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Abstract

Current industrially employed hydrosilylation catalysts rely on homogeneous platinum catalysts
which are not recovered after the reaction. To eliminate this issue, our group has been working
to optimize recyclability of heterogeneous platinum single atom catalysts (SACs) on ceria via 1,10-
phenanthroline-5,6-dione ligands (PDO), which incorporates mono (PDO-C) and dicarboxylic acid
(PDO-C2) groups in the 2- and 9-position of PDO ligand to increase metal-surface interaction.
DRIFTS results confirm carboxylic acid coordination to the terminal hydroxy groups of the ceria
surface. New catalyst synthesis conditions wherein PDO was combined with the metal prior to
exposure to the surface allow control of Pt oxidation state on the surface. The highest metal
loading was observed for PDO and PDO-C, correlating with improved catalytic recyclability
compared to the PDO-C2 ligand. It is proposed that the location of the carboxylic acid groups and
the steric effects can explain the lower activity and metal loading for PDO-C2 ligands. Post-
reaction XPS and DRIFTS spectra show the appearance of new Si and O species on the catalyst
during the hydrosilylation reaction, indicating the silane reagent is depositing on the surface. The
silane coverage and leaching of catalyst from the surface is the cause for the reduced catalytic
activity.
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1. Introduction

Hydrosilylation, the addition of silicon hydride bonds across unsaturated molecules (Scheme
1), has industrial applications in silicone-based materials’® such as resins, adhesives, oils,
lubricants, and coatings.®'! In 1957, Speier’s catalyst H,PtCls/'lPrOH!?> was employed until it was
further improved in 1973 with Karstedt’s platinum(0) complex containing a vinyl-siloxane
ligand.'3 14 Other metals have been explored but do not compare with the activity of platinum
hydrosilylation catalysts.!5-23

There is long-standing interest in developing heterogeneous catalysts for this reaction that
would allow for more facile catalyst recovery, including work with heterogeneous single atom
catalyst sites.2* 2> Despite some reports stating that colloidal Pt also catalyzes hydrosilylation,?6
28 the dominant opinion is that Pt aggregation leads to deactivation.? 2% 30 Qur prior work with
Pt-ligand single-site catalyst systems also indicated that colloidal Pt present in those systems was
not the main active species.3! Thus, due to the high demand and value of platinum, efforts have
been directed towards developing heterogeneous single atom catalysts (SAC)32-3* that enable
catalyst recovery.

Our research has focused on optimizing platinum hydrosilylation catalysts using redox active
ligand platforms on oxide supports.3! Metal oxides contain hydroxy sites that can stabilize species
through hydrogen bonding or graft molecules onto the surface. Recently, the pretreatment of
the ceria surface with arenes containing multiple carboxylic acid groups has demonstrated
improved recyclability of platinum catalysts.3>
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H-Si(OMe)zMe by | oand/ceo, 3CH; )5\/\/Si ~gi” > (CH2)sCH,
+ _ H  Si(OMe)Me Med (2 \
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Scheme 1. Reaction conditions for testing hydrosilylation activity of ceria supported catalysts
and major, desirable (1) and minor (2 and 3) products of the reaction.

In this paper, we report the syntheses of new ligands for ligand-coordinated supported
catalysts incorporate carboxylic acid groups to increase ligand-surface interactions and metal-
surface interactions in order to reduce leaching of metal during catalysis. Of the several ligands
explored by our group, the 1,10-phenanthroline-5,6-dione (PDO) ligand gave the best reactivity,
recyclability, and selectivity.3> 3> The phenanthroline-4,4’dicarboxylic acid ligand (BPDCA)
showed high metal loading but no activity.3®¢ Combining these characteristics, synthetic routes3’”-
39 were found to incorporate carboxylic acid groups into the PDO framework close to the
nitrogens in order to increase metal surface interactions (Scheme 2).
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Scheme 2. Target ligands for anchoring platinum to surface: 1,10-phenanthroline-5,6-dione
(PDO), 2,2’-bipyridine-5,5’-dicarboxylic acid (4,4’-BPDCA), 5,6,9-trioxo-5,6,9,10-tetrahydro-1,10-
phenanthroline-2-carboxylic acid (PDO-C) and 5,6-dioxo-5,6-dihydro-1,10-phenanthroline-2,9-
dicarboxylic acid (PDO-C2).

In this work, we report a detailed investigation of how the carboxylic acid groups
incorporated into the PDO ligand impact recyclability of our ceria-supported platinum catalysts.
Different impregnation methods were systematically explored to control oxidation state of Pt
and improve Pt loading. Pt-Ligand complexes were studied on ceria supports, where ligand is
either PDO, PDO functionalized asymmetrically with one carboxylic acid group (PDO-C), or PDO
functionalized symmetrically with two carboxylic acid groups (PDO-C2, Scheme 2). The Pt SACs
prepared show improved selectivity, recyclability, and lower platinum nanoparticle formation
compared to previously published work.3% 3> The discovery of silane buildup on the surface, in
addition to metal leaching, was identified as a cause of recycle-induced decline in catalytic
activity.

