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Low-frequency Raman spectra of even and oddn-alcohols have been recorded. The longitudinal acoustic
modes (LAM) are described, and the effects of hydrogen-bonding, chain length, and temperature on the
frequencies of these vibrations are discussed. The frequencies of the LAMs are interpreted in terms of the
one-dimensional crystal model of Minoni and Zerbi and also ab initio calculations on isolated single chains.
The low-frequency LAM-1 mode of the hydrogen-bonded dimer exhibited an odd-even effect, and to gain
insight into this, the crystal structures of the C17 and C20 alcohols were determined by single-crystal X-ray
diffractometry. C17H35OH packs in theâ form, with half the oxygen atoms trans and half gauche, with respect
to the alkyl chains. C20H41OH adopts an all trans conformation and the packing is in theγ form. The hydrogen-
bonding interactions differ in the two structures. We therefore ascribe the odd-even effect in the LAM-1
frequencies to an odd-even effect in crystal structure.

1. Introduction

A number of chain length dependent bands have been
observed in the low-frequency Raman spectra of crystalline
n-alkanes,1 as well as in other oligomers and semicrystalline
polymers.2 Among these bands, the one-node longitudinal
acoustic mode (LAM-1) has been used for the determination
of chain morphology in lamellar crystals of polymers.2 For the
n-alkanes, it has been shown by experiment that the LAM-1
frequency is approximately inversely proportional to the chain
length.3-6

Within a degree of approximation, the frequencies of LAM-1
bands can be calculated by using the model of an isolated elastic
rod with free ends.3 The perturbation of the LAM-1 frequencies
by end effects, such as interlayer forces and the inertial masses
of end groups, has been investigated theoretically by modeling
with a perturbed elastic rod7,8 or a linear crystal,9 while extra
insight has been gained by calculation of normal modes.2,10,11

Experimental studies of these effects based on end-modified
n-alkanes have been reported by several authors.12-19 Reports
from our laboratories have encompassed not only high-modulus
trans-planarn-alkanes and their derivatives17-19 but also low-
modulus helical oligo(oxyethylene)s.20-22 We have shown that
the LAM-1 frequencies of trans-planar alkyl chains are very
sensitive to end-group mass and relatively insensitive to
temperature, while the LAM-1 frequencies of helical oligo-
(oxyethylene) chains are most sensitive to interlayer force and
are more temperature dependent.

The low-frequency Raman spectra of severaln-alcohols, with
chain lengths between C13 and C30, were recorded in the present
study. Low-frequency modes were assigned on the basis of the
spectra of then-alkanes and their mono- and disubstituted
derivatives,1,14-19 and on calculation of frequencies via linear
crystal and ab initio procedures. The probability that crystal
structure plays a role in determining the LAM-1 frequency was

considered, and with this in mind, the crystal structures of the
C17 and C20 alcohols were determined. There are several papers
documenting X-ray crystal data onn-alcohols,23-29 not all of
which provide atomic coordinates. It is known that the higher
(>C12) evenn-alcohols commonly crystallize in a form with
the alkyl chains tilted from the end-group plane (γ form,
monoclinic). Results for the odd alcohols are incomplete, but
those available indicate that they crystallize in a form with the
alkyl chains almost vertical to the end-group plane (â form,
monoclinic but sometimes referred to as orthorhombic).25,29Our
investigation covered this ground but was primarily focused on
the nature and orientation of the hydrogen bonds in the crystal.

