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ABSTRACT: Pd dissolution capabilities of a variety of
organic triiodides (OrgI3) in organic solvent, where Org+ =
3,5-bis(phenylamino)-1,2-dithiolylium [(PhHN)2DTL

+], 3,5-
bis(morpholino)-1,2-dithiolylium (Mo2DTL

+); tetrabuthylam-
monium (TBA+); and tetraphenylphosphonium (Ph4P

+),
toward the crude metal and model-spent three-way catalyst
(TWC), are described here. Enhanced Pd-leaching yields from
TWC were obtained using OrgI3 solutions (up to 98%) in
spite of the fully inorganic KI3 one (38%) in the same mild
conditions. The reaction products were isolated and
characterized as Org2[Pd2I6]. Crystallographic and DFT
studies highlighted the presence of several ion-pair secondary
interactions in the products, which can explain the improved
effectiveness of the Pd etching by OrgI3. For comparison purposes, the gold leaching by using R2DTLI3 and the obtained Au
complexes were investigated. Preliminary results addressed to recover the metal and the reagents from the etching product
showed that (PhHN)2DTLI3 is the most promising reagent to improve sustainability in the whole process.
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■ INTRODUCTION

Palladium is a crucial high-value component of hi-tech goods. In
particular, it is widely employed in catalysis and in electronics for
its peculiar physicochemical properties.1 This metal is found in
low abundance in only a few places on Earth,2 and for the above
reasons, it belongs to the “critical minerals” group. The increased
use of palladium in hi-tech goods, typically characterized by short
lifespan, has given rise to a large accumulation of Pd-rich waste.
In particular, end-of-life TWC (three-way catalysts) and WEEE
(waste electric and electronic equipment) contain appreciable
amounts of palladium and other noble metals (NM), whichmake
these scraps a valuable source of critical metals from recycling.
Nevertheless, NM recovery from a complex matrix such as TWC
or WEEE is a very challenging task. An intense research effort is
required to combine economic and environmental sustainability
of the recovering methods. Indeed, worldwide legislations
require an alternative to the unattractive methods currently in
use for this purpose.3,4 Recovering processes are based essentially
on pyrometallurgy, hydrometallurgy, and chlorination or gas
phase volatilization. These methods are often energy intensive
and/or based on harmful reagents.5−8 It is well known that NM

oxidation may be favored by the presence of halides (Cl− < Br− <
I−), which coordinate the metal ion lowering the high reduction
potential of the metal, as observed for example in the etching by
aqua regia. Among the halogen-based lixiviants, iodine/iodide
solutions seem very appealing for employment in “green” metal
recovering processes due to their versatility, low environmental
impact, and elemental sustainability of iodine. Indeed, it is well
known that I2/I

− aqueous solutions may be conveniently
employed for gold leaching. Gold and iodine can be then
effectively recovered at the end of the process.9 Unfortunately, in
the case of palladium dissolution, the effectiveness of the I2/I

−

mixture is heavily affected by passivation phenomena due to the
PdI2 coating.

10 As an alternative, the use of lixiviants based on S-
donor/oxidant mixtures, where S-donors are for example
thioureas or dithioxamides and the oxidant is Fe3+ or halogens,
respectively, were proposed by several authors.11,12 Among
them, the noncytotoxic and safe reagent, Me2dazdt·2I2
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(Me2dazdt = N,N′-dimethylperhydrodiazepine-2,3-dithione),
proved to be very effective in palladium leaching, producing
[Pd(Me2dazdt)2]I6 through a one-step reaction and in very mild
conditions (common organic solvents, room temperature and
pressure).13 The effectiveness of the leaching may reasonably be
attributed to the peculiar features of the ligand (sof t and chelating
donor, able to favor the square-planar geometry preferred by d8

NMs cations) and to the combined complexing/oxidizing
properties of the molecular adduct. The formation of a charge-
transfer complex enhances the reactivity of the interacting donor,
S,S-chelating ligand, and acceptor, iodine molecules with respect
to the “free” components. This reagent has been used very
satisfactorily for the almost quantitative and sustainable Pd-
recovery from model TWC as patented by us in 2005.14 The
obtained complex, [Pd(Me2dazdt)2]I6, showed to be a valued
precursor of an effective photocatalyst for H2 production.15

Nevertheless, this product was not suitable to afford, through
neither chemical nor electrochemical reduction, full recovery of
metal Pd, or relatively expensive starting reagent. In fact, it had to
be destroyed to provide Pd metal, lowering the economical,
environmental, and elemental sustainability of the whole
recovery process. In this context, with the view to overcome
these limitations and to exploit the peculiar features of iodine/
iodide mixtures, we have synthesized low-cost and safe organic
triiodides to be tested as Pd lixiviants in common organic
solvents. The working hypothesis was based on the assumption
that organic cations may interact with the iodopalladate(II) ion
through secondary interactions leading to the formation of ion-
pairs that would hamper passivation by PdI2. In fact, as recently
highlighted by Tasker and co-workers, organic cations can
interact selectively with metalate anions and favor their
extraction from water solutions to the organic phase.16 The
driving force of this process was attributed to outer-sphere
secondary interactions in low polarity organic solvents. This
approach was applied with satisfactory results in platinum group
metal (PGM) recovery from acidic leaching wastewaters. In
particular, tripodal amides were used for [PtCl6]

2− and [MCl4]
2−

extraction from aqueous phases due to the numerous hydrogen-
bonding interactions with the chlorometalate anions.17 In a
similar way, recognition of square-planar [AuX4]

− anions
through second-sphere coordination with α-, β-, and γ-
cyclodextrins was found and successfully applied for gold
recovery.18 In the present paper, we describe the Pd dissolution
capabilities of OrgI3 acetone solutions, where Org+ = 3,5-
bis(phenylamino)-1,2-dithiolylium [(PhHN)2DTL

+]; 3,5-bis-
(morpholino)-1,2-dithiolylium (Mo2DTL

+); tetrabuthylammo-
nium (TBA+); and tetraphenylphosphonium (Ph4P

+), on metal
Pd in the form of powder or contained in a model-spent TWC
sample. The leaching results are compared to one another and
with those of conventional KI/I2 mixtures, with the purpose to
select the optimal candidate for a sustainable Pd-recovering
processes. For this purpose, a joint experimental and computa-
tional investigation has been performed. The inspection of the
packing mode at the solid state by means of the Hirshfeld surface
(HS) analysis,19 complemented by DFT calculations, was
performed in order to provide information about the number,
types, and nature of interactions between anion and cation.
These interactions, crucial in promoting the ion-pairs formation,
might be relevant on the effectiveness of Pd dissolution both by
hampering the formation of passivating PdI2 and favoring their
extraction in organic solvents.

