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Abstract In water, a remarkable motion can be observed with a [2]rotaxane, wherein the rotor
translocates by reeling its axle in the cavity of an alfro-a-CD stopper. Similarly, in aqueous solution,
an alkyl altro-a-CD dimer reels its alkyl chain in the a/tro-a-CD cavity to form a pseudo[1]rotaxane
dimer. This reeling motion is in fact induced by the tumbling of the altropyranose unit of an
altro-a-CD, a process shown to be solvent-dependent. Tumbling, however, does not occur in
low-polarity solvents such as methanol and DMSO. In the present contribution, the mechanism that
underlies solvent-controlled tumbling has been studied at the atomic level by means of molecular
dynamics simulations combined with microsecond-timescale free-energy calculations. The
free-energy profile delineating the tumbling in water of the altropyranose unit of an alkyl a/tro-a-CD
indicates that a 19.8 kcal/mol barrier must be overcome to yield the self-inclusion complex, which is
the most stable state available to the supramolecular assembly. In DMSO, the free-energy barrier is
about 21.0 kcal/mol higher, and the self-included alkyl altro-a-CD corresponds to a metastable state.
These results provide new thermodynamic and kinetic insights into solvent-controlled tumbling, and
reveal the essence of different experimental observations. Further investigation shows that aside
from the polarity of solvent, tumbling of the al/tro-a-CD derivative stems from the hydrophobicity of
the side chain and the propensity of the former to include the latter, which opens perspectives for the

design of new, related supramolecular assemblies.

Keywords altropyranose - self-inclusion - free-energy calculation - tumbling - water - DMSO -

solvent effect
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Introduction

Rotaxanes and pseudorotaxanes are mechanically coupled molecular architectures formed by a linear
axle and a cyclic molecule threaded onto the latter. The cyclic molecule, commonly known as the
“wheel”, can shuttle under external stimuli between the stations of the axle in a controlled and
repeatable fashion. Based on this unique property, rotaxanes and pseudorotaxanes can be utilized in a
wide range of applications relevant to many research areas, including molecular recognition,' drug
delivery,” design of molecular motors and switches,’ as well as other artificial molecular machines.*’
Macrocyclic molecules, such as crown ethers, calixarenes, cucurbiturils, pillararenes and
cyclodextrins (CDs), often function as wheels in the context of rotaxanes and pseudorotaxanes.®'”
To control the molecular movement of the wheel spinning about its axle, temperature, pH, chemicals,
electrons, photons, and solvent are usually expected to act as stimuli.'" '

A novel [2]rotaxane, designed and synthesized by Harada and co-workers,'” is composed of an
a-CD wheel, a decamethylene (C10) chain, a stilbene unit and an altro-a-CD stopper containing one
altropyranose unit and five glucopyranose units (see Fig. 1A). This [2]rotaxane is essentially solvent
dependent, that is, in dimethylsulfoxide (DMSO), the a-CD wheel includes the C10 chain, and it
further translates to also embrace the stilbene group when DMSO is replaced by water.
Two-dimensional ROESY NMR measurements have elucidated that in an aqueous solution, the
altropyranose unit of the altro-a-CD stopper tends to rotate about an a(1,4) bond, concomitant with
the isomerization from 'Cy4 to *C, (see Fig. 1C), thus forming a self-inclusion complex. Tumbling of
the altropyranose unit leads to reeling of the C10 chain into the altro-a-CD cavity, hence pushing the
a-CD wheel onto the stilbene group. Reeling of the axle into the host molecule, however, was not

observed in DMSO, implying that tumbling of the altropyranose unit cannot occur under such

circumstance.
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in methanol in water
~(CH2)8

Fig. 1 (A) Representative configurations of the [2]rotaxane, wherein the a-CD wheel shuttles along
the axle in response to the tumbling of the altropyranose unit. (B) Formation of the
pseudo[1]rotaxane dimer from the alkyl altro-a-CD dimer via tumbling of the altropyranose units.

(C) Schematic illustration of the tumbling of an altropyranose unit.

