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Dnekmponnoe u zeomempuueckoe cmpoeHue, Cu1080€ noJjie u KonepamenbHolil CHeKmp
MOIeKy1bl MPUC-AUemUNayemoOHama Mapzanyd é 31eKMpPoOHHBIX COCHOAHUAX ¢ MYIbMUNJIen -
nocmuto M = 1, 3u 5 6b11u usyuenvl ¢ HOMOUbI0 K6AHMOBO-XUMUUECKUX PACHEM O, 6bINOIHEH-
norx memooom DFT/UB3LYP npu ucnonvzoeanuu koppeasyuonno-co2nacoeannozo nabopa 6a-
3ucnovlx Qyukyuii CC-pVTZ. Cmpykmypa mMoaeKyavl 8 blCOKOCRUHOB0M COCMOAHUU S=2 nun
cuMMempuu 31eKmpoHH020 cOCMOoANUA °B) u ¢ Munom cummempuu pagnHosecnoii Konguzypa-
yuu C> xapaxmepusyemca naumenvuieni snepzueii. Ilpu ymom, KoopouHayuoHHwl NOAUIOP
MnQOs umeem gpopmy evimanymozo oxkmazopa. Beicokocnumnosoe cocmosanue °A coomeem-
cmeyem ceonoeoit mouke na IIII3, npu 3mom KOOPOUHAUUOHHBLI NOAUIOP RPUOOPemaem
dopmy cocamozo okmaropa. Hckarxcenue okmajlopuueckoil cmpyKmypsl KOOPOUHAUUOHHO20
nOAUIOPA 3HAUUMENBHO, U IMOM (PaKm ceudemenbcmeyem 0 nPOAGIEHUN CUIbHO20 IPPexma
Ana-Tennepa (6ubponnozo rpgpexma) ¢ snexmponnom cocmoanuu °E. Pacuemst ona Husko-
cnun068020 cocmoanua ¢ S=03asepuiunucy noayyeHuem HeoHcUOannozo pesyavmama. Onmu-
musayus cmpykmypot cummempuu Cz 014 3neKmponnozo cocmoanus “B npusena k cmpykmyp-
HbIM naApamempam moJexyvl, OAUKUM K Rapamempam, nOJAy4eHHbIM 01 I1EKMPOHHOZO0 CO-
cmosanusn *As. Ilpu smom mescvadepusie paccmoanusa Mn-O ¢ npedenax 0,001 Aokazanucs cos-
naoaWUMU ¢ pacCMOAHUAMU, HOTYUEHHBIMU 01 cmpyKkmypsl Ds-cummempuuu co cnunom
S=1.9mom pe3yrvmam coomeemcmeyem cumyauuu, Ko20a 0684 31eKmMPOHA 3ACeNAI0M PA3HbLE
op6umanu le, 061adan npomueononoNcHbIMU cRURAMU. INeKkmponnsie cocmoanus Az u ‘B
J1excam evluie, Uem 6blCOKOCcnunogoe cocmosnue na 5,2 u 17,3kxanlmons, coomseemcmeenno.
3acenennocms MONEKYAAPHBLIX OPOUMAell HAX00UMCa 8 X0pouiem cOo21acuu ¢ npPeocKa3anu-
AMU Meopul KpUCMAaNIu4ecko20 nois, c6udemenbcmeys o mom, umo d-opoumanu uona Mn**
noo08epzaromca 3amMemHoMy 8030€UCHEUI) NOJIA TUZAHO08.

Kirouessble ciioBa: s dexr Ana-Temnepa, BUOpoHHbIH 3)PEKT, mpuc-aneTHIaleTOHAT Maprasiia, CIim-
HOBOE COCTOSIHUE
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Quantum chemical calculations of the geometric stture, force fields and harmonic vi-
bration frequencies of the molecule Mn(acadpr electronic states with multiplicities M = 1, &nd
5 were performed using the GAUSSIAN 09 program retframework of density functional theory
(DFT/UB3LYP) with correlation-consistent valence tthe-exponential basis functions cc-pVTZ.
The structure with high-spin state S=2 (symmetryetéctronic statéB) possesses the lowest energy
and it is characterized by &Symmetry. The coordination polyhedron Mr@ossesses the shape of
“elongated octahedron”. The high-spin staf@ is characterized by structure of compressed octa-
hedron. The distortion of octahedral structure obaerdination polyhedron in the state®\ and°B
is significant, and this fact testifies to the stig Jahn-Teller effect, or vibronic effect, inE elec-
tronic state. The calculations for low-spin state@are notable for some specifics. The optimization
resulted in G symmetry of molecule having the symmetry of elenic state'B. The bond distances
Mn-O within 0.001 A were equal to values obtaineat tructure with @ symmetry with S=1. This
result corresponds to the situation if two electnccupy different 1e orbitals possessing opposite
spins. The spin state¥\, and 'B lie higher than the high-spin state by 5.2 and.®%cal/mol, re-
spectively. The structural features are explainedliwn a framework of simple crystal field theory
indicating that d-orbitals of Mri* ion undergo the significant influence of ligand éid.