2. Experimental

2.1 General Experimental

Deuterated solvents were purchased from Cambridge Isotopes and were used as received. PDO-
C2 was synthesized using literature procedures.3’3° Neocuproine was purchased from
AbovChem. Solvents, selenium dioxide, trimesic acid, 4-fluorobenzoic acid, KBr, Me;SiCl,
Me,SiCl,, and PhSi(OMe); were purchased from Sigma Aldrich and used as received.
HSi(OMe),Me was purchased from TCI Chemicals. HNO3z and H,SO, was purchased from Macron.
PtCl,(MeCN), was synthesized*® from K,PtCl, purchased from Strem Chemicals. PDO was
purchased from AK scientific. Cerium(IV) oxide and 1-octene were purchased from Alfa Aesar.

XPS measurements were performed with a PHI Versaprobe Il XP spectrometer using a
monochromated Al X-ray source. A small amount of each powder sample was fixed onto a platen
with double-sided tape. For CeO,-supported samples, XPS were collected at Pt 4f, N 1s, C 1s, Cl
2p, Ce3d, O 1s, and Si 2p regions. A neutralizer was used to alleviate surface charging. The binding
energy was corrected with C 1s peak (284.8 eV) for samples not supported on ceria, and Ce 3d5/2
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main peak (882.0 eV) for CeO,-supported samples. XPS data was processed using CasaXPS
software.

DRIFTS spectra were collected in air using a Perkin EImer Spectrum 100 FT-R fitted with a Pike
Easi Diff — workhorse diffuse reflectance accessory.

Agilent 6890N GC and 5973 Inert MSD is a gas chromatograph with a quadrupole mass
spectrometer using electron ionization with a 30 m 0.25 mm i.d. DB-5MS column to quantify anti-
Markovnikov product using decane as an internal standard.

Samples were analyzed utilizing an Agilent 7700 ICP-MS within the Metal Isotopes Laboratory at
Indiana University. Calibration standards for the elements of interest were prepared from
commercial ICP-MS standards in dilute HCI, with concentrations ranging from 5 ppb to 1000 ppb.
Each sample analysis consisted of five replicates, each with 100 sweeps, which were then
averaged. Standards and blanks were run during the analytical session to ensure reproducibility.
Blanks were always significantly below 1 ppb. Long-term precision for the instrument is within
+/- 5%.

2.2 Ligand Synthesis

Synthesis of PDO-C

A 100 mL round bottom flask equipped with a stir bar was loaded with 0.275 g H,PtClg (0.671
mmol), 10 mL of glacial acetic acid, and 10 mL of deionized water. To this was added 0.200 g PDO-
C2 (0.671 mmol) as a solid. A reflux condenser was attached, and the mixture heated at 90 °C for
24 hours during which the solution turned from orange solution to a reddish-orange color. Upon
cooling to room temperature, a reddish-orange solid precipitated. The red mother liquor was
decanted, and the resulting red-orange solid was washed with deionized water to give a red-
orange solid (75 % yield), which was placed under vacuum. *H NMR (500 MHz, DMSO-dg): 6 (ppm)
13.49 (s, 1H), 12.77 (s, 1H), 8.57 (d, J = 8.0 Hz, 1H), 8.36 (d, J = 8.0 Hz, 1H), 8.02 (d, J = 9.5 Hz, 1H),
6.65 (d, J=9.5 Hz, 1H) ; 33C NMR (500 MHz, DMSO-dg): & (ppm) 176.1, 174.1, 163.8, 162.2, 148.7,
145.6, 144.8, 137.7, 137.3, 131.1, 126.4, 122.8, 114.7. FTIR (KBr, cm1): 1122, 1419, 1302, 1574,
1602, 1641, 1701, 1745, 2924, 3093, and 3512.

2.3 Catalyst Synthesis

Synthesis of Pt/Ce02

A 20 mL vial equipped with a stir bar was loaded with 0.010 g PtCl,(MeCN), (0.029 mmol) and
0.300 g CeO, in 20 mL of deionized water. The heterogeneous white solution was allowed to stir
for 20 hours. The catalyst was centrifuged and washed three times with water then three times
with acetonitrile until the washings ran clear. The white solid was placed under dynamic vacuum
to remove volatiles. Based on ICP analysis, about 16.6 % of the Pt from the precursor slurry is
loaded in the final catalyst.

Synthesis of Pt-PDO/CeO, using Method 1
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A 20 mL vial equipped with a stir bar was loaded with 0.010 g PDO (0.048 mmol) and 0.300 g
CeO, in 10 mL of deionized water. The heterogeneous, yellow solution was stirred for 1.5 hours.
Subsequently, a slurry of 0.016 g PtCl,(MeCN), (0.048 mmol) in 10 mL of deionized water was
added dropwise over a period of ten minutes and then stirred for 12 hours. The heterogeneous
solution was centrifuged and washed 3 times with water and 3 times with acetonitrile until
washings became colorless. Based on ICP analysis, about 4.35 % of the Pt from the precursor
slurry is loaded in the final catalyst.