Moreover, Harada et al.'® synthesized an alfro-a-CD dimer with two C10 linkers and a viologen
unit (see Fig. 1B). Of particular interest, this altro-o-CD dimer converts spontaneously to a

pseudo[1]rotaxane dimer in water. 'H NMR spectra reveal that the formation of the

4
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pseudo[1]rotaxane dimer results from tumbling of the altropyranose units connecting to the C10
linkers, as shown in Fig. 1C. Similar to the above-mentioned [2]rotaxane, this tumbling process is
found to be very solvent dependent. Replacing water by methanol of lower polarity disables the
transformation.

It is obvious that tumbling of the altropyranose unit plays a critical role in the shuttling of the
[2]rotaxane and in the formation of the pseudo[1]rotaxane dimer (see Fig. 1). We have shown in a
preliminary investigation19 that the self-inclusion of an altro-a-CD derivative stems from tumbling
of its altropyranose unit rather than threading of its bulky end group. The estimated free-energy
change characterizing tumbling of the altropyranose unit of a mono-altro-a-CD in aqueous solution
was found close to the experimentally measured quantity. The main thrust of the present contribution
is to examine the effects that the solvent exerts on the tumbling process. Toward this end, an alkyl
altro-a-CD model was constructed as a paradigm for the study of solvent-dependent tumbling.

Using this model, all-atom molecular dynamics (MD) simulations combined with free-energy
calculations have been performed. The potentials of mean force (PMFs) characterizing the tumbling
process in water and DMSO were determined. The interaction of the alkyl chain with both the

solvent and the altro-a-CD was analyzed to shed new light onto the physical origin of tumbling.

Methods
Molecular models. To assess the effect of the solvent on the tumbling of the altropyranose
unit, an alkyl altro-a-CD model, formed by an altro-a-CD, a C10 linker and a viologen unit which
connects with a methyl group, was constructed as described in Fig. 2A:1. Besides, to evaluate how
the hydrophobicity of the chain influences tumbling, a very similar molecular model was

constructed, replacing the C10 chain by a hydrophilic polyvinyl alcohol chain (see Fig. 2A:2). The



RSC Advances

geometry of these two molecules was optimized using a conjugate-gradient algorithm. The 'Cy4
chair conformation was chosen for the initial conformation for the altropyranose unit. The alkyl
altro-a-CD and the polyvinyl alcohol altro-a-CD were subsequently immersed in a box of water,
on the one hand, and in a box of DMSO, on the other hand, thus, resulting in four separate
molecular assemblies. Two chloride ions were placed in each solvent box to ensure electric
neutrality. For each solvated system, a 10-ns equilibrium MD simulation was performed prior to

subsequent free-energy calculations.

Fig. 2 (A) Molecular model of the alkyl altro-a-CD formed by an altro-a-CD, a C10 linker and a
viologen unit connected to a methyl group (1), and of the polyvinyl alcohol altro-a-CD formed by
an altro-a-CD, a polyvinyl alcohol linker and a viologen unit connected to a methyl group (2). (B)
Schematic representation of the transition coordinate, §. To describe the continuous tumbling

process, the transition pathway spans —300° < 6 <+100°.

Molecular dynamics simulations. All the atomistic MD simulations described herein were
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performed using the parallel, scalable MD program NAMD 2.10* with the CHARMM 36 force field.
A number of parameters describing the side chain, which are absent in this force field, were
optimized in a previous study.”' The g4md-CD force field,” an Amber-derived force field, has been
shown to perform remarkably well for the modeling of CDs.”** However, owing to possible
inconsistencies between the CHARMM36 and the q4md-CD force fields — arising from distinct

25,26

parameterization philosophies, the CHARMM force field for carbohydrates, which has proven

suitable for the study of CDs,lg’21

was employed in this work to describe the pyranose
monosaccharides and glycosidic linkages of the altro-a-CD. The TIP3P model was used for water,”’
alongside the all-atom DMSO model proposed by Strader and Feller.”® The latter additive model
offers a reasonable reproduction of the experimental dielectric constant of the liquid. The
temperature and the pressure were maintained at 288 K and 1 atm, respectively, using Langevin
dynamics and the Langevin piston method.”” Covalent bonds involving hydrogen atoms were