■ RESULTS AND DISCUSSION

Leaching Reagents. Selected leaching reagents are
summarized in Chart 1.

(PhNH)2DTLI3 and Mo2DTLI3
20 were prepared as summar-

ized in Scheme 1 and in the Supporting Information and are fully
characterized.

The reaction results in the oxidation of the ligand by I2 and
runs through the formation of the 1:1 charge-transfer ligand−I2
complex and the heterolytic fission of the I−I bond.20
In order to compare the reactivity toward NM of the above-

mentioned salts with respect to other more common OrgI3
species, TBAI3 and Ph4PI3 were selected and prepared in situ by
reacting, respectively, TBAI and Ph4PI salts with I2 in a 1:1 molar
ratio, in organic solvent as described below.

Metal Powder Dissolution. The different leaching mixtures
were reacted toward Pd powder in order to test their dissolution
capabilities and to isolate and characterize the reaction products.
Scheme 2 summarizes the leaching conditions and products.
Metal palladium in the form of powder was reacted under

stirring at room temperature with a (CH3)2CO solution
containing the leaching mixture [(PhHN)2DTLI3, Mo2DTLI3,
(TBAI + I2) or (Ph4PI + I2)] as detailed in the Experimental
Section. The metal disappeared over a short time (up to 2 h); the
solution darkened, and a ready precipitation of the products
occurred as the reaction went on. By using Mo2DTLI3, the
reaction not run to completion, but a small amount of metal

Chart 1. Organic Triiodides Used in This Study (OrgI3)

aIsolated at the solid state. bPrepared in situ from 1:1 OrgI/I2.

Scheme 1. Synthesis of (1) 3,5-bis(phenylamino)-1,2-
Dithiolylium Triiodide [(PhHN)2DTLI3] and (2) 3,5-
bis(morpholino)-1,2-Dithiolylium Triiodide (Mo2DTLI3)
Starting from the Corresponding Dithiomalonamide Ligand
[(RR′N)2DTM]

*In some cases, a mixture of iodide and polyiodides (I−, I3
−, I5

−) may
be isolated at the solid state (SI, Figures S1−S3).
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underwent dissolution over several hours. The leaching products
were crystallized by slow diffusion of Et2O in the reaction
solution, then collected and fully characterized. Well-shaped
crystals of complexes 2, 3, and 4 were obtained and characterized
by single-crystal X-ray diffraction as described below. Surpris-
ingly, the products did not comprise the possible PdI2 or the
expected Org2[PdI4] salts but rather the Org2[Pd2I6] ones. This
latter specie was obtained, sometimes unintentionally, in other
cases reported in the literature.23,24

(PhHN)2DTLI3 and Mo2DTLI3 were also reacted with gold
powder in order to study the leaching reaction and to compare
the resulting complexes with those produced by Pd leaching.
Scheme 3 summarizes the leaching conditions and products.

In both cases, the reaction was complete, and Org[AuI2]
complexes were produced and fully characterized. In particular,
[(PhHN)2DTL][AuI2] (5) and (Mo2DTL)[AuI2] (6) yielded
well-shaped crystals suitable for single-crystal X-ray analysis.
Differently from the palladium case, passivation phenomena did
not occur in gold leaching by triiodides. Consistently, common
KI/I2 mixtures showed comparable efficiency with respect to that
of OrgI3 solutions, making these latter reagents less interesting
for applicative purposes. Nevertheless, crystal packing analysis
based on the X-ray crystal structures of 5 and 6 provided us with
very important information on the secondary interactions
exchanged by the (PhHN)2DTL

+ and Mo2DTL
+ cations, as is

discussed further in this manuscript.
Description of the Test Specimen and Leaching

Reactions. The selected test specimen represents a model-
spent TWC. TWC were introduced on engine powered vehicles
to reduce the tailpipe emissions of hydrocarbons (HC), carbon
monoxide (CO), and nitrogen oxides (NOx). Palladium is one of
the crucial metallic components of TWC (especially since the
introduction in the 2000s of the so-called Pd-only technology)
able to catalyze, likewise platinum, the conversion of HC and CO
into CO2 and H2O. Pd, Pt, and Rh were in a tunable molar ratio:
2:4:1 in 1997 and 28:1:1 in 2000. The NMs content of catalysts

depends closely on the market price of these metals. In the last
years, an increased use of Pt in car catalysts has been observed
due to the jump of the Pd price in 2001. On these bases, a model
sample containing 2.8% Pd (typical range of loading in
commercial washcoats: 0.5−3.0 wt %) supported on CeO2−
ZrO2/Al2O3 was prepared by wetting impregnation, then aged
and characterized as fully described in ref 13. CeO2−ZrO2/Al2O3
is the most advanced support in current TWC technologies.25

The test specimen was submitted to an accelerated aging
protocol (1050 °C/200 h) in order to simulate the thermal
deactivation of a TWC. Textural and structural characterization
showed that the nature of the model-aged catalyst mimicked the
real systems.26

Portions of about 250 mg of the aged catalyst were reacted
under stirring and reflux for 7 days, with MEK (methylethylke-
tone) solutions of OrgI3 and KI3, as summarized in Table 1.

