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The photophysical behavior of fourN-phenylphenanthridinones is investigated as a function of temperature
in n-hexane and acetonitrile by using photostationary and time-resolved measurements. The fluorescence
spectrum ofN-(p-trifluoromethylphenyl)phenanthridinone and the sterically hinderedN-(2,6-dimethylphenyl)-
phenanthridinone (DMPP) consists of a single emission from a locally excited (LE) state, similar to that of
N-methylphenanthridinone (MP). In these compounds, intersystem crossing (ISC) to the triplet state is the
dominant deactivation process of the LE state at room temperature. Dual fluorescence is observed with
N-phenylphenanthridinone (PP) andN-(p-methoxyphenyl)phenanthridinone (MOPP), which consists of an
LE emission band in the same spectral region as that of MP and a strongly red-shifted intramolecular charge
transfer (ICT) band. X-ray crystallography reveals that in PP the phenyl/phenanthridinone dihedral angle
equals 80.6°. From the absence of dual emission in the case of DMPP, it is concluded that the ICT state is
considerably more planar than the LE state. From solvatochromic measurements, the ICT dipole moments of
MOPP (13.7 D) and PP (10.6 D) are determined. These dipole moments are considerably larger values than
those of their LE states: 7.8 D (MOPP) and 7.4 D (PP). The observation of double-exponential LE fluorescence
decays for PP inn-hexane and acetonitrile and for MOPP inn-hexane indicates that the ICT reaction is
reversible. From measurements of the fluorescence decays as function of temperature, the activation energies
and preexponential factors of the reversible LET ICT reaction are determined, giving ICT stabilization
enthalpies for PP of-0.9 kcal/mol inn-hexane and-1.5 kcal/mol in acetonitrile and of-2.4 kcal/mol for
MOPP inn-hexane. The ICT lifetimeτ′o of PP and MOPP is unusually short (subnanosecond). For PP in
n-hexane and acetonitrile, ISC is the main deactivation channel of the ICT state, whereas with MOPP IC is
a more effective ICT deactivation process than ISC, especially in acetonitrile in whichτ′0 (28 ps at 20°C)
is completely dominated by IC. The IC is assumed to occur via a conical intersection, brought about by the
planarization of the strongly twisted LE state during the ICT reaction of PP and MOPP.

Introduction

Perhaps the best known example of a dual fluorescent
molecule is 4-(dimethylamino)benzonitrile (DMABN). Since the
discovery of its dual fluorescence in 1959, it was recognized
that DMABN emits from two different singlet excited states, a
locally excited (LE) state and an intramolecular charge transfer
(ICT) state.1 Several models have been developed to characterize
this charge-transfer process and, in particular, the molecular
structure of the ICT state.2-6 In the “twisted intramolecular
charge transfer” (TICT) model, it was postulated that DMABN,
considered to be planar in the ground state, undergoes a twisting
motion in the singlet excited state: a rotation of the dimethy-
lamino group with respect to the phenyl ring toward a
perpendicular configuration.2 In this TICT state, the dimethyl-
amino group was assumed to be electronically decoupled from
the benzonitrile moiety. In the “planar intramolecular charge
transfer” (PICT) model, on the contrary, it was suggested that
the ICT state of DMABN has an essentially planar structure.3-6

This model was based on experimental evidence, which showed
that in the ICT state the amino and benzonitrile groups are not
decoupled and that the configurational change of the amino
nitrogen from pyramidal toward planar is an important reaction
coordinate in the ICT reaction.3

In previous publications,7,8 the photophysical properties of
N-substituted derivatives of 1,2-, 2,3- and 1,8-naphthalimides
have been discussed. Significant differences were found in the
excited-state behavior of theN-alkyl7 as compared with the
N-phenyl8 compounds. In contrast to theN-alkyl derivatives,
the singlet excitedN-phenylnaphthalimides exhibit very efficient
internal conversion from the singlet excited state to the ground
state and several of these compounds emit dual fluorescence.8

This dual emission consists of a short-wavelength (SW)
fluorescence band from the LE state, in the same spectral region
as that of theN-alkylnaphthalimides, and a strongly red-shifted
long-wavelength (LW) fluorescence emitted by the ICT state.
Phenanthridinone and itsN-methyl derivative were previously
studied by Val’kova and co-workers.9 Dual luminescence was
also found for benzanilides, which are structurally related to
the phenanthridinones.10
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It has been suggested8d that the LE and ICT emissions of the
N-phenylnaphthalimides originate from two different singlet
excited states with relaxed molecular configuration and solvent
surroundings. In the ground state as well as in the LE state, the
dihedral angle between the planes of the phenyl and the imide
moieties is close to orthogonal, as a result of steric hindrance.
In the formation of the ICT state, the geometrical relaxation is
assumed to occur by planarization of the twistedN-phenyl group
relative to the naphthalimide moiety.8c As a consequence of this
planar configuration, an extended conjugation between the
phenyl and the naphthalimide subunits is attained, which
stabilizes the ICT relative to the LE state.

The photophysics of fourN-phenylphenanthridinones and
N-methylphenanthridinone (MP) inn-hexane and acetonitrile
is reported in the present paper. In our investigations of the
phenanthridinones, attention is directed to the nature of the
fluorescent states as well as to the kinetics and the mechanism
of the photophysical processes taking place in these molecules.
The structure, names, and acronyms (in brackets) of the
phenanthridinones are given below.

Experimental Section

Experimental Techniques.Absorption spectra were obtained
by using a HP 8452a spectrometer. Fluorescence spectra were
recorded with a homemade photon-counting spectrofluorimeter
equipped with a Princeton Applied Research 1140 A/B detection
system and a red-sensitive photomultiplier (RCA 928). The
excitation wavelengths were 334 and 312 nm. In some of the
spectra, the occurrence of the second harmonics of the SW
fluorescence and the excitation light disturbed the measurements.
In these cases, the spectra were measured with and without a
455 nm cutoff filter placed in front of the monochromator. The
two spectra were then combined; the short wavelength part was
taken from the measurement made without the cutoff filter, and
the long wavelength part was obtained from the measurement
carried out with cutoff filter. A correction for the reflectance
and transmittance of the filter was applied. Combination of the
two parts of the spectrum was made around 500 nm, where the
spectra could be measured without problem.

