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Fluorescent responses and conformational changes against pH were studied on four new water-
soluble 1-pyrene and 1-methylpyrene bichromophores, (tthalpy)Hs, (edtalmpy)H,, (dtpalmpy)H3 and
(tthalmpy)Hy4, with the objective of modifying pH-fluorescence profiles and other solution properties
of 1-pyrene bichromophores, (edtalpy)H; and (dtpalpy)Hs, developed previously by our group; the
abbreviations with acidic protons stand for pyrenyl moieties interlinked by an EDTA, DTPA (diethylen-
etriaminepentacetic acid) or TTHA (triethylenetetraminehexaacetic acid) chain through amide linkages.
The new derivatives exhibit emission bands of monomeric pyrene and an intense structureless excimer
band; the latter responds to pH sensitively. The pH dependence of the emission intensity of the DTPA
pH sensors and TTHA derivatives is well correlated with species distribution determined by potentiometry. In every
Pyrene derivatives derivative, the completely deprotonated species L"~ is the most efficient for excimer emission, followed
EDTA by the corresponding monoprotonated species LH"=1)-. In the latter, the acidic hydrogen is located on
Polyaminopolycarboxylic acids the central amine, as confirmed by 'H NMR. The resulting hydrogen bond between amino nitrogen atoms
makes the aliphatic chain rigid. Further protonation stretches the interlinking chain due to electrostatic
repulsion. These conformational changes with protonation result in fluorescent on-off cycles against pH
window. The switching cycles of the methylpyrene derivatives are reverse to those of the corresponding
pyrene derivatives, as the CH; spacer between the amide and aromatic groups defines the orientation of
pyrene rings. The sensitiveness of amide group to environment leads to a sharp change in excimer emis-
sion above pH ~11. The combined functions of amide and amino groups lead to the novel pH-responses.
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1. Introduction

The design and syntheses of fluorescence probes based on
pyrene have attracted considerable attention over the past
20 years [1-10]. A high quantum yield of fluorescence emis-
sion (Pgoy=0.65), a long lifetime of the singlet excited state
(ts=410ns) and the ability to form excimers are some of the fea-
tures that make pyrene one of the most useful chromophores for the
construction of fluorogenic chemosensors for a variety of impor-
tant chemical species. Particularly, the introduction of two pyrene
moieties at the ends of interlinking chains containing electron-
donating atoms has given a number of sensing systems capable
of switching the monomer/excimer emission upon coordination
with specific guest ions (M™, A—, etc.). However, most of these sys-
tems act only in organic [11-22] or organic/aqueous-mixed media
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[23,24]. This characteristic limits their applications in biological,
medical and environmental fields. To the best of our knowledge,
to date there are only two reports of pyrene bichromophores
acting in pure aqueous media in which excimer-to-monomer
interconvertion is permitted by effect of pH or metal cations: a
diethylenetriamine bearing two pyrene fragments at the respec-
tive ends, reported by Shiraishi et al. [25,26], and pyrene-based
bichromophores 1 and 2 in Scheme 1, abbreviated as (edtalpy)H;
and (dtpalpy)Hs, respectively, reported recently by our group
[27]. In compounds 1 and 2, the anionic carboxylate arms in the
EDTA (ethylenediaminetetraacetic acid) and DTPA (diethylenetri-
aminepentaacetic acid) interlinking chains endow the compounds
with high water solubility in a wide pH range, and the multiple
functional sites, including amino and amide nitrogen atoms, pro-
vide them with highly pH-sensitive fluorescent properties. The
intense excimer emission of the EDTA derivative 1 observed in
a basic medium (pH>9) is weakened sharply with decreasing
pH in a narrow pH range, giving an striking “off-on” fluores-
cent profile associated with protonation of amino nitrogen in the
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totally deprotonated species (edtalpy)2~. The DTPA derivative 2
also exhibits a strong excimer emission with an intensity—-pH
profile of an “off-on-off-on” type. This pH response is due to
conformational changes induced by protonation-deprotonation
processes in the DTPA interlinking chain, as has been confirmed
by TH NMR [27]. The novel pH-sensing capabilities found for
derivatives 1 and 2, together with the increasing demand of
molecular systems that behave as fluorescent indicators of the
pH window, have prompted us to design bichromophores that
have more intense emission, better pH specificity and higher
water solubility. The present paper reports four new pyrene- and
methylpyrene-based bichromophores (3-6 in Scheme 1) composed
of polyaminopolycarboxylate interlinks, EDTA, DTPA and TTHA
(triethylenetetraminehexaacetic acid); the point of the molecu-
lar design includes (1) the introduction of a methylene spacer
between amide and pyrenyl groups to enhance the emission and
control the geometry, and (2) the employment of TTHA involving a
larger number of donor atoms and hydrophilic groups to improve
pH-response and water solubility. Compounds 3-6 abbreviated
as (tthalpy)Hg, (edtalmpy)H;, (dtpalmpy)Hs and (tthalmpy)Hy,
respectively, with acidic hydrogen exhibit an intense excimer emis-
sion which sensitively responds to pH with distinct intensity—-pH
profiles. The novel pH responses have been consistently interpreted
by potentiometry, 'H NMR, excitation spectra and density func-
tional theory (DFT) calculations.

2. Experimental
2.1. Materials

EDTA dianhydride, 1-aminopyrene and 1-pyrenylmethyl-
ammonium hydrochloride were supplied from Aldrich. DTPA dian-
hydride and triethylenetetramine-N,N,N’',N”,N"",N"-hexaacetic
acid (TTHA) were supplied from Sigma. These chemicals were used
as received. Dimethylformamide (DMF) and pyridine were reagent
grade and dried with molecular sieve 0.4 nm before use.

