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Acceleration of Diels-Alder reactions

by mechanical distortion

Yerzhan S. Zholdassov?3, Li Yuan*, Sergio Romero Garcia®, Ryan W. Kwok?3,
Alejandro Boscoboinik®, Daniel J. Valles"?3, Mateusz Marianski?>, Ashlie Martini®,

Robert W. Carpick?, Adam B. Braunschweig"?3*

Challenges in quantifying how force affects bond formation have hindered the widespread adoption
of mechanochemistry. We used parallel tip-based methods to determine reaction rates, activation
energies, and activation volumes of force-accelerated [4+2] Diels-Alder cycloadditions between
surface-immobilized anthracene and four dienophiles that differ in electronic and steric demand.
The rate dependences on pressure were unexpectedly strong, and substantial differences were
observed between the dienophiles. Multiscale modeling demonstrated that in proximity to a surface,
mechanochemical trajectories ensued that were distinct from those observed solvothermally or
under hydrostatic pressure. These results provide a framework for anticipating how experimental
geometry, molecular confinement, and directed force contribute to mechanochemical kinetics.

he great majority of organic reactions

carried out in industry and research

laboratories rely on strictly solvothermal

activation, in which solvent and heat act

in concert to drive reactions along a
trajectory toward products (7). The organic
solvents used in these reactions account for
>60% of all chemical manufacturing waste
(2) and are often toxic (3), while as a result of
the energy demand of solvothermal syntheses,
the chemical industry consumes 37% of the total
energy used in manufacturing (4). As such,
there is a critical need to supplement and
ideally replace solvothermal chemistry with
less wasteful activation approaches. Mechani-
cally activated organic chemistry (5)—in which
force, rather than heat and solvent or hydro-
static pressure, drives the making and break-
ing of covalent bonds—can help to ameliorate
the waste and energy challenges of organic
synthesis because the reactions are run neat or
with minimal solvent (6), and energy can be
provided more efficiently through mechanical
rather than thermal means (7). Even when
solvents are added to mechanochemical reac-
tions, in a process called liquid-assisted grind-
ing, they are added in comparatively small
amounts (8). Another benefit is that mecha-
nochemically activated conditions often pro-
duce stereoisomers and regioisomers that are
not favored, or cannot be produced at all, under
solvothermal conditions (9), although why such
mechanically favored products arise is often
not well understood.
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Despite its many potential advantages, organ-
ic mechanochemistry has not been widely
adopted in chemical synthesis and manu-
facturing. This can be attributed in part to
substantial remaining gaps in the understand-
ing of reaction kinetics under mechanochemical
activation. Until physical models are devel-
oped that reliably account for experimental
observations, the products of mechanochemical
reactions cannot be predicted, and the reac-
tions cannot be easily translated to large
scales. Mechanochemical reactions are typi-
cally carried out in ball mill (0) or planetary
mill reactors (II) or in twin-screw extruders
(12), for which it is difficult to determine even
the most basic reaction parameters, such as
the magnitude of the applied force (F), the
reaction time under force (%), or conversion at
different time points. Polymer mechano-
chemistry (13-15) entails the use of mechan-
ical energy to activate mechanophores (16-18)
embedded within long polymer chains: Soni-
cation (19, 20), atomic force microscopy (AFM)
(21, 22), and/or laser pulses (23) apply me-
chanical energy that ruptures the mechani-
cally susceptible bonds in the mechanophores.
However, these methods are used to initiate
bond rupture, and as a consequence, such
studies do not explain bond-formation events
in mills and extruders. This difficulty in acquir-
ing quantitative experimental data on bond
formation under stress complicates the develop-
ment and validation of generalizable kinetic
models of mechanochemical bond-forming
reactions. Furthermore, because mechano-
chemical reactions are carried out on powders,
rather than well-solvated molecules, the kine-
tics of grinding to expose molecular reactants
adds another layer of complexity to kinetic
models. For example, the rate of pericyclic
[4+2] Diels-Alder cycloadditions in ball (10)
and planetary (24) mills are dependent on
particle size (25), shaking frequency (10), ball
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mass (25), and vessel loading (26) in addi Check for |

to the molecular-scale factors that are knt .. .-
to affect rates, such as reactant structure and
temperature (7) (27).

