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Computational Methods

Simulations were carried out using the GROMACS 4.5.4 molecular dynamics package.™? The
equations of motion were integrated with the Verlet leapfrog algorithm® and a time step of 2 fs.
The NpT ensemble was used for all runs, with the temperature fixed at 298.15 K by applying the
Nosé-Hoover thermostat,* and the pressure fixed at 1 bar by using the Parrinello-Rahman
barostat.® The simulation boxes were always cubic and periodic in all directions. The total
potential energy was calculated as the sum of harmonic angle-bending terms, torsional terms of
the Ryckaert-Bellemans form, Lennard-Jones 12-6 terms and Coulomb electrostatic terms. Rigid
constraints were enforced on all bond lengths using the LINCS algorithm.” Short-range
dispersion interactions were handled using a twin-range cutoff scheme, with interactions between
the inner and outer radii (1.0 and 1.2 nm respectively) updated every 10 time steps. A long-range
dispersion correction term was also added to both energy and pressure. The particle-mesh Ewald
method® with a real-space cutoff of 1.0 nm was applied to deal with long-range electrostatic

interactions.

The SPC/E potential,” with rigid bonds and bond angle, was employed to model water
molecules. As in previous works, we chose decyltrimethylammonium bromide (DeTAB) as the

surfactant,'®!!

which was modeled using a united-atom representation, i.e., all CH, and CHs
groups were represented by a single interaction center. Potential parameters for the head group
were taken from Jorgensen and Gao? and parameters for the aliphatic tail were taken from Smit

etal.t®

. The force-field for the organosilicate species was developed by combining the OPLS-AA
potential** for the organic moieties with our previous model for anionic silicate species.'®** The
latter is based on the force field of Pereira et al.™ for neutral silicates. New values for the bond

lengths, angles and point charges of anionic organosilicates were obtained from density
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functional theory calculations at the B3LYP/6-311+G(2d,2p) level on a wide range of
geometries.’®*”" A full table of parameters for the organosilicate force field is given in

Supporting Information, and more details can be found in previous publications.**%8

Each of the solutions considered in this work contains 150 DeTA", 4 Br” ions and 7500 water
molecules, to which were added: i) 71 SIBSI and 4 SIBSN anions to create the solution with
benzenesilica; ii) 71 SIEySI and 4 SIEySN anions to create solution with ethylenesilica; iii) 71
SIEaSI and 4 SIEaSN anions to create solution with ethanesilica. The notation SN and SI is used
to distinguish neutral —Si(OH)3; and negatively charged (deprotonated) [-Si(OH),0] fragments,
while B, Ey and Ea are used to denote the benzene, ethylene and ethane linkers. Thus, the total
number of Si atoms (150) in the three solutions is the same. The relative proportion of SN and Sl
moieties was also constant and was estimated for a pH of 11'°, corresponding to representative
synthesis conditions for organosilica materials.?’ In all cases, the starting configurations for the
different solutions were built by randomly dispersing the surfactant, bromide ions and
organosilicates in an empty cubic box, and were then solvated with water. To calculate the
distribution of surfactant aggregates in each solution, we identified the individual clusters of
surfactants present in each sampled configuration using an adaptation of the Hoshen-Kopelman
cluster-counting algorithm,?* with details described elsewhere.’® To be certain that the results
reported here were insensitive to the size of the system and were representative of a pseudo-
equilibrium state, we carried out a simulation for the benzenesilicate solution with a system size
that was 4 times larger than mentioned above (i.e., over 100000 atoms) for a total of 100 ns.
Results obtained in this large run (see Figures S3-S5) were very similar to those of the smaller

run, thus validating our approach.
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The total potential energy was calculated as the sum of angle-bending terms, torsional terms,
dispersion interactions, repulsive interactions and electrostatic interactions. Angles were

modeled by a harmonic potential of the form:

U =%k(9—490)2

Dihedrals were represented by a Ryckaert-Bellemans (R-B) function, of the form:

U =2 C,(cos(p)\

5
n=0

The intermolecular potential (dispersion, repulsion and electrostatics) is the sum of a Lennard-

Jones (L-J) term and a Coulomb term:

In the above equations, U is the potential energy, 6 is the instantaneous bond angle, 0y is the
equilibrium bond angle, & is a harmonic force constant, ¢ is the instantaneous dihedral angle, C,
are the R-B parameters, o is the L-J site diameter, € is the L-J well depth, ¢ is the site partial

charge, f'is a constant (accounting for the vacuum permittivity) with the value of 138.935485 and

rij 1s the distance between sites i and ;.
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Table S1. Lennard-Jones parameters and atomic masses.