2.2. Synthesis of compounds

2.2.1. Synthesis of (edtalmpy)H5: 1,4-bis(methylenecarboxy )-
1,4-bis(N-1-pyrenylmethylacetamide)-1,4-diazabutane

(Edtalmpy)H, was synthesized by adding solid EDTA dian-
hydride (0.25g, 0.97 mmol) little by little through a powder-
dispensing funnel to a dimethylformamide (DMF, 25 mL) solution
containing 1-pyrenylmethylammonium hydrochloride (0.64g,
24mmol) and triethylamine (350 uL, 2.5mmol) with stirring
under a nitrogen atmosphere. The resulting reaction mixture was
left to stand overnight at room temperature. A light yellow solid
formed was collected by filtration, washed thoroughly with ethanol
in a Soxhlet extractor until decoloration, and dried in vacuum
(0.31g, 45%). M.p. 253-255°C (dec). 'H NMR (400 MHz, DMSO-dg,
TMS): §=2.774 (s, 4H, Ha), 4.965 (br, 4H, Hg), 8.721 (br, 2H, Hy),
7.962-8.280 (m, 18H, ArH), other proton signals were masked by
HDO signal; MS (ESI) m/z (%): 719.3 (100) [(M+H)*|; elemental anal-
ysis caled (%) for C44H3gN406-0.5H,0: C, 72.61; H, 5.40; N, 7.70;
found: C, 72.73; H, 5.47; N, 7.74.

2.2.2. Synthesis of (dtpalmpy)H3: 1,4,7-tris(methylenecarboxy )-
1,7-bis(N-1-pyrenylmethylacetamide)-1,4,7-triazaheptane
(Dtpalmpy)H3; was synthesized by essentially the same method
as for (edtalmpy)H, from DTPA dianhydride (0.20g, 0.56 mmol)
and 1-pyrenylmethylammonium hydrochloride (0.37 g, 1.4 mmol)
in the presence of triethylamine (195pL, 1.5mmol) in DMF
(25 mL). After the resulting reaction mixture was left to stand
overnight at room temperature, a small amount of solid formed
was removed by filtration. The filtrate was concentrated to
a viscous liquid. Addition of acetone (50mlL) to the concen-
trate yielded a green solid, which was separated by filtration,
washed thoroughly with acetone in a Soxhlet extractor until
decoloration, and dried in vacuum (0.30g, 60%). M.p. 185-187°C
(dec). TH NMR (400 MHz, D,0, DSS, pD=10.5): §=2.083 (br, 8H,
Hae), 2.756 (br, 4H, Hy), 2.899 (br, 6H, H.4), 4.248 (br, 4H,
Hg), 7.001-7.311 (br m, 18H, ArH); MS (ESI) m/z (%): 820.3
(100) [(M+H)*]; elemental analysis calcd (%) for C4gH45N50g-H,0:
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C, 68.80; H, 565; N, 836; found: C, 68.72; H, 5.45; N,
8.45.

2.2.3. Synthesis of triethylenetetraminetetraacetic dianhydride,
TTHA dianhydride

TTHA dianhydride was prepared according to the method
reported by Achour et al. [28]. To TTHA (0.67 g, 1.35mmol)
were added acetic anhydride (1.00mL, 10.6 mmol) and pyridine
(0.67 mL, 8.20 mmol). The mixture was stirred at 40 °C for 48 h and
filtered. The creamy precipitate was washed with acetic anhydride
(100 mL) and then diethyl ether (100 mL), and dried under vac-
uum at 40°C (0.58 g, 95%). The formation of the dianhydride was
confirmed by the IR spectrum. The product was used without purifi-
cation for the syntheses of the bis(pyrenyl amide) derivatives. IR
(v/em~1): 2698, 2922 (CH alkyl), 1780, 1920 (CO anhydride).

2.24. Synthesis of (tthalpy)Hy:
1,4,7,10-tetra(methylenecarboxy)-1,10-bis(N-1-
pyrenylacetamide)-1,4,7,10-tetraazadecane

(Tthalpy)Hy4 was synthesized by a method similar to that
for (dtpalpy)Hs [27]. TTHA dianhydride (0.65g, 1.42 mmol) was
added little by little through a powder-dispensing funnel to
1-aminopyrene (0.77 g, 3.5 mmol) in DMF (15mL) at room tem-
perature with stirring under a nitrogen atmosphere. The resulting
reaction mixture was left to stand overnight at room temperature.
Any solid present was removed by filtration, and the solution was
concentrated to a viscous liquid. Addition of acetone (25 mL) to the
concentrate yielded a green solid, which was separated by filtra-
tion, washed thoroughly with acetone in a Soxhlet extractor until
decoloration, and dried in vacuum (0.44 g, 45.3%). M.p. 220-222°C.
TH NMR (400 MHz, D50, DSS, pD=10.2): §=3.066 (br, 6H, H,e¢),
3.384 (s, 4H, Hy), 3.537 (s, 4H, Hy), 3.592 (s, 4H, H¢), 7.340-7.803
(m, 18H, ArH); MS (ESI) m/z (%): 893.3 (100) [(M+H)*]; elemen-
tal analysis calcd (%) for C5gH4gNgO19-1.5H,0: C, 65.27; H, 5.58; N,
9.13; found: C, 65.31; H, 5.42; N, 9.19.

2.2.5. Synthesis of (tthalmpy)Hy:
1,4,7,10-tetra(methylenecarboxy)-1,10-bis(N-1-
pyrenylmethylacetamide)-1,4,7,10-tetraazadecane