Given all these macroscopic factors, it has
been challenging to explain how mechanical
energy acts on the reaction potential energy
surface. One such explanation is the “hotspot”
model (28), which postulates that localized
heating occurs when milling balls collide with
surfaces and with each other, causing the re-
lease of Kinetic energy. Rate increases in
mechanochemical reactions are thus posited
to arise because of conventional thermal acti-
vation at the collision sites. Although some
local heating is observed upon milling, these
temperature increases are small and are not
commensurate with observed reaction rate
increases (29). The other dominant kinetic
theory of mechanochemistry argues that
grinding increases the surface area of powders,
increasing the collision probability of reac-
tants, which explains the dependence of rates
on powder size (25). Ultimately, current Kinetic
models of organic mechanochemistry—the
molecular-scale hotspot theory and the macro-
scopic model that considers increases in area
during grinding—are incomplete because they
fail to account for all experimental observations.
In particular, they fail to account for the forma-
tion of different isomers under mechano-
chemical activation versus strictly solvothermal
activation, which indicates that F can move
reactants along a different reaction trajectory
than that from heat. As such, any accurate
molecular-scale kinetic model of mechano-
chemical reactions must consider how F
distinctly alters reaction trajectories and
explain quantitatively how F affects reaction
barriers and, in turn, reaction rates. With the
physical understanding inherent to an accu-
rate molecular-scale model of mechanical
reactivity, the reactions that are susceptible
to mechanical activation could be anticipated
and their rates and products predicted accu-
rately, leading to the wider adoption of sustain-
able mechanochemical methods in organic
synthesis and chemical manufacturing.

We experimentally and computationally
investigated the reaction Kkinetics of mecha-
nically activated [4+2] Diels-Alder cycloaddition
reactions between dienophiles and surface-
confined diene monolayers to measure how
force affects reaction rates. Pericyclic reactions
were chosen because they proceed in con-
certed fashion without intermediates (30),
which minimizes challenges in analyzing their
kinetics. The reactions were carried out on
monolayers so that the complexities associ-
ated with grinding powders during milling
and reactant availability were not factors in
the Kinetic analysis, and the effects of ¥ on the
free energy of activation (AG") and reaction
trajectories would be isolated. The experiment
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(Fig. 1) used elastomeric arrays (figs. S7 and
S23) that contained 900 pyramidal tips with
heights of 21.9 um and base edge lengths of
31 um (31, 32) to bring fluorescently labeled
dienophiles into contact with monolayers of
the tethered diene, anthracene, that was immo-
bilized covalently onto the surface of a silica
(Si0,) wafer (33, 34). The tip arrays were
mounted onto piezoactuators so that they
could be pushed into the monolayer with pre-
cise control over F and ¢ (32, 35, 36), resulting
in a nanoreactor where the anthracene and
dienophile react under mechanical activation.
The tips themselves were coated with an ink
mixture that consisted of a large excess of the
fluorescent dienophiles embedded within a
polymer matrix that solubilized the dienophiles
and ensured that they were accessible to react
with the immobilized anthracene (37). We
used fluorescence microscopy to track the
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Fig. 1. Force-activated Diels-Alder reactions on
anthracene monolayers. (A) Diels-Alder cyclo-
addition reaction between anthracenes immobilized
onto SiO, surfaces and dienophiles under applied
force. (B) Structures of dienophiles Alk, Mal, MAcr,
and Acr. (C) (i) Elastomeric tip arrays transfer an
ink mixture (red coating), consisting of a dienophile
and PEG, onto an anthracene-modified surface. The tip
arrays are tilted so that different forces are applied by
the tips at different locations across the surface.
Thick arrows indicate areas of the tip array that exert
high force, and thin arrows indicate areas that exert
low force. (i) Upon contact with the surface, the

tips form nanoreactors, (iii) where forces are applied
that accelerate the Diels-Alder cycloaddition reactions.
(iv) After washing the surface, only covalently

