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S1. Catalyst Characterization

S1.1 Diffuse Reflectance UV-Vis Spectra to Infer Ti Atom Dispersity
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Figure S1. a) Tauc plots and b) DR-UV-Vis spectra obtained with a UV-Vis spectrophotometer at ambient conditions
for Ti-BEA-OH (blue) and Ti-BEA-F (black). Spectra were normalized to the most intense feature around 5.5 eV and
225 nm and are vertically offset for clarity.

The band gaps for each Ti-BEA (see Table 1 in the main text) were obtained by extrapolating the linear
absorbance region of the Tauc plot in Figure Sla to the baseline. The intersection of the baseline and linear
region represents the band gap photon energy. The band gaps for both Ti-BEA are much greater than the
band gap for bulk titania (TiO2, 3.2 eV),! suggesting that the titanium atoms are well dispersed within the
*BEA framework.

The photon energy was obtained from the wavelength as follows:
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where h equals the Planck constant. The ordinate from Figure S1a was obtained from the ordinate of the
raw spectra in Figure S1b. The Kubelka-Munk function was calculated from % R:
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F(R) was then multiplied by the photon energy, and the resulting quantity was squared to yield the
ordinate for Figure Sla.

F(R) =



S1.2 X-Ray Diffraction to Observe Crystallinity of Ti-BEA Catalysts
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Figure S2. Powder X-ray diffractograms obtained with Cu Ka radiation (0.15418 nm) under ambient conditions for
Ti-BEA-OH (blue), Ti-BEA-F (black), and Si-BEA-OH (red). Spectra are vertically offset for clarity.

The crystallographic features for each Ti-BEA are representative of the *BEA framework. The sharper
feature at ~22.5 degrees for Ti-BEA-F indicates a highly crystalline material, as expected for zeolites
synthesized in fluoride media.? The broader feature for Ti-BEA-OH suggests a smaller crystallite size® and
the presence of internal (SiOH)x defects formed by dealumination of AI-BEA-OH (Si:Al = 20).

Notably, each Ti-BEA shows a weak feature at 25.5 degrees, whereas anatase TiO shows a strong feature.*
However, the XRD pattern for dealuminated *BEA (Si-BEA-OH, initial Si:Al = 20) also contains a weak
feature in this region, suggesting that the feature is characteristic of the *BEA framework. The XRD
patterns in Figure S2 indicate that each Ti-BEA possesses the crystalline *BEA framework, with minimal
to no TiO; present.



S1.3 Ex situ Raman Spectra of Ti-BEA Materials to Confirm Ti Coordination
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Figure S3. a) Ex situ Raman spectra of Ti-BEA-OH (blue), Ti-BEA-F (black), and Si-BEA-OH (red), and b) the ex
situ spectra zoomed into the 900-1150 cm™ region. The spectra are an average of 10 scans with an exposure time of
20 s. Spectra are normalized by the maximum feature at ~400 cm™ and are vertically offset for clarity. The spectra
were taken at ambient conditions with a Raman spectrometer (Renishaw, InVia) equipped with a 532 nm laser that
delivered a power density of ~2 mW um.

Bulk anatase TiO, shows an intense Eg4 vibration peak at 144 cm™,>® which is hardly observable in the
Raman spectra of each Ti-BEA. The area of this feature is also slightly more intense in Si-BEA-OH, which
suggests the feature results from a mode inherent to the *BEA framework instead of TiO2. The intense
peaks between 250 and 550 cm* represent features of the *BEA framework: the peaks at 315 and 345 cm
L are assigned to six-membered rings, the peaks at 400 and 425 cm are assigned to five-membered rings,
and the peak at 465 cm™ represents four-membered rings characteristic of the *BEA framework.”® The
peak at ~695 cm™ has previously been reported on Raman spectra of crystalline *BEA zeolites, suggesting
the feature may be characteristic of the *BEA framework.%° The peak at ~820 cm™ represents a symmetric
skeletal mode of microporous silicates.!'*2

The feature at ~960 cm™ has been commonly attributed to silanol defects®**° and Ti atoms incorporated at
tetrahedral positions in zeolite frameworks.® 1314 1619 The peak at ~1125 cm™ represents an additional
feature of Ti atoms within the framework; previous studies assign the ~960 and ~1125 cm™ peaks to
antisymmetric and symmetric Ti-O-Si vibrations, respectively.® 132° Figure S6b shows that each Ti-BEA
zeolite contains features at ~960 and 1125 cm™, consistent with the proposal that Ti atoms reside in the
*BEA framework. Si-BEA-OH also contains a feature at ~960 cm™, likely resulting from contributions of
silanol defects as reported in literature. Collectively, the Raman spectra suggest that Ti atoms predominately
reside at tetrahedral framework positions within the *BEA zeolite framework.



$1.4 N2, Ar, H20, and CH30H Adsorption Isotherms over Ti-BEA Materials
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Figure S4. a) N2 (77 K) and b) Ar (87 K) adsorption isotherms over Ti-BEA-OH (blue) and Ti-BEA-F (black). The
samples were degassed under dynamic vacuum prior to adsorption (< 7 x 107 Pa, 673 K, 3 h).

