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Abstract

Large polyatomic ions were observed in inductively coupled plasma mass spectra of solutions containing glucose, fructose, and sucrose,
whereas mass spectra of solutions of acetic acid and ethanol obtained under similar operating conditions showed that these polyatomic ions
were either totally absent or were observed at much lower intensities. These results suggest that sugar molecules, in particular, have an ability to
survive the plasma, giving rise to polyatomic ions. Interferences on several isotopes were observed previously in a mass spectrometric study of
diluted Canadian icewine; the interferences were attributed to the high sugar contentin the solution, and not the ethanol content, demonstrating
the need for careful consideration of the sample matrix for quantitative analysis. Product ion mass spectra of the sugar solutions were acquired
by electrospray ionization tandem quadrupole time-of-flight mass spectrometry to better understand the composition and fragmentation of the
sugar molecules. Fragmentation schemes for the formation of polyatomic ions from the sugar molecules and observed by inductively coupled
plasma mass spectrometry (ICP-MS) are proposed.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction authors, but with mixed resulf§,2]. A study of estimated
and measured gas kinetic temperature in the ICP concluded
The origin of polyatomic ions in inductively coupled that the origin of polyatomic ions depends on the ion and
plasma mass spectrometry (ICP-MS) has been the sourceconditions during ion extraction, but that some oxide and
of some debat§l-5]. It was expected naively that the high argide species are present at greater abundances than would
temperature of the plasma should break all the molecularbe expected in the plasma, suggesting that they are formed
bonds producing atoms and ions. With such an ideal ion during the extraction proce$8]. The formation of doubly
source, it was assumed that any polyatomic ions observedcharged oxide and hydroxide ions has also been attributed
in ICP mass spectra were formed by recombination reactionsto reactions in the interface and ion optics regjdh The
of monoatomic ions and atoms in the plasma and expansioninfluence of the chemical form of a molecular species in so-
region, and that the formation of polyatomic ions was not lution on polyatomic ion formation was first suggested by
affected by the chemical form of the elements in the sample, observations of the background spectral features of sulfu-
or rather the molecular composition of the sample matrix. ric acid solutiong4]. Further empirical evidence supporting
The origin of polyatomic ions has been studied by several the idea that the occurrence of polyatomic ions is related
to the molecular composition of the sample was presented
* Corresponding author. Tel.: +1 705 748 1011; fax: +1 705 748 1026.  With the observation that clear differences exist in the ICP
E-mail addressvitaylor@trentu.ca (V.F. Taylor). mass spectra of a solution of HCl compared with a solution
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of HCIO4 having equimolar concentrations of H, O, and ClI as well as in heparin-derived polysaccharifie319] Ring
[5]. cleavage of small saccharide analogues of flavonoid glyco-
In this study, high-resolution ICP-MS was used to iden- sides was also report¢gd0—24] promoted by the increased
tify large polyatomic ions in the mass spectra of solutions of stability of the glycoside bond by hydrogen bonding. The
glucose, fructose, and sucrose by their mass-to-charge ratiofragmentation of glucose, fructose, and sucrose molecules
These mass spectra were compared with ICP mass spectra oflas examined by ESI-MS/MS, to explain further the for-
solutions of ethanol and acetic acid, containing nearly iden- mation of the most intense sugar fragments observed in the
tical concentrations of C, H, and O as the sugar solutions, butlICP-MS spectra.
in a different molecular form. In these solutions, the poly-
atomic ions observed in the sugar solutions were either absent
or were present at very low intensities. This suggests that the2, Experimental
presence of large polyatomic ions in the ICP mass spectra of
sugar solutions can be attributed to an inadequate retention  Solutions of 1 and 3% high purity(—) fructosep (+) glu-
time in the plasma for rupture of all molecular bonds in these cose, and sucrose (Sigma—Aldrich, St. Louis), ethanol (VWR
cyclic molecules. Canlab, Burlingon, Ont.) and glacial acetic acid (Mallinck-
Incomplete fragmentation of sugar molecules in the ICP rodt Chemicals, NJ) were prepared in 0.1 M Hj@nade
was first suggested in a study of trace element concentrationswith ultra pure nitric acid (Fisher Optima) and 1&Ncm?
in Canadian wine§], in which large polyatomic ions were  deionised water (Millipore, France) for ICP-MS analysis.
observed in late harvest and icewine samples, and interferedSugar solutions were analyzed by high-resolution ICP-MS
with trace element determination. Trace element composition (Element 2, ThermoFinnigan, Bremen), at “medium” resolu-
of wines from various regions have been studied to finger- tion (" Am=4000), with a high efficiency crossflow nebu-
print provenance, as wines made from grapes grown in a sin-lizer (0.3 mL/min) and a Scott spray chamber. The instrument
gle geographical area will have trace element concentrationswas operated with hot plasma conditions to promote atom-
reflecting that local environment, as well as wine process- ization of the sample matrix, and the nebuliser gas flowrate
ing techniqueg7-10]. Wines samples can be prepared for was optimised for sensitivity accompanied by an acceptable
ICP-MS analysis by a simple dilutiof7—12], which elim- low oxide formation; lowering the gas flowrate below that at
inates volatile element loss associated with digestion tech-which maximum sensitivity is obtained results in further low-
niques[11], as well as improving cost and time efficiency ering of the oxide (polyatomic ion) formatiofigble 7). The
as provenance studies require large numbers of samples. Asnstrument was re-optimised for solutions containing ethanol
well simple dilution procedures minimises reagent and lab- by adjusting the nebuliser gas flowrate to 0.90 L/min, from a
oratory contamination. Dilution of most table wines enables flowrate of 0.93 used for all other solutions. An on-line in-
trace element determination, as ethanol content is reducedernal standard containing Co, Rh, Tl, and Th was used for
sufficiently to produce a stable plasma, and carbide interfer- monitoring matrix effects; oxide formation as TR@h* was
ences are sufficiently low for the determination of most ele- |ess than 5%. Mass accuracy was calculated using the inter-
ments[8,11,12] In the earlier study, large polyatomic ions, nal standards and was better than 30 ppm. The instrument
attributed to sugar molecule fragments, were observed onlysensitivity under these conditions was 40,000 cps/3pin.
in late harvest and icewing8], which are produced from  Mass spectrawere obtained in the ranmge60-181, and each
grapes left on the vine until late November, then picked and atomic mass unit was scanned in the range 0.120 amu,
crushed frozen, giving them with a residual sugar content of wheremis an integer, to include all possible polyatomic ions,
greater than 125 g/L (reported as 33xix by winemakers) which can be identified by the mass defect.
after fermentation, in which sugar is converted toCla the For trace element determination in table wines, wine sam-
current study, the large polyatomic ions observed in the massples were diluted 1:1 with 0.1 M HNgprior to analysis, to
spectra of sugar solutions were also observed in a dilutedkeep element concentrations well above detection limits but
icewine sample and caused significant interference with sev-
eral elemental ions originating from the sample matrix. The e 1
presence of large polyatomic ions in samples with high sugar instrumental parameters for ICP-MS analysis

