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Abstract Currently, the molecular assembly and growth
from a small building block to the bulk compounds have
become afocus in various fields. Ever being chemical curiosi-
ties, the “anti-van’t Hoff/Le Bel” realm that is associated with
tetracoordinate or hypercoordiate planar centers has made
vast progress. Being important in the fundamental research
areas, the ptC species have potential applications in mate-
rials science. The existence of ptC in a divanadium com-
plex and a large number of organometallic compounds have
since been reported to possess ptC and these provide us with
great hope that many more compounds with ptC building
blocks may be synthesized in future. Herein, we report the
assembly and stabilization of CAl3Si™ in both the “homo-
decked sandwich” and “hetero-decked sandwich” schemes
at the B3LYP/6-311 + G(d) level. We show that while the
Si-doped indeed introduces much complexity during assem-
bly, the electronic and structural integrity feature of CAl3Si™
is well conserved during cluster-assembly, characteristic of
a “superatom”. This study should be helpful in understand-
ing the hetero-doped assembly mechanism of the ptC chem-
istry. Moreover, the present results are expected to enrich
the flat carbon chemistry, superatom chemistry, metallocenes
and combinational chemistry.
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1 Introduction

The past three decades have witnessed considerable progress
[1-71] in the “anti-van’t Hoff/Le Bel” field of planar tetra-
coordinate carbon (ptC) [1-12] and related species, which
demonstrate various uncommon properties (e.g., unusual
geometry structures, exotic bonding features, unique coordi-
nate environment, novel electronic structures, etc.) and con-
tinuously attract theoreticians and experimentalists to
advance this realm [1-71]. Many kinds of ptC units have been
experimentally known [13-25]. Surely, the further and ulti-
mate goal is to design novel 1D, 2D and 3D cluster-assembled
materials based on the concept “ptC”. As Radom [20] com-
mented, “. . .the design of such new types of solids will be a
further, very exciting development. . .”. Meanwhile, the mini-
aturization of semiconductor and microelectronic devices has
greatly necessitated the investigations of clusters at molecu-
lar or nanoscale level [72-75].

Doped is a very important technique in materials sci-
ence. We are aware that some hetero-doped ptC species (e.g.,
CSipX, (X = Al Ga) [13,15], CGey Al [15] and CAl3 X9~
(X = Si, Ge; g = 0, 1) [19,25], etc.) have been experimen-
tally observed [13,15,19,25]. As a basic step towards under-
standing the doped effects of the assembly of the ptC units
that might be utilized for future nano-devices and molecular
materials, we made the first attempt to assemble a hetero-
doped ptC unit. The Si-doped ptC unit CAl3Si™ [19,25] is
taken for our model design due to the wide interest on the
binary SiyAl, [34,35] clusters and the border upon of Si
and Al-elements in the period table. Investigations on the
assembly of these exotic species might provide good exam-
ples to illustrate how a simple planar molecule is grown into
larger (even up to nano-size) molecular materials. As a min-
imal model linkage of the two fields, we reported the first
attempt to assemble the simplest experimentally observed
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silicon-doped ptC unit CAI3Si™ into molecular materials.
Here we considered an important and widely applied strat-
egy—"‘sandwiching”, which is probably the most powerful
one for assembly of a stable unit [e.g., CsHy (Cp™)] into
molecular materials and has gestated a rich chemistry of
metallocene (Cp,M) [76,77]. It is known that in traditional
metallocenes (Cp,M), the interaction between metal atom
and the sandwiching unit is mainly ionic. It is thus reason-
able to expect that the mono-anionic CAI3Si~ deck should
also preferentially interact with metal atom via ionic inter-
action. In addition, the lower electronic negativity of alkali
elements Li, Na, K and earth alkali Be, Mg and Ca make
them apt to form ionic interactions, which makes alkali and
earth alkali metals good candidates to test the ionic interac-
tion of CAl3Si™ deck in sandwich-like complexes. We found
that for all the six metals: M = Li, Na, K, Be, Mg and Ca,
the assembly of CAl3Si™ cannot be realized in the traditional
“homo-decked sandwich” form [(CAl3Si)oM]9~. However,
the “hetero-decked sandwich” [26-33,38—41]! scheme has
been successfully applied to exotic nonstoichiometry mol-
ecules: (1) all-metal aromatic systems (milestone prototype
Ali_ [26] and high-strain three-membered ring Aly [27])
and (2) ptC systems (high-symmetry dianion CAli_ [28]
and spin-embedded radical CAl3Si [29]) (e.g., [CpM(X)]9™,
X = Al;7, Al;, CAI;~, and CAI3Si decks), thus indicates
that “hetero-decked sandwich” scheme is a very powerful
and effective assembly scheme in bridging the isolated clus-
ters in molecular beams and the potential solid materials.
We thus have confidence in assembly and stabilization of
the hetero-doped ptC unit CAl3Si™ in the “hetero-decked
sandwich”. Our results demonstrated that only the “hetero-
decked sandwich” scheme can assemble and stabilize the
hetero-doped ptC unit CAl3Si~. We can predict that the
“hetero-decked sandwich” scheme is also very effective in
assembly of other ptC molecules. The hetero-doped indeed
introduces much complexity during cluster-assembly. More-
over, the electronic and structural integrity feature of CAl3Si™
is well conserved during cluster-assembly, characteristic of
a “superatom” [78,79] feature. Our results are expected to
be helpful for understanding the hetero-doped mechanism of
the ptC chemistry.

