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Introduction

Esters of glycerol and diglycerol are amphiphilic molecules 
widely used in industry. Glycerol monoesters (GMs) are 
used as emulsifiers in the food, pharmaceutical and cos-
metic industries [1–3]. Glycerol diesters (GDs) play an 
important role in the lipid domain, because oils containing 
80 % GDs are now available on the American and Japanese 
markets [4]. Diglycerol ester use is rapidly increasing: they 
are present in mixtures of polyglycerol esters, and they 
have been shown to reduce tension at the water–air inter-
face [5, 6]. They are used as foaming agents [7, 8] and as 
coalescence agents [9].

Such esters may be produced by the esterification of 
fatty acids with either glycerol or diglycerol. Glycerol 
esters can also be produced by the glycerolysis or partial 
hydrolysis of plant oils. There are also other more selec-
tive pathways, such as the condensation of glycidol with 
an existing fatty acid [10], but they are not exploited in 
industry.

In this study, we used undecylenic acid as an acyl donor 
for the synthesis of partial esters of glycerol and diglycerol. 
Undecylenic acid is obtained from castor oil by pyrolysis 
of either the crude oil or the ricinoleic acid methyl esters 
[11]. This acid is potentially useful, because it has two 
functional groups: a carboxyl group that can be esterified, 
and a terminal reactive alkene group.

Partial esters of undecylenic acid, such as glycerol mon-
oundecenoate and glycerol diundecenoate, have been stud-
ied. Pace et al. [12] and Cauvel et al. [13] studied partial 
esters of glycerol and described the synthesis and struc-
tural characterization of the α-monoglyceride, without tak-
ing into account the presence of the β regioisomer. Berger 
and Schnelder [14] proposed a method for enriching the 
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preparation in the α-monoglyceride; however, this study 
did not consider other glycerides. Chidambaram et al. [15] 
produced a stoichiometric mixture of the α and β regioiso-
mers of glycerol monoundecenoate from acetal.

Kumar et al. [6], in their studies of diglycerol esters, 
described the synthesis of diglycerol monoundecenoate 
by esterification, followed by silica column chromatogra-
phy purification. The structural analysis did not differenti-
ate between the regioisomers. Brito et al. [16] synthesized 
diglycerol tetraundecenoate, with the aim of studying its 
lubrication properties. The structure of this molecule was 
confirmed by 1H and 13C NMR and by mass spectrometry.

Work characterizing and determining the properties of 
these glycerol and diglycerol esters should always include 
steps for the separation or purification of the various con-
stituents of the reaction mixtures. Molecular distillation 
methods have been developed [17–19], and they yield purer 
ester fractions. However, they generally require the use 
of high temperatures (240–300  °C) for the distillation of 
esters with high boiling points, such as the glycerol diesters 
synthesized from sunflower oil, which has a high oleic acid 
content (87.6 % oleic acid) [19]. In such situations, there is 
a high risk of modifying the composition of partial esters 
through acyl transfer.

Temperature appears to be an important parameter 
and, at relatively low temperatures (23 °C), close to room 
temperature, acyl group migration is extremely limited 
[20–22]. Rapid purification methods at room temperature 
should make it possible to obtain samples of glycerides 
without the purification method causing isomerization. 
One possible approach involves the use of recrystallization 
methods for purification. However, these methods are diffi-
cult to implement when the glycerides present have similar 
crystallization temperatures, as is the case for partial esters 
of glycerol and partial esters of diglycerol [23, 24]. Separa-
tion by silica gel chromatography is widely used in organic 
chemistry and is the method that best preserves the struc-
ture of glycerol esters [6, 25].

Here, we report a study of the composition of esters of 
undecylenic acid formed with glycerol or diglycerol, based 
on their reaction conditions, which constitute a highly com-
plex system. We purified undecylenic acid esters from each 
polyol family to allow the structural identification of each 
ester of glycerol and each ester of diglycerol with unde-
cylenic acid.

Materials and Methods

Materials

Glycerol (98  %) was obtained from Sigma-Aldrich, lin-
ear diglycerol (84 % α,α′-diglycerol, 14 % α,β-diglycerol, 

<1  % β,β′-diglycerol and <0.2  % cyclic isomers) was 
obtained from Solvay Chemicals, and undecylenic acid 
(99 %) was obtained from Acros Organic. Dodecylbenzene 
sulfonic acid (DBSA; ≥95 %) was obtained from Sigma-
Aldrich. HPLC-quality solvents (cyclohexane, ethyl ace-
tate, chlorofom and methanol) were obtained from Aldrich.

