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Electrospray mass spectrometry provides a rapid, convenient technique for characterizing and studying the chemistry
of anionic metal sulfide thiolate clusters. Negative-ion electrospray mass spectra have been recorded for the
thiophenolate-capped clusters [M84E4Cdio(SPh)g] (E = S, Se), [MaN]4[SsZn;1o(SPh)g], and [MeyN]2[Ss-
Cdi7(SPh)g] and of the metal thiophenolate complexes ME[M(SPh)], [MesN]2[M4(SPh)g (M = Cd, Zn),

and [E4N]-[CdsX4(SPh}] (X= CI, Br, I). The exchanges of M, E, and X which occur in various mixtures of
these clusters and complexes and the fragmentation processes have been investigated. In the clustérs the M
bonds involving the sulfide or selenide core remain intact during the observed fragmentation at low cone voltages.
At high cone voltages, monoions are ultimately formed by loss of charged species and neutralLMéSBHiNg

in almost complete removal of the SPligands from the cluster core. Fragmentation of the ME core unit itself
occurs only at very high voltages. The exchange of X inNE{CdsX4(SPh}] (X = Br, I) gives peaks due to

the ions [CdIBrm(SPh)o-n+m]?~ (n + m = 0—4) and fragment ions with mixed ligands. The nature of the
detected species suggests that the halides only exist as terminal ligands. The exchange of MN]gNMe

(SPh)o] and [Me&sN]4[SsM10(SPh)g] results in the mixed-metal complexes [C&Zn,(SPh)g%2~ (n = 0—4) and

the mixed-metal clusters jSdio-nZn(SPh)g]*~ (n = 0—10). The exchange follows random statistics in
[M4(SPh)g?™ but is biased toward equilibrium association of the same metal,M {§SPh)g*~. The rates of
exchange within the different structural elements @M$&(SPh)¢*~ and [SM1ASPh}g2~ decrease for the atoms
located toward the center of the clusters.

Introduction to obtain. The ESMS technique should be of value in the

Electrospray mass spectrometry (ESMS) is a soft ionization identification of such species and in revealing the fundamental
techniqué that has been successful in the study of large chemistry of metal sulfide thiolate clusters. This would provide
biomolecules such as proteins and oligonucleofidasd is insight into the mechanisms of formation of larger nanoclusters.
gaining increased application in the characterization of a range Here we present a more detailed study which includes the ES
of inorganic and organometallic systefs. Recently, in a  mass spectra of the zinc thiophenolate complexes [ZnEPh)
preliminary communicatiohwe reported the electrospray mass and [Zn(SPh)g]?~, the halide derivatives [GX4(SPh}]?~ (X
spectra of the thiophenolate complexes [Cd($Ph)and = Cl, Br, 1), and the clusters [S€dio(SPh)]*", [SsZMo
[Cdy(SPh)(>~ and the SPh-capped CdS cluster [Sdi¢ (SPh)el*~, and [SCdi7(SPh)g|*". The structures of [M
(SPh)¢*~. Spectra were obtained which showed minimal frag- (SPh)d?>~ (M = Cd, Zn)* [EsM1o(SPh)¢]*~ (E = S, Se)®
mentation of the ions, indicating the power of ESMS in the and [SCdi7(SPh)g]?~ 16 are shown in Figure 1. ESMS is a
characterization of thiometalate complexes and of thiolate- powerful technique for the investigation of rapidly-exchanging
capped metal chalcogenide clustérét has been shown that ~ systems and has been compared with low-temperature NMR
semiconductor nanoclusters (quantum dots), which are a topicstudies'’~*? Investigations of the exchange reactions of M, E,
of intense research in materials chemigtogn be formed from ~ and X in [EM1o(SPh)]*", [SsM17(SPh}e]?~, [Ma(SPh)q]?~,
such molecular precurso¥s!?2 A number of new potential . _
precursor complexes have been postul&t&diut experimental ) ﬁt.e"o’\-"nzr‘é"v?fdéwé;j, Efrr]‘t{s'Eb'. Eé‘r‘]’;ig%gergz iefgﬁgné?éﬁ?’l&.\’cvﬁgﬁqr:

verification for the existence of these has not always been easy  Re. 1989 89, 1861. Wang, Y.; Herron, NI. Phys. Cheml991, 95,
525. Alivisatos, A. PSciencel996 271, 933 and references therein.
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Hg<® and co-colloids such as CdSEnS” and CdSe ZnSe?8
These materials have electronic properties that differ consider-
ably from the sum of those of the separate materials. The study
of mixed-ligand systems is of interest, for example, from the
viewpoint of replacing the capping ligands of precursors with
less tightly-bound ligands, in order to effect controlled aggrega-
tion to larger cluster specié8. Ligand exchange provides a
way by which the clusters can be functionalized to aid dispersion
of the clusters into a host such as an oxide or polymer etc.
Recently, Au particles were coated with a layer of silica using
the bifunctional ligand (3-aminopropyl)trimethoxysilane
[NH2(CH,)3Si(OCHs)3] as a couplef?®

Experimental Section

Materials. The complexes [MéN][M(SPh)], [Me4N][M 4(SPh)q,
and [EtN]o[CdsX4(SPh)] (X = CI, Br, 1) and the clusters [M&].-
[SaM1o(SPh)g] (M = Cd, Zn) and [MeN]{SeCdio(SPh)e] were
prepared by the previously described methtd8. Anal. Calcd for
[EtN][CdsCl4(SPh)): C, 41.45; H, 4.68; N, 1.86. Found: C, 41.99;
H, 4.43; N, 1.64. Calcd for [BN],[Cdsl4(SPh}]: C, 33.35; H, 3.77;
N, 1.50. Found: C, 34.02; H, 3.73; N, 1.38. The cluster Nlg[Ss-
Cdi7(SPh)g] was prepared by the following methétt! To a well-
stirred solution of thiophenol (PhSH, 11.4 g) and triethylamingNEt
10.5 g) in acetonitrile (60 mL) were added alternately Cd{/@H,O
(20.0 g) in acetonitrile (40 mL) and N&9H,O (5.76 g) in methanol
(100 mL). At the beginning of the addition of the €dsolution, a
transient white solid was observed which redissolved to give a clear
solution. Approximately 25 mL was added before a permanent white
solid was observed. The addition of the®Cdolution was stopped,
and the % solution was added. The solid present dissolved, and after
addition of approximately 57 mL of the?S solution, a pale yellow
solid precipitated. The addition of'Swas then stopped, and the®d
solution was added again, and so on until all thé'Gohd S~ solutions
were added. A misty pale yellow solution resulted. ¢(MECI (2.56
g) in methanol (20 mL) was added in one portion, resulting in the
precipitation of a pale yellow solid. The mixture was allowed to remain
undisturbed for 8 days and then filtered. Recrystallization was from
hot acetonitrile. Colorless crystals were obtained and vacuum-dried.
Yield: 7.30 g. The recrystallized material contained Cl impurities and
consisted of a mixture of [M@N]2[SsCdiA(SPh)g], [Me4N][S:CciCl-
(SPh}7], and [MeN][S:CdiClo(SPh)¢ in the ratio 100:31:3, as
determined from the electrospray mass spectrum. This corresponds to
[Me4N]2[SsCdiASPh}7 7<Clo 25 for which the calculated analysis (C,
40.31; H, 3.15; N, 0.53) agrees well with the experimental values (C,
40.03; H, 3.24; N, 0.94).
Figure 1. Structures of (a) the i, skeleton of [M(SPh)q? (M = Electrospray Mass Spectrometry (ESMS). Mass spectra were
Cd, Zn), (b) the EM1S;6 skeleton of [EM1o(SPh)¢]*~ (M = Cd, Zn; obtained in the negative-ion mode using a VG Platform Il mass
E =S, Se), and (c) the G, skeleton of [SCdi(SPh)g?. Shaded spectrometer. Acetonitrile was used as the mobile phase because of
atoms are Cd or Zn; unshaded atoms with one or two bonds are the Sthe high solubility of the clusters in this solvent. The spectrometer
atoms of terminal or doubly bridging thiolate, respectively; unshaded employed a quadrupole mass filter with avizrange 6-3000. The
atoms with three or four bonds are non-thiolate S or Se atoms. compounds were dissolved in the mobile phase to give a solution

and [CdX4(SPh}]?~ have been undertaken. Metal exchange (22) Weller, H.; Koch, U.; Gufigez, M.; Henglein, ABer. Bunsen-Ges.

has been shown to occur in fi&Ph) g2~ for Fet/Ce?+, C?t/ 23) f{hys- <|3_|hecm1§84 |88é 6‘é9- dler. 3. BLPhys. Chemi988 92, 6320
of + + + + : 4 oun, H.-C.; Baral, S.; Fendler, J. Bl. Phys. Chen : .
Zn2+’ Coi /Cc*, and Zr.? /Co:(zji and_ in [SM1o(SPh)] fo_r (24) Spanhel, L.; Weller, H.; Fojtik, A.; Henglein, Ber. Bunsen-Ges.

