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ABSTRACT ARTICLE HISTORY
High-resolution anion photoelectron spectra of cryogenically cooled Si3C~, Si;C;, and SiC3 Received 18 August 2020
obtained using slow photoelectron velocity-map imaging (cryo-SEVI) are presented, providing Accepted 25 August 2020
insight into the geometries, energetics, and vibronic structure of the anionic and the neutral clusters. KEYWORDS

These spectra yield accurate vibrational frequencies for the neutral clusters. They also yield refined
adiabatic detachment energies (ADEs) for the ground states of SisC™ and Si;C; of 1.5374(6) eV and
1.9019(4) eV, respectively, while the ADE of a low-lying isomer of SiC5 is found to be 1.9050(7) eV.
The cryo-SEVI spectra show that the ground state of SiC; is a distorted trapezoid, and represent the
first confirmation of the distorted trapezoid structure of Si,C;, the only low-lying isomer of this clus-
ter with a permanent dipole moment. Additional transitions are observed from two low-lying anion
isomers: a linear structure and a rhombus. The spectrum of SiC3, in combination with electronic
structure calculations, suggests that the true ground state of SiCs is a ring structure with a transan-
nular C-C bond, addressing a longstanding controversy surrounding this cluster. All three spectra
exhibit Franck-Condon forbidden transitions; these are attributed to Herzberg-Teller coupling in SizC
and SiC3 and autodetachment from an excited electronic state of Si,C; .

Photoelectron spectroscopy;
ion spectroscopy; clusters
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Introduction S . .
detection in the circumstellar envelope of carbon-rich

Small silicon carbides (Si,;C,;) are of considerable fun-
damental and applied interest as potential building
blocks for the synthesis of novel nanoscale materials
[1], for their role in the low-pressure vapour deposi-
tion of solid silicon carbide [2], and based on their

stars such as IRC+10216 [3-8]. Since these clusters are
intermediate between the pure carbon (C,) and sili-
con (Si,) clusters, whose structural trends are well doc-
umented [9-17], they provide an excellent system to
explore the nature of the organosilicon bond, potentially
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aiding in the engineering of nanostructured silicon car-
bides and assignment of astronomical data. These con-
siderations have motivated myriad experimental and
theoretical studies utilising matrix isolation infrared
spectroscopy [18,19], Fourier transform microwave spec-
troscopy [6,7,20-22], resonant two-color two-photon
ionisation (R2C2PI) [23-25], infrared-ultraviolet two-
color ionisation (IR-UV2CI) [26], anion photoelectron
spectroscopy (PES) [27,28], and electronic structure cal-
culations [23,29-46], all aimed at characterising the
electronic and vibrational structure of small silicon car-
bides. Despite this extensive body of work, the Si,Cy,
(n+m=4) clusters still pose a significant challenge to
both theory and experiment. In this work, we address
longstanding questions surrounding the structures of
Si3C, SizC,, and SiCs using high resolution photoelec-
tron spectroscopy of cryogenically cooled anions and
high-level ab initio calculations.

Proposed structures for the ground states of the 4-
atom silicon carbide clusters (SizC%~, Sizcg/ ~, and
Sng/ ) are shown in Figure 1. Si3C is perhaps the best
characterised of the three clusters. First detected in 1992
by Graham and co-workers [18] using FTIR of vapor-
ised silicon carbides trapped in Ar matrices, five of six
vibrational modes were reported and its structure was
unambiguously determined as a 4-membered ring with
a transannular Si-C bond (structure 1a). Since then, this
structure of Si3C has been confirmed by a number of
gas-phase experiments [23-27] and calculated to be the
ground state of this species [23,35,36,41], while anion
photoelectron spectroscopy of Si3C™ has confirmed the
ground state of the anion as structure 1a [27].

It has been more challenging to characterise the
ground states of the two other four-atom clusters. The
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Figure 1. Structures of low-lying isomers of Si C (1a), Si C (2b-d),
and SiC (3e-g).

ground state of neutral SipC; has been calculated to be
a rhombic structure (2b) [30-33,36,38,39,45], lying less
than 40kJ/mol below both a linear isomer and a dis-
torted trapezoid (2¢,d, respectively), while the energetic
ordering of structures 2c and 2d is method-dependent.
This uncertainty was complicated when Graham and
co-workers [19] observed vibrational bending modes
tentatively assigned to all three isomers via Ar matrix
FTIR spectroscopy. Since then, a recent R2C2PI study
from Steglich and Maier [25] observed only contributions
from the linear isomer (2¢) in their jet-cooled expan-
sion, though their probe energies are below the calculated
IE of structure 2b, and the authors make no mention of
2d. Anion photoelectron spectroscopy by the Kaya group
[27] showed both sharp and broad features, attributed to
photodetachment from two anion isomers, but definitive
assignments were hampered by the absence of resolved
vibrational structure. Theoretical efforts to explain this
spectrum have found either structure 2c or 2d to be the
ground state for the Si;C; anion [36,38,45].

