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Quantitative Correlation of Raman Spectral Indicators in Determining Conformational
Order in Alkyl Chains
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The correlation of Raman spectral indicators for the determination of alkyl chain interactions and conformational
order is presented. These investigations probe the conformational order of bulk octadecane and low molecular
weight polyethylene as they undergo solid/liquid phase transitions. Spectral indicators are quantitatively
correlated to thé[v,(CH,)/1[vs(CH,)], as this is the primary indicator of rotational and conformational order
obtained empirically from Raman spectra. These indicators are interpreted in terms of alkane intramolecular
motion, intermolecular interactions between alkyl chains, crystal structure of these solid materials, and the
presence of methylene conformers. Results demonstrate that Raman spectroscopy is sensitive to very subtle
changes in alkane chain structure and conformation. These results can be used to understand molecular
interactions and structurdunction relationships in alkane-based materials.

Introduction infrared spectroscopy (FTIR§, 41 and Raman spectros-

. . __copy>10.15-18.29.42°51 NMR experiments specifically probe al-
Materials based on a”‘a”e.'cof“a'”'!"g mqlecules are used iNyana chain mobility, allowing information about conformational
countless technological applications including self-assembled 4o to be inferred. Although a distinct correlation between

Lnonolagyersl on [Peral .an:d OX'dE Suggies (both t\/\%og and three- ., 3in mobility and conformational order exists, a direct measure
imensional),~2 biological membranes;® biosensors;® Lang- of conformational order is necessary for understanding the

e . S : > > _ _
rr;]mr Blodget:] f|lrlri133, d Crem'(.:a")l’k modified _;i'!%'_czells hfor subtleties of alkane structure and function. FTIR spectroscopy
chromatography>~¢ and polymeric alkane material. The does offer direct conformational order information for alkane-

desired attributez of aIkalrllefchainhpohr:forrr:jatiogal order”i.n thesep,caq systems, an advantage over NMR spectroscopy. However,
Zysteéns \:jar)l/_ su dls_lt(anUa é’ rom Igl' yt(_)r e(;e (c;yst? ,I:Ii) 00 £7iR suffers from major limitations in spectral interference from
|hso_r ered (liqui Ide') anf a_rel app |ca_|on-d_epen in 'f ane solvents, resolution, activity of alkane vibrational modes, and
chain structure and interfacial properties dictate the function o, serimental sensitivity and proves to be inadequate for studying
and utility of these materlals..For example, biological MeM- g htie molecular changes in conformational ofder.
branes allow the transport of ions, proteins and other species In contrast Raman spectrosconv has been shown to be a
from one side of the membrane to the other, as well as the lateral owerful ex ’erimental ptool for pgeterminin subtle con-
diffusion of membrane components within the bilayer. Thus, P : P . ) . 9
o . - . formational changes in a wide variety of alkane-based
the alkane chains in the lipids of biological membranes must Systems:15.16.49.5255 Such conformational order information is
be partially liquidlike to allow this transport and lateral diffusion y o . . .
to occur. Alkane chains of a more rigid, crystalline character use_ful n underst_andln_g t.he c_hem|cal environment of alk_ane
would restrict the transport of molecules across the membrane,EZ?J\?:er?'ﬁkg;ZVfﬁ;nSS;%zt tlk?é(i)r ;Z?rg:ﬂ;ﬁu'sr Flgr:r?]r:r?tfn:(;-
while a membrane consisting of completely liquid alkane chains . . . 19s. T >P
would lack the stability to remain intact troscopy has the unique ability to provide direct information
o . ; . about conformational order, nondestructively and free from
) Inhalkane-modl;‘:ed ?]IhCB.S ufsed as statllonzry phfasr? maﬁ(e”alsspectral interferences that plague FTIR spectrosédpn
In chromatography, the conformational order of the alkane addition, the plethora of spectral bands in t{€—H), »(C—

moieties governs the efficiency anq seleptivity of the Sépara- C), andd(C—H) regions of the Raman spectrum provide a great
tions?2"2> Highly ordered, high-density stationary phase materi- yea of information about conformational order including the

als have been shown to have shape selectivity for planar g ot of alkane chain coupling, intramolecular motion, relative

polynuclear aromatic h_y(_:lrocarbons, wh_|Ie less o_rdered stationary, mbers of gauche and trans conformers, and chain twisting
phase materials exhibit no geometric selectivftyClearly, and bending:5

describing alkane chain conformational order on the molecular

level is crucial for understanding how such materials function - . .
spectroscopy for determining alkane chain conformational order

In their respective gpphcatlons. . in lipids and lipid—protein complexe® They noted that changes
Numerous experimental techniques have been used to studyIn spectral bands near 1100 chylater assigned to the(C—
alkane-chain structure and conformation including nuclear

. . C)s and v(C—C)r modes) correlate to relative numbers of
6&?,27 - . .
magnetic resonance (NMR) spectrosceipy:*’Fourier transform gauche and trans conformers in alkane chains and that the
intensity ratio of the 2885 cm v,(CH,) band to the 2850 cri
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Larsson and Rand first described the utility of Raman
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I[v{(CH,)] and the intensity ratio of the(C—C)g to thev(C—
C)r modes near 1100 crb, I[v(C—C)g)/I[v(C—C)], they
concluded that the former is more sensitive than the latter to
subtle changes in order for both disordered molecules and for
molecules in an all-trans configuration.