The BET surface areas and micropore volumes reported in Table 1 of the main text were calculated from
the adsorption isotherms in Figure S4. The values in Table 1 are consistent with previous reports of surface
areas??® and micropore volumes? 2+2" of *BEA zeolites, supporting that Ti-BEA-OH and Ti-BEA-F
possess the *BEA framework.

The BET surface area of Ti-BEA-OH exceeds Ti-BEA-F by ~1.2 times for each method, while the
micropore volume is ~1.1 times greater in Ti-BEA-OH for N, adsorption and nearly identical between the
zeolites for Ar adsorption. While the external surface areas of Ti-BEA-OH are ~2 times greater than Ti-
BEA-F, the total pore volumes (micropore + mesopore) differ by < 1.25 times between zeolites for each
adsorption measurement (Table S1).

External External BET Surface Area Micropore Total Pore Total Pore
Catalyst Surface Area  Surface Area (N2) (m2 g Volume (N2) Volume Volume
(N2) (m*g?)  (Ar) (m*g™) 2 (g (m?g") (N2 (cm*g™) (Ar) (cm®g?)
Ti-BEA-OH 200 177 653 0.184 0.389 0.521
Ti-BEA-F 109 79 528 0.166 0.307 0.583

Table S1. External surface areas and mesopore volumes of Ti-BEA materials obtained from N, and Ar physisorption

isotherms.



S1.5 Infrared Spectra of Ti-BEA Materials to Measure Silanol Density
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Figure S5. Infrared spectra of dehydrated samples of Ti-BEA-OH (blue) and Ti-BEA-F (black) used for this study.
The samples were dehydrated under flowing He (101 kPa He, 50 cm® min) at 573 K prior to measurement. Spectra
are vertically offset for clarity.

The significant difference in the v(O-H) area (3300-3750 cm™), with respect to the relatively unchanging
Vv(Si-O-Si) area (1800-2100 cm™), shows that Ti-BEA-OH contains a much greater density of (SiOH)x
groups than Ti-BEA-F (i.e., more hydrophilic). @k in Table 1 of the main text values were calculated by
peak fitting on Origin 2021 (OriginLab Corporation). The peak areas for v(O-H) and v(Si-O-Si) are shown
in Table S1 and were calculated with Gaussian fits, as illustrated in Figures S6 and S7. During peak fitting,
the peak areas were fixed at the values shown in Table S2.

Ti-BEA-OH Ti-BEA-F
Peak Center (cm™) Integrated Area Peak Center (cm™) Integrated Area
3731 32.1 3709 11.7
3679 934 3620 24.8
3551 207.5 1993 57.9
1990 52.8 1868 79.0
1868 81.2

Table S2. Peak areas for fitted peaks from IR spectra of Ti-BEA samples.
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Figure S6. Fitted peaks for the a) Si-O-Si overtones at 1865 (purple) and 2000 cm™ (green) and b) isolated (red) and
networked (blue, ) Si-OH regions for Ti-BEA-OH.
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Figure S7. Fitted peaks for the a) Si-O-Si overtones at 1865 (purple) and 2000 cm* (green) and b) isolated (red) and
networked (blue) Si-OH regions for Ti-BEA-F.

As shown in Equation 1 in the main text, the equation to calculate ®ir is:

Pir = o (S1)

The blue and yellow peaks represent networked SiOH features which are summed to determine Avo-) for
Ti-BEA-OH; only the blue peak was used in A, ,_g, for Ti-BEA-F. The green and purple peaks in the Si-
O-Si region were summed together to get A, ;_o—_s;). The red peaks in v(O-H) represent isolated SiOH
features, so these peak areas were excluded from the ®jr calculations. Substituting the areas to Equation S1
gives ®@r values of 2.25 and 0.27 for Ti-BEA-OH and Ti-BEA-F, respectively.



S1.6 Calculation of (SiOH)x (unit cell)! in Ti-BEA-OH

The density of (SiOH)y per unit cell in Ti-BEA-OH was estimated based on the initial quantity of Al present
in the commercial zeolite (Si:Al = 20). A BEA unit cell contains 64 heteroatoms (i.e., Si, Al, or Ti), so the
initial quantity of Al per unit cell equals 3.047:

Al+Si=64 = Al+20Al=64 => Al=3.047

Assuming that all Al atoms are removed, the dealumination produces 3.047 (SiOH)x (unit cell)™®. The Ti
weight loading was measured as 0.355% from EDXRF, which gives a Si/Ti ratio of 219. This can be used
to calculate the number of Ti atoms per unit cell incorporated into the formed (SiOH)a4:

Ti+Si =64 = Tj+219Ti= 64 =————s Ti=10.292
The final (SiOH)y (unit cell) is equal to the quantity of removed Al subtracted by the added Ti:
(SiOH), = removed Al — added Ti = 2.75 (SiOH), per unit cell

Ti-BEA-F was synthesized hydrothermally without Al present, so we cannot make the same calculation of
(SiOH)x (unit cell)™.



