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Though it is commonly known that a small amount of water can be present in triglyceride oil, a
molecular picture of how water molecules organize in the oil phase is lacking. We investigate
the hydrogen-bond configuration and dynamics of water in triacetin, tributyrin and trioctanoin us-
ing linear infrared and time-resolved two-dimensional infrared (2DIR) spectroscopy of the water
hydroxyl stretch vibration. We identify water molecules with a single strong hydrogen bond to
the triglyceride, water molecules with two weaker hydrogen bonds to the triglycerides, and water
clusters. These species do not interconvert on the 20 ps timescale of the experiment, as evi-
denced by the absence of cross-peaks in the 2DIR spectrum. The vibrational response of water
molecules with a single strong hydrogen bond to the triglyceride depends strongly on the exci-
tation frequency, revealing the presence of different subspecies of singly-bound water molecules
that correspond to different hydrogen-bond locations. In contrast, the water molecules with two
weaker hydrogen bonds to the triglyceride correspond to a single, specific hydrogen-bond con-
figuration; these molecules likely bridge the carbonyl groups of adjacent triglyceride molecules,
which can have considerable influence on liquid triglyceride properties.

1 Introduction
The essential role of water in biological systems is well-
recognized1. Water is known to actively influence the structure
and functioning of for example proteins1–5, DNA6,7, and phos-
pholipid membranes8,9. However, the role of water has been ne-
glected and hardly studied for a major class of biomolecules: the
triglycerides. Triglycerides are responsible for energy supply and
storage needed for metabolic functions and are widely used in
daily life as foods, pharmaceuticals, cosmetics and raw material
for biodiesel10.

Due to the hydrophobic nature of triglycerides, water is only
soluble up to small amounts, but is expected to nonetheless have
considerable influence on properties like the disorder of fatty acid
chains, fluidity and molecular packing10–13, in analogy with the
effect of small amounts of water on phospholipids8. The pres-
ence of water in triglycerides can also be very important for crys-
tallization of oil soluble bioactive molecules and the types of crys-
tals that are formed14–16. Water solubility in triglycerides can be
critically important for stability of water-in-oil emulsions as well,
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where diffusion of water can cause instabilities due to Ostwald
ripening17. In addition water decreases the long-term stability
of the triglyceride oil by promoting hydrolysis and auto-oxidation
reactions18–20.

A suitable technique to study the interactions between water
and triglycerides on the molecular scale is infrared spectroscopy.
The spectrum of the hydroxyl stretch vibration of water is very
sensitive to the hydrogen-bond configuration and as such can give
information on water structure, and by using time-resolved non-
linear infrared spectroscopy, on water dynamics.

Here we report on the hydrogen-bond configuration and dy-
namics of water in triglyceride oils, studied by linear infrared and
time-resolved two-dimensional infrared (2DIR) spectroscopy of
the water hydroxyl stretch vibration. We selected three saturated
triglycerides that are widely used in industry and have different
fatty acid chain lengths: triacetin, tributyrin, and trioctanoin (Fig.
1). Varying the fatty acid chain length effectively tunes the hy-
drophobicity of the oil.
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Fig. 1 Triglycerides used in this study.



2 Methods
We investigate solutions of water in triacetin, tributyrin and tri-
octanoin, using linear infrared and 2DIR spectroscopy. The so-
lutions are prepared by adding water to the triglyceride (pu-
rity >99%, Sigma-Aldrich), after carefully drying the oil. Even
though the triglyceride oils are mostly hydrophobic, they are con-
siderably hydrophilic as well, in the sense that small amounts of
water (∼0.5 ml/l) accumulate in the oil under atmospheric condi-
tions. This water is removed using 4 Å molecular sieves (Sigma-
Aldrich). Subsequently, 1 to 100 ml/l of water is added, con-
sisting of either H2O (Milli-Q grade), D2O (99.9%D, Cambridge
Isotope Laboratories) or 1:9 D2O:H2O. The ratio of 1:9 is chosen
as a compromise between having mostly HDO molecules (instead
of D2O), and still maintaining a sufficient concentration of OD os-
cillators and signal-to-noise to record 2DIR spectra. To ensure a
homogeneous distribution of water in the oil phase, the solutions
are left to equilibrate for at least five days. A long equilibration
time is especially important for trioctanoin, for which the water
diffusion is very slow.