It is important to note that the ratitfva(CH)]/1[vs(CH,)]
measures different quantities for all-trans and disordered al-
kanes'” In the crystalline phase, tHgv(CHo))/1[vs(CH,)] is a
measure of rotational disorder in all-trans alkane chains, and in V(C-C)s
disordered, liquidlike alkanes, this ratio is additionally sensitive Y{CCh
to the addition of gauche conformers. Thus, the(CH,)]/
I[v(CHy)] is a subtle and sensitive indicator of order for
crystalline alkane chains.

Larsson and Rand also noted an increase in intensity of the Wavenumbers (cm”)

2930 cnt! v{(CHs)rr mode for increasingly disordered alkane  Figure 1. Raman spectra in th¢C—C), 5(C—H) andv(C—H) regions
assemblies. The intensity ratio of this mode to the 2850'cm  for octadecane at (a) @ and (b) 60°C. Integration time 2 min.
v(CH2) mode was later correlated to intermolecular coupling

of alkane chains by Snyder et dl. TABLE 1: Raman Peak Frequencies (cm?) and

In addition to the work done by Larsson and Rand on lipid  Assignments for Octadecane and Polyethylene
protein complexes, Raman spectral indicators were also used

Vo(CH,)er
Vo(CHy)er

Intensity

T T T T T
1000 1200 1400 2800 2900 3000

octadecane octadecane polyethylene polyethylene

eXtenS|Ve|y |n the |ate 19603 and eal’|y 19703 to examlne the ||qu|d crystamne ||qu|d Cyrsta”ine assignmeﬁt
_confor_matlonal order of _alkar]e chains in model systems 1065 1062 1065 1062 »(C-—Cy
including polymers and biological membrarfe:#7:54 More 1081 1081 W(C—C)s
recently, these indicators have been used to describe the 1124 1128 1124 1128 »(C—C)r
conformational order of more complex alkane assemblies similar 1303 1296 1302 1295 7(CHyp)
to those mentioned above including self-assembled monolayers 1369 1371 1369 1371 6(CHs)
on a variety of substraté3#349.57_angmuir-Blodgett layers? 1420 O(CHz)orHo
. i o - 1440 1441 1440 1441  O(CHy)
and chemically modified silicas for reversed-phase liquid 1450 1445 1450 1445  64(CHy)
chromatography®-17 Even though discrete differences between  2g52 2842 2852 2847  v{(CHy)
bulk or solution phase alkane systems and the surface-bound 2888 2876 2886 2881  v4(CHy)
systems exist, intermolecular hydrophobic interactions between %ggg %ggg %ggg %g%g Vig:zgm
i imi i V. 3)FR
alkane chains are similar. Therefore, the conformational order 2965 2959 2965 2060 vACH)

behavior of surface-confined alkane systems is complementary
to that of bulk or solution phase materials when probed by @v = stretch;z = twist; 6 = bend and/or scissor.
Raman spectroscopy.

Despite the valuable work that has been done in an effort to °C were regulated by resistively heating the copper sample
understand the relationships between these Raman spectrdpolder. Samples were allowed to equilibrate at each temperature
indicators of conformational order, very little has been done to for a minimum of 30 min prior to analysis. A minimum of three
quantitatively correlate these indicators with the goal of measurements were made at each temperature on samples
understanding at what degree of disorder each parameterdndependently prepared from the same batch of material.
changes. In this report, the temperature-induced disordering oflntegration times for each spectrum are provided in the figure
octadecane and a low molecular weight polyethylene allows captions. Low laser power and short acquisition times were used
quantitative correlation of numerous conformational order to avoid unnecessary sample heating by the laser beam.
indicators in thev(C—C), 6(C—H), and »(C—H) spectral Octadecane and low molecular weight polyethylene (average
regions. My ~ 4000; averagdl, ~ 1700) were obtained from Aldrich

and used as received.
Experimental Section

. . Results and Discussion
Raman spectra were collected using 100 mW of p-polarized

