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ARTICLE INFO ABSTRACT

Keywords: A novel closed loop, continuous flow (CF) reactor system for parahydrogen enhanced nuclear magnetic reso-
Parahydrogen nance (NMR) of liquids via heterogeneous catalysis is introduced which enables recycling of unreacted liquid
PHIP

substrate reactant. This system consists of an HPLC pump, a liquid substrate reservoir incorporating a gas
diffuser, an all-metal packed bed catalytic reactor, and an AF-2400 tube-in-tube gas permeable membrane for
removal of normal Hy. Two types of supported metal nanoparticle catalysts were tested: mesoporous silica
encapsulated Pt3Sn intermetallic nanoparticles and a Rh on anatase TiOy support. In the CF hydrogenation of
propargyl acetate to allyl acetate, the hyperpolarized signals exhibited stability over 20 min of recirculation, with
signal enhancements of up to 626 using 99% p-H, and negligible leaching of the catalyst into the flowing so-
lutions. These results demonstrate the practicality of performing systematic optimization of conditions for
continuous flow catalysis and polarization transfer to heteronuclei with important implications for biomedical
magnetic resonance imaging.

Heterogeneous catalysis
Side-arm hydrogenation
Hyperpolarization

1. Introduction

Hyperpolarization from parahydrogen (p-Hy) is gaining traction as a
sensitivity enhancement method for in-vivo molecular magnetic reso-
nance imaging [1-5]. A significant breakthrough was the advent of
side-arm hydrogenation (SAH), which has extended the reach of the
parahydrogen enhanced nuclear magnetic resonance (NMR) technique
to molecules not directly producible by hydrogenation, such as acetate
and pyruvate [6-11], key biomarkers in the TCA cycle metabolism [7,
12]. While promising, SAH and purification have been performed in
batch mode where p-Hs is bubbled through the precursor solution
containing the dissolved catalyst. Continuous flow (CF) production of
impurity-free hyperpolarized metabolites in solution may be better
suited for in-vivo administration for some applications than a single,
concentrated, non-physiological bolus [13]. Heterogeneous catalysis is
intrinsically compatible with CF production of hyperpolarized liquids,
as demonstrated in our recent work [14], which we expand on here.

* Corresponding author.
E-mail address: bowers@chem.ufl.edu (C.R. Bowers).

https://doi.org/10.1016/j.jmro.2022.100076

Available online 23 September 2022

A few demonstrations of CF hyperpolarization from parahydrogen
and homogeneous catalysis have appeared in the literature [15-19]. CF
hyperpolarization by heterogeneous catalytic hydrogenation is widely
employed for gases [1,20-24]. A hyperpolarized gas stream is produced
by flowing a gas mixture containing p-Hy and an unsaturated substrate
through a packed bed reactor containing the solid hydrogenation cata-
lyst. Adapting this configuration to liquid phase reactants would offer
greater versatility than batch mode processes. Firstly, the facile sepa-
ration of liquid substrate and solid catalysts would allow production of a
constant stream of catalyst-free hyperpolarized metabolites. Secondly,
the well-controlled contact time, transport time, and reaction tempera-
tures would enable the systematic optimization of conditions for het-
erogeneous  hydrogenation catalysis and non-hydrogenative
spin-transfer catalysis processes [25]. Moreover, it would facilitate the
robust production of hyperpolarized metabolites with facile in-situ
catalyst regeneration. Our group recently demonstrated the feasibility
of CF hyperpolarization of liquid SAH precursors by heterogeneous
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Fig. 1. Closed loop continuous flow (CL-CF) ALTADENA reactor system. The blue, orange, and alternating double lines represent the flow path of gas, liquid, or both,
respectively. The grey double dashed line represents the AF-2400 gas permeable membrane in the tube-in-tube vacuum degasser. Arrows indicate the flow direction.

catalysis [14]. Despite the potential advantages, several technical
challenges remain to be addressed in the design of the next generation of
CF reactor system and high-performance catalysts:

e The reactor materials must withstand the elevated pressures needed
to increase the solubility of the gas.

o After hydrogenation, excess dissolved gas should be removed prior to

any step-down of the pressure to prevent foaming or bubble

formation.

The packed bed reactor should incorporate a system (e.g., porous

frits) to retain the catalyst.

Reactor systems must withstand the high temperatures (c.a. >

300 °C) necessary for catalyst pre-treatments or regeneration in Oy/

Hy/N; gas streams.

The reactor should facilitate high catalytic conversion at the requi-

site flow rates (c.a. > 2.0 mL/min) while maximizing transport and

interaction with the catalytic active sites.

Catalyst materials should be formulated and processed to maximize

pairwise addition of parahydrogen to an unsaturated molecule while

minimizing leaching into the hyperpolarized liquid stream.

e The volume of the system between the reactor outlet and the NMR
probe flow cell, or dwell volume, should be as small as possible to
minimize the transport time.