(Tthalmpy)H; was synthesized by essentially the same
method as for (dtpalmpy)H, from TTHA dianhydride (0.50g,
1.09mmol) and 1-pyrenylmethylammonium hydrochloride
(0.73g, 2.72mmol) in the presence of triethylamine (400 p.L,
2.87 mmol) in DMF (25 mL). A small amount of solid formed at the
end of the reaction was removed by filtration, and the solution
was concentrated to a viscous liquid. Addition of acetone (50 mL)
to the concentrate yielded a green solid, which was separated by
filtration, washed thoroughly with acetone in a Soxhlet extractor
until decoloration, and dried in vacuum. The resulting solid was
suspended in 60 mL of water and dissolved by adding a minimum
amount of solid Na,CO3. When the solution, after being filtered,
was acidified to pH 4 with diluted HCI, a pale brown solid was
formed, which was collected by centrifugation, washed with copi-
ous amounts of water and dried in vacuum. The solid was dissolved
again in water with Na;COs, and any insoluble substance was
removed by filtration. Acidification of the resulting clear solution
to pH 2 gave (tthalmpy)Hy in the acid form as a pale brown solid,
which was separated by centrifugation, washed thoroughly with
water and dried in vaccum (0.128 g, 13%). M.p. 145-147°C. 'H
NMR (400 MHz, D50, DSS, pD=10.1): §=0.379 (s, 4H, Hs), § =1.588
(br, 4H, H,), 1.828 (br, 4H, He), 2.096 (s, 4H, Hy), 2.938 (s, 4H, Hy,),
2.996 (s, 4H, Hc), 4.556 (s, 4H, Hg), 7.075-7.401 (m, 18H, ArH);
MS (ESI) m/z (%): 921.2 (100) [(M+H)*]; elemental analysis calcd
(%) for C5,Hs53Ng019-2.5H,0: C, 64.65; H, 5.95; N, 8.70; found: C,
64.59; H; 5.93; N, 8.53.

2.3. Spectroscopic measurements

Luminescence spectra were recorded on a Perkin-Elmer LS-50B
luminescence spectrometer. For experiments of pH dependence,
sample compounds were dissolved in 0.01 M NaCl solution by
adding an equimolar amount of solid Na;CO3, and the pH values
of the sample solutions were adjusted with 0.01 M HCl and 0.01 M
NaOH in such a way that the sample concentration as well as the
ionic strength was identical for all solutions. Absorption spectra
were obtained with a Perkin-Elmer Lambda 20 UV-Vis spectrom-
eter. Sample solutions were prepared by the same procedure as
for the fluorescence measurements. The 'H NMR spectra were
obtained with a Brucker AVANCE 400 spectrometer at a probe tem-
perature of approximately 23 °C. In the studies of pD dependence,
the pD range was limited because the water solubility of the com-
pounds decrease sharply with decreasing pD: (dtpalmpy)H3; and
(tthalpy)Hs were studied at a concentration of 0.25 mmol kg~!
in the pD ranges of 8.0-13.0 and of 9.5-13.0, respectively; for
(tthalmpy)H,4 the concentration was 0.5mmolkg=! and the pD
range was 8.0-13.0. Sample solutions were prepared as fol-
lows. Two stock solutions were prepared by adding a minimal
amount of solid Na;COs3 into suspension of a sample compound
in D0 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 solutions of HCI-d
and KOH-d in D, 0, 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 pD value of each sample solution was deter-
mined by inserting an Aldrich ultra-thin long-stem combination
electrode into the sample tube after NMR measurements. The elec-
trode was calibrated with standard aqueous buffers in advance, and
a pH value measured with a Corning 440 pH meter was converted
to the pD value on the basis of the relation pD = pHpeas +0.45 [29].
The EDTA derivative has too low a water solubility (<0.1 mmol kg~
even at high pD) for reliable NMR experiments in D,0. The mass
spectra were obtained for methanol solutions at the University
of Arizona Mass Spectroscopy Facility (Tucson, AZ, USA). The ele-
mental analyses were performed by Columbia Analytical Service
(Tucson, AZ, USA).

2.4. Potentiometric measurements

The determination of protonation constants was performed
by potentiometry with a SCHOTT TITRONIC BASIC semiautomatic
titrator consisting of a 20 mL-capacity Metrohm piston burette and
awater-jacketed titration cell, and pH was measured with a Thermo
Orion model 920A-plus pH meter equipped with an Orion 8102U
combination electrode. The glass electrode was calibrated as a
hydrogen-ion concentration probe by titrating 0.1 M HCl with CO,-
free 0.1 M NaOH. The equivalent point was determined by Gran’s
method, which gave pK,, 14.00. A sample solution (0.5 mM) was
prepared by dissolving an appropriate sample compound with the
calculated equivalent amount of 0.1 M NaOH, and titrated with ca.
0.1 M HCL. All calibrations and titrations were carried out under a
CO,-free nitrogen atmosphere at 25.0 £ 0.1 °C at an ionic strength
of 0.10 M (NacCl). The NaOH and HCI solutions were standardized
against potassium hydrogen phthalate and TRIS, respectively. Anal-
ysis of the data was performed by using the HYPERQUAD2006
v3.1.48 computer program. Species distribution diagrams were cal-
culated with HYSS 2000 software. For each compound, logarithmic
protonation constants (logKp) were determined from three inde-
pendent titrations. Since the pH titration range of each titration was
limited because of the low solubility at low pH values, the num-
ber of protonation equilibria detected in the titration was varied;
two to four protonation constants were determined for each com-
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Table 1

Logarithms of the stepwise protonation constants of compounds 2, 3, 5 and 6 determined in aqueous NaCl (0.1 M) solution at 298 K.
L Reaction?

H+L=HL H+HL=H,L H+H,L=HsL H+HsL=H4L

(dtpalpy)H; 9.21 + 0.01 5.35 + 0.04 4.62+0.03 -
(dtpalmpy)H3 9.95 + 0.02 6.04 + 0.08 nd® -
(tthalpy)H, 9.75 + 0.02 6.75 + 0.02 5.29+0.02 4.68 + 0.02
(tthalmpy)H, 10.24 + 0.03 6.82 &+ 0.05 4.99+0.07 412 +£0.1

2 Charges are omitted for clarity.
b Undeterminable because of the low solubility in the corresponding pH range.

pound even when its molecular formula involves the larger number
of acidic protons.

3. Results and discussion
3.1. Luminescence of (dtpalmpy)H3

A reaction between DTPA dianhydride and 1-
aminomethylpyrene yields a 1:2 addition product abbreviated as
(dtpalmpy)Hs (5 in Scheme 1), whose solubility is about 0.5 mM
(mM=10-3moldm~3) in strongly basic solution and it decreases
sharply with decreasing pH. Common pyrene derivates have low
water-solubility, which causes difficulty in characterization. The
relatively high solubility of (dtpalmpy)Hs makes possible the
studies of potentiometry and NMR, facilitating interpretation
of the emission properties, although the pH range is limited.
Potentiometric titration was able to be performed down to pH ~5,
and the first and the second logarithmic protonation constants
were determined as log K1 =9.95 and log Kj,; =6.04 (Table 1).

