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ABSTRACT

The overtone spectra of the normal alkanes, pïopane to n-heptane,

and several- branched al-kanes are measured in the liquíd or gas phase

fron 6000 to 15000 i. Each overËone band is príncipally composed of

peaks corresponding to the different cH oscill-ator types in Èhe mole-

eule, CH3' CH2 or CH. The l-ocal-ized cTraracter of the overtone bands

increases wíËh Íncreasing energy. The reLaËive intensity of the cHu

peak Ëo the cH, peak correl-ates with the number or. cH, hydrogens in the

mol-ecule. Combination bands fnvol-ving CH loca1 modes and a l-ower fre-
quency normal- mode are Ídentified. The relaËÍve intensíties of the com-

ponenËs of these bands para11-e1-s Ëhat of the pure CH-stretching overtone

bands. Conbinatíon bands between dÍfferent CH-stretching 1-oca1 modes

are.also observed and tenËatively assigned. Deconvolutíon of the maín

overtone bands for Àva" = 3, 4 and 5 of the normal alkane spectra gives

furÈher ínfo:matÍon about individual l-ocal mode peaks, particularly wíth

regard to bandshape and bandwidËh. The 1oca1 mode frequencies, ox, and

diagonal local- mode anharaonicity consËants, Xll, for Ëhe molecules are

obtained from a l-ocal- mode analysís of both the observed spectral- daËa

and deconvol-ution resul-Ës. These tr,.ro parameters form consistent sets

tor a gíven CH oscillaËor type. The CH-streÈching overtone spectra of

3-neËhylpent.ane are measured for both the J-iquíd and l-ow tempeïature

(77"K g1-ass) solid phgses. Cal-cuLated díagonal- 1oca1 mode anharmonicíty

constant.s show that the local víbrational potential- ís more harmonic at

hígh víscosity.
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INTRODUCTION

The 1ocal mode model has been previously developed (r, 2, 3, 4)

to interpret the spectra of highly vibrationally excited molecul-es.

Normal modes, a]-though suÍtable for the understanding of the fundamenËaL

and lower overtone regíons of ínfra-red specËra, have been shown to be

inadequate in the description of the higher overtone regíons. For exam-

p1-er CII-stret.chíng overtone spectra calculaÈed for dichl-oronethane, on

the basis of anha:monÍcal-ly coupled no:mal modes, ürere found Èo be too

compl-ex and resultant bandwÍdths Ëoo Large in comparison to Ëhe experí-

mentaLly observed specËra. rn that study (4), a general local- mode

theory I¡Ias presented and Ít was concluded thaË Ëhe most prominent spec-

tral feaÈures of CH-sËretehing overËone spectra corresponded to localízed

modes of vibratíon, that is, urul-tiple excitatíon of a single CH oscílla=_

tor. I'Iany organic molecules contaín CII oscil-lators, however, thís study

deals specifícai-l-y wíth Ëhe CIl-stretching overtone specËra of the alkanes.

Reasons for Ëhis choice are outlined l-ater in the rntroduction.

The infra-red spectra of the al-kanes and Ëheír analysis are wel1

documented in Ëhe l-íterature (see, for example, references 5, 6, 7 and,

8) . One of the more important of these studíes is the extensíve nor-: -
mailemódel analysís of the n-alkanes by snyder and co]-laboraÈors (s).

More relevant to this work Ís the presenÈation by Avanessoff and Gar:mann

of a group model and its applícatiori Ëo the analysis of rhe c-H/c-D

val-ence vÍbratj-ons of some alkanes (9, 10) . The authors employ an

experimental model of group frequencies, for methyl and methylene groups,

Ëo aid ín the assignment of the frequencÍes.

: - )'ir.'":i;t¡ lr:..1
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only a lírníted amount of work has been devoted to the ClI-stretch-

íng overtone specËra of Ëhese alkanes. Most recently, the CH-stretehing

overËone spectra of methane and ethane were ínterpreted ín terms of

local- modes (11). Prior to that, publícatíon rras the documentation of

the extension of the prevíously nenËioned group model of Avanessoff

and col-l-aborators to the observed firsÈ and second overton. (arc' =

2 ar'd 3) specÈra of the valence c-H vibratíons of alkanes (12). The

higher overtones, ouË to ava" = 6, were onl-y measured for h-hexane.

This l-ater arËlcle is parËícu1-ar1y fnteresÈing. Calcul-ations, based.

on a normal mode analysís of the valence C-II vibrations of isolated

meËhy1 and methylene groups, are compared to observed overtone fre-
quencíes. Even Ëhis group mode1, which takes into account. the depen-

dence of the observed spectral structuïe on the cH, and cH, groups of

the molecul-e, a concepË discussed l-aËer ín Ëhis report, is acknowl-edged

by the authors Ëo fail- as l-ow as Ava" = 3 to adequately ïepresent the

CH-streËching overËone spectra.

The present sËudy compríses a further l-ook at, the local--mode

character of these cH-stretchÍng overtone spectra. By local_ mode

character r mean the spectral feaËures whích have been shown, in the

aforementioned paper on díchloromethane (4), to be more read.Íly inter-
preted Ín terms of 1oca1 modes. Before Íntroducj-ng other aspecLs of

this work' a sunmary of several of the more iurportant characËerisËícs

wÍll be gíven.

The sinplicity of ClI-stretching overtone spectïa has been observed

for a wide varieËy of compounds, Íncluding smal-l_er moû,ecules such as

dichloromeËhane (4) and even larger aïomatic systens such as naphthalene

i.,.':. -', :

ii., i:,1-!:,ìi:.:-.:
[:r;;i.ìt!:]il
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(13). It appears Ëhat only the most anharnonic normal- mode components,

that ís the ones whích correspond Ëo mult.iple excítation of a single

local oscíllatot, are observed in the hígher overtone regions. The

highest frequency normaL mode componenÈs dd.onot seem to contríbute at

a1-1-' whích is the reason thaË the bands are simpJ-er and narrourer Èhan

expecËed. The simpl-icÍËy is not uniform for all oveïËones, buÈ has

been observed to íncrease with an Íncrease in the vibratíona1- quantum

number, v. A normal mode analysis would predict the opposíÈe effect

due Ëo an j-ncreasing number of sroetry al-l-owed normal mode componenËs.

A1-though, the pure l-ocal mode overtones are the nost, Íntense

spectral- features, combinaËion bands of much l-ess inËensíty do occur.

Two Ëypes of combi.naËion bands have been previousl-y idenLífíed and both

are observed to increase Ín ínportance for Èhe lower overtones. Indeed,

the observed increase in compl-exÍty of the lower overtones is largely

due to thís increase ln importance and intensÍty of these combination

bands.

The first type, loca1 node cH-cH combínatíon bands, appear ímme-

diately to the high energy stde of a pure local mode overËone band.

These local- node CI{-CH combinaËion bands are the result of a divísion

of the víbraËl-onal quanta among Ëwo CH bs.rdlsr. In local- mode terms, such

bands are said Ëo be combínatíon bands invol-ving two CH Local modes and

demonstrate the existence of a sma1l coupling between local- modes. How-

everr these l-ocal mode CH-CH combinatíon bands can al-so be interpreted

to represent Èhe manífestatíons of a normal mode paËtern in CH-sËretching

overtones. The other type of combínatfon band is Ëhe result of a more

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

lil,i:rl:
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of combinaËion band appears. Éo even higher energy relatíve to the pure

l-ocal- mode overÊone and has been assigned as a combínaËion band between

a mu1-tip1-y excíted local CH o'scíl-lator and a single quantum of a lower

frequency normel mode. Both types of combinatíon bands are much less

ínt,ense and decrease much faster in intensity than related pure l-ocal

mode overtones, such Ëhat bt A%" = 5 only a slight broadening of the

h$þh eriergy side of the pure loeal- mode overtone, the result of l-ocal-

mode CH-CH combínaÊion actíviüy, is observed.

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

has generally been observed. In the \" = 4 and 5 regions, the band

structures can be described in Ëerms of pure local node overtones and.

Ëhe ti,¡o types of conbínatíon bands. However, the Íncreased. compl-exíËy,

previously observed in Ava" = 3 bands, suggests that nornal modes con-

trÍbute signifÍcantI-y for this overtorie. Recent work on the overtone

spectra of the dihaLomethanes (fp+)¡ rras corroborated a prevíous reporË

by lüallace (15i), which índicates that the extent of thís normal mode

influence, and conversely Ëhe applÍcability of a 1ocal mode analysis,

is dependent on the mass dÍfference between hydrogen and the moíety to

whÍch iË is bound

The alkanes ülere chosen for thís study for several reasons oËher

than availabil-íty. Alkanes conËaín a reLative abundance of CH oscilla-
tors' which aid ín Èhe problem of weak intensítíes encountered ín the

overt.one region. More ímportantly, several Ëypes of cH osciL1_ator,

that ís cH3, cH2 and cH, are found in saturated al-kanes. The presence

several different CH oscil-Lator types r¿as desíred for a further study

another l-ocal mode characËerÍstíc, the effect of nonequival_enË cH

of

of

r':1::

i,,-.
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groups.

The effect of nonequÍvalent CH groups was previously observed in
the CH-stretching overtone spectra of benzene, tol-uene and Èhe xylenes

(11). In Ëhe benzene spectra, a single peak was observed for each over-

tone and represenÈéd Ëhe six equivalenË aryl cH bonds. However for
toluene and the xylenes, a second peak ís resolved to Ëhe Low eneïgy

side of the aryL peak. It appears aË:annenergy comparable Ëo a corres_

ponding transítion ín ethane and therefore can be identified wíth an

alkyl CH local mode. Thus iË has been observed. that nonequívalent CH

groups are resolved in the overtone regÍon as dist,inct peaks, reflecË-

ing the dlfferences in the nature of the nonequivalent cH bonds. The

narrohT bandwidths, observed for l-ocal mode bands, are insËrumental- in
the resol-ution of these peaks. However, the diffeïence between the

prÍmary, secondary and Ëertiary cll oscil-l-aËors of the alkanes (cH3,

cH, and cH groups' respectively) is much less Ëhan thaË between aryl
and ailkyl cH groups. Therefore, the possible resolution of these cH

os cillatot" *"ì ano ther;:,p,u.rposeoof - thís : s Ëu-dy .

Furthermore' a rough correlat.ion between the nr¡nber of a given

type of cH oscillator and Ëhe area of the rocal mode overtone peak,

representing thaË cH type, has been observed (11, 13, 16). A compari-

son of Ëhe overtone specÈraravc* = 3 to 5, of toluene and benzene has

shown a rel-atíve decrease ín the aryl peak size of the methyl substi-

Ëuted benzene. A second nethyl subsËituËion resul-ts in a further

decrease in the aryl- peak size and an approxímate doubl_íng ín the alkyl
peak size Ín Ëhe Ëhree xy1-enes. A sinilar correlat.íon has been reporÈed

l,ìì1.,,i: '

for the ÂrG,H:6 overtone ËransiËíons of benzene, toluene, m-xylene and
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ËrÍmethyl-benzene, observed by Swofford et al. using the more sensitir¡e

technique of thermal- lensÍng spectroscopy C13). A further irnresËigation

of the correlatÍon is possíble ü7ith Ëhe alkanes, which present numerous

different combínations of three hydrogen types. The concepts of non-

equivalent CII groups and the correl-atíon of peak area to the number of

a specifíc CH oscillator Èype are Ímportant for they cannot be explained

ín Ëerms of normal modes.

