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Supervisor’s Foreword

If one sets out to design a chain polymer, there are at least three things to keep an
eye on: the longitudinal stiffness of the individual molecular chains, their con-
formational flexibility, and the mutual stickiness of the chains. Acting together,
these molecular constraints shape key macroscopic properties of the bulk polymer.
Is any experimental technique able to quantitatively determine the balance
between all three aspects for the most important synthetic polymer on earth—
polyethylene—without ever studying polyethylene itself? The answer is ‘‘yes’’—it
is Raman spectroscopy of linear alkanes in adiabatic gas expansions. In your
hands, you hold the first detailed description on how to get all that.

Nils Lüttschwager has worked toward this goal in a systematic way for more
than three years. He has improved a spontaneous Raman scattering setup capable
of probing supersonic jet expansions to the point where the spectroscopy of strictly
isolated long chain alkanes with up to 21 segments becomes possible. By careful
optimization and characterization in the entire fundamental Stokes excitation
window, he has collected unambiguous and redundant spectroscopic evidence that
van-der-Waals-driven folding of alkanes occurs beyond 17 carbon atoms. Even
longer stretched alkane conformations can be kinetically stabilized and the evo-
lution of their accordion mode with chain length allows for a parameter-free
extrapolation of the elastic modulus for an infinite polyethylene chain. The Raman
spectra can be modeled with superb fidelity in terms of an effective conformational
temperature of about 100 K for single gauche isomerizations, whereas the full
hairpin turns are frozen in at a higher temperature. Conformational cooling is
essential to resolve the spectra and a vacuum environment is essential to avoid
interactions between the molecules, which would prevent folding, and affect the
force required for longitudinal stretching. On the theoretical side, the thesis fea-
tures quantum and statistical mechanical simulations capturing the key aspects.

For the more bulky polytetrafluoroethylene, Nils Lüttschwager shows by an
analogous experimental strategy that the same force is required for chain elongation
as for alkanes, whereas the cross-section-dependent elastic modulus is naturally
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smaller. Furthermore, the investigated perfluoroalkanes show a pronounced pro-
pensity for stretched-out or actually slightly helical conformations, which is related
to the exceptional frictional properties of this material.

No molecular model of long alkyl chains (be it in polymers or biological
membranes) should be considered accurate if it cannot reproduce the experimental
benchmark values derived in this work within appropriate error bars. The thesis
provides a monographic, in-depth description of the spectroscopic work and its
analysis in the context of conformational, valence, and London dispersion forces
controlling linear alkanes. Its key findings may even qualify for being mentioned
in undergraduate textbooks of organic chemistry and materials physics. Enjoy this
unique monograph on materials science in the gas phase!

Göttingen, March 2014 Prof. Dr. Martin A. Suhm
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Chapter 1
Introduction

My interest in science is to simply find out about the world, and
the more I find out the better it is. I like to find out.

Richard Feynman

A large part of chemistry deals with how atoms bind and how to build any desired, but
yet physically possible molecule. This addresses mainly the connectivity of chemi-
cally bound atoms, the constitution, which largely determines how a particular mole-
cule reacts, as well as the configuration, which describes the rigid arrangement of
atoms in space and might be just as important for the molecular functionality. Still,
constitution and configuration do not fully answer the question how a flexible mole-
cule actually “looks like”, that is, how the atoms are arranged around single bonds.
The exact arrangement is covered by the conformation, which takes rotations about
single bonds into account. Small and simple molecules may have just one or a few
stable conformers, but the conformational flexibility increases quickly with the num-
ber of single bonds. For large and complex chain molecules, such as those making up
living organisms, there exist vast numbers of stable conformations, and yet the occu-
pation of the correct conformation is crucial to their functionality. A popular example
are proteins [1], which can only function correctly if they are properly ‘folded’, that
is, if they occupy the appropriate conformation. Misfolding leads to improper func-
tioning or may even lead to disease [2]. Therefore, understanding why a particular
conformation is preferred and what factors influence conformational preferences is
vital when working with complex chemical systems. Among the interactions [3, 4]
which determine the stability of molecular conformations are the ubiquitous attrac-
tive dispersion forces (London forces), caused by instantaneous dipole (and higher
order) moments due to fluctuation in electron density, as well as steric repulsion of
electron pairs at short atom distances. The main goal of this thesis is to quantify the
interplay between dispersion stabilization and short-range repulsion by studying pre-
ferred conformations of unbranched n-alkanes by means of vibrational spectroscopy.

Alkanes are an obvious choice for such a study, because they lack substan-
tially polar groups which would superimpose permanent electrostatic interactions
or functional groups which would allow the formation of hydrogen bonds. Rotation

© Springer International Publishing Switzerland 2014
N.O.B. Lüttschwager, Raman Spectroscopy of Conformational Rearrangements
at Low Temperatures, Springer Theses, DOI 10.1007/978-3-319-08566-1_1
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2 1 Introduction

about single carbon-carbon bonds in alkane chains involves relatively low energy
barriers and conformers can be converted quickly into one another [5]. Alkanes with
not too long chain lengths prefer a fully stretched conformation where all carbon-
carbon torsional angles assume a value of 180◦. In this all-trans conformation, the
steric repulsion of adjacent chain segments is minimal. Another stable conformation
exists at a torsional angle of about ±65◦, which is termed synclinal or gauche confor-
mation. Twisting a single carbon-carbon bond of an all-trans alkane from the trans to
the gauche conformation raises the energy of the molecule (by about 2–3 kJ mol−1

per gauche [6–9]), but several of such twists allow to align two segments of the
chain in a way that profits from stabilizing dispersion interaction. The dispersion
stabilization increases with the length of aligned chain segments, while the energy
cost to fold the molecule stays about the same, such that after a certain critical chain
length dispersion stabilization wins and the folded conformer is more stable than the
all-trans conformer. Thus, the appropriate question to ask in this context is: “What is
the longest unbranched alkane with a linear global minimum conformation?” [10].
This is the central question which will be addressed here.

Why is this interesting? The general importance of intra- (and inter-) molecular
interactions was indicated above, but more specifically, the folding or “self-solvation”
of alkanes is an excellent and sensitive benchmark for computational chemistry
[10–13]. The importance of computational chemistry was acknowledged by the 2013
Noble Prize in Chemistry, awarded to M. Karplus, M. Levitt, and A. Warshel for their
contribution to the field of molecular modeling. 1 Testing such models by rigorous
experimental benchmarks is necessary to establish their validity and promote their
development. To predict the correct critical chain length, a computational method
needs to correctly describe the torsion potentials which determine how much energy
the folding of an alkane chain costs, as well as the dispersion forces which stabilize
a folded conformer.

A tightly folded conformer results from the conformational sequence gauche-
gauche-trans-gauche-gauche (ggtgg) where all gauche conformations have the same
sense of rotation. Since the uniform helicity is absolutely necessary to align two chain
segments by this sequence, this may be termed an intramolecular case of chirality
synchronization [14, 15]. One of the resulting enantiomeric ‘hairpin’ conformers
is depicted in Fig. 1.1, together with a qualitative plot which illustrates how the
hairpin conformer becomes more stable with increasing chain length and finally
surpasses the stability of the all-trans conformer beyond the critical chain length (nc).
This hairpin/all-trans competition depends critically on the molecular environment.
Alkanes in water, for example, minimize their surface area exposed to the solvent by
folding [16, 17], such that the critical chain length in this environment decreases [10].
On the other hand, more favorable dispersion interactions with an unpolar solvent or
neighboring alkanes in pure solids withdraw the driving force behind self-solvation,
postponing its occurrence to much larger chain lengths [10, 18, 19]. In order to find

1 http://www.nobelprize.org/nobel_prizes/chemistry/laureates/2013/advanced-chemistryprize2013.
pdf (15 October 2013).

http://www.nobelprize.org/nobel_prizes/chemistry/laureates/2013/advanced-chemistryprize2013.pdf
http://www.nobelprize.org/nobel_prizes/chemistry/laureates/2013/advanced-chemistryprize2013.pdf
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Fig. 1.1 Qualitative plot of the energy of a folded hairpin conformer relative to the energy of the
all-trans conformer. nc marks the critical chain length beyond that the all-trans conformer is not
the global minimum structure anymore. Reference II—Reproduced by permission of The Royal
Society of Chemistry.

the “true” critical chain length of alkanes free of intermolecular interactions, one has
to employ studies in the gas phase.

Current calculations of interaction-free alkanes find a critical chain length in the
range nc = 15–21 [11–13]. The vapor pressure of alkanes in this size range is very low
at room temperature [20]. A gas phase study would thus imply substantial heating,
but hot alkanes are ordered rather randomly and low-energy conformations such as
the all-trans or hairpin conformer are not sufficiently populated to be analyzed. In
this work, alkanes were thus cooled in supersonic jet expansions [21, 22] to shift the
conformational population from random gauche conformers to all-trans and hairpin
conformers. By first heating and subsequent expansion it was possible to investigate
cold and isolated alkanes in the relevant size range up to a chain length of 21 carbon
atoms for the first time. To determine the critical chain length, jet-cooled alkanes
were investigated by vibrational Raman spectroscopy—a routine tool to investigate
structural preferences of alkanes and alkyl-systems [23–25]. Although one can resort
to numerous spectroscopic investigations of liquid and solid alkanes, especially from
T. Shimanouchi, R.G. Snyder and G. Zerbi, Raman spectroscopic studies of alkanes
in the gas phase are rare and rather restricted to short chains [9, 26, 27], not least
because the preparation of cold gaseous alkanes is technically challenging.

Especially useful to analyze Raman spectra are low-frequency frame vibrations,
like the strongly Raman active “accordion” or longitudinal acoustic modes (LAMs)
of all-trans segments [28], which have wavenumbers related to the length of the
vibrating segment [29]. They will be of particular interest to this work. Observa-
tion of accordion vibrations allows furthermore to derive a value for the ultimate
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elastic modulus of polyethylene [27, 30, 31], the polymer counterpart of n-alkanes.
With the same aim, perfluorinated alkanes were investigated. They are an interesting
comparative case to n-alkanes which relates to the technically useful polymer polyte-
trafluoroethylene (PTFE or Teflon®). The determination of the elastic modulus links
this work to polymer physics, but spectroscopy of small oligomers in general [32],
and conformational preferences like sharp folding in particular [33–35] are also of
interest to deduce the microscopic structure of polymers [36, 37].

The outline of this thesis is as follows. In Chap. 2, Raman spectroscopy will be
introduced briefly, focusing on how Raman intensities of vibrational transitions are
calculated. The supersonic expansion technique will be discussed there as well. In
Chap. 3, the experimental setup used to measure Raman jet-spectra will be outlined,
the so-called curry-jet.2 This includes a discussion of upgrades which were necessary
to allow stable heating of alkanes prior to the expansion and how different measure-
ment conditions influence n-alkane jet-spectra. Chapter 4 addresses n-alkanes and
provides information on stable conformations, characteristic vibrations, how spectra
are simulated and assigned, and ultimately how the critical chain length is derived
from the experimental observations. Chapter 5 deals with perfluorinated alkanes,
including Raman jet-spectra of low-frequency vibrations and a discussion regarding
self-solvation. Chapter 6 closes the discussion part with the determination of elastic
moduli of polyethylene and polytetrafluoroethylene. A summary of the findings of
this dissertation is provided in Chap. 7.
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Chapter 2
Background

This chapter is intended to give background information on techniques employed in
the presented studies. The goal is not to describe these techniques in great detail,
but to point out aspects which are of particular importance to this work. The cen-
tral tool is vibrational Raman spectroscopy, which is used to study cold molecules
seeded in supersonic jet expansions. Vibrational Raman spectra are interpreted aided
by quantum chemical calculations in the harmonic approximation. Raman spec-
troscopy is discussed in detail in Refs. [1–3] and many others. Information on
supersonic jet-expansions can be found in Refs. [4–8]. An introduction to quantum
chemistry is provided by the textbooks [9] and [10], for example.

The next section will address the basic principles of Raman spectroscopy and how
Raman intensities are calculated. In Sect. 2.2, the supersonic expansion technique
will be introduced briefly. Since supersonic expansions prepared with the curry-jet
were systematically characterized previously [11], but not in this work, relations
which describe the properties of a supersonic expansion are largely omitted and the
discussion is kept rather on a qualitative level. No attempt is made to introduce the
wide and rich field of quantum chemistry, but quantum chemical predictions are used
frequently and details will be given occasionally.

2.1 Raman Spectroscopy and Scattering Cross-Section

Raman spectroscopy takes advantage of the Raman effect, which can be pictured as
photons being inelastically scattered at molecules. The Raman effect is named after its
discoverer, Chandrasekhara Venkata Raman [12] who was awarded the Nobel Prize
in Physics for its discovery in 1930.1 Raman scattering is termed inelastic because
energy is transfered between the photon and the molecule, causing the photon to
change its frequency and the molecule to change its state. The frequency change or

1 http://www.nobelprize.org/nobel_prizes/physics/laureates/1930/raman-lecture.pdf
(21 September 2013).
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Raman shift of the scattered light is probed in Raman spectroscopy, with the aim to
draw conclusions regarding the molecular states. This work uses Raman spectroscopy
to determine changes in vibrational states which allow to deduce the structure or
conformation of the investigated substances. More specifically, all spectra presented
here are measurements of Stokes scattering, where the photon loses energy to the
molecule which is excited to a higher vibrational state. The opposite case where
energy is transfered from the molecule in an excited state to the photon, anti-Stokes
scattering, is usually much weaker (the population of excited vibrational states is
often rather low) and was not considered.

The Raman effect is extremely weak. In a Raman experiment, the vast majority
of photons is scattered elastically, which gives rise to a strong signal at the excitation
wavelength, the Rayleigh-line. Only one out of 106–108 photons is scattered inelas-
tically [3] and contributes to Raman signals, which is the reason why this work made
use of a powerful excitation laser and sensitive CCD detector.

In order to measure the Raman shift precisely, the employed excitation radiation
should be sufficiently monochromatic. In principle, the excitation wavelength (λ)
is flexible, and higher frequencies or shorter wavelengths increase the intensity (I )
of Raman scattering dramatically (I ∝ λ−4). Yet, much shorter wavelengths than
λ ≈ 400 nm (blue-violet light) will often induce electronic transitions and subsequent
re-emission due to fluorescence or phosphorescence, which easily outshines Raman
scattering. The laser used in this work emits light with a wavelength λ = 532 nm
which is a good compromise and frequently used in Raman experiments.

Scattering Cross-Section
The weakness of Raman scattering is reflected in a very small interaction
cross-section or scattering cross-section, many orders of magnitude smaller than
interaction cross-sections in infrared experiments, where the absorption of photons
can be probed to study vibrational excitation. This disadvantage is counterbalanced
by the fact that Raman scattering, commonly in the region of visible light, can be
detected more efficiently than infrared radiation, such that not the detection sensitiv-
ity is determining what technique is applied, but the particular vibrations which are
of interest. Raman spectroscopy is the appropriate choice for this work because alka-
nes and perfluoroalkanes exhibit characteristic vibrations which are strong Raman
scatterers but weak infrared absorbers.

The intensity (I ) of light scattered perpendicular to the incident beam is propor-
tional to the differential2 scattering cross-section (σ ′):

I = I0 · c · σ ′ · a. (2.1)

2 The differential scattering cross-section is a measure of how much scattered light passes through
a unit area perpendicular to the incident beam. The total scattering cross-section, on the other hand,
is a measure of how much light is removed from the incident beam.
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Fig. 2.1 Scattering geometry of the curry-jet setup in an appropriate coordinate system. Black
arrows indicate the polarization of incident and scattered light

In the following, the specification ‘differential’ will be dropped and the term scat-
tering cross-section will always refer to the differential scattering cross-section.
The scattering cross-section is the intrinsic molecular property which limits the
detectability of a particular transition. For spontaneous Raman scattering, the inten-
sity of Raman scattered light depends furthermore linearly on the concentration (c)
of the examined substance, and the intensity of the incident radiation (I0), both of
which are controllable to some extend. The constant a invokes experimental factors,
such as the probed volume and the solid angle at which scattered light is detected
(see Fig. 2.1). Knowing these quantities allows to calculate the absolute intensity
of light Raman-scattered by a particular transition, but not all scattered photons are
actually detected. In fact, the sensitivity of the curry-jet depends on the wavelength
and polarization of the scattered light, which needs to be accounted for when cal-
culations are to be compared to measurements. In general, the concentration of the
substance in the probed volume is not known and only a relative comparison is made
which can be restricted to scattering cross-sections.

To explain the polarization and orientation dependence of Raman scattering, it is
helpful to switch from the particle description to the wave description of light. When
a molecule is exposed to electromagnetic radiation, the electric field will distort its
electron density and induce an oscillating dipole moment ( �μ) which itself emits
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radiation at the incident frequency. This is the main3 source of Rayleigh scattering.
The magnitude of the oscillating dipole moment determines the intensity of the
emitted radiation (I ∝ |�μ|2) and depends on how easily the electron density may be
distorted. This property is given by the polarizability (α) of the molecule:

�μ(t) = α �E(t). (2.2)

This equation assumes a linear dependence, which captures the linear Raman effect
and is a good approximation if the electric field is not too strong (with strong light
sources, for example pulsed lasers, higher order terms must be considered, which
are the basis of non-linear Raman spectroscopy). The polarizability of a molecule is
not a scalar quantity but depends on the relative orientation of the molecule to the
electric field vector �E(t). It is thus expressed as a 3 × 3 matrix (second-rank tensor)
where the element αρσ determines the contribution from Eσ to μρ (ρ, σ = x, y, z
in a Cartesian coordinate system).

A molecular vibration displaces nuclei and electron density periodically along the
normal coordinate (q), which modulates the polarizability and thus the oscillating
dipole moment. Approximating the variation of the polarizability with the kth normal
vibration by a series expansion up to the linear term:

α(qk) ≈ αeq +
(

∂α

∂qk

)
eq

qk(t),

and assuming harmonic oscillation of the molecule and electric field:

qk(t) = qk0 cos (2πνk t),

�E(t) = �E0 cos (2πνt),

one can derive the following expression [1] from Eq. 2.2:

�μk =
Rayleigh scattering︷ ︸︸ ︷
αeq

�E0 cos (2πνt)

+
(

∂α

∂qk

)
eq

qk0
�E0

1

2

⎡
⎢⎣cos (2π(ν − νk)t)︸ ︷︷ ︸

Stokes scattering

+ cos (2π(ν + νk)t)︸ ︷︷ ︸
anti-Stokes scattering

⎤
⎥⎦ . (2.3)

Accordingly, the induced dipole moment has three frequency-components, giving
rise to Rayleigh, Stokes, and anti-Stokes scattering. The Raman shift (±νk) depends
on the frequency of the molecular vibration, the intensity of the corresponding Raman
signal on the square of the partial derivative of the polarizability with respect to

3 Beside the electric dipole moment, the electromagnetic radiation induces magnetic and higher
electric moments, but their effect is several orders of magnitude smaller [1] and can be neglected.
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the normal coordinate (∂α/∂qk)eq = α′
k (evaluated at the equilibrium geometry).

The simplifications which are employed here are sometimes termed the “double
harmonic approximation”, which includes the harmonic oscillation of the molecule
along the normal coordinate (mechanical harmonicity) and the linear response of the
polarizability (electrical harmonicity).

The molecules examined in this work were isolated in jet expansions, where
they are oriented randomly relative to the incident radiation. To calculate intensities
for randomly oriented molecules, the (derived) polarizability tensor is isotropically
averaged over all directions, indicated by 〈...〉 in the following. Then, all diagonal
elements assume the same (averaged) value, as well as all off-diagonal elements:

〈α′
xx 〉 = 〈α′

yy〉 = 〈α′
zz〉,

〈α′
xy〉 = 〈α′

yx 〉 = 〈α′
xz〉 = 〈α′

zx 〉 = 〈α′
yz〉 = 〈α′

zy〉.

Related quantities can be predicted by means of quantum chemistry. To calculate
scattering cross-sections from such predictions, the geometry of the experiment needs
to be considered. In the curry-jet setup, a 90◦ scattering geometry is realized. The
light emitted by the laser is highly polarized perpendicular to the scattering plane
which is spanned by the light propagation vector (laser beam) and observation vector.
The coordinate system depicted in Fig. 2.1 illustrates the scattering geometry of the
curry-jet setup and shows some basic components for orientation. In this coordinate
system, with the laser polarized perpendicular to the scattering plane [⊥(i)], the
Stokes-component of the induced dipole moment is:

�μStokes
k = 1

2

⎛
⎝ 〈α′

xy〉
〈α′

xx 〉
〈α′

xy〉

⎞
⎠

k

Ey0 cos (2π(ν − νk)t). (2.4)

Therefore, Raman-scattered light observed at a 90◦ angle has two components, one
polarized parallel to the scattering plane [‖(s)], depending on 〈α′

xy〉 (z-component),
the other polarized perpendicular to the scattering plane [⊥(s)], depending on 〈α′

xx 〉
(y-component). Separately measuring the intensity which stems from these compo-
nents (by using a polarizing filter, for example) and calculating the depolarization
ratio provides additional information when assigning molecular vibrations. Although
this capability of Raman spectroscopy was not exploited in this work, considering
the polarization of the scattered light is relevant when calculated intensities shall be
compared to the experiment, because the sensitivity of the setup is not the same for
both polarization components and the overall scattering cross-section must thus be
weighted according to this deviation.
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When calculating components of the derived polarizability tensor, the quantum
chemistry software packages used in this work, Gaussian 09 [13] and Turbomole
v6.4 [14], do not provide isotropic averages, but the related tensor invariants a′ and
γ ′, which do not depend on the orientation of the molecule:

〈α′2
xx 〉k = 45a′2

k + 4γ ′2
k

45
,

〈α′2
xy〉k = γ ′2

k

15
.

a′
k is the average change of polarizability and γ ′

k the change of anisotropy during the
vibrational motion along the kth normal coordinate. Gaussian provides a value for the
Raman activity A = 45a′2 + 7γ ′2 (and polarization ratios) while Turbomole gives
separate values for a′ and γ ′. With these quantities, the differential scattering cross-
section suitable to the experimental conditions of the curry-jet (laser polarization and
observation angle, photon counting with a CCD detector) can be calculated from the
following equation [11]:

σ ′
k =

(
dσk

d


)
= gk

2π2h

cν̃k
· (ν̃ − ν̃k)

3ν̃

1 − exp
(
− hcν̃k

kB T

) ·
(

45a′2
k + 4γ ′2

k

45︸ ︷︷ ︸
⊥(s)

+ γ ′2
k

15︸︷︷︸
‖(s)

)
, (2.5)

[
σ ′

k

] = m2 sr−1,

where σ is the total scattering cross-section, 
 the solid angle, ν̃ the wavenumber of
the excitation laser, ν̃k the wavenumber of the kth vibration, and gk the degeneracy
of this vibration. The remaining quantities have their usual meaning.

The exponential term
[
1 − exp (−hcν̃k/kB T )

]−1 in Eq. 2.5 takes “hot transitions”
from excited vibrational states into account, which overlap with the fundamental
transition from the ground state in the harmonic approximation, but scatter light
more efficiently.4 Accordingly, the term becomes large if vibrationally excited states
are significantly populated, which is the case for vibrations at low wavenumbers
and/or high temperatures. If the temperature is sufficiently low or the wavenumber
of the vibration sufficiently large, the exponential term approaches one and can be
neglected. However, the most interesting vibrations of alkanes and perfluoroalkanes
lie at small wavenumbers where the temperature dependence should be considered,
if the vibrational temperature is known.

The final step which is necessary to compare calculated scattering cross-sections to
the experiment is to invoke the polarization dependent sensitivity of the setup, or more
specifically the polarization dependent efficiency of the grating [15] installed in the

4 This can be rationalized by larger amplitudes (qk0 ) of vibrations in higher excited states, which
amplifies the Raman term in Eq. 2.3.
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Fig. 2.2 Polarization dependent sensitivity of the curry-jet setup. A tungsten lamp and polarizing
filter was used to generate (equally intense) light polarized perpendicular and parallel to the scatter-
ing plane. The ratio of the detected light is plotted against the Raman shift (Rayleigh-wavelength
= 532 nm) and demonstrates the polarization-dependent detection efficiency. Accordingly, light
polarized perpendicular to the scattering plane is detected between ∼1.5 and ∼2.5 more efficiently
than light polarized parallel to the scattering plane, depending on its wavelength

monochromator used to analyze Raman-scattered light.5 The deviation in sensitivity
was characterized by measuring white light from a tungsten lamp with a common
polarizing filter6 placed in front of the monochromator slit. The lamp was placed
on the optical axis (negative x-axis in Fig. 2.1) and the intensity was measured by
integrating spectra exposed for half a second. The intensity of light polarized parallel
and perpendicular to scattering plane defined above was measured in alternation in
the wavelength interval λ = 520–660 nm, which yielded intensity ratios plotted in
Fig. 2.2 (plotted against the corresponding Raman shift for the excitation wavelength
λ = 532 nm). The calibration function drawn with a red line provides weighting
factors for the terms labeled ⊥(s) and ‖(s) in Eq. 2.5, which constitute the two
polarization components of the scattering cross-section. Polarization-corrected cross-
sections may be compared to experimental intensities and were employed to simulate
Raman spectra, which will be discussed later in the text.

5 This step can be avoided when the polarization of Raman-scattered light is scrambled with a
polarization scrambler before it enters the monochromator, but this piece of equipment was not
available for the measurements presented here and would have reduced the detection sensitivity for
polarized transitions.
6 Measurements were done with two filters: Hama Hoya 450/670 linear polarizing filter or Prinz PO:
012937 polarizing filter. Both yielded the same polarization-dependence within the measurement
accuracy (uncertainty of ±0.1 in the detection efficiency ratio, see Fig. 2.2).
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2.2 Free Jet-Expansion

In spectroscopy it is often required to investigate substances at low temperatures,
because transitions originating from excited states diminish and the interpretation
of spectra becomes much better manageable. Yet, cooling the substance of interest
will eventually lead to condensation, and if the molecular surrounding is critical for
the property to be examined, investigating a cold solid might not be an option. This
is the very case for the alkane-folding study presented in this work: the examined
chain molecules possess numerous stable conformational states which compete with
the interesting low-energy conformations, such that cooling is crucial to observe
the latter, but the preferred conformation depends dramatically on the molecular
environment and the “true” conformational preference of a single molecule can only
be assessed when it is examined free of interactions with an environment.

One way to escape this dilemma is to “supercool” the gaseous sample, that is, lower
the temperature too fast for the rather slow condensation to take place, by preparing
a supersonic expansion. A supersonic expansion is formed when a gas is expanded
from high pressure (the stagnation pressure, p0) through a small orifice or nozzle into
a vacuum chamber under suitable conditions. This concerns the background pressure
(pb) in the chamber, which must be kept below about half the stagnation pressure, as
well as the nozzle dimensions, which must be large enough to allow collisions of the
expanded particles in the initial stage of the expansion (larger than the mean free path
of the particles at high pressure). If these criteria are met, molecules escaping the
reservoir will form a jet characterized by a very narrow velocity distribution, which
implies a low translational temperature. The local speed of sound in the expansion
decreases proportionally to the square root of the translational temperature, so that
the velocity of the particles eventually exceeds the local speed of sound and the
expansion may be termed ‘supersonic’. In slit jet-expansions, the spectral resolution
profits from a narrow velocity distribution along the slit direction, because Doppler
broadening is attenuated. This effect can also be achieved or amplified by placing
a skimmer in front of the nozzle to collimate the gas flow. The usage of a skimmer
is what sets a “molecular beam” apart from a “free jet”. With the curry-jet setup,
free jet-expansions are generated, as the spectral resolution (≈1 cm−1 [11]) is much
poorer than the Doppler broadening.

Heat conduction and viscosity of a supersonic expansion are usually small and
the expansion can be treated as being isentropic. Assuming ideal behavior of the
expanded gas, one can use isentropic relations to estimate the temperature of the
expansion:

p

p0
=

(
T

T0

) γ
γ−1

.

In this work, expansions containing >90 % helium were investigated (heat capacity
ratio γ = 5/3), expanded from commonly p0 = 0.5 bar at T0 = 400 K into a vacuum
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chamber kept at pb ≈ 1mbar. Plugging these values into the isentropic relation yields
a temperature of T ≈ 30 K.

This is actually an upper bound for the achievable temperature of the super-
sonic expansion, because the gas is travelling faster than the speed of sound and
overexpands to a pressure lower than the background pressure. Tobias Wassermann
conducted reference measurements using nitrogen as a probe to deduce the particle
density inside a supersonic expansion prepared with the curry-jet [11]. Measurements
from a mixture of 1% nitrogen in helium expanded from p0 = 1 bar at T = 300 K
(nitrogen particle density ρN2,0 ≈ 2.4 × 1017 cm−3) yielded a nitrogen particle
density of ρN2 ≈ 6 × 1014 cm−3 at 1 mm nozzle distance. Assuming that the ratio
of N2 to He remains constant during the expansion, this implies a density drop of
ρ/ρ0 ≈ 2.5 × 10−3. Plugging this value into the isentropic relation:

ρ

ρ0
=

(
T

T0

) 1
γ−1

leads to the translational temperature T ≈ 6 K (helium has no other relevant degrees
of freedom).

Adding a small amount of another substance to a cold helium expansion will
not alter the expansion significantly, but the molecules seeded in the cold bath will
experience collisions and lose internal energy—they relax into lower energy states.
This beneficial relaxation is limited because the density of the expansion quickly
decreases down to a point where the collision rate is too small to provide any signifi-
cant redistribution of energy. In the resulting ‘zone of silence’, the energy distribution
of the molecules on their energy levels freezes while they continue to expand. At
some point, the overexpanded gas will collapse under the higher background pres-
sure, which terminates the supersonic expansion. Therefore, the number of collisions
is limited (of the order of 100 [8]). Whether an internal degree of freedom reaches the
temperature of the bath depends on how efficiently energy is removed by collisions.
The rotational temperature determined from the nitrogen measurement mentioned
above is Trot = (19 ± 3)K [11, 16], close to the translational temperature of helium.
In general, rotational degrees of freedom can be cooled quite efficiently in supersonic
expansions, while vibrational degrees of freedom need more collisions to equilibrate.
On top of this, cooling is not equally efficient for all vibrational degrees of freedom,
so that they reach different final effective temperatures.

Conformational isomerizations can only take place when collisions with the car-
rier gas or formation of short-lived complexes [17] provide enough energy to over-
come isomerization barriers. Therefore, once the density of the expansion drops
below a certain threshold, conformational isomerization ceases and conformational
states freeze in a certain distribution [18, 19]. For example, a curry-jet study of
gauche- and trans-ethanol yielded a conformational temperature (freezing temper-
ature) of Tconf ≈ 120 K [11, 16], much higher than the rotational temperature of
nitrogen expanded under comparable conditions despite a very small effective mass
for the isomerization reaction which allows for quantum tunneling contributions.
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Conformational temperatures of alkanes determined in this work are largely around
100 K, but not all conformational states freeze at the same temperature—a limitation
of the supersonic expansion technique which will be of particular importance in the
later analysis.

Rare gases are commonly used to prepare supersonic expansions. They do not
possess internal degrees of freedom which would need cooling by themselves and
are efficient carrier gases. The cooling performance increases with increasing molar
mass [6], but heavier rare gases are more polarizable and tend to form van-der-Waals
complexes with the seeded molecules. An excessive condensation of carrier gas
(‘nanocoating’ [16]) on alkanes might interfere with self-solvation, but the tempo-
rary formation of short-lived complexes with single particles can help to overcome
barriers even at low temperatures [17] and promote the relaxation. Therefore, adding
a few percent of a heavier additive to a helium expansion is often enough to sig-
nificantly enhance the relaxation of still minor molecular compounds [20], and was
explored in this thesis with a few small molecular additives. Beside van-der-Waals
complexes with the carrier gas, the seeded substance can also form small aggregates
or clusters with itself, if the supersonic expansions is prepared in a specific way (for
example with a high concentration of the examined substance in the carrier gas, and
a high stagnation pressure [7]). This is a powerful way to study intermolecular inter-
actions, but unfavorable for this work, because it might lead to a preference of the
all-trans conformation. It was thus tried to minimize cluster formation by keeping the
substance concentration low and by working with rather low stagnation pressures.
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Chapter 3
Experimental

This chapter will outline the experimental setup as well as the development and layout
of a heatable nozzle, required to prepare longer alkanes in the gas phase (Sect. 3.1).
Details on the basic components of the curry-jet are summarized in Table 3.1. Details
on the heatable nozzle can be found in Table 3.2. Furthermore, it will be shown how
the variable measurement conditions influence spectra from n-alkanes (Sect. 3.2).
The spectra will not yet be analyzed in detail at this point, but some assignments will
be anticipated to discuss the observed effects.

3.1 Curry-Jet Setup

The curry-jet is a versatile Raman spectrometer which allows to probe cold and nearly
isolated molecules due to the free-jet preparation technique. The first version of this
setup was built by Philipp Zielke [1] and later improved by Tobias Wassermann [2]
and Zhifeng Xue [3]. In the beginning of this work, the characterization of small
volatile substances and aggregates with the curry-jet and its predecessor was already
well established (see for example Refs. [4–9]) and the access to larger, low-volatile
molecules was desired [10]. To this end, efforts were made to equip the curry-jet
with a heated nozzle [11–15], where heating of the substance would increase its
vapor pressure and provide a sufficient concentration in the carrier gas (see Eq. 2.1).
The design of a well-performing heatable nozzle was the central technical task of
this work. A sketch of the curry-jet is shown in Fig. 3.1. The setup was used as
described in detail by Tobias Wassermann [2] with exception of the heatable nozzle
and smaller improvements regarding stray light. The general setup organization will
thus be outlined here more briefly and the focus will be kept on the new equipment.

In the previous “room temperature version”, the curry-jet is fed with the sub-
stance of interest by letting an inert and Raman-inactive carrier gas pass through a
glass saturator which is operated between −30 ◦C and room temperature (saturator-
temperature ≡ ϑs). The carrier gas picks up some substance held by the saturator and
the mixture is temporarily stored in a reservoir at room temperature from where it can
be fed to the nozzle and be expanded into the vacuum chamber without significant
variation in stagnation pressure during the long gas pulse. Adjustment of the gas flow

© Springer International Publishing Switzerland 2014
N.O.B. Lüttschwager, Raman Spectroscopy of Conformational Rearrangements
at Low Temperatures, Springer Theses, DOI 10.1007/978-3-319-08566-1_3
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Fig. 3.1 Sketch of the curry-jet setup (heatable version). Heating is provided by resistance heating
cables or wires, wrapped around the components. Reference II—Reproduced by permission of The
Royal Society of Chemistry

is achieved by pressure gauges which control magnetic valves. The temperature of
the glass saturator may not exceed room temperature, or else the substance mixed
with the carrier gas will reach saturation and condense in colder supply tubes, valves,
the reservoir, or nozzle. In the heatable version, which is depicted in the figure, a
brass flow-through saturator wrapped with heating cable is used to mix the substance
of interest with the carrier gas. All equipment from the saturator up to the nozzle can
be operated at a temperature up to ≈150 ◦C,1 which allows to heat the examined sub-
stance up to ≈130 ◦C. A small temperature difference is kept because some spots of
the heated supply assembly are colder than the set-temperature, especially couplings
connecting tubes and valves. As for the saturator, heating is provided by resistance
heating cables or wires, wrapped around corrugated stainless steel tubes, the mag-
netic valve controlling the gas flow to the nozzle, and the nozzle. The temperature is
measured with several thermocouples at selected positions and heating is regulated

1 Higher temperatures would lead to degeneration of sealing Viton® O-rings.
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Table 3.1 Main components of the curry-jet setup

Excitation and Detection

Laser: Verdi™ V18 (Coherent, Inc.)

frequency doubled Nd:YVO4 cw laser, single mode emission at 532 nm, 18 W maximum

output power, linewidth < 0.0002 cm−1

Camera lens: Nikkor 50 mm f/1.2 (Nikon GmbH)

50 mm focal length, maximum aperture ratio = 1.2

Rayleigh-filter: REFUS532-25 (LOT-QuantumDesign GmbH)

long-pass edge filter, ultra-steep, low-ripple, transmission > 90 % for λ > 533.7 nm

(ν̃ > 60 cm−1), optical density = 6 at λ = 532 nm, diameter = 25 mm

Monochromator: Model 2501 (McPherson, Inc.)

Czerny-Turner design, 1 m focal length, aperture ratio = 8.7, ruled grating with

1200 grooves/mm. Overall spectrometer resolution ≈ 1 cm−1 [2]

Detector: Spec-10: 400B/LN (Princeton Instruments)

back-illuminated CCD detector with 1340 × 400 pixel (26.8 × 8.0 mm2), operation

temperature: −120 ◦C (liquid nitrogen cooled), quantum yield > 90 % for λ = 500–700nm,

controlled by a Windows PC running WinSpeca , operated in full vertical binning mode

Preparation and Vacuum

Reservoir: custom built

4.7 dm3, stainless steel or PTFE coated

Vacuum chamber: custom built

40 × 60 × 60 cm3, anodized aluminum

Roots pumps: Okta series, WKP 500 AM and WKP 250 AM (Pfeiffer Vacuum GmbH)

500 m3 h−1 and 250 m3 h−1 pump capacity

Rotary vane pump: UNO 101 S (Dr.-Ing. K. Busch GmbH)

100 m3 h−1 pump capacity
ahttp://www.princetoninstruments.com/products/software/ (16 September 2013)

by PID controllers. A ≈3 m long polytetrafluoroethylene (PTFE or Teflon®) coated
hose is used to pre-heat the carrier gas before it enters the saturator. The reservoir
does not store the carrier gas/substance mixture in the heated version, because a uni-
form temperature control would be very demanding for this rather large object, but
carrier gas additives, such as argon or tetrafluoromethane (see below) can be mixed
to the carrier gas over additional couplings on the reservoir, controlled by magnetic
valves and an oscilloscope to monitor opening times.

