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INVESTIGATIONS OF BIS-CHROMOPHORE SYSTEMS:
RELATIONSHIP BETWEEN SPECTRAL BEHAVIOUR AND CHARGE TRANSFER
IN 2-(3-COUMAROYL)-BENZOPYRYLIUM PERCHLORATES

The dependence of spectral properties and interfragmental charge transfer (ICT) on excitation, relaxation and excited state deac-
tivation of 2-(3-coumaroyl)-benzopyrylium perchlorates has been analyzed. It was found that the positions of emission bands and rate
constants of radiationless deactivation linearly correlate with ICT upon excited state deactivation, and Stokes' shifts of fluorescence
demonstrate linear dependence on ICT upon structural relaxation in the excited state.
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Introduction. Bis-chromophore systems are suitable
models for photometric investigations of the interfragmental
charge transfer and energy transfer, as well as they could
be used for construction of new indicators, photochromes
and biological probes [1]. The present work is devoted to
investigations of 2-(3-coumaroyl)-benzopyrylium
perchlorates (CBP) — bis-chromophore systems including
coumarin (C) and benzopyrylium (BP) fragments (Scheme

1). The majority of dyes containing coumarin chromophore
have high quantum yields of fluorescence, that's why they
are frequently used as fluorescent markers and indicators
[2; 3]. Coumarin derivatives often demonstrate
solvatochromic effects [2; 4], that permits to use them as
medium polarity sensors. Benzopyrylium derivatives are
sensitive to medium nucleophility, demonstrate photo-
chromism and have a pH-dependent fluorescence [5].
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Fig. 1. Structures of the investigated CBP.

The dihedral angle between C and BP in the CBP
cations is close to zero that ensures maximal coupling of
the fragments. The linkage of C and BP leads to the
transfer of negative charge from C to BP fragment that
results in the growth of the positive charge on the coumarin
moiety. The electronic structure of the fragments, thus,
differs from that of the unconnected benzopyrylium and
coumarin chromophores, which explains the unusual
spectral behaviour of the CBP cations. The excitation of
CBP changes electron-donating and electron-withdrawing
properties of C and BP that leads to an additional
interfragmental charge transfer (ICT).

The present work was aimed to investigate the
electronic structure and spectral properties of CBP
dimethylamino derivatives with different redistribution of the
positive charge between fragments in the ground state and
ICT upon excitation.

Results and discussion. Theoretical estimations of
charge redistribution between C and BP in the ground state
and upon excitation were carried out using DFT and TD DFT
methods. The charge redistribution in the ground state was
determined relatively to a model CBP system, where the
dihedral angle between C and BP is 90° and the charge on
BP fragment is +1. The value 1—qgp corresponds to the
quantity of negative charge going from C to BP fragment.
The interfragmental charge transfer upon excitation was

calculated relatively to the charge on the BP fragment in the
ground state. The obtained results are listed in Table 1.

In the case of non-substituted CBP investigated
previously [6], BP has charge +0.706& corresponding to
the transfer of 0.294é from C to BP, followed by the CBP
ion flattening. The introduction of the electron-donating
dimethylamino group in C increases the electron-donating
ability of this fragment, whereas the dimethylamino group
connected to BP decreases its electron-accepting ability.

In the result, I with the dimethylamino group introduced
to C demonstrates a substantial growth of the
interfragmental redistribution of the positive charge (the
charge on BP is +0,589 &), and, when the dimethylamino
group is connected to BP, the delocalization of the positive
charge is minimal, and the charge on BP (+0,793¢€) is higher
than in unsubstituted CBP. lll with dimethylamino groups in
both C and BP fragments shows similar charge redistribution
to that for unsubstituted CBP, although the N(CHzs), group in
C demonstrates higher electron-donating ability.

