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ABSTRACT

The overtone spectra of the normal alkanes, propane to n-heptane,
and several branched alkanes are measured in the liquid or gas phase
from 6000 to 15000 Z. Each overtone band is principally composed of
peaks corresponding to the different CH oscillator types in the mole-
eule, CH3, CH2 or CH. The localized character of the overtone bands

increases with increasing energy. The relative intensity of the CH2

peak to the CH3 peak correlates with the number of CH, hydrogens in the

2
molecule. Combination bands involving CH local modes and a lower fre-
quency normal mode are identified. The relative intensities of the com-
' ponents of these bands parallels that of the pure CH-stretching overtone
bands. Combination bands between different CH—stretching local modes
are a1so‘observed'and tentatively assigned. Deconvolution of the main
overtone baﬁds for AVCH =3, 4 and 5 of the normal alkane spectra gives
further information about individual local mode peaks, particularly with
regard to bandshape and bandwidth. The local mode frequencies, wl’ and
diagonal local mode anharmonicity constants, Xll’ for the molecules are
obtained from a local mode analysis of both. the observed spectral data
and deconvolution results. These two parameters form consistent sets
for a given CH oscillator type. The CH=-stretching overtone spectra of
3-methylpentane are méasured for both the liquid and low temperature
(77°K glass) solid phases. Calculated diagonal local mode anharmonicity

constants show that the local vibrational potential is more harmonic at

high viscosity.
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INTRODUCTION

The local mode model has been previously developed (1, 2, 3, 4)
to interpret the spectra of highly vibrationally excited molecules.,
Normal modes, although suitable for the understanding of the fundamental
and lower overtone regions of infra-red spectra; have been shown to be
inadequate in the description of the higher overtone regions. For exam—
ple, CH-stretching overtone spectra calculated for dichloromethane, omn
the basis of anharmonically coupled normal modes, were found to be too
complex and resultant bandwidths too large in comparison to the experi-
mentally observed spectra. In that study (4), a general local mode
theofy was presented and it was concluded that the most promiﬁent spec-
tral features of CH-stretching overtone spectra corresponded to localized
modes of vibration, that is, multiple excitation of a single CH oséilla:_
tor. Many organic molecules contain CH oscillators, however, this study
deals specifically with the CH-stretching overtone spectra of the alkanes.
Reasons for this choice are outlined later in the Introduction.

The infra-red spectra of the alkanes and their analysis are well
documented in the literature (see, for example, references 5, 6, 7 and -
8). One of the more important of these studies is the extensive nor=- ..
mademéde} analysis of the n-alkanes by Snyder and collaborators (8).
More relevant to this work is the presentation by Avanessoff and Gaumann
of a group model and its application to the analysis of the C-H/C-D
valence vibrations of some alkanes (9, 10). The authors employ an
experimental model of group frequencies, for methyl and methylene groups,

to aid in the assignment of the frequencies.
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Only a limited amount of work has been devoted to the CH-stretch-
ing overtone spectra of these alkanes. Most recently, the CH-stretching
overtone spectra of methane and ethane were interpreted in terms of

local modes (11). Prior to that publication was the documentation of

the extension of the previously mentioned group model of Avanessoff
and collaborators to the observed first and second overtone (AvCH =
2 and 3) spectra of the valence C-H vibrations of alkanes (12). The

higher overtones, out to AVCH = 6, were only measured for h-hexane.

This later article is particularly interesting. Calculations, based
on a normal mode analysis of the valence C-H vibrations of isolated
methyl and methylene groups, are compared to observed overtone fre—
quencies. Even this group model, which takes into account the depen~
dence of the observed spectral structure on the CH3 and CH2 groups of

the molecule, a concept discussed later in this report, is acknowledged

by the authors to fail as low as Av.__ = 3 to adequately represent the

CH
CH-stretching overtone spectra.
The present study comprises a further look at the local-mode

character of these CH-stretching overtone spectra. By local mode

character I mean the spectral features which have been shown, in the

aforementioned paper on dichloromethane (4), to be more readily inter-
preted in terms of local modes. Before introducing other aspects of

this work, a summary of several of the more important characteristics

will be given.
The simplicity of CH-stretching overtone spectra has been observed
for a wide variety of compounds, including smaller moZecules such as

dichloromethane (4) and even larger aromatic systems such as naphthalene
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(13). It appears that only the most anharmonic normal mode components,
that is the ones which correspond to multiple excitation of a single
local oscillator, are observed in the higher overtone regions. The
highest frequency normal mode components ddonot seem to contribute at
all, which is the reason that the bands are simpler and narrower than
expected. The simplicity is not uniform for all overtones, but has
been observed to increase with an increase in the vibrational quantum
number, v. A normal mode analysis would predict the opposite effect
due to an increasing number of symmetry allowed normal mode components.

Although, the pure local mode overtones are the most intense
spectral features, combination bands of much less intensity do occur.
Two types of combination bands‘have been previously identified and both
are observed to increase in importance for the lower overtones; Indeed,
the observed increase in complexity of the lower overtones is largely
due to this increase in importance and intensity of these combination
bands.

The first type, local mode CH-CH combination bands, appear imme-
diately to the high energy side of a pure local mode overtone band.
These local mode CH-CH combination bands are the result of a division
of the vibrational quanta among two CH bondis. In local mode terms, such
bands are said to be combination bands involving two CH local modes and
demonstrate the existence of a small coupling between local modes. How-
ever, these local mode CH-CH combination bands can also be interpreted
to represent the manifestations of a normal mode pattern in CH-stretching
overtones. The other type of combination band is the result of a more

direct influence of normal modes on these overtones. This second type




4=
of combination band appears to even higher energy relative to the pure
local mode overtone and has been assigned as a combination band between
a multiply excited local CH oscillator and a single quantum of a lower

frequency normal mode. Both types of combination bands are much less

intense and decrease much faster in intensity than related pure local
mode overtones, such that by AVCH = 5 only a slight broadening of the
high energy side of the pure local mode overtone, the result of local

mode CH~CH combination activity, is observed.

For AVCH = 3 overtones, a much greater influence of normal modes

has generally been observed. In the AVCH

structures can be described in terms of pure local mode overtones and

= 4 and 5 regions, the band

the two types of combination bands. However, the increased complexity,
previously observed in AVCH = 3 bands, suggests that normal modes con-
tribute significantly for this overtone. Recent work on the overtone
spectra of the dihalomethanes (%)) has corroborated a'previoﬁé report

by Wallace (15), which indicates that the extent of this normal mode

influence, and conversely the applicability of a local mode analysis,
is dependent on the mass difference between hydrogen and the moiety to

which it is bound.

The alkanes were chosen for this study for several reasons other
than availability. Alkanes contain a relative abundance of CH oscilla—

tors, which aid in the problem of weak intensities encountered in the

overtone region. More importantly, several types of CH oscillator,
that is CH3, CH2 and CH, are found in saturated alkanes. The presence
of several different CH oscillator types was desired for a further study

of another local mode characteristic, the effect of nonequivalent CH




groups.,

The effect of nonequivalent CH groups was previously observed in
the CH-stretching overtone spectra of benzene, toluene and the xylenes
(11). 1In the benzene spectra, a single peak was observed for each over-
tone and representéd the six equivalent aryl CH bonds. However for
toluene and the xylenes, a second peak is resolved to the low energy
side of the aryl peak. It appears gttannenergy comparable to a corres-
ponding transition in ethane and therefore can be identified with an
alkyl CH local mode. Thus it has been observed that nonequivalent CH
groups are resolved in the overtone region as distinct peaks, refleét—
ing the differences in the nature of the nonequivalent CH bonds. The
narrow bandwidths, observed for local mode bands, are instrumental in
the resolution of these peaks. Howevef, the difference between the
primary, secondary and tertiary CH oscillators of the alkanes (CH3,
CHz'and CH groups, respectively) is much less than that between aryl
and ailkyl CH groups. Therefore, the possible resolution of these CH
oscillators was another purpesecof . thiszstudy.

