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Relevance of hydrogen bonded associates on the transport properties
and nanoscale dynamics of liquid and supercooled 2-propanol†

Yanqin Zhai,ab Peng Luo,b Michihiro Nagaocde, Kenji Nakajima f , Tatsuya Kikuchi f , Yukinobu
Kawakita f , Paul A. Kienzlec, Y Z∗abg, and Antonio Faraone∗c

2-propanol was investigated, in both the liquid and supercooled states, as a model system to study
how hydrogen bonds affect the structural relaxation and the dynamics of mesoscale structures, of
approximately several Ångstroms, employing static and quasi-elastic neutron scattering and molecular
dynamics simulation. Dynamic neutron scattering measurements were performed over an exchanged
wave-vector range encompassing the pre-peak, indicative of the presence of H-bonding associates,
and the main peak. The dynamics observed at the pre-peak is associated with the formation and
disaggregation of the H-bonded associates and is measured to be at least one order of magnitude
slower than the dynamics at the main peak, which is identified as the structural relaxation. The
measurements indicate that the macroscopic shear viscosity has a similar temperature dependence
as the dynamics of the H-bonded associates, which highlights the important role played by these
structures, together with the structural relaxation, in defining the macroscopic rheological properties
of the system. Importantly, the characteristic relaxation time at the pre-peak follows an Arrhenius
temperature dependence whereas at the main peak exhibits a non-Arrhenius behavior on approaching
the supercooled state. The origin of this differing behavior is attributed to an increased structuring
of the hydrophobic domains of 2-propanol accommodating a more and more encompassing H-bond
network, and a consequent set in of dynamic cooperativity.

1 Introduction
Through the formation of hydrogen bonds, hydroxyl groups play
a significant role in affecting the interactions between molecules
including both small molecular liquids such as water1–6 and
macromolecular assemblies such as deoxyribonucleic acids7–9

and proteins10–13. As one of the simplest type of model system to
study the effect of hydrogen bonding on the structure and dynam-
ics of molecular liquids, monohydroxy alcohols have attracted re-
search interest for decades14–26.

Hydrogen bonding can lead to the formation of supramolecular
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clusters and introduce mesoscale structuring typically character-
ized by a structure factor pre-peak at smaller Q values than the
main peak, Q being the exchanged wavevector in scattering ex-
periments17,18,25,27. The shapes of the clusters formed by hydro-
gen bonding are usually believed to be chains, trees, or rings28–39

and can vary according to the position of the hydroxyl group.

The fundamental relaxation process or structural relaxation in
liquids is a measure of the time scale of molecular rearrange-
ments. It can be probed by dielectric or mechanical relaxation
spectroscopy40–43, typically referred to as the α-relaxation, as
well as by scattering measurements at the main peak21–23,44,45.
In addition to the α-relaxation, Debye first observed in the di-
electric response of monohydroxy alcohols46 the existence of an
additional prominent, Lorentzian, slow relaxation process, nowa-
days most commonly referred to as the Debye process, which is
still object of active research47. Recent studies suggested that in
monohydroxy alcohols the α-relaxation originates from the mo-
tion of the alkyl chains, whereas the Debye process is related to
the dynamics of the supramolecular clusters formed by hydrogen
bonding19,21. Other relaxation processes have also been observed
such as the Johari-Goldstein relaxation48,49.

Neutron scattering techniques are able to probe structures
from sub-Å to micrometers and dynamics from sub-picoseconds
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to nearly microseconds, which covers the relevant length scale
and time scale of relaxation of monohydroxy alcohols. For ex-
ample, neutron Time-of-Flight (ToF)50 and Spin-Echo (NSE)51

spectroscopy, combined with dielectric and near-infrared spec-
troscopy, have been employed to study the connection between
structure and dynamics in 1-propanol by Sillrén et al.21. As
a complement to neutron scattering experiments, molecular dy-
namics (MD) simulation is useful to reveal the underlying mech-
anisms of the dynamics of interest. In the past, a number of neu-
tron scattering studies in conjunction with MD simulations have
been performed on the dynamics of mesoscale structures in mono
hydroxyalcohols such as methanol22–24 and dodecanol26 in the
liquid state.

Of particular interest in glass-forming liquids are the onset of a
(often super-Arrhenius) dynamical slowing down, the transition
of dynamics from uncorrelated to correlated, the emergence of
dynamical heterogeneity, as well as the breakdown of the Stokes-
Einstein relation. The origin of these phenomena is a fundamen-
tal unsolved problem in condensed matter physics. Whether it
is related to any structural correlation is still under debate. It
has been shown that the glass transition could be associated with
specific structural organization, which, however, cannot typically
be probed by conventional experimental techniques but can be
accessed by computer simulations52,53. Therefore, a systematic
study of the dynamics of H-bonded associated structures in mono-
hydroxy alcohols is not only crucial to link their microscopic and
macroscopic properties, but also relevant, when extended to the
supercooled state, to the understanding of glassy phenomena.
However, simple monohydroxy alcohols have a propensity to crys-
tallize and thus previous neutron spectroscopy studies have not
investigated the supercooled state.

