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ABSTRACT. The extraordinary catalytic properties of enzymes are derived not only from their catalytic
groups but also the unique properties of the active site. Tuning the microenvironment of synthetic catalysts
is expected to enhance their performance if effective strategies can be developed. Interfacially cross-
linked reverse micelles were prepared from three different cross-linkable surfactants. Pd nanoparticles
were deposited in the core of the micelle for the catalytic hydrogenation of bicarbonate and COz. The
catalytic performance was found to depend heavily on the nature of the headgroup of the surfactant.
Quaternary ammonium-based surfactants through ion exchange could bring bicarbonate to the catalytic
center, whereas tertiary amine-based surfactants worked particularly well in CO2 hydrogenation, with
turnover numbers an order of magnitude higher than that of commercially available Pd/C. The amines
were proposed to bring COz to the proximity of the catalysts through reversible formation of carbamate,
in the nanospace of the hydrophilic core of the cross-linked reverse micelle. In the bicarbonate reduction,
additional improvement of the catalysts was achieved through localized sol-gel synthesis that introduced

metal oxide near the catalytic metal.
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Introduction

Instead of solely relying on catalytic metals and ligands in their first coordination sphere, enzymes
frequently employ ligands at the second coordination sphere and even remote allosteric binding sites to
enhance catalytic activity and selectivity. In the last decades, tremendous progress has been made by
chemists in the design and synthesis of organometallic, organic, and metal particle catalysts. More

recently, there is increasing recognition for the importance of second-sphere or more distal control in
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catalysis.!> Various platforms such as dendrimers,®? star polymers,®’ organic and metal-organic

1215 and metal-organic frameworks'®!? have been

nanocapsules,®!! multifunctional mesoporous materials,
used to tune the catalytic properties of attached or encapsulated catalysts. Toward this effort, our group
reported amphiphilic baskets,? foldamers,?! and surface-cross-linked micelles?>** for similar purposes.

Despite the advancement made by different researchers, much remains to be learned in the
“microenvironmental engineering” of a catalyst for improved performance. Because the environment
around the catalyst is larger than the catalyst, construction of a tailored, multifunctional microenvironment
could require even more synthetic effort than the synthesis of the catalyst itself—such is indeed the case
for enzymes whose active site is but a portion of the entire structure.

Reverse micelles (RMs) are dynamic aggregates of surfactants formed in nonpolar solvents with a
nanosized water pool in the center.?>?¢ Once captured by covalent bonds, they become interesting organic
nanoparticles with a hydrophilic core and hydrophobic exterior.?”® Our group reported that
polymerization/cross-linking at the surfactant/water interface was particularly effective at capturing RMs
in nearly the original size (4-5 nm).?” When conventional RMs are used as templates to prepare inorganic
nanoparticles, their diffusion-controlled collision and exchange of internal contents make it difficult to
control the size and morphology of the final materials.’*3! Our interfacially cross-linked reverse micelles
(ICRMs), due to their covalent nature, made the templated synthesis of metal nanomaterials facile and
highly predictable. The same template allowed us to prepare metal clusters consisting of a few atoms and

nanoparticles several nanometers in size, by controlling the amount of metal loading and reduction

method.>?



Hydrogenation of CO2 has been under intense investigation for many decades.*** Because the formic
acid from COz2 hydrogenation can be dehydrogenated under mild conditions to release COz, the reaction
couple could be used as a potential hydrogen storage material as well.>*¥-° Among the heterogeneous
catalysts, Pd/C was one of the first catalysts reported to catalyze hydrogenation of bicarbonate to formate
in aqueous solution.***! In recent years, researchers continue to improve Pd-catalyzed hydrogenation of
bicarbonate or CO2, using different bicarbonate salts, alloys, or catalytic supports.**** Remarkable
progress in catalytic efficiency has been achieved in some systems.**4’

In this work, we report that Pd-containing ICRMs could be used to hydrogenate bicarbonate and CO2
to formate. The model reaction was chosen to demonstrate the strategy of modeulating catalysis through
rational environmental engineering of the catalysts. Our PA@ICRM catalysts showed turnover numbers
(TONSs) an order of magnitude higher than that displayed by commercially available Pd/C catalysts for
CO2 hydrogenation. Most interestingly, the microenvironment of the Pd nanoparticles could be controlled
by the surfactant headgroups of the ICRMs so that the catalysts could be made to favor bicarbonate or

CO:sa. For bicarbonate reduction, tiny amounts of metal oxides could be deposited on the Pd nanoparticle

through confined sol—gel synthesis to further improve the catalytic properties.

