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Abstract: The ability to use mechanical strain to steer chemical
reactions creates completely new opportunities for solution-
and solid-phase synthesis of functional molecules and materi-
als. However, this strategy is not readily applied in the bottom-
up on-surface synthesis of well-defined nanostructures. We
report an internal strain-induced skeletal rearrangement of
one-dimensional (1D) metal-organic chains (MOCs) via
a concurrent atom shift and bond cleavage on Cu(111) at
room temperature. The process involves Cu-catalyzed debro-
mination of organic monomers to generate 1,5-dimethylnaph-
thalene diradicals that coordinate to Cu adatoms, forming
MOCs with both homochiral and heterochiral naphthalene
backbone arrangements. Bond-resolved non-contact atomic
force microscopy imaging combined with density functional
theory calculations showed that the relief of substrate-induced
internal strain drives the skeletal rearrangement of MOCs via
1,3-H shifts and shift of Cu adatoms that enable migration of
the monomer backbone toward an energetically favorable
registry with the Cu(111) substrate. Our findings on this strain-
induced structural rearrangement in 1D systems will enrich the
toolbox for on-surface synthesis of novel functional materials
and quantum nanostructures.

Introduction
On-surface synthesis of functional nanomaterials has

attracted tremendous research interest because of its great
potential for creating atomically precise functional nano-

structures with tailored electronic and magnetic proper-
ties'"® A common on-surface synthetic strategy involves
thermal- or phototriggered chemical transformation of ra-
tionally designed molecular precursors on an appropriately
chosen substrate.”) The future development in this field will
hinge on the exploration of conceptually new toolkits that will
enable precise steering of surface reactions under mild
conditions to fabricate novel nanostructures with multiple
functionalities.

Mechanochemical syntheses driven by the application of
an external force or strain have emerged as promising and
straightforward alternatives to traditional synthetic methods
for fabricating functional organic molecules and nanomate-
rials. In addition to enabling advantageous solvent-free
synthesis, mechanochemistry offers a completely new and
efficient method for obtaining valuable products with high
yield and selectivity."! It would therefore be desirable to use
mechanochemistry in bottom-up on-surface synthesis. Un-
fortunately, this is not straightforward because conventional
methods for applying mechanical force, such as ball milling
and cavity grinding, cannot be directly used with reactants
adsorbed on surfaces.

As an alternative to standard mechanochemical methods,
internal strain in molecular systems induced by interactions
with a substrate could be used to mimic external mechanical
stimuli. Recent studies have shown that substrate-induced
structural distortion of molecular systems can facilitate their
intra- and intermolecular cyclodehydrogenation as well as
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skeletal rearrangements.”” '’ Treirer et al. showed that van der
Waals interactions between a polyphenylene precursor and
a Cu(111) substrate tend to increase intramolecular strain,
facilitating intramolecular cyclodehydrogenation and nano-
graphene formation at elevated temperatures.””! Furthermore,
Shiotari et al. found that the adsorption of a non-planar
polycyclic hydrocarbon on Cu(100) induces the accumulation
of internal strain, and that the relief of this strain at elevated
temperatures promotes diverse skeletal rearrangements."! Tt
has also been reported that the substrate-binding affinity of
equivalent chemical groups in organic molecules varies
depending on their local adsorption geometries, enabling
site-selective bond functionalization.!'"!

It is thus well established that strain energy stored in
molecular systems on metallic substrates can be exploited to
drive their chemical conversion into desired products. How-
ever, this phenomenon has primarily been studied in the
context of chemical transformations of individual molecules.
The use of substrate-induced internal strain to promote on-
surface synthesis of extended nanostructures has not yet been
studied systematically.