2-propanol (melting temperature Tm = 184 K, glass transition
temperature Tg = 118.8 K15), as the simplest monohydroxy alco-
hol with the hydroxyl group located in a non-terminal position,
together with its important applications in the chemical indus-
try, is regarded as an interesting model system for studying the
correlation between structure and dynamics of hydrogen bonded
liquids. The non-terminal position of the hydroxyl group endows
it with different characteristics than 1-propanol. For example, it
has been shown that the breakage of the hydrogen bond network
needs to occur for crystallization to take place in 2-propanol.54

Whereas, 1-propanol is believed to form H-bonded associates
overwhelmingly in the form of chains, it has been suggested that
2-propanol molecules form ring structures.17 In this work, we
performed static and Quasi-Elastic Neutron Scattering (QENS) ex-
periments55 and MD simulations to study the connection between
the structure and dynamics in 2-propanol in the liquid and super-
cooled state. Using a QENS ToF and an NSE spectrometer, we
covered a time range from a few picoseconds to tens of nanosec-
onds. Moreover, NSE spectrometers, as detailed in the methods
section, measure scattering in which the collective dynamics con-
tribution, relevant to the structural and mesoscale relaxation, is
enhanced compared to other neutron spectrometers. By analyz-
ing the neutron scattering experimental results, we found that
the dynamics at the structure factor pre-peak is at least one or-
der of magnitude slower than at the main peak. We interpret this

observation as a consequence of the emergence of supramolecu-
lar clusters associated by hydrogen bonds. The similarity of the
activation energies for the viscosity and for the dynamics at the
pre-peak indicates that the dynamics of the clusters significantly
contributes, together with the structural relaxation, to the macro-
scopic rheological properties. Furthermore, for the first time, we
report of a case for which the temperature dependence of the
dynamics is different at the structure factor pre-peak and main
peak. Our finding provides fundamental experimental insights
for understanding the connection between the meso-scale struc-
ture, dynamics and macroscopic rheological properties in associ-
ated liquids.

2 Method

2.1 Neutron scattering experiment

2.1.1 Theory

Dynamic scattering measurements determine the dynamics struc-
ture factor S(Q,E). For Quasi-Elastic Neutron Scattering (QENS),
the measured scattering intensity is constituted of the coherent
dynamic structure factor, Scoh(Q,E), which depends on the cor-
relation between the positions of the same and different nuclei
at different times and the incoherent term, Sinc(Q,E), which de-
pends only on the correlation between the positions of the same
nucleus at different times56. Thus, it can be expressed as

S(Q,E) = Scoh(Q,E)+Sinc(Q,E) (1)

The coherent dynamic structure factor is the Fourier transform
of the collective Intermediate Scattering Function (ISF) as57

Scoh(Q,E) =
1

2π h̄

∫
∞

−∞

Fc(Q, t)e−i E
h̄ tdt (2)

where the collective ISF is defined as

Fc(Q, t) =
1

N〈bcoh〉2

〈
N

∑
l=1

N

∑
l′=1

bcoh
l bcoh

l′ eiQ·[Rl(t)−Rl′ (0)]

〉
(3)

In Equation 3, N is the number of atoms in the system, bcoh
l and

Rl(t) represent, the coherent neutron scattering length, and the
position at time t, of the l-th atom, and 〈· · · 〉 indicates an ensem-
ble average.

Similarly, the incoherent dynamic structure factor is defined as
the Fourier transform of the single particle (self) ISF57,

Sinc(Q,E) =
1

2π h̄

∫
∞

−∞

Fs(Q, t)e−i E
h̄ tdt (4)

where

Fs(Q, t) =
1

N〈(binc)2〉

〈
N

∑
l=1

(binc
l )2eiQ·[Rl(t)−Rl(0)]

〉
(5)

In Equation 5, binc
l represents the incoherent neutron scattering

length of the l-th atom.
Different from conventional neutron scattering techniques,

NSE spectrometers directly measure the normalized ISF. In NSE,
the dynamic information is encoded into the spins of the neu-
trons; since incoherent scattering has a 1/3 probability of flipping
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the spin direction, the normalized ISF measured by NSE is51,58

INSE =
Fc(Q, t)− 1

3 Fs(Q, t)

Fc(Q,0)− 1
3 Fs(Q,0)

(6)

In a neutron diffraction measurement, as no energy analysis is
carried out, the measured quantity is (within a certain approxi-
mation) the static structure factor:

S(Q) =
∫

∞

−∞

S(Q,E)dE (7)

The structure factor provides information on the instantaneous
correlation between atoms’ positions. In addition, polarized neu-
tron diffraction measurements can be performed on NSE, en-
abling the separation of the coherent and incoherent contribu-
tions59.

2.1.2 Experiment details

Three different fully and partially deuterated 2-propanol and one
fully deuterated 1-propanol samples were prepared. The fully
deuterated 2-propanol (CD3-CDOD-CD3, 99%-D) was purchased
from Cambridge Isotope Laboratories, Inc. The propyl partially
deuterated (CD3-CDOH-CD3, 99.7%-D) and hydroxyl partially
deuterated (CH3-CHOD-CH3, 98%-D) 2-propanol samples were
purchased from CDN Isotopes. Fully deuterated 1-propanol (CD3-
CD2-CD2OD, 99.1%-D) was purchased from CDN Isotopes. All the
samples were used as received. Samples were contained in alu-
minum cans sealed with indium in an annular geometry.

The QENS and NSE measurements on 2-propanol were per-
formed between 280 K and 120 K. Temperature was controlled
using a closed cycle refrigerator with an accuracy better than 1
K. Because of the propensity for crystallization below its melting
point (184 K), to investigate the supercooled state temperature
was continually cycled between 200 K and 120 K, at 1 K/min,
while data were collected in batches of 4 mins. The structure af-
ter each cycle was checked to verify the absence of crystallization;
however, because of the way the measurements were acquired
and the lack of equilibration time, the actual temperature of the
sample lagged behind (it was higher) than the one recorded by
the temperature control system. The temperature offset was de-
termined by comparing the data measured in the range between
200 K and 180 K for which data at temperature equilibrium were
acquired. As detailed in Figure S760 the nominal vs actual tem-
perature difference was determined to be negligible for the mea-
surements at the main peak and ≈6 K at the pre-peak, owing to
the fact that this latter measurements were performed with dou-
ble the amount of sample to compensate for the lack of scattering
intensity. Temperature uncertainty was set at ±2 K to account for
these effects and for the fact that the measurements were taken
while the temperature was changing.

Polarized neutron diffraction and NSE measurements were car-
ried out at the National Institute of Standards and Technology
(NIST) Center for Neutron Research (NCNR)58, whereas the
QENS measurements were performed on the Time-of-Flight (ToF)
spectrometer AMATERAS at J-PARC in Japan61.

