
Association-mediated chromism of amphiphilic triphenyl-6-oxoverdazylw

Kentaro Suzuki,
ab

Michio M. Matsushita,
b
Hiroyuki Hayashi,

c
Noboru Koga

c

and Tadashi Sugawara*
ab

Received (in Montpellier, France) 2nd July 2008, Accepted 11th August 2008

First published as an Advance Article on the web 20th September 2008

DOI: 10.1039/b811207j

We synthesized a novel amphiphilic compound, 1,5-diphenyl-3-(4-(8-(pyridin-1-ium-1-yl)-

octoxy)phenyl)-6-oxoverdazyl bromide (PyC8TOV) thorough modification of 1,3,5-triphenyl-6-

oxoverdazyl by introducing a pyridinium head group. This amphiphilic radical dissolved in water

at concentrations lower than 0.1 mM but formed aggregates at higher concentrations. Depending

on its concentration in water, PyC8TOV afforded crystals, or gels. The solvent- and

concentration-dependences of UV and ESR spectra of PyC8TOV are discussed in terms of the

environmentally sensitive electronic structure of this amphiphilic radical. The nonlinear

dependence of the relaxivity of an aqueous solution of PyC8TOV strongly suggests the formation

of aggregates in concentrated solution. PyC8TOV exhibited not only solvatochromism but also

association-mediated chromism.

Introduction

Considerable interest has been focused recently on molecular

self-assemblies constructed by amphiphilic molecules in water,

such as. micelles, bimolecular membranes and vesicles.1 Many

investigations of such self-assemblies have been concerned

with local phase separation among multiple amphiphiles in

the assembly, with the elasticity of the self-assembly as a

whole.2 To detect such subtle changes in the local environment

of these self-assemblies by spectroscopic means, use of water-

soluble amphiphilic spin-probes is a powerful, and non-

invasive technique.3 Amphiphilic radicals employed in this

manner are useful for biological and medical applications.4–7

For example, nitroxides are often used as spin-probes to detect

local concentrations of superoxides at the surface or within the

membrane of blood vessels.5 These spin-probes can also be

used as contrast media in ESRI (ESR imaging; e.g. PEDRI/

OMNI)6 or MRI measurements.4,7

We have prepared a novel amphiphilic radical based on

1,3,5-triphenylverdazyl (TPV) to be explored as a spin-probe

for the above purpose. Although TPV is a well-known

persistent radical8–13 and has been studied in respect of its

magnetic properties11,12 and reactivities,13 its behavior in

water has scarcely been explored yet. Since the hydrophobicity

of TPV is much higher than that of nitroxides (the saturation

concentration of TPV in water is ca. 10�5 M),14 amphiphilic

TPV must be more firmly held by membranes. Mayr et al.

reported the pioneering synthesis of the water-soluble TPV

(WS-TPV) radical.15 However, the hydrophilic moiety of this

radical is a carboxylic group that permits the WS-TPV to

dissolve only in alkaline water (pH 4 10). Furthermore, the

concentration dependence of UV and ESR spectra for

WS-TPV is small.

The novel amphiphilic TPV-based radical discussed in this

paper is endowed with two chemical modifications. First, a

long alkyl chain bearing a pyridinium ion at the end is

introduced to increase its solubility and self-aggregation

ability in water over a wide pH range.1,2 Second, a 1,3,5-

triphenyl-6-oxoverdazyl (TOV) unit, which is a carboxo-

derivative of TPV, is used in lieu of TPV to contact with water

locally as a radical unit. When the methylene group at the

6-position of TPV is replaced with a carboxo group to form

TOV, the spin-densities of TOV become inequivalent.9,10

Accordingly, the electronic structure of TOV becomes sensi-

tive to the presence of water due to the contribution of its

zwitterionic form (Scheme 1).

We found that our novel amphiphilic TOV, 1,5-diphenyl-3-

(4-(8-(pyridin-1-ium-1-yl)octoxy)phenyl)-6-oxoverdazyl bro-

mide (PyC8TOV; Py = pyridyl bromide), dissolves in water

and forms a self-aggregate, a glue or crystals, depending on the

concentration of PyC8TOV in aqueous solution. Notably,
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these forms of PyC8TOV exhibit not only solvatochromism

but also association-mediated chromism in aqueous solution,

presumably due to the high hydrophobicity of TOV and the

specific interaction between its caboxo-group and the sur-

rounding polar protic solvents.

