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ABSTRACT: Mechanochemical scission of supramolecular
polymer complexes by ultrasound is investigated using viscosity
measurements and molecular dynamics (MD) simulations
combined with constrained geometry optimization (COGEF)
calculations. The supramolecular polymers used in this study
consist of a poly(tetrahydrofuran) (PTHF) backbone that
contains a silver(I) —NHC (NHC = N-heterocyclic carbene)
coordination complex in the chain center. The limiting molec-
ular weight (Mj;,,) for mechanochemical chain scission is lower
for supramolecular polymers than for their covalent analogues.

Cavitation
bubble

The longest characteristic relaxation times of the supramolecular polymers were obtained from viscosity measurements, and they
confirmed that the criterion for coil-to-stretch is fulfilled in typical sonication experiments. A model DFT study was performed to
estimate the value of external force that is required to break a silver(I) -NHC coordination bond. A combination of ab initio MD
simulations and COGEF provided an atomistic insight into the response of the supramolecular center of the polymer chain to
external force. The calculations indicated that the force required to break the chain is between 400 and 500 pN. This is significantly
lower than the force of several nN that is typically required to break e.g. covalent C—C bonds in polymer backbones. These results
confirm that the reduction in Mj;, is due to the lower bond strength of the metal—ligand coordination bonds as compared to

covalent bonds.

B INTRODUCTION

We studied the physical aspects of mechanochemical scission
in supramolecular polymers that incorporate a metal—ligand
coordination bond at the central position within their polymer
backbone. We investigated the coil-to-stretch transition of these
supramolecular polymers under the influence of a (hydrodynamic)
force field as well as their consecutive mechanochemical scission
pathway in order to get a better understanding of the mecha-
nisms and processes underlying their use as mechanically acti-
vated catalysts.' > In addition, these new insights will be useful
and necessary for creating a framework that allows for rational
design of new experiments and the exploration of alternative
methods for mechanochemical activation beyond ultrasound.” It
was verified both experimentally and numerically that the incorpora-
tion of a weak metal—ligand coordination bond within the polymer
backbone significantly enhances mechanochemical scission effi-
ciency. This is in full agreement with earlier work where a significant
reduction in the limiting molecular weight (Mj;,) for mechano-
chemical chain scission was observed for supramolecular polymers
compared to their fully covalent analogues."**

Polymer mechanochemistry has a long history that started in
1934 when the German scientist Hermann Staudinger first
reported about mechanical degradation of polymers. He ob-
served that the molecular weight of polymers decreased under
mastication.® In the decades that followed mechanical degradation
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of polymers using various experimental setups was studied
extensively.”® Perhaps the most elaborate and detailed set of
studies was carried out in the 1980s and 1990s by the groups of
Odell and Keller”'® and Nguyen and Kausch."' Both groups
studied the kinetics and mechanisms of mechanochemical scis-
sion of polymers in solution using different types of hydrody-
namic flows created by various, tailor-made hydrodynamic flow
devices. More recently, polymer mechanochemistry has gained a
lot of interest for its ability to mechanically activate specific
reactive groups (commonly referred to as “mechanophores”)
within polymer chains. It has turned out that mechanochemical
scission of polymer chains always occurs around the center of the
polymer chains due to accumulation of force along the polymer
backbone,””~"" provided that the molecular weight of the
polymer chain is higher than a certain limiting molecular weight
(M) for mechanochemical chain scission.** ' However, the
characteristic midpoint scission can be altered by the incorpora-
tion of weak bond at off-center position within the polymer chain
as shown by the work of Encina et al."® and Berkowski et al.'*
Thus, the preferential site for mechanochemical chain scission

can be tailored by design of the structure of the polymer backbone.
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Site-specific activation of mechanophores opens the way for a
whole new class of mechanoresponsive materials that allow for
carrying out chemical transformations using mechanical forces
instead of more conventional methods, including thermal and
(photo)chemical activation. Examples of such mechanorespon-
sive behavior include color changes of polymer samples upon
deformation," stress relief through mechanically triggered in-
tramolecular rearrangements,'® and even mechanically activated
catalysis (“mechanocatalysis”).' > The latter two of these sys-
tems are of potential interest for applications in autonomous self-
healing materials. The work of various research groups through-
out the world has clearly demonstrated that mechanically activated
chemical reactions often proceed via different reaction pathways
and may result in completely different reaction products when
compared to their thermally activated analogues.'” "

A convenient method for imposing hydrodynamic force onto
polymers in solution is by subjecting the polymer solution to
ultrasound.” When using ultrasound for breaking polymer chains,
the hydrodynamic forces arise from a strong extensional flow
field in solution upon collapse of a cavitation bubble.”® The ex-
tensional forces are highest close to the interface of the collapsing
cavitation bubble and become lower at a distance further away in
solution. As a result of the extensional forces, the polymer chains
which are present in the generated force field will undergo a coil-
to-stretch transition. When the polymer chains are fully uncoiled,
further stretching will result in elongation of individual chemical
bonds and eventually, when the forces are high enough, mech-
anochemical bond scission.

