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CHAPTER |

INTRODUCTION

Infrared spectroscopy has been widely used to stumlgcules since the pioneering work
of Elmer S. Imes. This and later, similar studies gave experimesuaport for the theoretical
formulation of the physics of molecules. Also, greeffort has been made in predicting
molecular properties during the past decades,tneguh a great number of computational codes,
which are grouped in suites of programs Ikaussian 03that allow the computation of many
molecular properties from first physical principl@fiese are calleab initio calculations. In this
work, almost all experimental results will be comgzhwith corresponding calculations.

The research described in this dissertation is Iinéacused on forming novel molecules
by the laser ablation of sintered rods. The eléamared were carbon, silicon and germanium
because of their great importance in semiconduetdmology and optoelectronic devices. Also,
carbon cluster are the backbone of many intersteflacies, and understanding how they form
by the laser ablation could provide clues to theentical processes in astrophysical
environments.

Infrared observation of the isotopic shifts of ational fundamentals of the synthesized
molecules results in the identification of the stawe of the molecule responsible for the
absorptions and the assignment of vibrational forefgtals. These assignments are made upon
good agreement between the experimental isotojifiis stmd the calculated isotopic shifts. This
allows to have a better understanding of how Giduplements bond to form these molecules,

which could be the building blocks of novel semidoctor and optoelectronic materials.
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The deciphering of the structure of the molecuspoasible for the isotopic shift pattern
is referred as the isotopic substitution technigui@ch is discussed in section 2.4 of Chapter II.
The limitation is that the natural abundanceaf is only 1%, so isotopic shifts might only be
observed if a high yield of the carbon bearing roole were produced. This, however, is not
usually the case when a molecule is synthesizedhfoffirst time in the lab. For this reason,
carbon rods with a higher concentratiorti (10-90%) were made in order to get a higher yield
of carbon cluster with*C-substituted atoms; this is discussed in moreildatthe section “Rod
Fabrication” in Chapter II.

The silicon and germanium elements also have rbtahundant isotopes. Silicon has
three natural stable isotop&Si (92% abundance¥®Si (5 %), and®®Si (3%); germanium has
five: °Ge (21% abundance)’Ge (28%),°Ge (8%), ‘Ge (36%), and°Ge (7% abundance).
Thus the infrared absorptions of silicon or gerrmamspecies will result in an envelope of peaks
due to the number of isotopomers of &d Gg molecules. For germanium clusters this results
in a large number of peaks spread in a small freguénterval®  If the germanium or silicon
atoms participate in the vibration, the isotopis@iptions of germanium-carbon or germanium-
silicon-carbon molecules will also result in isatopshifts envelopes rather than single
absorptions peaks. This is observed for the seowst intense infrared active fundamentals of
GeGGe and GegSi presented in this work. To my knowledge, tlighe only work which
presents the infrared observation of germaniunootshifts. These molecules are discussed in
Chapters V and VIII.

Previous studies in the TCU Molecular Physics Labmy have reported vibrational
spectra for SCn', G&Cm,>° and SiCnGe’ clusters. In early work, novel, small, silicordan

clusters were produced by the evaporation of medunf silicon and carbon from tantalum



Knudsen cells. Vibrational fundamentals were idedi for a variety of SiC, clusters with
various structures including linear $&2 cyclic SkC,,° and planar pentagonalsSp™°. Later
investigations, using the laser ablation techniguentified for the first time vibrational
fundamentals of the larger silicon-carbon clus&i*!, SiG’°, as well as the germanium carbon
species Ge§Ge', GeG® GeG?, and the mixed Group IV cluster, GS¥. Another grouff
from Texas A&M University carried out experimentsing a Knudsen effusion, mass
spectrometer method measuring the partial presafr€eG, GeC, GegC, and GgC, above
liquid germanium which was contained in a grapKiteidsen cell. The assumed ground state
geometries wereC,, for GeG, GeC, GgC and Dy, for GeC,. The equilibrium geometry
assumed for GeGvas T-shapedd,,) analogous to the silicon-carbon cluster SC Later, the
equilibrium geometry of GeCwas theoretically investigatéd. Observation of isotopic
frequency shifts could validate the L-shaped growstate geometry predicted for GeC
Experiments conducted as part of the present refséaited to form this molecule, a task which
was difficult because the yield of the @olecule is lower than the;@onomerand the G
trimer, when using the laser ablation technitjueSiG, and AIG'® are the only € bearing
species produced by the laser ablation technigspitdemany experimental studies with the
transition metals and germanium using the lasep@wadion technique that produced species
containing the gtrimer.

SiC; rhomboidal and fan structures have been detectsgane’®*® and have been subject
to extensive theoretical studies because of a ceertsy about what the geometry is for the
global minimum (see the introduction of Chapter.VIpn the other hand, this work presents

experimental evidence that linear Geldas been formed by the laser ablation technigee. S



Chapter VI for a detailed discussion of this moledhat has been synthesized here for the first
time.

This work also presents new spectroscopic dataddyon clusters in Chapter V and VI.
The observation of novel combination bands efa@d G has allowed the assignment of two
symmetry stretching fundamentals of these moleculda addition, Chapter VI presents
experimental evidence and theoretical calculatisrisch have allowed assignment of the
remaining infrared active vibrational fundamentas linear G and G. Because these
absorptions are very weak they passed undetectedaimy spectroscopic studies on carbon
clusters done in the 90s. Their detection here mdicates the high yield of carbon clusters
produced by the laser ablation technique emplogeatiis research. With this high production
of carbon clusters far infrared spectroscopy cdoldhe future lead to the identification of
bending modes which have still not all been deteygé.

Two novel molecules were produced in this resedinobar GeGGe and Geg; allowing
the assignment of they(s,) mode of linear GefGe at 2158.0 cth and thevi(s) and va(o)
modes of linear Gegat 1903.9 ciiand 1279.6 cirespectively. New spectroscopic data was
obtained for other germanium/carbon speciesvifie) mode of GegGe at 735.6 cif, which
exhibit germanium isotopic shifts, and the bendingde ve(z,) at 580.1 cri, the ¢1+vs)
combination band of linearsCat 3388.8 cri which allows us to assign the only remaining
unobserved fundamental of this molecule thésg) symmetric stretch at 1946 cmthe o+v7)
combination band of linear ¢Cat 3471.8 cil which allows us to assign the previously
unobserved fundamental, the(sy) symmetric stretch at 1870 dmand the weakvg(oy)

asymmetric stretch for of linear,@t 1100.1 cri.



Chapter VIl includes a theoretical study on thecgltion of infrared intensities. Carbon
dioxide was used as a test case for these calmgatiThe results of this work suggests that if the
infrared intensities are computed using the medadutup to the quartic term) and electrical (up
to the quadratic) anharmonicities, the predictimas’'t be as inexact as they are using only the

first derivative of the molecular dipole-momenthvitarmonic transition states.



CHAPTER Il

EXPERIMENTAL TECHNIQUES

2.1 Experimental Apparatus

Fourier transform infrared (FTIR) spectroscopy hasn widely used to analyze matter.
lin the solid, liquid or gas phase matter absoidis in the infrared region giving a characteristic
infrared signature for the sample. Figure 2.1 shtive schematic of the FTIR spectrometer that
is built around a Michelson interferometer, in whia light wave is superimposed with a
time-shifted copy of itself coming from the movabterror. This spectrometer has a higher
signal-to-noise ratio compared to wavelength-selecspectrometers because it measures the
total intensity of the incident light not just a alfrband’’ A better signal-to-noise ratio is also
achieved by averaging many interferograms. UgddlDO interferograms are averaged and the
Bartlet apodization function is used in the FFT(Rasurier transform)for all generated spectra
involving new discoveries in this dissertation easé.

movable mirror

ShiftI [E—

fix mirror
input
IR source
beamsplitter
output
sample shift
N /XN e e
e ANVIANV/ANVZANVZAN
NVENVEANVENVENY,

detector

Figure 2.1.  Schematics of the Michelson interfertane
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Matrix isolation spectroscopy consists of trapping molecules in a solid iners,gag.
argon at 10 K, and applying a spectroscopic teclnigp the sample. The trapped molecules
cannot rotate, which greatly simplifies the infidrepectrum because the large number of
rotational absorptions will be absent.

Figure 2.2 shows the top view of the experimengalis, within which the optical path
inside the FTIR spectrometer is illustrated. Anicad table with transfer optics is placed in the
spectrometer’'s sample section to redirect the ligitard the laser ablation chamber. This
configuration allows two independent laser ablatiambers to share the same spectrometer.
The spectrometer and the laser ablation chambersegrarate with different vacuum systems at
~10° Torr and ~1@ Torr respectively. A Csl window, transparentlie tmid infrared (refer to
the transmittance spectra in Fig. 2.3), is usedejparate the laser ablation chamber from the
spectrometer. A quartz window allows the lasemb@dd:YAG 1064 nm operating in the pulse
mode) into the chamber, toward the rods. 1024 omesponds to 9398.5 ¢hmand Fig. 2.3
shows that the quartz window transmits this fregyenThe separation of the spectrometer from
the ablation chamber protects the spectrometecoftom graphite dust and the vapor from
other elements that come from the laser ablatighefods.

The molecules are produced by simultaneous ladati@b of carbon, germanium, or
silicon rods, while these rods are rotating andieaty translating. The evaporated species are
condensed in solid Ar (Matheson, 99.9995% purity}tee gold mirror previously cooled to ~10
K by a close cycle refrigeration system (ARS, Daspl During deposition an argon flow is
allowed into the chamber, which condenses ontaytiié mirror, and traps the molecules being
formed. FTIR absorption spectra are recorded theerange of 500 to 5000 ¢hat a resolution

of 0.2 cm'. The beamsplitter is KBr which has a range of-6000 cni. The detectors used in



this work are the MCT (Hg-Cd-Te, range ~500-12080"cand InSb (range 2000-14000 ¢m
detectors. The former is very sensitive at ~20@3,dut the later is ~7 times more sensitive in
3000-4000 cri region. The InSb detector enabled the observatiatovel combination bands
of carbon clusters. Figure 2.4 shows a comparsiween the InSb and MCT detectors in the
vicinity of a new combination band at 3388.8 tmwvhich is assigned to linearsCas will be
discussed in detail in Chapter VI. The InSb deteatas indispensable for observing the isotopic

shifts of this band, which are essential in thegassent of the absorption.
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Figure 2.2.  Top view schematics of the experimesgtlip. The transfer optics allows two laser atathambers to share the
same spectrometer. Drawing is not to scale.
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quartz
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Transmittance

pressure 0.5 Torr

0 2000 4000 6000 8000
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Figure 2.3. Transmittance of Csl window (2.5 mntkhess) and the quartz window (2.0 mm thickne$be quartz window
although transparent in the visible acts like #ffiln the mid infrared. The spectrometer was plytevacuated up to 0.5 Torr, which
accounts for the C£and water absorptions.
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¢) MCT detector, 100 scans

3388.8cmt?

b) InSb detector, 1000 scans

3364.6

3355.4

a) InSb detector,100 scans

o WMWW«W

3330 3340 3350 3360 3370 3380 3390 3400 3410
Frequency (cm1)

Figure 2.4.  The combination band absorption at 38&i* has been undetected in previous studies on cotithineands of
carbon clusters. With the MCT detector (c) thecbanbarely above the noise after 100 scans, bl the same number of scans
using the InSb detector the signal-to-noise impsdye a factor ~7 and two isotopic shifts appeathtlow frequency side. After
1000 scans with the InSb detector (b) another shidtvs up with intensity half of the other two. igkhift pattern is what is expected
for linear G, and is observed because of the high sensitifithe® InSb detector in the 3000 ¢megion. The carbon rod used had
10%*3C enrichment.
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2.2 Rod Fabrication

In order to decipher the molecular structure anthédke an unambiguous determination of
the vibrational fundamentals it is crucial to measisotopic frequency shifts. For this reason,
carbon rods are fabricated using mixtures®6f (Alfa Aesar, 99.9995% purity) artdC (Isotec,
99.3% purity), the percent ratio 98C:% *°C determines the shape of the intensities of the

isotopic shifts which enables the determinatiothefsymmetry of the molecule.

A pair of formulas (Eq. 2.1) have been derivedatzualate thé*C to*°C % ratio,r = %2c :

%2C

M M
M. = M,,=———
12 1+r% 13 1+1 m,
m, rmg, Eq 2.1

M =M,, + M, is the rod total mass
m, =12.00000 a.u. m,= 13.003355

These formulas can be also used to make germaradbom or silicon-carbon rods with a
desired concentration of germanium and carbon atortige rod (just replace mby the average
Mge=72.61 a.u. or g=20.08 a.u.). The rods used to produce the higdymtion of Ge@Ge
discussed in Chapter V have 20% Ge atoms with & Geass ratio 1.5:1. On the other hand,
the germanium-carbon rods used to produce thesfirghesis of the GeGnolecule discussed in

Chapter VI have 5-7% Ge atoms with a Ge:C mass oht+-0.45:1.

Also a set of formulas were derived to find thesicE concentration of three element
rods, see Eq. 2.2. These formulas were used te mads having 0.07:0.86:0.07 (Ge:C:Si)
desired atomic ratios, equivalent to a mass rat®@®0.595:0.115. Notice that the mass of
germanium in the rod is more than twice the massilafon. It was found that these rods

produce a high yield of GeSi, GeGGe, and SigSi. See section 9.6 of Chapter IX, for a
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discussion of the newly observed fundamental addinGe@Si. These formulas allow one to
know the concentration of each element in the vdad¢ch results in a systematic procedure for
doing experiments, and permits the reproductioexperiments with other elements but with the
same concentrations. For example, a nickel-carbdnvith 5-7% Ni atoms concentration might
lead to the production of NiCsince this concentration successfully allowed fdrenation of
GeG, see Chapter V. Similarly, the use of the conegiain ratio that produced a high yield of

GeGSi could be used to form other metaySCclusters, as shown by Eq. 2.2:

M
Me. r. m f M
1+-C € 4 Si s
I’Ge mGe IFGernGe
M
Mc =
14 oe Mee , TsMg
fe M. I Mg Eq. 2.2
M
MSi -

1+ ¢ Me | Tee Mee

If.Si mSi r.Si m Si

M =Mg. +M+M g is the rod total mass

m,, =72.61 a.u. m.= 12.00 a.u. m;=  28.08a.u

fe trctrg=1

whererg, 1. ,andg are the concentration a6 Ge, C, and Si respectivi

The germanium-carbon, silicon-carbon, and germassilicon-carbon rods were

sintered in a newly constructed vacuum furnaceraperatures close to the lower melting points
of the elements involved. The high temperatur@daoe and high current power supply were
designed respectively by Murdd@kand Katchinskd. Figure 2.5 shows the new furnace
power-supply. The rods were sintered at temperatd00°C lower than the lowest melting
point of the elements present in the rod. Theesimg time was between 2 to 3 days at pressures

of~10' Torr. These rods were capable of resisting higeerl power for long periods (1-2 hours)

in more than five experiments.



furnace

pyrometer -
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Power supply ”

@‘ H
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old cell design new cell design

Figure 2.5 Newly built power supply (up to 650 AVbIts) and vacuum furnace which allows the heathgarbon rods to up
~2400°C. The bottom figure shows a new cell designed \eiss volume where the center of the rod willlehottest area.
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2.3 Experimental Conditions

The experimental parameters: Ar flow rate, lasexgroper unit area, and deposition time
have been previously discussedin this research, two types of experiments haenhcarried
out using low and high laser power per unit ardais is controlled by increasing the laser
power and the focus of the beam on the rod. kamele, a loosely focused (~4-6 mm diameter
spot on the rod) with high power (~3 Watts) bearegi~5 x1G Watts/cmi. A tightly focused
(3 mm diameter spot on the rod) with relatively lager power (~0.7 Watts) gives ~ 14 ¥10
Watts/cnf. These different conditions result in increasimgdecreasing the yield of particular
carbon clusters. Also the plume or cloud of vagaund the spot where the laser hits the rod
has a different color and shape: yellowish for@s&focused laser, violet for the tighter one, and
white for very low power. The rule of thumb for iwh molecules are favored is: the tight focus
produces a high yield of lineas@nd G, and the loose focuss3Cs, cyclic G, C7, Gy and G2
as well as many unidentified absorptions. Theetiglume (tight focus and 1 Watt of laser
power) produces a very large amount efad G. It is worth noting another manipulation of
the experiment which produced a high yield of carbtusters that allowed the observation of
previously detected combination bands and weak domahtals: the lens was rotated %15
making an ellipsoidal spot on the rod and turnimg plume color from white to yellowish. With
this type of plume sputteringvas almost eliminated and the throughput (photeashing the
detector after being reflected from the gold miyrafter 30 min deposition diminished just a
little. Under those conditions deposition timegaevap to ~ 150 min, and could be longer if the
gold mirror could hold bigger Ar matrices. The dsjion times were limited not because of

loss of signal, but because the Ar matrix fallsyfrthhe mirror at around 200 min.

