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This supplementary material presents descriptions of force field parameters, molecular structures, sim-
ulation details, and supporting results.

The OPLS-AA force field [1, 2, 3] was used to model inter- and intramolecular interactions within the
AAA-1 bitumen model [4]. The contributions of bond stretching, angle bending, torsion, and improper
torsion, as well as non-bonded terms (i.e. Lennard-Jones (LLJ) and Coulomb interactions) were calculated
on the basis of equations S1 to S6, shown in section 1. Long-range electrostatic interactions were computed
via the Particle-Particle Particle-Mesh (PPPM) method with a relative precision of 107>. The SPC/E model
was used for water. The RATTLE extension [5] of the SHAKE algorithm [6] was used to fix the bond
lengths and angles of water molecules. The force field parameters of all molecules in the AAA-1 bitumen
model were obtained from prior work [4], which contains standard OPLS-AA parameters reported in the
literature [1, 7] and quantum mechanics-based parameters for certain functional groups that are not available
elsewhere in the literature. All force field parameters of bitumen molecules are listed in Tables S1 to S5.
Water parameters are listed in Table S6.

The 12-component, AAA-1 bitumen model with 72 molecules (5572 atoms in total) [4] was used
to represent the saturates, aromatics, resins, and asphaltenes in bitumen. The asphaltene molecules are
asphaltene-phenol, asphaltene-pyrrole, and asphaltene-thiophene; the resin molecules are benzobisbenzoth-
iophene, pyridinohopane, quinolinohopane, thio-isorenieratane, and trimethylbenzene-oxane; the aromatic
molecules are perhydrophenanthrene-naphthalene (PHPN), and dioctyl-cyclohexane-naphthalene (DOCHN);
the saturate molecules are squalane and hopane. The detailed molecular structures and atom labels of as-
phaltenes and resins are presented in Figures S1 to S8. Rules for labeling atoms in aromatics and saturates
are identical to those shown in Figures S1 to S8. The molecular structure of water is depicted in Figure
S9. The detailed composition of AAA-1 bitumen model is shown in Table S7 and the simulation times of
water-bitumen systems at various temperatures are listed in Table S8. Mean-squared displacements (MSDs)
of integrated stress that are used to determine viscosity at temperatures from 533 K to 353 K are shown in
Figures S10 to S13.
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1. OPLS-AA Force field parameters

The standard 12/6 Lennard-Jones potential energy describes the potential energy of interaction between
two non-bonding atoms as
o\12 ,0\6
B =4e(5)-(2)| r< s1
Ly = 4e ( r) (r) r<re (SD)
where r is the distance between atoms and r; is the cutoff.

Coulombic pairwise interaction energy is given by

Cqiqj

Eco = r<re (S2)

where r. is the cutoff. Coulombic interaction beyond the cutoff, i.e., the long-range Coulombic energy, is
computed by the PPPM method.
The bond stretching energy is described by the harmonic style,

Ebond = Ki(r — 10)* (S3)

where ry is the equilibrium bond distance and K; is a pre-factor.
The harmonic angle bending energy is computed by

Eangle = Ko(6 — 60)° (S4)

where 6 is the bond angle, 8y is the equilibrium value of the angle, and Kj is a pre-factor. Angle differences
are computed within LAMMPS in radians.
The dihedral energy uses the potential

1 1 1
Eginedral = §K1[1 + cos(p)] + §K2[1 —cos(2¢)] + 5K3[1 + cos(3¢)] (S5)

where K, K>, and K3 are pre-factors, and ¢ is the dihedral angle.
The improper energy is computed by

Eimproper = K[1 + dcos(ne)] (S6)
where ¢ is the improper angle, d equals +1 or -1, and K is a pre-factor.

Table S1 Non-bonded parameters for Equation S1 and atoms of bitumen.

Atomtype  ¢/[kcalmol™']  o/[A]

CA 0.07 3.55
CS 0.07 3.55
CT 0.066 35
cw 0.07 3.55
cX 0.07 355
cY 0.07 355
H 0 0
HA 0.03 2.42
HCI 0.03 25
HO 0 0
NA 0.17 3.25
NC 0.17 3.25
OHp 0.17 3.07
oS 0.14 2.9
SA 0.25 3.55

Atom labels are denoted in Figures S1 to S8.
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Table S2 Bond parameters for Equation S3.

Bond type  K/[kcal-mol™' - A72]  ro/[A]
CA-CA 469 14
CA-CS 546 1.382
CA-CT 317 1.51
CA-CW 546 1367
CA-CX 469 1.409
CA-CY 410 1.394
CA-HA 367 1.08
CA-NC 483 1339
CA-OHp 450 1.364
CA-OS 364 1.38
CS-CS 469 1.424
CS-CT 317 1.51
CS-CW 546 1367
CS-HA 367 1.08
CT-CT 268 1.529
CT-CW 317 1.504
CT-HC1 340 1.09
CT-0S 320 1.41
CW-HA 367 1.08
CW-NA 427 1.381
CW-SA 340 1.71
CX-CX 400 1.4653
CX-CY 447 1415
CY-SA 340 1.76
H-NA 434 1.01
HO-OHp 553 0.945




Table S3 Angle parameters for Equation S4.

