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Abstract

The oxidative modification of polyunsaturated fatty acids which occurs through enzymatic and
non-enzymatic processes is typically initiated by the attachment of molecular oxygen to an
unsaturated fatty acyl chain forming a lipid hydroperoxide (LOOH). Enzymatic pathways are
critical for cellular homeostasis but aberrant lipid peroxidation has been implicated in important
pathologies. Analysis of primary oxidation products such as hydroperoxides has proven
challenging for a variety of reasons. While negative ion electrospray ionization has been used for
the specific detection of some LOOH species, hydroperoxide dehydration in the ion source has
been a significant drawback. Here we describe positive ion electrospray ionization of ammoniated
13-hydroperoxy-97,11E-octadecadienoyl cholesterol and 9-hydroperoxy-10E,12Z-
octadecadienoyl cholesterol, [M + NH4]*, following normal phase high-pressure liquid-
chromatography. Dehydration in the ion source was not prevalent and the ammoniated molecular
ion was the major species observed. Collisionally induced dissociation of the two positional
isomers yielded unique product ion spectra resulting from carbon-carbon cleavages along their
acyl chains. Further investigation of this behavior revealed that complex collision induced
dissociations were initiated by scission of the hydroperoxide bond that drove subsequent acyl
chain cleavages. Interestingly some of the product ions retained the ammonium nitrogen through
the formation of covalent carbon-nitrogen or oxygen-nitrogen bonds. These studies were carried
out using hydroperoxy-octadecadienoate cholesteryl esters as model compounds, however the
observed mechanisms of [LOOH+NH,4]" ionization and dissociation are likely applicable to the
analysis of other lipid hydroperoxides and may serve as the basis for selective LOOH detection as
well as aid in the identification of unknown lipid hydroperoxides.

Introduction

The peroxidation of polyunsaturated fatty acids is a ubiquitous transformation catalyzed by a
large number of enzymes throughout the animal and plant kingdoms. In humans,
peroxidation of fatty acids can be catalyzed by lipoxygenases, cyclooxygenases, cytochrome
P-450s, as well as other enzymes [1-3]. For example the enzymatic cascades that convert
arachidonic acid to prostaglandins and leukotrienes have in common an initial peroxidation
step where the first products are hydroperoxides that are converted into biologically active
lipid mediators by subsequent enzymatic transformations. The initial lipid peroxides
(LOOH) can also play important roles in a great variety of biological processes including
regulation of vascular tone, chemotaxis, endothelial permeability, gastric secretion and more
[4]. In addition to the enzymatic formation of LOOH, non-enzymatic free radical processes
can efficiently oxygenate polyunsaturated fatty acids and polyunsaturated acyl groups
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(esters) found in phospholipids, glyceryl lipids, and cholesteryl esters producing vast
varieties of LOOH and their degradation products [5]. In many cases non-enzymatic
peroxidation products exert significant biological activity, including active oxidized
phospholipids and cholesteryl esters [6, 7]. Aberrant lipid oxidation, both enzymatic and
otherwise, has been implicated in important human diseases such as atherosclerosis and
neurodegenerative disorders [8, 9]. Despite the biological importance of lipid peroxidation
the direct analysis of intact LOOH has remained an analytical challenge.

Several approaches have been taken for the analysis of fatty hydroperoxides. The most
common methods employ high-pressure liquid-chromatography and UV detection [10].
These methods work well for species with sufficiently large UV-extinction coefficients but
do not allow for selective detection of individual LOOH species. Gas-chromatography mass-
spectrometry (GC-MS) provides detailed structural information for many oxidized lipid
species however several studies have shown that polyunsaturated peroxide TMS ethers,
especially allylic species, undergo extensive thermolysis at the injection port and cannot
pass through a gas chromatograph [11]. Therefore reduction of the hydroperoxide moiety
followed by derivatization of the resultant carbinol has been required to yield suitable
analytes for GC-MS analysis [12]. Qualitative and quantitative measurements of
arachidonate and linoleate hydroperoxides, as free acids, have been reported using
electrospray ionization tandem mass spectrometry (MS/MS) of the carboxylate anion [13,
14]. An intact molecular anion [M — H]™ could be observed in these LC/MS and LC/MS/MS
studies but facile dehydration inside the electrospray source resulted in significant
conversion of hydroperoxide to an oxo moiety prior to introduction into the mass
spectrometer. Further complicating these analyses was the fact that collision induced
dissociation of the hydroperoxide molecular anion yielded the exact same CID mass
spectrum as the corresponding ketone [14, 15]. This could be problematic given the similar
chromatographic properties of congruent hydroperoxide and oxo-fatty acids (e.g. retention
times of 9-hydroperoxyoctadecadienoate and 9-oxo-octadecadienoate by reverse phase
separation).