Key words: Jahn-Teller effect, vibronic effect, manganeseddstylacetonate, spin state
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INTRODUCTION Jahn-Teller effect, although the authors of earbykwv
The Jahn—Teller, or vibronic couplingfect [1] suppose that thg distortion of the octahedoafig-
(JTE), manifests as a distortion of molecular stme uration of oxygen ligands about the manganese atom
if some electronic state is associated with degeyer appears 1o be the result of altered oxygen-metpl-ox

The structure of manganess-beta-diketonato com- gen bond an_gles rather than of a Jahn-Teller mecha-
plexes is a typical example of the manifestatiora of M'SM- Acpordlng tp later works [2-4], octahedr'almna.
ganesetris-beta-diketonato complexes are high-spin
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complexes that can undergo Jahn—Teller distortietal and using the Boltzmann equation found that the pop
the partial filling of the two-fold degeneragerbitals. ulation of Mn(acaeg) will occur with the elongation-
The character of distortion can be different. B@maple, distortion is 79%, relative to the 21% populationrid

in references [5-8] it is reported, that coordimatpoly- to have compression-distortion.

hedron M@ in the crystalline phase of some compounds The theoretical works [2,4] studied only high-
is elongation, whereas the works [3,9] testifydhposite spin state oftris-beta-diketonato complexes of Mn
type of deformation for other compounds. The agtlobr paying the attention to Jahn-Teller effect. In tim-

[4] draw attention to the results of the work Elcording nection it seems to be interesting to study thectires

to which the manganeseis-acetylacetonato demon-in all possible spin states arising from electratates
strates an irreversible solid—solid phase tramsiiith of free cation MA* corresponding to different occupa-
temperature lowering. At the temperature abouKli@ tions of d-orbitals by four electrons. The manganese
solid phase shows the Jahn-Teller orthorhombiordisttris-acetylacetonato complex, in further referred as
tion while at the room temperature the large elirotke  Mn(acac}, was studied aiming this purpose.

bond Ie.ngths do not allow to assign the type ohdah COMPUTATIONAL METHODS
Teller distortion with any certainty. _ _
It should be noted that the intermolecular in- Quantum chemical calculations of the geomet-

teraction in crystal can affect the distortion obrdi-  ric structure, force fields and harmonic vibratioe-
nation polyhedron, which, in turn, predetermines thguencies of the Mn(acadpr states with multiplicities
realized electronic state. M =1, 3 and 5 were performed using the GAUSSIAN

Authors of [2] give an overall description of09 program [10] in the framework of density funotid
the vibronic problem in case of Mn(acacfhe coor- theory (DFT/UB3LYP) [11-13] with correlation-con-
dination polyhedron M@in a molecule possessing D Sistent valence three-exponential basis functians c
symmetry decreases this symmetry torCaccordance pVTZ [14, 15]. The composition of canonic MOs were
with the Jahn-Teller theorem getting the elongatied obtained on the base of calculations at the thiewsl
compressed shape which corresponds, in turn, to R@HF/cc-pvtz and fixed geometries which were opti-
minimum or a saddle point on the PES. The calculfized by UB3LYP/cc-pVTZ. The program ChemCraft
tions at B3LYP/6-31G*(H, O, C),VTZ(Mn) resulted in [16] was used for visualization of MOs.

the structure with elongated polyhedron MnO RESULTS AND DISCUSSION
Authors of [4] carrying out the calculations at _ _
OLYP/TZP approximation have got also the structures According to the crystal field theory, the ground

with elongated and compressed coordination polyh@0d low-lying exited electronic states of Mn(agaepl-
dron for®A and®B electronic states of Mn(acaaor- ecule arise from the states of isolated catiorf"Miith

respondingly. However, they did not study the chara®Pen valence @-shell. In the high symmetrical sD
ter of the stationary point on PES for electrorates Structure of Mn(acag)fivefold degeneratedd3orbitals

°A and considering this structure as equilibrium o Mn* cation are split and form tteg molecular orbital
and two couples dfe and 2 orbitals.

