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ABSTRACT

We investigate the reorientation dynamics of four octanol isomers with very different characteristics regarding the formation of hydrogen-
bonded structures by means of photon-correlation spectroscopy (PCS) and broadband dielectric spectroscopy. PCS is largely insensitive to
orientational cross-correlations and straightforwardly probes the a-process dynamics, thus allowing us to disentangle the complex dielectric
relaxation spectra. The analysis reveals an additional dielectric relaxation contribution on time scales between the structural a-process and
the Debye process. In line with nuclear magnetic resonance results from the literature and recent findings from rheology experiments, we
attribute this intermediate contribution to the dielectric signature of the O-H bond reorientation. Due to being incorporated into hydrogen-
bonded suprastructures, the O-H bond dynamically decouples from the rest of the molecule. The relative relaxation strength of the resulting
intermediate contribution depends on the respective position of the hydroxy group within the molecule and seems to vanish at sufficiently
high temperatures, i.e., exactly when the overall tendency to form hydrogen bonded structures decreases. Furthermore, the fact that different
octanol isomers share the same dipole density allows us to perform an in-depth analysis of how dipolar cross-correlations appear in dielectric
loss spectra. We find that dipolar cross-correlations are not solely manifested by the presence of the slow Debye process but also scale the
relaxation strength of the self-correlation contribution depending on the Kirkwood factor.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0160894

INTRODUCTION ically contain an additional process at even longer timescales that

often accounts for the majority of the dielectric relaxation strength.’
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Monohydroxy alcohols (MAs) have long been popular
substances studied to gain a deeper understanding of molecular
dynamics in hydrogen bond (H-bond) forming liquids. To study the
different relaxation processes in supercooled MAs, mostly broad-
band dielectric spectroscopy (BDS) has been applied, probing the
reorientation dynamics of permanent electric dipole moments. In
prototypical supercooled liquids, the slowest relaxation process
observed in the dielectric spectrum is the structural relaxation, or
a-process, interpreted as the collective reorientation of molecules
coupled to viscosity. By contrast, the dielectric spectra of MAs typ-

Its single-exponential shape, atypical for the heterogeneous dynam-
ics in supercooled liquids, leads to its designation as the Debye
process.” While the exact microscopic origin of the Debye process
is not fully understood, its connection to hydrogen-bonded struc-
tures has been established early, resulting in numerous explanatory
models.” * Among the more successful ones is the transient-chain
model, based on findings from nuclear magnetic resonance (NMR)
spectroscopy,” where alcohol molecules form chain-like suprastruc-
tures via hydrogen bonding, with the molecular dipole moments
of the C-O-H moiety adding up along the chain, leading to large
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effective end-to-end dipole moments. The origin of the Debye pro-
cess is considered to be the reorientation of these structures, which
proceeds via the attachment and detachment of alcohol molecules.
It was suggested that by comparing the relaxation strengths of the
Debye- and a-processes, it is possible to estimate the average num-
ber of molecules bound into a single chain in analogy with Rouse
dynamics in polymers.” The transient-chain model explains many
experimental observations; however, it is vague in its conclusions
about the exact geometry of the structures that occur and about the
dynamics of single molecules within suprastructures.

In general, the types of suprastructures that are predominantly
formed depend strongly on the exact molecular architecture of the
MA."""" While the molecules of primary MAs such as 1-octanol
tend to form linear chains,'"'* the situation is different if the
hydroxy group is located closer to the center of the molecule.'” The
larger steric hindrance with respect to the hydroxy group makes
the formation of chain-like structures energetically disfavored com-
pared to primary MAs, resulting in shorter chain-like or even ring-
like structures with smaller effective end-to-end dipole moments.
Following the transient chain model, the relaxation strength of the
Debye process should, therefore, decrease with increasing steric
hindrance in the vicinity of the hydroxy group.

