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Abstract Two fluorescent, water-soluble bis-naphthalenophane isomers with six carboxylate arms, abbreviated
as (bis-dtpa14nap)H6 and (bis-dtpa15nap)H6, were synthesized, which consist of two 1,4- or 1,5-substituted naphthalene rings interlinked by two diethylenetriaminepentaacetic
(DTPA) chains through amide-linkages. Both DTPA-based
macrocycles exhibit intense excimer and monomer emission bands, which sensitively respond to pH in three protonation steps; more sensitive is the 1,4-naphthyl isomer. The
full pH-emission profiles have confirmed that the monoprotonated anion (bis-dtpanap)H5− is the major protonation
species at the physiological pH. Fluorometric titrations at
pH 7.2 have proven that the 1,4-naphthalenophane anion
forms 1:1-complexes with cationic phenethylamine (formation constant, 5700 M−1) and histamine (3000 M−1),
excluding tryptamine cation, whereas the 1,5-isomer does
not react with any of the three amines. The primary binding
forces are electrostatic interactions between the C
 H2CO2−
arms of 1,4-naphthalenophane and the C
 H2CH2NH3+ chain
of an aromatic amine. The resulting ion-pair is stabilized by
encapsulation of the guest molecule in 1,4-napthalenophane
cavity, while the 1,5-isomer cannot encapsulate. NMR
studies have demonstrated that 1,4-napthalenophane has a
higher freedom in reorientation of naphthalene rings. Such
geometrical properties controlled by selection of naphthalene units are the feature of the new naphthalenophanes,
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and are responsible for the pH‒emission profiles and the
complexation.
Keywords Fluorescent chemosensors · Protonation ·
Inclusion complexes · Macrocycles · Aromatic amines

Introduction
Fluorescent cyclophanes, consisting of fluorophore units
linked together through suitable bridging chains or spacer
groups, have been proven to be a good choice for molecular recognition and ion-sensing [1–16]. Especially, watersoluble fluorescent cyclophanes attract a great deal of
interest because of their potential application as sensors
in biological media. In the molecular design of fluorescent cyclophanes, the cavity size, as well as the fluorogenic properties exhibited by these systems, can be tuned
by varying the fluorophore moieties, the bridging units or
the spacer groups. The aromatic moieties confer to cyclophanes a hydrophobic cavity capable of encapsulating
specific guests, but the hydrophobicity reduces the water
solubility of the molecule to limit the use in physiological
conditions. A series of chelating, water-soluble, fluorescent aza-cyclophanes have been synthesized by reactions
between aromatic diamines and EDTA (ethylenediaminetetraacetic) or DTPA (diethylenetriaminepentaacetic)
dianhydride in our research group; aromatic units linked
by amino and amide chains construct a macrocyclic frame,
and pendant carboxylate arms enhance water-solubility
[8–12]. One of the features of this type of fluorescent
macrocycles is that potential binding sites for protonation and complexation are integrated within the macrocyclic frame so that direct influences on geometrical relation
between the fluorogenic groups result in sensitive and novel
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response of the emission to protonation and complexation.
Compared with benzene-based macrocycles, naphthalene
compounds are expected to have better-defined frameworks
and higher sensing capacities related to excimer emission,
and these characteristics can be controlled by selection of
geometrical isomers with different substitution positions.
In this work, we have synthesized two new naphthalenophane isomers, 1 and 2 in Scheme 1, by the reactions of
DTPA dianhydride with 1,4- and 1,5-diaminonaphthalene,
respectively: 1 is 2,12,25,35-tetraoxo-4,7,10,27,30,33hexakis(carboxymethyl)-1,4,7,10,13,24,27,30,33,36decaaza-[13.13](1,4)naphthalenophane,
abbreviated as (bis-dtpa14nap)H6 with acidic protons,
and
2
is
2,12,25,35-tetraoxo-4,7,10,27,30,33hexakis(carboxymethyl)-1,4,7,10,13,24,27,30,33,36decaaza-[13.13](1,5)naphthalenophane, abbreviated as
(bis-dtpa15nap)H6. Either naphthalenophane composed
of two naphthyl groups is soluble in water, and exhibits intense excimer and monomer emission bands, which
respond sensitively to pH. The correlations of the excimer
emission with protonation and a consequent conformational
change have been studied by 1H NMR, in connection with
the rotational freedom of naphthalene rings in the two isomers. Since the conformational property is expected to control the complexation capacity towards specific substrates
as well, complexation has been tested by fluorometric

