

aHigh resolution values, where different from low resolution ones,
shown in parentheses.
bExcept where specifically noted, the indicated band type is only appr
mate; all bands are hybrid in character.
cShifted by 2.72 and 2.70 cm21 with respect to the corresponding band
protonated 1AN.
dShifted by 5.37 cm21 with respect to the corresponding band in protona
1AN.
J. Chem. Phys., Vol. 104
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~e45a1b!, p5 ~e55a10.618b!, p6* ~e65a20.618b!, and
p7* ~e75a2b!. TheS1 state has its principal parentage in th
two degeneratepp* one-electron excitationsp4p6* and
p5p7* ,

c~S1!;0.707~p4p6*2p5p7* !, ~1!

whereas theS2 state derives principally from the one excita
tion p5p6* ,

c~S2!;p5p6* . ~2!

The two product wave functions that comprise theS1 state
exhibit oscillating charge distributions that are oriented alon
thex axis, as shown in Fig. 4. However, the magnitude of th
transition moment is small owing to a near cancellation o
the two components. Thus, while the 00

0 band of theS1←S0
transition of naphthalene isx-polarized, it is very weak
( f;0.001). In contrast, theS2←S0 transition of naphthalene
is y polarized~Fig. 4! and the 00

0 band is very strong (f;1).
The NH2 group is a powerful activator towards electro

philic aromatic substitution reactions in organic chemistry. I
such reactions, this activation is achieved by donation of t
lone pair electrons on the basic nitrogen atom to the attach
aromatic ring. Typical resonance structures of the carboniu
ion formed byY-atom attack para to the NH2 group of
aniline are shown below.18 Clearly the nitrogen atom can
share more than one pair of electrons with the ring by

its
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FIG. 4. Hückel molecular orbitals and product wave functions of naphtha
lene.
, No. 11, 15 March 1996
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3941Berden et al.: Spectroscopy of 1-aminonaphthalene
accommodating a positive charge. In 1AN, this donat
should affect the energies of both the bonding and antibo
ing orbitals of the naphthalene chromophore. Since the N2
group is strongly ‘‘electron-repelling,’’ itincreasesthe ener-
gies of the bonding orbitals that have large amplitudes at
substituent positions, and itdecreasesthe energies of anti-
bonding orbitals that have large amplitudes at the substitu
position. The energies of orbitals that have nodes at the
stituent position are relatively unaffected.

Applying this argument to 1AN, we see from Fig. 4 th
the energy ordering of the relevant MO’s should bep4,p5

andp6* , p7* . This energy ordering is the same as that
naphthalene itself. But, sincep5 is destabilized relative to
p4, and p6* is stabilized relative top7* , all one-electron
excitations shift to lower energy. The shift ofp5p6* should
be twice as large as those of the~still! degenerate excitation
p4p6* andp5p7* . Thus, if the magnitude of the configura
tion interaction between these two excitations is appro
mately the same in 1AN as in the parent molecule, theS1
state in 1AN should derive principally from the configuratio
p5p6* . In that event, the reflection plane with respect
which the involved orbitals have opposite symmetry in t
S1←S0 transition of 1AN would be thexz(ac) plane ~cf.,
Fig. 4!, and the transition would then bey-(b-) axis polar-
ized.

We have performed a series of Hartree–Fock calcu
tions ~GAUSSIAN 92, 6-31G* basis set!19 onS0 1AN to exam-
ine the feasibility of this explanation. Shown in Fig. 5 a
approximate pictures of the relevant MO’s of the energ
optimized 1AN that were derived from these calculatio
1AN has tenp electrons; additionally, the nitrogen atom co
tributes a ‘‘lone pair.’’ However, examination of this figur
shows that, while the nodal patterns of the MO’s of napht
lene are largely unperturbed by 1-amino substitution,all
electrons are extensively delocalized. The energies of
one-electron MO’s also are affected. The HOMO-LUM
transition lies at significantly lower energy than either of t
now nondegenerate ~HOMO-1!-LUMO and HOMO-
~LUMO11! transitions. Moreover, Fig. 5 clearly shows th

FIG. 5. STO 6-31G* orbitals of 1-aminonaphthalene.
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the oscillating charge distribution associated with the
HOMO-LUMO transition is oriented close to theb-axis, in
accord with the qualitative argument given above. The two
higher energy transitions area-axis polarized. Thus, the
S1←S0 andS2←S0 transition moment orientations in 1AN
are the opposite of those found in naphthalene. This explains
the ‘‘anomalous’’ polarization of the 00

0 band in theS1←S0
transition of 1AN.

