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Cryokinetics and spin quenching in the N, adsorption onto rhodium cluster
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Gereon Niedner-Schatteburg
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ABSTRACT ARTICLE HISTORY
The kinetics of N, adsorption onto gas phase Rh; ™ clusters (i = 5-15) within 26 K He buffer gas Received 11 March 2021
have been investigated by Fourier Transform lon Cyclotron Resonance (FT-ICR) mass spectrometry, ~ Accepted 28 June 2021
with particular focus to clusters i = 5,6,7,9. The adsorption limits m = mmayx of [Rhj(N2)m1T clusters KEYWORDS

strongly depend on the size of the clusters. Some Rh;* clusters reveal an intermittent adsorption limit
my, which implies a rough cluster surface. Most of the clusters reveal smooth surfaces, which con-
sist of Rh atoms with similar next neighbour coordination. The kinetic fits and relative rate constants
reveal the sequential adsorption of N, as the only significant reaction channel. In some cases, we find
N, desorption steps at high N loads indicating adsorption—desorption equilibria. For these steps,
we determined Gibbs energies from the relative rate constants. We observed a significant reluctance
towards N; adsorption for the Rhs* cluster, indicated by significant desorption at low N, coverage.
Our DFT calculations model the energetics of the N, adsorption onto Rhs™ in terms of coverage
dependent ‘spin valley’ curves, and we conclude that an adsorption induced spin quenching takes
place upon considerable N, coverage, m > 4.

Transition metal clusters;
adsorption kinetics; spin
quenching
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1. Introduction . . . . .
adsorption to gain information on active surface sites [1],

and Temperature Programmed Desorption (TPD) has
become a routine method for surface analytics. In partic-

Characterising surfaces at the molecular level. Through-
out the last 90 years, adsorption behaviour of small

molecules to solid surfaces has been serving to inves-
tigate the surface structure and existence of distinct
surface sites. Brunauer, Emmett and Teller utilised N,

ular, N, adsorption/desorption play a key role in metal
surface analysis, and its adsorption kinetics became sub-
ject of fundamental research [2-4]. Successively more
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elaborate techniques of surface analysis provided strong
evidence for distinguishable N, adsorption geometries
on Fe surfaces [5,6].

Isolated clusters as model systems. Investigation of size
selected clusters constructs a bridge between bulk sur-
faces and isolated atomic systems. In this regard, clusters
may serve as model systems for the adsorbate-surface
interaction. Studies of isolated metal cluster ions thus
serve to elucidate elementary processes in catalysis [6].
Mere atomic ions (or their oxides) are able to catal-
yse various elementary reactions of relevance to indus-
trial catalysis [7]. On the other side, the investigation of
nanosized particles has led to the coinage of the term
‘nanocatalysis’ [8]. In between of these extreme sizes
- very small and very large - size selected clusters of
less than 50 atoms have come into the focus of par-
ticular interest as model systems for active centres/sites
in heterogeneous catalysts or as reactive species them-
selves [9]. A multitude of studies and reviews has recog-
nised the value of N, adsorption for the characterisa-
tion of such size selected clusters throughout the last 30
years [10-21].

Clusters and aliphatic hydrocarbons. It soon became
a vivid field of research to investigate the kinetics of
aliphatic hydrocarbon adsorption and activation on clus-
ters [22-26]. Most recently, attention was focused on the
gas phase chemistry of size selected rhodium clusters,
and we refer the reader to the collection of studies within
a most exhaustive review [27]. Several selected exam-
ples deserve explicit mentioning in the current context:
It repeatedly emerged as a reaction motif that multiple
CH activation steps occur through multiple consecu-
tive oxidative additions, which are followed by reductive
elimination of H, from dihydride intermediate cluster
species. These elementary steps were characterised by
their kinetics, and they were found to be depend on the
cluster size in an often-unpredictable manner, and charge
state matters [23,26,28-32].

Rh clusters and N, adsorption. It is confirmed that

N, undergoes molecular adsorption to Rh,* clusters
under isothermal conditions [33]. The efficiency of adi-
abatic N, adsorption benefits from precooling of neu-
tral Rh, clusters, and the sticking probability declines
with reducing the number of rhodium atoms, even van-
ishing at n < 12 [34]. Nitride and oxide products of
rhodium clusters become readily available under hot con-
ditions [35,36].

IR spectroscopy of rhodium clusters. IRMPD (infrared
multiphoton  dissociation) spectroscopy of [Rh,
(CO),] /%%t  clusters revealed novel correlations:
Observed CO stretching band shifts correlate with the
size of the cluster core and are interpretated through
a ‘charge dilution model’ [37-40]. Subsequent IRMPD

studies confirmed N,O reduction by Rhy g™ clus-

ters [41]. Far-IR-MPD studies of naked Rhg_15 7 clusters
served to verify DFT model calculations that predicted
tetrahedral and octahedral structures rather than cubic
ones [42]. This prediction found support through analo-
gous findings for neutral and anionic clusters [43].

Cluster surface morphologies. In the last years, we
have successfully correlated results from IR spectro-
scopic and kinetic measurements as well as DFT mod-
elling [44-46] of nickel cluster cations and were able to
identify several types of cluster surface morphologies as
rough and smooth surfaces. Recently, we performed IR-
PD (infrared photodissociation) measurements together
with DFT modelling of [Rh;(N2),]" = (i,m) cluster
adsorbate complexes. We assigned an octahedral struc-
ture for the Rhg™ cluster, a capped octahedron for the
Rh; " cluster and a tricapped trigonal prism to the Rhg™
cluster [47]. Furthermore, we found evidence for adsorp-
tion induced relaxation of the cluster core for the (6,m)
and the (7,m) cluster adsorbate complexes.

The structures of Rhs™%T clusters have been sub-
ject of numerous investigations. DFT modelling of
[Rh5(N,O)Ar] ™ cluster complexes revealed a low energy
difference of square-based pyramidal (sp) and trigonal
bipyramidal (tbp) Rhs motifs beyond a definite assign-
ment [41]. Other studies at various levels of theory report
similar results on neutral and anionic rhodium clus-
ters [26,43,48-51]: There are low energy differences of
nonet square pyramid and trigonal bipyramid isomers.

It is a recently emphasised question how coupled
electronic surfaces enable metal ligand interactions and
reactions through changes of spin multiplicities [52].
Most notably J. Troe and co-workers analysed the reac-
tion kinetics of such nonadiabatic processes involv-
ing Fe™ + NO, N,0, NO,, and FeO" + CHy4, H,, CO,
NO [53-58].

In the present study, we report and discuss the step-
wise adsorption kinetics of N on Rh;* clusters under
isothermal cryo conditions, and we evaluate the recorded
rate constants in the light of available kinetic models. We
extract thermodynamic parameters, and we elucidate our
findings in the light of concomitant DFT modelling. We
find evidence for stepwise spin quenching by stepwise
N, adsorption, and we coin the concept of spin valley
potential curves.

