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Abstract: Recently, the icosahedral Aly3™ cluster has been shown to possess some unusual characteristics
due to its special stability (Bergeron, D. E.; et al. Science 2004, 304, 84—87; 2005, 307, 231—235). Here
we present reactions of isolated Aliz~ clusters with hydrogen chloride, following their oxidation through the
application of Fourier transform ion cyclotron resonance mass spectrometry. Due to the ultra-low-pressure
conditions, the reaction time can be expanded to make one intermediate after another come into view.
The following intermediates are generated sequentially, releasing AICl and Hy: AligHCI—, AlioH™, AlioHLCl,
Ali1Hz, Ali.Cl—, and Ali; . The resulting reaction scheme proves to be a molecular model for the dissolution
of a metal in an acid, revealing the initial steps of a heretofore unknown fundamental heterogeneous reaction.

Introduction admitted using a pulsed valve to raise the pressure t6 fbar for

| inb | | h . some seconds. For studying the reactions, HCI was introduced into the
nterest in bare metal atom clusters has grown in recent years, o, ce| with a leak valve. This typically raised the pressure fromt4.0

largely because they represent nanoscale intermediates betweeghar to 108 mbar. To initiate reactions, a sustained off-resonance radio
metal atoms and the bulk metal. These investigations havefrequency pulse at 304 305 Hz (200 Hz above the cyclotron resonant
probed their electronic properties and chemical reactivity in frequency of Als") was applied for up to 40 s.

search of novel properties not exhibited by the atom or bulk  Calculations were carried out with the density functional theory
metall2 In this respect, the At~ cluster anion is remarkable  (DFT) implementation of the TURBOMOLEprogram package, using
for its stable electronic configuration (40 valence electrons, the Becke-Perdew 86 functional (BP86). Coulomb interactions were
corresponding to a closed shell in the jellium-like shell m@del ~ treated within the resolution of the identity (RI) approximatiétithe
and its reactions with HI and,lwhich have prompted it to be grlds_req_mred for the nume_rlcal integration of exchang(_e and correlation
called a superatorhHere we present not only a further reaction Cor.'mbunons were of m.ed”.Jm coarseness {mBhe basis set was of

of this popular A{3~ anion but also primary steps of the reaction split-valence plus polarization (SVP) type.

cascade of the dissolution of this cluster in an HCI atmosphere. Results

Furthermore, we want to show thatbesides obvious dif- A broad distribution of A}~ cluster anions (witlm = 6—25)
ferences— there are unexpected similarities between theAl 55 detected in the FT-ICR mass spectrum after laser ablation
cluster and the bulk metal and that thIS cluster may even be a ¢ 5qjig LiAIH .. After the pressure was increased to8mbar
molecular model compound for reactions of the bulk metal. by admission of hydrogen chioride, new signals appeared that
Experimental Methods were assigned as AH™, AlisH™, and AhgH™. To determine

] ) ] ~ the origin of the hydrogenated aluminum clusters;sAlwas
Most experiments were performed with a commercial Fourier

transform ion cyclotron resonance mass spectrometer (lonSpec HiresiSOIatEd in the ICR cell and allowed to react with HCI. We
MALDI ULTIMA FT-ICR MS), equipped with a 7.0 T magnet, and observed that AkH™ was the only product, indicating that the
an external matrix-assisted laser desorption/ionization ion source reaction had proceeded as follows:

(lonspec), equipped with a pulsed nitrogen laser (Spectra Physies,

337.1 nm). After laser desorption/ionization of lithium aluminum Al +HCl— Al H + AICI (¢D)]
hydride (LiAlH,, rods), pure Al~ (lithium- and hydrogen-free) clusters

were generated. Selected ions were isolated and cooled to room  Al;sH~ and AkegH™ were formed in the same way by reaction
temperature using argon as the collision gas. For this, argon was of A|l;5~ and Al;~ with HCI, respectively. In contrast to this,