content demonstrates the need for careful consideration ofg,gigfrequency power (W) 1400
sample matrix during quantitative elemental determination. Nebulizer gas flow (L/min) 0.93

Electrospray ionization (ESI) tandem mass spectrometry, Auxiliary gas flow (L/min) 0.8
being a soft ionization technique, has been used to investigate=0°! gas flow (L/min) 16
the structure of saccharide molecu[@8—16] Product ion 'Er)“ecnon flowrate (mL/min) 0.3

. . N . ata acquisition E-scan

spectra differentiated 13 mono and disaccharides by both posp;ns per amu 50
itive and negative ion ESI-MS/MB 3], and negative ion ESI-  Dwell time (ms) 100
MS/MS has been used to study anionic adducts of glucose# Scans 10
[14,15]and fructosé15]. Fragmentation of monosaccharide Locked mass isotope “OArtoAr*

units was observed in underivatized oligosacchafibgd 7 Scan rangert/2) 60-180
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Table 2 3. Results and discussion

Instrumental parameters for ESI-MS/MS analysis

Capillary voltage (kV) £Y 3.1. Identification of polyatomic ions in sugar solution
Cone voltage (V) 30 by high-resolution ICP-MS

Source block temperatureQ) 80

Desolvation gas temperaturél) 150 . .

Injection flowrate (.L/min) 10 A high-resolution mass spectrum of a blank 0.1 M HNO

solution ig. 1) was compared with a 3% fructosegid; 20g)
solution Fig. 2), so as to distinguish between ions origi-
to avoid plasma instability caused by introducing high con- nating from the blank or from the instrument memory with
centrations of ethanol into the plasif¥a-12] In this study, those originating from the fructose solution. A narrow mass
a sample of icewine (Inniskillin Estate, Niagara, Ont.) was range,m/z 69-76, of the observed mass spectra is shown in
diluted 1:2 with 0.1 M HNQ, to further reduce matrix effects  each ofFigs. 1 and 2Polyatomic and elemental ions in the
due to the higher sugar content of the wine. blank and sugar solutions were identified from their accurate
For the ESI-MS/MS analysis, 100 mg/L solutions of each mass/charge ratios. lon signals due to polyatomic ions having
of the sugars were prepared in 1:1 methanol:water. Productthe elemental composition&,0,", which were observed in
ion mass spectra were obtained on a Q-TOF 2 with a Z-spraythe fructose solutionFig. 1), were completely absent from
ES source (Micromass, Manchester) in positive and negativethe blank solutionKig. 2). All of the polyatomic ions ob-
modes for each of the sugars, using the molecular ion as theserved in the range/z60-181 from the fructose solution are
lock mass isotope, and collision energies of 4-30 eV. Instru- shown inFig. 3(a—c). The abscissa in eachkf. 3a—c) is
mental parameters for the ESI-MS/MS analysis are given in discontinuous such that only the upper part of each peak is

