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ABSTRACT

This study uses an all-atom computational modehwestigate the temperature dependent
heterogeneity and percolation in a nanofilm systémshort linear epoxy chains on a solid
graphene surface. The heterogeneity, which indicheving physical characters that vary
within the nanofilm, is mainly manifested in disttions of volume, energy and the dynamic
properties. Local glass transition temperaturgs, ffom above properties depend largely on
the separation to the graphene surface, and thss dgiansition of the nanofiim is
asynchronous along the film normal. Distingf ificreases and decreases are particularly
observed in the solid and free interfaces, respagti compared with the bulk. From the
dynamic heterogeneity, percolation effect, whicHiéates the connectivity of mobile and
immobile domains, of the nanofilm is also obsendeding glass transition by plotting
internal atomic mobility distribution diagrams. Auiti-stage percolation mechanism based
on the glass transition state and the connectite sif immobile and mobile domains of the
nanofilm is developed. A relatively immobile domaiear the graphene surface is observed,
even at temperatures much higher thgn a@nd it initiates the dynamic percolation. The
interconnection of immobile domains after percalatiaccelerate the transition from the
rubbery to the glassy state.
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1. Introduction

The glass transition temperatuiig, is a significant technological parameter sinces ithe
temperature at which most polymers freeze intcaayl state. Over the past decade there has
been considerable interest in the effect of chelnstaicture or environment on the glass
transition behavior in thin polymeric filfié This has important implications for friction,
lubrication, adhesion and other applications iniavpolymer surfaces as the glass transition
in thin films is highly relevant for many processasch as coating and printfi. The
overall T4 in polymer nanofilms has been reported to be dépenon the interplay of the
bulk, the solid interface and the free interfaceosMrecent reports are consistent with a
region with reduced mobility at the solid interfasige to the steric hindrance of the substrate
surface and the decreased configurational spacendébecular motions, as well as a region
with enhanced mobility at the free interface duethe relaxation of the constraints to
molecular motions. Interfaces can induce strongdyinal heterogeneity in nanofilifs”>.

The heterogeneity of the nanofilm depends largelyhe interfacial regions in the nanofilm,
especially for systems confined by solid surfaces nanoparticles. The performance
inconsistency between interfacial regions (i.elidsor free interfaces) and bulk leads to
difficulties in predicting overall properti€s'’. Many current research efforts focus on
guantitatively understanding the effect of inteifhareas on the overall thermodynamic
properties of the nanofilms during the glass tr@mrsi Forrest et al®%° provide strong direct
evidence for the existence of a relaxed free iaterfregion in a polymer nanofilm supported
by a solid surface on one side and air on the offfezy point out that during cooling, the

polymer nanofilm transits from whole-film flow toudace localized flow over a narrow



temperature region near the bdlk By studying the localized dynamics in a nanocositgo
system, Khare et d*reported that solid interfaces with more immolilems than the bulk
will restrain the whole-flow of the polymer bulk @mncrease the overall,. Therefore, the
solid and free interfaces in confined polymer ndnmaf, which significantly lead to the

dynamic heterogeneity of a system, have oppodieetsfon the glass transition.

Molecular dynamics (MD) has been used to studyirtkernal microscopic mechanisms of
nanofilms since it can reveal detailed structurallynamical properties of the interfat&s.
Morita et al® performed coarse-grained MD to illustrate the rimtynamic and dynamic
relations between free interface and bulk regiona polymer film. Their results show that
polymers in the free interface region move fadtantin the bulk decreasing tiigof the free
interface. Ndoro et & adopted all-atom MD to study the effect of a sdlidface on the
dynamic properties of atoms in the solid interfemgion. They observed a gradual increase in
the mobility of atoms from the solid surface to tmlk by computing the mean square
displacements (MSDs), indicating a large dynamtetogeneity in the solid interface regions.
Eslami et af® studied the internal structure and dynamic hetmegus properties of
polymers in both solid and free interface regiopscbarse grained MD. They proposed that
different structure or dynamic parameters of thierface, e.g., chain conformation, mass
distribution, hydrogen dynamic, chain translatidn. gjield different interface thicknesses,
which reveals the complexity of glass transitioogarties in nanoscale interfaces. All MD
simulation studies on interfacial properties of fowed polymer systems provide good
explanations to the heterogeneous property of ¥ieeati polymer nanofilm.

