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Abstract

The understanding of the microstructure of associated liquids promoted by hydrogen-bonding and con-
strained by steric hindrance is highly relevant in chemistry physics, biology and for many aspects of
daily life. In this study we use a combination of X-ray diffraction, dielectric spectroscopy and molecular
dynamics simulations to reveal temperature induced changes in the microstructure of different octanol
isomers, i.e, linear 1-octanol and branched 2-, 3- and 4-octanol. In all octanols, the hydroxyl groups
form the bases of chain-, cyclic- or loop-like bonded structures that are separated by outwardly directed
alkyl chains. This clustering is analyzed through the scattering pre-peaks observed from X-ray scatter-
ing and simulations. The charge ordering which pilots OH aggregation can be linked to the strength of
the Debye process observed in dielectric spectroscopy. Interestingly, all methods used here converge to
the same interpretation: as one moves from 1-octanol to the branched octanols, the cluster structure
evolves from loose large aggregates to a larger number of smaller, tighter aggregates. All alcohols exhibit
a peculiar temperature dependence of both the pre-peak and Debye process, which can be understood as
a change in microstructure promoted by chain association with increased chain length possibly assisted
by ring-opening effects. All these results tend to support the intuitive picture of the entropic constraint
provided by branching through the alkyl tails and highlight its capital entropic role in supramolecular

assembly.

1 Introduction

Hydrogen bonds are essential to understand the mi-
croscopic structure of water and aqueous solutions.
They stabilize the structure of peptides [1], pro-
teins [2] and are the driving force for association in
molecular liquids [3]. Within this class of liquids,
monohydroxy alcohols seem to be relatively simple
as they consist of an alkyl tail and one hydropho-
bic head group. Though, they can build complex
hydrogen-bonded networks resulting in a hetero-
geneous structure on the microscale that is deter-
mined by the interplay between self-association and
steric hindrance. This microstructure is controlled
by the length [4, 5] and the branching [6] of the car-
bon tail and the position of the hydroxyl group [7]
and can be classified by cyclic, linear or more com-
plex associates like lassos and branched chains or
loops. Interestingly, the appearance and dominant

type of structural arrangements are supposed to de-
pendent on temperature [8-10] and pressure [11-
13] as inferred from dielectric spectroscopy [14-19],
rheology [20-22], calorimetry [23, 24], vibrational
spectroscopy [25, 26], molecular dynamics simula-
tions [27-30] and a combination of experimental
and theoretical methods [31-34]. An overview can
be found in Bohmer et al. [3]. In order to sys-
tematically study the effects of molecular architec-
ture and thermodynamic conditions on structure
formation, octyl alcohol isomers serve as perfect
candidates since the position of the hydroxyl group
resulting in branching can be varied. Interpreta-
tion of the results from dielectric spectroscopy of
Smyth [35], Dannhauser [7], and Johari [36], Shi-
nomiya [17] suggests that the supramolecular struc-
ture of some isomeric octyl alcohols changes from
predominant chain to ring arrangements with de-
creasing temperature [17]. Recent dielectric stud-



ies of nM3H (n-Methyl-3-Heptanol) with n=3,4,5,6
support this assumption [14]. Although evidence of
different types of molecular association and their in-
terchange with pressure and temperature was found
by spectroscopy and molecular dynamics simula-
tions, many efforts have been made to trace the
evolution of these supramolecular arrangements us-
ing direct structural probes such as X-ray and neu-
tron diffraction, often in combination with molecu-
lar dynamics simulations [37-39]. However, inter-
preting the results obtained by these experimen-
tal approaches need to be critically discussed par-
ticularly when compared with calculated diffrac-
tion intensities. Typically the diffraction intensi-
ties of monohydroxy alcohols exhibit two promi-
nent features, (i) a main peak reflecting the av-
erage particle-particle distance, which is dictated
by the size of the methylene group for larger al-
cohols and (ii) a characteristic pre-peak at lower
momentum transfer that is assigned to clusters of
hydroxyl groups surrounded by their alkyl tails [40,
41]. In a previous study of monohydroxy alcohols
[39], we showed that the intensity of the pre-peak is
not directly related to the local cluster microstruc-
ture, while its position is correlated to the mean
size of the formed meta-objects. Strictly speak-
ing, this structure is reflected in the various atom-
atom correlation functions and structure factors,
but these are not directly experimentally observed
and can only be obtained through computer simu-
lations. The charge ordering process underlying the
clustering of the hydroxyl head groups leads to the
existence of pre-peaks and anti-peaks in the struc-
ture factors of the atoms involved. The pre-peak
is quite often the result of severely cancelling con-
tributions between the pre-peaks and anti-peaks of
the underlying structure factors. Hence, the inter-
pretation of the pre-peaks intensity should be done
with caution. 1-octanol has already been investi-
gated in several studies [6, 42, 43], as it is often
used as a membrane mimetic among others. Like
for other primary alcohols, chain formation tends
to dominate. However, studies show that 1-octanol
forms also more complex structures [43]. When the
hydroxyl group is located further towards the cen-
ter of the molecule, small ring-like arrangements
rather than extended networks dominate as is the
case with 2-, 3- and 4-octanol [44].

