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TEPMOXUMUA CNITABOOBPA30BAHUA XEJNE3A C NPASEOAMMOM U HEOOUMOM

Memodom ebicokomemMnepamypHol Kasopumempuu € u3ornepubosiudeckoMm pexume ornpedesieHbl MepMoXuMuyeckue ceolicmea XudKux
cnnasoe 9eoliHbix cucmem Fe-(Pr, Nd). UccnedosaHue napyuanbHbiX 3HmManbnul cMeweHusi Onsi 1JaHMaHoudo8 ebinosiHeHo npu 1829 K u npu
1550 K — Ansa xene3a. [MokazaHo, Ymo u3yyeHHbIe XudKue crnaebl 3Mux cucmem o6pa3yromcsi ¢ He3Ha4umeslbHbIM 8bidesleHUeM mernsa u xapak-
mepu3syromcsl o4eHb MasbIMU 3K30MepMUYecKUMU mensiomamu cMeweHusi. IHmansnuu ¢ 1us1 @ cuc Fe-Pr umerom makxe 3Hakornepe-
MeHHbIU xapakmep. dmu ¢hakmbi ceudemenibcmeayrom o c1aboM XuMu4eckom e3aumodelicmeuu Mexoy KOMIMIOHEeHmMaMu 8 pacrniaeax xese3a c
nle2kuMu n1aHmaHoudamu. SHManbnuu, cModesniupoeaHHble Mo Modesnu "oKpyxeHHo20 amoma”, ydoesemeopumesibHO CO2/1acytomcsi C NoJyYeH-
HbIMU 3KCMIepUMEeHMa’snbHO.

Knioyeenie cnoea: xene3o, npazeodum, HeoOuM, 8bicOKOMeMepamypHasi KasopumMempusi, 3HManbnuu cMeweHusl, Modesib "OKPYXeHHO20
amoma”.
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THERMOCHEMISTRY OF FORMATION OF Fe-Pr AND Fe-Nd ALLOYS

The thermochemical properties of binary liquid Fe-Pr and Fe-Nd alloys were determined by high-temperature isoperibolic calorimetry. The de-
termination of partial mixing enthalpies was carried out at 1829 K for lanthanides and at 1550 K for iron in purified helium medium. It is shown that
the process of alloying formation is accompanied by slight heat effects. Enthalpies of mixing in the Fe—Pr system are partially endothermic. Partial
enthalpy of mixing of Pr for infinite dilution is found to be slight exothermic value of —-3.6 * 0.8 kJ-mol” ' whereas the first partial enthalpy of Fe is
endothermic with the value of 5.4 * 1.8kJ-mol”". Enthalpies of mixing in the Fe—-Nd system are completely exothermic through the whole concentra-
tion region with minimum integral enthalpy of mixing of —1.1 % 0.4 kJ-mol"" at x4 = 0.4. These facts indicate a weak chemical interaction between the
components of investigated alloys of iron with light lanthanides due to the great size difference of the components. It is shown the complete appli-
cability of "surrounded atom” model to description of concentration dependences of enthalpies of mixing for such systems. It is important aming
the possibility of further modelling predictions of thermodynamic values in still uninvestigated binary and multicomponent alloys.

Keywords: Iron; Neodymium, Praseodymium, High temperature calorimetry, Enthalpy of mixing, Model of "surrounded atom".
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SPECTRAL AND BASIC PROPERTIES OF FLAVONES
IN THE GROUND AND EXCITED STATES

Dependence between structures of R-oxyflavones and their spectral and basic properties has been investigated. It was found that
pK, of flavones, depending on positions of hydroxy and methoxy groups, increase by 6-8 orders of magnitude upon excitation and
reaches 3.7-6.6 units. Due to high pK,* value carbonyl group can serve as a proton acceptor in the excited-state intramolecular proton
transfer as well as in the formation of phototautomers of 7- and 4-hydroxyflavones in protic solvents.

Key words: flavones, electronic spectroscopy, acid-base properties, protolytic equilibria

Introduction.  Hydroxyflavones have been the proton. If such hydrogen bond is absent or broken, the ESIPT

convenient models for exploration of the intramolecular
proton transfer in the excited state (ESIPT) for approximately
40 years [1]. Numerous investigations showed that the
efficient proton transfer depends on three conditions, among
which the most important one is high acidity of proton-
donating hydroxyl group in the excited state. Lowering of 3-
hydroxy group acidity upon excitation results in decrease of
ESIPT rate, which, in the case of 4'-dimethylaminoflavonol in
some solvents, makes possible a reverse proton transfer
and the acid/base equilibrium appearance [2].

