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CH Stretching Vibrational Overtone Spectra of tert-Butylbenzene,tert-Butyl Chloride, and
tert-Butyl lodide
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The vapor phase CH stretching vibrational overtone specttarbbutylbenzene antert-butyl chloride are
measured in thwvcy = 2—7 region, while the spectrum éért-butyl iodide is recorded in thAvcy = 2—6

region. The overtone spectrum tEfrt-butylbenzene is too complex to make detailed spectral assignments.
Local mode frequencieg), and anharmonicitieg)x, are obtained fotert-butyl chloride andert-butyl iodide.

The torsional dependencies of the local mode frequefigyand anharmonicityy;x, are calculated for the
tert-butyl halides. Nonbonded, through-space intramolecular interactions are observed in the blue-shifting of
sterically hindered CH oscillators. Scaling factors are presented for relating ab initio calculated local mode
parameters to experimental values for alkyl CH oscillators. Fermi resonances are observed between local
mode states and local mode/normal mode combination statestibutyl chloride andtert-butyl iodide.
Vibrational overtone transition intensities are calculated in the raxgg, = 3—9 using the harmonically
coupled anharmonic oscillator (HCAO) model and ab initio dipole moment functions. The resultant HCAO
intensities are compared to experimental intensitie&wady = 3.

Introduction the case where the local methyl group l&ssymmetry, the
o ) B pure local mode wave function of the unique-M oscillator
The vibrational overtone stretching transitions of M bonds is denoted0, O] The pure local mode wave functions of the

(X=C,N, O, etc.) are dominated by transitions to states whose yyo identical coupled %H oscillators are the symmetric
components have all of their vibrational energy localized within lv, 00 |00state and the antisymmetrjo, 0 |00state. Sym-
one of a set of equivalent-XH oscillators. The localization of  metrized wave functions become increasingly degenerate with
energy within local modes of vibratiér® makes overtone  increasing excitation so that symmetry effects are generally not
spectroscopy an extremely sensitive probe for detecting small gpserved where three or more vibrational guanta have been
changes in the properties of 5H bonds, such as bond  gpsorbed by the XH oscillator, i.e., whereAvyy = 3. The
lengths?~® molecular conformation$;° and energy flows in  nearly degenerate symmetric and antisymmetric states that
intramolecular vibrational energy redistribution (IVR)}?In cannot be resolved from one another can be collectively denoted
particular, it is possible to use overtone spectroscopy to probeasw’ 01|00 The local mode description has been extended to
how molecular geometry, and the amplitudes of locatkK  myltioscillator systems in the harmonically coupled anharmonic
vibrational modes, affect resonances, couplings, and the rate ofygcillator (HCAO) modep.15-17
IVR. Previous studies have reported that the CH stretching
The molecular Hamiltonian can be expressed in a local mode potentials become more harmonic with increases in steric
basis, which leads to XH stretch terms for which off-diagonal  crowding8-2° Steric crowding has been reported to give rise
coupling elements are small compared to the (anharmonic)to intramolecular coupling through space between proximal,
diagonal cubic and quartic teri$The contributions of the  nonbonded atoms in neopentane, C{GH This coupling
diagonal terms become increasingly dominant with increasing through space can enhance Fermi resonances, thereby accelerat-
vibrational excitation. It is therefore possible to treat the potential ing IVR and leading to complex spectral features.
of a molecule as a collection of isolated anharmonic oscillators  Another mechanism by which CH oscillators are perturbed
in which coupling between oscillators is treated as a perturba- js via halogen substitution. Studies on dihalomethanes indicate
tion.* Often the anharmonic oscillators are approximated using that the CH force constant increases with halogen substiation
Morse oscillator expressions because the energies and matrixand that the local mode frequendy, increases with increasing
elements of the Morse oscillator wave function have been solved electronegativity?
analytically**4 The purpose of this paper is to investigate the roles of steric
The basis states forxXH Morse oscillators can be written as  crowding and halogen substitution on the local mode properties
a product of individual one-dimensional Morse wave functions of CH oscillators and on through-space coupling. Specifically,
|10 il Jusdor simply as|vi,va,...i,... a0 wherew; is we are interested in whether through-space interactions, in which
the number of vibrational quanta in th#h X—H oscillator. the van der Waals spheres of proximal, nonbonded atoms
Spectrally “bright” states, i.e., those states which carry intensity interact to render the CH stretching potential more harmonic,
from thev = 0 vibrational state, are almost exclusively pure are a general phenomenon or if they are restricted to MJ&£H
local mode states which can be described by a linear combina-homologueg! We will investigate the vibrational overtone
tion of components in which all of the vibrational energy is spectra oftert-butylbenzenetert-butyl chloride, andert-butyl
localized in one oscillator (e.gy, O,..., @J|0w,..., OJJetc.). In iodide. The overtone transitions @ért-butyl chloride were
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studied previousR# in the liquid (Avcy = 1—6) and vapor
phasesAvcy = 1—4). In this paper we extend the experimental
range througlMuvcy = 7 in the vapor phase.

Experimental Section

Sample Preparation.All of the compounds are liquidsert-
Butylbenzene (Aldrich, 99%jert-butyl chloride (Aldrich, 99%),
andtert-butyl iodide (Aldrich, 95%, stabilized with copper) were
degassed by repeated freeprmp—thaw cycles prior to use.

Owing to the low vapor pressuresteft-butylbenzene, argon
gas (Cannox, 99%) was used to (1) carry the sample through
the vacuum line into the evacuated photoacoustic (PA) cell, and
(2) act as a “buffer” gas in aiding the propagation of the acoustic
signal. The argon was slowly passed through Drierite (which
had been dried by heating under vacuum) and introduced into
the vacuum vial containing the sample. The sample/argon
mixture was allowed to equilibrate for at légsh before the
gas mixture was allowed to expand into an evacuated PA cell
(vide infra). The final pressure of the argon gas ranged from
100 Torr to 700 Torr.

Intracavity Laser Photoacoustic SpectroscopyOur ICL-

PAS setup has been described elsewRet&in summary a 20
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Force Constants and Their Relationship to Morse Oscil-
lator Parameters. Sowa et aP® showed that an isolated->H
oscillator could be expressed as

1 1 1
V(g) = Efiiqz + éfiiiq3 + ﬂfiiii q4 4)

X—H force constants, respectively. Correspondences between
the Morse parameters and the diagonal force constart$ are

~_ G;fj
o= ome (5)
and
- hG; (fii
“x= 727t20(f_ii) ©)

whereG; is the WilsonG-matrix element (vide infra).
Three Coupled Methyl Oscillators. The (unsymmetrized)

W Coherent Innova 200 argon ion laser is used to pump & ywaye function of three coupled local mode CH oscillators
Coherent 599 tunable dye laser or a broadband Coherent 89Quycited byw vibrational quanta can be expresseds0, 0]

Ti:sapphire (Ti:sapph) laser. In this work we use the short wave Tpe frequencies of transitions out of the grouddo, (Cstate
and mid wave optics in the Ti:sapph laser, and the laser dyesi, the stategv, 0, Olaré

DCM and Coumarin 6. This combination enabled us to scan a
region from 9300 to 19 000 cm (Avcy = 4—7). Tuning is
accomplished using birefringent filters which have resolutions
of approximately 0.4 cmt. Spectra are referenced to known
water lines?’ resulting in an estimated error in peak position of
less than 2 cmt. The gas line and PA cell are evacuated to a
pressure of 10* to 1075 Torr for at least 4 h prior to sample
introduction to ensure dryness.

