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Isomeric effects in structure formation and dielectric dynamics of different octanols

The understanding of the microstructure of associated liquids promoted by hydrogen-bonding and constrained 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 scattering 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.

Introduction

Hydrogen bonds are essential to understand the microscopic structure of water and aqueous solutions. They stabilize the structure of peptides [START_REF] Ludwig | Quantum cluster equilibrium theory of liquids: temperature dependence of hydrogen bonding in liquid N-methylacetamide studied by IR spectra[END_REF], proteins [START_REF] Jeffrey | Hydrogen bonding in biological structures[END_REF] and are the driving force for association in molecular liquids [START_REF] Böhmer | Structure and dynamics of monohydroxy alcohols-Milestones towards their microscopic understanding, 100 years after Debye[END_REF]. Within this class of liquids, monohydroxy alcohols seem to be relatively simple as they consist of an alkyl tail and one hydrophobic head group. Though, they can build complex hydrogen-bonded networks resulting in a heterogeneous structure on the microscale that is determined by the interplay between self-association and steric hindrance. This microstructure is controlled by the length [START_REF] Tomšič | Structural properties of pure simple alcohols from ethanol, propanol, butanol, pentanol, to hexanol: comparing Monte Carlo simulations with experimental SAXS data[END_REF][START_REF] Vahvaselkä | Determination of liquid structures of the primary alcohols methanol, ethanol, 1-propanol, 1-butanol and 1-octanol by X-ray scattering[END_REF] and the branching [START_REF] Dannhauser | Dielectric study of intermolecular association in isomeric octyl alcohols[END_REF] of the carbon tail and the position of the hydroxyl group [START_REF] Dannhauser | Dielectric Constant of Hydrogen-Bonded Liquids. IV. Equilibrium and Relaxation Studies of Homologous Neo-Alcohols[END_REF] and can be classified by cyclic, linear or more complex associates like lassos and branched chains or loops. Interestingly, the appearance and dominant type of structural arrangements are supposed to dependent on temperature [START_REF] Sillrén | The temperature dependent structure of liquid 1-propanol as studied by neutron diffraction and EPSR simulations[END_REF][START_REF] Sato | Compositiondependent dynamical structures of 1propanol-water mixtures determined by dynamical dielectric properties[END_REF][START_REF] Saiz | Structure and dynamics of liquid ethanol[END_REF] and pressure [START_REF] Mariani | Does high pressure induce structural reorganization in linear alcohols? A computational answer[END_REF][START_REF] Wikarek | How different molecular architectures influence the dynamics of H-bonded structures in glass-forming monohydroxy alcohols[END_REF][START_REF] Pawlus | Density Scaling Based Detection of thermodynamic Regions of complex intermolecular interactions characterizing Supramolecular Structures[END_REF] as inferred from dielectric spectroscopy [START_REF] Singh | Dynamics of glass-forming liquids. XVII. Dielectric relaxation and intermolecular association in a series of isomeric octyl alcohols[END_REF][START_REF] Bierwirth | Supramolecular x-ray signature of susceptibility amplification in hydrogen-bonded liquids[END_REF][START_REF] Bauer | Broadband dynamics in neat 4-methyl-3-heptanol and in mixtures with 2-ethyl-1-hexanol[END_REF][START_REF] Shinomiya | Dielectric behavior and intermolecular association for octanol isomers. Existence and transformation of a nonpolar cyclic polymer[END_REF][START_REF] Johari | Effects of induced steric hindrance on the dielectric behavior and H bonding in the supercooled liquid and vitreous alcohol[END_REF][START_REF] Dalbert | Étude des octanols 1 et 2 aux états liquide et solide[END_REF], rheology [START_REF] Gainaru | Oscillatory shear and high-pressure dielectric study of 5-methyl-3heptanol[END_REF][START_REF] Hecksher | Communication: Supramolecular structures in monohydroxy alcohols: Insights from shear-mechanical studies of a systematic series of octanol structural isomers[END_REF][START_REF] Bierwirth | Linear and nonlinear shear studies reveal supramolecular responses in supercooled monohydroxy alcohols with faint dielectric signatures[END_REF], calorimetry [START_REF] Huth | Comparing calorimetric and dielectric polarization modes in viscous 2-ethyl-1-hexanol[END_REF][START_REF] Xu | Entropic Nature of the Debye Relaxation in Glass-Forming Monoalcohols[END_REF], vibrational spectroscopy [START_REF] Bauer | Vibrational study of anharmonicity, supramolecular structure, and hydrogen bonding in two octanol isomers[END_REF][START_REF] Paolantoni | Infrared study of 1-octanol liquid structure[END_REF], molecular dynamics simulations [START_REF] Best | Free energy perturbation study of octanol/water partition coefficients: Comparison with continuum GB/SA calculations[END_REF][START_REF] De Oliveira | Molecular dynamics study on liquid 1-octanol[END_REF][START_REF] Zhong | Thermodynamic and structural properties of methanol-water solutions using nonadditive interaction models[END_REF][START_REF] Lehtola | Structure of liquid linear alcohols[END_REF] and a combination of experimental and theoretical methods [START_REF] Hennous | Crossover in structure and dynamics of a primary alcohol induced by hydrogen-bonds dilution[END_REF][START_REF] Vrhovšek | An approach towards understanding the structure of complex molecular systems: the case of lower aliphatic alcohols[END_REF][START_REF] Matsugami | Hydrogen bonding in ethanol-water and trifluoroethanol-water mixtures studied by NMR and molecular dynamics simulation[END_REF][START_REF] Cerar | Performance of various models in structural characterization of n-butanol: Molecular dynamics and X-ray scattering studies[END_REF]. An overview can be found in Böhmer et al. [START_REF] Böhmer | Structure and dynamics of monohydroxy alcohols-Milestones towards their microscopic understanding, 100 years after Debye[END_REF]. In order to systematically study the effects of molecular architecture 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. Interpretation of the results from dielectric spectroscopy of Smyth [START_REF] Smyth | The dielectric polarization of liquids. VI. Ethyl iodide, ethanol, normal-butanol and normal-octanol[END_REF], Dannhauser [START_REF] Dannhauser | Dielectric Constant of Hydrogen-Bonded Liquids. IV. Equilibrium and Relaxation Studies of Homologous Neo-Alcohols[END_REF], and Johari [START_REF] Johari | Dielectric study of intermolecular association in sterically hindered octanol isomers[END_REF], Shinomiya [START_REF] Shinomiya | Dielectric behavior and intermolecular association for octanol isomers. Existence and transformation of a nonpolar cyclic polymer[END_REF] suggests that the supramolecular structure of some isomeric octyl alcohols changes from predominant chain to ring arrangements with decreasing temperature [START_REF] Shinomiya | Dielectric behavior and intermolecular association for octanol isomers. Existence and transformation of a nonpolar cyclic polymer[END_REF]. Recent dielectric stud-ies of nM3H (n-Methyl-3-Heptanol) with n=3,4,5,6 support this assumption [START_REF] Singh | Dynamics of glass-forming liquids. XVII. Dielectric relaxation and intermolecular association in a series of isomeric octyl alcohols[END_REF]. Although evidence of different types of molecular association and their interchange with pressure and temperature was found by spectroscopy and molecular dynamics simulations, many efforts have been made to trace the evolution of these supramolecular arrangements using direct structural probes such as X-ray and neutron diffraction, often in combination with molecular dynamics simulations [START_REF] Benmore | The structure of liquid ethanol: A neutron diffraction and molecular dynamics study[END_REF][START_REF] Vrhovsek | Hydrogen bonding and molecular aggregates in liquid methanol, ethanol, and 1propanol[END_REF][START_REF] Pozar | On the X-ray Scattering Pre-peak of Linear Mono-ols and the Related Microstructure from Computer Simulations[END_REF]. However, interpreting the results obtained by these experimental approaches need to be critically discussed particularly when compared with calculated diffraction intensities. Typically the diffraction intensities of monohydroxy alcohols exhibit two prominent features, (i) a main peak reflecting the average particle-particle distance, which is dictated by the size of the methylene group for larger alcohols and (ii) a characteristic pre-peak at lower momentum transfer that is assigned to clusters of hydroxyl groups surrounded by their alkyl tails [START_REF] Pierce | X-ray studies on liquids: The inner peak for alcohols and acids[END_REF][START_REF] Warren | X-ray diffraction in long chain liquids[END_REF]. In a previous study of monohydroxy alcohols [START_REF] Pozar | On the X-ray Scattering Pre-peak of Linear Mono-ols and the Related Microstructure from Computer Simulations[END_REF], we showed that the intensity of the pre-peak is not directly related to the local cluster microstructure, while its position is correlated to the mean size of the formed meta-objects. Strictly speaking, this structure is reflected in the various atomatom correlation functions and structure factors, but these are not directly experimentally observed and can only be obtained through computer simulations. The charge ordering process underlying the clustering of the hydroxyl head groups leads to the existence of pre-peaks and anti-peaks in the structure factors of the atoms involved. The pre-peak is quite often the result of severely cancelling contributions between the pre-peaks and anti-peaks of the underlying structure factors. Hence, the interpretation of the pre-peaks intensity should be done with caution. 1-octanol has already been investigated in several studies [START_REF] Dannhauser | Dielectric study of intermolecular association in isomeric octyl alcohols[END_REF][START_REF] Maccallum | Structures of neat and hydrated 1-octanol from computer simulations[END_REF][START_REF] Stephenson | Ethanol and water capacities of alcohols: a molecular dynamics study[END_REF], 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 [START_REF] Stephenson | Ethanol and water capacities of alcohols: a molecular dynamics study[END_REF]. When the hydroxyl group is located further towards the center of the molecule, small ring-like arrangements rather than extended networks dominate as is the case with 2-, 3-and 4-octanol [START_REF] Palombo | Comparison of hydrogen bonding in 1-octanol and 2-octanol as probed by spectroscopic techniques[END_REF]. 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 octanol 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 reorganization of characteristic structural units and monomer/dimer formation.