Table 2 shown so as to better illustrate the high mass resolution of the
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Fig. 1. High-resolution ICP mass spectrum of a blank 0.1 M H¥Glution over the mass rang#z 69-76.
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Fig. 2. High-resolution ICP mass spectrum of a 3% fructose solution over the masswarte-76.
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Fig. 3. Polyatomic ions observed in a high-resolution ICP mass spectrum of a 3% fructose solution: (a) mas&G8&5; (b) mass range/z 80—100; (c)
mass rangevz 100-181.

data. ICP mass spectra obtained from solutions of 3% glu- tained in a 3% glucose solution. The ICP mass spectrum of a
cose (GH1205) and 3% sucrose (BH22011) were virtually 3% acetic acid solution is shown iig. 4, in which very few
identical to that of the fructose solution. Table 3 the peak ion signals were observed. The ion signalsatt0 and 61 are
area of each of the organic polyatomic ions is tabulated alonglikely due to the molecular ion 1402, MW: 60.021 Da)
with the assigned &1,0," formula of the ion, its calculated ~ and the protonated molecule, respectively. The iom/af69
and observed masses, and the mass defect. The presence ofay be explained by fragmentation of the acetic acid dimer
these organic polyatomic ions in sugar solution mass spectrathat is stable in the gas phase. However, these ions and other
suggests strongly that sugar molecules are atomised incomion species ofiVz 70—76 are of much lower signal intensity
pletely in the ICP, and that the organic polyatomic ions are than those observed in the mass spectra of the sugars. These
fragments of the sugar molecules in the sample. polyatomic ions were not observed in the mass spectrum of
To investigate further the relatively large organic ions ob- the 3% ethanol solution.
served in the mass spectra of sugars, 3% solutions of acetic In the mass spectrometric examination of five solutions
acid and ethanol were examined by ICP-MS. The concentra-containing similar concentrations of C, H, and O atoms and
tions of C, H, and O atoms and the number of and type of equal densities of chemical bonds, such a€0C-H, C-O,
chemical bonds in these solutions were similar to that con- and O-H bonds, multiple polyatomic ions were observed
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Table 3

Elemental compositions of positively-charged organic polyatomic ions identified from the ICP mass spectra of sugar solutions, along withltied calc
masses, observed masses, mass error, 100% integrated peak area of polyatomic ions in 3% fructose, glucose, and sucrose solutions, and thdmean and R.S
of the peak areas for all three sugars

Polyatomicion  Calculated = Observedwz  Error Error Fructose Glucose (cps) Sucrose (cps) Mean (cps) R.S.D. (%)
formula mass (Da) (mDa) (ppm) (cps)

