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Differences in the IR Methylene Rocking Bands between the Crystalline Fatty Acids and
n-Alkanes: Frequencies, Intensities, and Correlation Splitting
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Detailed low-temperature infrared spectra in the methylene roekinigting progression band region from

700 to 1000 cm? are presented for the C-phase crystalline fatty acids with even numbers of carbons from 16
through 22. There are significant differences between these spectra and those of the corresponding crystalline
n-alkanes. The differences in band frequencies, intensities, and splitting are relevant to the interpretation of
infrared spectra of complex assemblies of chain molecules such as biomembranes. They are due to chain end
and chain-packing differences and can be accounted for using simple models developed in earlier studies,
particularly those on the-alkanes. Band frequency differences result from shifts imposed on the unperturbed
frequency by the end groups. Shifts associated specifically with the methyl and acid end groups were estimated
from the observed frequencies of the fatty acids, fatty diacids,realtanes and unperturbed frequencies
obtained from the dispersion curve for the infinite polymethylene chain. The shifts observed for rocking
band frequencies are found to be the sums of the shifts assigned to the end groups. The differences in intensity
and intensity distribution can be explained using a model in which the contribution of the individual methylenes
to the dipole moment derivative associated with a given band is assumed to be the same except for the
terminal methylenes. These methylenes are distinguished by the adjoining chain end group. The intensity
differences between a fatty acid andraalkane occur because the contribution from the acid-end methylene

is much greater than that from the other methylenes. The methylene bands in the spectra of the orthorhombic
and monoclinicn-alkanes and C-form fatty acids are split because of interchain vibrational coupling. Their
splitting patterns depend on the chain tilt angle. The three different patterns can be accurately reproduced
using a simple coupled oscillator model, the different tilts, and three methyteathylene interchain interaction
constants.

I. Introduction + =
The fatty acids are among the simplest of the lipids. Their wa twist

infrared (IR) spectra, along with those of thealkanes, have g

features in common with the spectra of biomembranes. The

spectra of both systems have been analyzed in detail, the
n-alkanes the more so because their spectra consist mainly of
bands involving the polymethylene (PM) chain, free from

overlap by the characteristically intense bands associated with

polar groups. Thus, tha-alkanes seem optimally suited for
ferreting out useful relations between spectra and chain con- scissors rock 4
formation. There are, however, significant differences between

the spectra of the fatty acids and thelkanes spectra in the

frequencies and intensities of bands associated with the meth-

ylene groups. Understanding these differences has obvious

relevance to the use of vibrational spectroscopy to determine

biomembrane structure and dynamics. The methylene vibrations

are depicted in Figure 1. 97\\
We report here on the spectral differences associated with

chain ends and chain-packing differences for the methylene

rocking bands in the 700 and 1000 chregion of the spectra

of the C-phase fatty acids and the orthorhombic and monoclinic

a

Figure 1. Methylene group vibrations, the orthorhombic perpendicular
(On) subcell, and the setting angleare depicted.

- Cor:esqonding authors. E-mail: his@cchem.berkeley.edu; r.snyder@ p_g|kanes. We consider first the effect of chain end groups and
comcast.net.

" Present address: Department of Biochemistry, Brandeis University, theén an unexpected effect associated with chain packing. It was
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Figure 2. Methylene rocking spectra of the C-form fatty acids (FA

Neven = 16—22) at 10 K. The rocking band assignmerksnimbers)
and the methyl out-of-plane rocking band near 890 tare indicated.

1000

It was found that the interchain band-splitting pattern displayed
by the rocking bands in the IR spectrum of the C-form fatty
acids was distinctly different from the patterns we had previously
reported for the crystalline orthorhombiand monoclinic
n-alkaned. Thus, initially our aim was to determine if the
splitting pattern for the C-form fatty acids could be quantitatively
accounted for in terms of chain tilt, which we had previously
invoked to explain the patterns for thealkanes:—3 The
principal question was whether the polar headgroup of the fatty
acids would perturb the chain vibrations so as to make the simple
model we had previously used inadequate. To anticipate, the
fatty acid splitting can indeed be accounted by chain tilt,
suggesting that the rocking band splitting pattern can be used
in favorable cases to determine chain tilt in systems other than
the n-alkanes.

In the course of analyzing the splitting pattern, other
significant differences between the methylene rocking bands
of the crystalline fatty acids and-alkanes became evident.
These include band frequency shifts, relative intensities, and
intensity patterns. Accurate low-temperature spectra and previ-
ously established relations between the structural properties and
vibrational spectra of the-alkanes enable us to model the
intrachain and interchain differences betweenrtfadkanes and
fatty acids.

Il. Background

A. Measurement of IR Spectra. The fatty acids (FA)—
palmitic (GeHs20,), stearic (GgH3602), arachidic (GoH4002),
and behenic (&H440,) acids—along with the corresponding
alkyl methyl esters (ME) and the fatty diacids (di-FA—
hexadecanedioic (gH3004) and tetratricontanedioic acids
(C34Hs604) acids—were purchased from Aldrich Chemical. Their
purity was stated as 99%.

Thin films suitable for infrared measurements were prepared
by melting a small amount of the sample onto a KBr window.
After slow cooling to room temperature, the window was
mounted in a closed-cycle helium refrigerator and cooled to 10
K. Infrared spectra were measured with a Nicolet 850 FTIR
spectrometer at 1.0 crh resolution and 1024 scans per
spectrum. An MCT/B detector was used to cover the-48000
cm~1 range.

B. Band Progressions and ModelThe IR spectra in the
methylene rocking band region are shown in Figure 2 foid-A
FA1s FAz, and FA», at 10 K. The rocking bands, whose
frequencies are listed in Table 1, form the methylene rocking
twisting band progression that extends from about 720 to 1065

TABLE 1: Observed IR Frequencies of the Methylene Rocking Bands of Fatty Acids, Fatty Diacids, Alkyl Methyl Esters, andh-Alkanes

Frequency in cmt
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aFatty acids and diacids at 10 RFatty acid components assigned from our calculati®@mponent assignments unknowilkyl methyl esters at 210 K. See also ref Eh-Alkanes at 80 K

Frequencies from ref 4.Polarization from ref 29 Average frequency, splitting not resolved.
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whereA andB represent energies associated, respectively, with
an uncoupled oscillator and nearest-neighbor couplngs a
diagonal matrix whose elements are the frequency parameters
A, Which we have defined as equal#g, so that thel, have
units of cnT?; L is a symmetric orthonormal matrix whose
columns are the eigenvectdrs.

The frequency parameters of this chain are given by the
equation

A=A+ 2B cosg, (3)

wheregy, the phase difference between adjacent oscillators, is
given by

0w=64"
¢ = kl(m+ 1) (4)

m=55"

Figure 3. Models of the hydrocarbon chain and chain packing for the
orthorhombic and monoclinio-alkanes and the C-form fatty acids.