Compared to their fully covalent analogues, supramolecular
polymers have a much lower limiting molecular weight for mech-
anochemical chain scission."*'** Earlier work from our group on
ultrasound-induced mechanochemical scission of supramolec-
ular polymers has demonstrated that the polymers underwent
efficient mechanochemical scission at molecular weights well
below My, of covalent poly(tetrahydrofuran) (PTHF) when a
palladium(II) —phosphine was incorporated near the chain
center.” Similar observations were made in later work on silver-
()—NHC (NHC = N-heterocyclic carbene) supramolecular
polymer complexes. For these complexes molecular weights
below 10 kg mol ™" were already sufficient to allow mechano-
chemical scission to occur.””*' Mechanochemical scission of
covalent 2polymers is sometimes facilitated by the presence of
radicals.”* However, in recent work,>' we demonstrated that for
the supramolecular polymers studied here, the chain scission
efficiency was not affected by the presence of radicals. In the
current paper, we try to answer two important issues that re-
mained unanswered. (i) Is the low observed My, compatible
with a mechanism that requires uncoiling of the polymers prior to
chain scission? In other words, is the relaxation time of these
short polymer chains long enough for them to be uncoiled
with the strain rates prevalent in ultrasonicated solutions? (ii)
Is the mechanical force induced by ultrasound sufficient to break
the ligand—metal bond without stabilization of the transition
state by coordination with a solvent or water molecule, a process
we would like to call chemically facilitated scission?

The uncoiling of the supramolecular polymers was studied by
viscosity measurements in order to determine the longest char-
acteristic relaxation times of the polymer chains. These results
where then compared to the typical conditions obtained in ultra-
sound experiments”' and the uncoiling behavior of the corre-
sponding covalent polymers in solution. The bond strengths
obtained from molecular dynamics simulations in combination

with constrained geometry optimization (COGEF) calculations
will indicate whether the silver(I)~NHC bond can be broken
purely mechanochemical under the prevalent conditions in
ultrasound experiments or if facilitation of mechanochemical
bond scission by any chemically facilitated process is required.

B THEORETICAL BACKGROUND

The Coil-to-Stretch Transition of Polymer Chains under
Force. Before individual chemical bonds in a polymer chain can
be elongated and broken, the polymer chain should first be
(partially) uncoiled."" The so-called coil-to-stretch transition
(abbreviated with C — S) is the first crucial step that precedes
mechanochemical scission of polymer chains. In hydrodynamic
flows, coil-to-stretch transition from a (random) coil to a fully
stretched or partially uncoiled state occurs as a result of exten-
sional force and/or shear forces in the fluid. The process of coil-
to-stretch transition is governed by the dimensionless Deborah
number, De:>>">°

De = 8./1() (1)

De (sometimes also referred to as Weisenberg number, Wi) gives
the ratio between the two characteristic time scales involved in
the uncoiling of a polymer chain, being the extensional rate in the
solution ¢ (being equal to the velocity gradient in the solution)
and the longest characteristic relaxation mode or relaxation time
Ao of the polymer chain. The longest characteristic relaxation
mode of the polymer chain represents the relaxation of the full
end-to-end vector of the polymer chain (i.e., relaxation of the
polymer chain as a whole). If the polymer chain is considered as
an elastic spring on which an extensional force is acting through
viscous coupling with a solvent, the coil-to-stretch transition
occurs when the value of De fulfills the following criterion:*>**

Degie = 1/2 (2)

From this criterion it follows that, since A, has a fixed value for a
given polymer chain in a particular solvent, coil-to-stretch transition
occurs when the critical extensional rate is exceeded:

. 1

Ecrit ) /10 (3)

At extensional rates below the critical value, the relaxation of
the polymer chain is faster than the speed of extension. This
means that at lower rates of extension the polymer chain cannot
be fully extended before it relaxes back to its (random) coil
conformation. Hysteresis is present between coil-to-stretch
(C — S) and stretch-to-coil (S — C) transition of a polymer
chain in solution under the influence of extensional forces. This is
caused by a difference in the longest relaxation time for a polymer
chain in its unperturbed coiled state (which is the characteristic
relaxation time for the C — § transition) and that of a fully
extended polymer chain (characteristic for the S — C tran-
sition).""”* When in its coiled or only weakly perturbed state,
hydrodynamic interactions between chain segments play an
important role (this state is called the Zimm limit), whereas
they can be neglected in the fully extended state (freely draining
or Rouse limit). A (geometric) prefactor should be included for
the calculation of Zimm and Rouse relaxation times from A,,.
However, both geometric prefactors are approximately equal to
unity,'" and we will not consider them further in this text. Since
AReuse s, J4imm he critical extensional rate is higher for the C—S
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than for § — C transition (cf. eq 3), and hysteresis exists between
both processes.

