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Formation, photodissociation and structure of
chromium/phosphorus binary cluster ions
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Chromium/phosphorus binary cluster ions, [Cr,Pm]*, produced by laser (532nm) ablation on a tablet of
well-mixed chromium and red phosphorus powder, were studied with a home-built tandem time-of-flight
(TOF) mass spectrometer. The clusters thus formed are mostly rich in phosphorus. There is an odd-even
oscillation in the intensity of the [CrP,,] " series, i.e. the mass peaks of even m are higher than those of odd m.
The peaks of [CrPy]* and [CrPg] T are especially prominent, which may be ascribed to the specific stability
of P, sub-structures. There are also some intense peaks in the spectrum assigned to P4 ", [Cr4Po] ™,
[CrsP1q™, [CreP1a ™, [CrgP14 ™ clusters, etc., which have stable compositions. The stability of these species
is consistent with a simple qualitative electronic structure model, in which the valence electrons of P are
filled into the d orbitals of Cr. The photodissociation of some cluster ions was also studied. DFT calculations
were performed on three small cluster ions to provide some insight into their structures. Copyrightc 2000
John Wiley & Sons, Ltd.
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In the past decade, binary clusters composed of transitionare polyatomic species, more than one allotrope exists, both
metal and non-metal elements have attracted much interesP and S have empty d orbitals to use in bonding, etc.
because of their remarkable electronic and structural In this paper, we report our experimental investigation of
characteristics, and their applications in many figids.  chromium/phosphorus cluster ions using a home-built
However, in the previous work on clusters of this kind, the tandem time-of-fight mass spectrometer (Tandem
non-metal elements have mainly beern©Q,”95>*? and TOFMS). Unlike FTICRMS, the Tandem TOFMS is not
Se!®! In this paper we report the study of clusters affected by the high vapor pressure of red phosphorus, so we
composed of transition metals and phosphorus. An earlierwere able to investigate more samples of different
papel® reported Co/P and Ni/P binary cluster ions produced compositions including those richer in phosphorus, such
by laser (1064 nm) ablation on mixtures of the metals and as Cr/P = 1:6.

red phosphorus, and analyzed using Fourier transform ion

cyclotron resonance mass spectrometry (FTICRMS). Be-

cause the high vapor pressure of red phosphorus is notEXPERIMENTAL

compatible with the low-pressure detection requirements of The samples were prepared with chromium (puri§8%)
FTICRMS, the ions studied in these experiments contained gng purified red phosphorus powder, mixed in different
only a few phosphorus atoms and the clusters contained onlyatomic ratios and pressed into tablets.

one metal atom. - . Experiments were performed on the Tandem TOFMS; the
Phosphides of transition metals comprise a very large details have been published elsewh&& In brief, the
class of compound¥ Many transition metals can form  gqjig sample was held in a vacuum chamber at®lTorr
more than one type of phosphide, and most of them aregng the second harmonic of a Nd:YAG laser (532 nm,
polymorphic. As regards bonding in phosphides, they 10mJ/pulse,~8 ns/pulse, 10 Hz) was focused on the
present a wide variety, i.e. ionic and covalent to essentially g rface of the sample to a spot of 0.5mm diameter. The
metallic. The phosphides were found to have chain, ring, cluster ions produced by laser ablation were extracted,
cage or layer structures, 7and to have many important gccelerated by a pulsed electric field of 0.1 kV/30 mm and
applications in many fieldt” Iron phosphide is used to 1.1 kv/10 mm, respectively, and then drifted along a 3.5 m-
prepare high-strength steelfrhas been used to make the |ong field-free flight tube. The cluster ions with different
tips of pens because of its chemical stability and hardness,mass were detected by the dual microchannel plates. The
copper phosphide usually acts as an oxygenating reagentmass resolution of the first stage of the Tandem TOFMS is
etc. In addition, P is the neighbouring element of S in the apout 300. Cluster cations with a specific mass number can
Periodic Table, and the two elements, P and S, arepe selected by the mass gate, at the end of the first stage
somewhat similar in charactéf e.g. their elemental forms flight tube, which is operated by a pulsed voltage. The
selected cations, after deceleration, were photodissociated
with a UV excimer laser (Lambda Physik LPX300, KrF,
*Correspondence to: Zhen Gao, State Key Laboratory of Molecular 248 nm wavelength, 10 Hz, 200-400 mJ/pulse20 ns/
Reaction Dynamics, Center of Molecular Science, Institute of PN ! - .
Chemistry, Chinese Academy of Sciences, Beijing 100080, People’s pulse). The daughter ions and the remaining parent ions
Republic of China. were all reaccelerated an_d analyzed by t_he second stage of
Contract/grant sponsor: The National Science Foundation of China. the Tandem TOFMS which is perpendicular to the first
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Figure 1. TOF mass spectra of Cr/P cluster ions produced by laser ablation on a mixed sample with Cr/P =1:1. (a)
Cations [CEPm] " and (b) anions [GPm] .

