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Stretching and folding of 2-nanometer
hydrocarbon rods†‡

Nils O. B. Lüttschwager and Martin A. Suhm*

Linear alkanes CnH2n+2 in vacuum isolation are finite models for an infinite polyethylene chain. Using

spontaneous Raman scattering in supersonic jet expansions for n ¼ 13–21 in different spectral ranges,

we determine the minimal chain length nh for the cohesion-driven folding of the preferred extended all-

trans conformation into a hairpin structure. We treat fully stretched all-trans alkanes as molecular

“nanorods” and derive Young's modulus E for the stretching of an isolated single-strand polyethylene

fibre by extrapolating the longitudinal acoustic mode to infinite chain length. Two key quality parameters

for accurate intra- and intermolecular force fields of hydrocarbons (nh ¼ 18 � 1, E ¼ 305 � 5 GPa) are

thus derived with high accuracy from experimental spectroscopy.
1 Introduction

Any molecular description of chain polymers and their
mechanical properties must address at least three energy
aspects – the response to axial stress which controls the limiting
elasticity,1 the torsional energy landscape of the backbone
which controls the intrinsic coiling preference,2 and the inter-
chain attraction due to non-covalent forces3 which controls
general cohesion and soness. As a consequence, the quality of
a given molecular mechanics force eld depends on its covalent
bond force constants,4 on its sterically dominated5 torsional
potentials and on its van der Waals attraction terms.6 There is a
wealth of such force elds in the literature7 which have been
adjusted to an even larger wealth of quantum-chemical2,8 and
experimental constraints.9,10 While the former most successfully
address isolated molecules, the latter oen include condensed
phase input. It would be desirable to have a common meeting
point in the gas phase which brings theory and experiment
together with respect to all three key ingredients for polymer
mechanics listed above. This is the goal of the present work,
focussing on the simplest of all organic chain polymers –

polyethylene or –(CH2)N–.
Its stable nite fragments, saturated linear hydrocarbons or

alkanes CH3–(CH2)n�2–CH3, are exible chain molecules. They
have an energetical preference for the all-trans planar zig-zag
conformation (180� torsion angle). Torsion around some of the
n � 3 inner C–C bonds by approximately �120� generates an
exponentially growing number of molecular conformations,
ität Göttingen, Tammannstr. 6, 37077
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with an average penalty ofzkBTR for each gauche angle at room
temperature TR z 300 K. Some torsions are more repulsive,
others even attractive due to their promotion of London
dispersion interactions between the chain ends.2,11 Already for
n ¼ 5, the unique all-trans structure ceases to prevail at room
temperature.8 This entropic disadvantage of the global
minimum structure accentuates for longer chains, both in the
gas phase and in the liquid state. In the solid, packing forces
still favor the all-trans structure, even up to very long chain
lengths.12 The resulting entropy penalty leads to record values
for the enthalpy of fusion, which are exploited in phase change
materials for heat storage,13 e.g. for the stabilization of office
temperatures by incorporation of such material into the walls.

The conformational dynamics of such hydrocarbon chains is
decisive for the physical properties of polyethylene, the most
abundant synthetic polymer.14 Its elastic modulus varies over
many orders of magnitude, depending on whether the stress is
acting along a chain axis (e.g. for single molecule laments) or
along entangled random coils. It is largely controlled by the
degree of crystallinity.15 A single stretched polyethylene lament
denes the maximum achievable elastic modulus of poly-
ethylene material for small deformations. This limit has been
subject to considerable debate.16–20 Elaborate corrections are
necessary when it is derived from condensed phase data of
alkanes,19 and an isolated molecule benchmark was overdue.21

By lowering the temperature, one can gradually move from
random coil character to the stretched all-trans form even for an
isolated hydrocarbon molecule, if one manages to circumvent
aggregation and still overcome the sizeable (z3kBTR) barriers11

between the conformations. These requirements appear to be
mutually exclusive, because the former involves rapid quench-
ing and the latter slow cooling. There have been few strategies to
straighten exible hydrocarbon chains into stretched-out all-
trans nanorods in vacuum isolation, towards the goal of
Soft Matter, 2014, 10, 4885–4901 | 4885
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View Article Online
modelling an isolated innite polyethylene string.21 Indeed,
there are several theoretical predictions that this stretched
conformation will not be stable towards London dispersion-
driven folding beyond a quite moderate chain length.7,22–24 Up to
very recently,25 not a single attempt was directed towards
experimentally characterizing the critical chain length nh at
which a stretched hydrocarbon nanorod will become energeti-
cally less stable than a “hairpin” conformation, in which the two
ends of the carbon chain align with each other to maximize
their attraction at the expense of conformational bending
energy in the hairpin fold (see Fig. 1). In view of the challenges
in accurately modelling London dispersion forces,26 this
represents an important gap and nonpolar hydrocarbons are
well suited objects to close this gap.

The purpose of the present contribution is to elaborate on
the two preliminary studies of the elastic modulus of an innite
stretched polyethylene chain21 and the critical chain length for
London dispersion-driven folding,25 moving substantially
beyond the experimental evidence communicated before and
underpinning it with systematic and rigorous spectroscopic
modelling.
2 Experimental techniques

Raman spectroscopy is frequently used to characterize the
conformation of hydrocarbons in the condensed phase27–29 and
less frequently in the gas phase,10,30,31 where one quickly runs
out of vapor pressure with increasing n.21 Low translational and
rotational temperatures can be achieved by collisions in
supersonic jets emerging from nozzles.32,33 These nozzles can be
cylindrically symmetric or slit-like. Slit nozzles34,35 restrict the
expansion into vacuum to two dimensions, thus reducing the
density fall-off and increasing the number of collisions. For low
vapor pressure compounds like long chain alkanes, the gas and
the expansion nozzle have to be heated,36,37 partially counter-
acting the cooling extent. Dilution of the compound in a light
carrier gas helps to further reduce the rotational temperature.
Fig. 1 Cartoon of the energy of a folded hairpin conformer relative to
the all-trans conformer as a function of chain length n. nh marks the
first preference for a hairpin structure.

4886 | Soft Matter, 2014, 10, 4885–4901
Vibrational cooling is less efficient, requiring more inert gas
collisions than rotational relaxation. This is also true for
conformational cooling,38 because the associated isomerization
barriers prevent equilibration below a threshold internal
energy, thus leading to a partially frozen conformational
ensemble. One remedy consists in adding a small fraction of
polarizable inert atoms or molecules to the expansion. Besides
the kinematic mass effects of such heavier collision partners,
they can transiently dock on the molecules of interest and bring
in sufficient aggregation energy to overcome the conforma-
tional barriers.39,40 Aer a downhill conformational transition,
the released excess kinetic energy can expel the inert atom or
molecule, leaving behind the molecule of interest in a lower
conformational state. If the temperatures are too low (nozzle
distance or stagnation pressure too large), the relaxation addi-
tives may also condense on the alkane molecules or the alkanes
may self-aggregate. For these reasons, the expansions used in the
present work only involve 0.01–0.02% alkane in 0.5–1 bar non-
condensing helium. In some cases, 4% CF4 is added to enhance
the conformational relaxation. Ground state conformation
enhancements of up to 60% are observed with CF4, but more
typical values are 20–40%. Achievable alkane conformational
temperatures range between 100 and 200 K (vide infra), being
lower for single barrier crossings and for the larger species. In all
instances, concentrations and nozzle temperatures are chosen
such that aggregation of alkanes is negligible, to avoid an inu-
ence on the conformational preference or on the band position.