Herein, we demonstrate that strain relief in an extended
1D metal-organic chain (MOC) can drive extensive skeletal
transformations at room temperature. The 1,5-dibromo-2,6-
dimethylnaphthalene (DBDMN) precursor used in this work
undergoes debromination upon deposition on a Cu(111)
surface at room temperature, followed by the coordination of
the resulting radicals to Cu adatoms to form self-assembled
MOC:s (Figure 1a). Submolecular resolution imaging of these
MOC:s before and after strain relaxation was achieved using
qPlus-based non-contact atomic force microscopy (nc-AFM)
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Figure 1. The skeletal rearrangement of MOCs on Cu(111). a) An
illustration of the synthesis of MOCs and their structural relaxation on
Cu(111). As-deposited DBDMN molecules undergo debromination
and self-assemble into 1D MOCs. RT annealing leads to skeletal
rearrangement of the MOC lattice. b,c) Large-scale STM topography
images of 1D MOCs grown on Cu(111) before (b) and after (c)
prolonged annealing under UHV at RT. The inset images show
magnified views of representative strained and relaxed MOCs. Both
images were acquired using tunneling parameters of 1V, 1 nA; scale
bars=5nm.
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with a carbon monoxide (CO)-functionalized tip. This showed
that the strain-induced skeletal rearrangement of the MOCs
involves a concurrent shift of Cu adatoms and H atoms
accompanied by the migration of the monomer backbone
toward an energetically favorable registry with the Cu(111)
substrate. Theoretical calculations revealed the optimal
reaction pathways for this process and the importance of
entropic effects in the strain-driven skeletal transformations
of 1D MOC:s.

Results and Discussion

The DBDMN monomer was chosen as a precursor for
MOC formation by deposition on a Cu(111) substrate. The
synthesis and characterization of the purified DBDMN
monomer are presented in the Supporting Information. As
shown schematically in Figure 1a, DBDMN has a naphtha-
lene backbone with methyl groups at the 2 and 6 positions,
and bromine atoms at the 1 and 5 positions. Adsorption on the
Cu(111) surface was expected to induce facile cleavage of the
C—Br bonds, forming o-radicals (C(Br) radicals) that could
coordinate with Cu adatoms to form MOCs. To test this
hypothesis, we performed scanning tunneling microscopy
(STM) on a Cu(111) surface after the deposition of DBDMN
monomers at room temperature; this revealed the formation
of 1D chain-like structures on Cu(111) (Figure 1b). These 1D
chains were often decorated by round protrusions, presum-
ably because of the presence of Br adatoms released upon
debromination and in keeping with previous results."?! Photo-
electron spectroscopy experiments showed that the debromi-
nation of the DBDMN monomers occurred at room temper-
ature and was accompanied by Cu—C bond formation and the
emergence of MOCs (Supporting Information, Note 1, Fig-
ure S2). Room-temperature cleavage of the C—Br bonds of
DBDMN on Cu(111) thus leads to the formation of 1D
MOCGs. Close-up STM images of representative MOCs
showed that they contain only junctions formed by the
heterochiral or homochiral coordination of neighboring
DBDMN monomers (Figures2d,h). Conversely, samples
subjected to prolonged (ca. 12 h) room-temperature anneal-
ing under ultrahigh vacuum (UHYV) conditions formed a new
type of 1D chain with distinct dumbbell-shaped junctions
(Figure 1c¢). This suggests that the initially formed MOCs
underwent structural rearrangement during annealing—pre-
sumably because of substrate-induced strain. Throughout the
manuscript, we refer to the MOCs obtained before and after
room-temperature annealing as the ,,strained” and ,,relaxed*
MOC isomers, respectively.

Structural characterization of strained MOCs. We initially
probed the structures of the strained MOCs using STM and
nc-AFM with a qPlus sensor. The nc-AFM imaging strategy
used in this work relies on the functionalization of the tip with
a CO molecule and the operation of the microscope in
constant height mode in the short-range Pauli repulsion
regime.™™! The strongest Pauli repulsion occurs over regions
of high electron density (for example, chemical bonds), which
allows organic and metal-organic nanostructures to be
imaged with submolecular resolution."*'” Figure 2 shows

www.angewandte.de

Angewandte

Chemie

18765


http://www.angewandte.de

GDCh
~—

18766 www.angewandte.de

[0 Z(pm)RrININ0.03

AT 153.4

1 (nA) R

-3.08_Af (Hz)

04

0.1 ERIMNIGH 1.29

0.92 Homochiral

0.41 I (nANEYN-36  Af(H;

Figure 2. Structural characterization of strained MOCs. STM topogra-
phy, constant height STM current, and nc-AFM images of a—e) homo-
chiral and f—j) heterochiral MOC segments acquired using a CO tip.
Tunneling parameters for STM topography images: 1V, 1 nA. Constant
height images were collected at tip-sample distances of 450 pm (d,i)
and +100 pm (c,h) with respect to the set point of 50 mV, 1 nA; scale
bars =500 pm. Panel (e) and (j): the chemical structures of the MOCs
superimposed over the nc-AFM images shown in (d) and (i).

