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ABSTRACT: The excited-state dynamics of two molecular dyads, consisting of
zinc (1) and free-base (2) porphyrin connected via a peptide linker to a core-
substituted naphthalenediimide (NDI) have been investigated using optical
spectroscopy. These dyads exhibit rich photophysics because of the large
number of electronic excited states below 3 eV. In the case of 1 in apolar
solvents, excitation energy transfer from the vibrationally hot singlet excited
porphyrin to the NDI takes place with a 500 fs time constant. Electronic energy
ends up in the NDI-localized triplet state, which decays to the ground state on a
microsecond timescale. In polar solvents, ground-state recovery is faster by 5
orders of magnitude because of the occurrence of charge separation followed by
recombination. On the other hand, excitation energy transfer in 2 takes place in
the opposite direction, namely from the NDI to the porphyrin, which then
undergoes intersystem crossing to the triplet state, followed by triplet energy transfer back to the NDI. Therefore, four distinct
local electronic excited states are consecutively populated after excitation of the NDI unit of 2, with the energy shuttling between
the two ends of the dyad.

■ INTRODUCTION

Light absorption, excitation energy transfer (EET) and charge
separation (CS) are crucial steps in natural photosynthesis,1−3

which have to be optimized when designing efficient synthetic
analogues.4−11 Harnessing these processes in multichromo-
phoric systems is also of the utmost importance for
development in photonics, sensing and other applications
based on photoactive molecular systems.12−19

Among the vast number of multichromophoric systems that
have been reported so far, a large fraction are composed of
identical chromophores arranged according to different motifs
to favor excitation energy hopping while inhibiting aggregation
and to act as antennae. Although most are based on
porphyrins,20−32 arrays with other chromophores, such as
bodipy,33−35 perylenediimides,6,36−39 naphthalenediimides
(NDI)40−42 or triarylamines,43 have also been reported. In
polar environments, photoinduced symmetry-breaking CS
between two identical units, usually perylenediimides and
core-substituted NDIs,44−47 can also take place, giving these
arrays both antenna and reaction center functionality.
A significant number of systems composed of different

chromophores absorbing in the visible region have also been
reported,48−54 the main motivation being to broaden the
absorption spectrum of the array while creating an energy
gradient to funnel the optical excitation toward a trap
connected, for example, to an electron donor or acceptor.55−61

In such cases, the CS dynamics does not depend on the
excitation wavelength, as the process usually takes place with
the excitation on the same reaction partner. However, dyads
where both the electron donor and the acceptor act as a
chromophore are much less documented, and the excitation
wavelength dependence (i.e., whether the donor or the
acceptor is initially excited) of the CS dynamics has not often
been investigated.62−66 We have recently reported on the
excited-state dynamics of a pentad consisting of a central NDI
unit decorated at the core with four zinc (ZnP) or free-base
porphyrins (FbP).67 The CS dynamics in these arrays was
found to depend on whether a porphyrin unit or the NDI core
was initially excited. However, both pathways resulted in the
same charge-separated state, and consequently, the ensuing
charge recombination (CR) dynamics was independent of the
excitation wavelength. An interesting feature of these arrays was
that the lowest singlet excited-state was delocalized over the
whole pentad.
We report here on our investigation of the excited-state

dynamics of two bichromophoric systems (Chart 1) consisting
of either a ZnP or FbP unit covalently bound via a peptide
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linkage to a hydroquinoxaline-substituted bromo-NDI (HNDI)
in polar and apolar solvents using a combination of time-
resolved spectroscopic techniques covering without interrup-
tion the femto- to microsecond timescales. Because of the
peptide linkage, weak electronic coupling between the
constituents was expected.68,69 We will show that this is indeed
the case and that, as a consequence, these dyads are
characterized by a large number of electronic excited states,
of both singlet and triplet multiplicity, below 3 eV. As a result,
they exhibit very rich excited-state dynamics, involving,
depending on the solvent and the nature of the porphyrin,
electron, hole, singlet, and triplet excitation energy transfer and
occurring on vastly different timescales.

■ EXPERIMENTAL SECTION
Sample. The synthesis of 1 and 2 is described in detail in

the Supporting Information. In brief, the dyads were
synthesized by the condensation of the 4,5-dibromo-2,7-
dioctyl-1,3,6,8-tetraoxo-1,2,3,6,7,8,9,14-octahydro-[3,8]-
phenanthrolino[1,10-abc]phenazine-11-carboxylic acid 3 with
5-(4-aminophenyl)-10,15,20-triphenylporphyrin 4 under argon
atmosphere in the presence of 1-ethyl-3-(3-(dimethylamino)-
propyl)carbodiimide and catalytic amount of 4-dimethylamino
pyridine in dry DMF at room temperature for 12 h, giving
crystalline purple solid of 2 in 91% yield. Finally, 1 was
prepared by metalation of 2 with Zn(OAc)2 in CHCl3/MeOH
(v/v,10:1) at room temperature, giving a purple solid.
Compound 3 was prepared with a 31.4% yield according to
literature procedure starting from naphthalene dianhydride in
four steps.70 Compound 4 was also prepared according to
literature in two steps with a 54% yield.71

The solvents, toluene (Acros Organics, 99.5% for spectros-
copy) and tetrahydrofuran (THF, Acros Organics, 99.5% for
analysis), were used as received.
Steady-State Spectroscopy. Absorption spectra were

measured on a Cary 50 spectrometer, whereas fluorescence
emission and excitation spectra were recorded on a FluoroMax-
4 (Horiba Scientific) fluorometer. All emission spectra were
corrected for the wavelength-dependence sensitivity of the
detector. The fluorescence quantum yields, Φf, were
determined relatively to those of ZnP and FbP in benzene.
Time-Resolved Fluorescence. Fluorescence dynamics on

the nanosecond timescale were measured using a time-
correlated single photon counting (TCSPC) setup described
in detail previously.72,73 Excitation was performed at 395 nm
using ∼60 ps pulses at 10 MHz produced by a laser diode
(Picoquant, LDH-P-C- 400B). The full width at half-maximum
(fwhm) of the instrument response function (irf) was around
200 ps. Faster dynamics were investigated by fluorescence up-

conversion (FU) using the same setup as in refs 74 and 75.
Excitation was performed using 100 fs pulses centered at 420
nm produced by frequency, doubling the output of a
Ti:sapphire oscillator (Spectra-Physics, Mai Tai). The pump
intensity on the sample was around 5 μJ/cm2, and the fwhm of
the irf was ca. 200 fs. The sample solutions were located in a 0.4
mm rotating cell and at an absorbance of about 0.1 at the
excitation wavelength.

