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Abstract: The gram-scale synthesis, stabilization, and charac-
terization of well-defined ultrasmall subnanometric catalytic
clusters on solids is a challenge. The chemical synthesis and X-
ray snapshots of Pt’, clusters, homogenously distributed and
densely packaged within the channels of a metal-organic
framework, is presented. This hybrid material catalyzes
efficiently, and even more importantly from an economic and
environmental viewpoint, at low temperature (25 to 140°C),
energetically costly industrial reactions in the gas phase such as
HCN production, CO, methanation, and alkene hydrogena-
tions. These results open the way for the design of precisely
defined catalytically active ultrasmall metal clusters in solids
for technically easier, cheaper, and dramatically less-dangerous
industrial reactions.

Sub-nanometer metal clusters (sMCs),' consisting of
small aggregations of atoms exposed to the external environ-
ment, have emerged as excellent catalysts for organic
reactions of industrial interest.*” Unfortunately, their syn-
thesis and stabilization is still a challenge. Supporting sMCs
on the appropriate porous matrix””! has been proven as an
efficient strategy to overcome the mentioned problems.
Nevertheless, much efforts are still needed to exactly control
atomicity, electronics, structure and metal loading of the
sMCs.

Metal-organic frameworks (MOFs),"'! a type of crystal-
line porous materials, are potentially good platforms to

synthesize sMCs in a controlled manner. In this context,
information about their nature might be gained by single-
crystal X-ray crystallography (SC-XRC),!2%3 in combination
with more common characterization techniques for solid
supported metals such as X-ray photoelectron spectroscopy
(XPS), Fourier transform infrared spectroscopy under CO
(FTIR-CO) or aberration-corrected scanning transmission
electron microscopy (AC-STEM).*! Despite some exam-
ples of MOFs hosting small metal nanoclusters of 1-
3nm,> ™ it is difficult to find MOFs with metal species
below the nanometer.'"? A successful development of this
type of materials, also considering the well-known ability of
MOFs to adsorb gas molecules,"! could lead to a more
efficient, economic and safe way to carry out a variety of
reactions of technological interest® requiring the activation
of gases.

Herein, we report the chemical synthesis, and structural
and electronic well-defined characterization, of Pt’, clusters
within the functional channels of a MOF, decorated with
thioether recognition sites, intrinsically devoted for this
purpose. This new synthetic route to sMCs is a step forward
from a previously described method,'” the applicability of
which is limited to anionic MOFs. The obtained Pt’-MOF
material catalyzes reactions, which are very important from
an industrial point of view, such as room-temperature NH,CN
production,”! after concomitant activation of CO and NH,,
the methanation of CO,,??! and the hydrogenation of
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Figure 1. Crystal structures of the MOFs a) 1, b) 2, and c) 3" determined by single-crystal X-ray diffraction. d) Perspective views, in detail, of
a channel of 3 in the ab (left) and bc (right) planes. Cu cyan, Ca blue, organic ligands gray sticks, S yellow Pt purple. Dashed lines represent the
Pt---S interactions. e) Fragment of a channel of 3 emphasizing the interactions with the network. Pt—S and Pt---O interactions are represented by

yellow and blue dashed lines, respectively.

ethylene and <C6 olefins at <140°C, showing the high
intrinsic catalytic activity of the Pt’, sMCs for a variety of
industrial reactions in the gas phase.”!