Additional requirements necessary for CF SAH include:

Optimization of the operating conditions to maximize polarization
transfer to the heteronucleus of interest (e.g., 3¢, 15N) under CF
conditions.

o CF chemical cleavage of the side-arm after polarization transfer.

Optimization of the polarization yield and polarization transfer to
13C in such a complex reactor system entails systematic variation of
reaction parameters (e.g., flow rate, temperature, precursor

concentration) and polarization transfer variables (e.g., magnetic field,
transport time, and pulse sequence timings). However, for the targeted
flow rate of > 2.0 mL/min, the time-consuming systematic variations
would consume significant volumes of deuterated solvents and isotopi-
cally labelled precursors. Considering the high cost of these reagents,
recirculation in a closed loop (CL) reactor configuration with a low per-
pass catalytic conversion and recycling of unreacted substrate would be
both practical and cost-effective. This article presents the details of the
design and successful demonstration of such a system using two different
types of supported metal nanoparticle hydrogenation catalysts.

2. Materials and methods
2.1. Closed loop packed bed flow reactor design

Fig. 1 displays a block diagram of the versatile closed loop contin-
uous flow (CL-CF) reactor system that achieves continuous hyperpo-
larization of both liquids and gases at high temperatures and elevated
pressures over prolonged periods. The system operates in the ALTA-
DENA mode [26], where hydrogenation adducts formed by p-H, addi-
tion at low magnetic field in the strong proton-proton spin coupling
regime are adiabatically transported to high magnetic field for NMR
detection with a 90° RF pulse.

Heterogeneous catalysts usually require pre-activation and may
require periodic regeneration. Typically, the activation or regeneration
cycle involves exposing the catalyst to flowing air for a period of several
hours followed by exposure to Hp diluted in an inert carrier gas (e.g., N2)
at elevated temperature. Supported metal nanoparticles typically
require a reduction activation at temperatures of at least 200 °C,
whereas temperatures of over 500 °C are needed to induce performance
enhancing metal-support interactions [27,28]. Once the catalyst has
been activated (or reactivated), exposure to air should be minimized or
avoided altogether. Therefore, the system was designed to allow
switching between liquid and gas flow paths using three-way valves
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Fig. 2. Cross-section of the all-metal packed-bed reactor described in the text.

(labelled 2, 3, and 5 in Fig. 1), which allows the catalyst to be activa-
ted/reactivated in-situ.

A diagram of the all-metal packed bed reactor assembly is shown in
Fig. 2. The Y-inch outer diameter (0.D.) SS 304 catalyst tube is 80 mm in
length. Both ends are terminated with HPLC column end fittings (Valco
part #ECEF412.1F) that encapsulate SS 316L porous frits (10 um pore
size, Y-inch O.D., 1/16-inch thickness, McMaster-Carr part number
9446T31). The Valco fittings on the inlet and outlet of the reactor tube
are connected to 30 cm and 10 cm sections, respectively, of 1/16-inch O.
D. (0.023-inch I.D.) SS 316 tubing terminating at Swagelok 1/16-inch 3-
way valves (2 and 3 in Fig. 1). The reactor tube is enclosed in a brass
heating mantle with a two-piece, clamshell design. The inlet tubing is
wound around the heating mantle body several times to pre-heat the
inflowing precursor stream. A heater cartridge (335 W, %-inch O.D., 1.5-
inch length, Omega Engineering, Inc, part number CSH-301335/120V)
is inserted into a hole in the heating mantle. The distance between the
reactor tube and the heating cartridge is about 1/16-inch. The heating
mantle temperature is monitored with a SS jacketed K-type thermo-
couple inserted into a hole on the opposite side of the reactor tube. The
temperature of the brass mantle was controlled with an Omega Engi-
neering CN7223 process controller.

The 99% para-enriched Hy was supplied by an Advanced Research
Systems (ARS) Model DE-204A cryocooler converter. For the liquid
phase CF ALTADENA experiments, the p-Hy was bubbled at a flow rate
of 100 SCCM through 1/16-inch O.D. PEEK (polyether ether ketone)
tubing connected to a gas diffuser (solvent filter, 10 uM pore size, IDEX,
Mfr # A-550 — Cole Parmer Item # EW-42700-02) that was inserted into
the dissolved substrate solution contained in a 48 mL glass pressure
vessel (Chemglass Life Sciences, Model 1880-04) at a pressure of 6 bar. A
Teledyne M1 HPLC pump was used to drive the circulation of liquid
reactant solutions through the packed bed reactor and then into the flow
NMR probe. Finally, the liquid flows through the AF-2400 tube-in-tube
vacuum degasser to remove unreacted dissolved Hy and then back into
the liquid reservoir. The degasser is the same device used for p-Hy
dissolution in Ref. [14]. Here, the outer tube is evacuated to sub-Torr
pressure to extract Hy from solution.