532 nm radiation from a Coherent Verdi Nd:YVQaser General Overview of Alkane Conformational Order for
(Coherent, Inc., Santa Clara, CA) on a Spex Triplemate Octadecane and Polyethylene from Raman Spectroscopy.
spectrograph. Slit settings were 0.5/7.0/0.150 mm for all Raman spectra of neat octadecane at 0 ant6ére shown in
experiments. A polarization scrambler was used just prior to Figure 1 for two frequency regions, 1160600 and 2756

the entrance slit to remove any effects of spectrometer polariza-3050 cnt!. The corresponding peak frequencies are reported
tion bias from the measured intensities. The detector in thesein Table 1. Nine unique Raman spectral indicators for octa-
experiments was a Princeton Instruments charged-coupleddecane have been identified in th¢C—H), 6(C—H), and
device (CCD) system based on a thinned, back-illuminated, »(C—C) regions that reflect structural order in the alkane
antireflection coated RTE-110-PB CCD of pixel format 1100 chain: the peak intensity ratiod[vy(CHy))/I[vs(CH2)],

x 330 that was cooled with liquid No —90°C. Samples were  [[vs(CHg)rr]/I[vs(CHy)], andI[v(C—C)g]/I[v(C—C)y]; the inte-
sealed in 0.2 in diameter NMR tubes and positioned in the lasergrated peak area ratifd4(CHs)l/A[0(CHy)]; the peak frequen-
beam using a copper sample mount. The temperature of thecies of thev,(CH,), v{(CH,), andz(CH,) modes; the asymmetry
copper mount was regulated by circulating 50:50 ethylene of thet(CH,) mode; and the full-width-at-half-maximum (fwhm)
glycol:water through it and around the sample tube using a of the 7(CH;) mode. All of these are investigated here to
Neslab NTE-110 temperature controller, allowing temperature elucidate the subtleties of alkane structure upon melting to
control from—15 to+110°C. Temperatures greater than 110 provide a definitive molecular picture of this phenomenon. For
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polyethylene, two spectral indicators in addition to those above
result from the crystal field splitting of thé(CH,) in the
crystalline state. These indicators are the are ratjog(CHz)]/
{A[CS(CHz)] + A[a(CHz)ORTHo]} and the A[a(CHz)ORTHo]/
{Al04(CHs)] + A[0(CHg)]}.

Although thev(C—H) region (2756-3050 cnt?) is complex
for alkanes as a result of numerous spectral bands and Fermi
resonance splittings, conformational order information can be ;
obtained empirically from the peak intensity ratjos(CH,)]/ b

I[vs(CHy)]. This ratio spans a range fror0.6 to 2.0 for normal

alkanes in the liquid (0-60.9) and crystalline (1:62.0)
state$255 This ratio is sensitive to subtle changes in confor-
mational order from rotations, kinks, twists, and bends of the / c

alkane chains; essentially, this ratio changes for any deviation
from a perfect all-trans configuratidf56 Despite the extensive 1000 1200 1400 2800 2900 3000
previous investigation and use of this intensity ratio as a measure »
of alkane order/disorder, no reports have appeared in which this Wavenumbers (cm”)

ratio is quantitatively correlated to other chain coupling, twisting, Figure 2. Raman spectra in thgC—C), §(C—H) andv(C—H) regions

bending, or gauche conformer spectral indicators of order. ~ for polyethylene at (a) 0C, (b) 74°C, and (c) 100°C. Integration

Other spectral indicators of alkane order are also useful. The'M® 2 min.

frequencies at which thes(CH,;) and v4CH,) modes are
observed reflect conformational order and interchain coupling;
these modes are observed-@853 and 2888 crt, respectively,

for octadecane in the liquid state, and decrease-bg ém?!

in the crystalline state5® The frequency of the(CH,) mode

at ~1300 cnt! has also been related to the degree of coupling
between alkane chains, with decoupling correlated with an
increase in frequency of this mode. Chain coupling information
can also be obtained from the intensity ratiov@fCHs)rr at
~2930 cn1?! to v{(CH,) at ~285047 As the chains decouple
(intermolecular interactions decrease), the terminal methyl
groups experience increased rotational and vibrational freedom
and the intensity ratio of(CHz)gr to v{(CH,) increases.

Intensity

The phase transition for neat octadecane (melting point 29
°C) is abrupt and occurs over al °C range, typical for small
molecules. As a result, the conformational order information
obtained near the phase transition is limited by a combination
of the kinetics of the transition and the temperature resolution
(=0.5°C) of the experimental system. Due to the difficulty in
controlling the melting event at the phase transition, spectra
obtained during the phase transition reflect those for a biphasic
mixture; thus, the spectral response represents the average
conformational state of liquid and solid phases present in the
'biphasic mixture.