Furthermore, a rough correlation between the number of a given
type of CH oscillator and the area of the local mode overtone peak,
representing that CH type, has been observed (11, 135 16). A compari-
son of the overtone spectra,AvCH = 3 to 5, of toluene and benzene has
shown a relative decrease in the aryl peak size of the methyl substi-
tuted benzene. A second methyl substitution results in a further
decrease in the aryl peak size and an approximate doubling in the alkyl
peak size in the three xylenes. A similar correlation has been reported

for theAng==6 overtone transitions of benzene, toluene, m-xylene and




trimethylbenzene, observed by Swofford et al. using the more sensitive
technique of thermal lensing spectroscopy (13). A further investigation
of the correlation is possible with the alkanes, which present numerous
different combinations of three hydrogen fypes. The concepts of non-
equivalent CH groups and the correlation of peak area to the number of

a specific CH oscillator type are important for they cannot be explained
in terms of normal modes.

The consistency of CH-stretching overtone spectra is another obser-
ved local mode characteristic. For example for a given CH oscillator
type, corresponding overtone transitions have been observed to occur at
approximately the same energy for several compounds. The bandwidths of
each overtone are also essentially unchanged for a wide variety of mole-
cules. The consistency of the overtone bands is difficult to explain in
terms of normal modes because of the large difference in the predicted
number of allowed states of different molecules.

The extent of the applicability of a local mode description to
CH-stretching overtones was another concern of this study. To this
purpose, a deconvolution?® of experimentally recorded CH-stretching over-
tone spectra was performed to see how well these spectra could be con-
structed in terms of the sum of Lorentzian peaks, each corresponding to
a different local CH oscillator. The Lorentzian shape has recently been

corroborated by the "nearly perfect Lorentzian lineshape" observed in a

#Deconvolute is used throughout this text to indicate the decomposition

of the overtone bands into their component peaks.

‘
i
1
'
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dye laser study of the AVCH = overtone of gaseous benzene (17). Fur-

thermore, a Lorentzian lineshape is predicted for a transition, in an

isolated molecule, to a discrete state, which is coupled to a manifold

of nearly degenerate states (18). Here, the given state is coupled an-
harmonically to other vibrational modes. However, in the liquid phase,
intermolecular interactions occur and the peaks broaden substantially.
Therefore, there exists the possibility of non-Lorentzian lineshapes.

Deconvolution of the overtone spectra also makes possible the more

accurate assignment of peak maxima, usually difficult due to the shift-

ing of the maxima of overlapping peaks. These more accurate maxima are
required for the calculation of CH-stretching diagonal local mode an-
harmonicity constants.

The energy of vibrational states, corresponding to the local CH

oscillator, can be expressed as

E=E + Iv,w, + 2 Ty, I 2 VVX €D
i>§ 13 13 i>3 1i]1]

where v, and w, are the vibrational quantum number and harmonic fre-

quency respectively, associated with local mode i. Xij is the local

mode anharmonicity constant and wiins a harmonic coupling term of the
order of (wi - wj). For a set of nearly degenerate oscillators, such
as the alkyl CH oscillator types, the term (wi - wj) is small and the

harmonic coupling term can be neglected. Therefore for the excitation

of a single oscillator from the vibrational ground state to the state
Vis the transition energy is simply given by

. 2
E=v + v, (
i 195 . Xi’ 2)




A plot of AE'/Vi versus v, will yield, ws the local mode harmonic fre-
quency as the intercept and, Xii’ the local mode diagonal anharmonicity
constant as the slope.

In summation, this work is divided into three areas of concern.
The first section will deal solely with the experimentally obtained
CH-stretching overtone spectra of some alkanes. The local mode char-
acter of these alkane overtone spectra will be discussed. Secondly,
the results of the deconvolution of the spectra will be introduced.
This second section will provide a more quantitative look at local
mode character in CH-stretching évertone spectra and also be converned
with the extent of the applicability of local modes to such spectra.
Finally, CH-stretching local mode diagonal anharmonicity constants,

Xii's, are calculated and discussed.




EXPERIMENTAL

Spectra were obtained for solid, liquid and gas phase samples in

this study and, since each phase required specific experimental condi-

tions, these will be discussed separately.
i) Solids

The only solid phase alkane studied was 3-methylpentane, as it
forms a clear glass at 77°K. Liquid 3-methylpentane was obtained from

the Phillips Petroleum Co. and purified by a modification of the method

of Potts (19). F@EZAVCH = 4, 5 and 6, the glass was contained in an
8 cm quartz cell fitted in an all quartz dewar (#203908, H. S. Martin
& Co.,'Evanston, Illinois). However for AVCH = 3, 3~methylpentane in
é 1 cm square Pyrex cell was cooled to 77°K in an Oxford Instrument
DN704 opticalvdewar. The change of cells was necessitated by the re-
quirement of a shorter pathlength.

The samples were cooled gradually over a period of at least one
hour. It was observed that the longer pathlength samples were cloudy,
probably due to residual wéter frozen into the glass, and this resulted

in a higher background absorbance. At first density gradient filters

in the reference beam were required to bring the baseline onto scale.
However, it was found that if the cell was turned at a slight angle with
respect to the beam, the background absorbance was considerably reduced

and the filters not required. No shift in the peak maxima was observed

to occur from this procedure.
ii) Liquids
The majority of the alkanes studied were liquids. ‘The sources

and purities of these chemicals were as follows: Matheson, Coleman and
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Bell, spectroquality (n~hexane, n-heptane, 2-methylbutane, cyclohexane);
Fisher Scientific Co., spectranalyzed (n-pentane, cyclohexane); Phillips
Petroleum Co., 99 Mol % (3-methylpentane). Because of the intensity of
the CH-stretching mode, the long pathlengths of neat liquid, the spec-
tral region observed and other reasons, absorptions due to impurities
were not observed and so further purification was not required. These
liquid alkane samples were run as neat liquids and contained in 1 cm
(AXCH==33)§éﬁdi§0:em\(égcﬁ 534595§)6Q»quartz:cells.vaeésﬁﬁemehtiofﬂthe
AVCH = 2 transition for 3-methylpentane required a pathlength less than
1 em and so a 1 cm divided cell was filled only on one side of the divi-
der. The result was an effective pathlength of approximately 0.5 cm.
iii) Gases

Several gas samples were also studiéd. These included propane,
n-butane and isobutane and all were received from the Phillips Pefroleum
Co. as lecture bottles of liquified gas in excess of 99.9% in purity.

The AVCH = 4, 5 and 6 results for these compounds were not acquired on

the gaseous samples as originally hoped. Ifiténfiénsewéré to use a high

pressure gas cell, previously described by Hayward (206), to observe,the,

desired transitions, but pressures of at least lOOQ;ésiaaééwfequired;tog
obtain a measurablé intensity. These samples' pre@séreé‘aré’alliless
than 150 psi. The problem was overcome by effectively distilling these
samples into the high pressure gas cell. The gas cylinder's temperature
was raised several degrees above room temperature and upon opening the
valve, the liquified gas fiowed through a connecting system into the
high pressure gas cell. The result was an approximately 5 cm pathlength

of liquified gas, under pressure.
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Recently, a long pathlength, low pressure gas cell (Wilks Scien-
tific Corp., 20 meter variable long pathlength gas cell, Model No. 5720)

became available for use. This cell was used to obtain the AVCH = 3 gas

phase spectra of propane and n-butane. The pathlength for both samples
was 2.25 m, but for propane some of the nitrogen, used to flush the celi,
was left in the cell and a relatively reduced intensity was observed for
that sample.

iv) General Procedures

All spectra were measured using a Cary 14 spectrophotometer, oper-
ated in the infra-red mode. Two slidewires were used, a 0 to 2 absorb-
ance slidewire for AVCH = 3 and 4 and 0 to 0.2 absorbance, expanded

scale slidewire for AVCH = 5 and 6. Reference samples were not used,
that is the samples were referenced to air. The spectral slit width
was never more than SZ, and so is negligible when compared to the
widths of the observed overtone bands.