Synthesis of Esters of Glycerol and of Diglycerol 
with Undecylenic Acid

The synthesis of these compounds was adapted from the 
procedure developed by Eychenne and Mouloungui [26]. 
The reactions were carried out in a 250-mL batch reactor 
loaded with 80  g of reaction medium and equipped with 
a Dean–Stark receiver and a refrigerant, with mechanical 
stirring at 500  rpm. The reactor was loaded with unde-
cylenic acid and glycerol (molar ratio of 2:1) or with unde-
cylenic acid and diglycerol (molar ratio of 3:1). DBSA was 
used as the catalyst (molar ratio of 0.125 with respect to 
undecylenic acid). The reaction was carried out for 3 h, at 
a temperature of 120 °C. The reaction medium was cooled 
and washed with saturated NaCl solution (4 ×  100  mL), 
until a neutral pH was reached, to eliminate the DBSA 
and any residual glycerol or diglycerol. The molar compo-
sition of the glycerol esters reaction medium was 26.6 % 
glycerol monoundecenoate (GMU), 25.3 % glycerol diun-
decenoate (GDU), 4.2  % glycerol triundecenoate (GTU) 
and 43.9 % of residual undecylenic acid (UA). The molar 
composition of the diglycerol esters reaction medium was 
15.2  % diglycerol monoundecenoate (DGMU), 27.6  % 
diglycerol diundecenoate (DGDU), 30.9  % diglycerol tri-
undecenoate (DGTU), 5.2  % diglycerol tetraundecenoate 
(DGTeU) and 21.1  % of residual UA. Gas chromatogra-
phy analyses are detailed in the supporting information. 
Esters of α,β-diglycerol, β,β′-diglycerol and cyclic glycerol 
were not identified by gas chromatography or by thin-layer 
chromatography.

Thin‑layer chromatography (TLC) analyses

The analyses were carried out on plates (5 × 5 cm) coated 
with silica gel 60 F254. The glycerol esters were separated 
by elution with a 60:40 (v/v) mixture of cyclohexane and 
ethyl acetate. The diglycerol esters were separated by elu-
tion with a 3:97 (v/v) mixture of methanol and chloro-
form. Esters of glycerol or diglycerol do not absorb in the 
visible spectrum and have very low levels of absorption 
for UV light (Fig.  1, supporting information). We were 
therefore unable to use UV lamps designed for TLC sig-
nal detection at 254 or 365 nm. GMU and DGMU absorb 
at wavelengths of 223 and 220 nm, respectively. We there-
fore used potassium permanganate detection methods on 
the TLC plates.



1569J Am Oil Chem Soc (2015) 92:1567–1577	

1 3

Column Gel Chromatography

We used 19.6-cm-long, 8.5-cm-wide cylindrical Pyrex 
glass chromatography columns, which we filled with 500 g 
of silica (60  µm, 60–100  mesh) in the eluent, which was 
cyclohexane for glycerol esters and chloroform for diglyc-
erol esters. We placed 130 g of Fontainebleau sand on the 
top of each silica gel column.

Purification of Glycerol Esters

From a 30-g sample, we isolated GTU (Rf  =  0.86) and 
then UA (Rf  =  0.66), with 1.5  L of cyclohexane. GDU 
(Rf = 0.52) was purified with 3 L of a 15:85 (v/v) mixture 
of ethyl acetate and cyclohexane. Finally, GMU (Rf = 0.14) 
was recovered by elution in 2 L of a 40:60 (v/v) mixture of 
ethyl acetate and cyclohexane.

Purification of Diglycerol Esters

Thirty grams of reaction mixture was used. DGTeU 
(Rf  =  0.89), DGTU (Rf  =  0.52) and UA (Rf  =  0.47) 
were purified by elution with 3  L of chloroform. DGDU 
(Rf = 0.10) and DGMU (Rf = 0) were recoved by elution 
with a 2:98 (v/v) mixture of methanol and chloroform.

Mass Spectrometry

We used a Waters GCT Premier high-resolution mass spec-
trometer. The samples were dissolved in chloroform. DCI 
CH4 ionization techniques were used, with direct introduc-
tion and GC/MS coupling, to the determination of exact 
masses.

NMR

NMR spectra were recorded on a Fourier 300 (300 MHz) 
spectrometer (Bruker, Karlsruhe, Germany). The acquisi-
tion temperature was set to 300 K. The samples were dis-
solved in deuterated chloroform (CDCl3). Chemical shifts 
were determined with tetramethylsilane at 0 ppm (TMS) as 
the reference. Standard sequences were used for the 1H, 13C 
and DEPT-135 NMR spectra.

