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ABSTRACT

The Raman vibrational spectraof branched alkanes and alkenes were studied by quantum calculationsin order to
investigate the effect of branching and unsaturation on the main chain LAM mode in polyethylenes. It was found
that alkyl side chainshave aminor effect on the main chain LAM mode. On the contrary, non-terminal unsaturations
within the main chain do have asignificant effect on the LAM-1 mode. It is shown that former interpretation of the
spectraof LAM bands in non-terminally unsaturated C. H.  requires a different, renewed, description.
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INTRODUCTION

The Longitudinal Acoustic or Accordion Mode
(LAM) isawell-known characteristic vibrationa mode
in polymer systemshaving linear extended chain seg-
mentsY. Itisavibrational modethat involvesatomic
displacementsresembling accordionlikemode, viz. fig-
urel. Ingenerd, for long chainlength, thefrequency v _
(incm?) isinversely proportional to thischainlength

(L):

m [E

Vo, = H ?
with m the mode order (m =1, 2, 3, ¢ the speed of
light, E_theelastic (Young’s) modulus, and p the den-
sity. TheLAM-1is, aso becausetheintensity drops
quickly with increasing order, the mostly studied mode.
Unfortunately, theLAM modeisnot studied very
oftenthesedaysathoughit isoneof the prominent pos-
gbilitiesto study morphol ogy of thepolymer by Raman
spectroscopy. Inthemoredistant past quiteafew pub-
licationsonthe LAM modein polymersappeared asit

providesadditiona information onthe structureof poly-
meric materials. Whereas X -ray diffraction enablesthe
determination of thethickness of thecrystalinelamel -
lae, theLAM modefrequency providesaongwiththis
information from X-ray diffraction whether thechains
areoriented perpendicular or under ananglewith re-
spect to thelamellae. The overwhelming majority of
publicationsinvolvingthe LAM mode hasbeenona-
kanesand polyethylenes. For these, dso effectsof chain
defects?, unsaturations®, andintermolecular chainin-
teractionsg” have been reported.

Polyolefinsnormdly havesdegroupsaongthemain
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Figurel: Illustration of longitudinal acoustic (or accor dion)
modetype(LAM)
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Figure2: Schematicillustration of typical alkane structuressimulated in thisstudy

chain. Sometimes these are unwanted effectsin the
polymerisation, sometimestheseare on purposewhen
wearetalking about co-polymerisation or long-chain
branching. Asfar asweknow thereis published study
into the effects of such branchingonthe LAM mode.
Whereas one may argue there will be no vibrational
mixing betweenthemainchan LAM vibraionandsde
chainsvibrations, whichisdefinitely true, theweight of
thesidegroup could haveanon-negligibleeffect onthe
main chain LAM vibration. When the effectsare non-
negligible, thismeanson the one hand that we can not
interpret theLAM modeinthetraditional straightfor-
ward way, but on the other hand it may yield us addi-
tional information on thepolymer chain. Thereforethis
paper reportson the LAM modein branched alkanes
by taking alkanes (C H.,-C_H,,) asmodel systems.
Similarly, unsaturationsare present in many polyolefin
chains, and only anincidenta report onthe LAM mode
insuch asystem seemsavailablefrom the past'.

Our andysisfor thebranched systemsisatheoreti-
ca one, aswe can not make asamplewith one particu-
lar typeof branching for experimental vaidation. It has
been shown that current quantum calculationsarean
independent and proven way of accessing vibrational
frequenciesand intensitiesfor a kanesand polyethyl-
enes®>9. In former days, i.e. the 1950’s through the
1980’s, the state of theart wasto invokeforcefiedsto
eva uatevibrationa frequenciesand dot productsof the
elgenvectorsto obtain relativeintengities. Many inter-
pretations of vibrational spectrawere actually based
on such analyses. However, the outcomefrom such a
study might bebiased, astheforcefieldswereusually
constructed starting from experimentally avail ablevi-
brational frequencies. In addition, in particular thein-
tensity calculation is proneto errors, as many more
modes might show interferencein thefrequency range
of theLAM when comparing to experiment. Thus, we
herereport full quantum mechanicd cal culationsthat
have previoudy been shown to be capabl e of capturing
details of LAM mode frequencies contrary to more
smplemodels°.

Computational details

It has been shows before that the semi-empirical
AM1 methodisan adequate method for thecalculation
of semi-quantitative trendsin LAM mode frequen-
cied®d. For instance®, thesemi-empiricd AM1 method
well representsthe LAM frequenciesfor dkaneswith
aconstant offset of about 10%.

Asit could aso occur that certain effectswould not
be observablein experiment dueto changing intensi-
ties, weshould a soinvestigate whether theintensities
of theRaman active LAM arenot changing significantly
upon branching. Wereport sel ected Hartree-Fock level
(HF/6-31G*) leve caculationsaming for Ramanin-
tengties. Althoughthisisalow levd of caculation, previ-
ousstudieshaveshowstheat variationsin Ramanintens -
tiesfor dkanesarewe | reproduced at thisleve 59,

Inthispaper wewill occasionaly useashort-hand
notation for thealkanes: C H,, ., issimply written as
C.. For branched akanes,aC H, , chanwithaCH,,
sidechainisrepresented by C C..