Results and Discussion

Design and Syntheses of PA@ICRMs. As shown by Scheme 1, we used three triple-tailed cross-
linkable surfactants (1-3) in the synthesis of the ICRMs. Compounds 1 and 3 are quaternary ammonium
salts and 2 is a protonated amine. The wedge-shaped surfactants have a large hydrophobic volume in
comparison to the polar headgroup, making it easy for them to pack in the RM configuration.*® Surfactant
1 has three allyl groups and was cross-linked at the interface using a hydrophilic dithiol (dithiothreitol or
DTT) under UV irradiation.” Surfactants 2 and 3 both have two polymerizable methacrylamides and
could be cross-linked directly by photo-induced free radical polymerization.** Although the

methacrylamide and the amine/ammonium center in 2 and 3 has different number of methylene groups in



between, the difference was minor and was due to different commercially available starting materials used

in the synthesis.
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Scheme 1. Preparation of PA@ICRM from cross-linkable surfactants 1-3.

Detailed procedures for the preparation of ICRMs have been reported previously.?>* In general, RMs
were first formed by dissolving an appropriate surfactant in heptane, with a tiny amount of water.
Polymerization and cross-linking of the RMs were induced by a hydrophilic photoinitiator, 2-hydroxy-1-
(4-(2-hydroxyethoxy)phenyl)-2-methylpropan-1-one, under UV irradiation.** The reaction was typically
complete within 2 h and the ICRMs were obtained after evaporation of the solvent and washing with cold
methanol.

With numerous cationic groups in the core, the ICRMs could extract anionic salts such as H2PdCls
from an aqueous solution. The palladium salts were reduced in situ during hydrogenation to afford
nanoparticles in the core. The ICRM** and Pd@ICRM>® were characterized using 'H NMR
spectroscopy, dynamic light scattering (DLS), UV-vis spectroscopy, and transmission electron
microscopy (TEM). In general, the size of the ICRM was 4-5 nm and the Pd nanoparticles inside ~2 nm.
For the optimized catalyst identified in this study, Pd/ALO3@ICRM(3), additional STEM and EDX
elemental mapping were also performed (Figure 1). In addition to providing information on the size of
the ICRMs, the characterizations showed that intimate mixing of palladium and aluminum on the

nanoscale, consistent with our ICRM-template sol—gel synthesis (vide infra).



Figure 1. (a) HAADF-STEM image of PdA@ICRM(3). The ICRMs were imaged in dark field and shown
as bright spots in the image. (b) HAADF-STEM image of Pd/ALO3@ICRM(3) and EDX elemental
mapping of the selected area (rectangle indicated by green solid line in b) for Pd (c), Al (d), and Pd and
Al overlay (e). In the STEM images, The PdA@ICRM was prepared from surfactant 3 with Pd-loading =

[H2PdCl4]/[3] = 50% and Wo= 20.

The structure of the ICRM allows us to engineer the microenvironment of the Pd nanoparticles in a
rational manner. For PdA@ICRM(1) and Pd@ICRM(3), the quaternary ammonium groups in the core
make is possible to exchange the bromide with other anions including tetrachloroaurate, nitrate, chloride,
and azide.?**?%-52 These catalysts should work well for the hydrogenation of bicarbonate, as ion exchange
would bring the substrate to the ICRM core, where the Pd catalysts reside (Scheme 2, up panel). On the
other hand, PdA@ICRM(3) should work particularly well for CO2 hydrogenation (Scheme 2, lower panel).
Organic amines are frequently used to capture gaseous CO: reversibly through carbamate formation.>?
Although 2 was used as the HBr salt during the ICRM preparation—which is necessary for the RM

formation—the large quantities of amine (0.7 M Et3:N) used in the hydrogenation (vide infra) should



readily deprotonate the tertiary amine—HBr salts in the ICRM core. Because numerous amine groups are
present in PA@ICRM(3), plenty of them should be in the free form (instead of complexing with the
entrapped Pd nanoparticles). These amines are expected to form carbamate with CO2 and, as a result,
bring the reactant to the Pd catalysts located in the nanosized ICRM core. Since there is significant
distance in the surfactants between the cross-linkable groups, the cross-linking should not impede the
diffusion of small reactants such as CO2 and Hz into the catalytic metals inside the ICRM core. The facile

ion-exchange of the anions in the ICRMs also supported the notion,?*-3%3-52
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Scheme 2. Microenvironmental engineering of Pd nanoparticle catalysts for the hydrogenation of
bicarbonate and COx.