Results and Discussion

All the components separated by TLC were identified. The 
retardation factors of glycerol esters and diglycerol esters 
vary linearly with LogP (Table 1, and Supporting informa-
tion Figs. 2 and  3). Molecules having more free OH groups 
are most strongly retarded by the silica stationary phase by 
binding to the silanols of the silica. The OH groups act as 

both electron donors and hydrogen bond acceptors. Unde-
cylenic acid has a relatively low LogP value, similar to that 
of GMU and DGMU. It has a high retardation factor. It is 
retarded by the silica gel slightly less strongly than GDU or 
DGTU, whereas it would be expected to be retained much 
more strongly because it contains both an OH group capa-
ble of donating and accepting electrons for hydrogen bond-
ing and a carbonyl group capable of acting as an electron 
acceptor for hydrogen bonding. Undecylenic acid would be 
expected to form dimers in organic solvents [27–29]. Such 
associations between molecules would decrease the capac-
ity of undecylenic acid to interact with the silica stationary 
phase, which would therefore “see” only the lipophilic part 
of the undecylenic acid, accounting for the high Rf value.

Esters of Glycerol and Undecylenic Acid

The direct esterification reaction between glycerol and 
undecylenic acid catalyzed by DBSA can generate three 
different esters: glycerol mono-, di- and triundecenoate 
(Table 1). Glycerol has three OH groups, which accept acyl 
groups during esterification reactions with undecylenic 
acid. For each group of partial esters of glycerol, two 
regioisomers are possible: glycerol α-monoundecenoate 
(α-GMU) and glycerol β-monoundecenoate (β-GMU) 
for monoglycerides, glycerol α,β-diundecenoate (α,β-
GDU) and glycerol α,α′-diundecenoate (α,α′-GDU) for 
the diglycerides. The expected overall ester was glycerol 
α,β,α′-triundecenoate (α,β,α′-GTU).

Determination of the Chemical Structures of Esters 
of Glycerol and Undecylenic Acid, in Ascending Order 
of Polarity

Glycerol Triundecenoate (GTU)  The mass spectrum for 
the compound corresponding to this retardation factor is 
presented in Fig. 1a. The peak at m/z 590.45 corresponds to 
the parent ion of α,β,α′-GTU with the formula [C36H62O6]

+. 
The m/z 407.32 peak corresponds to [C25H43O4]

+, charac-
teristic of the loss of an undecylenic acid fragment with the 
formula [C11H19O2]

+. The m/z 241.18 peak [C14H25O3]
+ 

corresponds to the loss of two undecylenic acid fragments 
with the formula [C11H19O2]

+. The m/z 166.14 peak corre-
sponds to a fragment with the formula [C11H19O]+.

1H NMR analysis of this sample (Fig.  1b, Table  2) 
revealed chemical shifts between 4.08 and 4.19 ppm and 
between 4.24 and 4.34  ppm, corresponding to the four 
hydrogens in the α and α′ positions of glycerol. The heav-
ily deshielded multiplet between 5.21 and 5.31 ppm cor-
responds to the Hβ hydrogen. The chemical shifts between 
0.95 and 1.46  ppm correspond to the hydrogens car-
ried by carbons 4–8 of undecylenic acid. Between 1.53 
and 1.70  ppm the chemical shifts correspond to the H3 
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hydrogen, between 1.97 and 2.09 ppm to H9 and between 
2.24 and 2.37  ppm to the H2 hydrogen. Those between 
4.88 and 5.04  ppm and between 5.72 and 5.89  ppm cor-
respond to the hydrogens carried by the ethylenic carbon 
residues at the end of the undecylenic acid chain, H11 and 

H10, respectively. These characteristics of undecylenic 
acid were common for all glycerol esters and will not be 
discussed in the further sections. These findings are char-
acteristic of triglycerides [30, 31], such as α,β,α′-GTU in 
particular.