During the reactions, a darkening of the solutions was
observed except for the Mo2DTLI3 case, whose solution
bleached, suggesting a degradation of the leaching reagent
during the reaction. The solutions containing the leaching
products were then separated from the catalyst support through a
glass microfiber thimble (0.8 mm particle retention) in a Soxhlet
apparatus, and their Pd content was determined by ICP-AES
analysis as reported in detail in the Experimental Section. Pd
recovery yields follow the order (PhHN)2DTLI3 > Ph4PI3 ≥
TBAI3≫KI3 suggesting that the organic cation plays a role in the
leaching reaction. In order to try to highlight this role, the ion-
pair secondary interactions were investigated by employing data
available from the solid-state characterization.
It is worth noting that similar results in terms of leaching yields

were obtained by using (PhHN)2DTLI3 and Me2dazdt·2I2 MEK
solutions (98 vs 99%13,14) in the same experimental conditions.
Most importantly, the (PhHN)2DTM ligand offers a significant
advantage over Me2dazdt·2I2 to be available through a one-step,
greener, and cheaper synthesis (see Supporting Information for
metrics).

Molecular Structures and Secondary Interactions. The
analysis of the ion-pair interactions in the solid state provides
useful hints to predict the presence of similar interactions in
solution. A given crystal packing usually corresponds to one of
the most stable arrangements, hence with the strongest
interactions between molecular components. The assumption
made here, as made previously by several authors, is that these
solid-state interactions are reasonably maintained in solu-
tion.27,28 In the present work, both the organocations and the
iodometalate species formed by the reaction are prone to form
ion-pairs and supramolecular interactions under the experimen-

Scheme 2. Pd Powder Leaching by Triiodide Saltsa,b

aOrg+ = (PhHN)2DTL
+, Mo2DTL

+, TBA+, and Ph4P
+ in organic

solutions. i = (CH3)2CO, room temperature, 1:1 OrgI3/Pd molar ratio
for 1 and 2, and 1:1:1 OrgI/I2/Pd for 3 and 4. bAlready known
complexes obtained as byproducts of the reactions reported in refs 21
and 22 for 3 and 4, respectively.

Scheme 3. Au Powder Leaching by Triiodide Saltsa

aOrg+ = (PhHN)2DTL
+ and Mo2DTL

+ in organic solutions. i =
(CH3)2CO, room temperature, 1:1 OrgI3/Au molar ratio.

Table 1. Leaching Mixtures, Conditions, and Yields in Pd
Recovery Experiments from Model-Spent TWC

exp. leaching mixture
reagents’ concentration in

MEK (M) T (°C); t (h)
yield
(%)b

A (PhHN)2DTLI3 3.6 × 10−3 T = 80a;
t = 168

98

B Mo2DTLI3 3.6 × 10−3 6c

C TBAI/I2 3.6 × 10−3/3.6 × 10−3 73
D Ph4PI/I2 3.6 × 10−3/3.6 × 10−3 83
E KI/I2 3.6 × 10−3/3.6 × 10−3 38

aReflux. bYield referred to the percent of Pd leaching in the reported
conditions. cLeaching solution bleached during the reaction,
suggesting a gradual lixiviant degradation.
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tal conditions (acetone or MEK as solvent), as has been already
found by Tasker and co-workers on similar systems.16,17

The molecular structures of the palladium derivatives 2 (form
A and form B), 3, and 4 are reported in Figures 1 and 2.
Compounds 321 and 422 were previously published and are
herein described for comparison purposes.

The molecular structures of the gold derivatives 5 and 6 are
reported in Figure 3. The details of the X-ray structures are

illustrated in the Supporting Information, and a general overview
of the ion-pair interactions is presented here. In addition, by
means of the HS analysis, we provide a statistical description of
the number and type of interactions present in the crystal
packing. Among the palladium species, the molecular structures
of 3 and 4 show the [Pd2I6]

2− anion surrounded by TBA+ or
PPh4

+ cations, with C−H···I as the main type of interaction

between cations and anions. Differently, 2 crystallizes in two
different polymorphs (form A and form B), in which the
Mo2DTL

+ cation exchange contacts with the [Pd2I6]
2− complex

anion through the S−S moiety and with the CH group of the
morpholino ring (Figure 1), as could be expected in a sof t−sof t
interaction mode.
Unfortunately, it was not possible to obtain crystals suitable for

a single crystal X-ray analysis for compound 1. DFT calculations
were therefore used to model the [Pd2I6]

2−/(PhHN)2DTL
+

ionic couple. For this purpose, the M05-2X functional was used,
which was specifically designed to take into account noncovalent
interactions, and it is suitable for main group elements.29 The
geometry of the (PhHN)2DTL

+/[Pd2I6]
2− ionic couple was

optimized starting from three initial interacting geometries, as
schematized in Figure S7. These three initial systems were
considered on the account of the presence of potentially
interacting moieties with [Pd2I6]

2− on (PhHN)2DTL
+, namely,

the S−S and the NH−CH−NH groups. As can be appreciated in
Figure 4, surprisingly, in all of the optimized systems, the
[Pd2I6]

2− unit exchanges interactions with the NH−CH−NH
Figure 1. Molecular structure of (Mo2DTL)2[Pd2I6] (2) form A and
form B. Thermal ellipsoids are drawn at the 30% probability level.
Symmetry code = 1− x; 1− y; 1− z. Weak interactions are represented
as dashed lines and expressed in Å.

Figure 2. Molecular structures of TBA2[Pd2I6] (3)21 and
(Ph4P)2[Pd2I6] (4)

22 as reported in the literature.

