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Abstract

We study the influence of the amphipilic compound tetramethylurea (TMU) on the dynami-

cal properties of water, using dielectric relaxation spectroscopy in the regime between 0.2 GHz

and 2 THz. This technique is capable of resolving different water species, their relative frac-

tions and their corresponding reorientation dynamics. We find that the reorientation dynamics

of water molecules in the hydration shell of the hydrophobic groups of TMU is between 3 (at

low concentrations) and 10 (at higher concentrations) times slower than the dynamics of bulk

water. The data indicate that the effect of hydrophobic groups on water is strong but relatively

short-ranged. With increasing temperature, the fraction of water contained in the hydrophobic

hydration shell decreases, which implies that the overall effect of hydrophobic groups on water

becomes smaller.

Introduction

The interaction between hydrophobes and water is of fundamental chemical interest, and highly

relevant for biochemistry and biology. Molecules that are essential in biology, such as proteins,

change the structure and dynamics of the surrounding water shell, whereas this water hydration

layer, in turn, affects the functioning of these biomolecules.1 In hydrophobic interactions, a dis-

tinction is generally made between small and large hydrophobes. For the former (length <1 nm),

water molecules can adopt orientations that allow the hydrogen bond network to go around the so-

lute, whereas in the latter case (length >1 nm), the extended solute surface makes it impossible for

adjacent water molecules to maintain a complete hydrogen-bonding network with the surround-

ing liquid.2 The hydration of (small) hydrophobes has been studied using numerous techniques.

Besides theoretical work,2–5 it has been a popular subject for experimental investigations. Earlier

studies examined mainly thermodynamic properties6 and found that upon mixing hydrophobes

and water, the system experiences negative changes in enthalpy and excess entropy. Later studies

examined structural and dynamical properties on a molecular level.7–19
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The various measurements and computer simulations have so far led to some consistent and

some contradictory conclusions. The negative changes in enthalpy and excess entropy from Ref.6

were originally thought to be caused by an enhancement in the structure of the water network

around the hydrophobic solute. This enhancement was, however, not observed in neutron diffrac-

tion measurements that probe the structural properties of aqueous solutions of hydrophobic molecules.7,8

New insights were gained by NMR, dielectric relaxation (DR) and femtosecond infrared pump-

probe (fs-IR) studies of the reorientation dynamics of water molecules hydrating hydrophobes.

These studies showed that it is not the structure of water that is affected by the presence of the

hydrophobe, but rather the reorientational dynamics: water in the hydrophobic hydration shell

was found to be slowed down in its rotational motion.9–18 From these DR and fs-IR studies it

was concluded that a strong retardation occurs of the rotational dynamics of a limited number of

water molecules hydrating the hydrophobic group. These results are consistent with NMR mea-

surements,9–13 from which the average reorientation time of all water molecules can be obtained.

As a result, in NMR the size of the hydration shell needs to be assumed to infer the degree of

retardation of the hydration shell water. Fs-IR measurements do not have this disadvantage, since

the full orientational correlation function is measured. However, fs-IR measurements have the dis-

advantage that the time window is restricted to about 10 picoseconds, which limits the possibility

of extracting time scales that are much outside this window. Hence, these measurements unfor-

tunately cannot quantify the time scale of the slowed reorientation, nor determine precisely how

many water molecules are slowed down, or why they are slowed down.

Classical molecular dynamics simulations have shown a relatively modest retardation effect

for amphiphilic molecules, which was assigned to be a purely geometric effect: the excluded vol-

ume that is occupied by the solute3 prevents a water molecule in the hydration shell from being

approached by another water molecule to which it would hydrogen-bond after the reorientation

process. These simulations furthermore suggested that for most solutes the major effect in the hy-

dration dynamics comes from the hydrophilic group,21 which does not agree with the observation
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that the effect on the water dynamics scales with the size of the hydrophobic part, as found by