Synthesis of Pt-PDO-C/CeO, using Method 1

A 20 mL vial equipped with a stir bar was loaded with 0.010 g PDO-C (0.037 mmol) and 0.300 g
Ce0, in 10 mL of deionized water. The heterogeneous, orange solution was stirred for 1.5 hours.
Subsequently, a slurry of 0.012 g PtCl,(MeCN), (0.037 mmol) in 10 mL of deionized water was
added dropwise over a period of ten minutes and then stirred for 12 hours. The heterogeneous
orange solution was centrifuged and washed 3 times with water and 3 times with acetonitrile
until washings became colorless. The pale-orange solid was placed under vacuum. Based on ICP
analysis, about 16.5 % of the Pt from the precursor slurry is loaded in the final catalyst.

Synthesis of Pt-PDO-C2/CeO, using Method 1

A 20 mL vial equipped with a stir bar was loaded with 0.010 g PDO-C2 (0.033 mmol) and 0.300 g
Ce0, in 10 mL of deionized water. The heterogeneous, white solution was stirred for 1.5 hours.
Subsequently, a slurry of 0.011 g PtCl,(MeCN), (0.033 mmol) in 10 mL of deionized water was
added dropwise over a period of ten minutes and then stirred for 12 hours. The heterogeneous
solution was centrifuged and washed 3 times with water and 3 times with acetonitrile until
washings became colorless. The off-white solid was placed under vacuum. Based on ICP analysis,
about 1.01 % of the Pt from the precursor slurry is loaded in the final catalyst.

Synthesis of Pt-PDO/CeO, using Method 2

A 20 mL vial equipped with a stir bar was loaded with 0.010 g PDO (0.048 mmol), 0.016 g
PtCl,(MeCN), (0.048 mmol), 15 mL of deionized water, and allowed to stir for 12 hours, during
which time the solution turned faint blue in color. To this homogeneous solution, 0.300 g CeO,
and 5 mL of deionized water were added and the resulting heterogeneous, blue solution was
stirred for 12 hours. The heterogeneous solution was centrifuged and washed 3 times with water
and 3 times with acetonitrile until washings became colorless. The solid was placed under
vacuum to afford an off-white solid. Based on ICP analysis, about 18.4 % of the Pt from the
precursor slurry is loaded in the final catalyst.

Synthesis of Pt-PDO-C/CeO, using Method 2

A 20 mL vial equipped with a stir bar was loaded with 0.010 g PDO-C (0.037 mmol), 0.012 g
PtCl,(MeCN), (0.037 mmol), 8 mL of deionized water, and allowed to stir for 12 hours, during
which time the solution turned orange in color. To this homogeneous solution, 0.300 g CeO, and
8 mL of deionized water were added and the resulting heterogeneous, orange-red solution was
stirred for 12 hours. The heterogeneous solution was centrifuged and washed 3 times with water
and 3 times with acetonitrile until washings became colorless. The solid was placed under
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vacuum to afford a pale-orange solid. Based on ICP analysis, about 15.6 % of the Pt from the
precursor slurry is loaded in the final catalyst.

Synthesis of Pt-PDO-C2/Ce0O, using Method 2

A 20 mL vial equipped with a stir bar was loaded with 0.010 g PDO-C2 (0.033 mmol), 0.011 g
PtCl,(MeCN), (0.033 mmol), 8 mL of deionized water, and allowed to stir for 12 hours, during
which time the solution turned white in color. To this homogeneous solution, 0.300 g CeO, and
8 mL of deionized water were added and the resulting heterogeneous, off-white solution was
stirred for 12 hours. The heterogeneous solution was centrifuged and washed 3 times with water
and 3 times with acetonitrile until washings became colorless. The solid was placed under
vacuum to afford an off-white solid. Based on ICP analysis, about 5.84 % of the Pt from the
precursor slurry is loaded in the final catalyst.

2.4 Binding carboxylic acids to prove binding to Ceria

Reaction of trimesic acid (TMA) + CeO, in water

A vial equipped with a stir bar was loaded with 0.300 g CeO, and 0.080 g TMA (0.38 mmol) and
20 mL of H,0. The heterogeneous solution stirred for 12 hours and subsequently washed with
water several times and then acetonitrile before drying under vacuum for 12 hours.

Reaction of 4-fluorobenzoic acid + CeO, in water

A vial equipped with a stir bar was loaded with 0.300 g CeO, and 0.100 g 4-fluorobenzoic acid
(0.70 mmol) and 20 mL of H,0. The heterogeneous solution stirred for 12 hours followed by
washing with water several times then acetonitrile before drying under vacuum for 12 hours.

2.5 Hydrosilylation reaction

A pressure tube was loaded with 0.030 g of catalyst and 3 mL of toluene. The reaction mixture
was allowed to stir at 70 °C for 10 minutes before addition of 0.337 g (0.47 mL) 1-octene (3.0
mmol) and 0.263 g HSi(OMe),Me (2.5 mmol). The tube was sealed with a Teflon cap and heated
for 20 minutes at 70 °C to prevent full conversion to compare yields between catalysts and batch
cycles. At the end of the reaction, the flask was cooled by running cold water over the flask. The
mixture then was centrifuged to isolate the solid from the mother liquor for reuse or post
characterization. Dilution of 1 mL of reaction solution in a 25 mL volumetric flask with toluene
allowed for GCMS analysis. The catalyst was centrifuged and washed three times with toluene
between batch cycles.

