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& Host–Guest Systems

Allosteric Control of Naphthalene Diimide Encapsulation and
Electron Transfer in Porphyrin Containers: Photophysical Studies
and Molecular Dynamics Simulation

Laura Zanetti-Polzi,[a] Ryan Djemili,[b] St�phanie Durot,[b] Val�rie Heitz,*[b] Isabella Daidone,*[c]

and Barbara Ventura*[d]

Abstract: &&Please provide academic title for each author
&&The complexation processes of N,N’-dibutyl-1,4,5,8-
naphthalene diimide (NDI) into two types of p-electron-rich
molecular containers consisting of two ZnII-porphyrins con-
nected by four flexible linkers of two different lengths, were
characterized by means of absorption and emission spec-
troscopies and molecular dynamics simulation. Notably, the
addition of NDI leads to a strong quenching of the fluores-
cence of both cages only when they are in an open confor-
mation suitable for guest encapsulation, a situation trig-
gered by silver(I) ions binding to the lateral triazoles. Molec-
ular dynamics simulations confirm the fast binding of NDI,
likely assisted by NDI-silver(I) interactions. Upon NDI com-
plexation, the two porphyrin macrocycles get closer, with an

optimized face to face orientation, suggesting an induced-fit
mechanism through p–p interactions with the NDI aromatic
cycle. Ultrafast transient absorption experiments allowed to
identify the process of quenching of the Zn-porphyrin fluo-
rescence as an efficient photoinduced electron transfer reac-
tion between the cage porphyrin and the included NDI
guest. The process occurs on fast and ultrafast time scales in
the two complexes (1.5 ps and �300 fs) leading to a short-
lived charge separated state (charge recombination lifetimes
in the order of 30–40 ps). The combined computational and
experimental approach used here is able to furnish a reliable
model of the NDI-cage complexation mechanism and of the
corresponding electron transfer reaction, attesting the allo-
steric control of both processes by the silver(I) ions.

Introduction

Reversible encapsulation of guest molecules inside the cavity
of three-dimensional structures is a phenomenon of great in-
terest in supramolecular chemistry. It enables the guest to be
isolated from the bulk medium and to establish new interac-

tions with its host which affect their mutual physical and
chemical properties.[1] The new properties that emerge from
this close association have opened the way to applications in
many areas of chemical, biological and material sciences. En-
capsulation is often a critical step to access to more complex
processes where the guest plays the role of the substrate or
the catalyst in chemical transformations, the active drug in
drug-delivery systems or the functional molecular unit in self-
healing materials.[2] Therefore, the stability and lability of the
inclusion complex in a given environment has to be controlled
by a fine electronic and geometrical match between the host
and the guest which is not easily transposable from one envi-
ronment to another one.[3] Interestingly, guest complexation
can also be controlled with external stimuli, such as photons,[4]

electrons[5] or chemical entities,[6] that interact with specific
sites of the host, remote from the binding sites of the guest
and induce large and reversible modifications of the host
structure. Such control is reminiscent of the allosteric control
used by many biological systems such as proteins, enzymes
and molecular machines.[7] Inclusion complexes are also well
suited for achieving efficient photoinduced electron transfer, a
key process in natural photosynthesis. The primary photoin-
duced electron transfer steps occurring in the Photosystem II
involve a photoexcited dimer belonging to the family of por-
phyrin derivatives and a series of electron acceptors all main-
tained in a specific spatial organization through non covalent
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interactions in a protein host.[8] Notably, the last electron ac-
ceptor, a quinone, once doubly reduced and protonated loses
its affinity for its binding pocket, leaves the protein and is re-
placed by a fresh quinone.[9] The modified affinity of the qui-
none in its reduced and protonated states for its host and its
reversible binding is at the origin of the developed proton-
motive force and the subsequently generated chemical energy.
Regarding the importance of these processes, photoinduced
electron transfer between porphyrins and electron acceptors in
non-covalent hybrids has been investigated in different bio-
mimetic inclusion complexes,[10] in mechanically linked struc-
tures in the context of molecular machines[11] and supramolec-
ular optoelectronic devices.[12] Nevertheless, limited examples
have reported on an allosteric control of photoinduced elec-
tron transfer.[10c, 11a,b,i]

In this vein, we were interested in studying the inclusion
complex of N,N’-dibutyl-1,4,5,8-naphthalene diimide (NDI) into
p-electron-rich hosts possibly giving rise to photoinduced elec-
tron transfer processes. In particular, we studied the inclusion
of NDI in molecular cages, that we call 1 and 2, consisting of
two ZnII-porphyrins connected by four flexible linkers of differ-
ent lengths, endowed with triazole binding sites (Figure 1).
1,4,5,8-Naphthalene diimide, as a versatile aromatic p-acceptor,
was previously combined with various p-rich donors including
porphyrins in the context of supramolecular host–guest sys-
tems.[13] Previous studies performed with the molecular con-
tainer 1 endowed with the “short” linkers revealed that it be-
haves as an allosteric receptor, able to encapsulate NDI only
once the container was in an open form, obtained upon sil-
ver(I) ions binding to the lateral triazoles.[14] Here, combined
spectroscopic and computational studies are reported to shed
light on the binding affinity of NDI, on its dynamic encapsula-
tion induced by the opening of containers 1 and 2 upon sil-
ver(I) ions binding and on the photoinduced electron transfer
process taking place within the assembly. The structural char-

acterization of the complexation process is obtained by multi-
ple, explicit solvent, molecular dynamics (MD) simulations and
the photophysics of the inclusion complexes is investigated by
means of ultrafast transient absorption spectroscopy. Binding
of silver(I) ions to the lateral linkers is shown to be the event
that controls and drives NDI inclusion and thus the occurrence
of the photoinduced electron transfer reaction between the
Zn-porphyrins of the host and the NDI guest.

