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[MP,]* and [MP,]~ Clusters Generated by Laser Ablation and Investigated by Fourier
Transform lon Cyclotron Resonance Mass Spectrometry
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Laser (1064 nm) ablation of pressed mixtures of red phosphorus with powders of the metals cobalt or nickel
generates positive ions [MP (y = 2,4,6,8) and negative ions [I4]~, monitored by Fourier transform ion
cyclotron resonance (FTICR) mass spectrometry. At least 110 negative ions have been identified, more for Co
than for Ni. The ions [MP,]~ are distributed through the range<2x < 16, 4< y =< 17, with [CaoPs]™ (x =2,

3,4,5), [CaPig]” (x=05,6,7), [NkPs]~ (x=4,5, 7, 8), and [NPg]~ (x= 2, 3, 4, 6, 7) as more abundant ions.

The best negative ion spectra are obtained with 10:1 M/P mixtures, and high laser powers. The preponderance
of even numbers of P atoms suggests thatrits are bound to the metals, and this is supported by the collisional
dissociation of [ME]* ions (M = Co and Ni,y = 2, 4, 6) where loss of Pis the major pathway. For both
[CoPg]™ and [NiRs]* initial loss of B, is important. The reactions of [MP", [MP4]™ and [MRs]™ with o-ligands
ammonia and methanol, andligands GH,, C;H4 and GHs, involve addition and substitution processes.
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Figure 1. Positive ion spectrum of a 1:1 (w/w) mixture of cobalt metal
and red phosphorus ablated with a laser power of 600 MW¥cm

m/z

Figure 3. Collision-induced dissociation of [C@P (25 eV) showing
[CoPy] ™", [CoP;]* and Co as major product ions.

100 [NiPg[ > matic3 or part cubic®* P; normally forms a nortricyclane cage
structure in alkali metal salt8,organometal complex&&®6and
(PhsM)3P; compounds where M= Si, Ge, S’ Pg has been
observed as a cuneane structure which is a subunit of Hittorf's
monoclinic phosphorus allotrope, bonded to four, five, or six
metals**>® Py as a ligand has been observed to be a cage
structure with three homocyclicsRings and one phosphorus
atom appended to one of the ril§$? Py, as a ligand is
essentially two Punits linked with a norbornane-like structiife.
Alkali metal polyphosphides are numerous and ions such as
P13, Pi&~, P13, and Bg*~ have all been characterized. They
have strands of phosphorus atoms similar to the proposed
structure of red phosphor@s. There are also many polyphos-
phorus hydrides (polyphosphanes) and organic polyphosphides
which have been reviewed by Baudféf3
50 100 150 200 250 300 350 400 Thus, stimulated by the marvellous condensed-phase chem-
m/z istry, and cognizant of the limited scope of investigations of

