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IIpoBeneH pacyeT 3aBUCMMOCTH JUIIOJIBHOIO MOMEHTA Nepexona Sy — S| xJIopoduilia a OT BEJIMYMHbI UH-
nekca pedpakiuu # pacrBopureiis. [IpoaHaan3rpoBaHbl B3aMMOIECTBUS MEXAY JIEKTPUUECKUM I10JIEM
CBETOBOIi BOJIHBI, 3JIEKTPOHHBIM T1€PEX0J0M MUTMEHTa B BO30YXXIEHHOE COCTOSIHUE U TUBJICKTPUYECKOI
MOJIIpU3aLIMe ONTUYECKON cpeabl. DPDEKT peakKTUBHOTO YBEINYEHUSI MEPEXOTHOIO AUIIOJIBHOTO MO-
MEHTa MOJIEKYJIbI XJIOpOGUILJIa @ B PACTBOPUTEIISIX C Pa3IMYHON BEJIMUMHON MHIEeKca pedpaKIiu paccuu-
TaH B paMKax HecTalMoHapHOU Teopum GyHKumoHana mwiotHoctu (TD—DFT) ¢ ucnons3oBanneM ru-
opuaHoro ¢pyHkumroHana LC-wPBE u Moaenu noiasspuzyeMoro KoHTUHyyma. PacueTsl ab initio annpokcu-
MUPOBAHbl MOIEJIbIO peaKTUBHOIo Iojisg OH3arepa ¢ 3(G@GEKTUBHON IOJSIPU3YEMOCThIO XJI0poduLia
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SKCTUHKIINY XJIOpOodUILIa a B paCTBOPUTENISIX ¢ MHIeKcoM pedpakiuu 1.3 <z < 1.7. B 6e1K0BOM OKpyKe-
HUU ¢ MHAEKCOM pedpakuuu # = 1.4 Beau4nHa JUITOJIBHOIO MOMEHTA Tepexoa XJopoduia COCTaBIsIeT
5.5 . s 3TOro oKpykeHus ObLIO pacCYUTAHO paciipeiesIeHre 3JIeKTPOCTaTUIECKOTO MOTeHIIMAaIa B OC-
HOBHOM U BO30Y>XKJIEHHOM COCTOSTHUSIX XJI0poWILIa; pacueThl ab initio annipOKCUMUPOBaHbl HAOOPOM Map-
LIMAJIbHBIX TIEPEXOHBIX 3apsIIOB, PACTIONIOXKEHHBIX Ha TSIXKEIbIX aTOMaXx TT-COMPSIKEHHON CUCTEMBbI MOJIe-

KYyJibl XJ0poduiLia.
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1. BBEAEHUME

CaeTocoOuparonye IMUIrMeHT-0eIKOBbIE KOM-
TUIEKChI, YYacCTBYIOIIME B MpolieccaX OKCUTEHHOTO
¢doTocuHTEe3a, coaepxkaTr AeCITKU U COTHU B3aUMO-
JeACTBYIOIIMX MOJIEKYJT xjiopoduiia (Xi) a (Bcioay
HMXXe — IPOCTO XJT) B COBOKYITHOCTH KOTOPBIX ITpaK-
TUYECKU HEBO3MOXHO BbIJIEJIMTh CBOMCTBA MHAMBU-
JIyaJbHBIX TTMTMEHTOB. JJ151 KOJTMUeCTBEHHOM UHTEP-
npeTaluuy CTallMOHAPHBIX CIEKTPOB MOMIOIIEHUS U,
TeM Oonee, nudpdepeHIUaTbHBIX CIIEKTPOB MOMIO-
ILIEHUS, TOJIYYEHHBbIX MeToJaMu (heMTOCEKYHIHOM
CHEKTPOCKOTIUY MPU UCCIIENOBAHUN MPOILIECCOB MU-
rpalyu HEPTuu 1 pasaeseHus 3apsaoB B GOTOCUH-
TeTUYECKUX KOMILIeKCax C W3BECTHOM aTOMHOI
CTPYKTypoii [1], HeoOxoauMo 3HaHUe KO3(h ULIMEeH-
TOB 3KCTUHKUMU (CUJI OCUWUISITOpA, AWUMOJbHBIX
MOMEHTOB OINTUYECKOTO MEepexXo/ia) OTAEIbHBIX MO-
HOMEpOB X1 [2, 3].
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CoBpeMeHHbIE METOIbl KPUOT€HHOI 3JIeKTPOH-
HOM MMKPOCKONUM ITO3BOJISIIOT OIPEIE/IUTh CTPYK-
TYpy (POTOCMHTETUYECKUX ITMTMEHT-0EIKOBBIX KOM-
IUIEKCOB C aTOMHBIM paspelieHrueM. KiroueBhIMU
napaMeTpaMu B TEOPETUYECKOM OITMCAHUU SIBJISIIOT-
csl cOOCTBEHHAsT dHEPIUsl BO3OYKIEHHOIO COCTOSI-
HUS MOHOMepa (PHeprus mepexoaa S, — S;), pac-
curMTaHHas 0e3 ydeTa B3aMMOACHCTBUII ITMIMEHTOB
JIpPyr C OPYrOM, W 3HEPIUS MEKMOJIEKYJISIPHBIX ITMI-
MEHT-IIUTMEHTHBIX B3aMOACCTBUM, IIe mpeobiiagaeT
BJIEKTPOCTATUYECKOE TUIIONb-IUIIONBHOE B3aMOICii-
ctBue [1]. IIpsiMoe akcriepuMeHTaIbHOE OIpeie/ieHIe
CHEKTPAJIbHBIX MapaMETPOB OTIEILHBIX XJI0PpOMdMI-
JIOB B OelaKOBO MaTpuile B (POTOCHMHTETUYCCKUX
KOMIUIEKCax 3aTpyaHeHo. B yacTHoCcTH, 019 MX pac-
yeTa HEOOXOAUMO 3HAHUE BEJIMYMHBI JUITOJIBHOIO
MOMeHTa nepexoaa S, — S, xaopodusia. B nutepa-
Type HEOTHOKPATHO IIPOBOAMIIM OIIpeAeIeHIUE BEIU -
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yuHHBI [4—7] 1 opueHTanmm [§] BeKTopa IMMIOJIHLHOTO
MOMEHTAa TlepexoJa Ha OCHOBE CIIeKTpoB XJ1 B opra-
HUYECKUX PACTBOPUTENSAX. DKCTPATOJISILIUS 3aBUCH-
MOCTHU Habj0JaeMoil BEJIMYMHBI OT MHIEKCa pe-
dpakumnu, Win nokasaresi NpeJOMIEHUs PACTBOPU-
TeNis, 1, K TpenejibHOMYy 3HaueHuio n = | gaBania
OLIEHKY OUMNOJbHON cuibl (U?) X1 B BaKyyMe Mpu-
ousuTenbHo B 14—20 12 [9, 10]. [Mpsimble pacyeTs

JUIIOJIBHOTO MOMEHTA IIepexoja | = <\|ng M| \|11> TSt

noJsiochbl Qy nmoromeHus: XJ ¢ TOMOUIbIO Pa3JIUYHBIX
KBaHTOBOXMMMWYECKNX METOIOB JAIOT CYIIECTBEHHO
Gosbliyio oLeHKy: U2 = 30 12 [3, 11, 12]. YkazanHoe
pacxoxaeHue 00yCIOBJIEHO He TOJIbKO HETOUHOCTBIO
KBaHTOBOXMMMWYECKUX PACUETOB, HO U TPYIHOCTSIMU
TEOPETUUECKOTO OIMMUCAHUST B3aUMONEMACTBUIA MEXIY
MUTMEHTOM U AUIEKTPUIECKUM OKPYKEHHUEM.

INepexom MoJIeKyIbl U3 BaKyyMa B IUBJIEKTpUYe-
CKYIO Cpely PACTBOPUTEISI COITPOBOXKIACTCS U3MEHE-
HUEM 3JIEKTPOHHOTO CIEKTPa MOMIOMIEHUSI. DT U3-
MEHEHMs BKIIIOUAIOT B ce0sI KaK CABUT MAaKCUMYMOB
JUIMHBI BOJIHBI TTOJIOC MONIONIEHMSI, TaK U yBeJIUde-
HYE WU YMEHbIIeHNEe HaOII0JaeMOM CUIbI OCLIUJI-
nsaropa. Perunane [13], xmopodwmnn [10] u mpyrue
XpoMO(OpPLI B MUTMEHT-0EIKOBBIX KOMILIEKCAX He
MOTYT OBITh M3Y4YEHBI B ITapoBOil (paze B OOBIYHBIX
YCJIOBUSIX, TO3TOMY BaXXHO HMMETh TCOPETUYCCKUE
METObI, KOTOPhIE ITO3BOJISIIOT CKOPPEKTUPOBATh IO~
JIydeHHBIC B pacTBOpax CIIEKTpaJbHbIC JaHHbIC C WX
3HAYECHUSIMHU B IapoOBoOii ase.