The consístency of CII-stretchlng overtone specËra is another obser-

ved l-ocal mode charact.eristic. For example for a gÍven CH oscíllator
type' corresponding overËone transitíons have been observed to occur at

approxinatel-y the sâme energy for several compounds. The bandwidths of

each overtorie are also essenËiaIly unchanged for a wÍde varíeËy of mole-

cul-es. The consísËency of Èhe overtone bands ìs diffícult t,o explain in
terms of normal modes because of the large difference in Èhe predicted

number of allowed states of different molecul-es.

The extent of the appl-icabÍlíty of a l_ocal mode descriptíon to

cH-streËchíng overtones was anoËher concern of thí.s sËudy. To thís
purposer a deconvoluËíona of experimenËally recorded CH-streËching over-

Ëone sPectra was perforned to see how we1l these spectra could be con-

structed in Èerms of the sr¡m of Lorentzían peaks, each corresponding to

a different l-ocal CH oscillator. The Lorentzian shape has recentl-y been

cQrroborated by Ëhe rrnearly perfect Lorentzian lineshapetr obseryed in a

aDeconvolute Ís used throughout thÍs te:ct to indfcate the deconposition

of the overtone bands Ínto theír component peaks.

t - ,. .-,.. rl'
r t:::: f.:.: "l



-7-

dye laser study of the ArCH - oyertone of, gaseous benzene C17). Fur-

thermore, a Lorentzían lÍneshape Ís predicted for a Èransition, in an

ísolated nolecule, to a discreE.e state, whÍch is coupled to a manífold

of nearl¡r degenerate staËes (18). Here, the given state is coupled an-

harmonically Ëo other vibraËi.onal modes. Ilowever, in the 1íquid phase,

intermolecuLar ínteractions occur and the peaks broaden substanÈial-ly.

Therefore, Èhere exists the possibilÍty of non-Lorentzian 1-íneshapes.

DeconvoluËion of the overËone spectra also makes possíb1-e Ëhe nore

accuraËe assignment of peak max'íma, usually difficult due to the shíft-

Íng of the maxima of overlapping peaks. These more accurate maxíma are

requíred for Éhe calcul-ation of CH-sËretching diagonal l-ocal mode an-

harmoníciËy constants.

The energy of vibratíonal- states, corïesponding to the local- cH

oscillator, can be expressed as

v.v.X..AJ AJ
(1)

where v- and 0J-. are the víbratíonal- quanËum nt¡mber and harmonic fre-l_ l_

quency respectívely, assocíaËed wíth local- mode í. *rj t" the l-ocal

mod.e anharmonicíËy constant and r¡-. ís a harmonic coupl-ing term of Ëhe
r_J

order of (o- - or). For a set of nearly degenerate oscil-l-ators, suchr_ J'
as the alkyl cH oscillator types, Ëhe term (o. - ,j) is smal-l- and Ëhe

harmonic coupling term can be neglected. Therefore for the excitatíon

of a síngl-e oscillator from the vibraËional- ground state to the staËe

vi, the transition energy is sinpl_y given by

E = E_ * Xv.r¡. + X Xc..r¡.. *o at ititJiJ
IX
í¿j

Àu=.r.r.+v.2xi i -i --1i (2)
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A plot of AE/v. versus v. will yieldr trrrr the local mode harmonic fre-
quency as the int.ercept and, xrr, the local mode diagonal_ anharnonicity

constant as the slope.

In sumation, this work is divided ínto Ëhree areas of concern.

The fírst section will deal so1-ely wiËh the experimentally obtained

cH-stretching overtone spectra of some alkanes. The local mode char-

acter of Èhese al-kane overtone spectra will- be díscussed. secondly,

the results of the deconvolutíon of the spectra will be inÈroduced.

This second sectíon wíll provide a more quantitatíve look aË local

mode character in CH-stretchíng overtone spectra and also be converned

with the extent of the applicabil-ity of l_ocal modes Ëo such spectïa.

Fina11y, cH-stretchíng local mode diagonal a¡harmonÍcíty constanËs,

X=* ts, are calculated and discussed.l-l-

1.' l.:,t',.i.,."

! ì:iiì::iìr lìiìr:.ji
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Ð(PERIMENTAL

spectra were obtained for so1-íd, líquid and gas phase samples ín

Ëhis study and, sínce each phase required specifíc experimenËal condí-

tions, these will be dfscussed separately.

i) Sol-ids

The only solid phase alkane sËudied was 3-nethylpentane, as ít
forms a clear glass at 77oK. Líquíd 3-methylpentane was obtained. from

the Phillips Petrol-eun Co. and purified by a nodificaËion of the meËhod

of PotËs (19). ForrÂva* = 4, 5 and 6, the glass r^ras contaíned. in an

8 cm quarxz ce]-L fítted in an a1-1- quarÈz dewar (llzosoos, H. s. MarÈín

& Co., Evanston, Illinois). ÏIowever for Ava" = 3, 3-methylpentane in
a L cm square Pyrex cell- was cooled xo 77oK in an oxford rnsÈrument

DN7O4 optical dewar. The change of cel-l-s üras necessitated by the re-

quírement of a shorËer pathlength

The sampl-es r^rere cooled graduall-y over a period of aÈ least one

hour. rt was observed that the longer pathl-ength samples were cloudy,

probably due to resídual- ü7ater f.rozen itrËo the glass, and thís resulted

in a higher background absorbance. At fírsÈ density gradienË filËers

ín the reference beam were required to bring the baselíne onto scal-e.

However, ít was found that if the cel-l- T¡ras Ëurned at a slight angle wÍth

respect to the bean, the background absorbance üras consíderably reduced

and the fílËers noË requíred. No shíft ín the peak maxíma rras observed

Ëo occur from this procedure

íi) Liquíds

The majority of the alkanes studied were liquids. irr" sources

and purities of these chemicals rrere as follows: Matheson, Co1-eman and

:. .rì,.t::.:r

,ï.:,'r,:¡.¡.
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8e11, spectroquality (n-hexane, n-heptane, 2-methylbutane, cycl-ohexane);

Fisher scientific co., spectranaLyzed (n-pentane, cyclohexane) ; phillips

Petroleum co., 99 NroL 7. (3-nethylpentane). Because of the inLensity of

the cH-sÈreËching mode, the 1-ong pathlengÈhs of neat liquid, Ëhe spec-

tral region observed and other ïeasons, absorptions d.ue Ëo impuríties

Ì¡lere not observed and so further purifícatíon was not required. These

1íquid alkane sampl-es r¡Iere run as neat liquíds and contained in I e¡r

(ASeH==rA)-t""aiü'0rcm'("Akn =,4L56)6) .qrlartz,eeLls..-l¿easuremenË:.of,j..Éhe

AtCH = 2 Ëransítíon for 3-methylperitane requíred a pabhl-ength 1-ess than

1 cn and so a I cn divided cel1 was fí1led only on one síde of the dÍvi-
der. The result rnras an effectíve paÈhlength of approxínately 0.5 cm.

ííi) Gases

several gas sanples ürere al-so studÍéd. These included propane,

n-butane and ÍsobuËane and al-l- rnrere received from the Phillíps petroLer:m

co. as lecture botËles of 1íquified gas in excess ot 99.97. ín purity.
The Ava" = 4, 5 and 6 resulËs for Èhese compounds ürere not acquíred on

Ëhe gaseous sanples as orÍglnal-ly hoped. IdËbnËlénse¡uéré to use a hígh

pressure gas ce11, previousl-y described by Hayward (Zù, to observe the

desired ËransíÈíons, but pressures of at least J-00$apsiaarer-requfred.,,Ëo-

obtain a measurabl-e íntensity. These samplest preçsures are a1l- Less

than 150 psi. The problem \¡Ias oveïcome by effecËívely distil-tíng these

samples ínto the high pressure gas ce1l. The gas cy1-inderts temperature

was raised several degrees above room tempeïature and upon opening the

valve, the 1Íquified gas flowed through a connecting system ínËo Ëhe

hígh pressure gas. cell-. The resulË hras an approximately 5 cn pathLength

of liquifíed gas, under pressure.

: ::.: l: '

ir' ?:::.!iii
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Recently, a 1-ong pathlength, low pressure gas cell CWilks Scíen-

tific corp., 20 neter variable long pathlengËh gas ce1-1, Model No. 5720)
:.

beca:ne available for use. Thís cell was used to obtain the ava" = 3 gas
:. ,: : ;r. :.

phase specËra of propane and n-butane. The pathlength for both samples ,,., ..,..

was 2.25 m, but for propane some of the niËrogen, used to flush the cel-J-,

was left in the cell- and a relaËively reduced íntensiÈy was observed for
::

Ëhat sample. ]:t:,:t,rt

i'i"':i":.'
iv) General prOcedureS 

.: ,,:,.¡
r": - -. );.:All spectra l^rere measured using a Caty 14 spectrophotometeï, oper- Ìi';:.-:';

aËed in Ëhe ínfra-red mode. Two slÍdewíres r^rere used, a 0 to 2 absorb-

ance slider¿ire for Âva" = 3 and 4 and,O Ëo 0. 2 absorbance, expanded

scal-e slidewire for ava, = 5 and 6. Reference semples ürere noË used,

that is the sampJ-es T^reïe referenced to air. The specËral- slit width

üras never more than 8i,, and so is negligíble when compared to the 
i

l

wídths of the observed overtone bands.
:Deconvolution studies were performed usíng slÍght1-y modified ver- , :

sions of progr¡ms PC-l-38 (21), Pc-116 (22) ar.d pc-r22 (22) courtesy of 
i. , , ,

Dr. R. N. Jones. The spectra T¡/ere digiËized and the resul-ts converted |t''''ltt'
] t' 

"t"¡;'-'fron wavelength ín Angstroms and absorbance, to wavenrrmbers and trans- :,,,:.,,,., '.'.' :.:

mÍtËance, respectivel-y by program Pc-138. The data were read into

Pc-138 wÍth a given wavelengËh spacing beËween Ëhe poÍnËs. since a

direct conversion to üravemrmbers would not result Í.n a desired constarit r::¡,.,,:,r,;,;

ir:ri".tl,;l.
wavenr:mber interval, the auËhors, Jones eË al. enployed an inter-
polation aI-gorithm, using a five poÍnt Lagrange fo::mula, to obtain the

desired interval beËween the ouËput data poinËs; The data \,ras then

ready for analysis by program PC-116.
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A brief expl-anatíon of PC-116 will now be given, with an emphasis

on aspects more relevanË Ëo this work. A more complete discussion for

al-l- Ëhese programs is glven i.n references 21 arrd, 22. Program PC-1-1-6

r^ras lrritten wíth the analysis of Ëhe ínfra-red spectra of condensed

phase sysËems in mínd. IË is wrltËen, as are Èhe oËhers, in Fortran

IV. The program can utilize Lorerrtz, Gauss, Lorentz-Gauss product or

Lorentz-Gauss sum functions as requíred, for these bandshapes are the

most probable ín the infra-red spectra of liquid phase sampl-es. PC-116

wí11, gíven a seË of approxímaËe defÍnÍng parameters for each peak, an

approximate baseline, the mrmber of peaks, the desire bandshape and

oËher ínput dat.a, optimize Ëhe approximaËe parâmeters of single or

multiple overl-apping peaks.