Relaxation Times of Polymer Chains in Dilute Solutions.
The longest characteristic relaxation time A, of a polymer chain
in (dilute) solution can be determined by using viscometry since
it is directly proportional to the limiting viscosity number [7],,
which is a measure for the hydrodynamic volume of a polymer
chain in solution.*®

M

Jo = [l )
In this equation, 775 is the viscosity of the solvent, M is the
molecular weight of the polymer, R is the gas constant (8.3145 ]
mol ! Kil), and T is the absolute temperature. Often, the
Mark—Houwink relation is used to relate the limiting viscosity
number to the molecular weight M of a polymer chain:

], = KM* ()

The constants K and a are uniquely defined for each set of
polymer and solvent. For numerous polymer—solvent pairs,
values of K and a are tabulated in the literature and polymer
handbooks. In addition, the value of the Mark—Houwink ex-
ponent a provides information about the solvent quality of a
particular solvent for the polymer: for flexible polymers, a ranges
from '/, in a € solvent (a solvent in which the polymer has no
excluded volume effects and where it adopts a perfect random-
coil conformation, obeying Gaussian chain statistics) to */s in a
good solvent (where excluded volume effects play a role).”

Alternatively, the limiting viscosity number can be determined
experimentally by determining the specific viscosity 7, of dilute
polymer solutions having a known polymer concentration c. The
limiting viscosity number is found by extrapolation of these data
to the fictive situation of zero polymer concentration:*’

)y = lim 22

c—0 ¢

(6)

Mechanochemical Bond Scission; Thermally Activated
Barrier to Scission (TABS) Theory. For covalent bonds, mech-
anochemical bond scission is often treated according to the
thermally activated barrier to scission (TABS) theory.”'%*
TABS theory treats mechanochemical bond scission as being a
thermally activated process. It states that the potential energy
landscape of a chemical bond, as given by the Morse potential
U(r), is lowered under the influence of an external force, Fey.
This reduction is a result of the mechanical work that is put into
the system by elongation of the chemical bond, and it results in a
reduction of the bond dissociation energy D (see Figure 1).

The maximum force on the center of a (fully extended)
polymer chain consisting of N statistical chain segment (each
having a length b) can be calculated using the bead—rod

model:>112°
3T Y
Frax = TnsabsSN (7)

Here 7], is the viscosity of the solvent, a is the radius of a bead, € =
dv,/dx is the strain rate (equal to the velocity gradient) in
solution as a result of distortions in the flow pattern, and S is the
so-called “shielding factor” that accounts for hydrodynamic
interactions between beads. When a polymer chain is fully
extended, these interactions can be neglected and S is often set
equal to 1. Since the number of statistical chain segments scales

Potential energy U(r)/D or work W(r)/D

Bond length rir,

Figure 1. Morse energy potentials representing a chemical bond in
unperturbed state (dash-dotted line) and of a bond under stress (solid
line) showing the mechanochemical activation of bond according to the
TABS theory. The energy input due to mechanical work is shown as a
dashed line.

proportionally to the molecular weight of the polymer chain, it
can be deduced that F,, o< M.

In thermal activation, the energy barrier for scission is over-
come by heating the system in order to increase its internal
energy. For mechanochemical activation, TABS theory dictates
that mechanochemical scission will occur when the external force
is high enough to reduce the dissociation energy to a value D’
which is in the order of the thermal energy of the atoms, i.e.,
several times kgT (with the Boltzmann constant kg = 1.38 X
10~ JK ). In that case, thermal fluctuations which are typically in
the order of several kgT (kgT A 2.4 kJ mol " at 25 °C) around
the equilibrium position are sufficient to overcome the energy
barrier D'.

B EXPERIMENTAL SECTION

Synthesis of a-(N-ethylimidazolium)-w-methoxy Poly-
(tetrahydrofuran) Polymers. Polymers NHC, (with x being the
approximate M, of the polymer ligand) were synthesized via cationic
ring-opening polymerization of tetrahydrofuran (THF) using methyl
triflate as initiator (see Figure 2).”” The polymerization was terminated
with ca. 2 equiv of N-ethylimidazole. Ion exchange, first using DOWEX
chloride ion-exchange resin and subsequently ammonium hexafluoro-
phosphate (NH,PF4) were carried in methanol out using the same
procedure as reported in earlier work."””" After complete work-up the
resulting polymer was characterized by "H NMR and gel permeation
chromatography (GPC). The results of the characterization are sum-
marized in Table 1. For a more detailed experimental procedure, see the
Supporting Information.

