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The photophysical properties of the excited states of 1,8-(bisdimethylamino)naphthalene have been investigated
by a combination of experimental spectroscopic methods and quantum chemical calculations. The experiments
show that vertical excitation occurs to dn-type state from which internal conversion occurs to a state with
dominant internal charge-transfer character. This character gives rise to weak emissive properties, a strong
solvent dependence of the emission, and transient absorption spectra that carry the signature of the steady-
state absorption spectra of the naphthalene radical anion. The quantum chemical calculations support the
interpretation of the experimental studies, and enable us to put their results into a broader perspective. They
explain the order of the lower excited states of 1,8-(bisdimethylamino)naphthalene and related compounds as
well as the role of intramolecular relaxation upon excitation, thereby elucidating the large Stokes shift already
observed in nonpolar solvents.

I. Introduction

The molecule 1,8-bis(dimethylamino)naphthalene (Figure 1),
henceforth called DMAN (Figure 1), is the prima donna among
the class of “proton sponges”, bicenter nitrogen bases that
combine a strong basicity with a low nucleophilic charaéter.
The title compound, for example, has ki of 12.1° and a gas-
phase proton affinity of 1030 kJ/mbIThe properties of proton
sponges and their monoprotonated cations have been reviewed
in a number of publications2° Until recently, the application
of the proton sponges has mainly been limited to their use as
auxiliary bases in various organic synthe%eglore novel
developments include gene therapynd their use as model
compounds helpful for understanding the mechanisms of
enzyme-catalyzed reactiobs.

Steric strain in competition with resonance and repulsive
interactions between the nitrogen lone pairs determine the

geometrical structure of DMAN. In the pioneering X-ray study pgyre 1. Structure and employed atom numbering of the electronic
of DMAN by Einspahr et al? it was found that in the solid  ground state of 1,8-bis(dimethylamino)naphthalene in its lowest energy
state the molecule is strained with a nonplanar naphthaleneconformation ofC, symmetry.

skeleton. One of the reasons why proton sponges have attracte
attention is their tendency to form very stable ionic complexes
containing asymmetric intramolecular fNH---N]* hydrogen

%onds. Upon protonation, substantial changes occur in the
geometry of the molecule, causing the molecule to become more
planartt12While it has often been suggested that the relief of
electron repulsion is a major driving force for protonation, recent

*To whom correspondence should be addressed.

 Wroclaw University. calculations claim that hydrogen bonding is the main contribut-
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expansiond? In these studies, it was found that the molecule On the basis of the solvent dependence of steady-state absorption
can adopt two conformations in the ground state with strikingly and emission spectra, it will be shown that the emissive species
different spectroscopic properties. Ab initio calculations at the in these experiments is an excited state with an increased dipole
HF/6-31G* level supported this conclusion and revealed that moment with respect to the ground state. From the radiative
the major difference between the two conformations occurs in decay rate of DMAN, it is concluded that the emissive transition
the relative positions of the methyl groups in the two dimethyl- from this state is highly forbidden, an observation which can
amino groups. The excited-state manifold was investigated in be understood on the basis of transient absorption experiments.
subsequent semiempirical calculatidhsfrom which it was The latter experiments show that (i) a naphthalene radical anion
concluded that the properties of the lower excited states arelike species is formed upon excitation and (ii) intersystem
rather susceptible to the molecular geometry as exemplified by crossing to the triplet manifold is a significant decay pathway.
the reversal of the lower two excited states for the two The conclusions drawn from the experimental studies are
conformers. subsequently put into the perspective of quantum chemical
In the present paper we will be concerned with the photo- calculations performed to elucidate the order and specific
physical properties of DMAN in solution. The ab initio and character of the excited states accesseq irj the experimen?s and
semiempirical calculations show that some of the orbitals the role of geometry relaxation upon excitation. The calculations
involved in the description of the lower-lying excited states are confirm the experimental conclusions and indicate how the
to a large extent localized on either the dimethylamino groups Molecular geometry responds to various electronic excitations.
or the naphthalene skeleton and thus give rise to electronically For the emissive ICT state observed in our experiments they
excited states with charge-transfer character. In solution suchexplain the observed Stokes shift in terms of an increased
polar states are stabilized by solvesblute interactions and  twisting of the dimethylamino groups. For theclike state,
they might thus influence, and possibly even determine, the ON the other hand, an untwisting motion is predicted.
photophysical behavior of the molecule under such conditions.
The excited states of the (substituted) 1-aminonaphthalenes, inll. Experimental Section
many respects analogues of DMAN, serve in this context as an

. y = . . DMAN was purchased from Aldrich. Experiments were
illuminating example. For these molecules inversion of the

N N 618 performed on samples as received but also on samples sublimed
naphthalene &'Lo) and S('L,) states occurs:® The fluo- under vacuum prior to use. In all cases, the same results were
rescent state of these molecules in solution is therefof pof obtained.

parentage and obtains a partial charge-transfer character due to Optical Absorption Spectroscopy. Electronic absorption