Experimental

Measurements

UV-Vis spectra of organic and aqueous solutions of

PyC8TOV at ambient temperature were measured with a

Shimadzu UV-3150 UV-Vis-NIR Spectrophotometer. X-Band

ESR spectra of a polycrystalline sample of PyC8TOV, a

chloroform and an de-ionized water solution of PyC8TOV

and a benzene solution of BrC8TOV were recorded on a JEOL

JES-TE300 ESR spectrometer. The concentration dependence

of the T1-relaxation time of PyC8TOV in aqueous solution at

25 1C was measured with a JEOL JNM-MU25A pulse NMR

spectrometer. The particle size distribution of PyC8TOV

micellar aggregates in aqueous solution was measured by

means of dynamic light scattering in the range of 0.01–5 mm
with a Nikkiso Microtrac IPA-150 particle-size distribution

analyzer. Microscopic images were observed under an

Olympus IX71 phase contrast/fluorescence microscope

equipped with a Hamamatsu Photonics ORCA-ER cooled

CCD camera. Cryogenic scanning electron microscopy

(Cryo-SEM) images were obtained with a Hitachi S3000N

scanning electron microscope operating at liquid–nitrogen

temperature. The temperature dependence of the magnetic

susceptibility of a glue-like sample of PyC8TOV, polycrystals

of BrC8TOV and PyC8TOV�1.5H2O were measured indivi-

dually with a Quantum Design MPMS-5 SQUID magneto-

meter in a temperature range of 2–300 K, the applied mag-

netic field being 0.5 T. The susceptibility data

were corrected by subtracting the diamagnetic component

evaluated by extrapolating the magnetic data at higher

temperatures.

Synthesis of PyC8TOV

The amphiphilic TOV radical 1,5-diphenyl-3-(4-(8-(pyridin-1-

ium-1-yl)octoxy)phenyl)-6-oxoverdazyl bromide (PyC8TOV)

was synthesized by modifying the procedure reported by

Neugebauer et al.10 (Scheme 2). Chemicals were obtained

from commercial sources and used without further purifi-

cation. Phenyl hydrazine (3.8 mg, 35 mmol) was added

to a suspension of 4-(8-bromooctoxy)benzaldehyde (12 g,

38 mmol; 1) in ethanol–toluene (1 : 1 v/v), which was prepared

according to the literature procedure,16 and the mixture was

refluxed for 2 h. After cooling to room temperature, the

precipitated product was filtered and dried in vacuo to afford

4-(8-bromooctoxy)benzaldehyde phenylhydrazone, 2, as a

white powder (11 g, 70% yield). Under a nitrogen atmosphere,

2 (10 g, 2.4 mmol) and anhydrous pyridine (2.3 g, 29 mmol)

were dissolved in anhydrous toluene (200 mL), and the

mixture was cooled to 5 1C. A solution of triphosgene (2.8 g,

8.0 mmol) in anhydrous toluene (50 mL) was added dropwise

to the cooled solution, and the mixture was refluxed for 2 h.

The resulting mixture was filtered through a short silica gel

column to remove pyridine hydrochloride salt, and the filtrate

Scheme 1

Scheme 2 Reagents and conditions: (i) phenylhydrazine; (ii) triphos-
gene, pyridine; (iii) phenylhydrazine, triethylamine; (iv) silver(I) oxide;
(v) pyridine.
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was evaporated. The crude product, 4-(8-bromooctoxy)-

benzaldehyde 2-chloroformyl-2-phenylhydrazone (3), was

dissolved in chloroform; phenylhydrazine (2.2 g, 20 mmol)

and triethylamine (2.2 g, 22 mmol) were added to this solution;

and the mixture was stirred for 12 h at room temperature. The

reaction mixture was washed with water followed by saturated

aqueous NaHCO3 (for removing triethylamine hydrochloride

salt), dried by sodium sulfate and evaporated. The crude

product was purified by recrystallization from dichloromethane–

methanol to afford 1,4,5,6-tetrahydro-2,4-diphenyl-6-(4-(8-bromo-

octoxyphenyl))-1,2,4,5-tetrazine-3(2H)-one, 4 (6 g, 38% yield)