Synthesis of Silver()-NHC Polymer Complexes Ag-
(NHC,),PF¢. Complexation of polymers NHC, with silver(I) was
typically performed by stirring the polymers in dichloromethane in
the presence of excess silver(I) oxide and a small amount of aqueous 1 M
NaOH solution for 1—2 days (see Figure 2).*' After complete work-up,
complexation with silver(I) was confirmed by 'H NMR. For a more
detailed experimental procedure, see the Supporting Information.

Gel Permeation Chromatography. Gel permeation chroma-
tography (GPC) of polymers NHC, was performed on a PL-GPC 50
Plus system (Polymer Laboratories) using DMF/LiBr (10 mM) as
eluents with the integrated refractometer for detection. A typical single
run was carried out at S0 °C and took 15 min at a liquid flow rate of
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Figure 2. Reaction scheme for the polymerization and complexation reactions for the synthesis of polymer complexes Ag(NHC,,),PF starting from the
cationic ring-opening polymerization of THF. Reaction conditions: (i) methyl triflate and di-tert-butylpyridine, Ar, 0 °C, 3—6 h; (ii) 2 equiv of N-
ethylimidazole, Ar, 0 °C, 30 min; (iii) DOWEX ion-exchange resin, CH;OH, rt, 2 h; (iv) NH,PF4, CH;OH, rt, 2 h; (v) excess Ag,O, CH,Cl,/1 M

NaOH solution, rt, 1—2 days.

Table 1. Summary of the Characteristics of Polymers NHC,
That Were Synthesized and Used in This Study

determined M, (kg mol ")

end group counterion GPC* "H NMR

polymer

NHC,x N-ethylimidazolium  PF4 7.18 (1.11) 7.82
NHC,ox N-ethylimidazolium PF4 9.97 (1.10) 11.7
NHC,;sxg N-ethylimidazolium  PFs 14.4 (1.16) 15.0

“Values of the polydispersity index (PDI = M,,/M,) are shown in
parentheses. All values are determined versus poly(ethylene oxide)
standards using DMF/LiBr as eluents.

1 mL/min. The number- and weight-average molecular weights were
obtained versus poly(ethylene oxide) standards. Comparison between
these values and the value of the number-average molecular weight
obtained from end-group analysis in '"H NMR showed very good
agreement (Table 1).

Viscosity Measurements. Ubbelohde viscosity measurements
were carried out using a capillary viscometer (manufactured by Schott
Instruments, Germany; i.d. 0.40 mm). For temperature control, the glass
capillary was immersed in a thermostat bath (Schott Instruments CTS2,
by Schott Instruments, Germany) equilibrated at 28.00 & 0.02 °C. For
the viscosity measurements, solutions were prepared containing be-
tween 2.5 and 12.5 mg mL ™ of polymer complexes Ag(NHC,),PFq in
toluene. The specific viscosities of these polymer solutions were
calculated by comparing their elution times At with that of the pure
solvent as reference At according to

n—n, At— At
=TT 2 Sk ®

nsp 7 Ats

Strictly speaking, eq 8 is only valid when the density of the polymer
solution is approximately the same as the density of the pure solvent i.e.,
under dilute solution conditions. For all experiments in this work it was
confirmed that this criterion was fulfilled.

Molecular Dynamics Simulations. To gain an atomistic insight
in the response of the silver(I) ~NHC bond to external force, ab initio
molecular dynamics (ab initio MD) simulations were performed on this

system.”® The system has been initially optimized using the SIESTA
code.”* GGA approximation has been applied, with PBE functional
describing the exchange-correlation term. DZP basis set shipped to-
gether with STESTA has been used. The same parameters have been used
for all subsequent calculations. The system has been put into a 30 A cubic
periodic box to provide enough space to stretch and to prevent the
interaction of the system with its periodic images in neighboring boxes.
The artificial force was acting on the two hydrogen atoms in the opposite
directions, along the arbitrarily selected axis.

After initial optimization of the system, the optimized geometries
were used as initial geometries for the NVT MD runs. The runs lasted for
20000 steps with a time step of 0.5 fs resulting in a total simulated time
period of 10 ps. The time step was short enough to ensure the system
was simulated properly as is evident by the conservation of the energy of
the system during the run and the smooth motion of atoms. Tempera-
ture was set at 298 K, and it was controlled by a Nose thermostat. We
have carried out five ab initio MD simulations, with the magnitude of the
artificial force increasing from 0.4 to 2.0 nN.