Transient Absorption (TA) Spectroscopy. TA measure-
ments were performed with two pump−probe setups. The fs−
ps TA setup used to record spectra up to 1.7 ns with an irf of
ca. 150 fs (fwhm) has been described in detail elsewhere.64,76

Excitation was performed using 400 nm pulses generated by
frequency doubling part of the output of a standard 1 kHz
Ti:sapphire amplified system, or with 600 nm pulses produced
with a home-built noncollinear optical parametric amplifier.
The intensity of the pump pulses on the sample was ca. 1 mJ/
cm2. The ns−μs TA setup, used to record spectra up to 5 μs
with an irf of 370 ps (fwhm) is the same as that described in ref
77, except that excitation was performed using a passively Q-
switched, frequency-doubled Nd:YAG laser (Teem Photonics,
Powerchip PNG-M02010) producing pulses at 532 nm with
500 Hz repetition rate, 24 μJ energy per pulse, and 300 ps
duration. The pump intensity on the sample was also around 1
mJ/cm2. In both setups, probing was achieved using white light
pulses generated by focusing 800 nm pulses in a CaF2 plate and
polarized at a magic angle relative to the pump pulses. The
sample solutions were located in a 1 mm quartz cell and, unless
specified, were continuously stirred by N2 bubbling. Their
absorbance at the excitation wavelength was around 0.1.

Quantum Chemical Calculations. Ground-state gas-
phase geometry optimization of the dyads, with hydrogen
instead of bromo substituents and methyl instead of octyl
substituents on the imide N atoms was performed at the
density functional level of theory (DFT) using the B3LYP
functional and the 6-31G* basis set.78 Electronic transitions
were computed with time-dependent DFT (TD-DFT) using
the same functional and basis set.79 All calculations were
performed using Gaussian 09.80 Given the low barrier for
rotation of the phenyl substituents of the porphyrins,81 several
geometries of similar energy but with different dihedral angles
between the porphyrin and HNDI molecular planes were
found. However, as the shape and relative energy of the frontier
molecular orbitals were found to be qualitatively very similar in
all the conformations investigated, these computational results
can be reliably used to discuss the nature of the lowest
electronic excited states.

■ RESULTS
Steady-State Spectroscopy. The electronic absorption

spectra of the dyads in toluene are characterized by an intense
band centered around 420 nm, that can be ascribed to the Soret
or B band of the porphyrin, and by three weaker bands located
at 517, 556, and 601 nm for both 1 and 2 (Figure 1). These
bands are very similar to those observed with HNDI alone,82

the only difference being a ∼10 nm (310 cm−1) blue shift and a
narrowing that can be explained by the interaction with the
porphyrin (Figure 1). HNDI also exhibits an absorption band
in the 400−425 nm region that is, however, much too weak
relative to the porphyrin B band to be visible in the dyad
spectrum. Similarly, absorption due to the Q-bands of the
porphyrins is not visible due to the overlap with the stronger
HNDI bands except for 2, for which the Qx(0,0) band of FbP

Chart 1. Structure of the Two Dyads
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can be observed at 650 nm (Figure 1B). No significant
difference was observed in THF. Apart from some small
spectral shifts, these spectra are essentially the composites of
those of the porphyrins and HNDI and point to a weak
coupling between the chromophores. Therefore, these
absorption bands can be ascribed to transitions to locally
excited states. In the following, we will call these states, 1LB,
1LQ, and

1LN for locally excited singlet B and Q porphyrin states
and locally excited singlet NDI state, respectively.
TD-DFT calculations confirm that the first two electronic

transitions with significant oscillator strength correspond to
excitations from and to molecular orbitals localized on either
the porphyrin or the HNDI units (Figure S1 of the Supporting
Information).
Independent of the excitation wavelength, the emission

spectrum of 1 in toluene consists of three bands with
decreasing intensity and located at 607, 661, and 725 nm
(Figure 2A). This spectrum is essentially a mirror image of
absorption spectrum in the 500−600 nm region and can be
attributed to the HNDI unit. This is confirmed by the
fluorescence spectrum of HNDI that is very similar but red-
shifted by ∼20 nm (520 cm−1) and by the emission spectrum
of ZnP that differs considerably with bands around 600 and 650
nm. Moreover, the fluorescence quantum yield of 1 was found
to be 10 times as large as that of ZnP. The result points to an
efficient EET from the ZnP to the HNDI unit (i.e. to a 1LQ →
1LN transition). In THF, the fluorescence of 1 is totally
suppressed pointing to a fast nonradiative decay process of the
excited state.
Contrary to 1, dyad 2 fluoresces in both toluene and THF

with a spectrum dominated by two bands at 650 and 718 nm,
similar to that of FbP (Figure 2B). A smaller band at 607 nm,
which can be attributed to HNDI, is also visible. The
fluorescence quantum yield of 2 in toluene is 1.5 times larger
than that of FbP and is reduced by a factor 2 when using THF
as a solvent. These spectra point to EET in the opposite
direction than in 1 (i.e., to a 1LN → 1LQ EET). The presence of
a residual HNDI band, which is independent of the excitation

wavelength, is a possible indication of an equilibrium between
the 1LN and 1LQ states.