A non-l-inear least squares meËhod, based on algorithms by Meiron

and Marquardt, ís used Ëo optímize dne païâmet,ers. An equation is seË

up, which adjusts the parameters in iteraËive steps. The actual adjust-

ments are made by matríces, whose elements are related Ëo the partíal

derivatives of the dÍfferences between the observed and cal-cul-ated

values, fr, with respect to each parâmeter, xk, in other words af./âx..

TerminatÍon of the iterations wÍl1 oecur for several reasons. The most

imporËanË is, of course, a successful- fit of the daËa by Ëhe given func-

tion Ëo r¿íthin a specified tol-erance. For Ëhis $¡ork a significanË fit

was achieved when Ëhe maximum ordinate difference, Flvl, was less the

0.001- Ëransmittance unlts. A second reason i.s sl-ow conl¡ergence. In

fact, it was slor¿ convergence that terminated al-l the deconyolutions

perforned in this study. slow convergence w111'result if the ninini-

zation of the difference function proceeds too sl-owly and again is

': ì:
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governed by a specified Ëolerance lÍïlÍt. A check for slow convergence

ís performed for every iteration. The sr:n of the squares of the

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

culated for each iteration. If Ëhe ratio of the value of FSM for the

previous iteraËion to its present value T^ras ever less than 1.002 than

slow convergence r¿as índícated for Ëhese deconvolutÍon studies. If this

ís Êhe reason for termination, then the opËimízed parâmeteïs, calculaËed

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

sl-ow convergence I¡Ias responsibl-e for Ëhe termj-nation of al-l- the decon-

vol-utÍons, reasonable fits of the data were obtained. A1so, although

numerous fit,s were possible for Ëhe gíven data it is noted that Ëhe

results achíeved were physícally sígnificant. The comparíson of

calcul-ated band envelopes to the experimentally observed overtones

wíl1 be discussed in the resul-Ës sectíon.

In Ëhis study, a Lorentz bandshape was chosen to fit the local- mode

CH-stretching overtones. Three parametersr x1r the maximum peak absorb-

ance, x2, the ¡uavenumber posit,ion of the peak maximum and x, , where 2/x,

ís the full width at half naxímum, are necessary Ëo defíne a LorenËz

band. A fourth par¡meter in the program ís Èhe basel-ine constanË, and

it ís used Èo represent a constant background absorbance. For ava" = 3

and 4, Ëhis constanË background absorbance T{as abl-e to adequaËely repre-

sent the observed leve1 baseline, but for ArCH = 5 the baseline rises

sharply toward higher energy. The rising baseline Ì,rras found to cause

diffieulties ín the deconvoluËíon of the ArCH = 5 overtones and compari-

son of observed and cal-culated band envel-opes revealed Large differences"

..'..'
!r..t':'i-, :,
i:: 

:: ..:.iì::r ' 
:
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ofËen, calcul-ated peaks on Ëhe l-ower energy side of band, for example

cEr, were observed to e:<ceed the absorbance of the experÍmental band

envelope. The background absorbance, represented by the spectrum of

carbon Ëetrachloríde in the Ava" = 5 region, rnras final_ly measured and

íncorporated ínto the program, Ëo be subtracted from the sample absorb-

ance. Also, a linear baselíne correction T.ras used for AtCH = 3 of pro-

pane to accounË for Ëhe rlsing background absorbance caused by a

decreasing reflectivíËy of the 1ow pressuïe gas ce1lrs mirrors. The

baselíne correcÈions ürere found to have no appreciabl-e effect on the

position of the maxíma of larger peaks at higher energy, such as cHrr

but the positíon of smaller peaks at lower energy, such as cH, were

quite sensít.ive to any changes ín baseline.

A comparÍson of the experÍmental- and calculated band envelopes

was frequenËly done to check the quality of the fit. once the optimum

val-ues for the parâmeters x1r x, and x3 r^rere obtaíned, progïam pc-Lz2

was used Ëo calcul-aÈe the ordinates of the band envelope. The calcul-

ated and observed band envelopes were pl-otted and compared visually.

Another method of comparison of the cal-culated and. observed band

envel-opes was through the fínaI calculated value of FlÍ, the maximum

ordinate difference. Values of Fl{ and. trrlFl{, the wavemrmber posiËion of

this maximum difference, r¡rere calcul-ated and prínËed for every iteration
of progr¡m PC-116. Ftr4 and WTJvJ were used in conjunction wíth the visual
eonparíson of experimenËal and calculated band envelopes to gauge and

compare ühe results of the decorivolution prograr\.

rr .ì

l.',i¡tì'
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In this study the Cll-stretchíng overtorie specËra of a number of

alkanes have been measured in the regíon ArCH = : to Avçg I p; pres-

enËed here are Ëhe straíghË chain series of propane to n-heptare, the

branched alkanesícÍ3oþ-uüaaej*?,--.nethylib.urane and-3-rnêfhylp_entane3(3Mp)

and also a ring a1-kane, cycl-ohexane. The experimental_ spectra are

given in fígures 1 rhrough 7r B thuough l-6, and L7 through 25 for Ëhe

regíons atc' = 3, atc' = 4 and Âtc' = 5 and 6, respectívely. Wíth the

exceptíon of propane and n-butane, spectral ÍntensíËíes are effectívely
multipl-íed by 1, I-0 and 100 for the Ava" = 3, 4 and.5 regíons respec-

Èively' due to changed experimental- conditions of ce-l-l- patÈl-ength and

slidewire. Ota" = 3 spectta a:re not given for ísobutane and cyclohexane.

The maxima for al-'ìl 'reasonably resol-ved overtone bands are gíven in

Table 1. The cH, type, cH-stretching overtone peak ís given for all com-

pounds, because it was well resol-ved for all the alkanes studied. The

gÍven val-ues, unless índicated other¡,rríse, are the average of at least

five specËra. Representative uncerÈaÍntíes for the cH, peaks are

t3 cm-l for Ava" = 3, 4 and 5 and *L0 .r-1 for Ava" = 6. In general,

Ëhe CII, peaks are several- "tll more uncertain, due to poorer resolutÍon.

The Âva" = 6 cH, resul-Ës, for propane and n-buÈane, are *only appro:ki-

mate due Ëo exËensive background noise for these sampl-es ín Ëhat region.
oFigure L7 íl-l-ustrates excepÈíonal- noÍse ín the region below 7000 Ã for

propane.

A computer assísted deconvol-utíon of overtone bands AtCH = 3, 4

and 5 was perfomed for the straight chain alkanes and isobutane (&CU =

4 and 5 only). The resulËs of this study, in the form of the peak

Ì '' ' '...:

i",ri::--- i :



Fíg. I The overtone spectrum of gas phase
at room temperaËure ín the regíon
pathl-ength.

( n,too
of Ava"

psi) propane
= J. 2.25 m
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Tí9. 2 The overtone spectrum
aË room tenperature in
paËh1-ength.

of gas phase (
the region of

¡,30 psi) n-butane
Ava" = 3. 2.25 m
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Fíg. 3 The overtone spectrr¡n of
temperature in the region

liquÍd phase
of Âva" = 3.

n-pentane aË room
1 cm paËhlength.
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Fig. 4

f.Í:

The overtone spectrm of
te4peraËure in the,region

liquíd phase
of Ava" = 3.

n-hexane aË roon
. L cn paËhl-ength.
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Fig. 5 The overtone spectrr:m of
Ëemperature in Ëhe region

1íquid phase
of Ava" =:3.

n-heptane aË room
1 cm pathlengËh.
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Fíg. 6 The overtone spectrum of J-íquid phase 2-urethyl-butane at
room ËemperaLure in the reglon of Âva" = 3. 1 cm
pathlengÈh.
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Fig. 7 The overËone spectrum of liquid phase 3-nethyl_pentane
at roon Ëemperature in the region of A,va" = 3. 1 cn
pathlength.
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Fíg. I The overtone spectrr.rm of l-lquid
propane at, Toon temperaËure in
5 cn pathlength

phase (under ^, 175 psí)
Ëhe regíon of Ava" = 4.
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Fig. 9 The overtone spectrr¡m of liquid phase (under ,ì, 60 psi)
n-butane at room Ëemperature in the region of AvCH = 4.
5 cm paËhl-ength
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Fíg. 10 The overtone spectrum of
Ëemperature in the regíon

n-pentane at room
10 cm paËhlength.

liquid phase
of Ava" = 4.
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FÍg. 11 The overtone specËrum of
Èemperature in the reglon
l-ength

liquid phase
of Ava" = 4.

n-hexane aË room
10 cn path-
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Fig. Lz The overtone specÈrum of
teuperaËure in Ëhe region
1-ength

f-iquíd phase
of Ava" = 4.

n-hepËane at roo!
L0 crn path-
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Fig. 13 The overtone specËrum of líquid phase
isobutane at room temperaËure ín the
5 cm pathl-ength.

(under ru 60 psi)
region of Âva" = 4.
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Fig. L4 The overtone spectrum,of liquíd phase
room ÈemDerature in Ëhe region of Ava"
pathlength.

2-methylbutane
-4.10cn

at

;1.::
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Fig. 15 The overtone spectrum of 1-íquid phase 3-nethylperitane
aË room temperature in Ëhe region of Ava" = 4. L0 cn
pathlength.
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Ïig. L6 The overtone spectrum of liquíd phase cyclohexane at
roo.m temperaËure in Ëhe regíon of Ava* = 4. L0 cm
pathlength.
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Fíg. L7 The overËone spectrum of liquid
propane at room temperaËure in
and Ava" = 6. 5 cm pathlengËh.

phase (under tu 175 psi)
Ëhe region of Ava" = 5
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Fíg. 18 The overtone specËrr:m of J_iquid
n-buËane. at Toon tenperature in
and ava" = 6. 5 cn pathl-engÈh.

phase (under tu 60 psi)
Ëhe regíon of Ava" = 5
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Fíg. 19 The overtone spectrr¡m of liquid phase n-pentane at room
Ëemperatufg i" the reglon of ArCH = 5 and ÂtCH = 6.
10 cm paËhLength.
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Fig. 20 The overËone spectrum of f-iquid phase n-hexane at Toom
Ëemperature in the region of Âva" = 5 and Ava" = 6.
10 cm pathl-ength.
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Fíe. 21 The overtorie specËrr:m of liquid phase
temperature ín Èhe reglon of Ava" = 5
10 cm pathl-ength.

n-hepËane aË roon
and Ava" = 6.
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Fig. 22 The overtone
isobutane aË
and Ava" = 6.

spectrrm of 1-iquid phase (under ¡, 60 psi)
room Èemperature in the reglon of Ava" = 5

5 cm pathlengÈh.
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Fig. 23 The overtone spectrum of liquid phase 2-methyl-butane
at room temperature ín Ëhe regioi of AtCH = 5 and

ArCH = 6. 10 cm pathl-engËh.
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Fig. 24 The overËone spectrrm of 1-iquid phase 3-meÈhyl-pentane
aË room temperature in Ëhe region of Ava" = 5 and
Âva" = 6. 10 cm paËhl-engËh.
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Fig. 25 The overËorie spectr¡:m of liqutd phase cyclohexane aË
room temperature Ín Èhe regíon of Ava" = 5 and
Ava" = 6. 10 cm pathl-ength.

