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Blue light-induced low mechanical stability of
ruthenium-based coordination bonds: an AFM-
based single-molecule force spectroscopy study

Mohd. Muddassir 2 *

Metal complexes containing coordination bonds play a prominent role in many essential biological systems
in living organisms. Examples of such complexes include hemoglobin containing iron, chlorophyll
containing magnesium, and vitamin Bj, containing cobalt. Although the thermodynamic and other
collective properties of metal complexes are well established, their mechanical stability remains
minimally explored. Single-molecule force spectroscopy has been used to determine the structural and
mechanical properties of chemical bonds; however, it has been minimally utilized in the field of
coordination chemistry. Thus, here, we select a unique molecule of interest, HA—Ru'", {HA = hyaluronan
and Ru" = [(bpy)-Ru(4-pyNH,),](PFe),} and subject it to single-molecule force spectroscopy analysis to
directly study its bond-rupture process. The molecule is excited by blue-light irradiation, and surprisingly,
this whole process could be reversed without applying any external energy, such as heat or solvent
exposure. Our results demonstrate the reversibility of the luminescent Ru" complex to its original state,

rsc.li/rsc-advances

Introduction

Since Werner published his seminal theory of coordination
complexes in 1893, for which he was awarded the Nobel Prize in
chemistry in 1913, coordination chemistry has garnered
significant research interest."” The immense information on
coordination complexes is of paramount importance in general
chemistry, fundamental chemistry, metalloproteins, and
biochemistry, as well as for highly versatile applications in
various fields, such as biomedicine, industrial catalysis, and
superconductivity. Conventionally, a coordination complex
contains a central metal atom, which is bonded to a close
selection of molecules known as ligands. Dative or coordinative
bonds are a distinctive class of chemical covalent bonds, which
result in strong dipolar character and complex electronic
interactions between the central metal atom and ligands. The
determination of the exact mechanical nature or strength of the
coordinative bond is still significantly challenging. Therefore,
not surprisingly, extensive investigations on metal-ligand
interactions have constituted one of the central themes in
coordination chemistry.

Coordinative bonds are considerably weaker than covalent
bonds but stronger than hydrogen bonding, van der Waal
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a phenomenon that can be further applied to other coordination compounds.

interactions, and hydrophobic interactions, and they are
widely found in natural organisms.*® They provide sufficient
mechanical stability while acting as a sacrificial motif to
dissipate external force to protect covalent linkages from
fracture.”"® These peculiar properties of coordination bonds
endow natural organisms with both high strength and
toughness for load-bearing processes and energy consump-
tion, and have inspired the development of many artificial
materials.”**” Moreover, most coordination bonds are
reversible. They can quickly reform when an external force is
applied, which endows the material with “self-healing”
property and increases the creep resistance of thermosets.
Recently, via metal-ligand interactions, several materials with
dynamic exchangeable crosslinks incorporated into the
covalent framework were designed to increase the material
plasticity and strength.'®*° Based on the high exchange rate of
the dynamic bonds, Nishimura et al. utilized silyl ether as
a robust and thermally stable motif to prepare a malleable
material.> This material displayed tunable mechanical
property coupled with both malleability and processability.
Exploiting the single-molecule force spectroscopy (SMFS)
technique, Li et al. found that the catechol-Fe*" complex has
different mechanical stabilities for mono-, bis-, and tris-
complexes and that the stoichiometry of the complex can be
triggered by varying the pH and Fe®*' concentration.?
Although there are numerous environmentally responsive
metal-ligand motifs, it is not practical to modulate the
mechanical properties of a material by changing the envi-
ronmental conditions, such as pH and ion concentration, or
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by adjusting the material components. However, light is
a different trigger of choice, offering the possibility of altering
the mechanical properties of a material by implanting
photochromic molecules.?® Ru(bpy;)*>* and its derivatives are
well characterized in the fields of transition-metal photo-
catalysis and solar energy conversion, as well as in biomedical
applications involving blue light, because of their extraordi-
nary photophysical properties and chemical stability.**>
Ru(u) complexes with polypyridyl ligands function as molec-
ular light switches, because of their combination of easily
constructed rigid chiral structures spanning all three spatial
dimensions and rich photophysical repertoire.>*-°

