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List of Figures and Schemes

Figure 1-1: Illustration of the delamination and precipitation of aminoclay under aqueous
and basic/non-aqueous conditions, respectively.

Figure 1-2: Visual comparison between bulk ionic liquid, polyionic polymers, and
supported ionic liquids.

Figure 1-3: Illustration demonstrating the merging of ionic liquid-functionalized silanes
and the aminoclay synthesis route to prepare two-dimensional polyionic nanoclays
(PINCs).

Figure 2-1: A) Typical spectra of 4-nitrophenolate (Zmax = 400 nm) as it converts to 4-AP
over time (to—tr) in the presence of AUNP catalyst. B) Example time-dependent absorption
(red) and rate plot (blue). A black arrow on the absorption spectrum marks the induction
period (tind), here lasting about 10 s. The kapp can be determined from the slope of the linear
section of the rate plot, shown here as a dashed line.

Figure 2-2: A typical UV-vis spectrum of AA-AuNPs. The position of the localized surface
plasmon resonance (LSPR) band at 522 nm corresponds to a mean particle size of 33 £ 9
nm.

Figure 2-3: Representative kinetic plots for AA-AuNP-catalyzed 4-NP reduction showing
the range of catalyst loadings examined. The apparent rates shown were obtained from the
slopes of the linear regressions for each catalytic run shown.

Figure 2-4: Plot showing the linear relationship between kapp and mol% Au to 4-NP when
using AA-AuNPs as catalysts as determined in triplicate by three researchers (#1-3)
working independently.

Figure 2-5: A) In blue, a plot of [4-NP] versus time using synthesized data (tina = 0, [4-
NPJo = 0.14 mM, Kapp = 0.015 s71). In red, the corresponding pseudo-first-order rate plot.
B) Relationship between % reaction completion (conversion of 4-NP to 4-AP) and the
calculated TOF using Eqg. 1 and the synthesized data above at each value of In(Co/Ct). Note
that In(Co/Cy) is equal to In(Ao/Ar), as concentration and absorbance are proportional.

Figure 2-6: Plot showing the variability in TOF with respect to mol% Au when using Eqg.
1 at a reaction completion criterion of In(A¢/A¢) = 3 (95% completion) for each researcher
(#1-3). The solid black line at 92.4 h™* represents the average TOF.

Figure 3-1: UV-vis spectra of borohydride-capped AuxAg:-xNPs alongside images of the
samples aged for 5 d. The R values provided in the left panels denote the number of
equivalents of NaBH4 per metal atom employed in the synthesis. Colloidal instability in the
form of black precipitates affiliated with sample decoloration is observed for very low x
values (high silver content) in the R =5 (x = 0.0) and R = 10 (x <0.3) sample sets.



Figure 3-2: Stability of AUNPs (AuxAgixNPs for x = 1.0) over 30 days of storage as
monitored using UV-vis spectrophotometry. Panels A, B, and C correspond to R values of
2, 5, and 10, respectively. The legend in panel A applies to all panels.

Figure 3-3: Stability of AuxAg1xNPs (x = 0.9) over 30 days of storage as followed by UV-
vis spectrophotometry. Panels A, B, and C correspond to R values of 2, 5, and 10,
respectively. The legend in panel A applies to all panels.

Figure 3-4: Stability of AuxAg1xNPs (x = 0.8) over 30 days of storage, interrogated using
UV-vis spectrophotometry. Panels A, B, and C correspond to R values of 2, 5, and 10,
respectively. The legend in panel A applies to all panels.

Figure 3-5: Stability of AuxAg:-xNPs (x = 0.7) over 30 days of storage as monitored using
UV-vis spectrophotometry. Panels A, B, and C correspond to R values of 2, 5, and 10,
respectively. The legend in panel A applies to all panels.

Figure 3-6: Stability of AuxAg:1 xNPs (x = 0.6) over 30 days of storage as measured using
UV-vis spectrophotometry. Panels A, B, and C correspond to R values of 2, 5, and 10,
respectively. The legend in panel A applies to all panels.

Figure 3-7: Stability of AuxAg1xNPs (x = 0.5) over 30 days of storage, tracked using UV—
vis spectrophotometry. Panels A, B, and C correspond to R values of 2, 5, and 10,
respectively. The legend in panel A applies to all panels.

Figure 3-8: Stability of AuxAgixNPs (x = 0.4) over 30 days of storage, followed by UV-
vis spectrophotometry. Panels A, B, and C correspond to R values of 2, 5, and 10,
respectively. The legend in panel A applies to all panels.

Figure 3-9: Stability of AuxAg1-xNPs (x = 0.3) followed over 30 days of storage using UV—
vis spectrophotometry. Panels A, B, and C correspond to R values of 2, 5, and 10,
respectively. The legend in panel A applies to all panels.

Figure 3-10: Stability of AuxAgixNPs (x = 0.2) evaluated over 30 days of storage with
UV-vis spectrophotometry. Panels A, B, and C correspond to R values of 2, 5, and 10,
respectively. The legend in panel A applies to all panels.

Figure 3-11: Stability of AuxAg1 xNPs (x = 0.1) investigated over 30 days of storage with
UV-vis spectrophotometry. Panels A, B, and C correspond to R values of 2, 5, and 10,
respectively. The legend in panel A applies to all panels.

Figure 3-12: Stability of AgNPs (AuxAgixNPs for x = 0.0), monitored over 30 days of
storage using UV-vis spectrophotometry. Panels A, B, and C correspond to R values of 2,
5, and 10, respectively. The legend in panel A applies to all panels.

Figure 3-13: Comparison of AuNPs, AgNPs, a 1:1 AuNP:AgNP mixture, and bimetallic
AuxAg1-xNPs (x = 0.5). Shown are A) R = 2, B) R =5, and C) R = 10, where R equals the
molar ratio of NaBH4 to metal. The total metal (Au + Ag) concentration is 0.25 mM for all
samples.



Figure 3-14: (Left) A HR-TEM image showing a R = 5, x = 0.5 bimetallic AuxAg1xNP and
(right) the corresponding EDS spectrum confirming the presence of both gold and silver
within the nanostructure. Copper is typically observed when using copper TEM grids, but
the presence of silicon is more likely attributed to a small amount of contamination on the
TEM grid, as no glassware or silicon-containing reagents were used in the preparation of
these bimetallic NPs.

Figure 3-15: TEM images and related size histograms for borohydride-capped AuxAgl-
XNPs for (A, B) x=0.6; (C, D) x=0.3; and (E, F) x = 0.0 (i.e., AgNPs). The borohydride-
to-metal molar ratio (R value) is 2 for these samples.

Figure 3-16: Representative TEM images and size distribution histograms for R = 5
AuxAg1-xNPs where (A, B) x = 1.0 and (C, D) x = 0.3. Note the apparent formation of metal
networks and particle ripening (sizes of metal networks were ignored during particle size
analysis).

Figure 3-17: Representative TEM images and size distribution histograms for R = 10
AuxAg1-xNPs, for (A, B) x=1.0 and (C, D) x = 0.3. Note the occasional large nanoparticle
or aggregation of nanoparticles, particularly in panel C.

Figure 3-18: Plots depicting the pseudo-first-order kinetics of 4-NP reduction and
associated catalytic rates (kapp) using 5 d-old borohydride-stabilized AuxAgixNP
nanocatalysts (R = 2, 5, and 10, top to bottom). Excluded x values for a particular R value
indicate the observation of colloidal precipitation after aging for 5 d.

Figure 3-19: (A) Turnover frequency (TOF) and (B) TOF per U.S. dollar (USD), expressed
as functions of the overall nanoparticle composition, for borohydride-stabilized AuxAg1-
xNPs applied as nanocatalysts for 4-NP reduction. Panel (B) illustrates the economic
viability of replacing Au with Ag in this catalytic system by way of a monotonic increase
in the TOF per USD. Economic performance is based on current representative vendor
prices for the metal precursors used, as mentioned in the Supplementary Information for
this Chapter.

Figure 3-20: Assessment of the recyclability of the R = 2, x = 0.3 bimetallic AuxAg1xNPs.
Top) Absorbance spectra (blue, left axis) and rate plots (red, right axis) for each cycle
versus time, with considerable slowing of the reaction rate observed in later cycles. The
duration of time between cycles when the cuvette was mixed outside of the instrument has
been removed for clarity. Bottom) The kapp (blue, left axis) and TOF (red, right axis) values
for each cycle, showing exponential decay in activity with sequential cycles.

Scheme 4-1: Proposed PINC Synthetic Routes

Figure 4-1: Characterization of the [mpim]l silane IL and PINC. A) and B) respective *H
NMR spectra; C) XRPD pattern of [mpim]l PINC; D) FTIR spectrum of [mpim]l PINC;
E) TGA thermogram of [mpim]I PINC; F) photographs of i) [mpim]I silane IL below ethyl
acetate and ii) [mpim]l PINC.

Vi



Figure 4-2: *H-NMR spectrum of butylimidazolium iodide silane IL. Peak assignments
show the presence of residual solvent (chloroform) and possibly water (at 1.8 ppm). The
following shifts are identified (500MHz; CDCl3): 10.18 (1H, s, N-CH-N), 7.45 and 7.40
(1H each, s, CH2-N-CH-CH), 4.35 (4H, t, CH>-N-CH-N-CH>), 3.56 (9H, s, CH3-0O-Si),
2.03 (2H, m, CH3-CH,-CHy), 1.91 (2H, m, Si-CH>), 1.39 (2H, m, CH3-CHy), 0.96 (3H, t,
CHs), 0.64 (2H, t, Si-CH2-CH)).

Figure 4-3: *H-NMR spectrum of the butylimidazolium iodide PINC. Interlocking of the
longer alkyl chain branching from the imidazolium ring dissuades delamination of the
PINC in water, resulting in broader peaks than those observed in the methylimidazolium
iodide PINC. This broadening also reduces peak resolution, producing a significant hurdle
for integration. Peak assignments show the presence of residual solvent (ethanol). The
following shifts are identified (600MHz; D,0O): 7.49 (2H, s, CH2-N-CH-CH), 4.19 (4H, m,
CH2-N-CH-N-CH?>), 1.96 (2H, m, Si-CH>-CH>), 1.87 (2H, m, CH3-CH.-CH>), 1.33 (3H,
m, CH3-CHy), 0.94 (3H, s, CHz), 0.93 (2H, s, clay-CH>). The proton located at the N-CH-
N location experiences rapid exchange with D20, resulting in its absence from the
spectrum.

Figure 4-4: XRPD diffractogram for the butylimidazolium iodide PINC. Sharp peaks are
present at 32°, 45°, and 57° 26, corresponding to the (200), (220), and (222) reflections
in NaCl, respectively. All other reflections are indicative of a 2:1 phyllosilicate clay, with
peak broadening attributed to the large organic moiety [(1-butyl-(3-propyl)imidazolium]
present on the lamella surface.

Figure 4-5: 'H-NMR spectrum of octylimidazolium iodide silane IL. Peak assignments
show the presence of residual solvent (chloroform) and possibly water (at 1.8 ppm). The
following shifts are identified (500 MHz; CDCIs): 10.03 (1H, s, N-CH-N), 7.69 and 7.42
(1H each, s, CH2-N-CH-CH), 4.34 (4H, m, CH2-N-CH-N-CHy), 3.54 (9H, s, CH3-0O-Si),
2.01 (2H, m, Si-...-N-CH>-CH>), 1.90 (2H, m, Si-CH>), 1.26 (10H, m, CH3-CH2-CH>-CH>-
CH>-CHy>), 0.84 (3H, t, CHs3), 0.63 (2H, t, Si-CH2>-CH>). Peaks marked with a green
asterisk (*) are unidentified but may belong to a degradant of octyimidazole.

Figure 4-6: XRPD diffractogram for the octylimidazolium iodide PINC. Sharp peaks are
present at 27°, 32°, 45°, 54°, 57°, and 66° 26, corresponding to the (111), (200), (220),
(311), (222), and (400) reflections in NaCl, respectively. All other reflections are indicative
of a 2:1 phyllosilicate clay, with peak broadening attributed to the large organic moiety
[(L-octyl-(3-propyl)imidazolium] present on the lamella surface. It is possible that the
absence of the (001) reflection in the PINC, typically found near 8° 2 6, is indicative of a
large interlayer spacing in the lamellar structure resulting from steric hinderances caused
by the large octyl chain.

Figure 4-7: Transmission FTIR spectra of the [m-, [b, and [opim]l PINCs. Magneso-
silicate peaks are observed at ~520 cm™ for Mg—O, 1015-1020 cm™* for Si—-O-Si, 1165-
1170 cm™ for Si-C, 3430-3450 cm™ for O-H, and 3700 cm™ for MgO-H. Organic
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moieties display characteristic peaks at 1380-1480 cm for C—N, 1560-1575 cm™ for C—
C, 2930-2960 cm™* for alkyl C—H, and 3000-3150 cm™* for ring C—H.

Figure 4-8: TGA thermogram (top) and 1% derivative plot (bottom) for the
methylimidazolium and butylimidazolium iodide PINCs. For [mpim]I PINC, the following
mass losses are noted: 9% loss before 200 °C attributed to gradual release and
evaporation of water, EtOH, and MeOH; 31% mass loss from 250 to 450 °C attributed to
degradation of the methylimidazolium functionality; 8% mass loss from 475 to 600 °C
attributed to degradation of the propyl chain. For the [bpim]l PINC, the following mass
losses are noted: 6% loss before 200 °C attributed to gradual release and evaporation of
water, EtOH, and MeOH; 30% mass loss from 225 to 375 °C attributed to degradation of
the butylimidazolium functionality; 20% mass loss from 375 to 600 °C attributed to
degradation of the propyl chain. For [opim]l PINC, the following mass losses are noted:
7% loss before 200 °C attributed to gradual release and evaporation of water, EtOH, and
MeOH; 21% mass loss from 250 to 450 °C attributed to degradation of the
octylimidazolium functionality; 10% mass loss from 475 to 600 °C attributed to
degradation of the propyl chain. Note that the disproportionate mass losses observed for
the organic components in [opim]l PINC are tentatively attributed to residual NaCl
(presence evident in XRPD).

Figure 4-9: A TGA profile for [mpim]CI PINC which was, prior to analysis, cleaned
repeatedly with ethanol and thoroughly dried to remove as much solvent and interlamellar
salt and reactants as possible. Using a heating rate of 10 °C min™*, the white sample was
heated from room temperature to 100 °C, where it remained for 1 h, and then continued to
800 °C, where it remained for 1 h. Subtracting the wt% after drying at 100 °C for 1 h (95.4
wt%) and after run completion (37.7 wt%) yields a total mass loss due to degradation of
organic moieties (i.e., the covalently-bound IL) of 57.7 wt%. Using the molecular weight
of the [mpim]CI IL moiety (159.64 g mol™?), we calculate an IL loading of 3.8 mmol g*.
We note that the presence of residual salt and char, the latter of which can be seen in the
“post-TGA” picture, can cause error in this estimation.

Figure 4-10: Characterization of [mpim]Cl silane IL/PINC and [mpim][Tf2N] PINC. A)
and B) [mpim]CI silane IL and PINC 'H-NMR spectra. Green asterisks (*) denote
impurities tentatively attributed to degraded methyl imidazole. C) Scheme showing the
anion exchange between [mpim]CI PINC and [mpim][Tf2N]. D) PXRD diffractograms for
both [mpim]CI and [mpim][Tf2N] PINCs, with red asterisks (*) denoting the NaCl (200),
(220), and (222) impurity peaks. The higher diffraction angle for the (001) peak in
[mpim][Tf2N] PINC when compared to [mpim]CI PINC is attributed to the hydration of
CI, which expands the interlayer region. E) FTIR spectra, with the denoted vaS=0 (1350
cm L), vaC—F (peak at 1147 cm™* and shoulder at 1230 cm ™), and vaS-N-S (1060 cm™?)
bands arising from the [Tfo2N] ™ anion. F) TGA thermogram (solid lines) and first derivative
plot (dashed lines) for each analyte from panel E, with characteristic mass losses from
THoN~ in the corresponding [mpim][TfaN] PINC. The legend in panel E also applies to
panel F.
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Figure 4-11: (Left) SEM and (right) TEM images of [mpim]CI PINC. The stacked PINCs
in the SEM image allude to a layered structure, and the TEM image presents an average
platelet size of 59.2 + 26.8 nm (the smallest and largest measured platelets are 12 and 176
nm, respectively).

Figure 4-12: Solid-state 2°Si NMR spectrum for [mpim]CI PINC. We additionally provide
Structure representation for each condensation degree, where “Im” represents the
imidazolium group and “R” represents either Mg or Si atoms. The area % for each peak
is based on the deconvoluted data, which inherently possesses a maximum error of 5%.

Figure 4-13: Aqueous anion exchange of CI~ for TN (top left) to form an insoluble SIL
precipitate [mpim][Tf2N] PINC, and AuCls~ (bottom) to form a sediment of [mpim][AuCls]
PINC, followed by sonication and reduction via sodium borohydride (NaBH.) to create
sub-5 nm AuNPs supported on the PINC substrate (top right; image is from the 1.0 mM
PINC@AUNPs solution and consists of 2.5 £ 0.7 nm AuNPS).

Figure 4-14: Stability analysis showing A) the UV-vis spectra showing PINC@AuNP (1.0
mM Au sample, diluted to 0.25 mM for measurement) stability and B) the corresponding
normalized spectra. A very slight red shift (~2 nm) was observed in the spectra for samples
aged for 21 and 60 d, indicating slight growth in the AuNPs over time.

Figure 4-15: Top) Schematic of the catalyzed reduction of 4-NP to 4-AP using
PINC@AuUNPs and NaBHa. Bottom left shows the decrease in absorbance at 400 nm over
time, corresponding to loss of the 4-nitrophenolate anion intermediate. At bottom right is
a plot of In(Ao/Ay) vs. time, extracting the slope (kapp). Notably, the 0.1 and 0.2 mol% Au
reactions appear to be bilinear in nature, and as a result their respective kapp values were
calculated as an average of the two slopes. The turnover frequency (TOF) of the 0.1 mol%
Au reaction is calculated to be 25,000 h™*, which, at the time of publication, is faster than
any other Au catalyst reported in literature. All PINC@AUNPs used in these reductions
were aged for 1 d prior to use.

Figure 4-16: A) Rate plot and B) spectra showing the reduction of 4-NP to 4-AP using
NaBH4 and 2-month-old PINC@AUNPSs as the catalyst. The apparent rates indicated in A)
show good agreement with those obtained from 1-day-old PINC@AUNPs, indicating good
catalyst stability.

Figure 4-17: Rate plots showing the change in the apparent rate (kapp) imposed by
recycling A) 10-day-old PINC@AuUNPs and B) 2-month-old PINC@AuUNPs for the
catalyzed reduction of 4-NP. Both reductions were performed using 0.5 mol% Au to 4-NP.
Notably, extra NaBH4 was not added until cycles 6 and 7, resulting in a noticeable increase
in the apparent rate. Rate retardations of 26% and 30% were observed for the 10-day-old
and 2-month-old PINC@AUNPs after 7 cycles, respectively, attributed in part to the large
increases to both ionic character and product concentration in the latter cycles.



Figure 4-18: A) UV-vis spectroscopic analysis of PINC@AuNPs synthesized using several
Au concentrations (all diluted to 0.25 mM for measurement) as well as the spectrum of a
reconstituted aliquot of previously lyophilized 21.9 mM PINC@AUNPs. A red shift in the
LSPR is evident as [Au] increases, indicating an increase particle size. Further, the
reconstituted PINC@AUNPs solution is nearly identical to its parent solution, indicating
that dry storage followed by aqueous dispersion prior to use is an attractive feature of
these supported AuNPs. B) and C) TEM images of 1.0 and 21.9 mM PINC@AUNPs,
showing Au-free areas in the former image and possible particle aggregation in the latter.
The average particle sizes for each sample are below 5 nm.

Figure 4-19: Histograms representing TEM size analysis of A) 1.0 mM PINC@AuNPs and
B) 21.9 mM PINC@AuUNPs. As observed in the corresponding UV-vis spectral analysis,
particles produced at the lower Au concentration are smaller on average, with no observed
particles with diameters larger than 5 nm. Conversely, particles synthesized using a Au
concentration of 21.9 mM are about 64% larger, indicating slight aggregation. Both
solutions primarily consist of particles smaller than 5 nm in diameter, and no particles
with diameters larger than 10 nm were observed.

Figure 5-1: Bimetallic [mpim]Cl PINC@AuxAg:-xNPs colloids ([metal] = 0.25 mM) at the
1d (top) and 7 d (bottom) time points. Solutions are ordered based on their x value; from
left to right, x = 1.0 (AuNPs) to x = 0.0 (AgNPs).

Figure 5-2: UV-vis spectroscopic assessment of the LSPR band for [mpim]CI
PINC@AuxAg:1-xNPs colloids after 7 d of aging, where (A) shows the full spectra and (B)
is more focused to show spectral differences between x values. The legend in panel A also
applies to panel B. In panel C, we show the LSPR max (Amax) for each x value, where closed
circles represent defined peaks and open circles represent an estimation of the LSPR due
to the presence of a broad shoulder.

Figure 5-3: UV-vis spectroscopic stability assessment of [mpim]Cl PINC@AuxAg1 xNPs.
The legend in panel A applies to all panels. The [mpim]CI PINC@AgNPs in panel K exhibit
a large plasmon growth after storage for 1 d, necessitating the use of an inset to properly
show the plasmon band. LSPR band evolution is more pronounced for colloids containing
higher ratios of Ag, and most samples experience particle ripening across a 1-month time
frame.

Figure 5-4: Representative TEM images and particle size histograms of the x = 0.7 (top
panels) and x = 0.3 (bottom panels) bimetallic [mpim]CI PINC@AuxAgi1-xNPs solutions.

Figure 5-5: EDS spectrum for the x = 0.7 intermetallic sample confirming the presence of
Au and Ag in a 76.5 : 23.5 atom% ratio, respectively. The inset is expanded to show the
area of interest (Au and Ag).

Figure 5-6: Rate plots illustrating the catalytic conversion of 4-NP to 4-AP in the presence
of [mpim]CI PINC@AuxAg:1 xNPs and NaBHa4. The rate kinetics are determined by plotting
In(Ad/Ao) vs. time, and panels A and B represent colloids aged for 3 d and 7 d, respectively.
The legend in A applies to both plots. All colloids where x = 1.0-0.3 fall intermediate
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within the cyan and magenta plots. For ease of viewing, we exclude the first 5 s of the
reaction from these plots due to copious bubble formation. Dashed lines indicate the linear
portions used to calculate Kapp.

Figure 5-7: Plots illustrating the catalytic conversion of 4-NP to 4-AP in the presence of
[mpim]Cl PINC@AuxAg: xNPs and NaBH4. Panels A and B illustrate the decrease in
solution absorbance at 400 nm (400 nm is the characteristic peak of the 4-nitrophenolate
intermediate) when utilizing PINC@NPs aged for 3 and 7 d, respectively, as measured
using UV-vis spectrometry. The legend in A applies to both panels.