For the spontaneous Raman scattering experiment21,41,42

(Fig. 2), the expansion zone is crossed by a mildly focussed 18 W
single mode 532 nm laser (Coherent) about 1 mm downstream a
4� 0.15mm2 stainless steel slit nozzle opening to amechanically
pumped vacuum chamber. The scattered radiation is collimated
perpendicularly to the ow direction and to the laser vector by a
camera lens and focussed on the slit of a 1 m monochromator
(McPherson) shielded with an ultrasteep OD 6 long pass edge
lter (down to 60 cm�1 from the Rayleigh line). The mono-
chromator is equipped with a liquid-N2 cooled CCD camera
(Princeton Instruments, back-illuminated, 1340� 400 pixels, full
vertical binning of the slit image). Acquisition times between 1
and 10 min ensure that readout noise is not critical despite a
photon ux as low as 1 per pixel per hour and the camera cooling
minimizes the dark current. Cosmic ray signals are removed
semi-automatically by iteratively comparing at least four inde-
pendently recorded spectra and removing outlier pixels. Atomic
transitions of Ne are used for spectral calibration. 7–9-point
Savitzky–Golay ltering is applied to most of the spectra shown.

The gas mixtures are prepared by pre-mixing (He + CF4), by
room-temperature carrier gas pickup from cooled liquid
samples21 (short alkanes), and by bubbling the pre-heated gas
through a Viton-sealed brass saturator (long alkanes). The latter
is kept at up to 400 K and supply tubes at slightly higher
temperatures to avoid condensation on the way to the nozzle,
which is heated up to 420 K but usually kept at 400 � 10 K
unless stated otherwise. A sketch of the curry-jet and the brass
saturator for long chain alkanes is shown in Fig. 2 (curry-jet is
an acronym for “classical unrestricted Raman spectroscopy in a
jet”, honoring the home country of Raman).
This journal is © The Royal Society of Chemistry 2014
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Fig. 2 Sketch of the curry-jet setup. Heating is provided by resistance heating cables or wires, wrapped around the components.
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The Stokes Raman spectra have to be recorded in segments
of about 500–700 cm�1. This work concentrates on the CH
stretching range, the CC stretching and the CCC bending range.
Concerted CCC bending leads to the longitudinal acoustic
branch. Longitudinal acoustic modes (LAMs) offer the most
selective detection of stretched or all-trans segments43 in
hydrocarbons and their wavenumber is related to the chain
length via the elastic modulus.21,44 For these strongly Raman-
active modes, the close vicinity to the Rayleigh line mandates
particular efforts in stray light rejection.

Only relative (differential) Raman scattering cross sections s0

(area per solid angle) are of relevance in this work. For the setup
in Fig. 2, laser polarization perpendicular to the scattering
plane and isotropic molecular orientation, they can be pre-
dicted in the double-harmonic approximation (linear restoring
force and linear dependence of the polarizability on vibrational
normal coordinates) from calculated tensor invariants a0

(change in average polarizability) and g0 (change in anisotropy)
provided for each normal mode k by the quantum chemistry
soware packages Gaussian 09 (ref. 45) and Turbomole v6.4.46

For photon counting of the radiation scattered by a non-
degenerate vibration ~nk, the following expression applies:47

s0
k ¼

2p2h

c~nk

ð~n� ~nkÞ3~n
1� exp

�
� hc~nk
kBT

��45a0k2 þ 4g0
k
2

45
þ g0

k
2

15

�

The two last terms in parentheses correspond to perpen-
dicular and parallel polarization of the scattering, respectively.
This journal is © The Royal Society of Chemistry 2014
T is the (estimated) effective vibrational temperature for
low wavenumber modes, where excited states are populated
and assumed to scatter at the same Stokes wavenumber as
the ground state. It is relevant for the LAM intensities, but
variations by a factor of two in temperature and wavenumber
lead to relative intensity errors of less than 20%. The s0

values are further corrected for the polarization-dependent
efficiency of the grating, which was determined experimen-
tally. Depending on the vibrational wavenumber, the perpen-
dicular component is detected 50–130% more efficiently
than the parallel component. Therefore, polarized (totally
symmetric) vibrations and Q-branches are magnied in
experimental spectra.
3 Conformational models

Torsion around a single C–C bond by an angle s drives through
minima separated by about 120� and barriers in between due to
eclipsed arrangements of the substituents. Except for the
outermost CH3–C bonds, this leads to conformational isom-
erism. The low energy conformations are denoted t for trans
(s z �180�) and g� for �gauche (s z �65�). Neighbouring
gauche conformations of opposite sign (syn-pentane sequences)
are particularly unfavorable2 and will be neglected in our simple
model.48 This is justied by their relative energy of about 12 kJ
mol�1 (ref. 2 and 8) and supported by Raman jet spectra of n-
pentane (not shown). Nevertheless, the number of formally
conceivable n-alkane conformations grows quickly with chain
length,49 approaching 107 for the longest alkanes investigated in
Soft Matter, 2014, 10, 4885–4901 | 4887
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Fig. 3 Conformer fractions calculated for different chain lengths at a
temperature T¼ 100 K using a model partition function with a uniform
gauche energy penalty of 2.5 kJ mol�1.
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this work. Several of these are still unfavorable, but instead of
explicitly working out their energy within more or less sophis-
ticated enumeration, force eld or quantum chemical
models,2,7,22,50–52 we take a simplied rotational isomeric state-
like approach (RIS)53 adapted to the situation in the supersonic
jet expansion. Consistent with the neglect of syn-pentane
conformations,54 we generally neglect conformations with more
than 5 gauche conformations. For isolated gauche conforma-
tions, it is reasonable to assume a uniform energy penalty
relative to trans. We choose 2.5 � 0.5 kJ mol�1, which is close to
the actual10 energy difference for n ¼ 4 and 5. Neighboring
gauche conformations with the same sign denitely have lower
average energy penalties due to attractive interaction between
the two ends and it has therefore been suggested2 to use an
average value of 2.1 kJ mol�1. The expected sparsity of gauche
neighbors in a jet expansion justies a somewhat higher value,
given an appropriate error analysis. To construct a model
partition function from this simplied conformational energy
ladder, we further assume that the vibrational partition func-
tion is similar for all conformations and that the only signi-
cant difference in the rotational partition function relates to the
symmetry number (2 in the presence of a two-fold rotation axis
and 1 in case of less symmetric alkane conformers). One should
note that chiral conformations have an additional degeneracy of
2, such that a non-central single-gauche conformation has a
four-fold statistical weight compared to the all-trans structure.
This simple model holds up to T z 150 K and n ¼ 21.
Conformational temperatures derived from it have at least the
same relative error bar as the implied uniform energy penalty,
i.e. 20%. Fig. 3 shows how a conformational temperature of 100
K translates into n-tuple gauche conformer fractions as a func-
tion of chain length based on our simplied approach. In
principle, a more sophisticated RIS model could be applied to
rene this prediction (e.g. by including higher energy rotational
states)55 but we do not expect a signicant deviation for the
relatively low temperature and we lack experimental data on
double and higher multi-gauche conformer fractions to evaluate
such a model thoroughly.

