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The presented work is devoted to investigations of the relationship between spectral
properties, photo stability and excited-state kinetic characteristics of cinnamoyl pyrone
(CP) derivatives and photochemical/photophysical processes taking place in their excited
molecules. The obtained results permit to obtain a general scheme of photophysical and
photochemical processes in excited CP molecules. It is found that spectral properties of CP
depend on relative positions of underlying nn” and nn” excited states. If Ema E, ., the
corresponding compound has the fluorescence and is stable under irradiation. In the
opposite case, when CP derivatives have E__~ > Enn , they have no fluorescence or photo-
stability, but can phosphoresce under low temperatures These results can be used for
synthesis of new photostable emitting dyes for fluorescent polymer compositions.

PaGora mocBsieHa wuCCI€IOBAHUIO B3aMMOCBSI3M MEMKIY CIEKTPaJbHBIMUA CBOMCTBAMM,
dorocTabUIBHOCTHIO, (POTOKMHETUUYECKUMHU XaPAKTEPUCTUKAMU IIPOMSBOJHBIX IITMHHAMOWMJI-
nupouos (IIII) u dporodpusuueckumMu/POTOXUMUIECKUMH IIPOI[ECCAMHE, IIPOTEKAOIIUMU B BO3-
oy:xkmeHHbIX MoJsieKysnax IIII. IlomyueHHBIe pedyJsbTaThl IIO3BOJUIN CHOPMUPOBATH OOIIYIO
cxemy (oroudnuecKux U (POTOXUMUUYECKHX IIPOIECCOB, MMEIOI[NX MECTO B BO30YIKIEHHBIX
IIII. O6uapy:keHo, uro crexTpaibHbie cBoiicTBa IIII saBucsaT ot OTHOCI/ITeJIbHOI‘O pacmoosxe-
HUSA HUMKeJIeKal[uX BO30YKIeHHBIX COCTOSHUMN ni” u wn” tuna. Ecan E_. < Enn , COOTBET-
CTByIOLlee COeJUHeHUe (ayopecnupyer u obsagaeT q)oroyc'routuoc'rmo B T POTUBOTIOJIOMK -
HOM ciaydvae, eciu E_° > E ', coefHeHne He MMeeT (IyopeclieHIIUU, He objamaer (PpoToc-
TabUJIBbHOCTHIO, HO q)ocq)opecunpyefr IpU MOHUIKEHHBIX TeMIepaTrypax. [[aHHbIe pes3yabTaTbl
MOT'YT OBITH MCIOJIb30BAHLI AJISI CUHTE3a HOBBIX (DOTOCTAOUIBHBIX (DJIYOPECIIEHTHBIX KPacuTe-
el 1A MOJMMEDPHBIX KOMIIO3UITUIA.
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1. Introduction

Cinnamoyl pyrones (CP) are known as
medicaments and as intermediate products
in medicament synthesis [1-3]. Investiga-
tions of CP spectral properties has shown
that the application field of mentioned com-
pounds is significantly broader. They can
play a role of fluorescent indicators in the
wide range of the acidity: from Hy = -6 to
pH = 13. Moreower, CP can be used as fluo-
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rescent dyes and markers for polymer
media, which permits to create new emit-
ting functional materials based on polymer
compositions.

The investigations of CP showed that
these compounds must be divided into two
groups having different spectral properties.
CP with neutral or weak electron-donating
substituents in side phenyl cycle have no
fluorescence in liquid solutions nor in poly-
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Scheme 1. Structures of cinnamoyl pyrones investigated.

mer matrices irrespectively of medium po-
larity. CP with strong electron-donating
substituents intensively emit in non-polar
solvents [4], however, the polarity increase
results in a drastical decrease of quantum
yields. In polymeric matrices, CP fluores-
cence is intense not depending on medium
polarity, that is very important, if CP are
used as polymer markers.

To understand causes of CP fluorescence
quenching and to explain dependence be-
tween CP spectral properties and medium
parameters, we tried to investigate and to
simulate photophysical and photochemical
processes taking place in the molecules.