Here we report positive ion electrospray MS/MS behavior of ammoniated 9-and 13-
hydroperoxy-octadecadienoic (HpODE) cholesteryl esters [M + NH,4]*. Such molecules
have been observed to accumulate in atherosclerotic plaque and therefore are interesting
analytical targets [16]. These analyses required no prior derivatization and yielded abundant
molecular ions. CID of the molecular ions yielded spectra which were unique for the two
positional isomers. Further investigation into the mechanisms of CID revealed that
hydroperoxide scission was the initiating step in the dissociation of the ammoniated
molecular ion. Positive ion MS/MS of ammoniated LOOHSs species could be the basis for
the development of selective analyses as well as provide structural evidence for the
identification of unknown lipid peroxides.

Experimental

Materials

The 9-hydroperoxy-10E,12Z-octadecdienoyl cholesterol (9-HpODE-CE) and 13-
hydroperoxy-9Z,11E-octadecadienoyl cholesterol (13-HpODE-CE) were obtained from
Cayman Chemical (Ann Arbor, M) as a mixture. The [9,10,12,13-2H,]-10Z,12Z-
octadecadienoic acid (>98% atom percent excess 2H,, Cayman Chemical) was esterified to
cholesterol to yield [9,10,12,13-2H,4]-10Z,12Z-octadecadienoyl cholesterol as previously
described [17]. This deuterated cholesteryl ester was converted to [9,10,12,13-2H,]-9-
hydroperoxy-10E,12Z-octadecdienoyl cholesterol (D4-9-HpODE-CE) and
[9,10,12,13-2H4]-13-hydroperoxy-9Z,11E-octadecadienoyl cholesterol (D-13-HpODE-CE),
among other products, by radical peroxidation initiated with 10 mM 2,2'-azobis-2-methyl-
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NP-HPLC

propanimidamide, dihydrochloride (Cayman Chemical) essentially following the procedure
previously described [18]. The specific D4-9-HpODE-CE and D4-13-HpODE-CE isomers
were separated by normal phase HPLC described below. The 1°NH,CI was obtained from
Sigma Aldrich (98 atom % 1°N, St. Louis, MO).

Analytes were separated by normal phase chromatography on a 150 x 2.1 mm, 5 pm,
Acentis Si column (Supelco, Bellefonte, PA) using a gradient of methyl-tert-butyl ether
(MTBE) in iso-octane going from 4.5% to 45% MTBE as previously reported [17, 19].
Ammonium adducts were formed in the electrospray ion source by the addition (~10% of
gradient flow rate) of 10 mM ammonium acetate (NH4OAC) in 95:5 acetonitrile:H,O (v/v)
post-column.

Mass Spectrometry

Results

Product ion spectra (MS? and MS3) were collected on an AB Sciex 5500 triple quadrupole
linear ion trap (LIT) hybrid mass spectrometer operated in positive ion mode. The
electrospray voltage was set at 5500 V, the declustering potential was 15 V, the collision
energy was 10. For MS3 experiments excitation energy was 0.01, all other parameters were
the same as above. Precursor ion scanning experiments were carried out using an AB Sciex
(Foster City, CA) API 3200 triple quadrupole mass spectrometer operated in positive ion
mode. Precursors of /1/z369.3 were detected by scanning the first quadrupole from m/z 650
to 800 over 3 sec intervals; all other parameters were the same. High-resolution accurate
mass measurements were made using a Thermo Finnigan LTQ-FT Ultra linear ion trap
Fourier transform ion cyclotron resonance hybrid mass spectrometer (San Jose, CA). For
these experiments a solution of 9- and 13-HpODE-CE (1 ng / L) in 9:1 MeOH:H50 (v/v)
containing ammonium acetate (10 mM) was infused into the electrospray source at 20 pL/
min. Product ion spectra were collected from /2250 — 710, the electrospray voltage was
5000 V, capillary temperature was 250 °C, capillary voltage was 100 V, ion isolation
window was 15 u, and collision energy was 12%. The large isolation window was necessary
in order to obtain product ions in sufficient abundance for detection in the FTICR with the
resolution parameter set at 10°. This unusually wide isolation window did not effect which
ions were observed in the product ion spectra, or their relative intensities. The mass
spectrometer was automatically calibrated using the manufacturers’ recommended positive
mode calibration solution containing L-methionyl-arginyl-phenylalanyl-alanine acetate,
Ultramark 1621 and caffeine.