stage and has a flight tube 1.5 m long. The detector of thethe mass spectra, but their intensities were much weaker,
second stage of the spectrometer is another dual micro-except for [(Ps]™ and [R] . It was noticed that, for even
channel plate arrangement. The signals from the two stagesvalues of min [HP,.]*, the number of hydrogen atoms, x, is
were recorded using a transient recorder (10 MHz), pre- usually odd (1 or 3), while for odd m, x is even (0 or 2,
amplified and stored in a personal computer. labelled as 0,20,3 and 0,4, 0,4”, etc. in the spectra).
The experiments also show that the atomic ratio Cr/P in

the sample does not affect the cluster ion distribution much,
RESULTS but the larger clusters can be formed more easily when the
phosphorus content is higher in the sample.

[CrP. ] cluster ions exhibit a prominent intensity in the
In order to obtain the distribution characteristics of Cr/P mass spectra, with an odd-even oscillation, in which the
cluster ions, several samples at atomic ratios Cr/P = 8:1, 3:1,peaks with even m are much higher than those with odd m.
1:1 and 1:6 were investigated. Typical TOF mass spectra of In particular [CrR]" and [CrR]" are the most intense
Cr/P cluster cations and anions, produced by laser ablationpeaks, while [CrP] and [CrR] " are almost not seen in the
on samples of atomic ratio Cr/P =1:1 and Cr/P = 1:6, are spectra.
shown in Figs 1 and 2, respectively. The mass peaks are It is important to note that [GPg] ", [Cr4Po] ", [CrsP14] ™,
labeled with (n,m) corresponding to the numbers of Cr [CrgPis ™, [CrsPid™, [CrigPi7lt, [CrisPo4™, etc., are
atoms (n) and of P atoms (m) in the cluster cations and always present at high intensity in the mass spectra, while
anions, respectively. for cluster anions, there are no apparent local intensity

By comparing the mass spectra from the samples atmaxima among the mass peaks in the spectra.
different atomic ratios, we find the following characteristics
of the cluster distribution. (1) The binary cluster cations and
anions, [CEP,,]~, were mainly rich in phosphorus (mn),
especially for the cluster anions, which were all rich in The photodissociation of some [B,]* cluster cations was
phosphorus. (2) The cluster cations with<om were found performed. Cluster cations of a specific mass number were
only for n< 3, and their intensities are all relatively weak. selected by the mass gate in the Tandem TOFMS and
(8) With the increase of n in [GPn]™, (m—n) becomes photodissociated by a 248 nm laser. The results of
larger, even in the case of samples with low phosphorus photodissociation are summarized in Table 1. The photo-
content, such as Cr/P =8:1. In addition, the cluster ions, dissociation efficiency,R;, of each channel can be
[HyPm] ™ (m =2-5) and [HPy,] ~ (m =2-9) appeared alsoin  calculated by the formuld; =1;/ 1;, wherel; is the

J

Formation of Cr/P binary cluster ions

UV photodissociation of Cr/P binary cluster cations
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Figure 2. TOF mass spectra of Cr/P cluster ions produced by laser ablation on a mixed sample with Cr/P = 1:6. (a)
Cations [CEPy] T and (b) anions [GPy] .
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Table 1. Photodissociation channels and efficiency of Cr/P binary cluster cations

Parent ions Channel &) YRi(%) Parent ions Channel i) YRi(%)

[CrPy* [CrPS]* + (Py) 4.76 9.56 [C5Ps] [CrsPd ™ + (Py) 3.00 48.50
[CrT + (P 4.80 [CEPL]™ + (Py) 26.89
[CrPg] ™ [CrP4]" + (P2) 2.13 14.32 [CsP T + (Pe) 16.74
[CrP,]* + (Py) 12.19 [CBP,] ™ + (CrPy) 1.87

[CrPg* [CrP ™ + (Py) 8.03 8.03 [CEP] ™ [CraPd ™ + (Py) 15.12 43.09
[CroP,]* [CroPT* + (P) 0.77 9.76 [P + (Pa) 19.53
[Cra* + (Py) 3.24 [CuPa* + (Ps) 6.86
[Cr]* + (CrPy) 5.75 [CEPS]" + (CrPy) 1.58