STM topography, constant height current, and nc-AFM
images of the strained homochiral (Figures 2a—e) and heter-
ochiral (Figures 2 f,j) MOC junctions. The bond-resolved nc-
AFM images show a series of interconnected rectangular
features with two bright apexes, which were assigned to the
backbone of the individual DBDMN monomers and their
methyl groups.

Nc-AFM images acquired with a larger tip-sample
distance indicated that the methyl groups exhibited the
strongest Pauli repulsion (Figures2c,h). The faint lines
linking adjacent molecules via the carbon atoms originally
bound to Br (1 and 5) exhibit the highest STM contrast.
Similar enhancements of STM contrast over coordinated
adatoms have been reported for multiple metal-organic
systems.'®?"] These observations indicate that o-radicals
formed by cleaving the C—Br bonds in DBDMN coordinate
to Cu adatoms, forming 1D MOCs. We also resolved the
Cu(111) lattice around the MOCs, revealing the adsorption
geometry of the Cu adatoms in the chains. The Cu adatoms
predominantly occupy bridge sites along the high-symmetry
[110] lattice direction (Supporting Information, Note 3, Fig-
ure S6).

We performed DFT calculations to better understand the
structures of the strained MOCs. These calculations indicated
that the DBDMN monomers lie approximately 2.25 A above
the Cu(111) surface. Moreover, each DBDMN monomer
adopts a bent configuration such that its methyl groups are
lifted above the naphthalene backbone (Figure 3 e). To enable
direct comparison between the DFT results and experimental
data, we generated simulated nc-AFM images of the DFT-
relaxed models using a modified probe—particle model
developed by Hapala et al.?'**! The out-of-plane bending of
the DBDMN monomer precludes direct visualization of the
naphthalene rings’ internal structure. Nevertheless, the calcu-
lated nc-AFM image (Figure 3d) exhibits all the character-
istic features of our experimental images, including the bright
features related to methyl groups. Additionally, the C—Cu—C
coordination bonds are visible as distinct line features in the
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Figure 3. Tip-assisted dehydrogenation of methyl groups. STM top-
ography and the corresponding constant height nc-AFM images of
a,f) the strained MOC and the same MOC with b,g) partially and

c,h) fully dehydrogenated methyl groups. d,i) Simulated nc-AFM im-
ages of a homochiral MOC with and without dehydrogenated methyl
groups, respectively. e,j) DFT-optimized models showing the confor-
mations of two adjacent DBDMN backbones before and after tip-
assisted dehydrogenation of their methyl groups, respectively. STM
topography images were acquired using tunneling parameters of 1YV,
1 nA. Constant height images were collected at tip-sample distances of
+50 pm (f), +70 pm (g), and +50 pm (h) with respect to a setpoint
of 20 mV, 1 nA.

simulated nc-AFM images, and in good agreement with the
experimental data. All these observations support the pro-
posed model of the strained MOCs. AFM images of hetero-
chiral MOC:s also exhibited sharp line features linking methyl
groups of adjacent DBDMN molecules. These line features
are not attributed to the presence of chemical bonds but to the
close proximity of the -CHj; groups, which create sharp ridges
in the potential energy landscape that induce bending of the
CO probe—particle.!!

Tip-induced dehydrogenation of methyl groups. Multiple
STM imaging sessions involving scanning at a bias voltage
(Vs) of Vg >1.6 V induced irreversible structural changes in
the MOC:s. By acquiring a series of STM and nc-AFM images,
we were able to capture the structural evolution of individual
MOC:s after stepwise scanning at V=2V (Figure 3). We first
performed STM imaging of the lower part of a strained MOC
at V=2V to trigger tip-induced structural change. We then
switched to a constant height nc-AFM imaging to capture
structural changes in the MOCs (Figures 3b,g).

