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Abstract

We study aqueous solutions of the amphiphilic osmolyte trimethylamine-N -oxide (TMAO) using

broadband dielectric spectroscopy and femtosecond mid-infrared spectroscopy. Both experiments

provide strong evidence for distinctively slower rotation dynamics for water molecules interacting

with the hydrophobic part of the TMAO molecules. Further, water is found to interact more

strongly at the hydrophilic site of the TMAO molecules: we find evidence for the formation of

stable, TMAO·2H2O and/or TMAO·3H2O complexes. While this coordination structure seems

obvious, the lifetime of these complexes is found to be extraordinarily long (> 50 ps). The existence

of these long-lived complexes leads to pronounced parallel dipole correlations between water and

TMAO, reflected in enhanced amplitudes in the dielectric spectra. The strong interaction between

water and TMAO also results in a red-shifted band for the O-D stretching vibration of HDO

molecules in an isotopically diluted aqueous TMAO solution. This O-D stretching vibration has

a vibrational lifetime of 670 fs, which is significantly shorter than the lifetime of the O-D stretch

vibration of bulk-like HDO molecules, presumably due to efficient coupling to vibrational modes

of TMAO. The rotational dynamics of these O-D groups are slowed down dramatically, and are

limited by the rotation of the whole complex, while the O-D vector oriented away from TMAO

probably shows an accelerated reorientation.
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I. INTRODUCTION

Osmolytes are small molecules that play an important role in regulating the volume of

living cells. They can counteract external osmotic or hydrostatic pressure and thereby pre-

vent cells from swelling.1 Besides ions, proteins, or sugars, trimethylamine-N -oxide (TMAO)

is a prominent organic molecule with osmolytic activity. TMAO is a common product of

metabolism in living organisms and is in particular present in sea organisms. It is found in

living cells up to very high concentrations without significant effects on the cell metabolism.2

This is only possible because TMAO has a strong protein stabilizing effect,3 which is es-

sential for the biological function of proteins to remain intact.4 Remarkably, the mechanism

by which TMAO and other solutes affect protein stability, either positively or negatively, is

still under debate. On the one hand it has been suggested that denaturants directly interact

with proteins, thereby affecting their structure and stability.5,6 On the other hand it has

been proposed that osmolytes operate in a more indirect way, modifying the structure of

the surrounding water, which in turn affects the stability of dissolved proteins.7,8

These two different scenarios have stimulated many theoretical9–17 and experimental

studies,8,18–29 which have specifically focused on aqueous solutions of TMAO. In these stud-

ies it was shown by various techniques that TMAO has a distinct effect on dynamics of

water molecules that make up its hydration shell. In particular, time-resolved infrared

experiments,24,27 dielectric spectroscopy,18 NMR-relaxation studies,25 and molecular dynam-

ics (MD) simulations12 indicate that the rotational dynamics of part of the water molecules

in an aqueous solution of TMAO are slowed down compared to bulk water. However, there is

still a disagreement between experiments and simulations on the magnitude and the molecu-

lar origin of the retardation.12,14,17,25 On the one hand MD simulations find that hydrophobic

groups only slightly slow down water dynamics,12 while from polarization and time-resolved

infrared experiments a more pronounced slowing-down of the rotational dynamics of water

around the hydrophobic region was concluded.24,27 The latter experiments were supported

by 2D-IR experiments that show significantly slower spectral dynamics of the O-H stretch

band for HDO molecules in solutions of amphiphilic molecules.29

In contrast to other amphiphilic molecules, like tetramethylurea (TMU),30 the stabiliza-

tion of proteins is rather unique to TMAO.31 Compared to other amphiphiles, the hydrophilic

fragment of TMAO is highly polar with significant partial charges located at the oxygen
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atom. In one of the resonant molecular structures of TMAO three lone-pairs are located at

the oxygen atom. Thus, the hydrophilic N-O group can accept up to three hydrogen-bonds.

This suggests that the exceptional hydrophilic fragment of TMAO plays an important role

in the protein stabilization mechanism. Accordingly, we report a study of the dynamics

of aqueous TMAO solutions focusing on the interaction of water with the hydrophilic N-O

group using two independent techniques. We report on dielectric relaxation spectroscopy

(DRS) experiments that are sensitive to all solution dynamics that bring about a change

of the macroscopic dipole moment.32–35 By measuring the dielectric response at frequen-

cies ranging from MHz to THz, we detect liquid dynamics over timescales spanning several

orders of magnitude. We combine these results with polarization-resolved femtosecond in-

frared spectroscopy (fs-IR) experiments, which is a powerful tool to monitor the vibrational

and reorientational dynamics of water molecules by labeling single molecules via vibrational

excitation.36–40

II. EXPERIMENTAL SECTION

A. Dielectric Measurements

Dielectric spectroscopy probes the total polarization of a sample in a time-dependent

electric field. The response of the sample is usually expressed as a function of the frequency,

ν, in terms of the complex permittivity, ε̂(ν) = ε′(ν)− iε′′(ν). Here the relative permittivity,

ε′(ν), represents the in-phase polarization of the sample and the dielectric loss, ε′′(ν), is the

out-of-phase response corresponding to the energy dissipation within the sample.

For the static case (ν = 0) the molecular dipoles in a sample align along the externally

applied field against the thermal motion, giving a polarization according to the static per-

mittivity εs (= ε′(ν = 0)) of the sample. As the frequency increases an increasing number of

molecular dipoles cannot follow the external field and ε′(ν) decreases to its high frequency

limit ε∞. Simultaneously, a characteristic peak in the dielectric loss, ε′′(ν), is observed due

to coupling of the molecular dipoles to the external field. For many dipolar liquids this

dispersion is observed at frequencies ranging from MHz to GHz and can be described with

a Debye equation:41
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ε̂(ν) =
S

1 + i2πντ
+ ε∞ (1)

where τ is the relaxation time and S is the relaxation strength (amplitude). For a multi-

component system multiple dispersions in ε′(ν) and peaks in ε′′(ν) can be observed,42 and

each component is characteristic for the reorientation dynamics of the underlying dipolar

species.

In the present study complex permittivity spectra were measured in the frequency range

0.1 � ν/GHz � 1600 at 25 �C. To cover this broad frequency range, several experimental

techniques were combined.

At 0.4 � ν/THz ≤ 1.6 spectra were measured using a terahertz time-domain spectrometer

(THz-TDS).43 The spectrometer is based on terahertz generation in a ZnTe (110) nonlinear

crystal, using the 800 nm pulses from a Ti-Sapphire laser. The THz pulses transmitted

through a quartz glass cuvette are recorded as a function of time, and a frequency domain

analysis yields the complex index of refraction (n̂ = n− ik). From the indices of refraction,

complex permittivity spectra, ε̂(ν) (= (n̂)2) were extracted. Measurements were recorded

at 25± 1�C. For details of the experiment the reader is referred to Ref. 44.

Frequencies at 60 ≤ ν/GHz ≤ 89 were covered with a variable path-length double-beam

waveguide interferometer operating at 25.00 ± 0.05 �C. The interferometer is described in

detail elsewhere.45

At 0.2 � ν/GHz ≤ 50 spectra were measured with a frequency-domain reflectometer

based on an Agilent 85070E dielectric probe connected to an Agilent E8364B vector net-

work analyzer (VNA).46,47 Instrument drifts, due to thermal expansion of the cables etc. were

corrected for by an electronic calibration module (Agilent N4693B). Air, mercury and water

were used as primary calibration standards for the instrument. Calibration errors were cor-

rected with a Padé approximation using propylene carbonate and N ,N -dimethylacetamide

as secondary standards.48 The temperature was controlled to 25± 0.05 �C.

At high concentrations of TMAO, the spectra were extended with data at 0.1 � ν/GHz ≤
0.4 using a time-domain reflectometer based on a Tektronix sampling scope (TEK 11802).

The scope is connected to sampling heads (SD24) generating a fast rising (∼ 17.5 ps) square

wave signal at 200 kHz. The signal reflected from a cut-off type coaxial cell containing the

sample is recorded as function of time. Fourier transformation of the time traces yields the

complex permittivity.49 The cell and the feeding lines are immersed in a thermostat bath
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(25.00± 0.05) �C.