2.6 Silylation of Ceria
Representative reaction of Me;SiCl and Me,SiCl, with CeO,

A test tube equipped with a stir bar was loaded with 0.300 g CeO, and placed in a wide-mouth
Schlenk flask. The flask was evacuate-refill cycled with argon several times. Then, 0.5 mL of
MesSiCl or Me,SiCl, were added and placed under static vacuum for 12 hours to stir the ceria
under a silane atmosphere. Volatiles were removed under vacuum followed by rinsing the ceria
3 times with deionized water to remove HCI. The white solid was placed under vacuum to remove
volatiles.
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Representative reaction of HSi(OMe),Me and PhSi(OMe); with CeO,

A pressure tube equipped with a stir bar was loaded with 0.300 g CeO, and 4 mL of toluene. To
this was added 0.300 g HSi(OMe),Me (2.85 mmol) and the reaction flask was heated at 70 °C for
2 hours. PhSi(OMe); was heated for 12 hours. The samples were washed with toluene three times
followed by drying under dynamic vacuum for 12 hours.

3. Results and Discussion
3.1 Ligand synthesis

1) SeO, H,SO,4/KBr
/ Dloxane/H2O _HNO; HZPtC|6 N2\ —_ 7 N\__/ \
*N N= HN03 Tsoc =N N= =N HN
on 12hrs HO OH HO o)
H,O

(0] (0]
2-hydroxy pyridine 2-pyridinone

Scheme 3. Synthesis of PDO-C2 and PDO-C.

The PDO-C2 ligand was synthesized by successive oxidation of 2,9-dimethyl-1,10-
phenanthroline (Scheme 3) following established procedures outlined in experimental section.
The PDO-C2 undergoes oxidative decarboxylation* 42 to give the asymmetric PDO-C ligand
shown in Scheme 3.

The 'H NMR spectrum of PDO-C shows four doublets in the aromatic region (Fig. S2) and the
13C NMR spectrum shows the presence of 13 signals indicating loss of C,, symmetry (Fig. S3). X-
ray diffraction data confirm spectral observations and mono decarboxylation of PDO-C2 (Fig. 1).
X-ray diffraction data of the orange crystal obtained from a concentrated DMSO solution indicate
that the structure contains 98% of PDO-C ligand and 2% of it as a platinum complex (Fig. 1 and
S7, respectively). Hydrogen bonding between DMSO and ligand is indicated by dashed yellow
lines [N1-H1n...06, 1.90(2) A, and 05-H50...06, 1.80(3) A]. The hydrogen atoms involved in
hydrogen bonding were found in the difference map and refined freely. For protonated N1,
longer N-C bond lengths are observed [N1-C1 1.397(2) A and N1-C12 1.355(2) A] compared to
N2-C10 and N2-C11 [1.335(2) A and 1.334(2) A, respectively]. Likewise, protonated O5 features
a longer C-0 distance compared to 04 [C13-04 1.206(2) A and C13-05 1.321(2) A].
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Fig. 1. Crystal structure of PDO-C-DMSO; relevant distances (A) are as follows: N1-C12, 1.355(2);
N1-C1, 1.397(2); C1-01, 1.233(2); N2-C11, 1.334(2); N2-C10, 1.335(2); C13-05, 1.321(2); C13-04,
1.206(2); N1-06, 2.790; and 05-06, 2.628; yellow dashed lines indicate hydrogen bonds.

PDO-C can exist as two tautomers (Scheme 3), 2-pyridinone and 2-hydroxy pyridine, the
former being favored in solution and solid state. Coordination to a metal likely will favor the latter
yielding a metal complex with an anchor and a proton responsive site in the secondary
coordination sphere that could impact selectivity.

3.2 Catalyst Synthesis

PDO-C and PDO-C2 are now compared to PDO to study how the number of anchor groups
impact catalyst impregnation and leaching. Previous synthesis of SACs used H,PtClg as the metal
precursor with 3 equivalents of ligand in protic solvents.3% 3> Since XPS showed that Pt(Il) was the
predominant species after catalyst loading on ceria, it was decided to start here with a Pt(ll)
precursor, PtCl,(MeCN),.

Early attempts at synthesis of catalyst used acetonitrile as the solvent (improved solubility of
PtCl,(MeCN),) for binding the ligand to the oxide surface, but the recyclability of the catalyst (Fig.
S9) and Pt loading (Table S2) were much lower than for catalysts prepared in water. Two synthetic
routes for SACs were explored to optimize catalyst activity. In the wet impregnation method
reported by our group,3 the ligand and ceria were allowed to stir for about 1.5 hours in water
followed by addition of a metal precursor and stirring for 12 hours (Method 1). Alternatively, due
to the poor solubility of PtCl,(MeCN), in water, the ligand and PtCl,(MeCN), were allowed to stir
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for 12 hours in water before the introduction of ceria and stirring for an additional 12 hours
(Method 2) in order to allow for Pt-Ligand complexation.