Of course, our basic model does not assign the correct
approximate energy in case of a hairpin conformation, where
the alkane is kinked in such a way that the two chain ends can
align with each other (Fig. 1). Although there are several ways in
which it can do so to optimize the inter-chain London disper-
sion interaction, one folding motif stands out due to its nearly
strain-free realization of two neighboring parallel zig-zag
strands. It consists of a sequence of four homocongurational
(equal-signed) gauche torsions separated in the middle by a
single trans conformation (ggtgg). It prots twice from a syner-
getic arrangement of neighboring homocongurational gauche
angles, itself driven by favorable dispersion interactions.56 It is
also the preferred folding motif in cycloalkanes, where the
chain “ends” are forced together by a covalent bond.57,58 In
contrast to the stretched all-trans conformation, the ggtgg
hairpin structures do not coincide with their mirror image (a
case of dispersion-driven three-fold chirality synchronization59),
also giving them a twofold or even fourfold statistical advantage
in the isomer ensemble.
4888 | Soft Matter, 2014, 10, 4885–4901
4 Spectral simulation

To simulate alkane spectra, we take advantage of the jet cooling,
which narrows down the conformational distribution to all-
trans, single-gauche, and a smaller fraction of double-gauche
and higher multi-gauche conformations (see Fig. 3), if a
conformational temperature of z100 K can be achieved. This
allows us to go beyond molecular mechanics,4 because only a
double-digit number of important conformations have to be
calculated for the set of chain lengths considered in this work (n
¼ 13–21). An alkane conformer with n carbon atoms has 9n
normal modes, which can all be probed by either infrared or
Raman spectroscopy or by both. Due to the large mass differ-
ence in the CH2 building blocks, the normal modes can be
grouped into 2n + 2 CH stretching vibrations around 3000 cm�1

and 7n � 2 more or less coupled CH bending, CC-stretching,
CCC-bending and all kinds of torsion motions from 0 to
1600 cm�1. The chain nature of n-alkanes invites a coupled
oscillator treatment which yields a standing wave description
of the vibrational normal modes.60 The normal modes can
then be characterized by the phase shi 4 between two adja-
cent oscillators or the related number of nodes m, which
ranges from 0, a complete in-phase movement, to N � 1, a
complete out-of-phase movement of N coupled oscillators.
Vibrations which carry high Raman or infrared intensity have
either a high or low number of nodes, in contrast to the
innite chain limit61 where only complete in-phase or out-of-
phase vibrations are infrared or Raman active. Even for
moderately long trans-sequences separated by gauche defects
in conformationally disordered alkanes, one can oen identify
regularity62 besides defect modes,63 but usually the intensity
spreads more evenly over several bands.43
This journal is © The Royal Society of Chemistry 2014
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If the end groups of a nite chain are negligible because the
chain is long, its vibrational wavenumbers should fall close to a
smooth dispersion relationship for the normal mode wave-
number as a function of phase shi in the case of an innite
stretched polyethylene chain.64 The three atoms in the methy-
lene repeat unit generate 9 frequency branches.61 Two acous-
tical ones, corresponding to longitudinal CCC bending and
transversal CCCC torsion,65 start at zero in the limit of an
innite chain. The strongly Raman-active longitudinal acoustic
mode with one node (LAM-1) will be studied in particular detail
and the one with three nodes also acquires measurable Raman
intensity. Both are related to the elastic modulus of an innite
polyethylene chain. The other, more localized optical branches
involve a range of CH2 bending modes and CC62 (800–
1100 cm�1) as well as CH (3000 cm�1) stretching fundamentals.
Here, we concentrate on the stretching branches, which are
sufficiently Raman active and sensitive to folding. Note that
there is no 1 : 1 correspondence between the normal modes and
the valence descriptions given above. If concerted CCC bending
and CC stretching motions are in phase relative to each other,
this gives rise to the LAM-1 mode. If they have opposite phase, a
completely in-phase CC stretching mode is generated.

The spectral simulation involves structure optimization,
harmonic vibrational analysis including Raman scattering cross
sections and weighted summation of Gaussian-convoluted stick
spectra (FWHM of 4 cm�1 and somewhat larger for hairpin
structures, inspired from experimental spectra). The B3LYP
hybrid density functional shows a good performance in predict-
ing hydrocarbon vibrational wavenumbers,21 partly due to error
compensation between neglected anharmonic terms and slightly
too so chemical bonds. In the low frequency range, wave-
number scaling-factors close to unity (0.98, 0.99) are thus used to
match the experimental spectra. The B3LYP folding energetics
are poor, like in other popular semilocal functionals,66 but this
can be cured by adding a Grimme D3 dispersion correction on
top of the electronic structure calculation.67 Besides a standard
Pople 6-311++G** basis set, the simpler def-SV(P) and the
computationally more expensive def2-TZVP68 basis set were
explored. 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 and the m4 grid69 was used.
Differences are minor and the discussion will be restricted to 6-
311++G** for spectra and def2-TZVP for the energetics. Even for
6-311++G**, the conformational energy differences for n¼ 5 and
6 never deviate by more than 6% from a high quality electronic
energy benchmark.8 Raman intensities are certainly more
adequate with a large basis set70 and might prot from a
consistent electron correlation approach, but for the simplied
modelling relevant in the spectral assignment and given the
poorly characterized vibrational temperature (assumed to be 100
K throughout these simulations), harmonic B3LYP-D3/6-
311++G** with dynamic polarizability as implemented in Tur-
bomole is considered sufficient. The cost-effectiveness of the
B3LYP approach for relevant Raman intensities has been
emphasized in recent work.70,71

Conformational weighting is non-trivial. For single-gauche to
all-trans ratios, we assume a uniform conformational
This journal is © The Royal Society of Chemistry 2014
Boltzmann temperature because of the single, more or less
uniform barrier for interconversion. It cannot be decided to
which degree this effective temperature reects a true equilib-
rium situation or a uniform freezing of conformational
conversion due to inefficient or fading collisions. For the
hairpin structures, which are separated by at least three barriers
from the dominant single-gauche conformations, the kinetic
control will dominate and their abundance has to be taken from
experiment.

Beyond the simple additive 2.5 kJ mol�1 trans-gauche incre-
ment model, the quantum chemical calculations allow for an
individual weighting of single-gauche abundances. Reward-
ingly, all single-gauche isomerization energies for n ¼ 13–21
including zero point energy are within 2–3 kJ mol�1 window at
the B3LYP-D3/6-311++G** level. Assuming thermal equilib-
rium, the Boltzmann factors derived from the difference in zero
point level for the conformations DE0ij could be rened by the
ratio of the vibrational and rotational partition functions. The
gauche-trans rotational partition function ratio is robust and
exceeds the ratio of the symmetry numbers si (order of the
rotational symmetry sub-group) by 10-60% in test calculations
for n¼ 13, because the trans conformation features the smallest
moment of inertia. The vibrational partition function ratio is
very sensitive to numerical errors in the low frequency skeletal
modes, which can in some cases even lead to a single imaginary
frequency for n > 17. In the more robust case of n¼ 13, the ratio
is actually lower than 1 by 10-30%, because the all-trans
conformation contains the soest modes. Therefore, we omit
these uncertain but qualitatively compensating partition func-
tion ratios from the simulation and use

Nj

Ni

¼ gj

gi

si

sj

exp

 
� DE0

ij

RT

!
(1)

where Ni is the population of conformation i and gi is its chiral
degeneracy.