Results and Discussion

Photophysical characterization and evaluation of guest
binding in diluted solutions

The photophysical properties of cages 1 and 2 and of their sil-
ver(I) complexes [Ag4(1)](OTf)4 and [Ag4(2)](OTf)4 in CH2Cl2/
MeOH (90:10), a solvent mixture that could ensure good solu-
bility of the porphyrin cages and of the silver salt Ag(OTf),
were previously reported.[15] A complete characterization of the
absorption and emission properties of the guest NDI in the
same solvent mixture has been performed, and the results are
summarized in the ESI (Figure S1 and Table S1). In diluted solu-
tions (C�10�6

m) NDI shows the typical absorption and emis-
sion features of the monomeric species: a structured absorp-
tion in the UV region, with e380 nm = 2.62 � 104

m
�1 cm�1, and a

weak fluorescence (ffl = 0.0017) with a vibronic structure mir-
roring the absorption spectrum.[16] Upon increasing the con-
centration, additional absorption features in the range 450–
600 nm and a broad emission band peaking at 566 nm appear;
a similar red-shifted emission has been reported for excimers
or excited dimers of naphthalene diimides in concentrated sol-
utions or packed structures.[16a, 17] In our system this secondary
emission could be clearly characterized in concentrated solu-
tions (10�4

m onwards) where the excitation spectrum collected
at 600 nm matches the absorption bands present in the 450–

Figure 1. Chemical structures of the hosts 1 and 2, their silver(I) complexes and of the NDI guest.
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600 nm region (Figure S1), evidencing that it arises from a
ground state dimer or higher order aggregate (indicated gen-
erally as NDIn).

Moving towards the analysis of the binding between the
bis-porphyrinic cages 1 and 2 and the NDI guest, we examined
the photophysical properties of the cages, in their closed con-
formation, once treated with an excess of NDI. Absorption and
emission spectra registered for mixtures of cage (ca. 2 � 10�7

m)
and NDI (ca. 1 � 10�4

m, �500 equiv) are reported in Figures S2
and S3 for cages 1 and 2, respectively. It is evident that there
are no changes in the absorption features of the cages in the
mixtures, while a slight reduction of emission intensity, that is,
3 % for 1 and 7 % for 2, is observed. The latter is paralleled by
measured excited state lifetimes of 1.64 ns (vs. 1.71 ns) and
1.54 ns (vs. 1.64 ns) for 1 and 2 in the mixtures (vs. cage
alone),[15] respectively. Though small, this quenching can be
considered as a result of a bimolecular interaction between
the cage and NDI molecules, and reaction rate constants of
2.7 � 1011

m
�1 s�1 for 1 and 4.4 � 1011

m
�1 s�1 for 2 could be de-

rived, values one order of magnitude higher than the diffusion
controlled rate constant (kdiff, CH2Cl2 = 1.5 � 1010

m
�1 s�1 at

293 K).[18] This outcome seems to indicate that short-lived en-
counter complexes, where the cages interact with external NDI
molecules, are operative in the reduction of the porphyrins
fluorescence for less than 10 %. Formation of such encounter
complexes is also predicted by molecular dynamics simulations
(see below).

The process of inclusion of the guest NDI inside the two
zinc-porphyrin cages, once their cavity is enlarged by the bind-
ing of Ag+ to the peripheral triazole ligands, has been investi-
gated in diluted solutions by means of absorption and fluores-
cence spectroscopy. Prior to the addition of NDI, the AgI com-
plexes [Ag4(1)](OTf)4 and [Ag4(2)](OTf)4 were prepared by
adding Ag(OTf) to CH2Cl2/MeOH (90:10) solutions of the cages,
as previously described.[15, 19]

Addition of NDI (0–463 equivalents) to a solution of
[Ag4(1)](OTf)4 (1.8 � 10�7

m) leads to a decrease in absorption of
the Soret band, as shown in Figure 2 A, testifying an electronic
interaction between the Zn-porphyrins of the cage and the
guest. Fluorescence titration experiments were performed

upon excitation at 434 nm, isosbestic of the absorption spec-
tra. In order to clearly analyse the trend of the emission inten-
sity of the open cage within the titration, each emission spec-
trum has been subtracted by the contribution of NDIn, collect-
ed from a “blank” solution of NDI prepared at the same con-
centration as in each titration point (see Figure S4). This was
made necessary since, even if the absorbance of the formed
NDIn at 434 nm is very low (<0.0010) in the range 0–8.5 �
10�5

m of NDI used for the titration, its emission is intense
enough (f= 0.15, Table S1) to show up and sum to the fluores-
cence of the porphyrin cage (Figure S4). The emission spectra
thus derived (DI(l)), reported in Figure 2 B, show a decrease of
the emission intensity of [Ag4(1)]4 + upon addition of NDI. The
observed changes clearly indicate the formation of an inclusion
complex between the [Ag4(1)]4 + open cage and NDI.