To further develop theories on the heterogeneitygthef polymer system, Long et Zr**
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hypothesized that the polymer system is composedatfile and immobile domains. Upon
cooling, the immobile domains grow at the expengdghe mobile ones and the glass
transition occurs when the immobile domains peteotarough the polymer matrix. Then,
the percolated domains substantially reduce theiatmobility in the whole system and the
polymer matrix freezes into glassy state. This laton mechanism correlates the glass
transition to the internal dynamics of the ovemtsteni®®2 For polymer nanofilms, the
dynamic heterogeneity of the overall system largldpends on the location and extent of
solid and free interface regions. The interfacggions in nanofilm systems play a significant

role in initiating the percolation of the systenridg the glass transitidfi®*

Although the existing mechanisms based on the dgdeeity or percolation properties can
provide important insight for understanding thealared glass transition behavior of polymer
nanofilms, there is still much to be learned dugh® complexity of physical or chemical
properties of polymer materiafs In particular, we need more accurate observatmnshe
molecular or atomic level to support or develop hagisms. It is the purpose of this study to
provide further insights into the heterogeneity gmdlcolation of a nanofilm composed of
epoxy resins during the glass transition. All-atbtD is used to capture the molecular-level
properties of the epoxy resin nanofilm. This worksto answer two questions: (1) what
effects do the internal volume, energy and dyndmeterogeneities have on the overall glass
transition of the epoxy nanofilm; (2) how does thkass transition of the epoxy resin

nanofilm depend on the percolation in the nanofilm.

2. Model and Simulation Details



MD is a computer simulation method for qualitatisad quantitative description of the
physical movements of atoms and molecules, giviegdynamic evolution of a model during
a fixed period of time. All modeling and simulat®om this work were performed using a
commercial software package called Materials Sty@iocelrys Inc). We constructed an
epoxy resin nanofilm in contact with a 4-layer drape surface on one side and vacuum on
the other. The epoxy resin nanofilm consists ofydigyl ether bisphenol A (DGEBA) as the
epoxy monomer andyclohexylamine (CHA) as the cross-linker. 4 DGERAd 4 CHA
monomers were used to construct a short epoxy dmaough the ring-opening reaction
between the epoxy group on DGEBA and the aminommuCHA™. 30 epoxy chains were
used to form the overall nanofilm. Periodic bounydemnditions were applied to theeandy

(in plane) directions of the simulation box. Alotige z axis, a 60 A thick vacuum layer was
added which allows thermal expansion of the namoifiil this direction, but avoids migration
of epoxy chains out of the film. A 10000 iteratistep geometry minimization was first
performed on the model until energies and forcewemed below a tolerance Bf= 0.001
kcal/mol andf = 0.5 kcal/mol/A. Then, a 3 ns NVT (constant atonmiber, system volume
and temperature) simulation was conducted at 64 Kemove residual stresses and obtain
an energy stabilized state. The graphene surfase@rsstrained during all minimizations and
NVT simulations. The chemical structures of the slatbmponents and the final equilibrium

model are shown in Fig. 1.



graphene

Fig. 1. Schematic illustration of the model components #mel equilibrium model. (a)
diglycidyl ether bisphenol A (DGEBA); (b) cyclohdaynine (CHA); (c) graphere; (d) model
of epoxy resin nanofilm on the 4-layer grapherdasi@. The gray, white, red and blue beads
in the equilibrium model indicates the carbon, loggm, oxygen and nitrogen atoms,

respectively. The box border and the vacuum lageehalden for clarity.

In order to study the glass transition behaviothef epoxy nanofilm, a stepwise cooling was
performed. In previous studfés® we have performed similar simulations on purexgmnd
epoxy/SiQ nanocomposite models and validated them againperements and other
simulations. Here, we cooled down the system frdi I6 to 300 K at a rate of 20 K/ns. This
means that constant NVT MD was performed every Z0rkL ns and 1000 snapshots were

stored for later data processing. During data ctita, the last 500 ps at each temperature
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was used to compute the equilibrium volume, enemggynamic properties (except for the
MSD which was calculated over the full 1 ns). It sliblbé noted that the epoxy nanofilm was
allowed to shrink or expand along the film normatidg cooling, leading to variations in the
density distribution. The Nosé-Hoover thermo$té® ratio = 0.01) was used to control the
temperature. The graphene surface was constravmaagdcooling. For improved sampling,
the entire process including model constructioabitization and cooling was repeated three

times, and the obtained calculation results aresmesl.

