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Introduction

For molecules consisting of an electron donor and an electron
acceptor moiety coupled by a polymethylene cHai,excita-
tion is often followed by a conformational folding bringing the
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Abstract: Intramolecular photoinduced electron transfer inp@N(N-dimethylanilino)phenanthrene (9DPhen) has

been studied in solution. The solvent dependence of the fluorescence spectra of 9DPhen indicates that the emission
occurs from a highly polar excited state. The quantum yield of fluorescebgeof 9DPhen is quite high and
increases with increasing solvent polarity. The radiative rate consigwever, shows a maximum for solvents

of intermediate polarity, e.g., in butyl acetate a value of 2.2 s is attained. These results are difficult to
explain within the “TICT” (twisted intramolecular charge transfer) model, which predicts a strongly forbidden
fluorescence caused by a minimum overlap of the orbitals involved in the transition. The above-mentioned trend as
a function of the solvent polarity is observed in particular deramceptor substituted arenes where thestate of

the corresponding arenes is lower in energy than thetate. The quantum chemical calculations actually could
explain this behavior on the basis of an ICT state which interacts with the lower HingndiL, states of the
acceptor. The quantum mechanical mixing of states can occur by two pathways, namely orbital mixing and mixing
of configurations, and is modified by geometrical changes and by solvent polarity. The single exponential fluorescence
decay, obtained with time-correlated single-photon-timing, suggests emission from an excited charge-transfer state,
resulting from a solvent-induced rapid relaxation of the initial delocalized excited state of 9DPhen, obtained immediately
after picosecond pulsed excitation. Picosecond transient absorption spectra in acetonitrile show a rapid decay within
a few picoseconds from a less polar but delocalized excited state toward a more polar ICT state. Even the triplet
state of 9DPhen in isopentane at 77 K shows a significant polar character. As a reference compound,
9-phenylphenanthrene (9PhPhen) was also examined by means of stationary and time-resolved fluorescence
measurements as well as transient absorption experiments.

donor and the acceptar-electron systems into parallel planes
within a distance allowing through-space interactions and
Coulomb stabilization of the charge-transfer (CT) stété8 If

the driving force between the donor (D) and acceptor (A) is
appropriate, photoinduced electron transfer can occur even in
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Figure 1. Structures of 9PhPhen and 9Dphen.

In another type of molecules with the donor and the acceptor
groups directly connected by a singlebond, conformational
folding is excluded*2° It has been showf53 that primary
excited singlet states op-(9-anthryl)N,N-dimethylaniline
(ADMA) and related compounds undergo solvent-assisted
femto/picosecond relaxation to a polar fluorescent CT state. The
geometry and electronic structure of the emitting CT state,
however, are still a point of discussiéh293446 Okada and co-
workers®-32 first explained their results in terms of the TICT
(twisted intramolecular charge transfer) state mdtiet. Ac-
cording to this interpretation, the excited singlet state undergoessgo doubts have been expressed as to the validity of the simple
an adiabatic intramolecular electron transfer. Two metastable two-state TICT model for ADMA and related compounds.
states are assumed to interconvert by a torsional motion, whichThereby an arytamine torsion angle of less than °96s
provides a possible reaction coordinate for the electron transfer.proposed for the excited states of these compounds.

More recent picosecond transient absorption studies however A similar conclusion was also reached in recent quantum
show a difference between the electronic structure of the excited pnemical calculatiors8 where twist angle dependent values of

state of ADMA or structurally similar molecules and that of ansition energies, oscillator strengths, and dipole moments
molecules with strongly orthogonat systems of donor  \yere calculated.

and acceptor (e.g., 4-(9-anthrn)N,2,6-tetramethylaniline) Similar to the behavior of ADMA and related com
. . pounds,
6,49, . .
.(ATMA»'4 *9%% The transient absorption spectra of ADMA other large conjugated-systems connected formally by a single
in medium polar solvents cannot be represented by a lineary ., ¢956-58 indicate a nonorthogonal geometry of the CT state

combination of the anthracene-like band in weakly polar, and o 5 1icT state strongly vibronically coupled with a nearby
the anthracene anion radical band in strongly polar, SO"’emS’nonpolar stat&2

A different model, not involving intramolecular twisting, has
recently been proposed to explain the dual fluorescence in
aminobenzonitriles, the compounds originally explained within
the TICT frameworké*>* In this model the dual emission is
interpreted as a solvent-induced pseudo-Jareller effect: dual
fluorescence and intramolecular charge transfer (ICT) are
observed when two excited levelg 8nd $ (CT) in N,N-
dimethyl-4-aminobenzonitrile (DMABN) have an energy gap
sufficiently small for vibronic coupling. It is argued that the
N-inversion of the amino group acts as a promoting mode which
decouples, even without rotational isomerization, the nitrogen
lone pair from ther-electrons of the phenyl ring:5?

This interpretation was based on the observation of intramo-
lecular charge transfer in a series of 4-(dialkylamino)benzoni-
triles (methyl, ethyl, propyl, and decyl), even in apolar solvents.
The observation that the charge separation increased with
increasing length of the alkyl chain was difficult to explain
within the the former TICT model.

Recently, however, CASSCF (complete active space self-
consistent field) calculatiof% seem not to support such an
alternative interpretation as the only contributive mechanism
to the CT state.