" Sputtering produces chunks of graphite rather theporating atoms or molecules.
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2.4 The Isotopic Substitutions Technique

The isotopic substitution technique has been uséldeaTCU Molecular Physics Lab since
the observation of £ It consists of using a controlled or known corcation of the®*C
isotope that will produce a unique isotopic shittprn of the vibrational fundamentals which
allows deciphering the structure of the molecupomsible for the absorptions. Figures 2.6 and
2.7 present the isotopic shift patterns of théundamental of the linearsGnd G molecules
produced by the laser evaporation of carbon rodls aifferent concentrations &iC. In Fig. 2.6
(a), the rod with 109°C permits the observation of the absorptions ofsthgle**C-substituted
isotopomers B and C. Calculations predict therhadhe 13-12-12 and 12-13-12 isotopomers,
and their intensity ratio with respect to the mband A is ~20 % for the two equivalent sites
isotopomer (13-12-12 and 12-12-13) and ~10% foruthigue site isotopomer (12-13-12); they
are very close to expected values of 22% and 11%. Fig. 2.6 (b), the rod with 85%C
permits the observation of the sindf€-substituted isotopomers, which is referred tahes
mirror spectra of Fig. 2.6 (a). Notice that botisarptions have similar intensities, ~20 % the
main band A which is attributed to not having complete randmation of **C and**C atoms
resulting from the ablation process of the expeniméigure 2.6 (c) and (d) present the 55%
experiment and simulation. lin this case all isotoers have the same probability of being
formed: bands B and'Bare twice intense as the others because theyspomd to equivalent
sites isotopomers 13-12-12 and 12-13-13 respeygtivEigure 2.7 presents similar features for
linear GC. In this case there are overlaps between 1@ double substituted

isotopomers13-13-12-12 and 13-12-12-13, labeleD.ag he technique and analysis explained

" If the rod has 10% of the atorti€, then the probability of evaporating€ atom is 0.10 and &C atom is 0.90.
Thus the full*?C band of linear €has a probability of (0.9)of being formed and the single substituted isobopo
0.1*(0.9Y, so the ratios are 0.1/0.9 and 2(0.1/0.9) foruhigue and equivalent sites isotopomers, giving b
22%, respectively.
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above were used in all assignments of fundameotatombination bands in this dissertation

research.



(a) 10%1C

b) 85%13C
() 85%5C
B

2038.9

2026.0

(c) 50%*3C

13-13-13
12-13-13

y (d) 50%?13C DFT
simulation

(13-12-13
13-12-12
12-12-12

1960 1980 2000 2020 2040
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Figure 2.6 Shown above are the isotopic shift pagtéor thevs vibrational fundamental of linears@vith three concentrations of
13C: (a) 10%, (b) 85% and (c) 50%. The DFT simolativith (d) 50%-C is shown below. With 5096C enrichment of the rod all
isotopomers have the same probability of being &rm
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Figure 2.7 Above are the isotopic shift patterhsibrational fundamental of linear,@vith two concentrations dfC: (a) 10%,
and (b) 50%. Below is the DFT simulation (c) wi®% °C.
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CHAPTER III.

VIBRATIONAL SPECTRA OF GERMANIUM-CARBON CLUSTERS INSOLID AR:
IDENTIFICATION OF THEV4(0,) MODE OF LINEAR GeGGe

3.1. Introduction

The Group IVB molecular clusters,,Sh, Ge&.Cn, and SiC,Ga, are of experimental and
theoretical interest because of their novel stmestiand potential applications in semiconductor
technology and microelectronics produ@té*?>?° Previously, we have reported vibrational
spectra for S$Cr2’, GaCn®?° and SiCnGe™ clusters. In early work, novel small silicon-
carbon clusters were produced by the evaporatiomigfures of silicon and carbon from
tantalum Knudsen cells. Vibrational fundamentaéseMdentified for a variety of &, clusters
with various structures including linear S8 cyclic Si,C,,*? and planar pentagon8i;C,>*
Later investigations, using the laser ablation mégpte, identified for the first time vibrational
fundamentals of the larger silicon-carbon clus®is,** and SiG,* as well as the germanium-
carbon species GgGe?® GeG,*° and GeG'®, and the mixed Group IV cluster, G&&*" All of
these molecules were found to be linear, althoughould be noted that in other recent matrix
work on transition-metal-carbon clusters the laagiation technique has produced the cyclic
isomer of TiG*, and in earlier work on Xlusters®®*" cyclic Gsand G.

FTIR matrix isolation studies of the vibrationaksgpra of GgC, clusters formed by laser
ablation have continued and in this paper we reportew specie, linear GeGe. It was
expected that GeGe would retain the linear structure of €ince previous experimental

measurements and DFT calculations have shownhbairtginal linear carbon chain structure is

20
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retained on the addition of a Si or Ge atom to @nboth ends. For example, S8,* SiC,,*®
SiCSi ¥GeGGe?® GeG,* GeG,* and GeGSi*’ have all been observed to have linear
structures.

This work presents experimental measurements anid dakulations, which confirm a
linear geometry for GefGe in the ground state. Based on very good agmeehetweenC
isotopic shift measurements with the prediction®86fT calculations the/(s,) fundamental of

GeGGe has been unambiguously assigned.

3.2. Theory

To support the identification of the vibrationalesgrum of Ge@Ge, we performed DFT
calculations at the standard B3LYP/cc-pVDZ levehgsthe Gaussian 03rogram suité. The
optimized geometry parameters for ﬂi@ ground state of linear GgGe are presented in Fig
3.1. The harmonic fundamental frequencies anduiatt intensities of linear GeGe are given
in Table 3.1. Isotopic shift calculations were fpened only for the most intense stretching

fundamentalyu(oy).
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Ge
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1.7897 A 1.2897 1.2918 Ge

- — -

Figure 3.1 DFT predicted (B3LYP/cc-pVDZ) groundtetgeometry for the GeGe cluster.
Arrows indicate the principal nuclear displacemdatghev4(c,) mode (see Table 3.1).

Table 3.1 DFT B3LYP/cc-pVDZ predicted vibrationateduencies (ci) and band
intensities for the linear GeGe.

_ . Infrared
Vibrational Frequency ) ]
) intensity
mode (cm™)
(km/mol)
vi(oyg) 2027.0 0
vo(oyg) 1075.3 0
v3(oyg) 240.8 0
va(ou) 2135.0 4592
vs(ou) 1619.2 1212
ve(ou) 561.9 148
Vg(ﬂg) 121 . 5 0
vo(mu) 628.7 13
vio(7u) 237.8 7

v11(7y) 43.3 1
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3.3. Experimental Procedure

GeGGe was produced using a dual-laser ablation seliap has been described
previously*® in which germanium and carbon rods are rotated tadslated while being
simultaneously ablated by two Nd:YAG lasers (CGR-3fectra Physics) operating at 1064 nm
in the pulsed mode. The evaporated species amensad in solid Ar (Matheson, 99.9995%
purity) on a gold surfaced mirror previously cooled~10 K by a closed cycle refrigeration
system (ARS, Displex). The mirror is enclosed waauum chamber maintained at a pressure of
~10® Torr. Experimental parameters such as laser fdassr power, and Ar flow were adjusted
to favor the production of GegGe. For the laser ablation of the carbon rod adbofocused
beam was used with a power of 2.0 Watts; for threngaium rod (ESPI, 99.9999% purity) the
beam was tightly focused with a power of 2.8 WatBuring deposition, the Ar flow rate was
adjusted by opening a needle valve until the champtessure increased from 4 ~6.0x10
Torr. Typically, matrix samples were deposited+80 min.

In order to make an unambiguous determination ofeoutar structure and to identify
vibrational fundamentals it is crucial to measw@apic shifts. For this reason carbon rods were
fabricated using two mixtures dfC (Alfa Aesar, 99.9995% purity) andC (Isotec, 99.3%
purity) with ~15%"C and ~85%°C enrichments to obtain single and douB@ substitutions in
Ge’C, and the mirror image isotopic shift pattern fangéé and doublé*C substitutions in
Ge'®C,. The carbon powder mixtures were pressed intodsital rods (2 cm long and 1 ¢cm in
diameter) with a die pressure of ~1.5 GPa for 4rsi@amd then the rods were baked for 21 days
at ~1950°C inside a furnace maintained under awmanf ~10° Torr or better.

FTIR absorption spectra of the products condensetld Ar matrix were recorded over

the range of 500-3500 chat a resolution of 0.2 cfusing a Bomem DA3.16 Fourier transform
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spectrometer equipped with a liquid nitrogen cooM@T (Hg-Cd-Te) detector and KBr

beamsplitter. Details of the optical system haserbreported previousf§.

3.4. Results and Discussion

Figure 3.2 shows survey spectra recorded in thgerdi¥50-2200 cth where most of the
stretching modes of germanium-carbon clusters apeaed to be located. The spectrum
produced by the simultaneous ablation of a carbdrb@6*>C natural enrichment) and a Ge rod
is shown in Fig. 3.2(a). For comparison, Fig. B)2¢hows the spectrum produced under
identical experimental conditions by the ablatioh a carbon rod alone. Experimental
parameters were adjusted to favor the productiothefrelatively longer carbon chaing, Cs,

C7, and G, rather than € The simultaneous ablation produced the chanatitefundamental
vibrations of germanium-carbon clusters identifiedur previous studie€;*® the v4(s) mode of
GeG at 1928.3 c, thevi(o) mode of Gegat 2063.8 cri, and the less intensg(s,) mode of
GeGGe at 1920.3 cth In addition, two intense new absorptions at 205%hd 2093.2 cth
were observed. Since these bands, appeared oely gdrmanium was ablated, the molecules
responsible must certainly contain germanium. Bseavibrational frequencies of pure Ge
clusters lie below 700 ctboth of these bands are plausible candidates &€ Gmolecules.
The identification of the 2093.2 ¢hrabsorption will be the subject of a future report.

In order to find the geometry and number of carlaboms present in the @&, cluster
responsible for the 2158.0 €mabsorption, it was necessary to make€ isotopic shift
measurements. Several experiments were carriedsing rods made with low (~15%C) and
high (~85%"C) enrichments. The observed ratios of band iftiesgor isotopomers of £ Cs,

and G were generally consistent with the nominal enriehievels in the rods.
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Figure 3.2  FTIR spectra produced by dual ablatiof@pGe and?C rods and (b) a puréC rod.
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Figure 3.3(a) shows the spectrum observed when% f&-enriched rod was ablated
simultaneously with a Ge rod. Three bands appetrd vicinity of the 2158.0 cthabsorption,
the 15(cy) mode of G at 2164.1 cil,*? the 14(s,) mode of G, at 2140.0 cii,*! and thevy(ay)
mode of G at 2127.9 cil.*®* Shifts corresponding to single and doubf€-substituted
isotopomers for €and G are labeletf**as well as a feature at 2123.4'tthat belongs to an as
yet, unidentified ¢ species. Thus three prominent absorptions ateatepotential singlé’C
substitution shifts for the 2158.0 mabsorption (A), the bands at 2155.1 (B), 2142.34M)
2116.8 crit (D). Bands B and C are ~30% of the intensityhef 2158.0 cil while band D is
~15 % of its intensity. These intensity ratiosetved with &°C enrichment of 15% indicate
that the molecule contains one carbon at a unigaeasd two pairs of equivalent carbons, as
would be the case for GeGe.

Figure 3.4(a) shows the mirror spectrum correspanth single and doubféC substitutions

in Ge,"*C, obtained by simultaneously ablating an 85%-enriched rod and a Ge rod. The

absorption at 2074.7 ¢hmwhich is a factor ~/12/130f the 2158.0 cim frequency, is readily
identified as belonging to the fulf{fC-substituted isotopomer and is probably a cartayban
stretch mode. All known absorptions of carbonimhi&ands and their isotopic shifts are labeled
leaving two obvious candidates for singf€-substituted isotopic shifts from the 2074.7tm
band at 2077.8 (Band 2098.8 (G, and a possible third band at ~2117'c(®’).  With 15%
12C isotopic abundance, the &d C bands are ~30% as intense as the 2074-7lmnd, which
isanalogous to the candidates for the sidgleshift, B and C bands in Fig. 3.3(a) produced with
15% °C isotopic abundance. This behavior confirms thate are two pairs of equivalent
carbons in the carrier molecule. The isotopomeresponding to &C in the central position is

unfortunately, overlapped by the correspondinglsiff§ isotopomer band shifted from the
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Figure 3.3 Comparison of the FTIR spectra of #ie,) mode of linear GeGe and its™C isotopic shifts (a) produced by the
simultaneous evaporation of a Ge rod and carbom with 15%**C enrichment, with (b) a simulation for 15%C enrichment
derived from DFT calculations at the B3LYP/cc-pVD&vel. The letters correspond to the single andbtp*C-substituted

isotopomers listed in Table 3.2
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Table 3.2 Comparison of observed vibrational fremies (crit) of the v4(o,) mode for'*C- substituted isotopomers of linear
GeGGewith the predictions of B3LYP/cc-pVDZ level calctitans.

B3LYP/ .
Isotopomer Observed cc-pvDZ Scaled Difference
Ge-C-C-C-C-C-Ge . y y Ay
24.19-12-12-19-12-74 (n) 21580 2135.0 2158.0
74-13-12-12-12-12-74 () 2155.1 2133.6 2156.6 1.5
74.19-13-12-19-12-74 ) 21423 2119.5 2142.3 0.0
74-12-12-13-12-12-74 (D) 2116.8 2096.3 2118.9 2.1
74-13-12-12-12-13-74 (E) 2154.2 2132.0 2154.9 0.7
74-13-13-12-12-12-74 " 2119.3 2142.1
74-13-12-12-13-12-74 (G) 2138.2 2116.5 2139.2 1.0
74-12-13-12-13-12-74 H 2095.5 2118.0 -
74-13-12-13-12-12-74 n 21163 2094.4 2117.0 0.7
74-12-13-13-12-12-74 (3) 2105.2 2082.1 2104.4 -0.8

®Results of the DFT-B3LYP/cc-pVDZ calculation scalsda factor of 2158.0/2135.0=1.01076.
Overlapped by band C.
“Overlapped by band D.
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(a) Ge rod and 85% 13C rod
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Figure 3.4 Comparison of the FTIR spectra of i{e,) mode of linear GegGe and its*“C isotopic shifts (a) produced by the
simultaneous evaporation of a Ge rod and carbor with 85%*°C enrichment, with (b) a simulation for 85%%C enrichment
derived from DFT calculations at the B3LYP/cc-pVD&vel. The letters correspond to the single andbti'*C-substituted
isotopomers listed in Table 3.3.

6¢


ericgonzalez
29


Table 3.3

Comparison of observed vibrational feswies (crit) of theva(s,) mode for*?C- substituted isotopomers of linear
GeGGewith the predictions of B3LYP/cc-pVDZ level calctitans.

B3LYP/

Isotopomer Observed  ¢c-pvDZ Scaled Difference
Ge-C-C-C-C-C-Ge v v y Av

74-13-13-13-13-13-74 (A 2074.7 2051.0 2074.7
74-12-13-13-13-13-74 (B 2077.8 2053.0 2076.8 -1.0
74-13-12-13-13-13-74 (C  2098.8 2076.9 2101.0 2.2
74-13-13-12-13-13-74 (D 2116.6 2093.0 2117.2 0.6
74-12-13-13-13-12-74 (E ---P 2054.6 2078.3
74-12-13-13-12-13-74 (F 2098.8 2077.2 2101.2 2.4
74-12-12-13-13-13-74 (S - 2081.9 2106.0
74-13-12-13-12-13-74 M 21144 2092.1 2116.3 1.9
74-12-13-12-13-13-74 Ml 2120.2 2094.3 2118.5 -1.7
74-13-12-12-13-13-74 (V] --- 2116.1 2140.6 ---

®Results of the DFT-B3LYP/ cc-pVDZ calculation schlgy a factor of 2074.7/2051.0=1.0116.
Overlapped bys(s,) mode of-*Cs.

“Overlapped by €double’C isotopomer shift.
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mode of**Csat2117.5 crit. On the low frequency side of this mode, a banstoved at 2116.6
cm® (DY) very likely belongs to the isotopomer with a caliy substituted?C. Deconvolution
of the two partially overlapped bands gives anneste of ~20% for the intensity of the 2116.6
cm?® absorption compared to the 2074.7 “crabsorption (A belonging to the fully
13C-substituted isotopomer. Although this is onlyoaigh estimate, given the uncertainty in
establishing the line profiles with the signal-toise ratio in this region, it is reasonably close t
the 15% expected for the isotopomer with a centsalbstituted?C.