Tablel

Input and control parameters for all modeling aingusations

Initial equilibrium Glasstransition

Geometry: energy toleranck = 0.001 kcal/mol Start temperature = 640 K

force tolerancé = 0.5 kcal/mol/A End temperature = 300 K

max iteration = 10000 Cooling rate = 20 K/ns
Dynamic: time = 3 ns time step=1fs

time step=1fs ensemble = NVT

temperature = 640 K thermostat = Nosé-Hoover

ensemble = NVT (Q ratio 0.01)

thermostat = Nosé-HooveQ(ratio 0.01)

Forcefieddd: COMPASS
Ewald summation for electrostatic: accuracy = 0.R€dl mol*

Atom based summation for van der Waals: cutoffadise = 12.5 A




To verify that the box size we use does not crpatblems, a relative larger model than the
one here was considered and the structural andmgabproperties of them are compared
(Figure S1 in Supporting Information), and the Hssindicates that the box size we use are
large enough for our simulations. A velocity Versgorithn?’ with a time step of 1 fs was
with the COMPASE® force field to describe the inter- and intramolacuforces. The
atom-based method with a cutoff distance of 12\wak used to calculate the van der Waals
energy, while the Ewafd method with arccuracy of 0.001 kcal miblwas used to calculate
the Coulomb energy. All input and control parameter all modeling and simulations are

listed in Table 1.
3. Results and Discussion
3.1. Mass Density Profiles

Mass density profiles were measured to illustriagedverall mass distributions of epoxy resin
atoms on the graphene surface (Fig. 2a). The dermibfiles were evaluated in
approximately 0.05 nm thick slabs along the filrmmal, and the data was averaged over the
last 500 ps of the trajectory at each simulatedpegature. The nanofilm can be divided into
three distinct regions throughout cooling: solidenface region, bulk region and free
interface region. Specifically, the mass densityweend, = 15 A tod, = 30 A has two
distinct peaks, showing a layered solid interfaeatdre. The mass density arrives at a
constant value at, = 30 A from the graphene surface and remains urggawith increasing
distance, corresponding to bulk behavior. Appraaghracuum, the mass density starts to

drop and finally reaches zero, this drop represtdree surface. Such a regional division is



consistent with previous repo$® of similar models. Note that the density profil@swy

normalized by the averaged bulk density at eaclpéeature.
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Fig. 2. Temperature dependent (a) normalized mass dengstyibdtions of the epoxy

nanofilm in thez direction of the box, and (b) thicknesses of tHeldaterface, bulk and free

interface. Inset in (a): enlarged profiles fromAL& 27 A.

The two peaks in the layered solid interface amgperature dependent. The first peaklat

15 A slightly increases during cooling as with leweermal mobility atoms tend to aggregate
more closely at the solid surf48eHowever, the second peakdit= 22 A stays constant
from 640 K to 440 K but is reduced to almost buttue from 440 K to 300 K. The two
peaks appear to have opposite temperature dependenthe low temperature range, the
bulk density fluctuates heavily and it becomes &atd distinguish the second peak from the

bulk, which resulted from not having enough reladatime at each simulated temperature.

In addition, the thicknesses of the solid interflcgiq), bulk Lpux) and free interfacelfee)

regions are also temperature dependent (Fig. 12h)4 is calculated from the graphene



surface (atl; = 15 A) to where the density reaches the bulkevaliter the second pedkux

is calculated from the edge of the solid interfemavhere it starts to drop, i.ea/po < 1.0,
near the free interfacksee is calculated from where the bulk density stastdrop to where it
reaches zero. The thicknesses of the three regienall reduced by decreasing temperature.
Particularly,Lgiq drops from 14 A to 10 A over our temperature raragmsistent with our
earlier work™. Ly« decreases from 46 A to 37 A, indicating shrinkagehe film during
cooling. L is reduced from 20 A to 8 A, reflecting the weaktriction effect of the vacuum
on the epoxy nanofilm. Previous atomistic and e@ansined simulatioi§****?reported
similar temperature dependent behaviors of the bulkterface thicknesses defined by either

structural or dynamical properties of polymeric enetls.
3.2. Heterogeneity of the Nanofilm during GlassnBition
3.2.1. Volume Properties

The glass transition behavior of the nanofilm wiest studied by analyzing the temperature
dependence of the total volumé) @nd the fractional free volum&RV) of the model (Fig.

3). Vis defined as the volume from the graphene sutiagéhere the density drops to half of
the bulk value in the free interface regi®ikV is obtained by calculating the free volume as
a percentage of, using the “Atom Volume & Surfaces” tool (Connoligdius equals 1.0 A)

in the Material Studio software. A largeFV indicates that the model provides more space

for atomic motion.
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Fig. 3. Fractional free volume and total volume of theafdm as a function of temperature.
Inset: an example of the internal free volume thation, in which gray and blue regions

indicate the free volume and the border of the Wiaame, respectively.