2. Experimental Section

2.1. Materials. The n-alcohols were obtained from various
commercial sources. All the materials were used as received.

2.2. Raman Spectroscopy.Raman scattering at 90° to the
incident beam was recorded by means of a Spex Ramalog
spectrometer fitted with a 1403 double monochromator, and with
a third (1442U) monochromator operated in scanning mode.
The light source was a Coherent Innova 90 argon-ion laser
operated at 514.5 nm and 300 mW. Typical operating conditions
for low-frequency spectra (<250 cm-1) were bandwidth 1.0
cm-1, scanning increment 0.05 cm-1, and integration time 6 s.
For high-frequency spectra (<1800 cm-1) the conditions were
bandwidth 3.0 cm-1, scanning increment 0.5 cm-1, and integra-
tion time 4 s. On occasion, for very low frequencies, the
conditions were bandwidth 0.8 cm-1, scanning increment 0.01
cm-1, and integration time 8 s. The frequency scale was
calibrated by reference to the 9.6 and 14.9 cm-1 bands in the
low-frequency spectrum ofL-cystine.

Samples were enclosed in capillary tubes and held at a
constant temperature at 293( 1 K. A Harney-Miller cell (Spex
Industries) was used for measurements over the range 173-
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293 K. At the lowest temperature investigated, 77 K, the sample
was held to(0.5 K within the vacuum chamber of an Oxford
Instruments Ltd. Model CF104 cryostat plus Model CF5244
temperature control unit. In the experiments, the intensity of a
suitable Raman band was observed over a period of time to
ensure equilibrium of the sample at a given temperature.
Generally, high-frequency spectra were recorded before and
immediately after the low-frequency spectra, to confirm that
samples were unchanged by exposure to the laser beam. Spectra
were recorded several times, and band frequencies were obtained
as averages of many observations. The uncertainty in average
frequency was estimated to be(0.5 cm-1 for the low-frequency
bands and(1 cm-1 for the high-frequency bands.

2.3. X-ray Diffraction. Samples of the C17 and C20 alcohols
were recrystallized by very slow evaporation of dichloromethane/
hexane solutions, over approximately one month, which in each
case yielded weakly diffracting, thin platelike crystals. Suitable
crystals for X-ray structure analysis were then mounted on glass
fibers, and data collection was carried out on a high-intensity
Cu KR rotating anode Rigaku AFC-5R diffractometer at room
temperature.

3. Raman Spectroscopy and the LAM Bands

Selected low-frequency spectra (5-250 cm-1) are shown in
Figures 1 and 2, and band frequencies are listed in Table 1.
Selected frequencies are assigned as discussed below.

Assignments of LAM bands was aided by application of the
linear crystal model of Minoni and Zerbi.9 In their bilayer
crystals, the alcohols interact through their hydroxyl groups
forming hydrogen-bonded dimers which are themselves subject
to van der Waals end forces. Modeling the system as a one-
dimensional crystal with chain groups represented by point
masses leads to the representation shown in Figure 3a. The CH2

chain groups and the CH3 and CH2OH end groups are
represented by point massesmc, me, andmh respectively, and

the interactions between them are represented by force constants
fc, fe, andfh, respectively.

Equations for infinite one-dimensional crystals with sym-
metrical unimeric or dimeric repeat units have been derived by
Minoni and Zerbi9 and applied to the case ofn-octadecanol.15

In related work we adopted Zerbi’s approach in interpreting
the Raman spectra of oligo(oxyethylene)s with hydroxy, methyl,
or n-alkyl end groups, including treating unsymmetrical cases.20-22

The equations used in this work for a crystal in which the repeat
unit is an H-bonded dimer have been set out previously.20

The notation to be used requires definition. Wave profiles
calculated for the first two longitudinal modes of the H-bonded
dimer (details given below) are shown in Figure 3b. The
numbers of nodes per dimeric repeat unit are 2 for mode (i)
and 4 for mode (ii); i.e., they are LAM-2 and LAM-4 of the
crystal repeat unit. Discounting the node centered in the van
der Waals bond allows the familiar LAM-1 and LAM-3
nomenclature to be used for modes (i) and (ii) of the dimer.
Discounting the node-centered in the H-bond allows mode (ii)
to be denoted LAM-1 of the alcohol (unimer), i.e., parallel to
the notation forn-alkanes. However, in this report the LAM-
1/LAM-3 notation is preferred.

