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Dielectric loss spectra covering 13 decades in frequency were collected for 2-ethyl-1-hexanol, a
monohydroxy alcohol that exhibits a prominent Debye-like relaxation, typical for several classes of
hydrogen-bonded liquids. The thermal variation of the dielectric absorption amplitude agrees well with
that of the hydrogen-bond equilibrium population, experimentally mapped out using near infrared (NIR)
and nuclear magnetic resonance (NMR) measurements. Despite this agreement, temperature-jump NIR

spectroscopy reveals that the hydrogen-bond switching rate does not define the frequency position of the
prominent absorption peak. This contrasts with widespread notions and models based thereon, but is

consistent with a recent approach.
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Hydrogen bonds are relatively weak so that thermal
energies can lead to their reversible rupture and reforma-
tion. Nature makes perfect use of the finite lifetime and the
resulting flexibility of H bonds in biological systems, be it
to stabilize macromolecular structures and govern their
functionality or be it to cause the fascinating anomalies
of their solvent, water [1]. However, even for water, it is not
clear how the H bond dynamics relates to such basic
properties as the prominent microwave absorption band,
exploited so often every day. More closely inspected, this
band features not only a profile characteristic of a single-
exponential relaxation process, first quantified by Debye
[2], but in addition a faint high-frequency excitation [3].
This kind of composite shape is not unique to water but
shared by other H-bonded liquids, notably the monohy-
droxy alcohols [4,5] which, unlike water, can easily be
supercooled, enabling their study over particularly wide
ranges in temperature and frequency. Thermodynamic and
viscoelastic measurements identify the weak high-
frequency feature as the structural relaxation, also called
a process [6-8] that governs the viscous flow and leads to a
nonexponential decay of intermolecular correlations. The
a process generally represents the slowest process in
small-molecule liquids [9], with monohydroxy alcohols,
and by inference also water [10], as striking exceptions.
The unusual, slower-than-structural Debye-like dynamics
is often assigned to the relaxation of H bond mediated
supramolecular structures [11]. Thus, it seems natural to
develop models based on the idea that the H bond switch-
ing time scale defines the one on which the Debye-like
relaxation takes place [3,4,11,12].

Applying time-dependent near infrared (NIR) spectros-
copy to the well-studied monohydroxy alcohol 2-ethyl-1-
hexanol (2E1H, CgH;7,0H, molecular dipole moment 1.74
D) the present Letter demonstrates experimentally that this
seemingly well-established identification of time scales is
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not tenable. Furthermore, by comparing NIR with nuclear
magnetic resonance (NMR) results as well as with dielec-
tric measurements the impact of the degree of H bonding
on the magnitude of the electric polarization and thus
dissipation is clarified.

To gain an impression of the latter, in Fig. 1 we present
the absorption of 2E1H, in terms of the dielectric loss & (v)
which was recorded over more than 13 decades in
frequency, thus extending the scope of previous measure-
ments substantially. The data exhibit a prominent
Debye-like profile, &’(v)=Aep2mvry/[1+ 2mvT))?],
represented in Fig. 1 as solid lines. Its amplitude or,
more precisely, its dispersion strength Agp is much larger
and its relaxation time 7, much longer than the corre-
sponding quantities, Ae, and 7,, characterizing the «
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FIG. 1 (color online). Dielectric loss &”(v) for 2-ethyl-1-
hexanol in an extended temperature and frequency range. The
numbers indicate temperatures in Kelvin. The solid lines high-
light the Debye process and the dashed lines represent contribu-
tions of the a process to the spectra measured at 157 K and
233 K.
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process. The latter was identified previously by compari-
son with thermodynamic and viscoelastic data [6—8] and its
contribution to the dielectric spectra is highlighted in Fig. 1
by dashed lines for two temperatures.

Focusing on the Debye-like relaxation, one recognizes
that its peak amplitude depends only weakly on tempera-
ture for 7 = 250 K, but decreases more rapidly for higher
T. The observed strong decrease of the relaxation strength
can be suspected to arise from a successive breaking of
hydrogen bonds at high temperatures, corroborating the
notion that H bonds play a prominent role in the generation
of the Debye process. An immediate handle on the poten-
tially underlying H bond equilibrium is provided most
directly by virtue of temperature dependent NIR experi-
ments [13] if one exploits that the frequency of the OH
stretching vibrations [14] or their overtones [15] sensi-
tively reflect changes in the molecular environment. The
first overtones of OH stretching bands usually appear at
wavelengths A between 1400 and 1650 nm, with the free
OH groups vibrating close to 1400 nm and strongly
H-bonded OH groups contributing close to 1600 nm [16].