Angle type Kg/lkcal-mol™" -rad™?]  6y/[deg]
CA-CA-CA 63 120
CA-CA-CS 70 110.6
CA-CA-CT 70 120
CA-CA-CW 35 107.4
CA-CA-CX 80 120.6
CA-CA-CY 170 117.9507
CA-CA-HA 35 120
CA-CA-NC 70 124
CA-CA-OHp 70 120
CA-CA-0S 66.1 122.03
CA-CS-CS 70 110.6
CA-CS-CW 70 110.6
CA-CT-CT 63 114
CA-CT-HCI 35 109.5
CA-CW-CS 70 110.6
CA-CW-NA 70 109
CA-CW-SA 70 110.6
CA-CX-CX 70 130.9364
CA-CX-CY 85 117.0542
CA-CY-CX 85 1225475
CA-CY-SA 70 124.6906
CA-NC-CA 70 117
CA-OHp-HO 35 113
CA-0S-CT 60 117
CS-CS-CT 70 107.3
CS-CS-CW 70 107.3
CS-CS-HA 35 127.5
CS-CT-HC1 70 110.6
CS-CW-CT 70 121.6
CS-CW-HA 35 132.1
CS-CW-NA 70 107.7
CS-CW-SA 70 110.6
CT-CA-CW 70 110.6
CT-CA-NC 70 116
CT-CS-CW 70 110.6
CT-CT-CT 58.35 1127
CT-CT-CW 63 114
CT-CT-HC1 375 1107
CT-CT-0S 50 109.5
CT-CW-SA 70 121.6
CW-CA-HA 35 126.9
CW-CS-HA 35 125.7
CW-CT-HC1 35 109.5
CW-NA-CW 70 109.8
CW-NA-H 35 120
CW-SA-CW 70 922
CX-CA-CY 80 120.6
CX-CA-HA 70 120.8436
CX-CX-CY 63 111.1594
CX-CY-SA 100 1127619
CY-CA-HA 35 120.519
CY-SA-CY 70 90.8123
HA-CW-NA 35 121.6
HCI-CT-HCI 33 107.8




Table S4 Dihedral parameters for Equation S5.

Dihedral type Kj/[kcal/mol]  K»/[kcal/mol]  Kj3/[kcal/mol]
CA-CA-CA-X 0 7.25 0
CA-CA-CS-X 0 7.25 0
CA-CA-CT-X 0 0 0
CA-CA-CW-X 0 7.25 0
CA-CA-CX-X 0 7.25 0
CA-CA-CY-X 0 7.25 0
CA-CA-NC-CA 0 7.25 0
CA-CA-OHp-HO 0 1.682 0
CA-CA-OS-CT 0 2.200135 0
CA-CS-CS-X 0 7.25 0
CA-CS-CW-X 0 7.25 0
CA-CT-CT-CA -2.06 -0.313 0.315
CA-CT-CT-CT 0 0 0.366
CA-CT-CT-HC1 0 0 0.462
CA-CW-NA-CW 0 3.2 0
CA-CW-NA-H 0 3.2 0
CA-CW-SA-CW 0 7.25 0
CA-CX-X-X 0 7.25 0
CA-CY-SA-CY 0 7.25 0
CS-CA-CA-CT 0 7.25 0
CS-CS-CT-HC1 1.876 0 0
CS-CS-X-X 0 7.25 0
CS-CW-NA-CW 0 3.2 0
CS-CW-NA-H 0 32 0
CS-CW-SA-CW 0 7.25 0
CT-CA-X-X 0 7.25 0
CT-CS-X-X 0 7.25 0
CT-CT-CT-CT 1.74 -0.157 0.279
CT-CT-CT-CW 1.876 0 0
CT-CT-CT-HC1 0 0 0.366
CT-CT-CT-0S -1.336 0 0
CT-CT-CW-CS 1.876 0 0
CT-CT-CW-SA 1.876 0 0
CT-CT-OS-CA -3.7 1.867983 0.938689
CT-CW-SA-CW 0 7.25 0
CW-CA-CA-HA 0 7.25 0
CW-CA-CT-CT 0 0 0
CW-CA-CT-HC1 -7.582 3431 3.198
CW-CS-CS-CW 0 7.25 0
CW-CS-CS-HA 0 7.25 0
CW-CS-CT-HC1 1.876 0 0
CW-CT-CT-HC1 0 0 0.462
CX-CA-X-X 0 7.25 0
CX-CX-CY-X 0 7.25 0
CX-CY-SA-CY 0 7.25 0
CY-CA-X-X 0 7.25 0
CY-CX-CX-CY 0 7.25 0
HA-CA-X-X 0 7.25 0
HA-CS-X-X 0 7.25 0
HA-CW-NA-X 0 3.2 0
HCI1-CT-CT-HC1 0 0 0.318
HCI1-CT-CT-0S 0 0 0.468
HCI-CT-CW-X 1.876 0 0
NC-CA-CT-X 0 0 0

An X represents any other atom type (“wild”).



