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The role played by the carbonyl group in the antenna system of a naturally occurring photochromic chromene,
flindersine (FL), has been experimentally investigated and compared with that of a carbonyl group present in
a structurally related unreactive heterocyclic compoundHg{Ehenanthridinone (PH). Through stationary

and time-resolved absorption and emission techniques, the excited-state relaxation dynamics after UV irradiation
were determined for FL and PH. The presence of a carbonyl group in both compounds entails the existence
of two close-lying, strongly coupled electronic excited states, havint amd 7,7 character, respectively.

Their coupling can be modulated by a careful choice of the solvent proticity and temperature. Moreover, in
the case of strong coupling between the*rand ,7* states, we have proved that the relaxation dynamics

can involve transitions in which the upper of the coupled states acts as an intermediate for radiationless
decay, bypassing the lowest emissive state, whereby the fluorescence quantum yield becomes a function of
the excitation wavelength.

Introduction tion, so that the vibronically active mode enters the matrix
. . . element of the radiationless transition only via the Franck
Aromatic carbonyl and nitrogen-heterocyclic compounds Condon factor. The second, by Siebrand and Zgicrsidals

often exhibit luminescence that is strongly dependent on with a non-Condon mechanism that incorporates the dependence
temperature, chemical substitution, and hydrogen-bonding power . - . corp P
of the adiabatic electronic wave function on the coordinates of

of the solvent. This phenomenology can be traced to the close the vibronically active modes. This dependence indirectly

o . . : .
proximity of nyr* and z* electronic excited states, whereby affects the matrix element of the radiationless transition from

it has been termed “proximity effect”. Closely spaced*rand . ) .
7,7 states can couple through out-of-plane bending modes andtmhi(;cgwest excited state induced by another nontotally symmetric

their coupling can lead to efficient radiationless decay to the n thi K ¢ and di . tal dat

ground state (§. Two theoretical formulations have been n d'ls \;\;]or , we ptresefzfn tanf |sctuss”exper|m_ena ata

proposed for interpreting the influence of therthand z,7* regarding the proximity efiect of a naturally occurring com-
pound, flindersine, and a structurally related heterocyclic

vibronic coupling on radiationless transitions, whose rate -
constant is expressed in the Golden-rule form. The first, by Lim compound, 6(H)-phenanthridinone (see Chart 1 for the struc-
tures of the two molecules).

et al.! operates within the FrarkCondon principle. It entails ; o )
that vibrational coordinate dependence of the adiabatic electronic _ Flindersine is a secondary metabolite produced by some
plants, belonging to the family of Rutacédée Flindersia

wave function is neglected by invoking the Condon approxima- .
Australis It belongs to the class of chromenes, and, as other
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CHART 1 For the temperature control, a cryostat (Oxford Instruments),
equipped with a temperature controller operating between 77
(if liquid nitrogen was adopted for cooling) and 500 K, was
used. The temperature precision was withih K; the accuracy

in the temperature control was on the order«f.2 K.

The reaction quantum yield for flindersine was determined
in the 236-80 K temperature range, by exciting at 321 nm. A
() Flindersine (FL) (I1) 6(5H)-phenanthridinone (PH) 125 W Xe lamp, filtered by a Jobin-Yvon H10 monochromator
(16 nm band-pass) and focused on the sample (in a fluorimetric
exist in the closed, uncolored form, representedl iasChart 1 1 cm path cel!) by a §i|ica fiber op'gic, was used as an irradiati.ng
for flindersine. The twar-electrons at the double bond:€ source. The |rrad|a_t|or_1 was carried out at a right angle with
C4, electronically conjugated with a more or less extended respept to_ the ”_‘0”“0”“9 bea”? of the spe_ctrophotor_neter. TI_1e
n-electronic aromatic system (that in flindersine consists of a fadiation intensity was determined by using potassium ferri-

naphthalenic framework along with the amide group), and the X@late actlnomstry. The emitted ph;“?? density was on the
couple of electrons located in the, @-orbital (perpendicular order of 5x 10~ ”_‘0' of photons . s-at the irradiation

to the molecular plane) constitute an antenna system harvestin%/avelensgth' Thelmdersme concentration was on the order of
UV radiation® The energy of the absorbed electromagnetic ° * 1_(T ) mol dm. o

radiation brings about a skeletal stretching of theystem Em|SS|on_ Measurement€orrected emission spectra_were
coupled to a ring puckering of the pyran moiety. The-O; recorded with a Spex Fluorolog-2 1680/1 spectrofluorimeter,
bond becomes more parallel to the extendesystem, whereby controlled by the Spex DM 3000F. spectroscopy software. To
C,—0; bond expansion is triggered, ultimately leading to its Mmeasure fluorescence quantum yields, corrected areas of
breakage. A final open colored structure is produced, which is the standard (anthracene in ethanal,= 0.05 at 366 nm,

metastable and can be transformed back to the original one,calibrated with an absolute methidand sample emissions
thermally and/or photochemically. were compared and corrected for the refraction index of the