[Ru(bpy);]*" and its derivatives have been studied for their
potential utility in the construction of molecule-based pho-
toresponsive machines or to mimic the functions performed
by natural systems, such as solar energy conversion and
storage, due to their relatively long-lived triplet metal-to-
ligand charge transfer (*MLCT) state. However, their
mechanical strength remains minimally explored.’*>* A
profound understanding of the mechanical properties of
[Ru(bpy)s]*" and its derivatives will stimulate the engineering
and tailoring of the mechanical performance of this impor-
tant class of materials. It will be interesting to reveal the
mechanical strength of Ru(bpys;)’*-based complexes and
elucidate the process of tuning their mechanical stability
using light irradiation.

Atomic force microscopy (AFM)-based SMFS (AFM-SMFS)
has become a powerful tool for detecting protein folding,
metal-ligand bond strength, surface adhesion, and many
other biomechanical interactions,>** which cannot be
uncovered by other traditional thermodynamics methods.
Here, we exploit AFM-SMFS to study the mechanical strength
of a Ru-pyridine complex, using synthesized single-chain
polymeric nanoparticles as pyridine cores, which are ubiqui-
tous in natural products and widely used for the construction
of supramolecular compounds. In this approach, pyridine was
modified on a hyaluronic acid chain, and the free Ru(bpy,)**
units were buried inside the polymer chain; this is analogous
to metalloprotein, but with simplified chemical environments.
When the AFM cantilever stretches the nanoparticle, the fol-
ded chain is unraveled, resulting in the stepwise rupture of the
Ru-N(pyridine) bonds. Thus, we can quantitatively measure
the bond strength. This method can significantly increase the
efficiency of obtaining sufficient high-quality single-molecule
data, and the synthetic procedure is straightforward. By
introducing external blue light, we can detect the changes in
the mechanical properties, if any.>

In this study, we demonstrate that the Ru-N(pyridine) bond
ruptures at 50-150 pN at a pulling speed of 1000 nm s *. Thus,
this bond is considerably weaker than typical covalent bonds
(~1-3 nN),***® stronger than hydrogen bonding (~150 pN)*"*>
and hydrophobic interactions (~30-60 pN),**** and comparable
to other coordinative bonds reported in the literature.?>*
Moreover, the Ru-N(pyridine) bond is considerably weakened
under exposure to blue light (450 nm). Using dynamic pulling
experiments based on Bell's model,*® we extract the kinetic
parameters of the Ru-N bond. Our results indicate that the Ru-
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N motif could be an ideal candidate for use as a load-bearing
material with tunable mechanical properties, and the SMFS
results could guide the bottom-up design of new materials.

Experimental section

Chemicals and reagents

cis-[Ru-(bpy),Cl,]-2H,0 (97%) from Sigma-Aldrich, 4-amino-
pyridine (99%), NH,PF; (99.9%, trace metals basis), KBr (99%,
trace metals basis), EDC (98%) from Sigma-Aldrich, HA (MW:
150 kDa; polydispersity: 1.4, Freda Biopharm, Shandong,
China) and were used as received.

Physical measurements

All the synthetic procedures were carried out using Schlenk
techniques and vacuum-line systems under a dry argon atmo-
sphere, unless otherwise specified. The infrared (IR) spectra
were recorded with a VECTOR 22 spectrometer using KBr pellets
in the 400-4000 cm ™" region. Elemental analyses of C, H, and N
were performed on a PerkinElmer 240C elemental analyzer.
Electronic spectra were recorded on the UV-1700 PharmaSpec
UV-vis spectrophotometer (550 Jasco). The data were reported in
Amax/nm. The "H NMR spectra were recorded using a Bruker
DRX-400 spectrometer. The chemicals and solvents were
purchased from commercial sources.

