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From Mg to M4, M9 and Mzg molecular alloy
Pt—Ni carbonyl nanoclusters: selective growth of
atomically precise heterometallic nanoclusters¥
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Heterometallic Chini-type clusters [Pts_,Ni(CO);5]>~ (x = 0-6) were obtained by reactions of
[Pts(CO)1ol?~ with Ni-clusters such as [Nig(CO)2?", [Nig(CO)gl®™ and [HyNia(CO),*~, or from
[Pt(CO)16]%~ and [Nig(CO)1212~. The Pt/Ni composition of [Pte_Nil(CO)12l>~ (x = 0-6) depended on the
nature of the reagents employed and their stoichiometry. Reactions of [Pto(CO)16]2~ with [Nig(CO)1]2~
and [HyNijp(CO)%7, as well as reactions of [Ptyo(CO)xal®™ with [Nig(CO)2l?™, INig(CO)igl® and
[H2Nio(CO),11%7, afforded [Ptg_yNiy(CO)1gl?™ (x = 0-9) species. [Pte_Nif(CO)l>~ (x = 1-5) were con-
verted into [Pty»_Ni(CO),4]* (x = 2-10) upon heating in CHzCN at 80 °C, with almost complete reten-
tion of the Pt/Ni composition. Reaction of [Ptio_4Ni(CO)»]*" (x ~ 8) with HBF4Et,O afforded the
[HPt144xNiza_(CO)aal®™ (x ~ 0.7) nanocluster. Finally, [Pt;0_,Niy(CO),0]*" (x = 2—6) could be obtained by
heating [Pto_,Ni(CO)15]>~ (x = 1-3) in CH3CN at 80 °C, or [Ptg_4Ni(CO)12]%~ (2-4) in DMSO at 130 °C.

Received 9th November 2022, The molecular structures of these new alloy nanoclusters have been determined by single crystal X-ray
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diffraction. The site preference of Pt and Ni within their metal cages has been computationally investi-
gated. The electrochemical and IR spectroelectrochemical behavior of [Pt;o_yNi (CO),51*~ (x = 3.11) has
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Introduction

Alloying metals in the nano and sub-nano domain is attracting
an increasing interest from both a fundamental and applicat-
ive point of view.'”” Different chemical and physical properties
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tElectronic supplementary information (ESI) available: IR spectra of products;
X-Ray crystallographic study; supplementary IR-SEC and CV figures; ORTEP
drawings (pdf file): Cartesian coordinates for DFT calculations (pdf and xyz file).
The preliminary data of [NMe,]s[Pti,—Ni,(CO),1]-2CH;CN  (x = 6.25),
[NEt,],[Pt;,_,Ni,(CO),,]-1.79CH;CN (x = 6.45), [NBu,][Pt;o_,Ni,(CO),,]-2CH;CN
(x = 5.26) are included as cif files (cifSI.cif) but not deposited with CCDC. CCDC
2217067 [NBuy]s[Pts_.,Ni,(CO);,] (x = 4.20), 2217068 [NEt,]4[Pt;5_Ni(CO),q] (x =

3.72), 2217069 [NBu,i[Pt;,_,Ni(CO),]2CH;COCH; (x = 5.82), 2217072
[NEt,]u[Pt;o_,Ni,(CO),,]-2CH;COCH; (x = 2.23), 2217073
[NBuy,]4[Pt;o_Ni (CO),,]-2CH,CN (x = 3.11) and 2217076

[NMe,]s[HPt;41xNizy—+(CO)44]-3CH3;COCH;3 (x = 0.70). For ESI and crystallo-
graphic data in CIF or other electronic format see DOI: https://doi.org/10.1039/
d2dt03607j

This journal is © The Royal Society of Chemistry 2023

been studied and compared to the isostructural homometallic nanocluster [Pt;o(CO),]*".

may arise, and these can find several applications particularly
regarding catalysis, biology, biomedicine and sensors.®™®
From the structural perspective, alloying may occur randomly
or in an ordered way."”?® In the latter case, “ordered” may
correspond to site-specific doping, formation of well defined
ordered phases, segregation or related phenomena where the
different metals occupy well defined positions. Often, in the
real systems, intermediate behaviors between “random” and
“ordered” are observed, that is, the different metals display a
preference for some sites, but some level of disorder is
present. In order to get an atomic insight into these phenom-
ena, the study of perfectly defined molecular systems is
required.>’*° This is the domain of atomically precise metal
alloy nanoclusters.

Several types of atomically precise metal alloy nanoclusters
are known, depending on the nature of the metals and the
ligands involved. Among these, the chemistry of molecular het-
erometallic (alloy) carbonyl clusters is well developed, particu-
lar regarding group 10 metals. Indeed, several homoleptic
Ni-Pd and Ni-Pt carbonyl nanoclusters have been
reported,'®*"**3%32 a5 well as heteroleptic CO/phosphine
Pd-Pt nanoclusters.*® Beside their beauty, the molecular struc-
tures of these alloy nanoclusters, fully unraveled by single-
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crystal X-ray diffraction (SC-XRD), have revealed a subtle
balance between metal segregation, site preference, substitu-
tional and positional disorder. Very recently, the first case of
perfect random alloy clusters has been reported for hexanuc-
lear Ni-Pt Chini type carbonyl clusters of general formula
[Pte_,Ni, (CO)1,]*~ (x = 0-6). As a prosecution of this work, we
herein report the selective growth of these alloy Mg clusters to
yield My,, Mo and M;g molecular alloy nanoclusters. Their
structures have been determined by SC-XRD and alloying has
been also computationally studied by DFT methods. Moreover,
electrochemical and spectroelectrochemical studies revealed
that larger nanoclusters behave as electron-sinks, displaying
several reversible or quasi-reversible redox processes.***®

In order to help the reader, the molecular structures of
homometallic Ni and Pt carbonyl clusters relevant to this work
are represented in Fig. 1. The syntheses, chemical, spectroscopic
and structural characterizations of all these species have been
previously  described.>”**  [Nig(CO)1,J*,  [Nig(CO)1s]*,
[HyNi5(CO)p T, [Pte(CO)1a7", [Pto(CO)1s]*™ and [Pty5(CO),a]>~
will be used as starting materials for the preparation of hetero-
metallic Pt-Ni clusters in the following sections. [Pt;o(CO),,]*"
and [Pt35(CO)44]*", as well as [HNi;5(CO),; P~ and [Ni;o(CO)o]*,
are reported because they are structurally related to some of the
heterometallic Pt-Ni clusters described in this paper.
[H,Ni;5(C0O), ]~ and [HNi;»(CO),4 P~ are hydride species as con-
firmed by 'H NMR spectroscopy. Their hydrogen atoms have
been located by SC-XRD and neutron diffraction on single
crystals.*"**> The hydrides of [H,_,Nij,(CO)]"" (n = 2, 3) are
located within distorted octahedral cavities.

The problems related to the assignment of the number of
hydrides and their location within metal carbonyl clusters of
increasing sizes have been previously discussed.*®?%31:3%43,44
In the case of lower nuclearity metal carbonyl clusters (that is,
those with up to 20-25 metal atoms), the presence of H-atoms,
their number and often also their location can be inferred
from "H NMR spectroscopy and SC-XRD analyses. In some for-
tunate cases, e.g. [HNi,(CO),, >~ and [H,Ni;5(CO), >, single
crystals suitable for neutron diffraction have been also
obtained, fully corroborating their hydride nature.*"*?
Moreover, due to the m-acceptor property of CO, H-atoms
within metal carbonyl clusters behave like protons. Thus,
these can be added with strong acids such as HBF,-Et,0, and
removed using strong bases, such as NaOH or NaOMe. Such
protonation/deprotonation reactions can be monitored by IR
spectroscopy in the v region, since they decrease (protona-
tion) or increase (deprotonation) the negative charge of the
cluster anions affecting the vgo stretching frequencies. For
instance, the reaction of [Ni;,(CO),,]*~ with HBF,-Et,O affords
[HNi;5(CO),,]*~ (one mole equivalent of acid) and
[H,Ni;,(CO),1 >~ (two mole equivalent of acid).

In the case of higher nuclearity metal carbonyl clusters
(that is, those with more than 20-25 metal atoms), H-atoms
cannot be located by SC-XRD, due to the presence of several
heavy atoms, and their crystals are usually not suitable for
single crystal neutron diffraction. Nonetheless, SC-XRD studies
give a direct evidence of the charge of the cluster anion, by
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counting the number of counterions. If two clusters have the
same structure (excluding H-atoms) and different charges,
there are two possibilities:*!****

(1) They are the same species with a different oxidation
state. In this case, the cyclic voltammetric (CV) profiles of the
two differently charged anion should be identical, being the
same species with a different oxidation state.

(2) They are different species, because of the presence of a
different number of hydrides. In this case, their CV profiles
should be different.

Thus, combining SC-XRD, electrochemistry, protonation/
deprotonation reactions and IR spectroscopy, it is possible to
indirectly determine the presence (and number) of H-atoms
also in larger clusters. It must be remarked that the hydride
resonances in the 'H NMR spectra of larger metal carbonyl
clusters become very broad and often they are lost on the base-
line of the spectra.”

Results and discussion

Synthesis of [Pts_,Ni,(CO)1,]*~ (x = 1-5) and
[Pty_Ni,(CO)ys]*~ (x = 1-3)

All the reactions reported on this paper involve anionic metal
carbonyl clusters. Their charge is balanced by tetraalkylammo-
nium cations such as [NMe,]", [NEt,]" and [NBu,]". The nature
of the [NR,]" cation (R = Me, Et, Bu) does not affect the outcome
of the reactions nor the chemical and spectroscopic properties
of the cluster anions. Thus, the cation is not explicitly reported
along the text when describing the reactions or, generally speak-
ing, the chemical, spectroscopic and electrochemical properties
of the clusters. Different cations have been employed only in
order to help the obtainment of single crystals suitable for
SC-XRD. Thus, the nature of the cation is explicitly indicated in
the formulas of the crystals used for SC-XRD.

