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ABSTRACT: We study the concentration and temperature dependence of the reorientation
dynamics of water molecules in binary mixtures of water and 2,6-lutidine below the lower
solution critical temperature (LSCT) with femtosecond mid-infrared pump−probe
spectroscopy. The measurements reveal the presence of water molecules interacting with
both the hydrophobic groups of lutidine and forming a hydrogen bond with the nitrogen
atom of lutidine. Both types of molecules show a strongly decreased rotational mobility in
comparison to bulk water. From the temperature dependence of the slow water fraction, we
conclude that the lutidine molecules form clusters that decrease in size when the temperature
is decreased further below the LSCT.

■

INTRODUCTION
Amphiphilic molecules contain both polar (hydrophilic) and
apolar (hydrophobic) moieties, which lead to competitive
behavior in aqueous solutions of these compounds. This
competition drives the rearrangement of amphiphilic molecules in order to realize the interactions favorable for both the
hydrophobic and hydrophilic parts. Macroscopically these
rearrangements involve a delicate balance of the entropy and
the enthalpy of the system, leading to the existence of critical
phenomena such as phase separation. Depending on the
chemical and physical parameters (composition, temperature,
pressure, etc.), a homogeneous liquid mixture can thus
reversibly separate into solute- and solvent-rich phases. This
type of phase separation is ubiquitous and takes place in a
broad range of systems. Recently, several studies have been
reported on the role of liquid−liquid phase separations in drug
delivery,1 living cell processes (including pathological),2,3 and
atmospheric chemistry.4,5
The phase diagram of a liquid mixture in temperature (T)−
solute mole fraction (X) coordinates represents whether the
compounds are miscible or not. These phase diagrams can
include both lower and higher solution critical temperatures,
LSCT and HSCT, respectively. By deﬁnition, below the LSCT
and above the HSCT, the compounds are fully miscible. While
the existence of a HSCT is quite common for binary mixtures,
the existence of an LSCT for aqueous solutions is limited to a
few classes of organic molecules and polymers. Nevertheless,
the aqueous solutions of compounds such as tetrahydrofuran,
trimethylamine, and isobutyric acid, which are commonly used
in organic synthesis, show an LSCT.6−8 Other examples
include amphiphilic polymers and ionic liquids.9−11
Pyridine derivatives form a class of amphiphilic compounds,
the solvation properties of which strongly diﬀer from their
nonpolar analogs. Homoarene benzene (C6H6) and the
simplest heteroarene pyridine (C5H5N) diﬀer only by the
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presence of a polar nitrogen atom in the structure of the latter
instead of a CH− group in the structure of the former.
However, pyridine is miscible with water at any ratio at all
temperatures,12 while benzene is only weakly soluble in
water.13 Interestingly, that very subtle change in the molecular
structure of the pyridine derivative may lead to a signiﬁcant
change of the phase diagram of its aqueous solution. Even a
change of only the position of an alkyl substituent in the
pyridine ring may signiﬁcantly inﬂuence its mixing/demixing
behavior. 14−16 Overall a broad range of pyridine-like
compounds, including natural alkaloid nicotine, show an
LSCT in aqueous mixtures.17 The formation of OH...N
hydrogen bonds favors miscibility and the hydrophobic
interactions involving the weakly polar hydrocarbon core
favor demixing.14,15,18 The aggregation of solute molecules
driven by hydrophobic interactions can lead to the formation
of molecular clusters with sizes up to several nanometers.16,19−21
A mixture of 2,6-lutidine (2,6-dimethylpyridine, lutidine)
and water demonstrates a closed-loop phase diagram.22,23 In
Figure 1, we show a part of the phase diagram of the 2,6lutidine/water mixture near the LSCT. In this mixture, LSCT
≈ 307 K at X ≈ 0.062 and the composition range in which the
compounds are immiscible is approximately 0.01 ≤ X ≤ 0.3 in
between the LSCT and HSCT. Interestingly, the phase
diagram also depends on the isotopic composition of the
water molecules and the concentration of electrolytes, both
Received: October 15, 2020
Revised: December 11, 2020