In order to derive the association constant for the process of
NDI complexation, emission titration data have been analysed
both by Reactlab Equilibria[20] and Hypspec[21] software (the
best fittings were obtained using a 1:1 complexation model)
and by fitting the data with a specific equation related to a 1:1
complex formation (see Equation (1) in the Experimental Sec-
tion). A couple of examples of fittings of the emission data
treated with Hypspec software are reported in Figure S5. An
average association constant of (4150�39) M�1 is derived for
the formation of the NDI@[Ag4(1)]4+ complex. It can be no-
ticed that a lower value of Ka = (95�20) M�1 was found for the
formation of NDI@[Ag4(1)]4 + in CD2Cl2, through 1H NMR titra-
tion of [Ag4(1)](BArF)4 with NDI.[14] Some considerations can be
made to explain the discrepancy of the two constants. The
present value might be overestimated by the contribution
given by bimolecular external quenching occurring when the
NDI concentration increases. Moreover, absorption and emis-
sion titrations were conducted in a low complex concentration
range (about 20–30 % of formed complex at the end of the ti-
tration) due to the necessity to work in optical conditions and
the fittings were limited to an initial close to linear depend-
ence range (Figure S5). Also, the formation of NDIn species
could contribute to lower the real monomeric NDI concentra-
tion compared to the expected one, affecting the mathemati-
cal treatment. The latter should have only a slight influence, by

Figure 2. A) Absorption spectra of CH2Cl2/MeOH (9:1) solutions of cage [Ag4(1)]4 + (1.8 � 10�7
m) with increasing amounts of NDI (0–463 equiv). B) Differential

(see text) emission spectra of the same solutions as in A; excitation at 434 nm.
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considering self-association constants of 1–2 m
�1 reported for a

naphthalene diimide in solvents of various polarity.[22] Finally,
one should consider that both the solvent and the complex
counterions were different in this study with respect to the
previous one,[14] plausibly leading to a different value of the as-
sociation constant. A solvophobic effect can, in fact, be opera-
tive in the present case where the more polar solvent mixture
favours NDI encapsulation.[23]

The same titration experiments were performed with
[Ag4(2)](OTf)4. Absorption and emission changes observed for a
2.0 � 10�7

m solution of [Ag4(2)]4+ titrated with NDI in the
range 0–463 equivalents, are reported in Figure S6. The emis-
sion trend was followed upon excitation at 425 nm, isosbestic
of the absorption titration, and by correcting the spectra for
the emission of NDIn (see Figure S7), as in the previous case.
The observed changes in both absorption and emission of
[Ag4(2)]4 + are similar to those observed for [Ag4(1)]4+ , pointing
to the same type of complexation. The titration data have
been mathematically analyzed by means of Reactlab Equilibria
and Hypspec software, with a 1:1 complexation model, and by
using Equation (1) in the Experimental section. Examples of
trends of emission intensities at selected wavelengths, ana-
lysed with Hypspec software, are reported in Figure S8. The de-
rived average association constant for the formation of the
NDI@[Ag4(2)]4+ complex is (4018�47 m

�1). Also in this case,
we cannot exclude an overestimation of the association con-
stant for the reasons discussed above.

Overall, the spectral changes observed in the absorption ti-
trations and the stronger quenching observed in the fluores-
cence experiments once the cages 1 and 2 are open with sil-

ver(I), endorse an assembly process where the NDI guest is
steadily included inside the cavity of the cage. In order to gain
precious information on type and geometry of the host/guest
interactions at the basis of the observed phenomena, detailed
computational investigation has been performed (see below).

Computational results

Two 100-ns long MD simulations of silver(I)-complexed cage 2,
[Ag4(2)]4 + , in the presence of four NDI molecules are per-
formed in CH2Cl2/MeOH (90:10) at 300 K reproducing the ex-
perimental conditions (see the Methods section for a justifica-
tion of this choice). Two starting configurations for the four
NDI molecules are chosen. In the first one, the four NDI mole-
cules are placed at a distance from the center of mass of the
two Zn-porphyrins varying from �1 nm to �2 nm and with
different orientations between the NDI plane and the porphy-
rin planes (see Figure 3 A).

In this configuration the NDI molecules are not forced to in-
teract with the [Ag4(2)]4+ cage in a specific way. However, at
such distances both the NDI molecules and the cage do not
behave as freely diffusing molecules in solution, as an interac-
tion among them is already present.[24] Thus, this choice allows
both to follow an unbiased interaction among the five mole-
cules and to speed up a possible complexation between the
NDI molecules and the cage, bypassing the time-limiting step
of the purely diffusive encountering of the solvated molecules.
The analysis of the MD simulation starting from this configura-
tion highlighted the presence of transient interactions be-
tween the NDI molecules and the Ag+ ions coordinated to the

Figure 3. Top (left) and side (right) view of the first (A) and second (B) starting configurations for the silver(I)-complexed cage 2 and the four NDI molecules.
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linkers (see below). Thus, a second starting configuration is
tested in which the NDI molecules are placed perpendicularly
to the two porphyrin planes in-between the four linkers (i.e. ,
with each NDI molecule at a distance of �0.5 nm from a sil-
ver(I) ion of one linker) with an average distance between the
center of mass of the NDI and the center of mass of the two
Zn atoms of �1 nm (see Figure 3 B). In this second starting
configuration the interaction between each NDI molecule and
a silver(I) ion is favored, in order to investigate the possible

role of such interaction in the formation of the NDI@ [Ag4(2)]4 +

complex.
In both simulations, one NDI molecule spontaneously enters

the cage after a few nanoseconds forming a complex that re-
mains stable for the rest of the simulation. In the MD simula-
tion starting from the first configuration, an NDI molecule
(hereafter called NDI2) enters the cage after �6 ns (see Fig-
ure 4 A). After an initial diffusion (lasting �2.5 ns) during which
the distance between the cage and the NDI2 centers of mass