CI-singles calculations, also performed on 1AN using
GAUSSIAN 92,19 confirm this conclusion. TheS1←S0 transi-
tion moment is predicted to lie at an angle of 85° with re-
spect to the long in-plane axis of naphthalene. This is in
excellent agreement with the measured value of 88°. The
calculations also show that while the HOMO-LUMO excita-
tion dominates, the~HOMO-1!-~LUMO11! excitation also
contributes significantly to theS1←S0 transition.

That 1Lb /
1La reversal might occur on substitution of

naphthalene with an amino group was first suggested by
Mataga.20 He found that the solvent shifts of the absorption
and fluorescence spectra of naphthylamines were quite dif-
ferent from those of the naphthols, and that the relative mag-
nitudes of theS1–S0 dipole moment differences for 1- and
2-derivatives is reversed in naphthylamines when compared
with naphthols. Evidence for significant mixing of theLb and
La state of naphthylamines also was found in the MO calcu-
lations of Suzukiet al.21

A second relevant observation about theS1←S0 transi-
tion of 1AN is that the 00

0 band is significantly red shifted
with respect to the corresponding band in naphthalene, by
1975 cm21. This is the expected result if, as argued above,
the affected electrons are significantly delocalized into the
NH2 group. The excitedS1 state should be significantly sta-
bilized relative to the corresponding state in naphthalene.
Extending the argument, then, one might expect that other
1-substituted naphthalenes would also exhibit red shifts, that
the magnitudes of these shifts would depend on the delocal
izing ability of the attached group~i.e., on its chemical na-
ture!, and that there would be a correlation between the ob-
served red shifts and band polarizations.

Table VI provides some data that support this view.
Listed there are the frequencies of the 00

0 bands, the shifts of
these bands from the corresponding band in naphthalene, an
the observed band polarizations of several 1-substituted
naphthalenes.9–11,22–25The latter are expressed in terms of
the angle~u8! that the TM vector makes with the long in-
plane axis~the x-axis in naphthalene! and thus have been
corrected for simple inertial effects. Examining the data in
this table, we see that the most red-shifted 00

0 bands have
transition moments that make the largest angles with thex
axis, in agreement with the above expectations. Thus, the
interaction between thep electrons of naphthalene and the
lone pair~s! of the attached substituent is responsible for both
the observed red shifts and the observed band polarizations
Notably, the red shift and TM angle are significantly smaller
in 1-methylnaphthalene~1MN! than in 1AN. This is reason-
able since the methyl group in 1MN, while mildly electron
repelling, exhibits only weak hyperconjugation with the aro-
matic ring.
, No. 11, 15 March 1996



TABLE VI. 00
0 band shifts,S1←S0 transition moment orientations, andDA values of several substituted

naphthalenes.

Molecule Origin, cm21 Shift, cm21 TM orientationa,b DA, MHzc Ref.

Naphthalene 32 019 ••• 0° 277.5 9
1FN 31 867 2152 ~2!13° 229.1 10
1HN ~cis! 31 181 2838 116° 223.7 11
1HN ~trans! 31 455 2564 217° 220.5 11,22
1AN 30 044 21975 188° 45.6 This work
1MN 31 768 2251 ~2!14° 232.8 23
1CN 31 411 2608 145° 221.4 24
1NA 31 074 2945 ~2!23,~1!81° 219.1 25

aAngle between theS1←S0 transition moment vector of 1FN, etc., and thex-(a-) axis of naphthalene. Negative
values correspond to clockwise rotation fromx.
bAbsolute signs known only forcis-1HN, trans-1HN, and 1CN. Other signs based either on a comparison with
these values or with theory~1AN!.
cDA5A82A9.
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1HN is a particularly nice example of this effect. Bot
the cis and trans isomers exhibit red shifts, larger than tha
observed in 1FN but smaller than that observed in 1A
Their TM orientations also are intermediate between those
1FN and 1AN. Conjugative mixing clearly increases in th
order –F, –OH, –NH2. Interestingly, the red shift incis-1HN
is 274 cm21 larger than that intrans-1HN, and the two tran-
sition moments are differently oriented,u8516° in cis-1HN
andu85217° in trans-1HN. The difference in red shifts re
flects, primarily, a difference in the ground state energies
the two isomers.S0 cis-1HN is ;900 cm21 less stable than
S0 trans-1HN,