. i . ) To facilitate a greater understanding of more subtle changes
Conformational order information for alkanes can be obtained ;, onformational order throughout the phase transition, a low

from vibrational modes in the(C—C) andd(C—H) regions as . y5jecylar weight polyethylene (melting poin®8°C) is studied

well. The relative number of gauche and trans conformers in pere as well. The phase transition for polyethylene is more
alkane challns is indicated by the |nlten5|ty ratiod€—C)s  gradual, and conformational order is observed to change over
(~1080 cn1”) to »(C—C)r (~1062 cn1). For octadecane, this 5 temperature range of several degrees. Raman spectra of
intensity ratio spans a range from zero in the crystalline state polyethylene from 0 to 100C are shown for the/(C—C)

to %'1_1'3 in the liquid state. Unlike moplgs in thgC—H) 0(C—H) andv(C—H) regions in Figure 2 with the corresponding
region, they(C—C) modes are only sensitive to true gauche peak frequencies in Table 1.

and trans conformations and not to methylene rotations or other Comparing these spectral data to those of octadecane, the

bond deformation$? most obvious difference is the presence of H{€H.)ortHo
Two other spectral envelopes of bands contain conformational mode at~1420 cnm? and the loss of intensity of thé(CH,)
order information, those centered around 1300 and 1450.cm  mode at 1440 cit at low temperatures. TRECH,)ortHo mode
The 7(CHp) (~1300 cn1?) is superimposed on a number of  sjgnifies an orthorhombic crystal structure of polyethylene and
modes including, but not limited to, the methylene wag, the results from crystal field splitting of thé(CH,) mode at 1440
H—C—H deformation, and other methylene deformation m&éles. c¢m~159 The intensity of thed(CHy)ortHo decreases with
The intensities of these modes change from liquid to crystalline increasing temperature as the volume unit cell of the crystal
states of alkanes and are primarily sensitive to conformer expands and finally disappears in the liquid phase. As a result
changes between gauche and trans. The intensity changes off this crystal field splitting, quantification of the peaks in this

the underlying modes cause visible changes inr{l&) and region for polyethylene from curve fitting are presented as the
can be quantified by changes in width, asymmetry, and sum of the integrated peak areas of #€H,) andd(CHo)orTHo
frequency of this mode. bandso

The spectral region near 1450 chncontains a number of Raman Spectroscopy of Octadecanelhe correlation be-

overlapping deformation modes but is dominated by the tween I[vy(CHo)]/I[vs(CHo)] and I[v(C—C)g)/I[v(C—C)] is
methylene scissor mode)(CH;) at ~1440 cntl) and the shown in Figure 3. The plot is divided into liquid, biphasic,
antisymmetric methyl bend§(CHs) at ~1460 cn11).5258 An and crystalline regions by dashed lines. As noted above, the
increase in the integrated peak area ratio of these two envelopesdifficulty in temperature control in the phase transition region
designated a®\[04(CH3)]/A[6(CH,)], is an indication of the renders these lines only an approximation of the phase boundary;
increased population of methyl and methylene groups free to thus, they are intended only as a guide to the reader. The
undergo the scissor or bending motion, respectively. Structurally, crystalline region spans a temperature range freh® to +28

this denotes increased methyl and methylene intramolecular°C, the biphasic region is at a temperature~&9 °C, and the
motion that increases with alkane chain decoupling. liquid region is between 30 and 10C.
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Figure 3. Intensity ratio ofy(C—C)s to »(C—~C)r as a function of the Figure 5. Molar volume (milliliters/mole) of octadecane as a function
intensity ratio ofvs(CH;) to v{(CH,) for octadecane. Error bars are  of the intensity ratio ofrs(CHs)er to v{(CHy).
included for each point but may be smaller than the size of the points.
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Figure 4. Intensity ratio ofvs(CHs)rr to vs(CH,) as a function of the of s(CHy) t0 v{(CHy) for octadecane.

intensity ratio ofvy(CH,) to v{(CH,) for octadecane.
temperature whergv,(CH,)]/I[v{(CH>)] attains values of 12

In the crystalline state, no gauche conformers exist in alkanes; 0.8, the chains are sufficiently decoupled to allow gauche
however, some aspect of conformational order changes with conformers to be formed. Decoupling continues in the liquid
increasing temperature, as indicated by a decred$e,{ICH,)]/ state with increased thermal energy, although the rotational
I[vs(CHyp)] from 2.1 to 1.5. These changes are thought to be disorder is at its maximum, and hence, the(CH,)]/1[vs(CH,)]
due to methyl and methylene rotational disorder, predominantly remains constant. These changes are consistent with a change
near the ends of the alkane chains. Further into the biphasicin molar volume of the liquid alkane as a function of increasing
region, the average number of gauche conformers increasestemperature. That such a change is indeed occurring can be seen
starting at a value ofl[vy(CH2)]/I[vs(CH2)] of ~1.2 and from the plot in Figure 5 of the molar volume for ocatdecane