Deconvolution studies were performed using slightly modified ver-

sions of programs PC-138 (21), PC-116 (22) and PC-122 (22) courtesy of

Dr. R. N. Jones. The spectra were digitized and the results converted

from wavelength in Angstroms and absorbance, to wavenumbers and trans—
mittance, respectively by program PC-138. The data were read into
PC-138 with a given wavelength spacing between the points. Since a

direct conversion to wavenumbers would not result in a desired constant

wavenumber interval, the authors, Jones et al. employed an inter-
polation algorithm, using a five point Lagrange formula, to obtain the
desired interval between the output data points. ‘The data was then

ready for analysis by program PC-116,
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A brief explanation of PC-116 will now be given, with an emphasis
on aspects more relevant to this work. A more complete discussion for
all these programs is given in references 21 and 22. Program PC-116
was written with the amalysis of the infra-red spectra of condensed
phase systems in mind. It is written, as are the others, in Fortran
IV. The program can utilize Lorentz, Gauss, Lorentz-Gauss product or
Lorentz-Gauss sum functions as required, for these bandshapes are the
most probable in the infra-red spectra of liquid phase samples. PC-116
will, given a set of approximate defining parameters for .éach peak, an
approximate baseline, the nuﬁber of peaks, the desire bandshape and
other input data, optimize the approximate parameters of single or
multiple overlapping peaks.

| A non-linear least squares method, based on algorithms by Meiron
and Marquardt, is used to optimize the parameters. bAn equation is set
up, which adjusts the ﬁarameters in iterative steps. The actual adjust-
ments are made by matrices, whose elements are related to the partial
derivatives of the differences between the observed and calculated
values, fi’ with respect to each parameter, Xy in other words Bfi/axi.
Termination of’the iterations will oecur for several reasons. The most
important is, of course, a successful fit of the data by the given func-
tion to within a specified tolerance. For this work a significant fit
was achieved when the maximum ordinate difference, FM, was less the
0.001 transmittance units. A second reason is slow convergence. In
fact, it was slow convergence that terminated all the deconvolutions
performed in this study. Slow convergence will result if the minimi-

zation of the difference function proceeds too slowly and again is
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governed by a specified tolerance limit. A check for slow convergence
is performed for every iteration. The sum of the squares of the

difference between the observed and calculated results, FSM, is cal-

culated for each iteration. If the ratio of the value of FSM for the
previous iteration to its present value was ever less than 1.002 than
slow convergence was indicated for these deconvolution studies. If this

is the reason for termination, then the optimized parameters, calculated

before the tolerance limit was exceeded, are printed out. Even though

slow convergence was responsible for the termination of all the decon-
volutions, reasonable fits of the data were obtained. Also, although
numerous fits were possible for the given data it is noted that the
results achieved were physically significant. The comparison of
calculated band envelopes to the experimentally observed overtones

will be discussed in the results section.

| In this study, a Lorentz bandshape was chosen to fit the local mode
CH-stretching overtones. Three parameters, Xy the maximum peak absorb-
ance, X,, the wavenumber position of the peak maximum and Xq» where 2/x3
is the full width at half maximum, are necessary to define a Lorentz

band. A fourth parameter in the program is the baseline constant, and

it is used to represent a constant background absorbance. For AVCH =3

and 4, this constant background absorbance was able to adequately repre-—

sent the observed level baseline, but for AVC = 5 the baseline rises

H

sharply toward higher energy. The rising baseline was found to cause
difficulties in the deconvolution of the AVCH = 5 overtones and compari-

son of observed and calculated band envelopes revealed large differences.
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- Often, calculated peaks on the lower energy side of band, for example
CH2, were observed to exceed the absorbance of the experimental band
envelope. The background absorbance, represented by the spectrum of
carbon tetrachloride in the AVCH = 5 region, was finally measured and
incorporated into the program, to be subtracted from the sample absorb-
ance. Also, a linear baseline correction was used for AVCH = 3 of pro-
pane to account for the rising background absorbance caused by a
decreasing reflectivity of the low pressure gas cell's mirrors. The
baseline corrections were found to have no appreciable effect on the
position of the maxima of larger peaks at higher energy, such as CH3,
but the position of smaller peaks at lower energy, such as CH, were
quite sensitive to any ;hanges in baseline.

A comparison of the experimental and calculated band envelopes
was frequently done to check the quality of the fit. Once the optimum
values for the parameters Xy» Xy and x4 were obtained, program PC-122
was used to calculate the ordinates of the band envelope. The calcul-
ated and observed band envelopes were plotted and compared visually.

Anofher method of comparison of the calculated and observed band
envelopes was through the final calculated value of FM, - the maximum
ordinate difference. Values of FM and WFM, the wavenumber position of
this maximum difference, were calculated and printed for every iteration
of program PC-116. FM and WFM were used in conjunction with the visual

comparison of experimental and calculated band envelopes to gauge and

compare the results of the deconvolution program,




RESULES

In this study the CH-stretching overtone spectra of a number of

alkanes have been measured in the region Av.. = 3 to AVC = g. Pres-

CH H

ented here are the straight chain series of propane to n-heptane, the
branched'alkanes§qiSobutané;wzsmethylbutane,and~3ﬁmayhyipentane3@3MP§
and also a ring alkane, cyclohexane. The experimental spectra are

given in figures 1 through 7, 8 thwough 16, and 17 through 25 for the

i A N = = - . .
regions Av ., 3, AVCH. 4 and AVCH 5 and 6, respectively. With the

exception of propane and n~butane, spectral intensities are effectively
multiplied by 1, 10 and 100 for the AVCH = 3, 4 and 5 regions respec-—
tively, &ue to changed experimental conditions of cell pathlength and
slidewire. AvCH = 3 spectra are not given for isobutane and cyclohexane.
The maxima for all ‘reasonably resolved overtone bands are given in

Table 1. The CH3 type, CH-stretching overtone peak is given for all com~

pounds, because it was well resolved for all the alkanes studied. The
given values, unless indicated otherwise, are the average of at least

five spectra. Representative uncertainties for the CH, peaks are

3
+3 cm—1 for AVCH =3, 4 and 5 and +10 cm_l for AVCH = 6. In general,

, -1 .
the CH2 peaks are several cm ~ more uncertain, due to poorer resolution.
The AVCH = 6 CH3 results, for propane and n-butane, are -only approxi-
mate due to extensive background noise for these samples in that region.

o
Figure 17 illustrates exceptional noise in the region below 7000 A for

propane.

A computer assisted deconvolution of overtone bands AVCH =3, 4
and 5 was performed for the straight chain alkanes and isobutane (AVCH =
4 and 5 only). The results of this study, in the form of the peak




Fig. 1 The overtone spectrum of gas phase ( 'QlOO psi) propane
at room temperature in the region of A cn = 3. 2.25 m i
pathlength. : '
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Fig. 2

The overtone spectrum of gas phase ( “v30 psi) n-butane

at room temperature in the region of Av
pathlength.
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Fig. 3 The overtone spectrum of liquid phase n—pentane at room
temperature in the region of AVCH = 3. 1 cm pathlength.
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Fig. 4 The overtone spectrum of liquid phase n-hexane at room.

, temperature in the.region of AVCH =3, .1 cm pathlength.
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Fig. 5

The overtone spectrum of liquid phase n-heptane at room
temperature in the region of AVCH =-3. 1 cm pathlength.




~20- .

000¢g!

O00%I

0002

000!

*HO*(°*HD) *HD

P

™= 00

0

90

80

c0

JONVEHOSEY



Fig. 6 The overtone spectrum of liquid phase 2-methylbutane at
room temperature in the region of AVCH =3, lcm
pathlength. ' '
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Fig. 7

The overtone spectrum of liquid phase 3-methylpentane

at room temperature in the region of Nv,_ =3, 1 cm
CH

pathlength.




-22- .

000g]

*HOHO ¥*HOHD)

JONVEH0SaY

T
[



Fig. 8 The overtone spectrum of liquid phase (under & 175 psi)
‘ propane at room temperature in the region of AVCH = 4,
5 cm pathlength. I
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Fig. 9 The overtone spectrum of liquid phase (under n 60 psi)
n-butane at room temperature in the region of AVCH =4,
5 cm pathlength. ' : ‘
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Fig., 10 The overtone spectrum of liquid phase n-pentane at room
temperature in the region of AVCH = 4, 10 cm pathlength.
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Fig. 11 The overtone spectrum of liquid phase n-hexane at room
temperature in the region of Av.,. = 4. 10 cm path-
:, . , CH . ,
length. : ' f"
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Fig. 12 The overtone spectrum of liquid phase n-heptane-at room ;
temperature in the region of Av,.. = 4. 10 cm path- L
CH. v
length. : : i
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Fig. 13

The overtone spectrum of liquid phase (under ™ 60 psi)
isobutane at room temperature in the region of AVCH =4,
5 cm pathlength. '
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Fig. 14 The overtone spectrum of liquid phase 2-methylbutane at
room temperature in the region of AvCH =4, 10 cm
pathlength.
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Fig. 15

The overtone spectrum of liquid phase 3-methylpentane
at room temperature in the region of AVCH =4, 10 cm
pathlength.
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Fig. 16 The overtone spectrum of liquid phase cycloh_exane at
| room temperature in the region of Av___ = 4. 10 cm ’ !
: CcH !
i pathlength. |
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- Fig. 17 The overtone spectrum of liquid phase (under % 175 psi)
propane at room temperature in the region of AVCH =5

| and AVCH = 6. 5 cm pathlength.
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Fig. 18 The overtone spectrum of 1iquid phase (under "V 60 psi)
n-butane. at room temperature in the region of Ay =5

and AVCH = 6. 5 cm pathlength. CH
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Fig. 19 The overtone spectrum of liquid phase n-pentane at room
temperature in the region of»AvCH =5 and AvCH = 6.
10 cm pathlength.
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Fig. 20

The overtone spectrum of liquid phase n-hexane at room

temperature in the region of Av
10 cm pathlength.