Also in another recent publicati&hwhere solvent effects
have been analyzed using a microstructural solvation model
associated with the AM1 results of some parasubstitbidd
dimethylaniline derivatives, the same conclusion is obtained.
The dual fluorescence phenomena could be related to the
presence of a twisted internal charge-transfer state which is
stabilized even in a nonpolar solvent but cannot be related only
to the presence of a wagged internal charge-transfer state, even

CHJ\N/CIIJ
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The present contribution concerns the photoinduced electron  Absorption spectra were recorded on a Perkin Elmer Lambda 6 UV/
transfer in phenanthrylaniline systems. These compounds Vis spectrophotometer. Corrected fluorescence spectra were obtained
have some important advantages compared to other aryl systemé’Vith a SPEX F_Iuorolqg_212. The f_luorescence quantum yields were

e.g. a low tendency to form intermolecular aggregates, the determined using quinine sulfate in 0.1 N3Q,(®r = 0.54) as a

. . . . 8
absence of excimer formatiéf,and a high quantum yield of rererer?Cé )
fluorescence Stationary and time-resolved fluorescence measurements were

: fi d lesd d b | fi th les.
In this paper we focus on the solvent dependence of the performec on samp'es degassed Dy severa, repamp - cycles

» - The picosecond laser photolysi gerfP Il as th -
spectral position of the CT fluorescence maxinia.f), the pieos Serp VSIS 8Y9 as wev as e nano

: ; - hay second laser photolysis systérhas been described in detail elsewhere.
quantum y,'EId @f),’ the excited state depopulation kinetics(J Time-resolved fluorescence decays were obtained by the single-
and resulting radiative rate constafi).

photon-timing (SPT) technique, and the fluorescence decays were
In order to get more information about the nature of the analyzed by the global analysis as described, using the reference

fluorescent excited states, single photon timing experiments areconvolution method?7® For the SPT experiments an excitation

combined with picosecond transient absorption experiments in wavelength of 295 nm (fwmhk= 40 ps) was used and decays were

a polar and an apolar solvent. To obtain more information about measured over the whole emission range (isooctane;-870 nm;

the nature of the triplet state and, more importantly, about the dibutyl ether, 386-460 nm; diisopropyl ether, 38460 nm; diethyl

different triplet states in 9DPhen and 9PhPhen, nanosecond€ther. 386-460 nm; butyl acetate, 380160 nm; ethy! acetate, 390

transient absorption measurements are executed in combinatior?+0 "M tetranydrofuran, 39600 nm; ethanol, 448480 nm; aceto-
- . . - nitrile, 380-530 nm). All fluorescence decay curves were observed
with phosphorescence experiments in a rigid glass.

. . at the magic angle (3% contained 18peak counts, and were collected
Because of the_ size of the 9DPhen compound,_ It Was i 511 channels of the multichannel analyzer. Time increments of 60,
practically impossible to perform CASSCF calculations in 62, and 81 ps/channel were used for 9DPhen and 327 ps/channel for

combination with multiconfigurational second-order perturbation 9PhPhen, respectively.

theory (CASPT2) to calculate transition energies (absorption  For 9DPhen in acetonitrile the previous experiments were completed

and emission) and structural and electronical properties of the with measurements using a time increment of 5 ps as well as a scatter

ground and excited states and to compare these findings withsolution (LUDOX) instead of a reference.

available experimental information. POPOP p-bis[2-(5-phenyloxazoyl)]benzene in methylcyclohexane],
Instead, the semiempirical CNDO/S method of Del Bene and PPO (2,5-diphenyloxazole) in methylcyclohexane], and MSQ (meth-

Jaffe modified to cope with larger molecules and to calculate ©¥ysulfopropylquinolinium in water), having a decay time) (of

excited-state dipole moments was used with two different respectively 1.1, 1.4, and 27 ns at room temperature, were used as
o " . . reference compounds. The reference samples were degassed by several
parametrizatiorf§ to calculate transition energies, oscillator

. freeze-pump—thaw cycles before use.
strengths, and dipole moments. The molecular conformation of 9DPhen has been investigated by
X-ray diffraction, and the dihedral angle between the two aromatic ring
systems in crystalline 9DPhen was found to be 6452

Synthesis. 9-(4-(N,N-Dimethylamino)phenyl)phenanthrene was syn- For the quantum chemical calculations, configuration interaction with
thesized by the Grignard coupling reacffoof (4-(N,N-dimethylamino)- 50 singly excited configurations was included. The latter were
phenyl)magnesium bromide with 9-bromophenanthrene using dichloro- generated from the usual canonical molecular orbitals which are
[1,3-bis(diphenylphosphino)propane]nickel(ll) catalyst in dry THF. The Virtually localized on the submoieties for 9@wist but can extend over
crude product was purified by column chromatography on silica gel the wholew-system for other twist angles (see below Figure 12). The

Experimental Section

with benzene eluent and recrystallized from hexane: mp 156566.5
°C. EIMS (20 eV): m/e (relative intensity) 297 (M, 100) and 282
(4). *H NMR (CDCl): 6 3.03 (6H, s), 6.748.84 (13H, m). 9PhPhen

input geometries have been optimized with the AM1 Hamiltonian within
the AMPAC progrant’ For comparison, idealized input geometries
were also used (regular fully planar hexagons for the phenyl and

was similarly synthesized from 9-phenanthrylmagnesium bromide and Phenanthrene groups with 1.4FCC), 1.08 AR(CH), andR(CC) =

phenyl bromide.

1.50 A between these two groups @REN) = 1.37 A and R(N-CH3)

The crude product was purified by column chromatochraphy on silica = 1.46 A for the dimethylamino group). The solvation energies of
gel with benzene eluent and recrystallized three times from methanol the excited states were calculated from their dipole moments

to yield a white powder: mp 103:5L04.5°C [lit.5” 104-104.5°C].

All solutions used for stationary and time-resolved fluorescence
measurements were further purified on HPLC with 10:90 V% ethyl
acetate, with hexane as the eluent.

Solvents. The solvents used (isooctane, Merckis-decaline,
Aldrich; dibutyl ether, Merck; diethyl ether, Lab scan; butyl acetate,

Janssen Chimica; ethyl acetate, Merck; tetrahydrofuran, Rathburn
butanol, Merck; acetonitrile, Merck) were of spectroscopic grade and

were used as received. The solvent diisopropyl ether (Riedel De)Hae
was checked for fluorescence before use.

