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ABSTRACT: Hydrocarbon-solvent-soluble, isolable, Ziegler-type Isolable and
Ir(0), nanoparticle hydrogenation catalysts made from the crystallo- Redispersible
graphically characterized [(1,5-COD)Ir(u-O,CsH,s)], precatalyst and I

2—S equiv of AlEt; (>2 equiv of AlEt; being required for the best Long-

Lived ZiEgler'type’ Ir(ﬂ)m

catalysis and stability, vide infra) are scrutinized for their catalytic atal ot | EpfivgeR o CatlTs Highly

properties of (1) their isolability and then redispersibility without Catalytically
visible formation of bulk metal; (2) their initial catalytic activity of the =100 000 |{a S-CODWOCil ] +AIES | Active
isolated nanoparticle catalyst redispersed in cyclohexane; (3) their L = 1_1’ —

catalytic lifetime in terms of total turnovers (TTOs) of cyclohexene
hydrogenation; and then also and unusually (4) their relative thermal
stability in hydrocarbon solution at 200 °C for 30 min. These studies
are of interest since Ir(0), nanoparticles are the currently best-
characterized example, and a model/analogue, of industrial Ziegler-type hydrogenation catalysts made, for example, from
Co(O,CR), and >2 equiv of AlEt;. Eight important insights result from the present studies, the highlights of which are that
Ir(0), Ziegler-type nanoparticles, made from [(1,5-COD)Ir(u-O,CgH,;5)], and AlEt;, are (i) quite catalytically active and long-
lived; (ii) thermally unusually stable nanoparticle catalysts at 200 °C, vide infra, a stability which requires the addition of at least 3
equiv of AlEt; (Al/Ir = 3), but where (iii) the Al/Ir = S Ir(0), nanoparticles are even more stable, for >30 min at 200 °C, and
exhibit 100 000 TTOs of cyclohexene hydrogenation. The results also reveal that (iv) the observed nanoparticle catalyst stability
at 200 °C appears to surpass that of any other demonstrated nanoparticle catalyst in the literature, those reports being limited to
<130-160 °C temperatures; and reveal that (v) AlEt,, or possibly surface derivatives of AlEt;, along with [RCO,-AlEt;]~ formed
from the first equiv of AlEt; per 1/2 equiv of [(1,5-COD)Ir(u-O,CgH;;)], are main components of the nanoparticle stabilizer
system, consistent with previous suggestions from Shmidt, Goulon, Bénnemann, and others. The results therefore also (vi) imply
that either (a) a still poorly understood mode of nanoparticle stabilization by alkyl Lewis acids such as AlEt; is present or, (b)
that reactions between the Ir(0), and AlEt; occur to give initially surface species such as (Irggce)s—Et plus (Irgace) x—Al(Et),Ir,
where the number of surface Ir atoms involved, x = 1—4; and (vii) confirm the literature’s suggestion that the activity of Ziegler-
type hydrogenation can be tuned by the Al/Ir ratio. Finally and perhaps most importantly, the results herein along with recent
literature make apparent (viii) that isolable, hydrocarbon soluble, Lewis-acid containing, Ziegler-type nanoparticles are an
underexploited, still not well understood type of high catalytic activity, long lifetime, and unusually if not unprecedentedly high
thermal stability nanoparticles for exploitation in catalysis or other applications where their unusual hydrocarbon solubility and
thermal stability might be advantageous.

Thermally Unusually Stable
200 °C, =30 min

KEYWORDS: Ziegler-type nanoparticle catalysis, Ir(0) nanoparticles, stabilization, olefin hydrogenation

Bl INTRODUCTION hydrogenation catalysts made from third-row elements of the
Ziegler-type, hydrocarbon-solvent-soluble hydrogenation cata- same column metal (ie., Ir as an analogue of Co Ziegler-type
lysts are formed, by definition,' from a nonzero valent group hydrogenation catalysts) are also important," such third-row
8—10 transition metal precatalyst such as the industrial metals allowing more robust, more easily characterized catalysts.*
example’” of Co(neodecanoate), plus a trialkylaluminum

cocatalyst, for example, AlEt;. These catalysts are used Received: December 26, 2011

industrially to produce hydrogenated styrenic block copolymers Revised:  February 26, 2012

at a level of ~1.7 X 10° metric tons/year.”” Ziegler-type Published: March 19, 2012
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Scheme 1. Ziegler-Type Hydrogenation Catalyst Preparation, and Subsequent Cyclohexene Hydrogenation, from [(1,5-

COD)Ir(u-0,CgH;;)], Plus AlEt,, Al/Ir = 2, 3, or 5°

[(1,5-COD)Ir(p-0,CsHys)lo+ n AlEt;

9 h stirring/N,

»[Ir(0)-4.15/ m AlEt;] + side products (Equation 1)

30°C, cyclohexane
[ Ir(0)4_|5/ m AlEt3] H2 > [Ir(0)~40_150/ m A]Et3] (Equation 2)
22°C, cyclohexane
@ +H, [Ir(0)-4.15/m AlEt;] initially and then [Ir(0)-4.150/m AlEt;] R O (Equation 3)

22°C, cyclohexane

“Conditions for catalyst preparation (eq 1) are cyclohexane solvent, [Ir] = 1.4 mM, 30°C, N, atmosphere. Conditions for cyclohexene
hydrogenation (eqgs. 2 and 3) are cyclohexane solvent, [Ir] = 1.2 mM (except where noted otherwise), [cyclohexene]; .y = 1.65 M, 22.0 = 0.1 °C,
40 + 1 psig H,. The side products in eq 1 include 1,5-COD, O,CgH;5™, and (n — m) AlEt; (n > m) or their combinations.