Scheme 1  Naphthalenophanes
and guest amines chosen in this
study and their abbreviations

13

J Incl Phenom Macrocycl Chem (2017) 89:157–166

titrations for cationic amines composed of different types of
aromatic groups with different ring sizes; they are phenethylamine, histamine and tryptamine, chosen from bioactive
amines. Selective complexation has been proven for naphthalenophane 1, which forms a 1:1-complex with phenethylamine and histamine, while the isomer 2 does not complex with any amines.

Experimental
Syntheses of (bis‑dtpa14nap)H6
A dimethylformamide (DMF) solution (60 mL) containing 0.225 g (1.42 mmol) of 1,4-diaminonaphthalene
(Aldrich) was added dropwise, through a dropping funnel, to 0.530 g (1.48 mmol) of DTPA dianhydride in
300 mL of DMF with vigorous agitation over a period
of 4 h. After the resulting reaction mixture was left to
stand overnight, any solid formed was removed by filtration, and the filtrate was concentrated to a viscous liquid. Addition of acetone (125 mL) gave an orange solid,
which was separated by filtration, washed with acetone
and dried in vacuum. The crude product was dissolved
in water by adding a minimum quantity of solid L
 i2CO3,
and the remaining carbonate was removed by filtration.
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Acidification of the solution to pH 4 with dilute HCl precipitated the 2+2 reaction product. After the treatment
of the solid with L
 i2CO3 and HCl was repeated, the solution was acidified to pH 2 with 0.1 M HCl, and the pure
compound was obtained in the acid form. The product
was washed thoroughly with water and dried in vacuum.
Yield (0.041 g, 5.6%). M.p. 253–254 °C. Anal. Calcd. for
C48H58N10O16·6H2O: C, 50.61; H, 6.19; N, 12.30. Found:
C, 50.47; H, 6.24; N, 12.6. 1H NMR (D2O, 400 MHz,
pD = 11.0) δ = 3.01 (br, 8H, Hb1 in Scheme 1), 3.04 (br,
8H, Hb2), 3.34 (s, 4H, Ha2), 3.44 (s, 8H, Ha1), 3.56 (s,
8H, Hc), 7.11 (dd, J = 6.2, 3.1 Hz, 4H, H
 6), 7.39 (s, 4H,
H2), 7.46 (dd, 4H, J = 6.4, 2.8 Hz, H5). 13C NMR ( D2O,
100 MHz, pD = 10.97) δ = 52.4 (Cb1), 52.6 (Cb2), 57.4
(Ca2), 58.7 (Ca1), 58.9 (Cc), 121.9 (C1,4), 122.4 (C5,8),
126.5 (C2,3), 128.6 (C6,7), 130.4 (C9,10), 164.9 (Camide),
174.7 (Ca1–COOH), 179.4 (Ca2–COOH). HR MS ESI
m/z (%) = 1029.395 (100) [M−H]− C48H57N10O16 (calcd.
m/z = 1029.394).
Syntheses of (bis‑dtpa15nap)H6
(Bis-dtpa15nap)H6 was synthesized by essentially the
same method as for (bis-dtpa14nap)H6 from DTPA dianhydride (3.08 g, 8.62 mmol in 300 mL of DMF) and
1,5-diaminonaphthalene (1.4 g, 8.85 mmol in 70 mL of
DMF). The crude product (a purple solid) was dissolved
in water with a minimum quantity of solid L
 i2CO3, and
any solid present was removed by filtration. Adjustment of the pH of the solution to 3.7 with dilute HCl
gave the pure product. For conversion into the pure
acid, the solid was dissolved again with L
 i2CO3, and
the resulting solution, after being filtered, was acidified
to pH 2 with 0.1 M HCl. The precipitate was washed
thoroughly with water and dried in vacuum. Yield
(0.298 g, 6.5%). M.p. 255–256 °C. Anal. Calcd. for
C48H58N10O16·5H2O: C, 51.42; H, 6.11; N, 12.49. Found:
C, 51.70; H, 6.05; N, 12.47. 1H NMR (D2O, 400 MHz,
pD = 11.06) δ = 3.00 (br, 8H, Hb1), 3.03 (br, 8H, Hb2),
3.34 (s, 4H, H
 a2), 3.43 (s, 8H, Ha1), 3.53 (s, 8H, Hc),
7.28 (d, J = 8.1 Hz, 4H, H2,6), 7.34 (t, J = 7.7 Hz, 4H,
H3,7), 7.52 (d, J = 6.9 Hz,4H, H4,8). 13C NMR (D2O,
100 MHz, pD = 8.7) δ = 49.9 (Cb1), 53.4 
(Cb2), 53.7
(Ca2), 57.7 (Ca1), 58.0 (Cc), 121.4 (C4,8), 123.1 (C3,7),
