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A protonated bifunctional pyridine-based tetrathiafulvalene (TTF) derivative (DMT-TTF-pyH)NO; and a copper(ll)
complex Cu(acac),(DMT-TTF-py), have been obtained and studied. Electronic spectra of the protonated compound
show a large ICT (intramolecular charge transfer) band shift (A4 = 136 nm) compared with that of the neutral
compound. Cyclic voltammetry also shows a large shift of the redox potentials (AEy»(1) = 77 mV). Theoretical
calculation suggests that the pyridium substituent is a strong s-electron acceptor. Crystal structures of the protonated
compound and the metal complex have been obtained. The dihedral angle between least-squares planes of the
pyridyl group and the dithiole ring might reflect the intensity of the ICT effect between the TTF moiety and the
pyridyl group. It is also noteworthy that the TTF moiety could be oxidized to TTF?* dication by Fe(ClO,)s+6H,0
when forming a metal complex, while the protonated TTF derivative can only be oxidized to the TTF** radical
cation by Fe(ClO4);+6H,0 even with an excess amount of the Fe(lll) salt, which can be used to control the oxidation
process to obtain neutral TTF, TTF** radical cation, or TTF?* dication.

scale electronic devices and nonlinear optical matetials.
Much effort has been devoted to synthesizing the TTFs with
macrocyclic or other units for applications in redox recogni-

Introduction

The TTF moiety is an excellent electron donor and can

be oxidized to the corresponding radical cation and dication | : , : lecul ahd
species sequentially by organic or inorganic oxidizing HON Of cations/anions and supramolecular respohse.

reagents. In the past decade, one of the biggest challengegecently' bifuncti'onal molecules fgat_uring one TTF unit and
in the tetrathiafulvalene (TTF) field is to prepare new TTF ©n€ O two organic fluorescent moieties have been explored,

compounds attached with various functional grobiiy and a series of new redox fluorescent switches has been
combining the properties of the substituents, these new demonstrated based on the photoinduced electron transfer

bifunctional TTF derivatives exhibit distinct properties and Petween the TTF unit and the excited fluorescent tivore

are of interest to both material chemists and supramoleculardenerally, in the field of coordination chemistry, bifunctional
chemists. Herein are some noteworthy aspects. Although TTF
charge-transfer (CT) salts have been studied for more than (2) 83 i%ﬁe- MI-?RA’\‘/‘I’UI-fMat‘teIF- 1L999 11, I}}EB g”d referg‘feg ”é)ere"‘-
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30 years, the intriguing potential of single molecular® Chem.200Q 737-741. (c) Herranz, M. A.; Martin, N.; Sanchez, L.;
(donor-acceptor) bifunctional TTFs has only recently been Garin, J.; Orduna, J.; Alcal, R.; Villacampa, B.; Sanchez, C.
developed, which is most frequently manifested in molecular-
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TTF derivatives are designed and synthesized by bringing
in a coordination moiety that can act as a director of
molecular packing, a magnetic d-electron center coupled with
7 electrons, etc. For example, a TTF-acac derivative has been
used to prepare metal complexes that showed intramolecular
interactions between the two TTF cofes.

Among these bifunctional TTF derivatives, a good estab-
lished series is pyridine-based TTF derivatives (Fpy),
including nonconjugated and conjugated gy com-
pounds (the TTF moiety and the py group are linked ly a
spacef or a r spacet”’). Some neutral monocomponent
compounds assembled by hydrogen bond or metal coordina-
tion bond, some charge-transfer salts with magnetic coupling
between TTF radicals and d electrons, and some unique
intramolecular charge-transfer (ICT) systems were investi-
gated®” Recently, a kind of new TT+py compound has
been reported in which the pyridyl group is directly attached
to the TTF moiety without a spaceflhis type of compound
would lead to an increase in the coupling between sthe
electrons of the TTF moiety and the substituent. However,
the intramolecular charge transfer (between the TTF unit and
the pyridyl moiety) and redox behavior of this type com-
pound have not been discussed yet. Herein we report twoeter. UV-vis spectra were recorded in the liquid state on a
new protonated and metal-coordinated compounds in which Shimadzu UV-3150 spectrometer. Cyclic voltammetry (CV) experi-
the TTF unit is directly linked to the pyridyl group without ments were performed on a CHI600 electrochemistry workstation
any spacer. The protonated compound is a strong intramo-in a three-electrode system, a single-compartment cell equipped
lecular D-A System_ Tak|ng advantage of the good coor- with a platinum working electrode, a platinum wire counter
dination ability of the py unit, the BA properties of the electrod_e, and a sa_turated calome_l electrodt_a (SCE) as reference.
compound can be adjusted by adding the guest ions, Whichggeoretlcal calculations were carried out using the GAL_JS_SIAN
have been demonstrated by theoretical calculation, spectra program paCkag%Th? molecular structures were fully Opt'm'.zed