PtCl,(MeCN),/CeO, Pt 4f
72.0
73i4 |
S 1
© I
%‘ Method 1
g
E 71I.6
c
9 73[0 1
n
0
;
S |Method 2 723
2
o |
|
|
|
— |
1 ) i e

8I0 7I8 7I6 7I4 72 70 68
Binding Energy / eV

Fig. 2. Pt 4f XPS spectra of PtCl,(MeCN),/CeO, (top), Pt-PDO/CeO, prepared by Method 1

(middle), Pt-PDO/CeO, prepared by Method 2 (bottom). Unless otherwise stated, all XPS spectra

are normalized to the Ce 3d peak.

Pt 4f XPS spectra (Fig. 2) show that Method 2 resulted in a better control of the oxidation
state of Pt on the surface because the Pt peaks are sharper and fit well by a single component
pair (FWHM = 2.09 eV), while for Method 1, the data are much broader and require two fit
component pairs (FWHM = 2.40 eV). This effect is strongest when PDO is used. Similar Pt(ll)
species are observed for PDO-C and PDO-C2 using both synthetic methods (Figs. S11-S12),
suggesting that these ligands bind predominantly to the surface through carboxylic acid group
followed by complexation of the Pt(ll) precursor and are relatively unaffected by the order of
addition to the solution. In contrast, the PDO ligand results in very different Pt(Il) species being
deposited on ceria for synthetic Methods 1 vs. 2. The Pt 4f XPS spectrum of ceria impregnated
with PtCly(MeCN), is fitted with two peaks (FWHM = 2.24 eV) whose binding energies do not
match peaks for catalyst prepared using Methods 1 and 2 suggesting that a Pt-PDO complex
forms on the surface of ceria.

Table 1. Comparison of XPS Element Ratios and Pt loading for different synthetic methods for
freshly prepared catalysts and Pt loading for used catalysts: 2 4 cycles, b 8 cycles. °STD is + 0.01

Catalyst Cl:Pt | N:Pt | Pt:Ce | N:Ce | ICP/MS Pt (wt%) freshc | ICP/MS Pt (wt%) used°
PtCl,(MeCN),/Ce0, | 0.56 | 0.74 | 0.44 | 0.33 031 0.14°
Synthetic Method 1
Pt-PDO/Ce0, | 0.00 | 1.92 | 0.23 | 0.45 | 0.13 | 0.030°
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Pt-PDO-C/Ce0, 0.54 | 492 | 0.38 | 1.88 0.37 0.11°
Pt-PDO-C2/Ce0, 0.00 | 25.6 | 0.047 | 1.20 0.021 0.0212
Synthetic Method 2

Pt-PDO/CeO, 0.75 | 1.30 | 0.68 | 0.88 0.55 0.056°
Pt-PDO-C/Ce0, 0.69 | 3.05 | 0.37 | 1.11 0.35 0.012°
Pt-PDO-C2/Ce0, 0.00 | 14.8 | 0.098 | 1.44 0.12 0.019°

For each of the Pt(ll) catalysts, the Cl:Pt atom ratio measured by XPS (Table 1) is always less
than 1, indicating that most of the chloride ligands from the Pt precursor are substituted with an
incoming ligand or with surface hydroxy groups. This effect is strongest for Pt-PDO-C2 with either
synthesis method and for Pt-PDO by Method 1, in which case there is no residual Cl detected by
XPS. The N:Ce ratios (Table 1) indicate that the substituted ligands (PDO-C and PDO-C2) bind
better to the surface than PDO using either synthesis method. This is consistent with N:Ce ratios
for Ligand/CeO, (Table S3) showing higher ligand loading for ligands containing carboxylic acid
groups than PDO. When no metal is present, higher loading for PDO-C and PDO-C2 is likely due
to a direct ligand-support interaction rather than a metal-mediated interaction. The N 1s
spectrum of Ligand/CeO, versus Pt-Ligand/CeO, (Fig. S17) show that the FWHM (1.63 vs 1.72 eV)
for PDO-C2 is similar, whereas the FWHM is larger for Pt-PDO/CeO, (2.44 vs 3.00 eV) and Pt-PDO-
C/Ce0, (1.83 vs 2.50 eV). This is consistent with PDO and PDO-C showing higher metal loading
than PDO-C2. This implies that the ceria surface of Pt-PDO-C2/CeO, is predominantly covered
with PDO-C2 and very low concentration of metal.

The PDO-C2 ligand gives the lowest Pt loading of ligands reported in this study and may be
attributed to increased steric hindrance, and binding of both carboxylic acid groups to the surface
may interfere with the coordination of platinum. The lower steric profile of PDO (Fig. S18)
compared to the substituted PDO ligands may explain a higher metal loading for PDO using
synthetic method 2. The platinum loading and Pt 4f XPS spectra of freshly prepared catalysts
using PDO-C and PDO-C2 ligands are similar using both synthetic methods. This suggests that the
substituted PDO ligands are depositing on the surface, which is followed by binding of the metal.
We explored complexation of the ligand with PtCl,(MeCN), by 'H NMR in the absence of ceria in
DMSO-dg and demonstrated that, of the three ligands studied, only PDO coordinates in solution
(Fig. S19).