The observed isotopic shift pattern for sin§i€-substituted isotopomers in Fig. 3.3(a) and
the “mirror” pattern for singlé“C isotopomers in Fig. 3.4(a) provide evidence foleast five
carbon atoms, two pairs of equivalent atoms andumrigue atom in the unknown molecule. A
linear GeGGe (M>5) geometry is consistent with the above argumants with the previous
observation of the Group IVB central symmetric necales, SiGSi, SiGSi, and GegGe.
Isotopic shift patterns fd*C/**C isotopic ratios of 85/10% and 10/90% were therefimulated
using the results of the DFT calculations at the.B3/cc-pVDZ level for linear GegGe.
These simulations, which are presented in Figh3.8(d 3.4(b), show very good agreement with
the observed isotopic shift patterns in Fig. 3.2(@) 3.4(a). Although the lower signal-to-noise
ratio makes the assignments of the doubly substiti#otopomers in Fig. 3.3 (a) and 3.4(a) more
difficult, the relative intensities are in reasoleaéigreement. For example, thésbtopomer in Fig.
3.4 is calculated to be twice the intensity of iiesotopomer, compared with the observed ratio of
1.6. There are five naturally occurring isotope$sef (21.2% °Ge, 27.7% “Ge, 7.7% °Ge, 35.9%
"“Ge, and 7.4%°Ge), however, as suggested by the nuclear dispmsnfor the va(oy)
fundamental shown in Fig. 3.1, Ge does not pasdteifn this vibration and the spectra for all Ge

isotopes thus occur at the same frequency. Mdaglelé comparisons between the predicted and
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observed™C shift frequencies are shown in Tables 3.2 and\8tch also include the data for
double substitution shifts. The observed diffeesngetween the calculated and observed shifts are
comparable to those observed for previously identilGeC,, molecules such as Gg&e and
GeG.?8% The excellent agreement between experimentaltkzewtetical results thus confirms

the identification of thexu(oy) fundamental vibration of linear GeGe at 2158.0 cth

3.5. Conclusion

The linear GegGe germanium-carbon chain has been detected fdiirgtg¢ime through
the dual laser evaporation of graphite and gernmanidTIR isotopic shift measurements and
DFT calculations at the B3LYP/cc-pVDZ level confirtie identification of thevs(oy)

vibrational fundamental at 2158.0 ¢m



CHAPTER IV

FTIR IDENTIFICATION OF THEV4(0,) AND Vvg(Tl,) MODES OF LINEAR GegGe

4.1 Introduction

Previously, our group has reported vibrational spedor SjCm****> Ge.Cn**® and
SinCnGe*’ clusters. In early work, novel small silicon-canbclusters were produced by the
evaporation of mixtures of silicon and carbon fragamtalum Knudsen cells. Vibrational
fundamentals were identified for a variety ofGi clusters with various structures, including
linear SiGSi,*® cyclic Si,C,,*° and planar pentagon&lisC,>° Later investigations, using the
laser ablation technique, identified for the fitshe vibrational fundamentals of the larger

44535 well as the germanium-carbon species Ge€

silicon-carbon clusters SiGand SiG,
GeG and GeG,*® and the mixed Group IV cluster, G’

FTIR matrix isolation studies on the vibrationakspa of GgC, clusters formed by laser
ablation have continued. Efforts have been ditktdevard increasing the production of G&@
in order to be able to detect the next most intenf@red active modes, which were not
detectable when the(cy) = 1920.7 crit fundamental was produced for the first time by DL,
Robbins. This was achieved by sintering a gernmargarbon rod which upon laser ablation
produced a very high yield of the molecule. Byngshard, sintered Ge-C rods evaporation was
enhanced over sputtering, allowing long depositiones which resulted in trapping more
molecules in the matrix.

Since Ge patrticipates in the next most intené®,) vibrational mode (see Figure 4.1), and

has five natural isotopes with relative abundamde1.2 %'°Ge, 27.7 %°Ge, 7.7 % Ge, 35.9
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% "“Ge, and 7.4 %°Ge, there are 15 possibly observable isotopomeBe@Ge even in the
absence of°C isotopic substitutions. The natural abundandehe Ge isotopes produce a Ge
isotopic shift pattern on the envelope of thé,) absorption that is consistent with the presence

of two equivalent Ge atoms.

Ge L. _ Ge

v(o,) 2028.1 cm?
Intensity: 2225.7 km/mole

“«— — —> —> <

e

V(o) 740.0 cm?
Intensity: 217.3 km/mole

vl
98—

Vg(m,) 575.4 cm?
Intensity: 16.4 km/mole

TR R B S
e 6

vy(m,) 69.1 cm?

Intensity: 3.7 km/mole

Figure 4.1.  FT-B3LYP/cc-pVDZ predicted infrared igetvibrational frequencies (¢t and
band intensities foing+ ground state of linear GgGe. Arrows indicate the principal nuclear
displacements for each mode.
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In comparing measured isotopic shifts to the patfmedicted by DFT calculations, our
group usually scales the theoretical shifts by iplyihg by the ratio of the experimental and
calculated main band frequencies. In general, diterion for good agreement is that the
differences between the experimental and scaleakrélieal frequencies shifts are less than 2
cm™. Since the Ge isotopic shift envelope extendsniy a few cnit, this criterion could not be
used in the present work. Instead, a new way teelate the theoretical frequency shifts was
used to compare experiment and theory, which isgmted in the theory section.

This work presents experimental measurements and dafulations, which corroborate
the linear geometry already determined for @&€in its ground state. Based on very good
agreement betwedft’>"*"*"&e and"C isotopic shift measurements and the predictiéisra
calculations thevs(o,) and ve(r,) fundamentals of GefGe have now been unambiguously

assigned at 735.3 and 580.1tmespectively.

4.2 Theoretical Predictions

The B3LYP**?*3functional (Becke type 3 exchange and the coicelafunctional of
Lee, Yang, and Parr) with cc-pVDZ basis was usedafculations with theGaussian 03
program suité. Table 4.1 lists the predicted harmonic fundamefrediuencies and infrared
intensities. The infrared active vibrations, shrmgvhormal mode displacements are presented in
Fig. 4.1. In our earlier work on GeGe (Ref. 5) the 6-31G* basis was used, while ierlat
studies on Gegand GeG' and GeGSi*’ the basis set used was cc-pVDZ. It should bechote
that with the 6-31G* basis set the bending fundaaisrare generally predicted at considerably

higher frequencies than when using the cc-pVDZsasgiccordingly, thes(z,) fundamental of
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GeGGe, which is predicted at 933 ¢mwvith the 6-31G* basis set (see Ref. 5) is caledlat

575.4 cmt with the cc-pVDZ basis set. In extensive studiésmany carbori+>° silicon-

carbon**°

and germanium-carb&hspecies it has been found that calculations with db-
pVDZ basis set provide a good description of geoe®tand vibrational fundamentals.
Experimental measurement of thgz,) mode of Geg@Ge in the present work confirms the
superiority of the cc-pVDZ basis over the 6-31G&gResults and Analysis). State of the art
theoretical studi€& on GeCs using DFT, MP2, and CCSD(T) with larger basis getslicts the

linear GeGGe as the lowest energy isomer.

Table 4.1. DFT-B3LYP/cc-pVDZ predicted vibrationdrequencies (ci) and band
intensities for linear GefGe.

o Infrared
Vibrational Frequency ) _
4 intensity
mode (cm™)
(km/mol)
vi(0q) 1520.4 0
va(ag) 277.2 0
va(ou) 2028.1 2226
va(oy) 740.0 217
vs(1g) 190.4 0
ve(7u) 575.4 16

v7(my) 69.1 4
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4.3 Perturbative Approach for Calculating Isotoprafts

The standard approach when calculating isotopitsstur carbon clusters is to obtain them
from the diagonalization of the appropriately meassghted force constant matrix. When
anharmonic effects as well as effects due to cogpliwith other vibrational modes are small
such shifts typically agree with experiment to wvita few tenths of cth Larger errors can be
attributed to inaccuracies in the force constantrisngiving rise to errors in the normal mode
coordinates for the vibrational fundamental beirlgseyved. Below we have calculated the
isotopic shifts resulting fror’C substitution using this standard approach.

The proposed identification of the(s,) fundamental of GefGe however allows us to
consider the shifts due to the various isotopegearfnanium using a different approach. The
perturbatioh* resulting from changes in the molecule’s nucleasses caused by isotopic

substitution is the difference between the kinetiergy of the final massy,( f) and the initial

mass,m, (i) for all K isotopically substituted atoms,

K 2 2
W(i - )= L S

0% - 02 Eq. 4.1
=L 2m () T 2m(f)

Using this perturbation and neglecting couplingwsstn other vibrational modes, the

harmonic frequencyg, shifted from the unperturbed frequemgy resulting from an isotopic

substitution can be derived to infinite order togbeen by

& m@), e P
w{l—ékl— mn(f)J u_ } W, Eq. 4.2

where u, is the normal mode displacement vector of atorin normalized mass weighted

coordinates Within the harmonic aproximation therefore, thexmeness in Eq. 4.2 originates
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only with the values of the normal mode displacetmemoviding the interaction with other
fundamentals can be neglected. In the case @f@dhmanium shifts of thes(s) fundamental of
GeGGe, Eq. 4.2 was found to be applicable since thwjéc shifts calculated using Eq. 4.2
agreed to within 0.01 cthwith the shifts calculated using the standard wetamploying the
full force constant matrix. In addition, since ttveo germanium atoms are equivalent , Eq. 4.2
now provides a simple one-parameter model by whehcan fit calculated isotopic shifts to
experimental shifts, thus giving us an improvedueabf the mass-weighted normal mode

displacement.

4.4 Experimental Procedures

The objective of this research was to increaseyibkl of linear Ge@Ge in order to
improve the signal-to-noise ratio and enable theasueement ofiy(oy) and ve(w,) that are
predicted to be the next most intense vibrationsldamentals after thes(s,) fundamental
already reportedGeGGe was first produced by simultaneously ablatirgggirfaces of a pair of
continuously rotating and translating germanium eadbon rods; however, in the present work,
this dual laser ablation approach was replacedvbpa@ating a single rod made from a mixture
of Ge and C. The ablation of a rod containing atane of Ge, Si, and C was first used to
produce GegSi*’ In the present work, optimizing the Ge:C mas#raf the germanium-
carbon rod was crucial to achieving a high yieldG#GGe. From a series of experiments
testing different ratios to enhance the productibthis molecule; it was concluded that Ge:C=
1.5:1 was optimum.

A single rod with one Nd:YAG laser (Spectra Physmserating at 1064 nm in pulse mode

was used. The evaporated species were condenselidiAr (Matheson, 99.9995% purity) on a
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gold surfaced mirror previously cooled to ~10 K hyclosed refrigeration system (ARS,
Displex). The mirror was enclosed in vacuum chammbaintained at a pressure of $1Torr.
Experimental parameters such as the laser focsey, fower, and Ar flow were adjusted to favor
the production of GefGe. For the laser ablation of the rod a beam wigfower of 3.0 Watts,
loosely focused on an area of ~25 fmmvas used. During deposition, the Ar flow rateswa
adjusted by opening a needle valve until the chamiessure increased from <A ~6.x10°

Torr. Typically, matrix samples were deposited+$@20 min.

In order to make an unambiguous determination ofeocubar structure and to identify
vibrational fundamentals it is crucial to measw@opic shifts. For this reason Ge-C rods were
fabricated with mixtures of’C (Alfa Aesar, 99.9995% purity) anidC (Isotec, 99.3% purity).
Since, as mentioned earlier, Ge has five natum@gurring isotopes, Ge isotopic enrichment
were unnecessary. Two rods were fabricated withniass ratio Ge:C=1.5:1, one wific and
the other having an appropriat®C enrichment to obtain thEC isotopic shifts necessary to

determine the number of carbon atoms present angabmetry of the molecule.

4.5 Results and Discussion

Figure 4.2 shows survey spectra recorded in thgerd800-2200 cth where the most
intense stretching modes of germanium-carbon cliste expected to be located. The spectrum
produced by the ablation of a germanium-carbonisashown in Fig. 4.2(a). For comparison,
Fig. 4.2(b) shows the spectrum produced under iciErgxperimental conditions by the ablation
of a carbon rod alone. The ablation of the geromantarbon rod produced the characteristic
fundamental vibrations of germanium-carbon clusigestified in our previous studies, thé€o)

mode of GeGat 1928.2 cil, thevs(sy) mode of GegGe at 2158.0 cih and thevs(s,) mode of
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GeGGe at 1920.7 cth In addition, other new absorptions at 2087.89328 and 2116.6 cth
were observed, which are currently under invesogaand will be the subjects of future reports.
Figure 4.3 shows the spectra in the range of 5@e8®" where three other new bands appear, a
sharp pair of lines at 579.1 and 580.1cand a broader band at 736.0 tmvhich we will

consider first.
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Figure 4.3.  FTIR spectra produced by the ablatibfap a germanium-carbon rod and (b) a ptfe rod, in the 550-750 cth
frequency region.
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GeGGe is the most prominent species in the spectraiging by the intensity of the most
intense mode of GeGe atvs(s,) =1920.7 cnt in Fig. 4.2 compared with the absorptions of
other species. The 736.0 ¢rabsorption is close to the 740.0 timequency predicted for the
v4(oy) fundamental, and the ratio of its intensity te th(o,) band is 0.3, reasonably close to the
ratio of 0.1 calculated from the predicted intdesitof the fundamentals shown in Table 4.1. It
thus appears possible that this band correspontisetm(s,) stretching fundamental of linear
GeGGe.

The absorption envelope of thgs,) fundamental of linear GeGe would be expected to
contain several peaks and extend over ~3.cifhe envelope’s characteristic shape would result
from the Ge atoms’ participation in the vibratidhe frequency, the normal mode displacement
vector u (see Eq. 4.2), and the line widths ofgliemanium isotopomer peaks contributing to the
absorption envelope. The presence of two equiva@ennanium atoms in the molecule would
produce 15 isotopomers, each with a different podiya of being formed. For example, the
74-12-12-12-72, 74-12-12-12-70, and 74-12-12-12sétbpomers have probabilities, 0.20, 0.15,
and 0.13, respectively, while the 76-12-12-12-76& af6-12-12-12-73 isotopomers have
relatively lower probabilities, 0.006 and 0.01, pestively. Consequently, the peaks of some
isotopomers would be more intense than others kecad their greater abundances. The
vibrational frequency value and u determines threasgp of the absorption envelope. In the 700
cm* region it is spread over only ~5 gmcompared with tens of chif the absorption were in
the 2000 critregion. The peak linewidths determine the numbeeaiks resolved. If linewidths
are close to the spectrometer resolution (0.2)cali peaks would be resolved but, if linewidths
are greater than the resolution and the envelofnes only a few cih many peaks would be

unresolved.



70,72,73,74,76 . . .
Table 4.2. Observed vibrational frequencies tcof thevs(sy) mode for Ge-substituted isotopomers of linear GEE,

DFT predictions at B3LYP/cc-pVDZ level of theoryndatheoretical predictions given by Eq. (2) usihg bptimized mass weighted
normal mode displacement found by minimizing the Reviation of the observed frequencies.

Isotopomer Observed B3LYP/ Scaled Theoretical Difference
(cm™) cc-pVDZ wt Ve Vit

Ge-C-C-C-Ge Ve
76-12-12-12-76 (A) 738.1 733.4 733.9
76-12-12-12-74 (B) 734.5 739.1 734.4 734.6 -0.1
76-12-12-12-73 (©) 739.6 734.9 735.0
74-12-12-12-74 (D) 7353 740.0 735.3 735.3
76-12-12-12-72 (E) 735.3 740.1 735.4 735.3 0.0
74-12-12-12-73 (F 740.5 735.8 735.7
73-12-12-12-73 (G) 741.0 736.3 736.0
74-12-12-12-72 (H) 736.0 741.0 736.3 736.0 0.0
76-12-12-12-70 () 741.2 736.5 736.1
73-12-12-12-72 J) 741.5 736.8 736.4
72-12-12-12-72 (K) 736.7 742.0 737.3 736.7 0.0
74-12-12-12-70 (L) 736.7 742.1 737.4 736.8 0.1
73-12-12-12-70 (M) 742.6 737.9 737.1
72-12-12-12-70 (N) 737.5 743.1 738.4 737.5 0.0
70-12-12-12-70 (O) 738.3 744.2 739.5 738.3 0.0

®Results of the DFT-B3LYP/ cc-pVDZ calculation schley a factor of 735.3/740.1=0.9935f€onsidered to be the unperturbed

frequency in Eq. 4.8Results of scaling by minimizing the RMS deviatifthe observed frequencies and the theoreticaligtiens
given by Eq. 4.2.
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With the assumption that the spectrum originatesnfthe v4(s,) fundamental of linear
GeGGe we chose the unperturbed frequency in Eq. 4@tespond to the 74-12-12-12-74
isotopomer observed at 735.3 tifsee Table 4.2). Using the normal mode displace¢ritem
our DFT calculation proved to result in an absamptenvelope that was substantially broader
than the one observed in the experimental spectriim.ascertain if our assignment was still
consistent with our assumption that the spectrusulted from two equivalent germanium atoms
we calculated the isotopic shifts using Eq. 4.2nimizing the root mean square (RMS)
deviation between the calculated and observed émgas. The optimized mass weighted
normal mode displacement was found to be 0.265@siderable lower than the DFT calculated
value of 0.3124. The former value of the normaldmalisplacement was used to generate the
semi-empirical values for the germanium isotopitstshown in the “Theoretical” column of
Table 4.2 and the simulated spectrum exhibitedign44(b). The lower value of the normal
mode displacement of the germanium atoms indicates, to normalization condition of the
normal mode vector, that the normal modes displacgésnof some or all the carbon atoms are
larger than the DFT predictions. Thus it is expddthat the observedC absorptions should
appear at lower frequencies than what is prediotethe DFT calculations. We will find below
that such is indeed also the casg (see Fig. 4.5).