CH

= 5 and Av

cH

= 6'
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Fig. 21

The overtone spectrum of liquid phase n-heptane at room
= 6.

temperature in the region of Av
10 cm pathlength.
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Fig. 22 . The overtone spectrum of liquid phase (under ™ 60 psi)
. isobutane at room temperature in the region of AVCH =5 |

and AVoy = 6. 5 cm pathlength.
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Fig. 23 The overtone spectrum of liquid phase 2-methylbutane
at room temperature in the region of Av.,_ = 5 and

AVCH = 6., 10 cm pathlength. CH
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Fig. 24

The overtone spectrum of liquid phase 3-methylpentane
at room temperature in the region of AVCH

Av

c

q = 6.

10 cm pathlength.

= 5 and
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Fig. 25 The overtone spectrum of liquid phase cyclohexane at
room temperature in the region of Av___ = 5 and

AVCH = 6. 10 cm pathlength. CH




-40-

000

200

$00

900

800

JONVEHOSaY



41~

ATuo jusweinsesw suo (e

%6901 Nmo 9UBXIYOTOL4

81¢2¢T 91801 %uo QUBXBYOTILD

0€8ST OSYET £860T 80v8 ®mp  (s) ouejuedyAyzem—g

1€LST €TYET 0L 60T 80%8 6185 *wp (1) euejuedrAyjeu—g

€ZLST €0VET 9601 (21078 o sueInqAyaSU-7

€%7901 HO aUBINGOST

9ZLST €8EET 95601 1o SUBINQOST

SLEST 7y1ET L9L0T 9928 ) suesdey-u

9895T S9EET LE60T 68€8 *mo sue3dey-u

76EST 1STET 69L0T 8978 % suexey-u

80LST 8LEET 87601 z26€8 tmp suBRey~U

8STET 9201 G178 ) sueuad-u

9ZLST L8EET 85601 96€8 o suejuad-u

9GI€ET Nmo sueing-u

8YLST 26E€T €9601 (9678 *mo sueIngG-u

8YLS1 28€€T 8S60T (€248 tmo suedozd
= B,y = mo?< = mo>< ¢ = B,y Z = MU>§m 1usmudIssy STNOSTOR

AﬂnauV SANVITIV TVIHAAS 40 VELDHIS INOLYEAQ
ONIHOLTYLS-HO HHI Y04 VWIXVW QNVE G9IAYASE0 HHI

T dTIVL




40—

parameters X., x2 and 2/x3 (=FWHM), are given in Table 2. An example

1
of a typical deconvolution set is given in figures 26, 27 and 28 and
represents the work done on n-heptane. Experimental data, digitized
and converted by program PC-138, have been plotted in these illust:a—
tions and under each band envelope are approximations of the lLorentz
peaks calculated from the parameters generated by the deconvolution
program. The straight line, running horizontally beneath each band
envelope, is the baseline, also generated by the program. Figure 29

is a similar plot for Av_. . =4 of isobutane and is given as an illus-

CH
tration of some of the difficulties in the decénvolution.

A visual comparison of experimental and calculated results was
often done by plotting the respective band envelopes. A sample of this
kind of comparison is given in figure 30 for the AVCH = 5 overtone of

n~heptane. The deconvolution of the Av,., = 5 overtone of n-heptane, .

CH
~given in figure 30, resulted in the poorest fitting calculated band
envelope, on the basis of a final value of FM (the maximum ordinate
difference) of 0.08 transmittance units. For all other deconvolutions
the value of FM at termination was in the range of 0.0l to 0.05 trans-
mittance units. The éverage values of M were 0.04, 0.02 and 0.04

transmittance units for Av,.. = 3, 4 and 5 respectively. The position

CH
of the maximum difference, as given by WFM, was genérally found in the
tails of the curves. A probable reason for the observed discrepancies

between experimental and calculated results at the extremities of the

band envelopes is the broadening of the peaks by intermolecular inter-

actions, resulting in non-Lorentzian lineshapes. The possibility of




Fig. 26

An illustration of the calculated local mode compo-
nents of the Av___ = 3, CH-stretching overtone band

- of n-heptane: (+++++) Experimentally observed

overtone band; (= ) Lorentzian peaks, calculated
with parameters from a deconvolution program, repre-

_senting each of the predicted pure CH local mode

overtones and local mode combination bands.
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Fig, 27

-of n-heptane.

An illustration of the calculated local mode compo-
nents of the AvCH = 4, CH-stretching overtone band
(s+++«+) Experimentally observed
overtone band; (= ) Lorentzian peaks, calculated
with parameters from a deconvolution program, repre—
senting each of the predicted pure CH local mode:
overtones and local mode combination bands.
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Fig. 28

An illustration of the calculated local mode compo-
nents of the AVCH = 5, CH-stretching overtone band
of n-heptane. (+****) Experimentally observed
overtone band; ( ) Lorentzian peaks calculated
with parameters from a deconvolution program, repre-
senting each of -the predicted pure CH local mode

overtones.,
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Fig. 29

An illustration of the calculated local mode compo-
nents of the Av,__ = 4, CH-stretching overtone band
of isobutane. (+++++) Experimentally observed
overtone band; ( ) Lorentzian peaks,. calculated
with parameters from a deconvolution program, repre-
senting each of the predicted pure CH local mode
overtones and local mode combination bands.
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Fig. 30

Calculated and observed CH-stretching overtone band
of heptane corresponding to Av___ = 5. Calculated
curve represents the sum of LoF¥entzian peaks, obtained
from a computer assisted deconvolution of the experim
mentally observed overtone band.
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No attempt was made to deconvolute the AVCH = 6 overtones, since
these bands were not of sufficient intensity to overcome the uncertain-
ties due to background noise. It was found that, due to the nature of
the data, the program wasn't able to sort out the smaller peaks consis-
tently or often at all, especially when these peaks were nearby much
larger peaks. TFor example, the CH peak position, for the branched
alkanes 2-methylbutane and 3-methylpentane, was much too uncertain in
trial computationé and so the deconvolution of these compounds is omit-
ted here.

Another result of the problem with smaller peaks was that the
number of peaks assumed in a given overtone's deconvolution, n, was
not uniform, especially for AVCH = 4, The AVCH = 4 region is interest-
ing, because in that region the observed local mode CH-CH combination

bands" intensities border on the limiting intensity that can be decon-
voluted for this data. An incréase in the number of CH2 groups in the
molecule, from propane to h-heptane, is observed to result in a respec—
tive increase in n from three to five, for AVCH = 4. Two of these peaks
always represent the much more intense CH local mode overtones, corres—
ponding to CH3 and CH2. The third, fourth and fifth peaks are local
mode CH-CH combination bands and are observed just'to the high energy
side of the pure CH local mode overtone peaks. I believe that an
increase in intensity of the local mode CH-CH combination bands, asso-
ciated with the CH2 hydrogen type, over the limiting intemsity is
responsible for the increase in n. An attempt to deconvolute a fourth

peak, another local mode CH~CH combination band, for AVCH = 4 of propane.

gave ridiculous results, even though another small peak can clearly be
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o
observed, at about 9025A, as a shoulder on the main peak (figure 8),

Thus, that peak was just too low in intensity to be isolated, due to
(

only two contributing CH2 hydrogens in the molecule. For AVCH = 4,

the results of deconvoluting the band as both three and four (five

for n-heptane) peaks are given, when possible. Comparison of these
results provides a further illustratiion of the effects of smaller
peaks on deconvolution. In general, however, the maximum number of

peaks, which could be successfully deconvoluted from the band, were

assumed and the results given in Table 2.

