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Five metal complex azo compounds were analyzed using negative-ion electrospray ionization mass
spectrometry (ESI-MS). Mass spectra of all compounds yield intense peaks corresponding to [M — H]ons
without any fragmentation, where M denotes the neutral compound with a proton as the counterion. Under
collision induced dissociation (CID) conditions, structurally important fragment ions were studied using the
ion trap analyzer with a multistage mass spectrometry (M$ facility. Synthesized compounds with**N
atoms in the azo group facilitated the fragmentation pattern recognition. A reversed-phase high-
performance liquid chromatography (HPLC) method using 5 mM ammonium acetate in 70% aqueous
acetonitrile as mobile phase was developed making possible the separation of all complex compounds tested.
The lower detection limits of the ESI-MS method are in the range 10-20 ng of each compound. The HPLC/
ESI-MS method makes possible the monitoring of ligand exchange in aqueous solutions of metal complex
azo dyes, and also investigation of the stabilities of the complexes in solution. Copyrighit 2000 John Wiley

& Sons, Ltd.
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Electrospray ionization mass spectrometry (ESI-MS) is a  Trivalent metal ions form deeply coloured and stable
soft ionization technique which has been widely applied in metal complexes with oalihydroxy-substituted azo ben-
the analysis of biopolymers?but it also offers interesting ~ zenes or similar azo compounds. Such complexes are six-
possibilities for the analysis of low molecular weight (MW) coordinated" and carry a negative charge. Some ESI-MS
organic compounds. ESI-MS enables the investigation of measurements of sulphonated metal complex azo dyes have
organometallic complexes without breaking coordination been reportetf*® but, to our knowledge, mass spectro-
bonds during the ionization process. ESI-MS analysis of metric analysis has not been applied to non-sulphonated
organometallic and inorganic compounds has been re-metal azo complexes thus far.
viewed in the last few years® In our previous work? we also studied five sulphonated
Azo dyes have found widespread applications in the metal complexes of Cr(lll) and Co(lll). Their ESI mass
textile and food industries and elsewhere. To improve the spectra contain only peaks due to the deprotonated
solubility in water, azo dyes often contain one or more molecules without any fragmentation. The background
sulphonic acid groups. Previously, thermospray ionization noise was very low and we did not observe increased
mass spectrometry was used for their analysis, but thiscontamination of the ion source during the analysis of metal
technique was limited to compounds with a maximum of complex compounds. In this work, we have investigated
two sulphonic groups in the molecuié.Negative-ion ESI- possibilities of electrospray ionization of non-sulphonated
MS has no limitations with respect to the number of complexes of Al(lll) and Co(lll) following HPLC separa-
sulphonic groups in the analyte molecule (at least up to eighttion. Using the ion trap analyzer aftN labelled standards,
sulphonic groups per molecg)eand offers better sensitivity = more detailed structural information could be obtained.
and an easy MW determination for anionic azo dy&S$.

*Correspondence to: M. Héépek, Department of Analytical Chem- EXPERIMENTAL
istry, Faculty of Chemical Technology, University of PardubicéniNa Materials
Cs. Legil 565, 532 10 Pardubice, Czech Republic.
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MW=650.1 Da
C32H2705N5C0

3 MW=680.1 Da
C32H2304N3C|2Al

MW =619.9 Da Cl !
C24H|304N4C|4C0

Ci
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MW=686.1 Da
C33Hz50N4CLAl

.....

MW=620.1 Da
C32H1904N4C|1Al

Cl

Figure 1. Structureof metalcomplexcompoundsvith basicfragmentatiorpaths(cationsare
shownschematicallyas protons,seeDiscussion).

acetaé waspurchasedfrom Sigma-Aldrich (Prague Czech
Republic). All sampleconmpoundswere synhesizedin the
labaratory andtheir strucures(Fig. 1) were confirmed by
27l N, '°C and 'H nuclear magneic resonance
spectra>**CompoundsNo. 2 and3 werealsosynhesized
with labelled*N isotopes in the Ny, position (seeFig. 1).

