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JKOHOMUYECKas I[e1ecO00Pa3HOCTh NMPHUMEHEHUSI CTPOUTEJIbHBIX MaTepua-
JIOB C CEePHBIMHU HJIH CE€POCOJEeP:KAIUMU MATPUIAMU O0YCJIOBJI€HA KOMILIEKCOM
HX JKCILIyaTaIlMOHHBIX CBOICTB, a TaKiKe JOCTYIIHOCTHI0O U HU3KON CTOMMOCTHIO
TEXHUYECKOI cepbI; JOMOJHUTEJIbHBIM 3()(heKTOM NMpUMeHeHHUsI cepbl B KauecTBe
BSISKYIIETr0 BellleCTBA ABJIAETCA BO3MOKHOE CHIKeHIIe HATPY3KH Ha OKPY KAIOILYI0
cpeny. PazpaboTKa cTpONTEIHHOTO0 KOMIIO3UTA JOJISKHA IIPEIBAPATHCS JeTaJIbHBIM
HccJIeJ0OBaHNEM HAIMOJIEKYJIAPHOI CTPYKTYP5I Bakyniero. basoii ycrenrnoro mpu-
MEHEHUSA CUCTEMHBIX METOJO0JIOTUII B HAHOTEXHOJIOTUH CTPOHUTEJIHHOTO0 MaTepHua-
JIOBEJIEeHUS ABJISIETCSA OIIpe/iesieHNe THIA JOMUHHUPYIOUIEr0 B3auMOIeCTBUA UIN
KJaacca (pusnko-xumMuueckux 3(GeKToB, OKa3hIBAIONINX CYIIEeCTBEHHOE BJINSIHUE
Ha CTPYKTYpPOoOOpa3oBaHME U B KOHEYHOM UTOTe OIpeHesITIONIUX MHOKECTBO 3(-
(heKTHBHBIX Ha JAHHOM CTPYKTYPHOM yPOBHE TE€OPETUUYECKUX M IKCIEPHUMEHTAJb-
HBIX METOIOB HccjenoBaHuA. Metomonorus mucciaegOBaHUSA OIpeneigeTcsa Io-
TPEOHOCTAMM NMPAKTUKH, U, HAPAAY C 3TUM, 3aBHCHUT OT IIPEIEJbHO TOILyCTHMBIX
3aTpaT BpeMeHH U MaTePHAJIbHBIX PECYPCOB, TPEOOBAHUN B OTHOUIEHUHN TOUYHOCTU
U BOCIPOM3BOIMMOCTH Pe3yJbTAaTOB, HEOOXOAMMOCTH IIOJIyYeHHs HOBBIX Teope-
TUKO-IMIHUPUYECKUX CBEIeHUH ¢ BBICOKMM IIPOTHOCTHYECKUM IOoTeHIuajaom. [lo-
MOJIHUTEJIbHYIO CJI0KHOCTh B PeaJIbHOM HCCJIeJTOBAHUU BHOCUT HaJIU4YNe 00JIbIIOTO
Yyciia cnoco60B Kpocc-BepuuKanuy pe3yaIbTaToB, IOJYYeHHBIX C HCII0JIb30BaHN-
eM pas3auuyHbIX MeTOonoB. Ha mpegBapuTeNbHOH CTAJUU TEOPETHKO-IKCIIEPUMEH-

! PaGoTra mOATOTOBJIEHA IPU IOAAep kKe MuHmcTepcTBa o0pasoBauusa u Hayku P®, saganme 2014/107,
npoekT 2951 «CTpyKTypooOpasoBaHme CEPHBIX KOMIIO3UTHBIX MaTepuaioB: (heHOMEHOJOTUYeCKUe 1 KBaH-
TOBOMEXaHUYECKUEe MOLEJI» .
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TAJBHBIX MCCJIEOBAHUN CTPYKTYPHI H CBOMCTB HAHOMOAU(DUIIMPOBAHHBIX CEPHBIX
CTPOUTEJbHBIX KOMIIO3UTOB OCHOBHBIM METOAOM SMIIMPHUYECKOT0 HCCJIETOBAHUIA
CTPYKTYPHI HA aTOMHO-MOJICKYJIAPHOM YPOBHE SIBJIAJIACH CIIEKTPOCKONMHUA KOMOM-
HAIIMOHHOTO PAacCesTHUA; B KAaUeCTBe METOI0B, Pe3yJbTaThl KOTOPBIX JOIYCKAIOT
Kpocc-Bepu(pUKAIMIO, MCIIOJIb30BAHBI METOAbI KBAHTOBON XHMHUHU M MOJIEKYJIAP-
HOM TMHAMUKH. BEIMOIHEeH CpaBHUTEJIbHBIN aAHAJIN3 CIIEKTPOB TEXHUYECKOH cephI
M KOHTPOJILHOTO 00pa3iia OPTOPOMOMYECKON cepbhl; MOKa3aHO, YTO U3THOHBIE KO-
Je0aHuA 3BeHbeB S—S—S B TeXHUYECKON cepe IMMPOUCXOAAT B MeHee CTeCHEeHHBIX
yCJIOBUSAX. BBIMOJHEH CpaBHUTEJIBHBIM aHAJIHM3 3KCIIEPHMMEHTAJbHO HAWTEeHHBIX
M PACYETHBIX 3HAYEHHI KOMOMHAIIMOHHOTO CABHMIa JJIS N30JMPOBAHHON MOJIEKY-
JIBI ITUKJIOOKTACEPHI U 3JIEMEHTAPHOM TUYEHKN OpTOpoMONYecKoro ajiaorpomna. Ilo-
Ka3aHO CyIeCTBEHHOE OTJINYNe 3HaYeHN Il KOMOMHAITMOHHOTO CABUTAa U30JIUPOBAH-
HOM MOJIEKYJIbI, COOTBETCTBYIOIIUX BHICOKOIHEPreTHUYEeCKUM MOJAaM, OT 3HAYCHH I
IJIA SYeHKH KPUCTAJINYECKO pemeTKn. BHISIBIIeHO COOTBEeTCTBHE 3HAYEHUIA KOM-
OMHAIIMOHHOIO CABUTA IJA SUYEHKHM KPUCTAJINUECKOH PEIIeTKHN JKCIIePUMEHTAIb-
HBIM TaHHBIM. /laHHOE COOTBETCTBUE ABJAETCA BECOMBIM apPryMEHTOM B IOJIb3Y
CIIPaBeIJINBOCTH BHIOPAHHON IreOMeTPHUECKOH MOJeJH MOJIEKYJIAPHOTO KPHCTAJI-
aa cepsl. IlokazaHo, YTO MEeTOIBI MOJEKYJIAPHON TUHAMHUKH, YCIENIHO ITPUMEH -
IoIueca Ha MPOCTPAHCTBEHHBIX MacmTatax or 10 HM u BbIlIe, HA HUKHEM IIPO-
CTPAHCTBEHHOM MAacHITa0e A IMOJYy4YeHUS aJTeKBATHBIX Pe3yJbTATOB JOJIKHBI
OBITH JOMOJIHEHbI KBAHTOBO-MEXaHNYEeCKHMH IIPeACTaBJIeHNAMM.

Kiaiouessie cjoBa: HaAHOTEXHOJIOTUA, CTPOUTEJIBbHOE MaTepuajgoBegeHne, cep-
HbI€ CTPOMUTEJIbHBIE MaTepuaJjbl, BEBIUYNCINTEJIbHAA XMMNUA, MEeTO/J YaCTHII.

DOI: dx.doi.org/10.15828/2075-8545-2014-6-6-106-148

0BLEeKTUBHOM HEOOXOAMMOCTBHIO IIOBBLIIIIEHNS IIOKasaTejeil 9KCIIy-
aTAIlMOHHBIX CBOMCTB MAaTePHAJIOB OOIIECTPOUTEJbHOTO U CIIeIH-
AJIbHOTO Ha3HAUECHU A, CHIIKEeHUA 9KCILIYyaTaIlMOHHLIX PACX0O0B, PACXOI0B
Ha BO3BEJEHINE WU PEMOHT CTPOUTEJIbLHBIX KOHCTPYKIIUI, YBeJINUYEHU IJIM-
TeJbHOCTH MEKPEMOHTHOIO ITUKJIA, YMEHBIIIEHNA MAaTePUaJIOeMKOCTH CTPO-
UTEJILCTBA, NCKJIOUEHMNS WJIN CMATYeHUs OTPUIlATEeJbHBIX BO3AEHCTBUI
Ha OKPYJKAaIOIIYIO CPEeIy, a TaK:Ke MHOTMMU APYTUMU YaCTHBIMU 3aJadaMu
rPasKIaHCKOI0 1 CHeI[MaJbHOT0 CTPOUTEIBCTBA 00YCIOBIeHA AKTYaJIbHOCTD
pPa3padOTKM HOBBIX BEICOKOA((EKTUBHLIX CTPOUTEJIbHBIX MAaTEPHUAJIOB.
CTpyKTypa M CBOMCTBA CTPOUTEJIHLHOIO KOMIIO3UIIMOHHOIO MaTepuaJa
CYIIIeCTBEHHO 3aBUCAT OT BUJa MaTpUuHOro marepuaua (Baxxyimero). Kaac-
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cu(pUKaANUA CTPOUTEJbHBIX KOMIIO3UTOB II0 BUAAM BAMKYIIIUX SABJISETCA OJ-
HOM 13 OCHOBHBIX; 0C000€ MECTO B 3TOU KJaacCU(pPUKAIIUYU 3aHUMAIOT CTPOU-
TeJbHbIe MaTepuaJjbl Ha CEPHOM BAKYyIeM. IIpakTuuecKn yHUBEpPCAJIbHAS
CTOMKOCTH K BO3JIEHICTBUIO BJIATH, BOAHBIX PACTBOPOB COJIEH, KUCJIOT U OC-
HOBaHWI, MaJjiasd BeJINUYUHA OTKPBITONM MOPUCTOCTH, MOPO3OCTONKOCTDH, OT-
CYTCTBUE HEOOXOAMMOCTU KapAWHAJIbHOU MOJAEPHUB3AIIUU CYINEeCTBYIOIIUX
TEXHOJIOTUYECKUX JUHUU — 3TU U APYyTUe XapaKTepHbIe I MHOTUX CEPHBIX
MaTepHuaJiOB OCOOEHHOCTH JIeJIal0T X BeChbMa IIPUBJIEKATEJIbHBIMHY IJISI CTPO-
ureabcTBa. MaTepuaabl Ha OCHOBE MAaTPHUIl, MOAM(PUIIMPOBAHHBIX CEPOH,
TaKKe HaXOoAsAT MHOTOUMCJIeHHbIe IIPUMEHEHUI; B YaCTHOCTH, UCIIOJb30BAa-
HUe MOAM(PUIIMPOBAHHBIX cepoii achanabTobeToHOB [1, 2] mo3BosAeT ympo-
CTUTh TEXHOJOTUIO U3TOTOBJIEHUA TOPOIKHBIX ITOKPBITUI, IIOBBICUTH ITOKAa3a-
TeJIW 9KCIJIyaTallMOHHBIX CBOMCTB (B T.4. IpeAebl IPOYHOCTU U CTONKOCTh
JTOPOKHOM OLE Kbl K KOJIeeoOpasdoBaHMi0). B KOHEUHOM MTOTe 5TO IIPUBOIUT
K CHUKEHUIO 3aTPaT HAa U3TOTOBJIEHUE U 9KCILIyaTaIUi0 JOPOKHON Ode K IbI,
a TaKKe YMEHbBIIIaeT Harpy3Ky Ha OKPYIKAIOIIYIO cpely BOJM3Y IIPEeaIpUusi-
TUHA He()Tera3soBOM OTPACJIM 3a CUET JUKBUAAIINY OTBAJIOB cepshl [ 2].

ITo cpaBHEHUIO ¢ APYTUMU BUAAMUN MaTPUUYHBLIX MaTepHaJOB TeXHUYE-
cKasd cepa 00JIafaeT IeJbIM PAAOM IIPEUMYINECTB, B UKUCIe KOTOPHIX JeIe-
BU3HA U BO3BMOYKHOCTH 3(P(PeKTUBHOTIO YIIPABJIEHUS IPOIECCOM CTPYKTYPO-
00pa3oBaHUA IIOCPEACTBOM M3MEHEHUS TEMJIOBOTO PeKuMa M3TOTOBJIEHUS
CTPOUTENBHBIX U3EJIUN U KOHCTPYKIUIi [3].