Figure 2. Mass spectrum of [Nif* ions obtained after ablation of a ~ comparable gas-phase chemistry, we use various methods for
1:1 (w/w) mixture of Ni and red phosphorus with a laser power of 280
kwem2,
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Table 1. Products of Dissociation of [CQP and [NiR]* Induced Table 2. Patterns of Four Reaction Types for [MP Clusters with
by Collision with Argon Representative Reactants, Listed in the Ordes,NEH;0h, GHo,
parent ion major daughter ions minor daughter ions CoHa, CeHe: A Void Means No Reaction
complete artial collisional
%gggﬂ: [Cé:ogP2]+Co+ %ESE{: - - su?ggﬁ;)tion su%gt;)tion a?e?;tign dis&sgqciga)tion
CoPRy]* CoPj]*[CoP,]* Co* CoP
EC0P8%+ {COPJ+ ECOP2%+ Co" %COPJ]:' [CoPT" Ps* [CoPy]* NH3 NH3
[NiP]* Ni* [NiP]* Ps* CoH»
[NiP4* [NiP2]* Ni* [NiP2]* [NiP]* Pyt Ps* CoHa
[NiPg]* [NiP2]* Nit Pyt [NiPg]* [NiP]* CsHs
[NiPg]* [NiP4] ™ Nit [NiP2]* INiP]* NHs
CHsOH
generation of metatphosphorus compounds in the gas phase. CoH-
The new species are trapped in a Fourier transform ion cyclotron CoHa
resonance mass spectrometer, where their compositions, reac- CeHs
tions, and dissociations can be readily investigatedin this [CoPy*™ NH3 NH3
paper we report on our experimental research with cobalt and CHsOH
nickel phosphide ions produced by laser ablation of mixtures CeH2 EZEZ
of the metals with red phosphorus. Supporting density func- CoHe 2
tional calculations of the structures and reaction mechanisms _ . .
for the new species are reported separdtelWe have described [NiP] NHa NHa CH-OH
the reactions of copper sulfide anions with gaseoyi€ &d ° CoHs
with phosphined? Our recent studies of bare transition-metal CoHa
ions with R, and PH are soon to be reportéd. The reaction CsHe
of small carbon anions withhas yielded addition products [CoPy* NHs NH;
with one or two phosphorus atoms and even unprecedented CH3OH
carbon polyphosphide aniofz oH CeHy
214
Experimental Section CeHe
. . . [NiPg] " NH3 NH3
The Spectrospin C_MS-_47 Fourier tra_nsfo_rm mass spectrometer, y\nth CHsOH CH:OH
4.7 T magnet and cylindrical cell used in this study has been described CoH,
previously*?36 Samples were prepared by intimately mixing the CeHs

powdered transition metal (Co, Ni) with powdered red phosphorus under

anaerobic conditions, followed by compression in a (KBr) disk press.  Collisionally induced dissociation (CID) experiments were performed
These disks were then powdered and pressed into the probe tip, whichwith the positive ions: the lower intensities and broader manifolds of
was introduced into the ICR cell and located flush with the trapping the negative ions precluded CID (except for a few of the most abundant
plate. The compositions of the samples ranged from 10:1 to 1:1 M/P. ions) and ior-molecule experiments. The CID was performed with
Mixtures more concentrated in phosphorus could not be investigated argon at 1x 1075 Pa. as the collision gas. lons of interest were
because the high vapor pressure of red phosphorus is not compatibleselected and unwanted ions ejected using a chirp pulse (this process
with the low-pressure detection requirements of the FTICR mass was carried out twice) followed by an acceleration pulse and variable
spectrometer. The reactivity of the solid samples was revealed by the delays ranging from 0.01 to 0.05 s to allow one or two collisions. The
detection of [ROy]~ ions which were more abundant if the samples energies of the ions have been calculated and some values reported as
were not well-protected from the atmosphere during preparation. The center-of-mass energiés.

purity of reactant gases was checked by electron impact mass ) )
spectrometry. Results and Discussion

The 1064 nm fundamental of a Nd:YAG laser (Spectr_a Physics, Laser Ablation and Gas-Phase Synthetic Processesix-
DCR) was focused through the ICR cell to an area approximately 0.1 tures of metal powders (M= Co, Ni) and red phosphorus

mm diameter on the sample surface. The laser was operated in long id ; f hiah | |
pulse and Q-switched modes, and the laser irradiances were variedProvide convenient sources of high-energy atoms, molecules

(using netrual density filters) in the range of-2880 kW cm2 for a and ions (of M and P) in the plasma generated by laser ablation.
230 us long pulse, and the range 106000 MW cm? for an 8 ns There are no metal phOSphOfUS-bonded species in the Inltla”y
Q-switch pulse. A single pulse of the laser was usually sufficient to ablated sample, and so an associative synthesis occurs in the
generate enough ions for detection. gas phase. A secondary observation is the generation of very
Pulse programs for the observation of ions, the collision-induced different distributions of positive and negative ions, this also
dissociation of ions and the reaction of ions have been previously demonstrates that the products are formed by associative rather
giveni? ) . than desorptive processes.
For meaﬁﬁrement Oz the re?‘ci'r?”fcg thﬁ 'E”S tt)he (“”‘io”_e‘:tlfd)l There were some variations in the abundances of the ions
ressure o € reactant gases in the cell chamber was ICa H
F>)< 105 Pa. After the Iasgr generation of ions and their equil%/gratio)rll generated, because the laser pulse generates very high temper-
atures (thousands of degrees) at the surface of the sample and