Table 1   Molecular structures of the esters of glycerol and diglycerol with undecylenic acid

R = 

GMU
Rf = 0.14
Mw = 258.35 g.mol-1

GDU
Rf = 0.52
Mw = 424.61 g.mol-1

GTU
Rf = 0.86
Mw = 590.87 g.mol-1

DGMU
Rf = 0
Mw = 332.43 g.mol-1

DGDU
Rf = 0.10
Mw = 498.69 g.mol-1

DGTU
Rf = 0.52
Mw = 664.95 g.mol-1

DGTeU
Rf = 0.89
Mw = 833.21 g.mol-1
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weight
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The 13C NMR spectrum of GTU (Fig. 1c, Table 3) con-
tains the chemical shift at 62.25 ppm that is characteristic 
of the α and α′ carbons of glycerol. The shift at 69.04 ppm 
is characteristic of the β carbon. This was confirmed by the 
DEPT-135 analysis, in which the α and α′ carbons give a 

positive signal, whereas the β carbon gives a negative sig-
nal. The chemical shifts characteristic of the carbons of 
the undecylenic acid, e.g. at 114.13 and at 139.19  ppm 
which are characteristic of the ethylenic carbon residues 
C11 and C10, are common for all glycerol esters. They are 

Fig. 1   a Mass spectrum of 
GTU, b 1H NMR spectrum of 
GTU, and c 13C NMR and 13C 
DEPT-135 spectra of GTU

a

b

c
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reported in the Table  3 and will not be discussed further. 
This analysis is consistent with a triglyceride [32], such as 
α,β,α′-GTU.

Glycerol Diundecenoates (GDU)  The mass spectrum of 
this component (Table 4) contained a peak at m/z 424.32, 
with the formula C25H44O5, corresponding to the exact 
molecular mass of α,α′-GDU or α,β-GDU. The fragment at 
m/z 407.32 resulted from the loss of a water molecule from 
GDU. The fragment at m/z 241.18 corresponds to the loss 
of an undecylenic fragment with the formula [C11H19O2]

+ 
and reveals the presence of an ionized fragment of glycerol 
monoundecenoate with the crude formula [C14H25O3]

+. The 

crude formula of GDU is clearly identified, but nevertheless 
does not differentiate between the α,α′-GDU and α,β-GDU 
isomers.

1H NMR is a technique that is very suitable for the iden-
tification and quantification of regioisomers of diacylg-
lycerol [19]. On the spectrum shown at the top of Table 4, 
the multiplet between 4.0 and 4.35 ppm corresponds to the 
five Hα, Hα′ and Hβ hydrogens of the glycerol of α,α′-GDU 
(Table 2). The chemical shifts between 5.04 and 5.12 ppm 
correspond to the Hβ1 hydrogen of the α,β-GDU isomer. 

Table 2   1H NMR chemical shifts of glycerol and diglycerol esters of 
undecylenic acid

GMU glycerol monoundecenoate, GDU glycerol diundecenoate, 
GTU glycerol triundecenoate, DGMU diglycerol monoundecenoate, 
DGDU diglycerol diundecenoate, DGTU diglycerol triundecenoate, 
DGteU diglycerol tetratundecenoate

Molecules Chemical shifts (ppm) Hydrogens

GTU 4.08–4.19 α

4.24–4.34 α′
5.21–5.31 β

GDU 4.00–4.35 α, β, α′
5.04–5.12 β1

3.69–3.75 α′1
GMU 4.07–4.27 α

3.54–3.75 α′
3.87–3.98 β

3.80–3.85 α1, α′
DGTeU 3.45–3.80 γ, γ′

4.00–4.40 α, α′
5.10–5.25 β, β′

DGTU 3.21–4.46 α, γ, γ′, β′, α′
5.12–5.25 β

DGDU 3.43–3.86 β, β′
3.95–4.25 α, α′
5.14–5.28 β1

5.35–5.45 β2, β2′
DGMU 4.12–4.24 α

4.06–4.12 β

3.97–4.06 β′
3.73–3.89 α′
3.45–3.72 γ, γ′

Common shifts of unde-
cylenic chain

2.24–2.37 2

1.53–1.70 3

0.95–1.46 4–8

1.97–2.09 9

5.72–5.89 10

4.88–5.04 11

Table 3   13C NMR chemical shifts of glycerol and diglycerol esters 
of undecylenic acid

GMU glycerol monoundecenoate, GDU glycerol diundecenoate, 
GTU glycerol triundecenoate, DGMU diglycerol monoundecenoate, 
DGDU diglycerol diundecenoate, DGTU diglycerol triundecenoate, 
DGteU diglycerol tetratundecenoate