B mporecce co3maHusA CEPHBIX CTPOUTEJIbHBIX MATEPUAJIOB PA3JIUUHO-
ro Ha3HaYeHUs ObLIM pas3paboTaHbl MHOTOUMCJEHHBIE PEIENTypPHO-TEXHO-
JOTMYEeCKUe MeTOAbl IIOBBIIIIEHUS IIoKa3aTejiell CBOMCTB. TakKmM MeTOAOM,
B YaCTHOCTH, ABJISIETCA HAaHEeCEHE Ha MTOBEPXHOCTh TOHKOANCIIEPCHO (hashl
MHUKPOCTPYKTYPhI CEPHOTO KOMIIOBUTA BBICOKOMOJIEKYJIAPHBIX BEIECTB —
mpeKypcopoB [4, 5]. IIpu aToMm cJioif mpekypcopa u 00yCJIOBJIEHHBIN ero Ha-
JUYMEeM MepPexXOTHOM CJIOM Ha MOBEPXHOCTHU YACTUI] HAIIOJHUTEJIS MMEIOT,
KaK IIpaBUJI0, HAHOMETPOBBIN pas3mep [3, 4]. B To :Ke BpemsaA, BO MHOTUX CJIY-
yasgx HaAMOJEKyJaApHad CTPYKTypa chopMUPOBAHHBIX IMOJOOHBIM 00pasoM
IMepexXoAHBIX CJIOEB OCTAETCs HEM3BECTHOI [6].

HecMoTps Ha TOCTUTHYTHIE B IIOCJIEAHUE AECATUIETUS 3HAUUTEIbHBIE
yCIIeX” B MCCJIEOBAHUU AJIJIOTPOIIOB CE€Phl, CTPYKTYPHI 1 CBOWCTB CEPOCO-
Iep:kaIiux marepuasioB [7, 8], marepuasioBeleHNEe CEPHBIX KOMIIO3UTOB
HeJb3s paccMaTpPUBaTh KaK 3aBEPIIIEHHYIO 00J1aCTh CTPOUTEIHLHOTO MaTEPHU-
ajioBeieHusA. B yacTHOCTU, JeTaJbHOTO HCCIENOBAHUA TPEOYIOT CTPYKTYpa
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U CBOIICTBA CEPHOTO BAMKYIIETr0 BOJIM3YU MesK(pa3HbIX I'PaHUIL JUCIIEPCHO-HA-
MMOJTHEHHBIX HAHOMOAU(PUITMPOBAHHBIX CEPHBIX KOoMITI03uUTOB. IlocsenmHee,
B CBOIO 0Uepelb, TpeOyeT HAJTNUYUA IIPOUYHOT0 TEOPETUKO-IMIIUPUUECKOTO OC-
HOBaHUSA — JOCTOBEPHBIX CBEJIEHUH O CTPYKTYPe U CBoMcTBax BsaxKyIiero. He
MMOJJIEKUT COMHEHUIO, UTO 3HAUNTEJIbHBIN 00beM 3HAHUN YiKe HAKOILJIEH —
IeTajJibHbIE HCCJIEeNOBAHUA MOJIEKYJISAPHON CTPYKTYPHI aAJIJIOTPOIOB CEPbI
IatupoBaHbl HadayoM XX crojsietud [9], mpu 3TOM pe3dyabTaThl HCCIeL0Ba-
HUM — Kpucrajgjaorpapuueckue TaHHble B (JOpMe, TOITYyCKAIOIIel NCII0Ib30-
BaHUeE IIPU BBHINOJHEHUU MOJEJbHBIX 9KCIIEPUMEHTOB — ABJSAIOTCA JOCTYII-
HbIMHU [10] a4 IIUPOKOro Kpyra muccjaeaoBaTe e.

Ilepeuenps HampaBJ/IeHUI, TAK WJIW WHAUYe CBASAHHBIX CO CTPYKTYpPOI
U CBOMCTBAMU CEPHOTO BSXKYIIEr0, BKJIIIOUAET MCCIeI0BaHNE aTOMHO-MOJIe-
KYJAPHOU CTPYKTYPHI PAa3JINUYHBIX aJJa0TPoIoB cepsl [11-13], mcciemona-
HUe CBOMCTB M30JIMPOBAHHBLIX MOJIEKYJ S , & TaKiKe U3yueHue CTPYKTYPHI
U CBOMCTB cepocoiepsKalnux BeriecTs [7, 8].

HakomnieHHBIH K HACTOAIIEMY BpeMeHHU 00bEM TEeOPEeTHUKO-IIpaKTuye-
CKUX 3HAHUI CTAHOBUTCSA YACThIO d()(PEKTUBHOTO MHCTPYMEeHTapuA MaTepu-
aJioBe/ia, MCIIOJL3YIOIIEro B IPaKTUKe pa3dpaboTKU JOCTUXKEHUA WHTerpa-
TUBHOM AUCIIUIJINHBI — CHCTEMHOTO aHaamsa [5, 14, 15].

Heo6xogmmble yCJIOBUS YCIIENTHOTO ITPUMEHEHUSI CHUCTEMHOTO aHaJu-
3a B CTPOUTEJHLHOM MaTepHaJIOBeIeHUU K HACTOAIIEMY BPEMEHU olipeee-
Hbl. Mepapxuueckasa fjekomMoosunud [5, 14] crpouTelbHOTO MaTepruaia Kak
CJIOYKHOM CHUCTEMBI 10 MOJIEJISAM, IIpoIeccaM 1 (padaM BO3MOIKHA, €CJIU OIIpe-
JleJIeH TUII JTOMUHUPYIOIIET0 B3aNMOIAEeNCTBUA MU KJjacc (PU3UKO-XUMUUE-
cKuX 9(p(heKTOB, OKa3bIBAIOIINX CYIIIECTBEHHOE BINAHIE Ha CTPYKTypooOpa-
30BaHNE U B KOHEUHOM HUTOTEe ONPEeAEJII0NINX MHOKEeCTBO 3(h(DEeKTUBHBIX HA
ITaHHOM CTPYKTYPHOM YPOBHE METO/IOB UCCIEeIOBaAHUA.

Ha ypoBHe HAHOCTPYKTYPHI CTPOUTETHHOTO KOMIIO3UTA — CTPYKTYPHOTO
YPOBHSA IPOSBJIEHUA pa3MePHBIX 3(hPeKToB[15] — nis ncciiefoBaHU A TPOILEC-
COB U OIIEHKH ITapaMeTPOB CTPYKTYPOOOpa30oBaHmsd, UCCJIETOBAHU S BIUSTHU S
pPelenTypPHO-TEXHOJIOTHUEeCKUX apaMeTPOB Ha CBOMCTBa MaTepualia, BmMe-
CTe C YKCIePUMEHTAJIbHBIMU METOJAMU HUCCIEIOBAHUA MOTYT IPUMEHATHCS
MeTOAbI KBAHTOBOM XMMUU U MOJIEKYJIAPHON nuuaMmuku. IIpu aTom meTomo-
JIOTUSA UCCJIEIOBAHUSA HAHOCTPYKTYPHI KaK ITOAXO0/ K BBIITOJTHEHUIO CCJIEI0-
BaHUA B I[eJIOM ONPENENSIeTCA He TOJbKO ITOTPeOHOCTAMU IPAKTUKY (KOTO-
pble, COOCTBEHHO, W 3aKJIIOUAIOTCS B CO3JaHUU CTPOUTEJIHLHOTO MaTepHaJa
¢ TpeOyeMbIM KOMILJIEKCOM IToKasaTesell sKCILIyaTalluOHHBIX CBOWCTB), HO
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U 3aBHCHUT TaKJKe OT IpeaebHO JONYCTUMbBIX 3aTPAT BPpeMeH! 1 MaTepuaJib-
HBIX PeCypcoB, TpeOOBaHII B OTHOIIEHNN TOYHOCTHA ¥ BOCIPOU3BOAUMOCTH
pe3yJbTaTOB, HEOOXOAMMOCTH IIOJYyUYEHUS HOBBLIX TEOPETUKO-IMIIMpPUUe-
CKUX CBEJ€HUI C BBICOKMM IIPOTHOCTUYECKUM IOTeHIIaJIoM (puc. 1-3).

( Llent nccnegoeaHuna )

v

MeTtopn Ne1

[locTatouHO AaHHbIX?

MeTopkl ncHepnaHnb!?

HeT
A 4

Cnepyrowwin metog

v |

Puc. 1. O6mas cxema n3y4eHUSI HAHOCTPYKTYPBI B cIydae TOMUHHUPYIOIEel 3HAUNMOCTH
MPAKTUYECKOH COCTABJISAIONIEH MCCIeTOBAHUS

( Llent nccneposaHms )

v

MeToa Ne1 —

v

HoBbIiA Hay4HbIA
maTtepuan

LocTaTouHO AaHHbIX?

MeToabl ncuepnaHbl?

Cnepytowwmia meton,

Y

.qa—“—b( Lienb paszpaboTku AoCTUrHYTa >

na .qa—f%uenh paspaboTku He ,u,ocmrnyra)
h 4

HayuHas HoBu3Ha >

Puc. 2. 06masa cxema n3y4eHusI HAHOCTPYKTYPHI B cJIydyae MOBHINIEHHON 3HAYUMOCTH
HAY4YHOI cOCTaBJIAIONIEH UCCIeT0OBAHUS
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( HayyHas HoBU3HA >

Hakonnenwe n kpocc-
»/  BepuuKaLna HayuyHoro

Marepuana

JlocTaTtoyHO AaHHbIX?

HET

h 4
Llent paspabotku He
LOCTUTHYTa

MeTtoa Ne1

MeTon Ne2

Lenb paspaboTtku

Aa AOCTUrHYTa

Llenb
nccnenoBaHun

v 3oy oy
T T T 7T

MeTtoa N

Puc. 3. Oomasa cxema n3y4eHUSI HAHOCTPYKTYPBI B cJIydae IMOBBINIEHHBIX TPEOOBAHUM
K BPpeMeHH BBINMOJTHEHHU I, TOYHOCTH, JOCTOBEPHOCTH U BOCIIPOM3BOIMMOCTH

Cxema mcciienoBaHUA, IpUBeAeHHadA Ha puc. 1, Hamboee mpocTa: mc-
cJaeqOBaHME BeJEeTCs O MOMEHTA MOCTUKEHUSA IMTPAaKTUUYECKOH I1eJU UJIU 0
WCUEepPIIaHusA JOCTYIIHBIX METOAOB MCCJeLOBaHUA (PerenTypHO-TEeXHOJO-
THYeCKMUX IIPHUEeMOB M METOAMK HaHoMoaupuxamuu). Pes3yabTaTbl, IIOJIY-
YyeHHBbIe HA IIPOMEKYTOUHOM Itare (He IIPUBOAAINEM K JOCTUIKEHUIO eI —
MIPaKTUYECKOTO Pe3yabTarTa), He UCIOJb3YIOTCA Ha IIOCJEeAYIONIUX CTaaNuAX,
BBIIOJIHAEMBIX C IPUBJIeUeHeM IPYTUX MeTOI0B ruccjaemoBanusa. OueBumgHO,
YTO UCIIOJb30BaHMeE CXeMbI Ha puc. 1 IJId ucciiefoBaHus, HaIpaBJIEHHOTO Ha
IOCTUKEHNE IPAKTUUYECKOT0 peldyJabTaTa, NPUBeAeT K CHUMKEHUIO 3aTpaT
BpeMeHH! 1 MaTepuajJbHBIX PECYpPCOB B TOM CJIyuae, eCJI MeTOAbl OTCOPTH-
POBAHBI II0 YMEHBIIIEHUIO IIPAKTUUYECKON IIPUTrogHOCTH. Ecau npakTuueckas
IIPUTOSHOCTH AIPUOPU HEM3BECTHA, TO HA IIEPBbIH IIJIaH BBIXOIUT OCHOBHOM
HeIOCTATOK CXeMbI: IIOTepsa MH(pOpMAaIluM, IIOJYUYEHHON Ha IIPEeILIAYIINX
aTamnax MCcCJeJOBaHU.