Several chromenes experimentally investigated sé ¥ar medium. The temperature effect on the refraction index was

exhibited excitation wavelength-dependent photobehavior. This evaluated by using the following semiempirical relationship:
indicates that the electrocyclization reaction must occur on a ™T2) = n(T1) + ¢ x o (T2 — Ta), wherec anda are solvent
barrierless excited-state surface and is so'¥astkinetically constants?
compete with unreactive relaxation processes, like intramolecu- The fluorescence lifetimes were measured with both an
lar vibrational relaxation and intermolecular energy transfer. Edinburgh Instruments 199S spectrofluorometer (using the
The purpose of this work is to elucidate the role of the amide single photon counting method withptdr a LED centered at
group in the antenna system of flindersine: the presence of a370 nm as sources, time resolution ca. 200 ps) and a Spex
carbonyl group entails the existence of two close-lying*n,  Fluorologz2 system (using the phase modulation technique,
andzr,* electronic excited states, presumably playing key roles time resolution ca. 30 ps).
in the relaxation dynamics of the molecule after excitation. The  The intersystem crossing quantum yield of @f§henan-
photoresponsive behavior of 6{%phenanthridinone has been thridinone in ethanol was determined at room temperature by
investigated as a matter of comparison. In our view, the results measurements of biacetyl sensitized phosphorescence, using the
here presented constitute an experimental proof of the theoreticalappropriate SteraVolmer equation and taking Z;#ithienyl-
model, proposed by Siebrand and Zgiesgiedicting, in the ketone, which does not abstract hydrogen from the solvent, as
case of strong coupling conditions between closely spaceda reference molecule, havingr = 1.12 Data from quenching
excited states, higher order contributions to radiationless decay,and sensitization measurements were corrected for trivial
namely, transitions in which the upper of the two coupled states absorption by the quenchers of the exciting and emitted light.

Chromenes are photochromic compounahbich in the dark

acts as an intermediate. Excitation and emission wavelengths were selected to minimize
the corrections.
Experimental Section Nanosecond Laser Flash Photolysis Measuremé&mtistime-

Materials. Flindersine (from John Morgan, Forest Products resolved laser flash photolysis measurements on the nanosecond

Research Laboratory, England) was used without further time scale, the third harmonicid. = 355 nm) from a
purification. 6(34)-Phenanthridinone, purchased from Aldrich, Continuum Surelite Nd:YAG laser was used with the energy
was purified through HPLC. The solvent, 3-methylpentane !€ss than 5 mJ per pulse and about 10 ns time resolution.
(3MP), a reagent-grade Carlo Erba product, was distilled before Q-switch delays were used to reduce the laser intensity.
use, whereas acetonitrile, ethanol, trifluoroethanol (all from SPectrophotometric analysis was performed by using a 150 W
Fluka), anch-hexane (Carlo Erba) were used as received. Water Xenon source, a Baird-Tatlock monochromator blazed at 500
was deionized. Other compounds used as standards and energy™: & Hamamatsu R928 photomultiplier, and a Tektronix DSA
donors or acceptors were anthracene (Baker) Awdrotene 02 digital analyzer. The data were processed by a Tektronix
(Fluka), which were used as received, biacetyl (Aldrich), which PEP 301 computer.
was distilled, and thioxanthone (Baker), acridine (Fluka), and ~ For the measurements on &{pphenanthridinone, which
phenanthridine (K&K Laboratories), which were purified through absorbs at shorter wavelengths, the fourth harmdiie £ 266
HPLC. The 2,2dithienylketone was synthesized and purified nm) from the Nd:YAG laser was used.
for a previous work? The product®t x et (where @t and er are the triplet
Apparatus and Methods. Steady State Absorption Measure- quantum yield and molar absorbance coefficient, respectively)
ments The absorption spectra at room temperature were was determined by calibrating the experimental setup with
recorded on a Perkin-Elmer Lambda 800 spectrophotometer oroptically matched solutions of benzophenone in benzéne (
a Perkin-Elmer Lambda 5 spectrophotometer. A Hewlett- x er = 7200 dn3 mol~! cm™1 at 520 nm) or in acetonitrile
Packard 8453 diode array spectrophotometer was also used. (®1 x er = 6500 dn¥ mol~! cm™! at 520 nm)'®> The molar
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TABLE 1: Stokes Shift and Fluorescence Quantum Yield
30000 (®F) Determined for Flindersine in Various Solvents at
g Room Temperature in the Presence of Oxygen
_ a solvent stokes shitNv (cm2) ®f (exe= 321 nm)
- o
£ 20000- = 3MP 726 0.0007
it 7 n-hexane 726 0.0007
g z CH:CN 826 0.0010
e Z EtOH 952 0.0019
T 10000+ = CRCH;OH 1613 0.0027
® £
J V\'\ = a @ determined aflexc = 327 nm.
s . = \ — g TABLE 2: Singlet Excited-State Parameters, Fluorescence
210 280 350 420 490 Lifetime, and Radiative and Nonradiative Kinetic Constants
A (nm) for FL in Trimethylpentane, Ethanol, and Trifluoroethanol
Figure 1. Absorption and fluorescence spectra of FL in 3MP (black) solvent  T/K 7elns ke/s™t Skndst
and ethanol (gray), recorded at room temperature. 3MP 78 1.42f 0.02 4x 107 6.6 x 1P
298 ~0.1 ~0.7x 100 ~1x 101°
absorbance coefficient of @ff-phenanthridinone triplet in EtOH 298 =~0.15 1.3x 107 7 x 10¢°
CH3CN was determined through a sensitization methduy CRCH;OH 298 ~0.2 13x10° 5x10°

