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I. INTRODUCTION

The study of monohydroxy alcohols (MAs) is an effective way to examine the influence of hydrogen bonds on the molecular dynamics. Like other representatives of this class of materials, the branched monohydroxy alcohol 2-butyl-1-octanol (2B1O, C 12 H 25 OH) tends to supercool and eventually form a glass upon isobaric cooling or isothermal pressurization. Whilst many glass formers share similar molecular dynamics in the supercooled state -as evidenced, e.g., by analogous features in dielectric relaxation spectra -monohydroxy alcohols, as well as some other H-bonded materials 1 , exhibit an additional relaxation at low frequencies. A thorough review on this phenomenon is given by Böhmer et al. 2 . Interestingly, the associated peak in the dielectric loss spectrum (f ) with peak frequency f max has been reported to follow a Debye behavior, and can thus be well described by the Debye equation

= ∆ D × ωτ D 1 + ω 2 τ 2 D , (1) 
where ∆ D is the relaxation strength, ω = 2πf the angular frequency, and τ D the relaxation time. However, it should be mentioned that some recent reports indicate a slight broadening of the relaxation 3,4 , and promote fitting with either the empirical Havriliak (2) (where α and β are the symmetric and the asymmetric broadening parameters, respectively), or with the a) erik.thoms@smcebi.edu.pl b) marian.paluch@us.edu.pl closely related Cole-Davidson (CD) equation 6 (Eq. 2 with α = 1). The broadening, common to the canonical structural relaxation peaks, is usually associated with a distribution of relaxation times due to different energetic environments for molecules in real materials, respectively with an increase in cooperativity in the dynamics.

For an explanation of the peculiar Debye-like relaxation, it is required to consider the formation of supermolecular structures often found in H-bonded liquids.

In particular, (stretched) circular or linear structures formed by the hydroxyl groups have been found in MAs by molecular dynamics simulations 7,8 and experiment 9,10 . The later structures are generally assumed to be the cause of the Debye-like relaxations 2,11 , with the transient chain model proposed by Gainaru et al. 10 gaining popularity 12,13 . As a result, preventing the formation of H-bonds either via chemical alteration or application of pressure will cause the Debye-peak in the dielectric loss spectrum to vanish 14,15 . Likewise, a promotion of ring-like superstructures over linear ones alters the dielectric response, again decreasing the strength of the Debye-like relaxation. In this paper we present the results of broadband dielectric spectroscopy measurements on 2-butyl-1-octanol at ambient and elevated pressure up to 1.8 GPa, focussing on the Debye-like relaxation. Analyzing the pressure dependence of τ D , we find a crossover from slower to faster than exponential behavior, a feature reported before only for the structural relaxation, as well as the related properties of viscosity η and dcconductivity σ dc . To confirm the presence of this phenomenon in η, viscosity measurements up to 1.2 GPa were performed at room temperature.

II. EXPERIMENTAL DETAILS

2-butyl-1-octanol was purchased from Simga-Aldrich and used as received. The dielectric measurements were performed using a Novocontrol Alpha-A impedance analyzer. The pressure was applied in a high pressure cham-ber via silicon oil. The sample fluid was only in contact with the stainless steel capacitor and Teflon. For temperature control, the pressure chamber was placed in a Tenney Junior compact temperature test chamber with an uncertainty of 0.5 K. The viscosity measurements were performed using the rolling ball method 16 within a sapphire cell with half-inch sapphire sphere anvils with a 3.5 mm flat culet. The CuBe gaskets were provided with a 1.3 mm hole with 0.5 mm depth, in which the speed of a tungsten carbide ball of typically 100 µm diameter was observed at various inclination angles between 10°and 20°. The force of up to 5 tons was provided by a VX2 Paris-Edinburgh cell 17 . Pressures were measured using the fluorescence of a BaFCl:Sm 2+ crystal inside the pressure chamber using a pressure coefficient of +1.1 nm/GPa 18 .