Molecules Chemical shifts (ppm) Carbons

GTU 62.25 α, α′
69.04 β

GDU 65.02 α, α′
68.37 β

61.70 α1

62.16 α′1
72.26 β1

GMU 70.48 α′
65.52 β

63.70 α

DGTeU 62.98 α, α′
69.70 γ,γ′
69.90 β, β′

DGTU 69.98 γ

72.55 γ′
69.93 β

68.88 β′
62.42 α

65.24 α′
DGDU 68.77 α, α′

69.06 β, β′
72.25 γ, γ′

DGMU 72.25 α

70.66 β

68.77 β′
64.71 γ

64.82 γ′
63.63 α′
72.80 β1

Common shifts of undecylenic 
chain

173.13–174.68 1

24.84–34.27 2–9

139.13–139-50 10

114.13–114.50 11
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Table 4   Mass spectra and  1H, 13C and DEPT-135 NMR spectra of the esters of glycerol undecenoate and diglycerol undecenoate

Mass spectra 1H NMR spectra                 13C NMR and 13C DEPT-135 spectra

GDU 

GMU 

DGTeU

DGTU 

DGDU

DGMU

O O

O

OH

O

m/z = 407.32

m/z = 424.32

m/z = 241.18

- H2O

O OH

O

OH

m/z = 407.32

m/z = 259.19

m/z = 227.16

+H

m/z = 241.18

+2H et - 2H2O
- H2O

575876 66 56 46 36 26 16 06 956807 9627 17737475
ppm

07 06 05 04 03 0280071 061 051 041 031 021 011 001 09180
ppm

1.21.82.43.03.64.24.85.46.0
ppm

76 66 56 46 36 26 16 06 956807 9627 17737467 5777
ppm

07 06 05 04 03 02 01 08090110130150170190
ppm

1.01.52.02.53.03.54.04.55.05.56.0
ppm

O

O O

O

O O
O

O

O

m/z = 407.32

m/z = 831.63

m/z = 647.49

m/z = 241.18

1.21.82.43.03.64.24.85.46.0
ppm

102030405060708090100110120130140150160170180
ppm

61.562.563.564.565.566.567.568.569.570.5
ppm

O

O

O O O
O OH

O

- H2O

m/z 648.49

m/z 481.35

m/z 241.18m/z 315.22

m/z 407.34

102030405060708090100110120130140150160170
ppm

62.564.065.567.068.570.071.573.0
ppm

1.01.52.02.53.03.54.04.55.05.56.0
ppm

m/z = 481.1

m/z = 241.18m/z = 315.22

- H2O

- H2O

07 06 05 04 03 02 0180071 061 051 041 031 021 011 001 09
ppm

64.565.566.567.568.569.570.571.572.573.5
ppm

1.01.52.02.53.03.54.04.55.05.56.0
ppm

m/z 131.07

m/z 241.18

m/z 315.22 

07 06 05 04 03 0280071 061 051 041 031 021 011 001 09
f1 (ppm)

63.064.566.067.068.570.071.573.0
ppm

1.01.52.02.53.03.54.04.55.05.56.0
ppm

GMU glycerol monoundecenoate, GDU glycerol diundecenoate, DGMU diglycerol monoundecenoate, DGDU diglycerol diundecenoate, DGTU 
diglycerol triundecenoate, DGTeU diglycerol tetraundecenoate
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The doublet between 3.69 and 3.75  ppm corresponds to 
the two Hα′1 hydrogens characteristic of the presence of the 
α,β-GDU regioisomer. These findings are consistent with 
those of Hatzakis et al. [33]. It was thus possible to show 
that there was 82 % α,α′-GDU and 18 % α,β-GDU in the 
GDU sample of Rf 0.52.

On the 13C NMR spectrum (Tables 3,  4), the chemical 
shifts corresponding to the undecylenic chains of GDU 
were found. On DEPT-135 analysis, the chemical shifts of 
Cα and Cα′ at 65.02 ppm, Cα1 at 61.70 and Cα1′ at 62.16 ppm 
gave positive signals. This confirms the presence of the two 
regioisomers, α,α′-GDU and α,β-GDU, consistent with the 
attributions of chemical shifts published for other diacylg-
lycerols [33].