All experiments presented here made use of a (4×0.15) mm2 slit nozzle pumped
by two roots pumps and one rotary vane backing-pump. The vacuum chamber hosts
a plano-convex lens focusing the laser beam (focused beam diameter ≈30µm) and
a camera lens to collect scattered light in a 90◦ observation-angle (in the figure, the
camera lens points perpendicular to the paper plane). The relative position of the
camera lens and nozzle in xyz-directions (Fig. 2.1) can be set with precise motorized
actuators. In addition, the absolute distance dn from the nozzle to the laser beam,
which crosses the expansion at an angle of 90◦, can be controlled with a precision

http://www.princetoninstruments.com/products/software/
http://dx.doi.org/10.1007/978-3-319-08566-1_2
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Table 3.2 Components of the heated nozzle

Carrier gas heating hose: H1201-40-8 (HORST GmbH)

length ≈ 3 m, PTFE coated, heatable up to 200 ◦C, 220 V, 560 W, type J thermocouple

(Fe-CuNi), HT M2 temperature controller ( 0–200 ◦C)

Heating cables: HSS – 450 ◦C (HORST GmbH)

with protective braid, length = 0.6–2.0 m (75–250 W, 230 V), diameter = 3.5–4.5 mm,

minimal bending radius = 6 mm, maximal temperature 450 ◦C

Heating controller (I): 3216 temperature controller (Eurotherm)

PID controller, accuracy = ±0.1 ◦C (temperature-control of nozzle and saturator)

Heating controller (II): E6C 1/16 DIN temperature controller (RS Components GmbH)

PID controller, accuracy = ±1 ◦C (temperature-control of supply tubes, feed-through,

and magnetic valve)

Heating wires: SEA series (Thermocoax)

stainless steel sheath, diameter = 1.5 mm, minimal bending radius = 3 mm, 100 W (length

= 1 m, operated at 24 V), maximal temperature 600 ◦C

Magnetic valve: Buschjost series, 85572100.9402.02400 (Rauh Hydraulik GmbH)

2/2-way magnetic valve, normally closed, brass, PTFE seals, −20–200 ◦C, 24 V,

29 W, G 3/8′′ connection

Temperature sensors: custom built

type K thermocouples (NiCr-Ni)

of <0.03 mm. Scattered light collimated by the camera lens passes through a win-
dow to a collecting lens outside the vacuum chamber which focuses it onto the slit of
a Czerny-Turner monochromator equipped with a liquid nitrogen cooled, sensitive
CCD detector. A Raman edge filter positioned in front of the monochromator slit
attenuates light at the excitation wavelength by six orders of magnitude. In order to
suppress unwanted stray light further, adjustable anodized aluminum tubes placed
inside the vacuum chamber encompass the laser beam and collimated beam of col-
lected light. Additionally, the lens focusing the laser beam is covered with an iris
diaphragm. Especially the latter helps to suppress stray light reflected from the nozzle,
which notably increases the signal-to-noise ratio in spectra close to the Rayleigh-
line. Since this is the region were the most interesting alkane vibrations are found,
these simple improvements were actually important for the success of this work.

The nozzle and detection optics are aligned prior to each measurement by expand-
ing ambient air and maximizing Raman signals from nitrogen. Spectra are then
recorded from continuous carrier gas/substance expansions. Commonly, the CCD
detector is exposed between one to ten minutes. Longer exposure times are possible
but rarely chosen, because the spectra start to suffer from cosmic rays which cause
intense sharp signals (“spikes”) covering the spectrum in a random fashion. To iden-
tify and remove spikes, every spectrum is recorded at least four times. A small script
written in Matlab [16] compares single “scans” and removes spikes based on the
following algorithm [1]: For each data point of the spectrum, the average intensity
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over all scans is calculated and compared to the intensity measured in each scan.
Data points will be classified as spikes if they are larger than the mean value by an
adjustable threshold. When a spike is identified, it is overwritten by the average value
from the previous and following scans which are not identified as spikes. This pro-
cedure is repeated iteratively with decreasing thresholds and successfully removes
spikes in the vast majority of spectra.

Emission lines from a neon lamp serve as wavelength reference to calibrate
recorded Raman spectra. The neon lamp is placed on the optical axis defined by
the focus of the excitation laser beam, detection optics, and monochromator slit,
such that the light crosses the vacuum chamber (negative x-axis in Fig. 2.1). In addi-
tion to the wavelength-calibration, the lamp is used to determine the reference point
for the nozzle distance (dn = 0) [2]: After filling the vacuum chamber with air and
optimizing the detection optics to a Raman measurement, neon emission lines are
monitored with the laser switched off. The nozzle is driven forward until the inten-
sity drops to half of its initial value, which happens within a displacement interval
of <0.03 mm and determines the dn = 0 position accurately [2]. This procedure is
safer than driving the nozzle into the laser beam, which could cause stray light to
damage the CCD detector even at low laser output-power.

3.1.1 Heatable Nozzle and Saturator

Like many other parts of the curry-jet, the heatable nozzle was custom built by the
mechanics workshop of the Institute of Physical Chemistry in Göttingen. An assem-
bly drawing is depicted in Fig. 3.2. The main parts are a threaded inner stainless steel
tube which is inserted into two more massive brass cylinders wrapped with heat-
ing wires (later heating cables), and an interchangeable nozzle-attachment which is
positioned on two pins on top of the inner tube and hold in place by a retainer ring.
The nozzle is sealed with a Viton® O-ring. Prior to this work, experiments were
made with a pot connected perpendicularly to the inner tube of the nozzle over a
≈3 cm long tube with an inner diameter of 4 mm (Fig. 3.2a). It was anticipated that
a sufficient amount of the substance evaporating in the pot would diffuse into the
nozzle and get dragged away by the carrier gas. This approach has the advantage
of simple implementation and low demands regarding temperature control, because
the only part being heated was the nozzle itself, the pot was heated passively by heat
transfer. Disadvantages of this approach were that the pot could not be sealed. The
substance was thus continuously exposed to vacuum while the apparatus was run-
ning and was lost while no measurement was made. Also, it was not possible to set
the substance temperature independently from the nozzle temperature. Most impor-
tantly, this design failed to provide sufficiently concentrated carrier gas/substance
mixtures, which was attributed to insufficient diffusion of substance through the
rather undersized tube connecting nozzle and pot.

http://dx.doi.org/10.1007/978-3-319-08566-1_2
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Fig. 3.2 Early designs of the heatable nozzle

First experiments from this work were made with the pot being connected over
tubes with a larger inner diameter of 8 mm. Based on the Hagen-Poiseuille equation,2

the doubled tube diameter was expected to allow an increased transport of substance
of at least one order of magnitude. Some of the drawbacks of the earlier design
like substance loss and inflexible substance/nozzle temperatures were tackled by
connecting the pot not directly to the nozzle but to flexible supply tubes over a
branch connection and magnetic valve (Fig. 3.2b). All these components including
the pot were heated with heating cables and placed inside the vacuum chamber to
avoid the need of a heated feed-through.

As its predecessor, this design failed to provide satisfactory substance concentra-
tions. Test measurements with octane revealed that a sufficient concentration could
only be reached at stagnation pressures between 50–100 mbar—one order of mag-
nitude smaller than stagnation pressures chosen in previous routine measurements.
Consistently, the octane spectra were indicative of a high expansion temperature,
which could not be explained with the nozzle being heated: the glass saturator was
found to perform better in terms of concentration and expansion temperature at the
same nozzle temperature, but higher stagnation pressure.

As a consequence of these findings, designs where the substance needs to diffuse
into the carrier gas were dropped. The best accumulation of substance in the carrier

2 The Hagen-Poiseuille equation states that the volume transport of a laminar flow through a
cylindrical pipe is proportional to the 4th power of the pipe’s radius.
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Fig. 3.3 Exploded assembly drawing of the brass saturator. Heating is achieved with a heating
cable wrapped around the saturator (not shown). Reference II—Reproduced by permission of The
Royal Society of Chemistry

gas was to be expected with a flow-through system like the glass saturator, which is
why this design was transfered to the heatable brass saturator depicted in Fig. 3.3.
Additionally, a heatable feed-through was constructed, allowing to place the saturator
outside the vacuum chamber, much more conveniently accessible to refill substance
between measurements. This gave the finally working “heated version” of the curry-
jet, which was introduced above and is depicted in Fig. 3.1. With this setup, it was
possible to measure low-volatile alkanes up to heneicosane (21 carbon atoms). A
comparison of hexadecane spectra in Fig. 3.4 demonstrates the potential of substance
preparation above room temperature.

During research with the working version of the heatable nozzle, some further
shortcomings became apparent, which shall be outlined in the following. A general
problem with the heated nozzle present in all versions is that the mountings which
hold the nozzle and optics are subject to passive heating which causes the alignment
to drift. Measurements with the heated nozzle thus involve a longer warm-up period
where the setup is allowed to thermally equilibrate, and realignment is necessary more
often than in case the setup is run at room temperature. Another problem concerns
the preparation of the substance. As indicated in Fig. 3.3, the substance is filled into
the brass saturator together with some inert glass wool. This has the advantage of
providing a larger surface to the substance and thus promoting its accumulation in
the carrier gas, but the glass wool was initially added because the carrier gas presses
the substance out of the saturator otherwise, probably because the substance forms
bubbles which can easily ascend in the small saturator. Glass wool was found to be
a better substrate than molecular sieve, which rather inhibits the accumulation of
substance in the carrier gas, but it contains very small particles which can be carried
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off by the carrier gas and block the nozzle. This is not always obvious and may alter
the expansion conditions.

Commonly, the concentration decreases in the course of a measurement, in par-
ticular in the initial phase. The effect can be dramatic when the flow of the carrier
gas through the saturator is temporarily interrupted, for example to record a back-
ground spectrum, which was thus done prior to each measurement. To check for
impurities, background spectra were measured from pure helium expansions in any
case, because condensation of alkanes in supply tubes could not fully be avoided.
Especially measurements of longer alkanes with chain lengths n > 17 often made
intense cleaning of supply tubes and optics necessary. Finally, heating cables placed
inside the vacuum chamber could not be operated at 230 V, because residual helium
at low-pressures caused a glow discharge surrounding the cables which interfered
with the detection of Raman signals. It was thus necessary to keep the voltage below
≈180 V to avoid the glow discharge of the carrier gas, which hampered the heating
performance a little.

Some parts of the heatable nozzle are currently being revised to reduce the dis-
cussed problems. The heatable brass saturator will be replaced by a longer version
which will (hopefully) render the use of a substrate unnecessary. Furthermore, a
temperature-resistant four-way valve with two L-shaped ports will be installed to
easily switch between the glass and brass saturator.

It is worth mentioning that, beside giving the opportunity to measure low-volatile
substances, a heatable nozzle is also a valuable asset when investigating small aggre-
gates. Higher nozzle temperatures inhibit cluster formation and thus support the
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assignment from cluster bands, which deplete when the nozzle temperature is grad-
ually increased [17]. This is a convenient side-effect, because cluster formation is
unfavorable for the alkane-folding study. Furthermore, variation of the stagnation
temperature can be useful to control the starting distribution of conformations, which
is advantageous when conformational conversion freezes at relatively high temper-
ature.

3.2 Measurement Conditions and Influence on Jet Spectra

Among the different alkanes, measurement conditions were kept as comparable as
possible, in order not to superimpose artificial spectral evolutions over true chain
length dependent trends. The mole fraction of the alkanes in the carrier gas (x) is one
aspect which needs attention, because it can affect the amount of cluster formation
in jet expansions. It is controlled by the saturator temperature (ϑs) which determines
the vapor pressure (pv) of the filled substance, as well as the applied pressure of the
carrier gas flushed through the saturator (p0), and estimated for an ideal gas mixture
according to:

x = pv(ϑs)

p0
, (3.1)

which assumes that the vapor pressure is not altered by the presence of the carrier
gas and equilibrium is always reached. The substance probably evaporates slower
than it is dragged away by the carrier gas, so that the true mole fraction is less than
given by Eq. 3.1.

Measurements in the chain length interval n = 13–21 were carried out using
the heatable brass saturator and nozzle described above. Mixtures of shorter alkanes
were prepared with the glass saturator or prior to the measurement in a vacuum line.
For n = 13–21, the saturator temperature was set to provide a vapor pressure of
pv ≈ 0.1 mbar. Figure 3.5 shows the temperatures necessary to reach these vapor
pressures for n = 13–20 [18] and emphasizes the need for a preparation above room
temperature. With a stagnation pressure chosen between p0 = 0.5–1.0 bar, mole
fractions were in the per mille region—a compromise between sufficient signal-
to-noise ratio and minimized cluster formation, which are both favored at higher
concentrations. Occasionally, the temperature was re-adjusted to balance variations
in the mole fraction.

Aside from a uniform mole fraction provided for all chain lengths, parameters
which govern the expansion properties and thereby the conformational distribution
are particularly important. These parameters are the carrier gas composition, stagna-
tion pressure, and nozzle temperature. In addition, the adjustable distance from the
nozzle to the excitation laser can be used to probe different regions of the expansion
having different effective temperatures. Increasing the nozzle distance, one allows for
more efficient cooling, because the seeded molecules may experience more collisions
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Fig. 3.5 Required temperatures to achieve a vapor pressure of pv = 1.0 mbar and pv = 0.1 mbar,
respectively, for the n-alkanes tridecane to eicosane [18]

with the carrier gas before they are probed. This effect can aid the assignment of low
energy species [9] or hot bands [7]. The nozzle geometry does also influence the
expansion properties, but it was not varied.

3.2.1 Nozzle Distance

In principle, adjustment of the nozzle distance is suited to distinguish alkane conform-
ers [2], but modifying the nozzle distance to both, a relatively short or long setting,
has disadvantages compared to a distance of 1 mm, which was used in this work for
the most part. The main drawback when increasing the nozzle distance stems from the
decreased density of the probed expansion. The consequential weaker Raman scat-
tering needs to be compensated by longer exposure times. This is prevented at longer
chain lengths, because low-volatile alkanes with n > 18 start to deposit on the detec-
tion optics, leading to signal loss and increased stray light. On top of this, unwanted
cluster formation is found to occur at longer nozzle distances [2]. In Fig. 3.6, a mild
increase of the nozzle distance is demonstrated for hexadecane. The correspond-
ing measurements in helium expansions were carried out consecutively with equal
experimental parameters except the nozzle distance. The remaining deviations after
background subtraction do not cover the fact that the abundance of the all-trans con-
former (reflected by the intensity of the accordion vibration at ≈140 cm−1) is affected
very little when increasing the nozzle distance by 50 % (as opposed to changing the
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Fig. 3.6 Raman jet spectra of hexadecane in the low-frequency region: a He expansion, 1 mm
nozzle distance, b He + 4 % CF4 expansion, 1 mm nozzle distance, and c He expansion, 1.5 mm
nozzle distance. The heavier carrier gas additive (b) is seen to increase the relaxation to all-trans,
but in case of helium expansions, increasing the nozzle distance from 1 mm (a) to 1.5 mm (c) has
little effect. The intense signal at ν̃ > 400 cm−1 in (b) is a CF4 deformation vibration. Original
data is plotted in green, Savitzky-Golay filtered spectra (9 pt.) in black. Spectra are scaled on the
bands at ≈160 and ≈190 cm−1. Measurement conditions a ϑs = 65 ◦C, p0 = 0.5 bar, pb = 0.9
mbar, dn = 1 mm, exposure 12 × 300 s, b ϑs = 65 ◦C, p0 = 0.9 bar, pb = 1.3 mbar, dn = 1 mm,
exposure 6 × 300 s, and c dn = 1.5 mm, exposure 6 × 450 s, otherwise same as (a)

carrier gas composition, see below). Decreasing the nozzle distance can enhance
contributions from energetically less favorable species and in that way support the
assignment, but suffers from increased stray light, reflected from the nozzle. Also, a
shorter nozzle distance will not allow to work out energetically favored conformers,
disguised by entropically favored gauche species.

3.2.2 Nozzle Temperature

Another factor which impacts the effective temperature of the expansion is the noz-
zle temperature. It was commonly set in the range 120–140 ◦C (mostly 130 ◦C).
Deviations from this setting will be emphasized, when applicable. This rather high
temperature was necessary for the measurements of the longest alkanes considered
(n = 20, 21) and retained for shorter alkanes, not to superimpose an additional
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effect on the spectral evolution with chain length. The effect of nozzle heating was
tested with pentane expanded in helium (Fig. 3.7), where bands from the all-trans
conformer and gauche conformers are straightforwardly identified (Ref. [19] and
quantum chemical prediction, see below) and do not overlap. Changing the nozzle
temperature from room temperature to 130 ◦C leads to a moderate increase of the
gauche conformer abundance as expected, which is a small drawback, but unavoid-
able. The slightly weaker gain of the tg band at ≈470 cm−1 with heating relative to
the tg band at ≈330 cm−1 is consistent with a smaller enthalpy difference obtained
in cryosolutions [20]. It may be due to some spectral overlap. A comparison to
quantum chemical calculations (see Sect. 4.3) suggests that the conformational tem-
perature of pentane expanded in helium is Tconf ≈ 170K in case the nozzle is kept at
room temperature, and Tconf ≈ 200 K when the nozzle is heated to 403 K (130 ◦C).
A ≈30 % transfer of the nozzle temperature increase to the conformational temper-
ature has been found before in the case of hexafluoroisopropanol [21].

3.2.3 Carrier Gas and Stagnation Pressure

To increase the jet cooling efficiency, a way better suited to the demands of this work
than varying the nozzle distance is to vary the composition of the carrier gas and
the stagnation pressure. The majority of experiments presented here included alka-
nes expanded in helium, helium/argon (≈6 % Ar), and helium/tetrafluoromethane

http://dx.doi.org/10.1007/978-3-319-08566-1_4
http://dx.doi.org/10.1007/978-3-319-08566-1_4
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Fig. 3.8 Spectra of the low-frequency region of tridecane in expansions with different carrier
gas compositions but otherwise similar experimental parameters. a He expansion, b He + 6 % Ar
expansion, and c He + 4 % CF4 expansion. Original data is plotted in green, Savitzky-Golay filtered
spectra (9 pt.) in black. Measurement conditions a ϑs = 37 ◦C, p0 = 0.5 bar, pb = 0.9 mbar,
dn = 1 mm, exposure 24 × 300 s, b ϑs = 39 ◦C, p0 = 0.8 bar, pb = 1.4 mbar, dn = 1 mm,
exposure 24 × 300 s, c ϑs = 37 ◦C, p0 = 0.9 bar, pb = 1.3 mbar, dn = 1 mm, exposure 24 × 300 s

(≈4 % CF4). Fewer measurements were done with mixtures of helium/
hexafluoroethane (C2F6), helium/sulfur hexafluoride (SF6), and helium/neon. In
each case, helium expansions doped with such additives provided increased col-
lisional cooling compared to pure helium expansions. Especially tetrafluoromethane
was found to improve the cooling efficiently and was used routinely in subsequent
measurements to lower the temperature of co-expanded alkanes.

In Fig. 3.8, the effect of the carrier gas additives argon and tetrafluoromethane is
demonstrated on the basis of tridecane spectra. The helium expansion was prepared
from a stagnation pressure of ≈0.5 bar, helium/argon and helium/tetrafluoromethane
expansions from a stagnation pressure of ≈0.8–0.9 bar to further increase collisional
cooling. These pressure settings were used routinely on subsequent measurements.
The spectra are scaled on the bands from gauche conformers (193,222 cm−1), such
that the accordion vibration band from the all-trans conformer (176 cm−1) increases
at lower conformational temperatures. Adding argon to the expansion and increasing
the stagnation pressure has a rather small effect on the conformational temperature,
but replacing argon by the heavier tetrafluoromethane (a little more than two times the
mass of argon, 88 and 40 g mol−1, respectively) enhances the relaxation to all-trans
substantially—the accordion band peak intensity increases by about 60 % relative
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Fig. 3.9 Spectra of the low-frequency region of octadecane in expansions with different carrier
gas compositions but otherwise similar experimental parameters. a He expansion, b He + 4 % CF4
expansion, c He + SF6 expansion, and d He + C2F6 expansion. Spectra are scaled with respect to
the broad band at ≈ 175 − 275 cm−1 (the integration interval is indicated by a black line). Cut-off
bands stem from CF4 (b) and C2F6 (d). Original data is plotted in green, Savitzky-Golay filtered
spectra (9 pt.) in black. Measurement conditions a ϑs = 97 ◦C, p0 = 0.5 bar, dn = 1 mm, exposure
6 × 300 s, b ϑs = 97 ◦C, p0 = 0.9 bar, dn = 1 mm, exposure 4 × 400 s, c exposure 6 × 300 s,
otherwise same as (b), and d exposure 8 × 300 s, otherwise same as (b)

to the measurement in pure helium. The same is true for hexadecane (Fig. 3.6) and
the other examined alkanes. At higher chain length, the relaxation is somewhat
less pronounced, but still reaches 20–40 %. The use of tetrafluoromethane as carrier
gas additive can be recommended if its (Raman) spectrum does not cover signals of
interest. Characteristic alkane vibrations are not covered by CF4 bands, which served
as additional wavenumber reference.

Experiments with sulfur hexafluoride (SF6) and hexafluoroethane (C2F6) as car-
rier gas additives were restricted to octadecane. Spectra of the low-frequency region
are shown in Fig. 3.9. Again, the spectra were measured consecutively to provide
comparability.3 Scaling was done with respect to the broad band between 175 and

3 Other than the He/CF4 carrier gas mixture which was prepared in a vacuum line, SF6 and C2F6 were
mixed to helium in the reservoir preceding the brass saturator. This procedure does not allow to set
the concentration accurately. The admixture of SF6 and C2F6 was thus adjusted based on observed
band intensities and calculated scattering cross-sections (from harmonic frequency calculations
with Gaussian 09 [22] on the B3LYP/6-311++G(d,p) level) to yield concentrations comparable to
the helium/tetrafluoromethane mixture (≈4 %).
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Fig. 3.10 Raman jet spectra of C–H stretching vibrations of tridecane and octadecane expanded
in He (a, c) and He + 4 % CF4 (b, d). Difference spectra are plotted with dotted lines. The effect
of CF4 addition is seen to be negligible for this spectral region (the higher absolute intensity stems
from the increased stagnation pressure). Measurement conditions a ϑs = 37 ◦C, p0 = 0.5 bar,
pb = 0.9 mbar, dn = 1 mm, exposure 28 × 90 s, b ϑs = 37 ◦C, p0 = 0.9 bar, pb = 1.3 mbar,
dn = 1 mm, exposure 24×90 s, c ϑs = 85 ◦C, p0 = 0.5 bar, pb = 0.8 mbar, dn = 1 mm, exposure
28 × 180 s, and d ϑs = 90 ◦C, p0 = 0.85 bar, pb = 1.2 mbar, dn = 1 mm, exposure 16 × 60 s

275 cm−1, due to the absence of other prominent gauche signals (the signal at
352 cm−1 is a higher order all-trans accordion vibration). The comparison of the
spectra is thus a little less reliable than in case of the example discussed above, but a
substantial advantage of SF6 or C2F6 over CF4 can be ruled out: the relative intensity
of the accordion vibration band (127 cm−1) does not change when switching from
CF4 to SF6 or C2F6. A somewhat better cooling ability of SF6 and C2F6 was antic-
ipated because of their larger mass, but their higher number of vibrational degrees
of freedom (which need to be cooled as well) seem to counterbalance any possible
advantage. Therefore, these substances are inferior to CF4 as carrier gas additive, in
so far that they exhibit more complicated Raman spectra which potentially overlap
with interesting bands.

For Raman jet spectra of alkanes at higher wavenumbers (C–C-stretching, C–H-
bending, and C–H-stretching vibrations), the influence of the carrier gas is almost
negligible. In Fig. 3.10, spectra of C–H-stretching vibrations of tridecane and octade-
cane expanded in helium and helium/tetrafluoromethane are depicted. Residuals after
subtracting jet spectra from different carrier gas compositions show that the carrier
gas effect is indeed very small. This demonstrates that the C–H-stretching band is
insensitive to smaller changes in the conformational distribution. Spectra in the C–C
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Fig. 3.11 Spectra of the C–C-stretching region of nonadecane in expansions with different car-
rier gas compositions but otherwise similar experimental parameters. a Expansion in He, and b
expansion in He + 30 % Ne. Original data is plotted in green, Savitzky-Golay filtered spectra
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stretching region were measured in the last stage of this work and not investigated
systematically with respect to the carrier gas composition. Effects of adding argon
were found to be negligible. Figure 3.11 shows spectra of nonadecane in the C–C
stretching region, recorded from helium and helium/neon expansions (30 %). Adding
neon leads to a slight decrease of some bands relative to the central sharp band at
≈1140 cm−1.

Most of the spectra shown so far are Savitzky-Golay filtered for better clarity,
using a frame size of 7–9 points and second order polynomials. Therefore, one has to
be careful when interpreting weak signals. The octadecane spectra shown in Fig. 3.9
demonstrate the limit of rather low signal-to-noise ratios. Not all of the weak signals
are actually reproducible, and should consequently be omitted in the interpretation.
On the other hand, the tridecane spectra shown in Fig. 3.8 are examples of higher
signal-to-noise ratios, where the filtering is not critical. The spectra which follow in
Chaps. 4 and 5 are commonly Savitzky-Golay filtered too, yet plotting of the original
data is omitted because the figures would be too congested otherwise. However,
reproducibility of weak signals is generally demonstrated by showing spectra of
alkanes expanded with different carrier gas mixtures.

http://dx.doi.org/10.1007/978-3-319-08566-1_4
http://dx.doi.org/10.1007/978-3-319-08566-1_5
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Chapter 4
Unbranched n-Alkanes

In this chapter, the Raman spectroscopic investigation of n-alkane self-solvation will
be presented. To support the later analysis, the first section discusses the conforma-
tional isomerism of n-alkanes in general and addresses the question to which tem-
perature alkanes must be cooled to work out low-energy conformations. Section 4.2
outlines the vibrational degrees of freedom of unbranched n-alkanes to facilitate the
assignment of Raman jet spectra. In Sect. 4.3, the simulation of Raman jet spec-
tra which aid the assignment and provide conformational temperatures is discussed.
Raman jet spectra are presented and assigned subsequently in Sect. 4.4. The chapter
closes with the determination of the critical folding chain length (nc) based on the
experimental findings and a discussion of computational predictions.

4.1 n-Alkane Conformations

The conformational isomerism of unbranched alkanes is governed by the different
stable torsional conformations of neighboring carbon-carbon (C–C) bonds. In order
to characterize these stable conformations, it is helpful to consider the 2-dimensional
potential energy surface (PES) of the C–C torsional angles τ1 and τ2 in pentane, which
is shown in Fig. 4.1 (from Ref. [1]).1 The low energy conformations are denoted t for
trans (τ ≈ ±180◦) and g± for ± gauche (τ ≈ ±65◦). Higher energy minima involve
the “x conformation”, that is, a “cross” or perpendicular torsional angle (τ ≈ ±95◦).
It occurs when two neighboring C–C segments approach gauche conformations of
opposite sign. Such a g+g− sequence would bring the two methyl end groups in
close vicinity (see Fig. 4.1) and is avoided because of steric repulsion. A “perfect”
+65◦/−65◦ g+g− sequence does not correspond to a stationary point on the PES
but is close to a saddle point (τ1 = −τ2 ≈ 75◦) connecting two g±x∓ conformers.

1 The shown example is intended to serve an illustrative purpose; more recent calculations of the
pentane PES are available (for example Refs. [2–4]).
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American Chemical Society

Qualitatively, this potential energy surface is applicable for neighboring C–C
bonds in longer alkanes, implying that one has to consider up to five stable confor-
mations for each C–C–C–C torsion angle. Certain sequences are forbidden because
they bring chain segments in close vicinity or result in chain overlap [1] and x confor-
mations are restricted to segments directly connected to a gauche sequence. The total
number of possible stable conformers N for alkanes with the chain length n should
thus fall in the range 3n−3 ≤ N ≤ 5n−3 [1].2 Accordingly, the number of possible
conformers for alkanes important to this work is of the order 106 (n = 13) up to
1012 (n = 21). At first sight, this “haystack” of stable structures seems to render
all efforts to reveal the energetic preference between just two conformers hope-
less. Indeed, room temperature spectra, either from liquid [5] or gaseous medium
sized alkanes [6] are seen to involve many conformers and show no conformer spe-
cific signatures. However, the 3n−3 to 5n−3 counting overestimates the number of
structures which are distinguishable by vibrational Raman spectroscopy as it dis-
criminates between enantiomers and conformers of reversed sequence order. Also,
the vast majority of the possible conformers are of relatively high energy compared

2 A hydrocarbon chain with n carbon atoms involves n −3 C–C–C–C segments leading to torsional
isomerism.
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to a small collection of conformers close to the energy minimum [7]. Lowering the
temperature by means of free jet expansions was found to allow the observation of
single conformer signatures, especially from the all-trans conformer [6, 8].

In order to estimate how the different torsional isomers contribute to the conforma-
tional equilibrium of cold isolated alkanes, it is instructive to develop an expression
for the conformational partition function. In principle, this demands the knowledge
of (1) all stable conformations and (2) the corresponding energies. To address the
first problem, one can either systematically count the conformers based on the stable
torsional states [1, 9–12] or use random conformational searches such as Monte-
Carlo methods [1, 13, 14], molecular dynamics methods [2, 13, 15] or even genetic
algorithms [16, 17]. The case of jet-cooled alkanes allows for favorable approxi-
mations and the main spectral contributors can be counted in a simple fashion. A
first approximation lies in omitting all conformers involving a g±x∓ or syn-pentane
sequence, which are of high energy (g±x∓ pentane is approximately 12 kJ mol−1

above the all-trans minimum [2, 18]). This approximation is supported by Raman jet
spectra of n-pentane (Figs. 3.7 and 4.7), low temperature Raman gas phase spectra
[19], as well as Raman spectra from pentane in cryosolutions [20], which show that
the syn-pentane conformer is present in a very small fraction under such conditions.
Consistently, one has to omit multi gauche conformers with energies higher than the
energy of a syn-pentane conformation as well. This leads to the second problem:
How much does each gauche conformation contribute to the total energy of a con-
former? Several theoretical investigations focused on this question [2, 21–23] and
found that the energy is essentially additive provided that the gauche conformations
are sufficiently separated by trans segments. Cumulated gauche sequences deviate
from additivity as local interactions can have either a stabilizing or destabilizing
effect. For example, adjacent gauche torsions of equal rotational sense have a small
stabilizing “positive pentane effect” (stabilization by ≈0.7 kJ mol−1 [2])3 because
of attractive dispersion interactions between CH2(3)/CH2(3) groups in 1/5 position
with respect to the g±g± sequence [21]. These effects can grow to an important
contribution for conformers with a high number of gauche bonds and emphasize
the importance of a dispersion correction in DFT calculations (see Sect. 4.3). More
details on the gauche energy and its additivity can be found in Appendix A.1. In
this work, simple additivity with a uniform gauche penalty will be employed since
jet-cooled alkanes will occupy conformations with only a small number of gauche
torsions where the probability of finding one or several g±g± sequences will be rather
small.

Assuming additivity of the gauche-energy one can express the conformational
partition function qconf in the simple form:

qconf = 1

G0

n−3∑
i=0

Gi exp

(
− i�Eg,t

RT

)
. (4.1)

3 A prominent example is the case of pentane: The g±g± conformer is found to have an enthalpy of
≈3.9 kJ mol−1 relative to tt—less then twice the enthalpy difference of the single gauche conformer
(≈2.6 kJ mol−1) [19].

http://dx.doi.org/10.1007/978-3-319-08566-1_3
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In this equation, Gi is the (artificial) degeneracy of conformers with i gauche torsions
(the number of possible conformations with i gauche bonds), �Eg,t the gauche/trans
energy difference or gauche energy penalty, R the ideal gas constant and T the tem-
perature. The normalization factor 1/G0 ensures the partition function approaches
1 when T → 0 K. In the literature, �Eg,t = 0.5 kcal mol−1 (≈2.1 kJ mol−1) was
recommended as a good compromise between higher energy isolated gauche torsions
and lower energies from gauche states in a g±g± sequence [2], but also higher val-
ues like 0.8 kcal mol−1 were reported [24].4 In this work �Eg,t = 2.5 kJ mol−1 will
be employed with 3.0 kJ mol−1 as an upper and 2.0 kJ mol−1 as a lower bound. In
addition to experimental findings [19, 20, 26] (older values are summarized in Ref.
[21]), this value agrees well with recent high level quantum chemical calculations
[4, 18]. The reason not to use the value suggested by Klauda et al. [2] (2.1 kJ mol−1)
is that conformers with stabilizing g±g± sequences will be rather rare in the low
temperature limit, as stated above. In any case, the conformer count model is not
intended to precisely predict the distribution of conformers, but rather to allow an
estimation of what temperature will be necessary to reach a reasonable small number
of populated conformers.

Having established the gauche energy penalty, the coefficients Gi need to be
found. Note that disregarding syn-pentane sequences is equivalent to rejecting x
conformations which reduces the number of possible conformers to <3n−3 (3n−3 is
the upper limit when t and g± is allowed for each torsion regardless of the neighboring
conformations). To evaluate and count all 3n−3 possible conformers, a Fortran 95
program was written. It runs through a tree diagram [12, 27] as shown in Fig. 4.2
for the case of hexane. In such a diagram, each branch corresponds to one (not
necessarily unique) conformer. The program follows each branch and counts the
number of gauche conformations but stops and continues with the next branch as
soon as it runs into a g±g∓ sequence. The resulting overall numbers of conformers
of this independent code are listed in Table 4.1 and match precisely the results of a
mathematical expression developed by Tasi et al. [12]. The source code is outlined
in Appendix A.2.

In order to use the conformational model partition function to draw conclusions
regarding the conformational distribution in the experiment, one has to assume simi-
lar partition functions for the remaining degrees of freedom for all conformers, since
these are not accessible in a simple fashion. The symmetry number however, occur-
ring in the rotational partition function, is an exception and should not be ignored.
Following an approximate expression of the rotational partition function (more details
are given when discussing a related problem in Sect. 4.3), the count coefficients need
to be reduced according to the symmetry number. This symmetry issue is reflected
in the tree diagram which makes it a convenient way to count the conformers. All-
trans can only be realized in one way and occurs as the central branch in the tree

4 Snyder reported this value based on the agreement between simulated and observed Raman spectra
of liquid alkanes. The deviation between the energy value used by Snyder and the one used here
might stem from different structural preferences of liquid and gaseous alkanes [25] (intermolecular
interactions outweigh intramolecular interactions).
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mirror pairs:
rotational pairs:

1/17, 2/16, 3/15, 4/14, 5/13, 6/12, 7/11, 8/10
2/6, 4/8, 5/13, 10/14, 12/16 (order changed)

(signs changed)

1

2

3

Fig. 4.2 Tree diagram to count hexane conformers. Trans conformations are indicated by empty
circles, gauche are marked with “+” and “−”. Forbidden paths including g±g∓ are drawn in red,
allowed paths in green. Conformers are classified as all-trans (a), single gauche (s), double gauche
(d), and triple gauche (t). Except for all-trans, each path has an isomorphic partner (conformers
are rotational or mirror pairs). Reference I—Copyright Wiley-VCH Verlag GmbH & Co. KGaA.
Reproduced with permission

diagram. It has either C2v (odd n) or C2h (even n) symmetry. The remaining branches
will contain at least one gauche and each branch has at least one energy equivalent
partner with reversed gauche signs (denoted “mirror pairs” in Fig. 4.2), that is, the
tree diagram itself (as the alkane PES) is symmetric. Furthermore, the tree diagram
contains equivalent branches with reversed sequence order which are denoted “rota-
tional pairs” in Fig. 4.2. An unsymmetric C1 conformer will occur in four equivalent
sequences in the tree diagram, for example the sequences 2/6/12/16 in the hexane
case. Some conformers belong to the C2v(h) subgroups C2 and Cs(i). This sym-
metry property is reflected in the sequence order [9]. For symmetric conformers,
reversing the sequence order has either no effect (sequence 1/3/7/11/15/17 in the
hexane example, C2 symmetry [9]) or it is equivalent to reversing all gauche signs
(sequences 5/13, Ci symmetry [9]). In this case, the corresponding conformer has
only two equivalent branches. To incorporate the symmetry number, the weight of
all-trans is reduced to G0 = 1/2. The weight of C2 symmetric conformers needs to
be reduced by 1/2 as well, but they are statistically favored due to two enantiomeric
ways of realization. The contribution by one enantiomeric pair to Gi is thus 1. Each
enantiomer of a C1 symmetric conformer is counted as 1. Cs or Ci conformers are not
chiral and are counted as 1. These weightings result from the tree diagram without
any further evaluation of the conformers symmetry, just by counting all branches as
1/2. Note that this evaluation is valid only in case of pure 1H/12C alkanes. Inclusion
of other hydrogen or carbon isotopes, which would break the symmetry, is omitted.
This limits the accuracy of the conformational partition function for long chains,
when the probability of having a rare hydrogen or carbon isotope (especially 13C
with a natural abundance of about 1 %) included in the molecule increases.