Zn?t/CP" by NMR studieg921 Applied to clusters, metal ion Phys. Chem1987, 91, 88.

exchange represents a way of generating new precursors tha25) Henglein, A.; Grl:f Hezh M.; Weller, H.; Fojtik, A.; Jirkovsky, Ber.
Bunsen-Ges. Phys.C e&989 93, 593

contain a mixture O.f metal.s' Addltlon.a”y’ by eXChange of the (26) H&sselbarth, A.; Eychriiler, A.; Eichberger, R.; Giersig, M.; Mews,

metal atoms associated with the capping layer, an interface can™ ™~ A weller, H.J. Phys. Chen993 97, 5333. Mews, A.; Eychrilier,

be created for growth of a second material layered around the A.: Giersig, M.; Schooss, D.; Weller, Hi. Phys. Chem1994 98,

primary particle. Examples include core-shell particles of CdS @) ?(%?fan A R. Hull, R; Opila, R. L. Bawendi, M. G.; Steigerwald
and ZnS;*#3Ag,S and CdS} AgzS and Agl® and CdS and M. L.; Carrol, P. J.; Brus, L. EJ. Am. Chem. Sod99Q 112, 1327.
(28) Hoener, C. F.; Allan, K. A.; Bard, A. J.; Campion, A.; Fox, M. A.;

(17) Colton, R.; Harrison, K. L.; Mah, Y. A.; Traeger, J. Borg. Chim. Mallouk, T. E.; Webber, S. E.; White, J. M. Phys. Chenil992 96,
Acta 1995 231, 65. 3812.

(18) Colton, R.; James, B. D.; Potter, I. D.; Traeger, Jir@rg. Chem (29) Liz-Marzan, L. M.; Giersig, M.; Mulvaney, PLangmuir 1996 12,
1993 32, 2626. 4329.

(19) Colton, R.; Dakternieks, Onorg. Chim. Actal993 208 173. (30) Dean, P. A. W.; Vittal, J. J.; Payne, N. Gorg. Chem 1987, 26,

(20) Hagen, K. S.; Stephan, D. W.; Holm, R. lorg. Chem 1982 21, 1683.
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ESMS of Thiophenolate Complexes

typically of approximate concentration 0.1 mmalli.and spectra were
recorded on the freshly prepared solutions. The diluted solution was
injected into the spectrometeia a Rheodyne injector fitted with a 10

uL sample loop. A Thermo Separation Products SpectraSystem P100

LC pump delivered the solution to the mass spectrometer source (60

°C) at a flow rate of 0.01 mL mirt, and nitrogen was employed as
both drying and nebulizing gas. Cone voltages were varied from 5 to
190 V in order to investigate the effect of higher voltages on the

0,
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The predominant species detected in the ES mass spectra are
listed in Table 2. Relatively intense peaks due to the X
[CdX3]~, and [CdX%(SPh)T ions are observed in all spectra,
showing a tendency for [GH 4(SPh}]?~ to dissociate by loss

of these species. This is confirmed ireth V spectrum by the

fact that one of the more abundant species is the heptakis-
(thiophenolate) ion [CfK3(SPh}]2~, formed by loss of X and

fragmentation of the intact gas-phase ions, called precursors in theaddition of SPh. Of the [CaX4—n(SPh}+n]~ ions, the species

remainder of this paper. Confirmation of species was aided by

comparison of the observed and predicted isotope distribution patterns.

Theoretical isotope distribution patterns were calculated using the
Isotope computer prograff.

Results and Discussion

The [M(SPh)]%~ and [M4(SPh)g? (M = Cd, Zn)
Complexes. (a) Parent ComplexesThe ES mass spectrum
of [Me4N];[Cd(SPh)] has already been reportédHere we
compare it to that of the zinc complex. The relative intensities

[Cd3X(SPh)]~ and [C&Xx(SPh}]~, formed by loss of [CdX]~

and [CdX(SPh)T, respectively, dominate. Some aspects of
the fragmentation patterns suggest thatClg(SPh}]?~ loses
halide more readily than its bromo and iodo counterparts. Thus,
in the 5 V spectra, the [GX4(SPh)]?2~ ions are the most
abundant in the case of ¥ Br, I, while [Cd,Cl3(SPhY]?™ is

the most abundant ion in the spectrum of JCH(SPh)]%.
Also, while them/z771 peak assigned to both [8Ph)q%~

and [Cd(SPh}]~ is absent in ta 5 V spectrum of
[Cd4Br4(SPh)]2~ and [Cdl4(SPh}]2-, this peak is clearly visible

of the detected species in each case are given in Table 1. At the spectrum of [C&LI(SPh}2~. The isotopic mass

cone voltage of 20 V, only monoanion species are observed.
These include the species {{&Phy]~ and [Ms(SPh)]~, formed
by addition of neutral M(SPh)to [M(SPh}]~, and [(MgN)-
Cd(SPh)]~, formed by aggregation of MR™ with [Cd(SPh)]%~.
At the low cone voltage of 5 V, a peak due to the intact ion
[Cd(SPh)]?~ is observed. This s in accord with the expectation
that the degree of fragmentation decreases with decreasing con
voltage. The corresponding zinc species [Zn(SPh)and
[(Me4N)Zn(SPh)]~ are still absent at this voltage, indicating
that the zinc complex is less stable than the cadmium complex.
The lower stability of the zinc complex is also confirmed by
the fact that the strongest peak ireth V spectrum is due to
[Znx(SPhy]~, while for the cadmium complex, [Cd(SRh) is
the most abundant species; a more facile loss of" SRhm
[Zn(SPh)]2~ than from [Cd(SPh)%~ would produce more Zn-
(SPh} species to combine with [Zn(SRh) and give [Zn-
(SPh}]~. In both cases, the [M(SP4J ion is particularly stable
and remains the most abundant species (apart from omézat
292 due to [(MeN)(SPh}] ™), at cone voltages up to 120 V.

The spectra of [MgN]2[M4(SPh)g contain peaks due to
[M2(SPhy]~ and [Ms(SPh}]~, as were observed in the spectrum
of [MesN]2[M(SPh)], Table 1. This is not surprising, as the
facile loss of SPh, which was observed in the spectra of the
latter complexes, would result in an M/SPtomposition which
would approach that of [(M@&l):M4(SPh)q. Again, [M(SPh}]~
is the dominant species at a cone voltage of 20 V. However,
at a cone voltage of 5 V, the/z771 peak and then/z677
peak (assigned to [G(BPh}]~ and [Zrn(SPhy] ~ , respectively,
in the 20 V spectra) become dominant. Comparison of the
isotopic mass distribution for then/z 771 peak in the 20 V
spectrum with the calculated distribution for [K8Phy}]~
confirms that, at 20 V, the signal is due entirely to §C3Phy}] .
At 5V, however, additional peaks appear at half-integral mass
units. This is characteristic of a dianionic species and thus
corresponds to [CASPh)gl2~. The m/z 771 peak contains
contributions from [Ca(SPh)g]?~ and [Cd(SPh}]~ in a 6:1
ratio. Similarly, them/z 677 peak in the 20 V spectrum of
[MesN]2[Zn(SPh)] is due entirely to [Za(SPhy}] ~ but contains
contributions from both [Zi{SPh)q2~ and [Zn(SPhy]~ in a
12:1 ratio in tke 5V spectrum. Again, the decrease in the degree
of fragmentation with decreasing cone voltage allows the
observation of the intact ions.

(b) Ligand Exchange. In the complexes [BN];[CdsXs-
(SPhy}] (X = CI, Br, 1) each of the four terminal SPHigands
of [Cd4(SPh)q]?~ in Figure 1a has been replaced by a halide.