Figure 4. A, E) Time evolution of the distance between the center of mass of an NDI molecule (NDI2 in the MD starting from the first configuration, panel A,
and NDI4 in the MD starting from the second configuration, panel E) and the center of mass of the two Zn-porphyrins. The vertical dashed line highlights the
time at which the NDI molecules enter the cage (�6 ns and �2.2 ns for the first and second starting configurations, respectively). Representative structures
of the relative position of the NDI molecules and the [Ag4(2)]4 + cage are reported. B,F) Normalized distribution of the distance between the center of mass of
NDI2/NDI4 and each of the two Zn atoms of the porphyrin rings after NDI enters the [Ag4(2)]4+ cage (6–100 ns and 2.2–100 ns for the first (B) and second (F)
starting configurations, respectively). C,G) Time evolution of the distance between the two Zn atoms of the porphyrin rings. D,H) Normalized distribution of
the distance between the two Zn atoms of the porphyrin rings before (0–6 ns and 0–2.2 ns for the first (D), and second (H), starting configuration, respective-
ly, dashed lines) and after (6–100 ns and 2.2–100 ns for the first (D) and second (H) starting configuration, respectively, solid lines) NDI enters the [Ag4(2)]4 +

cage.
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reaches �2.7 nm, NDI2 approaches the cage, interacting with
the Ag+ ion of one of the linkers. During the �2.5 ns in which
NDI2 interacts with the silver(I) ion, the distance between the
Ag+ ion and the center of mass of the NDI molecule is main-
tained at �0.5 nm, suggesting the presence of a cation–p in-
teraction between the silver(I) ion and the NDI. Then, NDI2
starts entering the cage. After further �1 ns the entering pro-
cess is completed and NDI2 is in the center of the cage, essen-
tially parallel to the porphyrin planes (see below). In the MD
simulation starting from the second configuration, an NDI mol-
ecule (NDI4) enters the cage after �2.2 ns (see Figure 4 E). In
the first �1 ns of the simulation NDI4 interacts with the sil-
ver(I) ion, with an average distance between the Ag+ ion and
the center of mass of NDI4 of is �0.55 nm, analogously to
what observed in the MD simulation starting from the first
configuration.

The results of both MD simulations suggest that the interac-
tion with the Ag+ ion might be relevant for the complexation
between the NDI and the [Ag4(2)]4 + cage, maintaining the NDI
molecule between the Zn-porphyrin planes until the proper
orientation to enter the cage cavity is found.

It can be noted from Figure 4 B and F that in the stable com-
plex, the NDI molecule is in the center of the cage. In fact, the
normalized distributions of the distance between the center of
mass of NDI2/NDI4 and each of the two ZnII metal centers of
the porphyrin rings are essentially indistinguishable and
peaked at the same distance (0.39 nm). Such a distance is only
slightly higher than a typical p–p interaction distance
(0.35 nm),[23, 25] suggesting a suboptimal electronic interaction
between the NDI and the porphyrin rings, in agreement with
the experimental binding constant measured by UV-visible and
NMR titrations.[14]

In our previous work,[15] MD simulations showed that in the
complexed [Ag4(2)]4 + cage the two Zn-porphyrins are highly
rigid and adopt, in solution, a cofacial position with an average
distance between the ZnII centers of mass of �0.85 nm. Upon
complexation with the NDI molecule a reduction of the dis-
tance between the two porphyrin macrocycles is observed

(see Figure 4 C, D, G, and H). In fact, the distance between the
two ZnII metal ions of the porphyrins decreases from
�0.85 nm to �0.78 nm upon complexation, suggesting a sort
of induced-fit mechanism.

The NDI-cage complex was further investigated by analyzing
the relative orientation of the three planes (i.e. , the two por-
phyrin planes and the NDI plane). In what follows, the results
obtained from the MD simulations starting from the two differ-
ent conformations, being analogous, are reported together. To
assess the effect of the formation of the complex on the ge-
ometry of the [Ag4(2)]4 + cage, the angles between each of the
Zn-porphyrin plane and the vector connecting the two centers
of mass (q1, q2) are analyzed before and after the formation of
the complex (see Figure 5 A). It can be observed that, upon
complexation with the NDI molecule, the porphyrins of the
[Ag4(2)]4 + cage adopt a more cofacial conformation, 828 being
the most populated angle with a sharper distribution when
the NDI molecule is located inside the cage and 758 being the
most populated one and with a broader distribution, when the
NDI molecule is outside the cage. The two porphyrin planes
are also mainly parallel, as the bi-dimensional distribution of q1

and q2 shows a strong linear correlation (see Figure S9 A). The
758 value found for q1 and q2 when the NDI is outside the
cage is in agreement with what was observed during a previ-
ously performed 100 ns-long MD simulation of the same cage
in the absence of NDI molecules, in which the most populated
angle was 788.[15]

The angles between the NDI plane and the vectors connect-
ing the centers of mass of each porphyrin plane and of the
NDI molecule (f1 and g1), as well as the angles between the
Zn-porphyrin planes and the same vectors (f2 and g2) were
also analyzed. Their normalized distribution (Figure 5 B) shows
that the NDI plane is also almost cofacial to the two porphyrin
planes. It can be noted that the most populated values of f1

and g1 are slightly lower than the ones of f2 and g2 (788 vs.
828), but such a difference is negligible and the three planes
are essentially parallel and cofacial.

Figure 5. A) Normalized distribution of q1 and q2 before (dashed line) and after (solid line) the complexation of the [Ag4(2)]4 + cage with the NDI molecule.
B) Normalized distribution of f1 and f2, g1 and g2 when the NDI-cage complex is formed.
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The angle defining the rotation of the porphyrin planes one
with respect to the other (b) and the angles between the NDI
plane and each porphyrin plane (b1 and b2) were also analyzed
along the MD simulations (see Figure S10). In agreement with
what previously found,[15] such angles display small variations
along the simulation, the most populated b angle being 268
and the most populated b1 and b2 angles being 148 (Fig-
ure S10).

