PUBLISHED VERSION

Dryza, Viktoras; Metha, Gregory Francis.
Threshold photoionization and density functional theory studies of bimetallic-carbide nanocrystals and
fragments: Ta3ZrCy (y=0-4), Journal of Chemical Physics, 2009; 130(24).

© 2009 American Institute of Physics. This article may be downloaded for personal use only. Any other use
requires prior permission of the author and the American Institute of Physics.

The following article appeared in Chem. Phys. 130, 244301 (2009) and may be found at
http://link.aip.org/link/doi/10.1063/1.3154384

PERMISSIONS

http://www.aip.org/pubservs/web posting guidelines.html

The American Institute of Physics (AIP) grants to the author(s) of papers submitted to or
published in one of the AIP journals or AIP Conference Proceedings the right to post and
update the article on the Internet with the following specifications.

On the authors' and employers' webpages:

e There are no format restrictions; files prepared and/or formatted by AIP or its vendors
(e.g., the PDF, PostScript, or HTML article files published in the online journals and
proceedings) may be used for this purpose. If a fee is charged for any use, AlIP
permission must be obtained.

e An appropriate copyright notice must be included along with the full citation for the
published paper and a Web link to AlP's official online version of the abstract.

31 March 2011

http://hdl.handle.net/2440/50683



http://link.aip.org/link/doi/10.1063/1.3154384
http://hdl.handle.net/2440/50683
http://www.aip.org/pubservs/web_posting_guidelines.html

THE JOURNAL OF CHEMICAL PHYSICS 130, 244301 (2009)

Threshold photoionization and density functional theory studies
of bimetallic-carbide nanocrystals and fragments: Ta;ZrC, (y=0-4)

V. Dryza® and G. F. Metha®

Department of Chemistry, The University of Adelaide, South Australia 5005, Australia
(Received 21 December 2008; accepted 26 May 2009; published online 23 June 2009)

Gas-phase bimetallic tantalum-zirconium-carbide clusters are generated using a constructed double
ablation cluster source. The Ta;ZrC, (y=0-4) clusters are examined by photoionization efficiency
spectroscopy to extract experimental ionization energies (IEs). The IE trend for the Ta;ZrC, cluster
series is reasonably similar to that of the Ta,C, cluster series [V. Dryza et al., J. Phys. Chem. A 109,
11180 (2005)], although the IE reductions upon carbon addition are greater for the former.
Complementary density functional theory calculations are performed for the various isomers
constructed by attaching carbon atoms to the different faces of the tetrahedral TasZr cluster. The
good agreement between the experimental IE trend and that calculated for these isomers support a
2 X2 X?2 face centered cubic nanocrystal structure for Ta,ZrC, and nanocrystal fragment structures
for the smaller clusters. © 2009 American Institute of Physics. [DOI: 10.1063/1.3154384]

I. INTRODUCTION

Investigations of several group IV and V transition
metal-carbide clusters (M,C,) in the gas-phase have lead to
the discovery that geometrically closed face centered cubic
(fcc) “nanocrystals” are among the most favorable structures
formed, e.g., 2X2X2 M,C, and 3 X3 X3 M14C]3.1’2 The
structures of these metal-carbide nanocrystals in their neutral
states have been verified by correlating the absorption fea-
tures obtained via infrared-resonance enhanced multiphoton
ionization (IR-REMPI) spectroscopy with the phonon modes
of bulk fcc metal-carbide (100) surfaces obtained via elec-
tron energy loss spectroscopy.Sf5 Furthermore, these experi-
ments established the high stability of the nanocrystals as the
IR-REMPI technique relies on ionization of a cluster upon
adsorption of multiple IR photons rather than fragmentation.

As bulk fcc metal-carbide is utilized for its superior abil-
ity to catalyze certain chemical reactions, such as
hydrodesulfurization,6 metal-carbide nanocrystals in this size
range may display enhanced catalytic behavior due to the
greater number of exposed metal atoms and size-dependent
electronic structures.”® Given that metal-carbide nanocrys-
tals are preferentially formed by both group IV and V metals,
the transition from, for example, Ti;4C;3 to V4C;3 by se-
quential substitution of metal atoms would be expected to
maintain the geometric structure and integrity of the elec-
tronic structure. However, this substitution would alter the
population and perturb the energies of the molecular orbitals
(MOs). This creates the fascinating possibility of construct-
ing group IV/V bimetallic-carbide nanocrystals, with their
properties tailored for novel nanotechnological applications.

Ypresent address: School of Chemistry, The University of Melbourne, Vic-
toria 3010, Australia.

YAuthor to whom correspondence should be addressed. Department of
Chemistry, The University of Adelaide, South Australia 5005, Australia.
Tel.: +61 8 8303 5943. FAX: +61 8 8303 4358. Electronic mail:
greg.metha@adelaide.edu.au.