The efficiency of the AF-2400 vacuum degasser was tested by
comparing the concentrations of dissolved Hy before and after passing
an Hp-saturated solution through the device. The test solution contain-
ing 100 mM propargyl acetate (PPGA) in d4-methanol with 0.05 v% of
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Fig. 3. Test results for the AF-2400 tube-in-tube vacuum degasser at a flow rate
of 2.0 mL/min. The 400 MHz 'H NMR spectra of a d;-methanol solution con-
taining 100 mM propargyl acetate (PPGA) saturated with normal H, were ac-
quired A) with and B) without the tube-in-tube device inserted into the
flow path.

TMS was saturated with normal Hy (25 % para) by bubbling at a flow
rate of 350 mL/min for 10 min. The degasser was installed at the inlet of
the flow probe with a bypass option. The thermally polarized 400 MHz
'H NMR spectra of the PPGA solution acquired with and without
bypassing the tube-in-tube device at a flow rate of 2.0 mL/min are
shown in Fig. 3. The Hy concentrations were then deduced by comparing
the peak integrals of Hy and the TMS reference. The Hy concentrations of
3.74 mM and 17.5 mM were obtained with and without degassing,
respectively, demonstrating a 78.6% efficiency of Hy removal.

The pressure of the liquid at the inlet of the reactor tube was moni-
tored with a digital pressure gauge. The total dwell volume between the
reactor tube outlet to the flow cell is approximately 0.25 mL. The
thermally polarized spectrum is acquired under non-flowing conditions
by turning valve 3 to position ‘b’ and closing valve 4. The gas phase
hydrogenation and the in-situ catalyst activation treatment can be
conducted by connecting the three-way valves 1, 2 and 5 to position ‘b’.
Note that the gas cannot recirculate in the CL-CF setup, so the effluent
gases are vented to exhaust after a single pass through the catalyst.

For the CL-CF heterogeneous hydrogenation of PPGA, the reactor
tube was packed with 22 mg of catalyst, either PtsSn@mSiO; or Rh/
TiO,-ANP, synthesized as described below. Solutions containing 100
mM PPGA (Sigma-Aldrich, 98%) in methanol-d4 (Cambridge Isotope
Laboratories, 99.8% D) were prepared by adding 30 mL of substrate
solution into the 48 mL liquid reservoir. The solution was sparged with
helium gas at 25 psi for at least 10 min. The 99% p-H was then dissolved
by bubbling through the solution at 72 psi for 10 min. Hydrogenation
was performed at a magnetic field of 4.5 mT. CL-CF ALTADENA NMR
spectra were acquired using a 400 MHz Varian VNMRS spectrometer
equipped with a Varian 400 MHz triple resonance H(C/N) IFC flow
probe with a coil volume of 60 pL. Several reactor temperatures and
liquid flow rates were tested.

2.2. Data analysis

2.2.1. Per-pass conversion
Due to the recirculation of liquid substrate, unreacted substrate
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Table 1
Symbol references in Eqs. (1-3).
Symbol Meaning
s oon Percent conversion to AA and PPA per-pass.
2onr Fha Percent conversion to AA calculated from the thermally polarized

spectrum acquired after and before the current array experiment.
Xbpas Percent conversion to PPA calculated from the thermally polarized

Looa spectrum acquired after and before the current array experiment.
nPess Number of passes between the acquisition of two thermally polarized
spectra.
f Flow rate of liquid substrate.
t Circulation time between the acquisition of two thermally polarized
spectra.
v Total volume of liquid substrate in the system.

molecules will pass through the catalyst bed multiple times prior to
hydrogenation. The per-pass conversions to allyl acetate (AA, #%,) and

propyl acetate (PPA, 4%,,) were calculated using the following equa-

tions,

=t &
2 = )r%mn;f?m @)
s 2% 3)

The symbol references are defined in Table 1.

2.2.2. Enhancement factor
The observed enhancement factor of H® in AA (¢aa) and H'! in PPA
(eppa) were calculated by the following equations:

S,gLT
=—>——XNS§ 4
€an ASTP /nP“” P 4
sur
Eppp = ———7—— X NS 5
PPA AS{f/Bn”"” P 5)

where SALT and S/L7 represent the peak integral of H® and H'! in the
ALTADENA spectrum, respectively; ASI” and ASI? represents the peak
integral increment of H® and H'!, respectively, obtained by subtracting
the integrals in the thermally polarized spectrum acquired before the
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array experiment from that after the array experiment. NSyp is 32 and 8
for experiments using Pt3Sn@mSiO, and Rh/TiO-ANP catalysts,
respectively.

