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ABSTRACT: Molecular dynamics provides a means to examine
the mechanism of reorientation of hydrogen bond networks that
are present in a range of biological and crystalline materials.
Simulations of hydroxyl reorientation in the six-membered
hydrogen bonded rings in crystalline clathrates of Dianin’s
compound (DC) and hydroquinone (HQ) reveal that in the
clathrate of Dianin’s compound with ethanol (DC:ethanol),
hydroxyl groups perform single independent flips, and occasion-
ally all six hydroxyls in a ring reorient following a sequential
mechanism with participation of the guest ethanol molecule. The
free energy estimated for this process agrees well with experi-
mental results. The simulations suggest that hydroxyl reorienta-
tion occurs in the empty DC lattice as well, but at a higher energy
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cost, from which we conclude that it is the participation of ethanol that lowers the barrier of reorientation. Single independent flips of
hydroxyl groups are observed to be more frequent in the hydroquinone clathrate with methanol (HQ:methanol) than in DC:
ethanol, but reorientation of all six hydroxyls does not occur. This is attributed to the larger difference in energy between the original
and reoriented positions of hydroxyl hydrogen atoms in HQ:methanol compared to DC:ethanol.

B INTRODUCTION

Networks of hydrogen bonds are essential to the structure and
function of biomolecules. They help, for example, to maintain the
structure of a-helices in proteins and stitch together the double
helix of DNA. A curious phenomenon dubbed flip-flop hydrogen
bonding has been observed within rings and chains of hydrogen
bonds made of hydroxyl groups, in which an individual hydrogen
can alternate between hydrogen bonding to two acceptors,
leading to a reversal of the direction of the entire network." Such
flip-flop hydrogen bonds are widely spread having been noted in
hydrated saccharldes, 3 suspected in some proteins® and nu-
cleic acids,® crystals of small molecules of biological importance
(resveratrol® and cholic acid”), as well as in nonblologlcal crystalline
systems (callxarenes and resorcinarenes® '°), alcohols,"' ~? ice
and ice clathrates ' Flip-flop hydrogen bonds generally stabi-
lize the structure®'® and may be responsible for proton transfer
in proteins.'” The mechanism by which the reorientation of the
hydrogen bonds occurs is not fully understood, but two possible
mechanisms are hydrogen exchange and hydroxyl group rota-
tion, and both are expected to happen in a concerted manner,'®"
although a multlstep hypothesis®® or sequential breaking of
hydrogen bonds' have also been suggested. Given the lack of
knowledge in the area and the difficulty in studying the biological
systems, much can be learned from a detailed study of hydrogen
bond rearrangements in one of the simpler situations.

In this study we focus on the example of hydrogen bond
reorientation reported in the six-membered hydrogen bonded
rings of the deuterated clathrate of Dianin’s compound (DC)
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with ethanol (DC:ethanol).** It was found that the six hydroxyl
groups making up the ring perform rotations around the C—O
bonds, thereby changing the direction of the hydrogen bonding
in the ring. Careful analysis of the “"H NMR data ruled out the
possibility of deuterons jumping between the neighboring oxy-
gens. Instead, all six hydroxyls reorient in what the authors referred
to as a concerted manner, meaning that the time it takes the
hydrogens to change sites is short compared with the time they
spend in each of the sites. The authors recognized that rotational
jumps of six hydroxyl groups in concert are a remarkable pheno-
menon, but they also refuted the possibility of totally indepen-
dent jumps, because that would require two hydrogens to stay
very close to each other for a considerable time, something that
was not found in the experiment. Intra- or intermolecular hydrogen
bonded rings are common structural motifs in organic and metal—
organic host systems, and flip-flop hydrogen bonds have been
observed in some of them (calixarenes, resorcinarenes), but not
in the well-studied hydroquinone (HQ) clathrates, that have a
structure similar to that of DC clathrates.

The flip-flop reorientation of hydrogen bonds in DC:ethanol
is also an excellent example of the kind of dynamic process that
can occur in crystals, materials that had Iong been thought of as
nothing other than "chemical cemeteries’.”® The motion of atoms
in crystals has begun to be appreciated through discoveries of the
uptake of gases by seemingly nonporous materials”* > and their
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release without destruction of the crystal lattice,”” *° as well

as porous materials with the ability to transport guest mole-
cules larger than the size of interconnecting windows between
cavities .>**" It is possible that the kind of hydrogen bond
rearrangement described here could be important for enabling
such transport behavior.

