BECTHHR

IR HO-YPAABCROTO 2015

FTrOCYIAPCTBEHHOTO T.97. o3

YHHUBEPCHTETA R
ISSN 2076-0493 (Print)

ISSN 2412-0413 (Online)

CEPUA

«XHUMUA»

Pemiennem BAK Poccuu Britouen B [lepeueHs peneH3upyeMbIX HAYyYHbIX H3IaHUMH

Yupeaureab — @enepaibHoe rocy1apcTBeHHOE 0I01KeTHOEe 00pa30BaTeIbHOE YUPeKICHH e
BbICIIEro nNpogeccnoHanbHOro 00pazoBanus «HOKHO-Y panbcKuil rocy1apCcTBeHHbIH

YHHBepPCHTET» (HAMOHAJIbHBIH MCCIe10BATEIbCKUI YHUBEPCUTET)

XKypHan nmyOnuKyeT peleH3MpOBaHHBIC CTaTbU 110 HAYYHBIM HCCIIEOBAaHMSAM, BBITOJHEHHBIM B Pa3IMYHBIX
OTpacIsIX XUMHYECKOW HAyKH: HEOPraHWYecKasi XUMHs, OpraHndecKas XUMUs, aHAIUTHYECKash XUMUs, pU3ndecKas
XUMUsL ¥ XUMUsi TBEpmoro Ttena. [IpuBeTcTBYeTCs MyONUKanusi CTaTed MO CMEXHBIM OTpacisiM. PepakipoHHas
KOJUICTHSI TOJUICP)KMBACT BBICOKUH YpOBEHb MYOJNHKALUi, CTPOTrO MPHICPKUBASCH IOJUTUKA HE3aBUCUMOMN
CTOPOHHEH 3KCIIEPTHU3BI, BHIMOJHEHHOH CIICIHAINCTAMH B COOTBETCTBYIOIIEH 007acTH, KBaJM(HUKAIMI KOTOPBIX
MOJTBEPIKIeHA OOLETTPU3HAHHBIMU HAYKOMETPUUECKHMH MTOKa3aTEeISIMH.

OCHOBHOW LleNbI0 JKypHajla SBJIAETCS MpOINaraHfga aKTYaJIbHBIX HAYYHBIX HCCIENOBAaHMH W CoJeicTBHE

(opMupoBaHUIO HanOOJIee IEPCIEKTUBHBIX HAIPaBJICHHUH.

PenakumnonHasi KoJljierus

n.x.H., mpo¢. lllapyrun B.B. I.X.H., mpod., wi.-kopp. PAH bamoéypor B.I'.;
(oms. pedaxmop); I.X.H., mpog., @wi.-kopp. PAH Pycunos B.JL.;
I.X.H., mpo¢. AeauH B.B. n.x.H., mpo¢. Hlapyruna O.K.;

(3am. oms. peoaxmopa); I.X.H., mpo¢. Kaumos E.C.;

K.X.H., 1o1ieHT MocyHoBa T.B. I.X.H., mpo¢. 'ymmH A.B.;

(oms. cexpemapy); PhD, Full Professor (Spain) Garcia J.R.;
I.X.H., mpo¢. Kum JI.T. PhD (Spain) Khainakov S.A.




BULLETIN

OF THE SOUTH URAL 2015
STATE UNIVERSITY Vol. 7, no.3
SERIES

“CHEMISTRY”

ISSN 2076-0493 (Print)
ISSN 2412-0413 (Online)

Vestnik Yuzhno-Ural’skogo Gosudarstvennogo Universiteta.
Seriya “Khimiya”

South Ural State University

The journal publishes peer-reviewed papers on scientific research in various branches of chemical science:
inorganic chemistry, organic chemistry, analytical chemistry, physical chemistry and solid-state chemistry. The
papers in related branches are welcome. The editorial board keeps the high quality of publications, strictly adhering
to the policy of independent third-party expert opinion, expressed by specialists in the corresponding branches,
whose qualification is confirmed by generally recognized scientometrical indicators.

The main aim of the journal is the promotion of actual scientific research and assistance in formation of the
most advanced directions.

Editorial board

V.V. Sharutin, Doctor of Science (Chemistry), Full Professor, South Ural State University,
Chelyabinsk, Russian Federation

V.V. Avdin, Doctor of Science (Chemistry), Full Professor, South Ural State University,
Chelyabinsk, Russian Federation

T.V. Mosunova, PhD (Chemistry), Associate professor, South Ural State University, Chelyabinsk,
Russian Federation

D.G. Kim, Doctor of Science (Chemistry), Full Professor, South Ural State University, Chelyabinsk,
Russian Federation

V.G. Bamburov, Doctor of Science (Chemistry), Full Professor, corresponding member of the
Russian Academy of Sciences, The Institute of Solid State Chemistry, Ekaterinburg, Russian
Federation

V.L. Rusinov, Doctor of Science (Chemistry), Full Professor, corresponding member of the Russian
Academy of Sciences, The Institute of Organic Synthesis, Ekaterinburg, Russian Federation

O.K. Sharutina, Doctor of Science (Chemistry), Full Professor, South Ural State University,
Chelyabinsk, Russian Federation

E.S. Klimov, Doctor of Science (Chemistry), Full Professor, Ulyanovsk State Technical University,
Ulyanovsk, Russian Federation

A.V. Gushchin, Doctor of Science (Chemistry), Full Professor, Lobachevsky State University of
Nizhny Novgorod, Nizhny Novgorod, Russian Federation

J.R. Garcia, PhD, Full Professor, University of Oviedo, Oviedo, Spain

S.A. Khainakov, PhD, Researcher, University of Oviedo, Mieres, Spain



COOEPXAHUE

HeopraHun4yeckasa xumus

MAKAPOBA 1.A., BY3AEBA M.B., IABbIZIOBA O.A., KJIINMOB E.C. Monuduiuposanue
CMa304HO-0XJIK/IAFOIICH KUIKOCTH (DYHKIIMOHATM3UPOBAHHBIMH YIJICPOAHBIMU HAHOTPYOKaMH .. 5

Opral-mqecxaﬂ XUmMunsa

FROLOVA T.V.,KIM D.G., SHARUTIN V.V., OSHEKO K.Yu. Research of 2-thiouracil deriv-
atives by X-Tay MEthOA ....oo.eoiiiiiiiii ettt st st 11
IL’INYKH E.S., KIM D.G. Study on reaction of 2-allylthiobenzimidazole with bromine ................ 19

®dusnyeckasn xumusa

YUSHINA 1.D., BULATOVA L.M., NASIBULLINA S.E., BARTASHEVICH E.V. Variations

of structure modeling methods and Raman spectral characteristics for the iodine crystal ................. 25
MATVEYCHUK Yu.V., KRIVTSOV LV., ILKAEVA M.V., AVDIN V.V. UV-visible spectra of
PETOXOLItANAE COMPLEXES ..uveuteniiriieieitieiterte ettt ettt ettt st e e b e sat et s bt et e sbeeate b e sbe et e sbe et enbesbeenee e, 33
EREMIASHEV V.E., KORINEVSKAYA G.G., AYSIN R.R. Spectroscopic investigation of the
influence of aluminum addition on characteristic features of alkali borosilicate glasses ................... 46

GRISHINA M. A., POTEMKIN A.V., BOLSHAKOV O.1,, POTEMKIN V.A. Theoretical study
of the thermodynamic and kinetic factors influence on nanosized titanium dioxide particles
SEOWLER TEATUTES ...ttt ettt s b et st e bt bt et e et eat e besbeeaae b 53

Xumua AfieMeHTOoopraHn4YeCKnx coeguHeHun

VERKHOVYKH V.A., KALISTRATOVA O.S., GRISHINA A.I, ARTEMOVA V.G,
GUSHCHIN A.V. Synthesis of triphenylbismuth bis(2-methylpropenoate) ........c..cccccvcereencnennnenne, 61

KpaTtkne coobLieHun
SHARUTIN V.V., SHARUTINA O.K. 4-Nitrobenzaldoxime and cynnamaldoxime structures ....... 66

© Uzparensckuii neatp IOYpl'Y, 2015



CONTENTS

Inorganic Chemistry

MAKAROVA LA., BUZAEVA M.V., DAVYDOVA O.A., KLIMOV E.S. The modification of
lubricating coolants by functionalized carbon nanotubes ............ccccceevvievienieniieniie e

Organic Chemistry

FROLOVA T.V.,KIM D.G., SHARUTIN V.V., OSHEKO K.Yu. Research of 2-thiouracil de-
rivatives by X-ray MEthOd ......c..cooiiiiiiiiiiiii ettt
IL’INYKH E.S., KIM D.G. Study on reaction of 2-allylthiobenzimidazole with bromine ..............

Physical Chemistry

YUSHINA 1.D., BULATOVA L.M., NASIBULLINA S.E., BARTASHEVICH E.V. Variations
of structure modeling methods and Raman spectral characteristics for the iodine crystal ...............
MATVEYCHUK Yu.V,, KRIVTSOV LV., ILKAEVA M.V., AVDIN V.V. UV-visible spectra
Of PEroXotitanate COMPIEXES .....couerieriiriieiieniirterteittet ettt ettt et et sb et st ebt et bt et e besaeeteebeeanes
EREMIASHEV V.E., KORINEVSKAYA G.G., AYSIN R.R. Spectroscopic investigation of the
influence of aluminum addition on characteristic features of alkali borosilicate glasses .................
GRISHINA M. A., POTEMKIN A.V., BOLSHAKOV O.I.,, POTEMKIN V_.A. Theoretical study
of the thermodynamic and kinetic factors influence on nanosized titanium dioxide particles
GEOWEN TRATUTES ....eiiiiiieieieiteete ettt ettt sttt bt et bt et e st s et sbeeaeebesbeenee

Organometallic Chemistry

VERKHOVYKH V.A., KALISTRATOVA O.S., GRISHINA A.L,, ARTEMOVA V.G,
GUSHCHIN A.V. Synthesis of triphenylbismuth bis(2-methylpropenoate) ..........c.ccecevereenenenee.

Brief reports

SHARUTIN V.V., SHARUTINA O.K. 4-Nitrobenzaldoxime and cynnamaldoxime structures .....



HeopraHunyeckasa xmmus

YOK 544.015.3

MOOANDOULUPOBAHUE CMA30YHO-OXJTAXOAIOLWEN XXUOKOCTHU
OYHKUNOHAITUSUPOBAHHbBIMU YT TIEPOAHBIMU
HAHOTPYBKAMMU

U.A. Makapoea, M.B. By3aeea, O.A. [Jaebidoea, E.C. Knumoe
YrbsiHo8CKuUl 20cydapCcmeeHHbIl mMexHUYecKul yHugsepcumem, 2. YrbsHoeck

[IpoBeneHo MOTUPHUIMPOBAHUE CMA30YHO-OXJIAXKIAIOMICH JKUAKOCTH (DYHKIIHOHAIU3U-
POBaHHBIMH MHOTOCTCHHBIMH YTJICPOJIHBIMI HAaHOTPYOKaMH C MPHUBHTHIMH HAa TIOBEPXHOCTH
KapOOKCHJILHBIMH TPYIIAaMU U Y€TBEPTUYHBIMA aMMOHHUEBBIMH COJISIMU. MouuIupoBanme
MIPUBOIUT K TOBBIIICHUIO YCTOMYUBOCTH XKHUAKOCTH K OMOTIOPasKEHUIO.

Kniouesvie cnosa: cmasouno-oxnaxcoarowas H#uokocmos, QYHKYUOHATUZAYUS, MHO2O-
cmeHHble y2nepooHble HaHOMpPYOKU, Ouonopasxcetue.

Beenenne

BoNbIIMHCTBO COBPEMEHHBIX TEXHOJIOTHUECKUX MPOIECCOB 00PaOOTKH METAIIOB B MAITHHOCTPOU-
TEJNBHBIX U METAJUTyPIrHYECKHUX MPOU3BOICTBAX HEBO3MOXHO 0€3 NPUMEHEHHS CMa304HO-0XJIaKAAI0IINX
xunkocted (COX), crocoOCTBYIOUIMX CYIIECTBEHHOMY YBEIMYEHHIO CTOHKOCTH WHCTPYMEHTA, TOBBI-
HICHUIO TIPOU3BOIUTENILHOCTH U KadecTBa 00paboTku. COXK B BUJe BOJHBIX 3MYIBCHIA MPUMEHSIETCS Ha
OTIepaLUsIX TOUCHHs, CBEpIICHUS], NITHN(OBAHNS YIIIEPOAUCTHIX U JETUPOBAHHBIX CTAJICH.

OcnoBoit 11 COX cimykaT MUHepaIbHble Maciia Pa3IMuHoOro crpoeHus. B kadecTBe 106aBOK HCIIONb-
3YIOT CHHTETHYECKHE 3(HPbI, pAaCTUTENbHBIC M )KUBOTHBIC Macia, 3MYJIbraTopbl, CIIUPTHI, OaKTEPHUIIUIIBL,
BBICOKOMOJIEKYJISIpHBIE aare3uBsl. B mpouecce ucnons3oBanust COXK TepsieT cBOM TEXHOIOIMYECKUE CBOMU-
CTBa: 3arpsA3HIETCS THOPOJHBIMHU MAc/IaMH, COeTUHEHUSIMU METAJLIOB, IPOIYKTaMH PA3JIOKEHHs, TOABEpra-
ercst ouomnopaxkenuto [1]. Orpaborannbie COXK ocTaroTcss OJHMM M3 TJIABHBIX MCTOYHHMKOB 3arps3HCHHS
OKpY>KaroIIIel cpeibl — KOHIeHTpaIys HeTepoIyKToB B HUX nocturaet 90—100 F/,HM3.

Henocratkamu COX sBIAI0TCA HEBBHICOKHE aHTHUKOPPO3MOHHBIE CBOWCTBA B OTHOILIEHHM YEPHBIX
METaJUIOB, HU3KKE TprOoIornyeckue cBoiicTBa. K 0CHOBHOMY HEJOCTaTKy clexyeT OTHECTH HEBBICO-
KYI0 CTOMKOCTb 3MYJbCUH, B PE3yJIbTaTe Yero Npu XpaHeHWH U B mpouecce skcmuryaranuu COX pac-
ClIavBaeTCs, MoABepraeTcs OuoIornuecKkomMy nopaxenuto. Ilpu aTom oGpasyercss orpoMHOE KOIUYECTBO
OTacHBIX HeTecoaepKalmx 0TXO0A0B.

3ammra CMa304YHO-OXJIAXKIAIOMINX >KUIKOCTEH OT MHKPOOMOJIOrMYECKOTO MOPaXKECHUS SIBISACTCS
Ype3BhIYAHO OCTpoi MpobieMoil. bakrepuu paszpyliaroT NOBEpXHOCTHO-aKTHBHEIE BemiecTBa, COX
CTaHOBUTCS HEMIPUTOJHOW IJIs JayibHEHIIero ucrnonb3oBanus. [Ipu aTom nmopaxkatorcs Bce Buanl COXK,
HO 0COOEHHO BOAOMACIISIHBIC AMYJIbCHH.

BbIxo10M 13 CIIOKUBIIEHCS CUTYAIIM MOKET OBITh MOBBILIeHUE ycToHunBocTd COXK BBeeHNEM B
OMYJBCUIO YIIIEPOJAHBIX HAHOTPYOOK, KOTOpBIE UMEIOT OOIBINYI0 YACTbHYIO MOBEPXHOCTh U Mallbie
pa3Mepsl YacTHIL, YTO MO3BOJUT CBA3ATh HAa MOJIEKYJIApHOM ypoBHE KOMINOHEHTHI COXK B yCTOHYNBYIO
KOJUTOWJIHYIO CUCTEMY.

YrnepoaHble HAHOTPYOKH CTOSIT B psAy HauOoiee NMEepCIeKTHBHBIX HAHOMATEpHAIoOB Oiarojaps
CBOMM YHHUKAJILHBIM CBOHCTBaM, 00OCCIICUNBAIOIINM BO3MOKHOCTh MX MPUMEHEHHS B Pa3IUUHBIX 00Jac-
TAX HayKH M TeXHUKU [2]. B HacTosImee BpeMs IpOBOAATCS HHTEHCUBHBIC NCCIIEIOBAHUS KaK IO U3yde-
HUIO QU3HKO-XUMHYECKHX CBOMCTB HAHOTPYOOK, TaK U IO MMOUCKY 00JacTeil NX MPUMEHEHHUSL.

B cBsi3u ¢ 5THM TpecTaBiIsieTcs MePCIEKTUBHBIM TOTyUeHHE OaKTepHInIa ¢ yIyYIIEHHBIMHA CBOM-
CTBaMHU Ha OCHOBE ()YHKIHMOHAIM3UPOBAHHBIX YIJIEPOAHBIX HAHOTPYOOK. [lyOnmkanuu, mocBsIIeHHBIC
MouduurpoBanuio smyiabcuil COX HaHOMaTepuanamu, B HACTOSAIIEE BPeMs HEMHOTOUHCIICHHBI, XOTS
UMeEroIUecs B JIUTEpaType CBEACHUS MO3BOJISIOT CUUTATH 3TO HANpaBICHUE aKTyaJIbHBIM M HEOOXO/IH-
MbIM [3].

BecTHuk KOYpIY. Cepus «Xumusy». 5
2015.T.7,Ne 3. C. 5-10
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JKcnepUMeHTAIbHAA YacTh

Cunme3 y2nepooubix HaHompyboK

CuHTE3 MHOTOCTEHHBIX yriepogHbix HaHOTpyOOok (MYHT) mpoBogunum B TOKe aproHa METOAOM
XHUMHAYECKOTO OCAKACHHUS M3 MapoBOW (ha3bl C HMCHOIB30BAHHEM METAJUIOOPTaHUYECKUX COCTUHEHUH
(meron MOCVD) Ha pa3paOoTaHHOM HaMH SKCHEPHUMEHTAILHON YCTaHOBKE, KOTOpas BKJIIOYANa JIBE
TOPU30HTAJIbHBIC TPyOUaThie ey (Mcmapurensd deppoieHa u neusb i ocaxaeanas MYHT ¢ uzotep-
muueckoit 3oHoi 200 Mm) [4]. B kauecTBe npeKypcopoB HCIOIB30BAIM TOIYoNI U GeppoueH. Ocaxie-
Hue MYHT npoBoauiu B HMIMHAPUYECKOM KBAPLIEBOM PEAKTOPE C Pa3sMELICHHBIMU BHYTPU LIMJIMHI-
pUYECKUMHU KBapIEBBIMU BKJIaIbIIIAMH.

Jlia Beex onepanmii c MYHT ux npeaBapuTenbsHO pa3Menbyaid B MEXaHHIECKOM TOMOTE€HU3aTOPE.
[Ipu HEOOXOAMMOCTH MPOBOAMWIN YJIbTPA3BYKOBYIHO 00paboTky (J1aboparopHas ycranoBka «MJI 100-
6/4», yactora 22 k[ '11) B M30MPONHUIOBOM CIIUPTE WK BOJIC.

Dyuxyuonanuzauyus MYHT ¢ npucymemeuu cuibHbiX KUCIOM

B kon0y nomemanu 4,0 r MYHT, npunuBanu 200 M1 cMecH KOHIIEHTPUPOBAHHBIX CEPHOM U a30T-
HOW KHCJIOT B 00beMHOM cooTHomeHnd (3:1). Cmech NMpH MOCTOSHHOM TepeMElIMBaHUM HarpeBain
npu 90 °C B teuenue 70 muH. [TonmydeHHYIO CYyCIIEH3UIO OTQUIFTPOBBIBAIN, IPOMBIBATH JTUCTHILTUPO-
BAaHHOH BOJOW O OTCYTCTBHUS B (pruibTpare peakuuu Ha cynbdaT-uonsl. Ilocne BrIcymMBaHUS Macca
BellleCTBa COCTaBMIIA 2,8 T.

