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W, CO* (n = 1-6) clusters are investigated by using the density functional theory (DFT) at the BSLYP/LANL2DZ
level. We find that the neutral, anionic and cationic ground state structures are similar within the same size, and

constituted by substituting a C atom for one W atom in the structures of Wy, 1 clusters. The natural bond orbital

(NBO) charge analyses indicate that the direction of electron transfer is from the W atom to the 2p orbital of the C
atom. In addition, the calculated infrared spectra of the W, C%% (n = 2-6) clusters manifest that the vibrational

frequencies of neutral, anionic and cationic clusters are similar in a range of 80 cm~!-864 cm—!. The high frequency,

strong peak modes are found to be an almost stretched deformation of the carbide atom. Finally, the polarizabilities of

W, C%% (n = 1-6) clusters are also discussed.
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1. Introduction

Tungsten carbides have received much atten-
tion, owing to their unique physical and chemical
properties, such as extreme hardness, high melting
point, chemical inertness, interesting catalytic be-
haviour, etc. Recently, tungsten carbon nanomate-
rials (namoparticles7 nanotubes and nanocomposites)
have aroused considerable interest.!'~8 Scharf et al.l"!
studied atomic-scale structure of tungsten carbide re-
inforced nanocomposite diamond-like carbon (DLC)
film, showing that there are multiple tungsten and car-
bon ionized clusters in the tungsten-rich layers. Abad
et all'% studied the optical and the electrical prop-
erties of WC/o-C film, which were correlated with
the chemical composition and microstructure evolu-
tion caused by «-C addition. However, there are no
details about tungsten—carbon interactions and mech-
anisms of tungsten-based carbon nanomaterials. To
investigate the above topics, the study of W, C ion-
ized clusters becomes very important.

While the investigation of bare tungsten and car-
bon clusters is one of a large number of experimental

and theoretical studies,'*=19 there is rather limited
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data on the structures and properties of W,,C clus-
ters. Experimental spectroscopic data were obtained
only for a WC dimer. A resonant two-photon ioniza-
tion spectroscopy study predicted the ground state,
bond length and vibrational frequency of a WC.[2%
A synchrotron radiation source was used to measure
WC dissociation energies by Fei et al.?!] The pho-
toelectron (PE) spectrum of WC™ was reported by
Li et all?? and subsequently measured by Rothgeb
et all?®l with a new anion PE spectrum. Samuel et
al.?¥ showed that the spectroscopic transitions aris-
ing from WC™ exhibit similarities to those in Pt~ by
photoelectron imaging experiment.

With

Balasubramanian(? computed the spectroscopic con-

regard to the computational aspect,
stants and potential energy curves of WC using
the complete active space multiconfiguration self-
consistent field (CASMCSCF) calculation.
et al.l?%l used the density functional theory (DFT)

method with five classes of functional forms to analyse

Stevens

the inter-nuclear distance, the vibrational frequency
and the dipole moment of WC. Wang et al.l?" also
used the DFT method to study neutral, positive and

negative WC dimers.
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To the best of our knowledge, there have been
The aim of the
present paper is to perform systematic calculations
on the neutral and charged W,,C%* (n = 1-6) clus-
ter. We present the ground state structure, the elec-

no studies on the W, C cluster.

tronic structure, the infrared (IR) vibration spectrum
and the static polarizability of the W, C%* (n = 1-6)
cluster, which provide an effectibe way to understand
the rich tungsten cases of tungsten carbide and to find
new functional materials.

2. Computational details

Our previous computations'>13:28] on the W,
clusters have shown that the B3LYP and BPW91
functions can provide reliable qualitative results. For
the W,,C%* (n = 1-6) cluster system, we used
the DFT with the un-restricted B3LYP exchange-

correlation potential in the Gaussian 03 packagel?”!

and used the effective core potential (ECP) LANL2DZ
basis sets,??) which provide an effective way to re-
duce difficulties in calculations of the two-electron in-
tegrals caused by heavy transition metal atoms. To
show the suitability of the methods used in our sys-
tems, the experimental data and some theoretical val-
ues of bond length, vibrational frequencies and dis-
sociation energies for the WC%* dimer are listed
in Table 1.
tained with different functionals with the same ba-
sis set (B3LYP/LANL2DZ and BPW91/LANL2DZ)
and the same functional with different basis sets
(B3LYP/LANL2DZ and B3LYP /Gen) shows that the
calculated values at the BSLYP/LANL2DZ level are

in good agreement with the available experimental

A comparison between the results ob-

results, indicating that our calculations are reliable
and accurate, which will provide reliable data for the
W,,C%* (n = 1-6) cluster.

