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Abstract

This work presents an experimental and computational study of the intramolecular electronic energy transfer process occurring in
two newly synthesized bichromophoric species: N-(7-nitro-2,1,3-benzoxadiazol-4-yl)amino-bis-ethyl-2-[(4-chloro-1-naphthyl)oxy]acetate (f-
Bi) and N-(7-nitrobenzo[c][1,2,5]oxadiazole-4-yl)-(3S, 4S)-pyrrolidin-3,4-bis-yl-2-[(4-chloro-1-naphthyl)oxy]acetate (r-Bi). In both f-Bi and
r-Bi the donor chromophore is the [(4-chloro-1-naphthyl)oxy]acetate moiety, whereas the acceptor units belong to the family of the 4-
dialkylaminonitrobenzoxadiazoles, well-known fluorescent probes. The two bichromophores differ in the structural flexibility. In f-Bi, acceptor and
donors are linked by a diethanolamine moiety, whereas in r-Bi through a (3S, 4S)3.4-dihydroxypyrrolidine ring. By means of steady-state and time-
resolved UV-vis spectroscopies we carried out a detailed analysis of the photo-response of donor and acceptor chromophores as individual molecules
and when covalently linked in f~-Bi and r-Bi. The intramolecular energy transfer process occurs very efficiently in both the bichromophores. The
rate constant and the quantum efficiency of the process are kgr =(2.86 4 0.16) x 10! s~! and 9 =0.998 in f-Bi, and kg =(1.25 4 0.08) x 10'! 57!
and 0 =0.996 in r-Bi. Semiempirical calculations were utilized to identify the energy and the nature of the electronic states in the isolated chro-
mophores. Molecular mechanics calculations have been performed to identify the most stable structures of the bichromophoric compounds. The
predictions of Forster theory are consistent with the experimental results and provide a suitable way to evaluate the structural differences between
the two compounds.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction cyclodextrins [9,10], in photomolecular devices [11-14] and in

photochemical synthesis [15]. It occurs in systems composed of

The process of electronic energy transfer (EET) is ubiquitous
in natural and artificial photochemically active systems [1,2]. It
is present in the antenna systems of photosynthetic organisms
[2—-6], in photodynamic therapy [7,8], in multichromophoric 3-
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at least two molecular species [1,16,17]: a donor (Dn) and an
acceptor (Ac). EET processes take place at distances from 1 A to
more than 50 A, and on time scales ranging from femtoseconds
to milliseconds [16,17]. When Dn and Ac are parts of the same
compound, the EET is intramolecular (intra-EET), otherwise the
EET is intermolecular (inter-EET).

Inter-EET and intra-EET are special cases of non-radiative
processes contributing to the decay of electronically excited
molecular systems [18-22]. Depending on the relative mag-
nitude of the electronic coupling between donor and acceptor
(Vbn-Ac) and on the donor vibronic bandwidth, two limiting
cases of EET can be distinguished, which are referred to as
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strong and weak coupling mechanisms, respectively [1,23]. In
the strong coupling case the excitation is delocalized on both
the donor and the acceptor. Within the weak-coupling regime,
the rate for energy transfer kgt between an excited donor and a
ground-state acceptor can be derived from the time-dependent
perturbation theory and the Fermi Golden Rule as [1]
T 2

kgt = ?|VDH—AC| (FCWD) (M
where FCWD represents the Frank-Condon weighted density of
states, corresponding to the product of the density of vibrational
states in the initial and final states and their spectral overlap. In
general, the effective electronic coupling matrix element Vpy_ac

can be expressed as a sum of a number of electronic coupling
terms [1,24]:

1 i short- i
Vbn—Ac = uCou ombic +ub ort-range + ubndge (2)

where uCoulomblc

interaction between dipoles and/or higher multipoles; u'
is the Dexter type mechanism, depends upon the interchro-
mophore orbital overlap, consists of a term accounting for
the interpenetration of the charge density centered on one
molecule with that of the other molecule and of an exchange
term defining the quantum mechanical two-electron exchange
interaction; u"92¢ accounts for the transfer of energy from the
donor to the acceptor via intermediate moieties or connecting
bridges [1,24].

Understanding the mechanism of EET between two chro-
mophores is the key for the design and construction of efficient
photonic devices, artificial energy harvesting systems, and it is
of interest in optical computing and in molecular electronics
[25,26].

represents through-space acting Coulombic
short-range
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Bichromophoric molecules, containing two or more distin-
guishable molecular units separated by bridges of controllable
length, are ideal systems for investigating intra-EET processes
[17]. The properties of the bridge determine the degree of flexi-
bility of the whole structure and the basic electronic structure of
the chromophores. If the bridge prevents the direct Dn—Ac inter-
action, the electronic absorption spectrum of the bichromophore
can be described as a simple superposition of the absorption
spectra of the two chromophores. On the other hand, if the
bridge induces reciprocal interaction of the two chromophores,
the optical properties of the bichromophoric species result “non-
additive” [1,2,27].

In this paper we present the study of the intra-EET
process in two newly synthesized bichromophoric species
where the (4-chloro-naphthalen-1-yloxy)-acetyl group acts
as the donor and the N-(7-nitro-2,1,3-benzoxadiazol-4-yl)bis-
ethanolamine and N-(7-nitrobenzo[c][1,2,5]oxadiazole-4-yl)-
(3S, 4S)-pyrrolidine-3,4-diol act as acceptors (see Plate 1). The
two moieties are covalently linked through an ester functionality.

4-dialkylaminonitrobenzoxadiazoles are frequently utilized
fluorescent probes in biological applications [28-31]. The
presence at the opposite ends of an aromatic ring system
of electron-donating and -accepting groups, such as amino-
and nitro-groups, produces fluorophores particularly sensitive
to their surroundings [32]. In addition, the two Ac units,
bridged with the flexible di-ethanolamine and the rigid 3,4-diol-
pyrrolidine groups, respectively, offer an excellent opportunity
for investigating the dependence of intra-EET on molecular
flexibility. The Dn chromophore has been chosen in order to
maximise the efficiency of the EET process. In fact, the emission
band of the (4-chloro-naphthalen-1-yloxy)-acetyl donor largely
coincides with the S state absorption band of Ac.

as

o /\—j o
N

N
=N, =N,
-~ 'O =~ JO
N N
NO, NO,
f-Bi r-Bi
HO OH HG, O
cl \L J/
0 : "
O /N\ /N\
KWOH e _ 0
N N
Dn = NO, NO,
f-Ac r-Ac

Plate 1. The molecular structure of the two bichromophores, the two acceptors and the donor.
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2. Experimental and data handling
2.1. Materials and synthesis of the compounds

All materials for the synthesis of Ac, Dn and of the two
bichromophores were purchased from Aldrich. The solvents
for the spectroscopic measurements, acetonitrile (>99.9%) from
Merck and ethanol (~96%) from Fluka were used as received.

The donor Dn, (4-chloro-naphthalen-1-yloxy)-acetic acid,
was synthesized according to the procedure reported in Ref.
[33].