S2. 'H NMR Spectroscopy to Calculate Intrapore Solvent Composition

The ratio of the peak areas for H-O and the organic solvent was calculated for each sample. Then, the known
initial mole fraction of HxO (xu,0 buik,initiar) @and organic solvent and peak area ratios before
(AH,0:0rg,initiar) and after (Ay,o.0rg rinar) cONtact with Ti-BEA were used to calculate the final bulk
solvent fractions:

AHZO:org,final (82)

XH,0,bulk,final = XH,0,bulkinitial * 7 —
H,0:0rg,initial

Xorg,bulk,final = 1- XH,0,bulk,final (83)

The intrapore solvent fraction was then calculated, starting by estimating the fraction of solvent adsorbed
from the bulk solvent (Vsoipent aas) @nd the fraction of the initial solvent volume remaining in the bulk

solvent after adsorption (xyk final):

Vsowent,ads = Mzeotite * Vpore,*BEA (S4)

=1- Vsolvent,ads S5

Xbulk,final = Ve . (S5)
solvent,total

Where m,q;i¢¢ is the mass of Ti-BEA added to the solvent and V, ¢ *gE4 is the pore volume of Ti-BEA-
OH or Ti-BEA-F (Section S1.5).

From there, the intrapore molar ratio (w) and H0 fraction (x4, pore) Can be calculated:

Norg,pore

NH,0pore _ XHy0bulk,initial ~(Xbulk, final*XH,0,bulk,final)

(S6)
Norg,pore Xorg,bulk,initial _(xorg,final*xorg,bulk,final)
"H,0,pore
_ Norg,pore
XH,0,pore = | _ THz0pore (S7)

Norg,pore



S3. H20:2 Selectivity Dependences on H20 Fraction
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Figure S8. Relative H,0; selectivities (f) for epoxidation (1 mM CeH12, 10 mM H,0, (with 39 mM H,0), 313 K)
as a function of H>O mole fraction (xy,,) in mixtures of CH;CN (m,0), CHsOH (m,0), and C4HsO> (m,00) with H.0
over Ti-BEA-OH (solid points) and Ti-BEA-F (hollow points).

The relative H,O; selectivity () plotted in Figure S8 is defined as:

L (s8)

SH,0,,0.002
which equals the ratio of H,O: selectivities for epoxidation over H.O, decomposition at xy,o = X (Sx,0,,x)
and xy, o = 0.002 (Sy,0,,0.002)- This selectivity ratio quantifies the magnitude of H.O; selectivity increases
for C¢H12 epoxidation upon adding more H,O to the organic solvent. In general, Ti-BEA-F shows greater
increases in the relative H,O, selectivity than Ti-BEA-OH at a higher xy,,. Among organic solvents,
CH3CN shows the smallest increases in relative selectivity, while CH3OH and CsHsO, show similar
magnitudes of relative selectivity increases. Overall, the data in Figure S8 and Figure 1c of the main text

show that adding more H,O allows CH3;OH and CsHsO, mixtures to yield more similar selectivities to the
best-performing organic solvent, CH;CN.



S4. Turnover Rates as Functions of [CeH12], [H202], and x4, for CH3CN and C4HsO2
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Figure S9. Turnover rates for C¢Hi2 epoxidation as a function of a,d) CsHi2 concentration (10 mM H;0-, 313 K) and
b,e) H20 concentration (1 mM CgH12, 313 K) and turnover rates for c,f) H.O, decomposition (313 K) as a function
of H,0, concentration for a,b,c) CHsCN mixtures containing xp,, = 0.002 (39 mM) (e,0) or x,, = 0.75 (~27.8 M)
(A,A) and d,e,f) C4HsO2 mixtures containing x,,, = 0.002 (e,0) or x,,, = 0.75 (~23.0 M) (A,A) over Ti-BEA-OH
(solid points) and Ti-BEA-F (hollow points).

Figure S9 reveals that CsH1. epoxidation turnover rates in CHsCN and CsHsO. mixtures with H,O show a
linear dependence on [CesH12] (Figures S9a and S9d) and nearly zero-order dependence on [H.0-] (Figures
S9b and S9e) at low ratios of [CeH12] to [H202]. H2O, decomposition rates show a linear dependence on
[H20:] at all H,O, concentrations examined (Figures S9c and S9f). The rate dependences match those
shown for CHsOH mixtures in Figure 2 of the main text. These data indicate that the reaction mechanisms
for CeH12 epoxidation and H,O, decomposition do not change with the organic solvent, x,,, or (SIOH)x

density of the zeolite.



S5. In situ UV-Vis Spectroscopy to Examine H202 Activation over Ti-BEA Materials
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Figure S10. In situ UV-Vis spectra of Ti-BEA-F as a function of time within continuously flowing neat a) H,O and
b) C4Hs02 (313 K, 1 cm® min) after H,O; activation (100 mM H,0; (with 390 mM H;0), 313 K, 1 cm® min). The
reported spectra were taken every 600 s after H,O, activation.

The absorbance features from 300 — 550 nm in Figure S10 in Ti-BEA-F match those observed in Ti-BEA-
OH (Figure 3, main text) and indicate that each Ti-BEA activates H,O, to form a pool of Ti-OOH and Ti-
(m?)-0z in H0 and CsHe0,.2* 262 These absorbance features occur in the same region as previously
reported over Ti-BEA in CH3CN?%-% and CH;OH.? The attenuation of the peak areas for Ti-OOH and Ti-
(m?)-02 with time in H.O and negligible changes in C4HsO; agree with those in Ti-BEA-OH. The peak areas
attenuate by ~45% in H.O ~5% in C4HsO- over 1 h. The slight decrease in features over C4HsO, with time
may result from residual H>O remaining in the pores from the aqueous H,O; solution (390 mM H:0) or
reaction between C4sHgO2 molecules and the H,O,-derived intermediates. These trends suggest that the
reversibility of H,O, activation does not depend on the (SiOH)x density of Ti-BEA.