We recently reported high activity Ziegler-type nanoparticle
hydrogenation catalysts made from the crystallographically
characterized [(1,5-COD)Ir(u-O,C¢H,5)], precatalyst® plus
AlEt;, Al/Ir = 1, 2, 3, or 5,* Scheme 1. (An Al/Ir = 1 catalyst
means 1 equiv of AlEt; is added per Ir, ie., 1 equiv of AlEt; is
added to 0.5 equiv of the [(1,5-COD)Ir(u-O,CsH;5)],
precatalyst dimer). Subsequent studies, using X-ray absorption
fine structure spectroscopy (XAFS), Z-contrast scanning
transmission electron microscopy (STEM) plus matrix assisted
laser desorption ionization mass spectroscopy (MALDI MS),
revealed that subnanometer particles of an estimated mean-size
range of Ir(0).,_;s are formed initially as a result of simply
mixing [(1,5-COD)Ir(u-O,CgH;;) ], plus AlEt; at Al/Ir = 1, 2,
3, or S (Scheme 1, eq 1). Regardless of the Al/Ir ratio examined
(Al/Ir = 1-5) or the initial [Ir] concentration ([Ir] = 1.0—7.0
mM), the initially formed Ir(0),_5 particles were then shown
to transform under H,/cyclohexene hydrogenation catalysis
conditions (Scheme 1, eq 2),* to Ir(0) 4_1s50 Ziegler-type
nanoparticles®® according to XAFS, STEM and MALDI MS
characterization results—a new, hydrocarbon soluble, AIR;-
dependent type of catalytically active nanoparticle,"* vide infra.
Concomitant with this transformation to fec Ir(0) 40_1s0
Ziegler-type nanoparticles, an increase in the catalytic activity
in cyclohexene hydrogenation is observed.* The combined
kinetic, plus XAFS, STEM, and MALDI MS characterization,
studies both before and after catalysis provide the best evidence
to date that Ziegler-type Ir(0), nanoparticles both exist and
appear to be the fastest catalysts in Ziegler-type hydro-
genations."* The finding of kinetically dominant catalysis by
Ziegler-type nanoparticles is significant since it answers a 50-
year old question about the nature of the true catalyst under
Ziegler hydrogenation catalysis conditions." Indeed, nano-
particles (or, when these catalysts were first discovered,
“colloids” ') have been discussed as the possible true
catalysts for S0 years now, but definitive demonstration that
Ziegler-type nanoparticles are both present and are the most
active catalysts in Ziegler-type hydrogenation catalysis"* was
previously lacking."*

The Ziegler-type nanoparticle catalysts are unusual in that
they are hydrocarbon soluble. They are further unusual as at
least ostensibly an example of “weakly ligated/labile-ligand
nanoparticles”,”~ "% in this case nanoparticles in which the only
possible ligands are cyclohexane, AlEt; Lewis acid (or its
nanoparticle surface-derivatives), carboxylates such as
C,H,;;CO,™ and H, (and/or metal hydrides) plus cyclohexene.
All these are either relatively weak ligands, or the actual
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reagents of the desired reaction (H, plus cyclohexene
hydrogenations), other than the AlEt; (and the combination
[C,H;sCO,-AlEt;]™ for the first equivalent of AlEt; per 1/2
[(1,5-COD)Ir(u-0,CgH,5) ], eq 1, vide supra). Significantly,
the high stability of the Ir(0), nanoparticles reported herein at
ratios >2 of AlEt; per 1/2[(1,5-COD)Ir(u-O,CgH;;)], would
seem to indicate a robust interaction between the Ir(0),
nanoparticle and the AlEt;, vide infra. Restated, Ziegler-type
nanoparticles appear to be an unusual type of little recognized,
and hence underexploited, nanoparticle catalyst, ones used
industrially but hidden for a 50-year period because of a lack of
knowledge of the probable true catalyst."

It became, therefore, of significant interest to examine the
catalytic activity, lifetime, and thermal stability of these
hydrocarbon soluble, Ir(0), Ziegler-type nanoparticles, as a
function of the Al/Ir molar ratio of the AlEt; cocatalyst and Ir
metal precatalyst." Just how active, long-lived, and thermally
stable are these unusual, hydrocarbon soluble, AIR; containing
nanoparticles? Relevant here is the previously developed, so-
called “five-criteria method”>*™>° to rank the formation and
then stabilizing abilities of various anions, solvents, cations, and
polymers for catalytically active nanoparticles, a method
developed specifically with Ir(0), nanoparticles.”’

Herein, a necessarily modified version®® of the five-criteria
ranking method**~?’ is developed and then used to evaluate
the catalytic properties of the Ir(0), Ziegler-type nanoparticle
hydrogenation catalysts made from [(1,5-COD)Ir(u-
0,CgH;s)], plus AlEt;, as a function of Al/Ir ratios from
primarily 2—S (with 0—1 being examined in control reactions).
Those modified evaluation criteria used herein are (i) the
isolability and then redispersibility of the resultant nanoparticle
catalyst without visible formation of bulk metal—historically a
demanding test of nanoparticle stability;>>™>° (ii) the initial
catalytic activity of the isolated catalyst redispersed in
cyclohexane; (iii) the catalytic lifetime; and then also (iv) the
thermal stability of the catalyst solution as determined by the
ability of the stabilizing species to keep the nanoparticles in
solution at 200 °C for 30 min without the visible formation of
bulk metal. The enhanced (vide infra) thermal stability of the
Ziegler-type nanoparticle catalyst solutions is important, since
industrial applications of Ziegler-type hydrogenation catalysts
report catalyst preparation temperatures up to 250 °C, and then
polymer hydrogenations up to 180 °C."***° However, no prior
study has examined the thermal stability of a firmly established
Ziegler-type nanoparticle catalyst, in our case an Ir(0), catalyst,
under controlled conditions.
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Figure 1. Representative TEM images for the Al/Ir = 2, 3, and S catalysts taken from cyclohexane solutions of initially isolated, but then redispersed,
catalysts prepared with [(1,5-COD)Ir(u-O,CgH,;5)], plus AlEty, Al/Ir = 2 (left), Al/Ir = 3 (middle) and Al/Ir = S (right). The scale bar is S nm in
each case. The images show nanoparticles with equivalent average sizes within experimental error of 1.4 + 0.7 nm (left), 1.5 + 0.5 nm (middle), and
1.7 + 0.4 nm (right) for the respective Al/Ir = 2, 3, and S catalysts.