N S - - . N
-y —1—- —_— —ﬁj— T —_— e ——T- '—i—' e -
A A A A A 1 ? A

¥ Y ) Y Y A\l
1E A, 3A2 3E 5
a?1e? 164 a;’1e? a,"1e® a'1e?2e’

Fig. 1. Electronic configurations and d-orbitalgtiam for most energetically favorable electronatest of Mn(acag)with D3 structure
Puc. 1.3nekTpoHHbIe KOHpHUTYpalmK 1 auarpamma d-opouraneit aust mosekynsl Mn(acac) cummerpin D3 B HU3IMINX 3IEKTPOHHBIX
COCTOAHUAX

Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. Z0Y. 60. N 4 49



Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. ZOY. 60. N 4

Table

Bond length of Mn-O, folding angle of chelate ringslong
O---0 axes and relative electronic energy in strugtes,
which are realized in different spin states of Mn(aack

molecule (according to DFT/UB3LYP/cc-pVTZ calculatbns)
Tabnuya. {auna csizsm Mn-O, yroJ ckJiaabIBaHUs Xe-
JIATHBIX KOJIell IT0 OCH O--Ou oTHOCHUTEILHASA DJIEKT-
POHHAsI SHEPIUsA IS CTPYKTYP MoJieKyJabl Mn(acack,
peau3yoImunXCcs B Pa3HbIX CIMHOBBIX COCTOSTHUAX (HO

aanabiM DFT/UB3LYP/cc-pVTZ pacueroB)

Spin Electronic state Symmetry
!B, Cy | °As, D3 [this work| [2] 2 | [4] ®

Mn -0 1.938 2.168 | 2.1472.245

Mn-0O 1.937| 1.937| 1.935| 1.934.974

Mn-0O' 1.938 1.949 | 1.951.993
Mn-O-O-C(H) | 179.3 180.0 177.2
Mn-0"-0"-C(H)| 180.0 ' 180.0

Erel 17.3 5.2 0

Notes?OLYP/TZP,? B3LYP/6-31G* (H,C,0), Ahlrichs’ VTZ (Mn)
Ipumesanms:  OLYP/TZP;° B3LYP/6-31G* (H,C,0), Ahlrichs’
VTZ (Mn)
Thea; molecular orbital containd2-AO while
the combinations ad,z2.2, Oy, dx. andd,; atomic orbit-
als are involved in degeneratednd 2 orbitals. Spa-

tributed among five molecular orbitala:( 1e and2e)
resulting in the electronic states with multipiiegt (M)

1, 3 and 5. Most energetically favorable electronic
states'E(a;?1€9), 'A(1€”), *Ax(ar?1€?), *E(ai’1€’) and
°E(a;*1€?2€e") can be constructed by consecutive occu-
pation of the orbitals;, 1e and2e (Fig. 1).

Electronic statesE, *E and°E are the orbital
degenerated, and their geometry configuration sym-
metry Dy must go down to £n accordance with Jahn-
Teller theorem. The optimization of initial moleaul
geometry Gfor the multiplicites M=1 and M=3 re-
sulted in the structures with six equal (withinGLOA)
Mn-O bonds giving the structure; Practically and cor-
responding the orbital occupationgle? (‘E and®Ay).
The optimization at Bsymmetry was successful for M=3
giving the staten?1e? (PA) but resulted in €structure
with practically equal bond lengths Mn-O for M=1.

For the multiplicity M=5 the optimization un-
der symmetry Bwas unsuccessful. In turn, the struc-
ture optimization at £symmetry resulted in the struc-
ture with compressed or elongated coordinationtsly
dron MQ; and corresponding to the electronic states
or °B, respectively. The analysis of the Hessian matrix
showed, that the compressed structure of Mn(a@ac)

tial orientations ofi-orbitals into coordination polyhe- the electronic stateA is characterized by first order
dron MnQ of Ds symmetry allow us to range the MOsaddle point on PES being the transition state dxrtw
energies as(a;) <&(1e) <&(2e). Four electrons are dis- two equivalent minima correspondec’Bostates.

b)
9
> z
Y
E d) X
9

)

Fig. 2. Mn(acac)3 structure in high-spin state (M): a) parameters of coordination polyhedron; ocedmi-orbitals in local Carte-
sian coordinates: bxg, ) de, d) dz, €) do. Orbital dz is responsible for elongation of Mn-O bonds; akesincides with symmetry axes C
Puc. 2. Crpykrypa Mosiekyisl Mn(acac) B BeicokocnaoBoM coctosiunu (M=5, 5B): a) mapameTpsl KOOpAMHALMOHHOTO MOJMIPa; 3a-

ceneHHble d-OpOUTAIHN B JTOKAIBHOM cHCTeMe KoopauHaT: D) the-yz, C) G, d) dz, €) dz. OpbuTans Oz2 OTBET-CTBEHHA 32 yATHHEHHE
ces3u Mn-O; ock Y coBniagaet ¢ ockio cummerpuu Cz
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\V/

