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Mechanochemistry is a fast-developing field of interdisciplinary research with a growing number of applications.
Therefore, many theoretical methods have been developed to quickly predict the outcome of mechanically
induced reactions. Constrained geometries simulate External Force (CoGEF) is one of the earlier methods in this
field. It is easily implemented and can be conducted with most DFT codes. However, recently, we observed
totally different predictions for model systems of epoxy resins in different conformations and with different
density functionals. To better understand the conformational and functional dependence in typical CoGEF cal-
culations we present a systematic evaluation of the CoGEF method for different model systems covering ho-
molytic and heterolytic bond cleavage reactions, electrocyclic ring opening reactions and scission of non-
covalent interactions in hydrogen-bond complexes. From our calculations we observe that many mechano-
chemical descriptors strongly depend on the functional used, however, a systematic trend exists for the relative
maximum Force. In general, we observe that the CoGEF procedure is forcing the system to high energetic regions
on the molecular potential energy profiles, which can lead to unexpected and uncorrelated predictions of

mechanochemical reactions. This is questioning the true predictive character of the method.

Introduction

It is well understood that mechanical forces induce versatile chem-
ical reactions in polymeric materials at the molecular scale [1-5]. The
types of reactions that can be triggered by mechanical energy range from
simple heterolytic or homolytic bond breaking to unexpected and
otherwise forbidden chemical reactions [3,4,6,7]. This opened up the
field for synthesis of compounds with predetermined mechanochemical
reactivity, so-called mechanophores [2,8-10]. However, the prediction
of mechanochemical reactivity of polymer chains or mechanophores is
very difficult by experimental means, so that computational methods
became indispensable to investigate the induction of chemical reactivity
by mechanical force and to streamline the design of new mechanophoric
components [11-15]. While most computational methods that allow
incorporation of an external force afford a priori knowledge of the ex-
pected reaction mechanism, the Constrained Geometries Simulate
External Force method (CoGEF) only requires knowledge of the re-
actants [16]. The CoGEF method allows to investigate the
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mechanochemical strength of covalent bonds by density functional
theory and, recently, it was validated as a predictive tool for mecha-
nochemical reactivity [17]. While multidimensional approaches are also
available [18], the classical 1D-CoGEF method is a prominent approach
to study mechanochemical reactions due to its simplicity and broad
availability. Indeed, similar approaches were already utilized to study
the molecular response to external forces before the name CoGEF [16]
was suggested by Beyer in 2000 [14].

While investigating the mechanochemical response of epoxy resins
with the CoGEF method, we observed that the CoGEF prediction can
strongly depend on the initial conformation and the density functional
used. Therefore, in this contribution we present an evaluation of the
functional dependence of the CoGEF method covering a broad spectrum
of different mechanochemical reactivities and force ranges. The results
indicate that multiple reactions or reaction cascades can become
accessible at the high energetic regions typically observed in 1D-CoGEF
calculations. Nevertheless, general relative trends of the mecha-
nochemically interesting descriptors remain mostly independent on the
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Fig. 1. Bond potential energy surface (BPES) vs. 1-dimensional molecular potential energy surface (1D-MPES). Left: BPES of ethane, Right: 1D-MPES of n-hexane.
The point of maximum Force (Fpnex = AE/AX) is marked in red, where AE is the energetic difference observed for stretching the molecule by Ax. Representative
structures along the respective PES are shown next to the graph. In both cases, a relaxed potential energy scan was performed, fixing the distance between the
outermost carbon atoms (marked in blue and orange in the chemical structure). Profiles were obtained at the UB3LYP/6-31G(d,p) level of theory.