Ilenb naHHOI pabOTHI — NaTh KPUTUYECKUI 0030D
TEOPETUUYECKUX MOJIESIC ONMMCaHUs BIUSHUS BHEIII-
HeMl cpellbl Ha AUTONbHBI MOMEHT Tiepexoaa S, — S
XJIopodUJISIa U HA OCHOBE CPaBHEHMUSI C DKCTIEPUMEH-
TILHBIMU JAHHBIMU JJIs1 XJI B OpraHUYeCKUX pac-
TBOPUTEJISIX PA3IMYHOU TTOJISIPHOCTU OLICHUTD BEJIU-
YUHY OMIIOJIbHOTO MOMEHTa Iiepexoaa B OeJIKOBOM
MaTpule.

2. MATEPUAJIBI 1 METObI

KBaHTOBOXMMUYECKNE pacuyeTbl MOJEKYJIbl X
IIPOBOIMIIY C TIOMOIIbIO MakeTa rmporpamm Gaussian
16 [14] B pamKax Teopuu GYHKIMOHAIA IIOTHOCTHU
(density functional theory (DFT) njist ocHOBHOTrO cO-
CTOSIHUS Sy M B paMKaX HeCTallMOHApHOIO paclinpe-
HUs 3ToM Teopuu (time-dependent density functional
theory (TD-DFT)) njist BO30y>XI€HHOTO COCTOSIHUS S;.
s pacaeToB ab initio B Monekyie X1 (GOpMMIILHBIHN
panukal B MOJ0XEHUU 7 XJIOPUHOBOTO KoJblia U (pu-
TWIbHBIA paguKana ObLIM 3aMEHEHbl METUJIbHBIMU
rpynnamMu. ONTUMU3aLMST TeOMETPUYECKUX Tlapa-
METpPOB OblJIa BBHIMOJHEHA C MCMHOJb30BAaHUEM TH-
opunHoro ¢pyHkimoHama CAM-B3LYP [15] B 6a3uce
6-31G(d). Pacuer nepBoro Bo30y>X1eHHOI'O COCTOSI -

Hust S; npoonuiica B npuomkeHuu TD—DFT ¢ uc-
MnoJjibk3oBaHueM ruopuaHoro ¢yHkioHana LC-oPBE
[16] B 6Gasuce 6-311+G(d); pacCYMUTHIBAIOCH IISITh
BO30YXXIEHHBIX COCTOSIHUII. PeakTuBHOE IOJIe OU-
3JIEKTPUKA PACCUUTHIBAIOCH B MPUOIMXKEHUHN T10JIS -
pusyeMoro KoHTMHyyMma (polarizable continuum
model (PCM)) [17] ¢ wucmojib30BaHHEM MOIEINU
conpBaTaumu [ 18]. [lepexogHble ImapLuyanbHbBIE 3apsi-
nbl (TrESP) TsoKenbIx aToMOB XJ1 ObLIM PacCUMTaHbI
13 2JIEKTPOCTATUYECKOIO MOTEHIMala IT0 METOAY U3
paboTtsl [3] ¢ oMok TMporpaMMmbl Multiwfn 3.7
[19] (meTanu pacueToB onmcaHbl B padbote [20]).

3. TEOPUA

I1pu onucaHuM NOIIOIIEHUS 3JIEKTPOMAarHUTHO-
ro M3JIyYeHMs MOJIeKyJaMH NHUIMEHTa, pacIpee-
JIECHHBIMI B OJHOPOIHOI MU3JIEKTPUUYECKOI Cpele
(pacTBOpUTEIIe), HEOOXOOAMMO YUYMTHIBATH B3alMO-
JieiicTBe MUTMEHTa C MoJieKyJ1aMu cpeabl. HaunHas
¢ TMMoHepcKoit padboTel Yako [21], onmucaHue Bausi-
HUSI paCTBOPUTEIIST HA DKCTUHKIIMIO PACTBOPEHHOIO
MMATMEHTa OCHOBBIBAIOT HA KOMOMHAILIMY TEOPUU A -
2JIEKTPUKOB B CTATUYECKHUX ITOJISIX M TEOPUHU PACIIPO-
CTpaHEHMsI 3JICKTPOMATHUTHEIX BOJIH B JIMHEMHOM
JUCIEPCUOHHON cpene ¢ mnoroiieHueM (cpena Jlo-
peHua). ITockonbKy Mpu TMOIJIOIEHUN CBETa U3Me-
HEHMS 2JEKTPOHHOM MOACUCTEMBI MOXHO paccMarT-
puBarsb B ripudmkeHnu bopaa—OrmeHreiimepa npu
(GUKCHUPOBAHHOM TMOJIOXXEHUM SIIep, IJIST aHajn3a C
XOPOIIIEH CTEIIEHbIO TOUHOCTU MOXHO OTPaHUYNTHCS
MOJIESIMU HETNOJSPHBIX AUIJIEKTPUKOB, B KOTOPBIX
YUUTBIBACTCS BJIUSIHUE TOJBKO 3JICKTPOHHOI MOJIsI-
pu3anuu.

Daexmpocmamuueckue modeau OUINEKMPUKOB

1t OMHOPOIHOTO HETIOJIIPHOTO IUAJICKTPUKA,
COCTOSIIIIETO U3 CMECH MOJIEKYJ j-TUIIa, KOTOpbIE HE
00J1aJaI0T COOCTBEHHBIM AUMOILHBIM MOMEHTOM U
XapaKTEPU3YIOTCS 3JEKTPOHHOM MOJSIPU3YEMOCThIO
B BakyyMme 0, UMEET MECTO OOlLIee COOTHOILEHUE
MEXIY CPEAHUM BJISKTPUYECKUM TTojieM £ 1 Makpo-
CKOITMYECKOI ITPOHMUIIAEMOCTHIO €:

elp =3 No,E), (1)
4m 7

rae ]Vj — KOJIMYECTBO MOHCKYJTj—TI/IHa B €AUHUIIE O0B-

eMa,aFl ,(o’c) TIPEACTABIISIET COOOM TOKAIIBHOE JIEKTPH -
4YecKoe MoJie, NEHCTBYIOIee Ha MOJIEKYJIBI TaHHOTO
Thna. B ajeKTpocTaTuieckoil TeOpUu HEIOJSPHBIX
IVSJIEKTPUKOB MCTIOJB3YyeTCS IBA OCHOBHBIX METOAA
pacueTa JIOKQJIBHOTO MOJIs1, KOTOPBIE BOCXOIAT K MO-

nenu Jlopenrua [22] u monenu OH3arepa [23].
B Monenu JlopeHTLIa paccMaTpuBaeTCsl SJIEKTPU-
yeckoe moJie E;, neiicTByiolee Ha OqHY MOJIEKYITY B
XUMUNYECKAA ®U3UKA Ne 6
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OMHOPOOHOM AU3IEKTpUKe. OKpyKeHUE MOJEKYJIbI
MPENCTABIIEHO NUAJIEKTPUUECKUM KOHTHMHYYMOM C
MaKpOCKOIMYECKOM MpOHMLIAaeMOCThIo €. JIjis1 pac-
yeTa I10JISI U3 MaKpPOCKOIIMYECKOM Cpedbl BbIICISIOT
chepuyeckyio 001acTb, 00bEM KOTOPOM JOCTATOYHO
BEJIVK, YTOOBI MMETh T€ XK€ IUDJIEKTPUUIECKUE CBOIi-
CTBAa, YTO U KOHTUHYYM. B3anmMoneiicTBre LieHTpaIb-
HOI MOJIEKYJIBI C JUTIOISIMUA MOJIEKYJI BHYTpU cepu-
YeCKOM 00JIaCTU PaCCUMTHIBACTCSI MUKPOCKOITMYECKH,
a B3aMMOJIEICTBHE C OCTaJIbHOI YacThlo 0Opaslia pac-
CMaTpUBaEeTCsl B KOHTMHYAJIbHOM NpUOIkeHnu. B co-
OTBETCTBUM C 3TUM JIOKAJIbHOE 3JIEKTPUYECKOE T0JIe
€CTh CyMMa ABYX CllaracMbIX: ITIOJISI BHPTYaJIbHO
chepuueckoil MOJOCTH MAKPOCKOIMMYECKOro IHa-
MeTpa C LIECHTPOM Ha BBIOpAaHHOI YacTUIIE U I10JIS,
00yCJIOBJIEHHOTO BHEIITHE YaCThIO MOJISIPU30BaHHO-

ro puanekrpuka: £, = E,, + E,

out*

Jlerko mokasath, YTO BHYTPEHHE M0JIe OMHOPOIHO
MOJIIPU30BAHHOIO NUBJIEKTPUKA paBHO HYyIO [24].
Cnaraemoe E,,, TipencraBisieT co0Oil Imojie BHYTpU
chepuyeckoit 06acTU OT BCEX MCTOYHUKOB, 3a UC-
KJIIOYEHUEM MOJIsIpu3aiuu caMoii cpepbl. OnHOpOI -
HOE 3JIeKTprUIecKoe 1moJjie £ B IN3JIeKTPUKE 00yCIOB-
JIEHO YaCTUYHO 3apsiaaMu BHe obpasua (rnose Ey), a
YaCTUYHO — MOJIsIpu3anueil P nuajieKTprKa, OpueH-
TUPOBAHHOI B IIPOTUBOIIOJIOXHOM HaIlpaBJICHUU:

E = E,—4nP = E,[e.