Figure 1 shows the synthesis of the Pt",-MOF material in 3
steps. First, a robust and water-stable 3D MOF, prepared with
a ligand derived from the amino acid L-methionine, of
formula {Ca"Cu"[(S,S)-methox];(OH),(H,0)}- 16 H,O
(1)1 (Figure 1a), featuring pores decorated with thioalkyl
chains, was prepared as the starting material. Then, Pt*"
cations were incorporated by anchoring the metal salt K,-
[PtCl,] to 1 through the S atoms of the coordination network,
yielding (Pt"Cl,),@{Ca"Cu"[(S.,S)-methox];(OH),-
(H,O)}-13H,0O (2) (Figure 1b). Finally, the Pt, units were
obtained by reduction of 2 with NaBH,, to give (Pt%,),s-
(Pt"ClL)@{Ca"Cu"[(S,S)-methox];(OH),(H,0)}- 15H,0  (3)
(Figure 1c¢). Interestingly, 2 and 3 show a high loading of
platinum atoms (ca. 17 wt % for both 2 and 3), 50 % of which
are Pt clusters in 3. The nature of the Pt%, units in 3 was
established by combining SC-XRC using synchrotron radia-
tion (Figure 1; Supporting Information, Figures S1-S8) and
AC-STEM (Figure 2; Supporting Information, Figures S9—
S14), which allowed unprecedented snapshots of such tiny
clusters at the atomic level. Inductively coupled plasma—mass
spectrometry (ICP-MS), elemental analysis, powder X-ray
diffraction (PXRD) and thermogravimetric (TGA) analyses
(Supporting Information, Figures S15, S16 top and Table S1),
in combination with XPS, FTIR-CO spectroscopy (Support-
ing Information, Figures S17 and S18), and DFT calculations
(Supporting Information, Figure S19), were also used to
establish the structure and oxidation state of Pt.
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Figure 2. AC-HAADF-STEM analysis of 3. a) The porous crystalline
structure of the MOF. b) After de-noising the ACCHAADF-STEM image,
the spatial distribution of the ultrasmall Pt clusters is clearly observed.
Visualization is further improved after background subtraction and
color displayed; inset: the dash-squared area. Lower inset in (b)
illustrates an intensity profile on the Pt dimer marked in the upper
inset. c) Overlay of the de-noised AC-HAADF-STEM image and the x—y
coordinates (green dots) obtained after template matching. d) The pair
correlation function from the processed image. Inset: A zoom of the
small Pt—Pt distance range. The asterisk marks the position of the
highest-probability Pt—Pt distance at 0.283 nm.
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The crystal structures of 2 and 3 are isomorphous and
crystallize in the chiral P6; space group, like the ancestor 1,
exhibiting a common chiral honeycomb-like 3D calcium(IT)-
copper(IT) framework. These uni-nodal six-connected acs
networks (point symbol 4°6°) feature hexagonal channels,
where the highly flexible thioalkyl chains (Supporting Infor-
mation, Figures S1-S5 and Video S1), remain confined and
adopt conformations depending on the nature of guests, Pt*"
in 2 (Figure 1a; Supporting Information, Figures S1 and S3)
or both Pt*" and Pt’, NCs in 3 (Figures 1b,c; Supporting
Information, Figures S2, S4, and S5). The values of the Pt*—S
bond distances [2.46(5) and 2.34(3) A (2) (Supporting Infor-
mation, Figure Sla) and 2.25(3)-2.41(3) A (3) (Supporting
Information, Figure S2b)] are similar to typical reported
values.”?”! On the other hand, the Pt*—S distance is 2.30(4) A
(3) (Supporting Information, Figure S1b). Each Pt*" ion is, as
expected, further surrounded by chloride atoms (Pt—Cl
2.52(4) A in 2 and 2.42(4)/2.48(4) A in 3; see the crystallo-
graphic section in the Supporting Information). The con-
formation of the MOF thioalkyl arms evidences chain
intrinsic flexibility, with one of the two asymmetric moieties
exhibiting a distended conformation inward the pores, grasp-
ing a fraction of guest molecules, and forcing the other one in
an extremely bent conformation of the methyl groups to
pinpoint a 50% of total Pt*" ions in poorly accessible
interstitial sites, pointing along ¢ axis (Supporting Informa-
tion, Figures Sla, S3-S5). The conformation observed in 2
(Supporting Information, Figures Sla and S3) is also adopted
in 3 (Supporting Information, Figures S2b, S4, S5a) where, in
turn, Pt’, dimers with a Pt—Pt distance of 2.49(6) A are
unambiguously observed (Figure 1b,c; Supporting Informa-
tion, Figures S1b-S5). As far as we know, no reports on
crystallographically precise Pt’, dimers appeared so far, the
only experimental data recording on Pt"~Pt’ distance in sMCs
indicates a value of 2.65 A, extrapolated from X-ray absorp-
tion fine structure spectrum (EXAFS).P! Pt’, dimers weakly
interact also with oxamate moieties having Pt--O distances of
2.79(1) and 2.80(1) A (Figures 1d.e; Supporting Information,
Figures S4 and SS). Periodic DFT calculations support the
crystallographic characterization of 3, with optimized dis-
tances Pt-Pt"=2.43 A, Pt*-S 2.18 A, Pt*"~$ 2.32-2.34 A and
Pt>*—C12.26 A, and the proposed electronic distribution, with
calculated atomic charges of —0.10 and —0.03 for Pt’ and
0.46-0.49¢~ for Pt*" (Supporting Information, Figure S19).