Table 1. Compilation of Data for the Ziegler-Type Hydrogenation Catalysts Made from [(1,5-COD)Ir(u-O,CgH,,)], Plus
AIEt;”

redispersibility catalytic activity of the TOF,,.*° appearance catalytic activity at 22 °C after appearance after
Al/Ir in redispersed catalyst (TTO/time)  after heating at heating at 200 °C hydrogenation of the
entry ratio  cyclohexane® (mmol H,/h)“¢ TTO¢ (h7Y) 200 °C (mmol H,/h)*¢ 200 °C treated catalyst
1 2 yes 10(3) 180 000 3500 brown solution, 24(9) brown solution, black
black particles
particles
2 3 yes 7(2) 155 000 1100 brown solution, 5(4) brown solution, black
brown particles
particles
3 S yes 3(1) 100 000 700 clear, brown 6(4) clear, brown solution
solution
Lower Al/Ir Ratios—Controls Studying Less Stable Catalysts
4 1 partially 19(4) [370 000" 3600 colorless 25(5) gray solution, black particles
solution,
black
particles
5 0 no ND* [230 000]" 2600 ND ND ND

“Conditions for all hydrogenations are as follows: cyclohexane solvent; [Ir] = 1.2 mM; [cyclohexene];,q = 1.65 M; 22.0 & 0.1 °C; and 40 + 1 psig
H,, unless otherwise noted. The catalytic activity data given in the table are the average of three separate hydrogenation runs carried out under
1dent1cal conditions. For the data shown in the format “x(y)”, x = the average of three separate runs, and y = the standard deviation (1) of those 3
runs. "“Yes” means all the isolated material dissolved (i.e., no undissolved particles remained in the medium). “Partially” means some visually
observable particles are present in the solution after redispersion. “Measured in cyclohexane solvent. The reported va.lues are uncorrected for the
number of surface atoms and, therefore, are lower limits to the true TTOs and TOFs per available surface active site. “Initial rate. A 60-fold lower
concentration of Ir ([Ir] = 0.02 mM was used for the TTO and TOF,,, measurements vs the [Ir] = 1.2 mM for catalytic activity or other
measurements in columns 4, 7, 8, and 9). Hence, the size and n value of these Ir(0), nanoclusters may be somewhat different than those in columns
4,7, 8, and 9, although our prior work shows that concentrations from [Ir] = 1.0 to 7. 0 mM yield Ir(0)~40 150 nanoparticles. *Maximum catalytic
rate observed during the corresponding hydrogenation. #£Measured in dodecane solvent. " The “partial” to “no” redispersibility for these control study
entries with 0—1 equiv of AlEt; means that the TTO values are not just for nanoparticles (i.e., reflect significant contributions from bulk metal) and,
therefore, are placed in [brackets]. ‘ND: Not determinable.

B RESULTS AND DISCUSSION was then aged"* by further stirring for 9 h under N, at 30 °C
- N . (Scheme 1, eq 1).
Ir(0)..40-150 “Ziegler Nanoparticle” Catalyst Synthesis Cyclohexene hydrogenation was used as a test reaction to

and Cyclohexene Hydrogenaltion. Our review of the measure the activity and lifetime of [(1,5-COD)Ir(u-
literature of Ziegler-type catalysis™ reveals that the following 0,CgH,5)], plus AlEty, Al/Ir = 2, 3, or S, catalysts, Scheme

variables have significant effects on the catalytic activity and 1, eqs 2 and 3. These catalysts were also tested for their thermal
other properties of the catalyst:* the Al/Ir ratio; the order and stability by first preparing the catalyst solution in dodecane
rate of addition of the precatalyst and cocatalyst; the solvent solvent and then performing a cyclohexene hydrogenation at
used; aging of the initial catalyst material; and whether or not room temperature. The resulting catalyst solution was then

kept at 200 °C for 30 min, followed by a test of cyclohexene
hydrogenation activity back at room temperature of the

. . . . 4 resultant, thermalized nanoparticles. The transmission electron
Experimental Section and based on our published experience, ) .
microscopy (TEM) images of the post catalyst samples were

the Ziegler-type Ir(0),/AlEt; hydrogenation catalysts were also obtained, vide infra,

prepared from [(1,5-COD)Ir(u-0,CsHy)], and AlBt;, by Redispersibility, Catalytic Activity, and Lifetime in Cyclo-
adding quickly (over 2 s) a cyclohexane solution of AlEt; to a hexane of Ziegler-Type Hydrogenation Catalysts Made
cyclohexane solution of [(1,5-COD)Ir(u-O,CsHjs)],, all while from [(1,5-COD)Ir(u-0,CgH;5)l, Plus AlEts, Al/lr = 2, 3, or 5.
vigorously stirring at 30 °C under N,. This resultant solution All three catalysts made from [(1,5-COD)Ir(u-O,CgH;5)], and

the olefin substrate is present during the initial precatalyst and
cocatalyst addition step. Hence, and as detailed in the
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AlEt;, Al/Ir = 2, 3, or 5, are isolable as brown/black powders by
evaporation of the volatiles under vacuum. The isolated
catalysts are then fully redispersible in cyclohexane hydro-
carbon solvent without visible formation of bulk metal, Figure 1
(Table 1, entries 1—3, column 3).*'

For the redispersed catalysts (Al/Ir = 2, 3, or S),
hydrogenations start immediately and continue in a slightly
sigmoidal fashion until consumption of the cyclohexene is
complete, Figure 2, with catalytic activities of 10(3), 7(2) and

%
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Figure 2. Plot of the H, pressure vs time data for cyclohexene
hydrogenations starting from [(1,5-COD)Ir(u-O,CgH;5)], plus AlEt,,
Al/Ir = 2, catalyst after it was isolated and redispersed in cyclohexane.
Conditions for hydrogenations are as follows: cyclohexane solvent;
[Ir] = 1.2 mM; [cyclohexene];yiy = 1.65 M; 22.0 + 0.1 °C; and 40 + 1
psig H,.