2. Experimental

Twelve CP derivatives and vynylogs with
different length of polymethine chain syn-
thesized according to [4, 5] have been inves-
tigated. Structures of studied compounds
are depicted on Scheme 1. Solvents used for
spectral investigations were previously
dried and purified according to [6]. The
presence of absorbing or emitting impurities
in the solvents, as well as in polymeric ma-
trices at 70 and 298 K is examined using
photometric and fluorimetric methods. Ab-
sorption and emission spectra were regis-
tered using Hitachi U3210 spectrophotome-
ter and Hitachi F4010 fluorimeter, corre-
spondingly. Lifetimes of CP molecules in
solutions and polymer matrices were meas-
ured using pulse picosecond photon-count-
ing photometer PicoQuant with A,.. =

exc
335 nm. Phosphorescence spectra and life-
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times were measured in polymer matrices at
temperature 70 K on fluorescence spectro-
photometer Cary Eclipse Varian operated in
phosphorimeter mode.

Geometry optimization and calculations
of electronic transitions were carried out by
semi-empirical method RM1 [7] imple-
mented to MOPAC 2009 program package
[8]. Spin-orbit interaction coefficients were
calculated using CNDO/S/SOI program [9].
Intersystem crossing constants k;go were
obtained by the equation

Ep - Eg
krsc =8.95- 10113 pFe ———+. 103,
i

where B;; — matrix coefficients of operator
of spin-orbit interaction between the lowest
singlet excited state S| and underlying trip-
let states (energies (ETi) of which are simi-

lar or lower than energy of S; (Esl)) [10].

The estimation of experimental and theo-
retical kinetic characteristics (k;, ky), as

well as theoretical lifetime (1) and fluores-

cence quantum yield (¢) were carried out
according to formulae:

ke + kg

and ¢

ke + ky

T and ¢ were calculated under the assump-
tion that intersystem crossing is a main
channel of radiationless desactivation of S;
State, i.e. kd = kISC'
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Table 1. Mulliken charges (E) on oxygen atoms of hydroxy group and carbonyl fragments in the

ground (S;) and excited (S,) states

CP Hydroxy group Endocyclic carbonyl fragment | Exocyclic carbonyl fragment
SO Sl SO Sl SO Sl
I -0.296 -0.336 -0.414 -0.455 -0.455 -0.485
I -0.297 -0.336 -0.420 -0.494 -0.455 -0.513
III -0.298 -0.331 -0.414 -0.494 -0.455 -0.512
v -0.297 -0.337 -0.413 -0.493 -0.454 -0.502
A% -0.297 -0.331 -0.414 -0.498 -0.455 -0.504
VI -0.298 -0.334 -0.415 -0.424 -0.458 -0.548
VII -0.299 -0.338 -0.414 -0.422 -0.458 -0.550
VIII -0.298 -0.330 -0.413 -0.427 -0.456 -0.540
X -0.299 -0.368 -0.420 -0.446 -0.458 -0.494
X -0.297 -0.356 -0.415 -0.420 -0.455 -0.492
XI -0.299 -0.351 -0.422 -0.423 -0.459 -0.517
XII -0.261 -0.385 -0.422 -0.445 -0.453 -0.573

3. Results and discussion

Photochemical processes in CP molecules.
The diversity of CP spectral properties may
be explained by several causes due to physi-
cal and chemical processes in the excited
state. The most probable photochemical
processes are following:

— excited-state intramolecular proton
transfer (ESIPT) from hydroxy group in
o-pyrone fragment onto exocyclic carbonyl
group. The hydroxy and carbonyl groups
form a strong intramolecular hydrogen
bond, closing a six-membered cycle. Proton
transfer in such conditions takes places in
many organic compounds [11-13].

— ESIPT from o-pyrone hydroxy group
onto endocyclic carbonyl group and y-pyrone
tautomer formation. Such a tautomerism
takes place with participation of solvent
molecules and is typical for 4-hydroxycou-
marines and 2-hydroxyisoflavones [14, 15].