Methods. The absorbance of the sample solutions used for stationary
and time-resolved fluorescence measurements equals 0.1 at the excita*

tion wavelength for the fluorescence experimeltsctation= 295 nm)
and 1.5 for the nanosecond transient absorption measuremgatsd
= 320 nm).
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Figure 3. Fluorescence emission spectra of 9DPhen as a function of
the solvent polarity at room temperature. (excitation wavelength is 295
nm): (—) isooctane, € - —) dibutyl ether, ¢ - -) diethyl ether,  —)
Jetrahydrofuran, and (- - -) acetonitrile.

Figure 2. Absorption spectra of 9DPhen in isooctane)(and
acetonitrile (- - -).

(calculated in the gas phase) and the Onsager cavity radius taken a:
0.56 nm for 9DPhen using the following equatiofs:

EsoI\XSn) = EgaJSO) + AEga480—>sn) + AESO|\XST) (1)

0.8

2
_ 1 4(S) -1
AE(S) = — Imeg @ 2011 2) B

Aysudyuy oy

where ¢ is the static dielectric constant of the solvent. These
calculations were executed on a HP 715 workstation.

Rel.Absorbance

0.4

0.2

Results and Discussion

Absorption and Emission Experiments as a Function of .
the Solvent Polarity. The absorption spectra of 9DPhen in 300 320 340 360 380 400 420 440 460 480 500
isooctane and acetonitrile, presented in Figure 2, consist of two Wavelength (nm)
absorption bands. The long-wavelength absorption band at 312Figure 4. Absorption and emission spectra of 9PhPhen in isooctane
nm exhibits a slight bathochromic shift of 700 chupon at room temperature.

increasing the solvent polarity from isooctane to acetonitrile. Table 1. Solvent Effects on the Spectral Position of the CT

- S _ .
The'Ly transition of phenanthrené¢: 348 nm) is not observed £ orescence Maxima, Quantum Yields for Fluorescence, and Decay
because of its symmetry-forbidden nature and the more intenseparameters of 9DPhen and 9PhPhen in Solution

absorption band around 312 nm. This observation suggests that o 3
: . . . e Vmax (Ekfuh vV ) X
there is already an interaction between the dimethylanilino and solvent (cmY) @ [F0ns) KIMOs?! 106sicm?
the phenanthryl components in the ground state. The molar 9DPhen
extinction coefficient of 9DPhen in isooctane has a value of i) tane 25939 036 9.2 39 0.8
15200 L mot* cm™t in the maximum of the absorption band  dibutyl ether 25316 0.44 2.42 19.4 4.4
(312 nm) and 11500 L mol cm™ in the maximum of the diisopropyl ether 24631 0.49 2.21 22.2 5.5
absorption band in acetonitrile, respectively (319 nm). diethyl ether 24570 049 216 22.7 6.2
9DPhen shows a fluorescence emission, which is highly Putyl acetate 23474 062 273 227 6.5
solvatochromic at room temperature as can be seen in Figureteggh?/%erg%?an 533, ﬁ’g 8:22 g:g :Zlg:% 2:8
3. The emission spectra lose structure, broaden, and shift t0gcetonitrile 21321 085 7 12 51
the red with increasing solvent polarity, indicating a substantial 9PhPhen
dipole moment of f[he excited state. The emission maxima of isooctane 25641 023 411 056 012
9DPhen obtained in solvents of different polarity are reported ,cqtonitrile 25644 039 384 1.02 0.25
in Table 1 together with the photophysical constants and the —
derived ki and reducedk; values according to eq 3. The #0-0 transition.
647° 5.3 ) 390 nm) is also comparable with the emission of 9-ethylphenan-
ki = =" Vmad M| (3) threng€® and shows virtually no solvent dependence (Table 1).

For 9DPhen, the dipole moment of the highly polar state can

wavelength shift between isooctane and acetonitrile correspondd®® determined by the fluorescence solvatochromic shift

to an energy difference of 4600 cthand indicates a highly ~ Method®#® (Figure 5), given that the excited state lives

polar emitting state. The absorption and emission spectra of sufficiently long with respect to the orientational relaxation time

9DPhen were compared to those of 9PhPhen. of the solvent, smaller than 0.1 ns in every case, and assuming
The positions of the absorption maxima of 9PhPhen in @ point _dipole sit_uated in the center of the spherical cavity.

isooctane Amac 334, 342, and 351 nm) resemble quite well Neglecting the dipole moment of the ground state and the

those of 9-ethylphenanthrefi®and the extinction coefficient -

of 9PhPhen in isooctane (351 nm) has a value of 340 LAl (ae) pior 1 Kawskl 2 Naturiowseh 1062 17A 621

cm~L. The emission spectrum of 9PhPhépd: 355, 373, and (86) Liptay, W.Z. Naturforsch 1965 20A 1441.
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Figure 5. Lippert—Mataga plot: fluorescence emissiom maximum as
a function of the solvent polarity paramefer 0.5f' (without solute
polarizability) andf — 0.5 " (including solute polarizability): ) f —
0.5"and @) f — 0.5¢".
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polarizability (@) of the solute in the states involved in the
transition, one can derive the following equatiG/8?