Theory and Calculations

Local Modes of Vibration and the HCAO Model. X—H
stretching overtone spectra can be interpreted within the local
mode model of molecular vibratic¥® Within this model the
X—H stretching potential is often approximated by a Morse
potential!

V(0) = D1 — e *)? 1)
whereq is the displacement from the equilibrium—=X bond
length,D. is the depth of the potential well, ards the Morse
scaling factor. The energy eigenvalues of a Morse oscillator,
E,, arél28

., 1 . 1)2

E,= w(v + 2) a)X(v + 2) (2)
where® is the local mode frequency ardk is the local mode
anharmonicity. Equation 2 can be rearranged to give the
frequencyy,-o, Of an overtone transition (from the ground state)
W =v)— " =0

¥, o= v — (v + V)X

©)

The values of the Morse parametéisand @x are obtained
from a quadratic fit ofv,.—o vs v or from a Birge-Sponer plot
of ¥,—o/v vsv. The eigenstates are obtained within the HCAO
modeP1517in terms of Morse oscillator wave functiodsvith
the assumption of harmonic coupling between the-HX
oscillators.

3
v+ v)ax = Y vi(aa +
[E3]
a'a) (7)

whereEj o qis the energy of the vibrational ground state and
vj is the intramanifold coupling parameter

Vi = (Vi — Sy i

where y; and ¢; are, respectively, the kinetic and potential
energy coupling terms. These terms can be expressed as

(8)

1 Fy
= 5F IU: 9)
it jj
and
_ 16

it ~jj
yij is a function of molecular conformation only, and can be
expressed &s
1 me)t
Vi = 2cos@)(l + mH) (12)

where 0 is the H-C—H bond angle andnc and my are the
atomic masses of C and H.

Spectral Manifestations of Fermi Resonance€nergy can
flow out of an initially prepared pure local mode state, O,
00) into a near-resonant local mode-normal mode combination
statelv — 1, 0, Qfnvp[(where|nupCdenotes vibrational quanta,
typically deposited in a bending modeyl). Energy flow
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between a pure local mode state and a near-resonant combinatiowhereyi;; are the DMF derivatives
state can be observed as a splitting in the frequency domain

caused by a mixing between the wave functidnghere the
magnitude of the splitting reflects the rate of vibrational energy
flow.30 This spectral splitting arises from Fermi resonafice.
The frequency of the (isolated) stdig O, 0Clin the absence of
this perturbing interactioryso, is approximated by the average
of the perturbed energies of the observed local mode and
combination peaksym and vcomn Weighted by their relative
intensities?

_ 1/Imflm + Vcochomb

flm + fcomb

= 12)

iso

wherefi, andfeomp denote the intensities of the observed local
mode and combination peaks, respectively.

Oscillator Strength. The experimental intensities of vibra-
tional overtone transitions are conveniently expressed in terms
of the dimensionless oscillator strengfl#? By applying the
ideal gas law and using the appropriate physical constants,
we obtain an expression férin the form

_ -9 T - -
f=2.6935x 10 *(Torrm cm)a J Ay dFey  (13)

whereT is the temperature of the gas expressed in Keliis,
the gas pressure expressed in This,the path length expressed
in meters, and\(veg) is the absorbance of the transition from
ground state g to excited state e as a function of frequéigy,
in wavenumbers (cm). The integration is carried out over the
frequency range of the absorption feature.

The oscillator strength of an overtone transition can be
calculated in terms of the transition frequenizy, the transition
dipole moment functiongeg, and some physical constarits.
The transition dipole moment matrix element in Debye is given

by

teg= LBl7ilg0 (14)
wheree andg are the excited and ground-state wave functions
respectively, and is the DMF. The Morse wave function for
an X—H oscillator excited byv vibrational quanta can be
determined from the reduced magsand the local mode
parametersp and @x.1* Using the appropriate physical con-
stants34 the oscillator strength of an overtone transition can be
expressed 8%

f=4.70175x 10°7(cm D Yputeg’ (15)

The Dipole Moment Function. The coupling between the
methyl CH oscillators (vide supra) is treated within the HCAO
model as pairwise interactions between the internal displacemen
coordinatesy; along CH andq, along CH. Ab initio calcula-
tions have been us&d?° to obtain discrete values for the dipole
moment as a function af; andgy. In this paper, the values of
the dipole moment were calculated@sandq, were stretched
or compressed about the equilibrium-X bond lengthre by
4+0.20 A in increments of 0.05 A with all other molecular
coordinates constant at their equilibrium values. The continuous
DMF of two coupled X-H oscillators is approximated by a
Taylor series expansion, taken up to fourth order, along their
internal stretch coordinateg andq.

i+j=4

4(0y, ) = Z ﬁiqui qzj

i)=1

(16)

Clj! oq,'00,le

Hij

17)

which were obtained by fitting a polynomial of up to fourth
order to ab initio values of the dipole moment. Terms up to
fourth order were retained in eq 16, including the pairwise mixed
derivativesa2u/agtagpt, 9%/0g:10q,?, and 9%a/dqu2agpt. It is
especially important to include terms beyond linear as the
second-order derivative®zi/dq,? and 0%i/00,? contribute sig-
nificantly more intensity to overtone transitions than do the
linear terms.

Computational Details. Ab initio calculations were carried
out with Gaussian 98 revision A%on an SGI Octane with a
MIPS R10000 processor, Gaussian 98 revision A .1 a
cluster with Compagq Alpha ES40 (4 833 MHz) processors,
and Gaussian 03W revision B2n a personal computer with
a Pentium 4, 2.8 GHz processor. Calculations used all Gaussian
defaults (unless noted otherwise) except that the Gaussian
overlay option IOP(3/32= 2) was used with all calculations to
prevent the reduction of expansion sets. All calculations were
carried out using SCE tight because many of the basis sets
used in this paper contained diffuse functions.