In this work we combine dielectric spectroscopy,
X-ray diffraction (XRD) and molecular dynamics
(MD) simulations to systematically investigate the
change in the microscopic structure of different oc-
tanol isomers (n-octanol with n=1,2,3.4) induced
by temperature. As the charge ordering enforces
the formation of meta-objects their resulting dipole
moment significantly effects the dielectric response
of the liquid. Based on the present results we are
able to constrain how the hydroxyl group influ-

ences the interplay between steric hindrance and
hydrogen-bonding on molecular association. The
observed changes are discussed in terms of the re-
organization of characteristic structural units and
monomer/dimer formation.

2 Experiment and Theory

We studied the monohydroxy alcohols (MAs) 1-
octanol (>99.7 %), 2-octanol ( >99.5 %), 3-octanol
( >99.5%), and 4-octanol ( >97%) which were
provided from Sigma Aldrich and have been used
without further treatment. The XRD experiments
were performed at beamline BL9 of the DELTA syn-
chrotron radiation source [45]. We used the setup
for wide angle X-ray scattering at photon energies
of 13keV, 20keV and 27keV. The scattered photons
were detected by a MAR345 image plate detector
and lanthanum hexaboride was measured as a cali-
bration standard. The MAs were filled into borosil-
icate capillaries with diameters of 2 or 3.5 mm and
the sample temperature was varied utilizing an Ox-
ford cryostream cooler series 700 between 381 and
244K with a 3.5K increment. The specified tem-
perature was corrected by reference to a calibrated
thermocouple. The lowest temperatures achieved
in the measurements were selected to be above the
crystallization temperature, i.e. 258.35 K, 241.55 K,
228.15K and 232.45K [46] for 1-, 2-, 3- and 4-
octanol, respectively. The two dimensional diffrac-
tion images were integrated and converted to mo-
mentum transfer g-scale exploiting the fit2D pro-
gram package [47]. Finally, the diffraction patterns
were corrected for absorption, the scattering contri-
butions of the capillary and air and were normalized
to the integral in the g-range from 2 to 23nm~!. For
a detailed analysis, the intensity, FWHM and posi-
tion of both the pre-peak and the main peak were
determined by a fit with a Pearson VII function and
a linear slope in the corresponding peak area (see
Ref. [39] for details). The corresponding error bars
were determined by changing the fit ranges.

The dielectric measurements were performed with
an Alpha analyzer from Novocontrol augmented by
a Quatro temperature unit. Here, the temperature
is controlled via a cold nitrogen stream. This tem-
perature regulation unit allows an accuracy of up
to 0.1 K. An E4991A analyzer was employed to de-
termine dielectric spectra in the range from 1 to
several 100 MHz. The radio-frequency measuring
cell [48] improves the accuracy of the absolute val-
ues determined using this cell, they were matched
with reference measurement obtained for the same
alcohols at frequencies below 1 MHz. The matched
high-frequency data of the real and imaginary part
of the dielectric constant for n-octanol (n=1,2,3,4)



are shown in the SI in comparison with the low-
frequency data.

From the experimental data we calculated the Kirk-
wood factor gx [49]. This correlation factor con-
tains important information regarding the liquid’s
microstructure [6] by quantifying the angle between
different dipole vectors of molecules in liquids [3]. It
is defined via

o QEOkBT (F«s - 6inf) (2€s + 6inf)

9K = nju? €s(€inf + 2)2

(1)

where €, and €t (€inf = €00 + A€y + Aeg [14] with
A€, and Aeg as the relaxation strength of the a-
and (-processes, and the instantaneous contribu-
tion €, defined by €, = 1.171%,, where np is the
refractive index) are the (relative) static and high-
frequency permittivity related to the Debye process,
respectively, n denotes the number density, kg7 is
the thermal energy and p the molecular dipole mo-
ment (u =1.68D' [6]). The Kirkwood factor is a
measure for those short-range intermolecular inter-
actions that lead to specific dipole-dipole orienta-
tions. So the Kirkwood factor can be used to differ-
entiate between linear and cyclic structures. Thus,
gk allows to track transitions from gx >1 (paral-
lel orientation) to gx <1 (anti-parallel orientation)
with changing temperature [14].