NMR10,13 and fs-IR.18

The key in solving these apparent controversies is being able to resolve simultaneously, and in

a model-independent way, the different water species, their relative fractions and their correspond-

ing reorientation dynamics. To this end, we combine in this study two complementary dynami-

cal techniques, to reach a better molecular level understanding of hydrophobic hydration of the

prototypical hydrophobe tetramethylurea (TMU). GHz-THz DR measurements over 4 decades in

frequency space were performed for TMU:water mixtures over a wide range of concentrations and

the results are compared to literature data from fs-IR, as measured by Rezus et al.17 GHz-THz DR

measurements were also performed for a TMU:water mixture at different temperatures in order

to get more clarity on whether the number of hydration shell water molecules with slowed down

reorientation dynamics depends on temperature.

Experimental

Dielectric relaxation measurements probe the macroscopic polarization of a sample as a function of

frequency, which in the case of an uncharged polar liquid, reflects the reorientation of dipoles. If an

oscillating electromagnetic field is impinging on a polar liquid, the permanent dipoles of the polar

molecules try to align with the oscillating electric field. When the frequency of the oscillations is

too high, the dipoles cannot keep up reorienting with the field and start lagging behind, leading to

marked changes in the dielectric properties of the sample. It is thus possible to measure dielectric

spectra, where the complex permittivity of a sample is measured as a function of frequency of

the electromagnetic probing field. The complex dielectric function or permittivity ε̂ = ε ′− iε ′′ =

(n− ik)2, contains information about refraction (n is the refractive index) and absorption (k is

the extinction coefficient). For a typical polar liquid with a single dielectric relaxation process, ε̂
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depends on the angular frequency ω according to

ε̂(ω) =
εS− ε∞
1+ iωτ

+ ε∞ , (1)

where εS and ε∞ are the zero and infinite frequency limits, respectively; and τ is the relaxation

time. The in-phase part of the dielectric function ε ′ in Eq. 1 shows a smooth decrease from εS

to ε∞, whereas the out-of-phase response (ε ′′ or dielectric loss) shows a peak in absorption at an

angular frequency 1/τ . The macroscopic relaxation time τ is directly related to the reorientation

time of dipolar species in the sample. By combining electrical sources and optical sources, a large

range of probing frequencies (200 MHz - 2 THz) is covered, making this technique a powerful tool

for investigating polar liquids that exhibit much varying reorientation times.

The samples were mixtures of TMU (1,1,3,3-Tetramethylurea, >99% purity, used as purchased

from Sigma Aldrich) and Millipore grade water. For the concentration dependent studies, mixtures

were prepared with different ratios of TMU molecules per water molecules, expressed in terms of

w = [TMU]
[H2O] . The studied concentrations were w = 0.005, 0.009, 0.018, 0.036, 0.07, 0.18, 0.25, 0.5,

1, 3, and pure TMU (w→ ∞). For studying the temperature dependence, a mixture with w = 0.07,

corresponding to a molality of 4 mol/kg or a molarity of 2.7 mol/L at room temperature, was used.

The complex permittivity of the mixtures was determined between 200 MHz and 50 GHz us-

ing a frequency-domain reflectometer based on an Agilent 85070E dielectric probe kit, connected

to an Agilent E8364B vector network analyzer (VNA) in conjunction with an electronic calibra-

tion module (Agilent N4693B).22 The VNA was operated in one-port reflection mode and was

used to determine the complex reflection coefficient, which after analysis using Agilent software

yielded the dielectric spectrum of the sample. For all measurements, a calibration was done with

an air sample and a mercury sample representing a short circuit. Further calibrations were done
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following Ref.23 with three appropriate liquids with known dielectric properties from the set of

H2O, N,N-Dimethylacetamide,24 Propylene carbonate,25 Benzonitrile25 and 1-Butanol.26 All liq-

uids were used as purchased from Sigma Aldrich. The temperature of the sample was controlled

with a thermostat to an accuracy of ± 0.05◦C. For the frequency range between 60 and 89 GHz, a

double-beam interferometer with variable path-length transmission sample cells was used.27

For the frequency region between 0.4 and 1.2 THz, a time-domain spectrometer was used.