[(bpy),Ru(4-pyNH,),](PFs), was synthesized as reported
earlier.”” Briefly, the precursor complex, cis-[Ru-(bpy),Cl,]-2H,0
(228 mg, 5 mmol), and 4-aminopyridine (941 mg, 10 mmol) were
dissolved in a water : ethanol solution (1:1, 50 mL), and the
mixture was heated to reflux for 12 h, at which point the color of
the solution changed from dark red to cherry red. The cherry-red
solution was filtered hot to remove any impurity, and the solvent
was removed under vacuum. Finally, NH,PF, (244 mg, 15 mmol)
was added to obtain a red solid precipitate. Single crystals suit-
able for X-ray diffraction measurements were obtained after one
week of slow evaporation of an acetonitrile solution at room
temperature. The X-ray crystal structure of the complex with the
atomic numbering scheme is shown in Fig. S1.t

Synthesis of HA-Ru" complex

Briefly, 60.0 mg of HA (MW: 150 kDa) was dissolved in deionized
water in an open round-bottom flask. Thereafter, 46.5 mg of EDC
was added to the HA solution and stirred for 0.5 h to convert the
carboxyl groups of HA to amine-reactive acylisourea intermedi-
ates. Next, 178.4 mg (0.200 mmol) of the Ru" complex pre-
dissolved in 5 mL of acetonitrile was transferred into the EDC/
HA solution to conjugate the Ru"” complex to HA. The reaction
was conducted for 24 h at room temperature under magnetic
stirring. The conjugate was purified by dialysis against excess
Milli-Q water using dialysis tubing with the molecular weight
cutoff of 3.5 kDa. The final product was lyophilized and stored at
—20 °C for subsequent single-molecule AFM experiments. The
conjugation rate was estimated to be ~22% based on the NMR
spectrum of the HA-Ru complex (Fig. S27).

This journal is © The Royal Society of Chemistry 2020
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X-ray diffraction studies

Single crystal X-ray diffraction data collection was carried out at
100 K using a Bruker SMART APEX CCD diffractometer, equipped
with a graphite mono-chromated Mo-Ke. (A = 0.71073 A) radiation
source. Data reduction and unit cell refinement for complex
[(bpy).Ru(4-pyNH,),](PFs), were performed using SAINT-Plus.*®
Using OLEX2," the SHELXL-2014/7 (ref. 50) software was used to
solve the structure of complex [(bpy),Ru(4-pyNH,),](PF¢), by the
direct method; the refinement was carried out by full-matrix least-
squares, based on F* values against all reflections. Hydrogen
atoms were fixed at the calculated positions with isotropic
thermal parameters. Details of the crystallographic data collec-
tion, structural determination, and refinement are summarized in
Table S1,7 and the selected bond distances and angles for the
complexes are listed in Table S2.f CCDC number: 1416079.

AFM force spectroscopy experiments

AFM force spectroscopy experiments were carried out on
a commercial atomic force microscope (NanoWizard II, JPK
Instruments, Berlin, Germany) mounted on the top of an Axiovert
200 inverted microscope (Carl Zeiss, Jena, Germany). Light from
a 452 nm blue laser (Melles-Griot, Carlsbad, CA) was focused on an
%10 objective to excite the HA-Ru" complex at 1000 mW ecm >
Only force-distance curves containing at least three consecutive
rupture events were selected for analysis. The force-distance curves
were recorded by a commercial software from JPK and analyzed by
custom-written procedures in Igor Pro 6.3 (Wavemetrics, Inc.).

First, the glass coverslips (Fisher Scientific) were placed in
a warm chromium acid solution for 3 h to remove residual
organic matter; afterward, the coverslips were rinsed with Milli-
Q water and dried under a stream of nitrogen. Next, several
drops (~50-100 pL) of the HA-Ru" complex solution
(1 mg mL™") were added onto a clean glass coverslip. The
complex was allowed to adsorb onto the coverslip for ~30 min
before the AFM experiment, followed by the addition of a Tris
buffer (~1500 pL, pH 7.4, 100 mM) into the fluid chamber. The
AFM experiments were conducted after allowing the system to
equilibrate for 30 min. Silicon nitride cantilevers (type MLCT,
from Bruker) were used in all operations without any covalent
attachment or modification on the substrate. The spring
constants of the tips, calibrated by the thermal fluctuation
method, were in the range of 0.031-0.055 N m~". All the AFM
measurements were carried out at 25 = 1 °C.