Figure 3. (a) Molecular structure of [(PhHN)2DTL][AuI2] (5),
symmetry code = −x; y; 3/2 − z. (b) Molecular structure of
(Mo2DTL)[AuI2] (6), symmetry code = 1/2 − x; −1/2 − y; 1 − z, =
−x; y; 1/2− z. Thermal ellipsoids are drawn at the 30% probability level.
Weak interactions are represented as dashed lines and expressed in Å.

Figure 4. Optimized molecular structures 1a, 1b, and 1c of the ionic
couple (PhHN)2DTL

+/[Pd2I6]
2−.
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Figure 5. Fingerprint plots of form A and for B of (Mo2DTL)2[Pd2I6] (2) and (TBA)2[Pd2I6] (3). The two independent TBA+ cations of the
asymmetric unit are indicated as I and II; (Ph4P)2[Pd2I6] (4). Left column reports the contacts exchanged by the cations; right column reports the
contacts exchanged by [Pd2I6]

2−. Red spots on HS represent contacts between interacting fragments; de and di represent the distance from HS to the
nearest nucleus outside or inside the surface, respectively. Color codes varying from blue to red highlight the frequency with which a (de, di) is observed.
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group. In two of the optimized structures, the anion and cation
are positioned side to side, one NH interacting with one terminal
iodine. The second NH can then exchange a more pronounced
interaction with the central iodine (structure 1a) or with the
palladium and central iodine (structure 1b). Structure 1c is
substantially different since the anion is located above the
(PhHN)2DTL

+ and the two NH groups interact with two
terminal iodine atoms. The molecular structure of the [Pd2I6]

2−

anion is such that the distance between neighboring iodines is
approximately 3.8 Å and suitable for a double NH interaction.
According to these calculations, it seems that the NH−CH−

NH system is capable of forming stronger interactions with the
anion than the S−Smoiety. In order to support these findings, we
compared them with the molecular structures of the gold
derivatives 5 and 6 since they present the same [AuI2]

− anion and
the two different cations, (PhHN)2DTL

+ and Mo2DTL
+ (Figure

Figure 6.Hirshfeld surface (HS) and fingerprint plots of [(PhHN)2DTL][AuI2] (5). Left, cation (PhHN)2DTL
+; right, anion [AuI2]

−. Red spots onHS
represent contacts between interacting fragments; de and di represent the distance from HS to the nearest nucleus outside or inside the surface,
respectively. Color codes varying from blue to red highlight the frequency with which a (de, di) is observed.

Figure 7.Hirshfeld surface (HS) and fingerprint plots of (Mo2DTL)[AuI2] (6). Left, cation Mo2DTL
+; right, nondisordered [AuI2]

− anion. Red spots
on HS represent contacts between interacting fragments; de and di represent the distance from HS to the nearest nucleus outside or inside the surface,
respectively. Color codes varying from blue to red highlight the frequency with which a (de, di) is observed.
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3). In 6, two different [AuI2]
− fragments are present in the

structure, and one of them is located in a channel-like cavity and
is severely disordered in various positions. This disordered
[AuI2]

− moiety points to the occurrence of a weak interaction
between the sulfur atoms of Mo2DTL

+ and the linear anions. A
second anion exchanges contacts with the central CH and the
two morpholino CH groups. Interestingly in 5, the distance
between the nitrogen atoms of the cation (4.79 Å) is close to the
distance between the iodine atoms of the linear anion (5.32 Å).
This factor, together with the planarity of the N2C3 system,
implies that two N−H···I and one C−H···Au interactions can be
formed, leading to the formation of an ion-pair (Figure S5). The
features of secondary interactions found in 6 are reminiscent of
those observed for 2 in terms of nature and strength. In 5, the
(PhHN)2DTL

+ cation exchanges three types of interactions with
the almost linear [AuI2]

− anion (∼176°), in a similar way to the
calculated geometries of 1. In 6, the presence of the morpholino
ring rules out the formation of the previously described
interactions. On these bases, we can reasonably assume that
structures 1a−1c may then be considered as the most likely
structures of the (PhHN)2DTL

+/[Pd2I6]
2− ionic couple in

solution.
In order to thoroughly investigate all the interactions

exchanged by the complexes, we performed the analysis of the
Hirshfeld surface for the six complexes, namely, 2 form A, 2 form
B, 3, 4, 5, and 6. The HS analysis provided a thorough picture of
the number and type of contacts occurring between molecules
within a crystal.19 The HS analyses are reported in Figures 5−7
and Figures S8−S11.
In all systems, the main type of interaction is the H···I (range

66−54%), which is greater in 3 according to the presence of
TBA+ (66%). In the palladium complexes, the second type of
interaction is the H···Pd (8−9%). Furthermore, in compound 4,
there is also a significant portion of C···I interactions (10%) due
to the presence of aromatic rings of PPh4

+.
The species with the Mo2DTL

+ cation show the occurrence of
the S···I contacts: 9% in 2 form A, 7% in 2 form B, and 2% in 6.
Interestingly, this interaction is not present in the case of the gold
derivative 5 with the (PhHN)2DTL

+ cation.
The differences between forms A and B of 2 can be readily

appreciated by inspecting the fingerprint plots of the cation and
anion of both forms. From a qualitative point of view, the type of
interactions are the same, but a different orientation of the two
ions between the two forms implies that in 2 form A the O···H
and H···H contacts exhibit stronger interactions according to the
cusps present in the plot (Figure 5). The reverse situation is
found for the H···Pd contacts. Complexes 5 and 6 are interesting
since they allow us to compare the influence of the two cations,
Mo2DTL

+ and (PhHN)2DTL
+, on the structural arrangement.

Here, 5 exhibits three very close contacts between the NH and
CH groups with the iodides and with the metal. This is evidenced
in HS of either (PhHN)2DTL

+ and [AuI2]
− (Figure 6).