This THz setup was based on terahertz generation in a ZnTe (110) nonlinear crystal, using 800

nm pulses with a duration of ∼150 fs from a Ti-Sapphire laser. The time-dependent electric field

strength was measured using the electro-optic effect in a second ZnTe crystal with a variably de-

layed pulse of 800 nm with a duration of ∼150 fs. A frequency domain analysis of the THz pulse,

with a duration of ∼1 ps, transmitted through an empty cell (Infrasil quartz, path length 103 ±
0.5 µm) and the THz pulse transmitted through a filled sample cell yielded the complex frequency

dependent permittivity of the sample. This was done through an analysis where the (multiple) re-

flection and transmission coefficients for all transitions (air-quartz-sample-quartz-air) were taken

into account.28 A mechanical device was used to position a mixture sample and a pure water sam-

ple alternatingly in the focus of the THz beam (4 seconds cycle time).29 The measurement of

pure water with known dielectric properties was then used to calibrate the dielectric properties of

the mixture that was measured in parallel. The temperature dependent measurements were done

using a sample cell with a variable optical path length, equipped with a Peltier element, as in Ref.30
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Results and Discussion

Concentration dependence

Data and fit results

The results of the combined GHz-THz dielectric relaxation measurements are shown in Figure 1

for a wide range of TMU-water mixtures, measured at 25◦C. First of all, it is interesting to note

that upon increasing the concentration of TMU, the peak of the imaginary permittivity (Figure 1A)

first shifts to lower frequencies (corresponding to slower reorientation) and then back to higher

frequencies upon further increasing the concentration. It is also clear that the imaginary permittiv-

ity has a rather asymmetric shape at those concentrations where the reorientation is slowest. For

pure water, two relaxation processes are needed to describe the complex permittivity up to ∼ 1

THz.31,32 It is apparent from the highly asymmetric signal at intermediate concentrations (e.g. for

w = 0.07) that the addition of TMU introduces a third, slower Debye relaxation process. Thus, we

used the following equation to describe all frequency-dependent permittivities ε̂(ω):

ε̂(ω) =
Sslow

1+ iωτslow
+

Sbulk

1+ iωτbulk
+

Sfast

1+ iωτfast
+ ε∞ . (2)

Here, the first term describes the reorientation of the slow component, with a strength Sslow and

a time scale τslow. This slow component contains both contributions from slowly reorienting water

molecules and from the reorientation of the solute TMU molecules. The second term describes the

reorientation of bulk-like water with a strength Sbulk and a time scale τbulk. Finally the third term

describes a fast dipolar reorientation process that has been attributed to undercoordinated water

molecules33 with a strength Sfast and a time scale τfast. The remaining high frequency limit per-

mittivity is given by ε∞. The high frequency limit is where the transition occurs from the region

where relaxation processes are active to the region where resonant processes are active, such as in-

termolecular hydrogen bond stretching, located at 5.4 THz,31,33 and intramolecular OH-stretching,
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located at 100 THz (3400 cm−1). The strengths Si are indicative of the dipole density, i.e. reflect

the number of water molecules that participate in the corresponding Debye processes.

In fitting the data to Eq. 2, it was assumed that the relative error in the permittivity was constant

over the whole frequency range. The results of the fits are shown as lines in Figure 1, where the

three relaxation strengths Si and time scales τi are not constrained. Clearly Eq. 2 describes the data

very well, over nearly 4 decades of frequencies and more than 2 decades of concentrations. The fit

results for the strengths Si are shown in Figure 2A; the fit results for the reorientation time scales

of the bulk-like water (τbulk) and slow component (τslow) are shown in Figure 3, along with the

viscosity data from Ref.34

The fit results for the relaxation strengths Sslow = εS− ε1 , Sbulk = ε1− ε2 and Sfast = ε2−
ε∞ were used to extract the fractions of the three components. Since the slow mode contains

contributions from water dipoles and TMU dipoles, we determine the fraction of bulk-like and fast

water. For the large range of concentrations studied, it was most appropriate to use the following

equation, based on the solvent-normalized Cavell equation,16,35 to extract the fraction of bulk-like

water, as a function of TMU concentration c:

fbulk(c) =
[Sbulk](c)

