Methods

Data acquisition

We used only FUSE data from the LiF mirror and the Al detector segment, which have
optimal efficiency in the waveband around the O v1 line. The data were calibrated and
‘cleaned’ following standard procedures®®. The resolution of the final data is ~20kms ™',
at 1,032 A.

We selected for our sample only spectra with signal-to-noise ratio (S/N) per resolution
element of >5 at 1,032 A because we were interested in the O vi absorption lines. This
selection produced 54 different lines of sight, all with |[b] > 20° (because of the high
extinction suffered by lines of sight crossing a significant portion of the Galactic disk). In
the lowest-quality spectra (S/N =~ 5), absorption lines with equivalent width larger than
~200 mA are detected at >30, whereas the highest S/N spectra in our sample guarantee
the detection of absorption lines down to an equivalent width of ~20 mA.

Data analysis

For each z = 0 O v1 absorption line spectrum, we used the CIAO fitting engine Sherpa®® to
fit a power-law continuum plus negative gaussians to represent the absorption lines, and
derived the best-fit wavelengths and widths over 1,028.5 Ato 1,034 A.

We also looked for possible contamination by H, absorption lines from the Galactic
interstellar medium, exploiting H, templates computed using a non-LTE (local
thermodynamic equilibrium) photodissociation front code®™'. The excitation
temperatures of the H, rotational-vibrational level distribution result from formation
pumping, ultraviolet absorption of diffuse ultraviolet starlight in the electronic transitions
to the states B, C, B and D followed by fluorescence, quadrupole cascading, collisional
excitation and de-excitation. Templates have been computed for broad ranges of kinetic
temperatures, densities, Doppler parameters and factors of enhancing of the interstellar
radiation field. Using these templates, we verified that, in the wavelength range of
interest, spectra along lines of sight with equivalent hydrogen column densities lower
than ~ 2% 10 cm ™2 show only weak H, absorption. Spectra along lines of sight with
Ny >2x102 cm ™2, instead, show usually strong (6-0) P(3) X 1,031.19 A and R(4)
1,032.35A absorption. The P(3) A 1,031.19 A and R(4) 1,032.35 A lines occur at velocities
of —214 and +123kms ™", and so may potentially contaminate HV-O vI lines. We found
that about 30% of the negative HV-O vI lines and less than 20% of the positive HV-O vi
lines had profiles contaminated by the P(3) N 1,031.19 A and R(4) 1,032.35 A lines,
respectively. For all spectra we used other strong H; lines in otherwise relatively featureless
portions of the FUSE spectra, to determine the bulk velocity of the H, absorber and the
strengths of the P(3) N 1,031.19A and R(4) 1,032.35 A lines from the relative oscillator
strength ratios, allowing us to disentangle the HV-O v1 line from the contaminating H,. In
particular, we used the (6-0) P(2) X 1,028.10 A, (6-0) R(3) A 1,028.98 A and (8-0) P(4) A
1,012.26 A lines, on the short wavelength side of the O vi X 1,031.926 Aline, and the (5-0)
P(2) \ 1,040.36 A, (5-0) R(3) \ 1,041.16 A and (5-0) R(4) A 1,044.54 A lines, on the long
wavelength side. Only in two cases could the presence of the HV-O vI line not be safely
established, and so we considered those two lines of sight as free from HV-O v1 absorption,
at our detection threshold. In three more cases the presence of the HV-O v1 line was clearly
established, but its position and width only poorly constrained.