Our previous work employing molecular dynamics (MD) to
study dynamics in a range of crystals formed from polar and
nonpolar molecules® suggests that studying a reorientational
process like this with MD simulations is feasible, given its
femtosecond time resolution and the fact that individual atoms
can be observed. Although several molecular dynamics studies
have been reported of clathrates of DC**** and HQ,*>** none
of them has been concerned with hydroxyl reorientations. MD
simulations of hydrogen-bond reorientation in f-cyclodextrin
have been attempted in ref 39, where a good agreement with
experiment was obtained for the number and location of the
hydrogen bonds and even reorientations were observed,
although little detail on the mechanism was given. In another
molecular dynamics study of calixarenes, no evidence of flip-flop
hydrogen bonds was found.** Attempts to model both possible
mechanisms, proton exchange and hydroxyl rotation in calixar-
enes, have been reported in ref 4lusing ab initio methods. The
proton exchange mechanism was found to have a lower barrier
than hydroxyl rotation in vacuum and in a nonpolar solvent;
however, a rotational mechanism could not be excluded in polar
solvents. Here we apply MD to simulate the reorientation of
hydroxyl groups in clathrates of DC and HQ with the aim of
understanding more about the mechanism of hydroxyl reorienta-
tion in DC:ethanol and assessing the possibility of its happening
in HQ clathrates. We also look into the role of the guest molecule
in this rotational process by comparing simulations of the
clathrates and the corresponding empty host lattices (apohosts).

B SIMULATION DETAILS

In contrast with recent simulations reported for host—guest
complexes of calix[4]arenes,*”** where isolated dimers or com-
plexes were tethered, our simulations involve multiple crystal-
lographic unit cells with periodic boundary conditions. The
crystal structure of DC:ethanol at room temperature was taken
from the literature (R3, a = b =26.969 A, ¢ = 10.990 A).** The
unit cell was replicated along the ¢ direction making a supercell of
1 x 1 x 3 unit cells, 26.969 A x 26.969 A x 32.970 A in size,
20767.3 A in volume. Such a simulated cell size should be
enough to adequately describe the dynamics of the system.*”
Since in the crystal structure the coordinates of guest ethanol
molecules were not determined, two ethanol molecules were
arbitrarily placed per cage, and then the system was minimized
and equilibrated for 25 ps at 300 K. As there is no structural
information available for a HQ:ethanol clathrate, for comparison
of the structure with that of DC:ethanol we chose the structure of
HQ:methanol, which has been recently determined at 100 K by
Clausen® (R3,a=b = 16.426 A, c = 5.495 A). The unit cell was
replicated in three dimensions to form 2 X 2 X 6 unit cells, or a
32.852 A x 32.852 A x 32.970 A supercell with a volume of
30815.8 A° .

All simulations were performed at 300 K with periodic
boundary conditions and a constant pressure of 1 bar using the
General Amber Force Field (GAFF),* MD code NAMD,*” and
the PLUMED plugin for free energy calculations.*® GAFF was
chosen because it has previously been shown by us to satisfactorily

model thermal motion in organic crystals and those involving
hydrogen bonds,*” and it is easy to use with complex molecules
such as DC. Some previous modeling studies of HQ have also
used Amber force fields.**** The input files for the structures
were obtained using Antechamber package, * with the AMIBCC
method®”*" used to obtain atomic charges. No modification of
the force field parameters was done. The collective variable biased in
the free energy simulations was a CCOH dihedral angle or a set
of six CCOH dihedral angles belonging to the molecules in one
ring. These angles are described in more detail in the following
section. The parameters of the simulations for different systems
were kept as similar as possible. Parameters used in metadynamics
simulations were the following: Gaussian height 2.0 kcal mol '
(gradually increased for systems other than DC:ethanol), Gauss-
ian width 8.6°, Gaussians were deposited every 1 ps, values of
dihedrals recorded every 50 fs. In umbrella sampling simulations
we used the spring constant of the restraining potential of 30 kcal
mol ™! rad ™ for DC:ethanol and DC, and 40 kcal mol ' rad >
for HQ:methanol and HQ, window width of 10°, and the system
was run for 100 ps in each window.