[Sbulk +Sfast](0)
cH2O(0)
cH2O(c)

τbulk(0)
τbulk(c)

(2εS(c)+1)εS(0)
εS(c)(2εS(0)+1)

, (3)

where cH2O(c) is the concentration (in mol/L) of water in a TMU-water mixture of concentra-

tion c (also in mol/L). In this equation it is assumed that the effective dipole moment of water in

these solutions is the same as in neat water. We take into account the effects of dilution (second

term), dipole-dipole correlations (third term) and local field effects (fourth term). For the fraction

of fast water, we replace Sbulk in the numerator by Sfast and remove the dipole-dipole correlation

term τbulk(0)
τbulk(c)

.
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Interpretation

The relaxation strengths of the three components show a clear dependence on the concentration

(see Figure 2A). The fraction of water with fast dynamics (the process with time scale τfast),

showed an increase from 2% at w = 0 to 13% at w = 1. This is related to an undercoordination of

the water network and is consistent with the observation that the linear absorption spectrum of the

OD-stretch vibration shifts to higher frequencies for higher concentrations of TMU in TMU-water

mixtures (where the water contained a small fraction of D2O).17 This blueshift indicates an over-

all weakening of the hydrogen bond network, as concluded previously from isotope-substituted

neutron diffraction of a small hydrophobe in water7 and from theoretical calculations.36,37 Fur-

thermore, a similar observation of an increased fraction of undercoordinated water was made for

weakly hydrated amphiphilic lipid molecules, using THz DR spectroscopy.30

The fraction of water with the bulk-like time scale τbulk decreases with increasing concentra-

tion of TMU, as illustrated in Figure 2, while simultaneously the relaxation strength of the slow

component increases. The fraction of water that is associated with the bulk-like time scale indeed

behaves very much like bulk water: there is very little dependence of the time constant on con-

centration. For increasing TMU concentrations, the time scale increases somewhat (less than a

factor 1.5) and then decreases again (Figure 3). Hence, it appears that these water molecules are

surrounded by other water molecules and behave bulk-like at all concentrations.

The slow component contains contributions from both TMU and water dipoles. The relative

contributions of TMU and water to the slow component depends on the concentration and are

readily calculated from the relaxation strength of the slow component, compared to the relaxation

strength of pure TMU. For instance, for w = 0.02, the slow component amounts to ∼17% of the

total response of which ∼3% is due to TMU and ∼14% due to water. For w = 0.2, the slow com-
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ponent constitutes ∼85% of the total response of which ∼25% is due to TMU and ∼60% due

to water. Therefore, for w < 0.2 the slow component is dominated by slowly reorienting water

molecules that hydrate TMU.

At low concentrations, the fraction of slow water increases linearly with concentration, but

starts to show a saturation behavior at w > 0.07,38 in agreement with NMR results.10,40 The frac-

tion of water that exhibits slower reorientation dynamics is significantly slower at all concentra-

tions. At very low concentrations (<0.1 M), the slowdown factor is∼3, in good agreement with an

earlier DR study.15 At a moderate concentration of w = 0.018 (1 mol/kg), the reorientation dynam-

ics of the slow water fraction is 4 times slower than that of bulk water. This indicates that for these

mixtures, there is a significant retardation effect of the reorientation dynamics of water hydrating

TMU. The observed time scales also agree with the results of classical molecular dynamics simu-

lations by Wei et al., who found the first order time correlation function for a 5 mol/L TMU-water

solution to be still non-zero after 50 ps,4 but are significantly longer than was calculated in the

classical MD simulations by Laage and Hynes.3

The longest reorientation time is found for a TMU-water mixture with about two water molecules

per TMU molecule (w = 0.5). This time scale (∼ 90 ps) is more than 10 times longer than the reori-

entation time of bulk water. For these mixtures, the reorientation of TMU and its hydration shell

is also much slower than the reorientation of TMU molecules in pure TMU. This suggests that

the small water molecules and the larger TMU molecules together form a dense jammed system.

