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1

Introduction

The proton (H+) plays a key role in many chemical and biological processes,
for example in catalysis, atmospheric reactions, and in photosynthesis. Within
a cell, proton transfer across membranes is used to create electrochemical gra-
dients. The potential energy stored in the electrochemical gradient can be used
for many processes such as ATP synthesis, photosynthesis, heat production,
homeostasis and flagellar rotation. Proton transfer also plays an important role
in industrial applications such as hydrogen fuel cells.

Proton Hydration Structure In water, protons are present in the form
of hydrated complexes rather than bare H+ ions, because bare protons strongly
interact with the lone electron pairs of the water molecules, thus forming chem-
ical bonds. In text books, the hydrated proton is often denoted as H+

(aq) or

H·(H2O)n
+. The value of n is not accurately defined because of the strong in-

teraction of H+ with water molecules and the rapid structural reorganization of
the proton hydration complexes. There exist many different proton hydration
complexes, but three limiting structures are frequently described and discussed
in the literatures:

• n = 1, H3O+ Hydronium ion, as shown in Fig. 1.1 (a). In this structure the
bare proton is connected to one water molecule thus forming H3O+ with three
strong and equivalent covalent bonds.

• n = 2, H5O2
+ The Zundel ion, as shown in Fig. 1.1 (b). In the Zundel

complex, the proton is flanked by two hydrogen-bonded water molecules.

• n = 4, H9O4
+ The Eigen ion, as shown in Fig. 1.1 (c). The Eigen ion

possesses a hydronium core which is strongly hydrogen bonded to three
surrounding water molecules [1].

The hydronium ion does not exist in its pure state in bulk water. Instead,
the hydronium ion reorganizes into an Eigen or a Zundel ion. The calculated
probability ratio of Eigen ions to Zundel ions in bulk liquid water is around
0.65:0.35 [2–4]. The cluster geometry of Eigen and Zundel ions has been in-
vestigated intensively with both X-ray structure determination and molecular
dynamics simulations: For the Eigen ion, the O· · ·O separation at the first
peak of the radial distribution functions is ∼2.51 Å and the O· · ·H separation
is ∼1.04 Å. For the Zundel ion, the O· · ·O separation is ∼2.39-2.43 Å and the
O-H separation is ∼1.20 Å [4–7].

11
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(a)

(b)

(c)

Figure 1.1. Schematic pictures of (a) the hydronium ion, (b) the Zundel ion and (c)
the Eigen ion. The red-filled circles represent oxygen atoms and the gray-filled circles
represent hydrogen atoms. The dashed black lines denote the hydrogen bonds.

Table 1.1. Limiting ion conductivity in water at 298 K

Cations λ+
0/mS m2Mol−1 Anions λ−

0/mS m2Mol−1

H+ 34.96 OH− 19.91

Li+ 3.869 Cl− 7.634

Na+ 5.011 Br− 7.84

K+ 7.350 I− 7.68

Mg2+ 10.612 SO2−
4 15.96

Ca2+ 11.900 NO−3 7.14

Ba2+ 12.728 CH3CO−2 4.09

Proton Transfer in Aqueous Media In aqueous solution, the proton H+

and the hydroxide ion OH− exhibit anomalously high conductivity values, as
indicated in Table 1.1. In water, the mobility of the proton is approximately
seven times larger than that of the Na+ ion, and the hydroxide ion possesses
an approximately three times larger mobility than the Cl− ion. Normal ions
like Na+ and Cl− diffuse as particles (mass and charges are transfered together)
in water due to random thermal motions, i.e. Brownian motion. This is the
“vehicle mechanism”. The anomalously high mobility of the proton indicates
that the proton gets transferred in aqueous system by a different mechanism. A
detailed knowledge of the origin of the unusually high mobility of the proton in
water is crucial for a molecular-level understanding of reactions and processes
involving proton transfer. The high mobility of the proton can be explained by
“Grotthuss mechanism”, which is a conduction process of the proton charge that
strongly relies on the structural and dynamical properties of the 3D hydrogen-
bond network of liquid water.
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(a)
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Figure 1.2. Schematic representation of the structural interconversion between Eigen
and Zundel proton hydration structures constituting the “Grotthuss mechanism”.

Grotthuss Mechanism The Grotthuss mechanism was invented for a differ-
ent system by Theodor von Grotthuss in 1806 [8]. Ab initio molecular dynamics
simulations [4, 9–20] and experiments [21–24] showed that the Grotthuss mech-
anism involves the structural interconversion between Eigen and Zundel com-
plexes (“Eigen-Zundel-Eigen”(EZE) scenario), as illustrated in Fig. 1.2. In the
first step, the proton charge located in the hydronium core of an Eigen complex
migrates towards one of the three neighboring water molecules as a consequence
of the hydrogen bond fluctuations in the solvation shell of the Eigen complex.
As a result, a Zundel complex is formed, in which the proton is flanked by
two water molecules. This step is shown by Fig. 1.2 (a) to (b). In the second
step, the proton in the Zundel complex returns to the initial Eigen complex,
indicated by Fig. 1.2 (b) to (a), or can further migrate and form a new Eigen
complex, indicated by Fig. 1.2 (b) to (c). In the latter case, the proton charge
has moved from position A to B. Whether the proton returns to the initial
complex or migrates further depends on the collective rearrangement of the hy-
dration shells of the Zundel complex. In the first step, the Eigen complex is
not exactly symmetric [11], one of the hydrogen bond (between A and B in
Fig. 1.2 (a)) is shorter than the other two (between A and A’) and forms the
so called “special pair”[18, 19]. The proton migrates along this shorter hydro-
gen bond and forms a Zundel complex [5]. In the second step, the proton can
move further to B, provided that the A to B hydrogen bond becomes weaker
(longer) and the hydrogen bonds between B and B’ become stronger (shorter),
see Fig. 1.2 [25]. The transfer between structure Fig. 1.2 (a) and (b) happens
on a time scale of tens of femto-seconds (1fs=10−15s) [21]. The formation of a
new Eigen structure takes longer, as this process requires the surrounding water
molecules to reorient in such a way that the positive charge of the proton is sta-
bilized at the new position. It has been shown that the proton transfer involves
the rearrangement of around 20 surrounding water molecules [13, 26]. For the
hydroxide ion a similar type of conduction and structural diffusion mechanism
has been proposed [16, 27–29]. It should be noted that the EZE mechanism is
not the only possible mechanism of aqueous proton transfer. Vuilleumier and
Borgis proposed that aqueous proton transfer involves a “Zundel-Zundel”(ZZ)
scenario. Reed and co-authors argued that the most stable proton hydration
structure is formed by H13O6

+, which is a Zundel structure in which each of
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Figure 1.3. Model of the vehicle mechanism (top) and structure diffusion mechanism
(bottom) [32]. As explained in text, in vehicle mechanism both charge (indicated by
⊕) and mass (indicated by matchstick men) are transfered as a group. While, for
proton only the charge is transfered rather than the mass.

--[(CF2-CF2)n-CF-CF2]m--

|

O-CF2-CF-O-CF2-CF2-SO3
-H+[H2O]λ

|

CF3

Figure 1.4. Molecular formula of Nafion which consists of a Teflon back bone and a
sulfonic side group. The sulfonic side groups self-organize into arrays of hydrophilic
water channels of several nanometers, through which small ions can be easily trans-
ported. λ indicates the hydration level of Nafion, which is defined as the number of
water molecules per sulfonic side group.

the flanking H2O molecules is hydrogen bonded to two other H2O molecules.
This highly symmetric structure has a relatively large central O· · ·O distance
of 2.57 Å [30, 31]. Notwithstanding the disagreement on the details of the
structural diffusion mechanism, it is generally agreed that in aqueous proton
transfer the charge rather than the mass of the proton is transported, while for
normal cations like Na+ the mass and charge are transported together. This
difference between a vehicle mechanism and a structure diffusion mechanism
is similar to the difference between individual work and team work, which is
vividly described by the cartoon in Fig. 1.3 [32].

Proton Transfer in Nano-Confinement As illustrated by the Grotthuss
mechanism, proton transfer in aqueous solution is strongly coupled to the struc-
tural and dynamical properties of the three-dimensional hydrogen-bond network
of water, which in turn depends on the environment of the aqueous system. In
highly ordered hydrogen-bond networks, proton transfer can be much faster
than in solution. For example, proton transfer through a “water wire”formed
in a carbon nano-tube can be up to 40 times faster than in bulk liquid water
[33, 34], proteins [35].
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Figure 1.5. Schematic illustration of proton hydration structures and corresponding
vibrational spectra [37].

Nafion This thesis focuses on the dynamics of aqueous proton transfer in
different hydrophilic confinements, including the nano-channels of Nafion mem-
branes and water nano-clusters dissolved in acetonitrile. Nafion constitutes
the most widely used separator membrane material in proton exchange mem-
brane (PEM) fuel cells. Nafion consists of a hydrophobic polytetrafluoroethy-
lene (Teflon) backbone functionalized with hydrophilic sulfonic acid (–SO3H)
terminated side groups, see Fig. 1.4. The combination of the Teflon back bone
and the sulfonic side chains provides Nafion with a high proton conductivity,
chemical stability and thermal stability (operating temperature up to 190oC).
The sulfonic side chains can be hydrated (λ, the number of water molecules
per sulfonic group indicates the hydration level of the membrane), thus forming
hydrophilic domains which have characteristic dimensions of only a few nanome-
ters [36]. The connected hydrophilic domains enable the long-range transport
of protons through the membrane.

Vibrational Spectra of Proton Hydration Complexes Extensive ex-
perimental and theoretical efforts have been made to determine the vibrational
spectrum of proton hydration complexes. In the liquid phase, the vibrational
spectrum of the proton hydration complexes strongly overlaps with the spec-
trum of bulk water and water molecules associated with the counter anions.
Experimentally, the vibrational spectrum of proton hydration complexes in bulk
liquid water has been obtained by spectral subtraction [30, 37–41]. The spec-
trum of the anion associated water molecules can be subtracted using the spec-
trum of the corresponding alkali salt solution. In the gas phase, the vibrational
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Figure 1.6. Normalized infrared spectra of mixture of water, triflic acid and deuter-
ated acetonitrile. The ratio of proton to water [H+]:[H2O] varies from 1:1 to 1:3, and
the ratio of water to acetonitrile is fixed as [H2O]:[ACN]=1:25. The background from
acetonitrile is subtracted.

spectra of different proton hydration complexes can be recorded precisely [42–
52]. Numerical simulation also forms a powerful method to predict the vibra-
tional spectra of proton hydration complexes. Numerical calculations have been
performed with a number of hydrating water molecules up to 100. This latter
case is expected to correspond to the vibrational spectrum of the proton in bulk
liquid water [43, 44, 48, 53–57]. Kim and co-authors compare the experimental
results obtained for a solution of HCl in water with the calculation results from
molecular dynamic (MD) simulation [37]. The resulting difference spectrum
showed four distinct absorption bands in the frequency regions of 3250-3400
cm−1, 2700-2950 cm−1, 1580-1880 cm−1 and 1000-1200 cm−1, on top of an ex-
tremely broad continuous band extending from 1000 cm−1 to 3800 cm−1. The
assignments of the absorption bands in the difference infrared spectra and the
corresponding hydration structures are shown in Fig. 1.5.

To study the dependence of the vibrational response of the hydrated proton
on the number of hydrating water molecules, we measured vibrational spectra of
acid water nano-clusters in acetonitrile. The sample is a mixture of triflic acid
and water diluted in deuterated acetonitrile with a molar ratio of acetonitrile
to water of 25:1. The water content is indicated by the ratio of proton to water,
which we varied from 1:1 to 1:3. Pines and co-workers have found that the strong
acids such as hydroiodic acid (HI) and triflic acid (CF3SO3H) can completely
dissociate in aqueous clusters in acetonitrile [58]. The spectra are shown in
Fig. 1.6. For low water content [H+]:[H2O]=1:1, the spectrum (red curve) shows
a strong absorption at ∼2700 cm−1, which we assign to the O-H stretch modes of
hydronium ions. When the water content is increased to [H+]:[H2O]=1:3, the
spectrum (blue curve) becomes broader and the maximum of the absorption
band shifts to ∼3450 cm−1. This latter response can be assigned to the O-H
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stretch vibrations of water molecules flanking the proton in a Zundel structure.
For [H+]:[H2O]=1:2, the spectrum is shown in green. Obviously, the amplitude
of the two bands at ∼2700 cm−1 and ∼3450 cm−1 are comparable, showing the
gradual evolution of the proton hydration structure from a hydronium ion to
a Zundel complex. The absorption bands in the frequency region from 1500-
2000 cm−1 do not change dramatically when the water content is increased.
There are two possible assignments for the absorption band at ∼1730 cm−1.
The first is to the bending modes of the hydronium core [40]. The other is
to the bending vibration of the water molecules flanking the Zundel proton,
coupled to the stretch vibration of the Zundel proton [58, 59]. The bending
mode absorption band does not change when the water content is increased.
When the water-proton ratio is increased to 3, a new absorption band on the
red side (∼1640 cm−1) of the ∼1730 cm−1 band rises. This lower-frequency
band can be assigned to the bending mode of water molecules in the second
hydration shell of the Zundel proton.

Outline This thesis focuses on the study of the vibrational dynamics of
proton and hydroxide hydration complexes using polarization-resolved infrared
pump-probe spectroscopy. Chapter 2 gives a theoretical basis of the light-mater
interaction (including linear and nonlinear interactions). The nonlinear spec-
troscopy setups that were used in the experiments are described in Chapter 3.
Chapter 4 subsequently discusses the dynamics of the vibrational relaxation of
hydroxide hydration complexes. The following 3 chapters discuss the vibra-
tional dynamics of the proton hydration complexes in Nafion nano-channels.
In Chapter 5 and Chapter 6, we study infrared activated proton transfer in
hydrated Nafion nano-channels. In Chapter 7, we present a study of the vibra-
tional dynamics of the bending mode of hydrated proton in Nafion membrane.
In Chapter 8 we report on the dynamics of proton transfer and vibrational relax-
ation of proton hydration complexes within water nano-clusters in acetonitrile.
Finally, in Chapter 9, we present the observation of isotope effect in the vibra-
tional response of a strong the hydration shell of hydrophobic ions on aqueous
surfaces.
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2

Theory

2.1 Light Matter Interaction

Molecule is the smallest chemical compound and in general case contains two
or more atoms that are held together by chemical bonds forming as a result of
the sharing electrons among atoms.

In many molecules the centers of positive and negative charge do not co-
incide. When two point charges +q and −q are at a mutual distance d they
form an electrical dipole moment µ0 = qd. A molecule with a permanent dipole
moment is called polar. A well-known example of a polar molecule is water.
The oxygen atom of the water molecule attracts more electrons than the two
hydrogen atoms, resulting in a charge separation and a permanent electrical
dipole moment. Molecules that have no permanent dipole moment are called
nonpolar. Examples are oxygen, carbon dioxide, and carbon tetrachloride. For
both polar (µ0 6= 0) and nonpolar (µ0 = 0) molecules, a dipole moment may
be induced by an electric field. The magnitude of the induced dipole moment
depends on the frequency of the applied field, because the molecular motions
that respond to the external field have particular resonant frequencies. The
molecular vibrations, i.e. the oscillations of the nuclei around their equilibrium
position, have resonance frequencies in the infrared region of the light spectrum.

2.1.1 Light and Matter Interaction

When a molecule is exposed to an external electric field, the positive charges
move in the direction of the field, while the negative charges move in the opposite
direction. This displacement of the positive and negative charges corresponds
to an induced electrical dipole moment. The magnitude of the induced dipole

moment µind depends on the amplitude of the external electric field
−→
E (ω) and

the polarizability α(ω) of the moleculea:

−−→µind(ω) =α(ω) ·
−→
E (ω) (2.1)

aFor polar molecules, an applied electric field can also cause an orientation polarization,
as a result of the alignment of the permanent dipole moments with the electric field [60]

19
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The induced dipole moment and the external electric field are vectors, the po-
larizability α(ω) is a second-rank tensor.b The polarizability α(ω) represents
the ease with which an external electric field displaces the positive charges with
respect to the negative charges. In an atom or a molecule with spherical sym-
metry, the induced dipole moment µind is in the same direction as the external
field, and thus the polarizability α(ω) is a scalar. For molecules lacking spherical
symmetry, the direction of µind(ω) depends on the direction of the electric field
relative to the axis of the normal modes. Thus, α(ω) is a second-rank tensor.

When the external electric field is comparable with the electric field that
electrons experience in a molecule, the response to the field will become nonlin-
ear in the amplitude of the field. We can expand the induced dipole moment in
the applied electric field:

−−→µind =α ·
−→
E + β :

−→
E 2 + γ

...
−→
E 3 + · · · (2.2)

where β and γ are second-order and third-order non-linear polarizabilities, which
are third-rank and fourth-rank tensors, respectively.

Macroscopically, the response of the medium to the external electric field−→
E (ω) is described by the bulk polarization

−→
P (ω). Most materials have a zero

static polarization, so we consider only the polarization induced by an oscillating

external electric field. The polarization
−→
P (ω) can be written as:

−→
P =ε0[χ(1) ·

−→
E + χ(2) :

−→
E 2 + χ(3)

...
−→
E 3 + · · · ]

=
−→
P (1) +

−→
P (2) +

−→
P (3) + · · · . (2.3)

where ε0 is the permittivity of free space and χ(n) is known as the nth-order

susceptibility, which is an (n+1)-rank tensor. Each non-linear polarization
−→
P (i)

has specific symmetry properties. The second-order polarization
−→
P (2) is only

nonzero in non-centrosymmetric media such as crystals that do not possess in-
version symmetry, and at the interface of two media. The third-order non-linear

polarization
−→
P (3) is nonzero in both centrosymmetric and non-centrosymmetric

media [61]. The work described in this thesis is related to the first three terms
in Eq. (2.3):

•
−→
P (1): represents the response measured in linear infrared spectroscopy.

•
−→
P (2): represents the response used in IR pulse generation (including

optical-parametric amplification, second-harmonic generation and difference-
frequency generation) and the response measured in surface sum-frequency gen-
eration (SFG) probing the response of molecular vibrations at interfaces.

•
−→
P (3): represents the response measured in polarization-resolved infrared

saturation (pump-probe) spectroscopy.

bIn this thesis, vectors are indicated by an arrow −→.The tensor character of the polariz-
abilities and susceptibilities is not indicated to preserve the clarity of equations.
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2.1.2 Optical Nonlinearity

The susceptibility χ(n) is related to the microscopic structure of the medium.
For many systems χ(n) can potentially be evaluated with quantum-mechanical
calculations. The mechanistic origin of a non-linear optical response can be
illustrated with relatively simple models such as the anharmonic oscillator model
and the free electron gas model. Here we discuss the nonlinear optical response
of a medium in terms of the anharmonic oscillator model. The equation of
motion of a driven anharmonic oscillator in one dimension x is given by:

ẍ+ Γ ẋ+ ω2
0x+ ax2 =

1

m
F (2.4)

where Γ is the damping constant, a the anharmonicity, m the reduced mass
of the oscillator, and F the driving force. The resonance frequency ω0 of the
harmonic part of the oscillator can be expressed as ω0 =

√
k/m, in which k is

the linear force constant. If the oscillator possesses a charge q, it can be driven
by an electric field:

F = q
−→
E (t) (2.5)

The applied force can result from the sum of two monochromatic oscillating
electric fields at frequencies ω1 and ω2:

−→
E (t) =

−→
E 1(t) +

−→
E 2(t)

=
−→
E 1(e−iω1t + e+iω1t) +

−→
E 2(e−iω2t + e+iω2t) (2.6)

If the anharmonicity a is small and the electric fields are not very strong, then
the solution to Eq. (2.4) can be expanded as:

x = x(1) + x(2) + x(3) + · · · (2.7)

The solution to Eq. (2.4) can be found in detail in Ref. 61.
The first-order solution is given by:

x(1) =x(1)(ω1) + x(1)(ω2)

x(1)(ωi) =
q

m

1

(ω2
0 − ω2

i − iωiΓ )

−→
E i(t)

=
q

m

1

D(ωi)

−→
E i(t) (2.8)

where we introduce the complex denominator function D(ωi):

D(ωi) = ω2
0 − ω2

i − iωiΓ (2.9)

The second-order solution is given by:

x(2) =x(2)(2ω1) + x(2)(2ω2) + x(2)(ω1 + ω2) + x(2)(ω1 − ω2) + x(2)(0) (2.10)
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x(2)(2ωi) =
−aq2

m2

1

D(2ωi) ·D2(ωi)
(
−→
E i(t))

2 (SHG)

x(2)(ω1 + ω2) =
−2aq2

m2

1

D(ω1 + ω2) ·D(ω1) ·D(ω2)

−→
E 1(t)

−→
E 2(t) (SFG)

x(2)(ω1 − ω2) =
−2aq2

m2

1

D(ω1 − ω2) ·D(ω1) ·D(−ω2)

−→
E 1(t)

−→
E ∗2(t) (DFG)

x(2)(0) =
−2aq2

m2
{ 1

D(0) ·D(ω1) ·D(−ω1)

−→
E 1(t)

−→
E ∗1(t)

+
1

D(0) ·D(ω2) ·D(−ω2)

−→
E 2(t)

−→
E ∗2(t)} (2.11)

The non-linear susceptibility of a material can be used to generate light at new
frequencies, such as 2ω1, 2ω2, ω1 + ω2 and ω1 − ω2.

In case the interactions between different oscillators can be neglected, the
induced polarization of the medium can be written as:

P =Nqx

=Nq(x(1) + x(2) + x(3) + · · · ) (2.12)

By comparing Eq. (2.12) with Eq. (2.3), we get an expression of the nth-order
susceptibility. In the condensed phase, the interaction between molecules is
usually considerable. In that case the macroscopic nonlinear susceptibility of
the medium is not merely the sum of the microscopic polarizabilities of single
molecule. The macroscopic susceptibility of a condensed-phase system can often
be derived through full quantum-mechanical calculations [62, 63].

2.2 First-order Linear Polarization

2.2.1 Linear Absorption Spectroscopy

In this section, we discuss linear absorption spectroscopy in the frequency do-
main. When low intensity light propagates through a medium, the electro-

magnetic field
−→
E in(ω) induces an oscillating linear polarization

−→
P (1)(ω). The

induced polarization
−→
P (1)(ω) serves as a radiation source of a new electric field

−→
E rad(ω) which propagates out of phase with the incident field

−→
E in(ω).

The emitted light
−→
E

(1)
rad(ω) is 90 degrees out of phase with the induced

polarization of which the magnitude depends linearly on the incident light field
[63]:

−→
E

(1)
rad(ω) ∝i

−→
P (1)(ω) = iε0χ

(1)(ω)
−→
E in(ω) (2.13)
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Figure 2.1. Schematic picture of linear absorption as a result of the destructive
interference of the incident and the emitted (radiated) electric field.

0

0

1 1

Figure 2.2. Frequency dependence of the first-order susceptibility χ(1)(ω). The
red and blue dashed lines in the left panel represent the real and imaginary parts,
respectively. The right panel shows the absolute value of χ(1)(ω)

The first-order susceptibility χ(1)(ω) can be derived from Eq. (2.8), Eq. (2.12)
and Eq. (2.3):

χ(1)(ω) =
Nq2

ε0m

1

(ω2
0 − ω2 − iωΓ )

(2.14)

Fig. 2.2 shows the frequency dependence of the first-order susceptibility χ(1).

As shown in the left panel, if the driving field
−→
E in(ω) is resonant with the

oscillator, the imaginary part Im|χ(1)| has the largest amplitude, while the real
part is close to zero. Hence, at the resonance frequency the induced polarization

is exactly 90 degrees out of phase with the driving field
−→
E in(ω). Thus at

resonance the phase of the emitted field
−→
E rad(ω) is opposite to that of the

incident field
−→
E in(ω). The emitted electric field

−→
E

(1)
rad(ω) propagates in the

same direction as the incident electric field
−→
E 0(ω). As a result, the two electric

fields
−→
E 0(ω) and

−→
E

(1)
rad(ω) interfere destructively, as shown in Fig. 2.1.
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The absorbance is defined as:

A(ω) = −log(
Iout(ω)

Iin(ω)
) = −log(

|
−→
E in(ω) +

−→
E rad(ω)|2

|
−→
E in(ω)|2

) (2.15)

The absorbance is also equal to:

A(ω) = α(ω)l (2.16)

where α(ω) is the absorption coefficient of medium as a function of frequency,
and l is the thickness of sample. Taking these equations together we obtain
Lambert-Beers law:

Iout(ω) = Iin(ω)e−α(ω)l (2.17)

2.2.2 Spectral Line Shape

The absorption coefficient α(ω) is defined by the spectral line shape and the
absorption cross section:

α(ω) = Sf(ω − ω0) (2.18)

where S is the absorption cross section and f(ω−ω0) is the spectral line shape
function. The line shape function f(ω−ω0) can often be approximated as a con-
volution of a Lorentz profile fL(ω) and a Gaussian profile fG(ω). The Lorentz
profile is usually associated with homogeneous line-broadening mechanisms like
lifetime broadening and pure dephasing. The population of an excited (molec-
ular) state exponentially decays back to the ground state with a population
relaxation time constant of T1. Rapid fluctuations of the oscillator frequency
cause a loss of coherence between oscillators at the same central resonance fre-
quency ω0. This process is characterized by a coherence loss time constant T ∗2 .
The lifetime broadening and the pure dephasing lead to a decay of the polar-
ization with time constant T2 (1/T2 = 1/(2T1)+1/(T ∗2 ), thus broadening of the
spectrum.

The Lorentz line shape is:

fL(ω) ∝ 1/T2

(ω − ω0)2 + 1/(T2)2
(2.19)

The full width at half maximum (FWHM) of the Lorentz profile function is
∆ωL = 1/(πT2). The Gaussian profile function fG(ω) refers to the broadening
effect that results from the inhomogeneity of the system. For most systems the
oscillators experience different local environments and therefore have different
resonance frequencies. The resonance frequencies are often distributed as a
Gaussian function with a central frequency of ω0 and a standard deviation σ:

fG(ω) ∝ exp(− (ω − ω0)2

2σ2
) (2.20)
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The FWHM of the Gaussian profile function is ∆ωG = 2
√

2ln(2)σ. The line-
shape of the absorption band is often the convolution of a Gaussian function
and a Lorentzian function which is denoted as a Voigt profile:

fV oigt(ω) =

∞∫
−∞

fL(ω′)fD(ω − ω′)dω′ (2.21)

Usually it is difficult to distinguish homogeneous and inhomogeneous broad-
ening effects in the linear spectrum. These different contribution can be dis-
tinguished using nonlinear spectroscopic techniques like pump-probe saturation
spectroscopy, which will be discussed in section 2.4.

2.3 Second-order Non-linear Polarization

We consider the case that the incident electric field is the sum of two oscillating
fields with distinct frequencies ω1 and ω2:

−→
E (t) =

−→
E 1(t) +

−→
E 2(t)

=
−→
E 1(e−iω1t + e+iω1t) +

−→
E 2(e−iω2t + e+iω2t) (2.22)

The second-order polarization
−→
P (2)(ω) is given by:

−→
P (2) =ε0χ

(2)−→E 2 (2.23)

In case the medium does not contain resonances (negligible dispersion), this
expression can be directly transferred to the time domain:

P (2)(t) =ε0χ
(2)−→E 2(t) (2.24)

Substituting the electric field of Eq. (2.22) gives:

−→
P (2)(t) = ε0χ

(2)[E2
1(e−i2ω1t + ei2ω1t) (SHG)

+E2
2(e−i2ω2t + ei2ω2t) (SHG)

+2E1E2(e−i(ω1+ω2)t + ei(ω1+ω2)t) (SFG)

+2E1E2(e−i(ω1−ω2)t + ei(ω1−ω2)t) (DFG)

+2(E2
1 + E2

2)] (DC) (2.25)

It is clearly seen that the induced polarization contains light at newly created
frequencies: light at frequencies of 2ω1 and 2ω2 (second harmonic generation,
SHG), light at a frequency of ω1 + ω2 (sum-frequency generation, SFG) and
light at a frequency of |ω1 − ω2| (difference frequency generation, DFG), and a
DC field (optical rectification).

To generate new light as a result of the second-order non-linear polarization
the medium needs to possess a non-zero χ(2) which requires the medium to be
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non-centrosymmetric. The generation of light at new frequencies is strongly
enhanced in case the nonlinear optical process is phase matched, which implies
that the wave vector of the incoming light fields match with the wave vector of

the generated light field, e.g.
−→
k (ω1 +ω2) =

−→
k (ω1)+

−→
k (ω2) for the SFG process.

The phase matching condition will be discussed in the following section 2.3.1.

2.3.1 IR Pluse Generation: Nonresonant χ(2)

In our experiments, we use ultrashort mid-infrared pulses (<75 fs) in the wave-
length region of 3.3-6 µm (3000-1700 cm−1). There exists no laser that directly
delivers intense <100 fs pulses in this frequency region. Hence the ultrashort
mid-infrared pulses are generated from intense femtosecond light pulses at a
shorter wavelength, e.g. 800 nm pulses (at 12500 cm−1) through a series of
second-order non-linear optical processes including second harmonic generation
(SHG) and difference-frequency generation (DFG) in non-linear optical crystals.

The intensity of the generated light at ω3 strongly depends on the wave
vector mismatch ∆k between the generated light field and the incident light
fields at frequencies ω1 and ω2. For instance for the DFG generation process
(the non-linear optical process that is commonly used to generate mid-infrared
pulses, as described in section 3.1 ) in which ω3 = ω1 − ω2:

∆k =k1 − k2 − k3

=n(ω1)ω1 − n(ω2)ω2 − n(ω3)ω3, (2.26)

Where n(ωi) is the refractive index at frequency ωi.
The deteriorating effect of a phase mismatch (∆k 6= 0) can be understood as

follows. The incident electric fields create a second-order polarization at every
point in the propagation direction in the medium. This induced polarization
emits light at the new frequency (as described by Eq. (2.25)). Because the
refractive index depends on frequency, a phase difference between the newly
generated light and the two incident fields will accumulate during the propaga-
tion. As a result the new light generated at the beginning of the crystal can get
out of phase with the new light that is generated further on in the crystal (of
which the phase is set by the propagated incident light fields).

In case the frequency conversion leads to negligible depletion of the incident
fields, the intensity of the generated field can be written as:

I ∝ sinc2(
∆k · L

2
) = (

sin(∆k · L/2)

∆k · L/2
)2, (2.27)

With L the length of the medium.
Fig. 2.3 shows that the efficiency of the DFG generation is maximized when

∆k=0. It is also seen that for non-zero ∆k, the intensity of the emitted light
decreases as L increases. For a length Lc = 2π/∆k the destructive interference
is complete, meaning that there is no net light generation. ∆k = 0 is called
phase matching condition.
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Figure 2.3. Difference-frequency generation (DFG) efficiency as a function of the
product of the wavevector mismatch and the medium length.

In optically isotropic materials, the phase matching condition is hard to re-
alize. In optically anisotropic crystals, for which the refractive index depends
on the polarization direction of the light fields, the phase matching condition
can be satisfied by variation of the polarization components of at least one of
the interacting fields along the crystal axes. In the case of a uniaxial birefrin-
gent crystal (single optical axis for which the refractive index differs from the
refractive indices of the other two crystal axes) tuning of the polarization com-
ponents can be achieved by rotating the crystal around an axis perpendicular
to the plane spanned by the optical axis and the light propagation direction.
By varying the effective refractive index of one of the interacting fields we can
tune ∆k to 0, thereby strongly enhancing the generation of the new light field.
The refractive indices of crystals are often very sensitive to the temperature.
Hence for stable infrared generation the temperature in the laboratory has to
be constant.

2.3.2 Vibrational SFG Spectroscopy: Resonant χ(2)

The second-order non-linear susceptibility χ(2)(ω) can be non-zero at the inter-
face of two centrosymmetric media, as at this position the centrosymmetry is
broken. Thanks to this property we can selectively study the response of vi-
brations of molecules located at interfaces with second-order nonlinear optical
techniques. The surface specific second-order nonlinear technique employed in
this thesis is vibrational sum-frequency generation (SFG) spectroscopy. Here,
we give a brief discussion on vibrational SFG spectroscopy, a detailed descrip-
tion can be found in Refs. 62, 64–67. To study the vibrations of molecules on
surfaces with vibrational SFG spectroscopy, one of the incident beams should
be in the infrared region of the spectrum to be resonant with the vibrations.
The other beam can be non-resonant and can have a frequency in the visible or
near infrared region of the spectrum. In our experiment we employ the 800 nm
beam of the femtosecond Ti:sapphire laser system as the non-resonant beam.