": - -. ;14 :i

i:

Ì¡i:j



o.
o8

Lr
J O z m K o U
) m

o.
o6

,IC
H

,
H

,C I

H
'C
ta

n,
o.

o4

o.
o2

tlt
'

t',

o.
oo

65
00

70
00

75
00

o
).

(A
)

B
O

O
O

I r O I

85
00

'ri
l:.

.:



M
ol

-e
cu

l-e

pr
op

an
e

n-
bu

Ë
an

e

n-
bu

ta
ne

n-
pe

nÈ
an

e

n-
pe

nt
an

e

n-
he

xa
ne

n-
he

xa
ne

n-
he

pt
an

e

n-
he

pt
an

e

ls
ob

ut
an

e

is
ob

ut
an

e

2-
rn

et
hy

l-b
ut

an
e

3-
m

et
hy

lp
en

ta
ne

3-
m

et
hy

l-p
en

ta
ne

cy
cl

oh
ex

an
e

gy
cL

oh
ex

an
e

T
A

B
LE

 1

T
H

E
 O

B
S

E
R

V
E

D
 B

A
T

T
D

 M
A

X
T

IV
IA

 F
O

R
 T

H
E

 C
H

-S
T

R
E

T
C

H
IN

G

O
V

E
R

T
O

N
E

 S
P

E
C

T
R

A
 o

F
 S

E
V

E
R

A
L 

A
LK

A
N

E
S

 (
",

-1
)

A
ss

ig
nm

en
Ë

 W
va

" 
=

 2

cH
g

cH
3

cH
z

cH
g

cH
z

cH
3

cH
z

C
H

¡

cH
z

cH
3

C
H

C
H

¡

C
H

¡

cH
3

cH
z

cH
z

À
va

" 
=

 3

84
2:

.G
)

84
36

 ("
)

83
96

82
75

83
92

82
68

83
89

82
66

(1
)

(s
)

at
cH

 =
 4

a)
 o

ne
 m

ea
su

re
m

en
Ë

 o
nl

-y

10
95

8

10
96

3

10
95

8

L0
76

s

10
94

8

I0
76

9

L0
93

7

LO
76

7

10
9s

6

10
64

3

L0
96

4

10
9 

70

10
98

3

10
81

6

10
69

4

at
cH

 =
 5

58
79

13
38

2

L3
39

2

13
15

6

13
38

7

13
15

8

13
37

8

13
15

1

13
36

5

T
3T

44

13
38

3

13
40

3

L3
42

3

13
4s

0

13
21

8

t-
:.:

,.

Â
va

" 
=

 6

a+
o 

r 
("

)

84
08

84
08

L5
74

8

L5
74

8

Ls
72

6

15
 7

08

15
39

4

15
68

6

L5
37

5

15
72

6

L5
72

3

15
73

1

15
83

0

I r ts I

:.;
:



--'1,i\¿'.,

-42-

parameËers x1r x2 aîd 2/x, (=¡'Wtry), are given in TabLe 2. An exampl-e

of a typical deconvolutíon set is gÍven in fígures 26, 27 and 28 ar'd

represents the work done on n-heptane. ExperímenËal daËa, dígitized

and converËed by pïogram Pc-138, have been plotted in these illustra-

tions and under each band envelope are approximatíons of the T,orentz

peaks cal-culated from Ëhe parameters generaËed by the deconvolution

program. The straight l-ine, running horizonËa1_l_y beneath each band

envelope, ís the basel-ine, al-so generated by the progïam. Figure 29

is a similar pLot for Ava" = 4 of isobutane and ís given as an il-l-us-

ËraLÍon of some of the dÍffÍculties in Ëhe deconvolution.

A visual- comparison of experimenËal and cal-culated resul-ts was

ofËen done by plottÍng Ëhe respecËÍve band envelopes. A sampl_e of this

kind of comparíson is given in fÍgure 30 for the ArCH = 5 overtone of

n-heptane. The deconvol-uËion of Ëhe Ava" = 5 overtone of n-heptaner

gÍven in figure 30, resul-ted in the pooresL fittíng calcul_ated band

envelope, on Ëhe basis of a final- val-ue of FM (the maximrm ordinate

difference) of 0.08 transmitËance uniËs.. For all- other deconvol-utions

the value of rlf aË te:minatíon was ín Èhe range of 0.01 to 0.05 trans-

mittance uniËs. The average values of Fl"f were 0.04, 0.02 and 0.04

transmittance units for ÂtCH = 3, 4 and 5 respectively. The posítíon

of the maximum dífference, as given by ÌüFM, \^ras geneïally found in Lhe

Èails of the curves. A probabl-e reason for the observed discrepancies

beËween experimental and cal-cul-ated resul-ts at the extremit.ies of the

band envel-opes is the broadenÍng of the peaks by intermol-ecular ínter-

actíons, resultíng in non-Lorentzhan 1-Íneshapes. The possibílity of

ì::i:,rl
i.Ìr¡r.-

:.:1:: i.:r
.:li.:J i

i.

l-j:i.: - :.. .

ÐæËrl" ;' ,

Ssnem¿rs ;

non-Lorentzian l-ineshapes will be discussed further in Ëhe
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Eig. 26 An í11ustraËíon of the calculaÈed local node compo-
nenËs of the Av^r, = 3, CH-sÈreËching overtone band
of n-heptane; -" (.....) Experimentally observed
overtone band; L:¡-) Lorentzian peaks, calculaËed
wíth para:neËers fron a deconvol-uËion program, repre-
senting each of the predicËed pure CH l-ocal- mode
overtones and local- mode combinaËíon bands.
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Fie. 27 An íl-lustration of the calcul-aËed l-ocal- mode compo-
nenËs of the Av^r, = 4, Cll-sLretchíng overÈone band
of n-heptane. "' (.....) Experíuental-i-y observed
overtone band; (-J Lorentzían peaks, calcuLated
wiËh parameËers from a deconvol-uËíon program, repre-
sentíng each of Ëhe predÍcËed pure CH local mode
overËones and l-ocal- mode combination bands.
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Fig. 28 An il-lustratíon of the cal-culated l-ocal- mode compo-
nents of the Av^- = 5, CH-sËretching overtone band
of n-heptane. "' (.....) ExperímenËally observed
overtone band; (--) Lorentzian peaks cal-culated
with paraneËers from a deconvol-uËion program, repre-
sentÍng each of Ëhe predícted pure CII l-ocal- mode
overtones.
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Fig. 29 An íll-usËraËion of the calculaËed l-ocal- mode compo-
nenLs of the Avr,r, = 4, CH-streËchíng overtone band.
of isobuËane. "' (.....) Experinental-ly observed
overËone band; (--) Lorentzian peaksr. ca1-cu1aËed
with parameËers from a deconvol-uËíon program, repre-
sentíng each of the predícËed pure CH local- mode
overtones and l-ocal- mode combinatíon bands.
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Fíg. 30 Cal-culated and observed CH-stretchíng overËone band
of heptane corresponding Ëo Avr,r, = 5. Cal-culated
cuïve represents the sum of LoYËnÈzían peaks, obtaíned
fron a computer assísÈed deconvol-ution of the experín
mental-ly observed overtorie band.
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No aËtempË r^ras made to deconvol-ute the ArCH = 6 overtones, since

Ëhese bands rilere not of sufficient intensíËy Ëo overcome the uncertain-

tíes due to background noÍse. 'It was found that, due to the naËure of
the data, the program t¡asntt able to sorË out the smaLler peaks consis-

ËenË1-y or often at al-l-, especially wtren these peaks were nearby much

1-arger peaks. r'or example, the cH peak position, for the branched

alkanes 2-nethyl-butane and 3-methyl-pentane, rüas much too uncertain in
trial- computatÍons and so the deconvol-utÍon of these compounds is omít-

ted here

Another result of the probl-em wÍth smal_ler peaks r,ras that the

m:mber of peaks assumed fn a glven overtonets deconvoluÈion, n, Ìras

noÈ unÍform, especiall-y for Ava" = 4. The Ava" = 4 regíon is ínteresÈ-

ing, because in ËhaË region the observed local mode CH-CH combinatíon

bandsr Íntensities border on the l-ímÍËing intensity that can be decon-

ùoluted for this data. An increase Ín the m¡mber of. cÏrgroups Ín Ëhe

molecule, from propane Èo h-heptane, is observed to result ín a respec-

tive increase ín n from three to five, for AtCH = 4. Two of Ëhese peaks

always represenÈ the much more intense CH. l-ocal mode overtones, coïres-

ponding to cH, and cHr. The thírd, fourth and fífÈh peaks,are l-ocal

node cH-cH combinatíon bands and are observed just to the hígh energy

side of the pure cll local mode overÈone peaks. r belíeve that an

Íncrease in íntensity of Ëhe loca1 mode CH-CII combination bands, asso-

cÍated with the cH, hydrogen type, over Ëhe límiting íntensity is
responsible for the íncrease ín n. An attempÈ to deconvol-ute a fourth
peak, anoËher local- mode CII-CII combinatÍon band, for AvCE = 4 of propane

gave ridícul-ous resul-Ësr even Ëhough another small peak can clearly be

.. -a.-:i

li¡-;i¡tli:
i.: ...1

;'.1. t; !:-::;ii:.;
ijlil1.:i..i1::i.
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observed, at about g0251A., as a shoulder on the main peak (fígure g).

Thus, thaË peak was just too r-ow in intensíty to be isolaÈed, d.ue to
onLy Ërrro contrÍbuting CH, hydrogens ín Ëhe mol_ecuLe. For Ava" = 4r

Èhe results of deconvol-uting the band as both three and four (five
for n-heptane) peaks are given, wfien possible. comparíson of these

results provides a further illusËraËfon of the effects of small_er

peaks on deconvolutíon. rn general, however, Èhe maxímr:m number of
peaks, whích could be successful-1-y deconvoluted from the band, were

assr¡med and the resul-ts given in Table 2.