The most famous example and model system for the influ-
ence of molecular architecture is the series of octanol isomers of
the form n-methyl-3-heptanol, which has been studied in detail
for several decades.”””* By shifting the methyl group closer to the
hydroxy group, the overall dielectric relaxation strength Ae strongly
decreases.”””" The latter goes along with a reduction in the relax-
ation strength of the Debye process.”! These findings are explained
by the existence of ring-like suprastructures in alcohols with large
steric hindrance at the hydroxy group, which can be verified by cal-
culating the Kirkwood correlation factor g, from the dielectric data.
8k quantifies the average strength of orientational cross-correlations
between adjacent dipole moments, where g, > 1 indicates predom-
inantly parallel orientation, as would be the case in linear chains,
while g <1 indicates predominantly anti-parallel orientation, as
expected in ring-like structures.” *" Figure 1(a) displays g, deter-
mined in this work as a function of temperature for four octanol
isomers, whose corresponding structural formulas are shown in
Fig. 1(b). The values of g, were calculated as follows:
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where & and €., are the zero and high frequency limits of the dielec-
tric permittivity, T is the temperature, M is the molar mass, p is the
density, and p is the gas-phase molecular dipole moment.”” Here,
we chose eeo = 1.051°, where 7 is the refractive index, and u=168
D, as proposed earlier by Dannhauser.'® While for 3-methyl-3-
heptanol and 4-methyl-3-heptanol very low Kirkwood correlation
factors below unity are observed, g > 1 is found for the primary
octanol isomer 2-ethyl-1-hexanol. An intermediate role is taken by
5-methyl-3-heptanol, which features a transition from g, <1 to
8x > 1 asafunction of temperature that can be interpreted as a tran-
sition from ring-like to chain-like structures being favored, while
both ring-like and chain-like structures coexist over a certain tem-
perature range.”"” This coexistence of both structures also explains
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FIG. 1. Overview of the four investigated octanol isomers: (a) Kirkwood correla-
tion factors at different temperatures. (b) Molecular structures and a schematic
illustration of which molecular moieties are probed by the different experimental
techniques. PCS probes the reorientation of the optical anisotropy tensor (yellow),
whereas BDS probes the reorientation of the molecular dipole moment  (red). In
MAs, the orientation of the latter depends on the orientations of the C-O and the
O-H bonds.

the occurrence of a Debye-like relaxation in substances with the
predominantly antiparallel ordering of dipoles and g, < 1.

Usually, the dielectric loss spectra of MAs can be described by
the sum of the slow Debye process and the a-process, plus additional
secondary relaxation processes at high frequencies. By contrast, the
recent work by Arrese-Igor et al.”"" drew attention to the fact
that for some alcohols, such as 2-ethyl-1-hexanol, this description
is insufficient, with the fit underestimating the relaxation strength in
the intermediate region between the Debye- and a-processes. Since
the complex viscosity representation of shear data shows an addi-
tional relaxation in exactly this intermediate region, it was concluded
that this intermediate process might also appear in the dielectric spec-
trum. One possible interpretation is that the intermediate process
results from the reorientation of hydroxy groups as they attach and
detach from hydrogen-bonded aggregates.”” This interpretation is
consistent with the fact that the reorientation of hydroxy groups
probed by NMR spectroscopy has been shown to be faster than the
Debye relaxation but slower than the a-process, e.g., in 2-ethyl-1-
butanol’! or n-butanol.” The challenge arising when searching for
the dielectric signature of such an intermediate relaxation is to iden-
tify weak relaxation contributions in relaxation spectra dominated
by the strong Debye process. In addition, as BDS spectra always
include several overlapping relaxation contributions, the a-process
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and additional intermediate relaxations usually have to be deter-
mined by curve fitting the spectra and, thus, the results strongly
depend on the applied fit model.

To deal with this issue, we use depolarized photon correlation
spectroscopy (PCS), which has been proven to be rather insen-
sitive toward molecular cross-correlations and, thus, usually does
not probe the Debye process found in BDS but only the a- and
additional secondary relaxations, i.e., the self-part of reorientational
dynamics.”>” Only on some occasions was a slow contribution
observed in the PCS spectra of MAs, which, however, is signifi-
cantly weaker than the a-process.”* A systematic comparison of BDS
and PCS data of different molecular glass formers, including sev-
eral MAs, revealed that the time constant and spectral shape of the
a-process coincide between both techniques.”> Consequently, PCS
serves as a tool to precisely determine the time constant and spectral
shape of the a-process in the mentioned octanol isomers.

While both techniques examine molecular reorientation, it is
important to consider that there are certain differences regard-
ing what molecular aspect is probed. Namely, the reorientation of
molecular dipole moments in BDS and the reorientation of the
molecular optical anisotropy tensor in PCS. In the specific case of
long-chained MAs such as octanol isomers, the consequence is that
BDS and PCS are sensitive to the reorientation of very different
portions of the molecules: As illustrated in Fig. 1(b) for 2-ethyl-
1-hexanol, the entire molecule, including the carbon-backbone,
contributes to the optical anisotropy depicted in yellow. By con-
trast, the geometry of the C-O-H moiety almost entirely determines
the direction of the molecular dipole moment (depicted in red).
Therefore, PCS mostly probes the reorientation of the carbon-
backbone, while BDS specifically probes the dynamics of the C-O-H
moiety. Additionally, one could expect Tpps = 37pcs to hold for
the respective relaxation times probed in both techniques in the
case of isotropic and diffusive rotation. The reason for this is that
the respective orientational correlation functions are related to Leg-
endre polynomials of different orders, i.e., order £ = 1 for BDS and
£ =2 for PCS.”° While it is certainly reasonable to consider this
as a possible relation between both time constants, the factor of
three is usually not confirmed in experiments on supercooled lig-
uids and was also not found in mathematical models that consider
more realistic motional mechanisms.”’