T University of Karlsruhe (TH). (4) Treutler, O.; Ahlrichs, RJ. Chem. Phys1995 102, 346-354.
*Johns Hopkins University. (5) Becke, A. D.Phys. Re. A: At., Mol., Opt. Phys1988 38, 3098-3100.
(1) Bergeron, D. E.; Castleman, A. W.; Morisato, T.; Khanna, SSbience (6) Perdew, J. PPhys. Re. B 1986 33, 8822.
2004 304, 84—87. (7) Eichkorn, K.; Treutler, O.; Oehm, H.;ldar, M.; Ahlrichs, RChem. Phys.
(2) Bergeron, D. E.; Roach, P. J.; Castleman, A. W.; Jones, N.; Khanna, S. N. Lett. 1995 240, 283-290.
Science2005 307, 231—-235. (8) Eichkorn, K.; Weigend, F.; Treutler, O.; Ahlrichs, Rheor. Chem. Acc.
(3) Knight, W. D.; Clemenger, K.; De Heer, W. A.; Saunders, W. A.; Chou, 1997, 97, 119-124.
M. Y.; Cohen, M. L.Phys. Re. Lett. 1984 52, 2141-2143. (9) Schider, A.; Horn, H.; Ahlrichs, RJ. Chem. Physl992 97, 2571-2577.
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Al13™ ions did not react spontaneously in the presence of HCI;  Altogether, the reaction of A4~ with HCI, going to Ak;~,

in the mass spectrum, the initial signal of isolatedsAlions H,, and AICI, is seen to be endothermic:

remained strong, so the proton-transfer reactionz Af- HCI

— AiésH + CI7, can be excluded from having occurred as A| 13 +2HCI—H,+ 2AICI + Al ;-

\t/)vell. ngever, vyhen the kinetic energy of At was increased AH(0 K) = +89 kJ morl': @)
y applying a radio frequency (RF) pulse, new signals occurred R

that were assigned as&H™, Al12CI~, Al11Ho™, and Ay~ (see ) )

mass spectrum in Figure 1). When only short RF puls&ss) Discussion

were applied, the formation of AH™ (see Figure 1b) was (1) Commentary on the Experimental ResultsNeither of

observed, whereas when slightly longer pulsedq s) were  the two intermediates, [AdHCI~] and [Al;2H,Cl-], was clearly

applied, Al;~ also came clearly into view (see Figure 1c). When detected during these experiments. pALCI~] was definitely

still more energy was supplied (through longer pulse lengths not observed, while [ABHCI~] emerged in very small quantities

of up to 40 s), all of the reaction products shown in eq 2 (Figure 1d). (This fact is denoted by writing them in brackets.)

appeared (see Figure 1d). To further specify the reaction The formation of an [AlsHCI~] complex is postulated to be

pathway, we isolated AJH™ and let it react with HCI; both  the first step during the reaction of At with HCI (eq 4.1). As

Al,Cl~ and AlhiH;™ resulted. When we performed a double- a consequence of ultra-low-pressure conditions, there is no bath

resonance experiment in which 4CI~ was continuously gas to absorb its heat of formation (for fAHCI™], AgH(0 K)

removed from the ICR cell as it was formed, /A, was = —168 kJ mot! as calculated by DFTY.° Therefore, since
formed anyway, thus showing that,ACI~ and AliH>~ were the exothermicity of the [ABHCI]* intermediate is so large,
formed independently. The reaction ofi&l with HCI therefore it is highly rotationally and vibrationally excited and thus has
can be subdivided into two branches (egs 2 and 3): a very short lifetime either toward dissociation back to reactants
or toward the dissociation channel shown in eq 4.2. Since the
Al j\lc(':l Al H H_S_ AlLCI™ — AL () dissociation to Al,H™ and AICI (eq 4.2) was calculated to be

endothermic by+217 kJ mot?, this event can proceed only if
 hal - additional energy is supplied, e.g., by RF excitation. If no
Al H™ — - AlH, =y Al (3) additional energy is supplied, [AHCI~]* can only decompose
back to the educts, Ad~ and HCI. This may be the reason why
Further validation of the reaction scheme presented here WasAI 13 10nS appear to be_lnert inan H.Cl atmosphere when_no
. . . ._excitation is provided. With RF excitation, the charged reaction
achieved via another double-resonance experiment. By removing

AloH- ani tial int diat . th i products of eq 4.2 are observéd.
121 anions as essential Intermediate: species, e entire nother consequence of low-pressure conditions is that
reaction cascade was disrupted.