To underpin these approximations, Fig. 4 shows a compar-
ison of experiment (with and without addition of CF4 to the
carrier gas He) and modelling for n ¼ 13 in the low-frequency
region. The bottom traces contain unweighted B3LYP-D3/6-
311++G** stem plots for scattering cross sections of the all-trans
and the ve spectroscopically distinguishable single-gauche
isomers as well as the energetically remote hairpin conforma-
tion, to help identify the specic conformations (single-gauche
conformers are referred to according to the position of the
gauche conformation in the chain, counting CH2–CH2 bonds
from the chain end to the center). They are intensity-scaled to
the all-trans LAM-1 or accordion mode and shown down to a
relative intensity of 1%. The wavenumber scaling factor is 0.99.
The simulation trace assumes a uniform conformational
temperature of 110 K, except for the elusive hairpin conformer
which is included with 10% of the all-trans weight, to show that
it is not present within experimental signal-to-noise ratio
(obtained for a total Raman acquisition time of 2 h). The
experimental intensity pattern is well reproduced by the simu-
lation, supporting an equilibrated or uniformly frozen single
gauche/all-trans distribution. Obviously, a detailed assignment
Soft Matter, 2014, 10, 4885–4901 | 4889
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Fig. 4 Comparison of averaged jet-cooled Raman spectra of tride-
cane in the low-frequency region to a B3LYP-D3/6-311++G** simu-
lation. Stem plots correspond to unweighted scattering cross sections
relative to the all-trans accordion vibration (LAM-1). Only vibrations
with at least 1% of the accordion vibration intensity are included. Fig. 5 Averaged jet-cooled Raman spectra of the low-frequency

region of alkanes with chain lengths n¼ 16–21 in He expansions. Mode
mixing is considered in case of n ¼ 18, 20 (marked with *). Bands
assigned to hairpin conformers are marked with arrows. Air impurities
(~n # 100 cm�1) are prominent especially in the case of n ¼ 21.
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of many observed single-gauche bands is possible, although this
is not the main focus of the present work. At this point, it is
appropriate to switch to the presentation and discussion of the
low frequency spectra for increasing chain lengths.
5 Low-frequency spectra

We start with a survey of the spectra obtained for n ¼ 16–21 in
pure He in Fig. 5. The corresponding spectra for n ¼ 10–15 are
shown in the supplement. The sharp LAM-1 signal of the all-
trans conformation is clearly seen at the right, moving to lower
wavenumber with increasing chain length65 and dominating all
spectra but the lowest. Occasionally, it has weak satellites due to
mode mixing with energetically close transverse fundamentals
(*). To the right, weak rotational signals due to air impurities
may be spotted (~n # 100 cm�1). They could be partially
responsible for better relaxation away from the all-trans
conformation in the case of n ¼ 21, where they are most
prominent. Sharp bands at higher wavenumbers due to single-
gauche conformations are much less prominent than in the case
of n ¼ 13 and other short chain lengths, indicative of a lower
effective conformational temperature. Instead, broader features
start to grow around 200, 400 and 540 cm�1. The former two
correspond to D-LAM signals in liquid alkanes,43,62 attributed to
a superposition of multiple gauche conformations, whereas the
latter appears to be specic for the jet spectra. It is reminiscent
of features in the Raman spectra of cycloalkanes,58,63where ggtgg
hairpin turns are enforced and may thus be related to such
structures. The onset of this band near n ¼ 18 already gives an
4890 | Soft Matter, 2014, 10, 4885–4901
empirical hint for the emergence of hairpin structures, possibly
with some side arm disorder. Several moderately narrow bands
in the 200–300 cm�1 region are marked with arrows and will be
discussed more specically in the context of regular hairpin
structures.

Although each experimental spectrum between n ¼ 13 and n
¼ 21 has its peculiarities which deserve discussion in the
context of the spectral simulation and its quality assessment,
here we concentrate on n > 15 (Fig. 6). The shorter chains have
already been addressed briey in previous work with a room-
temperature nozzle21 and the improved experimental condi-
tions in the present work do not provide any evidence for
hairpin formation. Here we only mention one of the major
discrepancies between experiment and simulation for n ¼ 13
(Fig. 4), the peak near 150 cm�1. It is due to a transverse
acoustic mode from the same branch of the all-trans confor-
mation as the dominant LAM-1 mode, which is evident from the
same relaxation behaviour upon CF4 addition. It gains intensity
from mode mixing with the accidentally close LAM-1 and this
mode mixing is somewhat less pronounced in the experiment
than in the simulation. Such an intensity redistribution among
several modes is more frequent in symmetry-broken single-
gauche conformations, as the individual stem plots illustrate.

Experimental and simulated Raman spectra for n ¼ 16–21
are compared in Fig. 6 (He expansions in red, He + CF4
expansions in black). Inverted stem plots are shown to identify
all-trans and hairpin bands. Starting with n ¼ 16, a broad
This journal is © The Royal Society of Chemistry 2014
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Fig. 6 Comparison of averaged jet-cooled Raman spectra of n ¼ 16–
21 in the low-frequency region to B3LYP-D3/6-311++G** simulations
(He expansion in red, He + CF4 expansions in black). For better clarity,
stem plots are restricted to sufficiently Raman active all-trans
conformer (squares) and hairpin conformer vibrations (upright and
tilted crosses). Simulated harmonic wavenumbers are scaled: ~n � 0.99
(n ¼ 16, 18–21), ~n � 0.98 (n ¼ 17). Hairpin fractions in percent are
relative to all-trans.
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Gaussian component around 200 cm�1 with oating height and
width is added to the simulation trace to visualize the combined
effect of multiple gauche conformations, termed D-LAM. The all-
trans conformation contributes its LAM-1 band at 143 cm�1 and
a LAM-3 band at 389 cm�1. The bands at 162 and 194 cm�1 are
superpositions of gauche 3/gauche 7 and gauche 5/gauche 6
conformations, respectively, according to the B3LYP calcula-
tions (the number refers to the position of the gauche confor-
mation in the chain). The gauche 7 contribution is probably
minor due to its symmetry number of 2 but this is compensated
by a strong intensity and slightly higher stability predicted for
gauche 3.

The 10%hairpin signature (relative to all-trans:Nhairpin/Nall-trans

¼ 0.1) simulated near 250–275 cm�1 does have an apparent
experimental counterpart, but gauche 5–7 also contribute in this
range at an effective conformational temperature of 90 K,
rendering this a generous upper bound for any hairpin
abundance.

The situation is quite analogous for n ¼ 17. Again, the all-
trans conformation dominates, although the LAM-3 mode is
now split due to mode-mixing with a totally symmetric TAM
This journal is © The Royal Society of Chemistry 2014
mode (378 and 350 cm�1). The single-gauche band pattern
spreads from the LAM-1 at 136 cm�1 to about 210 cm�1, shows
less overlap than n ¼ 16 and is modeled surprisingly well by the
B3LYP-D3 approach, once the predicted wavenumbers are
scaled by 0.98. Hairpin contributions below the simulated 10%
level again cannot be ruled out.

The rst signicant evidence for a 10–20% hairpin contri-
bution is found for n¼ 18, where the best t of the single-gauche
conformational temperature has now dropped to 80 K.
Consistent with this lower temperature, the single-gauche
pattern is weaker, but very well reproduced by the quantum-
chemical simulation. The broad multi-gauche D-LAM band is
now more prominent but shrinks with CF4 addition, as
expected.

On top of it, a band located at 243 cm�1 is too strong to be
explained only by single-gauche conformers and it coincides
with the prediction of two overlapping hairpin bands. There-
fore, simulations for 0% and 20% hairpin content are shown.
However, the predicted 312 cm�1 counterpart is missing in the
experiment, suggesting less than 20% hairpin content.