bound molecules remain on the surface.
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Diels-Alder adduct formation as a function
of F and ¢t. We studied the reaction rates of
the anthracene monolayer with four different
dienophiles—an alkene (AlK), a maleimide
(Mal), a methacrylate (MAcr), and an acryl-
ate (Acr)—because they differ in the electron
demand (38) and the steric environment (39)
around the reactive alkene, factors that af-
fect the reaction rates of Diels-Alder reactions
(27, 30) under strictly solvothermal conditions,
which allowed us to examine how mechano-
chemical reactivity trends differ from strictly
solvothermal trends. We determined the pres-
sure (p) of the reaction using a scale below the
tips and finite element analysis modeling
(FEM). The fluorescence data were fit to a
first-order kinetic model to determine acti-
vation parameters, including the activation
energy (E,), which is the energy difference
between the transition state and the initial
state in the absence of stress; AG*; and the
activation volume (AT), which is a measure of
the sensitivity of a reaction to mechanical
activation (40, 4I). These data reveal that
rate constant (k) increases of a factor of >10x
occur at only a few atmospheres of p, and the
sensitivity of this experimental approach is
such that the effects of subtle differences in
dienophile structure on rates could be deter-
mined, revealing that mechanochemical re-
activity trends are distinct from solvothermal
trends. Molecular dynamics (MD) and density
functional theory (DFT) modeling of the sur-
face and reaction revealed how molecular
distortions account for changes in AG', providing
a generalizable model for mechanochemical
reactivity that suggests that the scope of me-
chanically susceptible reactions may be substan-
tially broader than previously anticipated.

Experimental setup

For the printing experiment, we modified an
approach we have developed for studying
mechanochemical surface reactions quanti-
tatively (31, 32), in which the reactions occur
under a ~1-cm? elastomeric polymer tip array
(42, 43). The inked 900-tip arrays were mounted
onto the z-piezoactuator of an atomic force
microscope equipped with a specialized mount
for the tip arrays and an a,y-tilting stage. Upon
moving the arrays in and out of contact with
the surface, each tip in the array prints a two-
by-five array of 10 features, in which each
feature in a two-by-five array is printed with a
different tip-surface contact time ¢ that varies
from 1 to 600 s. The substrate is intentionally
tilted with respect to the tip-array so that the
F applied by individual tips varies systemati-
cally across one axis of the surface (36). In this
experiment, the effect of 30 different values
of F, ranging from 1.91 to 89.4 uN (table S1),
and 10 different values of £ on reaction con-
version could all be assessed from a single
printed surface. In addition, each two-by-five
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pattern generated at a given F is repeated 30
times by the tip arrays, resulting in denser
data sets that enable higher-fidelity fitting. After
printing, the surface was sonicated in ethyl
alcohol (EtOH) for 5 min to remove any phy-
sisorbed dienophile and polyethylene glycol
(PEG) from the substrate, and F, k, E,, AV*,
and AG" values for the reaction between a
fluorescent diene and surface-bound anthra-
cene could be determined from the normalized
fluorescence intensity I (fluorescence of feature/
fluorescence of background) from images
taken from a single printed surface.

Characterization of patterned surfaces

We relied on several complementary analytic-
al techniques to confirm the formation of the
anthracene monolayer and, subsequently, the
formation of the Diels-Alder adduct. Fluores-
cence intensity data derived from fluorescence
microscopy images (Fig. 2A) confirmed that
the immobilization of the fluorophores occurs
only where the tips contact the surface, and
that 7 is dependent on both F and ¢ (Fig. 2B).
Time-of-flight secondary ion mass spectro-
metry (ToF-SIMS) data (Fig. 2C) show that
fluorescent features of the two-by-three patterns
are chemically distinct from unprinted areas,
with the spectra of the former containing fea-
tures consistent with the presence of the
dienophile, whereas the latter are consistent
with an unreacted anthracene monolayer. X-ray
photoelectron spectroscopy (fig. S3), contact
angle measurements (fig. S6), and AFM imag-
ing (fig. S13) were carried out, and all data are
consistent with the proposed modified sur-
faces. Control experiments (fig. S12), including
patterning of the fluorophores onto a bare
SiO, surface or the patterning of dyes that lack
the reactive alkene onto anthracene surfaces,
failed to produce fluorescence patterns, fur-
ther confirming that the fluorescent patterns
are the result of the covalent bond formation
that occurs during the Diels-Alder cycloaddition.
Although no single surface technique is capa-
ble of directly confirming the formation of
new covalent bonds in monolayers, the totality
of the data makes any explanation of the
fluorescent patterns for a reason other than
covalent bond formation through a [4+2]
Diels-Alder reaction unlikely.