Table 1. Comparison of bond length (re), vibration frequency (we), and binding energy (Do) of WC%* dimer

between experimental data and theoretical values (1 A=0.1 nm).

wC WC— wcCt
re/A we/ecm™t  Dg/eV re/A we/ecm™'  Do/eV | ro/A we/em™?! Dy /eV
Exp. 1.7135% 983.2 1.771P 3.86+0.35¢
B3LYP/LANL2DZ 1.736 988.1 4.69 1.757 1064.6 5.89 1.821 915.2 3.78
BPW91/LANL2DZ 1.737 1007.7 4.28 1.751 1075.3 5.13 1.693 1186.9 4.05
B3LYP/Gend 1.704 1009 5.22 1.759 940 5.50 1.686 1060 6.69

a Ref. [20], P Ref. [23], © Ref. [21], 4 Gen (LANL2DZ for the W atom and 6-3114-G(df) for the C atom) Ref. [23].

3. Results and discussion

3.1. Geometrical structure

We optimize the geometries of W, C%* (n = 2-6)
clusters from as many as possible starting geometries
including both two- and three-dimensional structures
in order to avoid trapping into local minima. The ge-
ometrical structures of the ground state for W,,C%*
(n = 2-6) cluster are shown in Fig. 1. The neu-
tral, anionic and cationic ground state structures are
similar within the same size, except for W4C%* clus-
ter. When n > 3, the clusters each undergo a tran-
sition from a two-dimensional structure to a three-
dimensional structure.

Compared with pure tungsten -clusters, the
W,C%% (n = 2-6) clusters have similar geometries
to those of W,,41 clusters (Fig. 1). They are consti-
tuted by substituting the C atom for one W atom in
the structures of W,, 11 clusters, accompanied by more

or less distortion in the clusters, which is the same as
other TM,,C (Fe, Co and Ni, n = 2-6) clusters.l*!
Figure 1 also shows that most of the W,,CO% (n = 1-
6) clusters have relatively low spin: singlet or triplet
for the neutral clusters, and doublet or quartet for
the ionic clusters. This is different from the high spin
coupling of Fe,C%* cluster®? due to the fact that
W,,C%* tends to have a sufficient bonding orbital for
all the valence electrons and form d—d and p—d bonds,
leaving fewer un-paired electrons.

3.2. Electronic structure

Table 2 shows the natural bond orbital (NBO)
charge populations of W,,C%* (n = 1-6) clusters. The
formal electron configurations for the W and C atoms
will be 5d*6s% and 2s22p?, respectively. As shown
in Table 2, compared with the orbital populations of
these formal electron configurations, the populations

of 6s (W atom) and 2s (C atom) orbitals decrease,
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whereas the orbital populations of almost all of the 5d
(W atom) and 2p (C atom) increase. For neutral W,,C
(n = 1-6) clusters, the population of 6s orbital on W
atom is less than 1.2 and that of 5d orbital is more
than 4.4. The population of the 2s orbital on the C
atom decreases gradually from 1.87 to 1.54 while that

WQC W207
1.99 1.98 \
2.13
Cay 1A;

2.4348

2.70

Cs 3A" C3 *A

2.4349

of the 2p orbital increases gradually from 2.56 to 3.14
with cluster size increasing. It is easy to find that the
obtained population of the 2p orbital is more than
the loose population of the 2s orbital in C atom, so
we can say that the direction of charge transfer is from
W atom to 2p orbital of C atom.

WoC+

Dsp 3A]

Wy

2.36

2.65
Csy 2A4

Fig. 1. Ground state structures of W,,C%% (n = 2-6) and W,,0F (n = 3-6) clusters (bond length: A).

