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in Monohydroxy Alcohols
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Monohydroxy alcohols show a structural relaxation and at longer time scales a Debye-type dielectric
peak. From spin-lattice relaxation experiments using different nuclear probes, an intermediate, slower-
than-structural dynamics is identified for n-butanol. Based on these findings and on translational diffusion
measurements, a model of self-restructuring, transient chains is proposed. The model is demonstrated
to explain consistently the so-far puzzling observations made for this class of hydrogen-bonded glass

forming liquids.
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The dielectric response of monohydroxy alcohols, an
important class of hydrogen-bonded liquids, was treated
by Debye using a model which he reviewed in his 1929
book [1]. Later, it was recognized that these alcohols,
in addition to a very intense Debye process, exhibit two
relaxations at higher frequencies [2,3]. The latter two are,
by now, undisputedly identified as the structural and the
Johari-Goldstein relaxation [4]. However, the origin of the
pronounced Debye peak at low frequencies, often linked
to the presence of hydrogen bonds and discussed in terms
of supramolecular structures, has remained controversial.
These structures manifest themselves as prepeaks in the
static structure factor [5], likely due to hydrogen-bonded
chains [6-8] that are most directly identified from
molecular-dynamics simulations [9-11]. It is remarkable
that despite continued efforts the Debye process has re-
sisted observation using, e.g., calorimetric [12] and visco-
elastic experiments [13]. For alcohols the Debye peak
vanishes if two or more OH groups are in proximity on
the same molecule. Interestingly, though, H,O, often dis-
cussed in analogy to alcohols, does show a Debye-like
process despite the presence of effectively two hydroxyl
groups per molecule [14]. Not only the similarity to the
dielectric absorption of water, but also the importance of
“simple” alcohols as solvents, calls for an understanding
of their microscopic dynamics.

On the basis of spin-relaxation times 7'; for n-butanol, a
well studied glass former [3,6,8,9,15], we provide evidence
for a slower-than-structural hydroxyl group dynamics
using nuclear magnetic resonance (NMR). Taking into
account also self-diffusion and dielectric measurements,
a transient-chain model is developed which rationalizes
all the perplexing features of alcohols just summarized,
thus resolving a long-standing puzzle.

Figure 1 presents 'H spin-lattice relaxation rates of
n-butanol which was specifically isotope labeled either
at its OH site [CD3-(CD,);-OH] or at its alkyl part
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[CH;-(CH,);-OD]. From data recorded at a Larmor
frequency w;, the rate maxima for the two species are
seen to appear at temperatures about AT = 28 K apart.
Similar observations can be made from *H-T, measure-
ments, except that here, due to the larger NMR coupling
constant, the ?H rates are shifted to larger values. Both
probes indicate that, at a given 7', the underlying molecular
correlation times 7oy are much slower than 7, [16,17].

Figure 1 includes dielectric losses &’ (w;) measured in
the T range of the Debye peak from which the time
constant 7p = 1/(277ve,) can be read off. By subtracting
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FIG. 1 (color online). Dynamic susceptibility of n-butanol as
probed using the dielectric loss (@, 50 MHz) and NMR: 'H-T;
(blue ¥, w; /27 = 55.6 MHz; blue V, 46.2 MHz) and *H-T,
(red A, red A, 55.6 MHz). The closed triangles refer to mea-
surements at the hydroxyl group, the open triangles to those at
the alkyl part of butanol. The solid lines are drawn to guide the
eye. The dashed line marks the contribution of the Debye
process, and after its subtraction from the total loss the dotted
line, corresponding to the « process, is obtained. The inset shows
a sketch of two hydrogen-bonded alkanols where R designates
an alkyl group.
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the contribution of the Debye relaxation, a peak due to the
structural relaxation is obtained from which 7, can be
gained. From Fig. 1 it is clear that 7, > 7oy > 7,; thus
an additional intermediate, hitherto overlooked time scale
exists, providing clues to identify the microscopic nature
of the Debye process.

For a detailed comparison with &”, it is essential to
determine also 7 in broad w; and T ranges. In our present
field cycling NMR experiments [18] on CD;-(CD,);-OH,
w; was varied by more than 3 decades; see the inset of
Fig. 2. These data were replotted in the susceptibility
format, y"(w) « w/T,. From the y" peaks at the lowest
T, the correlation times 7oy were determined on the basis
of a Cole-Davidson spectral density. We obtained a very
good fit employing an exponent Bcp = 0.22, which im-
plies a very broad distribution of time scales [18]. The
vertical shift required to obtain the practically perfect
master curve shown in Fig. 2 yielded 7qy for higher 7.
These 7oy and a data point measured at room temperature
[19] are collected in an Arrhenius diagram, Fig. 3, together
with the time constants 7 and 7, from dielectric spec-
troscopy. The OH correlation times 7oy are ~8 times
longer than 7, and ~50 times shorter than 7p at
T ~ 160 K.

