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:’)ACKTPOM&I‘HI/ITHOE BSaHMOACﬁCTBHC N XUMHNUYCCKAA CBA3b

EcrecTBeHHas eAHHHIA KYJOHOBCKOTO B3AHMO/IEHCTBHS Ha
» ]

aToMHBX Macirrabax — 3ro puabepr (Ry =me*/2h" =

= 13,6 3B) — 3neprus Honn3ammun aToMa Bogopoaa. IPiek-

JHAKAMH. B pelynbTaTte 3HEPrHH CHEMIEHHA BEIIECTB C
METATIHYECKHM, HOHHBEIM H KOBAEHTHRIM THIAMH MEXK-
ATOMHOTO B3aHMOJEHCTBHA B PacdeéTe HA aTOM OKa3bl-
BAHOTCA B HECKO/IBKO pa3 MeHelle Ry W Texar B IHanaioHe
1-10 3B Ha atom. [lpH HArpeBaHAH TEPMHYECKOE BO3DVK-
JEHHE KONeDaHHi aTOMOB MPH JOCTICKEHHH HX KPHTHYECKHX
JHAYEeHHH NPHBOIAT K MIABJICHHIO BEIIECTBA, A4 3ATEM — K
ero ucnapernto. bonbume snepraucuennenns — | — 1038 va
aroM (pHc. 1) — NpHBOAAT K BRICOKHM 3HAYEHHAM TEMIIEpa-
TYpBl KPHTHYECK Ol TOUKH KuAKOCTE —ra3 (~ 10* K), seico-
KHM TeMIEpaTypaM Kamerns semects (~ 10° —10* K) n, kax

MPABAMIO, K BRICOKAM TeMIepaTypam miasnerns (~ 10° K)
B3aHMOIEACTBHE BO3HHKAET MHIIL B CAeVIOMIEM MOPAIKE

BOIMYIIEHHI — 3T0 QUIVKTYAIHOHHOE AHIOIb-IHIIONABHOE
(BaH-Iep-BadTbCOBO) B3auMoaeicTBHe. [loTeHUBAT NprTH-

. 5 -
#enua mpu 3toM U(R) ~ r; [R®, tne ry — 3ddexTnpnstit
pasmep aTomMa, R — MekaTOMHOE PACCTONHHAE, T.€. MEHbIIEE

KYIOHOBCKOrO B (ry/ R)” pas. Jlns nueprHbx razos R/ry ~ 3
B pesynbTare HHEPTHHE ra3bl # OOMBLIKHCTBO MOJIEKY-
JAPHBIX BEIIECTE HMEKOT HHIKHE TEMTIEPATVPH! KHMEHHS (K
TeMIEPATYPH! KPHTHHECKHX TOeK KuKocTh—1a3): ~ 10F K,
i COOTBETCTBEHHO HIIKHE TEMIEPATYPE IUIABJEHHS.
~ 10-10° K (cm. puc. 2 1 3). TIpn HOPMATEHEX YCT0BHAX
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Pamc. 3. /lnanasonsl 3Hepruil CBAIH B PAcUeTe HA ATOM H COOT BETCTBYIO-
HE JIHAMATOHE TEMTEPATYP IIABICHHA W KHIEHHSA [19 BEMIECTE C
PAIHEIMH THIAME CBAH (3) "CHUELHAS" (KOBANCHTHAN, METAIUIHYECK AR,
HOHHAA) CB A3k, (0) BOAOPOIHAR CBAL, (B) "crafas " (MONER YA pHAS, BaH-