In this study, we utilize the mentioned differences between both
experimental techniques by performing a joint analysis of BDS and
PCS data. PCS results show that for all studied octanol isomers,
the a-process dynamics of the entire molecule are fairly simple and
resemble the behavior of many other supercooled liquids. This infor-
mation allows us to further disentangle the different contributions
to the BDS spectra and to reveal that dipolar relaxation in these
MAs can only be understood considering a remarkably complex
superposition of self- and cross-correlational dynamics on differ-
ent timescales. We approach explaining the origin of this behavior
by combining our own results with results from site-specific NMR
experiments from the literature.

EXPERIMENTAL DETAILS

Samples of 2-ethyl-1-hexanol (2E1H, Sigma-Aldrich, 99%),
5-methyl-3-heptanol (5M3H, TCI Chemicals, 98%), 4-methyl-
3-heptanol (4M3H, Alfa Aesar, 99%), and 3-methyl-3-heptanol
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(3M3H, TCI Chemicals, 98%) were purchased and filtered into
PCS sample-cells using 200 nm hydrophobic syringe filters. The
dielectric samples were prepared without further purification. BDS
measurements were performed using a Novocontrol Alpha-N High
Resolution Dielectric Analyzer in combination with a home-built
time domain setup (details in Ref. 38). PCS measurements were per-
formed in depolarized/vertical-horizontal (VH) geometry under a
scattering angle of 90° in a setup described earlier in detail.” '
Generally, a broad temperature range is covered, except for 5SM3H,
where only temperatures below 170 K could be measured due to
the turbidity of the sample. At low temperatures, turbidity could be
avoided by rapidly cooling from high temperatures to a temperature
just below T, with cooling rates >6 K/min. At these temperatures,
the sample stayed transparent for >24 h.

The autocorrelation function g,(t) = (I(£)I(0))/{I)* of the
scattered light intensity I probed in PCS is related to the electric field
autocorrelation function g, (t) = (E*(t)E(0))/(|E|)* via the Siegert
relation for partially heterodyne scattering, as explained in more
detail earlier.”” In order to allow for a direct comparison to BDS
data, we calculate the imaginary part of the generalized complex
light-scattering susceptibility ¥ (w) from g, (t) via*?

¥ (w) = w‘/()oogl(t) cos (wt)dt, (2)

numerically implemented by using the Filon algorithm.*> We note
that the light-scattering susceptibility y* should not be confused
with the dielectric susceptibility. To allow for a precise compari-
son between results from PCS and BDS, temperature calibration
was performed carefully, resulting in an overall accuracy of at most
+0.5 K between the different setups. For 4M3H, additional high tem-
perature measurements were performed at 280 K. Light-scattering
data were obtained using a Tandem Fabry-Perot interferometer
(TFPI) by JRS Scientific Instruments in depolarized backscattering
geometry.** To obtain dielectric data in a comparable frequency
range, we combined data from a RF impedance analyzer E4991A
by Agilent Scientific Instruments (70 MHz-1 GHz)"** and a PNA-L
Network Analyzer 5230c from Agilent equipped with the slim form
probe (600 MHz-3 GHz).

RESULTS

We begin by analyzing the spectral shape of the a-process
observed in PCS for the different octanol isomers in Fig. 2. For each
substance, " at a temperature just above the respective Ty is plot-
ted as a function of the reduced frequency 7pc.kv. The shape of the
a-process for all octanol isomers almost perfectly coincides up to fre-
quencies where secondary relaxations appear. This common shape
is well described by the generic shape of the a-process, which has
recently has been observed in PCS for a broad range of different MAs
and other supercooled liquids.*

In Fig. 3, we compare y" to the dielectric loss & measured at
the same temperatures. The shape of ¢ varies strongly between the
different MAs, in line with the broad range of observed gy values:
For chain-forming MAs (2E1H and, in addition, 5M3H at the shown
temperature), spectra are dominated by a narrow Debye peak fea-
turing a distinct hump at higher frequencies, which previously has
been interpreted as the a-process. By contrast, ring-forming MAs
(4M3H and 3M3H) display a broad plateau-like multi-modal peak,
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FIG. 2. a-process of all four investigated octanol isomers as probed by PCS and
normalized to the peak maximum frequency for comparison. Temperatures are
chosen such that the respective peak-maximum frequencies roughly coincide. The
dashed line represents a susceptibility function based on a generalized gamma
distribution“> of relaxation times with parameters « = 2 and j3 = 0.5 representing
the generic a-relaxation shape that was observed by PCS in a broad range of
different supercooled liquids.*°

which has been interpreted as a superposition of a Debye-like and
the a-process with comparable relaxation strength.