using benzophenone as a sensitizgr= 6500 dn¥ mol~t cm™,

@1 = 1, andEr = 288 kJ mof1)!® because of its favorable
spectral situation. Determining for 6(5H)-phenanthridinone

in hydrocarbon solvents was impossible, since its extremely low
solubility made unreliable recording any significant signal.

passing from the nonpolar 3MP to the highly hydrogen-bonding
trifluoroethanol, ®r increases almost 4 times and the Stokes
shift is more than doubled. Furthermore, tthg value in a
specific solvent depends not only on the degree of vibronic
excitation within the same electronic transitibut also on

The triplet quantum vyield of flindersine in benzene was . . ; . S
B the electronic state that is excited. In fact, by irradiating FL at
measured by comparing the changes of absorbanearotene A < 270 nm, the fluorescence intensity was so weak to make

triplet, sensitized by energy transfer from the substrate, and that: : o . .
sensitized by benzophenone, used as a standgrek(1), under impossible estimatingbg in every solvent except trifluoro-
the same experimental conditions (absorbance at 355 nm an g;fg? IC’DWZ,? /rleI)F_(l;)éCfmi‘;O nm)= 0.001 (i.e., less than a
J-carotene concentration). More details about the method of F o fexc = :

triplet quantum yield determinations are reported in the litera- Th_e_ fluorescence quantum yield of FL IS also S|gn|f|cantly
turel? sensitive toward temperature. An 80-fold increasebinwas

observed between room temperatudg: (= 0.0007) and 78 K
(®r = 0.0552) in 3MP; in ethanotpr increased 20 times from
333 (@ = 0.0006) to 173 K¢r = 0.0132) and 4 times from
Flindersine (FL). It was previously reportédthat the 328 (@F = 0.0017) to 245 K@ = 0.0068) in trifluoroethanol.
fluorescence®g) and reaction®pc) quantum yields of FL are In Table 2, the kinetic parameters which characterize the
functions of the vibronic level excited within a given progression singlet excited-state relaxation of FL are reported in three
of the first electronic excited state. In other words, FL exhibits solvents. The radiative kinetic constant was calculated from the
“vibronic effects” in photochemistry and photophysics as well. experimental fluorescence lifetime and quantum yikids @/
Figure 1 depicts the room temperature absorption and the z, and the sum of all radiationless rate constants was determined
emission spectra of FL in 3MP and EtOH. The absorption as the difference} knr = 1/t — k. In 3MP, by comparing the
spectrum consists of two main electronic bands: the magnitudeparameters at room temperature and 78 K, it can be noticed
of the molar absorbance coefficients {1@m® mol~* cm™1) that the radiative rate constant was scarcely temperature
suggests that they are generated by allowed electronic transi-dependent, whereas thd,, increased by more than 1 order of
tions. The band located at lower energy is vibronically structured magnitude upon warming the solution at room temperature. In
with an energy difference between adjacent peaks of roughly EtOH and CECH,OH, at 298 K, the lifetime was slightly longer
1300 cn1l. The same fine structure appears in the emission and the sum of the nonradiative rate constants was slightly
band, centered at 395 nm. According to a simulation of smaller than in 3MP.
absorption spectrum, based on the ZINDO/S ¥100) method, Among the radiationless processes involved in the relaxation
applied on a molecular geometry optimized for the ground state dynamics of FL, there is the reactive route. Figure 2 shows the
by the PM3 method, the band at lower energy is due to the time evolution of the FL absorption spectrum recordable under
HOMO—-LUMO transition (predicted to be at 349 nm) having continuous UV irradiation, due to the photoproduction of a
mr* character and involving the entire antenna system of FL. yellowish species that is metastable, since it thermally back
The antenna, harvesting UV radiation, is an extended electronicconverts to FL (eq 1J.
system including the n orbital on the oxygen atom of the pyran