JEP-BAANECORA) CB AL



HMrak, obbpexTamMi HoCHeOOoBAHHA (QH3IHEH B OCHOBHOM
ABJIAKOTCH CTADHIBHEIE (DA3E] AEMEHTAPHEIN BELISCTE H
NPOCTEIX COSOHHSHHI, B TO BpeMA KAk XHMHA HOCJEIVET,
IMABHEIM 0Dpa3oM, METACTADIWIEHEIE (DALl CIIOXKHBIX COSIH-
AcHAl. [IpobnemMel H He IOopasyMeHHs ODBMHO BOIHAKAKT B
NOrpaHA9HOH 00IacTH NpH HCCNeOOBAHHH (PA30BLIX NEpe-
XOO0B B MOJIEKYIAPHBIX BEIISCTBAX HA OCHOBE CO¢IHHEHMI
JIETENX 3JIEMEHTOB, BEJIHYAA NPOCTHIE COSIHACHAA B CHCTEME
C—O-N-H. Beugy OTHOCHTEIEHOH NPOCTOTE JaHHBIX
CoeNHHEHHH (HIHNKH HX pPACcCMaTpPHBAKT EKak "CBOH"
ODBEKTE], 3a49acTYH HE NMOJO3PEBad, 4T0 NOJABIAHOIISE
OONBIMAHCTBO KOHISHCHPOBAHHLIX a3 3THX COeIHHSHHIN He
ABJAKO TCH TEPMOIHHAMHYECKH PABHOBECHEIMH COCTOAHHAME.

KAFOUEBDBIE CAOBA - BBICOKHUE
ODHEPI'ETHUUECKUE BAPHBEPDI
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Pac. 1. MEHIMYME! B KORQHUTYPAIMOHROM NPOCTPARCTRE, OTBEYAKOIIHE
METACTAOHILHEIM (KHEETHYSCKHM) B CTa0RILHELIM cocTOARMAM das. [Tpr
IOMEHSHHH TEMIEPATYPh B JABJICHHS BOIMOXHLL 0OpaTHMLE npenpa-
[ECHH S MEAY PALTHYHLIMI MeTac TAOHILHEIMA asamie. [Tpr mannennax
H TeMIIEPATYPAX HIKE KPHTHYSCKHX NEPEXO/ B CTADHILHOE COCTOAHNE
HANME HLITIM 3Ha4Ye HreM ceoboano i sneprim I'nboca G 3a axcnepumven-
TAMbHLE Bpemena He NpoHCXOAMT. [lpH JOCTHAEHHH KPHTHYSCKHX
TEMIIEPATYP ¥ JaBICHHA IHepreTHIecKuil Dapuep, oTensiount MeTa-
crabiIbabie (Pasel OT CTAOHALHOrO COCTOSHHSA, YMEHBLINASTCH, H 3a
IKCHEPHME HTANTLHLIE BPEMEHA TIPOHCXOIHT HEODPATHMOS OPEBPAIIHHE
B crabuiIsnyio dasy.
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Low pressure High pressure

Fig. 6.2 Schematic free energy diagram for a reversible high-pressure reaction. R and
P indicate the reactant and product coordinates, respectively.

P P
Low pressure High pressure

Fig. 6.3 Schematic free energy diagram for an irreversible high-pressure reaction. R
and P indicate the reactant and product coordinates, respectively.



Temuepatypa

Japrienue

Puc. 2. OboOmennas ararpaMma npeppamienii Meracrabiibaex (.
Cepast nonoca COOTBETCTEYET 30He BeODpaTHMON penakcaluy MeTacra-
OMILHBIX (a3 B pAaBHOBECHLIE COCTOAHNS W Pal I SeT KBAIH PABHOBEC HYIO
i pasropecayio P, T-obnacti. Buyrpr kaxaol w3 obnacreit nepexo/mt
MEXKAY MeTacTadOMIbHBIMA (azamu (72, 23, 1-3) B CradWIbELBIMA
(hazanvm (4-5) seosworca obparmvmevi. [lpeppamenns 3-4 1 3-5 13
MeTACTADHILHEIX (a3 B CTADINLHLIE COCTOAHH A ABAAFOTC A HEOD pa THMEI -
M.
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Prc. 3. Crobo/mute aneprun I'mbbca G ans yraepojaa, BOJOpOAa W
VIJRBOAOPOIOB NPH BLICOKHX TeMIeparypax (ra’obkie ainl) ¥ HHIKHX
TeMnepaTypax (kowaencapopartbe aiul). IIpe BRICOKHX Temnepary-
pax OOIBIMHHECTBO ra’joBelX (a3l Ha OCHOBE PAVIHUHLIX MOJEKYII
VIJIEBOJOPOAOE SBISKOTCA paBRoBecHbMIL. Tlpr mIkmx Temmeparypax
papHOBECHOH aBaserca Mk cmeck MeTana CHa n rpajgura B coor-
BETCTBYIOIEH NPONOPIHKA, & VIIEBOAOPOALI NPOMEXK YTOYHEIX COCTABOR
CVINECTBYIOT B METACTAOMIILHOM COCTOSHHH, Onarogaps HAUTHYHIO
IHEPre THYECK Or0 Daphepa AN nepexoia B CMECh MeTaHl ~ rpaduT.
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Figure 8. Some possible paths for the polymerization reaction of
acetylene. Paths a—c illustrate the reaction between the acetylene
molecule and a part of the already formed chain.