2

2ue 1
hePm™ = hey™®(0 ——(f——f’) 4
CT C'IEP(( ) 3034n50hc 2 ( )
L)\ _[&«—1) 1fn*-1
b)) e

Ymaxa@ndvma(0) correspond, respectively, to the wavenumber
of the emission maximum in a solvent with dielectric constant
€ and refractive index and the wavenumber of the emission
maximum in the gas phasey, h, ¢, andag correspond to the
permitivity of vacuum (8.85< 10712 J-1 C? m™1), the Planck
constant (6.6 10734J), and the velocity of light in a vacuum
(2.99 x 18 m/s). For 9DPhen we estimate an Onsager radius
ap of the solvent cavity of 5.% 10719 m by analogy with the
Onsager radius calculated for the compoundNN(diethyl-
anilino)pyrene? ue (Cm™1) is the permanent dipole of the
excited state.
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2
NG = hGTI(0) — —= () ()
4me hca,
e—1 ( n”—-1
flen) = 2, +1 2(2n2 +1) @)
" [ &1 (n*—1)
3(2, + 1) B m

Taking into account this polarizability there is still a deviation
from linearity (Figure 5). The nonlinear behavior, even with
the correction for the polarizability, could be explained by an
equilibrium between two excited states or by a continuous
change in the excited-state wave function as a function of solvent
(vide infra).

While the change of slopes clearly indicates some relaxation
process depending on solvent polarity, the absolute values of
the excited-state dipole moments should be viewed with caution.
One should take into account that the solvatochromic method
is rather crude in predicting absolute valuesuet as there is
a certain arbitrariness in the choice of the Onsager radius value.

For 9DPhen, the determined fluorescence quantum yields
strongly depend upon the solvent polarity as can be seen in
Table 1. The higher the solvent polarity, the larger the quantum
yield of fluorescence.

In contrast with the solvent dependence of 9DPhen, the
fluorescence quantum yields of 9PhPhen are quite solvent
independent. The quantum yield of 9PhPhen did amount to
0.23 in isooctane and in dibutyl ether and to a value of 0.26 in
diethyl ether and tetrahydrofuran. Only in acetonitrile is a small
increase of the quantum yield (0.39) observed (Table 1).

In a rigid matrix (isopentane, 77 K), the structure of the
emission band of 9DPhen was very similar in shape with the
emission spectra of 9DPhen in isooctane at room temperature.
Also in a rigid matrix of a more polar solvent ethanol, the
structure of the emission band of 9DPhen was very similar in
shape to the emission spectra of 9DPhen in isooctane at room
temperature.

In this rigid matrix system also a stuctureless phosphorescence

As can be seen in Figure 5, the experimental results do notyas observed which differed distinctly in shape and position

follow the linear relationship predicted by eq 4. The change in from the phosphorescence of 9-ethylphenanthrene and 9-phen-
slope is observed between the solvents dibutyl ether and diethyly|yhenanthrene as can be seen in Figure 6.

ether. Assuming thaty equals zero, a value of 24 500 chis
obtained for the ratio of-2uc?/ag*ahcreq (e = 21.2 D) in the
region of highly polar solvents. In the region of less polar
solvents, a linear relationship with a slope of 4800 ¢rman
be drawn from which a dipole moment of 9.3 D can be derived.
The deviation from the linear equation could be caused by
the large contribution of the induced dipole moment in the
excited state involved in the transition. In the former equation,
the polarizability of the solute was neglected but the influence
of the induced dipole moment can be taken into account by
postulating the polarizabilityy = oe = p%/3 for respectively
the ground and the excited st&fe0
The obtained solvent polarity parameter 0.5 " (eq 7) leads
to a new plot ofimax@as a function of the solvent polarity (Figure
5).

(87) Liptay, W. InExcited Stated.im, E. C., Ed.; Acadamic Press: New
York, 1974; p 129.

(88) Baumann, W.; Nagy, Z.; Maiti, A. K.; Reis, H.; Rodriges, S. V.;
Detzer, N.Yamada Conference XXIX on Dynamics and Mechanisms of
Photoinduced Electron Transfer and related Phenomédsaka, Japan;
Mataga, N., Okada N., Masuhara, H., Eds.; Elsevier: Amsterdam, 1992; p
211.

(89) van der Zwan, G.; Hynes, J. J. Phys. Chem1985 89, 4181.

(90) Suppan, PChem. Phys. Lettl983 94, 272.

Because of this noticeable difference in phosphorescence also
nanosecond transient absorption measurements were performed
for 9DPhen and 9PhPhen in diethyl ether. As can be seen in
Figure 7, the difference in the transient absorption spectra of
the two compounds spectra is quite obvious.

When the transient absorption spectra of 9DPhen were
measured in solvents of different polarity a clear shift of the
absorption bands was observed as can be seen in Table 2. In
very polar solvents (acetonitrile), however, the shape of the
transient absorption band is changed compared to that of the
medium polar solvents, and at long delay times (&), an
absorption at 436 nm remains, the contribution of which
increases with increasing laser energy. This suggests that the
remaining absorption could be caused by photoionization.

Single Photon Timing Experiments. Using single curve
analysis, the fluorescence decay of 9DPhen in isooctane, dibutyl
ether, diisopropyl ether, diethyl ether, butyl acetate, ethyl acetate,
tetrahydrofuran, ethanol, and acetonitrile could be analyzed as
a single exponential decay and the fluorescence lifetime does
not depend upon the analysis wavelength. Also by global
analysis, the fluorescence decays obtained at different emission
wavelengths could be analyzed as a single exponential decay
(Z? < 3).
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Figure 6. Emission spectra of 9DPhen-(- -), 9-ethylphenanthrene
(—), and 9PhPhen (- - -) in a rigid matrix: isopentane, 77 K.
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Figure 7. Subnanosecond transient absorption spectra of 9DPhen
(- - -) and 9PhPhen in diethyl ether (delay time and pulse width of 100
ns).

Table 2. Spectral Shift of the Transient Absorption Bands of
9DPhen in Solvents of Different Polarity (laser energy: 27 mJ)

solvent A(max1) (nm) A(max2) (nm) | maxd | max1
isooctane 530 448 1.30
diethyl ether 542 446 1.32
ethyl acetate 555 446 1.41
THF 562 441 1.13
butanol 564 440 1.04

In acetonitrile some additional experiments were performed
at the blue edge of the emission spectrum, down to 380 nm. In

these experiments, a time increment of 5.3 ps was used and a

scatter solution as a reference. For these conditions also a sing|
exponential decay was obtained which could be analyzed
together globally with the earlier experiments.