Computational methods

The geometry of [(bpy),Ru(4-pyNH,),>" was initially optimized

at the B3LYP*' level of density functional theory (DFT) using the
Gaussian 09 program.* Ru was described with the Stuttgart
RECPs and associated basis sets (SDDALL),* and the 6-31G(d)
basis sets were used for all other atoms. Subsequently, vertical
electronic excitations at the geometry of the ground-state were
calculated using time-dependent density functional theory (TD-
DFT). Natural transformation orbital (NTO) and natural
bonding orbital (NBO) analyses were also performed to char-
acterize the excited states.

This journal is © The Royal Society of Chemistry 2020
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Results

HA-Ru" polymer synthesis for SMFS

We first synthesized a HA polymer grafted with [(bpy),Ru(4-
pyNH,),]*" for SMFS measurement (Fig. 1A). It is difficult to
apply force on a multiligand metal-coordination complex using
traditional techniques, and only a few attempts have been made
using the AFM-SMFS technique.”>***® In this study, we used
a polymer composed of Ru"-bipyridyl with a HA backbone to
mimic the folded metalloprotein (Fig. 1B). By stretching the
folded polymer, the coordination bonds ruptured and released
the bond length sequestered by the metal ligands. The
sequential rupture of the coordination bond gives rise to the
sawtooth-like profile in the force-extension curves. Conversely,
in the absence of the Ru" complex, stretching the polymer
would only yield a nonlinear rupture event in the force-
extension curve. This approach could significantly increase
the sampling efficiency while avoiding the nonspecific interac-
tions between the AF microscope tip and the substrate
surface.”**” Fig. 1A shows the structure of the synthetic polymer
composed of the HA backbone. The carboxyl groups of HA were
first converted to amine-reactive O-acylisourea intermediates
with EDC. Next, [(bpy),Ru(4-pyNH,),](PFs), was added to the HA
intermediate solution to conjugate to the carboxyl group on HA
at a random position. The reacted mixtures were dialyzed
against excessive pure water to remove the unconjugated
[(bpy).Ru(4-pyNH,),] and EDC molecules. Confirmed by
"HNMR (Fig. $27), the grafted ratio of successfully conjugated
HA-Ru"(bpy),(4-iminePy), was ~22%. IR spectrum analysis was
also exploited to further characterize the final conjugates
(Fig. S31). The absorption in the range of 1620-1641 cm ™' can
be assigned to the shift of the C=0 stretching, which indicates
the formation of an amide bond. The absorption bands due to
the -CH, vibrations of the cyclohexyl ring were observed at
2857-2948 cm™'. The other medium-intensity bands at 742-
758 cm™ ! were attributed to the aromatic ring vibration. The
UV-vis spectrum of the HA-Ru" complex exhibits low energy
bands around 483 nm, which can be assigned to the MLCT of
Ru (dm) — ligand (w*) transitions, typical for polypyridyl Ru"
complexes. There are four maxima in the UV region (ca. 342,
292, 243, and 197 nm), which have been assigned to the © — =*
transitions in the complex (Fig. S471). The control complex of
[(bpy),Ru(4-pyNH,),]** exhibits an MLCT band at 453 nm.
When the [(bpy),Ru(4-pyNH,),]** and HA-Ru" complexes were
excited at their MLCT wavelengths, they showed weak emission
spectra with maximum emission wavelengths at 625 and
613 nm, respectively (Fig. S5T). Based on NMR studies and
photophysical property observation, we conclude that the local
structure of the Ru™ metal complex is not disturbed during the
reaction with HA.

