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Precise synthesis of non-equilibrium rotaxanes
via pumping in water
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THE BIGGER PICTURE Life is sustained by microscopic machines that operate away from equilibrium, per-
forming entropy-reducing tasks such as directional transport and the assembly of ordered structures. A long-
standing goal of science has been to decipher the operating principles of these bio-machines, with the ulti-
mate ambition of emulating—and even reprogramming—such functions on demand. In this pursuit, artificial
molecular machines (AMMs) have emerged as a transformative, bottom-up alternative to their naturally
evolved bio-counterparts, which often exhibit structural complexity and redundancy. Conceived from funda-
mental thermodynamic theories and rational chemical design, AMMs provide unparalleled functional diver-
sity, enabling the creation of molecular devices with tailored properties not found in nature. However, exam-
ples of non-equilibrium operating AMMs remain rare to date, and even fewer can function in pure water, the
solvent of life. This is because water is a strong solvent that stifles effectively the polar interactions that are
employed rationally to orchestrate controlled motions at the molecular level. We herein report a brand-new
design of artificial molecular pump (AMP) that operates effectively in pure water to drive the active transport
of cucurbit[7]uril rings onto the polyethylene glycol chain of a molecular dumbbell. The number of rings incor-
porated is determined precisely by the number of pH oscillating cycles, enabling programmable synthesis of
otherwise-inaccessible non-equilibrium mechanically interlocked polymers. This research not only enriches
the toolbox of non-equilibrium molecular devices but also, in the long run, opens up avenues for integrating
synthetic molecular machinery with biological systems, with potential implications from targeted therapeutic
delivery to functional bio-hybrid materials and beyond.

SUMMARY

Water is the matrix of life in which biomolecular machines carry out vital functions through ordered mechan-
ical movements. The controlled active transport in artificial systems within aqueous environments, however,
remains challenging at the molecular level, resulting from the inherent difficulties in manipulating molecular
motions accurately in water. Herein, we present artificial molecular pumps (AMPs) capable of forming and
maintaining non-equilibrium concentration differences of cucurbit[7]uril rings (up to 350 times) in aqueous
media. Acid-base neutralization energy is exploited to add efficiently and precisely one ring per cycle to
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the dumbbells of both a solo and a duet pump by a rationally optimized pumping cassette. Operation is
achieved under ambient conditions through simple pH modulation (2-7). A combination of kinetic investiga-
tions, computational modeling, and theoretical analysis provides a mechanistic understanding of how the
aqueous AMPs harness chemical energy to produce and sustain high-energy oligorotaxanes in a non-equi-

librium steady state.

INTRODUCTION

From a thermodynamic perspective, all life’s processes hinge on
states that lie away from equilibrium.” This requirement is met
by the unremitting operations of biomolecular motors driving
the system energetically uphill at the microscopic level. By
consuming energy (usually provided by ATP or light), biomole-
cular motors enable directional motions and active transport
and sustain concentration gradients of crucial substances
across cellular compartments, contributing to ordered struc-
tures and vital functions.

Inspired by these natural systems, artificial molecular motors®'®
and, more specifically, artificial molecular pumps'®~° (AMPs) have
emerged as minimalist-designed alternatives capable of the unidi-
rectional motions and the active transport of desired molecular
cargoes, including the unnatural ones. Their potential to operate
within biological contexts has long motivated efforts to develop
artificial molecular motors and pumps that function in aqueous
media— “the matrix of life.?®”” This endeavor has yielded consid-
erable progress, with pioneering demonstrations of function in en-
vironments ranging from membrane systems®®° or aqueous-
organic solvents®*"~*? to pure water.** Notable examples include
carbodiimide-fueled motors,®*°~"4344 \which harness the hydra-
tion energy of carbodiimides to drive directional motions in
aqueous environments, and light-driven rotary motors,*>~*” whose
robust unidirectional rotation has been adapted for operation in
pure water.