2.1.1. 4-(diethanolamino)-7-nitro-benzo [1,2,5 Joxadiazole
(FAc)

A solution of 4-chloro-7-nitro-benzofurazane (2.1 mmol,
420 mg) with diethanol-ammine (3 mmol, 320 mg, 300 nl) in
10 ml ethyl-acetate and 1 ml dichloro-methane, was left under
vigorous stirring at room temperature (rt). After 2 h the dark
red solution was added with triethyl-amine (1.2 mmol, 110 mg,
140 1) and kept under stirring for 2 h. Finally the solution was
concentrated and the red dark solid was recristallyzed from
methanol/diethyl ether to give 540mg of a red solid (95%
yield). Rf (CH>,Cl,/MeOH 4:1)=0.8; mp 194-196 °C; '"H NMR
(200 MHz, CDCI3/CD30D): § 8.45 (d, J=9Hz, 1H), 6.41 (d,
J=9Hz, 1H), 4.20 (t, J=5Hz, 4H), 3.95 (t, J=5Hz, 4H). 1°C
NMR (50 MHz, CDCI3/CD30D): § 145.6, 144.1, 144.0, 135.3,
120.5, 101.9, 58.3, 55.7; MS EI 70eV m/z 268.1 (M*, 20.5),
269.3 (2),270.3 (0.4); IR KBr: 3366 (m, b), 3111 (w), 2953 (w),
2937 (w), 2884 (w), 1606 (s), 1552 (s, b), 1483 (m), 1458 (m),
1450 (m), 1431 (m), 1388 (m), 1328 (s), 1300 (s), 1252 (m),
1225 (m), 1163 (m), 1061 (s), 1003 (m) cm™!; Anal. Calcd for
C10H12N4O5C, 44.78; H, 4.51; N, 20.89; Found C, 44.75; H,
4.24; N, 21.00.

2.1.2. N-(7-nitro-2,1,3-benzoxadiazol-4-yl)amino-bis-
ethyl-2-[(4-chloro-1-naphthyl)oxy Jacetate (f-Bi)

A solution of 4-chloro-naphthalen-1-yloxy-acetic acid
(1equiv., 0.71 mmol, 170mg) in 6 ml dry dichloro-methane
and 0.1 ml DMF, was added with oxalyl chloride (1.1 equiv.,
0.8 mmol, 99 mg, 66 wl,) as reported in Ref. [34]. f-Ac (1 equiv.,
0.36 mmol, 97 mg) was added slowly at 0°C to the resulting
solution followed by the addition of pyridine (3 equiv., 2.4 mmol,
193 l). The dark red solution was stirred at rt overnight and
concentrated to produce the crude reaction mixture which was
purified by column chromatography to give 80 mg (yield 36%) of
(f-Bi). R¢(CH,Cl,)=0.45; mp 75-76°C). "H NMR (400 MHz,
DMSO): § 8.25 (d, J=9 Hz, 1H), 8.13-8.20 (m, 2H), 8.06-8.05
(m, 2H), 7.70-7.66 (m, 2H), 7.60-7.56 (m, 2H), 7.46 (d, /= § Hz,
2H), 6.80 (d, J=8 Hz, 2H), 6.48 (d, J=9 Hz, 1H), 4.96 (s, 1H),
4.47 (t,J =5Hz,4H), 4.20 (m, 4H); '3C NMR (50 MHz, CDCl3):
5 168.2, 152.1, 144.0, 143.9, 143.7, 134.4, 131.1, 127.8, 126.3,
126.0, 125.1, 124.3, 124.1, 123.4, 122.0, 104.5, 101.8, 65.3,
62.2, 51.6; MS EI 70eV m/z 705.5 (M*, 0.9); IR KBr: 3435
(m), 3.066(w), 2962(w), 2924(w), 1762(s), 1742(s), 1614(m),
1593(m), 1544 (s), 1383 (s), 1301(s), 1278(s), 1195(s), 1097(s)
cm~!: Anal. Calcd for C34Hp6ClhN4Og C, 57.88; H, 3.71; N,
7.94; Found C, 57.87; H, 3.91; N, 7.99.

2.1.3. (3S, 4S)N-(7-nitrobenzo[c][1,2,5 Joxadiazol-4-yl)-
pyrrolidine-3,4-diol (r-Ac)

A solution of (3S, 4S)-N-benzyl 3,4-dihydroxypyrrolidine
(1.1 mmol, 215 mg) in MeOH (5 ml) was added with Pd(OH),/C
(110 mg) and left under an H, atmosphere with magnetic stir-
ring overnight. The solution was then filtered and added with
4-Chloro-7-nitro-benzofurazane (1.6 mmol, 320 mg). After stir-
ring for 3h at rt a red solid precipitated. The suspension
was filtered to give 255mg of (r-Ac) (85% yield). [a]® =
—39.8 (C=1, CH,Cl,).'"H NMR (200 MHz, CDCl3/CD30D):
6 8.51 (d, J=9Hz, 1H), 6.21 (d, J=9Hz, 1H), 4.49-4.21 (m,
4H), 4.05 (m, 1H), 3.76-3.52 (m, 1H); '3C NMR (50 MHz,
CDCI3/CD30OD): § 146.2, 144.1, 143.9, 135.2, 119.8, 100.5,
73.8,72.6,57.9, 55.3; MS EI 30eV m/z 266 (M™, 65); IR KBr:
3399 (s,b), 3285 (m), 3095 (w), 3078 (w), 3043 (w), 2930 (w),
2845 (w), 1609 (s), 1556 (s), 1535 (m), 1474 (m), 1425 (m), 1319
(s), 1276 (s), 1160 (m), 1077 (m), 1001 (m), 916 (m) cm™~'; Anal.
Calcd for C1oH19N4Os C, 45.12; H, 3.79; N, 21.05; Found C,
45.19; H, 3.96; N, 21.04.

2.1.4. N-(7-nitrobenzo[c][1,2,5]oxadiazole-4-yl)-(3S,4S)-
pyrrolidin-3,4-bis-yI2-[(4-chloro-1-naphthyl)oxy Jacetate
(r-Bi)

r-Ac (1.29 mmol, 344 mg) was added to the solution of (4-
chloro-naphthalen-1-yloxy)-acetyl chloride (compare synthesis
of f-Bi). The mixture was stirred overnight and then concentrated
and purified by column chromatography to produce 270 mg of
r-Bi (30% yield), Rf (CH2Cl2)=0.5, [«]3 = —39.8 (c=1.00,
CH,Clp); 'H NMR (400 MHz, CD3CN): § 8.38 (d, /J=9Hz,
1H), 8.21-8.20 (m, 2H), 7.95-7.72 (m, 2H), 7.51-7.39 (m, 4H),
7.39-7.28 (m, 2H), 6.75 (d, J=8Hz, 2H), 5.63 (d, /=9Hz,
1H), 5.44-5.42 (m, 2H), 5.01-4.90 (m, 4H), 4.02-3.87 (m, 1H),
3.71-3.60 (m, 1H) 3.40-3.20 (m, 2H); '3C NMR (DMSO,
50MHz): § 168.4, 152.7, 145.3, 145.2, 137.4, 136.1, 131.3,
129.0, 127.6, 126.9, 124.7, 124.5, 124.1, 123.6, 123.1, 122.1,
107.6, 103.5, 75.1, 74.0, 65.3, 56.6, 54.5; MS EI 30eV m/z
703.8 (M*, 100); IR KBr: 3507 (w, b), 3085 (w), 2919 (w),
2868 (w), 1766 (s), 1615 (m), 1592 (m), 1556 (s), 1505 (M),
1457 (M), 1423 (M), 1380 (M), 1316 (S), 1277 (S), 1189 (S),
1103 (S), 1000 (M) cm~!; Anal. Caled for C34Hp4CIN4Oo
C, 58.05; H, 3.44; N, 7.96; Found C, 58.41; H, 3.51; N,
7.73.

