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We study the spectral and orientational dynamics of HDO molecules in aqueous solutions of
different concentrations of tertiary butyl alcohol �TBA� and trimethylamine-N-oxide �TMAO�. The
spectral dynamics is investigated with femtosecond two-dimensional infrared spectroscopy of the
O–H stretch vibration of HDO:D2O, and the orientational dynamics is studied with femtosecond
polarization-resolved pump-probe spectroscopy of the O–D stretch vibration of HDO:H2O. Both
the spectral and orientational dynamics are observed to show bimodal behavior: part of the water
molecules shows spectral and orientational dynamics similar to bulk liquid water and part of the
water molecules displays a much slower dynamics. For low solute concentrations, the latter fraction
of slow water increases linearly as a function of solute molality, indicating that the slow water is
contained in the solvation shells of TBA and TMAO. At higher concentrations, the fraction of slow
water saturates. The saturation behavior is much stronger for TBA solutions than for TMAO
solutions, indicating the aggregation of the TBA molecules. © 2010 American Institute of Physics.
�doi:10.1063/1.3493461�

I. INTRODUCTION

Most alcohols are well soluble in water, thereby allow-
ing the detailed study of the interactions between water and
the hydrophobic groups of alcohols. Frank and Evans1 ob-
served that the dissolution of alcohols in water is associated
with negative changes in both the enthalpy and the excess
entropy ��H�0, �Sexc�0�. Both effects suggest that the
introduction of hydrophobic groups leads to an increased
structuring of the surrounding water molecules. This struc-
turing was denoted as the formation of hydrophobic
icebergs.1 This idea was developed in 1945 and is still a topic
of intense debate.

A significant contribution to the understanding of the
structure of mixtures of alcohols and water comes from neu-
tron scattering experiments2–5 that provide time-averaged in-
formation on the radial distribution functions of the constitu-
ent atoms. Neutron scattering studies on both dilute and
concentrated alcohol solutions found the structure of the sol-
vating water to be similar to that of bulk liquid water.2,5

Hence, the hydration of alcohols appears not to be accompa-
nied by the formation of an icelike structure of the surround-
ing water molecules.

Interestingly, the dynamics of water molecules surround-
ing the hydrophobic groups was observed to be quite differ-
ent from bulk liquid water. NMR studies, femtosecond mid-
infrared spectroscopy measurements, and molecular
dynamics simulations, all showed that the solvating water

molecules possess significantly slower orientational dynam-
ics than the molecules in bulk liquid water.6–15

An interesting property of alcohols and other am-
phiphilic molecules is that these molecules can form aggre-
gates in aqueous solution as a result of the hydrophobic in-
teraction. This interaction plays an important role in
processes such as protein folding and the formation of bilipid
membranes. Neutron scattering studies showed that alcohol
molecules can form single component aggregates in aqueous
solutions.16–20 For instance, in a 5% solution of methanol,
the alcohol forms clusters containing 3–8 molecules.17 At
intermediate alcohol concentrations, evidence was found that
methanol and water both form separate percolating molecu-
lar networks,19 and at high alcohol concentrations, the water
molecules are observed to form clusters in the alcohol
network.5 For a highly concentrated solution of methanol in
water �7:3 molar ratio�, most of the water is contained in
clusters or strings containing 2–20 molecules.5

Here, we report on a study of the clustering of tertiary
butyl alcohol �TBA� and trimethylamine-N-oxide �TMAO�
molecules in aqueous solutions using femtosecond two-
dimensional midinfrared spectroscopy �2DIR�21–24 and
polarization-resolved femtosecond midinfrared
spectroscopy.25–29 These techniques allow the measurement
of the full vibrational frequency-frequency and orientational
correlation functions of the water molecules in a
solution.12,14 Thereby these techniques enable the determina-
tion of the fraction of water in solution that solvates the
solute molecules. We use these techniques to determine the
aggregation behavior of the TBA and TMAO molecules.a�Electronic mail: bakker@amolf.nl.

