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CHAPTER |

INTRODUCTION

1.1 POTENTIAL ASTROPHYSI CAL APPLICATIONS

For a longitme, scientists have been exploring tinier and tinier struc{tnea® molecules, to
atoms to quarRs but due to the complicated nature of these systems, so matghuaknown
aboutthem. Research on small structuseotivated by several appétions. In the present
work on molecular investigationghereis thepoterial applicationto studief chemical

processes in astrophysical environmemisirys and Apporfiemphasized this,

AThe use of molecular |lines as tracers of
revolutionized our knowledge of star and solar system formation, galactic
structure, stellar nucleosynthesis, and even cosmology. Hence, laboratory
and theoretical molecular datas aided both in the chemical and physical
knowl edge of the universeo.
For example, the carbon star IRC + 10216.1, also known as CW Leonis, hadiffexapt
carboncontainingspeciesin particulathesilicon-carbon species, SiC, SiGSiG;, and SiG
have been identified in its circumstellar shell. This star is surrounded by dense clouds of gas and
dust, which absorb high energy light such as the visibtihe ultraviolet. Its many properties
were detected using radio and infrared astronomy, betause energy radiation, such as

infrared, easily passes through the dense media.

Furthermore, the Cologne Database for Molecular Spectroscopy (CDMS) has recorded

180 moleculeglisted in Table 1.las of May 2013, to have been observed in interstelatium



or circumstellar shell. Among the molecules listed are carbon chaing.Cs, Cs, Gs),

molecules with carbon chain backboneg)(CCCN, HGN, GN, HC), and around a dozen-Si
bearing specie®(g.SiCs, SiG, SiO, SiN). In addition to astropsigal applications,molecular
information is also important to chemical physicists and computational theorists who want to
determine their structures, chemical bond properties and create models to predict undiscovered

molecules.

1.2 PREVIOUS SILICON -CARBON RESEARCH

Astronomers, experimentalists and theorists have produced a great deal of research on
SinCm species and the present work is part of thigoimg research. e history of Sig
exemplifies thigesearch In 1926, Merrilf and Sanforlireported its blugreen absorption band
in certain carboirich stars flowever they did notyetknow that it was Sig). Thirty years later
the mol ecul eds i byKieman inthelaboratarynandilizes almosat 80eyears
afterthatin 1985, Shepherd and Graham determined tebaped structure of Sj@ith ionic
bonding® Weltner and McLeod were the first to matrix trap &CSiolecule in 1964, which was
SiGbut did not determine the moleculebds struc
phase measurements were reported by Bond{PegsillaMarquezet al.® and Butenhoff and
Rohlfing, respectively. Similarly to SiG, SiC, was also detected in spaeadthis timeby
Ohishiet al*® via its rotational spectrunbefore its vibrational spectrum was measured in an Ar
matrix by Witheyet al. SiC was first identified by Bernagt al*! in the laboratory and then by

Cernicharcet al.in the envelope of IRCH0216



Tablel.1. A listing of molecules observed in the interstellar medium and/or circumstellar shells as recorded by the
Cologne Databader Molecular Spectroscopy (CDMS) in May 2009 (Ref. Zentative identifications are
denoted by fA?0.

2 atoms 3 4 5 6 7 8 9 10 11 12
H, Cs c-C3H Cs CsH CeH CH3C3N CH3C4H CH3CsN HC,N c-CeHs
AlF C,H l-CsH C,H I-H,C, CH,CHCN  HC(O)OCHjs CH3CH,CN (CH3),CO CHsCeH  C,HsOCH;?
AlCI C,0 CsN C.Si CoHq CH3C,H CH3COOH (CH3),0 (CH,OH),  C,HsOCHO  n-C3H,CN
(o C,S C;0 I-C3H, CHLCN HCsN C-H CH3zCH,OH  CH5CH,CHO
CH CH, CsS c-C3H, CH3NC CH3;CHO CeH> HC;N
CH* HCN C,H, H,CCN CH;OH CH3NH, CH,OHCHO CgH
CN HCO NH, CH, CH3SH c-C,H,0 I-HCgH CH3C(O)NH,
coO HCO" HCCN HC;N HCsNH* H,CCHOH CH,CHCHO (?) CgH'
co’ HCS® HCNH' HC,NC HC,CHO CeH' CH,CCHCN CsHg
CP HOC*  HNCO HCOOH NH,CHO H,NCH,CN 2 atoms 3 atoms
Sic H,0O HNCS H,CNH CsN CH3;CHNH contd <conto
HCI H,S HOCO" H,C,0 I-HC,H HF H,D"
KCl HNC H,CO H,NCN I-HC,N HD HD*
NH HNO H,CN HNC, c-H,C;0 FeO? SIiCN
NO MgCN  H,CS SiH,4 H,CCNH (?) 0, AINC
NS MgNC  Hz;0" H,COH"* CsN' CF" SiNC
NaCl N,H*  c-SiCq C,H' HNCHCN SiH? HCP
OH N,O CHg HC(O)CN PO CccP
PN NaCN CsN' HNCNH AIO AIOH
SO OCS PH;? CH;0 OH" H,O"
so* SO, HCNO NH,* CN' H,CI*
SiN c-SiC, HOCN SH* KCN
Sio CO, HSCN SH FeCN
SisS NH, H,0, HCI" HO,
CS Hs" CsH' (?) TiO, TiO,

cont'd cont'd



Information on nanymolecular species and theibrational frequencies can be fouimd
the NIST Vibrational and Electronic Energy databdsBesearch has involved spectroscopic
techniques such as microwave spectrosc¢dpyiotoeletron spectroscopy, and Fourier
transform infrared (FTIR) spectroscopy. Various methods of synthesizing clusters have been

used including photolysis, laser ablation, and photon ionization.

Laser ablation, matrix trapping, and FTIR spectroscopy areaténtthe detection and
characterization of SC molecules in the Molecular Physics Lab at Texas Christian University.
The combination of FTIR measurements abdnitio theory has contributed to the first
observations of vibrational fundamentals e species(shown inFigure1.1): SiC,, SiGi, SbC,*
Sib,C,, " and SiC,'® SiCsSi*® and SiC, %° SiC,Si? SiCy, ? and SiG.2® In the past, many
molecules were made using hitgmperature evaporation from Knudsen cells, although it was
found difficult to create molecules of more than four atoms. In 1999 and 2000ethg

synthesized Sig; and SiG using NdYAG laser evapottion of siliconcarbon rod$> 23

While gas phase studies of molecules are more ideal than matrix studies, (because, in gas
phase, the molecule is not perturbed by a matrix), they are generally more difficult to conduct for
several reasons. First, in the gas phase, the molecules areriveste and rotational spectra are
more difficult to analyze than infrared vibrational spectra recorded at very low temperatures
(~10K). Second, in the case of microwave spectroscopy, dejecpure rotational spectrum
necessitates a permanent dipplement. However, in infrared spectroscopy, we can observe the
bending, and asymmetric stretches of a molecule without a permanent dipole moment. Third,
synthesizing molecules is difficult because the yield in the gas phase sHd&in matrix

trappng, molecules are held in one place and we can build upon already made concentrations of
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Figurel.l.  Previously identified SCr, by researchers in the Texas Christian University (TRId)ecular Physics lab
(MPL).



molecules A fourth reason is that detecting gas phase molecules is usually done by diode laser
spectroscopy, which is complicated by the very narrow frequency tuning ranges for diodes; this
makes looking for new specigsa broad spectral survegry time consumng. Matrix

measurements are very useful because they help experimentalists to narrow the frequency range
where a mol ecul eds gas phas eThd adwmmgageohngairre s ar e
measurements for new species is that they are easegumeathan gas phase measurements,

and are often within a few percent of gas phase values. In addition, a comprehensive study by
Jacox” has shown that matrix measurements are much more useful in predicting gas phase

values than theoretical predictiofseeFigurel1.2):

A T h e - and argon matrix observations deviate from the gas phase
band centers by less than one fifth as much as do any of the calculations
included in the comparison, and the spreadhefdeviations is less than

1%. o

The previously discussed matrix identifications have provided a starting point for
subsequent ST investigations. The observations of 8a@l) fundamental of Sigand of3z(Cy)
fundamentabf SiG;Si have helped experintalists make gas phase measurements using high
resolution diode spectroscofy?® McCarthyet al.found the rotational spectra of five linear
SiC,(h= 3, 5718) clusters usi (AWMWFspactroscepy’ Ther ansf or m
clusters were made using a gas discharge through silane and diacetylene and by the evaporation
of graphite and silicon. They reported rotational spectra, centrifligtaktion constants, spin
spinconstantsand spinrotation coupling constants. A few years later, McCaethgl. reported
having found more than twenty silicrearing molecule$. Pellarinet al.studied SiCn, clusters

made from laser vaporization using mass spectroscopy.