A plausible mechanism (Supporting Information, Fig-
ure S$6) shows the formation of the Pt’, dimers in 3, driven by
the flexibility of the thioether groups anchoring Pt*" metals in
2, which most likely approach two neighboring Pt*—S units
located inside the pores to build the Pt’, dimers after the
reduction process. Meanwhile, the mononuclear Pt**
plexes residing in hindered interstitial voids are not reduced
(Supporting Information, Figure S2). Interestingly, the virtual
diameter of the channels increases from ca. 0.3 nm in the
precursor material 1 to ca. 0.8 nm in 2 and 3 (Supporting
Information, Figures S7 and S8), and N, adsorption isotherms
at 77 K (Supporting Information, Figure S16 bottom) confirm
the increased permanent porosity of both 2 and 3 compared to
the starting material 1.”77 The Brunauer-Emmett—Teller
(BET) surface areas calculated for 1, 2 and 3 are 153, 487,
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and 453 m’g !, respectively, with pore sizes of 0.22, 0.61, and
0.57 nm, following a similar trend to that observed in the
crystal structures (see the Supporting Information for details).

Figure 2 and the Supporting Information, Figures S9 and
S10 show AC-STEM images of 3 with high-angle annular dark
field (HAADF) or Z-contrast imaging, coupled with chemical
elemental maps by XEDS in the Supporting Information,
Figure S10. They allow a direct visualization of homogene-
ously distributed single Pt atoms (Pt*" cations located in
interstitial sites) and Pt, dimers (inset of Figure 2b; Support-
ing Information, Figure S9) on the preserved crystalline
framework, in accordance with SC-XRC measurements. The
same Pt, dimers can be also inferred by HAADF-STEM
images (Supporting Information, Figure S11) of 3 after the
hydrogenation of ethylene in flow for 4 hours on stream up to
60°C (Supporting Information, Figure S11). The correspond-
ing XEDS elemental mapping also shows a very homogenous
distribution of Pt atoms after catalysis Supporting Informa-
tion, (Figure S12). Analysis of aberration corrected HR-TEM
images (Supporting Information, Figure S10a) allows to
visualize the lattice fringes of the net, with interplanar
spacings of 1.52 and 0.30 nm, which correspond to (100) and
(500) planes of the MOF, respectively, thus confirming that 3
retains crystallinity (Supporting Information, Figure S10a).
The combination of advanced image processing, based on
combined Anscomb variance stabilization transform, wave-
let-based filtering and background subtraction (Supporting
Information, Figures S13a—c), followed by template matching
and pair correlation analysis tandem (Supporting Informa-
tion, Figure S13d-f), allowed detecting neighbors and next-
nearest neighbors of each isolated atom on the Z-contrast
images. This gives a pair correlation function g(r) (Figure 2b—
d; Supporting Information, Figures S13 and S14), which
informs about the probability of finding the center of an
atom at a given distance from the center of another atom
(further details can be found in the Supporting Information).
Applying this analysis to a large set of experimental images
(two of them are shown in the Supporting Information,
Figure S14), provided an average Pt—Pt distance of 0.262 nm.
Indeed, this value is in very good agreement with single-
crystal X-ray diffraction measurements.