IV. Discussion

We summarize the experimental results obtained for the
polymerization of acetylene.

1. Polymerization started at 4.2 GPa in the orthorhombic
phase. C=C bonds were formed at the initial stage of the
reaction, and soon saturated C—C bonds were formed.
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FIG. 1. Phase diagram of propene. Empty and full circles are experimental
points relative to the melting from Ref. 18. The melting line, extrapolated
according to the Simon-Glatzel equation,” is drawn as a dotted line above
2.5 GPa to indicate that it is not reliable above this pressure. The isobaric
and isothermal studies performed in this work are indicated by dotted ar-
rows. Empty square indicates the spontaneous polymerization observed in
Ref. 21 at 473 K. Full squares are the threshold conditions for the onset of
the reaction observed in this work. A tentative stability boundary for the
monomer is identified by the full line passing through these points and by
the dashed line that overlaps the melting above 250 K. Stars are the P-T
conditions at which the reaction kinetic was studied.
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Figure 1. Phase diagrams of benzene: (a) suggested by Thiéry and Léger” and (b) proposed by Ciabini et al.®”
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: / Fig. 6.15 A trajectory of the molecular dynamics simulation of the benzene amorphiza-
/’ 78 tion showing the formation of dimers as initiators of the reaction (reprinted by permission
from Macmillan Publishers Ltd: L. Ciabini, et al. Nat. Mater. 6 (2007) 39, Copyright
(2007)).
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Fig. 6.14  Evolution of the benzene amorphization resction on increasing snd relessing
the pressure from the infrared spectrum in the C-H stretching region. The absorption
band marked by the asterisk is related to the formation of the amorphous network.
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Bulk: graphanes synthesized from benzene and pyridine

Figure 1. Typical views of freshly synthesized sample (with @ 5.5 mm and 5.5 mg

wheight) and small splinters ( & 0.2 mm in length) of it when broken.
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Figure 8. Weitgt loss of synthesized samples in the process of decomposition caused

by heating with rate 10 K/min.

a) — well-crystallized graphane, b) - amorphous

hydrocarbon phase, ¢) — polymerie pyridine phase. The curves are shifted along vertical

axis for elarity.
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Bulk graphanes synthesized from benzene and pyridine

Figure 3. Transmisson elecrton microscopy of samples showing different tyvpe of
crystallized areas. a) - crystallization onset, b), ¢) — different grains of graphane
phase (marked by circles in panel b), d) - nanothreads. Typical interatomic distances
in pictures b)-d) are equal to 2.1, 3.6 and 6.5 A respectively.



Transmission

Transmission

Wave number, cm™'

1000 1500

2000

2500 3000 3500

2850 2900 2950 3000

Wave number, em™’

2100 2200 2300

Wave number, em”’

Transmission

Table 1. Positions, full width at half maxima parameter (in em~') and relative
intensity of Lorentzians used for fitting of absorption bands of valence bonds oscillations
in samples: 34 (C-H, rows 1-5) and 37 (C-D, rows 6-7). Last two columns are
predicted peak positions and attribution of C-H bonds in hydrogenated amorphous
carbon films according to [33].

Exp. Pos. FWHM Rel. Intensity Theor. Pos. Config.
1 2856 20 9 2855 sp? CHs (s)
2 2875 44 16 2870 sp® CHj (s)
3 2929 52 58 2015 sp® CH
4 2062 22 7 2925 sp® CH; (a)
5 2074 50 10 2960 sp® CH, (a)
6 2115 104 37
7 2213 129 63

Transmittance

T X T L T ¥ T E T Y T T T %
pure ethanol

sample in ethanol

absorption edge

200 250 300 350 400 450 500 550 600
Wavelength (nm)

Figure 7. Transmission spectra used for optical gap measurements. Baseline of pure
ethanol and signal from samples with different concentrations of powdered graphane
are shown.
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gap, and a random symmetry-breaking potential also
created tails in the density of states.

