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Single-Atom Gold Catalysis in the Context of Developments in
Parahydrogen-Induced Polarization
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Abstract: A highly isolated monoatomic gold catalyst,
with single gold atoms dispersed on multiwalled carbon
nanotubes (MWCNTs), has been synthesized, characterized,
and tested in heterogeneous hydrogenation of 1,3-buta-
diene and 1-butyne with parahydrogen to maximize the
polarization level and the contribution of the pairwise hy-
drogen addition route. The Au/MWCNTs catalyst was
found to be active and efficient in pairwise hydrogen ad-
dition and the estimated contributions from the pairwise
hydrogen addition route are at least an order of magni-
tude higher than those for supported metal nanoparticle
catalysts. Therefore, the use of the highly isolated monoa-
tomic catalysts is very promising for production of hyper-
polarized fluids that can be used for the significant en-
hancement of NMR signals. A mechanism of 1,3-butadiene
hydrogenation with parahydrogen over the highly isolated
monoatomic Au/MWCNTs catalyst is also proposed.

The chemical composition and physical structure of a heteroge-
neous catalyst, along with its ability to catalyze chemical reac-
tions, are among the main objectives for research on support-
ed metal catalysts. The usefulness of heterogeneous catalysts
increases with metal dispersion, and the limit of this is the
single atom. Therefore, production of heterogeneous catalysts
with single-atom dispersions and maximum atom efficiencies
is highly important and of great interest. Many experimental
and theoretical studies have demonstrated that subnanometer
metal particles may provide better activity and selectivity than
nanometer-sized particles in heterogeneous catalytic reac-
tions.[1] It was recently shown that single Pt atoms could be
stabilized on a FeOx-rich surface support due to electron trans-
fer from Pt to FeOx, with isolated Pt atoms being able to effi-
ciently catalyze CO oxidation.[2] Moreover, isolated metal atoms

may be promising candidates for selective heterogeneous hy-
drogenation catalysis.[3] For example, isolated Au3+ ions sup-
ported on ZrO2 have been shown to be particularly promising
candidates for the selective heterogeneous hydrogenation of
1,3-butadiene.[4]

One of the main practical advantages of single-site hetero-
geneous catalysts is the possibility to combine the benefits of
homogeneous and heterogeneous catalytic processes.[5] In par-
ticular, the separation of products from reactants and the recy-
clability of the catalysts are the main advantages of heteroge-
neous catalysis. In homogeneous catalytic hydrogenations, two
atoms of the same H2 molecule often end up in the same
product molecule. As a result, when parahydrogen is used in
the reaction, such pairwise hydrogen addition can preserve the
quantum correlation of its nuclear spins and the NMR signals
of the product molecules may exhibit a very strong signal en-
hancement, termed parahydrogen-induced polarization
(PHIP).[6] Supposing that the chemical properties of heteroge-
neous highly isolated monoatomic catalysts and of homogene-
ous catalysts are close and the reaction mechanisms are simi-
lar, one could expect to observe PHIP effects in hydrogena-
tions catalyzed by highly isolated monoatomic catalysts.

Nowadays, PHIP is a useful tool for studying homogeneous
hydrogenation reactions catalyzed by transition metal com-
plexes.[7] Significant NMR signal enhancement provided by
PHIP allows one to determine the nature of intermediate spe-
cies and to study reaction kinetics for hydrogenation process-
es.[8] The observation of PHIP effects is not limited only to ho-
mogeneous processes; it has also been demonstrated for het-
erogeneous catalytic systems in liquid and gaseous phases.[9] It
was shown that the nature of support, the type of metal and
the metal particles size can all affect PHIP intensity.[10] Impor-
tantly, for metal catalysts comprising platinum nanoparticles
supported on alumina, the efficiency of pairwise hydrogen ad-
dition in the heterogeneous hydrogenation of propene to pro-
pane increases with decreasing metal particle size.[9a, 10a] PHIP
has been observed in the gas-phase heterogeneous hydroge-
nations employing various heterogeneous catalysts including
supported AuIII Schiff-base complexes,[11] Rh/chitosan,[12] and
metal nanoparticles embedded in supported ionic liquids.[13]