Limitations regarding the temperature interval in which the model partition func-
tion can be applied arise from omitting g±g∓ sequences. By means of quantum
chemistry, the energy handicap for g±g∓ pentane is found to be ≈12 kJ mol−1 but
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it decreases slightly with increasing chain length [2, 18]. For conformers with not
too many gauche conformations (not too high i), the number of possible conformers
with a g±g∓ sequence will be small compared to the number of conformers with no
such sequence but similar energy (and hence overall more gauche bonds). Therefore,
up to a certain number of gauche bonds, neglecting g±g∓ will not generate a large
error. Yet, it is evident from Table 4.1 that this cannot hold for conformers with a
high number of gauche bonds. The number of possible conformers starts to decrease
at a certain i , which reflects that there are less and less options to include yet another
gauche torsion without creating a g±g∓ sequence. This means that at higher i , g±g∓
containing conformers cannot be neglected anymore and at some point they will even
make up the majority of conformers with a particular (high) i . This is apparent when
comparing the sum of all allowed conformers without g±g∓ against the number of all
3n−3 possible g+/g−/t combinations (bottom of Table 4.1), and demonstrates why
the bulk of all possible conformers are of rather high energy compared to a smaller
set of low energy conformers as stated earlier. The consequence for the partition
function is that it should to be truncated at some point rather than include all con-
formers without g±g∓, and one should estimate a temperature interval were it will
still be reasonably accurate. Here, the partition function is truncated conservatively
after 5 gauche, so that the sum in Eq. 4.1 runs from i = 0 to 5. This is about the
number where the first neglected g±g∓ conformers come close to the considered
energy range.

The assessment of this truncated model partition function can be done by calcu-
lating its value for different chain lengths and observing how it converges to the value
of the “full” partition function (including all coefficients in Table 4.1 but still neglect-
ing g±g∓) with decreasing temperature. The result is shown in Fig. 4.3. Because of
the increasing number of possible gauche conformers with increasing chain length

100 110 120 130 140 150 160 170 180 190 200

0

2

4

6

8

10

12

14

16

18

20

temperature / K

de
vi

at
io

n 
/ %

 n = 21

 n = 13

Fig. 4.3 Percentual deviation of the truncated model partition function from the partition function
using all coefficients in Table 4.1 with increasing temperature for different chain lengths n
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n, the deviation will be highest for longer alkanes. Here the partition function will
only be valid for rather low temperatures. In the limit of n = 21, deviations of more
than 10 % would be expected beyond 160 K. On the other hand, the partition func-
tion should be reasonably well suited for temperatures below 150 K for all studied
alkanes. The temperature constraint prohibits the direct comparison of this partition
function to modelled alkane conformer equilibria, like reported in Ref. [14] for 295 K
and 1 atm.

Using the model partition function qconf , the fractions of conformers involving i
gauche torsions can be calculated by:

Ni

N
= 1

G0
× Gi exp

(
− i�Eg,t

RT

)
× 1

qconf
.

The all-trans fraction N0/N is:

N0

N
= 1

qconf
.

The results for n =13–21 are shown in Fig. 4.4 in the form of bar diagrams where
the different colors indicate different quantities of gauche torsions per chain, and the
height of each bar corresponds to the conformer fraction. The fractions are calculated
employing the gauche energy penalty �Eg,t = 2.5 kJ mol−1, but the graphs can be
translated to the upper and lower bounds (2.0 and 3.0 kJ mol−1) since only the
ratio of the energy difference to the temperature �Eg,t/T enters the underlying
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equations. Changing the energy to 2.0 (3.0) kJ mol−1 would change the temperatures
in Fig. 4.4 from left to right to 80 (120), 100 (150) and 120 (180) K, respectively. At a
conformational temperature of 100 K, the majority of conformers are single gauche
and all-trans. While the fraction of single gauche conformers decreases only slightly
with increasing chain length, the all-trans fraction drops by ≈1/2 from n = 13 to 21.
The fractions of conformers with more than one gauche torsion increase with n, but
conformers with i = 4 and i = 5 stay rather negligible. At higher temperatures,
the statistically favored conformers with i > 1 start to outweigh all-trans and single
gauche. Whether a group of conformers is preferred or handicapped at higher chain
lengths depends on the temperature. For example, the fraction of double gauche
conformers increases with increasing n at 100 K, stays rather constant at 125 K and
finally decreases at 150 K. At this temperature, the highest all-trans contribution
is ≈10 % for tridecane (n = 13). At higher chain length, the all-trans fraction
only makes up a few percent. Therefore, judging from the model partition function,
temperatures below 150 K are beneficial, in order not to obscure energetically favored
hairpin conformers by the high amount of multiple gauche conformers. Also at 150 K
and n = 21 the model is seen to surpass its limits, as conformers with five gauche
torsions start to make an important contribution.

Beside inaccuracies due to approximations, one has to keep in mind that this
estimation of conformer fractions at different temperatures applies for molecule
ensembles in thermal equilibrium. Jet-isolation involves rapid cooling so that higher
gauche conformers can freeze in their high energy state and the final conformer
distribution will deviate from thermal equilibrium. However, the conformational
partition function was used to estimate an overall effective conformational temper-
ature and it will be seen that this value does not drastically deviate from a different
estimation based on the fraction of single gauche conformers relative to all-trans
conformers (Sect. 4.5.1). The freezing of conformational states should thus be rather
uniform and the partition function reasonably valid, at least for the single gauche to
trans conversion.

4.2 n-Alkane Vibrations Relevant to this Work

Before dealing with the spectral assignment, some general comments on how hydro-
carbon chains vibrate shall be made. This facilitates the comparison to the literature
and helps classifying different types of vibrations. For this purpose, the polyethylene
dispersion curves are especially helpful and will be introduced. This immediately
simplifies the description of the numerous vibrational degrees of freedom which
alkanes in the considered size range possess (117 for tridecane with n = 13 and 189
for heneicosane with n = 21).5

5 The number of vibrational degrees of freedom fvib may be calculated by fvib = 3N − 6, using
the overall number of atoms N , or, more conveniently, by fvib = 9n, using the chain length n
(N = 3n + 2).
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A first approach to describe the vibrations of alkanes starts with noticing that
they behave like systems of coupled identical oscillators, the methylene groups. A
qualitatively correct picture of normal vibrations is then available from the textbook
example of identical coupled point masses oscillating in one dimension [28]. Solv-
ing the equations of motion for such a simplified system containing N point masses
yields N normal modes which describe N sinusoidal standing waves. These standing
waves differ in their number of nodes which runs from 0, a complete in-phase move-
ment equivalent to a zero-frequency translation, to N − 1, a complete out-of-phase
vibration. Another way to characterize these normal modes, related to the number
of nodes, is using a phase difference (ϕ) which relates amplitudes (A) of adjacent
oscillators, such that

An,k(ϕ) ∝ cos (ϕkn) (4.2)

where n is the position of the oscillator in the chain. The phase can assume values
ϕk = πk/N with the integer k = 0, 1, . . . , N −1. k may then be used for reference to
a normal mode [29]. With k = 0, the amplitudes all assume the same value describing
a complete in-phase movement, while a complete out-of-phase vibration results from
the highest k value N − 1. For the limiting case of an infinite number of coupled
oscillators, the phase can assume an arbitrary value between 0 and π . Plotting the
associated normal mode frequencies against the phase yields a frequency branch or
“dispersion curve”, which is common in solid state physics to describe the vibrations
of crystal lattices [30]. The connection to alkanes is realized when thinking of an
isolated hydrocarbon chain as a one dimensional crystal.

To apply the coupled oscillator model to linear n-alkanes one needs to identify
appropriate internal coordinates. Looking at an isolated methylene unit, its internal
coordinates are the C–H distances and the H–C–H angle. A normal coordinate analy-
sis for this system would yield a symmetric and antisymmetric stretching vibration
as well as a bending vibration (also denoted scissoring vibration), much like in the
related case of the water molecule. For methylene units lined up in a linear zig-zag
chain, further vibrational degrees of freedom arise from the translational and rota-
tional degrees of freedom of the isolated methylene unit, which are hindered for
a subunit in the chain. They translate to C–C stretching, C–C–C bending, and C–
C–C–C torsion, as well as methylene rocking, twisting, and wagging coordinates.
Figure 4.5 illustrates the methylene deformation coordinates. Treating these inter-
nal coordinates as separate sets of coupled oscillators would yield normal modes
analogous to the simple case of point masses in one dimension discussed above,
characterized by a phase or number of nodes. However, the various internal coordi-
nates couple to each other and the situation is more complicated. Yet, if the methylene
chain is long, coupling of internal coordinates with different phase values will be
small [31] and the picture of normal modes which are characterized by a phase or a
certain number of nodes remains valid.

The limiting case of a virtually infinite number of coupled methylene units lined
up on an all-trans chain is closely realized by crystalline polyethylene [32]. The vibra-
tional problem can be approached by a clever choice of internal coordinates which
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Fig. 4.5 Different types of CH2 deformation motions; wagging and twisting displacement is per-
pendicular to the paper plane

relate displacements of identical subunits by a phase factor, following the results of
the coupled oscillator approach. Solving the equations of motion for each phase value
[32, 33] yields nine frequency branches, originating from the nine degrees of free-
dom inherent to each methylene unit. These frequency branches can be analyzed with
respect to the contributing internal coordinates which gives a vibrational classification
for each branch [31]. The two lowest-frequency branches are two acoustical branches
(the frequency approaches zero for ϕ = 0 or π ): The C–C–C bending branch, which
is characterized by longitudinal stretching and transversal in-plane bending, and the
C–C–C–C torsion branch, which is characterized by twisting and transversal out-of-
plane bending of the carbon chain [34]. The remaining seven branches are optical
branches with a non-zero frequency for the limiting phase values. From low to high
frequency, the vibrational displacement corresponds mainly to CH2 twisting/rocking,
C–C stretching, CH2 rocking/twisting, CH2 wagging, CH2 scissoring, and symmet-
ric and antisymmetric CH2 stretching. The internal coordinate contribution for one
frequency branch may vary with the phase value [31]. The twisting/rocking branch
for example is denoted this way because the internal coordinate contribution changes
from pure twisting to pure rocking at the limiting phase values (the opposite internal
coordinate contribution is found for the rocking/twisting branch) [31].

The analogy to polyethylene is convenient, because normal modes of n-alkanes lie
at finite phase values on the polyethylene dispersion curves [34] if neither the coupling
to methyl vibrations is large nor the coupling of coordinates with different phases is
large. Thus, the main part of the 9n normal vibrations of an n-alkane molecule can be
identified by their affiliation to a polyethylene frequency branch and a phase index k
[29]. This work will classify vibrations by the number of nodes m, because k is not
uniformly assigned in the literature (for example the most in-phase C–C stretching
vibration in Refs. [29] and [35]). Vibrations which are necessarily not covered by
the polyethylene frequency branches are the end group methyl vibrations. They can
be identified by their relative intensity and constant wavenumber.

For all-trans methylene chains, the phase of a mode defines its symmetry and
optical activity. For polyethylene, only modes with ϕ = 0 or π are Raman or IR
active, because local transition moments cancel for all other phase values [32]. This
is not the case for finite n-alkanes, and consequently, one observes band progressions
for vibrations belonging to the same branch but differing in the phase. However, the
intensities of vibrations quickly decrease if the phase deviates from 0 or π , because
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overall transition moments are still small in this case. Vibrations with high Raman
intensity are totally symmetric “most in-phase” vibrations.

When conformational disorder is considered, the vibrational problem becomes
more complicated [32, 36], and vibrational spectra become more complex.
Nevertheless, regularity and band progressions are still observed for spectral series
of conformationally disordered alkanes [5, 35], because some vibrations are rather
insensitive to the introduction of one or even a few gauche bonds [35]. Single gauche
bonds and gauche sequences also give rise to localized modes with characteristic
frequencies which can be exploited to analyze the conformation of alkyl chains in
more complex systems [37].

Modes of particular interest to this work need to be (1) sufficiently Raman active,
and (2) sensitive to folding. Modes which meet these criteria and were investigated
systematically belong to the low-frequency acoustical C–C–C bending branch, opti-
cal C–C stretching branch, and optical C–H stretching branch.

One of the modes studied in detail is the highly Raman active all-trans accordion
vibration belonging to the low-frequency C–C–C bending branch. It is also called
longitudinal acoustic mode with one node (LAM-1) because it is characterized by
longitudinal stretching of the all-trans chain with a node in the center (see Fig. 4.6),
and the associated frequency branch of polyethylene is an acoustical one [31]. Further
modes of the same frequency branch give rise to LAMs of higher order with quickly
decreasing intensity. The Raman activity of the LAMs is dictated by symmetry. For
alkanes with an even chain length n, the symmetry of the all-trans conformer is
C2h . LAMs with an even number of nodes are of bu symmetry and Raman-inactive,
those with an odd number of nodes are of ag symmetry and Raman-active [31]. The
opposite is true in case of IR absorption spectroscopy, because the rule of mutual
exclusion applies. For odd n the all-trans conformer symmetry is C2v . In this case,
LAMs with an even number of nodes (b1 symmetry) are not strictly forbidden, but
still rather weak Raman scatterers.

The fact that accordion-like skeletal vibrations must be sensitive to conformation
becomes immediately evident when comparing vibrational Raman spectra of solid
and liquid state alkanes in the low-frequency region. Formerly sharp signals will
smoothen and make way for the very broad and asymmetric “D-LAM” band (LAM
indicating conformational disorder [38, 39]) centered around 200 cm−1 [40] when
going from ordered crystalline alkanes in the all-trans configuration [41, 42] to dis-
ordered gauche conformers in the melt [38, 40]. Looking more closely at specific
conformations, one finds that upon breaking the symmetry of the all-trans system
by introducing gauche torsions, several vibrations share character of the accordion
vibration and become Raman active. Therefore, gauche conformers often contribute
with more than one intense band to the low-frequency Raman spectrum. As will
will be shown in Sect. 4.4.1, an important consequence for hairpin conformers is the
particularly successful detection in the low-frequency region, because of redundant
evidence. Less often, redistribution of intensity occurs in case of the all-trans confor-
mation due to harmonic mode mixing or Fermi resonance. These phenomena will be
discussed in Chap. 6, where mechanical properties of methylene chains are deduced
from the accordion vibration wavenumber [8, 42, 43].

http://dx.doi.org/10.1007/978-3-319-08566-1_6
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Further Raman-active modes of interest are C–C stretching vibrations between 800
and 1100 cm−1. Conformational disorder affects the wavenumbers of C–C stretch-
ing vibrations less than the low-frequency C–C–C bending modes and a systematic
pattern remains [5], such that modes indicative of gauche conformers accumulate
at certain positions and give rise to rather sharp bands. It will be shown that the
hairpin detection succeeds because the m = 0 and m = 2 C–C stretching vibra-
tions of the hairpin conformer are blue-shifted from their all-trans and single gauche
counterparts. Detection based on C–C stretching “defect modes” (localized mainly
in specific conformational defects) was suggested to indicate the presence of sharp
kink ggtgg sequences by Zerbi and Gussoni [37], but fails close to the most in-phase
C–C stretching mode due to spectral congestion. However, a ggtgg defect mode at
≈890 cm−1 occurs at high hairpin abundance, in line with predictions and experi-
mental evidence from Ref. [37].

Spectra of the C–H stretching band at ≈2900 cm−1 do not provide substantial
hairpin evidence on their own but show some interesting developments in accordance
with hairpin evidence from lower frequency spectra. The most in-phase m = 0
symmetric and antisymmetric methylene stretching vibrations give rise to the most
prominent bands, accompanied by two symmetric and asymmetric methyl stretching
vibration bands.

Some of the relevant vibrations are illustrated in Fig. 4.6, calculated on the B3LYP-
D3/6-311++G** level using Turbomole v6.4 [44] (Sect. 4.3) and the example of
all-trans heptadecane which falls right in the center of the considered size range.
Ball-and-stick normal mode illustrations are accompanied by stem plots describing
the associated relative amplitudes of C–C stretching and C–C–C bending internal
coordinates. These amplitudes were calculated from Cartesian displacement vec-
tors provided by Turbomole (in the limit of small displacements, since the rela-
tion between Cartesian coordinates and internal coordinates is approximately linear
only in this case). It is emphasized that all stem plots show relative displacements,
not absolute displacements, and comparison of amplitudes corresponding to dif-
ferent normal vibrations is not meaningful. This is also the reason why the y-axis
is omitted.

Stem plots benefit from a less crowded picture of normal mode displacements and
are used in Sect. 4.4.2 to illustrate C–C stretching modes, where more complicated
gauche conformer normal coordinates demand a simplified picture. However, the
internal coordinate picture is also helpful in case of the all-trans conformation. The
C–C stretching vibration of the end groups (center in Fig. 4.6) demonstrates how
internal coordinate displacements help to identify localization of normal modes.
The LAM-1 is seen to differ from the m = 0 C–C stretching vibration by the
opposite phase relation of C–C stretching to C–C–C bending. Characterization of
phase relations and identification of m values is much simplified when considering
the internal coordinate illustration in general.
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135 (388)

LAM-1

C–C stretching C–C–C bending

900 (88)

C–C end stretch

1148 (160)

m = 0 C–C stretch

Fig. 4.6 Harmonic normal coordinates of some of the relevant alkane vibrations with major
contribution to the Raman spectrum, calculated with Turbomole v6.4 [44] on the B3LYP-D3/6-
311++G** level. Wavenumbers in cm−1 and the differential scattering cross-section (in paren-
thesis, Tvib =100 K) in 10−36 m2 sr−1 are given on the right side. Relative internal coordinate
displacements are drawn below the molecular structures and aligned so that C–C stretching (black)
and C–C–C bending displacements (gray) match the corresponding C–C bonds. The heptadecane
all-trans conformer was chosen as a representative chain length of medium size

4.3 Simulation of Raman Jet Spectra

In this section, the simulation of Raman spectra based on quantum chemistry is
outlined. Later sections will show that simulated spectra provide a solid ground to
assign a majority of the bands observed in experimental Raman jet spectra. Other
than spectra of liquid alkanes [5], spectra of jet-cooled alkanes can be approached by
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computational methods beyond molecular mechanics [45], because, apart from hair-
pin conformers, conformers with two or more gauche conformations do not contribute
significantly, and calculations can be confined to all-trans, hairpin, and single gauche
conformers. For the whole set of chain lengths considered in this work (n = 13–21),
these are less than 100 conformers. The simulation of Raman spectra can be grouped
in mainly four steps: (1) Structure optimization and subsequent vibrational analysis
using a quantum chemistry software suite, (2) calculation of Raman scattering cross-
sections, (3) calculation of vibrational spectra of single conformers using Gaussian
bell functions to model vibrational bands, and (4) weighting and summation of single
conformer spectra to yield the final simulated Raman spectrum. These steps shall
be discussed in the following paragraphs. Afterwards, the accuracy of the prediction
will be discussed and some examples will be shown.

4.3.1 Quantum Chemical Approach and Software

The quantum chemical method chosen for structure optimization and vibrational
analysis is the hybrid density functional theory approach B3LYP [46–49]. B3LYP is
modest regarding computational costs but yet very strong in predicting vibrational
wavenumbers of hydrocarbons [8]. A drawback of B3LYP is the insufficient descrip-
tion of dispersion interactions [50] which are mandatory to yield a valid structure for
the hairpin conformer. This problem can be tackled by adding a “dispersion correc-
tion” [51–53] to the B3LYP energy. For this purpose, the 2010 version of the “D3”
correction by Grimme [53] was used. D3 treats dispersion interaction by adding
an atom-pairwise term (and a smaller three-body term) to the potential energy of
the molecule. The combination of B3LYP and D3 (B3LYP-D3) is available within
the software package Turbomole v6.4 [44], which was used for structure optimiza-
tion, calculation of vibrational frequencies, and calculation of polarizability tensor
invariants from which Raman scattering cross-sections are computed. The calcula-
tions were carried out using the Pople basis set 6-311++G** [54, 55], the simpler
basis set def-SV(P) [56, 57] (in combination with the RI-approximation [58]), and
the computationally more expensive basis set def2-TZVP [59]. Because of the high
computational effort, def2-TZVP was applied only to all-trans and hairpin conform-
ers. In each case, the energy convergence criterion was set to at least 10−7 hartree,
the gradient norm convergence criterion to at least 10−4 hartree bohr−1. The m4 grid
[60] was used throughout. Spectra derived from calculations using the rather limited
def-SV(P) basis set were found to be only slightly inferior to spectra derived from
calculations using the Pople basis set. Beyond that, however, no systematic search
for an optimal basis set was carried out. The discussion will be restricted to calcula-
tions employing the basis sets 6-311++G** (spectra, this section and Sect. 4.4) and
def2-TZVP (energy, Sect. 4.5).
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4.3.2 Single Conformer Spectra

Frequency calculations were carried out within the double harmonic approximation,6

so that predicted harmonic vibrational wavenumbers are usually too large compared
to anharmonic experimental values. To correct for this issue of the harmonic approx-
imation, wavenumbers are scaled [61, 62] by 0.98 or 0.99 to fit the experimental
values. Raman scattering cross-sections (Sect. 2.1) are computed from vibrational
wavenumbers and polarizability tensor invariants which are available from the Turbo-
mole program output. On top of the uncertainty in the quantum chemically predicted
quantities, the vibrational temperature occurring in the equation of the scattering
cross-section may be poorly defined. In case of jet-isolated molecules, it might differ
for each vibration (Sect. 2.2), and an effective vibrational temperature can only be
estimated. The value 100 K was used in the calculation of the scattering cross-section
throughout, which is about the average temperature derived from the spectral con-
tribution of single gauche conformers, compared to contributions from the all-trans
conformer. Scattering cross-sections provide peak intensities of Gaussian curves
which are used to model vibrational bands. The exact form of the applied Gaussian
function is shown in more detail in Appendix A.3. The width of the Gaussian curves
is not calculated but taken from the average FWHM (full width at half maximum)
of the accordion vibration band (about 4 cm−1 for n = 13–21). For all-trans and
single gauche conformers, the width is set uniformly to this value. In case of hairpin
conformers, the experimental bands are broader and the width of simulated bands is
varied accordingly. The integral of a simulated band is proportional to the product
of its scattering cross-section and width.

4.3.3 Weighting and Multi Conformer Spectra

Single conformer spectra need to be weighted and merged to yield a final simu-
lated Raman spectrum. Calculating an appropriate weighting factor is challenging
for several reasons. The first problem is to capture the conformational distribution of
a non-equilibrium jet-cooled alkane ensemble by a physical model. A sophisticated
approach would need to describe correctly the kinetics of the conformational iso-
merizations taking place during the expansion, involving the knowledge of the exact
properties of the expansion and all rate constants. This is far outside the scope of
this work. However, single gauche and all-trans conformers are separated by just one
torsional isomerization of uniform barrier height, so that one may assume the iso-
merization reactions to be fast enough to yield a conformational distribution close to

6 In the double harmonic approximation, the force pulling the molecule back to its equilibrium
geometry is proportional to the displacement along the normal coordinates, yielding a parabolic
potential. On top of this, the polarizability is treated as depending linearly on the displacement
along the normal coordinates. Terms of higher order in the displacement are neglected for both, the
force and the polarizability.

http://dx.doi.org/10.1007/978-3-319-08566-1_2
http://dx.doi.org/10.1007/978-3-319-08566-1_2
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thermal equilibrium or at least a uniform freezing temperature at which isomerization
ceases to be feasible. This means that one single effective conformational tempera-
ture defines the abundance of the different single gauche conformers relative to the
all-trans conformer. In this case, Boltzmann statistics can be applied. On the other
hand, for multi gauche conformers, such as the hairpin conformer, which are sep-
arated from all-trans by several torsional isomerizations, Boltzmann statistics with
this reference temperature are likely to fail, because kinetics play a more important
role and barrier heights vary. Because of this, the hairpin conformer fraction is not
taken from a Boltzmann weighting but chosen to fit the experimental spectrum. More
discussion of this aspect will follow in Sect. 4.5. The manual weighting provides a
semi-empirical estimate of the all-trans/hairpin abundance ratio.

A further problem is the correct prediction of the energy difference of conformers.
This is a question of suitable electronic structure theory and suitable description of
molecular vibrations which contribute with zero-point vibrational energy. Thermal
excitation modifies the energy difference predicted in the low temperature limit. A
correct prediction of this effect is complicated, since the underlying calculations
involve some substantial approximations (see below) and are very sensitive to quan-
tum chemical inaccuracies.

Weighting for a single gauche and all-trans conformer in thermal equilibrium
can be performed using the equations of statistical thermodynamics as shown in the
following. For a general isomerization reaction:

conformer i � conformer j,

the equilibrium constant (Ki j ) gives the abundance ratio of conformer j to con-

former i
(

N j
Ni

)
. It is connected to the Gibbs energy difference at standard conditions

(�G◦
i j ) by:

�G◦
i j = −RT ln Ki j ,

which can be rearranged to:

Ki j = N j

Ni
= exp

(
−�G◦

i j

RT

)
. (4.3)

In Appendix A.4, the connection between �G◦
i j and the molecular partition functions

is derived, showing that for a conformational isomerization one finds:

�Gi j = �E0
i j − RT ln

(
g j q j,rot q j,vib

gi qi,rot qi,vib

)
(4.4)

where qrot/vib are rotational or vibrational molecular partition functions and E0
i j

is the electronic and zero-point vibrational energy difference (the energy differ-
ence at absolute zero). Weighting factors (g) account for enantiomeric degeneracy.
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Equation 4.4 is an approximation for non-interacting particles (ideal gas) and non-
interacting rotational and vibrational states (no coupling). Combination with Eq. 4.3
and rearrangement leads to:

N j

Ni
= g j q j,rot q j,vib

gi qi,rot qi,vib
· exp

(
−�E0

i j

RT

)
. (4.5)

In this equation, all quantities intrinsic to the conformers are available from quantum
chemical calculations with Turbomole. The energy difference at a hypothetical tem-
perature of 0 K involves electronic energies from self-consistent field calculations
as well as zero-point vibrational energies from harmonic frequency calculations.
The rotational molecular partition function is available after geometry optimization
and subsequent calculation of the rotational constants. As the zero-point vibrational
energy, the vibrational partition function is available from calculated vibrational
wavenumbers.

Both molecular partition functions can be computed by the program “freeh”,
which is a part of the Turbomole software package. freeh calculates the rotational
partition function assuming a quasi-continuum of rotational states, which are usually
very closely spaced for large molecules (spacing much smaller than kBT ). The sum-
mation occurring in the general expression of the partition function is then replaced
by an integral, and the molecular rotational partition function can be written as [63]:

qrot(T ) =
√

π IA IB IC

σ
·
(

8π2kBT

h2

) 3
2

, (4.6)

where I are moments of inertia along the molecules principle axes and σ is the sym-
metry number. The all-trans conformer involves the smallest moment of inertia (and
thus the largest rotational constant A = h/8π2cIA), but even in this case, the quasi-
continuum approximation is valid.7 The vibrational partition function is calculated
applying the harmonic approximation which leads to a simple expression [63]:

qvib(T ) =
normal

vibrations∏
k=1

(
1

1 − exp(−hcν̃k/kBT )

)
(4.7)

In this equation, the product runs over all normal vibrations and ν̃k is the wavenum-
ber of the kth normal vibration. Both, rotational and vibrational partition functions
depend on the temperature and incorporate thermal excitation.

The rotational partition function depends only on the molecular geometry and is
not very sensitive to quantum chemical inaccuracies. On the contrary, the vibrational

7 For the all-trans conformer of the shortest alkane considered, tridecane (n = 13), the largest
rotational constant is ≈0.21 cm−1. Calculating for a linear rigid rotator, this would translate to a
characteristic rotational temperature θrot < 0.5 K. The classical approximation holds for T 	 θrot ,
and thus in this case even at low rotational temperatures in jet expansions.
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partition function is very sensitive to errors in the quantum chemical vibrational
analysis. Unbranched alkanes perform very soft skeletal vibrations at low wavenum-
bers, which make up the main part of the vibrational partition function. These vibra-
tions may vary a lot from the harmonic oscillator description and their prediction
by quantum chemistry is often not reliable because they are very sensitive to small
errors in the potential energy hypersurface. Indeed, vibrational analysis with Turbo-
mole yielded small imaginary wavenumbers for some conformers of longer alkanes
(n ≥ 18). However, not more than one imaginary wavenumber for each conformer
with values not smaller than −15 cm−1 was found, indicating numerical inaccuracies
(rather than the presence of true transition states) as the source of this problem. Even
if no imaginary wavenumber occurs, small wavenumber vibrations may cause large
uncertainties in the vibrational partition function. A good example is the all-trans
conformer of nonadecane (n = 19) with the smallest wavenumber being 2 cm−1,
calculated at the B3LYP-D3/6-311++G** level. At such low wavenumbers, small
errors have a tremendous effect on the vibrational partition function, even at very
low temperatures.8

As a consequence of this sensitive wavenumber dependence, vibrational partition
functions are dropped from calculations of single gauche to all-trans abundance
ratios. Necessarily, similar vibrational partition functions are assumed for all-trans
and single gauche conformers, and the ratio

q j,vib
qi,vib

in Eq. 4.5 is set to one. This extends
the uncertainty of the Gibbs energy difference, which is flawed by inaccuracies of the
absolute zero energy difference in any case. Including the full rotational molecular
partition functions will not improve the accuracy of the weighting significantly, and
differences beside the symmetry number of molecules are omitted as well. This leads
to a simpler weighting equation:

N j

Ni
= g j

gi
· σi

σ j
· exp

(
−�E0

i j

RT

)
(4.8)

where populated rotational levels of all conformers are approximated as having equal
energies but some are reduced in weight according to the symmetry number. The
factors g/σ occurring in this equation are straightforwardly identified. The all-trans
conformer is either of C2v or C2h symmetry and is therefore not chiral, leading
to gt/σt = 1/2. Single gauche conformers occur in enantiomeric pairs. They are
unsymmetric (gg/σg = 2/1 = 2) with one exception: in case of alkanes with an
even chain length, the chain center divides a C–C bond. If this bond is twisted into
a gauche conformation, the resulting conformer is of C2 symmetry, and its weight is
reduced accordingly (gg/σg = 2/2 = 1).

In Tables 4.3 and 4.2, abundance ratios calculated using Eq. 4.5 and the more sim-
plified Eq. 4.8 are compared, using the example of pentane, hexane, and tridecane.
In these cases, the variation is very mild, and vibrational and rotational thermal con-
tributions often cancel. For longer alkanes, when the vibrational partition functions

8 This is also apparent from the fact that vibrational partition function approaches infinity, in case
a wavenumber approaches zero (see Eq. 4.7).
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Table 4.2 Single gauche to all-trans abundance in percent from Eqs. 4.5 and 4.8, calculated for
tridecane at T =110 K on the B3LYP-D3/6-311++G** level (the ratio of rotational partition func-
tions is temperature-independent)

Position qg,rot/qt,rot qg,vib/qt,vib �E0
tg Equation 4.5 (%) Equation 4.8 (%)

1 2.23 0.91 2.94 16 16

2 2.48 0.92 2.74 20 22

3 2.84 0.82 2.64 22 25

4 3.05 0.69 2.72 21 21

5 3.19 0.75 2.62 23 27

The first column refers to the position of the gauche conformation in the alkane chain (see also
Fig. 4.9). gg/gt = 2 and σt/σg = 2 applies for all single gauche conformers in case of tridecane.
�E0

tg is the energy difference at 0 K in kJ mol−1 (electronic energy plus ZPVE)

starts to suffer from faulty predictions of low-frequency vibrations, the deviation
is much more pronounced. Single gauche energies and weightings resulting from
Eq. 4.8, used in the simulation of low-frequency spectra for n = 13–21, are listed
in Table 4.4.

One can see from Table 4.3 that conformational energies of small alkanes predicted
on the B3LYP-D3/6-311++G** level agree perfectly with recent high level ab initio
extrapolations from Gruzman et al. [18], which are included as reference. The values
deviate by only 1–6 %. It is worth noticing that this superb agreement depends
strongly on the inclusion of Grimme’s dispersion correction [53]. This is shown in
more detail in Appendix A.1. Single gauche energies of longer alkanes lie all in the
reasonable range 2–3 kJ mol−1. Using Grimme’s dispersion correction, inaccuracies
from the B3LYP energy predictions (which is a point of discussion in its own right
[18, 50, 64]) should be minor.

4.3.4 Accuracy of Estimated Conformer Fractions

The accuracy of conformer fractions which can be estimated by comparing simu-
lated and experimental jet spectra (or of the related conformational temperatures)
is particularly important to the later analysis and needs discussion. It is linked to
the accuracy of the quantum chemically predicted polarizability derivatives (Raman
activities), the vibrational temperature which enters the scattering cross-section, and
the visual comparison by which the simulation is adjusted to the experiment.

Several recent computational studies summarized experimental Raman intensities
of small molecules and compared them to ab initio and DFT calculations [65–67].
B3LYP was shown to reproduce absolute intensities of methane and ethane (the two
most interesting test cases for this work) commonly within 20 % when combined
with basis sets optimized to reproduce polarizabilities accurately [65, 66]. Pople
basis sets approach the quality of these specialized basis sets when diffuse (+) and
polarization functions (*) are added [67, 68], because the description of the more
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polarizable outer region of the molecule is better in this case. This is why the triple
zeta basis set used here was augmented with diffuse and polarization function on
both, heavy and light atoms (indicated by ++ and **, respectively). Beside the
fair prediction of absolute intensities, it should be noted that the overall polarizabil-
ity of alkanes is well described by additive bond polarizabilities [69, 70], which
suggests that relative intensities of different conformers predicted by the B3LYP
approach might involve an uncertainty of less then 20 %. The strong predictive
power of B3LYP regarding relative Raman intensities was recently demonstrated by
Zvereva et al. [67].

The uncertainty due to the poorly defined vibrational temperature is critical merely
at low-frequencies. It may be assessed by the following sensitivity analysis: For
vibrations at 100 and 200 cm−1,9 varying the temperature from 100 K to lower and
upper bounds of 50 and 200 K, respectively, changes the scattering cross-section
ratios by at most 20 %. This can be calculated from the temperature dependence of
the scattering cross-section, or specifically the ratio:

σ ′
k

σ ′
l

∝
[

1 − exp

(
−hcν̃l

kT

)]
/

[
1 − exp

(
−hcν̃k

kT

)]
,

for two vibrations with wavenumbers ν̃k,l (valid in the harmonic approximation,
see Sect. 2.1).

The uncertainty due to the visual matching of simulation and experiment is prob-
ably in the same range. The overall uncertainty in the conformer fractions due to
these independent inaccuracies is estimated to be about 30 %.

The next paragraphs will discuss the quality of the simulations using concrete
examples of the small alkanes pentane and hexane, as well as tridecane, the shortest
alkane investigated in the context of alkane-folding.

4.3.5 Case Study: Pentane and Hexane in the Low-Frequency
Region

Experimental Raman spectra of pentane and hexane are compared to simulated spec-
tra in Figs. 4.7 and 4.8. The bottom graphs show unweighted stem plots of relative
scattering cross-sections. Note that stem plots show vibrations only if they have at
least 0.5 % of the accordion vibration intensity,10 for better clarity. Gas phase spec-
tra and the hexane jet-spectrum were measured by Tobias Wassermann [6]. For gas
phase spectra, measured by filling the vacuum chamber of the curry-jet with pentane
or hexane mixed with helium, the temperature is known (≈300 K), but the more
pronounced rotational structure complicates the comparison to the simulation, in

9 This is close to important all-trans accordion vibrations and hairpin vibrations, see later in the
text.
10 Pentane: 1.77 × 10−34 m2 sr−1 (at 396 cm−1); hexane: 1.74 × 10−34 m2 sr−1 (at 366 cm−1).

http://dx.doi.org/10.1007/978-3-319-08566-1_2
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Fig. 4.7 Simulated n-pentane spectra, set against Raman gas phase [6] and jet-spectra. Magnified
spectra (10×) are drawn in light colors. Jet-spectra drawn in black and gray: nozzle at room
temperature; jet spectrum drawn in red: nozzle at 130 ◦C

particular when bands are close to each other and the rotational branches overlap.
In case of jet-spectra, the temperature is a free parameter of the simulation. The
simulated spectrum is scaled to match the experimental all-trans accordion vibration
band integral, and the conformational temperature is varied until a visual comparison
between experiment and simulation shows satisfactory conformity. The error of the
so estimated conformational temperature, which is indicated in the figures, is kept
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Fig. 4.8 Simulated n-hexane spectra, set against Raman gas phase and jetspectra [6]. Magnified
spectra (5×) are drawn in gray

relatively low by the exponential temperature dependence (about ±15 K), but in
particular the error due to approximations (largely neglected differences in partition
functions) is harder to assess.