2 Computational methods

Initially, we fully optimized the geometries of
[D(CALIZSi)M]?~(D=CAI3Si—,Cp~;M=Li,Na,K,q=1;
M= Be, Mg, Ca, ¢ =0) employing analytical gradients

1 We are aware that another possibility is to apply “heteroleptic sand-
wich”, see Ref: [34]. Also, we note that another possibility is to apply
“mixed metallocenes [M(n5 — CsMey4R) (n5 —Ps5)]”, see Ref. [35] and
“Heteroligands Ferrocene FeCp(n5 — E5)” see Ref: [36].

@ Springer

with polarized split-valence basis set 6-311 + G(d) [80—
82] using the hybrid method, which includes a mixture of
Hartree—Fock exchange with density functional exchange
correlation (B3LYP) [83-85]. After geometrical optimiza-
tion, vibrational analysis was performed to check whether
the obtained structure is a true minimum point with all real
frequencies or a first-order transition state with only one
imaginary frequency. In order to get insight into the nature
of our designed cluster-assembly species, we perform orbi-
tal analysis.” All the calculations were performed with the
Gaussian-03 program.’

3 Theoretical results and discussion

Our research takes the following scheme: model sandwich
species (singly or doubly charged anions), saturated sand-
wich species (with counterions) and extended sandwich spe-
cies. It is known that model calculations will shed insight
into the neutral saturated species for the actual synthesis.
By comparing the various properties of model species and
saturated species, we could know the effects of counteri-
ons in various aspects. Such a scheme has been applied to
many other doubly charged or multiply charged anions model
systems such as sandwich-like compounds [(P5),M]?™ [87—
891, [(Al4)2M]97 [90,91], [(N4)2M]?~ [92-95], and non-
sandwich-like complexes (CsMa_,)"~ [96-98], Xﬁf X =
Al, Ga, In) [99,100], and Alé_ [101].