[CroPg " [CroP] " + (P) 1.50 10.43 (Gl [CrsPy] ™ + (P5) 11.91 47.17
[CroPT* + (Py) 7.33 [CEP;]™ + (Py) 22.20
[Cral™ + (Py) 0.61 [CEPs]* + (Ps) 13.06

[Cr]* + (CrPy) 0.99 [CePia* [CrePud™ + (P) 16.89 60.21
[CroPs)* [CroPs]* + (Py) 4.46 6.57 [CePig* + (CrPy) 14.80
[CroPT" + (Ps) 2.11 [CEPSl* + (CrPy) 14.47
[CraPel* [CroPal* + (P) 6.68 24.20 [CgPs] ™ + (CrPy) 5.28
[CraP ™ + (Pe) 17.52 [CPs] ™ + (CrPs) 4.45
[CraPa]™ + (CraPs) 4.32

intensity of daughter ion i andl” I; is the total intensity of
daughter ions and the surviving parent ion.
From Table 1, it can be seen that for the parentPg}™

For [CrR,]*, ten structural models were assumed. The
optimized configurations and the calculated energies are
shown in Fig. 5. For [Crj™ and [CkP,] ", we calculated

(m > n) clusters, the main photodissociation channel is loss three and four configurations, respectively, and these results

of P, or P4, while the channel with loss of P oz id not
appear. After successive loss gfd? P, until the numbers of

are given in Figs 6 and 7.

Cr and P atoms are close, the loss of Cr atoms occurs. As

shown in Fig. 3, a typical mass spectrum from the
photodissociation of [GPg] 7, four photodissociation chan-
nels exist giving [C4Ps] ", [CraPa] ™, [CrsPs] T and [CkP,] "
daughter ions, among which [§R,] " is the most abundant
daughter ion and, after loss of Plus B, expulsion of Cr
occured to form [CsP,]*. However, for [CgP.5]" photo-
dissociation, the loss of Hs the main channel (shown in
Fig. 4), and then the expulsion of Cr began to occur. The
smallest daughter ion in this case wasJ&i+, with a total
loss of CpPs.

Theoretical calculations

Three small cluster ions, [CEP, [CrPg]" and [CkP,]™,
were selected for quantum-chemical calculations. 3-21G*
was used as the basis set, and the B3LYP method wa
chosen for calculation. The method has already been teste
and shown to be suitable for transition metal/non-metal
binary cluster iong?

DISCUSSION
Formation and photodissociation of Cr/P cluster ions

The Cr/P binary cluster ions are almost all rich in
phosphorus, implying that P-P bonds may exist in the
clusters. In the mass spectra, phosphorus cluster iggs [P
were also produced, but their size m is only up to 5 for
cations and 9 for anions, and their intensities are relatively
weak. In comparison, with laser ablation on a pure
phosphorus sample, cluster ions,JP withm up to 23
can be produced. This result indicates that the clustering
between Cr and P is stronger than that between P and P.

The experiments indicate that a higher phosphorus
content in the sample is helpful to the formation of large
clusters. The reason might be due to the volatility of red
sphosphorus. During laser ablation, dense phosphorus vapor
ctould produce a strong cooling effect on the expansion of
the vapor into the vacuurf?.

The odd-even oscillation in intensity of the [G{P
series, and the high stability of [CP” and [CrR] ", may be

CrJP: Crspl;
crp,
Cr,pz‘ Crsplcr Ploprspl;
CrzP: CrJP: Cr‘P:Cr‘P:Crsp"
200 300 400 500 300 400 500 600 700 800
m/z m/z

Figure 3. TOF mass spectrum of photodissociation products of
[CraPg] ™.

Copyright© 2000 John Wiley & Sons, Ltd.

Figure 4. TOF mass spectrum of photodissociation products of
[CrePig ™
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Table 2. Number of d orbitals of Cr atoms and number of valence spectra. Itis interesting that, if & Bnit is removed from any

electrons of [Cr,P,] " one of these clusters, the number of valence electrons in
Number of d orbitals of G Number of valence these clusters is nearly twice the r]umber ofd orbltaI§ of the

[CroPul* atoms electrons Cr atoms. The details are shown in Table 2, supposing that
[CrsPs]* 15 204 2(— Py) three valence electrons of each P and the 4s electron of each
[CraPs]* 20 38+ 2(— Py) Cr atom all move into 3d orbitals during clustering.
[CrsPya] ™ 25 50+ 2(«— Py) In this model, the Punit in these clusters behaves as a
[CrePi2 30 59+ 2(— Py) coordinating unit. This can also rationalize the photodisso-
[CraPad 40 77+ 2(— Py ciation experiments with loss of,PFor example, the main
[CraoPar] 50 98+2(— Py) photodissociation channel of [§R]* was loss of B
[CragPad & 125+ 2(— Py (shown in Fig. 3), and [GP;]" was also the main photo-
[CryPod 70 140+ 2(— Py) ; o N X
[CrePod 75 149+ 2(— Py) dissociation product of [GP,4] ", showing that Phas weak

interaction with the other part of the clusters and is easily
Note: “+2" in the third column of this table means the two electrons frgm P Stripped off. The exception to this rule is the cluster
coordination unit were offered to the cluster. [CrgP12 +’ from which B was stripped as the main channel
of photodissociation, but this might be due to the special
geometry of [CgP.J] .