. . reaction channels other than those shown in eqgs 4.1, 4.4a, and
To further elucidate these results, the reaction scheme cang 4 can be excluded for the intermediate speciessHCI ]

be subdivided into single steps. The following equations angd [Al,H,CI-]. The time between their collisions with HCI

comprise all possible and necessary reaction steps for themglecules at a pressure of Eambar is about 10 s on average,

degradation of Als™. In each case, the reaction enthalpies have geduced from the Langevin iermolecule reaction rate, where
been calculated by DFT methods. These results are alsog = 0.11 s!? In contrast to this long period between

presented graphically in Figure 2. collisions, the respective reaction decay time of some of these
cluster species is very short; phase space theory (PST) predicts
Al;; + HCI—[Al HCIT] the lifetimes of the species produced, {#ICI], [Al 12H.CIT],

o —_ 1 and Al;Cl™, to be only some few tenths of a secddd?(The
ARH*(0K) = —168 kJ mol™ (4.1) present experiments, however, show that the lifetime oG\
[Al HCIT] — Al ,H™ + AICI is long enough to be detected, i.e., before the endothermic
o . 1 elimination step (4.5a) consumes part of its internal energy.)
AgH*(0K) = +217 kI moT™ (4.2) Considering the whole reaction cascade, those endothermic steps
Al H™ + HCl— [Al ,H,CI ] which lead to the products, AICI and,Hare key steps in the
. 1 mechanism. These steps are depicted in eqgs 4.2, 4.4b, and 4.5a
AgH*(0K) = =192 kI mol ™~ (4.3) and in egs 4.4a and 4.5b, where the elimination of the stable,
[Al ,H,CI"] — Al ,CI” + H, high-temperature molecule AICI and the generation of hydrogen

ARH°(O K) = +30kJ morl (4,4a) (10) Concerning the acidities of HCl and HAlour DFT calculations indicated
HAl 13 to be a stronger proton acid than HCI in the gas phase. The reaction
_ _ HCI + Al;5~ — AlgH + CI™ is calculated to be endothermic ByH°(0
Al 12C| e A|11 =+ AICI K) = +266 kJ mot* (in agreement with our experimental observation).
o 1 (11) In other words: without any external excitation, the formation of4ACI]
AgH°(0 K) = 4202 kJ mol - (4.5a) from Aly~ and HCl is not observed, since the reaction back to the educts
(i.e., the dissociation) is much faster than the formation ofidACI].
-1 - When an external excitation (RF pulse) is applied, the subsequent reaction
[AI :L2H2CI ] Al 11H2 + AICI can be lifted over the barrier, [AHCI"] — Al o2H~ + AICI (endothermic,
1 +217 kJ mot?). The dissociation reaction of [AHCI~] proceeds so fast
ARHO(O K) = +118 kJ mol - (4.4b) that [Al.sHCI] itself cannot be observed.
(12) Langevin, PAnn. Chim. Phys1905 5, 245-288.
Al.H. —Al..-+H (13) Baer, T., Hase, W. L., Edslnimolecular Reaction Dynamics: Theory and
1172 1 2 ExperimentsOxford University Press: New York, 1996; 438 pp.
° _ 1 14) Burgert, R.; Schiakel, H.; Olzmann, M.; Bowen, K. H., JAngew. Chem.,
AgH?(0 K) = +114 kI mol~ (4.5b) 0o . 2006 45, 14761479, ?
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Figure 1. FT-ICR mass spectra. After laser desorption ionization of solid LA~ clusters are generated.:At is cooled via argon collisions, isolated,
and exposed to an HCI atmosphere~dt0—8 mbar. (a) Without external energy supplied (RF excitation), no reaction is observed. (b) When a little energy

is supplied (irradiation with RF pulse length s), Al;,H™ is found as a reaction product. (c,d) For longer RF pulse lengths, all reaction products emerge.
Al13HCI™ is observed only in very small amounts (cf. text).