continuing for decreasing values &fvo(CH,)J/I[vs(CHy)] to in the liquid staté® as a function of the spectral indicator for
0.75. In the liquid phase, the extent of deviation from the all- interchain decoupling[vsCHs)erl/I[vs(CHy)]. In this plot, the
trans state remains constant (i.&[ya(CH)]/I[v{(CHy)] is molar volume increases only slightly over the solid/liquid phase

constant), while the relative number of gauche conformers boundary, but then increases dramatically in the liquid phase.
increases with increasing thermal energy. In this region, the Alkane chain coupling information can also be obtained from

rotational disorder responsible for the variancd [of(CH,)]/ the peak frequency afs(CHy); this parameter is correlated to
I[vs(CHy)] in the biphasic region is converted to true gauche 1[vo(CH,)]/I[v{(CHy)]in Figure 6. Thevy(CH,) andz(CH,) peak
conformers with increasing temperature. frequencies are also indicators of interchain coupling and are

Alkane intermolecular interactions, specifically interchain correlated td[vo(CHy)])/1[vs(CHy)] in Figures 1S and 2S in the
coupling, for octadecane as embodied{in(CHs)er]/I[vs(CHy)] Supporting Information. Although th&gCH,) peak frequencies
is correlated td[vy(CH,)]/1[vs(CH,)] in Figure 4. Alkane chain  andI[vg(CHs)er)/I[vs(CH,)] are indicators of interchain coupling,
coupling decreases with increasing rotational disorder itis important to note that they represent measures of different
(Ilva(CHR))/I[vs(CHy)] decreases from 2.1 to 1.3). Here alkane parameters. The peak frequencies are sensitive to subtle chain
chains spread out sufficiently that rotational disorder becomes interactions that may dampen or otherwise affe¢CH,)
extensive. At temperatures in the vicinity of the melting vibrations. In contrast, thivs(CHz)rrl/I[vs(CH,)] is sensitive
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Figure 7. 7(CH,) peak asymmetry factor as a function of the intensity Figure 8. 7(CH,) full-width half-maximum (fwhm) as a function of
ratio of v(CHy) to v{(CH;) for octadecane the intensity ratio oi7s(CH;) to v(CHj) for octadecane. Inset:(CH,)
fwhm as a function of the intensity ratio @C—C)g to »(C—C)r for

to larger coupling interactions that affect the terminal methyl octadecane.

group of the alkane chains and molar volume changes of the
material, The/(CHp) vibrations are damped by highly coupled suggests that a range of alkane chain twisting motions are

alkane chains in the crystalline material and are shifted to lower .
accessible to gauche conformers whereas a much narrower range

fr ncy. As the thermal ener f th m incr in. - : .
equency. As the thermal energy of the syste creases is accessible to trans conformers. In light of the considerable

the solid, the chains decouple slightly and the frequencies . X . : :
increase. Through the phase transition, the peak frequencieéncreased rotational disorder that accompanies the formation of

increase slightly and the chains further decouple. gau;hfa conformerg, this observation is not su_rprising.

The v5(CH,) peak frequency is a popular indicator of order Similar behavior is observed for the correlation between the
not only in bulk alkane systems but also in surface-bound alkane Al02(CHa)//AlO(CH)] and I[v{(CH )V I[v{(CHy)], @s shown in
systems as probed by surface vibrational methods such asigure 3S in the Supporting Information. The complexity and
surface FTIR and vibrational sum-frequency generaifofi.61 general uncertainty of the peak assignments in this region Iee}d
This indicator should be used with some caution, however, in 0 the use of integrated peak area ratios instead of peak intensity

light of the fact that the's(CH,) frequency shifts by 68 cnrt ratios as used for the other indicators. The peak areas of these
for neat octadecane in the crystalline state. This shift is a clear WO modes were determined using a Gaussian line shape analysis

indication that this indicator alone does not adequately describe®f the spectra. These fits are also shown in Figure 3S in the
the conformational state of these systems. While the lowest SUPPorting Information. The\[0a(CHz))/A[0(CH;)] remains
frequency of this mode is indeed an indication of a highly constant until gauche conformers are introduced into the alkane

ordered crystalline state, and the frequency vgfCH,) is structure. This value increases in the biphasic region and
sensitive to chain decoupling in the crystal, information regard- CONtNUES to increases with increased thermal energy in the liquid

ing the disorder imparted to the alkane chains during a phaseState- This trend is again a result of the increasing population
transition and in the liquid phase is not available from this of gauche conformers and the increased intramolecular motion
parameter. allowed as octadecane melts.