The reactions of [Pts(CO),,]*~ with [Nig(CO),,]*~ in different
stoichiometric ratios result in mixtures of the heterometallic
clusters [Pts_Ni(CO);,]*~ (x = 1-5), as previously reported
(Scheme 1 and Table 1).'° The nature of the obtained products
can be controlled by the stoichiometry of the reaction, even
though mixtures of products differing solely for the value of x
are always obtained.'® The stoichiometric ratio of [Pts(CO)1,]*~
and [Nig(CO)1,]>~ can be varied in a continuous way between
5:1to 1:5 allowing to obtain all the species [Pts_,Ni (CO),]*~
(x = 1-5), as previously reported."® In particular: stoichiometric
ratio 5:1, main product [PtsNi(CO);,]>~ (x = 1); stoichiometric
ratio 2 : 1, main product [Pt;Niy(CO)1,]*" (x = 2); stoichiometric
ratio 1: 1, main product [Pt;Niz(CO)1,]>" (x = 3); stoichiometric
ratio 1: 2, main product [Pt,Niy(CO)1,]>" (x = 4); stoichiometric
ratio 1:5, main product [PtNis(CO);,]>~ (x = 5); intermediate
stochiometric ratios result in mixtures of these products, that
is, intermediate values of x."°

The [Pt_,Ni(CO);,]*~ (x = 1-5) clusters can be also
obtained by reaction of [Pto(CO);5]*~ with [Nig(CO)1,]*", as well
as from the reaction of [Pts(CO);,]*~ with [Nig(CO)is]*”. In
these cases, the obtained [Pte_,Ni,(CO)1,]>~ (x = 1-5) clusters

This journal is © The Royal Society of Chemistry 2023
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[HNi;5(CO)y >

[Pt;(CO)]* [Pt3g(CO)g]*

Fig. 1 Molecular structure of [Nig(CO)12]?~, [Nig(CO)18]%~, [Ha_nNiga(CO)21l"" (n = 2—4), [Pts(CO)12]%, [Pto(CO)16]?, [Pt1o(CO)241%~, [Ptyo(CO)2,l* and
[Pts5(CO)441%~ (green, Ni; purple, Pt; red, O; grey, C; white H). Ni—H bonds are represented as dotted lines. All these species have been previously

described in the literature.> %2

are always richer of Pt compared to the reagents, since some Similarly, the reaction of [Ptg(CO),]>~ with [H,Niy,(CO)yy >~
Ni is lost as side products such as Ni(CO),, [Nio(CO);5]>~, or affords [Pte_,Ni,(CO);,]*~ (x = 1-5). The nature of
Ni(u) salts. [Pts_,Ni(CO),]*~ (x = 1-5) clusters has been confirmed by

This journal is © The Royal Society of Chemistry 2023 Dalton Trans., 2023, 52, 3623-3642 | 3625
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[HPt4:xNing (CO)ga]*

acetone | RT, time

2 2
[Ptg(CO);5]™ + [Nig(CO)12] [HP115Ni.(CO)y P *

THE l RT acetone, RTT + HBF4*Et,0

, , ., A CHCN
+ [Ptg(CO)1p] " —— [PtexNiy(CO) ] ——————
RT 80 °C

[Nig(CO)15]*
[Nig(CO)y5]*
[H,Nij5(CO)y 1

[Pt12\Niy(CO)y 1+

THF | RT

+ HBFEL0 A, dmso, 130 °C

A, CH;CN
_—
80 °C

_ . _ THF . _ .
[Pt;5(CO)p4]* + [Nig(CO) o] — [Pty xNi(CO),5]* [Pt19xNiy(CO)]*™

* [HPt,, Ni,(CO),,J>~ detected by IR just after the addition of HBF sEt,0

Scheme 1 Synthesis of Pt—Ni carbonyl clusters. The reactions reported are not affected by the nature of the tetraalkylammoniun cation employed,
that is [NMey]*, [NEts]* and [NBu,l™*.

Table 1 Heterometallic Pt—Ni clusters obtained by combining different homometallic Ni and Pt carbonyls?

[Nig(CO) ]2~ [Nio(CO)1s]*~ [H,Ni;5(C0O),. >~
[Pts(CO) 1]~ [Pts_xNi(CO)1o]*~ [Pte_Ni (CO)1, ]~ [Pte_Ni(CO)1,]*~
[Pto(CO) s>~ [Pte_xNi(CO)1,]*~ [Pts_,Ni,(CO)15]*~ + [Pto_xNi (CO)15]*~ [Pte_,Ni,(CO)15]*~ + [Pto_xNi (CO)1]*~
[Pt15(CO),0 ™ [Pto_,Ni (CO)s]*~ [Pto_,Ni (CO)15]*~ [Pto_,Ni (CO)s]*~

“For each entry of the table, the stoichiometric ratio of the two homometallic Ni and Pt carbonyls may be varied in an almost continuous way,
and this determines the value of x in the resulting heterometallic cluster. For instance, the reaction of [Pt6(CO)12;2_ with [Nig(CO)q,]*~ affords
[Pte_.Ni,(CO)1,]>~ (x = 1-5): stoichiometric ratio 5 : 1, [PtsNi(CO);,]>~ (x = 1); stoichiometric ratio 2 : 1, [Pt,Niy(CO);,]*~ (x = 2); stoichiometric ratio
1:1, [Pt;Ni3(CO);,]*~ (x = 3); stoichiometric ratio 1: 2, [Pt,Ni,(CO)1,]>~ (x = 4); stoichiometric ratio 1: 5, [PtNi5(CO)1,]>~ (x = 5); intermediate sto-
chiometric ratios result in intermediate values of x.'> When homometallic clusters of different nuclearities are employed, e.g., [Pto(CO)15]*~ +
[Nig(CO)12]*7, or [Pte(CO)1,]>~ + [Nio(CO)15]*, the composition (value of x) of the heterometallic products depends on the stoichiometry, but the

dependence is not linear as above, since some Ni is usually lost. Details can be found in the text and Experimental section.

IR spectroscopy (Fig. S1-S7 in the ESI{) and compared to litera-
ture data.'® Moreover, crystals of [NBu,]4[Pts_xNi, (CO)15] (x =
4.20) have been obtained from the reaction of [Ptg(CO)1,]>"
with [H,Ni;5(CO),,]*” in a 1:1 stoichiometric ratio after work-
up (Fig. 2). It must be remarked that using [Pts(CO);,]*~ as Pt
source, [Pts_,Ni(CO)1,]*" (x = 1-5) clusters are always formed
regardless of the Ni-source, that is, [Nig(CO);,]>~, [Nis(CO),5]*~

Fig. 2 Molecular structure of [Pte_xNi, (CO)12]?~ (x = 4.20) (yellow, Ni ~
63% and Pt ~ 37%; blue Ni ~ 64% and Pt ~ 36%; orange, Ni ~ 82% and Pt
~ 18%; red, O; grey, C). Bond distances (A): M—Mintra-triangle 2.5176(5)—
2.5491(5), average 2.5365(9); 2.9307(5)-3.0297(5),
average 2.9737(12).

M_Minter—triangle
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or [H,Ni;5(CO),,]>". Also the combination of [Pts(CO),5]>~ with
[Nig(CO)y,]* affords the same hexanuclear heterometallic clus-
ters. The choice of such reagents mainly depends on the
desired Pt/Ni ratio of [Pts_,Ni(CO),]*~ (x = 1-5). Thus, if Pt-
rich species are required, the best synthesis involves
[Pts(CO)1s]”” and [Nig(CO)1,]>". Conversely, the reactions of
[Pts(CO)1,]>~ with [Nig(CO)is]”” or [H,Ni;p(CO),,]*" are the
most suited for the preparation of Ni-rich species. Then, equi-
molar amounts of [Ptg(CO)y,]>” and [Nig(CO)1,]>~ can be
employed for the preparation of species containing Pt/Ni ~ 1.
The structures and nature in solution of [Pts_,Ni(CO),]*™ (x =
1-5) have been previously reported and," therefore, they will
not be discussed any further.

The reactions of [Pt;,(CO)u]®™ with [Nig(CO)y]*,
[Nig(CO)1s]*~ or [H,Niys(CO)y ]*~ result in [Pto_,Ni(CO)yg]*~
(x = 1-3). The nature of the new products has been inferred
from IR spectroscopy and the Pt/Ni composition ascertained
by microwave plasma-atomic emission spectrometry (MP-AES)
analyses. The obtained [Pto_,Ni,(CO);s]>~ (x = 1-3) clusters are
always richer in Pt compared to the reagents, since some Ni is
lost during the reaction and work-up (see above). Moreover,
thermal decomposition of [Pte_Ni(CO);5]>~ (x = 1-3) affords
[Pt1o_xNi,(CO),,]"" (x = 2-6) as described below, further sup-

This journal is © The Royal Society of Chemistry 2023
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porting the heterometallic nature of these species. Indeed, it is
well known that [Pto(CO)s]>~ is transformed into
[Pt16(CO),,]* " after refluxing in CH3CN.*®*° Unfortunately, all
the attempts to obtain crystals of [Pto_,Ni(CO);s]*~ (x = 1-3)
suitable for SC-XRD failed. Finally, the reactions of
[Pto(CO)15>~ with [Nig(CO)ys*~ or [HpNiyp(CO)py[*~ result in
mixtures of [Pte_Ni, (CO);,]*~ (x = 1-5) and [Pty_,Ni(CO)s]>~
(= 1-3) (Fig. S8-510 in the ESI{).

It is noteworthy that the reaction of [Pt;5(CO),4>~ with
[Nig(CO)1,]*" to give [Pto_,Ni,(CO);5]>~ (x = 1-3) is not a simple
comproportionation as it might be inferred from eqn (1),
which would predict the formation of [Pty_,Ni(CO),s*~ (x =
3), that is, [PteNiz(CO)1s]”:

[PtlZ(CO)24]27 + [Ni6(CO)12]27 - 2[Pt6Ni3 (CO)18]27 (1)

Indeed, MP-AES analyses of the product isolated after work-
up of a 1:1 reaction mixture of [Pt;,(CO)]*~ and
[Nig(CO);,]>~ result in an experimental Pt/Ni ratio of 4.47
(corresponding to x = 1.65) instead of 2.00 (x = 3) as it would
have been expected based on eqn (1). Thus, during the reac-
tion some Ni is lost, probably as [Nig(CO)5]*~, and the final
product is richer of Pt compared to the reagents.

As an alternative for the preparation of larger heterometallic
Pt-Ni Chini-type clusters, the reactions of [Pte_,Ni(CO)1,]>~
(x = 1-5) with strong acids, such as HBF,-Et,0, have been investi-
gated. It is well documented that homometallic Chini clusters
are oxidized by strong acids through the H'/H, couple.*® Thus,
the step-wise addition of HBF,-Et,O to [Pts(CO).,]*~ affords
[Pto(CO)1s]*", [Pt12(CO)2a]*, [Ptis(CO)so]*, [Pt1s(CO)s6)*™, up
to the formation of the insoluble “Pt-carbonyl”
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[Pt._30(CO)~g0]*".*° Oxidation of these clusters is accompanied
by the reduction of H", produced by HBF,Et,O, to H,.*° In
contrast, the reaction of [Nig(CO);,]*~ with increasing amounts
of HBF,Et,0 results in [Ni,(CO),5]>", [Nio(CO)ss]”~ and
[H,Ni;,(CO), J*~. Oxidation of Ni carbonyl anions is
accompanied by the formation of Ni(CO),.

A similar behavior has been observed in the case of the
reactions of [Pts_,Ni,(CO);, >~ (x = 1-5) with HBF,-Et,O (Fig. 3
and Fig. S11-S13 in the ESIf) which are accompanied by for-
mation of Ni(CO),. As a result, the final products are richer of
Pt than the starting materials, and usually only crystals of
[Pto(CO)15]>~ and [Pt;5(CO),4]*~ can be isolated after work-up
of the reaction mixtures.