The O, subcell, methylene off-set numbekn, chain tilt w, and , 12
interchain methylenemethylene interaction constardasb, andc are L,/ =[2/(m+ 1)]" x

indicated. [sin ¢, sin 2p, sin 3p, sin 4p, ... sinmg,] (5)

cm L. These bands involve both methylene rocking and twisting
motions, with the ratio of rocking to twisting motion changing
monotonically with frequency> The lowest frequency band 5 complete vibrational analysis of all-transalkaneg:s
near 720 cm?, which is by far the most intense band in the |, 5+ analysis, we use for eigenvectors the standing-wave
progression, represents nearly pure rocking. In going to higher ¢o.ms defined by eq 5. However, for frequencies we use the
frequencies, the twisting contribution increases. The highest opcared values because those given by eq 3, which is based
frequency band near 1065 ciis nearly pure twisting. Because o model, are not very accurate. This is evident when the
the rocking contribution to the potential energy of the vibration dispersion curves/(vs ¢) for the infinite PM chain shown
is, on the average, significantly greater than that for twisting, i, Figure 4 are compared. The one labeled “actual” is based on
this progression is referred to as the “rocking” progression.  frequencies calculated using an intramolecular valence force
There is a second progression extending from 1174 to 1300fie|d derived from the observed vibrational frequencies of the
cm™1, also involving methylene rocking and twisting that much crystalline n-alkane$6 The error in these frequencies is
resembles the rocking progression. This “twistimgcking” estimated to be less thar2 cni 2. The dispersion curve labeled
progression is referred to as the “twisting” progression, because«model” represents eq 3 in which andB are set to values so
twisting rather than rocking dominates the potential energy. Its that the frequencies at= 0 andsx are the same as those in the

The eigenvector of modk

represents a standing wave with antinodes that closely
resembles the form of the normal coordinates determined from

lowest frequency mode near 1174 chis nearly pure rocking,  “actual” curve. Comparison with the “actual” curve shows the
and its highest frequency mode near 1300tis nearly pure  model-based curve to be inaccurate. Because the repeat unit
twisting. for our model chain consists of a single one-dimensional

There are also a few bands in the spectrum of the fatty acids, oscillator, the dispersion curve based on it represents only one
some prominent, that are associated with the methyl or the acidkind of motion, in our case, methylene rocking. In reality, there
group at the ends of the chain. Notable among them is a complexare two dispersion curves, both representing modes involving
of intense bands near 970 chwhich represents the out-of-  mixtures of methylene rocking and twisting. The neglect of

plane deformation mode of the hydrogen in the acid gfeura methylene twisting is justified in part because the frequencies
unfortunately obscures the methylene rocking bands in the-940 of the bands of interest are below 950 ¢nand consequently
1000 cn* region of the fatty acid spectrum. represent modes that consist primarily of methylene rockfhg.
We have used simple models to represent botmtbatékane C. Band Assignments. The systematic spacing of the
chains and their interactions with neighboring chains. As shown progression bands found in the spectra of ordered chain
in Figure 3, the model chain consists of identical one- molecules reflects their structural periodicity and has a practical
dimensional harmonic oscillators that represent methylene. Theconsequence: it greatly facilitates the assignment of methylene
oscillators are linked though nearest-neighbor cougdifige bands. Thus, assigning the rocking bands in the spectra of the
vibrational frequenciesx and normal coordinateky of the fatty acids is equivalent to numbering the bands sequentially

vibrational modesk = 1, 2, 3,..., m) are obtained from the  using only odd integers. The 720 chband isk = 1, the next
equations of the form (higher frequency) band is= 3, and so forth.
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12 of FA16 and the other is at 898 crhin the spectrum of F4.
Sincem = 14, m =20, andAk = 4, eq 6 yieldk = 10.0. The
114 assignments of all other rocking bands follow from this. They
—~ are listed in Table 1.
‘Pg 10k The rocking bands of the diacid, di-EA were assigned in
= basically the same manner. The assignments for the fatty acid
o FA1s were used as a reference. Because this molecule has half
5 0o as many methylenes as BAthe spacing of the rocking modes
; in its spectrum is very nearly twice the spacing in the spectrum
< 08 of di-FAss. Furthermore, because all the modes for§dre IR
o active, whereas only thk-odd modes for diFA, are active,
(e} .
w o7} the bands in the two spectra appear at nearly the same
& frequencies (Figure 5). Ik represents a FA band andk' a
06 - di-FA34 band at the same frequendy,and k' are related as
' k' = 2k — 1. The band selected for k&was thek = 10 band
e observed near84lcrhandfor_di-FAo,4abandk')obsgrved
0 e 40 80 80 100 120 140 160 180 near 843 cm™. The value ofk is therefore 19. The di-F4
assignments were then used as a reference in assigning the
PHASE DIFFERENCE (deg) rocking bands in the spectrum of the shorter diacid, digA
Figure 4. Dispersion curves consisting of plots of the frequency
arametell against the phase differengefor the infinitely long PM ; . ;
2hain. The digpersion cfrve labeled “Mt;(])eDEL” is based)én thge coupled Q[AﬁgilgsEnd Group Effects: Fatty Acids versus

oscillator model, and the one labeled “ACTUAL” was calculated using
n—alkar‘l‘e for,f:e qpn_stza’,n_ts derived normal coordinate calculations. The 5 Frequency Shifts. Marked differences are observed
labels “rock” or “twist” indicate the type of methylene motion at the . .
zone centerg = 0 and 186. be_tween the frequencies _of the rocking bands of a C-form fatty
acid and the corresponding (sarkiebands of am-alkane of
There is one complication, however. An unknown number the same length (see Table 1). The differences exist because
of bands, starting with th& = 3 band, are hidden under the the _frequen(:les of the progression bands are affected by the
intense 720 cmt band. Nevertheless, correct numbering can chain end groups.
be established by capitalizing on the fact that, for long chains, ~End group effects have previously been noted and analyzed
the frequency of a progression band is to a good approximationfor @ number of PM chain molecules in crystals, and equations
determined only by the phase difference of the mode. To relating chain length and other factors to the end group induced
establish th& numbering, two bandk(@ndk) from chains of ~ frequency shifts have been reportéd/Ve check some of these
different lengths iy and ) with (nearly) the same frequency theoretical predictions using accurately measured band shifts
are selected. If their frequencies are equal, it follows that their Of the rocking band frequencies for thealkanes, fatty acids,

phase differences must also be equal, thapig, = @i . This and diacids at low temperature. These molecules provide a
equality in combination with eq 4 gives complete set of chain end group combinations: (COOH/COOH,
COOH/CH;, and CH/CH3) for molecules of comparable
k=K — K(m+ 1)/(m —m) (6) lengths.

To help in determining band shifts, we have plotted in Figure
The value ofk can be determined, since andm’ are known, 6 the rocking band frequencies for the fatty diacids< 18,
and K — k can be established from the spectra of the 34), fatty acidsif = 16, 18, 20, 22), ana-alkanes 1§ = 16,
homologous series. 18, 20, 22) against phase differences calculated from eq 4. For

To determine thé values for the rocking bands of the fatty  split bands, the average frequency is used. Figure 6 also includes
acids, we selected two bands with nearly the same frequency,the dispersion curve for the rockirgwisting vibrations for the
but from different spectra: one is at 904 chin the spectrum infinitely long, all-trans PM chain. This curve is used as a

FA18, CH,(CH,),,COOH

12 1
CH;, 10

diFA34, COOH(CH,);,COOH

Absorbance

17 11
19 15 13
23 21 n
920 880 840 800 760 720

Frequency (cm)

Figure 5. Methylene rocking spectra of the C-form fatty acid fgAnd diacid di-FA, at 10 K. Assignmentsk(numbers) of the rocking bands are
indicted.
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It is known from earlier normal coordinate calculations that
950’_ n=16,18,20,22 the end group shifts for_ the-alkanes result from couplir_lg
between methylene rocking and methyl out-of-plane rocRing.
The coupling between the adjacent methyl and methylene groups
is similar to that between adjacent methylenes. Therefore, the
presence of methyl groups has an effect similar to increasing
the number of methylenes, that is, a reduction in the frequencies
of the rocking bands for a given value kf

We suggest that the acid group reduces vibrational coupling
between the two neighboring methylenes nearest the acid group,
relative to the coupling between two interior methylenes, and
therefore causes some degree of vibrational isolation of the
methylene adjoining the acid group. This will reduce the
effective length of the chain and produce an increase in the
rocking band frequencies. Decreased coupling between the two
methylenes would occur if the acid group induced a change in
the rocking force constant of the end methylene group.