The concentration dependence of the reorientation time correlates very well with the concentration

dependence of the viscosity.34 The viscosity also shows a maximum at a ratio where there are only

a few water molecules per TMU, as illustrated in Figure 3. For w = 0.25 the viscosity is ∼5 times

higher than for pure water and for pure TMU.

The strong effect of TMU on the dynamics of water even at low concentrations, shows that this
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osmolyte has a strong hydrophobic hydration effect. Hence, it is to be expected that the hydropho-

bic groups of TMU also favorably interact with the hydrophobic groups of proteins, which could

explain why TMU is very effective in stimulating the denaturation of proteins.

Comparison with fs-IR data

The GHz-THz DR data can be compared with the results from polarization-resolved femtosecond

infrared pump-probe studies of the reorientation dynamics in TMU-water mixtures by Rezus et

al.,17 where it was found that a significant fraction of water was present with slower reorientation

dynamics. This fs-IR technique studies directly the reorientation dynamics of individual water

molecules with high temporal resolution (∼150 fs). In these experiments, the OD-stretch vibration

of a subset of HDO molecules in H2O (4% D2O in H2O) was excited by a resonant infrared pump

pulse with a frequency of ∼75 THz (2500 cm−1). Molecules with their OD-group preferentially

aligned along the polarization axis of this infrared pump pulse were most efficiently tagged. With

a variable time delay, the system was then interrogated by a probe pulse, which measured the num-

ber of tagged molecules parallel and perpendicular to the excitation axis. An appropriate ratio of

the two signals divides out the effects of vibrational relaxation and provides the anisotropy param-

eter R(t), which (corrected for heating due to the excitation according to Ref.41) as a function of

pump-probe delay time t then reflects the orientational dynamics of the probed water molecules.

This technique makes it possible to directly monitor the water dynamics during a time window of

∼10 ps. Due to the limited time window, fs-IR studies17,18 concluded that the slow hydration shell

water is associated with a reorientation time of τslow >10 ps.

GHz-THz dielectric relaxation measurements and fs-IR pump-probe spectroscopy are sensitive

to the same reorientation processes of water molecules. However, there are four main differences

between the two techniques, which are fortunately well understood. First of all, (i) GHz-THz di-

electric relaxation measurements are sensitive to the inverse Fourier transform of the time deriva-

11



Klaas-Jan Tielrooij et al. Influence of concentration and . . .

tive of the first order time correlation function, whereas fs-IR measurements are sensitive to the

decay of the second order time correlation function.42–44 Due to this difference, the reorienta-

tion time found with fs-IR is ∼2.5 times shorter than the reorientation time scale found with DR,

assuming jump reorientation of water molecules.45 Secondly, (ii) GHz-THz dielectric relaxation

measurements probe the dynamics of the macroscopic polarization of the sample, while fs-IR

measurements probe the dynamics of isolated water molecules. As a result, dielectric relaxation

measurements can contain contributions due to local fields and dipole-dipole correlations.42–44

Due to the local field effects and dipole-dipole correlations the total difference between the two

reorientation times amounts to a factor of ∼3.4 for neat water, as experimentally found in Ref.42

Furthermore, (iii) the two techniques are sensitive to the reorientation of different axes of the

molecule: the dipole vector in the case of GHz-THz DR and the OH-vector in the case of fs-IR.46

If water molecules would reorient in an anisotropic fashion, i.e. in preferred directions, this could

also result in different reorientation time scales for the two techniques. Finally, (iv) GHz-THz

measurements not only probe the orientational dynamics of water dipoles, but also of the solute

TMU molecules. Hence, the comparison can be made up to w = 0.2, as in this concentration range

the slow component is dominated by water molecules hydrating TMU.

