Observation of immobilized water molecules around hydrophobic groups
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Abstract
We have used femtosecond mid-infrared spectroscopy toy stuel orientational mobility of water
molecules in the hydration shells of hydrophobic groups.r f@sults show that hydrophobic groups are
surrounded by a number of water molecules that display mloges orientational dynamics than the bulk
liquid and that are therefore effectively immobilized. utris out that each methyl group is surrounded by

four immobilized water OH groups.

PACS numbers: 82.53.Uv, 78.47.+p, 82.30.Rs, 82.70.Uv



Hydrophobic interactions play an important role in manychiemical processes.[1-7] The
folding of globular proteins, the self-assembly of lipid mieranes and the binding of drugs to
proteins are examples of processes driven by these intaractin essence one can describe the
hydrophobic effect as the tendency of apolar groups to &égdo aqueous solution, thereby min-
imizing the total hydrophobic surface that is exposed tcewat

The hydrophobic effect is intricately linked to the parteumanner in which apolar com-
pounds are solvated by water. It is well known that the digsmh of these compounds in water
is accompanied by an anomalously large increase in the lagaicity of the solution. In the
1940s Frank and Evans introduced a model to account for tEsrgation: they proposed that
the water molecules around hydrophobic groups form rigieklike structures, which they coined
icebergs.[8] According to this model the freeing of entr@sgociated with the transfer of water
molecules from the solvation shell to the bulk forms the iorigf the hydrophobic effect.

The iceberg model of hydrophobic hydration is founded onrttelynamic measurements,
and, as such, the evidence for the molecular picture thaegemts remains indirect. During the
past decades many researchers have attempted to confireetierg model using more direct,
structural methods. Among these techniques are neutryactibn, dielectric relaxation and nu-
clear magnetic resonance (NMR). Neutron diffraction ekpents can provide direct structural
information about a solution by measuring the water-waddral distribution function (RDF). In
the presence of hydrophobic solutes this RDF shows litge, from which it is concluded that
the structure of the water around hydrophobic groups istidarto that of the bulk liquid.[9, 10]
NMR and dielectric relaxation, however, come to anotherctusion.[11-14] These methods take
a different approach at probing the water structure: thentaitional dynamics of water molecules
are used as an indicator of the rigidity of the hydrogen-boetivork. Both methods show that
theaverage mobility of water molecules in solutions containing hydnopic solutes is decreased.
However, as these methods measure a response that is aversgeall water molecules, the
techniques cannot distinguish between water moleculdserbulk liquid and in the apolar sol-
vation shell. As a consequence no information exists on iffiereince in behavior of the water
molecules: is there an iceberg consisting of a single, defined layer of water molecules, or are
many molecules slightly affected in their dynamical bebe®iSummarizing, the experiments do
not provide a consistent picture of the effect of hydropbasbups on the structural dynamics of
water.

Here we report on the use of polarization-resolved midairdd pump-probe spectroscopy to



study the rotational motion of water molecules in the sabrashells of apolar molecules. An
essential advantage of this method is that it probes therdipsaof water molecules on a sub-
picosecond time scale, which is shorter than the exchange af water molecules in the bulk
liquid and the solvation shell. As a result the method allthesseparation of the response of the
agueous solvation shell from that of the bulk.

In our experiments we use aqueous solutions of hydrophohites of varying concentrations.
A small amount of heavy water () is added to the water, such that a solution of HDO (8%) in
H,O is formed. The OD-stretching vibration of the HDO molesukeads to a strong absorption
around 2500 cmt, and the orientational dynamics of these molecules can ineeogently mon-
itored using pump-probe spectroscopy. In the experimenhi@mse femtosecond pump-pulse,
tuned to resonance with the OD vibration, is used to excitegaificant fraction of the HDO
molecules. The pump-induced absorption changes are mediby delayed probe pulses that are
polarized parallel and perpendicular to the pump-pulsanmation. This leads to the transient
absorptionsAcy(t) and Aa (t), respectively. These two signals are initially differeeichuse
of the preferential excitation of HDO molecules that hawartl®D groups aligned parallel to the
pump polarization. As the delay between the pump and prolseis increased, molecular re-
orientation causes the molecules to loose memory of thiialiorientation, and the difference
between the two signals vanishes. Twemalized difference between between the parallel and

perpendicular absorption changes is called the anisqgtropy

~Aaoy(t) — Aay(t)

R(t) = 1
( ) A(XH@)—FQAOU_@)’ ( )
and the decay of this quantity reflects the molecular retatemm. The isotropic signal,
1
Adiso(t) = g(AO‘H(t) + 280 (1)), 2)

is constructed in such a way that it is free of reorientatignacesses, and it reflects the decay of
the excitation by vibrational relaxation.

We performed our experiments using four compounds thatatord varying number of
hydrophobic groups (figure 1): tetramethylurea (TMU), &timylamine-N-oxide (TMAO), the
amino acid proline and N-methylacetamide (NMA). These tealall have an extremely high sol-
ubility in water (>10 m) despite their considerable hydrophobic character.