Polarized neutron diffraction measurements on fully and par-
tially deuterated 2-propanol as well as on deuterated 1-propanol

were performed using 5 Å incoming neutrons with ∆λ/λ ≈ 20%.
The empty can contribution was subtracted after correction for
self-shielding approximated by the transmission.

For the NSE measurements, the incoming wavelength of neu-
trons was set to 5 Å or 6 Å with ∆λ/λ ≈ 20%. The dynamic range
probed extended from several picoseconds up to 20 nanoseconds.
Data were collected in correspondence to the pre-peak at 0.8 Å−1

and the main peak at 1.45 Å−1. The instrumental energy resolu-
tion was measured using a standard Ti2.08Zr sample. Data were
reduced to normalized ISFs using the Data Analysis and Visual-
ization Environment (DAVE) software62.

The QENS measurements were performed using multi-Ei tech-
nique63 where spectra for three configurations of incident neu-
tron energy of (1.7, 3,1 and 7.7) meV were simultaneously mea-
sured. The corresponding instrumental energy resolutions ap-
proximate Gaussian functions with Full Width at Half Maximum
(FWHM) of about (10, 30 and 100) µeV, respectively. To deter-
mine the detector efficiencies and the instrumental energy reso-
lution, a standard vanadium sample and the scattering from the
same sample in the vitreous state at 10 K, respectively, were mea-
sured. Data were corrected for the scattering from the empty can
and reduced to constant Q spectra using the software Utsusemi
and M-slice62,64.

2.1.3 Data analysis

QENS data measured were fitted by a curve fitting and uncer-
tainty analysis software—Bumps65 which allowed for a global
fit of the data from the three configurations employed. Bumps
casts curve fitting as a Bayesian optimization problem with the
goal of determining the probability of observing parameter val-
ues M given the measured data D, which is written as P(M|D).
This is related by Bayes Rule to P(D|M), the probability of ob-
serving D given M and P(M), the prior probability on the param-
eters, with P(M|D) ∝ P(D|M)P(M). Using Markov chain Monte
Carlo (MCMC) with adaptive stepping (DREAM66), Bumps sam-
ples from the posterior probability P(M|D), from which we can
estimate mean, standard deviation, Bayesian credible intervals,
maximum likelihood, and correlations between model parame-
ters. The sampling process is robust, allowing Bumps to step out
of local minima and eventually find the global minimum. At each
temperature and wavevector, the data measured with different
instrumental resolutions were fitted with a same set of parame-
ters. Therefore, the fitting results are the global fits suitable for
all instrumental resolutions.

With respect to the QENS data, the analysis of the NSE data
is computationally much simpler as it does not require numeri-
cal convolution and Fourier transform (as detailed in the follow-
ing Equations 8, 9, and 10). The data were analyzed using least
square minimization routines available in MATLAB67. These rou-
tines were also used to perform global fitting of the NSE data for
the same Q value at various temperatures.

2.2 Viscosity measurement

Viscosity measurements on fully deuterated 2-propanol were con-
ducted using an Anton Paar MCR 501 stress-controlled rheome-
ter. A titanium Mooney-Ewart concentric cylinder was employed,
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with an inner cylinder radius of 28.0 mm and a gap between the
inner and outer cylinders of 1.0 mm. The geometry was used as
specified by the manufacturer and appropriate steps were taken
to minimize measurement artifacts and correct for system inertia.

2.3 Molecular dynamics simulation

In this work, MD simulations were carried out to study the mi-
croscopic structure and dynamics of 2-propanol using GROMACS
5.0.768. 2000 hydrogenated 2-propanol molecules were placed
in a cubic simulation box with periodic boundary conditions en-
forced in all directions. OPLS-AA force field69 was employed to
describe the interaction between 2-propanol molecules. Chem-
ical bonds involved in hydrogen atoms were constrained using
LINCS algorithm70. The Lennard-Jones interactions were trun-
cated at 1.0 nm and the electrostatic interaction was computed
by the particle-mesh Ewald method71 with a real-space cutoff of
1.0 nm. The simulations were performed in the NPT ensemble
using a Nosé-Hoover thermostat72–74 and a Parrinello-Rahman
barostat75,76 with an integration time step of 1 fs using a leap-
frog integrator. At each condition, the system was equilibrated
for 10 ns and the trajectory was collected in the following 15 ns.
In the coherent structure factor Scoh(Q), the interval of Q is lim-
ited by the box length. In order to obtain a higher Q-resolution
during the computation of structure factor, we created larger sim-
ulation boxes with doubled side length with 16000 2-propanol
molecules inside at each target temperature. The preparation and
data collection of the systems followed the same procedure de-
scribed above. Hydrogen bond analysis was performed using the
hbond package of GROMACS. Other static and dynamic quantities
were calculated using LiquidLib77. All hydrogen atoms were sim-
ulated as 1H during the simulations, whereas part of them were
weighted using the scattering length of deuterium while calculat-
ing the static and dynamic quantities in order to compare with the
experimental results. A comparison between simulated density
and experimental values as a function of temperature is shown in
Figure S160.