The two fields
−→
E V IS(ωV IS) and

−→
E IR(ωIR) create a second-order polarization
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medium 1 air
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Figure 2.4. Geometry of an SFG experiment at an air/solution interface. The
incident angles of the IR beam and the 800 nm beam are θ1 and θ2, respectively. The
angle of the reflected SFG beam is θ3. The dashed line shows the surface normal. For
clarity, the reflected and the transmitted IR and visible beams are not shown in the
plot. The SFG beam that is generated in transmission is also not shown.

at their sum frequency at the interface:

−→
P (2)(ωSFG) = ε0χ

(2)
eff (ωSFG = ωV IS + ωIR) : EV IS(ωV IS)EIR(ωIR) + c.c

(2.28)

where χ
(2)
eff (ωSFG = ωV IS + ωIR) is the effective second-order non-linear sus-

ceptibility of the interface.
The SFG term of Eq. (2.11) shows that the second-order susceptibility and

thus the generated SFG field is enhanced if the frequency of one of the inter-
acting fields (the two incident fields or the SFG field) is in resonance with an
oscillator at the surface. Hence by tuning the frequency of the infrared light and
monitoring the produced SFG light we can measure the vibrational spectrum
of the molecules at the interface.

Fig. 2.4 shows the geometry of the SFG experiments of this thesis. The
reflected angle θ3 of the SFG beam follows from the conservation of momentum
in the x direction (parallel to the surface):

kSFG,x =kIR,x + kV IS,x

ωSFGsin(θ3) =ωIRsin(θ1) + ωV ISsin(θ2) (2.29)

In our experiment, θ1 = 50o, θ2 = 45o and θ3 = 46o.

The induced non-linear polarization at the interface
−→
P (2)(ωSFG) generates

a surface electric field
−→
E rad(ωSFG):

−→
E rad(ωSFG) ∝i

−→
P (2)(ωSFG)

=iε0χ
(2)
eff (ωSFG = ωV IS + ωIR)

−→
E IR(ωIR)

−→
E V IS(ωV IS) (2.30)

The intensity of the SFG signal is given by [68]:

I(ωSFG) =
8π3ω2

SFGsec
2θ3

c3n1(ωIR)n1(ωV IS)
|χ(2)
eff |

2IIRIV IS (2.31)
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where n1(ωi) is the refractive index of air (medium 1) at frequency ωi. The
spectral shape of the measured SFG signal depends on the configuration (an-
gles) of the beams for the following reasons. In the first place, the contributions
of the different tensor elements of the second-order susceptibility depend on the
incident angle of the IR beam. Second, the local electric IR field depends on
Fresnel factors that in turn depend on the frequency and the incident/reflected
angle. Thus the spectrum of the same sample measured under different angles
can be slightly different [69]. In order to obtain the actual second-order suscep-
tibility χ(2), the measured SFG spectra have to be corrected for the frequency
dependence of the Fresnel factors. In the case of the water/air interface, this is
a small correction.

The second-order susceptibility χ(2)(ωSFG = ωV IS + ωIR) that is probed in
surface vibrational SFG spectroscopy contains both resonant and non-resonant
terms:

χ(2) = χ
(2)
NR +

n∑
q=1

χ
(2)
R,q (2.32)

In dielectric media the non-resonant component is quite small and can be ne-
glected. However, in metals the amplitude of the non-resonant component can
be quite significant because of electronic contributions. These contributions
show little dependence on the IR frequency. The non-resonant contribution can
also be large in dielectric materials that lack inversion symmetry like quartz. In
the vibrational SFG experiment we use the non-resonant SFG signal from gold
or quartz as a reference to normalize the measured SFG spectra for the spectral
dependence of the incident IR beam.

Each resonant component in Eq. (2.32) can be written as:

χ
(2)
R,q =

1

ωq − ωIR − iΓq

=
ωq − ωIR

(ωq − ω)2 + Γ 2
q

+ i
Γ

(ωq − ω)2 + Γ 2
q

(2.33)

where Γ is the damping constant of the vibration oscillator and gives the vibra-
tional life time of the resonance.

The macroscopic susceptibility χ(2) is related to the molecular hyperpolariz-
ability β by the structure and orientational distribution of the molecules at the
surface. The measured χ(2), in combination with calculations of the molecular
hyperpolarizability, provides important information on the structural properties
and the orientational distribution of molecules at interfaces [70].

In a conventional SFG experiment, the intensity of the measured SFG light is
proportional to |χ(2)|2. Hence, conventional SFG does not provide information
on the sign and phase of χ(2). Yet this information is important, as the reso-
nant contributions can interfere with each other and with a non-resonant term,
leading to complex SFG spectra. Moreover, the sign of χ(2) gives information
on the orientation of the probed molecular vibrations and thereby on the molec-
ular structure of the surface. This shortcoming can be remedied by interfering
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the SFG signal from the sample with a non-resonant SFG signal from a local
oscillator (quartz or gold) with a well-known and well-defined phase [71, 72].
This technique is denoted as phase-sensitive SFG spectroscopy, and allows one

to determine the real and imaginary parts of χ
(2)
R,q. The sign of Im(χ

(2)
R,q) is

directly related to orientation of the probed molecular vibration at the surface

[70]. For water surfaces it has been shown that a positive Im(χ
(2)
R,q) of the OH

stretch vibrations implies that the OH groups of the water molecules have a
net orientation pointing away from the water phase (to the other medium), a

negative Im(χ
(2)
R,q) implies that the OH groups have a net orientation towards

the water phase.

2.4 Third-order Non-linear Polarization:

Pump-Probe Spectroscopy

As mentioned in Section 2.2.2 to obtain dynamic information of vibrational
modes, one needs to employ non-linear spectroscopy technique, such as pump-
probe spectroscopy. For bulk centrosymmetric media, the lowest-order non-
linear optical response is formed by the third-order χ(3)(ω) response. In third-
order non-linear spectroscopy, two or three beams are overlapped in the medium
and the molecules interact three times with the incident fields. The induced
polarization is:

−→
P (3) =ε0χ

(3)
...
−→
E 3 (2.34)

where χ(3) is the (fourth-rank) third-order susceptibility tensor and
−→
E the inci-

dent electric field, which can be a sum of electric fields at different frequencies
and with different wave vectors (propagation directions). The incident electric
field can comprise an excitation (pump) pulse and a delayed (by time τ relative
to the pump) probing pulse:

−→
E (t) =

−→
E 1(t) +

−→
E 2(t)

=E1(e−iω1t + e+iω1t) + E2(e−iω2t + e+iω2t) (2.35)

where the subscripts 1 and 2 represent the pump and probe fields, respectively.

The contributions to the third-order polarization
−→
P (3) for which the elec-

tric fields are not resonant can be obtained by substituting Eq. (2.35) into

Eq. (2.34). It is clear that the third-order induced polarization
−→
P (3) contains
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eight combinations of the incident fields:

−→
P (3) = ε0χ

(3)[E1E1E1(e−i3ω1t + ei3ω1t)

+E2E2E2(e−i3ω2t + ei3ω2t)

+3E1E1E2(e−i(2ω1+ω2)t + ei(2ω1+ω2)t)

+3E1E1E2(e−i(2ω1−ω2)t + ei(2ω1−ω2)t)

+3E1E2E2(e−i(ω1+2ω2)t + ei(ω1+2ω2)t)

+3E1E2E2(e−i(ω1−2ω2)t + ei(−ω1+2ω2)t)

+(3E1E1E1 + 6E1E2E2)(e−iω1t + eiω1t)

+(3E2E2E2 + 6E1E1E2)(e−iω2t + eiω2t)] (2.36)

The effect of the third-order polarization is often measured as a change in inten-
sity in the probe direction k2. Both terms 3E2E2E2(e−iω2t + eiω2t) with krad =
k2−k2+k2 = k2 and 6E1E1E2(e−iω2t+eiω2t) with krad = k1−k1+k2 = k2 prop-
agate in the same direction as the probe pulse. When the intensity of the probe
beam is much lower than that of the pump, the term 3E2E2E2(e−iω2t + eiω2t)
can be neglected. Hence, in the pump-probe experiments presented in this the-
sis, the detected field is 6E1E1E2(e−iω2t + eiω2t) which implies that the electric
field of the pump pulse has two interactions with the medium and the electric
field of the probe pulses only one interaction.

For the resonant contributions to the third-order polarization
−→
P (3) we can-

not simply substitute Eq. (2.35) into Eq. (2.34), because the elements of the
third-order susceptibility χ(3)(ω2) strongly depend on frequency. In this thesis
we investigate the vibrational dynamics of O-H of water molecules or proton
hydration complex using IR pump-probe spectroscopy where the incident fields
are strongly resonant with O-H vibrations which means that the third-order
susceptibility χ(3)(ω2) indeed strongly depends on frequency. In this case the

third-order induced polarization
−→
P (3) is obtained by successive time integration

of the third-order response function S(3)(t3, t2, t1):

−→
P (3) =

∫ ∞
0

dt3

∫ ∞
0

dt2

∫ ∞
0

dt1S
(3)(t3, t2, t1)

E(t− t1)E(t− t1 − t2)E(t− t1 − t2 − t3) (2.37)

The details of this treatment can be found in text books Refs. 63 and 73. The
induced polarization radiates an electric field:

−→
E rad(ω, t) ∝ i

−→
P (3)(ω, t) (2.38)

In pump-probe spectroscopy, we measure the pump-induced absorption change
of the sample as a function of frequency and delay time between the pump
and probe pulses. This absorption change results from the interference of the

electric field radiated by the third-order polarization
−→
P (3) and the electric field
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of the probe pulse:

∆α(ω, t) = 1− I

I0
= 1− |

−→
E 2(ω) +

−→
E rad(ω, t)|2

|
−→
E 2(ω)|2

∆α(ω, t) ∝ 2Im(
−→
P (3)(ω, t)

−→
E 2(ω))

|
−→
E 2(ω)|2

(2.39)

In the following, we present a more phenomenological description of
polarization-resolved infrared pump-probe spectroscopy. We define a molecular
vibration with a fundamental resonance frequency of ω01 and a ground state
population of N0. In the absence of the pump pulse, all the vibrational os-
cillators will be in the ground state and the absorbance α0 of the probe light
is:

α0 = σ01N0 (2.40)

where σ01 is the absorption cross section of the absorbing molecule from ground
state to the first excited state. The spectrum is indicated by the dashed line in
Fig. 2.5 (b).

As a result of the interaction with the intense pump pulse, a number of
vibrational oscillators N1 are resonantly excited from the ground state υ = 0 to
the first excited state υ = 1. As a consequence, the population of the ground
state υ = 0 is depleted to N0−N1, whereas the population at first excited state
υ = 1 is increased by N1. The oscillators in the first excited state can be excited
further to the second excited state by absorbing light at frequency ω12 (as the
red arrow shown in Fig. 2.5(a)). These excited oscillators can also be pumped
back to the ground state by stimulated emission of light at ω10 (as the green
arrow shown in Fig. 2.5(a)). Hence, the resulting absorption spectrum α of the
excited sample is:

α = σ01(N0 −N1)− σ01N1 + σ12N1 (2.41)

The absorption changes caused by the intense pump pulse contains three terms:

∆α = α− α0 =−σ01N1︸ ︷︷ ︸
Depletion

−σ01N1︸ ︷︷ ︸
Stimulated
Emission

+σ12N1︸ ︷︷ ︸
Induced
Abs.

(2.42)

where ω01 = ω10 6= ω12, due to the anharmonicity of the vibration potential
(indicated in Fig. 2.5 (a)). The absorption changes ∆α generally contains a
negative change in absorption (bleaching) due to the depletion of the ground
state and stimulated emission out of the first excited state, and a positive change
in absorption (induced absorption) due to excited state absorption. The bleach-
ing and induced absorption signals are indicated in blue and red respectively in
Fig. 2.5 (c).

The pump induced population N1 is short lived, because the excited
molecules will relax back to the vibrational ground state. The population of
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Figure 2.5. Schematic picture of pump-probe spectroscopy. (a) Potential energy
diagram of a molecular vibration. Without pump pulse, the population of the ground
state (ν = 0) equalsN0. An intense IR pulse with a frequency ω01 excitesN1 oscillators
to the first excited ν = 1 state, as indicated with the blue arrow. The oscillators in the
ν = 1 state will absorb light at frequency ω12 (transition from ν = 1 to ν = 2 state,
indicated by the red arrow). The oscillators in the ν = 1 state can also be stimulated
back to ν = 0 state and emit light at the fundamental frequency ω10 (indicated by the
green arrow). (b) The absorption spectrum of the probe beam after pump excitation
(α1, solid line) and before (without) pump excitation (α0, dashed line) pump. (c)
Difference spectrum ∆α = α1 − α0. The blue band at ω01 represents the absorption
decrease (bleaching), while the red band at ω12 represents the induced absorption.
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Figure 2.6. (a) Pump-probe transient spectroscopy, spectral evolution of ∆α at
different delay times between the pump and probe pulses. (b) Delay trace of ∆α at
ω01 as a function of delay time.

the excited state decays exponentially with a time constant of T1 to the ground
state, N1(t) = N1(0)e−t/T1 . In case the population relaxes back to the ground
state the time-dependent absorption change is given by:

∆α(ω, t) = (−2σ01(ω) + σ12(ω))N1(0)e−t/T1 (2.43)

The time and frequency dependence of ∆α(ω, t) are illustrated in Fig. 2.6(a).
By measuring the absorption difference ∆α(ω, t) at different time delay between
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the pump and probe pulses, we determine the time constant of the vibrational
relaxation of the excited oscillators. A delay trace at the central frequency of
ω01 is shown in Fig. 2.6(b).

For an oscillator with its transition dipole moment at an angle θ with respect
to the pump polarization, the excitation probability is proportional to cos2(θ).
The excitation thus leads to an anisotropic distribution of excited oscillators.
The absorbance change for probe light that is polarized parallel to the pump
polarization is stronger than that for probe light that is polarized perpendicular
to the pump polarization, (∆α‖(ω, t) > ∆α⊥(ω, t)).

The orientation of the excited oscillators will randomize as a result of molec-
ular reorientation, and thus the difference between parallel ∆α‖ and perpen-
dicular ∆α⊥ will decay. When the rotational relaxation is complete, the two
components will be equal, ∆α‖(ω,∞) = ∆α⊥(ω,∞).

In polarization-resolved pump-probe spectroscopy, we measure both the par-
allel and perpendicular components, and we can construct the isotropic signal
∆α(ω, t) and the anisotropic signal R(ω, t):

∆αiso(ω, t) =
∆α‖(ω, t) + 2∆α⊥(ω, t)

3

R(ω, t) =
∆α‖(ω, t)−∆α⊥(ω, t)

∆α‖(ω, t) + 2∆α⊥(ω, t)
(2.44)

The prefactor of 2 can be understood from the fact that in a three-dimensional
system there are two independent directions perpendicular to the polarization
of the pump. The isotropic signal ∆α(ω, t) decays only as a result of vibration
relaxation and spectral relaxation. The anisotropy parameter R(ω, t) decays
due to the reorientation of the molecules and resonant energy transfer between
differently oriented oscillators (Förster energy transfer). The anisotropy is pro-
portional to the second-order orientational correlation function:

R(t) =
2

5
C2(t)

=
2

5
〈P2(cosθr)〉

=
2

5
〈(3cos2(θr)− 1)/2〉 (2.45)

where θr is the angle between the initial and the final orientation of the excited
molecule, and 〈· · · 〉 represents a statistical average.

Often the anisotropy decay due to orientational diffusion can be described
as a mono-exponential function:

R(t) =
2

5
e(−t/τor) (2.46)

For some systems, the anisotropy not only decays as a result of molecular
reorientation, but also as a result of resonant energy transfer between oscillators
that are oriented at different angle with respect to the pump polarization. Reso-
nant energy transfer becomes an important contribution to the anisotropy decay
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in case the transition dipole moment of the vibration is large and the oscillators
are closely spaced. These conditions are fulfilled for pure water or in proton
hydration structures, containing a high concentration of strongly absorbing O-H
stretch vibrations (as discussed in Chapter 5).

Often the system under study contains several distinct vibrational compo-
nents that all contribute to the measured pump-probe signal. As a result,
the isotropic signal is the sum of the contributions of all components and the
anisotropy is the weighted average of the anisotropy values of each component:

∆αiso,total(ω, t) =
∑
n

∆αiso,n(ω, t)

R(ω, t) =
∑
n

an(ω, t)Rn(ω, t)

an(ω, t) =
∆αiso,n(ω, t)

∆αiso,total(ω, t)
(2.47)

where a(ω, t) is a weight factor defined as the ratio of the isotropic signal of each
component to the total isotropic signal. A correct signal analysis thus requires
a detailed decomposition of the spectrum and the population dynamics of each
vibrational component, see Chapter 7 and Chapter 8.
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3

Experiment

The rate and mechanism of aqueous proton transfer can be well investigated
via the structural and dynamical properties of the O-H stretch modes of the
proton hydration complexes. The O-H vibrations strongly absorb light in the
infrared region of the spectrum. Hence, the properties of these vibrations
can be well studied with ultrashort and intense infrared light pulses. In this
thesis, we used two experimental methods: polarization-resolved femtosecond
infrared pump-probe spectroscopy and vibrational sum-frequency generation
spectroscopy. The details of these two experimental methods are explained in
this chapter.

3.1 Generation of Femtosecond Mid-Infrared

Pulses

The infrared pulses are generated via optical parametric amplification (OPA)
processes (TOPAS, HE-TOPAS and home-built OPA) that are pumped by the
intense 800 nm pulses delivered by commercial Titanium:sapphire laser systems.
The scheme of the home-built OPA is presented in the blue region of Fig. 3.1.
This OPA is based on the design of the group of Peter Hamm. 1 mJ of 800 nm
light (with a time duration of 45 fs) is used to pump the OPA. The incident
800 nm light is split into two parts. The part B1 that is reflected from the
first beam splitter (BS1) (a few percent of the total 800 nm light) is used to
generate white light by focusing the beam in a sapphire plate. Stable white-light
generation depends critically on the incident intensity of the 800 nm pulse. To
optimize the intensity, the 800 nm beam B1 is sent through a half-wave plate
and a cubic polarizer. The transmitted p-polarized 800 nm beam is focused by
a lens (L1) into a sapphire plate to generate white light. The 800 nm beam
that is transmitted by BS1 is sent into a delay stage D1 and split by BS2
into B2 (around 10%, used for the first amplification step) and B3 (used for
the second amplification step). The 800 nm beam B2 and the white light are
sent together into the BBO crystal C2 (which is ∼1 mm thick) in spatial and
temporal overlap. The temporal overlap is realized with delay stage D1. In
this process signal and idler pulses are generated. The frequencies of the signal

37
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DM = Dichroic Mirror;

DBS=Dichroic Beam Spliter;

BS=Beam Spliter;

HWP=Half Wave Plate;

L=Lens;

M=Relect Mirror;

D=Delay Stage;

P=Polarizer;

LWP=Long Wave pass Filter
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Figure 3.1. Schematic picture of the setup used to generate the infrared probe pulses
that are used in the two-color polarization-resolved pump-probe setup (fs-IR). Blue
region: home-built optical parametric amplifier (OPA). Orange region: difference-
frequency generation (DFG) set-up where mid-IR light is generated via difference
frequency generation of the signal and idler (created by the OPA) in a AgGaS2 crystal.

(ωS) and the idler (ωI) are determined by the phase-matching condition, which
depends on the temperature and the angle between the incident pump laser and
the optical axis of the crystal, see section 2.3.1. The generated signal pulses pass
through the dichroic beam splitter DBS1 and are stopped by a beam blocker.
The generated idler pulses are reflected by the dichroic beam splitter DBS1 to
a curved mirror CM1 that is put on delay stage D2. The back reflected idler
pulses are focused by CM1 on the BBO crystal and spatially and temporally
overlapped with the 800 nm beam B3. The idler pulses are amplified and the
signal pulses are regenerated. The sum of the pulse energies of signal and idler
is ∼200 µJ.

The generated signal and idler are used in a difference frequency generation
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Figure 3.2. Schematic of infrared pump pulse generation parts of the two-color
polarization-resolved pump-probe setup (fs-IR).

(DFG) process in a silver gallium disulphide (AgGaS2) crystal, as illustrated
in the orange region of Fig. 3.1. To obtain spatial and temporal overlap in the
AgGaS2 crystal, the signal and idler are first spatially separated with a dichroic
beam splitter (DBS2), that transmits the signal and reflects the idler. The
reflected idler is sent over a delay stage (D3) to obtain temporal overlap. The
frequency of the mid-IR pulses generated in the DFG process is equal to the
difference frequency of signal and idler (ωIR=ωS-ωI) and tunable in a frequency
region of 1600-3700 cm−1. The generated infrared pulses have a full width at half
maximum (FWHM) of 300 cm−1 and a time duration of ∼75 fs. Typical pulse
energies are 4 µJ. The generated mid-IR pulses are used as probe and reference
in a two-color pump-probe experiment. The pump pulses of the two-color pump-
probe experiments presented in this thesis are generated via difference frequency
mixing of an intense 800 nm pulse and a frequency-doubled idler pulse. The idler
pulses are generated by a commercial parameteric generation and amplification
device (TOPAS (Light-Conversion)) that is pumped with a ∼1 mJ 800 nm pulse.
The seed pulse for the parametric amplification process is created via parametric
generation (super-fluorescence) which starts from quantum noise. As a result,
the generated signal and idler pulses are less stable than the pulses that are
generated by white-light seeded OPA. A schematic of the setup used to generate
the infrared pump pulses is shown in Fig. 3.2. The signal generated by the
TOPAS is filtered out by a dichroic mirror. The idler is frequency doubled with
a BBO crystal. Subsequently the frequency-doubled idler is difference-frequency
mixed with an 800 nm pulse (∼1.3 mJ) in a potassium-titanyl-phosphate crystal
(KTP, to generate 3 µm IR pulses) or a lithiumniobate crystal (LN, to generate
4 µm IR pulses). After the crystal, the residual idler and doubled idler are
removed using a long wave pass filter (LWF). The frequency of the generated
mid-infrared pulses is equal to the difference frequency of the 800 nm pulse and
the doubled idler pulse: ωIR=ωvis-2·ωI . The duration and spectral bandwidth
of the infrared pulses largely depends on the thickness of the BBO and LN (or
KTP) crystals. In the experiments presented in this thesis, the pump infrared
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IR, 3~6μm 

(Figure 1.1)

IR, 3.3μm 

(Figure 1.2)
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Figure 3.3. Schematic picture of the two-color infrared polarization-resolved pump-
probe setup (fs-IR). The pump, probe and reference beams are indicated with green,
red and orange lines. The probe and the reference originate from the same infrared
pulse (generated by the home-built OPA). The relative positions of the pump, probe
and reference beams on the parabolic mirrors and the sample are indicated in the solid
and dashed circles.

pulses have a spectral bandwidth with a FWHM of ∼150 cm−1, a pulse energy
of ∼15 µJ and a pulse duration of ∼100 fs.

The home-built OPA (described in Fig. 3.1) delivers pulses with a broad
tunability but low pulse intensity, making it ideal to generate probe pulses.
The mixing of the 800 nm beam with the doubled idler leads to IR pulses with
less tunability but leads to higher infrared pulse energies, which makes this
approach ideally suited to generate pump pulses.

3.2 Infrared Pump-Probe Spectroscopy

3.2.1 Two-Color Pump-Probe Setup

The polarization-resolved two-color infrared pump-probe setup used in the ex-
periments is illustrated in Fig. 3.3. The infrared pulses generated with the setup
that is illustrated in Fig. 3.1 serve as probe and reference pulses. The beam
first goes through a telescope to increase the beam size by a factor of 2.5 (to
obtain a tighter focus in the sample). The polarization of the pulses is cleaned
up with a wire grid polarizer P1. Around 10% of the IR beam is reflected from
the front side of the first wedge W1 (ZnSe, 4o), and used as the probe. Around
10% of the transmitted part is reflected on the second wedge W2 and used as
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the reference. The probe pulses are sent into a delay stage D1 to vary the delay
time between the pump and probe pulses. The infrared pulses generated in the
process illustrated in Fig. 3.2 are used as the pump. The polarization of the
pump pulses is rotated to an angle of 45◦ with respect to the polarization of the
probe/reference pulses with a λ/2 plate. After this rotation the polarization is
cleaned up with wire grid polarizer P2. Every second pump pulse is blocked by
a chopper.

The pump, probe and reference pulses are propagated in parallel to a gold
coated parabolic mirror PM1 and focused into the sample. The pump and
probe are spatially overlapped in the sample. After the sample, all three beams
are re-collimated with the second parabolic mirror PM2. After this mirror, the
probe and reference pulses are sent through a 90◦ rotatable wire grid polarizer
to select a polarization component parallel or perpendicular with respect to
the polarization of the pump pulses. The pump pulses are blocked before the
polarizer.

The probe and reference beams are dispersed with a spectrograph and de-
tected with a mercury-cadmium-telluride (MCT) 3×32 pixel detector. In the
experiment we measure the pump-induced change in the transmission of the
probe pulses as a function of the delay time and the probe frequency. The
transmission of the reference pulses is also measured as a function of frequency
and used for a pulse-to-pulse normalization of the probe pulse energy. The nor-
malized, pump-induced transmission changes of the transmission of the probe
provide essential information on the energy-relaxation and reorientation dynam-
ics of the molecular vibrations in the sample, as expressed in equation 2.44.

3.2.2 One-Color Pump-Probe Setup

We also performed one-color pump-probe experiments, meaning that the pump,
probe and reference pulses are all derived from the same mid-infrared light pulse.
In one of the used set-ups, we generate 4 µm pulses via nonlinear frequency
conversion processes that are pumped by the pulses that are delivered by a
Ti:sapphire laser system (Hurricane, Spectra-Physics). This laser generates 800
nm pulses with a pulse duration of ∼100 fs and a pulse energy of ∼900 µJ.
The infrared pulses are generated in the same way as described in Fig. 3.2.
However, instead of a parametric generation based OPA, we use a white-light
seeded OPA (Spectraphysics). The idler is frequency doubled in a BBO crystal
and difference-frequency mixed with a second part of the 800 nm beam in a
lithium niobate (LN) crystal. In this process, infrared pulses are generated
with a frequency that is tunable between 2300 cm−1 and 2800 cm−1. The
infrared pulses have a pulse duration of ∼120 fs, a spectral bandwidth with
a FWHM of 100 cm−1, and a pulse energy of ∼5 µJ. The pump, probe and
reference beams are split from the same infrared pulse with a CaF2 wedge. The
reflection from the front side is used as the probe, the reflection from the back
side is used as the reference, and the transmitted beam serves as the pump. In
another one color pump-probe experiment we generate pulses at 6 µm using a
high-power Ti:sapphire laser system (Coherent Legend Duo) that delivers 800
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nm pulses with a pulse duration of ∼35 fs a pulse energy of ∼7.5 µJ. The 6
µm infrared pulses are generated by a commercial HE-TOPAS (high-energy
TOPAS) which integrates a white-light seeded OPA (triple amplification) and a
DFG stage. The HE-TOPAS generates high intensity (∼60 µJ) and broad band
(∼300 cm−1) infrared pulses with frequencies that are tunable in the region of
1200-3700 cm−1.

3.3 Sum Frequency Generation Spectroscopy

Vibrational sum-frequency generation (VSFG) spectroscopy is a powerful
method to study the vibrational response of water molecules at water-air inter-
faces. In this technique a narrow-band visible beam and a broad-band infrared
beam are combined at the surface to generate light at the sum-frequency. The
sum-frequency generation process will be enhanced in case the infrared light is
resonant with a molecular vibration, see section 2.3.2. The SFG setup makes
use of the pulses of an amplified Ti:Sapphire laser system (Coherent Legend
Elite). The 800 nm pulses have a pulse duration of 45 fs and a pulse energy of
∼3.5 mJ. The 800 nm beam is split into two parts. The first part, ∼1 mJ, is
used to pump a home-built OPA. To obtain high-energy signal and idler pulses,
this OPA has three amplification stages instead of two. The signal and idler
pulses generated by this OPA have a total energy of ∼0.65 mJ. The signal and
idler pulses are subsequently used in a difference-frequency mixing process in a
AgGaS2 crystal to generate mid-infrared pulses (see Fig. 2.3) that are tunable
from 2-10 µm. The generated infrared pulses have a pulse energy of 10-20 µJ
and a spectral bandwidth with a FWHM of ∼400 cm−1. The second part of
the 800 nm beam serves as the visible beam in the SFG process. Fig. 3.4 shows
a schematic picture of the VSFG spectroscopy setup. The 800 nm beam is sent
through an etalon to narrow its bandwidth to 15 cm−1 and then sent into a
delay stage D1 to ensure temporal overlap of the visible pulses and the infrared
pulses. In this thesis, all VSFG spectra are recorded with ssp polarization
(s-polarized SFG, s-polarized 800 nm, and p-polarized infrared light). The 800
nm pulses are sent into a cubic polarizer P1 to clean up their polarization.
The infrared pulses are sent to a combination of a λ/2 plate HWP and a wire
grid polarizer P2 to adjust the polarization and intensity of the infrared pulses.
The narrow-band 800 nm and broad-band infrared pulses are focused on the
sample surface by lenses L1 and L2 with focal lengths of 20 cm and 10 cm,
respectively. The two pulses are in temporal and spatial overlap and generate
light at their sum frequency. The height of the sample can be adjusted with a
translation stage. After the sample the 800 nm beam is removed by filter F1.
The generated sum-frequency light is re-collimated with lens L3 (20 cm) and
then spectrally dispersed by a monochromator and detected with an Electron-
Multiplied Charge Coupled Device (EMCCD, Andor Technologies). To correct
the VSFG spectra for the spectral dependence of the intensity of the infrared
light pulse, the measured VSFG spectra are divided by the spectrum of the
sum-frequency light that is generated by a reference z-cut quartz crystal. The
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Figure 3.4. Schematic picture of the SFG setup. The broad-band infrared and
narrow-band 800 nm pulses are focused onto the sample surface. The two pulses are
in temporal and spatial overlap and generate light at their sum frequency. The sum-
frequency light is sent into a monochromator and detected with a CCD camera. The
yellow region shows a view of the setup from the top, while the grey region shows a
side view of the SFG generation process.

sum-frequency generation in this crystal is a non-resonant process, meaning
that its χ(2) does not depend on the infrared frequency. Hence, the spectrum
of the sum-frequency light generated by the quartz crystal only depends on the
intensity spectrum of the infrared pulses and can thus be used to normalize the
VSFG signal generated by the sample[74].

3.4 Samples

All samples used in this thesis contain normal and/or heavy water. H2O was
purified with Millipore. D2O was purchased from Cambridge Isotope Labo-
ratories (with purity >99.6%). The other compounds like sodium hydroxide
solution (in Chapter 4), sodium triflate, sodium ethanesulfonate, sodium bu-
tanesulfonate, sodium perchlorate (in Chapter 9) and deuterated acetonitrile
and trifluoromethanesulfonic acid (in Chapter 8) were all purchased from Sigma
Aldrich and used without further purification. In the experiment on aqueous
solutions we used a conventional sample cell. This cell consists of two pieces of
4 mm thick CaF2 windows. The two windows are separated by a Teflon spacer
with a well-defined thickness. The thickness of the spacer is varied such that
we obtain an infrared absorbance of ∼1 OD.

Nafion membranes (in Chapter 5, Chapter 6 and Chapter 7) were purchased
from Alpha Aesar and purified as follows: firstly the membranes were boiled
in 3% H2O2 solution to get rid of organic contaminations, secondly they were
boiled in water, and then in a 1 M H2SO4 solution to ensure that all sulfonate
groups in the membranes are binding protons. Finally, the membranes were put



i
i

“Thesis˙Main˙Liu” — 2015/9/22 — 11:51 — page 44 — #44 i
i

i
i

i
i

44 Experiment 3.4

in deionized water. In each step, Nafion membranes were boiled at least for one
hour[75, 76]. To control the ratio of proton (H+) and sodium (Na+) ions in the
membranes, the protonated membranes were soaked in a mixed solution of HCl
and NaCl with the desired ratio of [H+]:[Na+] for 24 hours[76]. In the last step
the membranes are rinsed with deionized water.

Table 3.1. Equilibrium relative humidities (R.H.%) of saturated salt solutions and
the resulting hydration levels (λ) of the Nafion membranes

Saturated Salt Solution R.H.% at 25 oC. Hydration Level λ

CsF 3 3

LiBr 6.3 7

LiCl 11.7 9

CH3COOK 22.5 12

MgCl2 32.8 16

To vary the hydration level, the prepared Nafion membranes were placed in
a chamber sealed between two CaF2 windows. Through channels in the wall
of chamber, the membranes were exposed to a large volume of an aqueous sat-
urated salt solution at room temperature. The character of the salt solution
determines the relative humidity of the air interacting with the Nafion mem-
branes which in turn determines the hydration level of the membranes. We let
the membranes equilibrate for a week to obtain a well-defined hydration level.
The used saturated salt solutions and their corresponding relative humidities
and hydration levels (λ=[H2O]/[SO3

−]) are summarized in Table 3.1. [77–80] To
avoid sample degradation caused by the repeated exposure to the intense pump
pulses during the measurements, the sealed chamber with the hydrated Nafion
membrane was mounted on a rotation stage and constantly rotated during the
IR pump-probe experiments.
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Dynamics of the Hydration
Complex of Hydroxide

We use polarization-resolved mid-infrared pump-probe spectroscopy to study
the dynamics of the hydration shells of hydroxide ions (OH−). We excite the
O–H stretch vibrations of H2O molecules solvating the OH− ion and observe
that this excitation decays with a relaxation time constant T1 of 200 fs. This
relaxation is followed by a thermalization process that becomes slower with in-
creasing concentration of OH−. The pre-thermalized state is observed to be
anisotropic, showing that the energy of the excited O–H stretch vibrations is
dissipated within the hydration complex. The anisotropy of the pre-thermalized
state decays both as a result of the reorientation of the OH− hydration complex
and heat diffusion from the excited complexes to unexcited complexes. Modeling
the anisotropy data at different concentrations allows for an accurate determi-
nation of the number of water molecules in the hydration shell of OH−, the
reorientation dynamics of the OH− hydration complex, and the molecular-scale
heat diffusivity.