0021-9606/2009/130(24)/244301/10/$25.00

130, 244301-1

Experimental studies on bimetallic-carbide clusters have
only been performed by Castleman and co-workers” ! on the
M¢C |, “met-car,” a structure possessing quite different bond-
ing motifs to nanocrystals. The met-car contains six C, units
bound across the six butterfly motifs created by the underly-
ing tetracapped tetrahedron My cluster and is a very stable
structure for a range of group IV and V transition metals.
In one study they determined the ionization energies (IEs) of
the Tig_,Zr,C,, clusters (where x=0—4 and 8) by photoion-
ization efficiency (PIE) spectroscopy.11 It was found that the
IE of TigC;, (4.40 eV) is higher than that of ZrgC,
(3.95 eV), with the IEs of the bimetallic met-cars decreasing
continuously as the number of substituting Zr atoms in-
creased.

Poblet and co-workers'> utilized density functional
theory (DFT) to computationally examine a range of the bi-
metallic met-cars, including the Tig_,Zr,C, (x=0-5 and 8)
clusters experimentally generated by Cartier et al." Two iso-
mers were considered for each Tig_,Zr,C, cluster, where the
metal atom present in the lowest concentration appeared in
either all the inner or outer tetrahedral positions, respectively.
The difference in energy between the two isomers was found
to be very small (never exceeding 0.065 eV), indicating that
substitution was not favored toward either of the two metal-
lic positions. These calculations explained the regular statis-
tical distribution of peaks in the nascent Tig_,Zr,C,," mass
spectrum, which had initially been interpreted as evidence
that all eight of the metal atoms were located in symmetry-
equivalent positions.10

In contrast to bimetallic met-cars, investigations of
bimetallic-carbide nanocrystals have been limited to a single
computational study by Ivanovskaya et al.” on the 3% 3
X3 Tij3XC5 cluster, where X was various first row transi-
tion metal atoms. They found that Sc and V substitution af-
fected the electronic structure the least, with the substituted
atoms involved in similar MOs to those of the replaced Ti
atom.

© 2009 American Institute of Physics
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Our group has previously conducted an experimental
and computational examination of the Ta,C, (y=0-4)
clusters,"*!" the results of which supported the 2X2X2
nanocrystal structure of Ta,C, determined via IR-REMPI
spectroscopy.4 In this paper we report the generation of bi-
metallic tantalum-zirconium-carbide clusters of the form
Ta,ZrC, using a double ablation cluster source. The Ta;ZrC,
(y=0-4) clusters are examined by a combination of PIE
spectroscopy and DFT calculations. The predicted nanocrys-
tal structure of Ta;ZrC, and nanocrystal fragments for the
smaller clusters are supported by the good agreement be-
tween the experimental IE trend and theory. Although substi-
tution of a Ta atom with a Zr atom in the Ta,C, clusters
preserves the clusters’ geometry, modifications in the elec-
tronic structure are highlighted.

Il. EXPERIMENTAL AND COMPUTATIONAL METHODS
A. Experimental

The double ablation source used to generate the
bimetallic-carbide clusters is similar to that described by
Nonose et al.'® It has two metal rods (¢=2 mm) displaced
by a distance of 5 mm along the gas channel in the ablation
cap. The two rods are situated at opposite sides of the gas
channel and ablated by independent 532 nm laser pulses
(~6 ml/pulse). Both rods are rotated and translated by the
same screw mechanism motor in conjunction with a gear
mechanism. For the generation of the tantalum-zirconium-
carbide clusters presented herein, the Ta rod was held in the
rod position closest to the output of the pulsed nozzle, with
the Zr rod positioned downstream. However, the Zr rod was
ablated ~7 us earlier than the Ta rod; this procedure will be
described in detail in Sec. IIT A.

The remaining details of the laser ionization experiment
are identical to that reported previously.15 A gas mix consist-
ing of 0.02% acetylene seeded in helium, introduced by the
pulsed nozzle, is reacted with the ablation products and
passed along a 15 mm long “condensation tube” before un-
dergoing expansion into the first vacuum chamber of the
time-of-flight mass-spectrometer (TOF-MS). The clusters
pass via a homebuilt skimmer into the second chamber that
contains a standard Wiley—-McLaren TOF-MS arranged per-
pendicularly with the cluster molecular beam. The neutral
clusters are ionized with the frequency-doubled output of a
Nd:YAG-pumped dye laser. The resultant ions are detected
by a double multichannel plate detector, amplified X125
(Stanford SR445) and the signal sent to a digital oscilloscope
(LeCroy 9350 AM, 500 MHz) for averaging (1000 laser
shots) before being saved on a PC for analysis. All data
points are collected at 0.25 nm intervals. Due to inefficien-
cies in the dye laser grating near 425 nm (Wood’s anomaly),
data points between 210 and 214 nm are recorded using the
first anti-Stokes output from a Raman-shifter operating with
H,. Typical laser powers used are 50 wlJ/pulse, collimated
to a 5 mm diameter beam, as measured using a power meter
(Ophir PE10BB). During each PIE scan, the laser power is
kept constant. To check that long term intensity fluctuations
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in the cluster source had not occurred, the laser is returned to
the starting wavelength immediately after each scan to en-
sure that the cluster signal intensity remains constant.