(32) Arnold, L. J.J. Chem. Educ1992 69, 811.

distribution showed peaks at half-integral mass units, which is
characteristic of [CSPh)g]%~, and this is further evidence for
the tendency of the [G&I4(SPh}]2~ complex to lose Cl in
favor of binding SPh.

Itis interesting to note that in the intact ion group the detected
species all have at least six SPlgands, the composition of
%ridging ligands in the original structure, Figure la. Addition-
ally, all ions that contain more than two cadmium atoms have
at least one SPhligand for every metal ion. For example, the
[CdoX3(SPhY]~ ion is observed, but [GX4(SPh)T is not. These
observations suggest that, in the structures containing two or
more metal atoms, these are bridged by the"SRfands, and
the halide ligands are terminal only. This is consistent with
the fact that evidence for the existence of multinuclear com-
plexes with bridging halides, both in the solid state and in
solution, is scarcé® The complexes [CiK¢]2~ have been
identified in the solid state. The similarity between the solid
state and solution vibrational spectra of pCt]>~ suggests that
these species are also present in solutfonThe limited
observations of such halide-bridged solution species probably
arise from the tendency of such species to dissociate to
mononuclear ions. This, and the presence of the much stronger
bridging thiophenolate ligands, would explain the absence of
species containing bridging halides in the spectrum of
[CdsX4(SPh}]2.

A mixed-ligand system of iodide, bromide, and thiophenolate
was obtained by dissolving equimolar amounts of[g[Cd.-
Br4(SPh}] and [Eu4N][Cdal4(SPh}] in acetonitrile. Figure 2
shows the spectrum at a cone voltage of 5 V. The predominant
species, listed in Table 3, are the hexakis(thiophenolate) ions
[Cdal4(SPh)]>, [CdalsBr(SPh}]>~, [CcaloBra(SPhy]*, [Cds-
IBr3(SPh}]2-, and [CdBr4(SPh}]?2~ and the heptakis(thiophe-
nolate) ions [CaBry(SPhY]2-, [Cd4l.Br(SPhY]2-, [Cdals-
(SPh}]%-, and [CdBr3(SPh)]2~. The integrated intensity ratio
of [Cdala(SPh}]?~, [CdylsBra(SPh)]?~, [CdaloBra(SPh}]?-,
[Cd4IBra(SPh})2-, and [CdBr4(SPh}]2~ is 1:3:5:3:1. This
agrees well with the 1:4:6:4:1 ratio predicted for statistical
exchange. Comparison of the observed isotope patterns with
the calculated patterns confirmed that at this low voltage the
peaks contain minimal contribution from the fragment ions
[Cdalo(SPhY]~ (m/z 712), [CaIBr(SPhy]~ (m/z 759), and
[Cd:Bry(SPh}]~ (m/z806). The species [GHBry(SPhY]2~ and

(33) Bowmaker, G. AAdv. Spectrosc1987, 14, 1.
(34) Goggin, P. L.; Goodfellow, R. J.; Kessler, &.Chem. Soc., Dalton
Trans 1977, 1914.
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Table 1. Anionic Species Observed in the ES Mass Spectra obflWCd(SPh)], [MesN].[Zn(SPh)], [MesN][Cds(SPh)],
[ME4N]2[ZH4(SPh)_o], [Me4N]4[S4Cd10(SPh)6], [Me4N]4[SQCd10(SPh)5], and [MQN]4[S4ZI’]10(SPh)_6]a

relative peak height (%)

compound ion m/z cone5V cone 10V cone 20V

[Me4N][Cd(SPh)]® [Cd(SPh)]~ 440 100 100
[Cdx(SPhy]~ 771 55 12
[Cdy(SPh)*~ 771 c
[Cds(SPhy]~ 1101 7
[(Me,N)Cd(SPh)]~ 624 7 5
[Cd(SPh)]> 275 37

[Me4N]2[Zn(SPh)]P [Zn(SPhy]~ 393 15 100
[ZnA(SPh)]~ 677 100 46
[Zn4(SPh)g|> 677 d
[Zns(SPhy]~ 960 5 46
[Zn4(SPhy]~ 1242 7 3

[Me4N][Cds(SPh)] [Cd(SPhY]~ 441 48 100
[Cdx(SPhy]~ 771 c 33
[Cds(SPh)]~ 1101 3 6
[Cda(SPh)¢)?~ 771 100

[Me4N]2[Zna(SPh)] [Zn(SPhy]~ 393 22 100
[ZnA(SPh)]~ 677 d 19
[Zns(SPhY]~ 960 3 81
[Zn4(SPh)q> 677 100
[(MesN)Zny(SPh)g~ 1427 8 9
[Zn4(SPhy]~ 1242 1 1

[Me4N]4[SsCio(SPh)g] [Cd(SPhy]~ 441 5 24 100
[S4Cdk(SPh)g)2~ 1060 5 85
[S4Cdy(SPh),|2~ 1226 2 21
[S4Ccho(SPh)s]3- 964 49 18 8
[(MesN)S,Ccio(SPh)e]3~ 1025 33 18 6
[S4Cchio(SPh)g* 750 100 100 45
[(Me4N)S,Cdy(SPh) ]2 1317 5 7 11
[(MesN)S,Cdio(SPh)s| > 1482 13 10 10
[(Me4N),S,Cdio(SPh)e] 2 1574 7 4 10
[(MesN)S,Cds(SPh) o]~ 2193 8

[Me4N][Se:Cdio(SPh)e] [Cd(SPhy]~ 440 1 20 38
[SesCds(SPh)g]2 1153 5 25
[SesCdy(SPh),]2~ 1319 1 20 100
[SeCcio(SPh)s|3- 1026 100 100 6
[(MesN)SeCdi(SPh)e|3- 1087 13
[(MesN)SeCdio(SPh)s]3 1576 19 22 24
[SesxCdio(SPh)4?~ 1484 12 14 26
[SeCcio(SPh)e|*- 797 33 34 1
[(MesN)S,Cds(SPh) g~ 2381 3

[Me4N]4[SaZny(SPh)g] [Zn(SPhy]~ 393 54 85 70
[S4Zno(SPh)J> 1013 26 100 100
[SaZnio(SPh)5)3- 806 97 26
[(MesN)SsZnio(SPh)el3~ 868 100 74 39
[(Me4N)SsZmo(SPh)s]?~ 1247 76 52 30
[SaZmio(SPh)4% 1155 29 17 15
[SaZMo(SPh)e* 632 70 66
[(MesN)S4Zno(SPh),]~ 2001 4
[(Me4N);2S4Zn;o(SPh) )2~ 1338 22 16 14
[(MesN)S4Zng(SPh]~ 1817 2 11
[(Me4N),S4Zng(SPh) 5]~ 2284 1
[(MesN)SsZno(SPh) 5] 1105 3 4 5

2 The observedn/zvalues are those of the most intense peaks within the isotopic mass distribution for the species concerned. In all cases, the
observed isotopic mass distribution agreed well with the calculated pattern, and the olms&agreed with that calculated for the most abundant
species® A strong peak due to SPhat m/z109 is also observed in this case (see teXthe isotopic mass distribution pattern shows thatrtiie
771 peak in the spectra of [M][Cd(SPh)] and [MeN],[Cds(SPh)g] contains contributions from [C#SPh)o?>~ and [CdSPh)]~. In the the 5
V spectrum of [MeN],[Cds(SPh)g], the intensity ratio of [C{SPh)]?>~ and [Cd(SPhy]~ is 6:1.9 The m/z 677 peak in the spectrum of
[MesN]2[Zn4(SPh)g] at 5 V contains contributions from [Z(SPh)¢?~ and [Zrn(SPh}]~ in the ratio 12:1.