For a qualitative comparison between ¢ and x”, the respec-
tive peak maximum frequencies of the latter are indicated as black
lines. For the chain-forming MAs, the peak maximum frequency
of ¥ matches the high-frequency hump in ¢”, suggesting a rough
coincidence of the respective a-processes in both techniques. For
ring-forming MAs, the main peak in y"’ is observed at approximately
a factor of ten higher frequencies than the broad plateau observed in
¢”. Additionally, the insets in Fig. 3 display a comparison of how
the B-processes are probed by the two techniques. In all cases, the
peak maximum frequencies and approximately the shape coincide
between the techniques. In 4M3H, a high-frequency excess wing
instead of a f3-process is observed in both techniques; therefore, no
low temperature data of 4M3H are included in Fig. 3.

Combined spectral analysis of ¢’ and y”

As discussed in detail above, BDS and PCS are sensitive to
different aspects of molecular dynamics in octanol isomers. There-
fore, considering the findings in Fig. 2, we can conclude that the
a-process dynamics of the entire octanol molecules, probed in PCS,
are simple, unimodal, and represent the typical behavior in super-
cooled liquids.* In contrast, the dipolar relaxation, mostly coupling
to the C-O-H moiety of the molecules, contains contributions over
a broad frequency range and has a complex shape. In previous stud-
ies of other MAs,”” " e.g., 1-propanol, it was found that dielectric
loss spectra are well described as a superposition of the a-process
as probed in PCS and a Debye process, reflecting dipolar cross-
correlations due to the formation of suprastructures. Quantitatively,
this corresponds to ¢” being well described by

¢'(v) = Aep - Im( ) + Deag " (), 3

1+i(27v)1D

i, the weighted sum of the fit to " and a Debye function
with respective relaxation strengths Ae,s and Aep. The underlying
assumption of this approach is that the a- and f-processes of the
entire molecule and the C-O-H moiety carrying the dipole moment
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FIG. 3. ¢’ (blue) and '’ (red) of all four octanol isomers at selected temper-
atures. The black solid lines indicate the peak maximum frequency of y”’. The
insets display a comparison of the secondary relaxation processes between both
techniques.

are identical and, thus, X” can be used to describe the self-part of
dipolar relaxation.

We test this model for octanol isomers by attempting to fit &’
using Eq. (3). For this purpose, we first fit y” using a generalized
gamma distribution of relaxation times* with parameters o = 2.0
and 8 = 0.5, which are the same parameters as found for the generic
shape of the a-process identified in Ref. 35 and included in Fig. 2.
Subsequently, the low-frequency part of ¢” is fitted by the Fourier
transform of the Kohlrausch-William-Watts (KWW) function to
describe the Debye process. The KWW function is chosen instead
of the Debye function to take account of deviations from a pure
Debye shape. For 2E1H and 5M3H, almost a pure Debye shape with
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0.98 < 8 < 1.0 is found. In the ring-forming MAs 4M3H and 3M3H,
the slow cross-correlation contribution is comparably weak, and its
shape cannot be determined exactly. However, some broadening
(B <1) is expected, considering that the Debye-like contribution
is only weakly separated from the a-process. We chose f3 = 0.65;
however, qualitatively similar results are obtained for different val-
ues of f. Finally, the parameter Ag, is determined such that ¢” is
well-described at high-frequencies. The resulting fits are presented
in Fig. 4 as black lines. Red symbols represent Ae, -y (v) to illus-
trate its contribution to the entire fit function. Looking at Fig. 4, we
observe that Eq. (3) is insufficient to describe ¢” in the intermediate
region between the Debye- and a-processes, where the fit underes-
timates the intensity of the dielectric loss. We quantify the residual
intensity by subtracting the fit function from ¢”, and the results are
included in Fig. 4 as the open black symbols. The relaxation strength
of this missing contribution, which is not considered in Eq. (3), is
similar to or even larger than the contribution on the time scale of
the PCS a-process for all octanol isomers. We show in the Appendix
that qualitatively the same results are obtained when considering
the PCS process to be slower by a potential factor of three, which
could result from the difference in the Legendre polynomial. More-
over, it has to be noted that following the presented analysis, the
respective relaxation strengths of the B-process in ¢ and y'’ are dif-
ferent and has been adapted for during the fitting procedure. This
finding stands in contrast to what have been found for short chain
MAs, such as 1-propanol. Considering that the discrepancy regard-
ing the aspects of molecular dynamics probed by the two techniques
increases with increasing chain length of the carbon backbone, this
behavior may not come as a surprise.