11 possibly because of the former’s nonplan
nature. Recent calculations26 suggest that the –OH group in
S0 cis-1HN is rotated out of the naphthalene plane, possi
because of the steric repulsion from the neighboring~H8!
hydrogen atom. Apparently, this effect is small. Recent e
periments show that the vibrationally averaged position
the hydroxy–hydrogen atom incis-1HN is ‘‘in-plane.’’22

Further, the angles of rotation of the TM vectors ofcis- and
trans-1HN are comparable in magnitude, though opposite
sign. As discussed elsewhere,27 the difference in signs re-
flects primarily the difference in the orientation of the oxy
gen lone pair orbitals in the two conformers.Cis/transrota-
tion of the OH group rotates the TM vector towards the lo
pair electron density on oxygen.

Given the above perspective, substantial geome
changes should occur when 1AN is photoexcited to itsS1
state, especially along coordinates involving the ami
group. Indeed, both theS1←S0 fluorescence excitation and
the S1→S0 dispersed fluorescence spectra of 1AN exhi
pronounced vibrational activity. To set the stage for a me
ingful discussion of these results, we begin by describing
key geometrical properties of 1AN, first of theS0 state.

The principal probes of ground state structure are theS0
rotational constants of 1AN and its deuterated isotopome
Kraitchman17 has given a convenient set of equations th
may be used to determine the position of an atom in a m
ecule. The method utilizes the changes in moments of ine
that are produced when the atom in question is isotopica
substituted. To apply the method to 1AN, we first check
the validity of Kraitchman’s equations by comparing the r
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tational constants of theS0 states of HHHH, DHHH, HDHH,
and DDHH isotopomers. This comparison gave two sets of
center-of-mass~COM! coordinates of the two NH2 hydro-
gens atoms, which agreed within experimental error. Kraitch-
man’s equations are therefore valid. Next, we determined the
COM coordinates of the H2 and H4 ring hydrogen atoms by
comparing the rotational constants of theS0 states of the
HDHH, HDDH; HDHD, HDDD; HHHH, HHHD; HDHH,
HDHD; and DHHH, DHHD isotopomers. The independent
determinations~two for H2 and three for H4! again gave
identical results. Finally, we determined the positions of all
four hydrogen atoms in the energy optimized 6-31G* struc-
ture of 1AN, for comparison to experiment. The results of
these determinations are listed in Table VII.