DRIFT spectra for Pt(ll)-Ligand/CeO, with each ligand prepared using Method 2 (Fig. 3) show
that the preferred site for binding catalyst to surface is the terminal hydroxy site.*> 44 Peaks
appearing from 3000-3100 cm™ indicate aromatic C-H groups and ketone stretches at 1744-1708
cm? additionally confirm that PDO-C and PDO-C2 are on surface. The intensity of the ketone
stretch for PDO-C (1709 cm) and PDO-C2 (1704 cm) is higher than for PDO (1706 cm™),
consistent with higher ligand loading on surface for PDO ligands containing anchoring groups
evaluated via XPS (Table 1 and S3, and Fig. S17).

10
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Fig. 3. DRIFTS spectra for CeO, (black), Pt-PDO/CeO, (red), Pt-PDO-C/Ce0, (blue), and Pt-PDO-
C2/Ce0, (green).

Systematic studies of ligands on ceria demonstrate that the incorporation of COOH groups
into PDO results in the complete disappearance of the terminal hydroxy group (3700 cm),
whereas the hydroxy peak remains using an equimolar loading of PDO (Fig. S24). This shows that
the reaction of carboxylic acid groups with the terminal ceria hydroxy groups is more favorable
than hydrogen bonding with PDO using a similar concentration of ligand exposed to ceria. Control
reactions of both trimesic acid and 4-fluorobenzoic acid with ceria under similar reaction
conditions result in a high degree of surface bonding. This further demonstrates that carboxylic
acid groups can chemisorb onto ceria surfaces at terminal hydroxy sites on ceria (Fig. S29),
supporting our hypothesis that the carboxylic acid groups anchor our ligands to the surface.

The implication of collective XPS and DRIFTS data is that for the ligands PDO-C and PDO-C2
the carboxylic acid reacts with terminal surface hydroxy sites to anchor the ligand to surface. The
ligand on ceria can then coordinate PtCl,(MeCN), that can lose n HCl, where n = 1 or 2, through
a reaction with surface hydroxy groups or proton responsive functional groups on substituted
PDO ligands (Scheme 4). The preliminary formation of a Pt-PDO complex in solution may also
deposit on ceria, especially using synthetic Method 2. One explanation for the differences

11
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observed between Method 1 and 2 is that hydrogen bonding of PDO with surface hydroxy sites
before addition of the Pt(ll) precursor may prevent deposition and coordination of PtCl,(MeCN),
on ceria or assist in the removal of HCl as [HPDO][CI] using synthetic Method 1.

— N\Pt’/o

!
(6] (0]
Ce/O\C: (\DE/O\Ce/ O\Ce Ce/O\C: C\)e/O\Ce/ O\Ce
\O/ \o/ \O/ \O/ \O/ \O/ \o/ \O/
Scheme 4. Proposed Pt-PDO, Pt-PDO-C, and Pt-PDO-C2 species on CeQ; surface.

Using extended x-ray absorption fine structure (EXAFS) spectroscopy at the Pt L;-edge, the
Pt-PDO catalyst was examined before and after reaction for the presence of Pt-Pt bonds and
changes in the Pt coordination environment that could contribute to changes in activity of the
catalyst (Fig. S30). The Pt-PDO samples do not show any Pt-Pt scattering before or after reaction,
indicating that there is not significant Pt sintering in this system (Table S4). However, there is a
notable loss of Cl after the reaction (Table S4). CO adsorption experiments confirm single atom
character and also demonstrate the loss of Cl at elevated temperature (Fig. S54). Each of these
results is consistent with prior studies from our lab.3® In the case of the Pt-PDO-C sample, we do
observe Pt-Pt scattering after reaction, indicating that there may be some aggregation of Pt in
this sample during catalysis.

3.3 Recyclability of Ceria supported Pt catalysts

Recyclability tests of Pt-Ligand/CeO, SACs, where Ligand = PDO and PDO-C, prepared by
methods 1 and 2 gave similar recyclability (Fig. 4) where the hydrosilylation yield gradually
decreased with successive batch cycles. The data displayed for PDO are an average of three runs
and for PDO-C an average of two runs.
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Fig. 4. Comparison of hydrosilylation yields for seven consecutive runs using Pt-Ligand/CeO,,
where L = PDO (gray and black) and PDO-C (light blue and blue) prepared by synthetic methods
1 and 2. PDO-C2 showed little to no reactivity (Fig. S32).

Incorporating one carboxylic acid group in the PDO ligand does not improve the vyield
compared to PDO, but the turnover number is higher for Pt-PDO-C/CeO, (7381) than for Pt-
PDO/CeO, (4000), prepared using Method 2. This indicates that the lower metal loading for Pt-
PDO-C/Ce0, (1%t batch) was more active for hydrosilylation. Platinum loading before and after
catalysis is comparable for PDO-C using both synthetic methods, whereas higher metal loading
for PDO ligand in Method 2 did not show improved hydrosilylation yield. The selectivity is the
same for all catalysts; only the anti-Markovnikov product (1) and the rearranged silylated product
(3) are observed by GC/MS (Fig. S33).

