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A series of positionally pure triglycerides (TAGs) of the form OXO and YOY, where O is the oleate

moiety and X and Y are large arrays of different fatty acid moieties, was synthesized and analyzed

by reversed-phase high-performance liquid chromatography/tandemmass spectrometry. The inten-

sities of the collision-induced decomposition (CID) products of ammoniated TAGs (ammonium ion

adducts) were examined as a function of chain length, degree of unsaturation, double-bond posi-

tion, and cis/trans configuration of X and Y. The major CID products, the diglyceride fragment ions

and the MHþ ion, were plotted as functions of chain length for the saturated and mono-unsaturated

series of X and Y. Different trends for each of these series were observed. Trends in the abundances

of these fragment ions were also characterized as a function of degree of unsaturation in the TAGs.

In general, the fractional abundances of the MHþ ions vary linearly with degree of unsaturation.

However, the presence of double bonds positioned close to the carbonyl carbon of the fatty acid

chain promotes the formation of the diglyceride fragment ion corresponding to loss of that

fatty acid. Mechanisms of the formation and decomposition of ammoniated TAGs are proposed

that fit the trends observed in the data. Extensions of this work are described, and a vision of a

derived library of CID spectra is discussed as a platform for comprehensive analysis of complex

TAG mixtures. Copyright # 2005 John Wiley & Sons, Ltd.

Absorption1–5 and metabolism6–13 of dietary triglycerides

(TAGs) depend on stereochemical configuration. As a result,

the positional arrangement of the fatty acidmoieties in TAGs

has an impact on an array of lipotoxic diseases,14–21 such as

heart disease, obesity, and diabetes. Development of efficient

methods for thepositional analysis of TAGs is needed to facil-

itate research in these areas, as well as in the area of basic

nutrition. In addition, there is a growing interest in designing

lipids to increase functionality, while maintaining lower

levels of saturated and trans-fatty acid content in food pro-

ducts. The processes used in lipid design often require rear-

rangement of the fatty acid moieties along the glycerol

backbone. Positional analysis will be needed to confirm the

compositions of these designer lipid products.

Recently, methods based on reversed-phase high-

performance liquid chromatography coupled with atmo-

spheric pressure chemical ionization mass spectrometry

(RP-HPLC/APCI-MS),22–29 and on RP-HPLC coupled with

electrospray ionization tandem mass spectrometry (HPLC/

ESI-MS/MS),30–33 have been developed for positional ana-

lysis of TAGs. These methods are less laborious than

traditional methods34–46 that require fractionation of TAGs,

fraction collection, enzymatic digestion of each fraction, and

the separation and detection of the diglycerides (DAGs) and

free fatty acid hydrolysis products in each of the digested

fractions. RP-HPLC provides superb fractionation of com-

plex TAGmixtures, and on-line mass spectrometric analysis

yields information about fatty acid composition andposition.

The m/z ratios of the DAG fragment ions provide fatty acid

composition data, and relative abundances of the DAG frag-

ment ions provide positional data. It has been well esta-

blishedwith both the ESI-MS/MS and theAPCI-MSmethods

that loss of the fatty acid in the center position is unfavor-

able.25,47,48 Thus, the positional assignment has generally

been based on the DAG fragment ion of lowest abundance.

However, positional analysis is more complex when

samples contain mixtures of positional isomers. Positional

isomers co-elute in traditional RP-HPLC, and an average

collision-induced decomposition (CID) spectrum across the

chromatographic peak corresponding to a given system of

positional isomers is a composite spectrum based on the

relative abundances of the positional isomers in the sample. It

is possible to retrieve the relative abundance data from this

composite CID spectrum.
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Using RP-HPLC/ESI-MS/MS on the ammonium ion

adducts of a limited number of positional isomer systems

(SOS/SSO, OSO/OOS, and POS/PSO/SPO, where O, S, and

P are the oleate, stearate, and palmitate fatty acid moieties),

we have shown that standard calibration plots can be

produced that enable the determination of fractional compo-

sitions of binary mixtures of position isomers;31 Fauconnot

has reported similar work with several TAG systems of

various degrees of unsaturation.29 These works have estab-

lished a linear relationship between the relative abundances

of the DAG fragment ions and the relative proportions of

regioisomers within a positional isomer system. For compre-

hensive analysis of complex mixtures using this approach,

the fragmentation patterns of all pertinent TAG standards in

a complex mixture must be known or at least predictable. To

this end, we aim to synthesize several series of positionally

pure TAGs that will enable the development of a model for

predicting fragmentation patterns and eventually lead to the

development of a derived library of CID spectra for TAGs

that will be useful for the comprehensive analysis of complex

TAGmixtures. This paper reports on the initial phase of this

project.

Two different TAG designations will be used throughout

this paper. The first designation, which is reserved specifi-

cally for oleic acid, is the letter ‘O’. All other fatty acidswill be

designated using the following format: Cm:n, where ‘m’

indicates the carbon number of the fatty acid chain length,

and ‘n’ indicates the degree of unsaturation for the fatty acid.

Information about double-bond position and cis/trans orien-

tation will be given in parentheses after n. For example, the

TAG that consists of two cis-9-hexadecenate constituents in

the outer positions and an oleate constituent in the center

position is designated as C16:1(c-9)OC16:1(c-9). The middle

designation indicates which fatty acid is in the center

position. No distinction is made between the outer positions.

EXPERIMENTAL

Optima-grade methanol, 2-propanol, and chloroform were

purchased from Fisher Scientific (Pittsburgh, PA, USA).

Ammonium formate (99%) was purchased from Acros

(Morris Plains, NJ, USA). Standard positional isomers of

TAGs were purchased from Larodan (Malmo, Sweden),

and were greater than 98% pure. These standard TAGs

included C18:0OC18:0, C18:0C18:0O, OC18:0O, OOC18:0,

C16:0OC16:0, C16:0C16:0O, C24:0OC24:0, C12:0OC12:0, C8:0OC8:0,

OC24:0O, OC12:0O, OC8:0O, C18:0OC16:0, and C20:0OC16:0. Var-

ious fatty acid chlorides and 1,3-DAGs were purchased from

Nu-Chek Prep, Inc. (Elysian, MN, USA). The positional puri-

ties of the 1,3-DAGs were listed as greater than 99% pure.