Moreover, the presence of two cusps in the fingerprint plots
for each fragment is suggestive of strong interactions. In 6, the
most important interactions involve the H···I contacts (57%),
H···Au contacts (13%), and C···Au contacts (7%), but these
appears to be weaker than in 5 (Figure 7). As a general
observation, when comparing the cations Mo2DTL

+ and
(PhHN)2DTL

+, it seems that the latter is capable of forming a
stronger ionic couple with [AuI2]

−. These findings can then be
extended to the (PhHN)2DTL

+/[Pd2I6]
2− and Mo2DTL

+/
[Pd2I6]

2− systems, 1 and 2, on account of the results of the
optimized geometries 1a−1c.

These observations are in good agreement with the order of
reactivity of the OrgI3 salts. Indeed, the shorter (hence stronger)
interactions formed by (PhHN)2DTL

+ with the anions can
explain the most effective metal dissolution promoted by
(PhHN)2DTLI3. Mo2DTLI3 does not seem to yield strong
ionic couples. Consistently less performing reactivity is expected
for this salt. TBAI3 and Ph4PI3 exhibit an intermediate reactivity
consistent with the high number of weakly interacting hydrogen
atoms.

Computational Investigation of the Secondary Inter-
actions. In order to comprehensively study the nature of the
interactions occurring in ion-pairs involving the DTL+ moiety
and the preferential sites of interaction between the anion and
the cations, we followed two complementary approaches. The
first one is based on the analysis of the negative and positive
charge distribution on the molecular surface, which can be
attained by deriving the electrostatic potential (ESP) for both the
cations and anions. Consequently, the interactions between the
two moieties is likely to occur between fragments characterized
by the accumulation of charges of opposite sign. The charge
distribution derived by ESP is usually applied when hard species
are involved and for interactions that occur through a charge-
controlled formalism. In the second approach, the interaction
between various components in a system may be described
according to a donor−acceptor formalism (orbital controlled).
When sof t species are present, the donor−acceptor formalism
can provide additional and complementary information to that
obtained by the ESP. Therefore, we analyzed the reactivity
indices, i.e., nucleophilic and electrophilic susceptibilities derived
by the condensed Fukui functions, in order to investigate the
interactions within the ionic couple.30 The electrophilic and
nucleophilic susceptibilities represent the tendency that a specific
fragment within a molecule can be subjected to an electrophilic
or nucleophilic attack, respectively. The ESP was calculated for
the anionic species, [Pd2I6]

2− and [AuI2]
−, and for the cationic

moieties, (PhHN)2DTL
+ and Mo2DTL

+ (Figure 8).

The negative charge of the [AuI2]
− anion is mainly localized

on the iodine atoms in regions perpendicular to the Au−I bonds.
The metal atom exhibits a slightly positive charge accumulation.
Moreover, there is a significant positive charge accumulation on
the opposite side of the Au−I vector. This charge distribution is
in agreement with the σ-hole model of the electron density
distribution.31 The negative charge of the [Pd2I6]

2− anion is
mainly localized on the terminal iodine atoms. The bridging
iodine and the metal atoms exhibit a significantly minor negative
charge accumulation. As expected, the terminal iodine atoms
display similar negative and positive charge accumulations in the

Figure 8. Electrostatic potential for (a) [AuI2]
− and [Pd2I6]

2− mapped
on the isodensity surface (B3LYP/SDD) and (b) Mo2DTL

+ and
(PhHN)2DTL

+ mapped on the isodensity surface (B3LYP/6-
31+G(d)). Color codes from negative to postive: red, yellow, green,
blue.
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gold complex (σ-hole). The organic Mo2DTL
+ moiety has a

significant negative charge accumulation on the oxygen atom of
the morpholino rings, whereas the hydrogen atoms are regions of
positive charge. The sulfur atoms present a slightly negative
charge accumulation in areas above the plane of the penta-atomic
ring, whereas they show a significant positive charge accumu-
lation in atomic portions that are in the penta-atomic ring plane
and pointing toward the exterior of the molecule. The
(PhHN)2DTL

+ cation exhibits a slightly negative charge
accumulation on the carbon atoms of the phenyl ring, and the
same type of charge distribution is envisaged on the sulfur atoms
of Mo2DTL

+. In (PhHN)2DTL
+, the more pronounced positive

charge accumulation is on the hydrogen of the N−H moieties
and, to a slightly minor extent, on the central C−H group. This
directional positive charge distribution, that spans between the
hydrogen atoms of the N−H residues, is well suited to facilitate
the interaction with the linear [AuI2]

− and the planar [Pd2I6]
2−

complexes as previously described. The substitution of the
phenyl ring with the morpholino residue disrupts this positive
charge distribution. Consequently, in Mo2DTL

+, the fragments
of the organic moiety that exchange the majority of the
interactions are the morpholino residues and the sulfur atoms.
In [Pd2I6]

2−, the distribution of the negative charge on the iodine
atoms and their significant number confers certain degrees of
flexibility to the possible packing arrangements that can be
exhibited by this fragment. In the absence of very pronounced
and directional interactions, different packing arrangements can
be obtained. This can tentatively justify the occurrence of two
polymorphs of the compound (form A and form B), also
suggestive of the weak nature of the interaction between
Mo2DTL

+ and [Pd2I6]
2−.

As for the second approach, Figures 9 and 10 report the
frontier orbitals of the [AuI2]

− and [Pd2I6]
2− anions and of the

(PhHN)2DTL
+ and Mo2DTL

+ cations, together with the
electrofilic and nucleofilic susceptibilities.

