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We present the results of a study on the dynamic stability of silabiprismanes by means of the density functional theory.
Silabiprismanes present an elementary case of a particular type of silicon nanotubes with an extremely small cross-section,
constructed from dehydrogenated molecules of cyclosilanes (silicon rings). Unlike higher polysilaprismanes, they are formed
by only three silicon rings and described by the chemical formula (Si ),H, . In the presented study, we limited ourselves to the
cases n=>5+7. We focused on a detailed review of the mechanisms of isomerization and decomposition. Configurations of
the corresponding transition states were determined, and the kinetic parameters in the Arrhenius law (activation energy and
frequency factor) were evaluated. Silabiprismanes are found to be much more stable compounds than their carbon analogous.
Their lifetimes at room temperature achieve hundreds of seconds, but at 200 K, their stability increases significantly. Thus, their
lifetimes are sufficiently high for the identifying and studying of silicon biprismanes, but not for their industrial applications.
Therefore, unsubstituted silabiprismanes require lower temperatures of operation, and their applicability is restricted. Although
the general pyrolysis path is the same for all considered cages, its features strongly and non-monotonically depend on n. It is
confirmed that the hexagonal and heptagonal silabiprismanes are much more stable than the pentagonal one. We obtained
the absence of a direct correlation between the thermodynamic and kinetic stabilities of the silicon cages under consideration.
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KBaHTOBO-XMMM4ecKoe MOieTpOBaHNe JMHAMIIeCKOI
YCTOMYMBOCTY KPEMHMEBBIX IPU3MAHOB

Iumanpauuosa M. A.'2, Kouaes A. 1.2, Macios M. M."12

"HaIyoHa/IbHBII UCCIeR0BaTeNbCKUIL AflepHbll YHUBepcuTeT «MM OV », Kamupckoe 1., 31, Mocksa, 115409, Poccusa
*Hay4yHO-MCCIeRoBaTeNbCKIUI MHCTUTYT MPO6IeM pa3BUTIA HAyYHO-00pa30BaTeIbHOrO IOTEHIIMAIA MOIOAEXY,
yn. ABuaropos, 14/55, Mocksa, 119620, Poccusa
*Y/IbSHOBCKMII TOCYAapCTBEHHDI yHUBepcuTeT, yi. JI. Toncroro, 42, YibsaHOBCK, 432017, Poccusa