Results

ring, perpendicular to the molecular plane, andAhelectrons FL LY B (1)
of the G=C, bond along with the two adjacent rings. The A
presence of the carbonyl group entails the existence of)(n, The overall chemical transformation is described by the

state, predicted by ZINDO/S calculation to give rise t0 a inetic eq 2,
spectrally silent transition at 332 nm.
In Table 1, Stokes shiftsAy) and values of absolute dAg
fluorescence quantum yield®§) for FL in different solvents o~ el Ped — KAg (2)
are reported. They are appreciably sensitive to the nature of
the solvent. Increasing polarity, and/or hydrogen bonding ability whereAg andeg are the absorbance and the molar extinction
of the solvent, leads to an increaselm andAv. For example, coefficient of the product, respectivelyr represents the
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270 300 33}? (n;G)O 390 420 450 Figure 4. Absorption and emission spectra of PH in ethanol (black)

and acetonitrile (gray) recorded at room temperature. Inset: Comparison

Figure 2. Spectral evolution of FL in 3MP upon continuous irradiation  of absorption spectra of FL (black) and PH (gray) in ethanol.

(Aexc = 321 nm) at 150 K.
annihilates to produce, at least partially, the second component,
whose spectrum has a maximum at 360 nm. This latter transient
is insensitive to oxygen and has a lifetime in the millisecond
scale. Its spectral and dynamical properties suggest that it is
the product (B in eq 1) of the electrocyclization reaction. Its
precursor can be reasonably thought to be a triplet state of FL.
The triplet character of the precursor transient was supported
by diffusional quenching by oxyger{= 2 x 10° dm?® mol~*
s7), 2,2,6,6-tetramethyl-1-piperidinyl-1-oxy radical (TEMPO;
kg = 4.6 x 10° dm® mol~! s7%), and ferrocenekg = 2 x 10%°
dm?® mol~1 s~1). Moreover, FL quenched the room-temperature
camphorquinone Br = 210 kJ mof1)!® phosphorescence
emission kg = 4 x 10° dm® mol~? s7%). As a consequence,
sensitization experiments, carried out with the purpose of
determining the triplet quantum yield of FL, were unsuccessful
when biacetyl (k= 236 kJ mot1)1>was used as a triplet energy
acceptor, whereas they were successful Witarotene Er =
75 kJ mot1).2° The productdr x et (Whereer and®+ are the
triplet absorption coefficient and quantum yield, respectively)
was measured at 430 nm. By means of the procedure mentioned
in the experimental section, the following values were obtained
in benzene at 430 nmdr x er = 2710 dn¥ mol~* cm™1, ®+
= 0.33, ander = 8210 dnt¥ mol~t cm™L. Therefore, the rate
constant of $— T intersystem crossing ksc(298K) = ®+/
EAx 2 x 100sL
The triplet state lifetime was reduced to almost one-half in
polar solvents: resulting in 0.055 in ethanol. When FL was
excited at 266 nm, the same spectral evolution as that at 355
nm was obtained.
6(5H)-Phenanthridinone (PH). The 6(8)-phenanthridinone
(PH) is a heterocyclic compound, whose molecular structure is
strictly related to that of the photochromic FL (see Chart 1).
Consequently, the absorption spectra of PH and FL are very
Determinations ofbpc carried out at 260, 225, 210, 195, 180, similar, Figure 4, inset. Similar to FL, even for PH, the band at
150, and 83 K showed thabpc is constant and equal to 0.81 lower energy is vibronically structured with an average energy
over the 266-80 K temperature range. This means that the rate separation between adjacent peaks of 1400'ciThis kind of
constantkeo) of FL electrocyclization does not depend on either fine structure can also be found in the fluorescence spectrum
temperature or viscosityy], since, in the broad range of centered at 360 nm (see Figure 4).
temperatures investigategl,changes by 4x 10'2 times. The magnitude of the molar absorption coefficients*(di®?
Nanosecond laser flash photolysis experiments allowed the mol~* cm™1) of the spectrum of PH points to allowed electronic
role played by the triplet state in the relaxation dynamics of FL transitions, as in FL. ZINDO/S (18 10) calculation, performed
to be characterized. The spectral evolution of FL in 3MB( on a geometry optimized for the electronic ground state with
= 355 nm) is portrayed in Figure 3. Two transients are involved the PM3 method, predicts a band at 312 nm, hawipg nature
(as also found for 2,2-spiro-adamantyl-7,8-benk)¢dromene): and involving ar system delocalized over the entire phenan-
11 the first, appearing soon after the laser excitation, gives rise threne-type framework containing the amide group. Moreover,
to the band centered at 430 nm and has a lifetime ofu8,1 a nyt* state, associated with the carbonyl group, is predicted to
which was shortened in the presence of oxygen; this transientoriginate a forbidden transition at 340 nm.
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Figure 3. Transient absorption spectra of FL recorded in 3MP, at
different delay times after the laser shét= 355 nm): after 0.01@&s
(triangle); after 0.052us (circle); and after 1.6&s (square). Inset:
Kinetics at 330 and 460 nm.
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intensity of the irradiating monochromatic light (321 nm)
absorbed by FLgl is the path length; ankl, is the rate constant
for the thermal back conversion of B to FL. By adopting the
kinetic method of the initial rates, determining the irradiation
intensity, and knowing thats = 3110 dn¥ mol~* cm™! at 385
nm? ®pc could be determined at different temperatures, using
eq 3,