In addition, constrained geometry optimization calculations in the
presence of an artificial force acting on the molecular model were carried
out using the same initial geometry of the system. These optimization
provide us with the potential energy surfaces similar to those obtained by
the groups of Moore,"” Martinez,'® and Marx®** to study e.g. the
mechanochemical ring-opening of benzocyclobutanes. The constraint
put upon the system was a fixed distance between the Ag and C2 atoms
(i.e., the length of the silver(I) ~NHC coordination bond). A series of
constrained geometry optimizations were carried out with the C2—Ag
distance varying from 2.0 to 4.0 A with steps of 0.2 A. These simulations
allowed determining the influence of the external force on the activation
barrier for the dissociation of the Ag—C2 coordination bond. The bond
cleavage is possible when the work done by the external force overcomes
the increase of the system’s potential energy along the reaction coordinate.

B RESULTS AND DISCUSSION

Synthesis of Polymers NHC, and Their Corresponding
Supramolecular Polymer Complexes. To study the physical
aspects of mechanochemical chain scission of supramolec-
ular polymers in solution, supramolecular polymer complexes
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Figure 3. (a) Specific viscosity 77, of the polymer complex solutions as a function of polymer concentration ¢ in toluene at 28.00 & 0.02 °C: (H)
Ag(NHC),PFs; (@) Ag(NHC, ok ),PFg and (A) Ag(NHC sx),PFg. (b) Intrinsic viscosity of solutions of Ag(NHC s ),PFs in toluene. The solid line

represents the best linear fit of the data.
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Figure 4. (a) Mark—Houwink plot and (b) relaxation times for the supramolecular polymer complexes Ag(NHC,),PF¢. The solid line represents the

best fit of the experimental data.

Ag(NHC,),PFs were synthesized. The synthetic route toward
the supramolecular complexes, starting with the cationic ring-
opening polymerization of THF, is shown in Figure 2. Table 1
summarizes the results of full characterization of polymers
NHC,. A more detailed description of the synthetic procedure
and characterization methods of these polymers and their cor-
responding supramolecular polymer complexes is given in the
Supporting Information. The M,, values obtained by GPC agree
well with those obtained by 'H NMR, which is a clear indication
of successful end-group functionalization.

Kinetics of Ultrasound-Induced Silver(l)—~NHC Polymer
Chain Scission. Ultrasound-induced chain scission kinetics of
Ag(NHC,),PF¢ polymers could not be monitored by GPC.
When analyzed with a chloroform mobile phase, broad and ill-
defined peaks were observed for the imidazolium ligands, pos-
sibly owing to ionic aggregation and interactions of the polar end
groups with the column. When DMF, a more polar mobile phase,
was used to suppress aggregation, hydrolysis of the silver(I) -NHC
complexes took place, and all polymeric material eluted from the
column as uncomplexed imidazolium salts.

Relaxation Times of Silver(I)—NHC Polymer Complexes in
Dilute Solutions. Ubbelohde capillary viscometry was used to
determine the relative viscosities of solutions of the supramolecular
polymer complexes Ag(NHC,),PFy in toluene at 28.00 £+ 0.02 °C.*

9191

By plotting the specific viscosity of the solutions of these polymer
complexes in toluene versus polymer complex concentration (as
shown in Figure 3a), it was confirmed that all solutions could be
considered as dilute since the slopes of the obtained lines are
almost equal to unity.

Equation 6 was used to determine the limiting viscosity number
[17]o from these data. The values of 7,/c were plotted versus
polymer concentration ¢ on a double-logarithmic scale (the
graph for complex Ag(NHC,sx),PF is given as an example in
Figure 3b; for the graphs of the other complexes, see Supporting
Information). As expected, all data points fall approximately onto
a straight line that was extrapolated to ¢ — 0 by linear regression
to determine [#7]o.

Mark—Houwink parameters for the silver(I) ~NHC polymer
complexes were determined from the slope and abscissa of a
double-logarithmic plot of the obtained values for [#7], versus the
number-average molecular weight M,, as determined from GPC
measurements (see Figure 4a). Linear regression shows that a =
0.65 and log(K) = —2.18 (i.e,, K= 6.6 x 10> L/g). Even though
these values should be treated as rough estimates which are based
on only a small data set, they are consistent with literature, where
values of a ranging between 0.59 and 0.78 are reported for
covalent PTHF in toluene.’”** The precise value of a depends
on the range of molecular weights and the polydispersity of the
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Table 2. Limiting Viscosity Numbers, Longest Characteristic
Relaxation Times, and Critical Strain Rates for Coil-to-Stretch
Transition for the Ag(NHC,),PFs Complexes in This Study

complex M, (kgmol )" [nloLg ™)’ Ao(s) e (s™)
Ag(NHC,),PFq 14.4 00373 12 x 1077 43 x 10°
Ag(NHC ) ,PFg 19.9 00453 2.0 x 1077 2.6 x 10°
Ag(NHC, 5¢),PF 28.8 00583  3.6x 1077 1.4 x 10°