Results and Discussion

General Characteristics of Vibrational Overtone Spectra
and Spectral Fitting. In the absence of coupling, one stretching
overtone transition peak is observed for each nonequivalent
X—H bond where the frequency of that transition is given by
eq 3. Experimental spectra are deconvoluted in Spectr&Calc
with the least number of constituent peaks needed to reproduce
the experimental spectrum. The sum of the constituent peaks
reproduces closely the experimental transitions: the maximum
standard deviations introduced in the peak centers, heights, and
full-widths at half-maximum (fwhm) by the peak fitting process
were found to be, respectively, 3 ch3%, and 6%. All spectral
deconvolutions use Lorentzian profiles as constituent peaks. For
PA spectra, the constituent Lorentzian peak heights and widths
are independently scaled to sum to unity in a given spectral
range. Their absolute values range over several orders of
magnitude, are dependent upon several factors, and offer no
important information. In cases where more than one Lorentzian
is required to deconvolute a vibrational overtone transition, the
dominant Lorentzian is chosen to represent the pure local mode
transition. If there are two or more Lorentzians of comparable
intensity the Lorentzian chosen to represent the pure local mode
transition is the one that gives the most linear Bir@poner
plot. The “isolated” transition frequencies of pure local mode

ttransitions which are perturbed by Fermi resonances are

approximated with eq 12.

Owing to the very short lifetimes of the prepared vibrational
overtone states, collisional deactivation is not appreciable at our
experimental temperatures and pressété¥ephasing is like-
wise unimportant as the local environment does not fluctuate
rapidly compared to the lifetime of the excited state.

tert-Butylbenzene. The global minimum potential energy
conformation oftert-butylbenzene possessessymmetry, with
one carbon to methyl carbon bond in the plane of the benzene
ring. The in-plane methyl group possesses ldg&asymmetry
while the two out-of-plane methyl groups possesses l@zal
symmetry. There are are 10 different CH oscillatorgent-
butylbenzene, many of which are expected to have very similar
vibrational overtone frequencies. The inherent breadth of CH
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Figure 1. Avca = 2 region of the Cary/5e vapor phase spectrum of Figure 2. Avcy = 3 region of the Cary/5e vapor phase spectrum of
tert-butyl iodide (top),tert-butyl chloride (middle), andert-butyl- tert-butyl iodide (top),tert-butyl chloride (middle), andert-butyl-
benzene obtained at a path length of 20.25 m. Sample pressures werehenzene obtained at a path length of 20.25 m. Sample pressures were,

respectively, 15.4, 20.8, and 1.7 Torr while temperatures ranged from respectively, 15.4, 102.7, and 1.7 Torr while temperatures ranged from
22.2 to 22.7°C. 22.0 to 22.4°C.

overtone transitions is such that, even in the absence of Fermi
resonance, the unique assignment of all CH overtone transitions
based solely upon thé\vey = 2—7 spectral regions is
impossible, irrespective of experimental resolution.

The geometry of theCs symmetry conformer oftert-
butylbenzene is calculated using HF and B3LYP theory with
the basis sets 6-31G(d,p) and 6-311G(2d,2p). Calculations
are also carried out using B3LYP theory with the cc-pVDZ and
cc-pVTZ basis sets. The hydrogehydrogen internuclear
separation through spac®yn, between the proximal hydrogen
atoms on two different methyl groups was found to range from
2.4510 2.47 A. The crowding is greater between proximal atoms
where one hydrogen is on the methyl group and the other on
the aryl ring. For the in-plane methyl groujyy was calculated 10800 T 11500 T 11600
to range from 2.27 to 2.28 A while for the out-of-plane methyl
group, own was calculated to range from 2.30 to 2.31 A. The
van der Waals radius for hydrogen is 120 ffhiMethyl-aryl Figure 3. ICL-PAS (Ti:sapph (mw))Avcy = 4 region of the vapor
Sun values are smaller than the sum of two van der Waals phase spectrum aért-butyl iodide (top).tert-butyl chloride (middle),

hvd di d th i teri ding i ted t and tert-butylbenzenetert-Butyl iodide andtert-butyl chloride were
ydrogen radil, an us strong steric crowding IS expected to present at pressures of 34F 0.8 Torr and 93.8+ 1.4 Torr,

Relative Absorbance

Energy (cm™)

exist intert-butylbenzene. respectively, at 21.0C. tert-Butylbenzene was present at its vapor
The Avcy = 2 andAvcy = 3 alkyl spectral regions dert- pressure at 21.6C.

butylbenzene, shown in Figures 1 and 2 respectively, are rich

with many complex resonances. Thecy = 4 alkyl spectral aryl Avcy = 6 andAwvcy = 7 spectral regions are shown in

region is shown in Figure 3. This figure reveals the five aryl Figures 5 and 6, respectively. Thacy = 7 aryl region has a
C—H oscillators to be unresolved within two strong transitions very poor signal-to-noise ratio owing to very low sample vapor
at ca. 11190 and 11250 crwhile the remaining five alkyl pressure and to the residual presence of water vapor, despite
C—H oscillators are unresolved within approximately three thorough drying of the sample. Features below 18500'cnd
weak, broad transitions at ca. 10950, 11010, and 1107G.cm above 19020 cmt are completely obscured by water vapor.
The alkyl transitions are broader than the aryl transitions because tert-Butyl Chloride. In its equilibrium geometntert-butyl

IVR is more rapid in the former than in the latter owing to chloride possesseS;, symmetry with localCs symmetry for
methyl rotor coupling (via Fermi resonance) into local mode- the methyl groups. There are two types of nonequivalent CH
normal mode combination states. This coupling is enhanced byoscillators intert-butyl chloride. Three identical CH bonds are
steric hindrancé! At all overtones, the lowest frequency aryl oriented opposite the -©Cl bond and are referred to as the
transitions occur at lower frequencies than are typical of aryl “down” oscillators, CH. Six identical CH bonds are oriented
C—H oscillators (see ref 45). In Figure 4 we note the alkyl ata dihedral angle of approximately6® the C-CI bond and
regions (ca. 13400 to 13700 cA) are again broader than the are referred to as the “up” oscillators, G

aryl regions (i.e., above 13700 cA), with the difference in The geometry of the equilibrium conformer tért-butyl

the fwhm values even more pronounced thamaty = 4. chloride is calculated using HF and B3LYP theory with the basis
While the lifetimes of the aryl €H overtones appear unchanged sets 6-31G(d,p), 6-3#1+G(2d,2p), LanL2MB, LanL2DZ, cc-

in moving from Avcy = 4 to Avcy = 5, the alkyl lifetimes pVDZ, cc-pVTZ, and cc-pVQZ. The chlorinehydrogen inter-
appear to be shortened. The large amplitude stretching motionsnuclear separation through spadey, between the proximal
which accompany vibrational overtone transitions appear to have(or “up”) hydrogen atoms and the chlorine atom was found to
a strong effect on alkyl CH stretching overtone lifetimes. The range from 2.89 to 2.92 A for both the Pople and Dunning basis
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Figure 4. ICL-PAS (Ti:sapph (sw)Avcy = 5 region of the vapor
phase spectrum dért-butyl iodide (top).tert-butyl chloride (middle),
and tert-butylbenzenetert-Butyl iodide andtert-butyl chloride were
present at pressures of 34t60.7 and 128.2+ 0.9 Torr, respectively,
and temperatures of 21.9 and 22(@. tert-Butylbenzene was present
at its vapor pressure at 238 in a cell that contained approximately
200 Torr of dried Ar buffer gas.
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Figure 5. ICL-PAS (DCM dye)Avch = 6 region of the vapor phase
spectrum oftert-butyl iodide (top),tert-butyl chloride (middle), and
tert-butylbenzenetert-Butyl iodide andert-butyl chloride were present
at pressures of 144.& 0.2 and 31.7+ 0.3 Torr, respectively, and
temperatures of 22.0 and 22.C. tert-Butylbenzene was present at its
vapor pressure at 22°C in a cell that contained approximately 200
Torr of dried Ar buffer gas.