In order to determine if the GHz-THz DR results are in agreement with the data from previous

fs-IR measurements, we use the slow reorientation time scales as found from the GHz-THz DR

measurements (corrected by a factor of ζ ≈ 3.4)42 47 to describe the fs-IR anisotropy decays:

R(t) = Abulk · e−ζ ·t/τbulk(0) +Aslow · e−ζ ·t/τslow . (4)

Here, Abulk
Abulk+Aslow

and Aslow
Abulk+Aslow

represent the fraction of water molecules that exhibit bulk-like

dynamics and the fraction of water that has slow dynamics, respectively. In Figure 4 the data from

Ref.17 are shown, together with bi-exponential fits based on Eq. 4. Only the amplitudes Abulk and
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Aslow are adjustable parameters, since the bulk-like reorientation time τbulk(0) is fixed to the one

for neat water and the slow reorientation time is inferred from the GHz-THz DR measurements.

The fast water process (with time scale τfast, see Eq. 2) that is present in the GHz-THz DR data,

does not show up in the fs-IR studies.

The fits in Figure 4 show that the time constants obtained from DR yield a good description

of the fs-IR results. Therefore, the corresponding fractions of bulk-like and slow water can also

be compared. The results for the bulk-like fractions from GHz-THz DR and fs-IR spectroscopy

as a function of TMU concentration are shown in Figure 2B. This figure shows that the results of

the two techniques are consistent not only in terms of the inferred reorientation time scales, but

also in terms of the fractions of bulk-like water, over a large range of concentrations. The quanti-

tative agreement between the results of the GHz-THz DR and fs-IR spectroscopies confirms that

the reorientation dynamics of water in solutions of TMU can be described in terms of two major

subensembles, namely bulk-like water and slow water hydrating TMU.

The fractions of bulk-like water as extracted from GHz-THz DR and fs-IR measurements agree

well for the whole concentration range (Figure 2B). In the low concentration regime (up to w =

0.07) the fraction of bulk water indicates that each TMU molecule slows down the dynamics of

about 8-12 water molecules, corresponding to 2-3 water molecules per methyl group. This agrees

well with fs-IR studies on mixtures of TMU:water and water with other methyl-group containing

amphiphiles, where 2 slow water molecules (4 OH-groups) were found per methyl group.17,18 Pre-

vious NMR and fs-IR studies showed that the effect of hydrophobic solutes on the reorientation

scales quite well with the number of methyl groups contained in the solute.10,13,18 Hence, the wa-

ter network appears to fold around the individual methyl groups, rather than interacting with the

hydrophobic part of TMU as if it were a single extended hydrophobic surface. We also find that

the number of slowed water molecules is significantly smaller than the number of water molecules

contained in the geometric hydration shell. This result can be rationalized by the notion that the
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water molecules contained in the geometric hydration shell show a strong variation in positions

and orientations. Some of the water molecules within the shell can thus experience hydrogen-bond

and reorientation dynamics as in bulk water, while for a selected part, these dynamics are strongly

slowed down.

The time scale of ∼10 ps of the hydrophobic hydration shell is in excellent agreement with

the time scale found for TMU:water solutions of 1.5 mol/kg at room temperature.20 However, this

time scale is now found to be dependent on concentration, varying from ∼10 ps at 1 mol/kg to

∼25 ps at higher concentrations (second order time scales).

Temperature dependence

In Figure 5, the GHz-THz dielectric spectra are shown for TMU-water mixture with w = 0.07 (4

mol/kg). As in bulk water,48 at higher temperatures the frequency-integrated permittivity decreases

due to a decrease in dipole density and increased thermal fluctuations of the dipoles. However, at

THz frequencies the imaginary part of the permittivity increases because the dielectric response

extends to higher frequencies as a result of faster reorientation at elevated temperatures. In order

to quantify the behavior of the mixture, the data were fit with Eq. 2 (see lines in Figure 5). In the fit-

ting procedure - like in the previous section - error weighing was used, based on a constant relative

error in the permittivity. Eq. 2 is clearly capable of fitting the data very well for all temperatures.