High-performanceliquid chromatography

The chromatogaphic appaatusconsstedof a Waters616
pump a Waters 996 diode-array detecor and a Waters
717+ autosammr (all from Waters Milford, MA, USA).
The separationwasperformedonalunaC18,5 um column,
250x 4.6 mm i.d., (Phenanerex, Torrance, CA, USA)
using a pre-mixed mobile phase comprised of 5mM
ammonumacettein 70%aqueos acetonitrile. The mobile
phasewasfilt eredthrougha0.45um Mill iporefilt er prior to
useanddegasedby confinuousstrippng with a streamof
helium. The flow rateof themobie phasewvaskeptat 1 mL/
min, the temperatire was40°C, the wavelength of the UV
detection was254nm andthe injection volume was 20 uL
in all experimens. The sampleswere dissohed in the
mobile phase The HPLC effluent was split approcimately
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attheratio 1:50, sothatthe flow at theinlet of the ESI-MS
ion sourcewas 20 uL/min.

Electrospray ionization massspectometry with a
quadrupole analyzer

For the measuement of mas spectraby flow injection
analysis, the individual sanples were dissohed in 50%
acetonitile/50% water,injectedinto the solventstreamat a
flow rate of 20uL/min and analyzed on a Platform
guadrupcé mass spectraneter (Micromass, Manchesgr,
UK) using negaive-ion electrospay ionization. The ion
sourcetempenturewassetto 100°C, the conevoltagewas
20V for the molecuar weightdetermnation and60-120V
for the in-souice CID massspecta.

Electrospray ionization massspectometry with anion
trap analyzer

The measuementswere performedin negaive-ion mode
usingan LCQ ion trap massspectometer(Finnigan-MAT,
San Jose,CA, USA) equippedwith an electrospray ion
source. Sampe solution (appoximately 10pg/mL in

Copyright © 2000JohnWiley & Sons,Ltd.
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Table 1. Theoretical (theor.) and experimental (exp.) abundancesof isotopic peaksof [M_— H] ™ ions
(the numbers correspondto Fig. 1) measuredwith quadrupole™ and ion trap™ analyzers

1 m/z 649 650 651
theor. 100 38.4 8.4
exp. 100 35.1 7.3
exp.™ 100 34.7 6.8
2 m/z 685 686 687
theor. 100 38.4 72.3
exp. 100 35.8 70.7
exp.™ 100 32.6 68.4
3 m/z 679 680 681
theor. 100 39 721
exp. 100 37.6 70
exp.™ 100 35.6 73.7
4 m/z 619 620 621
theor. 100 38.4 72.3
exp. 100 35.6 69.3
exp.™ 100 34.3 74.4
5 m/z 619 620 621
theor. 75.4 215 100
exp. 72.4 12.6 100
exp.™ 63.9 15.5 100

652
13
13
0.9
688 689 690
25.9 15.7 4.8
23.6 14.7 4.1
21.4 13.7 4.4
682 683 684
26.1 15.6 4.8
24.2 15.5 4.1
24.7 13.8 4.4
622 623 624
259 15.7 4.8
23.3 14.8 4.1
25.4 145 4.3
622 623 624 625 626
27.9 50.8 13.7 12.1 3.1
23.5 45.1 11.8 10.5 2.6
27.2 50.8 13.7 9.5 3.4