3 Results and Discussion

3.1 Structure

A structure factor pre-peak at Q ≈ 0.75 Å−1 together with the
main peak at Q = 1.45 Å−1 are identified by both polarized neu-
tron diffraction measurements and MD simulations at T = 280 K,
as shown in Figure 1. These observations are consistent with pre-
vious diffraction experiments14,18. The main peak at Q = 1.45
Å−1 corresponds to a distance of 2π/(1.45 Å−1) ≈ 4.3 Å in real
space which approximately matches the average distance be-
tween 2-propanol molecules. Fully and hydroxyl partially deuter-
ated samples show obvious pre-peaks whereas the propyl partially
deuterated sample does not. The partial structure factor calcu-
lated from MD trajectories involving atoms of propyl groups does
not show an evident pre-peak; however, that involving only atoms
of hydroxyl groups shows a strong feature in correspondence to
the pre-peak. Both experimental and simulation results indicate
the origin of the pre-peak to be the correlation between the hy-
droxyl groups. The picture that the pre-peak originates from the
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Fig. 1 (a) Coherent structure factors of fully, propyl partially, and hy-
droxyl partially deuterated 2-propanol at 280 K measured by polarized
neutron diffraction experiments. The fully and hydroxyl partially deuter-
ated samples show an obvious pre-peak at Q ≈ 0.75 Å −1 whereas the
propyl partially deuterated sample does not show the pre-peak around
the corresponding Q range. The low Q upturn is an artifact due to the
instrumental background. (b) Coherent all-atom and partial structure
factors of fully deuterated 2-propanol at 280 K calculated from MD sim-
ulations using LiquidLib 77. The structure factors are normalized by the
volume of the system and thus has the unit of cm−1. The all-atom coher-
ent structure factor successfully reproduces the structure factor pre-peak
observed in experiments. The partial structure factor of atoms in propyl
groups does not show an evident pre-peak; however, the partial structure
factor of atoms in hydroxyl groups shows a strong peak in correspondence
to the pre-peak.
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Table 1 Fractions of particles associated with different number of hydro-
gen bonds at temperatures ranging from 200 K to 280 K

0 H-bond 1 H-bond 2 H-bonds 3 H-bonds
200 K 0.0016 0.0696 0.8699 0.0584
220 K 0.0025 0.0699 0.8765 0.0506
240 K 0.0045 0.0876 0.8553 0.0520
260 K 0.0078 0.1143 0.8237 0.0537
280 K 0.0149 0.1510 0.7811 0.0525

correlation between hydroxyl groups agrees with the common un-
derstanding that the pre-peak position is related to the average
distance between adjacent supramolecular clusters formed by hy-
drogen bonding21,23,26,78. Recent simulation work also suggests
that the pre-peak results from the aggregation of alcohol molecu-
lar clusters which introduces long-range correlation79.

Fig. 2 Size distributions of the supramolecular clusters formed by hy-
drogen bonding at temperatures ranging from 280 K to 200 K. The
inset shows the average number of hydrogen bonds per molecule and
the average number of molecules per cluster size as functions of tem-
perature. The number of molecules per cluster is defined as the number
of 2-propanol molecules connected by hydrogen bonds within the same
supramolecular cluster. The average H-bonds per molecule is defined as
the total number of H-bonds formed between molecules divided by the
total number of molecules. This figure only presents the cluster size dis-
tribution below 50 for visualization purpose. The distribution between
50 to 1000 is presented in Figure S260.

To understand the structure of 2-propanol in detail, we ana-
lyzed the supramolecular clusters formed by hydrogen bonding
from the MD trajectories. The criterion for the existence of a
hydrogen bond is when the distance between the donor and ac-
ceptor oxygen is less than 3.5 Å and the hydrogen-donor-acceptor
angle is less than 30◦ 80.

Figure 2 shows the size distribution of the supramolecular clus-
ters (see also Figure S260), with the inset showing the average
number of hydrogen bonds per molecule and the average clus-
ter size. Among all measured temperatures, the average number
of hydrogen bonds per molecule changes less than 7%, neverthe-
less, the constitution of clusters varies drastically. To be specific,

Fig. 3 Fractions of particles forming ring-like structures at temperatures
ranging from 200 K to 280 K. This quantity is obtained by identifying all
the ring-structures in the system and dividing the number of ring-forming
particles by the total number of particles, which then is averaged over
frames.

2-propanol molecules are prone to forming clusters with smaller
sizes at higher temperature, for example,≈ 15 molecules at 280 K.
However, as temperature decreases, the average size of the clus-
ters increases noticeably and the number of large cluster becomes
increasingly significant. Nevertheless, forming clusters involving
4 or 5 molecules is preferred at all accessed temperatures, which
is consistent with previous simulation on similar monohydroxy
alcohols81.

Further analysis of the MD data, shown in Table 1, also indi-
cates that most molecules form two H-bonds and this fraction
increases with decreasing temperature. Note that the average
H-bonds per molecules in this case is close to 1 in Figure 2,
since each H-bond connects two molecules, and thus, it only con-
tributes 0.5 to the average value per molecule. These molecules
are in the middle of either chain or ring structures. Molecules
forming one H-bond only are at the end of chain- or tree-like
structures. A very small fraction of molecules is not involved in
H-bond at all, whereas a small but non-negligible percentage of
about 5 % of molecules forms three H-bonds indicating the exis-
tence of branching and tree structures. Moreover, as temperature
decreases, the fraction of molecules involved in two H-bonds in-
creases at the expense of the one involved in only one H-bond;
this finding is also reflected by the increase of the fraction of
molecules forming ring-like associates as shown in Figure 3. Such
fraction reaches almost 25 % at 200 K. ∗

These findings cannot be verified easily even with refined spec-
troscopic techniques, however, we are confident in the main result

∗The ring-like structures are characterized by a Depth-First Search (DFS) algo-
rithm. The snapshots of the MD trajectories are regarded as undirected graphs with
molecules being vertices and H-bonds being edges. The ring-like structures are de-
fined as the loops in the undirected graph. A molecule is defined as a ring-forming
molecule if it is contained by any ring-like structure.
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(a) (b)

(d)(c)

Fig. 4 Coherent (a) all atoms, (b) iso-propyl groups, (c) hydroxyl groups,
and (d) cross term between propyl and hydroxyl groups structure factor
of deuterated 2-propanol from 200 K to 280 K calculated from MD
simulations.