Synthesis and molecular structure of [Pt;,_,Ni(CO),,]*~
(xx = 2-10) and [HPt;4:,Nizq_(CO)4s]>~ (x = 0.70)

Heterometallic [Pts_,Ni,(CO)1,]*>” (x = 1-5) clusters are less
stable in solution compared to homometallic [Pts(CO);,]*~ and
[Nis(CO)1,]*~ species. Indeed, [Pte_,Ni (CO)1,]*~ (x = 1-5) spon-
taneously lose CO after standing in solution for several days
under N, atmosphere. The process is favored in polar solvents
such as CH3;CN compared to THF, and can be accelerated
upon heating. Thus, refluxing a CH3;CN solution of
[Pte_xNi,(CO);,]*~ for a few hours affords [Pt;,_,Ni (CO),]*"
(x =2-10) in good yields (Fig. S14-S16 in the ESIf). Conversion
of [Pts_Ni,(CO),]*~ into [Pt;,_,Ni,(CO),,]*” may be viewed as
a condensation with partial elimination of CO in accord to eqn
(2). In order to show that the metal composition is retained in

the reaction (as demonstrated by MP-AES analyses),
[Pty Ni(CO),4]*" is reported as [Ptyp_pNip(CO)y]*" in
eqn (2).
A
1824 1801
B
C
D
1860
E
1864

1900 1800 1700 1600

Wavenumber (cm™")

Fig. 3 IR spectra (vco region) recorded in THF of (A) [Pts_xNiX(CO)lzlz‘ (x = 1.25) and (B—E) after the addition of increasing amounts of HBF4-Et,O.

Mole equivalents of HBF4-Et,O added: (B) 0.5, (C) 1.0, (D) 1.5, (E) 2.0.

This journal is © The Royal Society of Chemistry 2023
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Table 2 MP-AES study of the thermal decomposition of [NBuyl,[Pts_xNi(CO),)?

[Pt1,_,Ni (CO), ]~

[Pts(CO)1,]* : [Nig(CO),]*~ stoichiometry Pt/Ni calculated” Pt/Ni by MP-AES x by MP-AES IR (CH;CN, 293 K) vco in em™
1:5 0.20 0.21 9.92 1982(vs), 1787(s)
1:2 0.50 0.55 7.74 1980(vs), 1788(s)
1:1 1.00 1.10 5.71 1957(vs), 1788(s)
2:1 2.00 2.32 3.61 1955(vs), 1794(s)
5:1 5.00 5.44 1.86 1962(vs), 1778(s)

4 [NBuy],[Pte_.Ni(CO);,] (x = 1-5) has been obtained by mixing [NBu,],[Pts(CO);,] and [NBu,],[Nis(CO),,] in variable stoichiometric ratios

(column 1) as described in the literature'® and in the previous section.

2[Pts_xNi (CO),,]*” — [Ptiz_2:Nig (CO),,]*" +3CO

(2)

Homometallic [H,_,Ni;»(CO),1]"" (n = 2-4)*" and heterome-
tallic [HPtgNiz(CO),;]*~ clusters® have been previously
described in the literature and structurally characterized.
Moreover, Longoni and Bengtsson-Kloo reported that
[Pt;Niz(CO)1,]*~ spontaneously decomposes affording mixtures
of  [PteNig(CO) >~ and  [Pt;Nis(CO),P~.*°  Actually,
[HPtoNiz(CO),,]*~ was obtained from the reaction of
[Nig(CO)1, >~ with K,PtCl, followed by CO treatment. Thus, the
procedure herein described represents a more general syn-
thesis of [Pt;,_,Ni(CO),;]*" (x = 2-10). Indeed, as reported in
the previous section, the composition of [Pte_,Ni(CO)1,]*~ (x =
1-5) can be carefully controlled and, in turn, this leads to a
good control of the composition of [Pt;,_,Ni (CO)]*" (x
2-10) after thermal treatment.

[Pte_xNi,(CO);,]*~ (x = 1-5) clusters with different compo-
sitions have been prepared by mixing [Pts(CO);,]*~ and
[Nis(CO),,]>~ in different stoichiometric ratios (see previous
section), and transformed into [Pt;; ,Ni(CO),]*" (x = 2-10)
upon heating at reflux for 3 h. The Pt/Ni content found in the
resulting [Pty,_,Ni(CO),;]*" (x = 2-10) species has been deter-
mined by MP-AES and it results to be very close to that of the
reagents (Table 2).

The structure of [Pt,_,Ni,(CO),;]*" (x = 2-10) has been deter-
mined on salts with different compositions (Fig. 4 and Table 3;

Fig. 4 Molecular structure of [Pt;,_Ni(CO)»4]*" (x = 6.25) (purple, Pt;
yellow, Ni = 53-67% and Pt ~ 33-47%; orange, Ni ~ 85-87% and Pt ~
13-15%; red, O; grey, C).
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Pt/Ni calculated based on the stoichiometry of the reagents.

Fig. S17-S19 in the ESI}), that is [NEt]4[Pt;,  Ni(CO)y] (x =

3.72),  [NBuyly[Pt;,_,Ni,(CO),,]-2CH;COCH; (x = 5.82),
[NMe,]4[Pty,_,Ni,(CO),,]-2CH;CN (x = 6.25),
[NEt,]a[Pt;,_,Ni(CO),1]-1.78CH3CN (x = 6.45). The crystals of
[NMe,]4[Pt15_,Ni(CO),1]-2CH;CN (x = 6.25) and

[NEt,]a[Pt;,_Ni(CO),4]-1.78CH3CN (x = 6.45) were of low quality
and poorly diffracting. The resulting structures allowed to deter-
mine the overall geometry, composition and connectivity of the
clusters. These compared very well with related homometallic
and heterometallic carbonyl clusters. Their cif files were included
as ESL,t but they were not deposited with CCDC.

The molecular structure of these tetra-anions is very similar
to those previously reported for [H,_ ,Nij»(CO)y]~ (n = 2-4)
and [HPtoNi3(CO),, > ~.*"*° It is composed of an ABA hexagonal
close packed metal core based on two external M3(CO);(p-CO)3
triangular units and a central Mg(CO)3(u-CO)e triangle of fre-
quency two. The three positions of the inner triangle of the
central hexametallic layer are occupied by three Pt atoms, as
found in [HPtyNi;(CO),,]>". This is in keeping with the prefer-
ence of Pt for the highest metal-connected sites (six Pt-M con-
tacts). The three remaining sites of the central Mg(CO);(p-CO)s
unit (four M-M contacts) and the six positions of the two
external triangles (five M-M contacts) are disordered Pt/Ni. In
general, there seems to be a greater preference for Ni to occupy
the Mg positions (internal Mg layer, Scheme 2), whereas the
M, positions (external M; layers) get richer in Ni as the total
Ni content in the cluster increases (Table 4).

The Pt-Pt bonding contacts (Table 3) within the inner Pt;-
triangle are almost identical independently of the Pt/Ni com-
position of [Pty,_,Ni (CO),]*" (x = 3.72, 5.82, 6.25, 6.45). In
contrast, all other M-M contacts slightly decrease by increas-
ing the Ni content, as expected on the basis of the smaller
covalent radius of Ni (1.24 A) compared to Pt (1.36 A).*

The presence of Pt within [Pty,_,Ni, (CO),,]*” (x = 2-10)
seems to stabilize the tetra-anion compared to more proto-
nated species. Indeed, it has been previously reported that
[HPt;Nig(CO),, >~ is  readily deprotonated  affording
[Pt;Nig(CO),,]*", whereas [H,PtzNig(CO),,]>~ rapidly decom-
poses already at room temperature.*> This should be con-
trasted to the behavior of the homometallic Ni congeners:
both [HNiy,(CO),; >~ and [H,Ni;5(CO),,]*" are very stable in
solution up to 60 °C, whereas their fully deprotonation to yield
[Nij5(CO)y]* is rather difficult.*"** In the attempt to further

This journal is © The Royal Society of Chemistry 2023
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Table 3 M-M distances (A) of [Pt;,_,Ni(CO)»I*" (x = 3.72, 5.82, 6.25, 6.45). See Scheme 2 for labeling

X 3.72 5.82 6.25 6.45 12¢

MM, 2.6535(10)-2.6740(9) 2.6039(16)-2.6221(17) 2.6109(17)-2.6235(16) 2.466(6)-2.658(4) 2.420-2.425
Average 2.6620(17) Average 2.611(3) Average 2.617(3) Average 2.567(13) Average 2.422

Mp-Pt 2.6132(10)-2.6239(15) 2.564(2)-2.5891(16) 2.481(10)-2.669(14) 2.558(5)-2.600(5) 2.422-2.442"
Average 2.618(2) Average 2.577(3) Average 2.595(18) Average 2.580(12) Average 2.434

Pt-Pt 2.8201(9)-2.8271(8) 2.8097(13)-2.8246(11) 2.8248(14)-2.8284(11) 2.828(2)-2.844(3) 2.671-2.6817
Average 2.8247(14) Average 2.8196(19) Average 2.827(2) Average 2.836(4) Average 2.674

M-Mp 3.0072(13)-3.1292(11) 2.9802(18)-3.074(2) 2.963(14)-3.110(8) 2.914(7)-3.021(5) 2.723-2.756
Average 3.079(2) Average 3.010(3) Average 3.033(18) Average 2.968(15) Average 2.744

M,-Pt 3.0339(7)-3.1483(8) 2.9447(12)-3.1387(13) 2.9834(14)-3.0037(15) 2.865(5)-3.127(5) 2.746-2.797"

)

Average 3.098(2) Average 3.001(3)

@ From ref. 42. ” This refers to Ni-Ni contacts.

Scheme 2 Labeling adopted for [Pti_Ni (CO)xI* (x = 3.72, 5.82, 6.25,
6.45).