4.1 Introduction

The hydroxide ion OH− and the hydronium ion H3O+ both form strong hy-
drogen bonds with their surrounding water molecules. Experimental and theo-
retical investigations indicate that these hydrogen bonds are rapidly exchanged
with the chemical bonds of the surrounding water molecules [81–84]. This ex-
change results in a transfer of the charge of the proton and the hydroxide ion
to the solvating water molecules, and thus effectively in the transport of the
proton and hydroxide ion. Hence, these ions are not transported as particles, as
in conventional Stokes diffusion, but only their charge is being conducted. This
structural diffusion mechanism is highly efficient and explains the anomalously
high mobility of protons and hydroxide ions in liquid water. The mechanism is
often referred to as Grotthuss conduction [8].

Density functional calculations indicate that there are two somewhat dif-
ferent mechanisms by which the hydroxide ion is transported through liquid
water. One of these mechanisms is denoted as the “dynamical hypercoordi-
nation” mechanism, [27, 29] which involves reduction of coordination number
of OH− complex. In this mechanism OH−(H2O)4 breaks an accepting hydro-

45
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46 Dynamics of the Hydration Complex of Hydroxide 4.2

gen bond between its oxygen and a water molecule in the first hydration shell,
and then donates a hydrogen bond transiently to another water molecule. The
other mechanism is the so-called “mirror image” mechanism [83, 85, 86], in
which H7O4

− ions are converted to H3O2
− ions by cleavage of a second shell

hydrogen bond. This mechanism is quite similar to the transfer mechanism of
protons in liquid water, thus explaining the name “mirror image” mechanism.

The dynamics of the O–H stretch vibrations of protons and hydroxide ions
in water has been investigated using femtosecond mid-infrared spectroscopy
of isotopically diluted systems. For a solution of OD− and HDO in D2O, it
was found that for part of the HDO molecules the absorption spectrum of the
OH stretch vibration is broadened and shifted to lower frequencies [87–89].
This spectral component shows a very rapid relaxation with a time constant
of 120-160 femtoseconds. The amplitude of the fast component scales with the
concentration of OD−, and is thus assigned to HDO molecules hydrating the
OD− ions. The fast relaxation has been interpreted in two different ways. In one
interpretation, the fast relaxation was assigned to HDO molecules of which the
OH group is hydrogen-bonded to an OD− ion that is showing deuteron exchange
with a D2O molecule [87]. The exchange will lead to a strong modulation of
the strength of the O-H· · ·O hydrogen bond as this bond changes from a bond
to an OD− to a bond to a D2O molecule. The modulation leads to a fast decay
of the vibrational excitation of the HDO molecule that is a spectator at the
deuteron transfer. In the other interpretation the fast relaxation component
is assigned to the second excited vibrational state of a DO· · ·H· · ·OD Zundel
complex [88]. This Zundel complex forms a transition state in the transfer of
the proton from HDO to OD−. The fast vibrational relaxation is explained
from the short lifetime of this transition state complex.

In this chapter, we use polarization-resolved pump-probe infrared spec-
troscopy to investigate the energy and reorientation dynamics of the hydration
complex of the OH− ion in H2O. We study the energy relaxation dynamics of
the O–H vibrations that are strongly hydrogen bonded to the OH− ion. We also
study the structural relaxation dynamics of the liquid following the fast local
dissipation of heat and the heat diffusion from the excited hydration complexes
to the surroundings.

4.2 Experiment

The experiments were performed with the one-color pump-probe setup described
in Section 3.2.2. We excite the OH stretch vibrations of H2O molecules hydrat-
ing the OH− ions with intensive pump pulses (∼4 µJ) with a central frequency
of 2650 cm−1 and a FWHM of 120 cm−1. The absorption changes caused by
the intense pump pulses are monitored by the time-delayed probe pulses.

The experiments were performed on NaOH/H2O solutions at ten concentra-
tions ranging from 0.5 to 10 M. The stock NaOH solution was purchased from
Sigma-Aldrich. The solutions were held in a sample cell with two 4 mm thick
CaF2 windows separated by Teflon spacers of 50 µm (for 0.5 and 1.0 M), 25 µm
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Figure 4.1. Absorption spectra of H2O (black line) and NaOH/H2O solutions of 1 M
(red line) and 6 M (blue line). The inset shows the spectra of the hydroxide solutions
after subtraction of the pure H2O spectrum.

(for 2.0 and 3.0 M) and 12 µm (for 4.0, 5.0, 6.0, 7.0, 8.6 and 10.0 M).

4.3 Results and Discussion

Fig. 4.1 shows the linear absorption spectra of NaOH/H2O solutions with two
different hydroxide concentrations. It is clear that the spectra show an in-
reasing red-shifted absorption with increasing NaOH concentration. This red-
shifted absorption is assigned to the O-H stretch vibrations of water molecules
that are hydrogen bonded to hydroxide ions. The hydrogen bonds between H2O
molecules and the OH− ion are much stronger than the hydrogen bonds between
H2O molecules. As a result, the (uncoupled) vibrational frequency of these os-
cillators is strongly red-shifted with respect to the other vibrations in the liquid
making these vibrations relatively well localized. This assignment agrees with
the results of some recent studies by the group of Tokmakoff [88, 89]. In these
latter studies it was shown that the broad, red-shifted OH stretch vibrational
spectrum of OH groups bonded to OH− comprises both 0→2 transitions to
Zundel states for (nearly) symmetric O· · ·H· · ·O systems and 0→1 transitions
of OH groups that are strongly hydrogen bonded to OH−, but that are asym-
metric in the sense that the hydrogen atom is much closer to one of the oxygen
atoms.

4.3.1 Vibrational Relaxation

We excite the OH stretch vibrations of H2O molecules hydrating the OH− ions.
At all concentrations, we use pump and probe pulses with a central frequency of
2650 cm−1. In Fig. 4.2 we show transient absorption spectra at three different
delay times, 0.4 ps, 1.2 ps and 40 ps, for solutions of 2 M, 4 M and 6 M. At early
delays, the transient spectra show a negative absorption change throughout the
whole frequency region. This negative absorption change is due to the bleaching
of the ground state and the stimulated emission from the excited OH stretch
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Figure 4.2. Transient spectra of three different NaOH solutions at pump-probe delay
times of 0.4 ps (�), 1.2 ps (◦) and 40 ps (4). The solid lines show the fitted result
with the consecutive relaxation model.

vibration. It is seen that the amplitude of the bleaching decays rapidly at short
delay time, but it increases again at later delay times.

In Fig. 4.3 (a) the isotropic absorption change ∆αiso at the center frequency
2650 cm−1 is shown as a function of delay for three NaOH concentrations. At
zero time delay, the pump excitation results in a bleaching signal that rapidly
relaxes on a time scale of a few hundred femtoseconds. After reaching a mini-
mum, the bleaching rises again on a much longer time scale. The signal no longer
changes after ∼5 picoseconds. At this time the energy that was put in by the
excitation is completely thermal over the focus. The transient minimum in the
bleaching implies that the vibrational relaxation does not immediately lead to a
thermalization of the excitation energy. Fig. 4.3 (a) shows that the equilibration
process becomes slower with increasing NaOH concentration, which makes the
bleaching minimum more pronounced.

The isotropic signals were fitted by least-square method with a consecutive
relaxation model [90]. In this model, the excited state relaxes with a time
constant T1 to an intermediate state. This intermediate state relaxes to the final
thermal equilibrium with a time constant Teq. The fitted results are represented
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Figure 4.3. (a) Isotropic absorption change −∆αiso as a function of delay time for
three different concentrations of NaOH, measured at frequency of 2650 cm−1. The
solid lines represent fits to the data with the consecutive relaxation model. Inset,
zoom-in from 0.5 ps to 4 ps. (b) Vibrational lifetime constant T1 and equilibration
time constant Teq as a function of concentration. The error bars of Teq are estimated
by increasing the chi-square up to 10% of the minimum. The error bars of T1 are
comparable with the triangle size

by the solid lines in Fig. 4.2 and Fig. 4.3 (a). The time constants T1 and Teq

resulting from the fit are plotted as a function of concentration in Fig. 4.3 (b).
As shown in Fig. 4.3 (b), the concentration dependencies of T1 and Teq are quite
different.

The transient spectrum of the intermediate state has the form of a thermal
difference spectrum, which means that the fast relaxation process corresponds
to the vibrational relaxation of the O–H stretch vibration of H2O molecules
hydrating OH−. The time constant T1 has a value of 200 fs, and is independent
of OH− concentration (see Fig. 4.3 (b)). The lack of concentration dependence
of T1 indicates that the vibrational relaxation is a local process in which the
energy of the excited O–H stretch vibration relaxes to lower-frequency degrees
of freedom within the same OH− hydration complex. The value of T1 is quite
similar to the relaxation time constant T1 of the O-H stretch vibrations in pure
H2O [91, 92]. The relaxation time of 200 fs is also quite similar to the time
constant of 120-160 fs that was observed for HDO hydrating an OD− ion [87–
89].

The character of the intermediate state (being a local heated state) dif-
fers from that of the intermediate state of the relaxation observed in studies
of isotopically diluted water, i.e. for the O–D/O–H stretch vibration of HDO
molecules in H2O/D2O [93]. The intermediate state of the latter relaxation
process does not have an associated transient spectrum, and its relaxation
likely represents the delayed adaptation of the coordinates of the hydrogen bond
network to the higher energy content of the low-frequency modes (librations,
hydrogen-bond stretch and bend vibrations) that results from the relaxation of
the O–D/O–H stretch vibration.

The equilibration time strongly varies with concentration, and increases from
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1.3±0.5 ps at low concentrations to 4.5±0.7 ps for a solution of 10 M NaOH. The
lack of concentration dependence of T1 indicates that the vibrational relaxation
is a local process in which the energy of the excited O–H stretch vibration relaxes
to other vibrations within the same OH− hydration complex. In contrast, the
equilibration time Teq is a more global parameter and very sensitive to the
structural dynamics of the hydrogen bond network of the solution. For higher
OH− concentrations the restructuring takes more time, probably as a result of
the stiffer hydrogen-bond network.

The intermediate state relaxes with an equilibration time constant that in-
creases from 1.3±0.5 ps at low concentrations to 4.5±0.7 ps for a solution of 10
M NaOH. This strong concentration dependence can be understood from the
fact the equilibration time Teq is not a local parameter and will be strongly
related to the collective structural dynamics of the hydrogen bond network of
the solution. At higher OH− concentrations the hydrogen-bond network will
be stiffer, which will make the restructuring and thus full equilibration of the
solution slower.

4.3.2 Anisotropy Dynamics

Fig. 4.4 shows the anisotropy decay for five different concentrations (0.5, 1.0,
2.0, 4.0, and 6.0 M). At time zero the anisotropy signals are roughly 0.35.
The initial partial decay of this anisotropy from 0.4 to 0.35 may be due to
rapid resonant intermolecular energy transfer between OH vibrations within
the OH− hydration complex and/or due to librational motions. The anisotropy
dynamic shows a rapid initial drop (200 fs) followed by a much slower decay on
a time scale of ∼10 ps. With increasing NaOH concentration the initial drop
becomes larger and the subsequent decay becomes faster. In view of the short
T1 of the relaxation of the O–H stretch vibrations of 200 fs, it is clear that the
signal conserves its anisotropy after the vibrational relaxation is complete, which
implies that the influence of the heat resulting from the vibration relaxation
on the transient spectral response is anisotropic. After the fast vibrational
relaxation, the resulting localized heat primarily affects the originally excited
O-Hs whose transition dipole moments direction have not changed during this
short time. Therefore the transient spectrum resulting from this local heating
effect is anisotropic. In fact, if the heating effect resulting from the vibrational
relaxation would only influence the absorption spectrum of the originally excited
OH vibration, the anisotropy of the original excitation would be conserved fully.
However, the dissipated heat will also affect the absorption spectra of other
O–H vibrations in the same hydration complex of the OH− ion that will have
different orientations. Nevertheless, as the number of O–H vibrations absorbing
at 2650 cm−1 within the complex will be limited, a net non-zero anisotropy is
retained.

The ultrafast excitation and vibrational relaxation of the OH vibrations
result in a strongly heated OH− hydration complex that is hotter than its sur-
roundings. Hence, the complex itself is in (hot) thermal equilibrium but the
whole solution is in a non-equilibrium state. The complex then cools via heat
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Figure 4.4. Anisotropy as a function of delay for five different concentrations of
NaOH. The data are measured at a frequency of 2650 cm−1. The solid lines are fits
to the data of the heat diffusion model.

diffusion to its surroundings. Given the probe frequency of 2650 cm−1, we
only observe the effects of heat reaching other excited and unexcited hydration
complexes. Over time the unexcited complexes will become heated and, as the
solvating water OH groups in these complexes have different (random) orienta-
tions, the overall distribution of the thermally affected O-H vibrations becomes
isotropic.

The anisotropy dynamics of hydroxide solutions have been studied before for
isotopically diluted solutions of HDO in D2O/OD− [87]. In this latter study, the
dynamics of the isotropic signal contained a strong slow component associated
with the vibrational relaxation of HDO molecules that are not directly interact-
ing with OD− ions. In addition, the heating effect of the vibrational relaxation
was much smaller, because the probed hydroxyl groups are isotopically diluted.
As a result, the anisotropy dynamics observed in Ref.10 were dominated by
the orientational dynamics of the still excited OH vibrations of HDO molecules
that are not in the first hydration shell of the hydroxide ion. In this chapter
the anisotropy dynamics are dominated by the heat diffusion and reorientation
of the hot OH− hydration complexes.

To calculate the anisotropy decay due to heat diffusion, we assume that
the hydration complex of OH− is a sphere with radius R and we neglect the
interactions between different excited complexes. Under these assumptions,
the time-dependent distribution of the temperature inside and outside the hot
complex is expressed by the following equation [94], that describes the heat
diffusion from a hot sphere to an infinitely large cold environment without any
source:

T (R, r, t) = Tmax ·
{

1

r

√
χ

π
t[exp(−ε2

+)− exp(−ε2
−)]

+
1

2
[erf(ε+) + erf(ε−)]

}
(4.1)
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where ε±(R, r, t)=(R±r)/(2
√
χt), erf(x) is the Gaussian error function, Tmax

denotes the initial temperature of the hot sphere, χ represents the thermal
diffusivity of the medium surrounding the complex respectively, and r is the
distance away from the center of the hot complex.

The thermal energy that diffuses out of the excited complex will heat other
unexcited complexes and solvent water molecules. The fraction f of the thermal
energy contained in these other complexes is equal to the volume fraction of the
OH− hydration complex f=4πρR3/3, where ρ is the number density expressed
in number of hydration complexes per nm3. After the vibrational relaxation,
the thermal energy still present in the excited complex and the thermal energy
contained in the other complexes is governed by following equations:

Ein(t) =

∫ R

0

4πr2T (R, r, t)dr (4.2)

Eout(t) = f ·
∫ ∞
R

4πr2T (R, r, t)dr (4.3)

The anisotropy due to the heating effect Rh(t) is proportional to the ratio
of the part of the excitation energy that is still in the excited complex Ein(t),
and the total dumped energy contained in all OH− hydration complexes which
is the sum of the energy in the excited complex and the energy contained in all
other complexes outside the excited complex Eout:

Rh(r, t) = a · Ein(t)

Ein(t) + Eout(t)
(4.4)

where a is a scaling factor. Substituting the expressions for Ein(t) and Eout(t)
we obtain:

Rh(r, t) =
a ·
∫ R

0
r2T (R, r, t)dr∫ R

0
r2T (R, r, t)dr + f ·

∫∞
R
r2T (R, r, t)dr

(4.5)

The anisotropy not only decays as a result of heat diffusion but as a result of
the reorientation of the OH− hydration complexes. These anisotropy dynamics
Rr(t) are described by an exponential function:

Rr(t) = e−
t
tr (4.6)

As the total anisotropy dynamics of the hydroxide complexes is described
by R(t) = Rh(t)Rr(t), we obtain:

R(t) =
a ·
∫ R

0
r2T (R, r, t)dr∫ R

0
r2T (R, r, t)dr + f ·

∫∞
R
r2T (R, r, t)dr

·e−
t
tr (4.7)

The three parameters R, χ and tr that enter Eq. (4.7) are assumed to be inde-
pendent of concentration, which is not necessarily true. However, it was shown
in neutron scattering studies that the spatial distribution of water molecules
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hydrating hydroxide remains the same, even at very high concentrations, which
indicates that the radius R of hydration complex is quite independent of con-
centration [95, 96]. Likewise, the thermal diffusivity of aqueous salt solutions
shows very little dependence on the salt concentration: the χ of pure water is
0.1435 nm2/ps and the χ of 6 M NaOH/H2O is 0.1495 nm2/ps both at 25 ◦C
[97].

We fitted the anisotropy signals globally, and find that the heat diffusion
model provides a very good description of the anisotropy decay at all hydrox-
ide concentrations, as illustrated by the solid lines in Fig. 4.4. The speed up
of the anisotropy decay with concentration can thus be well explained from
the fact that with increasing NaOH concentration the nearest unexcited hydra-
tion complexes are located at smaller values of r. From the fitting we obtain
a=0.22±0.02, R=0.36±0.03 nm, χ=0.05±0.01 nm2/ps and tr=12±2 ps. The
errors are estimated when chi-square increases up to 1.5 times the minimum
value.

The a value of 0.22±0.02 represents the anisotropy of the heated excited
complex, which is smaller than the initial value of the anisotropy of 0.4. This
decrease in anisotropy can be explained from the presence of other differently
oriented O–H groups with the excited hydration complex that are also hydrogen-
bonded to the OH− ions. The absorption frequencies of these other O–H groups
can be close to ∼2650 cm−1, and the heating of these other differently oriented
O–H groups results in an anisotropy of the heated excited complex that is
smaller than 0.4. In view of this picture the a value of 0.22±0.02 may be con-
sidered to be relatively high. However, it should be noted that the anisotropy
will only decay due to the heating of O–H groups that possess a non-negligible
absorption at the probe frequency of 2650 cm−1. The transfer of energy to
O–H groups that do not absorb at 2650 cm−1 will decrease the magnitude of
the isotropic (heating) signal at 2650 cm−1, but not its anisotropy. Neverthe-
less, the high value of a of 0.22±0.02 indicates that the initially excited O–H
strongly contributes to the heated excited complex that results directly after
the vibrational relaxation.

Using the radius R of the complex of 0.36±0.03 nm and the average vol-
ume of water molecule at room temperature, we calculate the number of water
molecules contained in the hydration complex to be ∼4.5. This value agrees well
with the results of ab−initio molecular dynamic (MD) simulations that found
respective coordination numbers of 4.2, 4.8 and 4.7 respectively for mirror mech-
anism, dynamical hypercoordination mechanism and static hypercoordination
mechanism [29]. The thermal diffusivity of 0.05 nm2/ps is approximately three
times lower than the macroscopic thermal diffusivity [98]. This difference may
be due to the different character of the excitations of which the energy has to
be transferred. The reorientation time constant tr of the hydration complex of
12±2 ps is significantly longer than the reorientation time constant of 2.5 ps of
O–D groups of HDO molecules in H2O [90, 93]. This larger reorientation time
constant indicates that the reorienting hydration complex forms a relatively
large and rigid structure that has to reorient as a whole [99].
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4.4 Conclusions

We study the vibrational relaxation dynamics and anisotropy dynamics of the
hydration shells of OH− ions with polarization-resolved femtosecond vibrational
spectroscopy. We study the dynamics for solutions of NaOH in H2O with con-
centrations ranging from 0.5 to 10 M. The relaxation of O–H stretch vibrations
of water molecules hydrating the OH− ion is observed to proceed via two sub-
sequent processes. In the first process, the excited O–H vibrations relax to
an intermediate state with a concentration independent time constant 200 fs.
The intermediate state represents a state in which the relaxed energy of the
excited O–H vibration has led to a local heating of the hydration complex. In
the second process, the intermediate state decays to a final thermal equilib-
rium in which the energy is thermally distributed over the focus of the exciting
laser pulse. The time constant of the equilibration process rises with increasing
concentration, from 1.2 ps for a 0.5 M solution to 4.5 ps for a 10 M solution.

The locally heated hydration complex possesses a significant nonzero
anisotropy which shows that this state contains a large contribution of the
initially excited O–H group. We describe the decay of the anisotropy of the
intermediate state with a model in which we include the heat diffusion from the
excited hydration complexes to non-excited complexes and the reorientation
of the hydration complexes. We find that this model provides a quantitative
description of the anisotropy decay at all measured concentrations using con-
centration independent values for the initial anisotropy a of the intermediate
state, the radius R of the hydration complex, the heat diffusivity χ, and
the reorientation time tr of the hydration complex. We find a=0.22±0.02,
R=0.36±0.03 nm, χ=0.05±0.01 nm2/ps, and tr=12±2 ps.

The initial anisotropy a of the intermediates state of 0.22±0.02 is relatively
high, which indicates that there is no resonant energy transfer within the H2O
molecule to which the excited O–H group belongs [100]. This result shows that
the two O–H groups of this H2O molecule are shifted far out of resonance, be-
cause only one of the O–H groups is hydrating the OH− ion. The high value
of a also implies that the intermediate state possesses a strong contribution of
the initially excited O–H group, which means that the initial heating is truly
a very local effect and/or there are very little O–H vibrations within the hy-
dration complex absorbing near 2650 cm−1. The value of R corresponds to a
hydration shell of 4.5 water molecules, in excellent agreement with the results
of ab−initio molecular dynamics calculations. The reorientation time of the hy-
dration complex is significantly longer than the reorientation time of 2.5 ps of
water molecules in bulk liquid water, which indicates that this complex forms
a relatively large and rigid structure.
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Infrared Activated Proton
Transfer in Aqueous Nafion

We report on the observation of a strong reorganization of the proton hydration
structure in hydrated Nafion membranes following single-quantum excitation of
a proton vibration with ∼4 µm light pulses. The reorganization takes place with
a time constant of 170±20 fs and leads to a strong red-shift of the excited proton
vibration and the rise of new water-like O–H stretch absorption bands. These
observations can be explained from a vibrational-excitation induced change of
the proton-hydration structure that involves transfer of the proton charge. The
results are consistent with the results of recent quantum molecular dynamics
simulations of proton transfer in Nafion membranes.

5.1 Introduction

Light-induced chemical reactions are extremely widespread and important. Ex-
amples are photosynthesis and the formation of ozone. In most cases the reac-
tion is induced by excitation of an electronic degree of freedom of the molecule
that leads to a weakening of one or more chemical bonds. The triggering of a
chemical reaction by excitation of a molecular vibration is much less common,
and usually requires multi-quantum excitation to a highly excited vibrational
state [101–103].

Single-quantum vibrational excitation is usually not sufficient to trigger a
chemical reaction. However, for some reactive systems, single-quantum vibra-
tional excitation can increase the rate of a particular reaction channel, as has
been demonstrated for bi-molecular reactions between small molecules and rad-
icals in the gas phase [104, 105]. In the condensed phase the triggering of
a chemical reaction by vibrational excitation is more complicated, as the in-
termolecular interactions can lead to dissipation of the energy of the excited
vibration before the reaction can take place. Up to now, the only example of
a such a condensed-phase reaction is the cis-trans isomerization of nitrous acid
(HONO) following excitation of the O–H stretch vibration [106, 107]. For this
IR driven reaction to occur, the molecule has to be embedded in a rare-gas
matrix at low temperatures to limit the intermolecular interactions that would
lead to dissipation.

55



i
i

“Thesis˙Main˙Liu” — 2015/9/22 — 11:51 — page 56 — #56 i
i

i
i

i
i
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Intermolecular interactions can also have a positive effect in enabling a light-
driven chemical reaction. The groups of Hynes and Ando [108, 109] predicted
that the strong coupling between an excited vibration and surrounding water
molecules can lead to proton transfer. They calculated that the excitation of
the H–F vibration of HF in water would lead to transfer of a proton from HF
to a neighboring water molecule. Up to now this type of vibrational-excitation
induced proton transfer has eluded experimental observation.

In this chapter, we find evidence for the activation of proton transfer by
single-quantum vibrational excitation in the nanochannels of a hydrated Nafion
membrane at room temperature. Nafion is a sulfonated tetrafluoroethelyne
(Teflon)-based fluoropolymer and forms the most widely used proton exchange
membrane (PEM) in hydrogen fuel cells [110]. Nafion possesses hydrophilic sul-
fonated perfluorovinyl side chains that form nanoscaled hydrophilic domains.
The counter cations of the negatively charged sulfonate groups can be formed
by protons, and in case the Nafion is hydrated, meaning that the membrane
channels contain water molecules, the protons become mobile [111]. The in-
troduction of protons leads to a broad-band absorption between 1500 and 3100
cm−1 (see Section 5.4.1). Recent quantum molecular dynamics simulations of
Nafion employing the self-consistent multi-state empirical valence bond method
showed that the hydrated proton in Nafion acquires similar proton hydration
structures as in liquid water, i.e. the proton can be hydrated in an Eigen-like
structure or in a Zundel-like structure [112–114]. The Eigen hydration structure
is formed by an H3O+ ion of which the three O–H groups are strongly hydrogen
bonded to three neighboring oxygen atoms, thus forming an H9O4

+ structure.
In the Zundel structure the proton is flanked by two water molecules, thus
forming an H5O2

+ structure. The quantum molecular dynamics simulations
show that the proton hydration structure is Zundel-like in the first hydration
shell of the sulfonate counterion, and Eigen-like at larger distances from this
ion [112, 113].

5.2 Experiment

We study the properties of water molecules and protons in hydrated nafion
nanochannels using polarization-resolved femtosecond vibrational spectroscopy
employing independently tunable excitation and detection pulses. The ex-
periments were performed with the two-color pump-probe setup described in
Section 3.2.1. The frequency νexc of the excitation pulse is tuned from 2850
to 3700 cm−1, and the detection frequency νdet is tuned from 1500 to 3600
cm−1. We use a relatively narrow-band excitation pulse (with a bandwidth of
∼110 cm−1) to ensure the selective excitation of molecular vibrations of water
molecules or proton hydration structures. In the experiment we monitor the
excitation-induced absorption changes ∆α and the anisotropic signal R as a
function of the central excitation frequency, the detection frequency, and the
time delay between the excitation and the detection pulses.

We obtain the 2D-IR spectra (Fig. 5.1) by tuning the frequency νexc of the
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excitation pulse from 2850 to 3600 cm−1 (2.6 to 3.5 µm), and by combining
isotropic transient spectra that are measured with broadband detection pulses
centered at different wavelengths.

The Nafion is purchased as 180 µm thick membranes in the proton termi-
nated form and purified in the way described in Section 3.4. To get enough
transmission of infrared light, the purified membranes are treated with 1 M
mixture of HCl and NaCl (H+:Na+=1:9) to replace 10% of the Na+ ions by
protons. The membranes are placed in a desiccator containing saturated CsF
solution to control the number of water molecules per Nafion sulfonate group.
The membranes are transferred to the cuvette just before the measurement.
The cuvette is a gastight chamber, ensuring a constant humidity of the Nafion
membranes during the experiment. The proton and water content of the Nafion
samples are checked by measuring linear IR spectra of the samples with a dual
beam Perkin-Elmer 881 spectrometer.

5.3 Results and Discussion
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Figure 5.1. Left panel: isotropic two-dimensional infrared (2D-IR) spectra of Nafion
membranes at a hydration level of 3 water molecules per sulfonate group. The spectra
show strong diagonal signals at the water vibrations (∼3500 cm−1) and the Eigen
proton vibrations (∼2900 cm−1), and cross-peak signals between the proton and the
water vibrations. Right panel: cuts at νexc=2900 cm−1 of 2D-IR spectra at different
delay times. The induced absorption bands at 3270 and 3520 cm−1 are also shown
enlarged.

Fig. 5.1 shows two-dimensional infrared (2D-IR) spectra of hydrated Nafion
nanochannels for four different time delays between the excitation and the de-
tection pulses. For νexc=3500 cm−1, νdet=3500 cm−1 we observe a bleaching
signal of the fundamental v=0→1 absorption of the water O–H stretch vibra-
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tions. The induced absorption signal observed for νexc=3500 cm−1, νdet=3300
cm−1 results from the v=1→2 excited-state absorption of the water O–H stretch
vibrations. The 2D-spectra at different time delays illustrate that the excited
water O–H stretch vibrations decay relatively slowly, much slower than the O–H
stretch vibrations of bulk H2O for which T1 is ∼250 fs [91]. This finding agrees
with the results of a previous study of the vibrational relaxation of isotopically
diluted water in nafion membranes [115].

For νexc=2900 cm−1, νdet=2900 cm−1 a broad bleaching signal is observed.
We assign this bleaching signal to the excitation of an O–H vibration of the
hydronium H3O+ core of an Eigen proton hydration structure [37, 38, 48, 116].
The Eigen structures are dynamically distorted, thus leading to a very broad
response around 2600 cm−1. The 2D-spectra also show clear cross-peak signals:
the excitation of the proton vibration with νexc=2900 cm−1 leads to a signal at
νdet>3250 cm−1. By taking a cut of the 2D-spectrum at a particular excitation
frequency we obtain a transient spectrum. The right panel of Fig. 5.1 shows
transient spectra at five different delay times for νexc=2900 cm−1. The transient
spectra show a bleaching signal for νdet between 2500 and 3100 cm−1, and
induced absorption signals at νdet=3270 cm−1 and νdet=3520 cm−1. These
latter signals constitute the cross-peak signal in the 2D-IR spectra shown in the
left panel of Fig. 5.1.
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Figure 5.2. Left panel: normalized isotropic absorption changes as a function of
delay at three different detection frequencies after excitation with νexc=2900 cm−1. A
positive signal implies an induced absorption, a negative signal a bleaching signal. The
solid lines result from a fit to a four-level kinetic model (described in the Section 5.4.3).
Right panel: anisotropy measured at two detection frequencies after excitation with
νexc=2900 cm−1.

For a complex molecular system like hydrated Nafion the observation of
cross-peaks can have different origins. One of these origins is vibrational cou-
pling, implying that the excitation of a vibration of the system induces a change
in frequency of other, nearby vibrations. In this case the cross-peak signal
should have the same dynamics as the excited vibration [117]. However, in the
left panel of Fig. 5.2 it is seen that the induced absorption signal at νdet=3270
cm−1 rises with a delay of ∼200 fs with respect to the excitation, thus ruling
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out vibrational coupling as its origin.

Another potential origin of the cross-peak signal is a heating effect. The
energy of the excited proton vibration is eventually converted to heat which can
lead to a breaking of hydrogen bonds and a blueshift of the proton vibration to
frequencies >3000 cm−1. To test this explanation we measured the anisotropy of
the vibrational signals following excitation of the proton vibration (right panel of
Fig. 5.2). The anisotropy at νdet=2900 cm−1 is initially positive (∼0.3), while
the anisotropy at νdet=3270 cm−1 is initially negative (∼-0.1). The induced
absorption band at νdet=3520 cm−1 shows the same initial negative anisotropy
(not shown). The initial negative anisotropy of the bands at 3270 cm−1 and
3520 cm−1 indicates that the associated vibrational transition dipole moments
are at a relatively large angle with respect to that of the excited vibration. The
observation of an initial negative anisotropy rules out the possibility that the
induced absorption bands would be generated by a heating effect, because in
this case the induced absorption bands would have zero anisotropy (complete
thermalization), or a positive anisotropy (in case the heating would mainly affect
the originally excited vibration).

Finally, cross peak signals can be caused by structural relaxation and equi-
libration processes that lead to a change of the character and frequencies of the
excited and non-excited vibrations [118]. We observe that the rise of the cross
peaks is accompanied by a strong red shift of the bleaching signal of the excited
proton vibration (Fig. 5.3). This red shift points at a shortening and strength-
ening of the hydrogen bond donated by the excited O–H stretch vibration [119],
implying a strong structural relaxation. We find that the bleaching shifts much
further than to the center frequency of 2600 cm−1 of the absorption spectrum of
the Eigen proton vibration [37, 38, 48]. The strong red-shift of the bleaching in-
dicates that the excited v=1 state of the Eigen vibration evolves into an excited
v=1 state of an O· · ·H· · ·O Zundel vibration. This vibration has a frequency
of ∼1100 cm−1, much lower than the Eigen vibration [37, 38, 48].