We can determine the activation energy of the reorientation of the hydration shell if we assume

that for all water molecules in the hydration shell the reorientation becomes equally accelerated by

an increase in temperature. Under this assumption, we obtain the reorientation times as shown in

Figure 6A. In this figure we also show Arrhenius fits (connected lines) to the extracted time scales.

According to Arrhenius’ law τ ∼ e−Eact/kBT , where Eact is the activation energy, in this case of the

reorientation, and kB is Boltzmann’s constant. The extracted activation energies are Ebulk
act = 12

kJ/mol, for the bulk-like water fraction, and Eslow
act = 22 kJ/mol for the water in the hydration shell.

14



Klaas-Jan Tielrooij et al. Influence of concentration and . . .

The activation energy of the bulk-like water fraction is in excellent agreement with the activation

energy of pure water from the THz reflection study of Ref.49

The temperature-dependent data from our GHz-THz DR measurements are compared with the

fs-IR study by Petersen et al.20 In this study, 1.5 mol/kg solutions of TMU and tertiary butyl al-

cohol were studied. It was found that both hydrophobic molecules are surrounded by a hydration

shell water with slower dynamics. It was furthermore observed that the relative speedup of the

reorientation with temperature was larger for slow hydration shell water than for bulk-like water.

An Arrhenius fit showed that the overall activation energy of the slow water fraction was almost

twice as large as the overall activation energy of the bulk-like water fraction.20 Similar observa-

tions were done in NMR studies.11,12 Hence, the present results of our GHz-THz measurements

are in excellent agreement with the results of these previous studies.

In Figure 6B, we show the result of the fit for the GHz dielectric spectrum at 57 ◦C. Clearly,

the fit is not optimal: the measured spectrum is much more asymmetric than the fit result. A much

better fit can be obtained by allowing the bulk-like water fraction and the slow fraction to change

with temperature. The resulting curve fits the GHz spectrum quite accurately. In Figure 6C, the

time scales of the reorientation processes of the two sub-ensembles using this approach are given

as a function of temperature. In Figure 6D the corresponding bulk-like and slow fractions are pre-

sented. With increasing temperature, the bulk-like water fraction increases while the slow water

fraction decreases. Hence, we find that the speedup of the reorientation of the water molecules

hydrating TMU is the result of two effects: (i) the transfer of water molecules with hydration shell

character to bulk-like character; (ii) the speedup of the reorientation of water molecules that keep

their hydration-shell character. The THz-GHz technique allows us to make a distinction between

these two contributions. The two contributions are schematically illustrated in Figure 7.

Figure 6C shows that for the water molecules that keep their hydration shell character, the
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speedup of the reorientation with temperature is the same as for bulk water. This indicates that the

reorientation mechanism of water molecules in the shell is probably not very different from that

of water molecules in the bulk liquid. It has been proposed that in bulk liquid water the reorienta-

tion of an OH group proceeds through a transient bifurcated hydrogen-bond configuration.45 The

much slower reorientation of water in the hydration shell thus suggests that the rate at which the

hydrogen-bond structure evolves to a bifurcated state is much lower in the hydration shell than in

the bulk liquid.

The transition of water molecules from hydration-shell character to bulk-like character suggests

that the size of the hydrophobic hydration shell decreases with temperature. Of course, the water

molecules will not significantly change their position in the solution upon a temperature increase.