IIpencraBieHbl pe3y/IbTaThl aHAINM3a AVHAMUYECKOI YCTOMYMBOCTY CHIAOUIPU3MAHOB, IIOJTyYeHHbIE C IOMOIIBIO TeOPUN
¢dyHKIMOHAMA INOTHOCTH. CHIabUIIPU3MaHBbI ABJLAIOTCS 37IeMEHTaPHBIMU IIPefiCTaBUTE/LAMY 0COO0T0 KIacca KpeMHMEBBIX
HAaHOTPYOOK € 9KCTpeMaIbHO MajIbIM [IOIIePEYHbIM CeYeHMeM, IOCTPOEHHBIX U3 IeTUAPUPOBaHHBIX MOJIEKYIT LIK/IOCH/IAHOB
(kpeMHMEBBIX Korel]). B ormiyne oT BBICIINX OMMCUIAIPU3MAaHOB, OHM 00pa3oBaHbI JIUIIb TPeMsI KPEMHUEBBIMU KOJIbIIaMM
Y ONMCHIBAIOTCA Xummdeckoint ¢opmymnoit (Si),H, . B mpencrasnreHHoM mcciefoBaHuy MbI OTPAHMYMIINCDH CTydasMu
¢ n=5+7. B pabore mpepcraBieH MogpOOHBI aHA/IN3 MEXaHN3MOB UX M30MepU3alnn 1 pasnoxenus. Hamu onpenenens
aTOMHbIe KOHQUI'YpaLy COOTBETCTBYIOIVX ITePeXOJHBIX COCTOSHIL 11 OLjeHeHbI TEPMOKIHETIYeCKIIe IIapaMeTphl B 3aKOHe
Appennyca (9Heprys aKTUBaLUU U YaCTOTHBIA (HaKTOP). YCTAaHOBIEHO, YTO CMIAOUIIPU3MAHBL SABIAIOTCA ropasgo 6onee
YCTOMYMBBIMU COENUHEHMAMM, YeM VX YIJIepOIHble aHAJIOIM. BpeMeHa UX XXVM3HM Ipy KOMHATHOI TemuepaType (300 K)
TOCTUTAIOT HECKONbKUX COTeH ceKyHp, mpy 200 K mx cTaOM/IbHOCTD CyIIeCTBEHHO YBelIuM4mMBaeTcsa. TakuM oOpasom,
X BpeMeHa >XM3HU J[OCTATOYHO BBICOKM [yIsI 9KCIEPUMEHTATbHON WUAeHTUDUKALUY ¥ [aJbHENIINX 1abopaTOpPHBIX
UICCIIelOBAaHNII, OJHAKO MOTYT OKa3aTbCsl HESOCTATOYHBIMM /I MX IPOMBIIIIEHHOTO INpyuMeHeHu:A. CregoBaTenbHO,
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HE3aMCIICHHbIC CI/UIa6I/I1'IpI/[3MaHbI Tpe6y10T 6o7mee HUBKUX TEMIIEPATYP IKCIUTyaTauy, M UX IMNPOKOE€ IIPUMEHEHNE
OIrpaHNY€HO. XoTs 061]1]/[]‘/)[ MEXaHM3M NNPOIN3a OANHAKOB /I BCEX paCCMAaTPpUBAEMbIX HAHOCTPYKTYP, €TI0 0COOEHHOCTU
CyI€CTBEHHO I HEMOHOTOHHO 3aBUCAT OT 1. Hamn AOIOTHUTEIbHO ITOATBEPIKAEHO, YTO CI/I]'Ia6I/[HpI/ISMaHbI, IIOCTPOEHHDbIE
"3 MEeCTN- M CEMNYJIEHHBIX KPEMHIMEBDBIX KOJIELL, TOpa3no 6onee YCTOI‘/)[‘II/IBI)I, 9€M T€, KOTOPbI€ IIOCTPOEHDI 13 IIEHTATOHOB.
HPI/I 9TOM, IIpsAMas KOppemanuusa MEXIy TepMOI[I/IHaMI/[‘IeCKOf/I U KUMHETUYeCKOM YCTOI/UI‘II/[BOCTbIO paccMaTprBaEMbIX

KpEMHMEBDBIX KAPKACOB OTCYTCTBYET.

KnroueBsbie cnoBa: CUIATIPU3MAaHbI, IIEPEXOTHOE COCTOAHNE, SHEPTNA aKTUBALN, pa3pyLIEHNE KapKaca, TEOpNA q)yHKLU/IOHaJIa IIVZIOTHOCTIL.

1. Introduction

For traditional carbon materials, the typical value of the
valence angles between two covalent bonds is close to 120°
(sp* hybridization) or 109.5° (sp? hybridization). A significant
deviation of the valence angles from these values usually
results in high strains and low stability of the system.
However, some novel carbon architectures (fullerites [1], curved
nanotubes [2], 4-8 graphene sheets [3], diamond-like phases,
based on nanotubes [4] or graphene [5], hypercubane [6], etc.)
include the valence angles of 90°.

Carbon polyprismanes are the most common class of
materials in which C-C bonds are perpendicular to each
other [7]. They are constructed from two or more flat regular
polygons, which form a prismatic cage. Prism vertices are
passivated by hydrogens to saturate the fourth valence of
carbon atoms. The simplest prismane, hydrocarbon cubane
C,H, with a cubic carbon skeleton, was first synthesized by
Eatonand Colein 1964 [8]. It can be functionalized by different
chemical groups and forms several stable derivatives. Later,
other carbon prismanes consisted of two conjugated triangles
[9] or pentagons [10] were prepared. The feasibility of more
extended prismatic structures consisted of many attached
polygons was predicted by extensive ab initio calculations
[11,12]. According to Ref. [12], the thermodynamic stability
of prismanes monotonically increases with their lengths.