functional used.
The 1-D CoGEF method

The fundamental assumption underlying the CoGEF approach is that
an external force will lead to a distortion of the molecular structure
relative to its equilibrium geometry [15]. Consequently, if one imposes
the deformation by application of geometrical constraints, one can
calculate the force leading to this deformation via the energy change
necessary to generate this new geometry. In the 1D-CoGEF approach, a
relaxed potential energy scan is performed, incrementally increasing the
distance between two atoms to simulate pulling apart of those atoms by
an external force. The simplest example of such an approach is a
well-known relaxed potential energy scan (PES) of a bond coordinate
(Fig. 1). In this example, the bond distance between the two blue carbon
atoms is gradually increased and kept constrained, while all other co-
ordinates of the molecule are fully relaxed. This results in a minimum
energy profile of the covalent bond as a function of the interatomic
distance. We term this energy profile a bond potential energy surface
(BPES).

The CoGEF procedure extends this concept to study the behavior of
full molecules and not just single bonds as a response to an elongation
(simulating the impact of an external force in the direction of the
stretching coordinate). For n-hexane for example, a relaxed potential
energy scan can be performed while gradually increasing and con-
straining the distance between the outermost (orange) carbon atoms.
With this approach, a molecular potential energy surface (MPES) is
obtained which reflects the response of the molecule to an external force
acting along the direction of the fixed distance. 1D-CoGEF profiles for
more complicated systems, such as n-hexane, typically reveal a discon-
tinuity in the MPES after bond rupture (in the case of n-hexane after 29%

strain). The point of maximum Force (Fp,ax) can be obtained numerically
and is typically located close to the discontinuity before a mechano-
chemical reaction is observed in an isometric MPES. Fy,.x of a BPES is
located at the inflection point of the curve. While the BPES approaches
the dissociation energy (Dg) at infinite separation, which pinpoints the
point of highest energy on the profile, the MPES can contain a high
energy region, which is several 100 kJ/mol above the energy at infinite
separation after mechanochemical scission. This point of maximum
energy is typically denoted as Ep,,x. While Fp,x was suggested as a robust
predictor of mechanochemical activity in a sense that it can clearly
separate mechanochemically active compounds from mechanochemi-
cally inactive controls, Epax and other predictors such as the force-bond
angle prior to bond rupture did not show such a behavior [17].
Although, Fpax values obtained by 1D-CoGEFF calculations are consis-
tently larger than experimental rupture forces [16,17]. One problem of
the 1D-CoGEF method is that it does not explicitly capture the transition
states associated with the mechanochemical reactions it aims to predict
[18,19]. Therefore, the 1D-CoGEF procedure is not able to compare
multiple different mechanochemically induced reactions a single
molecule might encounter and the corresponding structure at E,,x does
not necessarily correspond to the proper transition state for the under-
lying reaction [18]. Two dimensional CoGEF or alternative approaches,
which incorporate the external force explicitly, are necessary to fully
capture the force transformed energy landscape of mechanochemically
activated processes [12,14,18,20]. The predictive character of the
1D-CoGEF method was, however, validated by comparing the scission
products obtained after the molecule passes the discontinuity at Ep,ax to
experimental observations, which indeed showed astonishing agree-
ment at the RB3LYP/6-31G(d) level of theory [17].

Nevertheless, the examples above present very simplified systems
and typical polymer models or mechanophores of interest are of much
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Chart 1. Overview of the investigated systems. The constrained atoms are highlighted in orange.
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Fig. 2. MPES obtained by means of CoGEF calculations for an epoxy model system in two different conformations (1a and 1b).

higher complexity. In the next sections we will apply the 1D-CoGEF
method to a broad range of model compounds covering heterolytic
and homolytic bond scission reactions, formal electrocyclic reactions
and non-covalent interactions and evaluate the differences between 5
different density functionals (with or without dispersion corrections [21,
22]), namely B3LYP-D3BJ [23-25], M06-D3 [26], PBE1PBE [27] and
BP86-D3 [23,28] in combination with the def2-SVP [29] basis set, as
well as B3LYP/6-31G(d) [30-32], which developed as the de facto
standard in other CoGEF studies. All calculations were performed with
Gaussian 16 [33] and the python toolset cogef.py [34] that allows a
more advanced procedure including stability analysis and
re-optimizations in case an instability was observed in restricted or
unrestricted calculations (cf. Fig. S1 and computational details section in
the supporting information). The CoGEF increments were set to 0.05 A,
which is in line with previous studies [17] and provided a compromise
between accuracy and computational demand (see Table S1 for a com-
parison of the effect of the step size for n-hexane). The dataset associated
with this publication is freely available at Zenodo [35].