Site o(mm) &(kJmol') Mass (a.u.) | Site o(mm)  &(kJmol') Mass (a.u.)
Ow 0.31656 0.65019 15.9994 Br 0.46238 0.37656 79.9040
Hw 0.00000 0.00000 1.0080 Nh 0.32500 0.71128 14.0067
Hsp3 0.25000 0.12552 1.0080 Ch3 0.39600 0.60668 15.0345
Hsp2 0.24200 0.12552 1.0080 Ch2 0.39600 0.60668 14.0266
Ha 0.24200 0.12552 1.0080 | Ct3 0.39300 0.94780 15.0345
Csp3(SN) 0.35500 0.27614 12.0110 Ct2 0.39300 0.39076 14.0266
Cyp3(SI) 0.35500 0.27614 12.0110 | Siy 0.44350 0.39748 28.0855
Csp2(SN) 0.35500 0.31798 12.0110 Ohy 0.34618 0.66567 15.9994
Csp2(S1) 0.35500 0.31798 12.0110 Hoy 0.23541 0.41338 1.0080
Ca(SN) 0.35500 0.29288 12.0110 | Si 0.44350 0.39748 28.0855
Ca(SI) 0.35500 0.29288 12.0110 Oh, 0.34618 0.66567 15.9994
Ca(H) 0.35500 0.29288 12.0110 | Ho, 0.23541 0.41338 1.0080
Oc 0.34618 0.66567 15.9994

Atom types are denoted as follows: The water molecule consists of three sites, one oxygen (Oy) and two hydrogens
(Hw). The bromide ion is modeled by a single site (Br). The united-atom DeTA" surfactant molecule consists of one
head-nitrogen atom (Nh), three head-CH; sites (Ch3), one head-CH, site (Ch2), 8 tail-CH, sites (Ct2) and one tail-
CHj site (Ct3). The neutral —Si(OH); fragment consists of one silicon atom (Siy), three hydroxyl oxygens (Ohy) and
three hydroxyl hydrogens (Hoy). The negatively charged [-Si(OH),QO] fragment consists of one silicon atom (Si,),
two hydroxyl oxygens (Oh)), two hydroxyl hydrogens (Ho,) and one anionic oxygen (Oc). The benzene linker
consists of six carbon (Ca) and 4 hydrogen (H,) atoms. The ethylene linker consists of two carbon (Csp2) and two
hydrogen (Hsp2) atoms. The ethane linker consists of two carbon (Cs,3) and four hydrogen (Hg,3) atoms. In the case
of the organic linkers, SN, Sl and H in parentheses are used to denote atoms directly bonded to a neutral silicate, to
an anionic silicate or to a hydrogen atom, respectively.
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Table S2. Geometric parameters and point charges for neutral and anionic organosilicates

together with harmonic force constants.

atom charge (a.u.) | bond length (nm) | angle 00 (°) k (kJ mol” rad’)
Siy 1.206 Sin-O 0.165 Sin-Ohyn-Hoy 114.4 103.460
Si 1.332 Si;-O 0.169 Si-Oh-Ho, 109.8 103.460
Ohy -0.762 Si-O¢ 0.158 Ohp-Sin-Ohy 109.6 232.960
Oh, -0.839 Oh-Ho 0.097 Oh,-Si;-Oh, 104.9 232.960
Oc -1.046 Sin-C 0.186 Oh,-Si-O¢ 114.2 232.960
Hoyn 0.405 Si-C 0.190 Ohn-Sin-C 111.0 412.620
Ho, 0.376 Csp3-Csp3 0.153 Oh,-Si-C 103.7 412.620
Hsp3 0.060 Csp3-Hsp3 0.109 O.-Si;-C 116.4 412.620
Hep2 0115 | Cy2-Cp2 0134 | Si-Cyp3-Cyp3 115.4 488.273
Ha 0.115 Csp2-Hsp2 0.108 Si-Csp2-Cp2 126.0 585.760
Csp3(SN) -0.255 Ca-Ca 0.140 Si-Ca-Ca 120.0 292.880
Csp3(SI) -0.480 Ca-Ha 0.108 Si-Csp3-Hsp3 109.9 313.800
Csp2(SN) -0.250 Si-Cgp2-Hgp2 117.6 292.880
Csp2(SI) -0.475 Csp3-Csp3-Hsp3 110.7 313.800
Ca(SN) -0.135 Hqp3-Cep3-Hgp3 107.8 276.144
Ca(SI) -0.360 Cep2-Cep2-Hep2 120.0 292.880
Ca(H) -0.115 Ca-Ca-Ca 120.0 527.184
Ca-Ca-Ha 120.0 292.880