NIR spectra of 2E1H are shown in Fig. 2 in the relevant
wavelength range. At room temperature we find a well-
defined absorbance maximum, A4, close to 1410 nm
which corresponds to free, nonhydrogen-bonded OH
groups. The series of peaks between 1450 and 1650 nm
signals a distribution of H-bonded states that can be as-
cribed to OH stretch overtones of different aggregates [17].
The absorbance in Fig. 2 reveals an enormous 7 depen-
dence in the entire A range. With decreasing temperatures
the fraction of free OH groups decreases significantly and
concomitantly the distribution of H-bonded OH groups
becomes narrower leading to a well-defined and steadily
growing maximum near 1620 nm. Close to the glass tran-
sition temperature T, ., (= 146 K for 2E1H [7]) only a
small fraction of free OH groups and a large fraction of
strongly H-bonded states is found. The shift of the main
absorption to larger wavelengths on decreasing tempera-
tures indicates a redistribution of the H-bonded states,
governed by an increasing strength of the predominant
H bonds [16]. Focusing on 7 = 180 K the differen-
tial NIR absorbance AA(A, T) = A(A, T) — A(A, 180 K)
shown in the inset of Fig. 2 indicates that the absorbance
at 1565 nm is temperature independent; i.e., it looks as if an
isosbestic point exists [18].

To check whether the T dependence of the intact versus
broken H bonds is correlated with the dielectric strength of
the Debye relaxation, Fig. 3 (upper frame) compares
Aep(T) with the dependence of the absorbance maximum
close to 1620 nm, A;4y. Plotted on logarithmic ordinate
axes a piecewise linear behavior is exhibited by these
quantities that are scaled to emphasize their common
variation with temperature. The lower frame of Fig. 3
documents the temperature evolution of the free OH
groups via the maximum of the absorbance A 4,( close to
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FIG. 2 (color online). The overtones of the stretching modes
corresponding to the H-bonded (at high A) and nonbonded (low
A) hydroxyl groups in 2E1H as measured from 300 K down to
150 K in steps of 10 K. The difference spectra in the inset are
obtained by subtraction from the reference spectrum measured at
180 K. At 145 and 135 K i.e., in the glassy state, the difference
spectra are practically indistinguishable. In the sketch of the
molecular structure of 2E1H the oxygen atom is highlighted
in red.

1410 nm. All three quantities reveal a clear change of slope
close to 250 K, i.e., ~50 K above the melting point of
2E1H, unambiguously demonstrating that the strength of
the Debye process reflects indeed the fraction of intact
H bonds.

Further evidence regarding the H bond equilibrium was
obtained via NMR by tracing the isotropic chemical shift
(CS) variation 8(T) of the alcohol’s hydroxyl proton. It is
known [19,20] that protons in bonded (b) and in non-
bonded () OH groups can exhibit a significant CS differ-
ence Adgy = 8, — 8,. Obviously, the fraction f, of open
H bonds (or closed ones, f;, = 1 — f,) changes with tem-
perature. Separate peaks at 0, and O, with relative
strengths of f, and 1 — f,, respectively, are, however,
not resolved experimentally as long as the H bond switch-
ing occurs with rates 1/7., larger than [ASqy| [19]. In this
fast-exchange limit, which applies through most of the
supercooled regime, only a motionally averaged NMR
line shows up at a CS of Sou(T) = f,8, + f1r6,.
Tracing Sou(T) against a shift standard thus allows
one to extract f,, or its variations, experimentally.
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FIG. 3 (color online). Changes in the temperature dependence
are observed around 250 K in the dielectric strength Aep of the
Debye process (circles) and in metrics of the equilibrium popu-
lation of the H-bonded hydroxyl groups, as obtained via the
maxima of the absorbance peaks near 1410 and 1620 nm,
(triangles), and via the chemical shift 8oy (7)) of the hydroxyl
protons, (squares). The dashed line marks a Curie-like tempera-
ture dependence for Ae. The inset depicts Aj50(T) near T,
demonstrating that for 7 < T, the absorbance is “frozen in”
on the time scale of the corresponding experiments. The dashed
arrow is intended to indicate that for sufficiently long waiting
times #, the peak absorbance may return to its extrapolated
equilibrium value (solid line).

Advantageously, the CH; groups in alcohols with their
virtually 7 independent CS can be utilized as an internal
standard [19-21]. The shifts Soy(7) thus obtained for
2E1H in a magnetic field of 7.05 T, also included in the
upper frame of Fig. 3, independently confirm the discussed
temperature dependent H bond equilibrium.