3 and CH2 peaks for

AVCH = 3, 4 and 5, as calculated from Table 2 data. The results for

Table 3 presemts the separation of CH

propane are observed to differ from those given for the other moles-
ecules, probably as a result of the increased inaccuracy of the decon-
volution of smaller peaks. The averagé separation given for each Av,
therefore, excludes the results of propaine.

Equation 2 was used to calculate the CH3 type CH-stretching
diagonal local mode anharmonicity constants from the experimentally
observed CH, maxima of Table 1. The anharmonicity constants comprise

3

Table 4. Hereafter, unless otherwise specified, any discussion of

anharmonicity constants will refer to CH-stretching diagonal local
mode anharmonicity constants, Xll'

It was originally hoped that deconvolution of the overtone bands

would result in a refinement of the previously calculated CH3 anharmo-
nicity constants. However, the values obtained, using Table 2
deconvoluted peak maxima, were not any more uniform and the correlation

coefficients often poorer. The deconvolution procedure did give CH2
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TABLE 3
SEPARATION OF THE CH3 AND CH2 PEAKS FOR

THE ALKANE OVERTONES- (cm"l)

Molecule Avey = 3 AVeoy = 4 AVCH’= 5
propane 120 110 193
n-butane" 137 193 254
n~-pentane 139 196 258
n-hexane 141 195 257
n-heptane i42 194 260

average 140 195 257
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TABLE 4
RESULTS OF CH3 ANHARMONICITY CALCULATIONS

FROM OBSERVED CH3 PEAK MAXIMA

Molecule Xll‘(cm—l) q;lA(cﬁ_l) r(a)

propane -61.3 2988 -0.9980
n-butane -62.4 Z5% 2995 -0.9979
n-pentane -60.6 2981 -0,9999
n-hexane -60.1 2977 -0.9999
n-heptane -60.7 2977 -0.9999
3-methylpentane -60.1 2984 ‘ -0.9999
2-methylbutane -59.7 2979 -0.9999
isobutane -59f0 2974 -0.9976

(a) see text
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peak maxima and so permitted the calculation of CH2 anharmonicity
constants. Both the CH3 and CH2 anharmonicity calculation results,
from the deconvolution data, are presented in Table 5.

X11 calculations were usually based on four points, AVCH = 3

through 6. The exceptions, CH? anharmonicity constants for propane,

n-butane, and n-pentane, are indicated in Table 5. Since the AVCH =6
bands were not deconvoluted, the AVCH = 6 rough maxima were used in
the X11 calculations. Although the CHé peak is always resolved in the
AVCH = 6 region, the CH2 peak was often of insufficient intensity,
especially for the shorter chain compounds, to be resolved and so was
unavailable for propane, n-butane and n-pentane. Where four points
were available, little change was observed in the CH2 anharmonicity
constants if only three points were used in the calculation, that is
when AVCH = 6 is omitted. Therefore, it is believed that the values,
calculated from only three points, are comparable. The value of
-68.0 cm_l, found for the CH2 anharmonicity constant of n-butane is
too high, relative to the Xll's ofvthe other alkanes.. The erroneous
value probably reflects the increased inaccuracy of the deconvolution
of the smaller CH2 peaks.

Dissociation energies were calculated for two of the types of
CH oscillator present in alkanes, that is CH3 and CH2. An equation,
relating the dissociation energy of a Morse oscillator to its anhar-
monicity constant, X, and harmonic frequency, w, was used for the
calculation. Further details.of the calculation of these dissocia—

tion energies is presented in the Discussion section of this thesis.

The calculatédndissociation energies are listed in Table 6 and are
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TABLE 6
A COMPARISON OF CALCULATED AND LITERATURE DISSOCTATION

ENERGIES FOR CH, AND CH, TYPE C-H BONDS

3 2
Hydrogen Calculated Kinetically Determined
Type Dissociation Energy.. . .. Dissociation Energy(a)
CH3 (primary) 104 Keal 98 Kcal
CH, (secondary) 99 Kcal 95 Keal

v

(a) References 28, 26, 27, 28




~56-
compared to accepted, kinetically determined values.
The'purpose of Table 7 is to compare the CH3 anharmonicity con-

stants, calculated for solid (77°K glass) and liquid 3MP. An illus—

tration of the results is also presented, pictorially, in figure 31,

by a plot of 4E/v versus v for both of these phases of 3MP. The data,
used to calculate the Xll's, was taken from Table 1. As shown by a

comparison 6f the values in Tables 4 and 5, convolution of the usually
predominant CH3 peak with other peaks, such as CHZ’ results in only a

slight shift in the CH3 peak position. Since the shift is generally

less than the errors inherent to the deconvolution, the CH3 peak maxima
of Table 1 are sufficient for a comparison of the CH3 anharmonicities

of solid and liquid 3MP.




Fig. 31

A plot of Equation 2 for the CH3 transitions from the
experimental solid (77°K glass)™ and liquid (room
temperature) § spectra of 3-methylpentane in the region

AVCH = 3 to AVCH = 6.
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TABLE 7
DIAGONAL LOCAL MODE ANHARMONICITY CONSTANTS FOR

THE CH3 TRANSITIONS IN 3-METHYLPENTANE

Phase X (cm—l) r(a)
11
Liquid -60.1 -0.9999
Solid -54.8 -0.9998

(a) see text
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DISCUSSION

A, THE Local Mode Character of CH-Stretching Overtone Spectra

The alkane spectra obtained in this study have been presented

almost in their entirety, because of the dramatic way that the complete
set illustrates the local mode character of CH-stretching overtone
spectra. The most natural interpretation of these spectra, especially

for the higher overtone bands, is that each band is constructed of

several peaks, each one representing a different hydrogen type. The

variation of peak size with respect to the number of oscillators of

one type bears a great similarity between these spectra dnd wide band
NMR.

i) Nonequivalent CH Groups

Throughout the alkane spectra, the resolution of CH3 and CH2

peaks is evident, the CI-I3 peak éppearing at higher energy. The alkyl

CH3 local mode peaks! AE's, given in Table 1, are remarkably similar f
to those previously observed for the methyl groups of toluene and the
xylenes (11), especially Whenémézc©nsiﬁ@$@;the difference in environ-
ment of these methyl groups. CThe average of the reported CH3 values
of toluene and the xylenes are 8378, 10959, 13409 and 14798 cm_1 for

AVCH = 3, 4, 5 and 6 respectively. An additional peak is observed at
even lower energy for the branched alkanes and this peak is due to the

tertiary CH bond at the branch point. For isobutane, an alkane with

no CH2 hydrogens, it is readily observed as an isolated peak in figures
13 and 22. The relative energies of the three types of peak qualita-
tively follows the trend of decreasing bend strength. A tertiary CH

bond is, for example, the Weakestiof the three, due to the effects of
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increased carbon substitution.

The above assignments are also supported by the readily observed
correlation of peak size to the number of oscillators of a given type
of nonequivalent CH group. The CH2 peak, which progresses from a
shoulder in propane to a clearly resolved peak in n-heptane, clearly

reflects the stepwise increase in the number of CH groups as the al-

2
kane carbon chain lengthens. Similarly, a comparison of the branched
chain alkane to straight chain alkane spectra reveals an increase in

the CH3 peak resulting from three addifional CHj type hydrogens in the
branched compounds.

It is interesting to note that a similar correspondence is found
in the normal mode-local mode combination bands observed in the spectral
region between the pure local mode overtones. These bands, as pre-
viously stated, have been attributed to the multiple excitation of a
local CH oscillator with thevaddition of one quantum of a lower fre-
quency normal mode (4). They are obserﬁed to show a parallel structure

to.that of their parent band. For example, the bands to the low energy

o)
side (8000-8500A) of the pure local mode band in the Av

CH 5 spectra

(figures 17-25), are combination bands involving the AVCH = 4 local
mode plus one quantum of a lower frequency normal mode. These normal
mode-local mode combination bands reflect not only the doublet (or
triplet) structure of the parent CH-stretching local mode overtone,

but also the relative intensities of the component peaks. The parallel

nature of the normal mode-local mode combination band structure supports

the local mode interpretation of these bands.
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ii) Other Local Mode Characteristics

The alkane spectra presented are striking in their similarity.
For each overtone transition, the only variation appears to be the
relative increase or decrease of certain peaks of the different com-
pounds, corresponding with the number of hydrogens represented by
the peak.