[IpuBuBka Ha noBepxuoctd MYHT nonspusix rpynn (-OH, —C=0, —COOH) o6paboTkoii Kucio-
TaM# OOBIYHO MPOBOJUTCS MO MAaKCUMAaJbHOMY HAKOIUICHHIO KapOOKCHIIBHBIX TPYIIT Ha TIOBEPXHOCTH
TpyOOK.

KonnyecTBo XMMHUYECKH MPUBUTHIX HA MOBEPXHOCTH KAPOOKCHIIBHBIX TPYII ONMPENessuid MOTEH-
IIUOMETPHUYCCKUM THUTpOBaHUEM. KoruecTBO KapOOKCHIIBHBIX TPyl cocTaBuio 4 % [5].

Dyukyuonanuzayus MYHT npusugkou azomcooepocauux epynn

K 1,0 r ¢pynkumonanuzupoBanueix MYHT (h-MVYHT) nob6asnsumm 0,5 © TpusTaHOIaMKHA, CMECh
TIEPETUPAJIH JI0 TOJYyUYSHHs OJHOPOAHOM Macchl, 100aBsuin S0 M Boabl. CyCIIEH3HIO MPH TIEPEMEIIIH-
BaHWM HArpeBaJld B T€UCHHE 4yaca rpu temreparype He 6osiee 80 °C. Tlociie OKOHUAHUS PEAKIMH TTOITY-
YEHHYIO CMECh OT(UIBTPOBBIBAIIH, TIPOMBIBAJIN BOIOH, BbicymnuBau pu 100 °C.

Jia ucnionb3oBaHus B KauecTBe Gaktepunmanoi mpucanku 0,1-1,0 r cyxoro npoaykra aucrepru-
poBaiu TOJ AeiicTBHEM yibTpa3Byka (5 muH) B 50 M Bonbl. [t BBegenus B kommosuiuio COX Opa-
nu u3 pacuera 5 mi cycnien3uu Ha 1000 M amynscun COXK, 9TO COOTBETCTBYET MacCOBOM KOHIICHTpA-
ouu 0,01-0,1 %.

Cmaszouno-oxnaxcoaouias HcuoKocms

st mpakTHdeckux uccnegoBanuii ucmonb3oBaan COX mapku «APC-21» (r. Ce3pans). Cexe-
npurotosienHas COX mpencranser coboit 3 % BOIHYIO SIMYJIBCHIO, COAEPKAILYI0O MUHEPAILHOE Mac-
710, SMYJIBraTop, HHTHOUTOP KOPPO3UH, OAKTEPUITUIHYIO U IPYTUE TIPUCATIKH.

Ocuosnble xapakrepructuku COX n3yuanu cornacHo HopMaTtuBHO#M nokymenTanuu: ['OCT 2917-76.
Macna u npucagku. Meton onpenenenusi KOppo3uoHHOro Bozneictus Ha Metamibsl; 'OCT 9.085-78.
MeToapl MCHBITAHMM Ha OHOCTOMKOCTH CMa30o4yHO-oXJaxkaaromux skuakocre; [OCT P 51779-2001.
JKuakocts cmazouHo-oxyaxaaromas. CtaduwibHocTh; TY 0258-142-057-44685-95. Macna u npucajku.
Mertoasl onpenenenus pH.

Omnpenenenue creneHn MUKpooduonoruyeckoro nopaxenns COX npoBoanin ¢ moMoOILBIO HHANKA-
Topa 2,3,5-rpudenunrterpazonus xjaopuctoro (TTX) mo narencuBroctu okpacku ([OCT 9.085-78).

B mipobupku otOupanu mo 9 miu amynbscud, go6asisumi mo 1mi 0,5 % pactBopa TTX, nepemerivBa-
1M, BeIAEpkuBany B TepmoctaTe npu 30 °C B Teuenue 24 4. [lo HAMMYMIO U MHTEHCUBHOCTH OKPAaCKH
oTIpeIeIsuTH 0alT MUKPOOHOJIOTHYECKOTO TOPaYKEHHSI.

Dusuxo-xumuueckue Memoobl AHAIU3A

Tomonoruto nosepxHoctt MYHT m3ydanu Ha cKaHUpYIOLIEM 3JIEKTPOHHOM MHUKpockorie Phenom
pro X ¢ BBICOKUM pa3peLIeHUEM.

PesyabTaThl 1 00cyxIeHHE

B xone cunresa MYHT ocaxnarorcs Ha HUIMHIPHUYECKOM KBAapIEBOM BKJIAJBIIIE B BUJE MaKpOIH-
JVHJPA, TOBEPXHOCTh KOTOPOT'O COCTOMT U3 JKI'YTOB, CHOPMHUPOBAHHBIX M3 JJIUHHBIX HUTEH, 00pazo-
BaHHBIX MHOTOCTEHHBIMH YTJIEPOAHBIMH HaHOTpYyOKamu (puc. 1).

6 Bulletin of the South Ural State University. Ser. Chemistry.
2015, vol. 7, no. 3, pp. 5-10



Makapoea U.A., Byzaeea M.B., ModuguyupoeaHue cma3o4Ho-oxnaxoarouwel xudkocmu
Haebidoea O.A., Knumoe E.C. yHKYUOHaNnu3upoeaHHbIMU y2s1epoOHbIMU HaHOMpPYb6kamu

Puc. 1. CAM-mukpodoTorpacums KryToB MHOrOCTEHHBIX YriepoAHbIX HAHOTPYOOK

Juametp Oosblieit yacTu HaHOTPYOOk 40—90 HM, JUTMHA COCTABIIACT JECATKH HM. IIpu yiabTpa3ByKo-
BOI 00pabOTKe MPOUCXOIUT PACILEIVICHHE XI'YTOB U Apo0iieHne HUTeH Ha Oosee KOpoTKue (hparMeHTHI.

YraepoaHsle HAHOTPYOKH CKIIOHHBI K OOpa30BaHHIO arjoMepaToB, YTO 3aTPyIHSET UX BBEICHHE B
KOMITO3UIIOHHBIE MaTepuansl. [y mpugaHus HEOOXOANMBIX TEXHOJOTHYECKHX CBOWCTB (COBMECTH-
MOCTh ¢ MaTpHIICH MaTepuaia, o0pa3oBaHue ycToluuBon aqucnepcur) MYHT momudunupyroT pa3iny-
HBIMU criocobamu. Haubonee s pextuBHbIM mpreMoM siBisiercs: pyHkiuunoHanuzammusas MYHT npu o6pa-
00TKE CHWIIBHBIMU KHMCJIOTaMH{, NPUBOAAIIAS K NPHBHUBKE Ha MOBEPXHOCTH TPYOOK HONSAPHBIX KapOOK-
CHWJIBHBIX, KapOOHMIBHBIX U THAPOoKCHIbHBIX Tpynn (—COOH, —CO, —OH). B pesynsrate Mmoauduu-
poBaHUs 00pa3yeTcsi MUKPOAUCIIEPCHAs OJHOPOJHAsI MOBEPXHOCTH ¢ Oojiee KOPOTKUMHU (parMeHTaMu
b-MVYHT.

BonosmynscroHHAs cMa30YHO-OXJIaXAArOMAs XUIKOCTh «APC-21» mpencrasuser coOoil cOanaH-
CHPOBaHHYIO CMECh, COAEPXKAIIYI0 MUHEPAJIbHOE MAaclo, SMYJIbraTop, HHIMOUTOP KOPPO3HH, OaKTepH-
HUAHYIO U IPYTHe MPUCaIKH, Mpuaarue padodemy pacteopy COXX HeoOXoaumble cBoiicTBa (Tabd. 1).

Ta6bnuua 1
KomnoHeHTHbIN cocTtaB COX mapku «APC-21»

No HanmenoBaHue KOMIIOHEHTOB Conepante B 3 % smybcum, 1/
/11 «APC-21» ’

1 Macno unaycrpuansaoe 1-12 10,0

2 Kucnora onenHoBas 3,0

3 Kap6omon 3,6

4 TpusTanonamun 3,0

5 [Ipucanku 0,5

Boma OcranbHoe 10 1 1

B kauectBe Oaktepunmaa B coctae COX BBoguTcs kapOomous (IPOM3BOJHOE MOYCBHHBI), OC-
TaJIbHBIE IIPUCATKU — IPOTUBOU3HOCHBIE, aHTUKOPPO3UOHHBIE, AHTUIICHHBIE U ApYTHE.
OcnoBHble TexHonorunueckue corictsa COX npencrasiens! B Tadu. 2.

Tabnuua 2
CBomncTtBa 3% amynbcumn COX
ITokazarenn Omynbenst «APC-21»
pH 7,1
CTabHIbHOCTD Ha JKECTKON BOJE (MM) 3,0
KopposrnonHas arpeccCMBHOCTh 2,0 (au3Kas)
buonopaxenue, 48 4 (6ans) 0

st mogaenenus pocta Mukpoopranuzmos B COXX npeioskeHo T0BOJLHO MHOTO METOI0B — (PH-
3UUYECKUX (YIBTPapHOIETOBOE, AIEKTPOMATHUTHOE U MOHHOE OOIy4YeHHE, TEPMOIacTEPH3aIHs, YIbTpa-
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3BYKOBast 00paboTKa), XUMHU4YecKuX (OuonuaHas o0paboTKa), MexaHnYeckux ((PUIbTpOBaHME, IIEHTPH-
¢dyruposanune). Hanbonee pacnpocTpaHeHbl XUMUYECKUE METOIBI.

B kauectBe OakTepuiuaHbXx 1006aBoK B koMno3uuuio COXK ZonoinHUTENsHO BBOISTCS XHMHUYC-
CKUE COCITUHEHUS: aMUJbl, AaMUHBI, YETBEPTUUHBIC aMMOHHUEBBIE CONU. B 3TOM miiaHe mpeacTaBisioch
nepcreKTHBHBIM (QyHKIMOoHaIH3upoBaTh MYHT ueTBepTHUHON aMMOHHMEBOH COJIBIO, 00pa30BaHHOM (-
MVHT u TpusTaHOTAMHHOM.

[ToBepxHocTh QyHKIHOHaTM3NpoBaHHEIX MYHT crnocoOHa 3a cueT KapOOKCHIIBHBIX TPYIIl XH-
MHYECKH CBA3bIBaThCs ¢ KomnoHeHTamu COXK, B 4acTHOCTH — ¢ TpU3TaHOIAaMUHOM (cxeMma 1):

MYHT-C(0O)-O" H™ + :N(CH,CH,OH); — (1)
— MYHT-C(0)-O HN'(CH,CH,OH);

Peaxkiust 00pa3oBaHus 4YeTBEPTUUHONW aMMOHHEBOM coin Ha roBepxHoctd G-MYHT mporekaer 3a
CYeT HEeMOJeIEHHON Maphl AEKTPOHOB Ha aTOME a30Ta W MPOTOHA KapOOKCHILHON TPYTIIIEI.

Tpusranonamun BBomutcsa B COXK anst o6pazoBanus smynbraropa. OH 00pasyeT ¢ 0JIEHHOBOW KH-
cioroit (kommoHeHT COJXK) Tak Ha3pIBaeMOE «ITAaHOJIAMHHHOE MBLIO» — TIOBEPXHOCTHO-aKTHUBHBIN
3MYJBraTop, 00ECIeUHBAOIINN yCTOWYMBOCTh SMYJIbCUM Ha TpaHHULE pa3zena (a3 «Macio — BOAa»
(cxema 2):

C7H33-C(O)O'H" + :N(CH,CH,OH); — ()
—  Cy7H33—-C(0)-O HN'(CH,CH,0H);

[oeepxnocts MYHT ¢ mpuBHTHIMH (parMeHTaMy TpUATaHONaMUHA, BXojsmiero B coctaB COX,
JOJDKHA BBITIOJHATH OZHOBPEMEHHO H POJIb AMYJBraTopa, ¥ Poib 0aKTEpULUIHOTO CPEACTBA, IOCKOIb-
Ky 4YeTBEPTUYHBIC AMMOHHWEBBIE COJIH SIBIISIIOTCS XOpomuMu Oaktepuiaamu. Ha puc. 2 npeicraBieHo
cxeMatnieckoe nzobpaxenne P-MYHT ¢ ¢pparmeHTOM YeTBEPTUYHOW aMMOHHEBOM COJH, 00pa30oBaH-
HOU TPUITAHOJIAMUHOM U KapOokcuinbHOM rpynmnoi (TOA-MVYHT).

Puc. 2. Cxematnyeckoe nsobpaxeHne TOA-MYHT

Hucnepruposanne MYHT B COX npoBoaunu mpu ynbTpa3ByKoBOH 00pabOTKe cMecH B TeUEHHE
1-5 muH B 3aBUCcUMOCTH OT KoHIeHTparua MYHT: 0,01; 0,05; 0,1 % (o macce).

3a cyer GU3NIECKOTO M XUMHUYECKOTO CBI3BIBAHUS 00pa3yeTcsl yCTOHUMBas AUCIIEPCHOHHAS CUCTE-
Ma ¢ PaBHOMEPHBIM PacIpeACICHUEM YIIIEPOAHBIX HAaHOTPYOOK B 06beme COX.

HeiicTBre OaKTEPUIIMIOB OCHOBAHO Ha 00pa30BaHMU KHUCIIOW Cpelibl, HANWYHE KOTOPOH MOJABIAET
POCT MHKpPOOPTaHW3MOB. B 4acTHOCTH, KHCIOTHOCTH OJHOTO U3 3 (eKTHBHBIX OakTepuruaoB «Co-
¢exer, pH =3,1.

Kucnornsiii nokaszarens smyiascun COX «APC-21», pH = 7,1 (melitpansHas cpena). CycneH3us
(yHKIMOHATH3UPOBAaHHEIX cMechio kucinotr MYHT umeer pH = 3,7; ¢ mpuBUTON 4eTBEPTUYHOW aMMO-
HueBoil consto pH = 3,2. IIpu BBenennu B COX 31X GakTepuunaoB KUcIoTHOCTH cpeasl pH = 3,0-3,3.

Hamu mpoBeneno cpaaenue OakrepuiuaHbix cBoiictB O-MYHT, TOA-MVYHT u Gakrepuruna
«Codgexkcy. PesynbraTsl npencraBieHsl B Ta0m. 3.

D¢ dexTUBHOCTD BO3ACUCTBHSA OAaKTEPHULUKUAOB HA MHUKPOOPIaHU3MBl yMEHBILACTCS B PILy:
TOA-MVYHT > ¢-MVYHT > Codexkc.
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Haebidoea O.A., Knumoe E.C. yHKYUOHaNnu3upoeaHHbIMU y2s1epoOHbIMU HaHOMpPYb6kamu
Tabnuua 3
Buonoruyeckoe nopaxernvne COX B npucytctBun 6aktepuumnpos. KoHuentpauusa MYHT 0,05 % (macc.)
BaKTeDHL bayn nopaxkenus
PHIHA 30 cyt 60 cyT 90 cyt 120 cyT 150 cyt 180 cyT
Bes bakTepurmma 1 2 3 3 4 4
Codexc 0 0 1 1 2 3
G-MYHT 0 0 0 0 0 1
TOA-MVYHT 0 0 0 0 0 0

Bbuoctoiikocts COX ompenensieTcs mo OKpacke 3MyJIbCHH B NMPUCYTCTBHUHM HHAuKaTopa 2,3,5-
TpudeHUITETPa30IHs XIOPUCTOTO. CBS3b MEXKITy OMOCTOWKOCTBIO M 0AIIIOM OHOIOpaKeHUs TIPEICTaB-
nieHa B Ta0m. 4.

Ta6bnuua 4
CteneHb 6uonopaxeHusa COX
XapakTep 1 HHTEHCUBHOCTb o
bann BuocroiikocTs
OKpaluBaHus sMyJascuu ¢ TTX

I1BeT AMyJIbCUU HE U3MEHUIICS 0 OTCyTCTBHE MHUKPOOPTaHIU3MOB
He3nauuTenpHOE OKpallMBaHUe B BUJIE IISITHA MJIM KOJIbLIA I Y noBneTBOPUTENBHAS OMOCTONKOCTh
SIpko-KkpacHast OKpacka B BHJIE TISITHA HA JHE IPOOUPKH 11 HeynoneTrBoputenpHast OHOCTOHKOCTh
Po3oBast okpacka Bceil IMyIbCHH B TPOOHUPKE 111 OTcyTcTBHE OHOCTOMKOCTH
SIpko-KkpacHast OKpacka BCei YMyJIbCHU B IPOOHPKE 1\ [TomHOE OHOTIOpakeHNe

Taxum obpazom, pynkuonanusuposanasie MYHT o0nanarot BEICOKOH aHTUMUKPOOHOW aKTHB-
HOCTBIO ¥ 3HAUNUTENbHO cTaduam3upyoT COXK mo OTHOLIEHHUIO K OMOMIOPasKEeHHUIO.
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THE MODIFICATION OF LUBRICATING COOLANTS
BY FUNCTIONALIZED CARBON NANOTUBES

L.A. Makarova, Ulyanovsk State Technical University, Ulyanovsk, Russian Federation,
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A modification of lubricating coolants by functionalized multi-walled carbon nanotubes
grafted on the surface carboxyl groups and quaternary ammonium salts is condacted. The
modification leads to increased stability to biodegradation fluid.

Keywords: lubricating coolant, functionalization, multi-walled carbon nanotubes, bio-
degradation.
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RESEARCH OF 2-THIOURACIL DERIVATIVES BY X-RAY METHOD
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2-Propargylthio-6-methyl-5-ethyl-4(3H)-pyrimidinone has been synthesized by
alkylation of S-sodium salt of 6-methyl-5-ethyl-2-thiouracil with propargyl bromide. It has
been found by X-ray method that S-derivatives of 2-thiouracil are in the tautomeric form with
the proton at the nitrogen atom N°. The substitute at the sulfur atom is within the plane of
pyrimidine ring at the angle 59-84°. The 2-alkylthio-4(3H)-pyrimidinones molecules are
combined in dimers with formation of two intermolecular hydrogen bonds.

Keywords: 2-prenylthio-6-trifluoromethyl-4(3H)-pyrimidinone, cis-2-(3-chloroallyl)thio-
o-trifluoromethyl-4(3H)-pyrimidinone, 2-allylthio-6-methyl-4(3H)-pyrimidinone, 2-
propargylthio-6-methyl-5-ethyl-4(3H)-pyrimidinone, alkylation, propargyl bromide, tauto-
merism, molecular structure, X-ray analysis.

Introduction

It is known that alkylation of 6-methyl-2-thiouracil and 6-trifluoromethyl-2-thiouracil occurs at the
sulfur atom [1]. At the same time information about alkylation of 6-methyl-5-ethyl-2-thiouracil by
propargyl bromide has not been discussed in literature. The aim of the present study is the synthesis of
2-propargylthio-6-methyl-5-ethyl-4(3 H)-pyrimidinone and the investigation of its structure and other 2-
thiouracil S-derivatives by X-ray analysis.

Experimental

Synthesis of 2-propargylthio-6-methyl-5-ethyl-4(3H)-pyrimidinone (1)

Propargyl bromide (0.9 mL, 0.001 mol) and NaOH (0.04 g, 0.001 mol) were added to the S-sodium
salt of 6-methyl-5-ethyl-2-thiouracil solution (0.912 g, 0.001 mol) in 20 mL of water. The reaction
mixture was stirred with a magnetic stirrer for 2 h. Mixture was neutralized by the addition of acetic
acid, the obtained precipitate was filtered off, washed with water, dried and recrystallized from hexane.
The product yield: 0.154 g (55%), T,=162°C, R=0.55(ethyl acetate:hexane 1:3). Crystals for X-ray
analysis were obtained from the isooctane—acetone (3:1) solution.