Hydrogenation of Bicarbonate by Pd@ICRMs. Many homogeneous catalysts have been reported to
convert CO2 to formic acid or formate, some with extraordinary activities.’*% Heterogeneous catalysts
have some distinctive advantages over homogeneous ones but generally showed lower activity.*>*
Among the heterogeneous catalysts, Pd/C was one of the first catalysts used to catalyze hydrogenation of
bicarbonate.*>*! Although Pd metal clearly was active in the reaction, commercially available catalysts

have relatively low turnover numbers (TONs) in the range of 20 to 115 at 0.3—1.0 M NaHCOs3 in the

aqueous phase.*



Table 1 shows the hydrogenation of sodium bicarbonate in a 2:3 THF/water mixture under different
conditions. It is known that the equilibrium between CO: and bicarbonate is influenced by many
parameters and there is thus some ambiguity of the nature of the exact reactant.*” In this work, we
classified our reactions based on the initial starting materials used. Reaction yields were determined by
"H NMR spectroscopy with DMF as the internal standard. The reaction was clean, with no other products
observed (Figure 3S in the Supporting Information). No product was observed without Pd-loading in the
ICRMs. The catalysts prepared from 1 as the cross-linkable surfactant were completely inactive but
similar catalysts prepared from 2 gave good yields up to 82% (entry 4). It is possible the sulfide in the
ICRM core derived from DTT (the cross-linking agent) poisoned the metal in PA@ICRM(1). We have

seen similar results when the ICRM prepared from similar DTT cross-linking contained gold catalysts.*’

Table 1. Hydrogenation of sodium bicarbonate by Pd@ICRM.?

Entry  surfactant Wo Pd-loading T (°C) % yield® TON
1 1 20 10% 80° trace 0
2 1 20 50% 80° trace 0
3 2 20 10% 80°¢ 32 32
4 2 20 50% 80°¢ 82 82
5 2 20 50% 40° 100 100
6 2 20 50% rt’ 17 17
7 2 5 50% rtd 7 7
8 2 10 50% rtd 8 8
9 2 20 50% rtd 10 10
10 3 5 50% rtd 33 33
11 3 10 50% rtd 39 39
12 3 20 50% rtd 48 48
13 3 20 10% rtd 13 13
14 3 20 30% rtd 25 25
15 3 20 80% rtd 36 36
16 3 20 100% rtd 38 38




& Wo was the water/surfactant ratio during the ICRM preparation. Pd-loading = [H2PdCls]/[cross-
linkable surfactant]. Because the PA@ICRM catalysts are soluble in common organic solvents, no
recycling of catalysts was performed in the current study. ® The percent yield was determined by 'H-NMR
spectroscopy with 0.1 mmol DMF as the internal standard based on the conversion of bicarbonate. ¢ The
reaction was carried out in 0.2 mL THF and 0.3 mL D20 under 40 bar CO2 and 40 bar Hz for 20 h with
0.1 mmol NaHCO3 and 0.001 mmol Pd. ¢ The reaction was carried out in 0.2 mL THF and 0.3 mL D20
under 40 bar H> for 8 h with 0.1 mmol NaHCO3 and 0.001 mmol Pd. No product was observed without

Pd-loading in the ICRMs.

The amount of palladium in the ICRM core made a big difference, as lower Pd-loading in the core gave
a lower yield in the hydrogenation even when the total amount of Pd in the reaction was kept at 1 mol %
(entries 3 and 4). With the same PA@ICRM(2) catalysts, the yield of formate was higher at 40 °C than at
either 80 °C or room temperature (entries 4—6).