Taking advantage of the experimental data that was available, theorists have performed
many systematic studies, mainly using density functional theory (DFT). Hunsicker an® Jones
studied aionic and neutral §C, clusters containing up to eight atoms, and found that carbon
rich clusters tended to form chdike structures and silicench clusters tend to form
3-dimensional geometries. Bertolesal.studied SiC, (m+n = 3 or 6) and pmicted the correct
ground stateenergetic orders, and vibrational frequencies to within 3% of the experimental
values® Botschwina and Oswald studied $ihd SiG to predict equilibrium dipole moments
and various spectroscopic constafitsianget al.found that SiG., (m= 3i 9) form linear
structures, Sig1 (m= 10"16) form cyclic structures, and-8,, (M= 471 16) form | i ne:
structures, except for £1,.%? Denget al. studied thermodynamic properties and determined the

structures and vibrationaldquencies of $C, ( 3 n+@ OB6) in their ground electronic statés.

1.3 FOCUS OF THE PRESENTRESEARCH

Si-C clusters are currently the subject of ongoing research by the TCU Molecular Physics
Laboratory because of their potential applicationastoophysics and the study of Group IV
molecules. In the present work, the synthesis and observation of vibrational fundamentals of

silicon-carbon species, Si@nd SiGSi will be discussed.

The only previous experimental work on $itas been done byicCarthyet al., who
found its rotational spectruni. Previous theoretical works have predicted the lowest electronic
structure of Si€to be triget linear’>** Many predictions for the properties of Siave een
made. Of these predions, the three most intense vibrational modes of &€ shown imable

1.2



In regards to Si€Si, two major studies have been previously reported. In simulating the
vaporization process of me etalosynthésieges the moledulet an 0 s
ard detected it using mass spectroscopy. They measured its photoionization energy to be 8.5
0.1 eV and did not comment on the ground state struttuflae only previous theoretical work
was done by Jiangt al, usingDFT - B3LYP/6-311G*, (that isBecke88 threeparameter
exchange and Le¥angParr correlatioriunctiona) theycalculated the most intense mode of

linear SiGSi to beny(Cly) = 2144cm*.*®

The experimental techniques used to produce and identify these two molecules will be
discussed ilChapter II. And following discussions will explain these investigations in more

detail, ending with possible ideas for future research.
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Figurel2  The average deuvians of neonand argormatrix frequencies and
of unrestricted calculations of vibrational fundamentals of free
radicals from observed gg@hase values. In each group, top =

numerical average, middle = absolute average, and bottom =
standard deviationThis graph was reported by Jacox in R2ef.

Tablel.2 Three Predicted Vibrational Fundamentals ofsSi€lease refer to
the glossary for the definitions of acronyms.

Three Most Intense Predicted Vibrational

Reference Levelof Calculation Fundamentals of Siﬁcm‘l)

30 DFTi LSDA/VWN 959.7, 1966.5, 2140.2
33 DFTi B3PW91/631G(d) 928.6,1889.2, 2041.9
36 MP2 977, 1965, 2091
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CHAPTER Il

EXPERIMENTAL PROCEDURES

2.1 FOURIER TRANSFORM IN FRARED SPECTROSCOPY

In the present researamolecules are detected vidbkational spectréghat are measured
usingFTIR absorption spectroscopiany properties of a molecule, such as the masses of
participating atoms, atomic composition andlecularstructure, affect its vibrational
frequencies.In generalN-atom molecules haveN36 vibrational modes (85 if a linear
molecule). Vibrational modesvhich havean oscillating dipole momemindquantum
mechanically allowed transitionabsorb infraredadiationancar e descr i bed as 0

active. o The bands in infrared spectra belo

has a unique vibrational spectroum often refe

In the present work, vibrational sgea are detected using an FTIR spectrometer
(BOMEM DA 3.16) that is built around a Michelson interferometer as showigire2.1.
FTIR absorptiongectra are recorded from 500 to 5@ at a resolution of 0.2m™*. The
beam splitter in the spectrometer is KBr, which has a range of 500 t&6000The detector is
a HgCdTe (MCT) detector with range 150 to 12@60" and maximum sensitivity in ¢

2000cm™ region.

2.2 SAMPLE PREPARATION: MATRIX T RAPPING AND LASER AB LATION
The process of molecular synthesis has three main parts: rod preparation, laser ablation,
and matrix trappingMolecules are made by vaporizing the surface of a rod comprigesed

powdered mixtures, entraining the vapor in an excess of Ar gas (molecule to Ar ratio is ~ 1:100),
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and condensing it on a cold, gold mirror held at ~20 K. In order to produce a detectable number
of moleales, deposition may be for 2 hours. After dposition of the matrix sample, which

contains molecules trapped in Ar on the mirror, annealing is often done to sharpen spectra or to
encourage diffusion and reaction of the molecules in the matrix. During annealing, the gold

mi rror i s headintadedd this €e3nipked aK,ur e faondithe’sT 6 0 mi n
guenched down to 20 K. Warming the mirror can cause surface moleculssfmogatoms to
evaporate, molecules within the matrixdi€fuse and react, and other moleculesain

unchanged. Diffsion and reaction can be used to create new molecular species. When

molecules are trapped at multiple trapping sites, annealing encourages diffusion to the lowest

energy site and consequently simplifies the spectrum.

Figure2.3 shows a top view of the experimental setup. Radiation (1064 nm) from a Nd
YAG laser (Spectra Physics, Quanta Ray models2HSCR11, and INDI) is directed tovard
the sample chamber, passing through a quartz window to the silicon and carbon rods. Once the
molecular vapor is condensed with Ar on the gold mirror, it is rotated to face the spectrometer
for data acquisition. An absorption spectrum is recordeddmyitoring radiation that is emitted
from the Globar source, passes twice through the condensed sample on being reflected from the
gold mirror substrate, and then absorbed by the detector, as shown in Figure 2.1. The sample
chamber and spectrometer aredhetspectivelyat vacuum pressures of <dTorr (to prevent
the formation of contaminants in the sample) and*{1®reduce the presence of®and CQ).
In addition, they are separated by a Csl window, which is transparent in thefrardd (~500

7000cm™).
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2.2.1. Rod Preparation

In order to observe isotopic frequency shifts (to be discussed in further detail in Section
2.3), rods are prepareslith specific amounts of the carbd3 (Alfa Aesar, 99.9995% purity)
and carboril2 isotopes (Isotec 99.3% purity respectively). If substitution at each site in the
molecule is random and a graphite rod with 18@(by mol) enrichment is ablated, thesre
probability of yielding &C, molecule with asingle**C substitutioris 10%*(909%9)™*. While the

probability of yielding a @molecule with nd>*C substitution is§0%)" . Then the relative
intensity of the singhsubstituted*C,, molecule with respéco the'’C,, molecule is'D—lDD

= 11%. Therefore, len analyzing the integrated intensities of the isotopomer bands, an
integrated intensity of 11% for an isotopomer band relative to the fundamental band implies that
the band is associatedth a single*>C substitution. Similarly, a22% integrated intensity

implies that there is a pair of symmetricadiguivalent carboatoms. This information helps in
analyzing isotopic shift bands and identifying taerier responsible for thabrational

fundamentalthe details of whichra explained in a later section. In gengaatod is formed by

pressing powder using a SPEX (nominalt80) press at 4.5 10° kPa.

A roddos density affects its degprgpocedat i on

c h

Rods are prepared intwo ways. Inthecsal | ed fAsoft rodo technique,

4.5 x 16 kPa, but not sintered. Rods produced in this way increase the production of small
molecules ¢ 4 atoms). The powders may be+aEed to reduce contaminants such as @l

H,0. In the second method, the rod is sintered at temperatures below the melting point of the
metal powders under vacuum in an oven. Sintering increases densification so that when the rod
is laser ablated the ptaction of larger chain molecules (> 4 atoms) is favored over that of

smaller molecules. In cases where the ratio of Si to C is @igl20% Si / 7094°C, caution
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must be exercised such that temperature gradients are not tocelgrge (ncrease oratrease
of 40 in aminuteis too larg¢ and cause fracturing of the rod due to different thermal

expansion properties of Si and C powder.