In the Franck-Condon excited state (So—S:™°) the
influence of dimethylamino groups increases. The data in
Table 1 show that the intensity of ICT upon excitation
linearly depends on the redistribution of positive charge in the
ground state (Fig. 2): the higher the charge on the BP
fragment, the lower the ICT. In the case of I with the maximal
positive charge on BP, ICT C—BP upon excitation is blocked.
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Table 1
Charges on the benzopyrylium fragment, inter-fragmental charge transfer (ICT) and dipole moments
in the ground and excited states obtained by DFT/TD DFT methods*
Charges on the benzopyrylium ICT upon ICT upon relaxation in ICT upon excited Au ¢ » (D)
fragment, (6) excitation, () the excited state, (€) state deactivation, (€) So—S; ’

So S1FC S, SONR
i 0.589 | 0.487 0.505 0.666 0.102 -0.018 -0.161 0.67
/] 0.793 | 0.797 0.891 0.734 -0.004 -0.094 0.157 1.59
Il | 0.685 | 0.637 | 0.543 0.741 0.048 0.094 -0.198 1.90

*Positive charges are given for the ground state (S;), Frank-Condon excited state (S1F°), relaxed excited state (S1) and non-relaxed

excited state (Sngr).

An_ .~ dipole moment changes upon excitation (So—S:°).
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Fig. 2. Plot of the S—8,"°

DurlngF the structural relaxation process in the excited
state (Sy °—>Sy) directions and intensities of ICT are
individual for each compound. No dependence of ICT on
the charges on fragments in Sp and S~ was found.

ICT upon, excited state deactivation (S1— Sp ) is
proportional (R 0.981) to the sum of charges transferred upon
excitation (Sp— S1FC) and excited-state structural relaxation

charge transfer against the value of positive charge on BP

process (S1FC—> S1), but it occurs in the opposite direction. The
dependence found can be described by the foIIowmg equation:
Aq(S1—> So R) =-0.636x (Aq(So—>S1 ) + Aq(S1 —>S1))

To estimate the relationship between ICT processes upon
excitation, relaxation, deactivation of the excited state and
spectral behaviour, we have measured spectral parameters of
CBP in dichloromethane and acetonitrile (Table 2).

Table 2
Spectral characteristics of CBP in dichloromethane and acetonitrile
Aabs, Vabs, Aq, Vi, Avg;, T, ks x10™, ky%107,
Solvent | (mj (cm™) (m) | (em") | (cm") ¢ (ns) (s") (s")
I CH,Cl, 627 15950 689 14515 1435 0.12 2.8 4.3 3.1
CH3CN 612 16340 695 14390 1950 0.02 22 0.9 4.5
n CHCl, 554 18050 668 14970 3080 0.01 1.1 0.9 9.0
CHsCN 548 18250 683 14640 3610 0.009 1.5 0.7 6.6
/] CH,Cl, 670 14925 695 14390 535 0.57 3.6 16.0 2.6
CH3CN 653 15315 700 14285 1030 0.35 24 15.0 2.7

*Aavs, A — wavelengths of absorption and emission band maxima, va.s, Va — wave numbers of absorption and fluorescence band

maxima, Avg; —
the radiationless deactivation.

The data presented in Table 2 show that long-
wavelength bands in absorption spectra undergo a
hypsochromic shift on going from dichloromethane to
acetonitrile. Taking into account the growth of CBP dipole
moment upon excitation (Table 1) the observed spectral
phenomenon cannot be explained by influence of the
medium polarity. The most probable cause of hypsochromic
shift seems to be the formation of nucleophile complexes
between the BP fragment and acetonitrile molecules, which
were found earlier in solutions of 2-phenylbenzopyrylium
salts [5, 7]. The strength of a nucleophile complex increases
with a growth of positive charge on BP fragment. Upon
excitation, the charge on BP decreases, therefore the
stability of the nucleophile complex of CBP (and stabilizing
effect of nucleophile solvent) must be lower in the excited
state than in the ground one. This results in the increase of

Stokes' shifts of fluorescence, @, T — quantum yield and lifetime of fluorescence, krand k, — emission and rate constants of

the long-wavelength transition energy in the absorption
spectra. In the case of I, where, according to the
calculations, the positive charge delocalization upon
excitation does not take place, the minimal hypsochromic
shift in absorption spectra has been found.

On going to acetonitrile, I and Ill show bathochromic shifts
of emission bands and, simultaneously, a substantial de-
crease of quantum yields of fluorescence and lifetimes in the
excited state. Il demonstrates a greater bathochromic shift of
emission band under the increasing of medium polarity,
however it has low fluorescence intensity independent on
solvent nature. Stokes' shifts of fluorescence of Il are 2-3
times greater, than those of I and /ll, which indicates more
significant structural relaxation of I in the excited state.