Notwithstanding these advances, the motional unidirectional-
ity and operational accuracy of artificial systems still fall short of
their biological counterparts,*®?° limiting their utility in
demanding applications such as targeted drug delivery®® with
mitigated systemic toxicity or precision assembly®' of functional
materials. Generally, such challenges are relatively hard to over-
come in aqueous environments, where water’s high polarity not
only introduces dominant hydrophobic effects that complicate
intercomponent dynamics but also attenuates significantly the
electrostatic and other polar noncovalent interactions essential
for sculpting the potential energy landscapes for Brownian
ratchets.®?°° A recent report®® on a water-soluble variant of
the well-established®’ redox-driven AMP described the efficient
pumping of the cyclobis(paraquat-p-phenylene) rings in pure
water, retaining the ability to produce poly[n]rotaxanes (n up to
3) in reasonable yield. This efficacy is attributed to its composi-
tionally simple yet effective pumping cassette and energy
ratchet mechanism,*®°° which enables coherent assembling
across all molecules in the ensemble. Nevertheless, the practical
implementation of this system necessitates product separation
between successive pumping cycles and meticulous control of
anaerobic conditions, indicating significant room for improve-
ment in operational accessibility and robustness.
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Herein, we address these challenges by reporting the rational
design, modular synthesis, and simple operation of AMPs
capable of pumping cucurbit[7]uril (CB7) rings onto the dumbbell
components of oligorotaxanes away from equilibrium in water.
The highly efficient energy ratchet with minimal design enables
the production of well-defined non-equilibrium oligorotaxanes,
which are otherwise inaccessible owing to the lack of favorable
interactions between the rings and the dumbbells. Remarkably,
such quantitative assembling can be operated in a consecutive
manner and is achieved simply by pulses of trifluoroacetic acid
(protonation) and sodium hydroxide (deprotonation) without
special needs for anaerobic conditions. Supported by funda-
mental theory, detailed kinetic studies and computational inves-
tigations have been performed in order to gain mechanistic in-
sights into the stepwise pumping process in aqueous media.

RESULTS AND DISCUSSION

Design of an AMP operating in water

Cucurbiturils (CBs) are well known®°°° for their ability to form
extremely tight®® complexes with positively charged organic
guests in water, despite the presence of competitive solvation.
This strong affinity benefits from the convergently arranged
carbonyl groups at the portals of CBs showing cooperatively
enhanced binding toward cations. Their highly negatively polar-
ized portals engender substantial electrostatic repulsions
against anionic species, leading to a starkly contrasting binding
behavior of CBs in water based on the charge states of the
guests (Figure 1A). This characteristic has enabled pH-respon-
sive recognition®”+®® of CBs involving carboxylic-acid-containing
guest molecules,®®~"" which we anticipated could serve as the
basis for pH-driven energy ratchets, paving the way in the devel-
opment of water-compatible AMPs. Additionally, CBs exhibit
excellent biocompatibility’® and versatile functionalization po-
tential,”*"“ rendering them highly promising candidates as cargo
for AMPs, particularly in the context of bio-oriented applications.
CB7 was chosen as the ring component in our investigation
because of its outstanding recognition properties and reason-
able water solubility.

Inspired by the minimalist design principles of the established
redox-driven AMP'°” and based on a sequence of preliminary
investigations (see supplemental information, Section S4), we
have synthesized (Figure 1B) a water-compatible dumbbell-
shaped molecular solo pump (SP). The molecular structure of
SP features a polyethylene glycol (PEG) chain with a precise
number of repeating units (24-mer) as the collecting chain that
is terminated on one end by a pumping cassette and on the
other end by a bulky pyranine stopper. The pumping cassette,
whose charge state can be changed depending on pH,
comprises a p-xylylene-diammonium recognition site linked to
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Figure 1. Design of an AMP operating in aqueous solution

(A) Graphical representations of a CB7 ring showing its hydrophobic cavity, exterior surface, and negatively polarized portals, which display strongly contrasting
interactions toward cations and anions. Methine protons on CB7 are labeled with a black hollow star, while the methylene protons on CB7 are labeled with a black

solid star.