2. Experimental and theoretical methods

A customised 7 T Fourier Transform-Ion Cyclotron Res-
onance (FT-ICR)-mass spectrometer (Apex Ultra Bruker
Daltonics) was used to perform the kinetics experiments.
The second harmonic of a Nd:YAG laser (Innolas Spit-
light 300, 20 Hz) was guided in the home-built laser



vaporisation cluster ion source chamber as described
before [22,59]. In brief, the laser beam is focused on a
rotating Rh-target (99.8%, Alfa Aesar, 0.1 mm thick) and
the resulting plasma is entrained in a helium gas pulse
(40 ps, 10-15 bar). The gas pulse was generated by using
a home-built piezoelectric valve [60], operating in syn-
chronisation with the laser at 20 Hz. In the subsequent jet
expansion through a 69 mm long channel (2 mm diame-
ter) into vacuum (10~7 mbar), the atoms and ions in the
plasma cool down and aggregate to clusters. The cluster
beam is skimmed and the clusters are guided through a
90 degree ion beam bender and a quadrupole mass filter,
before they are stored into a cryogenic hexapole ion trap
at 26 K. By a continuous gas inlet we introduce 3.0-3.1 -
107 mbar N; and 3.0 - 10~° mbar He into the cryo ion
trap. After storing the cluster ions for a variable storage
time (0-10 s), the ions are extracted and steered into the
ICR-cell of the so called ‘infinity’ type [61], using vari-
ous electrostatic lenses. The ICR-cell is cooled down to
10 K by a closed cycle He cryostat to prevent heating of
the clusters by black body radiation. For kinetic investi-
gations of the reaction of Rh;T clusters with N, we isolate
the parent ion in the quadrupole. The ICR-cell serves for
the detection of the formed cluster adsorbate complexes
[Rh;(N3),,]T. By analysis of the mass spectra at various
reaction times and pseudo-first-order kinetic fits with the
genetic algorithm program ‘evofit’ [62] we obtain rel-
ative rate constants k) for each N, adsorption step
m — m+1, and k_(; u41) for each N, desorption step
m+1— m alike:

ki, m)
[Rhi(N2) ]t + N,

k—(im+1)

[Rhi(N2) g 1T

The chosen nomenclature is in line with our previous
publications. It is fully self-consistent, but might become
a possible cause of misinterpretation. For the ease of
comprehension the reader finds a short excerpt in the
supplement, ¢f. Text S1.

Our thus determined adsorption rate constants are
normalised to the experimental conditions of the
[Rh7(N,),,]* species (recorded at p(N;) = 3.0 - 107/
mbar). The relative rate constants k,.; are transformed
to absolute rate constants ks, using the number density
on2(T) as conversion factor.

kS = kmy/ pn2(T) (1)

This number density is determined indirectly from
the pressure in the surrounding chamber p, %% and an
effective geometry factor cgpp.

300 K

CappPc
PN2(26 K) = ——— (2)
2 ksT300 k
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The geometry factor c,p, reveals a significant temper-
ature dependence. After numerous kinetic studies, we
evaluated this factor to 1.8 at 26 K with an uncertainty
of = 50%. The ratios of the absolute rate constants to the
collision rates yield the sticking probabilities y:

kabs
y = (3)
kcoll

We evaluated collision rates by three models:

(1) The average dipole orientation theory [63-66]
(ADO) assumes a classical trajectory of a linear
dipole in the field of a point charge:

kcoll =

q 2
260 it <ﬁ+ CUD nkBT> (4)

W is the reduced mass (of the cluster adsorbate com-
plex), o is the polarisability and up is the dipole
moment in (Debye). The parameter c lies between
0 and 1, and can be expressed by the polarisability
volume o’ and up [66]. It simplifies to the Langevin
rate in the case of a negligible dipole moment.

(2) In some cases, the measured reaction rates for
charged metal clusters exceed the ADO collision
rate [29]. Kummerloewe and Beyer [67] devised
a ‘Hard Sphere Average dipole orientation’ (HSA)
model. They determined collision rates of finite size
ionic clusters with neutral molecules treating both
as hard spheres, and assuming a point charge in the
centre of the cluster. The attraction between point
charge and the neutral reactant is represented by an
ADO type interaction potential.

(3) The alternative ‘Surface Charge Capture’ (SCC)
model assumes an ideally conducting cluster instead.
The point charge is free to move within the geomet-
ric boundaries of the cluster, and it interacts attrac-
tively with the neutral molecule, such that it migrates
to the surface of the cluster. This model predicts sig-
nificantly larger collision rates than ADO, and it is
in good agreement with experimental rate constants.
Even the SCC collision rates, however, are exceeded
by experimental findings in some cases, for example
in the reaction of Rh,* with CO [67,68].

The kinetic fits include N, desorption whenever
appropriate. With such desorption rates at hand, the
according adsorption-desorption ratios of relative rate
constants yield the equilibrium constant of the (m+1)t
N, adsorbate, k(; m)/k—(im+1) = Km (Table S10), and its
Gibbs free energy A,45sG (Figure 6, Table S11). Where our
fits include only negligible desorption or none, we set the
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value of their relative rate constants k_; ,,+1) to an upper
limit of 0.001 s

Quantum chemical modelling. Density  functional
modelling was performed by the Gaussian 09 pack-
age [69]. We chose the PBEO/cc-pVTZ(N) level of the-
ory [70] and we utilise Stuttgart RSC 1997 ECP(Rh) basis
sets of double zeta quality throughout [71] as proven suit-
able before [47]. We did not correct for dispersion effects,
which we expect to be small. We do not consider spin
orbit coupling which might alter some of our findings.
We achieved convergence of our calculation only at the
expense of a relaxed convergence criterion of only 1079,
which is well understood in terms of the exceedingly high
electronic state density of transition metal clusters [72].
We checked the obtained structures for imaginary fre-
quencies. For low spin states and low N, coverage, we
obtained occasionally some spin contamination (cf. Table
S19) that is denoted throughout the documentation of
results whenever significant. We present a set of con-
ceivable Rh; T, i = 5,6,7, and 9, cluster core structures in
Figure 5.

3. Results and discussion

3.1. The limits of N, adsorption and its
dependencies on the cluster size

We have investigated the cryo adsorption of N; to a
selected subset of [Rh;(N,),,]T clusters — abbreviated as
(i,m) - in the range of i = 5,...,15 by recording their
cryogenic mass spectra and their storage time-dependent
product distributions under isothermal conditions at 26
K. Together with the corresponding kinetic fits these data
are presented in the supplementary information to this
paper (cf. SI Figures S1-S9). Here, we want to present and
discuss two archetypical examples in more depth, namely
the temporal evolution (¢ = 0-5 s) of [Rhg(N3),,,]" and
[Rhyg(N3),,]* intensities by exposure to ~ 3.0 - 1077
mbar N, (Figure 1). The N, adsorptions of these clus-
ters demonstrate key features, which are representative
for other investigated clusters as well. Starting from the
bare rhodium cluster, the temporal evolution of the mass
spectra reveal a successive increase of 28 m/z. This indi-
cates the adsorption of molecular N;. For all cluster sizes
studied, an apparently dominating, sequential adsorption
of N to the clusters takes place:

k im
[Rhi(N), )t + Ny 3 [Rhi(N) oy

Inspection of the recorded mass spectra does not reveal
any evidence for further reactions. Later on - invok-
ing explicit kinetic fits — we will find evidence for N;
desorption in some cases.

The two clusters (6,m) and (9,m) reveal a stepwise N
uptake up to strict adsorption limits #1,,,,. These limits
mark some points of saturation. Thus, the largest observ-
able clusters are (6,12) and (9,9), respectively. We find
a corresponding adsorption limit in all of our recorded
spectra of (i,m) clusters (i = 5,...,15). Closer inspection
of the mass spectra reveals subtle details: In the case of
(6,m), we observe an N, adsorbate, namely (6,8), which
reacts slower to consecutive N,-species. This causes some
retardation, but does not suppress further N, adsorption.
We define this as an intermittent adsorption limit/level my.
In the case of (9,m), there is a sole N, adsorption limit
Mmax at m = 9 and no intermittent adsorption limit.