The rise of the cross peaks at νdet=3270 cm−1 and νdet=3520 cm−1 can be
well explained from the excitation-induced structural relaxation from Eigen to
Zundel. When the excited O–H vibration in hydronium core of Eigen complex
evolves to a Zundel proton vibration, the two other not excited O–H modes
of the Eigen complex will turn into higher-frequency O–H stretch vibrations
of water molecules flanking the Zundel proton. The frequencies of the O–H
stretch vibrations of water molecules flanking a proton in an H5O2

+ Zundel
hydration structure indeed correspond well to the frequencies of 3270 cm−1 and
3520 cm−1 of the cross peaks [37, 48]. Furthermore, the delay time at which
the induced absorption bands of the Zundel proton-hydration structure reach
their maximum (Fig. 5.2) is similar to the delay time at which the bleaching
below 2200 cm−1 reaches its maximum (Fig. 5.3). Finally, these vibrations are
at a quite large angle with respect to the proton vibration, which agrees with
the initial negative value of the anisotropy of the cross-peak signals.

In the top panel of Fig. 5.4 we present a schematic picture of the evolution
from Eigen to Zundel and the corresponding changes in vibrational frequen-
cies. These structures are based on the results of quantum molecular dynamics
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simulations of Nafion [112–114].
Quantum molecular dynamics simulations showed that proton transfer in

liquid water involves a special pair dance in which the central hydronium ion
of the Eigen can form a special pair with one of the three surrounding water
molecules [5]. For this special pair the hydrogen bond is shorter than for the
other two O–H groups of the hydronium ion. Our observations indicate that
the excitation of an O–H stretch vibration of the H3O+ core of an Eigen-like
cation leads to a contraction of the hydrogen bond at this excited O–H group.
As a result, the excited O–H group and the water molecule to which this group
is hydrogen bonded, become the special pair. The driving force for contraction
of the hydrogen bond is the lowering of the energy of the excited state of the
proton vibration. Upon contraction of the hydrogen bond, the vibrational po-
tential changes from a strongly asymmetric and deep potential to a symmetric
and broad potential, as illustrated in the lower panel of Fig. 5.4. The energy of
the first excited vibrational state is much lower in the symmetric potential than
in the original asymmetric potential. The change of the vibrational potential is
accompanied by a transfer of proton charge from the non-excited O–H groups of
the original H3O+ ion to the vibrationally excited Zundel proton. This scenario
agrees with the mechanism of infrared activated adiabatic proton transfer pro-
posed by Hynes and others [108, 109]. After relaxation of the v=1 state in the
Zundel potential, the system will evolve back to an Eigen hydration structure
that can be the same as the one before the excitation, or that can be translated
by one water molecule, thus completing a successful proton-transfer reaction.
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Figure 5.3. Isotropic transient absorption spectra of a proton-terminated Nafion
membrane at different delay times at detection frequencies νdet ranging from 1800 to
3000 cm−1. The hydration level of membrane is ∼3 water molecules per sulfonate
group. The Nafion membrane is excited with νexc=2900 cm−1. The spectral region
between 2300 and 2450 cm−1 is missing because of the strong absorption of Nafion in
this frequency region.

To determine the time constants of the transient spectral changes we fitted
the data shown in the left panel of Fig. 5.2 to a kinetic model (see Section 5.4.3).
The fit results are represented by the solid curves in Fig. 5.2. The bleaching
signal at νdet=2900 cm−1 and the induced absorption at νdet=1630 cm−1 show
a pulse-width limited rise (Fig. 5.2), which indicates that these signals are both
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Figure 5.4. Top panel: schematic picture of the evolution from an Eigen proton
hydration structure to a Zundel hydration structure following excitation of one of the
proton vibrations of the Eigen structure. The vibrational frequencies of the different
modes of the hydration structures are indicated. Lower panel: the corresponding
adiabatic change in the shape of the vibrational potential of the proton.

due to the direct excitation of the Eigen proton vibration. The excitation of
the v = 1 state of the Eigen vibration not only leads to a bleaching of the
fundamental v = 0 → 1 transition but also to a new absorption band starting
from the v = 1 state corresponding to the v = 1 → 2 transition. This latter
transition is very broad and at a much lower frequency than the fundamental
transition as a result of the anharmonicity of the proton vibration. We thus
assign the broad-band absorption at early delays at frequencies νdet<1850 cm−1

(Fig. 5.3) to the v=1→2 excited state absorption of the Eigen proton vibration,
which implies that this proton vibration possesses a very large anharmonicity.
This assignment agrees with previous calculations of the vibrational levels of the
hydrogen-bonded O–H· · ·O system based on the Lippincott-Schröder potential
[120, 121].

From the fit we find that the Eigen-Zundel transfer and the vibrational
relaxation have time constants of 170±20 fs and 350±30 fs, respectively. The
Eigen-Zundel transfer leads to a decay of the stimulated emission contribution to
the bleaching signal at 2900 cm−1 (∼50% of the total bleaching signal), a decay
of the v=1→2 excited state absorption of the Eigen proton vibration at 1630
cm−1, and a rise of the induced absorption signals at 3270 and 3520 cm−1. The
vibrational relaxation leads to a decay of the induced absorptions at 3270 and
3520 cm−1, and to a further decay of the bleaching signal of the Eigen proton
vibration (repletion of the ground state). The vibrational relaxation eventually
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results in a local heating effect that is associated with a small residual change
in absorption. This absorption change decays by transfer of thermal energy to
the Nafion backbone. We model this final equilibration process as a decay with
a time constant of 1.3±0.2 ps.

The anisotropy of the excited proton vibration at νdet=2900 cm−1 and the
induced absorption at νdet=3270 cm−1 both relax to a value of ∼0.1 with a time
constant of 120±30 fs (right panel of Fig. 5.2). This final value of the anisotropy
indicates that the excitation has randomized in the plane of the central H3O+

ion of the Eigen hydration structure [122], meaning that the vibrational exci-
tation is delocalized over the three O–H groups of the central H3O+ ion. The
hydrogen bonds between the central hydronium ion and the three neighboring
water molecules are constantly fluctuating in length and strength. These fluc-
tuations modulate the frequencies of the three O–H vibrations of the central
hydronium ion, thereby enabling rapid energy transfer between these vibra-
tions. After the vibrational excitation has become delocalized over the three
O–H vibrations, the excitation-induced formation of the special pair can occur
at each of the three O–H groups. As a result, the anisotropy of both the bleach-
ing and the induced absorption signals become equal to 0.1. Only directly after
the excitation there is a preference for Eigen-Zundel transfer along the O–H
group that was initially excited, leading to the initial negative anisotropy of the
induced absorption at νdet=3270 cm−1 and νdet=3520 cm−1.

For bulk liquid water, the excitation of the proton vibration of the Eigen
structure does not lead to proton transfer, probably because the vibrational
lifetime T1 of the proton vibration in bulk water is only 110±20 fs [21]. In
the Nafion nanochannels, proton transfer can occur within the lifetime because
the proton vibration has a relatively long T1 of 350±30 fs. This favorable
comparison of the time scales of proton transfer and vibrational relaxation finds
its origin in the molecular structure of the hydrated Nafion nanochannel. Recent
quantum molecular dynamics simulations showed that in Nafion nanochannels
the proton diffusion via Grotthuss conduction is anti-correlated to the diffusion
via thermal motions of the proton hydration structures (vehicular diffusion)
[112–114], as a result of the strong association of the hydrated protons with
the sulfonate counter-ions and the reduced dimensionality of the water network
in which the diffusion takes place. The strong association with sulfonate can
be the origin of the relatively slow vibrational relaxation of the excited proton
vibration. A similar slowing down has been observed for the hydroxyl vibrations
of water molecules bound to sulfonate [123]. The limited extension of the water
network in the Nafion nanochannel may also play a role. This network can show
a strong intermolecular coupling in one direction, thereby enabling excitation
induced proton transfer, while showing little intermolecular coupling in other
directions, thus making the vibrational relaxation relatively slow.
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5.4 Appendix

5.4.1 Linear Spectra

Fig. 5.5 shows the linear absorption spectrum of a Nafion membrane containing
only Na+ ions and the absorption spectrum of a Nafion membrane for which
10% of the Na+ has been exchanged by protons. The introduction of protons
leads to an additional broad-band absorption ranging from 1500 to 3100 cm−1.
At frequencies <1500 cm−1 the Nafion membranes are not transparent due to
the strong absorption of the C-F vibrations.
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Figure 5.5. Linear infrared absorption spectra of sodium-terminated and partially
proton-terminated (10%) Nafion membranes at a hydration level of 3 water molecules
per Nafion sulfonate group. Also shown is the difference spectrum highlighting the
vibrational spectrum of the hydrated protons.
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Figure 5.6. Left panel: linear absorption spectra of sodium-terminated and par-
tially proton-terminated (10%) Nafion membranes at a hydration level of 3 water
molecules per Nafion sulfonate group at six different temperatures; right panel: dif-
ference spectra obtained by subtracting the spectrum at 25◦ C from the spectra at
higher temperatures.

In the left panel of Fig. 5.6 we show linear absorption spectra of the Nafion
sample at different temperatures to illustrate the effect of heating on the ab-
sorption bands of the hydrated protons and water. In the right panel of Fig. 5.6
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difference spectra are shown obtained by subtracting the spectrum at 25◦C from
the spectra at higher temperatures. Raising the temperature is seen to lead to
a broad-band bleaching of the absorption in the frequency region between 1650
and 3550 cm−1. From this result it follows that the observed induced absorp-
tion signals at 3270 and 3520 cm−1 in the transient spectra cannot be due to a
thermal effect. It is also seen that the spectrum of the O-H stretch vibrations
of water molecules hydrating the sulfonate groups at ∼3500 cm−1 shifts to the
blue when the temperature is increased.

The protons become dissociated from the sulfonate groups of the nafion al-
ready at a hydration level of 2-3 water molecules per sulfonate group. This is
illustrated by the rise of the absorption peak at 1720 cm−1 for a 100% proto-
nated nafion sample (Fig. 5.7). This peak can be explained from the doubly
degenerate asymmetric bending vibration of the central H3O+ ion of the Eigen
proton hydration structure or from the bending vibration of water molecules
flanking the Zundel proton. In either case the rise of this peak evidences that
the proton gets dissociated from the sulfonate group. This finding agrees with
the results of previous studies [116, 124].
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Figure 5.7. Linear absorption spectra of sodium-terminated and (100%) proton-
terminated Nafion membranes at a hydration level of 3 water molecules per Nafion
sulfonate group. The sodium-terminated Nafion membrane shows an absorption peak
at 1620 cm−1 associated with the bending vibration of H2O. For proton-terminated
Nafion an additional strong band at 1720 cm−1 is observed, associated with the doubly
degenerate asymmetric bending vibration of H3O+.

5.4.2 Transient Absorption Spectra

In Fig. 5.8 we show transient spectra at different delay times measured for a
Nafion membrane only containing Na+ ions and a Nafion membrane for which
10% of the Na+ ions has been exchanged for H+. The transient spectra observed
for the Nafion membrane only containing Na+ are all close to the baseline,
showing that excitation with νexc=2900−1 leads to a negligible signal if there
are no protons present.

In Fig. 5.9 we show transient spectra at different delay times measured
with νexc=2900 cm−1 and the detection frequency νdet varied over a broad
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Figure 5.8. Isotropic transient absorption spectra at different delay times of a Nafion
membrane containing 100% sodium ions (solid lines close to zero), and a Nafion mem-
brane for which 10% of the sodium ions is replaced by protons (solid lines containing
symbols). The Nafion membranes are excited with νexc=2900 cm−1=2900 cm−1.

frequency range from 1600 to 3700 cm−1. The spectra clearly show the broad
bleaching signal of the excited proton vibration between 1850 and 3100 cm−1,
the induced absorption cross peaks at 3270 and 3520 cm−1, and an induced
absorption signal at frequencies below 1850 cm−1. We assign the latter signal
to the 1→2 transition of the excited proton vibration. The large frequency
difference between the 1→2 transition and the fundamental 0→1 transition
can be explained from the extremely strong anharmonicity of the vibrational
potential of the proton vibration.

In Fig. 5.10 we show transient absorption signals as a function of delay
following excitation of the Eigen proton vibration with νexc=2500 cm−1. We
observe that the bleaching signal at νdet=2500 cm−1 rises instantaneously. The
induced absorption signal at νdet=3270 cm−1 shows a delayed rise, similar to the
case when the proton vibration was excited with νexc=2900 cm−1. If this signal
would have been the result of vibrational coupling, its dynamics are expected
to be equal to the dynamics of the excited vibration, i.e. the signal should
have risen with the cross-correlate. Vibrational coupling can only give rise to
a delayed cross-peak signal if this coupling would be frequency dependent. For
instance, if the vibrational coupling would be stronger at the central frequency
of 2600 cm−1 of the Eigen proton vibration than at 2900 cm−1, spectral diffusion
from the excitation frequency of 2900 cm−1 to the center frequency would lead
to a delayed rise of the cross-peak signal. However, the induced absorption
signal at νdet=3270 cm−1 shows a similar delayed rise if we excite the Eigen
proton vibration with νexc=2500 cm−1, thus excluding (frequency-dependent)
vibrational coupling as the origin of the induced absorption signal. The induced
absorption signal at νdet=3270 cm−1 only rises after the excited vibration has
shifted further to the red, out of the absorption spectrum of the Eigen proton
vibration, as illustrated by the signal at νdet=2200 cm−1 shown in Fig. 5.10.
This redshift of the excited vibration follows from a structural relaxation process
in which the hydrogen bond at the excited O–H stretch vibration becomes
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Figure 5.9. Isotropic transient absorption spectra at different delay times of a Nafion
membrane for which 10% of the sodium ions is replaced by protons (solid lines con-
taining symbols). The spectra are measured with νexc=2900 cm−1 and νdet in the
range from 1600 to 3700 cm−1. The spectral region between 2300 and 2450 cm−1

is missing because of the strong absorption of Nafion in this frequency region. The
induced absorption bands at νdet=3270 and νdet=3520 cm−1 are highlighted in the
inset.
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Figure 5.10. Normalized isotropic absorption changes as a function of delay at three
different detection frequencies after excitation with νexc=2500 cm−1. A positive signal
implies an induced absorption, a negative signal implies a bleaching signal.

shorter, and in which the two other O–H groups of the H3O+ become water-like
O–H vibrations.

In Fig. 5.11 we show the signal measured for a Nafion membrane that is hy-
drated with a mixture of 10% H2O and 90% D2O, meaning that this membrane
will primarily contain D2O and HDO molecules and Eigen proton/deuteron hy-
dration structures with a central D3O+ or HD2O+ ion. The signal is much
weaker than for a Nafion membrane hydrated with 100% H2O, because the
optical density of the sample in the region of the Eigen proton vibrations is
much lower. The signal is quite similar in shape as for the Nafion membrane
hydrated with 100% H2O, indicating that the transfer to a Zundel structure
occurs both for protons and for deuterons. The occurrence of deuteron transfer
can be explained from the relaxation of the hydrogen-bond structure following
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Figure 5.11. Isotropic transient absorption spectra at different delay times of a
Nafion membrane that is hydrated with a mixture of 10% H2O and 90% D2O, following
excitation νexc=2900 cm−1.

the excitation of the O–H stretch vibration. This relaxation leads to a lowering
of the frequency of the O–H stretch vibration and an increase of the frequencies
of the non-excited O–D vibrations. When the vibrations get into resonance,
the vibrational energy becomes delocalized over the three hydroxyl groups of
the HD2O+ ion. Subsequently, the system relaxes further by deuteron/proton
transfer in one of the three coordinates.

5.4.3 Kinetic Model

E
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Figure 5.12. Schematic picture of the four-level kinetic model used to describe the
transients shown in Fig. 5.3

The transient absorption changes shown in the upper panel of Fig. 5.3
are modeled with a four-level kinetic model that is schematically depicted in
Fig. 5.12. The four levels represent the ground state of the Eigen proton hy-
dration structure (level E0), the first excited vibrational state of this structure
(level E1), the first excited vibrational state of the Zundel proton hydration
structure (level Z1), and a heated ground state of the Eigen hydration struc-
ture (level E0∗). The levels are coupled by the excitation laser pulse Iexc(t), the
proton transfer reaction with time constant τp, the vibrational relaxation with
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time constant T1, and the final equilibration (cooling) with time constant τeq.
The coupled kinetic equations are:

dnE0

dt
= −σE01

Iexc(t)(1− nE1
− nE0

) + nE0∗/τeq (5.1)

dnE1

dt
= σE01

Iexc(t)(1− nE1 − nE0
)− nE1

/τp − nE1
/T1

dnZ1

dt
= nE1/τp − nZ1/T1

dnE0∗

dt
= nE1

/T1 + nZ1
/T1 − nE0∗/τeq,

with nE0 , nE1 , nZ1 and nE0∗ the populations of the levels denoted in the sub-
script, and σE01

the absorption cross-section integrated over the frequency spec-
trum of the excitation pulse. The intensity profile Iexc(t) of the excitation pulse
is described as a Gaussian pulse with a full-width-at-half maximum of 120 fem-
toseconds.

The transient absorption change ∆α(ν, t) at detection frequency ν is given
by:

∆α(ν, t) = σE01
(ν)(nE0

−nE1
) +σE12

(ν)nE1
+σZ(ν)nZ1

+σE01∗ (ν)nE0∗ (5.2)

The cross-section σE01
(ν) corresponds to the linear absorption spectrum of

the proton vibration of the Eigen hydration structure. This spectrum consists
of a broad absorption band centered at 2600 cm−1. As nE0

will be negative
(representing ground state depletion) and nE1 will be positive, this contribution
to the transient absorption change ∆α will be a bleaching signal. The cross-
section σE12

represents the absorption of the proton vibration in the excited v =
1 state. This spectrum consists of a broad absorption band at frequencies <1700
cm−1. The cross-section σZ represent all absorption changes associated with
the excitation of the v = 1 state of the proton vibration of a Zundel structure.
These spectral changes comprise a broad-band bleaching centered at 1100 cm−1

due to v = 1→0 stimulated emission, a broad-band absorption centered at 1600
cm−1 due to v = 1→2 excited-state absorption, and absorption peaks at 3270
and 3520 cm−1 associated with the O–H vibrations of water molecules flanking
the Zundel proton. The cross-section σE01∗ represents the absorption of the
heated ground state that results after the vibrational relaxation of the excited
proton vibration. The effect of heating on the absorption spectrum is illustrated
in Fig. 5.6. From this figure it follows that σE01∗ (ν) will show less absorption
than σE01

(ν) at frequencies between 1650 and 3530 cm−1, and more absorption
than σE01

(ν) at frequencies <1650 cm−1.
The response function ∆α(ν, t) is convoluted with the intensity profile of the

probe for which we use a Gaussian pulse with a full-width-at-half maximum of
60 femtoseconds. This function is fitted to the delay-time traces measured at
detection frequencies of 1630, 2900, and 3270 cm−1. At each of these detection
frequencies, the contributions of the different levels to the transient absorption
is defined by σE01(ν), σE12(ν), σZ(ν) and σE01∗ (ν). These cross-sections are
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frequency-dependent and fitted to each separate delay time trace. The time
constants τp, T1, and τeq are the global fit parameters. Fitting this model to the
experimental data yields τp =170±20 fs, T1 = 350±30 fs, and τeq = 1.3±0.2 ps.
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6

Hydration Dependence of Proton
Transfer in Nafion

We study the energy relaxation and structural relaxation dynamics of hydrated
protons in Nafion membranes at different hydration levels using femtosecond
infrared transient absorption spectroscopy. At low hydration levels we ob-
serve that the excitation of the proton vibration of an Eigen-like proton hydra-
tion structure leads to a structural relaxation process in which the Eigen-like
structure evolves to a Zundel-like proton hydration structure. This reorgani-
zation leads to a transfer of the proton charge and closely follows the mecha-
nism of infrared-induced adiabatic proton transfer that has been proposed by
S. Hammes-Schiffer, J.T. Hynes and others. At high hydration levels the spec-
tral dynamics are dominated by vibrational energy relaxation and subsequent
cooling of the proton hydration structures and the surrounding water molecules.
Using a kinetic analysis of the transient spectral data, we determine the rates
of proton transfer, vibrational energy relaxation and cooling as a function of
hydration level. We find that infrared-induced proton transfer occurs at all hy-
dration levels, but becomes less observable at high hydration levels due to the
increasingly dominant influence of the vibrational energy relaxation.

6.1 Introduction

The mobility of protons in liquid water is a factor of 5 higher than that of
other cations like Na+ and K+ [125]. The high mobility of the proton has
been explained from a special transport mechanism that is usually referred to
as Grotthuss conduction. In this process the delocalized charge of the proton
is transferred to other hydrogen atoms in the hydrogen-bonded network, as
a result of a structural reorganization of the water hydrogen-bond network.
Ab initio molecular dynamics simulations showed that the proton follows from
the structural interconversion between so-called Eigen (H9O4

+) and Zundel
(H5O2

+) proton hydration structures [5, 83, 126]. The Eigen structure can
be viewed as a central H3O+ ion with three surrounding hydrogen-bonded H2O
molecules, the Zundel structure is formed by an H+ ion between two neighboring
H2O molecules.

When water is confined to the nanometer scale the structure and dynamics
of the water network will change, and this will in turn affect the rate and mech-

71
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anism of proton conduction. For example, Dellago and co-authors calculated
that the proton mobility in water-containing carbon nanotubes is accelerated
by a factor of 40 in comparison to bulk water [33]. It was also shown that the
proton transfer in water-containing carbon nanotubes involves a Zundel-Zundel
conversion mechanism rather than the Eigen-Zundel-Eigen mechanism of bulk
liquid water [34]. Experimental studies on proton transfer in nanometer size
reverse micelles showed that the rate of proton transfer strongly decreases with
decreasing size of the reverse micelle [127–131].

An important nano-confined system for aqueous proton transfer to occur
is formed by the nanochannels of Nafion membranes that are widely used as
proton exchange membranes (PEM) in hydrogen fuel cells. Nafion is a sul-
fonated tetrafluoroethylene (Teflon)-based polymer that forms nanometer chan-
nels in which the sulfonate (-SO3

−) headgroups bind to water molecules and
positive counter ions like Na+ and protons. It has been found that the pro-
ton conductivity of Nafion membranes strongly depends on the hydration level
[111, 128, 132, 133]. Only at high hydration levels, i.e. when the nanochannels
contain a sufficient amount of water, the Nafion membrane becomes a good
conductor of protons. The molecular-scale mechanism of proton conduction in
Nafion membranes has been studied with advanced ab initio molecular dynamics
simulations [112–114, 134]. It was found that the proton is predominantly hy-
drated in an Eigen-like hydration structure, except for the first hydration shell
of the sulfonate group where the proton-hydration structure is more Zundel-like
[112, 134]. It was also shown that proton transfer in hydrated nafion can involve
both particle (H3O+) diffusion and Grotthuss conduction, the latter process be-
coming dominant at high hydration levels. An interesting observation is that the
two processes are anti-correlated, the particle diffusion takes place dominantly
in a direction opposite to the Grotthuss conduction [113, 114].

In Chapter 5, we studied the structural dynamics of proton hydration struc-
tures in Nafion membranes at low hydration levels with two-color femtosecond
mid-infrared spectroscopy. We observed that the excitation of the proton trig-
gers a structural reorganization that involves a partial transfer of the proton
charge [135]. Here we study the structural relaxation for Nafion membranes
over a wide range of hydration levels. We find that for high hydration levels
the structural relaxation is in strong competition with the vibrational energy
relaxation of the excited proton vibration.

6.2 Experiment

We study the structural relaxation and vibrational energy relaxation of hydrated
protons in Nafion membranes with polarization-resolved two-color mid-infrared
pump-probe spectroscopy. The infrared generation and two-color pump-probe
setup have been explained in Section 3.1 and Section 3.2.1 respectively.

The Nafion membranes were first purified in the steps as described in
Section 3.4 and then soaked in 1 M HCl and 1 M NaCl solution for 24 hours,
which results in a cation ratio [H+]:[Na+]=1:3 [76]. We also prepared purely
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Figure 6.1. Linear absorption spectrum of hydrated H-Nafion membranes measured
at different hydration level λ. For comparison also the spectrum of a Nafion membrane
only containing Na+ at λ=3 is shown.

sodiated membranes as reference samples by putting Nafion membranes in a 1
M NaCl solution for 24 hours. The membranes were then rinsed with deionized
water. As a final step, the rinsed membranes were move into the sample cell
in which the hydration level of the membranes can be controlled, as described
also in Section 3.4.

6.3 Results and Discussion

6.3.1 Linear Spectra

Fig. 6.1 shows the linear absorption spectra of protonated Nafion (H-Nafion)
membranes at five different hydration levels, λ=3, 7, 9, 12 and 16. These mem-
branes contain 1 cation (H+ or Na+, [H+]:[Na+]=1:3) and λ water molecules
per sulfonate group. For comparison we also show the linear absorption spec-
trum of a Nafion membrane containing 1 Na+ ions and λ=3 water molecules
per sulfonate group (Na-Nafion). The peaks at 3520 cm−1 and 3660 cm−1 in
the Na-Nafion membrane can be assigned to the hydrogen-bonded and non-
hydrogen-bonded O–H stretch vibrations of H2O molecules hydrating sulfonate
groups.

For the H-Nafion membranes the H2O bands are broadened and smaller in
amplitude. In addition to these water peaks, the H-Nafion samples show a
broad absorption that extends over the whole spectral range. This broadband
absorption is assigned to proton hydration complexes. The absorption in the
frequency range 2200-3000 cm−1 is assigned to the O–H stretch vibrations of the
central H3O+ structure of Eigen proton hydration structures [37, 38, 48, 116].
The absorption at frequencies 3200-3400 cm−1 is assigned to the O–H stretch
vibrations of H2O molecules that are hydrogen bonded to the central H3O+ ion
of the Eigen structure and to the O–H stretch vibrations of H2O molecules that
flank the proton in the Zundel structure. With increasing hydration level, the
water bands at 3520 cm−1 and 3660 cm−1 grow, because the fraction of water
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Figure 6.2. Isotropic transient absorption spectra of H-Nafion measured at different
delays after excitation with an intense pump pulse centered at 2800 cm−1, (a) for λ=3,
(b) λ=7 and (c) for λ=12.

molecules that are not involved in proton hydration structures increases.

6.3.2 Transient Absorption Spectra

In Fig. 6.2 transient spectra at different delay times are shown for H-Nafion
at three different values of λ. These transient spectra represent the change in
isotropic absorption signal ∆α induced by the excitation of the proton vibrations
of an Eigen-like proton hydration structure with a pump pulse centered at 2800
cm−1. The transient spectra thus constitute the difference spectra between
the absorption spectra measured at certain pump-probe delays and the room
temperature equilibrium spectrum of the sample. The data shown in Fig. 6.2
(a) for λ=3 are similar to the data presented in Fig. 5.8. The data shown here
are obtained with an excitation pulse with a different central frequency.

At frequencies <3100 cm−1 the transient spectra show a strong bleaching
signal (negative ∆α) that rapidly decays with increasing delay time. The bleach-
ing signal decays due to population relaxation of the excited v = 1 state and/or
structural relaxation. The transient spectrum measured for λ=3 shows an in-
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Figure 6.3. (a) Zoom in of the high-frequency range of the transient spectra of
Fig. 6.2 (b); (b) Normalized isotropic absorption changes of H-Nafion membranes as
a function of delay measured at a probe frequency of νdet=3500 cm−1 after excita-
tion with νexc=2800 cm−1. The absorption changes are shown for protonated Nafion
membranes at three different hydration levels. Solid lines are guides to the eye.

duced absorption at frequencies >3100 cm−1. This induced absorption decays
on a similar time scale as the bleaching at frequencies <3100 cm−1. The tran-
sient spectra at λ=7 and 12 show an initial absorption at frequencies >3100
cm−1 that rapidly evolves to a strong bleaching signal centered at 3400 cm−1

and a weak induced absorption signal at ∼3550 cm−1. With increasing delay,
the strong bleaching signal at 3400 cm−1 shows a partial decay and a blue shift
to a frequency of 3450 cm−1. Simultaneously, the weak absorption at ∼3550
cm−1 shows a partial decay and a small blue shift to ∼3600 cm−1.

Measurements for long delay times (not shown) reveal that the amplitude
and shape of the transient spectrum observed for delays >10 ps remain constant
on a nanosecond time scale. This transient spectral response can be explained
from the increase in temperature of the sample that results from the complete
relaxation and equilibration of the energy of the excitation of the proton vi-
bration. Heating leads to a decrease and blue shift of the absorption of the
water bands. The difference spectrum between the spectrum at an elevated
temperature and the spectrum at room temperature thus shows a bleaching
at ∼3450 cm−1 and a weak induced absorption at ∼3600 cm−1, in agreement
with the shape of the transient spectrum observed for delays >10 ps. This
transient spectrum remains constant on a nanosecond time scale because heat
diffusion out of the focus is a relatively slow process that occurs on a time scale
of microseconds.

In Fig. 6.3 (a) we present a zoom-in of the high-frequency part of the tran-
sient spectra of H-Nafion at λ=7 at early delay times. This figure also contains
transient spectra measured at delays of 10 femtoseconds and 100 femtoseconds.
The different transient spectra show that the excitation of the proton vibra-
tion at 2800 cm−1 leads to a rapid rise of an induced absorption at frequencies
>3300 cm−1 that subsequently decays to a strong and relatively slowly decay-
ing bleaching signal. The competition between the induced absorption and the
bleaching signal is also illustrated in Fig. 6.3 (b). In this figure the normalized



i
i

“Thesis˙Main˙Liu” — 2015/9/22 — 11:51 — page 76 — #76 i
i

i
i

i
i

76 Hydration Dependence of Proton Transfer in Nafion 6.3

2800 3200 3600

−0.03

−0.025

−0.02

−0.015

−0.01

−0.005

0

0.005

Frequency (cm−1)

∆
α

 

 

0.1 ps

0.2 ps

0.3 ps

0.5 ps

1.0 ps

3.0ps(b)

2000 2500 3000

−0.06

−0.04

−0.02

0

0.02

0.04

0.06
∆

α

 

 

0.06 ps

0.11 ps

0.17 ps

0.22 ps

0.30 ps

0.40 ps

0.50 ps

(a)

Frequency (cm−1)

Figure 6.4. Isotropic transient absorption spectra of H-Nafion at a hydration level of
λ=3 measured at different delays after excitation with an intense pump pulse centered
at 2800 cm−1. Compared to Fig. 6.2 (a) the spectrum is measured over a much broader
frequency range. The frequency range 2300-2450 cm−1 is missing because of the too
strong background absorption of the Nafion membrane. Panel (a) shows the Frequency
range 1850-3000 cm−1 and panel (b) shows the frequency range 2800-3650 cm−1.

absorption change at νdet=3500 cm−1 is presented as a function of delay for the
three different hydration levels indicated in Fig. 6.2. It is seen that the exci-
tation leads to the rise of an absorption signal that rapidly decays and evolves
to a bleaching signal. The amplitude of the bleaching signal strongly increases
with increasing λ. At the high hydration level of λ=12 the initial absorption is
no longer observable. The bleaching signal shows a partial decay with a time
constant of ∼1 ps. This decay becomes slower with increasing hydration level.

In Fig. 6.4 we present transient absorption spectra of H-Nafion with λ=3
over a broad spectral range. Similar data have been presented in Ref. 135. The
data shown here are obtained with an excitation pulse with a different central
frequency. The transient spectral response of the Nafion membranes can be
measured down to a frequency of ∼1500 cm−1. The Nafion membranes are not
transparent below this frequency, as a result of their high concentration of C-F
vibrations [135]. In Fig. 6.4 (a) we present transient spectra in the frequency
range 1850-3000 cm−1. The transient spectra show that the bleaching signal
initially peaks at ∼2800 cm−1 and undergoes a large shift to lower frequencies
in the first few hundred femtoseconds after the excitation. As a result, the
bleaching signal at <2000 cm−1 reaches its maximum at approximately 300
femtoseconds after the excitation.

In Fig. 6.5 the normalized absorption change is presented as a function of
delay for four different detection frequencies. The maximum of the bleaching
shifts to later delays with decreasing detection frequency, illustrating that the
bleaching signal associated with the excitation of the proton vibration of the
Eigen-like hydration structure shows a strong red shift directly after the excita-
tion. It is also seen that the induced absorption at 3300 cm−1 shows a delayed
rise with respect to the bleaching signal at 2550 cm−1.
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Figure 6.5. Normalized isotropic absorption changes as a function of delay at four
different detection frequencies (νdet=3300, 2550, 2175, and 1870 cm−1) after excitation
with νexc=2500 cm−1. The signals are measured for a H-Nafion sample with λ=3. A
positive signal implies an induced absorption, a negative signal a bleaching signal.