through collisions in the presence of the reactant gas, all ions except h hole in th | Inth o .
the target ion to be investigated were removed from the cell with double €ICN€S @ hole inthe samples.  In the spectra monitoring negative

resonance ejection pulses. The subsequent reactions were monitored®nS, and moreso for Ni, the ion yields deCfeaS_Ed with the
after delays in the range from 1 ms to 60 s. number of laser shots and depth of the hole etched in the sample.

This effect, observed by othef%,is most likely due to

(64) Dance, I|. G.; Fisher, K. J. To be published.

(65) Fisher, K. J.; Dance, I|. G.; Willett, G. OEur. J. Mass Spectrosc. (67) Hop C. E. C. A.; McMahon T. B.; Willett G. Ont. J. Mass Spectrosc.
1996 2, 369-372. lon. Processe499Q 101, 191—-208.

(66) Fisher, K. J.; Dance, |. G.; Willett, G. OEur. J. Mass Spectrosc. (68) McElvany, S. W.; Nelson, H. H.; Baronavski, A. P.; Watson, C. H;
1997 3, 331-338. Eyler, J. R.Chem. Phys. Lettl987 134, 214.
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Figure 4. Negative ion spectra of mixtures of cobalt and red 2
phosphorus: (a) A 1:1 (w/w) mixture irradiated at a laser power of 1
1400 MW cn12. (b) A 2:1 (w/w) mixture irradiated at a laser power > 7 T8 19110 5
of 1900 MW cn12. Note the relative ion intensities in (a) and (b) are 1 3 5/6 11

related to the base peak [CHP Co

Figure 5. Maps of observed [G®,]~ anions: ® <10%, ® 10—20%,
interference in the localized pressure conditions required for sx >20% relative intensity. (a) From a 1:1 (w/w) mixture of cobalt
optimum formation of ions. Fluctuation of the intensities of metal and red phosphorus at a laser power of 1400 MWPcfh) From
the positive ions observed with Ni was often quite pronounced 2 2:1 (wiw) mixtuge of cobalt metal and red phosphorus at a laser power
after only 10 laser shots, and caused some difficulties with the of 1900 MW cn.
CID experiments. Defocused laser pulses reduced the diminu-j, ihe P+
tion of ion yields with number of laser pulses, and allowed ion
signals to be maintained for at least 20 laser pulses, sufficient

clusters are not observed in the [MIPclusters: for
example, [MB] ™ is not detected while " is often formed in

: A abundance.
for completion of the MSMS experiments. Therefore, to better understand the associative processes in
Associative Formation of [MP/]*. The positive ions [M§* the gas phase, the positive ions formed by laser ablation of red
obtained from single laser pulses of samples-€cand Nit-P phosphorus were investigated. The iops th= 3, 4,5, 6, 7,

are shown in Figures 1 and 2, respectively. In both spectra the10, 12) were observed, with the distribution dependent on the
most abundant ions contain an even number of phosphoruslaser power. At the lower power of 110 MW ¢ the ions
atoms,y = 2, 4, 6, 8. No positive ions containing more than with n= 3, 4, 5, 7, 10 were observed, but at 600 MW @&rthe
one M atom were detected. The [MjPion is always of lower observed ions had = 3, 4, 6, 12. B" was prominent at all
intensity than either [Nif}* or [NiPg]*. In some spectra low-  |aser powers.