The natural charge of each atom of the W,,C%* (n = 1-6) clusters is listed in Table 2. Note that the charge
on the W atom in W,,C%* (n = 1-6) clusters ranges from —0.29 to 0.97, and the positive charge is higher than
that on the W atom in W, Ni,, clusters.[?3] In WC* dimer, the C atom charge ranges from —0.84 to 0.03, and
only positive charge exists on the C atom. For n < 4 clusters series, the W atom charges of neutral and cationic
clusters are positive. As for n > 4 cluster series, the charge of W atom which is the neighbourhood with C atom
is positive. This proves charge transfer from W to C again.

According to the NBO analyses, there are two interaction patterns that can be used to interpret charge
transfer. One is the strong donor—acceptor interaction, such as between lone-pair electrons on W and C atom,
ow—c and myy_y orbitals, and the other is the formation of the covalent bond depending on the number and
the position of the atoms. The second-order interaction energy (E?) and Wiberg bond index (WBI) are used
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to reveal the strength of donor-acceptor interaction and the covalent bond. The bigger value shows a stronger

interaction.
Table 2. Natural electron configurations and charges of W,,C%% (n = 1-6) clusters.
Cluster Atom Electron configuration Charge | Cluster Atom Electron configuration Charge
WC W 650-91544-646,0.04750.01 0.45 W3 6s1-105d4-876,0.0560.02 ~0.01
C 251:8792.56350.03 _0.45 Wy 6s1-01504-7360-03750.015,0.02 0.24
wC™ W 6s!-705d4-446p 0-11750-01 -0.29 Cs 2s1-612p3-133p0.02 -0.75
C 251:869,2.82340.03 0.71 W 650-905d4-8760-0360-02 0.23
wWCet+t W 650-785d4-2660-01 0.97 | WsC— W, 6s!1-215d4:906,0-0660-02 ~0.15
C 251:689,2.29 0.03 Wo 6s1:08544-836,0.04750.01640.03 0.04
W, C Wi Wso 650'975d4'666p0'04 0.36 Ws 681‘205d4'966p0‘05780'016(:10‘02 ~0.22
Cs 251-8791,2.82340.023,,0.01 —0.72 W 6110544 786,0.04750.0160.027,0.01 0.07
WaC~ WiWa 6s!-335d4-686p0-09740.01640.01 ~0.08 Cs 251:6091,3.1831,0.02 ~0.80
Cs 251-849,2.97340.02 _0.84 W 61-03504-88,0-03640-02 0.07
WoCT WiWsy 650-81544-507,,0-03 0.70 | W5sC+ W, 6s1-125d4-8360-03640-01 0.02
Cs 251:6891,2.70350.013,0.01 ~0.40 Wo 650-675d4-7360-0360-02 0.57
W3C  WiWs 6s!-185d4:5960-01750.01640.01 0.24 W 650-855d4-88650-0560-01 0.24
W 681'075d4'856p0'036d0'01 0.07 Wy 650‘685d4'796p0‘036d0'01 0.52
Cy 251:6991,2.84340.013,0.01 —0.55 Cs 251:6191,3.0731,0.02 ~0.70
W30~ WiWa 6s1-405q4.616,0-03740.01640.02 ~0.04 We 60-84544-8161,0.0260.02 0.34
Wi 65136544896 0-03750.01640.03 —0.28| WeC W, 6507350487 0-04640-02 0.38
Ca 251:689,2.93340.0131,0.01 _0.64 WoWs 650-875d4:8460-0360-02 0.27
W3CT WiWs 6s0-70544-666p0-02640.01 0.66 W3Wz 650-995d5-0560-0560-02 ~0.07
Ws 651:085d47560-0260-01 0.18 W, 650-975d5-066,0-0560-02 ~0.07
Oy 251:719pp2.76350.013,0.01 ~0.50 Ce 251:549,3.1431,0.03 0.71
W4C WiW;3 651'105d4'806p0'056d0'02 0.05 | WgC™ Wi 650‘985d4'856p0‘047so'016d0‘03 7p0.01 0.13
WoW, 650-855d4-8361,0.05750.0160.02 0.28 W 60-9854-846,0.04750.0160.03 7,,0.01 0.14
Cs 251.659,2.9931,0.03 ~0.66 W3Wz 651:075d5-1061,0-0660.02 ~0.22
WiC~ WiWs 6s1:395d4-796p0-0770.01640.02 _0.95 Wy 6s1-07545-1160-06 640-02 ~0.92
WaWy 6s1:005d4.796,0-06750.01640.027,,0.01 0.15 Ws 650-985d4-84650-04750.01640.03 7,0.01 0.14
Cs 281.6593.123,0.03 ~0.80 Ce 251:5393.2031,0.03 ~0.75
WaiCt WiWs 650-775d4-776p0-03750.0140.01 0.45 | WeCT W, 650-685d4-856,0-0360-02 0.46
Wo 650-715d4-696,0-0560-01 0.56 Wo 650-675d4-856,0-0360-02 0.46
Wy 650'995d4'776p0'046d0'01 0.21 W3 Wy 680‘895d4'986p0‘056d0'01 0.09
Cs 251:6691,3.0031,0.01 —0.68 Wy 60-8954-996,0-05640.01 0.08
WsC W, 6s1-175d4-886,0.0460.02 ~0.08 Ws 650-675d4-856,0-0360-02 0.46
Wo 6508654474 p0-04750.01640.02 0.37 Cs 2s1-5493.0831,0.03 _0.65