SiCs is perhaps the most contentious of the three.
The ground state was first calculated to be a four-
membered ring with a transannular C-C bond (3e),
with a low-lying linear triplet state and a second rhom-
boidal Si-C transannular bonding structure (3f and 3 g,
respectively) within 20 kJ/mol [34,37]. Structure 3e was
discovered shortly thereafter not only in the labora-
tory [7,21], but also in the interstellar medium [6].
Subsequently, McCarthy et al. detected both structure
3g and 3f in a supersonic molecular beam via FT-
microwave spectroscopy [20,22]. Following this, numer-
ous experimental and theoretical studies were performed
to ascertain the true ground state of SiCs, with the-
orists determining the three structures lie withing a
few kJ/mol of one another, though the ordering is
method-dependent [29,36,39,40,42-46]. Anion photo-
electron spectra revealed both sharp structure at high
binding energies, assigned to the linear structure 3f by
the Kaya group and confirmed by the Lineberger group,
and two broad, weak features at lower binding energies
attributed to the presence of one or more ring structures
[27,28]. These studies were able to confirm the lowest-
energy structure of SiC3 as the 3flinear species, in agree-
ment with theory that suggests this structure is at least
40 kJ/mol more stable than either of the two ring isomers
(3e,g) [36,37,45].

The present study uses slow photoelectron velocity-
map imaging of cryogenically cooled anions (cryo-SEVI)
[47] to obtain photoelectron spectra with highly resolved
vibrational structure of Si3C~, Si,C;, and SiC; . With
the aid of Franck-Condon (FC) simulations, all bands are
unambiguously assigned to specific structural isomers
of the three clusters. Investigation into Si3C™ allows for



determination of the frequency for the previously unre-
ported v, vibrational mode, with features having odd
quanta along this mode appearing via Herzberg-Teller
coupling. Our spectrum of Si;C, reveals detachment
from three anionic isomers, and establishes the distorted
trapezoid 2d as the ground state of Si,C; . Significant
FC-activity from photodetachment of structure 2d allows
for characterisation of the vibrational frequencies of the
corresponding neutral species, including FC-forbidden
transitions along the v normal mode that gains inten-
sity through vibrational autodetachment. The cryo-SEVI
spectrum of SiC5 provides the first information on the
vibrational structure 3e of SiCs, revealing non-FC activ-
ity along the v4 normal coordinate. Collectively, these
spectra provide improved ADE:s for structures 1a, 2b,c,d,
and 3e, allowing for the determination of upper bounds
for the energetic splitting of the neutral silicon carbide
clusters. Coupling these experimental ADEs with ab ini-
tio calculations and experimental considerations suggests
that the true ground sate of SiCs is a ring containing a
transannular C-C bond (3e).

Experimental methods

The cryo-SEVI method has been described in detail
previously [47-50]. In this work, silicon carbide cluster
anions are generated with a laser ablation source using
a frequency-doubled Nd:YAG laser focused onto a rota-
tion and translating silicon carbide disk. The resulting
plasma is entrained within a pulse of He carrier gas from
an Even-Lavie solenoid valve [51] before passing through
a skimmer. The ions then pass through a radiofrequency
(RF) hexapole ion guide and a RF quadrupole mass filter
and are directed into a linear RF octupole ion trap held at
5K and filled with a buffer gas mixture of 20:80 H,:He.
Collisions with the cold buffer gas result in effective
vibrational, rotational, and electronic cooling of the ions,
leading to internal temperatures near 10 K [47,52,53].

After ~40ms, the ions are extracted from the trap
into an orthogonal Wiley-McLaren time-of-flight mass
spectrometer [54] and focused into the interaction region
of a seven-plate velocity-map imaging (VMI) electro-
static lens assembly [55,56]. In the VMI spectrometer,
ions are photodetached by the output of a dye laser
pumped by the second harmonic of a Nd:YAG laser
operating at 20 Hz.