These initial screenings were performed under 40 bar CO2 and 40 bar Hz for 20 h (entries 1-6). CO2
was added in the gas phase because of the low activity of the catalysts. Once reasonable catalysts were
identified, we left COz2 out in the gas phase and performed the reaction at room temperature for a shorter
period of time of 8 h (entries 7-16). The conversion yield was expectedly lower (compare entries 6 and
9). The yield was also somewhat lower at 80 °C than at 40 °C (entries 4 and 5). This probably reflected
the fact that hydrogenation of bicarbonate is entropically unfavorable because a gaseous reactant is
converted to formate in the solution.

Our data show that the water/surfactant ratio (Wo), which controls the size of the hydrophilic core of
the ICRM,? also influenced the catalysis. In general, a larger hydrophilic core was better (entries 7—12).
Since our surfactants have limited abilities to include water in the RM core, we limited water/surfactant
ratio to <20.%

We also varied the Pd-loading (i.e., the [H2PdCla]/[cross-linkable surfactant] ratio) in the ICRM(3)

from 10 to 100%, and found that 50% gave the best results (entries 12—16). The initial increase and then



decrease of TON with Pd-loading seems to make sense. If the mechanism in Scheme 2 is operating, the
Pd/ammonium ratio is expected to be important to the catalysis. If too little Pd is present, even if the
ammonium groups on the surfactants could bring bicarbonate into the ICRM core, the bicarbonate might
not have a nearby catalytic Pd particle for the subsequent hydrogenation. If too much Pd is present, there
could be very little room left in the core to accommodate the bicarbonate ions. It is also possible that the
size of the Pd nanoparticles also played a role. Our previous work showed that the size of the metal
particles obtained from ICRM-templated synthesis generally increased with the metal loading in the
ICRM.? Since the best results were obtained with 50% loading in Table 1, there is no simple correlation
between the size and the catalytic activity.

The results so far indicate that the ICRM is playing an important role in the Pd-catalyzed bicarbonate
reduction. The quaternary ammonium-based Pd@ICRM from 3 was significantly more reactive than the
tertiary amine-based catalysts from 2, consistent with the ion-exchange model.?*>°%2 Nonetheless, the
catalysts at this point were still rather inefficient.

Metal particles in heterogeneous catalysis are known to be strongly influenced by their metal oxide
support.>%+7 Because RMs are frequently used as templates for metal oxides,”® we could incorporate
metal oxides in the ICRM core. This is an important feature of the ICRM framework to further engineer
the microenvironment of the catalysts.

To introduce metal oxides to the ICRM core, we typically first dissolve PA@ICRM in a chloroform
solution. We then add a small amount of water (typically 5 equiv to the cross-linked surfactant) and a
hydrolysable metal precursor— Si(OMe)4 for SiO2, SnCl4 for SnOz, Ti(OiPr)s4 for TiO2,and (s-BuO)3;Al
for A03.5%% Because water prefers to stay near the hydrophilic ICRM core in a chloroform solution,
hydrolysis of the metal precursor occurs near the ICRM core, in the proximity of the Pd metal. The process
is essentially a miniature sol—gel hydrolysis localized near the water “puddle” in the center of the ICRM.
We typically allowed the hydrolysis to proceed for 24 h (48 h for SiO2) until '"H NMR spectroscopy shows

the completion of the reaction (by the release of the alcohol product).>¢® Throughout the process, the



solution stays clear. In the absence of the ICRM, the same sol-gel hydrolysis yields precipitates quickly
from the chloroform solution.

Encouragingly, the localized metal oxides—or most likely their hydrates due to the low temperature
involved—strongly impacted the catalysis (Table 2). Whereas SiO:z inhibited the catalysis, the other three
metal oxides improved the conversion to different degrees (entries 1-5). Among the metal oxides
examined, Al203 was the clear winner, affording a 96% yield at 40 bar Hz at room temperature. When the
amount of Pd was reduced to 0.1 mol%, the TON increased to 320 (entry 8). Importantly, the intimate
contact between Pd and the metal oxide was critical to the improved catalysis, as PdA@ICRM(3) and
ALO3@ICRM mixed in the same solution gave slightly worse results than PA@ICRM(3) (compare entries

1 and 10). As expected, ALO3@ICRM(3) without Pd in the core showed no activity (entry 9).

Table 2. Hydrogenation of sodium bicarbonate by PA@ICRM(3) prepared with local metal oxides.?