SMEFS analysis of the HA-Ru" nanoparticles

Next, we used AFM to directly measure the mechanical stability
of the Ru"-N coordination bond (Fig. 1A). HA-Ru" was first
prepared as a stock solution at a concentration of 1 mg mL™".
Thereafter, several drops of HA-Ru" were deposited on the glass

RSC Adv, 2020, 10, 40543-40551 | 40545
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Fig.1 (A) The synthetic scheme of the HA-Ru" complex. (B) Schematic representations of the HA—Ru'" complex, the scheme of single-molecule
AFM experiments using the “multi-fishhook” approach. The Ru'" complex was conjugated to a hyaluronan polymer through amide bonds. In
a typical simple experiment, the cantilever tip was brought into contact with the polymeric molecule, resulting in stretching, indicated by force-
extension curves with sawtooth-like appearance. The individual force peaks in the curves correspond to the mechanical unfolding of individual
domains, and the last peak corresponds to the stretching of the fully unfolded polymer chain and its subsequent detachment from either the AFM
tip or glass substrate. Therefore, the last peak of each trace was excluded in the data analysis.

slide surface to make the nanoparticles attach to the surface
nonspecifically. During the force spectroscopy measurement,
a silicon nitride AFM cantilever approaches the HA-Ru" grafted
substrate at a constant speed of 1000 nm s ' and holds on the
surface at 4-6 nN for 2 s. We relied on nonspecific interactions
to anchor the polymer between the AFM tip and the substrate at
two random positions. Subsequently, the cantilever was
retracted at the same speed. The experimental scheme is

40546 | RSC Adv, 2020, 10, 40543-40551

depicted in Fig. 1B. As the distance between the tip and the
substrate surface increased, the behavior of the polymer under
extension was monitored by the deflection of the AFM tip. Two
representative force-extension curves are depicted in Fig. 2A. A
characteristic and reproducible sawtooth-like force-extension
profile was observed, corresponding to the mechanical unfold-
ing of the individual Ru™-N bonds. The rupture-force values of
the peaks are in the range of 100-200 pN. To avoid the

This journal is © The Royal Society of Chemistry 2020
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Fig.2 (A and C) Two representative sawtooth-like force-extension traces at a pulling speed of 1000 nm s~* for the HA—Ru'' complex without (in
black) and with continuous blue-light illumination (in blue), respectively, in a Tris buffer (containing 100 mM Tris, 50 mM NaCl, pH 7.2). The height
of these peaks directly corresponds to the rupture force. Each peak corresponds to a rupture event between Ru" and 4-iminopyridine. Red lines
correspond to worm-like chain (WLC) fitting to the rupture events using the same persistence length of ~0.4 nm, indicating single-molecule
pulling events. The last peak corresponds to the stretching of the fully unfolded polymer chain and its subsequent detachment from either the
AFM tip or the glass substrate. (B and D) The rupture-force histogram obtained at a pulling speed of 1000 nm s~ without (in black, n = 649) and

with continuous blue-light illumination (in blue, n = 457), respectively.

interference of nonspecific interactions, the curves with more
than three rupture peaks were further analyzed. The last peak of
the force-extension curve corresponds to the polymer detach-
ment either from the AFM tip or the substrate surface. Note-
worthily, the mechanical strength of the nonspecific
interactions between the HA molecule and the cantilever tip (or
the substrate surface) can reach up to 300 pN, according to
previous studies,*** which is much higher than that of the Ru-
N bonds. We use the worm-like chain (WLC) model, an entropic
elastic model that predicts the relationship between the exten-
sion of the polymer and its entropic restoring force, to identify
the stretched polymer based on its mechanical response under
external force (red lines on each curve). All the peaks in the
same trace can be fitted using a fixed persistence length of
~0.4 nm (Fig. S8AT), which is consistent with the persistence
length of HA reported in the literature.*® This further confirmed
that only a single HA polymer was picked up during each force
measurement. The curves with abnormal persistence lengths
were excluded in our data analysis. As the Ru"" complex was
grafted on the HA polymer at a random position, the distance
between individual peaks on the force-extension curve varied
widely. To further confirm that the sawtooth peaks resulted
from the rupture of the HA-Ru" bonds, we performed control
experiments using unmodified HA and HA-4-iminopyridine,
and similar sawtooth-like patterns were not observed (Fig. S6
and S71). We maintained the pickup rate at ~1% by adjusting
the amount of HA-Ru" on the surface to avoid multiple chain-
stretching events.