The picosecond fluorescence decay measurements were made
with a system consisting of an argon ion laser (Coherent Innova
100-10), a dye laser (Coherent 702-1CD, DCM), and a

frequency doubler (LiIO3, 325 nm).11 The fluorescence and
scatter records were detected with a Hamamatsu R2803U-07
or R3803U MCP photomultiplier. The instrument response
function had a width of∼27 ps at the excitation wavelength.
The analysis of the fluorescence decays was carried out by using
the method of modulating functions, extended by global
analysis.12,13

The triplet yields were measured at room temperature,
employing the energy transfer method with 9,10-dichloro-
anthracene or perylene as energy acceptor, by using a Lambda
Physik EMG 101 excimer laser (308 nm excitation wavelength).
Benzophenone, with a triplet yield of 1.00 in acetonitrile,14 and
N-methyl-1,8-naphthalimide (ΦISC ) 0.95 inn-hexane)15 were
used as reference compounds. Triplet yields at other tempera-
tures were determined by comparing (immediately after excita-
tion) the transient absorption signal obtained at a given
temperature with that measured at 25°C. The change with
temperature in the optical density of the sample was taken into
account. Triplet-triplet absorption measurements were carried
out at the shoulder (410 nm) of the T-T absorption spectrum.15

Materials. MP was prepared as described in the literature.16

N-phenylphenanthridinone (PP) was obtained by a procedure
involving a photochemical rearrangement.17 The preparation and
characterization of MOPP, TFPP, and DMPP is available as
Supporting Information.

All compounds were crystallized from chloroform or from
an n-hexane/ethyl acetate mixture. Further purification was
carried out by preparative thin-layer chromatography (Merck
PLC Silica Gel) with chloroform or ann-hexane/ethyl acetate
mixture as the eluent. In the case of PP and MOPP, HPLC was
the final purification step. Acetonitrile andn-hexane (Uvasol)
were purchased from Merck. All other solvents and the
compounds used in the synthesis were obtained from Aldrich.
The solvents were purified by column chromatography over
Al2O3.

Results and Discussion

Molecular Structure of PP. The molecular structure and in
particular the phenyl/phenanthridinone dihedral angleθ of PP
was studied by X-ray crystallography.18 The phenanthridinone
moiety of PP was found to be practically planar. The dihedral
angleθ equals 80.6°, in good agreement with the result (89.8°)
of DFT(B3LYP)SVP calculations.19 In accordance with this
result, theN-aryl bond length was 1.448 Å, not much shorter
than the length of a CN single bond (e.g., 1.477 Å in CH3-
NH2).20 From the data on the molecular structure of PP presented
here, it is concluded that steric hindrance to phenyl group
rotation in theN-phenylphenanthridinones leads to a nearly
perpendicular structure in the ground state, similarly to that
found for theN-arylnaphthalimides21.

Absorption and Fluorescence Spectra.The absorption and
fluorescence spectra of the five phenanthridinones MP, DMPP,
PP, MOPP, and TFPP inn-hexane at room temperature are
shown in Figure 1. The vibrational structure of the absorption
spectra in this solvent is more clearly resolved than in other
more polar solvents. All compounds in Figure 1 have similar
absorption spectra with a main absorption peak around 30 900
cm-1, which means that the spectrum does not depend strongly
on the nature of the N substituent. The lowest-energy peak,
corresponding to theS0 f S1 transition, is therefore mainly
associated with the phenanthridinone part of the molecules. The
energiesE(S1) of the lowest excited singlet stateS1 of the five
phenanthridinones inn-hexane and acetonitrile, obtained from
the crossing points of the absorption and fluorescence spectra,
see Figure 1 forn-hexane, are listed in Table 1.
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Fluorescence Spectra.The fluorescence spectra of MP,
DMPP, and TFPP inn-hexane (Figure 1) consist of a single
LE emission band. This band shows mirror symmetry with the
structured absorption spectrum. With PP and MOPP dual
fluorescence is observed, with an ICT emission band strongly
red-shifted with respect to the LE fluorescence. The ICT band
shape was determined from the best fit between the measured
fluorescence spectrum of PP or MOPP and the fluorescence
spectrum of TFPP (taken as the model compound for the LE
fluorescence) plus a Gaussian curve representing the ICT
fluorescence. Similar results were obtained with an alternative
procedure, in which the spectrum of the model compound TFPP
is subtracted from the measured spectrum.

Quantum Yields of Fluorescence, ISC, and IC inn-Hexane
and Acetonitrile. With the three phenanthridinones MP, DMPP,
and TFPP, dual fluorescence could not be detected, neither in
the nonpolar solventn-hexane (Figure 1) nor in the polar
acetonitrile. The LE fluorescence quantum yieldΦf(LE) of these
molecules at room temperature has values between 0.03 (TFPP)
and 0.07 (DMPP), see Table 1, inn-hexane as well as in
acetonitrile. The main deactivation process of the LE state is
intersystem crossing (ISC), with triplet yields between 0.90 and
0.96 at room temperature (Table 1). Similar large triplet yields
were obtained at low as well as at high temperatures. Internal
conversion to theS0 ground state is absent or weak (MP and
DMPP) or of minor importance (TFPP). With TFPP, however,
ΦISC decreases with increasing temperature accompanied by an
increase inΦIC. All of the deactivation processes of LE
fluorescence, ISC, and IC do not strongly depend on solvent
polarity (Table 1).

With PP in n-hexane, showing dual fluorescence with a
relatively weak contribution from the ICT state (Figure 1 and
Table 2), ISC is the main deactivation channel, with the overall
yields ΦISC ) 0.91 andΦIC ) 0.06 (Table 1). For PP in
acetonitrile, however, the increase in the efficiency of the ICT
reaction (Figure 2 and Table 2) is accompanied with a decrease
in total triplet yield and a strong increase in the IC yield,ΦISC

) 0.48 andΦIC ) 0.50, see Table 1. With MOPP, which is
more clearly dual fluorescent inn-hexane than PP (Figures 1
and 2 and Table 2), the increase inΦIC at the expense ofΦISC

associated with an increasing efficiency of the ICT reaction is
strongly enhanced as compared with PP. As seen in Table 1,

IC has become the major deactivation process for MOPP in
acetonitrile at room temperature, with yieldsΦIC ) 0.95 and
ΦISC ) 0.03. The triplet yield of both dual luminescent
compounds PP and MOPP decreases slightly with increasing
temperature. The results described in this section show that the
major ISC deactivation channel of the single fluorescent
phenanthridinones MP, DMPP, and TFPP is replaced by IC
when the ICT reaction sets in.

Solvent Polarity Dependence of Dual Fluorescence. PP and
MOPP. The emission spectra of the dual fluorescent phenan-
thridinones PP and MOPP at room temperature in a series of
solvents spanning the polarity scale are presented in Figure 2.