We measure linear infrared absorption spectra using a FTIR
spectrometer (Bruker Vertex 80v). Each spectrum is background-
corrected with an equivalent concentration of H2O in triglyceride
(for solutions with D2O and 1:9 D2O:H2O) or with D2O in triglyc-
eride (for solutions with H2O). This correction is more accurate
than subtracting the spectrum of pure triglyceride only, since it
takes into account the replacement of triglyceride volume by wa-
ter.

We measure time-resolved 2DIR spectra by exciting and prob-
ing the OD stretch vibrations centered at ∼2640 cm−1. The tran-
sient 2DIR setup is described in ref.21. An intense resonant pump
pulse excites OD stretch vibrations, while a second, weaker probe
pulse monitors the pump-induced absorption changes. By varying
the time delay between the pump and probe pulses, we can follow
the decay of the excited vibrations back to the ground state, and
we can monitor the occurrence of excitation exchange between
vibrations. We construct 2DIR spectra by passing the pump pulse
through an interferometer, and Fourier-transforming the recorded
spectra as a function of the interferometric time delay22. This
method yields transient spectra as a function of the excitation fre-
quency; each horizontal spectral slice corresponds to the spectral
response after excitation of a sub-ensemble of water OD stretch
vibrations with a given frequency. The probe frequency is de-
termined by measuring the transient response with a broadband
probe pulse that is spectrally dispersed with a spectrograph and
detected with a mercury-cadmium-telluride infrared array detec-
tor. The sample is rotated continuously to prevent local heat ac-
cumulation.

The 2DIR spectra are recorded with parallel and perpendic-
ular polarization configurations of the pump and probe pulses.
The pulse polarizations are controlled by a half wave plate in the
pump beam which rotates the linear polarization by 45◦, and a
rotating polarizer behind the sample which selects probe and ref-
erence pulses at either 45◦ or -45◦ angle. Since the pump pulse
most efficiently excites OD stretch vibrations aligned parallel to
the pump polarization, the parallel transient absorption signal is

initially higher than the perpendicular signal. At later delays this
difference decreases due to molecular orientational dynamics. By
combining the parallel and perpendicular transient spectra (∆α‖
and ∆α⊥), we can construct the isotropic spectrum

∆αiso =
1
3

(
∆α‖+2∆α⊥

)
(1)

The isotropic spectrum decays with the lifetime of the vibration,
independent of molecular orientational dynamics. In addition we
can construct the anisotropic spectrum

R =
∆α‖−∆α⊥

∆α‖+2∆α⊥
(2)

which is directly proportional to the second order rotational cor-
relation function, and decays due to molecular reorientation and
resonant (Förster) energy transfer. The latter process contributes
to the anisotropy decay because the transfer of the vibrational ex-
citation from one vibration to the other can lead to a change of
the direction of the transition dipole moment.

In case the anisotropy of the cross-peaks in the 2DIR spec-
trum differs from that of the diagonal peaks, we can enhance
the visibility of the cross-peaks by constructing the polarization-
difference signal23:

∆αdi f f = ∆α⊥

(
∆α‖,max

∆α⊥,max

)
−∆α‖ (3)

3 Results

3.1 Linear spectra

Fig. 2 presents the infrared absorption spectra of water in the dif-
ferent triglycerides, at the water solubility limit. All spectra are
background-corrected and normalized on peak intensity. Without
normalization, the infrared absorption decreases strongly with
increasing fatty acid chain length. We determined the water
concentration in the saturated solutions by adding small, well-
defined amounts of water to the triglycerides and measuring the
corresponding change in integrated OD stretch absorption.† We
find that the saturation concentrations are 57±2 ml/l, 6.8±1 ml/l
and 3.4±1 ml/l for triacetin, tributyrin and trioctanoin respec-
tively, which corresponds to molar water to lipid ratios of 1:1.7,
1:9, and 1:11. The low water to lipid ratio for triglycerides with
longer fatty acids directly reflects the lower solubility of water in
these triglyceride oils.

For isotopically diluted water (Fig. 2A), the infrared absorption
spectrum reports on the hydrogen-bond strength, without the in-
fluence of intra- and intermolecular coupling. We find we can de-
compose the spectra into three Gaussian bands; a broad band at
lower frequencies (∼2600 cm−1), a narrower band at intermedi-
ate frequencies (∼2640 cm−1) and a small shoulder around 2715
cm−1. The small shoulder corresponds to non-hydrogen-bonded
OD groups24.