Experiment and Theory

We studied the monohydroxy alcohols (MAs) 1octanol (≥ 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 synchrotron radiation source [START_REF] Krywka | The small-angle and wideangle X-ray scattering set-up at beamline BL9 of DELTA[END_REF]. We used the setup for wide angle X-ray scattering at photon energies of 13 keV, 20 keV and 27 keV. The scattered photons were detected by a MAR345 image plate detector and lanthanum hexaboride was measured as a calibration standard. The MAs were filled into borosilicate capillaries with diameters of 2 or 3.5 mm and the sample temperature was varied utilizing an Oxford cryostream cooler series 700 between 381 and 244 K with a 3.5 K increment. The specified temperature 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, 228.15 K and 232.45 K [START_REF] Lide | CRC handbook of chemistry and physics[END_REF] for 1-, 2-, 3-and 4octanol, respectively. The two dimensional diffraction images were integrated and converted to momentum transfer q-scale exploiting the fit2D program package [START_REF] Hammersley | Two-dimensional detector software: from real detector to idealised image or two-theta scan[END_REF]. Finally, the diffraction patterns were corrected for absorption, the scattering contributions of the capillary and air and were normalized to the integral in the q-range from 2 to 23 nm -1 . For a detailed analysis, the intensity, FWHM and position 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. [START_REF] Pozar | On the X-ray Scattering Pre-peak of Linear Mono-ols and the Related Microstructure from Computer Simulations[END_REF] 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 temperature regulation unit allows an accuracy of up to 0.1 K. An E4991A analyzer was employed to determine dielectric spectra in the range from 1 to several 100 MHz. The radio-frequency measuring cell [START_REF] Böhmer | Radio-frequency dielectric measurements at temperatures from 10 to 450 K[END_REF] improves the accuracy of the absolute values 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 lowfrequency data. From the experimental data we calculated the Kirkwood factor g K [START_REF] Kirkwood | The dielectric polarization of polar liquids[END_REF]. This correlation factor contains important information regarding the liquid's microstructure [START_REF] Dannhauser | Dielectric study of intermolecular association in isomeric octyl alcohols[END_REF] by quantifying the angle between different dipole vectors of molecules in liquids [START_REF] Böhmer | Structure and dynamics of monohydroxy alcohols-Milestones towards their microscopic understanding, 100 years after Debye[END_REF]. It is defined via