THE JOURNAL OF CHEMICAL PHYSICS 133, 164514 �2010�

0021-9606/2010/133�16�/164514/8/$30.00 © 2010 American Institute of Physics133, 164514-1

Downloaded 02 Dec 2010 to 145.18.109.182. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1063/1.3493461
http://dx.doi.org/10.1063/1.3493461
http://dx.doi.org/10.1063/1.3493461


II. EXPERIMENTAL

TBA and TMAO are similar in their hydrophobic parts,
as both molecules possess three methyl groups connected to
a central atom. The hydrophilic group of these solutes is
quite different: TMAO possesses a very polar N+O− group,
while TBA possesses a more weakly polar O–H group that
has a similar polarity as the O–H groups of water. The struc-
tural formulas of TBA and TMAO are shown in Fig. 1.

We measure the frequency-frequency correlation func-
tion of the O–H stretch vibration of HDO in solutions of
TBA and TMAO in a dilute solution of HDO in D2O using
two-dimensional infrared �2D-IR� spectroscopy. In all ex-
periments, a low concentration of HDO is used to avoid the
measurements being affected by resonant Förster energy
transfer between the O–H stretch vibrations located on dif-
ferent HDO molecules.30 Probing the O–H vibration of HDO
instead of the O–D vibration has as an advantage that the
absorption band of the O–H vibration shows less motional
narrowing than the O–D vibration, thus allowing for a
clearer determination of the spectral diffusion dynamics. The
O–H vibration of HDO:D2O has a strong absorption at
2.9 �m ��3400 cm−1�. Femtosecond pulses at this wave-
length are generated via parametric amplification in
�-barium borate �BBO� and potassium-titanyl phosphate
�KTP� crystals31 that are pumped with the output of a home-
built Ti:sapphire laser system. The generated pulses at 3 �m
have a duration of �70 fs and an energy of �5�J.

The 2D-IR experiment is a four pulse experiment in
which two pulses are used to generate a frequency-
modulated population grating of the excited O–H stretch vi-
bration. The third pulse enters after a waiting time T to gen-
erate a photon-echo signal. The diffracted echo signal is
heterodyne detected by interfering the photon-echo signal
with the fourth subpulse and sending the total signal onto an
infrared detector array to determine the probe frequency ��3�

dependence. The excitation frequency �1 is obtained by re-
peating the experiment for many delays �12 and by perform-
ing a Fourier transform of the total signal with respect to this
variable. The result is a two-dimensional spectrum that can
be presented in a contour plot with the horizontal axis
formed by the excitation frequency �1 and the vertical axis
by the probe frequency �3. A detailed description of this
experiment can be found in Ref. 22.

In the polarization-resolved pump-probe experiments,
we study solutions of TBA/TMAO and 4% HDO dissolved
in H2O. In these experiments, we probe the O–D vibration of
HDO that has a strong absorption around 4 �m
�2500 cm−1�. The anisotropy of the excitation is probed with
probing pulses that are polarized parallel and perpendicular
to the pump polarization, thus yielding transient absorption
changes ����T� and ����T�. These absorption changes are
used to construct the so-called anisotropy parameter,

R�T� =
����T� − ����T�

����T� + 2����T�
. �1�

The dynamics of the anisotropy parameter directly reflects
the reorientation of the O–D groups of the HDO molecules.
The advantage of probing the O–D vibration over the O–H
vibration in this experiment is that the vibrational lifetime of
the O–D vibration �T1,O−D=1.8 ps� is longer than the vibra-
tional lifetime of the O–H vibration �T1,O−H=0.7 ps�. As a
result, the dynamics of the anisotropy of the excitation can
be probed over a much longer delay time range. The details
of this experiment are described in Ref. 13.