Turning now to n ¼ 19, the circumstantial hairpin evidence
in the low-frequency range changes into a denitive spectro-
scopic signature, thanks to the high delity of the B3LYP-D3
spectral predictions. The D-LAM region acquires structure
which correlates very closely with a variety of calculated hairpin
vibrations. The simulation includes two unsymmetric hairpin
structures, predicted to have their strongest Raman signals
between 200 and 250 cm�1, where no strong signals from single-
gauche conformers are expected. Although the simulated
intensity pattern is not perfect, the best agreement is achieved
by including 50% of the all-trans abundance for the more
stable hairpin and 30% for the less stable hairpin b, each
of them exceeding even the most abundant single-gauche
conformer at 90 K.

n ¼ 20 allows for a symmetric hairpin, which is included in
the spectral simulation together with an unsymmetric variant.
The apparently higher intensity of these structures in the stem
plot is actually a consequence of substantial LAM-1/TAM mode
mixing in the all-trans conformer, which is again (like for n ¼
13) exaggerated by the B3LYP calculation. This renders
temperature and hairpin abundance estimates less reliable in
this case. In line with the symmetry number of 2 for the
symmetric hairpin, it is estimated at a lower relative abundance
(30%) than the less stable but statistically favored unsymmetric
one (50%). The increasing D-LAM background adds to the
difficulty of hairpin quantication, but the qualitative match
between simulated and experimental peaks is again convincing.

A further boost of hairpin signals is observed for n ¼ 21,
where air impurities in the He expansion render the conditions
somewhat intermediate between He and He/CF4. The hairpin
abundance jumps to 170 % and 60 % of the all-trans abundance
for the two considered isomers. The match of experiment and
simulation is close, but missing simulated intensity at the high-
wavenumber slope of the D-LAM band may point at the impor-
tance of further hairpin isomers. Single-gauche contributions are
very low, indicating that the conformational diversity is switching
from the nearly stretched to the nearly folded regime.
Soft Matter, 2014, 10, 4885–4901 | 4891
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An analysis of the detected intense hairpinmodes in terms of
atomic displacements shows that LAM-like stretching of one or
both arms is an important ingredient, thus explaining why
these modes occur at approximately twice the wavenumber
observed for the all-trans mode. Twisting motion and other
deformations of the kink are also involved, but in some cases,
the wavenumber can be reliably predicted from the length of the
vibrating arm. Therefore, it may be expected that some bands
reappear when the number of carbon atoms is increased in the
non-vibrating arm only. Indeed, the unassigned experimental
n ¼ 21 band at 268 cm�1 may be explained by a hairpin b
structure for n ¼ 19 (267 cm�1) which has been extended by two
units on the non-vibrating long arm. This illustrates how the
high regularity of the all-trans spectral pattern may nd coun-
terparts in the hairpin spectroscopy, once it is probed more
systematically. Such an extension will also have to include iso-
lated gauche isomerizations in the hairpin arms, to explain
conformational diversity and leading the way to the paper-clip
motif.7

Before turning to other spectral ranges, the regular behavior
of the LAM modes as a function of hydrocarbon chain length
shall be analyzed in terms of the elastic modulus of an innite
stretched polyethylene chain.
Fig. 7 Projection of all-trans alkane atom coordinates on the plane
spanned by the carbon atoms (optimized structures on the B3LYP-D3/
6-311++G** level), Turbomole v6.4 (ref. 46).
6 Nanorod stretching

The longitudinal elastic modulus or Young's modulus E of a
homogeneous rod of cross section A and length l is dened as
the force F per area A (stress) required to achieve a relative
elongation Dl/l (strain) for small (harmonic) elongations:

E ¼ F=A

Dl=l
: (2)

In the limit of a macroscopic crystal built from densely
packed bundles of innite all-trans alkane chains, this elastic
modulus can be related by its density r and the speed of light c0
to the LAM-m mode wavenumber via:72

~n ¼ m

2c0l

ffiffiffiffi
E

r

s
; (3)

Because such a crystal cannot be synthesized, two approxi-
mations have been previously adopted. One is to study crystal-
line domains in real polyethylene samples by diffraction
methods73 and the other is to study LAM wavenumbers in
alkane crystals with increasing chain length and extrapolate to
innite chain length.44,65 Bothmethods have their shortcomings
and provide mutually inconsistent values. Besides polyethylene,
the LAM wavenumber extrapolation was applied to various
other polymers like polytetrauoroethylene,74 polyoxy-
methylene, or isotactic polypropylene75 and is an accepted
approach, but it suffers from neglecting longitudinal intermo-
lecular forces if short molecules are investigated.19 Over the last
decades, the gap has been narrowed down by sophisticated
corrections16,19 but it would be rewarding to have a third,
4892 | Soft Matter, 2014, 10, 4885–4901
independent method available. This consists in avoiding the
effect of longitudinal intermolecular forces in the chain
bundles on the longitudinal modes and to extrapolate the LAM
modes for isolated all-trans chains to innity.21 Although the
density of a single vacuum-isolated molecule cannot be dened
unambiguously, comparability to solid state investigations
dictates the usage of the experimental crystal domain density r,
implying close packing but negligible transverse interactions
(i.e. we set the volume of a vacuum-isolated chain to the volume
it would occupy in a crystal). There is consensus in the
computational76–78 and experimental16,19,44 literature to use r z
1.00 kg dm�3 and the corresponding space-lling cross-section
A ¼ 0.1824 nm2 from an X-ray structure determination pub-
lished by Bunn.79 There is also consensus to use an experi-
mental segment separation d ¼ 0.1267 nm (ref. 79) along the
chain axis to convert the atomistic chain length n to the
macroscopic crystal length l. When using nite chains capped
with hydrogen atoms, the latter have to be considered. Fig. 7
shows that the segment length for the 1.7–2.7 nm alkanes
obtained in this work at the electronic B3LYP-D3/6-311++G**
level is 0.128 nm, in good agreement with the crystallographic
value. One should emphasize that the primary quantity
obtainable from this work is the limit S ¼ limn/Nn~nn at low
temperature, which is independent on any macroscopic
assumptions20,80 and can be converted to the elastic modulus via

E ¼ 4r(c0dS)
2, (4)

using preferred values for r and d. Therefore, we rst derive the
model-independent S-value for the initial slope of the longitu-
dinal acoustic branch as a function of the phase angle 4/p in
This journal is © The Royal Society of Chemistry 2014
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Fig. 8 Extrapolation of Raman jet LAM wavenumbers (circles) of
normal alkanes (n ¼ 13–21) to infinite chain length. Tridecane, tetra-
decane, and pentadecane LAM-1 wavenumbers as well as LAM-3
wavenumbers are excluded from the linear fit (open circles). The
complete set of wavenumbers is fitted with a third order polynomial
(dashed line) to guide the eye and demonstrate non-linearity in the
LAM-3 region.
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terms of the initial slope of the LAM-1 wavenumber as a func-
tion of m/n.

For the extrapolation from nite n to innity, some of the
LAM-1 modes have to be deperturbed from mode mixing with
neighboring, intrinsically much less Raman-active low wave-
number modes of the same symmetry.21 Independent on
whether the mixing is already found at the harmonic level (i.e.
reproduced more or less by the B3LYP-D3 calculations) or
whether it builds on anharmonic Fermi resonance with
combinations of very low wavenumber modes, their depertur-
bation rests on evaluating the center of gravity of the Raman
intensity pattern.21 For the small corrections involved, the
underlying assumption of zero intrinsic intensity of the per-
turber is a reasonable one. Harmonic mixing is considered for
n ¼ 13, 18 and 20. For n ¼ 18, the perturber is obscured by
single-gauche bands. The anharmonic resonance for n ¼ 14 was
discussed before and the results of all deperturbations and
unperturbed LAM bands are summarized in Table 1. The
inuence of band overlap with bands of other conformers on
the LAM-1 position is negligible, since hairpin conformers and
other multi-gauche conformers do not contribute in the LAM-1
wavenumber region with single intense bands and single-gau-
che bands are very small (especially for the longer alkanes). The
residual wavenumber uncertainty aer careful recalibration
with N2 (ref. 81) and CF4 (ref. 82) transitions is estimated close
to �1 cm�1.