g K = 9ǫ 0 k B T nµ 2 (ǫ s -ǫ inf )(2ǫ s + ǫ inf ) ǫ s (ǫ inf + 2) 2 (1) 
where ǫ s and ǫ inf (ǫ inf = ǫ ∞ + ∆ǫ α + ∆ǫ β [START_REF] Singh | Dynamics of glass-forming liquids. XVII. Dielectric relaxation and intermolecular association in a series of isomeric octyl alcohols[END_REF] with ∆ǫ α and ∆ǫ β as the relaxation strength of the αand β-processes, and the instantaneous contribution ǫ ∞ defined by ǫ ∞ = 1.1n 2 D , where n D is the refractive index) are the (relative) static and highfrequency permittivity related to the Debye process, respectively, n denotes the number density, k B T is the thermal energy and µ the molecular dipole moment (µ =1.68 D1 [START_REF] Dannhauser | Dielectric study of intermolecular association in isomeric octyl alcohols[END_REF]). The Kirkwood factor is a measure for those short-range intermolecular interactions that lead to specific dipole-dipole orientations. So the Kirkwood factor can be used to differentiate between linear and cyclic structures. Thus, g K allows to track transitions from g K > 1 (parallel orientation) to g K < 1 (anti-parallel orientation) with changing temperature [START_REF] Singh | Dynamics of glass-forming liquids. XVII. Dielectric relaxation and intermolecular association in a series of isomeric octyl alcohols[END_REF]. All MD simulations were performed with the program package GROMACS [START_REF] Pronk | GROMACS 4.5: a highthroughput and highly parallel open source molecular simulation toolkit[END_REF]. A box size of 7.9532 nm was selected. One box contains 2048-2060 molecules. The systems were simulated in the isobaric-isothermal ensemble, at the temperature of T = 300 K and pressure p = 1 bar in order to represent the laboratory conditions as closely as possible (see Ref. [START_REF] Pozar | On the X-ray Scattering Pre-peak of Linear Mono-ols and the Related Microstructure from Computer Simulations[END_REF] for more details). To maintain constant temperature, we used the v-rescale thermostat [START_REF] Bussi | Canonical sampling through velocity rescaling[END_REF], while the Parrinello-Rahman barostat [START_REF] Parrinello | Crystal structure and pair potentials: A moleculardynamics study[END_REF][START_REF] Parrinello | Polymorphic transitions in single crystals: A new molecular dynamics method[END_REF] 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 [START_REF] Martınez | Packing optimization for automated generation of complex system's initial configurations for molecular dynamics and docking[END_REF] software. The systems were first energy minimized and then equilibrated in the NPT ensemble for a total of 2 ns. 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 leapfrog [START_REF] Hockney | The potential calculation and some applications[END_REF]. The short-range interactions were calculated within the 1.5 nm cut-off radius. The long range electrostatic calculations were handled with the particle mesh Ewald (PME) method [START_REF] Darden | Particle mesh Ewald: An N log (N) method for Ewald sums in large systems[END_REF], with the FFT grid spacing of 0.12 nm and the interpolation 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-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 Gómez-Álvarez et al. [START_REF] Gómez-Álvarez | Association effects in pure methanol via Monte Carlo simulations[END_REF], i.e. the distance between the oxygen sites d OO and between the oxygen and bonded hydrogen d OH should be smaller than 3.5 Å and 2.5 Å, respectively, while the angle α as defined in Fig. 1 should be smaller than 30 • . If we consider 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.