It is noteworthy that the frequencies and, consequently, the
frequency shifts of the rocking bands in the spectra of the alkyl
methyl esters (ME n = 16, 18, 20, 22) are essentially the same
as those for the fatty acids (Table 1). Figure 7 shows that the
bands in the spectra of the= 20 ester and fatty acid have

900

Frequency (cm‘1)
[o2]
3

800

750

1 L 1 s 1 L 1

1
60 80 100 120 140 nearly the same frequencies. The similarity indicates that the

C(O)O group alone is responsible for the frequency shifts. The

Figure 6. Observed rocking band frequencies at 10 K for the hydrogen OftTh?[ acid grc;uq[ aﬂd the methy! Of tgle esf,;ertgroup
orthorhombic and monoclinie-alkanes and the C-form fatty acids with &€ @Pparen Y_OO remote to X ave an appreciable efiect.
chain lengthSewen= 16—22, along with the fatty diacids di-FAand B. IR Intensities. 1. Obserations and MeasuremenfBhere
di-FAg,, plotted against the phase difference calculated from eq 4. The are similarities and differences between the fatty acids and
experimentally based dispersion curve for the infinite PM chain is n-glkanes in the intensities and intensity patterns of their
included as a reference. methylene rocking bands. These are in evidence in the intensity-
reference since end effects are absent. Thus, we have defined 0rmalized IR spectra of FA andn-Cy; shown in Figure 8.
band shiftAv, asAv, = v°*¢ — " whereg is the phase  The spectra are alike in that the= 1 band near 720 ci is
@ p . . . .

difference given by eq 4;2°*is the observed frequency, and gy fgr. the m?sihlntense pan;l.ﬂl:/loremt/er, ;‘he tlrr:tens'ltylof.tthl.s
v(';M is the unshifted frequency atgiven by the PM dispersion and 1S nearly th€ same In both Spectra. AhoIher similarty 15

/ that, in going to higher frequencies, the intensities ofktueld
curve. 4

bands die out around 1000 cfn

Frequency shifts due to chain end group interactions are o )
predicted to be proportional to i+ 1), wheremis the number A major difference is that, except for the= 1 band at 720
cm™1, the rocking bands of the fatty acids are much more

of methylene group$.This relation accounts for the relative Y bd ! fatt. e 1l
frequency shifts of the rocking bands measured for the diacid Intense. The distribution of intensity is also quite different. In
di-FAz4 and di-FAe. The end group shift for di-F4 is found going to higher frequencies, the intensities of kaedd bands

to be about half that for di-FA (Figure 6). The shift ratios ~ Of the fatty-acid first increase, whereas those fornrakanes
(di-FAsa to di-FAse) at phase differences of 80, 100, and 120 decrease. The fatty acid intensities reach a maximum value
(corresponding to frequencies of roughly 800, 850, and 900 around 800 cmt and thereafter decrease monotonically. As to
cm1) are 0.44, 0.44, and 0.63, the average being 0.50. Thethek-even bands, they are totally a_lbsentln kalkane spectra,
calculated value of this ratio, assuming the shifts are proportional Put are present for the fatty acids due to lower molecular
to 1/(m+ 1), is 0.52, very near the experimentally derived value. SYmmetry. In going to higher frequencies, tkeeven band

In our frequency-phase plots for the fatty acids aralkanes intensi.ties change in the same manner as those fok-u
shown in Figure 6, we find little evidence of a systematic “drift” Pands; that is, they increase with frequency until a maximum
with chain length in going from 14 to 20 methylenes. In going 1S reached near 800 crhand then decrease to near zero near

from 14 to 20 methylenes, the shift variation, according to the 1000 cnm*. The intensities of thé-even bands for the fatty
1/(m + 1) relation, is between 1 and 2 ctor the n-alkanes, acids are, however, significantly lower than those ofkkmd
which is too small to observe. For the fatty acids, the calculated Pands.
variation is smaller, less than 1 cf since the shift (4 crm) These intensity differences are nearly all accountable for the
is much smaller than the 12 crhshift for the n-alkanes. differences in the chain end groups. We note, however, that
Theory also indicates that the chain end groups contribute the influence of the end groups on the intensities is indirect.
independently to the shiftOur measurements support this. We Because it participates in the chain vibrations, it is the methylene
have observed that the end group shifts for the fatty acids aregroup adjoining the end group, whose electronic properties are
small relative to shifts for diacids andalkanes. The shifts for ~ modified by the end group, that is most responsible for the
the diacids anch-alkanes are comparable in magnitude and differences.
opposite in sign. Therefore, when combined, they largely cancel. The measured IR intensitie&,, of the rocking bands, reduced
In quantitative terms, the average shift for thalkanes is to a common but not absolute scale, are listed in Table 2 for
—16 &+ 3 cm1, and for the diacids it is 22 6 cmmL. The the fatty acids and the-alkanen-C,;. The intensities for each
predicted value for the fatty acids is the average of these, thatfatty acid were scaled to each other using as an internal standard
is, about 34+ 3 cnTL. The observed shift is less than 4 tin the summed intensities of the two acid-group bands at 694 and

Phase Difference (deg)
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(a). FA20, CH,(CH,),,COOH

13

(b). C,yME, CH,4(CH,),,COCH,

Absorbance

B DT repuea——— b V0N

940 920 900 880 860 840
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820 80 780 760 740 720

Figure 7. Methylene rocking spectra of the C-form fatty acid /At 10 K and the alkyl methyl ester Mgat 232 K.
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Figure 8. Methylene rocking spectra of the C-form fatty acid A
and the orthorhombio-alkanen-C,; at 10 K shown on a common
intensity scale.

672 cntl. The n-alkanen-C,; intensities were scaled to the

where Qk is the normal coordinate for thikh rocking mode
andK is a constant. The relative magnitudes of 8néiQ for

the rocking bands of C-form fatty acids and tiralkane n-Css,

all measured at 10 K, are plotted in Figure 1S of the Supporting
Information against the phase difference estimated using eq 4.
The phase differences can be converted to frequencies though
the PM dispersion curve in Figure 4. Figure 1S shows that the
intensities of the fatty acids are considerably greater than those
of the alkanes and vary in a nonmonotonic manner.

The dipole derivatives for the-alkanes can be treated as
scalar quantities, since the directions of rocking-mode dipole
derivatives must be perpendicular to the symmetry plane defined
by the skeletal carbons. To simplify our calculations, we have
assumed this is true also for the fatty acids.