In Fig. 8, the wavenumbers of LAMs with one and three
nodes (m ¼ 1 and 3) are plotted against m/n (ref. 44) and LAM-1
wavenumbers are tted in the linear range n ¼ 16–21 (lled
circles). LAM-3 wavenumbers are included to demonstrate the
attening of the CCC bending frequency branch with
decreasing m/n which underpins the accuracy of a linear
extrapolation of the LAM-1 data. Any remaining non-linearity
which would lower the accuracy of the extrapolation is
disguised by the small scattering of the data which excludes a
substantial error. The overshooting n ¼ 15 value may be caused
by a non-assigned Fermi resonance and the curvature becomes
visible in the range n ¼ 13, 14. The tted slope is S ¼ 2295 � 8
cm�1. The systematic error due to non-linearity in the range n¼
16–21 may be of similar magnitude, leading to a conservative
estimate of S ¼ 2.30 � 0.02 � 103 cm�1. LAM-3 wavenumbers
could be used for a linear extrapolation if they were available for
much larger n.

At this stage, an innite polyethylene chain elastic modulus
E ¼ 305 � 5 GPa using the crystal density r ¼ 1.00 kg dm�3 and
the segment length d ¼ 0.1267 nm can be derived. It corre-
sponds to a force of (5.6� 0.1)� 102 pN required to stretch such
Table 1 Averaged wavenumbers of LAM-1 and LAM-3 bands from
Raman jet measurements in cm�1. In case of tridecane, tetradecane,
and eicosane, the deperturbed LAM-1 wavenumber is given in italics
(see text)

n ¼ 13 14 15 16 17 18 19 20 21

LAM-1 172.8 162.4 154.4 143.3 135.6 126.8 121.0 115.0 109.1
LAM-3 444 433 398 389 377 352 341 321 310

This journal is © The Royal Society of Chemistry 2014
a molecular rod by 1% and the latter value has the advantage
that it is independent on the assumed cross section of the
molecular lament. This is obviously less than the force
required to stretch a single C–C bond and much more than the
force required to straighten a coiled polyethylene. It represents
an excellent approximation to the limiting stiffness of a
perfectly ordered bundle of polyethylene strands at low
temperature and thus sets an upper bound for macroscopic
samples which will be affected by conformational disorder and
niteness of the chains.

The new result compares well to the previous value of E ¼
309 � 8 GPa obtained using the same experimental technique
up to n¼ 16 and an ab initio-guided extrapolation trick, whereas
the present value is purely experimental, building on experi-
mental LAM-1 positions, experimental intensities for deper-
turbation, an experimental crystal density and an experimental
segment length. It also compares well to a series of successively
rened lamellar corrections applied to alkane crystal Raman
extrapolations, starting at 364 � 25 GPa (ref. 44) (corrected for
the present bulk density), being improved to 290 GPa (ref. 16)
and nally to 305� 3 GPa.19 The excellent agreement shows that
lamellar corrections are under control and lateral interactions
are insignicant. The highest experimentally determined real
polyethylene modulus of 262 GPa (ref. 17) at 77 K comes
remarkably close, in particular when it is corrected to 288 � 10
GPa (ref. 17) due to thermal contraction and machine soness.
The X-ray diffraction approach concentrating on crystalline
domains clearly yields values which are 20% too low.18,73

Quantum chemical studies oen convert a calculated change
of energy per strain to the elastic modulus. Elastic moduli from
Hartree–Fock76,83 and pure DFT calculations20,78 not surprisingly
tend to be 10–20% too large, while an early MP2 calculation
almost matches the modulus reported here.77 The present value
invites further quantum chemical studies of single polyethylene
Soft Matter, 2014, 10, 4885–4901 | 4893
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strands and crystals, eliminating the problem of thermal
effects80 and illuminating the role of interchain interactions,
which certainly require dispersion corrections for an accurate
description of the crystal.20
7 CC stretching modes

While the elastic modulus behaviour can be derived unambig-
uously from the LAM region, the delicate onset of hairpin
formation prots from independent evidence in other spectral
ranges. Alkane CC stretching modes in the spectral region from
800 to 1400 cm�1 are much less sensitive to the chain length
and they are embedded in a multitude of CH deformation
modes. Therefore, evidence for conformational changes is more
delicate, but clearly detectable, as the experimental spectra
(Fig. 9) and their theoretical counterparts (Fig. 10, simulated at
100 K single-gauche conformational temperature and including
hairpin contributions deduced from the LAM region) show.
Three signals which emerge around n ¼ 18 are marked with
arrows in Fig. 9 and ve simulated signals which are expected
for hairpin modes are marked in Fig. 10.

The spectral assignment in this wavenumber range is well
established in the literature for aggregated alkanes,29,84,85

including the ggtgg sequences sought in this work.63 The cluster
of bands centered at z1100 cm�1 is of particular interest
because it involves two hairpin candidates. The dominating
size-independent signals stem from the most in-phase
Fig. 9 Jet-cooled Raman spectra of the CC stretching region of
alkanes with chain length n ¼ 13, 14, and 16–21 in He expansions,
scaled to the integral of the CH2 twisting vibration (r ¼ rocking, n ¼
stretching, s ¼ twisting). Bands assigned to hairpin conformers are
marked with arrows, impurities with *.

4894 | Soft Matter, 2014, 10, 4885–4901
(nodeless) and out-of-phase CC stretching vibrations (m ¼ n �
2), whereas the band marked m ¼ 1 includes one node and
moves as a function of chain length,64 in analogy to the LAM
modes. Its Raman intensity is enhanced when a single gauche
angle comes close to the central node and it can therefore serve
as a marker for the decaying single-gauche fraction as a function
of chain length, conrming the LAM observation. The m ¼ 2
mode shows a similar size dependence, although somewhat
hidden in the stronger transitions. The slightly blue-shiing
band series at 1111–1115 cm�1 and the stationary series at 1144
cm�1 are systematically shied hairpin counterparts to them¼ 2
andm¼ 0 series, which have in phase CC stretching character in
both arms of the hairpin and phase switches pinned to the ggtgg
kink. Contributions from disordered multiple gauche conforma-
tions are not expected to show such a clean spectral evolution.

The bands located near 900 cm�1 are associated with vibra-
tions localized near the –CH3 end groups and sensitive to their
conformation.84 The concentration of intensity around 892
cm�1 (characteristic for –tt ends) in the jet spectra does not
match the liquid phase situation62,86 and indicates low confor-
mational disorder close to chain ends. The shoulder which this
band develops in the jet spectra for n ¼ 20, 21 is due to partially
kink-localized vibrations in hairpin conformations.63 It coinci-
dentally eclipses with the main –tt peak for n ¼ 19, as shown by
simulations. There is thus threefold experimental evidence
from the CC stretching spectra that hairpin formation is
detectable at n > 18, fully in line with the LAM spectral
interpretation.
Fig. 10 Simulated Raman spectra of the CC stretching region from
harmonic B3LYP-D3/6-311++G** calculations (wavenumbers scaled
by 0.99), see low-frequency spectra and simulations. Intensity scaled
in analogy to the experimental spectra.

