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STRUCTURE-SENSITIVE MECHANISMOF NANOGRAPHENE FAILUREE. F. Sheka a*, N. A. Popova a, V. A. Popova a, E. A. Nikitina a;b, L. H. Shaymardanova aaPeoples' Friendship University of Russia117198, Mos
ow, RussiabInstitute of Applied Me
hani
s, Russian A
ademy of S
ien
es119991, Mos
ow, RussiaRe
eived July 10, 2010The quantum-me
hano
hemi
al-rea
tion-
oordinate approa
h has dis
losed atomi
ally mat
hed pe
uliaritiesthat a

ompany the deformation�failure�rupture pro
ess o

urring in nanographenes. The high sti�ness of thegraphene body is provided by the benzenoid unit. The anisotropy of the unit me
hani
al behavior in 
ombinationwith di�erent 
on�gurations of the unit pa
king with respe
t to the body C�C bond 
hains forms the groundfor the stru
ture-sensitive me
hanism of the me
hani
al behavior that is drasti
ally di�erent for two di�erentdeformation modes. The zig-zag deformation mode is parti
ularly manifested with the formation of one-atom
hains. The approa
h allows tra
ing a deformation-stimulated 
hange in the 
hemi
al rea
tivity of both thenanographene body and its individual atoms.1. INTRODUCTIONIn 
ontrast to real physi
al experiments, when
hanging the obje
t shape under loading is monitored,
omputational experiments usually deal with the totalenergy response to the obje
t shape deformation thatsimulates either tension and 
ontra
tion or bending,s
rewing, shift, and so on. As regards graphene and
arbon nanotubes (CNTs), whose me
hani
al proper-ties are amenable to experimental study with di�
ulty,the 
omputational experiments takes on great signi�-
an
e.Numerous works devoted to the 
al
ulation of me-
hani
al properties of nanographenes and CNTs under-lie two approa
hes, the 
ontinuum and atomisti
 ones.The 
ontinuum approa
h is based on the well-developedtheory of elasti
ity of 
ontinuous solid media appliedto shells, plates, beams, rods, and trusses. These arestru
ture elements used for the 
ontinuum des
ription.Nanos
ale 
ontinuum methods (see Refs. [1�5℄ and thereferen
es therein), among whi
h those based on thestru
tural me
hani
s 
on
ept [6℄ are the most devel-oped, have shown the best ability to simulate nanos-tru
ture materials. In a

ordan
e with this 
on
ept,CNT and graphene are geometri
al framelike stru
-*E-mail: sheka�i
p.a
.ru

tures where the primary bonds between two nearest-neighbor atoms a
t like load-bearing beam members,whereas an individual atom a
ts as the joint of the re-lated beams [7�10℄.The basi
 
on
ept of the atomisti
 approa
h 
on-sists in obtaining me
hani
al parameters of the obje
tfrom results of the dire
t solutions of either the Newtonmotion laws [10; 11℄ or the S
hrödinger equations [12�14℄ under 
hanging the obje
t shape following a par-ti
ular algorithm that simulates a the desired deforma-tion type. Me
hani
al properties are revealed from thestrain energy Es(") = Etot(")�Etot(0); (1)where Etot(0) and Etot(") are the total energies ofthe unloaded sample and of the sample subje
ted to" strain. The stret
hing algorithms are subordinatedto the manner of the obje
t stru
ture presentation.For example, the main platform of the density fun
-tional theory (DFT) 
al
ulations 
onsists in treatingall stru
tures having a super
ell geometry using theperiodi
 boundary 
onditions. The sample stret
hingis a
hieved by in
reasing the optimized latti
e 
onstant
 of the super
ell in a regular manner and by uniformlyexpanding the atomi
 stru
ture obtained from previousoptimization. Not the energy itself, but for
es applied695
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ome the main goal of 
al
ulations. Withinthe DFT te
hnique, the tension for
e is determined asFT = ��Es(")�
 : (2)These for
es are subsequently input into the relationsof ma
ros
opi
 linear theory of elasti
ity and lay thefoundation for the evaluation of mi
ro-ma
ros
opi
 me-
hani
al parameters su
h as the Young modulus E, thePoisson ratio �, and so on. We note that the pa-rameters E and � obviously di�er from those deter-mined within the 
ontinuous approa
h, and their 
oin-
iden
e is purely a