The behavior of the three NDI molecules that are not com-
plexed with the [Ag4(2)]4+ cage was also analyzed during the
MD simulation by calculating the distance between the center
of mass of each NDI molecule and the center of mass of the
[Ag4(2)]4 + cage. The results obtained from the MD simulation
starting from the first configuration are reported in Figure 6
and the ones obtained from the MD simulation starting from
the second configuration are reported in Figure S11. It can be
observed in the figures that the three NDI molecules that
remain outside the cage interact with it by forming short-lived
complexes (i.e. encounter complexes) in which the NDI mole-
cules interact both with the Ag+ ions and with the Zn-por-
phyrins (see representative structures in Figure 6). In addition,
interactions among the three NDI molecules can be also ob-
served (see Figure S12).

Photoinduced processes within the inclusion complexes

As revealed by spectrofluorimetric titration experiments, for-
mation of the complexes NDI@[Ag4(1)]4+ and NDI@[Ag4(2)]4 +

causes a quenching of the fluorescence of the [Ag4(1)]4 + and
[Ag4(2)]4 + cages. This quenching can be ascribed to a fast pho-

toinduced process occurring between the units of the host
and the included guest, depopulating the porphyrins singlet
excited states. An energy transfer process from the cage por-
phyrin to the guest can be excluded from thermodynamic rea-
sons. Indeed, the lowest singlet excited state of NDI is higher
in energy than the cage Zn-porphyrin singlet excited state (an
energy value of 3.20 eV for 1NDI can be derived from the maxi-
mum of fluorescence emission, Figure S1, and the value of
2.06 eV for 1[Ag4(1)]4+ and 1[Ag4(2)]4 + has been previously re-
ported[15]). Conversely, a LUMO-LUMO electron-transfer leading
to a charge-separated (CS) state with a Zn-porphyrin radical
cation and a NDI radical anion is a feasible process. By consid-
ering a reported Zn-porphyrin oxidation potential of + 0.70 V
versus SCE in CH2Cl2

[26] and a NDI reduction potential of
�0.65 V in the same solvent (converted from �1.10 V vs. Fc/
Fc+ [16d, 27]), in fact, the energy of the CS state can be approxi-
matively estimated at 1.4 eV, thus thermodynamically accessi-
ble from the cage Zn-porphyrin singlet excited state. Moreover,
the process is strongly favoured by the close proximity of the
porphyrin planes and the NDI p system in the fixed sandwich
geometry of the complexes (dporphyrin-NDI�0.4 nm, from MD sim-
ulations).

In order to gain better insights into the photophysics of the
systems, pump-probe transient absorption experiments with
femtosecond resolution were performed. Higher concentration
conditions were used to provide an appropriate absorbance of
the solutions at 560 nm, the excitation wavelength chosen to
selectively populate the Zn-porphyrin singlet and to avoid
photodegradation of the silver(I)-cages. Solutions of cages 1
and 2, ca. 6 � 10�6

m, have been treated with Ag(OTf) to obtain

Figure 6. Time evolution of the distance between the center of mass of each NDI molecule and the center of mass of the two Zn-porphyrins. Representative
structures of the relative position of the NDI molecules and the [Ag4(2)]4 + cage are reported.

Chem. Eur. J. 2020, 26, 1 – 12 www.chemeurj.org � 2020 Wiley-VCH GmbH7

These are not the final page numbers! ��

Chemistry—A European Journal 
Full Paper
doi.org/10.1002/chem.202003151

1 1
2 2
3 3
4 4
5 5
6 6
7 7
8 8
9 9

10 10
11 11
12 12
13 13
14 14
15 15
16 16
17 17
18 18
19 19
20 20
21 21
22 22
23 23
24 24
25 25
26 26
27 27
28 28
29 29
30 30
31 31
32 32
33 33
34 34
35 35
36 36
37 37
38 38
39 39
40 40
41 41
42 42
43 43
44 44
45 45
46 46
47 47
48 48
49 49
50 50
51 51
52 52
53 53
54 54
55 55
56 56
57 57

http://www.chemeurj.org


the open conformation and then added with NDI to have a
sizeable amount of complex in solution (50 % of complexed
cage). NDI concentrations of 2.1 � 10�3

m and 3.6 � 10�3
m were

used for [Ag4(1)]4 + and [Ag4(2)]4+ , respectively. Absorption and
emission spectra of the mixtures, compared with those of the
open cages, are reported in Figures S13 and S14; it can be
seen that the trend in the decrease of the Soret band upon
complexation with NDI is confirmed, accompanied by a slight
red-shift of the same band and the formation of a shoulder at
ca. 430 nm. The ca. 50 % quenching measured for the porphy-
rin fluorescence in the mixtures attested the amount of
formed complex.