Determination of activation parameters

To analyze the fluorescence data and ex-
tract kinetic parameters, we assumed that the
Diels-Alder reaction in this system follows a
first-order Kinetic rate law (eq. S10) and that
fluorescence images can be used to quantify
conversion as a function of ¥ and ¢. We adopted
the pseudo-first order assumption because
at the interface, the dienophile concentration
is substantially greater than the anthracene
concentration. We have previously applied
this same model to the kinetic data of other
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Fig. 2. Experimental data for Diels-Alder reactions on anthracene mono-
layers with varying force and times. (A) Fluorescence image (Aex = 530 to
550 nm and Aem = 575 to 750 nm, where A is the excitation wavelength and

Aem IS the emission wavelength), observed after washing and sonication, of surfaces
after patterning with fluorescently labeled dienophile Alk onto the anthracene-
modified SiO, surface. The imaged areas vary from high (top) to low (bottom)

F applied to the substrate during the cycloaddition reaction by the tilted tip arrays.
Scale bar, 90 um. (B) Normalized fluorescence intensity (I is fluorescence of
feature/fluorescence of background) of the printed features of Alk as a function
of Fand t. Arrows above the bars indicate the data taken from the fluorescent
images in (A); the wide arrows indicate high F, and narrow arrows indicate

low F. (C) Time-of-flight secondary-ion mass spectrometry (ToF-SIMS) map
(positive ion mode) of a surface patterned with Alk after sonication and washing.
(Middle left) Fluorescent image. (Middle right) Corresponding ToF-SIMS map.

Scale bar, 100 um. Mass spectrometer data were taken from unreacted (top)
and reacted (bottom) areas of the surface. The peak at mass/charge ratio
(m/z) = 178.08 is identified as a C4Hyo" fragment corresponding to anthracene,
and the peak at m/z = 73.01 is identified as a C4,Hy;N* fragment corresponding
to the secondary dialkyl amine of the rhodamine dye. (D) QCM measurement
tracking the formation of the Diels-Alder adduct from the reaction of Mal with
anthracene-functionalized QCM crystal in PhMe solution. The abrupt drop in

the frequency corresponds to the introduction of new solutions into the QCM.
The spike in the frequency and inset correspond to the introduction of a solution
of EtOH to wash physisorbed molecules from the surface. (E and F) Plots of
surface density of the adduct (I",qq) versus t for the reaction of Alk with the
anthracene surface. (G and H) Plots of T"aqq versus F for the reaction of Alk with
the anthracene surface. Error bars are 1 SD from the mean of three independent
measurements. Fits were weighted to the error bars.

pericyclic reactions on monolayers under
applied F and found good agreement between
the model and the experimental data (32).
To determine the rate constant %, it was nec-
essary to track conversion of anthracenes on
the surface to adduct by measuring the grafting
density of the anthracene (I',,4,) and of the ad-
duct (T"gq) in the fluorescent features. A quartz
crystal microbalance (QCM) measurement on a
SiO, crystal that was subjected to the anthra-
cene monolayer formation protocols provided
I"anth,max the concentration of anthracene in the
unreacted monolayer, of 1.12 + 0.33 mol-nm 2
(fig. S18), which is in good agreement with
the value obtained from MD simulations of
[ anth,max = 1.20 + 0.08 mol-nm ™ (figs. $36 and
S37). The maximum grafting density of the
adduct (I'ygq,max) Was determined by moni-
toring the reaction between an anthracene-
modified QCM crystal and a solution of Mal
within the fluid cell of the QCM (Fig. 2D).
This reaction was selected because it occurs
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rapidly, even in the absence of F, so that the
reaction would proceed to completion in the
QCM. The QCM data were consistent with
the formation of the adduct with I'jqqmax =
0.94 + 0.14 mol-nm ™2, suggesting that only 75
to 84% of the anthracene can react with Mal,
at which point the surface is saturated with
adduct. For the ensuing calculations, we assumed
that the adducts that formed with the differ-
ent dienophiles had similar volumes and, in
turn, similar I'yqq max. An accurate measure of
F at each feature was needed to understand
the relationship between reaction rate and
F. We determined F using a balance below the
printed surface and measuring the recorded
weight and feature edge length (fig. S22 and
table S1) (35), and these calculations deter-
mined that the F across the substrate ranged
from 1.91 to 89.4 uN. We conducted FEM of
individual pyramidal tips to validate the force
measurements, and the relationship between
feature length and z-displacement matched
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the experiments and was nearly indepen-
dent of the assumed elastic constants for poly-
dimethylsiloxane (PDMS). Furthermore, the
values of the simulated F as a function of
2-piezo extension could be readily fit to the
experimental data by using values of the PDMS
elastic constants well within typical measured
values (figs. S23 and S24). Last, we considered
whether surface roughness could create local-
ized asperities of high force and found that
average surface roughness (0.41 nm) (fig. S25)
was too low to cause any noteworthy effect.