A

https://dx.doi.org/10.1021/acs.jpcb.0c09363
J. Phys. Chem. B XXXX, XXX, XXX−XXX

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

Article

parametric ampliﬁcation process in a BBO crystal that leads to
the generation of signal (∼1400 nm) and idler (∼2100 nm)
pulses. This process is pumped by another fraction of the 800
nm pulse. The signal pulse was further ampliﬁed in a second
pass through the BBO crystal using the remaining fraction of
the 800 nm as the pump. The ampliﬁed signal and regenerated
idler pulses were used in a diﬀerence-frequency generation
(DFG) process in an AgGaS2 (AGS) crystal. In this process,
infrared pulses centered at 2500 cm−1 (4 μm) were generated
with a pulse energy of ∼3.5 μJ. The second OPA was used to
generate the pump pulse. The pump OPA and subsequent
DFG stage produced pulses centered at 2500 cm−1 (4 μm)
with a pulse energy of ∼20 μJ, with a pulse duration of ∼100 fs
long, and a bandwidth of ∼140 cm−1 (FWHH).
The output of the ﬁrst (probe) OPA was split into two
beams using a ZnSe beam splitter. One of these beams (probe
beam) was used to measure the pump-induced absorption
changes (transient absorption, Δα), and the second (reference
beam) was used to normalize the probe intensity to
compensate for pulse-to-pulse power ﬂuctuations. The probe
beam was sent through a motorized delay stage to control the
delay time between the pump and probe pulses.
The polarization of pump pulses was set at 45° with respect
to that of the probe beam using a half-wave plate. The pump
and probe beams were focused and overlapped at the same
spot in the sample, and the probe light polarized parallel or
perpendicular to that of the pump was selected with a polarizer
behind the sample. After the sample, the probe and reference
beams were recollimated and dispersed using a spectrometer
and detected with a liquid nitrogen-cooled 3 × 32 pixels array
mercury−cadmium−telluride detector. By mechanical chopping of every second pump pulse before the sample, we
determined the pump-induced absorption change of the probe
pulse. All spectra were corrected by the subtraction of a weak
response at a relatively long negative delay time (−20 ps).
The transient absorption signals measured with the probe
polarized parallel and perpendicular to that of the pump (Δα∥
and Δα⊥) are used to construct the rotation-free isotropic
transient absorption (Δαiso) change:

Figure 1. Phase diagram of 2,6-lutidine/water mixtures near the lower
solution critical temperature (LSCT). The inset in the right bottom
corner shows the structural formula of 2,6-lutidine, and the black,
blue, and white spheres represent carbon, nitrogen, and hydrogen
atoms, respectively.

illustrating a delicate competition of intermolecular interactions in the system.14,18,22,24 The study of the molecular
properties of 2,6-lutidine/water mixtures is of strong general
interest. These mixtures have recently been used in liquid
templating of the aggregation of colloidal particles via
bicontinous Pickering emulsion formation.25 A commercially
important process dependent on the mixing properties with
water is the transformation of alkyl pyridines to the
corresponding N-oxides.26 It is also worth noticing that in
spite of the simplicity of this system, the molecular structure of
2,6-lutidine is close to the structures of pyrimidine and purine
nucleobases, which are present in the aqueous environment in
living cells forming nucleic acids such as DNA and RNA.
In this work, we use polarization-resolved femtosecond
infrared pump−probe spectroscopy to study the concentration
and temperature dependence of the structural and dynamical
properties of water molecules solvating 2,6-lutidine. This
method has been successfully applied to the study of the
hydration of small organic molecules27−29 and (bio)polymers.30−33 Because of the high sensitivity of molecular
vibrations to their chemical environment, this technique is
capable of providing unique information on the solvation
structure. In our experiments, we observe diﬀerent water
species showing diﬀerent reorientational dynamics and vibrational relaxation rates. We use the obtained results to explain
the molecular events accompanying the phase separation of
2,6-lutidine/water mixtures near the LSCT.

Δαiso(t , ω) =

1
(Δα + 2Δα⊥)
3

(1)

where t represents the delay time and ω the frequency. The
time dependence of this quantity is not aﬀected by the
orientation of the excited transition dipole moments and
represents the vibrational relaxation and spectral diﬀusion.
From the same Δα∥ and Δα⊥, the anisotropy (R) is
constructed:

■

MATERIALS AND METHODS
We measured linear infrared absorption spectra with a
commercial Bruker Vertex 80v Fourier-transform infrared
spectrometer with a resolution of 2 cm−1. For the pump−
probe experiments, we used a Ti/sapphire regenerative
ampliﬁer (Coherent) seeded by the output of a Ti/sapphire
oscillator (Coherent). The system produces ∼35 fs 800 nm
pulses with a pulse energy of ∼3.3 mJ at a repetition rate of 1
kHz. The output of the system was split ∼70/30 to pump two
β-barium borate (BBO)-based optical parametric ampliﬁers
(OPA) to generate the mid-infrared pump and probe pulses,
respectively.
In the ﬁrst (probe) OPA, a small fraction of the 800 nm light
(∼1%) was used to generate white light continuum in a
sapphire plate. This white light was used to seed an optical

R(t , ω) =

Δα − Δα⊥
3Δαiso

(2)

The dynamics of this parameter reﬂect the depolarization
dynamics of the system caused by reorientation or heat
diﬀusion.
2,6-Lutidine (redistilled, 99%+) was purchased from Sigma
Aldrich and was used as received. Isotopically diluted water
(HDO) was prepared by mixing deionized water (Millipore)
with D2O (Sigma Aldrich, 99.9% D atoms) to achieve a 4
molar % solution of HDO in H2O. We ﬁnd that the isotopic
dilution of H2O by adding 2 molar % D2O does not
signiﬁcantly perturb the phase diagram of water−lutidine.
B
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indicates an increase of the fraction of water (HDO) molecules
that form stronger hydrogen bonds than hydrogen bonds in
liquid water. We assign this increasing low-frequency shoulder
to the formation of OD...N hydrogen bonds; since the pyridinetype nitrogen atom of lutidine is a hydrogen-bond acceptor,16,18,35 2,6-lutidine acts as a weak base (conjugated acid pKa
= 6.6) in the aqueous solutions.36
Isotropic Transient Absorption. In Figure 3, we present
isotropic transient absorption spectra (Δαiso) for systems with

