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S1. Parameters in model of grafting barriers and lattice displacements

S1.1. Grafting temperature and dimensionless precursor concentration (m)

The grafting temperature was chosen to be 298.15 K (room temperature). The ratio of the ML concentration
in the gas phase to the reference concentration (\/*), m=[ML.]/\;*, was set to the ratio of CrO,Cl, vapor
pressure at 298.15 K (20 Torr) to atmospheric pressure (760 Torr), giving m = 0.026.

S1.2. DFT computational details

Dwm-o, Dm...0, am-o, am...o, and AG' s Were set using density functional theory (DFT) calculations.
All DFT calculations were performed with the ®B97X-D functional.! The def-2TZVP basis set? was used
for chromium and the TZV/P basis set® * was used for all other atoms. The Berny algorithm, as implemented
in Gaussian 16, was used to find minima and transition states.® The RMS and maximum forces were
required to be less than 3.00 x 10 Hartrees/Bohr and 4.50 x 10** Hartrees/Bohr, respectively, while the
RMS and maximum displacements were required to be less than 1.20 x 10 Bohr and 1.80 x 10 Bohr
respectively. Transition states were required to have one imaginary frequency.

To make a reference site for DFT calculations, the bis(silanolato)chromium(Il) cluster was optimized and
its peripheral atom positions were held fixed for all subsequent computations to mimic a rigid support, Fig.
S1.
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Fig. S1 The optimized bis(silanolato)chromium(I1) cluster. Color scheme: oxygen (red), hydrogen
(white), silicon (blue), and chromium (purple). Peripheral atoms (fixed) are transparent.®
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S.1.3. Morse potential parameters

The M-O bond strength (Dm-o) was calculated by removing the Cr atom from the bis(silanolato)
chromium(l1) and performing a single-point energy calculation, Fig. S2. Dm.o was calculated using

D, o =E, +E, —E,. (S1)

Here E, is the electronic energy of structure Il, Ec, is the electronic energy of a Cr atom, and E; is the
electronic energy of the bis(silanolato)chromium(ll) cluster (structure ). We get Dm-o = 524.4 kJ/mol.
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Fig. S2 Calculation of the M-O bond strength. Electronic energies of the optimized Cr(ll) cluster (left)
and cluster with dissociated Cr (right). Peripheral atoms (fixed) are red. d1 is used as the displacement
variable in a Morse potential model (below).

The Morse potential width (a) can be related to the force constant by a second-order Taylor expansion of
V(r) around the equilibrium bond length (req):

2y (r-r, )2 (r-r )2
V(r)zcélr2 qu =k 2eq :Daz(r—req)z. (S2)

Here, k is the force consant. The zeroth-order term of the taylor expansion evaluates to 0 by construction,
while the first derivative evaluates to 0 because req corresponds to the minimum of the potential energy
surface. Thus, a = [k/2D]¥2. The force constant was computed using DFT by calculating the second
derivative of the potential energy with respect to the Cr-O bond length (di1). We obtain km-o = 0.2063
Ha/Bohr and am-o = 1. Here am-o was non-dimensionalized by d;.

The non-dimensionalized equilibrium bond distance for the M-O bond (rm-o,eq) Was set to 1.
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To calculate the M-—-O bond strength (Dw...o), a water molecule was adsorbed on the bare Cr cluster, and
the cluster was reoptimized while keeping the positions of the peripheral atoms fixed, Fig. S3. The bond

strength of the Cr---OH: bond was calculated using

Dyv..o =E, + EHZO —Ey- (S3)

Here E; is the electronic energy of structure I, En,o is the electronic energy of the optimized water molecule,
and Eyy is the electronic energy of structure 111. We get Dwm...o = 117 kJ/mol.
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Fig. S3 Calculation of the M---O bond strength. Electronic energies of the Cr cluster with H,O adsorbed
(left) and the bare Cr cluster and H2O in the gas phase (right). Peripheral atoms (fixed) are red. d»/d; was
used to compute ru...oeq and ds was used as a displacement variable in the Morse potential model for

M---O.

km. ..o Was computed as the second derivative of the energy of structure 111 with respect to the Cr---O bond
length (d3). We get ku...o = 0.054 Ha/Bohr and am...o = 2.3 (Eq. (S2)). Here am...o was non-
dimensionalized by ds (Fig. S3).