With these data in hand, the surface density
of the adduct (I'; ) could be determined from
the fluorescence intensity of the features printed
at different F and ¢ from I, using Eq. 1

Tnax — 1,
Fop = {1_ (—ma; F)} Taaame (1)

where I, is the fluorescence intensity of a
feature that has reached saturation with the
adduct. This equation assumes I';  and I,z
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are linearly related, an assumption that can
be used in organic monolayers when the fluo-
rophores do not couple (44). The relationship
between TI', s F, and ¢ for each feature was
plotted for all anthracene-dienophile pairs
(Fig. 2, E to H, and figs. S27 to S30). In all
cases, we observed that I'; r increased with
increasing ¢ and F. Mal is the only dieno-
phile that formed adduct in the absence of F,
and the rate quickly reached a maximum upon
the application of minimal F. This is consistent
with known trends for Diels-Alder reactions
with normal electron demand, in which the
presence of electron withdrawing groups on
the dienophile lowers the E, (27, 30). The plots
of I', pversus ¢ (Fig. 2, E and F) and I', - versus
F (Fig. 2, G and H) fit well to a first-order
rate model, further validating the pseudo-
first order assumption. All fits of kinetic data
were weighted to the error bars, and y? analysis
showed that the fits were statistically signifi-
cant at a 95% level of confidence.

A mathematical framework was needed to
derive the activation parameters k, E,, AV*,
and AG" from the experimental data. We
adapted the model, developed from examining
chemical reactions under hydrostatic pressure
(45, 46) and based on the work of Evans and
Polanyi (47) and Eyring (48), that considers how
p affects k. Under hydrostatic pressure, cyclo-
addition reactions have finite and negative AV*,
meaning that p will increase k& according to
Eq. 2

E, pAVH
ksT  kgT

In(k) = In(4) (2)
where A is the preexponential factor, 7" is the
temperature, and kp is Boltzmann’s constant.
This model, which considers the effects of
thermal and mechanical activation on the
rate, has AG* = E, + pAV*. We follow the
convention, used broadly in the study of
the effects of p on chemical kinetics, in which
a negative AV* acts to reduce AG'. To apply
this model, the mean p in the nanoreactor
contacts was determined as a function of F
by dividing by the feature area. Our use of
mean pressure is consistent with current pub-

lished work on probe-based mechanochemistry
(32, 49, 50). There was a spatial distribution
of that pressure, as seen in our finite element
simulations (fig. S23D), but this does not alter
the observed trends nor our primary conclu-
sion that nonhydrostatic compression increases
reaction rates as a result of molecular distor-
tion, lowering the reaction energy.