III. RESULTS

In Fig. 1 (A), selected ambient pressure dielectric loss spectra are shown for four temperatures, together with four curves collected at T = 198 K at different pressures. The most prominent feature for all curves is the Debye-like peak at low frequencies, e.g., for the 178 K curve at 1 Hz. The structural relaxation (often named α-relaxation) can be observed as a shoulder in the high frequency flank of the Debye-like peak. An additional contribution at the highest frequencies indicates the secondary, or β-, relaxation. Since all of the above features shift towards higher frequencies with rising temperature, marking a decrease in their respective relaxation times, the secondary relaxation peak is beyond the range of the spectrum at the higher two temperatures. In the structural relaxation, the shift can be observed from 1 kHz at 178 K to 100 kHz at 199 K and in the Debye-like relaxation from 1 Hz to 300 Hz over the same temperature range. It also becomes obvious that the intensity of the Debye relaxation decreases to less than half over this temperature range, from max = 1.2 to 0.5. This corresponds well with the data presented by Gao et al. earlier 3 .

Considering the curves collected isothermally at T = 198 K and elevated pressures, the same features are present. The pressures are selected to achieve isochronal conditions, i.e., the respective Debye relaxation times match with the ambient pressure curves. This allows direct comparison of the Debye peaks under different thermodynamic conditions. Contrasted with the wellstudied type I monoalcohol 2-ethyl-1-hexanol 19 , it can be noticed that 2-butyl-1-octanol is more sensitive to pressure change, as evidenced by the comparatively stronger frequency shift of the Debye-like peak upon compression. Analogous to cooling, pressurization of the sample leads to an increase in the intensity of the dominant relaxation. It can clearly be seen, however, that relative to the associated isochronal ambient pressure curves, the intensity of the relaxation is higher for spectra obtained at elevated pressures. Such behavior is typical for type II monoalcohols with the hydroxyl group located at a non-terminal position, which tend to form ring-like superstructures due to the caused steric shielding 9,12,20 . Increasing pressure can break these rings and promote open chain-like structures instead, thus increasing the dielectric response of the system. It should be noted, however, that the increase observed in 2-butyl-1-octanol is comparatively weaker than in typical type II monoalcohols. For example, the height of the Debye-like peak max increases by a factor of approximately 2.5 from p = 0.4 to 150 MPa, as opposed to a factor of > 4 in 5-methyl-3heptanol at a similar pressure range and temperature 21 . Interestingly, the amplitude does not change monotonically. This can be seen by the three isochronal spectra (τ D ≈ 10 -3 s) presented in Fig. 1(B). max more then triples from 0.55 at ambient pressure to 1.86 at 380 MPa, before decreasing again to 1.10 at 1.8 GPa, approximately twice the ambient pressure value. These opposing trends indicate that compression has at least two differing effects on the superstructure: At low p, the promotion of chain-like over ring-like formations is prevalent, increasing the number of transient chains and thus, the intensity of the relaxation, as reported for several type II MAs 12,21 . Above a threshold pressure, there is no further increase in the amount of chains. Instead, max is reduced. Such a decrease has been reported for type I alcohols before, and can be ascribed to the high packing density inhibiting the formation of long chains 20 . Wikarek et al. found similar non-monotonic behavior in 2-methyl-2-hexanol 12 .

Both the relaxation times of α-and Debye-relaxation increase upon pressurization or cooling, causing the relaxation peaks in Fig. 1 (A) to shift towards lower frequencies. However, they do not move in unison, as pointed out in Fig. 1 (C). Here, the loss for three isochronal spectra at different thermodynamic conditions is normalized by max . Consequently, the Debye-like peaks exhibit nearly perfect overlap. The α-peak, on the other hand, shifts visibly towards the dominant feature upon an increase in p and T : at ambient pressure, the α-relaxation is clearly visible as a shoulder at the high frequency flank of the Debye-like peak at f ≈ 10 5 Hz, while at p = 210 MPa, it appears merely as an excess contribution above 10 4 Hz. The change in the relative peak positions implies a decoupling between α-and Debye relaxation time.