B. Computation

Geometry optimization and harmonic vibrational fre-
quency calculations were performed using DFT in the
GAUSSIAN 03 suite of programs.l7 Calculations employed the
B3P86 method with the Stuttgart/Dresden (SDD) basis set.
Yang et al. found simulated pulsed field ionization—zero elec-
tron kinetic energy (PFI-ZEKE) spectra based on the struc-
tures and vibrational frequencies calculated from the B3P86
method reproduce the features of the experimental spectra
for the benchmark metal-carbide clusters Nb;C, and Y3C2.18
We have previously calculated the lowest energy isomers of
the Ta,C, (y=0-4) clusters using the B3P86 method with
the LANL2DZ basis set.'> We found that repeating the cal-
culations with the SDD basis set led to almost identical
structures and relative energies.

All TazZrC, isomers were initially optimized without
any geometry constraint. The minimized isomers were then
examined to determine any symmetry properties and the cal-
culations were repeated within the highest symmetry point
group. The symmetry-constrained energy was subsequently
compared to the unconstrained energy to ensure that there
was no difference. All isomers were characterized with vi-
brational frequency calculations to determine whether the
optimized structure was a true minimum. Calculations were
conducted at the two lowest spin multiplicities (i.e., 25+1
=2 and 4 for the neutral and 1 and 3 for the cation). In all
cases, the spin expectation values (S%) were within 10% of
the theoretical value. The adiabatic IEs were calculated as
the energy difference between the neutral and cationic
ground states, including zero-point energies (ZPEs). All de-
tails (i.e., geometric, atomic charges and energy information)
for both the neutral and cationic isomers are contained in the
supplementary material."

All presented geometries of the cluster isomers have
bonds drawn between the metal atoms if their distance is less
than, or equal to, the covalent radius of the two metal atom
combined, ie., Ta-Ta=276 A and Ta-Zr=2.86 A.
Metal-carbon bonds are drawn at bond lengths less than or
equal to 2.35 A. Atomic charges were determined by natural
bond order (NBO) calculations.”’ MOs are drawn at an iso-
electric potential of 0.05 a.u.

lll. RESULTS AND DISCUSSION
A. Generation of tantalum-zirconium-carbide clusters

The primary difficulty in generating bimetallic-carbide
clusters composed of Ta and Zr atoms is that they have simi-
lar m/z values compared with the monometallic-carbide
clusters, thus making spectroscopic measurements difficult.
This overlap occurs because the mass of a Zr atom (isotope
pattern: *°Zr 51.45%, °'Zr 11.22%, **Zr 17.15%, **Zr
17.38%, and *°Zr 2.80%) is approximately half that of a Ta
atom ('®'Ta 99.99%). For example, Ta,ZrC, clusters will
overlap with larger Zr,,,C, clusters. This overlap is likely to
be present even under single-photon ionization conditions, as
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the Zr,C, and Ta,Zr.C, clusters are expected to have IEs in a
similar energy range to that of the Ta,C, clusters.'>*!%

Initial generation of Ta-rich bimetallic-carbide clusters
was attempted with the Ta rod ablated first on the leading
edge of the gas pulse, with the Zr rod (located downstream)
ablated after a ~6 us time delay. However, this procedure
did not generate Ta,ZrC, clusters in a greater concentration
than the overlapping Zr,C, clusters (see supplementary
material'®). By changing the relative timing of the ablation
lasers so that the Zr rod is ablated ~7 us earlier than the Ta
rod (using identical timing of the pulsed nozzle), Ta,ZrC,
clusters are generated in substantial concentration and with-
out having interference from large Zr,C, clusters.

By applying this procedure, it was found that the distri-
bution of the cluster species changes in different regions in
the molecular beam, allowing the Ta,ZrC, clusters to be iso-
lated by adjusting the timing of the ionization laser. Figures
1(a)-1(e) show mass spectra obtained by changing the tim-
ing of the ionization laser (220 nm) by 10 us increments.
Time zero (0 ws) is arbitrarily set to that used when record-
ing PIE spectra (it is ~300 us after ablation of the Ta rod).
The mass spectrum at =30 us [Fig. 1(a)] predominately con-
sists of Zr,C, clusters. The spectrum at =20 us [Fig. 1(b)]
also primarily consists of Zr,C, clusters, but now a new large
peak appears at m/z of 567 due to Ta;C,. At =10 us [Fig.
1(c)] there is a decrease in Zr,C, clusters, but an increase in
Ta,C, clusters is observed. Furthermore, the peaks in the
m/z region of the Ta,ZrC, (x=3-5) clusters have become
sharper, indicating that these peaks are now bimetallic-
carbide clusters rather than erCy clusters, i.e., the latter are
broader due to the combinations of the Zr atom isotopes. The
next mass spectrum at 0 ws [Fig. 1(d)] primarily consists of
Ta,C, clusters and Ta,ZrC, (x=3-5) clusters. Interestingly,
bimetallic-carbide clusters of the form Ta,ZrC, are not ob-
served with any great intensity most likely because their IEs
are greater than the photon energy available at 220 nm. The
last mass spectrum at +10 us [Fig. 1(e)] predominantly con-
sists of Tany clusters, with small amounts of T aerCy clus-
ters still present.