sets and from 2.94 to 2.99 A for the Los Alamos basis sets.
The dci values are smaller than the sum of hydrogen and
chlorine van der Waals radii, which are 120 pm and 180*pm,
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Figure 6. ICL-PAS (C6 dye)Avcn = 7 region of the vapor phase
spectrum oftert-butyl chloride (top) andert-butylbenzenetert-Butyl
chloride was present at its vapor pressure at a temperature ofQ4.8
tert-Butylbenzene was present at its vapor pressure at a temperature of
22.0°C in a cell that contained approximately 200 Torr of dried Ar
buffer gas.

for local mode analysis. In Figure 2 we observe that there is
one Avcy = 3 transition to the pure local mode std@e 0301

(in the CH; oscillator) at 8420 cmt. There is a local mode/
local mode-normal mode combination pair involving tf3
01|0Cand|2, 0|0+ |nuplktates of the CHoscillator at 8507
and 8606 cm?, respectively. These three transitions comprise
the most intense transitions observed\aty = 3 in Figure 2.
Similarly, in Figure 3 we note that there is oAecy = 4 pure
local mode transition t¢0, 004Lin the CH; oscillator at 10992
cm! and a local mode/local mode-normal mode combination
pair to|3, 0.|0CH |nupdand|4, 0.|00in the CH, oscillator at
11190 and 11120 cmd, respectively. These three transitions
comprise the most intense transitions observedwady = 4.
Other resonances &tvcy = 4 are less pronounced than those
at Avcy = 3 as the CH oscillations take on increasing local
mode character. The two resonant (kansitions which were
present avcy = 4 are seen in Figure 4 to have coalesced at
Avcy = 5 into one peak at 13631 crh A |0, 04O+ |nup0]
combination band transition arising from the gHscillator
appears at 13485 crh near the transition to th®, 0J50state

at 13439 cml. TheAwvcy = 6 spectral region, shown in Figure
5, has transitions to th@®, 0060and |0, 005+ |nvpUstates at
15776 and 15845 cm, respectively. ThévpCstate involved at
Avcn = 6 is different than that ahvcy = 5. Had the statévpl
remained unchanged, we would expect to have seen the spacing
between the0, 0wand |0, 0w — 1[H |nuylistates decrease
in going from Avcy = 5 to Avey = 6. Instead, the spacing

respectively. Through-space interactions are expected perturhincreases from 46 cm at Avcy = 5 to 69 cnt! Avcy = 6.

the stretching potential of GHnore strongly than that of CGH

The CH, transitions which had coalesced Atcy = 5 have

Simple, two-tier Fermi resonances are present throughout theseparated into two poorly resolveucy = 6 transitions,|6,

entire experimental range dfvcy = 2—7. In such resonances,
the pure local mode statp), 0, 0Jtunes in to and out of
resonanc®47 with the normal mode-local mode combination
statelv — 1, 0, OH |[nuvp[Cs we proceed through the progression
of overtone states fromhvcy = 2 to Avcy = 7. This trend
arises from the anharmonicity of the CH local mode oscillator

0|00and |5, 0|00+ |nupl) at 15976 and 16022 crh
respectively, where the lower energy peak appears as a shoulder
in the deconvolution of the spectrufhA resonance between

the |6, 0|0CH |nuvptransition at 18281 cm and the|7, 0|00
transition at 18203 cm can be seen in thAvcy = 7 region,
Figure 6. Transitions to th®, 007Cand |0, 006[H |nupstates

which results in a smaller spacing between successive pure locatan be seen at 17965 and 18035 émespectively. The\vcy
mode states than between successive resonant combinatior= 7 transitions of the CkHland CH; oscillators both involve

states. As the energy mismatch between the states becomeppstates different from those involved in thevcy

6

smaller, the separation between the pure local mode and thetransitions. In the case of the Ghbscillator, this is evident

combination transitions decreaség’
The Avcy = 2 spectral region, shown in Figure 1, has many

because the local mode-normal mode combination band appears
at the high energy side of the local mode band. In the case of

local mode-normal mode combination bands and is too complexthe CH; oscillator, the spacing between the local mode and the
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TABLE 1: Pure Local Mode Transition Peak Properties of
Vapor Phasetert-Butyl Chloride As Observed via ICL-PAS
(Avcy = 4—7) and Conventional Absorption Spectroscopy
(Avcy = 3)

spectrometer/ gas pressure energy fwhmap
Avch laser (Torr) bond (cm™?) (cm™)
3 Caryb5e 102.# 0.2 CH, 8507,8606 41,64
CHy 8420 53
4 Ti:sapph (mw) 93.8-1.4 CH, 11120,11191 62,54
CHy 10992 53
5 Tiisapph (sw) 128.209 CH, 13631 77
CHy 13439,13485 66,38
6 DCMdye 144.8+ 0.2 CH, 15976 16022 128 66
CHy 15776,15845 114,77
7  coumarin 6 dye= 160¢ CH, 1820318281 128 110
CHy 17965,18035 93,83

2 Jtalicized values are fop — 1, 0, OH- |nu,lJ P Full width at half-
maximum.¢ Sample present at its vapor pressure at 2€.8

2900
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—
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Figure 7. Birge—Sponer plots of the CH(top) and CH vibrational
overtone transitions itert-butyl chloride in the rangévcy = 3—7.

TABLE 2: Experimental @ Local Mode Parameters and
Their Standard Deviations (in cm™) As Obtained from
Birge—Sponer Plots and Quadratic Fits

Birge—Sponer quadratic

molecule bond [0} X @ )4
tert-butyl chloride CH 3084+ 4 59.6+0.8 3085+ 7 59.8+1.2
CHy 3044+ 3 59.0+0.6 3047+5 59.5+0.9
tert-butyl iodide CH, 3081+2 59.54+0.3 3080+ 3 59.3+0.5
CHy 3025+5 61.3+1.1 30269 61.5+1.8
neopentanek® 3046+ 2 60.1+0.3 3049+-3 60.5+ 0.4
TMSP 3043+ 1 58.6+0.2 3042+2 58.4+0.3

a Calculated from experimental data in the energy regixoey =
3—7 except fortert-butyl iodide where the energy regimeAs)cy =
3—6. > From ref 55.

Petryk and Henry

In Table 2, we note that th& value of the CH oscillator is
typical of that observed in molecules such as neopentane and
tetramethylsilane (TMS). Thé& value of the CH oscillator is
atypically high, and it is attributed to a combination of steric
crowding and a possible increase in the CH force constant by
the haloger?223

tert-Butyl lodide. The structure ofert-butyl iodide is similar
to that of its homologtert-butyl chloride (vide supra)tert-
Butyl iodide possesse€z, symmetry with local methyiCs
symmetry. As in the case ¢ért-butyl chloride, a molecule of
tert-butyl iodide possesses three gbiscillators and six CH
oscillators.