B. Femtosecond Infrared Measurements

Polarization-resolved femtosecond infrared spectroscopy is a powerful technique that can

be used to selectively measure the reorientation dynamics of water molecules. This is

achieved by using an intense mid-infrared pulse to excite the O-D vibration of an isotopi-

cally diluted sample (∼ 8% HDO in H2O). Excitation occurs most efficiently for those O-D

groups whose transition dipole is aligned with the polarization of the exciting laser field, and

thus a subset of preferentially aligned O-D groups is tagged with a vibrational excitation.

The evolution of the excitation and its angular distribution is monitored as function of time,

t, with a second variably delayed infrared pulse. For the probe pulse the component parallel

and perpendicular to the pump polarization can be selected, giving the parallel (Δα‖(ω, t))

and perpendicular (Δα⊥(ω, t)) transient (pump-induced) absorption spectra, respectively.

From the measured absorption changes Δα‖(ω, t) and Δα⊥(ω, t) the isotropic signal can be

constructed:

Δαiso(ω, t) =
Δα‖(ω, t) + 2Δα⊥(ω, t)

3
(2)

The isotropic signal is independent of reorientation processes and is dominated by the

vibrational relaxation of the excitation and by the dynamics of any consecutive processes.

For isotopically diluted water (8% HDO in H2O) the excitation of O-D oscillators has been

found to decay with a characteristic time constant of ∼ 1.8 ps at ambient temperature.50

The transient spectra associated with the excitation are dominated by a bleach (Δαiso < 0)

at ∼ 2500 cm−1 due to the depletion of the vibrational ground state population. In addition,

the transient spectra show a superimposed induced absorption (Δαiso > 0) at ω < 2450 cm−1

due to the excited-state absorption (i.e., the 1→2 transition that is spectrally shifted due to

the anharmonicity in the O-D bond potential). After decay of the excitation the vibrational

energy dissipates in the solution to an intermediate state and eventually leads to heating of

the sample by a few degrees. This heating effect dominates the transient spectra at long

delays. Its associated spectrum corresponds to a thermal difference spectrum consisting of

a bleaching signal at low wavenumbers and a blue-shifted induced absorption.36,40,50

Complementary to the isotropic signal the anisotropy parameter R(t) can be constructed:
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ΔR(ω, t) =
Δα‖(ω, t)−Δα⊥(ω, t)

3Δαiso(ω, t)
(3)

ΔR(ω, t) is solely sensitive to reorientation processes in the sample. The anisotropy

parameter of the excitation (i.e., the measured anisotropy parameter corrected for the heat-

ing effect)50 directly corresponds to the second-order rotational correlation time of HDO

molecules, given that the vibrational lifetime and the transition dipole are independent of

the molecular environment.51 For neat water at ambient temperature this characteristic

reorientation time is 2.5 ps.52

Different sub-ensembles of HDO molecules can be distinguished in case of different

isotropic spectral signatures or dynamics53 and/or on basis of distinctively different rota-

tional dynamics.54 fs-IR spectroscopy measures the second-order rotational correlation time,

in contrast to dielectric relaxation spectroscopy, which measures first-order rotation times.

As a result, the time constants measured with the two techniques differ by a factor of ∼ 3.52,55

This ratio is not exactly 3, because dielectric relaxation probes the macroscopic polarization

whereas the fs-infrared experiment probes the local dynamics. This effect increases the ratio

of the first and second order rotational correlation time constants. In addition, for water

the reorientation takes place via large angle jumps.56 This effect makes the ratio somewhat

smaller. The net result of the two effects is that the ratio between the Debye time and the

time constant measured in fs-infrared spectroscopy is ∼3.4 for water.52

For the present study pump and probe pulses were generated via a sequence of non-

linear optical conversion processes described in detail elsewhere.57 These processes yield

mid-infrared pulses with a duration of 150 fs and an energy of ∼ 4μJ at a repetition rate

of 1 kHz. The pulses are split by a CaF2 wedged window. The reflections at the front and

the back sides of the wedged window are used as probe and reference pulses, respectively.

The transmitted pulse (∼ 90%) is used as the pump. With a λ/2 plate the polarization of

the pump pulse is set to an orientation of 45 � with respect to the probe and the reference

polarization. The time delay of the probe pulses with respect to the pump is varied via

a variable path-length delay line. The three pulses are focused into the sample, which is

held between two CaF2 windows. The foci of the probe and pump overlap. After passing a

polarizer used to select the parallel or perpendicular (with respect to the pump) polariza-

tion components, the probe and reference beams are sent into a spectrometer dispersing the

beams onto a liquid-nitrogen-cooled mercury-cadmium telluride detector. The probe pulse
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is used to measure Δα‖(ω, t) and Δα⊥(ω, t). The reference pulse is used for a spectrally

resolved correction of the pulse to pulse energy fluctuations.57

C. Materials.

For DRS measurements, aqueous solutions of TMAO were prepared by adding degassed

Millipore Milli-Q water to trimethylamine-N -oxide dihydrate (Fluka, > 99%). For the fs-

IR experiments isotopically diluted (8% HDO in H2O) solutions were prepared by adding a

small amount of D2O (Sigma-Aldrich, 99.9%) to an aqueous solution of TMAO. All solutions

were prepared gravimetrically using an analytical balance.

D. Auxiliary Measurements.

We measured TMAO solutions at concentrations, c, ranging from 0.24 to 5.9mol L−1

(0.25 to 10mol kg−1). To calculate c from the molal concentration, m, (in mol kg−1) mixture

densities were measured to an accuracy of ±0.05 kgm−3 using a vibrating-tube densimeter

(Paar DMA60/601HT). Linear infrared spectra, α(ω), were measured using a double beam

mid-infrared spectrometer (Perkin-Elmer 881). The samples were contained between two

CaF2 windows separated by a Teflon spacer.

III. RESULTS

A. Dielectric Spectroscopy.

For neat water at room temperature the intense relaxation mode (bulk water mode)

due to the rotation of the dipolar water molecules is centered at 20GHz, corresponding

to a relaxation time of 8.3 ps (Figure 1).58 At THz frequencies an additional weak high-

frequency mode (HF water mode) is observed that has been assigned to interaction-induced

components in the water relaxation mechanism59,60 or to a small angular rotation preceding

a large angle jump.61

At low concentrations of TMAO the peak in ε′′(ν) is observed to be centered at ∼ 20GHz

(Figure 1) as for neat water.58 As the concentration of TMAO increases we observe a shift

of the maximum in ε′′(ν) and of the dispersion in ε′(ν) to lower frequencies (Figure 1). This
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observation indicates a slowing down of the overall dynamics of the solution. Interestingly,

a distinct double peak structure in ε′′(ν) is observed at intermediate concentrations (e.g. at

4mol kg−1). This structure indicates the appearance of at least one slower relaxation mode.

The decrease in the dispersion and the dielectric loss observed at ∼ 20GHz shows that the

concentration of bulk-like water molecules decreases rapidly as m increases. Finally, close

to the solubility limit of TMAO in water at ∼ 10mol kg−1, the dielectric loss is dominated

by an intense peak at ∼ 700MHz (corresponding to ∼ 260 ps).