the number of bonding partners of each molecule (in fact of each OH group), cyclic structures contain 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 associations as linear, cyclic, cyclic branched, linear branched and lasso type.

Results and Discussion

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

Structural characteristics at ambient conditions

The diffraction patterns I(q) of the different noctanols measured at room temperature are compared in Fig. 2. For each I(q) a dominant main peak around q mp ≈ 14 nm -1 as well as a pre-peak q pp between 4 to 7 nm -1 can be observed. While the main peak hardly varies for the different isomers, the pre-peak shifts to higher q values and increases in intensity for those molecules for which the hydroxyl group is located close to the center of the alkyl chain, i.e. molecules with decreasing effective length n eff of the alkyl tail and increasing branching. n eff indicates the number of carbon atoms of the longest chain, as seen from the hydroxyl group.

In dense liquids, each peak position can be indifferently interpreted in real space through d ≈ 2π/q, either as a particle-particle distance or a particle size.

The fact that all the main peaks are at nearly the same position q mp simply reflects the dominant contribution of the carbons atoms (methylene groups), i.e. q mp ≈ 2π/1.4 Å ≈ 4 Å. The position of the pre-peak q pp 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 positions are attributed to the aggregated meta-entities, then 1-octanol and to a lesser extent 2-octanol aggregates are larger than those expected for 3-and 4octanols. 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 3and 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, the strong variation of the pre-peak intensity indi-cates pronounced changes in the hydroxyl-hydroxyl and hydroxyl-chain correlations for the studied isomers [START_REF] Pozar | On the X-ray Scattering Pre-peak of Linear Mono-ols and the Related Microstructure from Computer Simulations[END_REF]. In an attempt to understand these observations more deeply as a trace of the liquids' microstructure, we confront the experimental diffraction intensities with calculated ones. The latter are based on MD simulations using different force fields, the unified atom version of OPLS [START_REF] Jorgensen | Optimized intermolecular potential functions for liquid alcohols[END_REF][START_REF] Jorgensen | Development and testing of the OPLS all-atom force field on conformational energetics and properties of organic liquids[END_REF] and the all atom model CHARMM [START_REF] Vanommeslaeghe | CHARMM general force field: A force field for drug-like molecules compatible with the CHARMM all-atom additive biological force fields[END_REF][START_REF] Vanommeslaeghe | Automation of the CHARMM General Force Field (CGenFF) I: bond perception and atom typing[END_REF][START_REF] Vanommeslaeghe | Automation of the CHARMM General Force Field (CGenFF) II: assignment of bonded parameters and partial atomic charges[END_REF]. 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- parison between theory and experiment, both the measured and calculated diffraction intensities are analyzed regarding their peak position (q mp , q pp ), peak intensity (I mp , I pp ) 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 provide a reasonable description of the short-range correlations in these systems. Let us now consider the results for the pre-peak which is related to the longrange atom-atom correlations. We observe, that the pre-peak shifts to higher q 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 reproducing 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 exhibit peculiar long-range correlations.

In order to probe the underlying microstructure, Figure 4: Results of peak analysis of the main peak (q mp , I mp , FWHM mp ) and the pre-peak (q pp , I pp , FWHM pp ) 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 dependence for linear monohydroxy alcohols with increasing chain length [START_REF] Pozar | On the X-ray Scattering Pre-peak of Linear Mono-ols and the Related Microstructure from Computer Simulations[END_REF]. A comparative cluster analysis of the CHARMM model is shown in the SI.