The naphthalene rings of each DBDMN monomer
become well resolved in the nc-AFM images of the partially
dehydrogenated MOC (Figure 3g), and the line feature
(indicated by a white arrow) associated with the C—Cu—C
bond was more clearly visible than in the corresponding
image of the parent strained MOC. Applying the same
imaging protocol (scanning at Vg=2 V) to the upper part of
this MOC caused the STM and nc-AFM contrast to become
uniform over the entire MOC backbone (Figures 3c,h). These
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observations indicate that the methyl groups (-CHj;) of the
DBDMN monomers underwent monodehydrogenation to
produce -CH, radicals, leading to changes in both STM and
nc-AFM contrast. We therefore performed DFT calculations
for a new MOC structure in which the DBDMN monomers
have monodehydrogenated methyl groups (-CH,) and a pla-
nar molecular adsorption geometry (Figure 3j).

The experimental nc-AFM images of the dehydrogenated
homochiral MOC are reproduced well by their simulated
counterpart (Figure 3i). Interestingly, dehydrogenation has
no appreciable effect on the spatial locations of intramolec-
ular features and therefore clearly does not induce intermo-
lecular rearrangements or affect the C—Cu—C bonding motif.
Moreover, the dehydrogenation of -CH; groups enables
direct visualization of the C—Cu—C bond, as evidenced by
the sharp lines connecting the DBDMN backbone units. We
could thus use this tip-controlled dehydrogenation technique
to elucidate the mechanism of the isomeric transformation of
the MOCs.

Structural characterization of relaxed MOCs. After pro-
longed room-temperature annealing under UHV conditions,
the MOCs undergo a structural rearrangement and adopt
a new relaxed isomeric form. To illustrate the structural
rearrangements that occur during this process, we conducted
STM and nc-AFM imaging of a partially relaxed MOC before
(Figures 4a—c) and after (Figures 4d,e) dehydrogenation of
methyl groups. The lower part of this MOC consists predom-
inantly of strained homochiral junctions, while the upper part
features a series of dumbbell-shaped junctions (indicated by
white arrows in Figure 4a), presumably because of the
presence of a distinct C—Cu—C coordination bonding motif.
Bond-resolved nc-AFM images (Figure4e) of the same
dehydrogenated MOC show that each dumbbell-shaped
junction consists of one Cu adatom coordinated to one C(Br)
o-radical site and one C(H) o-radical site. Conversely, in the
strained homochiral MOC junctions each Cu adatom is
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coordinated to two C(Br) o-radical sites. These different
coordination motifs can be seen by examining representative
homochiral MOC junctions in the strained (Figure 4 f) and
relaxed isomeric configurations (Figure 4 g; for an image of
a representative MOC with a higher degree of relaxation see
the Supporting Information, Note 4).

Our bond-resolved nc-AFM images provided several
deep insights into the structural transformation that relaxes
the strained MOC upon room-temperature annealing. First,
they showed that the relaxed MOC junctions could be derived
from the strained homochiral or heterochiral MOC:s by a shift
of the Cu coordination center from C(Br) to an adjacent C(H)
site together with the shift of a H atom from the C(H) to the
formerly Cu-bound C(Br) site (Figure 1a). Second, the
strained and relaxed MOCs exhibit different registries with
respect to the Cu(111) lattice. The Cu adatoms in the strained
MOC are aligned along the [110] direction whereas those in
the relaxed MOCs align with a twist angle of about 20°
relative to the strained MOC. The alignments of the two
MOC types are indicated by the dashed white lines in
Figure 4e. Third, the average separations between adjacent
Cu coordination centers (that is, the Cu—Cu distances) were
7.6+£0.093 A and 6.91+0.085 A for the strained and relaxed
MOC:s, respectively. The Cu adatoms tended to occupy the
bridge sites of Cu(111). Therefore, the difference in the Cu—
Cu distances observed for the two MOC types is tentatively
attributed to the different interstitial separations of bridge
sites along distinct lattice directions.