2.2.3. Polarization yield
The polarization yield is the product of the conversion and signal
enhancement factor, y?-¢.

2.3. Catalysts

2.3.1. Synthesis of PtsSn@mSiO; intermetallic nanoparticles

The mesoporous silica encapsulated Pt3Sn intermetallic nano-
particles (PtsSn@mSiO4 iNPs) were synthesized by a method reported in
our previous study [29]. 8.4 g of tetradecyltrimethyl-ammonium bro-
mide (TTAB) was dissolved in 200 mL DI water in a 500 mL
round-bottomed flask. In a centrifuge tube, 104 mg of potassium tetra-
chloroplatinate (II) (KoPtCly) was dissolved in 25 mL DI water which
was added to the above TTAB solution. A septum was used to cap the
round-bottomed flask. The solution was stirred at room temperature at
600 rpm for 10 min and then moved to an oil bath preheated to 50 °C
and stirred for another 10 min until the solution became clear. To this, a
freshly prepared ice-cold sodium borohydride (NaBH4) solution (284 mg
NaBHj, in 25 mL DI water) was added using a syringe. Excess hydrogen
generated was vented out of the solution. The solution was allowed to
stir at 50 °C for 24 h, which resulted in the formation of a dark brown
colloidal solution of Pt nanoparticles (NPs). This solution was centri-
fuged at 4000 rpm four times for 30 min each, discarding the residue
after each session. Finally, the supernatant was centrifuged at 12000
rpm for 15 min twice, collected, and dispersed in 200 mL of aqueous
solution and placed in an oil bath at 50 °C. The pH of this solution was
adjusted to 10-11 by adding 0.05 M NaOH solution. A solution of 600 pL
of tetraethylorthosilicate (TEOS) dissolved in 5.4 mL methanol solution
was added dropwise under stirring. After 3 h, the sample was centri-
fuged at 12000 rpm twice, and the coated Pt particles (Pt@mSiO2) were
redispersed in methanol. The surfactant was removed via refluxing in
6% HCI acidic methanol solution at 90 °C for 24 h.

In the synthesis of the Pt3Sn@mSiO; catalyst, the platinum content
in Pt@mSiO; seed particles was obtained using ICP-MS. The Pt@mSiOy
solution was centrifuged and redispersed in 80 mL of tetraethylene
glycol in a 250 mL two-neck flask. An appropriate amount of
SnCly-2H,0 was then added, ensuring a Pt:Sn molar ratio of 3:1. The
solution was sonicated to obtain a homogeneous mixture. After
removing air from the flask and refilling with Ar gas, the flask was

A B C 24[Rn/TIO,-ANP-500 R
Pt,Sn@msSiO,
:i 15 20 2
© Diameter (nt
g Pt.Sn Std
S L™
7]
c
°
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Fig. 4. Characterization of Pt3Sn@mSiO; iNPs. A) Scanning transmission electron microscope (STEM) image. The length-scale bar indicates 50 nm. B) Powder x-ray
diffraction (PXRD) peaks of the Pt3Sn@mSiO,, catalyst (in blue) alongside the MDI JADE [30] standard diffraction patterns for Pt (in red, 65-2868), PtSn (in green,
65-0959), and Pt3Sn (in violet 65-0958) confirms the pure phase intermetallic crystal-structure of the catalyst. C) Representative TEM image of the Rh/TiO,-ANP
obtained after reduction at 500 °C. The length-scale bar indicates 20 nm. Inset: histogram of measured particle sizes. The average Rh particle size in the TEM image is

2.1 + 0.5 nm.
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Fig. 5. Stacked array of 400 MHz 'H ALTADENA spectra acquired every 4.5 s over the course of CF hydrogenation of PPGA with 99% p-H, catalyzed by 22 mg of A)
Pt3Sn@mSiO; and B) Rh/TiO5-ANP using CL-CF setup. The reactor temperature was 100 °C and the flow rate was 2.0 mL/min. C) Reaction scheme and pro-

ton numbering.

heated using a temperature-controlled heating mantle to 280 °C and
then maintained for 2 h. The obtained alloy was centrifuged, washed,
and dried, before annealing/reducing at 600 °C in a 10% Hy/Ar flow (50
mL/min total flow rate) in a tube furnace to obtain Pt3Sn@mSiO,
intermetallic nanoparticles.

The core-shell structure of the Pt3Sn@mSiO; iNPs and the interme-
tallic phase was confirmed by the STEM (Fig. 4A) and PXRD (Fig. 4B),
respectively. The average particle size for the Pt3Sn@mSiO; interme-
tallic nanoparticles was determined to be 17 nm.