The size distributions are presented as the number of molecules in a supramolecular arrangement of a given size in percentage of the total number of molecules identified for the four isomers are presented 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 relatively 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 alcohols, their contribution is significantly smaller, i.e. 33%, 38%, and 36% for 2-, 3-, and 4-octanol, respectively. 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- 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 increasing steric hindrance caused by branching of the carbon chains of the other isomers. It is also evident from this analysis that formation of cyclic structures increases with increasing n eff . 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 correlations 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 metaobjects which scales with the effective chain length. The implications on microstructure for the interpretation of dielectric spectroscopy measurements requires a closer look at the occurrence of characteristic supramolecular arrangements that exhibit different 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 socalled (high-frequency) alpha process, supramolecular 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 frequencies. In contrast, dimers and cyclic structures show no significant effect on the Debye peak because they do not constitute a large supramolecular dipole moment [START_REF] Gainaru | Nuclear-magnetic-resonance measurements reveal the origin of the Debye process in monohydroxy alcohols[END_REF]. 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 systematically 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 molecular branching from 57% to 66% accompanied by a tendency to form linear-branched structural motives. 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 1octanol, which shows more complex structural units with small but persisting dipole moment. The contribution 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 certain 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 structural 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 structural differences between the family of branched octanols and the linear one. These results are consistent with existing studies by Stephenson et al. [START_REF] Stephenson | Ethanol and water capacities of alcohols: a molecular dynamics study[END_REF]. As branching increases, it is assumed that due to steric hindrance ring-like structures form more frequently [START_REF] Stephenson | Ethanol and water capacities of alcohols: a molecular dynamics study[END_REF][START_REF] Palombo | Comparison of hydrogen bonding in 1-octanol and 2-octanol as probed by spectroscopic techniques[END_REF]. Consequently, a different dielectric response of these isomers is expected which was already discussed in the literature [START_REF] Dannhauser | Dielectric study of intermolecular association in isomeric octyl alcohols[END_REF]. 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 structural 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 affected by variation of the temperature.

4 Variation of microstructure with temperature

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 q 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 Figure 6: Temperature dependent diffraction patterns of n-octanol (n=1,2,3,4). For visual clarity, the data for the different isomers were shifted vertically.

pre-peak position starts to move to larger q with decreasing temperature, then settles its position and finally shifts to smaller q at the lowest temperatures. Also the pre-peak intensity and FWHM deviate from the behavior observed for the main peak. We performed the same pre-peak analysis as before in order to reveal the temperature dependence of the peak in more detail. The corresponding results of this analysis are presented in Fig. 7. For a better comparability of the relative changes, all parameters were normalized to their values determined at 381 K, which are 3.96, 4.78, 5.64, 5.87 nm -1 for q pp , 0.0295, 0.024, 0.048, 0.071 for I pp and 2.35, 2.65, 2.68, 2.27 nm -1 for σ pp in case of 1-, 2-, 3-, 4-octanol, respectively. For a comparison 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 reflected in the changes in slope for the intensity and FWHM for temperatures below 320 K. As the po- 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 ± 5 K, 295 ± 5 K, 278 ± 8 K, and 258 ± 10 K for 1-, 2-, 3-, and 4-octanol, respectively, 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 deviates from this trend, a finding which we assign to the very different microstructure observed even at room temperature from the analysis of the MD simulations. 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 metaobjects with larger effective size, a feature that can e.g. be triggered by reduced interpenetration and mobility of alkyl tails. In order to constrain possible scenarios further we have studied these octanols using dielectric spectroscopy as function of temperature. This approach provides an indirect probe of the molecular associations that possess different supramolecular dipole moments.