intensity [NiPig] * was apparent. The ion populations produced  In view of the contrasting distributions gfin [MP,]* andn
were dependent upon the irradiance conditions and the M/P ratio,in P, we conclude that that processes which lead to JVIP
with differing conditions for the optimum formation of particular  are not the same as the clustering processes which gengrate P
species. In general the larger ions such asdM®ere favored In separate experiments we have shown that &ud Nit react

at higher irradiances(1400 MW cn1?) and lower M/P ratios, with P4 vapor produced from white phosphorus to produce the
and the smaller ions such as [MP predominated at lower  ions [MPy]", [MP4]*, and [MR] ", and so it is likely that the
irradiances £600 MW cn1?) and high M/P ratios. Positive  [MP,]" ions arise from the reactions of Mions with neutral
ions were also observed when the laser was used in the long-P, molecules in the plume.

pulse low-power mode as shown in Figure 2. In addition to  Dissociation of [MR,]". Collisionally induced dissociation
the [MR]" clusters, elemental species such as ahd R* (n of all [MPy]* ions (y = 2, 4, 6, 8) was examined, using argon
= 1-5) were detected. However, the odd numbers of P atomsat 1 x 10> Pa, excitation pulses typically 210 us, and
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Figure 6. Negative ion spectra of mixtures of nickel metal and red

phosphorus. (a) From a 10:1 mixture irradiated at a laser power of charge transfer.

1400 MW cnr2. (b) From a 2:1 mixture irradiated at a laser power of
3600 MW cnt2. Note that the relative ion intensities in (a) and (b) are
related to the base peak [N]P.

collision periods ranging from 0.01 to 0.05 s to allow single or
few collisions. Major and minor dissociation products were
identified. A representative CID spectrum, for [GYP is
shown in Figure 3. The initial dissociation products of [gJoP
after a collision time allowing one collision were [CQP,
[CoP,]™, and Cd. Dissociation experiments of [CgP using
center-of-mass energies in the range-56 eV gave similar
products to those shown in Figure 3. With increased collision
times other products such as [GpPand [CoP} were observed.
Table 1 presents the products from CID experiments with all
of the [MR]" clusters.

Loss of a B unitis a common process, and loss gfdeécurs
for [MP4]™, [MPg]™, and [MR)]*. Significantly, [MR] ™ is not
a product of dissociation of [MP". The results in Table 1
suggest that the structures of [\P wherey = 2, 4, and 6
consist of a metal with Pcoordinated ligands, and that [MP
could be either [M(B)2] ™ or [M(P4)(P2)2]* with P, bound more
tightly than R.

Oddy ions, [MP]" and [MR;]*, are generated by dissociation
but not by association. For instance [NiPis formed when
[NiP4]™ collides with argon, but not in the plume where™Ni
and BT are known to be present. There is insufficient
information to know whether [Nig" could be formed from
Ni*™ and R.

Reactions of [MR]*. The reactants chosen for investigation

Greenwood et al.

methanol, dimethylaniline, diethylaniline, and fluorobenzene,
spanning a range of ligand or charge-transfer properties. The
ions [MR]* (y = 2, 4, 8; M= Co, Ni) had sufficient intensity

to allow reactions with them to be investigated, but insufficient
ion intensity did not allow the study of [MfP". With reactant
pressures of ca. ¥ 1075 Pa in the ion trap, the reactions were
monitored typically for up to 10 s, and in some cases up to 60
s.

Five types of reactions with reactant L were observed, namely
charge transfer (eq 1), complete (eq 2) or partial (eq 3)
substitution of the bound P atoms by L, addition of L (eq 4),
and CID (eq 5). Some of the reagents undergo two or three
types of reaction:

charge transfer from L

[MP]" +L—[MP]+L" 1)
complete substitution of P

[MP]"+L—[ML]" +P, 2)
partial substitution of

[MP]"+L—[MP_LI"+P,  (3)
addition of L

[MP]" + L —[MP,L]" (4)

collisional dissociation
[MP]" +L—[MP,_]"+P+L (5

With methane, the [MJJ* gave only dissociation products,
similar to the CID with argon. With dimethylaniline, diethy-
laniline, and fluorobenzene, all of the [CHP ions undergo

In the case of dimethyaniline the high-
resolution mode was required to resolve the reagent and,]JCoP
— both having a nominal mass of 121 amu. [GoPreacting
with benzene gave someglls™ by charge transfer. These
charge-transfer results indicate that the [JoBpecies all have
higher ionization energies than 9.2 eV, and that [bofnay
have an ionization energy close to 9.2 eV.