. . . using the B3LYP functional set and 6-31G basis set. The bifunc-
and_ glectrochem|qal measurements. F|gure 1 gives thetional compound DME-TTF—py was synthesized by a coupling
optimized geometries of compourid 2,3-dimethylthio-6-

' ’ ) reaction from precursors 4-¢yridyl)-1,3-dithiole-2-one and 4,5-
pynd)"'tet.rath'afu|Va|ene (DMFTTTF—py), and its proto-  gimethylthio-1,3-dithiole-2-one. This method is based on the
nated catior.

strategy described by Becker and Khodorkovsky with some
Experimental Section improvementss-19
Synthesis of Compounds. (DMFTTF—pyH)NO3 (2). To a

General Rgmarks. Elemental analyses of C, H, and N were solution of DMT-TTF—py (7.5 mg, 0.02 mmol) in dichlo-
performed using an EA 1110 e_IementaI analyzer. IR spectra were romethane (2 mL) was added a solution of Cugh@4.8 mg, 0.02
recorded as KBr pellets on a Nicolet Magna 550 FT-IR spectrom- mmol) in methanol (2 mL). Then acetylacetone (2 drops) was added
to the mixture, forming a dark-purple solution. The final mixture
was stirred for 30 min at room temperature and filtered. The purple
single crystals were obtained from the filtrate by slow evaporation
of the solvent (1.7 mg, yield 20%). Anal. Calcd foys8;,N,Ss0s:
C, 35.76; H, 2.77; N, 6.42. Found: C, 35.22; H, 2.68; N, 5.93.
Important IR data: 1627(vs), 1520(vs), 1390(vs), 1304(vs), 812-
(m), and 776(m) cmt.

Cu(acacy(DMT —TTF —py)2 (3). To a solution of DMFTTF—

Figure 1. Calculated structure of the compouthdDMT—TTF—py (a),
and its protonated catiah(b) (N, dark blue; S, yellow; C, blue; H, gray).
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py (7.5 mg, 0.02 mmol) in dichloromethane (2 mL) was added a
solution of Cu(OAc) (1.8 mg, 0.01 mmol) in methanol (2 mL).
Then acetylacetone (2 drops) was added to the mixture. The final
clear solution mixture was stirredrf@ h atroom temperature and
filtered. The red single crystals were obtained from the filtrate by
slow evaporation of the solvent (2.5 mg, yield 25%). Anal. Calcd
for CagHzgN2S120,Cu: C, 42.77; H, 3.79; N, 2.77. Found: C, 42.86;
H, 3.58; N, 2.80. Important IR data: 1582(vs), 1520(vs), 1405-
(vs), 1273(m), 1018(m), 939(m), 794(m), and 771(m)&m

(9) (a)Gaussian 03revision C.01; Gaussian, Inc.: Wallingford, CT, 2004.
(b) Becke, A. DJ. Chem. Phys1993 98, 5648 and references therein.
(10) Levi, O. P.-T.; Becker, J. Y.; Ellern, A.; Khodorkovsky, Wetrahedron
Lett. 2001, 42, 1571-1573.
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Table 1. Crystallographic and Refinement Data for Compounds
2and3

2 3
formula GizH12N203Ss C3eH36CUN04S12
fw 436.61 1008.93
cryst size (mm) 0.6« 0.40x 0.39  0.50x 0.40x 0.20
cryst syst monoclinic triclinic
space group P2:/n P1
a(A) 10.4949(10) 8.1736(8)

b (A) 15.2554(13) 8.4516(8)
c(A) 11.5722(10) 17.625(2)
o (deg) 90.00 82.157(8)
p (deg) 108.427(2) 80.352(8)
y (deg) 90.00 66.401(6)
V (A3) 1757.8(3) 1096.7(2)
z 4 1