2.2. Spectroscopic measurements

UV-vis absorption measurements were performed on a
Perkin-Elmer Lambda 5 spectrometer. Corrected fluorescence
emission and excitation spectra were recorded on a Perkin-Elmer
LS50B spectrofluorimeter. For fluorescence quantum yield (®f)
measurements, the absorbances at the excitation wavelengths
were kept below 0.1. Anthracene in ethanol (@ =0.27) [35]
and Fluorescein in 0.1 M NaOH (&g = 0.93) [36] were used as
standards.

The experimental instrumentation and the data processing
for femtosecond transient absorption spectroscopy (TAS) have
been described in detail in previous papers [37-39]. Ultra-
short pulses (duration ~100 fs at 800 nm, repetition rate = 1 kHz,
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energy =700 wJ/pulse) were produced by a regenerative ampli-
fied Ti:sapphire laser system. Tunable excitation pulses were
obtained by means of a BBO-based optical parametric generator
and amplifier (OPG-OPA). The direct excitation of the molec-
ular f-Ac and r-Ac was achieved by tuning the pump pulse at
355 and 480 nm; these frequencies were obtained as the fourth
harmonic of the OPG-OPA signal at 1.42 wm and as the sum fre-
quency of the fundamental (800 nm) with the signal (1.20 wm),
respectively (average power ~2mW). Dn and the two bichro-
mophores were excited at 305 nm (fourth harmonic of the signal
at 1.22 pum). A small portion (2 pwJ/pulse) of the 800 nm beam
was focused on a 2mm thick CaF, plate to generate a pulse
of white-light continuum. This latter spanned the entire visi-
ble region and extended into the near UV down to 350 nm. The
white-light continuum was further split into two parts of equal
intensity. One part, acting as a probe beam, was spatially over-
lapped with the excitation beam in the sample. The second part
crossed the sample in a different position and provided the ref-
erence beam. The probe and reference beams were spectrally
dispersed in a flat-field 25 cm Czerny-Turner spectrometer, and
detected by means of a back-illuminated CCD camera with spec-
tral response in the region 300—1000 nm. In all the experiments
the relative pump-probe polarization was kept at 54.7° to dis-
criminate the excited state against the orientational dynamics
[37].

For kinetics measurements the probe wavelength was prop-
erly selected by means of interference filters (20 nm FWHM)
and a single channel acquisition was performed. The kinet-
ics at short time delays were fitted by fjoooo g(t — R()dt,
i.e. the convolution of the instrumental function g(¢) with the
response function R(¢) having different functional forms accord-
ing to the processes occurring at specific probe wavelengths
(see Section 3). In all the experiments g(¢), i.e. the cross-
correlation between pump and probe, has a Gaussian shape
with time duration of 200+ 10 fs FWHM for all probe wave-
lengths.

The sample solutions flew through a 1 mm thick cell equipped
with CaF; windows and connected to a solution reservoir and a
Teflon gear-pump. All the samples were dissolved in acetonitrile
and had an optical density of approximately / at the excita-
tion wavelength. Steady-state absorption spectra of the solutions
were measured before and after the experiments to check for pos-
sible sample decomposition. All measurements were carried out
at room temperature (~22°).

Fluorescence lifetimes were measured by directly utiliz-
ing the femtosecond pulses extracted from the laser apparatus.
The fluorescence was collected by a quartz lens and focussed
onto the photocathode of a Hamamatsu R2809U-01 microchan-
nel plate photomultiplier after passing through a proper set of
coloured filters (Schott Long Pass WG320 and UG11). The
output of the photomultiplier was connected directly to the
50 input of a digital oscilloscope (Tektronix Mod. TDS
7254 2.5 GHz band pass). The overall instrumental function,
obtained by measuring the duration of a small leak of the
excitation pulse passing through the filters, resulted slightly
asymmetric with a time duration (FWHM) of 950 ps (see inset
in Fig. 1).
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Fig. 1. Steady-state absorption (full line) and emission (dashed line) spectra of
the donor (Dn) in acetonitrile. The emission spectrum is obtained by exciting
the sample at 305 nm. In the inset: the fluorescence decay (full line) recorded at
360 nm, along with the instrumental function (dotted line).

2.3. Computational methods

To determine the nature of the electronic transitions respon-
sible of the bands appearing in the absorption spectra of Dn and
Ac, semiempirical ZINDO [40] calculations were carried out
with Gaussian 98 suite of programs [41] on electronic ground
state geometries optimized by the RHF method with 6-31G
basis set.

To determine the most stable conformations of the two
bichromophores, molecular mechanics simulations (Spartan
Software) [42] have been performed with the MMFF94 force
field.

3. Results and discussion
3.1. Spectroscopy of the donor (Dn)

The steady-state absorption and emission spectra of molec-
ular Dn in acetonitrile are shown in Fig. 1. The absorption
spectrum consists of a broad band centred at 298 nm, whose
oscillator strength f amounts to 0.060 &£ 0.003. The ZINDO cal-
culations indicate that the transitions in this wavelength range
have 7, 7" character and involve both the naphthalene and the
C=0 bond of the carboxylic group.

The fluorescence emission of Dn is centered at 355 nm,
with a quantum yield ®p=0.066+0.005 and a lifetime
7=2.05+£0.05 ns in deoxygenated solutions (see the kinetics in
the inset of Fig. 1). The transient spectrum obtained with an exci-
tation at A = 305 nm shows at 460 nm a weak excited state absorp-
tion (ESA) band, distorted by the presence at longer wavelengths
of the negative band due to stimulated emission (SE) appear-
ing simultaneously to the excitation process. In the first 2 ps a
change of the shape of the ESA band is observed (see Fig. 2);
at later delay times its intensity decreases without any apprecia-
ble change of its shape. The spectral evolution shown in Fig. 2
and its time scale (~0.8 ps) are consistent with the occurrence
of a vibrational relaxation process in the Sy level. The relaxed
S state converts through internal conversion (IC) and radiative
decay to Sp and through intersystem crossing (ISC) to 77.
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Fig. 2. Transient absorption spectra of the donor in acetonitrile, recorded at
pump-probe delays of O ps (full line) and 2 ps (dotted—dashed line). The excita-
tion wavelength was 305 nm.