Figure S11 displays the evolution of the peak areas for H.O,-derived intermediates with time after cutting
off H,0O; flow over Ti-BEA-OH in H,O (Figure S11a), equimolar H,O and CsH¢O; (Figure S11b), and over
Ti-BEA-F in H,O (Figure S11c). The data plots were fit to exponential decay functions to yield rate
constants for desorption of Ti-OOH and Ti-(n?)-02 (k_5), shown in Table S3. Neat H,O and equimolar H.O
and C4HsO> provide k_; values that exceed neat CsHsO, by more than an order of magnitude, reinforcing
that protic solvents facilitate reversible activation of H,O, over Ti-BEA materials.



Peak Area (a.u.)

100 a) | 1.0k "b) | 108 —¢ o_a. . . C)
\\= = 8= .:3: ™
A J
[ 3
08" ", 08 <, ] 08"
\.‘ —_ ’ —_
» &g © Toe ©
0.6 Pa P =~ 0.6/ . = 06
O
< <
®q
04- ¢ T 041 § 041
o o
0.2+ 0.2 0.2+
004 : : 0.0 K : : 0.0 .
o 1 2 3 1 2 3 4 1 2 3 4
Time (ks) Time (ks) Time (ks)

Figure S11. Normalized H.O,-derived intermediate peak areas as a function of time after H,O activation after H,O;
activation (100 mM H;0, (with 390 mM H,0), 313 K, 1 cm® min™) within continuously flowing neat a) H,O, b)
equimolar H20 and C4HsOz, c) and neat CsHsO2 (313 K, 1 cm® min) over Ti-BEA-OH (blue) and Ti-BEA-F (black).
The dashed lines represent fits to an exponential decay function for first-order Kinetics.

Solvent Ti-BEA-OH Ti-BEA-F
k_5 (ks?) k_5 (ks?)
H.0 0.43+£0.06 0.47 £0.08
H.0/C4H¢0: 0.56 £ 0.07 -
C4HsO2 0.03+0.03 0.02 £0.06

Table S3. Rate constants for the re-formation of H.O, from H,0,-derived intermediates (k_;) over Ti-BEA zeolites.
k_5 values and uncertainties are calculated from the exponential fits in Figure S11.



S6. Derivation of Rate Expression for 1-Hexene Epoxidation over Ti-BEA Materials

Scheme 1 in the main text shows the elementary steps for 1-hexene (CsHi2) epoxidation and H,O:
decomposition.?® The mechanism begins with the quasi-equilibrated adsorption of a solvent molecule (step
0), CeH12 (step 1), or H02 (step 2). H20; then irreversibly activates to form Ti-OOH (step 3).2°* The Ti-
OOH intermediate may then react with another H>O, molecule in H.O, decomposition (step 6), react with
a CeH12 molecule in the kinetically relevant step for epoxidation (step 4), or desorb to re-form H,O; (reverse
of step 3). The epoxide that forms undergoes quasi-equilibrated desorption to form the 1,2-epoxyhexane
(CsH120) product. Epoxidation turnover rates can be modeled with Equation 3 from the main text:

Tepox = k4 [Ti — 00H] [CeH12] (S9)

where re is the epoxidation rate, ki is the rate constant for step 4 in Scheme 1, and [Ti-OOH] and [CesH12]
represent the number of H,O,-activated metal sites and CsH12 molecules in the liquid phase.

Applying the pseudo-steady state hypothesis to the Ti-OOH intermediate gives:

_ k3kuK;[CoHq2][Hp05][*]
Tepox = k_3+k4[CeHy2]+ke[H20,] (810)

The total number of Ti active sites ([L]) can be written as:
[L] =[S *] + [CeHyz *] + [H,0; %] + [OOH =] + [CoH120 #] (S11)

where [S*] is the number of sites occupied by a solvent molecule (S; CHsCN, CH3;OH, C4HgsO;, or H20)
and the other terms represent the number of adsorbed reactants and products. Substituting rate constants,
equilibrium constants, and reactant and product concentrations gives:

_ k3K [Hy0,] [CeH120]
[L] = Ko[S] + K1 [CeHy,] + KR [H,0,] + kst kalCoHay | T ke [y 0] + Ks (S12)

Combining Equations S10 and S12 gives the full rate expression (Equation 4 in the main text):

k3kaK3[CoH121[H202]

Tepox __ k_3+k4[CeH12]+ke[H202] (813)
Lk [S]4+K, [CeHyz]+Ky[Hy 0]+ k3K[Hp05] 4[C6H120]
0 11-6712 2lH2%2 k_3+ks[CeH12]+kg[H202] Ks