DISCUSSION

As shown by the combined BDS and PCS data analysis in the
previous section, the dielectric spectra of all investigated octanol iso-
mers contain additional relaxation contributions in the intermediate
region between the Debye process and the a-process probed in PCS
that reflect the reorientation dynamics of the entire molecule. A sim-
ilar feature was found by Arrese-Igor et al,”””’ who identified an
intermediate process in 2E1H and 5M3H via comparison to shear
mechanical data.

To approach the question of how the intermediate process can
be understood and, more generally, how the dielectric loss spectra
of different MAs should be interpreted, we begin by analyzing the
relaxation times of different processes and their temperature depen-
dence in chain-forming MAs. Ring-forming MAs will be discussed
at a later point.

Intermediate process in chain-forming MAs

Figure 5 shows the PCS and BDS relaxation times of
2E1H obtained from our combined analysis. In addition, NMR
time constants determined from spin-lattice relaxation times of
OD-deuterated 2E1H from Schildmann et al,’’ (Tomnmr) are
included as purple symbols, and the Vogel-Fulcher-Tammann
(VFT) fit to the NMR data is shown as the purple dashed line. Stim-
ulated echo NMR time constants reflecting the a-process are shown
as green symbols and coincide with the PCS a-process. To verify
that sample temperatures between our experiments and the ones in
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FIG. 4. Fit (black line) to the BDS data (blue) by Eq. (3) and PCS data (red),
the amplitude of which was adapted in order to correspond to the contribution
Agqg - "' (v) to the BDS fit. In the intermediate region between the «- and
Debye-processes, Eg. (3) is insufficient to describe the data. This is illustrated
by subtracting the fit from the BDS data (black symbols). For 2E1H, an additional
higher temperature is included for which the NMR time constant (zonnur) from
Ref. 31 is indicated by the arrow.

Ref. 31 are comparable, we confirm that Vogel-Fulcher-Tammann
(VFT) fits to the Debye- and alpha-process time-constants from the
dielectric experiments performed in Ref. 31 (blue and red dotted
lines) corresponds to our own data (symbols). To avoid system-
atic deviations between relaxation times due to differences in the
applied model functions, mean relaxation times (7) are considered
for our own and the NMR data, which are defined from the respec-
tive underlying distribution of relaxation times. Additionally, we
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FIG. 5. Mean relaxation times of 2E1H from different techniques: a-process time
constants probed in PCS: (7,pcs); and NMR stimulated echos: (7,nwr); and
determined from fits to BDS in Ref. 31, 7, gps. Debye processes time constants
from our fits: 7p; and from Ref. 31. Intermediate time constants determined from
2H-NMR spin-lattice relaxation times: (Tonnmr) Plus the respective VFT fit; and
from our own analysis: (Tinter )-

include time constants for the intermediate process (Tinter) that were
extracted from the dielectric spectra by determining the respective
peak maximum of the missing contribution shown in Fig. 4(a). The
uncertainty of (Tiner) was determined carefully by examining how
different choices of fit parameters could alter the result.

As evident in Fig. 5, the relaxation times of the intermedi-
ate process (Tinter) agree well with the reorientation time of the
0O-D-bond (rop) determined by *H-NMR, which is also included
in Fig. 4(a) as the black arrow. The agreement between both time
constants suggests that the intermediate process in ¢ is the dipo-
lar signature of the O-H reorientation. Similar conclusions have
been drawn by Arrese-Igor et al.”’ by comparing results from shear
mechanical measurements to NMR data.

To further interpret the combined results from BDS and PCS,
it is inevitable to consider how those techniques differ regarding the
sensitivity toward different moieties of the molecules. As discussed
earlier, PCS probes the reorientation of the entire octanol molecule
and, thus, is dominated by the long carbon backbone. In contrast,
BDS is only sensitive to the reorientation of the C-O-H moiety;
more precisely, the O-H and C-O bonds contribute almost equally.
Therefore, if the reorientation of the two bonds decouples, one
expects to observe contributions to the dielectric loss on two separate
time scales. This seems to be the case in 2E1H: The O-H reorien-
tation was found to proceed on the time scale of the intermediate
process. Additionally, we observe contributions to the dielectric loss
on the time scale of the PCS a-process, reflecting mostly the carbon
backbone dynamics, which we expect to originate from the reori-
entation of the C-O bond as it is positioned close to the carbon
backbone.