2. The Group Moment ModeDur analysis is based on the
“group moment” model we previously employed to interpret
the intensities of the IR bands of the all-tranalkanesn-C4H10
throughn-CgH15.1* In this model, the dipole moment derivative
duldQy is expressed as the sum of contributions from the
individual methylenes that make up the chain. Such a model is
well-suited to nonpolar, saturated chains with a repeat unit
consisting of simple groups, preferably ones having a high
degree of symmetry. The methylene group is especially well-
qualified in this respect. The contribution of a given methylene
group todu/aQx is given by the product of the methylene rocking
group dipole-moment derivative and a factor indicating the
degree to which the methylene participates in ktte mode.

The group moment derivative is designat@ddS, and the
weighting factor isdS/0Qk, where S is the group rocking

fatty acid intensities using as a reference the summed intensities.q o ginate for théth methylene. The dipole moment derivatives

of the pair of nominally degenerate methyl CH stretching bands
at 2962 and 2952 cm. The uncertainty in the measured
intensities is estimated to be around 20%.

Our intensity analysis is based on dipole moment derivatives

rather than on intensities because the equations relating dipole

derivatives to parameters associated with our model are then
linear. The dipole moment derivatives and intensities are related
as

quldQ, = £KA? )

(eq 7) expressed in terms of group coordingeare

m

Dim= CLY 9u/505/6Q]

(8)

or, more concisely,

m

Dim=C[) M; Lyl

(9)
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TABLE 2: Relative IR Intensities and Band Splitting of the Methylene Rocking Bands Measured for the Fatty Acids andn-C,;

at 10 K

FAie FAis FA2o FA2; n-Cy
k Vka Akb A’Vkac Vk Ak A’Vk Vk Ak A’Vk Yk Ak AVk Vk Ak AVk
1 727 (21 108 728 (24 119 727 (27 119 728 (1.9 114 727 (24) 127
5 740 034 -26
6 756 0.09 —2.7 743 0.05 -—-29
7 781 0.47 -18 760 0.28 -—-29 747 0.26 -34 739 0.16 -—2.8 740 0.100
8 810 0.17 (o)) 783 0.13 -19 762 0.06 -—2.8 749 0.04 -3.6
9 848 0.30 0.8 808 0.35 ©) 783 0.31 —2.0 765 022 -29 763 0.059 4.9
10 905 1.9 841 0.06 1.0 807 0.13 0) 784 0.10-2.0
11 932 1.7 878 0.08 2.6 835 0.22 0) 805 0.28 0) 807 0.046 1.0
12 915 2.5 868 0.04 11 831 0.06 0)
13 901 0.07 2.4 860 0.17 2.0 863 0.041 —2.6
14 935 0.04 1.7 899 2.2
15 920 0.04 2.2 924 0.031 —-53

a Frequency in cmt,  Relative integrated IR intensitiesSplitting defined ag@ — »°. Sign determined from our calculatiorfsncludes bands
k = 1—4. ¢Includes bandk = 1-5. fIncludes band& = 1—6. 9 Too small to measure; probably 1.0 thn

whereDyn, designatesu/dQy for a molecule ofim methylenes,
andM; is theith group moment derivativeu/dS. In eq 9, the
eigenvector elementi has replaceddS/oQy, since § =
ZELlLika' This follows from the relatiorS = LQ, whereS

3. Origin of the Intensity Patterng.he main features of the
observed methylene rocking band intensity (or, more correctly,
the dipole moment derivative) patterns observed in the IR spectra
of the n-alkanes and fatty acids are accounted for by eqgs 11a

andQ are column vectors that represent, respectively, the groupand 11b. The trigonometric functions, ga¥2 and sinp, which
coordinates and the normal coordinates expressed in terms oforiginate from the standing-wave representations of the normal

group coordinate¥ The Ly elements, which are defined in eq
5, are given byLix = hy, sinigy, wherehy, is the normalization
factor [2/(m + 1)]Y2

The group moment derivativéd; can also treated as scalars,
because the symmetry of the methylene group (point g&@xip
is congruent with the local symmetry of the carbon skeleton.
As a result, the group moment derivative vectors are also
perpendicular to the skeletal plane.

Upon incorporating the above-defined quantities, eq 9 can
be rewritten

m
Dy = ChX [{ () sinigy) — sing, — sinmg,} M, +
(=
sing, M, + sinmg, M,] (10)
whereMp is the group moment derivative associated with the
interior methylenes, anil; and My, represent the chain end

methylenes. The quanti¥¥ in eq 10 represents the fraction of
the normal coordinatk associated with methylene rocking. This

factor is necessary because the normal coordinates involve botr‘{

rocking and twisting. (By virtue of the symmetry of the
methylene group, twisting does not contribute any significant
intensity.) Lacking normal coordinates, we have usedXpr
the fraction of the potential energy associated with methylene
rocking. This quantity equaldi?Fi/i, where F; is the
methylene rocking force constahtn Figure 2S, the fraction
X is plotted as a function of the phase difference. The figure
shows a smooth variation & from 1 at O difference to near
zero at 180.

Equation 10, rewritten to apply specifically to theodd
modes, is

Dy = Cenl(€Ot ¢/2)M + Sin g3y(M; + My, — 2My)] (11a)
For thek-even modes we have
Dim = CinlSin ¢ (M; — M,))]

In these equationGym replacesChy X« in eq 10, and cotp/2
replacesy™; sin ig.

(11b)

coordinates, determine the overall intensity pattern. The group
moment derivativesl;, M, andMg, in various combinations
serve to scale the intensities of tkedd and the&-even bands.

The value ofDyy, for k-odd bands given by eq 11a involves
two terms. The first represents the contribution from the internal
methylenes. This contribution is quantitatively the same for both
the n-alkanes and fatty acids. Because it is proportional to cot
@2, thek = 1 rocking mode at 720 cni is the most intense
band in the progression by virtue of having by far the smallest
phase differencey and, therefore, by far the greatest value of
cot g/2. With increasing frequency (and therefore increasing
@), the interior methylene contributions drop off rapidly. The
contribution from the end methylenes, given by the second term
in eq 11a, is relatively small for thealkane because the dipole
derivatives,M; and My, which by symmetry are equal, have
values not markedly different from that of interior methylene
derivative,Mo. As a result, the factoiMi + My — 2Mo, is
relatively small. Eq 1la predicts that the intensities of the
rocking progression bands for tmealkanes, starting with the
intensek = 1 band at 720 crrt, will rapidly diminish in going
o higher frequencies, which is what is observed. It is notable
that thek = 1 band at 720 cm' is unigue in that its intensity
is virtually independent of the headgroup. This is because its
intensity comes almost exclusively from the internal methylenes.