RESULTS

For the straight chain model systems studied, we
calculated theLAM modefor C H,, as 164cm* to be
compared to the experimenta value of 150cm 9, For
C,,H,, the values are 131cm* (AM1) and 114cm™*
(experimental), respectively, whereasfor C, H, the
caculated value of 111cm'? should be compared tothe
experimental vaueof 98cnT* (experimentd vauesfrom
Ref 111, Calcul ated values are thus about 10% higher
than experimental val uesasprevioudly found'®.

In general, the normal alkane LAM modes have
the character likeillustrated in figure 1. We note that
from our anaysisit turned out that branched structures
exhibit LAM modesthat have some other character
mixed in. So in branched systems we often can not
speak of apureaccordiontypemotionasillustrated by
figure 1, which is dueto the fact that the side chain
actudly digtortsthelinear character of themain chain.

—r—,  \lBCromolecules
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TABLE 1: AM 1calculated LAM frequenciesfor variousal-
kanes, with and without sidechains. Pleasenotethat C H2 ,
issimply written asC . An alkane chain witha CH _ side
chainisrepresented by C C,

TABLE2:AM1calculated LAM frequenciesfor C  alkane
and mono-brominated C . alkane, with thebromineat thechain
end (C,Br), at thecarbon 8-position (C,.-8-Br), or at thecar -
bon 5-position

Alkane LAM Species LAM (cm™)

Cus 164 Cus 164
C16Cy center 171 Cu6Br 125
C16C4 center 163 C16-8-Br 168
C16C, Side 155 Ci5-5-Br 160
C1eCs Conter 159 duction of sidechains. Thereforeitisabsolutely rel-
Co 131 evant to check Raman intensities before making any
C2oCy center 142 definiteconclusions
CaoCs conter 136 Weadditionally verified this observation of asmall
CooCa Sle 136 effect of along side chain by attachingamuch heavier
CaolCs Sle 140 atom ontothechain rather than an alkyl sidechain. Tak-
Cae 111 ing the bromo-alkanes we previously studied®, we
CaiCy center 122 observe asignificant downward shift when we attach
C24Ca conter 112 the Br at thechain end, but attached along thechain the
22“08 side 18134 calculated effect isat most afew wavenumbers, viz.

% TABLE 2.
CazCy center 89 Thus, in conclusion, no significant effectsof aside
CazCy conter 89 chainonthe LAM frequency of along alkane are ex-
C;,C, 9de 83

Therefore, next to theidentification of LAM modesin
thebranched systemsby visua ingpection of theatomic
displacement, it isimportant to obtaininformation on
vibrationa intensitiesin order to validatethat thereis
still Ramanintensity rel ated to themode of interest.

LAM frequenciesof branched alkanes

Relevant short chainsin polyolefinsinclude methyl
up to hexyl branches, which are deliberately or
unddiberately gppearingin copolymersof ethyleneand
higher dkenes. We have studied thevibrationa spectra
for the structures displayed schematically infigure 2.
The calculated LAM frequencies are collected in
TABLE 1. Itisinteresting to notethat apparently asingle
sdechain carbon (methyl branch) leadsto asignificant
perturbation of around 10cnr? in thefrequency of the
LAM, whereaslonger brancheshaveasmaller effect.
Withincreasing length of themain chaintheeffect of the
sdechain becomessmdler. Thissuggeststhat for poly-
ethylenesthe effect of thesidechainissmall to negli-
gible. It should be noted, however, that the character of
theLAM vibration, i.e. the atomic displacement asil-
lustrated infigure 1, isserioudy affected by theintro-
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pected. Theresultsfor thelong alkanes suggest that for
apolyethylene chain, and even more sowhile LAM
bandsfor real polyethylenesareusually not very nar-
row, therewill in practiceno experimentaly discernable
effect. Obvioudly, we now haveto check whether any
maj or changes occur with respect to Raman intensities.

LAM intensitiesin branched alkanes

TheHF/6-31G(d) calculated frequenciesand in-
tensitiesfor selected branched alkanesare shownin
TABLE 3. Dueto theintroduction of the branch, the
character of the LAM does not display exactly the
atomic displacement showninfigure 1 for apurelinear
dkane. Inaddition, Raman intensity dueto other vibra:
tional modesmight show up at or very near totheLAM
frequency. Obvioudly, from the experimenta spectrum
one can not discriminate between LAM and non-LAM
intensities. Therefore, in TABLE 3, wehavea so pre-
sented the summed intensitiesin thefrequency region
of theLAM.

