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LANTHANIDE COMPLEXES WITH REGIOISOMERS
OF CHLORO-SUBSTITUTED TETRAPHENYLPORPHYRIN

Several isomeric complexes of Yb (III) and Lu(IlI) with H,tpp and its tetrachloro-substituted
derivatives were synthesized. Symmetrical ortho-, meta- and para-positioning of four heavy
atoms allows to study their effect on emission features of complexes. Obtained results show
the rise of 4f~luminescence effectiveness in the row ortho-meta-para isomers.
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Macrocyclic tetrapyrroles were the first among macrocyclic compounds, which re-
veal 4f-luminescence sensitization in the early 1970s [1-2]. Lanthanide complexes with
macrocyclic tetrapyrroles are promising as agents for luminescent diagnostics (LD),[3]
photodynamic therapy (PDT) [4] and magnetic resonance imaging (MRI) [5] due to their
specific luminescent and magnetic properties. Note that 4f/~luminescence in these com-
plexes is possible in near-infrared (NIR) region only. Lower triplet state (T,), which is
responsible for the sensitization mechanism, can serve as energy donor for lanthanide
ions Yb**, Nd*" and Er’** that have low-lying resonant energy levels. Sensitized 4f-lumi-
nescence is a quite important phenomenon, which is already used in medicine (drugs,
markers, assay) [6], technology (fiber-optics, OLED), etc. NIR4f-luminescence is highly
demanded due to several important reasons: light of NIR region can penetrate biological
tissues much more effectively in comparison to UV/VIS ranges (UV — ultraviolet, VIS —
visual) due to very poor overlapping with absorption of bioobjects; NIR light is safe for
human in comparison to UV/VIS ranges whose action can generate dangerous radical
species; NIR photons undergo much less scattering in comparison to UV/VIS light [7].

Initially, only free bases of porphyrins were used as markers for fluorescence diag-
nostics and agents for photodynamic therapy [8]. Mainly, these were substances of natu-
ral origin, in particular, natural hematoporphyrin. These substances tend to accumulate
in tumor tissues and are capable of luminescence [9]. However, the practical use of such
markers is associated with two main drawbacks: 1. The luminescence of porphyrins is
observed in the visible range (600-750 nm) and the luminescent contrast of the image of
tumors and other objects obtained with their help is reduced due to the masking effect
of the background luminescence of substances, which present in biological tissues. 2.
An inevitable drawback of natural and closely related porphyrins is the phototoxicity of
these drugs, which makes it necessary to protect patients from exposure to bright light
on the skin for several weeks [10].

So, the present work is devoted to study of emission properties of Yb*" with ortho-,
meta- and para-isomers of tetrachlorosubstituted meso-tetraphenylporphyrin (H,tpp).

DOTI: https://doi.org/10.18524/2304-0947.2021.3(79).240750 27
© N.N. Semenishyn, 2021



N.N. Semenishyn

DISCUSSION OF THE RESULTS

There are three methods for the synthesis of lanthanide porphyrinates (Scheme 1):
using 1,4-dichlorobenzene (DCB) [11], 1,2,4-trichlorobenzene (TCB) [3], or imidazole
(Im) [12] as a solvent. It should be emphasized that the use of the imidazole method led
to a rapid resinification of some porphyrins even in an inert medium in the very first min-
utes of the synthesis. Thus, the complexes were prepared using TCB and DCB.

LnAcac,
_—

TCB, reflux

Scheme 1

Synthesis of tetraphenylporphyrinates of lanthanides (Ln=Yb, Lu; R=H, CI).
1-Ln=Yb, R=H. 2 — Ln=Yb, R=0-Cl. 3 — Ln=Yb, R=m-Cl. 4 — Ln=Yb, R=p-Cl.

Acetylacetonate was used as the starting lanthanide compound. This choice is based
on the fact that, as was shown earlier, in the case of -diketones as extra ligands, the
efficiency of 4f~luminescence is higher than in the case of halides [3]. In this case, the
use of acetylacetonate as an extra ligand in the series of lanthanide porphyrins of the
same type with various pB-diketones leads to higher values of the quantum yields of 4f-
luminescence.