In Table 1, the decay times of 9DPhen and 9PhPhen are

reported as a function of the solvent polarity.
In analogy with the spectral similarity between 9PhPhen and

J. Am. Chem. Soc., Vol. 118, No. 12, 2898
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Figure 8. (a) Picosecond transient absorption spectra of 9DPhen in
isooctane. (b) Transient absorption spectrum of 9PhPhen in isooctane.

() A guantum chemical mixing (configuration interaction)
leading to mixed wave functions for a single conformation. This
mixing will be strongly angle dependent. For a°Q@ist, the
ICT state converges to the classical TICT sft¥.

(i) A broadened potential minimum due to a rotational
distribution of conformers in the emitting state which changes
with solvent polarity. This distribution will change with solvent
polarity if the excited-state potential is solvent polarity depend-
ent.

(1) Solvent dependency of the relative population of the
minumum. In the equilibrium model, the relative population
of the minimum can be solvent dependent if these possess
different excited state dipole moments.

Taking into account broad angular distributions, the effective
&:Ocan be written more accurately as

K= [ k(6) 56 do (8)
Combining the results of stationary and time-resolved measure-
ents, the rate constant of fluorescerkéland B3 can
e obtained using eq 9 because emission in 9DPhen is supposed
to occur from a charge-transfer state formed more quickly than
the time resolution of the instrumental equipment.

@
= o ©

9-ethylphenanthrene, the decay time did not vary that much upon

increasing the solvent polarity; in isooctane, it amounted to 57.6  The high quantum yields of fluorescence and the relatively
and 41.1 ns for 9-ethylphenanthrene and 9PhPhen, respectivelyshort decay times correlate with the highly allowed nature of
In acetonitrile the decay times amounted to 55.2 and 38.4 ns,the emissive CT stateand contrast with the rather forbidden
respectively. Judging from these experiments the first excited emission which is associated with a TICT st#té

states of 9-ethylphenanthrene and 9PhPhen seem quite similar Picosecond Transient Absorption Measurements. The
(Table 1). results from the picosecond transient absorption measurements
The single exponential decay of 9DPhen in all solvents can pf 9pPhen and 9PhPhgn in the sol\{ent isooctane are represen_ted
be explained by the presence of a single excited state, the naturd? Figure 8. The transient absorption spectrum of 9PhPhen is
of which is changing as a function of the solvent polarity or by S|m||_ar to t_hat of 9-ethylphenqnthreﬂband the shift of the .

a fast equilibration between two excited-state minima with maximum is about 10 nm. Thls suggests that the substltutlc_m
different properties. Three origins for the change with solvent &fféct of the phenyl group in the phenanthrene electronic

polarity could be suggested:

(91) Tamai, N.; Masuhara, H.; Mataga, N.Phys. Cheml983 87, 4461.



2898 J. Am. Chem. Soc., Vol. 118, No. 12, 1996 Onkelinx et al.

e 0.6

T T
K
=)
2
|
Absorbance

: W VOPS : Subtract

absorbance (0.2 / div.)
l
703

N 5.3ns — 400 500 600 700

= I — Wavelength / nm
1 1 1

400 500 600 700 Flgure_l_O. Normalized trar_15|gnt absorption spectra of _QDPhen in
acetonitrile at 3 ps after excitation and at 100 ps after excitation and a
difference spectrum (thick line) obtained by subtracting the spectrum
Figure 9. Picosecond transient absorption spectra of 9DPhen in 100 ps after excitation from the spectrum 3 ps after excitation.
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ground state twist potential

structure is not large. The decay time of this species is too
long to be determined accurately within the used experimental
setup by the change in intensity of the absorption band.

On the other hand, 9DPhen in isooctane shows an absorptio
band at 520 nm, assigned to the—, absorption of a
delocalized excited state.

The bathochromic shift of 30 nm between the—S,
absorption of 9-ethylphenanthrene (maximum of absorption at
490 nm in THFY! and the $-S, absorption of 9DPhen in
isooctane again is an indication for a substantial coupling
between the phenanthrene and the dimethylanilino unit in the o¢.0 0%
excited state, even in nonpolar solvents such as isooctane. 0 30 60 90 120 150 180

The decay time of 9DPhen deduced from these measurements twistangle @ / deg
(10 ns) is in good agreement with the the value obtained in the Figure 11. S gas phase twist potential of 9DPhen using the AM1
single photon timing experiments (9.1 ns). method and full geometrical optimization at each twist angle. The

In the polar solvent acetonitrile, the charge-transfer absorption population distribution according to Boltzmann is also given for two
band of 9DPhen is situated at 460 nm, which could be a sum different temperatures.

of the cation of the DMA group and the anion of the 4 |arge one for planarity (20 kcal/mol or 0.87 eV). The
phenanthrene grol3:** This suggests that a polar electronic  accessible angular range is thus-3BC at room temperature,
structure is formed. The value of the decay time (5 ns) is in wjth a sizable population at 9Qsee Figure 11). For angles
good agreement with the value obtained from the analysis of geviating from 90, the molecule relieves additional sterical
the fluorescence decay (7 ns), confirming that there was no strain mainly by the following two geometrical deformations:
photoionization during these experiments. (1) bending of the whole molecule with respect to the linking

If the transient absorption spectra of 9DPhen in acetonitrile phond and, (2) loss of planarity of the phenanthrene moiety to a
are investigated in more detail, a fast component of a few poatlike structure. These effects are already clearly visible at
picoseconds is distinguished, which on the basis of the time the minimum-energy geometry (= 62°) and get stronger for
resolution in SPT can be estimated to be less than 15 ps. AISOmore p|anar geometries_ They have an evident influence on
if the normalized difference SpeCtra of 9DPhen in acetonitrile the excited-state properties and lead to a |arger Coup"ng between
are obtained after 3 and 100 ps delay times, this difference the relevant excited states, which is discussed below (see Table
spectrum is quite similar to the spectrum of 9DPhen in isooctane. 3 with a comparison of optimized and idealized geometries).