All MD simulations were performed with the pro-
gram package GROMACS [50]. A box size of
7.9532nm was selected. One box contains 2048-
2060 molecules. The systems were simulated in the
isobaric-isothermal ensemble, at the temperature of
T = 300K and pressure p = 1bar in order to rep-
resent the laboratory conditions as closely as pos-
sible (see Ref. [39] for more details). To main-
tain constant temperature, we used the v-rescale
thermostat [51], while the Parrinello-Rahman baro-
stat [52, 53] was used to keep the pressure constant.
The temperature algorithm had a time constant of
0.2 ps, while the pressure algorithm was set at 5 ps.
The initial configurations were generated using the
PACKMOL [54] software. The systems were first
energy minimized and then equilibrated in the NPT
ensemble for a total of 2ns. Production runs were
performed after the equilibration, also lasting 2 ns.
The time step for equations of motions was 2 fs and
the integration algorithm of choice was the leap-
frog [55]. The short-range interactions were calcu-
lated within the 1.5nm cut-off radius. The long
range electrostatic calculations were handled with
the particle mesh Ewald (PME) method [56], with
the FFT grid spacing of 0.12nm and the interpola-
tion order of 4.

The pre- and main peak analysis was performed as
described for the experiment. For evaluation of the
cluster snapshots, geometric constraints were ap-

IWe used p=1.68 D for all octyl isomers neglecting the
second order effects on the dipole moment of the alkyl chains.

plied to determine hydrogen-bonded molecules to
classify the occurrence of specific cluster types in
the OPLS simulations as indicated in Fig. 1. We
used the definition of a hydrogen bond given by
Gémez-Alvarez et al. [57], i.e. the distance between
the oxygen sites doo and between the oxygen and
bonded hydrogen doy should be smaller than 3.5 A
and 2.5 A, respectively, while the angle « as defined
in Fig. 1 should be smaller than 30°. If we consider
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Figure 1: Schematic representation of the
OH groups (red circles) forming these classified
hydrogen-bonded structures (meta-objects) and the
representation of the included distance and angle
parameters for cluster analysis.

linear branched

o
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the number of bonding partners of each molecule
(in fact of each OH group), cyclic structures con-
tain only molecules with two bonds while linear ones
comprise at least two molecules with only one bond.
If more complex structures are present, they consist
of at least one molecule having three bonds. Here,
further differentiation can be made by considering
the molecules with only one bond in the cluster.
This way we are able to classify the molecular as-
sociations as linear, cyclic, cyclic branched, linear
branched and lasso type.

3 Results and Discussion

At first, we discuss the structural characteristics
of the octanol isomers at ambient conditions us-
ing measured and calculated diffraction intensities
in combination with a cluster analysis of the MD
simulations. Then we analyze the temperature de-
pendence of the diffraction intensities and compare
them with results from dielectric spectroscopy.

3.1 Structural characteristics at am-
bient conditions

The diffraction patterns I(g) of the different n-
octanols measured at room temperature are com-
pared in Fig. 2. For each I(g) a dominant main
peak around gmp ~ 14nm~' as well as a pre-peak
¢pp between 4 to 7nm ™! can be observed. While the



main peak hardly varies for the different isomers,
the pre-peak shifts to higher ¢ values and increases
in intensity for those molecules for which the hy-
droxyl group is located close to the center of the
alkyl chain, i.e. molecules with decreasing effective
length neg of the alkyl tail and increasing branch-
ing. neg indicates the number of carbon atoms of
the longest chain, as seen from the hydroxyl group.
In dense liquids, each peak position can be indiffer-
ently interpreted in real space through d = 27 /¢, ei-
ther as a particle-particle distance or a particle size.
The fact that all the main peaks are at nearly the
same position ¢, simply reflects the dominant con-
tribution of the carbons atoms (methylene groups),
ie. Gmp ~ 27/1.4A ~ 4A. The position of the
pre-peak gp, can be related to the average size of
the meta-objects surrounded by the alkyl tails that
constitute the microstructure of the liquid (see inset
of Fig. 2) and suggests a pronounced dependence
on the molecules’ structure. If the pre-peak posi-
tions are attributed to the aggregated meta-entities,
then 1-octanol and to a lesser extent 2-octanol ag-
gregates are larger than those expected for 3- and 4-
octanols. This finding appears quite intuitive: The
charge order clusters can be seen as embedded into
an alkyl bath which acts as constraining media on
the clusters. Since higher branching produces more
tail entropic constraints, i.e. the restriction of the
alkyl tails’ mobility due to branching, we expect 3-
and 4-octanols to form smaller aggregates. Because
the number of OH groups in the liquids is exactly
the same across all octanols, this implies that there
must be less and looser aggregates in 1-octanols, as
opposed to a denser packing of smaller aggregates in
the 2-; 3- and 4-octanols. In line with this finding,
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Figure 2: X-ray diffraction patterns of n-octanol iso-
mers with n=1,2,3,4. The inset displays the supramolec-
ular length scale d=-2"— obtained from the diffraction
pattern plotted againégatxhe effective carbon chain length
MNeff.