methaml or acetonitile) was directly infusedinto the ion
soure at a flow rate of 5pL/min of 100% methaml or
acetonifrile. The spectraneter was tuned to obtan maxi-
mum responsefor the sample compouns. The sour@
paraneterswere setto the following values:sprayvoltage
—4.8kV, sheattgasflow rate30in arbitrary units,capillary
tempeature 280°C and capillaly voltage —4.0V. The
samplecompoundswere fragmented by collision induced
dissocationafterisolation of their[M — H] ™ ionsin theion
trap. Centralmass(CM, m/2 andisolation width (IW, m/2
were sekctedto achievefragmentgéion of the [M — H] ™~
peaks including the isotopc ones: complex No. 1—
CM =650andIW =6; No. 2—CM =687 and IW = 8; No.
2 (with two isotopes *°N) - CM = 689andIW = 8; No. 3—
CM =681 and IW =8; No. 3 (with two isotopes 1°N)—
CM =683 andIW =8; No. 4—CM =621 and IW = 8; No.
5—CM =622 and IW = 10. Collision energywas 35% in
arbitrary unitsin all expeiments,exceptfor compaindNo.
4 (40%). For the meaurementof MS" specta, the
paraneters were modified to enable the study of the
fragmentation of daughterions from MS? spectra

RESULTS AND DISCUSSION

In soluion, all metal conplexes studed are presentas
anions andthe countereationsdo not affecttheir ESI mass
spectran thenegative-ionmode.Hencethe couner-catiors
areschematally shown asprotonsin theformulasin Fig. 1,
andthe[M — H] ™ ionsarethe complex aniors. The spectra
were measured using flow injection analysis (with the
guadupole analzer) or direct infusion of sanple soluion
(with ion trap analyzer). Unde mild ionization condtions,
all specta contain deprotongéed molecues[M — H]™ only
without any fragmentation. Theseions can be used for
guanttation purposesas well as for structureeluciddion
using MS" experimens in the ion trap. The relative
abundacesof theisotopicionsarein acceptale agreement
with ratios calculated from the natual abundacesof the
individual elements (see Table 1). The expeimental
isotopc abundaces determired with the quadrupod
analyzerareslightly lower thanthe theoreticalvalues.The

Copyright© 2000JohnWiley & Sons,Ltd.

abundacesof two of theisotopic peaksmeasued with the
ion trap analyzer are higherthanthe theoreti@l values,but
the abundacesof mostisotopic peaksare lower than the
calculated values. All compoundsstuded yield intense
signals without any background noise. To induce the in-
soure CID, it is necessar to increasethe conevoltageto
unuwsually high values,becausef the high stability of these
[M —H] ions.

To gain betterinsight into the fragmentadion pathways
andto facilitate the structureelucidation, we measued the
MS" spectrausing anion trapanalyzer. The MS/MS spectra
meauredwith theion trapanalyzemwerein goodagreenent
with themass spectraobtanedusing in-sourceCID with the
guadupoleanalyzerbut with differentrelativeabundaces
of the individual fragment ions (Fig. 2). The MS/MS
measuremats allow bettercontrol of the collision enegy,
which thusyields massspectrawith intensefragment ions
over a broacer massrangethanin the in-sourceCID mass
specta. The CID mas spectraof complexes? and 3 with
labdled **N atoms in known postions facilitated the
recagnition of the fragmentationpaths.

Inter pretation of massspecta measired with the ion
trap analyzer

Isolatedions[M — H] ™ aswell assomefragment ionswere
collisionallydissociagédin theion trap.CID MS/MSspectra
of individual[M — H]™ ionsmeasuedwith theion trapare
shown in Figs2—6,exceptfor Fig. 2(b) (in-souce CID mass
spectum measuedwith thequadrumle analyzer).It shoutl
be mentionedthat sone of the fragment ions can be
produedin differentways, not only via the pathsshownin
thefigures.

Fragmentation of compaund 1

The mostabundah fragment ion (m/z530) in the MS/MS
spectum of compound 1 is formed by the loss of
phenylsocyan& (neutal loss of 119Da) from the
[M —H]™ ion (Fig. 2(a)). Other important cleavage
correspondo the elimination of the neutralfragmentswith

Rapid CommunMassSpectrom14, 1881-18882000)
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Figure 2. (a) CID MS/MS spectrumof [M — H] ™ ion of compoundNo. 1 (for the structure see
Fig. 1), (b) in-sourceCID spectrunof compoundNo. 1 measuredvith thequadrupoleanalyzer.