Covalent polymer backbones

Chart 1 summarizes all compounds investigated in this study. We
will start our discussion with the model compounds representing cova-
lent polymer backbones. Initially, we investigated a model compound of
a typical epoxy resin (e.g. consisting of diglycidyl ether of bisphenol A
and cured by an amine) in two conformations 1a and 1b. This compound
presents a typical reaction product after cross-linking of an epoxy group
with an amine during the curing phase of thermosetting epoxy resins.
The amount of such covalent cross-links determines the molecular ma-
terial characteristics of the final network structure [36]. The only dif-
ference between the two conformations is the presence of hydrogen
bonds, which can be formed either between the alcohol group and the
amine (la) or between the alcohol group, the aromatic ether (as
acceptor) and the amine as donor (1b). The latter conformation is
slightly more stable by only 13 kJ/mol (including zero-point corrections
at the B3LYP/6-31G(d) level of theory). The CoGEF profiles for 1a and
1b observed with different functionals are summarized in Fig. 2. Please
note that the hydrogen bonds were not constrained during the CoGEF

calculations, and we did not observe interconversion between the con-
formers in each run (Fig. S2). The CoGEF calculations, however, reveal
different “scission” products. While in 1a we observe exclusively ho-
molytic bond cleavage (as expected for thermosetting polymers
[37-40]) of the carbon-carbon bond between the alcohol and the amine
moiety (Fig. 2), a different bond is involved in the mechanochemical
scission of the compound in 1b. Indeed, in this case, the final products
that are predicted by the CoGEF calculations depend on the functional
used. In two cases, we observe homolytic cleavage of the carbon-carbon
bond between the ether and the alcohol (B3LYP-D3BJ, BP86-D3) in
three other cases we observe formation of an aldehyde in one step
(B3LYP/6-31G(d), PBE1PBE, M06-D3). This result showcases two find-
ings: first, the outcome of the CoGEF calculation depends on the initial
conformation and the weakest bond in the system can vary due to local
effects (in this case the hydrogen bond is destabilizing the “protected”
bond). Second, different functionals not only predict different bond
strengths (as previously observed for small molecules [41]) but also
completely different mechanochemical scission products.

To investigate such discrepancies further, we conducted CoGEF
calculations for the four model polymers 2 - 5 representing typical
substructures as observed in polystyrene, novolaks, cellulose or in pol-
yphthalaldehyde (Fig. 3). In the case of our polystyrene model 2, we
observed homolytic bond scission between the outermost ethylbenzene
unit and the core backbone. Please note that multiple trials with methyl,
propyl or phenyl capping groups attached to both sides of the poly-
styrene chain always led to cleavage of or reactions with the anchor
units instead of the backbone between the repeat units. BP86-D3 pre-
dicts rearrangement after radical formation. This directly reflects
experimental evidence that homolytic bond scission is predominant
[42], however, the radicals generated are short lived and can recombine
[10]. Of course, in a more realistic larger polymer model the radical
reactions after bond cleavage would not be limited to this interaction but
could easily show a large diversity.