To provide a picture of how the decoupling of C-O and O-H
bond dynamics could possibly be understood, we present a highly
simplified sketch in Fig. 6. We consider a 2E1H molecule that is
H-bonded into a chain-like suprastructure. Due to the H-bonding,
the O-H reorientation is hindered, and its orientation is fixed with
respect to the suprastructure. By contrast, the carbon backbone is
able to perform large angle reorientations, as evident from the fact
that the a-process observed in PCS (yellow color in Fig. 6) was
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FIG. 6. Schematic illustration of the possible origin of different relaxation contri-
butions in chain-forming MAs. The colors represent the different motional mecha-
nisms probed by the different techniques. Yellow: Polarizability tensor probed by
PCS; Blue: Dipole moment of the C-O bond; Red: Reorientation of the O-H bond
due to breaking of H-bonds associated with the intermediate process; and Green:
End-to-end dipole moment of suprastructure associated with the Debye process.

found to be significantly faster than O-H bond dynamics. While
the dipole component y, is fixed with respect to the orientation
of the suprastructure, Uco is not fully restricted and, therefore, can
rotate on a timescale Tco ~ Tapcs comparable to the rest of the
carbon backbone (blue color). Its dielectric signature could be con-
sidered the dielectric a-process, as it reflects the dynamics of the
major part of the molecule. On the other hand, rotation of the O-H
bond can only proceed if either the supramolecular chain struc-
ture rotates as a whole or if the molecule leaves the suprastructure.
As ton < 7p is found, the latter mechanism seems predominant.’
Consequently, the fact that the intermediate process, reflecting O-H
bond reorientation, proceeds on time scales between the Debye- and
a-processes is a direct manifestation of the transient nature of the
suprastructures in MAs.

For 5M3H, no detailed NMR results are available; however, the
same interpretation is expected to be valid since the spectra shown
in Figs. 3(b) and 4(b) correspond to comparably low temperatures
where g > 1 holds (cf. Fig. 1). Therefore, chain-like structures dom-
inate, and a similar mechanism as in 2E1H is expected to occur.
However, it is striking that the relaxation strength of the interme-
diate process is significantly stronger in 5M3H compared to 2E1H.
An interpretation of this observation will be discussed below.

Intermediate process in ring-forming MAs

Next, we consider the situation of the ring-forming octanol
isomers 4M3H and 3M3H. For 4M3H, previous studies attempted
to identify the dielectric a-process via curve fits to the dielectric
loss spectra.”'®"" As a result, they interpret the high-frequency
maximum of the broad main peak to be the dielectric a-process,
superimposed by additional cross-correlation contributions at lower
frequencies. By contrast, our PCS data provide a direct experimental
pathway to identify the self-part of molecular reorientation dynam-
ics, suggesting the a-process to be significantly faster than the lit-
erature interpretation. Both interpretations are compared regarding
their respective time-constants in Fig. 7, emphasizing the signifi-
cant deviation of approximately one order of magnitude between
(Tapcs) (red triangles) and the a-process identified by Bauer et al.*®
from curve fits to the dielectric loss (dotted red line). We note that
the deviation is significantly larger than a factor of three, which
again could be due to the difference in the Legendre polynomial.’***
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from Ref. 46. Intermediate time constants from our own analysis: ( Tinter)-

On the other hand, the relaxation times from NMR experi-
ments (Tenmr )"’ (green symbols) coincide with (7apcs), supporting
the findings from PCS. For 3M3H, similar results are obtained
(not shown): (T4pcs) is faster than the prior dielectric interpretation
of the a-process, and an intermediate contribution is found follow-
ing the analysis discussed above (see Fig. 4). Unfortunately, to our
knowledge, no NMR results for 3M3H have been reported; how-
ever, we expect similar results to those found for 4M3H due to their
similarity in most other respects.

Considering the results of the joint analysis of BDS and PCS
data in Fig. 4, a pronounced dynamic decoupling of the carbon
backbone and the O-H group is also observed for ring-forming
MAs. Thus, the intermediate process in ring-forming MAs most
likely reflects the characteristic time scale of molecules exiting ring
structures.

Intermediate process at elevated temperatures

Following our interpretation of the intermediate process, a
necessary requirement for its appearance is the formation of H-
bonded suprastructures that restrict the reorientation of O-H bonds
and, thus, induce dynamic decoupling of different parts of the
molecules. The number of molecules bound into different hydrogen-
bonded states is temperature dependent, as was shown, e.g., by near-
infrared (IR) spectroscopy measurements.” IR data for 4M3H from
Bauer et al’’ confirm this temperature dependence: While the
number of unbonded hydroxy groups increases upon heating, the
number of hydroxy groups that are included in a hydrogen-bonded
structure decreases. Therefore, the contribution of both Debye-
and intermediate processes to the dielectric loss spectrum should
decrease upon heating until, at sufficiently high temperatures, all
signatures of H-bonding disappear. Once this is the case, we do
not expect to observe a dipolar cross-correlation contribution to
the spectrum or any signature of dynamic decoupling between the
carbon backbone and the C-O-H moiety of the molecules. As a con-
sequence, no major difference should be observed between BDS and
light-scattering spectra. In Fig. 8, we test this hypothesis by compar-
ing the BDS and light-scattering spectra of 4M3H in the temperature
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FIG. 8. Temperature evolution of y’ (red symbols) and &” (blue symbols) of 4M3H
from ~ T4 to the GHz regime. For ¢”, absolute amplitude values are shown,
reflecting the significant temperature dependence of gy; cf. Fig. 1. The amplitude
of x’ is adjusted according to analyses, as shown in Fig. 4. In the inset, " and &’
are normalized to the peak maximum frequency and amplitude of the a-process
probed in light-scattering (red symbols).