With one proton per molecule, 'H-T| measurements
are solely sensitive to intermolecular dynamics while 2H
probes the reorientation of a single hydroxyl group.
Therefore, at first glance, it appears surprising that 'H-T}
and ?H-T, yield practically the same 7. However, this
similarity can be rationalized if the polar head groups
aggregate in a manner sketched in Fig. 1: Then, a typical
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FIG. 2 (color online). The inset shows proton spin-lattice
relaxation times of supercooled CD3-(CD,);-OH as measured
in broad ranges of 7 and w;. The main frame presents the same
data in a scaled susceptibility format. The only variable required
to obtain this virtually perfect master plot is the 7-dependent
correlation time 7gy. The solid line is a fit based on a Cole-
Davidson spectral density.

OH bond direction is oriented approximately along the
vector connecting two adjacent hydroxyl protons [20].
Thus, our measurements support the time honored notion
that alcohols form chainlike structures, see, e.g., Ref. [8].
The motion of the nonpolar alkyl groups about the back-
bone of these structures can be mapped out via >*C NMR.
From T'| measurements at the a-carbon site we determined
TCH2 = Taikyt and find 7, = 7, [21] in accord with
results for propanol [4,16].

From measurements of the self-diffusion coefficient D
of n-butanol [21] and from those of its viscosity 1 [22],
for 318 > T > 288 K, we determined the hydrodynamic
radius of the translationally moving moieties to be ry =
kT /(67mD) = 2.3 A. This is in good agreement with the
molecular radius estimated for butanol [23] ruling out a
supramolecular long-range transport. A chain motion with-
out displacing the chain as a whole is pictured in Fig. 4. For
simplicity only a single, relatively short chain is high-
lighted. The sequence of frames in this figure visualizes a
snakelike motion induced by a successive loss (or gain) of
segments at its one end and a gain (or loss) of segments at
its other end. The “‘core’ of the chain, i.e., the “inner”
hydrogen-bridged hydroxyl groups, are temporarily held
together by electrostatic forces which in turn are respon-
sible for the segregation of the polar groups from the
nonpolar alkyl chains.

In such a transient-chain scenario a slow dipolar, single-
exponential, i.e., Debye-type process, naturally arises. The
succession of the polar OH groups along the curvilinear
chains yields a supramolecular dipole moment, similar
to what happens in type A polymers [24]. The reorientation
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FIG. 3 (color online). Arrhenius plot of n-butanol including
time constants from dielectric spectroscopy (some low-
frequency data are from Ref. [15]) and from NMR. The present
data [7p, @; 7, O; oy from 'H-T, gray (red) V, gray (red) V;
Ton from *H-T,, gray (blue) @] is compared with literature
values for 7, (A, Ref. [8]; @, Ref. [3]), 7, (A, Ref. [2]; <,
Ref. [3]) and 7oy [gray (blue) @; Ref. [19]].
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FIG. 4 (color online). Schematic illustration of the transient-
chain model. Mutually bonded OH groups are shown in color
(gray). The sequence of frames is meant to visualize how
molecules attach to the chain and detach from it. The dotted
arrows highlight the end-to-end vector of the self-restructuring,
transient chain. Its reorientation, corresponding to the Debye
process, is obviously very slow on the scale set by the elemen-
tary steps. The chain-length fluctuations are much faster than 7,
leading to an exponential relaxation. An animated version of this
figure is available from the authors upon request.

of this moment, i.e., that of the chain’s end-to-end vector
is to be associated with 7. Since the detachment and
attachment of segments is a stochastic process, chain
length variations arise as time progresses. Thus, while
at any given instant a distribution of chain lengths may
be present, with 7 > 7oy, 7., only the mean (time-
averaged) length matters on the time it takes to reorient
the end-to-end vector. This precludes a time scale polydis-
persity due to chain length variations. Furthermore, during
7p each chain is subject to fast environmental fluctuations.
Both effects take place on a time scale of the order of 7,
leading to a single-exponential Debye relaxation on the
scale of 7p.

