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Abstract

Thermo-gelling polymers have been envisioned as promising smart biomaterials but
limited to their weak mechanical and thermodynamic stabilities. Here we propose a
new thermo-gelling vitrimer, which remains at a liquid state because of the addition of
protector molecules preventing the crosslinking, and with increasing temperature, an
entropy driven crosslinking occurs to induce the sol-gel transition. Moreover, we find
that the activation barrier in the metathesis reaction of vitrimers plays an important
role, and experimentally one can use catalysts to tune the activation barrier to drive
the vitrimer to form an equilibrium gel at high temperature, which is not subject to any
thermodynamic instability. We formulate a mean field theory to describe the entropy
driven crosslinking of the vitrimer, which agrees quantitatively with computer simula-
tions, and paves the way for design and fabrication of novel vitrimers for biomedical

applications.
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Introduction

Thermo-gels are the polymer that undergoes a sol-gel transition with increasing tempera-
ture. Over the past decades, thermo-gels have gained extensive attention in biomaterials
and biomedical sciences,*™ because of their significant potentials in applications of shape-

Wi etc. The typical

memory polymer,” drug delivery,®*® tissue engineering,” bioseparations,
mechanism of thermo-gelling involves non-covalent interactions in the material such as hy-
drogen bonding,'® Coulombic,*® and competing van der Waals interactions.™* By increasing
temperature, the intra- and intermolecular interactions outbalance the solvent effect, and
thereby results in the gelation of the material.»>¥ However, the weak non-covalent inter-
action usually leads to low mechanical stability and rapid disintegrations in physiological
environments.*®¥ To overcome those challenges, one may obtain a permanently crosslinked
gel networks with higher mechanical stability by using chemical reactions such as Michael

21122

addition,?” enzymatic crosslinking , or photo-induced crosslinking.**** However, the gel

formation requires an extra re-processing step that is difficult to control or not applicable

for thick or opaque samples, #4126

and the formed gel would lose the reversibility.

Vitrimers are a unique type of crosslinked polymer networks with dynamic and exchange-
able covalent bonds.”” They have shown great promises as recyclable materials in chemical
and materials industries. The exchangeability originates from the reversible reactions be-
tween polymer backbones and small crosslinkers through metathesis reactions. The rate of
these reactions is governed by temperature, and some of them, e.g., silyl ether metathe-

sis,?® thio-disulfide exchange reaction,?3” dynamic Schiff base,*!**? are biocompatible and

applicable in vivo. In this work, based on a recently developed linker-mediated vitrimer



using metathesis reactions,=

we propose a new reversible thermo-gelling polymer. The
polymer remains as an un-crosslinked liquid at low temperature and solidifies to a covalently
crosslinked elastomer with increasing temperature. To describe the crosslinking of the de-
signed thermo-gelling vitrimer, we formulate a mean field theory, which quantitatively agrees
with coarse-grained computer simulations. Moreover, we find that the activation barrier of

metathesis reactions plays a crucial role that it can drive the formation of an equilibrium gel

with increasing temperature.

Model and mean field theory

We consider a system of volume V' consisting of N, polymer chains, and each polymer chain
comprises n connected hard spheres of diameter ¢ as the backbone, on which m precursors
P are uniformly distributed. As shown in Fig. [Ih and c, each P can react with a cross-linker
molecule C or a protector molecule D to form a dangling PC or PD bond through metathesis
reactions of reaction free energy AGec = —e or AGp = —~e, respectively, with releasing a
byproduct molecule B. Only dangling PC bonds can further react with another precursor
P to form a P,C crosslinking bond through the same metathesis reaction. To ensure no
crosslinking formed at the low temperature limit (as shown in Fig. ), we consider v > 1.
Small molecules B, C and D are modelled as hard spheres of diameter o and controlled by the
chemical potential ug, e and up, respectively. We assume that densities of small molecules
in the reservoir remain constant for all temperature, i.e., Sug, fuc and Bup do not change
with 7. Here f = 1/kpT with kg and T the Boltzmann constant and temperature of the
system, respectively. The packing fraction of polymer backbones is ¢, = 7 N,o,no?/6V, and
N; is number of bonds or molecules in the system, where i« = P, PC, PD, P,C, B, C and