30,31

constrained to their equilibrium length by means of the SHAKE/RATTLE algorithm, except for
water molecules, for which the SETTLE algorithm was applied.”® Long-range electrostatic forces
were evaluated using the particle mesh Ewald scheme,’” and a smoothed 12 A spherical cutoff was
used to truncate short-range van der Waals and electrostatic interactions. The r-RESPA multiple
time-step algorithm33 was applied to integrate the equations of motion with a time step of 2 and 4 fs

for short- and long-range interactions. Visualization and analysis of MD trajectories were carried out

with the VMD package.*

Free-energy calculations. The free-energy profiles that characterize tumbling in the two

different solvents were generated using the multiple-walker adaptive biasing force (MW-ABF)

35,36

algorithm, an improved importance-sampling approach aimed at achieving ergodic sampling on
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the basis of the ABF algorithm®”*' implemented within the collective variables module* of NAMD.
In MW-ABF calculations, nine walkers were spawned and the force samples accrued by each walker
were combined every 1,000 steps. The transition coordinate, 8, was defined as the dihedral angle
between the altropyranose unit bearing the side chain and the plane formed by the six glycosidic
oxygen atoms of the altro-a-CD (see Fig. 2B). It has been demonstrated in a previous work'” that the
collective variable used herein represents a suitable transition coordinate for exploring the tumbling
of a monomer in a cyclic oligomer. In order to describe the complete and continuous tumbling, the
transition pathway being explored spanned —300° < 6§ < +100°, wherein the interval between —300°
and —180° corresponds to that between +60° and +180°. The backbone of the altro-a-CD was softly
restrained, except for the altropyranose unit connecting the side chain, which was left to rotate freely.
The instantaneous values of the force were stored in 1° wide bins. Four independent MW-ABF
simulations, corresponding to the alkyl altro-a-CD and the polyvinyl alcohol altro-a-CD immersed
in water and in DMSO, were carried out. The total simulation time amounted to 0.54 ps, 1.21 ps,

39,40,43

1.10 ps and 1.28 ps, respectively. Block average regression was applied to estimate the

standard error of the free-energy change.

Results

Free-energy profiles. The calculated free-energy profiles characterizing the tumbling of the
alkyl altro-o-CD in water and DMSO have been gathered in Fig. 3. The structures corresponding to
the points of inflection, from A to F in the PMFs, are shown in Fig. 4A-F. In the initial structure of

the alkyl altro-a-CD for both models, the alkyl chain stretches freely outside the CD cavity, and the

dihedral angle, 6, is measured to be +75°, wherein the altropyranose adopts a 'C4 chair conformation.

The horizontal arrows in Fig. 3 denote the evolution of the dihedral angle as the alkyl chain is
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included into the CD cavity.
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Fig. 3 Free-energy profiles delineating the tumbling of the altropyranose monomer of the alkyl
altro-o-CD along the transition coordinate, 6, defined in Fig. 2: (A) in water, and (B) in DMSO. The
values of the dihedral angle corresponding to points of inflection A to F of the PMFs are +75°, —145°,
—253°, +65°, —155° and —280°, respectively. The error bars correspond to the statistical error of the

free-energy calculation, i.e., the precision.

A closer look at the PMF of Fig. 3A reveals that the profile possesses two minima separated by
a 19.8 kcal/mol free-energy barrier, which is in close agreement with the experimental activation free
energy (ca. 21.0 kcal/mol)."™"® There are several common factors contributing to the free-energy

barriers both in water and in DMSO, including (1) the inevitable isomerization of the altropyranose
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unit and its two neighboring glucopyranose units, (2) the deformation of the CD, (3) the desolvation
of the side chain, (4) breaking hydrogen bonds at the secondary side of the CD, and (5) the
unfavorable interaction of the hydroxyl groups of the altropyranose unit with the hydrophobic cavity.
The latter two factors also constitute the main barrier in the tumbling of the altropyranose unit of a
mono-altro-a-CD, as was reported previously.'” A detailed discussion can be found in the ESIF.