I T
250 300

gas (H) are shown, respectively. The formation of hydrogen with HX, where X= ClI, Br, and 136 For reactions with HCI,
proceeds via two different elimination reactions: in eq 4.4a, they monitored the distribution of At and ALCI~ clusters mass
Al—H and H-Cl bonds are broken and ACI and H-H bonds spectrometrically as a function of HCI pressure. Computational
are formed, while in eq 4.5b, two AlH bonds are broken and  results obtained by Khanna also accompanied these experiments

one H-H bond is formed?> in order to shed light on the reaction pathways. Oxygen etching
All considered, the reaction of #&J~ and HCI going to AICI experiments were also perform&d.
and Al;~ is endothermic{89 kJ mof? as estimated by DFT). Here, we compare our work with these past studies. We are

Moreover, most of the elementary steps in the degradation of able to isolate Al;~ (or any other cluster ion) from a mixture
Al137 to Aly1~ (see eqs 4:14.5b) are themselves endothermic. of Al,~ clusters. Before HCI was admitted into the ICR cell,
Their endothermicities and the ability to control RF excitation the isolated Als~ ions were cooled to room temperature by
(energy input) permits the reaction to be stopped between stepsseveral argon pulses. Thus, the present work uses well-defined
facilitating the direct detection of intermediate species. The (mass-selected) reactants for its reactions. In Bergeron’s experi-
reaction can then be started again at will by applying appropriate ment, there was no mass selection of aluminum cluster anions
RF excitation. As compared with the reactions of other prior to reaction. Also, the ultra-low-pressure conditions€L0
aluminum cluster anion sizes and HCI, where many of the mbar) in our ICR cell make it possible to observe almost all
elementary steps appear to be exothermigz Al a fortuitous reaction steps one after another. We calculated, that, on average,
case for mechanistic study. Its reaction pathway with HCI can a cluster will collide with an HCI molecule every 10 s. Since
be followed and mapped with fewer of the complications that Bergeron’s experiments were performed in a flow tube at around
might occur in other cases. 1 mbar (the HCI partial pressure was less), the collision
(2) Comparison to Other Results in the Literature. frequency was very much higher. In addition to our ICR
Bergeron and Castleman studied reactions of aluminum clustersexperiments, we also conducted crude beam-gas reactivity
experiments in which a beam of laser-ablation-formed, non-

(15) The energy of AkH,™ is based on a calculation, assuming the hydrogenis mass-selected Al cluster anions was allowed to react with a
covalently bound to the Al core. Recently, Wang et al. concluded from
photoelectron studies thatli$ physisorbed on Al~ (J. Chem. Phy2006
124, 054308). Therefore, depending on the hydrogen bonds, the energetic (16) Bergeron, D. E.; Castleman, A. W.; Morisato, T.; Khanna, S.NChem.

position of Ah;H,~ and Al H,Cl~ in the schematic energy diagram (Figure Phys.2004 121, 10456-10466.
2) has to be shifted. However, this shift will not influence the principal (17) Leuchtner, R. E.; Harms, A. C.; Castleman, A. W.JJChem. Physl989
conclusions. 91, 2753-2754.

7906 J. AM. CHEM. SOC. = VOL. 128, NO. 24, 2006



Reaction of Al;z~ Clusters in an HCI Atmosphere ARTICLES

rel. Energy

Alq2H2CI"

AlysHCI

Figure 2. Schematic energy diagram. Here, all exothermic and endothermic reaction steps are visualized. Altogether, the reagtiomithf tACI, going
to Al11~, Hz, and AICI, is seen to be endothermic by 89 kJ molt is interesting to note that, starting from 4H,Cl-, there are two reaction channels to
obtain Ah;~. All energies are obtained from DFT calculations.

cloud of HCI gas €10~ mbar) lying in its path. While this reaction. Therefore, we propose a two-step reaction pathway
experiment resembles Bergeron’s flow tube experiment sche-for the formation of A}l ~:
matically, it in fact involved significantly lower pressures and

shorter interaction times. Thus, each of these three experiments Al HHI—ALH +All (5a)
was carried out in a different collisional regime.