Alkane chain intramolecular motion and chain coupling as ~ Raman Spectroscopy of PolyethyleneThe rapidity of the
indicated by the(CH,) peak asymmetry and width (fwhm) are  phase transition for octadecane makes acquisition of quality
correlated with I[vy(CHo)]/1[v{(CH2)] in Figures 7 and 8, spectroscopic information near the phase transition difficult.
respectively. The peak asymmetry is quantified by calculating Moreover, the phase transition for octadecane results in a
an asymmetry factor equal to the ratio of the frequency distance biphasic mixture of species and not a system containing
from the right and left edges (measured at the fwhm) to the Systematically varying disorder. For these reasons, the Raman
peak frequency. As shown in Figure 7, th€CH,) remains spectral response for polyethylene is also probed on both sides
symmetric (asymmetry factes 1.0) for I[v4(CHy)])/I[v{(CH2)] of the phase transition. In light of its fewer degrees of freedom
values between 2.1 and 1.5. In the melting region, the peakand a less abrupt phase transition, this system provides a more
becomes slightly asymmetric as the rotational order decreasesappropriate model for surface-confined alkane systems. For this
(I[va(CH2))/1[vs(CHy)] values between 1.2 and 0.8). Once in the investigation, a medium densityo (~ 0.92 g/cnd), linear
liquid state, this peak continues to increase in asymmetry aspolyethylene is used to spectroscopically examine alkane
the rotational disorder remains at its maximum. Temperature Melting. Due to differences in the thermal behavior of this
regions in which the(CH,) peak becomes asymmetric coincide System as compared to octadecane, the polyethylene data are
with regions in which the number of gauche conformers presented in a slightly different format in that an expanded
increases, as indicated by tHe(C—C)g)/I[v(C—C)]. A similar temperature range is considered and the three regions identified
trend is observed for the increase in the fwhm of t(@H,) are the termed the crystalline, amorphous solid, and liquid
mode with both increasing rotational disorder and with increas- regions.
ing gauche conformers, as shown in the inset of Figure 8. Clearly The correlation betweenl[v(C—C)g)/I[v(C—C);] and
the development of asymmetry in this band results from changes!|[vo(CHy)])/1[vs(CHy)] for polyethylene is shown in Figure 9.
in the population of gauche conformers. The fact that a discrete The behavior for polyetheylene is similar to that observed for

band is not observed for th¢ CH,) mode of gauche conformers
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Figure 9. Intensity ratio ofy(C—C)s to »(C—C)r as a function of the
intensity ratio ofv(CHy) to v{CH,) for polyethylene. Figure 11. 7(CH,) peak asymmetry factor as a function of the intensity
ratio of v(CH,) to v{(CHy) for polyethylene. Insetz(CH,) fwhm as a

Temperature (°C) function of the intensity ratio of(CH,) to vs(CH,) for polyethylene.
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of the system increases and chain decoupling increases, similar
to the behavior observed for octadecane.
The correlations of the,(CH,) andz(CH,) peak frequencies
and thel[vg(CHa)erl/I[vs(CHy)] with 1[vs(CHy)]/1[v{(CH,)] are
shown in Figures 4S and 5S in the Supporting Information.
I[v(CH3)erl/I[vs(CHy)] correlates similarly withl[v(CHy)l/
I[vs(CH,)] for polyethylene as for octadecane: increased chain
decoupling (indicated by an increasd [inf CHa3)er]/I[vs(CH2)])
occurs with increasing disorder. Polyethylene chain decoupling
can also be correlated to an increase in specific volume
(milliliters/gram) in the solid and liquid forms of the polymer
as described for a similar polyethylene by Sibukawa &t al.
For polyethylenes of similar physical characteristics, the specific
volume increases slightly<(10%) in going from the crystalline
to the amorphous solid state (2C to the melting point) and
then increases-25% for increasing temperatures throughout
the liquid phase. These observations are similar to those made
. . . for the molar volume changes in octadecane (Figure 5), although
8??&%‘?502;?r%rsrs?nitreh;ggstznﬁﬁig;'trlesb'er;\/ar{g(éh: )r]'/umberthe differences in magnitude of the changes in molar and specific
9 9 y 2 volumes for octadecane and polyethylene, respectively, stem

I[v(CH,)] values of 1.2 and 0.8 and continues to increase in from the unique physical and structural properties of these two
the liquid phase whilé[va(CHy)]/1[v{(CH)] remains constant. systems que phy prop