— trans/cis-isomerization and dimeriza-
tion of polymethine chains typical for chal-
cones [16], polymethine dyes and other com-
pounds [17, 18].

ESIPT probability can be estimated using
both experimental and theoretical methods.
In the last case, the information may be
obtained by the comparison of charges on
CP oxygen atoms in the ground and excited
states. Proton photo transfer is possible if
the excitation of a molecule results in sub-
stantial decrease of negative charge on oxy-
gen atom of hydroxy group corresponding
to increase of its acidity, and in simultane-
ous increase of negative charge on oxygen
atoms of carbonyl groups corresponding to
growth of their basisity. Since first stage of
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proton transfer is the dissociation of the
hydroxy group (a proton donor), the in-
crease of its acidity is a necessary condition
of ESIPT.

Table 1 presents values of Mulliken
charges on CP oxygen atoms in the ground
and excited states. The influence of medium
polarity (water) on the charge redistribution
in CP molecules was taken into account
using COSMO method [19]. Table 1 shows
that the Sy — S transition leads to the in-
crease of negative charge both on hydroxy
and carbonyl fragments. Thus, the excita-
tion results in increase of carbonyl group
basisity and in substantial decrease of hy-
droxy group acidity. The last phenomenon
evidences a very weak probability of both
types of ESIPT mentioned above.

Experimental estimation of ESIPT prob-
ability has been carried out by comparison
of CP dissociation and protonation con-
stants in the ground and excited state. pK,
values were determined by acid-base titra-
tion in a wide range of pH/H,. The pK,
estimation in the excited state was made
using Forster method [20].

The titration in basic media permitted to
observe an anion formation due to the hy-
droxy group dissociation. The titration in
the acidic range of pH/H; showed, that the
most of CP gives only one — monocationic
form. Consequently, only one of carbonyl
groups undergoes the protonation process.
CP derivatives with nitrogen-containing
substituents have an additional nucleophilic
center — nitrogen atom, that is why, they
demonstrate two-step protonation, first
stage of which is ammonium ion formation.
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Table 2. PC dissociation constants in the ground (pK,) and excited (pKa"':") states *

Cp pKa,I pKﬁ.a,I pKa,Z pK.ka,Z pKa,é’ pK.ka,é’
I 7.59+0.12 7.76 —4.72+0.21 1.23
IT 7.79+0.05 8.46 —4.60+0.16 4.37
I 7.84+0.06 8.01 —4.3610.11 3.40
Iv 7.80+0.09 7.62 —4.64+0.09 3.29
v 7.5210.12 8.22 —4.45+0.07 3.48
VI 8.11+0.02 13.70 2.06+0.02 -3.36 —6.03+0.28 1.38

VII 8.16+0.04 13.85 2.09+0.09 -3.65 —6.2410.07 2.55

VIII 8.40+0.04 ~14.0 2.08+0.05 -4.90 —6.43+0.09 -0.12
IX 7.74+0.04 6.80 —4.18+0.06 2.45
X 7.69+0.05 8.68 —4.26:0.09 2.54
XI 7.80+0.06 8.69 —4.01+0.09 5.19

XII 8.34+0.08 11.27 2.18+0.07 —-2.68 —6.88+0.13 2.15

pK,; and pK"""aI are protolytic constants of hydroxy group, pK,, and PKﬁ'az are protolytic
constants of nitrogen atom in VI, VII, VIII and XII, pK,; and pK", 4 are protolytic constants of

carbonyl group.
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Fig. 1. Molar fractions CP protolytic forms in the ground (S,) and excited (S,) states. a — V, b —
XII. A — anions, N — neutral forms, Cy — ammonium monocations, Coq — monocations with
protonated carbonyl group, D — dications. Protolytic forms in the excited states are marked by (¥).