125.5 (C2,6), 128.2 (C1,5), 131.0 (C9,10), 170.5 (Camide),
173.7 (Ca1–COOH), 178.7 (Ca2–COOH). HR MS ESI
m/z (%) = 1029.400 (100) [M−H]− C48H57N10O16 (Calcd.
m/z = 1029.394).
The mass spectra were obtained for N
 H3–methanol
solutions at the University of Arizona Mass Spectroscopy
Facility (Tucson, AZ, USA). The elemental analyses were
performed by ALS Environmental (Tucson, AZ, USA).
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Spectroscopic measurements and protonation
Luminescence spectra were recorded on a Perkin-Elmer
LS-50B luminescence spectrometer. Sample compounds
were dissolved in 0.01 M NaCl solution by adding just necessary amount of solid Na2CO3, and the pH was adjusted
with 0.01 M HCl and 0.01 M NaOH. For experiments of
pH dependence, sample solutions were prepared from two
stock solutions at the lowest and highest pH in such a way
that the ionic strength as well as the sample concentration
was kept identical. The 1H NMR spectra were obtained
with a Brucker AVANCE 400 spectrometer for 
H2O-d2
solutions at a probe temperature of approximately 23 °C.
Sample solutions were prepared for pD-variation experiments as follows. Two stock solutions were prepared by
adding a minimal amount of solid N
 a2CO3 into suspension of a sample compound in D2O containing 0.01% DSS
(sodium 2,2-dimethyl-2-silapentane-5-sulfonate) as the
internal reference, followed by adjusting the pD to the lowest and the highest values with dilute HCl-d and KOH-d
solutions, respectively. Sample solutions were prepared by
weighing out the stock solutions directly into NMR sample
tubes in different ratios in such a way that the total weight
of every sample solution was 0.5 g. The maintenance of a
constant ionic strength requires an electrolyte concentration
higher than 0.1 M in NMR titrations. Since such conditions cause difficulty in observing spectra of high quality,
the ionic strength was not controlled in the present experiments. The pD value of each sample solution was determined after NMR measurements. A pH value measured
was converted to the pD value on the basis of the relation
pD = pHmeas + 0.45 [17].
Fluorometric titrations
The guest amines were supplied from Sigma-Aldrich (in
98–99% purity), and used as received. Fluorometric titrations were carried out at the physiological pH 7.2 in a
0.01 M MOPS (4-morpholinepropanesulfonic acid) buffer
at a temperature of 25 °C. A quartz cuvette of the spectrometer was loaded with 3 mL of a 2 × 10−5 M solution
of an appropriate naphthalenophane receptor, to which
0.02 mL aliquots of a 3 × 10−3 M solution of a selected
guest compound were added successively with a calibrated
micropipette in the range of titrant-to-titrate concentration
ratio 0–25. Excitation wavelength λex 315 nm was chosen
for the 1,4-naphthyl isomer, and λex 308 for the 1,5-naphthyl isomer in titrations with phenethylamine and histamine, so that the guest compounds had no interference with
emission from the naphthalenophanes throughout the concentration range of the titrants. In the studies of tryptamine,
λex was 330 nm to minimize the interference of the guest.
The emission intensity was corrected for a change in the
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sample volume, and the ratiometry, which is independent
of the fluorophore concentration, was employed for the
determination of formation constants. Least-squares fittings
of titration curves were performed on locally developed
Excel® worksheets.