CoH40" 60.021 60027 5 92 277144 550674 594336 474051 30
CoHs02" 61.029 61035 6 96 410192 426094 459293 431860 5
13CCHs0,* 62.032 62036 4 63 11371 12667 12306 12115 5
13C,H50,* 63.036 63031 5 77 6635 7567 5968 6723 10
CsHs* 65.039 65044 5 74 20787 32300 30735 27941 18
C4H0O* 66.011 66015 5 72 5568 6067 4600 5412 11
C4H30* 67.018 67022 4 53 27397 24933 27831 26720 5
CsH7* 67.055 67059 4 64 9571 12733 15345 12550 19
C4H40O" 68.026 68029 3 39 45662 61900 54845 54136 12
C3HOR* 68.998 69001 3 42 358575 372339 335360 355425 4
C4Hs50* 69.034 69037 3 40 170464 229476 230684 210208 13
C3H20* 70.005 70007 2 24 62427 66633 60790 63283 4
C4HgO" 70.042 70042 <1 4 11441 17200 17181 15274 18
C3H30" 71013 71015 2 27 593374 846354 742711 727480 14
C4H7,0* 71.050 71052 3 36 9039 7700 12140 9626 19
C3H40" 72021 72021 <1 4 87607 50133 48566 62102 29
C3Hs0," 73.029 73030 1 16 275475 424132 435610 378406 19
C3HgO2* 74.037 74034 2 33 16013 19767 16780 17520 9
CoH403" 76.016 76016 <1 1 13408 26667 29100 23058 30
CgHs* 77.039 77039 <1 5 10536 17867 14439 14281 21
CsHzO* 79.018 79019 <1 7 13805 14700 14054 14186 3
CsH7* 79.055 79055 <1 8 9569 12300 11587 11152 10
CsH4O" 80.026 80026 <1 8 6734 9067 7902 7901 12
CsHs0" 81034 81035 <1 10 77086 93200 93415 87900 9
C4H02" 82.006 82004 1 16 5700 8200 7851 7250 15
CsHgO" 82.042 82040 2 19 7951 10867 11822 10213 16
C4H302* 83013 83013 <1 0 127078 148136 132221 135812 7
CsH7O* 83.058 83050 8 95 20198 17600 16943 18247 8
C4H402* 84.021 84020 <1 10 31466 38400 39647 36504 10
C3HO3* 84.993 84991 1 16 7802 12400 10470 10224 18
C4Hs502* 85.029 85028 <1 10 125008 139302 113287 125866 8
C4HeO2" 86.037 86034 3 34 11921 13400 10219 11847 11
C3H303" 87.008 87007 2 17 80089 85300 107490 90960 13
C4H705* 87.045 87041 3 36 5084 4767 4617 4823 4
C3H403* 88.016 88013 3 34 16209 14700 14174 15028 6
C3Hs03" 89.024 89022 1 16 102129 97367 85431 94976 7
C3H;03* 91.040 91041 1 11 4917 3333 3050 3767 22
CgHs0" 93.034 93033 <1 5 10820 10767 10537 10708 1
CsHz02" 95.013 95014 <1 2 75597 67400 63825 68941 7
CgH7O* 95.050 95049 1 11 8951 12900 10637 10829 15
CsH4O" 96.021 96021 <1 4 12421 13000 13287 12903 3
CsHs0," 97.029 97029 <1 4 123920 114667 112181 116923 4
CsHgO2* 98.037 98032 5 54 11503 11833 18052 13796 22
C4H303" 99.008 99006 2 17 39481 45000 40282 41588 6
C4H405* 100016 100014 2 20 10209 8741 8593 9181 8
C4Hs03" 101024 101024 <1 1 50670 47050 45689 47803 4
C4HgO3" 102032 102031 <1 7 6747 2554 2963 4088 46
C4H7035* 103040 103040 <1 5 6363 7482 6843 6896 7
CsHs02" 109029 109030 1 9 23913 24984 17395 22097 15
CsH303" 111008 111007 1 11 21198 20378 29872 23816 18
CgH702* 111045 111042 3 23 7362 7623 9380 8122 11
CsHs03" 113024 113023 1 8 44557 42978 49345 45627 6
CsH703* 115032 115036 4 35 6649 7236 6587 6824 4
C4HoO4* 121050 121034 16 129 10120 13920 12791 12277 13
CgH303" 123008 123016 7 60 16326 21354 20018 19233 11
CgHs03" 125024 125030 6 47 37146 58615 44276 46679 19
CgHgO3" 126032 126036 4 35 9119 10887 8653 9553 10
CsH304" 127.003 127007 4 28 7295 6801 7285 7127 3
CgH703* 127.040 127044 5 38 15579 10972 9970 12174 20
CsHs04" 129019 129024 5 38 26009 39616 42639 36088 20
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Table 3 Continued

Polyatomicion  Calculated  Observedwz  Error Error Fructose Glucose (cps) Sucrose (cps) Mean (cps) R.S.D. (%)
formula mass (Da) (mDa) (ppm) (cps)

C4HgOs* 137.045 137029 16 114 11872 15257 12771 13300 11
C4H1105* 139061 139037 12 86 10238 9553 10320 10037 3
CeHs04* 141019 141017 2 12 19085 21653 16212 18983 12
CgH704* 143034 143034 <1 4 6885 6934 5050 6290 14

CeHoO4* 145050 145015 34 236 4550 5400 6218 5389 13
C4HoO6™* 153040 153016 23 151 6484 9653 7953 8030 16
C4H1106" 155056 155030 21 136 5384 4434 3700 4506 15

CsHgOg™* 165040 165004 35 211 4334 4417 4334 4362 1

only in the mass spectra of the sugar solutions, providing evi- 3.2. High-resolution ICP mass spectra of an icewine

dence that the observed species were produced by incompletsample

atomization and not recombination or clustering reactions in

the plasma or expansionregion of the ICP-MS. Acontributing A sample oficewine diluted 1:2, such that it has an ethanol
factor to the incomplete atomization of the sugar molecules concentration of 3.5%, contains equal amounts of glucose
may be the higher vapour pressures of acetic acid and ethanoand fructosd27] for a total concentration of >4%. A high-
than the aqueous sugar solutions, such that more of these comresolution ICP mass spectrum of the sample, in the mass
pounds will be transported from the spray chamber to the rangem/z 60-180, showed that several elemental metal iso-
plasma as vapours than droplets. Droplets have been shownopes in the wine were subjected to interference by poly-
to desolvate to produce particles in the plasma, which are atomic ions Fig. 5). The high carbon content of the icewine
then vapourise@5,26] prior to atomization and ionization;  due to both sugar and ethanol caused carbide interferences
molecules that reach the plasma in droplets may not have suf-on some elemental isotopes; for example, the elemental ions,
ficient retention time to achieve complete atomization com- ®°Ni* and®INi* suffered interference from TiCand CaC.
pared with those in the vapour phase. A principal difference Furthermore8Ni*, 8INi*, and the monoisotopic elements
between the solutes examined lies in the types of structures’®As and 111Cd suffered interference from organic poly-
assumed by the solutes; the sugars have a ring structure whil@tomic ions of elemental compositionld,O,". Such inter-
acetic acid and ethanol have linear structures, except in theference for11Cd is vexatious because this is the only isotope
gas phase where acetic acid forms a stable ring-shaped dimeof Cd free from interference from other elemental isobaric
Thus, it would appear that the molecular structure of the so- ions.