YKazaHHBIN HEJOCTATOK HE MMEeT MecTa AJIA CXeMbl Ha puc. 2, KOTO-
PYIO OT paCCMOTPEHHOI paHee CXeMbI OTJINYAeT HaJuuue JOIOJHUTEIbHOTO
nH(GOPMAIMOHHOTO 0JI0Ka 1, BOBMOKHO, MeXaH3Ma UCII0Jb30BAHUSA Teope-
TUKO-9SMINPUUYECKON MHMOPMAIINK, IIOJYUYEHHON Ha HNPeIbIAYIIINX dTamax
HccJiefoBaHUA (COOTBETCTBYIOIIEe HAIIPABJIEeHUE IIepefauyn nHpopMaIuy Ha
pHucC. 2 OTMEUeHO 3eJIeHOI JUHUeH). YIOopAgoYeHe MEeTOLO0B 10 KPUTEPUIO
MMPaKTUYECKON MPUTOIHOCTHU AJIS CXeMbI Ha PUC. 2 OIpeesiseT 6aJaHC Mex-
Iy «HAYYHBIM» U «IIPAKTUUYECKHNM» BBIXOJOM HCCJIeSOBAHUS; HAUXYAIINI
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C IPAKTUUYECKO TOUKM 3PeHU BLIOOD MOPSAAKA IIPU IIPOUNX PABHBIX YCJIO-
BUAX IIPUBOIUT K IIOJYUYEHHNIO HanOOJILIIIEro 00beMa HOBLIX TE€OPETUKO-9M-
MUPUYECKUX JaHHBIX 00 00beKTe uccienoBanusa. Takas cxeMa IpUMeHIMA
U B CJyYae HHKHEro orpaHnYeHnA Ha YKasdaHHBIA 00beM (KBaIu(PuKaAI[MOH-
HbI€ I OTYETHBIE NCCJIETIOBAHNSI).

O0e paccMOTpeHHBIE CXEeMBbI ITPeACTaBJIeHbI KaK II0CJIeIOBATEIbHBIN Ha-
yuHBIHN moncK. OCHOBHO# HeJOCTAaTOK CXeMbI Ha puc. 1 CTaHOBUTCS ee M0JI0-
KUTEJIbHOM CTOPOHOM (OTCYTCTBIE 3aBUCUMOCTH II0 JAaHHBIM) B TOM CJOydYae,
€CJIX UCCJIEIOBAHUS HEO0OXO0IMMO BBITIOJIHATH HapajjesibHo; Hajauuue N me-
TomoB 1 M mapaJjijielbHBIX IIPOIECCOB MCCJIeOBAHUA 00yCaaBINBAET B CPe-
HeM CHMKeHNe 3aTPaT BpeMeHHU IIPHU MOBLIIIIEHNN 3aTPaT MaTepuaJbHbBIX pe-
CYPCOB (B IPEATIOJNIOMKEHN N 00 OIITUMAJIBHON C ITPAKTUUYECKON TOUKY 3PEHUST
COPTUPOBKE METOAOB). ITa 0COOEHHOCTh MapaJjlieJIbHON peasn3arnui, B 3a-
BHCHMOCTH OT IIeJIell 1 PeCypPCHBIX OTPAaHUYEHUT, MOYKET OKa3aThCs U I0JIO-
JKUTEJbHOM, 1 OTPUIIaTEeJIbHOMN €e CTOPOHOIM.

IIpenaTcTBy0ONIIyI0 MapajjaelbHON peaju3aliyd CXeMbl Ha puUc. 2 3a-
BHCHMOCTh II0 JAaHHBIM MOXKHO HCKJIOUNTL. HeraTuBHOe BJINSHINIE STOTO
neficTBUA (CHUMKEHUE MPOTHOCTUYECKOI CIIOCOOHOCTU BCETrO MCCJIeT0BaHMUA
B TepMHHAX CTPOUTEJHHOT'0O MaTepPUAaJJIOBEIeHNs), IIOMUMO BO3MOKHOCTU
napajjielbHON peasn3anui, AOIMOJHUTEJIBHO KOMIEHCHUPYETCS BO3MOMK-
HOCTBIO BBIIOJHEHHUS B3aMMHOI Bepu(PUKAIIUKN Pe3yIbTAaTOB, MOJYUYEHHBIX
C UCIIOJIb30BAaHMEM Pa3JIMYHBIX METOIOB HccaeqoBaHuA (puc. 3).

IIpuBenennbie Ha puc. 1-3 cxeMbl ABJAIOTCA HACATN3UPOBAHHBIMIU;
peayibHOe HCCJeqoBaHNe O0BIUHO BKJIIOUAET dJIeMEHThI Kaaou ns Hux. Mc-
IMOJIb3OBaHNE HEKOTOPHIX METOIOB HCCJIeLOBAHUA (KaK 9KCIEepUMEHTAJIb-
HBIX, TaK u Teoperuueckux — MK- 1 KoMOMHAIIMOHHAS CIEKTPOCKOIINI,
SIMP-criekTpocKonus, aacopOIMOHHAaA ITIOPOMETPUA, PEHTTeHOBCKAasA Iud-
PaKTOMETpPHUsI, OCHOBAHHBLIE Ha TeOPUM (PYHKI[MOHAJA IIJIOTHOCTH METOIbI
KBAHTOBOM XMMHNM) HPUBOAUT K IIOJYUYEHHIO OOJBLIIIONO MacCHMBa TAHHBIX,
IIOJIHOE MCIIOJIb30BAaHME KOTOPLIX B PAMKaX OPMEHTHUPOBAHHOIO Ha peIlleHe
3a/lay IPAKTUKM WCCJIeIOBAaHUA He IIPEeACTaBJIAETCS BO3MOMKHBIM. Pe3yiib-
TaThl, IIOJIYyYeHHbBIE C MCIIOJbL30BAHNEM IIOJOOHBIX METOHOB, OOBIYHO M CO-
CTaBJIAIOT MaTepHaJI AJd B3auMHOI BepuuKanuu. VMicomoab30BaHUE IPYTUX
MeTONOB (MexXaHWYeCKHe HCOBITAHUS, PEoJIOTUUECKUEe WMCCJIeIOBAaHUA Ma-
KPOCTPYKTYPHI, PEHTT€HOBCKOE paccessHue, OCHOBAHHbIE HAa MOIeJAX CTa-
TUCTUYECKON (DU3UKM UNCJICHHbIC S9KCIEPUMEHThI) IPUBOAUT K IIOJTYUYESHUIO
CKAJIIPHBLIX 3HAUEHUI; CAMU METOJbI OIITUMAJbHLI JJIA PellleHuA TPaKTH-
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YeCKUX 3a7a4, a MOJIyUeHHbIe CKaJIsIPHbIe 3HAUEHNA IToKasaTejel (Kak mpa-
BUJIO, MAKPOCKOIIMUECKUX CBOMCTB MaTepuraJja) MOTYT ABJIATHCA IIPeIMEeTOM
«OTHOHATIPAaBJIEHHOMN » BepupuKaIuu.

B martepmasioBeneHUU OOTOJHUTEJIHHYIO CJIO0KHOCTH B CXEMY peaslb-
HOT'O HCCJIeJOBaHUS BHOCUT HaJmume OOJIBIIIOTO YHCJIa CIIOCO00B Kpocc-
Bepu(UKAIIUY M BO3MOYKHBIX COUETAaHUII METOIO0B, MHOYKECTBa THUIIOB pe-
3yJILTATOB KOTOPBLIX MMEIOT HEIYCTOE IepeceueHue.

Hanpuwmep, pe3yabTaThl HATYPHOT'O HCCJIENOBAaHUA CIIeKTpPa KoMOMHA-
IIMOHHOTO PacceaHNA AOMYCKAOT BepUPUKAIINIO pe3ybTaTaM1 YNCJIEeHHBIX
HUCCJIeIOBAHUM, TPOBEIEHHBIX KaK C IIPUBJIeUYEHUEM Teopuu (hpyHKI[MOHAJIA
mirotHocTu (TPII), Tak 1 ¢c TpuBJIeUYEeHUEM METOA0B MOJIEKYIAPHON TUHAMU-
Ku. IIpu sTom B ciryuae TPII Bo3MOKHO MCIIOJIb30BaHNE PA3JIMUHBIX 0as3m-
COB U TUIIOB CAMOCOTJIACOBAHHOTO II0JISA; B CJAyUYae MOJIEKYJISAPHON TUHAMUKU
00OBIYHO UMeeTcA oIIpeaesieHHass cBoOoaa BbIOOpa (HeoIrpeaesIeHHOCTh) B OT-
HOIIIEHHU BbIOOPA IIOTeHI[rAaa (CUJIOBOTO II0JIS).

B 1o Xe BpeMs, MHOTHE METOIbI IIO3BOJISIOT IIOJYUYUTH Pe3yJabTATHhI,
MIPUTOMHLIE IJIs BepuUKAINU He eIWHCTBEHHOTO APYroro MeToja; TakK,
YUCJIeHHBbIE dKcHepuMeHThl ¢ MoAenaamMu TPII uau mMoaeKyJasapHON AUHA-
MHKHU MOTYT OBITH MCIOJIB30BAaHbI HE TOJBKO IJIA BepUPUKAIIUU CIIEKTPOB
KOMOMHAITMOHHOT'O paccesdHMUs, HO U s Bepudukanuu pesyabratoB UK-
CIIEKTPOCKOIINM, a TaKiKe JIJA HIPOTHOCTUYECKUX CYKIEHUI B OTHOIIEHUU
MaKPOCKOIIMYECKNX XapaKTEePUCTUK CTPOUTEJbHBIX MaTepuajos [16, 17].

Bepudukranua 4yucaeHHBIX aJrOPUTMOB U UX peasusanuii (KOPpeKT-
HOCTh IPOTPAMMHOTO O0eclieueHHUs) JIEXKUT yKe BHE MaTepuaoBeIeHUsd.
Tem He MeHee, Ha IPAKTUKE COBMECTHOE MCIIOJb30BaHUE PA3JIMUYHBIX aJITO-
PUTMOB U UX PeaU3aIluii MOKET 0OKa3aThCA MOJIE3HBIM C TOUKM 3PEeHUSI I10-
BBINIIEHU S JOCTOBEPHOCTH ITOJYUYEHHBIX Pe3yIbTATOB.

Craenyet TaKKe OTMETHUTD, UTO (purypupymiiee Ha puc. 1—3 pasgeseHue
HAYYHBIX 3HAHUU M MPAKTUUYECKUX PEe3yJIbTAaTOB, ABIAACH 00HEKTUBHBIM,
0o0ycJaBJIMBaeT BOSMOYKHOCTh MHBEPCUU B 9TOU Iape; YacThb BBIBOJIOB IPU
ATOM MPOABJIAET ce0sa B KauecTBe MHBAPUAHTOB, APYyras YacTb MOMKET IIOJ-
BEPrHyTHCA MHBEPCUU B OTHOIIIEHUU CyO'heKTa, MpeanKaTa UJiIu KBaHTOpa
(B cayuae cXeMbl Ha PUC. 2: «HAWUJYYIINN METOJ JIJIA IIOJYUYeHNA HAYUHBIX
3HAHUN — 9TO METO[, B IIOCJEAHIOI OUEepenb MPUBOAAIIUNA K MOJTYUECHUIO
MMPaKTUYECKOTO pe3yabTara).

Cxema Ha puc. 3 110 OOJBIINHCTBY CYIII€CTBEHHBIX CBOICTB SIBJISIETCS
Hawyulrnei. IlonbITKa BBITOJHUTH HUCCJIEIOBAHNE B COOTBETCTBUM C ITOU
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CXeMOM MOJKeT ObITh YJauHOM (9TO MMeeT MeCTO, KaK IITPaBUJIO, HAUMHAS
C HEKOTOPOT'0 00'beMa alpruopPHO MH(MOPMAIIUN), NI Ke 10 3aBEPIIEeHUIO
HUCCJIEIOBAHUS IIPUXOINUTCSI KOHCTATUPOBATh HEABHBIN mepexo K («auccep-
TAIlMOHHOM » ) cxemMe Ha puc. 2. VI3IoKeHHOe HUMKE colepKaHue, nMeoIlee
CaMOCTOSITEJIbHOE 3HAUEeHNE C TOUKY 3PEHUSA PA3BUTHUA MaTepuaJoBedeHU T
CEePHBIX CTPOMTEIbHBIX KOMIIOBUTOB, MOKHO pPacCMaTpPUBATh U KaK UJLIIO-
CTPAIlUIO ITOCTEeTHETO YTBEePIKIECHUA.