Table 3 pnpsents the separatíon of CII, and CII, peaks for
AtcH = 3, 4 and 5, as calculated froo Table z data. The results for
propane are observed to dfffer from those gíven for the other moi[.po_

cullês, probably as a resul-t of the increased ínaccuracy of the decon-

volutíon of small-er peaks. The average separaËíon gíven for each av,

therefore, excludes the resulËs of propane.

Equation 2 was used to carculate the cII, type cH-stretchíng

dÍagonal l-ocal- mode anhar:nonicíty constants from the experímentally

observed cH, maxÍma of Table 1. The anharmonÍcity constants compríse

Table 4. Hereafter, unl-ess otherr,trÍse specifíedr âDy discussíon of
anharmonicíty constants wíLl refer to cH-stretching díagonal l-ocal

mode anhamoniclty consÈants, Xl 1.
Ït was origínally hoped that deconvolution of the overtone bands

would result in a refínement of the prevÍousl-y calculated cH, anharmo-

nicÍty constants. However, Ëhe values obËained, using îabLe 2

deconvoluÈed peak maxíma, hrere not any more r:niform and the correlation
coeffÍcienËs often poorer. The deconvol-utfon procedure did give cH,

a.:. 1: .
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TABLE 3

SEPARATION 0F THE CH3 AITD CIi2 PEAKS FOR

THE ALI<ÁITE OVERTONES. (cm-l)

Molecule atcH=3 ¡rc'=4 Ârc'=5

propane L20

n-butane 137

n-pentane 139

n-hexane L4t

n-heptane L42

average r40

110

193

L96

195

L94

19s

193

2s4

258

2s7

260

257
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TABLE 4

RESIrLTS 0F CIr3 AI{IIARMONICITY CAICûIATIONS

EROI,I OBSERVED CH3 PEAK MÆ(I}4A

Mol-ecu1e -1Xt t (cn ') -1,l (cn -) r 
(")

pïopane

n-butane

n-pentane

n-hexane

n-heptane

3-methylpenËane

2-neÈhyLbutane

ísobutane

-61.3

-62.4

-60.6

-60. 1

-60.7

-60.1

-s9.7

-59.0

2988

2995

298L

2977

2977

2984

2979

2974

-0 .9980

-0.9979

-0,9999

-o.9999

-0.9999

-o.9999

-0.9999

-0.9976

:;._ ,-a .... ,_ 
.

(a) see texL
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and so permitted Èhe calculaÈion of CH, anharmonicity

Both the CH, and ClI, anha:moníciÈy caLculatíon resulËs,

from the deconvoluËion data, are presented in Table 5.

X' calculaËíons ïrere usually based on four points, OrC" = 3

through 6. The exceptÍons, cl/í-z anhar:monicÍty constants for propane,

n-butane, and n-pentane, are indfcated in Table 5. since the Âva" = 6

bands $Iere not deconvoluted, the Ava" = 6 rough maxíma were used in
Ëhe x1 calculatíons. A1-though the clr, peak ís always resolved in the

atcg = 6 region, the cll, peak was often of ÍnsuffícÍent intensity,
especially for the shorter chain compounds, to be resolved.and. so was

unavailable for propane, n-butane and n-pentane. where four poínt.s

were available, 1ítËl-e change was observed f.n Ëhe cH, anharmoníeity

constants Íf on1-y three points were used ín the calcu1_atíon, that is
when ava" = 6 is omitted. Therefore, ít is believed that the values,

calculated from only three poÍnts, are comparable. The value of
-l-68-0 cn ', found for Ëhe clr,, anharmonícíty constant of n-butane Ís

too high, relative to the *Llt" of the other alkanes. The erroneous

value probably reflects the increased inaccuracy of the deconvol-ution

of the emaller CII, peaks.

DissocÍation energies were cal_culated for two of the types of

An equation,

relatíng Ëhe dissocíatíon energy of a Morse oscíl-l-ator Èo its anhar-

monicíËy constant' x, and ha::nonfc frequencyr or \{érs used for the

calculatÍon. Further details of the calculatíon of these dÍssocia-

tíon energíes is presenÈed in the Discussíon sectíon of this thesís.
The calculatédndíssociation energíes are listed ín TabLe 6 and are

CH oscíl-l-aËor present in a1_kanes, Èhat is CH, and CHr.

:l::



M
ol

ec
ul

e

pr
op

an
e

n-
bu

ta
ne

n-
pe

nt
an

e

n-
he

xa
ne

n-
he

pt
an

e

R
E

S
IIL

T
S

 o
F

 T
H

E
 c

H
3 

A
IT

D
 c

H
2 

A
t{

H
A

R
M

oN
rc

rr
y 

cA
Lc

rr
LA

T
ro

N
s

-1
X

t 
t 

(c
n 

')

T
A

B
LE

 5

-6
1.

1

-6
t.7

-6
0.

4

-6
L.

4

-6
I.6

(a
) 

ca
lc

ul
-a

re
d

c"
¡

-1
t,t

.1
 (

cm
 ')

29
88

29
9L

29
80

29
84

29
84

us
in

g 
on

1-
y 

3

-0
.9

98
4

-0
.9

97
5

-0
.9

99
8

-0
. 

99
9 

8

-o
.9

99
3

P
ts

r¡
 A

tC
H

 =
 3

, 
4 

an
d 

5,
 b

ec
au

se

-1
X

tt 
(c

m
 -

)

-6
4 

.0
 (t

)

-6
 S

 .0
 ("

)

-6
3 

. 
s 

(a
)

-6
2.

1

-6
2.

8

cH
z

-l
, 1

 (e
rn

 '¡

29
63

29
67

29
43

29
39

29
40

no
 A

va
"

-0
.9

98
0

-0
 .9

98
2

-0
.9

99
5

-0
.9

99
6

-0
.9

99
6

=
 6

 p
oi

nt
 a

va
íla

bl
e.

I Ln È
. I



A COMPARISON OF

_55-

TABLE 6

CALCT]],ATED A}TD LITERAflIRE DI S SOC]ATION

ENERGTES r'oR cII3 AND CH2 TypE c-H BONDS

Hydrogen
Type

Calcul_ated
DÍssociation Energy

Kinetíca1-1y
Dissociatíon

Dete:mined
Energy (a)

CH3 (prímary)

CHZ (secondary)

104 Kcal

99 Kcal-

98 Kcal-

95 Kcal
t..
ì..

:

|':

t.
I::(a) neferences'28, 26, 27., Zg
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compared to accepted, kineËica1_J_y determÍned values.

The purpose of Table 7 is to conpare Èhe cH, anharmonicíty con-

sËants, calculated for solÍd (yf"K glass) and liquid 3Mp. An illus-
traËion of the resurts is also presented, pictoría1Ly, in figure 3r,
by a plot of ag¡u versus v for both of these phases of 3Mp. The data,

used to calculate the xrrts, T'r'as taken fron Table L. As shown by a
comparison óf the vaLues in Tables 4 and 5, convoLution of the usually

comparison of the CH, anharmonicÍties

i 1 \i.'.:Jn:ì I

predomínant cll3 peak with other peaks, such as cLy resul-ts ín only a

sl-íght shÍft in the clÏ, peak posîtion. since the shÍft is general-ly

less than the errors ÍnherenÈ to Ëhe deconvolution, the cH, peak maxima

of Table 1. are sufficienË for a

of solfd and liquÍd 3Mp.
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Fíg.31 A p1-ot of EquatÍon 2 Í.or Ëhe CH" transítions
experimental- so1íd (77oK glass)" and liquíd
temperature) \, spectra of 3-methyl-penËane in
AtCH=3toÂva"=6.

from Ëhe
(room
the regíon
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27æ

AE
V

2700

2650

2600
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TABLE 7

DIAGONAI LOCAL MODE A}THARMONICITY CONSTA}TTS FOR

THE CH3 TRAI{SITIONS IN 3_METI{rIPENTA}TE

Phase -lXtt (cm ^)
" 

(a)

LÍquÍd

Sol-íd

-60. L

-s4.8

-0.9999

-0.9998

(a) see text
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DISCUSSION

Tliê Local Mode Character of CH-stretc OverËone Spectra

alkane spectra obtaíned ín thís study have been presented

Ëheir entirety, because of the dramatic way thaË the complete

set illustraÈes the l-ocal- mode character of cH-stretchíng oveïtone

specËra. The most natural- inËerpretatíon of these specËra, especíally
for Èhe higher overtone bands, is ËhaÈ each band ís constructed of
several- peaks, each one represenÈing a dffferent hydrogen type. The

variaËíon of peak síze with respecË Ëo the number of oscíllators of
one type bears a great slmi.larity between these spectra dnd wide band

N}fR.

,i) Noneguival-ent CII Groups

Throughout the alkane specÈra, the resoLutÍon of CH, and CH,

peaks ís evident, Èhe cH3 peak appearfng at hf.gher energy. The alkyl
cH, local mode peaks! aEts, given in Tabr-e 1, are remarkabl_y simílar
Ëo Èhose prevfously observed for the methyl groups of tol_uene and the

xy1-enes (11), especÍally wheno-rrerco-rsiildér:s the difference ín environ-
ment of these nethyl gtoups. ,{he average of Ëhe reported cH, values

of toluene and rhe xylenes are g37g, 10959 , r34og and. L479g "r-1 fo,
ÂtcH = 3, 4, 5 and 6 respectively. An additíonal peak is obserr¡ed ai
even l-ornrer energy for the branched alkanes and this peak is due to the

tertíary cH bond at the branch poínt. For rsobutane, an arkane wíth
no cH, hydrogens, it ís readÍ-J-y observed as an ísoLated peak in fígures
L3 and 22- The relatíve energfes of the three Ëypes of peak quaLita-
tÍvely follows the Ërend of d.ecreasíng bond strengËh. A terËÍary cH

bond is, for exampl-e, the weakest of the three, due to the effects of

The

almost ln

.,lr:i'-,
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increased carbon substituËíon.

The above assígnments are aLso supported by the readily observed

correlatíon of peak síze Èo the nr:mber of oscill_ators of a gíven type

of nonequÍvalent cH group. The cH, peak, whích progresses from a 
,,,,r,,,,.-.: 

: ^ _ .

shoulder in propane to a clearl-y resol-ved peak ín n-heptane, clearly
ref l-ecËs the sËephrise Íncrease in the number of. cH, groups as Ëhe al-
kane carbon chain'l-engthens. Similarly, a comparÍson of the branched

chain alkane to sËraight chain al-kane spectra reveå.ls an increase in
the cH, peak resul-tíng from three addiËíona1_ cH, Ëype hydrogens in the

branched compounds.