It is apparent from Figure 1 that the lower-frequency limit of ε′(ν) (i.e., the static di-

electric constant, εs) increases from the value of neat water (εs = 78.4) to εs ≈ 100 at

10mol kg−1. This finding is in agreement with an earlier, lower-frequency dielectric relax-

ation study on diluted aqueous TMAO solutions.20 It is noteworthy, that for an ideal (un-

correlated dipoles) mixture42,62,63 of TMAO dipoles and water dipoles the static permittivity

is expected to decrease. For this we consider the effective dipole moment,64 i.e. the dipole

moment in the condensed phase including intramolecular polarization effects, of TMAO to

be μcalc
eff,TMAO ≈ 6.8D (1D = 3.33564 × 10−30Cm), based on quantum mechanical ab initio

calculations.65 For the effective dipole moment of water we assume μexp
eff,H2O

= 3.8D extracted

from experimental dielectric spectra for water.42,58 Based on these effective moments and the

analytical concentrations of H2O and TMAO in the mixture a dielectric constant of εs ≈ 73

would be expected for a mixture of 10mol kg−1 TMAO in water. This contrasts the mea-

sured value of εs ≈ 100, which leads us to conclude that pronounced (parallel) dipole-dipole

correlations must occur in the binary mixtures. Thus, the polarization of the sample at

low frequencies is significantly higher than it would be if it were solely due to independent

alignment of TMAO and water dipoles to the external field. As we will show below, these

correlations are due to the formation of TMAO·2H2O and/or TMAO·3H2O complexes, that

results in a rigid alignment of water dipoles next to the hydrophilic group of TMAO.

1. Data Analysis

To explore the molecular origin of these observations we model the experimental spectra.

For aqueous solutions of TMAO a separate relaxation related to the dipolar TMAOmolecules

is expected, in addition to the water response, which for neat water is formed by the modes

at 20GHz and ∼ 0.5THz. Further, it has been reported previously,12,14,17,24,25,27 that water
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molecules hydrating the TMAO molecule have distinctively slower rotational dynamics than

bulk-like water molecules.

Taking these findings into account, we model the experimental dielectric spectra, ε̂(ν),

with a superposition of four Debye equations. It seems evident to interpret these two addi-

tional modes to the reorientational relaxation of, respectively, the TMAO molecules that are

known to have a large dipole, and water molecules that have significantly slower dynamics

compared to bulk water (slow water mode). Hence, the individual spectra were described

by the following equation:

ε̂(ν) =
STMAO

1 + i2πντTMAO

+
Sslow

1 + i2πντslow
+

Sbulk

1 + i2πντbulk
+

SHF

1 + i2πντHF

+ ε∞ (4)

where Sj and τj are the relaxation strengths and relaxation times of each individual pro-

cess, respectively. The infinite frequency limit, ε∞, accounts for polarization effects (e.g.

vibrations, librations, electronic polarization, etc.) above terahertz frequencies. Note that

because of the non-linear nature of the fitting procedure it is not possible to assign sta-

tistically meaningful standard uncertainties to the individual fit parameters.66 Therefore

variations of the parameters between two independent measurements were taken as an in-

dication for their reproducibility.

For the present spectra, indeed, four separate Debye-type relaxation modes give the

lowest values of the reduced error function, χ2,64 whereas the assumption of only three

relaxation modes yields somewhat higher values of χ2.67 Inclusion of an additional mode (i.e.,

five Debye-type relaxation modes) gives physically unreasonable parameters e.g., negative

amplitudes or relaxation times.

The contributions of each single relaxation mode to the dielectric loss spectra are depicted

exemplarily at two different concentrations in Figure 2 and the obtained fitting parameters

are shown as a function of concentration in Figure 3. We note that the concentration

dependence for τTMAO parallels the variation for τbulk with c for low concentrations of TMAO.

However, the slow water mode peaks between the intense TMAO relaxation and the strong

bulk water mode, and is overlapped with these modes. Hence, its exact position in the data

analysis is somewhat uncertain. In order to obtain more robust fit results, we limited the

parameter space by assuming that τslow has the same concentration dependence as τTMAO;

the latter can be unambiguously determined due to its high amplitude (STMAO). We hereby

assume that the reorientation of molecular level dipoles is determined by the hydrodynamic
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environment and these hydrodynamic conditions are altered for all molecular species in a

similar manner.

a. Water relaxation As for neat water,58 a weak high-frequency mode centered at

∼ 0.5THz is observed at all concentrations. Its relaxations strength, SHF, and the cor-

responding relaxation time, τHF, are essentially constant over the investigated concentration

range (Figure 3). Since its molecular origin is likely related to an interaction-induced po-

larization of water59,60 or to a small angular degree of freedom,61 the data suggest that this

mechanism is not significantly perturbed by the presence of TMAO.

At low concentrations of TMAO we observe a pronounced relaxation at ∼ 20GHz as is ob-

served in neat water (τbulk = 8.3 ps).58 This mode is related to “bulk-like” water molecules.

As already apparent from the raw spectra (Figure 1), we find a pronounced decrease in

the relaxation amplitude, Sbulk, as the concentration of TMAO increases (Figure 3a). Its

corresponding relaxation time, τbulk, increases smoothly up to 6mol kg−1. At higher concen-

trations the data suggest that it decreases slightly, but due to the small amplitude at these

concentrations there is a relatively large uncertainty in the inferred relaxation times.

The amplitude of the bulk and fast relaxation modes described above only accounts

for a fraction of the total number of water molecules in the solutions. Hence, we assign

the remaining water fraction to water molecules located in the hydration shell of TMAO

(slow water mode). We find the dynamics of these slow water molecules to be slower by

a factor 2-3 (τslow ≈ 20 ps) at low TMAO concentrations compared to bulk water (τbulk ≈
8.3 ps). This finding is in agreement with the retardation due to hydrophobic groups as

found for diluted solutions of tetramethylurea54 or tetraalkylammonium salts.68 For higher

concentrations the dynamics are further retarded and at 10mol kg−1 the response attributed

to slow water is centered at ∼ 2GHz (τslow ≈ 90 ps). Such a deceleration is commonly

observed in the dielectric spectra for water molecules in the vicinity of hydrophobic moieties

(hydrophobic hydration).54,68,69 It is further in broad concordance with earlier studies on

aqueous TMAO solutions using time-resolved infrared techniques,24,27,29 while molecular

dynamics simulations find a less pronounced deceleration at low solute concentrations.10,12

For quantitative analysis of the relaxation strengths we use the Cavell equation42 to relate

Sj to the corresponding concentration of dipolar species:

11



2εs + 1

εs
· Sj =

NAcj
kBTε0

· (μexp
eff,j)

2 (5)

This equation relates the amplitude Sj to molecular-level species64 j of volume concentra-

tion cj and effective dipole moment μexp
eff,j for a multi-component dipolar mixture. The value

μexp
eff,j corresponds to the dipole moment in solution and includes cavity- and reaction-field

effects.64 In eq 5, εs is the static permittivity (= ε∞ +
∑

Sj = limν→0 ε
′(ν)), NA and kB are

the Avogadro and Boltzmann constants, T is the temperature, and ε0 is the permittivity of

free space.

By assuming the effective dipole moment of water, μexp
eff,H2O

, to be the same as for neat

water46 we obtain from Sslow and Sbulk the corresponding concentrations of slow, cslow, and

bulk-like, cbulk, water, respectively. From these values we determine the fraction of bulk

water fbulk = cbulk/cH2O and slow water fslow = cslow/cH2O, where cH2O is the analytical

water concentration (55mol L−1 for neat water). As will be shown below, we can thus

follow the interconversion between the different types of water as the TMAO concentration

is varied. It turns out that Sslow and Sbulk account for most of the water molecules in the

sample.

As already mentioned before, the fraction of bulk-like water decreases rapidly as the

TMAO concentration increases (Figure 4). The amplitude (Figure 3), and consequently the

number of water molecules in the proximity to a hydrophobic entity (Figure 4), increases

smoothly and continuously as the concentration of TMAO molecules increases at low con-

centrations. Above ∼ 4mol kg−1 a less steep increase is observed which suggests the onset of

overlapping hydration shells. The observed fraction of slow water molecules corresponds to

5-9 H2O per TMAO for dilute solutions. This value for water molecules in the vicinity of the

hydrophobic moiety is in broad concordance with 8-12 H2O for tetramethylurea,54 taking

the different numbers (3, resp. 4) of methyl groups of the two amphiphiles into account. It

is also consistent with 9-10 water molecules as inferred from the MD simulations of Ref.

10 but somewhat lower than suggested by linear infrared spectroscopy (∼ 17 H2O)21 and

resulting from the MD simulation studies (∼ 19 − 25 H2O) of Refs. 12 and 25. At higher

concentrations the number of water molecules engaged in the slow water relaxation mode

decreases and at 10mol kg−1 only ∼ 2 H2O per TMAO can be detected in this mode. This

is in line with overlapping hydrophobic hydrations shells at high concentrations.