Further confirmation for the mass assignments of the
peaks assigned to the Ta,ZrC, (x=3-5) clusters is that these
peaks are not present when each metal rod is stopped being
ablated separately at the O ws ionization laser time."” Abla-
tion of only the Zr rod generates very weak amounts of Zr,C,
(x=1-2) clusters, which are believed not to be ionized by a
single photon at the laser energy used.

It is not immediately apparent as to why ablating the Ta
rod before the Zr rod (first ablation procedure) does not gen-
erate substantial Ta,ZrC, clusters, whereas ablating the Ta
rod after the Zr rod (second procedure) does. Since the
Ta,ZrC, peaks disappear instantaneously when ablation of
the Zr rod is stopped, deposition of Zr species on the Ta rod
cannot be the reason. In the first ablation procedure we pos-
tulate that the Ta rod is ablated on the leading edge of the gas
pulse, which carries the ablated products toward the Zr rod,
with initial Ta,C, cluster generation occurring in this time.
When the Zr rod is ablated, the majority of the Ta,C, clusters
are dissociated, creating an abundance of Ta atoms and also
an abundance of Zr atoms. This generates large amounts of
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FIG. 1. Mass spectra of ionized neutral clusters generated by the ablation of
the Zr rod ~7 us earlier than the Ta rod (see text for details).The spectra
differ by the timing of the ionization laser: (a) =30 us, (b) =20 wus, (c)
—10 us, (d) O ws, and (e) +10 us (where 0 us is arbitrarily set to the
optimum delay for generating the Ta;ZrC, clusters; see text for details).

Ta,C, and Zr,C, clusters and a small amount of Ta,ZrC,
clusters. Furthermore, this procedure leads to an essentially
uniform distribution of the clusters in the molecular beam.
In the second ablation procedure we postulate that the Zr
rod is ablated before the leading edge of the gas pulse has
reached this area. The ablation products then expand in both
directions of the gas channel, and in the absence of abundant
bath gas, they remain as mostly atomic species. The Ta rod is
then ablated ~7 us later on the leading edge of the gas
pulse. As the ablated Ta products are carried downstream,
generating initial Ta,C, clusters as they proceed, they en-
counter and overlap a small portion of the Zr atoms traveling
in the opposite direction. There will be a region of overlap
volume where the Ta atoms and Ta,C, clusters are in much
greater concentration than the Zr atoms so that Ta,C, and
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FIG. 2. Mass spectra of Ta;C,, Ta;ZrC,, and Ta,C, clusters at five different
ionization wavelengths: (a) 270 nm, (b) 262 nm, (c) 235 nm, (d) 220 nm and
(e) 210 nm.

Ta,ZrC, clusters are primarily generated rather than large
Zr,C, clusters. By adjusting the timing of the ionization laser
[Figs. 1(a)-1(e)], this specific region of the molecular beam
can be investigated [Fig. 1(d)].

B. PIE Experiments

All PIE spectra are collected for the Ta;ZrC, (y=0-4)
clusters with the Zr rod ablated 7 us before the Ta rod (i.e.,
the second ablation procedure) and the 0 us laser ionization
time [i.e., Fig. 1(d)]. Figures 2(a)-2(e) show a portion of the
mass spectra for clusters generated from the double ablation
source following single-photon ionization at five different
wavelengths (270, 262, 235, 220, and 210 nm) collected un-
der otherwise identical conditions. In the spectrum recorded

J. Chem. Phys. 130, 244301 (2009)

(a): TaSZr
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FIG. 3. (Color online) PIE spectra for the Ta;ZrC, (y=0-4) clusters. The
determined IEs are also displayed.

at 210 nm [Fig. 2(e)] clusters containing Ta;Zr appear with
zero to four C atoms attached, with the Ta;ZrC, cluster hav-
ing the greatest intensity.

The spectrum recorded at 270 nm [Fig. 2(a)] shows only
baseline levels, as none of the species are ionized with one
photon. At 262 nm [Fig. 2(b)] Ta3ZrC, is ionized, the first
bimetallic-carbide cluster to appear. Ionization at 235 nm
[Fig. 2(c)] results in Ta3ZrC, appearing, followed by
Ta;ZrC; at 220 nm [Fig. 2(d)]. Finally back at 210 nm [Fig.
2(e)], TasZr and Ta;ZrC are now ionized.