According to the shape of the nucleofilic susceptibilities for the
cations, the electron acceptor properties are mainly confined on

the sulfur atoms. As far as the anions are concerned, the gold
atom in [AuI2]

− and the central iodine atoms in [Pd2I6]
2− are

responsible for the electron acceptor properties of these
fragments. On the opposite, if we consider the electrophilic
susceptibilities, the electron donor properties of the cations
reflect the different peripheral functionalization. In particular, in
(PhHN)2DTL

+, these are confined on the NHs, on the central
CH, and on the aromatic carbon atoms, whereas in Mo2DTL

+,
these are confined on the oxygen and nitrogen atoms of the
morpholino ring and on the central CH. For the anions, the
electrophilic susceptibilities clearly indicate the terminal iodine
atoms and to a minor extent the metal centers, as sites endowed
with electron donor properties. According to the results of this
second approach, the orbital-controlled interactions would occur
between the terminal iodine atoms of the anions and the sulfur
atoms of the cation. Nevertheless, this is in contrast with the
experimental structures, in particular, of 5 and 6, as well as with
the optimized geometries of 1a−1c. The only systems that are in
agreement with this formalism are 2A and 2B, where purely sof t
species are involved in the interaction, namely, the terminal
iodine atoms (electron rich) and the S−S system (electron
poor). This brings out the differences in the interaction
properties of the two cationic systems (PhHN)2DTL

+ and
Mo2DTL

+. In the former, the presence of the NHCHNH group
leads to interactions that can be easily explained with the ESP
distribution (charge controlled), whereas in the latter also the
orbital-controlled formalism can be invoked to explain the
cation−anion interactions. In summary, it seems that the charge-
controlled type of interaction is the dominant feature of this class
of compounds.

Metal and Ligand Recovery from the Leaching
Solution. The NM recovery from the lixiviant solutions occurs
by means of metal reduction using sacrificial electron donors (Zn
or Mg) or electrowinning. Interesting preliminary results by
chemical cementation (with Zn or Mg) of an acetone solution of
1 were obtained. In fact, by adding an excess of Zn or Mg (grains
and chips, respectively) to the leaching solution, either in the
presence or absence of CF3COOH, a metal palladium
precipitation occurred (yield ≈ 70%). After the metal recovery,
the leaching solutions were dried under vacuum, and orange−
brown oily products were recovered. A column chromatography
on silica gel of a THF solution of the crude product obtained by
Mg cementation produced two fractions, which showed an IR
spectrum superimposable with that of the (PhHN)2DTM
neutral ligand. All these results support the reaction in Scheme 4:

These preliminary results seem very encouraging in order to
obtain a “closed loop” recycling method. Nevertheless, further
experiments addressed to better clarify the reaction are required.
In particular, studies on the chemical and electrochemical
behavior of 1 and of the (PhHN)2DTL

+ cation on varying the
solvent, pH, and temperature and a setup of the best
experimental conditions in order to reach high rates of metal
and ligand recovery avoiding byproducts are in progress.
The cementation reaction of 1 yielding elemental Pd and the

dithiomalonamide precursor from the lixiviant solutions may be

Figure 9. Frontier molecular orbitals of [AuI2]
− (a) and [Pd2I6]

2− (b),
together with their nucleofilic and electrofilic susceptibilities (B3LYP/
SDD).

Figure 10. Frontier molecular orbitals of (PhHN)2DTL
+ (a) and

Mo2DTL
+ (b), together with their nucleofilic and electrofilic

susceptibilities (B3LYP/6-31+G(d)).

Scheme 4. Proposed Cementation Reaction by Zn or Mg of
Leaching Product 1
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related to the nature of the frontier orbitals (FMOs) of the
cations and anions of the ionic couple. In particular, the LUMO
configuration can provide a reliable prediction of the reduction
site within a molecule.
In the complexes under investigation, the LUMO of the

[Pd2I6]
2− anion shows an important contribution of the

palladium atoms on the whole system with a σ-antibonding
character between palladium and iodine atoms. Thus, the
population of this orbital on electrons addition will favor the Pd−
I bonds rupture with formation of the metal and iodides. At the
same time, the LUMO of (PhHN)2DTL

+ shows a σ-antibonding
interaction between the two sulfur atoms. In addition, in this
case, the population of the LUMO favors the rupture of the S−S
bond and the back reaction to the neutral dithiomalonamide
precursor. No other effects on the cation seems to be involved in
the process.
Differently, in the case of the reference leaching method based

on the use of Me2dazdt·2I2, the reaction produced the
[Pd(Me2dazdt)2]I6 complex. The [Pd(Me2dazdt)2]

2+ cation
can be described as a rare case of dicationic square-planar d8

metal dithiolene. In this class of complexes, the members of the
series may spread from the dicationic form to the dianionic one
with minor structural changes at the molecular level through four
reversible reduction steps. The nature of HOMO and LUMO in
this case would favor an electrochemical event that involves the
whole molecule and without dissociation into metal and ligand
components.32 This is in agreement with the unsuccessful
attempts to obtain the metal from the leaching solution by
chemical or electrochemical reduction.
Thus, the described Pd-etching method represents progress

with respect to the one based on the use of Me2dazdt·2I2 since it
allows us to obtain similar high recovery yields in the same mild
conditions but offers a great potential to exploit a “closed loop”
recycling procedure.

■ CONCLUSIONS
In this study, the Pd dissolution capabilities of a variety of organic
triiodide salts (Org+ = (PhHN)2DTL

+, Mo2DTL
+, TBA+, and

Ph4P
+) in organic solution, were investigated in order to test their

applicability in palladium recovery from hi-tech wastes. The
presence of an organic cation in the triiodide salt showed to
dramatically improve its Pd-leaching properties with respect to
those of the fully inorganic KI3 salt. This is ascribed to the ionic
couple-driven production of Org2[Pd2I6] complexes which
prevents the formation of the passivating PdI2. Among the
investigated organic salts, (PhHN)2DTLI3 showed to be the
most effective. Remarkably, this salt works as effectively as our
previous patented Me2dazdt·I2 lixiviant, yielding an almost
quantitative palladium recovery from model-spent TWC in very
mild conditions. Furthermore, it offers the advantage to be
available through an easier and cheaper synthesis with respect to
Me2dazdt. The experimental findings fully agree with crystallo-
graphic and computational studies. In particular, in the presence
of iodopalladate species, a cation-dependent leaching occurs as a
function of the second-sphere interactions within the ion-pair.
The formation of a strongly interacting ionic couple in
[(PhHN)2DTL]2[Pd2I6] seems to support the highest reactivity
of (PhHN)2DTLI3 toward palladium. In addition, it seems the
most promising to provide a highly pursued “closed loop”
process due to the capability of [(PhHN)2DTL]2[Pd2I6] to give
back metal and ligand by chemical reduction. Nevertheless, for
applicative purposes, it is noteworthy that the selection of the
“best” leaching agent should be tailored depending on the

particular application and on which aspect is prioritized (i.e.,
efficiency, homogeneity, rate, costs, recyclability, etc.). In that
sense, TBA+ or Ph4P