The pK, values listed in Table 2 evidence
the increase of carbonyl basisity and the
decrease of the hydroxyl group acidity in
the excited state, that fully corresponds to
results obtained by quantum-chemical meth-
ods. The pH/H( ranges, where is possible
the existence of cationic, neutral and an-
ionic CP forms, are depicted in Fig. 1. The
ESIPT tautomer formation may take place
in pH/H ranges, where simultaneous pres-
ence of a cation and an anion is possible.
Since there are no the overlapping of "anion
and cation areas” in the ground nor excited
states (Fig. 1), the proton-transfer forma-
tion of photo tautomers seems to be hardly
possible.
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Investigations of {rans/cis photo isomeri-
zation of trans-chalcones [16] showed that
the irradiation of their solutions by a light
beam results to cis-isomer formation. As po-
lymethine chain in cis-isomer is not plain,
the formation of this last leads to partial
brake of the conjugation, and, consequently,
to hypsochromic shifts of absorption and
fluorescence bands. Moreover, polymethine
chains may undergo photo dimerization re-
sulting in the formation of cyclobutane de-
rivatives [18]. Breaking n-conjugation in
the polymethine chain under the photo di-
merization leads to the disappearance of
long-wavelength absorption bands and of
emission band.

Functional materials, 18, 3, 2011
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Fig. 2. Dependence of absorbance in a maxi-
mum of long-wavelength absorption band of
non- fluorescent I (1) and fluorescent VI (2) CP
on exposition time in toluene, methanol,
polystyrene (PS) and polymethylmetacrylate
(PMMA).

The investigations of CP trans/cis photo
isomerism and dimerization were carried
out by means of sample irradiation by the
monochromatic light with A = 360 nm and
the intensity — 1.7.10°8® Es/min. The pho-
tochemical processes were studied in hexane
(non-polar) and methanolic (polar) solutions.
as well as in polystyrene (non polar) and
polymethylmetacrylate (polar) matrices.
Trans/cis isomerization does not result in
substantial changes of CP molecular vol-
ume, therefore this process can take place
both in liquid solvents and polymeric matri-
ces. Photo dimerization needs the diffusion
of CP molecules and results in the doubling
their molecular volume, which are not pos-
sible in polymeric matrices. That is why,
the differences in CP behavior in liquid and
polymeric media permit to distinguish
chemical processes taking place in the ex-
cited state.

The investigations showed that non-fluores-
cent CP have a weak photo stability (Fig. 2).
The irradiation of I-V and XI-IX results
in hypsochromic shift of long-wavelength
bands in their absorption spectra (Fig. 3).
This shift is detected both in liquid and
polymeric media that evidence the absence
of noticeable photo dimerization process.

Functional materials, 18, 3, 2011

Absgrbance

1 1 1
275 300 375 350 375  A,nm

450 500 525 A, nm

1 1 1
350 375 400 425

Fig. 3. Changing absorption spectra of I (a) and
VI (b) in PS matrices under light exposition
(. = 360 nm, light intensity — 1.7-1078 Es/h)
during 5 hours: I — before exposition,

2 — after exposition.

The formation of cis-isomer in polar liquid
and polymeric media is faster, than in the
non-polar ones.

Fluorescent CP demonstrate a high pho-
tostability: their absorption and fluores-
cence spectra do not change under the irra-
diation.

It is known that ¢rans/cis-isomerization
occurs through intermediate long-living
triplet state [16]. The fact that isomerism
takes place only in the case of non-fluorescent
CP proves that I-V, XI-IX have an intense
inter-system crossing in the excited state.

Photophysical processes in CP molecules.
It is well known that, upon excitation, a
molecule, undergoing fast processes of in-
ternal conversion, structural and solvate re-
laxations, achieves a relatively long-living
relaxed excited state. This last can undergo
radiative and radiationless internal conver-
sions into the ground state, intersystem
crossing and chemical reactions [21]. Rate
constants of corresponding processes are
marked below as kf, kg, krse and E.popm-

To analyze processes taking place in
molecules of fluorescent CP — VI-VIII and
XII, extinction coefficients in long-wavelength
absorption band maxima (g,,,), fluorescence
quantum yields and lifetimes (¢ and 1) in sol-
vents and polymer matrices of different po-
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Table 3. Photophysical characteristics of fluorescent CP in solutions and polymer matricies *, **