The strength of the present ICR studies lies in their ability to Al H™ +HI—AIl " +H, (5b)
observe reactive intermediates directly and thus to unravel the
mechanistic details of the A~ + HCI reaction. These Since the reactivity of aluminum clusters is strongly depend-
experiments identified both AH™ and AlL.Cl~ as essential  ent on the cluster size (and charge state), it is difficult to predict
reactive intermediates on the way from;4l to Ali1~. [The a general mechanism for all Al + HX reactions.
species Al,H™ has also been observed as a prominent ion in  Qur intention has been to focus on the reactions afAin
our beam-gas experiments and in the work of Gamtefud an HCl atmosphere. In studying the reaction scheme that begins

Seifert, who formed beams of it in a pulsed arc cluster ion with Al13~ and ends with Al~, we have presented experimental
source’® but Al;zH™ was not reported as having been seen in evidence for a mechanism by which AICI and hydrogen are
the Bergeron work.] Together, these observations support theformed as products. We next consider the extent to which our
mechanism put forth in egs 4-3.5b, and this in turn implies  results can serve as a molecular model for the formation of AICI
that AICI is an excellent leaving group. By contrast, in the and H, from the reaction of bulk aluminum with gaseous HCI.
absence of HCI, we do not observe the spontaneous degradation (3) Interpretation and Perspectives for a Molecular Model

of Al;2H™ into Aly;~ and its presumed coproduct, AlH. Thus, Cycle Mechanism.The formation of AICI from bulk aluminum
we find no evidence for AlH being a good leaving group. and HCI is a well-known endothermic reaction in inorganic

In reactions of AL~ cluster anions with HI, Bergeron synthesis:

proposed the following mechanism for the formation oflAi
2Al o T 2HClg) — 2AICI ) + Hy(g

AI(I’]+1)_ + HI _>A|n|_ + AlH (5) ARHO(O K) =481+6 kJ morl 19 (6)

In this case, AlH is the leaving group. Our own results for 14 gpiain AICI for synthetic chemistry purposes (or also for
reactions of aluminum cluster anions with HI, however, suggest 1 4iy isolation spectroscopy studies), high-temperature condi-
a different reaction scheme. Since we observe the formation Oftions (1000°C) and low pressures (less than-anbar) are

AlpH™ under ultra-low-pressure conditions, we propose a pecessarg? Since no information is available on the mechanistic
mechanistic scheme that is analogous to that of the AIHCI

(19) NIST-JANAF Thermochemical Tabldgh ed.; Chase, M. W., Ed.; J. Phys.
(18) Burkart, S.; Blessing, N.; Klipp, B.; Muller, J.; Gantef@s.; Seifert, G. Chem. Ref. Data Monograph 9; American Institute of Physics: St. Louis,
Chem. Phys. Lett1999 301, 546—-550. 1998; pp 11951. See also Supporting Information.
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steps for this reaction, we now present arguments why Al  suitable molecular model for reactions of the bulk metal.
can be considered as a model compound for bulk aluminum on Consequently, it is now plausible to assume the same cascade
a molecular scale. It is amazing that the formation of two AICI of reactions for the bulk aluminum surface as for the molecular
molecules from the bulk reaction represented in eq 6 requiresreactions of the Ak~ cluster species. Also, on a bulk metal
almost the same amount of energy8l kJ moi?l) as the surface, the A+Cl and A~H bonds are formed in a first step,
reaction of Als~ with two HCI molecules 489 kJ mof? by and subsequently the elimination o$ Bind AICI and its further
DFT). This similarity between the reactions of:4l and of oxidation to AICk may complete the complex reaction cascade
bulk aluminum with gaseous HCI seems plausible, however. on the surface. However, since the final steps from AICI to AICI
The arrangement of 12 Al atoms surrounding a central Al atom have already been discus$gdnd cannot be detected by mass
is valid in both cases, and therefore, it is not surprising that the spectrometric techniques, the investigations presented here
detachment of two Al atoms from an At cluster or from bulk concentrate on the essential, thus far unknown, primary steps.
:Lyg;i;gquwes essentially the same amount of energy (eqs 7Conclusion and Outlook
Laser desorption ionization of LiAllHprovides a suitable
Alz 7 2AlG + Al g method to obtain A~ clusters for mass spectrometric investiga-
o _ 14-9 tions. While many Al~ clusters react spontaneously with HCI
AgH®(0 K) = +698 kJ mol (7) gas under ultra-high-vacuum conditions {&énbar), the isolated
nAl o 2A| @ + (n— 2)Al © A(Ijag; clulsters, dge to tlhe(ijr I;pe;ciall st;pilit;gd.rtgactl only if
. _ additional energy is supplied. By tuning this additional energy,
AgH(0 K) = +654+ 8 kJ mol * ¥ ©) in combination with use of ultra-low-pressure conditions to
expand the reaction time, the elementary steps of the reaction
of Alij3~ with gaseous HCI can be detected. Finally, via
thermodynamic and topological arguments, it was possible to
AICI ot 2HC|(g) — Hy + A|C|3(g) pﬁﬁen;\ :he mlostt es;ential .rtnislsagelof tk}is worl;: Ithe detgraollcation
. of the ALz~ cluster is a suitable molecular model reaction for
AH(0K) = =349+ 9kImol*** (9) 40 hulk metal.