Figure 5-8: UV-vis spectra illustrating the much slower catalytic conversion of 4-NP to
4-AP when using PINC@AgNPs aged for 3 d. The top panel and bottom panel display the
4-NP conversion by monitoring absorbance at 400 nm and the In(Ao/A:) rate plot,
respectively, with the x = 0.1 sample provided for comparison purposes. The legend in A
applies to both panels.

Figure 5-9: Panel A shows the correlation between TOF and x value in the [mpim]CI
PINC@AuxAg1xNPs after aging for either 3 or 7 d when using 0.5 mol% metal to 4-NP
(excluding ting from the TOF calculation). Notably, the PINC@Auo.7Ago.sNPs possess the
highest yet recorded TOF for noble metal nanocatalysts at roughly 33,000 h~X. Panel B
provides the TOF per $US (based on the metal salt precursors) versus the x value for each
[mpim]CI PINC@AuxAg1xNPs solution, while panel C provides a similar assessment
using the values of pure metal. Metal salt prices were obtained from Millipore Sigma for
one-gram bottles of the respective metal precursors (HAuCls-3H.0O, cat. no. 520918, $US
141.00 for 1 g; AgNQO3, cat. no. 204390, $US 26.50 for 1 g), while market metal prices
($US 56.23 per g for Au, $US 0.83 per g for Ag) were obtained from
https://www.nasdag.com/market-activity/commodities/gc%3Acmx (accessed on March 22,
2021).

Figure 5-10: Plot comparing the TOF values observed for free, borohydride-stabilized
AUAgNPs and those generated in situ and supported directly on the [mpim]CI PINCs. A
distinct synergistic effect arising from the PINC support leads to an extreme enhancement
in nanocatalytic activity, particularly at higher Au mole fractions. The R value represents
the borohydride-to-metal (i.e., Au + Ag) molar ratio; for PINC-supported AuAgNPs, R =
10.

Figure 5-11: Rate plot showing recycling of the PINC@Auo.7Ago.3sNPs catalyst performed
by restarting the 4-NP reduction reaction. Relative kapp and TOF values are color-coded
to their respective rate plots. Cycle four expresses a TOF value of 30,190 h™%, the highest
value observed for this study, alluding to the capabilities of this catalyst when utilized
under conditions which suppress the induction period (e.g., inert gas flow). The trailing
kinetics in cycles 2 and 3 are caused by bubble formation in the light pathway.

Figure 5-12: Rate plot showing recycling of the PINC@AgNPs catalyst performed by
restarting the 4-NP reduction reaction. Relative kapp and TOF values are color-coded to
their respective rate plots. The induction time decreases with each iterative cycle and is
absent for cycles 4-8, which are also cycles with the fastest TOF values.
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Figure 5-13: Absorbance spectra (solid lines) and rate plots (dashed lines) showing
reduction of Congo Red by NaBH4 when using PINC@AuNPs and PINC@Auo.7Ago.3NPs
as catalysts. The spectra, particularly for the x = 0.7 sample, show fluctuations as the
Congo Red is both reduced and adsorbed to the PINC surface. While no precipitation was
visually confirmed for these samples, sorption and precipitation does occur with mixtures
of Congo Red and PINC (i.e., absent metal nanoparticles) as well as mixtures with Congo
Red and PINC@AgNPs.

Figure 5-14: Photographs of Congo Red reduction solution aged for 30 min in PMMA
cuvettes. These solutions were catalyzed by A) PINC@AUNPs B) PINC@Auo.7Ago.3NPs, C)
PINC@AgNPs, and D) unmodified PINC (control). Sorption of anionic Congo Red by the
cationic PINC causes the emergence of a distinct red precipitate; while this precipitation
likely occurs in all samples, we propose that the reduction of Congo Red occurs rapidly in
the presence of PINC@AuUNPs and PINC@Auo.7Ago.3NPs catalysts such that no visible
precipitation is observed before reaction completion. The PINC@AgNPs sample (C)
becomes colorless after about 2 h, indicating a continuation of reduction in the precipitate.

Figure 5-15: Photograph depicting the anionic dyes in acetone solutions, either in the
absence of PINC (left vial) or in the presence of PINC (right vial). Dyes from left to right:
Congo Red, Rose Bengal, Naphthol Blue Black, Biebrich Scarlet, and Methyl Orange.

Figure 5-16: Photograph depicting the cationic dyes in acetone solutions, either in the
absence of PINC (left vial) or in the presence of PINC (right vial). Dyes from left to right:
Malachite Green, Methylene Blue, Phenosafranin, Crystal Violet, and Mordant Orange 1.

Figure 5-17: Chemical structures of all dyes used in the dye sequestration study.

Figure 5-18: (Top) Schematic illustrating the adsorption of Congo Red (CR, black dots)
onto [mpim]CI PINCs (grey sheets) over 8 h. The left beaker represents dispersed CR and
PINCs, while the center beaker shows extensive interactions and the initial precipitation
as the solution absorbance at 498 (Amax for CR) begins to decrease. Finally, the beaker on
the right represents a fully precipitated PINC-CR complex, yielding a colorless solution.
(Bottom) Temperature-dependent precipitation of the PINC-CR complex, based on
absorbance at 498 nm, presented at 25 °C and 50 °C, with accelerated precipitation
observed at higher temperature.

Figure 5-19: Photographs of the array of PINC-CR complexation samples stored for 48 h
at room temperature (top photo) or 50 °C (bottom photo). In each photograph, the left-to-
right sample identifications (IDs) are CR1-CR12.

Figure 5-20: Langmuir (left) and Freundlich (right) isotherms for CR adsorption onto
[mpim]CI PINC at room temperature (RT; top) and 50 °C (bottom). Neither isotherm
model demonstrates a strong linear correlation at either temperature.

Figure 5-21: Effect of initial concentration (Co) on the equilibrium adsorption capacity
(ge) and % removal when performing dye sequestration at room temperature (RT, top
panel) versus 50 °C (bottom panel). Blue circles connected by solid lines denote e,
whereas pink squares connected by dashed lines denote % removed.
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Figure 5-22: UV-vis spectra for 50 mM aqueous CR, 50 mM aqueous MB, a mixture of
the dyes, the artificially summed spectra for each neat dye solution, and the mixture of dyes
in the presence of PINC. Dashed black vertical lines track the shifting Jmax for CR and MB.
The inset photograph displays the initial CR/MB dye solution prior to the addition of PINC
(left cuvette) and after adding PINC and allowing the solution to rest for 48 h (right
cuvette), resulting in a colorless solution.
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Abstract

We disclose the synthesis, characterization, and application of an imidazolium-
based hybrid inorganic-organic layered magnesium phyllo(organo)silicate nanosheets,
coined polyionic nanoclays (PINCs), as an emergent class of supported ionic liquids which
boast extremely high ionic density (3.8 mmol g for the 1-methyl-3-propylimidazolium
chloride PINC, or roughly two-thirds the ion loading in the analogous free-flowing ionic
liquid) and exchangeability (i.e., tailorability) of the associated cation and counteranion.
The aqueously dispersing imidazolium PINCs are employed as nanocatalyst supports for
monometallic gold and silver nanoparticles (PINC@Au- and AgNPs) and their bimetallic
intermediates using sodium borohydride as a reducing agent, and the resulting
heterogeneous catalysts are applied for the model reduction of 4-nitrophenol to 4-
aminophenol to achieve the highest reaction turnover frequency yet reported in the
literature (over 33,000 h™* for nanoparticles comprising a 70:30 molar ratio of Au:Ag).
Remarkably, the turnover for PINC@AUNPs is a 4000% increase over the corresponding
unsupported borohydride-stabilized AuNPs (600 h™), indicating an intense synergistic
effect imparted by the PINC support. Additionally, aqueous anionic dye sequestration is
demonstrated using Congo Red as a model dye system, accomplishing a maximum
adsorption capacity of over 2,600 mg dye per g of PINC when maintained at 50 °C. The
exceptional performance of these PINCs for the herein applications suggest an auspicious
future for PINCs in catalysis, ion exchange, energy storage, separations, (bio)sensing,

imaging, and the construction of nanoscale assemblies.
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Chapter 1: The Prospective Union of Functional Nanoclays

and Supported lonic Liquids

Clay applications, which range from pottery and art preparation to dwelling
construction and stain removal, were ubiquitous during the development of worldwide
human civilization. In modern times, these applications extend to commercial products
(e.g., toothpaste, anti-caking agents, ceramics) and specialized systems such as
separations,! medicine,? nanocomposites,® and catalysis.* Typical nanoclays are minerals
comprising layered tetrahedral silicate sheets and octahedral metal oxides and are
differentiated by their specific ratio of silicate to metal oxide layers, sequestering them into
groups of 2:1 or 1:1 phyllosilicates. For example, talc is a naturally occurring 2:1
phyllosilicate with the chemical structure SisMg3O10(OH) and is formed by
metamorphism of magnesium-rich rocks in the presence of water and carbon dioxide.®
Kaolinite, a 1:1 phyllosilicate with the chemical structure Si2Al,Os(OH)4, is another
common mineral which is formed when allophane (an amorphous clay-like mineraloid) is
subjected to high pressure, heat, and excess water. Such natural clays are ubiquitous in soil
and rock deposits, and talc alone accounted for USD 2.63 billion of the global market in
2018 (with an expected compound annual growth rate of 4.42%).6 With such a large
economic footprint for natural nanoclays, impetus exists in the development of synthetic

and functionalized nanoclays to expand and innovate their applications.

First popularized by Stephen Mann and Sandra Burkett in 1997,” functional 2:1
phyllosilicate nanoclays with the structure R4SisMgsOg(OH). (comprising surface

functional groups “R”) were prepared by co-condensation of a functional silane and Mg?*.
1



In this study, Mann demonstrates a simple method for the ethanolic preparation of
aminoclay, a functional nanoclay with pendant propylamine groups appended to the silicate
layer. The synthesis combines (3-aminopropyl)triethoxysilane and magnesium chloride at
room temperature in an ethanolic environment and exploits the buffering capacity of the
ammonium proton to achieve a solution pH of ~11, promoting slow condensation of brucite
(MgOH?>) and co-condensation of the silanes on the brucite surface. The resulting two-
dimensional, layered structure does not disperse in the reaction medium (ethanol) yet is
dispersible in water, revealing an interesting property of aminoclay: surface protonation
below the pK, of the primary ammonium proton (~10.68) results in exfoliation of individual
cationic sheets (Figure 1-1). Aqueous dispersions of aminoclay can be applied as
dispersible platforms for nanoparticles, and their cationic nature promotes application as
antibacterial and antifungal agents and as inorganic components in hybrid composite
materials opposite enzymes and deoxyribonucleic acid. Indeed, the aqueous dispersibility
of aminoclay allows for many applications unsuited for talc or other, non-charged

functional nanoclays.
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Figure 1-1: lllustration of the delamination and precipitation of aminoclay under aqueous
and basic/non-aqueous conditions, respectively.



Characterization of aminoclay (and other functional nanoclays) typically relies on
FTIR, XRD, and ?°Si NMR for the backbone, *H NMR and FTIR for the surface functional
groups, and TGA, TEM/SEM, DLS, and AFM for the overall structure and composition.
Of note, siloxane impurities within the tetrahedral layers are evident in 2°Si NMR and can

greatly affect surface coverage, dispersibility, and crystallinity.®

Although their application is diverse, aminoclay is typically limited to protic media
(essentially just water) below pH 10 to ensure exfoliation. Outside of these conditions,
aminoclay precipitates into laminate structures of stacked clay. Fortunately, Mann’s
approach toward nanoclay synthesis provides near limitless pathways toward other two-
dimensional functional materials. In this vein, supported ionic liquids (SILs, Figure 1-2)
are functional materials which are frequently applied for similar purposes as aminoclay,
such as nanoparticle stabilization,'® catalysis,}*"? and separation/sequestration of gases,
heavy metals, and contaminants.’® These materials encompass any substrate coated in
covalently or ionically bound permanently charged organic moieties (e.g., onium and
organic acids) and impart the properties (and interface) of the bulk ionic liquid contained
within a thin layer. In the case of physiosorbed ions, washing of the SIL typically results
in desorption and degradation of the SIL thin layer. Covalently bound ions, however, are
stable under normal washing conditions and can be recycled, much like the surface of the
functional nanoclays produced by Mann. Indeed, two-dimensional SILs appended to
clays,** octosilicate,’® and aluminum oxide!® exist in the literature, although their
preparation is limited to only top-down synthetic methods (i.e., condensation of the organic
moiety onto a pre-prepared two-dimensional substrate). The top-down process has several

inherent issues, such as incomplete surface modification (typically less than 85% of
3



theoretical surface coverage), an increase in substrate thickness (a 2:1 phyllosilicate would
become a 2:2:1 phyllosilicate due to the addition of a second silane appendage to the 2:1
structure), and difficulty purifying the product from the IL precursor solution. A bottom-
up, aminoclay-like approach toward a two-dimensional nanoclay SIL is of great

importance to help close this gap in the literature.

23WW

ionic liquid pon(lonlc liquid) ionene supported ionic liquid

Figure 1-2: Visual comparison between bulk ionic liquid, polyionic polymers, and
supported ionic liquids.

Our group reported the first bottom-up preparation of a permanently charged
functionalized polyionic nanoclay (PINC) and their initial application as a support material
for noble metal nanocatalysts.” This material began as a concept to produce an aminoclay-
like material with more diverse applicability, including dispersion in polar organic
solvents, and quickly grew as we found that the support not only stabilized nanoparticles,
but also greatly enhanced their catalytic capabilities far beyond anything we anticipated.
Within this document, we provide a brief background of the model reaction used to assess
noble metal nanoparticles: 4-nitrophenol (4-NP) reduction to 4-aminophenol (4-AP).18
This discussion serves as an introduction to the reaction and our manner of calculating
reaction rates and turnover frequency (TOF) as a comparator between nanocatalysts. Next,

we summarize the synthesis of traditional borohydride-stabilized bimetallic gold and silver
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nanoparticles (AUAgNPs) as a typical free nanocatalyst and demonstrate the 4-NP
reduction reaction.'® By free, we specifically refer to the fact that these nanocatalysts are
not supported by a substrate. This study also serves as an introduction to the typical
formation of nanoparticles and acts as a direct comparator for the nanoparticles prepared
in the presence of the PINC substrate. The following chapter includes our introduction to
PINCs, including the synthesis, characterization, and application of the imidazolium-based
PINC for anion exchange and nanoparticle stabilization.!” We also provide the first
demonstration of 4-NP reduction, including a brief comparison between free and PINC-
appended AuNPs. Following this is an additional PINC study demonstrating the
stabilization of bimetallic imidazolium PINC@AuUAgNPs and a more in-depth comparison
between PINC appended and free NPs. In addition, this study includes our first non-
nanoparticle PINC application: anionic dye sequestration. The final chapter concludes my
work regarding PINCs and alludes to future work, including the preparation of other onium

PINCs, alcohol oxidation using PINC@NPs, and further dye-sequestration applications.

NH; NH! NH;
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NH! NH} NH;

poly(ionic) nanoclay

Figure 1-3: Illustration demonstrating the merging of ionic liquid-functionalized silanes
and the aminoclay synthesis route to prepare two-dimensional polyionic nanoclays
(PINCs).
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Chapter 2: 4-Nitrophenol Reduction — Best Practices for

Reporting the Well-Known Model Reaction®

T This Chapter is based upon a published manuscript in New Journal of Chemistry
and is adapted with permission. Nathaniel E. Larm, Nakara Bhawawet, Jason A.
Thon, Gary A. Baker, New J. Chem., 2019, 43, 17932-17936.

The intrinsic catalytic activity of gold nanoparticles (AuNPS) has led to their
use as catalysts in a variety of reactions, such as alcohol oxidation,! hydrogenation,?
CO oxidation,® and Suzuki-Miyaura cross-coupling reaction* to name a few. As the
demand for these versatile catalysts rises, it becomes apparent that there exist
relatively few model tests to assess their catalytic efficacy in a comparative manner.
Instead, interest lies in producing AuNPs possessing novel sizes, shapes, and surface
chemistries, properties that are known to affect their performance as catalyts.>® The
catalytic activities of these novel AuNPs for the above reactions are frequently
compared,> " but without using a well-understood model reaction, reliability in
these comparisons can be uncertain.

One of the most widely used reactions to screen noble metal NPs is nitroarene
reduction.’®! Indeed, this method is widely used to test a variety of supported AuNPs
(MgO,*2 aminoclay,*? titania,** graphene,’® graphene oxide!®) and unsupported AuNPs,*"
19 as well as Au nanoclusters (AuNCs)?° and other noble metal NPs (Ag,? Pt,?? Pd%®),
bimetallic NPs,* 2* and non-noble metal NPs (Ni, %6 Cu,?®> %’ C0,% Fe®). In particular,
the aqueous reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) by borohydride
(BH4") in the presence of a noble metal catalyst is commonly used due to the ease with

which it is performed (aqueous medium, ambient pressure and temperature, UV-vis



detection method, common and cheap reagents).' 28-3 The reaction is monitored through
an intermediate (4-nitrophenolate) peak, which strongly absorbs at 400 nm and decays as
the reaction proceeds. This becomes visually evident when the UV-vis spectra are plotted
as illustrated in Figure 2-1A, where the absorption at 400 nm at reaction start (to) drops to
baseline at reaction completion (t). The red plot in Figure 2-1B shows a typical absorption
spectrum at 400 nm as a function of time alongside the corresponding pseudo-first-order
rate plot (represented by In(Ao/At) versus time) in blue. Notably, an induction period (tind)
of null spectroscopic change, attributed to a back-reaction wherein dissolved oxygen
converts 4-AP to 4-nitrophenolate,3* is observed prior to the start of analysis. Following
ting is a linear portion in the rate plot where the slope equals the apparent rate (Kapp), @ widely

reported value in literature when comparing catalytic activities of AuNPs, 339
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Figure 2-1: A) Typical spectra of 4-nitrophenolate (Amax = 400 nm) as it converts to
4-AP over time (to—tf) in the presence of AUNP catalyst. B) Example time-dependent
absorption (red) and rate plot (blue). A black arrow on the absorption spectrum
marks the induction period (ting), here lasting about 10 s. The kapp can be determined
from the slope of the linear section of the rate plot, shown here as a dashed line.
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While many researchers report kapp values for this reaction, occasionally the catalyst
loading with regards to 4-NP (mol% Au) is absent in experimental descriptions.
Specifically, here mol% Au incorporates moles of Au metal, not moles of NPs. These poor
reporting practices are problematic, as the observed kapp shows direct correlation with
mol% Au.*® Further, researchers often report comparisons between kapp values of their
AuUNPs and others from literature without mentioning that the mol% Au was incongruent
between studies. This oversight makes the relationship between mol% Au and Kkapp an
elemental and severely lacking aspect of this model reaction. To better understand this
relationship, we prepared AuNPs using ascorbic acid (AA; AA-AuNPSs) as a dual-role
reducing and capping agent via a previously reported method®® (experimental details can
be found in Table 2-1 with UV-vis characterization in Figure 2-2). These AuNPs were
chosen due to their simple and highly reproducible synthesis, making comparisons between
AA-AUNP solutions prepared in different laboratories reliable. The solution of AA-AuNPs
was used for the model reduction of 4-NP to 4-AP (triplicate runs) using a range of catalyst
loadings and the resulting kapp Was determined in each case (Figure 2-3 and Table 2-2). For
reproducibility, this process was repeated independently by three researchers. As can be
seen in Figure 2-4, mol% Au and kapp are proportional (assuming negligible activity in the
absence of catalyst), indicating that kapp for this reaction can be tailored by simply changing
mol% Au. This relationship, which is only rarely discussed in the literature,*° reinforces
the importance of transparency regarding reaction conditions and establishes that AuNP

systems cannot be directly compared using kapp unless identical mol% Au values are used.
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Table 2-1: Volumes of AA-AuNP solution used to prepare the specified catalyst loadings
(mol% Au, relative to 4-NP) for testing nanocatalytic 4-NP reduction and the resulting
molar amounts of the reaction constituents.

mol% Au Vol. AA-AuNP 4-NP NaBH4 Au
soln. (mL) (mol) (mol) (mol)
1.25% 0.021 4.20 x 1077 9.00 x 10 5.25x10°
2.50% 0.042 4.20 x 1077 9.00 x 10 1.05x 108
5.00% 0.084 4.20 x 10”7 9.00 x 10° 210x 108
7.50% 0.126 4.20 x 1077 9.00 x 10 3.15x10°%®
10.0% 0.168 4.20 x 1077 9.00 x 10 4.20 x 1078
12.5% 0.210 4.20 x 1077 9.00 x 10 5.25x 108
15.0% 0.252 4.20 x 1077 9.00 x 10 6.30 x 108
17.5% 0.294 4.20 x 1077 9.00 x 10 7.35x 108
20.0% 0.336 4.20 x 1077 9.00 x 10 8.40 x 108
22.5% 0.378 4.20 x 10”7 9.00 x 10 9.45x 108
25.0% 0.420 4.20 x 1077 9.00 x 10 1.05x 10”7
27.5% 0.462 4.20 x 1077 9.00 x 10 1.16 x 10”7
30.0% 0.504 4.20 x 10”7 9.00 x 10 1.26 x 10”7

Table 2-2: Apparent catalytic rates and turnover frequencies as functions of mol% Au for
the AA-AuNP-catalyzed reduction of 4-NP. Errors are listed parenthetically and represent
standard deviations for three separate measurements made by each of three researchers

(#1-3).
mol% Kapp (S_l) Kapp (S_l) Kapp (S_l) TOF (h_l) TOF (h_l) TOF (h_l)
Au (#1) (#2) #3) (#1) (#2) #3)
1.25% 9.83(0.65) x 104 9.46(0.15) x 10* 1.13(0.18) x 10° _ 90(6) 87(14)  104(16)
2509% 2.00(0.20) x 10° 1.93(0.18) x 10° 1.99(0.27) x 10°  92(9) 89(8) 91(12)
5.00% 3.68(0.15) x 10° 3.38(0.33) x 103 3.95(0.53) x 10°  84(3) 77(7) 91(12)
750% 5.54(0.20) x 10° 5.36(0.13) x 10° 6.08(0.24) x 10°  84(3) 82(2) 93(4)
100% 7.01(0.31) x 103 6.87(0.17) x 10° 8.90(0.24) x 10°  80(3) 78(2) 101(3)
12.5% 8.95(0.69) x 10 1.01(0.01) x 102 1.10(0.04) x 102  82(6) 92(1) 100(4)
15.0% 1.02(0.01) x 102 1.28(0.08) x 102 156(0.07) x 102  77(1) 97(6) 118(5)
17.5% 1.21(0.10) x 102 1.49(0.02) x 102 1.70(0.09) x 102 79(6) 97(2) 111(6)
20.0% 1.52(0.12) x 102 1.70(0.04) x 102 1.50(0.09) x 102  87(7) 97(2) 86(5)
225% 1.74(0.07) x 102 2.24(0.14) x 102 1.88(0.33) x 102  85(4) 110(7) 92(6)
250% 2.04(0.16) x 102 2.29(0.05) x 102 2.04(0.09) x 102  93(7) 104(2) 93(4)
275% 2.15(0.16) x 102 2.41(0.03) x 102 2.54(0.08) x 102 90(7) 100(1) 106(3)
30.0% 2.33(0.11) x 102 2.50(0.04) x 102 2.76(0.16) x 102 98(4) 94(2) 104(6)
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Figure 2-2: A typical UV-vis spectrum of AA-AuNPs. The position of the localized
surface plasmon resonance (LSPR) band at 522 nm corresponds to a mean particle
size of 33 £ 9 nm.
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Figure 2-3: Representative kinetic plots for AA-AuNP-catalyzed 4-NP reduction
showing the range of catalyst loadings examined. The apparent rates shown were
obtained from the slopes of the linear regressions for each catalytic run shown.
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Figure 2-4: Plot showing the linear relationship between kapp and mol% Au to 4-NP
when using AA-AuNPs as catalysts as determined in triplicate by three researchers
(#1-3) working independently.