Compounds 2—4 were obtained by the interaction between S-sodium salt of 6-methyl- and 6-
trifluoromethyl-2-thiouracil with allyl bromide, prenyl chloride and 1,3-dichloropropene by the method [2].

The X-ray analysis of the crystals of compounds 1-4 was performed on the automatic four-circle
Bruker D8 Quest diffractometer (Mo K ,-radiation, L. = 0.71073 A, graphite monochromator).

The data collection and editing, as well as the refinement of unit cell parameters and the absorption
accounting were carried out using SMART and SAINT Plus program packages [3]. All calculations for
the structure determination and refinement were carried out using the SHELXTL/PC [4] program
packages. The structures of compounds 1-4 were determined by the direct method and refined by least-
squares method calculations in anisotropic approximation for non-hydrogen atoms. Selected
crystallographic data and structure refinement results are given in Table 1.

The full tables of atomic coordinates, bond lengths, and bond angles were deposited with the
Cambridge Crystallographic Data Centre (Ne 998573, 1061098, 1061104, 1028131;
deposit@ccdc.cam.ac.uk; http://www.ccdc.cam.ac.uk).
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Table 1
Crystallographic data and the experimental and structure refinement parameters for compounds 1-4
Value
Parameter 1 ) 3 4
Empirical formula Cl()leNzOS Cg Hl()NzosH]() C]()H] 1N28F3O C8H6N208C1F3
Formula weight 208.28 182.24 264.27 270.66
T,K 273.15 273.15 295.0(2) 295.0(2)
Crystal system Monoclinic Triclinic Monoclinic Monoclinic
Space group P2,/c P-1 P2,/n P2,/n
a, A 9.8551(18) 4.6742(2) 12.675(17) 12.080(11)
b, A 21.875(3) 9.5013(4) 7.156(9) 7.43(2)
c, A 4.8936(8) 11.4968(5) 13.644(17) 12.650(16)
a, deg 90.00 113.905(2) 90.00 90.00
B, deg 93.569(4) 99.243(2) 95.10(6) 91.56(9)
vy, deg 90.00 92.850(2) 90.00 90.00
7N 1052.9(3) 456.98(3) 1233(3) 1134(4)
Z 4 2 4 4
p(caled.), g/em’ 1.314 1.324 1.424 1.585
u, mm ' 0.276 0.307 0.286 0.540
F(000) 440.0 192.0 544.0 544.0
. 0.24 x 0.09 x
Crystal size, mm 0.025 0.53 x0.25 x 0.13 0.61 x 0.2 x0.12 0.6 x0.27 x0.25
9 Range of data 6.96 to 52.78° 7.32 to 52.84° 4.6 t0 57.04° 4.6 10 42.9°
collection, deg
. -12<h<12, —5<h<5, -8 <h<16, -12<h<12,
Ra“geigcfﬁr:iacuon —27<k<27, —11<k<11, —9<k<9, —7<k<7,
—-6<1<6 -14<1<14 -18<1<18 -9<1<13
Measured reflections 14398 10518 11916 3767
Independent reflections 2138 1868 3107 1248
R, 0.1804 0.0233 0.0362 0.0328
GOOF 0.996 0.984 1.017 1.088
2 2 =0.0613, R;=0.0347, R, =0.0764, R, =0.0726,
Rfactors for F> 20(F)| . —0.1025 WR, = 0.1123 WR, = 0.2049 WR, = 0.2012
R factors for all R, =0.1481, R, =0.0458, R, =0.1189, R, =0.0987,
reflections wR, = 0.1283 wR, =0.1233 wR, =0.2376 wR, = 0.2425
Residual electron
density 0.22/-0.21 0.21/~0.20 0.93/-0.24 0.72/-0.25
(min/max), /A’

Results and Discussion
We are the first to find that alkylation of S-sodium salt of 6-methyl-5-ethyl-2-thiouracil by
propargyl bromide is carried out with the synthesis of 2-propargylthio-6-methyl-5-ethyl-4(3H)-

pyrimidinone (1).
(I === ﬁﬁ P

2-Allylthio-6-methyl-4(3 H)-pyrimidinone (2), 2-prenylthio-6-trifluoromethyl-4(3 H)-pyrimidinone
(3) and cis-2-(3-chloroallyl)thio-6-trifluoromethyl-4(3H)-pyrimidinone (4) are synthesized by the
method [2]. Note that alkylation of 6-trifluoromethyl-2-thiouracil by 1,3-dichloropropene is carried out
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with the formation of mixture of cis- and trans-isomers. The monocrystal of cis-isomer has been isolated
mechanically after recrystallization from hexane.

(@] O
| NH /f}\NH /f‘\NH Cl
A AL ML
2 3 4

It has been found by X-ray method that derivatives at the sulfur atom in sulfides 1-4 (Fig. 1-4) are
almost in the perpendicular plane to pyrimidine ring at the angle 72—-84°. Exception is chloroallylsulfide
4, in which the chloroallyl fragment is at the angle that equals 59° for pyrimidine ring.

Fig. 1. The structure of compound 1 Fig. 2. The structure of compound 2

Fig. 3. The structure of compound 3 Fig. 4. The structure of compound 4

Sulfides 1-4 have standard geometry. Particularly there is noticeable asymmetry of the C—S bond
lengths, which is the result of heterocycle effect (C(2)-S(1)= 1.727-1.759 A, C(7)-S(1)= 1.802-1.822 A).
The bond lengths of heterocycles in all analyzed compounds are in the range 1.299-1.384 A. Exception
is the bond length C(5)-C(4) 1.420-1.442 A. It is the result of the influence of the electron acceptor
oxygen atom at C(4).
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Three tautomeric forms for sulfides 1-4 can be presented:

R1

| NH
P
R2 N s~

0
— 1
@8
R3
R2 N s~ R

o
3
2 N)\S/R
C

OH

A B
Table 2
Selected bond lengths in the structures of compounds 1-4
Compound
Bond length, A
1 2 3 4
C4-01 1.242(3) 1.238(2) 1.224(4) 1.229(8)
C2-S1 1.750(3) 1.759(2) 1.741(4) 1.759(7)
C7-S1 1.811(3) 1.807(2) 1.822(5) 1.818(9)
C2-N3 1.353(4) 1.353(2) 1.353(4) 1.347(9)
C6-N1 1.380(4) 1.379(2) 1.364(4) 1.379(9)
C4-N3 1.377(4) 1.381(2) 1.384(4) 1.397(8)
C2-N1 1.292(4) 1.300(2) 1.295(4) 1.313(9)
C5-C6 1.357(4) 1.358(2) 1.347(5) 1.356(10)
C4-C5 1.441(4) 1.421(2) 1.420(5) 1.442(10)

The C-O bond length of sulfides 1-4 corresponds to the carbonyl group (1.224-1.242 A) which is
absent in tautomeric form C. The C(2)-N(1) bond length in compounds 1-4 is 1.299-1.313 A. It is the
result of double bond C=N formation in sulfides, which opposes structure B. Thus, compounds 1-4 are
in tautomeric form A. It corresponds to the various quantum-chemical calculations and analysis of

vibrational spectra in the works [5, 6].

The molecules of sulfides 1-4 are combined in dimers due to formation of hydrogen bonds, these
dimers are oriented in the following way: the oxygen atom of the first molecule is bonded with the NH
group of the second molecule, and the NH group of the first molecule is bonded with the oxygen atom of
the second molecule (Fig. 5). The length of hydrogen bonds in compounds 2 and 4 is 1.889 and 1.896 A.
This length in compounds 1 and 3 is equal to 1.921 and 1.923 A. The dimers are almost in the same
plane, and the deviation is not more than 1-2°. The dimers of sulfides 1-4 are packed in parallel planes
due to short contacts (Fig. 6).

Fig. 5. The structure of compound 2 dimer

Fig. 6. The packing of molecules in crystal 4
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The oxygen of one molecule and the proton of the prenyl fragment methyl group of another
molecule form this contact in prenyl sulfide 3 (Fig. 7). The oxygen of one molecule and the proton at the
B-carbon atom in the allyl fragment of another molecule form this contact in chloroallyl sulfide 4

(Fig. 8).
W ,
. \/, ,’IK;_H

[

Fig. 7. The packing of molecules in crystal 3 Fig. 8. The packing of molecules in crystal 4

Dimers in propargyl sulfide 1 and allyl sulfide 2 are packed through short contacts between
carbonyl carbon atoms O=C ... C=0. These lengths are 3.309 and 3.398 A, respectively (Fig. 9, 10).

Fig. 9. The short contact in compound 1 Fig. 10. The short contact in compound 2

In contrast to sulfides 3 and 4, compounds 1 and 2 have short contacts between sulfur atoms, 3.321
and 3.409 A, respectively (Fig. 11). It makes the packing of dimers by stacks possible (Fig. 12).

Fig. 11. The short contact in compound 1
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Fig. 12. The packing of molecules in crystal compound 2

In spite of the differences, the packing of compounds 2—4 is similar; it is presented on figures 13
and 14. Only in the case of allyl sulfide 1 the packing has two perpendicular directions (Fig. 13), while
there is only one direction in compounds 3 and 4 (Fig. 14).

Fig. 13. The packing of molecules in crystal 2 Fig. 14. The packing of molecules in crystal 3

In contrast with crystals 2—4, the stack packing of dimers in the crystal of propargyl sulfide 1 is in
perpendicular plane (Fig. 15).

Fig. 15. The packing of molecules in crystal 1
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Conclusion

We have found that S-sodium salt of 6-methyl-5-ethyl-2-thiouracil reacts with propargyl bromide to
produce 2-propargylthio-6-methyl-5-ethyl-4(3 H)-pyrimidinone. By X-ray method it has been found that
S-derivatives of 2-thiouracil are in the tautomeric form with the proton at the nitrogen atom N° The
substitute group at the sulfur atom is placed at the angle 59-84° with the plane of pyrimidine ring. The
2-alkylthio-4(3 H)-pyrimidinone molecules are combined in dimers with formation of two intermolecular
hydrogen bonds.
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MCCINEQOBAHUE METOAOM PEHTITEHOCTPYKTYPHOIO AHAJTU3A
NMPON3BOOHbLIX 2-TUOYPALUIIA

T.B. ®ponoea, 4.I. Kum, B.B. lllapymuH, K.FO. Oweko
HOxHo-Ypanbckul eocydapcmeeHHblil yHUsepcumem, 2. YensabuHck

ANKWIHpOBaHWEM S-HATPUEBOH CONH  6-METHII-5-3THII-2-THOYpAIiiia OpOMHUCTHIM
MPONapruioM CHUHTE3MPOBaH  2-TIPOMAPTHITHO-6-MeTHI-5-3Tin-4(3 H)-MHpUMUAHHOH.
MeTogoM  pEHTTEHOCTPYKTYPHOTO aHalW3a YCTaHOBICHO, 4YTO S-MPOU3BOIHBIC  2-
THOYPALMIOB HAXOIATCA B TAyTOMEpPHOiH (opMe ¢ NpoToHOM y atoma asota N°, a
3aMECTHTEIb MPH aTOME Cepbl HAXOAUTCS MOJ yriioM 59—84° K IIOCKOCTH MUPUMHUINHOBOTO
KoubIa. Moutekyisl 2-ankuntro-4(3 H)-MupUMHIAHOHOB O0bEAMHEHBI B TUMEPHI, B KOTOPBIX
00pazyroTcst IBE MEKMOJIEKYJISIPHBIE BOJIOPOAHBIE CBS3H.

Kniouesvie cnosa: 2-npenunmuo-6-mpugmopmemun-4(3H)-nupumuounon, yuc-2-(3-
xnopannun)muo-6-mpugpmopmemun-4(3H)-nupumuounon, 2-annunmuo-6-memun-4(3H)-
NUPUMUOUHOH,  2-nponapeurmuo-6-memun-3-smun-4(3H)-nupumudunon. anxunuposanue,
NponapaunopoMuod, maymomepus, MOJEKYIAPHble CMPYKMYPbl, DPEHM2eHOCMPYKMYPHbIl
aHanu3.
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STUDY ON REACTION OF 2-ALLYLTHIOBENZIMIDAZOLE
WITH BROMINE

E.S. Ilinykh, South Ural State University, Chelyabinsk, Russian Federation,
elena.ilinykh@mail.ru
D.G. Kim, South Ural State University, Chelyabinsk, Russian Federation, kim_dg48@mail.ru

It has been found by '"H NMR method that bromination of 2-allylthio-benzimidazole
proceeds to give the bromocyclization products (benzimidazo-[2,1-b]Jthiazolium and
benzimidazo[2,1-b][1,3]thiazinium bromides) and two isomeric products of bromine addition
to the double bond of allyl moiety.

Keywords:  2-mercaptobenzimidazole,  2-allylthiobenzimidazole, bromocyclization,
bromonium and thiiranium ions, 'H NMR spectroscopy.

Introduction

The chemistry of benzimidazole and particularly 2-mercaptobenzimidazole and its derivatives has
received considerable attention because of their synthetic and biological importance. Natural compounds
(e.g. vitamin By;) and various medicines (e.g. dibazole, omeprazole, mebendazole, afobazole, etc.) con-
tain benzimidazole moiety in their structure. 2-Mercaptobenzimidazole is widely used in industrial ap-
plication as a stabilizer and an antioxidant in rubber [1, 2], an adsorbent for some metals [3—5] and a
corrosion inhibitor [6]. Besides, many kinds of biological activities have been reported for various
N,S-derivatives of 2-mercaptobenzimidazole [7].

The chemistry of fused heterocyclic systems obtained from benzimidazole, as well as synthetic
paths to thiazolo[3,2-a]benzimidazoles and their chemical properties, has been described in the reviews
[8, 9]. However, literature data on electrophilic heterocyclization of S-allyl derivatives of 2-mercapto-
benzimidazole (1) and 5-ethoxy-2-mercaptobenzimidazole by the treatment with iodine and bromine are
limited [10—-13]. In the present paper we study the interaction of 2-allylthiobenzimidazole (2) with bro-
mine and show unexpected results that are different from earlier data [11].

As demonstrated previously by Korotkikh et a/ [11], the reaction between 2-allylthiobenzimidazole
2 and bromine in acetic acid leads to bromine addition to the double bond and formation of 2-(2,3-
dibromopropyl)thiobenzimidazole hydrobromide (3) precipitated from the reaction mixture. However,
the authors do not explain the origin of HBr in the reaction. The treatment of hydrobromide 3 with mild
alkaline agents produces 2-(2,3-dibromopropyl)thiobenzimidazole (3a), which undergo cyclization into
3-bromo-2,3,4,10-tetrahydrobenzimidazo[2,1-b][1,3]thiazinium bromide (4) and isomeric 2H-benz-
imidazo[2,1-b][1,3]thiazine (5) and 4H-benzimidazo[2,1-b][1,3]thiazine (6) at room temperature in ace-
tone or acetonitrile solution or in the melt (Scheme 1). The mixture of thiazines 5 and 6 is also obtained
by refluxing bromide 4 in methanol solution of alkali.

We have earlier reported iodo- and bromocyclization of 3-allylthio-1,2,4-triazoles [14—16]. Notably,
bromination of 3-allylthio-1,2,4-triazole and 2-allylthiobenzthiazole with the structure similar to that of
compound 2 leads to predominant annelation of thiazole ring. In order to make these issues clear, we
have attempted to study the reaction between 2-allylthio-benzimidazole 2 and bromine in more detail.

Experimental

'"H NMR spectra were recorded for DMSO-d, or CDCI; solutions of compounds on a Bruker DRX-
400 instrument (400 MHz) using Me,Si as the internal standard.

2-Allylthiobenzimidazole (2). To the solution of 2-mercaptobenzimidazole 1 (0.300 g, 2 mmol) in
DMF (5 mL) a solution of KOH (0.112 g, 2 mmol) in water (2 mL) and 3-bromopropene (0.18 mL, 2
mmol) were added. After 24 h, the reaction mixture was poured into water (50 mL) and the produced
white precipitate was filtered off, washed with water and dried. The precipitate was recrystallized from
the hexane—chloroform mixture (1:1) to give compound 2 as a white solid. Yield 0.266 g (70 %),
mp 137 °C.

Bromination of 2-allylthiobenzimidazole (2). To a solution of 2-allylthiobenzimidazole 2
(0.190 g, 1 mmol) in acetic acid (3 mL) at 0—5 °C a solution of bromine (0.05 mL, 1 mmol) in acetic
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acid (3 mL) was added dropwise. The produced white precipitate was filtered off and washed with ace-
tone. Yield 0.300 g (the mixture of compounds 3, 4, 7 and 8). The solvent was removed from the filtrate;
the residue was treated with acetone, after removing acetone a white solid was obtained. Yield 0.103 g
(the mixture of compounds 3-8).

Results and Discussion

Initial 2-allylthiobenzimidazole 2 was synthesized by the reaction of 2-mercapto-benzimidazole 1

with 3-bromopropene in the DMF-KOH medium (Scheme 1).
BrH,C

/
\\ SH > \>; ©: \ S
KOH, DMF AcOH B

Br ACOH Br

Br

o3 @[ @J

Scheme 1. SyntheS|s and bromination of 2- aIIyIthlobenZ|m|dazoIe (2)

We have studied the interaction of allyl sulfide 2 with bromine in acetic acid at the allylsulfide
2:bromine ratio of 1:1.5 under conditions similar to those in [11]. Study of the precipitated product by
'H NMR method have made it possible to reveal not only hydrobromide 3, but also benzimidazothiazi-
nium bromide 4 and the second bromocyclization product, 3-bromomethyl-2,3-dihydro-9H-
benzimidazo-[2,1-b]thiazolium bromide (7) resulting from the thiazole ring annelation. From '"H NMR
data, the ratio of compounds 3, 4 and 7 is ~ 1.0 : 0.3 : 0.1. There is a logical question, why only hydro-
bromide 3 is revealed by the authors of paper [11]. In our opinion, this is due to the fact that 'H NMR
studies were carried out by us on a Bruker instrument (400 MHz), whereas the authors of [11] used a
Gemini 200 instrument (200 MHz).

Apparently, bromide 4 was produced via intramolecular nucleophilic substitution of adduct 3a.

The adduct of bromine as hydrobromide 3 was likely formed due to a partial cleavage of HBr from
bromides 4 and 7 as a result of their interaction with 2-(2,3-dibromopropyl)thiobenzimidazole 3a. Thus,
bromides 4 and 7 were converted into bases which remained in the solution. This fact may also explain a
high prevalence of hydrobromide 3 in the mixture of obtained salts 3, 4 and 7.

Notably, a thorough analysis of the '"H NMR spectra recorded for the resulting mixture has allowed
us to identify not only abovementioned compounds 3, 4 and 7, but also the adduct of bromine different
from compound 3, namely, 2-[2-bromo-1-(bromomethyl)ethyl|thiobenzimidazole hydrobromide (8)
(HBr was cleaved from bromides 4 and 7). It could be produced via intermediate formation of bromo-
nium ion (I) that was able to undergo intramolecular rearrangement into thiiranium ion (II), which was
then easily converted into the adduct of bromine of symmetrical structure 8 (Scheme 2). The intramole-
cular rearrangement of bromonium ion into thiiranium ion has first been studied in the bromination of
methylallyl sulfide [17]. In addition, this rearrangement has also been revealed by us during the study of
bromination of 3-allylthio-1,2,4-triazoles [16].
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Scheme 2. The mechanism of formation of 2-[2-bromo-1-(bromomethyl)ethyl]thiobenzimidazole hydrobromide (8)

'H NMR spectral data of the synthesized compounds are shown in the table.