2.2.2. Laser Ablation

Laser ablation is the vaporization of the surface of the sample rod with a laser beam to
form atomsand molecules as shownhigure2.2. The power of the laser beam per unit area of
the sample surface is a major factor in molecule production. ddmg power (< 1W) and
tight laser focus makes the laser contact area < 3 mm in diameter, yielding masiy G
molecules. Factors, such as hlgker pavers (> 2 W) and a loose focus, which has a contact

ar ea ~ 3yield méstlynomg chain moletes(e.g.Cs, Co, and Gy).

2.2.3. Matrix Trapping

Inside the vapor resulting from laser ablation, chemical reactions occur and produce new
species. It has been observed #iahe contact point between the laser beam and the rod, a
brightcoloris given off o rconfiactcolod as it wi | | be referred to f
various laser experimental conditions. A white colored plume usually indicates sputtering in
which chunks of graphite are ablated from the rod rather than molecules or atoms. This
confirmed by a rapid drop in the sigrtatnoise ratio of absorbance spectra. A violet color is
characteristic of a tight focus and ldaserpower. A yellowishcoloris generally observed
when a loose focus and high power is used. In the case géllowcolor, it has been found
that the signal does not drop dramatically, which implies that atoms and molecules are being
vaporized with very little sputtering. The ablation products are then swept up by a beam of Ar
gas, and condensed on a gold oriat ~15 K Figure2.2). (At atmospheric pressure, Aris a

solid below 80 K.) When the vapor condenses on the cold mirror, the molecules areitrapped
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micro-crystallites. These molecules are generally trapped in their ground electronic states and

cannot rotate, which greatly simplifies the infrared spectrum.

2.3 ISOTOPIC SHIFT PATTE RNS

To identify a novel SC molecule, we analyze igentified Si-C bards andproduce
isotopomers of the molecule by enriching the stantiadgerial with a heavier isotopsich as
carbonl3. The isotopomers will have vibrational frequencies that are shifted from the

vibrational fundamental. The frequency differences batvtiee isotopomers bands and the

fundament al band, called fAisotopic shiftso,

From the isotopic shift spectra, we can find important information regarding the
mol ecul eds structure. | fdistngulshaldlea thelm there weoouldo ms
be an equal probability of producing all possible sifiifzisotopomers. For example, linear
SiCs would have five distinct singf€C isotopomers, one for substitution at each of the
inequivalent carbon atom sitdsigure2.4). Each isotopomer would have the same probability
of being made as the other singly substitdfetisotopomers, and the corresponding infrared
bands would all have the same intensities. If not all carbon atoms were distinguishable, the
isotopic shift spectrum would be different. For example, a lineandlecule results in three

isotopic shifts corresponding to three pairswyihmetricallyequivalent carbonsHigure2.5).

Eachisotopomdn and6s intensity is approximately 20%

the isotopic spectra, it is possible to deduce the structure and formula of the molecule.

A similar analysis can be done with stablds®itopes?°Si, and®’Si. However, instead

of enriching rods witli°Si and®Si, we rely on their natural abundances, 4.67% and 3.1%,

a

n



17

respectively, to produce -&otopomers. This means that the isotopic shift bands would have

intensities of approximately 5% and 3% compared to the intensitg dfitldamental band.
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CHAPTER 1lI
FTIR ISOTOPIC STUDY OF SiCs

IDENTIFICATION OF THE n, MODE

3.1 INTRODUCTION

A great deal of research has been done op §i€ciesbecause of the application to the
study of Group IV molecules artke potential application of molecular speciecircumstellar
shellsandthe interstellar medium. It has been noted that othgr8alecules consisting of a
single silicon atom terminally bonded to a carbon chain are particularly good candidates for
detection by radio astronomy in circumstellar siétiecause of their predid high ptarity.
So far rhomboidal Sig(Ref.>®) and linear Si¢(Ref.>%) have been observed in the carbon star
IRC +10216. In the case of linear silicon carbide molecthesretical and experimental

laboratory investigations have been reportedsi@r, n=3-9.

The linear isomer of Sigds the simplest monsilicon carbon chaingiC,, wherenO 3 ) .
In a study of the photoelectron spectroscopy of the &iion Daviccet al*® identified GC
stretching modes at 1980 + 20 and 1320 £1@0 for the neutral in théEEstate, consistent with
theoretical predictions by Rintelman and GordbiThe rotational spectra for tw®;, ring
isomers of Sigwith transannular & (Ref.42) and SiC (Ref.43) bonds, and a linear tripfét
were observed in a gas discharge through a mixture of silane and diacetylene by Thaddeus and
collaborators using Fourier transform microwave spectros@@®pylW). Themost advanced
calculations using mukliieferencesecondorder perturbation theory (MRPT2hdicate that the

isomer of SiG with singlet rhombic structure and transannula€ Gond should be lowest in
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energy’! The linear triplet isomer is predicted to lie only 2.2 kcal/mol higher and the singlet

rhombic isomer with transannular-Sibond4.7 kcal/mol above the minimum.

1.**in the

The vibrational spectrum ¢ihear SiG was first reported by Withest a
products from the photolysis of silane and-t@adiene trapped in solid Ar. TheC-C
stretchindundamental was identified on the basis of agreement between mesglisatopic
shifts and seaud-order MgllerPlesset [MP2/@11G(d)] predictiond® Subsequently the band
was measured in the gas phase at high resolution using diode laser specffoSmmplpnet
al.*’ reported a detailed investigation of the structure and molecular constanth 8i®Gaand
SiCs. Measurements of the rotational spectra WIEIMW spectroscopy usingC isotopic
substitution were made in combination with extensilvenitio calculations, including coupled
cluster,with single, double and triple excitations (CCSD(T)his work and other theoretical
studie®*° confirm that the linear isomer is the most stable structure for botfe8iCSiG. At
this point no observation of the vibrational spectrum has been reported §pth&ds likely

caused by trostintemselvibrational endds lying within the crowde@ Gtretching

region.

Of the remaining linear Si€hains withn=5, and 79, the3s;(i) fundamental of Sigwas
first observed inthe TCU Molecular Physics Laboratpat2100.8cm* (Ref.50) and thes,(() of
SiCo at 1935.&cm* (Ref.51) in the products, from the dual laser evaporation of silicon and
carbon rods or a fabricated silicon/carbon rod, that were trapped in solid Ar. Identifications were
made by comparing measur&@ isotopic shifts with ta predictions oDFT calculations at the
B3LYP/ccpVDZ level. Inadditionto the experimental conclusion that Si€linear, two
subsequent studies the basis of DF€alculations have suggested the possibility thap 8i&y

have one or more ring struces>>>3
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Efforts to detect the vibrational spectra of S&d SiC, using a similar approach that
which produced Sigand SiG, have been unsuccessful, until the work ons3i@t is reported
here. UsingFTMW spectroscopy, McCarthgt al.*” have identified with the assistance aif
initio calculations by Rittby the rotational spectra of the linear $i®=3, 58) molecules
formedin a glow discharge through silane and acetylene. The electronic ground state was found
tobew+t forevennand @t for odd.

This chapter presentke first observation of the vibrational spectrum ofsSi@s noted
earlier, McCarthyet al havepreviously reportedts rotational spectrum and confirmed its linear
structure®® Previous theoreticaliork haspredicted the lowest electroniawtture of SiG to be
triplet linear**>>>’
3.2 EXPERIMENT

SiCs was produced by laser ablation of a sintered carbon rod with 5% (Bysmol
content. The evaporation was carried out using an Nd:YAG laser (Spectra Physics) operating at
1064 nm in the pulsed mode. The evaporated species were condensed in solid Ar (Matheson,
99.9995% purity) on a gold surfaced mirror cooled to ~20 K bgpsed cycle refrigeration

system (ARS, Displex). The mirror was enclosed in a vacuum chamber maintained at a pressure

of ~108 Torr.