Cross-correlation

To identify HV-O vI lines with possible HV-H1 counterparts, we cross-correlated the
objects of our sample with catalogues of 21-cm H 1 lines'”"'®. We used very conservative
searching criteria, and define a ‘coincidence’ when Galactic coordinates and LSR velocities
of the HV-O v1 absorbers fall into the very broad ranges (typically tens of degrees and
about 100km s~ ') listed in the HV-H 1 catalogues. The very broad range in coordinates
depends, not on the beam-size of the telescope with which 21-cm measurements were
performed, but on the entire size of the group or complex of HV-H 1 clouds to which a
given cloud is supposed to belong. This search gave five coincidences. For completeness,
we also cross-correlated our coincidences with those found* in the compilation of HV-O v1
absorbers'®. This search left only one object. This object has been tentatively associated'®
with the Magellanic stream HV-H 1 complex, although not with any particular cloud. To be
conservative we then add this object to the list of possible Ovi-H 1 identification, and took
these six objects off our sample for the purpose of the presented statistical analysis.
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Experimental realization of freely
propagating teleported qubits
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Quantum teleportation’ is central to quantum communication,
and plays an important role in a number of quantum compu-
tation protocols™’. Most information-processing applications of
quantum teleportation include the subsequent manipulation of
the qubit (the teleported photon), so it is highly desirable to have
a teleportation procedure resulting in high-quality, freely flying
qubits. In our previous teleportation experiment®, the teleported
qubit had to be detected (and thus destroyed) to verify the success
of the procedure. Here we report a teleportation experiment that
results in freely propagating individual qubits. The basic idea is
to suppress unwanted coincidence detection events by providing
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the photon to be teleported much less frequently than the
auxiliary entangled pair. Therefore, a case of successful telepor-
tation can be identified with high probability without the need
actually to detect the teleported photon. The experimental
fidelity of our procedure surpasses the theoretical limit required
for the implementation of quantum repeaters™®.

To see how to achieve free propagation of teleported qubits, we
first briefly review the working principle of the earlier Innsbruck
teleportation experiment as illustrated in Fig. 1a. Suppose photon 1,
which Alice wants to teleport to Bob, is in a general polarization
state |®), = a|H), + B]V), (unknown to Alice), and the pair of
photons 2 and 3 shared by Alice and Bob is in the polarization
entangled state |®1),;. We use the usual Bell states:

155, =\/i§(IH>iIH>- = [V)IV),)
195y, = %<|H>i|v>- = [V, H),) (1)

where H and V denote horizontal and vertical linear polarizations,
and 7 and j index the spatial modes of the photons. We choose the
state | @), just for the convenience of discussion. The overall state
of photons 1, 2 and 3 can then be rewritten as:

|W>123 = |¢>1|¢’+>23

= %[|¢+>12(0‘|H>3 +B|V>3) + |‘1§7>12(01|H>3 - 6|V>3)

+ ¥ 1l Vs + BIH)3) + 17 )1 (al V) — BIH);)] (2)

It can thus be seen that a joint Bell measurement on photons 1
and 2 at Alice’s side projects the state of photon 3 at Bob’s side into
one of the four corresponding states as shown in equation (1).
Depending on Alice’s measurement results, Bob can then perform a
unitary transformation, independent of |#),, on photon 3 to
convert its state into the initial state of photon 1. This is how
quantum teleportation works. Obviously, to demonstrate the work-
ing principle of teleportation it is sufficient to identify one of the four
Bell-states. This results in a reduced efficiency—the fraction of
success—of 25%. In the Innsbruck experiment, this is accomplished
by detecting a twofold coincidence behind a 50:50 beamsplitter.

So far, we considered only the ideal case where there is one and
only one photon pair in each of the pairs of modes 1-4 and 2-3. Then
it is clear that a threefold coincidence of detectors D1-D2-T is
enough to guarantee a successful teleportation. However, because of
the probabilistic feature of pair creation in spontaneous parametric
down-conversion (SPDC), this conclusion cannot be applied to the
Innsbruck experiment.

To see the problem more clearly, let us denote by p the probability
of having a single pair creation during a SPDC process. For
independent probabilistic pair creation the probability of having
one photon pair in each of the pairs of modes 1-4 and 2-3, which
corresponds to a successful teleportation event, is then given by p2.
Yet sometimes two pairs of photons are both emitted into either
modes 1-4 or 2-3. Specifically, with the probability of p* the two
photon pairs could both appear in modes 1-4 while no photons are
present in modes 2-3. In this case, although a threefold coincidence
of D1, D2 and T is detected, no teleportation occurs because of the
absence of the entangled pair in modes 2-3 and mode 3 is simply
empty. To ensure a successful teleportation, it is therefore necessary
in the Innsbruck experiment to confirm the presence of photon 3 by
actually detecting it. For this reason, the Innsbruck experiment has
been called a “postselected” one’; using the word “conditional”
would be more appropriate as photon 3 is not selected depending
on its state®.