Ehe preslence of the .amino group. The dlffgrence between thespectra were recorded on a Hewlett-Packard 8453 diode array
La and’L, states with respect to this pa“'?" charge tra_msfer spectrophotometer or on a Cary 3 (Varian). Molar absorption
has been used as an argument to ?’?p'a'” the polarity andcoefﬁcients were determined using concentrations of-4Q0~>
temperature dependence of the nonradiative decay proé&sdes. M
Already for quite some time it appeared that intramolecular  gieady-State Fluorescence SpectroscopyEluorescence
charge transfer (ICT) is indeed a dominating factor in the gpectra were recorded on a Spex Fluorolog 3 emission spec-
spectroscopy of DMAN in solution. For the protonated proton  trometer using a spectral bandwidth2 nm for both excitation
sponge a very weak, strongly redshifted emission has beengng emission. Fluorescence was detected using a Peltier-cooled
observed and explained in terms of an overlap forbidden Re36-10 (Hamamatsu) photomultiplier tube. Emission spectra
transition from a strongly lowered and highly polar charge \yere corrected for the wavelength-dependent response of the

transfer state which involves two approximately orthogonal getection system. Fluorescence quantum yields were determined
orbitals#* The situation is far less clear-cut for the neutral (g|ative to a reference solution of quinine bisulfate in 1 N

molecule. In certain solvents, it seemed that one is dealing with gjfuric acid (bf = 0.546%4 and corrected for the refractive

amixture of two speciebut even then it is hard to understand jndex of the solvent. The samples were made with an absorbance
what the origin is of the large Stokes shift observed for one of 4t ¢ 0.1 (1 cm path length) at the excitation wavelength and
these species. Since the Stokes shift is sensitive to the Chafg%legassed by purging with argon for-205 min. Commercially
reorganization on excitation and the interaction with the solvent, gy ailable spectrograde solvents were used (Merck, Uvasol) and
one might take this observation as evidence for considerablestored over molecular sieves. When the purity of the solvent

charge transfer in the excited state. proved to be insufficient, it was purified by standard proce-
Another explanation involves geometry relaxation in the dures?s
excited state. Excitation of thél, state of the previously Time-Resolved Fluorescence Spectroscopkluorescence

mentioned (substituted) 1-aminonaphthalenes is accompaniecijecay curves were measured using a picosecond time-correlated
by significant geometry relaxation, primarily a reorientation of single photon counting setup described in detail befbre.
the dimethylamino group’*® This geometry relaxation is  Excitation was provided by a mode-locked argon ion laser
determined essentially by the combination of two opposing (Coherent 486 AS Mode Locker and Coherent Innova 200 laser)
effects: (i) the resonance interaction between the dimethylaminowhich pumped synchronously a dye laser (Coherent model 700)
groups and the aromatic ring and (ii) steric hindrance between gperating on DCM. The dye laser, frequency-doubled with a
the substituents at thgeri positions. The same interactions are  BBO crystal, yielded 316320 nm pulses. A Hamamatsu
present in DMAN with one important difference, namely the microchannel plate photomultiplier (R3809) was used as detec-
additional repulsive interactions between the nitrogen lone pairs. tor. The response function of the instrument has a fwhay b7
These observations made us suspect that the excited states gfs.
DMAN might equally well be subject to major geometry  Transient Absorption Spectroscopy.For the measurement
changes, certainly if they would involve orbitals with contribu-  of nanosecond transient absorption spectra, the third harmonic
tions from the nitrogen lone pairs. of a Coherent Infinity Nd:YAG laser (355 nm, 10 Hz) was
Here we present the results of experimental studies on theemployed as excitation source. This laser system delivers 2 ns
excited states of DMAN in solution with a variety of techniques. pulses, the output of which was adjusted to a pulse energy of
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TABLE 1: Spectral Properties of DMAN in Various

12000
Solvents
_toaoo y solvent Af2 225 (nm) el (em )
5 5000 AN n-hexane 0.092 330 18195
s J \ 3-methylpentane 0.093 330 18147
w 5 di-n-butyl ether 0.194 332 16988
6000 - ,,f “.\ diethyl ether 0.251 332 16671
! \ ethyl acetate 0.292 333 16344
40004 / tetrahydrofuran 0.308 335 15803
: dichloromethane 0.319 336 15400
, acetonitrile 0.393 337 c
2000 / Y, .
" aDefined by eq 2° Corrected fori? factor. ¢ Not observed.
18500 -

0 . T r r r .
200 360 4(|)0 5(|)0 GCI)O 7(I)0 B(IJO Q(IJO

nm
Figure 2. Absorption (), dispersed emission (- - -), and fluorescence
detected excitatiorr{-) spectra of DMAN inn-hexane. The dispersed
emission spectrum has been obtained for excitation at 330 nm; the S, 17500
fluorescence detected excitation spectrum by monitoring the emission g {

at 540 nm.

18000 +

Ml

17000 + ]

approximately 2.5 mJ. A pulsed low-pressure Xe flashlamp ¢ 44500
(EG&G, FX504) provided the probe light in a perpendicular
geometry. The probe light was collected on a Princeton
Instruments time-gated (5 ns) intensified CCD camera (Princeton ]
Instruments ICCD-576-G/RB-EM) after passing through a .. |

spectrograph (Acton SpectraPro-150). The detector was gated ] "
at 5 ns. Typically 50 spectra were averaged to obtain a 15000 -

satisfactory signal-to-noise ratio. Typical absorbance of the 0.05 0.10 0.15 0.20

samples at the excitation wavelength was2lover 1 cm. The Af
time-dependent behavior of excited triplet species was monitoredFigure 3. Solvent dependence of the emission maximum of DMAN.