It is worth to note a linear plot (R 0.982 for dichloro-
methane and 0.965 for acetonitrile) of the rate constants of the
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radiationless deactivation (kq) and the positions of emission
band maximums in CBP fluorescence spectra. Red shift of the
bands results in the increase of ky. This means that the main
way of radiationless deactivation is radiationless internal con-
version, due to low values of S1—Sy transition energy.
Comparison of the positions of absorption bands and
calculated values of ICT upon the excitation does not show
any correlation. A probable cause of that is the influence of
the above mentioned specific interactions of CBP
derivatives with solvent molecules, as well as the influence

of medium polarizability, which were no taken into account
in the calculations.

Meanwhile, ICT upon the excited state deactivation
shows good correlation with the positions of emission
bands and, correspondingly, with the rate constants of
radiationless deactivation (Fig. 3). The best correlation was
observed for CBP solutions in dichloromethane
(R? = 0.988), where the influence of environment is minimal.
Hence, it is possible to conclude that fluorescent properties
of CBP derivatives are directly connected with ICT.
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Fig. 3. Plot of emission band maxima against S-SR ICT (a — in dichloromethane, b — in acetonitrile).

Stokes' shifts of fluorescence reflect relaxation
processes in molecules, and that is why the comparison of
Avst and ICT for the relaxation process S1FC—>S1 seems to
be true. The dependence between Aqg ICT and Avs; is also
linear with high correlation coefficients (R*= 0.926 for both
solvents).

Conclusions. The comparison of the experimental and
theoretical data shows that such spectral characteristics of
CBP derivatives as positions of emission bands, Stokes'
shifts of fluorescence, and rate constants of radiationless
deactivation are concerned with the charge transfer
between coumarine and benzopyrylium fragments. The
obtained dependences allow to make directed synthesis of
charged bis-chromophore systems with high sensitivity to
medium properties and improved spectral characteristics.

Experimental part. Spectral parameters of the CBP
perchlorates were measured in dichloromethane and
acetonitrile solutions, CBP concentrations were in the
range of 1.0-5.0x10-5 M. Absorption spectra were
measured on a Hitachi U3210 spectrophotometer,
emission spectra and quantum yields of fluorescence were
measured on a Varian Cary Eclipse spectrofluorimeter
(fluorescence standard — Cy5 in water (¢ = 0.25)), lifetimes
were measured on a ISS ChronosFD fluorimeter (fluo-
rescence standard — Alexa 647 in water (1 = 1.1 ns)).
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Calculations of Mulliken charges on the CBP fragments
were carried out using DFT and TD DFT levels of theory [8]
with the B3LYP functional and cc-pVDZ basis set
implemented in the Gaussian 09 program package [9].
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AOCHIAXEHHA ANXPOMO®OPHUX CUCTEM: BBAEMO3B'A30K MDK CMEKTPAJIbHOIO NOBEAIHKOIO TA ME-
PEHOCOM 3APALOY B NEPXITOPATAX 2-(3-KYMAPOIN)-BEH30MIPUNIIO

BueyeHo 3anexHicmb cnekmpanbHUX efacmueocmeli nepxsopamie 2-(3-kymapoin)-6eH3onepunito eid iHmeHcusHocmi eHympiwWHLOMOJIEKY-
nsipHo20 nepeHocy 3apsidy (BI13) npu 36ydxeHHi, penakcayii i desakmueauyii 36ydxeHo20 cmaHy. Byno eusiesieHo, W0 MOJIOKEHHS MaKCuUMyMie
cMmye ¢hnyopecyeHyii ma koHcmaHmu weudkocmi 6e3eunpomiHroganbHoi de3akmueauyii niHiliHo kopentotoms i3 BI3 nidyac dezakmueayii 36y-
dxeHoz20 cmaHy, a Cmokcoei 3cyeu ¢priyopecyeHuyii deMoHcmpyroms NiHiliHy 3anexHicmb 8i0 eenuyuHu Bl13 e npoueci cmpykmypHoi penakcauyii

y 36y0KeHOMY cmaHi.