The fluorescence emission is so strong as to be observable at a
concentration of 10~ M down to pH 2. A broad band characteristic
of pyrene excimer is observed at 484 nm, in addition to a set of
sharp bands attributed to monomeric pyrene at 379 and 395 nm,
as shown in Fig. 1. The excimer emission is strengthened sharply
with increasing pH, while the monomer emission is less sensitive
to pH. As shown in Fig. 2, the intensity of the excimer emission Ig is
correlated to the species distribution, which is calculated from the

1.0

Intensity (u.a.)
°
(9]
T

0.0 —
350 400 450 500 550 600 650

A (nm)

Fig. 1. Emission spectra of (dtpalmpy)Hs in aqueous solution at selected pH val-
ues. The spectral intensities are normalized to the peak maximum of the most
intense spectrum. The excitation wavelength, Aexc is 342 nm, and the concentration
1x10°°M.

protonation constants determined by potentiometry. The emission
intensity I is given by an average over protonated species LH,(3-™)~
as a function of pH:

[ lo+ Y a0 1)
= 1 +Z,3n107an

Here, I, is the intensity inherent in LH,(3-™~, and B, is the over-
all protonation constant, log B, = X log Kp,. Curve fitting based on
Eq. (1) was performed by a non-linear least-squares method [30].
The observed Ig vs. pH curve is reproduced well over the entire pH
range with the logarithmic protonation constants, log K, =10.17,
log K> =5.85, log Kp3 =5.09 and log K4 =2.91 (Fig. 2 and Table 2).
The third and fourth protonations were detected by fluorome-
try thanks to the lower sample concentration necessary for the
technique. The mol fractions based on the fluorometric data are
presented by dashed lines in Fig. 2; the species distribution agrees
well with that obtained from the potentiometric data. The relative
intensity I¢ inherent in each species is presented in Table 2; the
species of the most efficient emission is the totally deprotonated
species L3~, and the second is LH, .

The intensity-pH profile of (dtpalmpy)Hj5 is significantly differ-
ent from that reported for (dtpalpy)Hs (2 in Scheme 1) [27]. The
protonation constants of the latter have been determined by poten-
tiometry in the present work as logKp; =9.21, log K> =5.35 and
log Kp3 =4.62 (Table 1). The species distribution presented in Fig. 3
shows that the LH2~ species is responsible for the most intense
emission at pH ~8. Above this pH the emission is weakened as the
L3~ species is formed, and then strengthened again with increas-

Mole Fraction, 1./1000

Fig. 2. Excimer emission intensity Ir (squares) of (dtpalmpy)Hs; as a function of pH;
the dotted line is the best fit based on Eq. (1) with log K}, values shown in Table 2.
The mole fractions of the different species are determined by potentiometry (solid
lines) and fluorometry (dashed lines).
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Table 2

Logarithms of the protonation constants determined by fluorescence (in parenthesis) for compounds 1-6, and relative fluorescence intensity inherent in each species with

reference to the intensity of LH species.?

L Ly La (logKap) LH (log Kp1) LH; (log Kp2) LH; (logKp3) LH4 (log Kp4) LHs (log Kps)
(edtalpy)H, 590 244 1 - - - -
(~12.3) (8.19) nd® - - -
(edtalmpy)H, ~14000 2.05 1 - ~120 - -
(~14.6) (7.43) nd® (~0.1) - -
(dtpalpy)H; 3 0.4 1 0.1 - - -
(~12.5) (9.28) (6.32) nd® nd® -
(dtpaimpy)H; nd¢ 8 1 2 1 0.01 -
- - (10.17) (5.85) (5.09) (2.91) -
(tthalpy)Hs 4 0.02 1 0.6 0.2 0.4 <0.001
- (~11.0) (10.29) (6.86) (5.38) (5.06) (1.8)
(tthalmpy)H,4 30 3 1 0.6 - - 0.2
- (-12.5) (10.02) (6.66) nd® nd® (2.7)

@ Charges are omitted for clarity.

b Not determinable due to small changes in fluorescence in the corresponding pH range.

¢ Conversion between L, and L;, is not detected.

1.0 i 140
L 120
0.8
L 100
1
_ I
064
2 L 80
[}
o |
T L E
(0]
2 | 60
S 044
L 40
0.2 -
|20
0.0 0
13

Fig. 3. Excimer emission intensity I (squares) of (dtpalpy)Hs as a function of pH,
and the species distributions determined by potentiometry (solid lines) and fluo-
rometry (dashed lines). The dotted line is the best fit obtained by Eq. (3); the log K,
values are shown in Tables 1 and 2.

ing pH above pH 10.5. This increase of I¢ in the high pH region is
interpreted by the sensitiveness of the amide group to environ-
mental changes because TH NMR does not show any shift in the
corresponding pD range [27]; the completely deprotonated species
(dtpalpy)3~ takes two states, L,3~ and L,3~, whose emission inten-
sities are different from each other due to the amide effect. The
conversion from L,3~ to L3~ with pH is supposed to be formulated
by the logistic (or the so-called dose-response) equation against
pH. The mol fraction of L3~ is given by:

fio Ky, 10PH
(1 + K,p10PH)
Here, K, =[Ly]/[La], which is a constant related to the reversible
interconversion between Ly3~ and L,3~. When this equilibrium is
included into the intensity change with pH, Eq. (1) is rewritten as:
 (lop - Kap - 10°H +Toa + > I - B - 107"PH)
(Kap - 10PH 41457 B, - 107"PH)

Here, Iy, and Iy, are emission intensities inherent in Ly3~ and
L.3-, respectively. Least-squares curve fitting reproduces well the

(2)

I (3)

observed intensity vs. pH curve including the sharp change above
pH 10.5 as shown in Fig. 3, in which the mol fractions of L3~
and L,3- are also plotted against pH. The logarithmic protonation
constants determined by fluorometry (Table 2) are reasonable com-
pared with the corresponding potentiometric data; log K3 was not
determinable by the spectroscopy because Ig was almost constant
in the corresponding pH range. The inherent intensities presented
in Table 2 show that the quite distinct Iz-pH profiles of the two
DTPA derivatives are associated with the relative intensities of
LH2- and LH,~ species. Another notable difference is that the con-
version of L3~ to Ly3~ occurs in (dtpalpy)Hs, but does not in
(dtpalmpy)Hs.