3.1. LAM-3. Assignment of bands to LAM-3 of the H-bonded
dimer was apparent on inspection of the spectra (see Figures 1
and 2): i.e., the intense bands at frequencies in the range 85-
180 cm-1. The observed LAM-3 frequencies (see Table 1 for

Figure 1. Low-frequency Raman spectra (intensity versus Raman shift)
of crystalline evenn-alcohols at 293 K: (a) C14H29OH; (b) C18H37OH.

Figure 2. Low-frequency Raman spectra (intensity versus Raman shift)
of crystalline oddn-alcohols at 293 K: (a) C15H31OH; (b) C17H35OH;
(c) C19H39OH.
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values) are plotted against chain length (Cn) in Figure 4. Values
of the LAM-3 frequency were calculated using the linear crystal
model with mc ) 2.33 × 10-26 kg, me ) 2.50 × 10-26 kg,
mh ) 5.15 × 10-26 kg, fc ) 460 N m-1, fe ) 3 N m-1, and
fh ) 12 N m-1. As can be seen in Figure 4, these parameters
gave a satisfactory fit to the observed frequencies. The values
of fe and fh are the same as those used previously for oligo-
(oxyethylene)s20,21and are similar to those used previously for
alkanediols and monobromides17-19 (i.e., fh ) 15 N m-1 andfe
) 5 N m-1, respectively). The value offc is higher than that
(420 N m-1) used previously to fit the LAM frequencies of
n-alkanes and their mono- and disubstituted derivatives.17-19

Calculations based onfc ) 420 N m-1 with a variety of values
of fe andfh were carried out in the present study, but a good fit
to the values of LAM-3 of the dimer could not be forced. Minoni
et al. in their study ofn-octadecanol adopted a slightly different
approach, but effectively used values offc ) 520 N m-1, fh )
18 N m-1, andfe ) 0.9,15

3.2. LAM-1 and Other Low-Frequency Bands. Direct
assignment to the LAM-1 band of the dimer was not possible,
since these bands were in the same frequency range of the
spectra as the bending modes: i.e., 25-47 cm-1 (see Figures 1
and 2). Calculations based on the linear crystal model, with
exactly the same parameters as used for fitting the values of
LAM-3, pointed to the highest frequency bands of the groups

as LAM-1. With this assignment the LAM-1 frequencies show
a pronounced even-odd effect, the data points for the odd
n-alcohols falling some 6 cm-1 below the calculated curve: see
Figure 4.

In studies of the low-frequency Raman spectra ofn-
alkanes1,3 and disubstitutedn-alkanes,17,18 bands in the region
10-50 cm-1 have been assigned to in-plane and out-of-plane
whole-chain bending modes, IPB-1 and OPB-1. These two bands
are resolved in the spectra of the shortern-alkanes (e.g.,n <
C16),1 but less readily so at longer chain lengths. The lower
frequency bands in the range 25-35 cm-1 in the spectra of the
n-alcohols (see Figures 1 and 2) are analogously assigned; see
Table 1.

3.3. Ab Initio Calculations. Recent ab initio calculations by
Meier11 on disubstitutedn-alkanes have shown that the LAM-1
mode shows an odd-even effect even for an isolated chain,
provided the head and tail groups are heavy enough. We
therefore used the Gaussian 94 suite of programs30 to conduct
ab initio calculations on the C13-C17 alcohols at the Hartree-
Fock level, using a 3-21g basis set.31 These calculations were
for a single isolated chain, not for a hydrogen-bonded dimer.
The structures were optimized at this level of theory and the
frequencies of the all normal modes were calculated. Compari-
son of the LAM mode with the experimental results for LAM-3
(see Figure 4) shows that the calculated values (dotted curve)
fall some 10 cm-1 below the experimental values, undoubtedly