PIE spectra are recorded by monitoring the signal of
each cluster as a function of photon energy. PIE spectra for
the Ta;ZrC, (y=0-4) clusters are shown in Figs. 3(a)-3(e).
The cluster Ta;ZrC, has a slightly steeper rising slope from
its baseline level, relative to the other clusters, indicating
good Franck—Condon overlap between the ground electronic
state geometries of the neutral and cation. For all spectra two
lines are fitted, one to the baseline and one to the linear rise
of signal, and their intersection defined as the IE (with an
estimated error of =0.05 eV). Although the ionization pro-
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cess is vertical, since little geometry change is observed be-
tween the neutral and cationic ground states for these clusters
(vide infra) the onsets of ionization are considered to be
good approximations to the adiabatic IEs. It should be noted
that extracting the vertical IEs from PIE spectra (i.e., locat-
ing the maximum of the first derivative of the increasing ion
signal) of metal containing clusters is possible and has been
performed previously, although in this study the ion signal
was normalized for cluster source fluctuations.”® The vibra-
tional temperature of the clusters is estimated to be ~300 K
as the extracted IEs of Nb;C, and NbsC, in our previous
studies were found to be only slightly lower
(<0.04 eV) than the adiabatic IEs determined via PFI-
ZEKE photoelectron spe:ctroscopy.22’24’25

The IE values determined for all the Ta;ZrC, (y=0-4)
clusters are displayed in the PIE spectra and are also tabu-
lated later. For the Ta3ZrCy series, relative to the IE of Ta;Zr,
addition of one C atom only reduces the IE very slightly
(0.05 eV). Addition of two and three C atoms causes large
(0.64 V) and intermediate (0.37 eV) IE reductions, respec-
tively. A substantial IE reduction of 1.06 eV is observed for
addition of four C atoms.

C. DFT calculated isomers

In our previous study of the Ta,C, (y=0-4) clusters, the
isomers assigned to the ionization onsets are based on a
2 X2 X2 nanocrystal structure for Ta,C,, with the smaller
clusters formed by loss of C atoms (i.e., they are nanocrystal
fragments).15 Although gas-phase Zr,C, clusters have been
observed previously,26 no experimental or computational
studies exist on Zr,C, (y=1-4).

For each Ta;ZrC, (y=0-4) cluster DFT calculations
were performed on all possible isomers generated by replac-
ing a Ta atom with a Zr atom in the corresponding Ta,C,
cluster that we have reported previously.15 This procedure is
considered appropriate for two reasons. First, the neutral
Ta;ZrC, clusters are isoelectronic with cationic Ta,C,, clus-
ters, and we have previously shown that the same structural
isomers are the lowest in energy for both neutral and cationic
Ta,C, clusters. Second, a previous combined experimental
and computational study on anionic V,O, clusters has shown
that substitution of V atoms (group V) with Ti atoms (group
IV) does not alter the proposed polyhedral cage structures.

All the isomers considered for the neutral Ta;ZrC, (y
=0-4) clusters are shown in Fig. 4. The relative energies
(AE in eV) for each isomer of a cluster are also given in the
figure. Similar geometric minima for each isomer were also
identified on the cationic surface.

The accuracy of the relative energetics from the DFT
calculations is expected to be <0.3 eV. This value is esti-
mated by the energy changes observed for the Nb,C, isomers
(without carbon-carbon bonding) by extending the SDD ba-
sis set on the C atoms to an aug-cc-pVTZ basis set’** and a
separate study correlating the experimental properties of the
most abundant Nby isomer with DFT calculations.?®

DFT calculations have shown that Zr, has a slightly dis-
torted tetrahedral geometry of high spin ['A’,C,],*’ whereas
our calculations on Ta, give an ideal closed-shell tetrahedron

J. Chem. Phys. 130, 244301 (2009)

Ta,Zr:
IA
Ta,ZrC :
ImA 18]
J AE =0.000 ‘ AE =+0.222
c ;
A ma L mB
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Ta,ZrC, : y
IVA IVB
AE =0.000 AE =+0.132
Ta,ZrC, : ‘
@ va

FIG. 4. (Color online) Structures of calculated isomers for the neutral
Ta;ZrC, (y=0-4) clusters. Written beneath each isomer are the relative
energies (AE in eV).

['A,,T,]. The latter result is in agreement with Raman stud-
ies of Ta, in a rare-gas matrix.” Here, we find a distorted
tetrahedron of low spin to be the lowest energy structure for
TayZr (I A[?A’,C,]). Note the symmetry of Ta;Zr I A is C,
rather than the ideal C;, symmetry, consistent with Ta,™ be-
ing C,, rather than 7, symmetry due to Jahn-Teller distor-
tion. Of the four metal faces available on Ta;Zr I A there
are three faces containing two Ta atoms and one Zr atom
(denoted “Ta,Zr face”), with the one remaining face contain-
ing all Ta atoms (denoted “Ta; face”). It is also worth noting
that a recent computational investigation of the NbsZr cluster
by our group found the lowest energy structure to also be a
distorted tetrahedron with doublet multiplicity.31

Two isomers are possible for Ta;ZrC: either with the C
atom bound to a Ta,Zr face (I A[?A,C;]) or the Ta; face
(IT B[?A’,C,]) of the tetrahedral Ta;Zr cluster. The former
isomer is the lowest in energy by 0.222 eV.

Two isomers are possible for Ta;ZrC,. One has the two
C atoms bound to separate Ta,Zr faces (III A[%A,C,]), and
the other has one C atom bound to a Ta,Zr face and another
C atom bound to the Taj face (III B[?A”, C,]). The former is
only very slightly lower in energy (AE=+0.024 eV).