We measure the transient absorption changes of the OD
stretch vibrations of the HDO molecules following the
excitation of these vibrations. We use isotopically diluted
water to avoid the measurements to be aﬀected by intra- and
intermolecular coupling of the water stretching modes.34 The
samples were prepared by mixing appropriate volumes of
isotopically diluted water and 2,6-lutidine. The samples were
squeezed between two circular 2 mm thick CaF2 windows
(Crystran) separated by 25−200 μm PTFE spacers. The width
of the spacer was chosen such that the transmission of the
sample was 50−60% at the maximum of the absorption of the
OD stretch vibration. We also took care that the transient
absorption change is 0.1 or less at the maximum of the
absorption of the OD stretch vibration. We varied the solute
fraction from 0.02 to 0.9. For solute fractions higher than 0.3,
we used 4 mm thick CaF2 rectangular windows (Crystran), and
we injected the mixtures with a syringe through a hole in one
of the windows, since squeezing is complicated due to the high
wettability of CaF2 by lutidine.
If not mentioned, the temperature of the sample was equal
to 295 K. The phase separation temperatures were determined
visually by slowly heating the mixtures in vials in a 0.5 L water
bath, the temperature of which was controlled with a digital
thermometer with a precision of 1 K. We used a home-built
sample holder equipped with Peltier elements to perform
transient absorption measurements at elevated or decreased
temperatures. In these experiments, the temperature of the
sample was controlled with the same digital thermometer and
maintained using a thermal controller with a feedback loop.

■

RESULTS
Concentration Dependence. Linear Infrared Absorption Spectra. In Figure 2, we present infrared absorption
Figure 3. Isotropic transient absorption spectra for (A) X = 0.02 and
(B) X = 0.3 lutidine/water mixtures. Points represent experimental
values; solid lines represent the ﬁt using the kinetic model described
in the text.

solute fractions X = 0.02 and X = 0.3. At early delay times, a
negative transient absorption signal around 2500 cm−1 is
observed corresponding to the bleaching of the ground state
and stimulated emission (v = 1 ↔ 0) of the OD stretch
vibrations. The positive signal at lower frequencies corresponds
to the induced v = 1 → 2 excited-state absorption. Due to
vibrational energy relaxation, Δαiso decreases with delay time at
all frequencies. At longer delay times, the transient spectrum
looks similar to the thermal diﬀerence spectrum of the OD
stretch absorption band (diﬀerence of the absorption spectra
measured at room temperature and elevated temperature).
However, although the spectral shape looks similar to a
thermal diﬀerence spectrum, we observe ongoing dynamics of
the amplitude of the transient absorption signal, even after a
relatively long delay time of 9 ps. This type of long delay time
dynamic has been observed before for solutions of organic
molecules in water and indicates that the complete
equilibration of the system is delayed with respect to the
relaxation of the excited vibrational state.37,38 The long delay
time dynamics may be due to a repositioning of the molecules
in the solution, e.g., associated with a change of the size and
distribution of clusters. No further signal evolution is observed
after ∼25 ps delay time for all solute fractions, meaning that at
those delay times, complete thermal equilibrium is reached
within the excited volume.

Figure 2. Linear absorption spectra corresponding to the OD stretch
absorption band.

spectra of the 2,6-lutidine/water mixtures in the frequency
region of the OD stretch vibration of HDO. The OD stretch
absorption band of the HDO molecules overlaps with other
bands assigned to H2O and lutidine. To accurately extract the
OD stretch absorption band line shape from the raw linear
infrared absorption spectrum, we performed a simple
subtraction procedure described in the Supporting Information. Increasing the solute concentration leads to growth of a
shoulder in the red wing of the spectrum. This shoulder
C
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extracted from the ﬁt for the X = 0.3 mixture are presented
in Figure 4B. Both spectra possess bleaching and induced
absorption signals. Figure 4C displays the time constants
extracted from the ﬁts for diﬀerent mixtures. It is seen that the
relaxation time constants increase with the increasing lutidine
concentration. T1r increases from 1 ps at X = 0.02 to ∼2 ps at
X = 0.75. T1b changes more signiﬁcantly, from 2 ps at X = 0.02
to 5.3 ps at X = 0.75.
Anisotropy Dynamics. The transient absorption signal
contains both contributions from the excited OD vibrations
and a contribution of the state that is created after the
relaxation, where the latter contributions will increase with the
increasing delay time. In this, the ﬁnal state has been denoted
as the “hot ground state”, representing a state in which the
excitation energy has thermally equilibrated over the excited
volume. Hence, this state is expected to be isotropic. To
determine the delay time dependence of the anisotropy of the
signal of the excited OD oscillators, the observed total
absorption signal has to be corrected for the response
following the relaxation of these oscillators.27,30,37,39 In Figure
5A, it is seen that the assumption that the state created after