It is observed that during cooling/ is reduced from 10.03x10A%® to 8.17 x16 A3,
meanwhileFFV is reduced from 34.53% to 15.96%. Both values dropwo stages, with
larger and smaller slopes in higher and lower teatpee ranges, respectively. This behavior
is commonly considered a hallmark of the glasssiteom of polymeric systems, or the
transition from rubbery state to glassy sthté temperature interval of 80 K is used to
linearly fit in these two regions (i.e., 640 K ~®BK and 380 K ~ 300 K), and the temperature
at the intersection of these two fits is taken f@s glass transition temperaturgy)( The
obtained Ty values fromV and FFV are Tq v = 422+ 11 K andTg grv = 412+ 7 K,
respectively (Table 2). The cloSgs and similar transition trends & - T andFFV - T
relations indicate that free volume plays an esslerdle in the volumetric glass transition.

Fox and Flor§’ have reported that a relatively large®V in a rubbery polymer increases the
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probability for atomic motion and chain configuoatichanges. The smalleFV in glassy

polymersslows down the atomic and chain motions since ithe ¥olume in glassy polymer
will be “frozen”, and local polymer segments canyofiuctuate around their equilibrium
positior>. Such transition behaviors of the free volume fgdras been reported earlier for

both lineaf® and cross-linkef polymeric systems.

Table?2

Glass transition temperaturég) obtained from volume, energy and dynamic propsrifK)

Volume Energy Dynamic

Ty, Frv T,° 345
4lZi 7 Tg’ nonbond 416i 9 Tg’ D 467i 13

.
V420411 Tyww 408+7 Tye 460 20

Tglg\/’w“d 485i 13 Tg,HB,solid 457i 11 Tg, Rg 488i 13, 469‘-" 18,

454+ 16, 443+ 13,
Tgsvpuk 440+ 17 ToHpuk 425+ 13

440+ 11, 437+ 11,

405+ 19

Tosuree 392+ 15 TgHB free 423+ 23%

4 The Ty ry Values of the 7 slabs from graphene to vacuum.
® The Ty of the crosslinked DGEBA/CHA bulk system tested dynamic scanning

calorimetry”.

The local free volume distribution is greatly degent on the extent of the dense solid
interface and the free interface alomgaxis of the model. This will inevitably lead to

heterogeneous glass transition behaviors of diftel@al regions in the nanofilm. A recent
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study in our group has pointed out that the reduced litphif epoxy atoms in a denser
interface will trigger the glass transition (i.eicreaseTy) of the bulk, while the increased
mobility of epoxy atoms in a looser interface walstrain the glass transition (i.e., decrease
Tgy) of the bulk. Specific volume heterogeneity is @xed to play an important role in driving
the glass transition of the total film. To verifyig, the nanofilm is divided into 10 A thick
slabs along the axis and the specific volumeS\Vs, inverse of density) of 7 representative
slabs are monitored as a function of temperatuge @. Based on the mass density profiles
(Fig. 2a), the 15 A ~ 25 A slab corresponds tosthi@l interface, the 5 slabs from 25 A to 75
A are in the bulk, and the slab of the “last 10dbtresponds to the free interface. The “last
10 A” represents the 10 A slab whose outer sidaté&scto the position where the density

drops to half of the bulk value in the free intedaegion at each simulated temperature.

1.2F = 15254 i
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U Tesetd '
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Fig. 4. Local specific volume of the nanofilm as a functmire. For clarity of details, not all

error bars are shown.
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The bulk region (i.e., 25 ~ 75 A) has a signifidartigher SV (lower density) than the solid
interface (15 ~ 25 A) but a significantly low8V (higher density) than the free interface (i.e.,
last 10 A). This is due to the effect that the datiterface can restrain atomic motion and
conformational transition and aggregate atoms ryearbile the vacuum frees these motions
and decreases the aggregation of chains in thdrftedace. TheSV - T relation of the bulk
appears to be more gradual than in the free imterfaut more abrupt than in the solid
interface, which suggests that the thermal stghilitthe atom motion or chain conformation
transition in the model has been enhanced by the sderface, but weakened by the free
interfacé"*®*% A glass transition behavior is observed in alb¢hlocal regions. Ths of
the solid interface, bulk and free interface &&y, wiia = 485+ 13 K, Ty sy buk= 440+ 17 K
and Ty sv ree = 392 + 15 K, respectively. The graphene surface triggbes bulk glass
transition with a ~45 K high€fg, while the vacuum restrains the bulk glass traorsivith a
~48 K lowerTy. Such asynchronous glass transition behaviorsdeetvunterfacial and bulk
regionscan be attributed to the local volumetric heteraigrof the filnt®. Comparingly, sy,
solids Tg, sv buk @and Ty sy free (IOCal Tg) With Ty v and Ty eryv (Overall Tg) (Table 2), we find that
Ty, v andTg eryv are both smaller thahy, sy buk and Ty, sy sia bUt larger thay sy free. The free
interface offsets the effect of the solid interfacely increase and further reduced the overall
Ty, suggesting that the free interface plays a seongle in determining the overdl, of the
nanofilnt’. The effect of the free interface on overBjlcan be reduced by decreasing the
atomic mobility of both the free interface (e.gu¢riease bulk crosslink density) and the solid

interface (e.g., graphene surface modification).