Figure 2a shows a delay scan at the center of the OD absotiwh (2500 cm!) for a 4-m

solution of TMAO. At this frequency we observe a negativeaspson difference, which is caused
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FIG. 1: Molecular structure of the solutes used in the expent. a) Tetramethylurea (TMU), b)

Trimethylamine-N-oxide (TMAO), c) Proline and d) N-methgketamide (NMA).
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FIG. 2: Time-resolved data for a 4-m solution of TMAOQ in ispically diluted water. a) Delay scan taken
at the center of the OD absorption band (2500-¢n The solid, dashed and dotted lines represent the fit
to the relaxation model, the heating contribution, and the pump-probe contribution, respectively. b)
Anisotropy decays of the OD vibration of HDO in,B at different TMAO concentrations. The solid lines

represent fits to mono-exponential decays with an offset.

by the bleaching of the fundamental transition of the Ol@istring vibration. The signal decays
with a time constant of 2 ps, which is typical for the vibrational energy relaxatidnrHDO in
H,0.[15, 16] At other solute concentrations a similar decayetis observed, which shows that
the relaxation of the OD vibration is not affected by the salult can be seen that the signal
does not fully decay to zero. This can be explained by the égatpre increase in the sample that
results from the thermalization of the energy of the pump@uh temperature increase causes the
OD-stretching band to shift to the blue, which results in erdased absorption when observing
the center of the band.[15]

Previous studies have demonstrated that, in order to otiteicorrect anisotropy decay, the

4



isotropic signal (i.e. the denominator in eqn. 1) must beexted for the increasing temperature
in the sample.[15, 16] The heating contribution to the pit signal can be obtained by fitting
the transient spectra to a two-step relaxation model. Suctodel has been shown to provide
an accurate description of the relaxation of the OD vibrafith] The solid line in figure 2 rep-
resents this fit. From the fit we extract both the heating doution to the signal (dashed line)
and the bleaching of the excitation (dotted line). The tattntribution allows us to calculate the
anisotropy of the excitation.

Using eqgn. 1 in combination with the corrected isotropicnaigwe have calculated the
anisotropy of our data. In figure 2b anisotropy decays areavsHor TMAO solutions at four
different concentrations. In all cases we observe a biespiial decay composed of a fast com-
ponent () With a time constan¥ 2.5 ps and a slow component with a time constai0 ps.
The fast component 6£2.5 ps has also been observed in the reorientation of puer viladicat-
ing that this component is to be associated with the reaismt of the bulk water molecules in
the solution.[15] To determine the origin of the slow comgoiwe have varied the TMAO con-
centration. For each concentration we have fit the anispttog mono-exponential decay with
an offset ®(t) = Ae~¥/7ot + B); the offset represents the slow component, the time cohefa
which falls outside our experimentally accessible timegaanin figure 3a the amplitude of the
slow component is plotted as a function of the solute comagoh. The amplitude is directly
proportional to the fraction of immobilized OH groups, theximum value of 0.4 representing
100% immobilization. We observe a linear dependency thtefia at very high concentrations.
The linear relation indicates that the slow component is@aged with the water molecules that
are part of the solvation shell of the TMAO molecule. The ldnge constantf, > 10 ps) shows
that these water molecules are strongly immobilized by TMA@m the slope of the linear part
of figure 3a we can calculate that the solvation shell of a TMAQecule contains approximately
12 strongly immobilized OH groups.

As the TMAO molecule is amphiphilic we are faced with the diogsas to which part of the
molecule is the cause of the immobilized water molecules:hiydrophilic NO group or the hy-
drophobic methyl groups? To investigate this issue we havied the nature of the solute and
repeated our measurements. We observe a similar pattegadbr of the remaining solutes in
figure 1. The anisotropy decays biexponentially with a fashponent £2.5 ps) and a slow com-
ponent 10 ps). At low concentrations the amplitude of the slow congra scales linearly with

the solute concentration (figures 3b-d). For each of thetaslin figure 1 we have determined



a) 0.4 b) 0.4
TMAO ° TMU
0.3 ° 0.3
°
< 02 0.2 °
0.1 0.1
0] 0
0 5 10 0 5 10
[TMAO] (mol/kg) [TMU] (mol/kg)
c) 04 d) 0.4
Proline NMA
0.3 0.3
<02 0.2 °
0.1 ° 0.1
0! 0
0 5 10 0 5 10
[Proline] (mol/kg) [NMA] (mol/kg)

FIG. 3: Long-time anisotropy of the OD vibration of HDO as adtion of the concentration of the four

different solutes: a) TMAO, b) TMU, c) Proline, and d) NMA. &luncertainty in the data points is 0.02.

the number of OH groups immobilized per solute molecule. Aleeltsummarized these results in
figure 4, where the number of immobilized water moleculedagied versus the equivalent num-
ber of CH; groups in the solute molecule. The observed linear relatr@mbiguously shows that
the immobilized water molecules are part of the hydratiogllsiround thehydrophobic methyl
groups of the solutes. Apparently thgdrophilic groups of the solutes do not lead to the immobi-
lization of water molecules. The slope of the graph in figutead a value of 3.9, indicating that
every methyl group is responsible for the immobilizatiompproximately 4 water OH groups. At
high solute concentrations the curves in figure 3 flattenclwvBhows that for these concentrations
fewer than 4 OH groups are immobilized per methyl group. Thexplained by the fact that in
these solutions part of the immobilized OH groups are shiayatifferent solute molecules.