Occasionally, the mol% Au cannot be universal between studies due to
experimental limitations (e.g., very low or high catalyst activity, poor solubility or
limited availability of catalyst).3” 41*? For these instances, and indeed as a standard
in reporting of this model reaction moving forward, we look to use a simple
calculation to replace kapp. Turnover frequency (TOF), a value from enzymology
representing the conversion of substrate to product per amount of catalyst in a period

of time, should be reported alongside kapp in nanoparticle catalysis.3® 43 TOF can be

calculated as follows for this reaction:
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_ n4_Np completion %
TOF = (mau) (Erxn) 100 (1)

where ns.np and nay are the moles of 4-NP and catalyst, respectively, and tixn is the
time in hours from initial mixing to reaction completion (note that txn in this
calculation includes the induction period, indicating that AUNP surface restructuring
hinders apparent catalytic performance). The percent reaction completion is
included as a correction to exclude unreacted substrate from the calculation.
Incorporating the amounts of 4-NP and Au used for the reaction allows TOF to be
used to compare the catalytic activities of different AUNP systems regardless of the
mol% Au used, making it an indiscriminate method for determining catalytic
activity. It does, however, have a limitation: the value txn does not currently have a
universal criterion dictating when the reaction is considered “complete.”® To tackle
this problem, we synthesized data to model a typical catalyzed 4-NP reduction and
examined the effect of txn on TOF. Using a kapp Value of 0.015 s™* and an initial 4-
NP concentration (Co) of 0.14 mM we simulated a pseudo-first-order reaction and

rate plot (Figure 2-5A, blue and red lines, respectively).

16



0 14 ' A' 1 ' | 1 7] 30
g 0.12 F 125
0.10 | 20
p—— : N
— 0.08 | 1150
& 0.06 | o
Z. 4 1.0 <
<+ 0.04 |
0.02 - 105
0.00 ' ' - 1 0.0
0 50 100 150 200
time (s)
300 ——m 100
i i @)
<200 F 1 ¢
= [ 160 S
~ - ] 5
m 150 | i ’OT‘
® 1003 140 =,
- ] o
i : 120 -
[ = Ve
50 : O\o
p ——
O 1 1 1 | 1 O
0 1 2 3 4 5 6
ln(CO/Ct)

Figure 2-5: A) In blue, a plot of [4-NP] versus time using synthesized data (tina = 0,
[4-NPJo = 0.14 mM, kagp = 0.015 s1). In red, the corresponding pseudo-first-order
rate plot. B) Relationship between % reaction completion (conversion of 4-NP to 4-
AP) and the calculated TOF using Eq. 1 and the synthesized data above at each
value of In(Co/Ct). Note that In(Co/Cy) is equal to In(Ao/At), as concentration and
absorbance are proportional.
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Note that we assume an induction period (ting) of O s to simplify the
calculations and use In(Co/Ct) for the rate plot instead of In(Ao/Ay) since
concentration and absorbance are proportional. We calculated values for TOF using
Eq. 1 and the txn value and reaction completion % that correspond to each In(Co/Cy)
value (Figure 2-5B, purple line). As the In(Co/Ct) value numerically represents the
reaction progress, we also plotted their relationship in green as a visual reference. It
is easily observed in Figure 2-5B that the calculated TOF is highly dependent on
reaction completion %: the reliability of residual substrate conversion is hampered
by UV-vis limitations at higher In(Co/Cy), whereas lower In(Co/Ct) values produce
inflated TOFs which observe greater penalty from long tindg. As such, a standard value
of In(Co/Cy), or In(Ao/At), must be established to make TOF a comparable value
between studies. We assert that a In(Co/Ct) value of 3 (95% reaction completion),
being located between these two limitations, should be universally used. This
standard value should prolong the overall measurement time to enhance
reproducibility while simultaneously avoiding instrument sensitivity limitations
during late-stage reaction progress.

Using this standard, we determined the TOF at In(Ao/At) = 3 for each mol%
Au using the data from Figure 2-4 and compiled the results in Figure 2-6 and Table
2-2. As expected, the calculated TOF is consistent across all mol% Au values for
this AUNP system, with an average value of 92.4 and %RSD of 10.7%, alluding to
the robust nature of the AA-AuUNP synthesis while also confirming that TOF is a

better comparison metric than kapp When catalyst loading is not consistent.
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Figure 2-6: Plot showing the variability in TOF with respect to mol% Au when using
Eq. 1 at a reaction completion criterion of In(Ao/At) = 3 (95% completion) for each
researcher (#1-3). The solid black line at 92.4 h™ represents the average TOF.

In summary, we propose new standards for reporting the model reaction of
4-NP reduction when using AuNPs as catalysts. A commonly reported value for this
reaction, kapp, has been shown to scale linearly with respect to mol% Au, making it
a tailorable quantity which must be explicitly defined by the experimental
parameters before comparisons can be made to other AuNP systems. As a
replacement, we recommend that researchers report TOF, a value which
incorporates the quantities of substrate and catalyst used in the reaction as well as

reaction time. Further, we propose that a reaction completion of 95% (corresponding

to a In(Ao/Ay) value of 3) allows for reliable calculation of TOF by avoiding
19



instrument sensitivity limitations from low precursor concentration. It is our
assertion that these guidelines can help alleviate confusion and inaccurate reporting
with regards to this frequently used model reaction. In addition, these guidelines
should be applicable to other catalytic systems as well, in particular those using

metal nanoparticles.
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Chapter 2 Supplementary Information

Chemicals and Reagents. Ultrapure Millipore water purified to a resistivity of 18.2 MQ
cm at 25 °C was used throughout. Tetrachloroauric acid trihydrate (HAuCls-3H20,
>99.9%, 520918), L-ascorbic acid (AA, Fluka, >99.9998%, 05878), sodium borohydride
(NaBH34, 99.99%, 480886), and 4-nitrophenol (4-NP, >99%, 241326) were purchased from

Millipore Sigma (St. Louis, MO) and were used as received.

Characterization. UV-vis spectroscopy was performed on a Cary 50 Bio UV-vis
spectrophotometer using Fisherbrand™ disposable poly(methyl methacrylate) (PMMA)

cuvettes (10 mm path length, 14-955-130, Fisher Scientific, Pittsburgh, PA).

Gold Nanocatalyst Synthesis. The following procedure was followed independently by
each of three researchers performing the nanocatalysis experiments discussed herein. This
method was found to yield ascorbic acid-capped gold nanoparticles (AA-AuNPs) with
highly reproducible optical properties and catalytic performances for 4-NP reduction.
Additionally, the synthetic route is simple to follow and convenient (i.e., no heating and
only three components are needed, one being water), endorsing these AuNPs as valuable
nanocatalysts for benchmarking the performance of future nanocatalysts for this model
reaction. In a typical synthesis of AA-capped AuNPs, 18 mL of Millipore water were added
to a 100-mL round bottom flask that had previously been cleaned with aqua regia,
exhaustively rinsed with Millipore water, and then equipped with a Teflon®-coated stir bar.
1.0 mL of 5.0 mM HAuCI4-3H.0 was pipetted into the water in the flask and the solution
stirred for 1 min at 750 rpm before adding 1.0 mL of 17.0 mM AA to initiate reduction of

the gold. The solution immediately became red, indicating the successful formation of AA-
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AuUNPs. AA-AuUNPs solutions were stored at room temperature and aged protected from

light for 1 day prior to benchmarking AA-AuNP nanocatalytic behavior.

4-Nitrophenol Reduction. The activity of AA-AuNPs for catalyzing the reduction of 4-
nitrophenol (4-NP) to 4-aminophenol (4-AP) under the action of NaBH4 was assessed for
different catalyst levels spanning the range of 1.25 to 30.0 mol% Au (Table 2-1). It should
be noted that each researcher (n = 3) independently prepared the stock solutions from which
they conducted catalytic studies in order to truly evaluate the reproducibility through the
whole of this model reaction: this also includes the individual synthesis of the AA-AuNP
catalyst by each experimenter.

To assess the catalytic activity of the AA-AuNPs toward 4-NP reduction, 0.9 mL
of freshly prepared aqueous 0.1 M NaBH3 was firstly added to 2.1 mL of 0.2 mM aqueous
4-NP solution (prepared the same day) in a standard, disposable PMMA cuvette, to yield a
deep-yellow solution indicative of 4-nitrophenolate formation. In practice, for the
preparation of the 0.1 M NaBHa stock, 10 mL of Millipore water and 37.8 mg of NaBH4
initially contained in separate glass vials were combined just prior to analysis, then held on
ice for up to 15-20 min for repetitive measurements, after which the stock was discarded
and a fresh one made as needed. To initiate catalysis, the desired volume of AA-AuNP
(nanocatalyst) solution was rapidly injected into the solution containing 4-NP and NaBHa
(see Table 2-1), the cuvette swiftly capped, cautiously inverted three times to mix (being
careful to minimize bubble formation), then placed into the cell holder of a Cary Bio 50
spectrophotometer, followed by triggering the Cary WinUV software to collect kinetic
data. The lag between AA-AUNP injection and commencement of spectrophotometric

assay was reliably 3-5 s. Reaction progress was monitored by tracking the loss in solution
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absorbance at 400 nm. Reaction evolution was accompanied by a conspicuous color change
from bright yellow to colorless. Assuming pseudo-first-order kinetics (a reasonable
assumption, given that [NaBHa4]/[4-NP] = 214), the apparent rate constant (kapp) values for
catalytic profiles were calculated from the linear correlations of In(Ao/Ay) versus time
graphs. Catalytic experiments were performed in triplicate by each researcher at every
mol% Au listed in Table 2-2. Turnover frequencies (TOFs) were calculated using eqgn. (1)
from the main text using, for consistency, the time required to attain a In(Ao/A:) value of

3.0 for trxn, Which corresponds to 95% completion of 4-NP reduction.
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Chapter 3: Preparation of Unsupported, Borohydride-

Stabilized Gold and Silver Bimetallic Nanocatalysts'

T This Chapter is based upon a published manuscript in Nanoscale Advances and is
adapted with permission. Nathaniel E. Larm, Jason A. Thon, Yahor Vazmitsel, Jerry
L. Atwood, and Gary A. Baker, Nanoscale Adv., 2019, 1, 4665-4668.

Noble metal nanoparticles (NPs) are promising catalysts for a variety of
organic reactions such as 4-nitroarene reduction using sodium borohydride,!®
aerobic oxidation of alkyl benzenes to benzaldehydes,®® and alkylation of primary
amines to secondary amines in the presence of an alcohol.®*! It is well known that
the catalytic potential of noble metal NPs relies heavily on their size, shape,
crystallinity, dispersity, and surface chemistry.® 12 In this regard, strong stabilizing
ligands typically hinder catalytic activity by creating a diffusion barrier between
reactants and the NP surface, with tightly-bound surfactants leading to slower
diffusion of reactants and poor catalytic activity.'® This flaw was turned into a
feature by Astruc and co-workers in 2014 when they reported the synthesis of gold
nanoparticles (AuNPs) stabilized by NaBHs for the catalytic reduction of 4-
nitrophenol (4-NP) to 4-aminophenol (4-AP) in the presence of NaBHa,* providing
an intriguing circumstance where BH4~ participated in the catalytic system as both
the catalyst surfactant and as one of the reactants. Their catalyst preparation used
clever manipulation of the concentration of NaBH4, a common reducing agent®® but
seldom-utilized stabilizing ligand, to produce AuNPs possessing the highest activity

for this reaction yet reported.
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Bimetallic NPs provide an interesting opportunity to expand the current
catalog of nanocatalysts. In particular, bimetallic gold/silver nanoparticles
(AUAgNPs) provide a cheap alternative to monometallic AuNP catalysts while
generally possessing higher catalytic activity for the reduction of nitroarenes.%-?2
Herein, we investigate a slightly modified Astruc method for the synthesis of
monometallic AuNPs and AgNPs as well as bimetallic AuxAgi1-xNPs (where x ranges
from 0.9 to 0.1 in 0.1 increments) using NaBH4 as the sole reducing/stabilizing
agent. Three distinct molar ratios of reducing agent to metal (denoted herein as R
values; specifically, R = 2, 5, and 10) were used to create sets of
monometallic/bimetallic NP solutions as shown in Tables 3-1-3-3. These colloidal
NP solutions were then used as catalysts in the reduction of 4-NP to 4-AP in the
presence of NaBHa4, which resulted in the highest observed catalytic activity for this

reaction when using noble metal NPs at room temperature.

Table 3-1: R = 2 sample preparation for AuxAg:-xNPs reduced and stabilized by NaBHa.

Stocks [stock] x water HAuUCI;4 AgNOs3 NaBH4
(mM) (mL)  stock (mL) stock (mL) stock (mL)
HAuUCI, 5.0 1.0 18.0 1.0 0.0 1.0
AgNOs3 5.0 0.9 18.0 0.9 0.1 1.0
NaBH,4 10.0 0.8 18.0 0.8 0.2 1.0
0.7 18.0 0.7 0.3 1.0
0.6 18.0 0.6 0.4 1.0
0.5 18.0 0.5 0.5 1.0
0.4 18.0 0.4 0.6 1.0
0.3 18.0 0.3 0.7 1.0
0.2 18.0 0.2 0.8 1.0
0.1 18.0 0.1 0.9 1.0
0.0 18.0 0.0 1.0 1.0
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Table 3-2: R = 5 sample preparation for AuxAg: xNPs reduced and stabilized by NaBHa.

Stocks [stock] Water HAuUCl4 AgNOs NaBH4
(mM) (mL)  stock (mL) stock (mL) stock (mL)
HAUCI, 5.0 1.0 18.0 1.0 0.0 1.0
AgNO; 5.0 0.9 18.0 0.9 0.1 1.0
NaBH,4 25.0 0.8 18.0 0.8 0.2 1.0
0.7 18.0 0.7 0.3 1.0
0.6 18.0 0.6 0.4 1.0
0.5 18.0 0.5 0.5 1.0
0.4 18.0 0.4 0.6 1.0
0.3 18.0 0.3 0.7 1.0
0.2 18.0 0.2 0.8 1.0
0.1 18.0 0.1 0.9 1.0
0.0 18.0 0.0 1.0 1.0

Table 3-3: R = 10 sample preparation for AuxAg:-xNPs reduced and stabilized by

NaBHa.

Stocks [stock] Water  HAuUCI4 AgNOs NaBH4
(mM) (mL) stock (mL) stock (mL) stock (mL)

HAUCI, 5.0 1.0 180 1.0 0.0 1.0
AgNO; 5.0 09 18.0 0.9 0.1 1.0
NaBH,4 50.0 08 18.0 0.8 0.2 1.0
0.7 18.0 0.7 0.3 1.0

06 18.0 0.6 0.4 1.0

0.5 18.0 0.5 0.5 1.0

04 18.0 0.4 0.6 1.0

03 18.0 0.3 0.7 1.0

0.2 18.0 0.2 0.8 1.0

0.1 18.0 0.1 0.9 1.0

0.0 18.0 0.0 1.0 1.0

The AuxAgixNP colloids were initially screened using UV-vis

spectrophotometry (Figures 3-1 through 3-12), monitoring for changes in their

localized surface plasmon resonance (LSPR) band over time as an indication of

colloid stability. The LSPR bands of the as-synthesized monometallic solutions
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indicate the formation of small AUNPS (LSPRmax of ~510 nm) and AgNPSs (LSPRmax
of ~410 nm) in the x = 1.0 and 0.0 solutions, respectively, while the bimetallic
solutions possess intermediate LSPR bands. Within 5 d of synthesis, aggregation in
the form of a black precipitate was observed in the R = 5 AgNPs as well as all
samples containing more than 50 mol% Ag (x < 0.5) from the R = 10 sample set.
After aging for 20 d, the solutions of AgNPs from the R = 2, 5, and 10 sample sets,
bimetallic x = 0.1 AuxAg1xNPs from the R = 5 sample set, and bimetallic x = 0.1,
0.2, 0.3, and 0.4 AuxAgixNPs from the R = 10 sample set also possessed such
aggregates. This aggregation is attributed to a decrease in surface potential imparted
by electron injection into the NP by BH4™, resulting in destabilization of the colloidal
dispersion.® All other samples showed colloidal stability through 20 d, with some

broadening and red-shifting of the LSPR band in each AuNP spectrum.
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Figure 3-1: UV-vis spectra of borohydride-capped AuxAg1 xNPs alongside images of the
samples aged for 5 d. The R values provided in the left panels denote the number of
equivalents of NaBH4 per metal atom employed in the synthesis. Colloidal instability in the
form of black precipitates affiliated with sample decoloration is observed for very low x
values (high silver content) inthe R =5 (x = 0.0) and R = 10 (X < 0.3) sample sets.
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Figure 3-2: Stability of AuNPs (AuxAgixNPs for x = 1.0) over 30 days of storage as
monitored using UV-vis spectrophotometry. Panels A, B, and C correspond to R values of
2, 5, and 10, respectively. The legend in panel A applies to all panels.
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Figure 3-3: Stability of AuxAg1-xNPs (x = 0.9) over 30 days of storage as followed by UV-
vis spectrophotometry. Panels A, B, and C correspond to R values of 2, 5, and 10,
respectively. The legend in panel A applies to all panels.
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Figure 3-4: Stability of AuxAg1 xNPs (x = 0.8) over 30 days of storage, interrogated using
UV-vis spectrophotometry. Panels A, B, and C correspond to R values of 2, 5, and 10,
respectively. The legend in panel A applies to all panels.
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Figure 3-5: Stability of AuxAg1 xNPs (x = 0.7) over 30 days of storage as monitored using
UV-vis spectrophotometry. Panels A, B, and C correspond to R values of 2, 5, and 10,

respectively. The legend in panel A applies to all panels.
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Figure 3-6: Stability of AuxAg:1 xNPs (x = 0.6) over 30 days of storage as measured using
UV-vis spectrophotometry. Panels A, B, and C correspond to R values of 2, 5, and 10,
respectively. The legend in panel A applies to all panels.

39



1.0

0.8

0.6

0.4

Extinction

0.2

0.0

0.8

0.6

0.4

Extinction

0.2

0.0

0.8

0.6

0.4

Extinction

0.2

0.0

PR S ST TN WO NN TN AN TR Y T TN TR NN S S

300

400 500 600 700
Wavelength (nm)

800

Figure 3-7: Stability of AuxAg1 xNPs (x = 0.5) over 30 days of storage, tracked using UV—
vis spectrophotometry. Panels A, B, and C correspond to R values of 2, 5, and 10,
respectively. The legend in panel A applies to all panels.
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Figure 3-8: Stability of AuxAg1xNPs (x = 0.4) over 30 days of storage, followed by UV-
vis spectrophotometry. Panels A, B, and C correspond to R values of 2, 5, and 10,
respectively. The legend in panel A applies to all panels.
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Figure 3-9: Stability of AuxAg1xNPs (x = 0.3) followed over 30 days of storage using UV—
vis spectrophotometry. Panels A, B, and C correspond to R values of 2, 5, and 10,
respectively. The legend in panel A applies to all panels.
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Figure 3-10: Stability of AuxAg: xNPs (x = 0.2) evaluated over 30 days of storage with
UV-vis spectrophotometry. Panels A, B, and C correspond to R values of 2, 5, and 10,
respectively. The legend in panel A applies to all panels.
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Figure 3-11: Stability of AuxAg: xNPs (x = 0.1) investigated over 30 days of storage with
UV-vis spectrophotometry. Panels A, B, and C correspond to R values of 2, 5, and 10,

respectively. The legend in panel A applies to all panels.
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Figure 3-12: Stability of AgNPs (AuxAg:xNPs for x = 0.0), monitored over 30 days of
storage using UV-vis spectrophotometry. Panels A, B, and C correspond to R values of 2,
5, and 10, respectively. The legend in panel A applies to all panels.
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Aging from 20 to 30 d resulted in interesting plasmon behavior. For instance,
spectra measured of AuNPs from the R = 2 sample set alluded to the aforementioned
particle growth throughout the 20-d time frame, but suddenly exhibited a much
narrower peak than was previously observed in any spectra of that same sample
collected to that point (Figure 3-2), suggesting the formation of more monodisperse
NPs. Indeed, AuNP solutions from each R value sample set demonstrated red-
shifting of the LSPR. We attribute this to long-term instability of borohydride-
capped NPs. Bubbles were also observed in these aged solutions, indicative of H>
gas production from the hydrolysis of the borohydride to borohydroxides of the form
[BHy(OH)a ]

A comparison of the UV-vis spectrum of a 1:1 v:v mixture of AuNPs and
AgNPs and that of our x = 0.5 bimetallic NPs is shown in Figure 3-13. The latter
sample exhibits peak broadening and a decrease in peak intensity when compared to
the spectra from the monometallic samples, alluding to the formation of intermetallic
structures. Further, energy-dispersive X-ray spectroscopy (EDS) spot analysis was
used to interrogate the atomic composition of our bimetallic NPs from the R =5, x
= 0.5 solution. The proportions of Au and Ag were determined to be 36.7 and 63.3
atom%, respectively, as calculated from the EDS spectrum (Figure 3-14). We
attribute the discrepancy between the as-prepared (50:50) and as-measured (37:63)
atom ratios to low X-ray counts and the high relative error of the EDS measurement
(~30%), a consequence of the small NP size. We propose that these bimetallic NPs

comprise a pseudo-random composition that is primarily governed by the relative
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concentrations of available metal atoms in solution, although the small NP sizes

thwarted our attempts to elucidate the exact atomic composition via EDS mapping.
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Figure 3-13: Comparison of AuNPs, AgNPs, a 1:1 AuNP:AgNP mixture, and bimetallic
AuxAg1xNPs (x = 0.5). Shown are A) R = 2, B) R =5, and C) R = 10, where R equals the
molar ratio of NaBH4 to metal. The total metal (Au + Ag) concentration is 0.25 mM for all
samples.
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Figure 3-14: (Left) A high resolution TEM image showing a R = 5, x = 0.5 bimetallic
AuxAg:1xNP and (right) the corresponding EDS spectrum confirming the presence of both
gold and silver within the nanostructure. Copper is typically observed when using copper
TEM grids, but the presence of silicon is more likely attributed to a small amount of
contamination on the TEM grid, as no glassware or silicon-containing reagents were used
in the preparation of these bimetallic NPs.