Yrtoobl paccuutath E,,, CleayeT UCKIIOUUTb U3
o01eli BennynHbI 1ot £ Bknan E,, 00yCIOBIEHHbII
noasipusalueit cpepudeckoii oodmactu. I1o onpenene-
HUIO COOCTBEHHOE Tosie E; TpencTasiisieT coboit molie
BHYTpH chepruyeckoro oopasiia ¢ IMOCTOSTHHON MOJIsI-
puzanueii P. I1psiMoii 31eKTpocTaTUIeCKUIA pacyeT Io-

KasbiBaet, uto E, = —(41/3) P.

Takum obpaszom,
B =E-E=222E 6)

B sTOM BBEIpaXX€eHUHM OTCYTCTBYET TeOMETpHUUEC-
ckuit pa3zmep chepudeckoit 06J1acTu, UTO COracyeT-
csl ¢ pe3yJIbTaTOM, TTOJIy4YeHHBIM TIPU PACCMOTPEHUU
TATIONb-TATIOTFHOTO B3aMMOAEHCTBYSI BHYTPH cde-
pel. Ecim muanekTpuk o6pa3oBaH MOJIEKYJIAaMU OII-
HOTIO THUIIA, TO IIpH IoacTaHoBKe (2) B ypaBHeHue (1)
rnmoJjiyyaeM M3BecTHoe ypaBHeHue Kiaysuyca—Moc-
COTTU:

8__1:4_“]\]0(’ (3)
e+2 3

rne N — 4MCJI0 9acTUlL B CM3, 0L — CKaJIIpHAas ITOJIApU -
3yeMOCTh YacTUllbl. OTCIO[A CJIeIyeT, YTO IMPOHUIIae-
MOCTh MOXKHO BBIPA3UTh UePe3 MOJICKYISIPHYIO OIS~
PU3YEMOCTD:
XUMUNYECKASA ®U3UKA Ne 6
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1-4nNoy3

B monenu OH3arepa paccMarpuBaeTCsl SJIEKTPU-
yeckoe Tone E, B HEONHOPOOHOM JUBEKTPUKE:
chepraeckass obJlacTe paguyca a C TUIJIEKTpUIE-
CKOM MPOHUIIAEMOCTbIO €, = 1 COAEPKUT TOJBKO OJ-
HY MOJIEKYJy, KOTOpasli B3aUMOACHCTBYET C OAUAJICK-
TPUYECKUM OKPYXEHUEM, MaKpOCKOIIMYecKasl Mpo-
HUIIAEMOCTh KOTOPOIO paBHaA €. DJEeKTpUYECKOe
1noJe, AeCTBYIOLIEee Ha MOJIEKYJTY, SIBASIETCS CYMMOM
3JIEKTpUUYECKOro moJjisi E,, BO3HUKAIOIIETro B MyCcToi
IOJIOCTU 3a CYET MOJSIPU30BAHHOIO OKPYXKEHUS, U
PEaKTUBHOIO MOJs OTKJIWKA R, BO3HUKAIOIIETO 3a
CUET B3aUMOICHCTBUS MEXIY IOJISIPU30BAHHON MO-
JIEKYJION U TURJIEKTPUKOM:

E,=E +R

Ilone E, BHyTpu cheprueckoii mojaoCcTu, UHAYLIU-
pPOBaHHOE BHEITHUM MoOJieM E, SBISIONIMMCS OIHO-
POIHBIM Ha OOJIBIIIOM yIaJIeHHUH OT Chephl, 3a1aeTCSI
BBIpaXXEHUEM

E =X F (4)
2e +1

ITone oTknuka, BO3HUKAlOIIEE KaK peaklus cpe-
Ibl Ha MOSIBJIEHME TUINIOJIBHOTO MOMEHTA |l B LIEHTPE
cepbl, paBHO

2 -1
R=2-D )% = &u,
26+1 q
e & — dakrop oTkiIMKa chepUIECKON IMOJOCTH.

ITockosbKy qunosb L UHAYLMPOBaH nosuem E,, ume-
€T MECTO COOTHOIIIEHHE

R =0k(E, + R),
OTKyJIa CJIeIyeT
R=—% p (5)
-0
%1
3e 1
E, = 1 E 6
° 2e+ll-0k ©

Taxkmm o6pa3om, JIOKaTbHOE TT0JIe B Moaesn OH-
3arepa 3aBUCHUT OT pa3MepoB U (pOpPMbI MOJCKYIIHL,
3Ta MOJIeJIb MOXET Takxke (heHOMEHOJIOTUYECKU YIu -
THIBaTh JIOKAJbHBIC B3aMMOMACHCTBUSI MOJIEKYJ pac-
TBOpPUTEJISI (HaIpUMEpP, BOIOPOIHbBIE CBSI3M), a TAKXKE
000011IeHa Ha cIydail OIMMCaHWS TTOJSIPHBIX PaCcTBO-
puTeleii, MOJIEKYJIBI KOTOPBIX 00J1agaloT IIOCTOSTHHBIM
JIU3IEKTpIYECKNM MOMeHTOM [25]. Ecnu Bcemm 1iepe-
YUCIEHHBIMU 3(deKkTaMru MOXHO MpeHeOpedb, YTO
OIpaBIaHO JIJISI aHaJI3a JIEKTPOHHOM MOJISIpU3yeMO-
CTU cpenbl, TO 3P(EKTUBHBINA pagnyCc MOJIEKYJIBI pac-

TBOPUTEJIS 341AETCSI COOTHOLLIEHUEM (47t/ 3) Na’ =1.B
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BTOM ciydae, moacraniisgs (6) B (1), BHOBb mojydaem
ypaBHeHue (3) Kmaysnyca—Moccortu. Takum obOpa-
30M, monenu JlopeHTa 1 OH3arepa 3KBUBaJIEHTbI
JUJIsl OTIMCAHUSI 3JIEKTPOHHOM MOJSIPU3yeMOCTU He-
MTOJISIPHBIX HECTPYKTYPHUPOBAHHBIX TUDJIEKTPUKOB.

Modeas Jlopenmua ouzaexmpuueckoii ducnepcuu

AHanu3 B3aMMOAEMCTBUSI CBETa C MUTMEHTOM B
IUDJIEKTPUYECKOM cpele OOBIYHO OmMpaeTcs Ha
KJIaCCUYeCKyIo Mozaenb JIopeHTIa IJ1s1 IUAJIeKTprude-
CKOU AUCTEepCUU, BO3HUKAIOIIEH B PE3yJIbTaTe PE30-
HaHCHOM noJsipu3anuu [22]. DTa Moaeab afeKBaTHO
ONMCHIBAECT MUCIEPCUI0 B OMNTUYECKON oOyacTu B
YCIOBUMSX CJIa0BIX IIOJIEM, KOIma CIpaBedjnBa JIM-
HelHasl 3aBUCHMMOCTb MEXIY CpemHEil MOJIEKYJISIp-
HOM ITOJISIPU3YEMOCTBIO Y TU3JICKTPUYIECKOM ITPOHM-
[aEMOCTBIO.

PaccMoOTpuM MIOCKYIO 3J€KTPOMAarHUTHYIO BOJI-
HY, PacIlpOCTPAHSIONIYIOCS B TIOJIOXUTEIbHOM Ha-
TpaBJICHUY Z Yepe3 IMHEMHYIO0 OMHOPOIHYIO U30TPOIT-
HYIO C BpeMEeHHOM mucIiepcreii cpeny, 3aHMMArOIIyO
noJryripoctpancTBo Z > 0. ITycTh anekTpudeckoe moie
JIMHEITHO TIOJIIPM30BaHO BIOIb OcU X, a E(z, f) 0603Ha-
YaeT X-KOMITOHEHTY 3JIEKTPUYECKOTO I10JIs; BAUSHUE
MarHUTHOTO TMOJISI Ha MONJIOIIEHWE TPUHUMAETCS
npeHeopexuMo MajibiM. [TOCKOJIbKY BJIeKTpUYECKOe
MOoJIe MJIOCKOW CBETOBOUM BOJIHBI Iapaslie/IbHO IIO-
BEPXHOCTH pasneiia (a3 BaKyyM/IUBJIEKTPUK, aM-
IUIATYJA TI0JIsI HenpepbiBHA Ha rpaHune z = 0. Ju-
2JIEKTpUYECKasI cpella XapaKTepU3yeTCs KOMILIEKC-
HBIM TTOKa3aTesIeM MPeTOMIICHUS

k=n-—iex,
IJIe # COOTBETCTBYET IMOKA3aTeJII0 MPeJIOMJIEHNS], a &8 —
KO3 OUIMEHTY MOIJIOIIEHMSI, BEIUINHA KOTOPOTO
3aBUCUT OT KOHIIEHTpaIlM paCTBOPEHHOIO IMTUTMEH-
Ta. KoadduiimeHT mpoxXoKaeHUsI CBETOBOI BOJHBI B
o0iacth z > 0 omnpenelsieTcss MHASKCOM pedpaKIuu
pacTBOPUTES M HE 3aBUCUT OT HAJIMYMS MTUTMEHTa,