With these experimental data, we deter-
mined all the activation parameters of interest
for each dienophile-anthracene pair. Isothermal
first-order Arrhenius plots of InI",,, versus ¢
were fitted, and % at each pressure was deter-
mined from the best-fit linear correlation (Fig.
3A and fig. S31) that was weighted to the error
bars; errors are reported as the standard error
of the fit. For AlK, % increased from 3.8 +
0.25 x107% s at p = 0.16 MPa to 1.55 + 0.19 x
1072 s " at p = 0.32 MPa, and this trend of in-
creasing k& with increasing p is consistent
throughout all the data. The greatest change
in k& was observed for MAecr (from 4.07 +
0.58 x 1072 t0 1.77 + 0.77 x 107" s™") and the
smallest for Mal (from 4.0 + 0.050 x 1072 to
1.57 + 0.77 x 107 s7Y). The E, and AV* were
determined from the extrapolated y-intercept
and slope, respectively, of the linear fit of the
plot of Ink versus p (Fig. 3B). The E, follow the
trend MAcr > Acr > AIK > Mal. The mag-
nitudes of E, in the anthracene monolayers,
84.5 to 96.4 kJ-mol ™}, are similar in magni-
tude to values for Diels-Alder reactions with
anthracene reported in the literature of 63.6 to
83.7kJ-mol ™ (51, 52), and these small differences
in magnitude in the E, between reactions in
solution and monolayers can be attributed to
differences in molecular structures, reaction
geometry, lack of solvent, and the influence of
the Si0, surface. All AV* are negative, and the
differences in AV* between the dienophile-
anthracene pairs reflect the relative sus-
ceptibilities of their rates to mechanically
induced pressure. The AVF range from -60.7 x
10% em®mol™ for MAer to -21.8 x 10° em®mol ™
for Mal and follow the identical trend of
MAcr > Acr > Alk > Mal, meaning that the
reactions with larger E, are more sensitive to
mechanochemical activation. Also, these AVF

A B
-0.23 3
£ _0.28 3 ]
g x
£ _0.33 | = £
L @ 0.16 MPa e,
£ _g3g |A022MPa m Ak @ Mal
®026MPa 0
¥ 0.32 MPa A MAcr & Acr
-043 L T -7 T I T
0 5 0.15 0.21 0.27
t(s) p (MPa)

0.33

values are substantially greater than the NG
of -20 to -45 cm®-mol~? for Diels-Alder re-
actions observed (46) under hydrostatic p in
solution, where interfaces do not have a role in
the reaction. Last, we calculated the change
in free energy of activation AAG' = pAV* at
every p for each dienophile-anthracene pair
(Fig. 3C) and found that AAGY range from
-3.53 to -19.46 kJ-mol ", with an average value
of -8.21 kJ-mol ™, which would cause a ~14-fold
rate increase in rate. The relative sensitivity to
p shown in Fig. 3B was validated by adding
the rhodamine-labeled Mal (Fig. 3B, red) and
a MAcr that was labeled with fluorescein (Fig.
3B, green) to the same tip array (fig. S33) and
then printing them simultaneously (fig. S34),
which led to the fluorescence intensity of the
red dye remaining constant as force was in-
creased, whereas the intensity of the green dye
increased with increasing force (fig. S35).

Modeling mechanical distortion

We used DFT calculations to generate a
theoretical model for the energetics of the
reactants and the transition states (TSs) and to
understand mechanistically how F acts on the
system to lower the reaction energy (AE). Al-
though experiments determined AG*, our
calculations and the ensuing theoretical treat-
ment involve AE, which is the reaction energy
that does not take into account vibrational
and entropic effects that are not included in
the DFT calculations. Anthracene was simu-
lated as attached to a Si,OgHj cluster to mimic
the effect of the surface. DFT calculations
predicted the E,, which is the activation en-
ergy for the strictly solvothermal reactions,
as defined by Eq. 2, for the Diels-Alder reac-
tion to be between 77.1 (Mal) and 90.0 (AIK)
kJ-mol ™ (Fig. 4A and fig. S44). These values
are within range of the experimental values.
The overestimation of the E, of AlK is likely
caused by limiting the reaction system to the
anthracene, SiO, cluster, and dienophile. In
doing so, we neglected the destabilizing ef-
fects caused by the interactions between the
surrounding SiO, surface and the rhodamine
fluorophore. This omission led to interactions

o

-1

= 6

<)

£

s =11

5

= k...

G181 mak o ma A

g _21 A MAcr I(} Acr I AI
0.15 0.21 0.27 0.33

p (MPa)