Herein we report the first observation of PHIP effects in hydro-
genation products produced using single gold atoms dis-
persed on multiwalled carbon nanotubes (MWCNTs) as a cata-
lyst and demonstrate that this highly isolated monoatomic het-
erogeneous catalyst can accomplish pairwise hydrogen addi-
tion to a substrate.
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Isolated gold atoms and dimers were prepared on function-
alized multiwalled carbon nanotubes and detected by high-
angle annular dark field STEM (HAADF-STEM). The synthesis
and characterization procedures were described in detail earli-
er.[14] This material was previously used in the aerobic oxidation
of thiophenol with O2. In those studies, under the reaction
conditions the initially present single gold atoms were found
to aggregate to form clusters of 5–10 gold atoms that were
highly active for the above-mentioned reaction.[14] The original
material, containing isolated Au atoms and dimers on
MWCNTs, has been used here in the heterogeneous hydroge-
nation of 1,3-butadiene and 1-butyne.

Initially, the monoatomic Au/MWCNTs catalyst was used in
the heterogeneous hydrogenation of 1,3-butadiene. The
1H NMR spectra for 1,3-butadiene hydrogenation with normal
hydrogen (ratio of ortho/para isomers = 3:1) and parahydrogen
(ortho/para = 1:1) over the Au/MWCNTs catalyst are presented
in Figure 1. It can be seen that all hydrogenation reaction

products (1-butene, 2-butene, and butane) exhibit PHIP effects,
indicating that they can be formed via the pairwise hydrogen
addition route. To estimate the contribution of the latter to the
overall reaction mechanism, 1,3-butadiene was also hydrogen-
ated with normal hydrogen. The results (Figure 1) showed that
in this case only the NMR signals of 2-butene were possible to
detect.

The percentage of pairwise hydrogen addition was evaluat-
ed by calculating the ratio of the signal enhancement ob-
served experimentally and the maximum signal enhancement
predicted theoretically if only the pairwise addition of H2 to
a substrate takes place. This procedure was described in detail
previously.[15] In addition, the influence of the NMR line width
on the observed signal enhancement was taken into account
here, because line broadening may lead to the loss of observa-
ble signal intensity for the antiphase PHIP (PASADENA[6a]) pat-
tern. As a result, the following theoretical maximum enhance-

ment factors were calculated: 437, 539, and 1090 for the CH3,
CH2,and vinyl CH2 groups of 1-butene, respectively; 185 and
244 for the CH3 and CH2 groups of butane, respectively; 220
for the CH3 group of 2-butene. The NMR signal of 2-butene in
the spectrum detected using normal hydrogen is clearly ob-
servable, therefore the ratio of the PHIP-enhanced and equilib-
rium signals for this product is straightforward to calculate.
The percentage of the pairwise hydrogen addition for the for-
mation of 2-butene was thus estimated as 2 %. For other prod-
ucts, the exact determination of the percentage of pairwise ad-
dition and/or signal enhancement from our data is not possi-
ble, because the NMR signals of 1-butene and butane are not
observed at all in the NMR spectrum recorded with the use of
normal hydrogen. However, an estimate of the minimum value
of signal enhancement that would be consistent with the re-
sults obtained is still possible. As the NMR signal intensities of
these products in the spectrum obtained using normal hydro-
gen do not exceed the noise level, the observed signal en-
hancement cannot be smaller than the ratio of the PHIP-en-
hanced signal to the level of noise. As a result, for 1-butene
formed in the hydrogenation of 1,3-butadiene with parahydro-
gen, the contribution of the pairwise route was estimated to
be not less than 6 % from the CH3 group NMR signal and not
less than 3 % from the CH2 group signal. Similarly, the percent-
age of the pairwise hydrogen addition was found to be not
less than 11 % and 7 % from the NMR signals of the CH3 and
CH2 groups of butane, respectively. It should be noted that the
estimated percentage values are the lower limits for the pair-
wise addition contributions. Indeed, the intensities of the NMR
signals of 1-butene and butane in the NMR spectrum recorded
with the use of normal hydrogen are smaller than the noise
level, so the actual pairwise percentage values can be larger. In
addition, polarization losses caused by nuclear spin relaxation
can reduce the intensity of the enhanced NMR signals in the
spectra detected using parahydrogen, also potentially leading
to the underestimation of signal enhancement and the contri-
bution of the pairwise reaction route.[10e]