as a colorless powder. To a solution of 4 (1 g, 1.9 mmol) in 10 mL

dichloromethane was added Ag2O (3 eq.), and the mixture

was stirred for 1 h at room temperature. After filtration to

remove excess Ag2O, the resulting solution was purified by

silica-gel column chromatography using CH2Cl2 as the

eluent, and the product was recrystallized in ethanol to

afford 1,5-diphenyl-3-(4-(8-bromooctoxy)phenyl)-6-oxoverda-

zyl (BrC8TOV) as a dark green powder (640 mg, 64% yield);

mp 81–83 1C (from ethanol); ESR (benzene): g = 2.0032,

a/mT 0.651 (N1,5), 0.448 (N2,4). A 50-mL solution of anhy-

drous pyridine containing BrC8TOV (400 mg, 0.74 mmol)

was refluxed for 30 h to afford PyC8TOV as a dark blue,

deliquescent glue-like compound (450 mg, quant.). The

glue-like product was recrystallized from water at 40 1C to

afford PyC8TOV�1.5H2O as dark green, needle-like crys-

tals; mp 133 1C (decomp., from water); lmax(CHCl3)/nm: 269

(e/dm3 mol�1 cm�1: 25 200), 274 (25 300), 313 (11 900, sh), 330

(10 300, sh) 577 (1700); m/z (MALDI-TOF): 534.3 (M+ + H

� Br. C33H36N5O2 requires 534.29); ESR (CHCl3): g =

2.0033, a/mT 0.65 (N1,5), 0.45 (N2,4). Purities of BrC8TOV

and PyC8TOV were evaluated by determining their magnetic

susceptibilities (vide infra).

X-Ray crystal structural analysis of PyC8TOV�1.5H2O

X-Ray crystallographic analysis of a single crystal of

PyC8TOV�1.5H2O was carried out at room temperature with

a Rigaku Mercury CCD X-ray diffractometer with graphite-

monochromatized Mo-Ka radiation (l = 0.71073 Å; 50 kV,

250 mA). The crystal, sized 0.50 � 0.10 � 0.02 mm, was fixed

at the top of a thin glass capillary by Araldite glue.

The structure was solved by direct method (SHELXS-97)

and refined by full-matrix least squares (SHELXL-97).17

Hydrogen atoms were introduced at calculated positions

(riding method). The asymmetric unit contains two

PyC8TOV and three H2O molecules. One molecule shows

disorder at the octamethylene unit while the other con-

former does not. The ratio of the major and minor set

of the disorder were optimized to be 0.64 : 0.36 upon

refinement.

Crystallographic data for PyC8TOV�1.5H2O. Black plate,

size 0.50 � 0.10 � 0.02 mm, C33H38BrN5O3.5, Mr = 640.60,

triclinic, space group P�1 (no. 2), l(Mo-Ka) = 0.71073 Å, T =

293(2) K, a = 10.2900(5), b = 14.210(1), c = 22.722(2) Å,

a = 78.55(1), b = 82.28 (1), g = 79.98(1)1, V = 3189.4(4) Å3,

Z = 4, Dc = 1.334 g cm�3. Isotropic and anisotropic

least-squares refinement (763 parameters) on 13831 merged

reflections (Rint = 0.0464) converged at Rall = 0.1703 for all

data; RI 4 2s(I) = 0.0623 for 5970 observed data (I4 2s(I)),
GOF = 0.960.

Fig. 1 Crystal structure of PyC8TOV�1.5H2O.17 (a) ORTEP drawing

(50% probability chosen for the ellipsoids). (b) Crystal structure,

viewed along the a*-axis. (c) Stacking of the two kinds of crystal-

lographically independent PyC8TOV molecules (red and blue). For

clarity, only the triphenyl-6-oxoverdazyl part is shown.

This journal is �c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2008 New J. Chem., 2008, 32, 2201–2208 | 2203
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Results and discussion

Crystal structure of PyC8TOV

Each asymmetric unit contains two crystallographically inde-

pendent radical molecules, two bromide ions and three water

molecules (Fig. 1(a)). Two crystallographically independent

radicals are observed, which differ in the conformation of their

alkyl chains and in the dihedral angles of their aromatic

planes. Crystal water molecules are located around the

pyridinium ion site, not at the radical site, forming a

hydrogen-bonded cluster with counter-anions located between

the layers of radical molecules; PyC8TOV does not interact

with these hydrogen-bonded clusters as shown in Fig. 1(b).