Pentane
The pentane simulation is “complete” in the sense that all stable isomers are consid-
ered. In the experimental gas phase spectrum, all isomers can be identified, but not all
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bands of the simulated spectrum are observed due to overlap with rotational branches.
Jet-spectra compare more favorably. Simulated and measured single gauche (tg) and
all-trans (tt) bands are virtually a perfect match, except for the weak single gauche
band at 291 cm−1 which overshoots in the simulated spectra. The small band from
the double gauche (gg) conformer at ≈270 cm−1 is also well reproduced, which
indicates that gg and gt conformers share a uniform freezing temperature. Overall,
the simulation performs very well in this case.

Some bands from the experimental jet spectrum are missing in the simulated
spectrum. In general, such bands can stem from anharmonic resonances which are
not described in the harmonic approximation, hot bands which are not shifted from
ground state transitions in the harmonic approximation, or aggregates which are
simply not included in the simulation. In this particular case, at least the weak signal
at ≈360 cm−1 might have an origin which is actually covered by the simulation, but
does not contribute due to the assumption of thermal equilibrium. It might belong
to the high energy syn-pentane conformer (g+x−). If so, this conformer freezes
earlier than the single and double gauche conformer, because the conformational
temperature of the latter (<200 K) would imply a much lower g+x− abundance than
observed in the experimental jet-spectrum. Freezing of the g+x− conformer at 300 K
is considered in the green simulated spectrum. The experimental band at 455 cm−1

matches the wavenumber of another g+x− vibration, but its intensity is too high for
such an assignment, even when freezing is considered.

Aggregate bands can be excluded based on the findings from Ref. [6]. There,
only one band at 480 cm−1 showed the characteristic cluster behavior with varying
measurement conditions. This band is missing in spectra from this work, which is
beneficial considering that cluster formation is not intended. This might be explained
by lower substance concentration and stagnation pressure used here.

Hexane
In case of hexane, the missing rotational structure in the simulated gas phase spectrum
is a more obvious disadvantage, especially in the region around 300 cm−1 where
several bands overlap. The simulation of jet-spectra with simple Gaussian curves
works better, but the number of bands missing in the simulation is now much higher.
One obvious reason is that not all stable isomers are considered in the simulation in
this case. Excluded conformers are of high energy, but early freezing (like in case of
the pentane g+x− conformer) might lead to significant contributions to the Raman
jet-spectrum. Letting the considered higher energy conformers freeze at 300 K (green
spectrum) leads to a better agreement in case of some bands, but worse agreement
in case of others (g+tg−), such that no consistent prediction is possible. Also, the
simulations suffers from an overestimated mode coupling in case of the all-trans (ttt)
conformer,11 such that the all-trans vibration at 300 cm−1 is too intense.

Clearly, the more complicated hexane spectrum is less well reproduced by the
harmonic simulation than the pentane spectrum, but this trend does not extend to
longer alkanes with chain lengths of at least 13 carbon atoms, studied in the context
of chain folding. Those can occupy a much higher number of stable multi gauche

11 A general discussion of this aspect will be given in more detail in Sect. 6.1.

http://dx.doi.org/10.1007/978-3-319-08566-1_6
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12345

gauche 1 gauche 2 gauche 3

gauche 5gauche 4

Fig. 4.9 Single gauche nomenclature shown for the example of tridecane

conformations, causing the corresponding multi gauche bands to overlap to broad
and unstructured features. Single gauche bands, on the other hand, stand out much
clearer. The last example, tridecane, will show that beside the all-trans conformer
only the single gauche conformers shown in Fig. 4.9 need to be considered to closely
reproduce most of the features of the corresponding experimental jet-spectrum.

4.3.6 Case study: Tridecane in the Low-Frequency Region

In Fig. 4.10, a B3LYP-D3/6-311++G** simulation of the low-frequency region of
tridecane (n = 13) is compared to experimental Raman jet spectra. When examining
Table 4.1 (p. 41), one finds n−3 = 10 single gauche conformers for tridecane, one for
each possible position of the gauche conformation along the chain. However, these
ten conformers include pairs of enantiomers, and only five single gauche conformers
show a unique vibrational Raman spectrum. For tridecane, the five single gauche
conformers which need to be considered have gauche torsional angles in position
1–5, when the carbon-carbon bonds open to torsional isomerism are numbered with
an index running from 1 to 10. Conformers with the gauche conformation in position
6–10 are enantiomers of conformers with the gauche conformation in position 5–1,
respectively, which are illustrated in Fig. 4.9. In Fig. 4.10, unweighted stem plots are
included to help identify the specific conformers.

The conformational temperature used to weight single gauche conformers in the
simulated spectrum shown in Fig. 4.10 is 110 K, which is seen to be suited for the
weighting of all different single gauche conformers. This is also true for longer alka-
nes, shown later in the text, and underlines an equilibrated or uniformly frozen single
gauche/all-trans distribution as expected. The hairpin conformer is weighted manu-
ally to 10 % of the all-trans abundance and does not contribute to the experimental
spectrum according to this comparison with the B3LYP prediction.

The rich structure of the jet spectrum, which will be assigned in Sect. 4.4, provides
a solid ground to assess the quality of the B3LYP predictions in the important size
range n =13–21. Without examining the agreement of experimental and predicted
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Fig. 4.10 Comparison of averaged jet-cooled Raman spectra of tridecane in the low-frequency
region to a B3LYP-D3/6-311++G** simulation. Experimental spectra are Savitzky-Golay filtered (9
pt.). Stem plots correspond to unweighted scattering cross sections relative to the all-trans accordion
vibration. Only vibrations with at least 1 % of the accordion vibration intensity are included.
Measurement conditions a expansion in He, ϑs = 37 ◦C, p0 = 0.5 bar, pb = 0.9 mbar, dn = 1 mm,
exposure 24× 300 s, b expansion in He + 4 % CF4, ϑs = 37 ◦C, p0 = 0.9 bar, pb = 1.3 mbar,
dn = 1 mm, exposure 24× 300 s. Calculation effective temperature used in single gauche to all-
trans weighting =110 K, hairpin to all-trans weighting=0.1:1, wavenumber scaling factor = 0.99.
Reference II—Reproduced by permission of The Royal Society of Chemistry

wavenumbers quantitatively, it is obvious that the simulated spectrum matches the
experimental spectrum closely. This holds true for longer alkanes with a few excep-
tions. The spectra of C–C stretching vibrations are described similarly well, but the
simulation fails in the region of C–H stretching vibrations, which is not surprising
because of the large impact of Fermi interaction which occurs in this wavenumber
range in alkyl systems [15, 71–73].
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4.4 Experimental Raman Jet Spectra

This section will provide a detailed assignment of Raman bands observed for alka-
nes isolated in supersonic jet expansions. The assignment is divided into three spec-
tral regions, characteristic for skeletal vibrations (low-frequency region, from the
Rayleigh line up to ≈600 cm−1), C–C stretching and C–H deformation vibrations
(800–1400 cm−1), and C–H stretching vibrations (2800–3000 cm−1).

4.4.1 Low-Frequency Region

The low-frequency region jet spectra are analyzed aided by quantum chemical sim-
ulations for the most part. Comparison with the literature (liquid and solid state
spectra) is less helpful, since the available spectra correspond either to alkanes in a
much more disordered state (the liquid state at or above room temperature) or alkanes
almost entirely ordered in a crystal, where the hydrocarbon chains occupy the all-
trans conformation. Raman jet spectra are largely characterized by the strong all-trans
accordion vibration, but show also distinct bands from single gauche conformers,
which puts their appearance in between solid and liquid phase spectra. Besides the
all-trans LAM-1 or accordion vibration and accordion-like vibrations from single
gauche conformers, the all-trans LAM-3 and associated single gauche vibrations are
features commonly found. In general, spectral features of the low-frequency region
are found to be most sensitive to both, the chain length and conformation, which is
why every alkane is discussed separately before the spectra are set against each other
and examined for chain length dependent trends. Because of spectral similarities, the
alkanes from n =13–21 will be discussed in groups of three.

Tridecane, Tetradecane, and Pentadecane
The normal alkanes up to pentadecane were already measured in the spectral region
close to the accordion vibration with a satisfactory signal-to-noise ratio using the
curry-jet setup at room temperature [6, 8]. No spectral markers of hairpin conform-
ers could be identified in these studies. In this work, a higher signal-to-noise ratio was
achieved at 1mm nozzle distance due to the usage of the heatable nozzle, but no defi-
nite hairpin contribution to the Raman spectra was found either. Despite the missing
hairpin evidence, an assignment and comparison to simulated spectra is interesting
to elucidate the spectral development with the chain length, and to probe the quality
of the quantum chemical predictions. By comparison to the simulated spectra, it can
be shown that for n =13–15, vibrational bands aside from the accordion vibration
band arise almost entirely due to single gauche conformers. For tridecane, this was
indicated in Sect. 4.3.6, where most of the spectral features were seen to be covered
by the all-trans/single gauche simulation. However, a thorough assignment of the
bands was not provided and is given in the following.

Figure 4.10 shows low-frequency spectra of tridecane expanded in different car-
rier gas mixtures and from different stagnation pressures (p0) but otherwise matching
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experimental conditions. The He/CF4 expansion reaches a lower effective temper-
ature letting all but the all-trans bands decrease when the spectra are scaled to the
accordion vibration (176 cm−1). Such relaxation experiments allow to identify all-
trans contributions, but to tell single gauche bands apart from each other, the simu-
lated spectrum needs to be considered. Double and higher gauche conformers with
higher energies can be realized in numerous ways and should contribute to a broad
background rather than to sharp bands. The tridecane jet spectra show a broad back-
ground in the region 200–250 cm−1, which is assigned to multi gauche conformers
accordingly. Raman active skeletal vibrations of disordered alkanes are known to
accumulate in this wavenumber region if n > 10 [40]. The relaxation experiment
helps to identify the weak band at 149 cm−1 as an all-trans vibration. The B3LYP
calculation shows that it is a totally-symmetric transversal acoustical mode (TAM),
belonging to the same C–C–C bending frequency branch as the LAM-1. When such
a vibration of appropriate symmetry lies close in energy to the LAM-1, both vibra-
tions mix, yielding vibrations with partial LAM/TAM character and redistributed
intensity—a point which is of further importance in Chap. 6 and will be discussed
there in more detail. The mode mixing follows naturally from solving the systems’
equations of motion in the harmonic approximation, and is thus predicted by the har-
monic frequency calculation. Comparing theory and experiment in this aspect shows
that the mixing is predicted to be more pronounced than actually observed, also
indicated by the wavenumber difference of the mixing TAM and accordion vibration
being too small in the calculation. Such subtle inaccuracies can grow to more drastic
deviations, as seen later in case of the low-frequency eicosane spectrum. As the last
all-trans contribution in the low-frequency region, the simulated spectrum helps to
identify the LAM-3 at 444 cm−1, not observable in the He+4 % CF4 expansion due
to overlap with a CF4 deformation vibration.

Low-frequency Raman spectra of single gauche conformers are more crowded.
Twisting one of the C–C bonds of the all-trans conformer into a gauche conforma-
tion breaks the symmetry of the system, so that mode mixing will not be restricted
by symmetry anymore, and the accordion vibration intensity will scatter over sev-
eral vibrations. In essence, this is what is found from normal mode calculations
and observed in the experiment. Studying the calculated normal modes of single
gauche skeletal vibrations, some qualitative rules can be found: The intensity of
single gauche vibrations close to the accordion vibration depends on how much
character of the accordion vibration they contain. Bands with high Raman intensity
correspond to vibrations with a high amount of longitudinal stretching of the whole
molecule, such bands with weak Raman intensity have more character of transversal
acoustic modes. Understandably, a gauche bond close to the chain end changes the
vibrational spectrum compared to all-trans relatively little, while a gauche bond close
to the chain center has a much larger effect. This is seen in Fig. 4.10 when the two
limits—a gauche bond in position 1 and a gauche bond in position 5—are compared.
The former conformer exhibits a spectrum closely related to the all-trans spectrum,
with one dominating band shifted slightly from the accordion vibration band, while
the latter conformer involves vibrations shifted to considerably higher wavenum-
ber and more fragmented intensity. This trend is in accordance with the remaining

http://dx.doi.org/10.1007/978-3-319-08566-1_6
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Table 4.5 Assignment of experimental low-frequency Raman bands: tridecane, tetradecane, and
pentadecane

Tridecane Tetradecane Pentadecane

Wavenumber Assignment Wavenumber Assignment Wavenumber Assignment

149 (w) All-transa 158 (m) All-transb 154 (s) All-transc

176 (s) All-transc 165 (s) All-transb 162–179 (w,b) Gauche 1–3

181 (w) Gauche 1 176 (w) Gauche 2, 1, 5 202 (m) Gauche 4, 5

193 (m) Gauche 2, 3 185 (vw) Gauche 3 210 (vw) Gauche 3

205 (vw) Gauche 5 209 (m) Gauche 4, 6 217 (w) Gauche 6

213 (w) Gauche 3 216 (m) Gauche 5, 3 398 (m) All-transd ,

222 (m) Gauche 4, 5 393 (vw) Gauche 5 Gauche 2–6

406 (w) Gauche 3, 4 412 (m) Gauche 3, 4 433 (vw) Gauche 1

420 (w) Gauche 5 433 (m) All-transd

444 (w) All-transd

Tentative assignments are printed in italics. Wavenumbers are given in cm−1, relative intensities in
parentheses (b = broad, v = very, w = weak, m = medium, s = strong). The number characterizing
gauche conformers indicates the position of the gauche bond (see Fig. 4.9)
a TAM with LAM-1 character
b TAM / LAM-1 Fermi resonance pair
c LAM-1
d LAM-3

single gauche conformers. Additionally, in contrast to the all-trans conformer, single
gauche conformers contribute to the spectral region of the LAM-2 between 250 and
400 cm−1, because symmetry constraints are lifted. This gives rise to the very weak
bands observed in the jet spectrum in this region. Single gauche bands scattering
around 400–450 cm−1 are associated with the all-trans LAM-3 and share a similar
displacement along the normal coordinate. Several single gauche vibrations may
become Raman active, analogous to vibrations associated with the LAM-1.

The assignment of Raman bands to specific conformers is given in Table 4.5.
Certainly, some of the assignments of weaker Raman bands must be considered rather
tentative. Interesting assignments regard the strong bands at 193 and 222 cm−1. They
seem to suggest a quite high single gauche abundance, but are actually the result of
overlapping gauche 2/gauche 3 and gauche 4/gauche 5 bands, respectively. As stated
above, the hairpin conformer is not assigned yet. In principle, the weak band at
399 cm−1 is compatible with a hairpin vibration, but another (more intense) hairpin
band, predicted to show up at somewhat lower wavenumber, is missing.

Raman jet spectra of tetradecane together with a B3LYP simulation are shown
in Fig. 4.11. The accordion vibration (159, 166 cm−1) is found to be perturbed by
a combination tone of two TAMs in Fermi resonance [6, 8]. The affiliation of the
159 cm−1 band to all-trans is verified by comparison of He expansions and He/CF4
expansions at lower effective temperatures. This anharmonic coupling is not covered
by the harmonically approximated simulation, which shows a single strong all-trans
accordion vibration band. The single gauche pattern is correctly captured by the
simulation, but the bands at the high frequency flank of the accordion vibration are
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Fig. 4.11 Comparison of averaged jet-cooled Raman spectra of tetradecane in the low-frequency
region to a B3LYP-D3/6-311++G** simulation. Experimental spectra are Savitzky-Golay filtered
(9 pt.). Measurement conditions a expansion in He, ϑs = 45 ◦C, p0 = 0.5 bar, pb = 0.8 mbar,
dn = 1 mm, exposure 24× 300 s, (b) expansion in He + 4 % CF4, ϑs = 45 ◦C, p0 = 0.85 bar,
pb = 1.2 mbar, dn = 1 mm, exposure 12 × 300 s. Calculation effective temperature used in single
gauche to all-trans weighting = 100 K, hairpin to all-trans weighting =0.1:1, wavenumber scaling
factor = 0.99

much more blurred into a broad background, perhaps because the Fermi resonance
found for all-trans partly remains in single gauche conformers with the gauche bond
close to the chain end, leading to a more congested spectrum. The hairpin conformer
should contribute to the Raman spectrum mainly at ≈375 and ≈255 cm−1, according
to the simulation. At the lower wavenumber, no signals are found, but at ≈375 cm−1,
the experimental spectra show a very weak and broad elevation, reproducible from the
He to the He/CF4 expansion, which could indicate the hairpin conformer. However,
the signal is too weak to draw convincing conclusions. If the hairpin conformer
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is present, its abundance should be lower than the 10 % relative to all-trans set
in the simulation.

A shoulder in between the accordion vibration Fermi resonance pair (≈163 cm−1)
was found to vary notably with the expansion conditions. Judging from the wavenum-
ber, it is compatible with a gauche 4 vibration, but the relaxation behavior upon CF4
addition rather suggests an all-trans assignment. The shoulder is sensitive to the con-
centration of tetradecane and is a rare case of a low-frequency feature compatible
with a cluster assignment (stronger intensity at higher concentration).

Low-frequency pentadecane spectra set against B3LYP simulations are shown in
Fig. 4.12. The shortcomings of neglecting multi gauche conformers become more
obvious at this chain length. The accordion vibration band (154 cm−1) and single
gauche bands around 200 cm−1 sit on broader multi gauche bands, which are nec-
essarily missing in the simulated spectra. The characteristic bands aside from the
accordion vibration are overlapping single gauche bands at 202 cm−1 and the LAM-
3 at 398 cm−1. The LAM-3 band is unusually strong because it overlaps with bands
from the conformers gauche 2–6. The structured band at the high-frequency flank of
the accordion vibration band (162–179 cm−1) is not resolved, but the main contrib-
utors can be identified as conformers gauche 1, 2, and 3. According to the B3LYP
prediction, hairpin vibrations should be scattered mainly around 250 cm−1. A rela-
tively isolated hairpin band is predicted to show up at 366 cm−1, but the experiment
shows no clear indication of corresponding bands.

Hexadecane, Heptadecane, and Octadecane
For hexadecane and the longer following alkanes, single gauche bands are less promi-
nent, and the broad background around 200 cm−1, characteristic for multi gauche
conformers, gains intensity. To aid the visual comparison of experiment and simula-
tion, this spectral feature is accounted for with one additional broad Gaussian curve,
added to the simulated spectrum. Its height, width, and position are taken from a fit
of the He expansion spectrum.

Hexadecane Raman jet spectra are shown in Fig. 4.13. The dominating all-
trans accordion vibration band is found at 143 cm−1. Beside the all-trans LAM-
3 band (389 cm−1), two eye-catching bands of comparable intensity are found at
162 and 194 cm−1. According to the B3LYP calculations, the latter is a superposi-
tion of gauche 5 and 6 bands, which exhibit Raman-active vibrations at very similar
wavenumbers. Like in the case of some shorter alkane single gauche bands, the result-
ing band falsely suggests a single conformer origin at the present low resolution. The
band at 162 cm−1 is assigned to the gauche 3 conformer. Gauche 7 could intensify
this band, but it has an energetic disadvantage (Table 4.4) and a statistical disadvan-
tage (C2-symmetry). Thus, it rather adds to the broader background at ≈160 cm−1,
together with gauche 1 and 2. The Raman intensity of gauche 3 is largely confined to
one vibration and the conformational energy relative to all-trans is the lowest among
the single gauche conformers, allowing the corresponding band to contrast with the
more diffuse character of the other single gauche bands. This particular agreement
between experiment and calculations could be accidental, but also points to a robust
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Fig. 4.12 Comparison of averaged jet-cooled Raman spectra of pentadecane in the low-frequency
region to a B3LYP-D3/6-311++G** simulation. Experimental spectra are Savitzky-Golay filtered
(9 pt.). Measurement conditions a expansion in He, ϑs = 55 ◦C, p0 = 0.5 bar, pb =0.8–0.9 mbar,
dn = 1 mm, exposure 11× 300 s, b expansion in He + 4 % CF4, ϑs = 55 ◦C, p0 = 0.85 bar,
pb = 1.2 mbar, dn = 1 mm, exposure 12× 300 s. Calculation effective temperature used in single
gauche to all-trans weighting =110 K, hairpin to all-trans weighting=0.1:1, wavenumber scaling
factor = 0.99

prediction of Raman intensities and single gauche conformational energies, provided
by the applied B3LYP approach.

The most Raman intense hairpin vibration predicted at 268 cm−1, together with
some weaker vibrations close in wavenumber, seem to have a corresponding band
in the experimental jet spectra. Again, the band is very weak and broad so that the
hairpin abundance must be very low, if the experimental evidence stems from this
conformer. Gauche 5–7 also possess some weaker vibrations between 250–275 cm−1

and an unspecific multi gauche assignment cannot be excluded in any case.
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Fig. 4.13 Comparison of averaged jet-cooled Raman spectra of hexadecane in the low-frequency
region to a B3LYP-D3/6-311++G** simulation. Experimental spectra are Savitzky-Golay filtered
(9 pt.). Measurement conditions a expansion in He, ϑs = 65 ◦C, p0 = 0.5 bar, pb = 0.9 mbar,
dn = 1 mm, exposure 18× 300 s, b expansion in He + 4% CF4, ϑs = 65 ◦C, p0 = 0.9 bar,
pb = 1.3 mbar, dn =1 mm, exposure 6× 300 s. Calculation effective temperature used in single
gauche to all-trans weighting = 90 K, hairpin to all-trans weighting =0.1:1, wavenumber scaling
factor = 0.99

Heptadecane, Fig. 4.14, exhibits low-frequency Raman jet spectra quite simi-
lar to hexadecane with a somewhat more complex single gauche band pattern but
a likewise dominant all-trans accordion vibration band (136 cm−1). The LAM-3
band at 378 cm−1 is rather faint because it mixes with an a1 symmetric TAM at
350 cm−1. The robust B3LYP prediction shows that relatively strong single gauche
bands are confined to wavenumbers close to the accordion vibration band up to
≈210 cm−1. Raman bands from the hairpin conformer are predicted to be centered
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Fig. 4.14 Comparison of averaged jet-cooled Raman spectra of heptadecane in the low-frequency
region to a B3LYP-D3/6-311++G** simulation. Experimental spectra are Savitzky-Golay filtered
(9 pt.). Measurement conditions a expansion in He, ϑs = 75 ◦C, p0 = 0.5 bar, pb = 0.9 mbar,
dn = 1 mm, exposure 6× 300 s, b expansion in He + 4 % CF4, ϑs = 75 ◦C, p0 = 0.9 bar, pb =
1.3 mbar, dn =1 mm, exposure 6× 300 s. Calculation effective temperature used in single gauche
to all-trans weighting = 90 K, hairpin to all-trans weighting =0.1:1, wavenumber scaling factor
= 0.98

around 250 cm−1 and might have very weak and broad experimental counterparts,
but as for hexadecane, the evidence does not allow a definite hairpin assignment. If
the weak spectral features stem from the hairpin conformer, its abundance must still
be very low.

Octadecane Raman jet spectra are set against a simulation in Fig. 4.15. Prominent
all-trans bands at 127 and 352 cm−1 (LAM-1 and 3, respectively) contrast with weak
single gauche bands between ≈125–200 cm−1. Except for gauche 6, each single
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Fig. 4.15 Comparison of averaged jet-cooled Raman spectra of octadecane in the low-frequency
region to a B3LYP-D3/6-311++G** simulation. Experimental spectra are Savitzky-Golay filtered
(9 pt.). Measurement conditions a expansion in He, ϑs = 85–97 ◦C, p0 = 0.5 bar, pb =0.9 mbar,
dn =1 mm, exposure 26× 300 s, b expansion in He + 4 % CF4, ϑs = 85 ◦C, p0 = 0.9 bar,
pb = 1.3 mbar, dn = 1 mm, exposure 12× 300 s. Calculation effective temperature used in single
gauche to all-trans weighting = 80 K, hairpin to all-trans weighting =0.2:1, wavenumber scaling
factor = 0.99

gauche conformer contributes with a variety of bands, giving a complex pattern
close to the accordion vibration band which is well reproduced by the simulation.
The broad multi gauche D-LAM band spread from ≈200–250 cm−1 becomes more
prominent. In agreement with its multi gauche origin, its intensity decreases in colder
He/CF4 expansions—an observation which is common to all low-frequency spectra.
The rather broad band observed at ≈400 cm−1 is not covered by the simulation and
assigned to multi gauche conformers accordingly.



76 4 Unbranched n-Alkanes

The band located at 243 cm−1 is the most interesting spectral feature, because it
is the first one which is finally compatible with a hairpin assignment exceeding 10 %
of the all-trans abundance. A multi gauche assignment is at variance with the width
of the signal, which is comparable to widths of single gauche and all-trans bands.
On the other hand, the gauche 6–8 conformers contribute with weak bands in this
wavenumber range, and the assignment must be reviewed carefully. The assignment
actually rests upon the signals’ intensity. If the hairpin conformer were present only
in very low abundance, the octadecane spectrum would be expected to resemble the
hexadecane and heptadecane spectra in this wavenumber range, where rather dif-
fuse and weak bands were observed. In contrast to these bands, which could well
be weak single gauche or unspecific higher gauche vibrations, the designated hair-
pin band stands out from the background much clearer, in line with the calculated
Raman spectrum of the hairpin conformer which predicts two vibrations contribut-
ing to this band. Seemingly, this fortunate coincidence is what makes the Raman
band stand out in the first place. Indeed, the single hairpin vibration predicted to
show up at 312 cm−1 has no evident experimental counterpart. The situation can
actually be reconstructed using the B3LYP simulation: setting the hairpin abundance
to zero yields hexadecane- and heptadecane-like spectra (additional simulated spec-
trum labeled “without hairpin” in Fig. 4.15), while the match between simulation and
experiment is considerably better when the hairpin abundance is increased. The sin-
gle gauche abundance relative to all-trans used for simulating the octadecane spectra
ranges from 5 % for gauche 8 to 16 % for gauche 5 (Table 4.4), while the hairpin
abundance amounts to 20 % of the all-trans abundance (Nhp/Nt = 0.2).

As a consequence of these findings, the first positive evidence of hairpin con-
formers present in supersonic expansions is attributed to octadecane. However, the
corresponding assignment involves just one band and is thus highly reliant on the
quality of the B3LYP prediction.

Nonadecane, Eicosane, and Heneicosane
Low-frequency jet spectra change notably when the chain length is increased from
octadecane to nonadecane (Fig. 4.17). A variety of new, somewhat broader and
more intense bands grow from the broad D-LAM band centered at ≈200 cm−1.
Calculated single gauche abundances and scattering cross-sections demand that these
conformers play a minor role in this wavenumber range and hairpin assignments
are strongly supported by the B3LYP prediction. With the multiple evidence, the
situation is much clearer than in the case of octadecane. The main single gauche
contributions are five bands, predicted to neighbor the all-trans accordion vibration
band (121 cm−1) and found as very weak satellites between 125 and 175 cm−1 in
the jet spectra. Calculated hairpin spectra involve two related hairpin conformers
and are seen to agree well with the complex pattern of the jet spectra, but there are
shortcomings regarding the intensities of bands above 250 cm−1. The experimentally
found increased width of the hairpin bands is accounted for by an increased width of
Gaussian curves making up the simulation (6 cm−1 instead of the otherwise applied
4 cm−1 for all-trans and single gauche bands).
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Fig. 4.16 Nomenclature of hairpin conformers. The structures were optimized on the B3LYP-
D3/6-311++G** level with Turbomole v6.4 [44]. Energies relative to all-trans conformers (sum of
electronic SCF energy and ZPVE) are given in kJ mol−1. ZPVE corrected relative energies from
B3LYP-D3/def2-TZVP optimizations/frequency calculations are given in parentheses

In the conformer denoted “hairpin b” (Fig. 4.16), the kink is one C–C segment
closer to the chain end, yielding a smaller dispersion stabilization energy. In agree-
ment with this disadvantage, the attributed abundance of the hairpin conformer b
(30 %) is about half the abundance of the “optimal” hairpin conformer (50 %),
which profits from a maximum of stabilizing dispersion forces. From the quantum
chemical scattering strength viewpoint, both structures are more abundant than single
gauche conformers (10–18 %, Table 4.4).

For eicosane, one encounters a notable deviation of predicted and observed Raman
all-trans spectrum (Fig. 4.18). The eicosane accordion vibration (115 cm−1) is
involved in substantial mode mixing with an ag symmetric transversal acoustic mode
(110 cm−1), which is exaggerated by the B3LYP calculation. This issue is of particu-
lar importance because single gauche and hairpin abundances are determined relative
to all-trans, based on the accordion vibration band integral, on which the spectra are
scaled. In this case the values must be thus treated with more caution. Other than that,
the step from nonadecane to eicosane does not change the low-frequency jet spectra
in a qualitative way, like the previous step from octadecane to nonadecane did. The
bands indicative of hairpin conformers are even more distinct, but this is not reflected
by the hairpin and hairpin b abundance, which amount to 30 and 50 %, respectively.
However, this aspect might be due to the somewhat more uncertain all-trans integral.
Also, the hairpin bands are less broad than nonadecane hairpin bands, and modeled
with a FWHM of 5 cm−1. The further growth of the broad and temperature sen-
sitive D-LAM band at ≈200 cm−1 indicates a higher abundance of multi gauche
species, demonstrating the entropic preference of these conformers with increasing
chain length. Single gauche bands make up only a very minor part of the observed
jet spectra, which is reflected by a seemingly even lower conformational tempera-
ture of ≈80 K, but the temperature drop could also be an artifact of the exaggerated
predicted LAM-1/TAM coupling.
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Heneicosane with a chain length of n = 21 carbon atoms was the longest alkane
measured in the course of this work. Spectra in helium expansions show a massive
increase of hairpin abundance compared to eicosane, but the comparability of the
spectra is somewhat handicapped because of considerable air impurities in hene-
icosane expansions. Spectra of heneicosane expanded in He/CF4 mixtures were not
recorded. The hairpin abundance jumps to 170 % for the hairpin and 60 % for the
hairpin b conformer, relative to all-trans. The match of experiment and simulation is
close, but intensities from vibrations at the high-frequency flank of the D-LAM band
deviate notably once again. Single gauche bands almost completely vanish into the
background noise so that the conformational temperature of 90 K is rather an upper
bound.

Comment: Hairpin skeletal vibrations
So far, low-frequency vibrational bands were assigned to specific conformers, but the
vibrational character was hardly discussed beyond the statement that these vibrations
are similar to the accordion vibration. A detailed discussion of single gauche vibra-
tions would not add to the discussion of the hairpin/all-trans competition, but hairpin
vibrations are interesting because there is an underlying classification scheme which
reinforces the assignment and even leads to the assignment of another heneicosane
hairpin conformer. When examining assigned hairpin vibrations more closely, one
finds groups of vibrations with similar wavenumbers and intensities and even vibra-
tions which bear virtually the same wavenumber in the present low-resolution spec-
tra. By comparison to calculated normal modes from the simulated spectra, this
is seen to derive from common vibrational displacements, all of which involve a
longitudinal accordion-like stretching of one or both hydrocarbon hairpin arms, but
different transversal movement and twisting. Among the assigned hairpin vibrations,
four groups can be distinguished, which are termed type I–IV in the following and
depicted in Fig. 4.20, using the example of nonadecane. The classification is listed
in Table 4.8 and further normal coordinates are visually compared in Appendix A.5.

Type I and II vibrations are quite similar. The longitudinal arm stretching
goes together with transversal methylene displacement and twisting. The lower-
wavenumber type I vibrations (170–210 cm−1) contrast with type II vibrations
(210–240 cm−1) by the higher amplitude in transversal displacement and twisting,
which takes place in several methylene units close to the kink, while this movement
is limited to methylene units directly adjacent to the kink in type II vibrations. Type
III vibrations are longitudinal stretches of short arms, in agreement with a higher
wavenumber between 250 and 270 cm−1, where methylene twisting is restricted to
the central –CH2– units of the kink. Type IV vibrations are at higher wavenumbers
near 290–310 cm−1. They involve longitudinal stretching of both arms with mid-
arm nodes, in phase with a compression of the kink by transversal displacement and
twisting. This sets type IV vibrations apart from type I and II vibrations, where the
phase relation of longitudinal and transversal displacement leads to an expansion
of the kink when the arms are stretched. Type II vibrations bear the highest Raman
scattering intensity, followed by type I, and type III and IV which are similar in this
aspect.
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Fig. 4.17 Comparison of averaged jet-cooled Raman spectra of nonadecane in the low-frequency
region to a B3LYP-D3/6-311++G** simulation. Experimental spectra are Savitzky-Golay filtered
(9 pt.). Measurement conditions a expansion in He, ϑs = 95 ◦C, p0 = 0.5 bar, pb = 0.9 mbar,
dn = 1mm, exposure 16× 300 s, b expansion in He + 4% CF4, ϑs = 95 ◦C, p0 = 0.9 bar, pb =
1.3 mbar, dn =1 mm, exposure 8× 300 s. Calculation effective temperature used in single gauche
to all-trans weighting = 90 K, hairpin (hairpin b) to all-trans weighting =0.5 (0.3):1, wavenumber
scaling factor = 0.99, FWHM hairpin = 6 cm−1

The wavenumbers of these accordion-like hairpin vibrations are connected to the
segment length of longitudinally moving arms much like accordion vibrations of all-
trans conformers are connected to the overall chain length [42], but it is somewhat
unclear which methylene segments must be apportioned to the segment length, or
“effective chain length” (n′), of the longitudinal modes. However, there are two cases
where arms of the same length vibrate and counting is of no further importance.
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Fig. 4.18 Comparison of averaged jet-cooled Raman spectra of eicosane in the low-frequency
region to a B3LYP-D3/6-311++G** simulation. Experimental spectra are Savitzky-Golay filtered
(9 pt.). Measurement conditions a expansion in He, ϑs = 105◦C, p0 = 0.5 bar, pb = 0.9 mbar,
dn = 1 mm, exposure 8× 300 s, b expansion in He + 4% CF4, ϑs = 105◦C, p0 = 0.9 bar,
dn = 1 mm, exposure 8× 300 s. Calculation effective temperature used in single gauche to all-
trans weighting = 80 K, hairpin (hairpin b) to all-trans weighting = 0.3 (0.5):1, wavenumber scaling
factor = 0.99, FWHM hairpin = 5 cm−1

The first case are type I vibrations for n =19–21 which share virtually the same
wavenumber (203, 203, and 204 cm−1, respectively). The corresponding predicted
normal modes show that the heneicosane vibration involves only the short arm in
the longitudinal displacement, the eicosane vibration both arms, and the nonadecane
vibration only the long arm. In each case, the longitudinally moving segments are of
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Fig. 4.19 Comparison of an averaged jet-cooled Raman spectrum of heneicosane to a B3LYP-D3/6-
311++G** simulation in the low-frequency region. The experimental spectrum is Savitzky-Golay
filtered (9 pt.). Measurement conditions expansion in He, ϑs = 125 ◦C, p0 = 0.55 bar, pb = 0.8
mbar, dn = 1 mm, exposure 8× 600 s Calculation effective temperature used in single gauche to
all-trans weighting = 90 K, hairpin (hairpin b) to all-trans weighting = 1.7 (0.6):1, wavenumber
scaling factor = 0.99, FWHM hairpin = 5 cm−1

the same length, yielding a nearly perfect wavenumber match. The same is true for
type II vibrations of heneicosane (221 cm−1), eicosane (hairpin b, 222 cm−1), and
nonadecane (hairpin b, 220 cm−1), where the long arms, all of which of the same
length, are longitudinally stretched and clinched along the normal coordinate. A way
to check whether there is a systematic dependency for the remaining vibrations is to
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Fig. 4.20 Exemplary skeletal hairpin vibrations of nonadecane. Normal coordinates are shown
in the middle, framed by exaggerated turning points below and above. Blue arrows illustrate the
movements along the normal coordinates qualitatively, red boxes indicate segments counted as the
effective chain length (both arms participate in the vibration at 233 and 293 cm−1, and the effective
chain length is counted as half the overall chain length). Vibrational wavenumbers are given at the
bottom (unscaled B3LYP-D3/6-311++G** calculation in square brackets)

count the longitudinally moving segments or effective chain length and plot it against
the wavenumber of the corresponding vibration. This should lead to a hyperbolic
dependency like reported by Shimanouchi for LAMs of normal alkanes [34], which
will be discussed in Sect. 6. The question what segments should be counted can
be approached by comparing to work from Grossmann and Bölstler who published
spectra of cycloalkanes [74, 75]. Cycloalkanes are known to assume the structure of
a “collapsed ring” in the solid state [76], close to the structure of hairpin conformers.
Grossmann and Bölstler found that LAMs of cycloalkanes (CH2)n oscillate with
wavenumbers of LAMs from normal alkane with half the chain length Cn/2Hn+2,
meaning that the kink does not affect the position of the LAM and moves as a rigid
mass. From the calculated normal coordinates one can see that this is not the case
for hairpin conformers, but it is a useful first approximation. Accordingly, if both
arms are displaced in a longitudinal fashion, half the chain length is taken as the
effective chain length, otherwise the moving arm is counted together with half the
kink (indicated by red boxes in Fig. 4.20).