Time-Resolved Fluorescence. The fluorescence dynamics
of 1 in toluene measured by TCSPC at several wavelengths
between 600 and 720 nm upon 1LB ← S0 excitation of the ZnP
unit could be well-reproduced using a single exponential decay
with a 2.8 ns lifetime (Table 1). This time constant coincides
well with that of 2.7 ns measured with HNDI in toluene,
confirming the occurrence of EET from ZnP to HNDI.

Ultrafast fluorescence measured by FU reveals more complex
dynamics (Figure 3 and Table 1). Time profiles at 610, 650,
and 660 nm could be analyzed globally using the sum of three
exponential functions with 480 fs, 13 ps, and 2.8 ns time
constants. The latter, taken from the TCSPC results, was kept
constant during the fit. At all three wavelengths, the amplitude
of the 480 fs component is negative pointing to an increase of
the overall fluorescence intensity. In principle, this time
constant could be due to two processes, depending on whether
emission arises from the ZnP or the HNDI unit: (i) internal
conversion from the 1LB to the 1LQ states of ZnP or (ii) 1LQ →
1LN EET. The 2.8 ns lifetime indicates that emission should

Figure 1. Electronic absorption spectra of the dyads (A) 1 and (B) 2
and of the individual constituents in toluene (the insets show the B
band region).

Figure 2. Fluorescence spectra of the dyads (A) 1 and (B) 2 and of
the individual constituents in toluene.

Table 1. Time Constants Obtained from the Analysis of the
Fluorescence Dynamics Measured by FU (τ1−3, Limit of
Error: ±10%) and TCSPC (τ4, Limit of Error: ±5%)a

dyad solvent λ (nm) τ1 (ps) τ2 (ps) τ3 (ps) τ4 (ns)

1 toluene 610−660 0.48c 13d 2.8b

1 toluene 430−450 0.31b

1 THF 610−660 0.30c 18b

1 THF 430−450 0.32b

2 toluene 610 ≤irf 2.4 15 9.2b,e

2 toluene 650, 715 1.8 25 9.2b

2 THF 610 ≤irf 1.6 11 4.8b

2 THF 650, 715 1.8 20 4.9b

aUnless specified, the time constants correspond to decay times.
bThese values are assigned to excited-state lifetimes. cRise time. dRise
time at 610 nm. eWeak 2.45 ns component also present.
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arise from HNDI. Furthermore, the extinction coefficient of the
HNDI band and thus the radiative rate constant of the 1LN →
S0 emission is substantially larger than that of the ZnP Q-band
(Figure 1A). Due to this, the contribution of ZnP emission to
the FU signal intensity should be much weaker than that of
HNDI. As a consequence, the 480 fs time component most
probably reflects the population of the 1LN state by EET.
The amplitude associated with the 13 ps component is

relatively small (<0.2), and its sign changes from negative at
610 nm to positive at longer wavelengths. Given that a large
fraction of the excitation energy is converted into vibrational
energy, this component most likely arises from vibrational
cooling.83

FU measurements were also performed in the 430−450 nm
region where B emission from the ZnP unit (1LB → S0) is
expected. As shown in Figure 3A, the fluorescence decay is
extremely fast, close to the irf, and can be reproduced using a
single exponential function with a 310 ± 30 fs time constant.
This is shorter than the rise time of the fluorescence above 600
nm. This time constant can thus be assigned to 1LB → 1LQ
internal conversion. This process is much faster in 1 than in
ZnP alone, where it occurs with a 1.4 ps time constant in
benzene.84 Such acceleration can be explained by structural
distortions of ZnP brought about by substitution of this highly
symmetric molecule and has been previously observed in ZnP
based multichromophoric systems.85−87

As anticipated from the absence of steady-state emission, the
fluorescence decay of 1 in THF above 600 nm was too fast to
be resolved by TCSPC. FU time profiles between 610 and 660
nm could be reproduced with a biexponential function, with a
300 fs rise time and a 18 ps decay time (Figure 3B and Table
1).
The fluorescence dynamics in the 440−460 nm region is

characterized by a 320 ± 30 fs decay time, very close to the 300
fs rise time. This rise time could be due to either 1LB → 1LQ
internal conversion or ZnP to HNDI EET. This point is
discussed in more depth in Transient Absorption.
The fluorescence decay of dyad 2 in toluene at 650 and 715

nm measured by TCSPC is exponential with a 9.2 ns lifetime,

slightly shorter than that of 11 ns reported for FbP in the same
solvent.88 It can thus be attributed to 1LQ → S0 emission from
the porphyrin moiety. The fluorescence decay of the 610 nm
band, which arises from the HNDI unit, is also dominated by a
9.2 ns lifetime but an additional 2.45 ns component with weak
amplitude is also observed. The presence of a common decay
time of 9.2 ns for both 1LQ → S0 and 1LN → S0 emissions
points to an equilibrium between the two locally excited states,
largely in favor of that localized on the porphyrin unit. The
origin of the 2.45 ns component is unclear, but its similarity
with the decay time of HNDI suggest that it could arise from
traces of unreacted compound 3.
The early 650 nm fluorescence of 2 in toluene measured by

FU is very similar to that reported earlier with FbP alone and
exhibits decay components with 2 and ∼20 ps, additionally to
the nanosecond decay, that can be ascribed to various stages of
vibrational relaxation.89 Contrary to ZnP, the B state of FbP is
extremely short-lived, <50 fs, and thus cannot be observed.89

On the other hand, the fluorescence at 610 nm looses about
99% of its initial intensity within ∼30 ps, with 0.2, 2.4, and ∼15
ps time constants (Table 1). The residual intensity has too
small an amplitude to allow a relevant time constant to be
extracted. However, this slow component corresponds to the
emission measured by TCSPC and dominated by a 9.2 ns
lifetime. A definite assignment of the short time constants is
difficult. Excitation at 420 nm results mostly in the population
of the B state of FbP. As rather similar decay dynamics have
been reported with FbP at 613 nm,89 these short time constants
are attributed to vibrational relaxation of the FbP unit.
In THF, the fluorescence dynamics of 2 measured by

TCSPC between 610 and 720 nm is faster than in toluene and
is characterized by a 4.9 ns decay. Conversely, the early
dynamics measured by FU is essentially the same as in toluene
(Table 1).