The substantial difference in the separation of nearest
neighbor Cu atoms in the two MOC types indicates that the
strain in the initial MOC may be the driving force of its
isomeric transformation. To test this hypothesis, we used DFT
to compute the total energies of the two MOC isomers with
and without the Cu(111) substrate. The total energy differ-
ence between strained and relaxed freestanding MOC
isomers is negligible (ca. 15 meV; Supporting Information,
Note 6). Therefore, the energy gain as a conse-
quence of electronic effects arising from the
change in the binding configuration of the Cu
adatoms and the naphthalene skeleton does not
contribute significantly to the induction of iso-
merization. We also analyzed the Cu—Cu distan-
ces between nearest neighbor Cu adatoms in the
optimized free-standing and surface-supported
homochiral MOCs. This revealed that the
Cu—Cu distance increases from 7.2 A in the
freestanding strained isomer to 7.67 A in the
surface-supported MOC. Conversely, the Cu—Cu
distances in the freestanding and surface-support-
ed relaxed MOC are 6.73 A and 6.99 A, respec-

Relaxed

0

Figure 4. Probing strain-induced MOC relaxation. a) STM topography image of

a partially relaxed MOC. b,c) Constant height STM current and nc-AFM images of
the same MOC. d,e) Constant height STM current and nc-AFM images of the same
MOC after methyl group dehydrogenation. f,g) Magnified view of the relaxed and
strained homochiral MOC segments with the corresponding atomic models. The
dashed white lines in image (e) indicate the differing registration of the relaxed and
strained MOC segments with respect to the Cu(111) substrate. The STM topography
image (a) was recorded using tunneling parameters of 1V, 1 nA. Constant height
images were collected at tip-sample distances of +100 pm (b,d) and +50 pm (c,e)
with respect to a setpoint of 50 mV, 1 nA.
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tively. Surface adsorption thus substantially in-
creases the Cu—Cu distance in the strained MOC
isomer (by 0.47 A), indicating that the strain
energy is probably stored in the elongated C—Cu—
C coordination bonds. The calculations also show
that the total energy of the relaxed MOC isomer
on Cu(111) is approximately 0.28 eV lower than
that of its strained counterpart. The transforma-
tion into the relaxed MOC isomeric configuration
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is thus favored because it minimizes the system’s total energy.

Isomerization pathway. We explored multiple pathways
for the isomerization process (Supporting Information,
Note 6, Figure S11). A process involving a 1,3-H atom shift
with a concomitant reorganization of the coordinate bonding
from C(Br)—Cu—C(Br) to C(Br)—Cu—C(H) was found to be
the most feasible of the considered possibilities. To obtain
deeper insights into the reaction mechanism, we performed
quantum mechanics/molecular mechanics (QM/MM) molec-
ular dynamics (MD) simulations® to determine the free
energy profile of reaction steps that might contribute to these
skeletal rearrangements (Figure 5). These calculations also
provided insight into the effect of temperature on the
transformation mechanism, which was important (Supporting
Information, Note 5). To identify the most feasible pathway,
we considered various reaction coordinates for the first step
of the process (for other possible pathways see the Supporting
Information, Figure S11). Because the calculations were
computationally expensive, only homochiral MOC junctions
were considered. Figure 5 shows the reaction pathway for the
isomeric relaxation of MOCs with the lowest activation
energy according to our simulations. This pathway involves
a two-step process with two activation barriers (Figure 5g).
The first step is a rapid 1,3-H shift described by the 0H =
h;—h; reaction coordinate (Figure 5 f). The shift presumably
proceeds by translocation of the H atom on C3 onto the Cu
adatom followed by addition across the C1—Cu bond via the
transient structure depicted in Figure 5b; this process has
a computed activation barrier of 1.18 eV. It may seem difficult
to overcome such a barrier at 300 K. However, the reaction