TABLE 1: Energy E(S1) and Yields Φi of Five Phenanthridinones inn-Hexane and Acetonitrile at 20°Ca

MP DMPP PP TFPP MOPP

n-hexane acetonitrile n-hexane acetonitrile n-hexane acetonitrile n-hexane acetonitrile n-hexane acetonitrile

E(S1)/cm-1 29320 29030 29330 29210 29300 28980 29300 29200 29200 28870
Φf 0.056 0.059 0.069 0.067 0.033b 0.025b 0.028 0.043 0.017b 0.0019b

ΦISC 0.96 0.94 0.92 0.93 0.91 0.48 0.90 0.93 0.18 0.034
ΦIC <0.01 0.01 <0.01 0.06 0.50 0.07 0.03 0.80 0.96

a The subscript i of the yieldsΦi refers to fluorescence (f), intersystem crossing (ISC) and internal conversion (IC). See text for the abbreviations
used for the phenanthridinone compounds.b Φf ) Φf(LE) + Φf′(ICT); see Table 2.

TABLE 2: Fluorescence Maxima ν̃f
max and Fluorescence Quantum YieldsΦf at 20 °C of the LE and ICT States for PP and

MOPP in Eight Solvents Spanning the Polarity Scale

PP MOPP

solvent ν̃f
max/cm-1 Φf(LE) ν̃f

max/cm-1 Φ′f(ICT) Φ′f/Φf ν̃f
max/cm-1 Φf(LE) ν̃f

max/cm-1 Φ′f(ICT) Φ′f/Φf

n-hexane 26 460 0.030 19 440 0.0033 0.11 26 210 0.0040 17 910 0.013 3.3
di-n-hexyl ether 26 420 0.031 19 350 0.0037 0.12 26 200 0.0029 17 360 0.0063 2.2
di-n-butyl ether 26 390 0.028 18 460 0.0074 0.26 25 980 0.0021 16 910 0.0062 2.9
diethyl ether 26 360 0.031 18 320 0.0102 0.33 26 200 0.0014 16 840 0.0023 1.6
tetrahydrofuran 26 100 0.025 18 300 0.0086 0.34 26 120 0.0012 16 010 0.0014 1.2
n-heptyl cyanide 26 170 0.025 18 180 0.0074 0.30 26 120 0.0030 15 990 0.0010 0.33
n-propyl cyanide 26 140 0.021 17 820 0.0067 0.32 26 100 0.0017 15 680 0.0007 0.41
acetonitrile 26 090 0.019 17 560 0.0063 0.33 26 000 0.0015 14 810 0.0004 0.27

Figure 1. Absorption and fluorescence spectra of (a) MP, (b) DMPP,
(c) PP, (d) TFPP, and (e) MOPP inn-hexane at room temperature. For
the dual fluorescent compounds PP and MOPP: experimental fluores-
cence spectrum (b), model spectrum TFPP (‚‚‚), difference spectrum
(- --), calculated spectrum (s). See text.
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The emission spectrum of TFPP was again used as a model for
the LE fluorescence. A comparison of these spectra shows that
the fluorescence of PP and MOPP clearly depends on solvent
polarity. With PP, the LE fluorescence is dominant in all
solvents. The ICT/LE fluorescence quantum yield ratioΦ′(ICT)/
Φ(LE) increases fromn-hexane to diethyl ether and remains
more or less constant upon further increase of solvent polarity,
see Table 2. In the case of MOPP, in contrast, the ICT
fluorescence dominates inn-hexane and the ratioΦ′(ICT)/
Φ(LE) decreases with increasing solvent polarity fromn-hexane
to acetonitrile (Table 2).

Solvatochromic Measurements.Solvatochromic measure-
ments were carried out to determine the LE and ICT dipole
moments of the phenanthridinones. In this manner, the extent
of charge-transfer taking place during the ICT reaction of these
molecules can be established. The solvent polarity dependence
of the energy of the maxima of the LE and ICT fluorescence
bands is described by eqs 1 and 2.22-24

In these equations,F is the equivalent spherical radius of the
solute (Onsager radius), andε0 is the vacuum permittivity of
the solvent;µe(LE) andµe(ICT) are the dipole moments of the
LE and ICT states, respectively, whereasµg

FC(LE) and
µg

FC(ICT) represent the dipole moments of the Franck-Condon
(FC) ground states reached upon emission from the LE and ICT
states. It is assumed here thatµg

FC(LE) andµg
FC(ICT) are equal

to the ground-state dipole momentµg of the relaxed molecules.
The solvent polarity parameters (f - f ′) and (f - 1/2f ′) are

defined by eqs 3 and 4.

and

whereε andn are the dielectric constant and the refractive index
of the solvent.

The energiesν̃f
max of the LE band of the five phenanthridi-

nones MP, PP, DMPP, TFPP, and MOPP (data for PP and
MOPP in Table 2) are plotted in Figure 3a against the solvent
polarity function (f - f ′), whereas in Figure 3b, the energies of
the ICT fluorescence maxima of PP and MOPP (Table 2) are
plotted versus (f - 1/2f ′).3a

To derive the dipole moments from the slopes of these plots
by using eqs 1 and 2, the ground-state dipole momentµg and
the Onsager radiusF must be known. Theµg values were
obtained from AM1 semiempirical calculations.25aSuch calcula-
tions give reasonable results for the structurally related benz-
anilide and isoquinoline molecules, with 3.58 and 2.24 D as
compared with the experimental values 3.6025b and 2.73 D,25b

respectively. The Onsager radiusF was obtained by adopting23

a molecular density of 1.00 for the phenanthridinones. The data
on F andµg, as well as the∆µ andµe values are presented in
Table 3. It is seen that the LE state of the phenanthridinones is
moderately polar, with a dipole momentµe

LE of 7.4 D for PP
and 7.8 D for MOPP. The ICT state of these molecules has a
considerably larger dipole moment:µe

ICT ) 10.6 D for PP and

Figure 2. Fluorescence spectra of PP (left) and MOPP (right) in
different solvents at room temperature (top to bottom:n-hexane, dibutyl
ether, diethyl ether, tetrahydrofuran, butyronitrile, and acetonitrile). See
caption of Figure 1.

ν̃f
LE ) -1

4ππ0

2

hcF3
µe

LE(µe
LE - µg

FC)(f - f′) + constant (1)

ν̃f
ICT ) -1

4ππ0

2

hcF3
(µe

ICT - µg
FC′)2(f - 1

2
f′) + constant (2)

Figure 3. Plot of the wavenumber of the emission maximaν̃f
max of (a)

the LE fluorescence versus the solvent polarity parameterf - f ′ (eq 3)
and of (b) the ICT fluorescence versusf - 1/2f ′ (eq 4). Data points:
MP (2), DMPP (4), TFPP (]), PP ([), and MOPP (b).