Table 1 Predicted energy per atom in unit cell, cell
parameter values, and carbon-carbon distances for
graphene and chair-like and boat-like graphane,
respectively [60]

Graphene  G-chair G-boat

Enerqy (Ha} (1 Ha= 27211 &V) 30468 30941 ~30938
Lattice parameters: a (5\‘, 2465 2540 4346
b (A) 2465 2540 2509
v(*) 120 120 50
C-C bond length (A) 1423 1537 1581, 1537

Note, lattice constant {or called the lattice constant) means the cell length,
namely each parallelepiped unit side, he is the crystal structure of an
J important basic parameters,

Figure 2 The diagram of graphane layer [41].
\

.
chair(UDUDUD)  stirrup(UUUDDD)  twist-boat(UUDUDD) chair SL‘imiP, lW‘isl:boal .
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Figure 6 Schematic diagram of six possible hydrogenated graphene configurations (a) and graphane crystal structures (b).

(a) Configurations with equivalent hexagonal hydrocarbon rings. (b) side and top views of graphane crystal structure with chair, stirrup,
twist-boat, boat-1, boat-2, and tricycle configurations, respectively. The red and blue balls correspond to carbon atoms with up and down
Lh\,'droqenaﬂ:m, respectively, and the white balls are hydrogen atoms [70L
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Figure 6. Perspective view of single hydrocarbon sheet proposed here as a simplistie
structural model. Grey balls stand for carbon atoms, white ones — for hydrogen. Green
bonds represent lonsdaleite type bonds, and red ones mark the directions ( “ridges and
valleys” or B-type bonds) where A-type graphane sheet (grey network) is broken. The
actual unit cell of the erystal consists of two such sheets shifted by a half bond length
along the e axis.

nanometers in size) crystalline grains of an sp®-bonded graphane lattice (3-cycle-4-
step, the orthorhombic structure with Pbca space-group and parameters a = 9.5-9.8 A
b=18991A, ¢=17.1-17.3 A). The main hydrogen groups in samples are C-H groups
connected by aliphatic bonds. The synthesized graphanes at atmospheric pressure are
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Figure 9. XRD patterns of samples doped with Li and Fe.

Fig. 2 - Photos of the quenched samples after recovery. (a) Acenaphthene quenched products at 7 GPa and 773 K; (b)
phenanthrene quenched products at 7 GPa and 773 K; and (c) naphthalene quenched products at 7 GPa and 1073 K covered by
the platinum capsule. (A color version of this figure can be viewed online.)
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BEIBOABI

1.MoaAexkyasapHBIE COCAMHEHHNA HA OCHOBE ACTKUX
9AEMEHTOB B OOABIIIHHCTBE CBOEM ABAAIOTCA
METACTAOMABHBIMH ¥ CYIIECTBYIOT 34 CYET CHABHOIO
BHYTPHAMOAEKYAAPHOIO B3aNMOACHCTBHA.

2. Ilpn Beicoknx Aapaennax (1-100ITIa) mrorme
MOAEKYAAPHBIE COEAMHEHHA HEOOpaTHMO
IPEBPAIIAIOTCA B HOBbIE IIOAMMEPHBIE MOAMDHURAIINH,

3. OTKpBITHE STUX MTOAUMEPOB AACT TOACKAZKY» AAA
KAQCCHYECKOMN XHMHH O TOM, YTO TAKHE BEIECTBA MOIYT
OBITH IIOAYYEHB B D€3 AaBACHMA,



Boaopopnan ceass

Bojopoanne
CBATH

et &

Puc. 4. Bogopoinie CBsS3H Mek1y MOJIEKYIAMH BO.