Comparing these results, we see that the two aromatic
hydrogens are both observed and predicted to lie in theab
inertial plane, within experimental error. However, the two
NH2 hydrogens exhibitnonzerouzu values. Further, accord-
ing to experiment, the displacement of the ‘‘inside’’ hydro-
gen from theab plane is about twice as large as that of the
‘‘outside’’ hydrogen. Two distortions of the ZPL of ground
state 1AN are suggested by these results. One is a pyrami-
dalization of the NH2 group at the nitrogen atom. The second
is a rotation of the NH2 group about the C–NH2 bond. Sup-
porting evidence for these distortions is provided by the mea-
sured inertial defects of 1AN and its isotopomers listed in
Table VIII. S0 1AN in its ZPL hasDI520.80 amu Å2. ~S0
naphthalene in its ZPL hasDI520.2 amu Å2.!9 Deuterium
substitution of the NH2 group in 1AN increases the magni-
tude ofDI in theS0 state. However, the observed increase is
position sensitive. The DHHH isotopomer hasDI521.27
amu Å2, the HDHH isotopomer hasDI520.92 amu Å2, and
the DDHH isotopomer hasDI521.14 amu Å2. The increase
in uDI u is larger for the inside hydrogen than for the outside
hydrogen. This shows that the two NH2 hydrogen atoms in
S0 1AN are inequivalent with respect to reflection through a
plane bisecting the NH2 group, ordiastereotopic. Similar re-
sults have been observed in 2-aminobenzyl alcohol in which
the source of the inequivalence is anintramolecular hydro-
gen bond.28-
No. 11, 15 March 1996
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The source of the inequivalence of the two NH2 hydro-
gens inS0 1AN is less obvious. One possibility is a diffe
ence in the steric interactions between the two N2
hydrogens and the adjacent hydrogen atoms of the naph
lene ring, H2 and H8. Experimentally, it is known that th
H1–H8 distance is less than the H1–H2 distance in naph
lene, by;0.05 Å ~theperi effect!.29 1AN exhibits the same
effect. Figure 6 shows theab initio ~6-31G* ! structure of
1AN in the vicinity of the attached NH2 group. Clearly evi-
dent is the fact that the two NH2-ring hydrogen atom dis-
tances are different. With the twist angle about the C–N2
bond arbitrarily set to zero, the two distances are 1.92
2.41 Å. With this constraint relaxed, the two distances
more nearly equal, 2.20 and 2.31 Å. Even in this case,
repulsive interactions between the two NH2 hydrogens and
the ring hydrogens would be different, since the inside
drogen lies closer to the repulsive wall of H8 than does
outside hydrogen to the repulsive wall of H2. The calcula
equilibrium twist angle inS0 1AN is 20.4°, which gives dif-
ferentuzu values for the two NH2 hydrogens than are deduce
from experiment~Table VII!. However, the measured value
are subject to vibrational averaging along this~and other!
coordinate~s! since they are characteristic of the ZPL lev
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The remaining theoretical H-atom coordinates are in excel-
lent agreement with experiment~Table VII!.

Another property of the 6-31G* geometry ofS0 1AN is
an out-of-plane displacement of the nitrogen atom~cf. Fig.
6!. The displacement is small,;0.05 Å with respect to the
aromatic plane. Nonetheless, it may contribute to the inertia
defect. The calculated inertial defect is larger in magnitude
~21.11 amu Å2! than that observed experimentally. With this
distortion, the calculated NH2 inversion angle inS0 1AN is
47.4°.

S1←S0 excitation of 1AN produces significant changes
in the geometry of the molecule. First, we note thatDA is
positive for all examined bands of 1AN;DA545.6 MHz for
the 00

0 band. BothDB andDC are negative. All other naph-
thalenes examined to date exhibit negativeDA, DB, andDC
values, as also shown in Table VI~see also Ref. 14!. The
negative signs are expected.pp* excitation typically results
in ring expansion, producing increases in the moments o
inertia about all principal axes. SinceDA.0 in 1AN, one or
more bond lengths must decrease, the affected bond~s! being
principally perpendicular toa. The logical candidate is the
C–NH2 bond. Contraction of this bond is a natural conse-
quence of the increased electron delocalization in theS1

FIG. 6. Ab initio geometry of the ground electronic state of
1-aminonaphthalene in the vicinity of the attached NH2 group. Only the NH2
and H2 and H8 ring hydrogen atoms are shown.
, No. 11, 15 March 1996
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3944 Berden et al.: Spectroscopy of 1-aminonaphthalene
state. Using the 6-31G* geometry ofS0 1AN, flattened at the
NH2 group, we have determined that a;50 MHz increase in
A requires a decrease in the C–NH2 bond length of;0.2 Å.
This contraction also affectsDC because the C–NH2 bond is
nearly perpendicular to botha andc. However, the effect of
the shorter bond is especially marked onA rather thanC
becauseI a is less thanI c . In 2AN, the C–NH2 bond is prin-
cipally perpendicular tob. Hence,DB is positive whereas
DA and DC are negative, as observed by Hollas a
Thakur.6