Transmission electron microscopy (TEM) images were acquired for the
following AuxAgi1-xNPs samples after aging for 5d: R =2, x = 0.6, 0.3, 0.0 (Figure
3-15); R =5, x=1.0, 3.0 (Figure 3-16); and R = 10, x = 0.7, 0.5 (Figure 3-17). The
representative images and respective histograms indicate narrow size distributions
and mostly sub-10 nm particle sizes for all but the R = 2 AgNPs, an anomaly which
we are tentatively attributing to the instability of borohydride-capped AgNPs, as the
solutions of AgNPs when R =5 or 10 contained black precipitate at this time point.
Further, the TEM images suggest the formation of metal networks either in solution
or upon drying on the grid, making NP size assessment difficult (at least 300 NP
were counted, with some level of inaccuracy as the branching metal networks were
ignored). Notably, these networks were also observed by Astruc et al.}* The smallest
observed NPs were produced by the R = 2, x = 0.3 AuxAg1xNPs solution, with an

average size of 4.6 = 2.4 nm.
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Figure 3-15: TEM images and related size histograms for borohydride-capped AuxAg:-
xNPs for (A, B) x =0.6; (C, D) x =0.3; and (E, F) x = 0.0 (i.e., AgNPs). The borohydride-
to-metal molar ratio (R value) is 2 for these samples.
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Figure 3-16: Representative TEM images and size distribution histograms for R = 5
AuxAg:1xNPs where (A, B) x = 1.0 and (C, D) x = 0.3. Note the apparent formation of metal
networks and particle ripening (sizes of metal networks were ignored during particle size
analysis).

50



5 10 15 20 25 30 35 40
Size (nm)

5 10 15 20 25 30 35 40
Size (nm)

Figure 3-17: Representative TEM images and size distribution histograms for R = 10
AuxAg1-xNPs, for (A, B) x=1.0 and (C, D) x = 0.3. Note the occasional large nanoparticle
or aggregation of nanoparticles, particularly in panel C.

The catalytic activity of 5 d-old AuxAgi-xNPs was measured through the
model reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) in the presence
of sodium borohydride (NaBH4), with experimental details provided in the ESI.
Briefly, 2.1 mL of aqueous 0.2 mM 4-NP and 0.9 mL of aqueous 0.1 M NaBH4 was
added to a poly(methyl methacrylate) (PMMA) cuvette, resulting in a yellow
solution of 4-nitrophenolate (Amax =400 nm). To this, 34 pL of the aqueous 0.25 mM

metal catalyst solution (that is, [Au] + [Ag] = 0.25 mM) was added (catalyst loading
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of 2.0 mol% metal to 4-NP, which was kept constant throughout), and the cuvette
was capped, inverted to mix, and placed in the UV-vis spectrometer to begin
measuring solution absorbance at 400 nm, similar to techniques used in previous
publications.?® Notably, samples containing black precipitate were not assessed for
catalytic performance due to inaccuracies in calculating the remaining concentration
of dispersed NPs. In the presence of excess NaBHas, the reaction proceeds via
pseudo-first-order Kinetics and a linear relationship between In(Ao/At) versus time
can be established, the slope of which equals the catalytic rate (kapp). These plots and
the resulting kapp values are shown in Figure 3-18. While it is common during 4-NP
reduction to observe an initial induction period wherein dissolved oxygen back-
reacts with 4-AP,?* such a delay is only observed during the slower reactions when
using AuNPs and AgNPs. We propose that the faster kinetics imparted by our
bimetallic NPs greatly shorten this induction period, limiting it to the time required
to invert our cuvette for mixing. The reactions were considered complete when the
decrease in absorbance at 400 nm slowed substantially (corresponding to a In(Ao/Ar)
value of 3 and equating to 95.0% reaction completion), or after 5 min had passed.
Generally, bimetallic AuxAgixNPs with medium-to-high silver contents (i.e., X <

0.7) demonstrated higher catalytic rates within a given R value sample set.
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X kapp /s
1.0 5.07(0.13) x 107
0.9 4.68(0.04) x 10~
0.8 6.44(0.34)x 107
0.7 1.38(0.04) x 107"
1 06  1.72(0.08) x 10
0.5 1.23(0.01) x 10™
1 04 1.2600.18) % 107
0.3  1.89(0.02) x 10
102 1.450.23) =10

In(4,/A4)

1 00 5.230.22)x10°

1.0 9.88(0.60) x 107
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0.8 8.02(0.26) x 10~
0.7 1.36(0.02) x 10"
0.6 1.27(0.02) x 10
0.5 1.49(0.04) x 107"
0.4 1.41(0.03)x10™
0.3 1.61(0.07) x 107"
0.2  1.58(0.10) x 107"
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Figure 3-18: Plots depicting the pseudo-first-order kinetics of 4-NP reduction and
associated catalytic rates (kapp) using 5 d-old borohydride-stabilized AuxAgi-xNP
nanocatalysts (R = 2, 5, and 10, top to bottom). Excluded x values for a particular R value
indicate the observation of colloidal precipitation after aging for 5 d.
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Turnover frequency (TOF) is often preferred over kapp wWhen reporting
comparative catalytic activity of NPs due to the former’s incorporation of the molar
ratio of catalyst to substrate. More specifically, this value is calculated by dividing
the moles of substrate (nsnp) by the product of moles of catalyst (nm) and the

reaction time (trxn) in hours, then correcting for reaction completion, as per eqn. (1).

__ n4Np completion %
TOF = (Mm) (trxn) 100 @)

Herein, we used 2.0 mol% metal to 4-NP and define the reaction time as the
time to attain In(Ao/At) = 3 (95% reaction completion). This reaction completion %
has the benefit of incorporating most of the reaction progress while simultaneously
negating instrument sensitivity concerns arising when the [4-nitrophenolate]
becomes very small. Under these parameters, the x = 0.3 AuxAg1-xNPs from the R
= 2 sample set demonstrated the highest catalytic activity, with a calculated TOF of
12,160 h™* (Figure 3-19, Table 3-4). Notably, several of our bimetallic NPs at each
R value outperformed the previously-reported best-in-class AuNP catalyst (TOF =
9,000 h™1),1* despite our use of more stringent reaction completion conditions (the
reference reported a completion time corresponding to a In(Ad/A)) = 2, or 86%
completion, and did not correct for this in their calculation of TOF). To our
knowledge, these AuxAgi-xNPs possess the highest catalytic activity for this system
yet reported in literature. The proposed reason for such a pronounced increase in
TOF when using bimetallic NPs is two-fold: first, a size regulating effect is evident

for solutions of mixed metals, resulting in populations of smaller NPs and a potential
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increase in the number of surface atoms available for catalysis. Second, the presence
of guest metals within an ordered crystalline structure results in disharmonious,
defect-laden surfaces, increasing the number of active sites for catalytic activity and
surface rearrangement of stabilizing ligands. Further study is required to fully
appreciate and quantify the amount of catalytic enhancement imparted, in general,
when incorporating bimetallic systems.

Table 3-4: Turnover frequency (TOF/h™) of AuxAg: xNPs.

X R=2 R=5 R=10
1.0 605%10 620 + 40 590 £ 10
0.9 2,926+50 1,310 £ 50 2,460 + 70
0.8 4,010+ 200 5400+330 6,500 + 230
0.7 8,830+480 8,600 £170 9,690 + 1240
0.6 11,500+740 7,980+40 9,160 + 660
0.5 8,180+50 9,500+240 12,070 +1,370

04 7,930+1,190 8,840+60 a
0.3 12,160+230 10,450 + 390 a
0.2 8,5590+1,100 9,600 + 830 a
0.1 8,280+210 9,000 410 a
00 2,370+70 a a

a Catalytic activity was not assessed for these samples due to the presence of black precipitate, evidence of
NP aggregation.

A recyclability assessment was performed using the R = 2, x = 0.3 sample
(Table 3-5 and Figure 3-20). The initial catalytic cycle was performed as specified
above, and, once the reaction was complete, the cuvette was spiked with 84 pL of
5.0 mM 4-NP and 90 uL of 0.1 M NaBHj to restart the reaction. This recycling
procedure was performed five sequential times using the same cuvette and catalysis
solution. Unfortunately, we find that the TOF experiences an exponential decay in
each sequential cycle, dropping from an initial value of 12,260 h~* to 1,570 h™* after

six cycles. This is, however, not surprising as the high surface energy of nanoscale
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colloids invariably results in instability, aggregation, and eventual loss of catalytic
activity. Indeed, in practice nanocatalysts are typically protected against colloidal
aggregation and oxidation by coating with a suitable polymer (e.g., poly(N-vinyl-2-
pyrrolidone) PVP), deposition on a solid inorganic support, or encapsulation within
a porous scaffold to yield superior stability, durability, and recoverability relative to
the free nanocatalyst.?>?’ Nonetheless, the final TOF observed after six catalytic
cycles for our unsupported catalysts remains high compared to typical nitroarene
reduction nanocatalysts reported in the literature.**

Table 3-5: Apparent catalytic rate (Kapp/s ) and turnover frequency (TOF/h?t) for the
recyclability study performed using the R = 2, x = 0.3 bimetallic AuxAg1 xNPs.

Cycle Kapp (73 TOF (h?)
1 1.87 x 10t 12,260
2 (1% recycle) 9.77 x102 6,030
3 (2" recycle) 7.22x102% 4,490
4 (39recycle) 4.17x107% 2,880
5 (4" recycle) 3.30x 1072 2,120
6 (5" recycle) 2.68 x 102 1,570
As a metric to compare the price and activity of our bimetallic NPs, we

prepared a plot of TOF per USD (h™t $1) versus the x value for AuxAgi-xNPs (Figure
3-19B). Our aim is to show that not only are these bimetallic NPs the best catalysts
for this system yet reported, but they are much more cost effective than the
monometallic AuNPs typically utilized. Indeed, higher Ag concentrations (lower x
values) possessed higher activity per $, with a special note of the very high activity

and lowered cost of the x = 0.1 AuxAg1-xNPs.
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Figure 3-19: (A) Turnover frequency (TOF) and (B) TOF per U.S. dollar (USD), expressed
as functions of the overall nanoparticle composition, for borohydride-stabilized AuxAgi-
xNPs applied as nanocatalysts for 4-NP reduction. Panel (B) illustrates the economic
viability of replacing Au with Ag in this catalytic system by way of a monotonic increase
in the TOF per USD. Economic performance is based on current representative vendor
prices for the metal precursors used, as mentioned in the Supplementary Information for

this Chapter.
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Figure 3-20: Assessment of the recyclability of the R = 2, x = 0.3 bimetallic AuxAg1-xNPs.
Top) Absorbance spectra (blue, left axis) and rate plots (red, right axis) for each cycle
versus time, with considerable slowing of the reaction rate observed in later cycles. The
duration of time between cycles when the cuvette was mixed outside of the instrument has
been removed for clarity. Bottom) The kapp (blue, left axis) and TOF (red, right axis) values
for each cycle, showing exponential decay in activity with sequential cycles.

58



In summary, we report a method for synthesizing bimetallic AuxAgi1 xNPs
capped with NaBH4 which possess higher catalytic activity for the reduction of 4-
NP to 4-AP than their corresponding monometallic counterparts when utilizing the
same total moles of metal. With TOF values up to 12,160 h?, these nanoparticles
have, to our knowledge, exhibited the fastest rates recorded in literature for the NP-
catalyzed reduction of 4-NP to 4-AP. Further, this research sheds light on the use of
Ag as a substitute for Au in catalytic systems to alleviate financial limitations of

traditional monometallic catalysts.
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Chapter 3 Supplementary Information

Materials. Ultrapure Millipore water purified to a resistivity of 18.2 MQ cm was used
throughout. Tetrachloroauric acid trihydrate (HAuUCls-3 H20, >99.9%, 520918), silver
nitrate (AgNO3, 99.9999%, 204390), sodium borohydride (NaBH4, 99.99%, 480886), and
4-nitrophenol (4-NP, >99%, 241326) were all acquired from Millipore Sigma (St. Louis,

MO) and used as received.

Characterization. UV-vis spectroscopy was performed using a Cary 50 Bio UV-vis
spectrometer with disposable, 1-cm path length poly(methyl methacrylate) (PMMA)
cuvettes. Transmission electron microscopy (TEM) images of 5-day-old NPs deposited on
carbon-coated copper grids (Ted Pella, Inc.; 01814-F, support films, carbon type-B, 400
mesh) were obtained using an FEI Technai (F20) microscope operating at 200 keV. At

least 300 particles were analyzed using ImageJ software to generate NP size histograms.

Nanocatalyst Synthesis. 18.0 mL of ultrapure H>O was added to each of thirty-three 50-
mL polypropylene centrifuge tubes. The appropriate volume of 5.0 mM HAuUCl4-3H20 was
added to each tube according to the experimental parameters given in Tables 3-1-3-3. 10.0,
25.0, and 50.0 mM NaBHj4 solutions were prepared immediately before use. Two 1000-puL
autopipettors were used to rapidly and simultaneously inject the appropriate amounts of
5.0 mM AgNOz and NaBHj4 stock to the HAuCl4 solution under vortex mixing, achieving
a BH4 to metal molar ratio of 2.0, 5.0, or 10.0 based on the sample set in Tables 3-1-3-3.
The resulting solutions, which immediately turned a shade of red to yellow depending on
the metal ratio, were vortexed for an additional 20 s to mix. UV-vis absorption

spectroscopy was used to follow the colloidal stability of the nanoparticles during aging
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for 1, 5, 10, 20, and 30 d. All solutions were kept at room temperature and stored protected

from light during aging.

Nitroarene Reduction. The catalytic activity for 4-nitrophenol (4-NP) reduction to 4-
aminophenol (4-AP) using NaBH4 was assessed for each sample that did not visibly show
black aggregates after aging for 5 d. First, 2.1 mL of 0.20 mM 4-NP and 0.9 mL of fresh
0.1 M NaBH4 were combined in a clean 4-mL PMMA cuvette and placed in the UV-vis
spectrometer set to scan at 400 nm. To initiate a catalytic run, 0.034 mL of a given
nanoparticle solution (0.25 mM metal) was added, followed by rapid capping and inversion
of the cuvette to mix before placing it in the spectrometer. The reaction was assumed to
have completed when the absorbance at 400 nm was at 5% of the starting value. For a large
excess of borohydride (NaBHa4:4-NP ratio of 214 was used throughout), the pseudo-first-
order kinetics yield a linear plot of In(Ao/At) versus time, where Ag and At are the initial and
time-dependent absorbance, respectively, with the slope equaling the apparent rate (Kapp).

All kinetic studies were performed in triplicate.

Evaluation of Economics. At the time of this writing, 1 g of AgNOs costs $24.70
(99.9999% trace metals basis, 204390) whereas 1 g of HAuUCl4-3H,0 runs $127.00 (99.9%
trace metals basis, 520918) from Millipore Sigma. Notably, the TOF/USD ratio increased
over 85-fold between x = 1.0 and x = 0.1 for AuxAg1x NPs made for R = 5. Error bars were

derived from the uncertainty in the TOF and do not account for price variability.
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Chapter 4: The First Preparation of Polyionic Nanoclays

(PINCs) and Their Application in Heterogeneous Catalysis’

T This Chapter is based upon a published manuscript in Chemistry of Materials and
is adapted with permission. Nathaniel E. Larm, Laxmi Adhikari, Samantha McKee,
and Gary A. Baker, Chem. Mater., 2021, 33, 3585-3592.

Ionic liquids (ILs) have amassed considerable academic and industrial attention as
alternatives to traditional solvents for a wide range of applications including liquid-liquid
separations,'? catalysis,’”’ and nanoparticle synthesis.®!® Further, nanofilm layers of IL
dispersed on solid substrates, coined supported ionic liquids (SILs), have received

significant attention over the last decade as alternatives to bulk IL, as evidenced by

11-14 15-16

numerous analytical reviews, research articles, and at least one book.!” Because
these SILs mimic the physicochemical properties of bulk IL in a nanoscale layer on a solid
support, they impart several inherent benefits over bulk IL such as (i) an increase in
diffusivity of analytes within the SIL nanofilm, alleviating the retardation of reaction rates
observed in viscous IL solution, (i1) a greater affinity for continuous flow (rather than
batch) applications, increasing product throughput, and (iii) an inclusion of a tailorable
solid support, promoting simple separation and recovery of the SIL. These features

incentivize the investigation and development of SILs and allude to the reasoning behind

their successful inclusion in academic and industrial applications.

When preparing SILs, selection of a support (two- or three-dimensional) and
synthesis direction (top-down or bottom-up) is vital, as the substrate has extensive control
over surface area, solid-state packing efficiency, and dispersibility of the SIL composite in
solvents. Current literature reports lean heavily toward top-down methods of IL dispersion
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onto porous three-dimensional (e.g., mesoporous silica'®) and lamellar two-dimensional

2021 octosilicate??) substrates by exploiting physisorption

(e.g., aluminum oxide,' clay,
(van der Waals forces and hydrogen bonding interactions) or chemisorption (covalent
bonding) between the cation of the IL and the substrate surface. Despite the simplified
appearance of these top-down approaches and the access they provide to both two- and
three-dimensional supports, the top-down methodology imparts several distinct
drawbacks: (1) pre-treatment of the substrate is often required prior to IL modification, (ii)
the IL and substrate must be solvent-compatible, (iii) heterogenous surfaces can result from
incomplete IL deposition, and (iv) the product requires separation/purification from excess
IL and unmodified substrate. To alleviate these problems, bottom-up procedures toward
three-dimensional SILs have been developed wherein a cation-functionalized
trialkoxysilane undergoes acid or base catalyzed, surfactant-assisted sol-gel co-
condensation, followed by surfactant extraction to obtain a SIL composite.!!* ¥ We note,
however, the absence of a similar literature method toward two-dimensional SIL synthesis.
While the inherent size-tunability of pores within three-dimensional structures can aid
separations, two-dimensional substrates intrinsically possess more accessible and less size-
restricted surface areas, increasing diffusion rates during continuous-flow reactions and
increasing SIL efficiency over a broader range of catalytic and separations applications.
Herein, we address the lack of a bottom-up approach to two-dimensional SILs.

Reports from Burkett et al.??

have demonstrated a bottom-up synthesis of organo-
functionalized phyllosilicate nanoclays using specialized trimethoxysilane precursors (i.e.,

the synthesis of amine- and thiol-functionalized nanoclays have been known for decades,

and aminoclay is a common, well-studied material***). Thus, it stands to reason that a
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trimethoxysilane functionalized with an organocation moiety can be used as a nanoclay
precursor, allowing us to extend well-established nanoclay synthesis techniques into the
realm of SILs. In this regard, the first reported bottom-up approach for the synthesis of
two-dimensional, imidazolium-functionalized, phyllosilicate nanoclay-based SILs (coined
polyionic nanoclays, or PINCs, due to their ionic liquid surface functionality) is presented
herein. Scheme 4-1 illustrates the two synthetic routes investigated to make PINCs.
Initially (Route 1), we proposed alkylation of a propylimidazole-functionalized nanoclay
to yield the desired PINC; however, the negligible delamination of the imidazole nanoclay
in any tested solvent limits alkylation to only the exposed surfaces of nanoclay stacks.
Route 2 illustrates the successful method toward alkylimidazolium-functionalized silane
IL synthesis,?® followed by nanoclay formation in the presence of Mg?" and under basic
conditions. We recommend this route for preparing PINCs, resulting in aminoclay

analogues with complete surface functionalization.

Experimentally, 2.00 grams (6.89 mmol) of (3-iodopropyl)trimethoxysilane was
combined with 0.51 grams (6.26 mmol) of 1-methylimidazole in a clean, dry 15-mL round
bottom flask. The mixture was stirred at room temperature and protected from light for 7
d. The resulting yellow liquid was rinsed with ethyl acetate under vigorous stirring three
times to extract excess reactants, followed by rotary evaporation at 30 °C for 2 h to obtain
a viscous yellow liquid (yield of 0.74 g, or 2.00 mmol based on the proposed formula
weight of 371.9 g mol!), which was identified via 'H NMR to be 1-methyl-3-
(trimethoxysilylpropyl)imidazolium iodide ([mpim]I silane, Figure 4-1A). This method
was also used to synthesize 1-butyl-3-(trimethoxysilylpropyl)imidazolium iodide ([bpim]I
silane) and 1-octyl-3-(trimethoxysilylpropyl)imidazolium iodide ([opim]I silane) by
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replacing 1-methylimidazole with similar molar quantities of 1-butyl- or 1-octylimizadole,
respectively. In this regard, 1-butylimidazole was purchased while 1-octylimidazole was
produced by dissolving 5.0 g of imidazole and 14.2 g of 1-bromooctane in 50 mL of
absolute EtOH, followed by slow addition of 1.8 g of sodium hydride while stirring to
deprotonate the imidazole. This solution of 1-bromooctane was stirred for 1 day and
distilled prior to use for silane synthesis. We note that (3-chropropyl)trimethoxysilane can
be substituted for the (3-iodopropyl)trimethoxysilane by heating for 3 d at 80 °C (all else
being the same), resulting in the chloride silanes. To prepare the PINCs, 0.31 g of
MgCl2-6H20 (1.52 mmol) was dissolved in 15 g of absolute EtOH in a 100-mL glass round
bottom flask. 0.74 g of [mpim]I silane was dissolved in 10 g of absolute EtOH using brief
sonication, forming a solution which was promptly added to the solution of Mg?*. To
promote hydrolysis of the silane precursor, 4.0 mL of 0.5 M aqueous NaOH was added to
the stirring solution, resulting in the formation of a white precipitate. This cloudy mixture
was magnetically stirred at 400 rpm under ambient temperature for 24 h. The contents of
the flask were transferred to a 50-mL Falcon centrifuge tube and rinsed three times using
absolute EtOH and centrifugation (centrifuge at 10,000 rpm for 15 min, decant the liquid,
re-disperse the precipitate in ~20 mL of EtOH via brief shaking, repeat) to obtain a white
precipitate of [mpim]I PINC, which was then lyophilized to obtain the dry PINC. The PINC
powder was stored at room temperature in a lab drawer until use. This method was also
used to synthesize butyl- and octylimidazolium iodide ([b- and [opim]I) PINCs as well as
methylimidazolium chloride ([mpim]Cl) PINC using those respective silane precursors.
The facile synthesis is not wasteful of expensive IL, and the products possess intrinsic
homogeneous surface functionality due to the building-block nature of the bottom-up

69



nanoclay synthesis. We want to acknowledge that all PINCs produced herein have been
assigned nomenclature based on the halide present in the precursor silane IL despite the

presence of other anions (e.g., OH™ and CI") in the nanoclay reaction media.

Scheme 4-1: Proposed PINC Synthetic Routes
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Figure 4-1: Characterization of the [mpim]l silane IL and PINC. A) and B)
respective 'H NMR spectra; C) XRPD pattern of [mpim]l PINC; D) FTIR spectrum
of [mpim]l PINC; E) TGA thermogram of [mpim]l PINC; F) photographs of i)
[mpim]l silane IL below ethyl acetate and ii) [mpim]l PINC.