Results
Fluorescence and protonation
The new naphthalenophane isomers, which carry a number of amino and carboxylate groups as potential protonation sites, are expected to form a variety of ionic species
depending on pH. Such a protonation scheme is expected to
be correlated to the fluorescence, and the fluorogenic species are required to be identified prior to fluorometric studies of complexation with guest amines at a constant pH.
Figure 1 shows the emission spectra of (bis-dtpa14nap)
H6 in aqueous solutions at different pH values. Basic solutions exhibit an intense peak at λ = 380 nm and a shoulder
at 408 nm. The former is characteristic of emission from
monomeric naphthalene, and the latter is attributable to
naphthalene excimer [18–25]. The intensity of the monomer band at 380 nm is weakened sharply with lowering pH.
The tail of the spectrum band involves a hump at the longer

Fig. 1  Emission spectra of (bis-dtpa14nap)H6 in 0.01 M NaCl solution at different pH values: a 4.5, b 5.5, c 6.0, d 6.5, e 8.6 and f 10.6.
The excitation wavelength, λexc is 315 nm, and the concentration
2 × 10−5 M. Inset the intensity ratio of the 410–380 nm emissions,
I410/I380, as a function of pH, and the best fit with Eq. 1; mole fractions of protonation species (bis-dtpa14nap)Hn(6−n)−, calculated with
log Kpn values in Table 1
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Fig. 2  Emission spectra and deconvolutions based on a Gauss distribution function of 1/λ. Top (bis-dtpa14nap)H6 at pH 7.5; the component bands are centered at 458 nm (with a relative area of 1.0), 408
(0.8), 376 (0.8), and 355 (0.2). Bottom (bis-dtpa15nap)H6 at pH 6.1;
the components are centered at 437 nm (1.0), 409 (0.9), 378 (0.6),
and 354 (0.3)

wavelength side. The spectrum deconvolution, represented
in Fig. 2, demonstrates the presence of a broad band centered at 458 nm with the area comparable to that of the
408 nm band. The component band at 458 nm is also characteristic of naphthalene excimer [26]. The inset of Fig. 1
presents the ratio of intensities at 410 and 380 nm, I410/I380,
which corresponds to the ratio of the excimer to the monomer emission, IE/IM. The intensity ratio increases with
decreasing pH in three steps from 0.84 at pH 10.6 to the
maximum 1.49 at pH 2.6. This pH dependence is related
to protonation–deprotonation equilibrium as reported for
fluorophores linked to donor groups [11–13, 18, 20–25,
27–31]. Among the three protonation steps, the second is
the most influential to the emission.
Since protonation is responsible for the change in emission, the intensity is described by the following function of
pH:

I(pH) = [I0 + ΣIn × 𝛽pn × 10−n×pH ]∕[1 + Σ𝛽pn × 10−n×pH ]
(1)
Here, In is the intensity inherent in species (bisdtpa14nap)Hn(6−n)−, and βpn is the overall protonation
constant which is related to the step-wise constants as
log𝛽pn = Σ logKpn. The logarithmic protonation constants
have been determined as log Kp1 = 8.73, log Kp2 = 5.92 and
log Kp3 = 4.48 from the observed I410/I380 versus pH curve
by a non-linear least-squares curve fitting (see Table 1).
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Table 1  Logarithms of the protonation constants, log Kpn determined
by fluorescence and log KDn by 1H NMR, for (bis-dtpa14nap)6− and
(bis-dtpa15nap)6−
L6−
logKp1, logKD1*
1, (bis-dtpa14nap) 6−
FL
8.73 (2)
NMR
10.55 (3)
2, (bis-dtpa15nap) 6−
FL
8.33 (2)
NMR
10.15 (2)

logKp2

logKp3, logKD2*

5.92 (3)