The geometry of the equilibrium conformer tért-butyl
iodide is calculated using HF and B3LYP theory with the
LanL2MB and LanL2DZ basis sets (the-811 basis set is not
defined for iodine). The iodinehydrogen internuclear separa-
tion through spacep, between the proximal (or “up”)
hydrogen atoms and the iodine atom was found to range from
3.21 to 3.27 A. Thedy values are smaller than the sum of
hydrogen and iodine van der Waals radii, which are 120 pm
and 215 pnf? respectively. Through-space interactions are
expected to perturb the stretching potential of @kbre strongly
than that of CH.

The vapor phase CH vibrational overtone transitionteadf
butyl iodide were studied in the rangecy = 2—6. The sample
began to photodissociate Atvcy = 6. Vibrational overtone
spectra atAvcy = 7 or greater are impossible to obtain with
our experimental setup as the molecule decomposes within
seconds in this frequency range.

Photodissociation was first noticed &vcy = 6 in the
approximate energy range 146406460 cn1! at a temperature
of 22 °C. The dissociation energy of the—C bond in tert-
butyl iodide 4 0 K is 17800 cn11.4° Since there is not enough
energy present @&wvcy = 6 for direct dissociation, the observed
process was indirect dissociation, likely involving a flow of
energy from initially prepared CH vibrational overtone states
into the vibrational bath via IVR. This redistributed energy
eventually causes dissociation along thel®ond. The process
of dissociation was slow: it is estimated that the complete
dissociation of the sample would take several hours at our
current intracavity power levels if the scan range was restricted
to 15200-16190 cnTt. To minimize sample degradatiofycy
= 6 overtone spectra were gathered at a sampling rate such
that each scan took 7 min and 30 s.

The typical energy range of&vcy = 7 spectrum is 17660
19000 cntl, making the acquisition of vibrational overtone
spectra impossible with our laboratory setup. Owing to the very
high intracavity light levels, photodissociation occurred within

local mode-normal mode combination band is nearly invariant seconds of introducing the PA sample cell into the laser cavity.

from 69 cnT! at Avcy = 6 to 70 cnT! at Avcy = 7 rather than

As in the case ofert-butyl chloride, theAvcy = 2 spectral

growing smaller as the states come into resonance with region oftert-butyl iodide, seen in Figure 1, is too complex for

increasing vibrational excitation.
A summary of theAvcy = 3—7 transitions oftert-butyl

local mode analysis. Th&vcy = 3 spectral region in Figure 2
shows one transition to the pure local mode stated30(in

chloride can be seen in Table 1. Italicized values indicate the the CH; oscillator) at 8341 cm. There is a local mode/local

combination statév — 1, 0, I+ |nwpl] The data in Table 1
have been used to create Birg®poner plots, which are
presented in Figure 7, for the Glnd CH; oscillators intert-

mode-normal mode combination pair involving tf& 03|00
and|2, 01|00+ |nuplistates of the CHoscillator at 8496 and
8587 cnT?, respectively. These three transitions comprise the

butyl chloride with peak centers (in the absence of Fermi mostintense transitions observed\aicy = 3. Fermi resonances
resonance) approximated with eq 12. Table 2 gives the local similar to those observed tert-butyl chloride (vide supra) were

mode paramete® and®x which were obtained via quadratic
fits and Birge-Sponer regressions. Tlievalues are higher for
the more sterically crowded Gibscillator than for the less
crowded CH oscillator. The anharmonicities of the “up” and
“down” CH oscillators are identical to within experimental error.

observed in all regions of the overtone spectruntest-butyl
iodide. In Figure 3, we observe two Fermi resonances present
between local modes and local mode-normal mode combination
bands atAvcy = 4. The pure local mode transitig@, 0040
occurs at 10852 crt and is in resonance with the combination
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TABLE 3: Pure Local Mode Transition Peak Properties of
Vapor Phasetert-Butyl lodide As Observed via ICL-PAS

(Avcy = 4—6) and Conventional Absorption Spectroscopy
(Avcy = 3)
spectrometer/ gas pressure energy fwhmab
Avcy laser (Torr) bond (cm™) (cm™)
3 Cary 5e 15.4-0.1 CH, 8496,8587 43,58
CHy 8341 40
4  Tissapph (mw) 34208 CH, 1111311181 54,59
CHy 10852,10890 71,38
5 Tisapph(sw) 34.60.7 CH, 13617 76
CHy 13300 60
6 DCM dye 317403 CH, 15992 64
CHy 15551,15618 73,72

a|talicized values are fop — 1, 0, OH |nvp P Full width at half-
maximum.
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Figure 8. Birge—Sponer plots of the CH(top) and CH vibrational
overtone transitions itert-butyl iodide in the rangé\vcy = 3—6.

band |0, 0030+ [nupJat 10890 cm?. The pure local mode
transition|4, 0QJ|0Coccurs at 11113 cm and is in resonance
with the combination ban¢B, 01|00+ |nvpUat 11181 cm?.
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comparable to that itert-butyl chloride but otherwise atypically
high, is attributed to a combination of steric crowding and a
possible increase in the CH force constant by the halégé&h.

There is a greater difference between éhealues of CH
and CH in tert-butyl iodide than intert-butyl chloride. This
difference is correlated to the “separation” between the van der
Waals sphere9, of H , and the halide. The nuclear separations
dcin anddy, calculated at HF/LanL2DZ, are used along with
the van der Waals radii for hydrogen (120 pm), chlorine (180
pm), and iodine (215 pm) to obtaih These values are6.5
and —13.5 pm fortert-butyl chloride andtert-butyl iodide,
respectively. This greater steric crowdingtart-butyl iodide
leads to a greater split between thevalues of CH and CH,.

The photodissociation dert-butyl iodide atAvcy = 6 did
not proceed to any significant extent; i.e., dissociation products
were not observed. The CH-containing daughter products of
photodissociation would have had different local mode param-
eters, ® and @x, than the parent compound. Thus, if the
photodissociation otert-butyl iodide had proceeded to any
significant extent we would expect to see a discontinuity in the
Birge—Sponer plot between th®vcy = 3—5 sets of data points
(where photodissociation was not observed) andithgy = 6
data points for the Clfand/or CH oscillators. Since the Birge
Sponer data points @&wvcy = 6 are not discontinuous with the
Avcy = 3—5 sets of data points, and since thecy = 6 data
points are derived from the most intense transition&w@agy =
6, we conclude that photodissociation did not proceed to an
appreciable degree during our spectral acquisition at this
overtone.