The kinetic constants kg and kjc + kisc are calculated from
the fluorescence quantum yield and the S; lifetime. From
&r =kp/(kg + kic + kisc) and t=1/(kg + kic + kisc) we obtain
krp=(3.34+0.3) x107 s~ and krc + kisc = (4.7 £ 0.4) x 10851,

3.2. Spectroscopy of the acceptor (Ac)

Both f-Ac and r-Ac have been characterized. There are not
significant differences between the spectral features of the two
chromophores, therefore hereafter their spectral properties are
reported referring to a generic Ac compound. Fig. 3 shows the
steady-state absorption, emission and fluorescence excitation
spectra of Ac measured in acetonitrile.

The absorption spectrum consists of two bands: the first, cen-
tered at 482 nm, with an oscillator strength f=0.154 £ 0.008,
and the second, centred at 343 nm, that has an oscillator strength
f=0.069 £ 0.003. Only the emission from the lowest electronic
state, centered at 539nm, is observed, irrespective whether
the excitation happens in the first or in the second absorption
band. However, the fluorescence quantum yield depends on
the excitation wavelength (CD/F = 0.0076 £+ 0.0005 at 480 nm,

'+ = 0.0050 % 0.0005 at 355 nm).

In Fig. 4 transient spectra recorded at different delay times
following the excitation at 355 nm are shown. Three main spec-
tral regions can be distinguished: the short wavelength region,
where an ESA band is visible; the region between 450 nm and
515nm, dominated by the bleaching (B) of the ground state
and the long wavelength region where a band at 560 nm due to
SE is observed. The time evolution of the B band is shown in
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Fig. 3. Steady-state absorption (full line), emission (dashed line) and excitation
(dotted line) spectra of Ac in acetonitrile.
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Fig. 4. Transient absorption spectra of the acceptor pumped at 355 nm in acetoni-
trile, for delay times of 200 fs (solid black line), 1 ps (dashed line), 20 ps (dotted
line) and 500 ps (solid gray line). Excited state absorption (ESA) is observed at
wavelengths shorter than 450 nm. The strong negative band correspond to the
bleaching (B) of the ground state absorption, while the weak negative band is
the stimulated emission (SE).

Fig. 5. The ultrafast rise is well-described by the convolution
of a step function (instantaneous response) with the instrumen-
tal function. A decay follows (shown in the inset of Fig. 5)
that can be fitted by a bi-exponential function whose time con-
stants are 71 =16=%2ps (weight A1 =—0.0100 £ 0.0005) and
72 =218 £ 19 ps (A2 =—0.0156 = 0.0005).

When exciting at 355nm, a weak ESA band centered at
530nm is also observed preceding the appearance of the
SE band. The time evolution of the AOD signal measured
at 570nm is shown in Fig. 6. The first part consists of
an instantaneous absorption contribution whose disappear-
ance entails the growth of the intensity of the emission
band. In the first picoseconds the kinetics is well fitted
according to the procedure described in Section 2.2 by
adopting a response function of the form R(¢) = 0(¢)(A —
Be™!/ ), where 6(¢) is the step function, A=—0.042 £+ 0.002,
B=0.070 £ 0.003 and 79 =200 £ 50 fs. A decay is also observed
(see the inset of Fig. 6), fitted by a bi-exponential curve
whose parameters are: A; =—0.0009 £ 0.0002, 7;=25+8ps
and A =0.0040 £ 0.0001, 7, =214 £ 22 ps.
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Fig. 5. Time dependence of the bleaching (B) recorded at 490 nm for Ac in
acetonitrile over short delay times. The long delay time behavior is shown in the
inset.
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Fig. 6. Time dependence of the stimulated emission (SE) recorded at 570 nm for
the acceptor in acetonitrile over short delay times. The long delay time behavior
is shown in the inset.

The unambiguous interpretation of the time evolution of the
red portion of the transient spectra is achieved by exciting Ac Sy
state at 480 nm: the instantaneous transient absorption compo-
nent, centered at 530 nm, disappears. Between 530 and 650 nm,
only the SE band is observed, and its decay is well fitted by a
single exponential with 7, =194 £ 14 ps. From the latter obser-
vation one can conclude that the weak absorption band, centered
at 530 nm, is due to ESA from the S; state, that has a lifetime
of about 200 fs and decays into two states: the S; state, with a
lifetime of ~200 ps and a “dark” state (hereinafter labelled as
S%), not appearing in the steady-state absorption spectrum, with
a lifetime of ~20 ps.

The presence of an electronic state, optically not active but
involved in the electronic relaxation dynamics, such as S/2 in
Ac, was already reported in other 4-amino-7-nitrobenz-2-oxa-
1,3-diazole derivatives [43].

The absorption band appearing in the blue portion of the tran-
sient spectra exhibits a time evolution consisting of an initial
fast growth, followed by a much slower decay. The decay has
mono-exponential character, with alifetime =191 £ 11 ps. The
overall time evolution of the absorption band centered at 390 nm
makes straightforward its assignment to the S; state, that is pop-
ulated in ~200 fs when Ac S; is excited, and that has a lifetime
7(S1) ~200 ps.

The results concerning Ac photophysics can be summarized
according to the Jablonski diagram depicted in Scheme 1.

From <Di: = kp/(kp + kic(S1 — So)), and from the S; state
lifetime, the fluorescence kinetic constant kg is evaluated:

/

D
kg = @:[kp + kic(S; — So)] = —~
F ELKF 1c(S1 0) )

=(3.84+04)x10"s7! 3)

The value of kic(S1 — Sp) for the internal conversion process
can be determined:

kic(S1 — So) —kp=(5.04£0.2) x 10°s7! 4)

~ (S

The fluorescence quantum yield, upon S, state excitation, is
given by:

S; & ,
kic(S2—S2)
Kic(S2—S4 ‘
] S,
St1 ]
hVeye E
Sy

Scheme 1. Jablonski diagram showing the electronic states relevant to the exper-
iment and the relaxation paths of Ac molecule.

kgkic(S2 — Sp)
[kic(S2 — S1) + kic(S2 — SHIkic(S1 — So) + k]

= Q>i;¢1c(S2 — Sl); (5)

/!
d)F =

by knowing the values of @ and @}, ®ic (Sp — S;) can be
determined:
@//
®1c(Sy — S)) = gF =0.7+0.1 (6)
F
Therefore, the kinetic constant for the internal conversion pro-
cess from S, to S; can be evaluated:

D1c(S2 — Sy)
7(S2)

The ZINDO calculations predict the contribution of three main
electronic transitions to Ac ground-state absorption spectrum.
The first transition, having the largest oscillator strength value,
gives rise to a band centered at 424nm (f=0.51): it has
charge transfer character, in which the amino group acts as
a donor and the remaining conjugated system containing the
electron-drawing nitro group acts as an acceptor. This calculated
transition can be interpreted as responsible for the most intense
band observed in the spectrum at 482 nm. A second weaker band
should appear at 339 nm (f=0.089): it is due to an electronic tran-
sition having charge transfer character, where the amino group
acts as a donor and a conjugated system limited to the hete-
rocyclic oxadiazol ring, along with the nitro group, acts as an
acceptor. This transition can be associated with the band exper-
imentally observed at 343 nm. Finally, the calculations predict a
third transition, of much weaker intensity, having n — 7" char-
acter: it involves an n-orbital of the nitro group, lying on the
molecular plane defined by the two condensated rings, and a 77"
orbital extended over the entire conjugated system. Its energy
is higher than that of the S; state, with a transition wavelength
of 340 nm and an oscillator strength f=0.0238. This transition
can be identified as due to the ‘dark’ state S5, a state that cannot
be perceived directly from the steady-state absorption spectrum,
but whose existence is proved by the wavelength-dependent flu-
orescence quantum yield and by the relaxation dynamics of Ac
investigated through TAS.

kic(S2 — S1) = =@3+1)x102%s7! (7
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Fig. 7. (a) The absorption spectra of Ac (full line), of Dn (dotted line) and
of the f-Bi (dashed line); (b) The absorption (dotted line), the emission with
Aexe =300nm (full line) and the excitation with Aep =535 nm (dashed line)
spectra of f-Bi.