Oxidation state of the central metal ion plays an important
role in overall stability of the complex. Xian Hao and co-worker
elegantly shown the great potential of oxidation state through

This journal is © The Royal Society of Chemistry 2020

single-molecule force analysis by combining several interdisci-
plinary tools, particularly including ligand design and
synthesis, surface self-assembly chemistry, single-crystal elec-
trochemistry, STM imaging, and high-resolution electro-
chemical AFM force imaging and spectroscopy on Os-terpy
systems (here Os is osmium(u) and terpy is 2,2":6',2"-terpyr-
idine), which displays that the Os-terpy bonds are ruptured at
100 + 30 pN at open circuit potentials, but at 130 & 60 pN in the
oxidized state of the central metal and at the lower value of 80 +
30 pN in the reduced state thus truly shows the effect of redox
state on the coordinative bonding, which is further proved by
DFT.” Nonetheless, experiments involving similar types of
complexes using more distortion, variable oxidation state under
different conditions, different coordination spheres, geome-
tries, and ligand fields are in progress in our laboratories to get
fascinating results.

Mechanical strength of the Ru"-N bonds revealed by SMFS

Subsequently, we analyzed the rupture-force distribution of the
Ru"-N bonds. Since 4-aminopyridine molecules were directly
conjugated to the HA backbone covalently and coordinated to
Ru", the only weak bonds among the system are the coordina-
tion bonds of Ru-N. This coordination bond ruptures before the
polymer detaches from the cantilever (or substrate) and releases
the sequestered length. As shown in Fig. 2B, the average rupture
force is indicated by only one peak located at ~121 + 8 pN, at
the pulling speed of 1000 nm s . This value is comparable to
that of the Ru"-bis(terpyridine) complex (95 pN).*

It is well known that [Ru(bpy);]*" and its derivatives exhibit
remarkable photophysical properties and stability. Therefore,

RSC Adv, 2020, 10, 40543-40551 | 40547
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we expect to observe the different mechanical responses of the
Ru"-N bond with and without continuous blue-light illumina-
tion (~450 nm) during the force measurement, under the same
experimental condition. The force-extension curves show
a sawtooth-like profile with blue-light illumination. Two repre-
sentative force-extension curves are depicted in Fig. 2C. The
control experiments showed that, in this experimental setup,
the photoexcitation effects on the HA molecules or HA-imino-
pyridine were negligible. The rupture force of the Ru"-N bonds
was reduced to 92 + 8 pN on average (Fig. 2D), which indicates
that the photoexcitation lowered the mechanical stability of the
bonds by ~25%.

Interestingly, a similar photo-weakening phenomenon was
also observed in other biological systems. Wouter D. Hoff et al.
found that blue-light illumination could reduce the mechanical
stability of a photoactive yellow protein by ~30%.°* The distri-
bution of the fitted persistence length for all peaks under this
condition is also centered at ~0.4 nm (Fig. S8Bt).

Cyclic illumination experiment to demonstrate the
reversibility of the Ru"-N interaction

Next, we investigated the reversibility of this photo-sensitive
system. We performed three consecutive series of force spec-
troscopy experiments on the HA-Ru" complex with and without
blue-light illumination, without changing the cantilever or the
sample (Fig. 3A-C). We first conducted SMFS without blue-light
illumination in a Tris buffer (containing 100 mM Tris, 50 mM
NaCl, pH 7.2), and the rupture force of the Ru"-N bond was

#of Events

0 50

100 150 200 250 300 350
Force [pN]