+ triiodides might be preferable to the
(PhHN)2DTL

+ one in order to use commercially available
reagents, taking into account that an excess of reagents and/or
longer reaction times are required in order to obtain comparable
recovering yields with respect to (PhHN)2DTLI3.

■ EXPERIMENTAL SECTION
Reagents and solvents of reagent grade were used as supplied by Aldrich.

Preparations. (PhHN)2DTM and Mo2DTM ligands and Mo2D-
TLI3 salt were prepared according to refs 33 and 20, as detailed in the
Supporting Information. (PhHN)2DTLI3 salt was prepared as
described in the Supporting Information.

[(PhHN)2DTL]2[Pd2I6] (1). (PhHN)2DTLI3 (0.103 g, 0.15 mmol) was
dissolved in (CH3)2CO (ca. 75 mL) and reacted with palladium metal
powder (16 mg, 0.15 mmol, submicron, 99.9+%) under stirring at room
temperature. The brown solution darkened during the reaction and a
slight precipitation of a purple product occurred. After 2 h, the metal
dissolution was completed. The remaining product was obtained by
Et2O diffusion into the reaction solution with a overall yield of 70%.
CHN % found (calculated for Pd2C30H26N4S4I6, MW = 1653.07): C
22.57 (21.8); H 1.68 (1.58); N 3.32 (3.39);

IR (KBr pellet, cm−1): 3470w, 3150w, 3100w, 3030w, 2950w, 1594s,
1536vs, 1477vs, 1326m, 1240w, 1193m, 1077w, 1026w, 999w, 900w,
77s3, 754s, 699s, 653m, 610m, 59m, 540m, 509w, 474vw.

UV−vis [λ, nm (ε, dm3 mol−1 cm−1)]: 299.02(52400);
339.07(64400).

(Mo2DTL)2[Pd2I6] (2). This complex was prepared as described above
for the (PhHN)2DTL compound, starting from Mo2DTLI3 (0.101 g;
0.15 mmol) and palladium metal powder (16 mg; 0.15 mmol) in
(CH3)2CO (ca. 75 mL). In this case, the reaction did not run to
completion. but only a small amount of metal underwent dissolution
after several hours. Brown well-shaped crystals were obtained from the
solution and characterized as (Mo2DTL)2[Pd2I6] by single-crystal X-ray
diffractometry.

(TBA)2[Pd2I6] (3). TBAI (71.20 mg, 0.20 mmol) and I2 (50.86 mg,
0.20 mmol) were dissolved in ca. 30 mL of (CH3)2CO. Palladium metal
powder (20.74 mg, 0.20 mmol) was added to the solution under stirring
at room temperature. The brown solution darkened during the reaction,
and a precipitation of an abundant black crystalline product occurred.
The remaining product was obtained by Et2O diffusion into the reaction
solution with an overall yield of 90%.

IR (KBr pellet, cm−1): 2960vw, 2860w, 1460w, 1370w, 1170w, 1110s,
1070s, 1030s, 880w, 790s, 740w.

UV−vis [λ, nm (ε, dm3 mol−1 cm−1)]: 342(31760); 456(5900);
549(3800).

(Ph4P)2[Pd2I6] (4). Ph4PI (0.144 g, 0.31 mmol) and I2 (81.9 mg, 0.32
mmol) were dissolved in ca. 30 mL of (CH3)2CO. Palladium metal
powder (33.05 mg, 0.31 mmol) was added to the solution under stirring
at room temperature. The brown solution darkened during the reaction
and a precipitation of an abundant black crystalline product occurred.
The remaining product was obtained by Et2O diffusion into the reaction
solution with an overall yield of 90%.

IR (KBr pellet, cm−1): 1590w, 1480w, 1430w, 1310s, 1190s, 1160s,
1100vw, 1030vs, 990w, 750w, 720vw, 690vw, 530vw, 420vw.

UV−vis [λ, nm (ε, dm3 mol−1 cm−1)]: 342 (40100); 456 (5890); 550
(3600).

[(PhHN)2DTL][AuI2] (5). (PhHN)2DTLI3 (0.102 g, 0.15 mmol) was
dissolved in (CH3)2CO (ca. 50 mL), and gold metal powder (0.015 g,
0.075 mmol, 0.5−0.8 μm, 99.96+%) was added in a 2:1 molar ratio. The
orange solution turns to dark orange, and the metal disappears in a few
hours. The reaction mixture was kept in a Et2O diffusion at room
temperature. After few days, shiny orange needle-like crystals suitable for
X-ray studies were obtained (90% yield).

IR (KBr pellet, cm−1): 2960vw, 2860w, 1460w, 1370w, 1170w, 1110s,
1070s, 1030s, 880w, 790s, 740w.