“ Calculated as twice the M,, of each polymer ligand according to GPC
(see Table 1). bExperimental value, as obtained from Ubbelohde
viscometry.

polymer samples that were used to determine the Mark—Houwink
parameters and the temperature at which the experiments were
carried out.>*7>* In conclusion, it is clear that toluene is a good
solvent for PTHF and the analogous polymer silver(I)—NHC
complexes, indicated by the fact that a > '/, in this study and in all
cases reported in the literature.

The longest characteristic relaxation time A¢ of the polymer
complex chains is calculated from these data using eq 4. The
results of all the calculations are summarized in Table 2. It is
observed that the longest characteristic relaxation times A, for the
polymer complexes used in this study and in previous work are in
the order of several tenths of microseconds (~10~" s) and that
they scale with molecular weight as A o< M,,"** (Figure 4b).

Estimation of the Critical Extensional Rate for Coil-to-
Stretch Transition. For the silver(I) —-NHC polymer complexes
studied in this work, the longest characteristic relaxation times of
the polymer chains as a function of total molecular weight were
determined. It was shown that for the typical molecular weights
that have been used in this and previous work (M, = 10—40 kg
mol ') these relaxation times are in the order of 0.1—0.5 us (1 x
1077=5 x 10~ s). With these results, the critical strain rates in
solution €.; can be calculated (i.e., the strain rates that are
typically required to obtain coil-to-stretch transition of the
polymer complex chains). By applying the criterion of the critical
Deborah number, as formulated in eqs 3 and 4, it is found that
it ~ 10°—107 s~ . The values of &.; have been included with
Table 2.

In our previous work, numerical simulations of the cavitation
process in toluene were performed,”" taking in account the
typical conditions of scission experiments. It was shown that
strain rates as high as ~10°® s~ were reached during the first
collapse event of a cavitation bubble; in addition, strain rates
remained higher than ~10° s ' for the subsequent four to five
collapses (“bounces”). On the basis of the simulations and the
findings in this work, it can be concluded that the strain rates
typically obtained in ultrasound experiments are sufficient for
coil-to-stretch transition of the silver(I)~NHC polymer com-
plexes in solution to occur.

Now since the first step in mechanochemical scission of
polymer chains, being the coil-to-stretch transition, is apparently
not significantly altered when going from a covalent to an
analogous supramolecular polymer, it seems obvious that the
introduction of a metal—ligand coordination bond in the center
of the polymer chain is solely responsible for lowering the
limiting molecular weight for mechanochemical scission. In
terms of the TABS theory, the weaker metal—ligand coordina-
tion bond in the supramolecular polymer has a lower energy
potential at rest (hence alower dissociation energy D); therefore,
when compared to covalent bonds in a polymer backbone

(typically C—C and or C—O bonds which have bond energies
around 350 kJ mol "), less mechanical work is required for the
bond to lower its dissociation energy to D’ ~ kgT. This means
that (cf. eq 7) a polymer chain consisting of less statistical
segments N (ie., a shorter polymer chain) is already sufficient
to transduce the required force on the central bond.

Potential Energy Diagram for Ag—C Bonds under External
Force. In the previous sections we have demonstrated that the
strain rates required to achieve coil-to-stretch transition of the
po?lmer catalyst complexes considered is in the order of
10°—107 s™". After extension of the polymer chain, mechanical
forces accumulate along the (contour) length of the polymer
chain. These forces are transmitted from the solvent to the
polymer chain through viscous coupling as described by the
bead—rod model (see eq 7). The crucial question to be answered
at this stage is whether or not the accumulated forces are enough
to cleave the Ag—C bond.

Two series of simulations have been carried in order to answer
this question. First was the molecular dynamics (MD) simula-
tion, which allowed us to gain insight into the cleavage phenom-
enon. On the basis of their relative bond strengths, the co-
ordination bond is expected to break easier than the covalent
bonds; hence, it was assumed that the Ag—C bond is the place
where scission would occur. MD simulations combined with the
steering force could confirm that assumption. However, because
the time scale of the MD simulations and the experiments differ
by several orders of magnitude, the accuracy of the assessment of
the rupture force is not accurate in this case.