Fig. 3 Single-molecule force spectroscopy experiments of the HA—
Ru" complex in the reversible condition. (A) Experimental series in the
neutral condition. (B) Series during continuous blue-light illumination.
(C) Series after turning off the blue light and proceeding with the
experiment. All the experiments were performed with the same tip and
sample traces at a pulling speed of 1000 nm s™* in a Tris buffer
(containing 100 mM Tris, 50 mM NaCl, pH 7.2).
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determined as 118 + 8 pN on average (n = 387), which is
consistent with our previous result. Thereafter, we introduced
the blue light and continued the force measurements. In this
case, the average rupture force of the Ru"-N bonds was reduced
to 90 + 8 pN (n = 152, Fig. 3B). The average rupture force was
restored after the blue light was turned off. Fig. 3C shows that
the average rupture force is 113 + 8 pN (n = 326), indicating the
reversibility of the HA-Ru" complex without requiring any
external energy source, such as heat or solvent exposure. The
possible explanation for this reversibility lies in its fluorescence
property. The HA-Ru" complex exhibits weak fluorescence
despite its large structure, suggesting that a considerable
portion of absorbed light is converted to heat. The reversibility
examined here is based on the fact that this energy could be
reversed after the completion of the series B experiment (illu-
mination of blue light), resulting in an increase in the rupture
force to the original value (Fig. 3C).

Free-energy landscape for the Ru"-N bonds with and without
blue-light illumination

The question of interest here is what change in the energy
landscape can explain the difference in mechanical stability
(average unfolding forces) between the two pulling geometries?
There are two possibilities. (1) The pulling geometry does not
change the transition state, but simply alters the relative posi-
tion of the transition state along the reaction coordinate; (2) the
pulling geometry alters the structure of the transition state,
which, in turn, affects both the energy and position of the rate-
limiting barrier.®

To further investigate the molecular mechanism and free-
energy landscape of the Ru"-N dynamic bond, we performed
dynamic loading experiments. We changed the loading rate by
changing the pulling speed. As shown in Fig. 4(A), the rupture
force of the Ru"-N bond is loading-rate dependent. The higher
the loading rate exerted on the bond, the higher the rupture
force. Exploiting the widely used Bell-Evans model,**** we
extracted the kinetic parameters, free-energy barrier (AG), and
distance to the transition state (Ax) of the Ru"-N bond using

F(r) = ks T ln( Ax )J‘Bl In(r), (1)

Ax kokB T Ax

where F(r) is the most probable rupture force, kg is the Boltz-
mann constant, T is the absolute temperature (300 K in our
calculation), and k, is the spontaneous dissociation rate of the
coordination bonds. The free-energy barrier is calculated as
follows:

AG = RT In (%) (2)

where R is the gas constant, and A is the Arrhenius prefactor
(10° s in our calculation). The calculated free-energy barrier
values are 40.8 k] mol™* and 40.3 k] mol™* with and without
blue-light illumination, respectively. The distances to the tran-
sition state are 0.41 nm and 0.32 nm with and without blue-light
illumination, respectively (Fig. 4B). Although the free-energy
barrier values with and without blue-light illumination are

This journal is © The Royal Society of Chemistry 2020
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Fig.4 (A) Plot of the rupture forces at different loading rates for the HA—Ru'" complex without (black) and with continuous blue-light illumination
(blue), respectively, in a Tris buffer (containing 100 mM Tris, 50 mM NaCl, pH 7.2). The lines correspond to the fitting of the Bell-Evans model to
the experimental data. The R? values (rupture force vs. logarithmic loading rate) for the HA—Ru'' complex are 0.932 and 0.922 without and with

continuous blue-light illumination, respectively.

similar, the longer transition-state distance of the former gives
rise to a low rupture force. Such different free-energy landscapes
lead to distinct mechanical stabilities in the presence and
absence of blue-light illumination. The distance to the transi-
tion state of HA-Ru" (Ru"-N) is surprisingly high for the
interactions on the single-molecular level. Craig and co-workers
reported a similar system (with Pd" and two different pyridine
ligands), whose distance to the transition state was ~0.2 nm in
DMSO, although the rupture force was lower than our HA-Ru"
force.*

The linear nature of the plot is consistent with a single
pathway model in which the force continuously tilts the free-
energy landscape, thereby lowering the height of the barrier.®

First-principles calculation

To investigate why the blue-light induced excitation in
[(bpy),Ru(4-pyNH,),]** can speed up its coordination bond
rupture, we perform a first-principles study of the electronic
structure of the ground state and the electronically excited
states of [(bpy),Ru(4-pyNH,),]*" using DFT. As shown in Fig. 5,
the optimized ground-state structure of [(bpy),Ru(4-pyNH,),]**
has six nitrogen atoms around Ru", exhibiting an octahedron-
like conformation. For the electronic excitation, the main

3 J
:f%‘{o

N\

9

Fig. 5 The optimized geometry of the ground-state [Ru(4-Ampy),]**.