lute is a determining factor in the extent of chemical bond  The organic polyatomic ions in the icewine mass spec-
rupture inamolecule in aninductively coupled plasma. While trum arise from the high sugar content of the icewine, and
the high temperature of the plasma, estimated to be >5000 Knot from the ethanol content. It is important, therefore, for
[2], should provide sufficient energy to break all chemical quantitative analysis of icewines and other samples with high
bonds, the short residence time of sample molecules in thesugar content that the samples be matrix matched to blanks
plasma enables, clusters of strongly bonded atoms to remairand standards by their sugar concentration, particularly when
intact and become ionized. The ring structures of the sugara low resolution ICP-MS instrument is used. In trace element
molecules, compared with the smaller linear molecules, will studies, wine samples are typically diluted and blanks and
have greater enthalpies of formation and will require a greater standards are matrix matched to the ethanol content of the
acquisition of energy in order to be completely atomized.  wine[7-9,28]but it is apparent that, in some cases, the sugar
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Fig. 4. Polyatomic ions observed in a high-resolution ICP mass spectrum of a 3% acetic acid solution over the ma¥z68rd81.
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content of the wine should also be considered for accurateoligosaccharides in negative ion mode are advantageous be-
determination of elements. cause of the low level of formation of cationic adducts with
The application of high-resolution ICP-MS to resolve el- ubiquitous ions such as N§16]; in positive ion mode, these

emental ions from large polyatomic interferences originating adducts deteriorate the signal from the protonated molecule.
from the sample matrix is demonstratedHig. 5. Other in- Inductively coupled plasma MS is typically only operated in
strumental techniques that could be applied to the reductionpositive ion mode, as high negative ionization potentials of
of carbon-based polyatomic ions include the use of an in- most elements preclude significant ionization in the plasma.
ert gas in a collision cell ICP-M£9], or by use of mixed For this reason most ICP-MS instruments are built with lenses
oxygen—argon plasma, to oxidize carbon, which in turn may for positive ion transmission only. Each product ion mass

reduce the intensity of some organic polyatomic if3%531] spectrum was obtained at constant collision gas pressure and
at a collision energy corresponding to a decrease in signal in-
3.3. ESI-MS/MS study of sugar fragmentation tensity of 30% for the precursorion. These conditions yielded

the maximum number of product ions.

Mass spectra of glucose, fructose, and sucrose solutions The product ion mass spectrum &f - H]~ from fruc-
were acquired by ESI-MS/MS, in both positive and negative tose, at a collision energy of 8eV, is shownHig. 6, nine
ion mode. Product ion mass spectraff H]~ from solu- fragment ions having a signal intensity ®1.0% of the pre-
tions of all three sugars yielded more fragmentation products cursor ion were observed. With the exception of the ion of
than did those fromNI + H]*, whereM represents a sugar m/z 87, the fragment ions are formed by multiple losses of
molecule; a distinctive fragmentation pattern was observed H>O and/or CHO from the deprotonated molecule, each loss
from each of the sugar solutions. Electrospray MS studies of being an endothermic reaction having a relatively low energy
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Fig. 6. ESI-MS/MS product ion mass spectrum ldff H]~ of fructose observed at a collision energy of 8 eV.
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of activation. The formation af¥z87 is of particular interest,  of fragmentation steps and fragment ion structures cognisant
asitis believed to be formed by oxidationrofz 89 by loss of of the requirements for elemental composition and chemical
H»; the formation ofm/z 87 is the sole instance of oxidative valency. It is noted that cleavage and/or contraction of the
dissociation observed in this ESI-MS/MS study. At a labo- furan ring has been invoked in proposing the structures of
ratory collision energyHgp) of 8 eV, the collision energy in  the product ions/z < 95. Two configurations of the ion at
the center-of-mass framé&y,) from a collision with argon m/z 125 are proposed: the 4-membered ring, which under-
atoms is 1.5eV. While multiple collisions of the precursor goes facile loss of CyD to form the ion atm/z 95, and the
ion with argon atoms will occur when the precursor ion sig- 5-membered ring species which undergoes ring cleavage, ac-
nal intensity is reduced by 30%, the additional acquisition of companied by migration of the negative charge, to form the
energy by the precursor ion after the first collision will be primary alcohol at/z 107.
small because thé.my, will be <1.5eV. AsEqn, is increased, In the product ion mass spectrum & - H]~ from glu-
so is the mass of the neutral fragment lost from the precursorcose obtained aE.,,=0.7eV Eap=4¢€V) and shown in
ion. Fig. 7, five fragment ions having a signal intensity 256%
Proposed fragmentation pathways and structures of theof the precursorion were observed; these fragment ions were
product ions observed iRig. 6 are given inScheme 1lin formed by neutral losses of formaldehyde or water. The three
which the step-by-step fragmentation of the precursor ion is dominant fragment ions &, =0.7 eV corresponded to the
depicted as would be expected from a series of mass speciosses of 1-2 O molecules and a CG¥D molecule. Proposed
tra recorded at increasirifm. There are several choices for  structures for the fragment ions are showtstheme 2lt is
the loss of the first molecule fronM — H]~ from fructose, recognised that even for the primary fragment ions, there are
which loses 1-4 KO molecules and 1-3 G molecules. several possible structures; for example, the loss of aGCH
An attempt has been made to propose a reasonable sequenceolecule to form the ion afvz 149 may occur at GiC4 and