in a separate experiment with a 450 W Xe arc”(Miulamp The line is a fit to eq 1 yielding an intercept of 1863625 cnt and
housing LAX1450, power supply SVX1450), an electronic 2 Slope of~6803% 149 cm™.
pulser (Vincent Associates SP05), an Oriel monochromator, and - A second issue that needs to be dealt with in these solution
a photomultiplier (1P28, S5 photocathode) coupled to a Tek- gy,dies concerns the role of the two conformers observed in
tronix TDS684B oscilloscope as the probe system, and the sameg, previous gas-phase studiésis will become clear in the
laser as the excitation source. The transient absorption samplegjiscission below, the present study does not give any indication
were carefully degassed by at least three frequenp-thaw that a second conformation needs to be invoked to explain the
cycles using a T-cell. During acquisition, the cell was stirred egjts, In the gas-phase studies the second conformation was
to minir_nizg buildup of possible photodegradation products in only observed at elevated temperature, making it indeed
the excitation volume. plausible that in the present studies performed at room temper-
ature one species is predominantly present.
Table 1 reports the dependence of the spectral properties of
A. Experimental Studies. In Figure 2, the absorption DMA_‘N on the solvent polarity. We find tha_t the abso_rption_
spectrum of DMAN inn-hexane is displayed. In previous studies maximum hardly changes, whereas the_ EMISSIon maximum 15
of DMAN in solution it was tentatively concluded that the Stfong'y !nfluenced by thg solvent polarity. The Iattererend-
molecule exhibits dual fluorescen€ealthough at that time its ence indicates that the d'pOI.e moment of the electronllc grpund
nature could not be further clarified. Here we find that excitation St3t€ an_d the state from which emission takes place is signifi-
at the relatively strong absorption band at 330 nm leads to an cantly _d|ffe_rent. In the Qn_sager cavity _apprzoach, the solvato-
emission spectrum with only one band at 536 nm (Figure 2). chromic shift of the emission band is given“by®
This emission band is rather weathe fluorescence quantum . g)
yield is only 0.0014-but the excellent correspondence between APy = Ty (AF) — 7,(0) = %Af (1)
the fluorescence detected excitation spectrum (Figure 2) and 2mehca

the absorption spectrum strongly suggests that the 536 nm band . _ _ .
derives from DMAN. The apparent disagreement between the wherea is the Onsager radius of the solute anflis defined

previous results, which indicated a dual fluorescence, and theby the dielectric constant and the refractive inder of the
present results, which do not give evidence for this phenomenon,solvent as

is puzzling. We have not gone at full length to find an 5
explanation but remark that we have noticed that it is imperative Af = (e—-1) (-1)
to make sure that water is removed from samples and solvents. 2¢+1 gn?+2

If this is not done carefully, one is able to observe an additional
emission band around 410 nm. Moreover, experiments in which The fit of the emission maxima to eq 1 is depicted in Figure 3,

solutions were illuminated with a mercury lamp filtered with a and results in values for the fit paramet@fg0) anduec(ue —
WG320 filter showed changes in the emission spectrum in the ug)/2eghca® of 19195+ 231 cntt and 10860+ 967 cn?,
course of time, indicating that also photochemistry may occur. respectively. For the ground state of DMAN a dipole moment

emission maxim

16000 —

T T T T 1
0.25 0.30 0.35

Ill. Results and Discussion

)
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Hgof 1.12 D has been reporté¥To estimate the dipole moment 0.10
of the excited state, we assume that the Onsager radias

be determined using the reported molecular density of 1.12
g/en? 0 and Avogadro’s numbé® leading to a value of 4.2 A, 0.08 ~
Under the additional, but reasonable, assumption that the dipole
moments of the molecule in the ground and excited states are
parallel, a value of 9.5 D is calculated fge. 0.06 4

In what is to follow, we will conclude that the observed
emission represents the radiative decay of an electronic stat(;<f1
with a predominant charge-transfer character. Anticipating this
result, we may employ the dipole moment of the emissive
state to estimate the fraction of charge displaced upon excitation.
Assuming that the dimethylamino groups form the electron
donor and the naphthalene ring the electron acceptor, and using
the structure parameters as determined experimentaliye
conclude that about 0.7 electron is transferred upon excitation
from the ground state.

For a solution of DMAN inn-hexane we find that the . . .
L 36 be fitted isf iy i f Figure 4. Fluorescence corrected transient absorption spectra of a
emission at 536 nm can be fitted satisfactorily in terms of & yeqa5sed solution of DMAN in-hexane obtained 0 (black), 2 (red), 4

S|ng|e exponential W|th a decay constant Of 2.2ns.In Combina- (green)’ 10 (b|ue)’ and 60 (Cyan) ns after excitation with a 355 nm
tion with the observed fluorescence quantum yield of 0.0014, laser pulse.

this would imply that the emissive state has a radiative decay
rate of 6.4x 1C° s1. When absorption and emission occur to
and from the same electronically excited state, one can obtain
the radiative transition probability from the absorption and
emission spectra via the StrickleBerg relationshig! Applica-

tion of this relationship to DMAN inn-hexane leads to
incompatible results between observed (on the order o§1) 0.04 1
and calculated (on the order of 1671) radiative decay rates. 1
One therefore has to conclude that the state that is responsibleg 0.03
for the absorption band around 330 nm is not the emissive state
observed in the fluorescence spectrum.