3.3. The flexible bichromophore (f-Bi)

3.3.1. Absorption and emission properties

In Fig. 7a, the steady-state absorption spectra of f-Bi, Ac
and Dn, recorded in acetonitrile, are compared. When the donor
and acceptor chromophores are covalently linked in f-Bi, they
interact appreciably. The bands associated to Ac undergo an
ipochromism (i.e. &, the molar extinction coefficient decreases
of ~30%) and an ipsochromism (i.e. the bands shift to the blue
of ~14 nm), whereas the characteristic band of Dn, in the UV
region, exhibits an iperchromism effect (i.e. ¢ of f~-Bi at 298 nm
is larger than 2¢ep + €A estimated from the absorption spectra of
the molecular chromophores).

The emission properties of f-Bi are shown in Fig. 7b. Indepen-
dently on the excitation wavelength, f-Bi exhibits the emission
from the lowest excited state of the acceptor chromophore, giv-
ing rise to the band centered at 523 nm. This means that, whether
Ac is directly excited or not, its emission is always detectable. It
can be inferred that in f-Bi energy transfer from Dn to Ac surely
occurs. Moreover f-Bi exhibits dual fluorescence, similarly to
other bichromophoric compounds [44,45]. In fact, when f-Bi is
excited upon UV irradiation, a very weak additional emission
band is observed at 363 nm. On the basis of its position it can
be attributed to a residual fluorescence of Dn, not quenched by
the EET process. In Table 1 the fluorescence quantum yields of
J-Bi along with those of r-Bi are reported for different excitation
wavelengths.

Table 1
Fluorescence quantum yield of f~-Bi and r-Bi at various excitation wavelengths

Aexe (nm) Residual &f of &g of Ac in f-Bi &g of Ac in r-Bi
Dn in f-Bi

300 0.00067 £ 0.00007 0.0088 £ 0.0005 0.034 £ 0.002
313 0.00065 £ 0.0001 0.0110 £ 0.0006 0.038 + 0.002
325 0.0140 £ 0.0006 0.043 £ 0.002
339 0.0180 £ 0.0006 0.050 £ 0.002
350 0.0180 £ 0.0006 0.070 £ 0.002
470 0.0240 £ 0.0006

0.02

4
0.00 4

AOD
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T T T T T
400 500 600
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Fig. 8. Transient absorption spectra of f-Bi excited at A =305 nm in acetonitrile,
for delay times of 300 fs (full line), 1 ps (dashed line), 50 ps (dotted line) and
1 ns (dashed—dotted line).

3.3.2. Ultrafast experiments

At 305 nm, the main contribution to the molar extinction coef-
ficient of f-Bi arises from the two donor chromophores. Transient
spectra, collected at different delay times, are shown in Fig. 8.
They look similar to those measured in molecular Ac.

In order to interpret the complex features of the transient
spectra of f-Bi, both the acceptor and donor contributions must
be taken into account. Dn gives rise to a weak transient absorp-
tion band, extended between 350 and 540 nm, with a maximum
at 470 nm. On the other hand, Ac is expected to originate (1)
an ESA band in the blue region of the transient spectra, due
to the S state; (2) a B band with negative values of AOD in
correspondence of the Sy — S transition and finally, (3) two
bands, with opposite sign, in the red portion of the spectra: a
weak absorption, due to the ESA from S, state, and a SE band.

These spectral features are responsible for different dynamics
measured in the three spectral regions. In Fig. 9a, the kinetics
recorded at 480 nm is reported. The time evolution of AOD at
this wavelength consists of two parts: the rising signal occurring
within the first 20 ps, followed by a decay on ns time scale.
The first part of the kinetics is fitted by the convolution of the
instrumental function with

R(t) = 0(D)[A + B(1 — e "/™ET) 4 C(e"/™n)] (8)

From the fitting procedure A=—0.013£0.001, B=—-0.016 &+
0.001, tgr=3.5£0.2ps, C=+0.013 £0.001 and tp, =0.65 +
0.05ps. The decay part is reproduced by a bi-exponential
function having 71=25+7ps, 12=404+40ps and A|=
—0.014 £ 0.003, A =—0.0212 £ 0.0006. At 480 nm, Ac gives
rise to a B band; on the contrary Dn contributes with an ESA
band. The first two terms in Eq. (8) account for the fact that
Ac is excited through two different mechanisms. The term A
derives from the fraction of Ac molecules excited “instanta-
neously”. This can be due to either a direct excitation of Ac,
partially absorbing at A=305nm or to a coherent excitonic
mechanism of energy transfer, detected, so far, in some other
bichromophoric and dendrimeric species [46—48]. The second
term of Eq. (8) indicates that the most relevant part of Ac
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Fig. 9. Time dependence of (a) the bleaching B recorded at A =480 nm, (b) the ESA at > =380 nm and (c) the SE at > =550 nm, for f-Bi in acetonitrile at short delay

times. The decay time in the nanosecond regime is shown in the insets.

molecules, are excited through a slower mechanism, i.e. the
energy transfer. The third term of Eq. (8) highlights that Dn has
a lifetime of tp, =0.6 £ 0.2 ps. This fairly short lifetime of Dn
derives from two contributions: (1) the intrachromophore vibra-
tional relaxation process occurring on the sub-picosecond time
regime (see Section 3.1), and (2) the Dn — Ac energy transfer,
having tgr=3.5 £ 0.2 ps.

The bi-exponential nature of the decay points out that the Ac
So recovery occurs through two different intermediate states:
one with a lifetime 71 ~ 25 ps, and the other with 7 ~ 400 ps.
By analogy with the relaxation dynamics of molecular Ac, the
first term can be attributed to a relaxation process due to the
optically inactive S5. The second term can be identified with the
decay of the fluorescent S; state, showing a longer lifetime in
Jf-Bi than in molecular Ac. This result is also confirmed by the
larger emission quantum yield of f-Bi.