Ha nmpenBapuTesbHON CTaAUU TEOPETHUKO-dKCIIEPUMEHTAJTbHBIX HCCJTe-
MOBaHUM CTPYKTYPhl M CBOMCTB HAaHOMOAU(DUIIMPOBAHHBIX CEPHBIX CTPO-
UTEJbHBIX KOMIIO3UTOB BBIMOJIHAJIOCH HAKOILIEHHEe (DaKTUUYECKOTO Teope-
TUKO-dMIIUPUYECKOTO MaTepuaja; OCHOBHBIM METOIOM OSMIIUPUUYECKOTO
HUCCJIEIOBAHUS CTPYKTYPbI HA aTOMHO-MOJEKYJIAPHOM YpPOBHE SBJISAJIACH
CIEeKTPOCKONUA KOMOWHAIIMOHHOTO paccesHus. BbrIOOp MeToma B MEPBYIO
ouepenb OMpPaBAbIBAETCS BBICOKON KOMOMHAIIMOHHON aKTHUBHOCTBIO aJIJIO-
TPOMOB CePHI (CM. prC. 6 — KOHTPOJIbHBIE KOMOMHAIIMOHHBIE CIIEKTPHI CEPHO-
ro Bs:kymiero). IlapannensHo (cxema puc. 3) ¢ HATYPHBIM dKCIEPUMEHTOM
BBITIOJIHAJIMCH YNCJIEHHBIE MCCJIeTOBAHUA; UX BHIOOD cAeJaH B COOTBETCTBUU
C OTMeUYeHHBIM B [15] moJioskeHrEM 0 ITPaKTUYEeCKON MPUTOJHOCTU METOIOB,
KMCIOJIb3YEeMbIX Ha «COCEJHUX» II0 OTHOIINEHMUIO K HAaHOCTPYKTYpe MacIITao-
HbIX YpoBHAX (TPII, monexkynsapHada suHaMuKa). B xoe uncjieHHBIX UCCe-
IOBaHUM MCIOJIb30BAJNCH PAa3JINUYHbIe IPOrPAMMHbBIE Pean3alnuiu.

MHO:KecTBO METOIOB COCTABJIAIOT:

1. CnexTpocKos KOMOMHAIIMOHHOTO PacCeaHMA.

2. YucaeHHBIE METOIBI MOIEJIUPOBAHU A, IPUBJIEKAIOIINE MOIEIb CAMO-
corJiacoBaHHOTO o [18].

3. TPII ¢ 060011IeHHOM I'PafUeHTHON annpokcuMariueii [19].

IIpu BHIMOJTHEHUY YNCJIEHHBIX S3KCIIEPUMEHTOB NCI0JIb30BAJINCh:

1. KBanroBo-xumuueckuii maxer DMol3 [20].

2. KBauroBo-xumuueckuii maket CASTEP [21].

3. KBanToBo-xumuueckuii naker GAMESS [22].

4. ABTOpCKOE ITporpaMMHOe o0ecIieueHIe MOJIEKYIAPHO-ITNHAMUYECKO-
ro MmojeaupoBanus [23, 24].

BMmecTe ¢ makeToM KBaHTOBO-XMMHUYECKOTO MojesnpoBaHusa [22] uc-
IMOJIb30BaHbI Pa3JINUYHbLIEe MHCTPYMEHTHI ITPe- U IocTIIporeccunra [25—28].

Basy pma Kpocc-BepuduKaiuu COCTaBUJIM [JaHHBIE, IIOJIYUEHHBIE
B XOJe HATYPHBIX M YMCJIEHHBIX dKcHepuMeHTOB. KoHeuHas I1ieJb Kpocc-
Bepu(UKAIIUU — CYKIEHUSA O IMPAKTUUYECKOH IPUTOAHOCTH METOoAa W M0-
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CTOBEPHOCTH Pe3yJIbTATOB; HaAPAAY C YKa3aHHBIM CYKIeHUEM B pesyJbTaTe
Kpocc-BepUPUKALIUU YACTO yaaeTcAa chpopMyInpoBaTh CYKAeHUA U B TEPMU-
HaxX MaTepuajJoBeIeHUd.

PesynbTaT sKCIIepUMEHTAJTBLHOTO HCCJIEJOBAHUSA CIIEKTPOB KOMOMHAII-
OHHOTO paccesaHts o0pasila TeXHUYECKOU ceprl (puc. 4) 1 KOHTPOJILHOTO 00-
pasiia KpucTaJLJIMUeCcKoii ceprl (puc. 5) mpeacTaBjieH Ha puc. 6.

Puc. 5. 006pasupl KPpUCTAJINYECKON CepPbl, HCIIOJIb3yeMbIe B KAueCTBe
KOHTPOJBHBIX IIPH UCCIETOBAHUU BINIHUA HAHOMOTU(PUKAITUA
HA aTOMHO-MOJIEKYJISPHYIO CTPYKTYPY BSKYIIEro
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Puc. 6. CieKTpbl KOMOMHAI[THOHHOTO PACCeTHU A TEXHNYECKOM CePbI
M KOHTPOJIBHOTO KPHCTAJLJIA

IToxkasanHbBIe HA puC. 5 00PA3IILI BHIPAIIEHBI N3 HACBIIIIEHHOTO PaCTBOPa
cepbl B Toayosie. Bpemsa BripaiuBanus 30 MUH, CKOPOCTh HUCIIAPEHUs pac-
rBopuTessa 0,1 cm?/Muu. CieKTp KOMOMHAIIMOHHOTO PACCESIHUS IIOJyUeH Ha
KoH(poraabHOM creKkTpoMerpe SENTERRA mnpu ciexyroomux mapaMmeTrpax
cxeMbl peructparun: tremaeparypa 300 K, nimnHa BOJHBI M3JIyUYeHUA BO3-
Oy:kaeHUA 532 HM, MOIITHOCTh 13JIyueHusa Bo30y:xkaenusa 0,2 mBt, pasperre-
Hue 3 cMm !, Bpemsa HakomiaeHus 60 ¢, ameprypa 50 MKEM.

Kaxk caenyer u3 puc. 6, CIeKTPhI KOMOMHAI[MOHHOI'O PACCeTHUA TeXHU-
YeCKO# cephbl 1 KOHTPOJIBHOTO 00pasiia KPUCTAIINUYECKOI cephl IIpaKTuye-
CKU uAeHTUYHLI. [Ipy1 9TOM Ha CIIeKTpe KOHTPOJBHOTO 00pasiia OTCYTCTBY-
IOT JUHUU PACTBOPUTEJS (TOJYOJ JETKO UAEHTU(MUIIUPYETCS II0 CIEKTPY
KOMOMHAITMOHHOTO PaCCesTHUs; OAHON M3 MHTEHCUBHBIX SABJIAETCA JUHUS
BOm3u 510 cm 1), UTO IMO3BOJIAET CHEJIAaTh BLIBOJ O IIOJHOM €ro yIaJeHuun
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13 KOHTPOJIBHOTO o0pasia opropomMOuuecKoi cepbl. B 1esomM, cmeKTphl Ha
puc. 6 oueHb TOYHO COOTBETCTBYIOT JUTEPATYPHBIM JaHHBIM. HesHaunTe n-
HbIE OTJIMYHS B CIIEKTPAaX TeXHUUECKOU cepbl 1 KOHTPOJBLHOTO 00pasiia nme-
0T MecTo. JIMHUA TeXHUUYecKoi cepbl BOMu3u 50 cMm !, cooTBeTCTBYOIIA
(byHzamMeHTaIbHON KOJIebaTeIbHOM MOIE a, [29], uMeeT TOBBIIIIEHHYIO OTHO-
CUTEJbHYIO0 MHTEHCUBHOCTb. KOMOMHAIIMOHHBIA CABUT AJIA JUHUUN BOJIU3U
250 cm ! raxsxe 3amerHo MeHseTcA. JIuaua 250 cm ! cooTBeTCcTBYeT M3rub-
HBIM KoJieOaHuaIM 3BeHa S—S—S. J[/1d TeXHUYEeCKOU cephl 9Ta JUHUA CMelle-
Ha B CTOPOHY MEHBIIINX YacTOT (MeHbINUX dHepruii). Ha aToit ocHOBE MOYKHO
clejaTh BBIBOJ O TOM, UTO M3THOHLIE KOJie0aHUA 3BeHbeB S—S—S B o0pasiie
TeXHUYECKOU cepbl UMEIOT MECTO B MeHee CTeCHEHHBIX YCJIOBUAX.

K macroamemy BpeMeHH pa3padoTaHO OOJIBIIIOE YUMCJIO IIPOTPAMMHEBIX
IMaKeTOB KBAHTOBO-XUMHUUECKOTO aHaiamsa. Hekoropsle makxerwsl [20, 21]
SIBJIAIOTCS MPOTPAMMHBIMU IPOAYKTAMU C 3aKPBITHIM MCXOIHBIM TE€KCTOM
U pacIpoCcTPaHATCA Ha KOMMEPUYECKOII OCHOBE; C HUMU COCYIIIECTBYIOT He-
KOMMepUecKue IaKeThl (HarmpuMep, [22]) ¢ OTKPBITBIM UCXOAHBIM TEKCTOM.

KsauToBo-xumnueckue naxkersl DMol® u CASTEP pacupocTpanamTcs
B COCTaBe MHTETPUPOBAHHON CPeAbl BHIUNCIUTEILHOTO MaTepUaOBeIeHU I
BIOVIA Materials Studio. [lanHasa nETerpupoBaHHas cpefa HO3SUIIMOHUPY-
eTcs KaK mepeJoBOM MHCTPYMEHT Pa3spaboTKM MaTepraJioB (B T.4. CTPOUTEb-
ubix). Hapany ¢ mogyasvmu DMol® u CASTEP B cocTaB MHTerpupOBAHHOMI
cpenabl BKJIIOUYEHBI MOAYJIN IJIA YNCJIEHHOTO aHaJan3a MeToJlaM1 MOJIEKYJIAP-
HOU TMHAMUKU U MHOTHE IPYTie NHCTPYMEHTBI, B YaCTHOCTH — CPEJICTBA BU-
3yaJmnsalnui, IOATOTOBKM PAaCUETHBIX 3aJaHUil M IOCTOOpPadbOoTKM; (puc. 7).
OueBUAHBIM «HEIOCTATKOM» SBJISETCA IleHa JUIEH3UU (IPU BKJIOUEHUU
BCEX MOIYJIEH — NeCATKHU ThICAY €BPO).

Kaxk mpaBuio, makeThl HAyYHOTO IIPOTPAMMHOI0 00ecIIeueH s ¢ OTKPhI-
TBIM MCXOJHBIM KOJOM (B T.4. MCIIOJIbBOBaHHBIE B HacToAlllel pabore [22,
23]) paspabaTrwsiBaloTcs B cooTBeTcTBUU C «(huaocopueit UNIX Way» — ma-
KeT peajiu3yeT Ty U TOJBbKO Ty 3a/1a4y, AJIsI KOTOPOU OH co3naBaJics (Hampu-
Mep, aaroputmbl TP@II nau MmoneKyaapHoit auHaMuKu). IJisa pemnieHus co-
IIYTCTBYIOIIUX 3a/4a4 NCCJIEI0BATE b O KeH IIPUBJIEKATD JOMOJHUTEIbHbBIE
IIPOTrpaMMHBIE UHCTPYMEHTHI.

ITaker GAMESS [22] peaiu3yeT TOJbKO aJTOpPUTMbI KBAaHTOBOM XU-
MuU. ITOT TaKeT IPeACTABJISIET COO0M MHCTPYMEHT, YIIPABJISAIOIINICS mapa-
MeTpaMi KOMaHIHOI CTPOKM M TPeOYIOIUHA B KaueCcTBe BXOIHBIX JaHHBIX
chopMUPOBAHHBIN II0 OIIPeAeJIeHHBIM IIPaBUJIaM TEKCTOBBIN (aiia. 3agauu

e ]
http://nanobuild.ru K cofiepXKaHuto



2014 - Tom 6 - N26 /2014 - Vol.6 - no. 6 Nanob

E.B. KOPOJIEB n gp. HaHocTpyKTypa mMaTpuy cepHbIX CTPOUTE/NbHbIX KOMIO3HUTOB. ..

Puc. 7. Busyanausanus KpUCTaJJIa OPTOPOMONYECKOM cephl B cpee
BIOVIA Materials Studio

IIOJATOTOBKY KBAHTOBO-XMMHUYECKOI'0 pacuyeTa 1 IoCTOOPaOdOTKM JOJKHEL pe-
IMaThbCS APYTHUMU IIPOrPaMMHBIMU MMakeTaMu. HemocTaTKu M JOCTOMHCTBA
MMOA00HOI MOAYJBLHOCTH — HMPEAMET IJIUTEJbHBIX 1 YacTO 0eccoep:KaTe Ib-
HBIX MTUCKYCCUIM; 3TOT HMOAXO[ Me-(PaKTo ABJSIETCS CTaHIapTOM B HAYUYHBIX
YHCJIEHHBIX DKCIIEPUMEHTAX.