that the extent of the hydrogen bond network increases with low-
ering the temperature. On the other hand, Zetterström et al. have
reported that the intensity of the pre-peak decreases with temper-
ature without speculating its origin14. This occurrence was also
observed by us using polarized neutron diffraction as shown in
Figure S360. Incidentally, the same temperature dependence on
the intensity of the structure factor pre-peak is also observed in
1-propanol (see Figure S460), which suggests the non-terminal
position of the hydroxyl group is not connected with the origin
of this behavior. The apparently contradicting indications of an
increase of H-bonding association and decrease of pre-peak in-
tensity can be explained considering the partial components of
the structure factor. As mentioned above, at room temperature
the pre-peak mainly originates from the partial structure factors
of the atoms of the hydroxyl group, whereas the other atoms are
responsible for the main peak. The cross term is actually nega-
tive with a valley roughly in correspondence of the pre-peak; this
term is negative because of the anticorrelation between the posi-
tion of the hydroxyl and propyl groups in 2-propanol, due to hy-
drogen bonding association. Partial isotopic substitution changes
the sign of the cross-term partial structure factor because the co-
herent scattering length of H and D have opposite sign and the
pre-peak is therefore enhanced, as shown in Figure 1. As temper-
ature is lowered, the ordering of the propyl groups with respect to
the hydroxyl groups of 2-propanol increases, matching the motif
imposed by the hydrogen bond network. Partial structure factors
calculated from the MD trajectories reported in Figure 4 supports
this hypothesis. To further support this scenario, we report in Fig-
ure 5 the integrated spectral scattering intensity measured on AM-

(a)

(b)

(c)

C3H7OD
<latexit sha1_base64="ov5ldRSceI5ahA278WokrXij46w="></latexit>

C3D7OH
<latexit sha1_base64="ZjnC2zE55nZt3tk2HA7EXc6AebQ="></latexit>

C3D7OD
<latexit sha1_base64="byeBomVV20zx9n4CYlKGhndqYJA="></latexit>

Fig. 5 Static structure factor of (a) fully, (b) propyl partially, and (c)
hydroxyl partially deuterated 2-propanol obtained by integrating the AM-
ATERAS data in the energy domain. These structure factors contain the
contribution of both the coherent and incoherent scattering (this latter
being an exponentially decaying Debye Waller factor, most notable in
panel c).
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ATERAS of fully deuterated and partially deuterated samples of 2-
propanol. Whereas in the fully deuterated sample the intensity of
the pre-peak decreases, in hydroxyl and propyl partially deuter-
ated 2-propanol the scattered intensity at ≈ 0.8 Å−1 increases.
Interestingly, whereas at room temperature propyl deuterated 2-
propanol does not show a clear pre-peak, in the glassy state, at
T = 20 K, it does. Finally, we remark here that both the main
peak and the pre-peak move to higher Q as temperature is low-
ered, which can be explained by an increased density; however,
the ratio of the peak position changes from ≈ 0.5 to ≈ 0.6 (see
Figure S360 60) indicating a densification of the hydrophobic vol-
umes separating the H-bonding associates beyond the one of the
interparticle distance. In summary, as temperature is lowered the
2-propanol molecules increasingly order themselves to accommo-
date the sprawling H-bond network.

3.2 Dynamics

3.2.1 Quasi-elastic neutron scattering experiment

In order to investigate the effect of H-bonding and of the presence
of H-bonding associates on the dynamics of 2-propanol, we car-
ried out QENS and NSE neutron scattering measurements. The
combination of multiple neutron scattering techniques allowed
us to perform measurements covering a wide range of timescale
from fractions of a picosecond to several nanoseconds over the
relevant Q range encompassing the pre-peak and main peak.

The intermediate scattering function for 2-propanol was mod-
eled as a combination of an exponential and a stretched exponen-
tial function as

I(Q, t)
I(Q,0)

= [1−A′(Q)]δ (t)+A′(Q){[1−A(Q)]e−
t

τs(Q)

+A(Q)e
−
(

t
τl (Q)

)β (Q)

} (8)

where the [1−A′(Q)]δ (t) term ensures proper normalization and
accounts for processes outside the experimental window, the ex-
ponential term represents a faster dynamic process corresponding
to local relaxations and the stretched exponential term represents
a slower process related to the molecular structural relaxation
over length scales beyond the nearest neighbors. Typically, the
local relaxation is attributed to the motions of carbon chains in
monohydroxy alcohols and the corresponding time scale for small
molecules such as 2-propanol is hundreds of femtosecond, which
falls at the limit of the time window of the neutron spectrome-
ters employed here. Therefore, in the following, we focus on the
analysis of the long time stretched exponential term; at the main
peak, this term is related to the structural relaxation and at the
pre-peak reveals the dynamics of the mesoscale structures, i.e.,
their diffusion and lifetime.

The fitting of the AMATERAS data was performed in the energy
domain:

Sexp(Q,E) = Amp(Q) ·F
{

I(Q, t)
I(Q,0)

}
⊗R(Q,E) (9)

where Sexp(Q,E) represents the experimental values of the dy-
namic structure factor, F {· · ·} indicates a Fourier transform, ⊗

represents the convolution operation, Amp(Q) is the spectral area,
and R(Q,E) is the Q-dependent instrument resolution; the Fourier
transform of the [1−A′(Q)]δ (t) term yields a Q-dependent back-
ground. Two examples of the fitting results of AMATERAS data at
the structure factor pre-peak (subplot (a), (b), and (c)) and main
peak (subplot (d) and (e)) are shown in Figure 6. The exponen-
tial term has to be considered to obtain satisfactory fitting of the
data, but the Q and T dependence of the short time dynamics
cannot be extracted with accuracy because they are too fast for
the energy window explored.