Transient Absorption. TA measurements between 0 and
1.7 ns were performed upon 400 and 600 nm excitation,
resulting to a larger extent in the population of the 1LB and

1LN
states, respectively. Figure 4A illustrates selected TA spectra
recorded during the first 15 ps after 400 nm excitation of 1 in
toluene. They are characterized by negative bands around 425,
557, and 605 nm, that can be assigned to the bleach of the 1LB
← S0 and

1LN ← S0 transitions and by broader and less intense
positive bands. During this time window, the 1LB ← S0 bleach
decreases, whereas the 1LN ← S0 increases. Afterward, the
overall spectral shape does not change significantly, but the
amplitude decreases continuously on a timescale that exceeds
the time window of the experiment. The temporal evolution of
the TA spectra was analyzed globally, using the sum of three
exponential functions with 0.5 ps, 11 ps, and >2 ns time
constants and the decay associated difference spectra (DADS)
shown in Figure 4B. The 0.5 ps DADS points to a decrease of
the ZnP 1LB ← S0 bleach and an associated increase of the
HNDI 1LN ← S0 bleach. This is a univocal evidence of the ZnP
→ HNDI EET that was already anticipated from the stationary
and time-resolved fluorescence measurements. The 0.5 ps value
agrees with that obtained from the analysis of the FU data in
the 610−660 nm region.
The 11 ps DADS also points to an increase of the 1LN ← S0

bleach. However, this DADS exhibits a dispersive-like band in
the 400−450 nm region that is characteristic of a vibrationally
hot ground state, with a positive band on the red side of the
bleach.90,91 As a consequence, this 11 ps component could
reflect two processes: (i) slower EET stages and (ii) the

Figure 3. Fluorescence dynamics at 440 and 610 nm measured with
dyad 1 in (A) toluene and (B) THF and best multiexponential fits.
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vibrational cooling of the ZnP moiety in the electronic ground
state after the transfer of its electronic energy to the HNDI
unit. As 1LB →

1LQ internal conversion is very fast, EET should
take place from the ZnP unit in the 1LQ state. This state is
initially populated with a very large vibrational energy, which
should mainly remain in the ZnP unit after the transfer of the
electronic energy.
Global target analysis assuming a scheme with three

successive exponential steps, A → B → C → D, was also
performed. This approach yielded the same time constants, as
expected,92 and the species-associated difference spectra
(SADS) for A, B, and C shown in Figure 4C. The presence
of the HNDI 1LN ← S0 bleach in the SADS of A is probably
due to the fact that EET is ultrafast, close to the irf, and that its
dynamics might be non exponential.93 Despite this, the SADS
qualitatively agree with a scheme where A is the dyad in the 1LQ
state, B the dyad in the 1LN state with the vibrationally hot ZnP
unit, and C the dyad in the 1LN state after vibrational relaxation.
The presence of a residual 1LB ← S0 bleach in the SADS of B

and C could have at least two origins: (i) the delocalization of
the excitation over the whole dyad, and (ii) back EET from the
HNDI to the ZnP units (i.e., the existence of an equilibrium
between the 1LQ and 1LN states).
The TA spectra recorded upon 600 nm excitation also

exhibit the negative bands due to the bleach of the 1LB ← S0
and 1LN ← S0 absorption (Figure S2A of the Supporting
Information). However, their relative intensity in the early
spectra differs from that observed upon excitation at 400 nm.
Indeed, the 1LB ← S0 bleach upon 600 nm excitation is
substantially smaller and is similar to that observed upon 400
nm excitation but after about 20 ps, once EET to the HNDI
unit has taken place.
The temporal evolution of the TA spectra could be

reproduced using the sum of two exponential functions and a

A→ B→ C scheme with ∼1.4 ps and >2 ns time constants and
the DADS and SADS shown in Figure S2B−S2C of the
Supporting Information. The amplitude of the shorter time
constant is too small to enable a precise assignment. However,
the D(S)ADS points to a decrease of the TA amplitude over
the whole spectrum but to a larger extent for the HNDI
features. This time constant could thus reflect some back EET
from HNDI to ZnP and the establishment of an equilibrium
between the 1LQ and 1LN states. This point will be discussed
further below. On the other hand, the >2 ns DADS is very
similar to that obtained from the 400 nm excitation data
(Figure 4B).
The slower stages of the excited-state dynamics of 1 in

toluene were monitored using the ns−μs TA setup with 532

nm pump pulses (Figure 5A). The TA spectra show that the
1LB ← S0 bleach decays entirely to zero within a few tens of
nanoseconds. During this time interval, the 1LN ← S0 bleach
decreases by a factor of about 2 only, the full decay taking place
on the microsecond timescale. In the presence of air, this decay
is accelerated by a factor of about 3. Global analysis could be
performed using an A → B → C scheme with 3 ns and 1.4 μs
time constants and the SADS shown in Figure 5B. The A → B
step corresponds to a transition to a long-lived excited state
localized on the HNDI unit, that given the sensitivity of its
lifetime to oxygen, can be attributed to the locally excited triplet
state, 3LN. From the amplitude of the 1LN ← S0 bleach in the A
and B SADS, the triplet yield of 1 can be estimated to be
around 0.3.
The TA spectra of 1 in THF exhibit the same bands as in

toluene, but the overall dynamics is much faster (Figure 6A).
Upon 400 nm excitation, the initial increase of the 1LN ← S0
bleach which is characteristic of ZnP → HNDI EET can be
observed. However, it is followed by a decay of all spectral
features on a ∼50 ps timescale. The TA spectra also feature a
small and narrow positive band at 410 nm that is absent in
toluene. This band reaches its maximum intensity at about 30
ps and then decays similarly to the others. The position and
shape of this band are very similar to those observed with other

Figure 4. (A) Transient absorption spectra measured at different time
delays after 400 nm excitation of 1 in toluene, (B) decay-associated,
and (C) species-associated difference absorption spectra obtained
from (B) global multiexponential analysis and (C) target analysis
assuming an A → B → C → D scheme.

