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The molecular tweezer 1 and the clips 2 and 3, containing naphthalene or anthracene in the sidewalls, form
host—guest complexes in CHCI; solution with the guest TCNB (1,2,4,5-tetracyanobenzene). The interaction
leading to formation of the adduct is essentially of CT (charge-transfer) nature. A luminescence emission of
CT origin is observed from the host—guest complexes both in fluid solution at 298 K and in rigid matrix at
77 K; to our knowledge, this is the first case of CT luminescence from a host—guest complex. At room
temperature, the luminescence maxima are observed at 570, 614, and 668 nm, respectively, for the complexes
based on the hosts 1, 2, and 3. Spectrophotometric and spectrofluorimetric titrations were performed to
investigate the association processes. In all cases 1:1 complexes are formed, with association constants

7.3 x 10%, 5.4 x 10%, and 1.24 x 10* L mol™', respectively, for the receptors 1, 2, and 3. In the case of 2, a
species with a 2: 1 host: guest ratio is also formed. The system 1+TCNB was further investigated by cyclic
and differential pulse voltammetry, giving the rate constants for adduct formation (1.9 x 10° L mol™! s71)
and disassembling (2.0 x 10% s™!). The association/dissociation dynamics between the receptors 1 and 2 and

the guest TCNB is discussed in relation to the receptor topology.

Introduction

Molecular recognition and self-assembly are key concepts in
the realm of supramolecular chemistry.'> These processes are
based on weak but specific intermolecular interactions, such as
hydrogen bonding,® ion pairing,* arene-arene interactions,’
and hydrophobic effects in aqueous media.>® The design of
an efficient synthetic receptor requires a precise control of its
topological and electronic properties. The hydrocarbons 1-3
(Fig. 1) are members of an interesting family of receptors,
developed by Klirner er al.,” '* featuring an “inside” cavity
whose shape depends both on the number of the methylene
bridges (which are four in 1, three in 2 and two in 3) and on the
components used to build the sidewalls (benzene, naphthalene,
or anthracene). On the basis of their shape, these receptors
have been named ‘“molecular tweezer” (1) and ‘“‘molecular
clips” (2 and 3).

Semi-empirical calculations''"'? have shown that the concave
side of such molecules is surprisingly negative for a hydro-
carbon; this feature explains why molecular tweezers and clips
can selectively bind a variety of electron-deficient aromatic and
aliphatic substrates. The interaction between the electron-
donating receptor and the electron-accepting guest is essen-
tially of charge-transfer (CT) nature, and is thus strongly
influenced by the solvent used. For example, the adducts form
efficiently in chloroform but not in acetonitrile, which is a
much more polar solvent. Experimentally, NMR techniques
have been most often employed to measure the association
constant K, of the host-guest adduct. For some guest species,
such as TCNB (1,2,4,5-tetracyanobenzene, Fig. 1) or TCNQ
(7,7,8,8-tetracyanoquinodimethane), however, the K, values
for the formation of the complexes TCNB@1, TCNQ@1,
and ;l;Cllz\IB@Z are too high to be reliably measured in this
way.””

780

New J. Chem., 2005, 29, 780-784

In this paper, the interaction between the three receptors 1-3
and the guest TCNB is investigated in detail at room tempera-
ture by photophysical techniques. The adducts formed between
TCNB and the receptors 1-3 are luminescent. Although lumi-
nescence from CT complexes involving TCNB is well
known,'>'* this appears to be the first case of CT luminescence
from host—guest complexes. Spectrophotometric and spectro-
fluorimetric titrations have been exploited to obtain an accu-
rate measure of the association constant with the guest TCNB
in CHCI; solution. The system 1+TCNB has been further
characterized by cyclic and differential pulse voltammetry in
CH,Cl, solution, and the obtained K, value has been com-
pared with that derived from photophysical techniques. On the
basis of the results obtained, the association/dissociation dy-
namics between host and guest are discussed in relation with
the receptor topology.

Experimental section

The receptors 1-3 were available from previous investigations.
All solvents were of the best commercial quality and were used
as received.