A comparison of the bandwidths of each overtone band reveals
they are quite invariant from molecule to molecule. The bandwidths
are small and comparable to those previously observed for CH-stretching
overtones. The overtone bands also become more complex towards the
lower overtones, primarily due to an increase in the number and inten-
sity of local mode CH-CH combination bands. For AVCH =5 only a slight
broadening of the high energy side of the pure local mode overtone
suggests the presence &f combination bands. Tn the AVCH = 4 spectra,
in addition to the broadening of the pure overtone, a single well

resolved combination band is observed. By AVC = 3, three perceptible

H
bumps, each one a combination band, are generally observed to the high
energy side of the pure CH local mode peaks. These features, a con-
sistent narrow bandwidth and increased complexity towards the lower
overtones, are not expected in terms of normal modes.

To further the discussion of the differences between the experi-
mentally observed CH-stretching overtone spectra and the expectations
of .a normal mode analysis, Figure 32, obtained from the paper on
‘dichloromethane (4), has been introduced. Spectra A and B are compari-

sons of two different calculated band envelopes (dotted lines) to the

experimentally obtained AVCH = 4 overtone transition of liquid phase




Fig. 32

Taken from Figure 5 of reference 4, copyright Academic
Press. Calculated and observed &v___ = 4, CH-stretching
overtone spectra of dichloromethané. (A) (————- ) Cal-
culated curve based on anharmonic normal mode compo-
nents; C( ) low resolution experimental spectrum;
(B) (————- ¥ computed spectrum of overtones and combina-
tions of the modes with frequency and anharmonicity
2991 (=55), 2991 (-55) and 1429 (0) cw™ ! with a weight-
ing of the fundamental local-mode overtone 50 times
that of a combination band of the same degeneracy. All

computed components were assdgned a bandwidth of 80 cm .

1
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dichloromethane. The calculated spectrum A represents the anharmonic
normal mode representation of the CH overtone band. Numbrical values
were obtained for the normal mode anharmonicity constants and these
were used to calculate the energies of the normal mode components of
the overtone band. The components were then weighted with respect to
their anharmonicities and the calculated curve was obtained as the
sum of Lorentzian bands, each Trepresenting a single component.

Calculated band B was produced on the basis of the local mode
model. A computer program, using a state counting algorithm described
by Beyer and Swinehart and modified to include anharmonic effects by
Stein and Rabinovitch,(ﬁéa'WéséuSedgtqegeheraﬁé-gilsﬁbésiblehéombination
and overtone states of the two CH local modés and a single harmonic
CH bending normal mode. Components corresponding to pure CH local
modes, that is all the energy in a single CH oscillator, were weighted
50 times. Lorentzian bands were agaiﬁ centered around each component
and summed.

Several forementioned points are clearly illustrated by a com-
parison of these calculated curves to.the experimentally observed
CH-stretching overtone spectra of dichloromethane. The overtone band,
calculated on a normal mode basis, is more complex or broader than the
observed CH-stretching overtone band. Extra structure is predicted to
highef energy thén the observed overtone band and represents the con-

-tributions of some of the less anharmonic normal modes.

Even the presence of local mode CH-CH combination bands does not

widen the observed évertone band to the width predicted by normal modes.

Although these combination bands represent a normal mode influénce, it

i
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is obvious from figure 32 that their intensity is much less than that

of the contributions, predicted on the basis of anharmonically coupled

normal modes, of the more harmonic normal mode components. Even in

the local mode analysis, it was necessary to weight the pure CH local
modes fifty times at AVCH‘= 4 and two hundred times at AVCH = 5, rela-
tive to combination bands, to bbtain comparative_bandshapes. The
increasing weight of pure CH local modes relative to combination bands.

at the high overtones is noted in the experimental alkane spectra as

the observed decrease, from AVCH = 3 to 5, of the contributions of
local mode CH-CH combination bands. Comparison of the observed alkyl
normal mode-local mode combination bands shows that these bands also
fall off in intensity at a much faster rate than the pure CH local
mode bands.

In terms of normal modes the opposite trend is predicted. A
calculation of the overtone band for the AVCH = 5 transition of dichlo-

romethane, on the basis of anharmonically coupled normal modes, resulted
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in an even broader and more complex band due to an increase in the num-
ber of allowed states. Furthermore, dichloromethane is a relatively

simple molecule, when compared to the alkanes studied here. For larger

molecules the number of allowed normal mode states increases even more
rapidly as v increases. An example is benzene for which there are 3

symmetry allowed normal mode states at AVCH = 2 and 75 (doubly degene-

rate) normal mode states for AVCH = 6. Thus, the complexity of higher
overtones for larger molecules, such as the longer chain alkanes, is
predicted by a normal mode analysis to be even greater. Also, the

large differences in size and structure of the alkanes studied should
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be reflected, in normal mode terms, by a corresponding difference in
the number of allowed states. The observed consistency of bandwidth,
for each overtone, does not support this concept.

In terms of local modes, the observed local spectral features
are the result of states in which all vibrational quanta are localized
in a single CH bond. The increasing complexity towards the lower
overtones is required for a convergence to the traditional normal mode
overtone pattern. The observed CH-stretching overtone spectra cannot
be readily explained in terms of normal modes, but fall simply and

naturally into a local mode description.
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B. DCON ~ The Deconvolution Study

Most of the data obtained from the deconvolution of the overtone
bands, AVCH = 3 to 5, of the straight chain alkanes aressummarized in
Table 2. Here again the peaks, represented by their parameters, are
seen to form very consistent sets, especially for those compounds for
which the experimental conditions were the same. (e.g. n-pentane,
n-hexane, and n-heptane).

i) Bandwidths

The narrowness of the bandwidths of pure local mode ;vertone
peeks is clearly exemﬁlified by the values of 2/x3, the FWHM. An
increase in the bandwidth of approximately 45 cﬁ_l is observed, for
both CH3 and CH2 peaks, on comparison of AVCH =4 and‘AvCH = 5 results.
The AVCH = 5 peak is the larger. However, although a bandwidth increase
is also observed from AVCH~= 3 to 4, it is quite different for the CH

3

and CH.2 peaks. The CHé peak changes significangly, but the CH_ peak

2
negligibly, in width from AVCH = 3 to 4. Comparison of these peaks in
figures 27, 28 and 29 for n-heptane reveals the source of this differ-
ence. The CH3 peaks and the CHZ peaks, resulting from the deconvolution
of AVCH = 4 and 5 overtones are- comparable, but those found for AVCH =3
are markedly/different in appearance. The difference is the result of
a‘ greater increase in the intensity of local mode CH-CH combination
bands at AVCH = 3, due to the increasing influence of norﬁal modes. . As

previously explained in the Results section, at Av___ = 4, the local mode

CH
CH-CH combination bands border on the minimum intensity which can becaccu-
rately isolated by the deconvolution program. The increased intensity

of these combination bands for AVCH = 3 makes them easier to isolate from
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the larger pure local mode overtones, but for AVCH = 4 and 5, these
rapidly decreasing peaks become increasingly difficult to separate.

Therefore, I believe that the CH3 and CH2 peaks for Av q= 4 and 5

C
are more comparable because of the failure of the deconvolution, for
AVCH = 4 and 5, to resolve completely the local mode CH-CH combination
bands hidden on the high energy side of the pure CH3 local mode peak.
The rgsult is a broadening of the CH3 peak to iﬁélude these smaller,

unresolved peaks and a subsequent, small reduction in the CH peak

2
bandwidth for AVCH = 4 and 5. Corroborative evidence is given by a
comparison of the results (Table 2) obtained when the AVCH = 4 over-
tone was deconvoluted as both three andffour (or five) peaks for
n-butane, n-pentane, n-hexane, and h-heptane. The resolution of the
fourth peak, a local mode CH~CH combination band, is observed to de-
crease the FWHM of - the CH3 peaks bf~an averagé-of.18 cm_l. The CH2
peaks' FWHM éﬁé;incféasé&éb§;aﬁiéVergge”of77dnﬁé%} The observed changes
in the FWHM illustrate the possible effects of unresolved combination
bands.