Dielectric spectroscopy

The complex dielectric constant ǫ * (ω) = ǫ ′ (ω)-iǫ ′′ (ω) was measured as a function of frequency ω. The real part ǫ ′ (ω) is proportional to the reversibly stored energy and the imaginary part ǫ ′′ (ω) is proportional to the dissipated energy. Let 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 1-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 ∆ǫ = |ǫ s -ǫ inf | is determined for small temperatures, using the Cole-Davidson function [START_REF] Davidson | Dielectric relaxation in glycerine[END_REF] 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 ∆ǫ was determined from the real part of the permittivity by the step height in the storage spectra, because the high frequency tail of the peak of ǫ ′′ 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 ǫ inf was determined from the storage spectra at a temperature of 265 K. The relaxation strength and ǫ inf 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/cm 3 with a density oscillator. The results for g K are shown Figure 9: Kirkwood factor of 1-, 2-, 3-and 4-octanol calculated using the low-frequency data via ǫ ′ (circles) and using the high-frequency data via ǫ ′′ (diamonds) and ǫ ′ (triangles). In all cases ǫ inf was determined from the high-frequency data via ǫ ′ . The dashed lines show the Kirkwood factor calculated using ǫ ∞ instead of ǫ inf . The black line marks the structural crossover point. in Fig. 9. 2 Interestingly, the Kirkwood factor changes from g K < 1 to g K > 1 at temperatures of 305 K , 280 K and 252 K ±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 [START_REF] Fries | The solution of the hypernetted-chain approximation for fluids of nonspherical particles. A general method with application to dipolar hard spheres[END_REF] 

g K = 1 + ρ 3 d rh 110 (r) (2) 
2 For calculation of the Kirkwood factor we used ǫ inf = 3.1, 2.8, 2.6, 2.7 for 1-, 2-, 3-and 4-octanol as determined from the high-frequency data via ǫ ′ . For comparison with literature data we calculated g K also via ǫ = 1.1n 2 D taken from [START_REF] Dannhauser | Dielectric study of intermolecular association in isomeric octyl alcohols[END_REF] and reference [START_REF] Al-Hayan | Excess molar volumes and viscosities of (1, 1, 2, 2-tetrabromoethane+ 1-alkanols) at T=(293.15 and 303.15K[END_REF] where h 110 (r) ∼< û1 • û2 >, while û1 and û2 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 positive values when the dipoles are parallel and negative when anti-parallel. From Fig. 9 we see that at room temperature g K < 1 for all branched octanols, which indicates that the molecular dipoles are arranged mostly in an anti-parallel fashion. This is fully compatible with small and tight charge order, which counteracts parallel dipole alignment. However, as T is decreased, it is seen that g K becomes eventually >1, suggesting that parallel dipole ordering increases as temperature decreases. Dielectric spectroscopy provides information about how the charge ordered OH clusters evolve with temperature: 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 ordering becomes possible.