A compilation of the 1,4 and the m, values for each
studied cluster core Rh;" (Figure 2) reveals adsorption
limits of i < My, < 2i with remarkable fluctuations.
For the Rh5s™ and Rhe™ clusters the found 1,4, / i ratio
is 2; for Rhy* and beyond there is a decrease of observed
ratios towards as low as #1,,,¢/i = 1.2 for Rhys™.

The Rho cluster shows adsorption up to #,ay = 9 -
an Myya,/i ratio of 1 — and reveals no m,. Such intermit-
tent adsorption limits my < 1,4y are observed merely in
the cases of Rhs ™, Rhgt, Rh; ™ and Rh;5™, namely (5,7),
(6,8), (7,10), and (15,13).

We expect small clusters (i < 12) to consist exclusively
of easily accessible surface atoms. One can imagine a limit
of a single adsorbate monolayer with twofold occupation
of all Rh atoms. Indeed, the Rh atoms of the clustersi < 7
tend to prefer such double adsorbate occupation. Inter-
mediate clusters 7 < i < 12 may provide for some higher
coordinated and therefore less accessible surface atoms
that can only adsorb one N,. Rhj3* and larger clus-
ters do possess one or more inner Rh atoms, which are
completely surrounded by other Rh (surface) atoms, and
which become thus inaccessible for exterior adsorbates.

In the following discussion, we will find that clus-
ters without an intermittent adsorption limit m, reveal
a smooth cluster surface, which holds true in most cases.
More precisely these are the cases of i = 8, ... ,14. There
are just four clusters, where an intermittent adsorption
limit m, occurs, which are i = 5, 6, 7 and 15. We will
regard these as clusters with rough surfaces.

3.2. Adsorption kinetics and rate constants

We further investigated the stepwise N, adsorption onto
selected Rh;* clusters at 26 K by recording their adsorp-
tion kinetics in more detail. By assuming pseudo-first-
order kinetics, it is possible to fit the temporal evolu-
tion of kinetic data with our genetic algorithm routine.
This confirms consecutive N, adsorption steps. All of
our investigated Rh; ™ clusters decay mono exponentially
without any indication of a second component or isomer.



[Rhg(N2)l"

MOLECULAR PHYSICS e 5

[Rhg(Ny),]"

m=012 8 1112 Os

1.0
0.54

0.0 I'[ILlLJI.E | |

1.0 05s

|IIL14E
: 05s

I

1.0 D C s
0.5

a1l

1s

o0ttt LU

of i

ion intensity (norm.)

0.5 :
0.0 [ N | 1

o] i e
0.5 7
00 L Co L

500 600 700 800 900
m/z

1000 1100

1100 1200

m/z

900 1000 1300

Figure 1. Temporal evolution of the FT-ICR mass spectra of Rhgt and Rho™ exposed to 3.0 - 10~/ mbar and 3.1 - 10~ mbar N; at a
temperature of 26 K at various storage times in the cryogenic hexapole ion trap. Note that the N, adsorption stops after the uptake of 12
and 9 N, respectively. m/z on the abscissa represents the ‘mass-to charge number ratio’ where the symbol m stands for a dimensionless

mass with this symbol m = mass/u.
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Figure 2. Therecorded adsorption limits mpmqy (purple circles) and
the intermittent adsorption limits my (purple stars) of N, adsor-
bates to Rh;T-clusters (in colour only in electronic format). The
grey lines indicate adsorbate to cluster size ratios of m:i = (1: 1),
(2:1), namely a monolayer and a double occupation of all rhodium
atoms, respectively [47]. Note that in correction to the previous
publication ([47], Figure S1 therein), we assign an intermittent
adsorption limit (5,7) at m = 7 to the [Rhs(N;),]™ cluster that is
clearly supported by the present kinetic investigations.

From this and the good overall quality of these fits, it is
possible to extract a single relative stepwise rate constant
for each consecutive adsorption and for each desorption
step of N,. We present relative values at this point, with
relative uncertainties of as low as +20%. Conversion to
absolute rate constants by pressure normalisation does
imply considerable absolute uncertainties of almost one
order of magnitude. For these absolute values, refer to the
supplement (Table S5). In the following, we will compare
and discuss the recorded kinetic fits and the obtained rate
constants for the selected clusters Rhs T, Rhg™, Rh; T, and
Rhy™ in detail. The kinetic data of the other investigated
clusters are provided in the supplementary material.
Our kinetic data confirm what we found by mass spec-
tra at long storage times: The kinetic curves of Rhs™
(Figure 3(a)), Rhg* (Figure 3(b)), Rh; ™ (Figure 4(a)) and
Rho™t (Figure 4(b)) reveal adsorption limits m,,,c = 10,
12, 13, and 9, respectively. The kinetic curves of Rhs™,
Rhg™, and Rh; ™ reveal intermittent adsorption limits at
my = 7, my = 8 and m, = 10, respectively. In effect, we
find strong support for the identification of Rho™ as a
cluster with an all smooth surface. RhsT and Rhgt behave
like clusters with rough surfaces, they possess preferred
and less preferred adsorption sites which shows in the
kinetic curves. The Rh; ™ falls somewhat in between; it
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Kism)

[Rhg(N,) 1" + Ny <=2= [Rhg(Ny),,i4]"
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Figure 3. Isothermal kinetics of the stepwise N, adsorption at 26 K (a) by isolated Rhs™ clusters and (b) by isolated Rhe ™ clusters (solid
symbols, in colour only in electronic format). The fits (solid lines) assume pseudo-first-order kinetics in an adsorption chain of up to 10
consecutive steps for Rhs* and up to 12 for Rhg™ clusters. Fitted values of relative rate constants (c) of Rhs™ and (d) of Rhg™ for the
adsorption (k(;m), black filled circles) and the desorption (k_;m+1), green open circles) as a function of the stepwise N, adsorption (level
m). The grey shaded areas indicate the approximate background noise level. Values of 0.001 s~! represent an upper limit. Rate constants
k(s,10) and k(s,12) are at the noise level and indicate an adsorption limit.

behaves like a largely smooth surface with some but lim-
ited roughness - likely through some low coordinated
surface atom.

The Rhs™ case seems special as the N, uptake is
overall slower than in all other cases. A closer look
at the values of the fitted rate constants may help to
understand.

Relative rate constants. Next, we take a more detailed
look at the rate constants of each adsorption and

desorption step for the selected clusters Rhs™ (Figure 3(c)),
Rhg™ (Figure 3(d)), Rh;™ (Figure 4(c)), and Rhy™
(Figure 4(d)). At first glance we see that the three sets of
N, adsorption rate constants of Rhs™, Rhg™ and Rh; ™
show some step like decline towards k(s7), k(s) and
k7,10, respectively. Rho™ does not. N, desorption is
specific by the size of the cluster.