2.3.2. Synthesis of Rh/TiO2-ANP

The Rh/TiO,-ANP catalyst with a target Rh loading of 0.5 wt.% was
synthesized by the incipient wetness impregnation (IWI) method. Prior
to impregnation, a 1 mL DI water solution consisting of 14 mg Rh
(NO3)3-6H20 was ultrasonicated for 30 s. Rh precursor solution was
incrementally dispensed into the 1 g TiO2-ANP support (anatase titania
nanoparticles, Nanostructured & Amorphous Materials, Inc., 99% pu-
rity, catalog # 5430-093020), 200 L at a time. The mixture was dried

overnight at 80 °C, followed by the calcination in air at 350 °C. Tem-
perature programmed reduction (TPR) experiments were then per-
formed from 25 °C to 350 °C at a rate of 10 °C/min. The total heating
time was 70 min. A representative TEM image of a similarly prepared
Rh/TiO2-ANP catalyst batch with the same loading is presented in
Fig. 4C. The average diameter of the Rh nanoparticles is estimated to be
2.1 £ 0.5 nm.

3. Results and discussion
3.1. Flow rate studies

CF ALTADENA spectra were acquired every 8 s, 4 s, and 2 s at liquid
flow rates of 1.0 mL/min, 2.0 mL/min, and 3.5 mL/min, respectively.
For all flow rates, each spectrum was acquired as a single transient with
a n/2 RF pulse and an acquisition time of 0.5 s. The thermally polarized
spectrum was acquired immediately following the completion of the
arrayed experiment by accumulation of 8 (Rh/TiO,-ANP) or 32
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Fig. 6. The 'H NMR spectra for the CF
hydrogenation of PPGA with 99% p-H,
catalyzed by A) Pt3Sn@mSiO, and B)
Rh/TiO5-ANP using the CL-CF setup.
The experiments were conducted at
100 °C with a liquid flow rate of 2.0
mL/min. Lower traces: the representa-
tive ALTADENA spectrum from the
steady-state region in the arrayed
experiment (1 transient). Upper traces:
thermally polarized spectrum acquired
under the non-flowing condition at the
end of the arrayed experiment, 32
transients with a recycle delay of 60 s.
All spectra are displayed with the same
vertical scale. The peak labels corre-
spond to the proton labeling in Fig. 5.

Table 2

Per-pass conversion (y?P), signal enhancement (¢), and polarization yield (y*P-¢)
in the CF hydrogenation of PPGA to AA and PPA using 99% p-H, catalyzed by
Pt3Sn@mSiO, and Rh/TiO,-ANP using the CL-CF setup at 100 °C and 2.0 mL/
min.

Catalyst Product i € aP-e

Pt3Sn@mSiO, AA 0.16% + 0.001% 212+ 3 0.34 £+ 0.005

Rh/TiO,-ANP AA 1.63% =+ 0.05% 80.0 +£ 0.8 1.43 + 0.06
PPA 0.63% + 0.02% 22.5+ 0.7 0.16 £ 0.01

(Pt3sSn@mSiOy) transients with a recycle delay of 30 s.

CL-CF heterogeneous hydrogenation of PPGA was performed with
99% p-Hjy using Pt3Sn@mSiO; and Rh/TiO2-ANP catalysts. The catalyst
beds were heated to 100 °C and the liquid flow rate was set to 2.0 mL/
min. The HPLC pump was activated 4 s prior to the acquisition of the 1%
ALTADENA spectrum. Fig. 5A and B represent the stacked plots of 100
ALTADENA spectra acquired every 4 s during the CF hydrogenation
using Pt3Sn@mSiO; and Rh/TiO-ANP, respectively. In both experi-
ments, the hyperpolarized peaks of AA emerge at the 28™ scan (126 s
after the start of liquid flow) and stabilize after the 32nd scan, consistent
with the approximately 4.0 mL volume between the liquid reservoir to
the detection coil. A steady state was attained between the 32™ and the
final 100" scan, where the ALTADENA signal exhibits high stability.
Hyperpolarized PPA peaks (H!® and H'!) are observed only in the
experiment using the Rh/TiO-ANP catalyst, consistent with its lower
semi-hydrogenation chemoselectivity.

The conversion and signal enhancement in the CF hydrogenation
were obtained by comparing the ALTADENA spectrum to the thermally
polarized spectrum acquired under non-flowing conditions immediately
after the arrayed experiment. Note that the hydrogenation products
accumulate during the recirculation of substrates. The number of passes
(nP**) is estimated from the flow rate (f), circulation time (t), and the
total liquid volume (V). The value is used in the calculation of conver-
sion per-pass (¥P) and the observed enhancement factor (¢).