6.3.3 Interpretation

The large red shift of the bleaching signal of Fig. 6.4 (a) indicates that the
excitation of the proton vibration induces a strong structural reorganization of
the excited Eigen-like proton hydration structure. As the reorganization leads
to a shift of the bleaching signal to frequencies <2000 cm−1, this reorganization
likely involves the transfer from the Eigen-like proton hydration structure to
a Zundel-like proton hydration structure [37, 38, 48, 88]. In this transfer the
excited O–H vibration of the central H3O+ ion of the H9O4

+ Eigen-like structure
evolves to the central O· · ·H· · ·O vibration of a H5O2

+ Zundel-like structure.
This reorganization is illustrated in the top panel of Fig. 6.6.

The evolution from an Eigen-like proton hydration structure to a Zundel-like
structure also accounts for the rise of an induced absorption signal at frequencies
>3200 cm−1. The change from Eigen to Zundel affects the character of the two
other, non-excited O–H vibrations of the central H3O+ ion of the Eigen-like
structure. These vibrations evolve to the O–H vibrations of an H2O molecule
flanking the Zundel proton. This evolution is accompanied by a transfer of
positive charge from the H atoms of the two non-excited O–H group of the
central H3O+ ion to the H atom of the excited O–H group. The decrease in
positive charge leads to a weakening of the hydrogen bonds of the non-excited
O–H groups to H2O molecules in the second hydration shell and thus to an
increase of the frequency of the O–H stretch vibrations. Hence, the transfer
from Eigen to Zundel also leads to the evolution of the (non-excited) Eigen-like
proton vibrations that absorb at 2200-3000 cm−1 to vibrations that absorb at
frequencies >3200 cm−1 [37, 38, 48, 116]. This explanation agrees with the fact
that the observed induced absorption at 3300 cm−1 shows a delayed rise with
respect to the bleaching signal at 2550 cm−1.

The excitation induced evolution from Eigen to Zundel can be well explained
with the model for vibration-excitation induced proton transfer developed by
S. Hammes-Schiffer and J.C. Tully [136], and J.T. Hynes et al. [108, 137]. In this
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Figure 6.6. Upper panel: schematic picture of the evolution from an Eigen proton
hydration structure to a Zundel hydration structure and to a final new Eigen proton
hydration structure, induced by the excitation of one of the proton vibrations of the
Eigen structure. The vibrational frequencies of the different modes of the hydration
structures are indicated. Middle and lower panels: two scenarios by which this vibra-
tional excitation induced proton transfer can take place. Scenario (I) is similar to the
scenario depicted in Figure 6.1 of Ref 32.

model excitation of the X–H vibration of an X–H· · ·Y hydrogen-bonded system
induces a reorganization of the surrounding solvent that adiabatically changes
the vibrational potential of the X–H· · ·Y system to a much more symmetric
potential. This reorganization is driven by the energy reduction associated
with the adiabatic evolution of the high energy v = 1 state in the tight X–H
potential to the much lower energy v = 1 state in the broad, near-symmetric
X· · ·H· · ·Y potential.

The evolution to the near-symmetric X· · ·H· · ·Y potential corresponds to a
partial transfer of the proton charge. The proton transfer can be completed with
two different scenarios, illustrated in the middle and lower panels of Fig. 6.6.
In scenario (I) vibrational relaxation of the delocalized v = 1 state in the
X· · ·H· · ·Y potential will bring the system to a relatively high energy v = 0
state within the broad X· · ·H· · ·Y potential. This v = 0 state rapidly evolves
either back to the v = 0 state of the original tight X–H· · ·Y potential or pro-
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ceeds to the v = 0 state of a new tight X· · ·H–Y potential. The latter case
corresponds to a complete proton transfer from X to Y. Such vibrational ex-
citation induced proton transfer has been proposed for the reaction between
HF and H2O [108]. Scenario (I) is similar to the mechanism of vibrational ex-
citation induced proton transfer shown in Figure 6.1 of Ref. 137. In scenario
(II), the delocalized v = 1 state of the X· · ·H· · ·Y potential corresponds to the
lowest-energy vibrational state in the right well of this potential. This state can
adiabatically evolve to the v = 0 state of a new tight X· · ·H–Y potential, thus
completing the proton transfer from X to Y. In scenario (II), the proton transfer
is thus directly accompanied by vibrational energy relaxation. Within scenario
(II), the delocalized v = 1 state of the near-symmetric X· · ·H· · ·Y potential
can also relax back to the v = 0 state of this potential, from which the system
will evolve back to the v = 0 state of the original tight X–H· · ·Y potential.
The relative importance of the two scenarios will depend on the height of the
barrier separating the two wells and the rate at which the vibrational potential
changes as a result of the structural evolution of the hydration shell. Scenario II
becomes more important if the barrier is low and when the structural evolution
is slow.

A prerequisite for both scenarios of excitation-induced proton transfer is that
the v = 1 state possesses a sufficiently long vibrational lifetime. If the v = 1
state would relax very quickly, the system would be back in the vibrational
ground state before the adiabatic adaptation of the vibrational potential can
take place.

For hydration levels higher than λ =3 we observe that the induced absorp-
tion at frequencies >3200 cm−1 quickly gives way to a bleaching signal centered
at 3400 cm−1. This bleaching signal cannot be due to a transfer of the vibra-
tional excitation from the excited proton vibration to a water O–H vibration, as
in this case the resulting signal should not only consist of a v = 0→ 1 bleaching
signal of the water O–H vibrations, but should also contain a clear signature
of excited v = 1 → 2 absorption of these vibrations at a frequency of ∼3200
cm−1. This latter absorption is not observed in the transient absorption spectra
of Fig. 6.2. Instead, we observe that the strong bleaching signal at ∼3400 cm−1

is accompanied by a weak induced absorption at a higher frequency of ∼3550
cm−1. This spectral signature can be well explained from the effect of heat-
ing on the absorption spectrum of the O–H stretch vibrations of water [138].
Therefore, we assign the strong bleaching signal at ∼3400 cm−1 and the weak
induced absorption at ∼3550 cm−1 to a local heating effect that results from
the vibrational relaxation of the v = 1 state of the excited proton vibration.
The vibrational relaxation corresponds to the non-adiabatic transition of the
v = 1 state of the proton vibration to the v = 0 state and is enabled by the
strong coupling of the proton vibration to the low-energy degrees of freedom of
the hydration shell [139].

The increase in temperature resulting from the vibrational relaxation in-
volves a weakening of the hydrogen bonds between water molecules, and be-
tween water molecules and sulfonate groups of Nafion, which in turn leads to
a decrease of the absorption cross-section and a blue shift of the O–H stretch
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vibrations. This explanation is consistent with the observation that the ampli-
tude of the bleaching increases with increasing hydration level. With increasing
level of hydration, the proton will be surrounded (hydrated) by a larger number
of water molecules and thus the effect of heating on the direct surroundings of
the proton will have a more pronounced effect in the absorption region of the
O–H stretch vibrations of water.

The bleaching at ∼3400 cm−1 and induced absorption at ∼3550 cm−1 show
a partial decay and blue shift on a time scale of ∼1 ps. As discussed in the
previous subsection, the final transient spectrum corresponds very well to the
difference spectrum between the absorption of the Nafion sample at an elevated
temperature and the spectrum at room temperature. Therefore, we assign the
partial decay and blue shift to the cooling of the local hot surroundings of the
proton vibration, leading to a full thermalization of the excess energy. In this
cooling process, part of the thermal energy will be transferred to the Nafion
membrane, thus explaining the decrease in the amplitudes of the bleaching and
the induced absorption signal. In the cooling process the thermal energy will
also be transferred to water molecules that are further away from the originally
excited hydrated proton vibration. For water molecules that are close to a
proton the hydrogen bonds will be stronger than for water molecules that are
far away from a proton and for water molecules that are close to Na+ ions. As
a consequence, the absorption spectrum of water molecules close to a proton
will be red-shifted compared to that of the other water molecules embedded
in the Nafion membrane channels. The transfer of thermal energy from the
water molecules close to the originally excited proton to water molecules that
are further away will thus lead to a small blue shift of the transient spectrum.

6.3.4 Kinetic Model

Following the interpretation of the previous subsection we describe the data of
the Nafion membranes with a kinetic model that includes vibration-excitation
induced proton transfer, relaxation of the excited proton vibration, and cooling.
This model is schematically depicted in Fig. 6.7.

The levels E1 and Z1 correspond to the excited vibrational v = 1 states of the
Eigen-like and Zundel-like proton hydration structures, and E0 and Z0 are the
v = 0 ground states of these structures. The level E0∗ corresponds to a locally
hot state of the Eigen-like structure, and E0∗∗ to the final fully thermalized state
of this structure. The excited state E1 relaxes to Z1 with a time constant τPT

representing the vibrational-excitation induced proton transfer process. The
rate of this transfer is the sum of the proton transfer rates of scenarios (I) and
(II), illustrated in Fig. 6.6, meaning that (τPT)−1 = (τPT,I)

−1 + (τPT,II)
−1. The

description of the proton transfer with two discrete excited vibrational levels E1

and Z1 forms a simplified description of the gradual evolution of the Eigen-like
proton hydration structure to a Zundel-like structure. This approximation is
reasonably valid when τPT is short. The state E1 not only evolves to Z1 with
τPT but also relaxes to E0∗ with the vibrational relaxation time constant T1.

The excited proton state Z1 relaxes with time constant τ1 to E0∗ . In sce-
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Figure 6.7. Schematic picture of the kinetic model for excitation-induced proton
transfer and vibrational relaxation used to fit the data of Fig. 6.2.

nario (I) and in the case of backward proton transfer within scenario (II), the
τ1 relaxation process consists of vibrational relaxation within the Zundel-like
vibrational potential, followed by a structural relaxation as a result of which
the potential evolves (back) to an Eigen-like vibrational potential. In the case of
forward proton transfer within scenario (II), the τ1 relaxation process consists
of the evolution of the v = 1 state of the Zundel-like potential to the v = 0 state
of a new Eigen-like potential. In all cases the τ1 relaxation process involves the
transfer of the vibrational energy of the excited Zundel-like proton vibration to
low-energy (solvent) degrees of freedom. E0∗ cools with τcool to the final state
E0∗∗ . The levels E1, Z1, E0∗ , and E0∗∗ are thus coupled by four time constants
τPT, T1, τ1 and τcool. The coupled kinetic equations are:

d

dt
(nE1

) = −nE1

τPT
− nE1

T1
(6.1)

d

dt
(nZ1

) =
nE1

τPT
− nZ1

τ1
d

dt
(nE0∗) =

nE1

T1
+
nZ1

τ1
− nE0∗

τcool

d

dt
(nE0∗∗) =

nE0∗

τcool

with nE1
, nZ1

, nE0∗, and nE0∗∗ the populations of the levels denoted in the
subscript.

The value of τPT is determined from a fit of the data obtained at λ=3, the
lowest studied hydration level. At higher hydration levels, the signature of the
state Z1 becomes less clear due to the increasing contribution of the vibrational
relaxation, making it cumbersome to determine τPT and τ1. Therefore we use
the value of τPT obtained at λ=3 in fitting the data at higher hydration levels,
and we take τ1 to be the same as T1. The values of T1 and τcool are fitted to
the data at each studied hydration level. Each of the levels of the model has
an associated transient spectrum. The amplitude and shape of these transient
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spectra, form free parameters in fitting the transient spectra of the Nafion sam-
ple at each hydration level. The total transient absorption change ∆α(ν, t) at
detection frequency ν and delay time t is given by:

∆α(ν, t) = σE1
(ν)nE1

(t) + σZ1
(ν)nZ1

(t) + σE0∗(ν)nE0∗(t) + σE0∗∗(ν)nE0∗∗(t)
(6.2)

In Fig. 6.8 we show the results of the fit for H-Nafion at λ=7 and 12. The
fitted transient spectra, represented by the solid lines in Fig. 6.8 (a) and (b)
provide an excellent description of the data. Fig. 6.8 (c) and (d) show the
spectral shapes of σE1

, σZ1
, σE0∗, and σE0∗∗ and Fig. 6.8 (e) and (f) show the

population dynamics of these levels.

The spectrum σE1 consists of a strong bleaching signal around 2800 cm−1,
as a result of the excitation of one of the proton vibrations of the Eigen-like
hydration structure. This excitation leads to a depletion of the fundamental
v = 0 → 1 absorption from E0 to E1 and stimulated emission v = 1 → 0 from
E1 to E0. The spectral response σE1

shows additional small induced absorption
changes between 3250 and 3500 cm−1. This latter response can be explained
from cross-anharmonic coupling of the excited Eigen proton vibration and the
O–H stretch vibrations of nearby water molecules. The cross-anharmonic cou-
pling between an excited vibration and a non-excited vibration leads to a direct
shift in frequency of the non-excited vibration, usually to lower frequencies.
Hence, excitation of the Eigen proton vibration can lead to a red shift of the
O–H stretch vibrations of nearby H2O molecules, thus explaining the observa-
tion of a weak induced absorption in the red wing of the O–H stretch absorption
band (near 3350 cm−1) and a decrease in absorption in the blue wing of the
O–H stretch absorption band (near 3500 cm−1).

The state E1 is transferred to Z1 with a proton transfer time constant τPT of
170±20 fs. The spectrum of Z1 shows a smaller bleaching signal in the frequency
region around 2800 cm−1 than E1. This change in amplitude is caused by the
vanishing of the v = 1 → 0 stimulated emission contribution to the bleaching
signal of the Eigen proton vibration. The residual bleaching around 2800 cm−1

is caused by the remaining depletion of the fundamental v = 0→ 1 absorption
from E0. The spectrum of Z1 also contains two broad induced absorption peaks
at 3250 and 3500 cm−1. This induced absorption signal is present at all studied
hydration levels.

As discussed in the previous subsection, the absorption peak centered at
3250 cm−1 can be assigned to the O–H stretch vibrations of H2O molecules
flanking the Zundel proton. The absorption peak at 3500 cm−1 is assigned to
the absorption of water molecules in the second solvation shell of the Zundel
proton. The evolution to the Zundel structure turns the water molecules that are
hydrogen bonded to the non-excited Eigen proton vibrations to water molecules
in the second hydration shell of the Zundel proton. The increased distance to the
proton charge weakens the hydrogen bonds of these water molecules, leading to
a shift of their absorption bands to higher frequencies. The resulting absorption
will be similar to that of water molecules hydrating a sulfonate group without
a nearby (hydrated) proton. These bands absorb at ∼3500 cm−1, as can be
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Figure 6.8. a) and b): Experimental transient spectra (symbols) and fitted results
(solid lines) using the kinetic model of Fig. 6.7 and Eq. 6.2, for hydration level λ=7 (a)
and λ=12 (b); c) and d): Spectral components of the different levels, corresponding
to the fits of a) and b), respectively; e) and f): Population dynamics of the different
levels, corresponding to the fits of a) and b), respectively.

derived from the absorption spectra of Nafion membranes at high hydration
levels.

The blue shift of the absorption of the water molecules that are hydrogen
bonded to the non-excited Eigen proton vibrations implies that the original
absorption of these molecules, at frequencies of ∼3300 cm−1, decreases. This
decrease in absorption contributes to the overall amplitude of the σZ1

spectrum
in this frequency region, and thus can explain why the peak at 3250 cm−1

of the σZ1 spectrum is weaker than the absorption peak at 3500 cm−1. This
explanation also agrees with the fact that the absorption peak at 3500 cm−1
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Figure 6.9. The time constants τPT, T1 (T1=τ1), and τcool as a function of hydration
level. The time constants are obtained from fits of the data to the kinetic model of
Fig. 6.7 and Eq. 6.1. In the fit the time constants τ1 and T1 are assumed to have the
same value. The solid lines are guides to the eye.

grows with increasing hydration level, as can be seen from the comparison of
the σZ1

spectra of Nafion membranes with λ=7 and 12 in Fig. 6.8 (c) and (d).
At higher hydration levels there will be more water molecules hydrating the
central H3O+ ion of the Eigen-like proton hydration structure, and the shift in
absorption of these water molecules from ∼3300 cm−1 to ∼3500 cm−1, following
the transfer from Eigen to Zundel, forms a stronger contribution to the overall
σZ1 spectrum.

The states E1 and Z1 both relax to the state E0∗ . The spectrum of E0∗

consists of a strong bleaching signal centered at 3400 cm−1 and a weak absorp-
tion around 3550 cm−1. As discussed in the previous subsection, these spectral
changes can be well explained from a local heating effect resulting from the re-
laxation of the proton vibration that changes the absorption spectrum of nearby
water molecules. The local hot state E0∗ cools to the fully thermalized state
E0∗∗ that has a spectrum with a similar shape as the spectrum of E0∗ , but with
a smaller amplitude and shifted to higher frequencies. For the other measured
hydration levels (λ=3, 9 and 16) the spectra and population dynamics of the
different levels are similar in shape as for the hydration levels shown in Fig. 6.8.
In Fig. 6.9 the fitted values of the time constants T1 and τcool are presented as
a function of hydration level. It is seen that T1 becomes shorter with increasing
hydration level, and that τcool becomes longer.

6.3.5 Discussion

The results of Fig. 6.4, Fig. 6.5 and Fig. 6.8 demonstrate the occurrence of
partial transfer of the proton charge in hydrated Nafion membranes following
excitation of a molecular vibration to its first excited state. For most systems,
the energy of a single vibrational quantum does not suffice to initiate a chemical
reaction. An exception is the cis-trans isomerization of nitrous acid (HONO)
that can be induced by excitation of the O–H stretch vibration [106, 107]. Other
examples of vibration-induced reactivity all concern systems that are already
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in a reactive state, like the bimolecular interactions between radicals and small
molecules in the gas phase [104, 105]. For these systems the excitation of a
molecular vibration has been observed to increase the rate of particular reaction
channels.

It is interesting to compare the presently studied vibration-induced proton
transfer in hydrated Nafion with proton transfer by conventional photo-acids.
For conventional photo-acids proton transfer is induced by electronic excita-
tion with visible or UV light. This electronic excitation affects the electronic
configuration such that a particular O–H or N–H bond of the photo-acid weak-
ens [81, 132, 140–146]. This is a clear difference with vibration-induced proton
transfer in Nafion for which the excitation hardly affects the strength of the O–H
bond, as excitation of the proton vibration has a minor direct effect on the elec-
tronic configuration. The weakening of the O–H or N–H bond of a conventional
photo-acid is usually followed by another electronic reorganization that leads
to release of the proton and a stabilization of the conjugate photobase. For
the widely studied photo-acid HPTS (8-hydroxy-1,3,6-pyrenetrisulfonic acid)
it has been shown that this subsequent reorganization involves a transfer of
negative charge from the oxygen atom to which the proton was bound to the
aromatic ring system [141, 147]. This redistribution of negative charge is es-
sential for the proton to leave, as it turns the excited photobase into a weak
base. Vibration-induced proton transfer in Nafion is probably accompanied by
a similar transfer of negative charge from the oxygen atom to which the proton
was bound to other atoms in the proton hydration structure, as this transfer is
an inherent property of the transfer between Eigen to Zundel proton hydration
structures [5, 83, 112–114, 126, 134]. As in the excited conjugate photobase
of HPTS, this redistribution of negative charge aids in the stabilization of the
transferred proton state.

For conventional photo-acids the proton release and stabilization of the con-
jugate photo-base is accompanied by a repositioning of surrounding solvent
molecules that lowers the energy of the excited state [132, 140–143]. The lower-
ing of the energy leads to a very strong red shift (Stokes shift) of the fluorescence
and the transient absorption [132, 140–143]. In the case of protons in Nafion,
the excited proton vibration of the Eigen structure also undergoes a large Stokes
shift when it evolves to the much lower energy state of the excited proton vi-
bration of a Zundel structure.

Vibration-induced proton transfer is in strong competition with vibrational
relaxation [137]. Relaxation of the excited proton vibration occurs on a time
scale <500 fs, and thus the reorganization required for proton transfer has
to occur within this short time window. The vibrational relaxation becomes
faster with increasing hydration level thus making proton transfer less probable.
Nevertheless, the analysis of Fig. 6.8 shows that proton transfer is still possible
at higher hydration levels. We find that the state Z1 which represents the
final state of the proton transfer, has a maximum induced absorption of ∼0.03
OD in the frequency region >3200 cm−1, at all studied hydration levels. The
persistence of the amplitude of the absorption of the Z1 level at >3200 cm−1

for all studied hydration levels, shows that vibration-excitation induced proton
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transfer is still possible at high hydation levels. Nevertheless, the fraction of
excited Eigen proton hydration structures that reorganizes to a Zundel structure
decreases with increasing hydration level because the competing vibrational
relaxation becomes faster. We find that the vibrational relaxation time constant
T1 decreases from 490±40 fs at λ=3 to 230±30 fs at λ=16, which means that
an increasing fraction of excited Eigen proton vibrational states E1 relaxes to
the local hot ground state E0∗ and thus no longer proceeds to the first excited
Zundel vibrational state Z1. Due to this competition, Z1 becomes less populated
with increasing hydration level, and vibration-excitation proton transfer is no
longer as clearly observed as at low hydration levels. An additional effect is that
the amplitude of the bleaching signal associated with the relaxed, local hot state
E0∗ increases with increasing hydration level. This bleaching signal obscures the
induced absorption signal in the frequency region >3200 cm−1 associated with
vibration-induced proton transfer.

The decrease of the vibrational relaxation time constant T1 with increasing
hydration level implies that the density of coupled combination tones that are
capable of accepting the energy of the excited proton vibration increases when
the number of water molecules close to the proton vibration increases. For pure
liquid water the vibrational relaxation time constant T1 of the Eigen-like proton
vibration is observed to be 120±20 femtoseconds [148]. It is to be expected
that the value of T1 of protons in Nafion membranes would approach this value
at very high hydration levels. For liquid water, the small value of T1 of the
proton vibration will completely obscure the observation of vibration-excitation
induced proton transfer.

We observe that τcool increases from 0.9±0.05 ps at λ=3 to 1.63±0.05 ps at
λ=16, meaning that the cooling of a locally hot cluster of water molecules (sur-
rounding the originally excited proton vibration) becomes slower with increasing
hydration level. This increase of the cooling time constant with increasing size
of the water cluster is consistent with the results of a study of the cooling of
water nanodroplets [149]. In this latter study it was found that the cooling
slows down with increasing size of the water nanodroplet. This observation can
be explained from the fact that cooling involves the conduction of thermal en-
ergy through the surface of the heated volume. As the surface to volume ratio
decreases with increasing droplet or water cluster size, the cooling will become
slower with increasing level of hydration.

6.4 Conclusions

We studied the vibrational relaxation and structural reorganization dynamics
of hydrated protons in the nanochannels of Nafion membranes. We excited
the proton vibration of Eigen-like (H9O4

+) proton hydration structures with
ultrashort mid-infrared light pulses with frequencies in the range 2500-2900
cm−1 (3.4 ∼ 4.0 µm). The subsequent relaxation and structural dynamics
are measured with ultrashort mid-infrared detection pulses that are tunable
from 1850-3700 cm−1 (2.8-5.6 µm). We find that the excitation of the proton
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vibration leads to a reorganization of the Eigen proton hydration structure
to a Zundel-like (H5O2

+) proton hydration structure. This reorganization is
driven by the substantial lowering of the energy of the excited v = 1 state of
the proton vibration when the vibrational potential of the proton adiabatically
evolves from the relatively narrow and asymmetric shape associated with the
Eigen structure, to the broad and symmetric shape associated with the Zundel
structure. The reorganization leads to a transfer of the proton charge from the
three hydrogen atoms of the central H3O+ ion of the Eigen structure to the
central hydrogen atom of the H5O2

+ Zundel-like structure. The time constant
τPT of this transfer is 170±20 fs.

Vibration-excitation induced proton transfer becomes less prominent with
increasing hydration level because the vibrational energy relaxation of the pro-
ton becomes faster. We observe that the vibrational relaxation time constant
T1 decreases from 490±40 fs at λ=3 to 230±30 fs at λ=16. Vibrational re-
laxation is observed to lead to a strong local heating effect of nearby water
molecules. These hot water molecules cool by transferring their excess energy
to the Nafion membrane and to other water molecules that are further away
from the initially excited proton vibration. The cooling time constant τcool

increases from 0.90±0.05 ps at λ=3 to 1.63±0.05 ps at λ=16.
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7

Dynamics of the Bending Mode
of Hydrated Protons

We study the vibrational dynamics of the bending mode at 1730 cm−1 of proton
hydration structures in Nafion membranes with polarization-resolved infrared
(IR) pump-probe spectroscopy. The main fraction of the excited bending mode
vibrations is found to relax to an intermediate state with a time constant T1 of
∼175 fs, and subsequently to a thermally equilibrated state with a time con-
stant Teq of 1.5±0.2 ps. For a small fraction of the excitations the vibrational
relaxation leads to ultrafast predissociation of one of the hydrogen bonds do-
nated by the excited proton hydration structure. The predissociation leads to
a long-living bleaching of the absorption band of the bending vibration. Due
to the ultrafast character of the predissociation process, this bleaching signal
has a high associated anisotropy that decays with a time constant of 38±4 ps,
probably as a result of structural relaxation of the water clusters in the Nafion
nano-channels.

7.1 Introduction

Proton transfer is one of the most fundamental processes in molecular dynamics
and is a key step in many chemical and biochemical processes, such as in hydro-
gen fuel cells and in light-to-energy conversion during plant photo synthesis. A
detailed understanding of the proton transfer mechanism is important for the
optimization of technical applications such as hydrogen fuel cells. Over the last
decades there has been extensive theoretical and experimental research on the
nature of the proton in liquid water [37, 48, 50, 150], and on the molecular-scale
mechanism by which the protons is transferred in aqueous systems.

It has been found that the proton is strongly interacting with water molecules
thus forming H+(H2O)n proton hydration clusters [5, 39, 151]. The two limit-
ing forms of these clusters are the Eigen hydration structure (H9O4

+), that is
formed by a central hydronium (H3O+) ion surrounded by three water molecules
accepting hydrogen bonds from the O–H groups of the hydronium ion, and the
Zundel hydration structure (H5O2

+), in which the proton is flanked by two wa-
ter molecules [1, 48, 152]. The O-H stretch vibrations of the hydronium core of
the Eigen structure exhibit a strong absorption band around ∼2800 cm−1. The
O-H stretch vibration of the water molecules flanking the proton in the Zun-
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del structure have an absorption band at a frequency of ∼3300 cm−1, whereas
the central Zundel proton (O· · ·H+ · · ·O) vibration absorbs at ∼1200 cm−1.
Additionally, an absorption band at ∼1730 cm−1 was assigned to the degen-
erate symmetric and antisymmetric bending modes of the hydronium core of
the Eigen structure [40, 48] However, this band at ∼1730 cm−1 might also be
caused by the bending vibrations of the water molecules flanking the Zundel
proton, coupled to the central Zundel proton (O· · ·H+ · · ·O) vibration [58, 59].

In this chapter we study the vibrational dynamics of the ∼1730 cm−1

bending vibration using polarization-resolved mid-infrared pump-probe spec-
troscopy. We measure the rate of vibrational relaxation, and we observe that
for a small fraction of the excitations the vibrational relaxation involves the
predissociation of a hydrogen bond of the proton hydration structure.

7.2 Experiment

The infrared pump-probe experiments were performed with the one-color pump-
probe setup described in section 3.2.2. The generated infrared pulses have a
central frequency of 1730 cm−1, a pulse energy of ∼20 µJ, a duration of ∼100
fs, and a bandwidth of ∼300 cm−1. To minimize direct excitation of the H2O
bending mode in the sample, a water (H2O) filter with an optical density of 1.5
OD at 1630 cm−1 was placed in the pump beam path. The details of the Nafion
membrane preparation can be found in section 3.4.

7.3 Results and Discussion

7.3.1 Linear Spectra

Fig. 7.1 shows the linear infrared absorption spectra of 50 µm thick proton-
terminated ([H+] : [Na+] = 1 : 0) and sodium-terminated ([H+] : [Na+] =
0 : 1) Nafion membranes. The absorption spectrum of the sodium-terminated
Nafion membrane shows a narrow absorption band with a resonance frequency
of ∼1630 cm−1. This band originates from the bending mode of water molecules
that are hydrogen bonded to other water molecules. The absorption band is
red shifted by ∼10 cm−1 relative to the H2O bending mode in bulk water
because of the weaker hydrogen bonding interactions between water molecules in
Nafion membranes compared to bulk water. The infrared absorption spectrum
of proton-terminated Nafion membranes exhibits a broad and intense absorption
band centered at 1730 cm−1. The red side of the 1730 cm−1 band exhibits a
small, but significant shoulder at ∼1630 cm−1, which can be assigned to the
bending mode of water molecules that are not strongly involved in the hydration
of the proton, e.g. to water molecules that are located in the outer hydration
shells of the proton and water molecules that are embedded in the hydrophobic
pockets of the Nafion membrane.
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Figure 7.1. Linear spectra of proton-terminated (red line) and sodium-terminated
(black line) Nafion membranes of 50 µm thickness. The hydration level of both samples
corresponds to ∼4 water molecules per sulfonate group (λ = 4). The spectrum of
sodium-terminated Nafion membrane has been scaled for clarity.
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Figure 7.2. Transient absorption spectra of proton-terminated Nafion membranes
(thickness 50 µm), hydrated with H2O ([H+] : [Na+] = 1 : 0) at different delays after
excitation of the bending mode at ∼1730 cm−1.
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7.3.2 Vibrational Relaxation

Fig. 7.2 presents isotropic transient absorption changes following excitation of
the 1730 cm−1 mode in proton-terminated Nafion membranes ([H+] : [Na+] =
1 : 0) at different delay times. At short delay times, the transient absorption
spectra show a negative (bleaching) signal centered at 1730 cm−1 and a positive,
induced absorption signal at frequencies below 1680 cm−1. The bleaching signal
is observed at the fundamental frequency of the bending mode from 1670 cm−1

to 1850 cm−1 and results from the depletion of the ground state (υ= 0→1 tran-
sition) and the stimulated emission from the first excited state (υ= 1→0). The
induced absorption at lower frequencies (1530 cm−1 to 1650 cm−1) is due to the
υ= 1→2 absorption transition of the excited molecules. The absorption changes
decay due to vibrational relaxation of the excited υ= 1 state. For delay times
larger than 15 ps, the transient absorption spectrum shows no further change.
The transient spectrum at late delay times reflects the temperature increase of
the sample that results from the thermalization of the vibrational excitation.
The increase in temperature weakens the hydrogen bonds and leads to a shift
of the absorption spectrum of the 1730 cm−1 mode to lower frequencies. This
shift leads to an increased absorption (positive ∆α) in the lower frequency re-
gion <1670 cm−1 and a bleaching signal (negative ∆α) in the higher frequency
region >1670 cm−1 [153, 154]. At early delay times, an additional weak bleach-
ing signal at a frequency of ∼1610 cm−1 is seen in Fig. 7.2. This signal is
superimposed on the induced absorption, and its frequency matches very well
the bending mode frequency (∼1630 cm−1) of water [153, 155, 156]. This weak
feature in the transient spectra is thus likely the result of direct excitation of
the bending mode of water molecules that are not directly associated with the
proton hydration structures.

In Fig. 7.3 we present isotropic transient absorption changes at two different
probe frequencies as a function of the delay time between pump and probe. The
blue circles represent the bleaching signal at 1730 cm−1, and the red diamonds
represent the induced absorption signal at 1550 cm−1. The induced absorption
(υ= 1→2) exhibits a vary rapid decay that is complete within the first 500
fs. In contrast, the dynamics of the bleaching signal are much slower than
the induced absorption signal and are still not complete at a delay time of 4 ps.
This striking difference in the dynamics of the bleaching and induced absorption
signals suggests that the excited 1730 cm−1 mode does not directly relax to a
thermally equilibrated state, but instead relaxes to an intermediate state with
a time scale of a few hundred femtoseconds. Subsequently, this intermediate
state relaxes to a thermally equilibrated signal with a time constant of a few
picoseconds.

We describe the isotropic transient absorption changes with a kinetic model
that is schematically depicted in the inset of Fig. 7.4. The states designated
as S0 and S1 correspond to the vibrational ground state (υ = 0) and the first
excited state (υ = 1) of the 1730 cm−1 mode, respectively, and S

′

1 and S∗0 rep-
resent the intermediate state and the thermally equilibrated state, respectively.
The vibrationally excited state S1 relaxes to the intermediate state S

′

1 with
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Figure 7.3. Transient absorption changes of a proton-terminated Nafion membrane
of 50 µm-thickness as a function of pump-probe delay time. The blue circles represent
the absorption change at the central frequency of the bleaching signal at 1730 cm−1.
The red diamonds show the absorption change in the spectral region of the induced
absorption at 1550 cm−1. The black curves represent fits to the kinetic model described
in the text.
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Figure 7.4. Spectral components obtained from fitting the kinetic model described in
the text to the transient absorption (∆αiso) data. The kinetic model is schematically
depicted in the inset. The red curve indicates the spectrum of the transient absorption
change associated with the excitation of the υ=1 state of the 1730 cm−1 bending
mode. The green and blue curves represent the transient absorption spectra of the
intermediate and the final equilibrated thermal states, respectively.
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a time constant T1, and the intermediate state relaxes to the final, thermally
equilibrated state with a time constant Teq. The coupled rate equations of this
kinetic model are

d

dt
(nS1

) = −nS1

T1
(7.1)

d

dt
(nS′1) =

nS1

T1
−
nS′1
Teq

d

dt
(nS∗0 ) =

nS′1
Teq

Here, nS1
, nS′1 and nS∗0 denote the populations of the states indicated by the

subscript. The total isotropic transient absorption change ∆α(ν)iso as a func-
tion of delay time t can be written as:

∆α(ν, t) = σS1
(ν)nS1

(t) + σS′1(ν)nS′1(t) + σS0∗(ν)nS∗0 (t), (7.2)

where σS1 ,σS1′ and σS∗0 denote the transient spectra associated with each of the
three states indicated by the subscript.