Transient absorption measurements were performed on the
host–guest mixtures and on solutions of bare cages and of sil-
ver(I)-complexed cages, at the same concentrations, for com-
parison purposes. Figure 7 shows the time evolution of the
transient absorption spectra of 1, [Ag4(1)]4 + and the mixture
containing NDI@[Ag4(1)]4+ , upon excitation at 560 nm. In cage
1, the end-of-pulse spectrum presents a positive signal with
maximum at ca. 470 nm superimposed with the ground state
bleaching of the Q-bands, at 560 and 600 nm, and stimulated
emission at 606 and 660 nm. These absorption features, typical
of a Zn-porphyrin singlet excited state, evolve towards a spec-
trum with maximum at 476 nm, that can be safely attributed
to triplet absorption. A clear isosbestic point at 504 nm and
the lifetime of 1.7 ns found for signals decays and growths
(see Figure S15 A for the kinetic analysis at representative
wavelengths) leads to identify the process as S1!T1 intersys-
tem crossing. In the silver(I)-complexed cage, the picture is
very similar, except for a prompt decay (13 ps, pre-exponential
weight �20 %) of the singlet signal that precedes the intersys-
tem crossing evolution (Figure S15 B). This fast event can be as-
cribed to static quenching between the porphyrin units forced
to stay in a face-to-face conformation in the AgI-complexed
cage or to a specific interaction with the Ag+ ions.[28] The pic-
ture for the mixture containing NDI@[Ag4(1)]4+ is markedly dif-
ferent (Figure 7 C). A signal rise of 1.5 ps is observed in the
range 470–650 nm, then the transient spectrum decays with a
lifetime of ca. 30 ps and, on longer time scales, a kinetics of
1700 ps for the decay of the singlet signal and rise of the trip-
let spectrum, is detected (Figure S15 C). Although weak, the
spectral features of the species that forms in 1.5 ps and decays
in 30 ps can be safely assigned to the CS state P+-NDI� (with
P: cage porphyrin). In fact, the Zn-porphyrin cation is known
to have a broad absorption between 600 and 700 nm[29]

whereas the NDI radical anion has characteristic absorption
bands at ca. 475 (most intense), 610, 680 and 760 nm.[16c, 30] It
can be noticed that the amount of formed triplet is approxima-
tively half that observed for the [Ag4(1)]4 + solution, indicating
that the NDI-free cages undergo the normal intersystem cross-
ing path, whereas the ones complexed with NDI experience
fast charge separation followed by charge recombination to
the ground state.

The same analysis has been performed for 2, [Ag4(2)](OTf)4

and the mixture containing NDI@[Ag4(2)](OTf)4; the results are
presented in Figures S16 and S17. Features similar to the previ-
ous case are observed for the transient absorption evolution of

2 and its silver(I)-complex (Figure S16 A and B): intersystem
crossing occurs with a time constant of 1.6 ns in 2, and this
process is preceded by a fast decay of ca. 4 ps for [Ag4(2)]4 +

(Figure S17 A and B). In the mixture, at a difference with the
previous case, the rise of the absorption bands of the radicals

Figure 7. Time evolution of the transient absorbance of CH2Cl2/MeOH (9:1)
solutions of A) cage 1 (5.8 � 10�6

m), B) cage [Ag4(1)]4 + (5.8 � 10�6
m) and

C) mixture of the latter with NDI 2.1 � 10�3
m ; excitation at 560 nm

(A560 = 0.050, 0.2 cm optical path). The spectral region around 560 nm is cov-
ered by scattering of the excitation beam.
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is not observed, and the end-of-pulse spectrum already con-
tains weak CS features superimposed with the singlet absorp-
tion of the guest-free cage (Figure S16 C). This implies that
charge separation occurs within the time resolution of the
system, that is, 300 fs. This spectrum then evolves with a
decay of 38 ps and, on longer time scales, the triplet features
appear as a result of triplet population in the free cages pres-
ent in solution (Figures S16 C and S17 C).

Overall the data indicate that a photoinduced host–guest
electron transfer process occurs in both complexes upon exci-
tation of the porphyrin components on fast and ultrafast
scales (1.5 ps and �300 fs for NDI@[Ag4(1)]4 + and
NDI@[Ag4(2)]4+ , respectively). The faster rate for the latter is
likely due to the shorter distance between the Zn-porphyrin
and NDI, allowed by the longer flexible linkers of cage 2.[15]

Charge recombination occurs with a similar kinetics in the two
systems, with lifetime of the CS state of ca. 30–40 ps (an
energy level diagram and the observed rate constants are re-
ported in Scheme 1). These values reflect the high efficiency of
both processes, likely due to the very short distance between
donor and acceptor units in the formed inclusion complexes,
as evidenced by the MD simulation and in accordance with
Marcus electron transfer theory.[31]

Conclusions

A thorough study of the encapsulation of NDI in Zn-porphyrin
molecular cages endowed with triazoles-including connectors
of different lengths have been performed by means of absorp-
tion and emission spectroscopies and molecular dynamics sim-

ulations. Whereas the photophysical properties of the cages
are overall not affected by the presence a large excess of NDI,
addition of silver(I) ions triggers NDI encapsulation and a
strong quenching of the cage Zn-porphyrin emission. Molecu-
lar dynamics simulation shows that the stable host–guest com-
plex forms within a few nanoseconds, probably mediated by
favorable cation–p interactions between the AgI ions and NDI
molecules. Silver(I) binding controls the overall disposition of
the Zn-porphyrins in the cages in a face to face geometry that
finely adjust upon NDI encapsulation to optimize the p donor–
p acceptor interactions, as shown by the simulation. In these
AgI-triggered NDI inclusion complexes a photoinduced elec-
tron transfer process thus occurs with almost unitary efficiency
from the excited Zn-porphyrin components to NDI, in 1.5 ps
for NDI@[Ag4(1)](OTf)4 and ultrafast scales (�300 fs) for
NDI@[Ag4(2)](OTf)4. Following charge separation, charge re-
combination between the oxidized Zn-porphyrin and the re-
duced NDI in both inclusion complexes occurs in tens of pico-
seconds. The present study demonstrates the AgI ions alloste-
ric control on the encapsulation of the guest and, consequent-
ly, on the host–guest photoinduced electron transfer and on
the photophysical properties of the cages. Such control opens
the way to develop fine-tuned sensors, signaling receptors or
photoreactors.