It is interesting to note Ëhat a símÍl-ar correspondence ís fo¡nd

in the nor¡tal node-local nsde combinatÍon bands observed in the spectral
region between the pure l-ocal- node overtones. These bands, ås pre-

vÍ'ously stated, have been attributed to the mu1-típ1e excitation of a

I-ocal- CH osciLlator r,¡íth the addÍtion of one quantum of a lower fre-
quency normal- mode (4). They are observed to show a para1le1 structure

Ëo thaË of their parent. band. For exaørple, the bands Ëo the 1_ow energy
oside (8000-35004) of the pure local mode band in Èhe OrC" = 5 spectra

(fígures L7-25), are combinatlon bands involvíng the Ava" = 4 loca1

mode p1-us one quantum of a l-ower frequency normal mod.e. These normal

mode-local mode combinatíon bands refl_ecË not onJ-y the doubl_et (or

triplet) structure of the parent cH-stretching 1_oca1 mode overtone,

but al-so the re1aËive intensítles of the component peaks. The paral-leJ-

naËure of the normal- mode-l-ocal- mode combínation band strucËure supporËs

the l-ocal- mode interpretatíon of these bands.
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íi) Other Local Mode Chara.cterÍstics

The alkane spectra presented are sËrikíng ín their simílaríty.
For each overtone transítfon, the on1_y variatíon appears to be the

relatíve increase or decrease of certain peaks of the dífferent com-

pounds, corresponding wfth the number of hydrogens represented by

the peak.

A comparíson of Ëhe bandwídths of each overtone band reveals

they are quite invarianË from mol-ecule to rnol-ecule. The bandwídths

are smal-l- and comparable to those previousl-y observed for CH-stretchíng

overtones. The overtone bands also become ûore compl-ex towards Èhe

lower overËones, primarÍ1-y due to an increase in the number and inÈen-

síty of l-ocal- mocle CII-CII combÍnatíon bands. For Ava" = 5 onl_y a slíght
broadening of the hi.gh energy side of the pure local- mode overtone

suggests the presence 6f combi.nation bands. Tn the Ava" = 4 spectra,

in addítÍon to the broadening of the pure overtone, a single well
resolved combínation band is observed. By AvCH = 3, three perceptíb1-e

bumps, each one a combination band, are general-1-y observed Èo the high

energy side of the pure cII local mode peaks. These features, a con-

sistent narroÌ^l bandwidth and lncreased complexíty towards Èhe lor¡er

overtones' are not expected ín terls of no::mal modes.

To further the discussion of Èhe differences beËween the experi-

menta1ly observed CH-sËreËching overtone specËra and Ëhe expectaËj-ons

of a normal- mode anal-ysis, Fígure 32, obtaíned from the paper on

'dichl-oromethane (4), has been íntroduced. SpecËra A and B are comparÍ-

sons of tvro dífferenË calculated band envelopes (dotËed lines) to the

experÍmentall-y obtaÍned AtCH = 4 overtone transitíon of f-iquíd phase

[ :\:::'i: : 
_::::t

li:.,:)rJ:-.:;l:)
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Fíg. 32 Taken fron Fígure 5 of reference 4, copyright Academic
Press. Cal-cul-ated and observed Av^r, = 4, CH-streÈchíng
overËone specËra of díchl-oromethanEi (A) (-----) Cal--
culated curve based on anharmonlc normal- mode compo-
nents; (-J l-ow resolutíon e:rperimenLal- spectrum;
(B) (-----I eomputed spectrrn of overËones and combina-
tions of the modes with frequency and açharnonícíty
299L (-55) , 299'L C-55) and L429 (0) cm-' with a weight-
ing of the fr:nda¡rental local-mode overËone 50 times
ËhaË of a combination band of the same degeneracy. Al-l-,
computed componenËs ürere ass*gned a bandr.ridt¡rl of 80 crn-r.

t.rlijr::t:i::
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dÍchloromethane' The calculated spectrr:m A represenÈs Èhe anharmonÍc

normal mode representation of the cII overËone band. Nr:nhæteal- values
were obtaíned for the normal mode anhar:monicíty constants and these
were used to cal-culate the energies of the normal mode components of
the overtone band. The components ü'ere then weighted with respect Ëo

theÍr anhannonícÍties and the caLculated curwe rnras obÈained as the
sum of Lorentzían bands, each representfng a síngle component.

calculated band B was produced on the basis of the 1oca1 mode

model' A computer progra¡n, usf.ng a staÈe counting algoríthm describe{l
by Beyer and swinehart and oodffied to include anharmonÍc effects by
SteÍn and Rabinovitch, (Øg¡) was*usedg,Èoegeneratê eiLtrsÉbåsib&ehÉonb_fnation

and overtone states of the two cH r-ocal modes and a síngle hamonic
cH bendíng normal mode. components correspondÍng to pure cII r_ocal

modes, that Ís all the energy f.n a slngle crr oscir-latoï, were weíghËed

50 times' LorenËzian bands ürere agaÍn centered around each componenË

and summed.

several- forementioned poinËs are cJ-early Ír_r_ustrated by a com_

paríson of these calculated cun¡es to Ëhe experÍmental_ly observed

cH-streËching overtone specËra of díchLoroneËhane. The overtone band,
calculated on a normal mod.e basís, ís more compl_ex or broader than the
observed cH-stretchíng overËone band. Extra structure ís predícted to
hÍgher energy than the observed overÈone band and represents the con-
trrtbuËions of some of the less anhamoníc no:mal modes.

Even the presence of Local mode cH-cH combínatíon bands does not
widen Èhe observed overtone band to the r,sidth predícted by normal modes.
Although these combínaËÍon bands represent a normal mode inij-uence, it

1,.:.t,: ,,
l..i :'i: :

I.
i: ì .it'.
ÌÍi.:: :

i.i :..j.:::
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is obvious from figure 32 tfiax their intensÍty ís much l-ess than that
of the contribuËÍons, predicted on the basis of anharmonical-Ly coupled

normal modes, of Èhe more harmonic normal- mode components. Even ín
Ëhe l-ocaL mode anal-ysis, ít ¡,ras necessary to üTeight Ëhe pure cH 1oca1

modes fíf ty t.ínes at Ava" = 4 and. trnro hundred tÍmes "a &Ctt = 5, reJ-a-

tive to combínatÍon bands, to bbtaÍn comparaÈíve bandshapes. The

increasÍng weíght of pure cÏr loca1 oodes rel-aÈíve to combínatíon bands

at the high overÈones is noted in the experimental al-kane spectra as

the observed decrease, fro'm &ra" = 3 to 5, of the contributÍons of
local- mode cH-cH combinaËion bands. comparíson of the observed alky1-

normal mode-local mode combination bands shows that these bands also
fall- off ín íntensity aÈ a nuch faster rate than the pure cH Local

mode bands.

rn te:ms of normal modes the opposÍte trend Ís predícted. A

calcul-ation of the overËone band for Ëhe ÂrcH = 5 transition of díchl-o-

romeËhane, on the basis of anha::moníca1-1y coupled normaL modes, resulted
ín an even broader and more complex band due to an Íncrease in the num-

ber of alLo¡¡ed states. Furthermore, dÍchloromethane is a re1-atively

siople molecule, when compared to Ëhe alkanes stud.íed here. For larger
molecules the number of allowed no:mal mode states íncreases everì. more

rapidly as v íncreases. An exanpl-e Ís benzene for which there are 3

symetry al-l-owed normal mode states at &CH = 2 anð, 75 (doubly degene-

rate) normal mode states for &cg = 6. Thus, the compLexíty of hÍgher

overtones for larger molecules, such as the J-onger chaín alkanes, is
predicted by a normal- mode anal-ysis to be even greater. Also, the

1-arge differences ín size and structure of the al-kanes studíed should

l.r'ar,l:r.'l
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be reflected, in normal mode terms, by a corïesponding dÍfference in
the number of all-owed states. The observed consístency of bandwidth,
for each overtone, does not support thís concept..

rn terms of loca1 oodes, the observed r-ocal spectral features
are the result of staÈes in ¡vtrÍch al-l- vÍbrat.íonal quanta are l-oca1ízed

in a single cII bond. The increasing complexity Ëowards the r_or¿er

overtones is required for a convergence to the tradiËíona1 normal mode

overtone pattern. The observed clr-streËchíng overtone spectra carmot

be readily expl-aÍned in terms of nor:nal modes, but fa1L símply and

naturally into a l_ocal- mode descrÍption.

I',;,.::
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MosË of the data obtained from the deconvolutíon of Ëhe overtone

bands, ÂrcH = 3 to 5, of the straf.ght chaÍn alkanes åreesummåirzed in
Table 2. Here again the peaks, represenËed by their parErmeters, are

seen to form very consistent sets, especial-1_y for those compounds for
which the experimental conditfons were the same. (e.g. n-pentane,

n-hexane, and n-heptane)

í) Bandr,rrÍdÈhs

The narrowness of the bandtrldths of pure Local- mode overtone

pbalcs Ís c1ear1-y exenplÍffed by the value s of. 2/xy the FI,üHM. An

increase in the band¡,rridth of approxÍmately 45 cn-l Ís observed., for
both CH, and CH, peaks, on conparfson of &CH = 4 and, &a" = 5 results.
The Ava" = 5 peak is the Larger. However, although a bandwidth increase

is al-so observed from ava" = 3 to 4, Ít fs quÍte different for the cH,

and CH, peaks. The CH, peak changes signiflcangl-y, but the CH, peak

neglfgíb1-y, in wídth from trva* = 3 to 4. Comparlson of these peaks in
fígures 27, 28 and 29 for n-heptane re,veals the source of thís dÍffer-
ence' The cH, peaks and the CH, peaks, resulËlng from the deconvolutíon

of &Ctt = O 
îU 

5 overtones are comparable, but those found for Âva" = 3

are markedly tlÍfferent in appearance. The difference is the resul-t of
a greater Íncrease Ín the intensíty of local mode CH-CH combinaÈion

bands at ava" = 3r due Ëo the increasing ínfl-uence of normal modes. As

previously expLaíned in the Resul_ts secËíon, at Ava" = 4, the local_ mode

cII-cH combinatíon bands border on Èhe mínimum intensity whích ean b-e.aecu-

rateLy isol-ated by Èhe deconvolutíon program. The íncreased íntensíty
of Èhese combinatíon bands for Âva" = 3 makes them easier to isolate ffoom
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the l-arger pure 1ocal mode overtones, buÈ for Âva, = 4 and 5, these

rapldLy decreasíng peaks become increasingi-y diffículË to separate.

Therefore, I be1-ieve that the CH, and CH, peaks for Ava" = 4 anð, 5

are more comparable because of the failure of the deconvol-utíon, for
Àtcg = 4 and 5, to resolve completel-y the 1ocal mode CH-CH combination

bands hidden on the hÍgh energy síde of the pure cH, local- mode peak.

The result ís a broadeníng of the cH, peak to ínclude these smaLler,

unresorved peaks and a subsequent, small- reduction ín the cH, peak

bandwÍdth for Ava" = 4 and 5. CorroboratÍve evidence is given by a
comparíson of the resul_ts Cfabte 2) obtained. when the Ava" = 4 over_

Èone rras deconvoluted as both three andffour (or fíve) peaks for
n-butane' n-pentane, n-hexane, and h-heptane. The resoLution of Ëhe

fourth peak, a local- mode cII-cH oombÍnatÍon band, is observed Ëo de-

crease the FI{IM öt the cII, peaks by an aveïage of 1g "r-1. The cH,

peakst FIJHM ä€ê::increasédiþy-an,avergge.of:iZ,roñ:l. The observed changes

in Ëhe FWIIM illustrate the possÍble effects of unresolved combinatÍon

bands.