We note that when a fluid (in this case, 1,3-butadiene) rapid-
ly flows into an NMR magnet, its NMR signal is initially much
lower than its equilibrium value in the high magnetic field.
This incomplete equilibration of the nuclear spin magnetiza-
tion is carried over to all product molecules when 1,3-buta-
diene is hydrogenated. As a result, the NMR signal intensities
of the products may be significantly suppressed and can lead
to a significant over-estimation of the signal enhancements
obtained. These effects were not taken into account in
a recent report on the heterogeneous hydrogenation of pro-
pene over ligand-capped platinum nanoparticles.[16] In the ex-
periments reported herein, an insert filled with charcoal was
placed upstream of the reaction region to accelerate the nucle-
ar spin relaxation of 1,3-butadiene before it enters the reac-
tion, and thus to ensure that the NMR signals of 1-butene, 2-
butene, and butane are in thermal equilibrium in the strong
magnetic field, that is, that they are not artificially sup-
pressed.[17]

It is quite remarkable that strong PHIP signals are observed
for 1-butene and butane produced in the heterogeneous hy-

Figure 1. Reaction mechanism (a) and 1H NMR spectra (b,c) recorded during
1,3-butadiene hydrogenation with parahydrogen and normal hydrogen over
the monoatomic Au/MWCNTs catalyst.
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drogenation of 1,3-butadiene with parahydrogen, whereas no
corresponding signals could be discerned in the spectrum ob-
tained when normal H2 was used. For 2-butene formation, the
situation is different. The NMR signal of the CH3 group of 2-
butene is unambiguously observed in the spectrum recorded
with the use of normal hydrogen. This result means that the
contribution of the non-pairwise hydrogen addition route is
much larger for 2-butene than for 1-butene and butane forma-
tion. Also from the spectrum recorded when using normal hy-
drogen, it can be seen that the overall conversion of butadiene
is low (the estimated value is about 0.5 %).

The contributions of the pairwise hydrogen addition to 1,3-
butadiene were estimated above as 7–11 % and 3–6 % for
butane and 1-butene, respectively. These values for the highly
isolated monoatomic catalyst (or small gold cluster that may
be formed during the reaction as it was shown earlier[14]) are
higher than those observed for metal nanoparticles supported
on various oxides (0.3–1.2 %) in the same reaction.[17] Moreover,
the enhancement factor of 21 for the signal of CH3 group of
butane is five times larger than that obtained for the single-
site rhodium immobilized catalyst.[18] The result obtained here
is unique because even in the case of dissociative chemisorp-
tion of hydrogen molecules it can be expected that the hydro-
gen atoms cannot move freely on the catalyst and thus should
not lose the nuclear spin correlation if the highly isolated mon-
oatomic catalyst is used. Here, for the first time, these expecta-
tions have been verified experimentally.

The single-atom Au/MWCNTs catalyst was also used for the
hydrogenation of 1-butyne. The 1H NMR spectra detected for
1-butyne hydrogenation with parahydrogen and normal hydro-
gen over the Au/MWCNTs catalyst are presented in Figure 2. In
this case, 1-butene was the only reaction product detected. It
can be formed via pairwise hydrogen addition, as confirmed
by the successful observation of polarized NMR signals in the
experiment with parahydrogen.

However, similar to the results obtained in the hydrogena-
tion of 1,3-butadiene, the NMR signals of 1-butene are not ob-
served at all in the spectrum recorded with the use of normal
hydrogen. The lower limit for percentage of pairwise hydrogen
addition, estimated as explained above, for 1-butene formed in
the hydrogenation of 1-butyne with parahydrogen is approxi-
mately 2 %.