Br16op cpencTB AJiA HOATOTOBKHM M IOCTOOPabOTKM pPacueTHOTrO 3aja-
HUS — BO MHOT'OM BOIIPOC ITPEAIIOUTEeHIT; B TO K€ BpeMsA N3BeCTHO MUHUMAJIb-
HOEe MHOKECTBO CPEJICTB C JOCTATOUHBLIMU IJIS MPAKTUUYECKUX TPUMEHeHU
BO3MOXKHOCTAMU. NHCTPYMEHTHI [25—28] ABasAI0TCA CBOOOIHO pacipocTpa-
HSIeMbIMU HEeKOMMEPUYECKMMU HaKeTaMU C OTKPBITHIM MCXOAHBIM TE€KCTOM
1 MOTYT YCIIEIITHO IPUMEHATHCSA B MOBCEIHEBHBIX 3aJlauaX KBAHTOBO-XUMU-
YeCKUX MCCJIeI0BAaHNIT, BOSHUKAMOIINX B IPAKTUKE HAHOTEXHOJIOTUU CTPOU-
TeJILHOTO MaTepUaioBeqeHn .
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Nuactpyment Jmol [25] mokeT OBITH MCIIOJIB30BaH TOJILKO AJIA BU3ya-
ausanuu (puc. 8) aTOMHO-MOJIEKYJIAPHBIX CTPYKTYP (B cOcTaB MHCTPYMEH-
Ta BXOAUT peajusalud ajJropuTMa JOKAJbHON MUHUMHU3AINU SHEPruu,
IpuMeHUMAas IJId IIpeIBapUTEIbHON ONITUMU3AIINY IT'eOMEeTPUM; OJHAKO 0e3
CPEeACTB BU3YAJbHOTO MOJIEKYJIAPHOrO AM3aiiHA IIPEUMYIIECTBO HAJUUUS
ATOM peayin3aIiiy He OUEBUIHO).

ITaket monekyaapuoii rpadpuku PyMOL [26] Tak:ke npegHasHaAUEH OJIs
pelnteHus 3amad Busyaamsanuu (puc. 9). @PyHKIIMOHAIbHBIE BO3BMOMKHOCTHU
ImaKeTa B YaCTH BUI3YaJM3aIl[UU CYIIIECTBEHHO MPEBBIMIAIOT TAKOBLIE I I1a-
KeTa Jmol — mHTepaKTUBHAsA U MaKeTHas BU3yau3anusd, aHuMmanusa. Ila-
KeT II03BOJIAET II0JIyUaTh AeTaJbHble M300paKeHUs CIOKHBIX aTOMHO-MO-
JIEKYJISAPHBIX CTPYKTYP € THOOTPa)CKUM KauyeCTBOM U YACTO MCIIOJIB3YETCA
B KauecTBe MHCTPYMEHTA AJIs 0hOpMJIeHU KYPHAJIOB, U3aBaeMbIX Nature
Publishing Group.

Kax mina Busyanamsainum, TaK U AJIs IOATOTOBKM PACUETHBIX KBAHTO-
BO-XUMHUYECKUX 3aJaHUUA MOTYT ObITh MCHOJIb30BaHbl makeThl Gabedit [27]

u Avogadro [28]. 9Tu makeThl, B YaCTHOCTH, COAEPIKAT CPeJCcTBa reHepaIuu
Bxoauoro gaiia GAMESS (puc. 10, 11).

1, zappedanashox T B |

Edit Display View Tools Macros Cnpapka

=@ Ple @ oo @x @ e ¢ 2]

T,

Hain Options VT Options ¥T Fonts

[vladimir@nasbox ~]$ jmol

splash_image=jar:file:/usr/local/share/ja

ol/app/images/JImol_splash. jpg

history file is /home/vladimir/.jmol/hist

(C) 2012 Jmol Development _

Jmol Version: 13.2.3 2013-07-28 11:08

java.vendor: Oracle Corporation

java.version: 1.7.0_65

os.name: FreeBSD

Access: ALL

memory: 15.4/49.8

processors available: 4

useCommandThread: false X

User macros dir: /home/vladimir/.jmol/mac
exists: false

deNirartaru: falea

- @ i
FMIT Step 50 F - -51.671604 dE — -0.001000 =]}
MMFF Step 60 E =-51.681778 dE = -0.000292 ]

MMFF Step 66 E =-51.685580 dE = -0.000167

MMFF STEEPEST DESCENT HAS CONVERGED: E = -216.39720 k] after 66 steps
4 color -
script ERROR: unexpected end of script command

color ==
4 color atoms [255,255.0] ()
4 color bonds [255,0,0]
4 color background [255,0,0] Jmol
Ficclogbockorolndiizsaizeaizast | 508 x 520 54.8/70.8 Mb; 2945 ms
4 color bonds [128,128,0]
[UNK]1.16 #7 0.90766114 -2.1523566 -0.9075146
¥

Pegaxrop H Variables H OHUCTUTE || WcTopus H COCTORHuE || Undo |

1]

‘ Redo || 3aKpeITh || Cnpaska ‘

Puc. 8. Ilaket Jmol: BU3yauzanmsa n30JIMPOBAHHON MOJIEKYJIbI IIMKJIO0OKTACEePBI
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File Edit Build Movie Display Setting Scene Mouse Wizard Plugin Help

[ Setting: sphere_transbarensy set to 010000, | Reset | Zoom | Orient | Draw | Ray
HOL -2y -
Rags render tine: ©.33 seo, = 10820.1 Franeschour (3,85 seo, acoun.). Unpick | Deselect | Rock | Get View

PHOL sy

Ra: Toder tine: 0,34 sec, = 10626,0 Franes howr (4,19 ssc, scoum,d, I< | <|stop | Play | > | >| | Mclear

DL ety Volume
L vender tinss 6,72 zeo, = 16939,3 franes o (4,52 seo, acoun,’. Command | Buider | o\

PyoL sray -

Raus render time: 0,37 sec. = 10974.6 framesshour (4,85 sec. aeeum.). Rebuild|Abort]

PUOL ray =1

Rayt render tinet 0.33 sec, = 10042,9 Franeschour (5,17 sec. acoum.d. 7|

PyMOL>|

O [ PyMOL Viewer

P

Puc. 9. Koncoas u rmaBaoe okHo PyMOL ¢ pacTpoBsIM 00pa3om,

MMOJYYE€HHBIM METOAOM TPACCHUPOBAHHUA Jdyda

Gab [ [o[x]
File Edit Insert “iew Geemetry Tools Run Settings Help |
ZGeeNE20 Yy ¥ 2EHECHES K COAG @Ik el &l |
Recent Projects Nohame | Unknownl
% FIREFLY 1 =
£ GAMESS I This file was generated by Gabedit
G. GAUSSIAN !
&= MoLCAS $SYSTEM MWORDS=20 $END
$CONTRL RUNTYP=Hessian $END
[l $CONTRL SCFTYP=RHF SEND
|_Joaerre $0FT DFTTYP=PEE $END
& MpoC $CONTRL ICHARG=0 MULT=1 $END
W NWCHEM $BASIS GBASIS=CCD $END
R $CONTRL 1SPHER=1 $END
.. $DATA
i e Molecule specification
B o-cHEM ch 2
@ GaeDIT
B xvz J5 16.000000 5.062000 5.388000 11.274313
& MoL2 (5 16.000000 4.255000 5.098000 6.984312
5 R -5 16.000000 -4.255000 6.098000 -5.370687
S 16.000000 -5.062000 5.388000 -9.739687
S TINKER 5 16.000000 4370000 4. 587000 -2.301687
& GAUSS ZMAT S 16.000000 3.490000 5.103000 9.973313
[E MOPAC ZMAT 5 16.000000 3.605000 5.3106000 -0.460687
e S 16.000000 4.255000 4.35000@ 5.132313
o GTHER S 16.000000 ©.985000 £.098000 6.904312
S 16.000000 -0.985000 6.098000 -5.370687
5 16.000000 -3.605000 5.310000 1.994313
S 16.000000 -3.490000 5.103000 -3.4386383
S 16.000000 -4.370000 4.587000 3.836313
S 16.000000 -4.255000 4.380000 -6.597687 -

Output

Local
Host ! nodedl

Login

Directery : CiProgs\Gabedit248

Location

o Directory :

Puc. 10.Tnasuoe okHo maxkera Gabedit ¢c pacuernsiv 3aganuem ajaa GAMESS

http://manobuild.ru
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File Edit View Build Select Extensions Crystallography Settings Help
IU ONew LdOpen |jSave “cClose k4 Quit []]/iIkg & Kk D E Ll o |[Toolsettings.. [Display Settings...

ispl 8 x
Display Types. AT |

O Ring
(m] S\mEIs Wireframe
[ sticl

#
O Surfaces >~
Unknown Python Engine

O Wwireframe P

Add | Duplicate Remove |

Navigate Settings 2 X

W Display visual cues

GAMESS Input

Basic Setup  Advanced Setup |
Basis T
B Run Type: Optimization -
+ SCF
Stat Point s i B
Data ; —
System Localization Method: [None
mgc&-‘!“ Exec Type: Mormal Run - Molecule Charge: [0 =]
Max SCF lterations: |30 E Multiplicity: |1 E
cl [None =]
€ [Mone =
I" Use MP2 I” Use DFT
| File created by the GAMESS Input Deck Generator Plugin for Avogadro
$BASIS o MGAL $END
$CONTRL 50 F T MIZE $END
$STATPT OFTTOL EF=20 $END
$DATA

16.0 0.38400 0.95700 -1.80000
16.0 -1.07100 222300 -1.00800
16.0 -1.82300 1.35900 0.72800
16.0 -0.30100 1.00400 2.10300
16.0 028300 -0.99400 2.10600
16.0 181600 -1.35500 0.74700
16.0 1.07800 -2.22200 -0.99400
16.0 -0.37100 -0.96900 -1.80000

Defaults Cempule..‘i Eenerate.‘.l Close |

Puc. 11.Tn1aBHOE OKHO (MHTEPAKTUBHASA BU3YaJU3AaIMA) U TUAJOT MMOATOTOBKH
pacuetHoro 3aganus 1ass GAMESS B nmakere Avogadro

YucieHHOe HaXOXKJIEHWE CIEeKTPOB KOMOMHAIITMOHHOTO pPaCCesTHUS
(B 0COOEHHOCTH — CIIEKTPOB MEPUOAUUYECKUX CTPYKTYP U CTPYKTYP C CUM-
MEeTPUAMU), HeBaBUCUMO OT CTOMMOCTH JIUIEH3UU UCII0Jb3yeMOro KBaHTO-
BO-XUMHUYECKOTO ITaKeTa, IIpeJcTaBaAaeT co00li HETPUBUAJIBLHYIO 3a/1aUy; 9TO
CBA3aHO C YPOBHEM TEOPUU, 00eCTIeUNBAIOIN e MOIEU AJIA PACUETHBIX ajIro-
PUTMOB KBAHTOBOU XMUMUMU.

Ha mpakTuke A/ YKUCJIEHHOTO HaAXOMKJIEHUSA CIEKTPOB KOMOMHAIIM-
OHHOTO paccesdHUs (HEIIEePUOINYECKNX) ATOMHO-MOJIEKYJSPHBIX CTPYK-
Typ ¢ ucmnoiab3oBanueM naxkera GAMESS mHeo0XoguMO BBIOOJHUTL TPU
cTaguu pacueToB. Ecam reomerpusa cucTeMbl Oblja oIIpedesieHa CpeacTBa-
MM WHTEePaKTHUBHOT'O MOJIEJINPOBAHUS, TO MEPBOI CTaAnel SABJIAETCA OITU-
MU3AIUsA TeOMEeTPUU M0 KPUTEPUI0 MUHUMYMa dHeprum (yIrpaBasronIui
napamerp GAMESS «RUNTYP=Optimize»). Ciaenyroimnasa cragusa 4YucIeH-

e (2]
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HOTO aHaJiu3a — MOJEJbHBIN (YaCTOTHBIN) aHaAJIU3 U HaXOXKIeHUe SHepre-
TUUYECKUX XapaKTePUCTUK MOJEKYJ bl (yupaBadiomuii mapamerp GAMESS
«RUNTYP=Hessian»). Haxo:kgeHue ciIekTpa KOMOMHAIIMOHHOT'O pacces-
HUS BBIIOJIHAETCA Ha TpeThel crtagum (yupasiaioinuii napamerp GAMESS
«RUNTYP=Raman»), pacueTHoe 3agaHue AJs1 KOTOPOI BKJIIOUAET HaMIeH-
HbIe HA BTOPO#l cTamgumm sHepreTuueckue mapamerpbl (marpuna « $HESS»
BBIXOJHOTIO (paiisa).