Fig. 3. Activation parameters for the Diels-Alder reactions on anthracene monolayers. (A) Isothermal Arrhenius plots of IN(Tanthracene) Versus t at different F for the
reaction between Alk and the anthracene monolayers. Fits are based on eq. S12. The slope of these lines provide k. (B) Plot of Ink versus p for all four dienophiles, the slope of
which provides AV#, whereas y-intercept provides E,. Fits were weighted to the error bars, and coefficients of determination (R%) are 0.97 to 0.99. (C) AAG* as a function of p.
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in the calculations that stabilized the Alk-
anthracene reactant complex, resulting in a
higher reaction barrier than was measured
experimentally. MD simulations showed that
the anthracene responds to tip-induced com-
pression by bending toward the surface, that
the fraction of molecules with distorted CCH
angles increases with increasing pressure (fig.
S42), and that compression causes deforma-
tion of the molecules themselves (figs. S40 to
S42). To model the effect of the mechanical
distortion caused by uniaxial stress acting on
the reactant from the top, we used DFT to
distort the anthracene along three angles—
0SiC, SiCC, or CCH (Fig. 4A)—and the geo-
metry of the reactant and TS were fully
relaxed, while keeping those angles fixed.
In this model, we envision that F increases
the energy of the reactants by distorting the
anthracene in a way that increases its re-
activity. The acceleration of the reaction can
be then achieved when the distortion energy
of the reactants (AE4") is larger than the dis-
tortion energy of the TS (AE4™>) (53). The
change in the reaction energy (AAE) that oc-
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Fig. 4. Mechanical distortion under uniaxial
stress. (A) The activation energy E, and the
geometry of the relaxed transition state involving
Acr. Blue lines indicate OSiC, SiCC, and CCH angles,
distortion of which by the applied F is explored in

(B) and (C). All calculations have been performed at
MO6-2X/6-311+G(d,p) level of theory (31, 32, 57, 58).
(B) The relative change (AAE) to the reaction energy
(AE) as a function of the CCH angle. The gray box
indicates the fully relaxed TS geometry. The bending
of the CCH angle leads to the decrease of the AE for
MAcr, Acr, and Alk. (C) The effect of distorting the
CCH coordinate on the geometry of the TS. Pushing
the H atom toward the dienophile creates an
asynchronous TS, which lowers the reaction energy.
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curs during the distortion of the anthracene
reactant and TS are shown in Fig. 4B and fig.
S45. We observed that distorting the anthra-
cene along OSiC and SiCC angles increases AE.
However, bending the top H (CCH) toward the
dienophile, from the relaxed geometry of be-
tween 180° and 190° to 200°, decreases the
AE of AlK, Acr, and MAcr by 2.6, 4.4, and
5.6 kJ-mol ™', respectively, which is consis-
tent with the experimentally determined AAG*
and follows the identical trend MAer > Acr >
AlIK > Mal. Only in the case of Mal did bend-
ing of the CCH angle increase the AE, most
likely because of repulsive electrostatic inter-
actions between the bulky dienophile and the
SiO, cluster, although this is still consistent
with the smallest AAG* observed experimen-
tally for Mal. Subsequently, we explored the
effect of bending of other angles or bending
multiple angles simultaneously (fig. S46 and
table S14), and these calculations did not re-
sult in substantially different values of AE.
This particular bending motion is productive
because it increases asynchronicity—the dif-
ference in length (A7) between newly formed
C-C bonds—of the TS (Fig. 4C). This deforma-
tion from the relaxed, nearly synchronous TS
of the Aer (Ar2%, = 0.07 A) to the distorted,
asynchronous TS (ArA%520 = 0.18 A) reduces
the destabilizing activation strain and unfav-
orable Pauli repulsion between the reactants,
which results in a lower AE (53, 54). Fur-
thermore, the predicted degree of the asyn-
chronicity of the distorted TSs (table S13) is
consistent with the increasing acceleration of
the reaction, MAcr > Acr > Alk > Mal.
Mechanical force, which acts as uniaxial
compression, modifies the potential energy
surface of the Diels-Alder reaction differently
than does hydrostatic pressure. Under strictly
solvothermal conditions (Fig. 5A), AE is equal
to the strictly solvothermal activation energy
E,. Hydrostatic pressure (Fig. 5B) acts along
the reaction coordinate by reducing the ener-
gy of the transition state (AEg™>), and AAE =
AEy"S = pAVF. AV* of Diels-Alder reactions
under hydrostatic pressure are modest (—20
to —45 cm®-mol ™) (46) because hydrostatic
pressure squeezes equally along three axes
and does not cause molecular distortion. As
such, a p of ~150 MPa is needed for a AAE of
—4.4 kJ-mol™, which is an arbitrarily chosen
value of AAE that is in the range of those AAGY
measured here experimentally. Uniaxial com-
pression (Fig. 5C) distorts the reactants, rais-
ing their energy by AE4Y, and also distorts the
transition state to raise its energy by AE4">. So,
under mechanochemical conditions, in which
uniaxial compression can cause distortions to
oceur, AAE = AE4™ — AESR = pAV*. Because
the magnitudes for the AV* we observed for
mechanically distorted Diels-Alder reactions
are large (>10* cm®-mol™), the same AAE of
—4.4kJ-mol ™" can be achieved at p < 1 MPa.
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We also found that similarities exist (fig.
S4:7) in how force modifies the potential ener-
gy surfaces of mechanochemical bond forma-
tion (pushing, which causes uniaxial stress)
and mechanochemical bond rupture reactions
(pulling, which involves uniaxial stress in the
opposite direction). In 2007, Hickenboth et al.
studied bond rupture in another pericyclic
reaction, the ring opening of a benzocyclobutene
mechanophore, while using sonication to
drive the ring-opening reaction (20). Since then,
other pericyclic reactions, including the retro
Diels-Alder reaction driven by pulling, have
also been examined (17, 22). The Diels-Alder
reaction (bond forming) and benzocyclobutene
ring-opening-retro Diels-Alder reactions (bond
rupture) are all pericyclic reactions, meaning
that their regioselectivities and stereoselectiv-
ities are governed by the Woodward-Hoffmann
rules. The studies by Hickenboth et al. first
revealed that a distorted state also precedes
the TS and bond rupture in ring opening,
and the result of this distorted state is a
decrease in AE, where the relationship AAE =
AE;™ — AE4R, the same relationship that we
observed for mechanochemical bond formation,
also applies. Thus, the key to understanding re-
gioselectivity and stereoselectivity in mecha-
nochemical pericyclic reactions—and bringing
mechanochemically driven pericyclic reactions
within the Woodward-Hoffmann manifold—
necessitates understanding the distortion that
uniaxial mechanical stress induces in the re-
actants and the TSs. There is, however, an im-
portant difference between how pushing and
pulling modify the reaction potential energy
surface: a Diels-Alder reaction driven by com-
pression will follow a distinct trajectory along the
potential energy surface than the retro Diels-Alder
reaction of its products. As such, the geometries
and energies of the TSs and the distorted states
of the Diels-Alder reaction and the retro Diels-
Alder reaction will be very different.