Kntoyoei crnoea: noxidHi kymapuHie, kamioH 6eH30Mipunito, e1IeKMmpPOoHHa CreKmMpPOoCKonisi, nepeHoc 3apsidy.
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NCCNEAOBAHUE OUXPOMO®OPHbIX CUCTEM: B3AUMOCBA3b MEXAY CMEKTPAJIbHbIM NOBEAEHMEM U
NEPEHOCOM 3APALOA B NEPXITOPATAX 2-(3-KYMAPOWUN)-BEH30NMNPUNNA

N3yyeHa 3asucumocme criekmparsnbHbIX ceolicme nepxmaopamos 2-(3-kymapoust)-6eH30nupusiusi om UHMEeHCU8HOCMU 8HYMPUMOJIEKYISIPHO20
nepeHoca 3apsida (Bl13) npu eo36yxdeHuu, penakcayuu u de3akmueayuu e036yxdeHHO20 cocmosiHusi. bblno ycmaHoeneHo, Ymo nosoxeHust
MaKcuMyMoe roJsioc ¢hsiyopecyeHyuu u KOHcmaHmsl ckopocmu 6e3bi3nyyamensHol de3akmueayuu suHeliHo koppenupytom ¢ BI13 npu dezakmu-
sayuu 8036yx0deHHO20 cocmosiHusi, a Cmokcoebl cdsuau ¢hriyopecyeHyuu deMoHcmpupyom nuHeliHyr 3agucuMocmb om eenuyuHbl B3 npu

cmpykmypHo& penakcayuu e 6036y)l(aeHHOM cocmosiHuu.

Knroyeenle crioea: npou3eodHble KYMapuHoe, KamuoH 6eH30Mupuslusi, 37IeKMPOHHasi CIeKMPOCKONUsi, MepeHoc 3apsda.
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PEAKLIA MAHIXA B PAAY 3-(FrIAPOKCU®EHINT)I3BOKYMAPUHIB

Po3pobrnieHo Memod odepxaHHsI aMiHOMemMUuJIbHUX MOXiOHUX 3-apusli3oKymapuHie ma 3-apun-3,4-0u2idpoizokymapuHie wisixom Oii
amiHanel ¢popmanbOezidy Ha 3-gheHinizokymapuHu ma 3-¢heHin-3,4-0u2idpoi3oKymMmapuHu, wo Micmsimb 2iOPOKCUSbHI 2pynu y ¢heHinb-

HOMY 3aMiCHUKY

Knroyoei cnoea: izokymapuHu (1H-izoxpomeH-1-oHu), amiHanb, ocHoeu MaHixa

BuikopucTaHHst  i3okymapuHiB  (1H-i30XxpomeH-1-0oHiB) y
CVHTE3i Pi3HUX KNaciB opraHiYHMX crionyk obymMoBrieHe ne-
penyciM nabinbHICTIO Ta BUCOKOK peakLUiiHOW 34aTHICTHO a-
nipoHoBoro uukny. Tak, A4aBHO BigoMi peuyknidadii i3okyma-
pvHiB nig gieto N-Hykneodinie [1] € 3py4yHUM meTodom Ans
CMHTE3y PeyvoBWH psidy XiHOMiHY, Lo € 6nm3bkumn 3a bygo-
BOIO [0 NpUpOaHUX ankanoiais [2]. Bsaemogis i3okymapuHiB
i3 enekTpodinbHUMN areHTamu, Hanpuknag, 3amilleHHs B
apomaTuyHoMy sapi, BiabyBaeTbCs, Sk npaswno, 3i 36epe-
XKEHHSAM i30KyMapUHOBOI CUCTEMM Ta BMBYEHA 3HAYHO MEH-
we, xo4a Mornmn 6 cTaT iHCTPYMEHTOM ANSi OAepXaHHs
Pi3HOMaHITHUX (PyHKLiOHaNi30BaHUX i30KyMapUHIB.

PaHiwe Hamu Gyna npoBefeHa peakLis cynboxnopy-
BaHHsA 3-apunisokymMapuHiB Ta ofepxaHo pag CyrnbgoHin-
xnopuaie Ta cynb@oHinamigis 3 i30KymapuvHOBMM S4POM
[3]. Oana poboTa npucBAYeHa OOCMIOAXKEHHIO aMiHOMETU-
NoBaHHA 3a MaHixoM i30KkyMapuHiB, O MiCTATb aKTUBHUN
0O enekTpodinbHOI atakm apomatuyHuiA 3amicHuk. Okpim
MOXITMBOCTi NEPETBOPEHHS aMiHOMETUNBHOTO parmMeHTy
y iHWi yHKUiOHanbHI rpynu (qaopMiany abo xnopomeTu-
nbHy 3a peakuieto Jadpda ToLwo), Mo,u.mcbmaum Monekyn