The 2D-IR experiments are performed on a thin
�40–60 �m film in a wire-guided jet.32 The polarization-
resolved pump-probe experiments are performed on solu-
tions contained in a cell with a sample thickness of 25 �m.
The concentration of the solute is indicated with the ratio w
of the number densities of TBA/TMAO and �HDO
+D2O /HDO+H2O� molecules; w ranges from 0 to 0.2. The
experiments are performed at a temperature of 295 K.

III. RESULTS

A. Linear infrared spectra

Figure 1 shows the linear absorption spectra of the O–H
band of HDO for pure HDO:D2O and for solutions of TBA
and TMAO in HDO:D2O with w=0.1. The frequency of the
O–H stretch vibration decreases with increasing strength of
the local O–H¯O hydrogen-bond interaction. The absorp-
tion spectrum of the TBA solution is observed to be very
similar to that of pure HDO:D2O, thus showing that neither
the hydrophobic part nor the hydrophilic hydroxyl group of
TBA has a significant effect on the strength of the water-
water and water-alcohol hydrogen-bond interactions. The
O–H absorption spectrum of the TMAO solution shows a
small redshift, indicating that the average hydrogen bond is
somewhat stronger in this solution than in pure HDO:D2O.
This redshift is likely due to the interactions between HDO
and the strongly polar N+O− group of the TMAO molecules.

3200 3400 3600
0.0

0.5

1.0 N
CH

3

CH
3

H
3
C

O
D

(a
rb

.u
.)

Wavenumbers (cm
-1
)

water

(HDO:D
2
O)

OTMAO

C
CH

3

CH
3

H
3
C

OHTBA

water:TBA
water:TMAO

FIG. 1. Structural formulas of TBA and TMAO and the linear absorption
spectra of the O–H stretch vibration of HDO for solutions of TBA and
TMAO in 4% HDO:D2O and for pure 4% HDO:D2O. The concentration of
the solutions is 1 solute molecule per 10 water molecules �w=0.1�.
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B. 2D-IR experiments

Figure 2 shows the 2D-IR spectra of the O–H stretch
vibration of HDO for pure HDO:D2O and for solutions of
TBA and TMAO with a concentration w=0.1. The positive
signal at the diagonal of the 2D-IR spectra represents the
bleaching of the v=0→1 absorption and the v=1→0 stimu-
lated emission. The negative signal that is shifted with re-
spect to the diagonal along the vertical �probe� axis repre-
sents the v=1→2 excited state absorption. This latter signal
is located at a lower frequency due to the vibrational anhar-
monicity.

For all solutions, the 2D-IR spectra display a substantial
elongation for waiting times T of 0 and 0.1 ps. This indicates
that the strength of the hydrogen bonds and the overall struc-
ture of the hydrogen-bond network do not experience signifi-
cant changes at the �0.1 ps timescale. For pure HDO:D2O,

the spectra start acquiring a more circular shape at a waiting
time T of 250 fs, and the shape is completely circular at T
=1 ps. At this waiting time, the 2D-IR spectra are still elon-
gated along the diagonal for the w=0.1 solutions of TBA and
TMAO, showing that in these solutions the spectral diffusion
of the O–H stretch vibrations is slowed down significantly in
comparison to pure HDO:D2O. A similar slowing down of
the spectral diffusion has been observed before for aqueous
solutions of tetramethylurea.33

Figure 3 presents the 2D spectra for highly concentrated
solutions of TBA and TMAO with w=0.2. In comparison to
the solutions with w=0.1 �Fig. 2�, the dynamics of the TBA
solution has not changed much. In contrast, for the TMAO
solution, the 2D spectra show a more elongated shape at long
�	0.5 ps� waiting times, which reveals a significant further
slowing down of the spectral diffusion in this solution.

FIG. 2. Two-dimensional vibrational spectra of pure HDO:D2O and of solutions of TBA and TMAO in HDO:D2O with w=0.1 measured at different waiting
times. Positive signals �red color� correspond to the bleaching of the fundamental v=0→1 transition and negative signals �blue color� represent the v=1
→2 excited state absorption. Each 2D spectrum is normalized with respect to its maximum. The equilateral contours are drawn with 10% steps of the
maximum amplitude.