With increasing fatty acid chain length, the broad band at low
frequencies decreases in amplitude and shifts to higher frequen-
cies by about 45 cm−1, the narrow band at intermediate frequen-
cies blueshifts by 13 cm−1, and the amplitude of the small shoul-
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Fig. 2 Linear absorption spectra of saturated solutions of water in triacetin, tributyrin and trioctanoin. A: 1:9 D2O:H2O, B: D2O, C: H2O. The spectra are
corrected for H2O in triglyceride background (A,B) or D2O in triglyceride background (C), and normalized on peak intensity. The thin lines represent a
Gaussian fit to the spectra. Each Gaussian band can be assigned to a different hydrogen-bond configuration (see text).

der corresponding to non-hydrogen-bonded OD groups increases.
This shows that the distribution of hydrogen-bond strengths
shifts towards weaker hydrogen bonds for water in triglycerides
with longer fatty acid chains. In addition the different spectral
bands become narrower, which indicates that the distribution of
hydrogen-bond strengths becomes more homogeneous.

Replacing isotopically diluted water by pure H2O or D2O (Fig.
2B,C) leads to a splitting of the band at intermediate frequen-
cies. The resulting two bands are assigned to delocalized sym-
metric and antisymmetric stretching modes that result from the
intramolecular coupling of the hydroxyl stretch vibrations of H2O
and D2O. The broad band at low frequencies does not show this
behavior, which indicates that for these water molecules the two
stretch vibrations do not interact, probably as result of an asym-
metry in hydrogen bond strength. Hence, the low frequency
band likely arises from water molecules with one OH/OD group
strongly hydrogen-bonded to the lipid and the other OH/OD
group being free (giving rise to the small shoulder at 2715 cm−1).
The intermediate frequency band corresponds to water molecules
that have both hydroxyl groups weakly hydrogen bonded to
the lipid, or more specifically, to the C=O groups, considering
that the frequency of this intermediate band matches very well
with hydroxyl groups hydrogen-bonded to the C=O of acetone
molecules24,25.

The band positions resulting from the Gaussian fit are summa-
rized in Fig. 3 for the different triglycerides and isotopic compo-
sitions (the full extracted parameter set can be found in†). For
H2O, the relative separation between the delocalized symmetric
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A

Fig. 3 Center frequencies of the Gaussian bands that constitute the
spectra (Fig. 2) of saturated solutions of water in triacetin (red), tributyrin
(green) and trioctanoin (blue). A: 1:9 D2O:H2O, B: D2O, C: H2O. Trian-
gles: broad band (FWHM 90-220 cm−1), circles: narrow band (FWHM
50-65 cm−1), squares: small shoulder (FWHM 30 cm−1).

and antisymmetric stretching modes is slightly smaller than the
separation observed for D2O, in accordance with their gas phase
frequencies26,27. The spectra for D2O and H2O also show a small
peak around 2385/3240 cm−1. The frequency of this peak is ap-
proximately twice the bend frequency, and follows the shift of the
bend vibration with increasing fatty acid chain length† (note this
is in opposite direction of the OH stretch vibration). Hence, we
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assign this peak to the overtone of the bend vibration.
Besides a major contribution from OD stretch vibrations that

are strongly hydrogen-bonded to the oil, the broad band at
lower frequencies probably contains a contribution from small
water clusters. Water molecules hydrogen-bonded to other wa-
ter molecules give rise to a very broad band centered at 2500
cm−1 28,29. These clusters contribute to the spectrum mostly in
the case of triacetin, for which the low-frequency band has the
lowest frequency and a relatively large amplitude compared to
the other bands.

Fig. 4 presents the linear absorption spectra of isotopically di-
luted water in triacetin for different water concentrations, nor-
malized to the peak intensity. It can be seen that the shape of
the water spectrum changes considerably with concentration. A
Gaussian fit (see Fig. 5) shows that with increasing water con-
centration, the broad band at low frequencies increases in rela-
tive amplitude and shifts from 2620 cm−1 to 2572 cm−1, becom-
ing more similar to the OD stretch absorption spectrum of bulk
water. This observation indicates that the band contains a signifi-
cant contribution of water clusters that increases with increasing
water concentration. For tributyrin and trioctanoin we do not ob-
serve significant changes in spectral shape with increasing water
concentration†, so for these triglycerides the contribution of wa-
ter clusters appears to be negligible, even at the saturation limit.
Hence, for these triglycerides we can consider all water molecules
to be isolated.
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Fig. 4 Linear absorption spectra of isotopically diluted water (1:9
D2O:H2O) in triacetin for different water concentrations. The spectra are
corrected for H2O in triglyceride background and normalized on peak in-
tensity. The thin lines represent a Gaussian fit to the spectrum.