Experimental Section

Absorption and emission spectroscopy : Spectroscopic grade sol-
vents from Merck were used as received. Silver trifluoromethane-
sulfonate (Ag(OTf)), from Sigma–Aldrich, was stored under argon in
a sealed vial in dark and dry conditions. Freshly prepared Ag(OTf)
solutions were always used. Solutions of cage 2 were filtered with
0.2 mm membrane filters (Minisart RC4 filters) prior to each mea-
surement, to avoid aggregation issues.

Absorption and emission spectra were recorded with a PerkinElmer
Lambda 650 spectrophotometer and a Edinburgh FLS920 fluorime-
ter, equipped with a Peltier-cooled Hamamatsu R928 PMT (280–
850 nm), respectively. The reported emission spectra are un-cor-
rected for the phototube response. Titration experiments were per-
formed by incremental addition of micro aliquots of stock solutions
of NDI (8 � 10�4

m
�1 � 10�3

m) to a solution of silver(I)-complexed
cage (ca. 2 � 10�7

m). The final volume added was kept below 10 %
of the total volume, to avoid dilution of the porphyrin. The experi-
ments have been conducted avoiding light exposure of the solu-
tions.

Titration data have been analyzed with Reactlab Equilibria and
Hypspec softwares and according to Equation (1), derived for a 1:1
host–guest stoichiometry:

Obs ¼ Obs0 þ ðDObsmax=2 S0Þ � fK d þ X þ S0�½ðK d þ X þ S0Þ2�4 XS0�1=2g
ð1Þ

where Obs0 is the signal (absorbance or emission intensity) of the
free [Ag4(1)]4 + , DObs (Obs�Obs0) is the change in the optical signal
with respect to that of the free [Ag4(1)]4 + , S0 is the constant con-
centration of [Ag4(1)]4 + , X is the variable concentration of NDI,
DObsmax is the maximum variation of the observed signal between
non-complexed and complexed states and Kd = 1/Ka is the dissocia-
tion constant of the 1:1 complex.[10c,k, 33]

Scheme 1. Energy level diagram and derived kinetics of the photoinduced
processes in the inclusion complexes NDI@[Ag4(1)]4 + (red) and
NDI@[Ag4(2)]4 + (blue). P stands for cage porphyrin. The singlet and triplet
energy levels are taken from data of the present paper and from litera-
ture.[15, 32]
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Emission lifetimes were determined by using an IBH time-correlat-
ed single-photon counting apparatus with excitation at 560 for
porphyrin cages and at 331 nm and 465 nm for NDI and NDIn, re-
spectively.

Pump-probe transient absorption measurements were performed
with an Ultrafast Systems HELIOS (HE-VIS-NIR) femtosecond transi-
ent absorption spectrometer by using, as excitation source, a New-
port Spectra Physics Solstice-F-1K-230 V laser system,[34] combined
with a TOPAS Prime (TPR-TOPAS-F) optical parametric amplifier
(pulse width: 100 fs, 1 kHz repetition rate, selected output wave-
length: 560 nm). The overall time resolution of the system is
300 fs. Air-equilibrated solutions in 0.2 cm optical path cells were
analyzed under continuous stirring. To reduce photo-degradation,
the pump energy on the sample was reduced to 2 mJ/pulse. Sur-
face Xplorer V4 software from Ultrafast Systems was used for data
acquisition and analysis. The 3D data surfaces were corrected for
the chirp of the probe pulse prior to analysis.

Estimated errors are 10 % on transient absorbance lifetimes, 10 %
for luminescence lifetimes, 10 % for molar absorption coefficients
and 10 % on quantum yields. The reductions in emission intensity
and lifetime observed for the “closed” cages treated with NDI can
be considered reliable even if they fall within instrumental errors,
due to the maintenance of the same experimental conditions and
to the consistency of the decrease determined with two different
techniques.

Molecular dynamics simulations : MD simulations of silver(I)-com-
plexed cage 2, [Ag4(2)]4 + , in the presence of 4 NDI molecules are
performed in CH2Cl2/MeOH (90:10) to mimic the experimental con-
ditions at the end of the titrations with NDI, in which the number
of equivalents of NDI is around 400. Despite the high number of
equivalents, the experimental NDI concentration is very low (
�10�5–10�6

m). Given the limited size of the simulation box (com-
pared to what would be needed to reproduce the very low experi-
mental concentration), to find a compromise between NDI concen-
tration and number of equivalents and to avoid over-crowding of
the simulation box, we had to drastically reduce the number of
NDI molecules from around 400 to 4. The initial structure of the sil-
ver(I)-complexed cage 2 was taken from a previous MD simulation
in the same solvent.[15]

MD simulations are performed with the GROMACS software pack-
age using the GROMOS force field. The previously derived
GROMOS force field parameters and atomic charges for the sil-
ver(I)-complexed cage 2 are used.[15] The GROMOS force field pa-
rameters and atomic charges for the NDI molecules are obtained
from the Automated Topology Builder (ATB).[35]

The silver(I)-complexed cage 2 and the four NDI molecules are
placed in a dodecahedral box large enough to contain the mole-
cule and at least 1.0 nm of solvent on all sides with a proper
number of CH2Cl2 molecules to reproduce the density of CH2Cl2 at
300 K and 1 bar (1.33 g cm�13). A proper number of CH2Cl2 mole-
cules was then substituted with the corresponding number of
MeOH molecules to reproduce the experimental CH2Cl2/MeOH
(90:10) proportion. The force field parameters for CH2Cl2 and
MeOH are taken from the GROMACS topology database.

