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Abstract

Calcium carbonate has evoked interest owing to its use as a biomaterial, and for its potential in
biomineralization. Three polymorphs of calcium carbonate, i.e. calcite, aragonite, and vaterite
were synthesized. Three conventional bulk analysis techniques, Fourier transform infrared (FTIR),
X-ray diffraction (XRD), and SEM, were used to confirm the crystal phase of each polymorphic
calcium carbonate. Two surface analysis techniques, X-ray photoelectron spectroscopy (XPS) and
time-of-flight secondary ion mass spectroscopy (TOF-SIMS), were used to differentiate the
surfaces of these three polymorphs of calcium carbonate. XPS results clearly demonstrate that the
surfaces of these three polymorphs are different as seen in the Ca(2p) and O(1s) core-level spectra.
The different atomic arrangement in the crystal lattice, which provides for a different chemical
environment, can explain this surface difference. Principal component analysis (PCA) was used to
analyze the TOF-SIMS data. Three polymorphs of calcium carbonate cluster into three different
groups by PCA scores. This suggests that surface analysis techniques are as powerful as
conventional bulk analysis to discriminate calcium carbonate polymorphs.
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1. Introduction

Calcium carbonate is commonly found in many forms, for example as limestone, as the
calcareous exoskeleton of marine animals, and as boiler scales. It has many applications:
coating pigment for premium quality paper products in paper industry, fillers in rubber and
paints in polymer applications, and calcium-based antacid tablets in healthcare. Calcium
carbonate has also received considerable attention in the field of biomaterials! and
biomineralization? since calcium carbonate is one of the most abundant biological minerals
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formed by living organisms. Calcium carbonate is used as a biomaterial for bone
reconstruction.3 For example, Biocoral®, a natural coral exoskeleton which is mainly
calcium carbonate, has been used as a bone graft substitute?.

There are three polymorphs of anhydrous calcium carbonate: vaterite, aragonite and calcite,
listed here in order of increasing thermodynamic stability. All three polymorphs can occur at
the same time in some types of mollusks and marine algae. Aragonite and calcite are more
thermodynamically stable structures, and they most commonly occur in nature. For example,
the abalone shell is comprised of calcite (prismatic layer) and aragonite (nacreous layer).
Vaterite, also known as u-CaCOs, less commonly occurs in nature because it is the least
thermodynamically stable polymorph. Vaterite can rapidly transform to calcite and aragonite
in aqueous solution. Experimental evidence has demonstrated that vaterite can transform to
aragonite in 60 minutes at 60°C and to calcite in 24 hours at room temperature.®

Many conventional techniques including Fourier transform infrared (FTIR) spectroscopy, X-
ray diffraction (XRD), and scanning electronic microscopy (SEM) have been used to
distinguish between calcium carbonate polymorphs. However, SEM is inconclusive for
discriminating among calcium carbonate polymorphs because the morphology of each
calcium carbonate polymorph is not unique. The morphology of each crystalline polymorph
can be changed due to the crystallization condition. For instance, the conventional shape of
aragonite is “needle-like.” But it may change to “flake-like” or “cauliflower-like” under
certain crystallization condition.®

Although polymorphic calcium carbonate can be characterized and identified by bulk
analysis, such as conventional FTIR and XRD techniques, surface analysis of these
materials is still needed. As an intriguing biomaterial with potential use as bone graft, the
surface structure and function of those polymorphic calcium carbonates are crucial for
properly understanding their biological properties. Because the composition and structure of
the three polymorphic CaCOs surface may not be the same as that of the bulk, the
information given by bulk analysis could lead to misinterpretation of structure/function
relationships.