The intensities and intensity patterns for thedd bands of
the fatty acids differ from those for threalkanes mainly because
the dipole derivativévlp associated with the end methylene next
to the acid group is much larger in magnitude ttdnor M,
The quantity,M; + My — 2My, therefore plays a much more
significant role in determining intensities than it did for the
n-alkanes. The coefficient of this factor, sjn, increases with
@, until it reaches a maximum value at ®90This phase
difference corresponds to about 800 ¢mAn intensity maxi-
mum is indeed observed near 800 ¢m

Equation 11b, which applies to ttkeeven bands, consists of
a single term that involves only the chain end methylenes. Their
intensity contribution is equal to the product of the difference
between the two end methylene derivativieg M) and sin
@k BecauseM; = My, for the n-alkanesM; — My, is zero, and
hence, nd-even bands appear. In contragl, — My, for the
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Figure 9. Observed and calculated dipole moment derivatives for the rocking bands of the fatty acids at 10 K, plotted against the phase difference.
O indicates observed values.indicates values calculated wilty = 1, My, = 1.63, andM; = 5.0, 4.5, 4.5, 5.0 fon = 16, 18, 20, 22, respectively.

fatty acids is large. The siy factor ensures an intensity  1.63) and varied the acid end methylene group monidptin
maximum near 800 cni for thek-even bands, as it did for the  steps of 0.05 for each of the four fatty acids. The valuellpf

k-odd bands. Again, this is what is observed. that gave the best fit for the = 16, 18, 20, 20, and 22 fatty
4. Evaluation of the Methylene Group Moment Delives. acids are 5.0, 4.5, 4.5, and 5.0, respectively. As indicated in
We have estimated the relative valuesviy M;, andMp, from Figure 9, the calculated and measubag values are generally

the dipole moment derivatives measuredrieC,; and the fatty in good agreement. The contribution of acid end methylene to

acids. This was achieved by adjusting the group moment the intensity is large. On the basis of the average value

parameters to give an optimum fit between the measigd determined foM; (4.8 £ 0.5), it exceeds that from an interior

and their values calculated from eqs 11a and 11b. Since themethylene by a factor of about 23 and accounts for about 55%

measured values are relative, we carMgt 1. For comparison of the total rocking intensity.

with the observe®ym, the calculatedyy, values were scaled Figure 10 shows simulated “stick” spectra for fAndn-Copy

using a factor adjusted so that the calculated intensity of the to be compared with the corresponding measured spectra in

720 cn* band in the spectrum of-C,; equaled the observed  Figure 8. Taking into account the effect of the band splitting in

intensity. The 720 cm* band was used because its intensity is the observed spectrum, the intensities and intensity distribution

uniquely high and can therefore be accurately measured, andfor the rocking bands in the calculated spectra are found to

because, as previously noted, its value is nearly independent ofcorrespond fairly well to the observed. We note that the

the end groups. calculated spectrum shows the bands on the high-frequency side
Our results for ther-alkanen-Cy; are summarized in Figure  of the 720 cmi® band that are totally obscured in the measured

3S, where the observed values of Dg, are displayed along  spectrum.

with values obtained from two different calculations. In one

case we assumed the methy_lenes were _identical; thislis; IV. Band Splitting

M1 = My = 1. Under this assumption, the calculated

Dxmdecreased somewhat too rapidly with increasing frequency. A. Background. “Correlation” or “factor group” splitting of

This was remedied in the second calculation by increasing the intense methylene scissoring and rocking bands at 1465 and

Mi (= Mp) to the optimal value of 1.63t 0.05, a value 720 cn1tis frequently a prominent feature in the IR spectra of

substantially larger than that for the interior methylerds € crystals of PM chain molecules and polymers. This splitting,

1.0). The contribution of an end methylene to the rocking band which is of the order of 10 crii, is observed if the subcell that

intensity was found to exceed that from an interior methylene defines the local chain-packing geomé#ryjs orthorhombic-

by a factor of about 2.7, or, stated differently, the contribution perpendicular (Q), as is the case for the systems studied here.

from the two end methylene groups represents about 24% of The O subcell, shown in Figure 1 as viewed along the chain

the overall intensity. direction, contains two chains whose skeletal planes are ap-
In fitting the fatty acid dipole derivatives, we kept the group proximately at right angles to each other. Because of interchain

moment derivative®/lp, andMp, at theirn-C,; values (1.00 and vibrational interaction and hence, coupling, the in-phase and
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out-of-phase vibrations involving the two chains have slightly
different frequencies. This gives rise to two bands and, hence
the apparent splitting.

Detailed selection rules for the vibrations associated with odd-

numberedn-alkanes that make up the orthorhombic crystal
structure reported by Smithfor n-C,3 are discussed in ref 2.

The chains in this crystal are perpendicular to the lamellar plane
The crystallographic orthorhombic unit cell, not to be confused
with the “orthorhombic” subcell, extends over two layers and

contains four molecules, two in each layer. The selection rules

based on this structure predict that each IR methylene rocking
twisting, and scissoring band will have two components. For

the rocking modes, however, selection rules based on a single
layer are adequate since lateral interactions between neighborin
chains in the same layer are much stronger than those betwee

chains in different layers.
The splitting observed for the PM chains, first reported in
ref 15, results from short-range interchain vibrational cou-

J. Phys. Chem. A, Vol. 108, No. 32, 2008637

the interchain force constants. The interchain constants derived
from the splittings compare well with values estimated from
known H--H repulsive potentialdIn a comprehensive calcula-
tion, Tasumi and Shimanouéhused interchain force constants
based on H-H repulsion potentials that were evaluated from
selected splittings to calculate a complete set of dispersion
curves for the orthorhombic PM crystal. The calculated splittings
for internal vibrational modes and for frequencies of external
modes (lattice vibrations) are generally in good agreement with
measured values.

For the orthorhombio-alkanes, the components of split bands
can be distinguished by their polarization, determined from IR
measurements on oriented single crystals. Selection rules
indicate that one component will be polarized alongdkeis
of the unit cell and the other along thie-axis. For the
orthorhombim-alkanes, the unit cell axesandb coincide with
theas andbs axes of the subcell (Figure 1). This is not the case
for the monoclinicn-alkanes and the C-form fatty acids. Since
the three systems considered have a common subcell, the split
band components are assigned with reference t@agtoe the
bs axis. (To assign a band component to an in-phase or out-of-
phase mode requires the terms “in-phase” and “out of phase”
Jo be explicitly defined. See ref 2.)

Chain tilt can complicate polarization measurements because,
as noted, theas and bs axes differ from thea and b axes.
However, this is not a serious problem for the monoclinic
n-alkanes because the tilt is relatively small. For the fatty acids,
there is a more serious problem due to the low symmetry of
'the molecule and highly polar character of the acid headgroup.

As a result, the polarization directions of a split component for
the fatty acids vary depending on the normal coordinate of the
mode. Consequently, polarization measurements are not very
useful for establishing assignments. They can, however, be
established through calculations to be described.