When molar ratios of H,O, to C¢H12 exceed two, rates depend linearly on [CsH12] and negligibly on [H.0;]
(Figure 2 in main text and Figure S9), indicating that Ti-OOH intermediates saturate Ti sites. The [OOH*]
term dominates in the denominator under these conditions, and all other terms can be canceled out. Equation
S13 then simplifies to the same form as Equation 5 in the main text:

re[pﬁ = k4[CeH12] (S14)
Equation S14 describes the kinetic regime under which activation barriers were measured. Under conditions
in which the active sites are saturated with the epoxide product, the [C¢H1.0*] term dominates in the
denominator of Equation S13, which instead simplifies to:

Tepox _ k3k4K;Ks[CoHi2][Hz 02]
[L] [CeH120](k—_3+k4[CeHy2]+ks[H202])

(S15)

When materials show high H.O. selectivities towards epoxidation (i.e., Sy,o, > 90%), the rate of
epoxidation far exceeds H.O, decomposition (i.e., k4[CcH12] >> ke [H,0,]). Combining this with a solvent



that shows negligible re-formation rates of H,O, from Ti-OOH (e.g., CHsCN or CsH¢O, with minimal
quantities of H,0), where the value of the quantity k,[CsH;,] is much greater than k_, allows for further
simplification of Equation S15:

Tepox k3K, Ks[H,0,]

L] [CeH1z0] (16)

Equation S16 matches previous reports from our group in which rates of CsH1,?® and CeH10?® epoxidation
over Ti-BEA in CH3CN solvent depend negligibly on the concentration of the alkene substrate, linearly on
the concentration of H,O,, and inversely on the epoxide concentration when the alkene is present in
significant excess to H,O (i.e., molar ration of alkene to H-O- greater than 50).

Equation 6 in the main text shows the expression for H,O, decomposition rates:
—Tdecomp = ke [Ti — 00H] [H20,] (S17)
Substituting terms for [Ti-OOH] and using the site balance for [L] leads to (Equation 7 in the main text):

k3kaKo[Hp05]?

_ Tdecomp — k_3+k4[CeH12]+kg[H2027] (818)
[L] KolS1+K; [CHy2] 4Kz [Hy 054 k3K2[H,05) C6F120]
° 162 2 2 3 +kalCoH12)+keH202]  Ks

At the low ratios of [CsH12]:[H202] used when measuring activation barriers, Ti-OOH saturates the Ti-BEA
surface and H,O, decomposition rates increase linearly with [H20,].28 This allows us to simplify Equation
S18 to:

-t 0, 519

Activation parameter equations for H.O, decomposition can be derived in an identical procedure as shown
for CéH12 epoxidation in Section 3.4 of the main text. The apparent activation free energy (AG,,,*) equals
the difference between the free energy of the transition state and reference state components:

AGapp,decom;ﬁ = (Gdecompi'o + Gdecomp*'s) - (GTi—OOH0 + GTi—OOHS) - (GH2020 + GHZOZE) (820)

An apparent free energy term (AG* app*) excluding the activity coefficient of H>O: corresponds to the k¢
term introduced in Equation 10 of the main text, which originates from the rate constant for H.O»
decomposition (k):

* F
ki = kBTTexp (_ AG am;a;ecomp ) (S21)

To obtain AG*app,decomp*, we add Gy, to each side of Equation S20:

AG*app,decomp* = AGapp,decomp¢ + GHZOZE = (Gdecomp*'o + Gdecomp*'g) - (GTi—OOHO + GTi—OOHE) - GHZOZO (822)



S7. Excess Energies to Probe Changes in Fluid Phase CsH12 and H20:2 Stability
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Figure S12. a) Excess enthalpies (Hy,o,?) (308 — 338 K), b) excess free energies (Gy,0,%) (313 K), and c) activity
coefficients of H202 (yy,0,) (313 K) as a function of x,; , in mixtures of CH;CN (m), CH30H (m), and C4HsO, (m) with
H20. Activity coefficients for H,O, were obtained with the NRTL method on ChemCAD.
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Figure S13. a) Excess enthalpies (Hc,y,,*) (308 — 338 K), b) excess free energies (G¢,x,,") (313 K), and c) activity
coefficients of CeHiz (v,4,,) (313 K) as a function of xy,, in mixtures of CH;CN (m), CH3;OH (m), and C4HsO; (m)

with H20. Activity coefficients for C¢H12 were obtained with the Volume-Translated Peng-Robinson (VTPR) method
on ChemCAD.

Figure S12 and S13 show excess energies and activity coefficients for CsHi2 and H20-, respectively. The
equations to compute the excess energies from the activity coefficients are as follows:

Gi = RT = In(y;) (S23)
din(y;)
Hf = —RT? »— "= (S24)

where j represents CsHi2 or H,O; here, R equals the ideal gas constant, and T represents temperature. The

differential term ('“I;—(Ty")) was obtained by calculating activity coefficients between 308-333 K by



increments of 5 K. The natural log of the activity coefficients was plotted against the temperature, and the
slope of this line equaled the differential term (examples shown in Figure S14).
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Figure S14. Natural logs of the activity coefficient of a) CeH12 and b) H»O, as a function of temperature (308 — 338
K) in CH3CN (m), CHsOH (m), and C4HeO. (m) with 39 mM H20 (xp,o = 0.002). Activity coefficients were obtained
with the Volume-Translated Peng-Robinson (VTPR) method for CsHi2 and the UNIQUAC method for H,O, on
ChemCAD.