Both X-ray photoelectron spectroscopy (XPS) and time-of-flight secondary ion mass
spectroscopy (TOF-SIMS) have been previously applied in surface characterization of
calcium carbonate.8-11 The most studied polymorph of calcium carbonate is calcite. XPS
was used to investigate trace metal adsorption on calcite surface because of its high surface
sensitivity.® The chemical and morphological behavior of the calcite surfaces during
exposure to air were studied with a combination of TOF-SIMS and scanning force
microscopy (SFM).12 The dissolution behavior of CaCOj3 in the presence of a phosphate
compound has also been investigated using XPS and other techniques.11 XPS alone has been
applied to differentiate the three polymorphic CaCO3 materials.? Most of the XPS studies
identified the Ca (2p), C (1s) and O (1s) core-level shifts of calcium carbonate. Because of
instrument and material differences, there was often poor agreement between the different
groups's results. TOF-SIMS has not previously been applied to distinguish CaCO3
polymorphs due to the intrinsic complexity of SIMS data. Multivariate analysis methods
such as principal component analysis (PCA) have been successfully used to achieve
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quantitative results from SIMS spectra in many applications.13 The advantage of PCA over
traditional quantification analysis is that PCA is a full-spectrum methodology; whereas,
traditional quantification analysis is only based on one or a few SIMS peaks. SIMS/PCA has
been used with success to discriminate different calcium phosphate phases.’

In order to differentiate between the surfaces of the three calcium carbonate polymorphs, we
present a combination method using both XPS and SIMS. Conventional bulk analysis, such
as XRD, FTIR and SEM were used to confirm each of the crystal polymorphs before surface
analysis. The Ca (2p) and O1(s) core-level shifts of CaCO3 were found to be different from
each CaCOg3. SIMS along with PCA was used to differentiate each CaCOg3 by clustering the
polymorphs into three separate groups.

2. Material and Methods

Materials

XRD

Calcite, aragonite, and vaterite samples were synthesized by following the method described
by Gopinath et al.? with a slight modification. In this experiment, CaCl,*2H,0 (Reagent
ACS) and Na,COg3 (anhydrous, Reagent ACS) were obtained from Fisher Scientific, but
these were used as received.

Calcite was synthesized by adding 50 mL Nay,COj3 (1M) into 50 mL CaCl, (1M) with
continuous stirring at room temperature. After precipitation, the crystals were digested in
water for 12 days, then filtered and washed thoroughly with water. The resulting calcite
sample was dried under ambient conditions.

Aragonite was synthesized by simultaneously combining 50 mL Na,CO3 (1M) and 50 mL
CaCl, (1M) and continuously stirring at 80°C for half an hour. After precipitation, the
crystals were filtered, washed thoroughly with water and air dried.

Vaterite was synthesized by simultaneously combining 50 mL Na,CO3 (1M) and 50 mL
CaCl, (1M) and continuously stirring at 80°C. The hot slurry was filtered immediately after
the two aqueous solution were combined, then washed thoroughly with water and air dried.

All synthesized calcium carbonate samples were crushed into fine powders for further
characterization. For both XPS and TOF-SIMS experiments, these sample powders were
carefully transferred to a glass cover slip to which double-sided tape was adhered. The
samples were then blown with N5 to remove loose powder and immediately transferred into
the XPS and SIMS vacuum chambers.

The crystalline composition and structure of the three calcium carbonate polymorphs were
characterized by X-ray diffraction (XRD, Philips, PW1830) with CuKa radiation at 40 kV
and 20 mA. The diffraction pattern was collected at a scanning rate of 0.02 degrees per
second in 260 ranging from 20° to 60°.
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Fourier transform infrared (FTIR) spectra were obtained using a Bruker FTIR spectrometer.
Calcium carbonate powder was milled with KBr with a ratio of 1 mg to 200 mg, and pressed
into a transparent disk for analysis. FTIR spectra were collected at a resolution of 1 cm™1
and 8 scans over a range of 600 to 1200 wave numbers (cm™1). Background data collected
for a blank were subtracted from each spectrum.

The microstructures of the three calcium carbonate polymorphs were characterized using a
scanning electron microscopy (SEM) (FEI Sirion) at 3 kV.