As shown in Table 3, The E? values in WC%®
dimer are small, but the WBI values are much larger.
So the charge transfer can be attributed to the strong
covalent bond. For the WyC%* cluster, the values
of E? are much larger so that charge transfer mainly
arises from donor—acceptor interaction. For n > 2
cluster series, as the number of donor—acceptor inter-
action and covalent bond increases it is difficult to
distinguish the main interaction patterns, we can say
that the charge transfer is ascribed to the above two
interaction patterns.

Moreover, through comparing the different neu-
tral, anionic and cationic charges within the same
cluster size, we find that attached electron charges
distributed to the C atom change from 30% when

the cluster size n = 1 to 5% when the cluster size
n = 6, and the remaining part of the additive electron
charges are distributed to the W atoms. The prox-
imate changing trend can also be found in the case
of ionized electron. To further understand this phe-
nomenon, we perform a detailed analysis of the high-
est occupied molecular orbital (HOMO) and the low-
est unoccupied molecular orbital (LUMO) of W,,C%*
(n = 1-6) clusters. The C atom for the orbital per-
centage composition decreases from about 30% when
the cluster size n 1 to 4% when the cluster size
n = 6, which is consistent with electron distribution.
Therefore, the change trend of electron charges dis-
tributed on C atom may be due to the contributions
of HOMO and LUMO orbitals.
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Table 3. Primary E2 and WBI of W,,C%% (n =1, 2) clusters.

Cluster Donor Acceptor Coce B?/(keal /mol) WBIlw_c
« B Total « B Total
WC CR (W)& TF{kNic 0.019 0.019 0.038 27.29 28.97 56.26 2.93
WC— CR(W) T _C 0.013 0.013 0.026 14.00 13.73 27.73 3.06
wCH CR(W) T _C 0.011 0.004 0.015 17.50 3.06 20.56 2.56
W2C LP*(W1/ Wa)P LP(C)° 0.369 0.369 0.738 160.79 160.79 321.58 1.50
WoC— TW—C LP*(W) 0.293 0.288 0.581 63.52 62.66 126.18 1.54
WyCt LP*(W1/ W2) LP(C) 0.391 - 0.391 247.87 - 247.87 1.48
T W LP*(C) - 0.365 0.365 - 160.94 160.94

aCR means core pair; PLP* means valence anti-bond lone pair; °LP means valence lone pair.

3.3. Spectrum analysis

In order to determine the structure of a cluster,
regardless of whether by diffraction, electronic or vi-
brational spectroscopy, the comparison of the exper-

imentally obtained spectra with simulated spectra is

> =)
< 80 WG E
g =
§ 60 g
= =2
E 40 =
2 20 g
a =
“E 0 ) LAAAA) RARLLARAAI | T LRARALAARLE ALY T T j:
= 200 400 600 800
. Frequency/cm™!
=
S —
g 18 )
g 12 WaC §
3 5
Z 6 =
S 100 300 500 700 900 £
. Frequency/cm~! =
=) =)
g w4 C S
g 30 g
£ 10 <
= 0 200 400 600 800 =
. Frequency/cm~! -
{3
S
& W;C =
& 12 g
= 6 g
£ 0 ™ =
- T T T T T T T T LA T T T T 1 =
= 0 200 400 600 800 &
= Frequency/cm~! =
H Wi 3
£ 120 6 g
= 60 &
ES =
é 0 | RALLLLAA LALLM ”vl””l”‘ T ‘”l””""‘l‘ T :‘5
— 0 200 400 600 800 E
Frequency/cm~1! =
Fig. 2.