TABLE 1: Low-Frequency Raman Bands of Crystalline H-Bonded Dimers ofn-Alcohols at 293 K

n LAM-1 cm-1 LAM-3 cm-1 PLAM-1 cm-1 OPB-1 cm-1 IPB cm-1 other bands/cm-1

13 43.6 178.5 142 30.2 31.9 12.6, 68.7, 120.0
14 46.4 168.0 130 28.4 33.3 17.0, 60.3
15 38.7 158.0 115 26.2 29.7 10.7, 44.2, 58.3, 68.1
17 35.7 142.1 23.2 27.7 9.5, 41.7, 51.5, 60.8, 73.0, 108
18 39.4 135.5 27.9 32.2 13.5, 50.4, 64.1, 76.4, 104
19 33.5 129.0 20.7 22.4 8.1, 38.1, 52.2, 58.9, 64.4, 96.8
20 37.9 124.0 26.0 30.3 12.0, 41.6, 61.4, 81.2, 104
22 36.6 114.6 24.1 27.4 11.8, 43.7, 60.4, 86.1, 98.5
26 31.4 100.0 21.2 21.4 11.6, 37.6, 51.0, 70.3, 87.6
30 29.6 87.6 20.0 20.0 13.0, 44.6, 67.3, 78.2

Figure 3. H-bonded dimers of ann-alcohol in a one-dimensional
crystal. (a) The model: symbolsm and f indicate masses and force
constants; subscripts c, e, and h indicate methylene chain groups, methyl
end groups, and methylol end groups, respectively. (b) Wave profiles:
(i) LAM-1 and (ii) LAM-3 of the dimer.

Figure 4. Effect of chain length on the LAM frequencies of crystalline
evenn-alcohols (filled symbols) and crystalline oddn-alcohols (unfilled
symbols) at 293 K. The squares refer to LAM-1 and the circles to
LAM-3 of the hydrogen-bonded dimer, as indicated. Data points for
the pseudo-LAM-3 are indicated by diamonds. The solid curves were
calculated using the linear crystal model9,20 with fc ) 460 N m-1, fh
)12 N m-1, and fe ) 3 N m-1. The dotted curves were calculated
using the ab initio method (see text).
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because of neglect of the head-to-head hydrogen bonding that
occurs in the real system.

For then-alkanes, there is a mode with a somewhat lower
frequency than the LAM mode in which the atomic motions
are rather similar to those found in the true LAM mode, but
with some extra transverse components. This mode is also
present in bromoalkanes, as noted by Chang and Krimm16 and
by Meier.11 In the notation of Olf and Fanconi this pseudo-
LAM (PLAM) mode is designated as an early member of the
band series of the longitudinal acoustical branch.1 As seen in
Figures 1 and 2, bands in this region are very weak in the spectra
of the n-alcohols, as is also the case for the bromoalkanes.16

Calculated values for this mode are shown as the lower dotted
curve in Figure 4, where they are seen to correspond well to
the experimental frequencies of bands detected in the spectra
of the shorter chains. On this basis, those bands are designated
PLAM-3 in Table 1. As there will be more rocking and less
direct stretching of the hydrogen bond in this mode as compared
to the LAM-3 mode, one might expect the influence of the
hydrogen bonding to be less.

To investigate the odd-even effect of the observed LAM-1
mode of the crystal, it would be necessary to model the modes
of an alcohol dimer. Unfortunately, at the level of theory used,
the optimized geometry for an alcohol dimer is far from linear
and the calculated modes of vibration have little relevance to
the modes of vibration in the crystal. However, we note that
heavy end groups are needed for an odd-even effect to become
noticeable in the LAM vibration of an isolated chain, and a
hydroxide group is too light. This was pointed out by Meier11

and is confirmed by our own calculations using the Gaussian
94 programs.