The resulting photoelectrons are projected onto a 2D
detector comprising two chevron-stacked microchannel
plates coupled to a phosphor screen, which is pho-
tographed by a CCD camera after each laser shot [57].
Each image is analyzed for individual electron events
for which the centroids are calculated and binned in a
1024 x 1024 grid [58]. The three-dimensional electron
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velocity distribution is reconstructed from the accumu-
lated images using the Maximum Entropy Velocity Leg-
endre Reconstruction (MEVELER) algorithm [59]. The
radial position of features in the reconstructed image
is related to electron kinetic energy (eKE) by acquiring
VMI images for detachment from atomic O~ at several
photon energies [60].

The VMI spectrometer has an approximately constant
resolving power, AeKE/eKE [55], yielding the best eKE
resolution for slow electrons. As such, a SEVI spectrum
is acquired by first taking an overview spectrum at a rel-
atively high photon energy before tuning the detachment
laser to energies slightly above features of interest. This
procedure results in a series of high-resolution spectra
over narrow energy windows that are concatenated and
scaled to match intensities in the overview spectrum,
which is less sensitive to variation of the photodetach-
ment cross section with photon energy. Spectra are plot-
ted as a function of electron binding energy (eBE), given
by eBE = hv - eKE.

In addition to the eKE distributions, VMI allows for
the determination of photoelectron angular distribu-
tions (PADs) associated with each detachment transition,
given by [61]

j—g = %[1 + BPy(cos )], (1)
where oy is the total detachment cross section, P,(x) is
the second-order Legendre polynomial, # is the angle of
the outgoing photoelectron velocity vector with respect
to the laser polarisation axis, and B is the anisotropy
parameter. The anisotropy parameter, which ranges from
—1 (perpendicular detachment) to 42 (parallel detach-
ment), reflects the angular momentum of the detached
electron and is thus tied to the electronic character of
each photodetachment transition [62].

Computational methods

Electronic structure calculations for all isomers of
SisCY~ and Si,C,”~ were carried out at the
CCSD/aug-cc-pVDZ level of theory, while those for
SiC3%~ were carried out at the CCSD/aug-cc-pVTZ
level [63-65]. Based on the calculated energetics of
these species in previous work [23,29-32,34,36,39,40,
43,45,46], the calculations were restricted to the singlet
manifold for all ring structures (1a, 2b, 2d, 3e, and 3g),
while both the singlet and triplet structures for the linear
isomers (2c, 3f) were considered. All calculations were
performed using Gaussian 16 (revision A.03) [66]. Cal-
culated adiabatic detachment energies (ADEs) are zero-
point corrected. Calculated geometries are presented in
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Tables S1-18 while the energetics of the anion and neutral
isomers are listed in Tables S19 and S20.

The equilibrium geometries and normal modes were
used to calculate the Franck-Condon (FC) profiles for the
relevant photodetachment transitions in Si3C~, Si,C;,
and SiCj with the ezSpectrum v3.0 software package
[67]. All modes were treated in the harmonic approxima-
tion and FC integrals were calculated using full Duschin-
sky mixing of all normal modes [68]. To better match
experiment, FC simulations use experimentally deter-
mined frequencies when available. The calculated and
experimental values used in these simulations are pre-
sented in Tables S21-23 of the SI, while cryo-SEVI spec-
tra with FC simulations using the calculated frequencies
are presented in Figures S1-7 of the SI. In the case of
Si,C; and SiC5, discrepancies between the simulated FC
profiles and experiment were observed when the calcu-
lated structures were used. These were addressed by mak-
ing small additional displacements to either the anion
or neutral normal coordinates. Adjustments were made
to the Si;C, structure on the basis of better agreement
between the calculated and experimental ADE for the
distorted neutral species; this point is discussed in more
detail in the SI. For SiC;, adjustments were made to
the anion as microwave spectra have provided accurate
experimental bond-lengths for the neutral species. Full
details of these adjustments are presented in Sections S1
and S2 of the SL

Excited state energies for the Si3C, Si,C,%~, and SiCs
clusters were calculated using the equation of motion
coupled cluster (EOM-CCSD) framework [69-74] with
the same basis set as used for geometry optimizations
within Gaussian 16. Calculations were performed using
the optimised ground state geometries unless otherwise
stated. Term energies and state symmetries of the first
four excited states are presented in Table S24 of the SI.