Thus, in acetonitrile, the spectrum even at an early stage (first  The challenging question for the quantum chemical calcula-
few picoseconds) contains the contribution of the less polar tions is to give some information on the nature of the lowest
electronic structure as observed in isooctane and then changegxcited singlet state which is observed experimentally connected
to the more polar species. with an allowed and solvent polarity dependent emissive

Quantum Chemical Calculations on 9DPhen. Figure 11 transition. Figure 12 depicts the relevant molecular orbitals
shows the ground-state twist potential of 9DPhen (regarding (MO's) of 9DPhen involved in the low-energy transitions at

:- 5%

energy Fév

rel. population 1

0.1 1+

the dihedral angle of the X-ray structureisGis-15-1¢). In 90° and at the equilibrium twist angle between the electron donor
agreement with the X-ray structure where a value of 64.as unit dimethylanilino (D) and the acceptor unit phenanthryl (A).
measured, the most probable twist angles 62, with a small It can be seen that for 9Ghe orbitals are localized on the
barrier to rotation fokp = 90° (0.3 kcal/mol or 0.013 eV) and  sypchromophores, and consequently, the transitions on one
(92) Land, E. J.; Porter, Girans. Faraday Sacl963 59, 2027. subunit can be assigned to local transitions of phenanthrene (A)

(93) Shida, T.; lwata, SJ. Am. Chem. Sod 973 95, 3473. and dimethylaniline (D). The local singlet transition of lowest
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Figure 12. Molecular orbitals (MO’s) of 9DPhen at perpendicular and ) )
equilibrium geometries. Figure 13. State energies 1SS, in the gas phase (a) and the

corresponding oscillator strengths (b) calculated with CNDO-S param-

. _— " etrization. The energies calculated using the CNDUV parametrization
energy is théLy(A) consisting of the one-electron transitions are similar with a maximum deviation of about 0.1 eV. The broken

11_’ —2 and 3— —1.The second local singlet transition is the ;o5 indicate the angular range that is not populatediTe crosses
La(A) connected with I~ —1 and 3— —2 configurations.  ingicate the oscillator strengths for, Salculated with idealized
Transitions between the subunits are connected with a full geometries.

intramolecular charge transfeédCT (DA)), and the one of the

lowest energy consists of the-2 —1 or HOMO(D)— LUMO- the ground state, with the exception of(8.4(A) at 90°), which
(A) configuration. For deviations from 90the transitions are s stabilized for planar conformations around®30There is a
linked with the same Conﬁgurations but the orbitals become common tendency for Sh|ft|ng the energetic minima to values
delocalized over the subunits, especially the occupied MO’s 1,2 smaller than 68
and 3 (Figure 12). As a result all of the transitions get  The oscillator strengths (Figure 13b) indicate forbidden
delocalized character and mix in some contributions of the cnaracter for thaL, states at all twist angles and for the charge-
configuration 2—~ —1. Nevertheless, they can be regarded as ansfer stateICT(DA) at the perpendicular geometry. For
keeping their substantial (spectroscopic) properties over the jeviations from 90, the LICT(DA) state becomes allowed
whole angular range and their directions and they can be ihrough a better overlap of the MO’s involved. Similar to
correlated with the “pure*La, 'Ly, etc., states of D and A at  perpendicular geometry’s, below G0the above-mentioned
0. geometric deformations also disturb the overlap of the MO’s
We want to express this by calling these statestype, 'Ly concerned and therefore lead to a decrease of the oscillator
type, etc., for angles deviating from 90 Due to the orbital  strength. In contrast to the optimized geometry, the oscillator
and CI mixing, $—S; increase their dipole moments from*90  strength for the idealized geometry (with subunit structures
to 62, and that of ICT (§ decreases, so that the dipole without deformations) increases up to an angle of. 2This
moments of the four lowest singlet states become rather similarindicates the necessity of a good orbital overlap for the MO’s
at 62 (see below Figure 14a). The transition moments of the involved in ICT to obtain high oscillator strengths of thg-S
ILp states (pand S) remain quite low, and the strongest angular s, transition. Moreover geometric deformations also have a
changes foff are found for $ (ICT) (Figure 13b). considerable influence on the mixing of the states through
Figure 13a summarizes the energetic angular dependence otonfiguration interaction (Cl). For example, the contribution
the lowest singlet excited states in the gas phase as derived fronof the HOMO(D) — LUMO(A) configuration to the ICT
adding the excited-state energy difference, calculated within transition § changes from about 53% for the idealized to about
CNDOJS, to the ground-state energy and using the appropriate27% for the optimized geometry at an equilibrium twist angle
optimized geometry for every twist angle. Most of the excited accompanied by an increase of this contribution t¢'B(A))
states are energetically flat in the regior? 3A5C, similar to from 19% to 23% (see Table 3).
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Table 3. Contribution of the HOMO(D)~ LUMO(A)
Configuration (%) to the First Four Excited Singlet States for the
Perpendicular and Equilibrium Geometry

@ =90° @ =62
CNDUV CNDUV CNDO-SCNDUV CNDUV CNDO-S
state nature ideal opt opt ideal opt opt
S Lu(A) 0 0 0.001 19.3 23 111
S, WHA) 0 0.01 0.02 21 24 2.6
Ss Lp(D) 0.28 0.4 0.4 0.07 0.03 0.01
S, UCT(DA) 88.4 85.8 84.1 52.7 26.8 37.9

a|dealized and optimized geometries as well as two different
parametrizations are compared.