The absorption band centered at A =379 nm, extending over
the blue and near-UV regions of the transient spectra, evolves
similarly (see Fig. 9b). Its rise is well-described by the convo-
lution of the instrumental function with:

R(1) = 6O[A(1 — ™)) + B(1 — e~ /D)] ©)

The fitting provides the following values: t(9=200=50fs,
A=0.0200£0.001, tgr =3.5 £ 0.2 ps and B =0.0050 % 0.0005.
Since the band at A =379 nm is due to an absorption of the Ac S;
state, Eq. (9) reveals that this state is produced through two dif-
ferent paths. The first faster route is characterized by the lifetime
79 ~ 200 fs, and the second route has a longer lifetime of ~3.5 ps.
In agreement with the relaxation dynamics of the molecular Ac,
the first path can be attributed to the internal conversion from
Sy to S of Ac. As in the transient measured at A =480 nm it
is observed that a fraction of Ac S» states is generated within
an interval as short as the instrumental time resolution, the rest
is excited through a slower energy transfer mechanism, requir-
ing roughly 10 ps (long enough to mask the faster Ac S — S
internal conversion).

The decay of the signal at A =379 nm (see inset of Fig. 9b)
is mono-exponential with a time constant to =395 £ 50 ps, in
agreement with the lifetime obtained from the kinetics at 480 nm.

The picture emerging from the kinetics analyzed so far
is confirmed by the interpretation of the kinetics recorded at
A=550nm (see Fig. 9¢c). At this wavelength, three main elec-
tronic transitions contribute to the time evolution of the AOD:

the absorption of the S state and the emission from the S}, and
S states. Therefore,

R(t) = 0()[A(B — ™ /™)) 4 C(D — e~ W/™))(1 — e~ (/D))
+E )] (10)

The fitting process of the experimental data with Eq.
(10) provides the following results: A=-—0.00440.001,
B=1.5,79=200+£50fs,C=—-0.092 4+ 0.005, D =0.06 & 0.003,
ter=3.54£0.2ps, E=0.007 £0.001 and 71 =20 =4 ps.

In order to clarify which process is responsible of the ultra-
fast S, formation, f-Bi has been excited also at A =290nm.
At this wavelength Ac has a smaller molar extinction coeffi-
cient than at A =305nm (e(Ac)r90=870cm~! M~! compared
to e(Ac)305 =2376 cm~! M) [49], whereas the molar extinc-
tion coefficient of the two Dn chromophores is larger
than that at A=305nm (2&(Dn)ygo=13562cm~'M~! and
2e(Dn)3ps5 = 10938 cm~! M™1). Therefore, if the Ac S, state is
produced by direct absorption of radiation, its contribution to
the rise of the signal is expected to decrease when the sample
is irradiated at A=290nm. In Fig. 10 the kinetics recorded at
A =480 nm, for excitation at A =305 and A =290 nm, are com-
pared.

By excitation at A =305nm, the negative contribution to
AQD of the bleaching of the S| — Sy transition of Ac is large

0.03 4

0.02 1

-AOD

0.01 1

ps

Fig. 10. Time dependence of the bleaching B recorded at A =480 nm for f-Bi
excited at two different excitation wavelengths in acetonitrile: at Aexe =305 nm
(full circles fitted by the full black line) and at Aexc =290 nm (empty squares
fitted by the full gray line).
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enough to mask the absorption contribution by the Dn chro-
mophores. On the other hand, when f-Bi is excited at A =290 nm,
the situation is opposite and the absorption contribution due
to Dn dominates. By fitting the two kinetics with the response
function of Eq. (8), it is possible to quantitatively determine the
weight of the different contributions and to compare them. Since
the coefficient C of Eq. (8) depends on the molar extinction coef-
ficient of the Dn excited state (which is unknown), it is necessary
to compare the |A| and |B| terms, which are proportional to e
and 2ep, Ppy, respectively, in the hypothesis that the instanta-
neous population of Ac is due to its direct excitation, whereas
the slower route of Ac production is due to intra-EET, with a
lifetime of ~3.5 ps. Going from A =305-290 nm the contribu-
tion represented by |A| decreases of a factor ~2 with respect to
|B|. This decrease is quantitatively consistent with a reduction
of 1.6 £ 0.1 of e compared to the term 2ep, @py. Therefore, it
seems reasonable to conclude that the instantaneous population
of a fraction of Ac in f-Bi is due to its direct excitation.

3.3.3. Determination of the kinetic constants

The data collected for f-Bi allow us to propose the com-
plete picture of the relaxation dynamics graphically portrayed
in Scheme 2.

The kinetic constant for the EET in f-Bi is given by:

1 11 —1
kpr = — = (2.8 £0.2) x 10! s
TET

Y

Since kg is fairly larger than the sum of the kinetic constants
describing the competitive decay paths in Dn, it is a clear-cut
that the quantum efficiency for the energy transfer (Q) is almost
equal to 1:

_ kgt
kgt + (kp + kic + kisc)pn

There is a last point to be outlined. f-Bi emission spectra show a
weak but measurable emission from Dn (see Fig. 7b). In Table 1 it
is reported @r(Dn) =0.00067, value which is consistent, within
the error, with the EET quantum efficiency. However, it must
be observed that the numerical evaluation of Q is made by
utilizing the molecular Ac and Dn spectroscopic data and there-
fore the outcome of the iperchromic effect in f-Bi is not taken

0 = 0.998 (12)

kic™(S1-Sq) :
i kc™(S=Sg) | i

Phed §

So i i \ i

Scheme 2. Jablonski diagram showing the electronic states and the relaxation
paths for both f-Bi and r-Bi molecules.

into account. This latter cannot be quantitatively included in
the calculations but its effect must be that of slightly reducing
the Q-value. This observation further justifies the presence of a
residual Dn emission in f-Bi.

From the fluorescence quantum yield of f-Bi, and from the
value of the S‘lAC lifetime, it is possible to determine the fluores-
cence kinetic constant according to Eq. (3): k?c = (6.0 0.6) x
107 s~!. Subsequently kt$(S1 — So) = (2.4 £0.2) x 10°s7".

Furthermore, when f-Bi is excited at A=339nm or
A=350nm, only Sﬁ‘c is populated, since Dn does not absorb at
these wavelengths. Therefore, the resulting fluorescence quan-
tum yield is related exclusively to the relaxation dynamics of
Ac in f-Bi. According to Eq. (5) @1c(S2 — S1)=0.75+£0.04.
By knowing the 82AC lifetime, according to Eq. (7) it is
possible to evaluate the kinetic constant of the internal
conversion from S to Si: kIACC(Sz — S;)=(3.8+£0.8) x
1012571,

The kinetic constants for the decay of Ac in f-Bi and in
the molecular Ac solution are in general quite similar, the only
appreciable difference involving the S; state, whose lifetime in

J-Bi is about twice longer then in isolated Ac.

3.4. The rigid bichromophore (r-Bi)

3.4.1. Absorption and emission properties

In Fig. 11a the steady-state absorption spectrum of r-Bi along
with that of f-Bi are shown. The only differences between f-
Bi and r-Bi absorption spectra regard the reduced values of Dn
molar extinction coefficients in 7-Bi and a slightly reduced blue-
shift for the Ac band associated to the Sog — S, transition. This
latter feature should result advantageous for the efficiency of
intra-EET processes.

InFig. 11b, the emission properties of r-Bi are also shown. As
in the case of f-Bi the emission derives from the lowest excited
state of Ac thus suggesting that also in this case the energy
transferred is the most efficient process.