3(1) mmol H,/h** for the Al/Ir = 2, 3, and 5 catalysts,
respectively (Table 1, entries 1—3, column 4). The TEM results
in Figure 1 show that the redispersed Ir(0), Ziegler-type
catalysts for the Al/Ir = 2 and Al/Ir = S ratios are the same size
within experimental error as those synthesized as described
above and then used in cyclohexene hydrogenation.* The Al/Ir
=2, 3, or S catalysts provide 180 000, 155 000 and 100 000
turnovers over the course of 52 h, 144 and 150 h, respectively,
with average TOF (= TTO/total time before deactivation) of
the rather high values of 3500, 1100, and 700 h™’, respectively,
before deactivation (Table 1, entries 1—3, columns 5 and 6).
Comparison to Earlier Literature Ir(0), Nanoparticle
Catalysis Data. The observed hydrogenation activities of the
redispersed Al/Ir = 2, 3, and S catalysts (Table 1, entries 1—3)
are as high as (and in some cases higher than) any previously
reported Ir(0), nanoparticle catalysts (Table 2, Entries 1—
6),*729333* comparisons made under identical conditions of
precatalyst and cyclohexene concentration as well as initial H,
pressure (but, necessarily, involving a solvent change from
cyclohexane for the data in Table 1 vs acetone for the data in

Table 2). In addition, the lifetimes of catalysts made with Al/Ir
=2 and Al/Ir = 3, 180 000 and 155 000 turnovers, respectively,
are longer than those of all other Ir(0), nanoparticle catalyst
systems previously ranked via the five-criteria method (Table 2,
Entries 1—6, column 5).24_26’33 In short, the Ziegler-type
hydrogenation catalysts made with 2, 3, or 5 equiv of AlEt; are
high activity, and longer lifetime, Ir(0), nanoparticle catalysts,
in comparison to previously reported Ir(0), nanoparticle
catalysts.

Thermal Stability in Dodecane at 200 °C. The Ziegler-
type hydrogenation catalysts made from [(1,5-COD)Ir(u-
0,C¢H,5)], plus AlEt;, prepared in dodecane® (boiling
point: 215 °C) and aged in solution for 9 h, were tested for
their stability against agglomeration at 200 °C for 30 min (see
the Supporting Information, Figure S3, for a representative
hydrogenation curve using the heat-treated catalyst).*®
Importantly, using a high Al/Ir ratio up to S has a significant
effect on the thermal stability of the resulting Ziegler-type
hydrogenation catalyst, inhibiting agglomeration even after
heating at 200 °C for 30 min. In comparison, the Al/Ir = 2
catalyst contained visually observable black bulk metal in a
brown solution at the end of 30 min heating at 200 °C (Table
1, entry 1, column 7). Cyclohexene hydrogenation®” with that
Al/Ir = 2, 200 °C thermally treated catalyst revealed a still
brown solution, but visually observable black bulk (Table 1,
entry 2, column 9) verified by TEM, Figure 3. Heating the Al/
Ir = 3 catalyst solution at 200 °C results in the appearance of
brown Ir(0) particles (as verified by XPS, Supporting Information,
Figure SS) in a brown solution (Table 1, entry 2, column 7), the
brown particles being indicative of precipitated Ir(0), nano-
particles.’®* At the end of the subsequent hydrogenation using
the heat-treated Al/Ir = 3 catalyst, black Ir(0) bulk is again visually
observable in the solution (Table 1, entry 2, column 9), a product
again verified by TEM, Figure 4.

In contrast, the Al/Ir = § catalyst remains clear brown both at
the end of the 30 min at 200 °C and at the end of the
subsequent hydrogenation (Table 1, Entry 3, columns 7 and 9,
Figure S). These observations are significant, as they reveal that
at a Al/Ir = S ratio, the AlEt; stabilizer (ie, plus any
nanoparticle surface species derived from the AlEt;) are able to
stabilize the Ir(0), nanoparticles in solution sufficiently to
prevent the formation of bulk metal even after 200 °C heating
and subsequent hydrogenation catalysis. The results reveal the
high thermal stability of at least Ir(0), Ziegler-type nanoparticle
catalysts along with the key role of the higher Al/Ir ratio in
achieving that stability. Significantly, the Ir(0),/AlEt; nano-
particle catalysts appear to be more thermally stable*>*' vs any

Table 2. Summary of Key Literature Data for Ir(0), Nanoparticle Catalysts in Solution®

entry catalyst system

1 [(1,5-COD)Ir(CH,CN),]BE, + [Bu,N],HPO, + I equiv of PS*

2 [(I,S-COD)Ir(CH3CN)2]BF4 + [Bu4NJ(sml)[Ples(TiOH)sow]n
+ 1 equiv of PS

[(1,5-COD)I:(CH,CN),]BE, + [Bu,N]C,H,0,
[Bu,NJ;Na;[ (1,5-COD)Ir-P,W,:Nb,O,] + 1 equiv of PS
{[(1,5-COD)I+-HPO,]}, + 1 equiv of PS

[(1,5-COD)Ir(CH,CN),]BE, +
1 equiv of [Bu,N]o{H[P,W ;04 ]} + 1 equiv of PS

AN »n AW

redispersibility in catalytic activity of redispersed catalyst

acetone (mmol H,/h) TTO ref
yes 5(1) 53 000 25
yes 23(2) 29 000 24
partial 09(2) [81000] 24
yes 22(2) 68 000 24, 33
yes 0.8(1) [150 000] 25
yes 0.6(1) 71 000 26

“Conditions for all hydrogenations are as follows: acetone solvent; [Ir] = 1.2 mM; [cyclohexene]; iy = 1.65 M; 22.0 + 0.1 °C; and 40 + 1 psig H,
initially. PS: Proton Sponge, 1,8-bis(dimethylamino)naphthalene. TTO values given in [brackets] are upper limits to the TTOs due solely to

nanoparticles because of the presence of bulk metal.
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Figure 3. Bright-field TEM image on a sample of the Al/Ir = 2 Ziegler-
type hydrogenation catalyst made from [(1,5-COD)Ir(4-O,CeHs)],
plus AlEt;, heat-treated at 200 °C, and then a drop of solution was
withdrawn from the reaction’s culture tube at the end of hydro-
genation catalysis and placed on a TEM grid. The image shows bulk Ir
metal (note the 0.5 yum = 500 nm scale bar).