Furthermore, but of no less fundamental interest, the results
presented here may be able to give a molecular interpretation
for the well-known differences between base and precious metals
)—1— 3H2(g) in an HCI atmosphere. While base metals are oxidized with the
formation of the metal chloride, e.g., AlCknd hydrogen,
precious metals do not react with HCI. Thus, it seems plausible
that the model reactions for At in an HCI atmosphere should
be different from primary reactions of comparable centered
clusters of a precious metal like gold. In fact, thermodynamical
data for Ayg), AuCly), AuClsg), and Ay, clusters exhibit large
uncertainties from both experiments and quantum chemical
calculationg426 Consequently, these investigations, which
should be seen as a challenge for the future, are a worthwhile
pursuit in order to understand the fundamental differences
Al s+ 6HCI— 2AICI; + 3H, + Al between base and precious metals on a molecular level.

In large excess of HCI and under standard conditions, AICI will
react further to AIG:23

Equations 6 and 9 can be combined to give the overall
reaction, eq 10:

2Al g + BHClg — 2AICI
ARH(0 K) = —615+ 30 kJ mol'* (10)

The exceeding exothermicity of eq 9 can easily compensate for
the slightly endothermic formation of AICI (eq 6). Therefore,
Al metal easily reacts in an HCI atmosphere to give Al&t
temperatures of about 10C.

Analogous thermodynamic considerations are also valid for
the Ali3~ cluster. The combination of egs 4 and 9 results in eq
11:

AgH°(0 K) = —607+ 18 kJ mor?t (11) Acknowledgment. This work was financially supported by

the Deutsche Forschungsgemeinschaft (Center for Functional

In fact, theAH°(0 K) values of eqs 10 and 11 are essentially Nanostructures, CFN) and by the “Fonds der Chemischen
the same. Therefore, these results constitute an essentialndustrie”. K.H.B. thanks the Air Force Office for Scientific

message: the degradation of the;Al cluster to Al is a Research (ASFOR) for financial support.
(20) Dohmesier, C.; Loos, D.; Sckinkel, H.Angew. Chem., Int. Ed. Engl996 Supporting Information Available: Results from quantum
35, 129-149. chemical calculations in comparison to experimental data. This

(21) Similarly, the comparable reaction for neutral Adlusters needs 638 kJ . . . .
mol-L The difference between this value and that for eq 7 reflects the Material is available free of charge via the Internet at

higher stability of Als~ compared to neutral Ad. http://pubs.acs.org.
(22) For such considerations, the fragmentation energies of metal clusters are
often used. Bergeron et al. calculated the fragmentation energy; ©f tal JA0B0613X

be 36.51 eV, i.e., 2.8 eV per Al, or 270 kJ mbé[see ref 15). However,
we think that in our case this method is not useful, since the 2.8 eV per Al
atom is only an average value for the 13 Al atoms. The amount of energy (24) Schulz, A.; Hargittai, MChem= Eur. J.2001, 7, 3657-3670.

needed for removing one Al from Al is highly dependent on the cluster (25) Soehnel, T.; Hermann, H.; Schwerdtfeger) FPhys. Chem. BR005 109,

size. This is why we restricted ourselves to the behavior @§Al 526—-531.
(23) Details of this reaction via HAIghave been discussed in a matrix isolation ~ (26) Furche, F.; Ahlrichs, R.; Weis, P.; Jacob, C.; Gilb, S.; Bierweiler, T;
study: Schiiokel, H.J. Mol. Struct.1978 50, 275-280. Kappes, M. M.J. Chem. Phys2002 117, 6982-6990.
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