B STRUCTURE

In clathrates of both DC and HQ six molecules are linked by
hydrogen bonds between their hydroxyl groups, forming a ring
with alternate molecules pointing up or down. These complexes
are stacked on top of each other, forming continuous pores of
joined cages with spaces between the hydrogen-bonded rings. In
clathrates of DC these cages are of approximately hourglass
shape, ~11 A long, and are occupied by two guest molecules,
whereas in clathrates of HQ they are roughly spherical in shape,
~4 A in diameter, and occupied by a single guest (Figure 1).

Throughout this work, to describe reorientations of the
hydroxyl moieties in these molecules, we use CCOH dihedral
angles chosen in such a way that they are close to 0° when oriented
as in the crystal structure and close to 180° after reorientation. As
discussed in detail in ref 22, the equilibrium positions of hydroxyl
groups in the crystal structure represent a balance between (1)
achieving coplanarity with the phenyl ring of the molecule they
belong to, (2) establishing a linear hydrogen bond with the next
oxygen in the ring, and (3) maintaining an optimal COH angle.
Because not all of these conditions can be fully satisfied simulta-
neously, the CCOH dihedrals in the ring are not zero but
alternate between ~12.5° and —12.5° for DC:ethanol and 12°
and —12° in HQ:methanol in the known crystal structures. In
our simulations these dihedral angles average to ~6.5° or —6.5°
and 12.7° or —12.7° respectively, and they fluctuate with a
standard deviation of ~12.5°. Unlike hydroquinone, where the
position of the phenyl ring is determined by the two hydroxyl
groups being involved in hydrogen bonding in different hydro-
gen-bonded rings, the large molecule of DC can allow a better
alignment of its hydroxyl group with the phenyl ring in the simulation.

In this peculiar arrangement of molecules, two directions of
hydroxyl rotation are possible, into a cavity and out of a cavity
(Figure 2). Only rotation into a cavity permits the reorienting
hydroxyl to form a hydrogen bond with the oxygen of the guest
molecule (ethanol or methanol). Due to the alternating orienta-
tions of hydroxyls in the ring, this bond can be formed with the
guest molecule in the cavity on either side of the ring. The value
of the CCOH dihedral for the hydroxyl reorienting into a cavity
can be positive or negative; thus, to distinguish between the
two directions of hydroxyl reorientation without confusing the
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hydroquinone

Figure 1. Visualization of the cavities formed by six molecules in guest-
free HQ and DC. Hydrogen bonds in the six-membered ring are shown
as magenta dashed lines, and the yellow surface is the 0.0003 au
isosurface of the procrystal electron density.*>

reader, further in this work we adjusted the figures in such a way
that a reorientation into a cavity always has a positive sign.
Crystal structures were reproduced well in the simulations,
giving unit cell parameters a = b = 27.065(42) A and ¢ =
11.029(17) A for DC:ethanol, which is 0.35% larger than
experimental values, and a = b = 16.591(19) A, ¢ = 5.550(6) A
for HQ:methanol, which is some 1% larger than experimental
values at 100 K and includes thermal expansion. As described in ref
32, there is no obvious correlation between the direction of change
of the unit cell lengths and the chemical contents of the unit cell.
Thermal motion, assessed using isotropic atomic displace-
ment parameters (ADPs) following a method described previously,*
was underestimated by about a third in the case of DC:ethanol,
and no comparison could be made for HQ:methanol due to
different temperatures of the crystal data and the simulation.

B RESULTS AND DISCUSSION
Dianin’s Compound. Given the experimental enthalpy of

activation of 33.1 &= 1 kJ mol ™~ ',** the reorientation of hydroxyls
is expected to be a rare event, and we only observed one random

Dianin’s compound

Figure 2. Views of the six-membered hydrogen-bonded rings in the
crystal structures of HQ and DC projected down the planes of two of the
phenyl rings in each case; only the phenyl rings of DC are shown for
clarity. It can be seen that the equilibrium CCOH dihedral angles are not
zero and two pathways of reorientation are possible. One can also
imagine approximate reoriented positions of hydrogens and note that the
two hydroxyl orientations are similar for DC, but distinctly different for HQ.