The next important factor is the presence of hydrogen
bond of any strength between a donor and an acceptor of

process is not possible. When proton-donating hydroxy group
forms stronger hydrogen bond with solvent molecules, the
photo dissociation process takes place, which corresponds to
intermolecular proton transfer on a solvent [3, 4].

The third condition necessary for ESIPT is high basicity
of proton-accepting carbonyl group in the excited state. The
pKa* value of the carbonyl group must be higher or, at least,
comparable with pKy* of hydroxy group. The basic properties
of flavone carbonyl group in the ground and excited states
were not thoroughly explored. Apparently this is so because
the formation of 3-hydroxyflavone phototautomer manifests
itself a high basicity of the carbonyl group in the excited
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state. Some pKy* obtained earlier [5, 6] were not analyzed in
context of the ESIPT dynamics.

The synthesis of new flavone derivatives with several
carbonyl groups, for example diflavonols, which bring up the
problem of a double ESIPT probability [7], or hetaryl
chromones, where alternative ESIPT to the basic nitrogen atom
of side heterocycle takes place [8], necessitates thorough
investigations of the basicity of flavone carbonyl groups.

The present work is devoted to the investigations of the
carbonyl group basicity for the simplest flavones, which
could be able to form phototautomers. It contains the
analysis of relationship between pK, and pKy;* and the

nature of substituents, the geometry and electronic
structure of flavones in the ground and excited states.
Structures of the investigated flavones are listed in table 1.

Results and discussion. Carbonyl group of flavones
demonstrates weak basic properties in the ground state, its
protonation takes place at Ho < 0. Figure 1 shows spectral
effects accompanying the protonation of flavone carbonyl
group. The formation of flavylium cation results in a
bathochromic shift of long-wavelength absorption band and
in the most of cases to a rise of fluorescence. Spectral
parameters of the neutral and cationic forms of the
investigated flavones are presented in table 2.

Table 1

Structures of the investigated flavones

R3

R4 R, R;
la OH H H
Ib OMe H H
Ic OH OH H
Id OH OMe H
le OMe OH H
If OMe OMe H

R3
R

R1 R3
Illa H H OH
b H H OMe
lic H OH OH
Iid H OMe OH
lle H OH OMe
If H OMe OMe

Absorbance

Wavenumbers (x107%), cm™

Intensity, a.u.

26 24 22 20 18 16
Wavenumbers (x10%), cm™

Fig. 1. Changes in absorption (a) and fluorescence (b) spectra of Ic upon a cation formation. N and C are a neutral form
and a cation in the ground state, N* and T* are tautomers of a neutral form and C* is cation in the S, state

Table 2
Spectral parameters of flavone derivatives*
Neutral form Cation
Vabs (Aabs) Vi (Aq) Avs Vo-o Vabs (Aabs) Vi (Aq) Avs; Vo-o
fl 32895 (304) - - - 28735 (348) 24720 (405) 4015 26730
la 31700 (316) | 24300 (412) 7400 28000 27020 (370) 21760 (460) 5260 24390
Ib 32750 (307) | 24660 (406) 8090 28705 27400 (365) 22380 (447) 5020 24890
Ic 29500 (339) | 24700 (405) 4800 27100 25770 (388) 21160 (472) 4610 23465
Id 31550 (317) | 24000 (416) 7550 27775 26110 (383) 21340 (468) 4770 23725
le 29580 (338) | 24620 (406) 4960 27100 25840 (387) 21460 (466) 4380 23650
If 31550 (317) | 23520 (425) 8030 27535 26320 (380) 21340 (469) 4980 23830
lla 30860 (324) | 23820 (420) 7040 27340 26460 (378) 21500 (465) 4960 23980
lib 30670 (326) | 24160 (414) 6510 27415 25970 (385) 21420 (467) 4550 23695
lic 28090 (356) | 22075 (453) 6050 25080 24815 (403) 20410 (490) 4405 22610
Iid 29760 (336) | 23000 (435) 6760 26380 25450 (393) 21060 (474) 4390 23255
lle 28250 (354) | 23200 (431) 5050 25725 24940 (401) 20740 (482) 4200 22840
IIf 29940 (334) | 23120 (433) 6820 26530 25315 (395) 20660 (484) 4655 22990

* Vabs, Vi, Aabs, An — positions of long-wavelength absorption and emission bands maxima (v — in cm™ and A —in nm), Voo — values of 0-0
transitions (cm™), Avs; — Stokes shifts of fluorescence (cm™). fl — spectral parameters of unsubstituted flavone and its conjugated acid — 4-

hydroxyflavylium ion [5].