Rhs* — N, adsorption. The relative rate constants of

N, adsorption to the Rhs™ cluster increase in the range
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[Rh#(N,),,I" + Ny === [Rh(Ny),44] [Rhg(N,),,I" + Ny <=2= [Rhg(Ny),41]
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Figure 4. Isothermal kinetics of the stepwise N, adsorption at 26 K (a) by isolated Rh; ™ clusters and (b) by isolated Rhg™ clusters (solid
symbols, in colour only in electronic format). The fits (solid lines) assume pseudo-first-order kinetics in an adsorption chain of up to 13
consecutive steps for Rh;™ and up to 9 for Rho™ clusters. Fitted values of relative rate constants (c) of Rh;™ and (d) of Rhg™ for the
adsorption (k(;m), black filled circles) and the desorption (k_;m-1), green open circles) as a function of the stepwise N, adsorption level
m. Values of 0.001 s~ represent an upper limit. The grey shaded areas indicate the approximate background noise level. Rate constants
kz,13) and k(9,9) are at the noise level and indicate an adsorption limit.

m = 0-2 by almost a factor of 6. The first adsorption
step k(s,0) is rate limiting, and all subsequent steps k(s m)
are faster. For m = 2,...,6 they are more or less con-
stant; this is within error margins between 4.8 and 6.2 s~
(Figure 3(c)). There is a steep decline at the intermittent
adsorption limit m, = 7: The rate constants diminish by
afactor of 4.2 from k(s 6) to k(s,7). The rate constants k(s g)
and k(59 increase slightly, up to a value of k(s9) = 2.9

s~L. Thus, there is a remarkably slow uptake of the first
and of the seventh N, adsorbate.

Rhs* — N, desorption. We emphasise a particularly
noteworthy outcome of the kinetic fits of our recorded
data in the case of Rhs™: There is a significant amount
of N desorption, k_(5,1) through k_(s55), which we
do not observe in any of the other investigated cases,
[Rh;(N3),4]T, i = 6,...,15. Note that the N, desorption
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off [Rhs(N2)1]™, k—(5,1) = 6.1 s~ is much faster than
the N adsorption onto Rhs ™, k(0 = 0.97 s~!. In order
to balance it would take six times higher N, partial pres-
sures than applied.

The subsequent desorption steps slow down, and
[Rh5(N3)7]" does not desorb at all, with a stated upper
limit of k_(5,~5 < 0.001 s™!. The fits indicate even
lower values, e.g. k_(56) < 8 - 107 s71. The kinetic fit
quality of the Rhs™ cluster is not satisfactory at short
and long storage times. An analysis of a reduced data set
from storage times of 0.2-2.6 s (cf. Figure S2) allows for a
kinetic fit with an improved quality, that yields reasonably
similar rate constants as before.

In summary, the genetic algorithm modelling of
Rhs™ + N kinetics yields a pronounced desorption and
thus an equilibrium for the first adsorption step and the
subsequent steps up to m = 5. With an equilibrium con-
stant of 0.16, the equilibrium (5,0) & Equilibrium; (5,1)
is clearly on the reactant side (¢f. Tables S7 and S10).
The bare Rhs™ cluster seems reluctant against adsorp-
tion of a first N, molecule. The intermittent adsorption
limit at m, = 7 may be a first hint towards a trigonal
bipyramidal tbp (cf. Figure 5) structure with a single N,
molecule at each of the three equatorial Rh atoms and
two N, adsorbates at each of the two apical Rh atoms.
This core structure leads to higher coordination of Rh
atoms (18 Rh-Rh next neighbour interactions, an average
coordination number of 3.6, cf. Table S19) than a square
pyramid sp would do (16 Rh-Rh next neighbour interac-
tions, an average coordination number of 3.2). Moreover,
the adsorption limit 1,5, = 10 is nicely rationalised by a
trigonal bipyramid structure: It makes up for two geminal
N, per Rh atom.

Rhe*t - Ny adsorption. The relative rate constants of
N adsorption to the Rhg™ cluster increase in the range
m = 0-2 by almost a factor of three (Figure 3(d)). The
increase, however, is less than in the case of the Rhs™
cluster. We find very similar rate constants, kg m) ~ 7.5
sL, for the subsequent N, adsorption steps m = 2,...,7.
Up to m = 7, the first step, k), is rate limiting for all
of the subsequent adsorptions. Beyond the intermittent
adsorption limit m, = 8 the rate constants k(s g), k(6,9
and k,10) diminish by a factor of 2.2 (cf. Table S2). This
drop corresponds to a similar drop in the case of Rhs™,
but smaller by almost a factor of two. The subsequent
adsorption of a 12th N, molecule, k(s,11) = 0.23 s~ ! pro-
ceeds more than an order of magnitude slower than any
of the previous adsorption steps, and it is in equilibrium
with desorption, likely indicating saturation. The overall
average of N, adsorption rate constants of Rhe™ is higher
by almost a factor of two compared to those of the Rhs™
cluster (cf. Table S2).

Rh,’
sp tbp sct

oct boat csp

&

Rh,

coh ctp pbp g
Rh,’

ac-top dc-pbp dc-pbp2

P

Figure 5. A selection of conceivable Rh;™, i = 5,6,7, and 9, clus-
ter core structures. The number of next neighbours and average
coordination numbers for Rh atoms in the clusters are given in
Table S16.

The intermittent adsorption limit at (6,8) is some-
what in contrast to our previous computational results.
The then predicted, highly symmetric octahedral cluster
structure would rather suggest an intermittent adsorp-
tion limit at m, = 6, or even a Langmuir type sat-
uration limit M, = 6 [47]. Instead, the presently
determined intermittent adsorption limit m, = 8 rather
fits to a structure that comprises two Rh atoms of
enhanced propensity of e.g. twofold N, uptake. It is
conceivable to find such behaviour upon lower Rh-Rh
next neighbour coordination. We can imagine obtain-
ing such coordination motifs by distortion of an octahe-
dral oct structure towards a boat like structure boat (cf.
Figure 5).



Rhe™ - N, desorption. In contrast to the Rhs ™ cluster,
our fits of the Rh ™ - N kinetics do not reveal any N, des-
orption but for the last step k_,12) = 0.67 s~!. This N,
desorption off (6,12) is faster by a factor of 2.9 than the N,
adsorption onto (6,11). Thus, the adsorption-desorption
equilibrium constant is 0.34 (cf. Tables S7 and S10).

At saturation (maximum adsorption limit (6,12)) all
Rh centres are doubly occupied by geminal N,. One of
these N is only loosely bound and the equilibrium is
on the (6,11) side. We acknowledge the possibility that
the observed adsorption-desorption equilibrium may
involve an isomerisation of the adsorbate shell, and we
note in passing that some of our exploratory DFT calcula-
tions have revealed indication of such N, adsorbate shell
reorganisation before [47].

The Rhgt cluster surface seems smoother than that of
Rhs*. Swift N, stabilisation is possible without risk of
desorption. We have no indication of major electronic
effects or relaxation. Saturation load seems in equilib-
rium with single desorption. Geminal N, occupation of
single Rh centres seems ubiquitous.

Rhy* - Nj adsorption. The relative adsorption rate
constants of the Rh; T cluster of the consecutive steps
m = 0,...,9 are roughly constant around k(s m) ~ 8.5
s~! (Figure 4(c)). In contrast to Rhs™ and Rhg™, we
obtain no initial increase of the rate constants and no
clearly rate limiting step up to k(7,10). Similar to Rhs ™ and
Rhe ™, beyond the intermittent adsorption limit 7, = 10
the rate constants diminish by a factor of 1.4 from k7,9
to k(7’10) (Cf Table S2).

Obviously, the step height of the drop at the intermit-
tent adsorption limit decreases with increasing number
of metal atoms i through i = 5,...,7. The values of the
rate constants are in the same range as for Rhg™, thus
higher than for Rhs*. The final adsorption of a 13th
N, molecule is slower by at least a factor of almost two,
k@z,12) = 2.8 s71, compared to all previous adsorption
steps.

Rhy* — N, desorption. As for the Rhg™ cluster, our fit

reveals desorption only for the last step k_(7,13) = 2.6},
and for the second but last desorption step an insignifi-
cantly low rate constant k_(7,12) = 6.0 - 107 s~ which
is far below our upper accuracy limit of 0.001 s~! (cf.
Table S7). Thus, the final adsorption-desorption equilib-
rium involves a single N, molecule. The desorption oft
(7,13) is essentially as fast as N adsorption onto (7,12)
with an equilibrium constant K 7,12y = 1.1 (cf. Tables S7
and S10).