Figure 5. (A) Transient absorption spectra measured at different time
delay after 532 nm excitation of 1 in toluene; (B) species-associated
difference absorption spectra obtained from global target analysis
assuming an A → B → C scheme.
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ZnP-based electron donor−acceptor dyads and attributed to
the ZnP radical cation, ZnP·+.87,94,95

All these bands are also present in the TA spectra recorded
upon 600 nm excitation (Figure S3A of the Supporting
Information). However, several differences in the early
dynamics are observed: (i) the 1LN ← S0 bleach does not
exhibit any initial increase, and (ii) the 1LB ← S0 bleach
increases up to ∼7 ps before decaying as with excitation at 400
nm.
Multiexponential global analysis of the TA spectra recorded

upon 400 nm excitation required the sum of four exponential
functions with the time constants listed in Table 2 and the
DADS shown in Figure 6B. From the DADS, the shortest time
constant can be ascribed to the ZnP → HNDI EET and to the
establishment of an equilibrium between the 1LQ and 1LN
states. The assignment of the other time constants from their
DADS is more difficult. According to the FU measurements,

the 18 ps time constant can be assigned to the nonradiative
decay of the fluorescent state of 1, that is most probably a
charge separation (CS) process considering the lifetime
shortening by going from a nonpolar to a polar solvent and
the presence of the ZnP·+ band. However, the 18 ps DADS
points to a decay of the ZnP·+ band and of both 1LB ← S0 and
1LN ← S0 bleaches. Such apparent contradiction could be
explained by an inverted kinetics, namely a CS process that is
slower than the ensuing charge recombination (CR) to the
neutral ground state.96 To test this hypothesis, global target
analysis assuming a scheme with four successive exponential
steps, A → B → C → D → E, with the B → C step fixed at 18
ps was performed and yielded the species-associated difference
absorption spectra (SADS) shown in Figure 6C. From these
spectra, species A and B can be attributed to dyad 1
predominantly in the 1LQ and 1LN states, respectively. The
SADS of C contains the ZnP·+ band, negative bands due to the
bleach of both ZnP and HNDI units and can thus be ascribed
to a charge-separated state (CSS). The other positive TA bands
at 450 and 700 nm could possibly be due to the HNDI anion,
HNDI·−.41,97 As a consequence, the 18 ps time constant can be
attributed to CS, in agreement with the FU measurements. The
7.7 ps decay of the CSS results in a “species” with a spectrum
exhibiting dispersive bands (i.e., with a positive feature on the
red side of a bleach, which is typical of a vibrational hot ground
state). Thus, the 7.7 ps time constant corresponds to the CR
time constant, whereas the 23 ps lifetime can be assigned to the
vibrational cooling of the ground state.
Target analysis of TA spectra upon 600 nm excitation with a

B → C → D → E scheme did not allow the early dynamics to
be properly reproduced and, thus, a scheme with five successive
exponential steps had to be used as well, with the time
constants listed in Table 2 and the SADS shown in Figure S3C
of the Supporting Information. The SADS of B, C, D, and E
and the associated time constants are similar to those obtained
from the 400 nm excitation data and can thus be interpreted
likewise. On the other hand, the SADS of A differs from that of
B by a smaller 1LB ← S0 bleach and a larger 1LN ← S0 bleach.
Thus, the A → B step could correspond to the establishment of
the above-mentioned equilibrium between the 1LQ and 1LN
states.
The TA spectra recorded upon excitation at 400 and 600 nm

of 2 in toluene and THF are shown in Figure 7 (panels A and
B) and Figure S4 (panels A and B) of the Supporting
Information. Independent of the excitation wavelength and
solvent, these spectra are dominated by negative bands around
420 nm and in the 520−620 nm region, that can be ascribed to
the bleach of the 1LB ← S0,

1LQ ← S0, and
1LN ← S0 absorption,

Figure 6. (A) Transient absorption spectra measured at different time
delays after 400 nm excitation of 1 in THF; (B) decay-associated and
(C) species-associated difference absorption spectra obtained from (B)
global multiexponential analysis and (C) target analysis assuming an A
→ B → C → D → E scheme.

Table 2. Time Constants Obtained from the Analysis of the fs−ps (τ1−4) and ps−μs (τ5,6) Transient Absorption (Limit of Error
± 10% Unless Specified)

dyad solvent λ (nm) τ1 (ps) τ2 (ps) τ3 (ps) τ4 (ps) τ5 (ns) τ6 (μs)

1 toluene 400 0.5 11 >2
1 toluene 600/532 ∼1.4a 3.0 1.4
1 THF 400 0.28 7.7 18 23
1 THF 600 0.63 7.7 18 23
2 toluene 400 ∼1.5a 95
2 toluene 600/532 2.7 97 10 1.1
2 THF 400 ∼4a