D. An infinitely deep square-well potential is employed to mimic the covalent bonds in the



system,

0 |I‘—I‘,‘ < Tbond
‘/bond(r,r,) = ) (1>

oo else

where 7,0nq 18 the cut-off distance of the covalent bond. We use the square-well potential to

model the van der Waals short range attraction between polymer backbones:

—Xatt€ |I' - I'/| < Tatt
Vatt(r, I',) = ) (2)
0 else

where vt and 7, are the strength and interaction range of the attraction, respectively. To
be experimentally relevant, we choose n = 100, m = 8 and 7ponqg = 7Tatt = 1.5o throughout
all simulations in this work.
The free energy of the system can be written as
BF ZNlNiAS i+ > N [ (A
= i n — i n _
. \%4 , Vi
i=poly,B,C,D =P PC,PD,P>C

— NPQC/CEIAS + BFu + BEYs — BNgus — B (Npc + Np,c + Ne) pe — B (Nep + Np) pp

+ B(Npc + 2Np,c) (AGc + pp) + BNpp (AGp + pB) ,

(3)
where A is the de Broglie wavelength. The first summation is on the ideal gas terms of
polymer blobs (poly), byproduct molecules (B), free crosslinkers (C) and protectors (D). The
second summation is on the ideal gas terms of precursors P, PC bonds, PD bonds and P,C
bonds on a polymer confined within the volume V,,, which can been as the volume occupied by
a polymer, and n; = N; /Ny, is the number of bonds per polymer with i = P, PC, PD, P,C.
AS accounts for the entropy change of the system by forming a P,C crosslinking bond,
and F is the free energy contribution from the van der Waals short range attraction
between polymer backbones. It is known that the structure of a homogeneous fluid is mainly
determined by the repulsion between molecules.®” Therefore, Fo & —Xacg(¢), and g(¢)

is a function of the total packing fraction of the system ¢, which can be seen as the total



number of non-bonded attractive pairs of backbone beads formed in the system. FYg is
the excess free energy accounting for the crowding effect, which we approximate with the
Carnahan—Starling hard-sphere equation of state®(see Supplementary Materials S1), and
it depends on the total packing fraction of the system ¢. The other five terms arise from
the bond swaps in metathesis reactions related with AG¢ and AGp, and the exchange of
molecules with reservoir related with ug, puc and pp.

We define the crosslinking degree of the system as fp,c = 2Np,c/(Npoym) and the
fraction of other bonds or molecules as f; = N;/(Npoym) with i = P,PD,PC,B,C, D, and

fp+ fec+ fep + fr.c =1 (4)

With the saddle point approximation, i.e., 0F/0{f;} = 0 with j = PC,PD, P,C, we have

frc = frZpc, frp = fpZpp and fp,c = fAEp,c, Where

Ep,c :(QmA?’/V;)) exp([B(puc — 2ps + 26 + pis) + /{:E,IAS]
Epc =exp[B(pc — ps + €)] (5)

Epp =exp[B(up — ps + ve).

i is the excess free energy of hard spheres with packing fraction ¢, which can be cal-
culated by self-consistent iterations (see Supplementary Materials S1). Here we note that
OFaut/0f; = —Xatt€(0g/0¢)(0¢/0f;) ~ 0, with the assumption that the system is mainly
composed of polymer backbones, and the metathesis reactions have minor effects on the
packing fraction of the system, i.e., d¢/0f; ~ 0. Substituting these terms into Eq. , we

obtain

Jrac = (vP2+ —F>2, (6)

with

_ 1+Z=pc+Zpp

2y/Zp,c

r



Moreover, V,, and AS can be obtained by considering the chemical and reaction equilibrium

(see Supplementary Materials S2):

Ky 14 6AS/k B

[t , 8
K Npolyvp ( )

where K; and K, are reaction constants of the first two metathesis reactions in Fig. [Tk, and

can be measured directly in computer simulations.