At saturation (maximum adsorption limit 71,5, = 13)
each Rh centre but one is doubly occupied by a gemi-
nal N pair. In the course of our previous work, we have
managed to assign a capped octahedron coh structure (cf.
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Figure 5) for the (7,12) clusters by reference to recorded
IR spectra. There are geminal N, pairs at all but two Rh
centres, and single N3 ligands on two highly coordinated
Rh centres: one Rh centre with four and one with five Rh-
Rh next neighbour contacts [47] (cf. Table S16). As for the
previous Rhg™ case, the adsorption-desorption equilib-
rium may come about with adsorbate shell isomerisation.

Rho* — Nj adsorption/desorption. The N adsorp-
tion—desorption cryo kinetics of Rho™ are particularly
noteworthy in two regards: Firstly, all rate constants are
roughly equal, k(9 ) ~ 8.5 s7! (Figure 4(d)), and there is
neither an intermittent limit nor a decline towards satu-
ration at Myq, = 9. Secondly, this low value of saturation
is in remarkable contrast to the found values m,;, 5 = 12
of Rhgt and m,; = 15 of Rhyo ™, (8,12) and (10,15), cf.
Figure 2, and Figures S3 and S4. All adsorption sites of
Rhy™ seem equivalent, which points towards a smooth
cluster surface. Thirdly, Rhg™ runs into myg, = 9 with-
out indication of any N, desorption whatsoever — not
even at saturation.

The observation of a swift adsorption process and
thus a high equivalence of the adsorption sites is in line
with our earlier IR results: We have observed merely
one strong IR band for all of the nine N oscillators in
the previously reported IR spectrum of (9,9) [47], which
emphasises the similarity of the N, oscillators and the
seeming equivalence of their locations on the cluster sur-
face. This is remarkable in view of the non-equivalence
of Rh atoms in any of the identified Rho™ structures, cf.
Table S16 and Figure 5. Differences in next neighbour
coordination prevail.

Intermittent limits and cluster surface roughness. ~ All
together, when inspecting the relative rate constants of
the chosen clusters i = 5,6,7, and 9 in detail, we evoke
the following conclusions: The drop of rate constants at
the intermittent adsorption limits (5,7), (6,8), and (7,10)
indicates a particularly slow adsorption step for Rhs™,
Rhe't, and Rh;* at m, = 7, 8, 10, respectively. Thus
the eighth, ninth, or eleventh N, molecule adsorbs more
slowly than any of the previous ones to Rhs*, Rhe™, or
Rh;*. We imagine that at this point, each Rh atom has
accepted at least one single N, molecule, and the most
accessible Rh atoms might accept a geminal N pair. The
following adsorption steps would take place at less acces-
sible Rh sites, probably those with a higher number of
Rh-Rh next neighbours, and thus these steps become
slower.

In terms of this interpretation, the observed kinetic
drops arise from the presence of at least two essentially
different types of adsorption sites on the cluster surfaces.
The depths of the kinetic drops seem to indicate the
inaccessibility of the corresponding N, adsorption site.
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Previously, we have interpreted the existence of a vari-
ety of distinct adsorption sites as an indication for rough
cluster surfaces [44-46]. A decrease of the magnitude of
such a drop indicates that the different adsorption sites
become increasingly similar. For Rho™ (as well as Rhg*
and Rhjo™) we do not observe any drop at all. Along with
the increase of the number of metal atoms, we expect
that the average next neighbour coordination numbers
increase such that the amount of atoms with low coor-
dination numbers diminishes. In total, the properties of
the surface atoms unify, they are practically similar; the
cluster surface becomes more and more smooth.

All of these observations and their interpretation indi-
cate: The Rhs™ cluster is rough all over its surface and
Rhg"and Rh; ™ are less rough and more smooth - utilis-
ing a nomenclature as introduced by our previous study
of somewhat larger nickel clusters[44-46]. The average
coordination numbers of the Rh atoms increase for the
conceivable isomers with the increasing number of metal
atoms (cf. Table S16 and Figure 5). Rhg™ and Rhjo ™ are
similar to the case of Rho™ (cf. supplement Figures S3,
S4 and Table S2) in terms of their smooth cluster surface.
Both are accepting large amounts of geminal N, loads,
however, which is in remarkable contrast to the Rho™
case that strictly supports only single N, molecule per
surface atom.

Equilibria and thermochemistry. As postulated ear-
lier [47], the equilibrium between the last and second
last adsorption step on the Rhg™ and the Rh;* clus-
ters may arise from two different isomers. These isomers
may easily interconvert, preliminary calculations reveal-
ing a lower limit of the single N, adsorption enthalpies of
—50 kJ/mol as compared to —56 kJ/mol for stepped Rh
surfaces [73,74].

We expect the cluster N, binding energies to decline
with N, load; in case of observed equilibrium the last
adsorption step is necessarily close to thermoneutral.
Thus, the final N is very weakly bound, maybe roaming
or side-on. Both cases are more likely at higher coor-
dinated Rh centres and / or in cases of geminal N;
adsorptions. Calculations on (5,m) m = 0,...,3 indeed
indicate decreasing adsorption energies for the first three
adsorption steps starting from —65 kJ/mol.

Our calculated (5,0), (5,1) and (5,7) structures (cf.
chapter 3.4 in the following) as well as the obtained N,
adsorption energies depend on the spin state of the clus-
ters. We obtained values of adsorption energies around
—65 kJ/mol up to m = 6.

Absolute rate constants for the first adsorption steps.
From the relative rate constants, we obtain, by Equation
(1), absolute rate constants in the range of 0.1-30 - 10710
cm’s~ L. These values compare favourably with published
values of related systems: For example, the reactions

Rh;* 4+ N,0 proceed with absolute rate constants of
0.02-10 - 10719 cm3s™! [75] and those of Rh;* + CO
with 0.05-11 - 10719 cm3s~! [68].

In general, we observe a gradual increase of the rate
constants with increasing number of metal atoms in the
cluster core i. This is commonly observed in reactions
of metal clusters with small molecules, as for example
the reaction of Rh;t clusters with CO [68] as well as the
adsorption of N, on Ni clusters [44].

We focus on this finding by discussing the first N,
adsorption step in more detail (Figure 6). There is a steep
increase of adsorption rate constants with the number of
rhodium atoms up to i = 7, followed by a much shal-
lower increase above. A likely explanation for the initial
steep rise of the first step rates with increasing size of
the cluster core is an increase of heat capacity and thus
more effective redistribution of the released N, adsorp-
tion energy into the internal heat bath with the increasing
number of metal atoms [68]. Otherwise, desorption rates
would remain high. This steep increase reflects also in
the sticking probabilities of Rhs™ to Rhy* (Tables 1-3;
Figures S10 and Table S6 in the supplement). Previous
studies revealed the steep rise before: Zakin et al. also
observed an increase of reaction rates for Rh;® clusters
around i = 5 [36]. Anderson et al. found an increase of
sticking probabilities for i > 12 for Rh;® clusters at lig-
uid N, temperatures without effective thermalising of the
clusters [34].