All measurements were performed on freshly prepared air-
equilibrated solutions. The absorption and emission spectra of
the solutions remained stable for at least two days. Absorption
spectra were recorded with a Perkin-Elmer 416 or a Perkin-
Elmer 240 spectrophotometer. Luminescence experiments were
performed in CHCI; solutions at room temperature and in a
1:1 v/vy CH,Cl,—CHCI; rigid matrix at 77 K, by using a Perkin-
Elmer LS-50 spectrofluorimeter equipped with a red-sensitive
Hamamatsu R928 photomultiplier. Luminescence maxima
tabulated are uncorrected for detector response. Luminescence
lifetimes were measured with an Edinburgh 199 single-photon
counting apparatus (D, lamp, 310 nm, time resolution 0.5 ns).
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Fig. 1 Structural formulae of compounds 1, 2, 3 and TCNB.

Analysis of the decay traces was performed with software
provided with the instrument.

Electrochemical measurements were carried out in argon-
purged CH,Cl, (Romil Hi-Dry™) solutions at room tempera-
ture with a EcoChemie Autolab 30 multipurpose instrument
interfaced to a personal computer. The working electrode was
a glassy carbon electrode (0.09 cm? Amel). The counter
electrode was a Pt spiral and a silver wire was employed as a
quasi-reference electrode (AgQRE) The concentration of the
compounds was 2 x 107> M and tetrabutylammonium hexa-
fluorophosphate (TBAPF4) 0.05 M was used as supporting
electrolyte. All the potentials reported are referred to SCE by
measuring the AgQRE potential with respect to ferrocene
(+0.460 V vs. SCE). Cyclic voltammograms (CV) were ob-
tained with scan rates in the range 0.02—1 V s~!; differential
pulse voltammetry experiments (DPV) were performed with a
scan rate of 20 mV s~ !, a pulse height of 75 mV, and a duration
of 40 ms. For reversible processes the half-wave potential
values are reported; the same values are obtained from the
DPV peaks and from an average of the cathodic and anodic
cyclic voltammetric peaks. For irreversible processes the re-
ported values are those evaluated from the peak potentials in
the DPV experiments. To establish the reversibility of a
process, we used the criteria of (i) separation close to 60 mV
between cathodic and anodic peaks, (ii) close to unity ratio of
the intensities of the cathodic and anodic currents, and (iii)
constancy of the peak potential on changing sweep rate in the
cyclic voltammograms.

Experimental errors in the reported data are as follows:
absorption maxima, 2 nm; molar absorption coefficients,
10%; excited state lifetimes, 10%; redox potentials, 10 and
20 mV for reversible and irreversible processes, respectively.

Results and discussion
System 1+TCNB—absorption and emission properties

The separate components 1 and TCNB are colorless in chloro-
form solution. When both species are present in equimolar
concentration (1.85 x 10~* M) the solution becomes yellow,
due to the formation of a new broad, low intensity band with
maximum at 417 nm. Table 1 lists the lowest-energy features of
the observed absorption spectra. This behaviour had already
been observed’ and related to the formation of a CT adduct
between the two species, indicated as TCNB@]1. Moreover, in
the region at 2 < 340 nm the absorption spectrum of the
solution containing TCNB@]1 is different from the sum of the
spectra of the separate components, again as a consequence of
the CT interaction between the two species.

Fig. 2 illustrates the emission bands featured by the separate
components 1 and TCNB and by the solution containing the
two species together. The separate components 1 and TCNB
show, both at room temperature in fluid solution and in rigid
matrix at 77 K, the typical n—n* fluorescence emission expected
for such aromatic species. Indeed, for both compounds the
emission band is structured and shows only a small blue shift
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Table 1 Photophysical properties”