Figure 4. Bright-field TEM image on a sample of the Al/Ir = 3 Ziegler-
type hydrogenation catalyst made from [(1,5-COD)Ir(u-O,CeHs)],
plus AlEt;, heat-treated at 200 °C, and then a drop of solution was
withdrawn from the reaction’s culture tube at the end of hydro-
genation catalysis and placed on a TEM grid. The image shows bulk Ir
metal (note the 0.5 ym = 500 nm scale bar).

demonstrated soluble nanoparticle catalyst that at least we can
find in the current literature. Previous reports of the highest
thermal stability of solutions of claimed nanoparticle catalysts
appear to be limited to the <130—160 °C range* >'—
although it should be noted that those reports typically lack the
type of strong evidence provided elsewhere that the Ir(0),
Ziegler-type nanoparticles studied herein are the true catalysts.*

Control Studies with the Al/lr = 1 and Al/lr = 0
Catalysts. The following three observations with an Al/Ir = 1
catalyst show that >1 equiv of AlEt; per Ir is required to obtain
a highly stable catalyst. Specifically, for the Al/Ir = 1 catalyst (i)
there are visually observable black particles of bulk Ir(0) in the
brown solution and on the stirbar after cyclohexene hydro-
genation; (ii) there is only a partial redispersibility in
cyclohexane of the isolated catalyst (i.e., isolated by removing
the volatiles under vacuum to give a brown suspension, but one
with visually observable, bulk-metal particles) (Table 1, entry 4,

636

Figure 5. TEM image taken from a homogeneously appearing
cyclohexane solution of catalyst prepared with [(1,5-COD)Ir(u-
0,C¢H|5)], plus AlEt;, Al/Ir = S, after hydrogenation with heat-
treated catalyst. The image shows nanoparticles of 1.9 + 0.3 nm, that
is, on average Ir_,5,, with no evidence for bulk metal (the scale bar
is S nm).

column 3); and (iii) there are visually observable black particles
after 30 min of heating at 200 °C in dodecane, which also yields
a colorless, and therefore nanoparticle-free, solution (Table 1,
entry 4, column 7). Furthermore, the presence of bulk metal in
the postcatalysis solution of the Al/Ir = 1 catalyst means that
the relatively high TTO value of [370 000] over the course of
104 h at 22.0 = 0.1 °C contains a significant contribution from
bulk metal (see the Supporting Information for a more detailed
discussion on the Al/Ir = 1 catalyst). Control experiments with
the Al/Ir = O catalyst confirms that the initially formed Ir(0),
nanoparticles are unstable against agglomeration in the absence
of AlEt;: a clear, colorless, and therefore nanoparticle free
solution with visually observable black bulk Ir metal results (see
the Supporting Information for a more detailed discussion of
the Al/Ir = O catalyst).

The results make clear the stability enhancing effects of
added AlEt;. The ability of Lewis acids to stabilize nanoparticles
has general, albeit not well understood, precedent in the studies
of Shmidt,>*™>° Goulon,*® and Bénnemann®" " as detailed on
pp 13—17 of our 2010 review.'! What remains poorly
understood, in comparison to what is known in a review of
nanoparticle stabilization,*” is why Lewis acids such as AlEt;—
even if in combination with the RCO,” component of the
precatalyst to make the anionic (i.e, DLVO-theory type*’)
stabilizer [RCO,-AlEt;] —are anywhere near as effective a
nanoparticle stabilizer as is observed.

The fact that the stabilization is highest at higher (e.g., 5:1)
Al/Ir ratios (i.e., 4 equiv beyond the 1 RCO,™ present, and thus
beyond the consumption of 1 AlEt;, to make 1 equiv of
[RCO,-AlEt;]7) implies, significantly, the little appreciated
hypothesis that the Lewis acidic AlEt; alone appears to be a
good stabilizer,””"®* although again Shmidt’s pioneering
work®>™>* provides early evidence for this hypothesis if that
work is carefully examined (see the discussion on p 13
elsewhere'). It is presently unknown whether the stability
enhancing, concomitantly rate decreasing, effects of added
AlEt; are simply indicating that AlEt; is binding at the
catalytically active site,* or if there is some other more complex
phenomenon involved (e.g., some structural or compositional

dx.doi.org/10.1021/cs200688g | ACS Catal. 2012, 2, 632—641
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change, or both, induced by the added excess AlEt34’66’67).

Noteworthy here is that one can envisage Ir,:—AIEt; species
(where a Al-Et—Ir dative bond back to the Ir, surface may be
a key, additional component of that bonding). Also conceivable
are the formation of surface species such as (Irg,gc.)-Et plus
(Irguface)~Al(Et),Ir where the number of surface Ir atoms
involved could be x = 1, 2, 3, or 4, for example, as well as
(Itguace)x"H hydrides from f-H elimination from any putative
(Itguace)s~Et. Hence, one important finding of the present work
and the work of Shmidt,>*>° Goulon,56 Bénnemann®”® and
others discussed elsewhere' is that future studies of AIR-
stabilized nanoparticles are of considerable interest. The needed
studies of the surface composition of Ziegler-type nanoparticles
promise to be challenging, however.