The shallow rise in adsorption rates kg, through

i=7,...,15 seems to correlate with the geometric size of
— 7
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1.0 I e
0.8 -
e ] I~ _./.
O -
%, 06 o—o—@qé—;é_o_o
S -
0.4 - o Kaps | ]
E — Kean
0.2 - = —ksce
i —O— kHSA 1
0.0 +——————1——7——1—

4 6 8 10 12 14 16
number of Rh atoms j

Figure 6. Experimental absolute rate constants for the first
adsorption step of Rh;™ with N (filled squares) compared to clas-
sical Langevin collision rates k. (solid line), the ‘Surface Charge
Capture model’ kscc (dashed line), and the ‘Hard Sphere Average
dipole orientation model’ kysa (open circles) [67].



Table 1. Relative pseudo-first-order rate constants, absolute rate
constants, collision rates and sticking probabilities for the N;
adsorption on [Rhs(N;)m]™ clusters. The ¥ (s m) values are calcu-
lated by Equation (3). The relative errors are 20% for k(s m) and
40% for kgps and ¥(s,m). The ke values are theoretically deter-
mined.

MOLECULAR PHYSICS 1

Table 3. Relative pseudo-first-order rate constants, absolute rate
constants, collision rates and sticking probabilities for the N;
adsorption on [Rh7(N3),]T clusters. The ¥(7,m values are calcu-
lated by Equation (3). The relative errors are 20% for k(7,m) and
40% for kgps and ¥(7,m). The ke values are theoretically deter-
mined.

m  kem/sT' kaps/1070emP s ke /1070em3 s w5 m  kam/sT" kaps/1070em3sT! ke /1070 em3 s xgm)
0 0.97 0.74 6.05 0.12 0 7.7 5.9 6.00 0.98
1 3.0 23 6.04 0.38 1 79 6.1 6.00 1.0
2 53 40 6.03 0.67 2 9.2 7.0 5.99 1.2
3 5.5 4.2 6.03 0.70 3 9.0 6.9 5.99 1.2
4 48 3.7 6.02 0.61 4 9.0 6.9 5.99 1.2
5 5.0 38 6.01 0.64 5 8.7 6.7 5.98 1.1
6 6.2 4.7 6.01 0.79 6 8.5 6.5 5.98 1.1
7 1.5 1.1 6.00 0.19 7 8.2 6.3 5.98 1.1
8 23 1.8 6.00 0.29 8 7.9 6.1 5.98 1.0
9 29 2.2 6.00 037 9 7.4 57 5.97 0.95
10 5.1 39 5.97 0.66
11 8.7 6.7 5.97 1.1
12 2.8 2.1 5.97 0.35

Table 2. Relative pseudo-first-order rate constants, absolute rate
constants, collision rates and sticking probabilities for the N;
adsorption on [Rhg(Ny)]™ clusters. The ¥ (6,m) values are calcu-
lated by Equation (3). The relative errors are 20% for k(,m) and
40% for kgps and ¥ (6,m). The kqoy values are theoretically deter-
mined.

m k(ﬁlm) /s~ Kabs / 1070 ¢m3s! keot / 10710 em3 5! X (6,m)

0 3.0 23 6.0 0.38
1 6.8 5.2 6.02 0.86
2 85 6.6 6.01 1.1
3 9.0 6.9 6.01 12
4 8.7 6.7 6.00 1.1
5 8.5 6.5 6.00 1.1
6 74 5.7 5.99 0.94
7 6.3 4.8 5.99 0.81
8 2.8 2.2 5.99 0.36
9 5.4 4.1 5.98 0.69
10 34 2.6 5.98 0.44
1 0.23 0.17 5.98 0.03

Table 4. Relative pseudo-first-order rate constants, absolute rate
constants, collision rates and sticking probabilities for the N;
adsorption on [Rho(N2)mI™ clusters. The ¥ (9,m) values are calcu-
lated by Equation (3). The relative errors are 20% for k(9 m) and
40% for kgps and ¥ (9,m). The kqoy values are theoretically deter-
mined.

m  kom/s™" kas/10710em3sT key /1070 em3 s g m
0 7.6 5.9 5.98 0.98
1 7.9 6.1 5.98 1.0
2 8.4 6.5 5.97 1.1
3 9.1 7.0 5.97 1.2
4 9.2 7.1 5.97 1.2
5 8.9 6.8 5.97 1.1
6 8.9 6.9 5.96 1.2
7 8.7 6.7 5.96 1.1
8 8.5 6.5 5.96 1.1

the cluster and its concomitant collision cross section. We
compare our experimental absolute rate constants of the
first N, adsorption step with the calculated Langevin col-
lision rate ko, the ‘Surface Charge Capture Model’ kscc
and the ‘Hard Sphere Average Dipole Orientation Model’
kpsa from Kummerloewe and Beyer [67] (cf. Figure 6
and Table S15). The k.,;; and kysa values coincide under
the present conditions and fit quite well the experimen-
tal rate constants in the range from i = 7-15. A slight
enhancement by the effects of the HSA model may con-
tribute on top. The adsorption rate of i = 5,6 clusters
is reduced with respect to collision rate. Seemingly, the
adsorption energy fails to redistribute in the cases of these
small clusters, and the hot adsorbate complexes undergo
desorption towards separate reactants by considerable
amounts.

Subsequent stepwise N adsorption. The trend of the
relative and the absolute rate constants with increasing
surface occupation is similar (Tables 1-4): The rate con-
stants are high at the beginning, when the N, adsorp-
tion starts, implying that the adsorption proceeds fast.

Upon subsequent adsorption steps, when the cluster
surface coverage is significant, the adsorption rate con-
stants reduce. We observe significant desorption rates in
the cases of the [Rhg(N>)12]T and [Rhy(N5)13]T cluster
adsorbate complexes leading to an equilibrium between
two isomers, as explained earlier.

3.3. The Gibbs energies

We have included N, desorption steps into our kinetic
fits whenever these steps improved the quality of fits -
namely their x? values - in a significant way. As a mat-
ter of fact, whenever invoked, these desorption steps were
inevitable in order to achieve a fit of acceptable quality at
all. Such desorption rates at hand, the according adsorp-
tion—-desorption ratios of relative rate constants yield the
equilibrium constant of the mth N, adsorbate with the
(m + 1)th N, adsorbate, ki m)/k—(im+1) =: K (Table
§10), and its Gibbs free energy AadSG%ntf): = -RTIn K,
(Figure 7, Table S11). Whenever our fits reveal negligi-
ble desorption, we set the corresponding rate constants
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Figure 7. Plot of Gibbs energies A,4,G{;, for the equilibria of
N adsorption onto [Rh;(Ny),]™ / desorption off [Rh;(N2)m41]7.
Note that the AadsG%,?nI,() values within the light blue plateau sig-
nify upper limits of otherwise unknown values (in colour only
in electronic format). The last depicted step formally relates to
the equilibrium of mpgy with mpa+1. The positive Gibbs ener-
gies signify the last adsorption step towards mpqy, with the only
exception of Rhs ™. Its initial N adsorption is hindered, and its sub-
sequent steps become more spontaneous. [Rh;(N)]17,i = 8, ...,

10 possess all negative A,,Girys Values but mpqy. The grey area

\m)
signifies non-occurring processes.

k_(im+1) to an upper limit of 0.001 s~!. We assume an
according upper limit for the non-observable adsorption
step k(i max)-

ki, m)
[Rhi(N2) 1T + N>

k—(im+1)

[RR;(N2) oyt 1T

In the cases of stepwise adsorption without observ-
able desorption, k(i m+1) < 0.001 s~1, our Gibbs ener-
gies take the value of an upper limit, AadsG%EnIf) <-1.7
kJ/mol (cf. Figure 7 and Table S11). Note that we utilise
upper limits for rate constants of the not observed des-
orption steps.