2 THF 600/532 2.7 5 1.0

aOnly approximate value, due to a very small amplitude.
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respectively. Substantial dependence of the relative intensity
and temporal evolution of these bands on the excitation
wavelength can be observed. At 400 nm, which mostly
corresponds to the local excitation of FbP, the 1LN ← S0
bleach is hardly visible and decreases within a few picoseconds,
whereas the intense 1LB ← S0 bleach increases slightly.
Afterward, the TA spectra remain essentially constant in THF
(Figure 7A), whereas in toluene, small changes especially
around 440 nm can be observed on a 100 ps timescale (Figure
S4A of the Supporting Information)
Upon 600 nm excitation, the initial 1LN ← S0 bleach is more

intense than the 1LB ← S0 bleach (Figure 7B and Figure S4B of
the Supporting Information). During the first 10 ps, the former
decreases almost entirely, whereas the latter increases by a
factor of ∼4. From about 10 ps onward, the TA spectra and
their temporal evolution are essentially the same as upon 400
nm excitation.
Global analysis of the data in toluene could be performed

successfully with the sum of three exponential functions with
∼2 ps, 95 ps, and >2 ns time constants independently of the
excitation wavelength (Table 2). In THF, two exponential
functions with ∼2 ps and >2 ns time constants were sufficient,
and a target analysis assuming an A → B→ C scheme gave the
SADS shown in Figure 7C. In both solvents, the amplitude of
the fastest component is much larger for 600 nm than 400 nm
excitation and thus the time constant obtained from the 600
nm data, namely 2.7 ps, is more reliable. From the SADS that
point to a decrease of the 1LN ← S0 bleach and an increase of
the 1LB ← S0 bleach when going from A to B, the A → B step
can be ascribed to EET from the HNDI to the FbP unit. Not
surprisingly, this process is hardly visible upon excitation at 400

nm. The >2 ns component agrees with the nanosecond
fluorescence lifetime (Table 1). The assignment of the 95 ps
time constant found only in toluene is more difficult as its
amplitude is relatively small (Figure S4C of the Supporting
Information). We tentatively attribute it to the decay of excited
aggregates. Indeed, contrary to 1, the absorption bands of 2 in
toluene at the concentration used for the TA measurements are
markedly broader than at lower concentrations or in THF,
where this 95 ps component is absent. Such broadening and
accelerated excited-state decay have already been reported for
another FbP-based dyad.82

The TA spectra measured at longer time delays upon 532
nm, 1LN ← S0, excitation of 2 in toluene are illustrated in Figure
8 (panels A and B). Between 0.2 to about 50 ns, they show the

opposite behavior than during the first 10 ps (Figure 7B) (i.e., a
decrease of the 1LB ← S0 bleach and an increase of the 1LN ←
S0 bleach), pointing to a transfer of energy from the FbP to the
NDI moiety. During this process, the 1LB ← S0 bleach
decreases to only about 1/3 of its initial value. After about 50
ns, the overall spectral shape remains constant and the intensity
decays to zero on the microsecond timescale (Figure 8B).
Global analysis indicates that the time constants of these two
processes amount to 10 ns and 1.1 μs. In the presence of air,
the long time constant shortens to 415 ns. As a consequence,
the longer-lived transient can be ascribed to a triplet excited
state. Its SADS exhibits both the FbP and the HNDI bleach
bands, suggesting an equilibrium between the triplet excited
states localized on the HNDI and FbP moieties, namely the 3LN
and 3LQ states (Figure 8C).
The 10 ns time constant is in good agreement with the

fluorescence lifetime and can thus be ascribed to the decay of

Figure 7. Transient absorption spectra measured at different time
delays after (A) 400 and (B) 600 nm excitation of 2 in (A) THF and
species-associated difference absorption spectra obtained from global
target analysis of the 600 nm data assuming (C) an A → B → C
scheme.

Figure 8. (A and B) Transient absorption spectra measured at
different time delays after 532 nm excitation of 2 in toluene and
species-associated difference absorption spectra obtained from global
target analysis (C) assuming an A → B → C scheme.
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the 1LQ state by both fluorescence and intersystem-crossing
(ISC) to the 3LQ state. Being spin-allowed, the FbP → HNDI
triplet energy transfer and the reverse processes can be
expected to be much faster than the 1LQ → 3LQ ISC. If this
were not the case, TA spectra exhibiting only the 3LQ state
should be observed.
By going from toluene to THF, only two significant

differences in the slow TA dynamics of 2 can be observed
(Figure S5 of the Supporting Information). The first is the
shortening of the nanosecond time constant from 10 to 5 ns,
also observed by fluorescence. The second is the amplitude of
the SADS of the long-lived triplet state of 2, which is about
twice as small as in toluene. These differences point to the
opening of a new nonradiative decay pathway of the 1LQ state
in THF that shortens its lifetime by a factor of two and
competes with ISC and the ensuing triplet energy transfer. As
will be discussed in more detail in the next section, this channel
is likely a CS process followed by a much faster recombination
to the neutral ground state.

■ DISCUSSION
Figure 9 shows the energy-level scheme of both dyads, with the
energy of the local singlet excited states determined from the
stationary electronic spectra and that of the local triplet state of
the porphyrin units assumed to be the same as that of the
individual porphyrins.98 On the other hand, the energy of the
3LN state is not known and has been estimated from the
direction of the triplet energy transfer (TET) processes found
here and discussed in more detail below. Finally, the energy of
the CSS (ECSS = 1.84 eV for 1 and 2.1 eV for 2) has been
estimated using the Weller equation99 as described in detail in
the Supporting Information. In toluene, the CSS is destabilized
by about 0.6 eV because of the reduced solvation energy. The
rate constants of the most relevant processes are summarized in
Table 3.
These schemes reveal that the relative energies of the local

singlet excited states, 1LQ and 1LN, are inverted when going
from 1 to 2 (i.e., 1LQ is above 1LN with ZnP but below 1LN with
FbP). This is fully consistent with the stationary fluorescence
spectra of the dyads as well as with the EET processes observed
during the first few picoseconds after excitation: 1LQ → 1LN
energy transfer takes place with 1, whereas 1LN → 1LQ transfer
is occurring in 2. The TA data of 1 indicate that this EET is not
fully irreversible and that both 1LN and 1LQ states are in
equilibrium. From the intensity of the 1LB ← S0 bleach bands in
the SADS of A and C (Figure 4C), about one-fifth of the

excited dyad population remains in the 1LQ state, pointing to an
equilibrium constant of ca. 4. Such an equilibrium cannot be
evidenced from the TA data with 2, as no residual 1LN ← S0
bleach can be clearly distinguished. However, the presence of a
small HNDI contribution in the stationary spectrum of 2 in
toluene (Figure 2B) with the same fluorescence lifetime as FbP
points to an equilibrium, but strongly in favor of the 1LQ state.
This is consistent with the energy gap between these two states,
which is about three times as large for 2 as for 1.
EET between two weakly coupled chromophores, as it is the

case here, can occur through both the Coulomb and the
exchange interactions (i.e., the Förster (FRET) and the Dexter
mechanisms).100,101 The overall rate constant can be expressed
as the sum of the rate constants associated with each
process:102