Experimental parameters such as laser focus, laser power, and Ar flow were adjusted to
favor the production of SKC Forthe laser ablation of the sintered Si/C rod, a laser beam with a
power of 2.5 W with moderately loose focus on an area of ~2. 5wasiused. During
deposition, the Ar flow rate was adjusted by opening a needle valve until the sample chamber
pressure incased from ~18to ~10° Torr. Typically, matrix samples in the experiments
discussed here were deposited for 90 min. In order to unambiguously determine the molecular

structure and identify vibrational fundamentals, it is crucial to measure isotojpéc $for this
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purpose, Si/C rods were fabricated with a mixtur&6f(Alfa Aesar, 99.9995% purity), arftC

(Isotec, 99.3% purity) in a percent molar ratio of 5% Si: 888610%C.

Fourier transform infrared (FTIR) absorption spectra of the prodiagiped in Ar
matrices were recorded over the range ofi58600cm™ at a resolution of 0.2m™* using a
Bomem DA3.16 Fourier transform spectrometer equipped with liquid nitrogen cooi€dHig

detector and KBr beamsplitter. Details of the opticalesyshave been reported previou3ly.

3.3 RESULTS AND ANALYSIS

Potential candidates for &), absorptions in the 5003500cm* range were identified
by comparing spectra produced by the ablation of a sintered, mixed Si/C rod to spectra produced
by pure graphé ablation. Many candidates were found, and in the 900 tor@3@egion thais
relatively clear of crowding bandastrong, unidentified absorption attributable t8iCr,

species was observed at 936m8" as shown irFigure3.1(b).

Comparison of spectra produced by the ablation of a sintered Si/C rod to that produced
from a graphite rodRigure3.1) indicates that the unidentified 93&87* absorption probably
belongs to &i.Cnn species. The nearl®22.8cm™ absorption, which appears only on graphite
rod ablation, is probably an-gstunidentified G band. The two weakérands at 935.2 and
933.5cm™, could beeither modes of other &, speciesor more likely, Si isotopic shift bands
belonging to the 936.6m* absorption. Silicor29 and 30 isotopes occur in relative natural
abundance of 4.7 and 3.1%, respectivelythdftwo weaker bands are Si isotopic shifts, their
intensity ratios with respect to the fundamental should be 5.1 and 3.4%, respectively, which are
very close to those observed. This result suggests that the carrieB86tBem™ band

probablyhas aleast one Satom.
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To determinghe number o€arbon atoms in the molecule, experiments with 1826
enrichment were carried otat produ **C-isotopic shifs predominantly for singlEC-
substituted isotopomerg-igure3.2(a) shows fivedistinct,newbandsobservedo the low
frequency side of the 936con™ bandand,labeled D thru Hthat are candidates for sindf€
isotopomers. @er weaker absorptiorse possiblalouble**C-substituted isotopomerdhe
intensities of the fivstrongbands are corsiently ~10% of the fundamen&hd remain seven
after annealing at 30 K for 18 min aatB33 K for 30 min. This behavior indicates that they are
all single **C-isotopic shiftsof the 936.%cm* fundamental andconsequently, that the carrier
contains at leagive inequivalent carbon atoms. The simplest molecule likely to produce the
observed isotopic spectrum is linear $Mith a chain of five carbon atonasda terminal Si

atom.

Comparison of the observéiL isotopicshift spectrum with DFT simulated isotopic
spectrgprovides the criticaltestfor confirming the tentative identification of S§@nd
determining the isomer andbvational fundamentalLinear SiG can have a singlet or triplet
spin multiplicity, howevera DFT calculation with thaB3LYP (Becke three parameter exchange
and LeeYangParr correlationj”®®®* functional anctc-pVDZ basisin the GAUSSIAN 03 suite
of programsshows that thenergy of thdinearsinglet form is~12 kcal/molhigherthan the
triplet linear Table3.1 shows the calculated frequencies of the vibrational fundamentals for the
3¢Fstate andrable3.2 shows the corresponding calculated bond leng@t@nparison with the

observed36.9cmi* frequency suggests thaista likely candidate for the4(l‘]) fundamentabf

SiGs predicted at 966m™.
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Comparison of the FTIR spectra produced by the ablation of (a) graphite rod, (b) a sintered, m&ed 5%
95% C rod, (c) a DFT simulation at the B3LYPfe¢DZ level of the**Si-isotopic shifts for the,(0)

mode of linear, triplet Si€ Isotopomer frequencies in the spectrum in (b, c) are labeled according to the
list in Table3.3.
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Table3.1. DFT-B3LYP/ccpVDZ predicted vibrational modes, frequencies
(cm®), and infrared intensities (km/mol) for linear, tripl&g)(

SiGs.

Vibrational Frequency Infrared intensity
mode (cm™) (km/mol)
3 (0) 2116 315
3 (0) 1966 491
3 (0) 1547 12
3 (0) 960 27
3 (0) 495 14
3 (") 648 2
3 (") 413 0
3(") 212 20
3.(") 85 2

Table3.2. DFT-B3LYP/ccpVDZ predicted bond lengths for linear, triplet

CE) sSi C
Bond Predicted Bond Length (A)
Si-C1 1.73938
Cl-C2 1.28810
C2-C3 1.29135
C3-C4 1.29649

C4-C5 1.30462
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The®3C isotopic shift spectrumbserved for the 936 @m™* absorption and the DFT
simulated spectrum are comparedrigure3.2. The observed spectrum resulting from the
ablation of a sintered rozbntaining a mixture of 5% Si/ 109€/85%"°C appears ifFigure
3.2(a) and théFT-simulated™C isotopic shift spectrum for tte(i) mode of linear Sig; in
Figure3.2(b). Visually, the simulated and observed isotopic shift patterns appear very similar
andTable3.3 shows that the discrepancies between the measured and DFT prEdicthifts
are 1.4cmi’ or less. Similarly, the DFT simulation, for tfe*Si-isotopic shifts, shown in
Figure3.1(c) and labeled B and C, respectively, is very similar to the observed sliiftgine
3.1(b). As shown ifTable3.3, the discrepancies between the measured and calcti&tsi
shift bands are 0.em* or less. On the basis of the close agreement between the measured and
DFT-predicted?®*°Si, and**C-isotopic shifts the absorption at 93618 can therefore be

confidently assigned to t@(ﬁ) fundamental of linea®iCs. As shown irnrable3.3, the DFF

B3LYP/ccpVDZ calculation predicts that six of the vibrational fundamentals of linears8eC
potentially in the 500 3500cmi” range of our measured spectra althoaugf) is relatively very

we a k . ;andsffundamentals are predicted to be, respectively, ~12 and ~18 times more
intense than the observegfundamental. However, after performing many experiments to
optimize the intensity of th& fundamental no candidates for the other fundamentals were, found
because these lie inthe crowdedC st r et chi ng region and many
overlap, as shown iRigure3.3. The absorbance intensities of thr@sgest CC stretching

bands (such as S§(Cy1, G, etc.) are so strong that, eves,ifands, absorptions are ~1& 18
timesthe intensity oB, as theory predicts, their isotopic shift patterns are dwarfed and

overlapped.
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3.4 CONCLUSION

This is théfirst report of the vibrational spectrum of linear §i@\lthough DFFB3LYP/
cc-pVDZ calculations predict the, 3, and3, modes to be most intense, our experimental data
have enabled only the identification of themode. The agreement between the s@&d
13C-isotopic shifts and the predictions of DFT calculations confirms the assignment of a band at

936.9+ 0.2cm' ! to thes,(8) mode, an asymmetric stretch of linear St€pped in solid Ar.
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Figure3.2 Comparison of isotopic shift spectra of ﬂleﬁ) mode of linear Sigproduced by (a) the ablation of a

sintered, mixed 5% Si /1094C rod, with a DFT simulation for 1098C enrichment, calculated atettb)

B3LYP/ccpVDZ level. BC-isotopic shift frequencies and isotopomers in the spectra are labeled according
to thelist in Table3.3.
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Table3.3  Comparison of observedsi, *°Si and**C isotopic shift
frequencies (ciM) to DFT-B3LYP/ccPVDZ predicted isotopic
frequencies for the4(l°1) mode of linear triplet®« ) Si C

B3LYP/

Isotopomer Observed ce-pVDZ Scaled Difference
Si-C-C-C-C-C 3as (CTY) 350 (CMY)  3eaea(cm®)  Ds (cmid)

28-12-12-12-12-12 A 936.9 959.9 936.9 é

29-12-12-12-12-12 B 935.2 958.2 935.2 0.0
30-12-12-12-12-12 C 933.5 956.6 933.7 0.2
2812-12-12-13-12 D 934.5 958.3 935.4 0.9
2812-12-13-12-12 E 933.6 958.1 935.1 1.5
2812-13-12-12-12 F 928.9 950.3 927.5 -1.4
281312-12-12-12 G 926.9 948.8 926.1 -0.8
2812-12-12-12-13 H 926.3 948.5 925.8 -0.5

@ The predicted shifts in column 4 have been scaled by a factor of 936.9/977.2.
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CHAPTER IV

FTIR IDENTIFICATION OF n, MODE OF SiCsSi

4.1 INTRODUCTION

Linear, disiliconcarbon SiC, molecules have been the feoof many theoretical and
experimental investigations because of their potential applications in the fields of astrophysics,
semiconductors, and electronic devices. For example, Katis¢?* simulated the ablation of
micromet eori tes entering Titanbds atmosphere by
of a Si rod in a supersonic beam of acetylene carrier gas with which they reag&dn Sil-6)
molecules were identified in maspectra of the products. The role gfcgimolecules has also
been considered in the formation of silicon carbide grains that have been found in meteorite
samplesand are thought to be produced in the dust driven wind from pulsating aachon

asymptdic giant branch stars.