TABLE 3: Onsager Radius G, Dipole Moments µg (Ground
State), µe

LE and µe
ICT, and Input Parameters (eqs 1 and 2) for

Five Phenanthridinones at Room Temperature

LE band ICT band

compounds
F
/Å

µg

/Da
slope

/cm-1 b
∆µe

LE

/Dc
µe

LE

/D
slope

/cm-1 d
∆µe

ICT

/De
µe

ICT

/D

MP 4.36 2.87 1810 4.8 7.7
PP 4.75 2.75 1310 4.6 7.4 5760 7.8 10.6
DMPP 4.91 2.81 1360 4.9 7.7
MOPP 4.92 3.43 400 4.4 7.8 8830 10.2 13.7
TFPP 5.12 5.47 1225 7.3 12.8

a Calculated ground-state dipole moment. See text.b Slope of
ν̃f

max(LE) against (f - f′): µe
LE(µe

LE - µg)/F3, see eqs 1 and 3.c ∆µe
LE

) µe
LE - µg. d Slope ofν̃f

max(ICT) against (f - 1/2f′): (µe
ICT - µg)2/F3,

see eqs 2 and 4.e ∆µe
ICT ) µe

ICT - µg.

f - f ′ ) (ε - 1)/(2ε + 1) - (n2 - 1)/(2n2 + 1) (3)

f - 1/2f ′ )(ε - 1)/(2ε + 1) - 1/2(n
2 - 1)/(2n2 + 1) (4)
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13.7 D for MOPP. These data show that the appearance of dual
fluorescence with PP and MOPP results from an ICT reaction,
similar to what has been observed with DMABN.1-6

Characterization of the ICT State of PP and MOPP.The
presence of the phenyl group in PP and MOPP is essential for
the appearance of dual fluorescence in the phenanthridinones,
because LE and ICT emission has only been observed for
molecules with a phenyl group attached to the nitrogen atom
of the phenanthridinone moiety. In addition, the nature of the
substituent on this phenyl group exerts a strong influence on
the LEfICT reaction. The ICT fluorescence disappears when
the phenyl group is para-substituted by the electron acceptor
group CF3, whereas ICT becomes the dominant fluorescence
band for the MOPP compound with the electron donor sub-
stituent OCH3. These observations are a consequence of the
charge-transfer character of the ICT state, with a charge
displacement from the phenyl to the carbonyl group.

Another important feature of the ICT reaction in the phenan-
thridinones becomes clear when methyl groups are substituted
in the ortho position of theN-phenyl ring. As seen from a
comparison of the spectra of DMPP and PP in Figure 1, the
ortho-methyl substitution completely eliminates the ICT fluo-
rescence. This observation shows that structural relaxation by
way of phenyl rotation from a nearly perpendicular toward a
coplanar molecular structure (antitwist) occurs during the
formation of the ICT state, which can be strongly hindered by
the presence of ortho-methyl substituents.

Single-Exponential Fluorescence Decays. MP, DMPP, and
TFPP. The picosecond fluorescence decays of MP, DMPP, and
TFPP in acetonitrile at 20°C (see Figure 4 parts a and b) are
single exponential, with relatively short decay times of 0.580
and 0.435 ns, see Table 4. For TFPP in acetonitrile at 20°C,
the same decay time was determined at the maximum (380 nm)
and at the red edge (500 nm) of the emission band, see Figures
1 and 2. The fluorescence decays of MP, DMPP, and TFPP in
n-hexane and acetonitrile remain single exponential over the
entire temperature range studied, from-90 to +80 C in
n-hexane and from-40 to +80 °C in acetonitrile. These
observations support our conclusion derived from the fluores-
cence spectra discussed above, that even in the polar solvent
acetonitrile an ICT reaction does not occur with MP, DMPP,
and TFPP. The decay timeτ of these molecules is hence
determined by three processes, fluorescence (f), ISC, and IC:
τ-1 ) (kf + kISC + kIC).

Arrhenius plots of the reciprocal decay timesτ-1 of MP and
DMPP inn-hexane and acetonitrile give straight lines, whereas
for TFPP, a clear deviation from linearity is found. This is in
accord with our previous observation (Table 1) that a single
deactivation process (kISC) dominates the photophysics of MP
and DMPP inn-hexane and acetonitrile, whereas two reactions

(kISC andkIC) with apparently different activation energies are
involved in the deactivation of TFPP.

Rate Constantskf, kISC, and kIC of MP, DMPP, and TFPP.
From the decay times determined from the single-exponential
fluorescence decays of MP, DMPP, and TFPP inn-hexane and
acetonitrile at 20°C (Figure 4a,b and Table 4), together with
the fluorescence quantum yieldsΦf and the yields of ISC (ΦISC)
and IC (ΦIC) in Table 1, the corresponding rate constantski

(i ) f, ISC, IC) can be obtained via eq 5:

The results forkf, kISC andkIC at 20°C are presented in Table
4. It can be seen from these data that the relatively short decay
times of MP, DMPP, and TFPP are caused by triplet formation
(kISC) as the dominant depopulating process for the LE state in
n-hexane as well as in acetonitrile. The efficiency of this ISC
process (ΦISC between 0.90 and 0.96; Table 1) may be the result
of a nearly thermoneutralS1(ππ*) f Tn(nπ*) reaction. From
semiempirical calculations, Val’kova et al.9b found an nπ* triplet
state with an energy of 30 800 cm-1 above the ground state,
which can be the triplet state that is involved in the ISC process
from theS1 state of the phenanthridinones, having energiesE(S1)
between 28 900 and 29 300 cm-1 (Table 1).

ISC and IC Arrhenius Parameters for MP, DMPP, and
TFPP. From the temperature dependence of the rate constants
ki () Aie-Ei/RT) of MP, DMPP, and TFPP inn-hexane and
acetonitrile, see Figure 5 for TFPP, the preexponential factors
Ai and the activation energiesEi (i ) ISC, IC) were obtained
(Table 4). The ISC activation energyEISC of the investigated
phenanthridinones is small, with values around 0.3 kcal/mol.
This indicates that the two statesS1 andTn involved in the ISC
process are close in energy, leading to an estimation of the
energy of the triplet state involved in the ISC process of around
29 400 cm-1. This value is somewhat lower than theTn(nπ*)
energy (30 800 cm-1) reported by Val′kova et al.,9 as mentioned
above.