The structure in Fig. 4A, corresponding to a local minimum of the PMF (namely, point A, 6 =
+75°), is very similar to the initial conformation of the alkyl altro-a-CD. As the dihedral angle, 6,
approaches —145°, the PMF reaches its maximum at point B. It can be observed in Fig. 4B that the
alkyl chain translocates from the secondary side of the altro-a-CD to its primary side and is nearly
enclosed into the CD cavity. The structure of the global minimum of the PMF (at point C, § = —253°)
corresponds to the final self-inclusion complex, wherein the alkyl chain is included in the CD cavity
and the altropyranose isomerizes into the metastable *C, chair conformation. Meanwhile, the

viologen unit resides over the narrower rim of the altro-a-CD (see Fig. 4C).

10
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Fig. 4 Conformations of the alkyl al/tro-a-CD at the points of inflection of the PMFs. (A) When 6§ =~
+75°, the altropyranose unit adopts a 'C4 chair conformation. (B) When 6 = —145°, the alkyl chain is
nearly enclosed in the cavity of the altro-a-CD and the altropyranose unit shows a twist-boat
conformation. (C) When 6 =~ —-253° the alkyl chain is included in the CD cavity and the
altropyranose unit isomerizes into a “C; chair conformation. (D) When 6 =~ +65°, the altropyranose
unit adopts a 'Cy4 chair conformation. (E) When 6 = —155°, the altropyranose unit shows a twist-boat
conformation. (F) When 6 = —280°, the altropyranose unit is in a “C; chair conformation. Water and

DMSO molecules are omitted for clarity. The corresponding coordinate files can be found in ESI7.

However, the self-included alkyl altro-a-CD in DMSO (see Fig. 4F) corresponds here to the
local minimum of the PMF (i.e., point F, where § = —280°), while the structure of the global

minimum (i.e., point D, where § = +65°) is characterized by the alkyl chain protruding outside the

11
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CD cavity, as shown in Fig. 4D. The barrier of the PMF reflects an unstable state, wherein the
altropyranose unit adopts a twist-boat conformation and the hydrophobic alkyl chain stretches to the
bulk DMSO (see Fig. 4E). The PMF determined in DMSO features a 40.8 kcal/mol barrier (see Fig.
3B), which is significantly higher than that in water, hence suggesting that the self-inclusion of the
alkyl chain into the altro-a-CD cavity, which derives from tumbling of the altropyranose unit, is very
unlikely to happen spontaneously in DMSO, at room temperature.

Moreover, it is noteworthy that in water, the free energy of the self-inclusion state of the alkyl
altro-a-CD, which corresponds to the global minimum of the PMF (at point C in Fig. 3), is about 2.9
kcal/mol lower than that of the non-inclusion state prior to tumbling (at point A). The non-included
alkyl altro-a-CD evolves toward the thermodynamically stable state of the self-inclusion structure
through tumbling of the altropyranose unit. In stark contrast, in DMSO, the free energy of the
self-included alkyl altro-a-CD is higher by 3.7 kcal/mol than that of the non-inclusion one, hence

implying that tumbling in DMSO is thermodynamically impossible.

Conformational transition of the altropyranose unit. The conformational transition of the

altropyranose unit during tumbling was analyzed for both molecular assemblies using a

44,45

conformation coordinate, &, expressed as

1.
6(?1 To | To T4 T, Tg) (1)

where the 7; are the six internal dihedral angles of the altropyranose ring depicted in Scheme 1. The
two isomeric forms of the chair conformation of the altropyranose unit, that is 'C4 and 4C1,
correspond to values of ¢ approximately equal to +60° and —60°, while the boat-like intermediate

approximately corresponds to a value of ¢ of 0.4

12
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Scheme 1. Schematic illustration of the six internal dihedral angles in an altropyranose unit.