Figure 7 shows the Q dependence of the slower relaxation
time τl and the stretch exponent β , at room temperature. The
characteristic relaxation time τl shows a maximum at both the
pre-peak and main peak, an occurrence which is referred to as
de Gennes narrowing82. In correspondence with peaks in the
structure factor, the collective dynamics slows down as a conse-
quence of the enhanced cooperativity between molecules, as first
observed in atomic liquids82 but also in correspondence of the
pre-peak in some alcohols23,26. Meanwhile, the mild peaking of
the stretch exponent β at both the pre-peak and main peak, indi-
cates a slightly more homogeneous dynamics in comparison to the
other Q values. This finding can be understood considering that a
narrower distribution of possible relaxation processes dominates
at length scales specified by the structure factor peaks, either re-
lated to the dynamics of the H-bonded associates at the pre-peak
or to the structural relaxation at the main peak. In other words,
at the main peak, where Q corresponds to the distance between
two 2-propanol molecules, the measured relaxation is, within cer-
tain approximations45, principally determined by the motions of
single molecules in and out of the first coordination shell, a pro-
cess referred to as the structural relaxation; at the structure factor
pre-peak, in contrast, the probed dynamics corresponds to the dy-
namics of the H-bonded associates, which is approximately an or-
der of magnitude slower, consistent with previous observations21.
In 1-propanol, it was shown that the timescale measured by neu-
tron scattering at the pre-peak matches the one observed using
1H and 2H spin relaxation Nuclear Magnetic Resonance (NMR)
spectroscopy and associated with the lifetime of the hydrogen
bonding. Therefore, our neutron scattering measurements at the
pre-peak are interpreted to probe the dissociation of the H-bonds
associates.

As far as the temperature dependence of the dynamics at the
structure factor peak is concerned, both the prefactor A and the
stretching exponent β depend little on temperature. Therefore,
we further fixed A = 0.80 and β=0.58 as the corresponding max-
imum likelihood values and fitted the data again with fewer de-
grees of freedom.

Comparing to the AMATERAS measurements at the picosecond
time scale, Figure 8 shows the normalized ISFs of 2-propanol
measured by NSE at temperatures covering both liquid and su-
percooled states. The short time dynamics, i.e. the exponential
term in equation 8, is almost completely outside the time window
probed at NSE and, therefore, the NSE data could be analyzed for
t > 50 ps using only the second component of the ISF defined in
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Q = 1.45 Å-1

Q = 0.8 Å-1

(c)(b)(a)

(d) (e)

Fig. 6 Examples of the fits of the QENS measurements at AMATERAS. (a), (b), and (c) show the global fitting results using instrumental resolutions
of (100, 30, and 10) µeV respectively at the structure factor pre-peak at 280 K. (d) and (e) show the global fitting results using instrumental resolutions
of 100 µeV and 30 µeV respectively at the main peak at 280 K.

Pre-peak

FSDP

Fig. 7 Slower relaxation time τl and stretch exponent β as functions
of Q. The de Gennes narrowing phenomenon can be clearly observed as
the characteristic relaxation time increases at both the structure factor
pre-peak and main peak.

Equation 8:
I(Q, t)
I(Q,0)

= A′′(Q)e
−
(

t
τl (Q)

)β (Q)

(10)

where A′′ = AA′.
After a preliminary fitting, it was observed that the amplitude,

A′′, and the stretching exponent, β , were temperature indepen-
dent within experimental uncertainties at both the structure fac-
tor pre-peak and main peak (see Figure S560). Therefore, for
each Q, the data were analyzed globally at all temperatures using
a common A′′ and a common β value, yielding satisfactory fits
(see Tables S1 and S260). The validity of this ansatz is further
supported by the possibility of creating master curve of the data
at all temperatures by simply rescaling the time axis, as shown in
Figure S660. This analysis yields A′′ = 0.43±0.01, β = 0.65±0.02
at the pre-peak and A′′ = 0.81±0.01, β = 0.56±0.01 at the main
peak, this latter in good agreement with the AMATERAS results.
† It is remarkable that the value of A′′ is noticeably smaller than 1
at the pre-peak because it indicates a significant rearrangement of
the H-bonded structures through local relaxation, without, how-

† Furthermore, a global fit of the data in the whole time range at all temperatures us-
ing Equation 8, with A′, A, and β temperature independent and only τl and τs chang-
ing with T, was also performed. This alternative analysis yields results, reported in
Figure S8 60, matching with the ones reported in the main text within uncertainty.
The simpler fit according to Equation 10 is reported in the main text because some of
the data sets lack the short time data points. For the reader reference, the obtained
results are at the pre-peak A’ = 0.626 ± 0.008, A = 0.65 ± 0.01, β = 0.69 ± 0.02,
and at the main peak A’ = 1.06 ± 0.07, A = 0.78 ± 0.05, β = 0.54 ± 0.02.
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(a)

(b)

Fig. 8 Intermediate scattering functions of 2-propanol at the (a) structure
factor pre-peak and (b) main peak, at various temperatures covering liq-
uid and supercooled liquid states measured by NSE spectrometer. “scan”
indicates that the corresponding measurements were performed during
cooling. The solid and dash lines represent the best fit of the ISFs mea-
sured at fixed temperature and in the scanning mode using Equation 10
for t ≥ 50 ps, respectively. The “data 1" and “data 2" in (a) indicate
two independent measurements at the same temperature.

ever, fully breaking the supramolecular association.
The average relaxation time of a stretched exponential can be

calculated as

〈τl〉=
∫

∞

0
e−(

t
τl
)β

dt =
τl

β
Γ(

1
β
) (11)

where Γ(x) represents the gamma function.
The NSE results of the average relaxation time are generally in

good agreement with the values obtained from the AMATERAS
data; however, away from the main peak, the contribution of
the incoherent scattering to the ToF data cannot be neglected
(whereas on NSE, the weight of the incoherent contribution is
reduced by a factor of 3 and the coherent scattering contribution
is dominant). This occurrence prevents the use of the AMATERAS
data to probe the dynamics of the pre-peak as temperature is de-
creased.

TA ≈ 199 K

Ea2 = 18.6 ± 0.8 kJ/mol

Ea1 = 17.0 ± 0.8 kJ/mol

Fig. 9 Average relaxation time measured by QENS measurements at
temperature ranging from liquid state to supercooled liquid state. The
fits of the QENS data at the main peak and the non-scan data at the
pre-peak are shown as the dash lines. Data at the pre-peak measured
using scan mode are shifted to the fitting curve by imposing consistency
with the measurements measured at a stationary temperature as detailed
in Figure S760.