XPS experiments were performed using Surface Science Instruments X-Probe
spectrometers. Al Ka X-rays were used as the source (hv = 1486.6 eV). All binding energies
(BEs) for the samples were referenced by setting the adventitious carbon C(1s) peak to 285
eV. The BEs were measured with a precision of + 0.2 eV. The high-resolution C(1s), Ca(2p)
and O(1s) spectra were obtained at a pass energy of 50 eV. The XPS data were acquired at a
takeoff angle of 55°. The XPS peaks with multiple components were resolved by a peak
fitting program assuming 100% Gaussian peak shape. Further details of the XPS analysis
procedures are given elsewhere. 14

TOF-SIMS data were acquired using a Model 7200 Physical Electronic instrument (PHI,
Eden Prairie, MN) with an 8 keV Cs* primary ion source. Data were taken over a mass
range from m/z = 0 to 200 for both positive and negative secondary ions. The positive SIMS
spectra from the polymorphic calcium carbonate powders were calibrated using CHs*,
C,H3™, Ca* and CaOH™ peaks. The negative SIMS spectra from the polymorphic calcium
carbonate powders were calibrated using CH™, O~, OH™ and CO3™ peaks. The differences
between the expected and observed masses for both positive and negative ions after
calibration were less than 20 ppm.

Principal Component Analysis (PCA)

3. Results

PCA was done using the software from the PLS Toolbox version 2.0 (Eigenvector Research;
Manson, WA) for MATLAB (MathWorks, Inc.; Natick, MA). A comprehensive discussion
of PCA procedures is given elsewhere (2). Briefly, the intensity of each individual peak was
normalized to the total intensity to eliminate systematic differences between the spectra.
During the data processing of PCA, mean-centering was also used to reduce data scatter.”

To verify the crystal phase of three calcium carbonate polymorphs, we examined the
calcium carbonate powders with XRD, FTIR and SEM.
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Fig. 1 shows the XRD patterns of the three polymorphic calcium carbonate crystals. The
patterns match those of X-ray diffraction standards. It is evident that all three calcium
carbonate polymorphs were synthesized as expected.

Fig. 2 shows the FTIR spectra of the three synthesized CaCO3 polymorphs. The
characteristic carbonate v, band of aragonite is at 858 cm™1; whereas, that of both calcite
and vaterite is at 874 cm™L. The characteristic carbonate v4 band of aragonite is at 700 and
713 cm™L; whereas, that of calcite is at 713 cm™1 and vaterite at 744 cm™1, respectively.
These spectra are in agreement with those obtained from the pure calcium carbonate
crystals.6: 15

SEM micrographs of the three CaCO3 polymorphs are shown in Fig. 3. The morphologies of
three calcium carbonate polymorphs are different: a rhombic shape for calcite crystals (Fig.
3a), a needle-like shape for aragonite crystals (Fig. 3b), and a spherical shape for vaterite
crystals (Fig. 3c) These are the expected morphologies.16

By taking XPS wide scans and high resolution scans of Ca(2p), C(1s), O(1s) from three
CaCOg polymorphs powders, we investigated the surface atomic ratios of Ca/C and O/Ca,
and the chemical shifts of Ca (2p), C(1s)and O(1s) peaks.

A typical XPS wide scan spectrum from calcite is shown in Figure 4. All three elements
comprising CaCOs, i.e., Ca, C, and O, were observed. For aragonite and vaterite, sodium
was found as an impurity, and its elementary concentration was less than 5%.

The surface elementary compositions, Ca/C and Ca/O atomic ratios, of all three calcium
carbonate powders are summarized in Table 1. All powders have relatively high levels of
carbon. This is because the calcium carbonate surfaces have high surface energy.
Hydrocarbon impurity, also known as “adventitious carbon,” spontaneously adsorbed on
those high-energy surfaces thereby reducing interfacial energy. Incorrect (surface) Ca/C and
Ca/O atomic ratios will be computed if we use %C values directly from the XPS elementary
compositions. To correct this error, we use adjusted the %C values obtained using the
relationship: %Cqgjusted = %0C*(C(1S)carbonate/ C(1S)totar) Where %C is the total atomic
percentage of carbon as measured in wide-scan XPS spectra. As can be seen in Table 1, all
Ca/Cydjusted ratios were relative low (~ 0.8) compared to the theoretical ratio (1.0). For
calcite and aragonite, O/Ca ratios were lower (2.7—2.8) than the theoretical ratio (3.0);
whereas, it was higher for vaterite (3.6).