(2) (b) (©)

T T K
€ ¢l [PEE ] g+ 0 T Cqer o
C kkk.\k ® C kg\k& C P C PC B
C K C
.&;kt. t.. C® e ° gks\& +\ks\k 2L S L e
(:{ &kg\ kt& \ t\g\\ p PC pceet B
« L kk « L LSO CC ¢
oy eccQc CCa® Sele| “ge+ @ s i oo
o ¢ i K ¢ P D pD € B
e © k\ « e
d) e 10 (e) 10° —
@ NN o 35 1og0) ~ D+ Bm—pn)
102t X Simulation
3.0 w
~
25 ¢ & 10!
3 X
2.0 ~ %
10° XXX
15 X
X
‘ . .10 20 Lo . ‘ ‘
%90 0.5 1.0 1.5 2.0 2.5 ’ 10 10~ 1 100 101
/{BT/G ’)/—1

Figure 1: Entropy driven crosslinking vitrimers. (a) Schematic representation of the linker-mediated
vitrimer protected by small protector molecule D. (b) At low temperature, PD bonds dominate the system
with no crosslinking formed. The rectangular yellow region indicates that a PoC crosslinking bond transforms
into two dangling PD bonds at low temperature. (c¢) Three metathesis reactions in the linker-mediated
vitrimer, of which the reaction constants are K;, Ko and Kj, respectively. (d) The crosslinking degree
fp,c as a function of temperature kgT'/e for various v from 1.0 to 4.0. Symbols are values obtained from
simulations and solid lines are the theoretical prediction of Eq. |§| using Ko/K; calculated from simulations.
The dotted and dashed horizontal lines are the values of fp,c at the high temperature limit, and at the low
temperature limit with v = 1 theoretically predicted by Eq. [6] with Egs. [I2] and respectively. x symbols
indicate the location of maximum value of fp,c obtained in simulations. Inset: fp,c as a function of kpT'/e
with at higher temperature showing the convergence to the theoretical prediction. (e) Optimal temperature
kpT* /e as a function of 7y, where symbols are from simulations and the grey curve is the theoretical prediction
of Eq. The dotted vertical line shows the critical v where T diverges. Here Npq, = 100, ¢, = 0.25,
Xatt = 0, Bup = =2, Buc = —4 and Bup = —5.



Simulations

Monte Carlo simulation

We perform Monte Carlo (MC) simulations to investigate the equilibrium properties of
the thermo-crosslinking vitrimer. Assuming the bulk density conservation of B, C and D
when temperature varies, we employed grand canonical Bugpicitn—Npey VT MC simulations
to simulate the coarse-grained hard-sphere-chain system, with the temperature unit €¢/kp.
Simulations are performed with N, polymer chains with n beads per chain, where pe-
riodic boundary conditions are applied in all three dimensions with the cubic box volume
V' = FNpoyn/¢p. The translational moves of particles are implemented by the straight
event-chain algorithm,*®*® in which the length of each event is fixed at L, = 100, and the

pressure P of the system can be calculated by the mean excess chain displacement

P =kgTp <90ﬁna1 Zminitial > , (9)
c chains

where Tiiia and xga. are the projection of initial and final particle positions on the chain
direction of each event chain, p is number density of the particles and (-)chains calculates
the average over all event chains. Molecules B, C and D are inserted or removed using the
conventional grand canonical MC method. Besides, we devise a simple bond swap algorithm
to simulate reversible bond swap metathesis reactions in the vitrimer system (see below),
respecting the detailed balance. The ratio of three types of trial moves, translational moves,
inserting /removing molecules and bond swaps, is 1 : 4 : 5. In each simulation, we perform

10° MC moves for equilibration and 10° MC moves for sampling.

