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The structure of liquid 1-propanol is investigated as a function of temperature using neutron diffrac-
tion together with Empirical Potential Structure Refinement modelling. The combined diffraction and
computer modelling analysis demonstrates that propanol molecules form hydrogen bonded clusters
with a relatively wide size distribution, which broadens at lower temperatures. We find that the clus-
ter size distribution is well described by a recently proposed statistical model for branched H-bonded
networks [P. Sillrén, J. Bielecki, J. Mattsson, L. Borjesson, and A. Matic, J. Chem. Phys. 136, 094514
(2012)]. The average cluster size increases from ~3 to 7 molecules, whilst the standard deviation of
the size distribution increases from 3.3 to 8.5 as the temperature is decreased from 293 to 155 K. The
clusters are slightly branched, with a higher degree of branching towards lower temperatures. An
analysis of the cluster gyration tensor (R,,,) reveals an average elongated ellipsoidal shape with axes
having proportions 1:1.4:1.9. We find that the average radius of gyration has a cluster size dependence
consistent with that of fractal clusters, Ry & n"P_ with a fractal dimension D & 2.20, which is close to
D = 2.00 expected for an ideal random walk or D = 2.11 expected for reaction limited aggregation.
The characteristic angles between the H-bonded OH-groups that constitute the clusters show only
a weak temperature dependence with O—H- - -O angles becoming more narrowly distributed around

180° at lower temperatures. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4807863]

. INTRODUCTION

Hydrogen bonding has a strong influence on the proper-
ties of molecular liquids. One example is the large increase
in the boiling and melting points of alcohols compared to
their alkane analogs. Hydrogen bonding also contributes to
complex thermodynamic behaviour, exemplified for instance
by the anomalous properties of water.'~> The hydrogen of an
OH-group can form a hydrogen bond (H-bond) with the oxy-
gen of a neighbouring OH-group. Each such hydrogen can
participate in zero or one H-bond and each oxygen has two
lone electrons pairs that can participate in zero, one or two
H-bonds. This leads to the formation of a network structure
of OH-groups in hydrogen bonded liquids. The strength of
a typical H-bond is ~10kgT at room temperature, intermedi-
ate between that of the stronger covalent bond and the weaker
van der Waals interaction, leading to a rapid (10712 — 10710 5)
breaking and reforming of H-bonds in the liquid state.* The
intermediate strength of H-bonds also leads to a strong tem-
perature dependence of H-bond networks and thus also of the
corresponding dynamic features related to the H-bond struc-
ture. Thus, a key to understand the properties of hydrogen
bonding liquids is to describe the structure of the hydrogen
bonded network and their temperature dependence.

While H-bonds are playing important roles in a wide va-
riety of materials based on complex chemistries, such as bio-
logical macromolecules or supramolecular systems, the much
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simpler mono-hydroxy alcohols provide excellent model sys-
tems since the length of the alkyl part of the molecule and
thus the H-bond density can be systematically controlled. The
structure of alcohols has been investigated by experimental
techniques such as X-ray and neutron diffraction,>'? vibra-
tional spectroscopy,''”!* and NMR.'% !5 In fact, one of the
first X-ray diffraction studies on liquids was performed on
mono-hydroxy alcohols.'® An interesting feature found in X-
ray studies on mono-alcohols is the existence of a pre-peak in
the structure factor, F(Q), which has been suggested to be re-
lated to structural correlations in the H-bonded network.'%-1¢
This peak is found to move to lower momentum transfer val-
ues with increasing number of carbons in the backbone of
the molecule suggesting an increase in the correlation length
within the H-bond network. Computer simulations are also
often used to aid the analysis of diffraction data, providing
real space configurations so that the H-bonded structures can
be analysed in detail >~ 172

Despite the large interest and many performed studies
no clear picture has yet emerged concerning the structure
and topology of H-bonded networks in mono-hydroxy alco-
hols. The structures proposed in the literature range from ring
structures, with a fixed number of 4-8 molecules in each
cluster,2'=% to more elongated, sometimes branched, chain-
type structures.® 8 11:12.14.19,20.26-38 The ack of a widely ac-
cepted structural model for mono-hydroxy alcohols clearly
motivates further investigations.