flip of a single hydroxyl in 80 ns of equilibrium simulation. To
speed up the process we performed a metadynamics simulation
where the positions of all six dihedrals were biased. In metady-
namics one or more coordinates (collective variables) are forced
to explore their free energy landscape by a history-dependent
potential made up of a sum of Gaussians, a procedure that speeds
up rare events.” Biasing all six dihedrals at the same time
excludes the possibility that the bias will favor a specific mechan-
ism of reorientation. In this simulation the hydroxyls perform
frequent, independent 180° flips, and occasionally (about SO
times in total within 80 ns) all six of them reorient (Figure 3a)
following a sequential mechanism that also involves the guest
molecule. In this mechanism one reoriented hydroxyl prompts
the neighboring hydroxyl to reorient to avoid close contact
through establishing a hydrogen bond with the guest ethanol
molecule and so on along the ring until all six hydroxyls have
rotated.

To demonstrate that reorientations occur in a sequential
manner, we plot one of the six CCOH dihedrals against that of
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Figure 3. CCOH dihedral angles of a hydrogen-bonded ring of (a) DC:
ethanol, (b) DC, (c) HQ:methanol, and (d) HQ in the first 20 ns of a
simulation where metadynamics is performed on all six dihedrals. The
same metadynamics parameters were used for all four systems: Gaussian
height, 2.0 kcal mol ™ '; Gaussian width, 8.6°; Gaussians are deposited
every 1 ps; and the values of dihedral angles are plotted here with the
same frequency. The coloring of atoms starts from an arbitrarily chosen
first (black) and runs consecutively along the ring (cyan, magenta, green,

red, blue).

a neighboring molecule (Figure 4). This plot shows two com-
monly frequented states: both dihedrals near zero as in the crystal
structure (center of plot) and both reoriented near 180° (corners
of plot), as well as a less commonly sampled state in which only
one hydroxyl reorients. If the hydroxyls reoriented in a concerted
manner, the pathway linking the two most probable regions
would be a straight line from the center to the top left corner of
the plot. If they reoriented totally independently it would be
L-shaped with only horizontal and vertical pathways taken on this
figure. However, the presence of the curved trajectories in
Figure 4 shows that the most common reorientation mechanism
is neither perfectly concerted nor perfectly independent.

Since in this simulation the reorientation starts with a random
flip of one hydroxyl group, to study this process in a more
controlled manner we set up a simulation where one hydroxyl in
the ring is rotated and kept in this position using a harmonic
potential until other hydroxyls in the ring follow. Figure 5 depicts
a number of stages in this simulation. The forcefully rotated
hydroxyl makes the next hydroxyl in the ring (second hydroxyl)
avoid close contact by reorienting toward the ethanol in the
cavity above the ring and forming a hydrogen bond with its
oxygen (0.3 ps). This is a dynamic equilibrium of multiple
hydrogen bonds and, given the large thermal vibrations of atoms
and especially hydrogens at room temperature and the fact that
ethanol molecules can rotate freely in the large cavities of the
clathrate, a moment comes when the second hydroxyl loses the
hydrogen bond with the ethanol and rotates toward the third
hydroxyl in the ring. The third hydroxyl group then reorients into
the cavity below the ring and establishes a hydrogen bond with its
ethanol molecule (4 ps). This process repeats until all hydroxyls
reorient (11 ps).

Two factors facilitate this process: the weakness of the
hydrogen bonds in the ring (with distances between the oxygens
and hydrogens of around 2 A) and the absence of competition for
the same guest molecule. The hydroxyl groups in the six-membered
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Figure 4. Plot of CCOH dihedral angles of molecules number 1 (x axis)
and 2 (y axis) in the ring. One can see that, while the first hydroxyl is in its
initial position around 0, the second hydroxyl can perform random flips.
However, when the first hydroxyl reorients in a random jump, the
second hydroxyl is forced to lean away and reorient. Similar plots are
obtained for any pair of neighboring molecules, demonstrating the
sequential mechanism of reorientation.

ring are directed alternately to different sides of the average plane
passing through the six oxygens, and the ethanol molecules on
both sides of the oxygen ring are, in turn, involved in establishing
hydrogen bonds with the reorienting hydroxyl groups of DC.