4.48 (3)
5.94 (6)

6.22 (2)

3.00 (6)
5.52 (4)

*Values obtained for proton a2 in Scheme 1

trend against pH is observed for the ratio of intensities
at 410 and 380 nm, I410/I380, as presented in the inset in
Fig. 3; the ratio is 1.1 at pH 10, 1.3 (maximum) at pH
4.5, and 1.2 at pH 3. The protonation constants have been
determined on the basis of Eq. 1 as shown in Table 1.
1

H NMR and protonation schemes

Protonation on a donor site is detected by NMR chemical
shifts of protons adjacent to the donor site [32]. The δj of
proton j is given by a function of pD:
𝛿j (pD) = [𝛿j 0 + Σn 𝛿jn × 𝛽Dn × 10−n×pD ]∕[1 + Σn × 𝛽Dn × 10−n×pD ]

(2)
Here, δj0 is δj value of the proton j in the completely
deprotonated species, δjn is the δj values in the n-th protonation species, and βDn is the n-th overall protonation
constant in D2O. Figures 4 and 5 show the pD dependence of δ of the two isomers in the pD range 4–12.5, and
the spectra in the aliphatic region are presented in Figures S1–S4 in Supplementary Materials Section; below
pD 4, the solubility is too low for NMR measurements.
The δj of every proton shows two-step pD-dependence,
which gives only two log KD values (Table 1). The KD
values of common weak acids are larger than the corresponding Kp by approximately one unit because of difference between acid dissociations in D
 2O and H
 2O [33],
and a further difference is expected due to ionic strength

Fig. 3  Emission spectra of (bis-dtpa15nap)H6 in 0.01 M NaCl solution at different pH values (10.0, 4.5, 8.1, 5.1, and 6.1 from the bottom to the top). The excitation wavelength, λexc is 315 nm, and the
concentration 2 × 10−5 M. Inset the intensity ratio of the 410–380 nm
emissions, I410/I380, as a function of pH, and the best fit with Eq. 1;
mole fractions of protonation species (bis-dtpa15nap)Hn(6−n)−, calculated with log Kpn values in Table 1

The other bis-naphthalenophane isomer, (bisdtpa15nap)H6, exhibits three overlapped emission peaks
at ca. 360, 380 and 410 nm, as exemplified in Fig. 3. The
first two are attributable to emissions from monomeric
naphthalene, and the third from naphthalene excimer
[18, 20–25]. The spectrum extensively tails to the longer
wavelength side. Spectrum deconvolution indicates the
presence of another excimer band centered at ca. 440 nm
(Fig. 2), when the widths of three component bands are
assumed to be of the same extent as the corresponding
band widths in (bis-dtpa14nap)H6. The overall emission
is intensified with the decrease of pH down to pH ≈ 6,
and then weakened with further pH decrease. A similar

Fig. 4  pD dependence of 1H NMR chemical shifts (referenced to
DSS) of (bis-dtpa14nap)H6; for labeling see Scheme 1. The solid
lines show the best fits with Eq. 2
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and 0.06, respectively. Basically, two acidic protons in
(bis-dtpanap)H24− are attached to nitrogen of two central > NCH2CO2− units. The protonation processes at the
two chemically equivalent sites are expressed by the following equilibria:

Fig. 5  pD dependence of 1H NMR chemical shifts (referenced to
DSS) of (bis-dtpa15nap)H6; for labeling see Scheme 1. The solid
lines show the best fits with Eq. 2. The signal of 2,6-proton is overlapped with the neighboring signals