Solvation of the silane ILs and PINCs can simplify characterization, anion
exchange, and purification procedures. We find that the silane ILs are readily soluble in

water and chloroform, but not diethyl ether or ethyl acetate (noted as useful purification
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solvents to separate the IL from its precursors). Further, the polycationic surfaces of the
PINCs cause them to disperse in water, but less so in non-aqueous media (e.g., MeOH,
EtOH, acetone, chloroform, hexanes). Mechanistically, this dispersion is similar to the
delamination of aminoclay in water below pH 10 (the pK. for a primary ammonium
proton), although we note that our PINCs are always charged (i.e., not pH dependent like
aminoclay), and that longer alkyl chains at the imidazolium N2 position contribute to more
hydrophobic surfaces, reducing the solubility of those PINCs in water. Indeed, dispersion
of the 1-methyl-3-propylimidazolium iodide ([mpim]I) PINC in water results in a clear,
colorless solution at concentrations above 100 mg mL ! with light sonication, whereas an
aqueous solution of [opim]I PINC has the appearance of a cloudy dispersion. These
solubilities should be considered when designing the PINCs or considering their

application.

The iodide-based silane ILs and PINCs were characterized using 'H NMR
spectroscopy, XRPD, FTIR spectroscopy, and TGA as shown for [mpim]I silane and its
respective PINC in Figure 4-1 (further elaboration on characterization of longer alkyl chain
silanes/PINCs can be found in Figures 4-2 through 4-8). The '"H NMR spectroscopic
assignments and integrations display characteristic peaks for [mpim]I, [bpim]l, and [opim]I
silanes and PINCs (Figures 4-1A, 4-2, and 4-5 for silanes, 4-1B and 4-3 for PINCs), with
peak broadening in the [bpim]I PINC spectrum attributed to its decreased D,O solubility.
The XRPD diffractograms for the iodide-based PINCs (Figures 4-1C, 4-4, and 4-6) exhibit
broader analogs of the talc (020), (110), (130), (200), (060), and (330) reflections (JCPDS
card 13-0558), a finding which correlates well with that of Burkett et al. for their

organofunctionalized nanoclays.[10] Notably, the (001) reflection, which is representative
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of the interlamellar spacing between nanoclays, is difficult to discern in our results. We
attribute this observation to exfoliation or steric expansion of the interlayer spacing beyond
the working range of the X-ray diffractometer used. The FTIR spectra (Figures 4-1D and
4-7) reveal absorbance peaks corresponding to those of the magneso-silicate backbone and
the organic moieties associated with the surface functional groups. The TGA thermograms
(Figures 4-1 and 4-8) reveal similar thermal stabilities for each iodide-based PINC, with
evaporation of trapped solvent concluding around 150 °C and thermal degradation of the
surface organic groups beginning at around 250-300 °C. These results allude to the
possibility of using these PINCs for applications at elevated temperatures near 200 °C.
Although unfunctionalized aprotic ionic liquids, (e.g., 1-butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide) typically produce negligible char residue upon heating
in an inert atmosphere,?’ similar thermolysis conducted under confinement within an oxide
framework (e.g., silica) afforded significant carbonization yields.?® Char formation for
thermolysis of the [mpim]Cl PINC is evident from the change in appearance from white to
black after treatment at 800 °C for 1 h, as shown in Figure 4-9, alluding to the possibility

for these PINCs to act as matrices for the entrapment of char.
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Figure 4-2: H-NMR spectrum of butylimidazolium iodide silane IL. Peak
assignments show the presence of residual solvent (chloroform) and possibly water
(at 1.8 ppm). The following shifts are identified (500MHz; CDCls): 10.18 (1H, s, N-
CH-N), 7.45 and 7.40 (1H each, s, CH>-N-CH-CH), 4.35 (4H, t, CH>-N-CH-N-
CH>), 3.56 (9H, s, CH3-0O-Si), 2.03 (2H, m, CH3-CH2-CH?>), 1.91 (2H, m, Si-CH>),
1.39 (2H, m, CHs-CHy), 0.96 (3H, t, CH3), 0.64 (2H, t, Si-CH2-CH>).
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Figure 4-3: *H-NMR spectrum of the butylimidazolium iodide PINC. Interlocking of
the longer alkyl chain branching from the imidazolium ring dissuades delamination
of the PINC in water, resulting in broader peaks than those observed in the
methylimidazolium iodide PINC. This broadening also reduces peak resolution,
producing a significant hurdle for integration. Peak assignments show the presence
of residual solvent (ethanol). The following shifts are identified (600MHz; D20):
7.49 (2H, s, CH2-N-CH-CH), 4.19 (4H, m, CH2-N-CH-N-CH>), 1.96 (2H, m, Si-
CH2-CHy), 1.87 (2H, m, CH3-CH2-CH2>), 1.33 (3H, m, CHs-CHy>), 0.94 (3H, s, CH3),
0.93 (2H, s, clay-CH»). The proton located at the N-CH-N location experiences
rapid exchange with D20, resulting in its absence from the spectrum.
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Figure 4-4: XRPD diffractogram for the butylimidazolium iodide PINC. Sharp
peaks are present at 32°, 45°, and 57° 26, corresponding to the (200), (220), and
(222) reflections in NaCl, respectively. All other reflections are indicative of a 2:1
phyllosilicate clay, with peak broadening attributed to the large organic moiety [(1-
butyl-(3-propyl)imidazolium] present on the lamella surface.
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Figure 4-5: H-NMR spectrum of octylimidazolium iodide silane IL. Peak
assignments show the presence of residual solvent (chloroform) and possibly water
(at 1.8 ppm). The following shifts are identified (500 MHz; CDCl3): 10.03 (1H, s, N-
CH-N), 7.69 and 7.42 (1H each, s, CH>-N-CH-CH), 4.34 (4H, m, CH2-N-CH-N-
CH>), 3.54 (9H, s, CHs-O-Si), 2.01 (2H, m, Si-...-N-CH>-CH>), 1.90 (2H, m, Si-
CHy>), 1.26 (10H, m, CH3-CH>-CH>-CH>-CH>-CHy>), 0.84 (3H, t, CH3), 0.63 (2H, t,
Si-CH,-CHy). Peaks marked with a green asterisk (*) are unidentified but may

0
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Figure 4-6: XRPD diffractogram for the octylimidazolium iodide PINC. Sharp peaks are
present at 27°, 32°, 45°, 54°, 57°, and 66° 26, corresponding to the (111), (200), (220),
(311), (222), and (400) reflections in NaCl, respectively. All other reflections are indicative
of a 2:1 phyllosilicate clay, with peak broadening attributed to the large organic moiety
[(1-octyl-(3-propyl)imidazolium] present on the lamella surface. It is possible that the
absence of the (001) reflection in the PINC, typically found near 8° 2 6, is indicative of a
large interlayer spacing in the lamellar structure resulting from steric hinderances caused
by the large octyl chain.
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Figure 4-7: Transmission FTIR spectra of the [m-, [b, and [opim]l PINCs.
Magneso-silicate peaks are observed at ~520 cm™ for Mg—O, 1015-1020 cm™* for
Si-O-Si, 1165-1170 cm™ for Si-C, 3430-3450 cm for O-H, and 3700 cm™ for
MgO-H. Organic moieties display characteristic peaks at 1380-1480 cm™ for C-N,
1560-1575 cm™* for C—C, 2930-2960 cm™ for alkyl C—H, and 3000-3150 cm™* for

ring C-H.
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Figure 4-8: TGA thermogram (top) and 1% derivative plot (bottom) for the
methylimidazolium and butylimidazolium iodide PINCs. For [mpim]l PINC, the
following mass losses are noted: 9% loss before 200 °C attributed to gradual release
and evaporation of water, EtOH, and MeOH; 31% mass loss from 250 to 450 °C
attributed to degradation of the methylimidazolium functionality; 8% mass loss from
475 to 600 °C attributed to degradation of the propyl chain. For the [bpim]l PINC,
the following mass losses are noted: 6% loss before 200 °C attributed to gradual
release and evaporation of water, EtOH, and MeOH; 30% mass loss from 225 to
375 °C attributed to degradation of the butylimidazolium functionality; 20% mass
loss from 375 to 600 °C attributed to degradation of the propyl chain. For [opim]I
PINC, the following mass losses are noted: 7% loss before 200 °C attributed to
gradual release and evaporation of water, EtOH, and MeOH; 21% mass loss from
250 to 450 °C attributed to degradation of the octylimidazolium functionality; 10%
mass loss from 475 to 600 °C attributed to degradation of the propyl chain. Note
that the disproportionate mass losses observed for the organic components in
[opim]l PINC are tentatively attributed to residual NaCl (presence evident in
XRPD).
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Figure 4-9: ATGA profile for [mpim]CI PINC which was, prior to analysis, cleaned
repeatedly with ethanol and thoroughly dried to remove as much solvent and
interlamellar salt and reactants as possible. Using a heating rate of 10 °C min?, the
white sample was heated from room temperature to 100 °C, where it remained for 1
h, and then continued to 800 °C, where it remained for 1 h. Subtracting the wt%
after drying at 100 °C for 1 h (95.4 wt%) and after run completion (37.7 wt%) yields
a total mass loss due to degradation of organic moieties (i.e., the covalently-bound
IL) of 57.7 wt%. Using the molecular weight of the [mpim]CI IL moiety (159.64 g
mol), we calculate an IL loading of 3.8 mmol g~X. We note that the presence of
residual salt and char, the latter of which can be seen in the “post-TGA” picture,
can cause error in this estimation.

The monetary and temporal cost of bulk IL (and by extension SIL) production is a
common barrier to their application. Therefore, the expensive, week-long ambient
synthesis using the iodine-based precursor silane (3—7 U.S.$ mL™") was replaced with a
cheaper, three-day, 80 °C synthesis using 3-chloropropyltrimethoxysilane (0.20-0.40

U.S.$ mL™"). This alteration to the method produces [mpim]Cl silane IL and PINC, which
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notably shows similar solvation properties and characterization results to those of [mpim]I
PINC (Figure 4-10) while reducing the reagent cost of the resulting composite by almost
an order of magnitude. This [mpim]Cl PINC was used for all following experiments and
was further characterized using scanning electron microscopy (SEM) and transmission

electron microscopy (TEM) to discern average platelet size and stacking (Figure 4-11).
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Figure 4-10: Characterization of [mpim]Cl silane IL/PINC and [mpim][Tf2N]
PINC. A) and B) [mpim]Cl silane IL and PINC *H-NMR spectra. Green asterisks
(*) denote impurities tentatively attributed to degraded methyl imidazole. C) Scheme
showing the anion exchange between [mpim]CI PINC and [mpim][Tf2N]. D) PXRD
diffractograms for both [mpim]CI and [mpim][Tf2N] PINCs, with red asterisks (*)
denoting the NaCl (200), (220), and (222) impurity peaks. The higher diffraction
angle for the (001) peak in [mpim][Tf2N] PINC when compared to [mpim]CI PINC
is attributed to the hydration of ClI~, which expands the interlayer region. E) FTIR
spectra, with the denoted vaS=0 (1350 cm™), vaC—F (peak at 1147 cm™ ! and
shoulder at 1230 cm™2), and vaS-N-S (1060 cm™1) bands arising from the [Tf2N]~
anion. F) TGA thermogram (solid lines) and first derivative plot (dashed lines) for
each analyte from panel E, with characteristic mass losses from TfoN™ in the
corresponding [mpim][Tf2N] PINC. The legend in panel E also applies to panel F.
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Figure 4-11: (Left) SEM and (right) TEM images of [mpim]CIl PINC. The stacked
PINCs in the SEM image allude to a layered structure, and the TEM image presents
an average platelet size of 59.2 + 26.8 nm (the smallest and largest measured
platelets are 12 and 176 nm, respectively).

Our claim of complete surface functionalization requires conscientious reporting of
IL loading and surface charge. Utilizing TGA, we have calculated an IL loading of
approximately 3.8 mmol g for our [mpim]CI PINC (Figure 4-9). We wish to note that
neat [mpim]Cl IL comprises an “IL loading” of 6.2 mmol g when calculated using the
molar mass of 160.64 g mol. Discrepancies between the calculated and theoretical IL
loadings can be due to residual interlamellar salt (likely NaCl) and char formed during
TGA (as evidenced by the black appearance of the calcined product in Figure 4-9), and we
delved deeper into the backbone structure to determine the presence of other error by way
of surface defects. Our initial assumption is that our PINCs possess a talc-like backbone
comprising a hexagonal distribution of fully condensed surface silicon (talc JCPDS card
13-0558), which would yield a theoretical maximum single-layer IL loading of 4.2 mmol
gt (3 IL moieties per nm?).% Interestingly, the solid-state 2°Si NMR spectrum for

[mpim]CI PINC (Figure 4-12) reveals a polycondensation of 55%, as calculated using
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Equation 1, for the Si layer (41% T1, 53% T2, and 6% T3 by area, where T1, T2, and T3
correspond to the singly-, doubly-, and triply-condensed Si atoms, respectively), likening
the PINC backbone to that of aminoclay rather than fully-condensed talc (i.e., aminoclay

is known to possess a small T3 peak).?3

_ (%T1+2%T2+3%T3)

polycondensation = . 1)

For the curious reader, we point to an excellent recent publication by M. Bruneau et al.
wherein the authors discuss tailoring the reaction conditions to adjust the degree of clay
condensation.®® Unfortunately, the low degree of polymerization complicates our surface-
bound IL estimation, though we propose that our bottom-up approach intrinsically leads to
complete functionalization of the clay surface. Regardless, our estimated IL loading of 3.8
mmol g is over double that of other materials in the literature,*® 3! and is, to our
knowledge, the closest of any SIL phase to the previously mentioned IL density of neat,
unsupported [mpim]CI IL (6.2 mmol g!). As a final characterization of the charged IL
surface, zeta potential measurements of [mpim]Cl PINC colloid reveals a potential
difference of +44 mV and +30 mV for [mpim]Cl and [bpim]l PINCs, respectively, which

are comparable with the value of +35 mV for aminoclay in an acidic medium.%
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Figure 4-12: Solid-state 2°Si NMR spectrum for [mpim]CI PINC. We additionally
provide structure representation for each condensation degree, where “Im”
represents the imidazolium group and “R” represents either Mg or Si atoms. The

area % for each peak is based on the deconvoluted data, which inherently possesses

a maximum error of 5%.

ILs are labeled as designer solvents due to the exchangeability of cations or anions toward
a specific application. While we speculate that the cation can be exchanged during
synthesis of the silane (indeed, PINCs with pyridinium and pyrrolidinium functionality are
interesting topics for a future study), anion exchange of the halide present on the PINC can

be readily demonstrated through metathesis in aqueous solution. Addition of excess

aqueous LiTfzN to an aqueous dispersion of [mpim]CI PINC precipitates the white solid
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[mpim][Tf2N] PINC (Figures 4-10C and 4-13), characterized using XRPD, FTIR
spectroscopy, and TGA (Figure 4-10D-F), whereas addition of aqueous HAuCls produces
a yellow precipitate of [mpim][AuCls] PINC, which can be re-dispersed through sonication
(Figure 4-13). While this simple exchange alludes to many exciting applications in
catalysis and separations, the formation of [mpim][AuCl4] PINC incentivizes investigation
into substrate-stabilized AuNPs and heterogeneous catalysis. In this regard, reduction of
the aqueously-dispersed [mpim][ AuCls] species occurred through the dropwise addition of
a molar excess of aqueous sodium borohydride (NaBH4), producing an orange-red solution
with an extinction peak at ~500 nm (Figure 4-14). Experimentally, a typical preparation
involves solvation of 100 mg of [mpim]Cl PINC in 8.0 mL of H>O followed by addition of
a 1.0 mL aliquot of aqueous 10 mM HAuCl4 while stirring vigorously to form a yellow
solution. After 1 min, 1.0 mL of aqueous 1.0 M NaBH4 was added rapidly to the stirring
solution form an orange colloid of PINC@AuNPs. This colloid was stored at room
temperature in a lab drawer until use. The solution color alludes to the formation of sub-5
nm gold nanoparticles (AuNPs) supported on the PINC surface (PINC@AuNPs), which is
confirmed by TEM analysis (Figure 4-13). Significantly, the AuNPs appear to be
sufficiently stabilized by surface ligands and the conjugated 1 electrons from the PINC
imidazolium groups,* such that aggregation is prevented even after storage in a lab drawer
for 2 months (Figure 4-14). As such, these supported AuNPs exhibit good long-term
aqueous stability (indeed, the colloidal stability of these PINC@AuNPs was assessed using
zeta potential, yielding a surface charge of +26 mV). As a control, a solution of [mpim]CI
IL was prepared and used at a similar molar quantity in the place of PINC to make AuNPs.
The resulting solution, prepared identically to that with the PINC, turned blue upon
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addition of NaBH4 and, within 1 min, black as the Au’ aggregates precipitated from
solution. This control indicates that the structured PINC is required for the IL to act as an

effective stabilizing ligand, and that bulk IL is insufficient to prepare similar AuNPs.

LiTf,N(aq)

sedimented
[mpim][Tf,N] PINC

HAuCl,(aq) sonication

dispersed sedimented dispersed dispersed
[Mmpim]CI PINC  [mpim][AuCI,] PINC [mpim][AuCI,] PINC PINC@AUNPs

Figure 4-13: Aqueous anion exchange of CI~ for Tf2N~ (top left) to form an insoluble
SIL precipitate [mpim][TfaN] PINC, and AuCls (bottom) to form a sediment of
[mpim][AuCl4] PINC, followed by sonication and reduction via sodium borohydride
(NaBH4) to create sub-5 nm AuNPs supported on the PINC substrate (top right;
image is from the 1.0 mM PINC@AuUNPs solution and consists of 2.5 £ 0.7 nm
AuNPs).

88



0.8 ————————1——————
—— [mpim]CI PINC

— PINC@AuUNPs, 1d
_ 06 A -
Is — 214
5 6| —— 60d
£
=
W 02 F
’E\OO | | |
C 1 | |
S 1.2
E)/ 1.0 -
08
x L
LLl 0.6
3 04
N I
T'és 0.2
BO'O..III..I,.lll.l
Z 400 500 600 700 800

Wavelength (nm)

Figure 4-14: Stability analysis showing A) the UV-vis spectra showing
PINC@AUNP (1.0 mM Au sample, diluted to 0.25 mM for measurement) stability
and B) the corresponding normalized spectra. A very slight red shift (~2 nm) was
observed in the spectra for samples aged for 21 and 60 d, indicating slight growth
in the AuNPs over time.
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Due to the dual role of NaBHj as reducing/capping agent, it is presumed that these
AUNPs should possess a similar surface chemistry to those produced by Deraedt et al.,>*
albeit supported on a PINC surface; accordingly, these AuNPs should perform quite well
as heterogeneous catalysts for the model reduction of 4-nitrophenol (4-NP) to 4-
aminophenol (4-AP) using NaBHas. In a typical reaction, 2.10 mL of 0.20 mM aqueous 4-
NP (0.42 umol) and 0.90 mL of freshly prepared 100 mM aqueous NaBH4 (90 umol) were
combined in a 4-mL PMMA cuvette (1-cm path length) to yield a yellow solution of 4-
nitrophenolate (Amax = 400 nm). Catalysis was initiated by adding 168 pL of 0.025 mM
PINC@AuNPs solution (0.0042 umol Au; diluted from a 1.0 mM PINC@AuNPs stock)
to the system (1.0 mol% Au relative to 4-NP), followed by capping and rapid inversion to
initiate the reaction. This reaction was performed in triplicate, and further trials were
performed using 84-ulL, 33.6-uL, and 16.8-uL aliquots of 0.025 mM PINC@AuNPs
solution (0.0021, 0.00084, and 0.00042 umol of Au, respectively) to simulate 0.5, 0.2, and
0.1 mol% Au to 4-NP, respectively. A control experiment was performed using the
corresponding concentration of gold-free [mpim]CI PINC. The reaction Kinetics were
analyzed via UV-vis spectroscopy by monitoring the decrease in solution absorbance at
400 nm, corresponding to reduction of the 4-nitrophenolate ion. The initial results were
astounding: addition of catalyst, equal to 1.0 mol% Au with respect to 4-NP, to the yellow
4-NP/NaBHa3 solution resulted in a colorless solution within seconds. We propose that -nt
stacking between the imidazolium and 4-NP entities ensures proximity between the
reagents and the AuUNP surface.®® The reduction was performed in triplicate using
PINC@AUNPs solutions aged for 1 d using 1.0, 0.5, 0.2, and 0.1 mol% Au with respect to
4-NP. The linear correlation of In(Ao/At), where Ao is the initial absorbance and At is the
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time-dependent absorbance, vs. time was plotted (pseudo-first-order) for each catalyzed
reaction (Figure 4-15 and 4-16) and the corresponding slopes, representing apparent rates
(kapp), were calculated. Further, turnover frequencies (TOFs) were calculated by dividing
the moles of 4-NP (ns.np) by the product of moles of Au (nau) and reaction time (txn),
corrected for the reaction completion (see equation 2). Note that reaction time is defined
here as the time from reaction initiation to the time when the value for In(Ao/A:) equals 3,

and that the reaction completion percentage at In(Ao/As) equals 3 is 95%.

__ ng4np completion %
Ok = G ) 100 @

Similar reductions were performed using 2-month-old PINC@AUNPs, with little
change in the catalytic activity. Further, a 10-day-old stock and a 2-month-old stock were
separately used to test the recyclability of these PINC@AUNPs as catalysts. As above, 2.10
mL of 0.20 mM aqueous 4-NP and 0.90 mL of freshly prepared 100 mM aqueous NaBHj4
were mixed in a 4-mL PMMA cuvette, followed by addition of 2.1 pL of 1.0 mM
PINC@AUNPs (representing 0.5 mol% Au with respect to 4-NP). The sample was mixed
via inversion and the reduction was monitored at 400 nm using UV-vis spectroscopy. Once
the absorbance reached >95% completion, 84 pL of 5.0 mM 4-NP was rapidly added and
the solution was quickly mixed with inversion and replaced in the instrument. Due to the
slight dilution and the reaction progress during mixing, these spectra begin at absorbances
below the initial absorbance, which lends some error to the catalytic rate assessment. Three
such reduction cycles proceeded without a noticeable decrease in catalytic rate, with the
fourth and fifth cycles possessing significantly retarded rates. Therefore, 90 uL of 1.0 M

NaBH4 was added in addition to the 4-NP for the sixth and seventh cycles, resulting in a
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return of the catalyzed rate to almost the initial values. This implies that the PINC@AUNPs
can be recycled at least seven times for this reaction. A control experiment using [mpim]CI
PINC showed no change in absorbance at 400 nm over a 10 min monitoring period, ruling

out contribution of Au-free PINC to the catalytic activity.