Fig. 5 shows the high-resolution XPS spectra of the Ca 2p core levels from all three
polymorphic CaCO3 samples. Two peaks were seen, identified as Ca2ps/» and Ca2pyp, in
the order of increasing BE. The Ca2psy, core level binding energy (BE) position of calcite,
vaterite and aragonite, in the order of increasing BE, appears at 346.5, 347.4, and 347.9 eV
respectively (Table 2). The Ca2ps/, core level appears at a low BE on calcite surfaces in a
comparison of all three types of samples and this suggests that the calcite electron density
around calcium atoms in the surface zone is relatively high. Comparing calcite, vaterite, and
aragonite samples, aragonite exhibits a high BE, and this is in agreement with a previous
study.® However, the chemical shifts between the Ca2ps» core level and the Ca2py/» core
level from all three polymorphic CaCO3 samples are all around 3.5 eV, giving, as expected,
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no differentiation among calcite, aragonite and vaterite (Table 2). This demonstrates the
accuracy of the binding energy measurement in our instrumentation and lends support to the
calcium binding energy shifts noted. The peak widths (FWHM) were also different for the
three CaCOs specimens, ranging from 1.5to0 2.0 eV (Table 2).

Fig. 6 shows the high resolution spectra of the C1s core levels from the three CaCO3
surfaces. Two clearly resolved peaks are at 285.0 eV (hydrocarbon: CxHy) and 289.3 eV
(carbonate: COg3). The differences of shifts between hydrocarbon and carbonate peaks for
the three types of CaCOg3 are all around 4.3 eV. Thus, there is no chemical difference in the
carbon environments in these calcium carbonates. FWHM was also different for the three
calcium carbonates, ranging from 1.8 to 2.1 eV (Table 2).

Fig. 7 shows the high resolution spectra of O1s core level from the three CaCOg surfaces.
Two peaks appear, labeled as O; and Oy;. The trend of the O, BE position is same as that of
Ca2psyy, increasing in the order, calcite, vaterite, and aragonite. The peaks appear at 533.9,
534.4, and 534.9 eV, respectively (Table 2). The differences in these BEs is about 0.5 eV,
which is different from that seen for the Ca2ps;» peaks. The peak ratio of O, to Oy, also
varies from 5.2 to 7.0, increasing in the same order of O; BE position.

Both positive and negative ion SIMS spectra of all three polymorphic CaCO3 powders were
acquired in the m/z of 0-200 range. The characteristic peaks shown in the positive spectra
include Ca*™ and CaOH*. Impurities such as Na*, K*, and hydrocarbon showed up in the
positive ion spectra as well. The characteristic peaks shown in the negative spectra include
O~, OH™ and CO3™. Impurities such as CI~ and F~ also showed up in the negative spectra.
To avoid the complexity associated with surface contamination (hydrocarbon, sodium) that
is not in any obvious way associated with calcium polymorph differences, we selected the
characteristic peaks from both positive and negative spectra and repeated the PCA analysis.
The selected peaks are Ca*, CaOH™* peaks from positive spectra and CH™, O~, OH™ and
CO3™ peaks from negative spectra. The PCA analysis results are shown in Figure 8. As can
be seen, all three CaCOs are easily differentiated. This indicates that the normalized
intensities of Ca™ (m/z = 40) and CaOH* (m/z =57) ions have significant coefficients
(loadings) in PC1 and PC2.