We have used elastomeric tip arrays to con-
trol precisely the ¢ and F applied between
dienes and dienophiles on a surface to deter-
mine %, B, AV¥, AG, and AAG' for the Diels-Alder
reaction between immobilized anthracene
and four dienophiles that differ in steric
and electronic demand. We found that AV* is
~1000-fold greater on surfaces under uniaxial
compression than under hydrostatic pressure,
indicating that the reactions follow different
trajectories. The value of tip-based approaches
for measuring the Kinetic parameters of mech-
anochemical bond-breaking reactions is well
known, and in this work we show that the
techniques are equally valuable for studying
bond-forming mechanochemical reactions. These
results have important implications for the
study, understanding, and wider application
and adoption of mechanochemistry. These
results also explain that the large AV* for
mechanochemical reactions occur as a result
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Fig. 5. Comparison of reaction trajectories under strictly solvothermal
activation, hydrostatic pressure, and uniaxial stress. (A) Reaction potential
energy diagram of the Diels-Alder reaction under strictly solvothermal activation.
(B) Reaction potential energy diagram of the Diels-Alder reaction under
hydrostatic pressure. The arrows indicate the hydrostatic forces that accelerate
the reaction. AE4™ was calculated by using AV# of =30 cm®mol™ to predict
the change in the AE in the hydrostatic mechanism at a p of 150 MPa.

(C) Reaction potential energy diagram of the Diels-Alder reaction under uniaxial
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Editor’s summary

Using ball mills to conduct chemical reactions in solid state has the potential to eliminate vast quantities of solvent
waste. However, the energetics of these reactions are much harder to discern and optimize than reactions in the
solution phase. Zholdassov et al. used a modified atomic force microscope to study in a more precise, controlled
fashion how the forces squeezing molecules together in a ball mill might influence the Diels-Alder cycloaddition
reaction (see the Perspective by Weiss). The authors observed much greater acceleration through mechanical
distortion than hydrostatic pressure would deliver. —Jake Yeston
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