As can be seen from Figure 4, there is a significant difference between the water molecules
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that contribute to the water relaxation modes (bulk and slow water) and the analytical

concentration of water, cH2O (i.e., fbulk+fslow < 1). This means that there is a fraction fbound

(= 1−fbulk−fslow) of water molecules that has a significantly longer rotation time than that

of the slow and bulk water molecules. To be more precise, the “missing” fraction of water

molecules are very likely bound to TMAO, and do not contribute to the slow nor the bulk

water relaxation modes (similar to water molecules in the hydration shell of cations34). The

missing water portion can be converted to hydration numbers, Zib,(= (cH2O−cslow−cbulk)/c)

that is the number of bound water molecules per TMAO. We thus obtain Zib ≈ 2−3 H2O per

TMAO molecule (Figure 5b). The observation of bound water molecules is in agreement

with an earlier dielectric spectroscopy study by Shikata and Itatani20 who observed ∼ 2

bound water molecules per TMAO at c < 1mol L−1. As will be discussed below, these water

molecules are bound in stable complexes with the solute TMAO. This finding is consistent

with molecular dynamics simulations10,12 and a linear infrared spectroscopic study19 that

shows that the hydrophilic entity of TMAO forms 2-3 strong hydrogen-bonds to water.

b. TMAO-water Relaxation The lowest-frequency mode is centered at ν ≈ 2.7GHz

(τTMAO ≈ 60 ps) for dilute solutions and is gradually shifting to lower frequencies as the con-

centration of TMAO increases. At the highest concentration of this study, m = 10mol kg−1,

this mode peaks at ∼ 0.7GHz (τ1 = 260 ps) and dominates the dielectric spectrum (Figure

1). As can be seen in Figure 3 the amplitude of the lowest-frequency mode, STMAO, increases

monotonically with the concentration of TMAO. Due to the high amplitude and the location

at low frequencies of this relaxation mode, we assign it to the dipolar TMAO molecule. This

assignment is in line with earlier studies by Shikata and Itatani,20 and Freda et al.18

The value of τTMAO ≈ 60 ps for dilute solutions corresponds to a first order microscopic

rotational correlation time τ ′TMAO = 41ps, using the Powles-Glarum equation70,71 to correct

for reaction field effects. Assuming a diffusive rotation mechanism, this is consistent with

a second-order rotational correlation time of 14 ps for the N-O vector as found with MD

simulations.12 As the concentration of TMAO increases, τTMAO becomes longer (Figure 3).

At 10mol kg−1 we find a value of τTMAO = 260 ps, corresponding to a microscopic first-

order relaxation time of τ ′TMAO = 175 ps. This increase very likely represents the increasing

viscosity of the solutions.22,23

To clarify the molecular-level origin of the relaxation mode, we use eq. 5 to relate the
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observed relaxation strength, STMAO, to the dipole moment of the relaxing molecular-level

species, μexp
eff,TMAO. Assuming all TMAO molecules contribute to the relaxation mode (cj =

cTMAO in eq. 5), we obtain an average value of μexp
eff,TMAO = 10.7 ± 0.3D (Figure 5). This

observed value is in broad accordance with an earlier study for diluted TMAO solutions that

observed a value of 12D.20 However, the value is significantly higher than the dipole moment

of a single TMAO molecule embedded in an effective medium with ε = 80, μcalc
eff,TMAO =

6.8D,65 as obtained with ab initio quantum mechanical calculations. It is further inconsistent

with the experimental value of the dipole moment for TMAO determined in apolar solvents

(μTMAO = 5.04D).72 Together with the finding that there are 2-3 water molecules strongly

bound (Figure 5b), the present results indicate that the underlying molecular-level species

of the low-frequency relaxation mode are stable TMAO-water complexes, that have a larger

dipole moment than an isolated TMAO molecule.

To test this hypothesis, we have performed quantum mechanical ab initio calculations65 on

a TMAO·3H2O complex. The results of the geometry optimization for a TMAO·3H2O com-

plex in the gas-phase and embedded in a continuum with εs = 80 (i.e., that of bulk water) are

shown in Figure 6. In the gas phase the minimum energy structure for a TMAO·3H2O com-

plex is obtained by a partial cancellation of the water and TMAO dipole vectors. This partial

antiparallel alignment of the single molecule dipoles results in a decrease in μcalc
TMAO·3H2O

for

the complex, which is in agreement with previous calculations.20,73 In contrast to the gas-

phase results, calculations in a continuum of permittivity εs = 8065 yield a partial parallel

alignment of the molecular dipoles of water and TMAO (Figure 6). This parallel alignment

of the molecular level dipoles (and a partial charge transfer from TMAO to water)73,74 yields

a value of μcalc
eff,TMAO·3H2O

= 10.9D for the dipole moment of the TMAO·3H2O complex. This

value is in remarkably good agreement with the experimentally observed effective dipole

moments μexp
eff,TMAO = 10.7 ± 0.3D. Since both the experimental value and the calculation

in the continuum include local-field effects, they are directly comparable. Hence, the find-

ings collectively indicate that the hydrophilic part of TMAO can strongly bind 3 H2O for

concentrated aqueous solutions, with the TMAO and water dipoles partially aligned.75

It may be significant that the observed value of μexp
eff,TMAO increases slightly as the con-

centration of TMAO increases (Figure 5). This points either towards some dipole-dipole

correlations between TMAO·3H2O complexes or to a gradual change from TMAO·2H2O at

low concentrations to TMAO·3H2O for concentrated solutions. The latter is consistent with
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the somewhat lower dipole moment obtained for a TMAO·2H2O complex.75 Using the cal-

culated dipole moments for the TMAO·2H2O and TMAO·3H2O complexes, we estimate the

number of bound water molecules from the observed value for μexp
eff,TMAO. Within the experi-

mental precision these values are consistent with the number of bound water molecules, Zib,

as determined from the fraction of bound water molecules (Figure 5b). It is important to

note, that a formation of TMAO·2H2O complexes at low concentrations and TMAO·3H2O

at high concentrations does not directly imply a change in the coordination structure of the

TMAO molecules, but rather points towards a lengthening of the lifetimes for the water-

TMAO hydrogen-bonds with concentration (see discussion below). The formation of stable

TMAO·3H2O complexes also explains the observed increase in the static permittivity with

concentration (Figure 1a).

B. Femtosecond Infrared Spectroscopy

1. Linear Infrared Spectra

For neat HDO in H2O (8% HDO in H2O) the linear infrared spectrum shows two distinct

bands at frequencies ranging from 2100 cm−1 to 2600 cm−1 (Figure 7). The O-D stretching

vibration is centered at ∼ 2510 cm−1 and at ∼ 2100 cm−1 a weaker band due to a combi-

nation vibration of H2O is observed.76 For aqueous solutions of TMAO (8% HDO in H2O)

a pronounced asymmetric broadening towards lower wavenumbers for the O-D stretching

vibration of HDO is observed (Figure 7). A similar broadening has previously been observed

for the O-H stretching vibration.19,77 These red-shifted stretching oscillators correspond to

water molecules that are engaged in strong hydrogen bonds. In agreement with the claimed

formation of very strong hydrogen-bonds between water and TMAO,8,10,14,77 and confirmed

by the DR results indicating stable TMAO-water complexes, we assign the red-shifted O-D

oscillators to HDO molecules that form strong hydrogen bonds to the hydrophilic part of

TMAO. For the O-H stretching vibration a similar asymmetric broadening has been observed

which has been described with an additional red-shifted band. Its center frequency is not

very well defined and has been reported at 2970 cm−1 (Ref. 19) and at 3200 cm−1 (Ref. 77).

Its contribution to the infrared spectra has been found to correspond to ∼ 2 water molecules

per TMAO, consistent with the composition of the TMAO-water complexes inferred from
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our DR experiments.