S8. CsH12 Epoxidation and H202 Decomposition Rates Normalized by Reactant Activity
Coefficients

Changing xy,, affects the stability of fluid phase CeéHi2, so rates were normalized by CeHi. activity
coefficients to examine the effect of C¢H1. stability on epoxidation rates (Figure 3a).An expression for
normalized CsH1, epoxidation rates can be obtained by starting with the expression for epoxidation rates
(Equation S9). Using transition state theory,3-*2 we can define an alternate rate expression for epoxidation,
an equilibrium constant between the transition state and reference state (K *erox), and a new expression for
the rate constant k,:

Tepox = k4 [*epox] (S25)

Kéepor = — % _ Vrepoxltepor] (S26)
ACH1,0Ti-00H  YCgH12[CeH121VTi~00H[Ti—00H]

ky = "BTT K *epox (S27)

where [+,,,,] is the concentration of transition state complexes, a; is the activity of a component, and y; is
the activity coefficient of a component. We can substitute the expressions for K*erox and k, into Equation
S25:

, _ ksT Kepox YCeH1,YTi—00H[CeH12][Ti—00H]
epox h

Veeor (S28)
Under conditions where Ti-OOH is the MARI, [L] = [Ti-OOH]. Substituting in [L] and dividing by [L] and
Ycony, Yi€lds the final expression for activity-normalized turnover rates:

Tepox  _ KBT prtepoy YTiz00H[CoH12] (S29)
[LI*VcgHq h Yiepox

Changing [H20] also alters the stability of fluid phase H,O,, so H.O, decomposition rates were normalized
by H,O; activity coefficients (Figure 3b). Again, invoking transition theory, we obtain a normalized
decomposition rate expression with an identical form to Equation S28:

__ kpT

YH,0,YTi-00H[H202][Ti—00H]
_Tdecomp ~ (830)

K *decomp

y*decomp
When Ti-OOH saturates the active sites, the expression simplifies to:

“Tdecomp _ KBT 1+ gocomp YTiz00H[H202] (S31)

[L]*szoz h y*decomp

Several activity coefficients were examined for the rate normalizations, as shown in Figures S15 and S16.
The Wilson and NRTL methods give similar activity coefficients for H.O,, while the Modified UNIFAC
(Dortmund) and VTPR methods give similar activity coefficients for C¢Hi2. The NRTL and VTPR methods
were chosen to report the normalized rates in Figure 3 because of the agreement with another method. The
UNIQUAC (Figure S15a) and UNIFAC LLE (Figure S16a) methods gave activity coefficients that did not
agree closely with any available methods in ChemCAD.
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S9. Activation Enthalpies and Entropies for CeéHi2 Epoxidation and H202 Decomposition
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Figure S17. Apparent activation enthalpies (squares) and entropies (triangles) for H,O, decomposition (1 mM H;0O»,
313-343 K) as a function of xy, , in mixtures of a) CHzOH (red), b) CHsCN (black), and c) C4sHsO> (blue) with H,O
over Ti-BEA-OH (solid points) and Ti-BEA-F (hollow points).
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Figure S18. Apparent activation enthalpies (squares) and entropies (triangles) CsH12 epoxidation (1 mM CgHaz, 10
mM H20, 308-338 K) as a function of x, in mixtures of a) CHsOH (red), b) CH3sCN (black), and ¢) C4HeO:
(blue) with H,0 over Ti-BEA-OH (solid points) and Ti-BEA-F (hollow points).

Figures S17 and S18 present AH,,, * and AS,,, * values for CsHi. epoxidation and H,O, decomposition.
AH,,, * and AS,,, * generally trend in the same direction for each reaction, organic solvent, and zeolite.
Taken together with the values from Figures 5 and 6, the data in Figure S16 indicate that changes in the
enthalpy of the transition states and Ti-OOH intermediate from interactions with solvent molecules couple
with compensating changes in entropy. A decrease in enthalpy of a species from solvent interactions (e.g.,
hydrogen bonding) couples with a decrease in entropy from the same interactions, while solvent interactions
that give an increase in enthalpy (e.g., disruption of hydrogen bonds) also give an increase in entropy of
that species. However, the enthalpy and entropy changes generally do not offset, leading to differences in
AG,,, * and rates between organic solvents and zeolites.

The AH,,, * and AS,,, ¥ values were calculated using van’t Hoff analysis. Applying transition state theory
and substituting an expression for the apparent free energy to Equations 5 and 8 of the main text yields
alternate rate expressions for C¢H1. epoxidation and H,O, decomposition:



kgT AGgpor™
% = %‘ e€xp (— #) - [CeHy2] (S32)

™o _ ksT _ BGaecomp* |
0 = T exp (- M) [1,0,] (539
Rearranging and substituting in the apparent activation enthalpy and entropy:
TE h _ i _AHepoxi ASepnx:}:
n ([L] kBT[C6H12]) - T( R ) + R (S34)
18] h _ i _AHdecompi Asdecomp*
In ([L] kBT[HZOZ]) - T( R ) T (S35)

The natural log term on the left side of Equations S34 and S35 was plotted as the y-axis against inverse
temperature as the x-axis. As depicted in Figure S19, a line was fit to this data, and the slope of this line
equaled the negative of the apparent activation enthalpy divided by the ideal gas constant, while the y-
intercept equaled the apparent activation entropy divided by the ideal gas constant (Table S4).
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Figure S19. Representative Eyring plot for C¢H1 epoxidation (1 mM CgH1z, 10 MM H20z, 318-338 K) in xcy,cn =
0.35 (11.7 M) with H,O (21.6 M) over Ti-BEA-F.