The most significant differences in order behavior between the . )
As shown by the data in Figure 11, the correlation of the

two materials occur in the low-temperature region. Polyethylene ‘ §
is not as inherently ordered as octadecane at these temperaturé§CHz) peak asymmetry and thgCHy) fwhm (inset) with the

due to a small number of gauche defects in the polymer chains![va(CH2)V/I[vs(CH)] provides insight into intramolecular mo-
that still exist even whet[v4(CHy)]/I[v{CH,)] has values of ~ ftion of the alkane chains. In contrast to octadecaner(@Gely)
1.6-1.3. This inherent disorder is due to the orthorhombic Mode for polyethylene becomes extremely asymmetric at higher
crystal structure of the polymer (in contrast to the hexagonal temperatures, reaching a distimeaximunvalue of asymmetry
crystal structure of octadecane) in which the polymer chains at the melting point. Interestingly, at temperatures above the
contain hairpin bend®:6263The more restrictive orthorhombic ~ solid/liquid-phase transition, the(CH,) peak asymmetry de-
crystal structure of the polyethylene results in fewer degrees of creases sharply and becomes comparable in value to that for
freedom for the chains to undergo decoupling and rotational liquid octadecane. Other researchers reported similar qualitative
disorder. observations of this increasing asymmetry of t@H,) mode
Insight into the extent of interchain coupling through the for polyethylene and attributed it to an increase in population
v{(CH,) peak frequency is correlated withys(CH,)]/1[vs(CHy)] of amorphous states of the polynfé®! For octadecane, the
in Figure 10. In solid polyethylene, thg(CH,) peak frequency ~ amorphous component (i.e., the liquid phase) is only present at
never gets as low as it does for solid octadecane, indicating antemperatures above the transition temperature. No amorphous
inherently more decoupled crystalline system. During melting, solid exists for solid octadecane. Conversely, for polyethylene,
this peak frequency increases with increasing temperature inan amorphous component develops in the solid material as
the solid as the orthorhombic unit cell expands and the chainstemperature increases but stays below the transition temperature.
decouple. Beyond the melting temperature, the frequency The increase in the(CH,) peak asymmetry is a quantitative
continues to increase in the liquid phase as the thermal energymeasure of this amorphous character of solid polyethylene, since
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Figure 10. v{CH,) peak frequency as a function of the intensity ratio
of v(CH,) to v{(CH,) for polyethylene.
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Temperature (°C) however, the chain coupling information and numbers of gauche
020 150 100 90 50 0 and trans conformers provided by these indicators are only a
- T T . . .
. Liquid 1 Mefting Crystalline 1 small portion of the information necessary for a complete
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E ! ' . molecular understanding of the disorder in these materials. More
2 A % ] ! ! direct comparison between Raman and IR spectral data for
Es| < %" ! ! elucidation of conformational order is difficult, because the
58 7 012 ! é ! majority of intense Raman-active modes are either weak in the
£ O o010 : L by IR or IR-inactive and vice vers&Thus, the completeness of
%% & oo ' T+ L2 the conformational order indicators provided by the Raman
S8 Eg 0.06 b | E spectra provide a compelling case for the better utility of Raman
3G & qoal ( ' spectroscopy relative to infrared spectroscopy for the determi-
2 (:5” 002.] ' | nation of conformational order in alkane-based systems when-
z | | ever possible.
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_ _ The work described here demonstrates the utility of Raman
Figure 12. Peak area ratio a¥(CH;)orrHo t0 [0:(CHs) + 6(CH;)] as spectroscopy in determining the general conformational order,
a function of the intensity ratio af{(CHj) to v(CH,) for polyethylene. g0 cifically subtle changes in intermolecular interactions, in-

Inset: Raman spectra of the deformation modes (33%10 cnt?)

peak fit using a Gaussian distribution at 0 and°@9 tramolecular motion, and chain conformations, for alkane-based

systems. For octadecane, thermally induced alkane disordering
this vibration is sensitive to changes in the crystalline, amor- is initiated by decoupling of the alkane chains with concomitant
phous solid, and amorphous liquid phases. rotational disorder in the hexagonal crystal as indicated by
The 7(CH,) fwhm increases with decreasing conformational increasing values offv{(CHs)rrl/I[vs{(CH>)] (0.4 to 0.65) and
order and increases with the number of gauche conformers, as’s(CH,) peak frequency (2841 to 2849 c#) and decreasing
shown in the inset of Figure 11. This behavior is similar to that values ofl[va(CHy))/I[v§(CH)] (2.1 to 1.4). Chain decoupling
observed for octadecane. While the asymmetry ofi{i@H,) is accompanied by an increase in intramolecular motion, as
is dependent on rotational disorder, the population of gauche indicated by an increase in the valuespb(CHs)]/ A[6(CH2)]
conformers, and the crystallinity of the material (crystalline, (0.8 to 4.9), ther(CH,) fwhm (7 to 19 cm?), and ther(CHy)
amorphous solid, or liquid), the(CH,) fwhm depends only on  peak frequency (1295 to 1300 cf). Once adequate thermal
the population of gauche conformers and rotational disorder. energy has been added to the system to sufficiently decouple