4-Dimethylaminopyridine (DMAP, the base used in acyla-

tion reactions) and 2-oleoylglycerol were purchased from

Sigma (St. Louis, MO, USA).

Synthesis
We have synthesized a series of positionally pure TAGswith

the composition YXY. In this initial report we focus on two

series, YOY and OXO, where O represents the oleate moiety

C18:1(c-9), andX andY represent a large series of different fatty

acids that were chosen to investigate the effects of carbon

chain length, degree of unsaturation, cis/trans configuration,

and double-bond position on the relative abundances of the

DAG fragment ions and the MHþ ions.

TAGs of composition YXY were synthesized as follows. A

1,3-YY DAG (4 mmol) was added to a 3mL vial wrapped in

aluminum foil and dissolved in 1.0mL of chloroform. Then,

1mg of DMAPwas added and the mixture was stirred using

a small stirring bar. Then the X-fatty acid chloride (4 mmol)

was slowly added dropwise with continuous stirring. The

mixture was stirred for 30min and then diluted (�100) with

methanol saturated with ammonium formate; the reaction

productswere thenanalyzedbyRP-HPLC/MS/MSor stored

in the freezer for future analysis. The TAG product of the

reaction was either OXO or YOY. Generally, we synthesized

several TAGs (up to 15) in a single batch by either adding a

mixture of fatty acid chlorides to 1,3-diolein or a mixture of

1,3-DAGs to the oleoyl (C18:1(c-9)) fatty acid chloride. The

molar ratio of DAG to fatty acid chloride was adjusted such

that all of the reactantswere potentially exhaustedduring the

reaction. TheTAGs chosen for a given synthesiswere selected

such that each could be analyzed efficiently in a singleHPLC/

MS/MS run. For instance, a batch of OXO TAGs was synthe-

sized by slowly adding a mixture consisting of 11 fatty acid

chlorides ranging from C14:0 to C24:0 (4mmol each) to a 1.0mL

solution containing 44mmol of 1,3-diolein and 1mgofDMAP.

The resulting mixture of 11 OXO-type TAGs was efficiently

separated and analyzed by RP-HPLC/ESI-MS/MS.

Several YOX-type TAGs were synthesized from 2-oleoyl-

glycerol, fatty acid chlorides, and DMAP. These YOX-type

TAGs were used as standards to explore the possibility of

using the trends observed in the OXO/YOY data for

predicting the CID spectra of YOX-type TAGs. This synthesis

was similar to that described above. Aliquots of 4 mmol each

of 2-oleoylglycerol, the X fatty acid chloride, and the Y fatty

acid chloride were used in the preparation of each of these

YOX TAGs. For instance, the synthesis of C18:2(cc-9,12)OC18:0

was achieved by slowly adding a mixture consisting of

4mmol of the C18:2(cc-9,12) fatty acid chloride and 4mmol of the

C18:0 fatty acid chloride to a solution containing 4 mmol of

2-oleoylglycerol and 1mg of DMAP. This reaction produced

a mixture of C18:2(cc-9,12)OC18:0, C18:0OC18:0, and C18:2(cc-9,12)

OC18:2(cc-9,12). These TAGs were easily separated and

analyzed upon analysis by RP-HPLC/ESI-MS/MS.

Standard solutions of each of the TAGs purchased from

Larodan were prepared in 2-propanol at concentrations of

100� 2mM. Diluted standards (10.00mM) for each were

prepared in methanol saturated with ammonium formate.

The MS/MS spectra of the ammonium ion adducts of these

diluted standardswere used to assess the positional purity of

the TAG products from the syntheses, as well as to assess the

effectiveness of using the data produced from the OXO and

YOY series of TAGs to predict fragmentation patterns of

other TAGspecies. Each synthesis described above contained

at least one TAG that matched one of these purchased

standards. This servedas an internal check formonitoring the

purity of the synthesized positional isomers.

Mass spectrometer parameters
An LCQ Advantage ion trap mass spectrometer (Thermo-

Electron, Sunnyvale, CA, USA) was used to detect and
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characterize the TAGs. The connection from the HPLC col-

umn to the ESI source was made through a 1/1600 stainless
steel zero-dead volume union and a 30 cm long, 50mm i.d.,

185 mm o.d. segment of fused-silica capillary. The end of the

fused-silica capillary was fed into the ESI interface through a

metal sheath. The tip of the capillarywas carefully cut to pro-

vide auniformly shaped tip, andwaspositioned so that itwas

at the edge of the metal sheath. The operating parameters of

the ion trapmass spectrometerwere as follows; capillary tem-

perature 2808C, spray voltage 4.00 kV, and sheath gas

30 cm3/min. CID of the TAG ammonium ion adducts was

performed at a relative collision energy of 30 (unitless quan-

tity). This value should be applicable to other LCQ systems,

assuming that the instrumental calibration procedures

described by the manufacturer are carefully followed. These

experiments were not ultra-sensitive to the collision energy;

the relative proportions among the DAG fragment ions and

theMHþ ion remain essentially constant at collision energies

in the range of 25–35 (arbitrary units).

The instrument was primarily operated in the data-

dependent MS/MS mode. In this mode the instrument

alternates between collecting full-scan mass spectra and

data-dependent CID spectra. Themost intense ion in the full-

scan mass spectrum is selected for isolation and CID in

obtaining the subsequent data-dependentMS/MS scan. On a

few occasions, two of the TAGs in one of our synthetic

mixtures co-eluted. For these samples the analyses were

repeated using a targeted MS/MS experiment. In this mode

the instrument was programmed to perform CID on ions at a

specific m/z ratio corresponding to the TAG component of

lower intensity that was missed in the data-dependent

analysis.

HPLC parameters
A low-flow Shimadzu (Kyoto, Japan) HPLC system, which

included a SCL-10A vp controller, two LC-10AD vp pumps,

a SIL-10ADvp auto injector, and a 10 cm, 1mm i.d., 3 mmpar-

ticle size, C18 BetaBasic reversed-phase column (ThermoElec-

tron), was used to separate the TAGs. The HPLC systemwas

operated at a flow rate of 30 mL/min. A gradient elution was

utilized, consisting of mobile phase A (methanol/2-propa-

nol, 80:20, v/v, saturated with ammonium formate) and B

(2-propanol, saturatedwith ammonium formate). The binary

gradient was as follows: 0min/0% B, 4min/10% B, 36min/

60% B, 38–40min/85% B. Injection volume was 5mL for all

samples (approx. 50–200pmol of TAG on-column).