Hybrid event-driven molecular dynamics - Monte Carlo simulation

We perform the hybrid event-driven molecular dynamics - Monte Carlo (EDMD-MC) sim-

ulation®**!' to measure the intermediate scattering function Fy(q,t) and the structural re-



laxation time 7, in the canonical (NV'T) ensemble starting from equilibrated configurations
from our grand canonical MC simulations, as in EDMD it is not efficient to vary the number
of molecules. All the bond swaps in metathesis reactions are done by the MC algorithm be-
low.%# In our simulations, N,.,m bond swap attempts are performed per time interval myp.
Each simulation consists of 107y for equilibration and 108mp for sampling. An Anderson
thermostat“®43 is applied to all molecules every T,qs = 0.0057yp to control the temperature
of the system, and we ensure that further decreasing 7,45 does not change any simulation
results. Here myip = \/Wz/e is the time unit of MD simulations with m; the mass of a
polymer bead, where we assume all the small molecules, i.e., B, C and D, having the same
mass as a polymer bead. The self-intermediate scattering function Fy(q,t) with wave vector

q and time ¢ is a common indicator for structural relaxation in MD simulations:*”

Fig.t) = < S explia- (1) - rj<o>>1>, (10)

niV,
poly j=1

which calculates over all backbone beads with position r on the vitrimers.

Bond swap algorithm

In our MC simulations, a typical reversible single bond-swap reaction is

bBo single bB1
/ bond swap '
ag ag
éco CC1

where a/b/c and G/Ay/A,/By/B; are the specific beads/particles and types as shown in
the three kinds of reactions in Fig. [Ic. G is the type of polymer backbone beads grafted by
precursors initially. The proposed move for the forward reaction can be constructed by the

following two steps:

1. Choose a pivot particle a (type G) bounded with b (type By = P, PC, P,C or PD)

with probability p(a). Note there is precisely one bond that can be swapped for each



pivot particle;

2. Choose a neighboring potentially reactive particle ¢ (type Cq = B, C, D or PC) within

the distance 0,9 randomly with probability h(cg,|a);

One can see the above bond swap move does not change the number of neighbor poten-
tially reactive particles and bonds of a, hence both before and after a bond swap move,
h(cey|a) = h(bp,|a). For the first and third reaction in Fig. Ik, the acceptance probability
of the proposed move of forward and backward reactions are exp(—FAG) and exp(SAG),
respectively, with the free energy of the forward reaction AG. For the second reaction in
Fig.[Ik, we double the forward reaction flux to equalize the flux between the two states before
and after the reaction."*

Furthermore, for mimicking the actual topology and reaction dynamics of vitrimers, i.e., the
covalent bond-exchange dynamics in Fig. S3, we perform additional double bond swap reac-
tions in the EDMD-MC simulation as follows, before and after which no chemical potential

change in the system:

bBQ‘ double bBl
/ bond swa AN
cc, co,

We randomly choose each specific bond swap move in three steps:

1. Select a pivot particle a (type G) bounded with b (type By = P, PC, PoC or PD) with

probability p(a);

2. Select a neighboring potentially reactive particle ¢ other than b (type Cy = B, C, D,

PB, PC, P,C or PD) within randomly the distance rpong with probability h(ce,|a).
3. Select a reaction type (single-bond/double-bond) with probability g(c¢,|bs,).

Similarly, here h(cc,la) = h(bpg,|a). ¢ accounts for the the number of possible bonds

combinations, and if bg,/cc, can undergo both single-bond swap and double-bond swap,



g(ce,|bs,) = 0.5, otherwise, g(ce,|bp,) = 1. Additionally, we consider that all metathesis re-
actions share the same activation barrier AG, and activation free energy is AG,+max (AG,0).
A bond swap attempt first needs to overcome the energy barrier with probability acc, =

exp (—AG,/kpT), and then is accepted with the probability

9(br|2a,)

gla o) IR .

acc, = min |1,

where AG is the bond swap reaction free energy.