Coupling Between Stretching and Torsional Motions.In
the three molecules studied there is a 3-fold barrier to internal
CHs rotation. Thus, the modulation of methil and wx with
rotation about the internal methyl dihedral angle coordinate
¢°054 is 3-fold. The dependence ab and @x on ¢ is
approximated with a cosine squared funciéithe equilibrium

These four transitions comprise the most intense transitions (Staggered) conformers have a valuedof= 60° while the

observed al\vcy = 4. The two sets of Fermi resonances that
were observed atvcy = 4 are seen to have coalesced\atn

= 5 in Figure 4 (the low energy shoulder at 132167éns
different from the resonance observed\atcy = 4). The pure
local mode transition0, O05Coccurs at 13300 cri while the
other pure local mode transitigf, 01 |OCoccurs at 13617 cr.
The Avcy = 6 spectral region, seen in Figure 5, reveals the
|6, O01|00transition at 15992 cmi. The pure local mode
transition |0, OJ6Coccurs at 15551 cmt and is in resonance
with a combination band0, 0050+ |nuvpd(where the mode
|vps different from that observed Aty = 5) at 15618 cm,

A summary of theAvcy = 3—6 transitions otert-butyl iodide

eclipsed conformers have a valuegpf= 0°.

Unscaled local mode frequencies of the staggered and eclipsed
conformers, ®(60°) and ®(0°), and unscaled local mode
anharmonicities@®x(60°) and @x(0°), were calculated from a
fit of ab initio data in the range. — 0.20 A tor. + 0.20 A in
steps of 0.05 A to eq 4. Calculations were carried out at HF/
6-311+G(d,p) for the CH oscillators itert-butyl chloride and
at HF/LanL2DZ for the CH oscillators itert-butyl chloride
andtert-butyl iodide. Previously published datavere reana-
lyzed to obtain unscaled local mode frequencies and anharmo-
nicities for neopentane and TMS at HF/6-31G(d,p). As
indicated above, the-6311 basis set is not defined for iodine,

can be seen in Table 3. ltalicized values indicate the combinationtherefore only the HF/LanL2DZ results are available tent-

statelv — 1, 0, O+ |nupll

The data in Table 3 have been used to create Bigmoner
plots, presented in Figure 8, for the Cehd CH; oscillators in
tert-butyl iodide with peak centers (in the absence of Fermi

butyl iodide.

The local mode frequencies and anharmonicities of the
staggered conformerd,(60°) and@x(60°), were scaletf to the
experimentally observed values@fandax. The®(60°) scaling

resonance) approximated with eq 12. Local mode parametersfactor was applied to the unscaled value€g0°). Scaled values

@ andox were obtained via quadratic fits and Birg8poner
regressions and are presented in Table 2.al'kalues are higher
for the more sterically crowded Ghbscillator than for the less
crowded CH oscillator. The anharmonicities of the “up” CH
oscillators are smaller than those of the “down” oscillators,
indicating that steric crowding may be rendering the ;CH
stretching potential more harmonic than the (Céiretching
potential. In Table 2, we note that th#& value of the CH
oscillator is significantly lower than those typically observed
in other molecules. Thé value of the CH oscillator, which is

of @(60°) and @(0°) were used to calculate the values of the
maximum variation of frequency with angl&;. Similarly, the
X(60°) scaling factor was applied to the unscaled value of
@X(0°) to arrive atdzx. The scaled values @b, @x, d4, and

dax are given in Table 4. Scaling factors are specific to a given
oscillator (e.g., CH, OH, etc.), molecule, ab initio methqd,
step-size, etc. and are given in Table 5. In addition to molecule-
specific scaling factors fo& and @x, Table 5 also contains
averaged local mode scaling factors for these CH oscillators
and their standard deviations.
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TABLE 4: Experimental 2 and Scaled ab Initio Calculated Local Mode Parameters for a Variety of Alkyl CH Oscillators

Obtained from Quadratic Fits

parameter (cmt)

molecule bond 2 0a P da © X2 Oax® Oax ©
tert-butyl chloride CH 3085+ 7 27.8 26.2 59.8: 1.2 —0.263 —0.0572
CHy 3047+ 5 15.9 17.5 59.5: 0.9 0.274 0.288
tert-butyl iodide CH 3080+ 3 29.7 59.3- 0.5 0.145
CHy 3026+ 9 29.1 61.5+-1.8 —-0.126
neopentaneh 3049+ 3 8.69 60.5+ 0.4 0.232
TMS 3042+ 2d 4.88 58.4+ 0.3 0.0651

aQObtained from a fit of experimental data to eq°Talculated at HF/6-3HG(d,p).¢ Calculated at HF/LanL2DZ Raw data from ref 55

reanalyzed.

TABLE 5: Alkyl CH Oscillator Scaling Factors 2 Applied to
the ab Initio Calculated Local Mode Parameters for the
Molecules in Table 4

TABLE 6: Local Mode Scaling Factors? for ab Initio
Calculatedd Potential Energy Surfaces of a Test Set of
Molecules

local mode scaling factor polynomiaf nonlineaf
molecule bond sf(@)® sf(@)° sf(@x)P sf(ox)° molecule bond sf(®@) sf(@x) sf(w) sf(ox)

tert-butyl chloride CH  0.952 0.935 0.85 0.80 tert-butyl chloride CH 0.9511 0.845 0.9440 0.927

CHy 0950 0.935 0.85 0.80 CHy 0.9492 0.838 0.9421 0.920
tert-butyl iodide CH, 0.935 0.795 neopentarfe 0.9518 0.843 0.9449 0.925

CHy 0.934 0.82 TMS® 0.9497 0.816 0.9428 0.896
neopentanel 0.9532 0.853 average 0.9499 0.839 0.9429 0.921
T™MS 0.9513 0.826 standard deviation 0.0016 0.014 0.0015 0.015
av 0.9517 0.9351 0.845 0.804 asui . _—
std dev 0.0015 00005 0.013 0.010 uitable for relating ab initio calculated local mode paramefers

a Suitable for relating ab initio calculated local mode paramefers
®X, 0;, and dsx to experimental value$.Calculated at HF/6-
311+G(d,p). ¢ Calculated at HF/LanL2DZ.

In Table 4 we note that the 6-3%5(d,p) and LanL2DZ basis
sets agree well except fégx of CH, in tert-butyl chloride where
LanL2DZ underestimates this value relative to 6-3G(d,p).

The most sterically hindered molecules were found to have, on

average, the greatedt values and the smalledgy values. For

@X, 04, and d;x to experimental value$.Calculated at HF/6-
3114++G(2d,2p).c Obtained from fit of ab initio data to eq 4 Obtained
from fit of ab initio data to eq 1¢ Raw data from ref 55 reanalyzed.