Glycerol Monoundecenoates (GMU)  The mass spec-
trometry analysis for this sample (Table 4) showed that the 
peak at m/z 259.19 corresponded to the molecular mass of 
the ionized molecule [C14H27O4]

+, and the crude formula 
C14H26O4 of α-GMU and β-GMU. The peak at m/z 241.18 
([C14H25O3]

+) corresponds to the loss of a molecule of 
water from GMU. The peak at m/z 185.15 corresponds to a 
molecule with the crude formula of [C11H21O2]

+. The loss 
of a molecule of water from this molecule gives rise to the 
peak at 167.14, with a crude formula of [C11H19O]+. The 
peak at m/z 149.13 corresponds to the loss of a molecule of 
water from [C11H19O]+, yielding [C11H17]

+.
1H NMR analysis (Tables 2, 4) showed that the chemi-

cal shifts between 3.87 and 3.98  ppm corresponded to 
the hydrogens in positions Hα, Hα′1 and H1 of glycerol. 
Hα hydrogens display a chemical shift between 4.07 and 
4.27  ppm. These hydrogens are more deshielded than the 
Hβ hydrogen (3.87–3.98 ppm). The two Hα′ hydrogens of 
α-GMU yield a multiplet between 3.54 and 3.75 ppm. Fol-
lowing esterification of the hydroxyl site in the α position 
of glycerol, the two Hα hydrogens become more deshielded 
than the Hα′ hydrogens and they have a higher chemical 
shift (4.07 and 4.27 ppm). This difference in chemical shift 
between Hα and Hα′ is due to the ester group, which is elec-
tron withdrawing. These results thus confirm the presence 
of the α-GMU regioisomer.

We can also see the doublet between 3.80 and 3.85 ppm 
corresponding to the four Hα1 and Hα′1 hydrogens of 
β-GMU. This finding is consistent with those of Compton 
et al. [20, 34] for other monoglycerides, making it possible 
to quantify the relative proportions of the two regioisomers, 
α-GMU and β-GMU. We found that β-GMU accounted 
for 7.64 %, and that α-GMU accounted for 92.34 % of the 
sample with Rf 0.14.

On the 13C NMR spectrum (Table 4), the chemical shifts 
at 70.62, 65.52 and 63.70  ppm correspond to Cα, Cβ and 
Cα, respectively (Table 3). Analysis by DEPT-135 confirms 
the identification of Cα at 63.48 ppm, Cα′ at 65.52 and Cβ 

at 70.48  ppm. The chemical shifts characteristic of unde-
cylenic chain were found. This spectrum confirms the 
structure of α-GMU. It was not possible to detect the shifts 
characteristic of β-GMU because of the limited sensitivity 
of the apparatus used.

Esters of Diglycerol and Undecylenic Acid  The esterifica-
tion reaction between undecylenic acid and linear diglycerol 
can generate four types of diglycerol: mono-, di-, tri- and 
tetraesters of diglycerol (Table  1). Several isomers of these 
types of linear diglycerol ester are likely to be present: (1) 
α-DGMU and β-DGMU for diglycerol monoesters; (2) 
four isomers of diglycerol diundecenoate: α,α′-DGDU, α,β-
DGDU, β,β′-DGDU and α,β′-DGDU; (3) two types of diglyc-
erol triundecenoates: α,β,α′-DGTU and α,β,β′-DGTU and (4) 
α,β,α′,β′-DGTeU. It is important to detect the presence of each 
regioisomer and to determine their relative proportions in the 
reaction mixture reliably, particularly as not all the molecular 
structures of these molecules have been published. We used 
silica gel chromatography for purification, with TLC as an elu-
tion control. Spectroscopic methods were used to determine 
the structures associated with the retardation factors and the 
proportions of the various regioisomers identified.

Qualitative analysis of the reaction mixture by TLC 
revealed the presence of various molecules with differ-
ent Rf values, from the least to the most polar: Rf = 0.89, 
0.61, 0.47, 0.10, 0. The component with an Rf of 0.47 is 
undecylenic acid. It was identified by comparison with a 
standard.

Determination of Chemical Structures on the Basis 
of Increasing Polarity of Esters of Diglycerol 
and Undecylenic Acid

Diglycerol Tetraundecenoate (DGTeU)  The mass spec-
trum for the molecule with an Rf of 0.89 is presented in 
Table  4. The fragment with m/z 831.63 has a molecular 
mass corresponding to that of ionized diglycerol tetraun-
decenoate. The fragment at m/z 649.49 corresponds to the 
loss of an undecylenic fragment. The m/z 407.32 fragment 
corresponds to the loss of half the diglycerol tetraunde-
cenoate molecule. The fragment at m/z 241.18 corresponds 
to an ionized fragment of glycerol monoundecenoate. The 
presence of these various fragments identifies the molecule 
obtained as diglycerol tetraundecenoate.