The chain-packing geometries for the orthorhombic and
monoclinic n-alkanes and the C-form fatty acids are nearly
identical, except for the chain tilt angle. As noted, all three
systems have @subcells. For the orthorhombic and monoclinic
n-alkanes, the lateral subcell dimensions ase= 7.41 A and

o = 4.96 A2l and for the fatty acidsa, = 7.34 A andb, =
.96 A2! The tilt angle for the orthorhombig-alkanes is 994
r?or the monoclinia-alkanes it is 64,2 and for the C-form fatty
acids it is 58.22

B. Equations for Band Splitting. Interchain splitting is

pling 216.17Because the coupling is short-ranged, its effects have defined in terms of frequency asv = ¢ — »® and in terms

led to a number of IR methods used to probe structure. A ready ©f frequency parameter dg = A& — 4. The splitting may be
example is our utilization of its influence on band shape for PIUS or minus. For the-alkanes, the signs follow from the band
mixtures of perdeuterated and perhydrogenated chains for thecOmponents assignments. For the fatty acids, the signs were
purpose of determining and monitoring phase separation in €Stablished from calculations to be described.

multicomponent PM chain systems. In application to binary

In our analysis, it is convenient to express chain tilt in terms

mixtures, one of the two components is perdeuterated. Becauseof the longitudinal displacement between the two chains in the

significant vibrational, interchain coupling can occur only
between pairs of isotopically alike chains, the shapes of the CH
and CD scissors and rocking bands are sensitive to like-chain

unit cell associated with a single layer. The displacement is
measured in terms of number of methylengs, referred to as
the “off-set” number. ThusAn = 1 indicates that one of the

aggregation. We have exploited this sensitivity to measure two chains in the unit cell is displaced relative to the other by

aggregation and phase separation in crystatiiaékane!® alkyl
estert® and phospholipid bilay&? mixtures.

In keeping with above-mentioned selection rules, not only is
the 720 cn! rocking band split but all the other methylene
rocking bands in the 7201000 cnt? region of the IR spectra
of the orthorhombic and monocliniealkanes as well. Splitting,
like band frequency, is a function of the phase difference
associated with the vibrational mode involvied:® The numer-

one methylene. (We note that longitudinal chain translation of
an odd number of methylenes involves a concurrent chain
rotation of 180.) Figure 3, which emphasizes the translational
aspect by showing the chains aligned vertically, depicts chain
packing for off-set numbers of 0, 1, and 2, corresponding to
orthorhombic and monoclinin-alkanes, and the C-form fatty
acids.

The interaction between the two chains in the repeat unit is

ous splitting data thus provided have enabled estimations of assumed to be the sum of local interactions between methylenes
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on neighboring chains. Three interchain methytemethylene OBSERVED CALCULATED
force constants, designatedb, andc, are shown in Figure 3. =T o, L
They correspond to interchain interactions between nearest- ot An=0

neighbor methylenes in the same plane, in nearest-neighboring 8} 5 &7

planes, and in next nearest-neighboring planes. ~ e
The interaction between the two chains in the unit cell is §
>
<

expressed 0
A / /
H® 2h > s

4}

H= , (12) g VA S it
2 H° oeg] A |
[| & C36

whereH®, previously defined in eq 2, represents an isolated __
chain. The elements of the interchain-coupling matrponsist g \\
of linear combinations of the methylenenethylene coupling z 0 2o

constants, b, andc. The factor of 2 in front of the off-diagonal

a

elements reflects the two-dimensional character of the ehain |

chain interactions in the layer. t bttt ottt
Since the splitting of the rocking progression bands is  “[| 5 FAl¢ i’:‘;z 1

normally small €15 cnt?) relative to the frequency separation sH o FA20

between successivek,(k + 1) rocking modesH can be ~al 1

separated into in-phase and out-of-phase components. Using the 0
p p p p g o f‘)}A P

2

transformation matrix \'\-J / \/
4} 41
S [1 1 ]

(13) N S GE
1-1 1000 950 900 850 800 750 700 1000 950 900 850 800 750 700
v (cm™) v (em™)
we obtain Figure 11. Observed and calculated splittidg of the methylene
rocking bands for the orthorhombic and monoclinialkanes and the
He + 2n° 2h¢ C-form fatty acids, plotted against band frequency. The data points in
d s (14) the observed splitting plots were “spline-fitted” to indicate the splitting
—2h H° — 2h patterns. The calculated curves were obtained from eqsd@aing
values for the coupling constarasb, andc derived from the observed
wherehs = (h' + h)/2 is symmetric, anchd = (h'—h)/2 is splittings obtained through least-squares fitting (Table 3).
antisymmetric. The effect df¢ is to perturb the frequencies of
the in-phase and out-of-phase band components and to mix thei
eigenvectors. Howevehd can in general be ignored because
its elements are small relative to thosd-5f and its contribution

THT =

£d 2 is represented &8s (B,A,B}, whereMg stands for “band
matrix”. Theh andhs matrixes for each system are listed below.
Orthorhombicn-C, (An = 0):

is only second order. Then we have h=Mgc, b ab,3h°=MJcbabc (18a)
- B y My AL, - it M A4 Uy
a __ o S
H*=H®+2h (15a) Monoclinic n-C, (An = 1):
H® = H° — 2n° (15b) .
h=Mg{b, a, b, c} h*="/,Mg{c,b,a+c, 2b,a+c,b,c}
where a and b superscripts identify the component vibrations. (18b)
The frequency parameters for theand b components are
the eigenvalues dfi2 andHP. These are C-form FA, (An = 2):
o It h=Mg{c b, ab,c h®°=",Mg{c b,ahb, 2,b,ab,c}
Ad=A, +2Y hcosig, (16a) (18c)
=
m- 1 The splitting equations are then
22=22-2YF hcosi 16b _
ko Tk 4 i (16b) AL 0= 4[a+ 2bcosg, + 2ccos 2p]  (19a)
so that the splitting is AL = 4[acosg, + b(1+ cos 2p,) +
m-1 c(cosg, + cos 3p)] (19b)
— S H _
Al=4 ) hicosigy (A7) A2A™2— 4]a cos 2p, + b(cosg, + cos 3p,) +

c(1+ cos 4p,)] (19c)
Explicit equations for the splitting are obtained upon substi-

tuting into eq 17 the expression fdr® that is defined in C. Results.1. Obsered Splitting and Splitting Patternn
connection with eq 14. It is convenient to represent the Figure 11 to the left, the measured band splittings for the
symmetric band matrixek and hs by a sequential list of the  n-alkanes and fatty acids are plotted against band frequency.
elements of an untruncated row of the matrix. The sequence Spline-fitted curves are included to suggest the shapes of the
begins with the first nonzero element and ends with the last plots. The values of the splittings used for the orthorhombic
such element. The diagonal element is underlined. THEAsH n-alkanesnygg = 21—29 at 77 K are from ref 2. Those for the
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TABLE 3: Least-Squares Determined Interchain Interaction 25 25
Constants Ortho nC,
interaction constants.{ cm % 10%)2 20“- o gg; 4
a b c 8] |5 1%
orthorhombicn-alkanes  0.666: 0.02 2.126+0.02 0.206+ 0.02 10 (2 410
monoclinicn-alkanes 0.866- 0.12 1.916+ 0.07 0.036+ 0.09 0
C-form fatty acids 0.356- 0.13 2.066+ 0.11 0.026+ 0.07 5 5 15
aErrors estimated in the least-squares determination. The methylene ':E_J 0 0
methylene interaction constants are defined in Figure 3. % . 1s
<
monoclinic n-alkanesn = 28 and 30 at 77 K are from ref 3, -10- 4.0
and those fon = 36 at room temperature are from ref 23. The
splittings for the C-form fatty acidSe,en= 16—22 at 10 K listed 197 115
in Table 2 are our measured values. The fatty acids were also g . . . . 20
measured at higher temperatures. At 80 K, the splittings are -1.0 0.5 0.0 0.5 1.0
slightly smaller 0.2 cnt?) than at 10 K. At room temperature, ”s 2

they are about 20% smaller. The reduction in splitting in going
to higher temperatures is due to the weaker interchain coupling  20-
that accompanies the lateral expansion, which for PM chain layer