We fit the isotropic transient absorption changes by solving the rate-
equations in Eq. (7.1) in a least-square minimization routine, in which the
time constant Teq is treated as a free parameter. The time constant associated
with the vibrational relaxation process is held at a fixed value of T1 = 175 fs that
has been obtained from a mono-exponential fit to the dynamics of the induced
absorption shown as the red curve in Fig. 7.3. The T1 value of ∼175 fs of the
1730 cm−1 mode is shorter than the T1 value of 400 fs of the bending mode of
H2O molecules in a mixture of HDO and D2O [156], and it is very similar to the
vibrational lifetime of 170 fs that has been measured for the bending mode of
H2O molecules in pure liquid H2O[157]. From the fit we obtain a value of Teq =
1.5±0.2 ps for the thermalization process. The transient spectra σi associated
with the states S1, S′1 and S∗0 obtained from the fit, are shown in Fig. 7.4. The
resulting fits are shown as black solid lines in Fig. 7.2 and Fig. 7.3. It is clearly
seen that the model provides an excellent description of the experimental data.

7.3.3 Anisotropy

In Fig. 7.5 we present the anisotropy decay of the 1730 cm−1 mode in proton-
terminated Nafion membrane, averaged over the frequency interval between
1700 cm−1 and 1750 cm−1. The anisotropy exhibits a very fast initial decay
from a starting value of 0.3 at 200 fs to 0.15 at ∼2.5 ps. Interestingly, at later
delay times the anisotropy slightly re-rises followed by a slow decay that takes
place on a time scale of tens of picoseconds.

The initial decay of the anisotropy could in principle be caused by intra-
or intermolecular resonant (Förster) energy transfer between different bend-
ing modes within the proton hydration structure. The rate of resonant energy
transfer strongly depends on the distance between the donating and accepting
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Figure 7.5. (a) Anisotropy of the transient absorption signal (averaged from 1700
cm−1 to 1750 cm−1) of the 1730 cm−1 bending mode as a function of delay time. The
cation ratios ([H+]:[Na+]) of the Nafion samples are indicated in the legend. The solid
curves are obtained from a bi-exponential fit to the data. (b) Zoom-in of the early
component of the anisotropy dynamics shown in panel (a).

vibrations, and thus the presence of such a process can be determined by mea-
suring the effect of a change in average distance of the oscillators on the decay
rate of the anisotropy. In order to do so, we systematically varied the cation
ration [H+]:[Na+], i.e. we partially replaced the protons in Nafion membranes
by sodium ions, and performed the same polarization-resolved pump-probe ex-
periment. The anisotropy decay of the hydronium bending mode obtained from
a Nafion sample with a cation ratio of [H+]:[Na+]=0.75:0.25 is plotted as green
circles in Fig. 7.5 (a). In Fig. 7.5 (b), we show a zoom-in of the early dynam-
ics (delay times < 8 ps) of the anisotropy curve. For [H+]:[Na+]=1:0 (pure
proton-terminated Nafion), the anisotropy initially decays with a time constant
of ∼340±20 fs, while for [H+]:[Na+]=0.75:0.25 the time constant of the initial
anisotropy decay is ∼360±30 fs. These time constants are indistinguishable
within the experimental uncertainty, which indicates that the contribution of
intermolecular (Förster-type) energy transfer to the initial anisotropy decay of
the bending mode plays a minor role.

The time constant (∼350 fs) of the initial anisotropy decay is longer than
the vibrational relaxation time (T1 =∼175 fs) of the excited bending mode
vibration, which implies that the vibrational excitation has relaxed to a large
extent before it becomes isotropically distributed. The local intermediate state
(designated as S′1 in the preceding section) thus corresponds to a state for which
the hydrogen bonds of the excited proton hydration structure are weakened
by the local dissipation of the vibrational excitation energy. The dissipation
of energy will initially mainly affect the absorption of the originally excited
bending mode vibration. Hence, directly after the relaxation the created local
hot S′1 state will have a high anisotropy value. The subsequent redistribution of
heat over the proton hydration cluster will also affect other bending modes for
which the transition dipole moment is oriented differently from the originally
excited bending mode. The equilibration of the thermal energy over the proton
hydration complex will thus lead to a decay of the anisotropy of the S′1 state.
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Figure 7.6. Isotropic transient absorption changes (red) and transient absorption
changes obtained under parallel (green) and perpendicular (blue) polarization con-
figurations of the pump and probe pulses, as a function of delay time. The ab-
sorption changes are shown for Nafion membranes with (a) [H+]:[Na+]=1:0 and (b)
[H+]:[Na+]=0.75:0.25.

This equilibration process over the proton hydration cluster does not lead to
a complete decay of the anisotropy, because the proton hydration clusters will
be quite small, containing on average 4 water molecules. Hence, the number of
bending modes that will be affected by the spreading of heat over the cluster
will be limited, which implies that even after the equilibration over the cluster
is complete, there will be a preferential orientation of the affected bending mode
absorption spectra in the direction of the polarization of the pump pulse. The
anisotropy will decay completely in the transition from the local hot S′1 state to
the fully thermally equilibrated S∗0 state. In this relaxation process the local hot
cluster cools by transferring its excess thermal energy to the Nafion membrane
and to proton-hydration clusters that were not excited.

A striking feature of the anisotropy curves of Fig. 7.5 is that the partial
decay within the first ∼2 ps is followed by a re-rise of the anisotropy, which
reaches a maximum at a delay time of ∼8-10 ps. After this maximum the
anisotropy decays slowly. Interestingly, the anisotropy exhibits a substantial
amplitude at delay times for which the vibrational relaxation and subsequent
thermalization have long been completed. This is clearly illustrated in Fig. 7.6,
where we plot the transient absorption changes obtained under parallel and
perpendicular polarization of pump and probe pulses together with the isotropic
transient absorption changes. For delay times >10 ps, the isotropic signal (red
curve) has reached its end level and remains constant up to a delay time of
100 ps. The bleaching signal that remains at these delay times, results from
the temperature increase following the vibrational relaxation, as explained in
the previous section. In contrast, the parallel (green curve) and perpendicular
(blue curve) transient absorption changes, which are related to the anisotropy
by Eq. (2.44), keep evolving over much longer time scales.

A re-rise of the anisotropy as observed in Fig. 7.5 is indicative of the presence
of multiple species with different lifetimes and different associated anisotropy
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dynamics. In particular, a re-rise in the anisotropy will occur if the transient
absorption signal becomes increasingly dominated by a species that exhibits a
much slower anisotropy decay than the species that dominated the transient
absorption signal at short delay times (and that thus have a short T1-time).

The re-rise of the anisotropy occurs with a time constant that is similar to
Teq, the time constant of the transition from the local hot state S′1 to the fully
thermally equilibrated state S∗0. The latter state corresponds to a complete
thermalization of the energy over the focus in the Nafion membranes meaning
that this state has zero anisotropy. However, already at delays of ∼1 ps, the
anisotropy of the local heating effect will be low as at this time the hot state
S′1 has redistributed its high thermal energy content over the proton hydration
structure. Hence, the relaxation to the fully thermally equilibrated state S∗0
with time constant Teq corresponds to the decay of a contribution to the total
transient absorption that has a very low anisotropy value. As a result, the
relative contribution of another long-living (much slower decaying) signal com-
ponent with a high anisotropy will increase with the same time constant Teq.
This interpretation is supported by the observation that the amplitude of the
delayed rise in the anisotropy increases as the amplitude of the isotropic thermal
bleaching signal decreases, as shown in Fig. 7.5. In panel (b) of this figure, it is
clearly seen that the amplitude of the intermediate rise of the anisotropy of the
hydronium bending mode changes with hydronium concentrations (correspond-
ing to different cation ratios [H+]:[Na+] as indicated in the legend). For the
case of [H+]:[Na+]=1:0, the anisotropy reaches a maximum intermediate value
of ∼0.2 at around ∼10 ps (red circles). In contrast, for the lowest cation ration
of [H+]:[Na+]=0.5:0.5, the anisotropy exhibits an intermediate rise up to ∼0.4.
This is because for a lower cation ratio, the amplitude of the thermal state is
smaller and thus the total amplitude of the delayed rise of the anisotropy is
larger.

Obviously, the above explanation for the re-rise of the anisotropy not only
requires the decay of an isotropic signal component but also the presence of
a long-living bleaching signal component with a high anisotropy. Such a long-
living component in the transient absorption could be due to the predissociation
of a hydrogen bond directly following the vibrational excitation. The predisso-
ciation of a hydrogen bond of the proton hydration structure would lead to the
release of a water molecule. The dissociated water molecule can diffuse away
from the residual cluster, and it can take a relatively long time before the water
molecule comes back and the hydrogen bond is reformed. Hence, vibrational
predissociation could potentially account for absorption changes that are long-
living on the time scale of our experiment of ∼100 picoseconds. The dissociated
water molecules will have a bending mode absorption near 1620 cm−1, outside
the spectral region that is monitored in our experiment. The number of oscilla-
tors contributing to the broad absorption band around 1730 cm−1 is therefore
reduced by the predissociation process, leading to a transient absorption change
that has a bleaching-like signature in this frequency region.

Hydrogen-bond predissociation processes following vibrational excitation
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have been observed before for hydrogen-bonded systems such as ethanol clusters
in CCl4 [158]. However, in this previous work the predissociation followed the
excitation of an O–H stretch vibration with a frequency of ∼3300 cm−1. One
may wonder whether the excitation energy of the bending mode of 1730 cm−1

suffices to break a hydrogen bond of the proton hydration cluster. A difference
with the previous work on vibrational predissociation is that in the present case
the proton hydration clusters will be small, containing an average number of 4
water molecules, and that these clusters are relatively isolated. For small aque-
ous clusters the hydrogen bonds are weaker than for bulk aqueous solutions, due
to the fact that in the bulk the hydrogen bonds become stronger due to cooper-
ative conjugation effects. The strength of the hydrogen bonds of water clusters
have been studied both experimentally and theoretically, and it was found that
the dissociation energy of a protonated water cluster can vary between 1500
and 5000 cm−1, depending on the size and geometry of the cluster[159, 160].
Hence, the excitation energy of the bending mode could indeed be sufficient to
break a hydrogen bond, at least for a small fraction of the excited clusters.

To explain the observations of Fig. 7.5, there should not only be a long-
living bleaching signal, but this signal should also have a high anisotropy. The
anisotropy of the bleaching signal will depend on the orientation of the transi-
tion dipole moments of the bending mode vibrations that disappear as a result
of the predissociation. The anisotropy of the bleaching signal will be high if the
predissociation leads to the disappearance of the originally excited 1730 cm−1

bending mode. This will be the case if the excited 1730 cm−1 mode corresponds
to the bending mode of an H2O molecule flanking a Zundel proton, and if the
excitation of this bending mode leads to predissociation of one of the hydrogen
bonds of the water molecules to the Zundel proton. In this case the absorption
spectrum of the originally excited bending mode will shift to that of an isolated
H2O molecule at ∼1600 cm−1. As a result, the absorption or the originally ex-
cited bending mode vibration at 1730 cm−1 will be decreased, and this bleach-
ing will have a high anisotropy value. The Zundel proton will shift towards the
other H2O molecule and the hydrogen bond between the proton and this H2O
molecule will become an O–H chemical bond of an H3O+-like structure. The
positive charge of the Zundel proton will thus be largely transferred to the hy-
drogen atoms of the H2O molecule. If the 1730 cm−1 mode corresponds to the
bending mode of an H3O+ ion, the excitation of one of the bending modes may
lead to predissociation of one of the hydrogen bonds donated by the H3O+ ion,
and this will affect the absorption of several bending modes at 1730 cm−1 with
different orientations of their transition dipole moment. However, breaking of
one of the hydrogen bonds will lead to redistribution of the positive charge of the
proton over the proton hydration structure. In particular, the positive charge is
expected to leak away from the O–H group at which the hydrogen bond breaks
and that most likely was involved in the excited bending mode. Hence, also
in case the 1730 cm−1 mode represents a bending vibration of H3O+, the pre-
dissociation is expected to affect mainly the originally excited bending mode,
which means that also in this case the anisotropy of the bleaching will be high.

The slow decay of the anisotropy for delay times >8 ps is likely the result
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Figure 7.7. Normalized difference between the transient absorption changes obtained
under parallel and perpendicular polarization configurations of the pump and probe
pulses (∆α‖ −∆α⊥), as a function of delay time, for delay times >10 ps.

of a slow structural reorganization of the whole proton hydration structure. In
Fig. 7.7 the normalized difference absorption between parallel and perpendicu-
lar components at four different proton concentrations ([H+]:[Na+] ratios) are
shown. By taking the difference between the parallel and perpendicular compo-
nents we eliminate the contribution to the signal of the isotropic thermal state
as for this state the parallel and perpendicular absorption changes are the same.
The difference signal thus only represents the anisotropy of the bleaching signal
that results from the predissociation. In Fig. 7.7, the data for all concentra-
tions exhibit very similar dynamics and decay with a time constant τ2=38±4 ps.
This decay cannot be caused by heat diffusion through the Nafion membranes,
thereby equilibrating the heat effect over excited and non-excited proton hy-
dration clusters, as such a process would be accompanied by a change in the
isotropic transient absorption signal, which is not observed in Fig. 7.6. The
time constant τ2 is the same for all proton concentrations, which indicates that
the slow decay results from the restructuring of the separate proton hydration
clusters in the Nafion membrane and is likely associated with a restructuring of
the proton hydration clusters in the Nafion membranes. This restructuring will
lead to a reorientation of the transition dipole moments of the bending modes
at 1730 cm−1, thereby erasing the dominant bleaching of these modes along the
direction of the polarization of the pump pulse.

7.4 Conclusions

We investigated the vibrational dynamics of the bending mode at 1730 cm−1

of proton hydration clusters in hydrated Nafion membranes with polarization-
resolved mid-infrared pump-probe spectroscopy. We find that a large fraction
of the excited bending modes first relaxes to an intermediate state with a time
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constant of T1 ≈175 fs. This intermediate state represents a strong local heating
effect of the excited proton hydration cluster. The initial decay of anisotropy
with a time constant of ∼350 fs, which is slower than the vibrational relaxation
time T1 of 175 fs, indicates that the local heat is redistributed over the cluster.
Subsequently the heated proton hydration cluster cools by transferring its excess
thermal energy to the Nafion membrane and to proton hydration clusters that
were not excited. This thermalization process has a time constant Teq of 1.5±0.2
ps, and results in a fully thermally equilibrated state.

The anisotropy of the bleaching signal shows a re-rise with a time constant
that is similar to Teq. This observation indicates that for a small fraction of the
excited bending modes the relaxation results in predissociation of one of the
hydrogen bonds of the proton hydration cluster, and thus to the release of a
water molecule. The predissociation creates a long-living bleaching signal with
a high associated anisotropy. The anisotropy of this signal slowly decays with
a time constant τ2=38±4 ps. The time constant τ2 does not depend on the
concentration of protons, which indicates that the slow decay results from the
restructuring of the separate proton hydration clusters in the Nafion membrane.
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Dynamics of Aqueous Protons in
Acetonitrile

We study the ultrafast O–H stretch vibrational relaxation dynamics of pro-
tonated water clusters embedded in a matrix of deuterated acetonitrile, using
polarization-resolved mid-IR fs spectroscopy. The clusters are produced by mix-
ing triflic (trifluoro-methanesulfonic) acid and H2O in molar ratios of 1:1, 1:2
and 1:3, thus varying the degree of hydration of the proton. At all hydration
levels the excited O–H stretch vibration shows an ultrafast vibrational relax-
ation with a time constant T1<100 fs, leading to an ultrafast local heating of the
protonated water cluster. This excess thermal energy, initially highly localized
to the region of the initially excited proton, first redistributes over the aqueous
cluster and then dissipates into the acetonitrile matrix. For clusters with a triflic
acid to H2O ratio of 1:3 these processes occur with time-constants of 320±20 fs
and 1.4±0.1 ps, respectively. The cooling of the clusters reveals a long-living,
underlying transient absorption change with high anisotropy. We argue that
this feature stems from the vibrational predissociation of a small fraction of the
proton hydration structures, directly following the ultrafast infrared excitation.

8.1 Introduction

Understanding the structural dynamics of the aqueous proton, H+
aq, represents

a challenging field of research [17]. The transport properties of the proton in
water are unique, finding equivalence in no other ion in aqueous solution. The
mechanistic base thereof lies in the near-barrier free and ultrafast interconver-
sion of hydrogen and covalent bonds through a continuum of proton hydration
structures, of which the Eigen (H3O+) and Zundel (H5O2

+) cations form the
limiting cases. This process, commonly referred to as Grothuss conduction, re-
sults in an effective transport of the proton structure and charge but not of its
mass [9, 21, 83, 161].

While the fundamental principles governing proton transport in pure bulk
water have by now been studied in great detail, the arguably most interesting
and relevant aqueous proton transport processes occur in complex, strongly per-
turbed environments and are far less well understood. Such perturbations can
be due to co-solutes [162] or geometrical constraints on the nanometer scale of
the aqueous component on the system, also known as nano-confinement effects.

101
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As such perturbations have a strong effect on the hydrogen-bond structure and
dynamics of the water matrix, they are prone to influence the proton-transport
mechanism. The importance of nano-confined aqueous protons for biological
systems [163] and technological applications, e.g. hydrogen fuel cells [114, 164],
makes this an active area of research.

Several kinds of model systems have been devised where the properties of
protons and other ionic solutes can be studied under nano-confinement. It has,
for example, been found that the proton release by photo-acids is significantly
slower inside cati-onic reverse micelles than in bulk water [127, 165]. This
observation can be explained by the rotational slowdown of the surrounding
water molecules. The orientation mobility of water molecules is also thought to
determine the rate of the Grotthuss conduction mechanism. In bulk water this
is known to be the case and the process relies on the cooperative reorientation
of a large number of water molecules [13, 26].

In this work we follow a different route to study the effect of confinement of
the protonic charge; namely in mixtures of water and a polar but aprotic solvent,
acetonitrile (CH3CN or ACN). It has since long been known that the viscosities,
densities, and dielectric constants of water-ACN mixtures show a considerable
degree of non-ideality [166]. This was interpreted as reflecting inhomogeneous
mixing on the molecular level, further evidenced by the quasi-lattice quasi-
chemical and inverse Kirkwood-Buff integral treatments by Marcus and Migron,
using thermodynamic data [167]. The inhomogeneous character of water-ACN
mixtures has been put on solid experimental ground through NMR spectroscopy
[168], linear IR spectroscopy and X-ray diffraction [169], as well as ultrafast mid-
IR pump-probe spectroscopy experiments [170]. In the latter work, Cringus et
al. showed that the vibrational lifetime of O–H stretch vibrations of water
molecules is a sensitive reporter of the degree of water-water hydrogen bonding.
All these experiments have demonstrated that the local water structure strongly
varies with the water molar faction XH2O. From XH2O = 0 to XH2O = 0.05∼0.1
water molecules go from existing as monomers to primarily forming dimers and
trimers. In the range 0.2<XH2O<0.7, the so-called microheterogenous region,
the clustering of water molecules becomes significant. Thus, dilute water/ACN
mixtures potentially form an excellent basis for studying the behavior of solutes
in nanometer-sized water volumes. A second advantage of studying protonated
water clusters in ACN is that the aprotic character of ACN ensures that the
protonic charge stays localized, and thus confined, in the aqueous domains of
the heterogeneous solution. Pines and co-workers have extensively studied the
behavior of strong acids in water/ACN-mixtures [58, 171]. While hydrochloric
acid, HCl, was found to only partially dissociate in these mixtures, stronger
mineral acids such as perchloric acid (HClO4), hydroiodic acid (HI) and the
superacid trifluoromethanesulfonic acid (HCF3SO3, usually referred to as triflic
acid or TfOH) undergo complete dissociation in the aqueous phase.

We use polarization-resolved pump-probe spectroscopy to study the vibra-
tional dynamics of the O–H groups of hydrated protons in aqueous clusters
inside a matrix of deuterated acetonitrile (CD3CN). The acetonitrile was deuter-
ated in order to shift the intense C-H absorption features of ordinary acetonitrile
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out of the O–H stretch band that is probed in the femtosecond pump-probe ex-
periment. As a result we have access to a broad spectral range (2700-3700
cm−1), providing detailed information on the structural dynamics of aqueous
protons under varying degrees of nano-confinement.

8.2 Experiment

The experiments were performed with a two-color mid-IR pump-probe setup
that is very similar to the setup described in Section 3.2.1. This system is based
on a Ti:sapphire laser system (Coherent, Legend Duo) delivering 35 fs pulses
and a total pulse energy of 7.5 mJ at a repetition rate of 1 kHz. The excitation
pulse was generated by pumping a commercial OPA (TOPAS, LightConversion)
with the majority of the 800 nm power (∼6.5 W). The excitation pulse has a
central frequency of 2800 cm−1 and a pulse energy of 20 µJ. The probe pulse
was generated in a home-built OPA pumped by the rest of the 800 nm beam.
The home-built OPA is described in Section 3.1. The frequency of the probe
pulse is tunable from 2800 cm−1 to 3700 cm−1. The probe pulse energy is ∼3
µJ.

The samples were prepared directly before the experiments from pre-
made stock solutions of diluted trifluoromethanesulfonic acid solutions of fixed
[TfOH]:[H2O] molar ratios, mixed together with and pure deuterated acetoni-
trile (CD3CN or d-ACN, 99.8%, Sigma-Aldrich). The [d-ACN]:[H2O] ratio was
kept at 25:1 to ensure that the water phase is not percolating (thus ensuring
confined water volumes). Linear absorption spectra in the mid-IR region were
recorded using a commercial Fourier transform spectrometer (Biorad FTS 175
FTIR) directly before and after each pump-probe experiment. This procedure
ensured reproducibility in the sample preparation and that sample degradation
was not influencing the recorded data.

8.3 Results and Discussion

8.3.1 Linear Spectra

Fig. 8.1 shows linear spectra of TfOH/H2O mixtures in d-ACN in the spectral
range of 2400–3700 cm−1 (the d-ACN background has been subtracted). The
broad and intense features are associated with the O–H stretch absorption of
the protonated water clusters. The [d-ACN]:[H2O] molar ratio of 25:1 implies
that the partial volume of the acidic aqueous phase is small and varies relatively
little across the series (∼3.5–7.5%). As a result, the confinement effects on the
proton hydration are expected to be large, as has indeed been shown in previ-
ous studies [58, 171]. We vary the [TfOH]:[H2O] ratio from 1:1 to 1:3, implying
that the number of water molecules available to hydrate the dissociating acid
varies, which will strongly influence the hydration structure of the proton. In
fact, this is directly evident in the spectra in Fig. 8.1: for [d-ACN]:[H2O] = 1:1,
the center frequency of the O–H stretch band is as low as ∼2620 cm−1, which is
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Figure 8.1. Linear spectra of various mixtures of water and triflic acid in deuterated
acetonitrile (acetonitrile background has been subtracted) in the frequency region of
the OH stretch vibrations. The acetonitrile to water molar ratio is 25:1, while the
triflic acid to water ratio is varied from 1:1 to 1:10. The black dotted line represents
the spectrum of pure H2O.

strongly red-shifted compared to that of pure water (which is centered at ∼3400
cm−1 and represented by the solid black line in Fig. 8.1). This red shift is in
good agreement with previous experimental and theoretical determinations of
the frequencies of the intra-molecular O–H stretch vibrations of the hydronium
cation, H3O+, which is expected to be the dominant species at these low hy-
dration levels [37, 48]. At higher hydration levels the spectral center of mass
quickly blue-shifts, reflecting the increasing response of water molecules flank-
ing the hydrated proton, and possibly an increased population in Zundel-like
hydration structures (H5O2

+).

8.3.2 Nonlinear Spectra

The three panels in Fig. 8.2 show examples of isotropic pump-probe spectra
for three representative triflic acid to water ratios; [TfOH]:[H2O] = 1:1, 1:2
and 1:3, plotted at various pump-probe delay times. In all cases the samples
were pumped by pulses centered at 2800 cm−1, leading primarily to υ= 0→1
excitations of intramolecular O–H stretch vibrations of the hydronium (H3O+)
cation. As a result, a large bleaching signal (negative values of the absorption
change ∆αiso) instantaneously appears at frequencies <3000 cm−1. For the
[TfOH]:[H2O] = 1:1 system this bleaching band remains centered at ∼2750
cm−1, whilst the spectrum decays to the (heated) global end level – compare
the early red (225 fs) and late purple (100 ps) spectra in Fig. 8.2 (a). For
[TfOH]:[H2O] = 1:2 (Fig. 8.2 (b)) the maximum bleach at 225 fs pump-probe
delay is centered at ∼2950 cm−1 while a rapid spectral diffusion causes the
maximum bleach to shift to ∼3300 cm−1 within 350 fs. A similar behavior is
observed for [TfOH]:[H2O] = 1:3 in Fig. 8.2 (c): the initial bleaching at ∼3000
cm−1 rapidly blue-shifts towards ∼3375 cm−1.

All spectra furthermore show a pronounced positive ∆αiso (induced absorp-
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Figure 8.2. Isotropic transient spectra of samples with different triflic acid to water
ratios; a) [TfOH]:[H2O] = 1:1, b) [TfOH]:[H2O] = 1:2, and c) [TfOH]:[H2O] = 1:3. In
all cases the [d-ACN]:[H2O] molar ratio is 25:1.

tion) at higher frequencies. For the [TfOH]:[H2O] = 1:1 case this feature is
exceptionally broad and covers the region between ∼3150-3600 cm−1. For the
higher hydration levels, the crossing between bleaching and induced absorption
is much more blue shifted; a behavior that is correlated with the blue-shift in
the linear spectrum.

8.3.3 Vibrational Relaxation and Cluster Cooling Dy-
namics

In Fig. 8.3 the isotropic absorption change and the anisotropy of the
[TfOH]:[H2O] = 1:1 system are shown as a function of delay time for fre-
quencies of 2900 and 3600 cm−1. The isotropic bleaching signal at 2900 cm−1

shows a relatively slow single exponential decay with a time constant of 1.2±0.1
ps (Fig. 8.3 (a)). The induced absorption signal at 3600 cm−1 shows more
complex dynamics. The signal increases on a time scale of a few hundred
femtoseconds and then decays with the same time constant as the bleaching
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signal at 2900 cm−1 (Fig. 8.3 (b)). The anisotropy at 2900 cm−1 shows a rapid
decay on a time scale of ∼100 fs to a final level of 0.14. The anisotropy at
3600 cm−1 has an initial negative value and rises to a positive value of 0.04.
The time constant of this rise is similar as observed for the isotropic absorption
change.

We interpret these data in the following way. The pump pulse at 2800 cm−1

excites one of the O–H stretch vibrations of a hydronium (H3O+) ion, which
results in a bleaching of the excited vibration, corresponding to a decrease
in absorption around 2800 cm−1 with a high anisotropy value (Fig. 8.3 (c)).
A striking observation is the initial negative anisotropy value of the induced
absorption signal at 3600 cm−1. A similar signal was observed in a recent
study of proton hydration structures in Nafion nano-channels. This signal was
explained as follows. The excitation of the O–H stretch vibration of H3O+

to the υ=1 state leads to a strengthening of the hydrogen bond donated by
this O–H bond and a weakening of the hydrogen bonds donated by the other
two O–H groups of the H3O+ ion [135, 172]. These changes in hydrogen bond
strengths are accompanied by a shift of positive charge towards the H atom of
the excited O–H group. The weakening of the hydrogen bonds of the two non-
excited O–H groups leads to a blue-shift of the absorption bands of the stretch
vibrations of these O–H groups and thus to an induced absorption at high
frequencies. As these O–H groups are oriented at a large angle with respect to
the excited O–H group, the induced absorption signal has a negative anisotropy
value. The initial negative anisotropy value of the signal at 3600 cm−1 (Fig. 8.3
(c)) can thus be explained from vibration-excitation induced changes in the
strengths of the local hydrogen bonds of the hydronium (H3O+) ions formed in
[TfOH]:[H2O]:[d-ACN] = 1:1:25 mixtures.

The vibrational excitation rapidly relaxes, leading to a strong local heating
effect. The heating causes a weakening of all hydrogen bonds in the proton hy-
dration structures and thus to a blue-shift of all O–H stretch absorption bands
within the cluster, including those of the H3O+ ion and H2O molecules that
are hydrogen bonded to the H3O+ ion. The bleaching associated with the local
heating of the proton hydration structure has a lower anisotropy value than
the signal associated with the excitation of an O–H stretch vibration. Hence,
the vibrational relaxation is accompanied by a decay of the anisotropy of the
bleaching signal, as seen in Fig. 8.3 (c). The time constant of the vibrational
relaxation is 100±20 fs. The value of the anisotropy at different frequencies
depends on the contributions of the different O–H vibrations of the proton hy-
dration structure to the absorption at that particular frequency. At a frequency
of 2900 cm−1, the signal is dominated by the O–H vibration that was originally
excited, thus yielding a relatively high final anisotropy value of 0.14.

The fact that the local heating effect causes a blue-shift of all O–H vibrations
within the proton hydration structure leads to an induced absorption signal at
frequencies >3100 cm−1. This induced absorption has a positive anisotropy
value at all frequencies. Hence, at 3600 cm−1 the vibrational relaxation leads to
a rise of the initially negative anisotropy value to a positive value. Interestingly,
the time scale of this rise is 180±20 fs and significantly longer than that of the
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Figure 8.3. The isotropic absorption and anisotropy as a function of delay time
measured for the [TfOH]:[H2O] = 1:1 system. Panels a) and b) present delay traces of
the isotropic absorption change at υprobe = 2900 cm−1 (bleaching region) and υprobe
= 3600 cm−1 (induced absorption region), respectively. The data are fit with a 3-
state cascade model with time constants τ1 = 180±20 fs and τ2 = 1.2±0.1 ps; the fit
results are given by the solid lines. Panel c) presents the anisotropy dynamics at the
same frequencies within the first 800 fs, showing ultrafast mono-exponential relaxation
behavior with a time constant of 100±20 fs and 180±20 fs, at υprobe = 2900 cm−1 and
3600 cm−1, respectively.

decay of the anisotropy at 2900 cm−1. This slower time scale is also seen in
the rise of the isotropic absorption change at higher frequencies (Fig. 8.3 (b)).
There are two possible explanations for this relatively slow rise of the isotropic
absorption change and its anisotropy at high frequencies. The first explanation
is that this rise corresponds to the equilibration of the heat over the whole
proton hydration structure, thereby blue shifting O–H absorption bands that
are further away from the center of positive charge, and that have higher central
frequencies. The other explanation is that the hydrogen bonds of the proton
hydration cluster show a further (slower) adaptation (lengthening, bending) to
the ultrafast heat dissipation (resulting from the vibrational relaxation). Both
explanations account for a relatively slow increase of the absorption signal at
3600 cm−1 and a change in the anisotropy of this signal, i.e. a change of the
contributions of the different O–H modes of the hydrated proton cluster to the
signal.

The subsequent slower decay of the isotropic absorption changes with a time
constant of 1.2±0.1 ps can be assigned to the cooling of the hot proton hydration
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cluster. In this cooling process thermal energy is transferred to the surrounding
d-ACN matrix leading to a decrease of the isotropic absorption changes at all
frequencies.
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Figure 8.4. a) isotropic and b) anisotropic signals as a function of frequency mea-
sured for the [TfOH]:[H2O] = 1:3 system at different delay times. The filled markers
correspond to the measured data while the solid lines are the result of the kinetic
model that is discussed in the text and that is illustrated in Fig. 8.7.

For the [TfOH]:[H2O] = 1:2 and 1:3 systems, the transient spectrum shows a
strong overall blue-shift occurring within a few hundred femtoseconds. At delay
times shorter than the pump-probe cross-correlation time (200 fs) the maximum
of the bleach is centered near the pump frequency υpump = 2800 cm−1. The
vibrational relaxation of the O–H stretch vibration is very rapid (<100 fs) and
for [TfOH]:[H2O] = 1:3 the spectrum has already obtained the overall shape of
a local thermal spectrum already within the pump-probe cross-correlation time.