Figure 6a plots distances between the hydrogens of the
reorienting hydroxyl groups and the oxygens of the ethanol
molecules during reorientation. There is a clear line at around 2 A
occupied by each molecule in the ring in turn, corresponding to
the hydrogen bond distance. Figure 6b plots on the same time
scale the six CCOH dihedral angles. The sequence of reorienta-
tion is clearly seen. By comparing a and b of Figure 6 it is easy to
see that while the hydroxyl groups rotate they are hydrogen
bonded to the ethanols. For example, during reorientation of the
second dihedral (colored cyan) between 0 and 4 ps, the angle
oscillates around 90°, and at the same time the distance between
the hydroxyl and the oxygen of the ethanol molecule is in the
hydrogen-bonding range. Once the second dihedral has reached
180°, it forces the third dihedral, colored magenta, to move out of
its place and oscillate around 90° until ~8.5 ps. During this time
the distance between its hydrogen and the oxygen of a second
ethanol molecule is in the hydrogen-bonding range.

From the start of the simulation it only takes less than 11 ps for
full reorientation to occur. Thus, the proposed mechanism does
not contradict the experimental findings of ref 22 that the
reorientations happen very quickly and that hydrogens (deuterons)
do not spend any considerable time close to each other. These
findings led the authors of ref 22 to conclude that reorientations
happen in a concerted manner, but they can also be rationalized
with the more complicated sequential mechanism suggested by
molecular dynamics.

We have estimated the free energy barriers to sequential
reorientation of hydroxyls in DC:ethanol. First we estimated
the barrier for a single random flip of a hydrogen. To this end we
performed umbrella sampling on one hydroxyl group of the ring
with other hydroxyls not constrained (labeled barrier 1 in Figure 7).
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8.5 ps

11 ps

Figure 5. (W} Snapshots of a simulation showing different stages of the reorientation process. Hydroxyls reorient following a sequential mechanism that
involves the guest ethanol molecules. Only the phenyl groups of DC are shown for clarity. It is possible to see that the two ethanol molecules are
coordinated in turn. Movie 1 of this simulation is included as a web enhanced object that can be viewed in the HTML.

We excluded the frames where the neighboring hydroxyl has a
dihedral angle greater than 90°. With one hydroxyl rotated, how
hard is it for the second one to rotate? To answer this question,
we kept the first hydroxyl rotated and determined the free energy
for the second hydroxyl to reorient using umbrella sampling.
Again we excluded frames where the third hydroxyl in the ring
rotates beyond 90°; this is barrier 2. Analogously, to assess barrier
3, we kept the first two hydroxyls rotated and biased the position
of the third one using umbrella sampling. Only the frames where
the dihedral angle with the fourth hydroxyl in the ring does not
exceed 90° were used. Figure 7 shows all three barriers.

For the first hydroxyl to reorient, it has to overcome a barrier of
37.2kJ mol ™, and the minimum it reaches is only 2.6 kJ mol
deep. So a hydroxyl can every now and then flip to the other side,
but it is not likely to stay there for long. However, with one
hydroxyl reoriented, the energy it takes for the next one to flip
decreases dramatically and is only 4.1 kJ mol ! Thus the flipping
of the second hydroxyl becomes almost as likely as the return of
the first hydroxyl back to its starting orientation. With two
hydroxyls rotated the third one faces a “barrier” of 1.9 kJ mol .
A similar value of 1.8 k] mol " is also the difference between the
two hydroxyl orientations in our simulations (described later):
the conﬁ(i;uration seen in the crystal structure is favored by ~1.8
k] mol . The preference arises because the three geometric
factors for CCOH dihedrals to deviate from 0° (listed in the
Structure section) can be satisfied better for one position of
hydroxyls (majority site, lower minimum) than for the other
(minority site, higher minimum). The experimental value for the
difference in enthalpy between the two sites is 2.9 k] mol '.**

We also see a clear preference for hydroxyls to reorient via the
inside of a cavity, where hydrogen bonding to the guest ethanol
molecule is possible. For the first barrier the difference in reorient-
ing via two directions is 5.9 kJ mol ', which still does not exclude
reorientations via the outside of the cavity, but makes them less
likely. This can be seen in the metadynamics simulations repre-
sented in Figure 4, where the majority of reorientations happen

via the inside (shown by the high density of points on the left of
the plot linking the two main states), but some happen via the
outside of a cavity (lower density of points on the right of the
plot). The difference in free energy for the two directions of
reorientation is much greater for the second and third hydroxyls
(see barriers 2 and 3 in Figure 7), which makes the pathway via
the inside of a cavity a lot more probable. Thus, the reorientation
of the first hydroxyl is the limiting stage of the full reorientation,
and we can compare the value of its lower free energy barrier
(372 £ 0.1k mol ") to the enthalpy of activation found in the
solid-state NMR experiment (33.1 &= 1 kJ mol ~').*?