A careful analysis of the transient spectra obtained for X >
0.062 reveals a blue-shift of the frequency position of the
maximum of the transient absorption signal with the increasing
delay time. This can be clearly seen by comparing for instance
the signal at ≈ 0.4 ps and at 2 ps for X = 0.3 (Figure 3B). This
observation implies that the vibrational relaxation rate (T1) is
frequency-dependent for solutions with a higher solute fraction
X.
To account for the frequency dependence of the relaxation
rate, we apply a kinetic relaxation model in which two excited
states relax to a common state, which we denote as the “local
hot state” (see the following section). The relaxation dynamics
are characterized by time constants T1r and T1b for the lowfrequency component and the high-frequency component,
respectively (Figure 4A). The initial populations of the two

Figure 5. (A) Δα∥ and Δα⊥ dynamics for X = 0.3 at delay times >3 ps
at the center of the bleach. The points represent the experimental
results. The lines represent the ﬁts obtained with the model described
in the text. (B) Anisotropy dynamics measured for diﬀerent
concentrations of 2,6-lutidine at the center of the ground state
bleach. All curves are normalized to the anisotropy value at 0.4 ps.

Figure 4. (A) Representation of the kinetic model applied for the
description of the vibrational energy relaxation. (B) Spectral shapes of
the two decomposed bands extracted from an unconstrained ﬁt of the
data of the X = 0.3 mixture. (C) Vibrational relaxation time constants
as a function of the solute fraction X at 295 K. The time constants are
extracted from the unconstrained ﬁts; the dashed lines are guides to
the eye.

the vibrational relaxation would be isotropic leads to signiﬁcant
diﬀerences between the curves calculated with the relaxation
model (dashed lines) and the data. This assumption can even
lead to a divergence of the corrected anisotropy (Figure S2). In
Figure 5B, it is seen that for X ≥ 0.15, the anisotropy that is
constructed directly from the measured Δα∥ and Δα⊥ does not
completely relax even at delay times >9 ps. For X = 0.3 at 9 ps
delay time, ≈20% of the initial anisotropy is conserved, while
no more than 5% of the initial excited OD population is left,
and the transient absorption signal is dominated by the endlevel signal. Hence, we conclude that the state reached after the

excited states were kept equal, and the spectral shapes
(including the amplitudes) were varied without constraints.
A similar model has been applied to the description of the
vibrational energy relaxation dynamics in water/DMSO and
the water/acetone mixtures.27 A more detailed description of
the kinetic model can be found in ref27 and the Supporting
Information.
We have applied this kinetic scheme to analyze the data
obtained for all compositions. The two spectral shapes
D
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distribution of the excited OD groups. As the bulklike water
molecules show a fast reorientation, also after their
reorientation, we only consider the slow water molecules in
describing the transfer of anisotropy from the excited OD
vibration to the local hot state. We also assume that the
anisotropy of the local hot state does not show a signiﬁcant
decay within the probed delay-time range. Additionally, we do
not account for the heat diﬀusion from the excited volume,
which happens on a much longer time scale of microseconds
and is thus not observed within the accessible experimental
delay-time range.
Under these assumptions, the anisotropy of the local hot
state can be described with the following simple expression
(see the Supplementary Information):

vibrational relaxation corresponds to an anisotropic distribution of relaxation-aﬀected OD oscillators that is present long
after the vibrational relaxation. This indicates that the energy
that is dissipated in the vibrational relaxation primarily aﬀects
the originally excited OD oscillator, i.e., remains local. Since
the spectral shape corresponding to this state is still very close
to that of the thermal diﬀerence spectrum and only shows
subtle amplitude dynamics, we denote this state as the local
hot state.
The transient absorption signal associated with the local hot
state will be anisotropic when a few conditions are met. The
ﬁrst condition is that the reorientation of the water molecules
should be slower than the vibrational relaxation; i.e., after the
excitation energy is transferred into heat, the orientation of the
originally excited molecule is not yet randomized. This
condition is fulﬁlled for water molecules that slowly reorient
due to their interaction with the hydrophobic or hydrophilic
parts of the lutidine molecules. The reorientation of these
molecules will also remain slow after the vibrational relaxation,
i.e., when they give rise to the transient absorption signal of the
local hot state. A second important condition for the local hot
state to be anisotropic is that the heating eﬀect following the
relaxation of the OD vibration has very little eﬀect on other
OD vibrations that are not excited. This condition is fulﬁlled if
the equilibration of heat between excited and nonexcited
oscillators is slow, which will be the case if the OD oscillators
are well separated and heat diﬀusion is not very fast. This
second condition is largely fulﬁlled by the isotopic dilution of
the sample, which implies that the concentration of OD groups
is much lower than the overall water concentration in the
mixture. The separation of the OD groups may be further
enhanced as a result of clustering of the lutidine/water mixture,
which implies that small clusters or monomers of water
molecules are embedded by lutidine molecules and well
separated from other water clusters.
To account for the anisotropy of the local hot state, we ﬁt
the experimentally observed Δα∥ and Δα⊥, with a combination
of Δαiso,i and anisotropy (Ri) values associated with each of the
two excited states and the local hot state. The amplitudes
Δαiso,i of these three states at a particular delay time are
determined by the kinetic relaxation model described in the
previous section:
Δα =