3.1 Homo-decked sandwich-type compounds:
[(CAL3Si)xM]™

As model calculations, we first investigated the assembly of
the ptC unit CAl3Si™ in the traditional “homo-decked sand-
wich” form [(CAl3Si)oM]?~ with M = Li, Na, K, ¢ = 1;
M = Be, Mg, Ca, g = 0 at the B3LYP/6-311 4 G(d) level
using the Gaussian 03 program. The possible sandwich types
are shown in Fig. 1. The type I structure is similar to the well-
known metallocene CpMCp, in which two Cp~ adopt the
face—face (f—f) type. After a detailed structural search at the
B3LYP/6-3114G(d) level, the energy profiles of the most rel-
evant [C2SipAlgM]9™ species, i.e., all sandwich forms and
the lowest energy fusion form are schematically shown in
Fig. 2. The other isomers can be found in supporting infor-
mation (SI). The notation 1 (e.g., 1(s-s-90-1), 1(s-s-90-2),
1(s-c-90), etc. in Fig. 2) represents the sandwich-type struc-
tures and the notation 2 represents the low-lying fusion iso-
mers. The structural differences between 1 and 2 in that the

2 MO pictures were made with MOLDEN3.4 program. Schaftenaar,
G. MOLDEN3.4, CAOS/CAMM Center, The Netherlands, 1998.

3 All calculations are performed using the Gaussian03 program pack-
age.
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Fig. 1 Six possible sandwich
types of [(CAl3Si)aM]?~ (I-VI)
for each M. In each type, one
unit can rotate along the axis by
0° and 90°. Moreover, Si and Al
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Fig. 2 Most relevant [C2SipAlgM]9~ (M = Li, ¢ = 1; M = Be,
g = 0) species at the B3LYP/6-311 + G(d) level. The energy values
are in kcal/mol. The orange balls represent Al atoms, the black balls
represent C atoms, the gray green balls represent Si atoms. The large,

ptC CAI3Si~ units are well retained in the sandwich-like
species 1, whereas the CAI3Si™ units are fused together and
destroyed in the fusion isomers 2. Firstly, for all the six main-
group elements, the sandwich species IV, V and VI have very
close energies to each other and are all energetically lower
than I, IT an III. Via the rotation of the CAl3Si-deck along dif-
ferent axes, I-I1I can be easily converted to the lower energy
IV-VLI. The interconversion between IV and VI via simple
rotation is also very easy, as can be indicated by the very
small rotation frequency. Secondly, there are many fusion
isomers lower than the lowest energy sandwich structure and
is thus thermodynamically unstable. Herein, we only listed
some key structures in the context, all the other structures
can be found in SI.

3.2 Effect of counterions
Some of the above considered sandwich forms

[(CAI3Si);M]9™ (¢ = 1, M = Li, Na, K) are singly neg-
ative charged. For actual synthesis, neutral species in salt

middle and small purple balls represent K, Na and Li atoms, respec-
tively. The large, middle and small kelly balls represent Ca, Mg and Be
atoms, respectively

forms are preferable. We thus investigate the properties of
(M)T[(CAI3Si);M]~ (M = Li, Na, K). For each M, vari-
ous isomeric forms are considered at the B3LYP/6-311 +
G(d) level. Figure 3 depicts all the sandwich forms of (Li)™
[(CAl3Si),Li] ™ and those with lower energy than the lowest
energy sandwich form. The otherisomers of (Li) T [(CAl3Si)»
Li]~ and all the energy profiles of (M)T[(CAI3Si);M]™
(M = Na, K) can be found in the supporting information. The
notation 1 (e.g., 1(s-s-0-1), 1(s-s-0-2), 1(s-c-90-1),
1(s-c-90-2), etc. in Fig. 3) represents the sandwich-type struc-
tures, the notation 2 represents the low-lying fusion isomers.
The structural differences between 1 and 2 in that the ptC
CAI3Si™ units are well retained in the sandwich-like spe-
cies 1, whereas the CAI3Si™ units are fused together and
destroyed in the fusion isomers 2. For M = Li, Na and K,
many fused isomers have lower energies than the sandwich
one. This indicates that the salts of the CAl3Si~-based homo-
decked sandwich complexes are less likely for M = Li, Na
and K. Here, the counterions just introduce an electrostatic
stabilization without altering the ground state nature, which
is just the same as previous studies on metallocene (including
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Fig. 3 Most relevant (M)T[(CAI3Si),M]~ (M = Li) at the B3LYP/6-311 + G(d) level. Energy values are in kcal/mol. The orange balls represent
Al atoms, the black balls represent C atoms, the gray green balls represent Si atoms. The purple balls represent Li atoms

the traditional CpMCp?~ [76,77] and the novel P5MP‘517
[87-89], NsaMNI™ [93-95] and ALLMAIL™ [90-92]).