B (dAg/dt),
111 — exp(=2.3A )]eg

wherel? is the intensity of the incident light (321 nm) aAgy,
is the FL absorbance atyc

®)

PC
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TABLE 3: Stokes Shift and Fluorescence Quantum Yield A a
(®¢) Determined for PH in Various Solvents, with or 1.5
without Oxygen, at Room Temperature and for Different 1oz
Excitation Wavelengths 104 2 A ’
Stokes Aexc A a
solvent  shift/Av (cm™)  (nm)  ®e(aerated) D(deaerated) 05, O an R oo
3MP 528 236290((35) 8822 882? 7 (ns) 6'0‘] 120 1éo_|_ © 240 300 .CI)
: : F
255(S)  0.044 0.045 0.9- yu p b o2
225(S)  0.041 0.042 A
CHsCN 870 319 (9 0.068 0.071 a
267(S)  0.059 0.061 Q A
258(S)  0.053 0.055 sl g ] 0.1
EtOH 648 319(9  0.106 0.108 0.6+ ol
gg; g; 838;3 8%8223 160 180 200 220 240T ( I%e)so 280 300 320 340
234 (9) 0.074 0.075 Figure 5. Variation with temperature of fluorescence quantum yield
H20 1032 235260 ) 83;2 8332 (®r, right side scale) and lifetimerd, left side scale) of PH in 3MP
230 gg O' 078 0' 081 (a) and ethanol (b). The fluorescence decay traces were collected at
CFR:CH,0OH 954 320(9 0.13 0.14 Aexe = 320 nm andien = 357 nm.
293(§) 013 0.14
255(3)  0.11 0.12 P
A 0.03
| \-
Different from FL, PH exhibited a solubility strongly de- 0.04 i \ AA
pendent on the solvent: it was scarcely soluble in saturated and m [ wy,
unsaturated hydrocarbons, as well as in water, whereas it easily ' | | o
dissolved in solvents like ethanol and acetonitrile. el || . ".I - Gt( 5 12
Fluorescence quantum yields, determined in air equilibrated ) l.,-' \'\. s "-.\ !
and nitrogen equilibrated solutions, Table 3, reveal that some T .
photophysical properties of PH, like Stokes shift abg are o i',l' '\,,f ‘-.\":---:’\.-x!-\ —
significantly sensitive to the nature of the solvent. In particular, 0.00 '(\.}:;‘M‘“-A.n‘n.:‘.i‘:ﬁ""l:} :fl?kf};;lé

T T
300 400 500 600 700
A (nm)

increasing polarity and/or hydrogen bonding ability of the

solvent leads to an increase in bddh and Stokes shift, as found

for FL. Moreover, thebg value in each solvent was independent ) ) ) o

of the degree of vibronic excitation within the same electronic Figure 6. Transient absor_ptlon spectra c_)f PH recorded in acetonitrile
" . T at room temperature, at different delay times after the laser ghet (

transition, but decreased passing from excitation in the lowest 266 nm): after 0.56:s (square): after 4.16s (circle): and after 15.3

energy electronic band to excitation in the higher ones. This ;s (triangle). Inset: kinetics at 400 nm. ’

occurred, albeit PH was unreactive under UV irradiation during

the recording of emission spectra. The fluorescence quantumTABLE 4: Fluorescence Lifetimes and Radiative and

yield of PH was also sensitive to temperature, as it occurred in E%rgr?gllag\r/]g #'r'i}ﬁ}g:r&ct’ﬂ;}%}ts of PH in Trimethylpentane,