For Cr/P crystalline compounds, there are two types of
ascribed to the specific stability of the Btructure*’ P, is compositions: G and CrP’, which are apparently
the structural unit of white phosphorus and is the main different from Cr/P clusters. This means that Cr/P crystals
component of phosphorus vapor, with a stable tetrahedronand Cr/P cluster ions have different structures and bonding
structure. As the temperature increases, the chemicalmodes.
equilibrium Ry(g) < 2P4(g) is displaced to the right. Thus,
after laser ablation, during the plasma expansion and
cooling, B or P, dominates the vapor. This could be the
reason why the mass peaks of [GiP with even m are Structural models for the clusters [GiP, [CrPg]" and
more intense. The photodissociation experiments show that[Cr,P,] " were assumed and their energies computed as
the main channel of [CrR] ™ photodissociation is the loss of ~ described above.

P, or P4, therefore we can conclude that P atoms mainly  Ten structural models of [CiP" were proposed, and Fig.
exist as B or P, in [CrP,]" clusters. 5 shows the results of the energy calculations. We can
In the study of clusters, one is usually more interested in observe that the structures (h) (i) (j), incorporating a4 P
higher mass peaks. In our experiments, the higher masstetrahedron, are more stable than the other linear or planar
peaks [CgPg] ", [Cr4Po] ", [CrsP14] ", [CrePig]t, [CrgPad ™, structures, and the most stable structure (i) has C
[CrigPi7] ", [CrisPo4 ™, etc. are prominent in the mass symmetry with the Cr atom connecting with two P atoms
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Structure and stability of Cr/P binary cluster ions
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Figure 5. The proposed structures of [GIP evaluated by DFT calculation. (Note:
the black circle stands for Cr atom while the white for P atom; the value below each
model is the energy (Hartree) from calculation.)
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Figure 6. The proposed structures of [GiP evaluated by DFT
calculation.
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Figure 7. The proposed structures of [{%]* evaluated by DFT
calculation.

of the B, tetrahedron. The second most stable of this level of preferentially formed for the clusters containing large

theory is structure (j), in which there are bonds between the numbers of P atoms. Where fewer than 4 P-atoms are
present, the ring structures with bridging P atoms are more

Cr atom and three P atoms of thgtBtrahedron. Among the

linear and planar structures, the more stable structures arestable at this level of theory.

(e) and (c) in which the four P atoms are symmetrically
located, with P-P distances varying between 1.90-1.96 A

indicating that the P-P bond may be a double bond (compareAcknowledgement

with the bond lengths 2.219 and 1.89%’&0orresponding to
the single and triple P-P bonds).

For [CrPs]* we propose three structure models with the
Cr atom located between the twg etrahedrons (shown in
Fig. 6). The most stable of these structures is (b), in which
the Cr atom is connected to two P atoms of each tetrahedron. 5’
The structure (c), in which the Cr atom is connected to three 3.
P atoms of each tetrahedron, is more stable than (a) in which 4.
only one P atom of each tetrahedron is connected to the Cr >
atom. 6
For [CrP,]*, four model structures are proposed (shown 7.
in Fig. 7). The most stable structure is (c), in which the four
atoms form a stereo (i.e. ‘non-planar’) ring in which the two
P atoms act as bridges between the two Cr atoms and there is
also weak interaction between the two Cr atoms. Structure
(d) is a planar ring in which Cr atoms and P atoms connect

8.

alternately and there is no bonding between the two Cr 11.

atoms or the two P atoms; this structure is more stable than
the linear structures (a) and (b).

13.

CONCLUSIONS

The Cr/P binary cluster ions were obtained by direct laser
ablation on a solid sample and the UV laser photodissocia-

tion of some Cr/P cluster cations was studied. It was found 16.

that Cr/P cluster ions rich in phosphorus are easily

produced, and the photodissociation of Cr/P cluster cations17-
18.

mainly proceeds via the following steps; &d B, are lost
first, and then Cr is expelled. The quantum-chemical (DFT)
calculations suggest that,Ptetrahedral structures are

Copyright© 2000 John Wiley & Sons, Ltd.
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