mas 295Da (mass of the orgaric ligand) and 269Da
(possble simultaneouslossof threeneutralfragments with
masesl19,107and43 Da, Figs1and2). Theion atm/z192
is producedby the loss of massesl19 and 43Da (total
162Da, Fig. 2) from the ion at m/z 354. The third most
abundat fragmention with m/z386 (Fig. 2(a)) is formed
(sumprisingly enough)by the addition of 32Da to the ion
with m/z354. This wasconfirmedby the MS/MS spectum
of the parent ion at m/z354 and obseved both in aqueos
methaml| andacetonitile. This phenonenonalsooccussfor
compound 2 (m/z 354=322+ 32, Fig. 3(a)) and for
compound 5 (m/z 371=339+ 32, Fig. 6) and will be
further investigated. We supposg that these adductsare
formedby ion-mdeculereactionswith thetracesof oxygen
molecues in the ion trap. This finding was confirmed by
measuremeis usinganoherion trap (Esqure from Bruker
Daltonics) but with lower relative abundacesof oxygen
adducs. Theseadducs are not observedin the in-source
CID massspectrameasuredvith the quadupole analyzer
(Fig. 2(b)). The obseved lossesof small neutal fragments
probably correspmdto HCN (27 Da), CO (28 Da), CH,CO
(42 Da) and CH3CO (43 Da). Other cleavags are schema-
tically shownin Fig. 1. Repeatedossesof the samemasses
(e.g.43 and 119 Da) sugges succesive cleavags of two
idertical ligandsin the compleyes. Figure 2(b) illustrates

Rapid CommunMassSpectrom14, 1881-18882000)

that in-souce CID mas spectra measued with the
quadrupcd analyzer are similar to CID MS/MS specta
measuredwith the ion trap analyzer but with different
relative abundaces.

Fragmentation of compaound 2

Similarly to conpound 1, the loss of phenylsocyanse
(119Da) fromthe[M — H]~ ion wasobservedasshown in
Figs 3(a) and 3(b); the mass spectrum in Fig. 3(b)
correspaods to the commplex with two *°N isotopes in Ny
positions(seeFig. 1). This cleavageis followed (Fig. 3(a))
by the compeing eliminations of 70Da (C;H4;NO) and
69Da (C3H3NO). The MS" expeiments with separate
isolation of the correspading produd ions with m/z 496
(=566— 69) and m/z 497 (=566— 70) confirmed their
different structures.The loss of 174Da from m/z496 can
be explainedasthe sum of neutralfragmentswith mases
119,28 and 27 Da (confirmed by MS" expeiments),or in
termsof the cleavageshown in Fig. 1. The lossesof low
massneutral fragmentscan be attributed to the following
formulas:HCN (27 Da), N, or CO (28 Da), CH3N (29 Da)
andHCI (36 Da). Other cleavags areshown in Fig. 1. The
spectrumof the *°N labdled compoundin Fig. 3(b) shows
that the neutralfragmentswith masse27, 28, 29, 69 and

Copyright © 2000JohnWiley & Sons,Ltd.
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Figure 3. CID MS/MS spectraof [M — H] ™ ion of (a) compoundNo. 2, (b) compoundNo. 2

with two N atomsin positionsNy, (for the structure seeFig. 1).

70Da confain the nitrogen atom originating from the azo
group (compareFigs 3(a) and 3(b)). The fragment ions
contining chlorine atoms show chamcteristic isotope
distribufons. (This appliesalsoto compounds3, 4 andb5).

Pairs of ions from losses of the neutal fragments
correspading to the sane fragmentation patternsof both

ligands are observed (Fig. 3(a)), e.g. ions m/z 566=

685— 119 and m/z 447=685—2x 119; m/z 497=

685—(119+ 69) and m/z309=685— 2x (119+ 69); and
othe lossesof 69,93 and119 Da.

Fragmentation of compaund 3

The MS/MS spectrun of comgoundB is deprctedin Fig.