NP-HPLC-MS/MS detection of 9- and 13-HpODE-CE

Since the authentic standards of 9-HpODE-CE and 13-HpODE-CE were only available as a
mixture, chromatographic separation was critical for obtaining independent mass spectra. By
normal phase HPLC (NP-HPLC), 9-HpODE-CE and 13-HpODE-CE were well retained and
completely separated (fig LA). The major ion species was the ammoniated molecular ion,

[M + NH4]* m/z 698 (>90%). Water loss, [M — H,0 + NH4]* m/z 680, and water plus
ammonia loss, [M - H,0O - NH3]* m/z 663, were also observed as minor ions (fig 1A inset).
The commercially available mixture was contaminated with small amounts of the all-trans
isomers as well as the dehydration products, 9- and 13-oxo-octadecadienoic cholesterol
esters (9-oxo-ODE-CE and 13-0x0-ODE-CE) (fig 1A).
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Collision induced dissociation of 9 and 13-HpODE CE

Each 9- and 13-HpODE-CE produced unique product ion spectra after collisional activation
of the corresponding ammoniated molecular ion although there were a number of common
ions (fig 2A and B). Both spectra had the most abundant product ion at /7/z 369, which
corresponded to the dehydrated cholesterol core as previously reported [20]. Both spectra
also contained several product ions consistent with neutral losses of H,O (/m/2680), H,0O +
NH3 (m/z663), and HyO, + NH3 (/m/z647). Both product ion spectra also showed minor
ions at /m/z 295 and 277, which were consistent with consecutive water losses from the free
HpODE acyl component, [HpODE - H,0 + H]*, m/z295 and [HpODE - 2(H,0) + H]*, m/
z277. Product ions unique for the individual isomers were observed in the /m/z 400 — 600
range. The 13-HpODE CE species yielded product ions at /7451, 549, 563, and 580, while
the 9-HpODE-CE product ion spectra contained unique ions at /7/z491 and 540.

To determine whether these unique fragment ions retained the intact hydroperoxide moiety,
the mixture was derivatized using the silylating reagent BSTFA and the products were
subjected to NP-HPLC MS/MS (Fig 1B). The conversion to hydroperoxy TMS ethers was
complete in less than 1 min, and no side products or degradation products were observed.
Although these compounds were poorly retained on NP-HPLC they were nonetheless
slightly separated and thus independent CID spectra could be obtained (Fig 2C and 2D).
Interestingly the CID spectra of the TMS ether derivatives were identical to those of the
underivatized species except for the intact molecular adduct ion [M + NH,4]* which was 72u
higher in mass than the underivatized hydroperoxide. These data revealed first of all that the
hydroperoxy group was readily derivatized to the trimethylsilyl peroxyether, second that
none of the product ions retained the TMS group, and by extension no products of the
underivatized species retained the exchangeable peroxide hydrogen.