A complete Cl expansion of the wave functions for the lowest
four states is given in the following equations.

Cl expansion for $to & (contributions> 0.1) (from CNDO-
S/opt. calculation):

90°

S, (Ly(A)) = —0.003/(2—1) — 0.69(1—2) —
0.58/(3—1) + 0.31y(1—1) — 0.19(3—2) (10)

S, (L (A) = +0.013/(2—1) — 0.84/(1-1) +
0.3%(3—2) — 0.30(1—2) — 0.20,(3—1) (11)

S, (L,(D)) = +0.064(2—1) + 0.8%(2-3)  (12)

S, (ICT)=+0.92/(2—1)+ 0.23/(2-7)+
0.22/(2—2) (13)
62°
S, (Ly(A)-type)= +0.33((2—1) + 0.64¢(1—2) +
0.47¢(3—1) — 0.34¢(2—2) + 0.27%(1—1) (14)
S, (L (A)-type)=+0.16,(2—1) — 0.87%(1—1) +
0.29(1—2) + 0.21¢(3—2) + 0.16,(2—2) (15)
S, (‘L,(D)-type)= —0.0(2—1) + 0.66¢(1—3) +
0.41y(2—3) — 0.3%(3—3) + 0.14¢(1—1) (16)
S, (ICT)=—-0.62/(2—1)— 0.25/(3-2) —
0.24¢(3—4) + 0.24¢(1-5) + 0.23;(1—2) +
0.23/(1-6) + 0.21y(2—5) + 0.21¢(3-5) —
0.16/(2—6) + 0.16¢(3—1) — 0.10¢(2—2) —
0.10¢(2—4) (17)

In these equations, the ICT configurationd—1)) has been
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Figure 14. Dipole moments of the various excited states as a function
of twist angleg (a) and the derived solvation corrected excited state
energies im-hexane (b) and acetonitrile (c).

which constitutes a large part of tAECT (DA) state § with

the L4(A)-type () or the LLy(D)-type (S) states than with
thelL,(A)-type (S) and furthermore with the 1J8A)-type (%)
states, the transition moments of which are polarized in the short
axis of the phenanthrene unit and thus are polarized ap-
proximately in the same directiom(y,ct = 30°) as the ICT
transition represented by the HOMO(B) LUMO(A) config-
uration. On the other hand the transition moments of the
1L4(A), 1B4(A), and1Ly(D) states are close to perpendicular to
that of ICT(DA) (oLanct = 60°). Hence, although there is no
symmetry in the molecule, in the case of the gas phase, there is
enhancement of Cl mixing between tHET(DA) and 1L,(A)
states because of their roughly parallel transition moments.

To get an idea how solvation affects the various excited states,

included in all cases as the first member in the expansion. Notedipole moments were calculated and the excited-state energies

that it does not contribute t0,SS; at 9¢° but constitutes nearly

derived for different solvents by adding the solvation energy

purely the $ state whereas it contributes to most states to a (€d 2) to the gas phase energies. The results, presented in Figure

nonnegligible extent at 62 A very strong mixing between a
large number of configurations is obvious at’62

14a, show that the excited-state dipole moments are medium
sized (<10 D) and tend to minimize for the perpendicular

A simplified discussion is possible by considering the percent conformations, with the exception of the State (pure'ICT-

contribution for the various states fg(2—1), the HOMO(D)
— LUMO (A) configuration, which is contained in Table 3.
The comparison of the contribution of the HOMO(B}
LUMO(A) configuration to the various excited states (Table 3)
reveals that, at 90 S, is represented by this configuration
alone—pure ICT corresponding to the classical TICT stite
whereas for the equilibrium angle of G4t is distributed over
several states which can mix with tH¢CT(DA) state S.
Moreover from Table 3 it follows that at 82there is less
significant mixing of the HOMO(D)~ LUMO(A) configuration

(DA) at 9C°), which exhibits the opposite behavior. For angles
@ deviating strongly from 9Q this state is of low dipole moment
due to a loss of HOMO(D)y> LUMO(A) contribution (Table

3) and due to the enhanced delocalization of the MO’s involved
(Figure 12). The large dipole moments for the more twisted
conformations lead to a strong energetic lowering for the ICT
state (Figure 14 b,c). As a consequence, in highly polar
solvents, a nearly pure ICT state with perpendicular conforma-
tion becomes the lowest excited state, whereas in weakly and
medium polar solvents, the energetic closeness should result in
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an enhanced mixing of th&CT(DA) with the 1L,(A) and evidence that the excited state emitting in high-polarity solvents
furthermore with the'L(A) state. has a pronounced charge-transfer character.

The relative mixing strength with these two LE states is  The nonlinear dependence of the maximum of the emission
expected to be strongly polarity dependent. Such a behavior isas a function of the solvent polarity and the solvent dependences
indicated by the curved nature of the solvatochromic plot (Figure of ki andki/#°n, are an indication that emission in all solvents
5) which yields a calculated dipole moments of 18 D in medium occurs from a fluorescent CT state with a solvent-dependent
and highly polar ad 9 D inweakly polar solvents, respectively. electronic structure. In polar media the spectrum differs
The latter value is in good agreement with the calculated dipole markedly between the frozen and liquid solvents, which can be
moment of abou8 D of the lowest excited singlet state at an indication of a change in the conformational distribution after
equilibrium geometry which is ofL,(A) nature. But the fact excitation or can be explained by solvent relaxation alone.
that the oscillator strength of this state is strongly underestimated According to the mixing of the wave functions on the one
indicates that the allowed ICT character is underestimated by hand and the conformational distribution on the other hand
the calculation. It has to be kept in mind that the quantum which both contribute to the change of the electronic structure
chemical calculations yielding thievalues, are done for the  with increasing solvent polarity; is first strongly increasing,
gas phase, not for the solvated phase which are the conditiongdue to the narrowing of the energy difference of ICT an®S
of the experiments. To treat the problem properly, a program S, and then decreasing slightly again in highly polar solvents,
which includes the solvation energy in the Hamiltonian should explainable by a larger contribution of more twisted conforma-
be used. Two sources of mixing which possibly are considered tions. For 9PhPhen, with no low-lying ICT statl, is not
insufficiently by the gas phase calculations may serve to describepolarity sensitive.
the experimental observations: (a) solvent-dependent config- The highly allowed CT emission properties, even in aceto-
uration interaction (CI) between configurations with LE and ICT nitrile, however, lead to the questioning of a classical TICT
character and (b) mixing of donor and acceptor MO’s yielding model assuming a relaxed state of perpendicular geometry. On
delocalized orbitals. the other hand, a simple geometry relaxation toward planarity