Table S5 Improper parameters for Equation S6.

Improper type K/[kcal/mol] d n
CA-CA-CA-CA 1.1 102
CA-CA-CA-CS 1.1 -2
CA-CA-CA-CT 1.1 102
CA-CA-CA-HA 1.1 -2
CA-CA-CA-NC 1.1 12
CA-CA-CA-OHp 1.1 -2
CA-CA-CA-0S 1.1 12
CA-CA-CT-CW 1.1 102
CA-CA-CT-NC 1.1 -2
CA-CA-CW-HA 1.1 .12
CA-CA-CX-HA 1.1 -2
CA-CA-CY-HA 1.1 12
CA-CX-CY-HA 1.1 -1 2
CS-CA-CS-CW 1.1 102
CS-CS-CT-CW 1.1 12
CS-CS-CW-HA 1.1 -2
CW-CA-CS-NA 1.1 .12
CW-CA-CS-SA 1.1 -2
CW-CS-CT-SA 1.1 12
CW-CS-HA-NA 1.1 -2
CX-CA-CX-CY 1.1 12
CY-CA-CX-SA 1.1 -2
NA-CW-CW-H 1 12

Table S6 Non-bonded parameters for SPC/E water model.

Atom  €/[kcal/mol] o [A] q/le”]

H 0.1553 3.166 0.4238
(6] 0.0 0.0 -0.8476




2. Molecular structures and labeling of atoms

Fig. S1. Structure of asphaltene-phenol. Colors for carbon, hydrogen, nitrogen, oxygen, and sulfur are dark gray, light gray, blue,
red, and yellow, respectively.



Fig. S2. Structure of asphaltene-pyrrole.

Fig. S3. Structure of asphaltene-thiophene



Fig. S4. Structure of benzobisbenzothiophene

Fig. S5. Structure of pyridinohopane with torsion angles within saturated rings chosen to emphasize legibility rather than high
probability

Fig. S6. Structure of quinolinohopane with torsion angles as in Figure S5



Fig. S7. Structure of thio-isorenieratane

Fig. S8. Structure of trimethylbenzene-oxane

109.47 ° -

Fig. S9. Structure of water

10



Table S7 Bitumen composition

Molecule Number in the system  Molar mass (g/mol)
asphaltene-phenol 3 575.0
asphaltene-pyrrole 2 888.5
asphaltene-thiophene 3 707.2
benzobisbenzothiophene 15 290.4
pyridinohopane 4 530.9
quinolinohopane 4 554.0
thio-isorenieratane 4 573.1
trimethylbenzene-oxane 5 414.8
perhydrophenanthrene-naphthalene (PHPN) 11 464.8
dioctyl-cyclohexane-naphthalene (DOCHN) 13 406.8
squalane 4 4229
hopane 4 483.0

3. Simulation run time details

Table S8 Details of simulation times

Temperature/[K] NPT equilibration /[ns] ~ NVT equilibration /[ns] ~ NVT production /[ns]

533 1 1 10

443 10 2 100
393 20 10 100
353 20 10 300
313 50 10 600
298 80 10 600
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4. Trajectories of water clusters that involve molecule 10

t=347+0ns t=34.7+0.1ns

t=34.7+0.2ns t=34.7+0.3ns
< <
\,l”’ﬁ% ".-:' va‘-
J w e 1
¢
t=34.7+04ns t=34.7+0.5ns
& “
o ¥ “or e
S p %gp
‘ F P, B8

Fig. S10. Continuous trajectory snapshots (with an interval of 100 ps) of molecule 10 and cluster group 1 in the bitumen system
with 16 water molecules (0.93 wt% water content) at 313 K. Molecules with smaller radii represent water cluster group 1 while
molecule 10 is depicted with a larger radius.
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5. MSDs that lead to viscosity
The OCTP plugin [8] in LAMMPS was used for the on-the-fly calculation of the MSDs of viscosity:

1 V ! 0S ’ ’ :
MSD = mg@ (fo Paﬁ(t)dt) > (S7)

of

where
Pg+P 1
PO = % — Sap (g > Pkk] (S8)
3

and V is the volume of the system, ngg are the traceless pressure tensor components, ¢ is the correlation time,
kg is the Boltzmann constant, and d, is the Kronecker delta. Markers ( ) denote an ensemble average.

17 L
10 5
O
O
16 [
~ 10 >
£ :
:‘ 1015 L
[a)
wn
s
1014 L
1013{
102 101 100 107 102
t/[nsl]

Fig. S11. MSD of stress fluctuations at 533 K. The slope of the red dashed line is 1.
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Fig. S12. MSD of viscosity at 443 K. The slope of the red dashed line is 1.
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Fig. S13. MSD of viscosity at 393 K. The slope of the red dashed line is 1.
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Fig. S14. MSD of viscosity at 353 K. The slope of the red dashed line is 1.
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