(B) Structural formulas and schematic representation of the molecular solo pump SP. Consisting of a tri-carboxylic acid pump head and a TFP steric barrier,
connected to a diammonium binding site, the pumping cassette is linked to a PEG collecting chain comprising 24 repeating units and terminated by a pyranine
stopper. The inset shows that the pumping cassette can switch between different charge states depending on the pH conditions. Counterions, including
CF3COO0™ and Na*, are omitted for the sake of clarity. Proton assignments relevant to the interpretation of the "H NMR spectra are provided.

a tri-carboxylic acid pump head at the interface with the bulk so-
lution and a trifluoromethyl-substituted phenylene (TFP) ring
acting as a steric barrier and connected covalently to the collect-
ing chain. Because both the pumping cassette and the pyranine
stopper are ionized under both acidic and basic conditions and
the collecting chain is hydrophilic, SP is soluble (>20 mM) in
water.

We hypothesized that under acidic conditions, driven by hy-
drophobic and cation-dipole interactions, the CB7 ring will
thread over the tri-carboxylic acid pump head to form a stable in-
clusion complex (Figure 2A) with the recognition site. Further-
more, under basic conditions, both the tri-carboxylic acid and
p-xylylene-diammonium units will be deprotonated, and the
co-conformation with CB7 residing on the recognition site will
no longer be stable because of the loss of stabilizing cation-
dipole interactions and because of repulsion (Figure 2A) between
the electron-rich carbonyl portal and the adjacent negatively
charged tri-carboxylates pump head. This metastably trapped
CB?7 ring will escape preferentially over the steric barrier to the
collecting chain rather than over the pump head back into the
bulk solution because the repulsion between the carbonyl portal
on the CB7 and the tri-carboxylates on the pump head is stron-
ger than the hindrance resulting from the steric barrier. Conse-
quently, the CB7 ring becomes mechanically trapped on the col-

lecting chain even though there are no stabilizing interactions,
yielding (Figure 2A) a kinetically inert non-equilibrium [2]rotax-
ane. Effective progressive pumping requires that the kinetic
barrier to the movement of CB7 associated with the steric
barrier must be higher than that associated with the protonated
pump head while being lower than that of the deprotonated
pump head. The TFP steric barrier fulfills these requirements
(supplemental information, Section S4.2).

Pumping one CB7 ring at a time onto a solo pump SP

Loading the first CB7 ring from bulk solution onto the pumping
cassette was achieved by mixing SP (1.0 mM) and 1.5 equiv of
CB7 (1.5 mM) in DO acidified to pD =2 with CF3COOD. The rela-
tively high 1:1 binding affinity (7.31 x 10° M~"; see supplemental
information, Section S5) between CB7 and SP under acidic
conditions guarantees the quantitative loading of a CB7 ring
onto the pumping cassette of SP without requiring a large excess
of CB7 present in the bulk solution. The 'H NMR spectrum
(Figure 2B) supports the exclusive complexation of SP with
CB7 immediately after mixing, showing the relatively fast thread-
ing kinetics of a CB7 ring over the tri-carboxylic acid pump head
onto the recognition site, although the free and bound species
exchange (Figure S44) slowly on the "H NMR timescale. The res-
onances for Hgy and H; associated with the steric barrier on SP
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Figure 2. Graphical representations of the operating mechanism and the partial '"H NMR spectroscopic characterization of the stepwise

pumping of CB7 rings onto SP

(A) Graphical representation of the stepwise operation for the pH-driven pumping of CB7 rings onto the solo pump SP, leading to the synthesis of a [4]rotaxane in
water, with energy landscapes representing the free energies of the system at each selected stage. The curved arrows on the energy landscapes indicate the
kinetically favored directions for the CB7 ring moving along the dumbbell. Signals for CB7/CB?7 in various chemical environments are differentiated by color: black
(unbound), deep blue (CB7s encircling the protonated pumping cassette), orange (CB7s encircling the deprotonated pumping cassette), and deep red (CB7s

residing on the collecting chain), respectively.