Results

Entropy driven crosslinking

First we investigate the crosslinking in the system without any short range van der Waals
attraction, i.e., xatx = 0, and in Fig. we plot the calculated fp,c from Monte Carlo
(MC) simulations for various v as functions of temperature kg7'/e in comparison with the
theoretical prediction of Eq. @, in which the only input from simulations is K5/K;. One can
see that the results from computer simulation quantitatively agree with the mean field theory.
At v =1, fp,c reaches two different positive plateaus at 7" — 0 and 7" — oo, respectively,
with fp,c(T — 0) > fp,c(T — 00). When v > 1, as shown in Fig. [Id, fp,c(T" — 0) — 0,
and with increasing temperature, fp,c increases to reach a maximum at temperature 7 then
decreases to approach the same plateau at high temperature, which does not depend on 7.
These can be understood as follows. At the high temperature limit, Se — 0, the crosslinking

in the system is solely determined by entropy, and

—00 —00
1+ =3¢ + =pp

2,/E%c

I = (12)

10



with
Epc =exp[B (1 — ps)]
Zpp = exp[f (1o — )] (13)
Epyc =(2mA®/V,) exp[B(uc — 2us + pifs) + k' AS],
which does not depend on ~. This can be further used to calculate fg - using Eq. @
Moreover, at the low temperature limit, i.e., fe — oo, when v = 1, the saddle-point solution

of ' can be obtained by the Lagrange multiplier method (see Supplementary Materials S4):

o= —;’C = ZD, (14)
2

with which we can calculate the low temperature plateau fgzc for v = 1 with Eq. @ One
can see that ' > I'°, which implies Iooe < fggc, as Eq. @is a monotonically decreasing
function of I'. When v > 1, as the formation of PD bonds is more energetically favourable
than that of PC bonds, the crosslinking is prevented at the low temperature limit, and at
small v, the competition between entropy driven crosslinking and enthalpy driven protection
by PD bonds leads to the non-monotonic behaviour of fp,c with increasing 7'. The optimal
temperature 7%, where fp,c reaches the maximum can be obtained by solving 9 fp,c/05 =0

equivalent to 0I'/0f = 0, which is

k?BT* _ —€

log(y— 1) + B(up — ps)’ (15)

T* is a positive number when 1 < v < 1+exp[S(us—pp)]. When v > 1+exp[S(us—pp)], the
protecting effect of PD bonds is too strong, and fp,c increases monotonically with increasing
temperature. As shown in Fig. [Ie, the theoretically predicted T* agrees quantitatively with
computer simulations. Intriguingly, Eq. does not need any input from simulation or
experiments, and one can also see that the optimal temperature 7™ does not depend on the
backbone packing fraction ¢, or the crosslinker chemical potential Buc, which is confirmed in

our MC simulations (Fig. Slac). However, the height of fp,c peak does depend on Suc, and

11



it changes non-monotonically (Fig. Slc). This non-monotonic dependence originates from
an entropic effect recently found in linker-mediated vitrimers.3#4445 Moreover, the position

and height of fp,c can be also tuned by changing the concentration of B and D molecules,

i.e., fup and Bup (Fig. S1bd).
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Figure 2: Effects of short range attraction. (a) fp,c as a function of temperature kg7 /e for various
bp at Xate = 0.1. (b,c) fp,c and pressure Po®/e as a function of temperature kgT /e for different short
range attraction xat. (b) The symbols are from simulations and the lines are linear fits in the two different
phases, and the position of turning-points, critical temperature T, are indicated by dotted vertical lines. (c)
Dashed and solid curves are the theoretical prediction of Eq. [6]above and below the critical temperature T,
respectively, with the measured K5 /K, from simulations. The dotted vertical lines indicates T, measured in
(b). Here Npoy = 100, ¢, = 0.20, v = 2.0, Bus = —2, Buc = —4 and Bup = —5.