To obtain τ D and ∆ D , the experimental data has been fitted. It is known for other MAs that pressurization decreases the time separation between α-and Debye-like relaxation 19,22 , making the determination of τ α at elevated pressure challenging at least. Therefore, special care must be taken upon the selection of the model. Different fits for one exemplary ambient pressure spectrum at T = 181 K are shown in Fig. 2. First, a superposition of the CD-and the HN-model for the dominant and structural relaxation, respectively, is given by the continuous lines. The dashed lines show an alternative fit, employing the Debye-and HN-model instead. To account for the difference between relaxation frequency and the frequency of the peak maximum at asymmetric broadened relaxations (i.e., β = 1), the mean relaxation time was obtained. It can be seen that both τ α and ∆ α vary strongly between the two fits, with the relaxation time being nearly one decade higher in the case of Debye and HN (τ α ≈ 10 -3 s) than for CD and HN (1.3 × 10 -4 s). On the other hand, in accord with the obtained fit parameters, the Debye peak position is largely independent from the model used (τ D = 5.7 × 10 -2 and 4.8 × 10 -2 s, respectively). The best results were obtained with the combination of CD and HN, which therefore was used for all subsequent fits. For a thorough examination of the p-dependency of the Debye process, spectra at elevated pressures and eight temperatures between T = 198 and 263 K were acquired and fitted as described above. The resulting τ D (p) isotherms are presented in Fig. 3(A). For all temperatures, τ D increases with pressure, with a higher slope at lower T . At low temperatures, it can be seen that the curves are convex against the x-axis, i.e., the increase is super-Arrhenius like and can be described by the pressure equivalent 23 of the Vogel-Fulcher-Tamman-Hesse (VF) equation:

τ D (p) = τ D,0 × exp C F p p ∞ -p (3) 
Here, τ D,0 = τ D (p → 0) can be approximated by the value at ambient pressure. p ∞ indicates a divergence point, while the strength parameter C F quantifies the discrepancy from ideal volume activated behavior given by τ = τ 0 × exp(p∆V /RT ), the pressure equivalent of the Arrhenius equation. At higher T , VF-behavior can still be observed for increased pressures, e.g., for the 218 K isotherm above p = 250 MPa. This conforms well with previous results on MAs, reporting either Arrheniuslike 12,24 or super-Arrhenius-like 22 pressure dependence of the Debye relaxation time. Close inspection, however, reveals that τ D (p) deviates from these behaviors at low pressures. This effect is more obvious at higher tem- peratures. For instance, the 238 K-isotherm can clearly be seen to have a concave shape against the p-axis below 200 MPa, indicating slower than exponential pressure dependency.

It is convenient to study this phenomenon in terms of the activation volume:

∆V act (p) = RT × ∂ln(τ D ) ∂p (4) 
with the gas constant R. ∆V act (p) is presented in Fig. 3(B). In this presentation, slower than exponential pressure dependence of the relaxation time is given by a negative, faster than exponential (super-Arrhenius-like) behavior by a positive slope of V act (p). Clearly, the activation volume is decreasing upon compression for all isotherms at low pressures. Above a temperature dependent pressure, V act begins to increase. The resulting minimum V act,min marks the inflection pressure p inf l , i.e. the crossover point between the slower and faster than exponential ranges. Increasing the temperature, V act,min is observed at higher pressures. A more detailed analysis is possible using a phenomenological model proposed by Bair 25 . Originally employed to describe inflections in η(p), it combines the pressure equivalent of the VF equa-tion (Eq. 3) with the McEwen equation, to be applicable for high and low pressure ranges, respectively:

τ D (p) = τ D,0 × 1 + α 0 q p q × exp C F p p ∞ -p (5) 
Supplementary to the factors taken from Eq. 3, α 0 and q are the McEwen parameter and exponent, respectively. Fits according to this hybrid model are shown in Fig. 3(A), and the according activation volumes in (B). The inflection points, as obtained by the minima in the latter curves, are given in the inset in a T inf l (p) presentation.

For the highest two temperatures, the inflection points predicted by that method were located above the examined pressure range, and therefore are not shown. It can be seen that the inflection temperature increases with pressure. Closer inspection reveals that the increase is strong for low values of p, but becomes slower at rising pressures.