The insertion of a CH, spacer between amide and pyrenyl
groups causes differences in the acidity as well (Table 1). In the
TH NMR spectra of (dtpalmpy)Hs, protons a, d and e (labeled as
shown in Scheme 1) exhibit downfield shifts with decreasing pD
in the range of 8.3-12.9, and undergo line-broadening concur-
rently. A change in § upon protonation, A§, is 0.279 for a, 0.703
for d, and 0.537 for e; a figure of § vs. pD plots is available as
Supplementary Materials (Fig. S1). The curve fitting of the § vs.
pH plots has determined the logarithmic protonation constant in
D,0 as log Kp; =10.3, which is larger than the value 10.0 reported
for (dtpalpy)Hs [27], as predicted from their first protonation con-
stants determined by potentiometry (Table 1). The ratio of chemical
shift changes, A§(b)/Ad(d), is 0.04/0.70 for (dtpalmpy)Hs is very
small compared to 0.11/0.70 of (dtpalpy)Hs. Since the AS(j) is pro-
portional to proton population on nitrogen bonded to CH(j), the
AS(b)]AS(d) values show that the acidic protonation in the LH2~
species is concentrated on the central nitrogen to a larger extent in
(dtpalmpy)Hs3 than in (dtpalpy)Hs. The insertion of a CH, spacer
enhances the basicity of the central nitrogen, which may be one
of the controlling factors on the conformation of the interlinking
chain.

Geometry optimization was attempted to confirm the effect of
the CH, spacer, but it was unsuccessful because the DTPA chain is
so flexible toyield a number of local energy minima. For this reason,
the corresponding EDTA derivatives have been studied as simpler
model compounds as described in the following sections although
characterizations by NMR and potentiometry are difficult because
of the bare water solubility.

3.2. Luminescence of (edtalmpy)H>

Fig. 4 shows the emission spectra of (edtalmpy)H; (4) at dif-
ferent pH values. A pyrene excimer band is observed at 475 nm
with a shoulder at 490 nm, and a group of sharp monomer bands
are between 370 and 420 nm. The excimer-to-monomer intensity
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Fig. 4. Emission spectra of (edtalmpy)H, in aqueous solution at selected pH val-
ues. The spectral intensities are normalized to the peak maximum of the most
intense spectrum. The excitation wavelength, Aexc is 342 nm, and the concentra-
tion 1 x 106 M. Inset: excimer-to-monomer intensity ratio Ig/ly as a function of
pH. The solid line was obtained by curve fitting with Eq. (3).

ratio Ig/Iyy was 0.45 at pH=11.7, and decreased with decreasing pH
in two steps. Protonation scheme in this compound was difficult
to study, because the water solubility is too low for '"H NMR and
potentiometry. However, the first protonation on the L>~ species
is supposed to occur at amino nitrogen of the EDTA units around
pH 7, as reported for many EDTA bis(amide) derivatives [31-34].
The first protonation is, therefore, responsible for the spectral
change around pH 7.5; the sharp spectral change above pH 11 is
related to amide group as elucidated above for (dtpalpy)Hs. Least-
square calculation based on Eq. (3) reproduces well the observed pH
dependence of the emission intensity (inset in Fig. 4), giving log K3,
and log K values shown in Table 2. The change in the intensity
below pH 3 gives a logarithmic protonation constant ~0.1, which is
extremely small compared with the values ~3 predicted for proto-
nation at carboxylate oxygen. Probably, protonation at carboxylate
oxygen does not influence the emission intensity so that the inher-
ent intensities of the LH~ and LH; are identical to each other, and
hence logKp, is not determinable by fluorometry; the intensity
change below pH 3 is caused by the third protonation that yields
the LH3* species.

The pH dependence of the emission intensity has a trend similar
to that reported for (edtalpy)H; (Fig. S2 in Supplementary Materi-
als). However, the spectral change related to the first protonation in
(edtalmpy)?~ species occurs at pH lower than that in (edtalpy)?~
species: the Ig vs. pH plot gives log K},; =7.43 for (edtalmpy)H; and
8.19 for (edtalpy)H,. The insertion of methylene group, therefore,
lowers the basicity of amino nitrogen. Another effect of the CH,
spacer is that the efficiency in excimer formation is reduced; while
the excimer-to-monomer intensity ratio Ig/ly; amounts to ~5 for
(edtalpy)H, in basic media, the Ig/I; value of (edtalmpy)H, is only
0.5 at largest.

The excitation spectra were monitored at 480 nm (correspond-
ing to the excimer emission peak) and 375nm (the monomer
emission peak) at different pH values (Fig. S3). The set of bands
related to the excimer emission exhibits a red shift (about 5nm)
and line broadening compared with that related to the monomer
emission in the spectral region of 250-350 nm, suggesting that the
emission at 480 nm may be due to a static excimer. However, the
difference between monomer- and excimer-related spectra is less
pronounced than that found for (edtalpy)H, [27]. This fact shows
that the conformation in the ground state of (edtalmpy)H, is less

favorable for the formation of a static excimer than in (edtalpy)Ho,
in consistency with the lower Ig/Iy; value of the former.