While we observed homolytic bond cleavage leading to identical
scission products for the polystyrene model 3 in all five cases, the cel-
lulose trimer 4 and the oligophthalaldehyde 5 again show a functional
dependence. CoGEF predicts either homolytic scission of a glycosidic
bond (B3LYP, BP86-D3, PBE1PBE) in 4, or fragmentation with release of
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Fig. 3. MPES obtained by means of CoGEF calculations for covalent polymer backbones represented by compounds 2, 3, 4 and 5. The different scission products are
shown as insets. For compound 5, the unrestricted MPES is shown, which in all cases predicts homolytic bond scission. The restricted MPES (which would indicate
heterolytic bond scission) suffer an RKS/UKS instability and converge to the unrestricted profiles (cf. Figure S03). The scission products for compound 5 can be found
in Scheme 1.
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| RKS/UKS instability

Scheme 1. Different mechanochemical scission products predicted by the CoGEF procedure for Poly(phthalaldehyde) 5 with different functionals. The electrostatic
potential is shown for the anticipated heterolytic scission product for path A. However, all scission products observed with the restricted CoGEF procedure suffer a
severe RKS / UKS instability and the stable wavefunctions clearly indicate homolytic bond scission in all cases. The spin density (computed for the stable UKS

wavefunctions) is shown for the paths B, C, D and E in the right column.

formaldehyde (B3LYP-D3BJ, M06-D3). Again, this happens in one step
without homolytic intermediates. The scission products differ by
roughly 200 kJ mol ! in energy and the rupture happens after E,y of
460-690 kJ mol ! is reached. It seems to be likely that multiple barriers
vanish at this high energy region on the MPES, and it is not surprising
that the predicted scission products show a functional dependence. This
behavior is even more pronounced in the case of the oligoph-
thalaldehyde 5. In previous combined experimental and theoretical
studies, oligophthalaldehydes were shown to follow a heterolytic
unzipping pathway by using a combination of sophisticated trapping
experiments and steered molecular dynamics simulations [43]. The
steered molecular dynamics approach was conducted with unrestricted
density functional theory at the B3LYP/6-31G and B3LYP/6-31G(d,f)
levels of theory and indicated that an initial heterolytic depolymeriza-
tion is indeed followed by radical formation (indicated by an immediate
rise of the expectation value of the spin squared operator <S2> to ~1.0)
[43]. Interestingly, previous 1D-CoGEF calculations conducted at the
restricted B3LYP/6-31G(d) level of theory predicted only heterolytic
scission products [17]. Our CoGEF calculations on compound 5, how-
ever, do not confirm the heterolytic bond scission. A close inspection of
the wavefunctions instead confirmed a plethora of different homolytic
scission products (Scheme 1), all of which support the idea of a radical
unzipping pathway. The discrepancies between previous studies and our
results are therefore most likely attributable to the usage of restricted
wavefunctions, which prohibit the identification of homolytic scission
products. While restricted (RKS) and unrestricted Kohn-Sham (UKS)
approaches are identical up to the rupture event on the MPES, a stability
analysis of the scission products obtained with RKS revealed RKS/UKS
instabilities with all tested functionals (Fig. S3). The observed maximum

Forces are identical between UKS and RKS procedures (Table 2 and
Table S1) and are in excellent agreement with previous studies at the
B3LYP/6-31G(d) level of theory, which observed a Fp,x equal to 5.6 nN
[17]. It is noteworthy that the presented calculations were conducted on
an all-cis isomer of 5, similar to previous work [17]. Additionally, we
performed test calculations on an all-trans isomer, which indicate that in
this case also a homolytic scission pathway is prevailing (SI), however,
the scission products again differ from the ones delineated in Scheme 1.

The observed mechanochemical descriptors are summarized in
Table 1. The largest relative standard deviation (RSD) of the maximum
Force was observed for compound 5 with 13%. This compares to an
overall RSD of Fp,ox of 8 % for all covalent polymer backbones investi-
gated. However, it is worth mentioning that the RSD for Fp,,x for com-
pounds la, 1b and 3, is relatively constant around 4.5-6%. This
indicates that Fp,,x is rather independent on the predicted reaction in
these cases. The largest deviation is observed for Epayx, as expected and
relates to an RSD of 11.9 % for all covalent backbones. The observed
fracture strain shows an RSD of almost 10 %, which again appears to be
rather independent on the predicted reaction.