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 decreases with temperature. This behavior is similar to that for the macroscopic density of the liquids 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. exhibit 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 temperature. Moreover, all octanols exhibit a significant portion of cyclic structures. Breaking up these cyclic structure at low temperature would also increase 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. Consequently, both models indicate a significant portion of smaller clusters at room temperature for all alcohols that can undergo transition to associates with larger dipole ordering. Thus, linear chain association 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 favoring linear and linear branched meta-objects. The specific dielectric response of 1-octanol is consistent with the particularities of large cluster distribution with pronounced occurrence of linear and more complex structures. These observations suggest that supramolecular dipole moments may form via transient molecular associations assuming an attaching-detaching mechanism [START_REF] Gainaru | Nuclear-magnetic-resonance measurements reveal the origin of the Debye process in monohydroxy alcohols[END_REF] which toward low temperatures promotes larger structures with increasing end-to-end dipole moments. Furthermore, it was reported that ring-chain transformations take place on the timescale of the Debye relaxation, an observation interpreted to correspond to fluctuations of the Kirkwood factor [START_REF] Singh | Watching hydrogenbonded structures in an alcohol convert from rings to chains[END_REF]. These notions were recently corroborated and extended to include not only the temperature but also the pressure dependence of the Debye relaxation [START_REF] Ngai | Explanation of the difference in temperature and pressure dependences of the Debye relaxation and the structural α-relaxation near Tg of monohydroxy alcohols[END_REF] or to emphasize that despite a lacking calorimetric signature, the Debye process, like the Rouse modes in polymers, is entropic in nature [START_REF] Xu | Entropic Nature of the Debye Relaxation in Glass-Forming Monoalcohols[END_REF]. It should be emphasized that the observation of Debye relaxations is by no means restricted to monohydroxy alcohols but well-known also for water and other dielectric liquids featuring large relaxation strengths ∆ǫ [START_REF] Paluch | Universal behavior of dielectric responses of glass formers: role of dipole-dipole interactions[END_REF]. Consequently, other models for the occurrence of the Debye relaxation in these and other (even non-associating) liquids [START_REF] Böhmer | Structure and dynamics of monohydroxy alcohols-Milestones towards their microscopic understanding, 100 years after Debye[END_REF]. A few recent or revisited approaches are summarized in [START_REF] Jurkiewicz | Interplay between structural static and dynamical parameters as a key factor to understand peculiar behaviour of associated liquids[END_REF] to include interpretations involving, e.g. defects in Hbonded networks [START_REF] Elton | The origin of the Debye relaxation in liquid water and fitting the high frequency excess response[END_REF][START_REF] Popov | The mechanism of the dielectric relaxation in water[END_REF] or dipole-dipole interactions [START_REF] Paluch | Universal behavior of dielectric responses of glass formers: role of dipole-dipole interactions[END_REF][START_REF] Déjardin | Linear complex susceptibility of long-range interacting dipoles with thermal agitation and weak external ac fields[END_REF].

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 roomtemperature. 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 metaobjects that is driven by charge ordering, as well as an increase in the supramolecular dipole moment. Both features indicate a structural change of all octanols with decreasing temperature. A mechanism that promotes linear chain association in combination with breakup of ring structures favors the formation of large linear and linear-branched clusters. Such structural changes are directly connected to both the increase in dipole order seen in the behavior 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.

XRD pre-peak

Presentation of the pre-peak after separation from the main peak (explained in Section 2) and the results of the peak analysis, presented on absolute ordinate scales. 

Figure 2 :

 2 Figure 2: X-ray diffraction patterns of n-octanol isomers with n=1,2,3,4. The inset displays the supramolecular length scale d= 2π qmax obtained from the diffraction pattern plotted against the effective carbon chain length n eff .

Figure 3 :

 3 Figure 3: Calculated diffraction patterns (OPLS (red) and CHARMM (blue)) compared to measured data (black).

Figure 5 :

 5 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 n eff .

Figure 7 :

 7 Figure 7: Results of the analysis of the pre-peak. a) Peak position normalized to the position of the maximum temperature. Labeled are the temperatures of the structural crossover (black circle). b) Intensity (diamonds), FWHM (circles) of the noctanols normalized to the values at 381 K.

Figure 8 :

 8 Figure 8: (a) Loss spectra of n-octanol (n=1,2,3,4) measured at a temperature of 290 K, (b) Loss spectrum of 1-octanol at temperatures of 265 K (blue), 290 K (black) and 315 K (red). The solid lines reflect fits using the Cole-Davidson function.

Figure 13 :Figure 14 :

 1314 Figure 13: Pre-peaks, as extracted from a procedure explained in section 2

  

We used µ=1.68 D for all octyl isomers neglecting the second order effects on the dipole moment of the alkyl chains.
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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 overlapping 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. 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 highest number of pure ring structures. In addition, in branched alcohols there is a preference for the formation of small clusters.

CHARMM-cluster analysis

Dielectric Spectra

Temperature dependent plot of the real part ǫ ′ (ν) (low and high-frequency data) and the imaginary part ǫ ′′ (ν) (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