Using this conformation, we are able to observe the conformational transition of the
altropyranose unit, namely 'Cy4 chair to boat-like to *C; chair. As can be seen in Fig. 5A and B, ¢
varies from ca. +60° to ca. —60° as tumbling proceeds, indicative of the isomerization of the
altropyranose unit from 'C4 chair to *C; chair via a boat-like intermediate, in line with the
experimental results based on 'H NMR and 2D ROESY NMR spectra.'”'*

Furthermore, as can be seen in Fig. 5, conformation coordinate ¢ exhibits a different behavior,
compared to transition coordinate . In water, the altropyranose adopts a boat conformation for most
values of 8, while it does not in DMSO. This discrepant behavior can be ascribed to the formation of
hydrogen bonds. It can be observed in Fig. 6B that the hydrogen bonds formed within the CD in
DMSO outnumber those in water when tumbling begins (the region of —50°< 6 < +100°). The
relatively strong hydrogen-bonding network in DMSO results in a greater rigidity of the CD, which
may thwart isomerization of the altropyranose unit into the boat conformation. In contrast, in the
range of —200° < < —150°, the number of hydrogen bonds formed within the CD in DMSO is
lesser than that in water (see Fig. 6B), which confers to the CD a greater flexibility, hence facilitating
isomerization from boat to ‘C, chair conformation. As a consequence, the population of boat

conformations in the course of tumbling is lower in DMSO than in the aqueous solution.

13
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Fig. 5 Conformational transition of the altropyranose unit of the alkyl altro-a-CD in (A) water, and

(B) DMSO, based on the ¢ conformation defined in equation 1.

Intermolecular and intramolecular hydrogen bonds. Hydrogen bonds are considered to be
important structural features in the course of tumbling. To appreciate the stark contrast between the
free-energy barriers determined in water and DMSO, the hydrogen bonds formed within the CD and
those formed between the CD and the solvent molecules were examined. As can be seen in Fig. 6A,
both water and DMSO molecules are engaged in the formation of intermolecular hydrogen bonds.
Since water acts both as a hydrogen-bond donor and as a hydrogen-bond acceptor, while DMSO
only acts as an acceptor, intermolecular hydrogen bonds involving water clearly outnumber those
formed with DMSO (see Fig. 6A). It follows that one expects the strength of the hydrogen-bonding

network of CD to be markedly weakened in water, compared to what it would be in DMSQO, as it is

14
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confirmed in Fig. 6B. Furthermore, as can be observed in the region of —150° < # < +100°, the
quantity of hydrogen bonds in water is perceptibly less than that in DMSO. The relatively weak
hydrogen-bonding network within the CD results in a lower free-energy barrier. Put together, the

marked propensity of water towards hydrogen bonding contributes to the spontaneous occurrence of

tumbling in water.
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Fig. 6 Evolution of the average number of (A) intermolecular hydrogen bonds formed between the
CD and the solvent molecules, and (B) intramolecular hydrogen bonds within the CD, in water and

DMSO. The hydrogen-bonding criteria are (i) the angle O—H:--O > 135° and (ii) the distance O---O

<3.5A.

Solvent molecules within the CD cavity. To interpret further the much higher free-energy

barrier in DMSO, the influence of solvent molecules on tumbling has been explored. It has been

15
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observed from the MD trajectories that the non-included alkyl altro-a-CD is inclined to bind a
DMSO molecule at each rim (see Fig. 7A), which may constitute an obstacle to the tumbling of the
altropyranose unit. In light of this observation, the residence time of the solvent molecules near the
primary and the secondary rim of the CD has been estimated on the basis of a 10-ns equilibrium
simulation. Here, the residence time of a solvent molecule is defined as the time interval between
two adjacent configurations multiplied by the number of continuous configurations in which this
solvent molecule is present. Longer residence time implies lesser mobility. Fig. 8 indicates that,
compared to water, DMSO molecules reside in both rims of the CD for longer periods of time, which
can be explained by its suitable size to snug in the cavity of the CD. The free-energy profiles
delineating the departure of a DMSO molecule from both rims of an altro-a-CD (see the ESIt)
suggest that the altro-a-CD cavity has two binding sites for DMSO, at each rim of the macrocycle.
The stable binding of DMSO molecules to the CD entails a lower mobility of the former, hindering

the tumbling of the altropyranose unit and penetration of the chain into the cavity.