ITIO2TOMY aMILIMTyda CBETOBOI BOJIHbI 3aa€TCS BbI-
PaXXECHNEM

E(z,1) = Eyexp{iat — kz/c)} =
= E, exp(—2maez/A) exp{i(wr — 2mnz/A)}.
Ecmm xonnenrpanms nmurmenrta paBHa C (MOJIb/T),
a KOO OUIIMEHT MOJISPHOI SKCTUHKLMU paBeH é
(- Mob~! - eM71), TO M3 BKCIOHEHIMAILHOM 3aBUCH-

MocTH noronieHus exp(—¢é Cz), MpOIOpLUOHATBLHOM
KBaJpaTy aMIUIUTYIbI, CJIeAyeT COOTHOLLIEHUE

6C = dnze/L. (7)

3amaya 3aKJII0YAaeTCS B TOM, YTOObI B paMKax JIMC-
MEPCUOHHOIW MONEIN OMpeneInTh, KaK MokKa3aTelb
MIpEJIOMJICHUS /1 BIUSIET HA KO3(MGUIIMEHT ITOTJIoIIe-
HUs . B nureparype 0610 pacCCMOTPEHO HECKOIBKO

Moeseii JIOKaJIbHOTO TIOJIS, HeiiCTBYIOIIEeTo Ha TTUT-
MEHT, M MIX TIpeIcKa3aHus AeTaTbHO CPABHUBAIMCH C
SKCIEPUMEHTAIBHBIM JaHHBIMU.

B pannHux pa6orax [21, 26—31] olleHKa BIUSIHUS
HETOJISIPHBIX PAcTBOPUTENIell Ha WHTCHCHUBHOCTH
BJIEKTPOHHOIO Tiepexofa IMUTMEeHTa OCHOBBIBAJACH
Ha 00BEIUHEHUM KJIACCUYECKON TEOPUM AUCTIEPCUM
JlopenTtna [22] ¢ mmanekTpudeckon Mopeibio Jlo-
penua [32]. JlokanpHoe 1one B moaeiaun JlopeHia
CBSI3aHO C MOJISIpU3aIieil COOTHOIIIEHUEM

E,(z,1) = E(z,1) + %"P(z, ). (8)

Ilepexonst K @ypbe-TnpeAcTaBICHUIO U OIIpEaCIsIs
CPEIHION0 MOJISIPU3aLIMIO KaK

P(z,0) = [Nyoy(w) + Noy(w)] £, (z,w),
e N; 1 0,(®) — KOHLIEHTpaLKst U MOJIEKYJISIPHAS 110~
JISIPU3yeMOCTh KOMITOHEHTA j Ha 4acTOTE (O, U3 yPaB-

HeHus (8) u cooTHoweHUus1 P(z, ®) = y(w)E(z, ®) Ha-
XOIMM YACTOTHYIO 3aBUCHUMOCTh 3JIEKTPUUYECCKOM
BOCIIPUUMYUBOCTH

D N0 (w)
1—(4n/3)>" N,0,,(0)

ITockonbky €(w) =1+4ny(w), us (9) cuenyer
dopmyna Jlopeuru—JlopeHna, SBISIOMIASICSI OUC-

MEePCUOHHBIM aHaJloroM ypaBHeHus Kiaysmyca—
MoccorTu:

©)

(o) =

ZNjaj(O‘)) = im
4re(w) + 2
MosiekyasipHYIO MOJSIPU3YEMOCTh PACTBOPUTEIIS

B 00JIACTU MOIJIOLLIEHUSI TUTMEHTA O, MOXHO CUU-
TaTh JOeucTBUTENbHOW KOHcTaHTOU. [lonsipusye-
MOCTb MUTMEHTa O,;(®) anmnpoKCUMUPYETCS MOJe-

JIbIO TIOJIIPU3aLMU IeMI(PUPOBAHHOTO TapMOHUYE-
CKOTO OCHUJIJIATOpA MO AeicTBUEM criibl JIopeHiia,

(10)

0GYCIIOBJIEHHOI JIOKAIBHBIM 1T0JIeM £ 1 (z, 0):

’ S

al(o‘)) = q_ ) 2 . )
me, — O +iyo
TIe g U m — 3apsili 1 Macca 2JIEKTPOHa, f; U O, — cuja
1 cOOCTBEHHAas pe30HaHCHAas 4acToTa OCLIMJIISTOpa
IUISl MUTMEHTA B BaKyyme, Y — heHOMEHOJI0ThYecKast
KOHCTaHTa 3aryxaHus. Ilocjie mnoaCTaHOBKU O, U
o, (®) B popmyny Jlopentu—JlopeHua mnonyvaercs
COOTHOIIIEHNE I KOMITJICKCHOM IUAJIEKTPUUYECKOM
MPOHUIIAEMOCTH:

1+@n/3] N0, +BN, f / (0f - +iyo)]
e(w)= 2 2 2.
1—(4n/3)[NSocS +B N1f1/(031 -0 + zyw)}

2 2
e =gq / m. JIusnekTpudeckasi IpOHULIAEMOCTD U
KOMIUIEKCHBIIT MHOEKC pedpakiny CBI3aHBI COOT-

1)

, (12)

XUMUYECKAA ®U3NUKA Ttom42 Ne6 2023



JIUTIOJIbHBIM MOMEHT TTEPEXOJIA S, — S; XJIOPO®UJIJIA ¢ B PACTBOPUTEJIAX 81

HoleHueM £(m) = k(m)?; cpaBHUBAas MHUMBIE 4aCTH
B 3TOM COOTHOIIEHHMM, ITOJIydaeM KCKOMYIO CBSI3b
nokasarteJisl TIpeJIoOMJICHUS U Ko UIlmeHTa IonIo-
LIeHUS:

2ne = 3q2 .
(I-p) +gq
rac
fi(of - o’
p:4_n Ns(xs-’_Ble 3 ( 212 ) Nk (13)
3 (coI —co) +Yo
Sdmgy SO (14)

3 (0)12_0)2)2_'_720)2'

Y TUNMWYHBIX PACTBOPUTEJICH, TaAKUX KaK IUMeE-
trcyiabdokeun u N, N-numervndopmamvui (IMD),
MOJIEKYJISIPHAS MOJISIPU3YEMOCTD O, pABHA TIPUMEPHO
8 A3, Torma kak o6beM OTHOI MOJISKYJIBI 3TUX pac-
TBOpHTeJeii cocTasisieT okono 130 A3 [33], mosTomy
MepBoe ciaraemMoe B BbIpaxkeHuu (13) mmeet 3Haue-
Hue nopsiaka 0.2. Bropoe ciiaraeMoe Ajisi MOJICKYJIbI
xjopoduiia B pactBope AM®P nipu KOHLIEHTpaLUU
C = 107> MoJb/71 B 00J1aCTH PE30HAHCA HE TIPEBbILIA-
eT 1Mo abCoMoTHON BenmmuuHe 3 - 104, mostomy ero
BKJIAJIOM MOXHO IIpeHeOpeub. Takoil XKe ITOpSIIoK
BEJIMYMHBLI UMeeT B 00J1aCTU pe30HaHca U KoahPu-
LIMEHT ¢, ompenesieMblii BoipaxeHuem (14). Eciu
KOHIIEHTpall1s MMTMeHTa MaJjia, MOXHO IIpeHeOpeyb

€To BIMSHNEM Ha MHIEKC pedpaKIIny 1 TIPUITHCATD /1
3HaYeHNE, paBHOE MHAEKCY pedpaKIINy pacCTBOPHUTE-
Jis Ha yacTtoTte ;. Torna n3 cootHomreHus (7) momy-
yaeMm

T 4nq° 0, leﬂz(mz ’
mc n ((012 —wz) + Yo

(15)

e

_ (@ +2)
9

MpEeaCcTaBIsIeT CO00M ITOIIPaBOYHBIN KO3 PUIIIEHT,
OTpaxalolllMii yCUJIEHUE aMIUTUTYAbl 3JeKTpoMar-
HUTHOM BOJIHBI B MOJOCTU JIOpeHIIa B COOTBETCTBUM
¢ BeIpaxkeHueM (2). B manmpHelilreM momnpaBOYHBIA
koodduLreHT 6 OymeTr paccyuTaH I PasIUYHBIX
MoJieJieli TUaJIeKTprKa.