3.3 Hetero-decked sandwich-type compounds
and counterion effects: [CpM(CAI3Si)]9~
and (LiT)q[CpM(Cal3Si)]7~

As known from the preceding sections, the homo-decked
sandwich form is not the ground state structure for all nine
homo-decked systems: [C,SipAlgLi]™, [C2SirAlgLis],
[C2SipAlgNa]~, [CaSiaAlgNas], [C2SirAlgK] ™, [C2SixAlg
Ks], [C2SixAlgBe], [C2Si2AleMg] and [C2SizAleCal. This
indicates that the ptC unit CAl3Si™ cannot be used to sand-
wich the atoms of Li, Na, K, Be, Mg and Ca-atoms in the
traditional “homo-decked sandwich” scheme. Here, we pro-
pose that a rigid unit like the versatile c-CsHg (Cp™) might
cooperate with the ptC unit CAl3Si™ to sandwich the metal
atoms M by avoidance of fusion. We call the new scheme
“hetero-decked sandwich”. A new class of sandwich com-
pounds [CpM(CAI3Si)]9~ can then be designed. Such com-
pounds are intuitively of special interest because they contain
both the classic organic aromatic unit Cp~ and the novel ptC
unit CAl3Si™.

Various isomeric forms for each of the six main-group
elements (M = Li, Na, K, Be, Mg and Ca) were searched.
For simplicity, only the lower lying structures are shown in
Fig. 4. Others can be found in supporting information. For
each alkali metals M (Li, Na, K), there are three kinds of
sandwich forms 197 (f—s), 19~ (f—c) and 19~ (f—f) exist, with
the former associated with the “face (Cp~)—face (CAl3Si™)”
(f-f) type and the latter with the “face (Cp~) to side
(CAI3Si™)” (f-s) type. The three sandwich forms can easily
convert to each other (the rotation frequency is very small).
For each alkaline-earth metals M (Be, Mg, Ca), two kinds of
sandwich forms 19~ (f—f), 19~ (f-s) exist, with the former
associated with the “face (Cp™)-face (CAI3Si™)” (f-f) type
and the latter with the “face (Cp™) to side (CAL3Si™)” (f-
s) type. The two sandwich forms can easily convert to each
other. Up to now, we have not been aware of any example
that has two or three types of distinct sandwich forms. Inter-
estingly, among all the designed homo-decked and hetero-
decked sandwich species, the ptC unit CAl3Si™ generally
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prefers to interact with the partner deck CAl3Si~or Cp™ at
the side (Al-Al or Al-Si bonds) or corner (Al or Si atoms)
site. This is in contrast with the already known decks such
as the famous and versatile Cp~ and the carbon-free and
exotic Py, Ni_, and Al;~ that prefer the traditional face—
face interaction type in the “homo-decked sandwich” scheme.
Thus, the designed sandwich species in this paper repre-
sent a new kind of metallocene. Among all the calculated
[CpM(CAI3S1)]9™ systems, the planar Cp~ structure is well
maintained, indicative of the unique “rigidity” of this organic
unit. Fusion of the Cp~ and CAI3Si~ decks to form new
C-Al, C-Si or C-M bonds is energetically unfavorable. The
rigid organic deck Cp~ can effectively assist the ptC unit
CAI3Si™ to sandwich metal atoms.