Also related is the general trend of the AVCH = 4, CH_ peaks to

3
shift, after deconvolution, to a lower energy. These peaks, usually
the most prominent, were expected to shift slightly outward, to a
higher energy, or not to shift at all. Figure 29 illustrates this
problem. Here the CH3 peak of isoBﬁtane.is obviously overweighted to
compensate for an undeconvoluted peak at about 11100 cm—l. The result
of its extra breadth was a shift of its maxima to lower energy to ob-

tain a best fit of the data.

A comparison of the CH3 and CH2 peak area% also supports the
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overweighting of the CH.3 peaks, at AVCH = 4 and 5, to incorporate the
smaller, unresolved local mode CH~CH combination bands. A rough corre-
lation has been previously reported between the ratio of the peak areas
and the ratio of the number of equivalent hydrogen for the AVCH =5
bands of toluene and m-xylene. The area ratios were observed to be
= 2/1 and =5/7, aryl/alkyl respectively (I1). For the deconvolution
results of n-heptane, only the peaks calculated for AV = 3 are obser-
ved to have an area ratio near the CHS/CH2 hydrogen ratio of 6/10. In-
d§§d$df6fo&AvCH = 4 and 5 the CH, peak is comparable, if not larger,
in size to the CHé peak, suggesting again thgt it has been overweighted.
Although the FWHM increase for the pure local mode overtone peaks
may not be consistent, or due in part to the prdéblems of the resolution
of smaller peaks, I believe that the overtone bands do broaden signi-
ficantly with increasiné v. A similar correspondeﬁce, although less
pronounced, is generally observed between the alkane chain length and
the FWHM. Both of these Broadenings could be the result of a solution
effect and increasing deviation from the Lorentzian bandshape. These

ideas will be discussed further in the Appendix.

ii) Local Mode CH-CH Combination Bands

The increased importance of normal modes towards the ldwer over-
tones is also reflected by the increase from two to five in the number
of peaks deconvolutable from each band. Local mode CH-CH combination
bands, resulting from states in which the vibrational quanta are dis-
tributed in two bonds, are seen to progress from an undeconvolutable
broadening of AVCH = 5 to three well-defined peaks for AVCH = 3. These

three combination bands are labelled I, IT and IIT in Table 2. The
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increasing importance of these local mode CH-CH combination bands has
previously been explained as representing a shift towards the normal
mode pattern.

For AVCH

tion bands is again observed. The highest energy combination band at

= 4, the problem of the low intensity of these combina-

AVCH = 4, I in Table 2, is believed to represent at leasﬁ two unresolved
peaks, which accounts for the large FWHM.

A pvaﬁﬁble assignment of these local mode CH-CH combination bands
is possible if one notes the correlation between the appearance of given
bands and the structure, that is type of hydfogens present, for the
compound for which the band is Present. For example, isobutane cannot
have any local mode CH-CH combination bands involving CH,, due to the

/

absence of this hydrogen type. Comparing the FWHM of I for the Av

fn
AN

CH

transition of isobutane to the other alkanes reveals that it is much
narrower and so confirms the suspicion that, for the other compounds,
it represents several, unresolved peaks. This result also indicates
that the highest energy band, I, which is consistently visible in

AVCH = 3 and 4 spectra, involves only-CH3 hydrogens. In other words,
it represents a state in which the vibrational quanta are distributed
in two of the CH bonds of a methyl group. A most probabléidistribution
is one quantim in one bond and the remaining in a sécond. The fact that,
for the straight chain alkanes, this peak, I, is nearly constant in X
and FWHM also suggests that it corresponds in character to a CH3 local
mode CH-CH combination band since the number of CH3 hydrogens is also
constant from molecule to molecule.

The otiv v 0 o 0 meRieriol Lan o= oavs heliece. ce RN LT
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The other local CH-CH combination bands are believed to involve

CHQ hydrogens since they seem to be responsi¥e to the number of CH2

hydrogens in a given compound. They are distinctly absent from com-

pounds with few or no CH groups. The local CH~CH combination band,

2,
marked III in Table 2, most likely represents a state similar to the
forementioned for CH3, but here the quanta are distributed in two CH

bonds of a CH2 group. Combination Band IT cannot be as readily assigned,

however given its absence for AVCH = 3 of propane and presence for

AEEH = 4 of n-heptane, it also secems to be related to the CH2 hydrogen,

although not as strongly. A possible state which would have a weaker

correspondence to the C hydrogens would result from the division of j
P .
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the vibrational quanta between two of the CH bonds of a neighbouring
CH3 and CH2 group. Since the normal mode influence gains in importance
about AVCH = 3, such a state is not'unlikely. This possible assignment
is corroborated by the significantly largef FWHM of combination band II
as compared to I and ITI. The extra breadth would be due to the pres-
ence of the two unresolved transitions to the two combination states
2(CH3), I(CHZ) and 1(CH3), 2(CH2).

iii) Peak Separation

Table 3, besides indicating that problems exist in the propane
deconvolution, also contains some additional, interesting information.

The separation of the CH3 and CH2 peaks, for a given overtone, may be

written as

E(CH3)—E(CH2) = v [wl(CH3)—w1(CH2)] + v2[X11(0H3)—X11(CH2)] 3

Equation 3 is obtained from the difference of the two equations, based

on equation 2, written for CH, and CH { From equation 3, it can be seen
3 2"

~
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that the peak separation should show a nearly linear dependence upon
v, i1f the correction due to the anharmonicity difference is negligible.
Table 3 average separations do show an almost linear increase with v,
as expected. Thus, if the peak separation is divided by v, the vibra-
tional quantum number, the result should be a fairly constant value.
The only change in this value will be due to the anharmonicity con-
stants difference and should show a dependencevuppn v. Performing a

division by v, on the average peak separations for Av q = 3, 4 and 5,

C
gives values of 47, 49 and 51 cm‘-1 respectively. These results upon
sdlving equation 3, predict a difference in the harmonic frequencies,
w, of the order of 41 em™ ! and difference in the anharmonicity con-
stants, Xll’ of 2 cm—1 between CH3 and CH2 local modes. Comparison

of the CH3 and CH2 values ole1 and(bl, from Table 5, gives an average
difference, neglecting the suspect n-butane results, of 2.0 and 38 cm_1
respectively. The validity of equations 2 and 3 for the alkane data
reinforces the predictions that the local mode off-diagonal anharmoni-
city constants, the Xij's, are relatively small or tend to cancel
relative to the Xii terms.

The parameter wDCthes been defined «Rﬂ)as the fundamental
CH~stretching frequency for a molecule with all the hydrogens but one
replaced by deuterium. (DDCH should reflect the nature of an individual
CH bond. The observed difference in the(nDCH'S for a hydrogen in a CH4
environment from that for a‘CH3 is approximately 50 cm_l. A reasonable
aseumption is that a further change in envirqnment, from CH3 to CHZ’

1

would result in a comparable change in thetDDCH. The value of 41 cm -,

observed as the difference in harmonic frequeneies of the two local
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D
modes, agrees well with the separation predicted on the basis of w CH"
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C. Anharmonicity Constants

Diagonal CH-stretching local mode anharmonicity constants, Xii's,
are readily calculated via equation 2 and the peak maxima given in
Tables 4 and 5. The calculated correlation coefficients, r, clearly
illustrate the linearity of the AE/+¥ plots. A value of -1.00 for a
correlation coefficient indicates a perfect straight line with a nega-
tive slope.

i) Morse Osétllator

Substituents, not directly Bonded to one of the atoms of a bond
being homolytically broken, have bBeen observed to have little effect
on that bond's dissociation energy (24). Therefore, the dissociation
energies of alkyl primary, secondary and tertiary hydrogens have been
found to be characteristlc of the respectlve hydrogen type, since the
energy depends only on the number of alkyl groups bsnded to the carbon
of the CH bond. Table 5 shows that célculated.X11 and wi values are
also distinct and fairly consistent for the various hydrogen types.
Any deviations are readily accounted for in the experimental uncer-
tainty. The local mode‘concepe was.originally derived from the analysis
of larger amplitude>CH?vibrations, which correspond to dissociation at

their limit. Thus the complimentary nature of dissociation energy and

local mode parameters is to be expected. The applicability of the Morse

oscillator, as a description of the local CH oscillator, has previously
been demonstrated (16). The following reiationshipg‘

X = w?/4p (4)
between the anharmonicity constant, X (Z —Xemé)? and - the dissociation

energy, D, can be written if the Morse potential is a reasonable
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approximation of the actual vibrational potential (2%). Therefore, a
further confirmation of the description of a set of weakly coupled
anharmonic local oscillators in terms of a collection of Morse oscil-
vlators is expressed by the observed correspondence of anharmonicity
constants and-iéggaaﬁcdééﬁré@ﬂea¢ies with the dissociation energies.