Table
'H NMR spectral data of the synthesized compounds

Compound '"H NMR spectra, 3, ppm (J, Hz)

5 4.04 (2H, d, *J = 6.8, —=SCH,-); 5.07 (1H, m, =CH,); 5.25 (1H, m, =CH,); 6.03 (1H, m,
—CH=); 7.11 (2H, m, H,ron); 7.46 (2H, m, Hypom)

3 4.05 (2H, m, —~SCH,-); 4.10 (2H, m, —CH,Br); 4.86 (1H, m, -CHBr-); 7.50 (2H, m,
Harom); 773 (2H9 m: Harom)

4 3.98 (1H, m, ~SCHHp-); 4.02 (1H, m,—~SCH,Hy-); 4.61 (1H, m, -NCHyH\-); 4.73
(1H, m,~NCHyHy-); 5.08 (1H, m, -CHxBr-); 7.42 (2H, m, Harom); 7.78 (2H, m, Hyrom)
4.05 (1H, m, -CHAHgBr); 4.10 (1H, m, -CH,HgBr); 4.13 (1H, m, ~SCHyHy-); 4.56

7 (1H, m, -SCHyHy\-); 5.19 (1H, m, —'NCHx-); 7.44 (2H, m, Hyom); 7.76 (2H,
m, Hyrom)

g 3.94 (2H, dd, °J = 11.0, °J = 6.6, -CH,Br); 3.98 (2H, dd, °J = 11.0, °J = 6.6, -CH,Br);
4.63 (1H, m, -SCH<); 7.52 (2H, m, Hyom); 7.73 (2H, m, Hyrom)

A set of proton signals of both bromocyclization products, bromides 4 and 7, contained signals for
aromatic protons shifted downfield and multiplet for the —CHxBr— proton (J 5.08 ppm) and the
-"NCHx— proton (J 5.19 ppm), respectively, as well as the characteristic proton signals for such ABMNX
spin systems.

In the '"H NMR spectrum of compound 8 the —SCH< proton was revealed as multiplet at
0 4.63 ppm. Two-proton doublets of doublets of four ((CH,Br), protons having a double integral inten-
sity appeared at ¢ 3.94 and 3.98 ppm.

The filtrate obtained after separation of the mixture of products 3, 4, 7, and 8 has been also studied
(such study was not carried out by the authors of paper [11]). After evaporation of acetic acid we ma-
naged to obtain a crystalline precipitate which was the mixture of compounds 3, 4, 7, and 8, as well as
2H-thiazine 5 and 4H-thiazine 6 (from 'H NMR data). Formation of thiazines 5 and 6 as by-products of
this reaction has also been reported previously [11]. '"H NMR spectral data produced by us for the men-
tioned compounds are identical to the published ones [11].

Bromination of compound 2 has also been studied by us in the 'H NMR experiment. To its solution
in CDClI; a solution of an equimolar amount of bromine in CDCIl; was added, and after 1 hour 'H NMR
spectrum of the reaction mixture was recorded. Compound 2 reacted with bromine at once as the spec-
trum recorded did not contain characteristic signals for the alkenyl protons. From 'H NMR data, bro-
mine adducts 3 and 8 at the ratio of ~ 1:3 predominated in the studied reaction mixture. These results
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indicate that the bromocyclization products 4 and 7 were probably formed directly from intermediate
bromine adducts 3 and 8.

To summarize, allyl sulfide 2 reacted with bromine to give the mixture of adducts 3a and 8, as well
as bromide 7 formed from adduct 8. Compound 3a was partially converted to bromide 4, and partly it
reacted with bromide 7 to give hydrobromide 3 via cleavage of HBr from bromide 7. Thiazines 5 and 6
were formed in minor amounts by the reaction between adduct 3a or 8 and bromide 4 followed by the
removal of two HBr molecules.

Conlusions

It has been found that the interaction of 2-allylthiobenzimidazole 2 with bromine in acetic acid
proceeds to give not a single product as reported in [11] but the mixture of two bromocyclization prod-
ucts, 3-bromo-2,3,4,10-tetrahydrobenzimidazo[2,1-b][1,3]thiazinium and 3-bromomethyl-2,3-dihydro-
9H-benzimidazo[2,1-b]thiazolium bromides, and two products of bromine addition to the double bond
of allyl moiety with symmetrical and asymmetrical structure. It has been found by 'H NMR experiment
that at the initial stage of bromination of 2-allylthiobenzimidazole bromine adducts are formed, and then
they are partially converted into the bromocyclization products.

This work was supported by the program « UM.N.I.K. 1-14-11» of the Fund for Assistance to Small
Innovative Enterprises in the scientific and technical sphere.
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VARIATIONS OF STRUCTURE MODELING METHODS AND RAMAN
SPECTRAL CHARACTERISTICS FOR THE IODINE CRYSTAL
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On the example of the iodine crystal structure we have selected the optimal basis sets,
allowing reproduction of interatomic distances and Raman spectral characteristics by 3D
periodic Kohn-Sham calculations. Advantages of two approaches, taking into account the
relativistic effect, have been compared: Effective Core Pseudopotentials and the Gaussian
type basis set, constructed on the basis of the Douglas-Kroll-Hess approach. It has been
shown that the latter approach not only correctly reproduce the experimentally observed
geometric parameters of the iodine interactions and characteristics of Raman spectra, but also
it reveals the electron density accumulation and depletion in the area of outermost valence
shell of an iodine atom. That is directly illustrated by the Laplacian of electron density
function.

Keywords: iodine crystal structure, halogen bond, Quantum Topological Analysis of
Electron Density, relativistic effect, Raman scattering spectroscopy.

Introduction

Structure-forming non-covalent interactions of halogens Hal...Hal in crystals and solid states in
many ways determine thermodynamic, thermophysical, spectral and other properties [1, 2]. It is known
that because of anisotropy of electrostatic potential on the Van der Waals surfaces of a molecule, the
halogen atom, bound in the molecule, can form two types of non-covalent interactions [3, 4]. The Type 1
interactions are purely Van der Waals interactions in their nature; they are characterized by random po-
sitioning of two covalent bonds of halogens, belonging to different molecules. The Type II interactions
are strongly directed. They are noted for mutual orientation of molecules, in which two covalent bonds
of halogens are situated at the right angle to each other. In this case the area of electron density accumu-
lation in one halogen atom is directed to the area of electron density depletion in the other atom. This
area of electron density depletion is always formed on the extension of the covalent bond of a halogen
atom; it is called o-hole [5]. In this area the nucleus is shielded by valence electrons to a lesser degree,
and the area of generally positive values of electrostatic potential is formed [6, 7]. This type of non-
covalent interactions is called halogen bonds [8, 9].

Halogen bond properties can be successfully studied from the perspective of QTAIMC — Quantum
Theory of Atoms in Molecules and Crystals [10], because this theory is aimed at searching for binding
interactions, including those which occur among non-covalent ones. Such interactions are characterized
by bond paths: two lines, each point of which is different from other neighboring points of space by
larger values of electron density. These lines connect atomic nuclei, which are separated by the general
interatomic surface, where through the vector gradient of electron density equals zero. The QTAIMC
approach includes the topological analysis of electron density p(r), obtained by quantum-chemical cal-
culations, or within precise X-ray diffraction experiment. In its turn the topological analysis allows us to
identify critical points of electron density. The electron density and its properties in the bond critical
points are important characteristic values describing chemical bond properties in molecules and crystals.

Halogen bonds in a chlorine crystal were first described from the perspective of electron density
distribution properties, obtained through high-resolution X-ray diffraction experiment [11]. The paper
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presents the visual presentation of mutually consistent orientation of the exhaustion area on to the area
of electron accumulation with the Laplacian of electron density V>p(r). The Laplacian of electron densi-
ty characterizes three-dimensional curvature of its dropping with increase of distance from the atom nuc-
leus. Depending on the ratio of radial positive curvature of electron density and the curvature in the or-
thogonal directions, the Laplacian will alternate in signs. Alternating minimums and maximums of
V?p(r) correspond to areas of accumulation V2p(r)<0 and depletion V>p(r)>0 of the electron density
around the nucleus, so they show atom electron shells. However, ranges of the Laplacian negative val-
ues, which should correspond to outermost electron shells, do not appear at atomic numbers Z > 29, as it
is specified in the paper [12]. That is why, as a rule, other functions of electron density, for instance,
one-electron potential, are used for the Br and I compounds for the sake of outermost electron shells lo-
calization [9, 13].

Another important feature at reproduction of some experimentally observed properties of halogens
with high atomic numbers, such as I or At, is the importance of relativistic effect, this is particularly ma-
nifested when analyzing properties, connected with outermost electron shells [14, 15]. Together with
structural information, obtained from the electron density distribution analysis in the iodine crystal, the
special attention shall be paid to its vibrational properties. The most informative method in studying I-1
covalent bonds in crystals and solids is Raman spectroscopy [16, 17]. A great number of works deal
with the theoretical frequency rates, obtained for structures of isolated polyiodide anions or cation-
anions systems [18, 19]. However, this approach does not allow us to take into consideration the influ-
ence of crystal environment, effects of intermolecular interactions in solids, that makes it difficult to
compare with the experimental spectral data. Such differences can be partly due to significant distur-
bance of isolated structure geometry of a molecular complex or a cluster in comparison with the crystal
structure. The dynamic approach to crystal lattice with consideration of atomic vibrations around equili-
brium positions allows us to explain physicochemical crystal properties, connected with thermal effects,
phase transitions, conduction properties. Theoretical calculations allow us to deduce vibrational spectra,
to forecast crystal structure stability and to obtain thermodynamic properties, such as heat of formation
and sublimation, entropy, and others [20].

The purpose of this paper is to select basis sets, allowing to provide the accurate modeling of cova-
lent and halogen bonds and their characteristics in the iodine crystal, as well as to calculate wavenumb-
ers for vibrations, that are active in Raman spectra. The method should provide data, suitable for the to-
pological analysis of electron density in conditions of periodic quantum-chemical calculations, and
should reproduce experimental data as accurately as possible. For this purpose several of basis sets for
the iodine atom available in literature have been tested in this paper, and possibilities and advantages of
the two approaches to relativistic effect consideration have been compared. These two approaches are:
usage of Effective Core Pseudopotentials and the Gaussian-type basis set, constructed according to
Douglas-Kroll-Hess approach [21, 22]. We make the comparison of calculated geometric characteristics
of the iodine crystal structure and of electron density properties, calculated for covalent and halogen
bonds, with the data obtained on the basis of the high resolution X-ray diffraction experiment [23].
Theoretical vibrational characteristics are compared to the experimental polarized Raman spectra for the
single crystal of iodine [24].

Calculations

As a part of the study the periodic calculations of the wave function in the iodine crystal were made
using the program CRYSTAL14, by the Kohn-Sham method (B3LYP) and various basis sets, shown in
Table 1. Two groups of basis sets were tested. One group included Stuttgart fully-relativistic energy-
consistent pseudopotentials ECP-mdf28 and ECP-mdf46 including 28 and 46 core electrons, respective-
ly [25]. The pseudopotential ECP-mdf28 could be attributed to the group of potentials with the small
core, and ECP-mdf46 had the member of the group with the large core. When using the pseudopotential
ECP-mdf46 only outer-shell electrons 5s> u 5p° were included into the valence part. The valence part in
both cases was described by the three-time split basis sets of the VIZ type. The other group was
represented by the DZVP basis set, including 14 shells [26] and its analogue DZVP™ including 11
shells [27]. In the DZVP™ basis set the sp-type hybrid shells were used to describe internal electron
levels, so that up to 8 electrons that could be situated existed in that shell. Accounting of relativistic ef-
fect was implemented with the help of the DZPDKH basis set in terms of the Douglas-Kroll-Hess ap-
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proach [21, 22]. The basis set was obtained through optimization of standard Gaussian function coeffi-
cients [28, 29], approximating equations, obtained from the electronic part of Dirac Hamiltonian [30].

Iodine crystal structure optimization was made for all atoms of the irreducible cell part with fixed
cell parameters. Allowed atom coordinate variations were only those, which did not cause changes in the
crystal symmetry. The Hessian matrix was calculated for the found optimal atom configuration at the I
point in the center of the Brillouin zone. Vibration frequencies were calculated at the I" point in the har-
monic approximation. On the basis of the obtained data the total Raman intensities were calculated for
the single crystal of iodine.

Results and Discussion

Mutual arrangement of molecules with halogen bonds in the iodine crystal and with the interatomic
distances, stated in the paper [23], is shown in Fig. 1. It has been found that in the case of using fully-
relativistic core pseudopotentials ECP-mdf28 and the valence part, described by the VTZ basis set, such
geometric characteristics, as the covalent and halogen bond lengths, are reproduced most accurately:
AR;;=0.04 A, AR, ;=-0.03 A, where AR = R ccvlated _ R experimental A o001 ding to the data, represented in
Table 1, other basis sets also show satisfactory results when localizing equilibrium geometry in the crys-
tal. In all considered cases the positive values of ARy, have been observed, besides, the I...I halogen
bond lengths have been underestimated in most of the cases.

I3)
35014
1)
24 3.501A
1(3)
I(2)

Fig. 1. Mutual arrangement of molecules
with halogen bonds in the iodine crystal

Table 1
Distances (A), the values of the electron density in the bond critical point (a.u.) in the crystal structure of iodine, opti-
mized in different basis sets

I(1)...I(1)
I1(1)-1(2) I(1)...1(3) ;
Basis set Covalent bond Halogen bond Van der \gjis interac-
Rcalculatmn p (rb) Rcalculauon p(rb) Rcalculauon p(rb)
ECP-mdf46 VTZ 2.876 0.045 3.709 0.011 - -
ECP-mdf28 VTZ 2.755 0.059 3.474 0.018 3.977 0.008
DzVP™ 2.791 0.062 3.473 0.018 3.940 0.009
DZVP 2.802 0.061 3.467 0.019 3.939 0.009
DZPDKH 2.812 0.060 3.414 0.022 4.060 0.007
Experimental [23] R™P =2.718 R™P =3.501 R =3.980
P p(ry,)*?=0.050 p(rp)™=0.015 p(ry)*?=0.009

The results of the theoretical topological analysis of electron density have been compared to the da-
ta from the paper [23]. There the adjusted values of electron density restored on the basis of the ex-
tended multipole modeling Hansen and Coppens approach [31] have been analyzed for I-I covalent
bonds and the strongest I...I noncovalent interactions. The application of basis sets with core pseudopo-
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tentials leads to underestimation (ECP-mdf46 VTZ) and overestimation (ECP-mdf28 VTZ) of electron
density in the I-I covalent bond critical points. The DZPDKH basis set provides a significantly underes-
timated halogen bond length and, consequently, an overestimated electron density in the halogen bond
critical points Ap(ry,) = 0.007 atomic units. However, the observed range of Ap(r,) values both for cova-
lent and halogen bonds may be considered to be reasonable.

The following characteristic features have been observed while analyzing the Laplacian of electron
density distribution in the crystal plane, containing halogen bonds between diiodine molecules. When
using the DZVP basis sets with core pseudopotentials, the covalent bond area and the space between
neighbouring molecules are described in the similar way. In both cases the covalent bond areas have
similar level of observed details. However, the Laplacian of electron density in Fig. 2a,b does not show
the electron density accumulation in the outermost electron shell area of iodine. This fact evidences low
informative value of the V’p(r) function when describing iodine ability to form halogen bonds. On the
contrary, the outline map of the electron density Laplacian, obtained through the DZPDKH basis set and
indicated in Figure 2¢ demonstrates the electron density accumulation in the iodine atom equatorial area
and exhaustion formed on the continuation of the covalent bond. Consequently, the DZPDKH basis set
appears to be the only one of the studied sets, which demonstrates the principle of halogen bond forma-
tion: orientation of the area of electron density accumulation of one atom up on the area of electron den-
sity exhaustion of the other. Figure 2¢ shows the I-I covalent bond area in greater details (contour lines
0f 0.002, 0.004 and 0.008 atomic units) and it also has the contour line of 0.002 atomic units in the halo-
gen bond area unlike Fig. 2a and 2b.

a) b) <)

Fig. 2. The contour lines of the Laplacian of the electron density, accompanied by bond paths in iodine crystal
in a variety of basis sets: in fully-relativistic pseudopotential basis set type ECP-28mdf VTZ (a), in the DZVP basis set (b)
and DZPDKH (c)

According to the data of experimental polarized spectra [24], two lines are observed for the iodine
crystal. These lines correspond to the in-phase and out-of-phase valence symmetrical vibrations. In the
first case, the change of lengths of neighboring molecules is in coordination, while in the second case, it
is out of phase: the stretch of the covalent bond in one molecule corresponds to the contraction in the
neighboring molecule. Symmetry of obtained in-phase A, and out-of-phase B,, vibrations corresponds
to the experimental data from the polarized spectra [24] (Table 2).

Table 2
The wavenumbers of valence vibrations in the crystal of iodine calculated using a variety of basis sets
Basis set v (Ap) I, cm’ v (By) I, cm’
ECP-mdf46 VTZ 166.5 177.5
ECP-mdf28 VTZ 196.5 202.2
DZVP™ 178.6 187.4
DZVP 180.7 188.5
DZPDKH 180.5 188.8
Experimental [25] 180 189
28 Bulletin of the South Ural State University. Ser. Chemistry.
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Fig. 3. Calculated unpolarized Raman spectra of iodine crystal
optimized in various basis sets

On the basis of obtained theoretical wavenumbers for stretching vibrations in the iodine crystal it is
possible to select a group of preferable basis sets, reproducing the data of experimental polarized spectra
within the error of 2 cm™. They are DZVP™, DZVP and DZPDKH. The application of the core pseu-
dopotential with a big core ECP-mdf46 leads to substantial decrease of obtained wavenumbers, and ap-
plication of the pseudopotential with a small core ECP-mdf28 leads to underestimation, where devia-
tions from the experimental value in these cases are comparable.

Display of the calculated integrated Raman spectra (Fig. 3) allows us to visually assess the ratio of
in-phase and out-of-phase vibrations and overlapping of the lines, corresponding to them. Maximum
resolution of lines is attained through the use of the basis set ECP-mdf46 VTZ, the difference between
stretching peaks equals 13 cm™. The greatest overlapping of lines is observed in the basis set ECP-
mdf28 VTZ, where the difference between stretching peaks equals 6 cm™. Basis sets of the DZVP group
demonstrate roughly the same difference between wavenumbers of in-phase and out-of-phase vibrations;
however, in case of the DZPDKH basis the out-of-phase vibration is characterized by relatively lower
intensity.

Conclusion

As can be seen from the above, basis sets with fully-relativistic core pseudopotentials slightly unde-
restimate electron density in the critical point of the covalent bond. However, lack of overlapping in
grade lines in the area linking to the core makes it vulnerable to apply basis sets with core pseudopoten-
tials in the electron density topological analysis tasks.

Calculated wavenumbers of iodine vibrations in the crystal, which have been obtained when analyz-
ing the basis sets, show that the application of core pseudopotentials ECP-mdf46 and ECP-mdf28 leads
to significant deviations from experimentally observed values. Other basis sets reproduce experimentally
observed wavenumbers within the accuracy up to +2 cm ', only underestimating the difference between
in-phase and out-of-phase vibrations a little.

The Laplacian of electron density, obtained with the use of the DZPDKH basis set, demonstrates
accumulation of electron density in the area of the outermost valence shell of iodine atoms. That is why
the DZPDKH basis set, where the relativistic effect on the basis of the Douglas-Kroll-Hess approach is
taken into consideration, is the most suitable for modeling and analyzing electron density topological
properties in crystals of iodine containing compounds with halogen bonds.