(B) Partial '"H NMR spectra (600 MHz, D,0, 298 K) of selected states over three pumping cycles. The spectra were obtained from three independent pumping
experiments leading to the formation of S[2]R, S[3]R, and S[4]R, respectively. The key proton resonances have been assigned according to the labels in (A) and
Figure 1. The high-field resonances for the PEG collecting chain protons are highlighted to show their upfield shift as more and more CB7s are accommodated on

the SP dumbbell.

disappear in the "H NMR spectrum (Figure 2B) on account of
deuteration under acidic conditions. The resonances for Hy
and Hy on the recognition site shift upfield, while those for H;
on the steric barrier shift downfield— A8 = 0.93 ppm—indicating
that the p-phenylene recognition site is located inside the CB7
cavity, while the TFP steric barrier remains outside, close to
the carbonyl rim of CB7. The rotating-frame Overhauser effect
spectroscopy (ROESY) spectrum (Figure S48) shows unambigu-
ously the proximity of Hy, Hy, Hy, and the protons on CB7.
Further evidence of the complexation is observed (Figure S49)
in the diffusion ordered spectroscopy (DOSY) spectrum, con-
firming the formation of a single species, namely SPcCB7.
Subsequent addition of NaOH in one batch, which basifies (pD >
7) the solution, triggers the displacement of the CB7 ring from the
recognition site. Under basic conditions, the proton resonances
(Figure 2B) in the aromatic region of the metastable species
S[2]R-1 occur in the same order as those of SPCCB7 under acidic
conditions. Note that in the S[2]R-I the resonance for proton H;,
has moved downfield, consistent with the CB7 ring having moved
toward the TFP steric barrier, while H,» remains inside its cavity and
Hp resides close to the carbonyl rim. The 'H NMR spectrum
(Figure S51) of the equilibrium state (>6 h), however, shows another
set of CB7 resonances in addition to those for the free CB7, indi-
cating that one CB7 ring is threaded onto the dumbbell. The upfield
shift of the "H-resonances on the PEG collecting chain, together
with the downfield shift of the resonances for the p-phenylene
recognition site protons, all point to the fact that the CB7 ring
has passed over the TFP steric barrier and is trapped on the
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PEG collecting chain, forming a [2]rotaxane S[2]R as a result of
this co-conformational change. This compound could be isolated
by chromatography and was characterized by high-resolution
mass spectrometry (HRMS) (Figure S59) and DOSY (Figure S57)
as well as by a ROESY experiment (Figure S56) in which nOe cor-
relations between the protons of the PEG collecting chain and CB7
could be observed. An nOe signal also exists between Hy- on the
pyranine stopper and the methine protons of the CB7 ring trapped
on the collecting chain, suggesting a tendency for the stopper to
associate with the exterior surface of the CB7 ring on account of
the chaotropic effect.”® Acronyms are displayed in bold when
they represent a compound or a part of a complex. When they
represent the component [ring or dumbbell] of a mechanically in-
terlocked molecule, e.g., a rotaxane, they are presented in a plain
text font.

" F NMR spectroscopy (Figure S58) allows a simpler temporal
monitoring of the pumping process. The intensity of the '°F reso-
nance in S[2]R-1 decreases, while that for S[2]R increases grad-
ually with time. No other species is observed in the equilibrium
state by either 'H or '°F NMR spectroscopy. The integrations
(Figure S54) of the resonances for CB7 and the dumbbell signals
are in accord with 1:1 stoichiometry, suggesting the precision
performance of pumping.