CP Medium | v, em™! 1€, ?, % T, ns Ry, s71 kg, s
VI DCM 476 4.54 54.6 0.77 7.09.108 5.90-108
AN 464 3.10 1.7 2.64 6.44-10° 3.72.108

PS 2.08 2.75-108

PMMA 3.59 2.72:108

VIII DCM 437 3.90 42.9 1.42 3.02.108 4.02.108
AN 438 8.54 6.8 3.01 2.02.107 3.12.108

PS 1.94 2.13-108

PMMA 3.01 3.12:108

XII DCM 492 4.01 89.0 1.98 4.49.108 5.56-107
AN 439 3.70 4.60 3.70 1.24.107 1.46-108

PS 1.86 8.86-107

PMMA 2.80 3.45-108

* The media are: DCM — dichloromethane, AN — acetonitrile, PS — polystyrene matrix, PMMA —

polymethyl metacrylate matrix, v,

— positions of long-wavelength absorption band maxima, €

max ~

molar exctinction coefficient at v, ., ¢ — quantum yield of fluorescence, 1 — fluorescence lifetime,
kf — fluorescence rate constant, k; — radiationless rate constant.
" v,ps € and @ — are taken from [4].

——
A
——
—
]
4 I(ISC
I(iso
E—»
k k
f d kel | kg Kon| |k
\ A}
_/$ Sl
a) b) 1 — DN T
2- EEEEW NT*
Scheme 2. Photophysical processes in fluorescent (a) and non-fluorescent (b) CP. I — nn’-states,

2 — nn*-states.

larity were measured (Table 3). Obtained ki-
netic parameters showed that mentioned CP
have sufficiently low rates of the radiation-
less deactivation. In the case of VI and VIII,
kg values are on the order of 4-6-108 571 in
non-polar solvents, and 1.5 times lower in
polar media. Lower k; values have been also
observed in polymeric matrices. CP vynylog
— XII demonstrates another behavior: the
lowest k, value (k; ~ 5.6-107 s71) is typical
for non-polar environment, and it increases
in more polar and condensed media.
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Low k; values evidence the absence of
any substantial contribution of intersystem
crossing, thus, it is possible to suppose that
krgc < k4. Taking into account a low prob-
ability of the proton transfer, of the
trans/cis-isomerism and of the photo di-
merization (i.e. k.., ~ 0), photophysical
processes in fluorescent CP molecules could be
represented by a simple scheme (Scheme 2a).

Data listed in the Table 3 show that fluo-
rescence quenching on going from non-polar
media to polar ones is substantially due to
solvatochromic effects: to the decrease of

Functional materials, 18, 3, 2011
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Table 4. Theoretical estimations of intersystem crossing rates, intrinsic fluorescence rates and

emission parameters of CP”

k. ¢! Rrses ¢! interacting states 0, %

I 3.57-10° 1.21-10%° S; > Tg. Ty, Ty 0.0
I 1.2510% 3.78.10!! S, > Ty Ty 0.0
111 6.29-10* 2.33-1011 S, > T, 0.0
v 4.97-108 1.82:10%1 S, > T, Tg 0.0
N 1.88-10° 2.84-1011 S; > Ty 0.0
VI 6.15-108 4.86-10° S, > Ty Ty Ty 11.2
VI 6.17-108 6.02-10° S, > Ty Ty Ty 9.3
VIII 6.05-108 6.06-10° S, > Ty, Ty Ty 9.1
IX 1.54-10° 7.03-10'1 S, > 7T, Ts 0.0
X 2.02-106 2.91-101! S, > 7T, Tg 0.0
XI 1.54-10° 2.15-1011 S, > T, Tg 0.5
XII 8.98-108 7.34-108 S, > T, 55.0

k, is intrinsic fluorescence rate constant, k;q. is intersystem crossing rate constant, ¢ is theoretical

quantum yield.