A diagram of the dependence of the yield on the temperature and synthesis time was
obtained (Fig. 1). Obtained graph shows that the long synthesis time is accompanied by
the pyrolysis of the starting lanthanide acetylacetonates (gray zone: yield < 50%); there-
fore, long-term syntheses are not preferable. It should be noted that although TCB is an
optimal synthesis medium, there are nevertheless certain limitations for its use. Firstly,
inorganic salts of lanthanides are insoluble in either TCB or DCB; therefore, imidazole is
used in this case. Secondly, some porphyrinates cannot be obtained in TCB due to their
low thermal stability, such as modified porphyrins. An attempt to use DMF as a synthesis
medium did not lead to satisfactory results, since during 48 hours of synthesis, no com-
plex appeared in the system, and after this time, it was not possible to detect the starting
acetylacetonate, which completely underwent pyrolysis.

Thus, we used the procedure for preparing complexes in TCB, since the yield in this
case is highest. The synthesis was carried out using lanthanide acetylacetonate as salt
according to the scheme (Scheme 1) with the formation of complexes with the ratio lan-
thanide: porphyrin: extra-ligand = 1:1:1. In the FAB mass spectra of all complexes, the
molecular ion peak is absent. The most intense peak belongs to the fragment Ln-Porph™.
NMR spectra recorded for Lu-complexes only (other lanthanide ions act as strong shift
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Fig. 1. Diagram: yield of the complexes — temperature — synthesis time

agents and NMR spectra became quite hard for the interpretation). Phosphorescence
spectra of Lu-complexes were recorded to determine the T, (lower triplet) levels.

meso-Tetraarylporphyrins are characterized by the etio-type of the absorption spec-
trum — the increase in the intensities of the O-bands occurs in the following order: I <II
<III <IV. Data on the absorption spectra of the studied ligands and their complexes are
presented in Table 1. The introduction of phenyl substituents (1) leads to a bathochromic
shift of all four O-bands, as well as the Soret band, in comparison with porphine (Por).
The electron-withdrawing substituent -Cl in para-position (compound 4) has practically
no effect on the position of the bands in the absorption spectra of ligands in comparison
with H,tpp.

The study of regioisomers 2, 3 and 4 with different spatial arrangements of substitu-
ents in the structure of porphyrins and their complexes allows finding dependence of
both absorption spectra and luminescence properties on its location in the structure.

The introduction of the Cl-substituent into the phenyl rings changes the absorption
spectra of the ligands: the greatest changes are observed for ortho-derivatives — the
bathochromic shift of the first band is 38 nm compared to porphine and 5 nm compared
to H,tpp. The substituents in the meta- and para-positions change the absorption spectra
lesser.

The results confirmed that ortho-substitution has the most significant effect on the
absorption spectra due to a change in the conformation of the C-C bond of the meso-
carbon atom and the carbon atom in the first position of the phenyl group. In this case,
the phenyl rings are almost at a right interplanar angle to the macroring.

Molecular fluorescence of tetraarylporphyrins is realized due to the radiative tran-
sition S,—S. The luminescence parameters of all H,tpp derivatives have comparable
values (Table 1). Substitution in the para-position of phenyl has practically no effect on
the quantum yield and the luminescence lifetime of the porphyrins. A decrease in these
values for halogen derivatives is associated with the internal effect of a heavy atom,
which leads to an increase in the probability of intramolecular intercombination transi-
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Lanthanide complexes with regioisomers of chloro-substituted tetraphenylporphyrin

tions (IIT). This results in quenching of fluorescence and a reduction in the lifetime of
the T -state. Despite the fact that, due to the non-coplanarity of phenyl rings with por-
phyrin, chlorine atoms are largely isolated from the conjugated chromophore system,
in the studied systems the phosphorescence quantum yield (¢,) sharply increases as the
halogen atom moves from para- to ortho-position from 9.4-103 to 6.6-10*. This means
that the singlet states are mixed with the T, state under the influence of heavy atoms.
Thus, a decrease in the fluorescence quantum yield (¢,) and an increase in the quantum
yield of intercombination conversion (¢, ) are in good agreement with an increase in the
phosphorescence efficiency (¢, —phosphorescence quantum yield) in the series of para-,
meta-, and ortho-chloro-substituted H,tpp derivatives.

The lifetime of molecular fluorescence (t,) decreases like the quantum yield in the se-
ries of para-, meta-, and ortho-chloro-substituted H,tpp derivatives and does not change
in the series of various substituted para-H,tpp derivatives (Table 1).

The shift of the phosphorescence band maximum is observed in the case of a change
in the position (Table 1). Thus, upon going from the para- to meta-position, the hypso-
chromic shift is 6 nm, and from the meta- to ortho-position, 9 nm. This is a consequence
of the close location of the chlorine substituent to the porphyrin chromophore, which
causes a redistribution of the electron density and consequently affects the position of
the triplet emitting level.