Atom types are denoted as follows: Si is a silicon atom, Oh is a hydroxyl oxygen atom, Oc is a deprotonated oxygen
atom (negative charge), Ho is a hydroxyl hydrogen atom, H is a hydrogen atom in an organic group, and C is a
carbon atom. For the latter two atom types, subscript A refers to a phenyl group, subscript sp2 refers to an ethylene
group and subscript sp3 refers to an ethane group. Furthermore, subscripts N and | are used to denote whether atom
types belong to a neutral or to an anionic fragment, respectively. Finally, the notation SN and Sl is used to
distinguish neutral —Si(OH); and negatively charged (deprotonated) [-Si(OH),O] fragments, i.e., for instance,
Ca(SN) and Ca(SI) are used to label the carbon atoms in the benzyl ring of benzenesilica that are bonded directly to
the neutral —Si(OH); or to the negatively charged [-Si(OH),0]  fragments, respectively.
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Table S3. Dihedral potential parameters for the surfactant and for the organosilicates.

Dihedral Co (kI mol™) C; (kImol™) C, (kJmol™) C; (kJmol™) C, (kJmol™) Cs(kJ mol™)
Ch—Nh-Ch-Ct 3.0418 -1.3514 0.5188 -2.2092 0.0 0.0
Nh—Ch-Ct-Ct 8.3973 16.7862 1.1339 -26.3174 0.0 0.0
Ch-Ct-Ct-Ct 8.3973 16.7862 1.1339 -26.3174 0.0 0.0
Ct-Ct-Ct-Ct 8.3973 16.7862 1.1339 -26.3174 0.0 0.0

Ohy — Siy— Ohy—Hoy | 14.8473 9.1554 -3.6233 2.0686 0.0 0.0
Oh, - Si, — Oh, — Ho, 14.8473 9.1554 -3.6233 2.0686 0.0 0.0
Oc — Si; — Oh, - Ho, 14.8473 9.1554 -3.6233 2.0686 0.0 0.0
Ca-Sin—Ohy—Hoy | 15.2038 23.8622 -2.5673 -9.8910 0.00000 0.00000
Ca— Si, — Oh, — Ho, 15.2038 23.8622 -2.5673 -9.8910 0.00000 0.00000

Csp3 — Siy—Ohy—Hoy | 15.2038 23.8622 -2.5673 -9.8910 0.00000 0.00000
Cs3—-Si,—Oh,—Ho, | 15.2038 23.8622 -2.5673 -9.8910 0.00000 0.00000

Csp2 — Siy—Ohy—Hoy | 15.2038 23.8622 -2.5673 -9.8910 0.00000 0.00000

Cs2—-Siy—Oh,—Ho, | 15.2038 23.8622 -2.5673 -9.8910 0.00000 0.00000
Ca — Ca — Siy — Ohy 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
Ca—Ca—Si,—Oh, 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
Ca—Ca—Sij—Oc 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000

Csp3—Cp3—Siy—Ohy | 0.34987 1.04960 0.00000 -1.39946 0.00000 0.00000

Csp3-Cyp3-Sij—Oh, | 0.34987 1.04960 0.00000 -1.39946 0.00000 0.00000
Cp3—Cyp3-Sij—Oc | 0.34987 1.04960 0.00000 -1.39946 0.00000 0.00000

Csp2 — Csp2 — Siy—Ohy | 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000

Csp2 — Cyp2 — Siy—Oh, | 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
Cep2—Cy2—Sij—Oc | 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000

(continues next page)
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Table S3. (cont.)