idental. The modern translation-boundary-
ondition DFT approa
h is solid-state by na-ture, whi
h is parti
ularly 
lear from its extension tothe 
ase of phonon instability of the graphene body [2℄,parti
ularly in the manner of phonon mode softe-ning [15℄. This o�ers an additional dynami
 view onthe graphene failure me
hanism from the standpoint ofphase transitions.In this paper, we suggest to go beyond the solid-sta-te approa
h as well as beyond the 
onventional ener-gy-strain-response 
on
ept and to 
onsider the me
ha-nism of the tensile deformation leading to the failureand rupture of a nanographene body in the 
ourse of ame
hano
hemi
al rea
tion o

urring with this ma
ro-mole
ule. A similarity between me
hani
ally indu
edrea
tions and the �rst-type 
hemi
al ones, �rst pointedout by Tobolski and Eyring more than sixty yearsago [16℄, suggests the use of a well-developed quan-tum-
hemi
al approa
h of the rea
tion 
oordinate [17℄in the study of the atomi
 stru
ture transformation un-der deformation. First applied to the deformation ofpoly(dimethylsiloxan) oligomers [18℄, the approa
h hasrevealed a high e�
a
y in dis
losing the me
hanism offailure and rupture of the 
onsidered polymers.2. MECHANOCHEMICAL INTERNALCOORDINATESThe main point of the approa
h is in the de�ni-tion of the rea
tion 
oordinate. In 
hemi
al rea
tions,that 
oordinate is usually sele
ted among the internalones (valen
e bond, bond angle, or torsion angle) oris presented as a linear 
ombination of them. Sim-ilarly, me
hano
hemi
al internal 
oordinates (MICs)were introdu
ed as modi�ed internal 
oordinates de-�ned so as to allow spe
ifying the 
onsidered deforma-tional modes [18; 19℄. The MICs thus designed have tomeet the following requirements.1. Every MIC is a 
lassifying mark of a deforma-tional mode: uniaxial tension and 
ontra
tion are de-

s
ribed by linear MICs similar to valen
e bonds, ben-ding is 
hara
terised by a MIC similar to the valen
eangle, and s
rewing is attributed to MICs similar totorsion angles.2. Every MIC is determined in mu
h the same wayas the other internal 
oordinates ex
ept a set of spe-
ially sele
ted support atoms.3. The MIC relevant to a parti
ular deformationalmode is ex
luded from the quantum-
hemi
al optimiza-tion pro
edure in seeking the minimum of the totalenergy.4. A response for
e is determined as the residualgradient of the total energy along the sele
ted MIC.This logi
 is di
tated by the general ar
hite
ture ofthe 
onventional quantum-
hemi
al software, where thefor
e 
al
ulation (more spe
i�
ally, the total energygradient 
al
ulation) is the key pro
edure.Implementation of the MIC 
on
ept in the frame-work of DYQUAMECH software [20℄, whi
h is basedon the Hartree�Fo
k (HF) unrestri
ted version of theCLUSTER-Z1 
odes exploiting advan
ed semiempiri
alquantum-
hemi
al methods [21℄, provides (i) an MICinput algorithm, (ii) 
omputation of the total energygradients in both the Cartesian and internal 
oordi-nates, and (iii) an optimization performan
e in the in-ternal 
oordinates. Additionally, the program retainsall features of the unrestri
ted broken symmetry (UBS)approa
h, parti
ularly important for odd ele
troni
 sys-tems of CNTs [22℄ and graphene [23℄. We note that allDFT 
al
ulations, ex
ept the re
ent one in [14℄, wereperformed in the framework of restri
ted versions of theprograms that do not take the graphene odd-ele
tronspins into a