In Fig. 4.4(b) the spectrum is simulated using htzean profiles for the isotopomer shifts
at the scaled frequencies given in Table 4.2. Haelprofile is scaled by the predicted intensity
of the isotopomer and its probability, given théunal abundances of the germanium isotopes.
Table 4.2 compares the observed frequencies wétltaiculated scaled isotopomer frequencies

and shows very good agreement between theory getiment.
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Figure 4.4  Comparison of the FTIR spectra ofti{e,) mode of linear GegGe and its o Ge isotopic shifts (a) produced

by the simultaneous evaporation of a germaniumesartrod, with (b) a simulated spectrum calculatsthg Eq. 4.2 and the
calculated displacement vector of the Ge atomsirddafrom minimizing the RMS error between experitad frequencies and the

ones obtained using Eqg. 4.2.
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Figure 4.5 Comparison of the FTIR spectra of #i{e,) mode of linear GefGe and its"*C isotopic shifts (a) produced by the

70,72,73,74,76
simultaneous evaporation of a germanium-carborwitd 30%**C enrichment, with (b) a simulation for 309 and G
isotopomers derived from DFT calculations at thd. BB/cc-pVDZ level. The letters correspond to thegke and doublé*C-

substituted isotopomers listed in Table 4.3.
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The germanium isotopic shifts observed on the ferofi the 736.0 ci absorption band in
Fig. 4.4 prove that two germanium atoms participatthe vibration, but no conclusion can be
drawn about the number of carbon atoms presente {ifesence of several unidentified
germanium-carbon bands in the 1800-2200" cegion, 2087.7, 2093.2, and 2116.6 Gmaises
the possibility that one of the species responditmehese bands might be responsible for the
736.0 cn. Since DFT predicted intensities can sometimesiatie from experimentally
observed intensities, the argument presented e#nliéng the absorption at 736.0 ¢nand the
va(oy) = 1920.7 crit fundamental of GefGe based on their intensity ratio, is not concleisiin
experiment using a germanium-carbon rod enricheith WiC was therefore carried out to
establish the presence of three carbon atoms imearlstructure. The spectrum in Fig. 4.5(a)
was obtained with 309%°C enrichment two new absorptions labeled B and @2ap Figure 4.5
(b) shows the DFT simulated for linear G&e spectrum for comparison. The absorption
labeled A corresponding to Ge-12-12-12-Ge contaifisthe > > 7> ™ &e isotopomer
absorptions as already discussed and shown iMHg. The'C isotopic shifts are responsible
for the absorptions labeled B (Ge-13-12-12-Ge aredl&13-12-Ge), C (Ge-13-13-12-Ge and
Ge-13-12-13), and D (Ge-13-13-13-Ge). The envelogeesponding to D was not observed
since at 3094°C enrichment the abundance of the fully substitisedopomer falls below the
noise level. The DFT simulation predicts envelope®, and C broader than those observed
since the B3LYP/cc-pVDZ calculation predicts a l@gkalue of the displacement vectors for the
terminal germanium atoms. As can be seen in Figthe observed carbon shifts are closer to the
main band indicating that some or all the normabiendisplacements of the carbon atoms are

higher than the DFT predictions, as discussed above
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The envelope of the B absorption includes 27 ismtogrs but only the feature at 727.4
cm® is clearly resolved. At the 0.2 Enresolution the following isotopomers with their
predicted abundances shown in parentheses couldbzda to this feature: 74-13-12-12-72
(1.5%), 74-12-12-13-72 (1.5%), 76-13-12-12-70 (02946-12-12-13-70 (0.2%), and
73-13-12-12-73 (0.09%). Since the absorption epelabeled C and centered at 719.9'cim
not resolved; no specific isotopomer assignmenmseamade in this case

The results of isotopic shift calculations for BmeGeGGe structure are presented in Table
4.3 which together with Fig. 5(b) shows the verpdagreement between the observed and DFT
calculated isotopomer frequencies. ComparisonedsuredC and’®’>"*"*"&e isotopic shifts
with DFT predictions thus confirms that the absimptat 735.3 cil (74-12-12-12-74) is the

v4(oy) stretching mode of linear GeGe



Table 4.3. Comparison of observed vibrational feegies (crif) of thev(c,) mode for'*C- substituted isotopomers of linear GE&@

with the predictions of B3LYP/cc-pVDZ level calctians.

Isotopomer Observed B3LYP/ Scaled Difference
Ge-C-C-C-Ge (cm™®) cc-pvDZ

Ge-12-12-12-Ge  (A) 736°0 741.0 736.0

Ge-13-12-12-Ge  (B) 727.4 733.7 728.7 1.3
Ge-12-13-12-Ge

Ge-13-13-12-Ge  (C) 719.9 725.4 720.5 0.6
Ge-12-13-12-Ge

Ge-13-13-13-Ge (D) 717.7 712.8

®Results of the DFT-B3LYP/ cc-pVDZ calculation schlgy a factor of 736.0/741.0=0.9933
b74-12-12-12-72 isotopomer frequency
€74-13-12-12-72, 74-12-12-13-72, 76-13-12-12-70, @d 2-12-13-70 isotopomer frequencies (see

text)
dcenter of the envelope

€74-12-13-13-70 isotopomer frequency
"74-13-13-13-72 isotopomer frequency
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Figure 4.6 Comparison of the FTIR spectra of t{e,) mode of linear Ge{Ge and its-*C isotopic shifts (a) produced by the
simultaneous evaporation of a germanium-carbonwittd 30% *°C enrichment, with (b) a DFT simulation for 309¢ enrichment
derived from DFT calculations at the B3LYP/cc-pVIEXel. The letters correspond to tHE-substituted isotopomers listed in Table
4.4,
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Table 4.1 indicates that the DFT calculations foedr GeGGe predict theg(r,) bending
mode at 575.4 cth Germanium atoms do not participate in this \ibrg so a relatively sharp
band is expected. As shown in Fig. 4.3(a) the tspecresulting from the evaporation of a
Ge’C rod has a pair of relatively narrow absorption§%9.1 and 580.1 cithat are obvious
candidates for theg(z,) fundamental. The intensity ratio of this pairthe v4(s,)=735.3 cnit
fundamental is 0.1, reasonably close to the 0.@dipted. The 0.03 intensity ratio of the 580
cm* pair compared to thes(s,)=1920.7 crit fundamental is somewhat larger than the 0.007
predicted but, since the intensity ratio of 0.3eled forvs(oy) to vs(oy) is also somewhat more
than the 0.1 predicted, we suspect that the intepsedicted for thes(o,) mode is a little high.

The 579.1, 580.1 chpair of absorptions persist after annealing atraD40 K, leading us
to discount two trapping sites as their origin &mdonsider the possibility that the degeneracy of
the bending mode is broken. Similar splitting acec?’ when thevs(z,) bending mode of linear
C4 was measured, and was attributed to the presentweoomatrix trapping sites in the face
centered cubic solid Ar. As can be seen in thetspm in Fig. 4.3(a) similar splitting is also
observed for thes(z,) bending mode of CQsee Fig. 4.3 (a). If in the present case thigtiggl
corresponds to a single molecule rather than todifferent species, the splitting should also be
observed in thé&’C isotopic shifts. The overlapping shift pattefmisdifferent species would not
be expected to produce equidistant pairs. Figui€a) shows the spectrum when a germanium-
carbon rod having 30%C enrichment was used. The intensity ratios afjgomer and main
band are calculated assuming that, consistenttht!C isotopic enrichment, the probability of
evaporating &°C atom is 70% and &C atom is 30%. As expected, the isotopic shiffgeap in
pairs that are approximately equidistant. Thenisity of the pair labeled B,’Borresponding to

the Ge-13-12-12-Ge isotopomer is ~80% of the m&e;12-12-12-Ge band labeled A,
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compared with the expected 86%. The intensitynef®, D' pair (Ge-12-13-12-Ge) is ~62% of
the intensity of the main band, compared to theeetgd 43% and the E,’Epair
(Ge-13-13-12-Ge) is ~38 % compared to the expeRtéd. The C, C(Ge-13-12-13-Ge) and F,
F' pairs (Ge-13-13-13-Ge), which should be respelgtiviEB% and 8 % as intense as the main
band, fall below the noise level and cannot be vfesk In general, the observed ratios are close
to the expected values with a somewhat larger tdewidor the D, D pair that could be a
consequence of incomplete randomization during lder evaporation process or rod
fabrication. This isotopic shift spectrum thus faons the presence of three carbon atoms in a
central symmetric structure.

The 3C isotopic shifts calculated for the(z,) bending mode of linear GeGe are shown
in Table 4.4. Agreement between theoretically pted and experimentally measured isotopic
shifts is very good. In addition, Figure 4.6 shaivat the experimentally observed spectrum
matches the DFT simulated spectra very well. Thise agreement, together with the small
difference between the theoretical and experimemignsity ratios for the three observed
fundamentals, makes it possible to unambiguoussygastheve(z,) bending mode of linear

GeGGe at 580.1 ci.

4.6 Conclusions

Two new vibrational fundamentals of linear GE@, v4(oy) = 735.3 crit and ve(z) =

580.1 cnt, have been assigned based on the re&idtsand "*">""4"&e

isotopic shift
measurements and comparison with the predictio®¥df calculations at the B3LYP/cc-pVDZ

level. This is apparently the first observatiorgefmanium isotopic shifts in vibrational spectra.



Table 4.4 Comparison of observed vibrational fremies (crt) of theve(z,) mode for**C-substituted isotopomers of linear
GeGGewith the predictions of B3LYP/cc-pVDZ level calctitans.

Isotopomer Observed B3LYP/ Scaled Difference
Ge-C-C-C-Ge (cm?) cc-pvDZ

(A 580.1 575.4 580.T
74-12-12-12-74 b

(A" 579.1 575.4 579.1

(B) 576.4 571.3 576.0 -04
74-13-12-12-74

(B) 575.5 571.3 575.0 -0.5

(C) 567.1 571.7
74-13-12-13-74

(e3) 567.1 570.7

(D) 564.4 561.3 565.9 1.5
74-12-13-12-74

(D) 563.6 561.3 564.9 1.3

(E) 560.6 557.0 561.6 0.9
74-13-13-12-74

(E) 559.7 557.0 560.6 0.9

(F) 552.8 557.3
74-13-13-13-74

(F) 552.8 556.4

®Results of the DFT-B3LYP/ cc-pVDZ calculation schley a factor of 580.1/575.4=0.99189
PResults of the DFT-B3LYP/ cc-pVDZ calculation sehl®y a factor of 579.1/775.4=0.99361
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CHAPTER V

INFRARED OBSERVATION OF LINEAR Geg

5.1 Introduction

The interest in small Group 1V molecules like §iGeG, GeG, GeSiG, and SiG, is fed
by the potential application of their unusual elecic properties in optoelectronic and
semiconductor materials. Silicon-carbides haveattaed attraction that they have been detected
in the interstellar medium and circumstellar sosré&® The present paper is concerned with the
first detection of the vibrational spectrum of Gedfhd the determination of its structure. This
molecule is interesting not only because of thié Ishited experimental and theoretical studies
on germanium-carbon species, but also becauss @ldtion to ¢ and to SiG, which have been
the focus of considerable discussion concerning ¢ieund state structures.

Linear, triplet G, was first detected by EPR in an Ar maffix. Later, infrared
measurements of the(sy) andvs(z,) vibrational fundamentals were reported in solid*A%and
then in the gas pha&&®* Coupled cluster calculations by the Bartlett grobave predictéd®®
that a cyclic isomer with transannular bond is he#&oenergetic with the linear structure;
however, the cyclic isomer has so far eluded spsctipic detection.

In the case of Sig early coupled cluster calculations by the Schaefoug’ using
configuration interaction calculations with singé@d double excitations (CISD) predicted a
singlet, four-member, ring structure with transdan-C bond for the global minimum, lying
~4 kcal/mol below both the singlet ring structurighwiransannular Si-C bond and tf& C..,

linear structure. This prediction was followed the observation of both ring structures by
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Fourier transform microwave spectroscopy in thetatory®®°and the detection of the isomer
with transannular C-C bond in the envelope of tdaon star IRC +10216.

Subsequent CCSD(T) (coupled cluster with single gmable substitutions and including
triple excitations non-iteratively) calculatidiswere in agreement with the singlet isomer
containing transannular C-C bond as the global mnmn, and placed the isomer with
transannular Si-C bond and linear isomer respdgtige2 and 7.5 kcal/mol higher. In contrast, a
study utilizing MCSCF (multiconfigurational self-sistent-field) geometriés predicted the
C.v linear triplet isomer to be the global minimum &hé singlet ring structures with C-C and
Si-C transannular bonds lying respectively, 4.3 &l kcal/mol higher. However, more
advanced CCSD(T) calculations by Sattelmetaal”? reconfirmed the isomer with transannular
C-C bond as the global minimum, finding the linesmmer to be energetically less stable by 7.5
and 1.3 kcal/mol than the rings with C-C and Sir@nsannular bonds, respectively. Later,
Gordonet al” also concluded that the ring isomer with transéamG-C bond is more stable
than the linear and the ring with Si-C transannblamd, 2.2 and 4.7 kcal/mol respectively; this
has been the most advanced calculation onz $iCis interesting that in photoelectron
spectroscopy experiments, the Lineberger gfbpmduced both linear and cyclic forms of the
SiCs anionbut reached no conclusion on the global minimum.

In the case of Gef the subject of this paper, only one theoretitathg® has so far
appeared. At the CCSD(T) (coupled cluster witlglerand double substitutions and including
triple excitations non-iteratively) level of theoryhe ring isomer with transannular C-C bond is
found to be the global minimum while the ring withnsannular Ge-C bond and linear isomer
are respectively 2 and 9 kcal/mol less stable Fsge5.1). No experimental observation of GeC

has so far been reported although several smalCgelusters have been detected mass
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spectrometrically in the gas ph&sand in this lab, GeGe,!""® GeGGe/® GeG and GeG*
have been formed by laser ablation in solid Ar eadr vibrational fundamentals assigned.
The present study on Ggrmed by trapping the products of the laser amadf Ge and C has
been motivated by interest in the ground statectiras of tri-carbides of the Group IV elements
and by our recent formation in solid Ar and iddnéfion of linear and cyclic isomers for metal
tri-carbides that are characterized by a compatibetween the two isomers for the ground state
structure. Vibrational fundamentals were obserfeedinear CrG,®* CoG,*? and AlG; (Ref. %)
and for a ring isomer with transannular Si-C boodTiC; (Ref. 2% and ScG®® It is also worth
noting that in our experiments the laser ablatibsasbon produces both liné&and cyclic G
(D3n),%" as well as line&f and cyclic G (Can).®

This work presents experimental measurements & @lculations, which support a
linear geometry for GeCin its ground state. Based on very good agreerhetween®*C
isotopic shift measurements and the predictionsDBfT calculations thevi(s) and v,(o)
fundamentals of GeChave been unambiguously assigned at 1903.9 and®.6l2@m’

respectively.

5.2  Theory

As noted earlier, CCSD(1 calculations indicate that the ring structure witimsannular
C-C bond is the global minimum for Ge€llowed by the isomer with transannular GeC bond
at +2.1 kcal/mol, and the linear isomer at +9.1/keal.

Table 5.1 lists the DFT-predicted harmonic fundatalerfrequencies and infrared
intensities for the three Ge@omers using the B3LYP**°3(Becke type 3 exchange and the

correlation functional of Lee, Yang, and Pdumctionalwith cc-pVDZ basisn the Gaussian 03



58

suite of program8. DFT calculations, which are generally less adeuia predicting electronic
energies compared to coupled cluster methods, girtd linear isomer as the global minimum
followed by the rings with transannular C-C bondl12 kcal/mol), and Ge-C bond (+12.0
kcal/mol). However, the purpose of the DFT caltafais for the subsequent calculation of
isotopic shift frequencies by the diagonalizatidran appropriate mass-weighted force constant
matrix. Our experience with B3LYP/cc-pVDZ level thfeory indicates that it is adequate for
this purpose.

Judging by the strength of the vibrational fundataksnof linear G, Cs, Co, and G in our
spectra it is reasonable to think that metahtlecules are formed predominantly by collisions
between linear €and the metal atom. This is illustrated in Schemand Il in Fig. 5.1 where
two different initial conditions converge to thendar geometry and the ring structure with
transannular Ge-C bond. Scheme Il illustrates sbenario for forming the structure with
transannular C-C bond, which is unlikely in our esments, since Geds not produced in
detectable quantities by the laser ablation tealiq As reported earlier, in experiments using
this technique to form metal-carbid&®’, there was no spectroscopic evidence of the riitly w
transannular C-C bond. By these arguments thespeef structures for Gg@roduced by the
laser ablation of germanium and carbon rods aregthioto be the linear isomer or the ring with

transannular Ge-C bond.



initial geometry optimized geometry

linear
Scheme | 180°
_—
fan
Schemelll —_
kite
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Figure 5.1 DFT-B3LYP/cc-pVDZ initial and optimizegeometries. In Scheme |, a Ge atom initially & &.and 135° from
linear G, converges to linear GgCln Scheme Il a Ge atom initially at 2.8 A and1@om linear G, converges to cyclic Ge®vith
transannular Ge-C bond. In Scheme Il the iniBaiG; geometry given in Ref. 17, with a carbon atom.at2, converges to cyclic

GeG with transannular C-C bond.
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Table 5.1 DFT-B3LYP/cc-pVDZ predicted vibrationagduencies (ci) and band intensities (km/mol) for GeiSomers.