FL. A sevenfold increase was observed in 3MP between room !

temperature®g = 0.044) and 80 K@ = 0.31), a temperature solvent T/K Te/ns ke/s™ SkadSt
where phosphorescence also was obserdeg € 0.41). In 3MP 78 1.6 1.9¢ 108 43x 108
ethanol,®f increased/, times from 333 @ = 0.093) to 174 298 0.6 1.1x 108 1.6x 1¢°
K (®F = 0.232), whereas it rose of almost 2 times from 328  EtOH 298 0.7 1610 13x 10

173 0.97 2.3x 1¢° 8 x 10°

(Pr = 0.114) to 245 K ¢ = 0.202) in trifluoroethanol. CF:CH,OH 508 0.92 12 108 95x 10F

By using the single photon counting method and the hydrogen
lamp as the exciting source; of PH was also determined in  and kinetic properties of the triplet state were determined. The
different solvents and at different temperatures. In Figure 5, the transient absorption spectra, collected soon after the laser pulse
experimentalte and @ values are plotted as a function of (lexc= 266 nm), involved only one transient species, originating
temperature in 3MP (a) and ethanol (b). Bofh: and 7 a broadband, peaked at 360 nm (Figure 6). This species
increased by lowering the temperature and their growth occursexhibited triplet character since it was quenched by oxygen,
with substantially the same slope. This suggests that the radiativesensitized by benzophenone, and decayed with monoexponential
rate constantkg, is quite independent of temperature. kinetics ¢ = 3.3 us, in deaerated acetonitrile solution, Figure

In Table 4,7r, kr, and Sky,, determined at 298 K in three 6, inset).
solvents, are reported. The fluorescence lifetime increased by By using benzophenonéef = 288 kJ mot?) as a triplet
raising the polarity and/or proticity of the solvent. This is mainly sensitizer, the molar absorption coefficient of PH was deter-
due to a decrease of the nonradiative kinetic constants, whosemined €r = 6000+ 400 dn? mol~1 cm™t at 400 nm, and

sum is the most temperature-sensitive parameter, whé&gas = 85004 500 dn? mol~t cm™1 at 370 nm). From®r x et
which was substantially the same in the three solvents, is values at the different wavelengths, the triplet quantum yield,
independent of temperature. ®r = 0.8+ 0.1 in CHCN, was obtained. Through measure-

At 80 K, in a 3MP matrix, PH gave rise to a phosphorescence ments of biacetyl sensitized phosphorescence (see the Experi-
band besides the fluorescence one, confirming what was reportednental Section) carried out in ethanol at room temperature, with
in ref 20. From the spectral position of the phosphorescence 2,2-dithienylketone as a reference, the triplet quantum yield
band the triplet state enerdyy = 285 kJ mof?, was estimated.  was estimated to bé+ = 0.74+ 0.1. It is worth noticing that
Through nanosecond flash photolysis experiments the spectral®+ is substantially the same in both solvents, ethanol and
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TABLE 5: Fluorescence Quantum Yields of Thioxanthone, CHART 2
Phenanthridine, and Acridine as a Function of the
Excitation Wavelength, in Ethanol at Room Temperature
thioxanthone phenanthridine acridine
Aexc (NM) Dp Aexc (NM) Dp Aexc (NM) (O
377 0.072 329 0.111 374 0.022
297 0.050 298 0.082 355 0.019
285 0.050 288 0.075 338 0.016
269 0.069 258 0.007

TABLE 6: Activation Energies and Frequency Factors of
acetonitrile, with respect to the accuracy with which it could PH and FL in Trimethylpentane, Ethanol, and

be determined. Since the lifetime of PHris= 0.7 ns in ethanol  Trifluoroethanol

at room temperaturégsc &~ 1 x 10° s7% PH FL
Further ResultsWe wanted to ascertain whether the fluo- solvent Ea(cmd)  A(s) Ea(cmY) A(sY
rescence quantum yield dependence on excitation of different
electronicqbands wgs a e(?uliarit of PH and FL or if it was 3MP 420+£20  2x 10° ars+ 14 1> 107
P y EtOH 580+ 50 2x 10  880+50  5x 104

detec_taple even ir_1 othgr compouno_ls aIready_ known to give CRCH,OH 940+50 5x 10 1360+ 130 102
“proximity effects” in their photophysics. For this purpose, we

recorded the emission, absorption, and emission excitation ] o o
spectra of thioxanthori&, phenanthriding? and acridiné® in thermally activated radiationless process, the total nonradiative
ethanol at room temperature and determined the fluorescencd@te constantjk. can be separated into a temperature-
quantum yields as a function #f,. (Table 5). As found for FL lndzipendent parg (k,) and a temperature-dependent part (eq
and PH,®r decreased by passing from excitation at the lowest 4),

energy electronic band to excitation at higher energy bands also _ —EJRT

for thioxanthone, phenanthridine, and acridine. anr - z(k'nr) +Ae (4)

whereA is the frequency factor arig, is the activation energy.