Entry metal oxide mol % Pd % yield" TON
1 none 1.0 48 48
2 Si02 1.0 15 15
3 SnO:2 1.0 67 67
4 TiO2 1.0 88 88
5 ALOs3 1.0 96 96
6 ALOs3 0.7 67 96
7 ALOs3 0.4 52 130
8 ALOs3 0.1 32 320
9 AlLO3 0 0 0
10 ALOs3 1.0 43¢ 43

2The ICRM was prepared from surfactant 3 with Pd-loading = [H2PdCls]/[3] = 50% and Wo= 20. The
reaction was carried out in 0.2 mL THF and 0.3 mL D20 at room temperature under 40 bar Hz for 8 h
with 0.1 mmol NaHCOs. ® The percent yield was determined by "H-NMR spectroscopy with 0.1 mmol
DMEF as the internal standard based on the conversion of bicarbonate. ¢ The reaction was catalyzed by

Pd@ICRM and ALO3@ICRM and thus the Pd metal and Al203 were in different ICRM:s.
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It is unclear to us at this point why Al2O3 gave the best results in bicarbonate hydrogenation. In the
literature, Al2O3 was not the best support for Pd-catalyzed hydrogenation of ammonium bicarbonate.* In
the hydrogenation of CO2 by PdA@ICRM, the localized Al2O3 actually lowed the reaction yield (vide
infra). Thus, the metal oxide did not bring a general enhancement of the catalytic activity. Since ion
exchange is critical to taking the reactant to the catalyst in the bicarbonate reduction, we suspect the metal
oxide might have helped the ion exchange process.

Solvent effects can be greatly magnified in a nanospace due to significant size of the solvent relative
to the environment.®’" The bicarbonate hydrogenation also showed a strong dependency on the solvents
(Table 3). Among the solvents tried, the biphasic chloroform/water mixture probably slowed down the
mass transfer dramatically, as the ICRM and substrate (bicarbonate) were located in two immiscible
solvents. DMSO also suppressed the reactivity completely. It is not exactly clear why methanol gave a
much lower yield than THF and 1,4-dioxane. We suspect that the hydrogen-bonding-capable alcohol can
solvate bicarbonate better than ether, and may have inhibited the ion exchange by stabilizing them in the
bulk solvents. As discussed earlier, the very different behavior between PdA@ICRMs made from 2 and 3
suggests ion exchange was an important factor in the hydrogenation. Finally, inclusion of COz in the gas

phase expectedly enhanced the TON further, up to 830 with 40 bar of the gas.

Table 3. Hydrogenation of sodium bicarbonate by 0.1 mol % of Pd/ALO3@ICRM(3) under different

conditions.?

Entry solvent COz in the gas phase % yield® TON
1 THE/D20 = 2:3 0 bar 32 320
2 MeOH/D20 = 2:3 0 bar 11 110
3 DMSO/D20 = 2:3 0 bar 0 0
4 CHCI3/D20 =2:3 0 bar 0 0
5 D20 0 bar 7 70
6 1,4-dioxane/D20 = 1:4 0 bar 34 340
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7 1,4-dioxane/D20 = 2:3 0 bar 48 480

8 1,4-dioxane/D20 = 3:2 0 bar 58 580
9 1,4-dioxane/D20 = 4:1 0 bar 28 280
10 1,4-dioxane/D20 = 3:2 20 bar 82 820
11 1,4-dioxane/D20 = 3:2 40 bar 83 830

2The ICRM was prepared from surfactant 3 with Pd-loading = [H2PdCl4]/[3] = 50% and Wo= 20. The
reaction was carried out in 0.2 mL THF and 0.3 mL D20 under 40 bar H2 at room temperature for 8 h
with 0.1 mmol NaHCO3 and 0.0001 mol Pd ® The percent yield was determined by 'H-NMR spectroscopy

with 0.1 mmol DMF as the internal standard based on the conversion of bicarbonate.

Hydrogenation of CO2 by Pd@ICRMs. Ion exchange thus seemed to be quite helpful to the catalytic
activity of PA@ICRM(3). Having the substrate and the catalysts in the nanospace of the ICRM core was
probably quite important to the enhanced activity. If indeed the improved catalysis was caused by the
microenvironmental effect of the ICRM, we expect PA@ICRM(2) to work better than PdA@ICRM(3) for
the hydrogenation of CO2, based on the carbamate mechanism shown in Scheme 2.