Data analysis
The relative abundances of the DAG fragment ions and the

MHþ ions in the CID spectra of the ammoniated synthesized

TAGs were entered into a spreadsheet for analysis. The rela-

tive abundances were converted into ‘fractional intensities’.

In this paper the term ‘fractional intensity’ of a givenCIDpro-

duct refers to the relative abundance of the CID product

divided by the sum of the relative abundances of the

two DAG fragment ions and the MHþ ion. For instance, if

the relative abundances of YYþ, YXþ, and MHþ in the CID

spectrumof anYXYTAGare 0.20, 1.0, and 0.30, the calculated

fractional intensities of these ions are 0.13, 0.67, and 0.20,

respectively.

The term ‘significantly’ is also used throughout this

manuscript. It implies that the statement has passed a t-test

at the 95% confidence limit (CL). For instance, the phrase ‘the

fractional intensities of the OOþ increased significantly as a

function of chain length’ means that the slope of the

regression line for the plot of fractional intensity of OOþ vs.

chain length was greater than zero to the 95% CL.

Determination of positional purity
Calibration curves for the C18:0OC18:0/C18:0C18:0O, OC18:0O/

OOC18:0, and C16:0OC16:0/C16:0C16:0O positional isomer sys-

tems were used to monitor the purities of the synthesized

C18:0OC18:0, OC18:0O, and C16:0OC16:0. The construction of

these calibration curves was described previously.31 Briefly,

10mM standards of C18:0OC18:0, C18:0C18:0O, OC18:0O,

OOC18:0, C16:0OC16:0, and C16:0C16:0O were used to prepare

known binary mixtures of positional isomers. Standard mix-

tures of the following pairs of positional isomers were pre-

pared: C18:0OC18:0/C18:0C18:0O, OC18:0O/OOC18:0, and

C16:0OC16:0/C16:0C16:0O. The sum of the concentrations for

the pair of positional isomers for each of the standard mix-

tureswas 1 mM.The fractions of a positional isomer in the bin-

ary mixtures ranged from 0.00–1.00 in increments of 0.10.

Each of the standard mixtures was analyzed by a targeted

RP-HPLC/MS/MS method designed specifically for these

three systems of positional isomers. The calibration plots

were prepared by plotting the relative abundance of one of

the diglyceride fragment ions as a function of fractional com-

position of the binary mixture. The regression statistics for

these plots were used to determine the purity (in terms of

positional isomers) of the synthesized C18:0OC18:0, OC18:0O,

and C16:0OC16:0.

RESULTS

Positional purity of synthesized TAGs
The detection limit for the analysis of TAGs using our RP-

HPLC/ESI-MS/MS method is approximately 1–5 fmol (3:1

signal-to-noise (S/N) ratio). However, positional analysis of

TAG mixtures accurate to within �10% requires about 50–

100 fmol of TAGs of a given positional isomer system.

The positional purities of the synthesized C18:0OC18:0,

OC18:0O, and C16:0OC16:0 were confirmed using the calibra-

tion curves prepared from the C18:0OC18:0/C18:0C18:0O,

OC18:0O/OOC18:0, and C16:0OC16:0/C16:0C16:0O standards

purchased from Larodan. Figure 1 compares the CID

spectrum of a standard solution of OC18:0O with that of the

TAG synthesized from 1,3-diolein and stearoyl chloride. The

purity of the synthesized OC18:0O is 98% according to a

calibration plot prepared from standardmixtures of OC18:0O

and OOC18:0 (Larodan standards). Analysis of the synthe-

sized C18:0OC18:0 and C16:0OC16:0 gave similar results with

purities of greater than 99%. In addition, the CID spectra of

several other synthesized TAGs, including C12:0OC12:0,

C8:0OC8:0, OC12:0O, and OC24:0O, can be directly compared

to the CID spectra of standard TAGs purchased from

Larodan. A comparison of these data is given in Table 1.

These data provide strong evidence that the synthetic

strategy used in this work succeeded in producing position-

ally pure TAGs.

2530 X. Li and J. J. Evans
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OXO series
Table 2 shows the relative peak intensities for the major CID

products (OXþ and OOþ) and of MHþ in the CID spectra of

the OXO-type TAGs that were synthesized in this study. The

relative intensities listed in Table 2were obtained from 25–50

spectra averaged across a chromatographic peak. Some of the

TAGs were present in more than one sample, and for these

TAGs the relative intensities listed are averages from multi-

ple analyses. These data greatly add to the existing database

of TAGCID spectra.More importantly, inspection of the data

reveal trends as a function of fatty acid chain length, number

and position of double bonds, cis/trans isomerization, and

fatty acid position along the glycerol backbone, that may be

useful for predicting CID spectra of TAGs.

Figure 2 showsplots of the fractional intensities of theOOþ,
OXþ, and MHþ ions as a function of chain length for the

OCm:0O TAG series. It is evident that there are no major

effects of chain length on theseCID spectra.However, there is

a slight, but statistically significant, decrease in the fractional

intensity of OXþ and a slight, but statistically significantly,

increase in fractional intensity of MHþ with increasing chain

length. Figure 3 shows plots of the fractional intensities of the

OOþ, OXþ, andMHþ ions as a function of chain length for the

OCm:1O TAG series. The saturated and mono-unsaturated

series give essentially the same fractional intensity data for

the OOþ. The distributions of the OOþ fractional intensity

data for these two groups were not significantly different

according to the non-directional t-test at a CL of 90%. The

average fractional intensity of theOOþ fragment ion for these

two series is 0.14� 0.01.However, in contrast to the saturated

series, the fractional intensity of the MHþ ion shows a slight,

but statistically significant, increase with increasing chain

length.

The fractional intensity of the OOþ ion for the di-

unsaturated OXO series appears to decrease significantly

with increasing chain length. The data for OC18:2(cc-9,12)O

match that of the other two series, but the fractional intensity

of OOþ for OC22:2(cc-11,14)O is 0.060. The fractional intensity of

theMHþ ions for thedi-unsaturated subgroup is significantly

greater than for the saturated and mono-unsaturated

subgroups, and it also appears to increase significantly with

the chain length. The fractional intensity of the MHþ ion for

X¼C18:2(cc-9,12) and C18:2(tt-9,12) is 0.32 and increases to 0.37 at

higher chain lengths (C22:2).