TABLE 7: Ab Initio @ Local Mode Parameters for Alkyl CH
Oscillators in tert-Butylbenzene

parameter (crmt) parameter (crmt)

bond 0] WX bond 0] WX

CHpu 305745 60.2+1.0 CHypges 3057+5 60.0+ 1.0
CHpg 3059+5 60.1+1.0 CHypap 30735 59.7+1.0
CHopu 304645 60.3+1.0

neopentane and TMS, the net effect on the energy eigenvalues

in eq 2 is a blue-shifting of the CH oscillators with increasing
steric hindrance as the potential is rendered more harmonic by
a barrier to high amplitude vibration. This blue-shifting is also

apparent within the moleculert-butyl chloride. Specifically,
the more crowded oscillator, GHhas a higheb; value and
smallerd;x value than does the less crowded Lbscillator.
This is not the case, however, witrt-butyl iodide where the
0, values are very similar for CHand CH;, and thed,y of the

aCalculated at HF/6-3H+G(2d,2p) and fit to eq 1 using the
appropriate average scaling factors from Table®, symmetry, carbon
to methyl carbon bond in the plane of the benzene ring.

To investigate the role of the expansion form chosen to
represent the ab initio CH stretching potential energy surface,
individual and averaged scaling factors for ab initio calculated
local mode parameter® and @x are calculated using both
“polynomial” fit, i.e., the fit of energy to eq 4, and the

former is higher than the latter. One possible reason for this “nonlinear” fit, i.e., fit of energy to eq 1. Calculations were

anomalous behavior itert-butyl iodide is that the LanL2DZ
basis setnayunderestimate thé;x value of the CH oscillator

carried out at HF/6-31t+G(2d,2p) and the results are pre-
sented in Table 6. Both the polynomial and the nonlinear

(vide infra). As noted above, however, changes in the energy expansion forms are equally good approximations of the ab initio
levels of the CH Morse oscillators are dominated by changes potential energy surface based upon the similar standard
in @. deviations of the local mode parameters. Extending the range
Predicting Local Mode Parameters Ab Initio. The rela- of the ab initio data points frong €[— 0.20, 0.20] A toq
tively constant values of the individual scaling factors and the [— 0.30, 0.30] A (in steps of 0.05 A) lead to no change in the
small standard deviations in the averaged valuesf @) and standard deviations in the averaged local mode scaling factors.
sf(@x) given in Table 5 indicate that it is possible to estimate ~ The alkyl (methyl) local mode transition frequenciederft-
the local mode parameters of alkyl CH oscillators with averaged butylbenzene were predicted using eq 3 and the ab initio local
scaling factors. An errors analysis indicates that uncertainties mode parameters presented in Table 7. The subscript “ip” is
in the expansion termf, fii, andfj; (see eq 4) are the most used to denote CH bonds on the single in-plane methyl group
significant contribution to the standard deviations of the while “op” denotes one of the two out-of-plane methyl groups
averaged scaling factors, while uncertainties in the experimentalwhich are gauche with respect to the benzene ring. Subscripts
values ofi and@x (as reported in Table 2) are less important. “u” and “d” refer to up- and down-orientation, where the former
The fitting process itself is therefore an important source of CH bonds are oriented at approximately 18@th respect to
error, indicating that while expansions of the form of eq 4 are the benzene ring. The “d,f” (or “down, forward”) CH bonds
good approximations of the molecular potential energy surface are those closer to the in-plane methyl while the “d,b” (or
as calculated ab initio, expansions in this functional form do “down, backward”) bonds are nearly parallel to the plane of
introduce errors. the benzene ring.
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TABLE 8: HCAO Calculated CH Vibrational Overtone Intensities in tert-Butyl Chloride and tert-Butyl lodide

tert-butyl chloride tert-butyl iodide
Avch bond state Vpo? fos® Pyo? fos®
3 CH, |3, 01|00 8534 3.1(3.7x 1078 8528 2.1(3.3%x 1078
CHyq |0, 030 8422 2.0 (2.2 1078 8340 1.4 (2.3)x 1078
4 CH, |4, 0|00 11142 2.8x 10°° 11134 3.9x 10°°
CHy |0, 04O 10993 1.9x 10°° 10874 2.8x 10°°
5 CH, |5, 01|00 13629 2.7x 10710 13621 6.0x 10710
CHy |0, 050 13445 1.8x 10710 13286 4.3x 10710
6 CH, |6, 01|00 15998 3.1x 1071t 15989 9.7x 1071
CHy |0, 0060 15778 2.1x 1071 15574 6.8x 10711
7 CH, |7, 0100 18246 4.2x 10712 18239 1.7x 10711
CHy |0, 0700 17991 2.8x 10712 17740 1.2x 1071
8 CH, |8, 01|00 20375 6.9x 10713 20370 3.4x 10712
CHy |0, 080 20086 4.5x 10713 19782 2.4x 10712
9 CH, |9, 01|00 22384 1.4x 10718 22383 7.6x 10713
CHy |0, 0090 22061 8.6x 10 21702. 5.4x 10713

aFrequencies are in crthand were calculated with the HCAO modelnits are dimensionless oscillator strength. Values in parentheses are
from experiment.

At Avcy = 4, the range of the predicted alkyl transition band to that used to obtai’; for tert-butyl chloride (vide supra),
centers is ca. 10988 30 to 11100+ 30 cmt while the we find thaty}; = 6.2 cni! for tert-butyl iodide.
observed range is ca. 109501070 cm®. This agreement is The experimental and HCAO calculated intensities for
within experimental error, indicating that the ab initio local mode vibrational overtone transitions irrt-butyl chloride andert-
parameters in Table 7 may be appropriate for the alkyl oscillators butyl iodide are given in Table 8. The HCAO intensities were
in tert-butylbenzene. Ahvcy = 5, the predicted alkyl transition  calculated from eq 15 using Morse wave functirsbtained
range is ca. 1342@ 40 to 13570+ 40 cni* while the observed  from the Birge-Sponer experimental local mode parameters
range is ca. 13500 to 13650 cfn There appears to be a small  for the CH, and CHj; oscillators from Table 2 and fourth order
red-shifting of the predicted alkyl transitions&tcy = 5. It is polynomial approximations (eq 16) to the DMFs. These DMFs
reasonable that, in scaling ab initio local mode parameters, were calculated from ab initio data points at HF/6-3HG-
different scaling factors should be used for modes which are (2d,2p) fortert-butyl chloride and at HF/LanL2DZ fdert-butyl
more sterically crowded than others. iodide. HCAO calculated intensity fotert-butyl chloride

HCAO Intensities. To ensure a reasonable mapping of the underestimates the experimental intensities|8ro|00and
potential energy surface, DMFs should be calculated using at|0, 03Cby 16% and 10%, respectively, at the HF/6-3HG-
least nine grid points with a step size of 0.05AThe HCAO (2d,2p) level. The HCAO calculated intensities were also
intensities presented in this paper were calculated using 11 gridcalculated at HF/LanL2DZ and were found to be significantly
points in the range €[—0.30, 0.30] A, with a step size 0f 0.05  worse. The HF/LanL2DZ HCAO intensities are not presented.
A. The HF wave functions are stable provided tfgit< 0.50 HCAO calculated intensities faert-butyl iodide underestimate
A8 the experimental intensities at the HF/LanL2DZ level.