Theoretical quantum yield were calculated by equation ¢ = k,./(k, + k;gc) on the assumption of &,

is equal to kf, and k; is equal to k;q- (i.e. the main way of radiationless deactivation is the

intersystem crossing).

extinction coefficients of long-wavelength
absorption bands with the increase of envi-
ronment polarity. This is proved by low val-
ues of intrinsic radiation rate constants
(k,), obtained from ¢,,, values and compa-
rable with kf values.

As it was mentioned above, the photo
isomerism of non-fluorescent CP I-V and
IX-IX denotes an activation of the inter-
system crossing. The cause of the activation
of this new channel of radiationless deacti-
vation become evident after analysis of CP
spectral behavior in different media.

The investigations of spectral properties
of CP [4] show that emission ability depends
on the position of the long-wavelength ab-
sorption band (A,;,). Compounds, which A,
is in the range of 340-360 nm, have no
fluorescence. On the other hand, fluorescent
CP absorb at A,;,, 400 nm. The emission of
IX disappears, when the increase of solvent
polarity leads to hypsochromic shift of the
absorption band from 890 nm to 370 nm.
Such a spectral behavior permits to con-
clude about the presence of a forbidden elec-
tronic transition, whose absorption band is
at ~ 880 nm. This electronic transition,
most probably located on exocyclic carbonyl
group, is responsible for the activation of
the intersystem crossing.

Results of theoretical estimations of ki-
netic parameters of the spin-orbit interac-
tion in CP molecules obtained using

X
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CNDO/S/SOI method are listed in the
Table 4. The comparison of theoretical val-
ues k£, and k;go shows that the kinetic pa-
rameters calculated by CNDO/S/SOI exceeds
by a factor of ten the results obtained from
1 and ¢ measurements. However, the com-
parison of theoretical %, and k;go for differ-
ent CP permits to conclude about fluores-
cence quenching mechanism. The data pre-
sented in Table 4 show that k, values of
non-fluorescent CP are 3—4 orders of magni-
tude lower, than k, values of fluorescent
compounds. Such low values are typical for
nn* transitions, that is in agreement with
experimental observations. k;gc values for
II-V and IX-IX are two orders of magni-
tude higher than in the case of VI-VIII and
XII. Thus, the rate of intersystem crossing
in molecules of non-fluorescent CP is ap-
proximately 100 times higher than that in
molecules of fluorescent CP.

Theoretical quantum vyields of fluores-
cent VI-VIII and XII are lower than ex-
perimental values (Tables 8 and 4), however
calculated ¢ values for non-fluorescent I-V,
IX-IX are in the range of 1073-107% %
(i.e. these compounds have no fluorescence),
that is also in agreement with experimental
results.

The comparison of theoretical and ex-
perimental kinetic parameters permits to
propose a mechanism of excited state deac-
tivation depicted on Scheme 2b. According
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Table 5. Luminescence parameters of cynammoyl pyrones ~

Compound Polymer matrix T, K kmax’l, nm AVSt,l’ em! Tons mks
I PMMA 298 - - -
77 448 5610 2.52
PS 298 - - -
77 457 6130 2.27
VI PMMA 298 564 3820 -
77 571 4040 -
PS 298 591 4090 -
77 593 4150 -
IX PMMA 298 - - -
77 486 6450 2.90
PS 298 - - -
77 491 5540 2.71
XI PMMA 298 - - -
77 527 5180 3.35
PS 298 - - -
77 527 6930 3.20
XII PMMA 298 602 4140 -
77 601 4110 -
PS 298 589 3350 -
77 597 3580 -

* PMMA — polymethylmetacrylate matrix, PS — polystyrene matrix, T is matrix temperature,

A

max,l

— fluorescence and phosphorescence band maximum positions,

Avg, ), — Stokes shifts of fluorescence and phosphorescence, Ton — phosphorescence lifetime.