Adeeper analysis of theunsaturatedOXOTAGs reveals two

competing factors, namely, the totaldegreeofunsaturationand

thepositionsof thedouble bonds. Ingeneral, the fragmentation

pathway yielding the MHþ ion is favored by increasing levels

of unsaturation in the TAG species. This relationship will be

explored in detail below. However, the formation of OOþ is

favored when a double bond in X is placed closer to the

carbonyl carbon of the fatty acid moiety. This factor can

be appreciated by comparing the following OXO TAGs in

Table 2: C18:1(c/t-9) and C18:1(c/t-11) with C18:1(c/t-6), C18:3(ccc-9,12,15)

with C18:3(ccc-6,12,15), C22:4(cccc-7,10,13,16) with C20:4(cccc-5,8,11,14),

and C22:5(ccccc-7,10,13,16,19) with C20:5(ccccc-5,8,11,14,17) and

C22:6(cccccc-4,7,10,13,16,19).As anexample, theC18:1 setwas explored

by synthesizing TAGs using the set of C18:1 fatty acid chlorides

and the C19:1 and C20:1 (1,3-YYs) DAGs (in place of 1,3-diolein,

OO) to synthesize C19:1C18:1C19:1 and C20:1C18:1C20:1 TAGs. The

average fractional intensities of the YYþ ions are 0.19� 02 for

C18:1(c/t-9) and C18:1(c/t-11) and 0.63� 09 for C18:1(c/t-6). Similar

results are revealed from the other comparisons. In addition, a

quick study of Table 2 also reveals that fragmentation patterns

of the TAGs are not sensitive to cis/trans configuration of the

inner fatty acid moiety.

The combination of the dependence on degree of

unsaturation and double-bond position can be further

illustrated by looking at the subset of C22 fatty acid

moieties in the OXO series: C22:0, C22:1(c-13), C22:2(cc-13,16),

C22:3(ccc-11,14,17), C22:4(cccc-7,10,13,16), C22:5(ccccc-7,10,13,16,19), and

C22:6(cccccc-4,7,10,13,16,19). Figure 4 shows fractional intensities

of the MHþ, OOþ and XOþ ions for the C22 subset as

a function of degree of unsaturation. From C22:0 to

C22:3(ccc-11,14,17) the fractional intensities of OOþ and XOþ

decrease as the formation of MHþ becomes more favorable.
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Figure 1. Comparison of the CID spectrum of the ammo-

nium adduct of a standard OSO sample with the CID

spectrum of the ammoniated TAG synthesized from 1,3-

diolein and stearoyl chloride. The positional purity of the

synthesized OSO is thus essentially 100%.

Table 1. Comparison of the CID data for several positionally

pure TAGs synthesized in this study with CID data obtained

for purchased standards

TAG Synthesized TAGs Larodan standards

YXY YYþ XYþ MHþ YYþ XYþ MHþ

C12:0OC12:0 20 100 16 21 100 17
C8:0OC8:0 16 100 23 19 100 19
OC12:0O 16 100 33 14 100 31
OC24:0O 16 100 28 15 100 28

CID spectra of triglycerides 2531
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Table 2. CID data for the OXO TAGs synthesized in this study

YXY Y X YYþ YXþ MHþ

OXO O C4:0 13.1 100.0 34.9
OXO O C5:0 16.8 100.0 39.8
OXO O C6:0 16.8 100.0 34.5
OXO O C7:0 17.7 100.0 35.1
OXO O C9:0 18.4 100.0 35.6
OXO O C10:0 17.9 100.0 33.5
OXO O C11:0 17.5 100.0 34.4
OXO O C12:0 18.0 100.0 33.8
OXO O C13:0 17.3 100.0 32.2
OXO O C14:0 15.5 100.0 32.2
OXO O C15:0 15.6 100.0 31.8
OXO O C16:0 13.7 100.0 34.6
C19:1XC19:1 C19:1(c-10) C16:0 18.0 100.0 33.7
OXO O C17:0 14.9 100.0 32.0
OXO O C18:0 16.9 100.0 26.4
OXO O C19:0 16.1 100.0 27.5
OXO O C20:0 16.9 100.0 30.0
OXO O C21:0 15.6 100.0 30.2
OXO O C22:0 16.4 100.0 28.6
OXO O C23:0 16.8 100.0 29.7
OXO O C24:0 16.6 100.0 27.6
OXO O C11:1(c-10) 16.1 100.0 36.0
OXO O C12:1(c-11) 14.0 100.0 35.6
OXO O C13:1(c-12) 18.6 100.0 37.5
OXO O C14:1(c-9) 15.8 100.0 34.0
OXO O C14:1(t-9) 16.7 100.0 33.3
OXO O C15:1(c-10) 16.1 100.0 36.8
OXO O C16:1(c-9) 19.2 100.0 37.6
OXO O C16:1(t-9) 18.2 100.0 31.5
OXO O C17:1(c-10) 15.9 100.0 35.7
OXO O C17:1(t-10) 17.2 100.0 35.1
C19:1XC19:1 C19:1(c-10) C18:1(c-9) 17.4 100.0 32.7
C20:1XC20:1 C20:1(c-11) C18:1(c-9) 21.8 100.0 35.4
C19:1XC19:1 C19:1(c-10) C18:1(t-9) 17.5 100.0 38.4
C20:1XC20:1 C20:1(c-11) C18:1(t-9) 22.4 100.0 36.4
C19:1XC19:1 C19:1(c-10) C18:1(c-11) 18.2 100.0 36.7
C20:1XC20:1 C20:1(c-11) C18:1(c-11) 21.2 100.0 42.8
C19:1XC19:1 C19:1(c-10) C18:1(t-11) 16.3 100.0 38.3
C20:1XC20:1 C20:1(c-11) C18:1(t-11) 21.0 100.0 41.0
C19:1XC19:1 C19:1(c-11) C18:1(c-6) 72.7 100.0 30.5
C20:1XC20:1 C20:1(c-10) C18:1(t-6) 55.3 100.0 26.8
C19:1XC19:1 C19:1(c-11) C18:1(t-6) 60.5 100.0 28.4
OXO O C19:1(c-10) 17.2 100.0 37.7
OXO O C20:1(c-11) 15.4 100.0 36.9
OXO O C22:1(c-13) 15.3 100.0 41.1
OXO O C22:1(t-13) 15.2 100.0 35.4
OXO O C23:1(c-14) 15.5 100.0 44.1
OXO O C24:1(c-15) 15.4 100.0 42.7
OXO O C18:2 (cc-9,12) 15.4 100.0 54.8
OXO O C18:2(tt-9,12) 14.7 100.0 54.7
OXO O C19:2(cc-10,13) 13.0 100.0 60.0
OXO O C20:2(cc-11,14) 11.4 100.0 61.1
OXO O C22:2(cc-13,16) 10.6 100.0 65.4
OXO O C18:3(ccc-6,9,12) 45.7 62.2 100.0
OXO O C18:3(ccc-9,12,15) 15.9 67.0 100.0
OXO O C20:3(ccc-11,14,17) 9.6 59.1 100.0
OXO O C20:3(ccc-8,11,14) 12.3 58.4 100.0
OXO O C22:3(ccc-13,16,19) 8.8 59.7 100.0
OXO O C20:4(cccc-5,8,11,14) 76.4 100.0 100.0
OXO O C22:4(cccc-7,10,13,16) 12.6 38.8 100.0
OXO O C20:5(ccccc-5,8,11,14,17) 100.0 54.2 79.5
OXO O C22:5(ccccc-7,10,13,16,19) 35.5 55.8 100.0
OXO O C22:6(cccccc-4,7,10,13,16,19) 100.0 38.2 53.3
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However, the fractional intensity of OOþ increases drama-