PesynbTaThl BBIUMCIEHUA aKTUBHOCTH KOMOMHAIIMOHHOTO PaCCeaHUS
(3TOT MAapamMeTp, B OTJINUYME OT UHTEHCUBHOCTH, He 3aBUCHUT HU OT TeMIIepaTy-
PBI UBMEPeHU, HA OT JJIMHBI U3JIYUeHU A BO30YKIeHU ) IJIsI N30JINPOBAHHOMN
MOJIeKYJIbI ITUKJI00KTacepsl (DM, GAMESS) u sueiikm opTOpoMOMUECKOTO
ayutorpora (CAS) npusBenens! B TabJ1. 1. UHTeHCUBHOCTH, COOTBETCTBYIOIIIIIE
BTOPOMY CTOJIOIY TabJj. 1, mirocTpupyoresa puc. 12.

Tabauua 1
AKTHBHOCTH KOMOMHAIIMOHHOTO PACCeAHNA U30IMPOBAHHON MOJIEKYJIbI S,
M 3JIEMEHTAPHOU AYeHKH OPTOPOMONYECKOTO AJLJIOTPOIIA

Mo- DM GAMESS CAS Experimental
Aa, |Jacrora, ATINTEES Yacrora, AT Yacrora, AT Yacrora, AT
/| eyt HOCTb, P HOCTb, P HOCTb, P HOCTb,
A.U. A.U. A.U. A.U.
1 - - 50,98 8710 51,47 9643 50,00 8883
2 63,10 5046 64,00 5760 60,45 3574 65,00 2017
3 83,40 3757 80,98 3710 85,14 4587 83,00 10980
4 | 142,70 13786 | 142,60 | 13580 - - - -
5 | 157,40 6523 156,54 | 10780 | 154,89 | 15794 | 153,00 | 26022
6 | 171,00 15246 | 172,87 9810 - - - -
7 | 190,60 2752 191,61 3970 192,45 4975 187,00 1370
8 | 224,50 4630 224,73 | 18380 | 224,89 | 17683 | 220,00 | 43040
9 | 267,90 5911 265,31 8880 258,11 6749 250,00 2047
10 | 362,60 3863 360,15 | 11980 - - - -
11 | 420,20 3580 423,52 | 17530 - - - -
13 | 443,20 27736 | 444,10 | 33840 | 445,67 7918 439,00 2191
14 | 461,20 22116 | 463,18 | 28450 | 471,27 | 25948 | 473,00 | 24862

| )7
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3000,00
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AU.
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KombuHauwoHHbIn casur, 1/cm

Puc. 12. KomOuHANMOHHAA AKTUBHOCTh M30JMPOBAHHOM MOJIEKYJIBI S

Kaxk caenyer u3 Ta6J1. 1 u puc. 12, 3HaUeHUSI KOMOMHAI[MOHHOTO CABUTA
M30JINPOBAHHON MOJIEKYJIbI IINKJIOOKTACEPHI B II€JIOM BeCchbMa CYII[eCTBEHHO
OTJIMYAIOTCA KAaK OT 3HAUEHUN MJIS 3JIeMEeHTAPHOU SYeKU OPTOpOMOMUe-
CKOI'0 aJIJIOTPOIIa, TaK M OT Pe3yJIbTATOB 9KCIEePHUMEHTAJbHBLIX MCCJIeN0Ba-
Huii. HalimeHHBbIe YMCJIEeHHO 3HAYeHUA KOMOMHAIIMOHHOTO CABUra U30JIHPO-
BaHHOM MOJIEKYJIBI OJIM3KM K 3HAUEHUAM JIJId KPHUCTaJJjIa TOJIbKO B 00JIacTH
MaJIbIX 9Hepruil (moasl ¢ uactroramu 50, 65 u 80 cm™!). Mozger 4, 6, 10 u 11
WJIM HEe COOTBETCTBYIOT KAKMM-JIN0O CTEIeHAM CBOOOAbI KPHCTAJINUYECKOMN
CTPYKTYPHI CEPHI, NI He ABJIAITCA KOMOMHAIIMOHHO-aKTUBHLIMU. MHTEeH-
cuBHOCTU MOJ (puc. 12), HalifeHHbIe Ha OCHOBE JaHHBIX IJId N30JIMPOBAHHOM
MOJIEKYJIBI 110 TabJ1. 1, He COOTBETCTBYIOT SKCIIePUMEHTAJILHO HaOII0JaeMbIM
(puc. 6). Pe3yabTaThl YMCJIEHHOIO OTHICKAHUS CIEKTPa KOMOMHAI[MOHHOTO
pacceaHUs 3JIeMEeHTAPHOU SYeKU OPTOPOMOMUYECKOTO aJIIOTPOIIA B IIEJIOM
XOPOIIIO COOTBETCTBYIOT SKCIEPUMEHTAJbHBIM JAHHBIM B YAaCTH 3HAUCHUI
KoMOMHAIIMOHHOTO caBura (croabubl 5 u 6 Tabda. 1). CoorBeTcTBUE TEope-

e |25
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TUUYECKUX Pe3yJIbTAaTOB, IOJYUeHHBIX METOJaMU KBAHTOBOI XUMUU, SKCIIe-
PUMEHTAJbHBIM pe3yjJbTaTaM HCCJIeSOBAHHNS CIIEKTPOB KOMOMHAI[MOHHOIO
paccesTHUS ABJISIETCA BECOMbBIM apryMeHTOM B II0JIb3Y CIPABEAJIMBOCTY BbI-
OpaHHOI reoOMeTPUYECKON MOIEJN MOJIEKYJISIPHOTO KPUCTAJJIA CePhI.

ITo oTHOIIIEHNIO K YPOBHIO HAHOCTPYKTYPHI METOAbI KBAHTOBOM XMMUUI
SABJSAIOTCS METOJAMM <«HHKHEro», aTOMHO-MOJIEKYJISIPHOTO MAacHITabHOIo
YPOBHSA; UX YCIIEIITHOE MCIIOJb30BaHME B PACCMOTPEHHOM CJiyuyae 00yCJIOB-
JIEHO T€M, UTO OHU OBLILJIM MCIIOJb30BAHBI IJIA UCCJIEIOBAHUS dJIeMEeHTapPHOMN
YK MOJIEKYJISAPHOro KpucraJjiaa (IIPOCTPAHCTBEHHBIN MacmiTabd, COOT-
BEeTCTBYIOIIUNA HUKHEN I'PAHUIEe HAHOCTPYKTYPHI), IPU KOTOPOM BBIUMCJIN-
TeJbHAas CJIOKHOCTHL METOJOB KBAHTOBOUM XMMUU €Ille He BBEIXOAUT 3a IOIIY-
cTUMbIe paMKu. MeToabl MOJIEKYJIAPHON JTUHAMUKY OOLIYHO IIPUMEHSIIOTCS
IS UCCJeNOBAaHUSA CUCTEM C pa3dMepaMU OT AeCATKOB HAHOMETPOB; B TO Ke
BpeMs, IPUHIINONAJIbHOEe OrpaHMYEHNEe Ha NX MCIIOJb30BaHNE B PAaCcCMO-
TPEHHOH 3aj/laue TaKyKe OTCYTCTBYET.

W nna yucaeHHOTO pelleHnsd YpaBHeHUHN IBUMKEHUA, U IJI1A BU3yaInsa-
U1 MOAEJNPYEeMOI CUCTeMbl HAMU HCIIOJb30BAaHO IIPOrpaMMHOe obecreue-
Hue [23]. AIroputM MoAeIMPOBaAHUA 00CYKIAJICA, B YACTHOCTH, B paboTe
[24].

CBenmeHusaA M3 TEPMOAMHAMUKU ITO3BOJISIOT OIeHUTH [30] mapameTpsl
B BRIPa'KEeHUU IIOTEHIHAaJa IIapHOT0 B3aNMOJAENCTBUA; NCI0Jb30BAH IIOTEH-
nuana Jleanmapa—I»xoHca. YpaBHeHIEe ABUMKEHUSA ABJISIETCA UPE3BBIUAKHO
IIPOCTBIM:

mjii—k(~-v)=VU,i=1,N, (1)

rae mi, r, = (x,y,,2,) — MacChl ¥ KOOPAWHATHI i~ YaCTUIIbI, K — NUCCHUIIA-
TUBHBINA (DAKTOD, V, — CKOPOCTB CPEJbI B TOUKe I, U, — IIoTeHnua B TOUKe I,
N — umcjo yuacTuil.

Mopgeub (1) moxkeT OBITH IIpeoOpasoBaHa B cucteMy 6 N 00bIKHOBEHHBIX
nudepeHInalIbHbIX YPAaBHEHUI IIEPBOTO MOPAIKA, IIOCJIE Yero UMCJIEHHO
pemtaercsa 3agaua Komu. [Iis pemenuda 3agaun Komwu B [23] ucmoab3oBaH
METO/I BJIOJKEHHBIX (pOpM.

PesynbraT MOmenumpoBaHUS HSBOJIOINUKM HA AaTOMHO-MOJEKYJIIPHOM
YpOBHe IToKas3aH Ha puc. 13 u 14.

IIporpammuoOe obecreueHmne [23] paHee ObIJIO YCHEITHO MCIOJIH30BAHO
I MOJEJUPOBAHUA PA3JUUYHBIX IIPOIECCOB HA YPOBHAX HAHO-, MHUKPO-

e | 2/
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CpeaHee pacCcTosHne Mexy YacTuuamu, Hv
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Puc. 13. CpenHee paccTogHNE MKy YaCTUIIAMU

Puc. 14. ®parMmeHT yCTAHOBUBIIEHCS IPOCTPAHCTBEHHOM KOH(pUTYpPAIUN
(chepsr Ban-nep-Baaasca)

125 wm
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1 MaKPOCTPYKTYPhI CTPOUTEJIbHBIX KOMIIOBUTOB. Pe3y IbTaThl, IOJyUeHHbIe
Ha IPOCTPaAHCTBEeHHBLIX MaciuTabax or 10 HM u BbIIlle, HAXOAUJINCH B COOT-
BETCTBUU C SKCIEPUMEHTAJIbHBIMU JAaHHLIMU.

B 10 Ke Bpems, npencrasiienHbIe Ha puc. 13 u 14 pe3ybTaThl CBUIE-
TeJLCTBYIOT O HEYIOBJIETBOPUTEJILHOMN aJeKBATHOCTU MCIOJb30BAHHBIX MO-
JEeKYJIAPHO-ITUHAMUYECKNX METOJZOB Ha aTOMHO-MOJIEKYJISIPHOM YpPOBHE.
Ecau kBanTOBO-MexaHHUYecKue 3(p(PeKThl He IPUHUMAIOTCSI BO BHUMAaHUE,
TO YCTAHOBUBIIIEECS CpegHee 3HaUeHe MeKaTOMHOT'O PACCTOAHUS IIPHUMep-
HO B JIBa pasa IPEeBLIIIAET AeliCTBUTEIbHOe 3HaUeHte (1 IJId N30 POBAHHOMI
MOJIEKYJIBI S, U /15 seMeHTapHoi aueiiku). Chepsr ¢ paguycom Ban-zmep-
Baanabca Ha puc. 14 He mmepeceKarTcs MeXKIy co00ii, UTO He JOJIMKHO NMETh
MecTa IJid peajbHOl KoHpurypanuu. TakuM o6pasoM, METOILI MOJIEKYJISP-
HOUM TMHAMUKMN MOTYT YCIIEIIIHO IPHUMEHATHCSI Ha IIPOCTPAHCTBEHHBLIX MAac-
mTabax or 10 HM u BBIIIe; HA HUYKHEM IIPOCTPAHCTBEHHOM MacIiTabe s
IIOJIYyUeHHs aJleKBAaTHBIX PEe3yJIbTAaTOB TpedyeTcs IPUHUMAThL BO BHUMAaHIIE
KBAHTOBO-MexXaHnuecKue a(pPeKThI.
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NANOSTRUCTURE OF MATRICES FOR SULFUR CONSTRUGCTIONAL
COMPOSITES: METHODOLODY, METHODS AND RESEARCH TOOLS?