the strong variation of the pre-peak intensity indi-

cates pronounced changes in the hydroxyl-hydroxyl
and hydroxyl-chain correlations for the studied iso-
mers [39].

In an attempt to understand these observations
more deeply as a trace of the liquids’ microstruc-
ture, we confront the experimental diffraction in-
tensities with calculated ones. The latter are based
on MD simulations using different force fields, the
unified atom version of OPLS [58, 59] and the all
atom model CHARMM [60-62]. The calculated
diffraction intensities are presented in Fig. 3 and
reproduce the changes observed in the experiment
for the different isomers. To enable a detailed com-

04r
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=—Experiment
0.35 f|——0oPLS
0.3r
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0.25
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015F

2-octanol
0.1
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5 10 151 20 25
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Figure 3: Calculated diffraction patterns (OPLS
(red) and CHARMM (blue)) compared to measured
data (black).

parison between theory and experiment, both the
measured and calculated diffraction intensities are
analyzed regarding their peak position (¢mp, ¢pp),
peak intensity (Imp, Ipp) and FWHM as discussed
before. The results are compared in Fig. 4. In
general, there is a remarkable agreement between
the theory and experiment specifically concerning
the trends for the different isomers. The main peak
variation is reproduced very well by both models
while the absolute values are better represented by
CHARMM which can be traced back to the more
realistic density achieved in the all atom simulation
compared to unified atom model. The intensities
show some deviation compared to the experiment,
with a good overall agreement regarding the trends
observed for the FWHM. Thus, both models pro-
vide a reasonable description of the short-range cor-
relations in these systems. Let us now consider the
results for the pre-peak which is related to the long-
range atom-atom correlations. We observe, that the
pre-peak shifts to higher g values as the branching
increases. This indicates that the position of the
hydroxyl group in the molecule plays a crucial role
here. It can be observed that the overall trends
for the pre-peak are well reproduced by both mod-



els. Despite the intensity calculated for 2-octanol,
OPLS works extremely well, especially in reproduc-
ing the pre-peak position for all octanols. While
most octanols seem to follow a consistent trend with
increasing branching, i.e. decreasing position and
intensity and increasing FWHM of the pre-peak,
1-octanol behaves differently and thus seems to ex-
hibit peculiar long-range correlations.

In order to probe the underlying microstructure,
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Figure 4: Results of peak analysis of the main peak
(¢mp, Imp, FWHM,,p,) and the pre-peak (gpp, Ipp,
FWHM,,) emerging from the simulations (OPLS
(red) and CHARMM (blue)) are compared to the
experimental results (black).

we discuss the cluster analysis of the OPLS MD
simulations in the following, because the pre-peak
position is the most solid quality to characterize
the microstructure of the system. OPLS was found
to work particularly well to resemble its depen-
dence for linear monohydroxy alcohols with increas-
ing chain length [39]. A comparative cluster analy-
sis of the CHARMM model is shown in the SI.

The size distributions are presented as the num-
ber of molecules in a supramolecular arrangement
of a given size in percentage of the total number
of molecules identified for the four isomers are pre-
sented in Fig. 5(a). The clusters are differentiated
by their typical shape as linear, branched, cyclic,
lasso, and cyclic branched clusters. In contrast to
the branched octanols, 1-octanol consists of rela-
tively complex arrangements and large branched
clusters. 64% of the molecules can be found in
clusters made of more than 7 hydrogen-bonded
molecules, i.e. for cluster which show no more
purely cyclic structures. For the branched alco-
hols, their contribution is significantly smaller, i.e.
33%, 38%, and 36% for 2-, 3-, and 4-octanol, re-
spectively. Interestingly, with higher branching, a

dominant contribution of clusters consisting of 4-5
molecules is observed. Obviously the cluster size
distribution for the linear octanol is significantly
broadened. This is also reflected in the average clus-
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Figure 5: Results of the cluster analysis: a)