—AHeport ASgpor*
R R
-3.57+0.32 21.2+1.0

Table S4. Activation enthalpy and entropy for CsH1, epoxidation divided by the ideal gas constant, obtained from
the slope and intercept, respectively, of Figure S19.



S10. Solvent Properties

SOE @ (VY (e, (DimrothI-EFT{eichardt) #bgilgﬁgggresn :O?IL ?é?:[a?o%g?s
CH:CN 0.19 0.40 45.6 0 1
C4HsO- 0 0.49 44.3 0 4
CH30OH 0.98 0.66 55.4 1 2

H.0 1.17 0.47 63.1 2 2

Table S5. Hydrogen bonding donating ability (o), hydrogen bond accepting ability (), Dimroth-Reichardt parameter
(ET), and the number of hydrogen bond donors and acceptors for each solvent used in the study. The Kamlet-Taft and
Reichardt parameters are previously tabulated values.

CH,CN HSC—CEN:
CH,OH H3C—QH

0L 5.

Scheme S1. Structures of the organic solvents used in the study.

The Kamlet-Taft and Dimroth-Reichardt parameters are determined from the energies of the longest
wavelength absorption peaks of probe solutes into each solvent. The Kamlet-Taft parameters, number of
hydrogen bond donors and acceptors (see Scheme S1 for illustration), and excess enthalpies of mixing
(Figure S20) provide measures of the strength of interactions between the three organic solvents and H-O.
The Dimroth-Reichardt parameter provides a measure of the ionizing power of a solvent.3

Overall, the information from Table S5, Scheme S1, and Figure S20 provides evidence that among the
organic solvents in this study, H.O hydrogen bonds most strongly with CH3;OH and least strongly with
CH3CN.
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S11. Isothermal Titration Calorimetry Thermograms and Heats per Epoxide Injection
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Figure S21. a) ITC thermogram from the electrical calibration of the NanoITC. b) ITC thermogram from the water-
water adsorption to check the cleanliness of the ITC cell.

The plots in Figure S21 were obtained during the cleaning and calibration procedures for isothermal titration
calorimetry (ITC), as discussed in Section 2.5 of the main text. Figure S21a shows the heat released from
the sequential pulses during the electrical calibration. The instrument gave a calibration factor after
completion, for which values greater than 0.98 were assumed to be satisfactory. Figure S21b shows the heat
released during the water-water injection, during which each 1 uL injection led to a peak with an area
between -3 and +3 pJ.
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Figure S22. a) ITC thermogram from the acid-base titration of HNO3 (0.0005 M in 0.1 M NaCl) with NaHCO3 (0.0052
M in 0.1 M NaCl), b) the corresponding heats released as a function of bicarbonate ion coverage.

Figure S22 shows an acid-base titration of NaHCOs into HNOs, which was used as a standard to verify the
results obtained from the NanolTC. The adsorption enthalpy calculated from Figure S22b was -8.1 + 1.2
kJ mol™. This measurement agrees well with the reported enthalpy of -9.1 kJ mol*,3-3°

The ITC thermogram and heat release plots for all ITC experiments (other than that in Figure 8 in the main
text) are shown below. As discussed in Section 3.6, early injections often show lower heat released than
expected due to the evaporation of liquid from the syringe needle. Although less common, some of the
experiments below show outlier points at later injections, which may result from an inconsistent volume or
epoxide concentration in those injections.
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Figure S23. a) ITC thermogram from the titration of Ti-BEA-OH with 1,2-epoxyhexane (5 mM CgH120 in CH3CN
with 39 mM H20 (xy,o = 0.002), 313 K, 1 pL per injection), b) the corresponding heats released as a function of 1,2-
epoxyhexane coverage.
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Figure S24. a) ITC thermogram from the titration of Ti-BEA-OH with 1,2-epoxyhexane (5 mM CgH120 in xcpy cn =

0.9 (18.4 M) with H,0 (2.1 M), 313 K, 1 pL per injection), b) the corresponding heats released as a function of 1,2-
epoxyhexane coverage.
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Figure S25. a) ITC thermogram from the titration of Ti-BEA-OH with 1,2-epoxyhexane (5 mM CgH120 in xcpcn =