Our reaction consisting of 0.1 mol% Au possessed a Kapp 0f 3.58 x 102 st and a
TOF of 25,000 h2, the latter of which is, to our knowledge, significantly higher than that
of any previously reported gold catalyst. Comparably, a solution of NaBHs-AuNPs
produced by the Astruc group in the aforementioned manuscript showed an optimal kapp Of
9.0 x 10® s (TOF of 9,000 h™t) when applying a mol% Au of 0.2% and an assumed
reaction completion time corresponding to the end of the induction time until In(Ao/At) = 2
(~86.5% completion, although they do not correct for this when calculating TOF). It is
worth noting that, using their TOF calculation and reaction completion criteria for our 0.1
mol% Au reaction, we attain a TOF value of 45,000 h-%; however, we do not feel that 86.5%
reaction completion is sufficient for this calculation and are instead reporting the TOF at
95% completion with a mathematical correction for the remaining, unreacted 4-NP. In fact,
all of the TOFs reported herein greatly exceed the highest catalytic activity reported to date
(TOF of just over 12,000 h™Y) for bimetallic gold-silver nanoparticles.*® Our results for
these analyses are tabulated in Table 4-1 for comparison purposes, and we also provide
examples of literature kapp and TOF values in Table 4-2. Catalyst stability is also shown to
be quite good, as the loss in catalytic activity for 2-month-old PINC@AUNPs is minimal
(Figure 4-16). As an additional control, PINC@AUNPs were prepared using a final
[NaBH4] of 10 mM (2 orders of magnitude lower than our typical experimental), resulting

in a colloid which expresses similar spectroscopic properties and catalytic efficacy,
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indicating that the excess borohydride in our colloid does not impact the catalytic rate.

Further study using this PINC@AUuNPs solution for other catalytic applications is ongoing.
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Figure 4-15: Top) Schematic of the catalyzed reduction of 4-NP to 4-AP using
PINC@AuUNPs and NaBH4. Bottom left shows the decrease in absorbance at 400 nm
over time, corresponding to loss of the 4-nitrophenolate anion intermediate. At
bottom right is a plot of In(Ad/At) vs. time, extracting the slope (kapp). Notably, the
0.1 and 0.2 mol% Au reactions appear to be bilinear in nature, and as a result their
respective kapp values were calculated as an average of the two slopes. The turnover
frequency (TOF) of the 0.1 mol% Au reaction is calculated to be 25,000 h™t, which,
at the time of publication, is faster than any other Au catalyst reported in literature.
All PINC@AUNPs used in these reductions were aged for 1 d prior to use.
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Figure 4-16: A) Rate plot and B) spectra showing the reduction of 4-NP to 4-AP
using NaBH4 and 2-month-old PINC@AUNPs as the catalyst. The apparent rates
indicated in A) show good agreement with those obtained from 1-day-old
PINC@AUNPs, indicating good catalyst stability.
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The rise in nanoparticle synthesis and application coincides with a concomitant
increase in nanowaste, making the recyclability of nanocatalysts of obvious environmental
and financial importance. The recyclability of these PINCs@AuNPs was assessed by
performing multiple cycles of 4-NP reduction, with each cycle introducing a fresh aliquot
of 4-NP to restart the reaction. The catalyzed reduction of 4-NP was performed as above
using PINC@AuNPs aged for 10 d (0.5 mol% Au to 4-NP as the reduction using this
loading of catalyst exhibited linear reduction kinetics with minimal induction time), except
upon reaction completion (assumed when the time-dependent absorbance is <5% of the
initial absorbance), 84 puL of 5.0 mM 4-NP was added, the solution was mixed quickly with
inversion, and the spectroscopic analysis was continued. What we observed was that the
catalytic rate was essentially unchanged for the first 3 cycles, whereas the 4th and 5th
cycles showed a large decrease in the catalytic rate (Figure 4-17A). For the 6th and 7th
cycles we added 90 puL of 1.0 M NaBH4 alongside the aliquot of 4-NP and observed an
increase in the reaction rate, indicating that the rate retardation observed during the 4th and
5th cycles was attributed to a lack of NaBHa. Overall, the excellent recyclability of these
PINC@AUNPs catalysts (indeed, a boon shared by many heterogeneous catalysts®’%),
with a drop in the kapp of 26% after 7 cycles (Figure 4-17), is a testament to the use of
PINCs for in situ AuNP synthesis and stabilization. Further, this recycling study was

performed again in its entirety using 2-month-old PINC@AuNPs (Figure 4-17B) with a

similar conclusion.
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Table 4-1: Comparison of the apparent catalytic rate (kapp), reaction time (trn) and
turnover frequency (TOF) for each tested mol% Au when performing 4-NP reduction using
PINC@AUNPs aged for 1 day (1 d) or 2 months (60 d) as the catalyst.

mol% Au Kapp (s ton () TOF (h1)P
1.0 (1 d) 1.64(+0.08) x 10°* 9.61x 1023  21,000+2,000
1.0 (60 d) 1.54(+0.04) x 10! 1,23 x10%  18,000+1,000
05(1d) 9.75(x0.55) x 102 1.39 x 102  20,000+1,000
0.5 (60 d) 9.88(+0.14) x 102 1.46 x 102 19,000+1,000
0.2 (1d) 4.21(+0.31) x 102 3.11x102 18,000+1,000
0.2 (60 d) 4.21(+0.25) x 102 2.49x 102  21,000+2,000
0.1(1d) 3.58(+0.17) x 102 3.43%x102  25,000+2,000
0.1 (60d) 2.95(+0.44) x 102 3.69x 102  24,000+1,000

 txn IS defined here as the time required to achieve 95% substrate turnover.
b TOF is calculated as previously reported.

Table 4-2: Examples of spherical 4-NP catalysts from the literature.

catalyst stabilizer size metal kapp (1)  TOF Ref
(nm) (% mol) (™
AuUNPs boron nitride 8.2 635 0.000833 0.00158 “°
AuNPs Breynia rhamnoides 25 30 0.00766  0.175 4
AUNPs chitosan 20-24  31.7 0.0561 212 42
AUNPs cellulose nanofibers 5 0.67 0.0059 563 a2
AuNPs Cylindrocladium floridanum 25 5 0.0267 641 44
AuNPs poly(ethylenimine) 4-13 0.68 0.0070 1,200 4
Aug7AgosNPs  [closo-BioH10]? 4.2 5 0.200 4,672 4
AUNPs borohydride 3 0.2 0.009 9,000 3
AuNPs [mpim]CI PINC 25 01 00358 25000 @
& This work
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Figure 4-17: Rate plots showing the change in the apparent rate (kapp) imposed by
recycling A) 10-day-old PINC@AuNPs and B) 2-month-old PINC@AUuNPs for the
catalyzed reduction of 4-NP. Both reductions were performed using 0.5 mol% Au to
4-NP. Notably, extra NaBH4 was not added until cycles 6 and 7, resulting in a
noticeable increase in the apparent rate. Rate retardations of 26% and 30% were
observed for the 10-day-old and 2-month-old PINC@AUNPs after 7 cycles,
respectively, attributed in part to the large increases to both ionic character and
product concentration in the latter cycles.

97



Finally, there is a drive toward bulk production of AuNPs, primarily catalytically
active AuNPs, with emphasis on highly-concentrated AuNP solutions to reduce the waste
of solvent and reaction time.*’** We noticed during TEM analysis of the PINC@AuNPs
that much of the PINC surfaces were devoid of AuNPs when [Au] = 1.0 mM and [PINC]
=10.0 mg mL" in the reaction solution. Thus, we prepared solutions with higher [Au] to
increase the number of AuNPs formed. What we observed was quite interesting: AuNP
formation and stabilization was obtained up to [Au] =21.9 mM and [PINC]=27.4 mg mL~
!, with a mild increase in average AuNP diameter, from 2.5(0.7) to 3.9(1.0) nm, evidenced
by minor red-shifting of the resulting plasmon band and larger particle sizes observed
during TEM analysis (Figures 4-18 and 4-19). While this is not proposed to be the upper
concentration limit of Au for stable formation of PINC@AuNPs, it should be noted that
the yellow [mpim][AuCls4] PINC precipitate (Figure 4-13) becomes increasingly more
difficult to disperse, requiring extensive sonication times (=30 min) to return to a clear,
yellow-orange solution. Simple tuning of the reaction parameters could alleviate these
issues, possibly allowing for ultraconcentrated synthesis of extremely catalytically-active
supported PINC@AuNPs. We also show that the plasmon band of lyophilized and
reconstituted PINC@AuNPs from the 21.9 mM Au solution is nearly identical to that of
the parent solution (Figure 4-18), with even a bit of band narrowing, indicating the
suitability of these PINC@AuNPs for dry storage. This study is ongoing but contributes

significantly to the usefulness of these PINCs for metal nanoparticle synthesis.
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Figure 4-18: A) UV-vis spectroscopic analysis of PINC@AuUNPs synthesized using
several Au concentrations (all diluted to 0.25 mM for measurement) as well as the
spectrum of a reconstituted aliquot of previously lyophilized 21.9 mM
PINC@AUNPs. A red shift in the LSPR is evident as [Au] increases, indicating an
increase particle size. Further, the reconstituted PINC@AUNPs solution is nearly
identical to its parent solution, indicating that dry storage followed by aqueous
dispersion prior to use is an attractive feature of these supported AuNPs. B) and C)
TEM images of 1.0 and 21.9 mM PINC@AuUNPs, showing Au-free areas in the
former image and possible particle aggregation in the latter. The average particle
sizes for each sample are below 5 nm.
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Figure 4-19: Histograms representing TEM size analysis of A) 1.0 mM
PINC@AUNPs and B) 21.9 mM PINC@AuUNPs. As observed in the corresponding
UV-vis spectral analysis, particles produced at the lower Au concentration are
smaller on average, with no observed particles with diameters larger than 5 nm.
Conversely, particles synthesized using a Au concentration of 21.9 mM are about
64% larger, indicating slight aggregation. Both solutions primarily consist of
particles smaller than 5 nm in diameter, and no particles with diameters larger than
10 nm were observed.
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In conclusion, we report on the first bottom-up approach toward two-dimensional
alkylimidazolium halide-based polyionic nanoclays (PINCs). Through simple metathesis,
the halides present on these water-soluble PINCs can exchange with aqueous THoN™ or
AuCls~ to precipitate white or yellow [mpim][TfaN] and [mpim][AuCls] PINCs,
respectively, reinforcing the designer property of these SILs. Further, NaBHy-induced
reduction of Au** in an aqueous dispersion of [mpim][AuCls] PINC led to the formation of
quasi-spherical 2.5£0.7 nm AuNPs supported on the PINC (PINC@AuNPs). These
supported PINC@AuNPs, which readily disperse and are colloidally stable for at least 2
months in water, are the most efficient Au catalysts for the borohydride-induced reduction
of 4-nitrophenol to 4-aminophenol reported to date, with the added benefit of showing good
recyclability for at least 7 cycles of this reaction. The PINC synthesis technique presented
herein is a facile approach for creating a myriad of two-dimensional SILs and is integral to

the progression of this rapidly expanding field.
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Chapter 4 Supplementary Information

Chemicals and Reagents. 1-methylimidazole (M50834, 99%), 1-butylimidazole (348414,
98%), 1-bromooctane (152951, 99%), imidazole (1202, 99%), sodium hydride (223441,
95%), magnesium chloride hexahydrate (M2670, >99.0%), 3-
chloropropyltrimethoxysilane (440183, >97%), potassium bromide (P-5912, >99.0%),
deuterium oxide (151882; 99.9 atom% D), sodium hydroxide (306576, 99.99%),
tetrachloroauric acid (520918, >99.9%), and sodium borohydride (213462, 99%) were
purchased from Sigma-Aldrich (St. Louis, MO). Ethyl acetate (E195-4, 99.9%) was
purchased from Fischer Scientific (Hampton, NH). (3-iodopropyl)trimethoxysilane
(S116452.0) was purchased from Gelest (Morrisville, PA). Absolute ethanol (2716) was

purchased from Decon Labs (King of Prussia, PA).

Characterization. X-ray powder diffraction (XRPD) was performed using a Scintag X2
diffractometer with a monochromatic Cu ko (A=1.5406 A) source operated at 45 kV and
40 mA with a 20 angle pattern. Scanning was done in the region of 3°-70°. Nuclear
magnetic resonance (NMR) analysis was performed using either a Bruker Avance-500
MHz spectrometer or a Bruker Avance-600 MHz spectrometer operated at 500 or 600
MHz, respectively (frequencies are appropriately denoted in the related figure captions).
Transmission Fourier transform infrared (FTIR) spectroscopy was performed using a
Nicolet Nexus 670 FTIR with potassium bromide (KBr) pellets, averaging 32 scans with a
resolution of 2 cm™. Thermogravimetric analysis (TGA) was performed using a TA
Instruments Q50 TGA, with a Pt sample pan under 40 mL min nitrogen purge.

Transmission electron microscopy (TEM) imaging was conducted on carbon-coated
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copper grids (Ted Pella, Inc. 01814-F, carbon type-B, 400 mesh copper grid) using a FEI
Tecnai F20 microscope operating at a 200 keV accelerating electron voltage. 300-400
individual AuNPs were analyzed for the generation of the particle size histograms.
Scanning electron microscopy (SEM) imaging was conducted using a FEI Helios NanoLab
600 FIB/FESEM. Zeta potential measurements were performed in agueous media using a
Malvern Zetasizer Nano ZS in folded capillary zeta cells. An assumed refractive index of

1.6 (talc) was used for all calculations.

Characterization: NMR. *H nuclear magnetic resonance (NMR) spectra of each silane
and PINC produced in this manuscript are presented. For brevity, peak assignments relating
to the primary spectra (methylimidazolium iodide silane IL and PINC) are presented in the
text here while those relating to other spectra are presented in the text below their respective

figures.

The *H NMR spectrum for methylimidazolium iodide silane (Figure 4-1A) shows peaks
for the residual solvent (chloroform) and water (at 2.1 ppm). The following shifts are
identified (600 MHz; CDCls): 9.93 (1H, s, N-CH-N), 7.58 (1H, s, CHs-N-CH-CH), 7.43
(1H, s, CH3-N-CH-CH), 4.29 (2H, t, N-CHy), 4.07 (3H, s, CH3-N), 3.51 (9H, s, CH3-O-Si),

1.97 (2H, m, Si-CH-CHy), 0.60 (2H, t, Si-CHy).

The *H NMR spectrum for methylimidazolium iodide PINC (Figure 4-1B) shows the
presence of residual solvent (ethanol) and reaction byproduct (methanol). The following
shifts are identified (500 MHz; D20): 7.48 (1H, s, CH3-N-CH-CH), 7.42 (1H, s, CH3-N-

CH-CH), 4.19 (2H, t, N-CH2), 3.89 (3H, s, CHz-N), 1.96 (2H, m, Si-CH,-CHy), 0.50 (2H,
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t, Si-CH>). The proton located at the N-CH-N location experiences rapid exchange with

D20, resulting in its absence in the spectrum.

The 2°Si NMR spectrum for [mpim]CI PINC possesses T1, T2, and T3 peaks at -50.7, -

56.5, and -66.5 ppm, respectively.

Characterization: XRPD. It is known that during the formation of 2:1 phyllosilicate clays
(such as talc), coordination of silanes around the octahedral Mg complex is limited by the
hydrophobicity of the organosilane moieties, resulting in a lamellar structure, stacking of
individual clay platelets, and characteristic reflections when analyzed using X-ray powder
diffraction (XRPD). Therefore, analysis of the layered structure within the solid [mpim]|
PINC was performed (Figure 4-1C), exhibiting reflections which are consistent with the
parent Mg silicate (talc; JCPDS card 13-0558), albeit broader, with reflections at 3.93,
2.47, and 1.56 A corresponding to the clay (020)(110), (130)(200), and (060)(330)
reflections, respectively. These peak broadenings are attributed to interlayer disorder
caused by the organic moieties present on the PINC surface, a feature which is consistent
with the findings of Burkett et al.® Furthermore, the doo: reflection, which is indicative of
interlayer spacing, is not present when measured with a starting angle of 3° 26 (29.43 A),
indicating that the interlayer spacing has been increased by steric hindrance and, likely,
repulsive surface charges as compared to the spacing and similar reflection in a smaller
organic moiety, such as the propyl amine found on aminoclay. These results lend credence
to the formation of a lamellar 2:1 phyllosilicate clay with a sterically hindered surface
functionality. Comparatively, the butylimidazolium PINC exhibits all of the above

reflections with the addition of a (001) reflection at 3.76° 26 (23.48 A) and two sharp
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peaks (and an additional small peak) attributed to NaCl at 31.76° and 45.50° 26 (and

~56.5° 20).

Characterization: FTIR. Surface and framework vibrational modes within the
alkylimidazolium PINC were analyzed using transmission Fourier transform infrared
(FTIR) spectroscopy and were found to be consistent with those of a typical magneso-
silicate structure, with absorption peaks observed at ~515 cm for Mg—0O, 1020 cm™? for
Si-O-Si, 1170 cm™? for Si-C, 3450 cm™ for O-H, and 3700 cm™ for MgO-H.
Furthermore, the organic moieties within IL portion of the alkylimidazolium halide PINCs
displayed characteristic peaks resembling those of similar ILs® at 1380-1480 cm™ for C—
N, 1572 cm™ for C-C, 2937 cm™ for alkyl C-H, and 3000-3150 cm™ for ring C—H.
Further, the anion exchange precipitate proposed to be [mpim][Tf2N] PINC showed peaks
belonging to both the cation moiety and the Tf2N~ anion, indicating that metathesis did

indeed occur.

Characterization: TGA. Thermogravimetric analysis (TGA) was performed (10 °C min~
! from RT to 600 °C; 40 mL min~! N, gas flow) to determine the degradation temperatures
of the organic moieties in our PINC composites. For [mpim]l PINC (Figure 4-1E), an
approximate 9% mass loss while heating to 200 °C is attributed to gradual release and
evaporation of water, EtOH, and MeOH trapped within the interlayer structure of the
foliated PINCs. Degradation of the methylimidazolium functionality occurs between 250
°C and 450 °C, and accounts for approximately 31% of the overall sample mass, followed
by degradation of the propyl chain (~8% mass loss) from 475 °C to 600 °C. The remaining

material, accounting for ~52% of the original mass, consists of the Mg silicate backbone
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and residual char. The [bpim]l PINC exhibited similar thermogravimetric degradation,
with an approximate 6% mass loss before 200 °C attributed to gradual release and
evaporation of water, EtOH, and MeOH, 30% mass loss from 225 to 375 °C attributed to
degradation of the butylimidazolium functionality, and 20% mass loss from 375 to 600 °C
attributed to degradation of the propyl chain. For [opim]l PINC, 7% mass loss before 200
°C is attributed to gradual release and evaporation of water, EtOH, and MeOH while 21%
mass loss from 250 to 450 °C is attributed to degradation of the octylimidazolium
functionality and 10% mass loss from 475 to 600 °C is attributed to degradation of the
propyl chain. Note that the disproportionate mass losses observed for the organic
components in [opim]l PINC are tentatively attributed to residual NaCl (presence evident

in XRPD, Figure 4-6).
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Chapter 5: Advancing the Catalytic Activity of Heterogeneous
[mpim]CIl PINCs@NPs and Furthering Their Application for

Dye Sequestration

4-Nitrophenol (4-NP) is a harmful environmental contaminant and mutagenic
found in the waste streams of pesticide, dye, polymer, and pharmaceutical production
facilities.'* As a visible light absorbing molecule, 4-NP pollution has a devastating impact
on aquatic biomes where visible light-capture can impede floral photosynthesis.® Further,
The US Environmental Protection Agency labels 4-NP as harmful to human health,
assigning an allowable limit of 0.43 uM in drinking water.® Several common methods for
removal of 4-NP and other similar contaminants involve destruction or conversion via
catalyzed reactions,”2° sequestration by filtration, absorption, or extraction,’"*3 or
oxidative destruction.’* Notably, separation and destruction are typically wasteful or
energy intensive, and so catalytic conversion of 4-NP to an environmentally benign
derivative is often preferred. Noble metal nanoparticles, particularly gold and silver
nanoparticles (Au- and AgNPs), are excellent examples of electron reservoir redox
catalysts capable of accelerating the reduction of 4-NP into the environmentally benign 4-
aminophenol (4-AP) using sodium borohydride.’® In fact, this reduction is a common

model reaction for examining and comparing the catalytic efficiency of Au- and AgNPs.®-

19

In addition to the monometallic Au- and AgNPs, alloyed AUAgNPs are frequently

reported to express enhanced catalytic efficiencies for this model reaction.?’ Indeed,
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bimetallic nanocrystals are important vehicles for optics, magnetism, and nanocatalysis,
including photo- and electrocatalysis.?"?? Preparing bimetallic NPs also has the benefit of
replacing an expensive metal (Au) with a comparatively less expensive component (Ag),
thereby increasing the economic value of the catalyst (estimated as molecular turnover
frequency per unit cost). These qualities directly benefit the application of these catalysts
toward environmental pacification of contaminants, such as dyes and other light-absorbing

species, on an industrial scale.

Our group recently reported an exceedingly effective heterogeneous AuNP catalyst
for the 4-NP reduction reaction.?® This heterogenous catalyst comprises borohydride-
stabilized AuNPs adsorbed on a two-dimensional 1-methyl-3-propylimidazolium chloride
([mpim]CI) polyionic nanoclay (PINC), a novel support first reported in the same study.
The structure of this support, a 2:1 magnesium phyllosilicate with pendant [mpim]CI
surface moieties connected by the propyl chain a la aminoclay,?* is permanently charged
across the clay surface, making it perpetually dispersible in aqueous environments sans
dramatic environmental changes. In addition, the support is known to protect AUNPS even
in high concentration synthetic environments (over 25 mM Au and 1 M NaBHa, conditions
where many aqueous stabilizing ligands falter) and during lyophilization and
reconstitution, making it a notable new material. Further, the PINC imparts an interesting
stereoelectronic effect which amplifies the catalytic capabilities of the AuNPs by an order
of magnitude over those of similar, unsupported AuNPs. While these heterogeneous
catalysts are already admirable in their catalytic capabilities, we aim to investigate the
implementation of a bimetallic AUAgNP system to elucidate the most effective and cost-

efficient heterogeneous catalyst for nitroarene reduction yet reported. Further, the dense
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polycationic two-dimensional surface of unmodified PINCs provides an interesting
opportunity for the sequestration of other absorbing molecules, particularly anionic dyes.
As this application has not yet been explored for cationic PINCs, we aim to bolster their

environmental usability by demonstrating their use for dye sequestration.

Herein, we first combine the novel [mpim]Cl PINC support with a bimetallic
synthesis methodology to prepare [mpim]Cl PINC@AUAgNPs. The PINC was prepared
as previously reported,? and we describe the experimental details regarding the synthesis
of PINC and PINC@AUAgNPs below. The as-prepared heterogeneous catalysts are
evaluated for their colloidal stability and surface plasmon resonance and are subsequently
applied as catalysts for the reduction of 4-NP to 4-AP using sodium borohydride. We
evaluate the catalytic activity by means of the apparent rate of reaction (kapp) and turnover
frequency (TOF), and additionally provide economical assessment of the catalysts in the
form of TOF per $US cost of the commercial metal salt precursors and market value of
pure metals. Second, we provide impetus for the use of PINCs as dye sequestration
platforms by demonstrating their use in the removal of Congo Red (CR), a mutagenic
dianion dye, from aqueous solution. Dye adsorption capacity (ge) is estimated, and the data
is fitted to a Langmuir isotherm (loosely linear, complicated in part by the aqueous

dispersibility of the PINCs).