HOCH, o CH,0H

HOCH o._ FHLH
2 o CH,OH / m/z 179 KH Ho7r i

\ ? HOCH, _o_ GH,OH ci H
s y (o] H -CH0
OH —/H m/z 149
m/z 143 OH H
0
-CH,0 m/z 161 2 H0
-CH,0 2 H,0 H H
OHCH, . CI
HOCH,
\ / 0 H o m/z 119
1
. y oH " HOCHEK\%C:C—O HO Cﬁ‘*‘z CH,O
m/z 113 o} H H 0 H OHO H
m/z 131 m/z 125 m/z 125 H
l-CHZO l -CH,0 H,0 i
B 0
_ _ s
k 7{ H =C=C-0 Ho—C=C—C=C—C=C -H
H ——(OH N H ’
o H H m/z 107 OH
m/z 101 m/z 95
2 H
-CH,0 L
0
] o m/z 87
H></>H
T-
m/z 71

Scheme 1. Proposed structures for product iond/of[H] ~ of fructose observed by ESI-MS/MS.
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Fig. 7. ESI-MS/MS product ion mass spectrum £ H] ~ of glucose observed at a collision energy of 4 eV.

give rise to stereoisomers that differ with respect to orienta- Fig. 8 reveals six fragment ions having a signal intensity of
tion of hydroxyl groups. In addition, a G group may be >10% of the precursor ion. The ions iz 179 and 161
lost at C6 attached to the ring, although the-C® bond may indicate scission of the glycoside bond to form the comple-
be stronger than ring-@C bonds and will not break priorto  mentary ions [glucose H]~ or [fructose— H]~ and [glu-
formation of a 5-membered ring. Similarly, dehydration may cose— H3O]~ or [fructose— H3O]~. The other four product
occur at five possible places in the molecular ion, although ions, atm/z 119, 131, 143, and 149, and which were present
only one structure is shown Bcheme 2 in the product ion mass spectrum & - H]~ from each of
The production mass spectrum bf - H]~ from sucrose, glucose and fructose, are formed by neutral losses,@ H
a disaccharide, &.m=2.1eV Eap=20eV) and shown in and CHO.

H . GH,OH
OH =~ A}/
o] 0
H OH OH H l H0
m/z 149
m/z 149 CH,OH
- CH,0 - HO /4 oL
H o H H
© CHOH -0 0 /2143
m/z
I\ HO | Hk H /7
HO H HO H l CH.0
m/z 119 m/z 131

m/z113

Scheme 2. Proposed structures for product iondof[H] ~ of glucose observed by ESI-MS/MS.
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Fig. 8. ESI-MS/MS product ion mass spectrum £ H]~ of sucrose observed at a collision energy of 20 eV.

3.4. Sugar fragmentation in the ICP mentation. The large variety of polyatomic ions shown in
Fig. 3 suggests that numerous fragmentation pathways are

While the elemental composition of the polyatomic ions accessed due to the high energy of the inductively coupled

observed by high-resolution ICP-MS can be determined, in plasma. Formation of those organic ions observed at the high-

many cases, from the experimental mass/charge ratio, theest intensities (>25,000 cps) is discussed in detail.

formation and structures of the polyatomic ions observed are  Examination of the organic polyatomic ions in the ICP

somewhat speculative even when based on the known strucimass spectrum of fructosEif. 3(a—c);Table 3 reveals that

ture of the precursor and general chemical intuition. Compar- cations having odd mass/charge ratios are far more numerous

ison of positive ion mass spectra obtained by ICP-MS with inthe mass spectrumthan are ions that have even mass/charge

product ion mass spectra of deprotonated sugar moleculegatios. Given that the sugar molecules have an even molecular

obtained by ESI-MS/MS is readily justified. The losses of mass, and most neutral losses from hydrocarbon molecules