Vibrational  Frequency Infrared intensity

GeG isomer 1
mode (cm”) (km/mol)
v1(o) 1986 197
V(o) 1300 37
% linear va(o) 466 11
va(r) 408 24
vs(7) 143 4
vl(al) 1136 4
va(ag) 696 29
A (transannular  vs(ay) 393 19
Si-C bond) va(b1) 217 40
+12.0 kcal/mol vs(by) 1623 84
VG(bz) 313 4
vi(ay) 1409 155
va(ay) 921 28
A (ransannular  vs(ay) 505 40
C-C bond) va(by) 192 11
+11.2 kcal/mol vs(by) 1011 3
Ve(bz) 323 31
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5.3 Experimental Procedure

In attempting to produce Ge®y the laser ablation technique two different apphes
were used: one consisted of simultaneously alglatie surfaces of a pair of continuously
rotating and translating germanium and carbon ribéspther, of evaporating a single rod made
from a sintered mixture of Ge and C powder. Thatain of a rod containing a sintered mixture
of Ge, Si, and C was first used to produce §& In the present work, optimization of the
Ge:C mass ratio in the germanium-carbon rod wasiarto achieving a high yield of GeC
From a series of experiments testing differenbstit was concluded that a mass ratio of Ge:C=
0.45:1 was optimum, in contrast to Ge:C=1.5:1 @eGGe (Ref. 78).

The evaporation of germanium and carbon was cawigdusing two Nd:YAG lasers
(Spectra Physics) operating at 1064 nm in the puoisgle. The evaporated species were
condensed in solid Ar (Matheson, 99.9995% purityrayold surfaced mirror previously cooled
to ~10 K by a closed refrigeration system (ARS,g). The mirror was enclosed in a vacuum
chamber maintained at a pressure of &T®rr. Experimental parameters such as the laser
focus, laser power, and Ar flow were adjusted teofathe production of GeC For the laser
ablation of the sintered germanium-carbon rod arb&adth a power of 2.5 Watts, loosely
focused on an area of ~25 rhmas used. Alternatively, a low power of ~0.6 Wats used for
the dual ablation of germanium and carbon f8d<During deposition, the Ar flow rate was
adjusted by opening a needle valve until the champhessure increased from <A ~6.0<10°

Torr. Typically, matrix samples in the experimediscussed here were deposited for ~90 min.

In order to unambiguously determine the moleculancture and identify vibrational

fundamentals it is crucial to measure isotopictshifFor this reason Ge-C rods were fabricated
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with mixtures of'°C (Alfa Aesar, 99.9995% purity}C (Isotec, 99.3% purity), and germanium
(ESPI, 99.9999% purity). Two rods were fabricatéth mass ratio Ge:C=0.45:1, one witiC
and the other having an appropri&i@ enrichment to obtain tH&C isotopic shifts necessary for
determining the number of carbon atoms presentt@deometry of the molecule.

FTIR absorption spectra of the products trappethéAr matrix were recorded over the
range of 500-3500 crat a resolution of 0.2 ¢ using a Bomem DA3.16 Fourier transform
spectrometer equipped with a liquid-nitrogen coolég-Cd-Td (MCT) detector and a KBr

beamsplitter. Details of the optical system haserbreported previousfy.

54 Results and Discussion

Table 5.1 indicates that the most intense infraetd’/e modes of the three isomers of Gat

at 1986 crit for the linear geometry, and at 1623d 1409 cil for the cyclic structures, with
transannular Ge-C and C-C bonds, respectively. avefal examination of the regions in the
vicinity of ~1600 cnt and ~1400 cf in the spectra taken of the evaporated product®simo
evidence of carbon-germanium absorptions. The atigorptions present belong to carbon
clusters and traces of water in the ~1600"amgion. In contrast, Fig. 5.2(a) shows survey
spectra recorded in the range 1880-1970 wrhere two unidentified bands appear at 1903.9 and
1924.2 crit. Of the remaining bands, several have already igEmntified as the linear carbon
molecules, ™ Cs,%? and G which as shown in Fig. 5.2(c), are also presergmnbnly the
carbon rod is ablated. The spectrum in Fig. 5.2 the simultaneous ablation of carbon and
germanium rods also exhibits absorptions of ¢&xC(Ref. 77, 78) and Gg(Ref. 80) at 1920.7
and 1928.3 cf, respectively. An absorption of GeCO (Ref. 941907.7 crit that appears on

the simultaneous ablation of C and Ge rods or Gearod alone [Fig. 5.2(b)], is absent on the
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ablation of a C rod [Fig. 5.2(c)]. Since it doex appear in the spectrum recorded when only an
Ar matrix is deposited, GeCO likely originates witfO contamination in the Ge rod (ESPI,
99.9999% purity). The unidentified band at 192¢n?' in the spectrum in Fig. 2(a) obtained
from simultaneous ablation disappears on anne#i@gnatrix at a higher temperature of ~33 K
and is not consistently present in all experimefitae 1903.9 cih absorption is thus left as the

only viable candidate for thg(c) mode of linear Geg
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Figure 5.2 FTIR spectra produced by (a) the dusérlaablation of germanium and carbon rods, (b)rladdation of the

germanium rod used in (a), and (c) laser ablatfidhecarbon rod used in (a).
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Figure 5.3(a) shows the spectrum obtained in areraxent very similar to the one
presented in Fig. 5.2(c), but with 10%%C isotopic enrichment of the carbon. Although the
spectrum is relatively complex with a substantiaimier of**C isotopomer bands, these are
readily eliminated from consideration on the badipreviously reported isotopic studies. All of
the »°C isotopic shifts for the very intensg mode of Ge@Ge are observed,as well as the
absorptions of the singféC-substituted isotopomers for themode of G ( Ref. 93), and several
new isotopomer bands corresponding to dodB® substitutions for this mode. The latter
features are labeled + in Fig. 5.3(a) and matciDiR€-predicted shifts. The single and double
13C substitutions for thes mode ofCs and the GECO, and GECO isotopomer bands can
similarly be identified*

Three remaining features at 1856.5, 1885.1, ands.68@ni' labeled B, C, and D,
respectively, are possible bands correspondingéosingle'®C-substituted isotopomers since
they are each ~10% of the intensity of the 19089 band that is a candidate for a fundamental
of GeG. The absorptions at 1875.3 and 1848.3' ¢abeled E and F, respectively, are possible
bands of the doubl&C-substituted isotopomers, and the very weak 182819 absorption is
tentatively thought to be the fulf’C-substituted isotopomer. Figure 5.3(b) shows DiFg-
simulated spectrum for all thEC —substituted isotopomers of linear Geflculated at the

B3LYP/cc-pVDZ level of theory. The labels idegtthe isotopomer bands for each mass
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Figure 5.3 (a) FTIR spectra produced by the disgrlablation of a germanium rod and a carbon rol ¥9%**C enrichment.+
unidentified features present in the carbon roatan experimenta °C isotopic shifts for the, fundamental of € (Ref. 38),=
single °C substitution shifts for thes fundamental of ¢ (Ref. 40), x'3C isotopic shifts for the; fundamental of GeCO at two
trapping sites (Ref. 41),%C isotopic shifts for the; fundamental of GefGe (Ref. 19), + doubl&®C substitution shifts for thes
fundamental of ¢€(see text). (b) DFT- B3LYP/cc-pVDZ simulated spem for thev;(c) fundamental of linear GeC
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Table 5.2 Comparison of the observed vibrationafjfiencies of the singf€C-substituted isotopomers of thgls) mode of
linear GeG for with the predictions of B3LYP/cc-pVDZ calculars.

Isotopomer Observed B3LYP/ Scale@ Difference
(cm™) cc-pvDZ O Ve W
Ge-C-C-C % w
74-12-12-12 (A) 1903.9 1985.7 1903.9
74-12-12-13 (B) 1895.6 1977.4 1895.9 -0.3
74-13-12-12 © 1885.1 1965.8 1884.8 0.3
74-12-13-12 (D) 1856.5 1937.5 1857.6 -1.1
74-13-12-13 (B) 1875.3 1956.7 1876.0 -0.7
74-12-13-13 (P 1848.3 1929.4 1849.8 -1.5
74-13-13-12 (G) overlappel 1916.6 1837.6
74-13-13-13 (H) 1828.9 1907.6 1828.9

®DFT calculations scaled by two scaling parametanstion (details provided in ref. 95)

a)scaled = S(CL))C()
_ - (
Sw)= 2" B pyrg - BT X G yith g =122 = 1903.9 g = - 1828.!
W, ~ W W, ~ W a, 1985.7 @, 1907.6

POverlapped with an unidentified feature labeddd Fig. 3(a), which is also observed in pure carbgperiments.
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Figure 5.4 (@) FTIR spectra produced by the abiatibsintered germanium-carbon rod, the carbon gowsed had 35%C
enrichment. (b) FTIR spectra produced by the aimatf sintered germanium-carbon rod, the carbondeowsed had 209%C
enrichment. (c) DFT simulation with B3LYP/cc-pVD&vel of theory for the,(c) fundamental of linear GeC
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Table 5.3 Comparison of the observed vibratioreddiencies (cf) of thevs(s) mode for alf**C substituted isotopomers of
linear GeGwith the predictions of B3LYP/cc-pVDZ calculations.

Isotopomer O(bc srﬁ_rl\)/ed Ecslp_)\\/(gé Scale@ Difference

Ge-C-C-C Y w Wecaled V" Wscaled
Ge-12-12-12 (A) 1279.6 1299.6 1279.6
Ge-12-13-12 (B) 1277.1 1297.9 1277.9 -0.8
Ge-12-12-13 © 1257.0 1275.9 1256.6 0.4
Ge-13-12-12 (D) 1254.5 1273.6 1254.3 0.2
Ge-12-13-13 (E) 1254.5 1273.6 1254.3 0.2
Ge-13-13-12 (P 1252.7 1272.5 1253.3 0.6
Ge-13-12-13 (G) 1232.7 1250.4 1231.8 0.9
Ge-13-13-13 (H) 1230.2 1248.8 1230.2

®DFT calculations scaled by two scaling parametenstion (details in ref. 95):
a)scaled = S(C{))C()

S@)=2"% gy g - BB 4 yith §22221279.6 v, _ 1230,

b § (
W, ~ Wy W, — Wy @, 1299.6° T @, 1248.
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arrangement. In Table 5.2 the observed frequerciesompared to the calculated isotopomer
frequencies which have been scaled with a two-pat@nscaling function for carbon chains
discussed earli€l. This scaling procedure can be used in the presasé for the Gel
fundamental because the Ge atom doesn't participatee vibration and the molecule is small,
confining the spread of the shifts to only a fewstef cm®. Quadratic scaling avoids favoring
the isotopic shifts of isotopomers that are cldsethe full*?C, or **C, bands, which occurs with
simple linear scaling when the ratio of the obsertee predicted frequencies for either the full
12C, or °C, bands is used. The latter procedure makes tketiel of the appropriate ratio for
absorptions in the middle region between these $amsbiguous. The very good agreement
between the measurétC isotopic shifts and the DFT predicted frequendciesfirms that the
absorption at 1903.9 chis thevy(s) stretching mode of linear GeC

The DFT calculations for linear Ge@redict the next most intense fundamemiéb), to
be at ~1300 cih with a relatively low intensity of 37 km/mol. lthe dual laser ablation
experiments that produced the spectra shown inF=®&jand 5.3, a band is observed at 1279.6
cm™* with an intensity ratio of ~1/6 with respect t@th903.9 cnl band. This is relatively close
to the ~1/5 ratio predicted (see Table I). Unfodiely, the yield of linear GegGvas not high
enough in the dual ablation experiments to obséhee isotopic shifts of the band. This
circumstance led us to do experiments with sintegedmanium-carbon rods which were
successful in producing a high yield of GE@. As reported earliéf this experimental strategy
enabled the observation of two new vibrational ameéntals of linear GeGe, v4(a,) = 735.3
cm® andve(r,) = 580.1 crit, which are predicted to have relatively low irsities, of 217 and
16 km/mol, respectivel{f In the present experiments on GeBe sintered rod has a lower

percentage of germanium with a Ge:C mass ratio4H:0 as discussed earlier in section 5.3.
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Figure 5.4(a) shows a typical spectrum obtainedxiperiments using sintered Ge-C rods
with 35% °C enrichment. To the low frequency side of thedl@7%m® absorption all of the
isotopic shifts are observed and are labeled Baldlculation of the normal mode vectors shows
that Ge does not participate in the vibration, @ fully substituted*C isotopomer
(Ge-13-13-13) should scale approximately byh&/13 mass ratio, which applied to the 1279.6
cm* band gives 1229.4 ¢fhn This approximate value is in fact, very closette frequency of
the band observed at 1230.2 tiand labeled H in Fig. 5.4(a). Fig. 5.4(b) shotws $pectrum
recorded in an experiment which produced the bidtl pf GeG. The 20%'C enrichment
used in this experiment resulted in the sintfl@-substituted isotopomer bands B, C, and D
having better signal-to-noise ratio than in Figl(&). The isotopic shift pattern for an isotopic
ratio *°C/=C=35/75 was simulated using the results of DF Tutations at the B3LYP/cc-pVDZ
level of theory for linear Gef Fig. 5.4(c) shows very good agreement betweersitmulated
isotopic shift spectrum and the observed isotopiidt attern in Fig. 5.4(@) and (b). A
quantitative comparison between the predicted arsbmved'C shift frequencies is given in
Table 5.3. The excellent agreement between expetah results and theoretical predictions
confirms the identification of they(c) fundamental vibration of linear Ge@t 1279.6 cil. It
worth noting that sintered rod experiments givindpigh yield of GeG, as indicated by the
intensity of the 1279,6 ciband, also produce a high yield of carbon chaiith wany
absorptions in the vicinity of the(s) stretching at 1903.9 ¢mthus unfortunately, preventing
the observation of isotopic shifts using this teghe.

Further corroboration of the proposed assignmerhefvi(c)=1930.9 and/y(c)=1279.6
cm-1 fundamentals is provided by the ratio of thitensities which as noted earlier, is

reasonably close to the theoretically predictddevaf 5.3 (see Table 5.1) and remains constant
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under a variety of experimental conditions. Fig&.& shows the correlation between the
intensities ofv1(c) andvy(c) for a series of experiments in which the lasexgroper unit area on
the rod, the Ar flow, and annealing temperaturesewaried to give different yields of Ge@

the matrix. Although the agreement is approxinstee the intensity calculations are inexact,

this correlation strengthens the assignments.

55 Conclusions

Linear GeG has been formed by the dual laser ablation of geilum and carbon rods and
by single laser ablation of a sintered germaniunb@a rod, and trapped in Ar matrices. Two
vibrational fundamentals of linear Ge@i(c) = 1903.9 crit andv,(c) = 1279.6 crit, have been
assigned based on the comparisoffGfisotopic shift measurements and the predictiéri3ra
calculations at the B3LYP/cc-pVDZ level. Althoughe vi(o) = 1903.9 crit mode lies in a
congested region that makes is analysis more coaiptl, the»(s) = 1279.6 crit mode is in a
region with no other absorptions making its assignimstraightforward and presenting
unambiguous experimental evidence that linear a6 been synthesized.

Evidence accumulated from previous studies inddhat the laser ablation technique
favors the formation of linear structures and aydiructures with transannular metal-carbon
bond over cyclic structures with transannular C-@hd In the present work there is no
spectroscopic evidence of cyclic structures for &Eefth either the transannular Ge-C or C-C
bond although at the coupled cluster level of thebey are both predicted to be ~7-9 kcal/mol
lower in energy than the linear isomer. This resuggests a need for further theoretical studies

of GeG to see if the cyclic isomers are indeed more sttidn the linear.
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CHAPTER VI

INFRARED OBSERVATION AND ISOTOPIC STUDY OF NEW COMBATION BANDS
OF CARBON CHAINS G AND Cy

6.1 Introduction

Carbon clusters have been of spectroscopic irtteyesnany years, particularly because
of their roles in the chemistry of the interstellaedium and circumstellar shells. Understanding
their structures and how they bond has been aertgalfor theorists and experimentalists alike.
In the first systematic experimental investigati?feltner and McLeod reported infrared
fundamentals for E£species formed by trapping the products of grapkitaporation in Ne
matrices. Later, the discovery of(ullerené’ stimulated renewed interest in carbon chains,
rings and clusters.

Linear G has been extensively studied with several spempis techniques both in the gas
phase and in matrice§™! All the fundamentals have been assigned excapth®vi(oy")
symmetric stretch. The present work presents spmipic measurements and theoretical
calculations which enable the assignment of tivg+ (v4) combination band of linearsCand
since thev(s,") fundamental has been previously observed in amatrix''° it is possible to
obtain a frequency for tha(sg) fundamental. Linear {has similarly been the subject of many
spectroscopic studig&%%1%112 9% ng only the three symmetric stretching modegsg"),
va(ag'), andvg(ay’), have yet to be observed. In the present stindy(,+v;) combination band

has been measured, and using the frequency of-thg) mode reported earlier in an Ar

matrix;”® a frequency for they(o,") fundamental has been obtained.
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Earlier isotopic studies of carbon clusters trapipedr by Vala and co-workers have included

measurements of combination bands gfr€f. 120) and ¢(n=5,6,7,9)**

6.2  Theory

Currently, theGaussian 03uite of progranfsdoes not include calculations of the anharmonic
corrections to the fundamentals, combination bandgvertones of molecules having a point
group with degenerate irreducible representatid@®iace this is the case for linear molecules, we
slightly bend the chain to give @, symmetry structure. The global minima for the bent
structures of €and G are shifted only -210° and -410* kcal/mol from those of the linear
structures. The frequencies of the stretching madéhe bent isomers differ by only ~0.1tm
from their linear counterparts. Using th&3g structures permits the calculation of anharmonic
corrections for the fundamentals, combination baadd overtones.