To address this, we here study the mono-hydroxy
alcohol 1-propanol, C;H;OH, which has a back-bone
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FIG. 1. A 1-propanol-D7 molecule with the carbons labeled C, the deuterium
atoms labeled D, the oxygen O, and the hydrogen H.

consisting of three carbon atoms together with one hydroxyl
(OH-) group, as shown in Fig. 1. Previously, the structure of
liquid 1-propanol has been investigated using X-ray and neu-
tron diffraction,?®?* often combined with analysis techniques
based on Reverse Monte Carlo (RMC), molecular dynamics,
or Monte Carlo computer simulations.>® The H-bonded clus-
ters are typically described as consisting of chain and/or ring
structures with different size distributions. With the exception
of one early X-ray study® and a study of the glassy and crys-
talline states,”’ previous studies have all focused on the struc-
ture at ambient temperatures. In contrast, studies of the dy-
namics in monohydroxy alcohols are often performed over a
wide temperature range to characterise the detailed behaviour
of various relaxation processes.**** To properly correlate dy-
namics and structure, the temperature dependent structure has
to be determined.

We here present results on the temperature dependence of
the liquid structure, as obtained from neutron diffraction com-
bined with EPSR (Empirical Potential Structure Refinement)
simulations. The EPSR technique, which in contrast to RMC,
uses a priori information about the molecular structure and
interactions has been previously used together with diffrac-
tion data from other alcohols, such as methanol,? tertiary
butanol,” and glycerol,'® as well as water.*> From our com-
bined experimental and simulation study, we extract temper-
ature dependent information on the topology, size, and shape
of the H-bonded clusters. We quantify the cluster properties in
terms of bonding probabilities, H-bonding angles within the
clusters, principal components of the gyration tensor of the
clusters, and the average radius of gyration (R,). We find that
the cluster size distributions are well described by a recently
proposed tree-model?® for hydrogen bonded clusters.

II. EXPERIMENTAL AND COMPUTATIONAL METHODS
A. Neutron diffraction

Neutron diffraction experiments were performed on 1-
propanol-D7 (CD3-CD,-CD,-OH) at 155, 225, and 293 K,
using the NIMROD diffractometer on the second target sta-
tion of the ISIS spallation neutron source, UK.*® The outcome
of the experiment is the total interference function, shown in
Fig. 2, and given by

F(Q) =) cuCpbabl(Sup(Q) — 1), (1)
«p
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FIG. 2. (Top) Experimental total interference functions (circles) together
with interference functions from the EPSR simulations (lines) at 155 K,
225 K, and 293 K. The solid vertical line marks the position of the main peak
at 225 K. (Bottom) Experimental total interference functions plotted without
a vertical shift for easier comparison between different temperatures: 155 K
(solid blue), 225 K (dashed purple), and 293 K (dotted red). The solid vertical
line marks the position of the main peak at 225 K, whereas the dashed line
indicates the position of the pre-peak.

where ¢, is the concentration of atomic species «, b, is the
neutron scattering length of species «, and Sy, g(Q) is the par-
tial structure factor of species « and 8.

The sample was contained in a flat TiZr cell (1 mm wall
thickness and 1 mm sample thickness). The data were cor-
rected for cell and instrument backgrounds, absorption and
multiple scattering, and were normalised to absolute units us-
ing the scattering from a vanadium standard. The contribu-
tion from inelastic scattering, primarily due to hydrogen, was
modelled as a short ranged single exponential, and subtracted
from the total interference function, F(Q). The data reduction
and corrections were performed using the GudrunN software
package (March 2012 version).*’

1-Propanol-D7 (see Figure 1) was purchased from Cam-
bridge Isotope Laboratories and used without further process-
ing. The degree of deuteration was specified by the manufac-
turer to more than 98%.
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TABLE 1. Equilibrium bond lengths, bond angles, and Lennard-Jones pa-
rameters, masses, and Coulomb charges defining the reference potentials
used in the simulations. Cc is the central carbon atom. The values are taken
from the OPLS-AA force field.*->°

Bond Length (A)
Cc-C 1.529
C-D 1.090
c-0 1.410
O-H 0.945
Bond Angle
C-C-C 112.7°
C-C-D 110.7°
C-C-0 109.5°
D-C-D 107.8°
D-C-O 109.5°
C-O-H 108.5°
Atom type & (kJ/mol) o (A) m (a.m.u.) qle
C 0.276 3.50 12.0 —0.180
Cc 0.276 3.50 12.0 —0.120
Co 0.276 3.50 12.0 0.145
D 0.126 2.50 2.00 0.060
(0] 0.711 3.12 16.0 —0.683
H 0 0 1.01 0.418
B. EPSR

EPSR is a computational Monte Carlo method that min-
imises the difference between measured and simulated struc-
ture factors by iteratively refining the intermolecular poten-
tial used in the simulation.”® The EPSR method starts from
physically plausible intra- and inter-molecular force fields,
and tunes the intermolecular potential in order to minimise the
difference between the calculated and experimental structure
factors. The resulting structure is compatible with the mea-
sured structure factor and is physically sound from an ener-
getic point of view.