We have also estimated the free energy barrier for all six
hydroxyls to reorient together in perfect concert. It is 52.3 kJ
mol " and was obtained as a sum of results of two calculations: an
umbrella sampling where all six dihedral angles reorient, having
the same value (22.6 kJ mol "), and a free energy perturbation to
estimate the free energy cost of all dihedrals having the same
value (29.7 k] mol ). The difference between the minima in the
umbrella sampling is 1.8 k] mol ", as noted earlier, 52.3 kJ mol ~*
is significantly higher than 37.2 kJ mol ', which supports the idea
that the probability of this concerted reorientation occurring is
extremely low.

Hydroquinone. In all of our simulations of HQ:methanol
(whether equilibrium, performing metadynamics on all six
hydroxyl groups (Figure 3c), or holding one hydrogen reoriented)
the reorientation of all six hydroxyl groups was not observed to
occur. The effect of holding one hydroxyl group reoriented is
shown in Figure 8. The hydrogen next to the reoriented hydroxyl
tries to avoid close contact and establishes a hydrogen bond with
amethanol molecule (Figure 8a). Occasionally it flips, forcing the
next hydroxyl to start reorienting (Figure 8b); however, such a
conformation does not last long, and the system reverts to the
previous conformation (Figure 8a).

We have estimated the free energy barriers to reorientation of
hydroxyls in HQ:methanol following the same methodology
described for barriers of DC:ethanol (Figure 9). Surprisingly, the
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Figure 6. Distance between the hydrogens of the reorienting hydroxyl
groups and the oxygens of the ethanol molecules (a) and dihedral angles
involving the hydroxyl groups (b) over the course of simulation for DC:
ethanol. In (b) angles are adjusted in such a way that a reorientation into
a cavity is always positive. In this case all reorientations happen into a
cavity. The coloring of dihedrals in the ring starts from the one that is
being reoriented forcefully (black) and continues along the ring in the
direction of reorientation (cyan, magenta, green, red, blue). Comparison
of aand b shows that while the hydroxyl groups rotate they are hydrogen
bonded to the ethanols.
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Figure 7. Sequential barriers to reorientation of hydroxyls in DC:
ethanol. The graphs are adjusted so that the reorientation into the cavity
(and via the guest) is in the positive half of the [—180,180]° range. The
first barrier corresponds to a single flip of a hydroxyl and is quite high,
but the second and the third are very low. There is a clear preference for
hydroxyls to reorient via the guest ethanol molecule.

barrier to reorientation of a single hydroxyl group in HQ:methanol
is slightly lower than that in DC:ethanol, which suggests that

SR AN
=5 @} y

Figure 8. @ Snapshots of a simulation showing the effect that forceful
reorientation of one hydroxyl group in the six-membered hydrogen-
bonded ring of HQ:methanol has on the overall ring structure. Reor-
ientation of all six hydroxyls in the ring does not occur. Movie 2 of this
simulation is included as a web enhanced object that can be viewed in
the HTML.
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Figure 9. Sequential barriers to reorientation of hydroxyl groups of

HQ:methanol in sequence. The angles are adjusted so that the reor-
ientation via the inside of a cavity is always positive.

single random flips are more likely in the case of HQ:methanol
than in the case of DC:ethanol. This can be confirmed by
comparing a and ¢ of Figure 3, where a higher frequency of
single flips is seen for HQ:methanol than for DC:ethanol. The
smaller first barrier seen here compared to DC:ethanol occurs as
the reorientation of the first hydroxyl does not disrupt the
neighboring hydrogen bond as much as in the case of DC:
ethanol. But the second and the third barriers in HQ:methanol
are higher than those in DC:ethanol and do not show the
decreasing trend observed in that case, in fact the third is even
slightly higher than the second. Unlike DC:ethanol, the barrier
for the first hydroxyl to return to the original position (0.4 kJ
mol ') is much smaller than the barrier for the second to
reorient (13 kJ mol '). The difference between minima, repre-
senting all of the hydroxyls oriented in each direction, is greater
as well: 8.4 k] mol ' compared to 1.8 k] mol " in DC:ethanol.
This suggests that the reorientation of all six hydroxyls in HQ:
methanol does not occur because the reoriented conformation is
far less favorable. Indeed, as seen from Figure 2 the three factors
determining the positions of hydroxyls—coplanarity with the
phenyl ring, ability to form a hydrogen bond with another oxygen
in the ring, and maintaining an optimal COH angle—cannot be
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Figure 10. (W] Snapshots of a simulation showing hydroxyls reorienting following a sequential mechanism similar to the one in DC:ethanol, without
ethanol as a guest. Only the phenyl groups of DC are shown for clarity. Movie 3 of this simulation is included as a web enhanced object that can be viewed