4(a), andin Fig. 4(b) for the >N IabeIIedcompomd The
mog abundantfragmention (m/z 560) is formed by the
elimination of phenyli®cyanate (m/z 119) from the
[M — H]™ ion. The seco mog abundat ion (m/z519)is
produed from theion m/z560 by the neutal lossof 41 Da
(CHZCN). The other neutal fragmentscorrespondto the
following simple species: CH; (15Da), HCN (27 Da),
CHsN (29Da) and C3H3N, (67 Da). The last two of these
fragments containa nitrogenatomoriginaing from the azo
group. The HCN neutralfragment contairs the **N isotope
in sorre but not all casegcompae Figs4(a)and4(b)). The

Copyright© 2000JohnWiley & Sons,Ltd.

elimination of thefragmentwith mass69 Da s attributedto
the simultaneouslossesof CH3CN (41 Da) andN, (28 Da).
The spectraindicate that the sane kinds of fragmentdion
occurfor both ligands As for compoundsl and 2, we can
locate the pairsof ionsandthe neutrallosseghatrefled the
‘symmetric’ fragmentgionswith the sane neutrallossedor
both ligands such as the masse27, 41, 67 and 119Da,
or the ions with m/z 560 (=679— 119) and m/z 441
(=679— 2 x 119); m/z 519 (=679-(119+ 41)) and m/z
359(=679— 2x (119+ 41)).

Fragmentation of compaund 4

The base peak (m/z 563) in the MS/MS spectrin of
compound4 (Fig. 5) is formedby thesuccessig elimination
of two neutralfragments(2 x 28Da, N, or CO) from the
[M —H] ion (m/z619). Thelossesof the smallfragments
with 28, 36 (HCI) and(lessabundatly) 27 Da (HCN) give
riseto seriesof multiplet peaksof low intensity. Thelosses
of higha masseq280, 234, 156 and 140Da) are shown
schenatically in Fig. 1.

Fragmentation of compaund 5
The secom most abundant fragment ion (m/z 339)

Rapid CommunMassSpectrom14, 1881-18882000)
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Figure 4. CID MS/MS spectraof [M — H] ™ ion of (a) compundNo. 3, (b) compoundNo. 3
with two °N atomsin positionsN,, (for the structure seeFig. 1).

corresponddo the lossof oneentireligand (Figs 1 and6).
The basepeakof the MS/MS spectrun of compound5 is

assigmed to the oxygenadduction at m/z371 (=339+ 32),

asdiscussd above.In additionto thelossesof smdl neutal

fragmentswith masse28 (CO or N,), 29 (CHO) and 36
(HCI) Da,themassspectum (Fig. 6) revealstheelimination
of neutralfragmentswith mases64 (35(Cl) + 29), 122and
157Da. The loss of 122Da from the ion at m/z 339 is
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Figure 5. CID MS/MSspectrunof [M — H]~
1).
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ion of compound\No. 4 (for thestructure seefFig.
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Figure 6. CID MS/MSspectrunof [M — H] ™ ion of compoundNo. 5 (for thestructure seeFig.

1).

explainedin Fig. 1, and the neutal fragmentof 157 Da
contains one additional chlorine atomin comparisonwith
the 122Da fragment. The interpretation of the loss of
140Dais shown in Fig. 1. Theion m/z251doesnot contain
the centralmetalion, in contastto mog ions discussd in
this work, andis formedby theloss(339Da, seeFig. 1) of
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Figure 7. Chromatogram®f compoundsl-5 with UV detectionat
254nm, HPLC conditionsasin the Experimentapart, the numbersof
the peakscorrespondo the numbersf compoundsn Figs1 and8. X1
andX2 areunknowncompoundsvith the sameMW ascompounad\No.
1. (a) chromatogranof a fresh solution, (b) the chromatogranof a
solutionleft overnightat ambienttemperature.
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an entire orgaric ligand, togethe with the central cobalt
atom,from theion [M — H — CHO]™ at m/z590.