For our simulations, we used 2100 molecules within a cu-
bic box with periodic boundary conditions. The number den-
sities were calculated by linear extrapolation between the den-
sities of the two nearest temperatures, as reported in Ref. 48.
For 155 K, we used a density of p = 0.1104 atoms/A—3, for
225 K we used p = 0.1032 atoms/;\’3, and for 293 we used
o = 0.0967 atoms/A=3. The intramolecular bond lengths and
bond angles, as well as the reference intermolecular potential,
were taken from the OPLS-AA force field,**>° and are listed
in Table I. Even though the intramolecular bonds are flexible,
the average bond lengths and angles do not change signifi-
cantly (<2%) during the simulation.

Ill. RESULTS AND DISCUSSION
A. Molecule conformations

The molecular conformation of 1-propanol can be char-
acterised by the equilibrium values of dihedral angles involv-
ing four atoms. The dihedral angle, ¢, between four atoms
labeled 1-2-3-4, is illustrated in Figure 3. For the dihedral an-
gles involving C—C—C-0O and C—C-0O-H, there are five com-
binations, (60°, 60°), (60°, 180°), (180°, —60°), (180°,180°),
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FIG. 3. (Left) The dihedral angle, ¢, between atoms 1-2-3-4 is the angle
between the plane spanned by 1-2-3 and the plane spanned by 2-3-4. (Right)
C—C—C-0 and C-C-O-H dihedral angles used in the EPSR simulation.

and (60°, —60°) that have approximately the same intramolec-
ular energy.*

To determine the optimal combination of conforma-
tions, we first simulated each of the five conformations
separately to obtain the corresponding structure factors,
Fy = Fooe,—60:(Q), Fpp = For,180:(Q),  Fe = Fisoe,—60°(Q),
Fy = Fiso0,180°(Q), and F, = Fepe,60-(Q). Subsequently we
minimised the difference (in a minimum square sense) be-
tween the measured structure factor, F(Q) and the linear com-
bination of the five simulated structure factors,

A= / (F(Q)—aF,—bF,—cF.—dF; —eF,)*dQ,

0>1.75 A-1

under the constrainta+b+c+d+e=1for Q > 1.75 AL
where the structure factors are dominated by intramolecular
correlations. The best fit was obtained for a = 0.32, b = 0.13,
¢ =0.51,d = 0.04, and ¢ = 0.00. The three conformations
a, b, and ¢ have mirror conformations with dihedrals (—60,
60), (=60, 180), (180, —60). Since these should occur with
the same probability as their mirrored counterparts, the com-
bination of conformations consists of 7 conformations with
proportions ax = 0.16, by = 0.065, cx. = 0.255, d = 0.04.

The distribution of dihedral angles averaged over the pro-
duction runs of the EPSR simulation is found in Figure 4. We
note that the C—C—C-O dihedral angle is largely unaffected by
temperature. For the C—-C—O-H dihedral angle, on the other
hand, angles between 80° < |¢| < 160° are more favoured at
lower temperatures.

B. Intermolecular structure

Figure 2 shows the total interference functions F(Q) ob-
tained from experiments and simulations. For all three tem-
peratures, we find a good agreement between the experiment
and the simulation. The main peak in F(Q) is found at O,
= 1.40 A" and distinct peaks can also be observed around
3,7, and 13 A~ The pre-peak, which is clearly seen in X-
ray diffraction experiments'® at Q ~ 0.75 A~!, only shows
up as a weak shoulder in the neutron data, see Figure 2,
which becomes more pronounced for lower temperatures. The
main peak is mainly related to intermolecular correlations and
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FIG. 4. (Top) C—C—C-O dihedral angle distribution. (Bottom) C—-C-O-H
dihedral angle distribution. Solid blue lines represent 155 K, dashed purple
lines 225 K, and red dotted lines 293 K.

shifts to slightly larger Q-values with decreasing temperature,
0, =143 A~' at 225 K and 1.47 A~! at 155 K. The shift
of the main peak can be attributed to the temperature induced
density change discussed in Sec. II B. There is also a change
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in the region 2 A~! < 0 <4 A~', corresponding to typi-
cal H-bonding distances, 1.57 A < 27/Q < 3.14 A, with a
small increase in the amplitude at lower temperatures.