It is, however, very interesting that even in simple covalent poly-
meric backbones, i.e. without any mechanophoric component, different
(unexpected) mechanochemical reactions besides homolytic bond scis-
sion might be observed with the CoGEF procedure. There is no guar-
antee, that every functional will predict an identical reactivity. In
general, the MPES obtained by the CoGEF procedure exerts very high
energetic regions before bond rupture. At such high energies, multiple
reactions might become accessible so that the result of the CoGEF pro-
cedure depends on the functional used.
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Table 1

Mechanochemical descriptors obtained from CoGEF calculations for covalent polymer backbones.
System Fmax [NN] Emax [kJ/mol] Strain at Fay [%] Type
1a (epoxy)
B3LYP/6-31G(d) 6.5 578.8 18.3 homolytic
B3LYP-D3BJ/def2SVP 6.7 588.8 18.3 homolytic
BP86-D3/def2SVP 6.1 498.9 17.3 homolytic
PBE1PBE/def2SVP 7.0 626.8 18.7 homolytic
MO06-D3/def2SVP 6.9 625.1 18.7 homolytic
SD 0.4 52.0 0.6
RSD (%) 5.5 8.9 3.2
1b (epoxy)
B3LYP/6-31G(d) 6.7 620.7 18.6 aldehyde form.
B3LYP-D3BJ/def2SVP 6.8 603.7 17.9 homolytic
BP86-D3/def2SVP 6.2 520.8 16.9 homolytic
PBE1PBE/def2SVP 7.1 650.7 18.3 aldehyde form.
MO06-D3/def2SVP 7.1 667.0 19.0 aldehyde form.
SD 0.4 57.0 0.8
RSD (%) 5.4 9.3 4.5
2 (polystyrene)
B3LYP/6-31G(d) 5.1 285.1 26.3 homolytic
B3LYP-D3BJ/def2SVP 5.3 306.2 24.2 homolytic
BP86-D3/def2SVP 5.0 303.5 24.1 hom. + rearr.
PBE1PBE/def2SVP 5.7 314.8 27.3 homolytic
MO06-D3/def2SVP 5.7 324.6 26.3 homolytic
SD 0.3 14.7 1.4
RSD 5.8 4.8 5.4
3 (novolak)
B3LYP/6-31G(d) 7.0 614.0 31.2 homolytic
B3LYP-D3BJ/def2SVP 7.2 627.7 34.3 homolytic
BP86-D3/def2SVP 6.8 591.0 36.7 homolytic
PBE1PBE/def2SVP 7.6 703.7 35.2 homolytic
MO06-D3/def2SVP 7.5 670.2 29.5 homolytic
SD 0.3 45.3 2.9
RSD 4.5 7.1 8.8
4 (cellulose)
B3LYP/6-31G(d) 6.7 510.5 18.5 homolytic
B3LYP-D3BJ/def2SVP 7.2 588.8 19.8 fragmentation
BP86-D3/def2SVP 6.2 462.7 17.9 homolytic
PBE1PBE/def2SVP 7.7 619.2 20.6 homolytic
MO06-D3/def2SVP 7.9 692.8 21.0 fragmentation
SD 0.7 90.5 1.3
RSD (%) 9.9 15.8 6.9
5 (oligo-phtalaldehyde)
B3LYP/6-31G(d) 5.5 498.9 52.3 homolytic B
B3LYP-D3BJ/def2SVP 5.9 559.4 56.3 homolytic C
BP86-D3/def2SVP 4.8 434.9 53.9 homolytic C
PBE1PBE/def2SVP 6.5 638.9 42.2 homolytic D
MO06-D3/def2SVP 6.7 657.3 48.9 homolytic E
SD 0.8 93.6 5.5
RSD (%) 13.0 16.8 10.8
SDpolymers 0.5 64.8 2.7
RSDpolymers (%) 8.0 11.9 2.8