To describe the pressure dependence of the glass transition temperature, often a model originally proposed by Andersson and Andersson 26 for Poly(propylene glycol) is employed:

T g = k 1 × 1 + k 2 k 3 p 1/k2 (6) 
k 1 , k 2 and k 3 are material constants. The equation is empirical, but can be linked 27 to the entropy based Avramov model 28 . It should be noted that the Simon equation, used to describe the melting point T m (p) of simple crystals, can be brought to the same form 29,[START_REF] March | Introduction to Liquid State Physics[END_REF] . Interestingly, it also delivers a reasonable description of T inf l (p) for 2B1O, as shown by the black line in the inset of Fig. 3, predicting T inf l = 26 K at very low pressures. From Fig. 3 (A) it also becomes clear that the relaxation time, at which the inflection point can be found, decreases upon heating. It should be mentioned that this deviates from observations made in the p dependence of the structural relaxation time of the molecular liquid propylene carbonate, where isochronal behavior of the inflection point has been reported [START_REF] Thoms | [END_REF] . Since the Debye-like relaxation is associated not with the structure of a single molecule, but with transient chain superstructures, it is reasonable to assume that the stability respectively the chain length influences the occurrence of the inflection. In the case of 2-butyl-1-octanol, it can be concluded that at higher pressures the average chain length at the crossover point is lower than at low p, thus decreasing the associated τ D values. This is the first time an inflection in the pressure dependent Debye relaxation time was reported. These results are of high interest, since similar phenomena have been observed before in various dynamic properties and different materials [START_REF] Thoms | [END_REF][32][33][34][35] . Additionally, Lederle et al. reported that an inflection in the temperature dependence of τ D at ambient pressure seems to be common behavior in simple MAs, and explained it with the reduction of supermolecular chain length upon heating 36 . Of particular relevance is the finding of a change in the pressure dependence of viscosity η at ≈ 0.5 GPa, and, with identical inflection pressures, τ α for two monohydroxy alcohols, 2-ethyl-1-hexanol and 5-methyl-2-hexanol by Pawlus et al. 37 . It should be mentioned that for these materials, p inf l also marks the threshold pressure below which thermodynamic scaling is valid 37 . As shown in Fig. 4, in the case of 2-butyl-1-octanol, η(p) also shows a concave or slower than exponential development for an isotherm taken at 294 K, and it can reasonably be assumed that the same is true for τ α (p). However, a change to convex behavior could not be observed in the examined pressure range, and thus must take place at a pressure higher than 1.2 GPa. Accordingly, a fit with only the McEwen equation (first term of a viscosity equivalent of Equ. 5) is sufficient to describe the data, with no apparent improvement when using the full hybrid equation (not shown). For comparison, extrapolating the Andersson-Andersson fit shown in the inset of Fig. 3 to T = 294 K yields p inf l ≈ 2 GPa.

The occurrence of the inflection has been attributed to the opposed pressure dependencies of the isothermal compressibility κ T and the apparent isochoric activation energy E V 33 . Since V act is proportional to κ T × E V , the minimum is caused by the crossover from the low pressure regime, where κ T is more sensitive to pressure than E V , to the high pressure regime, where this relation is inverted. Note that this explanation was made to describe the viscosity η of the canonical glass former propylene carbonate. For many simple materials, a coupling of structural relaxation time and η, as given by the Einstein-Debye relation, is expected. Therefore, a change from slower to faster than exponential behavior in η would be reflected in τ α . Pawlus et al. have show that for two monoalcohols this coupling, as well as thermody- namic scaling, only holds under a threshold pressure 37,38 .