Most applications of quantum teleportation include the sub-
sequent manipulation of the teleported photon. Thus, a freely
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propagating output state, which is teleported with high fidelity, is
strongly desired. This calls for a non-conditional qubit teleportation
scheme. Possible solutions™ could include the discrimination of
one- and two-photon events at detector T, a quantum non-demoli-
tion measurement of the photon number in mode 3, or the
introduction of an unbalanced coupling between modes 1-4 relative
to modes 2-3. But owing to the lack of appropriate technology, none
of the proposed schemes has so far been realized.

In other experimental efforts'®"" to achieve full teleportation,
other problems still remain for various reasons. Concerning the case
of continuous variable teleportation'’, criticism has been raised due
to the low fidelity'? and the need of a phase reference'. In the other
case'', the input state fails to meet the criterion of being a quantum
state, since about 10° photons are prepared in the input beam.

In the present experiment, we achieve a freely propagating
teleported quantum state by making a detection at Bob’s side
obsolete (Fig. 1b). The main point is to reduce the number of
unwanted D1-D2 coincidence counts. This is accomplished by
attenuating the beam 1 by a factor of v while leaving the other
modes unchanged. Then a threefold coincidence D1-D2-T will
occur with probability yp* owing to successful teleportation and
with significantly lower probability (yp)® they will be a spurious
coincidence. Thus, for sufficiently low +y it will no longer be
necessary to actually detect the teleported photon 3 and a freely
propagating teleported beam of qubits emerges. In essence, we
provide the entangled ancillary pair more frequently than the
photon to be teleported. Thus it can only very rarely happen that

Figure 1 Diagrams showing the principles of the Innsbruck experiment and of achieving
free propagation of teleported qubits. a, The Innsbruck experiment. Two independent
polarization entangled photon pairs produced by spontaneous parametric down-
conversion (SPDC) are used to achieve quantum teleportation. While the first pair (photons
2 and 3) provides the entangled pair needed in the teleportation protocol, the second pair
(photons 1 and 4) is used to prepare the initial state to be teleported. The ‘twin’ photon 4
acts only as a trigger. In the case where one pair of photons is emitted in each of the pairs
of modes 1-4 and 2-3, a threefold coincidence of T-D1-D2 is enough to indicate a
successful teleportation. However, in the case where both photon pairs are emitted into
modes 1-4, threefold coincidences of T-D1-D2 also result. In that case, no teleportation
occurs because mode 3 is simply empty. Therefore detection of the teleported photon 3 is
needed to rule out this bad case. b, Free propagation of teleported qubits. An additional
attenuator is inserted into mode 1 to decrease the probability of unwanted, spurious
threefold coincidence detection events of D1-D2-T resulting from double-pair emission
into modes 1-4. This method makes a detection at Bob’s side obsolete and leads to free
propagation of teleported qubits (see text). EPR, Einstein—Podolsky—Rosen entangled
photon sources. BS, beamsplitter. D1, D2 and T, detectors.
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the teleportation machinery is not ready when a photon arrives to
be teleported.

A schematic drawing of the experimental set-up is shown in Fig. 2.
As in our recent experimental demonstration of four-photon
entanglement', we exploit a polarizing beamsplitter (PBS) instead
of a normal beamsplitter to perform the necessary Bell-state
measurement. In the experiment, we prepared the entangled
pair in state |®"),; and chose to analyse the projection onto state
|®"),,. This projection can be accomplished by performing a joint
polarization measurement in the 45° basis behind the PBS. As stated
in ref. 15, registering +45°/445° or —45°/—45° coincidences of
detectors D1 and D2 acts as a projection onto |$*);,. This
projection leaves photon 3 in the initial state (see equation (2)).

Here we emphasize that one can neglect the cases where a single
pair production in modes 1-4 and a double pair production in
modes 2-3 give rise to third-order spurious threefold coincidences
with probability p®. This is because in our experiment y > p.
Therefore, such third-order spurious coincidences are at most one-
tenth of those contributed from the double pair emission in modes
1-4, and are even much smaller than the good coincidence events. In
that sense, our scheme to attenuate the beam 1 is equivalent to the
one to attenuate the reflected pump beam as suggested in ref. 9.