For low concentrations of isotopically diluted water (<4 ml/l),
the OD stretch spectra of the three triglycerides are identical†, so
at low water concentrations the hydrogen-bond strengths and the
relative contributions of each water species are the same. Hence,
the differences between the water spectra for the different oils, as
shown in Fig. 2, are mostly due to differences in water concen-
tration. There are still subtle differences: at low water concentra-
tions, the water bend vibration still shows a significant redshift
with increasing fatty acid chain length†. The redshift of the bend
vibration is also responsible for small changes of the H2O and
D2O hydroxyl stretch spectra with fatty acid chain length, due
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Fig. 5 Center frequencies (A) and areas (B) of the Gaussian bands that
constitute the spectra (Fig. 4) of water dissolved in triacetin at different
water concentrations. Triangles: broad band (FWHM 90-160 cm−1), cir-
cles: narrow band (FWHM 50-65 cm−1), squares: small shoulder (FWHM
∼30 cm−1).

the coupling of the water bend and hydroxyl stretch vibrations
for non-isotopically diluted water.

3.2 Time-resolved 2DIR spectra

To investigate the dynamics of the different hydrogen-bonded wa-
ter molecules and their possible interconversion, we measured
time-resolved 2DIR spectra. We recorded spectra for water in tri-
actin and tributyrin. Unfortunately, for trioctanoin the water con-
centration was too low to measure 2DIR spectra with sufficient
signal-to-noise.

Fig. 6 presents the 2DIR spectra of saturated solutions of water
in triacetin at 0.4 picoseconds after the excitation. The top row
shows the isotropic (rotation-free) 2DIR spectra. For isotopically
diluted water, the isotropic 2DIR spectrum shows a negative ab-
sorption feature along the diagonal, corresponding to the bleach-
ing of the 0→1 vibrational transition, and a positive absorption
feature corresponding to the 1→2 vibrational transition, which is
redshifted along the probe axis by about 100 cm−1 due to the an-
harmonicity of the OD stretch vibration. We find the spectrum of
isotopically diluted water in triacetin at 0.4 ps to be very inhomo-
geneous: the spectrum shows an almost perfect correlation be-
tween excitation and detection frequency (CLS∼1). In compari-
son, this correlation is largely lost at 0.4 ps for isotopically diluted
bulk water, as a result of rapid spectral diffusion30. This indicates
that the hydrogen-bond strength of water molecules confined in
the triglyceride oil is modulated on a much longer timescale, re-
flecting much slower water dynamics.

For pure D2O in triacetin, we observe two negative features
along the diagonal corresponding to the symmetric and antisym-
metric OD stretch vibration (and corresponding peaks due to the
1→2 transition). In addition, off-diagonal features (cross-peaks)
appear at all delay times due to the vibrational coupling be-
tween the symmetric and antisymmetric stretch vibrations. Note
that the symmetric to antisymmetric cross-peak appears around
ωpump,probe=2580, 2680 cm−1, while the corresponding diagonal
signal is centered at a lower frequency of∼2550 cm−1. This lower
frequency is the result of the contribution of OD stretch vibrations
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Fig. 6 2DIR spectra of saturated solutions of 1:9 D2O:H2O (A) and D2O
(B) in triacetin, at 0.4 picoseconds after excitation. The top row shows
the isotropic 2DIR spectrum (eq. 1, rotation free) and the bottom row the
polarization-difference 2DIR spectrum (eq. 3, cross-peaks enhanced).
The spectra are normalized on peak intensity.

of singly hydrogen-bonded water molecules and water clusters;
these vibrations absorb at lower frequencies compared to doubly
hydrogen-bonded water molecules. For these water molecules,
the hydrogen-bond configuration is asymmetric, and the OD vi-
brations do not form symmetric and antisymmetric vibrations.
Hence, these water molecules only contribute to the diagonal sig-
nal and not to the cross-peak of the symmetric and antisymmetric
OD vibration. The non-hydrogen-bonded OD stretch vibrations
are not observed in the 2DIR spectra, because their cross-section
is very low and the 2DIR intensity depends quadratically on the
cross-section.