Thus, the radical molecules and hydrogen-bonded counter-

anions form a layered structure along the c-axis: these two

types of conformers are shown in Fig. 1(c) as red and blue

molecules. Each conformer forms head-to-tail dimers with

inversion symmetry and the dimers stack along the a-axis,

forming two distinct columns. One column consists of an

almost regular stacking, although the intermolecular distance

is rather remote and no p–p overlapping is recognized. In

contrast, a dimeric structure is observed in the other column.

These two types of columns arrange alternately along the

b-axis to form a sheet-like structure within the ab plane

(Fig. 1(c)).

Magnetic properties of PyC8TOV and BrC8TOV

The temperature dependence of the magnetic susceptibilities of

microcrystalline PyC8TOV�1.5H2O, the glue-like sample of

PyC8TOV and microcrystalline BrC8TOV were measured by

a SQUID magnetometer (Fig. 2). The purities of all radicals

were confirmed by their Curie constants near room tempera-

ture. The antiferromagnetic behavior of microcrystal-

line PyC8TOV�1.5H2O (Fig. 2, filled circles) was interpreted

in terms of the Curie–Weiss law (Curie constant,

C = 0.376 emu K mol�1; Curie–Weiss temperature, y =

�7.2 K). The Curie constant (0.376 emu K mol�1) of the

anhydrous glue-like PyC8TOV (Fig. 2, open circles)

was reproduced by 44% of the paramagnetic component

(y B 0 K) and 56% of the antiferromagnetic component

(y B �30 K), indicating that the amorphous PyC8TOV

sample contained both paramagnetic and the antiferro-

magnetic domains. This result suggests that the magnetic

interaction between the amphiphilic PyC8TOV radicals is

negligibly small when they are randomly arranged, whereas

approximately half of the radicals form a tight antiferro-

magnetic stacking. The temperature dependence of the

magnetic susceptibility of BrC8TOV (Fig. 2, triangles) was

analyzed by the antiferromagnetic dimer model18 with C =

0.375 emu Kmol�1, y=�12 K and an intradimer interaction,

2J/kB, of �37.5 K.

Concentration dependence of UV spectra in aqueous solution

PyC8TOV dissolved in de-ionized water or in standard phos-

phate buffered solutions with pH values of 10.1, 7.41, 6.86 or

4.01. Though a o1 mM aqueous solution of PyC8TOV was

red (absorption maximum of verdazyl radical, lmax =

540 nm), solutions more concentrated than 1 mM exhibited

a blue color (lmax = 575 nm), as shown by the absorption

spectra in Fig. 3(a). The critical concentration for this

observed color change was estimated to be 0.1 mM by extra-

polating the concentration dependence of lmax as shown in

Fig. 3(b). Namely, the absorption maximum remained at

540 nm (red) at concentrations lower than 0.1 mM and red-

shifted linearly to 586 nm (blue) as the concentration in-

creased, though the absorption coefficient, e, was maintained

at nearly constant values throughout (Fig. 3(a)). In contrast, a

chloroform solution of PyC8TOV showed a blue color,

which was similar to the concentrated aqueous solution of

PyC8TOV, and the concentration dependence of lmax was

very small.

To evaluate the size distribution of PyC8TOV aggregates, a

1 mM aqueous solution of PyC8TOV was sonicated for 20 min

and then subjected to dynamic light scattering analysis 6 h

after sonication. Although the size distribution of the aggre-

gates was scattered immediately after sonication, it converged

within 6 h, with aggregate sizes ranging from 0.1 to 1.2 mm and

a maximum frequency at ca. 0.2 mm (Fig. 4). Moreover, a

concentrated (420 mM) aqueous solution of PyC8TOV

formed a gel (Fig. 5(a) with an inverse hexagonal (HII phase)

structure,19 containing ca. 5 mm channels as shown by Cryo-

SEM (Fig. 5(b)). The melting point of this gel was ca. 45 1C,

and the gel crystallized upon prolonged standing.