The resulting plot is depicted in Fig. 4.21. Indeed, the Figure shows a system-
atic development for type II and III vibrations, reasonably close to Shimanouchi’s
approximation ν̃/cm−1 = 2400/n, but no such trend for type I and IV vibrations.
These findings actually invite for a more sophisticated mechanical analysis, but this
is beyond the scope of this work. Instead, the findings should underline the overall
consistent picture which results from the hairpin assignments based on the B3LYP
prediction. Not only is the match of simulation and experiment very close, but the
assignment makes also sense from a mechanical point of view.

http://dx.doi.org/10.1007/978-3-319-08566-1_6
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Table 4.8 Characterization of skeletal hairpin vibrations

Chain length Stretching arm(s) Exp. wavenumber Calc. wavenumbera Scattering

cross section

Type I: twist of several CH2 close to kink (away from molecule when arms are stretched, kink
expanded)

21 b both 172 174 134

20 b long 193 196 109

19 long 203 208 102

20 both 203 209 179

21 short 204 209 111

Type II: twist of CH2 adjacent to kink (away from molecule when arms are stretched, kink
expanded)

21 b long 209 213 162

19 b long 220 227 171

21 long 221 227 177

20 b long 222 223 161

20 both 229 235 183

19 both 233 240 147

Type III: twist of central kink CH2 against stretch of short arm

19 short 249 259 51

21 b short 250 259 64

19 b short 267 276 58

21 c short 268 N/A N/A

Type IV: twist of kink CH2 (towards molecule when arms are stretched, kink compressed)

21 b both 292 299 55

21 both 292 302 41

19 both 293 302 58

20 both 294 298 79

20 b both 306 313 68

19 both 311 317 52

19 b both 311 324 60

The addition b (c) on the chain length indicates less stabilized hairpin conformers (see
Fig. 4.16). Wavenumbers are given in cm−1, scattering cross-sections in 10−36m2 sr−1 (calcu-
lated for T =100 K). The calculation level is B3LYP-D3/6-311++G** (Turbomole v6.4 [44])
aUnscaled

The above discussion invites for an additional hairpin assignment in case of hene-
icosane: the 268 cm−1 band could stem from a weak vibration belonging to the
common hairpin conformer. However, according to the calculated intensity it should
be less prominent in this case. An alternative is to assign it to a type III longitudi-
nal short arm stretch vibration of another hairpin-type conformer, judging from the
nonadecane hairpin b band at 267 cm−1. The corresponding heneicosane conformer
with the same short arm chain length is a hairpin with the kink located even one
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Fig. 4.21 Skeletal hairpin vibration wavenumbers plotted against the effective chain length (n′). The
solid line indicates Shimanouchi’s approximation for normal alkane LAM-1 vibrations (ν̃/cm−1 =
2400/n′) [34]

bond closer to the chain end compared to the heneicosane hairpin b conformer—
hence termed hairpin c (Tables 4.7 and 4.8). The hairpin c type II long arm vibration
(effective chain length n′ = 13) should be located at ≈200 cm−1, extrapolating from
the plot in Fig. 4.21, which cannot be verified due to hairpin and hairpin b overlap.
An additional indication that there are more hairpin-type conformers contributing
to the spectrum is the band at 303 cm−1, which is left unassigned. The hairpin c
assignment could be validated by further quantum chemical calculations.

Spectral development with chain length
An overview of the Raman jet spectra recorded in the low-frequency region from
helium expansions is arranged in Figs. 4.22 and 4.23. The variation of the signal-
to-noise ratio stems partly from the number of spectra available for each alkane and
partly from fluctuations in concentration and sensitivity of the Raman spectrometer.
The decane, undecane and dodecane spectra were not discussed before and are shown
merely for a more complete picture. They were measured as test cases to compare
the conventional glass saturator, used to prepare gas mixtures at temperatures below
room temperature, and the heatable brass saturator (Sect. 3.1).

The spectra show some apparent trends correlated with the chain length. Focusing
on the accordion vibration, which is usually the most intense sharp band, one finds
the known proportionality of the accordion vibration wavenumber to the inverse of
the chain length [34] which results from the steep and essentially linear increase of
the C–C–C bending frequency branch at low phase values and the decreasing phase
value of the m = 1 LAM with increasing chain length (see Chap. 6). Another striking
development is the relative intensity of Raman bands. From decane to pentadecane the
accordion vibration band is accompanied by a varying number of bands which make
up a less but still important contribution to the overall spectrum, whereas the intensity

http://dx.doi.org/10.1007/978-3-319-08566-1_3
http://dx.doi.org/10.1007/978-3-319-08566-1_6


86 4 Unbranched n-Alkanes

100150200250300350400450500550

wavenumber/cm−1

re
la

tiv
e 

in
te

ns
ity

11

12

13

14

15

∗

∗

∗

∗

 n = 10

Fig. 4.22 Averaged jet-cooled Raman spectra of the accordion vibration region of alkanes with
chain length n in He expansions. Spectra are scaled to the overall accordion peak intensity including
signals of coupling vibrations (n = 11, 13: harmonic mode mixing, n = 12, 14: anharmonic Fermi
resonance, marked with ∗). Reference II—Reproduced by permission of The Royal Society of
Chemistry

of such satellite bands drops notably at n = 16. Close to the accordion vibration,
these signals are often identified as accordion-like vibrations from single gauche
conformers, but also occasional harmonic mode mixing (n = 11, 13, 18 and 20) and
Fermi resonances (n = 12 and 14) play an important role by redistributing intensity of
the all-trans accordion vibration (marked with ∗ in the spectral overview). Undecane,
n = 11, is an outstanding example for strong harmonic mode mixing, and tetradecane
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Fig. 4.23 Averaged jet-cooled Raman spectra of the accordion vibration region of alkanes with
chain length n in He expansions (see Fig. 4.22). Mode mixing is considered in case of n = 18, 20
(marked with ∗). Bands assigned to hairpin conformers are marked with arrows. Air impurities
(ν̃ ≤ 100 cm−1) are prominent especially in the case of n = 21. Reference II—Reproduced by
permission of The Royal Society of Chemistry

for a strong Fermi resonance [6]. The relative intensity drop of single gauche bands
for n ≥ 16 is seemingly due to a lower effective conformational temperature (in
the range 100–110 K for n =13–15 and 80–90 K for n =16–21), but also because
single gauche bands are scattered more strongly at higher chain length and accidental
band overlap happens less often. A prominent single gauche band overlap was seen
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to explain the high Raman scattering intensity of the pentadecane LAM-3 band at
398 cm−1, which is at variance with the LAM-3 band intensity of the other alkanes
(discussed on p. 70).

The increasing intensity of broad bands indicates the growing number of acces-
sible multi gauche conformers at higher chain length. For tridecane to pentadecane
the LAM-1 and close by single gauche bands are seen to sit on top of broader bands,
but their change in Raman intensity with chain length is rather small. At higher
chain length, the broader D-LAM band [38, 39], a superposition of bands from
multi gauche conformers, first slowly and then rapidly grows from the spectral back-
ground between 150 and 250 cm−1. It demonstrates how the conformational diversity
becomes more pronounced at higher chain length and that the supersonic expansion
technique reaches a limit regarding its conformational cooling efficiency. Especially
the step from eicosane to heneicosane comes along with a distinct intensity increase
of the D-LAM band, but the effective conformational temperature might be affected
by a higher concentration of air impurities in case of heneicosane. The heneicosane
spectrum also helps to clearly identify broad and chain length independent bands
at ≈400 and ≈540 cm−1, which show the same behavior as the D-LAM band and
may likewise be assigned to multi gauche conformers, adding to an overall more
liquid character of the spectra at high chain length. However, only the former signal
is found in liquid phase n-alkane spectra [5], while the latter band at ≈540 cm−1 is
not observed. On the other hand, Raman spectra of cycloalkanes [37, 74, 75] with
structures related to the hairpin conformer (see above) show bands close to this posi-
tion, suggesting a connection to hairpin conformers. The lack of a corresponding
band in the simulated spectrum could be explained by an anharmonic origin, or an
origin from hairpin conformers with gauche defects in the aligned arms. The most
important evolution of the hairpin contribution to the Raman spectra can be summa-
rized as being negligible for alkanes shorter than octadecane and small but detectable
for octadecane. For nonadecane and eicosane the hairpin abundance is considerably
higher with evidence for two different hairpin conformers. In case of heneicosane,
the hairpin conformer outweighs the all-trans conformer. The implications for the
all-trans/hairpin concurrence will be discussed in Sect. 4.5.

4.4.2 C–C Stretching Region

In the spectral region from 800 to 1400 cm−1, n-alkanes possess strongly Raman
active C–C stretching and C–H deformation vibrations. For the characterization of
these vibrations, reference to polyethylene dispersion curves becomes helpful. In con-
trast to the low-frequency skeletal vibrations, the vibrations in this region are much
less sensitive to the chain length and conformation and the evolution with increasing
chain length involves more subtle changes. For this reason, the assignment does not
address each single chain length separately, but starts with an overview including
all alkanes measured in this wavenumber range (Fig. 4.24) and corresponding sim-
ulations (Fig. 4.25). To simulate the spectra, a uniform conformational temperature
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(effective single gauche temperature) of 100 K was chosen for better comparability.
Matching experimental intensities to deduce the conformational temperature is not
possible because of significant multi gauche contributions. As examples for short,
medium sized, and long alkanes, more detailed presentations of spectra and simula-
tions for tridecane, heptadecane, and heneicosane are included in the Appendix A.9
(Figs. A.17–A.19).

The findings from the low-frequency region, namely that the hairpin conformer
contributes significantly to the Raman spectra for n > 18, enables one to identify pos-
sible hairpin bands by their behavior, without a detailed assignment. For quick refer-
ence, the spectra are divided in three regions, centered at ≈900, 1100, and 1300 cm−1.
Major changes with chain length are seen to occur in the 1100 cm−1 region, followed
by 900 cm−1, while the band at ≈1300 cm−1 remains rather unchanged. In contrast to
the many related bands observed for all chain lengths and with wavenumbers largely
independent from the chain length, several bands stand out because they are either
observable only at higher chain length or show a conspicuous wavenumber/chain
length dependence. One band which moves in a small wavenumber interval starts at
1109 cm−1 for n = 13 and shifts to 1124 cm−1 for n = 21. The same is true for
a band first clearly observed for n = 18 at 1087 cm−1 which shifts to 1094 cm−1

for n = 21. Signals related in such a way that they first appear at higher chain
length are observed at 887 cm−1 (n = 21), 1111–1115 cm−1 (n =19–21), and
1144 cm−1 (n =19–21). Because the hairpin conformer contributes substantially to
the Raman spectrum for n > 18, these “new” signals are hot candidates for hairpin-
specific bands. The shifting band however, observed between 1087–1094 cm−1, can
be removed from the list of designated hairpin bands, because there is evidence that it
is already present (but largely covered) in spectra for n =13–17: the tridecane spec-
trum shows that the band at 1066 cm−1 has a high-frequency shoulder, which shifts
towards higher wavenumber when going to the next longer alkane. In the hexadecane
spectrum (the pentadecane spectrum was not recorded), the high-frequency shoulder
of the 1066 cm−1 band has vanished, but it appears at the low-frequency slope of the
next higher-wavenumber band at 1082 cm−1. The 1082 cm−1 band of heptadecane is
noticeably broader than its counterparts from other chain lengths and at octadecane,
the signal finally clearly sticks out. The pentadecane spectrum would be needed to
resolve this issue, but likely, it shows a band in between the 1066 and 1082 cm−1

bands, underlining that the moving signal is not a feature of the hairpin conformer.
Thus, this first discussion leaves the signals at 887, 1111–1115, and 1144 cm−1 as
possible hairpin features.

To clarify the origin of the signals, a detailed assignment is necessary. Fortu-
nately, the spectral assignment in this wavenumber range is well established in the
literature, down to bands specific for gauche/trans sequences [24, 77–79], including
the tight fold ggtgg sequences sought in this work [37]. Assignments were collected
and summarized recently by Brambilla and Zerbi (Ref. [25] and references therein)
and Orendorff et al. [80]. At the high-frequency end of the spectra (≈1300 cm−1),
the complete in-phase CH2 twisting vibration (τCH2) is found as a relatively strong
and broad band. Its shape becomes more asymmetric from low to high chain length
while its peak wavenumber remains quite constant [29]. In agreement with the broad
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Fig. 4.24 Jet-cooled Raman spectra of the C–C stretching region of alkanes with chain length
n in He expansions. Bands assigned to hairpin conformers are marked with arrows. The spectra
are scaled to the integral of the CH2 twisting vibration (1240–1340 cm−1) and Savitzky-Golay
filtered (7 pt.). In the octadecane spectrum, impurities are marked with ∗ (removed from the CH2
twisting vibration integral Measurement conditions exposure 6× 600 s, otherwise analogous to low-
frequency He expansion measurements. Reference II—Reproduced by permission of The Royal
Society of Chemistry

and growing D-LAM band in the low-frequency region, the increasing asymmetry
reflects increasing conformational disorder. This behavior is known from a Raman
spectroscopic study of polyethylene which found the rather sharp part of the band
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Fig. 4.25 Simulated Raman spectra from harmonic B3LYP-D3/6-311++G** calculations, see low-
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marked with arrows. The spectra are scaled on the integral of the CH2 twisting vibration near
1300 cm−1, analogous to the experimental spectra. Effective temperature used in single gauche to
all-trans weighting =100 K, hairpin weighting as deduced from low frequency spectra (given on
the right side), wavenumber scaling factor = 0.99. Reference II—Reproduced by permission of
The Royal Society of Chemistry

to be associated with crystalline polyethylene, mainly in the all-trans conformation,
while the broad, high-wavenumber foot of the band is observed solely for confor-
mationally disordered molten polyethylene [81]. The same study found that the inte-
grated intensity of this band is not affected by conformational disorder. Because of
this property, the τCH2 integral was used to scale the spectra. The single conformer
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stem spectra presented for n = 13, 17 and 21 in Figs. A.17–A.19 show that single
gauche conformers contribute rather to the main peak of the band, while hairpin
conformers give rise to bands at slightly higher wavenumbers, either contributing to
the broad foot or to a shoulder of the main peak. The Raman jet spectra show no
outstanding shape for n > 18 so that no conclusion regarding the hairpin conformer
is possible for τCH2.

The weak band at 1167 cm−1 is associated with the twisting vibration. It is the
opposite limiting mode of the same polyethylene frequency branch [34] (methylene
twisting-rocking modes [29]). A complete change in vibrational character from rock-
ing to twisting when going from ϕ = 0 to ϕ = π12 was demonstrated by Tasumi
et al. [31] in terms of the potential energy distribution [82]. Indeed, the displacement
along B3LYP normal coordinates of all-trans conformers corresponds to a complete
in-phase methylene rocking (ρCH2). For single gauche conformers however, the nor-
mal coordinate involves substantial methylene twisting. The frequency is not much
affected among different single gauche conformers, reflected by the observed band
which is sharp and flattens only at higher chain length.

The cluster of bands centered at ≈1100 cm−1 is of particular interest because it
involves two of the designated hairpin bands. The dominating signals stem from the
most in-phase C–C stretching vibration at 1138 cm−1 (νC–C, m = 0) and most out-
of-phase C–C stretching vibration at ≈1066 cm−1 (νC–C, m = n −2). These modes
differ considerably in their coupling to internal coordinates other than C–C stretching:
the in-phase vibration is strongly coupled to C–C–C bending and methyl bending
while the out-of-phase mode couples strongly to methylene wagging with almost
no coupling to methyl vibrations. The intensity of these bands is found to behave
differently with increasing chain length. While the in-phase C–C stretching band
intensity clearly decreases relatively to the integral of the in-phase methylene twisting
band, a systematic decrease of the out-of-phase C–C stretching band intensity is not
observed. The single conformer stem spectra in Figs. A.17–A.19 show that in fact
bands scattered around the out-of-phase stretching band are closely spaced, and
the Raman scattering intensity is largely confined to a small wavenumber interval,
especially in the limit of long chains, while the spacing of bands close to the m = 0
in-phase stretching band is wider. The different spacings related to in-phase and out-
of-phase C–C stretching are in agreement with the polyethylene dispersion curve for
C–C stretching, which is rather flat at high phase values (out-of-phase vibrations)
and more steep close to low phase values (in-phase vibrations) [34].

The Raman band between 1109 and 1124 cm−1 was discussed above as one of
the signals shifting with increasing chain length. Referring to the B3LYP simulation
and the literature [35], it is assigned to the C–C stretching vibration with one node
(m = 1). This assignment explains the signal’s chain length dependence, because one
node translates to a different phase value for each chain length. Since the polyethylene
C–C stretching frequency branch drops when going from ϕ = 0 to small ϕ > 0
values [29], and the phase associated with m = 1 decreases with increasing chain

12 Snyder uses the opposite phase description for the methylene twisting-rocking modes, because
of a different coordinate definition [29].
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Fig. 4.26 Internal coordinate displacements of C–C stretching normal vibrations using the exam-
ples of representative heptadecane conformers, calculated on the B3LYP-D3/6-311++G** level.
Black bars indicate relative C–C stretching amplitudes, gray bars relative C–C–C bending ampli-
tudes (see Sect. 4.2, Fig. 4.6). Numbers include unscaled harmonic wavenumbers in cm−1 and
differential scattering cross sections (in parentheses, Tvib =100 K) in 10−36 m2 sr−1

length, the corresponding vibration must shift from lower frequencies towards the
higher-frequency m = 0 vibration, as found in the experiment.

The m = 1 mode is fairly Raman active in case of single gauche conformers but
weak or symmetry-forbidden in case of all-trans conformers. The redistribution of
intensity from the m = 0 to the m = 1 mode for gauche conformers can be under-
stood by examining the corresponding normal coordinates, illustrated in Fig. 4.26
for gauche 3 and 7 heptadecane. The phase of C–C stretching oscillators switches
sign at the gauche bond [35]. Therefore, for m = 0 vibrations, local polarizability
derivatives do not add up as efficiently as it is the case for the all-trans conformer
and the Raman scattering intensity decreases. For gauche m = 1 vibrations, local
polarizability derivatives add up, and they do so most efficiently when the node of
the vibration and the gauche bond coincide, that is, when the gauche bond is as close
as possible to the chain center (gauche 7 in case of the heptadecane example). While
the intensity is quite sensitive to the presence of a gauche bond, the frequency is
seen to be less sensitive. The m = 1 C–C stretching band decreases in intensity quite
uniformly along with the m = 0 band, with peak intensity ratios scattering around
≈5–7. Therefore, double and higher gauche conformers, which are more abundant
in case of longer alkanes do not seem to contribute to this band as much as single
gauche does, and the main intensity contribution should stem from single gauche
conformers with the gauche conformation close to the chain center.
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Fig. 4.27 Internal coordinate displacements of heptadecane C–C stretching normal vibrations, see
Fig. 4.26. The depicted example vibrations are localized to the chain ends, gauche bonds, or the
hairpin ggtgg sequence

The other band which shifts with increasing chain length was also mentioned
above and is clearly observable only in case of n ≥ 18. It is assigned to the m = 2
C–C stretching vibration [29], also illustrated in Fig. 4.26. The wavenumber/chain
length dependence is thus explained in analogy to the m = 1 vibration by the
dispersion of the C–C stretching frequency branch. In the simulated series of spectra
shown in Fig. 4.25 the m = 2 vibration is found first at the high-frequency slope
of the n = 13 out-of-phase C–C stretching vibration and moves stepwise up to
≈1100 cm−1 for n = 21, which is the behavior indicated by the jet-spectra. The
assignment to a hairpin-specific feature can be firmly rejected.

At ≈1080 cm−1 one finds C–C stretching vibrations localized in gauche bonds
[79]. The localization is apparent when examining internal coordinate displacements
from the B3LYP calculations, shown in Fig. 4.27 for a gauche 3 heptadecane vibra-
tion. The band is thus missing in Raman spectra of crystalline all-trans alkanes, but
of high intensity in Raman spectra of conformationally disordered alkanes, where its
width increases with the chain length [5]. A broadening with increasing chain length
is not observed in case of Raman jet spectra, but the signal fades into a broader back-
ground. This probably reflects the higher degree of conformational disorder for longer
alkanes, in which case gauche C–C stretching vibrations may couple among each
other leading to several bands scattering over a wider wavenumber range. Hairpin
normal coordinates and the corresponding intensity distribution around 1080 cm−1

(Figs. A.17–A.19) support this conclusion. However, the overlap with the m = 2
C–C stretching vibration complicates the determination of the band intensity. The
intensity around 1080 cm−1 is notably weaker in the simulated spectra because of
missing contributions from multi gauche conformers.

The bands at 1111–1115 and 1144 cm−1 have been associated with hairpin con-
formers due to their appearance at n > 18. Examination of the simulated spectra,
which involve hairpin weighting factors as deduced from the low-frequency spectra,
support a hairpin assignment. A minor wavenumber deviation to scaled harmonic
wavenumbers (factor 0.99) between +5 and +10 cm−1 (0.5–1 %) is compensated
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by a correct reproduction of the intensity evolution with increasing chain length and
a correct prediction of the wavenumber development, namely a small blue-shift of
the ≈1110 cm−1 band with increasing chain length and no significant chain length
dependence for the 1144 cm−1 band. Corresponding hairpin normal coordinates of
both vibrations involve substantial in-phase C–C stretching in the arms happening at
the same time, while an almost Raman inactive vibration, predicted at wavenumbers
in between the Raman active vibrations, is characterized by C–C stretching which is
in-phase for each arm but of opposite phase considering both arms. The phase rela-
tions are clearly seen in Fig. 4.26. Assuming a two-fold sign-change of the phase at
the ggtgg kink, analogous to the switch in single gauche conformers discussed above,
the hairpin vibrations can be related to the all-trans m =0–2 C–C stretching vibra-
tions. This assignment explains the wavenumber dependence on the chain length
for the ≈1110 cm−1 hairpin band. Comparing the wavenumbers of the all-trans and
hairpin m = 0 and m = 2 bands (n =19–21) yields a uniform shift of +7 cm−1 for
m = 0 and of +21 cm−1 for m = 2, see Table 4.9 (p. 97). This blue-shift might stem
from methylene twisting displacement involved in the hairpin vibrations, which is
located partly in the kink where it is hindered by the congested surrounding.

The question remains whether these bands are specific for hairpin conformers
or could have a common multi gauche component. It is not possible to exclude a
small multi gauche contribution, but the m = 0 C–C stretching band at 1138 cm−1

is not seen to broaden with increasing chain length (and thus higher conformational
disorder) nor does a broad background emerge at its position. Thus, if in-phase multi
gauche conformer vibrations are shifted from the all-trans and single gauche m = 0
vibrations and overlap to the 1144 cm−1 band, their shift would need to be very
uniform (the 1144 cm−1 band is quite sharp, judging from the n = 21 spectrum)
which seems rather unlikely. For the m = 2 vibrations, a uniform shift would be
likewise implausible, and a hairpin assignment is thus not challenged.

The bands located near 900 cm−1 are associated with C–C stretching (and methyl
C–H bending) vibrations localized near the –CH3 end groups, see Fig. 4.27. The
position of bands in this wavenumber range is known to be a probe of the confor-
mational sequences close to the chain ends [24, 77] with bands near 870 cm−1 for
–tg, 850 cm−1 for –gt, and 890 cm−1 for –tt end sequences. In terms of the simu-
lated spectra from this work, the –tg and –gt end sequences correspond to gauche 1
and 2 conformers, respectively, which indeed show Raman active vibrations close
to 870 and 850 cm−1, respectively. Single gauche conformers with the gauche bond
closer to the chain center possess vibrations closer to the unperturbed –tt band at
≈890 cm−1. All these spectral indicators appear in the jet spectra, together with an
unspecific diffuse background. The by far most intense band is the –tt band found
at 892–893 cm−1, indicating low conformational disorder close to chain ends. More
disordered alkanes in the liquid phase at room temperature give rise to a much more
congested Raman spectrum around 900 cm−1 [5, 83].

The simulated spectra suggest that the low-frequency shoulder of the –tt band
showing up at eicosane and being clearly visible at heneicosane (887 cm−1) stems
from the hairpin conformer. This agrees well with work from Zerbi and Gussoni
who concluded from normal mode calculations (C38H78) and Raman spectroscopy
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Fig. 4.28 Comparison of a jet-cooled Raman spectrum of tridecane isolated in a He expansion in the
CH bending region to a B3LYP-D3/6-311++G** simulation. Measurement conditions ϑs = 35 ◦C,
p0 = 0.5bar, pb =0.9 mbar, dn =1 mm, exposure 6× 600 s. Calculation effective temperature
used in single gauche to all-trans weighting =100 K, wavenumber scaling factor = 0.99

of cyclic C36H68 in the solid phase that a localized ggtgg specific vibration occurs at
891 cm−1 [37]. The B3LYP calculations from this work confirm a partial localization
to the kink, but for the much shorter chains addressed here, a strong coupling to the
end group C–C stretching coordinates is found. An exemplary normal coordinate is
shown in Fig. 4.27 (bottom left). In comparison with the onset of hairpin specific
bands in the low-frequency region and close to the in-phase C–C stretching vibration,
the delayed visibility of the 887 cm−1 band seems to contradict a hairpin assignment.
However, this contradiction is lifted when the B3LYP calculations are examined
more closely. The corresponding Raman intense hairpin vibration is found to shift to
lower wavenumbers when going from n =13–16 (≈920 cm−1) to n =19–21 (901–
896 cm−1), with a sharp drop at n = 17, 18 (915,906 cm−1).13 Consequently, the
associated Raman band passes through the intense –tt band when hairpin conformers
start to emerge in the jet-expansion, and its absence in case of nonadecane is explained
by an unresolved overlap.

The spectral region from 1400 to 1500 cm−1, which was not investigated systemat-
ically, is characteristic for methylene C–H bending vibrations (scissoring) and methyl
C–H bending vibrations [29]. Figure 4.28 shows a spectrum of tridecane which was
recorded from a helium expansion together with a B3LYP-D3/6-311++G** sim-
ulation. The simulation reproduces the band shape qualitatively but falls short in
predicting correct wavenumbers. The correct prediction of a band with two maxima
might in fact be just coincidental. The methylene bending band is known to be shaped
by Fermi resonance with overtones from methylene rocking vibrations (fundamentals
at ≈720 cm−1) [32] which explains the shortcomings of the harmonic calculations.

13 Unscaled harmonic wavenumbers.
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Table 4.9 Assignment of experimental C–C stretching and CH2 deformation vibrations in cm−1

Relative intensities (Int.) are abbreviated: b=broad, v=very, w=weak, m=medium, s= strong,
sh = shoulder. C–C stretching vibrations are characterized by m-values (collective vibrations) or
conformational sequences (localized vibrations), see text
aν = stretching, ρ = rocking, τ = twisting

According to the simulation, the broader band at higher wavenumber (1466 cm−1)
should increase at high hairpin abundance against the sharper band (1442 cm−1), but
remain unspecific otherwise. This spectral region might be a target for further chain-
folding investigations [84]. The discussed assignments are summarized in Table 4.9.

4.4.3 C–H Stretching Region

It is convenient to study alkyl chains in the C–H stretching region, because the C–H
valence stretching vibrations exhibit high Raman scattering intensity and are well
accessible. By analyzing C–H stretching vibrations of alkyl chains it is possible
to draw conclusions regarding the molecular environment [72, 85, 86] and confor-
mational order [80, 87]—a promising basis to study the self-solvation of gaseous
n-alkanes. Raman jet spectra of the C–H stretching manifold, which occurs in the
wavenumber interval 2850–2980 cm−1, are depicted in Fig. 4.29. As this survey
shows, the spectral changes with increasing chain length are even smaller than in
the C–C stretching region. Essential features and developments are as follows. Four
sharp peaks, positioned at ≈2860, 2870, 2890, and 2975 cm−1, and the overall
band shape are common to all chain lengths, whereas distinctions are apparent in
complexity and band width. For n =13–17, the spectra are almost identical, but
at higher chain length two broad bands grow at ≈2908 and ≈2925 cm−1, peak
widths increase notably, and the peak at 2860 cm−1 grows a low-frequency shoulder.
The onset of these spectral changes falls in the chain length interval where hairpin
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Fig. 4.29 Averaged Raman jet spectra of alkanes in He expansions in the C–H stretching region.
The inlay shows a magnification of the symmetric methylene C–H stretching band, scaled on the
peak intensity and shifted by not more than 1 cm−1 to let wavenumbers coincide for better clarity
(n = 14, 15 are similar to n = 13, 16 and are omitted). The spectra are scaled to the peak intensity
of the asymmetric methyl stretching band at ≈2970 cm−1 and Savitzky-Golay filtered (7 pt.).
Measurement conditions exposure 28 × 90 s (n = 13, 17, 19), (60 × 90 + 72 × 60) s (n = 14),
(92 × 90 + 32 × 60) s (n = 15), 24 × 90 s (n = 16, 20), 28 × 180 s (n = 18), 6 × 180 s (n = 21),
otherwise analogous to low-frequency He expansion measurements. Tetradecane and pentadecane
were measured more often to test reproducibility, see Sect. 4.5. Reference II—Reproduced by
permission of The Royal Society of Chemistry

conformers were shown to contribute to Raman spectra at lower frequency and must
thus be reviewed as possible hairpin evidence. The assignment is discussed using
simulations, shown in Fig. 4.30, only in a subsidiary form, because the harmonically
approximated calculations cannot grasp the complex Fermi resonance patterns char-
acteristic for alkyl C–H stretching vibrations [71–73] (see below). The assignment
relies mainly on comparison to literature spectra of liquid and solid alkanes.

Comparison to literature spectra reveals that signals of alkanes in condensed
phases lie between 10 and 15 cm−1 lower than the jet spectra counterparts. To verify
a physical origin of this shift and rule out a significant calibration error of Raman
spectra, FTIR gas phase (1 mbar) and FTIR-ATR liquid phase spectra at room temper-
ature were recorded for n =7–10 (Fig. A.20, Appendix A.9). Measurements of longer
alkanes were prevented due to insufficient volatility. FTIR vapor phase peak positions
are quite close to Raman jet peak positions, so that a significant calibration error can
in fact be ruled out (Fig. A.21). Beside validating the calibration of Raman spectra,
the FTIR spectra were found to be a valuable link between C–H stretching spectra of
the alkanes in different phases. Aided by the FTIR spectra and literature assignments
[72, 80, 88, 89], the sharp peaks of the C–H stretching manifold are assigned from
low to high wavenumber to the symmetric in-phase (m = 0) methylene stretching
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Fig. 4.30 Simulated Raman spectra from harmonic B3LYP-D3/6-311++G** calculations, see low-
frequency spectra and simulations in Sect. 4.4.1. The spectra are scaled on the asymmetric CH3
stretching vibration band, analogous to the experimental spectra. Effective temperature used in
single gauche to all-trans weighting = 100 K, hairpin weighting as deduced from low frequency
spectra, wavenumber scaling factor = 0.99

vibration (≈2860 cm−1), the symmetric methyl stretching vibration (≈2870 cm−1),
the asymmetric in-phase (m = 0) methylene stretching vibration (≈2890 cm−1), and
the nearly degenerate [88] asymmetric methyl stretching vibrations (≈2970 cm−1).
The m-value description will be dropped at this point, because m = 0 methylene
vibrations were not observed.

The symmetric methylene stretching vibration is known to take part in distinct
Fermi interaction with first overtones of methylene bending vibrations
(≈2 ×1440 cm−1 =2880 cm−1) giving rise to an asymmetric band with a high-
frequency tail running from 2850 up to 2950 cm−1 [71, 72, 90]. The diffuse back-
ground between 2900 and 2950 cm−1 in the Raman jet spectra matches the reported
band shape quite well and is thus assigned to overtone or combination levels inten-
sified by Fermi resonance with the symmetric methylene stretching vibration. The
broad bands observed at ≈2908 and ≈2925 cm−1 for longer alkanes lie just on top
of the Fermi resonance band and might be other manifestations of Fermi interaction.
Their distinction from the underlying band and a possible hairpin origin is suggested
when the corresponding intensities are plotted against the chain length. In Fig 4.31,
the peak intensity of the 2908 and 2925 cm−1 band relative to the peak intensity of the
asymmetric methyl stretching band (which should be approximately constant in the
considered chain length interval) is plotted against the chain length. The increasing
uncertainty due to stronger noise in the spectra of longer alkanes does not mask the
fact that there is a slightly faster increase of intensity with chain length at a certain
point. The precision of the data is not sufficient to tell whether this point is n = 18 or
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Fig. 4.31 Peak intensity ratios from the 2908 and 2925 cm−1 band to the asymmetric methyl stretch
band (≈2970 cm−1). Error bars are estimated from baseline noise and noise covering the 2908 and
2925 cm−1 bands. Because of the higher width of the corresponding bands, 3 data points closest to
2908 and 2925 cm−1 were averaged to determine the intensities at these positions

19, but the observation is certainly compatible with the previous finding that hairpin
features occur in Raman jet spectra at n = 18. The general increase of intensity in
the Fermi resonance area relative to the methyl vibration is rationalized by the fact
that the intensity of the Fermi resonance band is coupled to the intensity of the sym-
metric methylene stretching vibration whose intensity must increase with increasing
chain length compared to the methyl vibration. This treatment shows also that the
peak intensity ratio of the 2908 to the 2925 cm−1 band stays quite constant over
the given chain length interval, indicating a common origin. The harmonic B3LYP-
D3/6-311++G** simulations are compatible with a hairpin assignment in so far that
the main hairpin C–H stretching contribution is predicted to be positioned in the
center of the C–H stretching manifold (Fig. 4.30). The associated vibration involves
symmetric CH2 stretching rather localized to the ggtgg kink. Based on these findings,
the two broad bands are assigned to the hairpin conformer, but due to complex Fermi
interaction and weakness of the intensity effect, this assignment must be considered
tentative.

The inlay of Fig. 4.29 shows the evolution of the symmetric methylene stretching
band in more detail, scaled on its peak intensity. The band starts with a symmetric
shape at n = 13 (red) and broadens with increasing chain length. At n > 18,
the formerly symmetric broadening proceeds notably faster and a low-frequency
shoulder separates from the main band. When the spectra are examined scaled on
the asymmetric methyl stretching vibration band at 2970 cm−1, it is seen that the
2860 cm−1 band stops growing at n = 17, shortly before its shoulder appears (see
also Fig. 4.32). These developments cannot be followed by the harmonic calculations
which do not predict a shoulder in case of high hairpin abundance, nor a gradual
broadening (the simulation correctly predicts the symmetric methylene stretching



4.4 Experimental Raman Jet Spectra 101

9 10 11 12 13 14 15 16 17 18 19 20 21 22
0

0.5

1

1.5

2

2.5

3

3.5

4

chain length

sy
m

m
et

ric
 m

et
hy

le
ne

 s
tr

ec
h 

in
te

ns
ity

re
la

tiv
e 

to
 a

sy
m

m
et

ric
 m

et
hy

l s
tr

et
ch

Fig. 4.32 Peak intensity of the symmetric methylene stretching vibration band at ≈2860 cm−1

relative to the peak intensity of the asymmetric methyl stretching vibration band at ≈2970 cm−1

plotted against the chain length

band to stop growing, though). The experimentally observed gradual broadening
might thus be attributed to multi gauche conformers, but temperature dependent
measurements reported in the literature indicate that conformational disorder does
not increase the width of the symmetric methylene vibration band significantly [91].

A common multi gauche assignment to the shoulder occurring at higher chain
length is again unsatisfactory, because it would imply an unlikely uniform shift. A
hairpin assignment is supported by the fact that the shoulder is shifted towards the
wavenumber of the symmetric methylene stretching vibration of condensed alkanes
(≈2850 cm−1). After all, when folding into the hairpin structure, alkanes “self-
solvate”, and neighboring side arms are exposed to “quasi-intermolecular” interac-
tions, so that a more liquid-like spectrum is comprehensible. The liquid-like character
is what sets the hairpin conformer qualitatively apart from multi gauche conformers
that have no chain segments neighboring each other. However, this character must
also be appropriate for clusters, and a cluster assignment cannot be excluded.

More interesting observations are made when the widths of the symmetric methyl
vibration band at 2870 cm−1 and the asymmetric methylene vibration band at
2886 cm−1 are considered. The symmetric methyl vibration band is suited for a
quantitative analysis, because it keeps a symmetric shape over the whole chain length
interval and can be approached by a local Gaussian curve fit. For the asymmetric
methylene vibration band, a meaningful full width at half maximum (FWHM) is
not defined, as the band’s complex structure at short chain length merges at higher
chain length. The tridecane spectrum reveals that there are actually three bands over-
lapping in this region: a weak one at 2880 cm−1, the intense and initially sharp
peak at 2886 cm−1, and a broader high-frequency shoulder at ≈2890 cm−1. Clearly,
the bands broaden when the chain length increases, but whether this broadening
proceeds faster at or after n = 18 cannot be determined unambiguously. The noise
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Fig. 4.33 FWHM of the symmetric methyl stretching vibration band at ≈2870 cm−1 plotted against
the chain length. Decane to dodecane were included to further verify the constant width of this band
at short chain length (He expansions). Results from measurements in He + 6 % Ar expansions are
laterally shifted for better visibility. The data was acquired by locally fitting the sum of a single
Gaussian curve and a linear baseline. The increasing error bars at higher chain length (provided by
Matlab [92] for a 95 % confidence interval) reflect a slightly increasing deviation from the band
shape to a Gaussian profile

of the spectra is too large to enable a robust curve fitting of the overlapping bands.
Other than the band of the symmetric methylene stretching vibration, the asymmet-
ric methylene stretching vibration band is known to broaden substantially when an
ordered methylene system melts [32, p. 174], so that general conformational disor-
der with increasing chain length is a sensible explanation. Further explanations for
the broadening of this band are available [72, 91], but rather restricted to the con-
densed phase, which would once more point at a connection to the hairpin conformer
or clusters.