necessary. In this article, we use B3LYP/LANL2DZ

method to calculate the infrared spectra for the
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have been recorded.

ground state structures of W,C%* (n = 2-6) clus-
ters, which is able to interpret the spectra in terms of

the cluster structures once the experimental spectra
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The simulated IR spectra of W,,C%* (n = 2-
6) clusters are shown in Fig. 2. The IR spectra of
the neutral and anion clusters show strong peaks at
802 cm~! and 805 em ™! for the WyC%* clusters and
at 863 cm ™! for the cationic cluster, corresponding to a
blue-shift of 61 cm ™! compared with the IR spectrum
peak of the neutral cluster, because the W-C bond
length of 1.94 A (1 A=0.1 nm) for the cationic cluster
is shorter than that of 1.99 A for the neutral cluster, a
stronger W—C bond exists in the cationic cluster. The
W,C%* cluster vibration modes of strong peaks may
be assigned to the stretching of the C atom. Also, a
weak peak at 359 cm~! appears in WoC™ due to the
C atom in-plane wagging vibration, which can be used
as a signal to identify the WoC and WoC™

For the neutral W3C cluster, there are three obvi-

clusters.

ous peaks, the strongest peak at 838 cm ™! is assigned
to the stretching of the C atom; the double-degenerate
peak at 206 cm ™! is assigned to the W3 atom in-plane
wagging vibration; and the triply degenerate peak at
335 cm~! is assigned to C atom out-of-plane wag-
ging vibration. In the IR spectrum of W3C™, there
is one peak at 832 cm™!, whose vibration mode is
the stretching of the C atom. In the IR spectrum
of W3Ct, the two strongest peaks at 300 cm™! and
724 cm~!, whose vibration modes are C atom out-
of-plane wagging and in-plane wagging. The medium
intensity of the C atom stretching mode is due to the
decrease of electron on W—C bond.

For the neutral W,C cluster, there are two strong
peaks, the strongest peak at 791 ecm™! is assigned
to the stretching of the C atom, the second peak at
687 cm ™! is due to the C atom in-plane wagging, the C
atom stretching mode gives rise to the strongest peak
in W4C~ and W,Ct, but their vibrational frequencies
are different. The frequency of W4C~ is similar to
that of the neutral cluster, while W,C7 is red-shifted
by as much as 87 cm ™!, which is related to the fact
that its W—C bond length is larger than that for neu-
tral and anionic clusters. In the W,C™ cluster, be-
sides three C atom vibration modes from 338 cm™! to
704 cm ™!, there is a new vibration mode at 167 cm™!
that is caused by the W3 atom stretching vibration.

For the neutral W5C cluster, there are the two
strongest peaks at 606 cm™! and 689 cm ™!, whose vi-
bration modes are C atom out-of-plane wagging and

Ao =

(g — O‘yy)2 + (aryy — QZZ)Q + (@ — O‘:cx)g +6 (az-y + a?zz + O‘gy)

stretching vibration. Another strong peak appears
around 213 cm ™!, which comes from W3 and W, atom
stretching deformation. More interestingly, because of
tungsten atom number increase and C; symmetry, the
IR spectrum of the W5C cluster shows several low-
frequency peaks, which can also be seen in W5C~and
W5C™T clusters. The strongest peaks of W5C™ and
W5CT clusters are located at 690 cm ™! and 695 cm ™!,
which are both assigned to the C atom stretching vi-
bration. In addition, there is a weak peak at 203 cm ™!
resulting from structural distortion in W5C~, which
can be used to identify W5C~ and W5C™ clusters.
For the neutral WgC
556 cm ! comes from the C atom wagging vibration.

For WgC™ cluster, the peak appears around 562 cm ™1,

cluster, the peak at

which is, in fact, composed of two vibration modes at
561.8 cm~! and 561.9 cm ™!, coming from C atom ver-
tical and lateral waggings. As for WgC™ cluster, the
peak appears at 704 cm™!, whose vibration mode is
C atom stretching vibration.