The PDO-C2 ligand gives the worst performance (Fig. $32), attributed to a combination of low
metal loading and the presence of two COOH groups near the binding pocket that would afford
a saturated metal complex which impairs olefin coordination. This seems reasonable since a
crystal structure (Fig. S8) was obtained that shows the connectivity of PDO-C with Pt(ll) that
would imply that the carboxylic acid groups are too close to the binding pocket and can
coordinate to platinum instead of at the ceria surface.
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3.4 Understanding Deactivation of Pt SACs

The DRIFTS spectrum was collected on Pt-PDO/CeO, (prepared using Method 2) after 8 cycles
of hydrosilylation and compared to the spectrum before catalysis (Fig. 5). Very intense peaks
appearing at 2165 cm™ (Si-H stretch), 1127-1047 cm (Si-O and Si-O-Si), and 1272 and 910 cm™!
(CH; of siloxanes) indicate silane is depositing on the surface. Decrease, following catalysis, in XPS
peak intensities for Ce 3d, Pt 4f, N1s, and Cl 2p spectra (Fig. S34-S35) and an appearance of new
peaks in the Si 2p and O 1s XPS spectra (Fig. 6) provide independent evidence of coverage of the
surface by silane. Similar changes are observed in XPS and DRIFTS spectra for Pt/Ligand/CeQ,,
where Ligand is PDO-C and PDO-C2, after several cycles (Fig. S38-S43).

Fig. 5. DRIFTS spectra for Pt-PDO/CeO, before (black) and after catalysis 8 cycles (red).
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Fig. 6. a) Ce 3d XPS spectra of Pt-PDO/CeO, before (FWHM = 2.09) (black) and after 8 cycles of
hydrosilylation (FWHM = 2.47) (red). Stacked Pt 4f (b) and O 1s (c) XPS spectra of Pt-PDO/CeO,
before (top) and after 8 cycles of hydrosilylation (bottom) and Si 2p (d) XPS spectra of Pt-
PDO/CeO, after 8 cycles of hydrosilylation.

The Pt 4f spectrum after 8 cycles of catalysis (Fig. 6, a) shows a decrease in peak intensity for the
Pt(ll) species at 72.3 eV, consistent with a decrease in the Pt concentration observed by ICP/MS.
The formation of a lower valent Pt species at 70.3 eV could be attributed to the reducing
conditions imparted by the silane reagent. In addition to metal leaching and nanoparticle
formation, silane buildup could therefore explain the decrease in catalytic activity.
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3.5 Investigation of Silane Reactions with Ceria

For comparison to the above, we studied a control reaction of simply H-Si(OMe),Me + CeO, in
toluene at 70 °C for 20 minutes and observed a Si-H stretch in DRIFTS and Si 2p peak in XPS
spectrum. The DRIFTS spectrum shows a strong peak at 2165 cm™! indicating Si-H on the surface
(Figure 7). The presence of peaks at 1117 and 1047 cm are consistent with Si-O and Si-O-Si bond
stretches, and the peak at 910, 1271, and 2968 cm® is characteristic of CH3.**> The disappearance
of the terminal hydroxy peak at 3700 cm™ 43 44 is consistent with silicon replacing hydroxy
protons. Reported literature on ceria reactivity with silanes shows that terminal hydroxy groups
can react with siloxy groups to release alcohol and form Ce-O-SiR; moieties.*® 4’ The several
proposed silanes chemisorbed on the surface, consistent with these observations, are shown in
Scheme 5.

e C902 11160\4;10
—— CeO, + HSi(OMe),Me

4000 3500 3000 2500 2000 1500 1000
Wavenumbers / cm™’

Fig. 7. DRIFTS spectra of CeO,; (black) and CeO, + HSi(OMe),Me in toluene at 70 °C for 20 minutes
(red).