The work was supported by the Russian Ministry for Education and Science GZ729, and was
carried out on a supercomputer "TORNADO" SUSU.
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BAPUALIMU METOAOB MOAENNPOBAHUA
ANEKTPOHHbBLIX U CNEKTPAJIbHbIX CBOUCTB
B KPUCTANINNYECKOU CTPYKTYPE UOOA

n.4. RwuHa, J1.M. Bynamoea, C.3. HacubynnuHa, E.B. Bapmawesuy4
FOxHO-Ypanbckuli 2ocydapcmeeHHbIlU yHusepcumem, 2. YenssbuHck

Ha mpumepe kpuCTaIITUYECKOW CTPYKTYphI HoJa TpPOU3BENEH MOAO0p ONTHMAaIbHBIX
0a3uCcHBIX HAOOPOB, TMO3BOJSIONIUX B YCIOBHUSAX MEPUOJUIECKUX PACUYETOB BOCIPOU3BOJIUTH
MEXbSIIEPHBIE PACCTOSHUS, paclpeneieHre SJICKTPOHHOW IUJIOTHOCTH W CIIEKTpaibHbIE
CBOMCTBa HoAcCOAepX AaIIUX MOJEKYJSPHBIX KpucTaioB. CONMOCTaBIE€Hbl MPEUMYIIECTBA
IBYX TIOOXOAOB K y4eTry OJPQektoB pemaruBuszMa: d((GHEKTUBHBIE  OCTOBHBIC
TICEBIOTIOTCHIMANBI ¥ 0a3WCHBIE HA0Op TayCcCOBOTO THUIA, KOHCTPYHPYEMBIH HAa OCHOBE
mertononiorun Jyrnaca-Kpomnna-I'ecca. [lokazano, 4To mociaenHUd MO3BOJSIET KOPPEKTHO
BOCTIPOM3BECTH HE TOJBKO AKCIEPUMCHTAILHO HAOIIOJaeMbIe TCOMETPUUYCCKHEC ITapaMeTphl
KpUcTaia #oga ¥ XapaKTePUCTHUYCCKHE KOJICOAHHWS B CIEKTpax KOMOWHAIIMOHHOTO
paccesiHUsl, HO W HAKOIUICHHWE JJIEKTPOHHOW IUIOTHOCTH B OO0JIACTH BHEIIHEW BaJIEHTHOM
000JIOYKK aToMa HOJa, YTO HAIJISAHO WUTIOCTPUPYET (PYHKIHS JalUlaCHaHa 3JICKTPOHHOM
TUIOTHOCTH.

Kniouesvie cnosa: kpucmannuueckas —Ccmpykmypa —100d, —2ano2eHHvle — C6A3lU,
MONONOCUYECKUNl  AHAAU3 — DJIeKIMPOHHOU — NJAOMHOCIY,  PelIMUSUCmMcKull  a¢gexm,
CNeKmMpOoCKONUs KOMOUHAYUOHHO2O0 PACCEAHUS.
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Comparative analysis of calculated (subject to solvent influence in PCM model) and
experimental UV-visible spectra of peroxotitanate complexes in solutions at various
conditions of occurrence. It has been shown that the change of complex composition,
dependent on the solution pH value, leads to the change of characteristic absorption bands of
UV-visible spectra in the wavelength range exceeding 320 nm. The tendency of the
absorption bands in solution spectra to shift is correlated to the change of calculated spectra in
accordance with the monomer complex unit. It has been suggested that the color of the
complex solution in weakly acidic and neutral media is related to appearance of hydroperoxy-
bonds between titanium atoms.

Keywords: peroxotitanate complexes, electronic absorption spectra, PCM, TD-DFT.

Introduction

At present the syntheses of catalytic materials on the basis of green technology have acquired a spe-
cial significance and popularity in terms of ecological compatibility and possibility of controlling the
synthesis process. Oxides of titanium, magnesium, zirconium, silicon are widely used as such materials,
both individually and in mixed compositions.

Previously titanium alkoxides were used as handy precursors (initial substances) for the synthesis of
titania-based catalysts. As they are toxic, nowadays the attention of researchers is directed at study and
development of appropriate synthesis techniques with the use of other precursors: titanium citrate, oxa-
late and peroxide complexes [1]. The state of titanium peroxide complexes in aqueous solutions has
been studied experimentally in considerable detail in papers [2—4], but their precise composition is un-
known so far, as it strongly depends on the synthesis conditions, primarily on the solution pH and the
ratio "hydrogen peroxide — titanium". At that the understanding of the state and structure of peroxide
complexes in precursor solution is important in order to control the following synthesis of titania cata-
lysts. Modern quantum-chemical computational methods can play the supportive role for it, especially
ab initio methods.

The most widespread use for calculation of the structure and characteristics of both organic and in-
organic complexes belongs to Kohn-Sham method (DFT), which provides adequate description of the
states of ions, complexes, crystals that correlates to experimental data. Numerous extensions of the me-
thod — use of various functionals, atomic basis sets, inclusion of environment for investigated structures
— have enabled the description of various classes, states and properties of any elements, including heavy
ones (in [5], as an example) and their compounds. Investigation of theoretical electronic spectra with by
application of calculation of energy characteristics within the bounds of TD-DFT method [6, 7] is wide-
ly used in global practice in an effort of detailed interpretation of observed experimental data. Recently
the similar calculations have been carried out in order to determine the state of many oxide materials and
their precursors, including titania-based catalysts. Thus, in papers [8—10] calculation methods (DFT)
have been used for determination of the properties of peroxide complexes emerging at H,O, application
to the surface of titanium and titanium silicate catalysts. Likewise, much information has been extracted
concerning occurrence of active centers and their properties, transition complexes at interaction of cata-
lysts with ethylene, ammonia and other compounds, the direction of possible catalyzed reactions. Calcu-
lated data concerning the structure of titania doped with nitrogen [11-12] and iron [13] have been given,
the laws of changing width of forbidden band have been theoretically explained, as well as the UV-
visible spectra at various conditions of synthesis and further material processing.
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All abovementioned studies pursue the processes on the completely formed phase interface, at that
the theoretical investigation of the state and the properties of titania precursors, which greatly influence
the formation of the spatial structure of the solid phase, has been practically ignored.

In order to account for the influence of medium (solvent) on the studied substances the clarifying
models are invoked, within which various types of solvate-solvent interaction are considered: dipole-
dipole, dipole-induction, dispersion and so on. One of such models (COSMO, [14]) was previously used
to investigate the interaction of some titanium tungstate complexes with hydrogen peroxide and the
properties of the obtained peroxy compounds. The results were in good agreement with the experimental
properties, they had certain prognostic ability in relation to their oxidizing properties. In recent decade
the precise numerical polarized continuum model (PCM) has been developed [15, 16]. Within the model
a solvent is considered as an isotropic medium characterized by some physical constants, at that the spe-
cific interactions are not taken into account in an explicit form. A molecule of a solute is placed in a cav-
ity which forms in this continuous medium. All its atoms are surrounded by spheres with Van der Waals
radius. In order to construct the smooth surface necessary for the method convergence, secondary sur-
rounding of minor radius spheres is carried out, with the following triangulation in order to form the sur-
face elements. By means of several iterations the surface charge field of the formed cavity and the free
energy of a molecule in a solvent are estimated. The popularity of PCM is explained by speedy calcula-
tions of electron states in the environment of the solvent molecules, which is but little less compared to
calculations for gas phase. At that the theoretical results and tendencies of changing compound spectra,
obtained with the use of this model, most adequately correlate to the dependencies of experimental spec-
tra of the synthesized compounds in solutions and explain their characteristic features. PCM in the sim-
plified version (IEF-PCM) has been used for calculation of the interaction of terminal titanium oxide
groups with the aqueous solution of hydrogen peroxide [8], which has been of great help in determina-
tion of arrangement of the solvent molecules as ligands in the peroxycomplex structure: by way of hy-
drogen bonding intermediates are formed with predominantly five-membered cycles. Likewise, the
prognosis of the complex catalytic properties with respect to epoxidation reaction has been defined more
accurately.

At interaction of titanium compounds with hydrogen peroxide the formation of several possible
complex types can occur. Thus, in [2-3] it is noted that the reaction of titanium tetrachloride with hy-
drogen peroxide in acidic medium produces complexes with one peroxy group of the series
[Ti(0,)(OH),]*™" (I). We can suggest that during the synthesis of titania peroxide precursors the forma-
tion of both the similar complexes and the complexes with peroxy and hydroperoxy group of the series
[Ti(0,)(OOH)(OH),]" ™" (II) takes place — at the great excess (10-100-fold) of hydrogen peroxide. Be-
sides, it is noted in [2—3] that complexes of the series (I) are especially inclined to dimerization, as well
as to further condensation and addition of new monomeric units. Therefore it is important for us to con-
sider the behavior of such structures surrounded by the molecules of water in the role of a solvent, as
immediate precursors during controlled formation of hydrated titania precipitate, which has not been
studied previously. Investigation of other complexes of [Ti(O,)(OOH),] type or of the series
[Ti(OOH)y(OH)X](4”"”+ (IID) is not of interest, as their existence in aqueous solution is not confirmed by
the previously published data. Formation of several OOH groups, bonded to titanium, is carried out on
the completely formed phase interface: for example, in paper [8] titanium complexes of the series (I1I)
have been studied as the active centers on the surface of titanium silicate catalyst. The existence of the
complexes with two and three peroxy groups, fully considered in [17], is also of low probability in the
conditions described below, for the reason that their formation demands very great excess (by the factor
of hundreds) of hydrogen peroxide compared to titanium. On the other hand, the directions of their fur-
ther oligomerization are analogous to the reaction directions of the series (I) complexes.

In its turn, electronic spectroscopy is one of the most accessible and dependable investigation me-
thods of solution compositions. Therefore we aimed chiefly at the following: to establish the existence
of the absorption bands in the UV -visible spectra of peroxotitanate complex solutions, related to definite
chemical composition and forms, or to explain the absence of such bands within the studied range, con-
sidering the possible change of complex composition in a solution with changing pH value. This we plan
to carry out by means of comparing the UV -visible spectra of solutions to the electronic absorption spec-
tra of optimized complex forms obtained by way of quantum chemical calculation, taking into account
aqueous environment in PCM. We suggest that the consideration of predominating types of bonding for
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titanium atoms in the calculated complez forms from several monomeric units will give an opportunity
to prognosticate the reaction direction of further oligomerization at specific conditions, as well as forma-
tion of specific forms of hydrated titania precipitate. The necessary information of occurrence of such
forms in a solution we can get from its UV-visible spectrum.

Experimental

In order to obtain peroxotitanate complexes TiOSO4 nH,O (Aldrich) was used. Titanium oxysulfate
was dissolved in distilled water at 50 °C, then it was diluted to obtain 50 mL of 0.05 M solution, and
hydrolized by 3 M sodium hydroxide. Addition of NaOH was stopped when pH of the reaction mixture
reached 5.0. The resulting titanium hydroxide precipitate was centrifuged at 7000 rpm and washed by
distilled water until the negative reaction for sulfate. Then titanium hydroxide was dissolved in 10 mL
30 % hydrogen peroxide, and the formed peroxy complex was diluted by distilled water up to 50 mL.
The pH value of the obtained solution varied in the range 2.0...2.3, which was the consequence of pe-
roxytitanic acid decomposition. Mole ratio "hydrogen peroxide — titanium" was 35:1. In order to slow
down the hydrogen peroxide decomposition process the solution was placed in an ice bath. The UV-
visible spectra of solutions were registered with the use of Shimadzu UV-2700 spectrophotometer.

Computational

The present study investigates the electronic spectra of several complexes of the series (I) and the
neutral complex of the series (II), formed at the reaction of hydrogen peroxide with titanium hydroxide
precipitate in neutral, acidic and weakly basic media (at pH < 9). The complexes have been modeled,
beginning from the corresponding monomer, by means of consecutive addition of single-type monomers
to each other one by one and to the calculated complex of two monomer units. Monomer units of the
complexes are presented in Fig. 1. In the first stage optimization of structure geometry has been carried
out through the necessary number of steps until the stationary point with the greatest energy gradient
value (not exceeding 0.0001 Hartree/Bohr) has been reached. Frequency analysis of the obtained Hes-
sian for all the structures has shown the absence of imaginary frequencies.

o o
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Fig. 1. Monomer units for calculation of spectra of the peroxotitanate complexes

Functionals PBEO [18] and B3LYP [19, 20] and basis sets: polarized all-electron 6-31G** [21, 22]
and pseudopotential LANL2DZ [23] are most often used in the present time, they are the most universal
for determination of molecule characteristics of oxides for the elements of periods I-IV. For example,
the calculations in [11, 13] and [8, 12], respectively, were carried out with the use of those parameters.
At that the combined basis sets were used: the second of the abovementioned for titanium atoms, the
first of them for atoms of the remaining elements. Geometry optimization of the studied complexes was
carried out by Kohn-Sham method (DFT) with the use of the functional B3LYP on the basis of the basis
set 6-31G** for all elements. Influence of water solvent was accounted for by the use of D-PCM model
in the basic version with the following parameters: the same coefficient for all parts of the cavity, with-
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out calculation of cavitation, repulsion and dispersion energies, at standard temperature 298 K. Van der
Waals radii were taken from [24].

In the second stage the energy characteristics of the complex ground state were calculated, with fur-
ther calculation of excited states and electronic spectra, also accounting for the influence of water sol-
vent. Electronic spectra of the optimized structures were obtained by TD-DFT method. Such a calcula-
tion was carried out for 1040 excited states with the necessary number of iterations and the energy
convergence criterion for each state (not exceeding 0.00003 Hartree/Bohr), so that to encompass the
spectrum range with the lower bound 220...240 nm. The whole calculation of the optimized structure
and energy characteristics was carried out with the program package Firefly 8.0.1 [25].

Results and Discussion

We have considered the electronic spectra of the calculated structures of peroxotitanate complexes
of the series I {[Ti(0,)(OH),]* ™"}, and the neutral complex [Ti(O,)(OOH)(OH)], from the series II (in
both cases n=1...3). Depending on the acidity the number of OH-groups in the monomer units of the
complexes increases with increasing pH. Such an increase of x is related to deprotonation of water mo-
lecules, surrounding the complexes [2], and to coordination of hydroxyl groups on titanium atoms. Rea-
soning from this, the complexes of the series (I), where x=0, 1, 2 and 3 (Fig. 1), have been used as the
monomer units for the calculation.

In order to estimate the thermodynamic probability of complex formation from various amounts of
different monomer units and the possibility of their existence in aqueous solution the energy of mono-
mer units addition to complexes has been estimated (Table 1) on the basis of calculated amounts of free
energy in the solvent. It is necessary to note that bond formation between monomers is more probable
for neutral monomers 3 and 5, at that titanium atoms are bonded by oxy- and hydroxy bonds, while mo-
nomer units 5 in the complex are bridged through oxygen of hydroperoxy group.

Table 1
Energy of monomer units addition to complexes, kJ/mol
Monomer unit
Number 1 2 3 4 5
of units
in the complex
One 229.27 14.98 —158.15 -62.65 -157.08
Two 465.98 —13.00 —144.99 -86.71 -52.99

Existence of bonded complexes from ionic monomers 2 and 4 is less probable, the monomer units
are bonded only by hydrogen bonds. Ions 1 exist in solution solely in the form of hydrated monomers,
therefore the electronic spectrum is obtained only for the monomer unit. Likewise, in the context of the
sloping potential energy surface for the complex consisting of three monomer units 4 in the used method
we can calculate only transition states with one imaginary vibration frequency. The specified data per-
tain to one of such states with the minimal energy.

For all optimized complex structures the energy values for electron transitions between the ground
state and the excited state have been calculated, and the corresponding electronic line spectra in the
range from 220-240 nm to absorption with the minimal transition energy (Ay.x) have been obtained. The
calculated spectra of complexes with monomer units from 1 to 5 are shown in Fig. 2—4 (line spectrum is
approximated by Lorentz function).

Experimental spectra of the synthesized peroxotitanate complexes (for titanium concentrations 0.05
M; 0.005 M; 0.0005 M) are shown in Fig. 5.

Analyzing the obtained results, first of all we should note that the range of wavelength lower than
300 nm is not informative both for indication of existence of this or that series of complexes in solution
and for monitoring oligomerization process and subsequent formation of precipitation phase during hy-
drolysis of complexes. Our experimental data and previously accomplished studies [2, 26] have shown
that in this range the intensive absorption band is observed at all conditions (besides strongly acidic me-
dia), at that the band is continuous, smooth, and lacking maxima. Clearly defined absorption maximum
within this range (245 nm) appears only for the anatase phase of hydrated titania, that is, after complete
hydrolysis of peroxotitanate complex. The calculation of electronic spectra also supports (Fig. 2—4)

36 Bulletin of the South Ural State University. Ser. Chemistry.
2015, vol. 7, no. 3, pp. 33-45



Mameetyyk 10.B., Kpusyoe U.B.,

Y®-eud cnekmpsbi

Unbkaeea M.B., AeduH B.B. nepokcomumaHamHbIX KOMIJ1IeKCO8
0,010 1 0,010
0,005{ 246 328 0,005+
413
T 4 = T T T 1 1
250 300 350 400 450 400
Wavelength, nm Wavelength, nm
a) b)

Fig. 2. Calculated spectra: a) spectrum of the complex with monomer unit 1; b) spectrum of the complexes
with monomer unit 2. Numbers in line designations correspond to the number of monomer units in the complex
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Fig. 3. Calculated spectra: a) spectrum of the complexes with monomer unit 3; b) spectrum of the complexes
with monomer unit 4. Numbers in line designations correspond to the number of monomer units in the complex
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the fact that within the range 240...300 nm the absorption bands with comparable oscillator strengths are si-
tuated near enough to each other, which leads to appearance of continuous absorption band with allowance
made for band broadening and equilibrium of complexes with different monomer units in the solution.

At the values pH < 1 such a band is observed in the range lower than 240 nm. Therefore for strongly
acidic medium (where the complex exists mostly in the form of monomer 1) it is possible to establish
the correspondence between the calculated absorption bands and the experimentally observed ones [26]
in a wider range. Thus, two-fold increase of absorbance from 330 to 300 nm corresponds to the calcu-
lated band 328 nm, and the right edge of the absorption band for wavelengths lower than 250 nm corres-
ponds to the calculated band 246 nm.

Study of absorption in the range of wavelengths exceeding 300 nm seems important for investiga-
tion of the state in the solution of various peroxotitanate forms and their subsequent oligomerization.
Experimentally it has been found that light absorption significantly decreases compared to the range of
wavelengths lower than 300 nm, but at that the bands with clearly defined maxima changing their posi-
tion subject to acidity are observed.

For strongly acidic media it has been shown that the complex spectra contain wide absorption bands
with maxima at 397 nm [26] and 412 nm [2] and a smooth slope of absorbance up to wavelength 500
nm/ Such spectra determine reddish orange color of the solution. This absorption band corresponds to
the calculated line of the monomer 1 spectrum at 413 nm. The spatial parts of the monomer 1 molecular
orbitals (MO), which determine excited states of the molecule due to electron transitions between them,
are presented in Fig. 6a. Besides, there also is the correspondence of these transitions to the absorption
bands in the spectrum with SAP coefficients. SAP squared determine the contribution of each transition
into the excited state. It has been found that both abovementioned absorption bands (413 and 328 nm,
charge transfer bands) are induced by electron transitions from occupied atomic orbitals (AO) of peroxy
group oxygen atoms py to vacant AO of titanium atoms D,, and D,y, which (in various combinations)
mostly form vacant MO L+1 and L+2 of (TiOO)*" cation. Increasing intensity and widening absorption
band of the solution compared to calculated data can be due to a number of causes influencing the elec-
tronic state of a complex: more complicated and multivariate type of ion hydration compared to the inte-
ractions studied within the bounds of PCM; significant cavitation energy; significant ionic strength of a
solution, etc.