2. Isotropic Transient Absorption

We investigate the dynamics of the HDO molecules that are strongly hydrogen-bonded

to TMAO using femtosecond infrared spectroscopy. In contrast to our previous studies24,27

we use red-shifted pump and probe pulses centered at ∼ 2450 cm−1, where the contribution

of the red-shifted band dominates, as evident from the linear infrared spectra.

Figure 8 shows that the transient spectra are dominated by a bleach of the fundamental

transition but no induced absorption. This suggests that at ω � 2450 cm−1 an additional

bleaching signal is superposed onto the excited state absorption of bulk HDO molecules and

is indicative of a red-shifted band (in addition to the O-D stretching band of bulk water)

as already apparent from the linear spectra. Secondly, the maximum bleached signal in

Δαiso shifts to higher wavenumbers as t increases for early delays (< 3 ps in Figure 8a).

This observation points at the presence of two distinct bands, a red band with a short

lifetime of the excitation and a second band at higher wavenumbers with a somewhat slower

vibrational decay. This is supported by the delay traces depicted in Figure 8b that show a

significantly faster decay at early delays (< 5 ps) at 2430 cm−1 compared to 2530 cm−1. The

delay trace at 2379 cm−1 gives even stronger evidence for the presence of two distinct bands.

At this frequency we observe initially a bleaching signal, followed by an induced absorption

(Δαiso > 0) and finally reaching a bleaching signal at long delays (Figure 8b). Such behavior

cannot be reproduced with a single state decaying to a final end state (heat). In fact, this

behavior shows that at early delays the transient spectra are dominated by the bleach of a

short-lived red-shifted band. As the excitation of this band decays, the measured signal is

dominated by the excited-state absorption of the (longer-lived) blue-shifted band. Finally,

as the excitation of both bands has decayed, the transient spectra are dominated by the

heated end-state corresponding again to a bleaching signal.

Another interesting feature is observed at long delays, where the heating effect prevails.

As indicated in Figure 8b, the transient spectra show still some variation with time at

delays > 20 ps and have not yet reached a final value. These slow dynamics become more

pronounced as the concentration increases and are indicative of very slow heating dynamics

for high concentrations of TMAO.
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a. Data Analysis For neat water, the rise of the thermal signal does not instantaneously

follow the relaxation of the vibrational excitation but is somewhat delayed. This delay can

be modeled by introducing an intermediate state that has no transient spectral signature

at frequencies of the O-D stretching vibration (i.e., the absorption is the same as for the

vibrational ground state).36,78,79 To account for the red-shifted band an additional excited

state with a shorter lifetime is included. The further ingrowth of the heating effect is modeled

using an additional state that has the same spectral signature as the heated end-state, but

a lower amplitude. A schematic representation of the kinetic model is depicted in Figure

9. The rate constants kj and the spectra associated with each state are obtained by fitting

the isotropic data Δαiso(ω, t) over the measured frequency and delay time range. In this fit

the rate constants, kj, and thus the corresponding vibrational lifetimes, τvib,j (= 1/kj), are

assumed to be constant over the investigated range of frequencies.

The initial populations of both exited states (N1(t = 0) and N2(t = 0)) were chosen in

order to obtain a ∼ 1.2 times higher cross-sections for the red-shifted band compared to

the bulk band at all concentrations. This ratio is based on the extensive study reported

by Corcelli and Skinner.80 Fits using this model are depicted for a 10mol kg−1 solution of

TMAO in isotopically diluted water in Figure 8.

b. Excited State Dynamics In Figure 10a we show the measured Δαiso together with

the decomposition into the two bands σ1 and σ2 of the excited O-D vibrations at t = 300 fs,

where the contribution due to the heating effect is negligible.

The spectral signature of the first excited state, σ1, closely resembles the results for neat

isotopically diluted H2O with a characteristic bleach at ω ≈ 2500 cm−1 and an adjacent

induced absorption due to excited state absorption at ω ≈ 2400 cm−1 (Figure 10a). The

vibrational excitation decays with a characteristic rate of k1 = (0.55 ± 0.03) ps−1 (τvib,1 =

(1.8 ± 0.1) ps). The value of k1 is constant over the entire concentration range within the

experimental accuracy. We reported previously27 a moderate increase in the vibrational

relaxation timescale. However, the present model showing no variation of the vibrational

relaxation rates with concentration also perfectly describes our previous data, which did

not focus on red-shifted wavenumbers.27 The observed decay rate is in excellent agreement

with the value measured for neat water (k1 = 0.56 ps−1).50 Hence, these results suggest that

the observed excited state corresponds to HDO molecules that are very similar to bulk-
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like water with respect to their hydrogen-bonded structure and vibrational coupling to the

environment.

The spectrum of the second excited state, σ2, corresponds to a bleaching signal with a

Gaussian band-shape (Figure 10a). Its maximum bleach is centered at ω = (2450±10) cm−1

at all concentrations. This band arises from HDOmolecules that form strong hydrogen bonds

to the hydrophilic part of TMAO. The vibrational relaxation of this red-shifted band is ap-

proximately three times faster with a decay rate of k2 = (1.5±0.1) ps−1 (τvib,2 = (670±50) fs).

At first sight this may appear surprising, since the vibrational relaxation of O-D oscillators

in neat H2O has been found to be rather insensitive to the absorption frequency.36,78 The fast

decay of water molecules that are hydrogen-bonded to TMAO indicates that these water

molecules have access to additional relaxation paths. These paths are very likely related

to the TMAO molecules itself, e.g. involve coupling to TMAO combination modes.81 The

vibrational relaxation time τvib,2 is found to be independent of TMAO concentration.

The initial populations at t = 0 are directly related to the concentration of the different

subensembles of HDO molecules in solution. Hence, the population N2(t = 0) corresponds

to the fraction of O-D oscillators forming hydrogen-bonds to TMAO with respect to the

overall number of O-D oscillators in solution (because N1(t = 0) + N2(t = 0) = 1). As

can be seen in Figure 10b this fraction increases linearly with TMAO concentration. At

10mol kg−1 TMAO in water a major fraction of the O-D groups that are excited with the

red-shifted pump pulse are hydrogen bonded to TMAO. Given the spectral overlap of the

pump with the two bands, this is consistent with TMAO forming 3 hydrogen-bonds to H2O.

c. Delayed Heating dynamics At late delays we observe slow dynamics related to a

further heat equilibration. These slow dynamics are only present for high concentrations

of TMAO and are not observed at m < 2mol kg−1. As can be seen in Figure 11a, these

slow dynamics correspond to an increase of the magnitude of the heating signal. A second

remarkable observation is that the magnitude of this delayed heating effect is significantly

larger for pump-probe experiments performed at 2440 cm−1 than for experiments in which

the pump pulse is centered at 2560 cm−1.

The dependence on the pump frequency is consistent with an efficient coupling of HDO

molecules in the vicinity of TMAO to vibrational modes of TMAO. These TMAO vibrations

have apparently a relatively long lifetime, leading to a rather delayed appearance of some
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portion of the heating signal. For experiments performed at 2440 cm−1 more HDO molecules

close to the TMAOmolecules are excited (compared to experiments with the pump frequency

centred at 2560 cm−1) which results in a large degree of excitation of the TMAO modes. As a

consequence, the magnitude of the delayed heat ingrowth is higher. We observe the difference

in magnitude between σ4 and σ5 to be strongly dependent on concentration (Figure 11b).

The equilibration rate k4 = (0.09 ± 0.05) ps−1 (τvib,4 = (11 ± 6) ps) is essentially constant

at all concentrations and does not depend on the pump frequency. This indicates that

the equilibration mechanism is solely dependent on the TMAO molecule and not on other

solution properties.

3. Anisotropic Transient Absorption

a. Red-shifted band As shown above, we find the absorption of O-D oscillators that

form strong hydrogen bonds to TMAO to be centered at ω ≈ 2450 cm (Figure 10a). From

the isotropic results we find that for high concentrations of TMAO the transient spectra

are dominated by these molecules at early delay times. After decay of this excitation the

spectra are dominated by the excited state absorption of the bulk-like band centered at

ω ≈ 2510 cm−1. Hence, the anisotropy parameter at these frequencies is a superposition

of the rotational dynamics of the red-shifted band and the center frequency absorption,

weighted by their (time-dependent) contribution to the isotropic spectra.