tically with the presence of additional double bonds closer to

the carbonyl carbon in C22:4(cccc-7,10,13,16), C22:5(ccccc-7,10,13,16,19),

and C22:6(cccccc-4,7,10,13,16,19).

YOY series
Table 3 shows the relative peak intensities for the major CID

products, YOþ, YYþ, and MHþ, in the CID spectra of the

YOY-type TAGs that were synthesized in this study.

Figure 5 shows plots of the fractional intensities of the YYþ,
OYþ, and MHþ fragment ions as a function of chain length

for the Cm:0OCm:0 subset. The fractional intensities of the

YYþ ions increase as a function of chain length for this subset;

0.14 at low chain length (C8:0) up to 0.17 at longer chain

lengths (C22:0). The fractional intensity of the MHþ ion

decreases significantly with the chain length of Cm:0 for the

saturated subset, i.e., 0.14 at low chain length (C8:0) steadily

declining to 0.06 at higher chain lengths (C22:0). The fractional

intensities of the YOþ ions increase as a function of chain

length for this subset: 0.73 at low chain length (C8:0) up to

0.77 at longer chain lengths (C22:0).

Figure 6 showsplots of the fractional intensities of the YYþ,
OYþ, and MHþ ions as a function of chain length for the

Cm:1OCm:1 subset. The fractional intensities of the YYþ ions

increase as a function of chain length for this subset, i.e., 0.11

at low chain length (C11:1) up to 0.15 at longer chain lengths

(C22:1). The fractional intensity of the MHþ ion increases

significantly with the chain length of Cm:1 for the mono-

unsaturated subset: 0.20 at low chain length (C11:1) and

steadily rising to 0.25 at higher chain lengths (C22:1). The

fractional intensities of the YOþ ions steadily decrease with

chain length for this subset: 0.72 at low chain length (C11:1)

down to 0.60 at longer chain lengths (C22:1).

Several striking comparisons can be made between the

saturated and mono-unsaturated YOY subsets. The slopes

and intercepts for each of the fragment ions (YYþ, YOþ, and
MHþ) from Figs. 5 and 6 can be directly compared. The slope

for the YYþ regression of the mono-unsaturated subset is

significantly larger than the corresponding slope for the

saturated subset, but the fractional intensities of the YYþ ions

are greater for the saturated series at comparable chain

lengths of Y. The fractional intensities of the MHþ ions are

considerably greater for the mono-unsaturated subset than

for the saturated subset. In addition, the saturated andmono-

unsaturated YOY subsets show opposite trends in the

fractional intensity of MHþ with chain length; the slope of

the MHþ regression line for the saturated subset is strongly

negative while that for the mono-unsaturated subset is

significantly positive. A similar comparison of the YOþ trend

lines reveals that the fractional intensities at lower chain

length are about 0.70 for both subsets. However, the slope of

the YOþ regression line for the saturated subset is signifi-

cantly positive and that for the mono-unsaturated subset is

strongly negative.

Analysis of the YOY TAGs containing unsaturated fatty

acids in the Y position reveals a dependence on degree of

unsaturation anddouble-bondposition on the fragmentation

pattern similar to that described for the OXO series. The

formation of the MHþ ion becomes more favorable relative to

YYþ and YOþ as the degree of unsaturation in the TAG is
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Figure 2. Fractional ion intensities of the OOþ, OXþ, and

MHþ fragment ions as a function of fatty acid chain length for

theOXO saturated data set. Fractional intensities of OOþ, OXþ,
and MHþ are given by IOOþ/(IOOþþ IOXþþ IMHþ), IOXþ/(IOOþþ
IOXþþ IMHþ), and IMHþ/(IOOþþ IOXþþ IMHþ), respectively.
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Figure 3. Fractional ion intensities of the OOþ, OXþ, and

MHþ ions as a function of fatty acid chain length for the OXO

mono-unsaturated data set. Fractional intensities of OOþ, OXþ,
and MHþ are given by IOOþ/(IOOþþ IOXþþ IMHþ), IOXþ/(IOOþþ
IOXþþ IMHþ), and IMHþ/(IOOþþ IOXþþ IMHþ), respectively.
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Figure 4. Fractional ion intensities of the OOþ, OXþ, and

MHþ ions as a function of fatty acid degree of unsaturation for

the C22:n TAGs. Fractional intensities of OOþ, OXþ, and MHþ

are given by IOOþ/(IOOþþ IOXþþ IMHþ), IOXþ/(IOOþþ IOXþþ
IMHþ), and IMHþ/(IOOþþ IOXþþ IMHþ), respectively.
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Table 3. CID data for the YOY TAGs synthesized in this study