π= + =
ℏ

+ Θk k k V V
2

( )EET C e C
2

e
2

(1)

where VC and Ve are the Coulomb and exchange interaction
energies, respectively, and Θ is the spectral overlap integral,
obtained from the area-normalized emission and absorption
bands of the energy donor (D) and acceptor (A), respectively.
In accordance with this equation, the relative magnitude of the
EET rate constants found with 1 and 2 can be estimated from
that of Θ. As the electronic absorption and emission of the
HNDI are altered in the dyads, the calculation of Θ was
performed using those of HNDI shifted to shorter wavelengths
to match the dyads spectra. The resulting Θ values, listed in
Table 4, indicate that energy transfer from ZnP to HNDI (1LQ
→ 1LN) is indeed more favorable than that in the opposite
direction (1LN → 1LQ). They also confirm the results found

Figure 9. Energy level scheme of dyads 1 (left) and 2 (right) with the dominant processes (green wavy arrows: internal conversion; orange wavy
arrows: intersystem crossing).

Table 3. Time Constants of the Most Relevant Processes in
Dyads 1 and 2a

dyad process τ dyad process τ

1 EET 1LQ → 1LN 0.5 ps 2 EET 1LN → 1LQ 2.7 ps
1 CS 1LN → CSS 18 ps 2 CS 1LQ → CSS 10 ns
1 CR CSS → S0 7.7 ps 2 CR CSS → S0 ≪ 10 ns
1 ISC 1LN → 3LN 9.3 nsb 2 ISC 1LQ → 3LQ 14 nsc

1 ISC 3LN → S0 1.4 μs 2 EET 3LQ → 3LN ≪10 ns
2 ISC 3LN → S0 1 μs

aApart from the charge separation and recombination processes that
occur only in THF, the other processes show little solvent
dependence. bUsing a triplet quantum yield of 0.3. cUsing a triplet
quantum yield of 0.7.98
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with 2, that energy transfer occurs from HNDI to FbP (1LN →
1LQ) and that the reverse process is much slower.
Knowledge of the interaction energies, VC and Ve, is

necessary to determine which of the Förster or Dexter
mechanism dominates. Whereas Ve depends on the overlap
integral of the molecular orbitals of the “exchanged” electrons,
VC can be estimated relatively easily according to Förster theory
from the interaction between the dipole moments for the D*
→ D and A* ← A transitions, μD and μA at a distance dDA:

=
μ μ

πε ε
κV

f

4 d

2

3C
D D L

0 op DA (2)

where εop ≃ n2 is the dielectric constant at optical frequencies, n
being the refractive index of the solvent, f L = (εop + 2)/3 is the
Lorentz local field correction factor and κ the orientational
factor (eq S3 of the Supporting Information). The details of the
calculations of VC are given in the Supporting Information and
the resulting Coulomb interaction energies and rate constant,
kC, are listed in Table 4.
This table reveals a very good agreement between the

measured and calculated time constants with 2 (i.e., 2.7 vs 3.9
ps). The situation is different with dyad 1, for which the
calculated time constant is similar to that for 2 but the
measured one is about 6 times smaller. Such a faster EET with
1 is surprising considering the similarity in size of the dipole
moments for the Q transition in ZnP and FbP and the similar
Θ values. A contribution of the Dexter mechanism cannot be
ruled out, but, given that both dyads have the same peptide
linker, major differences in Ve is not expected. To account for
the faster energy transfer in 1, the Ve should amount to about
90 cm−1 (i.e., twice as large as VC). Furthermore, as shown in
Figure S1 of the Supporting Information, the molecular orbitals
of the exchanged electrons remain localized on a single
chromophoric unit and point to a rather modest Ve.
The above calculations assume that EET occurs from a

thermally equilibrated excited state. Such assumption is most
probably not correct for dyad 1 upon 1LB ← S0 excitation. ZnP
not only emits from the 1LB state but also exhibits significant
fluorescence from the vibrationally hot 1LQ state, populated
upon internal conversion from 1LB. The hot Q fluorescence of
ZnP differs from that of the equilibrated fluorescence by a
much more intense vibronic band around 555 nm and a 3−5 ps
lifetime.84 Consequently, the spectral overlap integral for ZnP
→ HNDI EET is substantially larger when the Q state is
vibrationally hot. Additionally, because of vibronic coupling
with the upper 1LB state, the transition dipole moment for hot
emission can be expected to be larger than that for the
equilibrated emission.103 These two factors (i.e., increase of Θ
and VC) are probably sufficient to account for the subpico-
second EET in 1. This explanation is fully supported by the TA
data upon excitation at 400 nm (Figure 4) that shows, that,
after EET, the ZnP moiety is vibrationally hot. Even if EET

takes place from a vibrationally excited state, only the
vibrational energy associated with the vibronic transition is
transferred to the acceptor, and the energy distributed in the
other, Franck−Condon inactive, modes remains on the donor.
In principle, such a nonequilibrium process could also be

predicted in 2 for the energy transfer from FbP to HNDI.
However, as Qy emission of FbP upon 1LB ← S0 excitation has
been shown to be much shorter-lived, with a subpicosecond
average lifetime,89 such a process should not be very significant,
especially considering the main EET in 2 is that from HNDI to
FbP.
The TA spectra measured at long time delays with 2 (Figure