Similar behavior occurs for th&[d(CH3)]J/{ A[6(CHp)] + the alkane chains, gauche conformers form and the increase in
A[S(CHy)orTHd} When correlated to thEv(CHy)]/I[vs(CHs)] decoupling ceases while the octadecane becomes more liquid-
for polyethylene as shown in Figure 6S in the Supporting like. The increase in gauche conformers is indicated by the
Information. In this case, A[0s(CH3)[/{A[6(CHy)] + increase in the value ofy(C—C)g]/I[v(C—C)r] (0 to 0.8) while

Al6(CH2)orTHA} increases with the number of gauche con- the I[vCHg)rrl/I[vs(CH2)] (~0.65) and thev{(CH,) peak
formers, indicating increased intramolecular motion of the alkane frequency {2849 cn1') remain constant. Once the phase
chains. This behavior is similar to that observed for octadecanetransition from crystalline to liquid is complete, significant
throughout the biphasic region. increases in the molar volume of the liquid occur with increased
The degree of orthorhombic crystalline character of the temperature due to the conversion of methylene trans and
polyetheylene can be determined by monitoring changes in peakpartially rotated conformers to true gauche conformers. These
area of thed(CHy)orTro as a function of temperature. In  changes are reflected as increases[ig(CHa)rrl/I[vs(CH2)]
quantifying a change in crystallinity, it is important to account (0.65 to 0.75), the(CHy) peak frequency (2849 to 2852 cf),
for the total area of this deformation mode, since it comes from and I[»(C—C)g]/1[v(C—C)] (0.8 to 1.3), while the value of
the crystal field splitting ofd(CH,) (1440 cnil). Therefore,  |[va(CH2))/I[v§(CH,)] (~0.75) remains constant.
the area ofd(CH,)ortHo Normalized to the summed areas of Similar behavior occurs in the thermally induced disordering
the 64(CHs3) and 6(CH,) modes is correlated t¢[v,(CHy)]/ of polyethylene, with the exception of the unique structural
I[v{(CHy)] in Figure 12 using an area ratio similar to that differences between the hexagonal crystal structure of octade-
described by Abbate et &.The crystalline polymer loses its  cane and the orthorhombic structure of crystalline polyethylene,
orthorhombic character with increasing temperature as the unitindicated by the presence of tl¢CH,)ortHo mode and the
cell expands. Once the polymer undergoes the solid/liquid-phasehighly asymmetrict(CH,) mode of melting crystalline poly-
transition, thed(CH,)ortHo mode disappears completely. ethylene. At temperatures below the melting temperature, the
Comparison of Common Raman and IR-Active Indica- onset of alkane chain disordering stems from decoupling of the
tors of Conformational Order. Conformational order is not  chains and increased rotational motion of the chains in the
as easily assessed from infrared spectroscopy due to limitedorthorhombic crystal as indicated by an increase in the values
resolution, inactivity, and weakness of major alkane vibrational of I1[v{(CH3z)gr]/I[vs(CH2)] (0.4 to 0.65) and the'(CH,) peak
modes, and poor experimental sensitivity when compared to frequency (2846 to 2850 cmb), a decrease in the value of
the results presented here for Raman spectroscopy. Nonetheles$|v,(CH,)]/1[vs(CH,)] (1.6 to 1.1), and the presence of the
the IR spectra of alkanes also contain modes that are sensitived(CHy)ortHo mode (1420 cmb). Increased chain decoupling
to alkane conformational order. Specifically, those modes cited is accompanied by an increase in intramolecular motion, as
most frequently as containing information about conformational indicated by an increase in the valuesAjd(CHs)]/A[6(CH,)
order include theCH,) andv,(CH,) peak frequencies{2850 + 6(CHa)orTHd] (0.8 to 4.5), ther(CH,) fwhm (7 to 19 cnt?),
and ~2922 cnt!) and thev(C—C) gauche, trans, and kink and thez(CH,) peak frequency (1295 to 1300 c#). Once
modes £1000-1300 and~620-700 cnt1).26-40 These indica- adequate thermal energy has been added to the system to
tors are important in elucidating alkane structure in materials; sufficiently decouple the alkane chains, additional gauche
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conformers form, and the increase in decoupling ceases. In
contradistinction to octadecane, these changes begin while

polyethylene is still in the solid-state and function to add more
amorphous character to the solid prior to true melting. The

increase in gauche conformers is indicated by the increase in

the value ofl[v(C—C)g)/I[v(C—C){] (0.2 to 0.8) while the
I[v(CHg)erl/1[vs(CH,)] (~0.65) and ther{(CH,) peak frequency
(~2851 cnt?l) remain constant. Once the phase transition from
crystalline to liquid is complete, significant increases in the
molar volume of the liquid occur with increased temperature
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