The initial structure of the silver(I)-complexed cage 2 is placed in
the center of the box and two starting configurations for the four
NDI molecules are chosen. In the first one, the four NDI molecules
are placed below the cage cavity with randomly selected orienta-
tions between the NDI plane and the porphyrin planes and with
distances between the center of mass of the NDI and the center of
mass of the two Zn atoms varying from �1 nm to �2 nm (average
distance �1.7 nm, see Figure 3 A). In the second starting configura-

tion the NDI molecules are placed perpendicularly to the two por-
phyrin planes in-between the four linkers with an average distance
between the center of mass of the NDI and the center of mass of
the two Zn atoms of �1 nm (see Figure 3 B).

Simulations are carried out in the NVT (i.e. , with constant number
of molecules, volume and temperature) ensemble at a constant
temperature of 300 K using the velocity rescaling temperature cou-
pling.[36] The LINCS algorithm[37] is used to constrain bond lengths
and a time step of 2 fs for numerical integration of the equations
of motion is used. The particle mesh Ewald method[38] is used for
the calculation of the long-range interactions and a cut-off of
1.1 nm is used. After a solute optimization and a subsequent sol-
vent relaxation, each system is gradually heated from 50 to 300 K
using short MD simulations. The trajectories were then propagated
for 100 ns for each system. Coordinates are saved at every 1 ps.
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B. Kçz, A. O. Doroshenko, S. İÅli, J. Photochem. Photobiol. A 2000, 135,
103 – 110; c) L. Flamigni, E. Baranoff, J.-P. Collin, J.-P. Sauvage, Chem. Eur.
J. 2006, 12, 6592 – 6606; d) S. V. Bhosale, C. H. Jani, S. J. Langford, Chem.
Soc. Rev. 2008, 37, 331 – 342; e) J. E. Bullock, M. T. Vagnini, C. Ramanan,
D. T. Co, T. M. Wilson, J. W. Dicke, T. J. Marks, M. R. Wasielewski, J. Phys.
Chem. B 2010, 114, 1794 – 1802.

[17] a) L. Flamigni, D. Wyrostek, R. Voloshchuk, D. T. Gryko, Phys. Chem.
Chem. Phys. 2010, 12, 474 – 483; b) S. Maniam, H. F. Higginbotham,
T. D. M. Bell, S. J. Langford, Chem. Eur. J. 2019, 25, 7044 – 7057.

[18] M. Montalti, A. Credi, L. Prodi, M. T. Gandolfi, Rate Constants of Excited-
State Quenching, CRC Press, Taylor & Francis Group, Boca Raton, 2006,
p. 424.

[19] Ag(OTf) was added to the solution of the cage in a proportion similar
or slightly higher than in previous titrations (ca. 20 equivalents) and the
formation of the „open“ conformation was monitored spectrophoto-
metrically.

[20] ReactLabTM, E. 1.1, Jplus Consulting Pty Ltd.
[21] Hypspec in Vol. P. Gans, A. Sabatini, A. Vacca, Talanta 1996, 43, 1739 –

1753 (Protonics Software), http://www.hyperquad.co.uk/HypSpec.htm.
[22] M. S. Cubberley, B. L. Iverson, J. Am. Chem. Soc. 2001, 123, 7560 – 7563.
[23] C. R. Martinez, B. L. Iverson, Chem. Sci. 2012, 3, 2191 – 2201.
[24] S. Del Galdo, M. Aschi, A. Amadei, Int. J. Quantum Chem. 2016, 116,

1723 – 1730.
[25] C. A. Hunter, J. K. M. Sanders, J. Am. Chem. Soc. 1990, 112, 5525 – 5534.
[26] I. M. Dixon, J.-P. Collin, J.-P. Sauvage, L. Flamigni, Inorg. Chem. 2001, 40,

5507 – 5517.
[27] a) N. G. Connelly, W. E. Geiger, Chem. Rev. 1996, 96, 877 – 910; b) N.

Sakai, J. Mareda, E. Vauthey, S. Matile, Chem. Commun. 2010, 46, 4225 –
4237.

[28] S. Durot, L. Flamigni, J. Taesch, T. T. Dang, V. Heitz, B. Ventura, Chem. Eur.
J. 2014, 20, 9979.

[29] J. Fajer, D. C. Borg, A. Forman, D. Dolphin, R. H. Felton, J. Am. Chem.
Soc. 1970, 92, 3451 – 3459.

[30] a) D. Gosztola, M. P. Niemczyk, W. Svec, A. S. Lukas, M. R. Wasielewski, J.
Phys. Chem. A 2000, 104, 6545 – 6551; b) G. Andric, J. F. Boas, A. M.
Bond, G. D. Fallon, K. P. Ghiggino, C. F. Hogan, J. A. Hutchison, M. A. P.
Lee, S. J. Langford, J. R. Pilbrow, G. J. Troup, C. P. Woodward, Aust. J.
Chem. 2004, 57, 1011 – 1019; c) M. Pan, X.-M. Lin, G.-B. Li, C.-Y. Su, Coord.
Chem. Rev. 2011, 255, 1921 – 1936.

[31] Photoinduced processes occurring within the assemblies upon excita-
tion of the included NDI guest could not be studied due to a combina-
tion of experimental constraints: the low association constants, which
require a large amount of one of the two partners with respect to the
other to form a sizeable amount of complex in solution, the necessity
to work in optical conditions and aggregation issues arising at high
concentrations of NDI.

[32] S. Green, M. A. Fox, J. Phys. Chem. 1995, 99, 14752 – 14757.
[33] M. Beyler, V. Heitz, J.-P. Sauvage, B. Ventura, L. Flamigni, K. Rissanen,

Inorg. Chem. 2009, 48, 8263 – 8270.
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