3.2.2. Energy Properties
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To examine the energy contribution on the glasasitemn behavior of the model, the
variations of both bonded and non-bonded energypooents were monitored during
cooling (Fig. 5). The bonded energies vary lineaslgh the decrease of the simulated
temperature, suggesting that they do not contributthe glass transition. This is consistent
with previous reports for both linear and cros&dit polymer$>% The non-bonded energy
versus temperature exhibits a Kink Bt nonbond = 416 £ 9 K. After decomposition into
electrostatic and van der Waals energies, the ldnébserved only in the van der Waals
energy afly www = 408+ 7 K. The temperature dependency of the van deds\awergy is
much more similar to that the total non-bonded g@yezven though the electrostatic energy
contributes a larger amount to the total non-boneleergy. Thus, the van der Waal energy

serves as a major driving force for the glass ttiammsof the system.
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Fig. 5. Bonded (a) and non-bonded (b) potential energy compts as a function of

temperature.

The effect of the local non-bonded energy on tlesgltransition behavior was studied by
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analyzing the variation of local hydrogen bond iiattéions along the axis during cooling.
Hydrogen bond energies cannot be obtained diréctip the COMPASS force field. We use
the average number of hydrogen bomglg) instead. We use a geometric criterion for a
hydrogen bond. The distance between hydrogen acéptwr is less than 2.5 A and the
donor-hydrogen-acceptor angle is less than 18Q8.is counted in the 10 A thick slabs
defined earlier and plotted as function of tempemt(Fig. 6).Nys in all slabs gradually
increase during cooling. This may be attributed diecreasing free volume at lower
temperature, which increases the odds for the foomaf hydrogen bonds and less thermal
fluctuations increasing the stability of the botidé TheNgg in all bulk slabs coincide with
each otheMNyg in the 15~25 A slab (solid interface) and the EG® slab (free interface) are
greater and less than bulk, respectively, indigatite heterogeneity also influences hydrogen
bonding. The largeNys in the solid interface produces stronger interbiading force
making this region more rigid than the bulk, while fewer hydrogen bonds in the free
interface allow more flexibilif?. These observations are fully consistent with rbsults

from theSV-T relations (Fig. 4).
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Fig. 6. Number of hydrogen bond in 7 representative 10hikt slabs in the film as a

function of temperature. For clarity of detailst a8l error bars are shown.

All Nyg - T relations show a kink during the cooling, suggestihat the hydrogen bond
energy also contributes to the glass transitiorabieln of the system and that hydrogen bonds
can be used as a glass transition ma?ké'theTg (HB) obtained from the linear fits of the
glassy and rubbery regions aigng, soiia= 457+ 11 K, Ty ng, buk= 425+ 13 K andTy, ng, free =

405 £ 19 K, respectively. Again the local non-bonded rgpetransitions in bulk and
interfacial regions during the cooling process asgnchronous, in addition to the similar
heterogeneous nature of the volume transitionsudgsd above. The hydrogen bonding based
Ty, ng Values significantly deviate from the non-bondedrgg based definitiofg vaw (408 K)

or Ty nobond (416 K), indicating that vdW interactions play som® important role than

hydrogen bond interactions on the glass transition.
3.2.3. Dynamic Properties
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To elucidate the relation between the glass tramsand the dynamic properties, thaxis
(normal) component of the mean square displacerwsid,, for all atoms was computed at
each temperature. Then, the diffusion coefficignthe nanofilm along the film normal,,
was obtained from the slope WISD,- t plot in the time range of 200 ~ 800 s.andM3D,
were computed according to the following equafion:

D, = Liim MD.) _ Ly, g<
20e  dt 2iedt

ACRACTY 1)

wherer,; (t) denotes the position vector @h particle and the angular brackets denote an
ensemble average. The obtaifd8D, andD, versus the simulated temperature are shown in
Fig. 7. It should be noted that at large time, D, curves must reach an asymptotic value
and the obtaineds should be zero for all temperatures, since momare confined in the
z direction®. Therefore, the obtained results illustrate theirisic spatial and temporal

fluctuations of dynamics that occurs in the namofiiormal.
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Fig. 7. Mobility of the polymer film as a function of teragature. (ay-axis component of the
mean square displacemeM3D,) for all atoms in the system; (b) Diffusion coeféint of the
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total nanofilm along axis ) of all atoms in the system.