We also have determined the COM coordinates of
aforementioned four hydrogen atoms in theS1 state of 1AN
using Kraitchman’s equations.17 The results are listed in
Table IX. Comparison of these values with those for t
ground state~Table VII! shows some significant difference
The most interesting difference is that, within experimen
error, the two NH2 hydrogens lie in theab plane in the ZPL
level of theS1 state. Consistent with this finding is the fa
that theS1 inertial defects of the HHHH, DHHH, HDHH,
and DDHH isotopomers in this level~Table VIII! are identi-
cal, within experimental error, and significantly smaller
magnitude~DI520.37 amu Å2! than those of theS0 state.
We conclude from these observations that 1AN is a pla
~or at leastquasiplanar! molecule in itsS1 state. The two
NH2 hydrogen atoms are ‘‘equivalent,’’ or nearly so. Thu
shortening the C–NH2 bond forces the NH2 group to adopt a
~nearly! coplanar configuration with the aromatic ring. Th
energy stabilization that results is sufficient to overcome
difference in steric interactions with the adjacent ring hyd
gen atoms.

Deuterium substitution of 1AN typically produces blu
shifts of the 00

0 bands. This is reasonable since, typical
excited state vibrational frequencies are lower than gro
state frequencies. The largest shifts observed are for
atom substitution, 28.35 cm21 in the HHDD molecule. This
also is reasonable since ring atom CH frequencies are t
cally higher than NH2 group frequencies. Both the signs an
magnitudes of these shifts are typical for the delocaliz
pp* states of aromatic molecules.30 An intriguing result,
then, is the finding that the DHHH molecule exhibits ared
shift, 23.58 cm21, whereas the HDHH molecule exhibits
blue shift, 1.42 cm21. The inequivalence of the two NH2
hydrogens is thus apparent even at low resolution. There
J. Chem. Phys., Vol. 104,
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difference in the signs of the vibrational frequency shifts o
the inside and outside hydrogens when they are replaced
deuterium. Because DHHH~HDHH! is red~blue! shifted, the
substituted hydrogen atom must be distorted along a coord
nate whose vibrational frequency increases~decreases! on
S1←S0 excitation.

1AN has 54 normal modes of vibration. According to the
6-31G* calculations, most of these involve displacements o
the atoms of the aromatic rings as well as those of the su
stituent group in theS0 state. However, a mode at 246 cm

21

is principally NH2 torsional in nature, a mode at 291 cm
21 is

principally a rocking motion of the NH2 group, modes at 414
and 618 cm21 contain some NH2 inversion character, modes
at 724 and 741 cm21 contain some NH2 wagging motion,
and a mode at 1647 cm21 is principally a NH2 scissoring
motion. All of these modes are strongly IR allowed. Bands
observed in the IR and Raman spectra of 1AN~and their
assignments!31 include fundamentals at 253 cm21 ~a9, NH2

torsion!, 660 cm21 ~a9, NH2 wag!, 1068 cm21 ~a8, NH2

rock!, and 1615 cm21 ~a8, NH2 scissors!. For comparison,
Varsanyi’s32 assignments of the corresponding frequencies i
aniline are 670~wag!, 1050~rock!, and 1618 cm21 ~scissors!.
We calculate values of 216~torsion!, 638 ~wag!, 1025 and
1119~rock!, and 1639 cm21 ~scissors! using the 6-31G* ba-
sis set.~These calculations also show that these vibration
are considerably more localized on the NH2 group in aniline,
compared to 1AN.! Aniline is pyramidally distorted at the
NH2 group with anS0 inversion barrier of;526 cm21 and
level separations of~0,1!541, ~0,2!5424, and ~0,3!5700
cm21.33 Its inertial defect in theS0 state isDI520.405
amu Å2,34 substantially less in magnitude than that inS0
1AN. Thus, with reasonable confidence, we assign th
prominent vibrational intervals in the dispersed fluorescenc
spectra of 1AN to the NH2 torsional mode~;262 cm21!, two
quanta of NH2 inversion ~;467 cm21!, the NH2 wagging
mode~;734 cm21!, the NH2 rock ~;943 cm21!, the C–NH2
stretch~;1389 cm21!, and the NH2 scissoring mode~;1898
cm21!. The strongest bands observed are those at~2!467,
943, 1389, and 1848 cm21. Thus, distortions accompanying
S1→S0 de-excitation are largest along these coordinates, n
doubt a consequence of the differing C–NH2 geometries in
the two states.