range 170-280 K. The amplitudes of light-scattering data (red sym-
bols) are adjusted to correspond to the a-process contribution to the
dielectric data (blue symbols) following analysis as shown in Fig. 4.
While at low temperatures a distinct dynamic separation is observed
between y"’ and £”, both quantities approach each other at high tem-
peratures in the GHz regime. At 280 K, y” and ¢”’ have a very similar
line shape and are separated by only a factor of ~2.1. These obser-
vations are highlighted in the inset of Fig. 8, where ¥ and &” are
normalized to the respective peak maximum frequencies and ampli-
tudes of x"’. Indeed, we observe that with increasing temperature
and, thus, decreasing H-bonding tendency, the difference between
x" and " vanishes.

Relaxation strength of the intermediate process

Concerning the relative relaxation strength of the identified
intermediate contributions to the dielectric loss, the applied fitting
procedure gives an estimate to what degree molecular dynamics on
the timescale of the PCS a-process contribute to the dielectric loss,
illustrated by the red symbols in Fig. 4. For tertiary octanol isomers
(4M3H, 5M3H, and 3M3H), the latter contribution is of relatively
low amplitude compared to the relaxation strength of the interme-
diate process. Therefore, we can conclude that the reorientation of
the carbon backbone is weakly coupled to the reorientation of the
molecular dipole moment in these MAs. The opposite is observed
for the primary MA 2E1H, in harmony with the finding that a pro-
nounced peak is observed in ¢ on the PCS a-process time scale,
while in all other octanol isomers, the peak maximum frequency of
x" coincides with the high-frequency flank in ¢”.

In order to relate these differences to the molecular architec-
ture, we consider in Fig. 9 single molecules of 2E1H and 4M3H,
respectively, that are H-bonded into suprastructures. One notices
that in both cases, in principle, a reorientation of the carbon back-
bone that leaves the dipole moment unaffected is possible in the
form of a rotation around the C-O bond. In xM3H, such a reori-
entation, however, leads to more of a decorrelation of the carbon
backbone than in 2E1H, as a consequence of the respective positions
of the C-O-H moiety in the molecule (central vs terminal). Thus,
if the backbone direction fully decorrelates, the dipole moment will
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FIG. 9. Geometry of alcohol molecules bound into suprastructures via H-bonds for
primary MAs such as 2E1H (left) and secondary MAs such as 4M3H (right). The
molecular dipole moment is indicated by the blue arrow.

show a larger signature for primary MAs compared to tertiary MAs.
Of course, this consideration is oversimplified as it ignores the inter-
nal degrees of freedom of the carbon-backbone itself, but still, it
is a plausibility consideration showing why the carbon-backbone
reorientation couples differently to the molecular dipole moment
depending on the molecular architecture of MAs.

In addition to its relaxation strength, the spectral shape of
the intermediate process is also found to vary among the dif-
ferent MAs. However, due to the indirect procedure of identi-
fying the intermediate process, we refrain from interpreting its
exact spectral shape. In order to do this in future studies, it
would be beneficial to apply a more direct experimental approach,
e.g., by utilizing triplet solvation dynamics. This technique resem-
bles a local dielectric experiment by monitoring the dielectric
response of a dye molecule’s solvation shell and has recently been
shown to be mostly insensitive toward dipolar cross-correlation
in MAs.”!

Cross-correlation contributions to the dielectric loss

Due to the broad range of observed g; values, the presented
results for different octanol isomers allow a detailed analysis of the
influence of dipolar cross-correlations on dielectric loss spectra. It is
well established that dipolar cross-correlations are the origin of the
low-frequency Debye process in MAs, while the self-part of dipo-
lar relaxation is observed at higher frequencies. Naively assuming
that the Debye process is the only contribution of dipolar cross-
correlations to dielectric loss spectra, one obtains the relaxation
strength of the self-part of dipolar dynamics as Aeglr = Ae — Aép.
The intermediate process is explicitly included in the self-correlation
part, as its origin is the dynamic decoupling of the dipole moment
components fy; and .