The non-dimensionalized equilibrium M--O bond length (rm...o.eq) Was set to ds/d,. This yields rm...oeq =
1.16.
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S1.4. Lattice displacements

The lattice points were displaced by drawing displacements according to a bivariate Gaussian distribution
using the numpy.random.multivariate_normal function in python:’

1 1 T 1
p(x,u,%)= - exp(—a(x—,u) DN (x—,u)). (S4)
27z|2|5

Here X is a 2x2 dimensional covariance matrix, g € R? is the mean, and x € R? is a 2D random variable
representing displacement of lattice points. The covariance matrix was set equal to a scalar diagonal
matrix

z Zo-littice I. (85)
Here | is the 2x2 identity matrix. The value of o2anice Was set to 0.00022 and the value of u was set to

(0,0).

S1.5. ent, V*, APV, and AS° to compute grafting free energy
From Eq. (4), it follows that the grafting energy for a site on the unperturbed lattice is given by

AEunperturbed = 2‘C"HL o (V* + 2‘C"ML) +VM* (Xunperturbed ) (86)

Here Vi~ is obtained by optimizing the metal position in a site on an unpertubed lattice. Similarly, from
Eqg. (8) it follows that the grafting free energy on an unperturbed site is given by

AG:nperturbed = 2‘gHL - (V* + 2‘S'ML) +V|V|* (Xunperturbed )+APV —TAS". (87)
Rearranging Eq. (S7), we get
2‘9HL - (V* + 2‘c"ML) +APV-TAS" = AG:nperturbed _Vm* (Xunperturbed ) . (88)

Using Morse potential parameters from Section 1.3, we obtain Vm=(Xunperturbed) = -1259.57 kJ/mol. To make
grafting favorable for a reference site, AG unperturbed Was set equal to -30 kd/mol. This yields 2en — (V= +
2emL)+APV-TAS® = 1229.56 kd/mol. enr, V=, emi, APV, and AS® always occur together in the combination
on the LHS of Eq. (S8), therefore they do not need to be determined separately.

S1.6. Reference free energy barrier and linear free energy relation (AG ref)
The LFER for an unperturbed site is given by
AGliznperturbed (r) :AG}ef + aAG:nperturbed (r) : (89)

AG'inperturbed(I) Was set equal to the DFT-computed activation barrier for CrO.Cl; grafting to a vicinal
disilanol model site at 1 atm pressure of CrO,Cl; (Fig. S4).

S5



Cl,/, //O
om-C,
c|)H OlH AGl,; = 116.3 kJ/mol oy
Cr02C12 H O/////,,,Si S i“.u\\\o H > | |
7 o Y, HOwmu,, J.. oOH
HO 0 OH S, SIl
HO O OH
v v

Fig. S4 Calculation of the reference free energy barrier. Free energies of CrO.Cl; in the gas phase with
the vicinal silanol site (left) and the transition state for CrO.Cl. grafting to the vicinal silanol site (right).
Free energies are at 1 atm CrO.Cl, and 298.15 K. Peripheral atoms (fixed) are red.

Using AGnperturbed = -30 kd/mol (Section 1.5) and solving for AG' s we get
AG}, =131.3kJ /mol .

ref

(S10)
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S2. Effect of training set size on test set error

100 sites were chosen for training because it is the minimum training set size with a test set error < 0.5
kJ/mol. 26 < 1 kJ/mol implies a 95 % confidence in predictions within chemical accuracy (1kJ/mol). Figure
S5.
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Fig. S5 Residual distributions for predicted grafting barriers as a function of training set size for all ~
20,000 sites. As expected, the width of the residual distribution decreases on increasing the training set
size.
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Si 0.342124 2.973369 0.006307 Cl -3.077539 6.049800 2.962288
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