To visualize the situation, comparisons with type A poly-
mers can be helpful but should not be overemphasized.
One should realize that in our case higher-order end-to-end
(Rouse-type) normal modes based on the existence of
permanent links between chain segments are absent [24].
It may be asked how long the transient alcohol chains
typically are. By assuming that “free’” molecules are trans-
ported to and away from the chain ends on a time scale not
too different from 7, the lifetime of a molecule within a
chain with N segments is of the order of N7,. Considering
the orientation of an OH group as essentially fixed as long
as it is part of a chain, 7y is thus of the order of N7, . From
Fig. 3 it can be inferred that 7oy /7, = N varies between
5 and 10 in the temperature range in which both time
constants are available, in good quantitative agreement
with computer simulations [10,11] and x-ray investigations
of the structure of monoalcohols [25].

Taking the polymer analogy one step further, the mo-
lecular dipole moment g, typically around 1.7 D for
monoalcohols [26], can be thought to be decomposed
into components locally oriented along the chain (w)))
and perpendicular to it (x| ). For the “segmental’” motion,

which we associate with the « process, u | < w yields a
reduced relaxation strength, as experimentally observed
[27]. In fact, since the OC bond carries the main dipole
moment in the alkyl chain, and since uoc = 0.74 D [28],
one expects that u | =~ wu/2. The | = woy components
add up leading to a Debye process with enhanced intensity:
For a chain formed by N hydrogen-bonded OH groups,
each carrying pog = 1.5 D [28], tend-to-cnd 18 Of the order
of Nu. The number of molecules participating in the
a process is N times larger than the number of chains
if for simplicity we assume that essentially all molecules
are involved in both processes. Thus, the ratio between the
relaxation strengths of the two processes at a given tem-
perature is expected to be Aep/Ae, = (Mend-to-end/ M 1)>
/N = 4N. For n-butanol and for several other monoalco-
hols [4,26,29], Aep/Ae, =30 =3 is experimentally
found. Thus, N is 7-8, in good agreement with the number
obtained above from the 7/ 7, ratio. Furthermore, from
our model Aep/Ag, and 7/7, are both expected to
decrease for shorter end-to-end chains, also in agreement
with experimental observations [21]. This in turn implies
the growth of Ae, at the expense of Aep not only when
pressure is increased [30,31], but also when temperature is
increased. Our spectral analysis (not shown) confirms this
nontrivial Ae,(T) behavior.

The present model also explains why relaxation modes
corresponding to a Debye peak are not observed in me-
chanical spectroscopy. Because of the transient nature of
the chains, the motion of the end-to-end vector does not
couple to changes of the internal stress field. Near mp a
mechanical relaxation mode is thus not expected. All but a
minute decrease of the overall stiffness could result when
reducing the chain length, e.g., by pressure application.
Furthermore, the “wandering snakes” do not lead to en-
ergy fluctuations or to entropy fluctuations on the time
scale set by 7p. However, a minor calorimetric signature
corresponding to time scales 7y > 7, could show up [32].
Only very few methods apart from dielectric spectroscopy
are sensitive to transient, dipolar chains. Other direct evi-
dence for dynamics on the 7, scale comes from solvation
dynamics experiments [33] and from largely overlooked
Kerr-effect work on monoalcohols [34].

For polyalcohols, with each molecule carrying several
OH groups, branched structures will result. The un-
synchronized OH switching occurring in such a multiple-
branch structure then leads to an effective mutual
cancellation of the component moments. Thus, with a
vanishing net dipole moment a supramolecular dielectric
signature does not arise from such structures and a Debye
process is not expected, in harmony with the experimental
situation.

It is tempting to check which modifications of the model
are required to apply it also to water with its Debye-like
dielectric relaxation. A one-to-one correspondence to
alcohols is not obvious, since H,O’s local bonding is
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predominantly fourfold in character. Essentially chainlike
features were nevertheless identified from molecular-
dynamics simulations of water [35]. It remains to be seen
how the cohesive forces arise which seem necessary to
support the persistence of chainlike structures in water.

In summary, NMR measurements were exploited to
derive a transient-chain model for which the average num-
ber N of temporarily H-bonded molecules could be deter-
mined. The experimental 7oy/7, and Aep/Asg, ratios
consistently gave N = 5-10. Furthermore, the model pre-
dicts that the hydrodynamic radius of the diffusing species
is of the size of a single alcohol molecule, which was
quantitatively confirmed experimentally. Taken together,
the current model rationalizes all so-far puzzling features
associated with the Debye process in monohydroxy
alcohols.
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