If the above assumption is justified, according to Onsager’s
equation,”” different octanol isomers should have the same values
of Aggr, as they share the same dipole density. Figure 10 displays
T - Aeger as a function of temperature for different octanol iso-
mers, where the factor T eliminates the trivial Curie dependency
of the overall relaxation strength. The large uncertainties reflect the
fact that the choice of 8 [cf. Eq. (3)] strongly affects Aegls. As evi-
dent from the figure, T - Aegr differs significantly between different
octanol isomers. It is observed that T - Aégr follows the general
trend of the respective Kirkwood factors g, (2E1H > 5M3H > 4M3H
~ 3M3H). Additionally, for 5M3H, the temperature dependence of
g (cf. Fig. 1) is reflected in T - Agge(T). In the inset in Fig. 10, we
plot Aegs as a function of gy for the different MAs. The factor T is
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FIG. 10. Relaxation strength excluding the Debye process Ae — Aep multiplied by
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not included in this case, as it is already considered in g;. The plot
confirms the correlation between g and Aeggs.

The consequence of the presented correlation is that the
Debye-like process is not the only manifestation of dipolar cross-
correlations in the dielectric loss spectrum. Additionally, the self-
part of dipolar relaxation seems to be weighted by a g, -dependent
factor. Similar conclusions were drawn in the early work of
Williams et al.,>® where, for a simple polymer model, dipolar cross-
correlations were shown to only alter the amplitude of the self-
correlations in the spectrum. We conclude that, in reality, dipolar
cross-correlations seem to affect dielectric loss spectra in two ways:
First, they usually lead to an additional contribution on slower time
scales than the a-process, i.e., the Debye process. Second, they appar-
ently act as a weighting-factor for the self-part of the dielectric
relaxation spectrum. These findings imply that the relation between
Aep/Ag, and the average length N of chain-like structures, estab-
lished in line with the transient chain model,” may be questioned,
as the relation is based on the assumption that Ae, is unaffected by
dipolar cross-correlations.

CONCLUSION

From PCS measurements of four octanol isomers, we were
able to determine relaxation times and the spectral shape of the
a-process. Despite the remarkable differences regarding the respec-
tive geometry of the predominantly formed suprastructures, the
spectral shape probed in PCS coincides for all investigated MAs
and agrees well with the recently proposed generic shape of the a-
process.”” Via comparison to the PCS results, it was shown that
the dielectric loss contains an additional intermediate relaxation
contribution located in between the a- and Debye processes for
all octanol isomers, in harmony with results for 2E1H and 5M3H
recently reported by Arrese-Igor et al.”””’ Comparison to NMR
results revealed that the intermediate process can be attributed to the
reorientation of the hydroxy group, which decouples from the reori-
entation of the carbon backbone and also of the dipolar component
carried by the C-O bond.

In addition, we analyzed the dielectric relaxation strength
excluding the Debye-process Ae — Aep, which can be interpreted as
the strength of the self-part of dipolar reorientation. However, it
turned out that dipolar cross-correlations do not only appear as an
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additional slow Debye process but, at the same time, seem to scale
the relaxation strength of the self-part of dipolar reorientation by a
gx-dependent factor.

Generally, suprastructures in octanol isomers cause non-
isotropic dipolar reorientation and decoupling of the dynamics of
different molecular moieties carrying the dipole moment. This leads
to broader and more complex distributions of relaxation times in
BDS compared to the simple a-process found in PCS. Similar effects
are expected to be relevant in all MAs, as hydrogen bonding can
result in the dynamic decoupling of different dipole moment com-
ponents. However, a distinct intermediate process is difficult to
identify in most MAs due to the rather small separation of the
a— and Debye processes, which is particularly large in the investi-
gated octanols.
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APPENDIX: CONSIDERING THE POTENTIAL FACTOR
OF THREE

As discussed earlier, the reorientational relaxation times found
in PCS could theoretically be up to a factor of three faster than
the ones found in BDS just due to the different Legendre polyno-
mials that are probed. While no conclusive evidence for a factor
of three has been found for supercooled liquids, it is reason-
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FIG. 11. Same analysis as shown in Fig. 4, with " being shifted by a factor of
three to lower frequencies to account for potential differences between the two
techniques due to the different Legendre polynomials that are probed. The shift is
indicated in the upper panel, where both the original data (gray) and the shifted
data (red) are included.

able to consider how the results of the fitting procedure would
be altered in the case that, indeed, the dielectric a-process was
slower by a factor of three. In Fig. 11, we performed the same
analysis as shown in Fig. 4, with y” being shifted to lower fre-
quencies by a factor of three. While the relaxation strength of
the missing contribution decreases, the conclusions qualitatively
remain unchanged: Eq. (3) is insufficient to describe ¢, and we
find an additional contribution to &’ in between the Debye- and
a-processes.
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