YXY Y X YYþ YXþ MHþ

YOY C8:0 O 17.7 100.0 19.7
YOY C9:0 O 23.2 100.0 16.4
YOY C10:0 O 16.5 100.0 17.7
YOY C11:0 O 19.9 100.0 17.0
YOY C12:0 O 20.1 100.0 14.6
YOY C13:0 O 15.6 100.0 12.7
YOY C14:0 O 19.9 100.0 14.0
YOY C15:0 O 20.1 100.0 13.6
YOY C16:0 O 23.5 100.0 12.8
YC19:1Y C16:0 C19:1(c-10) 20.7 100.0 15.3
YOY C17:0 O 20.9 100.0 14.2
YOY C18:0 O 22.2 100.0 11.2
YOY C19:0 O 20.3 100.0 10.0
YOY C20:0 O 21.9 100.0 8.6
YOY C21:0 O 20.9 100.0 10.1
YOY C22:0 O 22.7 100.0 7.3
YOY C11:1(c-10) O 15.9 100.0 30.7
YOY C12:1(c-11) O 19.8 100.0 32.8
YOY C14:1(c-9) O 16.7 100.0 29.2
YOY C16:1(c-9) O 17.6 100.0 30.3
YOY C16:1(t-9) O 15.5 100.0 34.0
YOY C17:1(c-10) O 20.1 100.0 36.4
YC19:1Y C18:1(c-9) C19:1(c-10) 17.4 100.0 37.0
YC20:1Y C18:1(t-9) C20:1(c-11) 27.4 100.0 39.8
YC19:1Y C18:1(c-11) C19:1(c-10) 26.3 100.0 42.1
YC20:1Y C18:1(c-11) C20:1(c-11) 20.4 100.0 42.5
YC19:1Y C18:1(c-6) C19:1(c-10) 7.2 100.0 8.8
YC20:1Y C18:1(c-6) C20:1(c-11) 5.3 100.0 8.3
YC19:1Y C18:1(t-6) C19:1(c-10) 11.8 100.0 12.3
YC20:1Y C18:1(t-6) C20:1(c-11) 8.3 100.0 11.3
YOY C20:1(c-11) O 23.3 100.0 39.0
YOY C22:1(c-13) O 28.0 100.0 43.0
YOY C22:1(t-13) O 23.5 100.0 45.5
YOY C24:1(c-15) O 24.6 100.0 41.5
YOY C18:2(cc-9,12) O 17.1 33.2 100.0
YOY C18:2(tt-9,12) O 17.9 32.9 100.0
YOY C19:2(cc-10,13) O 13.8 29.7 100.0
YOY C20:2(cc-13,16) O 15.2 30.9 100.0
YOY C18:3(ccc-9,12,15) O 20.0 28.0 100.0
YOY C18:3(ccc-6,9,12) O 16.3 60.8 100.0
YOY C20:3(ccc-8,11,14) O 15.3 21.5 100.0
YOY C20:3(ccc-11,14,17) O 16.2 18.4 100.0
YOY C20:4(cccc-5,8,11,4) O 7.6 100.0 52.2
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Figure 5. Fractional ion intensities of the YYþ, OYþ, and MHþ

ions as a function of fatty acid chain length for the YOY

saturated data set. Fractional intensities of YYþ, OYþ, and MHþ

are given by IYYþ/(IYYþþ IOYþþ IMHþ), IOYþ/(IYYþþ IOYþþ
IMHþ), and IMHþ/(IYYþþ IOYþþ IMHþ), respectively.
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Figure 6. Fractional ion intensities of the YYþ, OYþ, and MHþ

ions as a function of fatty acid chain length for the YOY mono-

unsaturated data set. Fractional intensities of YYþ, OYþ, and
MHþ are given by IYYþ/(IYYþþ IOYþþ IMHþ), IOYþ/(IYYþþ
IOYþþ IMHþ), and IMHþ/(IYYþþ IOYþþ IMHþ), respectively.
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increased. For example, the fractional intensities ofMHþ for the

di-unsaturated subgroup are much greater, at 0.67� 0.02.

However, the formation of YOþ is enhanced greatly when a

double bond in Y is placed closer to the carbonyl carbon of

the fatty acid moiety. This factor can be appreciated by

comparing the following YOY TAGs in Table 3: C18:1(c/t-9) and

C18:1(c/t-11) with C18:1(c/t-6), C18:3(ccc-9,12,15) with C18:3(ccc-6,12,15), and

C20:3(cccc-8,11,14) with C20:4(cccc-5,8,11,14). As an example, the

fractional intensities of the YOþ ions for C18:3(ccc-9,12,15) and

C18:3(ccc-6,12,15) YOY TAGs are 0.19 and 0.34, respectively.

Comparison of cis/trans Y pairs in the YOY series is not

straightforward and the effect of cis/trans configuration of the

outer fatty acid moieties remains inconclusive.

Degree of unsaturation
As noted above, higher levels of unsaturation in TAGs favor

the formation ofMHþ. This trendhas also beennoted inAPCI

experiments. An illustration of this effect is given in Fig. 7,

where the fractional intensity of the MHþ ion is plotted vs.

the total degree of unsaturation for all of the TAGs listed in

Tables 2 and 3. There is a strong correlation between the frac-

tional intensity of MHþ and the degree of unsaturation. The

major outlier points are TAGs that contain unsaturated fatty

acidswith double bonds positioned close to the carbonyl car-

bon.With the exclusion of these data points, linear regression

analysis gives a multiple correlation coefficient of 0.91. Thus,

the fractional intensity ofMHþ is dependent on the total level

of unsaturation in a predictable fashion.

Predicting fragmentation patterns
Factors that determine the fragmentation patterns of TAGs

have been examined in this work. The trends revealed from

analysis of these datamay be useful in predicting fragmenta-

tion patterns for other TAGs. We used several of the pur-

chased TAG standards, and several YOX-type TAGs

synthesized from 2-oleoylglycerol, to investigate the possibi-

lity of using the trends in the figures presented above to pre-

dict the fragmentation patterns. The trendlines shown in

Figs. 2, 3, 5 and 6 were used to predict the relative intensities

of fragment ions in the CID spectra of C24:0OC24:0, OC8:0O,

C16:0OC18:0, C16:0OC20:0, C12:0OC22:0, C12:0OC24:0, C22:0OC24:0,

and C18:2(cc-9,12)OC18:0. The regression statistics from these

trendlines are given in Table 4. The CID spectrum of

C24:0OC24:0 was predicted using the trendlines for the satu-

rated YOY subset, and the CID spectrum of OC8:0O was pre-

dicted using the trendlines for the saturated OXO subset.