Also rel-ated is the generaL trend of the AvCH = 4, CH3 peaks to

shÍft, afËer deconvol-ution, to a lower energy. These peaks, usualLy

the most promínent, r^rere expected Ëo shift s1_íght1y outward, to a

hígher energy, oï not to shift at all. Figure 29. illustrates this
probLem. Here the cH, peak of isobutane ís obviously overweíghted to

-1compensate for an undeconvoLuted peak at about 11100 "r-t. The resul_t

of its exËTa breadth rras a shíft of its maxíma to lower energy to ob-

Èaín a best fit of the data.

li..r..:..
r''. .: . ,. r:.

i

I

A comparison of the ClI, and CH, peak areas, a1_so supports the
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overr¡reightíng of the CIl, peaks, 
"t AvCH = 4 and 5, to incorporate the

smaller, r:nresol-ved local mode CII-CII combÍnation bands. A rough corre-
lation has been previousl-y reported between the ratío of the peak areas

and Ëhe ratío of the number of equÍvalent hydrogen for the ava" = 5

bands of toluene and m-:grlene. lhe area ratíos rrrere observed to be

= 2/L and =5/7, aryL/alkyl respectively({1). For the d.econvol-ution

results of n-heptane, only the peaks calculated for AvCH = 3 are obser_

ved to have an area raËío near the cH3/cI{, hydrogen ratio of 6/L0. rn-
deedç¡for.l"ava" = 4 a,,d 5 rhe c\ neak is eomparabl-e, if not larger,
in size Ëo the CH, Peakr suggesting again that ít has been overweíghted.

Although the F[{HM íncrease for Èhe pure local- mode oveïËone peaks

may noË be consÍstent, or due Ín part to Ëhe pröb1-ens of the resol-ution

of small-er peaks, r be1-Íeve that the overtone bands do broaden sÍgni-
ficantly with increasÍng v. A símiLar correspondence, although less
pronouncedr is general-ly observed betnreen the al-kane chain l-ength and

the FÌ{HM. Both of these broadenf.ngs could be the result of a solution
effecË and increasÍng deviation from the Lorentzian bandshape. ïhese

ideas wíl-l- be discussed further in the Appendix.

ii)

The íncreased ímportance of normal modes tor¿ards the lower over-

tones ís also reflected by the increase from Ëwo Ëo five in the number

of peaks deconvolutable from each band. T.oeal- node CH-CH cornbinatíon

bands, resulting fron states in which the víbratíonal_ quanta are d.is-

Ëributed in two bondsr are seen to progress from an undeconvolutabl-e

broadeníng of &CH = 5 to Èhree weLl_-defined peaks for Ava" = 3. These

Ëhree combinatíon bands are labeIled r, rr and rrr in Tabl-e 2. ïhe

l.-.:.:'-::,.-il
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increasing ímportance of these local mod.e cll-cH combinatÍon bands has

prevÍous1-y been explained as representing a shíft towards the normal

mode pattern.

For ava" = 4, the probl-em of the low intensity of these combína-

Ëion bands is again observed. The highest energy combÍnation band at
ava" = 4, r in Table 2, is ber-ieved to ïepresent at leasú two unresolved
peaks, whích accounts for Ëhe large FÌ,ftil{.

A ppe,U¿¡te assignment of these l-ocal- mode cH-cH combínatÍon bands

Ís possible Íf one notes the correlation between the appeaïance of gíven

bands and Ëhe structure, that Ís type of hydrogens present, for Ëhe

compound for whích the band Ís present. For example, isobutane cannot

have any l-ocal- node cII-cH combínatíon bands involvin| cLy due to the
absence of this hydrogen Èype. conrparîng the FT,IHM of r for the 

^rcu r 4
transitÍon of Ísobutane to the oÈher alkanes reveals that ít ís much

narror^rer and so confirms the suspfcÍon that, for the oËher compounds,

iÈ represents several-, unresolved peaks. This result also índi.cates

thaË the highest energy band, r, whÍch ís consistently visíbr-e in
ÂtcH = 3 and 4 spectra, ínvolves only cI'I, hydrogens. ïn oËher word.s,

it represents a state ín which the vibrational quanta are distributed
in Ë¡¡o of the cII bonds of a methyl group. A most nrooatt$ dístribution
ís one wærürtu ín one bond and the remaínlng Ín a second. ïhe fact that,
for the straight chaín ar-kanes, this peak, r, is nearly constant in x,
and F!üHM aLso suggests thaË it corresponds fn character to a cH, 1ocal
node cH-cH combinatíon band since the number of cH, hydrogens is also ,

consËant from molecule to molecule.
,

Tire o{-- - L - i-,- _; e-
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cH¡ hydrogens sínce Èhey seem Ëo be responsir¡e to Ëhe number of cH,
hydrogens in a given compound.. They are distínctly absent from com_

pounds r^7ith fer4r or no clrr groups. The locar- cH..cH conbination band,

marked rrr in Tabr-e 2, nost likely ïepresents a state simir_ar Èo the
foremenËÍoned for cHrr but here the quanta are dÍsËribuÈed Ín two cH

bonds of a cH, group. conbtnatf,on band r cannot be as readily assígned,
however given its absence for ÂrCH = 3 of propane and presence for

$aH = 4 of n-heptane' it ar-so seems to be related to the cH, hydrogen,
although not as sËrongly. A possible state which would have a weaker

correspondence to the cH, hydrogens uoul-d resur-t from the dÍvisíon of
the víbrationar quanta beËureen tçvo of the cH bonds of a neighbouring
cll, and cH2 gïoup. since the nor:mal mode Ínfluence gains ín inporËance

about atcH = 3, such a s'tate f,s. not uni-ikeLy. Thís possibre assignment
is corroborated by the significantly larger FtrtïIM of combination band rI
as compared to r and rrr. The extra breadth would be due to the pres-
ence of the Ëvt¡o unresol-ved transitÍons to the Ëwo combínatÍon staËes
2(c%), r(cH2) and 1(c%) , 2ccrrz).

iÍí) Peak SeparatÍon

Tabl_e 3, besides fndlcating

deconvolutÍog, also contaÍns some

The separation of the CII, and CII,

wrÍtten as

_70_

The other local CH-CH combinatíon bands are believed to ínvolve

that problems exÍst in the propane

additÍonal, inËerestíng info:mation.

peaks, for a gíven overËone, may be

| )..:'

..:

E(cH3)-E(crr2) = "'r [r 1(cH3){,r t 
(cH2)] + .r2[xtt (crb)_xt1(crr2)] (3)

Equatíon 3 Ís obtaíned from the difference of the tr¿o equations, based

equation 3, iÈ can be seen
on equatÍon 2, written for CH, anð. CHr/ From
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that the peak separation shoul-d sho¡¿ a nearly línear dependence upon

v' if Ëhe correction due to the anharnonicity dífference is negligible.
Table 3 average separations do show an almost l-inear increase wÍth v,
as expected. Thus, Íf the peak separaËion is divided by v, the víbra-
tional quantum ntrmber, the resul-t shoul-d be a fairl_y eonstant value.
The only change Ín Ëhis value w:ii-r- be due to the anhamonicity con-

stants dífference and shoul-d show a dependence upon v. performing a
divísion by v, on the average peak separations for 

^va" = 3, 4 and 5,
gives values of. 47, 49 a,,d 51 cu-1 respectively. These results upon

sólvíng equation 3, predicË a dÍfference ín the harmonÍc frequencies,
trt , of the order of 41, "r-1 arrd di.fference Ín Ëhe anharmonícíËy con-

stants, xll , of 2 *,-1 b.ar.en cI{, anct cII, r-ocal mod.es. comparíson

of the cH, and cII, values of xl1 and rd 1r from Table 5, gíves an average

dífference, negl-ectfng the suspect n-butane results, of 2.0 and 3g cn-l
respectivel-y. The val-îdÍty of equatÍons 2 and.3 for the alkane data

reÍnforces the predictfons that the l-ocal mode off-díagonal- anharmoní-

cÍty constants, the xîJ t"r are relatively small or tend to cancel

relaËíve to the X. ^ ter:ns

The parameter toDa" has been defined (úÐ) as the fundamenËal

cH-stretching frequency for a mol-ecule with all the hydrogens but one

replaced by deuterium. toa" shoul-d reflect the naÈure of an indivídual
cH bond. The observed difference in the 6oa"t" for a hydrogen in a cHo

environment from that for a cH, ís approxímate1-y 50 cm-l. A reasonabLe

assumption ís that a furËher change in envíronment., frou cII, to cL2t

would result ín a comparabr-e change in theroa". The value of 4L "t'l,
observed as the difference ín harmoníc frequencíes of the two l-ocal

i:-lti;,r:rji
i.::'ia:.ijìl:
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modes, agrees $/e1L $rith
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the separaËíon predicted on the basÍs of oDa".

l'::
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C. Anharmonicítv Córid!árits

Diagonal c'I-stretching local mode anharmonicity constants, xií,s,
are readíly caLculated via equaÈion 2 anð. the peak maxíma given in
Tables 4 and 5- The calcur-ated correr-atÍon coefficíents, r, clearly
illustrate the linearÍty of ttre ÂE/t pLots. A varue of -1.00 for a

correlatíon coefficienÈ Índicates a perfect sËraíght l_íne with a nega_

tive s1ope.

i) Moisê-ìgscÊl1áüor

substituents' not direcËly Ëonded to one of the atoms of a bond

beíng homoLyticaLly broken, have been oõserved to have líttr-e effect
on that bondts dissoctaËfon energy ca'|). Therefore, the díssociatÍon
energies of a1kyl prÍmary, secondary and tertiary hydrogens have been
for:nd to be characteristtc of the respectÍve hydrogen Èype, sínce the
energy depends only on the nrmber of a1-kyi_ groups bonded to the carbon
of Èhe cH bond. Table 5 shows that cålcur-aËed xn and rr:1. val-ues are
also dístÍnct and faÍr1y consisËent for the various hydrogen types.
Any devÍations are readily accounted for in the experimental un.er_
tainty' Ïhe l-ocal- mocle concept r^Îas orfgÍnally derived from the analysís
of larger anpl-itude cÏr vibratfons, which correspond to díssocÍation at
their l-Ímit' Thus the compl-ílrentary nature of dÍssociaËíon energy and

l-ocal- node parameters is to be expected. The applícabí1-ity of the Morse

oscÍl-latorr as a description of the Local cH oscíLlaËor, has previously
been demonstrated (tO¡. The followÍng reJ_ationshíp5

x = u2/4n 
G)

between the anharmonÍcity constanË, x c= -x.r,r-), and the dissociation
enetgy, D, can be wriÈËen íf Ëhe Morse potentíal- is a reasonable