Whereas the three single fluorescent compounds MP, DMPP,
and TFPP undergo similar photophysical processes at room
temperature, with dominant ISC and relatively unimportant IC
reactions (Table 4), this similarity disappears at higher temper-
atures. For MP and DMPP, intersystem crossing continues to
be a more efficient process than internal conversion, as seen
from the Arrhenius parameters in Table 4. With TFPP, the
significant temperature dependence of the internal conversion
(kIC in Figure 5, see Table 4) makes this process comparable in
importance with intersystem crossing at higher temperatures.
The larger efficiency of the thermally activated internal conver-
sion observed for TFPP, as compared with MP and DMPP, may
be caused by vibronic interaction between the two close-lying
nπ* and ππ* states,26,27 a proximity effect.28

TABLE 4: Fluorescence Decay Timesτ, Rate Constantski ) Ai exp(-Ei/RT) (i ) F, ISC, IC) at 20 °C and the Arrhenius
ParametersAi and Ei for the Single Fluorescent Phenanthridinones MP, DMPP, and TFPP

MP DMPP TFPP

n-hexane acetonitrile n-hexane acetonitrile n-hexane acetonitrile

τ/ns 0.460 0.435 0.595 0.580 0.240 0.430
kf/108 s-1 1.22 1.36 1.16 1.15 1.17 1.00
kISC/108 s-1 20.9 21.6 15.5 16.0 37.5 21.6
kIC /108 s-1 0.0 <0.2 0.2 <0.2 2.9 0.7
log(AISC/s-1)a 9.60( 0.02 9.60( 0.02 9.50( 0.02 9.50( 0.02 9.59( 0.04 9.60( 0.02
EISC/kcal mol-1 a 0.16( 0.04 0.32( 0.02 0.40( 0.02 0.41( 0.02 0.036( 0.05 0.31( 0.04
log(AIC/s-1) a 12.6( 0.8 13.2( 0.6
EIC/kcal mol-1 a 5.5( 1.0 7.4( 0.8

a The errors are the twoσ values derived from the Arrhenius plots ofkISC andkIC (Figure 5). These errors are to be considered as lower limits.

ki ) Φi/τ (5)
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Double Exponential Fluorescence Decays. PP and MOPP.
Fluorescence decay curves of the dual fluorescent compounds
PP and MOPP were measured in the LE and ICT parts of the
spectrum at wavelengths where interference from overlapping
LE and ICT fluorescence bands does not occur, see Figure 4
parts c and d (acetonitrile) and Figure 6 (n-hexane). The LE
and ICT fluorescence decaysif(LE) and if(ICT) are double
exponential (eqs 6 and 7):

The amplitude ratioA22/A21 (eq 7) for the ICT fluorescence

Figure 6. Fluorescence response functions of (a) PP and (b) MOPP
in n-hexane at 20.6 C. The LE (at 370 nm) and ICT (at 500 nm) decays
are analyzed simultaneously (global analysis). See the caption of Figure
4.

Figure 4. Fluorescence response functions of (a) DMPP, (b) TFPP, (c) PP, and (d) MOPP in acetonitrile at 20°C. The fluorescence decays of
DMPP and TFPP were measured at 380 nm. The LE (at 375 nm) and ICT (at 540 nm) decays of PP and MOPP are analyzed simultaneously (global
analysis). The decay times (τ) and the preexponential factors (A) are given, see eqs 6 and 7 for PP and MOPP. The weighted deviations, expressed
in σ (expected deviation), the autocorrelation functions A-C, and theø2 values are also indicated.

Figure 5. Arrhenius plots of the rate constantskf (fluorescence),kISC

(intersystem crossing), andkIC (internal conversion) for TFPP in
n-hexane (a) and acetonitrile (b). The solid lines through the data points
for kISC andkIC are fits to the experimental data. For the fluorescence,
an averagekf value was employed, which was made temperature
dependent by using the temperature dependence of the refractive index
of the solvent.

i f(LE) ) A11e
-t/τ1 + A12e

-t/τ2 (6)

i f(ICT) ) A21e
-t/τ1 + A22e

-t/τ2 (7)
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response functions has a value close to-1.0 for PP and MOPP
in both solvents. This means that the ICT state cannot be reached
directly by light absorption from the ground state but originates
from the primarily excited LE state as its precursor, as shown
in Scheme 1. A similar situation has been shown to occur with
DMABN.3

Mechanism of ICT Reaction of PP and MOPP.In Scheme
1, ka and kd are the forward and backward ICT reactions.τ0

andτ′0 designate the fluorescence lifetimes of the LE and ICT
states.

For Scheme 1, eqs 8-11 hold:29

where

and

For the preexponential factorsA1i andA2i in eqs 6 and 7, the
following expressions are valid:

ICT Rate Constants and Lifetime of Dual Fluorescent PP
and MOPP at 20°C. From the decay parametersτ1, τ2, andA,
together with the lifetimeτ0 of the model compound MP (Table
4), the kinetic parameterska, kd, andτ′0 (Scheme 1) for PP and
MOPP inn-hexane (Figure 6) and acetonitrile (Figure 4 parts
c and d) at around 20°C were calculated by using eqs 8-11.
The results are listed in Table 5. For MOPP inn-hexane, the

ICT rate constantka (108× 109 s-1) is considerably larger than
for PP (20× 109 s-1), in accord with the larger efficiency, as
deduced from the ratioΦ′(ICT)/Φ(LE) (Figure 1, Table 2) of
the ICT reaction in MOPP as compared with PP. The thermal
back reactionkd in n-hexane is smaller for MOPP (1.5× 109

s-1) than for PP (29× 109 s-1), indicating that the enthalpy
difference-∆H between the LE and ICT states (Scheme 1) is
larger for MOPP than for PP (see below and Table 5), as
expected on the basis of the larger ICT efficiency observed for
the former compound.

In acetonitrile (Figure 4 parts c and d and Table 5), the
forward ICT rate constantka of MOPP (89× 109 s-1) likewise
is larger than that of PP (8.5× 109 s-1). The ICT f LE rate
constantkd of MOPP in acetonitrile cannot be determined, as
the longer decay timeτ1 of the LE emission (Figure 4d) is
attributed to an impurity. This conclusion is based on the
observation that the contribution ofτ1 to the LE decay of MOPP
is already small in the slightly polar diethyl ether (A ) 260, eq
11) and will be reduced further with increasing solvent polarity.
These results indicate that for MOPP in acetonitrile the condition
kd , 1/τ′0 holds (Scheme 1).3

An important feature of the photophysics of MOPP in
acetonitrile is the large IC yield (ΦIC ) 0.95; Table 1). The
unusually short ICT lifetimeτ′0 (28 ps; Figure 4d and Table 5)
of MOPP in this solvent is due to a dominating IC process
originating from the ICT state (Table 5), as will be further
discussed below. The lifetimeτ′0 gradually shortens with
increasing solvent polarity, from 630 ps inn-hexane (Table 5)
to 28 ps in acetonitrile.30

Arrhenius plots for PP and MOPP. The LE and ICT

TABLE 5: Data for the Radiative and Nonradiative Photophysical Processes of the Dual Fluorescent Phenanthridinones PP
and MOPP in n-Hexane and Acetonitrilea