Reflection on the observations uncovered by this research
suggests several hypotheses for future research, specifically: (i)
that either the expected to be electrophilic, Lewis acidic Ir(0),
surface is much more strongly stabilized by the Lewis acidic
AlEt; than one might have first expect; or possibly (ii) that
reactions with the Ir(0), surface and AlEt; occur such as those
suggested above. It is also possible (iii) that the true catalyst is a
fragment, for example, a hydride species (at present we are
investigating the catalysis of the combination of AlEt; plus the
previously unknown®® [(1,5-COD)Ir(u-H)],). Our recent
XAFS plus kinetic studies argue fairly strongly against the “a
fragment is the true catalyst” explanation, however, since faster
catalysis is seen when larger Ir(0), nanoparticles are being
formed and fewer Ir,-sized subnanometer particles can be
detected.* Additional studies of these and other hypotheses are
needed and promise to reveal novel insights about nanoparticle
stabilization by added AIR; or other Lewis acids.

surface

B SUMMARY AND CONCLUSIONS

The main conclusions of this study are as follows:

(i) Hydrocarbon soluble, Ir(0), Ziegler-type nanoparticles
made from [(1,5-COD)Ir(u-O,CgH5)], and AlEt; are
highly active, long-lived and thermally unusually stable—
if not unprecedentedly stable—nanoparticle solution
catalysts. Their TTO lifetimes are higher than any
known Ir(0), nanoparticles, even those of the premier,
P,W,Nb;O,°~ polyoxoanion, “electrosteric” stabi-
lized®*** 1r(0), nanoparticles.

Thermal stability at 200 °C requires addition of at least 3
equiv of AlEt;, and the stability of the resulting catalyst
increases at Al/Ir = S. The addition of >2 equiv of AlEt,
is necessary to prevent agglomeration of the Ir(O)n
Ziegler-type nanoparticles to bulk Ir(0) metal during
room temperature cyclohexene hydrogenation catalysis.

The Al/Ir = § Ir(0), nanoparticles are stable for >30 min
at 200 °C, and exhibit 100 000 TTOs of cyclohexene
hydrogenation. The observed nanoparticle catalyst
stability at 200 °C appears to surpass that of any other
demonstrated nanoparticle catalyst that we can find,
those literature reports being limited to <130—160 °C
temperatures.

The results strongly suggest that AlEt;, or possibly
derivatives of it, are a main component of the stabilizer.
The results imply that either (a) a little understood mode
of nanoparticle stabilization by alkyl Lewis acids such as
AlEt; is present (ie, and in addition to the anionic,
DLVO-theory type of stabilization expected for
[RCO,-AlEt;]” formed from the first equivalent of

(i)

(iii)

(iv)
)
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added AlEt;), or (b) that reactions between the Ir(0),
and AIR; occur to give species such as the (Irgce)s—Et
and (Irg,pcee)—Al(Et),Ir detailed earlier. It is also
conceivable that (c) some other species is the true
catalyst in the reaction, possibly an iridium hydride
fragment (which could then, for example, have a Lewis
base/Lewis acid interaction between the Ir—H and the
AlFt,), although the evidence to date argues against this
third possibility.* Additional studies are, however,
warranted and promise to uncover new insights, most
likely into the novel stabilization mode of Ziegler-type
nanoparticles.

The results confirm that the activity of Ziegler-type
hydrogenation catalyst can be tuned by the Al/Ir ratio, a
point apparent in the extant literature." Our results show
that, in addition to their catalytic activity, the catalytic
lifetime and thermal stability of Ziegler-type hydro-
genation catalysts are also strongly influenced by, and
thus can be tuned by, the Al/Ir ratio.

Finally and most importantly, the valuable prior studies
of Shmidt,>*~>° Goulon,56 and B'cinnemann,57_61 plus
the result herein and our other, recent publications4 and
critical review," make apparent that hydrocarbon soluble,
Lewis-acid containing, Ziegler-type nanoparticles are an
underexploited type of highly active, long lifetime and
unusually high stability nanoparticle for use in catalysis or
other applications where their unusual hydrocarbon
solubility and thermal stability might be advantageous.

(vi)

(vii)

Overall, the results help confirm the existence of Ziegler-type
nanoparticles, highlight their hydrocarbon solubility, and
highlight their high, Al/Ir ratio-tunable catalytic activities and
lifetimes while also revealing their exceptionally high thermal
stability at 200 °C. It is hoped that these results will open the
door to the other possible applications of Ziegler-type
nanoparticles in catalysis and, possibly, other areas.

In our studies in progress we are concentrating on another
historically difficult question in this area,' namely precisely
what happens to the AIEt; after mixing [(1,5-COD)Ir(u-
0,CgH )], and AlEt;, as well as any insights that may give
about the nature of the true catalyst(s). We are also striving to
bring to completion our multiyear studies of the precise form
and catalytic properties of other Ziegler-type hydrogenation
catalysts made from various combinations of industrial
precatalysts®® such as Co and Ni salts and commonly used
cocatalysts such as AlMe,, Al(t-Bu);, or alumoxanes and their
derivatives.

B EXPERIMENTAL SECTION

Materials, Stock Solutions, and Instrumentation. All
manipulations were performed under N, in a Vacuum
Atmospheres drybox (<S ppm O, as monitored by a Vacuum
Atmospheres O,-level monitor) or using a Schlenk line. All
glassware was dried overnight in an oven at 160 °C, cooled
under vacuum in a desiccator, and then transferred into the
drybox while still in the desiccator and under vacuum, since
H,O is known to be detrimental to Ziegler-type hydrogenation
catalysts." Cyclohexane (Sigma-Aldrich, 99.5%, H,0 < 0.001%)
and dodecane (Sigma-Aldrich, anhydrous, >99%, water content
<0.003%) were dried over activated molecular sieves for 2 days
prior to use. Molecular sieves (Acros, 3 A) were activated by
keeping at 200 °C for 8 h under vacuum. AlEt; (Strem
Chemicals, 93%, in 100 g steel cylinder) was used as received.
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Cyclohexene (Aldrich, 99%) was distilled over Na under N,(g)
and transferred into the drybox under air-free conditions.
Silicone oil (Dimethyl Silicone, Thomas Scientific) was used as
received. Hydrogen gas (General Air, 99.5%) was passed
through an indicating moisture trap (Scott Specialty Gas), a
disposable O, cartridge (Trigon), and an indicating O, trap
(Trigon) before use in hydrogenations. [(1,5-COD)Ir(u-
0,CgH,5)], was prepared by W. Morgan Alley in our
laboratories following our previously published procedure.” It
was characterized, and its purity checked, by "H and *C NMR
that matched the literature.?