FIG. 3. The same as in Fig. 2 for pure HDO:D2O and solutions of TBA and TMAO in HDO:D2O with w=0.2.
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C. Polarization-resolved pump-probe experiments

Figure 4 shows the isotropic transient spectra of the O–D
stretch vibration at different pump-probe delays for a TBA
solution with w=0.1. These transient spectra correspond to
an integration over the horizontal �excitation frequency� axis
of the 2D spectra that is weighted with the amplitudes given
by the spectral shape of the excitation pulse. At early delays,
the transient spectra are dominated by the bleaching of the
v=0→1 fundamental absorption and v=1→0 stimulated
emission. At later delays, the signal is dominated by the
change in transmission caused by the redistribution of the
excitation energy over the focus. This latter redistribution
leads to heating of the sample by a few kelvins and induces
a blueshift of the O–D absorption band and a decrease in the
absorption cross section. These effects together result in a
thermal difference spectrum that shows a bleaching signal at
frequencies below 2550 cm−1 and a small induced absorp-
tion above this frequency.

The isotropic data �given by the denominator of Eq. �1��
are fitted with a relaxation model in which the O–D stretch
vibration relaxes via an intermediate state29 to a final ther-
malized state. The fit to the model is shown with full lines in
Fig. 4. From the model, we extract the vibrational relaxation
time of the O–D vibration T1 and the relaxation �thermaliza-
tion� time of the intermediate state ��. We find a small in-
crease in T1 from 1.8
0.1 to 2.0
0.1 ps and an increase in
�� from 0.5 to 1 ps going from pure HDO:H2O to a solution
of TBA in HDO:H2O with w=0.2.

In Fig. 5, the parallel and perpendicular transient absorp-
tion signals, ����t� and ����t�, are shown as a function of
delay for a solution of TMAO with w=0.2. These curves
represent data taken at a frequency of 2550 cm−1 at which
the isotropic thermal signal is equal to zero at all delay times.
The figure shows that there exists a long-living difference
between the two measured polarizations. The enlargement of
the signal at later delays in the right hand panel of the figure
reveals that for long delays ����t� changes from a bleaching
signal into an induced absorption. The close-up also shows
that the difference between ����t� and ����t� persists up to
delays 	15 ps. The same effects are observed for TBA so-
lutions.

IV. ANALYSIS

A. 2D-IR experiments

The spectral dynamics measured in the 2D-IR experi-
ments is quantitatively analyzed by plotting the frequency
�3,max of the maximum probe response as a function of the
excitation frequency �1 and by calculating the slope of the
�3,max��1� function for different values of the waiting time
T,23

S�T� = � ��3,max

��1
�

T

. �2�

For the solutions of TBA and TMAO, S�T� shows a fast
initial decay and then appears to saturate at a nonzero level.
This level increases with increasing concentration of the sol-
ute. For all concentrations, we fit the slope S�T� with the
following expression:

S�T� = S�0��A1e−T/�1 + A2e−T/�2 + A0� , �3�

where A1 and A2 represent the spectral dynamics that are also
observed for pure HDO:D2O. A0 represents the fraction of
O–H groups showing slow spectral diffusion. We perform a
global fit of Eq. �3� to all measured solutions, with the re-
striction that the parameters �1 and �2 are the same for all
solutions. We find time constants �1=0.15 ps and �2

=0.78 ps, which agree very well with the literature data for
pure HDO:D2O.34 The �1 process has been assigned to libra-
tional motions of the O–H groups that keep the O–H¯O
hydrogen bond intact. The �2 process has been assigned to
collective reorganizations of the hydrogen-bond network. In
Fig. 6, the amplitudes A0, A1, and A2 are plotted as a function
of the concentration w for TBA and TMAO. For both solu-
tions, the amplitude A1 of the fast component shows little
dependence on the concentration. The amplitude A2, repre-
senting the diffusive part of the bulk water spectral diffusion,
strongly decreases with concentration, while the amplitude
A0 of the slow spectral diffusion component increases. The
increase of A0 is complementary to the decrease of A2.