in the HTML.
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Figure 11. Dihedral angles of six molecules of DC in a ring during
reorientation without ethanol as a guest. The graphs are adjusted so that
the reorientation via the inside of a cavity is always positive. Unlike in
Figure 6 both directions of reorientation are seen here. The coloring of
atoms in the ring starts from the one that is being reoriented forcefully
(black) and continues along the ring in the direction of reorientation
(cyan, magenta, green, red, blue).

optimized satisfactorily in the reoriented position. The rotation
of each hydroxyl group involves the replacement of an “optimal”
hydrogen-bonding planar geometry with a less ideal configura-
tion, yielding higher barriers than for DC:ethanol.

Role of the Guest. To explore the importance of ethanol in
the reorientation of hydroxyls we performed metadynamics on
six hydroxyls of empty DC to see if the reorientation will occur
without ethanol as a guest. The value of Gaussian height had to
be increased from 2 kcal mol ' used for DC:ethanol to § kcal
mol ' to observe a reorientation within the first 35 ns of
the simulation. The reorientation occurred following a similar
sequential mechanism: one hydroxyl flips and prompts the
neighboring one to flip to avoid close contact, and so on. As with
DC:ethanol, to study the process in more detail, we performed a

Dihedral angle, degrees

Figure 12. Sequential barriers to reorientation in DC without ethanol
as a guest.The angles are adjusted so that the reorientation via the inside
of a cavity is always positive.

simulation where one hydrogen was rotated and held rotated.
Figure 10 gives snapshots from that simulation, and Figure 11
shows the six dihedral angles during reorientation. The reor-
ientation takes ~10 ps.

The sequential barriers to reorientation of hydroxyls in sequence
in DC (Figure 12) are higher than those in DC:ethanol but show
the same trend. The first barrier is quite high, 64.2 kJ mol '
(compared to 37.2 k] mol ' in DC:ethanol), and its second
minimum is extremely shallow, 0.4 k] mol " (compared to 2.6 k]
mol " in DC:ethanol). Single random flips in DC are therefore
likely to be less frequent than in DC:ethanol, and the hydroxyl
group is likely to spend even less time in the reoriented position.
However, the second and the third barriers are only about 10 and
3 kJ mol ', respectively, which means that the reorientations of
the second and the third hydroxyls are possible and the remain-
ing three hydroxyls are likely to follow. As for the direction of
reorientation, in the absence of ethanol the barrier heights for
reorientations via the inside and the outside of a cavity are the
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same; therefore, the hydroxyls can reorient either way, as can be
seen in Figure 11.

Because the barrier heights to hydroxyl reorientation are the
same in both directions in DC, we ascribe the difference between
barriers in two directions for DC:ethanol to the influence of the
guest. In DC:ethanol the barrier heights for reorientation via the
inside of a cavity compared with those for reorientation via the
outside of a cavity are lower by 5.9 kJ mol ' for barrier 1 and by
19.5 and 19.8 kJ mol " for barriers 2 and 3, respectively.

We also observe that the heights of the first barrier for reorienta-
tion in the direction outside a cavity are not the same in DC and
DC:ethanol (Figure 7 and Figure 12). The barrier in DC:ethanol
is 21.1 kJ mol " lower, even though the DC lattice is unchanged.
We conclude that in DC:ethanol even reorientations via the
outside of a cavity are affected by the guest ethanol molecule.