In order to obtain the anisotropy parameter of the O-D groups we subtract the heating

contribution.50 As can be seen in Figure 12a, for neat HDO in H2O R(t) decays smoothly

with increasing delay time, when measuring the anisotropy on the red side of the band,

at 2440 cm−1. On the contrary, for a 10mol kg−1 solution of TMAO, after a small initial

decay, the anisotropy remains essentially constant for times up to 2.2 ps, for which the

transient spectra are dominated by the excitation of the red-shifted band. This finding

is in agreement with the rotational dynamics of these hydrogen-bonds being governed by

the slow rotation of the entire TMAO·3H2O complex. At intermediate concentrations (e.g.

3mol kg−1, Figure 12a) the red-shifted band dominates the transient spectra up to ∼ 0.8 ps,

while at later delay times the contribution of the red-shifted band is negligible. This is

reflected in a step-like behavior of the observed anisotropy parameter (Figure 12a) where

the slowly reorienting TMAO complexes prevail at short delay times. At longer delay times,
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R(t) reflects the rotation of the other water molecules. We note that the measurements at

these low frequencies may be complicated by the excited state absorption of the 2510 cm−1

band, thus, we only consider the relative variation with TMAO concentration and we do not

perform a quantitative analysis.

b. Center frequency absorption In order to circumvent interference with the red-shifted

band we have tuned the pump frequency to higher wavenumbers (ω ≈ 2560 cm−1; full

width at half maximum ∼ 110 cm−1). As can be seen in Figure 12b, the anisotropies

exhibit a continuous decay indicating no significant contribution of the red-shifted band.

There is a substantial speed-up at short times, and slow-down at long times. We have

previously attributed the speed-up at short delay times to accelerated rotation dynamics

of the bulk water fraction.27 Comparison with other solutes containing methyl groups has

indicated that the slow-down at long times is due to water molecules close to the hydrophobic

groups of the TMAO molecules.24 The resulting R(t) decays closely follow our earlier fs-IR

studies,27,50 therefore we include these measured anisotropy decays in our analysis. We note

that the O-D oscillators of HDO molecules that are engaged in a TMAO·3H2O complex,

but oriented away from the TMAO molecules will presumably have a similar absorption

spectrum and vibrational lifetime as a bulk-like HDO molecule. Hence, these HDO molecules

will contribute to the anisotropy parameter of the center-frequency absorption. We assume

these O-D groups to have similar rotation dynamics to bulk-like water molecules. As a

consequence, we fit the measured R(t) decays to a bi-exponential decay:

R(t) = Abulk · e(−t/τIR,bulk) + Aslow · e(−t/τIR,slow) (6)

In eq. (6) Abulk corresponds to the amplitude of bulk-like water molecules reorienting with

a characteristic time, τIR,bulk. A second portion, AIR,slow, of water molecules in the vicinity of

a hydrophobic moiety shows much slower reorientation dynamics. We fix this slow rotational

correlation time to the value obtained from the dielectric measurements after correction for

the experimental difference in the rotational correlation times τIR,slow = τslow/3.4.
52 The thus

resulting slow reorientation time τIR,slow amounts to 7 ps at 1mol kg−1 and increases to 27 ps

at 10mol kg−1 TMAO in water. The corresponding fractions and the bulk-like reorientation

time are the free parameters. At low concentrations of TMAO (m < 4mol kg−1) we fix

τIR,bulk to the value measured for neat water (τIR,bulk = 2.5 ps).50 As can be seen in Figure

12, our model excellently describes the experimental anisotropy decays. In agreement with
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our previous studies,27 the bulk reorientation time, τIR,bulk, decreases at concentrations above

4mol kg−1 and at 10mol kg−1 of TMAO we observe a value of τIR,bulk ∼ 0.5 ps.

For a direct comparison with the results obtained with dielectric relaxation spec-

troscopy, we calculate the corresponding fractions of bulk-like water molecules fbulk (=

Abulk

Abulk+Aslow

110−3·m
110

). This expression takes into account, that the center frequency absorption

band does not contain the O-D groups forming direct hydrogen-bonds to TMAO (∼ 3). The

factor 110 reflects the effective concentration of hydroxyl groups, i.e. twice the concentration

of water molecules. In Figure 4 we show the fractions thus obtained together with the results

obtained with dielectric spectroscopy. The fractions of bulk-like and slow water as inferred

from the fs-IR anisotropies are in broad agreement with the DRS results. At intermediate

concentrations we detect a somewhat higher fraction of slow water, i.e. water hydrating the

hydrophilic group, with fs-IR than with DR.

IV. DISCUSSION

The DRS results show that the molecular structure of aqueous TMAO solutions is dom-

inated by pronounced dipole-dipole correlations, as indicated by the increase in the static

permittivity, εs, with increasing concentration. In combination with quantum mechanical ab

initio calculations we show that these correlations originate in very strong hydrogen-bonds

between a few water molecules and TMAO. The observed amplitude of the TMAO relaxation

and the increase of the static permittivity with increasing concentration of TMAO evidences

the existence of stable TMAO·2H2O and/or TMAO·3H2O complexes, with a strong corre-

lation between the orientation of the dipoles of TMAO and water.

While the acceptance of three hydrogen-bonds by TMAO is rather intuitive and widely

reported in literature,10,12,19,73,82 it is important to realize, that to be detectable as a separate

relaxation mode in the dielectric spectrum, the lifetime of such a complex has to be longer

than the observed rotational correlation times τ1 = 60−260 ps (depending on concentration).

If the lifetimes were shorter than the rotational correlation time of the complex, the dipolar

TMAO and water molecules would contribute separately to the dielectric spectrum. This

means that the dipole-dipole correlations leading to the increase of the dielectric strength

would not be observed.

This immediately implies that the lifetime of a O-H· · ·O-N hydrogen-bond is substantially
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longer than the lifetime of a water-water hydrogen bond.83 The fact that the lifetimes of these

hydrogen-bonds are longer than the rotation time of the whole complex has been already

postulated previously on the basis of nuclear Overhauser experiments.22 MD simulations8,14

predict a significantly longer hydrogen-bond lifetime for a water-TMAO than for a water-

water hydrogen-bond, but the reported lifetimes are still far too short to be consistent with

our findings. MD simulations predict the hydrogen-bonded lifetimes to be 4 (Ref. 14) to

7 (Ref. 8) times longer than a water-water hydrogen bond. However, the non-polarizable

force field used in the MD simulations cannot accurately describe the interactions with

water for the hydrophilic entity of TMAO, as reflected in the erroneous structures of TMAO

hydrates.84 These interactions include a significant charge transfer from TMAO to water73,74

that cannot be captured by classical MD simulations. In this context ab initio molecular

dynamics simulations would be desirable, since these calculations can account for the partial

charge transfer within the TMAO-H2O bond.

The asymmetric broadening towards low wavenumbers of the linear infrared spectra is

consistent with the presence of strong hydrogen-bonds between HDO molecules and TMAO

(Figure 7). Our time-resolved infrared experiments allow us to spectrally resolve a separate

infrared band, associated with these strong hydrogen bonds that is red-shifted by ∼ 55 cm−1

with respect to neat HDO. We find that the strong hydrogen-bonds lead to a very efficient

coupling between the excited HDO molecule and TMAO. This results in an effective decay

mechanism of O-D groups directly interacting with the TMAO and as a consequence in an

almost three times shorter vibrational lifetime of HDO molecules bound to TMAO (τvib,2 =

(670 ± 50) fs) compared to neat HDO in H2O. In addition, the TMAO molecules appear

to store the transferred vibrational energy very efficiently, leading to rather slow heating

dynamics with a characteristic time of τvib,4 = (11± 6) ps.