[Cd4l.Br(SPhy]2- with opposite I:Br ratios give peaks of similar  peak ratio 1:3:5:3:1 represents the equilibrium distribution of
intensities. This is also the case for the jJG(5Ph}]2~ and species. The observation that the heptakis(thiophenolate) spe-
[CdsBr3(SPhY]?~ and indicates that the tendency to fragment cies [Cdl.Br(SPh}]?~ and [CdIBry(SPh}]?~ are dominant

is not affected by the I:Br ratio. This observation is confirmed species is in accord with the presence of strong peaks due to
by the fact that the [CdX.n(SPh)]~ ions (the main fragment  analogous species observed in the spectra of the pure com-
species) which have opposite I:Br ratios give peaks of similar pounds. As in the case of the pure compounds, no exchange
intensities. On the basis that the tendency to fragment is species are observed which have more than four halides. Again,
unaffected by the I:Br composition, one can assume that thethis confirms the poorly bridging nature of the halide ligands
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Table 2. Anionic Species Observed in the ES Mass Spectra oflWCd.Cls(SPh}], [MesN],[CdsBri(SPhy], and [MeN]2[Cdal4(SPh)?
relative peak height (%)

compound ion m/z cone5V cone 10V cone 20V

[EtaN]2[CdsCls(SPhY] [CdCl3]~ 219 7 15 21
[CdCL(SPh)T 292 13 56 59
[CdCI(SPh)]~ 366 8 54 58
[Cd(SPh)]~ 440 1 9 12
[Cd:Cl3(SPh)]~ 550 1 9 13
[Cd:Cl(SPh}]~ 623 b b 38
[Cd:CI(SPh)]~ 697 b b 33
[Cdx(SPh}]~ 771 b 5 6
[CdsCl4(SPh}]~ 807 1 4 5
[CdsCl3(SPh)]~ 880 4 45 52
[CdsCl(SPh)]~ 954 9 98 100
[CdsCI(SPhy]~ 1028 5 40 44
[Cds(SPh)]~ 1101 1 3 3
[CdsCly(SPh})2~ 623 95 100
[Cd4Cl3(SPhy])%~ 660 100 71
[Cd4Cl(SPhy)2~ 697 36 48
[Cd4CI(SPhY)%~ 734 7 5
[Cd4(SPh)q)>~ 771 5
[(EtsN)Cd,Cla(SPh}]~ 1377 7 25 21
[(EtaN)Cd,Cl3(SPh}]~ 1450 7 19 13
[(EtsN)Cd,Cl(SPhy]~ 1524 1 2

[EtaN]2[Cd4Brs(SPh}] [CdBr3]~ 352 43 84 93
[CdBry(SPh)| 382 22 100 100
[CdBr(SPh)]~ 411 5 49 49
[Cd(SPh)]~ 440 6 5
[Cd:Brs(SPh)]~ 683 3 2 12
[Cd:Bry(SPh)}]~ 712 b b 40
[Cd:Br(SPh)]~ 741 b b 32
[Cdx(SPh}]~ 771 9 5
[CdsBrs(SPh)]~ 1014 2 5 21
[Cd3Bry(SPhy]~ 1043 6 22 97
[CdsBr(SPh)]~ 1072 3 22 51
[Cds(SPhy]~ 1101 5 7
[Cd4Bra(SPh)]2~ 712 100 45
[CdsBr3(SPhy]>~ 727 63 85
[Cd4Bro(SPh)]2~ 741 16 81
[(EtaN)CdsBra(SPh}]~ 1613 1 5 2
[(EtsN)Cd,Brs(SPh}]~ 1584 5 7 12
[(EtsN)CdsBrs(SPh}]~ 1555 8 3 18
[(EtaN)Cdy(SPh)o] ~ 1615 1

[EtaN]2[Cdal4(SPh}] [CdI3]~ 493 32 100 91
[CdIx(SPh)T 475 16 53 100
[CdI(SPh)]~ 458 3 11 30
[Cdal(SPh)]~ 788 a 9 20
[Cdal2(SPh)]~ 806 a a 44
[Cdal5(SPhY]~ 824 1 5 1
[Cds(SPhy]~ 1101 1 3
[Cdsl(SPh)]~ 1119 4 16 44
[Cdsl(SPhy]~ 1137 8 32 98
[Cdsl3(SPh)]~ 1155 1 7 26
[Cdal(SPh)]2~ 788 5
[Cdal3(SPhY]?~ 797 32 18
[Cdsl4(SPh}]?~ 806 100 50
[(EtaN)Cdyl3(SPhY]~ 1725 3 5 5
[(EtsN)Cdyl 4(SPh}]~ 1743 9 18 18

a A strong peak due to Xin each spectrum has been omitted to allow a more accurate comparison of Cd-containing 3pecikontains a
contribution from the corresponding doubly charged intact ion with twice the mass, but with thergaraue. For example, then/z623 peak
in the 10 V spectrum of [Mé&N],[Cd4Cl4(SPh}] contains contributions from both the intact ion [Cd,(SPh}]?~ and the monoion [CACI(SPh)] .
In the 20 V spectra, the isotope pattern of these peaks showed that the intensity was entirely due to the monoion species.

when compared to thiophenolate. Halide-rich exchange species (c) Metal Exchange. The spectrum of an equimolar mixture
of the type [CdX5(SPh}]2~ probably fragment to [Cd¥~ and of [Me4sN][Cds(SPh)g and [MeN]2[Zn4(SPh)q at a cone
[CdsX2(SPh}] ~ ions, which are abundant species in the spectra voltage 65 V is shown in Figure 3. The large number of peaks
at 5 and 20 V. The results are consistent with the fact that in this spectrum is due to mixed-metal species. The detected
only the four terminal SPhligands of [SCdig(SPh)¢*~ can species are listed in Table 4 and include the intact ions
be replaced by a halide® [Cds—nZNn(SPh)g?>~ (n = 0—4), the MeN™ aggregates
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Figure 2. ES mass spectrum at a cone voltagesd/ for an equimolar mixture of [EN][CdsBrs(SPh)] and [EuN]-[Cdsl4(SPh}]. The inset
shows an expanded plot of a series of weak peaks observed amffighalues. The ratio of the integrated peak intensities ofJ[{{8Ph}]?,
[Cdal3Br(SPh}])?~, [CdulBra(SPh}]?~, [CdilBra(SPh}]?~, and [CdBr4(SPh}]?~ is 1:3:5:3:1, compared to 1:4:6:4:1 for the statistical distribution of

these species.

[(MesN)Cdy—nZnn(SPh) g~ (n = 0—4), and the fragment species
[Cd3-nZny(SPhY]~ (n = 0—3) and [Cd-nZNny(SPh}]~ (n =
0—2). The intact dianions [CdnZn,(SPh)¢?~ dominate, as
was also the case for the pure compounds at this voltage. Th
exchange of metal ions may be represented by the process

[Cd,(SPh)J* + [Zn,(SPh)J* <
[Cd,] [Zn,]
3
[Cd,_Zn,(SPh)J*™ (1)
[Cd,_Zn,]

n=

The relative intensities of the peaks did not change with aging
of the mixture for several weeks. The spectrum is therefore

the metals. However, a resonance for the Jd(SPh)g%~

ion was absent, and the two possible explanations were given:
(i) that the resonance of [GAN(SPh)q?~ overlaps that of
gCdsZn(SPh)(2~; (ii) that the substitution is biased against
[CdxZny(SPh) g%~ for size reasons. Electrospray mass spec-
trometry, however, clearly shows that the latter is not the case.

The [E4Cd1o(SPh)g*~ (E = S, Se) Clusters. (a) Parent

Complexes. The ES mass spectra of the clusters-[S
Cdio(SPh) g4, [SexCdio(SPh)el4~, and [SZnio(SPh)e4 at a
cone voltage of 20 V are shown in Figure 4. Similar
fragmentation patterns are observed for all three clusters, and
the major species are listed in Table 1. As in the case of the
compounds discussed above, these spectra also show a strong
peak due to [M(SPR)~. The [M(SPh)]~ ions dominate the

assumed to be characteristic of an equilibrium exchange state Spectra at a cone voltage of 20 V. The other dominant species