To further elucidate the structures of CID product ions, deuterated-9 and 13-HpODE-CEs
having deuterium atoms at carbon atoms 9, 10, 12 and 13 were synthesized and the
ammoniated molecular ion species subjected to MS/MS. Hereafter these CID data are
referred to as D4-HpODE-CE product ion spectra. Major product ions from both labeled and
unlabeled species along with observed mass shifts are summarized in Table 1. In other
experiments, 9- or 13-HpODE-CE (non-deuterated species) were introduced into the ion
source after mixing with D,O and ND4OAc for several seconds to label readily
exchangeable protons. In these experiments the fully deuterated species, [ROOD + ND4]*
m/z 703, was isolated for fragmentation. These spectra revealed that a number of the CID
product ions retained exchangeable deuterium atoms such as m/z 542 from 9-HpODE-CE
and m/z 583 from 13-HpODE-CE. In another experiment 9- and 13-HpODE-CEs were
infused in a solution of 15NH,CI (3mM) in 95:5 acetonitrile:H,0 (v/v) and subjected to MS/
MS. Labeled product ions clearly revealed which ions retained the ammonium nitrogen atom
such as m/z 681, 541, and 581 (Table 1). Interestingly the major ion at m/z 663 did not
retain any charging ammonium nitrogen atom, but as expected m/z 680 [M + NH, — H,0]*
did. The full product ion mass spectra collected during these CID experiments are shown in
Supplemental Figure 1.

To further examine the nature of these CE hydroperoxy-specific product ions, high-
resolution accurate mass measurements were made of the major product ions. A mixture of
9- and 13-HpODE-CE was infused into an LTQ-FTICR MS, the ammoniated molecular ions
were subjected to CID and the product ions were detected at high resolution in the FTICR.
The products ions were identical to those observed in other MS? experiments and accurate
mass measurements were made. The measured /m/z values of the product ions were all
within 1 ppm of the calculated /m/z value for the hypothesized ion composition (Table 2).
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Discussion

The fact that 9- and 13-HpODE-CE positional isomers produced such unique product ion
spectra was an unexpected result. The isomer specific ions appeared between 17/z 450 and
580, suggesting a structure with an intact cholesteryl backbone and a portion of the acyl
chain component. Such a structure would arise from cleavage along the acyl chain at or near
the site of oxygen atom attachment. In contrast to these data, the CID spectra of 9- and 13-
ox0-ODE-CEs were identical to each other and these compounds revealed no carbon-carbon
bond cleavages of the acyl chain (Supplementary Figure 2A and B). The same is true for the
pair of 9- and 13-hydroxyoctadecadienoic CEs (Supplementary Figure 2C and D). This
behavior suggested that acyl chain cleavages observed in HpODE-CEs were dependent upon
the hydroperoxide moiety consistent with the known tendency of hydroperoxides to undergo
scission of the peroxide bond [21]. Previous studies suggested thermolysis of 9- and 13-
HpODE TMS ethers was initiated by cleavage of the O-O bond [11]. To further interrogate
the structures of these product ions and the mechanisms of their genesis several experiments
were carried out, each designed to elucidate specific features of product ion structures
(Table 1, Supplemental Figure 1). Together the results supported the hypothesis that scission
of the relatively weak hydroperoxide O-O bond was the initiating event in CID of HpODE
CEs. The results also indicated that ammoniated HpODE CEs undergo complex
dissociations, including the formation of covalent bonds between the analyte and the
ammonium adduct itself.

The product ion at 77/z 680 which was 18u lower in mass than the ammonium adduct, was
initially assumed to result from simple charge remote dehydration of the hydroperoxide.
When the product ion spectrum from each of the carbon-chain deuterated hydroperoxides
(Supplementary Figure 1a and 1b) were examined no loss of any deuterium atoms for this
product ion was observed (Table 1). This was in contrast to the negative ion CID behavior of
arachidonate hydroperoxides which loose the proton bearing the hydroperoxy group [14].
The D,O/ ND4* and 1°NH,* exchange experiments revealed that this ion retained the
ammonium nitrogen and three exchangeable deuterium atoms. In comparison with the
product ion mass spectra of the TMS derivatives, these exchangeable protons appeared to be
derived exclusively from the ammonium adduct species, not the hydroperoxide proton.
Homolytic cleavage of the hydroperoxide, accompanied by the expulsion of water (where
the proton is from the ammonium adduct species) and alkoxyamine formation [ROND3]*
was consistent with these data (Scheme 14). The 7/2580 ion (in the 13-HpODE CE spectra)
also retained the nitrogen atom and three exchangeable protons and was therefore
hypothesized to be related to 7/z680. MS?3 data (/7/z698 — 680 — product ion scan)
showed that /772680 was a precursor of /7/2580 (data not shown), likely occurring through
neutral loss of the terminal portion of the acyl chain as an aldehyde (Scheme 14). These
experiments were carried out in the quadrupole linear ion trap hybrid mass spectrometer.