to the scheme, the lowest excited state S;
deactivates by intersystem crossing into one
or several triplet states S; > T; (see
Table 4). After internal conversion proc-
esses, a molecule achieves long-living lowest
triplet state — T, which, then, undergoes
as radiationless deactivation (k;), as
trans/cis-isomerization process (k;,,). At
low temperatures, when k; value decreases
and becomes comparable with the rate of
radiative deactivation (kph), the appearance
of the phosphorescence may be expected.
The proposed deactivation mechanism
(Scheme 2b) was corroborated by lumines-
cence measurements of some fluorescent
and non-fluorescent CP in polystyrene and
polymethyl metacrylate matrices at 70 K
(Table 5). It was found that VI and XII have
more intense emission than at the room
temperature, however other spectral charac-
teristics as positions of emission band max-
ima (Ay) or fluorescence Stokes shifts (Avg,)
do not depend on temperature level. In the
case of non-fluorescent CP, the decrease of
the temperature results in the appearance
of phosphorescence having Stokes shifts in
the range of 5100-6930 cm™1 and lifetimes

(tpr) — 2.3-8.3 mks.
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The data presented in Table 5 show that
the elongation of polymethine chain results
in the increase of the phosphorescence life-
time (0.5 mks per one double bond). More-
over, Ty, value in non-polar media is lower
than in polar ones.

4. Conclusion

The presented work permits to obtain a
general scheme of photophysical and photo-
chemical interactions in excited CP mole-
cules. Spectral (in the first place, fluores-
cent) properties of CP depend on relative
positions of underlying nn” and nn”* excited
states. If a substituent in CP molecule leads
to a situation, when Em* < Em*, the corre-
sponding compound has the fluorescence
and is stable under irradiation. In the case,
when CP derivative has Em* > Enn*, it has
no fluorescence nor photostability, but can
phosphoresce under low temperatures.

These results can be used for synthesis
of new photostable emitting dyes for fluo-
rescent polymer compositions.
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®DoToizuuHi Ta PoTOXiMiUHI MpPoOLECH Y MOJIEKYyJdaX
IIMHAMOLJIIIPOHIB: BIIMB Ha CIEKTPAJIbHiI BJACTHBOCTI
i ¢porocTadiabHIiCTD

HA.0.Tuxanoe, E.B.Canin, O.B.I'puzoposuu,
I.I1.Cepukxosa, @.I'' Apemenko, O./] .Powans

Pobora mpucBAueHa TOCIHiJ/KeHHIO B3a€MO3B’A8KY MiK CIEKTPAJIbHUMU BJIACTUBOCTAMU,
(oTocrabinbHicTIO, (POTOKIHETHUHUMYU XapaKTEePUCTUKAMU HOXigHuX IuHamoinmiponis (IIII)
Ta ¢porodismunuMu/PoToxiMiuHNMHU HpoIllecaMu, 110 Big0yBalOTbCA y 30yIKEHUX MOJEKYJIax
IIII. Orpumani pesynbTaTu HO3BOJAIOTH chopmyBaTu e€quHy cxeMmy Gorodisuunux i ¢o-
TOXiMiUHMX TIpolieciB, mo MaoTh Micie y 30ymxenux IIII. 3maiigeHo, M0 cHeKTpaJbHL
BiaactuBocti IIII same:kaTh Big BiZHOCHOTO po3TamryBaHHA HAWHMIKUNX 30YAKEeHUX CTAHIB
nn® i nn’ rumy. ko E'm""' < Eni;, BiTIOBifHA crOJyKa BUIPOMiHIOE i € (poTocTabinbHOW.
YV mporuiaexHOMY BUIIAAKY, SKIILO Em“ > Ennx, croaykKa He mMae (ayopecreHiiil uu ¢oroc-
TabisbHOCTi, aje BUIPOMiHIOE (ocdopeciieHIlil0 Ipu HUSBKUX TeMIileparypax. llaHi pesyib-
TATH MOMKYTb OyTH BUKOPHCTAHI IJisi CHHTE3y HOBUX (poTocTabiipHMX (hIyOpecIiieHTHUX O0apB-

HHUKIB /151 IOJiMepHMX KOMIIO3UIIili.
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