We now consider the physical mechanism that underlies theoipilization of water molecules
in the vicinity of hydrophobic groups. One could presumé thase immobilized molecules are
connected by very strong hydrogen bonds, resembling theoggd bonds encountered in ice.
However, as appealing as this notion may be, it cannot bec The fact that the addition of the
hydrophobic solutes does not shift the OD-stretch vibratmthe red indicates that the hydrogen
bonds in the investigated solutions are of a strength coaflpato those in pure water.

A number of molecular dynamics studies on liquid water hgwpeared in the past years.

Sciortino et al. have shown that the relatively high oriéoteal mobility of pure water is related
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FIG. 4: Number of immobilized water OH groups as a functiothef equivalent number of GHyroups in

the solute molecule.

to the presence of defects (i.e. five-coordinated water cutéds) in the tetrahedral hydrogen-
bond network of liquid water.[17] They have suggested thatdlowing down of water dynamics
around hydrophobic groups is the consequence of a stedcteff/hich prevents the creation of
five-coordinated water molecules around these groups. ridgceaage and Hynes proposed a
detailed mechanism for water reorientation involving foaerdinated water molecules.[18] In
this mechanism the pathway for reorientation involves atnogj water molecule that concertedly
breaks a hydrogen bond with an overcoordinated first-slegjbor and reforms one with an un-
dercoordinated second-shell neighbor. In another madeaynamics study by Sharp et al. the
effect of hydrophobic solutes on the structure of water \wasstigated.[19] These researchers ob-
served that hydrophobic solutes tend to preferentiallyldise water molecules that overcoordinate
a second water molecule, providing a rationale for why hgtiabic solutes lower the amount of
network defects. These studies together with our results tmmpelling evidence for the notion
that the immobilization of water molecules around a hydaipb solute arises from a steric effect,
in which the hydrophobic group prevents a fifth water moledudm approaching a tetrahedrally
coordinated water molecule, and as such prevents the niel&cteorient.

It has been suggested by several researchers that two seganebe distinguished as far as
hydrophobic effects are concerned: the regime of a smalidpjtbbic solute and that of a large
hydrophobic particle or a plane surface.[2, 20] Small hptiabic solutes can be accommodated
by the hydrogen-bond network of water without breaking loggn bonds, whereas an extended
hydrophobic surface can only be solvated if hydrogen bomesacrificed. The notion that the
hydrogen-bond network of water does not have to be perturbedler to solvate small hydropho-

bic particles corroborates the interpretation of our rssul



In a number of molecular dynamics studies it has been sugdjfsdt the hindered reorientation
of water molecules, as it occurs in the proximity of hydropicaggroups and protein surfaces, may
follow stretched-exponential dynamics.[21, 22] Wherd@sfast component in our measurements
follows mono-exponential dynamics, the possibility exigtat the slow component exhibits such
stretched-exponential dynamics. Therefore it would beredting to investigate the decay of the
slow component experimentally. Unfortunately, the dyraaf the slow component lie outside
the time range that is accessible with our technique.

It is interesting to compare the number of immobilized watelecules surrounding a methyl
group with the size of its hydration sphere, as it followstirneutron diffraction. Neutron diffrac-
tion data on methanol solutions in water were reported byeBapd Finney.[23] By integrating
the first peak in the carbon-oxygen radial distribution tiorg, these authors find that the first
solvation shell of the methyl group contains about 10 watelegules (20 OH groups). Let us
assume that the solvation structure of the methyl group dham®l is representative of that of a
methyl group in general. Our experiments show that only 4 @itigs are immobilized per methyl
group, which means that not all OH groups in the solvatiofl sfi@ methyl group have the same
configuration. Apparently, approximately 80% of the OH grsun the hydration shell are in
‘open’ configurations that can be approached by new hydrbgeing partners and therefore
show bulk-like dynamics. Only 20% of the OH groups in the fayim shell represent immobi-
lized OH groups; these OH groups are in such close proxinitizge methyl group that there is no
space for the creation of network defects.

We conclude by returning to the iceberg model of Frank anch&EvaDur results provide a
molecular picture of these icebergs: they consist of forangily immobilized water OH groups
for every methyl group in solution. They are the consequeheedecrease in the configurational
space available to water molecules around hydrophobitesolrhis notion also explains Frank
and Evans’ original observation of a decreased entropy thmdissolution of hydrophobic com-
pounds in water. The structure of the iceberg, however,titheoordered structure observed inice,
but it rather resembles the disordered hydrogen-bond mktefdulk water: the icebergs are ice-
like from a dynamical perspective but water-like as far ascstire is concerned. This provides an
explanation for why hydrophobic icebergs were not preMypabserved using structural methods.

This work is part of the research program of the “Stichtingivéundamenteel Onderzoek
der Materie (FOM)”, which is financially supported by the ‘tN&landse organisatie voor Weten-
schappelijk Onderzoek (NWO)".
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