Mono n-C,

structures is characteristically large. 157
Overall, the splitting vs frequency curves in Figure 11 show 10
a sinusoidal-like component that is associated withitherm e

in the equations (19zc) that relate the splitting to the interaction £ 5]

constants and the phase difference. The effect of this term on':g 0
the splitting pattern, an effect augmented by the large value of x

b relative to that ofa and c, becomes apparent if written as 3 97 15

_8b(cosqak cosAngy). In this form it is evident that t_he periodi_city 10 J.10

is due to the factor co&ngy and that the period is determined

by the methylene off-set numbam. 157 1-15
Figure 12 displays plots of th.e observed splittings in terms .20 ; . . .20

of AA versus cog, a format that is more relatable to eqs $9a -1.0 -0.5 0.0 0.5 10

¢, showing more clearly how the splitting is related to the

methylene off-set number and the coupling constants. For 20- 120

example, the plot for the orthorhomhiealkanes is nearly linear, FA,

with a slope given by the interaction constargnd a deviation 15+ g Fats 15

from linearity determined bg. The constanh determines where a a0

the plot is positioned along the splitting (vertical) axis. 107 v_Fan 110
2. Evaluation of the Interchain Coupling Constantsable 3 £ 54 4s

3]

lists the values o0&, b, andc determined for the orthorhombic &

and monoclinin-alkanes and C-form fatty acids from a least- "9 o
squares fitting of the calculated splittings to the measured ones. %
In Figure 11 to the right, the splittings calculated for each system <
using eqgs 19ac and the least-squares evaluated interaction  -10- 4-10
constants are plotted against band frequency. Figure 12 shows

-5

similar plots, but in terms oAy versus cog. For each system, 157 118

the shapes of the observed plots are very near those of the ; . . 20

calculated. -1.0 05 0.0 0.5 1.0
That the values of the dimensions of the subcells for the cos @

orthorhombic and monoclinio-alkanes and the C-form fatty  gigyre 12. Observed splitting expressed s, plotted against cog
acids are nearly the same would seem to ensure that thefor the orthorhombic and monocliniealkanes and C-form fatty acids.
interchain interaction constants for these systems would be The continuous curves plot the splittings calculated using egs 19 with
correspondingly similar. However, Table 3 shows that there are interaction constants for each system derived from least-squares fitting
significant differences. Among the factors that may contribute (Table 3). The dashed curve for the fatty acids employs splittings based
to the differences, we note that the neglect of methylene twisting on interaction constants derived for the orthorhombaikanes.
in our model is probably not one of them, since in that case all frequency shift. The observed frequency/phase-difference plots
three systems would be affected in the same way. in Figure 6 indicate the rocking mode phase-difference shift is
The primary reason for the variation probably lies in our use 5 + 1° for the n-alkanes, but onlyk 1° for the fatty acids.
of observed band frequencies, uncorrected for shifts due to theThe interaction constants evaluated using uncorrected band
chain end groups. The calculated values of the interchain frequencies will, so to speak, have the phase-difference shift
interaction force constants for thealkanes would be most  built into them. This is evident in Figure 12 in comparing the
affected because the shifts for thealkanes are much larger two AAS@cdys cosg plots for the fatty acids. In the solid line
than those for the fatty acids. In discussing the consequencesplot, the interaction constants used to calculdté were
of using uncorrected frequencies, it is useful to express the endevaluated using frequencies observed for the C-form fatty acids,
group shift in terms of a phase-difference shift rather than a which, as noted above, are not much affected by the end groups.
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Figure 13. Predicted splitting forAn = 3 chain packing, calculated
using the coupling constarasb, andc derived from the orthorhombic
n-alkane splitting.

Li et al.

n-alkanes are near those calculated using accepteeHH
repulsive potentials, confirming that the splitting is due to short-
range repulsive interactions mainly between hydrogen afgfs.

3. Splitting of Near Zone-Center Mode3he splitting
observed for the IR active mode at 720 ¢iwhose phase
difference is nearest zero, is nearly the same for the orthorhom-
bic and monoclinicn-alkanes phases. For the orthorhombic
n-alkanes at 80 K, the measured splitting (averaged over chain
lengthsn = 19-25) is 12.44+ 0.1 cnTl. The splitting for
monoclinic n-alkanes at comparable temperatures and chain
lengths is only slightly smaller<0.2 cnt?) than that for the
orthorhombic crystal. The calculated splittings, 12.4 and 12.2
cm~1, for orthorhombic and monoclinin-Cyo obtained using
egs 19a and 19b with the interaction constants derived from
the orthorhombia-alkanes are thus in excellent agreement with
the observed values. To round out the picture, the calculated
splitting for an orthorhombic crystal consisting of infinite PM
chains, a structure closely approximated by polyethylene, is 12.5
cmL. This value is near the 12.4 crhcalculated for the
orthorhombicn-C,; and is also near the 12.6 cihmeasured
for crystalline polyethylene at 10 K.

Seemingly out of line, the splitting observed for the fatty acids

In the dash line plot, the interaction constants used were at low temperatures is smaller than that for the orthorhombic

evaluated using observed frequencies forritakanes, which

n-alkanes by about 1.0 crh, a large difference relative to that

we know are much more affected by the end groups. The result(<0-2 cn™*) observed in going from the monoclinic to ortho-

is a B shift between the two curves that matches theshift

rhombicn-alkanes. The possibility that the lower value for the

found in the frequency vs phase-difference plots in Figure 6. C-form fatty acid crystal results from weaker interchain interac-

It should be mentioned that the accuracy of the derived values
of the interaction constants is reduced by the absence of splitting
data in certain frequency regions. The main gap is between 72
and 740 cm?, where the only splitting that can be measured is

that for the intense 720 crhband, since all other rocking bands
in this region are overlapped by it. The gap is small in terms o

frequency, but in terms of the more relevant quantity, the phase

difference, it is large, extending from about 10 td 6@nother
gap, also previously mentioned, occurs in the-96000 cnt?!

tions (a priori unlikely) is in essence ruled out because the
decreased splitting can be entirely accounted for as a conse-

gduence of the large chain tilt. The observed splitting for the

C-form fatty acids at 10 K, averaged over the four homologues,
is 11.5 60.2 cm. The splitting at 77 K is, within experimental

§ error (£0.2 cnrt), the same as that at 10 K. The calculated

splitting for an off-set number of 2 is 11.6 ¢y in excellent
agreement with the observed value.

We have also considered the splitting of the rocking band

region of the spectra of the fatty acids, which is overlapped by nearest the 1174 cm zone center of the dispersion curve

intense acid group bands.

associated with the twistingrocking band progression that

The best fit between observed and calculated splittings is €xtends from 1380 to 1174 crh The zone center mode at 1174

found for the orthorhombio-alkanes, because the number of

cm~1 represents out-of-phase & ) rocking and is therefore

accurately measured splittings is by far the greatest for this the complement of the zone center in-phage=( 0) mode at

system. However, the fitting for the C-form of fatty acids and

the monoclinic n-alkanes is nevertheless quite good, good

enough to justify displaying in Figure 13 the splitting pattern

720 cnt! of the rocking-twisting dispersion curvé?®

In applying our model to the twistingrocking dispersion
curve, we have assigned the rocking band nearest the 1174 cm

predicted for chain packing with a methylene off-set number zone center as the terminal band in the progression; thiatis,
equal to 3. To our knowledge, such a system has thus far notm. The relative intensity of this band is very low, and in fact,

been reported.