PP MOPP

n-hexane acetonitrile n-hexane acetonitrile

τ2/ns 0.019 0.075 0.009 0.011
τ1/ns 0.372 0.561 0.627 0.028
A ) A12/A11 (eq 11) 0.66 3.47 73.9
τ0′/ns 0.29 0.62 0.63 0.028
ka/109 s-1 20.4 8.45 107.5 88.6
kd/109 s-1 29.3 2.74 1.5
log(Aa/s-1)b 11.60( 0.18 12.03( 0.08 11.88( 0.12 12.16( 0.28
Ea/kcal mol-1 a 1.8( 0.2 2.8( 0.1 1.2( 0.1 1.7( 0.4
log(Ad/s-1)a 12.67( 0.08 12.69( 0.04 11.90( 0.07
Ed/kcal mol-1 a 2.9( 0.2 4.3( 0.1 3.6( 0.2
∆H/kcal mol-1 a -0.9( 0.4 -1.5( 0.2 -2.4( 0.3

LE ICT LE ICT LE ICT LE ICT

Φf(LE), Φ′f(ICT) 0.030 0.0033 0.019 0.0063 0.004 0.013 0.0015 0.0004
ΦISC(LE), Φ′ISC(ICT) 0.48c 0.43 0.40c 0.08 0.04c 0.14 0.024c 0.010
ΦIC(LE), Φ′IC(ICT) 0.06 0.49 0.80 0.96
kf, kf′/108s-1 1.3 0.23 1.0 0.18 2.3 0.21 1.4 0.15
kISC, k′ISC/109s-1 2.09d 3.0 2.16d 0.22 2.09d 0.23 2.16d 0.37
kIC, k′IC/109s-1 ∼0.4 1.4 1.34 35

a The decay times, rate constants and yields given in the table are the values derived from the room temperature (20°C) measurements shown
in Figures 4 and 6.b The errors are the twoσ values derived from the Arrhenius plots given in Figures 7 and 8. These errors are to be considered
as lower limits.c Values derived by assuming thatkISC(LE) is the same as for the model compound MP (see text).d Values taken from the model
compound MP.

1
τ1,2

) 1
2
{(X + Y) - [(X - Y)2 + 4kakd]

1/2} (8)

X ) ka + 1/τ0 (9)

Y ) kd + 1/τ′0 (10)

A )
A12

A11
)

(X - 1/τ1)

(1/τ2 - X)
(11)

A22

A21
) -1 (12)

SCHEME 1
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fluorescence decays of PP and MOPP were measured as a
function of temperature inn-hexane and acetonitrile. Arrhenius
plots ofka, kd, and 1/τ′0 resulting from these measurements are
presented in Figure 7 (n-hexane) and Figure 8 (acetonitrile).
The activation energies and the preexponential factors of the
forward (Ea andAa) and backward (Ed andAd) ICT reactions
are listed in Table 5.

From the activation energiesEa and Ed, the following ICT
reaction enthalpies∆H () Ea - Ed), see Figure 9, are obtained
for PP: -1.1 kcal/mol inn-hexane and-1.5 kcal/mol in the
more polar acetonitrile solvent (Table 5). For MOPP in
n-hexane, the ICT state is more strongly stabilized relative to
LE (∆H ) -2.4 kcal/mol) than is the case for PP. This result
is in accord with the larger ICT efficiency of the former
molecule.

FC Repulsion EnergiesδEFC. Information on the structural
changes taking place during an ICT reaction can be obtained
from the energy differenceδEFC between the Franck-Condon
(FC) state reached upon emission from the ICT state and the
equilibrated ground state, see Figure 9. From the known values
of ∆H (Table 5), the singlet energiesE(S1) (Table 1) and the
energies of the ICT emission maximahν̃f

ICT (Table 2), energies
δEFC in n-hexane of 27.3 kcal mol-1 for PP and 29.9 kcal mol-1

for MOPP are determined. TheδEFC energies obtained for PP
and MOPP are significantly larger than those reported in the
literature for DMABN31 (16.3 kcal mol-1 in toluene) or 9-cyano-
10-(dimethylamino)-anthracene32 (12.7 kcal mol-1 in butyro-
nitrile). The largerδEFC values found for PP and MOPP indicate

that significant structural relaxation, such as phenyl group
rotation toward planarity and bond length changes, takes place
in PP and MOPP during the LEf ICT reaction.

Radiative Rate Constantskf(LE) and k′f(ICT). The separate
radiative rate constantskf(LE) andk′f(ICT) can be determined
from the LE and ICT fluorescence quantum yieldsΦ(LE) and
Φ′(ICT) listed in Table 2 by using eqs 13 and 14,31 which are
derived by applying the steady-state approximation (Scheme
1):

and

In n-hexane and acetonitrile, the radiative rate constantkf(LE)
is between 6 (PP) and 10 (MOPP) times larger thank′f(ICT)
(Table 5), similar to what has been observed with DMABN.3,5,31

From the data presented in Figures 8 parts a and b, it is seen
that kf(LE) slightly decreases with increasing temperature for
both compounds. This effect is attributed to the temperature
dependence of the refractive indexnD of the solvent.33 However,
k′f(ICT) as well ask′f(ICT)/nD

2 increase with increasing tem-
perature. After taking into account34 the temperature dependence
of the refractive index, apparent activation energies of about

Figure 7. Arrhenius plots of the reciprocal ICT lifetime 1/τ′0 (O) and
the forward and backward ICT rate constantska (9) andkd (b) given
in n-hexane for PP (a) and MOPP (b). In addition, the Arrhenius plots
for kf (s), k′f (2), k′ISC (4), andk′IC (*) are shown in insets (c) and (d)
for PP and MOPP, respectively.

Figure 8. Arrhenius plots of photophysical rate parameters determined
for PP (a and c) and MOPP (b and d) in acetonitrile. For designations,
see caption of Figure 7.

kf(LE) ) Φf(LE)
kaτ′0

-1 + kdτ0
-1 + τ0

-1 τ′0
-1

kd + τ′0
-1

(13)

k′f(ICT) ) Φ′f(LE)
kaτ′0

-1 + kdτ0
-1 + τ0

-1 τ′0
-1

ka
(14)
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0.1 and 0.4 kcal mol-1 are obtained fork′f(ICT) of PP and
MOPP, respectively. A similar temperature dependence has been
observed fork′f(ICT) of DMABN in toluene,31 as well as for
the radiative rate constantkf of a number of 1-aminonaphtha-
lenes in acetonitrile.33 The phenomenon was explained by the
possibility, that an admixture of two or more excited states is
involved in the fluorescence emission and that the relative
contribution from these states changes with temperature.33

Stevens-Ban Plot ofΦf′(ICT)/ Φf(LE). For the dual fluo-
rescent PP in acetonitrile, a plot of ln(Φf′(ICT)/Φf(LE)) versus
the reciprocal absolute temperature is presented in Figure 10.
Such a Stevens-Ban plot35 is characteristic for a system
undergoing a reversible reaction in the excited state, such as
here between LE and ICT (Scheme 1), see eq 15. For MOPP in
acetonitrile, only the low-temperature branch (kd , 1/τ′0) of
the Φf′(ICT)/Φf(LE) plot can be determined, because of its
strongly stabilized ICT state, as discussed above (Table 5):

Curve fitting of theΦf′(ICT)/Φf(LE) data in Figure 10, with
the assumption thatkf′/kf and τ′0 (eq 15) do not depend on
temperature (full line), results in ICT activation energiesEa )
2.5 kcal/mol andEd ) 3.9 kcal/mol. These data are in good
agreement with those (Ea ) 2.8 kcal/mol andEd ) 4.3 kcal/
mol) derived from the time-resolved measurements (Table 5).
The maximum ofΦ′(ICT)/Φ(LE) in Figure 10 occurs at∼20

°C, in accord with the finding (Table 5) that the conditionkd )
1/τ′o required for this maximum3a is reached at this temperature.