HPL C separdion and ligand exchangebetweenthe
complexesin aqueoussolutions

The HPLC separationof all complexesstudiedhere was
acconplished in 16 min on a Luna C18 column with a
mobile phasecontaining5 mM ammonum acetag in 70%
aqueos acetonirile. Without the additionof ionic modifier
to the mobile phase the compoundsare elutedcloseto the
column hold-up volume. Ammonium acetaé has no
influenceon the sensitvity andthe appeaanceof the mass
spectaatleastupto aconcentrationof 10 mM in themobile
phase which providesgood separatiorwithout sacificing

mass spectranetric performane. Figure7(a) showsthe UV

chromatogramof a fresh solutionof the five compoundsn

the sample solvent The limits of detecion at S/IN=5,

detemined using selectedon monitoring of the[M — H]™

ions, were between10-20ng of each compound. Figure
7(b) showsthe chromatogam of a sample mixture left

overrightin thesolutionatamhbienttempeature.Two small
peaks marked as X1 and X2 are impurities present in

compoundNo. 1, with the sane molecularweight In the
chromatogramshown in Fig. 7(b), therelativeintensiies of

peaks2 to 4 diminished and new peaksappeaed, which
were identified as mixed complexes of Al(lll) with the
orgarc ligandsof compounds?2 to 4 interchanged The
structuresof the mixed complexes(Fig. 8) were confirmed
by the agreement of the calculated m/z values and
abundaces of the isotopic peakswith the experimenl

data MW (2-3) =683Da, MW (2-4) =653Da and MW

(34) =650Da. The notation 2-3 denoes an Al(l1l)

conplex confining the organic ligands derived from

compounds2 and 3, etc. The mixed complexesof Co(lll)

were not obseved evenafter heatng the soluion at 80°C
for 20min, which suggess betterstability of these Co(lll)

complexesin solution in comparisonto the correspading
Al(I'l) complexes.

CONCLUSIONS
The HPLC/ESI-MS technigue with ammornum acetag in

Rapid CommunMassSpectrom14, 1881-18882000)
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MW=683.1 Da
- C3;H3405N7C11AL

H3C -
cl — O

Cl

MW=650.1 Da
= C3z2H2;04N6Cl2 AL

— H;C T -
Cl =N

MW=653.1 Da
= C32H2,05N5ClhAl
— HiC i
Cl — 0

Figure 8. Suggeted structuresof the compoundsformed by ligand exchangein solution
correspondingo peaks2-3, 2-4 and3-4in Fig. 7(b).

the aqueos/organc mobile phase makes possibé the
analsis of mixtures of anionic metal complex dyeswith

good sensiivity, and also facilitates the study of ligand
exchange occuring in aqueoussolutionsof Al(Ill) com-
plexes. The isotopic abundaces of [M — H]™ ions of

trivalent metal complexesof azo dyesin the negatiwe-ion
ESImassspectramaybeusedfor partialconfirmaion of the
strucures suggestd. Use of an ion trap analyzer made
possble the recogniton of fragmentdion patts underCID

condtions. Some similarities are evident between the
fragmentaton paths of the complexes 2 to 4 with an
aluminium cental ion ontheonehand,andconplexesl and
5 with cobat asthe centralatomon the othe. In the mass
spectraof the comgdexes 2 to 4, the cleavagesof bonds
within the ligandspredaminate,in contras to 1 and>5, for

which the mog important cleavagecorrespadsto the loss
of entireligands This findingis in contras to the stabilities

of these conmplexesin aqueos soluions, where ligand
exchange hasbeenobsewed for aluminium complexesbut
not for cobat complexes. This discre@ncy presimably
reflects the fact that the fragmentation is a gas phase
process,buttheligandexchang takesplacein soluion. The
chamcterisic featureof the massspectraof conpoundsl, 2

and 3 is the loss of a neutral phenylisocyaate molecule.
According to the suggestd structues, neaty all fragment
ionscontaina centralmetalion. The compleity of the CID

mass spectraappeardso berelatedto the numbersof oxygen
andnitrogenheterogomsin theligands(compae spectreof

conplexesl, 2, 3 with those of 4 andb).
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