[34, 35]. Therefore, the first protonation constants determined by the two methods are well correlated to each
other with the difference log KD1−log Kp1 = 1.7–1.8 in
both isomers. On the other hand, log KD2 values (5.2
and 5.9) are smaller than the corresponding log Kp2 values (5.9 and 6.2), contrarily to the common relation,
KDn > Kpn, for the same protonation process; the log KD2
values can be rather correlated to log Kp3 values (4.5
and 3.0). This apparent discrepancy is ascribable to the
equilibria and chemical species that the two techniques
can view with their inherent observation times (~10−4 s
of NMR and ~10−15 s of fluorescence spectroscopy), as
explained below.
The first protonation on (bis-dtpanap)6− occurs mainly
at the nitrogen of the central > NCH2CO2− group in each
DTPA moiety, because the C
 H2 protons in the group
(protons labeled a2 and b2 in Scheme 1) show the largest change in NMR δ. The populations of acidic protons
have been determined by 1H NMR for DTPA-based aliphatic compounds [29, 36, 37]. By assuming the validity of the calculation method for the aromatic derivatives,
proton populations in (bis-dtpa14nap)H24− are calculated to be 0.88 on the central nitrogen in each DTPA
unit, 0.04 on the central carboxylate group, and 0.04
on each of two outer amino nitrogen atoms; the corresponding values for (bis-dtpa15nap)H24− are 0.81, 0.06,
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N = N ⇌ (HN = N ⇌ N = NH) ⇌ HN = NH
(3)
Here, N=N symbolizes the two central amino nitrogen atoms linked within a macrocyclic ring in (bisdtpanap)6−, (HN=N ⇌ N=NH) presents micro-equilibrium between two equivalent micro-species of the first
protonation product (bis-dtpanap)H5−, and HN=NH
shows protonation at both donor sites in (bis-dtpanap)
H24−. A change in electronic environment by protonation is localized around the donor site in the aliphatic
moiety, and a time-average of the local environments is
observed by NMR because the chemical equilibria are
much faster than the time scale of NMR observation. As
a consequence, NMR cannot distinguish between the single-protonation species (HN=N, N=NH) and the doubleprotonation species HN=NH; i.e., NMR views the twostep protonation as if a single-step protonation occurred
independently at halves the molecule, determining only
log KD1 for (bis-dtpanap)H5− and (bis-dtpanap)H24−.
By contrast, fluorescence spectroscopy with the short
observation time can distinguish between (bis-dtpanap)
H5− and (bis-dtpanap)H24−, because the single- and double-protonation modes lead to different molecular rigidities and consequently distinct quantum yields of emission
although the micro-species in (bis-dtpanap)H5− are still
indistinguishable by fluorometry. Therefore, fluorometry
can determine log Kp1 and log Kp2 associated with (bisdtpanap)H5− and (bis-dtpanap)H24−, respectively. Thus,
the two techniques give apparently different species distributions, as compared in Figs. 6 and 7. Upon further
protonation, the fluorescence titration can determine log
Kp3 for the third protonation step to (bis-dtpanap)H33−,
while the NMR titration gives a single constant log KD2
for (bis-dtpanap)H33− and (bis-dtpanap)H42− because
these species have the same local electronic environment
around the protonation sites. Micro-protonation processes
detected by NMR have been pointed out to be distinct
from macro-protonation processes detected by ordinary
macroscopic methods for DTPA and its derivatives in
which two equivalent protonation sites are located apart
[32, 36, 37]. The present study explains the distinction
form different viewpoints, and suggests that full characterization of protonated species is important in the
molecular design of ionic receptors. The species distributions shown in Figs. 6 and 7 conclude that the enhancement of excimer emission is a result of the protonation at
the amino nitrogen of the two central > NCH2CO2− units
in both naphthalenophanes.
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Fig. 6  Comparison of species distributions determined for (bisdtpa14nap)Hn(6−n)− (denoted by 
LHn(6−n)−) by (top) excimer-tomonomer intensity ratio I410/I380 nm and (bottom) 1H NMR shifts; the
abscissa scales are displaced for the aid of comparison because of different acid dissociations in H
 2O and D
 2O media (for details, see the
text). In each figure, the observed data are shown with the best fits
(dotted lines) with Eq. 1 or 2; for NMR, a2 proton signal is represented