The situation is better for the symmetric methyl stretching vibration band at
2870 cm−1 which keeps a constant width over a wide chain length range. The result
of fitting this band with a single Gaussian curve is depicted in Fig. 4.33 and shows
that the FWHM stays constant up to n = 16 or 17 and increases afterwards, in line
with the onset of hairpin formation deduced from the low-frequency spectra. It is
reasonable that this vibration is not affected by conformational disorder, unless the
methyl groups are in close contact to the each other or parts of the methylene chain.
As a last comment on the C–H stretching region, the asymmetric methyl stretching
vibration band shall be addressed very briefly. It is characterized by an asymmetric
shape with a rather sharp peak at 2972–2973 cm−1 and a low-frequency tail. This
tail gains intensity relative to the sharp peak, starting at n = 17 or n = 18, so that
this effect might be connected to the onset of hairpin formation as well. The effect
is quite small but worth mentioning. The shape of the band is reproduced by the
simulation, but an increase of the intensity of the wing at high hairpin abundance is
not predicted.
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4.4.4 Summary: Spectral Indicators of the Hairpin Conformation

Evidence of the hairpin conformer could be successfully identified in all exam-
ined spectral regions. The low-frequency spectra were found to exhibit numerous
prominent Raman bands indicative of hairpin longitudinal arm stretching vibra-
tions as peaks of medium width covering the broad and unspecific D-LAM band
at ≈200 cm−1, with wavenumbers being largely compatible to B3LYP/6-311++G**
predictions. Spectra at higher wavenumbers are less conformer specific, but hairpin
specific bands were found in the region of C–C stretching vibrations nonetheless
at 887, 1110–1115, and 1144 cm−1, which are a mode localized to the kink and
the m = 0 and m = 2 in-phase C–C stretching vibrations, respectively. The two
latter are observable because they are notably shifted from their all-trans and sin-
gle gauche counterparts. They occur along with the low-frequency hairpin evidence.
The changes in the C–H stretching region are subtle but can be correlated partly with
hairpin features at lower wavenumber when they are plotted against the chain length.
By this means, broad bands growing at the center of the C–H stretching manifold
(2908, 2925 cm−1) could be identified as possible hairpin features. The width of
the symmetric methyl vibration band at 2870 cm−1 increases rapidly at the onset of
hairpin formation, which suggests a connection. Finally, the symmetric methylene
stretching vibration band grows a low-frequency shoulder at high hairpin abundance.

From the spectral evidence, one can conclude with confidence that the hairpin con-
former was indeed present in the examined supersonic jet expansions, and approach
the question how it compares to the all-trans conformer concerning stability.

4.5 Critical Folding Chain Length

This section addresses the key question of this thesis: at which chain length do
unbranched alkanes prefer a folded hairpin conformation over an extended all-trans
structure? Since the focus of this work is rather on the experiment, an estimate of the
critical folding chain length (nc) based on Raman jet spectra will be discussed first,
followed by a comparison to quantum chemical energy predictions [13, 14, 93–95].
When discussing the experimental estimate, special attention has to be given to the
jet-expansion technique, which enables the preparation of low-energy alkane con-
formers but bears the disadvantage of producing non-equilibrium conformer distri-
butions. The non-equilibrium conditions will become apparent when temperatures
are estimated referring to Raman bands of different conformers.

4.5.1 Estimation from Raman Jet Spectra

The first experimental approach to localize the critical folding chain length, pur-
sued at an early stage of this work, made use of the all-trans accordion vibration
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band and the conformationally rather independent CH-stretching band as a point of
reference. Setting the integrated intensities of these bands in relation allows to esti-
mate the overall all-trans abundance in the expansion when compared to quantum
chemically calculated scattering cross-sections. Monitoring the development of the
accordion/CH ratio with increasing chain length was expected to show that the all-
trans conformer abundance would gradually decrease, due to growing competition
with entropically favored gauche conformers. Furthermore, it was anticipated that
the passing of the critical chain length would be accompanied by an additional drop
of the all-trans abundance, when hairpin conformers would be formed at the expense
of all-trans conformers.

The benefit of this indirect approach is that it is the least demanding regarding
sensitivity—only strong Raman bands need to be characterized. This advantage was
crucial before efforts were successful to further suppress stray light and to optimize
the usage of the heatable nozzle, which eventually enabled the detection of hairpin
conformers directly. However, measuring the accordion/CH ratio also holds several
drawbacks which stem largely from the spectral gap between the accordion vibration
and CH-stretching vibrations. None of the monochromator/grating combinations
available for the curry-jet allow to measure the low-frequency accordion vibration
band and the high-frequency CH-stretching band simultaneously, so that separate
measurements are required. Great care has to be taken to avoid drifts of the optical
alignment or fluctuation in the alkane concentration during these measurements.
Effects from fluctuations in the concentration can be attenuated by measuring the
two spectral regions in alternation, but drifts of the optical alignment can only be
attenuated by doing so if they affect the two spectral regions equally. It turned out that
the detection optics of the curry-jet are not sufficiently achromatic to guarantee the
latter, causing the accordion/CH measurements to suffer from poor reproducibility.

Because of the limited success of the accordion/CH ratio measurements, the fol-
lowing discussion of the results will be kept rather short. Further discussion and
details on underlying calculations can be found in Appendix A.6. In Fig. 4.34, the
resulting ratios are plotted against the chain length. Each data point is an average of
several alternating measurements, usually six spectra of the accordion vibration band
(each ∼4× 300 s) and seven spectra of the CH-stretching band (each ∼4× 90 s). The
apparent scattering of the data points demonstrates the weak reproducibility of the
results and prevents the localization of a drop indicative of hairpin conformers com-
peting with the all-trans conformer. Nevertheless, the gradual decrease of the entrop-
ically more and more handicapped all-trans conformer as well as the better cooling
ability of carrier gas mixtures including heavier additives is well seen. The predic-
tion of the accordion/CH ratio of all-trans alkanes by means of quantum chemistry
allows to estimate the all-trans abundance from the experimental accordion/CH ratio,
if one assumes that the overall intensity of the CH-stretching band does not depend
much on the conformation.14 The accordion/CH ratio is about 0.1 on the B3LYP-
D3/6-311++G** level, which translates the experimental accordion/CH ratio to the

14 The weak dependence of the CH-stretching band on the carrier gas supports this assumption, see
Fig. 3.10 in Sect. 3.2.

http://dx.doi.org/10.1007/978-3-319-08566-1_3
http://dx.doi.org/10.1007/978-3-319-08566-1_3
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Fig. 4.34 Intensity ratio of the accordion vibration band to the CH-stretching band (accordion/CH
ratio) from Raman jet measurements in different carrier gas mixtures plotted against the chain
length. Calculated accordion/CH scattering cross-section ratios (B3LYP-D3/6-311++G**, Turbo-
mole v6.4 [44]) for the n = 13–20 all-trans conformers at T =100 K amount to ≈0.1, which yields
the semi-empirical all-trans abundance given on the left y-axis. Calculated scattering cross-sections
are polarization-weighted according to the polarization-dependent sensitivity of the curry-jet spec-
trograph, see Sect. 2.1. Dashed lines indicate the all-trans abundance according to the conforma-
tional partition function discussed in Sect. 4.1 (Eq. 4.1) at temperatures between 100–150 K (average
gauche penalty =2.5 kJ mol−1)

all-trans fraction given on the left y-axis in Fig. 4.34. This may be compared to
the model partition function introduced in Sect. 4.1 (Eq. 4.1) which yields all-trans
fractions indicated by dashed lines for different temperatures. According to this
comparison, mean accordion/CH ratios correspond to effective conformational tem-
peratures T ≈120 K (He, He+Ar) and T ≈110 K (He+CF4), when an average
gauche penalty of 2.5 kJ mol−1 is employed. Using lower and upper bounds of 2.0
and 3.0 kJ mol−1 extends these temperatures to the ranges 100 K< T<140 K (He,
He+Ar) and 90 K<T<130 K (He+CF4).

An alternative to measuring the accordion vibration band intensity relative to
the CH-stretching band intensity is to measure it relative to neighboring non-all-
trans signals, which eliminates problems due to chromatic aberrations and was tried
subsequent to the accordion/CH measurements. In this case, however, a uniform
point of reference is missing, which is why not the particular intensity ratio itself,
but its temperature dependence was probed. To this end, alkanes in the size range
n = 16–20 were measured in helium expansions and helium expansions doped with
CF4 to further lower the temperature. In all cases, the accordion vibration band gained
intensity by ≈ (30 ± 10) % compared to its spectral surrounding when CF4 was added
to the expansion, that is, the all-trans abundance went up by roughly the same amount.
Again, no footprint of hairpin conformers was found, which in this case should have
been a smaller increase of all-trans abundance upon CF4 addition when the hairpin
conformer starts to compete. This experiment and the former accordion/CH ratio
measurements lead to the conclusion that the hairpin conformer does in fact not

http://dx.doi.org/10.1007/978-3-319-08566-1_2
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Table 4.10 (1) Effective conformational temperatures (T/K) of jet-isolated alkanes with chain

length n, estimated from the experimental conformer abundance
(

Ni
N j

)
and relative B3LYP-D3/6-

311++G** energies (�E0/kJ mol−1, ZPVE corrected) using Eq. 4.8. (2) Hairpin to all-trans abun-
dance ratios, absolute and relative to an isoenergetic crossing-point

(1) Conformational temperatures

n Ni /N j �E0

Overall all-trans 13–20 0.1–0.3 — 140 > T > 90

(From accordion/CH ratio)

Single gauche to all-transa 13–21 0.05–0.3 2.1–2.9 110 > T > 80

Hairpin b to hairpin 19 0.6 2.6 T > 300

20 1.7 0.8 T > 180

21 0.35 2.0 T > 170

(2) Experimental hairpin to all-trans conformer ratios

n ≤ 17 n = 18 19 20 21

Hairpin (absolute) < 0.1 0.2 0.5 0.3 1.7

(Relative to isoenergetic crossing-point) (%) <5 10 13 15 43

Hairpin b (absolute) — — 0.3 0.5 0.6

(Relative to isoenergetic crossing-point) (%) — — 8 13 15
aSee Table 4.4

compete with the all-trans conformer in supersonic expansions of alkanes in the size
range up to n = 20. Does this mean that the critical chain length is not yet reached?

Fortunately, the spectra from the gain measurements were of sufficient quality
to allow the observation of signals compatible with quantum chemically predicted
hairpin vibrations. Quantum chemical calculations were initially restricted to all-
trans and hairpin conformers and later extended to single gauche conformers to
establish the validity of harmonic B3LYP frequencies, and to rule out alternative
assignments challenging the hairpin assignments. Moreover, the simulations allowed
to estimate conformer fractions relative to each other and to monitor the fraction of
hairpin conformers with increasing chain length in particular. During the discussion
of the assignment, the conformer fractions were addressed occasionally and shall be
reviewed here in more detail.

The accuracy of the simulation was addressed in Sect. 4.3.4. It should be recalled
that conformer fractions determined from the simulations do not reach quantitative
quality, which is why their discussion is kept rather on a qualitative level. Conforma-
tional fractions and corresponding temperatures are summarized in Table 4.10. The
listed effective single gauche temperature (entry single gauche to all-trans) and tem-
perature based on the accordion/CH ratio were previously discussed and are close
to 100 K. The temperatures determined from accordion/CH ratios tend to be some-
what higher than single gauche temperatures, which could stem from higher gauche
conformers frozen in the rapidly cooled expansion, but the temperature difference
is not large enough to conclude this with certainty. When temperatures are derived
from hairpin abundance ratios, however, (entry hairpin b to hairpin) significantly
higher values are found. The lower bounds given in the table already account for



4.5 Critical Folding Chain Length 107

an uncertainty of 30 % in the conformer ratio. Calculating with the listed values
yields even higher temperatures closer to the nozzle temperature. This suggests that
hairpin conformers freeze in an early, warmer stage of the expansion, and are not
significantly populated once the expansion reaches effective temperatures close to
values that describe the all-trans and single gauche population. This behavior makes
sense and can be explained by the very steep temperature gradient of the expansion.
Isomerization from a random gauche to a hairpin conformation certainly needs many
collisions, since the generation of the specific ggtgg sequence, correctly positioned
in the chain and of uniform helicity, is statistically not very likely. Relaxation rather
leads to depopulation of conformers which could isomerize to hairpin structures
with relatively few trans-gauche isomerizations. Therefore, most often conforma-
tional isomerization will cease before the hairpin conformation can be “found”. It
is thus even conceivable that a large portion of hairpin conformers observed in jet-
expansions is frozen from the gas phase distribution at the nozzle temperature, and
merely pre-folded conformers (for example, a hairpin conformer with one gauche
conformation near the end of the chain) efficiently relax to completely aligned hair-
pin conformers. The situation is quite the opposite for the all-trans conformer, which
can be formed extensively from single and double gauche conformers which are
abundant at low temperatures. As a consequence, the all-trans to hairpin conformer
ratio in jet-expansions should be largely determined by kinetic factors, while ther-
modynamic stability plays a secondary role. This explains why measurements based
merely on the abundance of the all-trans conformer (accordion/CH ratio, gain of
accordion vibration) do not provide evidence for self-solvation. Hairpin conformers
do in fact not compete significantly with all-trans conformers, because their forma-
tion is kinetically delayed, but this does not imply that they are less stable.

The second part of Table 4.10 summarizes hairpin/all-trans conformer ratios.
Only the heneicosane hairpin conformer outweighs the all-trans conformer when
absolute conformer fractions are compared. However, absolute ratios are somewhat
misleading because they do not account for crucial enantiomeric degeneracy and
symmetry weighting. The achiral all-trans conformer has a statistical disadvantage
compared to hairpin conformers which can be realized in two enantiomeric forms.
If one accounts for the symmetry number and enantiomeric degeneracy, the hairpin
conformer should be twice as abundant (C2 symmetric hairpin) or even four times
as abundant as the all-trans conformer (C1 symmetric hairpin) in a thermally equi-
librated system, if all-trans and hairpin conformers are just isoenergetic. Therefore,
the interesting quantity is rather the hairpin/all-trans ratio relative to the isoener-
getic point of reference. Such values are listed in the table below the absolute ratios,
assuming C2 symmetry for hairpin conformers of alkanes with even-numbered chain
length and C1 symmetry otherwise (includes hairpin b conformers). Accounting for
statistical weighting, none of the hairpin conformers outweigh the abundance of the
all-trans conformer. However, there is a steady increase of hairpin abundance with
increasing chain length starting at n = 18, including even less stable hairpin con-
formers for n ≥ 19, which must be explained by the hairpin conformer becoming
energetically feasible. The jump of hairpin abundance in case of n = 21 might be
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related to differing expansion conditions,15 but it could also stem from pre-folded
conformers, which might be abundant in the warm gas phase at this high chain length,
and are able to relax to hairpin conformers efficiently.

In the light of a kinetic delay which slows down self-solvation, it is most sensible
to assign the critical chain length to the onset of hairpin formation. The hairpin
evidence is scarce for octadecane, but overwhelming for nonadecane. One might
thus assign either nc = 17 or, more conservatively, nc = 18. However, octadecane
benefits from folding a bit more than nonadecane where the last methyl group of
the hairpin conformer does not have a direct neighbor, so that nc = 17 is somewhat
more likely. This assessment is in agreement with most recent quantum chemical
energy predictions at high computational levels, which will be outlined among other
calculations in the next section.

To narrow down the energy of hairpin conformers, one might consider abundances
of single gauche conformers, which have a well known energetic disadvantage to the
all-trans structure, and anticipate some results of energy calculations. Even the least
stable hairpin conformer observed, the n = 19 hairpin b conformer, is as abundant
as single gauche conformers, which sets ≈2.5 kJ mol−1 as an upper bound for its
energy relative to all-trans. Quantum chemical calculations consistently predict that
hairpin conformers become more stable by at least 1or 2 kJ mol−1 per chain segment
(depending on whether the chain length switches from an even to an odd number, or
vice versa), so that it appears very unlikely that all hairpin conformers up to n = 21
remain in the energy range between 0 and 2.5 kJ mol−1. Furthermore, the zero-point
corrected energy difference of the n = 19 hairpin and hairpin b conformer is 2.64
or 2.70 kJ mol−1 on the B3LYP- D3/6-311++G** or B3LYP-D3/def2-TZVP level,
respectively. From these relative hairpin energies (which are probably more reliable
than predicted energies relative to all-trans conformers) follows that the n = 19
hairpin conformer is a little more stable than the corresponding all-trans conformer,
which supports nc ≤ 18.

4.5.2 Computational Predictions

The self-solvation of linear alkanes was recently addressed in several computational
studies published by Goodman [13], Thomas et al. [14], and Grimme et al. [93, 94].
The most recent computational effort was published by Mata together with exper-
imental results from this work [95] and is probably the most reliable prediction to
date. The employed computational methods reach from fast force field calculations
(Goodman, Thomas), over dispersion corrected DFT and MP2 calculations (Grimme)
up to costly coupled cluster calculations (Mata). The obtained critical folding chain
lengths are summarized in Table 4.11, together with dispersion corrected DFT results
from this work and the experimental estimate.

15 That is, a high amount of air in the expansion, sucked in by the brass saturator. If so, this would
invite for further measurements with helium mixed with a substantial amount of nitrogen.
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Table 4.11 Critical chain length according to different computational methods and Raman jet
spectra Reference II—Reproduced by permission of The Royal Society of Chemistry

Method Reference Critical chain length

MM2 [13] 17

MM3 [13] 24

AMBER [13] 25

OPLS-AA [14] 21 (15–17)a

B97-Db This work 12

B3LYP-D3c This work 15

B3LYP-D3d This work 16

MP2+CC [95] 17 ± 1

Raman jet This work 17–18
aestimated accounting for known deficiencies of OPLS-AA [14]
b6-311++G(d,p) basis set, Gaussian 09 [96]
c6-311++G** basis set, Turbomole v6.4 [44]
d def2-TZVP basis set, Turbomole v6.4 [44]

The critical chain length provided by Grimme et al. [93, 94] is not directly compa-
rable to this work or the other computational studies because it deals with a different
hairpin geometry, folded by a x±g∓x± sequence (xgx in the following). In this work,
the xgx hairpin was compared to the ggtgg hairpin on the B3LYP-D3/def2-TZVP
level for n = 20 and found to be less stable by 13.0 kJ mol−1. According to cal-
culated Raman spectra, it would be difficult to distinguish the two conformers by
their spectroscopic signatures, which is why the presence of the xgx hairpin in super-
sonic expansions cannot be excluded judging from the experimental spectra alone.
However, the xgx hairpin is almost certainly less stable than a corresponding ggtgg
hairpin, not only because its chain ends are less well aligned, but also because of
the unfavorable congestion of the xgx sequence. Coupled cluster conformer energies
of smaller alkanes [18] predict that two g±g± sequences cost roughly 8 kJ mol−1

while a x±g∓x± sequence costs about 20 kJ mol−1 (less stable by ≈12 kJ mol−1)
which agrees very well with the B3LYP-D3 energy difference of the xgx and ggtgg
hairpin mentioned above (13.0 kJ mol−1). With such a high energetic disadvantage,
the xgx hairpin will play no role in the studied supersonic expansions, at least not in
the considered size range. The B3LYP-D3 energy of the n = 20 xgx hairpin relative
to all-trans (+5.9 kJ mol−1, including ZPVE) is at variance with MP2 and DFT-D
(BLYP-D, B97-D [52]) calculations published by Grimme, which consistently pre-
dict that the n = 20 xgx hairpin is more stable than the corresponding all-trans con-
former.16 Likely, the MP2 and DFT-D methods employed by Grimme would yield
a shorter critical chain length than the value reported for the xgx hairpin (nc =14–
21) [93, 94] when applied to the ggtgg hairpin. Indeed, B97-D/6-311++G(d,p)
predictions, which were calculated in an early stage of this work with Gaussian 09
[96] find nc = 12, clearly too short compared with the experimental estimate and the
coupled cluster calculations from Mata (see below). This points to an overestimation

16 Based on a linear extrapolation of the published energies for n = 14, 22, and 30.
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of the dispersion attraction by the 2006 DFT-D version [52] and/or an underestima-
tion of the xgx conformer energy. One should emphasize that the goal of Refs. [93]
and [94] was not to pinpoint the exact switching point, but to emphasize its existence
and the importance of dispersion corrections to locate it.

Goodman [13] calculated the energy of ggtgg hairpin conformers relative to all-
trans conformers using several popular force fields (MM2, MM3, AMBER) as well as
semi-empirical methods (PM3, AM1, MNDO). The latter give critical chain lengths
far from the experimental turning point (or none at all, MNDO) and are not listed
in Table 4.11. Unsuccessfully seeking non-extended alkane conformers that would
surpass the stability of the all-trans conformer by random conformational searches,
the ggtgg folding motive was eventually imposed by Goodman, which demonstrates
the low probability of finding the hairpin conformer by chance and supports the
assumption that many collisions are necessary to form hairpin conformers from
random gauche conformers in supersonic expansions. The force field predictions are
nc = 17 for MM2, 24 for MM3, and 25 for AMBER. With AMBER, Goodman mod-
eled solvent effects as well, yielding the reasonable results that a polar solvent would
promote self-solvation (less favorable interactions with the solvent are minimized)
while an apolar solvent would dramatically postpone it, in line with the estimated
late onset of chain folding in crystalline alkanes [97] (interactions with neighbor-
ing molecules outweigh the self-solvation energy), which could still be kinetically
controlled.

OPLS-AA force field calculations from Thomas et al. [14] fall in between the
MM2, MM3, and AMBER predictions (nc = 21). However, Thomas et al. noted that
the gauche energy yielded from OPLS-AA calculations on g±g± (gg) n-pentane—
an important test case for the energy penalty of the ggtgg sequence—is somewhat
overestimated, and that invoking more accurate ab inito gauche energies [2] suggests
a critical chain length in the range 15–17. It is instructive to do the same comparison
for MM2, MM3, and AMBER. All these force fields calculate a gg pentane energy
of ≈6.7 kJ mol−1,17 somewhat less then OPLS-AA, which yields 7.9 kJ mol−1, but
still significantly larger than results from precise coupled cluster calculations (3.8–
4.2 kJ mol−1 [2, 4, 18]) and an experimental estimate (3.9 kJ mol−1 [19]). Therefore,
the force fields overestimate the ggtgg energy penalty (and/or underestimate the
“positive pentane effect” [2], see Sect. 4.1) which explains the general overestimation
of the critical chain length compared with the experiment and most recent coupled
cluster prediction [95]. The match of the MM2 result despite the overestimated
gauche penalty suggests an overestimation of van-der-Waals attraction as well, which
was indeed corrected in the later version MM3 [98]. The comparison of MM2 and
MM3 in this aspect emphasizes the sensitivity and usefulness of the alkane folding-
benchmark.

The first-principles approach from Mata [95] is based on MP2 and coupled cluster
theory (and thus abbreviated MP2+CC in the following) employing density fitting and
local correlation (DF-LMP2 [99], DF-LCCSD(T) [100]) to reduce the computational
expense, which would otherwise prevent the high-level description of large alkanes.

17 MM2: Ref. [21], MM3: Ref. [45], AMBER energy calculated with Gaussian 09 [96].
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In this approach, electronic energies of DF-LMP2/cc-pVTZ structures are refined
treating higher-order electron correlation at the DF-LCCSD(T) level to correct at
least energetically for the known overestimation of dispersion attraction by MP2
methods [101–103]. The resulting hairpin energies from this approach are given in
Fig. 4.35, including zero-point corrections derived from scaled harmonic frequency
calculations on the DF-LMP2/cc-pVTZ level. Thermal corrections on the same level
of theory for T =100 K are depicted separately. These could not be calculated in case
of the B3LYP-D3 calculations from this work, due to faulty predictions of vibrations
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with very low-frequencies (see Sect. 4.3), but the DF-LMP2 calculations suggest a
very small thermal contribution which can be neglected without making a significant
error. The reliability of the MP2 + CC calculation scheme was tested using n-pentane
conformers yielding energies with a maximum deviation18 of 0.23 kJ mol−1 from
recent coupled cluster values [2, 4, 18]. The MP2 + CC energy of the gg pentane
conformer is 4.01kJ mol−1 which compares perfectly with the available experimen-
tal and coupled cluster values (≈4.0 kJ mol−1, see above). The accuracy from the
MP2+CC approach is claimed to be limited mainly by the uncertainty in the zero-
point vibrational energy, which leads to an estimated uncertainty of ±1 in nc [95].
However, structural deviations at the MP2 level used for the chain geometry cannot
be ruled out. The final MP2 + CC estimate of the critical chain length is nc = 17±1,
which validates the experimental assessment that the critical chain length is reached
at 17 or 18 carbon atoms.

The B3LYP-D3 calculations from this work were mainly intended to aid the spec-
tral assignment (Sect. 4.3), but of course, they also provide a critical chain length and
allow an assessment of how well the dispersion correction performs. The approach
used to simulate Raman spectra, B3LYP-D3 in combination with the Pople basis set
6-311++G**, yields the critical chain length nc = 15, which is already quite close
to the best estimate. A critical chain length still a little closer to the experimental and
coupled cluster values results when the more complete basis set def2-TZVP is chosen
(nc = 16). On the other hand, the truncation of the basis set to def-SV(P) lowers the
critical chain length to nc = 14 (not shown). This is a consequence from using a
small basis set which introduces a significant intramolecular basis set superposition
error (BSSE) [104] and thereby artificially lowers the energy of the compact hair-
pin conformer. The less BSSE affected B3LYP-D3/def2-TZVP calculations seem to
very satisfactorily describe the torsional and dispersion energy of folded alkanes.
This could stem from favorable error compensation, like in the case for the MM2
force field, but other than MM2, B3LYP-D3 calculations also perform well regard-
ing the energies of small alkanes (the gg pentane energy is 4.45 kJ mol−1 on the
B3LYP-D3/def2-TZVP level, see also hexane conformer energies in Appendix A.1)
which underlines the validity of this approach.

Calculations where the energy difference between hairpin and all-trans is available
(this excludes the publications from Goodman [13] and Thomas et al. [14]) show
that the trend with chain length is fundamentally linear with a slight alternation
superimposed. This will not hold for hairpin conformers of rather short alkanes,
but it is true in the important size range and might be exploited to extrapolate the
critical chain length without calculating energies of very large alkanes in the future.
A plot demonstrating the linear trend of the hairpin energy is shown in Appendix A.9,
Fig. A.22.

It was anticipated in the previous section that B3LYP-D3 and MP2+CC calcu-
lations yield very similar results when it comes to the relative energy evolution of
hairpin conformers, which can be extracted from the numbers given in Fig. 4.35.
From the MP2+CC calculations follows that increasing the chain length by one

18 Applies to the x±g∓ pentane conformer with the highest energy relative to tt pentane.
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segment from an even to an odd number lowers the hairpin energy relative to all-
trans on average by (1.1 ± 0.2) kJ mol−1, while increasing the chain length from an
odd to an even number lowers the energy by (2.2 ± 0.2) kJ mol−1. The B3LYP-D3
results from both used basis sets are virtually identical: (1.2±0.3) kJ mol−1 (even →
odd) and (2.3±0.2) kJ mol−1 (odd → even), respectively. From these robust energy
increments, one would expect the hairpin abundance observed in the experiment to
increase more steeply with increasing chain length. The fact that this is not the case
is another indication of the kinetic delay discussed above.
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Chapter 5
Perfluorinated Alkanes

Associated with this work, experiments on perfluorinated alkanes were conducted in
the context of a bachelor thesis [1]. The main goal of this research project was the
extrapolation of the elastic modulus of polytetrafluoroethylene (PTFE)—the polymer
counterpart of the investigated oligomers (CnF2n+2 with n = 6, 8–10, 12–14), but
the accumulated spectra also provide a valuable comparative case for normal alkanes,
regarding energetics and structural preferences. This topic will be discussed in the
present chapter, the elastic modulus is outlined in the following Chap. 6.

A striking difference between n-alkanes and their perfluorinated counterparts is
the ground state structure of the latter: in the crystalline state, long PTFE chains do
not assume a planar all-trans, but helical structures [2, 3]. Two energetically nearly
degenerate states are relevant at ambient conditions [3, 4], with helical chains having
6 turns per 13 carbon atoms (13/6 helix) or 7 turns per 15 carbon atoms (15/7 helix) in
the repeating unit. The former is also denoted form II1 and is observed at temperatures
below 19 ◦C, the latter, form IV, at temperatures above 19 ◦C. A transition to the all-
trans structure (2/1 helix) can be induced at high pressures [6]. In the gas phase,
short perfluorinated alkanes prefer a structure close to the 13/6 helix, with C–C–C–
C torsional angles between 162◦ and 163◦ [7, 8]. Figure 5.1 shows a corresponding
helical structure of perfluorotetradecane, the longest oligomer measured in the course
of this work. The “source of helicity in perfluorinated n-alkanes” [9] was explained
by the higher steric demand of fluorine compared to hydrogen atoms [10] (van-der-
Waals radii of 1.47 and 1.10 Å, respectively [11, 12]), and electrostatic interactions
[9], both causing –CF2– units in 1,3 position to avoid each other, and thus a planar
trans conformation.

1 The conformation of form II PTFE is only close to a 13/6 helix, but the deviations are very
small [5].
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Fig. 5.1 Minimum energy structure of C14F30 optimized on the B3LYP-D3/def2-TZVP level
(Turbomole v6.4 [13]). All torsional angles (τ ) are twisted away from the trans conformation
by ≈17.5◦. Reproduced and adapted material from reference III

5.1 Raman Jet Spectra

The torsional isomerism of perfluorinated n-alkanes is more complicated compared
to the hydrocarbon counterparts, because there are further stable conformations,
denoted anti (τ ≈ ±162◦), ortho (τ ≈ ±95◦), and gauche (τ ≈ ±55◦) [14–17].
Other than in case of normal alkanes, the ortho (“cross”) conformation can occur
independently from the adjacent conformations. From an entropic point of view,
one would thus expect to observe more conformational variety in spectra of jet-
isolated perfluoroalkanes. Yet, the experimental finding is quite the opposite. Raman
jet spectra (Fig. 5.2) show almost no indications of conformers other than the anti-
helix with τ ≈ ±162◦. The measurement conditions vary somewhat from those under
which normal alkanes were measured, but previous measurements of normal alkanes
[18] suggest that the influence of the differing nozzle temperature and stagnation
pressure is rather minor. The origin of the mono-conformational perfluoroalkane
spectra must be explained otherwise.

One apparent aspect is the energy difference between anti and gauche conformers.
Qualitatively, reported experimental observations underline a higher gauche penalty:
Low-frequency Raman spectra of liquid dodecane and perfluorododecane show that
the LAM-1 band stands out against the D-LAM band much clearer in case of the
latter [19]. In general, bandwidths in low-frequency spectra of liquid perfluorinated
alkanes are smaller than those in spectra of normal alkanes [20]. Quantitative estima-
tions of the gauche energy penalty are 4.6 kJ mol−1 [21] and 5.1 kJ mol−1 [22]. Gas
phase spectra recorded with the curry-jet at ≈300 ◦C [1] are too congested to allow
a reliable assessment of the anti/gauche energy difference, but they show a more
pronounced LAM-1 band when compared to previous gas phase measurements of
normal alkanes [18] as well. A higher gauche energy is thus strongly supported by
the experiment.

MP2 calculations of electronic energies tend to predict values close to the
trans/gauche energy difference of normal alkanes, ≈2 kJ mol−1 [14, 23, 24], while
DFT calculations yield higher values of about ≈4 kJ mol−1 [3, 16]. B3LYP energies
from this work depend on the usage of Grimme’s D3 dispersion correction [25]. Elec-
tronic energy differences calculated without D3 correction are close to 4 kJ mol−1,
but inclusion of D3 lowers the gauche energy penalty to about ≈2.5 kJ mol−1

(Appendix A.1). Thus, judging from the experiment, D3 corrects in the wrong direc-
tion in this case, contrary to normal alkanes, where inclusion of D3 yields a more
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Fig. 5.2 Averaged low-frequency Raman jet spectra of perfluorinated alkanes in He expansions,
set against calculated scattering cross-sections (blue stems). The spectra are scaled on the overall
accordion vibration band intensity. Bands of modes mixing with the accordion vibration are marked
with an asterisk. The n = 14 accordion vibration band overlaps with rotational lines from air
impurities (†). Spectra are Savitzky-Golay filtered (7 pt.). Measurement conditions (n = 6–14)
p0 = 0.8 bar, pb ≈ 2.0 mbar, dn = 1 mm; (n = 6) ≈ 0.5 % in He, exposure 6 × 150 s; (n = 8)
≈ 0.5 % in He, exposure 6×100 s; (n = 9) ≈ 0.5 % in He, exposure 6×60 s; (n = 10) ϑs = −7 ◦C,
exposure 6 × 60 s; (n = 12) ϑ s = 25 ◦C, exposure 6 × 300 s; (n = 13) ϑs = 25 ◦C, exposure
6 × 600 s; (n = 14) ϑs = 55 ◦C, exposure 12 × 200 s. n =6–9 mixtures with He were prepared
in a vacuum line, n =10–13 mixtures with the glass saturator, and n = 14 with the heatable brass
saturator. Calculation global minimum structure, B3LYP-D3/def2-TZVP, Turbomole v6.4 [13],
T = 100 K. Reproduced and adapted material from reference III
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accurate gauche energy. High-precision coupled cluster calculations of perfluori-
nated alkanes are challenging because of the large number of electrons carried by the
fluorines. A recent study found a CCSD/cc-pVTZ energy difference of 3.1 kJ mol−1

[17] for perfluorobutane, in between non dispersion-corrected DFT results and MP2
results.

Besides arguments based on energy minima, comparing normal alkanes and per-
fluorinated alkanes with respect to energy barriers yields a kinetic argument for
the difference in the jet conformer-population. From the torsional energy profile of
perfluorinated alkanes [14, 24] one can see that the ortho energy-minimum effec-
tively lowers the torsional energy barrier between the gauche and anti conforma-
tion (≈8 kJ mol−1 [16, 24]). The barrier separating gauche and trans conformations
in hydrocarbons is significantly higher (≈12 kJ mol−1 [26–28]). Therefore, while
freezing due to rapid cooling leads to a notable residual gauche population in super-
sonic expansions of normal alkanes, the conformational distribution of perfluorinated
alkanes will probably freeze at lower temperatures, leading to a negligible gauche
population. The nearly mono-conformational perfluoroalkane jet spectra are thus
comprehensible from a kinetic and thermodynamic viewpoint.

Calculated spectra of the lowest energy 13/6 helix conformers are included in
Fig. 5.2. The match of unscaled harmonic B3LYP-D3/def2-TZVP wavenumbers and
experimental band positions is excellent, while calculated intensities agree qualita-
tively with the experiment. The comparison shows that indeed no significant contri-
bution of conformers other than the 13/6 helix is observed (the weak signals sur-
rounding the perfluorotetradecane LAM-1 band stem from rotational transitions of
residual air). The bands are readily assigned using the quantum chemical predictions
and literature spectra [20–22]: chain length dependent LAM-1 and coupling modes
(the latter marked with an asterisk) are found between 70–170 cm−1, chain length
independent –CF2– wagging (ωCF2) and twisting (τCF2) modes lie at ≈300 cm−1,
together with a C–F bending end group vibration (δCF3). Vibrations with –CF2–
bending and C–C stretching character (δCF2/νC–C) lie at ≈380 cm−1.