@ SnCl,

1a R',R2 = H, R® = OH;

COOH
COOH

1b R'=OH, R2=H, R® =Me; 1c R,R3=0OH, R2=H; 1d R' =

MpoBectn amiHomeTunioBaHHS peyoBuH 1a-d y knacud-
HWUX Oanst peakuii MaHixa ymoBax, To06To fieto chopmansaerigy
Ta BTOPUHHOIO amiHy B KMCMOMY CepefoBWLLi, He BAanocs,
MNMOBIPHO, 3 NMPUYNHM 3HKEHHST aKTUBHOCTI BUXIZHOI CMOMyKn
BHaCMIgOK NPOTOHYBaHHA. ToMy ANs ogepXaHHS aMiHOMETu-
TNBbHUX NOXIOHUX 3-apuni3oKyMapyHIB HaMu Byno BUKOPUCTaHO
amiHani dopmanbgerigy [6]. Peakuis npoxoguTb npu kun's-
TiHHI y iIHEPTHOMY MONSAPHOMY PO3YMHHMKY (Y AAHOMY BUMaAKy

LLUNSXOM aMiHOMETUIIIOBaHHSA 4acTO 3aCTOCOBYETbCS Ans
NigBULLEHHS PO3YMHHOCTI Ta GionoriyHoi  aKTUBHOCTI.
Cepeq 6ionoriYyHO akTMBHUX CMOMYK 3 aMiHOMETUIIbHO
rpynow BapToO 3ragatu MpUMpOaHWMA ankanoig rpamiH
(3-(ammeTunamiHomeTun)iHAoN) Ta npenapat Ans CTUMYy-
nauii gnxaneHoi yHKUiT anmedniH (pemndniH, 8-(amme-
TUNamiHoMeTun)-3-MeTus-7-MeToKCU-2-peHiNXpomeH-4-oH).

O6'ektamun gocnimkeHHs 6ynu 3-(rigpokcnddeHin)isoky-
MapuHu 1a-d, cnHTe3oBaHi aumnoBaHHAM 3a Ppigenem —
KpadpTcom akTMBHMX heHoniB roMoTaneBo K1NCNoTow B
npucyTHocTi kucnoT Jlbtoica (Hanpuknag, SnCls) 3 HacTyn-
HUM 3aMUKaHHSAM NipoHOBOro uukny [4]. Takox, BpaxoByto-
YM Te, WO i30KyMapumHM y npupogHux ob'ekTax yacrTiwe
3ycTpivaloTbCs Yy BigHOBMEHi dhopmi (romaniumH, Gepre-
HiH), 4epe3 wWo 3,4-OUriApoi3OKYMapUHN  BBaXalTbCA
Oinbll NepcneKkTMBHMMYK B NnaHi 4ocnigkeHHs ix Gionoriy-
HOI aKTMBHOCTI, Hamu Byna 3ainicHeHa cnpoba amiHoMeTw-
noBaHHa  3-apun-3,4-gurigpoizokymapuiy  2b. OcTaHHin
nerko oTpumaTu BifHOBNEHHAM BoporiapnaomM HaTpilo Bif-
NoBIQHOro i30KymapuHy [5].

MeO, R2=0H,R3=H

— abConTHWI AjoKCaH, MOXIMBE BUKOPUCTaHHSA TeTparigpo-
bypaHy) 3a BigHOCHO KopoTkui Yac (1.5-2 rog) Ta 3 BUXOAOM
56-92 %. BigmiTmo, Wwo ogepxaHi Ha 6asi i3okymapuHiB Ta
OurigpoisokymapuHie ocHoBn MaHixa, BignosigHo, 3a-c, 4a-c
Ta 5b, 6b MaloTb 3HaYHO BULLYY, MOPIBHSHO i3 BUXiAHMMW CrO-
nyKaMu, PO3YMHHICTb, 0COBNMBO Y KWUCIIOMY BOAHOMY cepe-
OOBULLi Ta Y ManononspHMX po3ynHHKMKax (Tak, crnonyka 4b
Oyrna nepekpucTani3oBaHi i3 rekcaHy).

© Wa6nukina O., LUumaHcbka H., lweHko B., Xunsa B., 2014