0, (16)

VpaBHeHue (15) ObLTIO BriepBbie BbiBeneHO Yako
[21]; mpencka3siBaeMasi 3TUM ypaBHEHUEM 3aBUCH-
MOCTbH IIOIJIOIIEHUST OT MHIeKca pedpaKIuu IIpem-
moJjlaraeT yBEJIMYCHUE SKCTUHKIMU MUTMEHTAa IpU
yBeaudeHuu # (kpuBas [ Ha puc. 1). JlaHHOe COOTHO-
IIeHWE OBbLJIO 3KCIIEPUMEHTAIbHO MPOBEPEHO B Ie-
JIOM psize pador [26—31] ¥ mpu3HaHO BCEMHU aBTOpa-
MU HeamekBaTHBIM. Ha puc. 1 mpuBemeHbl 3KCIIepU-
MEHTaJbHBIE JaHHBIe W3 paboT [4—6] s CUIIBI
OCUMJIISITOpa XJ1, paCCYUTAHHBIE I10 TLUIOIIAIN TOJI0-
cbl nonioleHus1 Qy B pas3IMUHBIX PACTBOPUTEISX.
Ha ocHoBaHUM aHaJOTMYHBIX 3MIUPUYECKUX Ha-

e 2 2
18 9 WL
L6 9. 133.6
.... I
141 129.4
1.2+ 1252
4 %
._._-_‘_:;:_-f-,:f"_i-----—‘—------v-—- il
1.0 e Bslo oo 21.0
0.8+ 116.8
ey 3
0.6 | | 1 1 1 e 12.6
1.0 1.1 12 1.3 14 15 16

Puc. 1. 3aBUCUMOCTb MOIIPABOYHOIO KO3(hhUllMeHTa YCUIIeHUS 110181, 6/n, OT mokasaTeJs npejioMmyieHust n: 1 — popmyia (23)
Yako, 2 — mozenb (24) Onzarepa, 3 — npubmxkenue Hokca ¢ coasnr. (0 = 1), 4 — nonspuzauroHHasi Mmoaenb (25) OH3arepa,
5 — nunosbHas cuia [1I” mepexoaa Sy — S; xJopodwiia a, pacCYMTaHHasl B TaHHO pabote. KpyxKkaMu moka3aHbl 9KCIIepHU-

MEHTaJIbHbIE 3HaYE€HUS U3 padot [4—6].
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OmoneHnit OBIJIO BBICKA3aHO IIPEIITONIOKEHHE, UTO
MMONPaBOYHBIN Ko3(dummeHnt O,/n aydime Bcero
MIPUHSTH PaBHBIM enuHuLe [26, 29].

B pa6orax [29, 34—38] ObUIO HpEenIOKEeHO MHC-
MMOJb30BaTh IJIsi ONMMCAHUS B3aMMOICHCTBUS IIUT-
MEHTa U pacTBOpuTelIst Monesib OH3arepa, B KOTOpOM
YUYUTBHIBAeTCSl Kak mnosie E, MOJsIpu30BAHHOTO IU-
3JIEKTpUKaA B cpepudecKoii moaoctu (4), Tak U moJie
OTKJIMKAa R, MHAYLIUPOBAaHHOE 00pa3yeMbIM BHYTPU
nonoctu gunoneM (5). @akrop ycuneHus noist 0 mis
ypaBHeHUs (15) B 9TOM MOOEaN yIUTHIBAeT MHIYK-
TUBHOE B3aMMOJEiiICTBUE IIMIMEHTA C pacTBOPUTE-
JieM (rosie oTkiuka). [locse npeHeOpekeHUsT Masbl-
MU IonpaBKaMM OH paBeH [38, 39]

4 2
_ 9n + 200(®) n” —1
o~ 2 2 3 2 >
2n  +1) a 2n +1
rae Olo(®W) — 37eKTPOHHAs MOJSIPU3YEMOCTb MOJIEKY-
JIBI IMTMEHTAa B OCHOBHOM COCTOSIHUM B BaKyyMe:

A7)

2
41t N Dok |M0k|

, 18

Op(®) =

a mapaMeTp a IIPeaCTaBIIseT co0oil paanyc MOJIOCTH B
IUBJIEKTPUYECKOMN cpelie, colepxKalleil ogqHy MoJe-
KyJly TUTMeHTa (B pPacTBOpe OH COOTBETCTBYET IeO-
METPUYECKOMY pa3Mepy MOJIEKYJIbl MUTMeHTa). J1is
XJ1 ctatTudeckasi MOISIPU3YyeMOCTh B OCHOBHOM CO-
CTOSTHMU cocTtaBisieT okoso 17 A3 [40], a addexTus-
HBII paguyc — OKoJjio 4 A, TTO3TOMY BTOpOE cjarae-
Moe B ypaBHeHUM (17) 3aMeTHO MEHbIIIE eIMHUIIbL.
Ucnonp3oBaHne mMoONpaBoOYHOTO KoadduliimeHTa
0,/n B 9TOM ciiyyae NnpearosaraeT CHUKEHUU UHTEH-
CUBHOCTH TIODIOIIEHUSI TUTMEHTA NPU YBEJIMYECHUN
uHaekca pedpakiuuu (KkpuBas 2 Ha puc. 1).

Hoxkc ¢ coasr. [10, 41, 42] npenioXuau He yYUThI-
BaThb OTJIUYME JIOKAJIBHOTO TIOJIs, JEUCTBYIOIIETO Ha
IMUTMEHT, OT CPEIHEro IOoJs, WHIYLUUPOBAHHOTO
3JIEKTPOMAarHUTHOU BOJHOI B paCTBOPUTEJIE; B 9TOM
TIPEITONIOKEHNY B ypaBHeHUM (15) O = 1, 9yTO 03Ha-
yaeT runepooJudeckoe yMeHbIlIeHUe UHTeHCUBHO-
CTH TIOMIOIIEHUS TPY YBEJIMYEHU U MHIEKCa pedpak-
nuu (KpuBast 3 Ha puc. 1). JlanHas anmpoKcuMaIus
HEOMHOKPATHO WCIOJIb30Bajlach sl BbIYUCIEHUS
9HEPTUU IKCUTOHHOTO COINPSIKEHUS MOJIEKYJ XJIO-
poduiga B pasiUYHbIX (DOTOCUHTETUYECKUX KOM-
riekcax [43—45].

CyMMUpys, MOXKHO 3aKJTIOYUTh, YTO MEXKIY UMe-
JOIINMUCS B JIMTEpAType MOIEISIMU HET AaxKe Kade-
CTBEHHOTO COIJIacHsI B OMNpeneIeHUM 3aBUCUMOCTH
MHTCHCUBHOCTU IIOIJIOIIEHUS OT Ko3(hdumreHTa
nonioleHus: pactBoputens. [IpuuynHo 1J1s1 TAaKOTo
PacXoxXIeHUsS MOXKET ObITh HEKOPPEKTHOE MCIIONb-
30BaHUE KJIACCUYECKUX DJIEKTPOCTATUYECKUX MOJIE-
Jeil njas onucaHusl B3aMMOIEWMCTBHUSI 3JeKTpoMar-

HUTHOM BOJIHBI, TU3JEKTPUKA U (HOTOBO30YKIAeMO-
ro MATMEHTA.

B smexkrpoctatuueckoit moaenu JlopeHIa BHYT-
pEeHHee ToJie OHOPOIHO MOJISIPU30BAaHHO MaKpo-
CKOMUYECKOI cephbl paBHO HYJIIO, TaK KaK BKJIAIbl
OT BCeX IMIIoNieli BHYTpU cdepbl KOMIIEHCUPYIOT
Ipyr apyra [25]. DTta KoMneHcaus HapylLaeTcs: Ipu
BOJIHOBOM ITTOJISIPU3ALIUU, TTOCKOJIBKY JUTIONU, PACIIO-
JIOKEHHBIE Ha (Pa30BBIX MOBEPXHOCTAX Z U (7 + A/2),
OPUEHTUPOBAHBI B IPOTUBOIIOJIOKHBIX HAITPaBJICHU -
sx. Ilo aToii mpuumHe monenb (2) JIopeHIa U BBITE-
Kaloniee u3 Hero ypaBHeHue (3) Knaysmyca—Moc-
COTTH HENPUMEHUMBI JIJIST OITMCaHUsI BOJTHOBOI Tuc-
MEPCUU.