For the purpose of actual synthesis, we also designed neu-
tral species (Li)"[CpM(CAI3S))]” M =Li,Na, K, g = 1)
(see Fig. 4) with counterions Li*. For each M, the lowest
lying sandwich isomer in charged [CpM(CAI3Si)]7~ is also
the ground state structure in neutral (Li)*[CpM(CAIl3Si)] .
Surely, the counterions have little influence on the nature of
the ground state structure. This is quite different from the
situation of the homo-decked sandwich scheme. Thus, for
simplicity, the structural and energetic details of the higher
energy sandwich forms and other isomers are not given in
the text, but can be found in SI.

The results of the above calculation demonstrate that the
f-s, f—c and f-f interaction types are common phenomena
in the extended systems. Such an interesting growth pattern
might be applicable to the assembly of Si-containing ptC unit
CAIl3Si™ into semiconductor nanoscale clusters or devices,
and even bulk solids.

3.4 Nature and origin of fusion

The above results have demonstrated that the assembly of
CAI3Si™ can only be realized in the form of the “hetero-
decked sandwich” scheme instead of the traditional “homo-
decked sandwich” scheme. The “homo-decked sandwich”
assembly would lead to fusion between two CAI3Si~ decks.
In order to get insight into the interactions of our designed
sandwich-type complexes, let us analyze the origin of such
fusion. Intuitively, the mono-anionic ptC deck CAl3Si™ bears
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Fig. 4 The sandwich forms of [CpM(CAI3Si)]9~ (M = Li, Na, K,
q = 1; M = Be, Mg, Ca, q = 0) and the lowest energy saturated
sandwich forms of (Li*)[CpM(CAI;3Si)]~ (M = Li, Na, K) obtained
at the B3LYP/6-311 + G(d) level. Energy values are in kcal/mol. The
orange balls represent Al atoms, the black and white balls represent

both the fusion and ionic characters. From a combinational
viewpoint, when the decks D'~ and D}~ and one MY ion
are brought together, two types of reaction processes might
take place, i.e.,

(1) ionic interaction: D]'~ + M?* 4+ D}~ — (D}'"")M?*
(D57)

(2) fusion interaction: D'~ + Dj~ 4+ M9 — MI¥[D,
Dz](m+n)—'

In process (1), each sandwich deck (D'~ and Dj7)
undergoes the electrostatic interaction with M4* to form
a sandwich-like structure (D}'7)M?*(D57). Process (2) is
associated with the “clustering fusion”. In principle, there is
a trend for any two decks to form a more coagulated cluster
containing more bonds so as to lower the system energy.
The competition between the processes (1) and (2) deter-
mines whether formation of a sandwich-like complex can
lead to energetic stabilization or not. In the traditional “homo-
decked sandwich” form, the fusion interaction overwhelms
the ionic interaction because of the favorable cluster coagu-
lation. The bonding within the ptC unit CAl3Si™ is not strong
enough to prevent from fusion. So, as shown in Sects. 24,
the homo-decked sandwich structures are energetically much

(Li)*[CpLi(CALS)|™

(Li) [CpNa(CALSDH]~  (Li)" [CpK(CAL;Si)]”

C and H atoms, respectively. The gray green balls represent Si atoms.
The large, middle and small purple balls represent K, Na and Li atoms,
respectively. The large, middle and small kelly balls represent Ca, Mg
and Be atoms, respectively

less stable than the fused isomers. Yet the situation is quite
different in the novel “hetero-decked sandwich” form. The
fusion tendency can be greatly suppressed due to the intro-
duction of arigid sandwiching partner Cp~. The large organic
aromaticity allows Cp~ to perfectly keep its (near) Dsj, struc-
ture. Any fusion with CAl3Si™ will destroy the aromaticity
of Cp~ to greatly raise the system energy. As a result, only
in form of the novel “hetero-decked sandwich” scheme, can
the ptC unit CAI3Si™ be assembled into sandwich-like com-
plexes.