SibC, the simplest disilicowarbon molecule, was tentatively identified by Weltner and
McLeod®* by means of 1187 and 126B1" absorptions observed in vibrational infrared spectra
of the products from silicon carbide evaporatiloat were trapped in Ar aride matrices. In
subsequertTIR experiments ithe TCU Molecular Physics labapping the products from the

1% confirmed the

evaporation of a silicanarbon mixture in solid Ar, Presilslarquezet a
earlier identificatiofi° of the /(b,) anti-symmetric, SiC stretch at 1188.dmi* and identified a
new fundamental at 839c8n” as thern(a;) symmetric SiSi stretch. The identifications were

based on comparisonofti€ i sot opi c shi ft spectr gegondvi t h t

order manybody perturbation theory (MBPT2) investigatidnyhich indicated that the ground
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state structure haB,, symmetry. Using a similar experimental approach, measutifigsotopic
shifts and comparing them with the prediction®#&fT calcdations, the next molecule in the
series, SIC,, was found to have rhombib% state) geometry and the vibrational fundamentals

mis(by) = 982.9 and(by) = 382.2cm™ were identified®

With the addition of a third C atom, MBPT( 2) calculations predilhear SiGSi
geometry is lowest in enerdy. The GC and SiC fundamentals, respectively = 1955.2 and
ns = 898.9cm™* were identified for this molecule trapped in solid sy comparing>C and
293%5j jsotopic shift measurements with fhredictions of MBPT(2) calculatiods. Shortly after

these identificationsvan Orderet al.”?

reported a gas phase study thsg¢d supersonic cluster
breamdiode laser spectroscopy to measure to high precis{6p) = 1968.1883tm™. The
photoelectrorspectrum of the $C5' anion produced using a cold cathode discharge was
observed by Duast al’® who assigned they((g) = 1520 + 25 and,(ly) = 490 +25 cm* modes

of linear SiGSi in the ground electronic state. More recently, the- (%) -7 hot band of

SiCsSi has been observed in the gas phase.

The observation of the next molecule in the seriegS8j@vas reported by this lab in an
FTIR study in solid Ar. ThelineéEgE ground state geometry pred
calculations usig a triple zeta basis with polarization (TZPyyas confirmed. Comparison of
all *C isotopomer frequencies as well as sirfgf&Si shifts with the predictions of new DFT
calculations using the standard thpsrameter Becke 88 exchange functional with
Lee-YangParr correlational functiond’""® (B3LYP) and 6311G(2) basis, enabled the

identification of thes,({l,) = 1807.4 anas({l,) = 719.1cm” stretching fundamentals.

Up to the present, no further progress in the observation of vibrational sfeSita®i

molecules incorporating longer, €hains ( > 4) has been reported. As already noted, mass
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spectrometric evidence of ;8% has been observ&dn the reaction of acetylene with the
products from the laser ablation of silicoBFT-B3LYP/6-311G* calculations byianget al, ”°

predictthatthe most intense mode of linear §8Cshould ben4(0u) = 2144cm®. Here we report

the observationf one and possibly two vibrational fundamentals of lineagSiC

4.2 EXPERIMENTAL PROCEDU RE

SiGsSi was produced by the laser ablation of a sintered Si/C rod, made from powdered
mixtures of Si and C with 30% (by mol) Si content, and pressédat 16 kPa The Si/C rod
was evaporated using a Nd:YAG laser (Spectra Physics) operating at 1064 nm in the pulsed
mode. The evaporated species were condensed in solid Ar (Matheson, 99.9995% purity) on a
gold surfaced copper mirror enclosed in a vacuum chamberaimadtat a pressure of ~10
Torr. The mirror was cooled to ~20 K by a closed cycle refrigeration system (ARS, Displex).
After the products were trapped in solid Ar, FTIR absorption spectra of the samples were
recorded using a Bomem DA3.16 Fourier transf spectrometer equipped wHIBr
beamsplittemndliquid nitrogen cooled H&d-Te detector, in the range 40B000cm*, at a

resolution of 0.Zm*. Details of the optical system have been reported previdusly.

In order to analyze the FTIR data and unambiguously identify the molecular structure and
vibrational fundamentals of novel molecules, it is essential to study their isotopic shift spectra.
Si/C rods were fabricated with a mixture'd€ (Alfa Aesar, 99.995% purity) and>C (Isotec,
99.3% purity) in a percent molar ratio of 30% Si / 684 / 10%*°C designed to promote the
formation of single-*C-substituted isotopomers. Experimental parameters such as Ar flow, laser
power, and laser focus, were vari@dorder to optimize the production of S&i. The laser
beam with a power of 3.1 W was loosely focused on an area ot ® ablate the sintered

Si/C rod. During deposition, the Ar flow rate was adjusted with a needle valve until the chamber
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pressue increased from ~10to 10° Torr. Typically, matrix samples in the experiments

discussed here were deposited in incremeih2sminutes, and up taa total of 30 minutes.

4.3 RESULTS AND ANALYSIS

Potential candidates for8l, absorptions in the 4003000cm* range were identified by
comparing spectra produced by the ablation of a sintered, B0&dSi / 70%2C Si/C rod to
spectra produced by pure graphite ablation. Many candidates were found, and in particular, in
the 15501 1600cm™ region, which is relatively clear of crowding bands, a strong, unidentified
absorption attributable to a8, species was observed at 159n8'. Since the spectrum
resulting from the Si/C rod ablation exhibits only trace amounts of contaminant spacless
H,O and CQ, it is likely that the absorption belongs t&RC,, molecule. Figure 1(a) shows
three weaker bands observed to the low frequency side of the TB9babsorption at 1590.2,
1589.6 and 1589.dm*. These absorptions could eighermodes of other §Cr,, species, or
more likely, Si isotopic shifts from the 159@&8i* absorption. For further analysis, it is
necessary to determine the rest of the mol ec

and structure).

For this purposeexperiments using 1098C enrichment were carried out to produce
predominantly singlé®C-substituted isotopomerstigure4.2(a) shows three distinct new bands
observed to the low frequency side of the 15@@8 band, at 1588.3, 1576.5 and 156&n6"
that are candidates for singf€ isotopomer shifts. The réiee intensities of the three strong
bands are ~20, 10 and 20% of the fundamental, and remain so even after annealing at 27 K for

10min and at 30 K for 5 min. This behavior is consisteith them all beind>C shiftsof the
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(a) 30% Si / 70% 12C
1590.8

/a

1589.6 1

Absorbance

v, C, shift
SiC.Si 3C shift

(b) DFT B3LYP/cc-pVDZ
1590.6

_

I I I
1588 1590 1592

Frequency (cm™)

Figure4.1 Comparison of the FTIR spectra produced by the ablation of (a)
graphite rod, (b) a sintered, mixed 30% Si/ 78@rod, (c) a
DFT simulation at the B3LYP/epVDZ level of the’**%i-isotopic
shifts for th&s(ﬁu) modeof linear, triplet SiGSi.
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1590.8cm’™* fundamental and, consequentlyat the carrier contains two pairssyimmetrically
equivalent carbon atoms and a central carbon atom. Otla&ewabsorptions alsppear in
Figure4.2(a) that areossibledouble’C substituted isotopomers. Increasing'ti@enrichment
from 10 to 20% (by mol) resulted in all three bands gngwn intensity relative to the

1590.8cm™* absorption [see Figure4.2(b)], confirming that they belong to the same molecule.