The short time diffusive-like property obtained frahe D, - T relation indicates again a
transition between two distinct stages for the dyiga in the nanofilm during cooling. In the
higher temperature (rubbery) stage, the inibalvalue is relatively large but substantially
drops with decreasing temperaturi@, is very small in the glassy state and almost
temperature independent. There is a clear changpé®. The almost vanishing diffusion
in the glassy state shows that there is negligiibang between layers as soon as the glass
transition has occurred. By separately fitting g data in the two stages, thig, p is
predicted to be 46% 13 K, which is significantly higher than the abosetainedTys from
volume and energy properties (Table 2). This igand agreement with the results by Morita
et al using a similar methdd. They speculate that the glass transition sugdéstelynamic
properties is mainly due to the kinetic theory $tnuctural relaxation, which is different with
the mechanism of volume or energy. It is notewottigt due to the higher temperature for
dynamical arrest, layers will not mix anymore evémwe are above the structural glass

transition.

The kink of theD, - T relation neafTy suggests that the glass transition behavior depend
largely on the thermal motion of atoms alongzlais of the film. More detailed information
about the heterogeneous dynamic property of thefilianalongz axis is needed to obtain a
further understanding of the local glass transitmechanism. To this end, the axis
component of the mean square fluctuation tenBgr,)(over a period of 500 ps along the
trajectory was computed. The central carbon atomghe epoxy monomers are taken as

representation of the monomers. A lardyr, indicates that the atom in the model has a
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greater range of motion, i.e., larger mobilRy,, can be calculated as:

(2)

whereN is the number of snapshots in the trajectyyandr, .. are the position vector in
ith snapshot and the mean position vector alongr#jectory, respectively. The nanofilm
was again divided into several 10 A thick slabsngldhe z axis and theRy , of the

representative carbon atoms in each slab was atdcuds a function of temperature (Fig. 8).
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Fig. 8. Normal component of the mean square fluctuatiosdefor central carbon atoms on
epoxy monomers in 7 representative 10 A thick slabshe nanofiim as a function of

temperature. For clarity of details, not all erbars are shown.

In general, as the temperature decreasesRghefor each local slab of the nanofilm is
reduced and again this reduction process is seghiato two stages, indicating a glass
transition at each regidh As expected, at each temperature,Rhe of the 15 ~ 25 A slab is

the smallest, while thB, , of the last 10 A slab is the largest in agreemtit SV (Fig. 4)
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and Nyg (Fig. 6), which indicates that the graphene surf@moe vacuum separately restrain
and enhance the mobility of atoms in the solid &eé interfaces, respectively. However,
unlike SV andNyg, theRy ;values for the 5 slabs from 25 A to 75 A do noncade very well.
The local glass transition of all considered slabs influenced by the solid surface to a
different exteri®®® As the 3 slabs between 45 and 75 A behave venijesj we can define a
much broader solid interface region. We almostaseentinuous increase of mobility away
from the surface. Thus, the thickness of the solidrface is less well defined and closer to
30 A, which is larger than the extent of the masssity peak range (15 A) in Fig. 2. We
mainly attribute this large disparity to the comgplehain configurations of the epoxy
monomers in the nanofilm. The relative larger egiem of the solid interface region also
explains whyTy values predicted by dynami@y(p = 467+ 13 K, Tg p = 460+ 20 K) are
much larger than that by volum&g(y = 422+ 11 K, Ty rrv = 412+ 7 K) and energyT,
nombond = 416+ 9 K, Ty vaw = 408+ 7 K). Moreover, theR, , values at higher temperatures
have shown much larger deviation than at lower &raipres, especially for the two slabs
from 25 A to 45 A. This indicates that the influen@nge of the solid graphene surface is

extended at higher temperatures.

There is an obvious gap between the 15 A to 25ah sind the 25 A to 35 A slab at all
temperatures. The thermal motion of atoms in théd1t® 25 A slab suffer from stronger
restriction than other local regions of the sohterface due to the attraction force and steric
hindrance of the solid surface. Beyond this slab,dynamic width of the solid interface has
been largely extended by penetrating into the betiorr®. Therefore, it is speculated that