Fig. 6A and B show the signal-averaged thermally polarized spectra

(upper traces) and the representative CF ALTADENA spectra (lower
traces) from experiments using Pt3Sn@mSiO2 and Rh/TiO,-ANP,
respectively. The results for both catalysts are summarized in Table 2.
The Rh/TiO2-ANP exhibits approximately 3 times stronger ALTADENA
signal and 10 times stronger thermally polarized signal for H® of AA than
Pt3Sn@mSiO; catalysts, resulting in a lower enhancement factor for the
Rh catalyst. The y?? values of AA using Rh/TiO2-ANP and Pt3sSn@mSiO;
are 1.63% and 0.16%, respectively, and the enhancement factors are 80
and 211.8 using 99% p-Hy. The lower conversion and higher signal
enhancement obtained using Pt3Sn@mSiO, are consistent with the
elevated H, dissociation barrier and the restricted H diffusion on the
Pt3Sn intermetallic surface that promote the pairwise hydrogenation
[31,32]. In addition, the hyperpolarized over-hydrogenated product,
PPA, is only observed using the Rh/TiO2-ANP catalyst, with a conver-
sion of 0.89% and a signal enhancement of 22.5. This demonstrates the
higher chemoselectivity to the alkene product using the PtsSn@mSiO,
catalyst, which is likely due to the low H coverage and weaker alkene
adsorption on the Pt3Sn surface that inhibits over-hydrogenation [33].

The key feature of the CL-CF setup is the highly stable production of a
hyperpolarized stream for extended periods of time. The stability of
ALTADENA signal during 22.5 min of CF hydrogenation was tested with
both Pt3Sn@mSiO; and Rh/TiO2-ANP catalysts. The experiments were
conducted at 100 °C and 2.0 mL/min. A total of 300 ALTADENA spectra
were collected using a 4.5 s interval. The integrals of H® (PPGA, blue
circles), H® (AA, green diamonds), and H' (PPA, orange squares) are
plotted against circulation time, shown in Fig. 7. The total volume of
substrate was 22 mL, so more than 2 cycles were completed during 22.5
min of flow at 2.0 mL/min.

As seen in Fig. 7, the Pt3Sn@mSiO, demonstrates higher stability for
both the ALTADENA peak of H® and thermally polarized peak of H>
during the experiment. Due to the lower per-pass conversion, the
average integral of the H® peak decreases by only 0.8% after 22.5 min
circulation, while the average integral of hyperpolarized H® peak
increased by 4.4%. In addition, the ALTADENA signal exhibits larger
fluctuations than the thermally polarized signal. This could be due to
fluctuations in temperature and flow rate.
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Fig. 7. The peak integrals of H, H®, and H'! in the CF ALTADENA spectra
acquired every 4.5 s over the course of CF hydrogenation reaction at 100 °C and
2.0 mL/min using A) Pt3Sn@mSiO, and B) Rh/TiO,-ANP.

In the experiments with the Rh/TiO,-ANP catalyst (Fig. 7B), an
obvious decay of the ALTADENA signal integrals is observed for both the
H® and H!!' peaks during the CF reaction. The integrals decrease by
13.3% and 30.4%, respectively, after 22.5 min of circulation, whereas
the thermally polarized H® peak fluctuates by less than 1%. Therefore,
the decrease in the ALTADENA signals cannot be attributed to a change
in the surface coverage over the metal nanoparticle surface. The
ALTADENA signals stabilize at about 20 min after the start of the flow.
The decline is likely due to the approach toward a steady-state para-
enrichment in the loop resulting from the incomplete (c.a. 80%, see
Fig. 3) removal of para-depleted Hy by the AF-2400 degasser. The re-
sidual para-depleted H, would, after mixing, lower the overall enrich-
ment. This effect is of the correct magnitude and timescale to explain the
13% decline in the H® ALTADENA signal after approximately two round
trips. The greater relative decrease in the H'! ALTADENA signal is also
consistent with this explanation since the alkane is formed from two
equivalents of Hjy. In contrast, there is no noticeable decay of the
ALTADENA signals in the experiments using Pt3Sn@mSiO, catalyst
(Fig. 7A), consistent with the lower activity for para-ortho back con-
version for this material.

After the experiment was finished, the reaction mixtures were
analyzed by ICP-MS to detect the metal leaching from the heterogeneous
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catalyst into the recirculated solution. The concentrations of Pt and Rh
metals in the reaction effluent through Pt3Sn@mSiOz and Rh/TiO,-ANP
catalysts were O ppb and 16.4 ppb (ug/L), respectively. Apparently, the
protective encapsulation of the Pt3Sn nanoparticles in a mesoporous
silica shell makes the metals less prone to leaching than the solvent
exposed Rh atoms in the TiOy-supported nanoparticle catalyst. A
contributing factor could be the small size of the Rh nanoparticles, and it
is unknown if the leached metal is in the form of detached particles or
etched Rh®*. Nevertheless, the total mass of Rh lost to leaching was 0.11
mg, corresponding to only 0.4 % of the total Rh in the 22 mg catalyst
sample.