5.2 Self-Solvation

In the context of this thesis, it seems appropriate to briefly discuss the matter of
self-solvation. Although no indications of folding are observed in the jet spectra, the
capability of the heatable nozzle was not fully exploited with perfluorotetradecane,
measured at a preparation temperature of 55 ◦C. Judging from boiling points of
normal alkanes and perfluorinated alkanes, the longest chain length accessible with
the curry-jet might be about n = 25. Is it likely to detect hairpin-like conformers
of perfluorinated alkanes at such chain lengths? This question should be discussed
with regard to the gauche energy penalty, stabilizing dispersion interactions, and
geometrical constraints.
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Fig. 5.3 Size comparison of all-trans (left) and hairpin (center) tetradecane to 13/6 helical per-
fluorotetradecane (right) using space filling molecule drawings (atom radius set to van-der-Waals
radius, as provided by the Turbomole user interface TmoleX [29]). Structures are calculated on the
B3LYP-D3/6-311++G** level, and on the B3LYP-D3/def2-TZVP level, respectively

Geometrical constraints are apparent when considering molecule drawings of
alkanes and perfluorinated alkanes in correct scale, with atom sizes set to van-der-
Waals radii (Fig. 5.3). This picture underlines that the ggtgg sequence is ideal to
tightly pack a single normal alkane chain, providing a maximum of stabilizing
dispersion interactions. The distance of hydrogen atoms of the neighboring arms
is just slightly larger (≈0.25 nm) than twice their van-der-Waals radius (0.11 nm
[11, 12]). A perfluorinated chain, on the other hand, demands more space, due to the
larger C–F bond length (dC–F ≈ 0.14 nm versus dC–H ≈ 0.11 nm), van-der-Waals
radius of fluorine (0.14 nm [11, 12]), and the helical structure (see also Fig. A.14,
Appendix A.7). A “tight fold” [30] ggtgg sequence would lead to a steric clash of
chain segments and is thus not transferable to perfluorinated alkanes. The ggtgg
sequence by itself is probably unfavorably congested. This is indicated by calculated
conformer energies of perfluoroalkanes (Appendix A.1). For normal alkanes, neigh-
boring gauche bonds of equal sign are known to be slightly stabilized, that is, the
corresponding energy is less than twice the energy of trans-separated gauche bonds
(Sect. 4.1). In case of perfluorinated alkanes, the calculated conformer energies sug-
gest the opposite: double gauche conformers with neighboring gauche bonds of equal
sign have an energy higher than the sum of corresponding single gauche energies.2

From this discussion it is clear that the conformation of a self-solvating perflu-
oroalkane must be fundamentally different from the hydrocarbon analog. Since the
C–C bond distance in perfluorinated and normal alkanes is almost identical, a kink
that allows a larger chain separation must involve more –CF2– units than the eight

2 See Fig. A.2, aag, aga, and agg conformers.

http://dx.doi.org/10.1007/978-3-319-08566-1_4
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–CH2– units making up an alkane ggtgg sequence. This immediately postpones a
critical folding chain length.

Provided that perfluorinated chain segments are brought to appropriate contact,
the question remains how their attraction compares to attraction in normal alkanes.
This would involve interactions of “organic fluorine”, which are a current topic of
research [31] in the recently emerged “fluorous” chemistry3 [33]. A key feature of
fluorous compounds is that they are hydrophobic and lipophobic at the same time—a
property which is sometimes described as “fluorous effect” [34] and often ascribed
to the low polarizability of the fluorine atoms [34], which bind electrons tightly
due to a high effective nuclear charge. It is tempting to conclude from this general
behavior of fluorous compounds that interactions of two perfluorinated alkyl chains
will be weaker than those of alkyl chains carrying hydrogen. However, compared
to hydrogen, the contraction of fluorine is counterbalanced by the higher number of
electrons, so that both atoms end up with comparable polarizabilities [35].

To assess how interactions of the two systems compare, one might examine their
boiling points. The smallest perfluorinated alkanes with n < 4 have higher boiling
points than normal alkanes in this size range [36], indicating a stronger interaction
energy which is lost at higher chain length. This trend was rationalized by calculations
of dimerization energies: Ab initio MP2 calculations on smaller dimers (n = 1–3)
[36] found that (CF4)2 and (C2F6)2 are more stable than hydrocarbon analogons,
but the energy preference decreases quickly and switches already at n = 3. The
authors ascribed this development to increasing dimer separation with increasing
chain length because of higher steric demands. The higher stability of (CF4)2 com-
pared with (CH4)2 was confirmed by high-precision coupled cluster calculations
[37]. Investigations of longer perfluoroalkane dimers are rare due to the high com-
putational costs. A study on (perfluoro-)hexane dimers employing force field and a
semi-empirical calculations yielded contrary results regarding whether the hydro-
carbon or perfluorinated dimer is more stable [35]. However, the more trustworthy
calculations rather suggest, that dispersion stabilization is larger for normal alkanes,
at least at a system size relevant to self-solvation.

In summary, perfluorinated alkanes cannot be folded as sharply as normal alkanes,
implying a different (bigger) kink-conformation, as well as weaker stabilizing dis-
persion interactions. A critical folding chain length is postponed further by the higher
gauche energy penalty. This leads to the conclusion that it is very unlikely to observe
hairpin-like conformers of perfluorinated alkanes anywhere near the size range where
normal alkanes were found to self-solvate. On the other hand, the improved confor-
mational relaxation may assist their detection in a supersonic jet expansion, once
they are energetically competitive.

3 Fluorous: ‘of, relating to, or having the characteristics of highly fluorinated saturated organic
materials, molecules or molecular fragments’ [32].
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Chapter 6
Modulus of Elasticity

From the spectroscopic data accumulated in this work, it is possible to extract
important properties of the popular materials polyethylene and polytetrafluoroe-
thylene, namely a limiting value for their elastic moduli or Young moduli. In
the literature, one finds numerous determinations of this property [1–17], but
determinations from isolated molecules, which allow to derive values unaffected
by intermolecular interactions, are still rare [18]. Young’s modulus (E) is defined
for homogeneous materials and small displacements and describes how much stress
(force per area, F/A) is necessary to stretch a material by a certain fraction of its
length (strain, �l/ l):

E = stress

strain
= F/A

�l/ l
. (6.1)

The elastic modulus is often given in GPa = 109 N m−2, for example E ≈ 200 GPa
for steel, or E ≈ 70 GPa for aluminum [19].1 In Fig. 6.1, the definition of Young’s
modulus is depicted using the example of a rectangular rod. The picture also indicates
how this property is connected to the chain molecules investigated in this work:
thinking of a carbon chain as a very small “nano-rod”, one may ask how much force
is necessary to stretch it by a certain amount, or “What is its elastic modulus?”.
This question is somewhat flawed by the fact that the elastic modulus is defined
for macroscopic systems and not directly transferable to molecular systems without
ambiguity. However, with a consistent and elaborate approach, one can come to a
meaningful and applicable result.

The connection to the spectroscopic data from this work is provided by the fact
that longitudinal vibrations of extended carbon chains can be viewed as vibrations
of homogeneous rods in the limit of high chain length, when the sequential structure

1 To set these quantities in relation, one can think of 1 kg pulling on a 1 cm × 1 cm × 10 cm
rectangular rod on the surface of earth with a weight force of ≈10 N, which results in an elongation
by ≈0.01 mm for E = 1 GPa. About 200 kg would be needed to elongate a steel-rod by 0.01 mm,
or 70 kg in case of an aluminum-rod.

© Springer International Publishing Switzerland 2014
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Fig. 6.1 Definition of Young’s modulus

Table 6.1 Crystallographic data of all-trans polyethylene and all-anti polytetrafluoroethylene (13/6
helix, form II) from the literature

Polyethylene [21] Polytetrafluoroethylene [23]

Segment separation d/nm 0.1267 0.1300

Cross-section area per molecule A/nm2 0.1824 0.2725

Crystal density ρ/kg dm−3 1.008a 2.344

Circular cross-section area A′/nm2 0.1552 0.2454

Single chain density ρ′/kg dm−3 1.185 2.603

The crystal density is calculated from unit cell parameters, the cross-section area perpendicular
to the chains’ long axes is calculated from the unit cell’s face-area per chain (A) or by assuming
a circular cross-section corresponding to cylindrical chains (A′), and the single chain density is
calculated from Eq. 6.3
aHere, ρ = 1.00 kg dm−3 is used to calculate the elastic modulus, see text. With Eq. 6.3, this
translates to A = 0.1838 nm2

of the carbon backbone becomes negligible [20]. The physical length of a molecular
rod is calculated from the chain length n via:

l = nd + c

where d is the segment separation of two CH2 or CF2 units in direction of the long
chain axis and the constant c accounts for terminal hydrogens or fluorines (these can
be neglected for long chains). d is available from crystallographic data [21–23] or
quantum chemical calculations, which are quite robust in this aspect.2 Values for this
parameter are summarized in Table 6.1.

Longitudinal vibrations of homogeneous rods have wavenumbers [24]:

ν̃ = m

2c0l

√
E

ρ
, (6.2)

with ρ being the density of the material, c0 the speed of light in vacuum, and m the
number of nodes of the longitudinal mode. Provided that the accordion vibrations
of the studied (perfluoro-)alkanes correspond to pure longitudinal vibrations, this
relation allows to derive the elastic modulus. To reach the homogeneous rod limit,

2 The quantum chemical separation is obtained from the slope of a plot of the chain length versus
the end-to-end distance, as depicted in Appendix A.7, Figs. A.12 and A.13.
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the acquired data must be extrapolated to infinite chain length, so that a value for the
polymeric counterparts of the oligomers investigated here will be obtained.

The density occurring in Eq. 6.2 is a substantial source of ambiguity when it
comes to derive the elastic modulus from investigations on the molecular level. The
true source of ambiguity is actually not the density, but the cross-section area (A)
occurring in Eq. 6.1, that mutually depends on the density. For carbon chains, this
mutual dependence may be expressed as:

ρ = M(CX2)

NA d A
, (6.3)

where NA denotes Avogadro’s constant, and M(CX2) is the molar mass of a chain
segment (X = H, F). Problems arise because there are no sharp molecular bound-
aries, and therefore no strictly defined cross-section area, which is why an effective
cross-section area needs to be employed in the calculation of the elastic modulus. It
is the arbitrariness in the definition of such an effective cross-section area which has
led to some confusion and limited comparability of elastic moduli reported in the
literature, especially in case of polytetrafluoroethylene.

For polyethylene, the most recent experimental determinations of the elastic mod-
ulus [11, 18] employed the density ρ = 1.00 kg dm−3, which will be used in the
following calculations to establish comparability. This value is the approximate crys-
tal density obtained from the evaluation of an X-ray structure determination pub-
lished by Bunn [21]. From Bunn’s crystal structure follows an effective cross-section
area A = 0.1824 nm2 when the basal face-area of the unit cell is uniformly appor-
tioned to the number of chains per unit cell (denoted ‘unit cell face-area per chain’
from here on). With Eq. 6.3, this area actually translates to ρ = 1.008 kg dm−3

(≈1.01 kg dm−3), the value listed in Table 6.1. The unit cell face-area per chain
A = 0.1824 nm2 was used in several computational investigations [2, 3, 5] to con-
vert the calculated quantities into the elastic modulus. Therefore, experimental and
computational studies work with slightly different underlying values causing a small
deviation of the order of 1 %.

Studies on the elastic modulus of polytetrafluoroethylene defined the effective
cross-section area differently. Computational studies report varying A-values (A =
0.253 nm2 [12], A = 0.2484 nm2 [13, 14]) incompatible with the unit cell face-area
per chain calculated from the crystal structure [23] (A = 0.2725 nm2). Apparently,
these studies implied a circular cross-section based on the assumption of cylindrical
chains, excluding any blank volume in the crystal from the effective cross-section
area. Approximating the chains as cylinders lying on the long edges of the pseudo-
hexagonal unit cell (edge-length a = 0.559 nm [23]) gives a circular cross-section
area A′ = π(a/2)2 = 0.245 nm2, closer to the values listed above. This implies
that these studies did not work with the crystal density, ρ = 2.344 kg dm−3 [23],
but rather with significantly larger “single chain densities” ρ′ = 2.52 kg dm−3 and
ρ′ = 2.57 kg dm−3.3

3 Calculated using Eq. 6.3 with M(CF2) = 50.0 g mol−1.
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This introduces two ways of defining the effective cross-section area of
poly(tetrafluoro)ethylene chains. A third one is to approximate the outer bound-
ary of the chains by van-der-Waals radii [14] (Fig. A.14, Appendix A.7). However,
van-der-Waals radii are inherently somewhat arbitrary, and form a poor basis for
this definition. In principle, the other two definitions are both applicable, but have
a different focus. Using the crystal density (and thus an effective cross-section area
given by the unit cell face-area per chain) yields an ultimate elastic modulus for
close-packed chains, while a circular cross-section area (and thus effectively a sin-
gle chain density) yields the elastic modulus of a single “nano-rod”. The latter will
be larger than the ultimate crystal modulus, because the crystal unavoidably con-
tains some blank volume. From the perspective of the jet-isolation experiment, it
would be consistent to give the nano-rod modulus, but comparability with literature
values demands to employ the crystal density as well. For polytetrafluoroethylene,
literature moduli will be adjusted to the density and cross-section area used here to
establish comparability. Densities and corresponding cross-section areas are listed
in Table 6.1.

6.1 LAM-1 Perturbation

With a reasonable choice for length and density, the wavenumbers of longitudinal
chain stretching vibrations need to be found. The accordion vibrations assigned in
Chaps. 4 and 5 correspond to pure longitudinal chain stretching vibrations with a
few exceptions. Earlier in the text it was stated that the accordion vibration mixes
with transversal acoustic vibrations at certain chain lengths, yielding vibrations with
partial transversal and longitudinal displacement character. If this is the case, the
concerned vibration must be “purified” from non-longitudinal contributions, before
using it to extrapolate the elastic modulus. The reason for the mode-mixing is to be
sought in the form of the frequency branch to which the accordion vibrations belong.
The detailed discussion of this issue will be restricted to polyethylene [20], but the
corresponding frequency branch of polytetrafluoroethylene [25] has a similar shape,
so that the argumentation is applicable in this case as well.

For polyethylene, the accordion vibration belongs to the C–C–C bending fre-
quency branch, which is depicted in Fig. 6.2 (derived from B3LYP calculations,
see Appendix A.8). Modes at low phase values are characterized by longitudinal
displacements (LAMs), modes at higher phase values by transversal displacements
(TAMs) [20]. Because the C–C–C bending frequency branch is an acoustical one
with zero-frequency at limiting phase values, it necessarily passes through a maxi-
mum. Modes of finite alkanes are uniformly distributed over this frequency branch,
indicated by blue and red dots in Fig. 6.2 (the color denotes the particular symme-
try). At certain chain lengths, some modes on opposite sites of the maximum will
have similar frequencies. If the frequency and symmetry matches, normal modes of
the finite system are mixtures of the deperturbed LAM and TAM. In each example
depicted in the figure, the frequency of the LAM-1 falls in close proximity to the

http://dx.doi.org/10.1007/978-3-319-08566-1_4
http://dx.doi.org/10.1007/978-3-319-08566-1_5
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Fig. 6.2 Distribution of modes over the polyethylene C–C–C bending frequency branch for n =
11, 18, and 20. Colors indicate the symmetry of the modes: blue = A1(g), red = B2(u). The LAM-1
is the totally symmetric (blue) mode with the lowest phase value. Perturbation of the LAM-1 occurs
when its frequency (highlighted by a blue line) comes close to the frequency of a totally symmetric
mode at the high-phase value end of the branch
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Fig. 6.3 Harmonic normal coordinates of mixed LAM-1/TAM vibrations of eicosane calculated
with Turbomole v6.4 [26] on the B3LYP-D3/6-311++G** level. Unscaled wavenumbers in cm−1

and the scattering cross-section (in parentheses, Tvib = 100 K) in 10−36 m2sr−1 are given at the
bottom. Relative internal coordinate displacements are drawn below the molecular structures (C–C
stretching in black, C–C–C bending in gray, see Fig. 4.6). The deperturbed LAM-1 wavenumber,
calculated with Eq. 6.4, is 115 cm−1

frequency of a totally symmetric TAM at the high-phase value end of the branch, lead-
ing to mixed normal modes. In case of other chain lengths from 10 to 21 (Fig. A.16
in Appendix A.8), mixing of the LAM-1 is smaller or negligible. The closest match
of wavenumbers is found for eicosane with n = 20, where the LAM-1 exhibits the
strongest coupling on the B3LYP-D3/6-311++G** level for n = 13–21. The strongly
mixed normal coordinates of this special case are shown in Fig. 6.3.

The “purification” of accordion vibrations and recovery of deperturbed LAM-1
frequencies can be accomplished by using perturbation theory. Treating the perturba-
tions like a Fermi resonance [27, 28] and calculating the deperturbed LAM position
from the experimental intensity weighting:

ν̃0
LAM-1 = ν̃LAM-1 ILAM-1 + ν̃TAM ITAM

ILAM-1 + ITAM
(6.4)

was shown to work well to this end [18, 29, 30]. This approach implies that the
perturber has negligible intensity on its own, which is well realized in case of alkane
and perfluoroalkane TAMs.

6.2 Extrapolation to Infinite Chain Length

If the investigated all-trans alkanes and all-anti perfluoroalkanes behave like homoge-
neous rods, their LAM-1 wavenumbers should satisfy Eq. 6.2 and be antiproportional
to the chain length. In terms of the corresponding frequency branches [25, 31], this
means that their LAMs need to fall in the range of low phase values, where the
frequency dispersion is essentially linear. Since the phase of LAM-1 vibrations is
inversely proportional to the chain length, this is true in case of sufficiently long mole-
cules. Also, only in this limit, deviations due to end groups will become insignificant.

http://dx.doi.org/10.1007/978-3-319-08566-1_4
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Following from Eq. 6.2 with l = nd, the LAM-1 wavenumber (abbreviated ν̃ in the
following) can then be expressed as:

ν̃ = 1/n · 1

2c0d

√
E

ρ︸ ︷︷ ︸
=S

, (6.5)

so that the elastic modulus may be obtained from the slope S of a plot of LAM-1
wavenumbers against the inverse chain length:

E = 4ρ(c0d S)2. (6.6)

The quantity which corresponds to infinite chain length is the initial slope of the
frequency branch. If one plots and linearly fits LAM-1 wavenumber of insufficiently
long chains, the increasing negative curvature of the frequency branch with increasing
phase value will lead to a too small estimate of the initial slope. The derived elastic
modulus will correspond to a lower bound. For alkanes, which were measured up to
n = 21, it will be seen that the measured chains were long enough to allow an
extrapolation based on Eq. 6.5. In case of perfluoroalkanes however, the data is limited
to n ≤ 14, and deviations from Eq. 6.5 are obvious.

In order to obtain the initial slope of the polytetrafluoroethylene frequency branch
from the rather restricted data set, it is thus necessary to extend Eq. 6.5. The extrap-
olation approach

nν̃ = S + B

(n + C)2 (6.7)

was suggested in Ref. [18], and will be applied here as well. This slightly rearranged
version of Eq. 6.5 uses an additional term defined by two parameters B and C to
account for higher order deviations from linearity in 1/n at short chain length. The
parameter C is not varied freely, but optimized to linearize a plot of nν̃ against
(n + C)−2 from a large set of LAM-1 wavenumbers, calculated using low-level but
far-reaching quantum chemistry. With a properly chosen parameter C , the effect of
restricting the data to short chain lengths is largely attenuated. S, the y-intercept of the
nν̃ versus (n + C)−2 plot, is extrapolated from experimental LAM-1 wavenumbers
using the quantum chemically calibrated parameter C . Subsequent utilization of
Eq. 6.6 yields a semi-empirical elastic modulus which will be reviewed carefully.
Fortunately, the more comprehensive data set for alkanes allows the evaluation of
this extrapolation technique.
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Table 6.2 Averaged wavenumbers of normal alkane LAM-1, perturbing TAM, and LAM-3 bands
from Raman jet measurements in cm−1

Chain length Original (TAM, FR) LAM-1 ITAM, FR/ILAM-1 Deperturbed LAM-1 LAM-3

13 (149.0) 176.0 0.1382 172.8 444

14 (158.0) 165.2 0.6388 162.4 433

15 154.4 — — 398

16 143.3 — — 389

17 135.6 — — 377

18 126.8 — — 352

19 121.0 — — 341

20 (109.9) 115.7 0.1370 115.0 321

21 109.1 — — 310

LAM-1 and TAM positions and intensities were determined by fitting Gaussian curves, LAM-3
positions are peak wavenumbers. In case of tridecane, tetradecane (Fermi resonance), and eicosane,
the deperturbed LAM-1 wavenumber was calculated using Eq. 6.4

6.2.1 Extrapolation of Normal Alkane LAM-1 Wavenumbers

Deperturbed wavenumbers of normal alkane LAM-1 bands, assigned in Sect. 4.4, are
summarized in Table 6.2, together with untreated wavenumbers of LAM-3 bands.
Deperturbation was considered in case of tridecane, tetradecane, and eicosane.
The tetradecane LAM-1 vibration is perturbed not by a fundamental TAM level,
but by an anharmonic resonance with a combination tone of two TAMs [18]. A TAM
perturbation would be incompatible with the C–C–C bending frequency branch, as
shown in Fig. A.16 (Appendix A.8). For octadecane, the TAM predicted to perturb
the LAM-1 is obscured by single gauche bands and cannot be measured. In the
remaining cases, the intensities and band positions of LAM-1 bands and perturbers
are determined by fitting Gaussian curves. The position of the deperturbed LAM-1 is
recovered using Eq. 6.4. LAM-3 bands were not fitted, since they deviate too much
from the homogeneous rod approximation (see below). The accuracy of wavenum-
bers is improved by double-checking the calibration of the spectra using rotational N2
transitions [32] and CF4 vibrational bands [33, 34]. Accounting for uncertainties in
measuring band centers and weighting in case of perturbed LAMs, the wavenumber
uncertainty is estimated to be not more than ±1 cm−1.

In Fig. 6.4, the wavenumbers of LAM-1 modes are plotted against the inverse
chain length and fitted in the range n = 16–21 using Eq. 6.5. At these chain lengths,
the data does not exhibit a systematic deviation from a linear curve anymore, as
the residual shows. The pentadecane LAM-1 lies above the fitted curve indicating a
missed perturbation (judging from the C–C–C frequency branch, Fig. A.16, rather a
Fermi resonance than a mixing TAM), and is omitted. Tetradecane and tridecane seem
to be too short to let their LAM-1 fall on the initial linear portion of the frequency
branch. The fitted slope is S = (2295 ± 8) cm−1. The systematic uncertainty from

http://dx.doi.org/10.1007/978-3-319-08566-1_4
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Fig. 6.4 Extrapolation of Raman jet LAM-1 wavenumbers (circles) of normal alkanes (n = 13–21)
to infinite chain length using Eq. 6.5. Tridecane, tetradecane and pentadecane are excluded from
the fit (open circles). LAM-3 wavenumbers (squares) should fall on LAM-1 wavenumbers when
divided by their number of nodes, if the elastic homogeneous rod approximation holds. This is not
yet the case in the size range n = 13–21

restricting the data to n ≤ 21 is probably not more than the uncertainty from scatter-
ing. Conservatively adding the uncertainties yields S = (2.30 ± 0.02) × 103 cm−1.

Wavenumbers of LAM-3 modes are also included in Fig. 6.4. The applied division
by the number of nodes, m = 3, should let them coincide with LAM-1 modes in
the limit of high n (see Eq. 6.2). As in case of LAM-1 modes, this requires them
to fall in the range of phase values where the C–C–C bending frequency branch is
essentially linear, which is apparently not the case for n = 13–21. Therefore, only
LAM-1 modes allow to extrapolate the elastic modulus using Eq. 6.2.

6.2.2 Extrapolation of Perfluoroalkane LAM-1 Wavenumbers

The assignment of perfluoroalkane LAM-1 vibrations and perturbing vibrations was
discussed in Chap. 5 and is listed in Table 6.3. The band positions and intensities
were obtained by fitting Gaussian curves and transfered to the deperturbed LAM-1
wavenumber using Eq. 6.4. Other than in case of normal alkanes, the spectra lack
rotational lines from air (except the n = 14 spectrum, which was measured with the
less air-tight heatable brass saturator) or bands from other compounds which could be
used to validate the wavenumber calibration. Therefore, small calibration corrections
up to 1.2 cm−1 were made based on the assumption that the wavenumber of the CF2

http://dx.doi.org/10.1007/978-3-319-08566-1_5
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Table 6.3 Wavenumbers of perfluoroalkane LAM-1 bands and bands from perturbing TAMs (in
parentheses) from He Raman jet measurements in cm−1

Chain length Original (TAM) LAM-1 ITAM/ILAM-1 Deperturbed Calibration-corrected

6 (141.9) 168.3 0.7479 157.0 157.1

8 (116.8) 131.4 0.2969 128.0 127.7

9 115.7 — — 114.8

10 (101.5) 108.3 0.2568 106.9 106.1

12 (84.0) 90.2 0.1251 89.5 90.5

13 82.9 — — 84.1

14 79.8 — — 79.4

Band positions and intensities were determined by fitting Gaussian curves. Perturbation was
removed in case of n = 6, 8, 10, and 12 using Eq. 6.4. In order to minimize scattering due to
shortcomings in the wavenumber calibration, the calibration was corrected assuming the position
of the CF2 scissoring vibration is chain length independent, see text

scissoring vibration (≈385 cm−1) is chain length independent. The experimental and
computational wavenumbers of this vibration show no systematic evolution with
chain length, but rather scatter slightly around the average value. The experimental
average was used as reference point.

A plot of the deperturbed and calibration-corrected LAM-1 wavenumbers against
the inverse of the chain length is shown in Fig. 6.5a. It is obvious that the measured
perfluoroalkanes are too short to satisfy Eq. 6.5 and thus do not fall on a straight
line. Using Eq. 6.5, one can only calculate a lower bound for the initial slope of
the frequency branch from the LAM-1 of perfluorotetradecane, giving S > 1.11 ×
103 cm−1 (dash-dotted line). Accounting for higher order deviations but avoiding
reference to quantum chemical predictions for the moment is feasible by fitting
higher order polynomials [9]. Fitting a second order polynomial yields an initial
slope of S = (1.24 ± 0.02)×103 cm−1, but it is unlikely that such a limited function
already describes the deviations from linearity sufficiently accurate. The dashed line
in Fig. 6.5a shows a fit of a third order polynomial, which describes the data set better,
giving S = (1.22 ± 0.09) × 103 cm−1. However, fitting three parameters to seven
pairs of values leads to higher uncertainty. Using the extrapolation based on Eq. 6.7
and substituting one otherwise free parameter by a quantum chemical estimate goes
beyond second order deviations without raising the uncertainty so much.

As introduced above, the quantum chemical estimate is given by the parameter C .
Optimization to perfluorinated alkanes was carried out using harmonic frequency
calculations on the HF/STO-3G level [35] performed with Gaussian 03 [36].
Equation 6.7 was found to linearize a data set in the size range n = 6–50 best
when C was set to 6.5 (Fig. A.23, Appendix A.9). This value was tested by appli-
cation to smaller B3LYP/6-311+G(d) [35] and B3LYP-D3/def2-TZVP data sets,
yielding well linear curves which can straightforwardly be extrapolated to infinite
chain length (Figs. A.23 and A.24, Appendix A.9). The quantum chemical inves-
tigations also revealed a LAM-1 wavenumber alternation depending on the chain
length being an even or odd number, which is magnified by the multiplication of the
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Fig. 6.5 Extrapolation of Raman jet LAM-1 wavenumbers of perfluoroalkanes to infinite chain
length using Eq. 6.5 (a) and Eq. 6.7 (b). Reproduced and adapted material from reference III

LAM-1 wavenumber with the corresponding chain length. Even- and odd-numbered
chain lengths were thus evaluated separately, but without variation of C . According
to the far-reaching HF calculations, this ramification of sequential structure ceases
only at high chain length about n ≈ 50. The fits for odd and even chain length con-
verge in case of the HF calculations, as one would expect for chains long enough to
behave like a continuous medium, and the alternation does thus not affect the obtained
y-intercept. However, this is not true in case of the DFT data sets, where the linear
fits run rather parallel. By varying C , DFT-curves for even and odd chain lengths
can be adjusted to converge to a single y-intercept, but only at unreasonable expense
of linearity and/or at unreasonably high C (C = 55 in case of the B3LYP-D3/def2-
TZVP, for example). The small DFT data sets can thus not be used to evaluate C .
Rather, one has to rely on the HF prediction and accept some uncertainty.
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The nν̃ versus (n +C)−2 plot of experimental data is shown in Fig. 6.5b. The two
available LAM-1 wavenumbers of perfluoroalkanes with odd chain length are not
enough for a reliable extrapolation and are thus omitted. An upper bound for S is
established by fitting Eq. 6.7 setting C = 7.5 and raising the LAM-1 wavenumber by
1 cm−1, a lower bound by setting C = 5.5 and lowering the LAM-1 wavenumber by
1 cm−1, accounting for an uncertainty of ±1 (≈15 %) in C and ±1 cm−1 (≈1 %) in ν̃.
This leads to S = (1.21 ± 0.03) × 103 cm−1, which almost reproduces the result
of fitting a third order polynomial to the LAM-1 wavenumber plotted against the
inverse chain length, but reduces the uncertainty by a factor of three. The uncertainty
of this semi-empirical result increases from 2 to 3 % if one allows a variation of C
by ±2 (≈30 %), which is still less than half the uncertainty involved in the third
order polynomial fit (7 %). A much larger uncertainty in C would be at variance
with the fact that the semi-empirical approach worked quite well in case of shorter
alkanes [18] (see below), where rather crude HF/3-21G calculations were employed
as well. The involvement of quantum chemistry is thus indeed helpful, despite the
restriction to low computational levels.

6.3 Comparison of Elastic Moduli

Elastic moduli of polyethylene and polytetrafluoroethylene are calculated from the
initial slopes of the corresponding frequency branches (S) with Eq. 6.6, yielding the
values listed in Table 6.4. Moduli applicable to crystalline samples and nano-rod
values are provided. These values differ solely in the underlying chain cross-section
area (Table 6.1), as discussed above.

In order to compare the stiffness of polyethylene and polytetrafluoroethylene
chains, it is necessary to come back to one of the initial questions of this chapter: what
is the force needed to stretch these chains by a certain amount? The force generating
a strain of 1 % is listed in Table 6.4, calculated by plugging the elastic modulus and
associated cross-section area into Eq. 6.1. One can see that the calculated force is
virtually identical in both cases, in agreement with a previous claim that this quantity
hardly depends on groups attached to the carbon chains, and that the small deviation
of the torsional angles in all-trans alkane chains and all-anti perfluoroalkane chains

Table 6.4 Elastic moduli of polyethylene and polytetrafluoroethylene calculated from the initial
slope of the corresponding frequency branches (S)

Slope × 10−3/cm−1 Crystal/GPa Nano-rod/GPa Force/pN

Polyethylene 2.30 ± 0.02 305 ± 5 362 ± 6 (5.6 ± 0.1) × 102

Polytetrafluoroethylene 1.21 ± 0.03 209 ± 10 232 ± 12 (5.7 ± 0.3) × 102

The calculations are made using crystal densities and theoretical single chain densities, assuming
a circular chain cross-section area (column ‘nano-rod’). The last column is the force necessary to
stretch an extended isolated PE or PTFE chain by 1 %, calculated with Eq. 6.1. ρ- and A-values are
listed in Table 6.1
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has no significant influence on the corresponding stiffness [15]. The different elastic
moduli of polyethylene and polytetrafluoroethylene are merely an effect of different
chain-packing, that is, more chains per unit cross-section in polyethylene.

Another useful comparison of the forces given in Table 6.4 is to set them against
the force needed to stretch a single C–C bond. This force may be estimated from the
C–C stretching vibrational wavenumber of ethane (ν̃ = 995 cm−1 [37]). Calculation
with a reduced mass of μ ≈ 7.5 g mol−1 (assuming the methyl groups move as
rigid masses) yields the force constant k ≈ 440 N m−1 which translates to a force of
f ≈ 670 pN.4 This force is larger than in case of a (coiled) zig-zag chain, because
deformation of the latter involves softer C–C–C bending (and C–C–C–C torsion)
coordinates, along with stiffer C–C stretching coordinates.

The determined elastic moduli calculated from crystal densities are set against
literature values in Tables 6.5 (polyethylene) and 6.6 (polytetrafluoroethylene). From
the perspective of the preparation technique, the extrapolated moduli are idealized
values for isolated chains in vacuum at low-temperatures. This needs to be considered
when comparing the Raman jet-results to literature moduli. Therefore, the most
comparative value in case of polyethylene is the result from the previous Raman
jet extrapolation for alkanes with n = 5–16, which yielded E = (309 ± 8) GPa
[18]. Within the accuracy of the measurements, both values are virtually identical.
This underlines the validity of the extrapolation approach employed in Ref. [18] and
strengthens the confidence in the accuracy of the semi-empirical value obtained here
for polytetrafluoroethylene.

Further comparison of polyethylene moduli was discussed in Refs. [18] and [30]
and shall be summarized just briefly. The deviation of the obtained value to elastic
moduli of amorphous polyethylene samples is in particular noticeable. Common
samples have elastic moduli orders of magnitudes smaller than the vacuum limit,
of the order of 0.1 GPa [38]. High crystallinity is necessary to obtain samples with
moduli closer to the Raman jet value [39, 40], which can reach values up to ≈
290 GPa [8]. Raman spectroscopic investigations of solid alkanes yielded a limiting
modulus of (305 ± 3) GPa, after corrections for intermolecular interactions were
considered, which agrees perfectly with Raman jet values. Without such corrections,
a significantly higher value of (364 ± 25) GPa is extrapolated from solid alkane
LAM-1 wavenumbers [9].

More direct measurements follow microscopic strain in semi-crystalline poly-
ethylene by measuring variations in lattice plane distances using X-ray diffrac-
tion [7, 8]. The modulus is calculated from the macroscopic stress applied to the
measured sample, assuming the stress is uniformly distributed over the sample,
which is a controversial point of discussion [41] and a potential explanation for the
X-ray values usually being smaller than those from spectroscopic determinations.
The same problem concerns stress-strain measurements of polytetrafluoroethylene
samples [15], although a recently reported modulus derived from neutron diffraction
measurements [16] even exceeds the value obtained here.

4 k = μ (2 π c ν̃)2; f ≈ k × 0.153 pm × 1 %.
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Quantum chemical studies often convert a calculated change of energy per strain to
the elastic modulus. Values from HF [1, 2] and DFT calculations [5, 6] tend to be
somewhat too large, while a reported MP2 calculation almost matches the mod-
ulus reported here [3]. The Raman-jet value from this work and the previous jet-
investigation invite for further quantum chemical studies, putting thermal effects [4]
and interchain interactions [6] aside.

Comparing elastic moduli of polytetrafluoroethylene needs more attention to
ensure transferability. One issue are varying densities or cross-section areas, as dis-
cussed in the beginning of this chapter. Literature values listed in Table 6.6 were
unified using densities reported by Clark [23]. Another issue which needs to be con-
sidered is the structure of the investigated samples. Most of the literature moduli are
determined from 15/7 helical polytetrafluoroethylene (form IV), at variance with
the 13/6 helical conformation of jet-isolated perfluoroalkanes. However, the above
calculated forces needed to stretch polyethylene and perfluoropolyethylene chains
suggests that this small structural deviation should not influence the elastic modulus
significantly. Deviations should mainly stem from the slightly different densities of
13/6 and 15/7 helical polytetrafluoroethylene [23].

Unfortunately, an important reference reporting experimental moduli [17] (includ-
ing data from Ref. [25]) lacks the information which density was used in the under-
lying calculations. However, the respective publication includes a plot of LAM-1
wavenumbers against the inverse chain length, from which the slope S ≈ 1150 cm−1

can be estimated. The reported E-value (206 GPa) then implies a single chain density

Table 6.5 Elastic modulus of polyethylene (in GPa), determined by different methods

Reference Method/physical condition Reported modulus

Computational

[1] HF calculation 380 ± 50

[2] HF calculation 345

[3] MP2 calculation 303

[4] Molecular mechanics simulation 318

[5] DFT calculation 334

[6] DFT calculation 360

X-ray diffraction, stress-strain measurement

[7] Solid state 235

[8] Solid state 288 ± 10

Raman spectroscopy, LAM frequency extrapolation

[9] Solid state 364 ± 25a

[10] Solid stateb 290

[11] Solid stateb 305 ± 3

[18] Jet-isolated 309 ± 8

This work Jet-isolated (305 ± 5)

aconverted using ρ = 1.00 kg dm−3

bcorrected for intermolecular interactions
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of ≈ 2.56 kg dm−3. With the recent crystal density of 15/7 helical polytetraflu-
oroethylene, ≈ 2.302 kg dm−3 [23], the slope rather yields E = 185 GPa. This
modulus is somewhat lower than the modulus obtained here, but closer examina-
tion of the published plot reveals that the slope was actually underestimated. Using
just the LAM-1 wavenumber of the longest perfluoroalkane reported in Ref. [17],
ν̃ = 60 cm−1 (n = 20), the modulus E = 201 GPa is calculated using Eq. 6.2
(S = 1200 cm−1), in much better agreement with the Raman jet value. Other than in
case of polyethylene [18], intermolecular interactions between lamella of extended
chains in the crystal do not seem to affect the elastic modulus of polytetrafluo-
roethylene significantly, so that no correction is necessary [10, 11]. Calculating with
a unified density (or cross-section area) also brings the value obtained from neutron
scattering [25] and moduli obtained from DFT calculations [13, 14] in closer agree-
ment with the result from this work. Then, it seems there is consensus that the elastic
modulus of crystalline polytetrafluoroethylene lies in the range 200–220 GPa.
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Chapter 7
Summary and Outlook

Atticus told me to delete the adjectives and I’d have the facts.
Harper Lee

The focus of the present thesis was the identification and quantification of
dispersion-induced self-solvation (folding) of unbranched n-alkanes, free of interac-
tions with a molecular environment. To this end, a sensitive Raman jet-spectrometer
denoted curry-jet was extended to allow preparation of low-volatile substances, and
n-alkanes as long as 21 carbon atoms were isolated in supersonic jet-expansions for
the first time. Vibrational Raman spectra of structure-dependent frame vibrations and
structurally less dependent C–C and C–H stretching vibrations were recorded and
systematically analyzed. Quantum chemical simulations, using the B3LYP method
augmented with Grimme’s dispersion correction from 2010 [1], were made and com-
pared to experimental spectra to aid the assignment and estimate the abundances of
different conformers. The highlights of the findings are as follows.