The comparison between the average relaxation times mea-
sured at the pre-peak and main peak is shown in Figure 9, as
a function of temperature. At the main peak, we observe a
super Arrhenius behavior, with an Arrhenius crossover temper-
ature TA ≈ 199 K below which the temperature dependence of
the relaxation time starts to deviate from the Arrhenius relation.
The crossover indicates the emergence of cooperativity and dy-
namical heterogeneity83,84. The relaxation process at the main
peak, as discussed above, is related with the structural relaxation.
At high temperature, free diffusion predominates the dynamics,
which is characterized by an Arrhenius dependence of the trans-
port properties. As the temperature decreases below TA, the cage
formed by the nearest neighbors can endure hundreds of vibra-
tional periods without breaking. In this way, the dynamic hetero-
geneity generated by the uneven local environments manifests
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as a non-Arrhenius temperature dependence of transport proper-
ties. By fitting the relaxation time within the temperature range
above TA, we can obtain the corresponding activation energy as
Ea1 = (17.0±0.8) kJ/mol.

In contrast, the relaxation time at the structure factor pre-
peak, where the dynamics is dominated by the disassociation and
re-formation of the supramolecular clusters, exhibits an Arrhe-
nius temperature dependence in the whole temperature range
probed in our experiments, down to 173 K, which corresponds to
T/Tm ≈ 0.94. The activation energy is measured, using only the
measurements performed at temperature equilibrium (no scan)
to be Ea2 = (18.6±0.8) kJ/mol, which is larger than the activation
energy at the main peak and approximates the activation energy
of the viscosity as Eη = (21.2± 0.1) kJ/mol (see Figure S960). ‡

This demonstrates the relevance of H-bonded associates in deter-
mining the transport properties of 2-propanol. In fact, the Kubo-
Green theory states that the steady-state shear viscosity of liquids
is given by the time correlation function of shear stress which,
within the site-site Mode Coupling Theory (MCT), can be approxi-
mated by the partial intermediate scattering function. Thus, it has
been shown that the dynamics at the pre-peak affects the viscos-
ity of a liquid. The contribution of mesoscale structure to the vis-
cosity was observed in the case of methanol24 and dodecanol26,
without any investigation of its temperature dependence. It is
noteworthy, therefore, that in 2-propanol the dynamics of the H-
bonded associates approximates the temperature dependence of
the transport properties.

As far as the glassy behavior of 2-propanol is concerned, in the
liquid state, the viscosity of 2-propanol follows an Arrhenius be-
havior, however, an Angell plot (see Figure S960) clearly indicates
that it is a rather fragile liquid and that a markedly non-Arrhenius
behavior appears in the supercooled state. As temperature is low-
ered, the structural relaxation observed at the main peak deviates
from the Arrhenius behavior approaching the timescale of the as-
sociates as probed at the pre-peak. As the dynamic cooperativity
sets in, the distinction between the dynamics of the H-bonded
associates and of the individual molecules tends to vanish.

As mentioned in the introduction, monohydroxy alcohols ex-
hibit a rich dynamic landscape with multiple relaxation processes.
The average relaxation times obtained by our investigation using
neutron scattering can be compared with the results of dielectric
spectroscopy measurements by Murthy and Nayak15 and by Sato
and Buchner85, as shown in Figure S1060. At room temperature
at least four relaxation processes have been identified by Dielec-
tric Relaxation (DR) spectroscopy. The dynamics at the main peak
is slightly faster but has a similar time scale to the γ process iden-
tified by Murthy and Nayak15 and τ2 relaxation time reported by
Sato and Buchner85. The dynamics of the H-bonded associates
probed at the pre-peak by neutron scattering has similar time
scale to the α2 process identified by Murthy and Nayak15 and τ1

‡ It would be interesting at this point to compare our results with the Maxwell time,
τMaxwell =η/G∞, G∞ being the high-frequency shear modulus. However, to the best of
our knowledge, G∞ has not been determined for 2-propanol. To provide the reader
with a point of reference, we report τMaxwell ≈ 94 ps at 228 K using the G∞ value for
1-propanol 43.

relaxation time reported by Sato and Buchner.85 Thus, the neu-
tron scattering results indicate the microscopic origin of these dy-
namic processes observed by DR and provides indication of their
temperature dependence, which had not been reported in the
temperature between ≈ 270 K and ≈ 145 K. The emerging pic-
ture is consistent with the Transient Chain Model (TCM)32 which
describes three possible relaxation mechanisms for chain forming
H-bonding alcohols: i) the acyl chain dynamics, in most cases
coinciding with the α relaxation; ii) the breaking of H-bonding
associates, at intermediate time scales, which can be probed by
Nuclear Magnetic Relaxation (NMR) techniques; iii) and the re-
orientation of the H-bonding associates, which is at the origin
of the Debye relaxation process in alcohols. Within this scenario,
neutron scattering studies on 1-propanol21 and methanol22,23 in-
dicate that the structural relaxation observed at the main peak
matches the α relaxation observed with DR, whereas the dynam-
ics at the pre-peak is associated to the breaking and formation of
the H-bonding associates.

However, a noteworthy variation, not previously observed, is
the difference in the temperature dependence of the associate dy-
namics from the structural relaxation. Previous spectroscopic re-
sults on 1-propanol21,86 and n-butanol32 indicate a similar tem-
perature dependence of the structural relaxation and the asso-
ciates’ dynamics. In fact, within the TCM the associates dynamics
has the same time scale as the structural relaxation multiplied by
the number of molecules in the associates.32 The present data
differ from this behavior; whereas our simulations indicate an
increase of the number of associated molecules as the temper-
ature decreases, the NSE data show that the timescales of the
dynamics at the pre-peak and the main peak approach each other
as temperature is lowered. Such behavior is attributed to the
structural coupling between the hydrophobic and H-bonded do-
mains as temperature is lowered; in fact, as discussed above, Fig-
ure 5 demonstrates an increasing negative correlation between
the propyl and hydroxyl group as well as an increased structuring
across propyl groups with decreasing temperature. The origin of
the difference with the behavior reported for 1-propanol21 and n-
butanol32 could be due to the difference in the dynamics probed
by neutron scattering and NMR techniques, which could mani-
fest itself in the supercooled temperature region. Alternatively,
the differing behavior could be due to the presence of ring and
tree like structures in 2-propanol. Further investigation of other
mono-hydroxy alcohols in the supercooled region using various
spectroscopy techniques, including neutron scattering, would be
needed to address this question.