UV−vis [λ, nm (ε, dm3 mol−1 cm−1)]: 342(31760); 456(5900);
549(3800).
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(Mo2DTL)[AuI2] (6).This compound was prepared as described above
for the corresponding (PhHN)2DTL complex, starting fromMo2DTLI3
(0.220 g; 0.34 mmol) and gold metal powder (0.033 g; 0.17 mmol) in
(CH3)2CO (ca. 75 mL) for 24 h at room temperature. Orange needle-
like crystals suitable for X-ray studies were obtained with a 90% yield by
slow Et2O diffusion in the leaching solution.
IR (KBr pellet, cm−1): 3090w, 2860w, 1540w, 1420m,1380vw,

1350w, 1300w, 1260m, 1220m, 1120s, 1060vw, 890vw, 870w, 740w,
620w, 510vw.
UV−vis [λ, nm (ε, dm3 mol−1 cm−1)]: 240.04(530); 295.03(3100);

315.07(3050); 359.99(1400).
Methods and Equipment. Microanalyses were performed by

means of a CHN-S TRUSpec LECO analyzer.
Spectroscopic Measurements. IR spectra (4000−400 cm−1) were

recorded using a Bruker Vector 22 FT-IR spectrometer as KBr pellets.
Electronic spectra were recorded using a Varian Cary PROBE 50
spectrophotometer on CH3CN solutions.
ICP-AES Analysis. The Pd content in leaching solutions was

determined by an ICP-AES Varian Lyberty 200 spectrometer, following
an acid digestion of the residue obtained by filtration of the solution
containing the Pd complex from the catalyst and after solvent
evaporation. A calibration plot was obtained by using five standards in
the 1−10 ppm range. The sample solutions were prepared by diluting
the digested solutions in water containing few drops of HCl conc. to
achieve an ∼6 ppm concentration.
The samples digestion was performed by means a Milestone Ethos 1

Microwave digester, equipped with an HPR1000/10S high pressure
segmented rotor, an ATC-400CE automatic temperature control, and a
Terminal 640 with easyCONTROL software. The treatment was
performed by applying a microwave program consisting of two steps
lasting 10 and 20 min at a temperature of 200 °C and microwave power
up to 1000 W to TFM vessels containing the sample and a mixture of
HNO3 (65%, 2 mL), HCl (37%, 6 mL), and H2O2 (30%, 0.5 mL).
Computational Details. The electronic properties of

(Mo2DTL)2[Pd2I6] (2), (TBA)2[Pd2I6] (3), (Ph4P)2[Pd2I6] (4),
(Mo2DTL)[AuI2] (5), and [(PhHN)2DTL][AuI2] (6) complexes
were investigated by means of DFT methods.34 All the calculations
have been performed with the Gaussian 09 program suite.35 The
molecular structures of the various molecular fragments were optimized
starting from the X-ray experimental geometry without symmetry
constraints. The Becke three-parameters exchange functional with a
Lee−Yang−Parr correlation functional (B3LYP)36,37 was employed
together with the SDD basis set38 for Mo2DTL

+, (PhHN)2DTL
+, TBA+,

and (Ph4P)
+ cations. The molecular structures of the ionic couple

[(PhHN)2DTL]
+/[Pd2I6]

2− were optimized with the M05-2X density
functional and starting from three initial geometries sampling the
possible anion/cation interactions. The single point calculations were
performed with the 6-31+G(d) basis set.39,40 For the [Pd2I6]

2− and
[AuI2]

− anions, the geometry optimizations and the single point
calculations were performed with the SDD basis set and with the
MWB60 (Au), MWB46 (I), and MWB28 (Pd) pseudopotentials.41,42

Molecular orbital diagrams and nucleophilic/electrophilic susceptibil-
ities were generated with the Gabedit program.43 Electrostatic potential
diagrams were generated with the MOLDEN program.44

X-ray Crystallography. A summary of data collections and
structure refinements for (Mo2DTL)2[Pd2I6] (2) form A and form B,
[(PhHN)2DTL][AuI2] (5), and (Mo2DTL)[AuI2] (6), and for the
[(PhHN)2DTLI3] salt are reported in Tables S1 and S2, respectively, in
the SI. Single crystal data were collected with Bruker Smart APEXII and
Breeze area detector diffractometers, Mo Kα: λ = 0.71073 Å. The unit
cell parameters were obtained using 60 ω-frames of 0.5° width and
scanned from three different zones of reciprocal lattice. The intensity
data were integrated from several series of exposures frames (0.3°width)
covering the sphere of reciprocal space.45 Absorption corrections were
applied using the program SADABS.46 The structure was solved by
direct methods (SIR2011)47 and refined on F2 with full-matrix least-
squares (SHELXL-2014),48 using the Wingx software package.49 In 6,
the asymmetric unit comprises two independent Au−I fragments each
of which exhibit the metals with 0.5 site occupancy factors. Moreover,
one of these Au−I fragments is disordered in a channel-like cavity. The

iodine atoms of this fragment were refined with isotropic thermal
parameters. The remaining nonhydrogen atoms were refined anisotropi-
cally. In all structures, the hydrogen atomswere placed at their calculated
positions. Graphical material was prepared with the Mercury 3.5.1
program.50 CCDC 1523140−1523146 contain the supplementary
crystallographic data for this paper.

The Hirshfeld surface (HS) properties19,51 were computed in order
to elucidate the differences and similarities between the packing modes
for the six complexes using the CrystalExplorer 3.1 program.52 HS
defines the volume of space in a crystal where the sum of the electron
density of spherical atom for the molecule (pro-molecule) exceeds that
for the crystal (pro-crystal). Various properties of HS can be computed
and visualized, in particular, de and di, which represent the distance from
a point on the surface to the nearest nucleus outside or inside the surface,
respectively.

The dnorm is the normalized contact distance and is defined by taking
into account de and di and the van der Waals radii of the atoms

=
−

+
−

d
d r

r
d r

rnorm
i i

vdW

i
vdW

e e
vdW

e
vdW

Here, dnorm can be mapped on HS providing clear evidence of the
interactions exchanged by adjacent molecular fragment (visualized as
red spots on HS). Moreover, the correlation between de and di provides
the fingerprint plots, which are 2D diagrams that provide a thorough
depiction of the overall interactions exchanged by the molecules within
the crystal.53
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