∑ (1 + 2R i)Δαiso,i

(3)

Δα⊥ =

∑ (1 − R i)Δαiso,i

(4)

R h = a × R slow

(6)

Here, Rh is the anisotropy of the local hot state, and a is a
fraction of the anisotropy inherited. As can be seen in Figure
5B, accounting for the local hot state anisotropy leads to a
signiﬁcant improvement of the data description (solid line).
In Figure 6, we show the parameters derived from the ﬁt as a
function of the lutidine concentration. Figure 6A represents

Given the spectral shapes and relaxation rates, only the Ri
values need to be ﬁtted in this routine. We assign an identical
delay-time dependent anisotropy to each of the two excited
states:
R(t ) = R 0e−t / τbulk + R slow,

Article

Figure 6. Parameters extracted from the ﬁtting of the anisotropy
dynamics of Figure 5. (A) Fraction of slow water as a function of the
fraction of 2,6-lutidine; (B) number of slow water molecules per 2,6lutidine molecule as a function of the fraction of 2,6-lutidine; (C)
fraction of the anisotropy (a) inherited by the local hot state as a
function of the fraction of 2,6-lutidine; the dashed lines are guides to
an eye.

(5)

where the value (R0) represents the fraction of bulklike water
molecules with the corresponding bulk reorientation time
constant τbulk and the oﬀset (Rslow), the fraction of slowly
relaxing water molecules, for which the orientational relaxation
is negligible within the accessible delay-time window of the
experiment (the details are described in the Supporting
Information).
To describe the anisotropy of the local hot state, we used an
approach akin to the one used by Rezus et al.38 In this
approach, the hot state partly inherits the anisotropic

the fraction of slow water molecules extracted from the ﬁt. As
can be seen, this fraction increases with the increasing solute
concentration until X = 0.3. At X = 0.3, the slow water fraction
saturates at a value of ≈ 0.7. In Figure 6B, we show the number
of slow water molecules per lutidine molecule. At low solute
fractions, on average six water OD groups are slowed down per
E
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lutidine molecule. Since the hydrophobic part of lutidine has a
much higher volume than its hydrophilic part, it is most likely
that at a low solute content, the fraction of slow water
molecules is dominated by water molecules that are slowed
down as a result of their interaction with the methyl groups
and the aromatic ring of lutidine. It has been shown before39
that hydrophobic hydration can lead to the slowing down of
the reorientation of up to four water hydroxyl groups per
methyl group.
Increasing the concentration leads to a gradual decrease in
the number of slow water OD groups per lutidine molecule.
Dilution of water with lutidine leads to an overall lower
number of water molecules per lutidine molecule. Apart from
that, when the concentration is increased, the lutidine
molecules will cluster due to the aggregation of their
hydrophobic parts. As a result, water molecules will be
expelled leading to a decrease of the number of slow water
hydroxyl groups per lutidine molecule. It is to be expected that
even at high concentrations, water will remain interacting with
the hydrophilic part of lutidine. Each lutidine molecule can
create one strong OH(OD)...N bond. Noticing the signiﬁcant
broadening of the shoulder in the red wing of the linear
spectrum (Figure 2), it thus seems likely that at high solute
concentration, most of the remaining slow water hydroxyl
groups are slowed down because of their interaction with the
nitrogen atom of lutidine.
In Figure 6C, we show the fraction a of the anisotropy
inherited by the local hot state as a function of the lutidine
fraction. At low lutidine fractions, the data can be well
described assuming that the local hot state is isotropic (a = 0,
see Figure S4). For solute fraction ≥0.15, a has a signiﬁcant
nonzero value and increases with the increasing lutidine
fraction.
Temperature-Induced Changes in the Structure and
Dynamics. We studied the temperature dependence of the
anisotropy dynamics at three lutidine/water compositions:
lower than the critical (X = 0.02), around the critical (X =
0.062), and higher than the critical concentration of 2,6lutidine (X = 0.2). For all compositions, we observe little
acceleration in the vibrational relaxation upon decreasing the
temperature (Figure S6). This ﬁnding is in good agreement
with previously reported results for aqueous solutions of small
amphiphilic molecules, which showed no change in the
relaxation rate40 or only a small acceleration when the
temperature is decreased.41 The anisotropy dynamics were
analyzed by ﬁtting Δα∥ and Δα⊥ according to the procedure
described in the previous section. The bulk reorientation time
constant τbulk values at diﬀerent temperatures are calculated
with an Arrhenius equation, using an activation energy Ea of
16.5 kJ/mol and a prefactor A of 332.7. These values are
obtained from a previous study of water interacting with
amphiphilic molecules.41
The most pronounced eﬀect induced by decreasing the
temperature is the increase of the slow water fraction (Figure
7A). This eﬀect is very clear for X = 0.2: when the temperature
is decreased from 313 to 275 K, an increase of Rslow by ∼50% is
observed. For lower solute fractions, this eﬀect is less
pronounced (∼15−20%). The a value shows no signiﬁcant
temperature dependence and equals ∼0.1.