Table 4 shows the hydrogenation of COz in a 2:3 THF/water mixture under different conditions. As in
reported literature,** we performed the reaction with a relatively high concentration of base (0.7 M Et3N)
to increase the thermodynamic driving force of the reaction.

As in the bicarbonate reduction, we varied the amount of Pd-loading for the CO: reduction. Our study
shows that, once again, 50% Pd-loading in the ICRM core gave the best results (Table 4, entries 1-5).
Note that the overall amount of Pd (0.001 mmol) was kept constant for all the reactions. The
water/surfactant ratio (Wo), which controls the size of the hydrophilic core, also had some impact. At
constant Pd-loading (50%), TON was significantly higher at Wo =20 and 10 (entries 3 and 6) than at Wo
=5 (entry 7).

Table 4. Hydrogenation of CO2 by PA@ICRM.?

Entry catalyst Pd-loading” Wo TON
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1 Pd@ICRM(2) 10% 20 50

2 Pd@ICRM(2) 30% 20 61
3 Pd@ICRM(2) 50% 20 204
4 Pd@ICRM(2) 80% 20 91
5 Pd@ICRM(2) 100% 20 73
6 Pd@ICRM(2) 50% 10 204
7 Pd@ICRM(2) 50% 5 57
8 Pd@ICRM(3) 50% 20 69
9 Pd@ICRM(3) 50% 10 54
10 Pd@ICRM(3) 50% 5 46
11 Pd/C 50% 10 14
12 PdCL 50% 20 10

2 The reaction was performed in 0.2 mL THF and 0.3 mL D20 under 40 bar Hz and 40 bar CO2 at 40 °C
for 20 h with 0.001 mmol Pd and 0.350 mmol Et;N. The amount of formate formed was determined by
"H-NMR spectroscopy with 0.1 mmol DMF as the internal standard. ° Pd-loading = [H2PdCls]/[cross-

linkable surfactant] during the catalyst preparation.

These are promising results. In the literature, (heterogeneous) Pd metal catalysts generally were only
used to reduce bicarbonate.*>** Direct hydrogenation of CO2 using Pd/Ni alloy on a carbon nanotube-
graphene support had a TON of 6.4,* with the catalytic activity improved by a graphitic carbon nitride

support.*
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It is important that the functional groups and the structures of ICRM had a strong influence over the
catalysis. The positive correlation between Wy and the catalysis agreed with literature reports that small
amounts of water are beneficial to CO2 hydrogenation when the reaction was performed in organic
solvents.** Consistent with the importance of the localized amino groups in the ICRM core, PA@ICRM(3)
exhibited significantly lower activity, with TON ranging from 46—69 under similar conditions (Table 4,
entries 8—10). Commercially available Pd catalysts including Pd/C and PdCl2 had a much lower TON
number (<15, entries 11-12).

Since the reaction mixture contains 0.7 M Et3N, a generic effect of amine could not explain the different
activities of PA@ICRM(2) and PdA@ICRM(3).”! The positive effect of localized amine is also supported
by the literature. Mori and Yamashita, for example, showed that phenylamine-functionalized mesoporous
silica helped PdAg nanoparticles in their hydrogenation of COz2, due to the abilities of the amine to bind
the substrate.”

The nature and the concentration of the external base (i.e., 0.7 M EtsN) was chosen based on our
screening. Figure 2 shows the TON of the CO2 hydrogenation as a function of EtsN/Pd ratio. Our study
shows that the initial increase of amine quickly boosted the conversion but higher concentrations of the
base then decreased the conversion. Similar behavior has been observed with Rh-based homogeneous

catalysts.>* In our case, the conversion was the highest at EtsN/Pd = 250-350.
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Figure 2. TON as a function of the amount of base used in the CO2 reduction.

Et3N was also found to give the best results when several other bases were examined, both organic and
inorganic (Table 5). In general, organic amines worked better than inorganic bases such as hydroxide,
carbonate, or bicarbonate. Diamines such as ethylenediamine and N,N'-dimethylethylenediamine gave
very poor conversion. We suspect these chelating amines might have complexed with the Pd nanoparticle
much better than any other ligands around (amino groups in the ICRM core, amide) and might have
passivated the metal surface as a result. We attempted the bulky Et2NiPr, hoping the sterically demanding
nonpolar amine may prefer to reside outside the ICRM core so that the localized amines might function
even better in our mechanism. Unfortunately, the yield was lower than with EtsN as the base. We also
studied the effects of localized metal oxides but found they generally lowered the TON of the Pd catalysts
to 85—190 (data not shown). Apparently, reduction of CO2 and bicarbonate had different requirements for

the catalysts.