For 1-aminonaphthalene, 1-(methylamino)naphthalene, and
1-(dimethylamino)naphthalene mhexane, radiative decay rates
of 6.6, 7.4, and 8.3x 10" s"1 2! have been determined. We ]
recall that in these molecules the emissive statélhasharacter, "
which accounts for the relatively large decay rates. In the first 0.007 ; . r . T . .
instance, one might expect the electronic structure of DMAN 0 5 10 15
and these 1-aminonaphthalenes to be similar. The observed time (ps)
reduction of the radiative decay rate in DMAN by almost 2 Figure 5. Decay of the transient absorption spectrum of a degassed
orders of magnitude, however, stands in stark contrast with this solution of DMNA in n-hexane excited at 355 nm and probed at 580

notion, and one has to conclude that the character of the emissiveém-

state in DMAN s fundamentally different, i.., is not of L it is the dominant one since we have not determined absolute

parentage. . .
. . . ) _ triplet quantum vyields.
Figure 4 displays transient absorption spectra of DMAN in ‘the fast component in the transient absorption spectra of

n-hexane up to a delay time of 50 ns. From the time dependencerjgyre 4 is assigned to absorption from the (relaxedjtste.

of the transient absorption spectrum, one concludes that ity Figure 6a we have reconstructed the associated-SS,
contains two components: the first component decays within transjent absorption spectrum by subtracting the triplet absorp-
the time resolution of the detection system while a second tjon spectrum (vide infra) from a spectrum taken directly after
component decays on a much longer time scale. The latterhe |aser pulse. It shows a narrow absorption band around ca.
component is explicitly monitored in Figure 5 where the decay 380 nm and a very broad absorption in the 5800 nm

of the transient absorption signal at 580 nm is shown for delay wavelength region that might contain some weak structure.
times up to 1&s. The susceptibility of the long-lived component  These features differ fundamentally from what one would expect
toward molecular oxygen indicates that the signal derives from for transient absorption of a substituted naphthalene species:
transient absorption from the, Btate. It is known that triplet  the §, — S; spectrum of naphthalene displays a broad peak
decays in solution are in general rarely truly monoexponential. around ca. 420 nm and a very weak absorption in the-2G0

In line with this experience, we find that the triplet decay can nm region®2 a pattern that has been observed in picosecond
only be fitted with a pseudo monoexponential decay if we time-resolved transient absorption spectra of rigidly linked
restrict the analysis to delay times larger thapss We thus naphthalene-trialkylamine compounds in apolar solvents as
obtain a decay constant of 8B 0.2 us. The observation of  well.33 The singlet transient absorption spectrum compares, on
transient absorption in the triplet manifold establishes that one the other hand, favorably with the steady-state absorption spectra
of the nonradiative decay pathways in the molecule is inter- of the radical anion of naphthalene and 1,8-diaminonaphtha-
system crossing, but at this point it is difficult to say whether lene3435 For the naphthalene radical anion in MTHF one
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580 nm in DMAN might therefore indicate that also in the triplet
manifold absorption occurs from an excited state with a
considerable internal charge-transfer character.

B. Ab Initio and TD-DFT Calculations. From the experi-
mental material discussed above we conclude that the state
responsible for the highly red-shifted weak emission is a state
with major contributions from internal charge transfer (ICT)
configurations. This state is not directly accessed in our
experiments, but appears to become populated after internal
conversion from a state with a relatively large oscillator strength.
The electronic structure of DMAN has been investigated in the
past by semiempirical calculations, in particular in the context
of possible differences between the two conformers that had
been observed under isolated conditibhat the time it was

o0 t4m—p - - thought that the lower two excited singlet states were the
350 400 450 500 550 600 650 analogues of the naphthalengdnd L, states which in DMAN
nm might become quasi-degeneratnd thus very susceptible to
4 small changes in the molecular geometgnd contain charge
0.035 4 transfer character due to the mixed character of the HOMO
J (b) orbital. This charge transfer character is in line with the present
0.030 4 experimental findings, but at the same time, it leaves us with
| pertinent questions about the precise character of the state which
0.025 4 is observed in solution and how to reconcile the relatively small
| dipole moments calculated for the relevant excited states with
0.020 the dipole moment here determined experimentally.
| To elucidate these issues we have extended the previous
0.015 - calculations to the ab initio level. Theoretical studies on the
| excited states of and internal charge transfer phenomena in
0.010 4 4-(dimethylamino)benzonitrile (DMABN) have demonstrated
] that the results depend critically on the methodology em-
0.005 4 ployed®®—38 and that one needs to be cautious in relating their
N results to experimental data. Levels like CASSCF, CASPT2,
350 400 450 500 550 600 650 and CC2 would be recommended, but are prohibited by the size
nm of DMAN. We were therefore restricteebearing the previously
Figure 6. S, S; absorption (a) and F— T, absorption (b) of DMAN mentioned pitfalls in mind- to perform calculations at the Cl-

in n-hexane. The triplet absorption spectrum was takes after the Singles (CIS) and time dependent density functional theory (TD-

laser pulse, and the singlet absorption was obtained by subtracting thepFT) |evels. These calculations have been carried out with the

triplet spectrum from a spectrum taken directly after the laser pulse. GAUSSIAN 98 suite of program.In previous calculations at
the HF/6-31G* level, we have established that DMAN can adopt

observes (i) a band system with peaks at 775 and 840 nm Fhattwo conformations in the ground state, the one of lowest energy
extends up to 600 nm, (ii) a broad, weakly structured absorption having an approximat€, symmetry' This conformation is

th?tls:i%rtls irort:n\(/jv SgS?Otinr:snr:jdeﬁtenndds up ;c;g(r)l(r)nn,T\ll tind the starting point for the present considerations, although we
a refatively narrow absorption band around ca. : ese re-optimized its geometrical parameters at the B3LYP/6-31G*

features are present in the singlet transient absorption spectrurqevelm_42 and impose, symmetry®3 Since further on we will
2 .