Little is known about the vibrational bands that appear in
theS1←S0 excitation spectrum of 1AN. Hollas and Thakur7

observed intense bands in 1AN atDE52468.5, 283.6, and
719.9 cm21, a pattern similar to that found by Brandet al.35

in the spectrum of aniline~2423, 293, and 760 cm21!. These
have been assigned asI 2

0, I 1
1, andI 0

2, respectively, whereI is
the NH2 inversion vibration. Mikamiet al.

36 observed, addi-
tionally, bands at 352, 1130, and 1546 cm21 in aniline which
they assigned toI 0

1, I 0
3, and I 0

4. An inversion barrier of;45
cm21 in the S1 state ~ZPE;163 cm21! was derived from
these data. However, some of these latter assignments ha
been disputed; in particular,I 0

1 and I 0
3 are symmetry forbid-

den in C2v.
37–39 The current view is thatS1 aniline is a

planar molecule with a near-zero inversion barrier. ItsS1
inertial defect isDI520.241 amu Å2,34 significantly less
than the ground state. As a similar behavior is observed i
No. 11, 15 March 1996
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3945Berden et al.: Spectroscopy of 1-aminonaphthalene
1AN, we are tempted to assign the two strong bands atDE
5284 and 723 cm21 in theS1←S0 excitation spectrum asI 1

1

and I 0
2. If these assignments are correct, then one can c

clude that the inversion barriers in 1AN are similar to tho
of aniline,;500 cm21 in theS0 state and near zero in theS1
state.

However, we believe the situation in 1AN is more com
plicated than this. First, we note that since the two H ato
of the NH2 group are not equivalent, at least in the grou
state, the energy surfaces along the inversion and twis
coordinates cannot be symmetric double-well potenti
Second, since the equilibrium geometries of the two el
tronic states are significantly different, large Duschins
rotations40 of the normal modes should accompanyS1←S0
excitation. Third, and most importantly, the polarizations
the observed bands in the fluorescence excitation spec
vary significantly from band to band. Therefore, one m
carefully consider the selection rules for simultaneous ro
tional, vibrational and electronic~i.e., rovibronic! transitions
in 1AN.

If rovibronic wave functions are considered in the fir
approximation as product functions, and higher order effe
~e.g., electrical anharmonicity, Duschinsky rotation, axis t
ing, etc.! are neglected, then the transition moment for
electronic transition between two different states may
written as41

^ce8cv8c r8umZuce9cv9c r9&

5(
g

H mg
0~e8,e9!^cv8ucv9&

1(
k

@]mg~e8,e9!/]Qk#0^cv8uQkucv9&J ^c r8ulZg
uc r9&.

~3!

Here, mZ is the component of the electric dipole mome
operator along the space-fixed axisZ, mg

0 are its projections
along the inertial axesg(5a,b,c), with direction cosines
lZg , and the []mg(e8,e9)/]Qk] 0 are the dipole derivatives
expressed in terms of the normal coordinates of one of
electronic states, evaluated at its equilibrium nuclear c
figuration. Purely~allowed! electronic transitions are con
trolled by the first term in the square brackets in Eq.~3!,
mg
0(e8,e9)^cv8ucv9&, the electronic transition moment mult

plied by the vibrational overlap integral. This is the source
the b-type polarization of the 00

0 band in theS1←S0 spec-
trum of 1AN. This term also can contribute to the intensity
vibronic transitions between two electronic states, but onl
the vibrational overlap integral is large. If^cv8ucv9& is small,
the second term in Eq.~3! will govern the intensity of vi-
bronic transitions. In that event, the polarization of the ba
will depend upon the direction of the dipole derivativ
[ ]mg(e8,e9)/]Qk] 0 . All of this, of course, is well known to
those familiar with orbitally forbidden transitions that a
vibronically allowed, as in benzene.