It is noteworthy that, around the glass transition temperature
at T = 120 K, the measured normalized ISF at the pre-peak takes
a time independent value of ≈ 0.6 (whereas at the main peak
approximates unity), indicating the presence of fast relaxation
processes outside the measured window. The long time relax-
ation process measured at the pre-peak was characterized by an
amplitude of A′′ = 0.43, which indicates that the fast relaxation
process (whose tail is observed at short times in the NSE mea-
surements) has an amplitude of ≈ 0.2; this process becomes too
slow to be clearly observed in the NSE time window at 120 K.
Whether, at temperatures below the ones investigated here, the

10 | 1–14Journal Name, [year], [vol.],

Page 10 of 14Physical Chemistry Chemical Physics



dynamics at the pre-peak transitions to a super-Arrhenius behav-
ior and whether a merging of different relaxation processes takes
place are interesting open question. These points could be inves-
tigated by extending the temperature and time range, but that is
infeasible with current instrument capabilities.

3.2.2 Molecular dynamics simulation

As a complement to the neutron scattering measurements, MD
simulations can provide further microscopic insights on both the
local structure relaxation and the dynamics of the supramolecular
clusters.

(a)

(b)

Fig. 10 (a) Collective intermediate scattering function at the main peak
(solid lines) and hydrogen bond autocorrelation function (dash lines) of
2-propanol from 200 K to 280 K calculated from MD simulations. (b)
Local structural relaxation times (blue dots) as the collective interme-
diate scattering function decays to 1/e, and, average relaxation time of
supramolecular clusters (red diamonds) obtained by fitting the slower
segments hydrogen bond autocorrelation functions with a stretched ex-
ponential function and using Equation 11, as functions of inverse tem-
perature.

The local structural relaxation in simulations can be charac-
terized by the collective ISF at the main peak as the solid lines

in Figure 10(a) demonstrates. Although the MD simulation does
not match the QENS measurements quantitatively due to the uti-
lization of a generic force field, the collective ISFs clearly show
a similar two-step decay process corresponding to the relaxation
model used to analyze the experimental data above. To character-
ize the dynamics of the H-bonded associates, we also calculated
the hydrogen bond aurocorrelation function shown as the dash
lines in Figure 10(a) defined as87

CH−bond(t) =

〈
∑

N
i, j=1 hi, j(0)hi, j(t)

∑
N
i, j=1 h2

i, j(0)

〉
(12)

where N is the total number of molecules in the system and
the Boolean function hi, j(t) indicates the existence of hydrogen
bond between molecules, which, is equal to 1 if the i-th and j-th
molecules form a hydrogen bond at time t and equal to 0 other-
wise.

The decay of the hydrogen bond autocorrelation function is ob-
viously much slower than the corresponding ISF, indicating a de-
coupling between the local structural relaxation and the involve-
ment of the supramolecular clusters. In fact, the characteristic re-
laxation time of the supramolecular clusters can be directly com-
pared with the local structural relaxation time. We extracted the
local structural relaxation time as the time needed for I(Q, t) at
the main peak to decay to 1/e.57 The average relaxation time of
supramolecular clusters was obtained by fitting the slower seg-
ments of the hydrogen bond autocorrelation functions with a
stretched exponential function. As Figure 10(b) shows, the re-
laxation time of the clusters largely exceeds the local structural
relaxation time. Since the local structural relaxation does not
necessarily involve the breaks of hydrogen bonds, one cluster can
diffuse, rotate, and deform which only contributes to the struc-
tural relaxation. However, as temperature lowers, i) the density
increases as indicated by the shift towards higher Q values of both
the pre-peak and the main peak, and, ii) the H-bond network be-
comes more and more persistent due to the increased number of
large clusters, which results in a stronger coupling between the
hydrophobic and H-bonded domains. These observations are put
in evidence by the strengthening of the feature observed in cor-
respondence of the Q value of the pre-peak in the cross-term of
the partial structure factor (between the hydroxyl groups and the
remaining of the 2-propanol molecule). A consistent explanation
is that the structural relaxation increasingly happens only if it is
facilitated by a breaking of the H-bond network.

4 Conclusions

In this work, using combined QENS and NSE neutron scattering
techniques and the support of MD simulations, we have inves-
tigated the molecular dynamics of a model H-bonding liquid 2-
propanol. The combined measurements and simulations of a se-
ries of samples differing for their deuteration scheme has brought
to light how as temperature is lowered an increasing structur-
ing of the hydrophobic domains around the sprawling H-bond
network takes place. The structural relaxation and the dynam-
ics of the H-bonding associates was investigated experimentally
measuring the relaxation time at the main peak and at the pre-
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peak. The formation and disgregation of the H-bond associates is
a process slower than the structural relaxation, which affects the
temperature dependence of the viscosity. Such process remains
Arrhenius even (at least just) below the melting temperature in
the supercooled state. On the other hand, the structural relax-
ation measured at the main peak shows a super-Arrhenius tem-
perature dependence already in the liquid state on approaching
the melting temperature. We speculate that the increased struc-
tural coupling between the hydrophobic and H-bonded domains
originates the acceleration in the slowing down of the dynamics
as temperature is lowered. These results highlight how different
structures, over different length scales, might play a more or less
relevant role at various temperatures in determining the behavior
of an amorphous system.
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