Complex of operational properties of sulfur-based and sulfur-extended
building materials may lead both to economical efficiency of construction and to
reduced load on the environment. The feasibility of the sulfur-extended materi-
als is primarily caused by properties, availability and low cost of sulfur. Before
the development of building material it is necessary to examine the supramolecu-
lar structure of the matrix in detail. Material science of sulfur is still with several
«white spots» which have to be filled with sound knowledge and reproducible data.
New level of the research in constructional material science can be achieved with
help of system analysis. The key prerequisite for successful application of system
analysis in material science is the determination of primary interactions which,
in turn, define applicable modeling methods. Several investigation methods can
be used at the nanoscale level — traditional experimental methods, quantum
chemistry modeling, molecular dynamics. The methodology of research depends
on objectives and also on acceptable values of time and resource consumption.
Requirements for precision and reproducibility, together with demands for new
scientific data must also be taken into consideration. In the present work we have
presented different strategies of investigation: case for dominance of practice,
case for high demands for new scientific data and the case for high demands for
precision, reliability and reproducibility. The latest case is the preferable one,
and it was used during investigation of the nanostructure of sulfur binder. Three
different methods of research were applied: Raman spectroscopy, quantum chem-
istry simulation and molecular dynamics. It was demonstrated again that broad-

2 This work is supported by the Ministry of Science and Education of Russian Federation, job No 2014/107,
project title «Structure formation of sulfur composites: phenomenological and ab initio models»

e |30
http://nanobuild.ru K cofiepXKaHuto



2014 - Tom 6 - N26 /2014 - Vol. 6 - no. 6 Nanobm

ly available technical sulfur corresponds to orthorhombic allotrope; at the same
time, comparative analysis of the Raman spectra reveals that bending of long
sulfur chains in technical sulfur takes place in less constrained conditions. For
the quantum chemistry computations three different software tools are used; the
capabilities of accompanying pre- and post-processing tools are discussed. It is
shown during analysis of quantum chemistry calculations that verification of the
experimental Raman spectra should not be performed with results obtained for
isolated S, molecule. Results of simulation performed for the sulfur crystal are
close to the experimental measurements; such correspondence is an important
proof of conformity between lattices of real crystal and model. During molecular
dynamics simulations it is found that such methods can successfully be used only
on the spatial scales starting from 10 nm, whereas on the lower scale the quan-
tum effects must be taken into account.

Key words: nanotechnology, constructional material science, computational chemistry,
molecular dynamics.

DOI: dx.doi.org/10.15828/2075-8545-2014-6-6-106-148

here is a strong need of advanced building materials in modern civ-

il engineering and special construction. Using the materials with
poor operational properties leads to low service life and high operational
costs of constructions. In turn, due to low service life of the construction
there is an increase of environmental loads; this is because requirements
for production of extra amount of building materials.

Both structure and properties of any constructional composite are in
great dependence on type of matrix material. Among other promising ma-
trices for composites there are sulfur-based and sulfur-modified ones. High
operational properties of sulfur-extended building materials lead to eco-
nomical efficiency of constructions and reduce load on the environment.
For example, application of sulfur-extended paving material [1, 2] allows
to increase the mobility of the mix during laying and escalating the values
of operational properties — most notably compressive strength and resis-
tance to rutting. The application of such material decreases environmental
load in regions near the oil and gas industry enterprises.

The feasibility of the sulfur-extended materials primarily caused by
properties, availability and low cost of sulfur. Moreover, there are many
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sulfur dumps near the oil industry enterprises. Such dumps consumes a
lot of area which otherwise could be occupied by vegetation, contributing
to the improvement of the environmental situation. Incorporation of sul-
fur in bulk building materials contributes to decrease of load to the envi-
ronment [2]. There are numerous advantages of sulfur composites: cheap
binder, quick structure forming, high chemical resistance [3].

There exist numerous ways to improve the operational properties of
concretes based on sulfur. By means of application of polymers distributed
on the surface of fine filler it is possible to outcome several drawbacks of
the traditional material with thermoplastic matrix [4, 5]. Obviously, na-
noscale layer of high-molecular substance significantly alters structure
forming process near the phase boundary. But details of supramolecular
structure of such intermediate layer are still unknown [6].

Despite the progress which has been made during the last decades
in the understanding of the sulfur allotropes, material science of sulfur
[7, 8] and sulfur-enhanced composites is still with several «white spots»
which have to be filled with sound knowledge and reproducible data. As
it already mentioned, the structure of the nanoscale layers at the phase
boundaries is of considerable interest. At the same time it is evident that
examination of inter-boundary layer must be preceded by deep investiga-
tion of sulfur. Of cause, a lot of research work is already done. Structure
of the most common sulfur allotrope was determined in 1935 [9], authors
presented a crystallographic data which is currently in public domain
[10]. During the XX century, crystal structure of other sulfur allotropes
[11-13], molecular structure of sulfur vapor and structure of sulfur com-
pounds are of interest [7, 8].

With help of system analysis the new level of the research in construc-
tional material science can be achieved [5, 14, 15]. The prerequisites for
successful application of system analysis in material science are already
formulated, and the key point is the determination of bounds for spatial
scales of interest and corresponding list of possible interactions — which, in
turn, define applicable modeling methods [5, 15].

The nanoscale level of the constructional composite is the spatial level
where properties of material are considerably affected by size effects [15].
Several investigation methods can be used on this level — traditional ex-
perimental methods, quantum chemistry modeling, molecular mechanics
etc. The methodology of research can also be different; it depends not only
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on «practical» goals of the research (development of the building material
with required values of operational properties), but also on allowed time
and resource consumption, requirements for precision and reproducibility,
demands for new scientific data with high predictive potential (Fig. 1-3).

C Goals of the research >

v

First method

no

Enough data to
reach the goal?

s there any other
methods?

yes
v

Next method

‘—yes{ R & D outcome (success) >

\—no—>< R & D outcome (failure) )

v oo

Fig. 1. Possible methodology of research during investigation of nanostructure
in case when practical goal is dominant
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v

First method —1

v

Accumulate
obtained data

Enough data to
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s there any other
methods?
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Y

yes no—"—b(PracticaI R&D goal is not reached)
A4

Scientific R&D outcome )

\_,C
_,C

Practical R&D outcome (success))

Fig. 2. Possible methodology of research during investigation of nanostructure in
case of higher demands for new scientific data
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Fig. 3. Possible methodology of research during investigation of nanostructure
in case of high demands for precision, reliability and reproducibility
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The scheme on Fig. 1 is the most simple; we just all available methods
one by one until the goal is reached or methods are depleted. The results
obtained during application of n—1-th method are not used at all during
applying of the n-th method. This scheme may lead to the lower time and
resource consumption if: a) practical goal is dominant; b) the most useful
method is known with great assurance. The condition «b» reveals obvious
deficiency of the scheme: if useful method is uncertain, then most data ob-
tained during research will be wasted.

The scheme on Fig. 2 is the direct modification of the previous one,
and it is made for elimination of the mentioned deficiency. Regardless of
the methods’ order, all data obtained on the n-th step will be at least accu-
mulated for further research. In principle, nothing prevents the usage of
data obtained on steps 1...n during application of n+1-th method (green
arrow on Fig. 2). Even if the research goal is not reached, there will be a
lot of new theoretical and/or experimental data; because of this, scheme
on Fig 2 is often used during preparation of qualification works (thesis,
dissertations etc.).

Both Fig. 1 and 2 represent sequential type of research. Though scheme
on Fig. 1 can easily be parallelized (there is no dependence on data from
previous step), such parallelization in average will cause both reduction of
time and increase of resource consumption (if proper sorting of methods
was performed). This, depending on type and amount of available resource,
can be considered either as positive or negative feature.
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To eliminate dependence on data from second scheme and allow paral-
lelization, we have to exclude the path indicated by green arrow on Fig. 2.
The negative effect of such elimination (inability to use data obtained in
previous methods) is compensated by possibility to perform cross-verifica-
tion of the results, obtained by different methods — if there are more then
one method leads to the goal (Fig 3).

In real research work neither of these three schemes are used as is; it
is common in practice to combine some parts from different schemes. Some
methods (both experimental and theoretic) provide a lot of «scientific»
information (IR-, Raman and NMR spectroscopy, adsorptive porometry,
XRD, quantum chemistry methods based on density functional theory)
which is hard to utilize entirely during applied research. Such methods are
often used as a source of data for verification. Outcomes of other meth-
ods may be single scalar values (viscosimetry, X-ray scattering, simulation
methods based on thermodynamics). Such methods are mostly suitable for
routine work, and values obtained are subjects for verification by means of
other methods.

Moreover, many methods can be verified in more then one way — for ex-
ample, results of Raman spectroscopy can be verified by means of density
functional theory (DFT) and molecular dynamics (MD) calculations; in case
of DFT, there can be simulations with different basis and type of self-consis-
tent field; in case of MD, there can be simulations with different pair-wise
potential (force field). On the contrary, many methods can be used for verifi-
cation of others. It is evident from last example that both DFT and MD simu-
lation can be used during verification of Raman spectra; but these methods
can also be used for verification of IR spectra and — in case of MD — even
macroscopic properties of the building materials [16, 17]. The verification
of computational algorithms and numerical software is a separate task not
related to the material science; albeit, by means of using different software
tools it is possible to assure correctness of the results obtained.

Toillustrate the application of scheme #3 we will fit into it the excerpt
from real research work concerning structure and properties of nanomodi-
fied sulfur-based building materials. Purposes of the research are numer-
ous, but there is a part which involves both experimental (preparation of
reference samples, Raman spectroscopy) and numerical (quantum chemis-
try simulation) subparts.

Examination of the influence of different nanostructuring agents on
the properties of sulfur have to be preceded by theoretical model of sulfur
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crystal (the quantum mechanics gives relevant equations) and structural
models (a lot is already developed in XX century). During experimental
studies we are planning to use Raman spectroscopy extensively, thus ref-
erence samples were prepared and reference spectral data was obtained. It
was stated [15] that software tools for neighbor spatial scales can be utilized
during investigation of nanostructure. To justify this statement, both DFT
and MD-based simulation algorithms have to be applied. Series of numeri-
cal experiments was performed for determination of the applicability, se-
lection of appropriate numerical quantum chemistry method and suitable
numerical software for quantum chemistry and MD.

The methods (second column on Fig. 3) are:

1. Raman spectroscopy.

2. Hartree—Fock (SCF) method [18].

3. DFT with generalized gradient approximation [19].

Numerical software:

1. DMol3 quantum chemistry tool [20].

2. CASTEP quantum chemistry tool [21].

3. GAMESS quantum chemistry tool [22].

4. Our special-purpose MD codes [23, 24].

Together with quantum chemistry software we are also using sever-
al pre- and post-processing tools [25—28]; the software will be discussed
later.

The comparative analysis (third column on Fig. 3) was performed on
data obtained in real and numerical experiments. The outcome is basically
a decisions concerning applicability of the methods and software tools, by
several practical conclusions were also made.

Early in research process we have analyzed the structure of low-cost
technical sulfur (Fig. 4) and sulfur crystals (Fig. 5) grown specifically for
reference purposes. The primary tool during analysis was Raman spectros-
copy. Suitability of this method is due to high Raman activity of sulfur al-
lotropes and sulfur-based compounds. The experimentally obtained spectra
are shown on Fig. 6.

The crystals shown on Fig 5 were grown from saturated solution in
toluene. Time of growth was 30 min, evaporation rate was 0.1 cm?/min.
The Raman spectra were obtained on SENTERRA spectrometer. The exper-
imental conditions were as follows: room temperature, laser wavelength
532 nm, laser power at the sample 0.2 mW, spectral resolution 3 cm™, ac-
quisition time 1 min, aperture 50 um.
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As it follows from Fig. 6, the Raman spectra of technical sulfur and
reference sulfur crystal are almost identical. No toluene peak near 510 cm™
can be observed, thus spectrum on Fig. 6 (yellow line) is the spectrum of
pure orthorhombic sulfur (in fact, the obtained data is in very good confor-
mity with previous experimental works). There is only a small difference
in Raman shift and relative intensities between spectra of reference sample
and technical sulfur. Intensity of the line at 50 cm™ is of higher intensity

1 mm

Fig. 5. Sulfur crystals which will be used as reference samples during
investigation of nanoscale modification of sulfur binder
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Fig. 6. Raman spectra of raw technical sulfur and reference sulfur sample

for technical sulfur; this line corresponds to fundamental component of
crystal vibrational symmetry a, [29]. Raman shifts for line near 250 cm™
are slightly different. This line corresponds to the S—S—S bending; since
the shift for technical sulfur is lower (corresponds to lower energy), it can
be stated that bending of long sulfur chains in technical sulfur takes place
in less constrained conditions.