The contribution to the intensities of the peaks of J[o§fCd,-
Zny), and [Zny] from the fragment species [Gd\Zny(SPhy]~
(n = 0—2) was less than 10%. The distribution of the five
intact ions [Cd], [CdsZn], [CdxZny], [CdZng], and [Zny] was

at this voltage all contain ans®ly unit (x = 8—10), including

the intact ions [EM1o(SPh)g]*~. The intact ions become
abundant in the spectra at a cone voltage of 5 V. The isotopic
mass distribution for the [E£do(SPh)¢*~ peak has been shown

estimated to 2.6:3.6:4.9:2.0:1.0 by peak integration. The relative to have peaks at quarter-integral mass units consistent with the

abundances would be 1:4:6:4:1 in the case of statistical
exchange. The two Cd-rich species [8Ph)q?>~ and
[CdsZn(SPh)g)2~ are both more abundant than the correspond-
ing Zn-rich species [24§SPh) ]2~ and [CdZr(SPh)d?~. This

is in accord with the finding that the Zn complex has a higher
tendency to fragment. In the spectrum, this is confirmed by
the intensity of the peak due to [Zn(SEJh) which is ca. twice

as intense as the peak due to [Cd(SPh)Hagen et. &P studied

a series of [M(SPh)q?~ complexes by NMR and found that
the equilibrium constants for the mixed-metal systemg;fe
Co?t, C*t/zn?t, and CBT/C#+ were all similar and near the
statistical values. Danékalso observed'®Cd NMR signals

for the Cd*/Zn?" case with relative intensities that were
consistent with those calculated from random distribution of

4— charge on this speci€s.The MgN™* “adducts” of the
[EsM1o(SPh)d*~ species, [(MgN)E4M1o(SPh)gl3~, are also
observed, and these give strong peaks for cone voltages up to
20 V. The formation of such aggregates with /M is a means

by which the more highly charged JH1o(SPh)g*~ clusters

can lose negative charge and remain intact under the electric
field of the applied cone voltage. The other peaks in the spectra
correspond to fragmentation originating from the precursor
ions: [EsM10o(SPh)s)®~ (loss of SPh); [SqMo(SPh);)?~ (loss

of [M(SPh)]?7); [EsMg(SPh)g)?>~ (loss of two [M(SPh] 7). In

each case, the species that are lost are ones which give rise to
the more intense peaks in the spectra of [Nlg[M(SPh),] and
[Me4N]2[M4(SPh)q. Comparison of peak intensities shows that
the [S,Cdio(SPh)g]*~ cluster is the most stable among the three



ESMS of Thiophenolate Complexes Inorganic Chemistry, Vol. 36, No. 17, 1998717

Table 3. Anionic Species Observed in the ES Mass Spectrum of a  selenide bonds; i.e., the fragments all contain gl Eunit with

Mixture of [EuN]2[Cd:Bra(SPh}] and [EtN]o[Cdal4(SPh)] in X = 8. For example, the four sulfide sulfur atoms of
Equimolar Fractions [S4Cdio(SPh)¢]4~ and the cadmium atoms which are directly
relative peak height (%) bonded to them constitute &k unit, but the smallest unit
ion m/z cone 5V cone 20 V observed in the fragments at a cone voltage of 20 \,Gdgin
[CdBry]- 352 o5 50 [S4Cdg(SPh) ]2, which derives from the precursor ion by loss
[CABr(SPh)[ 381 26 86 of two [Cd(SPhj]~. Removal of a third [Cd(SPH)~ would
[CdBrzl]* 399 44 49 yield [S4Cd;(SPh)]~, which would have am/zvalue of 1679.
[CdBr(SPh)]~ 411 21 72 There is only a very weak peak in the 20 V spectrum at this
[CdIBr(SPh)T 428 51 100 position, although the relative intensity of this peak increases
[Cd(SPh)] 440 4 18 o ;
[CdlB] 446 43 37 significantly at the higher cone voltages of 30 and 60 V, Table
[Cdésphﬂf 458 26 61 5. At the very high cone voltage of 120 V, theGk core of
[CdI(SPh)[ 475 31 50 [S4Cdio(SPh)g*~ is observed to fragment completely. The
[Cdlg]~ 493 17 26 dominant species in this spectrum ared8,(SPh}]~, [Ss
[Cd:Bra(SPh] - 683 1 2 Cds(SPh}]~, [S4«Cds(SPh)]~, and [SCdy(SPh)I, all formed
[Cd.Bra(SPh)] - 712 a 13 from [S4Cd;(SPhY]~ by loss of one or more neutral Cd(SPh)
{ggzg?s(gﬁﬁﬂ’ ;ig b 23 species, and the core fragmentsG&s(SPh)I, [S:Cc(SPh)T,
DI - a .

_ and [SCd(SPh)]. A second series of weaker peaks appear at
{ggiggﬁgﬁ)‘] ;?? Z i? positions 183m/zunits higher than the dominant peaks. This
[Cd,BrIz(SPhY]~ 777 b 2 shift corresponds to the mass of [SPhgMy. Thus, these
[Cdal(SPh)]~ 788 a 28 species are ion combination products of the more dominant
%ggz:zggﬂﬂi ggi a 13 species and SPh(MM). Electrospray mass spectra of salts

213

typically give such aggregates at high cone voltages.

[Cd3Br3(SPh)]~ 1014 5
[CaBra(SPhY|- 1043 5 29 : \(/b) :c\/letal EXf:haInge. The EstpectrurTS1 %t a C(S)g(; voltagde of
[CAyIBr>(SPh)]- 1061 1 9 of an equimolar mlxturg of [MeN]4[S4Cdhio( . )¢l an .
[CdsBr(SPh)]~ 1072 7 51 [Me4N]4[S4Zn1o(SPh)g] equilibrated for 7 days is shown in
[CdaIBr(SPh)]~ 1090 10 44 Figure 5. The predominant species observed are listed in
[Cds(SPh)]~ 1101 24 Table 6. Peaks due to intact ions of all the possible metal
{ggﬂggﬁg@r ﬁ% 5 :‘0 compositions [$Ctho-nZNn(SPh)g4~ (n = 0—10) are observed.
[Cdzlz(SPh}]* 1137 5 17 The fragmentation pathways for these ions are the same as those
[Cdsls(SPh)]~ 1155 2 for the pure materials, resulting in dissociation products with
[CABra(SPh)J2- 712 20 different metal compositions. The peak pattern due to the intact
[CdsBra(SPh)]2 727 32 ions [SCcho-nZNn(SPh)g)*~ is compared with the statistical
[CdalBr3(SPhy]?~ 736 66 distribution of species in Figure 6 b,c. The statistical ratio for
[Cd4Brz(5Ph)s]2; 741 24 the 11 different species [GglnZn,] (n = 0—10) is 1:10:45:
%ggz;:Bé?(?SF’Fm]} S ;gg 1%(%) 120:210:252:210:120:45:10:1. The integrated peak ratio 1.0:
42z ! 5.8:13.4:21.2:29.4:26.3:20.1:12.3:6.2:2.8:0.7 shows that the

Cdq4IBr(SPhy]? 765
[CAIBIBDN 2= ; species with a high proportion of either metal type are preferred.
[Cdal Br(SPhy 774 87 € L Nigh proport yp p
[Cdal3Br(SPh)|2 783 59 This observation agrees with théCd NMR results of Dancé:
[Cd4lz(SPhh]§: 788 24 The integrated intensities of the resonances of the outér Cd
Egg4:3ggﬂﬂ . ;gg %; and Zr? atoms on [$Cd¢] and [S,Zni¢] cores showed a marked

44 preference for Matoms to be associated with' ldf the same
%ggi“;gig?g(sspgg]ﬂ: 1233 411 gwxectﬁ;ng'(l;hat is, the equilibrium state involves incomplete
[(EtaN)Cd4lBry(SPh)]~ 1631 6 ’