From the EPSR simulations, we extract the partial struc-
ture factors and analyse their individual contributions to dif-
ferent regions in the interference function. In Figure 5, we
show the intermolecular partial structure factors, obtained
by subtracting the intramolecular contribution to the total
partial structure factors, to highlight correlations between
molecules. The main peak of F(Q) clearly originates from
the correlations between carbon atoms in one molecule and
carbon, oxygen, and hydrogen atoms in other molecules. As
shown in Figure 5, the largest temperature effects are found
in structure factors involving O and H atoms. As these par-
tials are directly related to the structure of the hydrogen bond
network, it is clear that these structures change as a func-
tion of temperature. Also the pre-peak is strongly related to
these partial structure factors (Figure 5, top frame), provid-
ing a strong link between the pre-peak and the characteris-
tic length scales of the hydrogen bonded structures, discussed
further in Sec. III C. The other partial structure factors have
a negative contribution in this region. We thus conclude that
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FIG. 5. Partial intermolecular structure factors, S(if_‘gr(Q) calculated from the EPSR simulations for the three temperatures 155 K (solid blue), 225 K (dashed

purple), and 293 K (dotted red). The curves have been shifted vertically, with
for clarity. The dashed line in the upper frame highlights the contributions to
contributions to the main peak.

respect to each other, by 5 units in the lower frame and 7 units in the upper frame,
the pre-peak in F(Q), while the solid vertical line in the lower frame highlights the
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FIG. 6. Partial intermolecular radial distribution functions, g[ix‘f‘gr(r) calculated from the EPSR simulations for the three temperatures 155 K (solid blue),
225 K (dashed purple), and 293 K (dotted red). The curves have been shifted vertically, by 1 unit in the lower frame and 6 units in the upper frame, for clarity.
An H-bond is defined as two molecules having an intermolecular OH-distance less than 2.4 A. This distance is marked by a vertical line in the upper frame.

the absence of a distinct pre-peak in the neutron data is a con-
sequence of the weighting of the partial structure factors in
the neutron diffraction experiment, see Eq. (1). We also find
that the partial structure factors involving the O and H atoms
grow in intensity with decreasing temperature in the pre-peak
region.

The partial intermolecular radial distribution functions

inter

8q.5 (r), are shown in Figure 6. The typical H- - -H distance
is found to be 2.4 A, the typical O- - -H distance 1.8 A, and
the typical O- - -O distance 2.8 A. With decreasing tempera-
ture the first peaks in the partial radial distribution functions
become more well defined (sharper) even though the positions
of the peaks do not change with temperature.

C. Hydrogen bonding in liquid 1-propanol
1. Cluster sizes

Using the obtained EPSR-configurations, hydrogen
bonded structures in the liquid can be analysed and charac-

terized in terms of size, shape, and topology. To define H-
bonding, we use a simple maximum-distance criterion, where

the distance between an oxygen atom and an H-bonded hy-
drogen is required to be less than 2.4 A. The same distance
criterion has previously been used to define hydrogen bond-
ing in liquid methanol.?® It roughly represents the first min-
imum in the partial intermolecular pair distribution function
gg‘f_fr(r), as seen in Figure 6. The IUPAC definition of an H-
bond>! also contains an angle constraint on the H-bond: the
O-H—O angle should preferably be above 110°. As can be
seen in the top frame of Figure 10, our distance criterion re-
sults in a negligible fraction of O-H-O angles below 130°.