The bottom row of Fig. 6 presents the polarization-difference
2DIR spectra. In the polarization-difference spectrum the diag-
onal signals are eliminated, and the cross-peaks become more
visible, provided that the cross-peaks have an anisotropy value
that differs from that of the diagonal peaks23. The polarization-
difference spectra reveal that the spectrum of isotopically diluted
water contains weak cross-peaks as well. These have a similar po-
sition and shape as the cross-peaks measured for D2O, but much
lower intensity†. This indicates that we detect the cross-peaks
due to vibrational coupling between the symmetric and antisym-
metric stretch vibrations of the 1% of D2O molecules left in the
isotopically diluted mixture.

At all time delays, only cross-peaks arising from the coupling
between the symmetric and antisymmetric stretch vibrations are
observed, both for water in triacetin (Fig. 6) and tributyrin†.
The absence of other cross-peaks indicates that the different
hydrogen-bonded water species do not interconvert on the 20 pi-
cosecond timescale of the experiment.

To study the vibrational dynamics of the different hydrogen-
bonded water species in more detail, we analyze slices of the
isotropic 2DIR spectra at different excitation frequencies. Fig. 7
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Fig. 7 Slices of the 2DIR spectrum at different excitation frequencies,
for a saturated solution of 1:9 D2O:H2O in tributyrin (solid lines are de-
scription with spectral decomposition fit). The colors indicate different
picosecond delay times.

presents these slices for isotopically diluted water in tributyrin.
For each excitation frequency, the vibrational response decays
within several picoseconds, reflecting the decay of the excited vi-
brations back to the vibrational ground state. Based on the linear
spectra, we expect at least two spectral components to contribute
to the vibrational response; a component corresponding to the OD
stretch vibrations of water molecules with a single strong hydro-
gen bond to the triglyceride, and a component corresponding to
OD stretch vibrations of water molecules with two weaker hydro-
gen bonds to the triglyceride. We therefore analyze the spectra
using a spectral decomposition model with two components:

model(ω, t) = σ1(ω)N1e−t/T1,1 +σ2(ω)N2e−t/T1,2

+σend(ω)
(

1−N1e−t/T1,1 −N2e−t/T1,2

) (4)

Where T1,1 and T1,2, the vibrational lifetimes of each compo-
nent, are the primary fit parameters, while the spectral compo-
nents σ1 and σ1 are calculated using singular value decompo-
sition. The spectrum σend is included to account for the small
residual signal at long time delays due to sample heating (and is
taken directly from the data at 220 ps). The results of the least-
squares fit are presented in Fig. 7 and describe the data well. In
this analysis we did not consider spectral diffusion effects which
are expected to lead to a slight broadening of the bands with time.

Fig. 8 presents the spectral components, along with the corre-
sponding lifetimes. Spectral component 2, corresponding to OD
vibrations of water molecules with two weak hydrogen bonds to
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the triglyceride, varies in amplitude, but hardly in shape, with
the excitation frequency. This finding indicates that the absorp-
tion band of the water molecules with two weak hydrogen bonds
is close to homogeneously broadened. In contrast, the spec-
tral signature of component 1, corresponding to the OD vibra-
tions of water molecules with a single strong hydrogen bond
to the triglyceride, varies strongly with the excitation frequency.
This indicates that the absorption band of the singly hydrogen-
bonded water molecules is inhomogeneously broadened and re-
spresents a heterogeneous ensemble of water molecules with dif-
ferent hydrogen-bond strengths. This heterogeneity likely arises
from the fact that water molecules are hydrogen-bonded to dif-
ferent groups of the triglyceride (carbonyl or ether oxygen), and
from the presence of different local conformations of the glycerol
backbone and fatty acid chains of the triglyceride surrounding the
hydrogen-bonded water molecules. In the case of triacetin, there
is a contribution of water clusters to the spectrum as well. This
contribution manifests itself as a broadening and relative increase
in amplitude of spectral component 1†.