Results

The cryo-SEVI spectra of Si3C™, Si;C;, and SiCj, are
presented in Figures 2-4 respectively. In these panels,
a low-resolution overview spectrum (blue) is displayed
atop high-resolution composite spectra (black) taken at
several photon energies as well as simulated Franck-
Condon profiles (red sticks) using adjusted geometries
as described above [63-65]. Peak assignments, electron
binding energies (eBEs), and shifts from peak A are given
in Tables 1-3 for Si3C, SiC,, and SiCs, respectively.
A complete listing of experimental parameters deter-
mined here with a comparison to literature values is
included in Table 4. Computationally determined geome-
tries, theoretical relative energetics of differing isomers,
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Figure 2. Cryo-SEVI spectra of Si;C™. A low-resolution spectrum
(blue) sits above both high resolution scans (black, variable pho-
ton energies) and a simulated photoelectron stick spectrum for
structure 1a (red).
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Figure 3. Cryo-SEVIspectra of Si; C; . A low-resolution spectrum
(blue) sits above both high resolution scans (black, variable pho-
ton energies) and a simulated photoelectron stick spectrum for
structures 2d (red) and 2c (gold). Insert: magnification of low
eBE region displaying weak cryo-SEVI signal (blue) below PES
spectrum of Kaya et al. (black) [27].

and spectra with FC simulations using calculated fre-
quencies are presented in Figures S1-7 and Tables S1-524
of the SL

The cryo-SEVI spectra of Si3C, Si»C;, and SiCj3 repre-
sent significant improvements over previous anion pho-
toelectron spectroscopy studies [27,28]. The improved
resolution afforded by the cryo-SEVI method reveals a
strong vibrational origin (peak A) followed by a pro-
gression of transitions to vibrationally excited states of
the neutral clusters. Vibrational assignments are facil-
itated by comparison between FC simulations and the
experimental spectra.
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Figure 4. Cryo-SEVI spectra of SiC3 . A low-resolution spectrum
(blue) sits above both high resolution scans (black, variable pho-
ton energies) and a simulated photoelectron stick spectrum (red).

Table 1. Peak positions, shifts from peak A1, and assignments
for the detachment transitions in the cryo-SEVI spectrum of Si3C
presented in Figure 2.

Peak eBE (cm~1) Shift (cm™") Assignment
Al 12400(9) 0 03

B1 12570(7) 170 4}

Cl 12710(10) 309 3

D1 12743(13) 343 42

E1 12873(7) 473 3040

F1 12914(15) 514 2

G1 13084(6) 684 63

H1 13224(21) 824 243}

1 13420(25) 1019 22

Note: Uncertainties in peak positions correspond to one standard deviation
obtained from a Gaussian fit to the corresponding feature in the high-
resolution scan.

Discussion
Spectral assignments

SizC

The cryo-SEVI spectrum of Si3C™ is presented in Figure
2 along with FC simulations for structure 1a, selected as
this structure is known to be the ground state of Si3C% ~
[18,23-25,35,36]. In this spectrum, features C1, D1, F1,
GI, HI, and I1 are reproduced in the FC simulations,
allowing for their assignment as the 3}, 42, 21, 63, 2}3},
and 22 transitions. From these peak locations the fre-
quencies of the v, v3, and v normal modes of Si3;C may
be inferred, as reported in Table 4; these values are in
good agreement with those determined by Graham et
al. [18] Though features B1 and E1 are notably absent
from our FC simulations, their shifts from peak A1 match
well with the FC-forbidden 4(1) and 3(1)4(1) transitions, the
appearance of which is discussed below. As feature Bl
reports on the 4] transition, its position allows for the
determination of the out-of-plane v4 normal mode in
this species for the first time. Our experimental value of

MOLECULAR PHYSICS e 5

Table 2. Peak positions, shifts from peak A2, and assignments for
the detachment transitions in the cryo-SEVI spectrum of Si;C;
presented in Figure 3.