Deconvoluted XPS of compound 2 (Supporting Informa-
tion, Figure S17a) shows a typical Pt 4f,, doublet for Pt*" at
73.8 and 77.2 ¢V, while 3 (Supporting Information, Figur-
es S17b,c) shows two additional peaks at 72.1 and 75.6 eV,
which correspond to Pt’. The progressive increase of the latter
at expenses of the former when using increasing amounts of
reducing agent, up to 50%, is in good agreement to the
expected reduction of the Pt*" accessible atoms when treated
with solvated BH, ™ in solution. Low-temperature FTIR-CO
spectroscopy of 2 (Supporting Information, Figure S18a)
shows three signals at 2154, 2136, and 2104 cm ™', which can
be assigned to free CO, CO coordinated to Pt*" atoms in the
pores, and CO coordinated to the Pt*" atoms in interstitial
positions, respectively.*” In contrast, 3 (Supporting Informa-
tion, Figure S18b) shows a dramatic decrease of the signal at
2136 cm™! at expenses of the appearance of a new band at
1870 cm™', which can be assigned to CO coordinating two Pt’
atoms.”" These results strongly support that only one fraction
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of the Pt*" atoms in 2, probably the most accessible ones, is
reduced with BH,~, while the inaccessible, interstitial Pt**
atoms are unaltered during the process (Supporting Informa-
tion, Figure S6).

UV/Vis absorption spectra obtained from diffuse reflec-
tance measurements (Supporting Information, Figure S20)
reveals that compound 3 exhibits a significantly higher
absorbance between 300 and 400 nm, which supports the
presence of the Pt’ dimers*%! together with the d-d
transitions between 600 and 900 nm corresponding to Cu
ions. PXRD patterns of 2 and 3 (Supporting Information,
Figure S15) confirm the pureness of the bulk samples (being
isostructural to those crystals selected for SC-XRC), and that
the open-framework structures remain unchanged after the
insertion of the Pt salt in 2 (Supporting Information, Fig-
ure S15a) and the reduction process to yield 3 (Supporting
Information, Figure S15b). No peaks of Pt NPs or oxide
crystal structures in the PXRD pattern of 3 (Supporting
Information, Figure S15b) were found, which is consistent
with the characterization results presented above, indicating
that only Pt’, sMCs are formed after the reduction process to
yield 3. Finally, PXRD patterns after the hydrogenation of
ethylene in flow for 4 hours on stream up to 60°C (3’ exp in
the Supporting Information, Figure S15b), also showed no
peaks indicative of agglomeration.

Figure 3a shows the results for the Pt-catalyzed reaction
of NH; with CO at room temperature. Only 2 and 3 showed

catalytic activity among 20 different Pt catalysts, including Pt
salts, complexes, and supported nanoparticles, with an initial
turnover frequency (TOF,)=1260h"'. The total turnover
number (TON) for 3 was 56, double than for 2. Kinetic
experiments (Supporting Information, Figure S21) show that
the 3-catalyzed reaction starts fast, without any induction
period, and the reaction rate rapidly decreases. In contrast, 2
presents a reaction induction period. If one supposes that Pt’,
are the catalytically active species, as indicated by the
experiments with catalyst 3, the induction period observed
with catalyst 2 would be due to the time required to reduce
Pt*" into Pt’,. For studying how the reaction occurs on the
catalyst, in situ *C and N cross-polarization magic-angle-
spinning nuclear magnetic resonance (CP/MAS-NMR)
experiments with 0.5 and 1 ML of isotopically labeled *CO
and NHj, respectively, were adsorbed in 3 at room temper-
ature and pressure. The results (Supporting Information,
Figure S22) show the progressive disappearance of *CO and
SNH,, and the progressive appearance of two new peaks at
165 (BC) and —255 (“N) ppm, which can be assigned to
adsorbed amide and oxime-type species.*¥! These results
agree well with the formation of an intermediate Pt amide
species, which dehydrates directly to NH,CN under the excess
of NH; and circumvents HCN formation, as depicted in
Figure 3a. Thus, it can be said that 3 has an extraordinary
intrinsic catalytic activity for NH,CN formation, which
energetically by-passes (AH,s=—20kcalmol™') the HCN