A comparison between the fluorescence quantum yields of
r-Bi and f-Bi as a function of excitation wavelengths is reported
in Table 1 (see Section 3.3.1). The first observation is that the ®p
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Fig. 11. In (a), the absorption spectra of -Bi (black line) and of f-Bi (gray line)
are shown; in (b), the absorption (full line), the emission with Aexe =460 nm
(dotted line) and the excitation with Aem =540 nm (dashed line) spectra of r-Bi,
are depicted. All the spectra are recorded in acetonitrile.
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Fig. 12. Time dependence of (a) the bleaching B recorded at A =480 nm, (b) the ESA at A =380 nm and (c) the SE at A =550 nm, for r-Bi in acetonitrile at short

delay times. The decay time in the nanosecond regime is shown in the insets.

values for r-Bi are three times larger than those for f-Bi and this
should be due to the skeletal rigidity in r-Bi which reduces the
loss of excitation energy through non-radiative pathways. More-
over, the residual fluorescence of Dn is absent in r-Bi, whereas
it is detectable in f-Bi (see Fig. 7b).

3.4.2. Time resolved experiments

The number and the kind of bands appearing in the transient
spectra of r-Bi are equivalent to those recorded for f-Bi.

In Fig. 12a the kinetics at A =480 nm is reported. Similarly to
the case of f-Bi, the kinetics can be divided in two parts: the first
part (within the first 40 ps) where the absolute value of AOD
rises until it reaches a plateau and a second part characterized
by a slower decay. The growth is well-described by the convolu-
tion of the instrumental function with a response function of the
same form of Eq. (9); the fitting gives the following parameters:
A=-0.016£0.001, B=-0.018£0.001, 7gr=8.0£0.5ps,
C=+0.020 £0.001, tpy =0.73 £0.05 ps. The decay part is fit-
ted by a bi-exponential function having A; = —0.002 £ 0.001,
A =—0.0124£0.001, 71 =20£7ps, and 72=570 £ 60ps. As
in the case of f-Bi also in r-Bi direct excitation of Ac occurs
upon excitation at A =305 nm.

In r-Bi the energy transfer from Dn to Ac occurs with a time
constant of ~8.0 ps. Due to the fairly short lifetime of Dn, only
Ac contributes to the decay portion of the kinetics. Ac relaxes to
the electronic ground state through two parallel pathways with
time constants of ~20 ps and ~570 ps, respectively. By analogy
with the relaxation dynamics of pure Ac and of f-Bi, the first
path can be identified with the S/2 — S internal conversion,
whereas the second path can be attributed to the S; — Sy internal
conversion. The S state shows an increase of its lifetime passing
from pure Ac to f-Bi and to r-Bi, in perfect agreement with the
trend of the fluorescence quantum yields.

For the band centered at 380 nm, the temporal evolution of the
AOD signal also consists of two different parts (see Fig. 12b).
The growth is reproduced by the convolution of the instrumental
function with a response given by Eq. (10) with 79 =200 £ 20 fs,
A=0.006£0.001, tgr=8.0£0.5ps and B=0.002 =+ 0.0005.
On the other hand, the decay is well-fitted by a mono-exponential
function having 72 =510 % 80 ps. Since the band at A =380 nm
is due to the Sy state of Ac, the two terms (A and B) represent two
different routes of S; production: the fastest rate is associated
to internal conversion S, — S, the slower is due to the energy
transfer from Dn (S1) to Ac (S»).

The response function in the red part of the spectrum (550 nm)
is given by Eq. (10), with A=—-0.019£0.001, B=1.0£0.1,
79=200£20fs, C=—0.17£0.01, D=0.1+0.01, tgr=8.0%
0.5ps, E=0.008 £ 0.001 and 71 =20 £ 5 ps (see Fig. 12c). Asin
the case of f-Bi, two paths for the population decay of S, state of
Ac can be identified: the first one is instantaneous and is due to
the direct excitation of Ac chromophore; the second, occurring
on a slower time scale, is due to the energy transfer from Dn to
Ac. The S; state has a lifetime 79 =200 £ 50fs and it gives rise
to Sé state whose lifetime is ~20 ps, to S; state, whose lifetime
is 7o ~ 540 ps.

3.4.3. Determination of the kinetic constants

The Jablonski diagram representing the relaxation dynamics
after photo-excitation of r-Bi is qualitatively equivalent to that
proposed for f-Bi and depicted in Scheme 2 (see Section 3.3.3).
The relaxation mechanisms of f-Bi and r-Bi are the same, with
some differences in the rates of the relaxation pathways. An over-
all comparison of the relaxation dynamics and energy transfer
rates between the two bichromophore species can be made on
the basis of the data collected in Table 2, where the averaged
values of the lifetimes of the excited states of the acceptor chro-
mophore in r-Bi, f-Bi and molecular Ac, along with the energy
transfer time constants are reported.

Itis evident that the main differences concern the S’?C lifetime
in the three species and the energy transfer time constant in the
two bichromophoric compounds.

The difference in 7(S7°) is obviously reflected in distinct
values for the kinetic constants of the processes involved in the
decay of the S; state. By applying Eqgs. (3) and (4), the k{?c and
ki“cc (S1) values for r-Bi can be determined. They are reported
in Table 3, along with the other kinetic constants, associated
with the relaxation routes of the S, state evaluated through the
use of Egs. (5)—(7). For comparison, the values of the same

Table 2

Averaged lifetimes (in ps) of the electronic excited states of acceptor chro-
mophore in Ac, f-Bi, r-Bi and averaged energy transfer lifetime in f-Bi and
r-Bi

(549 (8’59 (89 TET
Ac 0.20 £+ 30 20+ 6 200 + 20
f-Bi 0.20 + 30 22 4+5 400 + 555 3.5+0.2
r-Bi 0.20 £ 30 20+ 5 540 + 70 8.0 £ 0.5
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Table 3

Kinetic constants associated with the different decay paths of acceptor chromophore in pure Ac, f-Bi and r-Bi along with the energy transfer kinetic constant
kg (82 = Sp 7 ki (81— S0) 57 ke (71 ker (571

Ac (3.3 + 1) x 1012 (4.6 £ 0.3) x 10° (3.8 &+ 0.4) x 107

f-Bi (3.8 &+ 0.8) x 10'?
r-Bi (3.55 £ 0.78) x 10'2

24 +£0.3) x 10°
(1.7 £+ 0.18) x 10°

(2.86 + 0.16) x 10!
(1.25 £ 0.08) x 10'!

(6.0 & 0.6) x 107
(13 £+ 0.2) x 108

kinetic constants for Ac and f-Bi are also reported. As expected,
the kIACc Sr — Sy), kféc(Sz — S) kinetic constants of the three
species do not differ appreciably. On the other hand, isolated Ac
exhibits the largest kf*CC(SI — Sp), and the lowest kéc values,
entailing the least @p. r-Bi shows the slowest S| — Sy internal
conversion process and the largest kg value, implying the highest
Pr.

As far as the energy transfer process is concerned, f-Bi has a
ket about two times larger than r-Bi. The quantum efficiency Q
of intra-EET in r-Bi is 0.996.