From theintensitiesin TABLE 3 it can be con-
cluded that withincreasing chainlength (C ,— C,)
thereisonly alimited decreaseinintensity of theRaman
intengity inthe LAM spectrd range. For theinterpreta-
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TABLE 3: Calculated LAM (-like) frequenciesand Raman
intensitiesfor two (branched) alkanes
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TABLE 4: Calculated and experimental LAM modefrequen-
ciesaccor dingtoRabolt c.s® and thecalculated low-frequency

Alkane F frequency — HF intensity  Summed intensity Raman activemodesaccor dingtothepresent work. oop reads
(exp. freg.) cm™ (a.u.) (a.u.) out-of-plane
Cie 150 5.9 5.9 Calc. freg. Calc.Int.
151 (150) 455 Alkene C@lC-freq. Expfreg.  (em™)  (au) Charo?der
C1Cs (em®® (em®™  Present Preent . .
156 0.54 5.1 work  work  vibration
119 (114) 2.56 126 133 134 53 LAM-1
Cx N-CygHzg
123 2.56 5.1 358 356 373 24 LAM-3
122 4.3 128 136 136 29 LAM-1
CxCs 124 0.18 141 15
129 0.40 4.9 1 Cistae 362 13
tion of experimenta spectrathiswill not have notewor- 3r1 369 387 22 LAMS3
thy consequences. 121 not. obs
TheLAM intrans-alkenes 1o 05
119 10
Next to branching, acommon festurein polyethyl - 159 11
enesisanunsaturation. Inapolyethyleneatermina (vi- & CisHee 200 101 36 HC=CHom
nyl) or avinylidenetypeunsaturation (-CR = CH,) does 212 0.7
not haveasgnificant effect ontheLAM-1, asweindeed 280 17
: . )
observed fr(_)m AM 1lcd C_Llj| ations (ClGI:I34. 164cm : %63 %57 379 31 LAM3
C_H.-CH=CH_: 168cm™, CSHH-CH_(— _CH) CSHP. 130 oo ~
167cmt). However, a double bond within the main 109 07
chain might haveamore noticesbl e effect. 118 118 05
Rabolt et d. reported theinfluence of unsaturations 158 06
inthealkaneontheLAM. Accordingtotheir detathe ¢ ¢ 166 08
effects should not bethat large, as can be seen from 172 06
their datacollected in TABLE 4 of the present paper. 200 21 61 HC=CH oop
We particularly note that the former work suggested 205 0.9
that LAM bandsarestill in the 120-130cm™ spectral 385 355 375 34 LAM-3

rangefor 6-C ;H, and 9-C_H., withthetotd inten-
Sty not changing significantly (according to so-called
‘dot-product’ cal cul ations®). When looking at the ex-
perimental spectruminfigurelof Ref. 3, however, itis
observed that upon placing the unsaturation withinthe
chain, i.e. the 6 or 9 positioninthis case, the spectral
range 100-200cm'* doesnot exhibit just theLAM mode
likefor C H,, and 1- C H_,, but arange of bands.
Furthermore, for the6-C H.. and 9-C H, structures
acaculated LAM fregquency wasreported but noLAM
band was experimentally observed, despite the com-
paraively smdl changein cd culatedintensity compared
to the saturated alkane.

Our HF/6-31G(d) quantum caculationsreved pre-
cisely that what i s observed inthe experimental spec-

trd®. TheLAM-1and LAM-3, both reported experi-

mentally®®, arewel | recovered fromour AM 1 calcula
tions (TABLE 4) for both C H_,and 1-C H_.. The
cdculaionsreved that theintensity lowersupon intro-
duction of theterminal unsaturation, which seemsin
agreement with experimenta data, athoughwe should
noticethat no intensity reference was used in the ex-
perimental work!®. However, for 6-C H, and 9-
C H. thestronger band at the position of theLAM in
C gH., vanished, aseriesof lower intensity bands pops
upintherangeuptill 200cm™, whereasastronger band
showsup near 200cn™. Thecharacter of thislatter band
isout-of-plane CH motion of theunsaturation. Thisis,
at least quditatively, in agreement with theexperimenta
spectra. Interestingly, although the LAM-1 vanished,

the LAM-3isretained as corroborated from experi-
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mental dataand confirmed by our calculations.

SUMMARY

Theeffect of sdechain ontheLongitudina Acous-
tic Modein polyethyleneswas studied by smulations
on akanesus ng quantum chemical methods. The ef-
fectsturned out minimal, both in frequency andinten-
sity, and thus LAM modesin branched polyethylene
sampl es can be interpreted without the need to con-
Sider possibly effectsof branching.

Wethen concluded thesameholdsfor unsaturations
at theend of the polymer chain or asasidechain. We
rationdized theeffect of an unsaturationwithinthemain
chain, in agreement with experimenta observations?.
Moreexplicitly, for severd C H. dkenesandysisfrom
the past wasactudly not in agreement with full experi-
mental observationg®, whereasour caculaionsdearly
reved ed theexperimental facts. The calculationsshow
once morethat relatively smple HF/6-31G(d) quan-
tum calculationsarewell capable of rationalizingand
forecasting effectsin the Raman spectraof dkanesand
polyethylenes.
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