A high-intensity source of entangled photon pairs is desirable to
collect enough experimental data within a reasonably short time,
because the method of beam attenuation significantly reduces the
overall fourfold coincidences (typically by one order of magnitude).
Various efforts have been made to achieve this purpose. By using a
compact set-up and by focusing the ultraviolet (UV) pump (with a
beam diameter <0.5mm) onto the beta-barium borate (BBO)
crystal, we achieved both better stability and collection efficiency.
We thus managed to observe about 2 X 10* entangled photon pairs
per second, while achieving a high twofold visibility of 94% in the
45° basis. Correspondingly, the observed overall fourfold coinci-
dence rate was as high as two per second on average, which is almost
two orders of magnitude higher than recent work in quantum
teleportation'*'®. Note that high multi-fold coincidences have

Classical
information

Figure 2 Set-up for experimental demonstration of free propagation of teleported qubits.
A mode-locked laser produces pulses of 200 fs with a repetition rate of 76 MHz, centred
on the wavelength of 788 nm. This radiation is used to pump an up-conversion process in
an LBO and the outcoming radiation is further sent to a BBO crystal. Two independent EPR
pairs are produced through SPDC, the first during the direct passage of the pump light (2
and 3), and the second during its back propagation (1 and 4). A polarizer (POL) is put in
front of the trigger detector T to prepare photon 1 nonlocally in the state to be teleported.
Various neutral filters (NF) are inserted into beam 1 to achieve the required attenuation.
Photons 1 and 2 are then steered to a polarizing beamsplitter (PBS) to perform the
necessary Bell-state measurement. To ensure good temporal and spatial overlap of the
two photons, the two outputs of the PBS are spectrally filtered (3-nm bandwidth)

and monitored by fibre-coupled single photon detectors. LBO, lithium triborate crystal.
F, narrow bandwidth filters.
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also been observed in very different experiments'”'®.

To experimentally demonstrate non-conditional teleportation,
we inserted a series of neutral filters in mode 1 and showed that the
probability of having a successful teleportation dependent on a
threefold coincidence of D1, D2 and T increases with decreasing
filter transmission 7.

First, we performed teleportation of a 45° polarized photon.
The state to be teleported was prepared nonlocally by using the
entanglement of photons 1 and 4. In the experiment, both the
threefold coincidences C5 of D1, D2 and T and the fourfold
coincidences C, of all outputs were measured. As an example, the
measurement results for the case of vy = 1 (that is, no attenuation) is
shown in Fig. 3a. It is obvious that the observed probability to have a
successful teleportation once a threefold coincidence occurs is given
by C4/C5. Owing to the finite detection efficiency 15 of D3, only a
fraction of the total successful teleportation events will be registered
by detector D3. This implies that the genuine probability of success
is given by the observed probability of success divided by the
detection efficiency, that is C4/(C373).

Measuring Cs3, C4 and 73 (typically 0.15), we can thus obtain
the observed and genuine probabilities to have a successful tele-
portation, based on a threefold coincidence, for different neutral
filters. Table 1 summarizes the experimental results in our 45°
teleportation experiment. The experimental results well confirm,
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Figure 3 Two typical experimental results for 45° teleportation. a, Fourfold coincidences
between the detectors T, D1, D2 and D3 as a function of time delay between the arrival of
photons 1 and 2 at the PBS. Shown are the cases where the polarizer in front of D3 is set
to 45° (square) and —45° (circle). At large delay, no two-photon interference between
photons 1 and 2 occurs, and therefore the polarization correlation between photons 1
and 3 is completely random. At zero delay a perfect overlap between photons 1 and 2
leads to a successful projection onto |® *;, and results in teleportation of the input state
|®);. The data shown were measured without using neutral filters and before
birefringence compensation. b, The experimental visibility is drastically enhanced from
66% to 86% after birefringence compensation. Note that in this measurement, one
neutral filter with v = 0.05 was used just to obtain the unbalancing.
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Table 1 Probabilities of success for different filters

Table 2 Fidelities of non-conditional teleportation

Attenuation Observed Genuine Polarization y=1 v =0.05

1 0.060 =+ 0.001 0.40 = 0.01 45° 0.35 = 0.02 0.79 + 0.02
0.50 0.079 * 0.001 0.53 = 0.01 H 0.39 = 0.02 0.84 = 0.02
0.10 0.119 * 0.002 0.79 = 0.01 R 0.34 = 0.02 0.76 = 0.02
0.05 0.138 = 0.002 0.92 = 0.01

in agreement with our above analysis, that the probability of success
increases with decreasing v. Note that for a given  all data points in
scan (Fig. 3) are used to estimate the probability of success, which
results in a small statistical error.