Table 5. Hydrogenation of CO2 by PA@ICRM(2) using different bases.?

Entry base TON

1 EtsN 204

2 BuNH 84

3 HN>CH2CH2NH:2 10

4 MeHNCH2CH:2NHMe 19

5 iPrEt2N 147

6 KOH <10P
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7 KHCO;3 <10°

8 K2COs3 <10b

2 The ICRM was prepared from surfactant 2 with Pd-loading = [H2PdCl4]/[2] = 50% and Wo= 20. The
reaction was performed in 0.2 mL THF and 0.3 mL D20 under 40 bar Hz and 40 bar CO2 at 40 °C for 20
h with 0.001 mmol Pd and 0.350 mmol base. The amount of formate formed was determined by '"H-NMR

spectroscopy with 0.1 mmol DMF as the internal standard. ® The reaction was performed in D2O.

Solvents also made some difference in the CO2 reduction. Aqueous methanol and DMSO gave very
poor results. Dioxane/water mixtures, as shown in Table 6, gave somewhat better results, with TON up
to 250. Interestingly, the reaction worked fairly well in water but poorly in 1,4-dioxane alone. The results
agree with the literature that strong solvation of the formate by water facilitates the conversion of gaseous
CO2,** a generally entropically unfavorable process. When the relative ratio of H2 and CO2 was varied
while the total pressure (= 80 bar) kept the same, the best results were obtained with a 1:1 ratio of the two

(Table 6, entries 5, 8, and 9).

Table 6. Hydrogenation of CO2 by PA@ICRM(2).?

Entry solvent ratio TON
! THF/water 2/3 204
2 1,4-dioxane/water 0/5 217
3 1,4-dioxane/water 1/4 204
4 1,4-dioxane/water 2/3 190
5 1,4-dioxane/water 3/2 250
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1,4-dioxane/water 4/1 250
7 1,4-dioxane/water 5/0 79
8 1,4-dioxane/water 32 175°
9 1,4-dioxane/water 3/2 182°¢

2 The ICRM was prepared from surfactant 2 with Pd-loading = [H2PdCl4]/[2] = 50% and Wo= 20. The
reaction was performed in 0.2 mL THF and 0.3 mL D20 under 40 bar H> and 40 bar CO: at 40 °C for 20
h with 0.001 mmol Pd and 0.350 mmol EtsN. The amount of formate formed was determined by 'H-NMR
spectroscopy with 0.1 mmol DMF as the internal standard. ® 20 bar of CO2 and 60 bar of H2 were used. ©

60 bar of COz and 20 bar of H2 were used.

Conclusions

Out study shows that ICRMs are interesting organic materials for the microenvironmental engineering
of entrapped catalysts through different functional groups introduced in their hydrophilic core. Their
hydrophilic core not only could be used for templated synthesis of inorganic nanoparticles but also
allowed localized miniature sol-gel synthesis to modify the properties of the nanoparticles. In this work,
tertiary amines in the ICRM core gave significantly better results than quaternary ammonium ions in CO2
hydrogenation, but the opposite was true in bicarbonate reduction. The catalytic reactions support the
models presented in Scheme 2 and demonstrate a novel way to fine tune catalysts through environmental
control. Because different functionalities can be introduced quite easily on the surfactant, their covalent
capture leads to a nanospace with highly concentrated functional groups. Through this approach, it is quite
likely that additional improvements can be made to enhance the catalysts’ performance, in both activity*’

and selectivity.>!
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Experimental Section

General. All reagents and solvents were of ACS certified grade or higher and were used as received
from commercial suppliers. Routine ! H and '> C NMR spectra were recorded on a Varian VXR-400 and
Bruker DRX-400 spectrometer. ESI-MS was performed on a FINNIGAN TSQ700 mass spectrometer.
Dynamic light scattering (DLS) was performed on a PD2000DLS™YS dynamic light scattering detector.
Fluorescence spectra were recorded at ambient temperature on a Varian Cary Eclipse fluorescence
spectrophotometer. UV-vis spectra were recorded at ambient temperature on a Cary 50 Bio UV-visible
spectrophotometer. Syntheses of compounds 1 and 2, as well as their ICRMs have been reported
previously. >