Furthermore, a red aqueous solution of PyC8TOV

(0.25 mM) turned blue upon the addition of 410 mM sodium

chloride (Fig. 6). This color change was likely due to aggrega-

tion of PyC8TOV caused by the charge-screening (or ‘‘salting-

out’’) effect2 of the added sodium chloride. An aqueous

solution of PyC8TOV containing 10–100 mM sodium chloride

exhibited lmax of ca. 575 nm, which was almost the same as

that observed for the chloroform solution described above.

These results indicate that PyC8TOV exhibited association-

mediated chromism.

Fig. 2 Temperature dependence of magnetic susceptibilities of micro-

crystalline PyC8TOV�1.5H2O (K), glue-like, anhydrous PyC8TOV

(J) and microcrystalline BrC8TOV (m) as determined by SQUID

magnetometer. The solid lines are theoretical fits corresponding to

each magnetic structure (see text). Inset: magnified drawing of the low

temperature region.
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Bathochromic shifts in absorption spectra caused by the

formation of J-aggregates have been well studied.20 Such shifts

are derived from the coupling between transition dipoles of

chromophores that interact intensely upon arrangement into

an aggregate structure. Additionally, an intense increase in

absorbance typically accompanies such bathochromic shifts.

However, no enhanced absorbance upon the formation of

aggregates was observed in the current experiment (Fig. 3(b)).

Accordingly, the concentration dependence of the

observed color change cannot be ascribed to the formation

of J-aggregates.

Concentration dependence of ESR spectra in aqueous solution

ESR spectroscopic measurement of PyC8TOV was performed

in aqueous and non-aqueous solutions and it was found that

the spectrum in a diluted aqueous solution is different from

those measured in other conditions (Table 1 and Fig. 7). The

g-values in a 1.0 mM aqueous solution, in a chloroform

solution, and of the polycrystalline PyC8TOV�1.5H2O were

ca. 2.003. Reference samples (BrC8TOV, TOV and TPV) also

showed similar g-values. On the other hand, the spectrum of a

0.5 mM aqueous solution21 showed a g-value of 2.0041, being

slightly larger than others.

The hyperfine structure constants (hfsc’s) of nitrogen atoms

in a verdazyl ring, a(N), at the 1,5- and 2,4-positions of 1,3,5-

triphenylverdazyl (TPV) are the same as aforementioned;

a(N1,5) = 0.6 mT and a(N2,4), = 0.6 mT.9 However, they

become inequivalent, a(N1,5) = 0.45 mT and a(N2,4) =

0.65 mT, in 1,3,5-triphenyl-6-oxoverdazyl (TOV).10 The dif-

ference between a(N1,5) and a(N2,4) values of all TOV deriva-

tives in Table 1 is 0.2 mT. However, the absolute value of

a(N1,5) and a(N2,4) of PyC8TOV in 0.5 mM aqueous solution

were appreciably larger than others. This discrepancy indicates

Fig. 3 (a) UV-Vis spectra of PyC8TOV dissolved in water at con-

centrations of 2.0 (—) and 0.125 (--) mM. (b) Concentration depen-

dence of lmax of PyC8TOV dissolved in water (J) and in CHCl3 (K).

Fig. 4 PyC8TOV aggregate size distribution measurements obtained

by dynamic light scattering analysis of a 1 mM aqueous solution of

PyC8TOV.

Fig. 5 Phase contrast microscopic image (a) and cryo-SEM image (b)

of a 20 mM aqueous solution of PyC8TOV. Scale bars: 100 mm.

Fig. 6 Observed color change of a 0.25 mM aqueous solution of

PyC8TOV (red, left) caused by the addition of 50 mM NaCl (blue,

right).
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that the larger spin densities reside on four nitrogen atoms of

PyC8TOV in a diluted aqueous solution.

Incidentally, the ESR spectrum of a 1 mM aqueous solution

of PyC8TOV did not exhibit hfsc, but only a broad signal

(peak-to-peak line width, DHpp, B0.8 mT) was obtained. This

broadening of the resonance lines may be ascribed to the

aggregation of PyC8TOV in a concentrated aqueous solution

(vide infra).