Using the product of the measured fidelities and probabilities of a
successful teleportation, we can obtain the non-conditional fidelity.
The corresponding fidelities are shown in Fig. 4 for the conditional
detection scheme and for the new unbalanced interferometer
scheme at different grades of attenuation. If no attenuation is
used the set-up is in principle equivalent to the original Innsbruck
scheme and the freely propagating output state fully incorporates
the vacuum contribution, resulting in a non-conditional fidelity
below the classical limit. With increasing attenuation (‘unbalan-
cing’) the vacuum contribution can be suppressed, resulting in a
higher non-conditional fidelity. For the case where an attenuation
factor of y =0.05 is chosen, the experimental non-conditional
fidelity is 0.79 = 0.02, which significantly overcomes the classical
limit of two-thirds.

For a complete demonstration of our teleportation method, in
the experiment we also teleported photons with horizontal linear
polarization (that is, H) and right-handed circular polarization
(that is, R), thus demonstrating the scheme for three orthogonal
directions on the Poincaré sphere. The non-conditional fidelities
measured for different preparation bases are summarized in Table
2. We conclude that in all three cases the obtained non-conditional
fidelities are well above the classical limit. We noticed that, whereas
both the 45° and R teleportation experiments have roughly the
same fidelities, a much better fidelity is obtained in the H
teleportation experiment. This is because we chose the H-V
direction as the intrinsic measurement basis of the polarizing
beamsplitter cube and so the direction of polarization is aligned
with respect to the optical axes. All input pairs of H or V
polarization only collect an overall phase and are thus, in the
case of projection onto a |®*)-state, always directed into
different beamsplitter outputs. For the case of arbitrary polarized
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Figure 4 Conditional fidelities and non-conditional fidelities obtained in 45° teleportation
for different neutral filters. With increasing attenuation of the beam 1, we observe an
increase of non-conditional fidelities (black symbols) while the conditional ones (open
symbols) remain constant. In the experiment, the integration times for various v were,
respectively, about 2 x 10%, 4 x 10°, 2 x 10*and 4 x 10* s per measurement point on
the average. For each  we collected about 400 fourfold counts for peak and 80 for dip.
For v = 0.10, the classical limit is already reached, and for v = 0.05 it is clearly
overcome, resulting in freely propagating teleported photon states of high fidelity.
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input states, an additional phase difference between horizontal
and vertical components is introduced in the |®)-states, which
consequently leads to a reduction of teleportation fidelity.

However, we can introduce an additional birefringent element in
order to compensate for the above effect. After this compensation,
as a test, we repeated the 45° teleportation experiment for the cases
of y =1 and vy = 0.05. The experimental result for y = 0.05 is
shown in Fig. 3b. The compensation of birefringence effects in the
experimental set-up increases the non-conditional fidelity in the 45°
teleportation from 0.79 = 0.02 to 0.85 * 0.02, which is compatible
with that obtained in our H teleportation. This improvement
implies that the PBS accuracy of interfering two independent
photons has been raised from 89% to 97%, which is the fidelity of
the Bell-state measurement of |®). This is obtained from the
experimental visibility for 45° teleportation after taking into
account the imperfection of the state preparation. We emphasize
that such a high accuracy achieved in the present experiment now
fulfills the strict precision requirements of 95% for local operations
of independent photons necessary for quantum repeaters in long-
distance quantum communication™®.