Peak eBE (cm™") Shift (cm™") Assignment
A2 15340(6) 0 03
B2 15536(7) 196 6,
Q 15645(7) 305 50
D2 15733(9) 393 62
E2 15945(7) 605 52
F2 15975(7) 636 3
G2 16035(4) 695 5063
H2 16060(8) 720 2
12 16242(10) 903 53
12 16281(9) 941 3358
K2 16343(15) 1003 42
L2 16363(8) 1024 2450
M2 16535(10) 1195 5¢
N2 16563(7) 1223 2042
02 16582(8) 1242 3352
P2 16606(6) 1267 32
Q 16639(4) 1299 5362
R2 16661(9) 1321 2052
s2 16691(6) 1351 2038
T2 16824(9) 1484 53
u2 16878(10) 1538 3353
V2 16914(7) 1574 3250
w2 16954(7) 1614 2058
X2 16976(4) 1636 335063
Y2 16995(5) 1655 243358
AA 17171(13) 1832 03 (2¢, see text)

Note: Uncertainties in peak positions correspond to one standard deviation
obtained from a Gaussian fit to the corresponding feature in the high-
resolution scan. Assignments are for isomer 2d unless stated otherwise.

Table 3. Peak positions, shifts from peak A3, and assignments
for the detachment transitions in the cryo-SEVI spectrum of SiC3
presented in Figure 4.

Peak eBE (cm™") Shift (cm~) Assignment
A3 15365(12) 0 03
B3 15626(15) 261 4
a 15850(9) 485 42
D3 16047(11) 682 3
E3 16341(21) 976 28
F3 16702(15) 1337 1
G3 16726(12) 1361 32

Note: Uncertainties in peak positions correspond to one standard deviation
obtained from a Gaussian fit to the corresponding feature in the high-
resolution scan.

v4 = 170(6) cm™! is in good agreement with our cal-
culated value of 168 cm™! as well as those reported in
previous theoretical work [23,35].

As both features B1 and E1 report on transitions
involving odd quanta along the non-totally symmetric v4
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Table 4. Experimental parameters for structures 1a, 2d, and 3e of SiC3, SiCy, and SiCs, respectively,
extracted from the cryo-SEVI spectrum of the corresponding anion, comparison to theoretical values
obtained in the current work (CCSD/aug-cc-pVXZ, X = T for SiC3, X = D for Si3C, Si»C;), and available

literature values.

SizC SirCy SiC3
Parameter Calc SEVI Lit Calc SEVI Lit Calc SEVI Lit
ADE (eV) 1.349 1.5374(6) 1.54(8)? 1.720 1.9019(4) 1.93(8)? 1.807 1.9050(7) 1.93(10)?
vy (aq), (@) 635 658.2P 1571 1429 1337(10)
v3 (ay), (@) 501 514(9) 511.8P 698 720(5) 982 976(12)
v3 (a1), (@) 299 309(7) 309.5P 616 636(4) 632¢ 675 682(8)
va (b1), (@) 169 170(6) 482 501(11) 261 261(10)
vs (by), (@) 1081 1101.4° 296 305(5) 1069
Ve (by), (@) 343 342(8) 357.6P 193 196(5) 401

Note: Reported ADEs are for the corresponding anions. Vibrational mode symmetries for SizC and SiCs are listed first, then those

for Si;C,. All values are in cm~" unless otherwise stated.
2Ref [27]; PRef [18]; “Ref [19].

mode, they are formally FC-forbidden, and their appear-
ance is ascribed to Herzberg-Teller (HT) coupling to an
excited neutral state. The signatures of HT coupling in
anion photoelectron spectroscopy are well established,
and come about due to borrowed electronic charac-
ter from an excited state [75-84]. Transitions that are
allowed only through HT coupling often have differ-
ent photoelectron angular distributions than FC-allowed
peaks. Moreover, in cryo-SEVI spectra, HT coupling
leads to different relative intensities compared to FC
allowed transitions as the photodetachment energy is
varied, an effect that can be particularly pronounced
when the electron kinetic energies are low. Comparison
of the overview and high-resolution composite transi-
tions in Figure 2 show that peaks B1 and E1 are enhanced
at low eKE relative to FC-allowed transitions (see also
Figure S8), an effect also seen in the cryo-SEVI spectrum
of NO3 [84].