"H NMR. The spectra of sample solutions in benzene-dg
(Cambridge Isotope Laboratories, Inc., 99.5%, w/o0 TMS) were
taken on a Varian Inova 400 instrument and worked out
with MestRec software when needed. Observed chemical shifts
were referenced to the proton resonance of the benzene-dg
solvent.

TEM. Sample solutions for TEM were prepared at Colorado
State University by first diluting 0.1 mL of a catalyst solution to
0.6 mL using cyclohexane in a S mL glass vial. TEM grids
(ultrathin carbon film supported by a holey carbon film on a
400 Mesh copper grid, Ted Pella, Inc.) were then immersed
into a sample solution, and dried under an N, atmosphere in
the drybox for ~1 min. The grids were then placed in 5-mL
glass vials, double-sealed under N, in the drybox, and then sent
to Dr. JoAn Hudson at Clemson University for imaging at >0.5
M magnification on a Hitachi H7600T operated at 120 kV.

Procedures and Cautions for Handling the Pyrophoric
AIEt;. Caution! AlEt; is a well-known pyrophoric reagent. AlEt;
ignites spontaneously when in contact with air. It, as with all
pyrophoric reagents, is more dangerous when flammable solvents
are present (eg, cyclohexane or dodecane, herein). AlEt; and
solvents are even more dangerous the larger the amounts being
employed.

Hence, the required safety considerations were carefully
designed and followed, including: (i) first reading the MSDS
safety sheet on AlEty; (ii) working with the minimal amounts of
pyrophoric and flammable reagents possible; (iii) using the
AlEt; only in a drybox or in Fisher-Porter (F—P) bottle under
N, atmosphere. The F—P bottle was sealed using Swagelock
quick-connects before taking it out of the drybox.

AlEt; Stock Solution (36 mM). A stock solution was
prepared in the drybox by adding neat AlEt; (0.529 mL, 0.834
g/mL) using a 1.000 mL gastight syringe into SO mL
cyclohexane in a 100 mL volumetric flask. The resulting
solution was diluted to 100 mL using cyclohexane.

Hydrogenation Solution Preparation and Catalytic
Cyclohexene Hydrogenation with As-Prepared Cata-
lysts. Catalyst solutions, 144 mM in Ir, were individually
prepared in a drybox at 30 °C. An example procedure follows
for the preparation of catalyst solution with [(1,5-COD)Ir(u-
0,CgH;5)]; and AlEt;, Al/Ir = 1: A 1.60 mg portion of [(1,5-
COD)Ir(u-O,CgH;5)], was weighed into a 20 mL screw-cap
glass vial and then dissolved in 2.4 mL of cyclohexane forming
an orange-red solution. A 5/8 X 5/16 in. Teflon-coated
magnetic stir bar was then placed in the 20 mL screw-cap glass
vial, and the solution was stirred for 1 min at 1.0 X 10° rpm as
measured with a Monarch Instruments Pocket-Tachometer. A
AlEt; solution (0.1 mL, 36 mM; Caution! Pyrophoric material,
vide supra, in combination with flammable solvents.) was then
quickly added to the Ir(I) solution within 2 s using a 0.5 mL
gastight syringe while vigorously stirring." The original orange-
red color of the [(1,5-COD)Ir(u-O,CgH;;)], solution changed

638

to tawny yellow at the end of AlEt; addition. This tawny yellow
solution was stirred under N, in the drybox for 9 h. At the end
of 9 h, the solution appeared clear brown with no visually
observable particles. The solution was then transferred into a
new 22 X 175 mm Pyrex borosilicate culture tube containing a
new 5/8 X 5/16 in. Teflon-coated magnetic stirbar. Cyclo-
hexene (0.5 mL) was added using a 1.0 mL gastight syringe,
and the resulting hydrogenation solution (1.65 M in [cyclo-
hexene] and 1.2 mM in [Ir]) was stirred for an additional
1 min.

The procedure and apparatus used for catalytic hydro-
genations of cyclohexene have been described in detail
elsewhere.****7° Briefly, a culture tube containing the hydro-
genation solution was placed in a F—P bottle, which was then
sealed and brought out of the drybox. The F—P bottle was
placed in a bath set at 22.0 + 0.1 °C. Stirring was started at
1000 + 10 rpm using a Fauske Super magnetic stirplate, and
the F—P bottle was connected to a pressurized H, line using
TFE-sealed Swagelok quick-connects. The F—P bottle was
purged 15 times (1 purge/1S s) with H, that had passed
through an indicating moisture trap (Scott Specialty Gas), a
disposable O, cartridge (Trigon), and an indicating O, trap
(Trigon). The pressure in the F—P bottle was then set to 40
psig, and then the data collection was initiated. Hydrogen
pressure vs time data was collected using a pressure transducer
(Omega PX 624-100 GSV) interfaced via an Omega D1131
analog to digital converter to a PC running LabVIEW 7.0. Data
was subsequently handled using MS Excel. The maximum
hydrogenation rate of catalysts before and after catalyst
isolation was calculated from each kinetic curve by a linear-
least-squares fit to the data points in the highest activity
(highest slope) region (R* > 0.999 for the reported data). The
maximum hydrogenation rates of redispersed catalysts occur at
the beginning of the hydrogenation (i, the maximum rate
equals the initial rate), so those (maximum) rates were
calculated via linear-least-squares fits to the initial, linear
regions of the redispersed catalysts hydrogenation curves (R* >
0.999 for the reported data).