Table 4 Pt/Ni distribution of [Pt;o_,Ni (CO)»]*" (x = 2-10) from
SC-XRD data. M;, = composition of the M;, core of the cluster. Ag = Pt/
Ni distribution of the two external triangles (yellow in Fig. 4; M4 in
Scheme 2). Bz = Pt/Ni distribution of the three Mg sites at the vertexes of
the central hexametallic layer (orange in Fig. 4; Mg in Scheme 2).
Normalized values in parentheses, calculated as “value/n” (n = 12 in My,,
6in Ag, 3in B3)

M, As B;

Pt Ni Pt Ni Pt Ni
8.28 3.72 4.40 1.60 0.88 2.12
(0.690) (0.310) (0.733) (0.267) (0.293) (0.707)
6.18 5.82 2.76 3.24 0.42 2.58
(0.515) (0.485) (0.460) (0.540) (0.140) (0.860)
5.75 6.25 2.34 3.66 0.41 2.59
(0.479) (0.521) (0.390) (0.610) (0.137) (0.863)
5.55 6.45 2.12 3.88 0.43 2.57
(0.462) (0.538) (0.353) (0.647) (0.143) (0.857)

proof this point, [Pt;,_,Ni(CO),]*” (x = 2-10) has been
reacted with increasing amounts of HBF,-Et,O. Even though
there is some IR evidence of the formation of
[HPt,,_,Ni(CO),,]>”, this rapidly decomposes and all the

This journal is © The Royal Society of Chemistry 2023

Average 2.992(2) Average 2.780"

Average 3.005(17

Fig. 5 Molecular structure of [HPty4,Nizs_(CO)44l®~ (x = 0.70) (purple,
Pt; green, Ni; yellow, Ni ~ 88% and Pt ~ 12%; red, O; grey, C). Bond dis-
tances (A): Pt—Ptinner_octahedron 2.7307(8)—2.7463(9), average 2.7385(16);
Ptinner_octahedron—Ptsurface 2.7343(8)-2.7519(7), average  2.742(2);
Ptinner,octahedron_Msurface 25960(15): Ptinner,octahedron_Nisurface 2.6054
(17)-2.6576(18), average 2.623(3); Ptsurface—Msurface 2.6826(14)-2.8970
(15), average 2.790(2); Ptsurface—Nisurface 2.5332(17)-2.7428(16), average
2.645(6); Mgyrtace=—Nisurrace 2.540(2)-2.778(2), average 2.704(4); Nisurface—
Nisurface 2.632(2)—2.719(2), average 2.682(4). The hydrogen atom has not
been located by SC-XRD. The presence of one H-atom has been based
on analogy with previously reported related clusters, that is
[H2Pt14Ni24(CO)4al*~ and [HPty4Niz4(CO)44l®~ %34

attempts to isolate it failed. For instance, protonation of
[Pt1,_xNi (CO),1]*" (x ~ 8) resulted, after work-up of the reac-
tion mixture (see Experimental), in crystals of
[NMe,]s[HPt, 4:,Nisy_,(CO)44]-3CH;COCH; (x = 0.70) which
contain the [HPt;4:,Niss_(CO)s]>” higher nuclearity penta-
anion (Fig. 5). This compound displays a Pt/Ni ratio of 0.63
and, therefore, is richer of Pt than the starting material (Pt/Ni
= 0.50). Indeed, some Ni(CO), is formed during the reaction
with HBF4-Et,O.

The molecular structure of [HPt;s,Nisy_(CO)s]’™ (x =
0.70) closely resembles that of [H,Pt;4Niyy(CO)yu]'™ and
[HPt,4Ni,4(CO)44>~.>°>* Because of this resemblance and due

Dalton Trans., 2023, 52, 3623-3642 | 3629
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to the —5 charge, it has been formulated as a monohydride.
See the Introduction for a brief discussion on how to assign
the number of hydrides to large metal carbonyl clusters.
Further details can be found in the
literature.26’28’29’31’39’43’44’49’51

The structure of [HPt, 4., Niyy_(CO)44]°~ (x = 0.70) consists
of a truncated-v;-octahedron (truncated octahedron of fre-
quency three) as also found in the metal core of
[Pt35(CO)44]*".*® The ccp My, metal lattice contains one inter-
stitial M octahedron, eight centred M, hexagonal faces and
six square M, faces. The six positions of the fully interstitial
octahedron and the eight centres of the eight hexagonal
faces are occupied by 14 Pt atoms. The remaining 24 posi-
tions corresponding to the corner sites of the truncated-v;-
octahedron and grouped into six square faces are fully occu-
pied by 24 Ni atoms in [H,Pt;4Niy(CO)4]*". Conversely, in
the case of [HPty4,Niy_(CO)44]’” (x = 0.70), only 18 of
these positions (three per each square face) are fully occu-
pied by Ni atoms, whereas the remaining six positions (one

per square face) are disordered Pt/Ni. Thus,
[H,Pt;4Niy,(CO)y]*~ displays a perfectly ordered structure
with complete segregation of Ni and Pt, whereas
[HPt, 4, Nisy_(CO) 4>~ (x = 0.70) displays

some compositional and substitutional disorder, even if
rather limited. The fractionary indices in its formula indicate
that it is actually a mixture of [HPt;;Ni»4(CO)s]>~ (ca. 30%)
and [HPt;5Niy;(CO)44]’” (ca. 70%) (compositional disorder).
Substitutional disorder is evidenced by the fact that the
additional Pt atoms is disordered over six different positions.
[HPt,4:,Niyy_(CO)44]>~ (x = 0.70) possesses 26 terminal and
18 edge bridging CO ligands as found in
[H,Pt;4Niy,(CO) ]t

Synthesis and molecular structure of [Pt;o_,Ni,(CO),,]*~
(x=2-6)

[Ptio_Ni(CO),]*~ (x = 2-6) can be obtained by heating
[Pto_,Ni,(CO)s]*~ (x = 1-3) in CH;CN at 80 °C, or by heating
[Pte_xNi,(CO)1,]*~ (x = 2-4) in DMSO at 130 °C (Scheme 1). The
resulting [Ptlg_xNix(CO)22]4_ (x = 2-6) is always richer of Pt
than the starting material, in agreement with the fact that
some Ni is lost as Ni(CO),, as evidenced by IR spectroscopy.
The molecular structure of [Ptyo_,Ni(CO),,]*" (x = 2-6) has

been determined on the three salts
[NEt4]4[Pt10_Ni,(CO),,]-2CH;COCH; (x = 2.23),
[NBuy]4[Ptyo_xNi,(CO),,]-2CH;CN (x = 3.11),

[NBuy]4[Pt;9_4Ni,(CO),,]-2CH3CN (x = 5.26), which display
different Pt/Ni compositions (Fig. 6 and Fig. S20, S21 in the
ESI;+ Table 5). The crystals of [NBuy]4[Pt;o_xNi,(CO),,]-2CH3CN
(x = 5.26) were of low quality and poorly diffracting. The result-
ing structure allowed to determine the overall geometry, com-
position and connectivity of the cluster. These compared very
well with related M,y carbonyl clusters. Its cif file was included
as ESL,1 but not deposited with CCDC.

As in the case of the homometallic [Pt;4(CO),,]*", the Myo
metal cage of these clusters display an idealized D5y, symmetry,
being composed of three eclipsed M5 pentagonal layers with

3630 | Dalton Trans., 2023, 52, 3623-3642
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Fig. 6 Molecular structure of [Ptyo_,Ni(CO),,1*" (x = 5.26) (purple, Pt;
yellow, Ni ~ 47-58% and Pt ~ 42-53%; red, O; grey, C).

two additional M atoms in between these pentagons and two
further M atoms capping the external pentagonal faces.
Alternatively, the M;9 metal cage may be described as com-
posed of two centred pentagonal prisms and two pentagonal
pyramids sharing three pentagonal faces. The resulting polyhe-
dron displays 10 rectangular faces and 10 triangular faces. The
five positions of the central pentagon, the two fully interstitial
positions and the two apexes of the two pentagonal pyramids
are fully occupied by 9 Pt atoms (Pt,, Pt and Ptc, respectively,
in Scheme 3). The 10 positions corresponding to the two exter-
nal pentagons are disordered Pt/Ni (M, in Scheme 3). The
stereochemistry of the CO ligands is the same in all
[Ptyo_xNi (CO)zs]"" (x = 2-6) clusters as well as [Pt;4(CO),,]"".
Thus, there are 10 p-CO ligands bridging the Pt,—~M, edges of
the two pentagonal prisms, and 12 terminal carbonyls, one
per each M, atom of the two external pentagons and the two
Pt vertexes of the external pentagonal pyramids. As expected,
platinum fully occupies the two interstitial positions (10 M-M
contacts, no CO), the inner pentagon (6 M-M contacts, 2 p-CO)
and the two apexes of the pentagonal pyramids (5 M-M con-
tacts, 1 terminal CO), whereas the 10 positions within the
external pentagons (5 M-M contacts, 1 terminal and 1 p-CO)
are disordered Pt/Ni. Regarding the two apexes of the two pen-
tagonal pyramids it is likely that Ni is too small in order to cap
a pentagonal M; face and, thus, also these positions are occu-
pied by Pt. Indeed, Ni(CO) fragments are often found capping
triangular faces in several clusters.*?™"

The M-M bonding contacts of [Pt;e_Ni(CO)]"" (x = 2.23,
3.11, 5.26) can be divided into eight groups, as depicted in
Table 5 (see Scheme 3 for labeling). The general trends
observed among the different groups are similar to those
reported for the homometallic cluster [Pt;o(CO),,]"*",*® that is,
Ptg-Pty ~ Ptg—Pte < Mp-Pty ~ Mu—Ptg < Pty—Pty ~ M,—Ptg <
M,-M, ~ Pty,-Pth. As also observed in the case of
[Pts_,Ni(CO),]*~ (ref. 19) and [Pty,_,Ni,(CO),,]*", within each
group the M-M distances are shortened by increasing the Ni
content.

This journal is © The Royal Society of Chemistry 2023
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Table 5 M-M distances (A) of [Ptyo_xNi(CO)»]*" (x = 2.23, 3.11, 5.26). See Scheme 3 for labeling
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X 5.26 3.11 2.23 0“
M,-M, 2.766(4)-2.802(5) 2.804(4)-2.818(3) 2.7940(17)-2.8363(17) 2.828(4)-2.919(4)
Average 2.776(9) Average 2.815(7) Average 2.818(4) Average 2.87(3)
Pty-Pty 2.860(3)-2.868(4) 2.855(5)-2.863(4) 2.8288(12)-2.8631(11) 2.877(4)-2.961(4)
Average 2.864(7) Average 2.860(9) Average 2.851(3) Average 2.90(3)
M,-Pt, 2.647(2)-2.676(3) 2.658(3)-2.683(4) 2.6441(18)-2.6925(17) 2.689(5)-2.745(5)
Average 2.656(5) Average 2.665(8) Average 2.673(4) Average 2.72(2)
Pt,-Pty 2.764(2)-2.7702(19) 2.760(3)-2.768(2) 2.7285(14)-2.7913(12) 2.714(4)-2.891(4)
Average 2.766(4) Average 2.764(6) Average 2.744(3) Average 2.80(6)
M,-Pty 2.706(2)-2.726(3) 2.743(3)-2.753(3) 2.7267(16)-2.7743(14) 2.694(4)-2.933(4)
Average 2.717(6) Average 2.749(7) Average 2.740(3) Average 2.81(9)
M,-Ptc 2.689(4)-2.699(2) 2.714(5)-2.724(3) 2.7009(15)-2.7414(14) 2.708(4)-2.814(4)
Average 2.697(7) Average 2.720(7) Average 2.721(3) Average 2.75(3)
Ptp-Pty 2.624(3) 2.623(4) 2.6225(18) 2.641(5)
Ptp—Ptc 2.646(2) 2.648(3) 2.6353(13) 2.675(5)-2.686(5)
Average 2.680(7)
“From ref. 38.
20 pA
3.0 25 2.0 -15 -1.0 05 0.0 05

Scheme 3 Labeling adopted for [Ptis_,Nil(CO)xl*™ (x = 2.23, 3.11,
5.26).