It is worthwhile to observe in Fig. 2 that the difference
NIR spectra for 135 and 145 K are identical. They were
recorded in thermal equilibrium subsequent to cooling
the sample at an average rate of 1.6 K/ min. It should be
realized that if H bond equilibration requires the existence
of molecular rearrangements it should effectively be frozen
below T, ., In fact, Fig. 3 reveals that the absorbance A,
remains virtually unchanged for 7 < 150 K and the given
thermal history. Since the glass transition is a kinetic
phenomenon, aging the sample somewhat below T, .,y for
sufficiently long waiting times, ¢,,, will nevertheless lead
to a restoration of equilibrium. In order to determine the
H bond exchange time 7., we performed temperature
down-jump experiments during which the NIR absorbance
AA(z,,) was monitored [22]. Subsequent to a tempera-
ture step of AT = 3 K our setup permitted us to stabilize
the base temperature within ~60 s. The adjustment of the
H bond equilibrium, which is coupled to the liquid dynam-
ics, took much longer: For a base temperature of 142 K the

FIG. 4 (color online). Temperature dependent dielectric re-
laxation times for the Debye process (closed circles) and the «
process (open circles). The solid lines are fits using the Vogel-
Fulcher equations 7,,/s = 4 X 10715 exp[3020 K/(T — 73 K)]
and 7,/s =7 X 1073 exp[1122 K/(T — 109 K)]. The cross
marks the time, 7., = 850 s, needed for the equilibration of
the measured NIR spectra. The inset shows the time variation of
the normalized NIR absorbance at 142 K (diamonds) with the
dashed line representing an exponential decay.

inset of Fig. 4 presents AA,(z,) (normalized to decay
from 1 to 0) which can be described by a time constant
Tox = 850 s. As the relaxation map, Fig. 4, shows, 7., is
consistent with the structural relaxation time 7, but much
shorter than the time constant of the dominating Debye
process.

There are widespread notions as well as models assum-
ing that the Debye process can be regarded as a direct
consequence of H bond switching [3,4,11,12,23]. The
dynamics of the latter is directly detected by the present
time-dependent NIR experiments. Thus, within this sce-
nario, 7., deduced from these experiments should agree
with 7. However, this obviously is not the case (Fig. 4),
which provides clear evidence that the Debye process
cannot directly correspond to the H bond dynamics.
Instead, 7., matches 7,. This finding can be rationalized
by considering that the & dynamics is directly related to the
viscous flow [24,25] which, as a prerequisite, requires the
breaking of H bonds [26].

While Fig. 4 demonstrates that the Debye peak is not
directly caused by the forming and breaking of H bonds,
the results presented in Fig. 3 reveal a close connection of
both phenomena. Such a connection is also implicit in a
recently suggested transient chain model (TCM) [27]
which is based on the observation that the alcohol mole-
cules can aggregate into chainlike H-bonded structures,
occasionally called reverse micelles [28,29]. The transient
nature of the chains arises from a stochastic attachment
and detachment of molecules near the chain ends. These
elementary steps imply the breaking and reformation
of H bonds, occurring on the 7, scale. A reconstructive
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reorientation (or realignment in varying electrical fields) of
the large end-to-end dipole of a chain requires many of
these steps thus leading to the long time scale of the Debye
process (7p > 7,). With chain lengths fluctuating much
faster than 7 only the average length is relevant. In this
way and in combination with environmental fluctuations
(on the scale of 7,) sampled by the end-to-end chains
during their isotropization the TCM explains the exponen-
tiality of the Debye process. Using NMR spin relaxometry
an OH relaxation time 7oy = 7, was detected for 7 > T,
while dielectric data indicate that 7, (3> 7oy) approaches
T, upon cooling close to T, [23,30,31]. Within the TCM
the approach of 7oy and 7, is in harmony with the present
NIR observation made near 7, and moreover it explains
why physical aging does not, as usual, take place on the
slowest time scale in the system (here 7)) but on the scale
set by 7, [32].

The change in the H bond equilibrium, obvious from the
change in slope in Fig. 3, is not anticipated from the behav-
ior of H-bonded liquids devoid of a Debye process, such as
the polyalcohol sorbitol [ 15]. But, this change is compatible
with the TCM [27] because within that model the transient
chains are destabilized as temperature (or pressure [33])
increases, leading to a reduction of their end-to-end
distance. On the basis of dielectric experiments such a
destabilization can not only be recognized from a
decrease of Agp with increasing 7' but also from the
approach of the time scales 7, and 7p in the high-T
regime [24,30].

To summarize, wide temperature range NIR and NMR
spectroscopy in a monohydroxy alcohol was used to map
out its H bond equilibrium population. We find that it
parallels the dielectric strength that characterizes the
prominent Debye-like dielectric absorption peak. Despite
this coincidence regarding the static properties, the equili-
bration of the H bond population proceeds much faster than
anticipated from the time scale associated with the
Debye peak. This documents that its origin cannot be
regarded as a direct consequence of H bond switching as
was previously believed, but is in accord with a recently
advanced model.
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