Mopenp OnH3arepa JuIleHa 3TOr0 HEIOCTATKa,
TaK Kak pa3Mep IOoJOCTU B AUIJIEKTPUIECKOI cpee,
colep:Kalleidi OOHY MOJIEKYJy MUTMEHTa, MHOTO
MEHBbIIIE IJIMHBI CBETOBOI BOJHBI. OIHAKO 3Ta MO-
IeJb HENMPUMEHKMA IO Ipyroii npuyuHe. B Mmonenn
OH3arepa 3JIEKTPOHHOE COCTOSTHUE MOJICKYJIbI BHYT-
pU TIOJIOCTU HE MEHSIETCSI, a JIMIIb HE3HAYUTEILHO
BO3MYILIAETCS MO ASCTBUEM BHEIITHETO 3JICKTpUYE-
CKOTIoO ITOJIA. HaHHaﬂ MOZECJIb OIMMCBhIBACT MHAYKTUB-
HOE B3aMMOJICHCTBYE OMMHAKOBO BO3MYILIEHHBIX MO-
JIEKYJI JUDJIEKTPUKA IPYT C IPYTOM U IMIPUHLMUITAATIb-
HO He ITOAXOMUT IJIsl aHalIn3a Iiepexona MUTMeHTa B
JIpyToe 3JIEKTPOHHOE COCTOSTHUE U CBSI3aHHOTO C MO-
JIOIIEHUEM KBaHTa M3MeHeHMs1 camoro mojs. 1o
3TOI NMpUYMHe Npeaioxenne Hokca 1 BaH AMepoH-
reHa [41] y9uTeIBaTh aMIUIMTYLY MMEHHO CpPETHEro
MOJIST KAK UICTOYHUK DHEPTUU IJISI DJIEKTPOHHOTO TIe-
pexona NMUTMEHTa B BO30YXKIEHHOE COCTOSTHUE Mpe/-
CTaBJISIETCSI COBEPIICHHO CIIPaBEIJIMBEIM.

4. KBAHTOBOMEXAHNYECKOE
MOJAEJINPOBAHUE

Hoaapuzauus ounoavnozo momenma nepexooa
Sy = S; xeopoghuaaa

Bo Bcex mpuBemeHHBIX MOMAEIISIX OITyCKaeTcsl U3
paccMOTPEeHMUST OMUH CYLIeCTBEHHBIM 3 eKT: Moie-
Kyna XJ1 00J1anaeT NOCTOSTHHBIM JUITOJIbHBIM MOMEH-
TOM B OCHOBHOM 1 BO30Y>KIEHHOM COCTOSTHUSIX, TTIO3TO-
MY B3aIMOJICMICTBUE C AUAJICKTPUKOM BEAET K ITOJISIPH-
3aluy O0OMX COCTOSIHMII M TeM CaMbIM BBHI3bIBAET
M3MEHEHME TUIIOJIEHOTO MOMEHTA IepexoAa IIMIMEHTA.
IMockobKy moJisipuszyeMocTh XJ1 yBEIUYMBAECTCS MPU
IIeEpeXo/Ie B BO3OYKIEHHOE cocTosHME [46, 47], cnemyer
OXWIaTh BO3pacTaHMs IUIIOJIbHOTO MOMEHTA IIepexoaa
py yBEIWYEHUM WHAEKCA pedpakivy. YBEIUUYCHUE
JIUIIOJIEHOTO MOMEHTA TIepeXxo/ia 3a CYET peaKTUBHOTO
IOJIST TUBJIEKTPUKA MOXKET OBITh OIMCAHO IOJSIpU3a-
LIMOHHOI Moneibio OH3arepa [48], KoTopast TipencKa-
3bIBACT CJICAYIOLIYI0 3aBUCUMOCTh Ko3hduieHTa
ycwiteHus 0 oT nHaekca pedpakiuyu B ypaBHeHUM (15):
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oe Y
Oref = (1 + mj . (19)

3mech Of — MOJAPU3YEMOCTD TUATOJILHOTO MOMEHTA
nepexona Sy — S, MoJiekysbl X1, a & — dakrop or-
KJIMKA JIU3JIEKTPUKA, OKPYKAIOLIETo MOJIEKYIy. B ce-
PUYECKOM MPUOIVDKEHUN PaKTOp OTKIIMKA PaBEH

2

g=L2r =0 (20)

a 2n +1
®dopma MosieKyabl XJI COOTBETCTBYET CXKATOMY OJI-
JIMIICOUTY, MO3TOMY chepudeckoe MNpUOIXKEHNE
(20) OGymer TWIOXO anMMpPOKCUMHUPOBATh PEAKTUBHOE
ToJie TPU OONBINNX 3HAYCHMSIX MUINCKTPUICCKOI
MPOHULIAEMOCTH.

KBaHTOBOXMMUYECKUI pacueT MOJasIpu3yeMOCTU
o* 1 5HEKTUBHOTO paaryca a ObL MPOBENEH B IPU-
ommxeHnu TD-DFT ¢ ucnonb3oBaHUEM T'MOPUIHO-
ro ¢pyukunoHana LC-wPBE, B koTropoMm npoBeneHa
KOPpEKIIMsI OOMEHHBIX B3aUMOJEHCTBUI Ha OOJb-
mux paccrosgHusax [16]. Tlone oTKIMKA TURIEKTPU-
YECKOTO OKPYXEHUST MOJIEKYJIbl XJ1 pACCUUTHIBAIOCH
metonoM PCM [17], peann3oBaHHBEIM B IporpaMMe
Gaussian 16. Cxema pacueTra BKJI0Yaja CIeIYIOLIYIO
MOCJIe10BaTEeIbHOCTD 111aTrOB.

1. 'eoMeTpuyeckas cTpyKTypa XJI B OCHOBHOM CO-
CTOsIHUM S, ObUIa MoJydeHa MUHUMU3alUeid sHep-
ruu B ipuommkennu DFT ¢ dyHkimonanom CAM-
B3LYP B 6asuce 6-31G(d) (cM. pasn. 2). Jlasa sToit
KoH(popMauy OBIJT MPOBEICH pacyeT 3aBUCUMOCTH
CTaTUYECKOrO JUMOJIbHOTO MOMEHTA [Ly(€) OCHOBHO-
IT0 COCTOSIHMS XJI OT BEJIMYMHBI IUAJIEKTPUYCCKOM
npoHunaemoctu B npubamxkenuun DFT/PCM ¢
dyakuronamoM LC-wPBE u 6azucom 6-311+G(d)
(puc. 2, poMOBI). DTa 3aBUCUMOCTb ObLjIa aIlIIPOKCH-
MHUPOBaHa ypaBHEHUEM

_ _oG
Ho(€) = Uy (1 + = Otoﬁ}

I1e OUIOJIbHBIIT MOMEHT B BaKyyMme, |l,, ObLI paBeH
6.38 /1, a monspu3yeMocThb XJopoduiia B BaKyyMe,
0y, OblIa MpuHATAa paBHOi 17 A’ B cooTBeTCTBUM C
JaHHBIMU U3 paboThl [40]. ITpu aTux napameTpax ad-
¢bexTUBHBIN paauyc xjopoduiiia @ MoJydusics pas-
HbiM 3.7 A (kpuBast 1 Ha puc. 2).

2. Metongom TD—DFT/PCM c Temu ke pyHKIIM-
oHasioM (LC-®wPBE) m 6a3ucom (6-311+G(d)) 6611a
paccuuTaHa 3aBUCUMOCTD [y, (€) 111 BEIUYMUHBI 1U-
MOJILHOTO MOMEHTA mepexona S, — S; MoJeKyJibl X1
(puc. 2, kpyxku). ITosyyeHHast 3aBUCUMOCTb Oblia
anmpoOKCUMHUPOBaHA aHAJIOTUIHBIM YpaBHEHUEM:

(21)

o*g
€)= I+ , (22)
Hoi(€) H01( - *&j
XUMHNYECKAA ®U3UKA Ttom42 Ne6 2023

aﬂ
IOkt

1 10 100
€

Puc. 2. 3aBUCMMOCTb CTATUYECKOTO AUTTOJIBHOTO MOMEH-
Ta B OCHOBHOM COCTOSIHUM (POMOBI) U AUIOJIBHOIO MO-
MEHTa nepexona Sy — Sy (KPYXKH) [UIT MOJIEKYJIBI XJIO-
podwriuia @ B 3aBUCUMOCTH OT AUBJIEKTPUUYECKOM MPOHU -
LHaeMOCTH OKpyKarolei cpebl. PesynbTaThl
KBAaHTOBOXMMUYECKUX PACUYETOB (CMMBOJIBI) allIIPOKCU-
MUPOBaHbI ypaBHeHUAMHU (26) u (27).

rae paauyc mojiekyabl X® Obl1 ukcupoBaH (a =
= 3.7 A), a TUMOTBHBII MOMEHT Mepexoa B BAKYyMe
WUo; = 5.2 1 v nosstpusyeMocTb 0% = 21 A3 6bui onpe-
JiesieHbl TToaronkoii B oomactu 1 < € < 10 (kpuBas 2
Ha puc. 2).