Covalent mechanophores

While homolytic bond scission is prevailing in polymeric com-
pounds, mechanophores can exhibit new chemistry, which is only
accessible by mechanical force. One well-known example is the me-
chanically induced electrocyclic ring opening reaction of benzocyclo-
butene [2,11]. A mechanical force can open the ring in either a trans (6)
or cis (7) fashion as showcased in our model compounds 6 and 7
respectively. It was observed that the cis pathway will follow a dis-
rotatory mechanism, which even violates the Woodward-Hoffmann
rules [2]. Therefore, this system is a wonderful example how me-
chanic force can open pathways to new or otherwise forbidden chem-
istry. All of our CoGEF calculations on model systems 6 and 7 show the
same electrocyclic scission products (Fig. 4). No radical generation is
observed along the MPES, indicating that only the electrocyclic mech-
anism is accessible in these compounds. This is in line with experiments
and previous computational studies on this system [2,11,17].

Mechanophore 8 was reported to undergo either heterocyclic ring
opening or direct formation of an n-heterocyclic carbene via a concerted

pathway [44]. Our CoGEF calculations confirm the heterolytic bond
scission for molecule 8 for all functionals, which is in line with previous
CoGEF calculations [17]. Neither a radical pathway nor a scission
product following a concerted pathway was observed and all restricted
wavefunctions were indeed stable minima, in contrast to our observa-
tions for the oligo-phthalaldehyde 5. BP86-D3 predicts that a proton can
be easily abstracted by the anionic scission partner, which is corrobo-
rated by experiments [44]. It is, however, not the proton located at the
heterocycle that is abstracted. Instead, a methyl proton is abstracted
followed by ring closure as depicted in Fig. 4. The last mechanophore
investigated is the sulfone 9 (which indeed could also be categorized as a
covalent polymer backbone). In this case all functionals indicate iden-
tical homolytic scission products. The deviation between the results with
different functionals for the covalent mechanophores follow the trends
observed for the covalent polymeric backbones (Table 2). The largest
differences are again observed for Epx with an RSD of 11 %.
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Fig. 4. MPES obtained by means of CoGEF calculations for different covalent mechanophores.
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Table 2
Mechanochemical descriptors obtained from CoGEF calculations for different
mechanophores.

System Frax Emax [kJ/ Strain at Fpay Type
[nN] mol] [%]
6
B3LYP/6-31G(d) 41 186.9 17.8 4n
electrocyclic
B3LYP-D3BJ/ 4.2 180.9 17.0 4n
def2SVP electrocyclic
BP86-D3/def2SVP 3.9 160.5 16.2 4n
electrocyclic
PBE1PBE/ 4.5 215.0 18.7 4n
def2SVP electrocyclic
MO06-D3/def2SVP 4.5 215.3 18.0 4n
electrocyclic
SD 0.3 23.5 0.9
RSD (%) 6.5 12.3 5.4
7
B3LYP/6-31G(d) 3.7 246.0 24.5 4n
electrocyclic
B3LYP-D3BJ/ 3.7 247.2 22.2 4n
def2SVP electrocyclic
BP86-D3/def2SVP 3.4 241.2 23.8 4n
electrocyclic
PBE1PBE/ 4.2 268.5 25.6 4n
def2SVP electrocyclic
MO06-D3/def2SVP 4.1 277.2 25.7 4n
electrocyclic
SD 0.3 15.8 1.4
RSD (%) 8.6 6.2 5.9
8
B3LYP/6-31G(d) 5.5 434.2 25.7 heterolytic
B3LYP-D3BJ/ 5.9 507.8 29.2 heterolytic
def2SVP
BP86-D3/def2SVP 5.4 433.1 29.4 heterolytic
PBE1PBE/ 5.9 470.9 26.2 heterolytic
def2SVP
MO06-D3/def2SVP 6.2 546.7 27.3 heterolytic
SD 0.3 49.0 1.7
RSD (%) 6.0 10.2 6.1
9
B3LYP/6-31G(d) 4.0 314.4 16.1 homolytic
B3LYP-D3BJ/ 4.1 317.7 16.2 homolytic
def2SVP
BP86-D3/def2SVP 3.5 280.7 14.7 homolytic
PBE1PBE/ 4.5 367.4 17.2 homolytic
def2SVP
MO06-D3/def2SVP 4.3 356.1 17.3 homolytic
SD 0.4 34.9 1.1
RSD (%) 9.2 10.7 6.5
SDpmech. 0.3 33.2 1.3
RSDmech. 7.5 10.6 6.1