3.3. Optimized geometries of EDTA derivatives; possible
conformations of DTPA derivatives

The geometry optimization has been carried out on the
completely deprotonated species L2~ of (edtalpy)H, and
(edtalmpy)H,, to explain the difference between their emis-
sion properties in relation to conformations in the ground state.
The chain that links two pyrenyl groups is short enough for
definitive optimization, but the inclusion of carboxymethyl group
results in a number of local minima so that many conformations are
obtained with small energy differences. Preliminary optimization
was, therefore, carried out with the Hartree-Fock HF/3-21G(d)
method, and some geometries having a low energy minimum
and a C; symmetry were selected for further optimization on the
basis of density functional theory with the B3LYP/6-31G(d) basis
set implemented in Gaussian 03 [35]. Even after the refinement,
energy differences among the geometries remained small. In any
possible geometries obtained for both compounds, however, two
pyrene rings basically face each other and orient toward the same
direction with respect to the interlinking chain, as displayed in
Fig. 5, which represents a geometry having the lowest energy
minimum for each compound.

In the structure of the (edtalpy)?~ species, two pyrene rings are
arranged almost parallel to each other with an angle of 5° between
the ring planes and the closest C—C contact of 3.8 A at C(9) and C(9'),
and are slipped away with a distance of 8.3 A between the ring cen-
ters; the same type of contact has been obtained by optimization
without carboxylate groups [27]. This parallel ring orientation is
responsible for the formation of a staticexcimer in the ground state,
as suggested from the excitation spectrum [27]. In the structure
obtained for the (edtalmpy)?~ species, the pyrene-CH,-amide
linkage is kinked at the methylene carbon so that the relative ori-
entation of the ethylenediamine chain axis and pyrene ring plane is
altered from that in the (edtalpy)?~ species. Moreover, two pyrene
rings are on a larger slant with an angle of 17.5° between the ring
planes, and are more distant from each other with the distance
10.6 A between the ring centers and the closest C-C contact 7.6 A
at C(2) and C(2’). Though the highly hydrophobic rings may move
closer toward each other in aqueous media, the inter-pyrene dis-
tance is still longer than that in (edtalpy)H,. This looser contact
of the pyrene rings in (edtalmpy)H, is unfavorable for the forma-
tion of a static excimer, and interprets the lower excimer-emission
efficiency concluded from the emission and excitation spectra.

The structure of the DTPA derivative is difficult to opti-
mize because the DTPA-based interlink is too long and flexible.
Obviously, however, the pyrene-CH,-amide linkage defines the
orientation of pyrenyl rings in (dtpalmpy)Hs as well, to make
the Ig-pH profile different from that of (dtpalpy)Hs. The order
of the inherent intensities, Ig(LH) > Ig(La) > Ig(LH5), for (dtpalpy)Hs
has been interpreted in connection with the protonation scheme
as illustrated schematically in Fig. 6: (1) protonation on the L33~
species leads to hydrogen bonding between amino nitrogen atoms
in the LH2~ species so that the aliphatic chain is rigid and short
to facilitate excimer formation in the protonated species; (2) the
further protonation on amino nitrogen to form the LH,~ species
induces electrostatic repulsion so that the chain is stretched unfa-
vorably for excimer formation [27]. The conformational change of
the DTPA chain by protonation in (dtpalmpy)Hs is supposed to
occur in the same manner as in (dtpalpy)Hs. However, the order of
the inherent intensities of (dtpalmpy)Hs is Ig(L) > Ig(LH3) > Ig(LH),
which is quite different from that of (dtpalpy)Hs. Probably, the
pyrene-CH,-amide linkage relocates two pyrene rings to the oppo-
site directions unfavorably for excimer formation in the LH2-
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Fig. 6. Possible changes in the orientation of pyrene rings with pH in (dtpalpy)Hs; and (dtpalmpy)Hs. The rectangles show pyrene disks, which are drawn by dotted line for

(dtpalpy)Hs and solid line for (dtpalmpy)Hs.

species, as illustrated in Fig. 6; on the other hand, the CH, spacer
has a reverse effect to make pyrene rings closer in the L3~ and
LH,~ species. Even in the L3~ and LH,~ species of (dtpalmpy)Hs,
the pyrene-pyrene interaction is supposed to be weaker than in
the LH2~ species of (dtpalpy)Hs. The efficiency in the excimer
formation is, therefore, lower in the former, as observed in the
emission spectra, although the overall fluorescence intensity is
much higher. In both DTPA derivatives, the pyrene-pyrene con-
tact is supposed to be looser than in (edtalpy)H,, because of the
longer interlinking chain in the formers. In fact, the excitation spec-
tra of (dtpalpy)Hs has been reported to suggest that the excimer
emission originates from a dynamic excimer formed in the excited
state rather than a static excimer formed in the ground state [27].
Basically the same conclusion can be derived for (dtpalmpy)Hs,
from the excitation spectra, in which the relation between the
excimer- and monomer-related spectra is similar to that observed
for (dtpalpy)Hs and (edtalmpy)H, (Fig. S4). The DTPA chain is too
long to form a close face-to-face stack of pyrene in the ground
state, but is flexible enough to form an excimer in the excited
state.

3.4. Luminescence of (tthalpy)Hy

The emission spectra of (tthalpy)H4 (3) exhibits an intense
excimer band at 487nm and vibronically structured monomer
bands between 393 and 414nm in basic solutions (Fig. 7). The
excimer-to-monomer intensity ratio Ig/ly is about 5 at pH=11.4,
and decreases with decreasing pH down to about 1 at pH=10.
Fig. 8 shows a plot of the excimer emission intensity I against pH,
together with the species distribution obtained from potentiomet-
ric data (Table 1). The pH dependence of the emission intensity
is well correlated with the species distribution except for the pH
range above 10.5. A sharp change in I¢ takes place at pH much

higher than that corresponding to the log K values. This discrep-
ancy is ascribable to the response of amide group to a change
in environment, as proposed for (dtpalpy)Hs. The I¢ vs. pH plot
can be well interpreted by Eq. (3) with the equilibrium constants

1.4

Intensity (a.u.)