Luminescence
b
Absorption Apax 298 K 7K
Compound (nm) [e M~ 'em™")] A (mm)° 7 (ns) A(nm)° 7 (ns)
1 295 [26100] 344 6.6 340 11.3
320 [2490
335 [2660 ]
2 279 [16500] 342 1.5 330 12.4
310 [4370]
324 [3670]
337 [10400] 377 1.0 379 5.1
353 [13400]
373 [9710]
TCNB 304 [2530] 332 1.1 322 5.8
316 [3400]
TCNB@1 417 570 920 560 460
TCNB@2 413 614 28 586 1000
TCNB@3 525 668 42 670 12.1

@ CHCl; solution, unless otherwise noted.” In CH,Cl,-CHCl; 1:1
v/v. € Uncorrected for detector response.

on lowering temperature, while the lifetime values remain in
the ns range. The relevant data are collected in Table 1. The
phosphorescence emissions of both 1 and TCNB can also be
observed at 77 K as structured bands: the 0-0 energy is at 450
and 440 nm, and the lifetime is 3.4 and 1.3 seconds, respec-
tively, for 1 and TCNB.

In the solution containing both 1 and TCNB the intensity of
luminescence emissions of the two separate components is
much weaker, whereas a new broader and structureless emis-
sion band is observed at 570 nm, with lifetime 920 ns. Shape,
lifetime, and band shift on lowering temperature, of this new
emission band are very different from those observed for the
separate components, and are characteristics of a CT emission.
The excitation spectrum of this emission band matches the
absorption spectrum of the mixture, including the band at
417 nm, indicating that the emission band at 570 nm originates
from the adduct TCNB@1.

The photophysical properties observed can be discussed on
the basis of the schematic energy level diagram shown in Fig. 3.
In the separate components 1 and TCNB, luminescence is
observed from their respective singlet excited states. In the
adduct TCNB@]1 a new charge-transfer state is present, which
quenches by energy transfer the higher energy states character-
istic of the separate components; as a result, the adduct
luminesces only from the CT state. It should be noted that
such adducts represent the first example of CT luminescence
from host-guest complexes,'®> although CT luminescence
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Fig. 2 Emission spectra of the isolated species 1 and TCNB, and of
the adduct TCNB@1 (room temperature, solutions in chloroform).
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Fig. 3 Schematic energy level diagram for the system 1+TCNB.

involving TCNB in other donor—acceptor complexes and ex-
ciplexes is a well-documented phenomenon.'*!*

The distinctive luminescence of the adduct TCNB@1 was
exploited to measure the association constant between 1 and
TCNB. A titration experiment was performed by adding
TCNB to a solution of 1, while exciting the sample at
417 nm and monitoring the luminescence at 570 nm. The data
obtained by plotting the luminescence intensity versus the
number of equivalents of 1 added (Fig. 4) were fitted using
standard methods, yielding a value of 7.3 x 10° L mol ™' for the
association constant K,. It is worth underlining that using a
luminescence titration it has been possible to measure accu-
rately this association constant, whereas with an NMR mea-
surement only a rough estimate (K, > 10° L mol™!) was
previously obtained.”!? Although the value of the association
constant is rather high, complete formation of the adduct
TCNB@1 does not occur in a 1.85 x 10™* M solution of 1
and TCNB. Indeed, simple arithmetic worked on the equili-
brium 1 + TCNB = TCNB@1 shows that about 9% of 1 and
TCNB remains unassociated, thus accounting for the residual
luminescence emissions observed from the separate species.

System 1+TCNB—electrochemical behaviour

Electrochemical experiments were performed to better char-
acterize the donor—acceptor interaction within the TCNB@1
adduct. As only a narrow potential window is accessible in
CHCl;, for electrochemical measurements the solvent used was
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Fig. 4 Spectrofluorimetric titration of a 4 x 107> M solution of the
receptor 1 with TCNB, monitoring the luminescence emission of the
adduct TCNB@1 at 570 nm (chloroform solution, room temperature).
The points are the experimental data, and the curve shows the fitting
result.
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Table 2 Electrochemical results in deaerated CH»Cl, solution, from
CV and DPV measurements

Compound Eoy, (V) vs. SCE Eieq, (V) vs. SCE
1 +1.52 irr. (<-1.8)

TCNB (>+1.8) —0.62

1+TCNB +1.65 irr. —0.62, —0.91

CH,Cl,, which is similar to CHCl; for polarity and hydro-
phobicity. Other solvents typically used in electrochemical
work, like acetonitrile, could not be used because the adduct
TCNB@1 does not form in such media. Table 2 lists the
potential values obtained by cyclic voltammetry (CV) for the
reversible processes; for irreversible processes data were ob-
tained from differential pulse voltammetry (DPV) scans.