The data provide quite detailed information on the heat-relaxation dynamics
following vibrational relaxation. Fig. 8.4 (a) presents transient spectra measured
for the [TfOH]:[H2O] = 1:3 system at a few specific delay times. The bleaching
feature shows an ultrafast blue-shift with a time constant of a few hundred fem-
toseconds. Following this blue-shift, the transient spectrum shows a frequency-
independent single exponential decay with a time constant of 1.4±0.2 ps. We
assign this latter decay to the cooling of the heated proton-hydration clusters
to the surrounding d-ACN matrix.
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Fig. 8.4 (b) shows the presence of a bleaching signal at frequencies around
3450 cm−1 with a negative anisotropy value at early delay times. This nega-
tive anisotropy points at a competition between an induced absorption signal
with a high anisotropy and a bleaching signal with a low anisotropy. The in-
duced absorption signal contribution with high anisotropy is the local heated
response that results directly after the vibrational relaxation. This induced
absorption is more red-shifted than that of the thermalized proton hydration
cluster, because the initial heating following vibrational relaxation mainly af-
fects O–H vibrations close to the proton charge for which the absorption bands
are centered at lower frequencies. The initial heat response thus corresponds to
a large positive ∆α‖ and a small positive ∆α⊥ near 3450 cm−1. Substraction of
these induced absorption signals from the near-isotropic (nearly equal) negative
∆α‖ and negative ∆α⊥ (bleaching) signals of the fully thermalized response,
yields a net negative ∆α‖ (bleaching) signal that is smaller than the net nega-
tive ∆α⊥ (bleaching), which implies a negative anisotropy value. This negative
anisotropy value only arises at delay times where the two signals are more or less
comparable in size, i.e. directly following the vibrational relaxation and before
the thermalization of the cluster is complete. After ∼1 ps the contribution of
the locally heated state has become negligibly small, meaning that the signal is
fully determined by the thermalized response which corresponds to a bleaching
signal with a small positive anisotropy value at frequency of 3450 cm−1 .

8.3.4 Vibrational Predissociation

Beyond the above mentioned spectral dynamics related to vibrational relax-
ation and heat flow, we observed two interesting features in the data for the
[TfOH]:[H2O] = 1:3 system that suggest the existence of an additional process
induced by the excitation of the O–H stretch vibration of the hydrated proton
cluster. The first clue comes from the rather unusual anisotropy dynamics in
the bleaching region. Panel (b) in Fig. 8.4 displays the total frequency-resolved
anisotropy at various pump-probe delay times. Interestingly, there is a strong
and nearly linear frequency dependence in the bleaching region, i.e. ∼2800–3450
cm−1, with higher anisotropy values towards lower frequencies. This feature has
complicated associated dynamics, as is evident in Fig. 8.5 (b), showing delay
traces of R for a number of frequencies. While the high initial anisotropy at
all frequencies rapidly decays within the first picosecond, this is followed by a
relatively slow re-rise of the anisotropy until a maximum is reached at ∼6 ps.
Thereafter follows an even slower decay that reaches completion only at delays
>50 ps.

In a system with only one species contributing to the pump-probe signal
it is not possible for the anisotropy to increase over time. However, in sys-
tems in which several species contribute to the pump-probe spectrum, as is the
case here, the total anisotropy R(ω, t) is a weighted sum scaled by the relative
(time-varying) populations and (frequency-dependent) spectra, see Eq. (2.47).
Eq. (2.47) can have peculiar effects: if a slowly decaying state A with an ini-
tially small population but high anisotropy value spectrally overlaps with a
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more highly populated but rapidly decaying state B with low anisotropy, a re-
rise in the total anisotropy can occur. This kind of competitive behavior has
previously been observed for water in strongly heterogeneous systems, e.g. in
anionic reverse micelles, where the competition between the signal of the slowly
orienting but long-living surface water molecules, and the signal of the more
fast decaying and reorienting molecules in the bulk of the micelles, caused a
re-rise of the total anisotropy in the water O–H region [173, 174].
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Figure 8.5. (a) isotropic absorption change and (b) corresponding anisotropy as
a function of delay time measured for the [TfOH]:[H2O] = 1:3 system at different
frequencies. The filled markers correspond to the measured data while the solid lines
are the result of the kinetic model that is discussed in the text and that is illustrated
in Fig. 8.7.

The observation that the re-rise of the anisotropy closely follows the overall
decay of the isotropic signal (compare Fig. 8.5 (a) and (b)), which is domi-
nated by the (isotropic) heat flow from the cluster to the acetonitrile matrix,
strongly suggests that there exists a weak, underlying bleaching state with a
high and slowly decaying anisotropy. The contribution of this state to the total
anisotropy becomes more important over time to the point at which the cooling
is complete. An essential clue to the nature of this state is provided by another
striking feature of the isotropic spectra in the induced absorption region, as
given in Fig. 8.6 for the [d-ACN]:[H2O] = 1:3 system. At early times there is
just one band, initially centered at ∼3580 cm−1, which quickly blue-shifts to
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∼3590 cm−1 during the first 500 fs. The relaxation of this feature, however, re-
veals an underlying doublet structure (peak maxima at ∼3560 and 3650 cm−1),
becoming apparent only after ∼2 ps. This structure remains at late times, and
shows no tendencies of relaxing over several hundreds of picoseconds. The sim-
ilarity between these transient features and the linear spectra of dilute H2O in
acetonitrile, as given by the black line in bottom of Fig. 8.5, is striking. The
linear spectra was recorded at [d-ACN]:[H2O] = 100:1, i.e. when water clus-
tering is weak and monomeric H2O is the dominant species [169, 170]. It thus
seems that the vibrational excitation of an O–H vibration of a hydrated proton
structure leads to the creation of isolated H2O molecules in acetonitrile.
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Figure 8.6. High-frequency part of the isotropic transient spectra of the
[TfOH]:[H2O] = 1:3 system. At later delay times (>3 ps) the induced absorption
band splits into a doublet structure, that strongly resembles the absorption spectrum
of water monomers in acetonitril. The green line at the bottom of the figure presents
the linear absorption spectrum of dilute H2O in d-ACN (for a [d-ACN]:[H2O] ratio of
100:1).

The above observations lead us to the conclusion that part of the clusters
undergo IR-induced predissociation, i.e. the energy absorbed by the proton O–H
stretch vibration is for part of the vibrations not dissipated as heat but instead
causes a very fast cleavage of the hydrogen bond to one of its water partners. A
water molecule – most likely that being hydrogen-bonded to the excited proton
O–H group – is thus ejected from the cluster and carries the excess energy as
kinetic energy, which will dissipate into the acetonitrile matrix. This hypothesis
accounts for all the peculiar features discussed above: 1) As the predissociation
preferentially occurs in cases where the proton O–H transition dipole moment
was initially parallel to the pump-polarization, the bleaching state will show
a large positive anisotropy and 2) as this bleaching feature is associated with
cluster dissociation rather than vibrational excitation it can live for long times.
As a result its anisotropy also decays slowly, which is indeed what the data show.
The final decay of the anisotropy as seen in Fig. 8.5 (b), with a time constant of
12±0.5 ps, reflects the anisotropy dynamics of the residual cluster that results
from the predissociation. 3) The spectral dependence of the anisotropy re-rise
can be readily understood by noting that the maximum of the bleach from the
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dissociated clusters is probably close to 2800 cm−1 while the maximum of the
heated state is close to 3400 cm−1, the high-anisotropy contribution from the
dissociated clusters is thus stronger to the red, as seen in the data in Fig. 8.5
(b). And finally, 4) the creation of water fragments, ejected into the acetonitrile
matrix, is directly observable in the high-frequency induced absorption features
shown in Fig. 8.6.

8.3.5 Kinetic Model

Based on the reasoning above we have devised a kinetic model to fit the
complete isotropic signals and anisotropy for the [TfOH]:[H2O] = 1:3 data
set. The kinetic model describes the population transfer between states
with time-independent associated spectra and time-dependent (but frequency-
independent) anisotropies. The model is presented in Fig. 8.7. Panel (a) outlines
the structure of the kinetic model while (b) gives the respective spectra asso-
ciated with each of the states obtained from the fit. For each delay point the
model produces values of ∆α‖(ω, t) and ∆α⊥(ω, t) from which a total residual
sum of squared errors is calculated. By singular value decomposition (SVD)
and least square fitting we obtain the population relaxation times, the state
spectra and the anisotropy parameters that provide the best fit to the mea-
sured data. The time- and frequency-dependent results of the model are shown
together with the experimental data in Fig. 8.4 and Fig. 8.5 as solid lines. As
is immediately clear, the model captures all essential features of the data, both
in the isotropic and anisotropic components.

As argued above there are two types of relaxation pathways available in
which the energy of the vibrational excitation can dissipate; heating of the
aqueous cluster, with subsequent cooling to the surroundings, or fragmentation
of the cluster. The former process is governed by molecular-scale heat trans-
port and generally results in complex non-exponential time-dependent dynamics
[149]. The state S1 represents the initial excitation of the O–H stretch vibra-
tion. This state has largely relaxed within the pump-probe cross-correlation
time and thus does not contribute to the here considered data. As a result, a
simpler approximation of using only two states S2 and S3 (see Fig. 8.7), the
former describing a locally hot (red-shifted) state and the latter one where the
heat has delocalized over the aqueous cluster, well describes the present data.
The state S3 is, as expected, found to be isotropic (R = 0). This is due to the
random orientation of the hot O–H groups over the aqueous cluster. S2 however
has a non-zero anisotropy due to the highly local nature of the heating directly
following the vibrational relaxation. As shown in Fig. 8.6 (a), both S2 and
S3 are initially populated (approximating the fast part of the non-exponential
heat transport), while the remaining part of S2 mono-exponentially relaxes to
S3. From the fit we find a relaxation time constant of τ2,3 = 320±20 fs. At
frequencies near 3450 cm−1 the S2 spectrum constitutes an induced absorption
signal with a high anisotropy while the S3 spectrum represents a bleaching with
a low anisotropy. As discussed in the previous section, the competition between
these spectra explains the negative sign of the anisotropy of the net bleaching
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signal at delay times before the thermalization. i.e. before the relaxation to S3

is complete. The relaxation of S3 to S5, representing the cooling of the hot clus-
ter to the d-ACN matrix, is significantly slower, τ3,5 = 1.4±0.1 ps, and causes
the large relaxation of the overall signal at later delay times.
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Figure 8.7. Panel a) schematically illustrates the kinetic model used to describe
the dynamics of the [TfOH]:[H2O] = 1:3 system upon excitation with υpump = 2800
cm−1. The transient spectra that correspond to the different states of the model are
presented in panel b). The fit of the model to the experimental data is represented by
the solid lines in Fig. 8.4 and Fig. 8.5.

The competing relaxation mechanism with heat-dissipation from S1 is IR-
induced predissociation of the cluster, most likely causing the ejection of a
H2O monomer into the surrounding d-ACN. The predissociation results in the
population of state S4. The corresponding transient spectrum shows a broad
bleach in the proton absorption region (see Fig. 8.7) and a weak induced absorp-
tion feature in the blue wing pertaining to the IR-induced monomeric water.
In fitting the data it has become apparent that while most of the S4 popu-
lation (∼60%) stays constant during the measured time window (100 ps), a
smaller fraction (∼40%) relaxes to the S3 state with a time-constant of τ4,3 =
5.7±0.2 ps. A probable interpretation of this process is that some of the ejected
water molecules are re-associating with the parent cluster, potentially after
elastic collisions within the first molecular layer(s) of the acetonitrile matrix.
A similar behavior was observed for pre-dissociating and partly re-associating
ethanol clusters in CCl4 upon IR-excitation of the ethanol O–H stretch vibration
[175, 176].

Despite the complex spectral dynamics described by our model the
anisotropy relaxation dynamics of S2 and S4 are well constrained, given
that S3 and S5 are isotropic (R=0). This is because both S2 and S4 show
high initial anisotropy values (∼0.4), but dramatically different population
dynamics. As discussed above, the contribution of S4 to the total anisotropy
in the bleaching region is initially negligible due to the small fraction of S1

(20%) decaying to this state. Instead, the rapid anisotropy dynamics within
the first picosecond is almost exclusively due to the S2 state and governed by
the short lifetime of the state. The anisotropy behavior of S4 is however more



i
i

“Thesis˙Main˙Liu” — 2015/9/22 — 11:51 — page 114 — #114 i
i

i
i

i
i

114 Dynamics of Aqueous Protons in Acetonitrile 8.3

complex, showing clear non-exponential behavior that can be modeled with a
bi-exponential decay function with time constants of 2.3±0.1 ps and 12±0.5 ps.
Several origins of such a behavior can be thought of. The simplest hypothesis
is that the short time scale is related to a structural relaxation of the residual
cluster upon the ejection of the water fragment leading to a partial decay of
the anisotropy, while the long time constant reflects the rotation of the whole
residual cluster leading to a complete decay of the anisotropy.

8.3.6 Discussion

It is of interest to compare the vibrational relaxation dynamics of the aqueous
proton in clusters inside acetonitrile with that of other systems. In previous
studies of the Nafion membrane a vibrational-excitation-induced change of the
proton-hydration structure was observed that was found to involve the transfer
of the proton charge [135, 172]. The relatively long proton transfer time, τPT =
170±20 fs, allowed the real-time observation of the IR-activated interconversion
from Eigen to Zundel-like proton hydration structures. An essential condition
for this to be possible is a relatively long vibrational relaxation time compared
to the proton transfer time; in the dry Nafion membrane the T1 of proton O–H
vibration was found to be 350±30 fs, i.e. about two times of τPT [135]. In bulk
liquid water, on the other hand, the proton vibrational lifetime is significantly
shorter (T1 = 110±20 fs) and no IR-induced proton transfer is observed [21].
The reason for the large T1 of the proton O–H stretch vibration in the dry
Nafion membrane is most likely the association of the H3O+ with the sulfonate-
terminated side-chains (forming the counter ion of the proton in Nafion) and
the relatively poor coordination to other water molecules in the Nafion nano-
channels [112, 114]. The nano-confinement thus causes a strong reduction of
the intermolecular couplings required for efficient relaxation of the vibrational
excitation. The Nafion and bulk water systems can thus be thought of as limit-
ing cases; an aqueous proton in bulk water is completely non-confined whereas
the proton in a dry Nafion channel is strongly confined in two of the three
spatial dimensions, strongly affecting the available pathways for vibrational re-
laxation and thus the efficiency for IR-induced proton transfer. Apparently,
the H2O/TfOH/d-ACN systems studied here are in this respect more similar
to the bulk water case as we cannot clearly distinguish any IR-induced proton
transfer process. Though the existence of such a process is not unexpected,
and some indications of the occurrence of such a process were found for the
[TfOH]:[H2O] = 1:1 system (i.e. the initial negative anisotropy value of the
induced absorption at 3600 cm−1 of Fig. 8.4 (c)), the short T1 (< 100 fs) of
the proton O–H stretch vibration in the H2O/TfOH/d-ACN systems makes it
an insignificant channel. Finally, it is worth reflecting on the surprisingly high
efficiency for predissociation of the aqueous clusters in acetonitrile upon exci-
tation of the proton O–H stretch vibration. As a comparison it is interesting
to note that Cringus et al. observed no signs of fragmentation of pure water
clusters in acetonitrile upon selective excitation of the O–H stretch vibration of
hydrogen bonded water molecules [170]. This is somewhat surprising given that
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the H2O· · ·H2O hydrogen bonds could be expected to be weaker than those of
H3O+· · ·H2O, thus more easily disrupted. Furthermore, the vibrational quan-
tum energy required to excite the hydrogen bonded water molecule (3400 cm−1)
is larger than that of the proton (2800 cm−1), thus providing more excess en-
ergy for the fragmentation of the cluster. One possible explanation is the highly
heterogeneous character of the proton hydration structures in the aqueous clus-
ters. As mentioned earlier, the aqueous proton tends to strongly associate with
the triflate counterion [112]. In configurations where this association becomes
exceptionally strong there will be a significant charge redistribution over the
H3O+ ion towards the triflate ion, thus weakening the remaining H3O+· · ·H2O
hydrogen bonds. Such an effect most likely contributes to the broad blue wing
of the linear spectrum that is already observed at moderate hydration levels;
see Fig. 8.1. It is thus likely that the vibrational predissociation preferentially
occurs in clusters with such weakened H3O+· · ·H2O hydrogen bonds, lacking a
counterpart in the case of pure water clusters in acetonitrile.

8.4 Conclusions

We studied the vibrational relaxation and thermal relaxation dynamics of hy-
drated proton clusters in acetonitrile at different hydration levels following the
ultrafast excitation of one of the O–H stretch vibrations of the hydrated proton.
We found that the O–H stretch vibration relaxes very rapidly with a time con-
stant <100 fs. We observed that there are two relaxation pathways; for most
excited vibrations the vibrational energy dissipated in the relaxation is taken
up as heat by the aqueous cluster. Subsequently, the hot cluster cools by trans-
ferring its thermal energy to the acetonitrile surroundings. For a small fraction
of the clusters the excitation results in predissociation of one of the hydrogen
bonds of the hydrated proton cluster. This predissociation results in the ejection
of water monomer fragments, of which a minority fraction (∼40%) recombines
with the parent cluster. As a result, a long-living anisotropy is observed in
the proton O–H absorption region; the bi-exponential decay of which can be as-
signed to a structural re-organization and rotation of the residual predissociated
cluster.
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9

Isotope Effect of Hydrophobic
Anions Hydration Shell

We study the properties of water molecules at the surface of salt solu-
tions containing hydrophobic anions like triflate (CF3SO3

−), ethanesulfonate
(C2H5SO3

−), and butanesulfonate (C4H9SO3
−) using vibrational surface sum-

frequency generation (VSFG). The VSFG spectra reveal a surprisingly strong
isotope effect in the intra- and intermolecular mixing of the water molecules
contained in the hydration shells of the hydrophobic anions. The O–H stretch
vibrations of H2O molecules in the hydration shell are strongly mixed whereas
the O–D stretch vibrations of hydrating D2O molecules are decoupled. This iso-
tope effect is not observed for other ions like perchlorate (ClO4

−), and can be
explained from the enhanced tetrahedral structure organization of the hydration
shells of the hydrophobic ions.

9.1 Introduction

The addition of inorganic salts leads to an increase of the surface tension of
water, which implies that the ions avoid the surface. However, this notion only
concerns the average concentration of cations and anions, it does not imply that
the concentrations of cations and anions would show a gradual decrease towards
the interface. Molecular dynamics simulations showed that the concentrations
of halogenic anions show large irregularities close to the interface [177, 178].
According to these simulations, weakly hydrated anions like Br− and I− show
an excess concentration at the water-air interface, whereas strongly interacting
ions like F− ion are excluded from this interface. These predictions were con-
firmed in several experiments, including studies using surface second harmonic
generation (SHG), vibrational surface sum-frequency generation (VSFG) spec-
troscopy, soft X-ray photoelectron spectroscopy, and even atmospheric chemical
reactions [179–184].

The technique of VSFG has also been used to study the surface propensity
of more complex inorganic ions like ammonium (NH4

+), nitrate(NO3
−), sulfate

(SO4
−), thiocyanate (SCN−) and perchlorate ClO4

− [185–187]. In all these
studies the surface propensity was found to depend strongly on the strength of
the interaction between the ion and water. Ions that show a weak interaction

117
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with water like perchlorate have the highest surface propensity. The surface
propensity of inorganic ions thus closely follows the Hofmeister series.

The surface propensity of ions can be strongly enhanced by introducing hy-
drophobic groups to the ions [188]. Ions containing large hydrophobic groups,
like stearate and palmitate, have such a high surface propensity that they lower
the surface tension of liquid water, meaning that these ions are surfactants.
In this chapter, we study the vibrational response of the water molecules con-
tained in the hydration shells of the hydrophobic anions triflate (CF3SO3

−),
ethanesulfonate (C2H5SO3

−) and butanesulfonate (C4H9SO3
−) using conven-

tional vibrational sum frequency generation (VSFG) spectroscopy and phase
sensitive vibrational sum frequency generation (PS-VSFG) spectroscopy. The
measurements reveal a surprisingly strong isotope effect in the intra- and inter-
molecular interaction of the hydroxyl stretch vibrations of the water molecules
in the hydrations shell of these ions.

9.2 Experiment

We study the vibrational response of the hydration shells of ions at water-
air interfaces with vibrational sum-frequency generation (VSFG) spectroscopy,
as described in Section 3.3. Besides, we performed also phase-sensitive SFG
experiments.

VSFG is only capable of measuring the squared amplitude of the complex
second-order nonlinear susceptibility χ(2)(ω3 = ω1 + ω2). Information on the
phase and sign of χ(2) can be obtained by interfering the sum-frequency light
coming from the sample with sum-frequency light coming from a local oscillator.
We perform such a phase-sensitive VSFG (PS-VSFG) experiment by sending
the infrared and 800 nm beams first on a gold mirror to generate broadband
light at the sum frequency (local oscillator). Subsequently, the three beams (in-
frared, 800 nm and sum-frequency light) are sent together onto the salt solution
to generate the sample sum-frequency light. The sum-frequency light beam that
is generated at the gold mirror is delayed by ∆τ by sending this beam through
a tilted fused silica plate. The sum-frequency light generated at the gold mirror
and the sum-frequency light generated at the sample co-propagate to the spec-
trograph and are detected by the CCD camera. The detected intensity is given
by:

IPS−VSFG(ω3) ∝|Esample(ω3)|2 + |ELO(ω3)|2

+ E∗sample(ω3)ELO(ω3)eiω3∆τ

+ Esample(ω3)E∗LO(ω3)e−iω3∆τ (9.1)

The cross-term EsampleE
∗
LOe

−iω3∆τ contains the electric field of the sum-
frequency light originating from the sample and is directly proportional to the
complex χ(2).

The studied salts sodium triflate, sodium ethanesulfonate, sodium butane-
sulfonate and sodium perchlorate are all purchased from Sigma-Aldrich and
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Figure 9.1. Vibrational sum frequency generation (VSFG) spectra of solutions of
sodium triflate (NaCF3SO3) at different molar fractions x. (a) in H2O and (b) in
D2O

are used without further purification. The salts are dissolved in H2O and
D2O in a series of concentrations that are indicated with molar fractions x
=[salt]/([salt]+[water]).

9.3 Results and Discussion

Fig. 9.1 shows VSFG spectra of sodium triflate solutions at different molar
fractions. The spectrum of pure H2O shows a broad double band structure
with maxima at 3200 and 3400 cm−1, and an additional peak at 3750 cm−1.
The double band has been assigned to O–H stretch vibrations forming hydrogen
bonds to other water molecules. The structure of this band has been explained
from the near-resonant intra- and intermolecular coupling of the O–H stretch
vibrations, and the coupling of the O–H stretch vibrations with the overtone
of the bending mode [189]. The band at 3750 cm−1 has been assigned to the
stretch vibrations of non-hydrogen-bonded O–H groups that are sticking out of
the surface. The VSFG spectrum of pure D2O has a very similar shape. The
hydrogen-bonded O–D stretch vibrations give rise to a broad-band feature with
maxima at 2360 and 2500 cm−1 and the dangling O–D groups give rise to the
narrow band at 2730 cm−1.

The addition of sodium triflate leads to an additional band in the VSFG
spectrum at 3660 cm−1/2670 cm−1 for solutions in H2O/D2O. The amplitude
of this band increases with increasing mole fraction of sodium triflate. We
assign this band to a hydroxyl group forming a hydrogen bond to the sulfonate
group of the CF3SO3

− anion. This hydrogen bond is weak, which explains the
relatively high frequency of the hydroxyl stretch vibration. The additional band
at 3660 cm−1/2670 cm−1 is already observed at mole fractions of x = 0.0002,
corresponding to a bulk concentration of 10 mM, which implies that the triflate
anion shows a high surface propensity, which is a direct consequence of its
hydrophobic nature. The addition of sodium triflate also changes the shape
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Figure 9.2. Vibrational sum frequency generation (VSFG) spectra of solutions of
sodium butanesulfonate (NaC4H9SO3) at different molar fractions x. (a) for solutions
in H2O and (b) in D2O

and amplitude of the double band structure associated with the O–H/O–D
groups forming hydrogen bonds to H2O/D2O molecules. Interestingly, these
changes strongly depend on whether the salt is dissolved in H2O or D2O. In the
case of H2O the addition of sodium triflate leads to a blue shift of the double
band and little change in amplitude, whereas for D2O the addition of sodium
triflate hardly changes the frequency position of the double band but leads to
a significant increase of its amplitude.

In Fig. 9.2 we present VSFG spectra of solutions of sodium butanesulfonate
(NaC4H9SO3) in H2O and D2O. The butanesulfonate anion has the same sul-
fonate anionic group as triflate and only differs from the triflate anion in the
character of the hydrophobic group. The addition of sodium butanesulfonate
leads to very similar changes of the VSFG spectrum as the addition of sodium
triflate (Fig. 9.1). As in the case of sodium triflate, these changes occur already
at low molar fractions of sodium butylsulfonate, which shows that butanesul-
fonate anions have a high surface propensity. The spectral changes in the fre-
quency region of the O–H/O–D groups forming hydrogen bonds to H2O/D2O
show again a strong isotope effect. Similar effects are observed for solutions of
sodium ethanesulfonate (NaC2H5SO3) (see Fig. 9.3).

In Fig. 9.3 we show vibrational sum-frequency generation (VSFG) spectra
of solutions of sodium ethanesulfonate (NaC4H9SO3) at molar fractions ranging
from x=0 to x=0.019. The addition of sodium ethanesulfonate leads to an ad-
ditional band in the VSFG spectrum at 3620 cm−1/2670 cm−1 for solutions in
H2O/D2O. The amplitude of this band increases with increasing mole fraction of
sodium ethanesulfonate. This band is assigned to OH/OD groups of H2O/D2O
molecules that donate a hydrogen bond to the sulfonate group of the ethanesul-
fonate ion. The two bands at lower frequencies are assigned to OH/OD groups
of H2O/D2O molecules that donate hydrogen bonds to H2O/D2O molecules.
The concentration dependence of the VSFG spectra of sodium ethanesulfonate
(NaC2H5SO3) in H2O and D2O is very similar to that of solutions of sodium
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Figure 9.3. Vibrational sum frequency generation (VSFG) spectra of solutions of
sodium ethanesulfonate (NaC2H5SO3) at different molar fractions x, ranging from
x = 0 to x = 19× 10−3. a) for solutions in H2O; b) for solutions in D2O

butanesulfonate and sodium triflate, and shows a strong isotope effect. For
solutions in H2O the addition of ethanesulfonate results in a blue shift of the
two low-frequency peaks and little change in amplitude, whereas for solutions in
D2O the addition of ethanesulfonate mainly results in an increase in amplitude
of the two bands. The physical origin of this isotope effect are explained in
details in this chapter.

We performed PS-VSFG experiments to study the effect of hydrophobic an-
ions on the O–H and O–D stretch vibrations in more detail. In Fig. 9.4 we
present the measured Im(χ(2)) as a function of frequency for sodium triflate
solutions of different concentration in H2O and D2O. For comparison we also
present Im(χ(2)) of the water-air interfaces of pure H2O and D2O. The sign of
the imaginary part of the second-order susceptibility Im(χ(2)) directly reflects
the orientation of the transition dipole moments of the interfacial O–D/O–H
vibrations [72, 190–192]. A positive imaginary χ(2) corresponds to O–H/O–D
groups pointing towards air. For pure H2O/D2O Im(χ(2)) has a small positive
value at hydroxyl stretch vibrational frequencies <3100/2300 cm−1. These hy-
droxyl stretch vibrations correspond to strongly hydrogen-bonded O–H/O–D
groups. The main part of Im(χ(2)) between 3100 and 3600 cm−1 for H2O and
between 2300 and 2650 cm−1 for D2O, has a negative sign, indicative of a net ori-
entation towards the water phase. Finally, Im(χ(2)) of the dangling O–H/O–D
groups is positive, in line with the fact that these groups are sticking out of the
H2O/D2O surface.

The addition of sodium triflate leads to a large change in the amplitude and
sign of Im(χ(2)). The dominant negative part of pure H2O/D2O completely
disappears and gives way to a strong positive Im(χ(2)). This change in sign
of Im(χ(2)) reflects a change in the net orientation of the hydroxyl groups.
This change in net orientation can be explained from the difference in surface
propensity between the negative triflate anions and the positive sodium cations.
The hydrophobic triflate anions have a strong tendency to accumulate at the
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Figure 9.4. Imaginary part of the second-order susceptibility χ(2) of sodium triflate
(NaCF3SO3) solutions at different molar fractions x. (a) in H2O and (b) in D2O. The
imaginary χ(2) is determined with PS-VSFG spectroscopy.

water-air interface, whereas the sodium cations remain further away from this
interface. This separation of positive and negative charge near the water-air
interface yields a strong local electric field that orients the O–H/O–D groups
towards the interface, thus resulting in a positive Im(χ(2)). The mole frac-
tion of sodium triflate at which Im(χ(2)) becomes positive at all frequencies is
approximately x = 0.0005 (≈25 mM), both for H2O and for D2O. This simi-
larity in concentration indicates that the triflate anions show a similar surface
propensity in H2O and D2O. Hence, there appears to be no isotope effect in
the surface propensity of triflate. Nevertheless, at higher triflate concentra-
tions the frequency position and amplitude of Im(χ(2)) strongly differ for H2O
and D2O. For H2O Im(χ(2)) is much more strongly blue shifted than for D2O,
whereas for D2O the amplitude of the positive Im(χ(2)) is more enhanced than
for H2O. These observations agree with the results of the intensity VSFG spec-
tra of Fig. 9.1. It is clearly show in Figs. 9.1, 9.2 and 9.4 that the addition of
triflate and butanesulfonate has a quite different effect on the VSFG spectrum
for solutions in H2O than for solutions in D2O.

This strong isotope effect can be explained from the difference in strength
of the intramolecular and intermolecular (Förster) dipole-dipole interactions of
the hydroxyl vibrations of H2O and D2O. For pure H2O and pure D2O the near-
resonant intramolecular and intermolecular interactions lead to a strong mixing
of the local hydroxyl vibrations and a delocalization of the hydroxyl stretch
vibrations. As a result, the first excited state of the O–H/O–D vibration is
a delocalized exciton state that comprises several local O–H/O–D excitations
[92, 193, 194].

For solutions of triflate, ethanesulfonate and butanesulfonate in H2O, the
intra- and intermolecular couplings lead to the formation of delocalized vibra-
tonial exciton states that include both O–H groups forming hydrogen bonds to
H2O molecules and O–H groups that form weak hydrogen bonds to the sul-
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fonate group. These exciton states will be blue shifted in comparison to the
exciton states of pure H2O. The absence of such a blue shift for solutions of
these hydrophobic anions in D2O indicates that the O–D stretch vibrations are
far less mixed than the O–H stretch vibrations.

The amount of mixing of O–H/O–D vibrations depends both on the inter-
action energy and the difference in site energy. Substantial mixing occurs when
the interaction energy exceeds the differences in site energies. Going from H2O
to D2O the intra- and intermolecular interaction energies and the differences in
site energies will decrease. The intramolecular and intermolecular interaction
energies are both proportional to the product of the transition dipole moments
of the coupled hydroxyl stretch vibrations. The transition dipole moment of the
O–H stretch vibration is ∼

√
2 larger than that of the O–D stretch vibration, and

thus the interaction energy will be ∼2 times larger for H2O than for D2O. The
smaller interaction energy of D2O corresponds to a lower rate of near-resonant
energy transfer between local O–D stretch vibrations. Indeed this rate was mea-
sured to be >2 times smaller for D2O than for H2O [92, 193, 194]. Going from
H2O to D2O the differences in site energies, i.e. the differences in local hydroxyl
vibrational frequencies, are expected to decrease by a factor ∼

√
2. The isotope

effect of the site energy differences is thus smaller than the isotope effect of the
intra- and intermolecular interactions. This difference in isotope effect explains
why the water-bound and anion-bound hydroxyl vibrations are well mixed in
solutions of triflate, ethanesulfonate and butanesulfonate in H2O and poorly
mixed in solutions of these anions in D2O.
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Figure 9.5. Vibrational sum frequency generation (VSFG) spectra of solutions of
sodium perchlorate (NaClO4) at different molar fractions x.(a) in H2O and (b) in
D2O.

From the above it is clear that the amount of mixing of water-bound and
anion-bound hydroxyl vibrations is a subtle effect that depends on the distri-
bution of the local site energies of the hydroxyl vibrations. To study this effect
in more detail we measured VSFG spectra of solutions of other salts in H2O
and D2O. In Fig. 9.5 we show VSFG spectra of solutions of sodium perchlorate
in H2O and D2O. The addition of sodium perchlorate is also seen to lead to
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an additional band in the spectrum at a relatively high frequency, as was the
case for the triflate (Fig. 9.1), butanesulfonate (Fig. 9.2) and ethanesulfonate
(Fig. 9.3) solutions. Following the work of the group of Allen we assign this
band at 3600 cm−1/2620 cm−1 to O–H/O–D groups forming hydrogen bonds
to the perchlorate (ClO4

−) anions [185]. These hydrogen bonds are weak and
probably directed towards the middle of the O-O ridges of the tetrahedral per-
chlorate anion [195]. The changes of the VSFG spectrum induced by perchlorate
are quite similar for H2O and D2O. For both solvents the VSFG spectrum of
the broad double band shows a blue shift and a decrease in amplitude. Hence,
the isotope effect on the shape of the VSFG spectra of perchlorate solutions is
small, in strong contrast to the VSFG spectra of solutions of triflate (Fig. 9.1),
ethanesulfonate (Fig. 9.3) , and butanesulfonate (Fig. 9.2).