The observation of PHIP ef-
fects in hydrogenation reactions
over heterogeneous Au/
MWCNTs catalyst allows us to
address the reaction mechanism
in terms of pairwise hydrogen
addition. For 1,3-butadiene hy-
drogenation, 1-butene and
butane are formed to a signifi-
cant extent via the pairwise
route of hydrogen addition,
whereas 2-butene is formed
mostly via the non-pairwise
route. Previously, it was sug-
gested that 2-butene formation

in hydrogenation of 1,3-butadiene can proceed via 1-butene
isomerization.[17] Our experimental results confirm this assump-
tion. In the case of the highly isolated monoatomic Au/
MWCNTs catalyst, 1-butene is formed by pairwise hydrogen ad-
dition, which isomerizes to the polarized 2-butene, while at
the same time the non-polarized 2-butene is formed by direct
non-pairwise hydrogen 1,4-addition to 1,3-butadiene. The pro-
posed reaction mechanism for the pairwise hydrogen addition
is presented in Scheme 1.

In summary, the hydrogenation of 1,3-butadiene and 1-
butyne with parahydrogen over single gold atoms and/or pos-
sibly small gold clusters that can be formed during the reac-
tion on a heterogeneous Au/MWCNTs catalyst was carried out.
The estimated values of pairwise hydrogen addition were at
least an order of magnitude higher in the case of hydrogena-
tion of 1,3-butadiene to 1-butene and butane and the hydro-
genation of 1-butyne to 1-butene over the highly isolated
monoatomic gold catalyst than in the case of supported metal
nanoparticle catalysts. Therefore, the use of the highly isolated
monoatomic catalysts is very promising for the production of

Figure 2. Reaction mechanism (a) and 1H NMR spectra (b,c) recorded during
1-butyne hydrogenation with parahydrogen and normal hydrogen over the
monoatomic Au/MWCNTs catalyst.

Scheme 1. Proposed mechanism of 1,3-butadiene hydrogenation with parahydrogen over the monoatomic Au/
MWCNTs catalyst.
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hyperpolarized fluids that can be used for the significant en-
hancement of NMR signals, and further investigations may in-
crease both the activity and the pairwise-selectivity of these
catalysts. The mechanism of 1,3-butadiene hydrogenation over
the highly isolated monoatomic Au/MWCNTs catalyst in terms
of the pairwise route of hydrogen addition was proposed.

Experimental Section

Commercially available reagents (hydrogen, 1,3-butadiene, 1-
butyne) were used. The highly isolated monoatomic catalyst Au/
MWCNTs was prepared by a procedure fully described in a previous
report,[14] starting by wrapping the multiwalled carbon nanotubes
with polyallylamine hydrochloride (PAH; 1 mg mL¢1) in water at
pH 9. After removing excess PAH, MWCNTs were resuspended in
water (50 mL) at pH 9, and adequate amounts of an HAuCl4 aque-
ous solution and a sodium citrate solution were added (citrate/Au
molar ratio = 1700:1). After 3 days of aging at room temperature,
citrate ions were removed and the sample dried by lyophilization.
The gold content was 0.1 wt %.
1H NMR spectra were recorded on a 300 MHz Bruker AV 300 NMR
spectrometer, with 32 signal averages in the case of 1,3-butadiene
and 128 averages in the case of 1-butyne. The catalyst (ca. 0.005 g)
was placed in a 10 mm NMR tube positioned inside the magnet
bore of the NMR spectrometer and maintained at 130 8C. For PHIP
NMR experiments, H2 was enriched in parahydrogen up to 50 % by
passing it through FeO(OH) powder (Sigma-Aldrich) maintained at
liquid N2 temperature.[9a] Four different gas mixtures were used
with a 1:4 ratio of the substrate (1,3-butadiene or 1-butyne) to hy-
drogen (normal or parahydrogen-enriched). The mixture of gases
was supplied to the heterogeneous catalyst through a Teflon capil-
lary extended to the bottom of the NMR tube where the catalyst
was placed. The reaction was carried out at atmospheric pressure
in the high magnetic field of the NMR spectrometer (PASADENA
experiment).[6a] The gas flow rate was 5.1 mL s¢1.

All experiments were carried out with a charcoal insert placed up-
stream of the catalyst to promote the relaxation of nuclear spins of
reactants to thermal equilibrium in the strong magnetic field, even
at a relatively high velocity of gas flow.[17]
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