Overview of the percentage of clusters divided into
their sizes. Color coding indicates which structure
is present in the cluster. b) Classification of clusters
into linear and cyclic structures and into monomers
and dimers plotted against neg.

ter size, which changes from 7 molecules per cluster
for 1-octanol to 4.0, 5.3, 5.4 molecules per cluster
for 2- ,3-, and 4-octanol, respectively. This behavior
can be assigned to the high flexibility of the alkyl
chain in the linear octanol compared to the increas-
ing steric hindrance caused by branching of the car-
bon chains of the other isomers. It is also evident
from this analysis that formation of cyclic struc-
tures increases with increasing n.g. The sharper
distribution of supramolecular assembly of 3- and
4-octanol is in agreement with the strong change of
intensity in the pre-peak caused by a change of cor-
relations and cross correlations between the charge
head groups and the alkyl tails triggered by the un-



derlying microstructure. The shift of the pre-peak
can be traced back to the average size of the meta-
objects which scales with the effective chain length.
The implications on microstructure for the interpre-
tation of dielectric spectroscopy measurements re-
quires a closer look at the occurrence of characteris-
tic supramolecular arrangements that exhibit differ-
ent resulting dipole moment. Here, we distinguish
monomers, dimers, linear/linear-branched and all
types of cyclic structural units. While in dielectric
spectroscopy the fingerprint of monomers is the so-
called (high-frequency) alpha process, supramolec-
ular dipole moments as evident for e.g. chain-like
structural units are assumed to be responsible for
the so-called Debye process observed at lower fre-
quencies. In contrast, dimers and cyclic structures
show no significant effect on the Debye peak because
they do not constitute a large supramolecular dipole
moment [63]. The occurrence of monomers (= 2%
-8%) and dimers (= 2% - 4%) is relatively small and
does not differ significantly among the n-octanols.
However, as the amount of monomers increases sys-
tematically with increasing effective length of the
alkyl tail from 4- to 2-octanol, 1-octanol does not
sustain this trend. As the major contribution we
find linear clusters in all octanols. The number
of these clusters increases with decreasing molec-
ular branching from 57% to 66% accompanied by
a tendency to form linear-branched structural mo-
tives. The latter is due to favored branching in
larger clusters and is pronounced in 1-octanol. The
probability to find cyclic arrangements increases in
the opposite direction but with the exception of 1-
octanol, which shows more complex structural units
with small but persisting dipole moment. The con-
tribution of cyclic structures is 23-29% for 1- and
2-octanol and increases up to 38% for 4-octanol.

The cluster analysis of the CHARMM simulations
confirms the trend observed for OPLS to a cer-
tain extent, particularly regarding the structural
specifics of 1-octanol. But it exhibits much stronger
contributions for monomers and dimers and less
pronounced sharpening of cluster distribution for
clusters with 4 to 5 molecules accompanied with
smaller amount of cyclic structures, which are
mainly observed for the branched octanols (see SI).
To conclude, 3- and 4-octanol show a relatively
sharp cluster distribution with dominating cluster
size of 4-5 molecules with a prevalent appearance of
cyclic clusters. 1-octanol exhibits the largest variety
of structural units and major contributions of struc-
tural arrangements with sizeable effective dipole
moments. The microstructure of 2-octanol may be
a crossover case which shows structural similarity to
the other branched isomers. We find strong struc-
tural differences between the family of branched oc-
tanols and the linear one. These results are con-
sistent with existing studies by Stephenson et al.

[43]. As branching increases, it is assumed that due
to steric hindrance ring-like structures form more
frequently [43, 44]. Consequently, a different di-
electric response of these isomers is expected which
was already discussed in the literature [6]. It will be
further emphasized below in view of our dielectric
measurements and observation of the occurrence of
relatively large chain-like associates in 1-octanol by
simulation. In order to further constrain the struc-
tural peculiarities with branching and to relate the
static information from XRD to the probe of the
liquids’ dynamics via dielectric spectroscopy, in the
following we study how this microstructure is af-
fected by variation of the temperature.