Figure 7 shows the cluster size distributions, as well as
the weighted cluster size distributions determined from the
EPSR configurations. While the cluster size distribution r(n)
gives the proportion of clusters of a specific size, the weighted
cluster size distribution, R(n) ocn x r(n), gives the proportion
of molecules residing in clusters of a specific size. The aver-
age cluster size (n) is defined through

(n) = _nrn), )
n=1

and the average weighted cluster size, i.e., the average clus-
ter size a randomly chosen molecule belongs to, is defined
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FIG. 7. (Left) Cluster size distributions, r(rn). (Right) Weighted cluster size
distributions, R(n). Solid lines show the distributions of the tree model?® ob-
tained by requiring them to have the same mean and variance as the cluster
size distributions from the simulations, which are shown as bars.

through

n 1n r(n)
n 1nr(n)

)k = ZnR(n)

We find that the average cluster size is fairly small, (n) =3.3
at 293 K. However, the distribution is rather wide, and we note
that 90% of the molecules are in clusters containing less than
14 molecules. It is clear that with decreasing temperature the
width of the distributions increases considerably. The aver-
age cluster sizes, (n) and (n)g, for the three temperatures are
reported in Table II. We note that the average cluster sizes
more than doubles when going from 293 K to 155 K. At
225 K, 90% of the molecules are in clusters containing less
than 24 monomers, and at 155 K, 90% are in clusters contain-
ing less than 39 monomers. The increased H-bonding at lower

3

TABLE II. Average cluster sizes, (n), average sizes of the cluster a ran-
domly chosen OH-group belongs to, (n)r, and bonding probabilities p4 and
pp obtained by requiring the model distributions to have the same mean and
variance as the cluster size distributions from the simulations. The values of
pa and pp calculated directly from the EPSR configurations are shown within
parentheses, and were obtained by counting the fraction of oxygens with one
(fi = pa(l — pp)) or two (fo = papp). H-bonds. R, is the clusters’ average
radius of gyration, fioop is the fraction of OH-groups in closed loops, and
(n)100p is the average loop size. A Hy,p denotes the heat of vaporisation.

155K 225K 293K
(n) 6.88 473 321

(g 17.37 10.8 6.54

Pa 0.806 (0.786) 0.736 (0.737) 0.634 (0.659)
B 0.060 (0.095) 0.072 (0.080) 0.085 (0.064)
(Ry) 448 3.80 323

Fioop 0.08 0.06 0.05

(M)100p 4.90 452 4.19

AHyy 60.9 53.8 47.9

J. Chem. Phys. 138, 214501 (2013)

temperatures is also reflected in the increased heat of vapori-
sation, A Hyqp, also reported in Table II, which increases from
47.9 to 60.9 in going from 293 to 155 K. The experimental
value at 298 K is 47.3 kJ/mol.*’

In Figure 7, we compare the results of the EPSR-
simulations to our recently proposed statistical tree model for
alcohols.?® This model uses two parameters to describe the
two bonding sites on the oxygen; p4 is the probability of form-
ing a first bond between a given oxygen and a hydrogen atom
on a neighbouring molecule and pg is the conditional prob-
ability of forming a second H-bond, given that a first bond
already exists. These probabilities are related to the first two
moments of the distribution, (1) and (n?), through,’®

1
n) = —————— “)
— PA — PADB

and
(n*) = —(n) +2(1 — pa)(n)°. S

Figure 7 shows the model distributions found by us-
ing Eqgs. (4) and (5), requiring them to have the same mean
and variance as the distributions from the simulations. Even
though 5%-8% of the OH-groups are found in closed loops,>?
not accounted for by the tree model, the overall cluster size
distributions are in good agreement with the model. The loops
are either rings or parts of larger lasso-shaped clusters. By re-
moving the 1%-2% of the OH-bonds that are “closing the
loops,” all the clusters would have the topology described by
the tree model.

The bonding probabilities can also be directly determined
from the EPSR configurations by counting the fraction of
oxygens with one (fj = pa(1 — pp)) or two (f, = papp) H-
bonds. The bonding probabilities p4 and pg thus obtained,
together with the probabilities from fitting the tree model to
the EPSR cluster size distribution are summarized in Table II.
From these parameters, we conclude that the OH-bonded
clusters are not linear chains but are slightly branched, with pp
ranging between 0.06 and 0.095. We also note that the prob-
ability of obtaining a first hydrogen bond p, increases with
decreasing temperature leading to a decrease in the fraction
of monomers (1 — p,4) at lower temperatures. An increase of
the branching probability pg with decreasing temperature is
found from the EPSR configurations, but the opposite trend is
obtained from fitting the tree model to the cluster size distri-
bution. This discrepancy might be caused by the presence of
lasso-shaped clusters in the EPSR configurations. Such lasso-
shaped clusters contribute to f,, the fraction of oxygens H-
bonded to two hydrogens without contributing to an increase
of the average cluster size, otherwise implied by an increase
in f>. The tree model estimate of pp that is based on the
average cluster size will thus be smaller than the real branch-
ing probability. However, we conclude that the overall agree-
ment between the cluster size distributions obtained from the
tree model and from the EPSR configurations provides sup-
port for the model’s assumption of cluster size independent
bonding probabilities.?
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FIG. 8. Box plots of the principal components, 7| (blue), , (green), and r3
(red), of the gyration tensor, R, ,, as well as the radius of gyration R, (black),
calculated from the H-bonded propanol clusters at 155 K. Lines inside the
boxes represent medians, box edges represent the 25th and 75th percentiles,
and the whiskers show minimum and maximum values. The solid curves are
power-law fits of the medians, see text for details.