The ion at m/z663 was initially thought to result from neutral loss of ammonia accompanied
by dehydration of the hydroperoxide, and while the nitrogen atom was lost as supported by
the high-resolution experiments (Table 2), the required deuterium atom was not lost in the
D4-HpODE-CE spectra (Table 1). Curiously, for the 13-HpODE-CE with exchangeable
protons labeled with deuterium atoms, the CID of m/z 703 yielded two product ions, m/z
663 and 664, suggesting two mechanisms producing isobaric products. Neutral loss of
ammonia combined with heterolytic peroxide cleavage and O-O bond formation would be
consistent with one of these mechanisms (scheme 1¢). An alternate mechanism, which
would fit for the ion retaining one exchangeable deuterium, would involve neutral loss of
ammonia, breaking the ester bond that would yield a free carboxylic acid moiety, leaving a
carbocation at carbon 3 of the cholesterol backbone. This is the same facile neutral loss
reaction that produces and the abundant m/z 369 (Figure 2A-D). This reaction would be the
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same as presented in Scheme 2a where homolytic cleavage of the peroxide bond and
hydrogen abstraction from carbon-4 of cholesterol would drive the reaction with expulsion
of water and ether bond formation. There is precedence for intramolecular attack of
cholesterol-carbon 6 by peroxy radicals of HpODE-CE, as well as intermolecular attack by
peroxy radicals between arachidonate hydroperoxides [22, 23]. MS?3 experiments (/7/z 698
— 663 — product ion scan) revealed that the fragment ion at m/z 663 (Scheme 2a) was a
precursor of the product ion /m/z491 in the 9-HpODE-CE spectra (data not shown). An oxy-
Cope rearrangement of the allylic ether [24] resulting in attachment of the terminal portion
of the hydrocarbon chain to carbon 6 of the cholesterol core would be accompanied by the
release of a neutral acid-aldehyde (172u) and thereby explain this rather curious fragment
ion (Scheme24). The high resolution data (Table 2) did reveal that the product ion m/z 491
contained only carbon and hydrogen atoms and no heteroatoms from the starting
hydroperoxyl cholesterol ester ammonium adduct precursor ion. From the exact mass
difference of the precursor (m/z 663) and product ion (m/z 491) the elemental composition
of the suspected protonated carboxylic acid-aldehyde loss would be CgH1403.

The ions at /2563 and 549 in the 13-HpODE-CE spectra retain three and two deuterium
atoms in the D4-HpODE-CE spectra, respectively, but neither ion retained the nitrogen atom
or exchangeable deuterium atoms. These data were consistent neutral loss of water and
ammonium accompanied by carbon-carbon bond cleavage proximal to the substituted
carbon atom, losing a neutral aldehyde (as illustrated in Scheme 1d) or losing an epoxide
(pathway Scheme 1e) where both losses would leave a resonance stabilized carbocation (m/z
563 and m/z 549). The site of cleavage and the length of the remaining acyl component
depended on the rearrangement of double bonds prior to fragmentation. Consistent with this
mechanism was that similar fragments were not observed in the 9-HpODE-CE spectra, as
the ionized species in that case would be the terminal end of the acyl component

The ion at m/2540 in the 9-HpODE-CE retained one deuterium in the D4-HpODE-CE
spectra as well as the nitrogen atom in the 2°NH, product ion spectra and high-resolution
experiments and, curiously, retained two exchangeable deuterium atoms. A structure that
included a terminal imine would account for the retention of the nitrogen and two
exchangeable deuterium atoms. The single backbone deuterium attached to this structure
most likely resided at carbon-9, where the terminal acyl portion was lost. This complex ion
structure could be rationalized in the context of initial peroxide scission leading to the
expulsion of water and the formation of the first carbon nitrogen bond when the terminal
acyl portion is lost as a neutral hydrocarbon. The second peroxide oxygen is then lost as
water and the protonated imine is formed (Scheme 2¢).