ìi,t.
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approxímation of the actual vÍbrational potentíar- (zv). Therefore, a

further confÍrmatÍon of the descriptíon of a set of weakly coupled
anharmonic local- oscÍLlators in Èerns of a collecËion of Morse oscil-
l-ators ís expressed by the observed correspondence of anhamonicity
corisËants and il-ôçç,1cmodêofrèrq,uegpies with Ëhe dÍssociatíon energíes.

iÍ) DÍssociation- Eriergies

Equation 4-was used to calculate dissociation energÍes, from

experÍmental1-y obtained ur]- and xn valuesr for cIT, and cHT that is,
primary and secondary Ïrydrogens. comparÍson of these vaLues with the
accepted, kineticaLly deËer:mÍned, characterisÈic dissociatíon energies
(z'hr 261 27-'r zg), in Tabl-e 6, revear.s that the car_cur_ared values are
both somewhat high. However, the theory of the vÍbratíons of a día-
tomic (29) gives an explanation for the d.iscrepancy. These overestí-
matíons of D could resur-t from the neglecÈ of cubíc and hígher order
terms in the derlvation of equatron 4. Birge-sponer pl0ts for a

diatomic, in r,uhich the vÍbrational_ level spacing, AG, is pLotËed

against the þíbratf.onal quantr:m number, v, to úl1-ustrate the increas_
íng importance of these te'os in þlgher v. The resul_t Ís a downward

curvature of such a pl-ot for these hígher vibratíonal- levels. slnce
the dissocÍatíon eneïgy is effecËively Ëhe area under such a curve, an

overestimaÈion is expected íf Ëhe cubic terms are omÍtted and Èhe

linear varíance of a6 with v assumed.. A sinir-ar overesËimation is
probable for these results. Thus, the cal-culated dússociation energies
are good esËÍmaËes of the actual dissocÍation energy, considering Ëhe

roughness of the daËa, and the applÍcabÍlity of equatíon 4 to a rocal
CH oscil-lator ís supported.

ri; .
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Comparison of the calculated values of .X:ed values of XlL and ur, f.or CH, to the

more consísËent. cH, resul-Ës, via equation 4 anð, the respecËíve kÍneti-
cal-ly dete::níned díssocfatíon energÍes, revealed thaË Ëhe calculaËed

average values of the ha:moni.c frequency and anha:monicíty constanË

for cH, are a l-íttl-e high. The values given for n-hexane and n-heptane

are found to be more reasonabl-e, relaÈive to the primary hydrogen resulËs.
Ïn the observed spectra, the clr, peak is ,tnore promínenÈ for n-hexane and

n-heptane and so deconvol-ution rroul-d yÍeld more accurate maxíma and a
beËter set of local mode parameters is expected. optimized vaLues for
secondary hydrogens, calcu1-aÉed from the resulËs of n-hexane and n-heptane

excl-usÍvely, of -62.5 "r-1 and 2940 
"r-1 "r" proposed for x¡ and üì res-

pecËively.

iv) Medir:m Effects

Dellinger and Kasha have recentl-y devel_oped a theory of the ínter-
moLecular perturbation of oolecul-ar poËentÍals c3"o) and a proposed

appl-ication is to þibratlons descrlbable by a Morse potential_. This

work and others (1t5) have al-ready shown that a col-l-ection of Morse

oscillators fs a reasonabLe descrfptfon of a set of loosely coupled

anharmoníc l-ocal oscfllators and so such consíderatíons should be appli-
cable to the local CH-stretching oscíl1_ator.

The theory proposes that for such a system the sor-vent cage acts

as a vi-scosiËy dependent barrÍer Ëo dissociation (96). The potentíal,
therefore, becomes more harmonic.ín a higher vÍscosity medír:m and this
wí11- be reflecËed by a decrease in the anharmonícÍty constant. Figure 33,

from reference 3'i[, provides an il]-ustraËion of the change in anharmonicíty

of the higher víbrationaL potential predícÈed for hÍgher viscosíty media.

iiiita-ìì:rii:i.i:l
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Fig. 33 The more harmonic potential- (-----), resulting from the
solid matrlx perturbatíon of the original- Mdrse poten-
Ëíal- (--) for Ëhe 1iquÍd phase. Adapted f rom
Figure I of reference-,?$.
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3MP was chosen as a suiËable systen to tesË Ëhese ideas as íts

overËone spectrum is measurabl-e ín -both the lÍquld phase at room Ëem-

peraËure and as a clear rígÍd g1-ass at 77oK. Analysis of the spectïa

allows calculatÍon of the X' from equatíon 2 and a direct comparison 
::., ,,_, ..,

of the results for l-lqufd and rigÍd oedia is possible.

The sol-id specËra showed about a 157. íncrease in inËensity for

the same pathl-ength due to a decrease in the volume on goÍng to the 
,,:,,.,.,,,;.,:,:,,.
l.:.:':: .'r:, :,:i...:

gi-ass. Ilovrever, bandshapes remaÍned very sioil-ar to Ëhose observed
ì. ..,. ,' ;., ..; -'

for líquÍd 3MP and therefore the sol-i.d 3MP spectra are not presented 
¡,':,'',,; ,,.,,,.;.

Ihere. The CH, peak domiriates each overtone band and so its posítíon 
,

was assigned sÍmp1y as Ëhe band maxioa observed in the spectrum (see 
i

I

Tabl-e L). As prevíously staËed, comparison of deconvol-uËed and rough 
I

I

data for the CII' peaks reveals on1-y sl-Íght shifts in the peak maxima i

J- 
|

and this is confÍr:med by the lack of any 1-arge, uníform changes in 
f

the cal-cul-aËed X* va1-ues for C\, etven in Tables 4 and 5. j

i,
Bothso].idand1íquidp1otsofequation2,givenÍnfígure31,

ì

are almost perfect straîght f-ines, as predicted by equation 2. The 
,

sol-íd 3MPr Ava" = 6 point Ís Ëhe atost uncertaín, due to a smal-l ,.i...¡t,1,,.i.
i-. ,., ., .,

intensity on a rÍsÍng baekground. The correlatíon coefficÍents, in ,i,,',,,',!':'.,',
'r:rl.: :.:.:.i.: :.- ::-

Tabl-e 7, show Ëhe solid 3MP resul-ts to be on1-y sl-Íghtl-y poorer, but

this is easily attribuËabl-e to an observed noísíer background.

Figure 31 cleari-y shows the difference ín the sl-ope that is

representative of a difference ín the anharmoniëiËíes of sol-id and

f-iquíd 3MP. As predicted, the anha::monicíLy of the more viscous

solid phase ís small-er than the 1-íquíd. Thus, intermol-ecul-ar forces

in the so1Íd phase are direcË1-y shapíng the vibrational potentÍ-al-
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and renderíng it more harmoníc. The rnagnítude of this change, with
x' decreasing from -60.L cr-l to -54.8 .r-1, is surprisíng, however,

because the interactíon of the sol-vent cage with the vibratíons of

the hydrogen êtom níght be expecËed Ëo be minímal.

l:i-::..iiJ.- .;:::
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APPENDIX

FurÈher Studíes

This sectíon has been added to a11ow some speculatíon about

several- puzzLes that arose durÍng thÍs study for which no definite
ansvrers were obtained.

i) Cycl-ohexane

0f the clr-stretchÍng spectïa presented in thÍs study, only those

of cycl-ohexane (figures L6 and 25) do not confor:n r^¡ith the local mode

picËure given thus far. orrgfnally, eyclohexane vras measured Èo be

used as a reference, for the cH2 group, in the computer deconvolutíon

study. r had hoped to gafn some ÍnformaËíon on the bandshape of the

pure 1oca1 mode overtone peaks from the cyclohexane spectra, since the

one hydrogen type present sräs Ðlpected to give a síng1e l-arge pebk.

Hornrever Ínstead, two major convoluted peaks r^rere resolved for each

overtone- rn addftf.on, the two obserwed peaks seem to 1íe to eÍther
side of Ëhe averaee cH, peak posfËion, as ff their posítíon is weíghted

by Ëheir respectÍve sÍze. rt dld not seem probable that a peak of the

size observed coul-d be the result of Ëhe presence of an impuríÈy Ín the

sample, but to verífy thÍs conclusion a neÌÍ, unopened bottl-e of spectro-
grade cycl-ohexane ù7as obtained. Samples from the new bottl-e r¡rere found

to gÍve i.dentícal resul-ts.

It is suggested thaÈ Ëhese Èrro peaks represent, Ëhe resol-uËÍon of
the axial- and equatoríal- hydrogens of cyclohexane. on Ëhe víbratíonal
time scale, the cycl-ohexane ríng would be fixed and inËerconversÍon of
the Ëwo hydrogen types stopped, aL1-owíng a díscrÍmínation of axial and

equatorial hydrogens. rf these peaks do represent axial and equaÈorial

1.: t:::
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hydrogens, then cyclohexane represenËs a further extenslon of the sepa-

Tation of nonequivalenË hydrogens in CTl-stretching orrertone spectra. A

study is presently underway to investigate thís idea (32) and, íf sub-

stantlated' will provide further support for the l-ocal mode inÈerpreta-

tíon of these specËra. The observed separation betr,¡een the |taxial and

equatorial" cH-stretchings is abouË 110 cm-l (from Table i-) at Âva" = 4

as compared to the cH, - clË.z average separaÈíon of l-95 "r-1 fror Table 3.

ií) Bandshapes

Al-though a Lotentzian bandshape has been observed previously, for

Ëhe ava" = 6 overtone of gaseous benzene (r7), there Ís some evidence

in thís study Ëo suggest thaÈ there ís al-so some Gaussian characËer in

Èhe overtone peaks. A najoríty of Ëhe al-kanes studíed were in the

lÍquíd phase and a Gaussian broadening of liquid phase spectra, due to

intermolecular interactions, ís probabl_e.

A comparison of the observed and cal_culated Ava" = 5 overtones

of n-hepËane, given in figure 30, reveals that the experimental_ band

is somewhat more round and broader than was predicted wíth pure Lorent-

zÍan peaks. The experimental- spectïum does seem Ëo be more Gaussian in

shape. In fact, the termination of the iterations by slow convergence,

for every deconvolutíon, ÍndícaËes that the pure Lorentzj:an bandshape,

assr:med in the calculatíons, ís probably noË the real bandshape of the

CH-streËchÍng overtone peaks.

ExperÍrnentation wíth the fitting of singl_e, isolated overtone

peaks, using LorenËz-Gauss sum or product functions, would be ínstru-

mental- in deËe::mining the e:<act bandshapes of the oyerËones. Since

i."'
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cyclohexane has failed, as dfscussed above, to produce single, isolated
peaks for each overËone, a possible choÍce fot a reference compound.

would be neopentane, an alkane wiÈh on1_y ClI, hydrogens.

The Gaussian character of the overtones ís not expected to be

constant. Both the increase of víbratíonal quanta, av, and the length
of alkane chain could increase the Íntermolecul-ar interacËions and

subsequently the Gaussian contributíon to a gi.ven peak. The increased

Gaussian character is a possíble explanation for Èhe íncreased F!ùIIM at
higher v and for longer chained alkanes.
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