Electrochemistry, infrared spectroelectrochemistry, and
electrochemical impedance spectroscopy of
[Pt1o_,Ni(CO)so]*™ (x = 3.11)

nuclearity  [Pte_,Ni(CO),]”~ (x = 1-5) and
[Pt12_xNi(CO),1]"" (x = 2-10) clusters display only irreversible
redox processes. The electrochemistry of [HPt;4Ni,(CO).4]’",
closely related to [HPty4.,Nizy_(CO)s]’” (x = 0.69) was pre-
viously reported.?®** Thus, this work has been focused on the
new heterometallic [Pt;o_,Ni (CO),,]*" (x = 3.23) cluster, since
it is known that the related homometallic [Pt;4(CO),,]*~ cluster
displays several reversible electrochemical processes.’” Indeed,
the comparison of the electrochemical behavior of
[Pt1o_xNi(CO)]*" (x = 3.11) and [Pt;o(CO),,]*" offers the
possibility to study the effect of the substitution of 3-4 Pt
atoms with 3-4 Ni atoms within the same cluster structure.
The cyclic voltammetry (CV) of [Ptyo_,Ni(CO)p,]*" (x = 3.11)
at a glassy carbon (GC) electrode is shown in Fig. 7. In spite of
the structural similarity, the electrochemical behaviour of the
mixed Pt/Ni cluster shows some differences with respect to
that of the homometallic [Pt;5(CO),,]*~ species. The CV pro-

Lower

This journal is © The Royal Society of Chemistry 2023

E/Vvs Ag/AgCl

Fig. 7 CV profiles recorded at GC electrode in CHsCN solution of
[Ptio_xNi (CO)»,l*" (x = 3.11) between —0.68 and —2.67 V (red line), and
between +0.28 and —2.32 V (blue line), INBu4l[PF¢] (0.1 mol dm™) sup-
porting electrolyte. Scan rate: 0.1V s,

-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5
E/V (vs Ag/AgCl)

Fig. 8 CV response of [Ptyg_Ni(CO),51*" (x = 3.11) (red line) and of
[Pt1o(CO)»2l*" (blue line) at a GC electrode in CHsCN solution of
IN"Bul[PFg] (0.1 mol dm~3) supporting electrolyte. Scan rate: 0.1V s>,

files of [Pt;o_,Ni(CO)p]*" (x = 3.11) and [Pt;o(CO),,]*" in
CH;CN at a GC electrode are compared in Fig. 8, and the redox
potentials of the observed electron transfer processes are com-

Dalton Trans., 2023, 52, 3623-3642 | 3631
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Table 6 Peak potential values (V, vs. Ag/AgCl, KCl sat.) and (in brackets) peak-to-peak separations (mV, measured at 0.1 V s™) for the redox
changes exhibited at a GC electrode by the clusters [Ptyo_xNi(CO)»21*~ (x = 3.11) and [Pt;5(CO),,1*~ in CHsCN/INBu4l[PFg] 0.1 M solution

Compound Oxidation processes Reduction processes
[Pt15(CO),,]"" +0.52°  +0.44°  +0.05(100)  —0.19(78)  —1.11(80)  -1.26(80)  —1.98 (210) —2.12 (200)
[Ptyo_Ni,(CO)2]* ™ (x = 3.23) —0.03¢ -0.26° -1.13(70)  -1.33(70)  —2.04°(200)  —2.43“*

“ peak potential value for irreversible processes. ” Two-electrons process, as inferred from cyclic voltammetry.

piled in Table 6. The most evident difference concerns the
anodic region: only irreversible processes are observable for
the mixed cluster, while the homometallic one in voltammetric
experiments exhibits 4 reversible oxidation steps.>”

In the cathodic region, the heterometallic cluster shows a
pair of one-electron reversible reductions at potentials only
slightly lower than those of the homometallic one, while, at
lower potentials, the second pair of reversible closely spaced
reductions of [Pt;o(CO),,]*” appears as a single peak for
[Pt1o_xNi(CO)z,]"" (x = 3.11), with a current double compared
to that of the first two reductions, and is followed by a further
irreversible reduction at —2.43 V.

IR SEC experiments in an OTTLE cell confirmed that the
oxidation of [Pt;e_,Ni(CO)p]*™ (x = 3.11) (vco = 2000 and
1797 ecm™") is complicated by fast decomposition reactions.
Instead, the cluster can be reduced in two consecutive one-
electron steps to [Ptjo_yNi (CO),]>~ (vco = 1976 and
1774 ecm™) and [Pt;o_Ni(CO)]*" (vco = 1953 and
1751 cm™"), both stable in the time scale of the IR SEC. The IR
spectrum of the initial cluster was quantitatively obtained in
the reverse oxidative back-scan, confirming the reversibility of
these two reduction steps. A further decrease of the potential,
after the formation of [Pt;s_Ni,(CO),,]°", caused a large shift
of the terminal v¢o stretching frequencies down to 1882 em™"
(Fig. 9a) and band broadening. It is likely that the latter spec-
trum can be attributed to a more reduced form of the cluster
with a limited stability in the time scale of the IR SEC experi-
ment, since at the end of the reverse oxidation back-scan, the
vco bands at 2000 and 1797 cm™' of starting
[Pt1o_xNi(CO),,]"" were restored, although not quantitatively
(Fig. 9b). Moreover, the observed 71 cm™" shift of the terminal
vco of the new species (vco = 1882 cm™') respect to
[Pt1o_xNi(CO)»]% (vco = 1953 and 1751 cm ™), suggests that 3
electrons are consecutively added without being possible to
accumulate to a great extent the intermediate species.®'

The spectroelectrochemistry of [Pt;o(CO),,]*” was investi-
gated by Zanello®® who reported the IR spectra of oxidized
[Pt15(CO)5,]* and reduced [Pt;o(CO),,]°". We verified that, in
the time scale of IR SEC experiment, only one electron can be
reversibly removed from [Pt;o(CO)y,]"" (Fig. S22 in the ESI})
and further oxidation results in subsequent chemical reactions
as already found for the chemical oxidation with large excess
of acid, via the H'/H, redox couple.>®*®

The sequence of IR spectra recorded in an OTTLE cell
during the progressive decrease of the working electrode
potential from —0.7 to —2.5 V (vs. Ag pseudo reference elec-
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Fig. 9 IR spectra of a CH3CN solution of [Ptio_xNi (CO)2al*" (x = 3.11)

recorded in an OTTLE cell (a) during the progressive decrease of the
potential from —0.8 to —2.3 V vs. Ag pseudo-reference electrode (scan
rate 2 mV s%) and (b) before (red line) and after (black line) a cyclic vol-
tammetry between —0.8 and —2.3 V vs. Ag pseudo reference electrode
(scan rate 1 mV s™). [N"Buy,][PF¢l (0.1 mol dm~) as the supporting elec-
trolyte. The absorptions of the solvent and supporting electrolyte have
been subtracted.

trode) of a solution of [Pt;o(CO),,]*” have been recorded
(Fig. S23a in the ESIf). Their profiles are very similar to those
obtained for [Pt;o_,Ni(CO),,]*" (x = 3.11), and likewise the
first two reductions were found to be completely reversible in
the time scale of the IR SEC experiment. Concerning the
behaviour at lower potentials, a greater stability of the homo-
metallic more reduced species can be inferred by the fact that
the IR spectrum of the starting cluster was almost quantitat-
ively re-obtained when the working electrode potential was

This journal is © The Royal Society of Chemistry 2023
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returned to the initial value (Fig. S23b in the ESIT). Moreover,
during the shift of the v}, from 1959 to 1885 cm ™", one low
intensity band at intermediate frequencies (about 1932 cm™?)
was observable and was tentatively attributed to a cluster
charge —7, based on the measured t%,, shift of 23 cm™.

A more careful analysis of the IR spectra of Fig. 9a allowed
to highlight the presence of a very low intensity band at
1908 cm™" that could indicate the presence of very small
amounts of an intermediate redox state of the cluster even in
the case of the heterometallic one. Selected IR spectra of
[Pt19_xNi(CO),,]"" (x = 3.11) are shown in Fig. 10; the tur-
quoise and the red traces can be confidently attributed to the
cluster charge —5 and -6, respectively, the green spectrum
indicates a mixture of several states where a weak band at
1908 cm™" could be attributed to the species with charge —8,
while we tentatively attributed the light blue spectrum to one
species with charge —9.

Table 7 reports the CO stretching frequencies in solution
associated with the cluster charge for both [Pt;o_,Ni,(CO),,]"~
(x =3.11) and [Pt;9(CO),,]"".

W

1800

Transmittance

2000
Wavenumbers [1/cm]

Fig. 10 Selected infrared spectra of [Ptig_xNi,(CO)2]"" (x = 3.11) as a
function of the cluster charge n in CHszCN containing 0.1 mol dm™
[N"Bug4l[PFel. The absorptions of the solvent and supporting electrolyte
have been subtracted. The red arrow indicates the spectrum of the start-
ing cluster [Ptlg_xNiX(CO)ZZ]"‘ (x = 3.11). For the attribution of other
cluster charge n to the spectra see the text.

Table 7 Infrared stretching frequencies (cm™) of terminal (vto) and
bridging (l/(b:o) carbonyl groups for [Ptyg_Ni(CO),,1*" (x = 3.11) and (in
brackets) for [Pt;5(CO),,1*" in CH3CN/INBu,l[PFel 0.1 M solution as a
function of the cluster charge n. The rows in italic correspond to the
cluster charge and frequencies deduced assuming a vtq shift of about
25 cm™! per added electron

b

Cluster charge n Vo 17

-3 (2027) (1818)

-4 2000 (2005) 1797 (1798)

-5 1976 (1981) 1774 (1777)

-6 1953 (1959) 1751 (1755)

-7 (1932) (1744, 1690)

-8 1908 1730, 1688, broad

-9 1882 (1885) 1737, 1688, broad (1744, 1690)

This journal is © The Royal Society of Chemistry 2023
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The results of the IR SEC experiments do not agree perfectly
with the CV profile of Fig. 7, the most relevant difference
being the well defined and reversible two electron reduction
peak in the CV that would predict the quantitative formation
of [Pt1o_Ni(CO),,]*" (x = 3.11), before the irreversible further
2e” reduction. A similar trend is observed for the cathodic pro-
cesses of [Pt;o(CO),,]*" (x = 3.11): also in this case, in the IR
SEC experiment, compared to CV, some charge states of the
cluster are almost missing. We believe that a possible expla-
nation for these differences is the different working electrodes
employed in the two experiments, that is GC for CV and Pt for
IR SEC.

In many cases, we observed that the voltammetric profiles
of clusters are ill defined at Pt electrodes, while more resolved
peaks are instead obtained at GC.*>"** In Fig. $24 in the ESI,}
the CV responses of [Ptyo_,Ni(CO),,]*" (x = 3.11) at the two
electrodes are compared. At Pt electrode, the first two
reduction peaks are less intense, less resolved and followed by
a continuous current increase which would seem to match
with the simultaneous presence in solution of different
charged clusters, as deduced by IR SEC experiments, before
the attainment of a more reduced, relatively stable, species.