of DMAN. The main difference between the two spectra is the : . . I
be interested in the geometry changes upon electronic excitation,

relative intensity of the 370 nm band, which is larger in we report the relevant geometrical parameters of s
rption trum of the naphthalene radical anion. At th . . .
absorption spectrum of the naphthalene radical anio egeometry in Table 2. As expected, the differences with the

same time it should be noticed that the relative intensity of this . -
band in Figure 6 is very sensitive to the way in which the singlet previously reportedC; geometry are minor.
spectrum in Figure 6 has been constructed. We therefore When a CIS calculation is performed at t@gground state
conclude that the singlet transient absorption spectrum indicatesgeometry, we find that only the;SS,, and S excited states are
that a naphthalene radical anion-like species is formed upon©f present interest; the other states are calculated to lie at least

excitation of DMAN. 2 eV higher than § The results obtained for these three states
The T,, — T transient absorption spectrum, derived from the are reported in Table 3. Apart from the transition energies, which
transient absorption spectrum observed for a delay @$,1is are systematically overestimated, we find that the CIS results

given in Figure 6b. This spectrum shows two absorption are qualitatively in agreement with what was calculated at the
bands: one relatively narrow band at ca. 370 nm and a broadsemiempirical level: the Sand $ states have similar vertical
absorption band that starts at ca. 580 nm. The latter band extendé§Xxcitation energies and they carry the signatures oflthand
over a large wavelength range and seems to be composed ofL states of naphthalene (respectively of symmetry A and B
more than one band, although our present signal-to-noise ratioin the group G). The three relevant molecular orbitals, 56
prevents us from making more definite conclusions. The-T (HOMO-2), 57 (HOMO-1), and 58 (HOMO), from which
T, transient absorption spectrum of naphthaférmad rigidly excitation takes place, have significant contributions of the lone
linked naphthalene-trialkylamine species in apolar sol¥énts pair orbitals on the nitrogen atoms of the dimethylamino groups,
exhibits only a band around 420 nm. The additional band around while the orbitals to which the electron is excited, 59 (LUMO)
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TABLE 2: Geometrical Parameters (A and deg) of the 1A with the excited state dominated by the 7§ configuration,
(RSoL_Nelugalt_Grf)ug? tState, t:(tehlzBiE(lzll)*?nd ;2{;:?5_1) N i.e., the analogue of thé , state, while théL, state has become
adical Lationic otates, and the 1b; (177) an s TTg S:. The vertical excitation energy calculated for the two lower
Triplet States Obtained at the (U)B3LYP/6-31G* Level excited states is in excellent agreement with the maximum of
I'A 1°B, °A 1°By °A the first absorption band in apolar solvents. Although the
C) (Ca) (C) (Ca) (C) absolute vertical excitation energies of the two* states have
Ci—C; 1.390 1.380 1.425 1.418 1.454 changed by more than 1 eV, we notice that the energy gap
Co—Cs 1.409 1415 1388 1387 1364  petween them has remained more or less the same. It ig'the |
Cs—Ca 1371 1.376 1391 1.404 1.424 state that is poorly described at the CIS level, which makes it
Cs—Cio 1.421  1.420 1.414  1.419 1.412 . . . :
Co—Cuo 1442  1.430 1442  1.445 1.455 clear thz_at one requires the incorporation of the dynamic electron
Ci—GCy 1.452 1.421 1.446  1.417 1.436 correlation intrinsic in the TD-DFT approach.
Ci—Ny 1418 1442 1369 1440  1.405 Figure 7 shows orbital shapes of the relevant molecular
Ni—Crs 1462 1.463 1463 1.459 1.458 orbitals forming the basis for the TD-DFT description of the
N;i—Ci 1.452  1.463 1.468  1.459 1.450 . . . : : i
Co—Ci—-C, 119.2 1208 1182 1218 119.7 various excited states. What is evident fror_n these orpnal_s is
C,—C,—Cs 1222 1201 1214  119.0 121.3 that the lowest excited singlet state can in first approximation
Cr—Cs—Cy4 119.8  120.5 1201 1208 1195 indeed be described as a state in which an almost full internal
C3=Cs—Cuo 1205 1209 1204 1216 1213  charge transfer has occurred: the | aridorbitals are highly
g“__ccloig" ﬁg'g ﬁg'g ﬁgg ﬂg'é ﬁgé localized on the two dimethylamino groups and the naphthalene
10— Co— (g . . . . . . . 1
C,—Cy—Cs 126.0 122.0 126.0 122.7 126.3 rng, r.espectlvely. The contour plOtS also show that ll?@tate
Cs—Ci10—Cs 118.9 122.4 1195 1236 119.8 contains charge-transfer character as well because of the
Co—C1—N; 1209 118.0 122.7 117.8 121.7 participation of the lone-pair orbitals in the HOMO. Comparison
Ci—Ni—Cy 1156 1163 1218 116.8  119.0  wijth contour plots of the HF/6-31G* orbitals (not shown)
gi:cN:zl:g;ig é127'7 3%6'3 1121'2 0186'8 01220'0 employed for the CIS description demonstrates that the di-
Cs—Cyi—Cio—Co —1.7 0.0 213 00 —05 methylamino Ione_—palr e_Iectrons are _much more dgloc_ahzed in
Cs—Cio—Co—C; 8.8 0.0 14.5 0.0 9.7 the HF approach; in particular a significant contribution is found
Ci—Co—Ci—C,; —9.9 0.0 —-19.4 0.0 —14.0 in the 74 orbital.