Therefore, a second series of simulations were carried out,
using constrained geometry optimizations (COGEF), where the
constraint was identical to that of the MD simulations. The exact
details of the computational procedure are listed in the Experi-
mental Section. The optimized model is shown in the top left of
Figure 5. The central Ag atom is coordinated by two carbon
atoms (marked as C1 and C2) that belong to two imidazolium
rings. The ethyl groups attached to the rings are the simplified
model of the long chain polymer chains that transfer the external
force to the central coordination bond. It has been recently
reported by Marx et al.*' that the length of the side chains is
important for the correct assessment of the mechanochemical
properties of covalent polymers. They demonstrated that in the
case of a benzocyclobutane core functionalized with polyethyl-
ene (PE) chains the angle between the side chains and the
benzocyclobutane moiety (the angle being determined by the
length of the PE chain) is the main factor affecting the accuracy of
the predicted values of the rupture force. However, because of
the much higher flexibility and the coordination nature of
bonding within our model as compared to the covalent polymer
considered by Marx et al,, this factor is expected to be only minor
in the case considered here. Therefore, the use of the simplified
1-ethyl-3-methylimidazolium ligands is justified for the purpose
of the present study.

In the ab initio MD simulations an initial reorganization of the
geometry with respect to the external force is observed, after
which the system stabilizes with deformed geometry. The local
geometrical deformation observed within the complex depends
on the forces acting on hydrogen atoms. In the equilibrium state
(without external force acting) the bond length equals 2.06 A.
Under an external force, the average bond length between the Ag
and C2 atoms increases from 2.10 A at F,; = 0.4 nN, to 2.13 A
(0.8 nN), 2.16 A (1.2 nN), and reaches 2.22 A at F,, = 1.6 nN
(Figure S). When an external force of 2.0 nN is applied, the
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Figure 5. Stages of bond cleavage in MD simulation with an artificial force of 2.0 nN. Top left: initial structure with relaxed coordinates. Top right:
stretched conformation as a result of force acting on hydrogen atoms. Bottom: structure after the Ag—C bond cleavage, with one of the NHC ligands

separated from the complex.

cleavage of the Ag—C bond is observed within the 10 ps time
scale of the MD run.

COGEF analysis provides more insight into the impact of the
external force on the mechanochemical scission of the polymer
silver(I) ~NHC complexes. The potential energy surfaces corre-
sponding to the cleavage of Ag—C bond under increasing ex-
ternal force was analyzed. After the initial preoptimization of the
complex in absence of geometrical constraints, another geometry
optimization was carried out with an external force of 1.0 nN to
reorient the system with respect to the external force, as observed
in the MD simulations. Subsequently, the geometry was opti-
mized further in the absence of geometrical constraints, but with
the complex aligned within the periodic box in such a way as if
there were still external forces applied. The geometry obtained at
this stage was used as the initial geometry for the constrained
optimization procedure.

Seven series of constrained geometry optimization simulations
were performed with a gradually increasing external force varying
between 82 and 823 pN. Moreover, as a reference, we have
carried out one simulation without external force. The energy
change upon the increase of Ag—C bond length was monitored
for each of the values of external force. The Ag—C distance was
initially set to 2.0 A and was increased to the value of 4.0 A with
steps of 0.1 A. At each step total energy has been calculated, and
the work done by the external force has been evaluated from the
equation W = F, Ax, where W is the work done by the force, F,;
is the external force acting on the atoms, and Ax is the
displacement of these atoms from their optimal position along
the direction of the external force. This procedure resulted in the
reaction energy diagrams for the mechanochemical activation of
a silver(I) ~NHC complex under the influence of the increasing
external force (Figure 6). When no external force is applied, the

energy barrier for the Ag—C bond cleavage is just above 2 eV
(~200 kJ mol '), which is in close agreement with bond
energies found in the literature®® and indeed much lower than
bond dissociation energies for C—C and C—O bonds (both
around 350 kJ mol ") The activation barrier decreases gradually
with increasing force until it finally disappears at the external
force of 823 pN. It is also noticed that the maximum energy shifts
toward shorter bond lengths upon increasing force.

‘We may now speculate on the magnitude of the force necessary
to break the Ag—C bond in the investigated system. From the
MD calculations it turns out that a force of 2.0 nN is sufficient to
break the Ag—C bond at the very early stage, even before the
system stabilizes. Already the first pull caused by the external
force is sufficient to overcome the energy barrier. In the simula-
tion with the force of 1.6 nN applied, we can observe that the
system remains intact during the run; hence, we can conclude
that the force necessary to readily break the Ag—C bond would
be in between 1.6 and 2.0 nN. This calculated value is close to the
experimentally observed force for bond cleavage in similar
systems applying a force of less than 1 nN. The COGEF simulations
show a better agreement with the experiment. A low-energy
barrier (around 0.2 €V or 20 kJ mol ') is observed in the
presence of an external force of 412 pN, and the barrier has
completely disappeared for a force of 823 pN. However, the small
energy barrier that is still present at a force of 412 pN can still be
overcome by thermal fluctuations on time scales typical for
ultrasound experiments (which are in the order of 107° ).
Therefore, based on the potential energy diagram in Figure 6, the
value for the force required to break silver(I) -NHC coordina-
tion bonds can be estimated to be between 400 and 500 pN.