Non-covalent backbones

The last class of compounds in this study are non-covalent back-
bones. We chose two very prominent examples, namely the hydrogen
bonding complexes between the DNA base-pairs adenine and thymine
10, and guanine and cytosine 11. Applying the CoGEF procedure on
those complexes leads to the observed MPES shown in Fig. 5. In those
MPESs, no discontinuity is observed and the overall behavior resembles
more that of a classical BPES. Looking at the Force over strain plots in
the lower part of Fig. 5, one can easily deduce two maxima associated
with two consecutive rupture events in those complexes. Indeed, in case
of 11 two hydrogen bonds are lost after 9.5% strain and the last one
persists up to 38 % strain. The maximum Force observed for those
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hydrogen bonds is 1 order of magnitude smaller then for covalent bonds,
as expected. While the absolute values of the SDs of the descriptors
shown in Table 3 are therefore also significantly smaller than those
observed for the covalently bonded compounds, the RSDs are the highest
among the investigated systems. All F,,x values have RSDs close to or
exceeding the 10 % mark and the overall RSD for all systems is the
largest (above 12 %). It was repeatedly reported that the maximum
Force predicted by CoGEF calculations is far from the values observed
experimentally. One possible reason for this is the neglect of tempera-
ture effects [15,17]. This observation is also true for the hydrogen
bonded base-pairs studied in this work. The experimentally determined
force to unzip guanine-cytosine was reported to be 20 + 3 pN, whereas
the force to unbind adenine-thymine pairs is 9 + 3 pN [45]. This is again
one order of magnitude smaller than predicted by the CoGEF methods,
independent on the functional used.

In the case of non-covalent interaction compounds, of course no
mechanochemical reaction will be observed since the non-covalent in-
teractions are the weakest points in the system. The huge energetic
differences observed with different functionals however emphasize that
one should expect large differences in CoGEF calculations on compli-
cated systems, which contain multiple non-covalent as well as covalent
interactions along the direction of the external force.

Conclusions

In this work we investigated the impact the choice of density func-
tional can have on the outcome and prediction of CoGEF calculations
across a broad set of molecules and reaction types. This includes ho-
molytic, heterolytic, mechanochemically induced (forbidden) reactions
and the disruption of non-covalent interactions. Most importantly, we
found that, in amine-cured aromatic epoxy resins, multiple bonds have
similar mechanic strength and homolytic bond breakage depends on the
local structure and conformation of the resin moieties. Even direct for-
mation of aldehydes might be observed, but only for a subset of density
functionals. Furthermore, our CoGEF calculations on the unzipping re-
action of polyphthalaldehyde indicate that a radical mechanism prevails
over the heterolytic one, since the computed RKS wavefunctions indi-
cate RKS/UKS instabilities that lead to thermodynamically more favor-
able homolytic scission products. Nevertheless, this behavior might
change in other media than the gas phase.