Effects of short range attraction between polymers

As in realistic vitrimers, there are always some short range van der Waals attraction between
polymer backbones driving the gelation at low temperature, we investigate the system with
weak attraction. In Fig. , we plot fp,c as a function of kgT'/e for systems at xay =
0.1 of various polymer packing fraction ¢, = 0.1 to 0.3 and v = 2. One can see that
similar to the system without attraction, with increasing temperature, fp,c first increases
and then decreases to approach a plateau at high temperature, and the results from computer
simulation agree quantitatively with the theoretical prediction (Eq. @ We further simulate
the vitrimer system with changing x.i at ¢, = 0.2 and v = 2, and the results are shown
in Fig. 2k. At high temperature, the simulation results agree very well with theoretical
prediction, while below certain temperature T,, the discrepancy appears. To understand

the cause for the discrepancy, we plot the corresponding pressure Po?/e as a function of
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temperature in the upper panel of Fig. [2b. We see that with decreasing temperature, the
slope of P — T curve has a turning point coinciding with the temperature threshold T, (as
indicated by the dotted vertical lines), below which the difference between simulation and
theory appears. As the slope change in P — T curve normally suggests a phase separation,
we plot the structure factor of the system with y.. at various temperature in Fig. and
Fig. S2. One can see that below T, S(q) diverges at small ¢, which is a signature of phase
separation. This can be also seen in the snapshots of the system at different temperature,
and as shown in Fig. and ¢, when temperature drops below 0.5 €/kp, e.g., kgT/e = 0.1
in Fig. [Bp, the short range attraction induced phase separation occurs creating interfaces,
which is different from the homogeneous structure at high temperature, e.g., kgT'/e = 0.56 in
Fig. Bc. This suggests that the discrepancy between the theoretical prediction and computer
simulations at low temperature is due to the attraction induced phase separation, which
creates interfaces in the system. Although in the thermodynamic limit, the interfacial free
energy is negligible, in practice, polymer systems can hardly reach a fully phase separated

equilibrium state, and this makes the free energy in Eq. [3] not able to correctly model the

0.0

system.
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Figure 3: Structural change with decreasing temperature. (a) Structure factor S(q) for systems at
different temperature, where the curves below 7T, are grey. (b,c) Simulation snapshots for systems with (b)
kpT/e = 0.10 and (c) kpT/e = 0.56. Different colors represent different types of bonds based on Fig. [Ik,
i.e.,, P, PC/P2C, PD and polymer backbone bonds are in blue, red, yellow, and gray, respectively. Here
Npory = 100, ¢, = 0.20, v = 2.0, Bup = =2, Buc = —4 and Bup = —5.
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Figure 4: Thermo-gelling vitrimers. (a) The structural relaxation time 7, (left) and crosslinking
degree fp,c (right) as a function temperature kpT'/e for various activation barrier AGy. We note that fp,c
does not depend on AGy. (b) The intermediate scattering function Fy(q,t) with ¢ = 27/no at various
temperature kpT/e with AGy/e = 10.0. (c) Structure factor S(gmin) With ¢min = 27/V/? as a function of
t at different temperature. Here ¢, = 0.20, v = 2.0 and xa¢t = 0.1 with Ng, N¢ and Np obtained from MC
simulations with Sup = =2, Suc = —4 and Sup = —5.

Thermo-gelling vitrimers

Next, we perform molecular dynamics (MD) simulations to investigate the thermo-induced
gelation of vitrimers. We assume all metathesis reactions sharing the same activation barrier
AG, and the rate of reaction k = vgexp (—S[AG), + max (AG,0)]) with AG the reaction
free energy. vy = 1/myp is the kinetic prefactor. The activation barrier AG), does not change
any thermodynamic property of the system, while it does control the dynamic properties.??
We perform hybrid event-driven molecular dynamics - Monte Carlo (EDMD-MC) NVT sim-
ulations for a system with ¢, = 0.2, v = 2.0 and xat = 0.1 at different temperature starting
from equilibrated configurations from grand canonical MC simulations. We plot the struc-
tural relaxation time 7, as a function of temperature in comparison with the corresponding
fe,c in Fig. [fh, which is defined as Fy(q,7,) = e~! with Fy(-) the intermediate scattering
function. As here the diffusion is mainly through the reptation of polymer chains, we choose
q = 27/(no). One can see that when AGy, = 0, 7, decreases monotonically with increasing
temperature, despite the increased crosslinking degree fp,c. This is because that increasing
temperature increases the mobility of molecules in the system, and due to the zero activation
barrier of metathesis reaction, the crosslinking has minimal effects on the dynamics of the
system. This is similar to the first generation vitrimer, which is a liquid at high temperature