Fig. 7  Comparison of species distributions determined for (bisdtpa15nap)Hn(6−n)− (denoted by 
LHn(6−n)−) by (top) excimer-tomonomer intensity ratio I410/I380 nm and (bottom) 1H NMR shifts; the
abscissa scales are displaced for the aid of comparison because of different acid dissociations in H
 2O and D
 2O media (for details, see the
text). In each figure, the observed data are shown with the best fits
(dotted lines) with Eq. 1 or 2; for NMR, a2 proton signal is represented

Complexation with aromatic amines

9: with increasing the guest concentration, the monomer
emission strengthens with a trend of saturation whereas
the intensities of the excimer emissions decrease in an
asymptotic manner. The inset in each figure shows the ratio
of spectrum intensities at 380 and 480 nm, IR = I480/I380,
as a function of the guest concentration, as the ratiometry compensates variation in the experimental and spectrometric conditions if any. The asymptotic decrease of
the titration curves is evidence for complexation between
(bis-dtpa14nap)H5− anion and the aminiun cations. By contrast, tryptamine cation is inactive to the naphthalenophane
anion, because the addition of tryptamine does not cause
a spectral change: the shape of the emission spectrum is
unchanged, and the spectrum intensity corrected for volume changes as well as for baseline due to tryptamine
emission is constant throughout the titration run (Fig. 10).
Thus, (bis-dtpa14nap)H5− has selectivity towards histamine
and phenethylamine in the complexation.

The full characterization of the protonation of the naphthalenophanes concludes that either isomer takes the monoprotonated state, (bis-dtpanap)H5−, at the physiological
pH 7.2. These anionic receptors (denoted by RH5−) are
expected to react with cationic substrates. The present study
of complexation has tested three cationic amines composed
of different types of aromatic groups with different ring
sizes; i.e., phenethylamine, histamine and tryptamine. The
pKa values shown in Scheme 1 indicate that every amine
takes the mono-cationic form (denoted by A
 H+) at the
physiological pH [38]. Since every reactant exits as a single
species at pH 7.2 (Figs. 6, 7), the titrations determine the
proper formation constants rather than the conditional.
In the titrations of the 1,4-naphthalenophane with
the titrants histamine and phenethylamine, the emission
responds to the guest amines as presented in Figs. 8 and
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Fig. 8  Fluorometric titration of (bis-dtpa14nap)H5− (2 × 10−5 M)
with histamine cation (0–5 × 10−4 M): λex = 315 nm, pH = 7.2 in
0.01 M MOPS buffer, and T = 25 °C. The inset plots the excimer-tomonomer intensity ratio, IR = I480nm/I380 nm, as a function of the total
titrant concentration; the solid line shows the least-squares fit based
on 1:1-stoichimetry with the formation constant 3000 M−1

J Incl Phenom Macrocycl Chem (2017) 89:157–166

Fig. 10  Spectra observed for (bis-dtpa14nap)H5− (2 × 10−5 M) in the
fluorometric titration with tryptamine cation at [trp] = 0 (solid line)
and [trp] = 5 × 10−4 M (dotted line); λex = 330 nm, pH = 7.2 in 0.01 M
MOPS buffer, and T = 25 °C. The spectrum at [trp] = 5 × 10−4 M is
corrected for change in sample volume and for baseline due to emission from tryptamine

The asymptotic titration curves are characteristic of
1:1-complexation, which proceeds under the following
equilibrium with the formation constant Kf.

AH+ + RH5− ⇌ AH+ RH5−

Kf = [AR]∕[A][R]

(4)

The acidic protons and charges are discarded in Kf for
simplicity. Since the intensity ratio IR is independent of
the total concentration of the fluorophore, it is given by
the average over the fluorophore molecules in the free and
complexed sates as follows.
(5)
Here IRF and IRC are the IR values inherent in the naphthalenophane in its free and complexed states, respectively,
and fF and fC are the mole fractions. The curve fittings
based on Eq. 5 reproduce the observed curves (Figs. 8,
9), to give the formation constant 5700 (340) M−1 for the
phenethylamine complex and 3000 (270) M−1 for the histamine complex. Other stoichiometry such as A
 2R did not
interpret the titration curves.
In the titration of the 1,5-naphthalenophane, the shape
of the emission spectrum is not changed by addition of any
amine, and the peak height corrected for volume changes is
unchanged throughout the titration run, in the same manner as found for the titration of the 1,4-naphthalenophane
with tryptamine. Thus, none of the cationic amines forms