This journal is © The Royal Society of Chemistry 2014
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8 CH stretching manifold

The CH stretching modes show a strong Raman visibility
(Fig. 11), but due to their high energy, they also exhibit anhar-
monic complexity.31,52,87 Nevertheless, conformational order is
encoded.28,85,88 The overall band shape and four sharp peaks at
z2860 (symmetric methylene stretch), 2870 (symmetric methyl
stretch), 2890 (asymmetric methylene stretch), and 2975 cm�1

(asymmetric methyl stretch) are common to all chain lengths,
whereas beyond n ¼ 17, peak widths increase, two broad bands
grow at z2908 and z2925 cm�1, and the peak at 2860 cm�1

develops a low-frequency shoulder. The latter two spectral
changes occur in a region where Fermi resonance between the
symmetric methylene stretching fundamental and overtones of
methylene bending modes is active, pushing the former band
down and the latter up in wavenumber.87,88 In both cases, a
detailed intensity analysis shows an accelerated build-up
around n ¼ 18–19, relative to the conformationally insensitive
asymmetric methyl stretching band. Harmonic analysis is
impeded by the strong Fermi resonance, but it should be noted
that methylene modes localized on the ggtgg kink are predicted
in the center of the CH stretching manifold and condensed
phase features are systematically 10–15 cm�1 lower in wave-
number than the jet spectra counterparts. The latter could
explain the low frequency shoulder of the symmetric stretch,
because the hairpin represents a rst step into the condensed
phase interactions. However, it would be difficult to separate
this from a small extent of cluster formation.

Continuing on the phenomenological analysis, two spectral
aspects show a clear switch around n ¼ 17–18. One is the width
of the symmetric methyl stretching band at 2870 cm�1, which is
constant up to n¼ 16 and then starts to nearly double. For such
a localized vibration, a close contact of the two end groups and
thus hairpin formation is a suggestive explanation. The other is
the peak intensity of the symmetric methylene stretch relative to
the asymmetric methyl stretch. It steadily increases with n as it
Fig. 11 Averaged Raman jet spectra of alkanes in He expansions in the CH
z2970 cm�1. The inlay illustrates the evolution of the symmetric methy

This journal is © The Royal Society of Chemistry 2014
should for more andmore methylene groups in between the two
methyl groups. This increase comes to a sudden halt at n ¼ 18,
which is consistent with the emergence of a kink in the middle
of the chain.

Thus, there is at least fourfold evidence for the onset of
hairpin formation at or beyond n ¼ 18 in the CH stretching
region, although the complexity of the vibrational dynamics52

enforces a more phenomenological analysis. This adds to the
three-fold evidence in the CC stretching region and to the most
direct evidence for hairpin structures in the longitudinal
acoustic branch.
9 Alkane folding

The next step is to analyze the energy balance between the two
competitors for the global minimum structure of alkanes – the
all-trans and the hairpin structure.

Experimentally, it makes sense to estimate the all-trans
fraction among all conformations as a function of chain length.
This was done by monitoring the intensity ratio of the LAM-1
band to the CH stretching manifold, assuming that the CH
scattering strength is relatively insensitive to conformation.
Indeed, within the reproducibility of switching between the
LAM-1 and CH stretching measurements, this is the case.
Despite multiple sequential measurements to compensate for
long term concentration dris and careful realignment, there is
an experimental scatter of up to �30% in the respective ratios.
Therefore, it is not critical to use computed harmonic scattering
strength ratios (about 0.1 between LAM-1 and the full CH
stretching range) to convert the intensity ratio into an all-trans
fraction in the expansion. Despite the �30% error bar, the
results conrm that the all-trans fraction drops from 0.2–0.3 for
n ¼ 13 to 0.05–0.2 for n > 18, qualitatively in line with expec-
tations (Fig. 3). The results also conrm that CF4 addition to the
expansion lowers the conformational temperature fromz120 K
to z110 K, when assuming an average gauche penalty of
stretching region, scaled to the asymmetric methyl stretching band at
lene CH stretching band.

Soft Matter, 2014, 10, 4885–4901 | 4895

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c4sm00508b


Table 2 Chain length prediction nh for the first globally stable hairpin
according to different computational methods and Raman jet spectra

Method Reference Critical chain length

MNDO 22 N
PM3 22 12
AM1 22 60
MM2 22 18
MM3 22 25
AMBER 22 26
OPLS-AA 7 22 (16–18)a

B97-Db This work 13
B3LYP-D3c This work 16
B3LYP-D3d This work 17
CCSD FNO(T) 24 $16
MP2 + CC 25 18 � 1
Raman jet This work 18 � 1

a Estimated accounting for known deciencies of OPLS-AA.7 b 6-
311++G(d,p) basis set, Gaussian 09.45 c 6-311++G** basis set,
Turbomole v6.4.46 d def2-TZVP basis set, Turbomole v6.4.46
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2.5 kJ mol�1, which by itself has an uncertainty and model error
of 0.5 kJ mol�1. Consistent with this, the gain in all-trans signal
relative to its spectral neighborhood upon addition of CF4 is (30
� 10)%, without systematic chain length dependence. These
ndings clearly show that hairpin structures – undoubtedly
present for n > 18 – do not compete with all-trans structures in
the supersonic jet expansion in a substantial way. This is
actually quite helpful for the determination of the elastic
modulus of an innite polyethylene chain. Despite the possi-
bility to extract Boltzmann-type temperatures between 80 and
110 K for single-gauche isomerization and 110� 30 K for the all-
trans fraction, this is not the case for quadruple gauche
conversion to ggtgg in the supersonic jet expansion.

In those cases (n ¼ 19–21) where two hairpin structures
could be approximately quantied from the LAM spectra (with
uncertainty similar to that of the absolute all-trans fraction),
effective two-level temperatures can be estimated from the
computed isomerization energies and the measured abun-
dance. These are invariably close to or higher than 200 K, even
allowing for 30% error in their measured abundance. This
shows that hairpin isomerization freezes at much higher
temperature, which is reasonable, because the involved barrier
for the required reptation along the contact line of the two arms
is probably high. It also implies that hairpins are not in equi-
librium with single-gauche conformations in the cold regions of
the expansion. Conformations which have the potential to be
relaxed to hairpin structures are quickly depleted and only
single gauche–trans conversions continue further down the
expansion. This translates into a kinetic delay of hairpin
formation. They will only be observed in the expansion if they
are already energetically competitive at 200 K. Therefore, the
observation threshold of n ¼ 19 (with abundance of 0.5 + 0.3
relative to all-trans) is a rather strict upper bound for their
energetical competitiveness at low temperature. This, and the
optimum alignment of the two arms in the even-membered n ¼
18 alkane, make it quite likely that the rst alkane which has a
hairpin global minimum is nh ¼ 18. Strictly speaking, experi-
ment cannot rule out nh ¼ 19 and in terms of the 200 K
conformational freezing limit, nh ¼ 17 would also be conceiv-
able at least in principle. However, the steepness of the hairpin
emergence points at nh ¼ 18 with an energy uncertainty of less
than RT z 2 kJ mol�1. Nevertheless, the indirect evidence for
folded octadecane in the CH stretching region and the indica-
tions for early freezing of the folded conformations suggests
nh ¼ 18 � 1 as a conservative experimental estimate from the
present work.

At this point, a brief comparison to empirical force eld and
quantum mechanics predictions for the switching length nh to
hairpin structures is indicated.7,22,23,25,89 The nh values are
summarized in Table 2, together with dispersion corrected DFT
results from this work and the experimental result. In some
theoretical work,23,89 a x�gHx� folding sequence (xgx in the
following, x: sz 95�) was used, which is signicantly less stable
(by 13 kJ mol�1 for n¼ 20 on the B3LYP-D3/def2-TZVP level and
by 12 kJ mol�1 for smaller alkanes at coupled cluster level8) but
would be difficult to rule out from spectroscopic evidence alone.
One should emphasize that the goal of that work was not to
4896 | Soft Matter, 2014, 10, 4885–4901
pinpoint the exact switching point, but to emphasize its exis-
tence and the importance of dispersion corrections to locate it.