a Pt; cat. b Metal cat.
CO + NHz == NH, N + H,0 CO; *+ 4H; —  CHy + 2H,0
200
RT ®140°C ®120°C = 100°C _ }
Pt; 11 1 2E 150 <,
* NH, 9 2 e 100 : g
Pty--NH3 - Pt, + NH‘;+ éﬁc g 1
= £E 50 = <
+C=0 NH, el " 0
0 -—— - - 0 50 100 150 200
Entry Catalyst TON TOFo (s7) 8 2 RALOs  RwALO; Time (min)
1 " » =
2 PtCl <1 _ Catalyst?® Temperature (2 C) Reaction pressure Activation energy
< (bar) (KJ mol™)
3 PtClz - - Ni 58% 275-325 7-17 61
4 Pt(acac) <1 - Ru/Al,03 10wt% 200-300 1 66
5 PO, _ _ Ru/Al,05 0.5wt% 200-400 1 68
3 100-140 4 35
6 NazPtCls.xH;0 <1 = c
7 H2PtCls.xH;0 - - 100
8 Pt(NHs)a(NOs)2 = = -
9 Pt(NH3)s(OH)2 = = &
10 Pt(cod)Me; = = §
11 PtMesCp - - g
12 | Pt(NHs)iCla.xH,0 - - S 5
13 PHPHCN).Cl, - - H,C=CH, + H, Y ¢ ch,
14 Pt(cod)Cl> <1 - 60 °C
Pt/C - - 0
15 2 / 0 30 60 90 120
16 Pt**/NaY - = Time (min)
17 Pt/Nay - - Catalyst Temperature (2C)  Reaction pressure Activation energy
18 1 = = (bar) (KJ mol™)
19 2 25 0.17 Pd/SiO; 80-120 1 36
20 3 55 0.35 Pd-Ag/SiO. 80-120 1 32
3 40-80 5 32

Figure 3. a) Pt-catalyzed synthesis of HCN at room temperature. The equation shows the reaction conditions: CO (4 bar, 1.5 mmol), NH; (2 bar,
0.75 mmol) and 0.0075 mmol Pt, and a plausible reaction mechanism. The table includes the set of Pt catalysts tested under these reaction
conditions. b) Pt-catalyzed methanation of CO,: The equation shows the reaction conditions: 7 mL CO, (1 atm, 0.28 mmol), 7 mL N, (internal
standard, 1 atm, 0.28 mmol), 7 mL H, (4 atm, 1.12 mmol), MOF catalyst 2 and 3 (8 wt%, 20 mg, 0.008 mmol metal) or M/AL,O; (5 wt%, 32 mg,
0.008 mmol metal), 100-140°C, 6 hours. The table includes reaction values for reference literature catalysts and catalyst 3. c) Pt-catalyzed

hydrogenation of ethylene. The equation shows the reaction conditions:

2 mLmin~" C;H,, 6 mLmin~" H,, atmospheric pressure, 60°C, 50 mg 3

(0.010 mmol Pt). The table includes reaction values for reference literature catalysts and catalyst 3.
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formation (AH,e =+ 12 kcalmol ") (Supporting Informa-
tion, Figure S23). A NHj; adsorption isotherm (Supporting
Information, Figure S24) shows that the MOFs 1 and 3
incorporate ca. 25 wt % of NHj;, which approaches the highest
absorptivity values found in the literature for MOFs
(20 wt % ).l Temperature-programmed desorption of NH,
in 1 and 3, coupled to mass spectrometry (TPD-MS), shows
that NH; desorbs unaltered at < 120°C, together with some
water, after saturation of the samples at atmospheric pressure
(Supporting Information, Figure S25). The N CP/MAS-
NMR of 3 after adsorbing isotopically labeled "“NHj
(0.2 mmolg™!, 0.25 equivalents with respect to Pt) at low
pressure and —196 °C, further confirms the easy incorporation
of NH; to the MOF structure (Supporting Information,
Figure S26).%7 Kinetic experiments at different partial pres-
sures of CO (Pco) and NH; (Pyy, ), while maintaining a total
pressure of 6 bars with N,, show that the initial reaction rate
only depends on Pyy, and not on Pcq, which supports that the
Pt, sites are saturated with CO molecules and that the
coupling with NH; on the Pt’, catalytic sites, to form the
amide intermediate, is the rate-determining step of the
reaction. Analysis of the post mortem solid catalyst (Support-
ing Information, Figure S27) clearly shows the presence of
two different cyanide species on the surface of 3, which can be
assigned to NH,CN and Pt,—CN species, respectively, which
explain the decrease of activity of the catalyst during reaction.
However, the results here open the way for the design of Pt’,
catalytic sites on more robust solids, which will result in
intrinsically very active and long stable catalyst for HCN
formation.