FIG. 4. Transient isotropic spectra at different pump-probe delays of a so-
lution of TBA in HDO:H2O with w=0.1. The spectra are obtained after
exciting the sample with a pump pulse centered at 2500 cm−1. The lines are
obtained from a fit to a relaxation model, as described in Ref. 35.

FIG. 5. The parallel �blue diamonds� and perpendicular �red circles� signals
measured for a solution of TMAO in HDO:H2O of w=0.2. �b� is a zoom-in
of �a�. The full lines are fits using the model described in the text. The
dashed lines in �b� represent the calculated parallel and the perpendicular
signals after correction for the increased mobility of the relaxing O–D os-
cillators �see text�.
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B. Polarization-resolved pump-probe experiments

The overshoot in ����t� shown in Fig. 5 implies that
more O–D oscillators are oriented perpendicular to the pump
polarization than parallel to the pump polarization. This dif-
ference can be explained from an increased orientational mo-
bility of the O–D groups that undergo vibrational excitation
and relaxation. In the vibrational relaxation process, a large
amount of energy is dissipated into nearby low-frequency
modes �hydrogen bonds, librational modes�, making the O–D
group temporarily less strongly hydrogen-bonded and more
mobile. Due to the faster reorientation, the anisotropic distri-
bution of the O–D groups that were excited equilibrates
faster than the anisotropic distribution of the depleted mol-
ecules in the ground state. Hence, at the time when the dis-
tribution of the excited and relaxed molecules is already
nearly isotropic, the depletion of the ground state still shows
a strong anisotropy. Therefore, at that time, there will be
more O–D groups perpendicular to the pump polarization
than parallel to the pump polarization.

The accelerated reorientation of the excited HDO mol-
ecules has been observed before in polarization-resolved
pump-probe measurements of the O–H stretch vibration of
HDO in D2O.35 In this earlier study, the observed transient
anisotropy could be well described by assigning a faster re-
orientation to the intermediate state in the relaxation path-
way. Here, we employ the same procedure as in Ref. 35 to
model the dynamics of ����T� and ����T�. In this proce-
dure, we need to include the dynamics of the anisotropy of

the excited O–D oscillators �before the relaxation to the in-
termediate state� and that of the depleted molecules in the
ground state. The anisotropy of aqueous solutions of am-
phiphilic solutes has been found to show a biexponential
decay, with a fast component having a time constant of
2.5 ps, similar to what is observed for the reorientation of
pure HDO:D2O,29 and a slow component with a time con-
stant 	10 ps.12–14 The amplitude of the slow component
was observed to increase with the solute concentration. This
latter component was assigned to the reorientation of water
in the hydration shell of the hydrophobic part of the
solute.12–14

We describe the anisotropy in a similar manner as in
Refs. 12–14, i.e., with a fast component with a reorientation
time constant similar to that of bulk liquid water and a slow
component representing the reorientation of water molecules
in the hydration shells of the solutes. We take the reorienta-
tion time constant of the water molecules in the hydration
shell to be infinitely large to allow for a quantitative com-
parison with the hydrogen-bond dynamics measured in the
2D-IR experiments. The orientational dynamics of the hydra-
tion shell water molecules is thus described as an offset in
the decay of the anisotropy parameter R�T�,