3.2. Variable reactor temperature study

The reaction temperature was varied over several values for the CF
hydrogenation of PPGA catalyzed by Pt3Sn@mSiOs. Experiments were
performed with a fixed flow rate of 2.0 mL/min at 100 °C, 80 °C, and
60 °C (in that order) using 22 mg of Pt3Sn@mSiO; catalysts and 25 mL of
100 mM PPGA solution in methanol-d4. At each temperature, an array of
400 ALTADENA spectra were acquired, one every 4.5 s, corresponding
to a total circulation time of 30 min and n”** = 3. The per-pass con-
version was calculated based on the thermally polarized spectra
collected before and after completion of the arrayed experiment. Due to
the low per-pass conversion for this catalyst, the reactant and product
concentration did not change appreciably over the course of the
experiment. The signal enhancement was calculated by comparing the
ALTADENA signal to the difference in the signal integrals of the corre-
sponding peak in the thermally polarized spectra.

As seen in Fig. 8 and Table 3, 100 °C yields the highest ALTADENA
signal for the PtsSn@mSiO;, catalyst, with the highest ¥, (0.16%) and
the €44 of 211.8. As the temperature decreased to 80 °C, the ALTADENA
signal is halved with an 80% decrease of ¥, (0.03%), yielding the
highest €44 of 625.9. At 60 °C, the conversion was negligible. The con-
version and signal enhancement are inversely correlated with changing
temperature, although the effect of temperature on the two parameters
is disproportionate. The increase of conversion at higher temperatures
can be explained by the increased rate of reaction, while the decrease in
signal enhancement can be attributed to the more rapid H; diffusion.

3.3. Variable flow rate study

After optimizing the temperature, the flow rate dependence was
performed at 1.0, 2.0, and 3.5 mL/min at 100 °C. The results are sum-
marized in Fig. 9 and Table 4. The conversion follows the trend of 1.0 >
2.0 > 3.5 mL/min, while the signal enhancement follows the opposite
trend. However, conversion and signal enhancement changed non-
linearly with the variation of liquid flow rate. The conversion decreased
slower than the increase of the signal enhancement with flow rate,
which is likely due to the combined effects of the shorter residence time
and reduced spin-lattice relaxation during transport. Losses due to spin-
lattice relaxation during transport from the reactor to the detection coil
are reduced at higher flow rate, leading to increased signal enhance-
ment. As a result, the maximum ALTADENA signal (polarization yield) is
obtained at 2.0 mL/min.

3.4. Thermal activation study

The enduring continuous production of a stable hyperpolarized
liquid stream by the CL-CF setup enables various types of systematic
studies. We now demonstrate the temperature dependence of the acti-
vation of PPGA hydrogenation over Pt3Sn@mSiOy and Rh/TiO-ANP
catalysts. ALTADENA spectra were acquired in 5 °C steps from 100 °C to
50 °C (Pt3Sn@mSiO-) or 30 °C (Rh/TiO2-ANP) while the substrate so-
lution was recirculated at a constant rate of 2.0 mL/min. The integrals of
the H® and H!! peaks are plotted against temperature in Fig. 10. With
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Fig. 8. 'H NMR spectra for the CF hydrogenation of PPGA with 99% p-H, catalyzed by PtsSn@mSiO, at A) 60 °C, B) 80 °C, and C) 100 °C. The liquid flow rate was
2.0 mL/min. Bottom traces: the representative CF ALTADENA spectra taken from the steady-state region in the arrayed experiment acquired in a single transient.
Middle traces: thermally polarized spectra acquired before starting the arrayed experiment, 32 transients, recycle delay d1 = 60 s. Top traces: thermally polarized
spectra acquired after completion of the array experiment, 32 transients, recycle delay d1 = 60 s. All spectra are displayed with the same vertical scale. In the zoomed
regions of the thermally polarized spectra, the relative change in the AA concentrations due to hydrogenation at each temperature is evident by comparing the initial
spectrum (in blue) with the final spectrum (in black) acquired after completion of the array. Note that because the experiments were performed in the order 100, 80,

and 60 °C, the initial concentration of AA increases in the same order.

Table 3
The per-pass conversion of PPGA to AA, AA signal enhancement, and polariza-
tion yield obtained at constant flow rate of 2.0 mL/min using the Pt3Sn@mSiO,
catalyst.

Temperature (°C) 2 (%) £aA Yan €

60 0 N/A 0

80 0.03 + 0.004 626 £ 26 0.19 + 0.01
100 0.16 & 0.010 212 +£3 0.34 +0.01

increasing temperature, the ALTADENA signals of both H® and H'! in-
crease exponentially, indicating the increase in reaction rate. Although
the activation energy cannot be obtained by fitting the curve in the
Arrhenius equation due to the change of signal enhancement, the min-
imum temperature to observe an ALTADENA signal is 65 °C and 35 °C
with PtgSn@mSiO; and Rh/TiO2-ANP, respectively, indicating the lower
activation energy of PPGA hydrogenation for the Rh/TiO,-ANP catalyst.