400 500 600
A (nm)

Fig. 7. Emission spectra of (tthalpy)Hs in aqueous solution at selected pH val-
ues. The spectral intensities are normalized to the peak maximum of the most
intense spectrum. The excitation wavelength, Aexc is 342 nm, and the concentration
1x10°°M.
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Mole Fraction, 1./500

Fig. 8. Excimer emission intensity I¢ (squares) of (tthalpy)H4 as a function of pH,
and mole fractions of the species determined by potentiometry (solid lines) and
fluorometry (dashed lines). The dotted line is the best fit obtained by Eq. (3) with
log K, values in Table 2.

shown in Table 2; the obtained values are reasonable compared
with the corresponding potentiometric data. The relative intensi-
ties of the species indicate that the trend of the intensity toward pH
resembles that of (dtpalpy)Hs (Table 2): (1) the mono-protonated
species LH has a higher efficiency for excimer formation than the
poly-protonated species LH;; (2) deprotonation from LH weakens
excimer emission at the initial stage of the formation of the L4~
species; (3) with the further increase of pH, the totally deproto-
nated species L4~ undergoes a conformational change due to the
sensitiveness of amide group to the pH change; (4) the resulting
species Ly, exhibits an extremely high efficiency for excimer forma-
tion.

Excitation spectra monitored at the wavelengths of the excimer
emission (480 nm) and the monomer emission (375 nm) show a
striking difference in the high-energy region of 200-250 nm; an
excimer-related band is centered at about 241 nm whereas the cor-
responding monomer-related band is at 217 nm (Fig. S5). This large
red shift of the excimer-related band is evidence that the 480 nm
emission band is due to a static excimer formed in the ground state.
This conclusion is supported by the UV-Vis absorption bands that
are broadened in the whole pH window (Fig. S6). The molecule is
flexible enough to form a well-defined pyrene-pyrene contact due
to the hydrophobic effect in aqueous media.

The effects of protonation on the excimer emission can be
explained by a scheme similar to that schematically shown for
(dtpalpy)Hs in Fig. 6, as follows. Acidic hydrogen in the fluores-
cent species LH3~ is located at the central amino nitrogen because
the TH NMR signals of protons d, e and f undergo downfield shifts
simultaneously with decreasing pH (Fig. S7); the curve fitting of
the & vs. pD plot gives log Kp1 = 10.70. The added acidic hydrogen is
shared by two central nitrogen atoms, which are chemically equiv-
alent. A consequent hydrogen bond makes rigid the central region
of the aliphatic chain; this rigidity may be related to the intensity
change of the excimer emission in the pH range of 8-10. The next
protonation occurs on the terminal amino nitrogen atoms, and the
resulting electrostatic repulsion between the protons stretches the
interlinking chain so that the conformation in the LH,2~ species is
less favorable for excimer formation.

Mole Fraction

Fig. 9. Mole fraction distribution of the different species of (tthalmpy)H, obtained
by potentiometry (solid lines) and fluorescence (dashed lines) and excimer-to-
monomer intensity ratio Ig/Iy (squares) as a function of pH. The dotted line is the
fitting curve in accordance with Eq. (3). For log K, values see Tables 1 and 2. The
dashed line centered at pH ~ 5 shows the sum of the mole fractions of the LHy2-,
LH3~ and LH4 species, because log Kj3 and log K4 are unable to be determined due
to the insensitiveness of the fluorescence to the protonation processes in the pH
range 4-6.

3.5. Luminescence of (tthalmpy)H,

The emission spectrum of (tthalmpy)H4 (6) exhibits excimer
and monomer bands at the same wavelengths as observed for
other pyrenyl derivatives (Fig. S8). However, the intensity profile
is distinct from that of (tthalpy)Hy. The intensity of the excimer
emission is almost identical with that of the monomer intensity
around pH 12. As pH decreases, the excimer band is weakened
sharply, whereas the monomer band is strengthened slightly: Iz /Iy
is only 0.2 at pH=8 in contrast to Ig/lyy=1.4 at pH=11.6 (Fig. 9).
The change in Iz is monotonous, and a plateau corresponding to
a possible protonation is not found in the Ig vs. pH plot (Fig. S8).
On the other hand, the Ig/Iy; vs. pH plot shows two well-defined
plateaus to make it possible to determine at least three proto-
nation constants, although a clear change is still undetectable
in the pH range 4-6 where the formation of LH3~ and LHy4 is
expected from the potentiometric data (Fig. 9). The sharp change
above pH 11 does not correspond to any protonation process
predicted by potentiometry, and is attributable to the effect of
amide group as proposed for (tthalpy)H4. Least-squares calcula-
tions based on Eq. (3) gave three protonation constants and K,
shown in Table 2.

The Ig /I ratios are smaller in (tthalmpy)H,4 thanin (tthalpy)Hg.
The weaker excimer emission is ascribable to a weaker intramolec-
ular interaction between the pyrene units. In fact, the excimer-
related excitation spectra are not significantly different from the
monomer-related excitation spectra (Fig. S9), in contrast to the
excitation spectra of (tthalpy)Hy. This spectral difference is obvi-
ously caused by the insertion of the methylene spacer, as explained
for the EDTA and DTPA derivatives.