T1 relaxation time measurement in aqueous solution

To elucidate the extent of PyC8TOV aggregation in water, T1

relaxation times of aqueous PyC8TOV solutions were

measured by means of the inversion recovery method using

pulse 1H NMR (Fig. 8). The inverse of the longitudinal

relaxation time, T1
�1, increased with increasing concentrations

of PyC8TOV in water only at concentrations o0.5 mM; T1
�1

markedly deviated from this relationship at higher concentrations.

Since the gradient of the concentration dependence of T1
�1 is a

measure of the relaxivity, g of the paramagnetic species toward

protons in the solvent, the heavy deviation suggests that the

interaction between the radical site of the amphiphile and

the protons in water was suppressed due to the aggregation of

the amphiphilic radicals at high concentration. The correla-

tion between T1
�1 and the concentration of the amphiphilic

radicals was linear at concentrations o0.5–1 mM, but at higher

concentrations in which the aggregates formed (40.5–1 mM), the

correlation followed a ca. 0.6 (B2/3) power law (Fig. 8

inset). Under the assumption that mainly spherical aggregates

were generated, these results suggest that the radicals at the surface

of the spherical aggregates effectively induced the relaxation of

water protons, because the total surface area of a spherical particle

is proportional to two-thirds (B0.67) of its total volume.

The reason why the critical concentration of aggregate

formation estimated by the T1 relaxation time measurement

is larger than that determined by the UV spectral measurement

may be explained as follows. Although the aggregates are

formed at concentrations higher than 0.1 mM, the size of the

aggregates is small and most of the amphiphilic radicals

are located at the surface, interacting with water molecules.

A deviation from the linear correlation between the T1 values

and the concentration of the amphiphilic radical can not be

Table 1 ESR parameters of a microcrystal, aqueous and non-aqueous solutions of PyC8TOV, and reference verdazyl radicals

Radical Solvent c/mM a(N1,5)/mT a(N1,5)/mT g

PyC8TOV Water 0.5 0.47 0.67 2.0041
Water 1 n.d.a n.d.a 2.0033
CHCl3 0.5, 1 0.448 0.651 2.0033
Polycrystal n.d.a n.d.a 2.0030

BrC8TOV Benzene 0.5, 1 0.45 0.65 2.0032
TPV9 Benzene 0.6 0.6 2.0033
WS-TPV15 Waterb 1 0.6 0.6
TOV10 Toluene 0.450 0.645 2.0037

a Not detected. b With 1 mM g-cyclodextrin.

Fig. 7 ESR spectra and their simulations for 0.5 mM PyC8TOV in

water (a) and for 0.5 mM BrC8TOV in benzene (b). The intensities of

central resonance lines for PyC8TOV could not be reproduced accu-

rately by simulation, possibly because of the contribution of the

aggregated species in the aqueous solution.

Fig. 8 Concentration dependence of T1
�1 for an aqueous solution

of PyC8TOV. The dashed line corresponds to a two-thirds law fit

(T1
�1 = gca + const., a = 3/2). Inset: log–log plot (DT1

�1 = T1
�1 �

T1
�1|c=0.25 mM).
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observed until the size of the aggregate becomes large enough

to have an inner filled structure.

Association-mediated chromism

The nonlinear change of the concentration dependence of UV

and ESR spectra of PyC8TOV occurred at nearly the same

concentration (B0.1 mM) as the critical concentration for

aggregate formation. Accordingly, the color change observed

in an aqueous solution of PyC8TOV indicated the formation

of aggregates.

The inverse of absorption maxima (lmax
�1) of a solution of

amphiphilic radicals is proportional to the HOMO–LUMO

energy gap (DE) of the solvent molecule, and DE (p lmax
�1)

changes sensitively with changes in the polarity of the sol-

vent.22 When lmax
�1 of PyC8TOV in polar protic solutions

were plotted against the permittivity (ep) of the solvents (C–F,
without A and B), a steep linear dependence was observed as

shown in Table 2 and Fig. 9. Additionally, the lmax
�1 value in

water (ep = 80) adhered to this linear dependence at concen-

trations lower than 0.1 mM (Fig. 9, point A). If lmax
�1 of a

concentrated aqueous solution (42 mM) of PyC8TOV is also

plotted in Fig. 9 as point B, assuming ep = 80, it is located far

down from the straight line. The extremely small lmax
�1

suggests that the effective ep of the sample in the concentrated

aqueous solution must be very small. Plots of polar aprotic

solvents (points G–K), except acetonitrile (I), are also fitted

with a straight line, although its slope is much more gradual:

the upward deviation of I (acetonitrile) suggests a specific

interaction with PyC8TOV.23 In nonpolar solvents, such as

chloroform (L) and dichloromethane (M), the values of lmax
�1

remain almost constant, regardless both of the permittivity

and of the concentration.