4 Variation of microstructure
with temperature

4.1 X-ray diffraction

The diffraction patterns of all octanols measured
in the indicated temperature range are shown in
Fig. 6. The patterns are shifted on the ordinate
scale for clarity. With decreasing temperature, we
expect the liquid to become locally more tightly
packed and ordered. This should also be the case
for the meta-objects. This is indeed the case as far
as all the main peaks are concerned. Conversely,
the pre-peaks do not follow this trend. The main
peak position moves systematically to larger ¢ with
decreasing temperature and is getting sharper while
its intensity increases, a behavior that is consistent
with an increasing density of the liquids and better
defined contact-pair correlations. In contrast, the
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Figure 6: Temperature dependent diffraction pat-
terns of n-octanol (n=1,2,3,4). For visual clarity,
the data for the different isomers were shifted ver-
tically.



pre-peak position starts to move to larger ¢ with de-
creasing temperature, then settles its position and
finally shifts to smaller ¢ at the lowest tempera-
tures. Also the pre-peak intensity and FWHM de-
viate from the behavior observed for the main peak.
We performed the same pre-peak analysis as be-
fore in order to reveal the temperature dependence
of the peak in more detail. The corresponding re-
sults of this analysis are presented in Fig. 7. For
a better comparability of the relative changes, all
parameters were normalized to their values deter-
mined at 381K, which are 3.96, 4.78, 5.64, 5.87
nm~ ! for gpp, 0.0295, 0.024, 0.048, 0.071 for I,
and 2.35, 2.65, 2.68, 2.27 nm~! for o, in case of
1-, 2-, 3-, 4-octanol, respectively. For a compari-
son on an absolute scale, we refer to the SI (Fig.
13). An intriguing dependence of the pre-peak is
evident from the low temperature variation of the
peak position. As detailed in the SI, it is also re-
flected in the changes in slope for the intensity and
FWHM for temperatures below 320 K. As the po-
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Figure 7: Results of the analysis of the pre-peak.
a) Peak position normalized to the position of the
maximum temperature. Labeled are the tempera-
tures of the structural crossover (black circle). b)
Intensity (diamonds), FWHM (circles) of the n-
octanols normalized to the values at 381 K.

sition of the pre-peak is correlated with the size of
the meta-objects formed in the liquids, it provides
a direct probe of the fact that the microstructure
changes with temperature exhibit a clear structural
cross over at 302 + 5K, 295 + 5K, 278 £ 8K, and
258 + 10K for 1-, 2-, 3-, and 4-octanol, respec-
tively, which shifts systematically with increasing
branching to lower temperature. We note that the
relative variation in the pre-peak position is largest
for 2-octanol and then decreases with branching
for the other isomers. Conversely, 1-octanol devi-
ates from this trend, a finding which we assign to
the very different microstructure observed even at
room temperature from the analysis of the MD sim-
ulations. Within the high-temperature regime, all
octanols behave similarly which might be assigned
to monomer formation arising as a consequence of
the increased mobility of the molecules. For the
low temperature range, the crossover in the pre-

peak position indicates preferred formation of meta-
objects with larger effective size, a feature that can
e.g. be triggered by reduced interpenetration and
mobility of alkyl tails. In order to constrain possi-
ble scenarios further we have studied these octanols
using dielectric spectroscopy as function of temper-
ature. This approach provides an indirect probe
of the molecular associations that possess different
supramolecular dipole moments.

4.2 Dielectric spectroscopy

The complex dielectric constant €*(w) =
€' (w)-i¢’(w) was measured as a function of
frequency w. The real part €' (w) is proportional to
the reversibly stored energy and the imaginary part
¢”(w) is proportional to the dissipated energy. Let
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Figure 8: (a) Loss spectra of n-octanol (n=1,2,3,4)
measured at a temperature of 290 K, (b) Loss spec-
trum of 1-octanol at temperatures of 265K (blue),
290K (black) and 315K (red). The solid lines re-
flect fits using the Cole-Davidson function.

us first consider the measurements performed at
ambient temperature (290 K) as shown in Fig. 8.
The dielectric loss spectrum of all octanols shows a
dominant loss peak assigned to the Debye process.
The intensity of the loss peak is largest for 1-octanol
and decreases with increasing branching. This
indicates that l-octanol forms a larger amount of
transient structures featuring a significantly larger
resulting dipole moment. The dielectric results are
thus consistent with those of the cluster analysis
and of the diffraction measurements. Let us now
consider the low temperature range in which we
observe strong changes in the pre-peak position of
the octanol isomers.