Beyond the general trend of an increase of total N,
load (discussed above), we observe three ‘features of
reluctance’ deserving special attention:

(a) The low total N; load of Rhg™

(b) The N, adsorption reluctance of high N, loaded
Rhj3t and Rh4 . Please note that Rhj3 ™ and Rhy, T
show the discussed special behaviour (cf. Figure 7),
and Rh;> 1 and Rhj5t do not!

(¢) The N, adsorption reluctance of naked and low N,
loaded Rhst

Case (a) is not a kinetic or dynamic effect, but relates
to a static or structural uptake limit, namely the stoichio-
metric 1:1 adsorption limit m,,,, (cf. Figure 2). Fast or

slow adsorption kinetics would not change this limit. It
likely reflects structure and indicates Langmuir type sto-
ichiometric N; loading of each Rh atom, all of which are
accessible.

The cases (b) and (c) are kinetic features: Clusters
Rhs*™, Rhj3", and Rhyyt experience N, desorption
much ahead of reaching the adsorption limit #1,4x. Inter-
mediate N, adsorption seems volatile and prone to some
desorption, which of course relates to a lower thermo-
dynamic stability as compared to other adsorbate cluster
complexes. We will discuss these issues from a thermo-
dynamic point of view in more detail in the following
paragraphs.

Case (b): The adsorption of N; onto Rhj3+ and Rhys*
is all spontaneous (AadSG%EK) < 0) up to (13,14) and
(14,15). This corresponds to a full loading with two gem-
inal Njs, depending on taking into account an inner,
non-accessible Rh atom. The surface atoms of larger clus-
ters are higher next neighbour coordinated and there-
fore less reactive towards adsorbates [76]. Additional N,
molecules bind more loosely and likely form a second
adsorbate shell. These loosely bound Njs can easily des-
orb or roam about the surface of the cluster adsorbate
complex. These processes will manifest themselves in
the observed reversibility for large m up to m,,y. Other
than in the cases i = 6,7, the higher next neighbour
coordination of i = 13,14 enhances the effect of des-
orption on the cryo N; adsorption kinetics. The 15/
stoichiometries decrease (12/6, 13/7, 19/13, and 20/14)
with number of metal atoms i. It is beyond doubt that
large Rh;* clusters (i > 10) establish an N; adsorp-
tion-desorption equilibrium across multiple steps, a
range of m values. In contrast, small rhodium clusters
hold tight to their N, adsorbates but for the very last
one, an adsorption-desorption equilibrium at a single
m value.

Case (c):The adsorption of a first N onto Rhs* is
not spontaneous. All subsequent adsorption steps up to
Mmax = 10 yield gradually more negative AadSG26K(5,m)
values. We had to consider desorption in each step
up to m = 5, and negligible desorption rate constants
< 0.001 for m > 5. Accordingly, the Gibbs energies
decrease stepwise from AadsG26K(5,o) = +0.4 kJ/mol to
AadsG%K(s,s) = —0.5 kJ/mol (c¢f. Table S11). This is in
contrast to all other clusters Rh;* (i # 5) where positive
Gibbs energies occur towards (i,#,y). The desorption
rate constants of m > 5 are negligible, the AadsG%K(g,m)
values have an upper limit of —1.6 kJ/mol, which is sim-
ilar for all other investigated clusters (as emphasised by
the colouring scheme in Figure 7).

In summary, the evaluation and mapping of Gibbs
energies provided further information on the spontane-
ity of the adsorption-desorption steps and consolidated



our assumptions made before: Besides pure cluster geom-
etry and stoichiometric N, adsorption, the coordination
of the cluster surface atoms plays a crucial role in the
adsorption process. Higher next neighbour coordina-
tion of Rh atoms impedes the adsorption of a second
N, on a Rh atom. A desorption could precede easily. In
these cases, we observe enhanced Gibbs energies. The
case of N, adsorption to Rhs™ bears strong evidence for
spin and/or structural isomers and adsorption induced
interconversion/relaxation.

3.4. DFT modelling

Rhs*t geometry. The above discussion of experimen-
tal results received support from our previous DFT
results [47] in the cases of RhgT, Rhy T, and Rhg™. Con-
ceivable starting structures are presented in Figure 5.
Here, we performed additional DFT calculations on
structures and multiplicities of the naked Rhs™ cluster,
in order to verify our previous structural speculations.
We started from a square pyramid sp and a trigonal
bipyramid tbp structure and checked for spin multiplici-
ties 28§+ 1 = 1,..., 15 (Figure 8). We found significant
structural relaxation in the course of the optimisation
procedure. Low spin structures tend to relax into square
pyramids. For septet and nonet spin states we observe
coexisting and slightly distorted sp and tbp isomers, and
some highly distorted geometries beyond simple classifi-
cation. The geometries of these distorted clusters are ‘in

H sp ® tbp

400 4 \
T >
o
E 300 A in between
N
=
D 200
(0]
=
(0]
©
§ 100 -

0 -

r~— T T T T T 1T "1
1 3 5 7 9 11 1 15
2S+1

Figure 8. Total energies of most stable Rhs ™ cluster structures as
a function of the spin multiplicity 25 + 1, normalised to the most
stable trigonal bipyramid nonet, °tbp. The second most stable iso-
mer is a nonet square pyramid, °sp, +9 kJ/mol. In the cases of high
or low multiplicities, a single stable isomer is found (as indicated)
while others relax into these. The fully relaxed path of successive
spin isomers connects to an asymmetric spin valley (indicated in
pink, in colour only in electronic format).
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between’. For the quintet spin state, we obtain a square
pyramid >sp and a distorted structure. The total optimum
- as of this survey - is a slightly distorted trigonal bipyra-
mid with a nonet spin state. The second lowest isomer is a
nonet square pyramid ®sp (+ 9 kJ/mol). The 11tet square
pyramid sp relaxed into a trigonal bipyramid ! tbp.

Our results are in line with an earlier study by Hamil-
ton et al. who reported similar stabilities of square-based
pyramidal sp and trigonal bipyramidal tbp Rhs motifs
in [Rh5(N,O)Ar]™ clusters [41]. Other studies on var-
ious levels of theory on neutral and anionic rhodium
clusters report similar results [26,43,48-51]: low energy
differences of nonet square pyramid sp and trigonal
bipyramid isomers tbp.

The rhodium atoms in a square pyramid are on aver-
age less coordinated (four 3-fold, and one 4-fold coordi-
nated Rh atom, 8 Rh-Rh bonds, and an average Rh-Rh
next neighbour coordination number of 3.2) than in a
trigonal bipyramid (three 4-fold, and two 3-fold coordi-
nated Rh atoms, 9 Rh-Rh bonds, and an average Rh-Rh
next neighbour coordination number of 3.6), ¢f. Table
S16 in the Supplement. We expect that a lower coordina-
tion of rhodium atoms by adjacent metal atoms facilitates
an enhanced N, adsorption.

A trigonal bipyramidal tbp structure of the Rhs ™ clus-
ter core facilitates the rationalisation of our intermit-
tent adsorption limit of (5,7): Three single N, molecules
occupy each of the three highly coordinated equatorial
Rh atoms, whereas the two apical, low coordinated Rh
atoms receive two geminal N, molecules each.

Stepwise N, adsorption onto Rhs*, To investigate the
effects of stepwise N adsorption on the cluster structure
and possible spin relaxations, we optimised the cluster
core together with the adsorbate shell of (5,m) in the cases
of m=1,...,4,7,10. For each m, we started with sev-
eral conceivable adsorption shell isomers around given
tbp and sp cluster cores, and we obtained fully con-
verged structures for singlet to tredectet multiplicities
in most cases (Figure 8). N, adsorption energies cor-
respond to the offsets between the resulting curves -
each of which resembles the spin valley of a single (5,m)
complex.