Fig. 3. The structure of Mn(acadh high-spin statéA (corresponding to first order saddle point on P&S$ parameters of coordination
polyhedron; b) occupieday2-orbital in local Cartesian coordinates
Puc. 3.CrpykTypa Mosiekynsl Mn(acac} B BEICOKOCIMHOBOM COCTOSHHM °A (COOTBETCTBYET CEIOBOM TOUKE TIEPBOTO MOPS/IKA Ha
III13). a) mapameTpsl KOOPIMHAIIMOHHOTO MOIMAIpa; D) 3acenenHast Oxzy2-opOuTab B IOKAIBHOM AEKAPTOBOM CHCTEME KOOPAUHAT

L)
Fig. 4. The structure of Mn(acadh electronic statéA. (middle-spin state M=3) and occupied d-orbitajsp@rameters of coordination
polyhedron; occupied d-orbitals in local Cartesiaardinates: b) mixed, cyg d) cke-y2
Puc. 4.Crpykrypa Mosekynsl Mn(acac} B snektponHom coctostaun Az (cpepHecnmEoBOE cocTostHue M=3) u 3acenenubie d-
opbuTany: a)napaMerpsl KOOPAHHALMOHHOTO MONUA/Ipa; b) cMentanHas, C) 0z, d) de-y2

The bond distances r(Mn-O) and relative en- Fig. 2-4 show the shape of occupied canonic
ergy for discussed electronic states of Mn(acac@ MOs of Mn(acag) with dominating contribution aod-
listed in the Table. Calculated bond distances Mn-@rbitals of Mr#*ion for the equilibrium structures at
confirm the conclusion [2, 4] about the character alifferent spin states.

Jahn-Teller distortion of the molecule Mn(acac) Fig. 2 shows, if the symmetry of molecule goes
Atom designation is given in Fig. 2. down from 3 to G, an occupation by one electromh?3
51
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AO leads to the elongation of two axial Mn-O bondsix close bond lengths Mn-O because the $tatis re-
for high-spin statéB as it was obtained in Ref. 4. Inalized possibly due to packing forces. In this cmtion
opposite, in the stafi\ the elongation of four equato-it is interesting to study by gas-phase electréradiion
rial bonds Mn-O takes place due to an occupation tife structure, which is realized in the gas phase.

3d2 2 AO instead of 8, AO (Fig. 3). CONCLUSIONS

,, For exited electronic staté8 (C, symmetry) The high-spin electronic statB was found to
and’42(Ds symmetry), the distances r(Mn-O) are equije preferable for Mn(acacinolecule as calculated at
and shorter than for high-spin stiie Table reports that the theory level UB3LYP/cc-pVTZ. In this state the
in spite of the fact that the average bond Mn-Ghn  glecule has Csymmetry with two long and four
high-spin complex is longer, the energy of this pR  gjort Mn-O bonds. The stata lies higher than state
is lower than the energy of the low-spin compled@s  sg py 1 kcal/mol and corresponds to the first order-s
to the high energy electron coupling in the lasi.tw i point. Obviously, these states appear due i Ja

The calculations for low-spin state M=1 metrg|ier distortion of B structure possessédelectronic
some uncertainty. The optimization at the theovgle giaie The distortion of octahedral structure ofQin

UB3LYP/cc-pVTZ resulted formally in £symmetry 5 yhedron in the stat€é and®B is significant, and
of molecule having the symmetry of electronic sthite s fact testifies to strong Jahn-Teller effectfrelec-
The bond distances Mn-O within 0.001 A were equglgnic state. The spin stat¥, and'B lie higher than

to values obtained for structure M=3 withy Bym- e high-spin state by 5.2 and 17.3 kcal/mol, corre
metry. This result does not contradict the situaiio g;ondingly. The coordination polyhedron is chamacte
two elgctrons occupy differenebrbitals possessing j,aq by D symmetry for statd, and very close to this
opposite spins. symmetry for'B state. The structural features are ex-

According to Table, the structural parameters Qjained well in framework of simple crystal fieldet
the MnQ polyhedron in complexes with M=1 and M=3y; indicating that-orbitals of Mri* ion undergoes the
are practically equal because in both spin stage®bes hfluence of crystal field.

of occupied 8AOs are directed between bonds Mn-O Acknowledgements. This work was sup-
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