The redox peaks were also investigated by means of electro-
chemical impedance spectroscopy (EIS). Fig. 11 shows the
Nyquist and Bode plots of the peaks at —2.04, —1.33, and
—1.13 V using the GC working electrode (WE). Each measure-
ment was performed at the E° of the redox process, which was
calculated as the average of the potential of the reduction and
oxidation peak obtained from CV (Fig. 7). For Pt WE, only the
redox process at —1.13 V was evaluated, as the processes at
lower potential were not visible in CV. Observing the inset in
Fig. 11A we can infer that moving towards lower potential (i.e.
higher negative charges on the cluster) there is a decrease of
the kinetic of the reduction mechanism. The impedance
spectra were fitted using the Randles circuit (Fig. 11B) in order
to estimate the charge transfer resistance, that can be related
to the kinetic of the charge transfer by the following
equation:>*

RT
AR2F2Coko

Ree =

where R is the gas constant, T is the temperature, n is the
number of transferred electrons, F is the Faraday constant, k°
is the heterogeneous rate constant, C, is the concentration of
the species under investigation, and A is the area of the elec-
trode. Since all the experiments were performed with the same
bulk concentration and area of the electrode, a variation of the
value of R, can be directly related to a change in the hetero-
geneous rate constant of the electron transfer. Table 8 reports
the values of R, obtained through the fitting.

The values of R, obtained through the fitting support the
slower charge transfer kinetic for higher negatively charged
clusters. This is also visible in the Bode plot of Fig. 11B, where
the phase shift due to the electron transfer is barely visible for
the electron transfer at —1.13 and —1.33 V and well defined in
the peak at —2.04 V. It should be noted that when Pt is used as
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Fig. 11 (A) Nyquist plot and (B) Bode plot obtained for the redox processes of [Pt;o_,Ni, (CO)»,]*" (x = 3.11) at —1.13, —1.33, and —2.04 V for both GC

and Pt WE.

Table 8 Charge transfer resistance for the redox processes of
[Ptyo_xNi,(CO)2,l*" (x = 3.11) at —1.13, —1.33, and —2.04 V for both GC
and Pt WE obtained through the fitting of the impedance spectra with
the Randles circuit

Potential (V) R on GC (Ohm) R on Pt (Ohm)

-1.13 658.7 2.37 x 10*
—-1.33 809.5 NA“
—2.04 2022 NA“

“The peaks were not available in the CV.

WE the reaction kinetic is slowed even at —1.13 V (Fig. 11) with
a 10 time-fold charge transfer resistance obtained through
fitting (i.e. 10 time-fold lower heterogeneous rate constant).
This suggests a major involvement of the nature of the elec-
trode in the redox process of the cluster.

Computational investigations

Computational studies of [Pts_,Ni,(CO);,]*~ (x = 0-6) hexanuc-
lear clusters have been previously reported.'® These indicated
that the six positions of their {Mg} core can be randomly occu-
pied by Pt and Ni. This is in keeping with the equivalence of
the six metal positions of an octahedral metal cage. Thus, it
was of interest to computationally investigate heterometallic
Pt-Ni carbonyl clusters displaying not equivalent metal sites
on their metal cages.

3634 | Dalton Trans., 2023, 52, 3623-3642

The preference of Pt and Ni for the different positions in
the {My,} core of [Pt;,_,Ni,(CO),,]*" clusters was computation-
ally investigated, considering different possible isomers of
[PtNiy;(CO),4]*" and [Pt,Ni;o(CO),1]*~ (Scheme 4). The relative
energy values (both Gibbs energy G and electronic energy +
nuclear repulsion E) are reported in Scheme 4. The most stable
position of Pt atom in [PtNiy4(CO),,]* is in the inner triangle
of the central hexametallic layer (isB; in Scheme 4), in agree-
ment with the experimental outcomes. The other two possible
isomers are meaningfully less stable by about 13-14 kcal
mol ™" (trimetallic layer, isA) and 17-18 kcal mol ™" (external tri-
angle of the hexametallic layer, isB,).

The stability trend for the Pt atoms B; > A > B, was con-
firmed by the relative energy values of the isomers of
[Pt,Ni;o(CO),4]*". The most stable species has in fact both Pt
atoms in the inner triangle of the hexametallic layer (isB;B; in
Scheme 4). Formally shifting one Pt atom to the trimetallic
layer causes an energy rise by about 12 kcal mol™" (see isAB;-1
and isAB;-2 in Scheme 4), while the shift to the external tri-
angle of the hexametallic layer rises the energy by about
14-15 keal mol ™" with respect to isB;B; (see isB.B;j-1 and isB.B;-
2 in Scheme 4). Considering the isomers without inner Pt
atoms, those with both Pt atoms in the external triangles are
the most stable (isAA, isAA’-1 and iSAA’-2 in Scheme 4), even if
their energies are about 26 kcal mol™" higher than that of
isB;B;. As expected from the trends previously described, the
shift of one Pt atom to the external triangle of the hexametallic

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2dt03607j

Open Access Article. Published on 28 February 2023. Downloaded on 1/25/2026 9:12:30 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton Transactions

[PtNi141(CO)4]*

Ni N}\

[PtzNiyo(CO)11*

29.8
Ni
\N{ 31.0
iSABg-1
__—Ni —
"
Ni N\I s//‘
N‘\NI Ni
Y \ / 343 / 137
o 357 T Y |
isBeBe isB,B;-1

View Article Online

Paper

/ Ni

- —Ni Ni— N———n;
@ / Ni \ Ni——/ Ni

l\/NI B ‘Ni\‘\/N“J®
\ / \ /

\ / 264 Y/ / 26.0
" 258 W 262
iSAA'-1 iSAA'-2

/152 w
155 W00
isB¢B;-2 isB;B;

Scheme 4 Isomers of [PtNiy(CO),40* and [PtoNiyo(CO),40*~ with relative energy values (kcal mol™; electronic energy + nuclear repulsion, red
values; Gibbs free energy, blue values). A indicates the localization of Pt atoms in the trimetallic layer, B and B; respectively indicate the localization
of Pt atoms in the external or in the internal triangle of the hexametallic layer.

layer causes an energy rise (isAB.-1 and isAB.-2 in Scheme 4,
relative energies around 29-31 kcal mol™"). Finally, isB.B. is
the least stable species, having E and G values relative to
isB.B, of 34.3 and 35.7 and kcal mol ™", respectively.

It is worth noting that isomers with the same compositions
of the layers have in all cases roughly comparable energy. Such
a result suggests that the intralayer M-M interactions have
greater influence with respect to the interlayer ones on the
stabilization of [Pt;,_,Ni,(CO),,]*" clusters.

The AIM analysis®®>®’ on the most stable isomer of
[PtNi;1(CO),,]*" (Table 9) allowed to localize eight Pt-Ni (3,—1)
b.c.p.’s. The data summarized in Table 9, the density (p) and
the potential energy density (V) in particular, revealed that the

This journal is © The Royal Society of Chemistry 2023

Pt-Ni bonds in the hexametallic layer are stronger than the
interlayer ones. In particular, the highest p values and lowest V
values correspond to the bonds of Pt with Ni atoms in the
external triangle of the hexametallic layer. This outcome sup-
ports the experimentally observed preference of Pt atom for
the inner triangle of the hexametallic layer.

The computational investigation was extended to
[Ptyo_xNi(CO),,]*" cluster, focusing the attention on [Pt;gNi
(CO),,]*". Four isomers are possible, corresponding to the
localization of the Ni atom in the central pentagonal layer
(isA), in one of the other two external pentagonal layers (isA'),
in one of the two fully interstitial positions (isB) or in one of
the two apexes of the two pentagonal pyramids (isC). The four
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2dt03607j

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 28 February 2023. Downloaded on 1/25/2026 9:12:30 AM.

(cc)

View Article Online
Paper Dalton Transactions
Table 9 Selected computed data at Pt—Ni b.c.p.’s for [PtNiy,(CO)»11%", isB; (p = electron density, e A~3; V = potential energy density, hartree A=3; E =

energy density, hartree A=3; V2p = Laplacian of electron density, e A=). In the picture (purple, Pt; green, Ni; white, b.c.p.; CO ligands omitted) only
the intralayer bonds and the M-b.c.p. interactions are depicted for clarity

b.c.p p(eA™) V (hartree A) E (hartree A™%) VZp (e A™)
1 0.243 -0.229 —0.061 1.446
2 0.243 -0.229 —-0.061 1.470
3 0.391 —0.418 —-0.108 2.771
4 0.297 -0.270 —0.088 1.301
5 0.297 -0.270 —0.088 1.301
6 0.391 —-0.418 -0.108 2.771
7 0.243 -0.229 —0.061 1.470
8 0.243 -0.229 —-0.061 1.446
: 4
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Scheme 5 Isomers and relative energies (kcal mol™; electronic energy + nuclear repulsion, red values) of [Pt;gNi(CO)»,]*". A indicates the localiz-
ation of the Ni atom in the central pentagonal layer, A’ in one of the two external pentagonal layers, B in the fully interstitial position and C in one of
the two apexes.

isomers of [Pt;gNi(CO),,]"" are sketched in Scheme 5 with the A’ positions of [Ptyo_,Ni(CO),,]*". It is worth noting the
the relative energy values. The stability of the cluster huge energy rise (21.6 kcal mol™" with respect to the most
depends upon the position of the Ni atom accordingly to stable isomer) when Ni occupies one of the fully interstitial
the trend A’ > A > C > B. The computational result is in positions, ie. that corresponding to the highest number of
line with the X-ray data, that showed Pt/Ni disorder only for M-M contacts.
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Conclusions

Heterometallic Pt-Ni carbonyl molecular nanoclusters of
increasing sizes have been synthesized and structurally charac-
terized by SC-XRD, that is, [Pte_Ni(CO),]>~ (x = 1-5),
[Pt1,_Ni(CO)s]*" (x = 2-10), [Ptyo_,Ni(CO),,]*" (x = 2-6) and
[HPt, 44, Niyy_(CO)44]>” (x & 0.7). This offered the possibility to
investigate the Pt-Ni distribution within Mg, M5, M9 and M3g
cages. As previously reported,"® [Pte_,Ni(CO)1,]*~ (x = 1-5) can
be viewed as perfect random alloy clusters, in view of the
equivalence of the six metal sites within their octahedral Mg
cages. Conversely, when the metal sites are not equivalent, as
in the cases of [Pt Ni(CO)]*” (x = 2-10),
[Pt1o_yNi(CO)5]*" (x = 2-6) and [HPty4,,Niyy_(CO)]>~ (x ~
0.7), Pt usually displays a preference for sites with high M-M
and low M-CO connectivities, whereas the opposite trend is
observed for Ni. This results in partial confinement and separ-
ation of the two metals, even though some positional disorder
is often present, usually involving sites with intermediate M-
M and M-CO connectivities. This experimental crystallo-
graphic investigation has been supported by DFT calculations.

The cluster [Pt;o_,Ni,(CO)y,]*" (x = 3.11) was electrochemi-
cally characterized by CV, IR SEC and EIS. The comparison
with the isostructural homometallic [Pt;4(CO),,]*~ pointed out
a very similar IR SEC reduction pattern: the difference in the
cathodic region of the voltammetric profiles of the two clusters
completely disappears in the time scale of the IR SEC experi-
ment, and indistinguishable sequences of IR spectra were
obtained during the reduction steps. In particular, two mono-
electronic, completely reversible, redox changes and a further
multielectronic process, with a good, even if not complete
reversibility, indicated the multivalent nature for both the clus-
ters. The presence of three Ni atoms affected instead at a great
extent the stability of the mono-oxidized -cluster
[Pt1o_Ni(CO),]*~ (x = 3.11) with respect to the homometallic
one. This difference, already evident in CV, was confirmed by
IR SEC and the only reversible anodic step was no longer
observable for the mixed cluster.