icae puc. 3). OcobeHHOCTE BOOOPOIHOH CBAIH COCTOHT B
TOM, 9T0 ATOM BOJOPOIA, BXOOAIIHI B COCTAR OJHOH
MOJISEVIRL, 0bpaizver BTopyvio Domee cmabyio CBA3ER C aTo-
MOM IPVIOH MOMEKVIEL JTOT aTOM JOMTEEH HMETh BRICO-
EVE0 3MeETPOOTPHIATETBHOCTE H HENMOJETEHHVED (He y4a-
CTEVIOLIVED BO BHYTPHMOJIEKEYTAPHON XHMHYECKOH CBAIH)
anekTpoHEYID mapy (F, O, N). TunuaHeIME npHMepaMi
BEIIECTE ¢ BOJOPOIHEMH CBA3IAMH ARAmtoTca Boga, HF,
CHHpPTRL, raHuepHH (puc. 4). IlepBoHaganbHO BOTOPOIHAS
CEA3L PACCMATPHBAMTACE KAK MPEeHMYIIECTBEHHO 3MEKTPO-
CTATHYIECKAA CBAIb MEEIV MOJEKVIaMH, OJHAKO 3aTeM
OBLTO YCTAHORIEHO, 9TO B 00OpaioBaHUH BOJOPOIHON CRAIN
BONBIIYEY POME HTPAET JOHOPHO-AKIENTOPHLIH MEXaHHIM,
T.€. MPOUCXOIAT YaCTHYHLIH MEPEH0C 3APATA 0T HEMOIeTEH-
HOH 3MeKTPOHHON MAapel 3JeKTPOOTPHUATEIRHOTO ATOMA
OIHOH MOTEKY IRl K |s-opburams wora H™ [4-6].

D amam ammr o Anernar n Trmoss s uTTrr oo TGO ST ST SRS T

LiF a

B

Puc. 5. Kavecrpennas kapruna pacnpeaenenus wiek TPOHHO# IIOTHOCT H
smonexynax HF u LiF (a) n munoctpams "reomerprueckoro” dakropa
npH 00pa3oBAHMH HOHHBIX KPHCTAJUIOB H HEMOYEYHBIX CTPYKTYp €
BOAOPOAHBIME CBS3A MK (6).
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Puc. 6. MunocTpammst paniiemimdx THmon rnl peasamne m payinimoi

YraepoAHBIE CTPYKTYPEL

Ky Gmmecn wit s

a=~ 240

O, 1282 m

0, 1379 um

0,1207 nm

Kymy menonmai
knpOun

RAICHTHOCTH R YIACPOAHWX CTPYKTYPAX.
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Prc. 9. Mnmocrpamus ofpasopanns o- H T-CBAZEH B YIJIEPO/HBIX
Moarprkanmix ¢ sp -rubpuauzanueit (rpadut, nanoTpydku, dyinepe-
HEl). T-CBS3L J(MeKTHRHA NHINL OPH MATBIX MEKATOMHBIX Paccros-
HHSAX.



YraepoAHBIE CTPYKTYPEL

Puc. 7. "Herpaguusonnse” yriaepoausie MoardHKaKE: (a) Monekyna
tymepena Cgq, (6) Monexyna dymepena Cy, (B) nanorpydka, (1) yr-
JiepoAnas NAOCKOCTE — I'pader.

Puc. 8. ['moTermveckne yriepoinsie cTpykTypet (a) Ré-sp*crpykrypa [10]. (6) BCT-8-sp><crpykrypa (10). (8) yriepoanse mmapuntst [11-13),
(r) Hé-spXctpyxrypa (14, 15], (1. €) TpéxmepHble KOMOHHHPOBAHHEIE SP-sp2-CTPYKTYp [16], (%) KBazwABYMEpHEIE KOMGHHHPOBAHHEIE SP-Sp2-
CTPYKTYpH! (rpadmnnt) [17).




Opraangeckme BEMECTBA — YTACPOAHBIE
CTPYKTYPEI C BOAOPOAHBIMY CBAZAMMU

® Heopranmaeckne coeamnenns — 450 000
B Oprannygeckue coeamnenus — 35 000 000

B CAoxHasA OpraHu9YecKas XUMHus, OHOAOTHS U
AKUBasA MaTepus cymecTsyer B Ananazone 100-

1000 K; 0 -1 ITIa