Luminescence of Yb*" ions is observed in all studied complexes (Fig.2) in the re-
gion of 980 nm upon excitation in a wide spectral range (300-600 nm); however, it is
most efficiently realized upon excitation at the maximum of the Soret band. The almost
complete similarity of the 4f/~luminescence excitation spectra of Yb*" in porphyrinates
with their absorption spectra indicates that Yb* ions serve as acceptors of the excitation
energy from the organic part of the complex.

I, a.u.
300000

250000

200000

150000

100000

50000

850 900 950 1000 1050 1100 1150 1200
A, nm

Fig. 2. Non-smoothed (original) 4/~luminescence spectra of Yb-complexes 2, 3 and 4
(ortho-, meta- and para-isomers of tetrachloro-substituted Yb-tpp)
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Difference between the values of the triplet and singlet levels of the complex, as well
as the triplet and resonance levels of the ytterbium ion °F, ,, does not undergo significant
changes in the series of complexes with para-substituted H,tpp derivatives. For com-
plexes with meta- and para-isomers of meso-tetrachlorophenylporophyrin, the values of
4f-luminescence quantum yields also hardly differ, in contrast to the complex with the
ortho-isomer (@, = 3.4 is the minimum value in the presented series). It is obvious that
the effect of the heavy atom is most pronounced in this isomer, since the distance from
the chlorine atom to the emitting ion in this case is minimal. Recently, it was shown
that such ortho-positioning of substituent in macrocyclic tetrapyrroles even can lead to
formation of prototropic isomers due to electronic redistribution [13]. It should also be
noted that the difference between the lower triplet state of the complex and the resonance
level °F,  in this case is maximum, which suggests the presence of additional ways of
deactivation of the excitation energy.

It should be emphasized that the values of the quantum yield for all the studied Yb-
tetraarylporphyrinates are significantly higher than for all Yb-tetraalkylporphyrinates,
which were studied earlier [14]. This effect is associated with the presence of partial
conjugation of the phenyl rings at the meso-positions, and, as a consequence, a higher
population of all energy levels, including the T, level, from which the energy is trans-
ferred to the resonance level of the Yb** ion. Another possible explanation is that the first
carbon atom of the meso-substituent does not contain C-H bonds, the vibrational absorp-
tion bands of which are close to the value of the T,—°F, | transition. In meso-tetraalkyl-
porphyrins, on the contrary, the first carbon atom contains two such bonds, which, appar-
ently, is reflected in a sharp decrease in the 4f/~luminescence intensity.

To conclude, we synthesized several regioisomeric complexes of Yb(IIT) and Lu(III)
on the base of chloro-substituted H, tpp. It was found out, that values of the quantum
yield of arylporphyrinates of ytterbium are significantly higher than for alkylporphyri-
nates. Position of the heavy atoms in four phenyl rings of Yb-tpp affects its photophysi-
cal features drastically, thus in the row ortho-meta-para isomers IIT slows down, which
leads to increase of @, ¢, T, and, on the other hand to decrease of ¢, and ¢,

EXPERIMENTAL PART

Spectra of molecular fluorescence, 4f-luminescence and excitation spectra were re-
corded on a spectrofluorimeter “Fluorolog FL 3-22” (“Horiba Jobin Yvon”) using 450 W
Xe-lamp. Spectra of molecular fluorescence of porphyrins, corroles and phthalocyanines
were registered at 550-800 nm (S-S, transitions). Integral intensity of luminescence was
measured using software of the device. The relative quantum yield of molecular fluo-
rescence (¢,) was determined using solution of Zn-tpp in ethanol as a primary standard
(0.022). Determination of the @, (accuracy is £10%) was made using formula:

o= ¢, L Apn /(1A n?),
where @, and ¢_— luminescence quantum yield of the standard and of the sample respec-
tively,

A, and A — absorption at the wavelength of Soret band of the standard and of the
sample respectively,
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I and I — integral luminescence intensity of the standard and of the sample respec-
tively,

n,and n_- refractive index of the standard solvent and of the sample solvent respec-
tively.

Fluorescence lifetime (t) was measured under excitation at the Soret band.

Purity of the obtained compounds was checked by TLC Sorbfil plates (grain 5-17 pm,
UV-254, thickness 0.1 mm) by Imid Ltd. "H NMR-spectra were recorded using Bruker
Avance 600 or 400 MHz in CD,OD. Mass spectra FAB were recorded on a Varian MAT
CH-112 spectrometer (Varian BV, Middelburg) using m-nitrobenzylalcohol as the ma-
trix. Elemental analysis was performed on CHNS analyzer Flash 2000 Thermo Scientific.