As can be seen from Figure 12 the second occupied MO in polar solvents cannot totally explain the high dipole moments
HOMO(D) (MO 2 at 90) strongly interacts with the neighboring  and the observed variation &f.

MO'’s because they are very close in energy. The MO mixing A more realistic model would involve rather broad angular
of the HOMO(D) to MO's 1 and 3 involved in th#,(A) as distributions with significant population of nonperpendicular
well as thell4(A) transition (Figure 12) gets enhanced for more conformations possessing increased transition moments even if
planar geometries diluting the localized character pfaSd the energetic minimum would be located af 90

introducing ICT without necessitating ClI. The calculation indicates strong angular changes of f mainly

In an attempt to evaluate this orbital coupling, we adjusted in the neighborhood of 90i.e. for the more twisted conforma-
the parametrizations such that the HOMO(D) became energeti-tions.

cally situated above the HOMO(A) at 9Qcompare Figure 12 At low twist angles there is no solvent-induced state mixing
where HOMO(D) is situated energetically below HOMO(A)). possible.
The resulting mixed MO's at 62are then qualitatively different The single exponential decay obtained by SPT experiments

from those in Figure 12, namely orbital 3 loses its donor and the rapid decay of the delocalized less polar state absorption
contribution whereas MO’s 1 and 2 both contain a large weight in acetonitrile suggests a solvent-assisted relaxation on a time
of HOMO(D). Consequently, the +> —1 transition, which scale of a few picoseconds to a single polar fluorescent charge-
contributes to the'L,(A) state, gets a much stronger ICT transfer state or to an ensemble of excited-state species with a
character leading to%. 4(A)/ICT state that is energetically close  different angular distribution on a time scale that is faster than
to S (1Lu(A)) and connected with an increased dipole moment the resolution of the experimental setup of SPT.
and oscillator strength. It cannot be excluded that this change From the quantum chemical calculations and the comparison
of orbital coupling, which we simulated here by a change of with the experiments, the following conclusions can be drawn:
parameters, may be induced also by differently polar solvents. In the ground state, there is a significant population of
Already medium-polar solvents may then be expected to lead perpendicular twist angles and conformations below 2@
to a level crossing of S(1Lp(A)) and S (LL4(A)/ICT). unavailable. According to the gas phase calculations, the state
The principle of MO mixing can also explain the, character which is strongly angle and polarity dependent is the state which
of S; in 9PhPhen. Here, the HOMO of the phenyl unit is is correlated to $thelICT(DA) state for twisted conformations.
situated considerably below the two highest occupied MO’s of Its involvement is confirmed experimentally by the solvato-
phenanthrene. Thus the MO interaction is only very weak and chromic experiments.
the lowest transition is of rather putep(A) nature at all twist The first excited singlet state; $ calculated as &, state
angles. The increased influence of MO mixing in 9DPhen gets of phenanthrene but gains ICT character by two mixing
obvious by the comparison of the calculated oscillator strengths phenomena, i.e. orbital mixing and configuration interaction.
for the 1L, states. The relative weights for the gas phase are The mixed L4 (A)/ICT character of the calculated, State

foopherfophpherfPhen= 6.6:3.3:1. strongly depends on the parametrization, and thus, polar solvents
may lead to a solvent-induced level crossing pa8d $. This
Conclusions mixing model can also explain the curved solvatochromic plot

and the variation ok; with solvent polarity. In weakly polar
solventslICT(DA) mixes into!L,(A) and/orlL,(A), leading to
the enhancel compared to that of phenanthretg emission.

In polar solvents, Cl mixing becomes stronger because of a
sizably reduced energy gap between the first two locally excited
(LE) singlet states antiCT(DA), and furthermore, a solvent-
induced level reversal of;Sand $ may take place.

For 9DPhen, the spectral shift of the second absorption band
as a function of the solvent polarity indicates the interaction
between the dimethylanilino and the phenanthrene unit in the
ground state. This could correspond to the mixing (through
orbital overlap and Cl) of théL, and L, states with the CT
state related to the formation of delocalized orbitals.

The bathochromic shift of the emission spectra and the
resulting dipole moment value in polar solvents are clear  (94) Onkelinx, A.; De Schryver, F. C.; lwai, K. To be published.
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In the related molecule 9PhPhdwjs not solvent dependent If, based on the quantum mechanical calculations, a popula-
and S retains its forbiddeAL,(A) character as there is no low- tion distribution of different torsional angles is assumed which
lying ICT state. is changed with the polarity of the solvent, the observed emission

The angular relaxation in the excited state most probably ¢@n be understood as being due to more than one species but in
occurs toward planarity in low-polarity surroundings because, fast equilibrium and is a weighted average of the valueskof
in this case, 9DPhen possesses no low-lying ICT similar to that for the different species. In this case it is more accurate to speak
of 9PhPhen. However, in medium polar solvents, the ICT of ©Of an average; value (&= /L] -
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