F(000) 896 519

no. of unique reflns 3218 3977

no. of refins [ > 3.00(1)] 16 670 10 632
goodness-of-fit$) 1.074 1.043

Ri[l > 20(1)] 0.0271 0.0286
WR, 0.0671 0.0750

X-ray Crystallographic Study. All measurements were carried
out on a Rigaku Mercury CCD diffractometer at 193 K with
graphite-monochromated Modk(/ = 0.71073 A) radiation. X-ray
crystallographic data for compoun@sand 3 were collected and
processed using CrystalClear (RigaktiJhe structures were solved
by direct methods using SHELXS-97and the refinements against
all reflections of the compounds were performed using SHELXL-
97213 All non-hydrogen atoms were refined anisotropically. The
hydrogen atoms were positioned with idealized geometry and
refined with fixed isotropic displacement parameters. Relevant
crystal and collection data parameters and refinement results can
be found in Table 1.

Results and Discussion

Theoretical Calculations. The molecular structures of
DMT—TTF—py (1) and DMT-TTF—pyH™* (2) were fully
optimized using the B3LYP functional set and the 6-31G
basis sef.Figure 1 displays the minimum energy structures
afforded by the calculations. The structurelof basically
in accordance with that in the solid state observed from X-ray
crystallographic stud$? although there are some minor
differences in specifics (bond distances and angles) between
the calculated data and the experimental data. Figure 2
displays the atomic orbital population calculated for the

Figure 2. Calculated atomic orbital population for the HOMO and LUMO
of DMT—TTF—py and DMT-TTF—pyH*.

HOMO and LUMO of 1 and 2. For the HOMO of the
compounds, the orbital is mainly located over the TTF moiety
with small contributions of the pyridyl group, while for the
LUMO, the orbital is mainly located on the pyridyl group.
When the proton is added to the pyridyl group Bfit is
apparent for DMFTTF—pyH® that the pyridyl group is
conjugated more efficiently with the dithiole ring that is
directly bonded and ther-electron density shifts to the

pyridyl group.

X-ray Crystal Structure of Compound 2. The protonated
ion DMT—TTF—pyH" can be prepared by proton-transfer

(11) Rigaku Corp. 1999. CrystalClear Software User's Guide, Molecular
Structure Corp: 2000. Pflugrath, J. Acta Crystallor., Sect. D1999

55, 1718-1725.

(12) Sheldrick, G. M.SHELXS-97, Program for structure solutjodni-

versita of Gittingen: Gitingen, Germany, 1999.

(13) Sheldrick, G. M.SHELXL-97, Program for structure refinement

Universitd of Gottingen: Gitingen, Germany, 1997.

Figure 3. (a) ORTEP view of compoun@ with atomic-labeling scheme.
(b) 1-D contact chain with short-SS and S--C contacts. (c) Interactions
between the anion of N and the cation.

reactions from acids, such as addipgnethyl benzene-
sulfonic acid tol; however, crystals with good quality were
obtained by reaction with acetylacetone in the presence of
Cu(NGs), in a MeOH-CH,CI, mixed solvent. The crystal
structure of DMTFTTF—py"H-NO;~ (Figure 3a) has been
determined by X-ray crystal diffraction. The compound
crystallizes in a monoclinic system with four chemical
formulas in a unit cell. The cation of the molecule takes
approximately a planar structure except two methyl groups.
Two dithiole planes in the TTF unit have slight twisting with

a dihedral angle of 6:0with mean deviations of atoms from
the planes of the five-member rings being 0.0091 and 0.0174
A, respectively. The pyridyl group is conjugated completely
with one dithiole ring that is directly bonded. The mean

Inorganic Chemistry, Vol. 46, No. 24, 2007 10067
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. . 4 s Figure 5. Cyclic voltammogram of DMFTTF—py (1073 mol L™%) (CHy-
Figure 4. Absorption spectra of DM¥TTF—py (10*mol L™ in CH,- CLICH,CN in 1:1 volumes, BsNCIO, 0.1 mol L%, 100 mV s?) with
Clo/CHZCN (in 1:1 volumes) with increasing concentration gfnethyl increasing concentration gtmethy! benzenesulfonic acid.
benzenesulfonic acid (molar ratio).