3.4. Effect of Temperature. Low-frequency spectra were
recorded for the C13 and C18 alcohols at temperatures in the
range 173-293 K. That of C18H37OH was additionally recorded
with the sample at 77 K. This spectrum is shown in Figure 5:
compared with those in the spectrum obtained with the sample
at 293 K (see Figure 1), the minor bands are more clearly
resolved. The effect of temperature on the LAM-1 and LAM-3
frequencies of the dimer is shown in Figure 6. Averaged over
the temperature interval, the temperature dependence is ap-
proximately-0.030 cm-1 K-1 in each case. Closer analysis
indicates curvature, as might be expected for LAM modes.
Rabolt14 has reported a similar value,-0.032 cm-1 K-1 for the
dimer LAM-3 frequency of the C18 alcohol. These values can
be compared with the much smaller value, -0.006 cm-1 K-1,

obtained for the LAM-1 frequency of crystalline octadecane.14

The larger effect of temperature on the LAM frequencies of
the alcohol is attributable to the contraction of the lattice
shortening the hydrogen bond, so increasing LAM-1 and
inducing an increase in strength of the interaction that perturbs
the LAM-3 frequency.

3.5. Comparison with n-Alkanes. In Figure 7 LAM fre-
quencies obtained in the present work on then-alcohols (i.e.,
LAM-3 frequencies of the dimers) are compared with published
LAM-1 frequencies ofn-alkanes1 and alkanediols.17,18The near
correspondence of the data points across the frequency range
results from opposing effects: a decrease in frequency caused
by the heavier end group(s) of the mono-ols and diols compared
to the alkanes (i.e., CH2OH compared with CH3) being
compensated by an increase in frequency caused by the end
forces resulting from hydrogen bonding. Detailed inspection of
Figure 7 shows practically complete compensation of the two
effects atn ) 15, with the effect of end forces being favored at
n > 15 (i.e., at high frequencies) and the effect of end mass
being favored atn < 15 (i.e., at low frequencies). This effect

Figure 5. Low-frequency Raman spectrum (intensity versus Raman
shift) of crystalline C18H37OH at 77 K.

Figure 6. Temperature dependence of the LAM-1 and LAM-3
frequencies of H-bonded dimers ofn-alcohols. Unfilled symbols denote
C13H27OH; filled symbols denote C18H37OH. The curves are least-
squares quadratic fits to the data points.

Figure 7. Effect of chain length on the LAM frequencies of crystalline
chain molecules at 293 K: (b) n-alkanes (LAM-1); (O) n-alcohols
(dimer LAM-3); (0) R,ω-alkanediols (equivalent dimer LAM-3). The
curves are calculated using the linear crystal model.
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of chain length is in keeping with physical intuition and is as
predicted by calculation based on the linear crystal model.

4. Crystal Structures by X-ray Diffraction

The evidence presented in section 3 supports the view that
the odd-even effect in the LAM-1 mode is due to a difference
in crystal structure rather than being a property of the single
chain. High-frequency Raman spectra can give important
information on crystal structure but, unfortunately, not in the
present case as the spectra were very similar for all the alcohols
studied. In the high-frequency spectrum of the C18 alcohol,
shown in Figure 8, the splitting of the methylene-bending mode
near 1440 cm-1 has been attributed to a crystal field effect, but
the same splitting is associated with both odd and even
alcohols.32

To investigate the even-odd effect as thoroughly as possible,
the crystal structures of C17 and C20 alcohols were studied using
X-ray diffraction. The melting points of these two alcohols were
high enough to allow their crystallization from dilute solution
at room temperature, while their long spacings did not take them
outside the range of the analysis. The unit cell parameters
obtained are listed in Table 2. The data collection and refinement
parameters are listed in Tables A1 and A2.

4.1. C17H35OH. In the case ofn-C17H35OH, thec axis was
so long that the peaks tended to overlap, leading to inaccuracies
in background and intensity measurements. To reduce this
problem, vertical and horizontal slits were used to lower the
effective size of the detector aperture. Also, the Lehmann-Larsen
algorithm33 was employed for profile fitting, to improve the
accuracy of intensity determinations. The crystal structure was
solved by direct methods (SIR92),34 and refinement was carried
out onF2 using SHELXL97.35 The non-hydrogen atoms were
refined anisotropically. Methylene hydrogen atoms were in-
cluded in constrained positions using the riding method. Methyl
hydrogen atoms were also included in constrained positions,
using as a starting point, the positions of maximum electron

density. Attempts made to locate the hydroxyl hydrogen atoms
by difference Fourier techniques were unsuccessful, so instead
they were included in constrained positions, so as to maximize
the hydrogen-bonding interactions.