TTosTydeHHBIEe TAKMM METOIIOM IapaMeTphl a = 3.7 A
u o* = 21 A® 6bUTM MCIIOIB30BAHBI LTSI pacyera o
dopmyne (19) 3aBucumoctu HabIOAAEMONH MHTEH-
CUBHOCTU mojiochl Qy TMomIolieHrsT X1 OT UHIeKca
pedpakiuu (KkpuBasi 4 Ha puc. 1), KoTopast XOpoIIo
COOTBETCTBYET 3KCIEPUMEHTAIbHBIM JaHHBIM. Cra-
0Oasgd 3aBUCUMOCTh HabOIogaeMoro kKoadduimeHTa
MOIJIoIIeHUs XJopoduisia OT MHAeKca pedpakimnu
pacTBopa SBIsIETCS, TAKUM 0Opa3oM, pe3yabTaToM
B3aMMHOM KOMITeHCAlIMU ABYX (DaKTOPOB, BXOISIIIINX
B IIONPaBOYHbI KO3 dULMEHT B,,/n: Ipu Bo3pacTa-
HUU 1 B 9KCMEPUMEHTAIbHO JOCTUXMMOM WHTEpBa-
ne 1.3 < n < 1.7 cobcTBeHHAsT TUTTIOJIbHAS CHUJIA TIepe-
xona Sy, — S, xja0poduilia TakKe BO3pacTaeT mpak-
TUYECKU JMHENHO (KpuBas 5 Ha puc. 1). [Tockonbky
WHIEKC pedpakiuu OeJIKOB HaXOAUTCS B MHTEpBaje
1.38 < n < 1.46 [49—51], BenmuYrHA TUIOJIBEHOTO MO-
MeHTa Iiepexoga X® B 0OelKe COCTaBISIET OKOJIO
5.5 J1, a nunonbHas cwia — 30 12,

g xapakTepUCTUKU OpUEHTALUM JUIIOJIBHOTO
MOMEHTa MePEX0Ia [y; OOBITHO UCTTOIH3YIOT CUCTEMY
KOOPJMHAT, B KOTOPOIi OCh X HaIlpaBJIeHa BIOJIb BEK-
topa NA—NC, a ocb y — B1ojb BekTopa NB—ND
aToOMOB a30Ta MoJIeKYJibl XJI (puc. 3). B atux koopau-
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Puc. 3. OpueHTanys IMMOIBHOIO MOMEHTA MEPEXONIA g1
MOHOMepa xJiopodwiia. bBykBamu 0603HaueHbI KOJIbLIA
MakpouMKJiia xjopoduiia.

HaTaX a3UMYTaIbHBIN YTOJI MEXIY W, U OCHIO X CO-
craBisieT ~95° (T.e. MOBEpHYT Ha ~5° B CTOPOHY YeT-
BEPTOTO MUPPOJBHOTO KOJblla TOPHOUPUHOBOTO

Tabauya 1. IlapuuaibpHabie 3apsAabl TSRKEIBIX ATOMOB MAKPO-

IMKJIa XJ10podHiLIa @ AJIsi OCHOBHOTO COCTOSIHUA Sy (gg0) M

nepexona S, — S; noJocel noraomenud Qy (g47) ¢ yuetom

NOJIIPU3ALUH IUTMEHTA B 0€JIKOBOM OKPY:KEHHH C MHAEKCOM
pedpakmym n = 1.4

Atom doo qo1 Atom 900 qo1
MG 0.8946 |—0.0048 || C1C 0.0666 0.1959
CHA |-0.3507 0.1438 || C2C |—-0.0812 |—0.0277
CHB | —-0.1326 |—0.0356 || C3C | —0.1536 0.0195
CHC 0.0590 | —0.1998 || C4C 0.0543 | —0.0385
CHD 0.1597 0.0399 ||CMC| 0.1235 0.0072
NA —0.3811 0.0507 || CAC 0.1147 0.0107
Cl1A 0.1958 | —0.1437 || CBC | —0.0030 0.0054
C2A 0.0861 0.0006 || ND | —0.3667 0.0921
C3A 0.1907 0.0013 || C1D | —0.1231 |—0.0817
C4A 0.0140 0.0878 || C2D 0.0656 |—0.0110
CMA |—-0.0043 0.0057 || C3D |—0.2348 |—0.0195
CAA |—-0.0252 |—0.0047 || C4D 0.2361 | —0.1450
NB —0.4691 | —0.1097 ||CMD| 0.1165 |—0.0381
C1B 0.2237 0.0643 || CAD 0.4895 0.0136
C2B | —-0.0789 0.0071 || OBD | —0.5284 | —0.0294
C3B —0.1224 | —-0.0231 || CBD 0.1354 | —-0.0241
C4B 0.1029 0.1915 || CGD | 0.6832 0.0006
CMB 0.1252 0.0244 || O1D | —0.5587 |—0.0016
CAB 0.0172 0.0093 || O2D |—0.4841 0.0020
CBB 0.0406 0.0170 || CED 0.8946 |—0.0048
NC —0.4160 | —0.0471

MaKpOIIMKJIAa), a MOJSIPHBINA YTOJI C OCBIO Z, TIEPIICH-
IUKYJISIPHOM TIOCKOCTA MaKpoLMKJIa, paBeH 87°.
OpueHTalusl TUMOJBHOTO MOMEHTa Iepexoia M,
NMPpaKTUYCCKMU HE 3aBUCUT OT BECJIMYMHBI JTUDJICKTPU-
4eCKOI MPOHULIAEMOCTHU.

Mooeas pacnpedeaennvix mononoaei
nepexooa Sy — S, xaopoguiia

11 KOIM4eCTBEHHOro aHajn3a CTallMOHAPHBIX
CIIEKTPOB (DOTOCMHTETUYECKMX KOMILJIEKCOB U MOJIC-
JIMPOBaHUSI AUHAMUKHU TEepeHOoca SHEPTUU U pasie-
JICHUs 3apsiIoB HEOOXOOUMO TTPOBOIUTH pacyeT Iu-
MOJIb-AUITOJBHBIX B3aMMONEUCTBUI S5KCUTOHHO-CO-
NpsSDKEHHBIX  MOJIEKYTT xmopodwmmra [52—-55]. B
OpUMEHSBIIEMCS paHee IPUOIMKESHUN TOYSYHBIX
JIUTIOJIEH MPEaojarajioch, YTO B3aUMOICICTBHE MO-
HOMEPOB OITMCHIBAETCSI KYJOHOBCKHMU TMOTEHIIMA-
JlaM#, ¢(hOKYCUPOBAaHHBIMU B TEOMETPUUYECKUX LIEH-
Tpax COOTBETCTBYIOIIMX ITOP(UPUHOBBIX MaKpPOIIMK-
jgoB. OpmHako Takoifi MOIeIM HEOOCTAaTOYHO IS
OIMMCAHUSI B3aMMOIEUCTBUS OJIM3KOPACIIOIOKEHHBIX
MOJICKYJT XJI C TIPOTSDKEHHBIMM COIPSDKEHHBIMU TT-
2JIEKTPOHHBIMU cucTeMaMu. bbuio mpeajioxkeHo 60-
Jiee TOUHOE OTIMCAaHKE, OCHOBAHHOE Ha anmpoKCcUMa-
LM pacIpeaesieHUs] TUIOJIbHOTO MOMEHTA Mepexo-
J1a CUCTEMOI TOYEYHBIX MOHOIIOJIEH (ITapLuaIbHBIX
3apsI0B), IMPUMKNCAHHBIX aTOMaM MaKpOLUKIa MO-
Jekysel X1 (Monenb TrESP, cM. [3, 56]). BenmnmuuHbl
MapuuajbHbIX 3apsilOB, pacCUMTaHHbIE METOAaAMU
ab initio B BaKkyyMe, IJISI TIPAKTUYECKOTO MPUMEHE-
HUST MaCIITaOMPOBAIMCHh B COOTBETCTBUM C IKCTpa-
MOJISIIIME SKCIIEpUMEHTAIbHO HAaOII0gaeMOil BeIr-
YKHBI JUTIONBHOM CHIbI > K 3HAUEHMIO MHIEKCA pe-
dpakmm n =1 [43, 55], kotopoe mist XJ1 IpuHUIMAaeTCSs
paBHbiM 20—21 12 [10]. OnHAako B GEJIKOBOM OKPYXKe-
HUU 32 CYET TOJISIPU3yeMOCTH IMTOPp(UPUHOBOIO MaK-
pPOLIMKJIa BEJIUYMHA TUMOJbHON CUJIbI YBEJIMUUBAET-
cs1 o 30 II? (puc. 2).

C 1enpio NpakTUYECKOTO pacueTa SHEPrur DKCH-
TOHHOTO B3aMMOJIEUCTBUS MOJIeKYI XJI B (POTOCHH-
TETUYECKMX KOMILJIEKCaX ObUI IPOBEICH pacyeT Iap-
LIMAJIbHBIX 3apsiIOB €r0 aTOMOB [IJIsl OCHOBHOTO CO-
CTOSIHUSA S U niepexoaa Sy — S, MoJI0Chl TOMIOLEHUS
Qy C yueToM MoJisipu3aliii MakpoluKia B 0eJIKOBOM
OKPYXEHUHU ¢ UHIAEKCOM pedpakuuu # = 1.4. Dnek-
TPOCTAaTUYECKMIT MOTCHIIMAJ paCCYUTHIBAJICS Ha pac-
CTOSTHUSIX OT 2 10 4 A BOKPYT TSIKeJIbIX aTOMOB C TO-
Molbio mmporpamMmmbl Multiwfn 3.7 [19] B cooTBet-
CTBUM C aJITOPUTMOM, TIpEIJIOXKEHHBIM B padote [3].
AnmpoxcuMalys pacupeneaeHUsT 3JIeKTpocTaThde-
CKOTO IIOTEHIIMAaNa TOYSYHBIMU MOHOMOJSIMU ObLIa
npoBeleHa CTaHIApTHBIM METONOM JIMHEWHOM pe-
IPECCUU C OTPAaHUYEHUSIMU, YTOOBI BOCITPOU3BECTU
OoOIIIMI1 HYJIEBOM 3apsiai MOJEKYIbl U TPU KOMITOHEH-
Thl CYMMapHOIO TUIOJBHOTO MOMEHTA, pacCUMTaH-
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HOTO ab initio. 3apsIIbl aTOMOB BOIOpoaa ObT PUK-
CUPOBaHKI paBHLIMU HYJTI0. Pe3yabTaThl peacTasie-
HBI B Ta01. 1.