Ci0—Co—C1—N;  169.3 180.0 155.9 180.0 163.0 o ; i ;
o NC. 643 —-1009 -291 -1098 -511 It is interesting to consider the present results on DMAN in

Co—Ci—N;—Ci, 1605  109.9 1693 1098 162.3 the light of what is known for 1-(dimethylamino)naphthalene.

ea 42.4 900 223 -900 35.9 Above we have concluded that the emissive states in the two

SNP 3448 3475 357.7 3478 351.9 molecules have fundamentally different properties: the lowest
a Defined by the average of the two dihedral angle€®!;,C,, and eXCiI.Ed singlet state of 1-(dimgthylgmino)naphthalene has a

CsCiN:Ciz.  Sum of valence angles around nitrogen atom. dominant L, charactef®1820 which is responsible for the

relatively large radiative rates, while in DMAN emission occurs

and 60 (LUMOt1), are essentially the; and 7% orbitals of from an internal charge transfer state with a small electronic
naphthalene. transition moment to the ground state. How should we under-

Comparison of the CIS results with the experimental material stand the differences between the excited states manifolds of
gives rise to a number of problems. First, the experiments havethe two molecules? To answer this question, we have performed
shown that the radiative decay rate is small, which is at odds TD-DFT calculations on the excited states of 1-(dimethylamino)-
with a hypothesis that the emission would stem fromtiag naphthalen® at the B3LYP/6-31G* optimized geometry of the
type of state. Second, the solvent dependence of the emissiorground staté® Before comparing the excited states of the two
has demonstrated that the dipole moment of the emissive statemolecules, it is instructive to compare their ground-state
is Significanﬂy |arger than the d|p0|e moment of the ground structures. As eXpeCted, the major difference between the two
state. This seems to rule out the &d S states since their ~ Molecules occurs in the orientation of the dimethylamino group
calculated dipole moment are almost equal to that of the ground relative to the naphthalene plane. In the ground state of DMAN,
state. One might argue that the calculations have been performedhe twist angle®—defined by the average of the two dihedral
at the equilibrium geometry of the ground state while emission angles GCiN1Cy, and GCiN1Cy (see Figure tyis 42.£; in
occurs from the equilibrium geometry of the emissive state, but 1-(dimethylamino)naphthalene it is 49.Another way that the
the naphthalene-likez* character of $and S makes large steric strain between the dimethylamino groups and the associ-
changes in their dipole moment unlikely. Third, the small ated lone pair repulsions in DMAN might be minimized is by
oscillator strength and relatively large dipole moment gf S changing the hybridization of one or both of the nitrogen atoms,
would make this state a more likely candidate for the emissive as occurs, for example, in the other conformer of DMAN
state, but its calculated vertical excitation energy implies that observed in the gas phaezrom the sum of the valence angles
very large internal and solvent reorganization energies would of the amino nitrogen atom (344.8 and 342i4 DMAN and
be needed to account for the experimentally observed Stokesl-(dimethylamino)naphthalene, respectively), we conclude, how-
shift of ~12000 cn1! in nonpolar solvents. Problems similar  ever, that this does not occur; i.e., the nitrogen atoms are
to those we encounter here for DMAN have been reported for Similarly hybridized in both molecules.

CIS calculations on DMABNS®-37 We therefore conclude that Table 3 reports the results of the TD-DFT calculations on
this level of calculation does not suffice for the present study. 1-(dimethylamino)naphthalene. Orbital contour plots reveal that
Table 3 shows that the situation changes drastically when the 74, 75, and 75 orbitals of 1-(dimethylamino)naphthalene
calculations are performed with the TD-DFT approach. The can be compared directly with their counterparts in DMAN.
lowest vertically excited singlet state is now in first order The | andzs orbitals, on the other hand, are slightly more
described by the (HOMO-1)~ LUMO excitation, which, delocalized over the naphthalene ring and dimethylamino group,
following Kasha and Rawt$ will henceforth be designated as  respectively, than the analogous orbitals in DMAN. Compared

the bzg configuration. This state has become nearly degenerateto DMAN we find that thellL, and L, states in 1-(dimethyl-
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TABLE 3: Description and Properties of the Lower-lying Electronic Excited Singlet States of DMAN and
1-(Dimethylamino)naphthalene at Their B3LYP/6-31G* Optimized S Geometries, Where for Clarity the Dominant
Contribution to the Wave Function of the Various Excited States is Indicated in Bold Italics

DMAN DMAN 1-(dimethylamino)naphthalene
Cl-Singles TD-DFT TD-DFT
excited wave function AE oscillator ~ uP wave function AE oscillator wave function AE oscillator
state compositiof (eV) strengthf (D) compositiof (eV) strengthf compositiofd (eV)  strengthf
S —0.17 (56— 60) 4.95 0.211 1.4 0.68 (57— 59) 3.84 0.014 0.16 (45> 47) 3.93 0.100
—0.22 (57— 60) (B) +0.64 (46— 47)

+0.62 (58— 59)
(A
S 0.28 (56— 59) 515  0.050 1.3 -0.12(56—60) 3.85  0.143  0.39(44-47) 434  0.010

+0.28 (57— 59) +0.65 (58— 59) —0.13 (45— 47)
+0.57 (58— 60) (A) +0.58 (46— 48)
(B
S ~0.34(56—59) 6.05 008 43 034(5659) 412 0053  0.12(44-47) 480 0011
+0.53 (57— 59) +0.62 (58— 60) 0.15 (44— 48)
~0.25 (58— 61) (B) +0.64 (45— 47)
(B) —0.10 (46— 47