Synthesis of starting porphyrins and complexes was performed accordingly to known
procedures for these compounds [15-18].
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KOMIIVIEKCHU JTAHTAHIAIB 3 PEI'TOI3BOMEPAMMUA
XJIOPO3ZAMIIIEHOTI'O TETPA®OEHIJIIIOP®IPIHY

B po6orti Oyio cuHTE30BaHO AEKiIbKa Perioi3oMepHUX KoMIUTeKciB itep6ito (I11) Ta mroreriro
(IIT) 3 me3o-rerpadeHinnopdipuHOM Ta HOTro TETPaxJIOp-3aMillleHUMH MOXiAHUMH. Bus-
YEHO OCOONMBOCTI TPOTIKAHHS CHHTE3y KOMIUIGKCIB JIAHTAHIAIB 3 MOXIAHHUMH ME30-
terpadeninnopdipuny. [TokasaHo, mo cepes ICHYIOUYNX OJHOCTAaIiHHUX MPOLECIB CUHTE3Y
1,4-muxmo6enson Ta 1,2,4-TpuxiopOeH3071 € ONTUMATBHUME CEPEIOBUIAMH IS IPOBEICH-
Hsl cHHTe3y. [0OJIOBHUM YHHOM L€ MOB’S3aHO 3 AECTPYKIIEIO/MIPOIII30M K IEIKUX BUXITHHX
nopQipuHiB, Tak i 0araTboX BHUXIIHUX CIIONYK JaHTAHIAIB Y pa3i BUKOPUCTAHHS 1Miga30iy
B SIKOCTi cepenoBuiia. BiracHa ¢uyopecieHiis XJI0pHoXiHUX OpQipHHIB CrIoCTepiracThes
B 3BHYaitHOMY fmianaszoni 600-750 M, ane 11 eeKTHBHICTH ITOMITHO 3HIKYETHCS Y PSLY Tapa-
MeTa-opTo-i3oMepiB. Ha BinMiHy Bia KOMIUIEKCIB iTepOito 3 Me30-TeTpaankiinopdipuHamu,
BCI TpEICTaBIeHI KOMIUIEKCH HA OCHOBI MOXiTHHX Me30-TeTpadeHITnopdipuHy MalTh
JIOBOJIi BUCOKY €(DeKTHBHICTb 4/-M0OMiHecIeHIiT ioHy iTepOito. CuMeTpuuHe OpTo-, METa- Ta
napa-rno3uLiOHyBaHHS YOTHPHOX «BKKHUX» aTOMIB XJIOPY JO3BOJISE BUBYMTHU iX BIUIUB Ha
eMiCiifHi 0COONMBOCTI KOMIUIEKCIB B 3aJISKHOCTI Bijl BijicTaHi 10 xpomodopy nopdipuHy Ta
ioHy-BHNIpOMiHIOBadYy. OCHOBHHH (DaKTOp, SKUIl YHHUTDH «BAXKKUI» aTOM eMICIHHIN chucTeMi
KOMILJIEKCY 1€ TIPUCKOPEHHsS BHYTPIIIHBOMOJEKYISPHOI iHTEpKOMOIHALiNHOI KOHBepCil.
IIpo 1e, 30kpema, CBITYATH ITiJBUIICHHS KBAHTOBOTO BUXOY 1HTEPKOMOIHAIIHOT KOHBEPCiT
3 0.88 1m0 0.98 sika, BHACHiOK Jii «BaXKKMX» aTOMIB MOXKE Kpalle KOHKYypPYyBaTH 3 iHIIMMH
¢doTodiznuHIMHI TIporiecaMH y MOJeKyni. 3 IHIIOro OOKy HACHiIKOM TaKOTO SBHUINA €
MiIBUIIEHHS KBAaHTOBOTO BHXOAy (ocdopecueHuii mopdipuHy Ha mopsaok (3 6.7-10° no
6.6-10). OTpumMaHi pe3ynbraTi IeMOHCTPYIOTh 3pOCTaHHs e()eKTHBHOCTI 4f-IIFOMiHECLICHIII]
ioHy iTepbiro mpH mepexodi 3 opTo- A0 MeTa- Ta mapa-i3omepiB kommuiekciB 3 3.4-10° no
4.3-10°.