16
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Fig. 7 Snapshots of the alkyl altro-a-CD with the encapsulated DMSO molecules at (A) § = +65°,

(B) & = —50° and (C) 8 = —155°, obtained from the MD trajectories of tumbling.

17
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Fig. 8 Number distribution of DMSO molecules that reside at (A) the primary rim, and at (B) the
secondary rim of the CD. Number distribution of water molecules that reside at (C) the primary rim,
and at (D) the secondary rim of the CD. The results were inferred from an independent 10-ns MD

trajectory.

Spontaneous binding of two DMSO molecules to the CD was also observed in the tumbling
process prior to the inclusion of the chain, as can be seen in Fig. 7B and C, even when the
altropyranose unit tumbled to the center of the CD cavity. These bound DMSO molecules constitute
steric hindrances for the tumbling of the altropyranose unit and the threading of the chain, and, hence,
contribute significantly to the free-energy barrier in DMSO. Water molecules with greater mobility
will, however, not be trapped in the CD cavity, thereby rationalizing qualitatively the much lower

free-energy barrier in water.

18
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Solvation and solvent-accessible surface area. The distribution of the solvent molecules
around the alkyl chain and the viologen unit was monitored in the course of tumbling by computing
the bidimensional radial distribution functions, g(r; ), of the oxygen atom of water or the sulfur
atom of DMSO with respect to the centroid of the alkyl chain (Fig. 9A and B) and the viologen unit
(Fig. 9C and D). By doing so, valuable structural information about the local concentration of water
and DMSO molecules around the alkyl chain and the viologen unit is obtained, allowing the
corresponding solvation shells to be visualized. As can be seen in Fig. 9, the maximum of the density
found in the region spanning 4 < r < 6 A coincides with the first solvation shell of the alkyl chain or
the viologen unit. In Fig. 9A and B, a solvation shell is formed for the alkyl chain when —200° < 6 <
+100°. When @ is comprised between —300° and —200°, no solvation shell is observed — in other
words, the solvation shell of the alkyl chain is disrupted as the alkyl chain enters the cavity of the
altro-a-CD. Since the alkyl chain is hydrophobic, its desolvation from bulk water is extremely
favorable. As a result, the self-included alkyl altro-a-CD in water is more stable than its
non-included counterpart (see Fig. 3A). In contrast, DMSO is a polar, aprotic solvent, the polarity of
which is weaker than that of water — solvophobic effects in DMSO are, therefore, not as
pronounced as those in water. It follows that the alkyl chain tends to stay in the bulk of DMSO,
rather than enter the CD cavity (see Fig. 3B). In Fig. 9C and D, the solvation shell of the viologen
unit is continuous along 6, hence suggesting that the viologen unit never accesses the CD cavity

during the self-inclusion of the alkyl chain.

19
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Fig. 9 Evolution of the radial distribution function of the centroid of the alkyl chain—water
oxygen/DMSO sulfur pair as a function of r, the distance separating the pair of atoms, for the
tumbling (A) in water, and (B) in DMSO. Evolution of the radial distribution function of the centroid
of the viologen unit—water oxygen/DMSQO sulfur pair as a function of » for tumbling (C) in water,

and (D) in DMSO.

The solvent-accessible surface area (SASA) of the alkyl chain during tumbling in both water
and DMSO has also been measured. As can be observed in Fig. 10, the SASA of the alkyl chain
gradually decreases as tumbling proceeds, and reaches in water a minimum at about —250°. This
minimum coincides with the global minimum of the PMF determined in the aqueous environment
(see Fig. 3A). Yet, the SASA of the alkyl chain in DMSO remains unchanged in the region of —150°
< 0 <+100°, thus indicating that the alkyl chain tends to stay in DMSO, instead of entering the CD
cavity. This finding implies that the solvophobic effect for the alkyl chain is necessarily stronger in

water than in DMSO.

20
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Fig. 10 Evolution of the SASA of the alkyl chain during tumbling, both in water and in DMSO.