1-4 H,O molecules and of 1-3 C#D molecules from de- in mass spectrometry are also of even masgQHCH;O,

protonated molecules have similar energy requirements toand CQ) it is suggested that the sugar molecules are pro-

those losses from a protonated molecule; that is, the neutraltonated in the acidic solution, which was aspirated into the

moieties lost are the same regardless of precursor ion polarplasma. Proton affinities of the ethanol, acetic acid, and glu-

ity. Thus, in a comparison of positive ion ICP mass spec- cose are 803.4 kJ/mol, 783.7 kJ/nj8R], and 1620 kJ/mol,

tra with ESI mass spectra obtained from deprotonated sugarespectivel\j33], and the protonated molecules are more sta-

molecules, the neutral moieties lost must be considered. ble than the free moleculesin the gas phase. Itis also observed
ESI-MS/MS is restricted usually to “gentle” or lofkm, thatthe ions of even mass are of too high relative abundance to

energy fragmentation in 1-3 collisions that is associated with the peak atrfyz—1), to be due to th&C isotope, with an iso-

ion rearrangement rather than scission processes. Scissiotopic abundance of 1.1%, and are therefore radical cations.

processes generally require higher activation energies tharnThe only exception may be the moietiesnalz 62 and 63,

do rearrangement processes and, as such, scission processt® intensities of which are 3.4 and 2.1% of the intensity of

will be favoured in ICP-MS. The higher energy of an induc- C,Hs0," atnvz 61. The!3C isotopic abundance of this ion

tively coupled plasma and greater collision number within is 2.2% at!3C12CHsO," (m/z 62) and 1.1% at3C,H50,",

the ICP source will promote more bond breakages and, givenslightly lower than what is observed. The ioat;O,* (m/z

a residence time of sufficient duration, will result in forma- 63) is oversaturated and therefore its occurrence is unlikely,

tion of fragment ions of lower mass/charge ratio than those although its presence may contribute totf@,Hs0,* peak.

observed in ESI mass spectra. The 13C isotope patterns of all other polyatomic ions were
Unlike the ESI-MS/MS mass spectra of the sugar solu- difficult to distinguish due to the presence of radical cations

tions, the deprotonated molecules of fructose and glucoseat even mass/charge ratios in the ICP mass spectra.

(m/z 179) were not observed in the ICP mass spectra, and A fragmentation pathway for the protonated glucose and

deprotonated sucroseWz 341) was out of the mass range fructose in the plasma is proposedScheme 3Due to the

of the instrument. The absence of the protonated moleculessimilarity of the ICP mass spectrum of sucrose with those

indicates that all sugar molecules have undergone some fragof the monosaccharide$dble 3, it is assumed that there is
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[cﬁHwos‘I H+]
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Scheme 3. Proposed fragmentation scheme of protonated glucose and fructose to form the major polyatomic ions observed in mass spectra of glucose anc
fructose obtained by ICP-MS. Elemental compositions shown in square parenthesis were not observed.