@ The highest occupied molecular orbital (HOMO) in the ground-statis $10 58; this orbital contains a significant contribution from tie
orbital of naphthalene. Orbitals 56 and 57 are mixtures ofitherbital of naphthalene and the antisymmetric combination of the lone pair orbitals
on the amino groups. Orbitals 59 and 60 are the quasi-gjiamdzzg orbitals of naphthalene. Symmetry of state mi€given in parenthesésrThe
dipole moment calculated for the ground-stagesSl.4 D. ¢ Orbital contours are shown in Figure 7. Symmetry of stai€;iis given in parentheses.
dThe highest occupied molecular orbital (HOMO) in the ground-stais BIO 46. Orbitals are approximately be described as follows=4;

45 =1; 46 = 75, 47 = 7, 48 = 715

56 (B) HOMO-2 §7(B) HOMO-1 58 (A) HOMO and the adiabatic ICT state can a priori indeed be expected.
After all, excitation of an electron from the | orbital into the
naphthalene ring reduces the charge density in the lone pair
orbital of each of the nitrogen atoms and thereby the repulsion
between their charge densities. Additionally, one might expect
the hybridization of the nitrogen atoms to be affected.

To put these qualitative arguments on a quantitative footing
would ideally require optimization of the geometry of the
59 (A) LUMO 60 (B) LUMO-1 molecule in the ICT state, but this poses practical problems.
Although optimization at the TD-DFT level has recently become
possible!”#? it has not yet been implemented in the GAUSS-
IAN suite of programs, while geometry optimization at the
CASSCEF level is prohibited by the size of the molecule. To
assess whether the experimentally observed Stokes shift is
nevertheless compatible with our ideas, we have performed a
number of calculations that are inconclusive when considered
Figure 7. Orbital shapes of B3LYP/6-31G* orbitals of DMAN relevant separately b_Ut when taken tqgether support our interpretation
for the description of the lower excited states. of the experimental observations.

The first remark to be made is that the geometry relaxation
amino)naphthalene are at only slightly higher excitation energies taking place in the dimethylamino groups by internal charge
(0.08 and 0.22 eV, respectively), but the excitation energy of transfer should also occur upon removal of an electron from
the bt} state is raised by almost 1 eV. These changes parallelthe | orbital by ionization. The associate#Bl(I 1) state (inC,
qUite niCE'y the differences in orbital energies: therbitals Symmetry) may therefore serve as a model for the geometry
are hardly influenced but the | orbital is lowered by more than changes of the dimethylamino groups upon excitation to the
1.0 eV. We therefore conclude that the vertical excitation energy |cT state. Optimization at the UB3LYP/6-31G* level shows
of the brg ICT state is so significantly lowered in DMAN  that the jon adopts a conformation @, symmetry-and thus
compared to 1-(dimethylamino)naphthalene because the sterig)o.omes ofB, (I"1) symmetry-with extended aminering
stra_\in and lone pair repulsion induced by th_e second dimethyl- bonds and dimethylamino groups which are perpendicular to
amino group raises the energy of the ! orpltal. . the naphthalene plane (Table 2). Apparently, the reduced charge

A final issue that needs to be elucidated is the experimentally S - . . : .

density in the lone pair orbitals permits a reduction of the steric

observed Stokes shift, which is associated with solvent re- . ) . . .
organization and relaxation of the geometry of the molecule on interactions through a rotation of the two dimethylamino groups.

excitation. The observation that for DMAN a Stokes shift of 1N€ internal reorganization energy upon ionization is obtained
about 1.4 eV is already observed in nonpolar solvemtsere from the difference between vertical (7.02 eV) and adiabatic

solvent reorganization effects are only mingmplies a domi-  ionization energies (6.35 eV) as 0.67 eV. In a simple model, in
nant contribution of the internal reorganization energy. Con- Which the Stokes shift of the ICT state is only associated with
sidering the nature of the ICT state, a significant difference the geometry relaxation of the dimethylamino groups and
between the geometry of the molecule in the vertically excited vibrational coordinates and frequencies remain the same in
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ground and excited state, this would imply a Stokes shift geometry of the excited state a value of 7.7 D, which agrees
of 1.34 eV, which is remarkably close to the experimental nicely with the dipole moment of the emissive state inferred
number. from our experiment.