Si>C;

The cryo-SEVI spectrum of Si;C; reveals substantially
more vibrational structure than SizC. We find poor agree-
ment between FC simulations for structures 2b and 2c of
Si;C, (Figures S1, 2 in the SI). FC simulations for struc-
ture 2d using the calculated geometries fare considerably
better but overestimate the activity along the v, and v3
normal coordinates. This is corrected for by adjusting the
optimised geometry along the neutral v3 and v, normal
coordinates, bringing the observed structure closer to a
C,y trapezoid (see Section S1 and Figures S3, 4 of the
SI). The resulting FC simulations involving the adjusted-
Si;C, structure, presented in Figure 3, are in excellent
agreement with the experimental results. These simula-
tions facilitate the assignment of nearly every transition
observed in the cryo-SEVI spectrum, including the 2(1),
3(1), 5(1), 4(2), and 63 transitions (features H2, F2, C2, K2, and
D2, respectively), as shown in Table 2. These assignments

allow for the determination of the vibrational frequen-
cies of the v,, v4, vs5, and v¢ modes of Si;C, for the
first time, while our experimentally determined value of
636(4) cm™! for v3 in good agreement with the tentative
assignment provided by Graham [19].

Peak B2 is not reproduced by our FC simulations,
but the position of this features matches well with the
expected location of the FC-forbidden 6 transition.
Unlike peaks B1 and E1 in the spectrum of Si3C~, fea-
ture B2 in Si;C; only appears in one of 12 scans taken
over a range of photon energies (Figure S9), a clear indi-
cation of autodetachment from an excited anionic state
[85-89]. Vibrational autodetachment is a non-Born-
Oppenheimer process wherein vibrational and rotational
degrees of freedom couple the autodetaching anionic
excited state to the (neural + free electron) continuum,
permitting the observation of otherwise inaccessible neu-
tral states [90,91]. In the present study, peak B2 is
only observed when detached with a photon energy of
1.94930 eV (15,722 cm™!), residing very near our calcu-
lated term energy of 1.9560 eV at the EOM-CCSD/aug-
cc-pVDZ level for the C state of structure 2d of SiC5
and only 11cm™! below the calculated position of the
FC-allowed 6 transition. As vibrational autodetachment
preferentially occurs by loss of one vibrational quantum
(Av = -1) in a coupling mode whose normal coordinate
changes the character of the anion orbital from which the
electron is autodetached [90], these results strongly sug-
gest that the observed 6(1) transition in Si, C; is facilitated
by vibrational autodetachment from the 2v¢ level of the
C state in SiC, .

Our cryo-SEVI spectra also show evidence for contri-
butions from multiple isomers; as shown in Figure 3, we
see signal at ~ 10,500 cm™! (peak BB) and 17,172 cm™!
(peak AA) that has previously been attributed to other
structures of SiC, by Kaya et al. [27] Feature BB is
exceptionally weak and was collected at high eKE, pro-
ducing a spectrum with low resolution that is assigned



as structure 2b on the basis of previous assignments.
At high eBE we observe an isolated sharp feature, peak
AA, that clearly lies beyond the FC simulation for struc-
ture 2d. This peak is assigned to linear Si,C, (struc-
ture 2c¢); it is reproduced by FC simulations for detach-
ment from the linear anion that exhibit a strong vibra-
tional origin without any other features of discernible
intensity. Such a result agrees with previous findings
on linear carbon and silicon carbide clusters that find
photoelectron spectra dominated by a sharp vibrational
origin and lacking an extended vibrational progression
[27,28,92-95].

SiC3

The cryo-SEVT spectra of SiCsz represents an investiga-
tion into the lowest-eBE region of previously reported
PES spectra, ascribed to detachment from a low-lying
ring structure of SiC; in those studies [27,28,37]. The
current work displays the first vibrationally-resolved
spectrum in this region, allowing for the assignment of
structure 3e as the origin of this band based on agree-
ment between simulated FC profiles for this structure (as
reported in Figure 4) and poor agreement for structure
3 g. As detachment from linear SiC; has been observed
by Lineberger with a band origin at eBE higher than those
explored in this work [75], structure 3f was excluded
from consideration.

FC profiles based on the optimised 3e geometry
underreport activity in v3 and require additional dis-
placement along the corresponding normal coordinate
to adequately reproduce features C3, D3, E3, F3 and G3
in the experimental spectrum (see Section S2 and Fig-
ures S6, 7). The FC-simulations using this adjusted anion
geometry are presented in Figure 4 and allow for the
assignment of these peaks to the 43, 3}, 2}, 1}, and 3} tran-
sitions, respectively. From these assignments, we are able
to extract experimental frequencies for the vy, v,, v3, and
v4 normal modes for the first time, as shown in Table 4
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below. Feature B3 is once again not reproduced by our FC
simulations. As the position of this feature aligns with the
FC-forbidden 4] transition, a detachment cross section
that diminishes more rapidly than the FC-allowed fea-
tures as its photodetachment threshold is approached
(see Figure S10 in SI), and a photoelectron angular dis-
tribution that differs from peak A3 (Figure S11 in SI), we
assign this feature to the 4] transition that gains intensity
through HT-coupling.