This discrepancy between the MD and COGEF simulations
can be explained by the time scale of the simulation with respect
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to the experiment. As we mentioned before, we have simulated
only 10 ps of the life of the system, whereas 1 us is the time scale
of the experiment. Literature sources provide some more details
on the value of the force versus time scale for different types of
bonds.>*” Although there is no Ag—C type of bond mentioned in
the reference, we may assume that the trend will be continued,
and we could expect the force to be lowered by approximately
15—25%. This value is even closer to the experiment, despite the
simplifications used in our model such as the shorter aliphatic
chains at the N1 position of the NHC ligands and absence of the
solvent.

The maximum force Fy on polymer chains as a function of
increasing molecular weight is shown in Figure 7 for typical strain
rates € = 10" and 10 s~ '.*' These values are rough estimates
calculated based on the bead—rod model® as given by eq 7.
From these calculations, we would expect My, for the polymer
silver(I) ~NHC complexes to be around 30 kg mol ™ fore=10"
s~ and between 10 and 15 kg mol " for £ =10° s, respectively.
Taking in account the fact they are only rough estimates, these
values are in good agreement with previous experimental ob-
servations. Furthermore, these values indicate that purely mech-
anochemical bond scission is possible under ultrasound con-
ditions without the aid of any chemical process that would
facilitate bond scission (chemically facilitated scission). So, even
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though the contribution of chemically facilitated mechanochem-
ical bond scission is not excluded based on the present results, it
can be concluded that its presence is not an absolute requirement
to explain the high observed scission efficiency at molecular
weight below My, of covalent PTHF.

Bl CONCLUSIONS

In the present study, we studied the unfolding and mechan-
ochemical scission of silver(I) -NHC supramolecular polymer
complexes. It was confirmed that both (unperturbed) polymer
chain dimension as well as the critical strain rate for coil-to-
stretch transition is similar for both the supramolecular polymer
and its fully covalent analogue, irrespective of the presence of the
coordination complex within the polymer chain. On the basis of
the results from earlier numerical simulations of the cavitation
process in ultrasound,” it was concluded that coil-to-stretch
transition is in fact expected to occur readily for these supramo-
lecular polymers, even though their molecular weight is relatively
low (well below My, for covalent PTHF, see ref 4).

In addition, molecular dynamic (MD) simulations, combined
with COGEEF analysis, resulted in a potential energy diagram for
Ag—C bonds under external force. From this potential energy
diagram it became clear that application of an external force of
400—500 pN would be sufficient to achieve scission of the Ag—C
bonds at room temperature. During none of the performed MD
simulations, scission of a covalent bond within the systems was
observed. The obtained force for mechanochemical chain scis-
sion is about 1 order of magnitude lower than the forces typically
required to break covalent bonds in polymer chains (in the
literature, for C—C bonds values ranging between 2 and 13 nN
are found).>’

Taking all these results into account, it is confirmed that the
reduction of My, in supramolecular polymers is due to the
incorporation of the metal—ligand coordination bond within the
polymer backbone. Such a metal—ligand coordination bond is
significantly weaker (D & 200 k] mol ' for Ag—C bonds) than
typical covalent bonds, such as C—C and C—O bonds that make
up the polymer backbone (D ~ 350 k] mol ). As a result of the
weaker bond, a lower force is required to reduce the energy
barrier for bond scission to a value that is readily overcome by
thermal fluctuations at ambient temperature (as dictated by
TABS theory). Radical-induced chain scission can be excluded
as a predominant mechanism based on findings in previous
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work,”" and the possible role of chemically facilitated mechano-
chemical chain scission was evaluated here. A possible facilitating
mechanism consists of reduction of the dissociation energy
barrier by activation of the Ag—C bond in the transition state
of the cleavage process. Even though the occurrence of chemi-
cally facilitating mechanisms cannot be excluded, it is confirmed
that such a mechanism is definitely not a prerequisite for chain
scission of these supramolecular polymers using ultrasound. Since
the Ag—C bond in the silver(I) ~NHC coordination complex is
several times weaker than a covalent bond, the prevalent condi-
tions in ultrasound experiments allow for purely mechanochem-
ical bond scission.
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