R�T� = R�0��B1e−T/�or + B0� , �4�

where B1 represents the contribution to the observed aniso-
tropy of the water molecules showing fast orientational dy-
namics with time constant �or and B0 represents the contri-
bution of water molecules showing a much slower
reorientation time constant. For all the studied TBA solu-
tions, the time constant �or has a value of 2.5 ps, similar to
the reorientation time constant of 2.5 ps of the O–D vibration
of pure HDO:D2O. For TMAO, the time constant of the fast
reorienting water molecules has been observed to become
somewhat shorter with increasing concentration.36 Here, we
take �or equal to 2.5 ps at all concentrations to limit the
number of parameters in the fits. We find that with increasing
concentration, the fraction B1 decreases while the fraction B0

increases.
An example of the fit of the model to ����t� and ����t�

is shown in Fig. 5. From the model, we directly obtain the
time-dependent anisotropy of the excitation of the O–D
groups. In Fig. 7, we show the delay dependence of the an-
isotropy for different concentrations of TBA and TMAO. In

FIG. 6. The amplitudes A0 �circles�, A1 �triangles�, and A2 �squares� as a
function of the concentration for solutions of TBA �upper panel� and TMAO
�lower panel�. The values of A0, A1, and A2 are obtained from fits to the
2D-IR data using Eq. �3�.

FIG. 7. Anisotropy decays of the excitation of the O–D stretch vibration of the HDO molecules for four different solutions of TBA �left panel� and three
different solutions of TMAO �right panel� in HDO:H2O. The lines result from a fit to Eq. �4�.
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Fig. 8, the fraction of slowly reorienting water B0 is shown
as a function of the concentration w for both TBA and
TMAO. At low concentrations, B0 increases linearly with
concentration with a slope that is similar for the solutions of
TBA and TMAO. In the same figure, we also present the
amplitudes A0 obtained from the 2D-IR experiments.

V. DISCUSSION

Figure 8 shows that there is a perfect correlation be-
tween the concentration dependencies of the fraction A0 of
HDO molecules showing slow spectral diffusion and the
fraction B0 of HDO showing slow reorientation. For both
TBA and TMAO, A0 and B0 show the same linear increase at
low concentrations �w�0.05� and the same saturation be-
havior at high concentrations �w	0.05�. This strong corre-
lation indicates that the slowing down of the spectral diffu-
sion and the molecular reorientation have a common origin.
As the reorientation and spectral diffusion both rely on the
transient formation of bifurcated hydrogen-bonded struc-
tures, the slowing down can be explained from the hindrance
of the formation of bifurcated hydrogen bonds in the hydra-
tion shells of the solutes.33

At low solute concentration �w�0.05�, A0 and B0 in-
crease with similar slopes for TBA and TMAO �Fig. 8�,
which shows that these solutes have a similar effect on the
hydrogen bond and orientational dynamics of water at low
concentrations. This finding differs from the results of recent
classical molecular dynamics simulations in which it was
found that TMAO has a much stronger effect on the water
dynamics than TBA.37 This difference was explained from
the fact that water has a much stronger interaction with the
hydrophilic N+O− group of TMAO than with the hydrophilic
hydroxyl group of TBA. Here, we observe that the effects of
TMAO and TBA on the water dynamics are in fact quite
similar, which suggests that the difference in the interaction
with the hydrophilic groups is overwhelmed by another ef-
fect, i.e., the hydration of the hydrophobic parts of the mol-

ecules. This notion agrees with the results of previous NMR
studies,7,8,10,11 femtosecond anisotropy measurements,12–14

and dielectric relaxation studies.38 In all these studies, it was
found that the effect of the solute on the dynamics of water
scales with the size of the hydrophobic part of the solute
molecule.