although fully crosslinked.2? With increasing AGy, the effect of crosslinking on the dynam-
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ics of the system becomes more pronounced, and 7, starts to increase with temperature at
about 0.3¢/kp to develop a peak, where fp,c starts to increase as shown in Fig. . When
AG), = 10¢, 7, diverges between kgT' /e = 0.5 and 1.0, and the corresponding Fi(q,t) are
shown in Fig. b, which develops a plateau at both kgT'/e < 0.1 and 0.5 < kgT'/e < 1. This
implies that the system becomes a gel at both low and high temperature. To distinguish
the property of gels formed at different temperature, we plot the time evolution of S(gmin)
in Fig. [, which shows the large-scale structural change in the system. One can see that at
the low temperature, i.e., kg1 /e = 0.1, S(qmin) increases significantly with time suggesting
the system undergoing a kinetically arrested phase separation with very small amount of
PC/P2C bonds (Fig. ), which is a typical signature of gelation induced by short range

40 However, as shown in Fig. , in a high temperature gel, i.e., kgT /e = 0.56,

attraction
S(Gmin) does not change with time, which suggests that there is no structural change in the
system, and the thermo-gelling vitrimer is an equilibrium homogeneous gel (Fig. ) not

subject to any thermodynamic instability.*#4

Discussion and Conclusion

In conclusion, we have proposed a novel thermo-gelling vitrimer, in which at low tempera-
ture, the crosslinking is prevented by the protector, i.e., D molecules, and with increasing
temperature, the entropy driven crosslinking occurs, which drives the gelation of the system.
We formulate a mean field theory to describe the crosslinking, which agrees quantitatively
with coarse grained computer simulations above the gas-liquid phase separation temperature
induced by the short range van der Waals attraction in the system. Further molecular dy-
namics simulations show that the activation barrier of the metathesis reaction plays a crucial
role during the thermo-gelling process, and it can be controlled by using different catalysts
experimentally. Moreover, we show that the resulting thermo-induced gelation is an equi-

librium gel not subject to any thermodynamic instability. Similar thermo-gelling systems
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were studied previously in patchy colloidal systems®? and DNA nano stars,™ and the effect
was also exploited in other soft matter systems involving valency by adding corresponding

4550 and

protector molecules, e.g., the DNA or metal coordination-mediated nanocrystals
polyacrylamide-based hydrogels.” The difference is that the designed vitrimers here are co-
valently crosslinked, which is essentially a thermo-crosslinking elastomer. Because of the
nature of metathesis reactions in vitrimers, the activation barrier can be tuned using cat-
alysts to realize the equilibrium gel with increasing temperature, and this is qualitatively
different from conventional gelations induced by short ranged attraction, which are essentially
kinetically arrested phase separations.?® Moreover, at high temperature, different from the
thermo-gelling systems using weak interactions, e.g., hydrogen bonds, our designed vitrimers
are always crosslinked because of entropy, and mechanical properties can be tuned reversibly
in situ by changing the activation barrier using catalysts and /or adjusting the concentration
of B and D molecules, which is the novelty of our designed vitrimers. The concept of vitrimers
is a versatile tool that is applicable to nearly all types of polymers. Therefore, by adopting an
appropriate polymer system, the thermo-gelling vitrimer designed here should be promising
for biomedical applications. For example, based on the designed scheme, one could employ
biocompatible silyl ether metathesis to fabricate thermo-responsive biomaterials for tissue

repair and injectable implants in non-invasive surgeries.2%°2
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