Gradual disappearance of the absorption band near 400 nm with increasing pH to 2 is related to
transition of the complex from monomer 1 to complexes with monomer units 2 and 3. At that the maxi-
mum smoothly shifts from 412 nm at pH=1 to values 330...340 nm ([2] and Fig. 5) at pH=2.5. The
smoothness of the shift points at equilibrium in the solution of monomer forms (Ti0O)*" «
(TiOO)(OH)", which shifts to the right with increasing pH. In the range pH 2.5...3.0 the absorption max-
imum is near 335 nm, and absorbance smoothly decreases up to ~450 nm. So the solution has yellowish
orange color. The calculated spectra of complexes with monomer unit 2 reasonably explain the absorp-
tion curve of the solution, when the absorption envelope lines are constructed. The most intensive bands
are in the ranges 335...360 nm, as well as 370...380 nm (Fig. 2b), while in the range 400...500 nm a few
weak absorption bands are present with oscillator strength not exceeding 0.0004 (not shown in the fig-
ure). Pictorial representation of MO, the transitions between which determine the solution spectrum, are
shown in Fig. 6-7. As the calculations show, the most intensive absorption bands are determined by
electron transitions, similar to those mentioned above, namely, the charge transfer transitions. In the case

FESE IR F

a) b)

Fig. 6. Pictorial representation: a) MO for monomer unit 1. Absorption bands and the corresponding
electron transitions: 413 nm: H->L+2 (-0.98); 328 nm: H-L+1 (0.95);
b) MO for monomer unit 2. Absorption bands and the corresponding electron transitions:
374 nm: H—-L+2 (0.98); 352 nm: H—>L+1 (-0.94)
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of complexes with monomer unit 2 the upper occupied MO are similar to those of (TiOO)" ion, they are
formed from the combination of AO p,, py, p, of peroxy group oxygen atoms, whereas the lower vacant
MO are formed from the combination of the abovementioned vacant AO of titanium atoms D,, and D, as
well as the vacant AO of titanium D%, Dy ,D,, and deeper AO of titanium. Calculation-proved increase of
oscillator strength for absorption bands in the range near 350 nm for the complexes with monomer unit 2
compared to the band 413 nm for monomer 1 is also consistent with the experimental data [2].

Going from the cationic peroxotitanate complexes to neutral and anionic ones with monomer units 3
and 4, which means increasing pH of the solution to neutral and weakly basic values, we observe ab-
sorption only in the range of wavelengths lower than 320 nm (Fig. 3). The calculated data have also
shown that the absorption bands with lower transition energy, if any, are due to the existence in the
complex structure of the fragment bonded to others with one bridging bond through the hydroperoxy
group oxygen (example in Fig. 8). Therefore one of the appearance causes for such absorption bands in
UV-visible spectrum of peroxotitanate complexes at specific conditions (ratio "hydrogen peroxide — ti-
tanium" is small and pH > 6) can be the formation of hydroperoxy bonds between titanium atoms in a
complex. Formation of one or two hydroxy bonds between monomer units of a complex does not lead to
changing spectrum in the range of wavelengths greater than 300 nm. Change of the solution color to ma-
ize yellow at changing pH to the abovementioned value, noted by us (and also in [26]), does not contra-
dict the calculated data, though it demands more thorough investigation.

>l &5 K
K.@»f}‘{}

Fig. 7. Pictorial representation of MO for the complexes with two monomer units 2. Absorption bands and the corres-
ponding electron transitions: 371 nm: H»L+5 (-0.90), H—>L+2 (0.36); 356 nm: H-1->L+2 (0.87), H>L+2 (-0.35);
351 nm: H->L+4 (0.92); 341 nm: H-1-L+1 (0.80), H—L+2 (-0.34)

L+1 L+3

Fig. 8. Pictorial representation of MO for the complex with three monomer units 3.
Absorption bands and the corresponding electron transitions:
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Use of great excess of hydrogen peroxide during the synthesis of peroxotitanate complexes can lead
to coordination of several peroxy groups on one titanium atom (excepting strongly acidic medium),
therefore the spectra of neutral complexes of the series (II) have been calculated for purposes of com-
parison. For these spectra it has been shown (Fig. 4) that the range of wavelengths lower than 320 nm is
also of low information value because of the great number of intensive closely-spaced absorption bands.
As opposed to neutral complexes of the series (I), the spectra include intensive bands at 392, 359, 348
nm for one, two, and three monomer units in the complex, respectively. Probably, the yellow color of
the peroxotitanate complexes synthesized in [26] up to basic pH values is due to occurrence of the series
(IT) complexes. Analysis of electron transitions (Fig. 9—10) has shown that the presence of these bands is
mostly determined by the transitions from the upper occupied MO (combination of AO of the peroxy
group oxygen atoms) to the lower vacant MO with its peculiarities. It has been shown that for the series
(IT) such a MO is formed from the combination of not only vacant D-type AO of titanium atoms, but
also of p-type AO of the bridging peroxy group oxygen atoms that are specific for the series (II). This
suggests that the cause of appearance of the abovementioned bands for complexes of the series (II) is
similar to the cause of coloring for the neutral complexes of the series (I). That is, the absorption band
near 360 nm can serve as an indicator of existence of bridging hydroperoxy groups in the complex at
neutral pH of the solution.

The factor that determines titania precipitation from peroxotitanate complexes is the stability of the
hydrogen peroxide excess existing in the solution. Therefore the greatest rate of precipitation should be
observed in weakly acidic medium, where peroxide is less stable compared to strongly acidic medium.

2 3&1

Fig. 9. Pictorial representation of MO for monomer unit 5. Absorption bands
and the corresponding electron transitions: 392 nm: H—L (0.96)

N

H

Fig. 10. Pictorial representation of MO for the complex with two monomer units 5.
Absorption bands and the corresponding electron transitions:
359 nm: H-1-L (0.817); 310 nm: H-L+1 (0.74), H-1->L+2 (-0.43)
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In these conditions the state of peroxotitanate complexes is nearer to the isoelectric point, that is, the
probability of occurrence for the complexes formed from monomer units 3 and 5 (at great excess of hy-
drogen peroxide) is significantly higher. Such complexes are the most capable of oligomerization and,
possibly, of hydrolysis that leads to further formation of hydrated titania precipitate. On the other hand,
for neutral monomer units the value of the energy of complex formation from three units decreases
compared to the complexes of two units (Table 1), which enables the former to occur in solution with
less probability than the latter. For the series (II) the decrease is much steeper; relative stability of such a
complex of two monomer units can determine the stability in time of peroxotitanate complex solutions
in wide range of pH values, verified experimentally for the initial ratio "hydrogen peroxide — titanium"
more than 10:1 [26].

Understanding how the bonds between monomer units in peroxotitanate complexes are formed and
tracking of this process by means of UV-visible spectra analysis makes it possible to estimate probable
directions of further oligomerization and hydrolysis reactions, as well as the probability of formation for
this or that crystal or amorphous phase, in which the precipitate is formed (anatase, rutile, etc.). At-
tempts of the estimation with the use only of calculated data were made previously in [17], where poly-
peroxide complexes were studied. Oligomeric chains in such complexes are formed in two ways: a) two
oxygen bridges between titanium atoms, which leads to subsequent formation of the structure of anatase
type (octahedrons with common edges) — in the case of minimal and maximal concentration of added
hydrogen peroxide; b) one oxygen bridge between titanium atoms, which helps subsequent formation of
the structure of rutile type (octahedrons with common tips) — in the case of medium concentration of
added hydrogen peroxide. Our research in the spectral characteristics of the solutions of peroxotitanate
complexes at various synthesis conditions coupled with calculated data has shown that the use of UV-
visible spectra can provide information about occurrence of monomer units of this of that kind in the
complexes, as well as about the bonding pattern. We consider the possibility of further application of
this information to prognosticate priority ways of the new phase formation in specified environment.

Conclusion

In the present paper the electronic spectra of peroxotitanate complexes formed from five types of
monomer units have been investigated. Non-empirical calculations of the optimized complex structures
have been carried out by Kohn-Sham method with the use of functional B3LYP and all-electron basis
set 6-31G**, with allowance made for influence of water as a solvent in PCM. The calculation of the
excited states has been carried out by TD-DFT method. It has been found that the spectra of complexes
in the series (I) ([Ti(0,)(OH),]*™") have characteristic absorption bands, they are specific for wave-
length range higher than 300 nm, namely: 413 nm for x = 0 and several bands in the ranges 335...360 nm
and 370...380 nm for x = 1. It has been shown that the position of the absorption bands in the spectrum
of the solution of peroxotitanate complexes at pH < 1 corresponds to the calculated spectrum of mono-
mer unit 1, while the spectrum of the solution at pH 2.0...2.5 corresponds to the calculated spectrum of
the complexes with monomer unit 2. At that the difference between the absorption band maxima and the
intensive calculated lines does not exceed 10 nm. In the spectra of neutral complexes of the series (I)
and (II) [Ti(O,)(OOH)(OH)] the absorption bands in the range 345...400 nm, that determine yellow col-
or of the complexes in neutral medium, can appear subject to bonding between titanium atoms through
the hydroperoxy group oxygen. The complex composition is related to the solution pH values and the
excess of hydrogen peroxide relative to titanium, at that the tendency of solution spectrum change under
varied conditions of complex existence correlates to the change of calculated spectra in accordance with
the monomer unit predominating in the composition. Thus, comparison of the calculated electronic spec-
trum and the UV-visible spectrum of the peroxotitanate complex solution makes it possible to estimate
the composition at specific conditions and prognosticate the possible reaction pathways.
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Yo-BUA CMNEKTPbl NEPOKCOTUTAHATHbBIX KOMITJIEKCOB

KO.B. Mameeliuyk, N.B. Kpueuoe, M.B. Unbkaeea, B.B. AeéOuH
FOxHO-Ypanbckuli 2ocydapcmeeHHbIlU yHusepcumem, 2. YenssbuHck

BrInoTHEeH CpaBHUTENBHBIA aHANM3 PACYETHBIX (C y4ETOM BIMSHHS PACTBOPHUTEIS B
Mmonenu PCM) u skcnepuMeHTanbHBIX Y®-BUJ CIIEKTPOB PACTBOPOB IEPOKCOTUTAHATHBIX
KOMILJIEKCOB NPH BapbUPOBAHMM YCIOBHH HX cyllecTBoBaHUs. IlokazaHO, 4TO U3MEHEHHE
cocTaBa KOMILIEKCOB, 3aBUCSAIIEr0 OT BenuuuHbl pH pacTBOpa, MPUBOAWUT K HM3MEHEHUIO
XapaKTepHBIX I0JIOC TOTJIomeHNss Y D-Buj CrieKTpoB B o0OnacTu 1iuH BoJH Oonee 320 HM.
TenneHuus cIBUTa MOJNOC MOMNIOIIEHUS B CIIEKTpax PacTBOPOB COOTBETCTBYET M3MEHEHUIO
PpacU€THBIX CHEKTPOB B 3aBUCHMOCTH OT MOHOMEPHOU eAMHUIBI KomIiekca. [Ipeanonoxeno,
YTO OKpacka pacTBOpPAa KOMIUICKCOB B CIaOOKHCION M HEHTpaJIbHOW cpene cBs3aHa ¢
BO3HHUKHOBEHUEM T'HJPOIEPOKCOCBA3EH MEKAY aTOMaMU TUTaHA.

Kniouesvie cnosa: mnepoxcomumanamuvle KOMNIEKCbl, NEKMPOHHbIE — CNEKMpPbl
noznowenus, PCM, TD-DFT.
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SPECTROSCOPIC INVESTIGATION OF THE INFLUENCE
OF ALUMINUM ADDITION ON CHARACTERISTIC FEATURES
OF ALKALI BOROSILICATE GLASSES
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The influence of aluminum on the structure of alkali borosilicate glasses with various
ratios of network former cations and modifier cations has been studied with the use of
vibrational spectroscopy. It has been found that addition of modest amounts of aluminum to
borosilicate glasses decreases the difference of sodium and potassium distribution between
silicon- and boron-containing structural units of the glasses. This fact allows consideration of
aluminum as an additive contributory to homogeneity of borosilicate glasses containing both
sodium and potassium, as well as increase in thermal and chemical stability of matrix
materials based on such glasses.

Keywords: borosilicate glass, spectroscopy, structure, aluminum.

Introduction

During investigation of structural peculiarities of alkali borosilicate glasses with the use of vibra-
tional spectroscopy and NMR spectroscopy the significant difference of sodium and potassium distribu-
tion between silicate and borate structural units has been established [1, 2], which determines greater
depolymerization of anion structure of sodium-containing borosilicate glasses compared to potassium
glasses of similar composition. This explains appearance of structural heterogeneity in the structure of
borosilicate glasses containing both sodium and potassium ions [3], besides, it negatively affects physi-
cochemical characteristics of matrix materials based on them [4].

With the aim of looking for additives increasing homogeneity of alkali borosilicate glasses, the in-
fluence of aluminum addition on structural features of sodium and potassium borosilicate glasses has
been studied by vibrational spectroscopy at various ratios of network former cations and modifier ca-
tions. The choice of aluminum as an additive has been caused by the assignment of aluminum to net-
work former cations, highly active in distribution of sodium and potassium ions, which manifest them-
selves as modifier cations in the glass structure [5—8]. Addition of aluminum to glass composition sug-
gests redistribution of modifier cations between structural units due to their participation in compensa-
tion of electrical charge for the AlO, tetrahedrons.

Experimental

Aluminum-free and aluminum-containing sodium and potassium borosilicate glasses of the chosen
composition were synthesized with the use of following reactants: analytical grade SiO,, high purity
grade B,0;, chemical purity grade Al,O;, chemical purity grade Na,CO; and K,CO;, according to the
procedure described in [2, 9]. Table 1 contains the composition of the synthesized glasses and their ref-
erence designations. The investigation of the characteristic structural features was carried out by infrared
spectroscopy (IR) and Raman spectroscopy. IR transmission spectra were registered on the single-beam
Fourier-transform IR spectrometer Nicolet 6700 Thermo Scientific with the use of KBr pellet pressing
technique. The iHR 320 Labram spectrometer with Olimpus BX41 microscope was used for registration
of Raman spectra. The obtained spectra are shown in Fig. 1-4.
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Table 1
Chemical composition of the synthesized glasses
Sample Composition, mole fractions
15N35B 0.15Na,0-0.35B,05-0.5S10,
35N15B 0.35Na,0-0.15B,05-0.5S10,
15K35B 0.15K,0-0.35B,05:0.5S10,
35K15B 0.35K,0-0.15B,05:0.5S10,
A15N35B 0.9(0.15Na,0-0.35B,050.5S10,)+0.1A1,04
A35N15B 0.9(0.35Na,0-0.15B,050.5S10,)+0.1A1,04
A15K35B 0.9(0.15K,0-0.35B,05:0.5S10,)+0.1Al,04
A35K15B 0.9(0.35K,0-0.15B,05:0.5S10,)+0.1Al,04
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Fig. 1. IR spectra of the sodium glasses:
a — glasses with low content of sodium and high content of boron, b — glasses with high content of sodium
and low content of boron (designations of the samples correspond to Table 1)
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Fig. 2. IR spectra of the potassium glasses:
a — glasses with low content of potassium and high content of boron, b — glasses with high content of potassium
and low content of boron (designations of the samples correspond to Table 1)
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Results and Discussion

All IR spectra of the synthesized glasses (Fig. 1 and 2) contain bands with maxima near 460—480,
610800, 800-1200 and 1350-1490 cm . In the IR spectra of aluminum-free sodium glasses (Fig. 1) the
increase of alkali metal content and the decrease of boron content leads to the increase of band intensity
for the maximum near 460-480 cm ', the change of band shape for the maximum near 610-800 cm ',
and the decrease of band intensity for the maximum near 1350-1490 cm . In the spectrum of 35N15B
glass the following features are observed: the band with the maximum near 1030 cm ', which dominates
in the spectrum of 35N15B glass, separates into two components with maxima near 945 cm ' and
1070 cm ™.

Changes in the IR spectra of aluminum-free potassium glasses with similar changes in composition
are also related to the change in band shape in the range 800—1200 cm ' and the decrease of band inten-
sity for the maximum near 1350-1490 cm ' (Fig. 2). At low content of potassium and high content of
boron in the glass composition (15K35B) the band with maximum near 1030 cm ™' and the plateau near
900 cm ' are observed in the range 800—1200 cm . At the increase of potassium content and the de-
crease of boron content in the glass composition (35K 15B) the maximum of this band shifts to 1000 cm’
with significant change in the position and intensity of its branches.

The IR spectra of all synthesized aluminum-containing sodium and potassium glasses (A15N35B,
A35N15B, A15K35B, A35K15B) are characterized by higher intensity of bands with the maxima near
610-800 cm', significant changes in band shape in the range 800—1200 cm ', and the increase of band
intensity for the maximum near 1350-1490 cm '. It is especially noticeable in the spectra of glasses with
low content of alkali metal and high content of boron (Fig. 1 and 2).

IR absorption near 460-480 and 1050-1090 cm' is related to deformation and asymmetric stret-
ching vibrations of Si—-O-Si(Al) bonds in complex silicate anions [10—12], its intensity in spectra is de-
termined by the content of SiO, in the glass composition. The band near 610-800 cm ' makes itself evi-
dent as the superimposed on one another bands due to symmetric vibrations of Si(Al)-O-Si bonds,
asymmetric stretching vibrations of B—-O-B bonds, deformation vibrations of B—O bond in the BO; tri-
angles, and vibrations of the bonds in the AlO, tetrahedrons. This complicates the use of absorption in
this range for discussion of changes in the glass structure. Absorption in the range 940-980 cm' is re-
lated to deformation and asymmetric stretching vibrations of B—O bond in the BO, tetrahedra, which
allows estimating the change of boron ions content in the tetrahedral coordination [10, 12]. The band in
the range 1350-1490 cm' is related to deformation and stretching vibrations of B-O bonds of the BO;
triangles. Decrease of its intensity reflects the decrease of the tri-coordinated boron content in the glass
structure [10, 11]. Changes in IR spectra of glasses observed at aluminum addition correlate with the
increase of the fraction of BO; triangles, the decrease of BO, tetrahedra, and the changes in the nearest
environment of silicon atoms through the development of AlQO, tetrahedra in the glass structure, as well
as the formation of bridging intertetrahedral Si—O—Al bonds.

The Raman spectra of all synthesized aluminum-free sodium and potassium glasses strongly differ
from each other. In the Raman spectrum of 15N35B glass (Fig. 3a) there are intensive bands with max-
ima at 510 and 1150 cm ™', as well as the set of closely spaced bands of lower intensity with the maxima
near 630, 700, 760 and 800 cm '. In the Raman spectrum of 35N15B glass (Fig. 3b) intensive bands
with the maxima near 600, 955 and 1090 cm™' are observed. In the Raman spectrum of 15K35B glass
(Fig. 4a) we have registered the intensive band with the maximum at 510 cm ', the set of closely spaced
bands of lower intensity with the maxima near 630, 700, 770 and 800 cm ', as well as three weak broad
bands with the maxima near 940, 1150 and 1450 cm '. The Raman spectrum of 35K 15B glass (Fig. 4b)
is characterized by the band with the maximum near 600 cm ™' and the plateau near 530 cm™', as well as
the narrower intensive band 1095 cm ™' and weak bands with the maxima near 940 and 1450 cm .