In terms of the robustness of typical CoGEF descriptors, we observed
the greatest functional dependence for Ep,.x in our CoGEF calculations.
The relative deviation for Fpax is, in general, smaller than for Epy,
however one should expect differences up to at least 17 %. We sum-
marized all predicted maximum forces for all model systems again in
Fig. 6. It is evident that the maximum forces to break polymer chains and
activate mechanophores are overlapping. In other words, there is no
clear fundamental separation between the ranges of maximum force to
break a covalent polymer backbone or a covalent mechanophore. This
means that there might be competing reactions depending on the
polymer system and mechanophores used in novel mechanoactive
polymeric materials. Non-covalent bonds can only withstand forces of at
least one order of magnitude smaller than typical covalent bonds, based
on the CoGEF calculations, which is an expected result. Nevertheless,
while the spread of maximum forces observed for different functionals
shows large deviations, the relative trend (i.e. the vertical ordering of
the functionals in Fig. 6) is consistent and the qualitative trends of the
bond strengths are preserved among the functionals for covalent
mechanophores or backbones. Unfortunately, this is independent of the
actual scission products predicted by the CoGEF method and different
functionals can predict completely different reactivity patterns. The
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Fig. 5. MPES and resulting forces obtained by means of CoGEF calculations for non-covalent backbone models 10 and 11. Top: MPES profiles up to 100% strain.
Bottom corresponding force profiles. The two maxima indicate the rupture of the hydrogen bonds present in the system.
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Table 3
Mechanochemical descriptors obtained from CoGEF calculations for non-covalent backbone model systems.
System Frax [nN] Emax [kJ/mol] Strain at Fray [%] Type
10 HB1
B3LYP/6-31G(d) 0.31 9.9 HB-1
B3LYP-D3BJ/def2SVP 0.43 10.5 HB-1
BP86-D3/def2SVP 0.49 11.0 HB-1
PBE1PBE/def2SVP 0.38 10.0 HB-1
MO06-D3/def2SVP 0.39 - 12.4 HB-1
SD 0.07 - 1.0
RSD (%) 16.6 - 9.4
10 HB2
B3LYP/6-31G(d) 0.24 67.6 40.0 HB-2
B3LYP-D3BJ/def2SVP 0.31 91.2 42.5 HB-2
BP86-D3/def2SVP 0.29 96.5 44.0 HB-2
PBE1PBE/def2SVP 0.25 76.6 42.1 HB-2
MO06-D3/def2SVP 0.27 80.0 41.0 HB-2
SD 0.03 11.6 1.5
RSD (%) 10.4 14.0 3.7
11 HB1+42
B3LYP/6-31G(d) 0.77 9.8 HB-1 + HB-2
B3LYP-D3BJ/def2SVP 0.92 8.9 HB-1 + HB-2
BP86-D3/def2SVP 1.01 10.3 HB-1 + HB-2
PBE1PBE/def2SVP 0.83 8.4 HB-1 + HB-2
MO06-D3/def2SVP 0.88 - 8.4 HB-1 + HB-2
SD 0.09 - 0.8
RSD (%) 10.2 - 9.0
11 HB3
B3LYP/6-31G(d) 0.28 123.1 36.2 HB-3
B3LYP-D3BJ/def2SVP 0.33 151.5 379 HB-3
BP86-D3/def2SVP 0.34 157.6 38.8 HB-3
PBE1PBE/def2SVP 0.29 136.6 37.1 HB-3
MO06-D3/def2SVP 0.29 140.2 36.0 HB-3
SD 0.03 13.4 1.1
RSD (%) 8.9 9.5 3.1
SDnon-cov. 0.06 12.5 1.2
RSDy0n-cov. (%) 12.8 11.2 4.7
e B3LYP/6-31G(d) B3LYP-D3B] e BP86-D3 e PBE1PBE e MO06-D3
8 . 3
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Fig. 6. Summary of maximum Forces obtained by CoGEF calculations.

presence of additional non-covalent interactions can, in addition,
directly influence the outcome of the CoGEF calculations and lead to
different scission products as was observed for epoxies 1a and 1b. It is,
therefore, of high importance to validate the 1D-CoGEF predictions
against additional experimental data and to cross check the observations
with other computational approaches that can compare different
mechanochemically induced transition states to truly confirm the
observed reactivity.
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