ount and hen
e ignore the 
orrelation in-tera
tion between these ele
trons. The pe
uliarities ofthe graphene odd-ele
tron behavior are related with a
onsiderable extension of its C�C distan
es, whi
h inturn 
auses a noti
eable weakening of the odd-ele
tronintera
tion and thus requires taking the 
orrelation in-tera
tion between these ele
trons into a

ount [23℄.3. CALCULATION OF THE RESPONSE FORCEThe for
es, whi
h are the �rst derivatives of theele
tron energy E(R) with respe
t to the Cartesian 
o-ordinates R of an atom, are determined as [20℄dEdR = h�j�H�R j�i + 2h ���R jH j�i+ 2h ���P jH j�idPdR ; (3)where � is the ele
tron wave fun
tion of the groundstate, H represents the adiabati
 ele
tron Hamilto-nian, and P is the nu
leus momentum. Derivatives aredetermined for �xed atomi
 positions. In 
al
ulating696
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hanism : : :(3), a quite e�
ient 
omputational te
hnique suggestedin [24℄ was used. The DYQUAMECH algorithm of thefor
e determination 
on
erns for
es applied to ea
h ithMIC. These partial for
es Fi are used afterwards for de-termining all the sought mi
ro-ma
ros
opi
 me
hani
al
hara
teristi
s related to uniaxial tension, i. e., responsefor
e F , F =Xi Fi; (4)stress �, � = FS = 1SXi Fi; (5)where S is the loading area; the Young modulus E�,E� = �="; (6)where " = �Li=L0 is the strain, L0 is the initial MIClength and �Li is the elongation of the ith MIC and isidenti
al to all MICs in the 
urrent experiment; sti�-ness 
oe�
ient k, k = F=�Li: (7)A 
ompleted 
omputational 
y
le provides the fol-lowing data.Mi
ros
opi
 
hara
teristi
s that in
lude (i) theatomi
 stru
ture of the loaded graphene body at anystage of the deformation in
luding bond s
ission andpost-breaking relaxation; (ii) the strain energy Es,Eq. (1), and both total (4) and partial response for
es;(iii) mole
ular and atomi
 
hemi
al sus
eptibilities ofthe body expressed in terms of the total ND and atom-i
ally partitioned NDA numbers of e�e
tively unpairedele
trons [25℄. Be
ause both the UBS HF in the 
ur-rent study and the spin-polarized DFT in [14℄ belong tosingle-determinant te
hniques [22; 25℄, the appearan
eof a nonzero number of e�e
tively unpaired ele
tronsis just another fa
e of the spin density � determinedin [14℄. Both values are just a manifestation of thespin-mixed 
hara
ter of the singlet UBS solutions. It isunrelated to the magneti
 properties of the obje
t [23℄stated in [14℄, but 
an be self-
onsistently used to de-s
ribe the rea
tivity of the obje
t atoms. The energy,for
e, ND, and(or) NDA versus elongation dependen
esexhibit me
hani
al behavior of the obje
t at all stagesof the deformation 
onsidered at the atomi
 level. Thelast two dependen
es represent 
hanges in the 
hemi-
al a
tivity of the body and its atoms in the 
ourse ofdeformation.Mi
ro-ma
ros
opi
 
hara
teristi
s involvestress�strain interrelations in terms of Eqs. (5)�(7)that allow introdu
ing 
onvenient me
hani
al parame-ters similar to those of the elasti
ity theory.