The [mpim]ClI silane was prepared by combining 5.0 grams (25.2 mmol) of (3-
chloropropyl)trimethoxysilane and 2.3 grams (28.0 mmol) of 1-methylimidazole in a clean,
dry 20-mL glass scintillation vial, stirring the mixture (PTFE coated stir bar, 750 rpm) at

75 °C for 5 days. The resulting yellow liquid was rinsed with dry ethyl acetate three times
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to extract excess reactants followed by rotary evaporation at 50 °C to obtain the viscous
yellow liquid 1-methyl-3-(trimethoxysilylpropyl)imidazolium chloride ([mpim]Cl silane).
We provide an in-depth characterization of this product in our previous report.> The
[mpim]CI PINC was then prepared by dissolving 0.31 g of MgCl,-6H20 (1.52 mmol) in
15 g of absolute EtOH in a 100-mL glass round bottom flask, followed by the addition of
0.74 g of [mpim]Cl silane in 10 mL of EtOH. 4.0 mL of 0.5 M aqueous NaOH was added
dropwise to the stirring solution, resulting in the formation of a white precipitate of
[mpim]CI PINC. This cloudy mixture was magnetically stirred at 400 rpm, at room
temperature and protected from light, for 24 h to ensure reaction completion. The contents
of the flask were transferred to a 50-mL Falcon centrifuge tube and rinsed three times using
absolute EtOH and centrifugation (9,000 rpm for 15 min, decant the liquid, re-disperse the
precipitate in ~20 mL of EtOH via brief shaking, repeat) to obtain the wet [mpim]CI PINC.
The rinsed PINC was lyophilized to obtain a white, dry powder which was stored at room
temperature in a lab drawer until use. Detailed characterization of this PINC is provided in

our previous report.?®

Preparation of monometallic Au- and Ag nanoparticles (Au- and AgNPs) and
bimetallic AuxAg:1xNPs (where x = 0.0-1.0 in increments of 0.1) in the presence of
[mpim]CI PINC was performed according to Table 5-1. 100 mg of PINC was dispersed in
8 mL of water in a 20-mL scintillation vial equipped with a magnetic stir bar. While stirring
at 750 rpm, an aliquot of 10 mM aqueous HAuUClI4 (see Table 5-1 for aliquot volumes) was
rapidly added and the resulting yellow solution was left to stir for 1 min. Next, an aliquot
of 10 mM aqueous AgNOs was rapidly added, followed by a 10 s stir period, then rapid

addition of 1.0 mL of 0.10 M aqueous NaBHa. The resulting solution quickly turned dark
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orange (AuNPs), faint yellow (AgNPs), or light orange (all other Au:Ag ratios, see Figure
5-1). The solution was left to stir for 1 min before being moved to a lab drawer for storage.
The final 10 mL solutions contain 1.0 mM metal, 10 mg mL= (100 mg) [mpim]CI PINC,

and 10 mM NaBHa.

Table 5-1: Solution preparation methodology for [mpim]Cl PINC@AuxAg1 xNPs.

-1
X, where AuAgs « 125 mg mL* PINC 10 mM HAuCIl; 10 mM AgNOs; 0.10 M NaBH4

(mL) (mL) (mL) (mL)
1.0 8.0 1.0 0.0 1.0
0.9 8.0 0.9 0.1 1.0
0.8 8.0 0.8 0.2 1.0
0.7 8.0 0.7 0.3 1.0
0.6 8.0 0.6 0.4 1.0
0.5 8.0 0.5 05 1.0
0.4 8.0 0.4 0.6 1.0
0.3 8.0 0.3 0.7 1.0
0.2 8.0 0.2 0.8 1.0
0.1 8.0 0.1 0.9 1.0
0.0 8.0 0.0 1.0 1.0
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Figure 5-1: Bimetallic [mpim]CI PINC@AuxAg1 xNPs colloids ([metal] = 0.25 mM) at the
1d (top) and 7 d (bottom) time points. Solutions are ordered based on their x value; from
left to right, x = 1.0 (AuNPs) to x = 0.0 (AgNPs).

The catalytic activity of these [mpim]Cl PINC@AuxAg1-xNPs was assessed using
the model NaBHs-assisted reduction of 4-NP. Specifically, 2.10 mL of 0.20 mM aqueous
4-NP was mixed with 0.90 mL of freshly prepared 0.10 M aqueous NaBHs in a 4-mL
PMMA cuvette (1-cm pathlength) to obtain a yellow solution containing the 4-
nitrophenolate ion (Amax = 400 nm). The reaction was initiated upon addition of 2.1 L of
the 1.0 mM aqueous AuxAg1 xNPs@PINC catalyst (0.5 mol% catalyst to 4-NP), followed
promptly by manual inversion to mix before being placed in a UV-vis spectrometer. The
final solution concentration was as follows: [4-NP] = 0.14 mM; [NaBH4] = 30 mM; [metal]
= 0.00070 mM. The Cary Kinetics program was used to monitor the solution absorbance

at 400 nm over time, collecting 10 data points per second. Apparent rates were calculated
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using a plot of In(Ao/At) vs. time, where the slope is the apparent rate kapp. A lag time,
known as the induction period (ting), Occurs at the beginning of the catalysis runs where
dissolved oxygen is used up in a back reaction. We note that the ting is exceedingly short in
analyses when utilizing faster catalysts. In addition, reaction turnover frequency (TOF) was
calculated using equation 1, where nsnp and ncat are the moles of 4-NP and metal,
respectively, twn is the reaction time (h) and 0.95 represents our correction for reaction
completion. As discussed below, we define tin as the time from the end of ting to the time

when the value for In(Ao/At) equals 3, corresponding to a completion percentage of 95%.

TOF=—*2_x(.95 1)

(ncat)(trxn)

Catalytic activity was assessed as described above after aging each colloid for 3 and 7 d.

While the capability for dye adsorption was evaluated using a variety of anionic,
cationic, and neutral dyes in aqueous media, quantification of dye sequestration was
performed solely for Congo Red (CR). Calculation of the dye adsorption capacity at
equilibrium (ge) was performed using equation 2, where Co and Ce are the initial and
equilibrium dye concentrations (mg L 1), respectively, V is the solution volume (L), and m

is the mass of sorbent (g).

_ (Co=Co)V

qe="—"— )
The localized surface plasmon resonance (LSPR) band for each colloid was
measured using UV—vis spectroscopy. As expected, the LSPRmax for PINC@AuNPs (x =

1.0) and PINC@AgNPs (x =0.0) reside near 500 nm and 410 nm (Figure 5-2), respectively,
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which agrees with literature values for similar, borohydride-stabilized Au- and AgNPs.?
For AuAgNPs, the LSPR shifts toward the red with increasing Au content, and presence of
single, broad plasmon bands intermediate those of monometallic Au- and AgNPs (or,
rather, the absence of the discrete LSPR bands of Au and Ag) indicates the formation of
alloyed AuAg bimetallic nanoparticles rather than a physical mixture of AuNPs and AgNPs
or an alternate (e.g., core-shell?®) structure. This outcome is expected based on the nearly
identical lattice constants for Au (4.08 A) and Ag (4.09 A) which have a difference smaller
than the amplitude of the thermal vibrations of the atoms, favoring complete alloy
formation. As shown in Figure 5-2C, the LSPR maximum (Amax) is observed to vary in an
essentially linear manner with an increase in the Au content, red shifting from about 405
nm for AgNPs to 500 nm for a gold mole fraction of 0.7 (x = 0.7). Indeed, for AuAg alloy
NPs, a linear variation of the LSPR peak with compositional fraction has previously been

2729 although some nonlinearity (third-

observed and suggested as a general expectation,
order polynominal) has recently been proposed based on models accounting for alloy
composition as well as particle size by applying Mie theory.’**! Red-shifting and a
decrease in extinction of the plasmon band is observed over time in all spectra, a common
phenomenon attributed to particle ripening. Select samples (x = 0.7, 0.5, 0.3, and 0.0) were
dipped on carbon-coated copper grids and imaged using transmission electron microscopy
(TEM), visualizing the PINC substrate coated in small, sub 5 nm NPs (Figure 5-3 and 5-
4). At least 300 NPs were counted for each sample to create the representative histograms.

Average NP sizes were measured to be 2.8 0.7 nm, 3.7 £ 1.0 nm, 4.2 + 1.1 nm, and 3.1 +

0.7 nm for the x = 0.7, 0.5, 0.3, and 0.0 samples, respectively. We note that these sizes are
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universally larger than those of the monometallic [mpim]Cl PINC@AuNPs (2.5 £ 0.7 nm

as discussed in our recent report??).
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Figure 5-2: UV-vis spectroscopic assessment of the LSPR band for [mpim]CI
PINC@AuxAg:1-xNPs colloids after 7 d of aging, where (A) shows the full spectra and (B)
is more focused to show spectral differences between x values. The legend in panel A also
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applies to panel B. In panel C, we show the LSPR max (Jmax) for each x value, where closed
circles represent defined peaks and open circles represent an estimation of the LSPR due

to the presence of a broad shoulder.
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Figure 5-3: UV-vis spectroscopic stability assessment of [mpim]CI PINC@AuxAg1-xNPs.
The legend in panel A applies to all panels. The [mpim]CI PINC@AgNPs in panel K exhibit
a large plasmon growth after storage for 1 d, necessitating the use of an inset to properly
show the plasmon band. LSPR band evolution is more pronounced for colloids containing
higher ratios of Ag, and most samples experience particle ripening across a 1-month time
frame.
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Figure 5-4: Representative TEM images and particle size histograms of the x = 0.7 (top
panels) and x = 0.3 (bottom panels) bimetallic [mpim]CI PINC@AuxAgi1-xNPs solutions.

The atomic composition of the x = 0.7 bimetallic NPs was elucidated using energy-
dispersive X-ray spectroscopy (EDS) spot analysis, and the Au and Ag contents were
determined to be 76.5 and 23.5 atom%, respectively (Figure 5-5). The minor discrepancy
between the as-measured and expected Au : Ag atomic ratio of 70 : 30 is attributed to low

X-ray counts due to the diminutive size of the NPs.
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Figure 5-5: EDS spectrum for the x = 0.7 intermetallic sample confirming the presence of
Au and Ag in a 76.5 : 23.5 atom% ratio, respectively. The inset is expanded to show the
area of interest (Au and Ag).

The reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) by NaBHjs in the
presence of a noble metal catalyst is a well-established model reaction for assessing the
catalytic activity of noble metal NPs. This pseudo-first-order reaction provides a linear
relationship when comparing In(Ao/At) versus time, where Ao and At are the initial and time-
dependent absorbance values, respectively. The slope of this correlation is equal to the
apparent catalytic rate (kapp). While many researchers report kapp as a comparator, we
additionally report reaction turnover frequency (TOF) for each catalyst, a value which
provides a simple route for comparing catalysts from different studies. Here, we calculate
TOF as previously described in our other report'®: by dividing the moles of the reaction
precursor (4-NP) by the product of the moles of catalyst (noble metal) and the reaction time
(h), then correcting for reaction completion as shown in equation 1. The TOF calculation
invites discrepancy in the literature as to the definition of “reaction time”; here, we use the

time required to attain a In(Ao/A¢) value of 3, which is equivalent to 95% reaction
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completion. We have previously reasoned that this criterion provides a suitable comparison
benchmark for future work while alleviating problems emanating from instrument noise.®
We note that the ting is excluded when measuring tixn, a practice which we have adopted as
it ignores the exceedingly long and irreproducible ting Values observed for AgNPs (noting

that these long induction periods are absent from recycles where dissolved O is in short

supply).

The 4-NP reduction reaction was performed using PINC@AuxAg:1xNPs colloids
aged for both 3 and 7 d to assess short-term catalyst stability (Figures 5-6 through 5-8),
revealing similar TOF values at each time point (usually within a standard deviation; Table
5-2). Measurable differences larger than a standard deviation between these TOF values
are attributed to particle ripening over time, and we note that all catalysts, aside from the
monometallic AgNPs and x = 0.1 colloid, possess greater TOF values at both time points
than any reported unsupported noble metal catalyst that we are aware of (examples of
several other published catalysts are provided in Table 5-3). Indeed, the reaction is
complete within 30 s for colloids where x = 1.0-0.3, within 50 s when x = 0.2, and within
90 s when x = 0.1. We also wish to point out that the very long induction period for the x
= 0.0 sample preludes a rapid reduction of the 4-NP (Figure 5-8), though the overall
reaction time is almost 4 min with a TOF value of 3,000 h™X. In Figure 5-9A, we plot the
calculated TOF values as a function of x value at both the 3d and 7d time points. Notably,
x values from 0.7-0.4 possess similar or higher TOF values than that of monometallic Au
(x = 1.0), with the best performer at both time points being the x = 0.7 sample with a TOF
of over 33,000 h™* (Table 5-2), higher than any other reported noble metal nanocatalyst to

date.
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Figure 5-6: Rate plots illustrating the catalytic conversion of 4-NP to 4-AP in the presence
of [mpim]CI PINC@AuxAg1 xNPs and NaBH4. The rate kinetics are determined by plotting
In(Av/Ao) vs. time, and panels A and B represent colloids aged for 3 d and 7 d, respectively.
The legend in A applies to both plots. All colloids where x = 1.0-0.3 fall intermediate
within the cyan and magenta plots. For ease of viewing, we exclude the first 5 s of the
reaction from these plots due to copious bubble formation. Dashed lines indicate the linear
portions used to calculate Kapp.
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Figure 5-7: Plots illustrating the catalytic conversion of 4-NP to 4-AP in the presence of
[mpim]Cl PINC@AuxAg: xNPs and NaBH4. Panels A and B illustrate the decrease in
solution absorbance at 400 nm (400 nm is the characteristic peak of the 4-nitrophenolate
intermediate) when utilizing PINC@NPs aged for 3 and 7 d, respectively, as measured
using UV-vis spectrometry. The legend in A applies to both panels.
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Figure 5-8: UV-vis spectra illustrating the much slower catalytic conversion of 4-NP to
4-AP when using PINC@AgNPs aged for 3 d. The top panel and bottom panel display the
4-NP conversion by monitoring absorbance at 400 nm and the In(Ao/A:) rate plot,
respectively, with the x = 0.1 sample provided for comparison purposes. The legend in A
applies to both panels.
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Figure 5-9: Panel A shows the correlation between TOF and x value in the [mpim]CI
PINC@AuxAg:1-xNPs after aging for either 3 or 7 d when using 0.5 mol% metal to 4-NP
(excluding ting from the TOF calculation). Notably, the PINC@Auo.7Ago.3sNPs possess the
highest yet recorded TOF for noble metal nanocatalysts at roughly 33,000 h*. Panel B
provides the TOF per $US (based on the metal salt precursors) versus the x value for each
[mpim]CI PINC@AuxAg1xNPs solution, while panel C provides a similar assessment
using the values of pure metal. Metal salt prices were obtained from Millipore Sigma for
one-gram bottles of the respective metal precursors (HAuCls-3H-0, cat. no. 520918, $US
141.00 for 1 g; AgNOg, cat. no. 204390, $US 26.50 for 1 g), while market metal prices
(BUS 56.23 per g for Au, $US 0.83 per g for Ag) were obtained from
https://www.nasdaq.com/market-activity/commodities/gc%3Acmx (accessed on March 22,
2021).
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Table 5-2: Induction and reaction time (tina @and trxn, respectively), apparent catalytic rate
(kapp), and turnover frequency (TOF) for the reduction of 4-NP using AuxAg1 xNPS@PINC
aged for 3 or 7 d. Note that tix is the time from the end of tina until an In(Ao/As) value of 3

is achieved.
tind / S trxn / S 101 kapp / S_l 1 tind / S trxn / S 101 kapp / S_l 1
3d) (3d) (3.d) TOF/h™*(3d) 7d)  (7d) (7 d) TOF /h™ (7 d)
1.0 4.00 26.08 1.11(x0.15) 26,400(+2,300) 3.25 23.48 1.30(x0.07)  29,200(+1,400)
0.9 500 2315 1.25(x0.14) 29,600(+x2,100) 5.00 24.23 1.22(x0.07)  28,300(1,500)
0.8 525 2523 1.15(x0.11) 27,200(+2,200) 5.75 23.47 1.26(x0.06)  29,200(x600)
0.7 3.00 2132 1.45(x0.09) 32,100(x1,800) 3.75 20.67 1.51(x0.05) 33,100(x600)
0.6 325 2197 150(x0.05) 31,100(x500)  4.00 21.38 1.55(x0.14)  32,200(2,600)
05 400 22.82 138(x0.16) 30,100(+1,900) 4.25 22.93 1.38(x0.23)  30,100(3,200)
04 375 2207 1.37(x0.16) 31,100(+x2,300) 4.85 2458 1.23(+0.18)  28,000(2,600)
0.3 450 2438 1.25(x0.04) 28,100(x900) 525 2753 9.78(x0.64)  24,900(x1,000)
0.52(+0.05), 0.50(+0.03),
0.2 550 36.02 1.16(+0.18)? 19,000(x1,300) 5.25 42.78 1.15(£0.19)? 16,000(x600)
0.26(0.02), 0.27(0.04),
+ +
01 150 6655 (0,07 10300(500) 112 6590 (:0.05)" 10,500(1,100)
0.0 200 2309 °® 3,000 300 551.0 ° 1,200

& These colloids each give rise to bilinear rate plots at both time points, yielding two Kapp
values (represented as dashed lines in Figure 5-6).
b This reaction possessed a long induction period which makes kapp difficult to discern.

Table 5-3: Examples of 4-NP catalysts from the literature.

- size metal TOF
catalyst stabilizer shape (m) (% mol) Kapp (574 (h) ref.
AUNPs graphene oxide (GO) spherical 15-40 2.6 0.19 126 32
AuUNPs GO/SiO; spherical 3 2.7 0.0051 212 3
AUNPs caffeic acid spherical  38.6 50 0.0057 132 3
AUNPs PVP; encapsulated  spherical 2.3 2,500 0.0025 0.12 i
AUNPs catechin variety 16.6 220 0.0015  0.792 3
AUNPs Aspergillus spherical 4.4 8.7 0.0252 3292 18
AuNPs GO/tannic acid spherical  4-20 2.6 0.0031 1372 s7
Au clusters S-c-CeHus spherical ~1nm 4.2 0.0370 8202 %
Auo.7AdosNPs [closo-BioH10]* spherical 4.2 5 0.200 4,672 3
AUNPs [mpim]CI PINC spherical 2.5 0.1 0.0358 25,000 23
Auo7AgosNPs [mpim]CI PINC spherical 2.8 0.5 0.151 33,100 this work

2 These TOF values were calculated using information provided within the referenced

work.

In an earlier study, we noted a similar catalytic enhancement for unsupported

bimetallic borohydride-stabilized AuxAg:i xNPs at intermediate compositions.® It is

important to highlight that the nanosynthetic parameters employed in the current work are
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identical to those used earlier, aside from the presence of the dispersed PINC support. The
boost in catalytic activity for 4-NP reduction observed for the supported bimetallic
nanoparticles compared to the free (unsupported) AuAgNPs dispersed in water suggests a
clear synergy between the AUAgNPs and the imidazolium PINC support. Figure 5-10
provides a comparison of the TOF displayed by free AUAgNPs and the corresponding
bimetallic nanoparticles supported on the imidazolium PINCs. Aside from monometallic
AgNPs, all PINC@AUAgNPs showed enhanced activity over their free counterparts for
any given value of x. Specifically, we can easily compare the x = 0.3 samples due to
similarities in NP size between studies (4.6 nm for free NPs, 4.2 nm for PINC-supported
NPs). For this sample, we observe a 134% increase in TOF between PINC@ Auo.3Ago.7NPs
(28,100 h'Y) and free AuosAgo7NPs (12,000 h™1). More broadly, AuAgNPs where x > 0.4
all exhibit an enhancement of over 200% when incorporating PINCs, while monometallic
AUNPs show a staggering enhancement of over 4,500%. We note that a clear but much
weaker synergistic effect was observed earlier for AUNPs supported on graphene oxide
(GO), with the GO support giving rise to a 54% increase in the rate of 4-NP reduction.®’
We reason that surface interactions between Au and the PINC imidazolium =-electrons

offer a synergy which is absent when Ag is dominant.*°
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Figure 5-10: Plot comparing the TOF values observed for free, borohydride-stabilized
AuAgNPs and those generated in situ and supported directly on the [mpim]CI PINCs. A
distinct synergistic effect arising from the PINC support leads to an extreme enhancement
in nanocatalytic activity, particularly at higher Au mole fractions. The R value represents
the borohydride-to-metal (i.e., Au + Ag) molar ratio; for PINC-supported AuAgNPs, R =
10.

The exceptional catalytic activities of these supported catalysts are certainly
noteworthy (higher activities directly translate to lower quantities of catalyst required to
reduce the same quantity of 4-NP in a given time frame), but we also want to compare the
economic value of the metal components of the catalyst as a function of TOF per unit cost.
Therefore, we have acquired the price for 1-g bottles of both HAuCls-3H20 and AgNO3
from Millipore Sigma (accessed in February 2021) and market values for pure metal from
Nasdaq (accessed in March 2021) to compare the TOF per $US for the monometallic and

bimetallic [mpim]CI PINC@AuxAg:1 xNPs (Figure 5-9, panels B and C). The highest
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activity for the price is exhibited by the x = 0.3 solution, replacing 70% of Au with the
much cheaper Ag while maintaining a notable activity of about 28,000 h™* when used 3 d
after preparation. With regards to nitroarene reduction (and tangentially, dye pacification
and an assortment of other, similar reactions), these catalysts perform at levels far above
any other reported noble metal catalyst and at a fraction of the cost, rendering them an
immense economical interest for industrial waste cleanup and preservation of aquatic

biomes.