Conclusions

Hydroperoxides of linoleate cholesteryl esters formed abundant ammoniated molecular ions
during electrospray ionization in the positive ion mode. Little dehydration of the molecular
species occurred during ionization in contrast to electrospray ionization of free
hydroperoxide fatty acid carboxylate anions, which undergo extensive dehydration in the ion
source. Collision induced dissociation of each ammoniated positional isomer (9- and 13-
HpODE-CE) resulted in distinct product ion spectra. lons unique to the positional isomer
result from carbon-carbon bond cleavage along the acyl component. All acyl chain
fragmentation events appeared to be initiated by scission of the hydroperoxide moiety and
further directed by the relative positions of the hydroperoxide and of double bonds along the
acyl chain.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

NP-HPLC separation of 9- and 13-HpODE-CEs before and after trimethylsilylation.
Chromatograms are total positive ion currents of precursors of /m/z369.3 scanning (m/z
650-800) of the starting material mixture (A) and the derivatization products (B). The
asterisks indicate 9- and 13-o0x0-ODE-CE impurities, the arrows indicate residual
underivatized 9- and 13-HpODE-CE. Insets: Integrated mass spectra, averaged over the
elution windows of both major peaks from m/z 640 to 710.
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Figure2.

Collision induced fragmentation of the ammoniated molecular ions, [M+NH,4]*, from (A)
13-HpODE-CE, (B) 9-HpODE-CE, (C) 13-HpODE-CE TMS ether (D) 9-HpODE-CE TMS
ether. Structural details of the immediate hydroperoxide region are shown with the charging
ammonium ion likely adducted at the ester moiety.
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Scheme 1.
Proposed mechanisms of collisional induced dissociation of ammoniated 13-HpODE CE,
[M+NH4]+.
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Table 1

Summary of major product ions following collisional activation of isotope labeled and unlabeled 9- and 13-
HpODE-CE

MS/M S of |sotope L abeled Species

9-HpODE-CE2 13-HpPODE-CE  p4HpoDE-CEP HpODE-CEP  HpODE-CEC

[M+NH4]* [M+NH,]* [M+NH]* [M+D+ND,]* [M+15NH *

m/z 699 m/z 699 m/z 702 m/z 703 m/z 699
680 680 684 (+4) 683 (+3) 681 (+1)
663 663 667 (+4) 663(+0)/664(+1) 663 (+0)
647 647 651 (+4) 647 (+0) 647 (+0)
645 645 649 (+4) 645 (+0) 645 (+0)
540 . 541 (+1) 542 (+2) 541 (+1)
491 - 494 (+3) 491 (+0) 491 (+0)
- 580 583 (+3) 583 (+3) 581 (+1)

- 563 566 (+3) 563 (+0) 563 (+0)

- 549 551(+3) 549(+0) 549(+0)

- 451 452(+1) 451(+0) 451(+0)

aNominaI my/zvalues of the individual ions
The number of deuterium atoms retained in each product ion is indicated in parentheses.

The number of 15N atoms retained in each product ion is indicated in parentheses.
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Table 2

High Resolution Accurate Mass Measurements of Molecular and Product lons of 9- and 13-HpODE CE
Following Collisional Activation

Proposed lon  Calculated mz(Ma)  Measured miz(m)@ A m; (ppm) P

Composition
CysHgoNO4* 698.6082 698.6085 + 0.0006 0.43
CasH7gNO5* 680.5976 680.5978 + 0.0006 0.35
CysH7505" 663.5711 663.5713 + 0.0006 0.23
Cy5H730,* 645.5605 645.5606 + 0.0006 0.19
CagHggNO,* 580.5088 580.5087 + 0.0005 -0.24
CagHg30," 563.4823 563.4819 + 0.0004 -0.69
CagHg105* 549.4666 549.4664 + 0.0004 -0.42
CaHgNO,* 540.4775 540.4773 + 0.0004 -0.44
CagHsg" 491.4611 491.4607 + 0.0003 -0.79

a -
mean + standard deviation for 20 measurements

m; — ni, 6
bAmi(ppm)zT x 10

a
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