The patterns of the other four reaction types according to
the identities of [MF]™ and L are presented in Table 2. In
general the reactions of [MP" are dominated by substitution
processes, while the reactions of [MP involve addition as
well as part and complete substitution: [GbIPI3]™ is a minor
product of addition by [Cof™. The complete substitution of
[MP]* or [MP4]* by L = NH3 or GsHg generates the bis-ligand
products [MLy] ™.

The general observation that the [MP ions show less
evidence of addition than do [MP is unexpected since [MP
is expected to be more coordinatively incomplete.

The larger [MR]™ ions are involved in partial substitution
reactions or CID processes, while two Blidolecules can totally
substitute the Pgroup. These results suggest that the §MP
ions are composed of readily displaced groups suchyas P

Density functional calculations of the structures and reactions
of the [MR] " ions are to be reported in a separate p&per.

Negative lons [MP,]~. Formation. In constrast with the
positive ions, extensive ranges of anionic clustersgAt were
observed after laser ablation of both cobalt and nickel phos-
phides. Sample mixtures of various ratios were investigated to
optimize cluster formation, and the best results for the negative
ions were often obtained with a 10:1 mix for Ni/P, with less

of reactions were methane, acetylene, benzene, ammoniadependence on the composition of the solid for cobalt. lons
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Figure 8. The ion map of all the [NP,]~ anions observed by laser
ablation of nickel+ phosphorus mixture® <10%, B 10—20%, v¢
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Figure 7. (a) High-resolution laser ablation (1400 MW cfh mass 204
spectrum of [NjP]~ ions in the mass range 47489. (b) Calculated
isotopomer pattern for [MPs] . (c) Calculated isotopomer pattern for
[Ni4Pg]~. 0 T T
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[CoPy]~ comprised a more extensive series of compositions miz

xly than the [NiPy]~ ions. In contrast with the positive ions,
many polymetal negative ions were observed, wittanging

up to 13 for Co and 9 for Ni. A typical mass spectrum derived
from a CotP mixture irradiated at a laser power density of

Figure 9. CID of [NiPg]~ (20.5 eV) showing [NiE]~ as the only
product ion.

naturally occurring isotopes. Further complexity in the spectra
1400 MW cn12is presented in Figure 4. Below/z ~170 the is observed at high mass, where it is apparent that several large
spectra are often populated by ]~ ions, formed by  clusters with similar masses contribute to the broad manifold
adventitious exposure of the solid sample (see Experimental).of isotopomer peaks. Peaks were assigned to cluster ions by
Anaerobic preparation of the samples allowed detection of a detailed examination of the isotopomer patterns as measured
more extensive collection of [GB] ™~ clusters. The [C&y]~ in the narrow band mode. For example, the distribution of peaks
ions observed are mapped in Figure 5. Assignments have beeffrom nvz 475-488 shown in Figure 7 can be assigned as the
confirmed by high-resolution measurements (mass discrepancyoverlap of the patterns of [MPs]~ and [NisPg] ~, with the latter

<25 ppm). Many of these ions, particularly those of higher slightly more abundant. The assignments of allR)i- clusters

mass, were present in very low concentrations with some were based on similar analyses of the narrow-band spectra, and
detected only with the high-resolution mode of the mass the identified [NiP,]~ ions are mapped in Figure 8.

spectrometer. The single isotopes for Co and P simplified the
task of peak identification, and there are no ambiguities in the [

assignment of ion compositions.
In general, [CgPy]~ clusters withx even are favored, and in
particular the series [GBe] ~, [CoPg] ~, and [CqPig]~ (X = 5)

We draw attention to several features of the distribution of
M,Py]~ compositions in Figures 5 and 8:

(1) Most of the ions havg = X, including all of the more
abundant ions except [Gs] .

are present with greater intensity than neighboring compositions  (2) For each value ok there are many values of The

with odd numbers of P atoms. A greater range of /&p
species is produced relative to clusters witk 6.