Both dielectric relaxation and polarization-resolved femtosecond infrared experiments

reveal a pronounced slowing down of the rotational water dynamics, attributed to water

located in the hydrophobic hydration shell of TMAO. For dilute solutions the rotational

dynamics of 6-9 water molecules per TMAO are slowed down by a factor 2-3 compared to

neat water. As the concentration increases the dynamics are further decelerated and at

m = 10mol kg−1 the rotational dynamics are approximately ten times slower compared to

neat water. These findings are in line with previous studies that have shown a slowing down

of the water dynamics within the hydrophobic hydration shell of amphiphilic molecules,

22



irrespective of the nature of the hydrophilic group.24,27,29,54

The DRS results indicate that the rotation dynamics of the water molecules

bound to the hydrophilic moiety are largely determined by the rotation of the whole

TMAO·2H2O/TMAO·3H2O complex. This is consistent with a rather time-independent

anisotropy observed for O-D oscillators bound to TMAO as measured in the fs-IR experi-

ments (Figure 12a), as rotation of these O-D groups require rotation of the whole complex,

which is slow. Due to their short vibrational lifetime and the weakening of their bond

strength the slow rotational dynamics of these O-D oscillators contribute only at early delay

times and at low wavenumbers (∼ 2450 cm−1) to the observed anisotropies.

A striking difference between the DR and the fs-IR experiments is the acceleration of

the rotational dynamics of “bulk-like” water molecules at high concentrations of TMAO in

the fs-IR measurements.27 This feature is very weak in the dielectric relaxation experiments

(Figure 3b). To explain this difference one has to keep in mind that fs-IR spectroscopy

is sensitive to the rotational dynamics of the O-D transition dipole (i.e., the O-D vector),

while DR spectroscopy monitors the rotation of the permanent dipole moment of water.

These two vectors do not coincide.34,44,85 Taking these distinctively different sensitivities of

both experiments into account, the observations can be explained from the formation of

stable TMAO·2H2O/TMAO·3H2O complexes. The acceleration of τIR,bulk, as observed with

polarization resolved fs-IR measurements, may originate in the rotation of some of the O-D

oscillators within such a complex, presumably those oriented away from the hydrophilic N-

O group. The likely origin for the speed-up is the disruption of the local hydrogen-bonded

structure close to the hydrophilic parts of the TMAO-water complexes. For instance, the

rotational dynamics of these O-D groups can be faster and not anymore determined by the

rearrangement of the surrounding hydrogen-bond network due to local defects in the solution

structure.

V. BIOLOGICAL IMPLICATIONS

As TMAO plays an important role in the regulation of the volume of a living cell by

counteracting external osmotic pressure,1,86 our results suggest that this biological function

is closely related to the ability to strongly bind water molecules. Thus, by strongly binding

three water molecules, TMAO reduces the activity of water inside a cell significantly and
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therefore reduces the activity gradient along the cell membrane. A similar mechanism has

been found for TMAO counteracting the destabilizing effect of urea by directly binding urea

molecules.87,88

As already mentioned in the introduction, TMAO is an osmolyte, which is commonly

used to stabilize proteins.31 This means that TMAO can stabilize the tertiary structure by

enhancing the intraprotein interactions, which are dominated by hydrophobic interactions

and internal hydrogen-bonds.89,90 In general, amphiphilic molecules can mediate the inter-

action between hydrophobic protein fragments and the surrounding aqueous environment

via a direct mechanism.7,39 The hydrophobic intra-protein interaction is thereby weakened

and the folded protein structure is destabilized. Our results suggest that for TMAO this

direct destabilizing effect is of minor significance compared to the profound indirect stabi-

lizing effect.7,39 These stabilizing effects are related to the formation of the TMAO water

complexes, which in turn lead to an enhancement of the polarity of the solution as reflected

in the increase in the dielectric constant. Hence, the presence of TMAO makes the exposure

of the hydrophobic protein fragments to the solvent less favourable and thereby promotes

the interaction between hydrophobic entities of a protein. In addition, the strong interac-

tion of the hydrophilic oxygen of TMAO may lead to an indirect stabilization of proteins.

The formation of the long-lived water hydrogen-bonds to TMAO is highly exothermic,73

and thus interaction of water with TMAO is energetically favorable over hydration of a

protein. This formation of strong hydrogen-bonds leads to a decrease of the activity of

water in solution and causes dewetting of the biomolecule.91 This means that TMAO can

promote intra-protein interaction by lowering the number of available water molecules that

are competing for hydration sites at the protein.8,90,92

It is noteworthy, that the molecular structure of TMAO is quite similar to that of other

amphiphilic molecules like for instance tetramethylurea (TMU) or t-butyl alcohol (TBA).

Nevertheless, TMAO has a stabilizing effect on the folded protein conformation3 whereas

TMU and TBA have a destabilizing effect.30,93 The chemical difference between TMAO and

other amphiphiles largely consists in the strength of the interaction between their hydrophilic

group and water. For TMU and TBA the interaction between the hydrophilic moiety and

water is much weaker than for TMAO and its addition to water does not lead to an increase

of the solution polarity.54,94 Hence, our results suggest that the protein stabilization by

TMAO is intimately connected to the ability of TMAO to strongly bind water molecules to
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its hydrophylic group via the indirect mechanisms described above.

VI. CONCLUDING REMARKS

We studied the dynamics of aqueous solutions of trimethylamine-N -oxide using a com-

bination of broadband dielectric spectroscopy and polarization-resolved femtosecond vibra-

tional spectroscopy. With both techniques we find evidence for the existence of stable

long-lived TMAO·2H2O/TMAO·3H2O complexes. The formation of the complex leads to

pronounced parallel dipolar correlations that are reflected in the dielectric spectra of the

solutions. The interaction of water with TMAO within the complex is dominated by strong

hydrogen-bonds of water to the hydrophilic N-O group of TMAO. The observation of a

separate relaxation mode in the dielectric spectra for these complexes shows that TMAO-

water hydrogen-bonds have a remarkably long lifetime (> 50 ps). Hence, aqueous solutions

containing TMAO should be considered as solutions of TMAO·2H2O/TMAO·3H2O entities,

rather than solutions of isolated TMAO molecules.

Further, the strong hydrogen-bonds of water with TMAO lead to a red-shift of the HDO

stretching frequency of these oscillators. These red-shifted HDO molecules give rise to a

separate red-shifted band in the infrared spectra. Using time-resolved infrared spectroscopy

we determine the band position to be located at ω = (2450 ± 10) cm−1. We find the

vibrational lifetime of these HDO molecules (τvib,2 = (670±50) fs) to be substantially shorter

than observed for bulk-like HDO in water (τvib,1 = (1.8 ± 0.1) ps). The short vibrational

lifetime together with a slow component in the heating dynamics of the solutions suggest

that excited O-D oscillators bound to TMAO relax efficiently to the vibrational modes of

TMAO.

We have also determined the reorientation dynamics of water molecules as measured

with dielectric spectroscopy and femtosecond infrared spectroscopy. Both experiments show

a slow-down of the rotation of water molecules within the hydrophobic hydration shell of

TMAO. In the vicinity of the hydrophilic N-O group of TMAO 2-3 H2O molecules are

strongly interacting with the solute. This leads to a substantial retardation of their rotational

dynamics as reflected in the dielectric spectra. The time-resolved infrared experiments

confirm that the O-D groups hydrogen-bonded to TMAO have very slow rotation dynamics,

while the O-D oscillators within the complex oriented away from TMAO form the likely origin
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for the acceleration for a subensemble of O-D groups observed previously and confirmed here.

Finally, we discuss the significance of the strong interaction between water and TMAO

for its biological activity. The results imply that strong interaction of the hydrophilic group

of TMAO with water is significant for its osmolytic activity. The findings also support the

notion of TMAO stabilizing proteins via an indirect mechanism by modifying the polarity

and water activity of the solution.

Acknowledgment

This work is part of the research program of the Foundation for Fundamental Research

on Matter (FOM), which is part of the Netherlands Organisation for Scientific Research

(NWO). JH thanks the Deutsche Forschungsgemeinschaft (DFG) for funding through the

award of a research fellowship. We thank Prof. W. Kunz for the provision of laboratory

facilities at Regensburg and Dr. Yves Rezus for discussions and providing data.