Insertion of eq 4 into the expression of fluorescence quantum
The close structural similarity between FL and PH entails yield results in the Arrhenius-type eq 5:

related energetic distribution of the electronic excited states and

therefore similar absorption and emissipn spectra. It is reason- 1 ke+ YK, A err_ 1 A _gpgr

able to suppose that the two heterocyclic compounds also have o ke + kFe = o0 + kFe (5)

similar relaxation dynamics after UV irradiation. However, the F F

presence of a pyran ring, exclusively in FL, opens the possibility . S N

of an electrocyclization reactive path, that is so fast as to wherekg is the quort.escence kinetic constant. In logarithmic

kinetically compete with the other decay routég.he conse- form, eq 5 becomes:

qguence is that all quantum yields of radiative and radiationless 1 1 A E

processes, other than chemical transformation, are smaller for In[-———=|=In[~] - =2 (6)

FL than for PH. The latter is more luminescent than FL, has a N2 <I>‘é ke RT

higher @1 than FL, and exhibits phosphorescence emission in

a 3MP matrix at 80 K. Moreover, the lifetimes of the excited Where®¢ = (ke)/(ke + k) represents the low-temperature

singlet and triplet states are shorter for FL than for PH. Since limit of ®.

both FL and PH have an amide group in their antenna systems, A similar equation can be formulated for the fluorescence

both compounds are expected to have two close-lying electroniclifetime

excited states of m¥ and r,7* nature. This implies the possible

Discussion

detection of “proximity effects” in their photophysics, namely, Y ) In(A) — B 7
luminescence sensitive to the proticity of the solvent and T(F) RT
temperature.

The fluorescence quantum yields and decay lifetimes of FL wherer2 = 1/(k + YK, represents the low-temperature limit
and PH depend on the nature of the solvent. In nonpolar of .
solvents, fluorescence is weak and short lived. It becomes more The analysis of th&r andz data by relationships 6 and 7
intense and longer lived by increasing the proticity of the (see a graphical example for PH in 3MP, Figure 7) allows the
solvent. The hydrogen-bonding power of solvent molecules can activation energies and the frequency factors for FL and PH to
modify the ng* —z,r* energy gap, shifting the n state to be determined. The results obtained in solvents of different
the blue and ther,n* state to the red. If the lowest excited  proticity are reported in Table 6. It is evident that the activation
state isw,* in character the m* —r,m* energy gap increases  energies are quite small for both compounds, confirming a close
in protic solvents, thus reducing thesf\,—m* vibronic proximity of the (ng*) and (r,7*) states. As expected, tH&,
coupling and leading to an intensity and lifetime increase of values significantly increase by raising the solvent proticity.
the luminescence, as observed for both PH and FL. Hydrogen-Even the frequency factors are solvent dependent: they increase
bonding interaction is favored by formation of a stable six- along with the hydrogen-bonding power of the solvent and their
member cycle involving the amide group of the compound and values for FL are roughly 10 times greater than those determined
the OH group of the solvent (Chart 2). for PH. The magnitude of the frequency factors suggests that a

The temperature is the other parameter able to control the spin-allowed proced$is the principal temperature-dependent
vibronic coupling between theat —r,7* states and modulate  decay route. This is underpinned by a theoretical consideration,
the luminescence from S Considering the possibility of a  predicting the proximity effect to be greater the larger the energy
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LA
6 22 B |<12c
A=A1+— 9)
51 - | ke
ag“ & - 20 g From eq 9, itis clear-cut th#; » > A, namelyA; » > 10—
N g ° = 102stin FL, whereash; » = (2—5) x 10*°s1in PH. Since
'3 i 2 S, is close in energy to S it is reasonable thakZ' is
= 24 g 28 o_ “."i; comparable withA; . Therefore, to deplete;Ssignificantly,
S [ k2% must be=(2-5) x 10 s1in PH andkZ® > 10M1-10%2
14 i s 1in FL. The internal conversion,S> S should be the main
I route which, by subtracting population te, & responsible for
01 the dependence of the fluorescence quantum yield on temper-
0003 0004 0005 0'00166 ature and excitation wavelength. If electronic states Iopated at
AT (1K) higher energy than the lowestwri,and 7z,7* ones are excited,