The fact that one CB7 ring is installed on the PEG collecting
chain of SP in one cycle of acidification (pD = 2) and basification
(pD > 7) encouraged us to explore the possibility of installing
more rings to produce polyrotaxanes by means of subsequent
pumping cycles. The installation of additional rings can be
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Figure 3. Kinetic plots for the co-conformational rearrangements
for the three pumping cycles of SP

Plots obtained by tracking the molar ratios of S[n]R (n = 2 ~ 4) according to the
integrals from the "H NMR spectra (600 MHz, D,0, pD = 13, 298 K) monitored
over time in three independent pumping experiments. The data are fitted ac-
cording to first-order kinetics. The resulting k values are listed along with the
derived AG* values obtained from the Eyring equation.

accomplished in either a stepwise fashion with separation of
products at each step or in a one-pot manner without isolation
of intermediate products. Loading a CB7 ring from the bulk solu-
tion onto the recognition site on S[2]R was achieved by acidifying
its agueous solution (pD = 2) with CF3COOQOD in the presence of a
slight excess of CB7 in the bulk solution. The backward translo-
cation of the CB7 ring from the PEG collecting chain is ignorable
by virtue of the presence of the TFP steric barrier (supplemental
information, Section S4.2). Pumping of the second ring onto the
PEG collecting chain was realized by basifying (pD > 7) the solu-
tion with NaOH, giving rise (Figure S65) to the quantitative pro-
duction of a [3]rotaxane S[3]R, which was identified by HRMS.
Using the same protocol, a third CB7 ring was pumped onto
the PEG collecting chain, leading to the formation of the [4]rotax-
ane S[4]R. Fortunately, both S[3]R and S[4]R could be charac-
terized in their "H NMR spectra (Figure 2B) by the number of sin-
glets corresponding to the heterotopic methine protons on either
the two or three CB7 rings residing on the PEG collecting chains.
We attribute this observation to the limited length of the collecting
chain, on which the trapped rings can associate with either end of
the dumbbell through noncovalent interactions. Despite the CB7
rings retaining translational freedom, they experienced distinct
chemical environments defined by the asymmetric terminals of
the collecting chain. The resonances for the protons associated
with the PEG collecting chain undergo further upfield shifts
as more and more CBY rings are trapped. 2D NMR spectroscopy
confirmed that the structural assignments are consistent
with them being [3]- and [4]rotaxanes. See supplemental
information, Section S6 for more details.

Kinetic studies reveal that the first-order kinetic constants
(Figure 3) for the first, second, and third CB7 rings to pass over
the TFP steric barrier are ky = 3.42 x 107* s7', k, =
242 x 107*s7" and k3 = 1.85 x 10~* s, respectively, at 298
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K under pD = 13, corresponding to activation barriers AG*; =
22.2 kcal mol™", AG*, = 22.4 kcal mol™", and AG¥; = 22.5 kcal
mol~', respectively. The fact that the activation energies are
quite similar to one another indicates that the recruitment of
CB7 rings from the pumping cassette is not hindered by CB7
rings already installed on the PEG collecting chain, a situation
that makes the progressive pumping of CB7 rings away from
equilibrium possible. All three rotaxanes are stable in basic
aqueous solution for more than 6 months at room temperature,
without loss of CB7 rings, confirming the effectiveness of the
pyranine stopper and pumping cassette in trapping rings. We
expect the pumping to continue with repeated cycles until the
chemical potential difference between rings on the collecting
chain and in the bulk attains the steady state value given by
the non-equilibrium pumping equality”®:

glice —Hnui)/RT _ (g¥Wpa/RTY (Equation 1)

where Wyq is the path-dependent energy exchanged with the
environment in a specific trajectory, and the angle brackets indi-
cate an average over all paths for threading of a ring. In the
context of Figure 2A the average for the two-state pumping is

(Ae+AG)