4. GRAPHENE AS A SUBJECT OFMECHANICAL DEFORMATIONFrom the me
hani
s standpoint, the benzenoidhexagon stru
ture of graphene raises two questions 
on-
erning (i) me
hani
al properties of the benzenoid unitin and of itself and its me
hani
al isotropy in parti
-ular, and (ii) the in�uen
e of the unit pa
king on theme
hani
al properties of graphene as a whole. Conven-tionally, the me
hani
al properties of benzenoid unitsare assumed to be 
ompletely isotropi
 due to thehigh symmetry of the unit stru
ture [1�4℄. But asshown re
ently [23℄, the unit exa
t symmetry in realnanographenes is mu
h lower than D6h, and hen
e thesuggestion of its me
hani
al isotropy is rather ques-tionable. Moreover, the 
on
lusion about me
hani
alisotropy does not follow from the stru
tural symmetryof the obje
t be
ause the obje
t rupture is related withthe s
ission of parti
ular 
hemi
al bonds whose 
hoi
eis dependent on the applied stress dire
tion. To 
he
kthe predi
tion, we 
onsider the tensile deformation ofthe benzene mole
ule subje
ted to two uniaxial tensionmodes, referred to as zig-zag (zg, along the C�C bond)and arm 
hair (a
h, normal to the C�C bond). Thesenames have obviously been 
hosen in anti
ipation of zgand a
h edges of a re
tangular graphene sheet or rib-bon. These and further 
al
ulations were performed byusing the PM3 version of the DYQUAMECH program.5. TENSILE DEFORMATION AND FAILUREOF THE BENZENE MOLECULECon�gurations of two MICs related to the a
h andzg deformation modes are shown in Fig. 1. The defor-mation pro
eeds as a stepwise elongation of the MICswith the in
rement ÆL = 0:05Å at ea
h step, su
h thatthe 
urrent MIC length is L = L0 + nÆL, where n isthe number of the deformation steps. One end of ea
hMIC is �xed (on atoms 1 and 2 or 1 and 5 in the 
aseof a
h or zg modes, respe
tively). Consequently, these
Fig. 1. Two MICs of an uniaxial tension of the benzenemole
ule for the a
h and zg deformational modes. Thetwo values of L0 nominate the initial lengths of theMICs while F1 and F2 number the response for
es697
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Fig. 2. Mi
ros
opi
 
hara
teristi
s of the benzene mole
ule deformation. Figures near the 
urves in panels 
 and d 
orrespondto the atom numbers on the inserted stru
turesatoms are immobilized, while atoms 5 and 6, and 2 and6 move along the arrows and thus provide the MIC su
-
essive elongation, but do not parti
ipate in the opti-mization pro
edure at ea
h elongation step. Figure 2presents the two modes of elongation response of thetotal response for
e F in terms of Eq. (4) (Fig. 2a) andthe total ND (Fig. 2b ) and partial NDA numbers ofunpaired ele
trons (Figs. 2
 and 2d).As 
an be seen in Fig. 2, the me
hani
al behaviorof the mole
ule is highly anisotropi
. The for
e-elon-gation dependen
e shown in Fig. 2a di�ers both in theinitial linear region and at the �nal steps, exhibiting a
onsiderable extension of the failure zone in the 
ase ofthe zg mode in 
omparison with the a
h one. Linearelasti
 behavior is highly restri
ted and is limited to the�rst one or two deformation steps. Even more radi
aldi�eren
e is illustrated in Figs. 2b�2d, indi
ating a dif-feren
e in the ele
troni
 pro
esses that a

ompany themole
ule failure. Obviously, these features are relatedwith the di�eren
e in the MIC atomi
 
ompositions re-lated to the two modes, whi
h results in the di�eren
ein the stru
ture of the mole
ular fragments formed un-der rupture. For the zg mode, two MICs are alignedalong the C1�C6 and C3�C4 mole
ular bonds, and twoatomi
ally identi
al three-atom fragments are formedunder rupture. For the zg mode, the MIC elongationis immediately transformed into the bond elongation.The C�C bond length 1.395Å of the unstrained ben-zene mole
ule is just a bordering value, ex
eeding whi
hviolates the 
omplete 
ovalent 
oupling of the mole
uleodd ele
trons of two neighbor 
arbon atoms and 
auses

the appearan
e of e�e
tively unpaired ele
trons [25℄.That is why the in
rement value 0.05Å is signi�
antenough for the appearan
e of unpaired ele
trons even atthe �rst step of elongation. The bond breaking o