• The most important contribution to Raman jet-spectra of frame vibrations comes
from single gauche and all-trans conformers up to a chain length of 18 carbon
atoms, where first evidence of self-solvation is found. Beyond this chain length,
bands from single gauche conformers fade into the background, and bands from
self-solvating “hairpin” conformers steeply gain intensity with increasing chain
length (≈150–300 cm−1, spectra on page 87).

• It is proposed that the onset of hairpin formation at a chain length of 18 carbon
atoms marks the critical chain length nc beyond which hairpin conformers are more
stable than all-trans conformers (nc = 17 or 18), despite the fact that the hairpin
abundance does not outweigh the all-trans abundance up until a chain length of
n = 21, which is explained by a kinetic delay of self-solvation in jet-expansions
(discussion on page 107).

• In agreement with the assessment of the Raman jet-experiments, high level coupled
cluster calculations find nc = 17 ± 1 [2] (discussion on page 110).
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The spectral evidence for folding is very abundant and not restricted to the region
of low-frequency frame vibrations (Sect. 4.4.4). Strongly Raman-scattering frame
vibrations of hairpin conformers are accordion-like modes with wavenumbers cor-
related to the length of vibrating all-trans segments (discussion on page 80). In the
region of C–C stretching vibrations, one finds hairpin vibrations localized in the kink
of the hairpin conformer (887 cm−1) or such shifted from single gauche and all-trans
in-phase C–C stretching vibrations (≈1110 and 1145 cm−1, spectra on page 90).
Asymmetric broadening of the CH2 stretching band at 2860 cm−1 and rather sym-
metric broadening of the CH3 stretching band at 2870 cm−1, setting in at a chain
length of 17 carbon atoms, are further features which may be related to self-solvation
(figures on page 98 and 102).

Quantum chemical simulations (B3LYP-D3/def2-TZVP, Sect. 4.3) were used
intensely to interpret jet-spectra and estimate conformer fractions. The excellent
performance of dispersion corrected B3LYP regarding harmonic frequencies and
conformer energies is worth mentioning in this summary. The correct energy pre-
diction depends critically on the inclusion of the dispersion correction “D3” [1]
(Appendix A.1). The critical chain length on the B3LYP-D3/def2-TZVP level is
nc = 16, close to the coupled cluster result and onset of hairpin formation in super-
sonic expansions.

Perfluorinated alkanes in the chain length interval n = 6–14 were studied by
Raman jet-spectroscopy as a comparative case. The main goal was the extrapolation
of the elastic modulus of polytetrafluoroethylene from accordion vibration wavenum-
bers. In the same way, the elastic modulus of polyethylene was determined. The major
findings of these studies are:

• Other than in case of n-alkanes, the population of gauche conformers is negligible
for jet-isolated perfluorinated alkanes (reflected in ‘mono-conformational’ spectra,
page 121), which points to a higher gauche energy and/or smaller isomerization
barrier.

• Self-solvation does not play a role in case of perfluorinated alkanes in the consid-
ered size range, and it will most probably not play a role up until a chain length
much longer than the critical chain length of n-alkanes (discussion on page 122).

• The ultimate elastic modulus of cold, interaction-free polyethylene is
(305 ± 5)GPa, the one of polytetrafluoroethylene (209 ± 10)GPa. The forces
necessary to stretch an all-trans polyethylene chain or a slightly helical all-anti
polytetrafluoroetyhlene chain are virtually identical. The different elastic moduli
are merely a result of different chain packing (discussion on page 138), as noted
in an earlier study [3].

Other than that, it could be shown that the application of low-level quantum
chemical calculations to aid the extrapolation of the elastic modulus of polyethylene
from accordion vibration frequencies [4] is not critical, which in return supports
the extrapolation of the elastic modulus of polytetrafluoroethylene using low-level
quantum chemistry, performed here.

Regarding the extrapolation of elastic moduli, it should be relatively straight-
forward to prepare perfluorinated alkanes longer than perfluorotetradecane in
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jet-expansions with the heated version of the curry-jet, but the accordion
vibrations in this size range would reach the cutoff-wavelength of the edge-filter used
to suppress Rayleigh-scattered light. A filter which allows measurements closer to the
Rayleigh-line would thus be needed to measure accordion vibrations of long perflu-
orinated alkanes. Also, rotational lines from air impurities overlay in the region close
to the Rayleigh-line, since the heatable brass saturator used to prepare substances
above room temperature is somewhat leaking. This problem might be significantly
reduced in a revised version, which is currently being tested.

The study of n-alkane self-solvation with the curry-jet calls for some further
experiments. It would be very interesting to probe the influence of the nozzle tem-
perature on the abundance of hairpin conformers. For measurements of octadecane,
the nozzle temperature may be lowered from 130 ◦C to about 90–100 ◦C. Depending
on how much of the hairpin jet-abundance stems from relaxation and how much
comes from freezing the nozzle-temperature distribution, a lower nozzle tempera-
ture might significantly increase the overall hairpin abundance, which would raise
the question if it is possible to prepare and observe hairpin conformers of heptade-
cane or even shorter alkanes without competition from clustering. If so, this would
challenge the critical chain length assigned here. It would also be helpful to employ
an optical resonator to enhance the intensity of the excitation radiation [5]. In this
way, it would be possible to work with lower alkane substance temperatures and
thus even lower nozzle temperatures. The construction of a ‘power build-up cavity’
[6] for the curry-jet was initiated during the work for this dissertation and will be
continued in future doctoral work. With the curry-jet in its current configuration, one
could also study partially or completely deuterated alkanes to probe the influence of
zero-point vibrational energy or to isolate specific vibrations [7–9].

An effort which was not mentioned in this thesis was a Monte-Carlo simulation
made with Matlab [10] which models the conformational distribution of n-alkanes
during a temperature drop to assess the kinetic delay thought to reduce the hairpin
abundance in jet-expansions. This simulation is in agreement with the expectation
that the hairpin conformer takes substantially more isomerization steps to be formed
in high abundance compared to the all-trans conformer, which is formed quickly.
However, the determination of conformational energies, especially from conformers
similar to the hairpin conformer, is not yet implemented satisfactorily. This is critical
because it will affect the rate with which hairpin conformers are formed when the
temperature is lowered. Therefore, the discussion of this simulation was omitted.
More sophisticated simulations [11] of a temperature drop could help to quantify the
kinetic delay.

Most desirable would be experiments which reach even lower effective
conformational temperatures than those reached in this work [12, 13], with con-
formational distributions closer to thermal equilibrium. To this end, it would be
necessary to cool more slowly, providing more time for hairpin conformers to equili-
brate, but at the same time prevent condensation and keeping the molecules isolated.
A promising candidate might be buffer gas cooling [14, 15], that is, passing alkane
vapor into helium gas kept at ≈6 K which provides collisional cooling. With this
technique, the preparation of relatively large molecules at very low-temperatures has
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already been demonstrated [16]. As in case of supersonic expansions, however, the
number of collisions is limited, because the substance is eventually lost on cold cell
walls. It is an open question if conformational degrees of freedom of alkanes exposed
to a cold buffer gas would equilibrate sufficiently fast to provide a more favorable
conformer distribution than supersonic expansions.
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Appendix

A.1 Gauche Energy and Additivity Check

Electronic energies of (perfluoro-)hexane conformers calculated with Turbomole
v6.4 [1] are visualized in Figs. A.1, A.2 and A.3. The calculations were done
as described in Sect. 4.3.1 MP2 energies are included for comparison, calculated
employing the resolution-of-identity (RI) approximation to reduce the computational
cost, with the Turbomole program ricc2 [2]. For n-hexane, the best estimates from
Gruzman et al. [3] (coupled cluster extrapolations) are included as reference.

The bar plots show calculated electronic energies (from center to right) and corre-
sponding added single gauche energies (from center to left) to evaluate gauche energy
additivity [4]. Narrower bars drawn with lighter colors indicate the deviation from
simple additivity to the “true” conformer energy (at that particular level of theory).
For example: the ttg and tgt hexane conformers have electronic energies 2.55 and
2.64 kJ mol−1 higher than the electronic energy of the all-trans conformer on the
B3LYP-D3/def2-TZVP level, respectively. Assuming perfect additivity and adding
these energies leads to a hypothetical energy of 5.19 kJ mol−1 for the tgg conformer.
However, the calculated energy is 4.28, 0.91 kJ mol−1 less than the added energies.
This demonstrates the stabilizing “positive pentane effect” introduced in Sect. 4.1,
which was attributed to beneficial dispersion interactions [4].

It is interesting to extend this comparison to other conformers, levels of theory, and
especially to perfluorinated alkanes. Calculations of hexane conformers on different
levels of theory are summarized in Fig. A.1. As expected, one finds a stabilization of
conformers with adjacent gauche bonds of equal rotational sense, and a large desta-
bilization if the rotational sense is reversed. Additivity is perfectly realized in case
two gauche bonds of equal rotational sense are separated by a trans bond. Two trans-
separated gauche bonds of opposite rotational sense are slightly destabilized. The
different computational levels compare favorably with exception of non-dispersion-
corrected B3LYP calculations. In this case, single gauche energies are erroneously

1 Energy convergence criterion ≤10−7 hartree, gradient norm convergence criterion ≤10−4

hartree bohr−1. B3LYP calculations were done on the m4 grid.
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Fig. A.1 Electronic energies of n-hexane conformers calculated with Turbomole v6.4 [1]. A cou-
pled cluster extrapolation from Gruzman et al. [3] is taken as reference. τ denotes the torsion angles
of gauche (g), cross (x), and trans (t) conformations. In case no sign is given, torsional angles are
of equal rotational sense. The light bars show deviation from additivity (from center to the left
stabilizing, from center to the right destabilizing)
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Fig. A.2 Electronic energies of perfluorohexane conformers calculated with Turbomole v6.4 [1].
τ denotes the torsion angles of gauche (g), cross (x), anti (a), and trans (t) conformations. In case
no sign is given, torsional angles are of equal rotational sense. The light bars show deviation from
additivity (from center to the left stabilizing, from center to the right destabilizing)
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Fig. A.3 Comparison of relative electronic energies of n-hexane and perfluorohexane conformers
calculated with Turbomole v6.4 [1]. τ denotes the torsion angles of gauche (g), cross (x), anti (a),
and trans (t) conformations. In case no sign is given, torsional angles are of equal rotational sense.
The light bars show deviation from additivity (from center to the left stabilizing, from center to the
right destabilizing)
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high and the dispersion stabilization due to neighboring gauche bonds is largely
missing. MP2 calculations, on the other hand, overestimate dispersion stabilization
[5–7], which is reflected in too small energies of conformers involving a g±g±
sequence.

For perfluorinated alkanes, B3LYP calculations with and without dispersion cor-
rection [8] as well as MP2 calculations come to very similar results regarding
additivity. Other than in case of n-hexane, two adjacent gauche bonds of equal
rotational sense lead to a conformer energy higher than the sum of single gauche
energies, implying a destabilization. If two gauche bonds of equal rotational sense
are separated by a bond in anti conformation, the energy is additive, but if the gauche
bonds are twisted in opposing directions, the bond separating them is forced from
the preferred helical anti conformation to a true trans conformation (τ = 180◦) and
the conformer energy increases notably. The higher steric demands of fluorine atoms
thus seem to largely inhibit folding of perfluorinated alkanes of any kind, and to
prevent simple additivity when gauche conformations are close to each other.

The experimental energy of a perfluorinated single gauche conformer remains
elusive. From the experimental viewpoint, it should be considerably higher than in
case of normal alkanes (see Sect. 5), but this is at variance with the MP2 and dispersion
corrected B3LYP predictions presented here. Predictions of bare B3LYP are in bet-
ter agreement with the qualitative experimental observations, but overshoot recent
coupled cluster calculations which found a smaller gauche energy of 3.1 kJ mol−1

for perfluorobutane [9] on the CCSD/cc-pVTZ level.

A.2 Fortran 95 Program count_conf.f95

The programcount_conf starts by calculating the maximum number of C–C–C–C
torsions (max_torsions) from the user defined chain length and allocates memory
accordingly. It enters a do loop which runs from 1 to the number of branches in the
tree diagram. The path along each branch is uniquely defined by the indexing number
of the branch stored in the variable branch. Dividing this integer number by 3 gives
a smaller number with the fractional digits of either 0, 1/3 or 2/3 (variable rest).
The first element of the branch is selected according to the fractional digits of the
division branch/3.0 (0 → −1 for g−, 1/3 → 0 for t and 2/3 → +1 for g+). Sub-
sequent divisions of the rounded resulting integers yield the remaining elements. The
selection is done with the select case statement (line 21) which needs an integer
selector (nint(rest*3)). Each cycle of the do loop yields a torsional sequence
temporarily stored in the array conf, for example conf = [0 0 +1 0 -1]
for the n = 8 conformer ttg+tg−. The number of gauche torsions is calculated by
adding the absolute values of the elements in conf. The corresponding element in
the array coeff is readily raised using the number of gauche bonds for indexing
(line 37–39). All-trans is not counted, as its coefficient is known and the sum of the
elements would be 0 which is not a valid index. Rejection of g±g∓ sequences is done
by comparing the current torsion with the preceding torsion (last_torsion) in

http://dx.doi.org/10.1007/978-3-319-08566-1_5
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the current branch (line 31–33). Before the code displays the resulting coefficient
on the screen, the numbers are divided by 2 to include symmetry weighting. The
code is not optimized for speed, as the calculations for even the longest alkane
considered in this work (n = 21 with 318 ≈ 3.9 × 108 main loops/branches and
18 × 318 ≈ 7.0 × 109 inner loops/elements) take no more than a few minutes on
an up-to-date desktop PC.

1 program count_conf

2 implicit none

3 double precision division, rest

4 integer branch, chain_length, i, last_torsion,

max_torsions, torsion

5 integer, dimension(:), allocatable :: conf, coeff

6 ! get chain length from user input

7 print *,’Chain length:’

8 read *, chain_length

9 max_torsions = chain_length - 3

10 allocate(conf(max_torsions))

11 allocate(coeff(max_torsions))

12 coeff(1:max_torsions) = 0

13 ! main loop to go through each branch of the tree diagram

14 do branch = 1, (3**max_torsions)

15 conf(1:max_torsions) = 0

16 last_torsion = 0

17 division = dble(branch) / 3.0

18 ! inner loop to go through each element

19 do torsion = 1 , max_torsions

20 rest = division - aint(division)

21 select case (nint(rest*3))

22 case (0)

23 conf(torsion) = -1

24 case (1)

25 conf(torsion) = 0

26 division = aint(division) + 1.0

27 case (2)

28 conf(torsion) = 1

29 division = aint(division) + 1.0

30 end select

31 if (last_torsion /= 0 .and. conf(torsion) ==

-last_torsion) then

32 goto 100

33 end if

34 last_torsion = conf(torsion)

35 division = division / 3.0

36 end do
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37 if (sum(abs(conf)) /= 0) then

38 coeff(sum(abs(conf))) = coeff(sum(abs(conf))) + 1

39 end if

40 100 cycle

41 end do

42 ! output of number of gauche vs. coefficient

43 print *,’coefficient for i gauche:’

44 do i = 1, max_torsions

45 print *, i,’gauche:’, coeff(i) / 2

46 end do

47 end program

A.3 Gaussian Functions to Simulate Raman Spectra

For the simulation of Raman spectra, each vibrational band (index v) is modeled by
a Gaussian function of the form

fv(ν̃) = σ ′
v · exp

(
− ln (16) · (ν̃ − ν̃v)

2

FWHM2

)
,

where σ ′
v is the Raman scattering cross section and ν̃v the wavenumber of the specific

vibration. The factor ln (16) ensures that

fv(ν̃v ± FWHM/2) = σ ′
v/2,

so that FWHM is indeed the full width at half maximum. The integral over the whole
wavenumber interval is

∞∫
−∞

fv(ν̃)dν̃ = √
π/ ln (16) · σ ′

v · FWHM,

directly proportional to the scattering cross section and the FWHM. The spectrum
of a single conformer (index j) is obtained by summing over all vibrational bands:

f j (ν̃) =
∑

v

fv(ν̃),

and the complete simulated spectrum by summing over all conformers:

F(ν̃) =
∑

j

N j

Ni
f j (ν̃).

In the last equation, (N j/Ni ) is a Boltzmann weighting factor, discussed in Sect. 4.1.

http://dx.doi.org/10.1007/978-3-319-08566-1_4
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A.4 Gibbs Energy Difference from Quantum Chemical
Calculations

The following derivation makes use of equations from thermodynamics and statis-
tical mechanics taken from Ref. [10]. For simplicity, all equations will be derived
for an ensemble containing 6.022141 × 1023 (1 mol) molecules, equivalent with
replacing the number of considered molecules (N ) by Avogadro’s constant (NA) in
the following equations.

The internal energy (U ) of an ensemble of molecules is given by the electronic
energy (ESCF), obtained from self-consistent field (SCF) calculations, zero-point
vibrational energy (EZPVE), obtained from harmonic frequency calculations, and
energy from thermal excitation of the various degrees of freedom of the system
(Eth(T )):

U = ESCF + EZPVE + Eth(T ).

ESCF and EZPVE are provided by Turbomole. The thermal energy is connected to
the canonical partition function (Q) by:

Eth(T ) = kBT 2
(

∂ ln Q

∂T

)
N=NA,V .

(A.1)

The enthalpy includes the product of the pressure (p) and Volume (V ) of the system:

H = U + pV,

H = ESCF + EZPVE + kBT 2
(

∂ ln Q

∂T

)
N=NA,V︸ ︷︷ ︸

=Eth(T )

+ V kBT

(
∂ ln Q

∂V

)
N=NA,T .︸ ︷︷ ︸

=p

(A.2)

To calculate the Gibbs energy, the enthalpy is reduced by the entropy (S) times the
temperature:

G = H − T S. (A.3)

The entropy term is related to the canonical partition function by:

T S = kBT 2
(

∂ ln Q

∂T

)
N=NA,V︸ ︷︷ ︸

=Eth(T )

+ kBT ln(Q). (A.4)

Combining Eqs. A.4, A.3, A.2, and A.1 gives:

G = ESCF + EZPVE + V kBT

(
∂ ln Q

∂V

)
N=NA,T

− kBT ln(Q). (A.5)
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For non-interacting, indistinguishable molecules, the canonical partition function
can be linked to the molecular partition function (q) by:

Q(N , V, T ) = [q(V, T )]N

N ! .

Furthermore, if the degrees of freedom of a molecule described by q do not interact
(for example, the rotational states are not influenced by vibrational excitation), q can
be written as the product

q(V, T ) = qel(T )qtrans(V, T )qrot(T )qvib(T ).

The dependences on T , V and N are omitted for better readability in the following
equations. The quantity important to Eq. A.5, ln Q, becomes:

ln Q = N [ln qel + ln qtrans + ln qrot + ln qvib] − ln (N !). (A.6)

Plugging Eq. A.6 into Eq. A.5, calculating for 1 mol of molecules (N = NA,
kB NA = R), and noticing that only the translational molecular partition function
qtrans contributes to the derivative with respect to V gives:

G = ESCF + EZPVE + VRT

(
∂ ln qtrans

∂V

)
N=NA,T

− RT [ln qel + ln qtrans + ln qrot + ln qvib]
− kBT ln (NA!). (A.7)

For two conformers of the same alkane (index i , j), the translational molecular
partition functions do not differ, so that for the Gibbs energy difference (�Gi j =
G j − Gi ), all terms depending on qtrans cancel. The last term of Eq. A.7 cancels as
well if two ensembles consisting of NA molecules each are compared. The electronic
molecular partition function will approach 1 for temperatures relevant to this work,
therefore ln qel = 0. Then, only the rotational and vibrational parts remain relevant
for the calculation of �Gi j :

�Gi j = �E0
i j − RT (ln q j,rot − ln qi,rot + ln q j,vib − ln qi,vib)

�Gi j = �E0
i j − RT ln

(
q j,rotq j,vib

qi,rotqi,vib

)
(A.8)

In these equations, the electronic SCF and zero-point vibrational energy is summa-
rized in E0

i :
E0

i = Ei,SCF + Ei,ZPVE.

Finally, to account for degeneracy of conformers, the Gibbs energy difference has
to be corrected by a term (−RT ln

g j
gi

) [10, p. 563], where the gs are the numbers
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of enantiomeric realizations of otherwise equal conformers. This is equivalent to
multiplying the molecular partition functions with gi, j :

�Gi j = �E0
i j − RT ln

(
g j q j,rot q j,vib

gi qi,rot qi,vib

)
. (A.9)

A.5 Hairpin Normal Coordinates

In the following figures (Figs. A.4–A.10), normal coordinates of characteristic low-
frequency hairpin vibrations are shown, framed by exaggerated turning points. Labels
refer to the chain length, hairpin type, and experimental and unscaled calculated
wavenumbers. The latter is given in square brackets. The vibrations are discussed in
Sect. 4.4.1.

Fig. A.4 Skeletal hairpin vibrations of type I

http://dx.doi.org/10.1007/978-3-319-08566-1_4
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Fig. A.5 Skeletal hairpin vibrations of type I
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Fig. A.6 Skeletal hairpin vibrations of type II
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Fig. A.7 Skeletal hairpin vibrations of type II
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Fig. A.8 Skeletal hairpin vibrations of type III
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Fig. A.9 Skeletal hairpin vibrations of type IV
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Fig. A.10 Skeletal hairpin vibrations of type IV
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A.6 Accordion/CH Ratio

The accordion/CH ratio was derived from Raman jet-measurements of alkanes
expanded in helium, helium/argon (6 %), and helium/tetrafluoromethane (4 %), using
the spectroscopy software Opus v6.52 to integrate spectra of the CH-stretching band
and to fit spectra of the accordion vibration band. CH-stretching spectra and spectra
of the accordion vibration band were measured in alternation to attenuate fluctuations
of substance concentration. The CH-stretching band was integrated in the wavenum-
ber interval 2810–3020 cm−1 throughout, while the accordion vibration band and
neighboring bands were fitted with Lorentzian curves.

States perturbing the accordion vibration (see Sect. 6.1) were identified by relax-
ation experiments with carrier gas additives (relative intensity to accordion vibra-
tion band does not change) and quantum chemical calculations on the B3LYP/6-
311++G** level performed with Turbomole v6.3 [11], as well as calculations on
the B3LYP/6-311++G(d,p) level with Gaussian 09 [12]. Quantum chemical cal-
culations were used to identify fundamentals mixing with the accordion vibration
and to estimate the occurrence of two-quanta excitations with energies close to the
accordion vibration wavenumber and appropriate symmetry to provoke a Fermi res-
onance. Fitting models of the accordion vibration and neighboring signals are shown
in Fig. A.11. Some of the designated perturbations might in fact be bands of single
gauche conformers. At the time these fits were made, calculations of single gauche
conformer spectra were not yet available. Revision of the fitting models considering
single gauche conformers would be possible, but not worthwhile anymore.

Calculated accordion/CH ratios are summarized in Table A.1. This data set is
a revision of the Turbomole v6.3 calculations mentioned above, calculated with
Turbomole v6.4 including Grimme’s D3 correction [8]. Ratios are calculated from
scattering cross-sections weighted according to the polarization dependent sensitiv-
ity of the curry-jet spectrograph (see Sect. 2.1). The table includes values calculated

Table A.1 Accordion/CH ratio in percent, calculated on the B3LYP-D3/6-311++G** level with
Turbomole v6.4 [1] for different vibrational temperatures (Tvib)

Tvib/K n = 13 14 15 16 17 18 19 20

Considering perturbation

50 9.15 8.98 8.80 8.59 8.41 8.30 8.01 7.91

100 9.89 9.84 9.79 9.69 9.63 9.63 9.42 9.43

150 11.19 11.25 11.33 11.32 11.37 11.46 11.32 11.41

Neglecting perturbation

50 8.08 8.92 8.57 8.49 8.31 8.00 7.95 4.04

100 8.72 9.79 9.53 9.58 9.51 9.29 9.35 4.79

150 9.84 11.20 11.02 11.20 11.22 11.07 11.22 5.78

2 http://www.bruker.com/products/optical-spectroscopy/opus-spectroscopy-software/overview.
html (23 September 2013).

http://dx.doi.org/10.1007/978-3-319-08566-1_6
http://dx.doi.org/10.1007/978-3-319-08566-1_2
http://www.bruker.com/products/optical-spectroscopy/opus-spectroscopy-software/overview.html
http://www.bruker.com/products/optical-spectroscopy/opus-spectroscopy-software/overview.html
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Fig. A.11 Lorentzian fitting models. The accordion vibration band and attendant perturbations are
drawn in red. Note that the intensities of the Lorentzian curves are scaled to half the accordion
vibration band intensity and that spectra are from an early stage of the alkane-folding study
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considering harmonic mode mixing of the accordion vibration with the nearest totally
symmetric vibration, and such omitting any perturbation. The deviation of these val-
ues is significant only in case of tridecane and eicosane. The slight chain length
dependence of the calculated accordion/CH ratio was omitted, leading to a pre-
dicted ratio of ≈10 % at 100 K (quoted as 0.1 in Sect. 4.5). Allowing for a variation
of the unknown vibrational temperature between 50 and 150 K leads to an uncertainty
of about ±1 %.

A.7 Dimensions of Extended (Perfluoro-)Alkanes

See Figs. A.12, A.13 and A.14.

http://dx.doi.org/10.1007/978-3-319-08566-1_4
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Fig. A.12 Projection of all-trans alkane atom coordinates on the plane spanned by carbon atoms
(optimized structures on the B3LYP-D3/6-311++G** level, Turbomole v6.4 [1]). The end-to-
end distance, given on the right side, yields a methylene separation of 128 pm in the l-direction.
Reference II—Reproduced by permission of The Royal Society of Chemistry



Appendix 169

0 0.5 1.0 1.5 2.0

14

13

12

11

10

9

8

7

6

length ( l ) / nm

ch
ai

n 
le

ng
th

 (
n

)

segment separation d = 0.13013 nm

end−
to−

end distance

0.86601

0.99465

1.1252

1.256

1.3852

1.517

1.6445

1.778

1.9056

Fig. A.13 Projection of all-anti perfluoroalkane atom coordinates (optimized structures on the
B3LYP-D3/def2-TZVP level, Turbomole v6.4 [1]). The end-to-end distance, given on the right
side, yields a CF2 separation of 130 pm in the l-direction
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Fig. A.14 Projection of all-trans tridecane and all-anti perfluorotridecane atom coordinates on
the plane perpendicular to the long axes of the molecules (optimized structures on the B3LYP-
D3/6-311++G** and B3LYP-D3/def2-TZVP level, respectively, Turbomole v6.4 [1]). In case of
perfluorotridecane, bonds are omitted and fluorine van-der-Waals spheres are restricted to the outer
boundary for better clarity. The spatial occupation is approximated by a cylinder with a radius set
such that all hydrogen and fluorine atoms fit according to their van-der-Waals radii (110 and 147 pm,
respectively [13, 14])

A.8 C–C–C Bending Frequency Branch

From harmonic frequency calculations on the B3LYP-D3/6-311++G** level used to
simulate Raman spectra, the polyethylene frequency branches can be approximated.
This was done for the C–C–C bending frequency branch to which the longitudi-
nal acoustic modes belong, in order to elucidate harmonic mode mixing of LAM-1
modes. The frequency branch can actually be calculated for an infinite all-trans chain
using periodic internal coordinates [15]. Here, the frequency branch is not directly
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Fig. A.15 C–C–C bending frequency branch from B3LYP-D3/6-311++G** harmonic frequency
calculations (n = 13–21). Calculated wavenumbers are drawn with ×, the interpolation with a solid
line

calculated, but interpolated3 from the available quantum chemical calculations of
vibrations of finite chains with n = 13–21. Finite chain vibrations will scatter some-
what around the frequency branch of the infinite system, due to end-group effects and
mode mixing. Interpolating the full frequency branch from this data can thus only
result in an approximation to the “real” frequency branch which would result from
a calculation on the equivalent level on the infinite system. However, the resulting
branch correctly predicts the occurrence of LAM-1 mode mixing at certain chain
lengths and is thus sufficiently accurate for this work. It is depicted in Fig. A.15.
The involved calculated normal modes were assigned to k values considering the
known form of the C–C–C bending frequency branch (vibrational wavenumbers
first increase, reach a maximum, and then decrease with increasing k) and symmetry
requirements (A1/Ag symmetry for odd k and B1/Bu symmetry for even k). The
phase is calculated via ϕ = kπ/(n − 1), k = 1, 2, ..., n − 2 [17]. Note that Snyder
[17] gives a relation involving the number of coupled oscillators (m = n − 2 in this
case of coupled C–C–C bending oscillators).

Figure A.16 shows how unperturbed C–C–C bending modes are distributed over
the frequency branch for different chain lengths, see Fig. 6.2 and discussion in
Chap. 6.

3 The interpolant was made by smoothing the data using Matlab [16] (method “loess” = locally
weighted scatter plot smooth) and fitting a cubic spline.

http://dx.doi.org/10.1007/978-3-319-08566-1_6
http://dx.doi.org/10.1007/978-3-319-08566-1_6
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Fig. A.16 Distribution of modes over the C–C–C bending frequency branch for n = 13–21. Colors
indicate the symmetry of the modes: blue = A1(g), red = B2(u). The LAM-1 is the totally symmetric
(blue) mode with the lowest phase value. Perturbation of the LAM-1 occurs when its frequency
comes close to the frequency of a totally symmetric mode at the high-phase value end of the branch
(n = 11, 18, 20). The LAM-1 frequency is highlighted with a blue line
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A.9 Subsidiary Figures

See Figs. A.17–A.24.
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Fig. A.17 Comparison of an averaged jet-cooled Raman spectrum of tridecane to a B3LYP-D3/6-
311++G** simulation in the C–C stretching region. The experimental spectrum is Savitzky-Golay
filtered (7 pt.). Measurement conditions expansion in He, ϑs = 35 ◦C, p0 = 0.5 bar, pb = 0.9 mbar,
dn = 1 mm, exposure 6 × 600 s. Calculation effective temperature used in single gauche to all-trans
weighting = 100 K, hairpin to all-trans weighting =0.1:1, wavenumber scaling factor = 0.99
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Fig. A.18 Comparison of an averaged jet-cooled Raman spectrum of heptadecane to a B3LYP-
D3/6-311++G** simulation in the C–C stretching region. The experimental spectrum is Savitzky-
Golay filtered (7 pt.). Measurement conditions expansion in He, ϑs = 75◦C, p0 = 0.5 bar, pb =
0.8 mbar, dn = 1 mm, exposure 6 × 600 s. Calculation effective temperature used in single gauche
to all-trans weighting = 100 K, hairpin to all-trans weighting =0.1:1, wavenumber scaling factor
= 0.99
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Fig. A.19 Comparison of an averaged jet-cooled Raman spectrum of heneicosane to a B3LYP-
D3/6-311++G** simulation in the C–C stretching region. The experimental spectrum is Savitzky-
Golay filtered (7 pt.). Measurement conditions expansion in He, ϑs = 125◦C, p0 = 0.55 bar,
pb = 0.8 mbar, dn = 1 mm, exposure 6 × 600 s. Calculation effective temperature used in single
gauche to all-trans weighting = 100 K, hairpin (hairpin b) to all-trans weighting =1.7 (0.6):1,
wavenumber scaling factor = 0.99
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Fig. A.20 Comparison of FTIR gas phase and liquid phase spectra of short alkanes at room tem-
perature in the C–H stretching region. Liquid phase spectra were measured with a Vector 22 spec-
trometer (Bruker) at 1 cm−1 resolution using a ZnSe ATR cell, vapor spectra (1 mbar alkane mixed
with 500 mbar N2) were measured with a Vertex 70v spectrometer (Bruker) at 0.5 cm−1 resolution
using a 23 cm long sample cell equipped with KBr windows
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Fig. A.21 Comparison of n-decane spectra in the C–H stretching region under different physical
conditions. The FTIR measurement conditions are described in the caption of Fig. A.20, Raman
jet measurement conditions were as follows: expansion in He, ϑs = 12◦C, p0 = 0.5 bar, pb =
0.9 mbar, dn = 1 mm, exposure 6 × 90 s. Helium/decane mixtures were prepared with the glass
saturator flushed with helium at 1.9 bar
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Fig. A.22 Hairpin energy relative to all-trans energy (electronic energy + zero-point vibrational
energy) on different computational levels, see Sect. 4.5.2. Lines are drawn to guide the eye and to
demonstrate linearity (dashed even-numbered chain length, solid odd-numbered chain length)

http://dx.doi.org/10.1007/978-3-319-08566-1_4
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Fig. A.23 LAM-1 frequency extrapolation from calculations of perfluorinated alkanes in all-anti
conformation, see Sect. 6.2.2. Calculations were done using Gaussian 03 [18, 19]. Filled symbols
indicate even-numbered chain lengths, open symbols odd-numbered chain lengths. LAM-1 frequen-
cies are deperturbed using Eq. 6.4, considering only the totally symmetric TAM with the closest
wavenumber. Reproduced and adapted material from reference III

http://dx.doi.org/10.1007/978-3-319-08566-1_6
http://dx.doi.org/10.1007/978-3-319-08566-1_6
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Fig. A.24 LAM-1 frequency extrapolation from calculations of perfluorinated alkanes in all-anti
conformation, see Sect. 6.2.2. Calculations were done using Turbomole v6.4 [1]. Filled symbols
indicate even-numbered chain lengths, open symbols odd-numbered chain lengths. LAM-1 frequen-
cies are deperturbed using Eq. 6.4, considering only the totally symmetric TAM with the closest
wavenumber

A.10 Chemicals

See Table A.2.

Table A.2 List of used chemicals (not further purified)

Compound CAS Purity/% Supplier Commenta

Perfluoroalkanes

Perfluorohexane C6F14 355-42-0 99 Sigma-Aldrich PN 281042

LOT MKBD0617

Perfluorooctane C8F18 307-34-6 98 Sigma-Aldrich PN 359238

Perfluorononane C9F20 375-96-2 99 Fluorochem PN 007118

BN 2737

Perfluorodecane C10F22 307-45-9 97 Apollo-Scientific PN PC2903

BN AS413408

Perfluorododecane C12F26 307-59-5 97 Fluorochem PN 007036

Perfluorotridecane C13F28 376-03-4 98 Fluorochem PN 009331

BN 1458

Perfluorotetradecane C14F30 307-62-0 97 Apollo-Scientific PN PC6216

BN AS413982

(continued)

http://dx.doi.org/10.1007/978-3-319-08566-1_6
http://dx.doi.org/10.1007/978-3-319-08566-1_6
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Table A.2 (continued)

Compound CAS Purity/% Supplier Commenta

Gases

Helium 7440-59-7 99.996 Linde

Argon 7440-37-1 99.999 Air Liquide

Tetrafluoromethane CF4 75-73-0 99.999 Linde

Hexafluoroethane C2F6 76-16-4 99.999 Linde

Sulfur hexafluoride SF6 2551-62-4 99.9 Linde

Helium/neon (30 %) Linde Prüfgasklasse 1

Alkanes

n-pentane C5H12 109-66-0 99 Sigma-Aldrich PN 34956

LOT SZBA170M

n-hexane C6H14 110-54-3 99 Merck Measurement from

Ref. [20]

n-decane C10H22 124-18-5 99 Sigma-Aldrich PN D901

LOT MKBG3224V

n-undecane C11H24 1120-21-4 99 Sigma-Aldrich PN U407

LOT 06010EE-337

n-dodecane C12H26 112-40-3 99 Sigma-Aldrich PN D221104

LOT 08305CH-317

n-tridecane C13H28 629-50-5 99 Sigma-Aldrich PN T57401

LOT 04220LE-267

n-tetradecane C14H30 629-59-4 99 Sigma-Aldrich PN 87140

LOT BCBC1627

n-pentadecane C15H32 629-62-9 99 Sigma-Aldrich PN P3406

LOT 04414HH-118

n-hexadecane C16H34 544-76-3 99 Alfa Aesar PN A10322

LOT 10141578

n-heptadecane C17H36 629-78-7 98 Sigma-Aldrich PN 51580

LOT 1350580

n-octadecane C18H38 593-45-3 99 Alfa Aesar PN 31954

LOT E18W031

n-nonadecane C19H40 629-92-5 99 Sigma-Aldrich PN 74160

LOT 440216/1

n-eicosane C20H42 112-95-8 99 Sigma-Aldrich PN 219274

LOT 04225AJ

n-heneicosane C21H44 629-94-7 99 ABCR PN AB116964

LOT 1035515
aPN ≡ product number/item number, LOT ≡ lot number, BN ≡ batch number
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