Article

Figure 7. (A) Temperature dependences of the fraction of slow water
molecules and (B) fraction of the inherited anisotropy (a); dashed
lines are the guide to an eye.

absorption band with the increasing lutidine concentration.
This shoulder results from the formation of a strong OD...N
hydrogen bond between HDO and the sp2-hybridized nitrogen
atom of the pyridine ring of lutidine. This observation is in
good agreement with previous theoretical work.15,42 This
situation is very similar to that of the TMAO/water system in
which a highly partially charged O atom is present.37 In
contrast, for tetramethyl urea, DMSO, and acetone, the oxygen
atoms have a weaker aﬃnity to water hydrogen atoms.27,39
We ﬁnd that the vibrational relaxation of the OD stretch
vibrations of the water−lutidine mixtures can be well-modeled
with two OD stretch absorption bands with diﬀerent
vibrational relaxation rates. These two bands account for the
fact that water−lutidine mixtures contain a broad distribution
of hydrogen-bond strengths and that vibrational relaxation
proceeds faster for strongly hydrogen-bonded HDO molecules
(with low OD stretch frequencies) than for weakly hydrogenbonded HDO molecules (with high OD stretch frequencies).
A frequency dependent relaxation rate has been observed
before for DMSO/water, acetone/water, and TMAO/water
systems.27,37 In all these cases, vibrational relaxation proceeds
faster in the red wing of the spectrum than in the blue one.
Increasing the fraction of 2,6 lutidine leads to a deceleration
of the vibrational relaxation at all frequencies. We attribute this
eﬀect to a disruption of the hydrogen-bond network by
lutidine. With the increasing lutidine concentration, the
fraction of water molecules forming hydrogen bonds with
the solute increases, but the average amount of hydrogen
bonds per water molecule decreases. A similar deceleration
with the increasing solute concentration has been observed for
aqueous solutions of tetramethyl urea, DMSO, and acetone.
Interestingly, for the TMAO/water system, no signiﬁcant
concentration dependence of the vibrational relaxation rate
was observed, but in this case, the range over which the solute
fraction was varied was limited by ∼0.15.
We observe that the fraction of slowly reorienting water
molecules, as expressed by the parameter Rslow, increases with
the increasing concentration of 2,6 lutidine. This growth of
Rslow follows from the increases of both the fraction of water
interacting with the hydrophobic groups of lutidine27,39 and
the fraction of water molecules forming a hydrogen bond with

■

DISCUSSION
A striking observation in the linear IR absorption spectrum is
the rise of a shoulder in the red wing of the OD stretch
F
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increasing lutidine concentration, the number of water
molecules in the water clusters enclosed by the lutidine
aggregates will decrease and the average distance between the
clusters will increase. Both eﬀects will diminish the spreading
of the heating eﬀect to other nonexcited OD vibrations,
following the relaxation of an excited OD vibration, and thus
increase the amount by which the anisotropy is conserved in
the local hot state. A second reason that a increases with the
increasing lutidine fraction is that the reorientation of slow
water molecules becomes even slower. The accessible time
window of our fs-IR experiment does not allow for a
quantiﬁcation of this further slowing down, but dielectric
relaxation measurements have shown that the reorientation of
water molecules near hydrophobic groups becomes slower
when the concentration of hydrophobic groups increases,46
probably as a result of a crowding eﬀect. Besides, with the
increasing lutidine concentration, the relative contribution of
the water molecules forming a hydrogen bond to the nitrogen
atom of lutidine will increase. These water molecules likely
reorient even more slowly than water molecules near
hydrophobic groups due to strong interaction with nitrogen.
The enhanced contribution of the N-bonded water molecules
to the slow water fraction will thus lead to an average slowing
down of the reorientation, which increases the a value.
A decrease of the temperature is observed to lead to an
increase of Rslow that comprises both water molecules hydrating
the hydrophobic groups of lutidine and water molecules that
form a hydrogen bond to the nitrogen atom of lutidine. As the
latter hydrogen bond is quite strong, we expect it to be formed
at all temperatures, and thus, we do not expect a strong change
in the density of these hydrogen bonds with temperature.
Hence, the observed increase of the slow water fraction with
the decreasing temperature (∼50% for X = 0.2) likely
originates from the increased fraction of water molecules
hydrating the hydrophobic groups of the solute. This indicates
that the size of the lutidine clusters decreases with the
decreasing temperature, thus leading to an increase of the total
hydrophobic surface that is exposed to water. According to
small-angle neutron scattering experiments,16 the size of the
heterogeneities formed in the 2,6-lutidine/water system is
weakly dependent on temperature, but the probed temperature
range in this study was limited to only 7 K lower than the
LSCT. In the same study, a signiﬁcant decrease of the sizes of
the heterogeneities was observed for 2-methylpyridine/water
mixtures when this mixture was cooled to 40 K below the
LSCT. Like 2,6-lutidine/water, 2-methylpyridine/water also
possesses a closed-loop phase diagram, and the structure of the
solute closely resembles that of 2,6-lutidine. In the present
study, samples were cooled down to 30 K below the LSCT,
thus making it highly probable that the cluster size decreases,
leading to an increase of the hydrophobic surface exposed to
water and thus of Rslow.
An interesting observation is that, in contrast to Rslow, the
parameter a does not show a signiﬁcant temperature
dependence, which can be explained from the presence of a
few counteracting eﬀects. With the decreasing temperature, the
reorientational dynamics of OD groups normally would
become slower, which would lead to an increase of the a
value. However, with the decreasing temperature, the
contribution of the hydrophobic hydrating OD groups to the
slow water fraction increases relative to the contribution of the
OD groups that are hydrogen-bonded to N. The hydrophobic
hydrating OD groups likely eﬀectively have shorter reorienta-