The vibrational lifetimes of the OD stretch vibration of water
in tributyrin are 2.3 ± 0.7 ps and 17 ± 3 ps (Fig. 8B), for com-
ponent 1 and 2, respectively. For water in triacetin the lifetimes
are comparable: 2.0 ± 0.6 ps for component 1 and 11 ± 1 ps for
component 2†. The lifetime of component 2, corresponding to OD
vibrations of doubly hydrogen-bonded water molecules, is quite
long compared to the 1.8 ps lifetime of the OD stretch vibration
observed for HDO molecules in bulk isotopically diluted water31.
This longer lifetime points at a weaker anharmonic coupling of
the excited OD vibration and low-frequency accepting modes of
the triglyceride solvent, which can be explained from the weak
hydrogen bonds. In this perspective, the lifetime of spectral com-
ponent 1 is remarkably short, especially when it is excited at high
frequencies (corresponding to weak hydrogen bonds).

Finally, we investigate the depolarization dynamics of the wa-
ter molecules confined in the triglycerides, by measuring the
anisotropy decay of the vibrational excitation. The anisotropy

decays due to molecular reorientation, and in the case of non-
isotopically diluted water, by Förster energy transfer as well. Fig.
9 presents the anisotropy decay for saturated solutions of water in
triacetin and tributyrin, obtained by averaging over a frequency
range of 20 cm−1 around the main diagonal peak of the 2DIR
spectrum. For isotopically diluted water, the anisotropy decays
only partially within the time window of the experiment. This
indicates that the water molecules do not fully reorient on this
timescale, but instead sample a limited angular space. We can
describe the partial decay of the anisotropy using a single expo-
nential with an offset: R = R1e−t/τr +R0. This yields a reorien-
tation time τr of about 4 ps (τr=4.0 ± 0.5 ps for triacetin, and
3.8 ± 0.5 ps for tributyrin) and an offset of 0.14 ± 0.04, which
corresponds to reorientation within a cone angle of 46◦.
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Fig. 9 Anisotropy of the 2DIR spectra for saturated solutions of water in
triacetin and tributyrin. The anisotropy is obtained by averaging over a
frequency interval of 20 cm−1 around 2640 cm−1 (OD vibration of doubly
hydrogen-bonded HDO of 1:9 D2O:H2O) or around 2690 cm−1 (antisym-
metric OD stretch vibration of D2O), and normalized at 0.4 picoseconds.

In bulk liquid water, water molecules fully reorient on a 2.5 pi-
cosecond timescale31 by a mechanism which involves the switch-
ing hydrogen-bond partners32. The transition state for reorien-
tation requires the approach of another water molecule. For wa-
ter molecules confined in triglycerides the situation is very dif-
ferent, as there are no water molecules to switch to (or very
few, in the case of water clusters). This lack of potential new
hydrogen-bonded partners explains why the reorientation only
occurs within a limited cone angle: without the possibility of
forming a new hydrogen bond, it is most favorable to maintain
the hydrogen bond to the triglyceride, which limits the angular
space of the reorientation.

For D2O, we only average the anisotropy decay over the diago-
nal peak that corresponds to the antisymmetric stretch vibration.
By doing so, the effect of intramolecular coupling is eliminated:
the antisymmetric stretch vibrations that transfer energy to the
symmetric mode show up in another part of the spectrum (the
cross-peak) and thus do not contribute to the anisotropy decay
of the diagonal peak. However, intermolecular coupling due to
coupling between antisymmetric vibrations located on neighbor-
ing water molecules, can still contribute to the anisotropy decay.
It can be seen in Fig. 9 that the anisotropy decay for D2O in trib-
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utyrin is very similar to the decay for isotopically diluted water
in the same triglyceride, while the anisotropy decay for D2O in
triacetin is clearly faster than its isotopically diluted counterpart.
This is in line with our earlier observation that triacetin contains
a significant amount of water clusters, that also contribute to the
absorption at 2690 cm−1. Within a water cluster, intermolecular
energy transfer is possible, while in tributyrin all water molecules
are isolated and intermolecular energy transfer does not happen.

Water clusters are likely only present in triacetin due to the
higher concentration of hydrophilic groups versus hydrophobic
groups for this triglyceride, as a result of the shorter hydrophobic
fatty acid chain. This makes it more likely for a water molecule
that is hydrogen-bonded to the hydrophilic carbonyl group of
the triglyceride to be in the vicinity of a water molecule that is
hydrogen-bonded to the carbonyl group of another triacetin. As a
result, it may become favorable for other water molecules to ac-
cumulate in between and in the vicinity these hydrogen-bonded
water molecules, thus leading to the formation of water clusters.