<ewpd/RT>N [e RT +1}

A AG (Equation 2)
eRT+eRT

Pumping two CB7 rings simultaneously onto a duet
pump DP

To investigate the total capacity of the PEG collecting chain to
accommodate CB7 rings, we synthesized a molecular duet
pump (DP). The DP also contains a 24-mer PEG chain linking
two pumping cassettes in a tail-to-tail manner. DP is capable
of trapping precisely two CB7 rings simultaneously on the col-
lecting chain during each pumping cycle. The pumping of the
first two rings is achieved using the protocol analogous to that
for SP, which leads to the quantitative formation of the [3]rotax-
ane D[3]R. During this process, however, an intermediate
(D[3]IR-I) is formed, where one CB7 ring is already positioned
on the collecting chain, while the other ring resides on the pump-
ing cassette (Figure 4A), a situation that can be monitored over
time by "H (and "°F) NMR spectroscopy (Figures 4B and S92—
S94). These results show that translocation of the two rings oc-
curs asynchronously, where one ring from either cassette moves
onto the collecting chain, followed by the other ring. Both steps
follow first-order kinetics, and equations for the time depen-
dence of the concentrations of D[3]R-I and D[3]R-Il are pre-
sented (see supplemental information, Section S1.2.2) and
used to fit the dynamic 'H NMR spectroscopic data so as to
obtain the kinetic/thermodynamic parameters associated with
the two steps at 298 K under pD = 13 of k4 = 2.86 x 1074s™7,
AGY = 22.3 kcal mol™", and k, = 250 x 10* s, AG%, =
22.4 kcal mol~', respectively. The activation barriers are very
similar to those for the first and the second pumping cycles
observed in the case of the solo pump. These results demon-
strate that the thermodynamic properties of these AMPs are gov-
erned by the design of the pumping cassette. The second cycle
of pumping—as anticipated—generates a [5]rotaxane, D[5]R,

Chem 12, 102878, April 9, 2026 5




- ¢ CellPress Chem

A bws 3 3
L) CB7 | f )CB7 | ( )CB?
ww-—-v»u—-——‘n—.-f i + i +
step1  DP  step2 ! step1 DI3IR step2 ! step1 DISIR step2
Loading Pumping \ Loading /" Pumping \ Loading Pumping
CF,CO0D \ NaOH i CF,CO0D \ NaOH i CF,CO0D \ NaOH
5 3 ! 3 nn L | o RIS IR 4 IR
* el | N S ] : ]
s ok b | R ‘%R
D[3]R-I : D[5]R-I : D[7]R-I
2k < AGt =22.3 kcal mol! : 2ks <AGI3 =22.6 kcal mol-* : 2Ks <AGIS =23.0 kcal mol!
o 5 e | BHBBE O
o b | tob (e | s
D[3]R-II ! D[5]R-II : D[7]R-II
ks <AGtz= 22.4 keal mol-! i ke <AGI4 = 22.8 keal mol-! E K=05 u
oo | BHBO | BHBHHB
rod ot | teb et |t
D[3IR ' D[5IR ' D[7IR
B o Time I3 Time Time
o \ (min) o (min) (min)
JA\ j% 298 > 103 _>108
N /L __ 869 112 114
A 664 86.2 88.6
A /N_ \ 46.0 60.8 63.1
A N 255 35.4 37.7
N A {} 50 - 6.5 12.2
55 5.4 5 (ppm) 55 54  &(ppm) 55 B 54 & (ppm)

Figure 4. Graphical representations and kinetic analysis of the stepwise pumping of CB7 rings onto the DP dumbbell over three cycles

(A) lllustrations of the first (left), second (middle), and third (right) pumping cycles of the duet pump DP. In each cycle, two CB7 rings are first of all loaded onto the
two pumping cassettes at both ends in the presence of acid. Subsequent basification triggered the pumping of pairs of rings onto the PEG collecting chains in a
two-step manner. Firstly, one of the two rings traverses over the TFP steric barrier since the initial metastable states D[n]R-I (n = 3, 5, 7) are symmetrical. Because
the second steps are stereochemically different from those of the first ones, the two kinetic parameters for each cycle have to be treated separately. See details in
supplemental information, Section S1.2.2.