Et:N Cd4|zB$2 SPh}]~ 1649 7 We note that then/z690 peak due to [£dsZns(SPh)g)*~,
[(ELN) (SPh] Ve ! due (ST
[(EtuN)Cdal Br(SPhy]~ 1679 5 which is the most abundant species in the statistical distribution,
[(ELN)CculsBr(SPhy]~ 1696 5 is slightly weaker than them/z 702 peak due to [8
[(ELN)Cdils(SPhy] 1725 1 CdsZny(SPh)g]*, the most intense peak. In fact, all the peaks
[(ELN)Cdyl «(SPh)] - 1743 1 4 a” peax. ' P

due to the Zn-rich species are less abundant than those of the
_ aPe_ak co_ntains_ contribution from th(_e corresponding doubly charged corresponding Cd-rich species. Again, the peak due to
intact ion with twice the mass, b_ut with the samméz value.® Peak [Zn(SPh)]~ is more than twice as intense as the peak due to
obscured by adjacent and more intense peak. [Cd(SPh)]~, and this suggests that the asymmetric peak pattern
clusters. The intact ion [Edio(SPh)e¢]*~ gives the strongest is caused by the higher tendency for the Zn-rich species to
peak in the spectrum at voltages of 5 and 10 V. The strongestfragment. In the spectrum of a freshly prepared solution of
peak at these voltages for the [Seho(SPh)g*~ cluster is due  [SaCdio-nZnn(SPh)d*~, peaks appear as two “bands”, Figure
to [SeCdio(SPh)s]3~ at m/z 1026, formed from the precursor  6a; one band is due to species with Zn as the dominant metal,
ion [Se,Cdio(SPh)¢]*~ by loss of SPh. By comparison, the  and the other band is due to species with Cd as the dominant
[SaZnio(SPh)g]*~ cluster loses both SPhand [Zn(SPhy~ or metal. The strongest peaks are due Z[8Cd(SPh)g*~ at
[Zn(SPh)]2~ at a cone voltage of 10 V to give [Bng(SPh);]%~ m/z654 and [CdsZny(SPh)gl*~ atm/z727. The weakest peak
as the most abundant ion. Furthermore, the intact ions (apart from those due to the pure clustergd&o(SPh)¢* and
[SsZnio(SPh) ¢4~ and [SeCdio(SPh)¢]*~ disappear completely  [SiZmo(SPh)gl*") is the m/z 690 peak due to [Eds-
from the spectrum at 20 V while }Sdio(SPh)¢*" still remains Zns(SPh)gl*~. The difference in the distribution of species in
an abundant ion. a fresh solution, and after aging for 7 days, shows that the outer
It is noteworthy that no fragmentation is evident in the 20 V. M° metal ions, which bond only to SPhundergo fast exchange,
spectra which involve breaking of the metalulfide or metat while exchange is much slower for the metal ions belonging to
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Figure 3. ES mass spectrum at a cone voltag® & for an equimolar mixture of [(MéN).Cdy(SPh)g] and [(M&N)2Zni(SPh)g. The integrated
peak ratio for the metal-exchanged ions JG@n,(SPh) g% is 1.0:2.0:4.9:3.6:2.6, compared to the 1:4:6:4:1 ratio for the statistical distribution of
these species. The greater tendency for Zn-rich complexes to fragment, seen from the strong {Zni8&k)accounts for the lower intensity of
the two Zn-rich species [Z(SPh)q?~ and [CdZR(SPh)?>~ compared with the corresponding Cd-rich species(8#h)]?~ and [CdZn(SPh)q?.

Table 4. Anionic Species Observed in the ES Mass Spectra of a
Mixture of [MesN][Cds(SPh)g and [MeN][Zn4(SPh)g] in
Equimolar Fractions

peak height (%)
cone 5 cone 10 cone 20 cone 40
ion m/z \Y, \% \% \%
[Zn(SPh)]~ 393 62 93 100 100
[Cd(SPh)]~ 440 26 34 44 51
[Znx(SPhy]~ 677 a a 7 9
[ZnCd(SPhy]~ 724 a a 33 27
[Cda(SPh}]~ 771 a a 28 26
[Zns(SPh)]~ 960 2 7 3
[Zn,Cd(SPh)]~ 1007 1 10 26 10
[ZnCdx(SPh)]~ 1054 2 15 40 19
[Cds(SPhy]~ 1101 1 9 25 13
[Zny(SPh)g> 677 18 19
[ZnsCd(SPhyo]?~ 700 52 45 1
[ZnCdx(SPh)g)>™ 724 100 100
[ZNCds(SPh)g2~ 747 73 60 1
[Cda(SPh)q]?~ 771 36 42
[(MesN)Zna(SPh)d~ 1427 1 1 1 1
[(MesN)ZnsCd(SPhyq~ 1474 5 5 3 3
[(MesN)Zn,Cdx(SPh)g ~ 1521 9 9 5 3
[(MesN)ZnCdy(SPh)g~ 1568 5 5 3 3
[(MesN)Cdu(SPh)g~ 1615 1 1 1 1

@ Peak contains a contribution from the corresponding dianionic intact
ion of twice the mass, but with same/zvalue. The contribution from
the monoion species was found to be less than 10% at a cone voltag
of 5 V; thus, at this voltage, the relative peak heights indicate the
distribution of the [Cd-nZn,(SPh)(]?~ intact ion species. Note that
the fragment ion [Zn(SPH) is ca. twice as intense as [Cd(Skh)
which results in a lower intensity of the Zn-rich intact ions.

the SMig core unit. This observation was also made by Dance,
on the basis of NMR measuremeftsFacile metal exchange
involving the MP atoms of [GMigM%(SPh)¢]*~ is consistent
with the fact that these metals and the four Skgands bound

to them (three bridging and one terminal) constituteSPhiMe-

“Zn-band” and the “Cd-band” in the spectrum of the freshly
prepared mixture closely match the 1.0:2.0:4.9:3.6:2.6 ratio
observed for [Cg.nZn,(SPh)o?~. Hence, in a fresh mixture

of [S4Cdio(SPh)¢*~ and [SZn,o(SPh) g4, the outer M metals
rapidly reach an equilibrium exchange state while most of the
S;Mig cores are unchanged. The much less facile exchange of
the metals involving the Mg core unit is consistent with the
stability of this unit in the ESMS spectra. As seen in the
structure of [9M19(SPh)¢*~ (Figure 1b), the exchange of M
atoms involves the breaking and re-forming of four metal
thiophenolate (M-SPh) bonds. The exchange of Btoms in

the SMig unit involves the breaking of two metasulfide (M—

S) bonds and two metathiophenolate (NSPh) bonds. The
breaking of the (NS) bonds requires the entire core structure
to unfold. Itis not surprising that this is associated with a higher
activation energy, resulting in a much slower exchange process.

(c) Sulfide/Selenide Exchange.An equimolar mixture of
[MesN]4[S4Ccho(SPh)e] and [MesN]4[SesCcho(SPhjg| was pre-
pared to investigate the exchange of the sulfide and selenide
ions of the cluster cores. For a freshly prepared solution, we
observed no peaks in the electrospray mass spectrum attributable
to mixed sulfide-selenide species. After equilibration of the
mixture for 24 days at room temperature, peaks due to the mixed
sulfide—selenide ions [SeCdy(SPh)d* ", [S:SeCdi(SPh)d*",
and [SSeCdi(SPh)¢]*~ were observed, Table 6. The relative
intensities of the intact ions show that the original clusters

8S4Caio(SPh)¢*~ and [SeCdi(SPh)¢l*~ are dominant in the

aged mixture. The exchange processes do not lead to random
substitution of sulfide and selenide. It is probable that the
preferred association of the same chalcogenide is a size effect.
At a cone voltage of 120 V, the species;$8Cd(SPh}] -,
[SSeCds(SPh}]~, [SsSeCd(SPh}]~, [SSeCds(SPh}| ", [S-
SeCd(SPh}] -, [S;SeCd(SPh)], [SSeCdy(SPh)], and [SSe-
Cdy(SPh)I were observed. These dissociation products are all
in accord with the fragmentation pattern observed for the pure
compounds. Species containing SePligands were not

(SPh) adamantane-like cages similar to those that constituteobserved, showing that the-& bond in SPh is too strong for

[M4(SPh)g)?~. The ratios of the intensities of the ions in the

substitution of S by Se to occur.
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Figure 4. ES mass spectra of (a) [Me]4[SisCdio(SPh)g], (b) [MesN]4[SesCdio(SPh)e], and (c) [MaN]4[SsZm«(SPh)e at a cone voltage of 20 V.
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Figure 5. ES mass spectrum at a cone voltage of 10 V for an equimolar mixture of{)¥®RCdio(SPh)e] and [(MeN)4SsZnio(SPh)e] equilibrated
for 7 days.