urswhen the elongation rea
hes 0.2�0.3Å (these values de-termine the maximum position of the for
e-elongationdependen
e in Fig. 2a), but the two three-atom radi
alsare stabilized only when the elongation ex
eeds 1.2Å(see Fig. 2d).In the 
ase of the a
h mode, the 
orrespondingMICs 
onne
t atoms 1 and 5, and 2 and 6, and hen
eonly about 40% of the MIC elongation is transformedinto that of ea
h of the two C�C bonds that rest onthe MIC. This explains why NDA values on all 
arbonatoms are quite small in this 
ase (Fig. 2
) until theMIC elongation �L su�
es for bond breaking. A
tu-ally, the bond breaking is not an instant pro
ess and, asis seen in Fig. 2a, it starts at �L = 0:3Å and ends at�L = 0:6Å. Two-atom and four-atom fragments areformed when the mole
ule is broken. At the rupturemoment, the two-atom fragment is a stret
hed a
ety-lene mole
ule, whi
h is assompanied by the presen
eof unpaired ele
trons on atoms 5 and 6 (see Fig. 2
)be
ause the C�C bond length ex
eeds a 
riti
al valueabove whi
h the 
ovalent 
oupling of odd ele
trons is in-
omplete. However, further relaxation of the mole
ulestru
ture at larger elongation shortens the bond, pla-
ing it below the 
riti
al value, and the unpaired ele
-trons disappear. The se
ond fragment is a biradi
alwhose stru
ture is stabilized at �L = 0:9Å.Therefore, the zg and a
h modes of the tensile de-698
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ture-sensitive me
hanism : : :Table. Mi
ro-ma
ros
opi
 me
hani
al 
hara
teristi
s of benzene mole
ule and (5,5) nanographene1)Criti
alelongation, nm Criti
al for
e ofresponse F
r, 10�9 N Stress �,109 N/m2 Sti�ness
oe�
ient k,N/m Young'smodulus E�,TPaBenzene zg mode 0.27 12.54 153.72 46.46 3.2Benzene a
h mode 0.38 9.82 206.31 25.84 4.23(5,5) graphenezg mode 1.47 45.08 116.18 30.66 1.14(5,5) graphenea
h mode 1.50 50.09 129.11 33.40 1.20H-terminated (5,5)graphene zg mode 1.38 47.29 121.89 34.27 1.33H-terminated (5,5)graphene a
h mode 1.56 54.53 140.53 34.95 1.241) The 
riti
al elongation 
orresponds to the position of the �rst zero values of the response for
e �rst derivative overthe elongation. Stress and sti�ness 
oe�
ients are determined at the 
riti
al response for
e. The Young moduli aredetermined as slope-angle tangents of the stress�strain 
urves at the �rst steps of deformation.formation of the benzene mole
ule o

ur as absolutelydi�erent me
hano
hemi
al rea
tions. Besides the dif-feren
e in the mi
ros
opi
 behavior, the two modesare 
hara
terized by di�erent me
hani
al parametersin terms of Eqs. (4)�(7), whose values are given inTable. Taken together, the obtained results are evi-den
e of a sharp me
hani
al anisotropy of the benzenemole
ule in the dire
tion of the load appli
ation andof an extremely high sti�ness of the mole
ule. A
tu-ally, the 
onsidered deformational modes of the benzenemole
ule do not exa
tly reprodu
e similar situations forbenzenoid units in CNTs and graphene, but the zg anda
h edge-stru
ture dependen
e of the me
hani
al be-havior of both CNTs [2; 26; 27℄ and graphene [4; 28; 29℄is largely determined by the me
hani
al anisotropy ofthe benzene mole
ule.6. TENSILE DEFORMATION OFNANOGRAPHENEThe benzenoid pattern of graphene sheets and theregular pa
king of units predetermine the 
hoi
e of ei-ther parallel or normal MIC orientation to the 
hain ofC�C bonds, similarly to those introdu
ed in studyingthe benzene mole
ule. In the re
tangular nanographenesheets and nanoribbons, the parallel orientation 
orre-sponds to tensile deformation applied to the zg edges,while the normal one should be attributed to the a
hedges. The MIC 
on�gurations of the a
h and zg ten-sile modes of the (5,5) nanographene sheet are pre-sented in Fig. 3. The 
omputational pro
edure wasfully identi
al to the one des
ribed above for the ben-zene mole
ule, with the only di�eren
e in the step in-