On the 1H NMR spectrum (Tables  2,  4), the structure 
of DGTeU is identified by the presence of hydrogens Hγ 
and Hγ′, specific to the carbons carrying the ether group of 
diglycerol, for which a multiplet is observed between 3.45 
and 3.80 ppm. The Hα and Hα′ hydrogens are identified by 
the presence of a multiplet between 4.00 and 4.40  ppm. 
The chemical shifts between 5.10 and 5.25 ppm correspond 
to the Hβ and Hβ′ hydrogens.



1575J Am Oil Chem Soc (2015) 92:1567–1577	

1 3

On the 13C NMR spectrum (Tables 3, 4), the DEPT-135 
experiment distinguishes between CH and CH2. The chem-
ical shift at 62.98 ppm is characteristic of Cα and Cα′. The 
shift at 69.70 ppm is characteristic of Cγ and Cγ′, and that 
at 69.90  ppm is characteristic of Cβ and Cβ′. This profile 
corresponds exactly to the three types of carbon present in 
diglycerol tetraundecenoate. We thus find all the character-
istic carbons of the undecylenic chain. No discussion of the 
attribution of the diglycerol carbons in diglycerol tetraun-
decenoate has ever been published. Only the carbonyl 
group carbons of the ester, at 173.16 ppm, and those of the 
terminal double bond have been identified [16].

Diglycerol Triundecenoate (DGTU)  Diglycerol triunde-
cenoate has a molecular mass of 664.952 g/mol. The loss 
of a water molecule thus yields a fragment at m/z 648.494 
(Table 4). The fragment at m/z 481.350 results from the loss 
of an undecylenic chain. This fragment was also observed 
on the mass spectrum of DGDU. The peak at m/z 407.34 
corresponds to the loss of a glycerol monoester fragment. 
The fragments at m/z 315.217 and 241.180 correspond to 
the loss of two undecylenic chains from diglycerol triunde-
cenoate and the loss of a glycerol monoester fragment and 
an undecylenic chain, respectively. The presence of these 
fragments indicates that the molecule isolated is diglycerol 
triundecenoate.

On the 1H NMR spectrum (Table  4), the multiplet 
between 3.21 and 4.46 ppm corresponds to the nine hydro-
gens of diglycerol: the Hα, Hγ, Hγ′, Hβ′ and Hα′ hydrogens 
(Table  2). The Hβ hydrogen characteristic of DGTU is 
deshielded and visible between 5.12 and 5.25 ppm. It yields 
a multiplet. We observed none of the hydrogens character-
istic of the α,β,β′-diglycerol triundecenoate isomer.

On the 13C NMR spectrum for this sample (Table 4) the 
carbons carrying the ether group, Cγ and Cγ′, are visible 
at 69.98 and 72.55 ppm. The strong deshielding of the Cγ′ 
carbon results from its close proximity to the CH carbon 
carrying the OH group. The Cγ close to the CH of the ester-
ified Cβ is more shielded. The chemical shifts (Table 4) of 
the Cβ and Cβ′ carbons can be seen at 69.93 and 68.88 ppm, 
respectively. The esterified Cα and Cα′ carbons display 
shifts at 62.42 and 65.24 ppm. We can also see the carbons 
of undecylenic chain. This spectrum is characteristic of 
α,β,α′-DGTU. No chemical shift indicative of the presence 
of the α,β,β′-DGTU was detected.

Diglycerol Diundecylenate (DGDU)  The characteriza-
tion of this sample by mass spectrometry (Table 4) revealed 
the presence of a fragment at m/z 481.1 corresponding to 
the loss of a molecule of water from DGDU. The fragment 
at m/z 315.22 corresponds to the loss of an undecylenic 
fragment from the symmetric diester. The fragment at m/z 
241.18 corresponds to the loss of a part of DGDU consist-

ing of the glycerol and the undecylenic chain. On the basis 
of these fragments, this molecule was identified as DGDU.

The 1H NMR analysis (Tables 2, 4) shows the two mul-
tiplets between 3.43 and 3.86 ppm and between 3.95 and 
4.25  ppm corresponding to the two types of hydrogens 
on the diglycerol head. The least deshielded hydrogens, 
between 3.43 and 3.86 ppm, correspond to the Hβ and Hβ′ 
hydrogens, and the most deshielded hydrogens, between 
3.95 and 4.25  ppm, correspond to the four Hα and Hα′ 
hydrogens.

The peaks between 5.14 and 5.28 ppm and between 5.35 
and 5.45 ppm are two multiplets that correspond to hydro-
gen Hβ1 of α,β-DGDU, and hydrogens Hβ2 and Hβ′2 of β,β′-
DGDU, respectively.