8) shows that after the ultrafast and quasi-irreversible 1LN →
1LQ EET, triplet energy transfer (TET) from the FbP to the
HNDI unit (i.e., 3LQ → 3LN) is taking place. This process
occurs after the population of the 3LQ state, that is characterized
by a 10 ns time constant. As this 3LQ state cannot be observed
in the TA spectra, one can conclude that 3LQ → 3LN TET is
significantly faster that ISC. Unfortunately, more quantitative
dynamic information on this process is not accessible. The
presence of a residual 1LB ← S0 bleach indicates that the reverse
TET is also operative and, thus, that the 3LN and 3LQ are in
equilibrium with a constant of ca. 2 in favor of 3LN. As a
consequence, the 3LN state can be estimated to be just below
3LQ (i.e., around 1.4 eV). This is about 0.2 eV below the 3LQ
state of 1 and explains why 3LN → 3LQ TET is not observed
with this dyad.
TET occurs via the exchange mechanism, and its rate

constant can be discussed in terms of eq 1 with VC ∼ 0.104

However, determination of Θ requires knowledge of the
phosphorescence and triplet absorption spectra of the energy
donor and acceptor, which are not easily accessible.
The energy level schemes in Figure 9 reveal the presence of a

CSS in 1 below the 1LQ and 1LN states in THF. For 2, this state
should be slightly above the 1LQ state. According to the redox
potential of the constituents, and the TA data of 1, the CSS
consists of the oxidized porphyrin and the reduced HNDI. Such
a state is also predicted by the TD-DFT calculations, which
point to a transition with negligibly small oscillator strength
corresponding to a one-electron HOMO−LUMO excitation,
with the HOMO and LUMO entirely localized on the
porphyrin and HNDI units, respectively (Figure S1 of the
Supporting Information). Thus, CS from the 1LN state of 1 is a
hole transfer, whereas CS from the 1LQ state in 2 is an electron
transfer.
The driving force for CS, −ΔGCS, can be estimated to be

around 0.2 and −0.2 eV for 1 and 2, respectively. As the 1LQ
and 1LN states of 1 are in equilibrium, ΔGCS depends slightly
on which of these states CS occurs from. Both the 18 ps and
∼10 ns CS time constants for 1 and 2 agree well with their
respective driving force. CS in 1 is slower than in other ZnP/
NDI-based arrays for which time contants of 1 and 5 ps were
reported in THF.67,87 In all these cases, ΔGCS is of the same
order of magnitude but the distance between the donor and
acceptor varies (i.e., around 11.5 and 12.5 Å) because of
different linkers,67,87 versus ca. 14 Å in 1. A logarithmic plot of
the three CS rate constants versus the distance points to a
reasonably linear dependence (r = 0.98, Figure S6 of the
Supporting Information). Although this approach is very crude
given the small number of points, it indicates that the larger
donor−acceptor distance in 1 can account for the slower CS.
CR in 1, with a 7.7 ps time constant, is not much slower than

those found in the above-mentioned ZnP/NDI-based arrays (5

Table 4. Rate Constants for EET from D to A via the Förster
Mechanism Calculated Using eq 1 and Associated
Parameters

D A VC (cm−1) Θ × 105 (cm) 1/kC (ps)

ZnP HNDI 42 16.3 2.9
HNDI ZnP 42 2.2 22
FbP HNDI 29 0.3 330
HNDI FbP 29 26 3.8
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and 3.2 ps, respectively).67,87 In this case, however, the CR
driving force is not the same for all three systems and varies
between 1.3 and 1.8 eV. These values indicate that CR should
be close to barrierless or in the onset of the inverted regime.
As the CR driving force in 2 should be significantly larger

(i.e., around 2.1 eV), this process can be expected to be
substantially slower but still much faster than CS. For this
reason, the CS state of 2 cannot be observed in the TA
experiments.

■ CONCLUDING REMARKS

The two porphyrin-naphthalenediimide dyads investigated here
exhibit a very rich photophysics. This is due to the fact that
both chromophores have electronic excited states of similar
energies and to the nature of the bridge. A short or a
conjugated bridge would increase the coupling and, given the
closeness of the energy levels, favor strong excitonic interaction
and thus a delocalization of the electronic energy over the
whole dyads. Such an effect has been observed in dyads
consisting of the same chromophores as here but with a smaller
and rigid aromatic bridge.82 Because of the large coupling,
charge separation was ultrafast and solvent-controlled. The
peptide linker used here results in a weak coupling that ensures
that each chromophoric unit retains its identity and that allows
energy and charge transfer processes to take place.
The excited-state dynamics of dyad 1 is strongly solvent-

dependent due to the existence of a charge-separated state
located below or above the local excited states, depending on
the solvent polarity. In an apolar solvent, the most striking
feature is the occurrence of excitation energy transfer from the
porphyrin on a timescale similar to that of vibrational
relaxation, and consequently, it is significantly faster than
predicted by Förster theory using thermally equilibrated
electronic spectra. Ultimately, the electronic energy ends up
on the lowest local triplet excited state. In polar solvents, the
excited-state dynamics is shortened by almost 5 orders of
magnitude because of the occurrence of charge separation,
which totally suppresses the population of the triplet state. As
both local singlet excited states are in equilibrium, both electron
(excitation on the porphyrin) and hole (excitation on the
naphthalenediimide) are probably operative.
Much less solvent dependence is observed with dyad 2,

where charge separation is endergonic and occurs on the same
timescale as intersystem crossing. The most striking feature of
this dyad is that both singlet and triplet energy transfers are
observed and take place in opposite directions. Upon excitation
at 600 nm, four different local electronic excited states are
consecutively populated with the energy shuttling between the
two sides of the dyad. This behavior, due to the very specific
location of the excited singlet and triplet states, is quite unusual,
and might find some applications in areas such as sensing,
molecular electronics, or logics.
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