The results of Fig. 9.5b show that for solutions of sodium perchlorate in
D2O the stretch vibrations of O–D groups donating hydrogen bond to D2O are
quite well mixed with the stretch vibrations of O–D groups donating hydrogen
to ClO4

−. This finding implies that for ClO4
− the intra- and intermolecular

interaction energy is sufficiently large to overcome the differences in local fre-
quencies of the O–D stretch vibrations. As the transition dipole moments are
not very different, it thus appears that for ClO4

− the stretch vibration of the
O–D group donating a hydrogen bond to the anion is closer in frequency to the
stretch vibrations of other nearby O–D groups than for triflate, ethanesulfonate
and butanesulfonate. This can be due to two effects. The first effect is that the
frequency of O–D group donating a hydrogen bond to the anion is somewhat
less blue shifted for perchlorate than for the studied hydrophobic anions. A sec-
ond effect is that the stretch frequencies of other nearby O–D groups that form
hydrogen bonds to D2O would be lower in the case of the studied hydrophobic
anions than in the case of perchlorate. It has been found that water molecules
hydrating hydrophobic groups have an enhanced tetrahedral hydrogen-bonded
structure which implies that their vibrational spectrum will be redshifted and
narrower compared to that of water molecules in bulk liquid water [196]. Hence
the O–H/O–D groups that donate a hydrogen bond to an H2O/D2O molecule
in the hydrophobic hydration shell of triflate, ethanesulfonate and butanesul-
fonate can have frequencies that are quite strongly redshifted with respect to
the O–H/O–D groups that donate a hydrogen bond to the sulfonate group of
these hydrophobic anions. In the case of D2O, this large frequency difference
in combination with the weaker interaction energy, precludes the mixing of the
O–D stretch vibrations in the hydration shell of the hydrophobic anion. For
H2O, the interaction energy still suffices to mix the O–H stretch vibrations of
the H2O molecules hydrating the hydrophobic part with the O–H stretch vibra-
tions of the hydroxyl groups donating a weak hydrogen bond to the sulfonate
group.

We also measured bulk IR absorption spectra of solutions of sodium triflate
and sodium perchlorate in H2O and D2O to investigate whether the differences
in vibrational response are specific for the water surface. The results are shown
in Fig. 9.6. It is seen that the IR spectra show very similar trends as the VSFG
spectra. The addition of sodium triflate leads to a much stronger blue shift
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Figure 9.6. Infrared absorption spectra of solutions of sodium triflate (NaCF3SO3)
in H2O (a), in D2O (b) and sodium perchlorate (NaClO4) in H2O (c), in D2O (d).

of the main hydrogen-bonded band for solutions in H2O than for solutions in
D2O. This shows again that the stretch vibrations of the anion-bound and water-
bound hydroxyl groups are much more strongly mixed for solutions in H2O than
for solutions in D2O. The poor mixing of anion-bound and D2O-bound O–D
vibration in the hydration shells of triflate and butanesulfonate thus persists in
the bulk. For the perchlorate solutions the blue shift of the main band of the
IR spectrum is similar for H2O and D2O, showing that the perchlorate-bound
and water-bound hydroxyl stretch vibrations show a similar strong mixing in
H2O and D2O.

Solutions of triflate, ethanesulfonate and butanesulfonate do not only show
a strong isotope effect in the frequency position of the bands but also in the am-
plitude. The addition of these anions to D2O leads to a rather strong increase in
amplitude of the main band of the VSFG spectrum, whereas for H2O the ampli-
tude of this band hardly changes. This isotope effect can also be explained from
the difference in mixing of the anion- and water-bound hydroxyl vibrations for
H2O and D2O. The addition of triflate, ethanesulfonate and butanesulfonate
or butanesulfonate to H2O and D2O affects the amplitude in different ways.
In the first place, the electric field resulting from the accumulation of anions
at the surface increases the orientation of O–H/O–D groups towards the inter-
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face, thus enhancing the VSFG signal. This orientation effect is clearly seen
in the increase of Im(χ(2)) shown in Fig. 9.4. Second, the accumulation of the
hydrophobic anions at the interface will lead to a decrease of the density of
H2O/D2O molecules which decreases the VSFG signal. These two effects will
be similar for H2O and D2O. For H2O a third effect is formed by the mixing
of the O–H groups forming hydrogen bonds to H2O with O–H groups bonded
to the anion. This mixing leads to the formation of new delocalized states
with a large frequency spread and a weaker average hydrogen-bond strength
which decreases the associated VSFG signal. This latter effect will be small
for D2O as the O–D groups forming hydrogen bonds to D2O poorly mix with
O–D groups forming hydrogen bonds to the anion. As a result, the average
hydrogen bond strength and thus the cross-section of the O–D vibrations in the
main VSFG band remains large. Hence, for D2O the main band of the VSFG
spectrum increases in amplitude because of the orienting electric field created
by the anions at the interface, whereas for H2O the main band hardly changes
in amplitude because the orientation effect is counteracted by the deteriorating
effects of mixing on the cross-section.

9.4 Conclusions

We studied the vibrational response of water molecules at the surface of so-
lutions containing hydrophobic anions using vibrational surface sum-frequency
generation (VSFG) spectroscopy. The addition of ions like triflate (CF3SO3

−),
ethanesulfonate (C2H5SO3

−), butanesulfonate (C4H9SO3
−) is observed to lead

to the rise of a high-frequency resonance at 3660/2670 cm−1 that is assigned
to the stretch vibration of an O–H/O–D group forming a weak hydrogen bond
to the anion. This additional band is already observed at a low mole fraction
of x = 0.0002 (corresponding to a concentration of 10 mM), which shows that
these ions have a very high surface propensity.

The addition of triflate, ethanesulfonate, and butanesulfonate strongly af-
fects the frequency position and amplitude of the main band of the VSFG
spectrum of H2O/D2O. For solutions in H2O, the addition of these hydropho-
bic anions is observed to lead to a strong blue shift of the main band of the
VSFG spectrum and little change in amplitude, whereas for solutions in D2O
the addition of these anions hardly changes the frequency position of the main
band but leads to a strong increase in amplitude.

This strong isotope effect can be explained from the difference in intra- and
intermolecular coupling of O–H and O–D vibrations in the hydration shells of
the hydrophobic anions. The intra- and intermolecular coupling of water hy-
droxyl vibrations scales with the product of the transition dipole moments of
the coupled stretch vibrations, which means that this interaction is ∼2 times
larger in H2O than in D2O. As a result, O–H groups forming hydrogen bonds
to H2O show significant mixing with O–H groups forming weak hydrogen bonds
to the sulfonate group of triflate, ethanesulfonate or butanesulfonate, whereas
for the O–D groups in D2O this mixing is poor. This isotope effect is not ob-
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served for other ions like perchlorate, which can be explained from the enhanced
tetrahedral structure of water hydrating hydrophobic groups. As a result of the
enhanced structure, the stretch vibrations of the hydroxyl groups hydrating the
hydrophobic part of the ion have low and well-defined vibrational frequencies,
which in the case of D2O precludes their mixing with the high-frequency stretch
vibrations of the hydroxyl group hydrating the sulfonate group of the ion. For
H2O, the interaction energy still suffices to mix the O–H stretch vibrations of
the H2O molecules hydrating the hydrophobic part with the O–H stretch vibra-
tions of the hydroxyl groups donating a weak hydrogen bond to the sulfonate
group.
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Summary

The proton (H+) exists in water as a hydrated complex instead of a bare ion,
because of its extremely high charge density, as a result of which it strongly
binds to surrounding water molecules. Hydration of the proton by one water
molecule leads to the formation of a hydronium ion (H3O+). In liquid water
the hydronium ion is further hydrated to form proton hydration complexes
like the Eigen complex H9O5

+ and the Zundel complex H5O2
+. In fact there

exists a broad distribution of different proton hydration complexes H·(H2O)n
+

in water, and the Eigen and the Zundel complexes just form two limiting cases.
In liquid water the proton hydration complexes are very dynamic, the hydrogen
bonds in the hydration shell continuously break and reform. As a result of
these structural dynamics the proton charge can get transferred from one water
molecule to another.

Protons in water are transferred by the Grotthuss mechanism which involves
an ongoing restructuring of the hydrogen-bond network. Thanks to this mecha-
nism, the proton and the hydroxide ion diffuse several times faster than normal
ions, that diffuse via oridinary Stokes diffusion: the conductivity of H+ in water
is about seven times higher than that of Na+, and the conductivity of OH− in
water is about three times higher than that of Cl−. Because of its high con-
ductivity and unique transfer mechanism, the proton plays a key role in many
chemical and biological processes like atmospheric reactions, photosynthesis,
and hydrogen fuel cells. Most of these proton-involved processes take place in
confined environments, such as the channels provided by ATP synthetic systems
and the nano-channels of Nafion membranes. Understanding the mechanism of
proton transfer in confinement is essential for the utilization and control of
proton-involved processes.

In order to understand the proton transfer mechanism in confinement on
the molecular scale, we investigated the structural and dynamical properties
of the O–H vibrations (which strongly absorb light in the infrared region of
the spectrum) of the proton hydration complexes, using polarization-resolved
femtosecond infrared pump-probe spectroscopy. In this method the O–H vibra-
tional modes of proton hydration complexes are excited by a short and intense
infrared pulse. The absorption spectrum of the excited sample is different from
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that of the non-excited sample, and this absorption change is monitored by a de-
layed probe pulse. By varying the delay time of the probe relative to the pump,
we obtain the time evolution of the absorption difference spectra, from which
we obtain information on several dynamical aspects of the proton hydration
complex, like vibrational relaxation, spectral diffusion, molecular reorientation,
Förster energy transfer. This information provides us with unprecedented in-
formation on the mechanism of proton transfer on the molecular scale.

In Chapter 4, we study the vibrational relaxation and anisotropy dynamics
of the hydration shells of OH− ions. We observe that the excited O–H stretch
vibration of water molecules that hydrate the OH− ion first relax to a local hot
state with a concentration independent time constant of 200 fs. The local hot
state then decays to a final state in which the energy is thermally distributed
over the focus of the exciting laser pulse. The time constant of the equilibration
process rises with increasing concentration, from 1.2 ps for a 0.5 M solution to
4.5 ps for a 10 M solution. The local hot state is observed to be anisotropic,
showing that the energy of the excited O–H stretch vibrations is first dissipated
within the hydration complex. The anisotropy of the local hot state decays
both as a result of the reorientation of the OH− hydration complex and as a
result of heat diffusion from the excited complexes to non-excited complexes.
Modelling the anisotropy data at different concentrations allows for an accurate
determination of the number of water molecules in the hydration shell of the
OH− ion, the reorientation dynamics of the OH− hydration complex, and the
molecular-scale heat diffusivity.

In Chapter 5, we observe a strong reorganization of the proton hydration
structure in hydrated Nafion membranes following single-quantum excitation
of a proton vibration with ∼4 µm light pulses. After excitation by an intense
infrared pulse, the O–H vibration in the hydronium core of an Eigen complex
evolves to a Zundel proton vibration (O· · ·H+· · ·O), which is observed as a
strong red-shift of the transient bleaching spectrum. Accompanied by the evo-
lution of the O–H vibration to a proton vibration, the other two non-excited
O–H modes of the Eigen complex turn into higher-frequency O–H stretch vibra-
tions of water molecules that are flanking the Zundel proton. This evolution is
observed as a delayed extra absorption at 3270/3520 cm−1. This structural reor-
ganization takes place with a time constant of 170±20 fs. The higher-frequency
O–H stretch vibrations of water molecules flanking the Zundel proton are at a
quite large angle with respect to the proton vibration, which agrees with the
initial negative value of the anisotropy of the induced water-like O–H stretch
absorption bands. The anisotropy values of the excited proton vibration and
the induced absorption both relax to a value of ∼0.1 with a time constant of
120±30 fs. This final value of the anisotropy indicates that the excitation has
randomized in the plane of the central H3O+ ion of the Eigen hydration struc-
ture, meaning that the vibrational excitation is delocalized over the three O–H
groups of the central H3O+ ion.

In Chapter 6, we study the vibrational dynamics of hydrated protons in
Nafion membranes at different hydration levels. At low hydration levels we ob-
serve that the excitation of the proton vibration of an Eigen-like proton hydra-
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tion structure leads to a structural relaxation process in which the Eigen-like
structure evolves to a Zundel-like proton hydration structure, as observed in
Chapter 5. At high hydration levels the spectral dynamics are dominated by
vibrational energy relaxation and subsequent cooling of the proton hydration
complex. Using a kinetic analysis of the transient spectral data, we determine
the rates of proton transfer, vibrational energy relaxation and cooling as a
function of the hydration level. We find that infrared-induced proton transfer
occurs at all hydration levels, but becomes less observable at high hydration
levels due to the acceleration of the vibrational relaxation and the increasingly
dominant influence of the heating effect that results from the vibrational energy
relaxation.

In Chapter 8, We studied the vibrational relaxation and thermal relaxation
dynamics of proton hydration complexes in acetonitrile at different proton to
water ratios ([H+]:[H2O] varies from 1:1 to 1:3), following the ultrafast excitation
of one of the O–H stretch vibrations of the H3O+ ion. We found that there
are two relaxation pathways: for most excited vibrations the vibrational energy
dissipated in the relaxation (with a time constant <100 fs) is taken up as heat by
the aqueous cluster (with a time constant of 320±20 fs). Subsequently, the hot
complex cools by transferring its thermal energy to the acetonitrile surroundings
(with a time constant of 1.4±0.1 ps). For a small fraction of the complexes the
excitation leads to ultrafast predissociation of one of the hydrogen bonds of the
proton hydration complex,and thus to the ejection of water monomer fragments.
As a result, a long living bleaching signal with high anisotropy is created.

A similar pre-dissociation of proton hydration complexes is observed in
Chapter 7. In this chapter we investigated the dynamics of the bending mode
of the hydronium ion in hydrated Nafion. The excited bending mode relaxes
via two relaxation channels. The main fraction of the excited hydronium ions
is found to relax to an intermediate (local hot) state with a time constant T1 of
175 fs, and subsequently to an equilibrated thermal state with a time constant
Teq of 1.53 ps. A small fraction of the excited bending modes is observed to re-
lax via predissociation of a hydrogen bond. In this process, one of the hydrogen
bonds between the hydronium ion and its first hydration shell is broken, lead-
ing to a long-living bleaching of the absorption band of the hydronium bend
vibration. Due to the ultrafast character of the predissociation process, this
bleaching signal has a high associated anisotropy that decays with a long time
constant of 38±4 ps, probably as a result of structural relaxation of the proton
hydration complex within the Nafion nano-channel.

In Chapter 9 we use vibrational surface sum-frequency generation (VSFG)
spectroscopy to study the vibrational response of the hydration shells of hy-
drophobic anions like triflate (CF3SO3

−), ethanesulfonate (C2H5SO3
−), and

butanesulfonate (C4H9SO3
−). The addition of triflate, ethanesulfonate, and

butanesulfonate strongly affects the frequency and amplitude of the main band
of the VSFG spectrum of H2O/D2O. For solutions in H2O, the addition of these
hydrophobic anions leads to a strong blue shift of the main band of the VSFG
spectrum but little change in amplitude. In contrast, for solutions in D2O the
addition of these anions hardly changes the frequency of the main band but
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leads to a strong increase in amplitude. This observation can be explained by
a strong isotope effect in the intra- and intermolecular mixing of the hydroxyl
stretch vibrations of the water molecules contained in the hydration shells of
the hydrophobic anions. The O–H stretch vibrations of H2O molecules in the
hydration shell are strongly mixed whereas the O–D stretch vibrations of the
hydrating D2O molecules are decoupled. This isotope effect is not observed for
other ions like perchlorate (ClO4

−), which can be explained from the stronger
mixing of the OH vibrations as a result of the smaller difference between the
frequencies of the water hydroxyl groups that are hydrogen bonded to anions
and the frequencies of the water hydroxyl groups that are hydrogen bonded to
other water molecules.
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Samenvatting

Het proton (H+) bestaat in water als een gehydrateerd complex in plaats van
een kaal ion, omdat het proton zich zeer sterk bindt aan omringende wa-
termoleculen. Deze sterke binding is een direct gevolg van de zeer hoge la-
dingsdichtheid van het proton. Als het proton door een enkel watermolecuul
wordt gehydrateerd, vormt zich een zogenaamd hydronium ion (H3O+). In
vloeibaar water wordt het hydronium verder gehydrateerd tot gehydrateerde
protoncomplexen als het Eigen complex H9O5

+ en het Zundel complex H5O2
+.

In feite bestaan er in water heel veel verschillende gehydrateerde protoncom-
plexen H·(H2O)n

+, met het Eigen en het Zundel complex als limietgevallen In
vloeibaar water zijn gehydrateerde protoncomplexen zeer dynamisch, de water-
stofbruggen in de hydratieschil breken en hervormen op zeer korte tijdschaal.
Een belangrijke consequentie van deze voortdurende structurele reorganisatie is
dat de lading van het proton voortdurend van het ene water molecuul naar het
andere wordt overgedragen.

Het proton diffundeert in water voornamelijk via het zogenaamde Grotthuss
mechanisme. In dit mechanisme wordt de gehydrateerde protonstructuur locaal
afgebroken en ergens anders weer opnieuw opgebouwd. Dankzij het Grotthuss
mechanisme, diffunderen protonen en hydroxide ionen vele malen sneller door
water dan normale ionen (die zich verplaatsen via normale Stokes diffusie): de
geleidbaarheid van H+ in water is ongeveer zeven keer hoger dan de geleid-
baarheid van Na+ en de geleidbaarheid van OH− in water is ongeveer drie
keer hoger dan de geleidbaarheid van Cl−. Vanwege de hoge geleidbaarheid
en het unieke transportmechanisme speelt het proton een belangrijke rol in vele
chemische en biologische processen, zoals in atmosferische reacties, fotosynthese
en in waterstof brandstofcellen. Veel van deze processen vinden plaats in een
sterk begrensde omgeving, zoals de kanalen van transmembraaneiwitten als ATP
synthetase en de kanalen van Nafion protonuitwisselingsmembranen. Een beter
begrip van het mechanisme waarmee protonen in dit soort sterk ingeperkte
omgevingen worden getransporteerd kan sterk bijdragen aan de optimalisatie
van complexe chemische systemen als waterstof brandstofcellen.

In dit proefschrift heb ik onderzoek gedaan naar het mechanisme van pro-
tongeleiding in sterk ingeperkt water. Hiertoe heb ik de dynamica van de O–H
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vibraties van proton hydratiecomplexen onderzocht met behulp van polarisatie-
opgeloste femtoseconde infrarood pomp-probe spectroscopie. In deze techniek
worden de O–H strekvibraties van de proton hydratiecomplexen geëxciteerd met
een ultrakorte (femtoseconde) intense infrarood puls. Door de excitatie veran-
dert het absorptiespectrum van de proton hydratiecomplexen. Deze absorp-
tieverandering wordt gemeten met een vertraagde ultrakorte infrarood probe
puls. Door het tijdsverschil tussen de pomp en de probe puls te variëren, kun-
nen we de tijdsevolutie van het absorptiespectrumverschil bepalen. Uit deze
dynamica verkrijgen we belangrijke informatie over de vibratierelaxatie, spec-
trale diffusie, moleculaire reorientatie, en de Förster energie overdracht van het
proton hydratatiecomplex. Deze parameters geven op hun beurt inzicht in het
mechanisme van protonoverdracht op moleculaire schaal.

In hoofdstuk 4, bestuderen we de vibratierelaxatie en anisotropiedyna-mica
van de hydratatieschillen van hydroxide (OH−) ionen. We vinden dat de aanges-
lagen O–H strekvibraties van water moleculen rondom het OH− ion relaxeren
met een tijdsconstante van 200 fs, onafhankelijk van de OH− concentratie. Deze
relaxatie leidt tot een hele sterke lokale verhitting. Deze lokaal verhitte toestand
relaxeert vervolgens naar een toestand waarin de energie thermisch verdeeld is
over het focus van de pomp puls. De tijdsconstante van dit tweede equili-
bratieproces neemt toe met toenemende concentratie, van 1.2 ps voor een 0.5
M oplossing tot 4.5 ps voor een 10 M oplossing. De lokaal verhitte toestand
is anisotroop, wat betekent dat de energie van de aangeslagen O–H strekvi-
braties wordt overgedragen aan een beperkt aantal moleculen binnen het hy-
dratatiecomplex van het OH− ion. De anisotropie van de lokaal verhitte toes-
tand relaxeert zowel door reorientatie van het OH− hydratatiecomplex als door
diffusie van warmte van de geëxciteerde complexen naar niet- geëxciteerde com-
plexen. Door de anisotropiedata voor verschillende concentraties te modelleren
kunnen we een aantal belangrijke parameters bepalen zoals het aantal water-
moleculen in de hydratieschil van het OH− ion, de reorientatietijdsconstante
van het OH− hydratiecomplex en de snelheid van warmtediffusie op molecu-
laire schaal.

In hoofdstuk 5 beschrijven we de resultaten van metingen aan de vibraties
van proton hydratatiestructuren in Nafion membraanen. We ontdekten dat ex-
citatie van een protonvibratie met ∼4um lichtpulsen.leidt tot een in-grijpende
structurele reorganisatie van de proton hydratatiestructuur. Door deze re-
organisatie verandert de geëxciteerde O–H vibratie van de hydroniumkern
(H3O+) van een Eigen complex in de protonvibratie van een Zundel com-
plex (O· · ·H+· · ·O) . Tegelijkertijd met deze verandering van de geëxciteerde
O–H vibratie van het hydronium ion, veranderen de twee niet-aangeslagen O–H
groepen van het hydronium ion in een H2O molecuul wat direct grenst aan
het Zundel proton. Door deze verandering krijgen de niet-geëxciteerde O–H
vibraties een hogere frequentie, wat in ons experiment wordt waargenomen als
een ingroeiende extra absorptie bij 3270/3520 cm−1. Deze fundamentele struc-
turele reorganisatie vindt plaats met een tijdsconstante van 170±20 fs en ver-
toont buitengewoon grote verwantschap met de structurele omzetting die ten
grondslag ligt aan het protontransport in vloeibaar water via het Grotthuss
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gelei-dingsmechanisme. De hoog-frequente O–H strekvibraties van de water
moleculen die direct grenzen aan het nieuw gevormde Zundel proton staan on-
der een vrij grote hoek ten opzichte van de geëxciteerde O–H vibratie. Hierdoor
heeft de anisotropie van de extra absorptie bij 3270/3520 cm−1 een negatieve
waarde. De anisotropie van de extra absorptie en de geëxciteerde O–H vi-
bratie relaxeren allebei naar een waarde van ∼0.1 met een tijdsconstante van
120±30 fs. Deze eindwaarde van de anisotropie wijst erop dat de excitatie wordt
herverdeeld over de drie O–H groepen van het centrale H3O+ ion.

In hoofdstuk 6 bestuderen we de vibratiedynamica van proton hy-
dratatiestructuren in Nafion membranen voor verschillende hydratatieniveaus.
Bij lage hydratatieniveaus leidt excitatie van een protonvibratie van een
Eigen proton hydratatiestructuur tot omzetting naar een Zundel proton hy-
dratatiestructuur, precies zoals is waargenomen in hoofdstuk 5. Bij hoge
hydratatieniveaus wordt de spectrale dynamica gedomineerd door de vibratiere-
laxatie en het daaropvolgende afkoelen van het proton hydratatiecomplex. We
analyseren de tijdsopgeloste spectrale veranderingen met een kinetisch model.
Uit de modellering volgen de snelheidsconstantes van de protonoverdracht, de
vibratierelaxatie en het afkoelingsproces als functie van het hydratatieniveau.
Uit de analyse volgt dat infrarood-geinduceerde proton overdracht plaatsvindt
bij alle hydratatieniveaus. Echter, de protonoverdracht wordt steeds moei-
lijker waarneembaar met toenemende hydratatiegraad omdat het competitieve
vibratierelaxatieproces steeds sneller verloopt en geassocieerde absorptieveran-
deringen heeft die het signaal in steeds sterkere mate gaan domineren.

In hoofdstuk 8, bestuderen we de vibratierelaxatie en thermische relaxatie-
dynamica van proton hydratatiecomplexen in acetonitril voor verschillende ver-
houdingen van het proton en water (([H+]:[H2O] varieert van 1:1 tot 1:3). We
vonden dat de O–H strekvibraties van het H3O+ ion relaxeren via twee ver-
schillende paden. Voor de meeste vibraties relaxeert de vibratie met een tijd-
sconstante <100 fs binnen het hydratatiecomplex, wat leidt tot een zeer sterke
lokale verhitting. Vervolgens koelt het verhitte complex af door overdracht van
thermische energie naar de acetonitril omgeving (met een tijdsconstante van
1.4±0.1 ps). Voor een kleine fractie van de clusters leidt het exciteren van
de O–H strekvibratie tot een dissociatie van één van de waterstofbruggen van
het proton hydratatiecomplex, wat tot gevolg heeft dat een watermolecuul los-
raakt van het complex. Dit tweede relaxatiekanaal leidt tot een reductie van
de absorptie van de O–H strekvibraties. Deze reductie van de absorptie van de
O–H strekvibraties van het gedissocieerde complex heeft een hoge geassocieerde
anisotropiewaarde, omdat de excitatiekans van het proton hydratatiecomplex,
en dus de kans op predissociatie, intrinsiek afhankelijkheid is van de relatieve
oriëntaties en van de overgangsdipoolmomenten van de O–H strekvibraties van
het complex ten opzichte van de polarisatie van de pomppuls.

Een vergelijkbare predissociatie van proton hydratatiecomplexen nemen we
waar in hoofdstuk 7. In dit hoofdstuk onderzoeken we de dynamica van de
buigvibratie van hydronium (H3O+) in gehydrateerde Nafion membranen. De
geëxciteerde buigvibratie relaxeert via twee relaxatie paden. De grootste frac-
tie vervalt naar een tussenliggende toestand met een tijdsconstante T1 van 175
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fs. Deze toestand correspondeert met een zeer sterke lokale verhitting van het
proton hydratatiecomplex. Vervolgens koelt het complex en stelt zich een ther-
misch evenwicht in. Dit proces vindt plaats met een tijdsconstante Teq van
1.53 ps. Een kleine fractie van de geëxciteerde buigvibraties relaxeert via pre-
dissociatie van één van de waterstofbruggen van het complex. Dit proces leidt
tot een lang-levende bleking van de absorptieband van de buigvibratie. Om-
dat de kans op excitatie en dus predissociatie afhangt van de oriëntatie van
het overgangsdipoolmoment van het complex ten opzichte van de polarisatie
van de pomppuls,.heeft dit blekingssignaal een hoge geassocieerde anisotropie.
Deze anisotropie vervalt met een lange tijdsconstante van 38±4 ps, waarschi-
jnlijk door structurele relaxatie van het proton hydratatiecomplex in de Nafion
nanokanalen.

In hoofdstuk 9 gebruiken we vibrationele oppervlakte som-frequentie gene-
ratie (VSFG) spectroscopie om de vibrationele respons van de hydratatieschillen
van hydrofobe anionen zoals triflaat (CF3SO3

−), ethaansulfonaat (C2H5SO3
−),

en butaansulfonaat (C4H9SO3
−) te bestuderen. De toevoeging van deze ionen

heeft een groot effect op het VSFG spectrum van de watermoleculen aan het op-
pervlak van de oplossing. Dit effect is heel anders voor oplossingen in H2O dan
in D2O. Voor oplossingen in H2O leidt het toevoegen van deze hydrofobe ionen
tot een sterke blauwverschuiving van de VSFG band van de waterstofgebrugde
O–H strekvibraties. De amplitude van deze band verandert echter weinig. Voor
oplossingen in D2O leidt het toevoegen van deze ionen tot een hele kleine ver-
schuiving van de VSFG band van de de waterstofgebrugde O–D strekvibraties,
maar wel tot een sterke toename van de amplitude van deze band. Dit resultaat
kan worden verklaard uit een sterk isotoop effect op de intra- en intermolecu-
laire menging van de O–H/O–D strekvibraties in de hydratatieschillen van de
hydrofobe anionen. De mate waarin de O–H strekvibraties mengen hangt af van
de sterkte van de dipool-dipool koppeling en het intrinsieke frequentieverschil
van de ongekoppelde vibraties. Voor de onderzochte hydrofobe anionen bestaat
er een groot verschil in frequentie tussen de O–H vibraties die waterstofgebrugd
zijn aan de anionische groep en de O–H vibraties die zich in de nabijheid van
het hydrofobe deel van het anion bevinden. Voor H2O is de dipool-dipool kop-
peling ∼2 keer zo sterk als voor D2O, terwijl het frequentieverschil slechts ∼

√
2

keer zo groot is als voor D2O. De sterke dipool-dipool koppeling tussen O–H
strekvibraties leidt ertoe dat voor hydrofobe anionen in H2O de O–H vibraties
rond het anion gemengd en gedelocaliseerd zijn. Voor D2O is de koppeling
zwakker en hebben de O–D vibraties bij de anionische groep en de hydrofobe
groep een veel meer lokaal karakter. Dit isotoopeffect wordt niet waargenomen
voor andere ionen zoals perchloraat (ClO4

−), doordat voor deze ionen er een
veel kleiner frequentieverschil bestaat tussen de water hydroxylgroepen die wa-
terstofgebrugd zijn aan de anionische groep, en de water hydroxylgroepen die
waterstofgebrugd zijn aan andere water moleculen. Dit heeft tot gevolg dat de
hydroxylstrekvibraties in de hydratatieschil van ClO4

− zowel in H2O als in D2O
een sterk gemengd en gedelokaliseerd karakter bezitten.



i
i

“Thesis˙Main˙Liu” — 2015/9/22 — 11:51 — page 153 — #153 i
i

i
i

i
i

Acknowledgement

All the work presented in this thesis would not have been done without support
from many people, my colleagues, friends and family and also all the reviewers.
I would like to take this opportunity to express my gratitude to all of you.

First of all I truly thank my supervisor Prof. Huib J. Bakker for his super-
vision with patience and inspiration. Thank you, Huib, for your countless work
from the explanations and discussions on the experiment results to the tireless
correction of the manuscripts and thesis. I have learned a lot from you not only
about knowledge but also the way of getting things done.

There are a group of people I would like to thank for the pleasant coop-
erations on different projects: Niklas for the collaboration on proton clusters
in acetontrile. Stephan for the work on hydronium bending mode. Johannes
for the collaboration on the vibrational dynamics of hydroxide hydration shell.
Simona for the observation of isotope effect of O-H/O-D vibrations around hy-
drophobic ions at the water interface. I would like to thank Ellen and Sietse
for all the detailed explanations, instructions and direct help with setups at the
beginning of my PhD. Hinco, a guy who makes impossible possible, for all the
technical support, specially all kinds of sample cells. Jan for keeping the laser
systems always alive and direct help on optics.

I would like to thank all the members in Bakker group and Rezus group
for never letting me down when I needed help, discussions and suggestions,
no matter if it was about work or life. The last five years I spent in the ul-
trafast spectroscopy group is about more than science. I have experienced
the atmosphere within the group as very warm and pleasant, specially during
tea/coffee breaks, lunch club, group uitje, drinks in Friday evenings with all of
you: Artem, Carien, Giulia, Hinco, Jan, Janneke, Klaas-Jan, Konrad, Lianne,
 Lukasz, Marcin, Niels, Niklas, Oleg, Roel, Simona, Stephan, Yves and Wilbert.
Special thanks go to the Sinterklaas party organizers, Ellen and Niklas. My
former office mates  Lukasz and Sietse, thank you for the office concert and dis-
cussion which helped me to integrate to the new environment. Simona, we had
so much good time together in and out of office. Stephan, thank you for all the
discussions, answers and understanding.

It is hard to thank everyone in limited words. So thank you to everyone who

153



i
i

“Thesis˙Main˙Liu” — 2015/9/22 — 11:51 — page 154 — #154 i
i

i
i

i
i

154 Acknowledgement

has helped me and contributed to the thesis. My life in the Netherlands has
always been accompanied by Chinese friends. I would like to thank all of you
for the taste of China and Spring Festival.

Of course, I would like to thank AMOLF for the motivational atmosphere
on research and the excellent support team for all the help on softwares, elec-
tronics and chemicals. Thanks to the Bonn group and Woutersen group for the
inspirational work discussions.

Finally I would like to thank my family. Dear Family, all my love goes for
you. It is your confidence, encouragement and support that has brought me
this far. Mom, Dad and Lida I missed you so much, now I am back. 爸妈
和程，我回来了。公公和婆婆，感谢你们对我的支持和鼓励。 Dear Peihan,
my sweetheart, Mom loves you forever. And Zhe, my love, I promise what you
promised.