As shown in Fig. 1(C), however, the presence of a similar coupling between Debye and α-relaxation upon pressurization can be excluded. In fact, ambient pressure data for 2B1O reported by Gao et al. 3 also exhibits the absence of such a phenomenon. This is in accordance with multiple reports for numerous monoalcohols, describing a distinct change in τ D /τ α upon change of either temperature or pressure 20,21,36,39 . At the same time, the simultaneous presence of inflection points in both properties should not be ignored, as it hints towards a common, or at least similar, origin. For a further examination of the inflection point and the Debye-like process, an overview over the dielectric strength ∆ D in dependence of the according relaxation time τ D for a selection of five isotherms and three isobars is given in Fig. 5. Additionally, for the five isotherms, the ∆ D (τ D ) values associated with the respective inflection points p inf l are shown. The parameters were obtained using the fitting procedure described above. It can be noted that these values are located between the 682 MPa and 1.8 GPa isobars. In accordance with Fig. 1, high relaxation times generally correspond to higher ∆ D . When examining the isobars, it becomes obvious that this increase of ∆ D (τ D ) takes part in two different regions: At low τ D , respectively high temperatures, a low slope is observed. Upon cooling, the slope increases markedly above a pressure-and temperature dependent critical relaxation time. At ambient pressure, this transition can be found at τ D ≈ 10 -3.8 s, while at p = 1.8 GPa it occurs at ≈ 10 -5.2 s. The high temperature region can be associated with relatively weak hydrogen bonding, and thus, normal liquid behavior, while at lower T the H-bonds have distinct impact on the dynamic properties of the alcohol. For all temperatures, pressurisation yields a steep increase in ∆ D (τ D ), resulting in elevated dielectric strength at any given relaxation time when compared to the ambient pressure data. That indicates a breaking of H-bonded rings in favor of chain-like superstructures and is well consistent with the results presented in Fig. 1. At the highest relaxation times, i.e. highest pressures, a slight decrease in the slope can be noticed, indicating that further pressurisation antagonizes the generation of supermolecular chains, and decreases the amount or length of such structures.

IV. CONCLUSION

Summarizing, we performed viscosity and dielectric spectroscopy measurements under elevated pressure on the monohydroxy alcohol 2-butyl-1-octanol. Focussing on the properties of the Debye-like relaxation found at lower frequencies than the structural α-relaxation, we observe an increase in strength upon cooling or pressurisation. Similar to other type II MAs, we find that this effect is stronger for changes in p than in T when comparing isochronal Debye-like peaks, indicating the pressure induced transformation of ring-like to chainlike supermolecular structures. The effect, however, is non-monotonical, as at higher pressures the breaking of chain-like superstructures leads to a decrease of the relaxation strength. Most interestingly, examination of the Debye relaxation time shows behavior to our knowledge not reported before: upon pressurisation, a crossover from slower than exponential to faster than exponential (Vogel-Fulcher-like) progression is observed in log 10 (τ D )(p). This is accompanied by slower than exponential pressure dependence of the viscosity. While a coupling of τ D with η respectively τ α is unlikely, the simultaneous occurrence of inflection points is remarkable and hints at a similar origin of these phenomena.
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FIG. 1 .

 1 FIG. 1. (A) Frequency dependent dielectric loss of 2-butyl-1octanol at ambient pressure for selected temperatures (open symbols), together with data taken at 198 K with increased p to match τD (closed symbols). The lines serve to guide the eyes. (B) The Debye-peak at isochronal conditions for three spectra with rising p and T . The inset gives the change of peak height with increasing pressure. (C) Debye-peak at isochronal conditions for three spectra normalized by peak height. The arrow indicates a shift of the α-towards the Debye-relaxation peak with increasing p and T .

FIG. 2 .

 2 FIG. 2. Exemplary ambient pressure spectrum (diamonds).The dashed lines represent the best fit with one Debye-and one HN-relaxation (Eq. 1 and 2, respectively), the continuous lines the best fit with one CD-and one HN-relaxation. The components for Debye-like and α-relaxation are shown separately.

FIG. 3 .

 3 FIG. 3. Pressure dependency of the Debye relaxation time (A) and according activation volume (B) of 2-butyl-1-octanol for six isotherms. The lines represent fits with the hybrid model (Eq. 5). The inset shows the p-dependence of the inflection temperature, with the bars marking the maximum error, and the line an Andersson-Andersson fit.
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 4 FIG.4. Pressure-dependent viscosity of 2-butyl-1-octanol at 294 K. Values taken at compression (red) and decompression (blue) show good agreement.

FIG. 5 .

 5 FIG. 5. Dielectric strength of the Debye process in dependence of its time constant for six isotherms (open symbols) and two isobars (closed symbols). The red spheres denote the respective inflection points.
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