deviation of the atoms from the plane of the pyridyl group ati < 370 7nm are assigned to the local transition in the
is 0.0026 A, and the dihedral angle between least-squares! 1T~ MOlety:*
planes of the pyridyl group and the dithiole ring is°l &hile The calculation demonstrated that the energy levels of the
the dihedral angle for the non-protonated compound is entire set of MOs dropped greatly because of protonation,
25.9.10 This result is in accordance with that of the especially the LUMO (see Supporting Information). Thus,
calculation, namely, conjugation of the pyridyl group with a simultaneous reduction in the energy gs (E.umo —
the TTF plane is enhanced when the compound is protonatedEromo) happened, which results in the large red shift of the
In the solid state, the pyridyldithiole planes are face to face ICT absorption peakAE, = 3.529 eV andAE, + = 1.445
self-assembled to a dimeric structure with shoft-G eV. Although the calculated data of the ICT bands deviate
stacking (3.396 and 3.420 A), which further contacts each somewhat from the experimental data, due to theoretical
other (S--S 3.206 A, a very short contact), forming a 1-D calculations they are not considered to be effect of the
chain (Figure 3b). The anion NOis linked to the cation  solvents, the large red shift of the band is in agreement with
by a N—H-+-O hydrogen bond (2.6935 A) and a short-® that observed.
contact (3.133 A) (Figure 3c). The hydrogen bond is atypical  corresponding electrochemical properties were measured
one with a H-+O distance of 1.82 A and NH--:O angle of  anq carried out in the same solvent as used for the-U¥
175.3. spectra measurement. Figure 5 presents changes of the
Intramolecular Charge Transfer (ICT) of Compound potential of compound. upon addition ofp-methyl benze-
2. The UV-vis spectra of DMFTTF—py upon addition  oqifonic acid. Two couples of reversible redox peaks are
of p-methyl benzgne;ulfomc acid were measured, and Fhedetected corresponding to the TTF/FTRnd TTEHTTR2
results are plotted in Figure 4. All measurements were carried 4. couplesEy (1) andEyx(2) are 0.494 and 0.797 V vs

out in a mixed solvent (CHCl,:CHsCN, 1:1 in volume). The :
. . ) SCE. When 0.2, 0.4, and 0.6 e pimethyl benzene-
ligand shows a moderately intense absorption band at 425 guv y z

am. whil h band is absent for th rent TTF sulfonic acid is added to the solution, a new reversible redox

' € such a ba S apsent 10 € pare wave appears at 0.571 V. Then on continually adding the
compound and is assigned to intramolecular charge transferaCid the originaEy«1) wave completely disappears and onl
(photoexcited ICT}>7¢The intensity of this band decreases ’ ginatad pietely disapp Y

monotonically with increasing acid concentratigangethyl two pairs of reversible redox waves are displayed. Thus, the

benzenesulfonic acid), which is accompanied by a new band'oeaks of the first redox waves shift tp higher potential with
at 566 nm appearing gradually. Since it has been establishecfAEl’z(l) - (_)2077 V The Iargg potential shift, about 80 mV
by theoretical calculation that the HOMO is located on the to the posmv_e side, is attributed to the decrease .Of the
TTF moiety for compound DMFTTF—py while the LUMO electron densny on the_ TTF framewo:k due t_o formation of
is located on the electron-acceptor fragment, the band changdN€ €léctron-withdrawing group-pyH". In view of the
before and after addition of His attributed to alteration of  theoretical calculation, the positive shift &,(1) of the

the ICT excitation (HOMO— LUMO). The ICT band with protonated species is du_e to the large energy drop of the
a large red shiftAZ about 136 nm, indicates that the HOMO when the proton is added o

protonated pyridyl group is an efficient electron acceptor, However, the second redox peaks are not significantly
which makes the ICT become easier. Thus, the protonatedaffected by addition op-methyl benzenesulfonic acid. The
compound? is a good intramolecular BA compound. The equilibrium in this case is similar to the system of macro-
TTF materials with good B'A property are considered to  cyclic ethers with TTFs for redox recognition of alkali-metal
be good candidates for molecular-scale electronic de¥ices, ions32 The proton is dissociated when the TTF moiety is
such as a field-effect transistor and NLO materials. The bandstwo electron oxidized, and thus, oxidation-coupled ionization

10068 Inorganic Chemistry, Vol. 46, No. 24, 2007
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Figure 6. Absorption spectra of DMFTTF—py (104 mol L~%) in CHy-
Cl/CH3CN (in 1:1 volumes) with increasing concentration of Fe(g4O
6H,0 (original compound, red; first equilibrium, blue; second equilibrium,
green).