The data listed in the Table 2 show that introduction of

the hydroxy and methoxy groups in position 4' of the
flavone moiety results in higher bathochromic shifts of long-

wavelength absorption bands (2035 cm™ and 2225 cm'1)
than when these groups are in position 7 (1195 cm™ and
845 cm’”, correspondingly).
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Introduction of the hydroxy group into position 3 results
in the additional bathochromic shift in the range of 2200-
2500 cm™. On the contrary, presence of the 3-methoxy
group does not show any noticeable spectral effect in the
case of 7-substituted flavones, and leads to some
bathochromic shift (800-1100 cm™) in the case of the 4'-
substituted derivatives.

Such spectral effects permit to conclude, that
substituents in the side phenyl ring influence the electronic
structure of flavone to a greater extent than substituents in
the chromone fragment. Methylation minimizes influence of
the 3-hydroxy group on spectral properties of the flavones,
because of the rotation of the obtained methoxy group out
of the chromone plane.

Spectral effects caused by introduction of the 4'- and 7-
R-oxygroups to 4-hydroxyflavylium cations are similar to
those of the neutral flavones. However, the bathochromic
shifts in absorption spectra of the cations are somewhat
higher than in the case of the neutral forms. For 7-OH, 7-
OCHjs, 4'-OH and 4'-OCHjs the shifts are 1715, 1565, 2275
and 2765 cm”™ correspondingly. Influence of the 3-hydroxy
and 3-methoxy groups on spectral properties of the
flavylium cations is sufficiently weaker in comparison with
the neutral flavones.

The majority of the investigated flavones have a weak
fluorescence band in the range 22600—24700 cm'1, which
does not depend on the nature and positions of substituents.
3-hydroxyflavones demonstrate two-band fluorescence
spectra, where long-wavelength intense band is due to

Absorption

phototautomer T* emission [1] (depicted on Figure 1). All the
4-hydroxyflavylium cations demonstrate intense one-band
fluorescence in a narrow diapason of ~ 20750-21750 cm™.
Positions of the band maxima are not considerably
influenced by nature and positions of substituents.

The neutral forms of the majority of the investigated
flavones demonstrate abnormally high Stokes shifts of
fluorescence — 6760-8030 cm'1, which evidences a
substantial structure and solvent relaxation of these
compounds in the excited states. Since flavones and
especially hydroxyflavones have strong intermolecular
hydrogen bonds with solvent molecules in the ground state,
high Stokes shift values can be due to drastic reorganization
of H-bonds upon excitation. Thus, in the case of the 3-
hydroxyflavones having intramolecular hydrogen bond, H-
bonding of the carbonyl fragment with solvent molecules is
weakened, and Stokes shifts are significantly lower — 4800—
5050 cm™. Furthermore, the high Stokes shifts can also be
explained by changing of an angle between the side phenyl
ring and the chromone fragment, i.e. by flattening or twisting
flavone molecules in the excited state.

A typical titration curve of the flavones in Hg region at
400 nm is depicted on Figure 2. The curve has only one
inflection point, which implies one-step protonation of the
investigated compounds. Dissociation constants are
presented in Table 2. The obtained values are similar to
pKa determined earlier for some hydroxyflavones [5,6].
Methylation of the hydroxy groups does not substantially
change pKaj values.

-4.0 -3.0

-2.0 -1.0 0.0

Ho

Fig. 2. Titration curve for Ic in H, range

Introduction  of the  3-hydroxy group into
hydroxyflavones decreases their basicity: pKa of the
carbonyl group diminishes on 1 order of magnitude,
approximately. Methylation of the 3-hydroxy group has a
negligible effect (pKa decreases by only 0.1-0.2 units) in
spite of intramolecular H-bond breakage and rotation of the
obtained methoxy group.

Table 3 contains pKy* values for the excited flavones,
obtained by Forster method basing on pK, values in
ground state and parameters of 0-0 transitions for the
neutral forms and cations. Analysis of the pKy* values

showed that, after excitation, dissociation constants of the
7-substituted flavones increase on the average by 7.6
orders of magnitude (ApKa = 6.8-8.5), whereas in the case
of the 4'-substituted derivatives pK,increases by 6.7 orders
of magnitude approximately (ApKa = 6.1-7.8). The pKy*
values of the investigated flavones are in the range of 3.7-
6.9 units, hence the flavones in the excited state have the
basicities comparable with those of aniline and quinoline
derivatives. The lowest basicity is typical for the 3-
hydroxyflavones. Introduction of the 3-hydroxy group
decreases pK,* value by one order of magnitude.