] ~a fraction of molecules can undertake the route that bypasses
Figure 7. Temperature dependence of fluorescence quantum yield g redycing the quantum yield of fluorescence. This is probably
(circle) and lifetime (triangle) of PH in 3MP according to egs 6 and 7, true not only for FL and PH, but also for other N-heterocyclics
respectively. . o

and carbonyl compounds, such as thioxanthone, phenanthridine,
and acridine, which exhibit proximity effects.

Conclusions

This work highlights the role played by the carbonyl group
in the antenna system of a naturally occurring chromene, FL,
and the structurally related heterocyclic compound, PH. The

T carbonyl group entails the existence of two close-lying*n,
and zr,t* electronic states, whose energy can be modulated
through a careful choice of the hydrogen-bonding power of the
solvent. In a nonprotic solvent, like 3MP jrf,and 7r,7* states

A . . . .
So are very close, whereas in the highly protic trifluoroethanol,
Figure 8. Energy level diagram and kinetic scheme of the relaxation they can be far apart. The closer the energy of the and
dynamics for the lowest singlet excited states of FL and PH. zr,r* states, the stronger their coupling is. The temperature is

the other parameter whereby it is possible to control the coupling
gap for a radiationless transition4sSince the $—S energy of the two states: the two orthogonal electronic states can couple
gap is much greater than the-SI'; gap, it follows that the through out-of-plane bending vibrations of the carbonyl group.

proximity effect should have a much larger effect on-S S The higher the temperature, the larger is the energy available
internal conversion than oy S> T, intersystem crossing. to the coupling modes. More energy to these modes entails
Due to the remarkably small energy gap betwegiinSr*) stronger coupling between the two electronic excited states. The

and S (7r,7*) states, a strong coupling is predictable for them. stronger their coupling, the faster the radiationless decay and
As reported by Siebrand and Zgierdkinder strong coupling ~ the lower the®g are. In FL the emissive power is further
conditions, higher order contributions to radiationless decay mustreduced with respect to PH by the very fast reactive route, able
be considered, namely, transitions in which the upper of the to kinetically compete with the other relaxation branches.

two coupled states acts as an intermediate. On the basis of this As theoretically predicted by Siebrand and Zgiefskind
consideration, the kinetic model that we propose to explain the previously proposed by Turro et al. for thd-transretinal?’
obtained results is portrayed in Figure 8. It includes, among the strong coupling betweenst, and 7z,7* states can also be
the relaxation pathways that can be pursued from tfie,5*) the cause of the dependence on the degree of electronic
state, not only fluorescence decay, intersystem crossing to tripletexcitation of®¢. FL and PH, as thioxanthone, phenanthridine,
state, and internal conversion directly to(&c19), but also an acridine all-transretinal, and probably othét-heterocyclic and
activated internal conversion to a slightly higher singlet excited carbonyl compounds, exhibit a decreasebinwhen optically
state $ (na*) (kcl?d. In FL there is also the temperature- active electronic states, located at energies greater than those
independent electrocyclization reactive brarigh)to take into of the nz* and &7* states, are selectively excited. This
account. As the Sstate is populated, it is depleted through either Phenomenology can be accounted for by the ability to subtract
internal conversion to S(kc?Y) or directly to § (kic29), molecules from the emissive,(&,7*) level of the dark ng*
bypassing & On the basis of this scheme, already proposed in state, which can be populated from either higher states or
a similar fashion to explain the isoquinoline photophysftte ~ thermally from $(z,7z). In fact, under strong coupling condi-

fluorescence quantum yield is related to the rate constantstions, contributions to radiationless decay by transitions, in
through eq 8: which the upper of the two coupled states acts as an intermedi-

ate, must be considered. By this way a decay route is opened
—FL, .
1 ke + kicl,o+ ke + (Koo kicz’OAl,ze ELIRT . which bypasses Sreducing the emission
cpTF - ke (k 20 4 K Z’l)kF (8) Acknowledgment. This research was funded by the Italian
¢ c “Ministero per I'Universitae la Ricerca Scientifica e Tecno-
logica” and the University of Perugia in the framework of a
The experimentally determined frequency factay ¢f eq 5 FIRB project (Spectroscopic and kinetic study of organic
can be identified with the ratidd’A; 2)/(Ke2 + K) of eq 8. photochromic compounds in solution, micro-heterogeneous
Therefore, media and polymeric films).
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