Among the interaction constants listed in Tablé 8 largest
and the best determined. The valueca$ nonzero only for the
orthorhombicn-alkanes, in which case it would appear to be
well-determined. However, the value ofis suspect because
its sign is negative, indicating attraction. In any everitas by
far the smallest value. The value afis intermediate between
b andc.

it is zero for the infinitely long chain, since the zone center
mode is IR inactive. We were able to observe it at 1187%tm
in the spectrum of the shortest of the fatty acids;&Aecause

its intensity is enhanced by the acid group. This band is split
by £5.3 cnt! at 10 K. Using in eq 19c the phase difference
¢m = mu/(m + 1) given by eq 4 and interchain interaction
constants derived from the orthorhomini@lkanes, we calcu-
lated a splitting of—5.9 cn’. Analysis of the other bands in

As discussed in ref 2, the relative values of interaction this progression is difficult because of overlapping by a series
constants correlate well with the shortest interchain distancesOf more intense bands that belong to the methylene wagging
between hydrogen pairs associated with the interaction constantProgression. The wagging dispersion curve runs parallel and
Within the subcell, there are three uniquely short interchain Very near to the twistingrocking dispersion curve.

H---H distances. Two of these are associated wittand,

4. Chain End Effects on SplittinBand splitting in the spectra

together, are responsible for the large value of this constant. of crystals with tilted chains is subject to chain end perturbations

The remaining short H-H distance is associated with All
the H--H distances associated wittare large, which accounts

that originate from chain end lateral packing asymmetry. If the
chains are tilted, some of the methylenes nearest the chain ends

for its small value. As previously noted, the experimentally will have as a lateral neighbor a methyl group or a void instead
derived values of the interaction constants for the orthorhombic of another methylene. Consequently, a number of interchain
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v (cm™) the infinitely long chain. For FA, our longest, the reduction
1060 900 800 750 740 720 is estimated to be only about 7%. For the monoclmalkanes,
ok ' ' o ] these effects follow a similar pattern except that their magnitude
| —g;g (a). An=0 ] is about one-half of that for the fatty acids.
1ok | c30 i Band splitting decreases with increasing tilt, but not linearly.
I o0 J Thus, as may be seen in Figure 14, the overall decrease in the
0 magnitude of the splitting with increasing tilt in going from
s the monoclinic An = 1) n-alkanes to C-form fatty acids
-0 . (An = 2) is considerably greater than that estimated in going

from orthorhombic An = 0) to monoclinicn-alkanes.

5. Relatve Intensities of the Split Band Componeiftst the
fatty acids, the measured values of the ratios of the intensities,
A&@IAL, of thea andb components of the split bands vary with
k. In contrast, for the orthorhombiealkanes, this ratio is nearly
independent ok and has a value given by

AJAL =tarf 0 (20)

where@ is the setting angle, defined as the angle between the
skeletal plane of an-alkane chain and theaxis of the subcell
as shown in Figure 1. Equation 20 follows from the equality

AZIAY = (uldQE )N (aullaQ)? (21)

whereQ@ andQ,° are normal coordinates representing the in-
phase and out-of-phase combinations of rocking vibratioh

the two chains in the subcell. The dipole moment derivatives
ouldQ@ and du/dQP are

AL x 1073 (cm2)

uloQ2 = qulaQ® + aulaQ P (22a)

auldQ. = auldQ ™ — dulaQ > (22b)

whereQ® andQ@ are the normal coordinates of rocking mode
. . . k for molecules 1 and 2. Because the directions of the dipole
-1.0 -05 0.0 05 1.0 moment derivativesiu/0QY) and 9u/dQ@ for the all-trans
cos¢ n-alkanes are perpendicular to the skeletal plane of the chains,
Figure 14. Calculated band splitting\A for the n-alkanes and fatty ~ their components along the and bs axes are proportional to
acids, plotted against cas for different chain lengths and methylene  sin § and cosf, which leads to eq 20. If we use in eq 20 the
off-set numbers to illustrate the dependence of interchain end effectsyalue of 42 for the setting angl® determined fom-C,3 by
on chain tilt and chain length. X-ray diffraction4 we find A&AL = 0.9 for the orthorhombic
) ) o . n-alkanes. This value is in accord with the measured intensity
methylene-methylene interactions are missing on one side of (5tjo2.
the chain. The spllttmg _for the C-form fatFy acids is most Of the approximately 25 rocking bands that appear in the
affected because chain filt is greatest for this system. four spectra of the C-form fatty acids for which it is possible to
To explore the dependence of this effect on chain tilt and estimate A@/AP, about two-thirds are within 20% of the
chain length, we calculated splittings for chain packing with ghserved average for the orthorhombsicalkanes. It can be
off-set numbers 63, for chains with 40, 30, 20, and 10  assumed that the modes associated with this two-thirds have
methylenes, using the interaction constants evaluated for thengrmal coordinates similar to those of thealkanes. That is,
orthorhombicn-alkanes. The splittings, which were obtained  the motion involved is primarily methylene rocking. The deviant
through numerical diagonalization of tiné matrix defined in  yalues can be assumed to involve modes with a significant
eqs 18ac, are displayed in Figure 14 iZ vs cog plots.  contribution from the acid group. Because of interchain
Figure 14 shows that, at a fixed tilt, splitting decreases with hydrogen bonding, the plane of the acid group is unlikely to be

decreasing chain length. At a length of 40 methylenes, the parallel to the plane of the PM chain, so that eq 20 is not
splitting is only a few tenths of a wavenumber less than that gpplicable to the fatty acids.

for a chain free of end effects. The effect is quite large for short

chains. For example, the calculated splittings for a C-form fatty ~ Acknowledgment. We gratefully acknowledge the support
acid (An = 2) rocking band with a frequency of 740 ctn of the U. S. Department of Energy through Grant No. DE-FG02-
(p = 60°, cosp = 0.5) are—4.8,—4.5,—4.1, and—3.6 cn1! 01ER45912.

for chain lengths of 40, 30, 20, and 10 methylenes. Thus, the

measured splitting for a chain of 10 methylenes is reduced by Supporting Information Available: Figures 1S, 2S, and
about 25%. For chains longer than 30 methylenes, the observe®3S. Figure 1S shows observed IR intensities of the rocking mode
splittings are reduced at most by 2%. For our fatty acids, the bands for the C-form fatty acids and the orthorhombadkane
largest interchain-length effect would then be for;EAvhose n-Cy1 at 10 K plotted against the phase difference. Figure 2S
measured splittings are probably about 20% less than those forshows the rocking fraction of the vibrational eigenfunction based
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on the fraction of potential energy from methylene rocking

Li et al.

(11) Snyder, R. GJ. Chem. Physl965 42, 1744.

plotted against phase difference. Figure 3S shows observed and (12) Wilson, E. B.; Decius, J. C.; Cross; P. Kolecular Vibrations
calculated dipole moment derivatives for the rocking bands of McGraw-Hill: New York, 1955; Chapter 7.

n-Cp1 at 10 K, plotted against phase difference. This material
is available free of charge via the Internet at http://pubs.acs.org.
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