In addition, the higher enrichmenejded six new absorptions at 1585.9, 1574.9, 1567.9, 1565.8,
1555.8, and 15488 that are candidates fdoubly,**C i substituted isotopomers. Each of
these absorptions has a relative intensity
15658 cmi' may have a contribution from an absorption at the same frequency observed in
Figure4.1(a) in the Sif"C experiment. The simplest molecule likely to prodiheeobserved

isotopic spectra is linear SiSi, with a chain of five carbon atoms and two terminal Si atoms.

Comparison of the observeétC isotopic shift spectra with DFT simulated isotopic shift
spectra provides the critical test for confirming the idieation of SiGSiand the assignment of
the vibrational fundamental. In the lowest energy ground siraey SiGSi can have singlet or
triplet spin multiplicity; havever, a DFT calculation using the B3L¥P“® functional and
(correlation consistent, split valence, double zetg)\Z basi§® in the GAUSSIAN 03 suite
of programs shows that the energy of the linear triplet form is ~28 kcdligtar than the linear
singlet. Table | gives the calculated frequencies of the vibrational fundamentalsllaf the
state. Comparison with the observed 1590r8” frequency suggests that it is a likely candidate

for thess(ﬁ) fundamental 08iCsSi predicted at 1650.6m™.

The'®C isotopic shiftspectrunfor the 1590.&m™ absorptiorresulting from the ablation

of a rod containing a 30% Si / 509 / 2094°C mixture shown irFigure4.2 (b). Visual

of
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Comparison of isotopic shift spectra of tigéﬁu) mode of linear Sigproduced by (a) the ablation of a

sintered, mixed 30% Si /108%C / 60%"“C rod, (b) the ablation of a sintered, mixed 30% Si / 24
50%*2C rod, and with (c) a DFT simulation for 209 enrichment, calculated at the B3LYRf@¢DZ
level.
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Table4.1. DFT-BVWNS5/cc-PVDZ predicted vibrational modes, frequencies
(cm®), and infrared intensities (km/mol) for linear, singFeﬂgE )
SiGsSi.

Vibrational Frequency Infrared intensity

mode (cm™) (km/mol)
(@) 2042 0
) 1156 0
) 301 0
n,6) 2155 4839
n(0,) 1650 1265
n(6) 720 138
/77(,09) 524 0
/78(,09) 134 0
ny(p,) 627 26
n(p) 247 10
n.(p) 52 2
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comparison with th®FT-simulated"*C isotopic shift spectrum for tteg((i,) mode of linear

SiGsSi in Figure4.2(c) shows very similar isotopic shift patterngable Il showing a

guanttative comparison between observed and calculated frequencies indicates that the
discrepancies between the measured and DFT predficeshifts are 1.8m” or less. Similarly,
the DFT simulation for th&>*Si-isotopic shifts shown iffigure4.1(b) is very close to the
observed isotopic shift patternfigure4.2(a). As shown in Table Il, the discrepancies between
the measured and calculaf@d’i shift bands are 0.6nd 0.4cm™*. On the basis of the
agreement between the measured@Rd@-predicted? Si, *°Si, and"*C isotopic shifts, the

absorption a1590.8cm* can therefore be confidently assigned tosgﬁéu) fundamental of

linearSiGsSi.

As shown in Table |, the DFB3LYP/ccpVDZ calculation predicts the, vibrational

fundamental of linear S¥Si at2155cm* with an intensity ~ 4 timesore irtense than the
observedaS(l"Ju) band. Figure4.3(a) shows a potential candidate, for mu) fundamental,

lying at 2021.%m*. Its intensity was measured to dmsistently ~4 timesthat of3s.

Unfortunately, unambiguous analysis of the isotopic shift pattern for this candidate band is not
possible, because it lies in a densely crowded region where the isotopic shift patterns 4Gr the C

stretching fundamentatsf Cs, Co, C; and other carbon chains overlap

Figure 4(a) shows the spectrimthe 19652025 cn' neighborhood ofhe 3, candidate at

2021.3 crit that was recorded followirthye ablation of 30% Si 0% **C rod For
comparison, the DFpredictedsotopic shift pattern for 2096C enrichment is shown in
Fig. 4(b). Bandsin the observed spectrubelongng to ***3C, andSi,Cy, speciesare marked by

green and blue squaresspectively. They were eliminated as potential shifts4(a‘in) by

comparimy spectraesulting fromthe ablation of rods made fro8i/*°C, *°C/**C and SiF*C/**C
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mixtures with 10 and 20%6C enrichment levelsOf the remaining bands thodenoted wittred
dotsgrew in intensitywith the higher 209%°C enrichmentand are thus potential shift bands for

thes, candidateat 2021.3 cil. Specifically, the band observed at 2020.3'@and pairs of

bands at ~2008 and ~1983Ciiirig. 4(a)] are close to the shift bands at 2019.9, 2006.4, and
1984.8 cnit [Fig. 4(b)] prelicted for singlé3C substitutions at the 2 equivalent and unique

central C sites in SKSi. Unfortunately, extensive annealing experiments to test for multiple
trapping sites did not simplify the spectrum. Although there is no basis for selectirgfi@ spe
member of either pair, a comparisonTable Il between the frequencies predicted for the single
3¢ shifts and the 2 pairs of observed frequencies, shows that the largest discrepancyts 2.3 cm
Weaker bands appearing to the low frequency side of the three Siaglkift bands and the

1971.0 crit band in the DFT simulated spectrum are the shifts for double and triple substitutions,
respectively; however, it is not possible to identify them wittiainty in the measured spectrum.
Moreover, it is very likely that the experimental spectrum includes overlapping bandsthem
unidentified S{Cn,species, in particular, those responsible for strong bands at 1991.2 and 1992.9
cm™* shownin Fig. 4(a)and a third absorption at 2045.0°¢rin Fig. 3(b) Thus, the

identification of the observe2021.3 crit absorption aﬁne34(ﬁu) fundamentabf SiGsSi must be

regarded as very tentative.

4.4  CONCLUSION

A new absorption at 1590@n” has been observed BT IR specta of the products from
the laser evaporation of a silicon/carbon ti@ghped in solid Ar Analysis of theshift spectrum
for single™*C substitutionsobservedvith 10%isotopicenrichmenindicatesthatthe carrier
molecule has 2 pairs of eqaient carbon atomsnd onecentral carbon atom, for which the
simplest structure is linear S§8i. DFT-B3LYP/cc-pVDZ calculationgpredict that the, and3s

modes oiinear(lEQE SiGsSi should be the most intense. Comparison of meast@eand
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29305 shifts with DFT predicted frequencies enables the definite identification af(the
fundamental at 1590.8 ¢hbut**C shift measurements in a crowded spectral region provide

only a tentative assignment fay (i) at 2021.3 cn.



Table4.2.  Comparison of observedsi, 3°Si and*C isotopic shift
frequencies (cM) to DFT-B3LYP/ccpVDZ predicted isotopic
frequencies for the5(l°1u) mode of linear, singleﬂBﬁgE ) s8.i C

B3LYP/

Isotopomer Observed ce-pVDZ Scaled Difference
Si-C-C-C-C-C-S;i 3ops (CMTY) 3opr (M) 3ecaea(cm?®)  Ds (cmi?)
28-¢é -28 1590.8 1650.0 1590.8 é
28-é -29 1590.2 1649.7 1590.6 0.4
28-¢é -30 1589.6 1649.4 1590.2 0.6
12-13-12-12-12 1588.3 1647.8 1588.7 0.4
12-12-13-12-12 1576.5 1633.3 1574.7 -1.8
13-12-12-12-12 1569.6 1627.8 1569.4 -0.2
12-13-12-13-12 1585.9 1645.8 1586.8 0.9
12-13-13-12-12 1574.9 1632.0 1573.4 -1.5
13-12-12-13-12 1567.9 1626.4 1568.0 0.1
13-13-12-12-12 1565.87? 1624.3 1566.0 0.2
13-12-13-12-12 1555.8 1611.7 1553.9 -1.9
13-12-12-12-13 1548.8 1606.0 1548.4 -0.4

@ The predicted shifts in column 4 have been scaled by a factor of 1590.8/1650.(
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FTIR spectra, from 1550 to 22@8n*, obtained after (a) ablation of sintered, mixed 30% Si / #@tod
and (b) ablation of sintered, mixed 30% Si/ 26@rod. These spectra are shown to emphasize the
difficulty of andyzing the isotopic shift pattern of the observed candidate, 2@21'dor thes, mode of

SiGsSi.