Addition of aluminum to glass composition significantly influences the position and intensity of the
Raman bands. In the Raman spectrum of aluminum-containing sodium glass A15N35B (Fig. 3a) the
significant decrease of the band intensity with the maxima near 630, 700 and 1150 cm ' is observed. In
spite of obvious differences in the spectra of parent glasses 15N35B and 15K35B, taking into account
slight differences in intensity ratios and extra plateaus, the spectrum of aluminum-containing potassium
glass A15K35B (Fig. 4a), has the similar appearance to the Raman spectrum of A15N35B glass. In the
low-frequency (300-800 cm') part of the Raman spectrum of aluminum-containing sodium glass
A35N15B (Fig. 3b) the band of complex shape with the maximum near 510 cm ™' and plateaus near 570,
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Fig. 3. Raman spectra of the sodium glasses:
a — glasses with low content of sodium and high content of boron, b — glasses with high content of sodium
and low content of boron (designations of the samples correspond to Table 1)
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Fig. 4. Raman spectra of the potassium glasses:
a — glasses with low content of potassium and high content of boron, b — glasses with high content
of potassium and low content of boron (designations of the samples correspond to Table 1)

630 and 750 cm' is registered. In the high-frequency part of the Raman spectrum of this glass the band
with the maximum near 1050 cm ' is observed, with strongly expressed asymmetry as viewed from low
wavenumbers. Besides, the band of low intensity with the maximum 1470 cm ' is clearly defined in the
spectrum. The Raman spectrum of aluminum-containing potassium glass A35K15B (Fig. 4b) is distin-
guished from the spectrum of A35N15B glass only by the slight shift of the band maxima (510—490
cm ' and 1050—1070 cm ') and better defined plateaus near 570, 630 and 750 cm . Hence the alumi-
num addition increases resemblance of the Raman spectra of sodium and potassium glasses of similar
composition, both with low and high content of alkali metal.

The bands with the maxima near 400-600 cm ' in the low-frequency part of the Raman spectra of
borosilicate glasses are related to symmetrical stretching and deformation vibrations of Si—O-Si(Al) and
Si(Al)-O-B bridging bonds in anions with complex structure [13, 14]. High intensity of these bands,
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observed in the Raman spectra of all investigated glasses indicate the relatively high polymerization de-
gree of their anion structure. The band with the maximum near 630 cm™' reflects the vibrations of mixed
silicon-boron rings, and decrease of intensity for this band indicates decrease of boron content in the
glass composition or at decrease of its participation in formation of the mixed borosilicate rings. The
bands in the range 700-800 cm ' are related to vibrations of B-O bonds included in the BO, tetrahedra,
which helps us to use these bands for estimation of the boron state in the glass structure. The bands in
the range 950—1150 cm ' are related to the manifestation of stretching vibrations of the Si—O— nonbridg-
ing bonds in Q* and Q’ structural units [15]. Their presence in the glass spectra indicates participation of
sodium and potassium ions in coordination of the nonbridging bonds, while the observed change of
symmetry in these bands at aluminum addition arises from the presence of the AlO, tetrahedrons in the
nearest environment of those structural units. The band with the maximum near 1470 cm' reflects the
vibrations of the BOs structural units. Low intensity of this band in the spectra of borosilicate glasses
generally points at boron in tetrahedral coordination (BO,) dominating in the structure of such glasses.

Conclusion

The characteristic features of obtained Raman spectra indicate the difference in distribution of mod-
ifier cations between various kinds of structural units in the structure of aluminum-free and aluminum-
containing sodium and potassium borosilicate glasses. In aluminum-containing glasses the development
of the AlO, structural units, participating in formation of the bridging Si—O—Al bonds, is observed in the
studied composition range. The fraction of the BO, tetrahedra decreases, while the fraction of the BO;
triangles, which form the isolated boron ring structures, increases. Mostly these changes appear in the
glasses with low content of alkali metals and high content of boron. In the glasses with high content of
alkali metals and low content of boron the changes touch upon the silicate part of the glass structure, too.
The decrease of the fraction of silicate structural units with nonbridging oxygen atoms (Q") is under
way, as well as the decrease of the fraction of nonbridging bonds in the composition of the borate struc-
tural units. It correlates with the decrease of participation of alkali metal cations in the coordination of
the charge of boron-containing structural units BO4, which decreases the difference in the distribution of
sodium and potassium between silicate and borate structural units and enhances the structural semblance
of sodium and potassium glasses with the similar composition. The significant fraction of sodium and
potassium ions in the structure of aluminum-containing glasses participate in the coordination of the
charge of aluminum in tetrahedral coordination, which corresponds to stronger binding of Na" and K"
and promotes increase of thermal and chemical stability of matrix materials based on such glasses.

We are grateful for financial support of RFBR (grant No 14-08-00323-a).
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CNEKTPOCKOIUWYECKOE UCCNEOOBAHUE BITIUAHUA OOBABOK
ANIOMUHUNA HA CTPYKTYPHBIE OCOBEHHOCTMU LWWEJIOYHbIX
BOPOCUITUKATHbLIX CTEKOI

B.E. Epemsiwes’, I.I". KopuHeackasi®, P.P. AticuH *

" KOxHO-Ypanbckuil 20cydapcmeeHHbIll yHusepcumem, ¢unuarn 8 2. 3namoycme,

2 Mnemumym muHepanoauu YpO PAH, 2. Muacc,

* Mnemumym anemeHnmoopaaHu4eckux coeduHerul um. A.H. HecmesHosa PAH (MH30C
PAH), e. Mockea

Metonamu KonebaTeIbHON CIIEKTPOCKOINU U3YUEHO BIUSHUE aIOMUHHS HAa CTPYKTYPY
ICJIOYHBbIX 6opocm1m<aTme CTCKOJI C Ppa3HbIM COOTHOULICHUEM KaTHOHOB-
ceTkooOpazoBareneii M KaTHOHOB-MOIU(MUKATOPOB. YCTaHOBIEHO, YTO MpH J00aBICHUH
HEOOJIBIIOTO KOJUYECTBA ATIOMUHHS B COCTaB CTEKOJ MPOUCXOJUT YMEHbBIIIEHUE Pa3INuus B
pacnope€acjICHu HaTpusd W Kajlud MEXITY 60paTHBIMI/I U CHUJIMKAaTHBIMU COCTaBJIIHOIITUMU
CTPYKTYpPbI OOPOCHIMKATHBIX CTEKOJI. DTO TO3BOJISIET pacCMaTpUBaTh allOMUHUN B Ka4eCTBE
JMO0aBKH, CHOCOOCTBYIOIICH YBEIHMUYCHHUIO OJHOPOTHOCTH OOPOCHIIMKATHBIX CTEKOJI,
OJTHOBPEMEHHO COJICPKAIUX HATPUI U KaJIHU{, U MOBHIIICHUIO TEPMHICCKON M XUMHICCKON
YCTOHYHUBOCTH MaTPUIHBIX MaTEPHAJIOB, CO3JaBAEMbIX Ha OCHOBE STHX CTEKOJL

Keywords: 6opocunuxammvle cmekna, cnekmpockonusi, CmpyKkmypd, aIoMUHUL
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A theoretical study of the crystal lattice of titanium dioxide (anatase), its spatial and
thermodynamic characteristics, face growth characteristics and ways of formation of its
macromolecular structures is performed. It is shown that the growth along ¢ axis of the crystal
is more favorable thermodynamically. The variants for controlling of the growth of various
faces by introducing of the acidic and basic components, as well as by temperature changes
are proposed.

Keywords: titanium dioxide, anatase, nanostructure, thermodynamic calculations,
kinetic features.

Introduction

Nanocrystalline titanium dioxide is widespread photocatalyst for destruction of organic pollutants
[1], a semiconductor in solar cells [2], a component of ceramic, composite, catalytic [3] and sorption
materials [4], because of its efficiency, low cost, non-toxicity, photo- and thermal stability. Frequently
nanocrystalline titanium oxide used as the photocatalyst, because of its ability to form part of a pair of
"electron — hole" under the UV and visible light radiation. The effectiveness of photocatalysts based on
nanocrystalline titanium dioxide is determined by many factors, such as phase content, the morphology
features, the specific surface area, the pore volume, the presence of dopant additives [5]. All of the
above mentioned characteristics of the material are formed by the processes of hydrolytic or non-
hydrolytic decomposition of TiO, precursors and templating agents used in the synthetic processes. Cur-
rently, a lot of technique allows to obtain photocatalysts with specified properties using a sol-gel or hy-
drothermal synthesis. However, most of the known methods for producing crystalline titanium oxides
require high temperatures or pressures for crystallization of the amorphous precursor into the desired
crystalline modification. Preparation of nanocrystalline titanium dioxide under mild conditions at a tem-
perature close to room temperature is an important problem, the solution of which will significantly re-
duce the cost of production of functional materials. A way for the achievement this goal is the usage of
biomineralizing agents in the synthesis of titanium dioxide that allow both to obtain crystalline titanium
dioxide under mild conditions, and to control its crystalline structure, and particles sizes. An important
advantage of biomineralization, along with the "ecology and economy", is unequivalent or "quasi-
catalytic" nature of the process, i.e. the process does not require the equivalent amounts of template. In
addition to the importance of the applied research of the crystalline phase of the titanium oxide forma-
tion, the problem of the general features determining the formation of metal oxide materials is funda-
mentally important. A lot of quantum DFT and ab initio calculations of the titanium dioxide, ranging
from small particles of TiO,, to large enough nanoclusters such as TiOgs6, for example, [6—8], was
performed. But so far, a little is known on the specific ways of macromolecular structures (phases) of
the titanium oxide formation, on the hydrolysis of oligomeric intermediates, as well as the on the me-
chanism of formation of oligomeric intermediates themselves [9, 10]. Determination of the mechanism,
identification of intermediates of structure formation processes, definition of the dependence between the
structure of the template and the parameters of nanocrystalline TiO, will create new ways for the effective
control of the formation of titanium oxide nanostructures, which will allow to increase the characteristics
of existing materials and yield in principally new functional materials. Therefore, the aim of this work is a
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theoretical study of the crystal lattice of titanium dioxide (anatase), its spatial and thermodynamic characte-
ristics, face growth characteristics and pathways of formation of its macromolecular structures.

Research Methodology

The crystal structure of anatase was used for the study. X-ray diffraction data for the anatase lattice
was taken from [11] and Crystallography Open Database (http://www.crystallography.net/ ID 9015929).
The crystal system of anatase is tetragonal, the space group is I41/amd, unit cell parameters
area=b=3.7845 A; ¢ =9.5143 A; a.= B =y =90°. The cell volume is 136.268 A’, ideal crystal density
is 3.894 g/cm3. The cell contains two formula units of titanium dioxide.

The investigation of the titanium dioxide was performed within MERA force field [12-22] begin-
ning from one unit cell (cluster formula TiyOsg) to 30 unit cells, propagated along the a and ¢ axes of
the crystal (cluster formula Tig70O1749). In the framework of this approach the potential energy of interac-
tions in the system is the sum of intra- and intermolecular Coulomb and Van der Waals interactions.
Energy of intra- and intermolecular electrostatic interactions are calculated by the usual formula of Cou-
lomb's law. The energy of intermolecular van der Waals interactions is calculated using the Lennard-
Jones equation

6 12
N R R
E, =Y —2U,{R’) +U{R"J

i=l j=i+ ij

R; 1s the equilibrium distance of the van der Waals contact of the / and j atoms, equal to the sum of

their van der Waals radii calculated within the MERA model,
R;; s the actual distance between the i and j atoms.
Uj; value corresponds to the minimum of potential energy of interaction between atoms i and j and can
be calculated within the MERA model in accordance with the following formula
o TkR;;
Y 480’

o —a constant equal to 6.662:10 ' M/K;
k — the Boltzmann constant.

The energy of the intermolecular van der Waals interactions and hydrogen bonds is calculated as
follows

M of 1 1 1 2 1 1 1
E :2 z | =2U.RS + + +U_ R’ + +
T Lp ”[ v {(R[/.+ka)6 (R, +kb)"° (R[/+kc)6] i {(Rﬁka)” (R, +kb)" (R[.j+kc)'2D,

a, b, ¢ — the unit cell parameters;
k—integers 0, 1, 2,3, ...

The calculation of the thermodynamic characteristics of the anatase crystal lattice was fulfilled us-
ing the MERA model by the scheme shown in [14, 20, 21]. The calculation of atomic charges, as well as
the value of the charged surface was carried out within the framework of the full equalization of the or-
bital electronegativity formalism [23] in the modification of the model MERA [13]. The calculation of
the electronegativity of crystals was performed the J. Gasteiger scheme within the formalism of full
equalization of the orbital electronegativity [23].

Discussion

Calculation which was fulfilled for the anatase unit cell showed the following: the portion of a
charged cell surface, responsible for soption of polar molecules (e.g., amino acids or oligopeptides that
can be used for hydrolytic decomposition method of TiO, precursors), is low enough. Its value is only
2.19 % of the unit cell total surface (the square is 3.78 A%). About 80 % of the surface belongs to the side
faces of the cell and just over 20 % belongs to base faces. Thus, each side face possesses about 20% of
the charged surface, whereas each base face possesses just over 10 %.

Modelling of the crystal lattice growth along the a axis showed the following: the thermal effect of
the unit translation along the a axis is quite significant, the standard enthalpy is —2743 kJ/mole, the en-
tropy increment is 584 kJ/mole-K, lowering of the standard Gibbs free energy is 2917 kJ/mole. Electro-
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negativity of the crystal increases with the crystal growth along a axis by 0.41 eV per cell unit. Thus the
strength of sorption sites with respect to the positively charged hydrogens of carboxylic and ammonium
groups of oligopeptides (which may be used in the synthesis of titanium dioxide nanosized particles). It
should be noted that the electronegativity growth is nonlinear. The dependency represents a saturation
curve (Fig. 1) and can be approximated by the following equation

4 =652+ 3.025n ,
1.671+n

x — electronegativity of crystal eV;
n — the number of cells along the a axis.

Analyzing the equation, it is obvious, that the electronegativity can achieve the value 9.54 eV at the
saturation. A 50 % degree of completion of the saturation process will be achieved when the number of
cells will achieve n = 3. A 90 % degree of completion of the saturation process will be achieved when
the number of cells will achieve n = 17. Since the length of the a axis is 3.7845 A, the linear length of
17 unit cells equals 64.34 A, or 6,434 nm, which will be the minimum size of the crystals at the equili-
brium sorption of polar components.

Modelling of the crystal lattice growth along the ¢ axis showed the following: the thermal effect when
the unit translation along the ¢ axis even greater than for the growth along a axis and — the standard enthalpy
is —3482 kJ/mole, the increase of entropy is also significantly higher it equals 869 kJ/mole-K, lowering of the
standard Gibbs free energy also greater and amounts to 3741 kJ/mole. Thus, the crystal growth along the ¢
axis is more favorable than along the a or b axes under thermodynamic conditions. However, the number of
side faces is twice greater than the base faces perpendicular to ¢ axis.

9.5

x> 2B

6.0

0 1 2 3 4 5 6 7 8 9 10
n
Fig. 1. The dependency of the crystal electronegativity on the number of unit cells along the a axis

Electronegativity of the crystal increases with growth along the ¢ axis but its increment is almost
twice less than for the growth along a axis: the increment is 0.22 eV per unit. The further electronegativ-
ity growth is nonlinear and dependency also represents a saturation curve (Fig. 2). It can be approx-
imated using the following formula
1.6925n

¥ =6.86+——"
1.134+n

n — the number of unit cells along the ¢ axis.
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Fig. 2. The dependency of the crystal electronegativity on the number of unit cells along the c axis

Analyzing the equation, it is obvious, that the electronegativity can achieve the value 8.55 eV,
which is less than the growth along the a axis by almost one. A 50 % degree of completion of the satura-
tion process will be achieved when the number of cells will achieve n = 4. A 90 % degree of completion
of the saturation process will be achieved when the number of cells will achieve n = 12. Since the length
of the ¢ axis is 9.5143 A, the linear length of the 12 unit cells equals 114.17 A, or 11.417 nm, which will
be the minimum size of the crystals at the equilibrium sorption of polar components.

A comparison of anatase crystal growth along the a and ¢ axes shows that the more thermodynami-
cally favorable is a growth along ¢ axis, which must provide a crystal habit elongated along c¢ axis.
However, when a doubling of unit cell along ¢ axis leads to a doubling of the free energy of the growth
along a axis. So, the next step provides adding a layer of unit cells along a direction. Thus, the ratio of
the size of the crystal during the growth under ideal thermodynamic conditions should be the ratio of the
free energies of growth, i.e.

a:c=b:c=2917:3741.

It is possible to make changes into this ratio in any direction under kinetic conditions. Since the
electronegativity of the crystal during the growth along the @ axis increases much stronger than during
the growth along the c axis, the insertion components with the positively charged fragments, such as ac-
ids or conjugated acids (for example, consisting of ammonia or carboxylic group) should accelerate the
growth along the a axis and yielding smaller particles (from 6.434 nm); the insertion of the conjugate
bases or bases should accelerate growth along the ¢ axis and yielding larger particles (from 11.417 nm).
It is well confirmed by the data of [24], where the sorption of neutral, acidic and basic amino acids on
titanium dioxide is elucidated. Since the entropy factor favors the growth along the ¢, the growth in this
direction will increase with the temperature increase; a reducing of the temperature will be favorable to
growth in the direction a. In both cases possible to obtain nanosized titanium dioxide particles.

Conclusion
Some thermodynamic and kinetic factors on the growth characteristics of nanoscale titanium dio-
xide particles are studied in the work. The conditions providing larger and smaller particles with higher
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and lower sorption capacity for acidic and basic peptides within hydrolytic decomposition method of
titanium dioxide precursors are offered.
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TEOPETUYECKOE UCCJIEQOBAHUE BIIUAHUA

PAOA TEPMOOAUMHAMUYECKUX U KWHETUYECKUX PAKTOPOB
HA OCOBEHHOCTU POCTA HAHOPA3MEPHbIX YACTUL
AOBYOKUCU TUTAHA

M.A. Npuwuna', A.B. Momemkur?, O.U. Bonbwakoe®, B.A. MomemkuH'

" FOxHO-Ypanbckuli 20cydapcmeeHHbil MeOUUUHCKUL yHusepcumem, 2. YensabuHck,

2 CaHkm-lNemepbypackull HayuoHanbHbIl uccnedosamenscKkull yHusepcumem UHpopMayu-
OHHbIX mexHo02uli, MexaHuUKuU u onmuku, . CaHkm-llemepbype,

% FOxHO-Ypansckuli 2ocydapcmeeHHbill yHusepcumem, 2. YensabuHck

[IpoBeneHo TeopeTHUECKOE WCCIEAOBAHUE KPUCTAINIMYECKOW pENIeTKH AWOKCHAA
TUTaHa (aHaTa3a), €ro IPOCTPAHCTBEHHBIX U TEPMOAMHAMHUYECKUX XapaKTEPHUCTHUK,
ocobeHHOCTel pocTa rpaHeil U myTell (popMHUPOBaHHA €ro MakpOMOJEKYISIPHBIX CTPYKTYP.
[loka3aHo, 9YTO TepMOAWHAMHYECKH Oojee OJIarompHATHBIM SBISETCS POCT BJIOJIb
HampaBJIeHUs ¢ KpucTamia. lIpeanmokeHbl BapHaHTHl YIPABICHHUS POCTOM TEX MM HMHBIX
rpaHell ITyTeM BBEICHUS KHUCIOTHBIX M OCHOBHBIX KOMIIOHEHTOB, a TaK)Ke IOCPEICTBOM
N3MEHEHHS TEMIIEPATYPBHI.

Kniouegvie crosa: ouoxcud mumana, aHamas, HAHOCMPYKMypd, mepmMoOUHamMu4ecKue
pacuemul, KuHemu4ecKue 0CO6EeHHOCMU.
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Triphenylbismuth bis(2-methylpropenoate) Ph;Bi(O,CMe=CH,), has been obtained by
the interaction of triphenylbismuth with methacrylic acid and hydrogen peroxide in
tetrahydrofuran. Its structure has been determined by IR and 'H NMR spectroscopy.

Keywords: triphenylbismuth  bis(2-methylpropenoate), synthesis, structure,
IR spectroscopy, NMR spectroscopy.