Synthesis of Compound 3. N,N'-((methylazanediyl)bis(propane-3,1-diyl))diacrylamide’ (0.75 g, 3.0
mmol) was dissolved in solution of 5-(bromomethyl)-1,2,3-tris(dodecyloxy)benzene®® (2.5 g, 3.5 mmol)
in CHCI3 (30 mL). The reaction mixture was stirred at 50 °C for 36 h. The organic solvent was removed
in vacuo and the residue was purified by column chromatography over silica gel using CH2Cl2
/MeOH=20/1 to 10/1 as the eluent to give a white powder (2.43 g, 72 %). '"H NMR (400 MHz, CDCls, §):
8.13 (t, J=4.0 Hz, 2H), 6.59 (s, 2H), 6.46 (dd, /= 11.2 Hz and 6.8 Hz, 2H), 6.32 (d,J=11.2 Hz, 2H ),
5.64 (d, J= 6.8 Hz, 2H), 4.34 (s, 2H), 3.98 (t,J = 4.0 Hz, 6H), 3.61-3.42 (m, 8H), 2.95 (s, 3H), 2.23-2.06
(m, 4H), 1.82-1.72 (m, 6H), 1.50-1.45 (m, 6H), 1.37-1.26 (m, 48H), 0.88 (t, J = 4.0 Hz, 9H) '*C NMR
(100 MHz, CDCl3, 6):166.72, 153.72, 140.51, 131.03, 126.52, 120.42, 111.16, 73.62, 69.67, 67.37, 59.11,
48.20, 35.88, 31.94, 30.37, 29.77, 29.76, 29.74, 29.71, 29.67, 29.61, 29.50, 29.41, 29.39, 26.16, 26.09,
22.70, 14.13. ; ESI-MS (m/z): [M+H]" caled for CssH102N30s, 896.7814; found 896.7819.

General procedure for the preparation of ICRM. Preparation of ICRMs and detailed
characterization of the materials have been reported previously.??3? Typically, compound 1 (18.7 mg,
0.02 mmol) was dissolved in 0.5 ml of heptane, to which water (1.8 uL, 0.1 mmol) was added. The mixture
was ultrasonicated at room temperature until the water droplet dissolved in the mixture and the solution
became completely clear. After addition of 2-hydroxy-1-(4-(2-hydroxyethoxy)phenyl)-2-methylpropan-

I-one (0.224 mg, 1 x 1 umol), the mixture was irradiated in a Rayonet photoreactor for 2 h until alkenic
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protons in 1 were consumed. The organic solvents were removed by rotary evaporation and the residue
was washed by cold methanol and dried under vacuum to give a yellowish power (13.2 mg).

General procedure for the preparation of Pd@ICRM. Preparation of Pd@ICRMs and
characterization of the materials have been reported previously.”® An aqueous solution of H2PdCls (10
mM) was prepared by adding HCI (6 mL, 0.4 M) to PdCl2 (1.2 mmol) in water (114 mL). A portion (2
mL) of the above H2PdCls solution was added to an ICRM solution in chloroform (2 mL, [2] = 10 mM).
After stirred overnight, the mixture was allowed to sit at room temperature. The orange-colored organic
phase was separated, washed with water three times, and concentrated by rotary evaporation to give an
orange powder. For the UV-vis measurement, 0.1 mL of the chloroform solution was diluted by 9.9 mL
of chloroform so that the concentration of the cross-linked [2] was 0.1 mM in the final sample.

TEM and EDX Analysis. For the TEM imaging, 5 mg of the ICRM was dissolved in 1 mL of
chloroform and the solution was ultrasonicated for 1 min. A microsyringe was used to load one small drop
of the above solution onto a TEM copper grid covered with carbon film. The sample was left to dry at
room temperature overnight. The HAADF-STEM imaging was obtained at 200kV on a FEI Titan Themis

300 TEM with a Super-X EDX detector from the Sensitive Instrument Facility at the Ames Laboratory.
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