facile scission of the glycoside bond of the sucrose molecule because this molecule produced a large number of collision
to produce glucose and/or fructose, as was observed in thegproducts and was subjected to higher collision energies.
ESI-MS/MS spectrunKig. 8). The similarity of the fructose, Formation and structure of the moiety ratz 121 from
glucose, and sucrose ICP mass spectra is explained by th@lucose and fructose is proposedScheme 4where loss
molecules fragmenting to form common intermediatew/at of two formaldehyde molecules causes rearrangement of
121,127, and 145, which then undergo further decompositionthe 6-membered glucose ring to a 5-membered ring, as
to produce the other ions present in the spectrum; the onlywas also suggested by the ESI-MS/MS spectrum of glu-
exception being the ion at/z 129, which is formed by four ~ cose Gcheme P Further fragmentation of the positively
neutral losses from both the fructose and glucose moleculescharged ion ain/z 121 by dehydration is shown to form two
with none of the intermediate ions observed. As with the ESI- possible structures of the ion presentnaz 103. The 4,5-
MS/MS spectra, neutral losses ob® and CHO, having dihydroxyfuran form of the ion atvz 103 then undergoes
exothermic heats of formation 6f116 and—242 kJ/mol, dehydration to form the moiety at/z 85, or loses ChHIO to
respectively, occur frequently in the fragmentation scheme. form the protonated 4-membered ringnalz 73. The corre-
Neutral loss of H (AHs = 0 kJd/mol) was also observed inthe sponding deprotonated molecules of the ionevat73 and
formation of the highly unsaturated fragment ions in the ICP 101 are present also in the ESI-MS/MS spectrum of fructose,
mass spectra. This type of oxidation reaction is observed in for which a similar formation pathway is proposed. In the ICP
higher energy systems, and appeatrs to take place in the ICPmass spectrum, neutral losses of &hd radical H from the
The moieties at/z 81 and 65 are formed by loss of CO ions atm/z73 and 85 form the highly unsaturated ionsrét
and CQ from a larger fragment ionnflz 109), and again, 69 through 72, and 84 and 83, respectively. The 4-membered
heats of formation of these neutral molecules are exothermicrings and multiple double bonds in these structures may cause
(AHf(CO) =—26 kJ/mol andAH;(COp) = —94 kJ/moal). them to be resilient to further degradation in the plasma, thus
The corresponding protonated form to the deprotonated explaining the relatively high intensities observed for these
product ions ofim/z <130 observed in the ESI mass spectra ions. The 2,5-dihydroxyfuran form of the ionmmifz 103 also
were observed also in the ICP mass spectra together withundergoes two consecutive losses of td form the ions at
many other ions of lower mass/charge ratio. The protonatednvz 101 and 99.
species atn/z 163 and 151, corresponding to the ionsrét Loss of CHO from the moiety ofiVz 121 requires ring
161 and 149, respectively, observed in the ESI-MS/MS spec-rearrangementto a 4-membered ring#91. This fragment
tra, were not observed in the ICP spectra. The absence ofundergoes two consecutive losses oftdl from the ions at
ions atm/z 163 and 151 demonstrates that the higher energy nvz 89 and 87. The corresponding deprotonated molecules
of the plasma causes the sugar molecules to undergo moreo ions present arn/z 91 and 89, (that is, negative iongz
fragmentation than in the lower energy collision induced dis- 89 and 87) were present also in the ESI-MS/MS spectrum of
sociation (CID) processes of ESI-MS/MS. The ESI-MS/MS fructose, and the formation of the ionratz 87 was the only
spectrum of fructose provided a good source of comparisonloss of H observed in the ESI product ion mass spectrum.
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Scheme 4. Proposed formation, structure, and fragmentatiovzdf21 observed by ICP-MS from protonated fructose and glucose molecules.

It is presumed, therefore, that such an oxidative reaction is cleavage to form the acid and ketone specieg/al09. The
more likely to proceed in the higher energy of the plasmaion acid species atvz 109 undergoes loss of GQo form the

source than in CID of electrospray-generated ions.

The moiety atmyz 91 also undergoes loss of GE to
form the aldehyde ion atVz 61 (Scheme % Formation of
the radical cation atr/z 60 is then facilitated by loss of a
hydrogen atom to produce;840,".

moiety atm/z 65, and the ketone at/z 109 undergoes loss
of CO to form the ion atn/z 81.

The furan and pyran forms of the ionmatz 145 undergo
loss of CHO to form the species a¥z115. The correspond-
ing deprotonated ions ta/z 145 and 115, those being/z

The protonated glucose and fructose molecules also un-143 and 113, were observed in both fructose and glucose

dergo loss of two and three)® molecules to form both furan
and pyran forms of the ions etz 127 and 145, respectively
(Scheme k Both forms of ion atr/z 127 undergo oxidative
loss of K to form the furan species at¥z 125. The species

ESI-MS/MS spectragchemes 1 and)2providing further
agreement between fragment ions formed in the ICP with
those formed in ESI-MS/MS. Loss ofJ@ from the ion at
m/z 115 results in ring collapse to the form the moiety at

atm/z127 also undergo further dehydration, resulting in ring m/z97. This ion undergoes facile loss of CO to form the ion
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Scheme 5. Proposed formation, structure, and fragmentatiozdf27 and 145 observed by ICP-MS from protonated fructose and glucose molecules.

atm/z 69, which in turn loses Hand radical H to form the
ions atm/z 68 and 69, respectively. Oxidative losses of H

solutions of ethanol or acetic acid having similar concentra-
tions of C, H, and O and densities of similar chemical bonds,

observed throughout the ICP spectra, form the highly unsat-is explained by the incomplete atomization of the solute in

urated ions ai/z 113 and 95, from the moieties az 115
and 97, respectively.

4. Conclusions

the plasma due to combined effects of the ring structure of
the solute and insufficient residence time in the plasma. Both
ICP mass spectra and ESI-MS/MS product ion mass spec-
tra of sugar solutions show fragmentation pathways involv-
ing neutral losses of C¥0 and HO. However, with an ICP
source, these fragmentation pathways are accompanied by

The presence of large polyatomic ions in the ICP mass fragmentation pathways of higher activation energy that in-
spectra of solutions with a high sugar content, but not in volve neutral losses of CO, GOH2, and hydrogen atoms.
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The presence of polyatomic ions in ICP mass spectraaccentufil] C. Marisa, R. Almeida, M. Teresa, S.D. Vasconcelos, M. Barbaste,

ates the necessity for careful consideration of sample matrix
[

in analysis of real samples by ICP-MS.
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