26



1 Yancey, P. H. Am. Zool. 2001, 41, 699.

2 Kempf, B.; Bremer, E. Arch. Microbiol. 1998, 170, 319.

3 Daggett, V. Chem. Rev. 2006, 106, 1898.

4 Pace, C. N.; Grimsley, G. R.; Scholtz, J. M. In Protein Folding Handbook ; Buchner, J.,

Kiefhaber, T., Eds.; Wiley-VCH: Weinheim, 2005.

5 Klimov, D. K.; Straub, J. E.; Thirumalai, D. Proc. Natl. Acad. Sci. U.S.A. 2004, 101, 14760.

6 Mountain, R. D.; Thirumalai, D. J. Am. Chem. Soc. 2003, 125, 1950.

7 Bennion, B. J.; Daggett, V. Proc. Natl. Acad. Sci. U.S.A. 2004, 101, 6433.

8 Zou, Q.; Bennion, B. J.; Dagett, V.; Murphy, K. P. J. Am. Chem. Soc. 2002, 124, 1193.

9 Fornili, A.; Civera, M.; Sironi, M.; Fornili, S. L. Phys. Chem. Chem. Phys. 2003, 5, 4905.

10 Paul, S.; Patey, G. N. J. Phys. Chem. B 2006, 110, 10514.

11 Paul, S.; Patey, G. N. J. Am. Chem. Soc. 2007, 129, 4476.

12 Laage, D.; Stirnemann, G.; Hynes, J. T. J. Phys. Chem. B 2009, 113, 2428.

13 Biyani, N.; Paul, S. J. Phys. Chem. B 2009, 113, 9644.

14 Stirnemann, G.; Hynes, J. T.; Laage, D. J. Phys. Chem. B 2010, 114, 3052.

15 Kuffel, A.; Zielkiewicz, J. J. Chem. Phys. 2010, 133, 35102.

16 Wei, H.; Fan, Y.; Gao, Y. Q. J. Phys. Chem. B 2010, 114, 557.

17 Stirnemann, G.; Sterpone, F.; Laage, D. J. Phys. Chem. B 2011, 115, 3254.

18 Freda, M.; Onori, H.; Santucci, A. J. Mol. Struct. 2001, 565-566, 153.

19 Freda, M.; Onori, H.; Santucci, A. J. Phys. Chem. B 2001, 105, 12714.

20 Shikata, T.; Itatani, S. J. Solution Chem. 2002, 31, 823.

21 Di Michele, A.; Freda, M.; Onori, G.; Santucci, A. J. Phys. Chem. A 2004, 108, 6145.

22 Hovagimyan, K. G.; Gerig, J. T. J. Phys. Chem. B 2005, 109, 24142.

23 Sinibaldi, R.; Casieri, C.; Melchionna, S.; Onori, G.; Segre, A. L.; Viel, S.; Mannina, L.;

De Luca, F. J. Phys. Chem. B 2006, 110, 8885.

24 Rezus, Y. L. A.; Bakker, H. J. Phys. Rev. Lett. 2007, 99, 148301.

25 Qvist, J.; Halle, B. J. Am. Chem. Soc. 2008, 130, 10345.
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FIG. 1: (a) Dielectric permittivity, ε′(ν), and (b) dielectric loss, ε′′(ν), spectra for aqueous TMAO

solutions at 25 �C. Symbols show experimental data (others omitted for visual clarity); lines repre-

sent the fit using eq 4; arrows indicate increasing concentration of TMAO (0, 0.25, 0.5, 1, 2, 4, 6,

8, and 10mol kg−1 ).
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FIG. 2: Dielectric loss spectra, ε′′(ν), for a 1mol kg−1 (a) and a 4mol kg−1 (b) solution of TMAO

in water at 25 �C. Symbols show experimental data and solid lines correspond to the fit with eq 4.

Shaded areas indicate the contributions of the 4 Debye modes (see text).
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FIG. 3: (a) Relaxations strength, Sj , and (b) relaxation times, τj , as a function of the molality,

m, for the four Debye modes obtained by modeling the experimental permittivity spectra with eq

4. Error bars correspond to the variation within two independent measurements.
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FIG. 4: Fraction of bulk-like water, fbulk (squares) and the fraction of bulk-like water together

with the slow water fraction fbulk + fslow (circles) as determined with dielectric spectroscopy (full

black symbols). The bound fraction corresponds to water molecules that do not contribute to the

water relaxation modes in the dielectric spectra (see text). Also indicated (open red symbols) is

the fraction of bulk-like water as determined by fs-IR spectroscopy. The error bars correspond to

the variation within two independent measurements.
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exp

calc

FIG. 5: (a) Effective dipole moments, μexp
eff,TMAO of the lower frequency relaxation mode obtained

using eq. 5. The symbols correspond to experimental values, the solid blue line represents a polyno-

mial fit. The dashed red line represents the liquid phase dipole moment of TMAO μcalc
eff,TMAO = 6.8D

as obtained with ab initio calculations.65 (b) Irrotationally bound water molecules per TMAO

molecule, Zib (see text). The solid line corresponds to the number of bound water molecules, as

inferred from μexp
eff,TMAO using the dipole moments for TMAO·2H2O and TMAO·3H2O. The error

bars correspond to the variation within two independent measurements.
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FIG. 6: Structure and dipole moment of TMAO embedded in a medium with permittivity εs = 80,

TMAO·3H2O in the gas-phase and TMAO·3H2O embedded in a continuum with permittivity

εs = 80 as obtained with ab inito quantum mechanical calculations.65
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FIG. 7: Linear infrared spectra at frequencies characteristic for the O-D stretching vibration for

solutions of TMAO in isotopically diluted water (8% HDO in D2O). The spectra are offset vertically

for clarity.
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FIG. 8: (a) Transient absorption spectra, Δαiso(ω), for a 10M solution of TMAO in isotopically

diluted water (8% HDO in H2O) at different delays after excitation. (b) Delay scan, Δαiso(t) for

a 10M solution of TMAO for three selected frequencies. The symbols correspond to experimental

data, the lines represent the fits with the kinetic model (see text).
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FIG. 9: Schematic representation of the kinetic model used to describe the experimental transient

isotropic spectra, Δαiso(ω, t), and a schematic representation of the relevant transient spectra

(wiggly lines). The excitation of bulk water (with corresponding spectrum, σ1(ω), and initial

population, N1(t = 0)) and of the red-shifted band (σ2(ω), N2(t = 0)) decay with characteristic

rate constants k1 and k2, respectively, to a common intermediate state. The intermediate state has

no transient spectral signature at frequencies of the present study (σ3(ω) = 0). The pump-pulse

energy decays further to a heat state (σ4(ω)) that finally relaxes to the final end-state (σ5(ω)).
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FIG. 10: (a) Transient isotropic spectrum for a solution of 10mol kg−1 TMAO measured 300 fs

after excitation (symbols). The dotted black line represents the fit with the kinetic model (see

text; Figure 9). Also shown are the contributions of the two excited states (σ1(ω): solid blue line;

σ2(ω): dashed red line). (b) Relative population of the red-shifted band (σ2(ω)) to the measured

transient spectra at t = 0, N2(t = 0). The symbols correspond to experimental values, the line

represents a linear fit.
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FIG. 11: (a) Transient isotropic spectra for a solution of 8mol kg−1 TMAO in isotopically diluted

water at late delay times. The symbols show experimental data, the lines correspond to the fit with

the kinetic model (see text; Figure 9). (b) Scaling factor, fH, for the intermediate heated state

with respect to the heated end-level. The red squares and blue circles correspond to pump-probe

experiments performed at 2440 cm−1 and 2560 cm−1, respectively. The lines are just a visual aid.
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FIG. 12: (a) Anisotropy parameter, R(t), for the O-D vibration of HDO molecules in aqueous

TMAO solutions as a function of delay time, t, for experiments with the pump pulse centered

at ω ≈ 2440 cm−1. (b) R(t) for the O-D vibration of HDO molecules for experiments with the

pump pulse centered at ω ≈ 2560 cm−1. The symbols correspond to experimental data, the lines

correspond to fits according to eq 6.
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