Isomers and energetics

Adiabatic detachment energies (ADE) are experimen-
tally determined for each observed anion isomer by the
position of the vibrational origin of the corresponding
band in the cryo-SEVI spectrum. For Si3C™ and SiC5,
the lowest energy transitions (peak A) yield ADEs of
1.5374(6) eV and 1.9050(7) eV for structures la and
3e, respectively. In the case of Si;C;, structures 2b, 2c,
and 2d are found to have ADEs of 1.30€V, 2.1291(8) eV,
and 1.9019(4) eV, respectively. These values represent an
improvement by two orders of magnitude from those
previously reported for structures la, 2¢, and 2d [27],
and represent the first reported value for structures 2b
and 3e.

An ADE is equal to the electron affinity of a particular
SimCy cluster only when the vibrational origin transition
is between the anion and neutral ground state structures.
Moreover, the photoelectron spectra of Si,C; and SiC5
presented here and elsewhere exhibit multiple bands, but
these do not involve photodetachment from common
isomers. For this reason, these spectra alone do not pro-
vide enough information to constrain the relative energy
ordering of isomers in either the neutral or anionic mani-
folds. Nonetheless, by comparing experiment and theory,
one can obtain information on the anion and neutral
energy orderings and place limits on the energy splittings
between the various neutral and anion isomers. These

3f
39”#A
- 2c A T S
—
o 28 2b l\: m: o SIan
1a / N1 @i\
v A = o)) o 9
b X Rl | & A A
— ™M !
A bl —| 2 39 | !
— ZC\ 36/’:I:' — . _
1a e 2d = 3f —— Si_C
Si;C SiLGC, SiG;

Figure 5. Energy level diagram of the various isomers and charge states of Si3C, SioC,, and Si>C,. Depicted level splittings for the anion
and neutral manifolds are from our CCSD calculations, while the reported ADE values are in eV and experimentally determined in this

work (black, solid) or that of Davico [28] (red, dashed).
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considerations lead to the energetics in Figure 5 and are
discussed in more detail below.

SizC

Our cryo-SEVI spectrum reports solely on structure 1a of
Si3C and exhibits no evidence of the presence of another
isomer, in agreement with previous anion PES studies
[27]. As our ions are cooled in a clustering channel in the
laser ablation source and further in a cryogenic ion trap,
the ions produced by the cryo-SEVI apparatus are likely
the most stable anion isomers. This suggests that 1a is
the global minimum on the Si3C™ surface, in agreement
with theory [41,45]. Further, as it has been established
that structure 1a is the global minimum structure of Si3C
[23], the measured ADE of SizC™ is the adiabatic electron
affinity of SizC, as show in Figure 5.

Si>Cy

It is well established that structure 2b is the global mini-
mum for neutral Si,C, whereas either 2c or 2d has been
attributed to the global minimum on the anionic surface
[30,33,36,39,45]. Our cryo-SEVI spectra, in combination
with FC simulations, provide clear evidence that struc-
ture 2d is the anionic ground state and represent the first
experimental confirmation of structure 2d for neutral
Si;Cy, the only low-lying isomer of Si;C, with a dipole
moment — suggesting this species may be observable in
the ISM via its rotational spectrum. Bands from other
isomers of SipC; in our cryo-SEVI spectra arise from
higher-lying anionic states.

In accordance with these findings, our calculations
suggest that structure 2d is the most stable form of i, C5,
with 2c¢ and 2b residing 0.06 and 0.38 eV higher, while
in the neutral species, 2d resides ~0.2 eV above 2b and
0.13 eV below 2c (see Table 19 in SI). These calculations
also predict ADEs of 1.15,1.73, and 1.80 eV for structures
2b, 2d, and 2c¢ of Si,C;, respectively, further supporting
the assignments of the features observed at ~1.30¢V,
1.9019(4), and 2.1291(8) eV as detachment from struc-
tures 2b, 2d, and 2c, respectively. The assignment of 2b
is bolstered by the low relative intensity of the feature —
the intensities of these two bands report on the relative
populations of the two isomers, suggesting a small popu-
lation of Si,C; in structure 2b, as would be expected for
a high-lying anion isomer in our experiment. Similarly,
the integrated intensity of all features reporting on struc-
ture 2¢ is dramatically lower than the intensity of those
reporting on structure 2d, suggesting a lower population
of structure 2¢ than 2d.