Fig. 3. Six MICs of uniaxial tension of the (5,5) na-nographene for the a
h and zg deformational modes

Fig. 4. Stru
tures of the (5; 5) nanographene under thesu

essive steps of the a
h deformation regime. Figu-res mark the step numbers
rement ÆL = 0:1Å. The loading area is determined asS = DLz(a)0 , where D = 3:35Å is the Van der Waalsdiameter of the 
arbon atom and Lz(a)0 is the initiallength of the MICs in the 
ase of zg (a
h) modes.699
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Fig. 5. The same as in Fig. 4 for the zg deformationregime6.1. The a
h mode of graphene tensiledeformationFigure 4 presents stru
ture images of the sele
tedset of deformation steps. The sheet is uniformlystret
hed in the 
ourse of the �rst 14 steps, and the�rst C�C bond breaking o

urs at the 15th step. Thebreaking is 
ompleted at the 17th step and the �nalstru
ture transformation looks like that o

urring ata similar deformational mode of benzene: the sheet isdivided into two fragments, one of whi
h is a shorte-ned (5,4) equilibrated nanographene and the other isa polymerized 
hain of a
etylene mole
ules transferredinto the 
arbine C=C bond 
hain.6.2. The zg mode of graphene tensiledeformationFigure 5 presents the stru
ture image of the sele
tedset of su

essive deformation steps revealing an ex
iting

pi
ture of a pe
uliar failure of the graphene body withso drasti
 a di�eren
e in details 
ompared to the a
hmode that only a simpli�ed analogy 
an assist in a 
on-
ise des
ription of the pi
ture. The failure of tri
otageseems to be a proper model. A
tually, as known, thetoughness of a tri
otage sheet and the manner of its fai-lure depend on the dire
tion of the applied stress andthe spa
e 
on�guration of its stit
h pa
king. In thislanguage, ea
h benzenoid unit presents a stit
h, andin the 
ase of the a
h mode, the sheet rupture is both
ommen
ed and 
ompleted by the rupture of a singlestit
h row. In the 
ase of the zg mode, the ruptureof one stit
h is �tugging at thread� the other stit
hesthat are repla
ed by a still elongated one-atom 
hainof 
arbon atoms. Obviously, this di�eren
e in the me-
hani
al behavior is related to di�erent 
on�gurationsof the benzenoid pa
king with respe
t to the body C�Cbond 
hains.6.3. A 
omparative study of the a
h and zgmodes of the graphene tensile deformationThe di�eren
e in the stru
tural pattern of the twodeformation modes naturally leads to the di�eren
e inquantitative 
hara
teristi
s of the me
hani
al behaviorin these two 
ases. Figure 6 shows the strain energy Es,the total response for
e F , and the total number NDof e�e
tively unpaired ele
trons for both deformationmodes as fun
tions of the elongation�L. In 
ontrast tothe benzene mole
ule with no unpaired ele
trons in theunstrained ground state, the ND value of unstrainednanographene is quite large [23℄. Figure 6
 shows theadditional e�e
t of the C�C bond elongation 
ausedby the tensile deformation and manifests an in
reasein the 
hemi
al a
tivity of the body in the 
ourse ofdeformation.The �rst di�eren
e that follows from the analysis ofthe data in Fig. 6 is a drasti
 shortening of the deforma-tion area under the a
h deformation mode with respe
tthe zg one (the di�eren
e in the �L s
ales in Fig. 6 forboth modes). Obviously, this feature 
arries the pe
u-liarity of the zg and a
h mode behavior of the benzenemole
ule. While the a
h deformation is one-stage andis terminated at the 20th step, the zg deformation ismulti-stage and pro
eeds up to the 250th step followedby the saw-tooth shape of all three elongation depen-den
ies, whi
h re�e
ts a su