Table 3
Dissociation (deprotonation) constants of flavones in water-methanol (2:8 v/v) mixtures at 298 K
pKa pKa PKa pKa
fl -1.33 [5]
la -1.01£0.04 6.6 lla -0.93 £0.03 57
-0.79 [5] -0.87 [5]
Ib -0.72 +0.04 6.7 b -0.93 + 0.04 6.9
Ic -2.09 £ 0.05 55 lic -2.21 £0.04 4.1
-2.14 [6] -2.15[6]
Id -2.01+£0.04 6.5 lid -2.06 +0.04 4.5
le -2.18 £ 0.03 4.6 lle -2.37 £0.04 3.7
If -1.91+0.04 5.9 if -2.10 +0.03 5.3
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Conclusions. The obtained values of pKy* show the
dramatical basicity growth in the excited state for all the
investigated flavones. Taking to account that pKy* of the
flavone hydroxy groups in the excited state may reach 0-1
[9], the explored phenomenon lies in an excellent
agreement with the theory of ESIPT. Moreover, such high
basicity of flavones in the excited state makes it possible to
suggest a possibility of the solvent-assisted proton transfer
in 7- and 4'-hydroxyflavones.

An intense emission of some flavylium cations permits
also to use flavones as fluorescent indicators of medium
acidity in the range from 3 to 6 pH units.

Experimental part. All the investigated flavones were
obtained according known methods [10]. Structures of the
flavones were confirmed by 1H and 13C NMR (Mercury
VX, 400MHz) and by MALDI TOF mass spectrometry
(Biflex 111, Brucker Daltonics). Purity of the flavones was
tested by liquid chromatography (Waters 600E Multisolvent
Delivery System with W2487 Dual A Absorbance Detector
and Gemini 5 um C6 phenyl 110 column) in acetonitrile-
water 60/40 v/v mixture.

Dissociation  constants  were  determined by
spectrophotometric titration of the flavones by water
solutions of sulfuric acid in the acidity range from Ho = -4.5
to pH = 1.0. Absorption and fluorescence spectra were
registered on a Hitachi U3210 spectrophotometer and on a
Varian Cary Eclips spectrofluorimeter.
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CMNEKTPAJbHI TA OCHOBHI BIIACTUBOCTI ®JIABOHIB B OCHOBHOMY | 3BYXXEHOMY CTAHAX

Y cmammi docnidxeHo 3anexHocmi Mixx cmpykmypoto R-okcugbnaeoHis, ix cnekmpasnbHUMU ma oCHO8HUMU enacmueocmsimu. Byno eusienexo, wo
PK. ¢hnaeoHis, e 3anexHocmi 8i0 nonoxeHHs 2idpokcu ma Memokcu apyn, 36inbuyromscsi Ha 6-8 nopsiokie y 36ydxeHOMy cmaHi i cssieatomb 3HaYeHb
3.7-6.6. 3aeds1ku eucokum 3HavyeHHsIM pK,* kapboHinbHa 2pyna Moxe 6ymu aKuyenmopoM MPOMOHY SIK Y peakyisix e HympilWHLOMOJIEKYISIPHO20 MepeHoCcy
npomoHy y 36ydxeHoMy cmaHi, mak i y gpopmyeaHHi pomomaymomepie 7- u 4-2i0pokcudghsiagoHie y NPoMoHO8UX PO34YUHHUKaX.

Kmro4yoei cnoea: ¢hrnagoHu, eniekmpoHHa CrieKmpoCKOIisi, KUCIOMHO-0CHOBHI 8f1lacmueocmi, MpomosliimuYHi piesHogazu.
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CNEKTPAJbHBLIE U OCHOBHbLIE CBOMCTBA ®JIABOHOB B OCHOBHOM U BO3BYXXAEHHOM COCTOAHUAX

B cmambe u3y4eHbi 3asucumocmu mexdy cmpykmypol R-okcudgpnagoHos, ux criekmpasbHbIMU U OCHO8HbIMU ceolicmeamu. bbino o6Hapy-
JKeHO, Ymo 8 3asUCUMOCMU Om MOJIOXKeHUs1 2uGPoKcu u memokcu 2pynn, pK, ¢pnasoHoe yeenuyuearomcs npu eo36yxdeHuu Ha 6-8 nopsidkoe u
docmuzatom 3HayeHul 3.7-6.6. bnazodapsi ebICOKUM 3Ha4YeHUsIM pK,* kap6oHuUnbLHas 2pynna Moxem 6biMb aKyenmopoM MPOIMOHa KaK 8 peakyuu
8HYMPUMOJIEKYJISIPHO20 MepeHoca MPomoHa e 8036yXAeHHOM COCMOsIHUU, makK u npu obpaszoeaHuu ¢homomaymomepoe 7- u 4'-2udpokcu-

¢briagoHOE 8 MPOMOHHBLIX pacmeopumernsix.

Knroqesnie cnosa: d)ﬂanHbl, 3/1eKMPOHHasi CIeKMPOCKOMNUS, KUC/IOMHO-OCHOBHbIE ceolicmea, MPomosiumuYyecKkue pagHoO8ecuUsi