3.5 Extended sandwich structures based on CAl3Si™

It is known that some of metallocenes can form highly
extended sandwich complexes ranging from nanoscales to
polymers, and even to bulk solid materials [76,77]. We thus
further designed the ptC-based extended systems containing
more Cp~ and CAl3Si™ units in the various hetero-decked
sandwich forms at the B3LYP/6-311 + G(d) level. For sys-
temic consideration, we considered various combinational
forms according to different coordinated directions (face,
side and corner) of the CAl3Si™ unit. In Fig. 5, some selected
low-lying species are shown. Many other designed extended
sandwich structures can be found in SI.
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Fig. 5 The low-lying extended
sandwich complexes of
(CpLi),, (CAI3Si™), obtained at
the B3LYP/6-311 4 G(d) level
for (im,n) = (2, 1), (3,1) and
(4,1). The orange balls represent
Al atoms, the black and white
balls represent C and H atoms,
respectively. The gray green
balls represent Si atoms. The
purple balls represent Li atoms

(CpLi);(CALSIT)
(m,n)=(2,1)

Fig. 6 Hypothetical more
highly extended 3D sandwich
structure based on CAl3Si™.
The dashed lines show the
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Surely, the growing mechanism from the simple extended
sandwich structures (Fig. 5) to the much more highly
extended 3D sandwich species with more Cp~ and CAI3Si™
units is very viable. Such CAl3Si™-based extended sand-
wich complexes might become candidates of a novel kind of
potential microelectronic devices and semiconductor mate-
rials. For reasons of computational cost, we did not attempt
to calculate these species. One illustrative example is given
in Fig. 6.

4 Conclusions

In summary, our work described the first attempt to incor-
porate CAI3Si™ into assembled molecular systems in vari-
ous sandwich-like forms. The designed species await future
experimental verifications. Our designed sandwich-like
species can grow into a more highly extended sandwich spe-
cies (in 1D, 2D and 3D molecular or nanoscale forms) based
on CAl3Si™, which might lead to the potential applications
in the semiconductor materials or nanoscale devices. Such
assembly procedures could also be applied to many other sili-
con (germanium)-containing ptC molecules such as CAl3Ge,
CAlz;Ge™, CSip X, (X = Al Ga) and CGe, Al; etc. We hope
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that the present hetero-decked sandwich scheme might also
be applicable to the assembly of the CAl3Si™ deck in sand-
wiching transition metals (e.g. Fe, Co, Ni, etc.). Our study
provides hints that a rich planar cluster-assembled molecu-
lar materials, nanoscale devices or even bulk solid chemistry
based on ptC units containing the semiconductor element
(Si, Ge, etc.) can be foreseen. Compared to the traditional
metallocene with mere Cp~ decks, our designed complexes
represent a new class of metallocene containing the ptC unit
CAI3Si™, among which CAl3Si™ generally prefers to use
its side (Al-Al or Al-Si bonds) or corner (Al or Si atoms)
to interact with the partner deck rather than in form of the
traditional face—face interaction type for the known decks
Cp,Ps5, Alﬁ_ ,and Ni_. Thus, the designed sandwich species
in this paper represent a new kind of metallocene. More-
over, during both the homo-decked and hetero-decked sand-
wiching processes, the structural planarity of CAI3Si~ and
the characteristic orbitals (Fig. 7) are generally well kept.
Thus, the silicon-doped ptC unit CAI3Si™ could act as a new
type of superatom, which might be the first theoretical evi-
dence, to the best of our knowledge. Future studies on the
“superatom” chemistry of CAI3Si~ are desired. Finally,
based on the above points, the “hetero-decked sandwich”
scheme bridges and enriches the planar carbon chemistry,
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Fig. 7 The B3LYP/6-311 + G(d) orbital diagrams of (a) [CAI3Si]~
and (b) [CpLi(CAl3Si)]~

semiconductor materials,

metallocene and superatom

chemistry and is thus well suited to the combinational
chemistry.
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