Silicon analogs of carbon prismanes (silaprismanes)
have been also intensively studied. They are more stable than
their carbon counterparts [13]. To date, only some simplest
silaprismanes have been synthesized [14,15]. However,
the structure and properties of higher silaprismanes were
theoretically predicted [16]. It is very surprising that
the rather long “infinite” silaprismanes possess metallic
conductivity, despite their sp*> hybridization [17]. Binding
energies of silaprismanes increases with their lengths [16].
A particular type of aromaticity (“cylindrical aromaticity”)
contributes to their stability [18,19]. Earlier endohedral
silaprismane Si@Si, H,, was assumed to be the lowest energy
Si-H structure [20], because it can be obtained as a result
of self-assembly of small Si-H molecules. However, more
feasible Si-H clusters were found later [21,22]. Therefore,
prismanes and their derivatives are not low-energy isomers
of Si-H systems. Since prismanes are metastable structures,
their cages break at high temperatures. The breaking rate is
defined by the corresponding activation barrier, which can be
considered as a suitable measure of the kinetic stability of the
system. The stability of silaprismanes plays a crucial role in
their practical applications, especially at high temperatures.
In this Letter, we consider silicon biprismanes — the simplest
three-layered prismanes, which are intermediate systems

between classical prismanes and elongated 1D polyprismanes.
We calculate activation barriers for (Si ),H, (n=>5+7) systems
and evaluate their kinetic stability. We chose the n values to
be close to six, because this provides feasible values of valence
angles in polygonal rings of prismane (close to 120°).

2. Materials and methods

Atomic structures of the considered three-layered
silaprismanes (Si ),H, (n=>5+7) are presented in Fig. 1. We
are interested in the activation barrier for the breaking of their
frames at high temperatures. Earlier, the channel of pyrolysis
of the Si H  silaprismane was revealed via molecular
dynamic simulations [23]. According to the mentioned
study [23], cage destabilization starts from the breaking of
the Si-Si bond in the middle hexagonal ring. We adobe the
same mechanism for the other studied silaprismanes. To find
the reaction minimal energy path, we gradually increase the
length of the breaking bond by steps of 0.002 A and freeze
it, whereas all other internal coordinates were optimized
using the standard BFGS algorithm. The configuration with
the highest energy is regarded as the first approximation to
the transition state, corresponding to the top of the energy
barrier. This configuration is further optimized to locate the
transition state more accurately. The Hessian calculation
confirms that the obtained configuration has only one
imaginary frequency. The described approach is suitable for
simple reactions and possesses much better performance
and convergence than the common nudged elastic bands
algorithm. It should be preferably applied when the reaction
mechanism is preliminary known [24]. Energy barrier U is
estimated as the energy difference between the ground and
transition configurations. Frequency factor A is derived
from the eigenfrequencies of the ground and transition
states according to the Vineyard formula [25]:

3N-6
w.
A — Hi:l !
3N-7
[T w
i=1 t

where N=5n is the total number of atoms in biprismane,
3N-6, and 3N-7 are the whole numbers of real
eigenfrequencies w and w' that correspond to the ground
and transition states, respectively.

All quantum chemical simulations were performed
using the density functional theory approach realized in
GAMESS software [26]. Standard B3LYP hybrid functional
[27,28] with 6-31G(d) electronic basis set [29] were used in
all calculations. We keep unchanged all default numerical
thresholds adopted in GAMESS.
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Fig. 1. (Color online) Atomic structures of initial, transition, and final configurations of silicon biprismanes (Si,),H
(¢) during the decomposition. Lilac and white balls depict silicon and hydrogen atoms, respectively.

(Si,),H

14

3. Results and discussions

Schematic paths of silicon cage breaking are presented in
Fig. 1. At the initial stage, one of the Si-Si bonds in the middle
polygonal ring (labeled as /) breaks. Simultaneously, another
bond at the same ring (labeled as ) significantly elongates.
The values of I/ and [, corresponding to the configurations of
the transition state are presented in Table 1. One can see the
irregular and non-monotonic character of their dependence on
n. This fact confirms that the reaction path is determined by the
diameter of biprismane. Finally, the other bonds in the middle
ring break and biprismane transforms into a spherical fullerene-
like cluster, which can contain square, pentagon, hexagon, or
heptagon rings on its surface (see Fig. 1). Note that all bonds
that do not belong to the middle ring remain unbroken.