AG=0.5eV

AG=0.78 eV
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rate I' is given by the expression I' = ve *7*7 where AF is the
free energy barrier, T is the temperature, k is Boltzmann’s
constant, and v is the effective frequency associated with the
vibrations in the direction of the reaction path.ps] In our case,
the catalytic effect of the mechanical strain enhances these
vibrational modes and thus increases the transition rate,
facilitating the reaction. The subsequent rearomatization of
the naphthalene backbone is accompanied by weakening of
the C1—Cu bond and the formation of a new C3—Cu bond
(Figure 5c). The energy of the resulting system is 0.5 eV
higher than that of the initial state. Notably, the 1,3-H
migration and formation of the C3—Cu bond are facilitated by
thermal fluctuations in the vertical position of the Cu adatom
(see the red curve in Figure Sh), which reduces the free
energy barrier. During this step, the Cu adatom also migrates
to an adjacent bridge site on the Cu(111) surface (Figur-
es 5¢,d). The isomerization is completed by the dissociation of
the bond between the Cu adatom and the Cl atom
(Supporting Information, Figure S9). Using this bond dis-
tance as a reaction coordinate, A(Cu—C), we traced the
system’s transformation to its final state (Figure 5e) and
showed that it involves overcoming an activation barrier of
0.78 eV (Figure 5d). The dissociation of this bond allows the
system to reach the relaxed configuration by releasing the
stress of the intermediate structure. Importantly, our calcu-
lations also reveal a vertical movement of approximately
0.4 A of the whole naphthalene unit as a consequence of the
activation of out-of-plane molecular vibration modes at
elevated temperatures. The temperature-induced vertical
movement facilitates the reaction greatly by lowering the
activation barrier. This clearly illustrates the
importance of performing free energy calcula-
tions at elevated temperatures when seeking to
correctly describe on-surface reaction mecha-
nisms and the associated entropic effects.
C—Cu—C bond cleavage and C—H bond acti-
vation on catalytically active substrates typically
require thermal treatment at over 400 K.**2
They are often followed by direct C—C coupling,
leading to the formation of graphene-like nano-
structures.’>® However, unlike the 2D MOC
networks reported previously, the 1D strained

f .
9 14 b MOCs studied here undergo C—Cu—C bond
127 5 gy (x — cleavage at room temperature as part of a complex
S 1ar ‘-‘-&-‘-‘-‘-‘-‘-‘-‘-‘-‘-‘-’ reaction driven by the relief of substrate-induced
) ) strain.
h: E 06 | ]
%"Ww g 04 1
= Cc o .
R s g 02p 1 Conclusion
S I 00} b
2 24} Cu 2-15-1-050 051 15 2
02| 2181050051 1. 1 .
5H (A) In summary, we have demonstrated a strain-
20 . . g 04} 1 induced structural rearrangement of 1D MOCs
a c e

Figure 5. Free energy calculation for the proposed reaction pathways. a—e) Top view
of the structures at different stages of the reaction. f) A depiction of important
distances and the atoms participating in the reaction. h) Height of the Cu adatom
(red) and average heights of the C atoms (black) during the reaction at 300 K; the
heights of the corresponding atoms in the relaxed structure at 0 K are shown by the
dashed lines. g) Free energy profile of the two-step reaction. The first part goes
through the reaction coordinate 0H =h3—h2 and the second part through A(Cu—C).
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on a Cu(111) surface at room temperature. Our
results show that strain relief drives the skeletal
rearrangement of MOCs, which involves concur-
rent rearrangements of Cu adatoms and H atoms
together with the migration of monomers toward
an energetically favorable registry on the Cu(111)
substrate. This process is facilitated at elevated
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temperatures by the vertical displacement of the MOC’s
organic backbone because of the activation of the out-of-
plane vibrational modes. Theoretical calculations showed that
the optimal reaction pathway is highly sensitive to entropic
effects, illustrating the importance of performing free energy
calculations at elevated temperatures when studying on-
surface reaction mechanisms. These results may support the
development of new strategies for fabricating functional
materials and quantum nanostructures to be used in both
fundamental research and new technologies.

Experimental Section

STM/nc-AFM measurements were performed on a commercial
Omicron machine using a qPlus sensor with a resonant frequency of
28.2 kHz, quality factor of Q=10500 and oscillation amplitude of
100 pm, operated in frequency-modulation mode.” DFT calculations
were performed using the FHI-AIMS code.”!! All geometric opti-
mizations were performed at the GGA-PBER level, using light wave
functions and the Tkatchenko-Scheffler™ treatment of van der
Waals interactions. We also used a QM/MM method, Fireball/
Amber,” that combines classical force field techniques as imple-
mented in Amber™ with local orbital DFT calculations performed
with Fireball.®® The MM computations were performed using the
interface force-field®™ and the DFT calculations used the BLYP
exchange-correlation functional™*! with D3 corrections®™ and
norm-conserving pseudopotentials together with a basis set of
optimized numerical atomic-like orbitals.*”! The free energy profile
was generated using the WHAM method.*!! Extended experimental
and computational details are presented in the Supporting Informa-
tion.
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