4

ii)  Dissociation Fnergies

Equation 4~was used to calculate dissociation energies, from
experimentally obtainedw1 and.X11 values, for CH3 and CH2, that is,
primary and secondary hydrogens. Comparison of these values with the
accepted, kineéiéally détermined, characteristic dissociation energies
(24, 26, 27, 28), in Table 6, reveals that the calculated values are
both somewhat high. However, the theory of the vibrations of a dia-
tomic (29) gives an explanation for the discrepancy. These overesti-
mations of D could result from the neglect of cubic and higher order
terms in the derivation of equation 4. Birge-Sponer plots for a-
diatomic, in which the vibrational level spacing, AG, is plotted
against the ¥ibrational quantum number, v, to #llustrate the increas—
ing importance of these terms in bigher v. The result is a downward
curvature of such a plot for these higher vibrational levels. Since
the dissociation energy is effectively the area under such a curve, an
overestimation is expected if the cubic terms.are omitted and the
linear variance of AG with v assumed. A similar ovgrestimation is
probable for these results. Thus, the calculated ddissociation energies
are good estimates of the actual dissociation energy, considering the
roughness of the data, and the applicability of equation 4 to a local

CH oscillator is supported.
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Comparison of the calculated values of-X11 and.uﬁ for CH2 to the
more consistent CH3 results, via equation 4 and the respective kineti-
cally determined dissociation energies, revealed that the calculated

average values of the harmonic frequency and anharmonicity constant

for CH2 are a little high. The values given for n-hexane and n~heptane
are found to be more reasonable, relative to the primary hydrogen results.
In the observed spectra, the CHé peak is more prominent for n-hexane and

n-heptane and so deconvolution would yield more accurate maxima and a

‘better set of local mode parameters is expected. Optimized values for
secondary hydrogens, calculated from the results of n-hexane and n-heptane

exclusively, of -62.5 cm'-1

and 2940 cm‘-1 are proposed for X11 and W res-
pectively.

iv) Medium Effects

Dellinger and Kasha have recently developed a theory of the inter-
molecular perturbation of molecular potentials (30) and a proposed
application is to ¥ibrations describable by a Morse potential.. This
work and others (18) have already shown that a collection of Morse
Qscillators is a reasonable description of a set of loosely coupled

anharmonic local oscillators and so such consideratiqns should be appli-

cable to the local CH-stretching oscillator.
The theory proposes that for such a system the solvent cage acts

as a viscosity dependent barrier to dissociation (88). The potential,

therefore, becomes more harmonic in a higher viscosity medium and this
will be reflected by a decrease in the anharmonicity constant. Figure 33,
from reference 3%, provides an illustration of the change in anharmonicity

of the higher vibrational potential predicted for higher viscosity media.




Fig. 33

The more harmonic potential (————- ), resulting from the
solid matrix perturbation of the original Morse poten—

tial C ) for the liquid phase. Adapted from
Figure 1 of reference 3.
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3MP was chosen as a suitable system to test these ideas as its
overtone spectrum is measurable in both the liquid phase at room tem-
perature and as a clear rigid glass at 77°K. Analysis of the spectra
allows c%lculation ofvtheX11 from equation 2 and a direct comparison
of the results for liquid and rigid media is possible.

The solid spectra showed about a iS% increase in intensity for
the same pathlength due to a decrease in the volume on going to the
glass. However, bandshapes remained very similar to those observed
for liquid 3MP and therefore the solid 3MP spectra are not presented
here. The CH3 peak dominates each overtone band and so its position
was assigned simply as the band maxima observed in the spectrum (see
Table 1). As previously stated, comparison of deconvoluted and rough
‘data for the CH3 peaks reveals only slight shifts in the peak maxima
and this is confirmed by the lack of any large, uniform changes in
the calculated X11 values for CHé, given in Tables 4 and 5.

Both solid and liquid plots of equation 2, given in figure 31,
are almost perfect straight 1iﬁes, as predicted by equation 2. The

solid 3MP, Av,. = 6 point is the most uncertain, due to a small

CH
intensity on a rising background. The correlation coefficients, in
Table 7, show the solid 3MP results to be only slightly poorer, but
this is easily attributable to an observed noisier background.
Figure 31 clearly shows the difference in the slope that is
representative of a difference in the anharmonieities of solid and
liquid 3MP. As predicted, the anharmonicity of the more viscous

solid phase is smaller than the liquid. Thus, intermolecular forces

in the solid phase are directly shaping the_vibrational potential
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and rendering it more harmonic. The magnitude of this change, with
X11 decreasing from ~60.1 cm_l to -54.8 cm_l, is surprising, however,
because the interaction of the solvent cage with the vibrations of

the hydrogen atom might be expected to be minimal.
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APPENDIX

Further Studies

This section has been added to allow some speculation about
several puzzles that arose during this study for which no definite

&

answers were obtained.
i) Cyclohexane

Of the CH-stretching spectra presented in this study, only those
of cyclohexane (figures 16 and 25) do not conform with the local mode
picture given thus far. Originally, cyclohexane was measured to be
used as a reference, for the CHé group, in the computer deconvelution
study. I had hoped to gain some information on the bandshape of the
pure local mode overtone peaks from the cyclohexane spectra, since the
 one hydrogen type present was expected to give a single large pehk.
However instead, two major convoluted peaks were resolved for each.
overtone. 1In addition, the two observed peaks seem to lie to either
side of the average CH2 peak position, as if their position is weighted
by their respective size. It did not seem probable that a peak of the
size observed could be the result of the presence of an impurity in the
sample, but to verify this conclusion a new, unopened bottle of spectro-
grade cyclohexane was obtained. Samples from the new bottle were found
to give identical results.

It is suggested that these two peéks represent the resolution of
the axial and equatorial hydrogens of cyclohexane. On the vibrational
time séale, the cyclohexane ring would be fixed and interconversion of

the two hydrogen types stopped, allowing a discrimination of axial and

equatorial hydrogens. If these peaks do represent axial and equatorial




-80-

hydrogens, then cyclohexane represents a further extension of the sepa-
ration of nonequivalent hydrogens in CH-stretching overtone spectra. A
study is presently underway to investigate this idea (32) and, if sub-
stantiated, will provide further support for the local mode interpreta-
tion of these spectra. The observed separation between the "axial and
equatorial" CH-stretchings is about 110 cufl (from Table 1) at Av

ca =4

as compared to the CH3 - CH2 average separation of 195 cm_l from Table 3.
ii) Bandshapes

Although a Lorentzian bandshape has been observed previously, for
the AVCH = 6 overtone of gaseous bénzene (17), there is some evidence
in this study to suggest that there is also some Gaussian character in
the overtone peaks. A majority of the alkanes studied were in the
liquid phase and a Gaussian broadening of liquid phase spectra, due tb
intermolecular interactions, is probable.

A comparison of the observed and calculated AVCH = 5 overtones
of n-heptane, given in figure 30, reveals that the experimental band
is somewhat more round and broader than was predicted with pure Lorent-
zian peaks. The experimental spectrum does seem to be moré Gaussian in
shape. In fact, the termination of the iterations by slow convergence,
for every deconvolution, indicates that the pure Lorentzian bandshape,
assumed in the calculations, is probably not the real bandshape of the
CH-stretching overtone peaks.

Experimentation with the fitting of single, isolated overtone

peaks, using Lorentz-Gauss sum or product functions, would be instru-

mental in determining the exact bandshapes of the overtones. Since
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cyclohexane has failed, as discussed above, to produce single, isolated
peaks for each overtone, a possible choice for a reference compound
would be neopentane, an alkane with only CH, hydrogens.

3

The Gaussian character of the overtones is not expected to be

constant. Both the increase of vibrational quanta, Av, and the length

of alkane chain could increase the intermolecular interactions and

subsequently the Gaussian contribution to a given peak. The increased

Gaussian character is a possible explanation for the increased FWHM at

higher v and for longer chained alkanes.
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