The values of U and A are also presented in Table 1.
Barriers U are ~1 eV for both Si H , and Si, H,, biprismanes,
and somewhat lower for Si H, cage. All obtained barriers
are much higher than the corresponding values for similar
carbon systems. For example, previously reported barriers
for carbon pentagonal biprismane C _H,  and hexagonal
prismane C_H , are equal to 0.41 [30] and 0.59 eV [31],
respectively. Calculated barriers for silaprismanes are close

(a), (Si,),H,, (b), and

37710 37712

to the barrier for cyclotetracubyl (CH,), (1.1 eV [32]),
which is known as a relatively stable compound. So, silicon
biprismanes are quite kinetically stable. Frequency factors,
calculated from the Vineyard formula, are typical for middle-
sized atomic clusters. Typical lifetimes t of biprismanes
at given temperature T can be evaluated using the kinetic
parameters U and A from the Arrhenius law

e
t=—=exp| —— |,

Ag kT
where k is the Boltzmann’s constant, g is the degeneration
factor, corresponding to the number of equivalent reaction
paths with the same activation barrier U. In our case, there
are n equivalent Si-Si bonds !, in the middle biprismane ring.
Moreover, there are two equivalent bonds [, for each chosen /.
Therefore, we adopt g=2n. Calculated values of t at cryogenic
(T'=200 K) and room (T=300 K) temperatures are also
presented in Table 1. One can see that all considered systems
are sufficiently stable to be synthesized and detected even
at room temperatures. At lower temperatures (T'=200 K),
their lifetimes are long enough for any application, whereas
at the temperature of liquid nitrogen (77 K), lifetimes are
practically infinite.
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Table 1. Binding energies E, of silicon prismanes. Lengths of breaking bonds / and I, and imaginary frequencies of transition state
configurations corresponding to the decomposition of silabiprismanes (Si ),H, . Minimal energy barriers U and frequency factors A for cage
breaking are also presented. Kinetic parameters U and A for the Si H,, system coincide with the previously reported values extracted from
molecular dynamics calculations [23]. Average lifetimes t calculated from the Arrhenius law are given for cryogenic (77 K), low (200 K),

and room (300 K) temperatures.

Prismane n |E, eV/atom L, A L, A w, cm™! U, eV A, s7! t,s(77K) | t,s (200K) | t, s (300 K)
SiH,, 5 4.67 4.535 3.638 36i 0.77 4.1-10 5.9-10% 6.1-10* 2.1-107
SiH,, 6 4.67 3.996 3.136 166i 1.09 6.6-10" 2.3-10® 3.7-10" 2.6:10°
Si, H,, 7 4.62 4.347 2.705 43i 1.03 5.4-10" 3.3:107 1.2-.10" 2.6:10°

There is no direct relationship between the thermodynamic References
stability determined by the binding energy, and the kinetic
stability determined by the energy barrier. For example, 1. L.K. Rysaeva, J.A. Baimova, D.S. Lisovenko,

pentagonal and hexagonal biprismanes possess approximately
the same thermodynamic stability [16], whereas their kinetic
stabilities are quite different. We calculated the binding
energies of the considered silicon prismanes as a measure
of their thermodynamic stability according to the formula
E, =(3nE(Si)+2nE (H)- E(Si,,H,,))/5n at the same level of
theory B3LYP/6-31G(d). The values of these binding energies
are presented in Table 1. Therefore, the dynamic stability of
highly strained molecules should be studied regardless of
their binding energies.

4. Conclusions

At present, we can see a great advantage of novel carbon
nanostructures over traditional materials. They possess a
wide range of physical and chemical properties useful for
nanoelectronics and other applications. Silicon nanostructures
are still less studied. However, already existing technological
equipment in the field of electronics deals with silicon
materials. Therefore, novel silicon forms have more chances
to be widely applied in industry. Most carbon architectures
have their silicon analogous, which are potentially useful
and interesting to study.

In the presented Letter, we analyze the thermal stability
of silicon biprismanes, which are the first step from classical
prismanes toward to quasi-one-dimensional polyprismane
wires. Interest in polyprismanes is associated with their unique
electronic properties. They combine sp? hybridization, leading
to low reactivity with the high metallic-like conductivity. The
thermal stability of these systems plays a crucial role in the
suitability of their use in practical applications.

Our calculations confirm the moderate stability of
silicon biprismanes at room temperatures. Their lifetimes
are sufficiently high for the identifying and studying of
biprismanes, but not for their industrial applications. So,
unsubstituted biprismanes require lower temperatures of
operation, and their applicability is restricted. However,
there are several ways to improve their stability, for example,
substitutional doping or the creation of molecular crystals
based on them similar to fullerites.
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