Introduction

Organometallic compounds of bismuth are the unique reagents in the arylation reactions of amines,
alcohols, phenols, and glycols in the presence of catalytic amounts of copper, as well as unsaturated
compounds under the catalytic action of palladium salts. Recently, chemistry of the metal-filled
polymers, including bismuth-containing ones, develops intensively. Some known copolymers of various
unsaturated bismuth compounds with organic monomers are already used for the synthesis of metal-
containing polymers (including organic glasses) exhibiting the fungicidal and biocidal activity, X-ray
protection properties [1]. For this reason the synthesis of new organic bismuth-containing compounds
and their application as methylmethacrylate comonomers are important.

Methods for obtaining organobismuth compounds Ph;Bi(O,CR), by the reaction of
triphenylbismuth dihalides with silver, sodium and ammonium salts of carboxylic acids [2-4],
triphenylbismuth carbonate with carboxylic acids [5], triphenylbismuth with carboxylic acids in the
presence of benzoyl peroxide, H,O,, +-BuOOH [6], triphenylbismuth with anhydrides of carboxylic
acids in the presence of ~BuOOH [7-11], triphenylbismuth with tert-butylperacetate and carboxylic
acid [1], and triphenylbismuth with peracid [3] are known.

The aim of this work has been the synthesis of triphenylbismuth bis(2-methylpropenoate) by the
reaction of triphenylbismuth with methacrylic acid and hydrogen peroxide. The presence of two
methacrylate groups in the molecule can provide the use of the compound as a comonomer in the
synthesis of a bismuth-containing polymer.

Experimental

Purification of solvents and reagents

Benzene, diethyl ether, tetrahydrofuran (THF) were dried over CaCl,, distilled and stored over
sodium. Chloroform was distilled, petroleum ether and bromobenzene were used without primary
purification. Methacrylic acid was purified by sublimation.

Synthesis of triphenylbismuth

Triphenylbismuth was prepared by a modernized technique [2]. Magnesium chips (12 g, 0.5 mol),
100 mL THF and 50 mL benzene were placed in a one-liter three-necked flask equipped with a stirrer,
reflux condenser and dropping funnel. Bromobenzene (52.5 mL) was added, and then the mixture was
heated for 1 h in an air bath. In the end the mixture was cooled, the flask was filled with argon and left
overnight. Then the mixture was heated for dissolving of Grignard reagent, the residual magnesium was
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filtered through a wire filter. Solution of BiCl; (40 g, 0.13 mol) using benzene with THF (1:2) as solvent
was added to the heated Grignard reagent. Then the reaction mixture was heated for 1 h in an air bath,
then it was decomposed by 25 mL H,O and 100 mL saturated NH4CI solution while cooling in a water
bath. The top organic layer was dried by Na,SO,, the solvents were removed in a rotary evaporator at
reduced pressure. The resultant triphenylbismuth had MP 76 °C after purification by recrystallization
from hot isopropyl alcohol, the product yield was 77 %.

Synthesis of triphenylbismuth bis(2-methylpropenoate) (1)

Methacrylic acid (1.27 mL, 15 mmol) was added to Ph;Bi solution (2.2 g, 5 mmol) in 20 mL ether,
then 2.5 mL 2.03 M anhydrous H,0, solution in diethyl ether was added dropwise at cooling with cold
water. The mixture was left at 5 °C for 38 h. The solution attained weak yellowish color; large crystals
of product 1 were formed at the bottom of the flask. The solution was decanted from the precipitate, and
the crystals were washed with 4 mL of ether. The product yield was 79 %, MP: 149 °C (literature data
for the product obtained by the reaction of triphenylbismuth, fert-butylperoxide and methacrylic acid
were 165 °C [1]).

The product was dissolved in 10 mL of warm freshly distilled chloroform for purification by
recrystallization. Hexane (40 mL) was added in portions of 5 mL to the transparent solution. Fine-
crystalline white precipitate was formed. For complete precipitation the solution was left in a
refrigerator for 1.5 h. The product was filtered off by means of Shott filter, washed 2 times with 4 mL
hexane, and then dried in the air. The product yield of compound 1 was 60 % (1.83 g), MP: 164 °C.

After recrystallization the product did not contain impurities of methacrylic acid and
triphenylbismuth, which was determined by thin-layer chromatography method (hexane:ethylacetate
eluent, 4:1 by volume).

IR spectrum

The IR absorption spectra were recorded on the IR-spectrometer «IR Prestige-21» of the company
Shimadzu (Japan) in a potassium bromide pellet containing 1 % of the investigated compound.

NMR spectrum

The 'H, "C-NMR spectra were recorded on the NMR-spectrometer «Ajilent DD2 400» in
deuterochloroform. Decoding and modeling of spectra were performed using the program MestReNova
(demo version).

Elemental analysis

Elemental analysis was carried out using the manual express gravimetric method based on pyrolytic
burning of a substance in a quartz tube in oxygen flow. This method allows determination of carbon and
hydrogen contents, as well as bismuth by the remainder of bismuth (III) oxide. An automatic CH-
analyzer was used in parallel. We developed a titrimetric method of analysis of product 1 given in the
results and discussion section.

Results and Discussion
Compound 1 has been obtained by the method of oxidative addition from triphenylbismuth,
hydrogen peroxide, and excess of methacrylic acid, mixed in the 1:1:3 ratio, respectively:

Ph;Bi + 2 CH,=CMeCOOH + H,0, — Ph;Bi(0,CMeC=CH,), + 2 H,0O 1)

Diethyl ether was used as solvent. The reaction was carried out at room temperature. Yield of target
product with m. p. 164 °C equaled 60 % after recrystallization from the mixture of chloroform and
hexane.

Compound 1 is white crystalline substance, air- and moisture-stable, well soluble in chloroform,
THF, methyl methacrylate, styrene, benzene, sparingly soluble in hexane and isopropyl alcohol. Good
solubility in styrene and methyl methacrylate makes the product promising in order to obtain bismuth-
containing polymers.

For investigation of composition and structure of compound 1, elemental analysis, 'H, °C NMR,
and IR spectroscopy were used.

The elemental analysis data are in good agreement with the calculated values. Found, %: C 51.00;
H 4.12; Bi 35.00 (manual apparatus for combustion); C 51.25; H 4.18 (automatic analyzer); Bi 34.23
(titrimetric bismuth determination). Calculated for C,sH,50,4Bi, %: C 51.13; H 4.13; Bi 34.25.
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For titrimetric bismuth determination, which we had worked out for the first time, a sample of the
analyzed compound (0.05—-0.15 g) and 5 mL of concentrated H,SO, were heated in 100 mL conical flask
to appearance of white vapours. Then the solution was cooled, 5 mL of concentrated HNO; was added
and the mixture was heated to its discoloration. After cooling of the mixture, 20 mL of water was added,
followed by the concentrated solution of ammonia, until slightly acidic pH was reached. Xylenol orange
indicator was added into the hot solution and it was titrated by 0.1 N solution of disodium EDTA, until
the colour of the solution changed from pink to lemon yellow. Content of bismuth in the sample was
determined according to the formula:

o(Bi) = 1.045V-m™",

V' is the equivalent volume of 0.1 N solution of disodium EDTA, mL; m is the mass of the analyzed
sample, g.

If addition of ammonia leads to precipitation of Bi(OH);, it is dissolved in concentrated HNO; and
ammonia is again added, until slightly acidic pH is reached.

Triphenylbismuth dicarboxylate turns into triphenylbismuth sulfate Ph;BiSO, at heating with
concentrated H,SO,4 according to equation (2); Ph;BiSO4 decomposes with decrease of Bi oxidation
state according to equation (3). The phenyl derivative of Bi(Ill) is dephenylated to Bi,(SO,); and
benzene by sulfuric acid according to equation (4), benzene is sulfonated to benzenesulfonic acid
according to equation (5):

Ph;Bi(0,CMeC=CH,), + H,80, — Ph;BiSO, + 2 CH,=CMeCOOH ©)
2 Ph;BiSO, — (Ph,Bi),SO, + PhOSO,0Ph 3)
(Ph,Bi),SO, + 2 H,SO, — Biy(SO,); + 4 PhH (4)
PhH + H,SO, — PhSO;H + H,0 (5)
CH,=CMeCOOH + 22 HNO; — 4 CO,+22 NO,+13 H,0 (6)
PhOSO,0Ph + 56 HNO; — 12 CO, + 32 H,O + 34 NO, + H,S0, (7)
PhSO,H + 30 HNO; — 6 CO, + 17 H,O + 30 NO, + H,SO, (8)

Concentrated HNOj; oxidizes all organic products to CO,, H,SO, and H,O with formation of brown
NO; in the presence of sulfuric acid according to equations (6—8).

During the titration, colour change is caused by the interaction of pink xylenol orange complex of
triphenylbismuth sulfate with colourless disodium EDTA, that leads to formation of disodium xylenol
orange complex with lemon yellow colour.

As the result of the chemical analysis, described above, reproducible results have been obtained.
Percent of bismuth has been found to be 34.23 %, this is in good agreement with the combustion results
described above. The suggested volumetric method of bismuth content analysis of compound 1 is faster
and more convenient than the known gravimetric method for bismuth determination in the BiOCI form [2].

In IR spectrum of the product, the medium absorption band, due to the stretching vibrations of Bi-C
bonds, is at 679 cm™'. The band at 449 cm™ belongs to the stretching vibration frequency of Bi—O bonds.
The strong bands with maxima at 1362 cm™' and 1559 cm™" are related to the asymmetric and symmetric
absorption vibration frequencies of COO groups, respectively. The band with maximum at 3045 cm™
belongs to the stretching vibration frequency of C—H bonds of phenyl groups. The wavenumbers of the
noted vibrations are close to similar values for triphenylantimony dimethacrylate [12].

In '"H NMR spectrum of compound 1 the multiplet of protons of Ph groups is observed in a weak
field (6 7.4-8.2 ppm); two singlets of CH, protons are observed in a stronger field (5.9 and 5.3 ppm); the
singlet of CH; protons is observed in a strong field (1.8 ppm). The chemical shift values of these proton
groups are close to similar values for triphenylantimony dimethacrylate [12]. In *C NMR spectrum of
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compound 1 the signals of carbon atoms of phenyl groups (130.5; 130.9; 133.8; 160.4 ppm) and
methacrylate groups (19.0; 122.9; 139.1; 173.5 ppm) are present.

Conclusions

1. Triphenylbismuth bis(2-methylpropenoate) has been synthesized by the reaction of
triphenylbismuth with hydrogen peroxide and methacrylic acid.

2. The compound is air- and moisture-stable, well soluble in chloroform, THF, methyl methacrylate,
styrene, benzene, sparingly soluble in hexane and isopropyl alcohol.

3. Composition and structure of the product have been confirmed by means of IR, 'H, °C NMR
spectroscopy, and elemental analysis.

4. New technique for titrimetric bismuth content analysis of triphenylbismuth bis(2-
methylpropenoate) has been suggested.
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B3anmopeiictBueM TpUGEHWIBUCMYTa C METaKpWJIOBOM KHCIOTOM M MHEPOKCHUIOM
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4-NITROBENZALDOXIME AND CYNNAMALDOXIME STRUCTURES

V.V. Sharutin, South Ural State University, Chelyabinsk, Russian Federation,
vvsharutin@rambler.ru

O.K. Sharutina, South Ural State University, Chelyabinsk, Russian Federation,
sharutinao@mail.ru

The structures of 4-nitrobenzaldoxime (1) and cynnamaldoxime (2) have been
determined by X-ray diffraction analysis. In the oxime molecules the distances C=N, N-O
have the usual values for oximes (1.267(3), 1.403(2) A for 1 and 1.278(4), 1.395(3) A for 2a,
1.284(4), 1.384(3) A for 2b). In crystals the oximes are observed as dimers: two oxime 1
molecules are interconnected by two hydrogen bonds N(1A)--H(1B) (2.12 A), two oxime 2
molecules are interconnected by the single hydrogen bond N(1A)---H(1B) (1.66 A).

Keywords: 4-nitrobenzaldoxime, cynnamaldoxime, molecular structures, X-ray analysis.

Introduction

Oximes are mono-, bi- and tridentate chelating ligands, which form numerous metal complexes that
are well studied and find wide practical application. At the present time the crystalline and molecular
structures of more than 3000 oximes are known, of which about 300 oximes are derivatives of benzalde-
hyde oxime [1].

Experimental

X-Ray diffraction analysis of crystals 1 and 2 was carried out on the Bruker D8 QUEST automatic
four-circle diffractometer (Mo K- emission, A =0.71073 A, graphite monochromator). Using SMART
and SAINT-Plus programs, data were collected, edited; unit cell parameter and absorptivity were refined
[2]. All calculations needed for determination and refinement of molecular structures were done using
SHELXL/PC program [3]. The structures 1 and 2 were determined using the direct method and refined
with the least squares method, all non-hydrogen atoms were refined anisotropically.

Selected crystallographic data and structure refinement results are listed in Table 1, selected bond

lengths and bond angles are summarized in Table 2.
Table 1

Crystallographic data, experimental and structure refinement parameters for compounds 1—2

Value
Parameter N )
Formula C7H603N2 ClnggNzoz
Formula weight 166.14 294.34
T,K 296(2) 296(2)
Crystal system Monoclinic Orthorhombic
Space group P2,/c Pbca
a, A 6.2548(3) 10.2935(11)
b, A 4.8928(2) 7.7033(8)
c A 24.7226(11) 41.297(4)
o, deg 90.00 90.00
B, deg 94.536(2) 90.00
y, deg 90.00 90.00
v, A’ 754.23(6) 3274.6(6)
Z 4 8
P(caled)s g/cm3 1.463 1.194
i, mm' 0.117 0.079
F(000) 344.0 1248.0
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Table 1 (end)

Crystal size, mm 0.78x0.55x0.22 0.25%0.22x0.16
20 range of data collection, deg 6.62 —70.14° 6.68 —39.18°
-10<h<9, -9<h<9,
Range of refraction indices -7<k<7, -7<k<7,
-29<1<39 -35<1<38
Measured reflections 8109 6468
Independent reflections, R, 3217 (R = 0.0274) 1428 (R, = 0.0475)
Refinement variables 110 271
GOOF 1.140 1.078
R factors for F* > 26(F) R, =0.0855, wR, =0.2119 R, =0.0367, wR, = 0.0918
R factors for all reflections R, =0.1197, wR, =0.2293 R, =0.0565, wR, =0.1003
Residual electron density
(min/max), o/A’ 0.41/-0.34 0.11/-0.15
Table 2
Selected bond lengths and bond angles in the structures of compounds 1—2
Bond | d, A | Angle | o, deg Bond | d, A | Angle | o, deg

1 2
C(4)-N(Q2) | 1467(2) | CB)C@NE2) [119.12(15)] O(1)-N(1) | 1.3953) | CONDO(1) | 111.8(3)
C(4)-C(5) | 1.377(2) | C(5)C(4)NQ2) |118.45(15)| C(1)~C(7) | 1.452(4) | C(8)C(T)C(1) | 128.3(3)
C(1)-C(6) | 1.392(2) | CQ)C(HC(7) |122.72(16)| C(1)-C(2) | 1.390(4) | C(7)CB)C(®) | 123.1(4)
C()-C(2) | 1.397(2) | OQ)N(2)C(4) |118.20(15)| C(1)-C(6) | 1.382(4) [C(12)C(11)C(16)| 119.6(3)
C(1)-C(7) | 1.4652) | O(2N(2)0(3) |123.84(16)| N(1)~C(9) | 1.278(4) |C(15)C(11)C(12)] 118.2(3)
C(3)-CQ2) | 1.3833) | OBINQ)CH#) [117.96(15)] C(7)-C(8) | 1.324(4) [C(15)C1D)C(16)] 122.2(3)
N(2)-0(2) | 12182) | C(5)C(6)C(1) [120.85(16)| O(2)-N(2) | 1.384(3) | C17)N(2)0(2) | 111.5(3)
N(2)-0(3) | 1.220(2) | CB3)C)C(1) |120.41(16)| C(8)-C(9) | 1.441(4) | N(2)C(17)C(10) | 128.3(4)
C(6)-C(5) | 1.384(3) | N()C(7)C(1) [122.34(18)|N(2)-C(17) | 1.284(4) [C(16)C(10)C(17)] 123.1(4)
C(7)-N(1) | 1.2673) | CMA)C(5)C6 |118.41(16)|C(17)-C(10)| 1.427(4) [C(10)C(16)C(11)] 128.5(4)
N(1)-O(1) | 1.403(2) | C(7N(HO) [111.08(18)|C(10)~C(16)| 1.331(4) | N(1)C(O)C®) | 129.2(4)

The full tables of atomic coordinates, bond lengths, and bond angles are deposited with the Cam-
bridge Crystallographic Data Centre (CCDC 1045607, 1049482; deposit@ccdc.cam.ac.uk;
http://www.ccde.cam.ac.uk).

Results and Discussion

Oximes in the crystalline state exist as dimmers, in which oxime molecules are interconnected by
two intermolecular hydrogen bonds N---H. For example, in the 4-dimethylaminobenzaldoxime dimer
(Fig. 1) intermolecular hydrogen bonds N---H are equal to 2.09 A [4] (the sum of Van der Waals radius-
es of the said elements is equal to 2.70 A [5]).

Fig. 1. Intermolecular hydrogen bonds in 4-dimethylaminobenzaldoxime crystal
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We have found that such intermolecular hydrogen bonds exist in 4-nitrobezaldoxime crystal (1), too
(Fig. 2).

Fig. 2. Intermolecular hydrogen bonds N---H in 4-nitrobezaldoxime crystal (1)

We have also found that in the cynnamaldoxime crystal (2) two oxime molecules are connected in
the dimer by only one abnormally short (1.66 A) intermolecular hydrogen bond (Fig. 3).

Fig. 3. Intermolecular hydrogen bond N(A)---H(B) in cynnamaldoxime dimer (2)

In oxime molecules the distances C=N, N-O have the usual values for oximes (1.267(3), 1.403(2) A
for 1 and 1.278(4), 1.395(3) A for 2a, 1.284(4), 1.384(3) A for 2b). Note the unusual linkage of two
oxime molecules 2 into the dimer by only one intermolecular hydrogen bond, which is not typical for the
most oximes [1].

Conclusion
Thus, 4-nitrobezaldoxime and cynnamaldoxime crystals exist as dimers interconnected by two or

one intermolecular hydrogen bonds N---H, respectively.
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CTPOEHME 4-HATPOBEH3AJIbAOKCUMA
N ULUHHAMAJIIbAOKCUMA

B.B. lapymuH, O.K. llapymuHa
FOxHO-Ypanbckuli 2ocydapcmeeHHbIlU yHusepcumem, 2. YenssbuHck

Crpoenne 4-autpoben3anbaokcuma (1) u nnHHAManbIoKcuMa (2) ompeaeneHo METOI0M
PEHTTCHOCTPYKTYypHOro aHanmu3a. B momekynax okcumoB pacctosHus C=N, N-O umeror
OOBIYHBIC 11 okcuMoB 3HaueHus (1,267(3), 1,403(2) A msa 1 u 1,278(4), 1,395(3) A ms 2a,
1,284(4), 1,384(3) A s 26). B kpucramiax OKCHUMBI HAaXOIWUTCS B BHIE TUMCEPOB: JBE
MOJICKYTBl OKCHMa | CBSI3BIBAIOTCS MEXAY COOOH OBYMS BOJOPOTHBIMH  CBS3SIMHU
N(1A)--H(1B) (2,12 A), nBe MONeKynsl OKCHMA 2 CB3aHBI MEKAY cOOOH eIHHCTBEHHON
BonopoHoi cBa3bio N(1A)--H(1B) (1,66 A).

Kouesvie  cnosa:  4-numpobenzanvooxcum,
CIMPYKMYPbl, PEHMEEHOCMPYKMYPHBIL AHATU3.
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