Scheme 1
E,! E2
L L* L2+
+H* 1 K, K, ]-H*
Ezl E22
m+ - I'H42+ L2+ + H+

of proton occurd? Proposed reactions of proton association/
dissociation and oxidation/reduction of the TTF salt are
described in Scheme 1, which might be used as a redox-
controlled pH system.

Chemical Oxidation of Compound 1.Chemical oxidation
of compoundl in CH3CN—CH,CIl, mixed solvent was
carried out by successive addition of Fe(Q¥BH,O as the
oxidizing reagent (CAUTION: All metal perchlorates must
be regarded as potentially explosive. Only a small amount

Figure 7. (a) ORTEP view of compoun8 with selected atomic-labeling
scheme. (b) 1-D chain structure of compouhdith short S--S contacts.

Scheme 2
L + [Fe(H,0)]* — HL* + [Fe(OH)(H,0)s]**

HL — L+ + H*

SGs) (Supporting Information, Figure 1§.In that case
chemical oxidation led to the same characteristic band of
the cation radical (772 nm). On the basis of these experiment
results, the reactions are summarized as in Scheme 2 and
the species oxidized is protonatéd

Coordination Ability of the Lone-Pair Electron in the
Pyridyl Group. In the presence of acetylacetone (Hacac)
and Cu(NQ), the pyridyl group acts as an acceptor for proton
which is released from Hacac and the acac anion coordinates
to Cu(ll) ion at the same time (preparation2f When Cu-
(NOy); is replaced by Cu(OAg) the anion OAc can act as
a proton acceptor. Then the TFPpy coordinates axially to
the square-coordinated Cu(acadprming a new complex
Cu(acacyDMT—TTF—py), (3). Because thelf, data for
OAc™ and py are very close and the pyridyl group is a good
axial ligand, the pyridyl group prefers coordinating to Cu-

of compound should be prepared, and it should be handled(ll) in the presence of acetic anion. It is a good example of

with caution). U\VV-vis spectra of the reaction system were
recorded (Figure 6). At first addition of Fe(Clfg6H,0 led

to the disappearance of the band at 427 nm (ICT of the
neutral DMT-TTF—py) and development of a new band at

570 nm. The change in spectra is completely in accordance

with that found on addition gb-methyl benzenesulfonic acid
(see Figure 4). Therefore, the first stage of the reaction is

competitive reactions for coordination equilibrium and pro-
tonation equilibrium. The reactions are listed as follows

2Hacact CU*" + 2DMT—TTF—py — Cu(acac) +
2(DMT—TTF—pyH)"

2Hacact+ Cu(OAc), + 2DMT—TTF—py —
Cu(acac)DMT—TTF—py), + 2HOAc

not an oxidation process but a protonation process due to
hydrolysis of the Fe(lll) ion. When continually adding Fe-  The crystal structure of Cu(acaMT —TTF—py), has also

(ClO4)3:6H20, new band at 772 nm appeared, which shows been determined by X-ray crystal diffraction (Figure 7a). The
the characteristic band of the radical FTEation?*7¢ To compound crystallizes in a triclinic system with one chemical
confirm the conclusion, chemical oxidation in the same formula in a unit cell. The neutral molecule has an inverted
mixture of solvent was also carried out by successive addition center located at the metal ion. The TTF moiety takes
of iodosobenzene diacetate as oxidizing reagent in theapproximately a planar structure except two methyl groups.
presence of-methyl benzenesulfonic acid (Phl(OA)Hs- However, unlike the protonated ligand, the pyridyl group is

(15) (a) Giffard, M.; Mabon, G.; Leclair, E.; Mercier, N.; Allain, M.;
Gorgues, A.; Molinie, P.; Neilands, O.; Krief, P.; Khodorkovsky, V.
J. Am. Chem. So@001, 123 3852-3853. (b) Gautier, N.; Samuel,
R.; Stahin, Y.; Levillain, E.; Leroy-Lhez, S.; Hudhomme, Prg.
Lett. 2004 6, 1569-1572.