The shape of the H-bonded clusters can be further anal-
ysed by calculating their gyration tensor

Z r(l) (l)_ (6)

The eigenvalues ry, r,, and r3, of the gyration tensor for the
configuration at 155 K are plotted in Figure 8. The ratios of
the principal components, r;:7,:r3, obtained from fitting the
individual components with power laws, r; = An"P, is found
to be 1:1.4:1.9. The fact that the ratios are different from one
shows that the clusters are not spherical and need to be char-
acterised by three different lengths. For clarity, only the prin-
cipal components for 7 = 155 K are shown in Figure 8, but
the principal components show very little temperature depen-
dence for fixed cluster sizes, i.e., the only difference is that
for lower temperatures, the calculated principal components
extend to larger cluster sizes, n. Figure 8 also shows the ra-

mn—

dius of gyration, R, = ,/r} + r3 + r3, as a function of clus-
ter size. To extract the fractal dimension D of the clusters,
the radius of gyration medians have also been fitted with a
power law, R, = An"P, resulting in A = 2.06 A, and a frac-
tal dimension of, D = 2.20 £ 0.02. This value not far from
D = 2 expected for an ideal random walk and even closer to
the value (D = 2.11) found for reaction limited aggregation.>?
Figure 9 shows the distribution of the radii of gyration, R,, for
the three investigated temperatures. The average radii of gy-
ration, (R,), are listed in Table II. The distributions have one
sharp peak around 1.8 A, which is related to monomers. The
distributions also have a broader asymmetric peak, with aver-
age 5.4 A(155 K), 4.8 A(225 K), and 4.3 A(293 K). From (R,)
we note that the average cluster diameter, also corresponding
to typical cluster-cluster distances, range between 6.5 and
9.0 A. It is interesting to note that this length-scale is similar
to the one giving rise to the pre-peak in the interference func-
tion F(Q). The pre-peak is found at ~0.75 A1 corresponding
to real space distances of ~277/0.75 = 8.4 A.

J. Chem. Phys. 138, 214501 (2013)
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FIG. 9. Distribution of radii of gyration, R, for all H-bonded clusters, and
the temperatures 155 K (blue), 225 K (purple), and 293 K (red).

2. Angles within the H-bonded clusters

To further characterise the OH-bonded clusters, we have
calculated the angles between two neighbouring OH-groups,
the O-H- - -O and H-O- - -H angles, where - - - represents a hy-
drogen bond, as well as the angles between three H-bonded
OH-groups, O---O---O and H- - -H- - -H. The bond angle dis-
tributions from the simulated configurations are shown in
Figure 10. The H-O---H bond angle distribution is cen-
tred around 125°, which is the angle between a corner, the
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FIG. 10. Bond angle distributions for O-H- - -O, H-O- - -H, O- - -O- - -O, and
H---H---H triplets calculated for the different temperatures 155 K (solid
blue), 225 K (dashed purple), and 293 K (dotted red). Blue, purple, and red
curves show bond angle distributions for H-bonded triplets only, while the
green curves also include some non-bonded triplets, see text for details. The
situation is depicted in Figure 11.
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FIG. 11. Tllustration of angles between neighbouring OH-groups. Only the
two angles marked by red, solid arcs should be counted. Counting also the
angles marked by green dashed arcs, results in a spurious peak at 54°, as well
as too much weight to angles close to 180° in the bond angle distribution, as
can be seen in Figure 10.

centre, and the centre point of an edge in a tetrahedron. This
means that the H-bonded hydrogen is on average found right
in between the two oxygen lone pairs. The O---O---O and
the H. - -H- - -H bond angle distributions are shifted about 10°
down and up, respectively, and are centred around approxi-
mately 115° and 135°. These distributions also have shoulders
at approximately 60° and 70°, respectively. The O—H- - -O dis-
tribution, is centred around 180°, i.e., the hydrogen is on av-
erage located on a straight line between the two oxygens. The
O-H- - -O, and the H-O- - -H distributions show the strongest
temperature dependence, both becoming narrower at lower
temperatures.