IR = IRF × fF + IRC × fC

Fig. 9  Fluorometric titration of (bis-dtpa14nap)H5− (2 × 10−5 M)
with phenethylamine cation (0–5 × 10−4 M): λex = 315 nm, pH = 7.2
in 0.01 M MOPS buffer, and T = 25 °C. The inset plots the excimerto-monomer intensity ratio, IR = I480/I380 nm, as a function of the total
titrant concentration; the solid line shows the least-squares fit based
on 1:1-stoichimetry with the formation constant 5700 M−1
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a complex with the 1,5-naphthalenophne, in contrast to the
complexation of the 1,4-isomer.
In summary, (bis-dtpa14nap)H5− recognizes cationic
phenethylamine and histamine, excluding tryptamine cation, at the physiological pH. By contrast, (bis-dtpa15nap)
H5− cannot recognize any amine cations tested.

Discussion
The excimer-to-monomer intensity ratio (IE/IM) responds
sensitively to pH in both bis-naphthalenophanes. The most
pronounced response occurs accompanying the equilibrium between (bis-dtpanap)6− and (bis-dtpanap)H24−; the
protonation at the central > NCH2CO2− nitrogen is supposed to make the naphthyl groups oriented more favorably for the excimer formation. The ratio IE/IM is increased
by 1.8 times in the 1,4-naphthyl isomer, but only by 1.2
times in the 1,5-naphthyl isomer. This distinction between
the on–off intensity–pH profiles is supposed to be related
to the rotational freedom of the naphthyl groups within
the macrocyclic frameworks; the naphthyl rings bound
at 1 and 4 positions can rotate about the axis through the
substituted positions, whereas the 1,5-substituted groups
have little freedom in their reorientation. This distinction in the freedom of reorientation can be confirmed by
the pH-variable 1H NMR (Figs. 4, 5). In the NMR of the
1,4-isomer, the signal of aromatic proton 2 shifts up-field
with a change in δ (Δδ) of −0.3, whereas proton 6 undergoes down-field shift by Δδ = +0.3; these large shifts with
the opposite signs of Δδ suggest a large change in the relative orientation of naphthyl groups, because the naphthyl
protons are under the influence of strong local magnetic
field induced by the ring current while the electronic state
of the aromatic groups is little affected by protonation at
the aliphatic amino nitrogen. In the 1,5-isomer, both protons 3 and 4 shift up-field with smaller Δδ of −0.15 and
−0.19, respectively, suggesting the smaller degree of naphthyl reorientation upon protonation. These observations of
NMR conclude that the substitution positions of the fluorophore control the pH-sensing capacity with the distinct
on–off profiles in the naphthalene isomers.
The strong geometrical restriction, confirmed by pHvariable fluorometry and NMR, is expected to control the
complexation capability as well. In fact, the fluorometric
titrations have proven that (bis-dtpa14nap)H5− forms complexes with cationic phenethylamine (formation constant,
5700 M−1) and cationic histamine (3000 M−1), whereas
(bis-dtpa15nap)H5− cannot react with any cationic amines
tested. The primary binding forces of the (bis-dtpa14nap)
H5− complexes in aqueous media are electrostatic interaction between the pending CH2CO2− arms of the macrocycle and the lateral CH2CH2NH3+ group of the amine. The
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resulting ion-pair is stabilized by encapsulation of the guest
cation in the naphthalenophane cavity through the π–π and/
or hydrophobic interactions. In the process of the encapsulation by the 1,4-naphthalenophane, the naphthalene rings
can reorient to adapt the macrocyclic conformation for
complexation. On the other hand, the 1,5-isomer has little freedom in reorientation of naphthalene ring so that the
macrocyclic cavity cannot encapsulate a guest molecules.
The strong geometrical restriction due to naphthyl groups
leads to the difference between the complexation capacities of the two isomers. This feature is a result of selecting
naphthyl constituents with different substitution positions
in the molecular design of the receptors.
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