Predicting the CID spectra for YOX-type TAGs is more com-

plex. The general scheme for predicting the fragmentation

patterns of the YOX-type TAGs is outlined below:

Step 1: Calculate I(XXþ)XOX, I(YYþ)YOY, I(MHþ)XOX, I(MHþ)YOY,

I(OXþ)XOX, and I(OYþ)YOY using the regression parameters

from Fig. 5.
IYXþ ¼ fIðXXþÞXOX þ IðYYþÞYOYg=2

IMHþ ¼ fIðMHþÞXOX þ IðMHþÞYOYg=2

Step 2: I(OYþ)YOY and I(OXþ)XOX are measures of the

propensity to lose Y and X, respectively. Thus, I(OYþ)YOY/

I(OXþ)XOX is a measure of the IOXþ/IOYþ ratio in the CID

spectrum of YOX.

IOXþ ¼ fIðOYþÞYOY=IðOXþÞXOXg � IOYþ

IOXþ þ IOYþ ¼ 1� IYXþ � IMHþ

fIðOYþÞYOY=IðOXþÞXOXg � IOYþ þ IOYþ ¼ 1� IYXþ � IMHþ

IOYþ ¼ f1� IYXþ � IMHþg=f1þ IðOYþÞYOY=IðOXþÞXOXg

IOXþ ¼ 1� IYXþ � IMHþ � IOYþ
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Figure 7. Fractional ion intensities of the MHþ fragment ion

as a function of degree of unsaturation for the OXO and YOY

data sets. Fractional intensities of MHþ are given by IMHþ/
(IYYþþ IOYþþ IMHþ).

Table 4. Regression parameters from the plots in Figs. 2, 3, 5 and 6, used in predicting fragmentation patterns

Series Subseries Fragment Slope Intercept
Standard error of

regression

OXO Saturated OXþ 0.0021� 0.0004 0.64� 0.01 0.010
OXO Saturated OOþ 0.0002� 0.0003 0.107� 0.005 0.009
OXO Saturated MHþ �0.0024� 0.0004 0.250� 0.006 0.010
OXO Monousat. OXþ �0.0020� 0.0008 0.685� 0.014 0.011
OXO Monounsat OOþ �0.0007� 0.0006 0.116� 0.012 0.009
OXO Monounsat MHþ 0.0028� 0.0008 0.197� 0.015 0.012
YOY Saturated OYþ 0.0027� 0.0008 0.708� 0.013 0.014
YOY Saturated YYþ 0.0025� 0.0008 0.115� 0.013 0.013
YOY Saturated MHþ �0.0052� 0.0005 0.177� 0.008 0.008
YOY Monounsat OYþ �0.0077� 0.0014 0.786� 0.025 0.019
YOY Monounsat YYþ 0.0033� 0.0009 0.072� 0.017 0.013
YOY Monounsat MHþ 0.0044� 0.0009 0.153� 0.016 0.012
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For example, the CID spectrum of C16:0OC20:0 was

predicted using the fractional intensity data for C16:0OC16:0

and C20:0OC20:0 obtained from regression parameters in

Table 3. The intensities ofC16:0C20:0
þ andMHþwere calculated

from the average fractional intensities of YYþ and MHþ,
respectively, for C16:0OC16:0 and C20:0OC20:0.

Step 1:

IC16:0C20:0þ ¼ fIð16:0C16:0þÞC16:0OC16:0 þ Ið20:0C20:0þÞC20:0OC20:0g=2
¼ ð0:155þ 0:165Þ=2 ¼ 0:160

IMHþ ¼ fIðMHþÞC16:0OC16:0 þ IðMHþÞC20:0OC20:0g=2
¼ ð0:094þ 0:074Þ=2 ¼ 0:084

Step 2:

IOC16:0þ þ IOC20:0þ ¼ 1� IC16:0C20:0þ � IMHþ ¼ 0:76

IO20:0þ ¼ fIðO160þÞC16:0OC16:0 þ IðOC20:0þÞC20:0OC20:0g � IOC16:0þ
¼ ð0:7511=0:762ÞIOC16:0þ ¼ 0:986 IOC16:0þ

IO16:0þ þ 0:986 � IOC16:0þ ¼ 1� IC16:0C20:0þ � IMHþ

IO16:0þ ¼ f1� 0:160� 0:084g=f1þ 0:986g ¼ 0:381

IO20:0þ ¼ 1� 0:160� 0:084� 0:381 ¼ 0:375

Step 3: Normalize by setting the most abundant fragment

to an intensity of 100

IC16:0C20:0þ ¼ 100 � ð0:160=0:381Þ ¼ 42

IMHþ ¼ 100 � ð0:084=0:381Þ ¼ 22

IO16:0þ ¼ 100 � ð0:381=0:381Þ ¼ 100

IO20:0þ ¼ 100 � ð0:375=0:381Þ ¼ 98

Table 5 compares the CID spectra predicted from these

calculations with the CID spectra obtained from the Larodan

standards and XOY-type TAGs. In each case the predicted

spectrummatches the acquired data fairly well. The analysis

of C18:2(cc-9,12)OC18:0 is complicated by the different levels of

unsaturation in the reference TAGs, C18:2(cc-9,12)OC18:2(cc-9,12)

and C18:0OC18:0. In this case, Fig. 7 was used to estimate the

fractional intensity of the MHþ fragment from C18:2(cc-9,12)

OC18:0. Nevertheless, the predicted intensities are in fair

agreement with the experimental data.

DISCUSSION

The trends revealed in the data can largely be explained

based on gas-phase basicities and ammonium affinities.

Gas-phase basicities of olefins and esters are similar, and

therefore it is reasonable to expect that ammoniation can

take place at the carbonyl groups on each fatty acid moiety

as well as at any double bond positioned along a given fatty

acid chain. It has been reported and verified in some of our

experiments thatMS/MSof TAGs containing three saturated

fatty acidmoieties produces negligible amounts ofMHþ ions.