The regioisomer composition of the isolated mixture 
of diglycerol diesters can be calculated on the basis of the 
integration of the characteristic peaks for each diglycerol 
ester: 73.8 % α,α′-DGDU, 22.8 % α,β-DGDU and 3.4 % 
β,β′-DGDU. The α,β′-DGDU form was not detected.

On the 13C NMR spectrum shown in Table 4, there are 
six peaks corresponding to the six carbons of diglycerol 
(Table 3). These peaks are grouped in twos, at 68.77 ppm 
for the Cα and Cα′ carbons, and 69.06 ppm (C16 and C13), 
corresponding to the two CH carbons carrying the second-
ary hydroxyl groups of diglycerol. The peak at 72.25 ppm 
corresponds to the Cγ and Cγ′ carbons; this peak shows 
that the esterification of diglycerol with undecylenic acid 
occurs via the primary hydroxyl groups in positions α and 
α′. This analysis confirms that the molecule isolated is the 
symmetric molecule α,α′-DGDU. The DEPT-135 analysis 
confirmed the presence of the α,β-DGDU and β,β′-DGDU 
regioisomers, because the Cα, Cα′, Cγ and Cγ′ yielded a pos-
itive signal, corresponding to CH2 groups. The Cβ and Cβ′ 
carbons gave a negative signal, corresponding to CH. We 
did not detect the carbons corresponding to the α,β′-DGDU 
form.

Diglycerol Monoundecylenate (DGMU)  Table  4 shows 
the mass spectrum for this sample. The fragment at m/z 
315.21 corresponds to the loss of a water molecule from 
DGMU, during its ionization. The peak at m/z 241.18 cor-
responds to the loss of a glycerol fragment from α-DGMU 
and β-DGMU. The peak at m/z 149.08 results from the loss 
of the diglycerol fragment, and the peak at m/z 131.07 cor-
responds to the loss of a water molecule from this fragment, 
during its ionization.

On the 1H NMR spectrum of Table  4, the multiplet 
between 3.45 and 4.25 ppm corresponds to the hydrogens 
characteristic of the linear diglycerol head of α-DGMU 
(Table  2). The peak between 4.12 and 4.24  ppm corre-
sponds to the Hα hydrogens. The peaks between 4.06 and 
4.12 ppm, and between 3.97 and 4.06 ppm correspond to 
the Hβ and Hβ′ hydrogens. The chemical shift between 3.73 
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and 3.89  ppm is attributed to the Hα′ hydrogens, and the 
multiplet between 3.45 and 3.72  ppm corresponds to the 
four Hγ and Hγ′ hydrogens. The complexity of the multiplet 
between 3.4 and 4.3 ppm suggests that the β-DGMU regio-
isomer may be present, although its characteristic shifts are 
not visible. Additional analyses are required to confirm or 
exclude this hypothesis.

On the 13C NMR spectrum (Table  4), the presence of 
the α-DGMU form was confirmed by the chemical shift 
at 72.25 ppm, corresponding to the Cα carbon bearing the 
esterified hydroxyl group of the diglycerol (Table 3). The 
chemical shift at 70.66 ppm corresponds to the Cβ carbon, 
and that at 68.77 ppm corresponds to Cβ′. The Cγ and Cγ′ 
carbons give rise to shifts at 64.71 and 64.82 ppm. Finally, 
the Cα′ carbon bearing the primary hydroxyl group yields 
a shift at 63.63 ppm. The Cα′, Cγ, Cγ′, Cβ′ and Cα carbons 
gave positive signals on DEPT-135 analysis; they corre-
spond to the CH2 groups of α-MUG. The chemical shift at 
72.82  ppm corresponds to CH2–OH, confirming the pres-
ence of β-DGMU, as suggested by the 1H NMR spectrum.

Conclusion

The direct, non-selective esterification reaction between 
glycerol and undecylenic acid or between diglycerol and 
undecylenic acid generates all the possible positional iso-
mers of glycerol or diglycerol esters. Isolation of the iso-
mers in high purity was achieved by silica gel chromatog-
raphy. The molecular structures of the isolated compounds 
were characterized and identified by mass spectrometry, 1H 
NMR, 13C NMR and DEPT-135. The polarity of these non-
ionic amphiphilic esters directly affected their affinity for 
organic and inorganic solvents and were found to behave 
very differently from carboxylic acid amphiphilic mol-
ecules, such as undecylenic acid.
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