Figure 6 presents a typical distribution of [Rj]~ ions,
obtained at an irradiance of 1400 MW cfn [PO,]~ ions were

breadth iny of the distribution for [CgPy] ™ is in contrast to the
narrower distribution of sulfide ions [G§]~,'° while the
distribution of [NiP,] ~ is more comparable with the distribution
of [Ni,S,]~.4

again detected at low mass and were observed to cause even (3) All of the [NixP]~ compositions are observed also for

more pronounced inhibition of formation of [§]~ than of
[CoPy]~. In contrast to the simplicity of the [GB]~ spectra,

[CoPy] -, except for an unusual group of six [Rj]~ ions
[Niepzl_, [Ni7P2]_, [Ni7P3]_, [Nigpg]_, [Nigpg]_, and [N-bp4]_

the [NixPy]~ spectra are more complex because nickel has five with x > vy.
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Collision-Induced Dissociation of [M{Py]~ lons. Some of 100 [Go,Pg] —
the smaller [MP,]~ ions were successfully subjected to CID
measurements. Figure 9 shows the CID of [§JliR center-of-
mass energy 20 eV), and Figure 10 shows the CID otifglo 80
(center-of-mass energy 10 eV).

The CID results can be summarized as follows:
604

[CoP] — [CoR)]

[Co,Ps”
[Co,P] — [Co,P,] , [CoPR]

40

Relative ion intensity (%)

[Co,Pg ] — [Co,Py] , [Co,R,] [COPR] [CoP, [CoPI
machine

[CosPg] ™ — [COsP] ™ — [Co,P,]~ 207 \ anefa;‘*

NP —[NiPJ P, 0 I Y G

T 1 T 1
i T i - 100 200 30 400
[NiP¢] [NiP,] o
The loss of Ris a common process for all the anions studied. F'9ure 10. i'D of [CozPs] ~ (10 eV) showing [CePe] ", [CooP] ™ and
The loss of a CoPunit was also a process for two of the [CoRu]™ as the product ions.
[CoxPy]~ anions.

The R loss from the anions is comparable with the dissocia- z-donor molecules the [MP" species undergo partial or
tion of P, from the [MR]" cations, and supports structures | bstituti £ th hp hide li gd P "
containing B ligands. Our investigations of the structures and comp et? su stltutlo.n. of t € phosphide figands, as well as
structural principles for [MR* and [M{P,]~ by density func- addition: simple collisional dissociation also occurs with these

tional method% use this experimental information. reactants.

equivalent to S in [C&y]~. On exposure tos-donor and

The formation of few monometallic cations [P and many
Summary and Conclusions polymetallic anions [MPy] ~ is similar to the ranges of positive
Monometallic cations [M* and polymetallic anions [WP,]~ and negative ions obtained by laser ablation of metal

are generated by association in the plume formed by laser Suffides? 210111515 The results for [M}™ are alsoegomparable
ablation of a mixture of M and elemental P. More than 80 &"d g(lnznls;stent with the reactions of'p) with Py and with
[CoR,]~ ions for x < 13 can be identified. There is a Sg(gy+41" Although we have no definitive data, it is suggested

predominance of clusters wigheven. The clusters are relatively —hat the wider range of anions [i]~ could be due to the
easily dissociated by collision with inert gas, and again loss of favorability of electron attachment during the formation pro-
Pavenis the principal process, although some clusters withd cesses: this can be investigated with calculations of electron
can be generated by dissociation. The compositions of the ionsaffinity. in progress:

formed by associative and dissociative processes strongly
indicate that Pstructural units exist in these clusters. This view
is supported by the observation of [~ clusters withy >

X, in comparison with [C¢8)]~ clusters wherey ~ x,1° with

the hypothesis that ;Pin [CoR]~ could be structurally 1C980699Y
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