Figure 8 shows that for both TBA and TMAO, the num-
ber of slow hydroxyl groups per solute molecule decreases
with increasing solute concentration. This saturation can be
due to several effects including the competition for solvating
water molecules �more solvation sites available than there
are water molecules� and aggregation. If there is no specific
interaction between the solute molecules �no aggregation�,
the concentrations of fast and slow hydroxyl groups can be
described using a chemical equilibrium,

�OH ¯ S�
�OH��S�

= Kh, �5�

where �OH¯S� is the concentration of slow hydroxyl
groups in the hydration shell of a solute molecule, �OH� is
the concentration of hydroxyl groups showing bulklike fast
reorientation, and �S� is the concentration of open positions
for a hydroxyl group in a solute hydration shell. The total
concentration of �occupied and unoccupied� solvation shell
sites ��OH¯S�+ �S�� is equal to CsNs, with Ns being the
number of possible sites for a slow hydroxyl group in the
hydration shell of a solute molecule. Assuming that the den-
sity of all solutions equals 1 g /cm3, the concentration Cs is
given by

Cs =
1000w

Msw + MH2O
, �6�

where Ms is the molecular weight of the solute molecule and
MH2O is the molecular weight of water �=18�. The total con-
centration of the hydroxyl groups COH�=�OH¯S�+ �OH��
also depends on w and is given by

FIG. 8. The amplitude A0 �open symbols� of the HDO molecules showing slow spectral diffusion and the fraction B0 of slowly reorienting HDO �filled
symbols� as a function of the solute concentration w for solutions of TBA �left panel� and TMAO �right panel�. To facilitate the comparison, the values of A0

are multiplied by a scaling factor of 1.23 that is the same at all concentrations. The values of A0 are obtained from fits to the 2D-IR data using Eq. �3�, and
the values of B0 are obtained from fits to the anisotropy decay curves using Eq. �4�. The dashed lines result from fits of A0 and B0 to Eq. �8� for the TBA data
at low concentrations �w�0.05� and for the TMAO data at all concentrations.
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COH = 2
1000 − CsMs

MH2O
. �7�

Using that the concentration of unoccupied hydration shell
sites �S�=CsNs− �OH¯S� and fast, bulklike hydroxyl
groups �OH�=COH− �OH¯S�, we can solve Eq. �5� for the
concentration of slow hydroxyl groups �OH¯S�,

�OH ¯ S� = 1
2 	COH + CsNs + Kh

−1

− 
�COH + CsNs + Kh
−1�2 − 4COHCsNs� . �8�

The fraction of slow water fs is given by �OH¯S� /COH.
For TMAO, the concentration dependence of the fraction

of slow hydroxyl groups can be well described with the
above equation using Ns=14 and Kh=0.06M−1. For a solu-
tion with w=0.02, this gives fs=0.12 and 12 slow O–H
groups per TMAO molecule, while for a solution with w
=0.2, the slow fraction fs=0.72 and there are 7 slow O–H
groups per TMAO molecule. The fact that for TMAO the
concentration dependence of the slow fraction can be well
described with Eq. �8� shows that for this solute the satura-
tion is due to the competition of the solvation sites for sol-
vating water molecules and not due to the aggregation of the
solute molecules. The absence of clustering for TMAO
agrees with the results of molecular dynamics simulations.39

For TBA, the saturation effect is much stronger, indicat-
ing that these molecules cluster. For TBA, only the low con-
centration region can be fitted well to Eq. �8�, using the
values Ns=16 and Kh=0.1M−1. Here, Kh had to be fixed
because the initial slope depends on the product NsKh only.
These two parameters can only be disentangled if the fit
would also describe the saturation behavior at high values of
w, which was not possible for TBA. For a solution with w
=0.02, we find �Fig. 8� fs=0.14 and 14 slow O–H groups per
TBA molecule. For w	0.05, the observed fraction of slow
HDO molecules increasingly deviates from the curve calcu-
lated with Eq. �8�, and the fraction of slow HDO molecules
saturates at a maximum of �0.55. In the case of a chemical
equilibrium, the fraction of slow HDO would ultimately in-
crease to 1. The presence of a maximum of the fraction of
slow HDO for TBA implies that beyond a certain concentra-
tion �w�0.1� all additional TBA are embedded by other
TBA molecules, i.e., incorporated in the TBA aggregates.