Therefore, the transition to bulk-like character implies that the range over which the hydropho-

bic molecular groups affect the water hydrogen-bond network decreases. Since the hydrophobe is

surrounded by the same geometrical hydration shell at all temperatures, this points to a decrease

in the correlation length of the hydrogen bond network around hydrophobic surfaces. At higher

temperatures, the hydrogen bond network is more dynamic and less coordinated and therefore the

effect of the hydrophobic group will have a shorter persistence length. The effect of a smaller

effective hydration shell at higher temperatures is thus also connected with more pronounced in-

terfacial density fluctuations,50 and is consistent with the increases of excess entropy and enthalpy

changes of the hydrophobic hydration.51

The decrease of the hydrophobic hydration shell with temperature shows that the retardation

effect on the reorientation is not a simple excluded volume effect, as recent computer simulations

have suggested.3 The excluded volume is a purely geometrical effect: the reorientation of water

molecules adjacent to a hydrophobe experience an excluded volume, where no new hydrogen bond

partners can be found, leading to slower reorientation. When the temperature is changed, the molar

volumes of water and TMU stay more or less constant,52 meaning that the geometry of the system
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is unaltered. Hence, the fraction of slow hydration shell water would not be expected to change

with temperature. The observation that there is a change in the fraction of slow hydration shell

water with temperature shows that other effects play a role, in addition to the excluded volume

effect.

Conclusions

By measuring the GHz-THz dielectric response in TMU-water mixtures over a range of concen-

trations and for different temperatures, a better molecular level understanding of hydrophobic hy-

dration has been obtained. We find that there is a substantial retardation of the dynamics of water

directly surrounding the hydrophobe, where the reorientation dynamics are between 3 (at low con-

centrations) and 10 (at higher concentrations) times slower than the dynamics of bulk water. It is

furthermore clear that the effect of the hydrophobe is relatively short-ranged: the dynamics of 8-12

(at concentrations below w = 0.07) water molecules per TMU molecule show substantial retarda-

tion; the other water molecules behave bulk-like.

By changing the temperature for a TMU:water mixture with about 14 water molecules per

TMU molecule (w = 0.07), it was shown that the overall activation energy of the slow hydration

shell water is about twice as large as for bulk water. Since the GHz-THz measurements can sep-

arately determine the reorientation time scales and fractions of slow and bulk-like water, it was

found that the fraction of bulk-like water increases with increasing temperature, thus explaining

the higher activation energy for hydration shell water. This temperature effect indicates that the

hydrophobic interaction decreases with temperature. It furthermore shows that the retardation ef-

fect is not the result of a simple excluded volume effect. Instead, the retardation results from a

more collective frustration of the structural dynamics of the hydrogen-bond network of water by

the hydrophobic molecular groups.
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Figure 1: Combined data (dots) and fits (lines) from GHz and THz dielectric relaxation spec-
troscopy, showing the imaginary (ε ′′) (A) and real (ε ′) (B) permittivity as a function of frequency
for different TMU concentrations, given in ratios of TMU:H2O. The insets show the frequency de-
pendence in the THz regime more closely. C A decomposition into the three dielectric relaxation
processes (slow hydration shell water, bulk-like water and fast water) for w = 0.07.
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and the fs-IR data, as a function of TMU concentration.
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reorientation time scale for bulk-like water τbulk(c) (4), and the viscosity (¤; data from Ref. [30])
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water τbulk(0). Error bars are given as an indication.
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Figure 6: A The fit results when the fractions of bulk-like and slow water are fixed for the GHz-
THz measurements (◦,4), together with fs-IR measurements (., /) from Ref. [16], where the same
assumption was made. B A comparison of the fit for TMU w = 0.07 at 57◦C, where the fraction
of bulk-like is free (line) and where it is kept constant over temperature (dotted line). C The
reorientation time for bulk-like water (circles) and TMU/slow water (triangles) as a function of
1/T with fits where the water fractions were free. Note that the slope of the slow water species
in this case does not represent the activation energy of the hydrophobic hydration shell water, as
the number of water molecules in this ensemble is not constant with temperature. D The fraction
of bulk-like water as function of temperature (4) and the fixed fraction of bulk-like water for the
alternative fit (dotted line).
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Figure 7: Graphical representation describing the chemical equilibrium between bulk-like water
and hydration shell water as a function of temperature, as well as the temperature dependence of
the reorientation time. The lower temperature is described by blue arrows; the higher temperature
by red arrows.
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