(B) Partial "H NMR spectra (600 MHz, D,0, pD = 13, 298 K) of the dynamic NMR experiments carried out on the first (left), second (middle), and third (right)
operations on DP show that the characteristic resonances for the methine protons on CB7s/CB7s change with time. Signals of CB7s/CB7s in different chemical
environments are differentiated by color: black (unbound), orange (CB7s encircling the deprotonated pumping cassette), green (CB7s residing on the collecting
chain closest to a bound pumping cassette in the intermediate states D[n]JR-Il), cyan (CB7s residing on the collecting chain closest to an unbound pumping
cassette), purple (CB7s residing on the collecting chain closest to a bound pumping cassette in the initial states D[n]R-I), and deep red (CB7s residing in the
middle of the collecting chains). The first and second pumping cycles lead to complete loading of the CB7 rings onto the PEG collecting chains, while the third
cycle results in an equilibrium state between D[7]R-Il and D[7]R.

with four CB7 rings mechanically interlocked onto the PEG col-  D[5]R, which formed clusters with multiple Na* ions in the gas
lecting chain as indicated by integrating the proton resonances phase. We attribute this observation to the presence of mobile
(Figure S113) arising from the ring and dumbbell components.  CB?7 rings threaded on the PEG chain, whose carbonyl portals
The activation barriers for the third and fourth rings passing serve as multidentate chelating sites for sodium cations. This
over the TFP steric barriers increase very slightly as compared interpretation was subsequently corroborated by molecular dy-
with the first cycle, which are found to be AG!; = 22.6 kcal namics (MD) simulations (Figure S133).

mol~! and AG*, = 22.8 kcal mol™", respectively, under pD = After the third pumping cycle, however, the 'H (and '°F) NMR
13. HRMS offered further characterizations for both D[3]R and  spectra (Figures 4B and S120-S122) reveal, by the presence of
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Figure 5. Equilibrated co-conformations at each stage over three pumping cycles on DP

(A-C) MD simulated structures for the equilibrated co-conformations of D[3]R-I, D[3]R-II, and D[3]R (from left to right and similarly hereinafter) for the first cycle
(A); D[5]R-1, D[5]R-II, and D[5]R for the second cycle (B); and D[7]R-I, D[7]R-Il, and D[7]R for the third cycle (C). The CB7 rings are labeled with different colors in
accord with the colors of the stars used in Figure 4 to label the positions of the CB7 rings on the dumbbells. Hydrogen atoms on the dumbbells, counterions, and

solvent molecules are omitted for the sake of clarity.

(D-F) Energy landscapes representing the relative free energies of each co-conformation for the first (D), second (E), and third (F) pumping cycles.

two sets of resonances, that there are two distinct species in
equilibrium with one another after more than 24 h following the
addition of base. The constant integrated area under the reso-
nances of the methine protons from the CB7 rings trapped on
the dumbbell during the whole process rules out the possibility
that rings dethread over the pumping cassettes back into the
bulk solution. Based on a 1:2 ratio between the integrated values
for the bound and unbound pumping cassettes, we inferred that
the two species existing after the third pumping cycle are D[7]R-
Il and D[7]R, with five and six CB7 rings positioned on the PEG
collecting chain, respectively, in a 2:1 molar ratio. This observa-
tion implies that a PEG collecting chain consisting of 24
repeating units can accommodate a maximum of six CB7 rings
under the condition of pumping studied. Nonetheless, the acti-
vation barrier for the fifth ring to pass over the steric barrier is
only 23.0 kcal mol~" under pD = 13, very similar to the value ob-
tained for the fourth one. This observation infers that by
increasing the length of the PEG collecting chain, it should be
possible to synthesize polyrotaxanes with well-defined numbers
of mechanically interlocked rings with even more than six rings
using the well-established code of pumping.