In order to enable a detailed analysis, the relaxation
strength Ae = |e; — €in| is determined for small
temperatures, using the Cole-Davidson function
[64] which can describe the asymmetric shape of
the dielectric loss peaks. Fig. 8 shows the fits using
the Cole-Davidson function (solid lines) to analyze
the measured loss spectra. For high temperatures
Ae was determined from the real part of the per-
mittivity by the step height in the storage spectra,
because the high frequency tail of the peak of ¢”
could not be tracked within the accessible frequency



window. An overview of low and high-frequency
data is given in SI. The high-frequency dielectric
constant €,y was determined from the storage
spectra at a temperature of 265 K. The relaxation
strength and €;,r were used to calculate the static
permittivity. For all isomers the loss peak shifts to
lower frequencies and the corresponding relaxation
strength increases with decreasing temperature.
In the entire temperature range the relaxation
strength of 2-, 3- and 4-octanol is about one order
of magnitude below that of 1-octanol. Based on
Eq. 1 the Kirkwood factors were determined. The
required densities for 1-, 2-, 3-, and 4-octanol were
measured as 0.825, 0.819, 0.823, 0.820 g/cm3 with
a density oscillator. The results for gx are shown
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Figure 9: Kirkwood factor of 1-, 2-, 3- and 4-octanol
calculated using the low-frequency data via € (cir-
cles) and using the high-frequency data via €¢” (di-
amonds) and ¢ (triangles). In all cases €, was de-
termined from the high-frequency data via ¢’. The
dashed lines show the Kirkwood factor calculated
using €, instead of €j,r. The black line marks the
structural crossover point.

in Fig. 9.2 Interestingly, the Kirkwood factor
changes from gx < 1 to gx > 1 at temperatures
of 306K , 280K and 252K +5 K for the 2-, 3-,
4-octanols, i.e systematically with branching. This
can be interpreted by a change in microstructure
induced by temperature. The Kirkwood factor can
be related to the molecular orientation correlation
functions through the well-know relation from
exact statistical theory of liquids [66]

gK:1+§/ﬁﬁﬂ%n @)

2For calculation of the Kirkwood factor we used e, =
3.1, 2.8, 2.6, 2.7 for 1-, 2-, 3- and 4-octanol as determined
from the high-frequency data via €. For comparison with
literature data we calculated gx also via € = 1.171,2D taken
from [6] and reference [65]

where h'19(r) ~< 4y - @y >, while 4; and 7y are
the unit vectors along the dipole orientations of
molecules 1 and 2. Here <> refers to a statistical
ensemble average. The integral above can have pos-
itive values when the dipoles are parallel and nega-
tive when anti-parallel. From Fig. 9 we see that at
room temperature gx < 1 for all branched octanols,
which indicates that the molecular dipoles are ar-
ranged mostly in an anti-parallel fashion. This is
fully compatible with small and tight charge order,
which counteracts parallel dipole alignment. How-
ever, as T is decreased, it is seen that gx becomes
eventually >1, suggesting that parallel dipole order-
ing increases as temperature decreases. Dielectric
spectroscopy provides information about how the
charge ordered OH clusters evolve with tempera-
ture: in order for the dipole to align, the clusters
must evolve from tight closed shapes, such as rings
or dimers, to open chain shapes, where dipole or-
dering becomes possible.

4.3 Structure formation

We observed that the microstructure of the octanols
can change over a wide temperature range, with the
particularity that the size of meta-objects first de-
creases with temperature. This behavior is simi-
lar to that for the macroscopic density of the lig-
uids while at a certain temperature this trend is
reversed and the size of the meta-objects slowly
increases consequently resulting in crystallization.
This intriguing behavior suggests a mechanism at
lower temperatures for all isomers that favors larger
meta-objects with the constraint that these objects
enhance the overall dielectric response, i.e. ex-
hibit larger supramolecular dipole moments. While
at room temperature 1-octanol starts from a very
different microstructure than the other isomers
(with 2-octanol as an intermediate structure), this
mechanism promote larger chain-like or branched
chain-like arrangements with decreasing tempera-
ture. Moreover, all octanols exhibit a significant
portion of cyclic structures. Breaking up these
cyclic structure at low temperature would also in-
crease the dielectric strength as inferred from the
general behavior of the Kirkwood factor. Such ring
opening effects can be inferred based on the OPLS
results via breaking up tight clusters of about 4-5
molecules while CHARMM would support this to
smaller extent and suggests breaking up of dipoles
together with formation of larger entities. Con-
sequently, both models indicate a significant por-
tion of smaller clusters at room temperature for all
alcohols that can undergo transition to associates
with larger dipole ordering. Thus, linear chain as-
sociation possibly supported by ring opening effects
can be assumed to induce a relevant change of mi-