For hydrogenations with [(1,5-COD)Ir(u-O,CgH;s)], plus
AlEt;, Al/Ir = 2, 3, or S, orangered [(1,5-COD)Ir(u-
0,CgH5)], (1.60 mg) was dissolved in a total of 2.3, 2.2, or
2.0 mL cyclohexane, respectively. Then, 0.2, 0.3, or 0.5 mL,
respectively, of a stock AlEty solution (36 mM) was added
using a 1.0 mL gastight syringe. At the end of 9 h aging in the
drybox, all the catalysts made with 1, 2, 3, or S equiv of AlEt,
turned to brown without visually observable bulk metal. At the
end of cyclohexene hydrogenation, the catalyst solutions
prepared with 2, 3, or S equiv of AlEt; were still brown with
no visually observable particles in contrast to the Al/Ir = 1
catalyst solution which did contain bulk metal particles in the
solution and on the stirbar.

Isolation and Redispersion Procedure and Hydro-
genation Using Redispersed Catalyst. After hydrogenation,
the F—P bottle was detached from the line and taken inside the
drybox. The catalyst solution and the stirbar were then
transferred into a new 20 mL screw-cap glass vial. Volatiles
were removed under vacuum to yield a black powder which was
dried under vacuum for 2 h. Cyclohexane (2.5 mL) was then
added to this isolated, black powdered catalyst, and the
resulting solution was stirred for 2 min. This solution was
completely transferred (i.e.; without leaving any observable
particles in the glass vial) into a new 22 X 175 mm Pyrex
borosilicate culture tube containing a new 5/8 X 5/16 in.
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Teflon-coated magnetic stirbar. Fresh cyclohexene (0.5 mL)
was added using a 1.0 mL gastight syringe, and the resulting
hydrogenation solution (1.65 M in [cyclohexene] and 1.2 mM
in [Ir]) was stirred for an additional 1 min.

Catalytic Lifetime Measurements. The catalytic lifetime
measurements were performed according to a previously
published procedure.”**® In the drybox, the orange-red crystals
of [(1,5-COD)Ir(u-0O,CgHy5)] (0.319 mg, 0.72 pmol) were
weighed into a 20 mL screw-cap glass vial. Then, AlEt; (20 L,
36 mM) was quickly added in 1 s using a SO uL syringe. The
resulting solution was stirred for 30 min. The catalyst solution
was then diluted with 10 mL of cyclohexene and transferred
into a new 22 X 175 mm Pyrex borosilicate culture tube
containing a new 5/8 X 5/16 in. Teflon-coated magnetic
stirbar using a disposable polyethylene pipet. Further cyclo-
hexene (26 mL, to bring the total cyclohexene volume to
36 mL, corresponding to a total of 488 000 total turnovers) was
added using a 10 mL syringe while vigorously stirring. The
culture tube containing the hydrogenation solution was placed
in a F—P bottle, which was then sealed and brought out of the
drybox. The F—P bottle was placed in a water bath set at 22.0 +
0.1 °C. Stirring was started at 1000 + 10 rpm using a Fauske
Super magnetic stirplate and the F—P bottle was connected to a
pressurized H, line using TFE-sealed Swagelok quick-connects.
The F—P bottle was purged 15 times (1 purge/15 s) with H,
that has passed through an indicating moisture trap (Scott
Specialty Gas), a disposable O, cartridge (Trigon), and an indi-
cating O, trap (Trigon). A timer was started, and the pressure
in the F—P bottle was set to 40 + 1 psig.

The reaction was monitored by periodically withdrawing 0.1
mL aliquots of the reaction solution and then analyzing that
aliquot by "H NMR spectroscopy. The aliquots were taken
from the reaction solution while the F—P bottle was connected
to the H, line as follows: the purge valve was opened to air
while the H, gas at 40 psig pressure was still flowing. A gastight
syringe with a ~25 c¢m needle was first purged with H, gas by
inserting the tip into flowing H, gas between Swagelok quick-
connects on the brass pressure head of the F—P bottle. The
syringe was filled with H, and then emptied while under H,.
This procedure was repeated five times to ensure exclusion of
air when the tip of the needle was inserted into the reaction
solution. Then 0.1 mL of the reaction solution was withdrawn
with the syringe and quickly transferred into an NMR tube
including 1.0 mL C¢Dyg.

Thermal Stability Experiments. Thermal stability experi-
ments were carried out using dodecane as solvent because of its
high boiling point (215 °C vs 81 °C for cyclohexane). The
catalyst and hydrogenation solutions, except AlEt; solution,
were prepared in dodecane using the procedure detailed above
when cyclohexane was used as the solvent and under the
section heading “Hydrogenation Solution Preparation and
Catalytic Cyclohexene Hydrogenations”. The AlEt; stock
solution in cyclohexane (36 mM) (that is, not in dodecane)
was used in the thermal stability experiments. A cyclohexene
hydrogenation (called initial cyclohexene hydrogenation here-
after) was carried out as detailed above, but now in dodecane
solvent. At the end of the initial cyclohexene hydrogenation the
22 °C water bath was replaced with a silicone oil bath set at 200
+ 2 °C. The H, pressure in the F—P bottle was decreased to
~20 psig and the F—P bottle was placed in silicone-oil bath.
The pressure in the F—P bottle was continuously monitored
during heating. The solution in the F—P bottle was kept at 200
°C for 30 min and then cooled down to room temperature
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under H,. The F—P bottle was then brought into the drybox,
and 0.5 mL of cyclohexene was added. Next, the F—P bottle
was taken out of the drybox, connected to H, line, and purged
15 times (lpurge/1S s) with H, that had passed through an
indicating moisture trap (Scott Specialty Gas), a disposable O,
cartridge (Trigon), and an indicating O, trap (Trigon). A
second cyclohexene hydrogenation was then carried out to test
the activity of the 200 °C, 30 min, heat-treated catalyst.
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