Table 5. Anionic Species Observed in the ES Mass Spectrum of Table 6. Parent lon Species Observed in the ESMS Spectra for a
[Me4N]4[SsCdio(SPh)¢] at Cone Voltages of 60, 90, 120, and 190 1:1 Mole Ratio Mixture of [M@N]4[SsCdio(SPh)e] and

va [MesN]a[SsZmo(SPh)e] (a) as a Freshly Prepared Solution and (b)
after 7 days and for a 1:1 Mixture of [MN]4[S4Cdio(SPh)¢ and
[MesN]4[SesCdio(SPh)¢ Left To Stand for 24 Days

relative peak height (%)

lon mz G0V 90V 120V 190V [MeNL[S:Caho(SPh)d/[MeN][SiZnio(SPh)e] Mixture
IXtu
[Cd(SPhY]~ 441 100 100 100 100 Oy e e
[Cdx(SPhY]- 771 4 7 15 10 relative peak height (%) at cone 10 V
[Cds(SPh}]~ 1101 1 1 ion m/z (a) (b)
[SCd(SPh)T 254 1 7 16 [Zn(SPhy]~- 393 32 67
[S:C(SPh) 398 1 10 [Cd(SPh)]~ 440 13 27
[SsCck(SPh)| 543 6 20 60 "
[S«Cd(SPh)T 687 44 100 79 [SeZno(SPh)d® 632 15 2
[S«Ck(SPh)]- 1018 3 58 35 13 [SaZneCd(SPhye|* 644 37 8
[S4,Cds(SPh}]~ 1349 8 30 33 4 [SaZneCcb(SPh)e’™ 656 45 16
[S«Cch(SPh)] - 1679 10 17 20 3 [SaZmCes(SPh)e’™ 667 39 39
[S«Cck(SPh)]~ 2010 2 6 1 1 [SiZneCdy(SPh)*™ 679 28 70
B [S.CaZns(SPh)g*~ 691 19 86
[(MesN)S,Cdx(SPh] 581 9 8 9 [S:CdsZny(SPh)g*~ 703 25 100
[(MesN)S:Cds(SPhY]~ 726 4 2 5 [S.CAZns(SPh)d*~ 714 55 73
[(MesN)S,Cdy(SPhY]~ 870 14 23 16 [SiCAZn(SPh)d*~ 726 100 47
[(Me4N)S4Cd5(SPh)]* 1201 11 14 1 [S4Cd92n(SPh)5 4- 738 89 21
[(MesN)S.Cds(SPhy]~ 1532 7 8 [SiCcho(SPh)d* 750 27 4
[(MesN)S,C/(SPhy]~ 1863 2 24 10
[(MesN)S,Ck(SPh)g~ 2193 3 19 2 [MeaN]4[SiCtho(SPh)el/[MeN]{[Se:Ccho(SPh)¢ Mixture
[(MesN)2S«Cds(SPh) ]~ 2374 4
[(MesN)S/Cds(SPh),]~ 2523 5 ion m/z relative peak height (%) at cone 5 V
[(MesN);S.Co(SPh)j~ 2706 4 [S:Caho(SPhYJ* 749 100
S3SeCdo(SPh)g 4 762 33
a A strong peak ain/z109 due to SPhhas been omitted to allow % s ZC%SE)(SP%?G]M 773 9
amore accurate comparison of the peaks due to Cd-containing species. [SSQCdm(SPh)G]“* 785 32
[SesCaho(SPh) e+ 797 91
The [S4Cd17/(SPh)g?” Cluster. (a) Parent Complex. The aThe main dissociation products [Zn(SEh)and [Cd(SPh)~

driving force of all the fragmentations observed for the precursor the mixture of [MaN] {S:Ccho(SPh)g and [Me:N][S:Zno(SPh)d are
clusters [EM1o(SPh)g]*~ is probably the tendency for them to  included to show the difference in fragmentation levels.

lose negative charge. The suggestion that a high charge density

results in a high tendency to fragment is supported by the high-

cone-voltage (66190 V) spectra of [§Cdio(SPh)g]* (refer tetracoordinated sulfides instead of triply bridging sulfides; see
to Table 5), which only show species with one negative charge. Figure 1b,c. The core and the capping cages fEJ5(SPh)g%~

In this connection, it is interesting to compare the spectrum of are similar to the hexagonal (wurtzite) lattice of metal chalco-
[S4Cdio(SPh)g]*~ with that of [S,Cdi(SPh}g]?~. The latter is genides® The 10 V spectrum shows only three major species,
a larger cluster, and because it is only doubly charged, the chargeTable 7. The strongest peak is due to the intact ion
density is less than half that of JSdio(SPh)¢]*~. The main [S.CdiA(SPh)g]?~ at m/z2548. A less intense peak occurs at
structural difference between this cluster angd&(SPh)d*~ m/z2510. A 2- charge on this species was confirmed by the
is the core structure, which in JSci7(SPh}g?~ consists of isotope peaks that occurred at half-integral mass units. The 90
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Table 7. Anionic Species Observed in the ES Mass Spectra of
[Me4N]2[SsCdiA(SPh)s] and of a Mixture of [MaN]z[SsCdi7(SPh)g]
and [MaN].[Zn4(SPh)] with a [Cd]:[Zn] Ratio of 1:®

[Me4N]2[SsCdhA(SPhg]
relative peak height (%)

ion m/z cone5V cone30V cone90V
[S4Ch7(SPhyg)?~ 2548 100 100 16
[S/«CchCI(SPh)]2~ 2511 31 48 6
[S4Cd17C|2(SPh)5 2- 2474 3 10 1
[Cds(SPhY]~ 1102 6
620 640 660 680 700 720 740 760 780 800m/z [CdsCI(SPh)]~ 1027 2
[CdxSPh)]~ 771 33
[Cd:CI(SPh)]~ 699 7
[Cd(SPh)]~ 440 100
[CdCI(SPh)]~ 367 13

[Me4N]2[S4Cd17(SPh)3]/[ME4N]2[2”4(Sph)0] Mixture
relative peak height

ion m/z (%) at cone 10 V
[S4Ch7(SPhg2~ 2548 5
[S4CdieZN(SPh)g)2~ 2524 13
[S4Cd15Zn2(SPh)g]2‘ 2501 32
[S4ChaZng(SPhg]2~ 2477 62
. o — - il [S4Cd132n4(SPh}g]2‘ 2454 100
620 640 660 680 700 720 740 760 780 800m/z [S4Cd122n5(SPh)8]2* 2430 100
4 [S4Cch1Zns(SPh)gl?~ 2407 63
[S,Cd10.,0ZN,(SPh),¢l [S:CchoZM(SPh)e]? 2383 34
[S4CbZng(SPh)gl?~ 2360 17
[S4CdeZng(SPh)g)>~ 2336 8

a For this mixture the peaks due to [M2[Zn4(SPh)] are omitted.
The observation of [&ch7CI(SPh)7]?~ and [SCch7Cl(SPh)¢)?~ shows
that CI ions (added as [(M&)CI] to the reaction mixture) occur as
ligand species in the cluster.

loss of Cd(SPH) species from [FCdig(SPh)g*~. Loss of
cadmium from this cluster occurred by removal of Cd(SPh)
On this basis, we believe the contribution from [(N{g-
S,Cdig(SPh}7]?>~ to the m/z 2474 peak to be insignificant.

NIgLosuTos % 2 Hence, only intact-ion species are observed in the 10 V

© OO0 OORNNNN spectrum. Some loss of Cand SPh may be expected to occur
Figure 6. The [SCdi-nZn.(SPh)¢]* peaks in the 10 V spectra of an 0N the basis of the facile loss of these species observed in the
equimolar mixture of [(MaN)4][SsCdio(SPh)e] and [(MeN),]- spectra of [Ce(SPh) g2~ and [SCdio(SPh)g]*~. The resulting