In DC:ethanol two new hydrogen bonds can be formed when
a hydroxyl reorients via either pathway. One of these hydrogen
bonds is between the reorienting hydroxyl and the guest ethanol
molecule in the cavity on one side of the ring. When a hydroxyl
reorients into a cavity, its hydrogen acts as a donor and the
ethanol oxygen acts as an acceptor, but when reorientation
proceeds out of a cavity the roles are reversed. Steric restrictions
imposed by the closeness of the cavity walls make the hydrogen
bond slightly longer (2.15 A compared to 1.85 A) and hence
weaker when the ethanol guest acts as a donor (ie., for
reorientation via the outside of a cavity). For both pathways, the
second hydrogen bond that can be formed is between the ethanol
molecule in the cavity on the opposite side of the ring and the ring
hydroxyl that lost a hydrogen bond as reorientation occurred.
Formation of these two hydrogen bonds lowers the barrier to
hydroxyl reorientation in DC:ethanol compared with that in the
empty DC lattice; however, for a reorientation into a cavity, the
barrier lowering is greater than for reorientation out of a cavity
due to the difference in strengths of hydrogen bonds between the
reorienting hydroxyl and a guest ethanol molecule in the two cases.

Thus, ethanol lowers the barrier to hydroxyl reorientation in
DC:ethanol. This effect can be easily seen by comparing a and b
of Figure 3 where the frequency of single flips is higher in the
presence of ethanol. The same is true for methanol in HQ:
methanol as well; compare ¢ and d of Figure 3.

B CONCLUSIONS

Our simulations of crystalline DC:ethanol suggest a reason-
able model for the dynamics of hydroxyl groups in its six-
membered hydrogen-bonded rings. In this model hydroxyls per-
form single, random independent flips and occasionally reorient
following a mechanism that is neither totally independent nor
totally concerted but is sequential and involves the guest ethanol
molecule: one rotated hydroxyl prompts the neighboring one to
avoid close contact and reorient through hydrogen bonding to
the guest ethanol molecule, and so on, along the ring. The
limiting stage of the full reorientation is a random hydroxyl flip,
and from our simulations the value of the free energy needed for
it to occur (37.2 kJ mol ') compares well with the experimental
value for the enthalgy of activation of the full reorientation
(33.1 + 1 kJ mol ")*.

We also confirm that analogous hydrogen reorientation is not
likely to occur in hydrogen-bonded rings of HQ clathrates due to
the reoriented conformation being much less energetically
favorable. However, single flips are likely to be more frequent
than in DC:ethanol.

We find that both ethanol in DC:ethanol and methanol in
HQ:methanol lower the activation energy of hydrogen reorien-
tation by stabilizing the intermediate state. Formation of hydro-
gen bonds between host and 5%uest molecules has been reported
and studied for both DC***> and HQ, as well as clathrate
hydrates®”® before, but it has not previously been shown to
participate in the reorientation of hydroxyl groups in the six-
membered hydrogen-bonded ring. In a similar way a small
molecule with a capacity for hydrogen bonding could be lowering
the barrier of structural rearrangements in a protein. An inter-
esting finding is that a similar reorientational process is likely to
occur in empty DC as well, but at a lower rate. We expect that it
could also be occurring in other clathrates of DC with small
hydrogen-bonding guests, and in other host—guest systems
where the difference in energy between different positions of
hydroxyl hydrogens is small. In those cases the existence of two
orientations will also increase the entropy of the system.

It is likely that the mechanism described here for hydrogen-
bond reorientation in DC:ethanol and empty DC could also
explain the concerted reorientations of hydrogen bonds in some
systems mentioned in the Introduction. Although the guest can be
seen to assist reorientation in DC:ethanol, the fact that reorienta-
tion also occurs in a sequential manner even in the absence of a
guest shows that this mechanism may apply in a large number of
cases including those in which the participation of a guest is not
possible. This study is a good example of how molecular dynamics
can be used to understand the mechanism of reorganization of
hydrogen-bond networks and can complement experiments on
dynamic phenomena in organic molecular crystals. It should not
be overlooked as a means to rationalize ambiguous experimental
data, and we anticipate its increased uptake in coming years.

B ASSOCIATED CONTENT

@ Web Enhanced Feature. Three movies of simulations,
where one hydroxyl in the rings of DC:ethanol (Figure S), HQ:
methanol (Figure 8), and DC (Figure 10) was held reoriented. In
the movies only one hydrogen-bonded ring is shown from the
unit cell, where umbrella sampling is used to bias the position of
the hydroxyl. Hydrogen bonds are depicted using standard VMD
settings of a distance cutoff of 3.0 A and an angle cutoff of 20°.
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