Figure4.3
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Table4.3.  Comparison of observeédC isotopomer frequencies (chto
DFT-B3LYP/ccpVDZ predicted singlysubstituted isotopic
frequencies for the4(l°1u) mode of linear, singleﬂBﬁgE ) 8.0 C

B3LYP/

Isotopomer Observed ce-pVDZ Scaled Difference
Si-C-C-C-C-CSi  3aps(CMY) 35 (€M) 3gcqealcmi?) Ds (crmY)
12-12-12-12-12 2021.3 2154.9 2021.3 é
1312-12-12-12 2020.3 2153.4 2019.9 -0.4
2008.6 -2.2
12-13-12-12-12 2007 8 2139.0 2006.4 14
1983.8 1.0
12-12-13-12-12 1982 5 2116.0 1984.8 53

#More than one frequency listed indicates that the isotopomer has multiple obs
candidates.

® The predicted shifts in column 4 have been scaled by a factor of 2021.0/2154.
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FTIR spectrafrom 1965 to 202%m™, obtained after (a) ablation of sintered, mixed 30% Si / Z@b
experiment and (k4 DFT simulation for Si / 20%C enrichment, calculated at the B3LYRf¢DZ
level, which ha be@ scaled by 2021.3/2155.@®bsorptionghat are identified to b&%, are marked
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CHAPTER V

UNIDENTIFIED ABSORPTIONS

5.1  1848.2cm™

An unidentified band at 1848 was observed in the laser ablation of a soft carbon
rod, made from powdered mixtures with 30% (by mol) Si content, and pres&édxatC kPa
As an aside, the nearby 181¢1&™* absorption that appears in the graphite cpgctrumis
probably an aget-unidentified G band. The laser beam with a power of 2.5 W was loosely
focused on an area of ~@BY. Matrix samples in these experiments were deposited in 10
minute increments for a total of 30 minutes. By comparing spectra produced by trenaiilati
soft, mixed Si/C rod to spectra produced by pure graphite ablation, the t&#8t&nd can be
considered a potential candidate for @8&aring absorptio(Figure5.1). Howevet further

analysis requires a study of the isotopic shift pattern that belongs to this unidentified species.

Figure5.1(c) shows the spectrum from an experiment with Si/C rod fabricated with a
mixture of 30% Si / 60%°C / 10%"°C. On enriching the rod witffC, three bandshifted from
1848.2cm™ are obsered at 1844.3, 1840.2 and 1824r*. Then inceasing this enrichment
from 10%to 20%"C (by mol), all three bands increased their intensity with respect to the
1848.2cm’™ absorptionjmplying that they are shifts of the same molecular spdsiaFigure

5.1(d)]. In the spectrurof the10%3C enricted samplethe intensity of eacpresumed

2 |n subsequenifC experiments, isotopic shifts for this unidentifiedb@nd were not observed.
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Figureb.1 Comparison of FTIR spectra produced by the ablation af gedphite rod, (b) a soft 30% Si / 709€ (by
mol) rod, (c)asoft30% Si/ 60%4C / 10%°C rod and (d)asoft 30% Si / 5098°C / 20%°C rod. The
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Figure5.2
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Comparison of thé’C shift spectra observed for (a) the 18482" absorption and for (b) the(C)

= 1957.2cm™ band of G, produced in both cases by the ablation of a soft, 30% Si A&D%10%

3¢ rod. The spectrum in (b) has been scaled by 1848.2 /1&%2.7Absorptiongthat are identified
to beSi,Cnare marked byi x Alisorptions that are identified to belong to a species other than C
(b) arema r k e d.o Singly-sibstitutedsotopic shift bandsf 1848.2 crit and G are marked by
squares Thedifferences between corresponglisingly-substituted, isotopic shifiands are 2.3, 1.3
and 0.6cm™ (from low to high frequency bands).
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isotopomer band is ~20% relative to the fundamental 18482 This is twice what we would
expect forisotopomersvith single!*C substitution ainequivalensites and indicates that each
band corresponds to a pair of equivalent carbon atoms. Therefore, the unidentified molecule
likely has3 pairs of equivalent carbon atoms and we can conclude that the camsea liga

chain.

Molecules associated with g €hain will likely have isotopic shift patterns similar to
that of G. Referring to previous extensive rese&t€hon the vibrational spectrum of;Gve
can compare th€C isotopic shift spectrum for 18482 to that of thes({l,) = 1952.7cm™ of
Cs (its most intense vibrational mode)kigure5.2. The differences between corresponding
isotopomer bands (from low fragncy to high frequency bands) are 2.3, 1.3 and®6 These
differences are small and further support the assignment of 18#8.® a molecule with a £
chain. In addition1848.2cm* cannot be a new vibrational mode qf OFT-B3LYP/ccpVDZ
calculationdor Cs show that there are only two IR active vibrational modes in the ~1000
2000cm™ region These are, andns, which were identified at 1197.3 and 19586 by

Kranzeet al.in this lab®

A comparison between the observed spectra of 1848 avith DFT predictions is necessary to
precisely identify the molecular structure of the carrier of 184812 Becausd848.2cmi’ was
observed in the ablation of Si/C rod and not in carbon only experiments, calculations were
carried out fothe potential candida®iCsSi. In the ground stat&iCsSi is most likely to have a
spin multiplicity ofoneor three andour DFT-B3LYP/ccpVDZ calculations showed that the
singlet linea form has energy that is ~k&al/mol greater than the triplet lineafhis is a small
difference. However,atheoreticaktudy reported by Jiaref al.using DFFB3LYP/6-311g*

also found the triplet state b lower in energy than the singlet statéMoreover, they found

that for SIGSi (n= 2-11), whenn is odd, the more stable state has multiplicity of 1 and when
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is even, the more stable state has a multiplicity off3 consequent calculations for the
vibrational modes for the triplet linear form afeown inTable1.1. From this table, the most
intense mode ipredicted to bat 2079%cm™*, which is231cm™* different from 1848.2 cthand is
a very large difference(Similarly, for the singlet state, the most intense mode is predicted at
2078cm™.) In addition, previously identified stretching modes of long chaiar@ SiC,
species have had discrepancies that range from 1 (sé@bable5.2), so experimental
observations are usually very close to theoretical calculatisnsontrast, the 23dm*
difference between th®8iCsSi DFT calculation and 1848cini* is a12.5% discrepancy. This
unusually large difference and the presence of a contatriaad at 2234.6m™* that belongs to

Cs0 warrants reconsideratiarf what species could be the carrier of the 184&12 band.

Four considerations were made regarding other possible speciesuiddbe the carrier
of 1848.2cm™. In the first consideratigrexperiments were redone in attempt to produce as
clean a sample as is possible; by hneH@ano, w
C30, SiH, G0, etc.). Actions were taken such as having the Ar delivery system cleaned out
beforeandafter each experimerginteringmixed powdered rodat ~1663K (1390°C) for
several days, angumpingthe ablation chamber down torr, 30 minutes after whi the
gold-plated mirroris cooled down to 20 K. Unfortunately, in these experiments gebl@and
remained a strong absorption. Moreover, a review of past data recorded by other
experimentalists in this lab shows that the bag@ @ppeared in almost akperimens. In the
few past experimentshere GO did not appear, otheontaminants were present witiong

intensity.

The second consideration is thiae 1848.2cmi* could possibly belong tdifferent SiCn

molecule €.9.SiC;Si, SiGSi, etc.). However, DFT calculations did not result in a fundamental



Table5.1. DFT-B3LYP/ccpVDZ predicted vibrational modes, frequencies
(cm®), and infrared intensities (km/mol) for linear, tripl&ng )

SiCsSi.