Table 6.1 lists the harmonic fundamentals calcdldi@ linear G and the anharmonic
fundamentals, for the corresponding bent isomene anharmonic bending modes frequencies
are not shown; a singularity occurs because péickse lying energy levels, which is a result of
the bent structures. Table 6.2 gives similar testalculated for € The level of theory used
was the B3LYP"*2*3functional (Becke type 3 exchange and the coiceldunctional of Lee,
Yang, and Parr) with cc-pVDZ basis set. The ismt@hifts for the combination bands ¢ vs4)
of Cs and §,+v;) of Gy, which are presented in Tables 6.3 and 6.4, wemgated using the bent

structures.
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A binary combination band is related to the fundatals and the anharmonicity constgnt

Via122

(Vi+l/j)=Vi (g,)+Vv;(0,)—2x; Eg. 6.1
If the observed combination band involves an ole@rsymmetric stretching fundamental the

infrared inactivev, (g,) fundamental can be calculated using Eq. 6.1, giairigequency within

a few wave numbers of the actual value. Tablesa@d 6.2 present in the fifth column the
frequencies expected to be observed that havedademated using the relation

0.9267% ,harmonic-B3LYPicc-pvDg 7O+ Eq. 6.2

Yobserved™
which was derived” from a linear fit of a plot of the experimentatduencies for &1 (n=1-4)
linear carbon chains versus the calculated B3LY#P¥DZ anharmonic results, Equation 6.2
predicts the frequencies expected to be observimihve few cr of those actually measured.
This relation can also provide valuable informatior high resolution gas phase laser
spectroscopy studies because it predicts the odddrequencies of odd carbon chains within a
few cm’. For example, the fundamentalg(oy), and vg(c,) modes of @ have not been
observed, and the frequency of thé,) fundamental has been measured only to within +50
cm?* in a photon electron spectroscopy experimi&htAs shown in Table 6.2, Eq. 6.2 predicts

the frequencies of these modes to be respecti2&i4, 1300, and 899 chto within few wave

numbers.

6.3 Experimental Procedure

Carbon clusters were evaporated from carbon roug s Nd:YAG laser (Spectra Physics)

operating at 1064 nm in pulse mode. The evaporgpeties were condensed in solid Ar



77

(Matheson, 99.9995% purity) on a gold surfaced anipreviously cooled to ~10 K by a closed
refrigeration system (ARS, Displex). The mirrorsaenclosed in vacuum chamber maintained at
a pressure of ~10Torr. The carbon rod was ablated with a pulseshbef ~2.8 Watts power,
loosely focused on an area of ~25 mnDuring the deposition, the Ar flow rate enteritig
chamber was ~1 mmol/h for depositions lasting 14r$10

The measurement 6IC isotopic shifts enables the determination ofstnacture and the
assignment of vibrational fundamentals or combarmabands. For this reason carbon rods were
made with mixtures ofC (Alfa Aesar, 99.9995% purity) aritC (Isotec, 99.3% purity).

FTIR absorption spectra of the products condensatie Ar matrix were recorded over the
range 500-5000 crh at a resolution of 0.2 crhusing a Bomem DA3.16 Fourier transform
spectrometer equipped with a liquid nitrogen cooldd—Cd-Te (MCT) detector, KBr
beamsplitter, and Globar source. For the comlmnatands the spectra were also recorded in
the 1800-5000 crh region using a liquid nitrogen cooled InSb detectwhich improved the
signal-to-noise ratio a factor of 7. This enhaneetrwas indispensable to the observation of
isotopic frequency shifts for the new combinati@nds identified in the present work since the
combination bands are ~100 times weaker in intersian the most intense fundamentals.

Details of the optical system and experimental egtpa have been reported previodSly.
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Table 6.1 Observed and DFT-B3LYP/cc-pVDZ predictedbrational frequencies,
combination bands (ch) and band intensities for linear and bend strestarf G.

Expected
Infrared active Observed Frequency  Anharmonic observed Infrared
Combination . linear frequency of the frequency using Mtensity
bands (cm”) structure bend structure  Eq. (2) of ref. (km/mol)
124
vi(og) 1946 2046 2015 1938 0
va(og) 776 800 799 811 0
va(oy) 2163.9 2270 2228 2174 2539
va(ou) 1446.6 1499 1481 1443 122
ve(7g) 218+1% 280 0
ve(7u) 535+1CF 676 e . 3
va(my) 1183 138 e . 14
vi(og)+va(ou) 2 4316 4230 4112
vi(og)+va(ou) 3388.8 3545 3486 3381
vo(og)+va(ou) 2939.9 3070 3018 2985
vo(og)+va(oy) ? 2299 2282 2254

aThis work,"ref. 96,°ref. 98, 99 ef. 93 °ref. 98, 99
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Table 6.2 Observed and DFT-B3LYP/cc-pvVDZ predictedbrational frequencies,
combination bands (ch) and band intensities for linear and bent strestuof G. The
combination bands involvings(c,) were excluded because it has not been observed

Frequency Expected Infrared
Infrared active linear structure ) obs.freq. . n rarg
Combination Observed C Anharmonic using intensity
bands (cmt) ® frequency of the  gq (2),
(crit) bend structure of & (ef 124 (km/mol)
v1(og) ? 2276 2237 2144 0
va(6) 1870 1970 1943 1870 0
va(og) 1258450 1294 1327 1300 0
va(oy) 448 464 492 526 0
vs(oy ) 2078.1 2217 2184 2095 4074
ve(ou) 1998.0 2132 2095 2011 6526
vi(ov) 1601.6 1670 1652 1602 393
ve(ou) ? 895 894 899 0.2
vi(og)+vsisriou) ? 4493/4408/3946  4415/4321/3883 4239
va(og)+vsis(ou) ? 4187/4102 4121/4030 3965
va(og)+vi(on) 3477 3640 3587 3472
va(og)+vsserdou) ? 3511/3426/2964  3508/3415/2977 3395
va(og)tvs(oy) ~ 2525.7 2681 2675 2621
va(ogtve(oy)  2443.0 2596 2587 2537
va(og)+vo(ov) ? 2134 2145 2128

%his work,” Ref. 96,98° Photoelectron spectroscopy ref.@8fs. 106,109,107-124119
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6.4 Results and Discussion

Figure 6.1 shows a section of a survey spectruorded in the range 500-5000 ¢rasing the
MCT detector. The combination bands appeared 4&anin of deposition. Although the InSb
detector gives a better signal-to-noise ratio aber MCT, it is limited to frequencies above
~2000 crit. In this region there is only the(cy) fundamental of linear £, and none of the
fundamentals of linear & Thus, the spectrum recorded with the MCT wasessary for
correlating combination bands with fundamentalagishe experimental intensity ratios of their
absorptions, which should remain constant if bdikoaptions result from the same molecule.
From the intensity ratios measured for several expnts producing different yields of carbon
clusters, it was found that the absorption at 381", labeled A in Fig. 6.2(a), is correlated to
both thevs(sy) andva(oy) fundamentals of linearsC'° Similarly, the absorption at 3471.8 ¢m
labeled A in Fig. 6.3(a), is correlated to both th@,) andv+(s,) fundamentals of linearsC*
Tables 6.1 and 6.2 list the calculated values Hieritarmonic and anharmonic fundamentals of
linear G and G, respectively. These predictions suggest thabtiserved 3388.8 and 3471.8
cm™* absorptions are thefvs) and ¢+ v;) combination bands of linears@nd G, respectively.
By itself this argument is not conclusive because (tields of different carbon chains could be
correlated; there are many close lying fundameritalglifferent clusters; and there are traces of
H.0, CO, and C@that could bond to carbon chains and produce iadditabsorptions. Thus it
is necessary to have isotopic shift measurement®rder to unambiguously assign the
combination bands.

Figure 6.2(a) shows a region to the low frequeridg sf the 3388.8 cih absorption where

new bands emerge when a carbon rod with 1#%enrichment is used. For comparison, Fig.
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6.2(b) shows the identical region recorded with'f® enrichment. Three new absorptions
appear in Fig. 6.2(a) labeled B, C, and D, whichehatensity ratios with respect to the 3388.8
cm® band of ~20, 20, and 10%, respectively. This isiviould be expected for the isotopic
frequency shift profile of linear Swhen 10%-C enrichment is used. A detailed comparison of
these shifts with the theoretical predictions foeér G is presented in Table 6.3. As expected,
the absorptions labeled B and C correspond to tBel2112-12-12 and 12-13-12-12-12
isotopomers, each with two equivalent sites, ands Dhe absorption of the 12-12-13-12-12
isotopomer with the unique central site. As seerTable 6.3, the agreement between the
measured isotopic shifts and the DFT predictiongded, confirming the assignment of the
(vi+v4) combination band of linearsCGat 3388.8 cril. Using the frequency of the previously
assignet® v4(s,) fundamental at 1446.6 ¢mEq 1 allows us to calculate the frequency of the
symmetric stretching modgoy), of linear G as 1946 cm to within few cmt

Figure 6.3(a) shows the spectrum of the regiotiéolow frequency side of the absorption at
3471.8 crit, which was obtained using a carbon rod with 28@enrichment. For comparison,
Fig. 6.3(b) shows the identical region of the speut obtained using &°C rod. The new
absorptions shown in Fig. 6.3(a), labeled B, Cabd E-F, have intensity ratios with respect to
the main 3471.8 cthband of ~ 20, 20, 20, and 30 respectively. Tithe expected case when
having 10%"C enrichment in the profile of linearo@ there is an overlap of the unique-site
isotopomer 12-12-12-12-13- with a pair of equivalent-sites isotopomer. Theotretical
predictions of the combination bang€v;) of linear G has this feature, see Table 6.4 for the
detailed comparison. As expected the isotopomet2t22-12-13--- is predicted at 16.9 cm
from the main band and there is a pair equivalges-ssotopomer, 12-12-12-13-12- , which

are predicted at 16.5 ¢ confirming previous assumption. Table 6.4 shaiws good
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agreement between the predicted and observed, stuftirming the identification of the/{+ vy)
combination band of linearsGt 3471.8 cm. Using the frequency of the previously assidfied
vi(oy) fundamental of linearat 1601.0 ci, the frequency of the symmetric stretching mode
va(og) of linear G is calculated as 1870 ¢mto within few cn.

It is also important to note that eq 2 predictsrfrthe anharmonic DFT calculation that the
vi(og) fundamental for linear £should be observed in the gas phase at 1938armd thev,(ag)
fundamental for ¢ at 1870 crit. These values are very close to the frequenti@6 cni for
the v1(og) mode of linear €and 1870 cm for the vx(ag) mode of linear g derived from the

measurement of combination bands in the preserk.wor
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3388.8| A (vitvy)

(a) Ablation of 10% *3C rod
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Figure 6.2 The combination band<v,) of linear G. FTIR spectra produced by the laser ablatiorapf(carbon rod having 10%
13C enrichment and (b)*&C rod.
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Figure 6.3 The combination bang+v;) of linear G. FTIR spectra produced by the laser ablatiorapa(carbon rod having 10%
13C enrichment and (b)*&C rod.
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Table 6.3 Comparison of observed vibrational fremigs (cri) of the 1+v4) combination band for singl&C-substituted
isotopomers of linear 4vith the predictions of B3LYP/cc-pVDZ level calctitans.

B3LYP/cc- B3LYP/cc- B3LYP/cc-
Isotopomer Observed hgxg)oznic anEZPrr%onic anE]ZPmZonic Differences
C-C-C-C-C (cm™) linear G bend G scaled obs.- scaled
Vl(Gg);‘V4(0u (viHva) (v1+va)
12-12-12-12-12 A 3388.8 3544.8 3486.7
13-12-12-12-12 B 3364.6 3519.0 3461.8 3464.6 0.0
12-13-12-12-12 C 33554 3510.0 3452.6 3355.7 -0.4
12-12-13-12-12 D 3368.0 3521.3 3464.5 3367.2 0.8

®Results of the DFT-B3LYP/ cc-pVDZ calculation schlgy a factor of 3388.8/3486.7
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Table 6.4 Comparison of observed vibrational fremizs (cn) of the {»+v;) combination band for singl&C-substituted
isotopomers of linear Jwith the predictions of B3LYP/cc-pVDZ level calctitans.

B3LYP/cc-pVDZ

B3LYP/cc-pVDZ B3LYP/cc-pVDZ

Isotopomer Obse_rlved harmonic linear © anharmonic bend anharmonic scaléd Difference
C-C-C-C-C-... (cm™) vi(6g)+va(ou) Cy (vi+va) obs -scaled
(vatva)
12-12-12-12-12-... A 3471.8 3640.7 3587.8
13-12-12-12-12-... B 3457.0 3625.3 3573.1 3457.6 -0.6
12-13-12-12-12-... C 3445.8 3616.4 3563.9 3448.7 -2.9
12-12-13-12-12-... D 3460.1 3628.4 3575.9 3460.3 -0.2
12-12-12-13-12-... E 3455.2 3623.9 3571.3 3455.8 -0.6
12-12-12-12-13-... F 3455.2 3624.0 3571.7 3456.2 -1.0

®Results of the DFT-B3LYP/ cc-pVDZ calculation schley a factor of 3471.8/3587.8
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6.5 Conclusions

New combination bands of carbon chains have beseroed, {;+v4) = 3388.8 crit of
linear G and ¢.+v;) = 3471.8 crit of linear G. These assignments are based on very good
agreement between measured isotopic shifts and@pé&dictions at the B3LYP/cc-VDZ level of
theory and the correlation of the intensities o tbhombination bands with vibrational
fundamentals of the same molecule Since the asymenstretching modes involved in these
absorptions have been measured previotlsh’ it has been possible to assign the infrared
inactive symmetric stretching modes, th@gy) mode of linear €at 1942 cnit and theva(oy)
mode of linear gat 1870 crit. The close agreement of the measuwrgdy) fundamental of
linear G andvx(og) of linear G and the frequencies predicted by Eq 6.2 from th&Y$3
anharmonic calculation gives further support to itlentifications of the fundamentals and
combination bands.

In the course of this work isotopic data has alserbacquired for the combination bands of
linear G, Cs, and G presented in ref. 1254+ v3) = 2939.3 crit for Cs, (v1 + vs) = 3247.9 crit,
(vo+vs) = 2863.0 crit, and ¢z + v4) = 2579.9 crit for Cg, and ¢4 + vs) = 2525.7 crit and (4+ve)
= 2443.1 cnit for Gy with only minor discrepancies in the last figur&lthough we have a high
yield of carbon clusters, there are no absorptionise 4000-4400 cthindicating that for carbon
chains the intensities of infrared active combmatband ofvi(cg) and the most intense
asymmetric stretching modes are very weak. Sunghis in this region the first overtones

reported in ref. 88 have not been observed.



CHAPTER VII

INFRARED OBSERVATION OF THB/s MODE OF LINEAR G

7.1 Introduction

Linear G has been extensively studied with several spempis techniques both in the gas
phase and in matricé%%888126.127.128,129,130.131.132. 133 )8 infrared active stretching modes have
been assigned except for th€o,) fundamental. This mode may have remained untbztan
many infrared spectroscopy studies because ithgityeis very weak. This work presents
spectroscopic measurements and theoretical catmsdatvhich enable the assignment of the
ve(oy) fundamental of linear £at 1100.1 cil. This assignment is based on very good agreement
between®*C isotopic shift measurements with the predicti@isDFT calculations and the
intensity correlation of this mode with previousipservedvs(s,) andvs(ey) fundamentals at

2127.9 cnit and 1984.3 ci®®

7.2 Theoretical Calculations

To support the identification of the(s,) fundamental of linear Cwe performed DFT
calculations at the standard B3LYP/cc-pVDZ leveéhggheGaussian 0%rogram suité. The
harmonic fundamental frequencies and infrared Bitexs for linear @ fundamentals are given
in Table 7.1. Also included are the observed fumelatals. Notice that(o,) andvs(oy) are

predicted to be 291 and 81 times more intensettiew(s,) fundamental.
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Table 7.1 Observed and DFT-B3LYP/cc-pVDZ prediotémtational frequencies and band intensities foedir G.

Vibrational Observed Frequency Infrared intensity
mode (cm™h) (cm®) (km/mol)
vi(cg) ? 2221.4 0
v2(0g) ? 1609.5 0
v3(0g) 548+90/582 588.8 0
va(ou) 2138.315/2134.6/2127.8 2258.2 4656
vs(ou) 1898.3761894.3 1988.4 1303
ve(ou) 1100.2 1118.8 16
v(rg) 496+110 574.4 0
ve(Tg) ? 190.2 0
vo(u) ? 708.0 (6.1)2
vio(mu) ? 293.1 (6.2)2
via(7) ? 80.1 (9.9)2

3 Gas ref. 98° Ar ref. 88;°gas ref.126,127,128Ne ref. 129,136:Ar ref.43;" gas ref.1269 this work
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7.3 Experiments

Carbon clusters were evaporated from carbon roog s Nd:YAG laser (Spectra Physics)
operating at 1064 nm in the pulsed mode. The eadgw species were condensed in solid Ar
(Matheson, 99.9995% purity) on a gold surfaced enipreviously cooled to ~10 K by a closed
refrigeration system (ARS, Displex). The mirrorsaenclosed in vacuum chamber maintained at
a pressure of ~19Torr.