e H H
C\) g ~g
| 1
H -Si— N N
o H Sl\ o] ! No ! o
e o 90 o %95
CeCe | —— ¢4 éé + Tce c’;é
0 -nHOMe 0 0%
X n=1or2 X X
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Scheme 5. Proposed silane species from reaction of ceria and silane.
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Fig. 8. Ce 3d (a), O 1s (b), and Si 2p (c) XPS spectra for CeO, (black) and CeO, exposed to
HSi(OMe),Me for 20 minutes at 70 °C in toluene (red).
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The intensity of Ce 3d peaks in the XPS spectrum shows a decrease after additional
heating. We interpret this as covering of ceria by an overlayer of silane reagent. Based on the Ce
3d attenuation of 19%, we estimate the silane coverage to have a thickness of approximately 1.5
— 2.2 nm (Eqgn. $1).484% 50 The O 1s peak at 528.9 eV, corresponding to lattice oxygen,*! has
reduced intensity after exposure to HSi(OMe),Me, again consistent with overlayer coverage. The
O 1s peak at 531.3 eV, assigned as surface hydroxy oxygen,®> 32 is overwhelmed by the
appearance of a new peak at 531.9 eV and assumed to no longer contribute to this signal due to
absence of hydroxy groups (DRIFTS evidence). This peak at 531.9 eV (FWHM = 2.18 eV) is wider
than the peak at 528.9 eV (FWHM = 1.55 eV), justifying a fit with two components at 531.0 and
532.0 eV (both FWHM 1.55 eV). The peak at 531.0 eV is assigned to Si-O-Si and the peak at
532.0 eV is assigned to Si-O-Ce. The ratio of O 1s peak area at 532.0 eV and 531.0 eV is roughly
2:1, which suggests that we have mixture of components A and B (Scheme 5). The C 1s spectrum
(Fig. S44) shows an increase of peak intensity at 284.4 eV, which is consistent with a buildup of
sp3 carbon on the surface. The Si 2p spectrum shows a peak at 101.7 eV whose binding energy is
consistent with siloxanes that contain Si-CH3 and Si-O linkages.>® Note that we do not have an
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indication of a different product distribution (A vs. B in Scheme 5), but the surface binding may
favor certain products for adsorption.

The above data shows that HSi(OMe),Me reacts with ceria, in addition to platinum sites, and
this competing reaction can explain why a higher loading of HSi(OMe),Me has been observed to
give higher hydrosilylation yields. Heating HSi(OMe),Me with ceria in toluene for 2 hours shows
an increase in silicon and oxygen peaks compared to heating for 20 minutes demonstrating that
silane accumulates on the surface with successive runs (Fig. S45-S46). XPS and DRIFTS data
demonstrated that silicon deposits progressively on the surface with repeated runs and leads to
a decrease in signal intensity observed in Ce 3d, Pt 4f, and N 1s XPS spectra. The buildup of silane
on the surface alone is not the sole cause of lowered catalyst activity, because the samples that
showed an absence of peaks in the Pt 4f XPS spectra (Fig. S10, Table S2) have been shown to
contain Pt by ICP/MS, but the Pt loading for these samples was much lower than the values for
freshly prepared catalyst.

An extensive study of silanes containing OMe, Cl, and phenyl substituents (Fig. S47-S53) has
shown that, under our reaction conditions, these all add silyl groups to ceria, replacing ceria
hydroxyl groups. This confirms the above assignments of DRIFTS and XPS signatures, including
the decreased Ce 3d XPS intensity following silylation. These Si-heteroatom bonds are the cause
of surface silylation.

4. Conclusion

We have shown that the incorporation of carboxylic acid groups in PDO result in higher ligand
loading for PDO-C and PDO-C2 than the unsubstituted diimine PDO on ceria. Exploration of a new
impregnation method demonstrates that preliminary complexation of Pt(ll) by PDO (Method 2)
leads to a more uniform Pt oxidation state than ligand loading on ceria first (Method 1). For PDO-
Cand PDO-C2, similar results in Pt 4f XPS data are interpreted to indicate that the carboxylic acid
binds to the surface first, followed by metal complexation. Terminal hydroxy groups on the ceria
react with carboxylic acids to chemisorb PDO-C and PDO-C2 to the surface, representing sites for
metal complex deposition.

Hydrosilylation yields with HSi(OMe),Me were comparable for PDO and PDO-C. The ligand
PDO-C2 containing two carboxylic acid groups ortho to nitrogen resulted in SACs with lower metal
loading, lower recyclability, and lower activity than PDO. A crystal structure of Pt complexed to
PDO-C shows that the carboxylic acid group can coordinate to the metal, and for PDO-C2, the
incorporation of two —CO,H groups ortho to the nitrogen atoms may suppress catalytic activity
due to a saturated Pt center. In addition, high N:Ce ratios and lowest platinum loading suggest
that the binding of PDO-C2 to the surface may inhibit metal uptake, explaining low catalytic
activity for PDO-C2. Future designs should incorporate carboxylic acid groups further away from
the binding pocket of the ligand.

For all Pt-Ligand/CeO, catalysts studied, the XPS and DRIFTS data showed that, after several
cycles of catalysis, new Si and O species appear indicating accumulation of silane reagent on the
ceria surface. Pt 4f XPS spectra before and after catalysis show that the Pt(ll) oxidation state did
not change but peak intensity decreased, consistent with decreased exposure of Pt. EXAFS
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measurements agree with a chloride loss observed in XPS. Pt L;-edge EXAFS shows formation of
Pt-Pt bonds on the surface, suggesting that nanoparticle formation may be contributing to
catalyst degradation in case of PDO-C ligand. Both catalyst leaching, as shown by loss of total Pt
by ICP/MS, and silane buildup explain reduced hydrosilylation yields after successive cycles.
Silanes HSiR3 (R = hydrocarbyl) are thus recommended for improved hydrosilylation SACs, based
on these results with HSi(OMe),Me; the methoxy group on silicon is thus a vulnerability in
hydrosilylation with any metal oxide support.
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