MD simulations
Our chemical intuition regarding the mechanism by which pump-
ing operates and our understanding of the interplay between ki-

netic and thermodynamic features were investigated using MD
simulations of each co-conformation occurring during the three
pumping cycles (see Videos S1, S2, and S3). Utilizing van der
Waals and torsion parameters (see supplemental information,
Section S8) optimized to align with quantum mechanics (QM) cal-
culations, we were able to investigate the co-conformational
changes (Figures 5A-5C) occurring during each cycle. These in-
vestigations reveal that co-conformational adjustments of the col-
lecting chains enhance the interactions between the CB7 rings
and the dumbbell. Specifically, before the first cycle, the collecting
chain of DP forms a coiled conformation and stacks with the hy-
drophobic part of the pumping cassette, maximizing van der
Waals interactions. This conformation is consistent with the
relatively small average radius of gyration ((Rg)) of 8.4 A
(Figure S131). Pumping of two CB?7 rings onto the PEG collecting
chain results in an extension of the dumbbell conformation such
that (Ry) increases to 11.5 A (D[3]R), providing room for the rings.
The size of rotaxane continues to increase in a stepwise manner
as more and more CB7 rings are loaded onto the collecting chain
with an increase in (Ry) from 13.3 (D[5]R) to 14.0 A (D[7]IR). This
tendency aligns with the results obtained from DOSY experi-
ments. The average volume of 1.27 x 10* A% for D[7]R, which is
also obtained from the MD simulations, corresponds to a local
concentration of 0.78 M for the six CB7 rings located on the dumb-
bell, ca. 350 times higher than the concentration (2.2 mM) of CB7
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in the bulk solution. This concentration difference shows unam-
biguously the buildup of chemical potential of CB7 rings on the
collecting chain relative to the CB7 in the bulk solution.

Notably, the simulations reveal that even when the PEG col-
lecting chain is saturated with six CB7 rings, the dumbbell never
adopts a fully extended conformation during the pumping pro-
cess. We hypothesize that this conformational preference results
from the fact that CB7 rings tend to pack by nonspecific dipole-
dipole and hydrophobic interactions. Given that the carbonyl
portals and the equatorial methine groups of CB7 rings are elec-
trostatically complementary, the spatially adjacent CB7 rings are
apt to form an offset close contact. When more than five CB7
rings are trapped on the PEG collecting chain, however, a rim-
to-rim alignment of neighboring rings becomes inevitable
(Figure 5C) because of the limited space, which generates
sizable electrostatic repulsion (Table S5) leading to the loss of
stability of co-conformations. This progression, combined with
the exothermic relocation of CB7 rings from the deprotonated
pumping cassettes, explains why the third pumping cycle leads
to an equilibrium between D[7]R-Il and D[7]R (Figure 5F), where
the former is favored over the latter (Table S4). The cycle-depen-
dent evolution of these interactions underscores the intricate
balance between the co-conformational adaptability and satura-
tion of the pairwise interactions (Table S5) between the CB7 rings
on the PEG collecting chain, enabling the molecular structures
that confer the highest degree of stability under the conditions
studied to be pinpointed.

Conclusions

We have demonstrated that in the course of harnessing chemical
energy’ " provided by acid-base pulsing, rationally designed
AMPs operating in water can drive the active transport of CB7
rings—biocompatible macrocycles with potential pharmaceu-
tical values®®—onto polyethylene glycol chains, which have
negligible affinity for the rings, with local concentrations up to
350 times higher than in the bulk. This highly efficient non-equilib-
rium assembling is achieved with perfect precision through sim-
ple pH modulation. Computational investigations have been con-
ducted along with detailed kinetic studies to offer quantitative
insights into the incorporated kinetic asymmetry and the resulting
progressively endergonic pumping. This investigation provides a
blueprint for the design of aqueous-based AMPs capable of
installing precise numbers of rings on collecting chains to form
non-equilibrium oligorotaxanes, contributing to the ongoing chal-
lenge of realizing life-mimicking endergonic synthesis®' of poly-
meric materials in biologically relevant conditions.

METHODS

Further details regarding the methods can be found in the
supplemental information.
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In brief

The realization of artificial molecular
pumps (AMPs) that function in water
remains challenging. The authors report a
rationally designed aqueous AMP with
brand-new ratchet components.
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