The measurement dfC isotopic shifts enables the determination of $heicture and the
assignment of vibrational fundamentals or combarabands. For this reason carbon rods were
made with mixtures ofC (Alfa Aesar, 99.9995% purity) aridC (Isotec, 99.3% purity).

FTIR absorption spectra of the products condensetie Ar matrix were recorded over the
range 500-5000 crh at a resolution of 0.2 crhusing a Bomem DA3.16 Fourier transform
spectrometer equipped with a liquid nitrogen cooldd—Cd-Te (MCT) detector, KBr
beamsplitter, and Globar source. Details of thiicapsystem and experimental apparatus have
been reported earlié?.

In the present experiments the carbon rod was eablaith a pulsed beam with power of
~0.5-3.5 Watts, loosely or tightly focused on tlel with areas of ~2 mfand ~25 mrh
respectively. During the deposition, the Ar floate entering the chamber was ~1 mmol/h for
depositions lasting upl¥z hours. It was found thatoptimal condition for producing linear, C
is a tightly focused beam of 1.0 Watts. The experits used a sintered rod doped with silicon
or germanium which produced the highest yield a$ timolecule, which allowed the first
observation of the isotopic shifts pattern. Thesks were subject to high laser powers of up to

3.5 Watts for extended depositions.
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7.5 Results and Discussions

Figure 7.1 shows a survey spectrum recorded in@-1250 cni region of the evaporated
products and showing an unidentified absorptiohl®0.1 crit. The DFT calculation for linear
C,, presented in Table 7.1, predicts ther,) fundamental at 1118 ¢hmaking the absorption a
good candidate for this mode. In addition, judgirmm the strengths of the(s,) andvs(oy)
absorptions of linear £this experiment with the conditions mentioned abpvoduced a high
yield of the G molecule; when the production of G low, this band never appears. Figure 7.2
shows the intensity correlation betweeifo,) andvs(sy) with the new band at 1100.1 ¢m
indicating that G might be the molecule responsible for the absomnptiAs mentioned in the
previous chapter this argument is not conclusiveabse the yields of different carbon chains
can be correlated; there are many close lying fomesaals for different clusters; and there are
traces of HO, CO, and C@ that could bond to carbon chains and produce iaddit
absorptions. Thus it is necessary to have isotsipiit measurements in order to unambiguously
assign the fundamental. Observing the isotopiftssbi this band was impossible by ablating
only the'®C enriched rod. The vyield diminishes making undeiele the isotopic shifts of this
very weak absorption. Recall that the 1100.1'@bsorbance is 1/50 as intense asvife,)
absorbance and 1/108 as intense aslag) absorbance (see Fig. 7.2). The DFT predictioas a
1/81 and 1/291 respectively (see Table. 7.1). Astioeed above, the best signal-to-noise ratio
for the isotopic shifts pattern was observed whalatang sintered silicon or germanium doped
rods having 10%°C enrichment. Figure 7.3(a) shows the best oesperiments with sintered
silicon/germanium-carbon rods. Five new absorgtiappear in Fig. 7.3(a) labeled B, C, D, and
F, which have intensity ratios with respect to ##90.1 crit band of ~20, 20, 20 and 10%,

respectively. This is what would be expected ffierisotopic shifts
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Figure 7.1 FTIR spectra produced by the laser impla&tf a carbon rod.
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Figure 7.2 Intensity correlation plot of the(o,) andvs(cy), absorbance vs. the absorbance at 1100:1 cifihe integrated
intensities are in arbitrary units. ©
N


ericgonzalez
94


95

pattern for linear €when 10%"C enrichment is used. A detailed comparison o$ehghifts
with the theoretical predictions for linear; @ presented in Table 7.2. As expected, the
absorptions labeled B, C and D correspond to thel3t22-12--., 12-13-12-12---- and
12-12-13-12--- isotopomers, each with two equivaites, and D is the absorption of the
12-12-12-13---- isotopomer with the unique cerdit@. As seen in Table 7.2, the agreement
between the measured isotopic shifts and the DEdigtions is good, confirming our conclusion

that the 1100.1 cthabsorption can be assigned totke,) fundamental of linear C

7.6 Conclusion

The vg(oy) weakest asymmetric stretching mode of lineah@&s been detected for the
first time and has been assigned at 1100.1 iensolid Ar. The assignment is supported by the
intensity correlation of this mode with the prevsbuobservedi(o,) andvs(ey) modes and the
good agreement between the observed and simukdtmpic shifts pattern. The isotopic shifts
were observed with sintered rods doped with silioogermanium, which allowed them to resist
high laser powers for long periods of times, allogvithe observation of the very weak

isotopomer bands necessary for this assignment.



1100.1

(a) 10% 13C-Si/Ge sintered rod

1091.1 @
1093.9 ©
1098.4 O

1089.9 m

13-12-12-13--
12-13-12-12---

(b) DFT simulation

12-12-12-13---
12-12-13-12---

w L

1075 1080 1085 1090 1095 1100 1105 1110 1115

Frequency (cm-1)

Figure 7.3 (a) FTIR spectra produced by the abiladiosintered silicon/germanium-carbon rod, théoarpowder used had 10%
13C enrichment. (b) DFT simulation with B3LYP/cc-p¥Devel of theory for theg(o,) fundamental of linear € ©
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Table 7.2 Comparison of observed and predicted tiaicDFT (B3LYP/cc-pVDZ) frequencies for single
13C-substituted isotopomers of tiigmode of linear €

Isotopomers Observed  B3LYPIOGPVDZ g ereMc
12-12-12-12-12-12...(A) 1100.1 1118.8 1100.1
13-12-12-12-12-12... (B) 1091.1 1106.6 1089.5 1.6
12-13-12-12-12-12... (C) 1098.4 1118.3 1099.6 -1.2
12-12-13-12-12-12... (D) 1093.9 1113.3 1094.7 -0.8
12-12-12-13-12-12... (E) 1089.9 1108.0 1088.1 1.8

& scaling factor 1100.1/1118.8=0.983285
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CHAPTER ViII

INTENSITY CALCULATIONS

8.1 Introduction

The calculation of the molecular dipole-moment d&tives, necessary for predicting the
infrared intensities has been a research aredaarest*>*®> Many models have been developed for
the calculation of the molecular dipole-moment eitives'3®

In earlier work, presented in ref.137, expressiagse derived for the intensities of
fundamentals, overtones, binary combination antemihce bands as explicit functions of the
temperature and force constants and dipole-moneivatives. Some of these expressions were
tested against experimental data fgONand CQ for the binary combination and different bands
in ref. 138. The objective of this work was to tést expressions not to compute the dipole-
moment derivatives fromab initio calculations. Developing models for computing the
dipole-moment derivatives analytically has beenfdws of more recent research work; to my
knowledge there is no work putting recent and eavliorks together.

This work presents the calculation of the secondvaives of the dipole-moment by
numerical differentiation of the first derivativedich are computed analytically in taussian
03 suites of programiswhich utilizes a method similar to the one presérin ref. 135. The
levels of theory used are a density functional thewethod, the B3LYP %3 functional, a
Moller-Posset second order many body perturbati@thod (MP2), and the Coupled Cluster

method (CCSD). These results are compared wittiaée experimental dat¥ for CO,.
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8.2 The Physics of the Infrared Absorption

The absorption of quanta by a molecule can be thestwith time-dependent perturbation
theory. The perturbation is the electric dipolentiftonian*® where an electric plane wave is
used for the incident radiation apds the molecular dipole-moment, see Eq. 8.1.

W(t)=-plg,e™ Eqg. 8.1
Then, the transition probability in the first ordgpproximation between vibrational statas) |

and [f) is

F?ﬁf(t):h_lz

([w]i)]" &5 sinc(3 eot) Eq. 8.2
E;-E
h

where w;; =

The infrared intensity can be considered as theageeof the number of transitions per unit time

multiplied by the energy of the incident quanta

R (®
t

Lo, (@) = heoxtim =2 = 2 i) 52 8o ay) Eq. 8.3

Equation 8.3 shows that the resonance effect,rdgriéncy of the quanta absorbed, is very close
to the vibrational states transition frequeney. In addition, the molecular dipole’s matrix
element will determine if the particular transitisnallowed or not, and how intense it is relative
to other transitions. EQ. 8.3 could be multipleauld by the appropriate Boltzman factor to
account for temperature dependence, this factdomsinant for the difference bands, see Table

8.3

8.2  Calculation of the Intensity of Fundamentals amduftaneous Transitions

In order to compute the infrared intensity of viiaal states transitions it is necessary to

find the molecular dipole’s matrix elements witke involved states. Since the molecular dipole
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is a function of the nuclear coordinates, hence & normal modes coordinates, it can be
Taylor expanded around the equilibrium positiortha normal mode coordinates, see Eq. 8.4.

Because the normal modes coordinates can be egdraéssterms of the ladder operators (

Q ~4a +a), the desired matrix elements of the dipole-moméence the intensities can be

found. This work is going to be restricted to fantentals transitions:)|0- |1), first overtones

(i=] ) and combination and difference bands transitiths: |1,1), |1 ) - [1),.

llzllo"'Z“iQ. +%ZBUQQ +%_Z’Yijk QQQ+ a )

ijk

o Eqg. 84
0Q0Qd Q|

’n
0QoQ

_ Op

o =
0Q

B = aninjk =

’
0

’
0

where theQ are linear combination of the cartesian nuclei dowites.

For the fundamentals transitions, the even termthe matrix elements of the dipole’s
Taylor expansion are zero since the integratiothefmatrix element involves an odd function.
The first dipole derivative term is the first appiroation for the fundamental intensity and has
an accuracy ofO(h®) in the dipole-moment expansion if the mechaniaaharmonicity is
ignored. Using this term, the resulting intengityesn’t depend on the frequencies and an
appropriate unit could be the square of the difiod¢ derivative in atomic units. All calculated
fundamental intensities presented in this work amaputed only using the first derivatives of
the molecular dipole. The next correction to thedamental using the cubic term of the dipole

expansion was derived; see Eq. 8.5. Now the iitfedspends on the dipole cubic derivatiges

and the frequencies. Another improvement to theutation of the fundamentals intensity is the

mechanical anharmonicity, see ref.137.
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|0 Yy o’
9= \/7((” 2 ']+ " Eq. 8.5

afugnt

In the case of the first overtonds=(j) or combination or difference bands# )
transitions, the matrix elements of the odd terfthe Taylor's expansion are zero. The dipole
second derivatives term is the first approximafimnthe intensities of these binary transititns
and is exact up t®(h?), see Eq. 4.6.

_utw) Eq. 8.6

B +O(h?)
Notice that when the quadratic or cubic terms @& thpole expansion are considered, the
intensity depends on the frequencies, see Eq.ntd3&. In those expressions, there is a factor

of the Plank’s constant divided by the infraredjfrency which have order of magnitude:

h_10%Kgm’s! 10*107 amulGPA 2

—= ~ ~1amuA?
«w  ~10%sT 10°

The value of this term might not be considerableaalsnand the higher derivatives of the
molecular dipole are not necessarily smaller thia® fower ones. Thus the intensities of
combination bands are not significantly smallernththe fundamental counterparts; these
intensities could be at the orders of weak stratgmodes or strong bending modes. Coming
across this fact motivated me to do a series oérxgents trying to identify novel combination

bands of carbon clusters, see Chapter ViII.
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8.3  Computation of the Infrared Intensities of Bieary Transitions of C®

The combination bands intensities are not computequantum chemistry suite of
programs. In order to compute them it is necessarpave the second derivatives of the
molecular dipole in the normal modes coordinat&his work presents the computation of the
second derivatives of the molecular dipole for 8y the numerical differentiation of the
cartesian first derivatives which are provided@gussian 03uite of programs.The numerical
differentiation was carried out using the four galerivative formula, Eqg. 8.7. The value of the
step-sizeh selected was such that the molecular energy chahgedl mHartrees from the
optimized geometry*? If the molecule is highly symmetric or contain fatoms the task of
computing the first derivatives for each step-sigenot very laborious. It is necessary to
calculate the first derivatives, for each of the few non-equivalent nuclei cooati#s, x ; for

CO, only for one terminal oxygen atom and the carbioma

_8|:(1j (% +h)—(lj (x- h):|—|:(lj (X+2®_0’j (x-2 h:| +O(H") Eq. 8.7
- 12h

ﬁij

A code was written to import the first dipole’s matives from theGaussian 03Jutput files,
compute the second dipole-moment’s cartesian deresaand transform them to normal modes
coordinates using the transformation matrix of ief3. Finally, the intensities were predicted
using Eg. 8.6. The second derivatives of the mudealipole of CQ are presented in Table 8.1,
the intensities are presented in Table 8.2, anddhgparison with experimental data is shown in

Table 8.3.

* | am abusing notation in this equation, now ittemd j indexes run over the cartesian nuclei coordinafBise
second derivatives are the cartesian derivativeashnre later transformed to the normal modes dnates.
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Table 8.1 First derivatives of the molecular dipole-moment &0, computed analytically
by Gaussian 03 using three levels of theory: B3LMP2, and CCSD with cc-pVTZ basis set.

Theoretical Theoretical Theoretical
#(x.y,z) predictions predictions predictions
i (B3LYP/cc-pVTZ) | (MP2/cc-pVTZ)| (CCSD/cc-pVTZ)
(e am.t’?
15 -0.128 -0.158 0.176
13, 0.127 0 0.064
u, 0.127 0 0.064
1, 0.128 -0.158 -0.176
16, -0.803 0.736 -0.851

Table 8.2 Second derivatives of the molecular dipole of,@€@mputed using Eq. 8.7 with
the first derivatives computed by Gaussian usingethlevels of theory: B3LYP, MP2, and
CCSD with cc-pVTZ basis set.

Theoretical Theoretical Theoretical
u(x.y.z) predictions predictions predictions
Q% | (B3LYP/cc-pVTZ)| (MP2/cc-pVTZ)| (CCSD/cc-pVTZ)
(e Ata.mu*?

5205 -0.0135 0.0304 0.0178
5204 0.0135 0.0000 0.0065
K204 0.0135 0.0000 0.0065
100, 0.0135 0.0304 0.0178
15,0, -0.0107 -0.0147 -0.0099
5,01 -0.0489 -0.0540 -0.0449

U0, 0.1641 -0.1787 0.1506
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Table 8.3 Fundamentals intensities provided by Gaussian 08, fast overtones, and
combination/difference bands intensities computsithgithe second derivatives of the dipole
presented in Table 8.1 using Eqg. 8.6. The equatsmd to estimate the error is Eq. 8.10, see
Appendix section.

Intensities Theoretical Theoretical Theoretical Experiment
of fundamentals predictions predictions predictions Gas phase 300 K
and (B3LYP/ (MP2/ (Ccsb/ ref. 139
combination/diff. cc-pVTZ) cc-pVTZ) cc-pVTZ)
bands (km/mol)
lv, 629.2 528.7 706.5 567.4
lvs 31.9 24.3 34.2 53.9
l2v; 1.4+0.4 1.7+0.8 1.2+05
[2v, 0.04 £0.06 0.07£0.11 0.03+£0.06
|2V3 0 0 0
[vis vy 12.3+1.0 148+2.0 99+13 9.6+0.4
lvy 4 va 0 0 0 (3.7+0.7x107
v 4 va 0.3+0.2 0.7+0.6 0.27 £ 0.26
[vs- vy (4.6 +0.4x10°  (7.2+1.0x10° (3.9+0.4x10°  (6.6+0.3x10°
[vi-vs 0 0 0 2.0:0.4
[vs-vs 0.19+0.12 0.4+0.3 0.15+0.15

3 n Table Il of ref. 139 the units for the inteysis cm“atm™, to converted to km/mol it was

multiplied by 0.24616596 conversion factor obtaifredn the same reference

P Multiplied by the appropriate Boltzman factexghcia/kT). See text. A resonance occurred,

the denominator &4-w» of Eq. 8.8 is small. The mechanical anharmonjcityich is not
included in this work, also contributes

¢ A resonance occurred, the denominators-2; is considerable small, and
ué’i’g’:):o, so the contribution to the intensity is onlyedo the mechanical anharmonicity, which

is not included in this work.
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8.4 Conclusions and remarks

A correction involving the third derivatives ofehmolecular dipole-moment for the
fundamentals intensity was derived using the ladgerators to find matrix elements as shown
in ref. 145. This correction appears in the exgices presented in ref. 137 which were derived
using a contact transformation.

The second derivatives of the molecular dipole-raoimof CQ were computed by
numerical differentiation of the first derivativedich are calculated analytically daussian 03
They allow predicting the intensities of the conation and difference bands. Thetv,
intensity is predicted to be 9.9 km/mol using CC&R3VTZ level of theory. This is very close
to the 9.6 km/mol experimental value, a 4% diffeen On the other hand, the difference band
vi-v2 intensity data differs 26% (CCSD) from the expemtal value, see Table 8.3. This
difference can be explained using the ref. 138 raeiclal anharmonicity correction in which a
term has a denominator ofo2w, which might imply the same order as the secondrdéve of

the dipole-moment term, see Eq. 8.8 below. Wheimgt¥ k,,=-249.1cm’' and the

fundamental frequenciesy(=1388 cni andv, =2349 cnt) the mechanical anharmonicity term
for the difference band will be twice bigger thdre tcorresponding combination bahdThis

might explain why the prediction for the combinatiband is good but not so good for the
difference band, see Table 8.3. These terms warénoluded in the calculation of Table 8.3
because not having available the cubic mechanid@ranonicity and not having expressed Eqg.