Dihedral Co (kI mol™) Cy (kImol™) C, (kImol™) Cs(kImol™) C,(kImol™) Cs(kJ mol™)
Hsp3 — Cp3 - Sin—Ohy | 0.41900 1.25700 0.00000 -1.67600 0.00000 0.00000
Hsp3 — Cp3 - Sij—Oh, | 0.41900 1.25700 0.00000 -1.67600 0.00000 0.00000
Hsp3 — Cp3—Sij—Oc | 0.41900 1.25700 0.00000 -1.67600 0.00000 0.00000
Hgp2 — Csp2 — Siy—Ohy | 1.50212 4.50635 0.00000 -6.00846 0.00000 0.00000
Hgp2 — Cp2 — Sij— Oh, | 1.50212 4.50635 0.00000 -6.00846 0.00000 0.00000
Hep2 — Cp2 — Sij—Oc | 1.50212 4.50635 0.00000 -6.00846 0.00000 0.00000

Ha—Ca—Ca—Siy 30.33400 0.00000 -30.33400 0.00000 0.00000 0.00000

Ha—Ca—Ca—Si 30.33400 0.00000 -30.33400 0.00000 0.00000 0.00000
Ca—Ca—Ca—Siy 30.33400 0.00000 -30.33400 0.00000 0.00000 0.00000
Ca—Ca—-Ca-Si 30.33400 0.00000 -30.33400 0.00000 0.00000 0.00000
Sin — Cgp3 — Cyp3 — Sin 2.92880 -1.46440 0.20920 -1.67360 0.00000 0.00000
Sin — Cgp3 — Cyp3 = Siy 2.92880 -1.46440 0.20920 -1.67360 0.00000 0.00000
Sij — Csp3 — Cyp3 - Si 2.92880 -1.46440 0.20920 -1.67360 0.00000 0.00000
Sin — Cgp2 — Cyp2 — Siy 58.57600 0.00000 -58.57600 0.00000 0.00000 0.00000

Sin — Cgp2 — Csp2 - Si 58.57600 0.00000 -58.57600 0.00000 0.00000 0.00000

Sij— Cp2 — Cep2 — Si 58.57600 0.00000 -58.57600 0.00000 0.00000 0.00000
Sin — Cgp3 — Cgp3 — Hgp3 0.62760 1.88280 0.00000 -2.51040 0.00000 0.00000
Sij — Csp3 — Cyp3 — Hyp3 0.62760 1.88280 0.00000 -2.51040 0.00000 0.00000
Sin—Cep2 —Cyp2 —Hgp2 |  58.57600 0.00000 -58.57600 0.00000 0.00000 0.00000

Sij—Cyp2 — Cp2 —Hsp2 | 58.57600 0.00000 -58.57600 0.00000 0.00000 0.00000
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Figure S1. Comparison of the cluster size distributions (CSDs) obtained in the solutions with
benzenesilica (red dashed line), ethylenesilica (black solid line), and ethanesilica (blue dotted
line). The CSDs for benzenesilica and ethylenesilica are similar, while the one for ethanesilica
shows no micelles above a size of ~22 surfactants.
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Figure S2. Selected radial distribution functions obtained in the solutions with benzenesilica (red
dashed line), ethylenesilica (black solid line), and ethanesilica (blue dotted line) for the
interactions between: a) Si atoms and N atoms of the surfactant heads; b) Si atoms and surfactant
tail atoms. In the first case, the peaks for benzenesilica and ethylenesilica are located at the same
position, while the peak for ethanesilica is broader and shifted to the right. In the second case, the
differences are even more evident, showing very little interaction of ethanesilica with the
surfactant tails. These results confirm that benzenesilica and ethylenesilica are predominantly
oriented parallel to the micelle surface, while ethanesilica is much more disordered, with a
preferentially perpendicular orientation.
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Figure S3. Mass-average micelle size as a function of simulation time for two independent runs
of the solution with benzenesilica. The “small run” corresponds to the results shown in the main
paper, while the “large run” was carried out for twice as long in a system 4 times as large. There
is only a small increase from (23 to 25) in the mass average micelle size for the large run,
suggesting that both systems reached a pseudo-equilibrium state.
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Figure S4. Cluster size distribution for two independent runs of the solution with benzenesilica,
as described in the caption of Figure S3. Both distributions span approximately the same range of
micelle sizes, and in both cases the most predominant population is for micelles around 20-25
surfactants.
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Figure S5. Radial density profiles for micelles of ~35 surfactants obtained in two independent
runs of the solution with benzenesilica, as described in the caption of Figure S3. Both sets of
profiles are virtually indistinguishable, showing that the results presented in the paper are not
dependent on system size.
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