Therefore, it is likely that ammoniation at the carbonyl

groups produces DAGþ ions exclusively upon CID. Any rea-

sonable mechanism for the formation of the DAGþ fragment

ionsuponCIDwould require that the ammonium ionbeadja-

cent to the carbonyl. Therefore, we hypothesize that, when

ammoniation takes place at a double bond along one of the

fatty acid chains, fragmentation likely results exclusively in

MHþ ions. Figure 7 supports this argument since an increase

in the total number of double bonds enhances the relative for-

mation of MHþ and the y-intercept is close to zero

(�0.02� 0.03 @ 95% CL). Figure 8 summarizes this hypoth-

esis by illustrating a possible reaction scheme for the forma-

tion and dissociation of the ammoniated TAG species. The

C18:2(cc-9,12)OC18:0 TAG species is used as a convenient exam-

ple in this illustration. Ammoniation at carbonyl groups pro-

duces the OSþ, LSþ, and OLþ ions, while ammoniation at the

double bonds of L and O produces MHþ upon CID.

It has been observed previously that loss of the fatty acid

from the center position is unfavorable in the CID of TAGs.

This is also observed in theCID spectra of the TAGs analyzed

in this work. The plots for the saturated and mono-

unsaturated YOY series show a much greater sensitivity to

chain length than the plots for the OYO series. It is likely that

ammoniation at the center position is hindered thus

prohibiting the formationofYYþ/OOþ,whichwould explain

the limited dependence on chain length for the OXO series.

However, the fractional intensities of MHþ ions do show a

dependence on degree of unsaturation, which suggests that

ammoniation at a double bond is not as hindered by its

location on the center fatty acid.

The trends for the MHþ ions in Figs. 2 and 4 can be

explained based on the ability of the longer chain lengths to

enhance solvation of the ammonium ion at the carbonyl

Table 5. Comparison of the predicted intensities of the CID fragment ions with the CID data acquired from purchased standards

and TAGs synthesized from 2-oleoylglycerol

Predictions Standards

OXO OOþ OXþ MHþ OOþ OXþ MHþ

OC8:0O
a 17 100 35 17 100 34

YOY YYþ OYþ MHþ YYþ OYþ MHþ

C24:0OC24:0
a 23 100 7 18 100 10

YOX OYþ YXþ OXþ MHþ OYþ YXþ OXþ MHþ

C12:0OC22:0
b 100 41 98 23 90 45 100 23

C12:0OC24:0
b 100 42 97 22 89 43 100 21

C16:0OC18:0
a 100 42 99 24 99 41 100 23

C16:0OC20:0
a 100 42 99 22 100 42 99 23

C22:0OC24:0
b 100 45 99 15 100 46 98 17

C18:2(c-9)OC18:0
b 100 41 80 70 100 26 68 65

a Standards purchased from Larodan.
b TAGs synthesized from 2-oleoylglycerol.
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groups, producing a relative decrease in the abundance of

MHþ. The opposite trends observed for the mono-unsatu-

rated series, shown in Figs. 3 and 5, suggest the longer chain

lengths have an even greater stabilization effect on ammo-

nium groups at the double bonds.

As illustrated by the present data, the relative intensities of

the fragment ions are sensitive to the presence of double

bondspositionednear the carbonyl group along the fatty acid

chain. Some added stability that these adjacent double bonds

may give to the solvation of the ammonium ion at the

carbonyl group of the fatty acidmoietymight account for this

phenomenon. By application of our working model outlined

in Fig. 8, ammoniation at the carbonyl group of X in OXO

produces OOþ, and ammoniation at the carbonyl groups of

Y’s in YOY produces YOþ. Therefore, one would expect that

added stability froman adjacent double bond inXorYwould

enhance the relative formation of OOþ in the OXO TAGs and

OYþ in the YOY TAGs, which is in agreement with our data.

The future vision for this project is the development of an

automated method for the comprehensive analysis of

complex TAG mixtures. The creation of such a platform

depends on thedesign of smart software thatwould integrate

TAG quantification of individual positional isomers with

retention time prediction, chromatographic peak deconvolu-

tion, and library matching. Chromatographic peak de-

convolution will be necessary for the analysis of complex

mixtures that often contain some co-eluting compounds.

Aspects of such software may be similar to those of the

MSPECTRA software developed by Kurvinen et al.49 How-

ever, critical to the development of a rugged method will be

the development of a library of derived CID spectra. This

library will be constructed from models that predict

fragmentation patterns. The present successful application

of the regression parameters from the OXO and YOY data

series in predicting the CID spectra of a limited set of

positionally pure TAGs of composition OXO, YOY, and YOX

suggests that the development of a robust library consisting

of derived spectra is an achievable goal.

The software visualized above could be designed for

integration into the commercial software of the LCQ ion trap

used in the present work, or as a stand-alone software

package. A stand-alone software package possibly could also

be designed to work with a triple-quadrupole platform and/

or in conjunction with an APCI-MS method. There may be

significant differences in the CID data acquired using an ion

trap vs. the CID data acquired using a triple quadrupole. An

analysis similar in scope to the work described in this paper

would then be performed using a triple-quadrupole instru-

ment to extend the utility of the proposed software package.

In addition, the development of a comprehensive APCI-MS

database modeled after the approach described here could

open thedoor for similarAPCI-MS software. Perhaps a single

software package could bedesigned to permit the selection of

the applicable instrument andmethod (ion trap/quadrupole,

ESI-MS/MS/APCI-MS) used in the analysis.

Future work will concentrate on investigating similar

systems where common fatty acids moieties, such as

palmitate, stearate, linoleate, and arachodonate, will be used

in place of oleate. The collection of these data will provide a

sound basis for the development of a model that can predict

the fragmentation patterns of all species of TAGs. Also,

racemic mixtures of the positional isomers of the TAGs

studied in thiswork, aswell as other YXY-type TAGs studied

in the future, will be prepared. The linear relationship
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between the fractional intensities of the DAG fragment ions

and the binary compositions of positional isomers can be

exploited by using the data from the YXY-type TAGs in

conjunction with the data from racemic mixtures (33% YXY/

66% YYX) to predict the fractional intensities in the CID

spectra of YYX. As a result, the key reference data for all of

these positional isomer systems could be incorporated into

the models used to predict fragmentation patterns.
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