Similarly, two isomers are possible for Ta;ZrC;. The
lowest in energy is that where all the C atoms are bound
separately to all three available Ta,Zr faces of the tetrahedral
TasZr cluster (IV A[?A’,C,]). The other has two C atoms
bound to two Ta,Zr faces, and the remaining C atom bound
to the Ta; face (IV B[?A”,C,]) and is 0.132 eV higher in
energy.
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TABLE 1. List of experimental IEs (reported in eV) observed for the Ta;ZrC, (y=0-4) clusters. Also listed are
DFT calculated transitions and IEs, excluding ZPE, including ZPE, and offset IE (i.e., IE").

Cluster Expt. IE  Isomer Calc. transition  Calc. IE (exc. ZPE)  Calc. IE (inc. ZPE)  Calc. IET
TayZr 5.72 TA 34T 2AY 5.832 5.840 5.720
TasZrC 5.67 IIA 14724 5.659 5.679 5.559
II B 1A 247 5.844 5.846 5.726
Ta;ZrC, 5.08 I A A7 %A 5.493 5516 5.396
III B 1A 22" 5.747 5.762 5.642
Ta;yZrC, 5.35 IV A 34— 5.974 5.977 5.857
IVB 3Ar—2An 5.731 5.742 5.622
TayZrC, 4.66 VA A7 24" 5.145 5.167 5.047

Only one isomer for Ta;ZrCy (V A [*A’,C,]) is pos-
sible by substituting a Ta atom with a Zr atom in the 2 X2
X 2 nanocrystal isomer of Ta,Cy, i.e., C atoms are bound to
all the available metal faces on the tetrahedral TasZr cluster.
Note that V A has C; rather than the ideal Cj, symmetry.
Indeed, our calculations show that the isoelectronic Ta4C4+
has D,; symmetry rather than the ideal 7; symmetry.

D. Comparison between calculated and experimental
IEs

Adiabatic ionization transitions are considered for all the
isomers for each Ta;ZrC, cluster, following the AS=*1/2
rule for ionization. Only IEs including ZPEs are considered
for discussion. These IEs are listed for the Ta;ZrC, (y
=0-4) clusters in Table I, in addition to the experimental
values.

It is seen that the absolute calculated IEs for all the
Ta;ZrC, isomers are higher than the experimental values. In
our previous investigations of the Nb,C, (x=3-5) clusters,
the B3P86 method in conjunction with the SDD basis set on
the metal atoms was also observed to systematically overes-
timate the experimental IEs. Despite this overestimation
the IE changes upon sequential addition of C atoms to a bare
metal cluster consistently matched the experimental trend.

When the IEs of the Ta,C, (y=0-4) clusters were recal-
culated using the current computational method, they also
overestimated the experimental values, although they are
constantly lower by ~0.2 eV than those calculated with
LANL2DZ basis set.'” This indicates that the B3P86 method
has a greater influence in the IE overestimation than the
smaller basis set contraction or effective core potential of the
LANL2DZ basis set.

As this study has also determined the IEs following se-
quential addition of C atoms to a bare metal cluster, the
change in IE relative to the Ta3Zr cluster is considered. A
linear offset of —0.120 eV is applied to the IEs of the
Ta;ZrC, isomers so that the calculated and experimental IE
values of Ta;Zr coincide. This approach has been shown to
be effective in our previous studies on other metal-carbide
clusters containing from three to five metal atoms.'>*** The
offset IE of each isomer, herein referred to as IET, is given in
the final column of Table I and is also plotted in Fig. 5 along
with the experimental IE for that cluster.

The calculated IE's of the Ta;ZrC isomers II A and
II B are both quite close to the experimental value with

deviations of —0.111 and +0.056 eV, respectively. There-
fore, the experimental IE is assigned to II A as it is the
lowest energy isomer.

Although the two isomers of Ta;ZrC, III A and III B
are essentially equal in energy, they exhibit sufficiently dif-
ferent IE's. The lowest energy isomer (III A) is assigned to
the ionization onset as its calculated IE" is in much better
agreement with the experimental value than that of the low-
lying isomer (i.e., deviations of +0.316 and +0.562 eV, re-
spectively).

The deviations between the calculated IE's and experi-
mental value for the IV A and IV B isomers of Ta;ZrC; are
+0.507 and +0.272 eV, respectively. This deviation for the
lowest energy isomer (IV A) is beyond what we consider to
be an acceptable deviation from the experimental IE. Since
the low-lying isomer IV B has an IE' in good agreement
with the experimental value and is only 0.132 eV higher in
energy than IV A, we assign it to the ionization onset. It
should be noted that this is the only metal-carbide cluster
(both isomers) for which the lowest cationic state is a triplet,
rather than a singlet, which can be accessed from the doublet
neutral state.