4. Discussion

The three calcium carbonate phases were synthesized by a solution double decomposition
route. Vaterite was synthesized without the use of additives. Instead, it was synthesized by
increasing the reaction speed as it is a dynamically favored phase. As discussed in previous
literature, increasing the speed of precipitation may assist in the formation of vaterite.1’

As can be seen from Figures 1, 2 and 3, we synthesized the three CaCO3 phases, and the
crystal structures match well with corresponding standard crystals. All CaCO3 phases can
easily be distinguished by XRD. The 20 peak positions can be used as a fingerprint to
identify crystal phases. FTIR uses relatively less material than XRD (~ 1mg), and the
characteristic IR vibrational bands can easily differentiate each CaCO3 phase. As mentioned
before, SEM images gave inconclusive results in discriminating between CaCO3 phases.
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However, a combined analysis using both XRD and FTIR can clearly distinguish CaCO3
bulk phases and can be used as a supplementary tool.

Surface-sensitive methods are needed for phase elucidation on ultrathin CaCOs films or to
examine the interface between CaCO3 implants and tissues. These surface analysis
techniques are crucial for understanding the surface structure and surface properties of
CaCOs3. XPS has also been used to distinguish CaCO3 polymorphs with some success.® XPS
can distinguish different valence of inorganics, for example copper 11 and copper | due to
their different core lectron densities.1® The differences in binding energy for elements in
different oxidation states (chermical environments) is also known as a chemical shift as the
shift.1® The XPS O(1s) shake-up peaks and Ca/P and O/Ca ratios were applied with success
for distinguishing six calcium phosphate (CaP) phases.” The six CaP phases each have a
different chemical formula. Thus, they are relatively easier to be discriminated by XPS. On
the other hand, the three CaCO3 polymorphs that share the same chemical formula are much
more difficult to be distinguished. But their crystal structures are different. The atomic
arrangement is also different on each polymorphic CaCOj surface, which may lead to
chemical environment differences. This enables us to discriminate the three CaCO3 phases
from each other by XPS.

As seen in Figure 4, only Ca, C, and O were observed on a calcite surface. An impurity,
sodium, was found in the samples of aragonite and vaterite. This impurity may come from
sodium carbonate, one of the reactants for CaCO3 synthesis. As aragonite and vaterite are
relatively unstable compared to calcite, the synthesized aragonite and vaterite powders were
soaked in water for just short times to avoid transforming these to calcite, the most stable
phase. On the contrary, calcite powder was digested in water for 12 days. Therefore, most
impurities, such as sodium, might be washed away.

The Ca/C ratios were all lower than the theoretical ratio. These surface compositions are
only about 80% of the expected bulk concentrations, which means that the sample powders
have surface stoichiometries different from their bulk crystal composition. This further
suggests that the atomic arrangement is different in the near surface region. As can be seen
in Figure 5, the Ca2ps/, photoelectron BE shifts on calcite, vaterite and aragonite surface are
different. The differences between the chemical shifts of the Ca2p3, core level among the
three CaCOs phases are clearly significant given the anticipated BE measurement errors (0.2
eV). Calcite has the lowest Ca2ps, core level BE, whereas, aragonite has the highest BE.
This might be related to the fact that six oxygen atoms surround one calcium atom in a
calcite lattice whereas nine oxygen atoms surround one calcium atom in aragonite. This
unique feature for CaCO3 samples enables us to differentiate the three CaCO3 phases. For
calcium phosphate powders, there is no difference between the shifts of the Ca2ps, core
level 20

The shift difference between the Ca2ps/, core level and the Ca2py, core level of all three
calcium carbonate samples was 3.5 — 3.6 €V, showing no difference between calcium
carbonate phases. All differences were within the £ 0.2 eV uncertainty.
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The peak full width at half maximum (FWHM) of the core levels is also different between
different CaCOs3 phases. The broad feature (FWHM ~2 eV) of the Ca2ps/, peak on vaterite
indicates that more than one species exists and may be explained by the different synthesis
route used. The vaterite was synthesized by fast precipitation and water may be incorporated
in the crystal structure. Thus, a calcium hydroxide species may cause the broadened XPS
peak. The Ca2p3» peaks on calcite and aragonite surfaces were relatively sharp
(FWHM1.5- 1.7 eV, Table 2) and indicate reduced or zero hydroxyl species existed.

There was no difference between the shifts of carbonate and hydrocarbon in the C(1s) high
resolution spectra. A broad C(1s) peak was also seen on the vaterite surface, which is
consistent with Ca (2p) spectra. The broader peaks may also suggest sample charging on the
vaterite.