Aggregation of TBA has been observed before in mo-
lecular dynamics simulations �MD� and neutron scattering
studies.16,4,20,39,40 MD simulations showed that for a mole
fraction of 0.08, clusters of 3–4 TBA molecules were
formed.40 Neutron scattering studies for a TBA solution of
0.06 mol fraction also showed that clusters are formed with a
size of 3
0.5 TBA molecules.16

The maximum fraction of slowly reorienting HDO mol-
ecules is �0.55, which implies that even for very highly
concentrated TBA-water mixtures, �45% of the water re-
tains its bulklike properties. These water molecules are likely
located in nanoclusters/droplets of water, embedded between
the TBA aggregates. Neutron scattering studies indeed indi-
cated that small water nanoclusters are formed in highly con-

centrated TBA solutions. For a solution with a mole fraction
of 0.86, TBA clusters of 2–3 water molecules were
observed.41

The absence of aggregation for TMAO solutions is quite
surprising in view of the fact that TMAO is an osmolyte that
stimulates the folding of proteins. This means that TMAO
stimulates the hydrophobic clustering of other dissolved am-
phiphilic molecules, but apparently does not stimulate its
own hydrophobic aggregation. The difference in the aggre-
gation behavior of TBA and TMAO is probably not associ-
ated with the hydrophobic parts of the molecules, as these
parts are very similar. The lack of aggregation for TMAO is
thus likely the result of differences in the interactions be-
tween the water solvent and the hydrophilic part of the TBA
and TMAO molecules.39 The oxygen atom of TMAO has
three lone pairs and can accept more hydrogen bonds from
the surrounding water molecules than the two lone pairs of
the oxygen atom of the alcohol hydroxyl group of TBA. The
oxygen atom of TMAO is also more exposed than the oxy-
gen atom of TBA. Hence, there will be more and stronger
hydrogen bonds to the hydrophilic part of TMAO than to the
hydroxyl group of TBA, as is evidenced by the infrared ab-
sorption spectrum �Fig. 1�. The hydrogen-bond structure of
water molecules near the hydrophilic group of TMAO thus
prevents the clustering of the hydrophobic parts of the
TMAO molecules, while stimulating the hydrophobic aggre-
gation of other dissolved molecules.

VI. CONCLUSIONS

We studied the aggregation behavior of solute molecules
in aqueous solutions of TBA and TMAO using femtosecond
two-dimensional midinfrared spectroscopy and polarization-
resolved femtosecond midinfrared spectroscopy. We mea-
sured the spectral dynamics of the O–H stretch vibration of
HDO in solutions with D2O as the solvent and the orienta-
tional dynamics of the O–D vibration of HDO in solutions
with H2O as the solvent. For both solutions, a fraction of the
HDO molecules is observed to show a much slower hydro-
gen bond and reorientation dynamics than the HDO mol-
ecules in pure HDO:D2O /H2O. At low concentrations �w
�0.05�, the fraction of slow HDO molecules rises linearly
with the concentration. These increases have similar slopes
for TBA and TMAO, showing that the effect of these solutes
on the water dynamics is governed by their similar hydro-
phobic parts and not by their different hydrophilic parts.

At high concentrations �w	0.05�, the increase of the
fraction of slow HDO molecules with concentration satu-
rates. For TMAO, the saturation behavior can be well de-
scribed with a chemical equilibrium between solvation shell
sites and bulk sites for water hydroxyl groups, which implies
that the saturation is not due to aggregation but results from
the competition between the solvation shell and the bulk. For
TBA, the saturation behavior is much stronger, and there is a
maximum fraction of slow water, which indicates that TBA
forms aggregates. This finding agrees with the previous re-
sults from molecular dynamics simulations and neutron scat-
tering studies. The maximum fraction of slow HDO of
�0.55 of TBA solutions implies that �45% of the water
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retains its bulklike character in highly concentrated TBA so-
lutions. This bulklike water is likely contained in water nano-
droplets that are embedded by the TBA aggregates.
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