Vibrational Frequency Infrared intensity
Mode (cm™) (km/mol)
w,(0,) 2067 0
ZACN 1837 0
(0, 980 0
w, () 355 0
ny(a,) 2078 515
wy(8,) 1421 133
() 623 23
wy(B,) 620 0
w,(p,) 534 8
w0, 355 0
w,.(p,) 219 6
(o) 117 0

wyp) 44 0




Table5.2 Comparison of DFTB3LYP/ccpVDZ calculations and observed
vibrational modesor previously reported centrosymmetric
molecules
Vibrational ~ BoRYPI Opserved  Difference %

Molecule ccpvDZ 1 ) .

Mode 1 (cm™) (cm™) difference
(cm™)
SiGsSi 5 2079 1848.27? 231 12.5
SiC,4Si 4 1859 1807.4 52 2.9
SiCsSi 3 2052 1955.2 97 5.0
GeGGe 3 2028 1920.7 107 5.6
GeGGe 4 2135 2158 -23 -1.1
Cs 3 2157 2038.9 118 5.8
Cs 3 2270 2164.3 106 4.9
Cs 4 2038 1952 86 4.4
Cs 4 2250 2127.8 130 6.1
Co 6 2132 1998 134 6.7
Cu1 7 2126 1946.0 £ 0.8 180 9.0
Ci2 8 2113 1997.3 116 5.8

53



54

thathadan isotopic shift patter(seeFigurel.1) that is similar to the isotopic shift pattern of
1848.2cm™. Third, it could be that the DFT calculatiofisr SiCsSi have an unusually larger
amount ofuncertaintythan previous calculations for similar speci@fe comparison ifrigure
5.4 showsthe DFT calculatiosfor the vibrational modes @iC,Si, nis even. There are two
generapatterns in this graph. One pattern is that m&reases from 2 to 14, the lowest
frequency modes decrease in vajue from 473 to 221 c). Similar behavioroccus for
higher frequency modes. The second pattern iglieaiigh frequency modes above ~2@60"

form nearly degenerate frequencies, and appear to approach an asymptote near'220@&sen

two patterns also appear for when n is déigre5.5). In trying to identify the 1848.2 clwe
need to know ifor n = 6, DFT-B3LYP/ccpVDZ calculations show any unusual behavior.
Figure5.4 shows that when = 6, the frequency modes conform to both the two patterns
previously discussed. In additidgAgure5.6 shows catulated CC bond lengths for SiSi.
Here, the G&C bonds length form an alternating pattern, and for thercasg the molecule
conforms to this pattern. This eliminates the possibility that the DFT calculation has an

unusually, larger amount of uncertainty.

Last if a pureSi,Cnis not a good candidate for 184812, then perhaps a
Acont ami nat emrespangibdec i eBsy nmiacyont ami natedo we me;
bearing molecules that contain hydrogen, oxygen or nitrogen. Thus calculations for species,
such as HSIigSi, NGN, and QSi,Cg, were done tdook for vibrational modes that have an
isotopic shit pattern like that of the 1848cn. The species for which no match was found are
not shown hereTable5.31 i st s f o u rb efiacroi nnt gadm i cnaanmadtwededoune tos p e ¢ |
have a fundamental for which DFT predicts an isotopic shift pattern similar to that of the band

1848.2cm*. Table5.4, numerically, andrigure5.7, visually, compare the simulatéebtopic
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Candidate specidsr the 1848.2m* band. They ardistedwith
the correspondinFT-B3LYP/ccpVDZ predicted vibrational
mode frequencyand multiplicity. These candidate spes were
calculated to havan isotopic shift pattersimilarto that of
1848.2cm.

Vibrational Frequency Difference from

Molecule Multiplicity Mode () 1848.2(cm)
SiCeSi 3 5 2078 230
NCsN 3 6 1800 48
0SiGSIiO 1 14 2084 236
SiOGOSi 1 17 2109 261
Table5.4 Differences between the calculated isotopostéit bands for
different @andidate specieand thecorrespondingbserved
isotopomer bands belonging1848.2 crit. These candidate
spedes were calculated to haae isotopic shift pattern similar to
that of 1848.2m™. The numerical similarities between these
simulationsand the observed isotopic shift pattern, leaves the
question of what carrier is responsible for the 1848.2 cm
absorption open.
Difference from observed isotopomer band (¥m
Molecule
1844.3 1840.2 1824.0
SiGsSi -1.6 1.0 1.1
NCsN 0.3 -2.3 0.7
0SiGsSIiO -0.4 0.4 1.1
SiOGOSi -0.1 -0.2 0.9
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shift patters with that of 1848.2m*. (As an aside, iffigure5.7(a)there is a nedying

absorption in the simulation for OSiC6SiO at 1839.1'9nThese calculated isotopomer bands

all have discrepancies that are less than 2 ftom the observed isapic shifts, and therefore,

does not help narrow down the list of possible carrigrsaaddition, DFT calculations for

predicts the presence of stronger intensity fundamentals lying in other regions of the spectrum.
If candidates for some of these bamase observed, it would help to narrow down the list of
possible carriers. Forel,, there was calculated a band, of similar intensity to 180§ am

1940 cni. For SIOGOSI, there was calculated a bending mode at 893 wiith intensity

almost 25@imes that of the candidatd@cm™. Similarly, for OSiCSiO, the speciesvas

calculatedo have three stronger modes at 185, 483 and 1184nchwith intensity estimates

that were all more than 80 times the intensity approximatidheotandidate @4 cni'.

Experimentally observed absorptions were not found for all of these stronger intensity modes.
Also, in part because some of the lower frequency modes lie outside of the spectral range of the
MCT detector. However, not being able to find candigdor these stronger bands is does not
necessarily mean t he s pKlIdtersity catcalatians hakea larger e s e n
amount of unertainty (A previous study on a long chain moleculg @iscusses the uncertainty

of intensity calculatiosin more detaiP?)

We find that theg vibrational mode of the linear triplet NS, predicted to be at
1800cm’, has the smallest discreparfoym 1848.2cm*, which is 48&cm™. This is a 2.6%
difference, which is very close to the observed. In contiaspther three species have
discrepancies of more than 26®* (>11%)andareeven larger than the SiSi calculations
(Table5.3). While having a closer value 848.2 cnit is not solid evidence that the observed

band is NGN, this information coulderve asnotivation forfuture work on Ncontaining
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speciesShort of performing experiments with nit

more analysis that can be done.

In summary, we observed an unidentifagsorption al848.2cm™ in the evaporation of
30% Sit°C rod Analysis of**C isotopicshifts shows that the carrées s t r u cdntainsg | i k
Cs chain. Because we observed this band in the evaporation-@ a8i there is the possibility
that 1848.2m™* belongs to a Shearingspecies, making SiSi a reasonable candidate.
Unfortunately, the large discrepancy, between the theoretical prediction fiay tiede of
SiCsSi at 207&mi* and the observed valaé 1848.2cm?, callsthisinto question In addition,
the presence of a strong@band at 223¢m*d o es n 6t a | deot®iCfassignmant.c o n f i
Fou considerations were madeattemping to find an unambiguous identificatioft:)
repeating experiments to significantly reduce the presence of any contam@gpctsnparing
the DFT predicted isotopic shift patterns of otBeC, species€.g.SiC;Si, SiGSi, etc.) with
that of the observed ban@®) examining DFT calculations for Si€i speciesr(= 27 11), and
finding that the DFT predictionsfor§§8i doesndt s how,and4)tryingito s u a l
findafi c o nt abmne anrain@ gpéciesSfor which DFEalculations predica vibrational mode

close to the observed value of 184&n2".

In the end, this project was left with more questions than ansWespte having
repeated experiments to eliminate a contaminant, with a variety of different parametéasdr
power, annealing, sinteringtc), wed i dnét succeed in eliminating
the sample DFT calculations were carried outrfa variety of SiCy,, species and contaminant
bearing species to find ones that would produce an isotopic shift pattern similar to that of

1848.2cm™. As a result, four contaminabearing candidate species were found with a



Figure5.7.

A visual ®mparison of thé®C shift spectra simulated using DIBBLYP/cc-pVDZ for (a) OSiGSIO, (b) SIOGOSI, (c)
NCsN and (d) SiGSi with () the observed’C shift spectrum fothe 1848.2cmi* absorption. The singlysubstituted>C
isotopomer bandare marked byedcircles. The simulatiorin (a)and (d)werecalculated using firsbrder approximation
to disable modenixing caused byearlying modes. The discrepancies between simulated and observed afaft.3
cm™. These small discrepancies still leave the question of what carrier is responsible for the 184h&arption open.
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