This journal is © The Royal Society of Chemistry 2020

absorption peak at 468.09 nm (Ss) near the blue ray is found in
our calculations, in good agreements with experiments. To see
how the electron clouds evolve upon photoexcitation, we plot
the NTO analysis of S5, as shown in Fig. 6. The figure shows that
electrons mainly transfer from fragment 3 to fragment 2 (or 3’ to
2') and that the symmetric units follow the same process. Due to
the significantly decreased electron population at fragments 3
and 3, the interactions between the units of Ru" and two 4-
pPYNH, can be expected to be largely weakened after the optical
excitation by blue light. To provide a quantitative description of
the inter-fragment interaction, the pair interaction potential is
calculated by the following equation:

qi4q;
=3 3
;4W€Orij ( )

JEA

where A and B are the two concerned units, and i and j denote
the atom indexes in A and B, respectively. Here, for the charges,
g; and gj, we use the natural charge population in NBO analysis.
The calculated interaction magnitudes between Ru™" and unit 3
or 3’ are —6.46 and —3.23 kcal mol ™ for the ground and excited
states, respectively. This verifies that the importance of the
interaction between Ru" and unit 3 or 3’ is considerably

2
%"

Fig. 6 Natural transition orbitals for S — Ss of [Ru(4-Ampy)
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decreased after photoexcitation, and accordingly, this may
facilitate the reduction of the rupture force acting on the two
amino units of [Ru(4-Ampy),]** with weak Ru"-N coordination
bonds.

[Ru(bpy)s]** and its derivatives are essential for mimicking
the functions performed by natural systems, such as solar
energy conversion and storage. Therefore, it is required to
understand the mechanical properties of [Ru(bpy);]*" and its
derivatives to tune the mechanical performance of this impor-
tant class of materials, as their coordination bonds are very
important.

In this work, we quantified the strength of the Ru™-N coor-
dination bonds using SMFS, for the first time, which could yield
tremendous insights into the molecular mechanism with and
without blue-light illumination.

We discovered that the rupture forces for the Ru”-N coor-
dination bonds are in the range of ~100-125 pN at a pulling
speed of 1000 nm s~ ', which are comparable to those for stable
mechanical metallo-proteins.>*¢’ The experimental
approaches presented in this study could serve as a general
tool to explore the complicated mechanical stabilities of
different types of coordination bonds and provide quantitative
information for the mechanical design of load-bearing
biomaterials.

Conclusion

In summary, we synthesized and characterized the HA-Ru"
molecule using a simplified experimental scheme, the “multiple
fishhooks” approach. Our experiments confirm that the HA-Ru"
molecule can be reversibly and reproducibly toggled between two
different structural isomers utilizing blue fluorescent light. Our
molecular system could be activated (in the dark) and slowed
down (under blue-light illumination); subsequently, once the
blue light was turned off, it recovered to its original state.
Compared to other systems that require external energy, such as
heat or solvent exposure, to reverse the photoexcitation effect, our
complex maintains reproducibility without any external energy
source up to a significant extent. Light, which has been over-
looked in this field, has been proven as a great source for tuning
the mechanical property of materials, and our results indicate
that it can be very beneficial when applied as a trigger. Further-
more, the design, synthesis, and other molecular parameters
(such as the identity of the metal ion and ligand) can be varied to
further improve the material properties, which can lead to very
exciting results. Future research in this direction will focus on
elucidating the specific roles of such kinds of systems. These
studies will likely provide new insights into the nature of this
important class of chemical bonds. The information about single
molecules extracted from these investigations will provide more
in-depth insights into the fundamentals and will have a signifi-
cant impact in coordination chemistry.
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