4 Discussion
The spectra of water molecules confined in the triglyceride oils
are similar to the spectra of water molecules confined in other
solvents. Studies on mixtures of water and acetone24,25, ace-
tonitrile33, DMSO25,34, poly-ether35 and dioxane36 showed a
strong narrowing and blueshift of the water hydroxyl stretch vi-
brations when the water concentration was decreased. For all
these solvents, a decrease of the water fraction leads to a re-
placement of the interconnected water hydrogen-bond network
by specific hydrogen-bond configurations involving water and hy-
drophilic groups of the solvent. Arguably the most closely related
system is water in acetone clusters24. Infrared spectra of the wa-
ter OH stretch vibration showed that water molecules in acetone
clusters form either a single strong hydrogen bond to an acetone
carbonyl group, or two weaker hydrogen bonds to two acetone
carbonyl groups, which is similar to what we currently observe
for water molecules in the triglycerides. The main difference is
that water in acetone clusters can more easily switch hydrogen-
bond partners: on a 1.3 picosecond timescale, water molecules
change between a single strong hydrogen bond and two weaker
hydrogen bonds to the acetone carbonyl groups. Most likely, this
difference is due to the much higher density of carbonyl groups in
acetone, and due to the much higher mobility of the light acetone
molecules compared to the bulky triglyceride molecules.

The 2DIR spectra showed that water molecules with two hydro-
gen bonds to the triglyceride constitute a single species, which in-
dicates that these water molecules have a specific hydrogen-bond
configuration. Considering the positioning of the carbonyl groups
of the triglyceride, the most likely hydrogen-bond configuration
is one where the water molecule bridges two adjacent triglyceride
molecules. Below the melting point triglycerides adopt different
polycrystalline phases that are thought to persist in the liquid10.
Different models have been proposed for the liquid ordering; a
smectic phase with triglycerides in a chair-like conformation11,
a nematic phase with triglycerides in the same conformation but
with twisted chains12 and a stacked-disk ordering where each
disk consists of a single y-shaped triglyceride molecule13. Each

of these structures would allow bridging water molecules be-
tween carbonyl groups of adjacent triglyceride molecules, while
intramolecular bridging is unlikely. As such, water is expected to
have a large influence on the liquid triglyceride properties such
as viscosity and molecular ordering during crystallization, which
is of great importance for many biological and industrial systems.

5 Conclusions
We have investigated the hydrogen-bond structure and vibra-
tional dynamics of water in triglyceride oils, using linear infrared
and time-resolved 2DIR spectroscopy. From the linear spectra of
the water hydroxyl stretch vibrations measured at different iso-
topic dilutions, we identify several water species: waters with a
single strong hydrogen bond to the triglyceride, waters with two
weaker hydrogen bonds to the triglycerides, and water clusters.
The latter species is only present in triacetin, the triglyceride with
the shortest fatty acid chains. For tributyrin and trioctanoin the
amount of clusters is negligible, and all water molecules can con-
sidered to be isolated.

The 2DIR spectra of the OD stretch vibration of D2O in triacetin
and tributyrin contains cross-peaks between the symmetric and
antisymmetric stretch vibrations of D2O. The absence of other
cross-peaks shows that the different water species do not inter-
convert on the 20 picosecond timescale of the experiment.

The vibrational lifetimes of the OD stretch vibration of HDO
in triacetin are 2.0 ± 0.6 ps for HDO molecules with a single
strong hydrogen bond, and 11 ± 1 ps for HDO molecules with
two weak hydrogen bonds. For tributyrin the lifetimes are 2.3 ±
0.7 ps and 17 ± 3 ps, for the singly and doubly hydrogen-bonded
water molecules, respectively. Within the experimental time win-
dow, the anisotropy of the vibrational response decays only par-
tially; the decay corresponds to reorientation on a 4 picosecond
timescale within a limited cone angle of 46◦.

The transient spectral response of water molecules with a sin-
gle strong hydrogen bond to the triglyceride depends strongly on
the excitation frequency, revealing the presence of different sub-
species of singly-bound water molecules with different hydrogen-
bond strengths. In contrast, the water molecules with two weaker
hydrogen bonds to the triglyceride correspond to a single, specific
hydrogen-bond configuration. Considering the structure of the
triglycerides, these water molecules likely bridge adjacent triglyc-
eride molecules. As such, water is expected to have a large influ-
ence on liquid triglyceride properties.
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