At present, there are many software tools and packages which can be
used to perform quantum chemistry computations. Some of them [20, 21]
are proprietary and expensive, while the other (for example, [22]) are open-
source and available for anyone at no cost.

The DMol?® and CASTEP tools are integrated in BIOVIA Materials Stu-
dio — integrated environment for computational materials science. This in-
tegrated environment can be used in advanced research of various materi-
als, including building materials; there are modules not only for quantum
chemistry, but also for MD and other simulations. Integrated environment
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includes tools for pre- and post-processing, including molecular and crystal
construction and visualization (Fig. 7). The price of the perpetual license
for environment with all modules is tens of thousands euro; probably, this
is the limiting factor.

As a rule, open-source scientific software (including our code [23] for
MD simulation) is designed with so-called «UNIX Way» in mind — only one
specific task is implemented (for example, solver for DFT or MD), and for
solution of other tasks researcher must rely on different software tools.
The GAMESS [22] is pure quantum chemistry solver which must be con-
trolled from command line, with text input files of specific format. Pre-
and post-processing tasks have to be solved with different tools. This can
be difficult at first, and often requires deep knowledge of POSIX operat-
ing systems. Nevertheless, such an approach for numerical simulation is
broadly accepted in science.

Fig. 7. Visualization of orthorombic sulfur crystal in BIOVIA Materials Studio

139 mm
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Selection of accompanying tools is the matter of choice and individual
preferences. The Jmol [25] is a quite simple tool and can be used only for
visualization (Fig. 8) of molecular structures (strictly speaking, there is
a tool for geometry optimization, but this tool is of relatively low useful-
ness).

The PyMOL [26] molecular graphics system (Fig. 9) can be used not
only for visualization (still images rendered interactively with OpenGL and
offline with raytracing; animations can be produced), but also for molecu-
lar editing. Visualization tools in PyMOL allow to produce detailed high-
quality images; covers of «Nature» journal are the places where these im-
ages are usually reside.

The next two quantum chemistry software tools — Gabedit [27] and
Avogadro [28] — are very useful because they directly implement pre-
processing to GAMESS input file (and many other input formats, too;
Fig. 10, 11).

Computing of Raman data with GAMESS is multi-step process. If
the geometry (atomic structure) is build manually, the geometry op-
timization step is required. Then, hessian matrix have to be obtained
during «RUNTYP=Hessian» computation pass. The last stage is

ppedanashon T B |
Edit Display View Tools Macros Cnpapka

B =@ Ple @ oo @x @ e ¢ 2]

[vladimir@nasbox ~]$ jmol =5

splash_image=jar:file:/usr/local/share/ja

ol/app/images/JImol_splash. jpg

history file is /home/vladimir/.jmol/hist

(C) 2012 Jmol Development _

Jmol Version: 13.2.3 2013-07-28 11:08

java.vendor: Oracle Corporation

java.version: 1.7.0_65

os.name: FreeBSD

Access: ALL

memory: 15.4/49.8

processors available: 4

useCommandThread: false X

User macros dir: /home/vladimir/.jmol/mac
exists: false

ieNi rartnru: falea =

-- @nasbox i
[MMFF Step 50 E - -51.671604 dE - -0.001088  [a||!
MMFF Step 60 E =-51.681778 dE = -0.000292 ml

MMFF Step 66 E = -51.685580 dE = -0.000167

MMFF STEEPEST DESCENT HAS CONVERGED: E = -216.39720 k] after 66 steps
4 color -
script ERROR: unexpected end of script command

color ==
4 color atoms [255,255.0] ()
4 color bonds [255,0,0]
4 color background [255,0,0] Jmol
Ficclogbockorolndiizsaizeaizast | 508 x 520 54.8/70.8 Mb; 2945 ms
4 color bonds [128,128,0]
[UNK]1.16 #7 0.90766114 -2.1523566 -0.9075146
¥

Pegaxrop H Variables H OHUCTUTE || WcTopus H COCTORHuE || Undo |

4]

‘ Redo || 3aKpeITh || Cnpaska ‘

Fig. 8. Jmol main window: visualization of S, molecule
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PyHOL bray i
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PYMOL>|

O | PyMOL Viewer

=

Gab [ [o[x]
File Edit Insert “iew Geemetry Tools Run Settings Help |
LCeNBeo Yy “EBELEEE &K DO0AGB &I wel s dl |
Recent Projects e | Unknownl
% FIREFLY 1 =
£ GAMESS I This file was generated by Gabedit
G. GAUSSIAN !
# MOLCAS $SYSTEM MWORDS=20 $END
$CONTRL RUNTYP=Hessian $END
[l $CONTRL SCFTYP=RHF SEND
|_Joaerre $0FT DFTTYP=PEE $END
& MpoC $CONTRL ICHARG=0 MULT=1 $END
W NWCHEM $BASIS GBASIS=CCD $END
R $CONTRL 1SPHER=1 $END
.. $DATA
i e Molecule specification
B o-cHEM ch 2
@ GaeDIT
B xvz J5 16.000000 5.062000 5.388000 11.274313
& MoL2 (5 16.000000 4.255000 5.098000 6.984312
5 R -5 16.000000 -4.255000 6.098000 -5.370687
S 16.000000 -5.062000 5.388000 -9.739687
S TINKER 5 16.000000 4370000 4. 587000 -2.301687
[E GALISS ZMAT S 16.000000 3.490000 5.103000 9.973313
[E MOPAC ZMAT 5 16.000000 3.605000 5.3106000 -0.460687
e S 16.000000 4.255000 4.35000@ 5.132313
& S 16.000000 ©.985000 £.098000 6.904312
EILERS S 16.009000 -@.985000 6.095090 -5.370687
5 16.000000 -3.605000 5.310000 1.994313
S 16.000000 -3.490000 5.103000 -3.4386383
S 16.000000 -4.370000 4.587000 3.836313
S 16.000000 -4.255000 4.380000 -6.597687 -
Location Local Remot
Bl Host : noded 1 Host
——|Login Login
o Directery : CiProgs\Gabedit248 Directory :

Fig. 10. Gabedit main window with generated GAMESS input file
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File Edit View Build Select

Crystallography Settings Help

IH ONew kJdOpen fjSave 9close k4 Quit Eﬂ #4125 k 3§ Ll 2 |[mol settings... [Display settings...

Display Types ax

view1 |
] QTAM a
[ Ribbon :-»“I
[ Ring -
] SimEIs Wireframe
{7 stic ~
O Surfaces ~
[ Unknown Python Engine
] Van der Waals Spheres £
O wireframe P
Add | Duplicate Remove |
Navigate Settings & X
¥ Display visual cues
GAMESS Input
Basic Setup  Advanced Setup |
Basis
Run Type: Optimization -
L SCF Type RHF v
Stat Point Tpe:
Data % =
System Localization Method: [None
mgf“g“ Exec Type: Normal Run ~ Molecule Charge: [0 =]
Max SCF Iterations: |30 E Multiplicity: |1 E
Cl: [None |
€ [rone =]
T™ Use MP2 I” Use DFT
| File created by the GAMESS Input Deck Generator Plugin for Avogadro
$BASIS Co4 N21 NGA! $END
SCONTRL 5CF F ¥ 1IZE $END
$STATPT OF 4 TEP $END
SDATA

16.0 0.38400 0.96700 -1.80000
16.0 -1.07100 2.22300 -1.00800
16.0 -1.B2300 1.35900 0.72800
16.0 -0.30100 1.00400 210300
16.0 0.28300 -0.99400 210600
16.0 1.B1600 -1.35500 0.74700
16.0 1.07800 -2.22200 -0.99400
16.0 -0.37100 -0.96900 -1.80000

Defaults Cumpule‘..l Generate.‘.l Close |

Puc. 11. Avogadro main window (interactive OpenGL visualization)
and dialog window for GAMESS input file creation

«RUNTYP=Raman» pass for input file with «$HESS» matrix extracted
from output of the previous stage.

The results of quantum chemistry calculations of Raman activities (not
intensities; activities are independent from both temperature and excita-
tion wavelength) for isolated S, molecule (DM, GAMESS) and orthorhom-
bic sulfur crystal (CAS) are summarized in Table 1. Intensity correspond-
ing to second column is shown on Fig 12.

As it follows from Table 1 and Fig. 12, the values of Raman shifts for
isolated S, molecule very roughly correspond to the shifts of sulfur crystal.
The computed frequencies for three low-energy modes are close to each oth-
er and to the experimental data. Modes #4, 6, 10 and 11 either do not cor-
respond to any degree of freedom in crystal or Raman inactive. Intensities
of high-frequency modes (Fig. 12), when calculated from Table 1, do not
correspond to the intensities of real spectrum (Fig. 6). Results of simula-

e A7
http://nanobuild.ru K cofiepXXaHuio



2014 - Tom6 - N26 /2014 - Vol.6 - no. 6

Table 1
Raman activities for isolated S, molecule
and orthorhombic sulfur crystal

Mo- DM GAMESS CAS Experimental
de Freq., Act, Freq., Act, Freq., Act, Freq., Act,
# cm™ A.U. cm™! A.U. cm™ A.U. cm™! A.U.
1 - - 50.98 8710 51.47 9643 50.00 8883
2 63.10 5046 64.00 5760 60.45 3574 65.00 2017
3 83.40 3757 80.98 3710 85.14 4587 83.00 10980
4 | 142.70 | 13786 | 142.60 | 13580 - - - -
5 | 157.40 6523 | 156.54 | 10780 | 154.89 | 15794 | 153.00 | 26022
6 | 171.00 | 15246 | 172.87 9810 - - - -
7 | 190.60 2752 191.61 3970 192.45 4975 187.00 1370
8 | 224.50 4630 | 224.73 | 18380 | 224.89 | 17683 | 220.00 | 43040
9 | 267.90 5911 | 265.31 8880 258.11 6749 250.00 2047
10 | 362.60 3863 | 360.15 | 11980 - - - -
11 | 420.20 3580 | 423.52 | 17530 - - - -
13 | 443.20 | 27736 | 444.10 | 33840 | 445.67 7918 439.00 2191
14 | 461.20 | 22116 | 463.18 | 28450 | 471.27 | 25948 | 473.00 | 24862

tion performed for the crystal (fourth column of Table 1) are much close to
the experimental measurements. Such correspondences (along with XRD
data) are important proofs of conformities between unknown lattice of real
crystals (or molecular structure) and model of the lattice which is used dur-
ing quantum chemistry simulation.

Concerning nanostructure of the composite, the quantum chemistry
methods are methods from «lower» spatial level; on the upper levels MD
methods dominate. Such methods can be successfully used for modeling the
nanostructure of sulfur composites.

Both for numerical solution of MD equations and for visualization of
the simulation results the software [23] was used. The algorithm of simula-
tion was previously described in [24].
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Fig. 12. Raman activity for isolated S, molecule

The geometry and thermodynamics of filled sulfur-based binder allow
do determine [30] parameters of the pair-wise potential in equation which
is used as a model of the system:

mii— k(i—v)=VU,i=1,N, (1)

where mi, r,= (x,y,,2,) — mass and position of the i-th particle, k£ — fac-
tor of dissipation, v, — velocity of the environment at the point r,, U, — po-
tential at the pointr,.

The model (1) can be transformed info the set of 6 N first-order ordi-
nary differential equations (where N is a number of particles) and then
solved numerically. For the solution of the system we have used embedded
Runge-Kutta method. During modeling, the Lennard-Jones form of pair-
wise potential was used.

The results of simulation of the structure formation are presented on
Fig 13 and 14.
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Fig. 13. Average distance between atoms

Fig. 14. Fragment of the modeled system (Van der Waals spheres)
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Similar simulations were previously performed during investigation
of cluster-forming process in sulfur and epoxy composites. The obtained
results were in good agreement with experimental data.

As it follows from Fig. 13 and 14, adequacy of modeling on the na-
noscale level decreases if quantum effects are not taken into account: the
asymptotic value of average distance between sulfur atoms is about twice
as large as real value (both for S, molecule and sulfur crystal this distance
is near 0.2 nm). It is clean from Fig. 14 that Van der Waals spheres do not
even crossing with each other; this is, definitively, wrong. Thus, while
molecular dynamics can successfully be used on the spatial scales starting
from 10 nm, on the lower scale the quantum effects must be taken into ac-
count.
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