The dashed curve in Figure 10 is the result of a calculation
(eq 15) ofΦ′(ICT)/Φ(LE), employing the temperature-depend-
ent parameterska, kd, kf′/kf, and τ′0 derived from the time-
resolved experiments (Table 5 and Figure 8a). It shows that
the incorporation of the temperature dependence of all variables
appearing in eq 15 leads to a reasonable result.

Φ′(ICT)/ Φ(LE) for PP and MOPP in n-Hexane and
Acetonitrile. Role of ISC and IC. From Figure 1, it is seen
that, in n-hexane at room temperature, the ratioΦ′(ICT)/
Φ(LE) is considerably larger for MOPP than for PP, with values
3.2 and 0.11 (Table 2), respectively. In acetonitrile (Figure 2),
however, similar ratiosΦ′(ICT)/Φ(LE) are found: 0.34 (PP)
and 0.27 (MOPP), see Table 2. This behavior can be understood
by substituting the data listed in Table 5 forka, kd, τ′0, andk′f/
kf (Figures 4c,d and 6) into eq 15.

In n-hexane,ka is five times larger for MOPP than for PP,
whereas (kd + 1/τ′0), largely determined by the difference in
kd, is 11 times smaller for the former molecule (Table 5). As
the ratioka/(kd + 1/τ′0) appears in eq 15, both differences lead
to a nearly 50 times larger value ofΦ′(ICT)/Φ(LE) for MOPP
(3.1) than for PP (0.11), calculated with the ratiosk′f/kf of 0.09
(MOPP) and 0.18 (PP). Note that these relatively small values
for k′f/kf reduce the visibility of the ICT fluorescence in the
fluorescence spectra [Φ′(ICT)/Φ(LE); eq 15] by this factor.

In acetonitrile at 20°C, ka is about 10 times larger for MOPP
than for PP, but this difference is fully compensated by the fact
that alsokd + 1/τ′0, see eq 15, is much larger (12 times) for the
former molecule. With the data fork′f/kf (Table 5), similar values
for Φ′(ICT)/Φ(LE) are then obtained for MOPP (0.27) and PP
(0.35), explaining the similarity of their fluorescence spectra
in acetonitrile (Figure 2).

Short ICT Lifetimes τ′0. Rate Constantsk′IC and k′ISC.
The lifetimesτ′o determined at 20°C for the ICT state of PP
and MOPP (Table 5) are considerably shorter, down to 28 ps
for MOPP in acetonitrile, than those measured for other dual
fluorescent molecules. For DMABN and a number of its
derivatives in toluene, as an example,τ′0 ranges between 2.3
and 3.1 ns.31 To understand the reasons for this difference in
τ′0 (1/τ′0 ) k′f + k′ISC + k′IC), it is of interest to determine the

Figure 9. Schematic potential energy diagram describing the LET
ICT reactions and the fluorescence emission from the LE and ICT states
of the phenanthridinones PP and MOPP.ê represents a complex
coordinate, involving structural changes (twisting around the N-phenyl
bond and bond length changes) and solvent relaxation.Ea andEd are
the activation energies and∆H ) Ea - Ed is the enthalpy change in
the LE T CT reaction.δEFC is the energy difference between the
Franck-Condon state reached upon emission from the ICT state and
the equilibrated ground state.

Φ′(ICT)

Φ(LE)
)

k′f‚[ICT]

kf‚[LE]
)

k′f
kf

‚
ka

kd + 1/τ′0
(15)

Figure 10. Stevens-Ban plot of ln[Φf′(ICT)/Φf(LE)] versus 1000/T
for PP in acetonitrile. Experimental data (b). Curve (s), fit of the
experimental data with eq 15, assuming thatk′f/kf andτ′0 do not depend
on temperature. Curve (- - -), calculated (eq 15) usingτ′0 and the
rate constantska, kd, kf, andk′f obtained as a function of temperature
from time-resolved measurements (Table 5). The two curves are
normalized at 20 C. See text.
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rate constantsk′ISC andk′IC. This can be done by separating the
overall triplet yieldsΦISC (Table 1) and rate constantskISC and
kIC into contributions from the LE and ICT states. For this
separation (eqs 16 and 17), MP was chosen as the model
compound for obtainingkISC of the LE state. This choice is
supported by the similarity of the values forkISC, AISC, andEISC

(Table 4) of the three different phenanthridinones MP, DMPP,
and TFPP inn-hexane as well as in acetonitrile.

In eqs 16 and 17,c0 andct represent the concentrations of the
LE and ICT states at time zero andt, respectively. For the rate
constantskISC(LE) andk′ISC(ICT), expressions analogous to eqs
13 and 14 can be derived, usingΦISC(LE) and Φ′ISC(ICT).
Equations 16 and 17 are applicable to experiments with pulse
excitation. They are identical to eqs 13 and 14, resulting from
using the steady state approximation, as should be the case for
kinetic systems containing only first-order reactions.

From the ISC rate constantkISC of the model compound MP
(Table 4),ΦISC(LE) can be obtained via eq 16 by using the
data forka, kd, τ′0, and τ0 in Table 5.Φ′ISC(ICT) ()ΦISC -
ΦISC(LE)) can be determined from the overall triplet yieldsΦISC

(Table 1). The rate constantk′ISC for the ICT state then follows
from eq 17. The triplet yieldsΦISC(LE) and Φ′ISC(ICT) and
the rate constantsk′ISC(ICT) so obtained for PP and MOPP in
n-hexane and acetonitrile at 20°C are listed in Table 5.

For PP,Φ′ISC(ICT) is considerably larger inn-hexane (0.43)
than in acetonitrile (0.08), whereasΦISC(LE) has similar values
(0.48 and 0.40) in the two solvents. In the case of MOPP,
Φ′ISC(ICT) likewise decreases fromn-hexane (0.14) to aceto-
nitrile (0.01), whereasΦISC(LE) is much smaller than for PP,
in n-hexane (0.04) as well as in acetonitrile (0.02). With the
onset of ICT and dual fluorescence, the importance of ISC is
clearly reduced. The same picture emerges from the rate
constantsk′ISC(ICT). For PP,k′ISC(ICT) is much smaller in
acetonitrile (0.22× 109 s-1) than inn-hexane (3.0× 109 s-1)
at 20 °C. For MOPP, relatively smallk′ISC(ICT) values are
obtained in both solvents: 0.23× 109 s-1 (n-hexane) and 0.37
× 109 s-1 (acetonitrile).