The substituted 2 X 2 X 2 nanocrystal (V A) of Ta;ZrC,
has a calculated IE" in reasonable agreement with the experi-
mental IE (a deviation of +0.387 eV). As there is only one
possible isomer generated via the considered substitution
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FIG. 5. (Color online) Graph showing experimental IE values for the
Ta;ZrC, clusters as a function of y. Also shown on the same scale are the
offset values, IET, calculated using DFT. The letters (A and B) denote the
isomers for that particular cluster (see text for details).
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FIG. 6. (Color online) Graph showing experimental IE values for the Ta,C,
(Ref. 15) and Ta;ZrC, clusters as a function of y.

procedure, this deviation gives some indication of the maxi-
mum uncertainty of our calculated IE" values relative to
experiment.

E. Relative energetics of the Ta;ZrC/ cluster isomers

Substitution of a Ta atom with a Zr atom in the clusters
examined here shows that substitution does not have sub-
stantial preference for either of the two different metallic
positions available in the Ta;ZrC, (y=1-3) nanocrystal frag-
ments, with the energy difference for the two isomers vary-
ing between 0.024 and 0.222 eV (i.e., below the expected
accuracy of the DFT calculations). However, Zr atom substi-
tution consistently favors the metal atom position that facili-
tates the C atoms always being bound to the Ta,Zr faces of
the tetrahedral TasZr cluster, leaving the Ta; face unbound.

From the NBO charge analyses for all the Ta;ZrC, iso-
mers (see supplementary material'”), the Zr atom has a
greater positive charge than the equivalent Ta atom in the
corresponding Ta,C, cluster. Indeed, the Zr atom has a small
positive charge in the bare Ta;Zr cluster, with all the Ta
atoms possessing slight negative charges. This is consistent
with the Zr atom having a lower electronegativity than the Ta
atom (1.33 cf. 1.50 on the Pauling scale). In the lowest en-
ergy isomers of the Ta;ZrC, (y=1-3) clusters, the Zr atom
is always bound to all the electronegative C atoms. The Zr
atom possesses a greater positive charge in these isomers
compared to those higher in energy. Therefore, the favored
Zr—C bonding compared to Ta—C bonding is most likely due
to the slightly greater ionic bonding component of the Zr-C
interaction.

F. Comparison of IE trends for the Ta;ZrC, and Ta,C,
clusters

The experimental IEs for both the Ta;ZrC, and Ta,C,
clusters are plotted in Fig. 6 as a function of the numbers of
C atoms attached. The IEs of Ta;Zr and Ta;ZrC are slightly
reduced from those of Ta, and Ta,C (0.09 and 0.15 eV, re-
spectively). However, the IEs of Ta;ZrC,, Ta;ZrC;, and
Ta3ZrC, are all reduced by relatively larger amounts: 0.50,
0.40, and 0.47 eV, respectively. The observed lowering of the

J. Chem. Phys. 130, 244301 (2009)

IEs when a Zr atom substitutes a Ta atom is consistent with
the fact that the Zr atom has a lower IE than Ta (6.66, cf.
7.89 eV).”?

Overall, the IE trend for the Ta3ZrCy cluster series is
broadly similar to that of the Ta,C, cluster series, as clusters
containing two and four C atoms have the greatest IE reduc-
tions relative to the bare metal clusters. "> However, there is a
distinct difference in the two IE trends for clusters containing
three C atoms. In the Ta,C, cluster series the IE of Ta,C; is
very similar to that of Ta, and Ta,C, whereas in the Ta;ZrC,
cluster series the IE of Ta;ZrC; is appreciably reduced com-
pared to that of TasZr and Ta;ZrC. Here Ta;ZrC; is the only
cluster where the low-lying isomer (i.e., B) has a lower IE
than the lowest energy isomer (i.e., A), and is calculated to
be only 0.132 eV higher in energy. Since the threshold ion-
ization technique favors the detection of the isomer present
with the lowest IE (i.e., ionization onsets of the higher IE
isomers are not discernable in the PIE spectra), it is possible
that both isomers of Ta;ZrC; are present in our experiment.
Therefore, the IE trends of the Ta3ZrCy and Ta4Cy cluster
series may be very similar if the ionization onset of isomer A
for TayZrC; was measured and used in the data set instead of
isomer B.

G. Influence of Zr substitution on the electronic
structure of Ta,C; and Ta,C,

The above results suggest that the geometries of the
Ta;ZrC, (y=0-4) clusters are maintained upon substitution
of a Zr atom into the corresponding Ta,C, cluster, and the
similar energy of the A and B isomers for Ta;ZrC, (y
=1-3) also indicates that the bonding of the Zr and Ta atoms
is comparable. However, whether the substitution results in
changes to the electronic structure is less clear. To investigate
this, the electronic structures and frontier MOs are compared
for (i) the 2 X 2 X 2 nanocrystal Ta;ZrC, and its isoelectronic
analog Ta,C," and (ii) the C-deficient nanocrystal fragment
Ta;ZrC; and its nonsubstituted analog Ta,Cs.