Recyclability is a staple of sustainable materials, and herein we demonstrate this
property for our x = 0.7 (Figure 5-11) and x = 0.0 (Figure 5-12) catalysts by performing
iterative cycles of 4-NP reduction using the same aliquot of catalyst and observing changes
in reaction rate. An initial catalyzed reaction was performed to completion as described
previously, followed by rapid addition of 84 pL of 5.0 mM 4-NP and 90 pL of 1.0 M
NaBHj to restart the reaction. This restart was repeated for seven recycles (i.e., eight total
cycles). In each case, ting is absent during recycles due to the removal of solubilized O
during the initial cycle. Later recycles experience a loss in catalytic activity, down to a
minimum of 16,400 h™* for the eighth cycle of the x = 0.7 sample (Figure 5-11). This loss
is commonly observed during recycling and is attributed to gradual overloading and
poisoning of the nanocatalyst due to excessive quantities of reaction product remaining in
solution.?® The x = 0.0 sample also experiences an enhanced activity upon the removal of
the induction period during iterative cycles, achieving a maximum TOF of 9,800 h* after
five catalyst cycles (Figure 5-12). Interestingly, the slowest TOF observed during the eight
cycles was that of the initial run (1,900 h™), which was the only cycle with a notable ting

(nearly 250 s).
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Figure 5-11: Rate plot showing recycling of the PINC@Auo.7Ago.3NPs catalyst performed
by restarting the 4-NP reduction reaction. Relative kapp and TOF values are color-coded
to their respective rate plots. Cycle four expresses a TOF value of 30,190 h™%, the highest
value observed for this study, alluding to the capabilities of this catalyst when utilized
under conditions which suppress the induction period (e.g., inert gas flow). The trailing
kinetics in cycles 2 and 3 are caused by bubble formation in the light pathway.
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Figure 5-12: Rate plot showing recycling of the PINC@AgNPs catalyst performed by
restarting the 4-NP reduction reaction. Relative kapp and TOF values are color-coded to
their respective rate plots. The induction time decreases with each iterative cycle and is
absent for cycles 4-8, which are also cycles with the fastest TOF values.
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The robustness of these PINC@NPs nanocatalysts is also demonstrated herein by
showing their application for bulk 4-NP reduction. A 0.14 g (1.0 mmol) bolus of 4-NP was
dissolved in ~500 mL of water, followed by the addition of 7.57 g (200 mmol) of NaBH4
while stirring to obtain a bright yellow solution. This mixture was treated with 1.0 mL of
1.0 mM PINC@AUNPs (0.0010 mmol Au) solution and magnetically stirred until rendered
colorless (~4 min), resulting in a TOF of approximately 15,000 h™*. This reaction represents
0.1 mol% Au to 4-NP and demonstrates the capacity for PINC@AUNPs to perform in

environments with a high-concentration of substrate.

Having established an exceptional capacity for reduction of 4-nitrophenol, we
expanded the application of PINCs@AUNPs to the catalyzed reduction of an anionic
carcinogenic dye, Congo Red (CR), by sodium borohydride. The x = 1.0, 0.7, and 0.0
configurations were compared to their free counterparts, namely borohydride-stabilized
AuNPs* and salmalia malabarica gum-stabilized AuNPs.*> We note that neither
publication explicitly calculates reaction TOF, so to compare we have extrapolated the
provided rate plots (assumed pseudo-first-order linearity through In(A¢/A:) = 3 as stated in
the referenced material*?) to estimate TOF values (95% reaction completion). The
reduction reaction utilized concentrations comparable to those within the aforementioned
studies (specifically, 2.1 mL of 50 uM CR and 0.9 mL of 0.10 mM NaBH4 were added to
a PMMA cuvette, followed by 52.5 uLL of 1.0 mM catalyst to initiate reduction and achieve
a catalyst loading of 50 mol% metal to CR). Upon reduction, the vibrant red solution
(monitored at a Amax Of 498 nm) becomes visually colorless as CR degrades to 3,4-
diaminonaphthalene-1-sulfonate and benzidine. Interestingly, the free borohydride-

stabilized AuNPs (TOF = 230 h™1) outperformed all PINC-based composites, with the
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PINC@AUNPs possessing a TOF of 27 h™* and the x = 0.7 NPs possessing a TOF of 37 h-
! (Figure 5-13), though the gum-stabilized AuNPs possess a lower TOF of ~5 h™*. Further,
the x = 0.0 sample (PINC@AQgNPs) rapidly precipitated as red flakes in a colorless solution
(Figure 5-14). Fluctuations in the reaction spectrum for the x = 0.7 sample imply similar
precipitation as PINC-CR complexes pass through the light pathway, though we could not
visibly identify the precipitate in this sample. A control of unmodified PINC (i.e., no
nanoparticles) was applied under similar reaction conditions to yield a colorless solution
with a red precipitate of the PINC-CR complex (Figure 5-14), alluding to the use of the

cationic PINC as a dye removal substrate.
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Figure 5-13: Absorbance spectra (solid lines) and rate plots (dashed lines) showing
reduction of Congo Red by NaBH4 when using PINC@AuNPs and PINC@Auo.7Ago.3NPs
as catalysts. The spectra, particularly for the x = 0.7 sample, show fluctuations as the
Congo Red is both reduced and adsorbed to the PINC surface. While no precipitation was
visually confirmed for these samples, sorption and precipitation does occur with mixtures
of Congo Red and PINC (i.e., absent metal nanoparticles) as well as mixtures with Congo
Red and PINC@AgNPs.
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Figure 5-14: Photographs of Congo Red reduction solution aged for 30 min in PMMA
cuvettes. These solutions were catalyzed by A) PINC@AUNPs B) PINC@Auo.7Ago.3NPs, C)
PINC@AgNPs, and D) unmodified PINC (control). Sorption of anionic Congo Red by the
cationic PINC causes the emergence of a distinct red precipitate; while this precipitation
likely occurs in all samples, we propose that the reduction of Congo Red occurs rapidly in
the presence of PINC@AuUNPs and PINC@Auo.7Ago.sNPs catalysts such that no visible
precipitation is observed before reaction completion. The PINC@AgNPs sample (C)
becomes colorless after about 2 h, indicating a continuation of reduction in the precipitate.

A preliminary investigation was conducted to elucidate the dye adsorption
capabilities of the cationic PINC. First, several stocks of 5.0 mM aqueous anionic and
cationic dyes were prepared. 100 uL of 10 mg mL™ aqueous [mpim]Cl PINC was
combined with 30 uL of 5.0 mM aqueous dye stock (anionic: Congo Red, Rose Bengal,
Naphthol Blue Black, Biebrich Scarlet, and Methyl Orange; cationic: Malachite Green,

Methylene Blue, Phenosafranin, Crystal Violet, and Mordant Orange 1) in 10-mL glass
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vials. The solutions were gently mixed, then 5 mL of acetone was added as an antisolvent
to precipitate the PINCs. Control samples were prepared for each dye solution, with a 100
uL aliquot of water acting as a substitute for the PINC solution. In Figure 5-15, we observe
dye complexation for solutions comprising PINC and each anionic dye, though Methyl
Orange (a carboxylic acid-containing dye) shows only partial complexation. As expected,
all cationic dyes do not noticeably adsorb to the cationic PINC due to repulsion between
charged moieties (Figure 5-16). All dye chemical structures are provided in Figure 5-17 as
a reference. The aqueous dye adsorption rate was further investigated using CR as a model
anionic dye. 3.0 mL of 50 uM aqueous CR (0.10 mg) was added to a 4-mL PMMA cuvette,
followed by the rapid addition of 100 uL of 10 mg mL* aqueous [mpim]CI PINC (1.0 mg).
The cuvette was capped, inverted several times to mix, and placed in a UV-vis
spectrometer programmed to scan from 400-600 nm every 5 min for 16 h (2 nm resolution)
while maintaining a temperature of 25.0 °C using a Peltier accessory. The absorbance
profile for CR is relatively stable for the first 5 h of analysis with only minor shifting
(Figure 5-18). However, a rapid decrease in absorption occurs at the 5 h mark, indicating
the precipitation of the PINC-CR complex. After ~6 h, the solution appears colorless aside
from isolated floating red flakes of precipitated PINC-CR complex. While similar in
appearance, the profile for a similar analysis at 50 °C occurs in half of the time (Figure 5-
18), indicating acceleration of dye adsorption at elevated temperatures. Dye adsorption
capacity at equilibrium (qe) for these samples was estimated as 66.7 mg g* (that is, mg of

CR per g of PINC) using equation 2 above.
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Figure 5-15: Photograph depicting the anionic dyes in acetone solutions, either in the
absence of PINC (left vial) or in the presence of PINC (right vial). Dyes from left to right:
Congo Red, Rose Bengal, Naphthol Blue Black, Biebrich Scarlet, and Methyl Orange.

A —

Figure 5-16: Photograph depicting the cationic dyes in acetone solutions, either in the
absence of PINC (left vial) or in the presence of PINC (right vial). Dyes from left to right:
Malachite Green, Methylene Blue, Phenosafranin, Crystal Violet, and Mordant Orange 1.
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Figure 5-17: Chemical structures of all dyes used in the dye sequestration study.
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Figure 5-18: (Top) Schematic illustrating the adsorption of Congo Red (CR, black dots)
onto [mpim]CI PINCs (grey sheets) over 8 h. The left beaker represents dispersed CR and
PINCs, while the center beaker shows extensive interactions and the initial precipitation
as the solution absorbance at 498 (Amax for CR) begins to decrease. Finally, the beaker on
the right represents a fully precipitated PINC-CR complex, yielding a colorless solution.
(Bottom) Temperature-dependent precipitation of the PINC-CR complex, based on
absorbance at 498 nm, presented at 25 °C and 50 °C, with accelerated precipitation
observed at higher temperature.

To further elucidate ge as a function of [CR], we performed an adsorption study by

combining aqueous solutions of CR in a range of concentrations while maintaining a
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constant PINC concentration. In short, aliquots of 10 mg mL~ aqueous CR were combined
with 100 pL of 10 mg mL ™ aqueous PINC in 10-mL glass vials followed by dilution to 5.0
mL with water. The recipes for these solutions are provided in Table 5-4. All diluted
solutions were shaken by hand for 5 min and then allowed to rest without stirring for 48 h
at room temperature or 50 °C (Figure 5-19), after which 1.0 mL of the supernatant was
removed and diluted to 3.0 mL for UV-vis analysis. Further, ge was calculated for each
sample (Tables 5-5 and 5-6), revealing a maximum adsorption capacity of 1,180 mg g* at
room temperature (Table 5-5) and 2,620 mg g at 50 °C (Table 5-6). A comparison
between the ge results for [mpim]Cl PINC and several literature results (in the form of
estimated maximum adsorption capacities, or gm) is provided as Table 5-7. Unfortunately,
the dispersibility of the PINCs complicates attempts to fit the data to a model isotherm for
the estimation of gm (indeed, ideal adsorbents are insoluble in their testing media), though
we provide fits to both a Langmuir and Freundlich isotherm to illustrate this poor behavior
(Figure 5-20). Figure 5-21 illustrates the effect of initial dye concentration (Co) on both ge
and the % dye removed at each temperature, and we note the pronounced linearity of the
Co and ge correlation at 50 °C (r? of 0.998). It is reasonable to assume that this linearity
will continue beyond 3,000 mg CR g~! PINC, and these higher concentrations (along with
solution-state variables, such as pH and electrolyte density) will be investigated in a

forthcoming, in-depth dye sequestration study.
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Table 5-4: Experimental parameters for preparing high-concentration CR solutions.

sample ID 10 mgmL*PINC (uL) 10mgmL?*CR (uL) H20O(uL) CR(mg) PINC (mg)

CR1 100 10 4890 0.10 1.00
CR2 100 20 4880 0.20 1.00
CR3 100 30 4870 0.30 1.00
CR4 100 40 4860 0.40 1.00
CR5 100 50 4850 0.50 1.00
CR6 100 75 4825 0.75 1.00
CR7 100 100 4800 1.00 1.00
CR8 100 125 4775 1.25 1.00
CR9 100 150 4750 1.50 1.00
CR10 100 200 4700 2.00 1.00
CR11 100 250 4650 2.50 1.00
CR12 100 300 4600 3.00 1.00

Figure 5-19: Photographs of the array of PINC-CR complexation samples stored for 48 h
at room temperature (top photo) or 50 °C (bottom photo). In each photograph, the left-to-
right sample identifications (IDs) are CR1-CR12.
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Table 5-5: Congo Red adsorption capacity on [mpim]Cl PINC estimated using a range
of CR solution loadings and storage at room temperature for 48 h.

Sa’,“;"e [dye] (mgg®? Co(mgL?) Ce(mgL?®) V(L) m(g) Ge(mgg?) % adsorbed
CR1 100 20.0 8.75(x0.34) 0.005 0001 56.3(x1.7) 56.3(tL.7)
CR2 200 40.0 1.73(£0.93) 0.005 0.001  191(¥5)  95.7(x2.3)
CR3 300 60.0 0.45(%0.05) 0.005 0.001 298(x1) 99.3(z0.1)
CR4 400 80.0 0.87(z0.08) 0.005 0.001 396(x1) 98.9(z0.1)
CR5 500 100 0.58(%0.01) 0.005 0.001 497(£1) 99.4(z0.1)
CR6 750 150 152(x0.57) 0.005 0.001  742(+3) 99.0(+0.4)
CR7 1000 200 65.3(x11.2) 0.005 0.001  674(+56)  67.4(x5.6)
CR8 1250 250 110(x11)  0.005 0.001  700(x54)  56.0(x4.3)
CR9 1500 300 108(x1)  0.005 0.001  960(4) 64.0(x0.3)
CR10 2000 400 164(x55)  0.005 0.001 1180(x280) 58.9(+13.8)
CR11 2500 500 268(x78) 0.005 0.001 1160(x390) 46.3(+15.6)
CR12 3000 600 396(+23) 0.005 0.001 1020(+120) 34.1(+3.8)

@ Dye concentrations are recorded as mg CR per g of [mpim]CI PINC in the initial

solution.

Table 5-6: Congo Red adsorption capacity on [mpim]Cl PINC estimated using a range
of CR solution loadings and storage at 50 °C for 48 h.

sample

o ldvel(mgg™®)?* Co(mgL™) Ce(mgl™) V(L) m(9) qe(mgg™) % adsorbed
CR1 100 20.0 1.02 0.005 0.001 94.9 94.9
CR2 200 40.0 0.26 0.005 0.001 199 99.4
CR3 300 60.0 0.17 0.005  0.001 299 99.7
CR4 400 80.0 0.32 0.005  0.001 399 99.8
CR5 500 100 2.19 0.005  0.001 489 97.8
CR6 750 150 3.50 0.005  0.001 732 97.7
CR7 1000 200 7.88 0.005  0.001 961 96.1
CR8 1250 250 19.1 0.005  0.001 1150 92.4
CR9 1500 300 24.1 0.005  0.001 1380 92.0
CR10 2000 400 23.6 0.005  0.001 1880 94.1
CR11 2500 500 37.6 0.005  0.001 2310 92.5
CR12 3000 600 76.9 0.005  0.001 2620 87.2

2 Dye concentrations are recorded as mg CR per g of [mpim]CI PINC in the initial

solution.
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Table 5-7: Comparison of maximum adsorption capacities (gm) for CR from the literature.

sorbent gm(mgg™l) temperature (°C) reference
guar gum/activated carbon 832 40 4
cotton stalks biochar (CSB) 250 25 4
CSB/ZnO nanoparticles 556 25 4
litchi peel biochar 404 45 %
hydroxyapatite/chitosan 769 20 46
activated carbon 449 30 a7
FesO4 nanoparticles 630 20 4
Alc.)e vera leaf shells 1.850 25 w“
activated carbon
[mpim]CI PINC 1,1802 20 this work
[mpim]CI PINC 2,620 50 this work

2 Due to the poor Langmuir isotherm fit, this value is the equilibrium adsorption capacity
(ge), not the estimated maximum adsorption capacity (gm).
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Figure 5-20: Langmuir (left) and Freundlich (right) isotherms for CR adsorption onto
[mpim]Cl PINC at room temperature (RT; top) and 50 °C (bottom). Neither isotherm
model demonstrates a strong linear correlation at either temperature.
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Figure 5-21: Effect of initial concentration (Co) on the equilibrium adsorption capacity
(ge) and % removal when performing dye sequestration at room temperature (RT, top
panel) versus 50 °C (bottom panel). Blue circles connected by solid lines denote e,
whereas pink squares connected by dashed lines denote % removed.
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In a final set of experiments, PINC adsorption selectivity was investigated by
attempting to remove the anionic CR species from an equimolar mixture of CR and the
cationic dye Methylene Blue (MB). In this experiment, 1.5 mL volumes of 100 uM aqueous
CR and MB stocks were combined within a PMMA cuvette, followed by the rapid addition
of 100 uL of 10 mg mL* aqueous PINC solution, capping of the cuvette, and rapid manual
mixing. Upon mixing, an apparent decrease in absorbance (hypochromism) was observed
for both dyes (particularly for MB), signifying their electrostatic interaction. The Amax for
CR blue shifts from 498 nm to 490 nm in the presence of MB and shifts further to 484 nm
in the presence of MB and PINC, with a concurrent decrease in absorbance of 7% and 17%,
respectively. Similarly, the Amax for MB (665 nm) increases to 675 nm in the presence of
CR but only to 670 nm when both CR and PINC and present. However, MB shows marked
hypochromism in the presence of CR and CR/PINC (77% and 40% decrease in absorbance,
respectively), as summarized in Figure 5-22. Hypochromism has been noted previously for
MB upon electrostatic binding with DNA or t-RNA.*-*° Interestingly, when an equimolar
mixture of CR (anionic) and MB (cationic) is challenged with PINC, both dyes are
quantitatively precipitated to yield a colorless supernatant after 2 days at room temperature
(Figure 5-22, inset photograph). We propose that the CR dianion acts to bridge the cationic
PINC surface and the cationic MB dye, thereby promoting the electrostatic complexation
of all three species and their eventual precipitation from aqueous solution, offering a

potential strategy for the cleanup of dye-contaminated waters.
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Figure 5-22: UV-vis spectra for 50 mM aqueous CR, 50 mM aqueous MB, a mixture of
the dyes, the artificially summed spectra for each neat dye solution, and the mixture of dyes
in the presence of PINC. Dashed black vertical lines track the shifting Amax for CR and MB.
The inset photograph displays the initial CR/MB dye solution prior to the addition of PINC
(left cuvette) and after adding PINC and allowing the solution to rest for 48 h (right
cuvette), resulting in a colorless solution.

In conclusion, we report a new best-in-class catalytic system for 4-NP reduction
using heterogeneous bimetallic noble metal catalysts. The [mpim]CI PINC acts as a novel
support structure to elevate the catalytic activities of appended bimetallic AuxAg1-xNPs far
beyond those of any reported unsupported or monometallic noble metal catalyst, achieving
a record turnover frequency (TOF) of 33,100 h™* for the x = 0.7 configuration. Further, we
show the robustness of these heterogeneous catalysts over multiple recycles and explore
their economic value by calculating TOF per $US for each [mpim]CI PINC@AuxAg1-xNPs
system, a metric which is under-reported but crucial for comparing the industrial viability
of catalysts. Finally, we extend the applicability of these cationic supports by

demonstrating their use as dye adsorbents for anionic dyes using Congo Red as a model
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dye, attaining an impressive adsorption capacity, ge, of 2,620 mg CR per g of PINC.
Altogether, the investigations reported herein thoroughly demonstrate the catalytic
enhancement and dye sequestration capabilities of these novel PINCs and provide impetus

for their further application as catalyst supports and dye adsorption platforms.
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Chapter 5 Supplementary Information

Materials. All experiments were carried out using ultrapure Millipore water (18.2 MQ
cm). Reagents were purchased commercially and used without further purification. 1-
methylimidazole (M50834, 99%), magnesium chloride hexahydrate (M2670, >99.0%), 3-
chloropropyltrimethoxysilane (440183, >97%), sodium hydroxide (306576, 99.99%), gold
chloride (520918, >99.9%), silver nitrate (204390, 99.9999%), sodium borohydride (213462,

99%), 4-nitrophenol (241326, >99%), Mordant Orange 1 (19,507-3, 80%), Malachite Green
(M9015, 93%), Rose Bengal (330000, 95%), Phenosafranin (199648, 80%), Crystal Violet (C6158,

>90.0%), and Naphthol Blue Black (195243, 80%) were purchased from Sigma-Aldrich (St.
Louis, MO). Ethyl acetate (E195-4, 99.9%), Congo Red (C-580, 95%), Methylene Blue
(M9140, 89%), Biebrich Scarlet (J65603.22, 70%), and Methyl Orange (M-216, certified
ACS) were purchased from Fischer Scientific (Hampton, NH). Absolute ethanol (2716)

was purchased from Decon Labs (King of Prussia, PA).

Characterization. UV-vis absorbance spectra were recorded on a Varian Cary 50 Bio
spectrophotometer using standard 1-cm PMMA cuvettes. Temperature-dependent UV-vis
experiments were performed using a Peltier attachment for fine temperature control.
Spectral characterization of the PINC@Au.Agi .NPs colloids was performed to assess
stability after aging for2 h, 1 d,3d,5d, 7d, 14 d, and 28 d (Figures 5-2 and 5-3). For
TEM analysis, 8-uL sample aliquots were deposited onto carbon-coated copper grids (Ted
Pella, Inc.; 01814-F, support films, carbon type-B, 400 mesh copper grid) by drop-casting,
followed by drying in open air. TEM micrographs were obtained on an FEI Tecnai (F20)

microscope operated at 200 keV. ImageJ software was used to analyze the resulting
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micrographs, and at least 300 particles were counted to create the corresponding size

histograms.
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Conclusion

The research presented herein outlines our goal to prepare polyionic nanoclays
(PINCs), an aminoclay-like nanomaterial possessing permanent surface cations. These
aqueously dispersing two-dimensional nanomaterials exfoliate readily in water (regardless
of pH) and short-chain alcohols. In addition, we demonstrate their application as
nanocatalyst supports and dye removal agents and highlight their exceptional performance
in both roles. Indeed, heterogeneous catalysts comprising [mpim]Cl PINC@AuAgNPs
perform to a higher degree for 4-nitrophenol reduction than any other noble metal catalyst
yet reported in the literature, and naked PINCs remove Congo Red from aqueous media

with a greater adsorption capacity than anything we have found in our literature searches.

Looking toward the future, ionic liquids are often known for their ability to be
tailored for a given application. Our next endeavor will demonstrate this property in PINCs
as we devise silane syntheses which aim to alter the surface cation moiety. Specifically, N-
(trimethoxysilylpropyl)pyridinium chloride and 1-methyl-1-
(trimethoxysilylpropyl)pyrrolidinium silanes (and their respective PINCs) have already
been prepared and used as comparators in elucidating the role of the cation identity in the
observed catalytic enhancement during 4-nitrophenol reduction. Impetus also exists in the
preparation of anionic and zwitterionic PINCs (sulfonate or carboxylate functionalized
anionic PINCs; reaction between imidazole- or amine-based silane with 3-propanesultone
to achieve a zwitterionic moiety). Further, functionalization of the surface cation is
underway wherein a PINC synthesized using 1-ethoxy-3-

(trimethoxysilylpropyl)imidazolium silane is combined with ethylenediaminetetraacetic
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acid (EDTA) dianhydride to produce an EDTA-modified PINC for metal ion sequestration
or, when modified with Ni%*, protein sequestration via his-tagging. Many routes exist for
modification of PINCs (thiol-ene click chemistry being an enticing option) to alter their

identities for an assortment of applications in this budding field.

Regarding the current studies, additional nanoparticle compositions (gold-
palladium bimetallics, platinum, non-noble or ignoble metals) will be prepared in the
presence of these PINCs to assess their application for other, high-value catalyzed
reactions, such as Suzuki coupling and alcohol oxidation. Fundamental knowledge
regarding catalyst-substrate interactions are needed to push the designer aspect of these
catalysts (computational calculations are underway), though such investigations will herald

powerful heterogeneous catalysts.
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