The shape of the naked clusters’ spin valley persists
upon adsorption of a first and a second N, molecule.
Nonet multiplicities are most stable. Higher multiplici-
ties are most expensive, lower ones are stepwise less stable
by 37-11 kJ/mol per spin flip. Thus, spin pairing is more
feasible than costly occupation of additional orbitals by
additional single spins.

Here, and in the following, the low spin wing of spin
valleys is more affected by N, adsorption than the high
spin wing. The third N, adsorption reveals a more pro-
nounced effect in this regard: Nonet, septet, and quintet
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become degenerate, and the fourth N, adsorption event
widens the almost flat bottom of the spin valley by one
more multiplicity towards the triplet state, which locates
merely 13 kJ/mol above the most stable septet. Even the
singlet is only 24 kJ/mol higher than the septet.

The next calculated spin valley curve of (5,7) reveals
even more relaxation of low spin multiplicities: The spin
valley is continuously decreasing towards the most sta-
ble singlet state. The corresponding structure bases on a
square pyramid sp cluster core: The spin relaxation is
intertwined with a structural relaxation. However, 'tbp
is found only 12 kJ/mol above !sp.

We obtain comparable findings for the spin valley
curve of (5,10): Once again, it is most stable a singlet
square pyramid sp cluster core structure. It sustains a
fully occupied first adsorbate layer of ten N, adsorbates,
which locate pairwise on any of the five Rh core atoms.

] [Rhs(Ny),,.l"
400 - m=

] —a— 0

] —— 1
300 — e D

total energy / kJ mol™!

This is in full accord with the experimental adsorption
limit and the recorded adsorption kinetics of Rhs™ clus-
ters.

It warrants to check for conceivable isomerism of
adsorbate shells and cluster cores at this point. The sec-
ond most stable isomer of (5,10) of 417 k]/mol comprises
of a tetrahedral core with a low coordinated extra Rh
atom above one edge, labelled as a singly capped tetrahe-
dral sct cluster core structure (cf. Figure 5). The single
twofold coordinated Rh atom might adsorb up to three
N, molecules and suggest an adsorption limit at (5,11).
The lowest 'tbp structure is 37 kJ/mol above !sp, and it
provides for two apical Rh atom, that might adsorb up
to three Ny molecules. This suggests a possible adsorp-
tion limit at (5,12). The observed limit at (5,10) is thus
well in line with the calculate most stable 1sp cluster core,
surrounded by a closed adsorbate layer and sustained by

390

346

25+1

Figure 9. Total energies of computed [Rhs(N2)m]™ cluster adsorbate complex structures (5,m) as a function of the spin multiplicity
25+ 1, normalised to the computed (5,0) spin isomer (trigonal bipyramid, ®tbp, nonet). The calculated minimum structures for (5,0),
(5,7) and (5,10) are shown as insets. Spin contamination occurs in some low spin cases (red brackets). The horizontal grey dashed lines
serve to interpolate singlet and nonet state energies where no computational data are available. Their offset against each other indi-
cates the supposed average adsorption energy upon spin conservation. The red dashed lines connect the spin valley curves’ minima as

indicated by the red circles.



all doubly N3 occupied Rh adsorption sites. The simi-
lar stabilities of sp and tbp isomers are well in line with
literature as reported above.

It seems possible to risk an educated guess on the
very nature of the adsorbate induced spin quenching as
follows: Naked rhodium clusters of given sizes chose to
locate unpaired spins largely in SOMOs of low coordi-
nated atoms at their surfaces. For sure, there is noticeable
unpaired spin density exposed to approaching molecules.
In case of singlet state bearing molecules with large
HOMO-LUMO gap Pauli repulsion sets in. There is little
chance to donate unpaired spin density into the molecule,
and N, is probably an example, which is least prone for
unpaired spins. Thus, the gain of adsorption enthalpy
through lone pair donation is hampered by the persistent
presence of high spin density - unless the rhodium clus-
ter itself promotes some of its unpaired electrons into less
favourable spin pairing. Only thereby, it would provide
accessible LUMOs to accept the o donation of N, lone
pairs.

Vertical and adiabatic N adsorption. The total ener-
gies of each of the spin valley curves decrease stepwise
with, and by the number of adsorbed N,. We consider
energies of spin conserving adsorption processes (verti-
cal) as well as the energies of an adsorption process with
relaxation towards most stable spin isomers (adiabatic).
These step sizes indicate the N, adsorption energies per
step. We normalise absolute values to the energy of the
minimum nonet °tbp (5,0) cluster. Both vertical and adi-
abatic adsorption energies (cf. Figure S11 and Table S18)
refer to this very starting point. The adiabatic and verti-
cal (nonet) adsorption energies decline for the first three
steps from —65 kJ/mol (m = 0) via —62 kJ/mol (m = 1)
to -51 kJ/mol (m = 2). Vertical adsorption energies in
the last observed step (m = 9) become as low as less
than —30 kJ/mol (m = 9), whereas the adiabatic adsorp-
tion energies are somewhat higher, about —42 kJ/mol
(interpolated).

In total, the vertical adsorption of 10 N, molecules sta-
bilises the Rhs™ cluster by 441 kJ/mol, and the adiabatic
adsorption adds 140 kJ/mol of additional stabilisation
through spin relaxation on top. The effect of stepwise
decreasing adsorption energies seems intuitive to us, and
the red dashed lines in Figure 9 serve to emphasise the
actual course of concomitant adsorption and spin relax-
ation.

4. Conclusion

We have recorded the cryo kinetics of N, adsorption
onto cationic Rh;* clusters (i = 5-15). The adsorption
limits 7,4, increase with the number of metal atoms
i, and they range over i < myg, < 2i with the Rhot
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cluster providing for the lowest observed N, coverage
of merely m,q,/i = 1. In most cases, the intermittent
adsorption limits m, coincide with the adsorption lim-
its Myax, Which we take as an indication for a smooth
cluster surface made of equal adsorption sites which
stem from Rh cluster surface atoms with equal (or at
least very similar) next neighbour coordination environ-
ments. We determine by kinetic fits relative rate con-
stants for each N, adsorption and desorption step, which
quantify the significant trends in adsorption behaviour
in terms of rate constants. We obtain equilibrium con-
stants and Gibbs free energies, and it is beyond doubt
that large Rh;* clusters (i > 10) establish an N, adsorp-
tion-desorption equilibrium while small ones hold tight
to their N, adsorbates but for the very last one. Our
experimental absolute rate constants compare favourably
to those from the ‘Hard Sphere Average dipole orienta-
tion model’. We observed a significant reluctance towards
N, adsorption for the Rhst cluster, indicated by neces-
sary desorption steps. By calculating the corresponding
Gibbs energies for the adsorption-desorption equilibria
and by first extensive DFT calculations, we gained infor-
mation on the energetics of the N, adsorption onto Rhs ™
and postulate isomerisation processes between a tbp and
an sp cluster core type yielding an sp cluster core from an
intermittent adsorption limit. A spin quench accompa-
nies the N, adsorption and the isomerisation. The course
of the rate constants enabled us to tentatively assign a tbp
cluster structure to Rhs ™. DFT calculations also support
this assignment.

Further spectroscopic investigations accompanied by
DFT modelling of each adsorption step (beyond our
previous study, [47]) will deliver even more detailed
insights into the cluster structures and the reorganisation

processes. Such studies are subject of ongoing
work.
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