The electrochemical behavior of [Pt;o_ Ni (CO)n]*™ (x =
3.11) confirmed what was already observed for large metal car-
bonyl nanoclusters: (a) the different performance of WE
materials, that is, the dependence of the electron transfer rate
constant on the electrode material that was confirmed by CV and
EIS measure at Pt and GC WEs; (b) the decrease of the electron
transfer rate constant on increasing the number of added elec-
trons to the starting clusters; (c) the instability of several reduced
species with respect to disproportionation reactions which
prevent the accumulation in sequence of each charged species as
the potentialdecreases.”® For both homometallic [Pt;o(CO)y,]*"
and heterometallic [Pto_,Ni,(CO),,]"~ this aspect is particularly
evident because a large shift of vco seems to suggest two missing
redox states of the clusters in the IR SEC experiments, before the
accumulation of a relatively long-lived multi-reduced species to
which we tentatively assigned a —9 charge.

Overall, this study shows that a great insight into the nature
of atomically precise alloy nanoclusters can be obtained using

This journal is © The Royal Society of Chemistry 2023
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a molecular approach, based on X-ray crystallography and
electrochemical methods such as CV, IR SEC and EIS.

Experimental
General procedures

All reactions and sample manipulations were carried out using
standard Schlenk techniques under nitrogen and in dried sol-
vents. All the reagents were commercial products (Aldrich) of
the highest purity available and used as received, except
[NR,]o[Pt3,(CO)en] (n = 2-4), [NR,]5[Niz,(CO)g,] (n = 2, 3) and
[NR4]5[H,Ni;»(CO),1] (R = Me, Et, Bu) which have been pre-
pared according to the literature.**"** Analyses of C, H and N
were obtained with a ThermoQuestFlashEA 1112NC instru-
ment. Analysis of Ni and Pt were performed by microwave
plasma-atomic emission spectrometry on a Agilent 4210
MP-AES spectra were recorded on a
PerkinElmer SpectrumOne interferometer in CaF, cells.
Structure drawings have been performed with SCHAKAL99.>®

WARNING: CO and Ni(CO), may be generated during
manipulation of these compounds. All the operations must be
carried out under a well-ventilated fume hood.

instrument. IR

Electrochemical, spectroelectrochemical, and electrochemical
impedance spectroscopy measurements

Materials and apparatuses for electrochemistry and IR SEC
have been described elsewhere.?' EIS spectra were recorded
using as Eq4. the E° of a reversible electrochemical reaction
obtained from the voltammetric experiments. E,. was set to
0.005 V and frequency was scanned between 10 000 and 1 Hz.
All the electrochemical experiments were performed using a
Palmsens 4 potentiostat (Palmsens, The Netherlands).

MP-AES analyses

For a typical analysis, 4-5 mg of the sample, accurately
weighted with an analytical balance (+0.0001 g), were trans-
ferred in a 100 mL volumetric flask and completely dissolved
with a few drops of aqua regia (HCl: HNO; 3 : 1 v/v). Then, dis-
tilled H,O was added up to a total volume of 100 mL. The
resulting sample was directly used for MP-AES analyses.

Synthesis of [NBu,],[Pts_,Ni,(CO),] (x = 4.20)

A solution of [NBuy],[H,Ni;,(CO),,] (0.650 g, 0.365 mmol) in
THF (20 mL) was added dropwise to a solution of
[NBu,],[Pts(CO)12] (0.726 g, 0.365 mmol) in THF (20 mL). The
mixture was stirred for 2 h at room temperature and, then, the
solvent was removed under reduced pressure. The residue was
washed with H,O (2 x 15 mL) and toluene (2 x 15 mL), and
extracted with THF (30 mL). Crystals of [NBuy],[Pts_yNi,(CO);5]
(x = 4.20) suitable for SC-XRD were obtained by slow diffusion
of n-hexane (60 mL) on the THF solution (yield 0.78 g, 45%
based on Pt, 53% based on Ni).

C44H75N,Niy 2001,Pt; g0 (1418.78): caled C 37.25, H 5.12, N
1.97; found: C 37.08, H 4.94, N 2.15. IR (THF, 293 K) vco: 1992
(vs), 1815(m), 1794(s) cm ™.
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Synthesis and MP-AES analysis of [NBu,],[Pty_,Ni,(CO);s] (x =
1.65)

A solution of [NBu,],[Nig(CO);,] (0.600 g, 0.512 mmol) in THF
(30 mL) was added dropwise to a solution of
[NBuy]o[Pt15(CO),4] (1.79 g, 0.512 mmol) in THF (20 mL). The
mixture was stirred for 2 h at room temperature and, then, the
solvent was removed under reduced pressure. The residue was
washed with H,O (2 x 15 mL), toluene (2 x 15 mL), and
extracted with acetone (30 mL). The solvent was removed
under reduced pressure and the residue analyzed by MP-AES.

MP-AES: calcd Pt/Ni 2.00; found: 4.47. IR (THF, 293 K) vgo:
2029(vs), 2005(s), 1844(s), 1810(m) cm ™.

MP-AES study of the thermal decomposition of
[NBu,],[Pts_Ni,(CO)45]

A solution containing a variable amount of [NBu,],[Nig(CO);,]
(i co),,» see list below) in THF (20 mL) was added dropwise
to a solution of [NBu,],[Pts(CO);,] (0.410 g, 0.206 mmol) in
THF (20 mL). The mixture was stirred for 2 h at room tempera-
ture and, then, the solvent was removed under reduced
pressure. The residue of [Pts_,Ni,(CO);,]*~ was dissolved in
CH;CN (20 mL) and heated at refluxing temperature for 3 h. At
this stage, IR spectroscopy revealed the presence in solution of
[Pt1>_xNi(CO),,]*". The solvent was removed under reduced
pressure and the residue was washed with H,O (2 x 15 mL)
and toluene (2 x 15 mL), and extracted with CH,CN (40 mL).
The resulting solution was analyzed by means of MP-AES in
order to determine the Pt/Ni content and compare it with the
starting reagents.

Myigco),, = 1.21 g (1.03 mol; Pts: Nig = 1:5). MP-AES: caled
Pt/Ni 0.20; found: 0.21. IR (CH4CN, 293 K) vco: 1982(vs),
1787(s) em™.

Myigco), = 0.483 g (0.412 mol; Pts:Nig = 1:2). MP-AES:
caled Pt/Ni 0.50; found: 0.55. IR (CH,CN, 293 K) vco: 1980(vs),
1788(s) cm ™.

Myigco), = 0.241 g (0.206 mol; Pt:Nig = 1:1). MP-AES:
caled Pt/Ni 1.00; found: 1.10. IR (CH,CN, 293 K) veo: 1957(vs),
1788(s) cm ™.

Myigco), = 0.121 g (0.103 mol; Pt:Nig = 2:1). MP-AES:
caled Pt/Ni 2.00; found: 2.32. IR (CH,CN, 293 K) voo: 1955(vs),

1794(s) cm™".

Myigco),, = 0.0483 g (0.0412 mol; Pts: Nis = 5:1).
caled Pt/Ni 5.00; found: 5.44. IR (CH,CN, 293 K) veo:
1778(s) em™".

MP-AES:
1962(vs),

Synthesis of [NEt4]4[Pt12_xNix(CO)21] (x = 3.72)

A solution of [NEt,],[Nig(CO);5] (0.450 g, 0.475 mmol) in
acetone (30 mL) was added dropwise to a solution of
[NEt,],[Pty(CO),¢] (1.00 g, 0.397 mmol) in acetone (20 mL). The
mixture was stirred for 2 h at refluxing temperature and, then,
the solvent was removed under reduced pressure. The residue
was washed with H,O (2 x 15 mL) and toluene (2 x 15 mL),
and extracted with acetone (35 mL). Crystals of
[NEt,]4[Pt;,_4Ni(CO)y4] (x = 3.72) suitable for SC-XRD were
obtained by slow diffusion of n-hexane (100 mL) on the
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acetone solution (yield 0.71 g, 56% based on Pt, 31% based on
Ni).

Cs3HgoN,Ni3 50,1 Pty 55 (2942.95): caled C 21.63, H 2.74, N
1.90; found: C 20.68, H 2.98, N 1.71. IR (acetone, 293 K) vgo:
1998(vs), 1802(s) ecm™'. IR (CH;CN, 293 K) vgo: 1998(vs),
1796(s) cm ™. IR (DMSO, 293 K) vco: 1978(vs), 1796(s) cm ™™

Synthesis of [NBu4]4[Pt12_ Nix(CO)ZI]‘ZCH3COCH3 (x = 5.82)

A solution of [NBu,],[Nig(CO)15] (0.490 g, 0.418 mmol) in THF
(15 mL) was added dropwise to a solution of [NBu,],[Pts(CO);2]
(0.800 g, 0.402 mmol) in THF (20 mL). The mixture was stirred
for 2 h at room temperature and then, the solvent was
removed under reduced pressure. The residue was dissolved
with CH;CN (15 mL), stirred for 8 days at room temperature
and, then, the solvent was removed under reduced pressure.
The solid residue was washed with H,O (3 x 15 mL) and
toluene (3 x 15 mL), and extracted with THF (20 mL) and
acetone (20 mL). Crystals of
[NEt,]4[Pt;,_,Ni,(CO),,]-2CH;COCH; (x = 5.82) suitable for
SC-XRD were obtained by slow diffusion of n-hexane (60 mL)
on the acetone solution (yield 0.65 g, 52% based on Pt, 47%
based on Ni).

Co1H;56N4Nis 5,0,3Pt 15 (3221.88): caled C 33.93, H 4.88, N
1.74; found: C 34.11, H 4.65, N 1.54. IR (nujol, 293 K) vco:
1979(vs), 1790(vs), 1712(m) ecm™". IR (THF, 293 K) vco: 1983
(vs), 1814(m) cm™. IR (acetone, 293 K) vco: 1983(vs), 1818(m)
em™ " IR (CH;CN, 293 K) vgo: 1989(vs), 1821(m) cm™". IR
(DMSO, 293 K) vco: 1984(vs), 1815(m) cm ™.

Synthesis of [NMe,],[Pt;,_,Ni,(CO),;]-2CH;CN (x = 6.25)

A solution of [NMe,],[Nig(CO);,] (0.560 g, 0.669 mmol) in
CH;CN (30 mL) was added dropwise to a solution of
[NMe,],[Pts(CO);,] (0.913 g, 0.552 mmol) in CH3CN (20 mL).
The mixture was stirred for 2 h at refluxing temperature and,
then, the solvent was removed under reduced pressure. The
residue was washed with H,O (2 x 15 mL) and toluene (2 x
15 mL), and extracted with CH3CN (20 mL). Crystals of
[NMe,]4[Pt1,_Ni(CO),4]-2CH;CN (x = 6.25) suitable for
SC-XRD were obtained by slow diffusion of n-hexane (2 mL)
and di-iso-propyl-ether (60 mL) on the CH;CN solution (yield
0.57 g, 40% based on Pt, 36% based on Ni).