MamxeT ¢ coaBT. paCCUMTHIBAJIM pacHpeneaceHue
napuuajbHBIX 3apsSA0B AUIIOJILHOIO MOMEHTA IIepe-
xoma XJI B BaKyyMe, UCTIOJIb3ysI pyHKimoHan B3LYP
0e3 KOoppeKIIMY OOMEHHBIX B3aUMOIECTBUIT U MU~
HUMaJIbHBII 6asuc 6-31G(d) [3]. AunonbHas cua U2
B 3TUX pacyeTax Mojydywiach paBHoil 31.6 J2. Mbl
MpOoaHaIM3UPOBaIN, HACKOJIBKO YYBCTBUTEIbHBI pe-
3yabpTaThl MeTona TD—DFT k BeIOOpY DyHKIIMOHAA
IUIOTHOCTH U pa3Mepy 0a3zurca. AHaJJOTUIHbIE pacye-
THI B BakyyMme ¢ pyHkuuoHaaioM CAM-B3LYP, yun-
TBIBAIOIIVM KOPPEKINUI0O OOMEHHBIX B3aMMOACH-
CTBUI1 Ha OOJIBIIMX PACCTOSHUAX, B 6a3uce 6-31G(d)
JAl0T MEHBIIYIO BEJUYMHY JIMITONBHOM CHJIBL: U? =
= 27.8 12. Ilepexon K pynkumoHany LC-wPBE npu-
BOIUT K JOMOJHUTEIbHOMY YMEHBIIEHUIO AUIIOJb-
Hoit cuibl o 25.5 J?. PaciumpeHue 6asuca no 6-
311+G(d) yBeauumBaeT AUMOIbHYIO cUiLy 10 26.9 12
Haxkonen, Hanbonee cylecTBeHHBIM 3(P(EKTOM SIB-
JISIETCS TIOJISIpU3alis MOJIEKYIbl XJI peaKTUBHBIM
nmojeM OH3arepa, 3a CYET KOTOPOTO B OEJIKOBOM
OKPYXEHUHU C AUBJIEKTPUYECKON IMPOHUIIAEMOCTHIO
€ = 2 IunojbHas CUIa IIepexona yBeJINIYUBaeTCs IO
39.1 [12. DKclepUMEHTAIbHAs OLEHKA, ITOJy4YeHHAas!
Ha OCHOBE aHajJM3a CIEKTPAIbHBIX TAHHBIX [4—6],
IJIs 9TOM JOWBJIEKTPUUYECKOW IMPOHULIAEMOCTU CO-
crasiser 30 2 (puc. 1).

B monenu OHzarepa (19) He yauThIBaeTCsl, 4YTO Ha-
Jinure B OeJIKe CTaTUYECKOU NURJIEKTPUUYECKOi Mpo-
HULIaeMOCTH (€ = 4) BeleT K IMOoJISIpU3aliui cTaTuye-
CKOTO TMIIOJIbHOTO MOMEHTAa OCHOBHOT'O COCTOSIHUSI
xjopoduiiyia U K JOIMOJHUTETHbHOMY YBEIUYCHUIO
MePEXOTHOIr0o MOMEHTAa. DTOT 3(PPEKT MOKET OOBsIC-
HSITh Pa30pOC IKCMEPUMEHTATIbHBIX JTaHHBIX MO KC-
TUHKUUU XJI B pACTBOPUTEJISIX C OJM3KUM MHIEKCOM
pedpakiu, HO pasauyarolIMXCcs MO BeJIMYUHE CTa-
TUYECKOM mpoHuIaeMocTu (puc. 1).

5. 3AK/IIOYEHUE

JurnosibHBIE MOMEHT mepexona S, — S; XJ10po-
dwia nonockl nomtolieHus Qv SBISETCS KItove-
BBIM ITapaMETPOM, ONPEIE/ISTIONINM SHEPTUI0 3KCH-
TOHHOTO CONpPsIKeHUsI, GOPMY CTAallMOHAPHBIX CITEK-
TPOB MOMJIOIIEHUS U KPYTOBOTO TUXPOU3Ma, a TAKXKe
CKOPOCTb II€peHOCa SHEPIUU B (DOTOCUHTETUUECKUX
MUTMEHT-0EJIKOBhIX KOMILUIeEKcax. MaremaTude-
CKMUII aHaJIM3 YKa3aHHBIX SBJICHUI OCHOBBIBAETCS
Ha paCCMOTPEHUM 3IEKTPOMATrHUTHHIX B3aUMOIeii-
CTBUII MeXHOy OBJIEKTPUYCCKUM IIOJIEM CBETOBOIA
BOJIHBI, JICKTPOHHBLIM IT€PEX0J0M MUTMEHTA B BO3-
OyXXIeHHOE COCTOSIHME U AURJIEKTPUYECKOM MOJIsI-
pu3anmreil ONTUISCKOM Cpelibl ¢ MHIEKCOM pedpak-
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mun 1 > 1. Vcnonb3yeMble B JIMTEpPaType METOIBI
omnpeleNecHNUsT TUIOIbHOIO0 MOMEHTA Iepexoa XJI0-
podriia @ OCHOBBIBAIOTCS Ha KOMOMHAIIMY KJIACCU-
YeCKMX MOJeJiell 3JeKTPOCTaTUYECKOM IToJIsipu3a-
UM OURJIEKTPUKOB M TEOPUM PaCHpOCTPaHEHUS
2JIEKTPOMArHUTHBIX BOJIH B IMHEMHON TUCIIEPCHUOH-
HoI1 cpene ¢ noromeHueM (cpena JlopeHiia), omHa-
KO B HMX HE YUYMTBIBACTCS pPeaKTMBHOE M3MEHEHUE
BJIEKTPOHHBIX COCTOSTHIIT IIMTMEHTA 3a CYET €ro B3a-
MMOJIEMCTBUS C TUIJIECKTPUUECKUM OKpYKeHueM. B
JaHHOI paboTe ¢ MOMOIIBIO HECTAllMOHAPHOM TEO-
puu ¢ysakuuroHana motHoctu (TD—DFT) u mone-
JI TOJISIpU3YyeMOTro KOHTMHYyMa IIPOaHaIM3uPOBAHO
YBeJIMYeHHE IIePEXOTHOTO TUITOJIFHOTO MOMEHTA MO~
JIEKYJIbI XJIOpOUIIa @ B paCTBOPUTEISIX C pa3Iiny-
HOM BeJMYMHON wuHAeKca pedpakumu. PacyeTsl
ab initio anipOKCUMUPOBAHBI MOJIE/IbIO PEAaKTUBHOTO
noJjst OH3arepa, B KOTopoii 3¢ eKTUBHASI OIS PU3Y-
eMocTb xJopoduuia cocraswia 21 A3, Mozenb Komm-
YECTBEHHO OIMCHIBAECT 3KCIIEPUMEHTAIBHYIO 3aBUCH-
MOCTh Koa(dduimeHTa 3KCTUHKIMKA XJIopodwiuia a B
pacTBOpUTENSIX ¢ MHAEKCOM pedpakumu 1.3 < n < 1.7.
BenuumHa nuImonbHOro MOMEHTa IIepexoaa XJIOPO-
¢unia B 0€IKOBOM OKPYXEHUM C UHAECKCOM pedpak-
muu n = 1.4 paBHa 5.5 1. 1151 5TOTO OKPY>KEHUS pac-
CUMTAHO paclpeiesieHre 3JeKTPOCTaTUYECKOIo IMo-
TEHIIMaJIa B OCHOBHOM M BO30YKIIEHHOM COCTOSTHUSIX
xJopoduIlIa; pacdyeTsl ab initio anmpOKCUMHPOBAHBI
Ha0OpOM ITapLHaNIbHBIX IIEPEXOMHBIX 3apsIIOB, pac-
MOJIOKEHHBIX HA TSKEJIbIX aTOMaXx Ti-COIIPSKEHHOM
CUCTEMBI MOJIEKYJIBI XJIOpoduILIa.

PaGota BBITIOTHEHA TIpU TMOMNAEPKKE TPAHTOM
Poccuiickoro HayuHoro ¢oHna Ne 22-24-00705.
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