The calculation of HCAO intensities itert-butyl chloride
and tert-butyl iodide require the values of the intramanifold conclusion
coupling constants for (symmetric) G+ CH, coupling and for o . .
(asymmetric) Ckt+-CHqy coupling, denoted/}, and yi,, re- Ab initio calculated geometries and van der Waals radii have
spectively. These values could not be obtained from ab initio Peen used as crude metrics to quantify the relative degree of
vibrational frequency calculations as the anticipated rms errors Steric crowding in the moleculetert-butylbenzenetert-butyl
in calculated vibrational frequency are greater than the coupling chloride, andtert-butyl iodide. All of these molecules have

constants themselves. sterically hindered CH oscillators in the sense that they possess
Ahmed and Henrf have reported g/, value of 12.0 cm? hydrogen atoms which are separated from proximal atoms (e.g.,

for tert-butyl chloride. To evaluate’;, we begin with the ~ H, Cl, or I) to which they are not chemically bound by less

value Of'}/lz obtained from the ab initio calculated, HC—H \ than the sum of their van der Waals radii. The stretchlng

bond angled1» and eq 11. Nexty2 is used with the published ~ Vibrational overtone spectra of these crowded CH oscillators
valuey), = 12.0 cntl in eq 8 to obtainp;,. We assume that showed evidence of through-space interactions between CH
the symmetric and asymmetric potential energy coupling terms Oscillators and proximal atoms (e.g., H, Cl, and I) to which the
given by eq 9¢1> and¢ys, are identical. Finally, the intramani- ~ oscillator was not bound. Speci.fically, CH stret.ching frequenqies
fold couplingy) is obtained from eq 8 usingsz andy:3 from were found to increase with increased steric crowding (vide
eq 11 (wherefys is the ab initio calculated H-C—H 4 bond infra).

angle). The local mode parameters in Table 2 and bond angles The vibrational overtone spectrumteft-butylbenzene in the
calculated at HF/6-31t+G(2d,2p) lead toyj; = 13.4 cnt energy regimeAvcy = 2—7 was found to be very complex.
for tert-butyl chloride. Note that in eq 8 the local mode The presence of 10 unique CH oscillatorgent-butylbenzene

frequencies fotert-butyl chloride are, = @, = 3085 cnrl made the overtone spectra impossible to assign.

and s = 3044 cntl, The vibrational overtone spectrumtefit-butyl chloride was
The infrared spectrum aert-butyl iodidé® shows the CH obtained in theAvcy = 2—7 regions. The spectra exhibited

stretching transitions occur at 2909.2 ¢i(|10), 2967 cnt? simple, well-behaved Fermi resonancestt-Butyl chloride

(11004), and 2974.3 cmt (]100,). Taking the coupling constant  contains three “down” CH oscillators and six “up” CH

v1, to be twice the splitting between th&0, and |10}, oscillators which were resolved in the vibrational overtone

states we arrive gt;, = 3.6 cnT*. Using an approach identical ~ spectrum. The local mode parameters of @re determined
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to be® = 3084+ 4 cnm! and@x = 59.6 & 0.8 cnt! while o (8)Cﬁjaerlggag:gdl,ola. 1%;2'733:005' R. J.; Turnbull, D. M.; Henry, B.R.
i & — 1 ys. Chem .
thOS(? Of_Of CH were detfrmme.d to be’. 3044+ 3 cm (9) Swofford, R. L.; Long, M. E.; Albrecht, A. Cl. Chem. Physl976
andwx = 59.0+ 0.6 cn*. The interoscillator coupling term g5 179
between CH oscillators wasy}, = 12.0 cnm! while that (10) Henry, B. RAcc. Chem. Re<.987, 20, 429.
between CH and CHj oscillators was calculated to hé, = (11) Sage, M. L.; Jortner, Adv. Chem. Phys1981, 47, 293.
13.4 cntl. These parameters were used along with the HCAQ ~ (12) Nesbitt, D. J.; Field, R. WJ. Phys. Cheml996 100, 12735.
. (13) Elert, M. L.; Stannard, P. R.; Gelbart, W. ¥.Chem. Physl977,
model and a DMF calculated at HF/6-313G(d,p) to obtain 67,5395,

calculated vibrational overtone transition intensities in the range  (14) Sage, M. LChem. Phys1978 35, 375.

Avcy = 3-09. (15) Child, M. S.; Lawton, T. RFaraday Discuss. Chem. Sat981,
- . _ 71,273.
tert-Butyl iodide decomposed instantaneously\aicy = 7. (16) Henry, B. R.; Tarr, A. W.; Mortensen, O. S.; Murphy, W. F.:
The vibrational overtone spectrum was obtained in shey Compton, D. A. CJ. Chem. Phys1983 79, 2583.

= 2—6 regions. The spectra exhibited simple, well-behaved  (17) Child, M. S.; Halonen, LAdv. Chem. Phys1984 57, 1.

; ; (18) Henry, B. R.; Miller, R. J. DChem. Phys. Lettl978 60, 81.
Fermi resonances. The Gldnd CH, oscillators were resolved (19) Mohammadi. M. A Henry, B. RProc. Natl, Acad. Sci. U.S.A.

in the vibrational overtone spectrum. The local mode parameters;ggy 78, 686.

of CH, were determined to bé& = 3081+ 2 cmm ! and@x = (20) Henry, B. R.; Mohammadi, M. A.; Thomson, J. A.Chem. Phys.
59.5+ 0.3 cnT! while those of of CH were determined to be 195(5211)75F'>St1r§3 M.W. P Henry, B. RL. Phys. Chern. 2002 106,859

D 1 ~ — 1 , MWL P ,B. Rl . . , .

@ = 3025+ 5 cm and @x = 61.3 & 11'1 cm-. The (22) Kaye, W.Spectrochim. Actd954 6, 257.

interoscillator coupling terny’, was 3.6 cm* while y’; was (23) Henry, B. R.; Hung, I.-FChem. Phys1978 29, 465.

6.2 cntl. These parameters were used along with the HCAO  (24) Ahmed, M. K.; Henry, B. RJ. Phys. Chem1987, 91, 3741.

model and a DMF calculated at HF/LanL2DZ to obtain (25 Henry, B. R Sowa, M. GProg. Anal. Spectrosd 989 12, 349.

calculated vibrational overtone transition intensities in the range Tuﬁﬁgﬁlﬁﬁ,’?r,{’,;_E;d,ff'j.Qgg{ggggitrﬂéaﬁga’é‘gfi;B" Schattka, B. J.

Avcy = 3-9. (27) Rothman, L. S.; Gamache, R. R;; Tipping, R. H.; Rinsland, C. P.;
The experimental local mode parameters tert—butyl Smith, M. A. H.; Benner, D. C.; Devi, V. M.; Flaund, J.-M.; Camy-Peyret,

chloride andtert-butyl iodide, along with those previously gfjai?.msnp;eéi;roigdéna%?été%rgﬂr?sfgézsit; ';42{;?""”' L. R; Toth, R. ]

obtained for neopentane and TMS, were used to obtain scaling ~ (28) Henry, B. R. The Local Mode Model. Mibrational Spectra and
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