High electronic and geometric stabilities have been pro-
posed for the 2 X2 X2 M,C, nanocrystals constructed from
group IV and V transition metals.*** It is therefore reason-
able to expect that Ta;ZrC, also possesses these properties
and, as such, warrants further investigation. The electronic
structure and the frontier MOs of the isoelectronic Ta,C,"
are shown in Fig. 7(a). There is a large energy difference
between the HOMO and HOMO-1 relative to the remaining
occupied MOs, as the former are Ta—Ta bonding/nonbonding
and the latter primarily Ta—C bonding in character. The
LUMO to LUMO+2 are Ta-Ta antibonding/nonbonding in
character. These frontier MOs have appreciable nonbonding
character as indicated by the relatively long Ta-Ta/Ta—Zr
bond lengths (~2.9 A) and the small HOMO-LUMO gap
(~1.7 eV) for TayC,*. The electronic structure and the fron-
tier MOs of Ta;ZrC, are shown in Fig. 7(b), and there are
significant rearrangements compared to the isoelectronic
Ta,C,*. The LUMO and LUMO+1 of Ta;ZrC, have signifi-
cantly less Zr character than expected compared to the cor-
responding MOs in Ta,C,*. More significantly, the LUMO in
Ta,C,* is now the HOMO in Ta;ZrC,. Overall these differ-
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HOMO and LUMO labeled by H and L, respectively. Pictures of the frontier MOs are also shown.

ences indicate a reduction in the number of “nonbonding”
electrons delocalized over the metal atoms in Ta;ZrC,, rela-
tive to Ta,Cy.

The lone free metal face available in the C-deficient 2
X2 X 2 nanocrystal fragment (M,Cs) presents itself as a po-
tential site for chemical reactions to occur. In our previous
study of the isovalent Nb,C, clusters,”* the lowest energy
structure of Nb,Cs was found to have a C, unit attached to
the free Nb; face of Nb,Cs. The lowest energy structure of
Nb,C¢ on the neutral surface was found to contain two C,
units, yet on the cationic surface it has a C; unit attached to
the free Nbs face of Nb,C;*. This latter example indicates
markedly different reactivity of a group V M,C; cluster
when one electron is removed. Figure 8(a) shows the elec-
tronic structure and the frontier MOs of Ta,C;. The HOMO
to HOMO-2 are Ta-Ta bonding across the free Ta; face and
its edges and are quite similar in energy. Like that observed
for Ta,C,", the remaining occupied MOs are much lower in
energy due to their Ta—C bonding character. The LUMO is
nonbonding in character and localized on the structurally
unique Ta atom. The LUMO+1 and LUMO+2 are Ta-Ta
antibonding in character across the edges of the free Tas
face. Figures 8(b) and 8(c) show the frontier MOs of the two
Ta3ZrCs isomers A and B, respectively. For Ta;ZrC; B, the
HOMO and LUMO orbitals are essentially identical to those

in Ta,C; because a Ta atom is the structurally unique metal
atom in both species. However, the involvement of the Zr
atom in the bonding network of the free metal face has ex-
panded the energy range of the HOMO to HOMO-2. For
Ta3ZrCs A, there is a slight rearrangement of the occupied
frontier MOs compared to Ta,Cs, yet the energies and energy
range of the HOMO to HOMO-2 are similar. The LUMO is
also different from that in Ta,C; since the Zr atom now
occupies the structurally unique atom site, raising the energy
of the MO localized on this atom. Overall, the orbitals show
that the Ta;ZrC; A and B clusters have one less electron in
the Ta—Ta/Ta—Zr bonding MOs located over the free metal
face, relative to the monometallic Ta,C5 cluster.

IV. SUMMARY AND CONCLUSIONS

In summary, bimetallic-carbide clusters of the form
Ta,ZrC, have been generated using a double ablation source.
Specific conditions are required for their formation, particu-
larly the relative timing of the ablation events where the
downstream Zr rod is ablated before the upstream Ta rod.

PIE spectroscopy was performed on the Ta;ZrC, (y
=0-4) clusters with experimental IEs extracted from the
spectra. In comparison to the IE trend for the Ta,C, cluster
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series, the trend for the Ta;ZrC, cluster series is reasonably
similar, although the IE reductions upon C addition are
greater."

DFT calculations were also performed on the possible
Ta3ZrC, (y=0-4) isomers formed by attaching C atoms to
the different metal faces of the tetrahedral TasZr cluster. The
good agreement between the experimental and calculated IE
trends indicate that Ta;ZrC, is a 2 X2 X2 nanocrystal and
the smaller clusters exist as fragments of this structure. For
Ta3ZrC, TayZrC,, and Ta3ZrC; the lowest energy isomer has
all the C atoms bound to the metal faces containing the Zr
atom. The slightly favored Zr—C bonding, relative to Ta—C
bonding, was reasoned to be due to the greater component of
ionic bonding.

Overall this study demonstrates the ability to alter the
physical properties of neutral metal-carbide clusters via sub-
stitution of a heterometal atom to form bimetallic-carbide
clusters. In addition to their intrinsic nanoscale properties,
these bimetallic nanocrystals and nanocrystal fragments may
also provide useful models for understanding metal-carbide
surfaces and their defect sites.
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