there is a dynamical “locked” slab within the soliderface region among the simulated
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temperature range. Fig.shiows a schematic illustration for the interfaaiatl bulk regions in
the nanofilm. Here, the solid interface region eparated into a “locked” slab and a
penetration region. This slab shows similar glasssition phenomenon with other slabs. The
Ty, ryValues for slabs from the graphene surface to #weiwvm are predicted to be 4883,
469+ 18, 454+ 16, 443+ 13, 440+ 11, 437+ 11, 423+ 23 K, respectively. Here, the “locked”
slab mainly attributes to the lardg p value (467+ 13 K, Fig. 7) of the overall nanofilm,
while the slabs from 35 A to the vacuum contritot¢he decrease @f, p. Thus, this specific
local region plays a specific role in restrainihg thermodynamic properties of atoms during
glass transitioff. Overall, the local dynamic properties of the rfdmpare much more
variable and complicated than the volume and energyerties. The variations B, , andTy
value distributions in different local regions alpnaxis prove that there is large dynamic
heterogeneity along the film normalThe heterogeneity is considered as the drivimgefo
for the dynamical percolation of the total nanofiftlong thez axis, and the “locked” slab is

treated as the initiator and accelerator of theadyinal percolation.

free interface free interface
bulk

penetration region

cked
7

0

Fig. 9. Schematic illustration for the position of the doilnterface, bulk and free interface
regions obtained from the (a) volume, energy prigeand (b) dynamic properties. The red

lines represent the general distribution of massit\ein the nanofilm.
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3.3. Percolation of the Nanofilm during Glass Traos

The dynamic percolation of the nanofilm along thaxis has been explored to further
demonstrate the effect of heterogeneous propatigke overall glass transition behavior. A
previously suggested approach was used to clagsysystem into mobile or immobile
domaing®* First, the radial distribution function (RDF) tife central carbons representing
the epoxy monomers was computed at different teatpess and the first peak and minimum
positions are temperature dependent at 6.30 A affl A, respectively (Fig. 10a). An atom
was defined to be immobile if iRy , is smaller than one-tenth of the distance to trs f
RDF peak (0.63 A). Each immobile atom was consilléseoccupy a sphere of diameter 9.75
A. If two spheres overlap, they are treated as pathe same immobile domain. If any
domain was large enough to extend from the sot®lHace to the free interface, the system is
considered to be percolated by immobile domaing. Fdb shows the computed percolation
probability ) of the representative central carbon atoms oxyepmnomers as a function
of temperature. The total evolution Bfis separated into three stages during cooling. At
temperatures larger than 460 K or smaller thanK3@®is O or 1, indicating a non-percolated
state and total percolation, respectively. The ditaon of P from 0 to 1 describes the
evolution of the model from non-percolated to tqiatcolation. The large uncertainty Bf
during the percolation process can be attributedatge dynamical heterogeneity of the
model nearT,*>*° while the small uncertainty dP at temperatures lower than 340 K

indicates a highly percolated nature of the motglassy state.
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Fig. 10. Dynamical percolation of the system. (a) Distanz@gria from RDF of the central
carbon atoms in the system; (b) Percolation prdinabaf the system as a function of

temperature.

To visually demonstrate the internal percolatiatus of the nanofilm system during cooling,
the Ry, ; size distributions of the representative carbomatwere depicted by a specific color
scheme (Fig. 11). Colors from deep blue to deep(ired Ry, , values from 0 A to >5 A)
represent the variation of atom clusters from imiteoto mobile. Generally, the diagram is
separated into various colored domains at eachlaietutemperature, which represents the
internal dynamic heterogeneous nature of the nkmofin particular, a non-uniform
distribution trend is found along the z axis as Hu#id surface and vacuum will make
domains more immobile and mobile, respectively.aftipular blue domain is observed near
the solid surface at all temperatures, supportiegeixistence of the “locked” slab in the solid
interface region (Fig. 9). The nanofilm exhibitsaegerRy ; range (i.e., colorange) at higher

temperatures than at lower temperatures due texistence of both a “locked” slab and
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highly mobile surface domains. For example, thgmim at 640 K showsk, , range from 0

to 5 A, while at 300 K a much smallé, , range from 0 to 0.5 A. Such temperature
dependent heterogeneous variation is closely rkla® the chemical or physical
characteristics of the polymeric materials and ititerfacial bonding strength between the
solid surface and the nanoffiit® Therefore, the molecular or structural desigmafiofilm

materials with precisely controlled microscopic dgmc heterogeneity is of great
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Fig. 11. Ry domain distributions for the central carbon atoonsepoxy monomers in the
system during cooling. The horizontal and vertecets of these Fig.s represent X and Z axes

of the model, respectively. Graphene layers areshoivn.