From the IR spectra of W,,CO% (n = 2-6) clus-
ters, we can see that the vibrational frequencies are
in a range of 80 cm~!-864 cm™?!, similar to those of
W,.Six%* (n = 1-5) clusters.l® The high frequency,
strong peak modes are found to be almost entirely
due to the stretching deformation of the carbide atom.
firstly, the

strong interaction between W and C atoms; and, sec-

This is caused mainly by two aspects:

ondly, the C atom is the major carrier of negative
electrons, so the change of electric dipole moment for
W,,C%F (n = 2-6) clusters is the biggest on the con-
dition of C atom stretching vibration.

3.4. Polarizability

It is known that the static dipole polarizability
is a measure of the distortion of the electronic den-
sity and the information about the response of the
system under the action of an external static electric
field. The dipole polarizability and the polarizability
anisotropy are computed using the B3LYP/LANL2DZ
method.

The dipole polarizability ({a)) and the polariz-
ability anisotropy (A«) are defined as

(1)

1
(a) = 3 (Qzg + Qyy + @z2)

9-1/2
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The results of (o) and A« for W,,C%* (n = 1-6)
clusters are shown in Figs. 3 and 4, respectively. It
is intriguing that («) increases linearly with the num-
ber of tungsten atoms increasing. A similar behaviour
was observed in the gold cluster.®) Within the same
cluster size, the (o) order is anionic>neutral>cationic.
Karamanis et al.l*%] have shown that a more polariz-
able cluster is characterized by smaller Al atom av-
erage natural charge (q,;) for Al,P,, clusters. In our
cluster system, from Table 3, we can easily find that
W atom average natural charge in cationic clusters is
the largest but it is the smallest in anionic clusters
with the same size, so that the (a) order phenomenon
can be described.

450} . W,C o
L e W,C- ’.
A +
gsof 4 WnC ) .
. .
. L - L]
= e e
£ 250} e
S L ’ P “u o -
."’ /’.’ ‘,/" i
1o T «
R N
i” Y
50p AT . . . .
1 2 3 4 5 6

Fig. 3. Calculated values of dipole polarizability ({c)) for
W, C%F (n = 1-6) clusters.

200
150
2
< 100
3 L
<
50
0
n
Fig. 4. Calculated values of polarizability anisotropy

(Aa) for W,,CO% (n = 1-6) clusters.

The polarizability anisotropies of W,C%% (n =
1-6) clusters increase for n = 1-3 and decrease when
n = 4. For n > 4 neutral and anionic clusters, there
is a monotonic increase in polarizability anisotropy
value. We can find that polarizability anisotropy is di-
rectly related to the particular cluster structure. For

example, in the planar structure cluster it increases

with the number of tungsten atoms increasing. When
n = 4, the polarizability anisotropies decreases be-
cause the cluster structure becomes three-dimensional
and it increases again except for WgC™ cluster (due
to its highly C3, symmetry and compact structure).

4. Conclusion

In this work, we gave a systematic theoretical
study of W, C%* (n = 1-6) clusters using the DFT
method. According to the carefully optimized geome-
tries, we calculated the electronic structure, the in-
frared vibration spectrum and the static polarizabil-
ity for W,,C%* (n = 1-6) clusters. Our results are
summarized as follows.

(i) The ground state structures of neutral, an-
ionic and cationic clusters are similar within the same
size, constituted by substituting the C atom for one
W atom in the structures of W, ;1 clusters. When
n > 3, the clusters undergo a transition from two-
dimensional structure to three-dimensional structure.

(ii) The detailed natural (NBO) charge analyses
indicate that the direction of charge transfer is from
W atom to 2p orbital of C atom, and strong donor—
acceptor interaction and covalent bond are used to
interpret the charge transfer.

(iii) From the infrared spectra of W,,C%* (n = 2-
6) clusters, we can see the vibrational frequencies of
neutral, anionic and cationic clusters are similar in
a range of 80 em~1-864 cm~!. The high frequency,
strong peak modes are found to be almost stretching
deformation of the carbide atom.

(iv) Polarizability increases linearly with the num-
ber of tungsten atoms increasing.
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