Thell, state also has a partial charge-transfer character owing Optimization of the molecular geometry for théAlstate
to the contributions from the dimethylamino lone pair orbitals results in a Gconformation of lowest energy that still has partly
to the HOMO. It might therefore undergo significant geometry untwisted dimethylamino groups, albeit that less untwisting
relaxation as well. In view of this observation, it is interesting occurs than in the corresponding cationic state (Table 2). The
to see how the molecular geometry responds to ionization of nonplanarity of the naphthalene skeleton, on the other hand, is
an electron from the HOMO. Optimization of the molecular slightly increased. For this state a geometry relaxation energy
geometry in the associate@Al(:zs ~ 1) ionic state demonstrates  of 0.41 eV is found, almost half of that in théAl (75~ ) state.
that the molecule is indeed subject to considerable geometrySince for this geometry the two unpaired electrons are far from
changes (Table 2), but in just the opposite way as was observeddecoupled, this result is not so surprising.
for the 2B (I71) state: instead of an enhanced twisting, an  The calculations discussed above lead to a number of
untwisting motion occurs by which the dimethylamino lone pair conclusions. First, the internal reorganization energies obtained
orbitals become nearly parallel with the-orbitals of the are almost in gquantitative agreement with the experimentally
naphthalene moiety. Concurrently, the amimimg bonds observed one, thereby supporting the conclusion that geometry
become shorter and the deviation from planarity of the relaxation is the dominant cause of the observed Stokes shift.
naphthalene skeleton larger. Apparently, it is now the enlarged Second, the calculations suggest that in the emissive state
conjugation of ther electron system that is the dominant driving monitored by experiment the molecule adopts a conformation
force for the geometry relaxation. For théAl(ms™1) state in which the dimethylamino groups are subject to significant
vertical and adiabatic ionization energies of 6.81 and 6.03 eV, twisting, even to such an extent that the dimethylamino lone
respectively, are calculated, implying that the internal reorga- pair orbitals are decoupled from the naphthalersystem. This
nization energy for this state (0.78 eV) is even larger than for conclusion is corroborated by our transient absorption experi-
the 2B (I71) state. ments, which show that upon excitation a naphthalene radical-

The vertical and adiabatic ionization potentials that we anion-like species is formed. Third, owing to its partial charge-
calculate for the 2A (751 and 2B (I"1) states are in good transfe_r ch_aractgr, thie state as we_II is subject to geometry
agreement with the He(l) photoelectron spectrum of DM®&N, ~ 'elaxation involving the dimethylamino groups. However, the
which shows two bands at 7.05 and 7.45 eV in this energy calculations indicate that the dimethylamino groups are now
region. For the first band an adiabatic ionization energy of 6.45 Subject to an untwisting motion. Experimental support for this
eV has been reported, but the width of the bands precludes theconclusion can be found in the high-resolution spectroscopic
determination of the adiabatic ionization energy for the second Studies performed on (un)substituted 1-aminonaphthalenes in
band. In agreement with the present results, the He(l) study the gas phas€:*For these molecules, which have #a state

concluded that for twisted dimethylamino groups the two bands @S the lowest excited singlet state (vide supra), it has been
are associated with the?A (w5 1) and 2B (1)) states, demonstrated that the amino group undergoes an untwisting

respectively. motion upon excitation.

The second remark to be made is that in the excited states of
the neutral molecule electron density is not removed but
redistributed, and we therefore need to determine to what extent  The final picture that emerges from the theoretical calculations

the geometry relaxations in the ionic states persist i_n the excitedcompares favorably with the experimental results obtained in
states of the neutral molecule. UB3LYP calculations of the the present studies. The vertical excitation energy for the lower
%It andzs 5 electronic configurationswhich are the domi-  two excited states nicely reproduces the gas-phase results and
nant configurations in the description of th&éB1(T,) and FA the maximum of the first absorption band in nonpolar solvents.
(T1) states as shown by TD-DFT calculations on the triplet Comparison of the observed molecular extinction coefficient
manifold—may serve to investigate this issue. Above, the of this band with the calculated oscillator strengths for the two
importance of dynamic electron correlation has become clear, quasi-degeneratert and zz* transitions shows that we are
which is the principal reason we insist on the DFT quality of predominantly exciting théL type state in our experiments.
the calculation. However, a complete description of the two This state is not responsible for the observed emission as can
triplet states would obviously require that nondynamical electron be inferred from the radiative decay rate but merely acts as
correlation as well is taken into account. At this point, however, doorway to the electronically excited-state manifold, after which
we are merely interested in the effect of the electron density internal conversion populates theIstate. The intrinsic internal
redistribution and will continue to consider only the aforemen- charge transfer character of this state, which is confirmed by
tioned configurations. Similar to the’B (I1) state, we find the transient absorption spectra that carry the signature of the
that the geometry of lowest energy for th#8B1(T,) state has  naphthalene radical anion, explains the relatively large dipole
Cy, symmetry (and is thus more appropriately labeled38s)1 moment inferred from the solvent dependence of the emission.
(Table 2) with geometrical parameters resembling those of the Compared to various 1-amino-substituted naphthalenes, the
12B (I7?) state. The main differences are found in the bond vertical excitation energy of thext state appears to be
lengths within the naphthalene skeleton that are changedconsiderably lowered, which is attributed to the steric strain and
reflecting the (anti)bonding properties of th# orbital. Com- lone pair repulsion that accompanies the introduction of the
parison with the energy of this state at thg &juilibrium second dimethylamino group in DMAN. Owing to a relief of
geometry leads to an internal reorganization energy of 0.79 eV. the repulsive interaction between the nitrogen lone pair orbitals,
This is slightly higher than found for théR (I71) state, as might  the br* state is subject to considerable internal reorganization
have been anticipated from the decoupled nature of the two effects that are ultimately responsible for the large Stokes shift
unpaired electrons at this geometry. Interestingly, we calculate already observed in nonpolar solvents. The calculations and
for the dipole moment of the molecule at the equilibrium transient absorption experiments indicate that the geometry

IV. Conclusions
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relaxation predominantly involves an increased twisting of the
dimethylamino groups. For thél s type state, a significant

geometry relaxation is likewise predicted, albeit in the opposite 4 .

direction: the dimethylamino groups now untwist, a motion by
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which conjugation is extended. These large-amplitude motions 2001, 343 404.

as well as the various energy relaxation pathways are subject

of a forthcoming publication in which studies are reported using

femtosecond transient absorption and fluorescence upconversio
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