The IC rate constantsk′IC(ICT) () 1/τ′0 - k′f - k′ISC),
obtained fromτ′0, k′f, andk′ISC, are listed in Table 5. It now
follows that, with PP, ISC is the major deactivation process of
the ICT state inn-hexane (k′ISC(ICT) ) 3.0 × 109 s-1; k′IC-
(ICT) = 0.4× 109 s-1), whereas in acetonitrile, IC has become
more efficient than ISC (k′ISC(ICT) ) 0.22× 109 s-1; k′IC(ICT)
)1.4 × 109 s-1). The short ICT lifetime of PP therefore is
mainly caused by ISC inn-hexane but by IC in acetonitrile.
For MOPP, already inn-hexanek′IC (1.3 × 109 s-1) is larger
thank′ISC (0.23× 109 s-1), which difference strongly increases
in acetonitrile: k′IC ) 35× 109 s-1 andk′ISC ) 0.37× 109 s-1,
see Table 5. Note that in acetonitrilek′IC is 26 times larger for
MOPP than for PP. These results show that, with MOPP, IC is

the dominant decay channel for the ICT state, especially in
acetonitrile. From the plots in Figure 8, it is seen that for PP
and MOPP in acetonitrilek′ISC(ICT) and alsok′IC(ICT) do not
strongly depend on temperature.

IC in ICT State of PP and MOPP via Conical Intersection.
The efficient and solvent polarity dependent IC process observed
here for the ICT state of PP and MOPP may be caused by the
presence of a conical intersection,36 resulting from the change
in the molecular structure during the ICT reaction from the
strongly twisted LE state to the planarized ICT state. With
1-(dimethylamino)naphthalene33 and 9-cyano-10-(dimethylamino)-
anthracene32 a similar efficient and solvent polarity dependent
IC process is connected with the planarization of the amino
group after excitation and has likewise been attributed to the
involvement of a conical intersection between theS1 potential
energy surface and the strongly displaced surface of the ground
state.

Conclusion

Dual fluorescence from an LE and an ICT state is observed
for theN-phenylphenanthridinones PP and MOPP in a number
of solvents with polarities between that ofn-hexane and
acetonitrile, whereas only a single emission band is observed
with DMPP and TFPP, similar to the LE fluorescence band of
the model compoundN-methylphenanthridinone (MP). The
absence of dual fluorescence in the case of DMPP, in which
planarization of the twisted phenyl group is hindered by the
presence of two ortho-methyl substituents, indicates that such
a planarization takes place during the formation of the ICT state.
From solvatochromic measurements, the dipole moment of the
LE state (µe

LE: 7.4 D (PP), 7.8 D (MOPP)) and the ICT state
(µe

ICT: 10.6 D (PP), 13.7 D (MOPP)) states were determined.
The difference betweenµe

LE and µe
ICT shows that the appear-

ance of dual fluorescence is accompanied with ICT.
The fluorescence decay of DMPP, TFPP, and MP inn-hexane

and acetonitrile is single exponential, in accord with the absence
of dual fluorescence in these molecules. From the decay times
and the yields of intersystem crossing and internal conversion,
it is seen that ISC is the dominant decay channel of the LE
state of these molecules, responsible for their relatively short
decay times, between 0.24 ns for TFPP inn-hexane and 0.58
ns for DMPP in acetonitrile at 20°C. The ISC activation energy
EISC has values between 0.04 kcal/mol (TFPP,n-hexane) and
0.41 kcal/mol (DMPP, acetonitrile), which leads to the conclu-
sion that the efficient ISC reaction is a thermoneutralS1(ππ*)
f Tn(nπ*) transition. Internal conversion (IC) is of minor
importance for TFPP and negligible for DMPP and MP. The
appearance of the ICT state opens up an efficient IC channel at
the expense of ISC, withΦIC ) 0.95 andΦISC ) 0.03 for MOPP
in acetonitrile at 20°C.

For the dual fluorescent molecules PP and MOPP, double
exponential fluorescence decays are observed inn-hexane and
acetonitrile. The amplitude ratioA22/A21 of the ICT fluorescence
response function equals-1.0, which shows that the ICT state
cannot be reached by direct excitation of these molecules in
the ground state, similar to what has been found with DMABN.
From the activation energiesEa and Ed of the forward and
backward ICT reaction of PP and MOPP inn-hexane, the
enthalpy change∆H for this reaction was determined:-0.9 kcal/
mol (PP) and-2.4 kcal/mol (MOPP). These results are in line
with the observation that the ICT rate constantka in n-hexane
at 20°C for MOPP (108× 109 s-1) is larger than for PP (20×
109 s-1). With MOPP in acetonitrile, the ICTf LE reaction
could not be observed in contrast to PP, which is probably

ΦISC(LE) )
∫0

∞
kISCct(LE) dt

c0(LE)
)

kISC(kd + τ′0
-1)

kaτ′0
-1 + kdτ0

-1 + τ0
-1 τ′0

-1
(16)

Φ′ISC(ICT) )
∫0

∞
k′ISCc′t(ICT) dt

c0(LE)
)

k′ISC ka

kaτ′0
-1 + kdτ0

-1 + τ0
-1 τ′0

-1
(17)

4620 J. Phys. Chem. A, Vol. 105, No. 19, 2001 Demeter et al.



caused by the stronger stabilization of the ICT state of MOPP
as compared with that of PP (-∆H ) -1.5 kcal/mol). The ICT
lifetime τ′0 of MOPP in acetonitrile at 20°C is much shorter
(0.028 ns) than inn-hexane (0.62 ns), because of a substantial
increase in the efficiency of the IC deactivation channel (k′IC)
when the solvent polarity becomes larger. This increase ink′IC
just compensates the increase in the ICT reaction rate constant
ka, which leads to fluorescence spectra with similarΦ′(ICT)/
Φ(LE) ratios for PP and MOPP in acetonitrile, see Figure 2,
notwithstanding the larger ICT efficiency for the latter molecule.
The internal conversion may result from a conical intersection,
brought about by the change in molecular structure connected
with the planarization of the twistedN-phenylphenanthridinones
PP and MOPP during the ICT reaction.
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Biczók, L.; Wintgens, V.; Valat, P.; Kossanyi, J.J. Chem. Soc., Faraday
Trans.1994, 90, 2635. (c) Wintgens, V.; Valat, P.; Kossanyi, J.; Demeter,
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