8.8 in the appropriate units. It will be interest® calculate the combination band intensities

§249.-2349/1388(2- 2349-1388)=0.12; 249-2349/1328¢®+1388)=0.06
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measured in Ar at 10 K forsCand G, which are resented in Chapter VI adding the meichan

anharmonicity in the code | wrote and compared withavailable measurements.

A L
w2y -w) @2y -w)
2kiija'r)ai' + Zlﬁj wq'
wCy+w) o 2w+aq)

(1 Iw5)=8; -
Eq. 8.8
(13, |w[9 =5; +

Where thekj are the cubic anharmonic terms; the primes indicéitat the derivatives are

respect to a dimensionless normal mode varidtfes.

Recently, great effort has been put in computihg tipole-moment and its first
derivatives by analytical methods. In the 1970sresgions were derived which included
mechanical and electrical anharmonitity corrections to the fundamental and
combination/difference bands. This work suggesist tthe second derivatives computed
numerically from the first derivatives are precignough to predict intensities of
combination/difference bands with magnitudes oeord-5 km/mol. Therefore, computing the
fundamentals intensities using the mechanical ¢ufhé quartic term) and electrical (up to the
second term) anharmonicity corrections presenteckin137 might clarify why the intensity
predictions using only the first dipole-moment ®atives with pure harmonic states are so

inexact.

There are available two modes fog &d four modes for £ so the intensity ratios can be used for the
comparison
™ Earlier papers on this topic refer to electrigatharmonicity as the terms other than the firstagives of the
dipole-moment
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8.5  Appendix

This section will briefly include part of the desittons of some expressions present in
this chapter. The matrix elements involved werd¢ailed using the ladder operators as
presented in ref**>,

Equations 8.5 present the correction of the funaaahéntensity using the cubic term of

the dipole-moment Taylor’'s series expansion witlepbarmonic states, the are the third

derivatives of the dipole-moment in the normal nsdeordinates and are mass weighted.

<x|u|o>:aiF@+<l| 51,QQQ[0

.k

G2 7uQQQRI0)=52 7 (02QQ Q0

kol ikl

usingQ, =\/%@Z+as), ad =0+ da, anda 0= 0
(0aQQ Q|0 =(0a(d+ a)a+ a)(a+ @0=33 +3¢ +3 g

100 L+ T QR0 =0 [Tt +7, 3 ) o
h h
:\/%(“i +%Zj:7ijj Ej]

thus using Eq. 4.3 an appropiate unit for the intensi(%#2 wheotf ar

2 2
h Yij R
:(ui +%Zyijj ZJ =0 (1+ iz i _]
J i

0, w

The vector matrix in bold mean three (x,y,z) indegent sums, and the sums run over all

fundamentals. If the fundamentals are in the unitgined upon the diagonalization the mass-

) 2

weighted cartesian force constants matrix which iarélartrees Boh? a.m.u”?, the above

expression becomes:

o v

2
¥,
I, (1+16n2 Z—”—J Eq. 8.5
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and the units arez, the conversion frore” to km/mol is 42.2561 from refs. 146 and 145.

For small molecules the sum doesn’t contain mamyngethe correction might be

~a?2/70and the bending modes terms of the sum might behitiiger contributions. Above

correction was also obtained in ref. 137 using atax transformation on the vibrational-
Hamiltonian and dipole-moment operators which isistructed empirically. The above
derivation is the straightforward and tedious chattan of the matrix elements the
transformation of the dipole-moment derivativescartesian coordinates to the normal modes
coordinates are carried out using the transformatiwatrix given in ref. 143. The work
presentesd in ref. 137 also includes the mechaardsrmonicity correction (limited to the cubic
term); now the second derivatives of the dipole-rantare present in the expression.

Similarly to obtain Eq. 8.6 the dipole moment matelements involved for the
combination and difference bands ar«é]il1 ‘,u| 0 ,<J_|,u‘ q.> . Tthenfirst contribution is the

second term of the dipole-moment expansion so theseessions

(Olaa (g +a)(d+ @|0=37, +3.9
<0|81(al+a<)(a:+ q) q{|0>:5|k5jl +9,q +q ¢

are needed. Equation 8.6 in atomic units becomes:

1 V. v,
lysy == —B Eq. 8.6
e vy,

Some third cartesian derivativegﬁz(a‘;—x ), barcomputed numerically by:

- _[eg +2h+a (5 20| -[a (x+ B+ (x- B] Eq. 8.9
m 3h2
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The error due to the numerical differentiation barestimated by:

_ 1 vy _ B, _ _ maxfy]
O_lviier _ﬁ ViVj 2‘Bij‘5ﬂlj =2 Vi £y ?jr anddﬁj _ZYijk@k - h
Oy =2, mextyl,  gq.8.10

m‘ﬁij‘

h= O.OLOA (step-side in the numerical differentiation)
m=16.0 (oxygen's mass)



CHAPTER IX

CONCLUSIONS AND FUTURE WORK

9.1 GeGGe

The linear GegGe germanium-carbon chain has been detected fdiirghdime through
the dual laser evaporation of graphite and gernmanidrTIR isotopic shift measurements and
DFT calculations at the B3LYP/cc-pVDZ level confirtine identification of theva(oy)
vibrational fundamental at 2158.0 ¢m

These results were presented to the 61st InteradtiSymposium on Molecular
Spectroscopy, Ohio State University, Columbus, Qbhe 2006 and were published in the

Journal of Chemical Physics [J. Chem. Py 044504 (2006)]

9.2 GeGGe

Two new vibrational fundamentals of linear GE8@, va(o,) = 735.3 crit and ve(z) =
580.1 cnt, have been assigned based on the re&idtsand *">"*"*"&e  isotopic shift
measurements and comparison with the predictiof3-df calculations at the B3LYP/cc-pVDZ
level. This is apparently the first observatiorgefmanium isotopic shifts in vibrational spectra.

These results were presented to the Physics apchi®ty of Matrix Isolated Species,
Gordon Research Conference, Bates College, Lewistén July 2007.and were published in

the Journal of Physical Chemistry A [J. Phys. ChAra008 112 (43)]
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9.3 GeG

Linear GeG has been formed by the dual laser ablation of geilmum and carbon rods and
by single laser ablation of a sintered germaniunb@a rod, and trapped in Ar matrices. Two
vibrational fundamentals of linear Gg@i(c) = 1903.9 crit andv,(c) = 1279.6 crit, have been
assigned based on the comparisoffGfisotopic shift measurements and the predictiérizra
calculations at the B3LYP/cc-pVDZ level. Althoughe vi(c) = 1903.9 crit mode lies in a
congested region that makes its analysis more doatetl, the(s) = 1279.6 crit mode is in a
region with no other absorptions making its assignimstraightforward and presenting
unambiguous experimental evidence that linear a6 been synthesized.

Evidence accumulated from previous studies inddhat the laser ablation technique
favors the formation of linear structures and aydiructures with transannular metal-carbon
bond over cyclic structures with transannular C-@hd In the present work there is no
spectroscopic evidence of cyclic structures for &Eefth either the transannular Ge-C or C-C
bond although at the coupled cluster level of thebey are both predicted to be ~7-9 kcal/mol
lower in energy than the linear isomer. This resuggests a need for further theoretical studies
of GeG to see if the cyclic isomers are indeed more sttidn the linear.

These results were presented to thé? 8Bternational Symposium on Molecular
Spectroscopy, Ohio State University, Columbus, Quhhe 2008 and were published in the

Journal of Chemical Physics [J. Chem. P38 194511 (2009)]

9.4  Observation of Novel Spectroscopy Data for am@&;,, Co, and G

New combination bands of carbon chains have besaroed, {:+v,) = 3388.8 crit of linear

Cs and {»+v7) = 3471.8 cnt of linear G. These assignments are based on very good agreement
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between measured isotopic shifts and DFT predistairthe B3LYP/cc-VDZ level of theory and
the correlation of the intensities of the combioatbands with vibrational fundamentals of the
same molecule Since the asymmetric stretching mou®Ilved in these absorptions have been
measured previousi§?*® it has been possible to assign the infrared im@acsymmetric
stretching modes, tha(sg) mode of linear €at 1942 cit and thevo(ag) mode of linear gat
1870 cnt. The close agreement of the measurga;) fundamental of linear £andva(og) of
linear G and the frequencies predicted from the B3LYP anbaimcalculation gives further
support to the identifications of the fundamengald combination bands.

The vg(oy) Wweakest asymmetric stretching mode of lineah@&s been detected for the
first time and has been assigned at 1100.1 iensolid Ar. The assignment is supported by the
intensity correlation of this mode with the prevsbuobserved(s,) andvs(s,) modes and the
good agreement between the observed and simukdtmpic shifts pattern. The isotopic shifts
were observed with sintered rods doped with silioogermanium, which allowed them to resist
high laser powers for long periods of times, allogvithe observation of the very weak
isotopomer bands necessary for this assignment

These results were presented to the Physics amrthiStny of Matrix Isolated Species,
Gordon Research Conference, Magdalen College, @xfhrly 2009.and they are going to be

submitted to the Journal of Physical Chemistry A

9.5 Intensity Calculations

The work presented in Chapter VIII suggests timat second derivatives computed
numerically from the first derivatives are precinough to predict intensities of

combination/difference bands with magnitudes oeore-5 km/mol. Therefore, computing the
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fundamentals intensities using the mechanical Quih¢ quartic term) and electrical (up to the
second term) anharmonicity corrections presentecein137 might clarify why the intensity
predictions using only the first dipole-moment gatives with pure harmonic states are so
inexact.

Table 1l of ref. 139 includes measurements of doation/difference bands for many
molecules: CQ H,O, N,O, G;, SO, and NH, which provide vast experimental data to compare
with the calculations presented in Chapter VIIf.tHe results are good, they indicate that the
inaccuracy of intensity calculations is the exadasof mechanical and electrical anharmonicity
terms rather than thab initio models for computing the first derivatives anaigtiy. To my
knowledge, there is not work on calculating the emsities of fundamental and

combination/difference bands including these terms.

9.6 Incomplete work on linear Ge8&l, a method for producing molecules with three
elements X@Y

Linear GeGSi was first synthesized by the laser evaporatioh sintered
germanium-silicon-carbon rods. The vi(s) fundamental was assigned at 1939.0"cm
Theoretical calculations predict that ths) vibration is at 832.2 cthwith an intensity of ~200
km/mol, see Table 9.1. Effort was put into expenmtal techniques to try to increase the yield of
the molecule in order to observe this fundamentiis was partially achieved: the mode was
observed with pure carbon but not with rods wii@ enrichment. Figure 9.1 shows a survey
spectrum of the products of the laser evaporatidn germanium-carbon-silicon rods
(10%Ge/10Si/80%C atomic percentage using Eq. 2.Zlwdipter II). The most prominent

species produced in these types of experiment$Ga@Ge, GeGSi and SiGSi. Figure 9.2
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shows the same experiment in the700-900" cegion, where the.(s,) mode of GegGe is at
735.3 cn discussed in detail in Chapter IV and the onlytfe,) mode of SiGSi at 898.8 cni
are present. Thus, is tempting to suppose thaaliserption at 824.7 cf which is the only
remaining feature in this region, is th#o) mode of GegSi. The theoretical calculations of the
fundamentals of GefSi indicate that the germanium and silicon atomgi@pate in this
vibration, and thus it is expected to have an epebf five peaks due to the germanium natural
isotopes’’Ge (21.23%)/%Ge(27.66%),°Ge (7.73%),"'Ge (35.94%),and’®Ge (7.44%). This
feature was discussed in detail for the case ofdemnanium atoms in Chapter IV related to
va(ou) mode of GegGe at 735.3 cih A closer look around the absorption at 824.7-®e Fig.
9.3) shows the typical envelope of one germaniwwmatarticipating in the vibration. Table 9.2
shows a comparison between the observed and daidutgermanium isotopic shifts, both
resemble the same pattern.

This work did not observe tHéC isotopic shifts of this mode in order to unamioigsiy
assign the 824.7 chabsorption to GesSi, but provides a technique on how to produceethre
element molecules (X&). The best yield of Ge{Si was produced by one sintered rod with the
three elements. This technique could be repeatedy uransition metals or a combination of

transition metals and semiconductor elements.
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Table 9.1 DFT-B3LYP/cc-pVDZ predicted vibrationatéfuencies and band intensities for
linear GeGSi.

o Infrared
Vibrational Frequency ) _
4 intensity
mode (cm™)
(km/mol)
vi(0) 2040.4 2280.3
v2(0) 1549.9 0.7
v3(0) 832.2 208.9
v4(0) 362.9 3.4
vs() 578.2 15.9
ve(r) 198.9 0.0

v(m) 76.1 3.4
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Figure 9.1 FTIR spectra produced by the laser mplabf a sintered germanium/carbon/silicon rod wakomic ratio
~10%/10%/80% respectively
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V, 824.7 vy
GeC,;Ge SiC,Si
736.0 893.8
(a) Ge/C/Si rod
(b) Ge/C rod
750 800 850 900

Frequency (cm-1)
Figure 9.2  FTIR spectra produced by the laser ablation of rdesed (a) germanium/carbon/silicon rod with atormétio
~10%/10%/80% respectively and (b) a sintered geiumaicarbon rod with atomic ratio ~20%/80% respesdtiv
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V(o) mode of linear GeC;Si?
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Figure 9.3 Closer look around the 824.7 asroption showing the participation of one germanatom in the vibration. Table
9.1 shows the comparison of these shifts with th& Bimulation.
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Table 9.2 Comparison of observed and predicted taicyDFT (B3LYP/cc-pVDZ) frequencies fdf'%"*"*"&e natural

isotopomers of thes mode of linear GegSi.

Calculation :
Isotopomer Observed B3LYP/cc- Scaled Difference
(cm?) OVDZ Obs.-Scaled
Ge-C-C-C-Si
74-12-12-12-28 (A) 824.7 832.2 824.7
72-12-12-12-28 (B) 825.3 832.8 825.3 0
70-12-12-12-28 ©) 826.0 833.6 826.1 -0.1
73-12-12-12-28 (D) 832.5
76-12-12-12-28 (E) 824.2 831.5 824.0 0.2

calculations scaled by 824.7/832.2
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ABSTRACT

INFRARED SPECTROSCOPY AND THEORETICAL STUDIES OF GROUP
IV MOLECULES
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Dissertation Advisor: Dr. W.R.M. Graham, ProfessbPhysics

This research involved the formation of novel noales, and the first observation of
infrared active modes and infrared active combamathands of already discovered molecules.
The molecules were produced by the laser evaparatigermanium, germanium-carbon, and
carbons rod previously sintered in a new built wawufurnace. The infrared spectra were taken
using Bomem FTIR spectrometer with an interfaceamgfd optics toward the formation
chamber. These molecules were theoretically siradlaising commercial quantum chemistry
suites of programs and homemade codes.

The linear GegiGe germanium-carbon chain has been detected fdirgtd¢ime through
the dual laser evaporation of graphite and gernmanthe v4(o) vibrational fundamental was
observed at 2158.0 ¢hn

Two new vibrational fundamentals of linear GE@, va(oy) = 735.3 crit and ve(z) =
580.1 cn1, have been observed. This is apparently thedbiservation of germanium isotopic
shifts in vibrational spectra

Linear GeG has been formed by the dual laser ablation of geilum and carbon rods and

by single laser ablation of a sintered germaniunb@a rod, and trapped in Ar matrices. Two



vibrational fundamentals of linear Gg@i(c) = 1903.9 crit andv,(c) = 1279.6 crit, have been
observed. In the present work there is no spexps evidence of cyclic structures for GeC
with either the transannular Ge-C or C-C bond aitfioat the coupled cluster level of theory
they are both predicted to be ~7-9 kcal/mol loweemnergy than the linear isomer. This result
suggests a need for further theoretical studie€ed; to see if the cyclic isomers are indeed
more stable than the linear.

New combination bands of carbon chains have beearwéd, {1+vs) = 3388.8 crit of linear
Cs and §,+v7) = 3471.8 cnit of linear G. Since the asymmetric stretchingl modes involved in
these absorptions have been measured previoublysitboeen possible to assign the infrared
inactive symmetric stretching modes, théy) mode of linear €at 1942 crit and theva(ay)
mode of linear gat 1870 crit. Thev(og) mode of linear € is the last undetected fundamental
of this molecule.

The vg(o,) weakest asymmetric stretching mode of lineah@&s been detected for the
first ime and has been assigned at 11001 iensolid Ar.

The calculation of the intensities of combinatimends presented in this work suggests
that the second derivatives computed numericadignfthe first derivatives are precise enough to
predict intensities of combination/difference bandigh magnitudes of order~5 km/mol.
Therefore, computing the fundamentals intensite@agithe mechanical (up to the quartic term)
and electrical (up to the second term) anharmgnatrections might clarify why the intensity
predictions using only the first dipole-moment gatives with pure harmonic states are so
inexact. To my knowledge, the inexactness of #ileuwtated fundamental intensities is attributed
to the method used for the calculation of the fifstivatives of the dipole-moment rather than

including anharmonic terms.
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