If structures 2b, 2¢, and 2d of Si,C; are assumed to
be degenerate, then from the measured ADE values, the
neutral structure 2b resides 0.87 and 0.59 eV below struc-
tures 2c and 2d, respectively. This value, however, is an

upper bound to the neutral splitting, as the 2b anion is
undisputedly higher in energy than the 2c and 2d anijons,
with our calculations suggesting it lies 0.38 eV above the
2d ground state. A similar analysis yields an upper bound
for structure 2¢ residing 0.299 eV above 2d, which is likely
close to the actual value as the appearance of both struc-
tures 2c and 2d with similar intensity here and in the
previous work by Kaya [27] suggests that the isomers
have similar energetics, in agreement with our calculated
energy splitting of 0.059 eV between these two anions.

SiCs

Finally, we return to the longstanding question surround-
ing the ground state of SiCs, for which theoretical reports
have shown strong method-dependence on the deter-
mined ground state structure [29,36,39,40,42,43,45,46].
Previous PES studies by Kaya [27] and Lineberger [28]
have confirmed the ADE of the linear structure 3f as
2.827 eV and observed two other bands with ADEs of
1.93(10) and 2.629 eV, both attributed to ring structures.
Our current investigation has revisited the lowest eBE
feature and shows it to originate from structure 3e, while
the 2.629 eV feature from Lineberger et al. is found to
match well with our FC-simulations for structure 3 g
(Figure S12 in SI).

Much like in the case of Si;C,, the photodetachment
transitions measured previously and here do not map
onto a common neutral state. The measured ADE of
structure 3e of SiC5 is 0.725 and 0.922 eV lower than
structures 3 g and 3f, respectively, and a similar treatment
to that described for Si;C, gives these values as upper
bounds for the energetic splitting between the neutral
isomers. This is likely close to the true splitting of struc-
tures 3e and 3 g, though the latter of these upper bounds
is a significant overestimation, as structures 3e and 3 g of
SiC5 has been calculated to reside ~0.5eV above the
linear structure 3f both here and previously [36,37,45].
These calculations are supported by previous PES studies
that observe an increase in intensity of the features corre-
sponding to the ring isomers as experimental conditions
are varied to favour hotter ion production.

For structure 3e to not be the ground state of SiCs
would require its anion to reside nearly twice as high as
predicted - close to a full eV above structure 3f. As it has
been established that the cryo-SEVI apparatus tends to
favour production of low-lying isomers [96], the appear-
ance of such an energetically unfavourable anion would
be rather surprising. Further, we find poor signal to noise
despite good ion signal, indicating a low population of
structure 3e consistent with the calculated splitting of
0.5 eV. It seems unlikely, then, that the calculated energet-
ics are in error by the factor of two required to impact the
neutral ordering. Collectively, the results presented here



demonstrate that structure 3e is not the ground state of
SiC3 but favour it as the global minimum of SiCs.

Conclusion

High resolution cryo-SEVI spectra of SizC~, Si,C;,
and SiC; are presented along with high-level ab initio
calculations. Spectral assignments are readily obtained
by comparison to simulated Franck-Condon profiles,
revealing forbidden transitions in each cluster, ascribed
to vibronic coupling in Si3C and SiCs; or vibrational
autodetachment in Si;C,. Detachment from Si,C;
reveals the presence of three isomers of this anion present
after cryogenic cooling, allowing for the determination
of structure 2d as the ground state of Si;C, . Reinves-
tigation of the low eBE region of SiC; shows structure
3e is responsible for this band, providing the first vibra-
tional characterisation of this isomer of SiCs. Experimen-
tal ADEs are extracted from these spectra for structures
la, 2b,c, d, and 3e of Si3C™, Si,C; , and SiCj, represent-
ing an improvement of two orders of magnitude over
previously reported values. Upper bounds on the ener-
getic splitting of the Si»C, and SiCs neutral clusters are
established and suggest that the long-contested ground
state of SiCs is a ring structure with a transannular C-C

bond.
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