Among the force elds, the performance of MM2 (ref. 90) and
of the n-pentane-scaled OPLS-AA result7 (in parentheses) is
remarkable. As all these force elds overestimate the ggtgg
folding energy, the unscaled success of MM2 relies on an
overestimate of the van der Waals attractions, which was indeed
corrected in the later version MM3.4 We suggest to use the
“hairpin benchmark” along with ab initio ggtgg folding energies
in the parametrization process of future force eld releases to
yield more reliable conformer energies from such predictions.

The rst-principles approach abbreviated MP2 + CC in the
table was described in detail before.25 Structurally, it is very
close to the MP2 basis set limit and energetically, it includes
important higher order electron correlation contributions. It is
one of the two highest level calculations available for these
chain lengths and its only signicant limitations may be the
missing structural relaxation with higher order electron corre-
lation and anharmonic contributions to the zero point energy.
They give rise to the uncertainty included in nh ¼ 18 � 1. The
resulting hairpin energies from this approach are given in
Fig. 12. Very recently, another high level ab initio study was
published24 which conrms our experimental and the MP2 + CC
calculations at canonical CCSD(T) level.

The B3LYP-D3 calculations from this work were intended to
aid the spectral assignment, but their energetical predictions
are also included in Fig. 12. The smaller Pople basis set predicts
nh ¼ 16, the more complete def2-TZVP basis set nh ¼ 17, both in
satisfactory agreement with experiment and high level theory.
The good performance for shorter alkane conformational
energies suggests that the agreement rests much less on error
compensation than in the MM2 case. All accurate methods
predict that the switch from an even chain length to the next
shorter odd chain length raises the energy penalty of the hairpin
by more than 2 kJ mol�1. Therefore, nh ¼ 17 rather than 18 (or
19) is a less likely interpretation of the experimental spectra
despite their kinetically controlled nature. If heptadecane were
This journal is © The Royal Society of Chemistry 2014
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Fig. 12 Energy of the hairpin conformer relative to the all-trans
conformer. Blue, red and green bars comprise electronic and zero-
point vibrational energy from B3LYP-D3/6-311++G**, B3LYP-D3/
def2-TZVP, and a composite MP2/coupled cluster calculation (MP2 +
CC).25 Energies from hairpin b conformers are drawn with light colors
and are given in parentheses.
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already more stable in the hairpin form, octadecane hairpins
should survive at 200–300 K and give rise to a more substantial
spectral signature, whereas the intensity gain towards non-
adecane should be more moderate than observed. The reason is
a moderate z1 kJ mol�1 relative energy gain predicted unani-
mously for this step (see Fig. 12). However, if future experiments
manage to produce large populations of octadecane or even
heptadecane hairpins, this statement would have to be chal-
lenged. More thermodynamically equilibrated experiments91

could bring more certainty.25

An interesting question is the solvent dependence of the
hairpin folding threshold. Compared to vacuum, any polariz-
able environment is expected to compete with the self-solvation
tendency and to shi the transition in rst order to higher nh.
The effect of water is discussed controversially due to its high
cohesion.22,92,93 Of course, the usually moderate temperature in
solvents means that entropy aspects complicate the issue and a
statistical analysis of various folded structures is necessary.94

There is some indirect experimental NMR evidence in deuter-
ated non-protic solvents95 that n ¼ 21, 22 may show a different
conformational distribution than shorter chains, but n ¼ 17
also exhibits some anomaly and its origin remains unclear.
Calculations predict the folding in such solvents to be signi-
cantly more delayed.22 This is in agreement with the solid state
This journal is © The Royal Society of Chemistry 2014
behaviour, which shows folding beyond about n ¼ 150. Even
this may be kinetically controlled, as a majority of all-trans
conformations can still be realized for n ¼ 390 if the crystalli-
zation is carried out very slowly12 or the crystals are annealed.96

On the other hand, there is apparently only little solvent
inuence on alkane conformational distributions before the
onset of folding.7

We close this section with a few curiosities. The hairpin is
certainly not the nal folding motive. It will be superseded by
others like the paper-clip7,22 for longer chain lengths. Even
knots appear to become feasible beyond n ¼ 21,97 but it will
require much longer chains before such knots can possibly start
to contribute to the global minimum structure. Experimentally,
alkanes with n > 15 are found to freeze at the surface before the
bulk freezing point is reached.98 It is unlikely that this
phenomenon is related to hairpin formation and indeed a
similar phenomenon is observed for even shorter alkanes, when
they are supercooled.99 The chain length of biological lipids is
coincidentally close to the folding limit but this has little rele-
vance for membranes, as membrane embedding shis the
folding point in a similar way as crystal formation. Finally, the
commercial use of alkanes with n ¼ 16, 18 as heat storage
materials in buildings (Micronal®) is related to their melting
point13 and not to explicit hairpin folding.
10 Conclusions

At room temperature and above, fully hydrogenated single-
stranded carbon rods (n-alkanes) in the nanometer length
domain have several more or less randomly distributed (gauche)
kinks in the otherwise energetically favored stretched (all-trans
or zig-zag) conformation. Neighboring kinks with the same
handedness are slightly favored due to London dispersion
interactions between the two strands. By reducing the temper-
ature, the stretched-out state starts to dominate the distribution
up to a chain length of (2.2 � 0.2) nm (n ¼ 17 � 1). Beyond this
length, starting at (2.4� 0.2) nm (n¼ 18� 1), the globally stable
conformation is a folded hairpin state with two pairs of neigh-
boring kinks, all of the same handedness, separated by a single
stretched segment. The fully stretched conformation survives in
a metastable state, if the cooling is rapid, as it has to be to avoid
aggregation. This enables the experimental determination of
the elastic modulus for an innite stretched hydrogenated
carbon rod of (305 � 5) GPa.

If a new hydrocarbon force eld with gas phase applicability
is proposed, one can now ask the fundamental and simple to
answer question: what is its folding threshold nh for n-alkanes?
Error compensation between poor cohesive energy terms and
poor kink energy penalties can give the correct answer for the
wrong reason. Therefore, conformational energies for short
alkanes must also be checked. Similarly, if the longitudinal
acoustic mode frequency as a function of chain length and thus
the elastic modulus E is modelled correctly, this could still be
due to error compensation between intramolecular stretching
and bending force constants. More likely, a good performance
in these two benchmark quantities, namely nh close to 18 and E
Soft Matter, 2014, 10, 4885–4901 | 4897
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close to 305 GPa, can be taken as evidence for the overall quality
of the force eld.

These experimental reference values have been extracted
from more than half a dozen independent spectroscopic pieces
of evidence using spontaneous Raman scattering in supersonic
jet expansions and from a straightforward extrapolation of a
linear plot of the longitudinally acoustic mode wavenumber vs.
reciprocal chain length to the origin. They may be considered as
robust benchmarks for any theoretical description of isolated
polyethylene strands and their interaction.

Further insights could be gained by selective and full
deuteration of the hydrocarbons and by imaging of the jet
expansion close to the nozzle.35 The technique can now be
extended to other synthetic polymer models such as per-
uorinated and methyl-substituted alkanes. While it is a long
way from the synthetic polymer folding addressed in this work
to protein folding in biophysics,100 the challenges are similar:
how to overcome the associated barriers in nding the global
minimum, how to take into account or actually remove the
molecular environment for benchmark purposes, and how to
detect folding motifs spectroscopically. The subtle alkane
folding issue is more challenging for quantum theory and
spectroscopic detection, whereas peptide folding in the gas
phase may be more difficult to drive close to the thermody-
namic limit.
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