During cooling, the transformation of the coloradgitam follows two basic rules: (1) larger

interconnected red (mobile) domains are graduadlyasated into smaller domains before
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they finally disappear; (2) smaller dispersed K{ioenobile) domains collide with each other
and gradually merge into larger domains. To bettelerstand the percolation of the nanofilm
during the glass transition process, the entirdimg@rocess is separated into six different
stages.Stage 1 (highly rubbery): the nanofilm only has raal fraction of relatively
immobile domains near the solid surface and haargelthermal mobility range alorg
Stage 2 (low rubbery): the nanofilm has relativielynobile domains near the solid surface
and a certain fraction of relatively immobile dommiscattered in the bulk region. Stage 3
(onset of glass transition): the scattered immobdenains interconnect and form a bridge
between the solid interface region and the freeriate region, percolation starts. Stage 4
(glass transition strengthens): more bridges appear form network-like internal paths
between the solid interface region to the freerfate region and a high percolation
probability is reached. Stage 5 (low glassy): imiteodomains have a high interconnection
degree and there is still a small fraction of mellbmains. Stage 6 (high glassy state): the
entire nanofilm is one united immobile domain ahd thermal mobility range alormgaxis

becomes extremely small. These stages are schathatisplayed in Fig. 12.
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Glass
Transition

Fig. 12. Schematic illustration for the percolation procedsthe nanofilm by immobile

domains during the cooling process. Blue circleicate immobile domains, and the black
lines between blue circles denotes the intercomneci these domains. Red circles in stage
6 indicate a small fraction of relative mobile donsa Background colors from bright (deep

red) to dark (deep blue) indicate domains with laghd low atomic mobility, respectively.

Before the percolation onset, the “locked” domairthe nanofilm serves as precursor and
stimulus for the percolation of the bulk and fregerface regions during cooling. Most
immobile domains start near the “locked” domain ahén penetrate upward as the
temperature decreasgsAlso, as the “locked” domain depends on the sslidface, we
speculate that the modification of solid surfaceg.(anterface grafting) has a big influence on
the volume of the “locked” domain and then affetk® overall percolation of the
nanofilnt 21?228 Then, the system will start percolating (i/.starts to increase a, p =
460 K) when an immobile domain with a speciRg , value is large enough to partially

connect the solid interface region and free interfieegiori’. From the 460 K diagram in Fig.
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11, it is roughly estimated that the system isigliytpercolated by blue domains wiR ,
ranges from 0.5 A to 1.0 A. From tiRg , - T relations in Fig. 8, th@, values are basically
obtained within a similar range &%, .. Therefore, thd of the nanofilm is closely related to
the temperature when the system starts to percoldies is in good agreement with
previously reported simulation studies on both pepexy or epoxy based nanocomposite
material$** Finally, after percolation, the highly intercoeted bridges in the nanofilm will
make a joint effect on the local or overall profesriof the systePi. This will make it harder

to further decrease the volume, energy and dynpmigerties of the system.
4. Conclusions

In the present work, the heterogeneous and peimolaroperties of an epoxy nanofilm,
located on a 4-layer-graphene surface, were studigthg glass transition by all-atom
molecular dynamics simulations. To this end, theperature dependent volume, energy and
dynamic properties in both overall and local aspagéere analyzed in detail at different
temperatures. A layered solid interface regiongstant bulk region and a density dropping
free interface region are found successively altrgy film normal. Local properties of
specific volume §V), hydrogen bond numbeNgg) and motional gyration radiugy) further
indicate the heterogeneous nature of the nanofiiiwhich studies oy give a much thicker
solid interface region (~ 30 A) than that 8% andNyg (~ 10 A). The heterogeneous feature
is reflected by the asynchronous glass transiterabiors of local regions during the cooling
process. Local structure, energy and dynamic ssutighlight the significance of three
individual regional glass transitions at the safiterface (highTg), bulk (moderately) and

free interface (lowlg) regions for the overall thermodynamic propertythed nanofilm. With
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cooling of the model, the internal glass transitidevelops from a relatively immobile
(locked) region near the graphene surface to thie dnd finally the free interface, during
which small dispersed immobile domains collide watlich other and gradually merge into
large interconnected domains, i.e., percolation@lo axis. This evolution is triggered by the
locked region near the solid surface and accektrée newly percolated domains at
temperatures neafyg. We developed a detailed evolution mechanism stingi of six
different stages according to the internal percmtastatus of the system. This mechanism
provides a theoretical guide to interpret the gkaassition behavior and will be useful to

guide the design and fabrication of nanofilm mailerin experiments.
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Highlights:

*  Film heterogeneity manifestsin overall and local volume, energy and dynamic
* Solid and freeinterfaces foster asynchronous glass transition of the nanofilm

*  Percolation of immobile domains relates glass transition to film heterogeneity

* Immobile domains initiate and accel erate film percolation during glass transition