The effect of the CH, spacer is clearly observed by 'H NMR; the
spectra at selected pH values are represented in Fig. 10. The most
notable feature of the TH NMR spectra is that a methylene proton
signal located at § ~ 1.8 at pD ~ 12 shifts upfield with decreasing pD
and reaches § as small as 0.6 at pD ~ 9; the § vs. pD plot of the signal
shows a clear minimum at pD ~9 (Fig. 11). A similar but smaller
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change is observed for other signals. In the pD range of 9-12, the
first protonation is supposed to occur on amino nitrogen on the
basis of the log Kj,; value. However, the direction of the shift with
pD is opposite to that caused by a simple protonation process, in
which protonation on nitrogen in NCH, causes a downfield shift (or
an increase in §) of the adjacent proton as observed for (tthalpy)H,
and other derivatives. Furthermore, the § value of 0.6 is extremely
small compared with the value ~3 of common NCH, proton signals,
and the difference ~2.4 between the § values is much larger than
that predicted for protonation at the adjacent nitrogen atom [36].
This unusual § value and novel pH dependence can be interpreted
by the ring-current effect of pyrene. A chemical shift due to a ring
current, &y, of a pyrene ring can be calculated as the sum of dipole

fields induced by component hexagons [37]:

Src =—27.6) (1-3cos? )R> (4)
J

Here, R; is distance (in A) between the resonant proton and the cen-
ter of hexagon j, and 6; is the angle between the vector R; and the
normal to the hexagon center. The value of d; is given in Table 3
for a proton located above a selected position of a pyrene ring at
a given distance from the ring plane. The effect of ring current is
large enough to result in the observed & as small as 0.6; the pro-
ton showing this signal is located above the pyrene ring plane.
At least two other CH, groups of the TTHA chain are under influ-
ence of the ring current field of pyrene at pD where LH3~ species
is formed. The acidic proton in LH3- is expected to be distributed
on two chemically equivalent nitrogen atoms in NCH,(f)CHx(f)N,
as found for (tthalpy)Hy. Probably, the resulting hydrogen bonding
folds the aliphatic chain in between two pyrene disks, as illustrated
for LH3- in Fig. 12. In such a structure, the central ethylene group
NCH,(f)CH,(f)N is located closest to the center of the pyrene ring
among the CH; protons. The change in é caused by each pyrene ring
is approximately —2.4/2 ppm. Comparison of this value with Table 3
suggests that NCH,(f) proton is located in the range of 4.5-5 A from
the ring plane above either of the centers of the pyrene ring and
hexagons. On the other hand, the CH;(c) attached to amide group
is supposed to reside outside of the pyrene disk so that the ring
current effect is negligible on the proton; the aliphatic proton sig-
nal of the largest § is assignable to CH,(c). Other proton signals are
assigned tentatively as shown in Fig. 10 on the basis of the possible
locations of the protons. As the second protonation occurs below
pD 9, the § value of every proton increases. In the LH,2~ species,
therefore, the CH, protons are less influenced by the ring current
field. Two acidic hydrogen atoms are distributed over four nitrogen
atoms, and the resulting hydrogen bonding stretches the aliphatic
chain because of electrostatic repulsion between the acidic protons,
so that the CH, protons reside distant from the ring center. Thus, the
equilibrium between the LH3~ and LH,2~ species is accompanied
by an accordion-like conformational change, as illustrated in Fig. 12.
As aresult, the proton signals show downfield shifts with decreas-
ing pD below 9. Both structures of the LH3~ and LH,2~ species are
unfavorable for excimer formation to quench the excimer emis-
sion in the low pH range. The § values observed for the L*~ species
show that the aliphatic chain is located outside the ring current
field. The aromatic protons show decreases in § with increasing
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Table 3

Ring current shift, §,c (ppm), calculated for a proton that resides above a selected position of a pyrene ring at a given height Z (A) from the ring face.
z M A B Ca cB Cy Ha HB Hy
3.0 -3.72 —2.84 -3.23 -1.37 -1.17 -1.45 —-0.38 —-0.28 -0.38
35 —-2.80 —2.06 -2.39 -1.16 —-0.98 -1.25 -0.45 -0.33 -0.47
4.0 -2.13 -1.57 -1.83 -0.97 -0.82 -1.06 —0.46 -0.35 —-0.49
4.5 —1.64 -1.23 -1.43 -0.81 —-0.69 -0.89 —0.44 —-0.34 —-0.47
5.0 -1.28 —0.98 -1.13 —-0.68 -0.59 -0.75 -0.41 -0.32 -0.44

M, center of pyrene ring; A, center of hexagon A involving Ca; B, center of hexagon B involving Cy; Ca=C1, C3, C6, C8; C3 =C2, C7; Cy=C4, C5, C9, C10.
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Fig. 12. A possible conformational change of the aliphatic interlink upon protonation in (tthalmpy)Hs. The rectangles show pyrene rings, and X=CH,CO; .

pD in the region where equilibrium occurs between LH3~ and L~
species (Figs. 10 and 11). This change in § indicates that the pyrene
rings are mutually influenced through the ring-current field in the
L4~ species, suggesting the close contact of the pyrene rings. The
totally deprotonated aliphatic chain is so flexible that the face-to-
face contact of the pyrene rings is possible in aqueous media, giving
rise to a weak but well-defined excimer band of the L%~ species at
pH ~10. As pH increases further, the pyrene rings become closer to
each other, as suggested by the chemical shifts of pyrene protons,
to exhibit even stronger excimer emission.

The novel conformation in the LH3~ species of the
methylpyrenyl derivative is due to the amide-CH,-pyrenyl
linkage, which is bent at the methylene carbon to make the
aliphatic chain oriented toward the face of the pyrene ring. In
contrast, the amide-pyrenyl linkage in (tthalpy)Hs is stretched
on the pyrene ring plane because of the conjugation of the two
groups, and hence the effective length is too short to make the
folded structure.

4. Conclusions

The interlinking chain between the chromophores alters its
conformation upon protonation on the amino nitrogen in the
polyaminopolycarboxylic acid derivatives. This effect combined
with that of amide group results in the repeated “on-off” profiles
of excimer emission against pH. The number of the on-off cycle
respondent to protonation increases with increasing the number of
amino nitrogen atoms involved in the polyamino chain, although
the effect is attenuated with the protonation step. Another effect
on emission is caused by the CH, spacer between the amide and
pyrenyl groups in the methylpyrenyl derivatives. The stacking of
pyrene rings in a molecule is defined in part by the planarity of the
pyrene and amide groups. The relative orientation of these groups is
controlled by the CH, spacer so that the on-off cycles in the DTPA-
and TTHA-based methylpyrenyl derivatives are reversed to those
of the corresponding pyrenyl derivatives. These novel properties

are a result of combined effects of the chain length, the number of
protonation sites, the acidity of amide group and its orientation.
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