SIMS/PCA was also used to differentiate CaCO3 phases. Although it is also possible to use
a few peaks in TOF-SIMS spectra as “fingerprints” for discriminating CaCOj3 phases, it is
desirable to have a more robust method such as PCA, which is a full-spectrum method. Six
replicates were performed on each CaCO3 phase. From scores plots, we could differentiate
the CaCOs phases by clustering SIMS data into three groups. Some characteristic peaks are
useful to specifically discriminate CaCO3 phases. Calcite was different from aragonite and
vaterite because, (1) there is a more intense CaOH* peak on calcite and (2) there is a more
intense Ca™ peak on aragonite and vaterite. Vaterite has a more intense OH™ peak on its
surface; whereas, aragonite has a more intense CH™ peak. The vaterite surface has a more
intense OH™ peak, which could indicate water is involved in the vaterite lattice. This result is
also in agreement with the broadened features seen in the XPS Ca(2p) and C(1s) peaks. That
the aragonite surfaces have a more intense CH™ peak may indicate more hydrocarbon
species on their surface. This is in agreement with XPS results. As seen in the ratio of CyHy,
to CO3 in Table 2, more hydrocarbon species (3.5) were found on aragonite compared to
vaterite (2.8) and calcite (2.6).

In summary, the surfaces of the three calcium carbonate polymorphs can be well
differentiated with a combination of XPS and SIMS. The Ca2p3/2 core level XP spectra can
be used for CaCO3 polymorphs identification. Also the O1s could be used to distinguish
CaCO3 polymorphs. Similarly, SIMS/PCA can be used to identify different CaCO3 phases
based on the analysis of a number of characteristic fragments if appropriate standards are
available.
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XRD patterns of three calcium carbonate polymorphs: (a) aragonite; (b) vaterite; (c) calcite.
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Fig. 2.

FTIR spectra of three calcium carbonate polymorphs: (a) aragonite; (b) vaterite; (c) calcite.
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Fig.3.
SEM images of three calcium carbonate polymorphs: (a) aragonite; (b) vaterite; (c) calcite.
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Fig. 4.

XPS wide scan of calcite showing that Ca, C, and O, the three compositional elements of

calcium carbonate, are present.
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Fig. 5.
XPS Ca2p core level spectra of (a) aragonite; (b) vaterite; (c) calcite. Dashed lines shows the

fitting results.
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Fig. 6.

XPS C1s core level spectra of (a) aragonite; (b) vaterite; (c) calcite.
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Fig. 7.

XPS O1s core level spectra of (a) aragonite; (b) vaterite; (c) calcite.
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06 04 02 0 02 04 06

Scores and loading plot of PCA results analyzing SIMS data of three calcium carbonate

polymorphs.
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Table 1

XPS Ca/Cqgjusted: O/Ca ratios and C1s atomic percentages from the three calcium carbonate polymorphs.

aragonite calcite vaterite

Ca/Cagjusted 0.77 0.81 0.85
O/Ca 2.67 2.81 3.56
C(15)carbonate/ C(18)total 22.47 28.03 26.24
total C1s atomic % 61.04 53.65 49.61
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Table 2

Page 19

XPS parameters for Ca2p, C1s, and O1s core levels from the three calcium carbonate polymorphs. The values
shown below are “BE (FWHM).”

aragonite calcite Vaterite
Ca2p Ca2psp 347.9(1.6) 346.5(L7) 347.4(L9)
Ca2py,  3515(15) 350.1(17) 350.9(2.0)
peak ratio 2.2 2.1 21
Cls  CyHy 285.0 (1.8) 285.0 (1.8) 285.0 (2.1)
CO; 289.3(1.8) 289.3(1.8) 289.3(2.0)
peak ratio 35 2.6 2.8
0ls O 534.9 (1.8) 533.9(L7) 534.4(L.8)
Oii 536.7 (1.6) 535.6(1.9) 536.2(1.6)
peak ratio 7.0 5.2 6.3
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