In the examined potential window the two separate compo-
nents feature distinct redox processes: the tweezer 1 shows only
a single irreversible oxidation wave at +1.52 V, while TCNB
can only be reduced reversibly at —0.62 V. When the two
species are present in equimolar concentration, two processes
are present in the cathodic CV scan (Fig. 5). The first process is
clearly due to free TCNB, while the second is attributed to
TCNB present within the adduct, where the charge-transfer
interaction makes TCNB more difficult to reduce. On the
anodic side, the wave corresponding to oxidation of the
tweezer 1 shifts to more positive values, as the presence of
the guest TCNB makes 1 more difficult to oxidize. However,
owing to the irreversibility of the process, it is not possible to
resolve the two potential values corresponding to free and
hosting 1.

Digital simulation'® of cyclic voltammetry experiments per-
formed at different scan rates (Fig. 5) allowed us to estimate the
rate constants of adduct formation/disassembling. The follow-
ing two processes were considered:

Process1 TCNB + 1 = TCNB@1

Process2 TCNB™ + 1 = TCNB™ @1

In the first process, the rate of formation of the adduct
(forward direction) was calculated to be k;(f) = 1.9 x 105 L
mol~' s~ ! and the reverse (back) reaction k;(b) = 2.0 x 10>s~'.
From these data the equilibrium constant of process 1 can be
evaluated as k;(f)/k;(b) = 9.5 x 10° L mol~', in good agree-

-0.8 -0.6 -OI.4
E,VvsSCE

Fig. 5 Cyclic voltammograms of room temperature dichloromethane
solutions containing 1 and TCNB 2 x 1077 M recorded at different
scan rates (500 mV s~!, continuous line; 100 mV s~!, dotted line;
20 mV s~ !, dashed line).
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ment with the K, value (7.3 x 10° L mol™") obtained from the
titration experiment.

The second process is analogous to the first one, but involves
TCNB™, that is the reduced TCNB species. The rate constants
obtained for the forward and back reactions were k,(f) = 1.5 x
10 L mol~! s7! and k»(b) = 1.6 x 10?s™!, and the associated
equilibrium constant is thus k»(f)/ks(b) = 9.4 L mol~'. These
calculated constants indicate that the TCNB guest is released
from the tweezer host with approximately the same rate (2.0 x
10% vs. 1.6 x 10> s7!) independently from the net charge
carried.'” In contrast, the rate for entering into the receptor
is very sensitive to the charge of the guest, decreasing by five
orders of magnitude on passing from TCNB to TCNB™.

System 2+TCNB

The photophysical properties of the host species 2 are very
similar to those featured by 1 (Table 1), owing to the fact that
the relevant chromophore (naphthalene) is essentially the same
in both receptors. On mixing together 2 and TCNB the
behaviour is at first sight similar to that previously described
for the 1+TCNB system: the resulting solution becomes
yellow, and a new emission band is observed at 614 nm (Table
1), indicating the formation of adduct species.