essive stit
h dissolution.This last is 
learly seen in Fig. 5 that presents stru
-tures related to the steps 
orresponding to the for
e-elongation teeth maxima. The stit
h dissolution is a
-
ompanied by a su

essive one-atom 
hain formation700
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h
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�L; �AFig. 6. Mi
ros
opi
 
hara
teristi
s of the (5,5) nanographene deformation at zg (left) and a
h (right) deformation modes:(a) strain energy a

ording to Eq. (1); (b ) response for
e as in Eq. (4); (
) the total number ND of e�e
tively unpairedele
trons (see [22℄ for determination)whose 
ra
king at the 249th step 
ompletes the bodyrupture.The formation of a one-atom 
hain under the de-formation of a graphene nanoribbon was �rst observedin mole
ular dynami
s 
al
ulations [11℄. The defor-mation was performed similarly to the 
onsidered zgdeformation mode. The deformation areas 
overedonly a small part of a long ribbon. The next obser-vation of one-atom 
hains o

urred in UBS DFT 
al-
ulations and 
on
erned a big super
ell equivalent to(4,10) nanographene [14℄. As previously, the zg defor-mation mode was studied. Two one-atom fragmentsimplanted in the deformed 
ell body were obtained inthis 
ase. These data taken together with those pre-sented in Fig. 5 suggest that one-atom 
hains 
an bethe main stru
tural pattern of the zg regime of thegraphene body deformation. A
tually, this tenden
ywas re
ently re
orded experimentally [30; 31℄. As 
anbe seen from the �gures presented in these papers and,in parti
ular, in the movie that a

ompanies paper [31℄,experimentally observed formation of one-atom 
arbon
hain o

urs in the manner of the zg regime of the de-formation.

The ND dependen
es shown in Fig. 6
 are 
leareviden
e of the di�eren
e in the me
hano
hemi
al re-a
tions related to the a
h and zg deformation modes.The a
hieved saturation in the ND values by the 21ststep 
learly witnesses the termination of the rea
tionin the a
h 
ase. In 
ontrast, the zg rea
tion pro
eedsfurther with a saw-tooth-like ND dependen
e that ishighly similar to the dependen
e of both the strain en-ergy and response for
e in Figs. 6a and 6b. Importantly,the dis
ussed ND dependen
es re�e
t a quantitative
hange in the 
hemi
al rea
tivity of the graphene bodyunder tensile deformation.7. TENSILE DEFORMATION OFHYDROGEN-TERMINATED(5,5) NANOGRAPHENETermination of the nanographene sheet edges byhydrogen atoms, preserving a qualitative pi
ture ofthe nanographene me
hani
al behavior in general, isdrasti
ally di�erent in the details. Figures 7 and 8present stru
ture images of the sele
ted sets of defor-701
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Fig. 7. Stru
tures of the (5; 5) H-terminated nanogra-phene under su

essive steps of the a
h deformationregime. Figures mark the step numbersmation steps related to the a
h and zg deformation ofthe H-terminated body. As 
an be seen in Fig. 7, thea
h deformation mode pro
eeds similarly to the 
aseof nonterminated graphene and is a

omplished at the20th step. The di�eren
e in the stru
ture of the �nalfragments in Figs. 4 and 7 is evidently 
aused by thepresen
e of hydrogen atoms in the latter 
ase. Stru
-tures 
orresponding to steps from 26 to 35 obviouslyhighlight a 
ompetition between the optimum hydrogensaturation of the split 
arbine 
hain and a strong ten-den
y of the nanographene remainder to be hydrogen-terminated. In 
ontrast to this, the zg mode o