Figure 3b presents the hydrogenation of CO, to methane
(Sabatier reaction) at low temperature (< 150°C) catalyzed
by the 2 and 3 and also by reference catalysts (further details
including TOFs can be found in the Supporting Information,
Table S3).%*! As it can be seen, catalyst 3 outperforms the rest
of materials tested under the low-temperature conditions,
including the industrial catalyst Ru-Al,O;. The lack of activity
of 2 discards Pt*" sites as catalytic active species, and indicates
that Pt,’ is the catalytic sites for the hydrogenation of CO, and
that the Pt*" sites are not reduced in situ to Pt’,, in contrast to
the cyanide reaction. It can be speculated that Pt*' reduction
occurs with CO, which is certainly prone to saturate the
cation, in contrast to H,, which should not have a significant
interaction. The calculated energy of activation (E,) for 3
(35 kJmol™") is much lower than that of commercial catalysts
(E,~65kImol™"), which opens the gate to perform the
reaction at lower temperatures with Pt,” catalytic sites.

In the present case, the dissociation of H, on Pt,’ may
occur in two ways: 1) by metal-metal-assisted hydrogen
splitting, as it occurs in extended metal surfaces, to form an
intermediate H-Pt—Pt—H species, or 2) by splitting in just one
Pt atom, to give a Pt—Pt(H)H intermediate. While the former
intermediate nicely explains the easy hydrogenation of CO, if
hydrides attack to external CO,, the latter intermediate
should not be discarded since it can be formed prior to H—Pt—
Pt—H species. Indeed, computational calculations have sug-
gested that the splitting of H, onto an ideal Pt, species is
energetically favored on one but not in two Pt atoms.”* If so,
Langmuir—Hinshelwood type mechanisms where both H, and
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a second reactant are concomitantly activated on Pt, in 3
would also be possible, provided the second reactant enters
into the Pt—Pt(H)H intermediate. Figure 3¢ shows that 3
efficiently catalyzes the hydrogenation of ethylene under
industrial reaction conditions, in flow, at just 60°C, and with
a sustained TOF of 250 h™' and a calculated energy of
activation that compares positively to current industrial Pd
catalysts (E,~32kJmol™!)."””) Batch recycles showed the
stability of 3 after reaction (Supporting Information, Fig-
ure S28, 3 cycles with further hydrogenation of ethylene after
1 h reaction time, and same TON). Other < C6 alkenes such
as propylene, 1,3-butadiene, and 1-hexene, among others
(Supporting Information, Table S4), reacted similarly well,
and when isomerically pure E-3-hexene was hydrogenated
with 3 as a catalyst, the corresponding isomerized intermedi-
ate Z-3-hexene was found during reaction, which supports
a Langmuir-Hinshelwood type mechanism. Thus, it can be
said that Pt,” catalyzes alkene hydrogenation at much lower
temperature (60°C) than current industrial processes with
nanoparticles (200-400°C).[*)

In summary, it has been possible to achieve the multi-
gram-scale chemical synthesis of 8 wt% sub-nanometer
dinuclear clusters Pt’, on a MOF. Multi-technique character-
ization, including X-ray crystallography, allowed unambigu-
ously to determine the structure of the cluster.[*"l The unusual
Pt’, species have a powerful catalytic behavior, allowing the
synthesis of NH,CN at room temperature, the hydrogenation
of CO, at low temperature (< 140°C) and the hydrogenation
of alkenes at 60°C. Despite thermal limitations in the MOF
avoid competition with thermally more robust metal solids at
higher reaction temperatures, the intrinsic catalytic activity
found for the supported and precisely-defined Pt, opens a new
way for the design of much active catalysts, not only for the
reactions shown herein but also for other reactions where the
method presented herein could be applied.
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