Discussion

Hydrophobicity of the side chain. Since the hydrophobic effects of the chain plays a crucial
role in the tumbling of the altropyranose unit, we suppose that apart from changing the solvent,
modulation of the chain on its hydrophobicity can also control the occurrence of tumbling. To
investigate the effect of the hydrophobicity on tumbling, we built a polyvinyl alcohol altro-a-CD
model, which is very similar to the model of alkyl altro-a-CD except the highly hydrophilic chain
(see Fig. 2A:2). The calculated free-energy profiles characterizing the tumbling of the polyvinyl
alcohol altro-a-CD in water and DMSO are presented in Fig. 11B.

The PMF characterizing the tumbling of the polyvinyl alcohol altro-a-CD in water possesses
two minima separated by a 27.1-kcal/mol free-energy barrier, and resembles that for the tumbling of
the alkyl altro-a-CD in water. The activation free energy, however, has increased by 7.3 kcal/mol.
The higher activation free energy after modification of the side chain can be ascribed in part to the
hydrogen bonds formed between the hydroxyl groups of polyvinyl alcohol chain and water.
Moreover, the conformational state of the non-included polyvinyl alcohol altro-a-CD (6 = +74°),
which is 9.5 kcal/mol lower than its self-included counterpart (8 = —237°), corresponds to a

thermodynamically stable state. The unstable self-included structure results from the desolvation of
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the hydrophilic chain from bulk water, thus suggesting that tumbling is unlikely to occur in water

upon replacement of the side chain by a hydrophilic one.

PMF (kcal/mol)
8 8 8

-
o

0

-300 -250 -200 -150 <100 -50 ©0 50 100
0 (degree)

Fig. 11 (A) Schematic representation of tumbling the altropyranose unit of the polyvinyl alcohol
altro-a-CD. (B) Free-energy profiles delineating the tumbling of the altropyranose monomer of the
polyvinyl alcohol altro-a-CD in water and in DMSO, along the transition coordinate, 8, defined in
Fig. 2. The error bars correspond to the statistical error of the free-energy calculation, i.e., the

precision.

As can be observed in Fig. 11B, the free-energy profile characterizing tumbling of the polyvinyl
alcohol altro-o-CD in DMSO is very similar to that determined in water, barring a significantly
higher free-energy barrier. The self-inclusion structure arising from tumbling corresponds to a
metastable state, indicating that tumbling would not occur in DMSO, with a more polar side chain.
Furthermore, compared with the tumbling of the alkyl altro-a-CD in DMSO (Fig. 3B), tumbling of
the polyvinyl alcohol altro-a-CD in DMSO requires that a higher free-energy barrier be overcome,

which may be the consequence of hydrogen bonds formed between the polyvinyl alcohol chain and
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the DMSO molecules.

Conclusion

The present contribution provides quantitative analysis of the activation free energy for the tumbling
of an alkyl altro-a-CD in water and DMSO, as well as the relative thermodynamic stability of the
inclusion complex. The strong exclusion of the hydrophobic alkyl chain from water contributes
predominantly to the spontaneous tumbling of the altropyranose unit in the aqueous environment.
The relatively strong hydrogen-bonding network within the CD and the propensity of DMSO
molecules to bind to the rims of the CD results in a higher free-energy barrier in DMSO, compared
to water. We initially anticipated that by increasing the hydrophilicity of the chain, tumbling would
likely occur in DMSO. The calculations, however, indicate that this chemical modification prevents
tumbling in water, but cannot trigger tumbling in DMSO. A possible explanation is that although
DMSO is less polar than water, it is, nonetheless, a polar solvent. The polyvinyl alcohol chain is,
therefore, expected to prefer the bulk DMSO, and its desolvation from a polar solvent is extremely
unfavorable. It can be concluded that in addition to the polarity of the solvent, the hydrophobicity of
the side chain also affects the frequency of tumbling. Furthermore, the propensity of the CD cavity
to bind the chain is pivotal. Incorporation of a phenyl group at the proper site of the alkyl chain may
significantly affect tumbling, in water, but also in DMSO. Overall, the spontaneous tumbling of the
altro-a-CD derivatives can be controlled by the chemical and physical properties of the side chain,

and the choice of the solvent.
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