(14) (a) Lin, H.-H.; Yan, Z.-M.; Dai, J.; Zhang, D.-Q.; Zuo, J.-L.; Zhu,
Q.-Y.; Jia, D.-X.New J. Chem2005 509-513. (b) Zhu, Q.-Y.; Lin,
H.-H.; Dai, J.; Bian, G.-Q.; Zhang, Y.; Lu, WNew J. Chem2006
1140-1144.
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moiety in solution, cation radical TFFand dication TTF".
A small peak appears at about 560 nm for the first oxidation
step, which might be caused by the partial acidifying of
compoundl (see Figure 4). The change in the spectr® of
is different from that of protonated (Figure 6), which is
only oxidized to cation radical TTE by Fe(ClQ)s-6H,0
even in an excess amount of Fe(lll) salt. The difference
between protonatetiand3 in the absorption spectra means
that the oxidation potential of the TTF moiety decreased
when forming a complex with ligand. The result can be
explained by the CV measurements. Compo8rekhibits
two reversible one-electron redox waveg;y(1) = 0.475 V
and Eyx(2) = 0.777 V, respectively, in the mixed solvent
with AEy, = ~30 mV, Eux(2) — Eu(1) (Supporting
_ 6 Absoroi o o4l Information Figure 3). The two peaks of the oxidation/

El‘gll)Jﬁ C‘Hgéljgﬁ:;tg“ (siﬁeiﬁtlravglumué:l)c\?v%’\/ilrrcr;—;'i:ngpg())zn(c]éntrarLTt]ign of redugtlon waves shift to lower pOt.er.ma.IS compared Wlt.h the

Fe(CIQ)x6H,0 (original complex, red: first oxidation, blue; second €€ ligand no matter what the acidity is. The down-shift of

oxidation, green). the potentials is due to the back-donating of the electron

density from the neutral Cu(acaapoiety.
not well conjugated with the dithiole ring. The mean

deviations from plane of the TTF moiety, except two methyl Conclusion
groups, and the plane of the pyridyl group are 0.0373 and A new protonated bifunctional pyridine-based TTF deriva-
0.0040 A, respectively. The dihedral angle between the least-tive and a copper(ll) complex have been studied. The
squares planes of the TTF moiety and the pyridyl group is electronic spectra and theoretical calculation show that an
26.3, which is nearly the same as that of the free ligdnhd  intramolecular charge transfer exists between the TTF moiety
The coordination sphere of the Cu ion takes an elongatedand the pyridyl group and the pyridium substituent is the
octahedral geometry with two pyridyl groups of the ligands strongestr-electron acceptor. Compared with other FTF
at thez direction and two acac anions at theplane. The pyridine-based systems, this nonspacer compound has the
TTF planes in the neighbor are face to face and self-assemblylargest ICT effect (UV-vis, A1 =136 nm; CV,AE;»(1) =
to a 1-D chain (Figure 7b) with short-SS contacts 77 mV). The materials having a large ICT effect are
(3.528 A). considered as good candidates for molecular-scale electronic
Chemical Oxidation of Compound 3.Chemical oxidation devices and NLO devices. It is also noteworthy that the TTF
of complex3 was carried out, and the UWis spectra were ~ moiety could be oxidized to dication by Fe(C)@6H,O
recorded (Figure 8). As usually observed for TTF derivatives, when forming a complex, while the protonated ligand can
addition of Fe(ClQ);-6H,0 to a solution of3 led to the only be oxidized to the monocation radical by Fe(Qi©
appearance of the band at 777 nm, which shows oxidation6H,O even in an excess amount of Fe(lll) salt, which can

of the neutral TTF unit into the corresponding TTFadical be used to control the oxidation process to obtain neutral
cation. The absorption intensity at 777 nm increased with TTF, cation radical TTH, or dication TTE*". Crystal
increasing amounts of Fe(Clig-6H,0 to abotia 2 molratio structures of the protonated compound and complex have

of Fe(ClQ)z6H,0O vs 3; then the absorption intensity been obtained. The dihedral angle between least-squares
gradually declined when continually adding Fe(Q§5H,O. planes of the pyridyl group and the dithiole ring might reflect
Concomitantly, a new absorption at about 664 nm appearedthe intensity of the ICT effect.

and the intensity increased gradually, which shows that some Acknowledgment. This work was supported by the
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reveals that there is a two-species equilibrium about the TTF
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