0.35 (11.7 M) with H,O (21.6 M), 313 K, 1 uL per injection), b) the corresponding heats released as a function of 1,2-
epoxyhexane coverage.
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Figure S26. a) ITC thermogram from the titration of Ti-BEA-F with 1,2-epoxyhexane (5 mM CgH120 in CH3CN with
39 mM Hz0 (xy,, = 0.002), 313 K, 1 pL per injection), b) the corresponding heats released as a function of 1,2-
epoxyhexane coverage.
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Figure S27. a) ITC thermogram from the titration of Ti-BEA-F with 1,2-epoxyhexane (5 mM CgH1,0 in x¢cy,cy = 0.9
(18.4 M) with H,O (2.1 M), 313 K, 1 uL per injection), b) the corresponding heats released as a function of 1,2-
epoxyhexane coverage.
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Figure S28. a) ITC thermogram from the titration of Ti-BEA-F with 1,2-epoxyhexane (5 mM CsH120 in xcy,cn =
0.35 (11.7 M) with H,0 (21.6 M), 313 K, 1 uL per injection), b) the corresponding heats released as a function of 1,2-
epoxyhexane coverage.
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Figure S29. a) ITC thermogram from the titration of Ti-BEA-OH with 1,2-epoxyhexane (10 mM C¢H120 in CH30H
with 39 mM Hz0 (xy,, = 0.002), 313 K, 1 pL per injection), b) the corresponding heats released as a function of 1,2-
epoxyhexane coverage.
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Figure S30. a) ITC thermogram from the titration of Ti-BEA-OH with 1,2-epoxyhexane (10 mM CeH120 in x¢y, oy =

0.8 (22.2 M) with H,0 (5.6 M), 313 K, 1 uL per injection), b) the corresponding heats released as a function of 1,2-
epoxyhexane coverage.
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Figure S31. a) ITC thermogram from the titration of Ti-BEA-OH with 1,2-epoxyhexane (10 mM CgH120 in x¢cy,on =

0.5 (17.1 M) with H,O (17.1 M), 313 K, 1 pL per injection), b) the corresponding heats released as a function of 1,2-
epoxyhexane coverage.
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Figure S32. a) ITC thermogram from the titration of Ti-BEA-OH with 1,2-epoxyhexane (10 mM CeH120 in x¢cy, oy =

0.3 (12.1 M) with H,O (28.3 M), 313 K, 1 uL per injection), b) the corresponding heats released as a function of 1,2-
epoxyhexane coverage.



10 0 . .

a) b)

. 8 |
%)
. o 20
EN E
E . ! —nu_ _ u B .—.—.
% 4 i—% ] |
= O 401
(' 2]

0 h 60

0 8 16 24 000 005 010 015 020

Time (ks) Coverage ((mol C¢H,,0) * (mol Ti)™)

Figure S33. a) ITC thermogram from the titration of Ti-BEA-F with 1,2-epoxyhexane (10 mM CgH120 in CH30H
with 39 mM Hz0 (xy,o = 0.002), 313 K, 1 pL per injection), b) the corresponding heats released as a function of 1,2-
epoxyhexane coverage.
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Figure S34. a) ITC thermogram from the titration of Ti-BEA-F with 1,2-epoxyhexane (10 mM CeH120 in xcy,on =
0.5 (17.1 M) with H.0 (17.1 M), 313 K, 1 pL per injection), b) the corresponding heats released as a function of 1,2-
epoxyhexane coverage.



12 . ‘ 0

a) b)
F'(D 204
. 81 - e
2 5 . _
~ — ] — — —_
§ .E -401 ¥
T 2
g 4 1
DC _60,
0 d\\\.k ‘ | |
0 4 8 12 0.00 0.05 0.10
Time (ks) Coverage ((mol C4H;,0) * (mol Ti)™

Figure S35. a) ITC thermogram from the titration of Ti-BEA-F with 1,2-epoxyhexane (10 mM CgH120 in xcp,on =

0.3 (12.1 M) with H,0 (28.3 M), 313 K, 1 pL per injection), b) the corresponding heats released as a function of 1,2-
epoxyhexane coverage.
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Figure S36. a) ITC thermogram from the titration of Ti-BEA-OH with 1,2-epoxyhexane (10 mM CgH1.0 in C4HgO>
with 39 mM H20 (xy,, = 0.002), 313 K, 1 pL per injection), b) the corresponding heats released as a function of 1,2-
epoxyhexane coverage.
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Figure S37. a) ITC thermogram from the titration of Ti-BEA-F with 1,2-epoxyhexane (10 mM CgH120 in C4HsO2
with 39 mM H20 (xy,o = 0.002), 313 K, 1 pL per injection), b) the corresponding heats released as a function of 1,2-
epoxyhexane coverage.
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Figure S38. a) ITC thermogram from the titration of Ti-BEA-F with 1,2-epoxyhexane (10 mM CgH120 in x¢, 0, =
0.8 (12.4 M) with H20 (3.1 M), 313 K, 1 pL per injection), b) the corresponding heats released as a function of 1,2-
epoxyhexane coverage.
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Figure S39. a) ITC thermogram from the titration of Ti-BEA-OH with 1,2-epoxyhexane (10 mM CsH120 in x¢, p 0,

=0.8 (12.4 M) with H,0 (3.1 M), 313 K, 1 pL per injection), b) the corresponding heats released as a function of 1,2-
epoxyhexane coverage.
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Figure S40. a) ITC thermogram from the titration of Ti-BEA-F with 1,2-epoxyhexane (5 mM CgH120 in x¢,p 0, =

0.25 (7.6 M) with H,O (22.8 M), 313 K, 1 pL per injection), b) the corresponding heats released as a function of 1,2-
epoxyhexane coverage.
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