Two examples will suffice to illustrate these points. T
first strong vibronic band in theS1←S0 excitation spectrum
of 1AN occurs atDE5284 cm21. It is mainly a-type ~81%
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a!. Since this polarization is different from that of the origin
band, only the second term in Eq.~3! can contribute to its
intensity. Further, the major contributor to this term must be
a dipole derivative with a significant projection alonga.
Among the six possible vibrations of a symmetric NH2

group,42 only the rocking and twisting deformation modes
would have nonzero dipole derivative projections along thea
axis of naphthalene. The inertial defect of 1AN is20.58
amu Å2 in the upper state vibronic level~Table V!, slightly
larger in magnitude than that of theS1 ZPL ~20.37 amu Å2!.
This changes to21.6 amu Å2 in the DHHH isotopomer and
to 0.25 amu Å2 in the HDHH isotopomer~Table VIII!. Since
the rocking mode is an in-plane mode and the twisting mod
is an out-of-plane mode, the most likely assignment of th
band at 00

01284 cm21 is to the twist, or torsional mode in the
S1 state. This frequency is substantially higher than that o
the corresponding mode in the ground state, a natural cons
quence of the enhanced double bond character of the C–NH2

bond in theS1 state.
The second strong band in theS1←S0 excitation spec-

trum occurs atDE5462 cm21. It is a hybrid band with
;50% b character and a positive inertial defect~10.31
amu Å2, Table V!. Its b-type polarization could derive from
either of the two terms in Eq.~3!. If the first term contributes,
the vibrational overlap integral must be large, suggestin
some displacement along this coordinate in theS1 state. If
the second term contributes, the dipole derivative shoul
have a projection along theb axis. Either the wagging or
scissoring modes are likely candidates. Of these, only th
wagging mode is an out-of-plane mode. This mode has
substantially higher frequency in the ground state~;734
cm21!. The a-type polarization of the band atDE5462
cm21 must come from the second term in Eq.~3!. Since
in-plane vibrations typically make positive contributions to
the inertial defect,17 the most likely source of this intensity is
the rocking mode. This mode also has a substantially highe
frequency in the ground state~;943 cm21!.

While only approximate, other data exist which suggest
that an interpretation of this type for the differently polarized
vibronic bands is at least conceptually correct. One piece o
evidence is the appearance of both red and blue shifts of th
00
0 bands of the differently labeled isotopomers of 1AN.
Some fundamental vibrational frequencies increase o
S1←S0 excitation whereas others decrease. A second piec
of evidence is the unusual patterns that appear in theS1→S0
dispersed fluorescence spectra of 1AN. Substantial displac
ments along several vibrational coordinates, probably wit
significant Duschinsky rotations, are required to account fo
these observations. That such distortions occur is unambig
ously clear from the high resolution data. Finally, since
1Lb /

1La state reversal occurs in 1AN, significant vibronic
coupling effects may occur low in theS1 manifold. Thus, a
more thorough analysis of the vibrationally resolved spectr
of 1AN and its isotopomers will be required to develop a
more refined picture of the dynamics that occur on theS1
PES when the photon is absorbed.
, No. 11, 15 March 1996
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SUMMARY

Several unusual properties of theS0 andS1 electronic
states of 1-aminonaphthalene~1AN! are revealed by fluores-
cence excitation experiments in pulsed supersonic jets
CW molecular beams. These properties include their en
gies, electronic distributions, and geometries; the polari
tion of theS1←S0 transition; and the lifetime of theS1 state.
High resolution studies of fourteen vibronic bands in th
S1←S0 fluorescence excitation spectrum of 1AN and seve
of its isotopomers show that, like aniline, 1AN is pyram
dally distorted at the nitrogen atom in theS0 state, with an
inversion angle of;47°. However, unlike aniline, the NH2
group inS0 1AN also is twisted out of plane by;20°, prob-
ably because of a difference in the steric interactions
tween the two NH2 hydrogens and the adjacent hydroge
atoms of the naphthalene ring~the peri effect!. The high
resolution studies also show thatS1 excitation of 1AN re-
duces the C–NH2 bond length by;0.2 Å, providing com-
pelling evidence for enhanced conjugation of the NH2 group
with the p system of the aromatic ring. Shortening th
C–NH2 bond also flattens the NH2 group and renders the two
NH2 hydrogens equivalent in theS1 state. The high resolu-
tion studies also show that1Lb /

1La state reversal occurs in
1AN. Thus, the stabilizing influence of the enhanced con
gation is apparently large enough to reorder the energie
the excited states of naphthalene, thereby explaining the
usual polarization of the 00

0 band of 1AN, and to overcome
theperi effect, thereby explaining the unusual characterist
of its vibrationally resolvedS1↔S0 spectra.
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