For comparison with previously published bond angle
distributions in glycerol and in water,>* Figure 10 also shows
the bond angle distributions calculated by the “triangles” pro-
cedure directly available in the EPSR software. This uses
a distance criteria (2.0 A < d < 3.4 A) for the H---H and
O- - -0 distances to decide whether the angles should be in-
cluded in the distribution or not. However, using such a cri-
terion, also angles of triplets that are not directly H-bonded
are included. The situation is illustrated with a sample cluster
from the simulations in Figure 11, where the angles included
in the EPSR bond angle distributions and not directly related
to H-bonding are shown as green dashed arcs.

IV. CONCLUSIONS

Neutron diffraction experiments on 1-propanol-D7 have
been performed and analysed using EPSR simulations. We
find that a mix of four different conformations of propanol,
with different dihedral angles, is needed to correctly repro-
duce the measured interference function.

Our analysis of the configurations obtained from the
EPSR simulations, based on the neutron diffraction data, sup-
ports the idea of branched chains, or tree-like, H-bonded clus-
ters, with a rather broad size distribution. The average cluster
size and the width of the cluster size distribution increases
with decreasing temperature. We emphasise that according
to our results, there is no “typical” cluster size that can be
identified in the structure; in agreement with previous results
on mono-alcohols™!71%2% the fraction of clusters of size n
decreases approximately exponentially with n. Nevertheless,

J. Chem. Phys. 138, 214501 (2013)

average cluster sizes were calculated from the EPSR config-
urations and range from (n) = 3.2 at 293 K, to (n) = 6.8
at 155 K. The mean values of the weighted cluster size dis-
tributions, i.e., the cluster size a randomly chosen molecule
resides in, range from (n)g = 6.5 at 293 K, to (n)gp = 17 at
155 K. As the cluster sizes increase, with decreasing temper-
ature, the fraction of non H-bonded monomers decrease. We
find that the cluster size distributions are well described by
a recently proposed statistical model?® where the topology of
the clusters is related to the bonding probabilities of the two
oxygen lone-pairs. We note however, that a small fraction,
5-8% of the OH-groups are in ring structures not accounted
for by the model.

The results at 293 K are in good agreement with results
by Vrhovsek ez al.® at 298 K. For the cases where they include
data from neutron- and X-ray diffraction, they obtain aver-
age cluster sizes in the range 3—6 molecules. Sahoo et al.?>%>
compared room temperature neutron diffraction data of 1-
propanol to analytically calculated structure factors for four
different scenarios: chains with 3, 4, or 5 molecules and rings
with 6 molecules. They conclude that the hexametric rings
best fit the data. As we have shown here, however, a mix-
ture of (mostly chain-) clusters of different sizes can in fact
reproduce the diffraction data quite well. Another study sup-
porting ring structures,”” was based on comparing calculated
thermodynamic properties, such as heat capacity and heat
of vaporisation for chains, rings, and lasso-shaped clusters.
The maximum cluster sizes considered were, however, not
larger than 8. While the agreement between calculations and
experimental data was the best for rings, the agreement im-
proved for larger chain and lasso structures. From our EPSR
simulations, we find that 27% of the molecules are in clusters
of sizes larger than 8, even at 293 K, highlighting the need to
include also larger cluster sizes when calculating thermody-
namic properties.

The shape of the clusters, as determined by the princi-
pal components of the gyration tensor, can be described as
ellipsoidal with the ratio of the principal axes approaching
1:1.4:1.9 for large cluster sizes n. The average radius of gy-
ration, R,, of the clusters approximately follows a behaviour
with R, o n'220_ The radius of gyration distribution peaks at
approximately 4 A, corresponding to a centre-centre distance
of 8 A. An interesting observation is that the same length
scale comes out from the position of the pre-peak in the partial
structure factors involving H-H, O-H, and O-O correlations.

Finally, the bond angle distributions within the H-
bonded clusters that are related to the approximately tetra-
hedral arrangement of covalently and H-bonded atoms
around the oxygen atoms show only a weak temperature
dependence and slightly straighter O-H- - -O angles at lower
temperatures.
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