KuarouoBi ciioBa: nantaniam; nopdipuHU; i30MepH; 4f-TIOMiHECIICHIIIST; CCHCUO1Ti3alis.
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KOMIIJIEKCBHI IAHTAHU OB C PETUOU30MEPAMU
XJIOPO3AMEIIEHHOI'O TETPAOEHNUJIIOP®UPUHA

B pabote OblIM CHHTE3UPOBAaHBI HECKONBKO PErHOM30MEPHUX KoMIuiekcoB urtepous (III)
n morenus (III) ¢ me3o-TerpadeHHIIOPGUPHHOM 1 €ro TeTpaxiIopo-3aMeIeHHBIMH IIPO-
U3BOJHBIMHU. V3ydeHbl 0COOCHHOCTH MPOTEKAHUS CHHTE3a KOMIUICKCOB JAHTAHUJIOB C IIPO-
N3BOIHBIMU Me3o-TeTpadenmmopdupuna. [Toka3aHo, 9TO Cpean CyIIECTBYIOIIUX OJHO-
CTaIUIHBIX MPOLECCOB CHHTe3a, 1,4-muxmnobenson u 1,2,4-TpuxaopOeH301 SBISIOTCS
ONTHMAJILHBIMH CPElaMH JJIsL IIPOBEICHMS CHHTe3a. [J1aBHBIM 00pa3oM 1TO CBSI3aHO C Jie-
CTPYKLHEIl/MUPOIN30M KaK HEKOTOPBIX MCXOAHBIX MOP(PUPHHOB, TaK M MHOI'MX HCXOJHBIX
COEIMHEHHH JIAHTAHNUIOB TIPH UCIIOIb30BAaHUN MMHKIa30i1a B KadecTBe cpenbl. CoOCTBeHHas
(ryopecueHIMs XJIOPIPOM3BOAHBIX NOpGUPHUHOB HaOmomaeTcs B OOBIYHOM JAWAla3oHe
600-750 HM, HO €€ 2(PEKTHBHOCTH 3aMETHO CHIIKACTCS B PSAY Iapa-MeTa-OpTO-H30MEPOB.
B ommnyne OT KOMIUIEKCOB UTTEPOUsS ¢ Me30-TeTPAAIKHIIOpGUPUHAMH, BCE MPECTABICH-
HBIe KOMIUTEKCHI Ha OCHOBE IIPON3BOAHBIX Me30-TeTpadeHIIIoppUPHUHY HMEIOT JOCTATOYHO
BBICOKYIO 3 ()eKTHBHOCTb 4/~TIOMUHECLICHIIMI HOHA UTTepOusi. CHMMETPUYHOE OPTO-, METa-
U TIapa-Mo3UIIMOHNPOBAHNE YETHIPEX «TSDKEIBIX) aTOMOB XJIOPA ITO3BOJISIET H3yYHUTh UX BIIU-
SIHME Ha YMHCCHOHHBIC 0COOEHHOCTH KOMIUIEKCOB B 3aBUCHMOCTH OT PACCTOSHUS 110 XPOMO-
¢hopa nopdupuna 1 noHa-m3Iydarens. OCHOBHON (haKTOp, KOTOPHII OKa3bIBACT «TKEIBIN
aTOM SMHCCHOHHOW CHCTEME KOMIUIEKCA, 3TO YCKOPEHHE BHY TPUMOJIEKY/IAPHOH HHTEPKOMOHU-
HaIMOHHOH KoHBepcHH. OO 3TOM, B YaCTHOCTH, CBUJICTEIHCTBYET ITOBBINICHHE KBAaHTOBOTO
BbIXOJIa HHTEepKOMOUHaMOoHHON koHBepcun ¢ 0.88 mo 0.98, koTopas, BCIenCTBUE ASHCTBUSL
«TSDKEIIBIX» aTOMOB, MOXKET JIydIlle KOHKYpPHPOBATh C IPYTHUMH (OTO(GU3MIECKUMH MTPOLEC-
camu B MoJiekys1e. C Ipyroif CTOpOHBI, KaK CJIEACTBHE 3TOTO SBICHHSI, HAOMOAAETCS MOBBILIe-
HHE KBaHTOBOTO BbIX0/a (hocdopecieHnnn nophupuna Ha mopsaok (¢ 6.7-10° no 6.6:104).
ITonmyueHHbIE Pe3yabTaThl AEMOHCTPUPYIOT POCT 3P (HEKTHBHOCTH 4/~TIOMUHECLICHIIMN HOHA
UTTEpOUS PH MEPEXoJie C OPTO- K MeTa- U Mapa-u3oMepam KOMIUIEKCoB ¢ 3.4-107 1o 4.3-1073.

KoroueBnle coBa: JaHTaHUBI, TTOPOHUPHUHBI, H30MEPHI; 4f-TIOMUHECIIEHINS; CEHCHOMIHN-
3aIus.
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