the nitrogen atom of lutidine; the latter is evidenced by the rise
of the red-shifted shoulder in the IR absorption spectrum.27,37
These diﬀerent types of solvating water molecules represent a
broad distribution of hydrogen-bond strengths, and as both
types contribute to the slow water fraction, the anisotropy of
the excited OD oscillators shows very little frequency
dependence. As a result, Rslow has the same value for the two
absorption bands that we use to model the transient OD
absorption spectrum. The notion that both the hydrophobic
hydrating water molecules and the water molecules hydrogenbonded to the nitrogen atom contribute to the slow water
fraction agrees with the ﬁndings of previous theoretical work,
nuclear magnetic resonance43 and small-angle scattering16,19,21
studies of mixtures of water and diﬀerent pyridine derivatives.
In these studies, it was shown that water molecules interact
with all hydrogen atoms and the nitrogen atom of lutidine. In
previous theoretical studies, various hydration structures of
lutidine have been reported.14,15,18,43 It is worth noting that a
water molecule can potentially coordinate two lutidine
molecules. Such a molecular conﬁguration in which a water
molecule interacts with two lutidine molecules is expected to
have an even more constrained rotational mobility than 1:1
complexes, since in such a conﬁguration also the rotation
around the OD...N hydrogen bond would be suppressed due to
the interaction with the second lutidine molecule.
A striking observation is that the local hot state that results
from the vibrational relaxation is anisotropic, which implies
that a signiﬁcant fraction of the heat-aﬀected water molecules
are slowly reoriented and suﬃciently isolated from other water
molecules to avoid equilibration of the heating eﬀect due to
heat diﬀusion within the time range of our experiment. The
anisotropy of the local hot state is determined by the slow
water fraction Rslow and the parameter a that represents the
transfer of this anisotropy to the local hot state, following
relaxation of the OD stretch vibration. If the anisotropy would
be completely retained, a would be equal to 1. There are
several reasons why a is smaller than 1. In the ﬁrst place, the
fast local dumping of heat by the relaxation of the OD stretch
vibration likely temporarily speeds up the reorientation,
leading to a partial depolarization of the subsequent heating
eﬀect. Second, even though the water is isotopically diluted
and the mixture will show microstructuring, i.e., clustering
eﬀects, for some of the excited OD groups, the dissipated heat
will aﬀect other nonexcited OD groups that happen to be
nearby and that have a random orientation, which will decrease
the anisotropy of the heating eﬀect. Finally, in the modeling,
we assumed the anisotropy of the local hot state to be timeindependent to limit the number of free parameters. If this
anisotropy does in fact decay on a time scale of tens of
picoseconds, either because of reorientation of the heataﬀected OD group or because of heat diﬀusion, this will lead to
a lower optimally ﬁtted value of the parameter a.
We observe that the parameter a increases with the
increasing lutidine fraction due to several eﬀects. In the ﬁrst
place, water molecules will become more isolated when the
lutidine fraction increases. Hydrophobic clustering of lutidine
molecules14,44,45 has been observed for 2,6-lutidine/water and
similar systems in the vicinity of the LSCT, and those clusters
were reported to vary in size between 0.5 and 4 nm.16,19−21
According to ultrasound absorption experiments, the lifetime
of these aggregates is on the order of nanoseconds.16 Hence,
within the experimentally probed time window, the water
molecules will remain enclosed by lutidine molecules. With the
G
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tion dynamics, thus counteracting the increase of the
reorientation time that normally would result from a decrease
in temperature. The net result of the two eﬀects is that the
average reorientation time of the slow OD groups shows little
variation in the studied temperature range, with the result that
the parameter a does not show a signiﬁcant temperature
dependence.
It is interesting to consider the present ﬁndings from the
perspective of the thermodynamics of the water−2,6-lutidine
mixture. The mixture will be more likely in a single-phase state
when the Gibbs free energy diﬀerence (ΔG) of mixing is more
negative. We ﬁnd strong evidence for increased hydrophobic
hydration when the temperature is lowered further below the
LSCT. Increased hydrophobic hydration leads to a decrease of
the mobility of water molecules involved, which points at a
decrease of the possible orientations (realizations) of the water
molecules, and thus a decrease of the entropy. Far below the
LSCT, the formation of lutidine clusters is not strongly
pronounced, which implies that there is a substantial
interaction between water and the hydrophobic groups of
the lutidine molecules. At a low temperature, the entropy
contribution to the free energy caused by these interactions is
low and is apparently compensated by the enthalpic
contribution of the strong OD...N interactions. At higher T,
the entropy term becomes more important, making the
expulsion of water and hydrophobic aggregation of lutidine
molecules more favorable. At the LSCT, the driving force for
hydrophobic aggregation becomes that strong that a full
macroscopic phase separation results. At concentrations lower
than the critical concentration (X < 0.062), the LSCT will be
higher because the entropic eﬀects of hydrophobic hydration
and aggregation will be smaller. For X > 0.062, hydrogen
bonding between water and lutidine contributes to the
decrease of mixing Gibbs free energy diﬀerence, and the
critical temperature increases again. It is interesting to note
that the OD...N hydrogen bonds are almost unperturbed by a
temperature change within the studied temperature range
(down to 30 K below the LSCT), implying that hydrophobic
hydration and aggregation play the most important roles in
determining the phase transition conditions. Recent DFT
studies indicate that the phase separation at the critical
temperature is induced by the cleavage of external hydrogen
bonds of 2:1 complexes of lutidine and water.18 By combining
our ﬁndings with previously reported results, we conclude that
near the LSCT, water molecules that are not involved in strong
interactions with the solute tend to interact with each other,
rather than being located in the nearest vicinity of the solute.
This result implies that the distribution of water molecules
shows an increased heterogeneity near the LSCT.