We were thus able to demonstrate the preparation of a freely
propagating teleported quantum state with high (non-conditional)
fidelity of 0.85 * 0.02, that is, well above the classical limit. Our
present results also confirm that the Innsbruck experiment was a
bona fide realization of quantum teleportation. Furthermore,
together with the expected future realization of entanglement puri-
fication'>?, the high experimental visibility obtained will allow the
next step towards long-distance quantum communication. O
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A stable silicon-based allene
analogue with a formally
sp-hybridized silicon atom
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Carbon chemistry exhibits a rich variety in bonding patterns, with
homo- or heteronuclear multiple bonds involving sp-hybridized
carbon atoms as found in molecules such as acetylenes, nitriles,
allenes and carbon dioxide. Carbon’s heavier homologues in group
14 of the periodic table—including silicon, germanium and tin—
were long thought incapable of forming multiple bonds because of
the less effective pr—pw orbital overlap involved in the multiple
bonds. However, bulky substituents can protect unsaturated bonds
and stabilize compounds with formally sp-hybridized heavy
group-14 atoms™*: stable germanium?, tin® and lead* analogues
of acetylene derivatives and a marginally stable tristannaallene’
have now been reported. However, no stable silicon compounds
with formal sp-silicon atoms have been isolated. Evidence for the
existence of a persistent disilaacetylene® and trapping’ of transient
2-silaallenes and other X=Si=X' type compounds (X, X' = O, CR,,
NR, and so on) are also known, but stable silicon compounds with
formally sp-hybridized silicon atoms have not yet been isolated.
Here we report the synthesis of a thermally stable, crystalline
trisilaallene derivative containing a formally sp-hybridized silicon
atom. We find that, in contrast to linear carbon allenes, the
trisilaallene is significantly bent. The central silicon in the mol-
ecule is dynamically disordered, which we ascribe to ready rotation
of the central silicon atom around the molecular axis.
Trisilaallene 1 was prepared as a green solid using two-step
reactions from silylene 2 (ref. 8) in overall 42% yield (equations
(1) and (2)). Trisilaallene 1 is sensitive to air but is thermally rather

Me;Si SiMe, Me,Si, SiMes
THF _cl
Si + sic, > sil_ )
SiCl,
Me,Si SiMe, Me,Si SiMe,
2 3
SiMe,
. SiMe,4
Me,Si Si
4 KCg, THF Me;Si W\
3 Si @
-40° C, 1 day Me,Si Vi
MeSi— S
SiMe,
SiMe,
1

stable with a melting point of 198-200 °C. The structure of 1 was
determined by 'H, "°C, and *°Si NMR spectroscopy and X-ray
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crystallography (see Supplementary Information for details).

X-ray single crystal analysis shows a quite unusual structural
feature of trisilaallene 1 (Fig. 1). In contrast to carbon allenes, the
trisilaallene skeleton is not linear but bent. The central silicon atom
(Si%) in the crystal was found at four positions labelled Si** to Si*" in
Fig. 1a at higher temperatures than —100 °C, indicating that four
structurally similar isomers exist, A to D. The populations for A to D
are independent of crystals but are significantly temperature-
dependent: the populations are 46, 23, 22 and 10% at 0°C, but
76, 18, 7 and 0% at —150°C, respectively (see Supplementary
Information for details). The energy differences between isomers
A to D are estimated to be within 1kcalmol™", suggesting a
dynamic disorder® mediated by a rotation of the Si* atom around
the Si'-Si’ axis.

The details of the molecular structure of isomer A of trisilaallene
1 at —150°C are as follows: (1) The Si'=Si’=Si’ skeleton is not
linear but is significantly bent with a bond angle of 136.49(6)°
(standard deviation is in parentheses), indicating that the bonding
at Si* atom cannot be described by using simple sp-hybridization
any longer. (2) The two Si=Si bond lengths in 1 (2.177(1) and
2.188(1);‘;)0are in the range of those for typical stable disilenes
(2.14-2.29 A). (3) The two five-membered rings are almost perpen-

5B

o]
Figure 1 Molecular structure of trisilaallene 1 at —50 °C. a, A top view (hydrogen atoms
were omitted for clarity). b, A side view (C,Si'=Si?=Si°C, skeleton). As shown in b,
Si?A-5i?° are found in four quadrants divided by two perpendicular planes of C'-Si'-C?
and C*-Si*~C*, respectively. The environments of the four quadrants are slightly different
from each other owing to the non-planarity of the five-membered rings, and hence, the
occupancies of Si*A-Si2° are not equal to each other. X-ray analysis for two different
single crystals of 1 showed that the populations are independent of the crystals but are
significantly temperature-dependent. The populations of isomers A to D are: 53, 22, 19
and 7% at —50°Cand 76, 18, 7 and 0% at —150 °C for crystal 1; 46, 23, 22 and 10% at
0°C; 52, 22,19 and 7% at —50°C; 61, 21, 15 and 4% at —100 °C; and 72, 19, 10 and
0% at —146 °C for crystal 2.
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