Differently from the previous 1+TCNB system, however, a
luminescence titration failed to give a reliable value for the
association constant of the simple adduct TCNB@?2. However,
it is known from microcalorimetric titration experiments that
the 2+TCNB system is complicated by the formation of
different adducts.” Thus, a global analysis fit'®!® was per-
formed on both the absorption and luminescence spectra
recorded in the titration experiment. A good fit was obtained
only taking into consideration the simultaneous presence of
adductsin 1:1 (TCNB@?2) and 1:2 (TCNB@?2 - 2) guest : host
ratios. Inclusion of the 2:1 species, 2- TCNB@2, produced a
worse fitting. The two partial formation constants were eval-
uated as K;.; = 5.4 x 10° L mol™! and K;., = 1.1 x 10*L
mol~!, corresponding to the two processes:

TCNB + 2 = TCNB@2

TCNB@2 + 2 = TCNB@2-2

By considering that our data were obtained at 20 °C, there is a
fair agreement with the values previously obtained by micro-
calorimetric titration at 25 °C,° which resulted 1.43 x 107 and
4.35 x 10* L mol™' for K., and K] .», respectively.

System 3+TCNB

Preliminary data on this system have already been published.'”
The photophysical properties of the clip 3 are essentially
controlled by the presence of anthracene units, differently from
1 and 2 where the relevant chromophoric unit is naphthalene.
As a consequence, the emission band of the clip 3 is at lower
energy compared to the other receptors 1 and 2 (Table 1). On
mixing together 3 and TCNB the solution becomes purple, due
to a new absorption band at 525 nm, and a new very weak
emission band is observed at 668 nm (Table 1), indicating the
formation of adduct species. The red shift of the absorption
and emission bands in TCNB@3 with respect to the previous
systems is consistent with the CT character of the adduct, as
the anthracene unit features a lower potential for oxidation
with respect to the naphthalene unit contained in 1 and 2.
Analogously to the previous systems, titration experiments
were performed by adding TCNB to 3 in chloroform solution.
The changes in absorption spectra were recorded, and the data
fitted by global analysis.'®'” The presence of the sole 1:1
adduct TCNB@3 was required for a good fit, and the associa-
tion constant of the adduct was found to be 1.24 x 10* L
mol~'. Consideration of other adducts with 2:1 or 1:2
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component ratios resulted in a worse fit; their presence appears
thus negligible.

Association/dissociation dynamics

The K, values for formation of the 1: 1 adducts between TCNB
and the various hosts are clearly related to the topology of the
receptor. The highest K, value (5.4 x 10° L mol™!) is observed
for the host 2, indicating that TCNB fits very well into this clip.
It is known’ that in this adduct the TCNB guest is included
with the molecular plane almost parallel with respect to the
naphthalene units, as depicted in Fig. 6b. The clip 3, on the
other hand, has a much more “open” structure and is not
flexible enough to enclose efficiently the guest TCNB; as a
consequence, a much smaller K, value is observed (1.24 x 10*
L mol’l). An intermediate K, value is obtained for the tweezer
1 (7.3 x 10° L mol™Y); in this case it is known'? that TCNB is
parallel to the upper (central) naphthalene unit, as shown in
Fig. 6a.

The reaction between TCNB and the receptors 1 and 2 has
been further characterized to evaluate the association/dissocia-
tion barriers for the host-guest complex formation. Fig. 6
shows Gibbs energy diagrams for the association/dissociation
processes of these species. The AG values (—7.9 and —9.0 kcal
mol™") have been obtained from the measured K, values (see
above). The AG* values for dissociation of the host—guest
complex (15.7 and 12.4 kcal mol™") have been derived by
NMR measurements, from line shape analysis of the tempera-
ture-dependent spectra.'® From these diagrams it becomes
evident that the association between 1 and TCNB has a
substantial activation barrier whereas the activation barrier
for the association between 2 and TCNB is small (not far from

AG, kcal/mol
A

b

Fig. 6 Gibbs energy profiles of the reaction of inclusion of TCNB by
the receptors 1 (a) and 2 (b). For details, see text.
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a diffusion-controlled process). These findings can be explained
by the different topology of the tweezer 1 and clip 2. The
tweezer 1 has the topology of an almost closed wheel, which
makes the inclusion of the guest molecule inside the cavity a
kinetically rather difficult process whereas the clip 2 has a much
more open topology, which makes the inclusion of the guest
molecules easier and hence the activation barrier for this
process smaller. The same arguments can be applied to the
activation barrier for adduct dissociation, which is higher in
the case of the more closed receptor 1.
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