of the hydrogen bonds in the mixture with the increasing
lutidine concentration, likely as a result of the formation of
strong OD...N hydrogen bonds between HDO and the nitrogen
atom of lutidine. This result is corroborated by the rise of a
shoulder in the red wing of the linear infrared absorption
spectrum with the increasing 2,6-lutidine concentration. In
spite of this increasing contribution of strongly hydrogenbonded OD groups, the overall vibrational relaxation rate
decreases with the increasing lutidine fraction probably
because of the increased perturbation and truncation of the
hydrogen-bond network of the mixture.
The anisotropy dynamics of the transient absorption signal
show an increasing oﬀset with the increasing lutidine fraction,
showing the presence of an increasing fraction of slowly
reorienting water molecules. We assign these molecules to
water molecules forming a hydrogen bond to the nitrogen
atom of lutidine and to water molecules hydrating the
hydrophobic groups.
The transient absorption signal induced by the local hot
state is observed to be anisotropic when the lutidine fraction is
larger than 0.15. This anisotropic character indicates that the
dissipated energy primarily aﬀects the originally excited water
molecules, which implies that a signiﬁcant fraction of the heataﬀected water molecules shows slow reorientation and is
suﬃciently isolated from other water molecules to avoid
equilibration of the heating eﬀect due to heat diﬀusion within
the time range of our experiment. We describe the degree by
which the anisotropy of the excited OD vibrations is retained
in the local hot state with a parameter a. This parameter
increases with an increase of the lutidine fraction because the
reorientational dynamics of the water molecules eﬀectively
slow down and the water molecules become more isolated.
This slowing down of the reorientation likely results from the
increased contribution to the slow water fraction of water
molecules forming hydrogen bonds with the nitrogen atom of
lutidine.
When the temperature of the water−lutidine mixture is
decreased, the fraction of slowly reorienting water molecules
increases, and no signiﬁcant change in the parameter a is
observed. Both observations indicate that the fraction of water
molecules that hydrate the hydrophobic groups of lutidine
increases, which means that with the decreasing temperature,
the clusters decrease in size, thereby increasing the overall
hydrophobic surface exposed to water.

CONCLUSIONS
We studied the dynamics of HDO molecules in 2,6-lutidine/
H2O mixtures near the LSCT by probing the OD stretch
vibrations with polarization-resolved femtosecond infrared
pump−probe spectroscopy. Upon the addition of 2,6-lutidine,
the vibrational energy relaxation of the OD stretch vibration is
observed to proceed faster in the red wing of the spectrum
than in the blue wing. This frequency dependence can be well
described with a kinetic relaxation model involving two excited
OD stretch vibrational states that relax with diﬀerent time
constants to the common local hot state.
We attributed the frequency dependence of the vibrational
relaxation to an increase of the heterogeneity of the strengths
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