[SaZnio(SPh)el: (a) spectrum of a freshly prepared mixture; (b) singly charged species would be invisible with the 300&
spectrum of the mixture after standing for 7 days; (c) calculated yange of the instrument. The relative peak intensity ratio of
gltztrrrl]tsnlmon of species in the case of statistical exchange of Zn and Cd [S,Cch(SPhYdl2", [S«Cch-CI(SPh12", and [SCch7Cl(SPh)e2

is 100:31:3 in the 10 V spectrum. Since minimal fragmentation
V spectrum shown in Figure 7 reveals that théz 2510 peak occurs at this voltage, this ratio can be taken as a rough estimate
is due to [SCd;7CI(SPh};]2~, where one SPhligand has been  of the relative concentrations of these clusters in the material.
replaced by ClI. At this high voltage the fragment species Hence, it is shown here that the ESMS technique provides a
[Cd(SPh)]~, [Cdx(SPh}]~, and [C&(SPhy}]~, which were also tool for analysis of the purity of these cluster compounds. No
observed in the spectrum of 8:o(SPh)¢*-, are observed.  additional species are observed for cone voltages up to ca. 60
An additional set of weaker peaks occurs Mz units lower V, and this clearly confirms the higher stability of these clusters
than each of the main fragment ion peaks. Thigseparation against fragmentation. At 60 V, a very weak peakret 440
corresponds to the difference in molecular mass between SPhdue to [Cd(SPh]~ appears and signals the onset of fragmenta-
and Cl. The peaks can therefore be assigned to [CACI(BPh) tion. We note that in the spectrum of fSdio(SPh)e*~
[Cd,CI(SPh)]~, and [CACI(SPh}]~. The CI ions originate complete fragmentation of theSds core unit was observed at
from (Me/N)CI added to the reaction mixture as the source of this voltage.
the MgN™ counterions. We note that the intensities of the peaks  In the 120 V spectrum, the intact ionfSd,(SPh}gl2~ gave
due to the chloride-containing species maintain a constant ratioa weak peak and several new peaks occurred. These were due
correlating with that of [Cd(SPB)~, [Cdx(SPh}]~, and to species of the general formula,&h7-n (SPh}7—27] = (n =
[Cd3(SPhY]~, and this is consistent with jSd;7(SPh}g]2~ and 0—13) and included peaks due ta,{2}o(SPh)s]~ atm/z2667,
[S4Cdi7CI(SPh}7]2~ undergoing similar fragmentations. The [S4Cdy(SPh)s]~ at m/z 2341, [SCdg(SPh}]~ at m/z 2010,
third, weak peak atn/z 2474 in the 10 V spectrum can be [SiCd;(SPhy]~ at m/z 1679, [SCds(SPh}]~ at m/z 1348,
assigned to [§Cdi7/Clo(SPh}¢]2~. Another species with am/z [S4Cds(SPh}]~ atm/z1018, and [FCdy(SPh)] atm/z687. All
value of 2474 is [(MeN)S,Cdig(SPh}7?~, which would these species originate from 4f&hASPh}7]~ by loss of a
originate from the precursor JSdi/(SPh}g?~ by loss of Cd- multiple of neutral [Cd(SPh). The [SCdi1(SPh)s]~ ion at
(SPh) and addition of MgN*. None of the species detected m/z 3002 and the heavier members of this series, which
in the spectrum of [MgN]4[SsCdio(SPh)¢] can be attributed to presumably also were present, havkvalues which lie outside
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Figure 7. ES mass spectrum of [MN],[S:Cdi7(SPh)g] at a cone voltage of 90 V. The observation ofC8;,CI(SPh)7]2~ and [SCdi7Cl(SPh)g]>~

shows that Cl added as (MéN)CI to the reaction mixture during synthesis occurs as a ligand species in the cluster. The inset shows an expansion
of the [SCdi7(SPh)g|?>~ peak (top) and the calculated isotopic distribution of the ion (bottom). The peak separationsrafeuh, characteristic

of a doubly charged ion. Note the low level of fragmentation in this spectrum due to the low charge density on the clusters.

the 3000m/zrange of the instrument and were not observed. slower in [SCdiA(SPh)g)?~ than in [SM1o(SPh)¢*~. Of the
Again it was observed that only-1species are present in the 17 Cd atoms, four are associated with theSPh}Cd°(SPh)
spectrum at high cone voltages. The main difference in the caps at the cluster corners, and these are expected to exchange
electrospray spectra of JSdio(SPh)¢]*~ and [SCdiASPhg2~ rapidly, as in [Cd(SPh)q?~. At the cluster faces are 12
is a significantly higher stability of the latter. The fragmentation cadmium atoms which are externally bridged asSfh) and
processes are similar. Once the initial fragmentation processinternally bridged to one sulfide, forming a-&)Cd(u-SPh}
has removed excess negative charge from the cluster to produceinit. At the center is one cadmium tetracoordinated as €S
monoions, subsequent fragment ions are formed by loss of The observation of [fdsZng(SPh)g]2~ after 1 week shows
neutral [Cd(SPh) species. Fragmentation of the CdS core unit the exchange of only five of the 12 inner cadmium atoms
in both cluster types occurs only at very high voltages. The externally bridged asutSPh) and internally bridged to one
study of cluster fragmentation processes by ESMS is relevantsulfide. In [SM1o(SPh)g*, these metals exchange during the
to the deposition of chalcogenide semiconductor materials via same time period. The incomplete exchange #V[S(SPh)g~
pyrolysis processes, for example IR laser-powered homogeneousnay therefore be due to preferred associations of the same metal
pyrolysis (IR LPHP)>36 The mechanisms of pyrolysis pro- (Cd) atoms in the core, which is likely to be more influential in
cesses and the species they generate are often closely related targer clusters.
the dissociation mechanisms and the dominant species observed
in mass spectra. Suitable precursors for this process areSummary and Conclusions
gﬁgerﬁgg(;ﬁgﬁgg Sg S glr?)tcgglseersn|nér;wi;sélaozg(;nhggzlfarr;rr:stlon. This Work_ demonstrates the application of ESMS t_o the _study
[S«Cch-(SPh)¢?" lead to nearly complete removal of the SPh of metal thiolate comp!exes gnd metal cha}lcogenlde thiolate
ligands from the cluster cores and suggest that these Cluster%:lusters. The method is p.artlcularly' attractive because of the
could be suitable precursors. undamen_tal clust_er c_hemlstry_that it reveals. T_he result_s of
(b) Metal Exchange. Metal exchange in [£di7(SPhyg]2~ such stqd|e§ may inspire and direct new preparative chen_ust_ry.
was investigated by adding [(M&),Zn(SPh) to a solution The main principles can be summarized as follows. The ionic
of [(Me4N).S,Cdi/(SPh)g] to give a [Zn]:[Cd] ratio of 1:1. The nature and2 }he stability of the complexei[M(Sﬂ’ihj and
mixture was allowed to stand for 7 days before the spectrum M 4(SPQ_)°] and the clusters [Mo(SPh)el*” and [SCdhr-
was recorded. The dominant cluster species detected were théS_P_h)38 result in hlgh-quah@y ES mass spectra, which show
mixed-metal ions [Eoch7_nZNnn(SPhYgl2~ (n = 0—9). The two mlnlmal fragmentation of the ions. Thg dissociation of the ions
most abundant ions were 4StZn(SPh}gd?~ and [S- at high cone voltages is characte_nstlc of _Ioss of §Ia|md
CdZns(SPhYg|2~. The least abundant ion was [k [M(S_Ph)g]‘. The_ measurements yield relative stability _data:
Zno(SPh)g?~ atm/z2336, which has the highest proportion of The ions containing zinc as th(_a metal showed a lower resistance
Zn atoms. The dominant ion of the [ZRCd\(SPh)d?~ species to frag.menta.ltlon compared with th? ca}dmlum analogues: The
generated from [ZiSPh)2~ by the exchange with [S beha_mor of Ilgan_d-subs_ntuteq species is revealed. Substitution
CohASPh)g?" is [ZnsCd(SPh)g?—. The fact that the Zn-rich  ©f thiophenolate ions with halide ligands enhances the tendency
species [ZBCd(SPhyg)2~ is the more abundant ion is consistent fpr loss of [M(.Sph3*”X“]_ due to the.he}hdes acting as termmgl
with the observation that the cluster species are dominated by!!9@nds only in these systems. Similarly, the fragmentation

Cd-rich ies. Th h fth tals i ted to bdnechanisms of the clusters yield information about their
rich species e exchange of the metals is expected to chemistry. The clusters il o(SPh)g+- and [SCchASPhy?

dissociate in the first step by loss of [M(SEh) At higher
cone voltages, smaller monoions form by loss of neutral

(35) Russell, D. KChem. Soc. Re 199Q 19, 407.
(36) Russell, D. KCoord. Chem. Re 1992 112 131.
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M(SPh) species, resulting in almost complete removal of the the reactions of clusters with various ligand types is attractive.

SPH ligands from the cluster core. Fragmentation of the (EM) It should facilitate the development of the chemistry of

core units occurs only at very high voltages. functionalized clusters, which are important precursors in
ESMS confirms earlier NMR data showing that the exchange nanostructured materials processing.

of M (M = Cd, Zn) follows random statistics in [NISPh) ]2~
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