crostructure with decreasing temperature and may
be seen as precursor of crystallization, thus favor-
ing linear and linear branched meta-objects. The
specific dielectric response of 1-octanol is consis-
tent with the particularities of large cluster distri-
bution with pronounced occurrence of linear and
more complex structures. These observations sug-
gest that supramolecular dipole moments may form
via transient molecular associations assuming an
attaching-detaching mechanism [63] which toward
low temperatures promotes larger structures with
increasing end-to-end dipole moments. Further-
more, it was reported that ring-chain transforma-
tions take place on the timescale of the Debye re-
laxation, an observation interpreted to correspond
to fluctuations of the Kirkwood factor [67]. These
notions were recently corroborated and extended to
include not only the temperature but also the pres-
sure dependence of the Debye relaxation [68] or to
emphasize that despite a lacking calorimetric sig-
nature, the Debye process, like the Rouse modes
in polymers, is entropic in nature [24]. It should
be emphasized that the observation of Debye relax-
ations is by no means restricted to monohydroxy
alcohols but well-known also for water and other di-
electric liquids featuring large relaxation strengths
Ace [69]. Consequently, other models for the occur-
rence of the Debye relaxation in these and other
(even non-associating) liquids [3]. A few recent or
revisited approaches are summarized in [70] to in-
clude interpretations involving, e.g. defects in H-
bonded networks [71, 72] or dipole-dipole interac-
tions [69, 73].

5 Conclusion

A combination of XRD, dielectric spectroscopy and
MD simulations reveals the important role of steric
hindrance for charge ordering in 1-octanol and its
branched isomers 2-, 3- and 4-octanol at room-
temperature.  While the microstructure of the
branched octanols is dominated by small and tight
clusters, 1-octanol exhibits loose diverse and large
entities that are the reason for its strong dielectric
response. With decreasing temperature we observe
an intriguing change in the spacing of the meta-
objects that is driven by charge ordering, as well as
an increase in the supramolecular dipole moment.
Both features indicate a structural change of all oc-
tanols with decreasing temperature. A mechanism
that promotes linear chain association in combina-
tion with breakup of ring structures favors the for-
mation of large linear and linear-branched clusters.
Such structural changes are directly connected to
both the increase in dipole order seen in the behav-
ior of the Kirkwood factor and an increase in the

spacing of the clusters, which is clearly seen in the
pre-peak. These findings confirm that the entropic
constraints of branched octanols engage a capital
role in supramolecular association driven by charge
order.
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6 Supplementary Information

This Supplementary Information contains results of
the cluster analysis of the MD simulations using
the CHARMM force field, calibration data of low
and high-frequency dielectric spectra in the over-
lapping frequency range, dielectric loss spectra and
real part of the permittivity for all octanols in the
entire temperature range, the extracted pre-peaks
from diffraction data as well as the results of their
analysis on absolute scale.
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Figure 10: CHARMM Cluster analysis

The cluster analysis of CHARMM shows increased
numbers of monomers (18-29%) and dimers (12-
17%) for all octanols whereas the number of
monomers and dimers in the OPLS model is about
2-8% and 2-5%, respectively. Again, 1-octanol
forms complex and large clusters that form a larger
dipole moment. The number of pure ring structures
is lowest for 1-octanol. In general, the number of
cyclic structures increases compared to those of the
linear alcohol. Particularly 2-octanol stands out,
since it has by far the highest number of pure ring
structures. In addition, in branched alcohols there
is a preference for the formation of small clusters.

Dielectric Spectra

Temperature dependent plot of the real part € (v)
(low and high-frequency data) and the imaginary
part €¢”(v) (high-frequency data) of the dielectric
constant of 1-octanol and its branched isomers. The
loss spectra additionally include the appropriate
Cole-Davidson fits of the Debye peak and the real
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Figure 11: a) Loss spectrum and b) real part of
permittivity for n-octanol (n=1,2,3,4), both high-
frequency data. c¢) Low-frequency dielectric con-
stant data.

part of the dielectric constant shows the values used
for €.
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Figure 12: High-frequency (circles) and low-
frequency (diamonds) data of the a) real part of
the dielectric constant and b) of the loss spectrum
for n-octanol (n=1,2,3,4) ).

¢/(v) and the imaginary part €”(v) of the dielectric
constant of 1-, 2-, 3- and 4-octanol matched to the
low-frequency data.
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XRD pre-peak

Presentation of the pre-peak after separation from
the main peak (explained in Section 2) and the re-
sults of the peak analysis, presented on absolute
ordinate scales.
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Figure 13: Pre-peaks, as extracted from a procedure
explained in section 2
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Figure 14: Results of the pre-peak analysis on an
absolute scale
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