4. Conclusions

We demonstrated a novel closed loop continuous flow packed bed
reactor system that achieved stable and enduring proton hyperpolar-
ization of contaminant-free liquid allyl acetate using supported Rh and
intermetallic PtgSn nanoparticle catalysts. The system facilitates the

efficient and cost-effective use of the hydrogenation substrate and
deuterated solvent for optimization and systematic studies. The CL-CF
catalytic reactor system features a liquid recirculation path, an HPLC
pump, an all-metal packed bed reactor assembly, and an AF-2400 tube-
in-tube vacuum degasser. A constant hyperpolarized stream was pro-
duced by CF hydrogenation of PPGA over the course of 22.5 min with
observed signal enhancements of up to 626 using Pt3Sn@mSiO cata-
lysts and 99% p-Hj. The only factor that limited the longevity was the
evaporation of solvent which is vented during bubbling. This could be
easily mitigated by using an AF-2400 tube-in-tube gas dissolution device
as in Ref. [14,19] instead of bubbling for dissolution of p-Hy. The
Rh/TiO2-ANP catalyst, which exhibited a significantly higher per-pass
conversion, exhibited a 13.3% decay of the ALTADENA signal after
22.5 min of CF hydrogenation, with a signal enhancement of 80. We
demonstrated the feasibility of performing systematic studies on het-
erogeneous hydrogenation with p-Hy using the CL-CF setup. The
temperature-dependent study of the ALTADENA NMR signal revealed
threshold activation temperatures of 65 and 35 °C for the CF hydroge-
nation catalyzed by Pt3Sn@mSiO, and Rh/TiO,-ANP catalysts, respec-
tively. Further work is needed to increase the per-pass conversion. This
may entail increasing the pressure to increase the solubility of p-Ha,
using higher temperatures to increase the reaction rate, using
per-deuterated substrates to increase the spin-lattice relaxation time to
allow for lower flow rates, and increasing the mass of catalyst.
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Fig. 9. 'H NMR spectra for the CF hydrogenation of PPGA with 99% p-H, catalyzed by Pt;Sn@mSiO, at 100 °C, with liquid flow rates of A) 1.0 mL/min, B) 2.0 mL/
min, and C) 3.5 mL/min. Bottom traces: the representative CF ALTADENA spectra acquired with a single transient during the steady-state condition in the array
experiment. Middle traces: thermally polarized spectra acquired before the array experiment acquired with 32 transients and a recycle delay of d1 = 60 s. Top traces:
thermally polarized spectra acquired after completion of the arrayed experiment (32 transients accumulated and d1 = 60 s). All spectra are displayed with the same
vertical scale. In the zoomed regions of the thermally polarized spectra, the relative change in the AA concentrations due to hydrogenation at each flow rate is evident
by comparing the initial spectrum (in blue) with the final spectrum (in black) acquired after completion of the array. Note that because the experiments were
performed in the order 2.0, 3.5, and 1.0 mL/min, the initial concentration of AA increases in the same order.

Table 4
The results in the flow rate optimization experiments with a constant temper- . . 6: .
ature at 100 °C. 6 Rh/T|02 AN P, H®in AA

Flow rate (mL/min) An (%) €aa Yan€an | " Rh/TiOZ-AN P, Hin PPA

1.0 0.48 + 0.03 5941 0.28 & 0.006 _ ..
2.0 0.16 + 0.01 212+ 3 0.34 + 0.005 PtSSn@mSIO .y H®in AA

3.5 0.11 +£0.01 282+ 2 0.31 +£0.01

Additional challenges that must be overcome for in-vivo administration
include the use of aqueous solvent, continuous flow polarization transfer
to the carbonyl 13C of the metabolite, and continuous flow chemical
cleavage of the ester linkage, topics that will be addressed in our future i .
work. ¢

¢

Peak Integral (a.u.)

¢
¢ ¢
0__"_1_!_!_:_.._,,_._.*_ ________ .

Declaration of Competing Interest L B

. 1 . ] . 1 . 1
The authors declare that they have no known competing financial 20 40 60 30 100

interests or personal relationships that could have appeared to influence Temperature (o C)
the work reported in this paper.

Fig. 10. The temperature dependence of the ALTADENA signal of H® and H'!
in the CF hydrogenation of PPGA catalyzed by Rh/TiO,-ANP (blue) and
Pt3Sn@mSiO, iNPs (orange). The flow rate was 2.0 mL/min.
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