ursquite di�erently in nonterminated graphene, while theone-atom 
hain pattern is 
learly preserved. As 
anbe seen in Fig. 8, the �rst broken C�C bond is lo
atedjust in the 
enter of the body. Further bond s
ission, aspreviously, leads to the formation of a one-atom 
hainof 
arbon atoms of a 
losed shape, whose splitting asa whole (see Fig. 8) from the body edge manifests thetermination of the sheet failure. Although this a
tiono

urred at the 122th step, at a mu
h greater elonga-tion than for the a
h mode, the elongation is twi
e lessthan that of nonterminated graphene. Therefore, thepresen
e of hydrogen terminators shortens the defor-mation area quite signi�
antly.

Fig. 8. The same as in Fig. 7 for the zg deformationregimeFigure 9 presents elongation-dependent responsefor
es related to the a
h and zg deformation modes.The observed dependen
es have mu
h in 
ommon withthose shown in Fig. 6 for nonterminated graphene. As
an be seen in Fig. 9, the a
h deformation mode o
-
urs at one stage similarly to the 
ase of nonterminatedgraphene. The zg deformation mode is multistage aspreviously, and all three elongation dependen
es have a
hara
teristi
 saw-tooth shape. This shape 
hara
ter isevidently related to the formation of one-atom 
hainsin both 
ases. Therefore, the zg deformation mode pre-serves its one-
hain 
hara
ter for both empty-edge andH-terminated graphene bodies. At the same time, thepresen
e of hydrogen atoms 
ru
ially a�e
ts the 
hainshape, thus 
hanging the pla
e of the �rst C�C bonds
ission. This 
auses the transformation of a long linear
hain into a 
losed one.The Table 
olle
ts the main parameters related tothe �rst stage of deformation of all studied samples.As 
an be seen from the table, at this stage, there isan obvious similarity in the behavior of both nontermi-nated and H-terminated sheets under both deformationmodes. In support of this 
on
lusion, Fig. 10 presentsa 
omparative view on the mi
ros
opi
 
hara
teristi
srelated to the two deformation modes of a nontermi-702
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h Fig. 10. The same as in Fig. 9 for the �rst stage of(5,5) nanographene deformation

nated sample. An obvious similarity in the 
hara
teris-ti
 behavior is 
learly seen. The Young modulus dataof nonterminated graphene are within the range de-termined by other 
al
ulations [11℄ and 
orrelate with 1 TPa proposed on the basis of experimental observa-tions [32℄. The hydrogen termination a�e
ts the dataonly slightly. However, we note that the region of elon-gation that supports the linear elasti
 law is rather703
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ases, so that the graphene deformation isnonlinear and nonelasti
 from the very beginning. Atthe same time, the data related to the �rst stage, on
ethe largest, s
ale the loading to be applied to graphenefor its failure to o

ur.Summarizing the obtained results, we 
an state thefollowing:the high sti�ness of the graphene body is providedby the benzenoid unit;the anisotropy of the unit me
hani
al behavior in
ombination with di�erent 
on�gurations of unit pa
k-ing with respe
t to the body C�C bond 
hains formsthe ground for the stru
ture-sensitive me
hanism of me-
hani
al behavior;the stru
ture sensitivity is 
learly exhibited in thedi�erent response of the graphene body to either thezg or the a
h deformation regime;in 
ontrast to on-stage deformation of the a
hregime, the zg deformation mode is multistage and isparti
ularly manifested with the formation of one-atom
hains;the di�eren
e in the behavior of zg and a
h modes
learly 
arries the feature of these modes in the 
aseof the benzene mole
ule. The observed regularities are
ommon for both empty-edge and hydrogen-terminatednanographene. However, hydrogen termination, pre-serving all 
hara
teristi
s of empty-edge graphene inthe 
ase of the a
h deformation mode, signi�
antly in-�uen
es the o

urren
e of the graphene body failure inthe 
ase of the zg mode, thus twi
e shortening the de-formation area and 
hanging the 
on�guration of theone-atom 
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