In the crystal the asymmetric unit contains two molecules,
one of which has the oxygen atom in the gauche conformation
(O1 in Figure 9a), while the other molecule adopts a trans
conformation (O2 in Figure 9a). The packing arrangement is
the monoclinicâ form with the hydroxyl groups arranged in
planes, and the alkyl chains vertical to the layer planes (Figure
9b). There are two forms of hydrogen-bonding interactions, one
within the layer with an oxygen-oxygen distance of 2.790 Å,
and the other between the layers with an oxygen-oxygen
distance of 2.708 Å.

4.2. C20H41OH. n-C20H41OH also has a long axis but, since
the cell is C-centered monoclinic, data could be collected using
the standardω-2θ scan mode. The structure was solved using
MITHRIL9036 and refined using SHELXL97.35 All non-
hydrogen atoms were refined anisotropically, and hydrogen
atoms bonded to carbon were included as forn-C17H35OH.
Again, the hydroxyl hydrogen atoms could not be found by
difference Fourier techniques, and there are two positions for
each which maximize the hydrogen-bonding interactions. There-
fore, these atoms were included disordered over two sites, each
at an occupancy of 0.5.

For this crystal, the unit cell dimensions, the space group
symmetry, and the packing arrangement are similar to those

Figure 8. Raman spectrum (intensity versus Raman shift, 100-1800
cm-1) of crystalline C18H37OH at 293 K.

TABLE 2: Unit Cell Parameters for n-Alcohols

C17H35OH C20H41OH

crystal system monoclinic monoclinic
space group P21/c C2/c
a/Å 5.046 91.070
b/Å 7.355 4.943
c/Å 95.72 8.933
â/deg 97.35 92.964

Figure 9. (a) Asymmetric unit in crystalline C17H35OH. (b) Packing
of crystalline C17H35OH viewed down thea-axis.
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reported for other evenn-alcohols, allowing for the differing
lengths of the alkyl chains.24-27,29 The asymmetric unit of the
C20 crystal consists of one molecule that adopts the trans
conformation (Figure 10a). The packing arrangement is the
monoclinic γ form, with the molecules tilted with respect to
the layers formed by the hydroxyl groups (Figure 10b).
Hydroxyl hydrogen atoms can be placed in two possible
positions so as to maximize the hydrogen-bonding interactions,
with oxygen-oxygen contacts of 2.713 and 2.680 Å, respec-
tively. Both options must be present in the crystal, although
not within the same hydrogen-bonded chain.

The implication of the structural information for the LAM-1
vibration of the hydrogen-bonded dimer is clear. In the crystal
of the C20 alcohol (Figure 10) the hydrogen bond connects two
alcohols that are essentially collinear and the LAM-1 mode
directly stretches the hydrogen bond. However, in the crystal
of the C17 alcohol (Figure 9) half the chains have their oxygen
in a gauche conformation and the hydrogen bond connects
alcohols that are in different layer planes. This hydrogen bond
is not collinear with the chain backbones and the LAM-1 mode
will bend the hydrogen bond rather than directly stretch it. If
we assume that all the even alcohols investigated by Raman
spectroscopy form only collinear dimers in the crystal but that
the odd alcohols dimers do not, then in terms of the Minoni-
Zerbi model the effective spring constant of the hydrogen bond
should be smaller for the odd alcohols than for the even ones.
This would mean that the LAM-1 frequencies of the odd
alcohols would lie on a curve beneath that formed from the
chain frequencies of the even alcohols. Experimentally this
is what is observed, as shown in Figure 4. We therefore
ascribe the odd-even effect in LAM-1 to differences in crystal
structure.
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