Although a similar tendency is observed for WS-TPV,15 the

difference in lmax
�1 of TPV between the dispersed state and

the aggregated state is one-fourth of the corresponding differ-

ence for PyC8TOV (points A and B). This observation in-

dicates that the slope of lmax
�1 vs. permittivity for WS-TPV

might be much smaller than that of PyC8TOV. This observa-

tion also strongly suggests that the steep slope observed for

PyC8TOV in polar protic solvents can be ascribed partly to

the specific hydrogen-bond-type interactions between the

carboxo group at the 6-position of PyC8TOV and the protic

solvent. As clearly shown by the crystal structure of the

hydrated crystal of p-acetamidophenyl-2,4-dimethyl-6-oxover-

dazyl, the 6-carboxo group is hydrogen-bonded with water

molecules in the crystal.24

Conclusion

A novel amphiphilic radical, PyC8TOV, exhibited not only

solvatochromism but also association-mediated chromism.

The solvent and concentration dependences of UV and ESR

spectra of PyC8TOV are explained in terms of the environ-

mentally sensitive electronic structure of this amphiphilic

radical. Namely, red solutions of dispersed radicals in water

changed to blue solutions of aggregated radicals as the PyC8-

TOV concentration was increased. The nonlinear dependence

of the relaxivity of PyC8TOV was consistent with the above

Table 2 UV spectroscopic data of solutions of PyC8TOV and WS-TPV15 in several solvents

Radical Solvent Polarity ep c/mM lmax/nm lmax
�1/cm�1 Color Symbola

PyC8TOV Water Polar (protic) 80 o0.1 540b 18 500 Red A
Water Polar (protic) 80 42 586b 17 100 Blue B
IPA Polar (protic) 18 0.5 574 17 400 Purple C
NPA Polar (protic) 20 0.5 575 17 400 Purple D
EtOH Polar (protic) 24 0.5 572 17 500 Purple E
MeOH Polar (protic) 33 0.5 566 17 700 Purple F
1,4-Dioxane Polar (aprotic) 2.3 0.5 577 17 300 Purple G
Acetone Polar (aprotic) 20 0.5 575 17 400 Purple H
MeCN23 Polar (aprotic) 37 0.5 564 17 700 Purple I
DMF Polar (aprotic) 38 0.5 572 17 500 Purple J
DMSO Polar (aprotic) 47 0.5 573 17 500 Purple K
CHCl3 Non-polar 4.8 0.05–1 572–576b 17 400–17 500 Purple L
DCM Non-polar 9.1 0.5 572 17 500 Purple M

WS-TPV Water Polar (protic) 80 o0.1 706 14 200 Green
Water Polar (protic) 80 ca. 10 727 13 800 Green

a See Fig. 9. b See Fig. 3.

Fig. 9 Variation of lmax
�1 of PyC8TOV in aqueous solutions (A: c

o0.1 mM, B: c 42 mM), isopropanol (C), n-propanol (D), ethanol

(E), methanol (F), 1,4-dioxane (G), acetone (H), MeCN (I), DMF (J),

DMSO (K), CHCl3 (L), CH2Cl2 (M). The solid and dashed lines are

obtained by a least-square method for protic polar solvents (C–F), and

aprotic polar ones (G–H, J and K), excepting MeCN,23 respectively.
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observations. The steeply linear correlation between the lmax

values and the permittivities of PyC8TOV in polar protic

solvents suggests that the carboxo group at the 6-position of

the verdazyl group specifically interacts with water (or polar

protic solvents), reflecting the contribution of the zwitterionic

structure (Scheme 1). Since PyC8TOV was soluble in water in

a wide pH range, it may be used in various media, including

biological systems, as a spin-probe for some specific

purposes.
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