C41H354NgNig 250,1Pts 55 (2455.60): caled C 20.05, H 2.22, N
3.42; found: C 20.38, H 1.99, N 3.28. IR (CH;CN, 293 K) vco:
1993(vs), 1836(m) cm™.

Synthesis of [NEt,]4[Pt;,_,Ni,(CO),;]-1.79CH;CN (x = 6.45)

A solution of [NEt,],[Nig(CO);,] (0.840 g, 0.600 mmol) in THF
(30 mL) was added dropwise to a solution of [NEt,],[Pts(CO);5]
(0.505 g, 0.475 mmol) in THF (20 mL). The mixture was stirred
for 2 h at room temperature and, then, the solvent was
removed under reduced pressure. The residue was washed
with H,O (2 x 15 mL) and toluene (2 x 15 mL), and extracted
with CH;CN (30 mL). The mixture was stirred for 2 h at reflux-
ing temperature and, then, the solvent was removed under
reduced pressure. The residue was washed with H,O (2 x 15
mL), toluene (2 x 15 mL), THF (2 x 15 mL), acetone (20 mL),

This journal is © The Royal Society of Chemistry 2023
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and extracted with CH;CN (20 mL). Crystals of
[NEt,]4[Pt;,_,Ni(CO),4]-1.79CH;CN (x = 6.45) suitable for X-ray
crystallography were obtained by slow diffusion of n-hexane
(2 mL) and di-iso-propyl-ether (60 mL) on the CH;CN solution
(yield 0.72 g, 53% based on Pt, 49% based on Ni).

Cs6.53Hgs.37N5.70Ni6 45021 Pts 56 (2644.80): caled C 25.68, H
3.25, N 3.07; found: C 25.29, H 3.44, N 2.85. IR (nujol, 293 K)
voo: 1993(sh), 1972(sh), 1954(vs), 1779(s) 1754(s), 1732(m)
em ™%,

Synthesis of [NEt,]4[Pt;o_,Ni,(CO),,]-2CH;COCH; (x = 2.23)

A solution of [NEt,],[Nis(CO);5] (0.250 g, 0.264 mmol) in
acetone (30 mL) was added dropwise to a solution of
[NEt,],[Pt;,(CO),4] (0.870 g, 0.266 mmol) in acetone (20 mL).
The mixture was stirred for 2 h at room temperature and, then,
the solvent was removed under reduced pressure. The residue
was dissolved in CH;CN (30 mL) and heated at refluxing temp-
erature for 1 h. The solvent was removed under reduced
pressure and the residue was washed with H,O (2 x 15 mL),
toluene (2 x 15 mL), and THF (15 mL), and extracted with
acetone (30 mL). Crystals of
[NEt,]4[Pt;9_4Ni(CO),,]-2CH;COCH; (x = 2.23) suitable for
SC-XRD were obtained by slow diffusion of n-hexane (60 mL)
on the acetone solution (yield 0.54 g, 61% based on Pt, 16%
based on Ni).

CeoHonN,Ni, 530,,Pt ;.77 (4656.29): caled C 15.48, H 1.99, N
1.20; found: C 15.33, H 2.19, N 1.04. IR (nujol, 293 K) vgo:
1978(vs), 1774(s), 1739(m) cm™". IR (CH;CN, 293 K) vco: 2002
(vs), 1798(ms) cm™™.

Synthesis of [NBu,]4[Pt;o_,Ni,(CO),,]-2CH;CN (x = 3.11)

A solution of [NBu,],[Nig(CO);,] (0.350 g, 0.299 mmol) in THF
(30 mL) was added dropwise to a solution of
[NBuy],[Pt;5(CO),4] (0.594 g, 0.298 mmol) in THF (20 mL). The
mixture was stirred for 2 h at room temperature and, then, the
solvent was removed under reduced pressure. The residue was
dissolved in CH;CN (30 mL) and heated at refluxing tempera-
ture for 2 h. The solvent was removed under reduced pressure
and the residue was washed with H,O (2 x 15 mL), toluene (2 x
15 mL), and extracted with CH3CN (30 mL). Crystals of
[NBuy]4[Pt;9_4Ni,(CO),,]-2CH;CN  (x = 3.11) suitable for
SC-XRD were obtained by slow diffusion of n-hexane (2 mL)
and di-iso-propyl-ether (60 mL) on the CH3;CN solution (yield
0.58 g, 52% based on Pt, 20% based on Ni).

CooH150NgNis 110,,Pt;5 g9 (4950.72): caled C 21.84, H 3.05,
N 1.70; found: C 21.77, H 3.18, N 1.52. IR (nujol, 293 K) vco:
2009(vs), 1772(ms) cm™*. IR (CH;CN, 293 K) vco: 2000(vs),
1797(ms) cm ™.

Synthesis of [NBU4]4[Pt19_xNix(CO)22]'2CH3CN (x = 5.26)

A solution of [NBu,],[Nig(CO),,] (0.710 g, 0.606 mmol) in THF
(30 mL) was added dropwise to a solution of [NBuy],[Pts(CO)15]
(0.500 g, 0.251 mmol) in THF (20 mL). The mixture was stirred
for 2 h at room temperature and, then, the solvent was
removed under reduced pressure. The residue was dissolved in
DMSO (15 mL) and heated at 130 °C for 14 h. The crude
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product was precipitated by addition of a saturated solution of
[NBu,]Br in H,O (50 mL). The residue was washed with H,O (2
x 15 mL), toluene (2 x 15 mL), and THF (15 mL), and extracted
with CH;CN (30 mL). Crystals of
[NBuy]y[Pt;o_,Ni,(CO),,]-2CH;CN (x = 5.26) suitable for
SC-XRD were obtained by slow diffusion of n-hexane (2 mL)
and di-iso-propyl-ether (60 mL) on the CH;CN solution (yield
0.39 g, 76% based on Pt, 12% based on Ni).

CooH150NNis 26025Pt1 5,73 (4656.82): caled C 23.22, H 3.25,
N 1.81; found: C 23.41, H 3.02, N 1.64. MP-AES: calcd Pt/Ni
2.61; found: 2.87. IR (nujol, 293 K) vgo: 2000(vs), 1770(ms)
em ™", IR (CH;CN, 293 K) vco: 1997(vs), 1774(ms) cm™.

Synthesis of [NMe,]5[HPt;4.,Nis_(CO)44]-3CH;COCH; (x =
0.70)

A solution of [NMe,],[Nig(CO);,] (0.960 g, 1.15 mmol) in CH;CN
(30 mL) was added dropwise to a solution of [NMe,],[Pts(CO);]
(0.960 g, 0.580 mmol) in CH3CN (20 mL). The mixture was stirred
for 2 h at refluxing temperature and, then, the solvent was removed
under reduced pressure. The residue was washed with H,O (2 x
15 mL) and toluene (2 x 15 mL), and extracted with acetone
(40 mL). HBF,-E,0 (18 pL, 0.133 mmol) was added to the acetone
solution and the mixture stirred at room temperature for 1 h. The
solvent was removed under reduced pressure, and the residue was
washed with HO (2 x 15 mL) and toluene (2 x 15 mL), and
extracted with THF (30 mL). Crystals of
[NMe, ]s[HPt; 4., Niyy_(CO)44]-3CH;COCH; (x = 0.70) suitable for
SC-XRD were obtained by slow diffusion of n-hexane (60 mL) on the
THEF solution (yield 0.56 g, 39% based on Pt, 31% based on Ni).

C,3H7gN5Niz; 30047Pt1s 70 (6012.97): caled C 14.58, H 1.31,
N 1.16; found: C 14.87, H 1.44, N 0.89. IR (nujol, 293 K) vco:
2014(vs), 1995(sh), 1806(ms) cm™*. IR (CH;CN, 293 K) vco:
2012(vs), 1849(w), 1811(ms) cm™". IR (acetone, 293 K) vco:
2015(vs), 1822(ms) em ™.

X-ray crystallographic study

Crystal data and collection details for the structures deposited
with CCDC, that is [NBu,]yPts_Ni(CO)»] (x = 4.20),
[NEty]s[Pt; yNi,(CO);] (x = 3.72), [NBuys[Pt1—xNi(CO)s4]:
2CH;COCH; (x = 5.82), [NEt,]4[Pt;o_,Ni,(CO),,]-2CH;COCH; (x =
2.23),  [NBugly[Pt;o_yNi,(CO),,]2CH;CN  (x =  3.11),
[NMe,]s[HPt; 4., Nip,_»(CO)44]-3CH;COCH; (x = 0.70) are reported
in Table S5 in the ESL}

The structures of [NMe,]y[Pt;; yNi(CO),4]-2CH;CN (x =
6.25), [NEty][Pt;,_,Ni,(CO),;]-1.79CH;CN (x =  6.45),
[NBuy]4[Pt;9_,Ni,(CO),,]-2CH;CN (x = 5.26) were of low quality
and poorly diffracting. The resulting structures allowed to
determine the overall geometry, composition and connectivity
of the clusters. These compared very well with related homo-
metallic and heterometallic carbonyl clusters. Their cif files
were included as ESIf (cifSL.cif), but they were not deposited
with CCDC. Their crystal data and collection details are
reported in Table S6 in the ESI.}

The diffraction experiments were carried out on a Bruker
APEX 1I diffractometer equipped with a PHOTON2 detector
using Mo-Ka radiation. Data were corrected for Lorentz polar-
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ization and absorption effects (empirical absorption correction
SADABS).*® Structures were solved by direct methods and refined
by full-matrix least-squares based on all data using F.%°
Hydrogen atoms were fixed at calculated positions and refined by
a riding model. All non-hydrogen atoms were refined with aniso-
tropic displacement parameters, unless otherwise stated.

Computational details

Geometry optimizations were performed in gas phase using the
PBEh-3c method, which is a reparametrized version of PBEO®'
(with 42% HF exchange) that uses a split-valence double-zeta basis
set (def2-mSVP) with relativistic ECPs for Pt>°®* and adds three
corrections that consider dispersion, basis set superposition and
other basis set incompleteness effects.”>® The “restricted”
approach was used in all the cases. IR simulations were carried out
on the [PtNiy;(CO),]*~ and [Pt,Ni;o(CO)y]* clusters using the har-
monic approximation, from which zero-point vibrational energies
and thermal corrections (7' = 298.15 K) were obtained. IR simu-
lations on the [Pt;gNi(CO),,]*~ isomers failed because of hardware
limits. Calculations were performed with the ORCA 4.0.1.2 and
5.0.3.°7° The output, converted in .molden format, was elaborated
with the software Multiwfn, version 3.5.”' Cartesian coordinates
and final energy values of the DFT-optimized structures are pro-
vided in the ESI,} together with the available simulated IR frequen-
cies and Gibbs free energies at 298 K. The Cartesian coordinates
are also collected in a separate .xyz file for ease of visualization.
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