3.5. The mechanism of the electronic energy transfer

The data discussed above highlight a very fast and efficient
intramolecular EET process occurring in both f-Bi and r-Bi.
It is important to model the mechanism(s) responsible of the
intra-EET, in other words the way Dn and Ac moieties interact
in the two bichromophoric compounds and the way structural
differences can affect the interaction.

Since in f-Bi and r-Bi the aromatic rings of Dn and Ac are
linked to each other by saturated o bonds, the contribution to the
energy transfer process of the through-bond exchange interac-
tion mechanism is negligible. Hence it is reasonable to apply the
Forster theory [50,51] to describe the very fast intra-EET. The
Forster theory entails a dipole—dipole induced coulombic reso-
nant interaction between Dn and Ac. According to this theory,
the rate of energy transfer (kgr) is given by

9000 In(10)k2 Ppp Jres

= (13)
1287514 Naton RS ._py,

ET

where «?2 is the orientation factor, ®p, and tp, are the flu-
orescence quantum yield and lifetime of Dn, respectively, n
the refractive index of the solvent, Ny the Avogadro’s number,
Rac-pn the interchromophoric distance and Jrs is the spectral
overlap integral for the resonance interaction, whose definition
is given by:

® Fpn(P D) dv
Jreo(dm® mol~! em®) = / Toa(@)eac(v) dv (14)

0 vt

In Eq. (14), Fpu() is the normalized emission spectrum
of Dn and ea.(V) is the molar extinction coefficient of Ac
in the two species, [49] expressed in dm?mol~'cm™!. In
the present case, Jres=3.11 x 10719 mol~! ecm® for J-Bi and
3.5 x 10719 mol~! ¢m® for r-Bi. All the terms appearing in Eq.
(13) are known, except for «% and Rac.pn. To assign a value to
«? factor, it is necessary to figure out how Dn and Ac moieties
are mutually oriented. The orientational factor is given by:

K = sin fpy Sin O4cc08 ¢ — 2¢0S Opp cOS Oac (15)

where 6pp, and 6 are the angles that transition dipole moments
of Dn and Ac, respectively, make with the interchromophore
separation vector Rpp_ac, and ¢ is the dihedral angle defined
by the corresponding three vectors. The value of k% can vary
between O and 4. Since in the two bichromophoric species the
link between Dn and Ac is flexible, it is reasonable to assume that
they are randomly oriented therefore providing x> =2/3. Under
this assumption and by inserting the experimentally determined
value of kgt in Eq. (13), the interchromophoric distance Rpp-ac,
at which the energy transfer occurs, can be determined. It follows
that Rpp_ac is 4.3 A in J-Bi and 5.0 A inr-Bi: only at these short
distances the energy transfer can occur as fast as observed. In the
Forster approach, the upper limit of the interchromophoric dis-
tance RgC_Dn for an observable energy transfer can be obtained
from the relation kgt X tpp=1, i.e. the intra-EET rate con-
stant is equal to the reciprocal of the molecular donor lifetime.
In this case the interchromophoric distance would be equal
to 12.4A.

In order to confirm that the interchromophoric distance
Rac-pn calculated by applying the Foster theory is physically
consistent, molecular mechanics calculations were carried out
on both f-Bi and r-Bi. Two possible conformations are predicted
as the most stable, corresponding to different orientations of the
two donor chromophores respect to the acceptor chromophore.
In one of these conformations, the transition dipole moments of
donor and acceptor are parallel to each other and to the Dn—Ac
interchromophoric axis, and their distance is maximum (we
will refer to this as the “collinear conformation”). In the other
conformation the dipoles are orthogonal to the donor—acceptor
interchromophoric axis and their distance is minimum (“cofa-
cial conformation”). These two conformations are portrayed in
Fig. 13.

In the collinear conformation, the average interchromophoric
distance is Rpp-ac ~ 12 A (estimated from the position of
the center of mass of the free chromophores in both the
bichromophores) and, since fp, =0a.=0 and ¢ =0, k2=4.In
the cofacial conformation, Rpp_ac ~ 5 A and, since 6pp =90°,
Oac=90° and ¢ =0, «?=1. We can then estimate the intra-
EET kinetic constant for the two conformations in both f-Bi
and r-Bi. For the collinear conformation, kgp ~ 3.7 x 10° s~ 1 is
about two orders of magnitude less than the experimental val-
ues. For the cofacial conformation in f-Bi the calculated kgt is
1.76 x 10" s~! and in 7-Bi is 3.7 x 10'! s~!. The order of mag-
nitude is in agreement with that experimentally derived values
for both the compounds. However, we observe that the distances
obtained by the molecular mechanics calculations are not sig-
nificantly different in the two bichromophores. The difference
between the rates of the EET process derives essentially from the
overlap between the Dn emission and the Ac absorption which
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Fig. 13. The most stable conformations of f-Bi and r-Bi: (a) cofacial and (b)
collinear conformations of f-Bi and (c) the cofacial conformation of r-Bi.

is better in the case of r-Bi, thus leading to a higher rate in the
latter.

It is evident that, although the bichromophores exist in
solution at room temperature as a distribution of several con-
formations, the fast intramolecular energy transfer measured in
our experiments is due only to the cofacial conformation (see
Fig. 13a and c).

4. Conclusions

Steady-state and time-resolved absorption and fluorescence
spectroscopic properties of Dn, Ac, f~-Bi and r-Bi molecules,
show that rapid and efficient intra-EET processes occur in the
two bichromophoric species. The ensemble of spectroscopic
data collected gives a complete picture of the relaxation and
energy transfer processes and provides a quantitative estimate
of the corresponding kinetic constants. Being Dn and Ac linked
through saturated C—C o bonds in both f-Bi and r-Bi, the con-
tribution of through-bond exchange interaction mechanism to
the energy transfer process is negligible. For this reason Forster
mechanism has been primarly considered. Within the frame of
Forster theory, intra-EET as fast as those determined for f-Bi and
r-Bi can be achieved only when Dn and Ac chromophores are at
distances of 4-5 A. In spite of the simplifications here adopted it
is yet possible to evaluate the small structural differences exist-
ing among the two bichromophores. The conclusion is that the
rigidity introduced by the pyrrolidine ring in r-Bi makes the
Dn-Ac distance 10% larger than in f-Bi thus leading to a EET
rate which is half of that measured in f-Bi.

EET processes as fast as few ps have been already reported
[39,46] even in the gas phase [52] and Forster theory successfully
applied in the interpretation of the experimental data. However,
itis worthwhile noticing that for Rp,_a as short as that estimated
in the present work, a contribution of the short-range (Dexter)
term to the intra-EET process cannot be excluded. For molecules
at small distances, the through-space overlap of the electron

clouds implies a penetration and electron exchange contribu-
tions to the rate constant [53]. Given the enhanced diffuseness of
excited state wave functions, one would expect that at 5 A short-
range mechanisms can perturb the interchromophore interaction.
The observed intra-EET in f-Bi is most likely not occurring
by means of the purely Forster dipole—dipole interaction mech-
anism, but it may also involve a small contribution from the
short-range interaction. The latter could be also responsible of
the differences observed between the steady-state absorption
spectra of the molecular Ac and of Ac in f~-Bi and of the Ac
fluorescence quantum yield enhancement in f-Bi.
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