
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Hydrogen-bond dynamics and proton transfer in nanoconfinement

van der Loop, T.H.

Publication date
2015
Document Version
Final published version

Link to publication

Citation for published version (APA):
van der Loop, T. H. (2015). Hydrogen-bond dynamics and proton transfer in
nanoconfinement. [Thesis, fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/hydrogenbond-dynamics-and-proton-transfer-in-nanoconfinement(91ddeb70-5d7a-4ca6-bfaf-1b1e1bd92f7a).html


209334-L-bw-vdLoop209334-L-bw-vdLoop209334-L-bw-vdLoop209334-L-bw-vdLoop

CHAPTER 2

Experimental Methods

2.1 Pump-probe spectroscopy

In a pump-probe experiment an equilibrated system (i.e. sample) is brought out
of equilibrium using a short and intense optical pulse, the pump pulse. In the
pump-probe experiments described in this thesis, the pump pulse excites either an
electronic (UV-pump IR-probe spectroscopy) or a vibrational (vibrational pump-
probe spectroscopy) transition. The pump-induced changes are monitored using a
second, weaker pulse, the probe pulse. The probe pulse is spatially overlapped with
the pump pulse in the sample. After the sample, the spectrally resolved intensity of
the probe Ii,pr(ν, t) is measured, where ν is the frequency of the infrared light. The
pump-induced changes are monitored by comparing the pumped probe intensity
Ip,pr(ν, t) with the unpumped probe intensity Iunp,pr. The pumped and unpumped
probe intensity are measured sequentially. By varying the delay time t between the
pump and probe pulse the time-dependent changes that are induced by the pump
can be followed. A third pulse, the reference, is used to correct for fluctuations in
the laser intensity. The reference pulse passes through the sample at a different
position than the pump and probe pulse. The spectrally resolved intensity of the
reference pulse Ii,ref (ν) scales with the intensity of the laser source. The pump-
induced absorption difference spectrum ∆A(ν, t) is obtained from the normalized
difference between Ip,pr(t) and Iunp,pr:

∆A(ν, t) = − log10
Ip,pr(ν, t)

Ip,ref (ν)
+ log10

Iunp,pr(ν, t)

Iunp,ref (ν)
, (2.1)

In a typical experiment the value for ∆A(ν, t) is obtained from an average of
thousands of repetitions at a rate of typically 500 Hz.
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12 Experimental Methods

2.1.1 Polarization resolved vibrational pump-probe spectroscopy

Figure 2.1: a) Water molecules excited by a pump pulse resonant with the OD-
stretch vibration. The linear polarization of the pump pulse induces an anisotropy
in the excitation and the depleted ground-state. b) The anisotropy decays due to
rotational diffusion of the water molecules. c) An example of an anisotropy decay
trace. At t = 0 the anisotropy is 0.4.

Polarization-resolved vibrational pump-probe spectroscopy was used to mea-
sure the vibrational relaxation and anisotropy decay of OD-stretch oscillators in
the sample.

The vibrational relaxation is a result of intra and intermolecular transfer of
the excitation energy to other (mainly vibrational) degrees of freedom. [1] At long
time delays, a small residual signal in the absorption difference, which is associated
with heating of the sample by the pump pulse, remains. The heat signal is a result
of a temperature-dependent frequency shift of the OD-stretch vibration. The heat
signal grows in dynamically. [2] For the experiments performed in this thesis the
contribution of heating to the transient signal was relatively small (a few percent
of the total signal). Therefore, the heat was assumed to grow in with the same
dynamics as the vibrational relaxation. The transient response was corrected for
heating as follows:

∆Ac,i(ν, t) = ∆Ai(ν, t) + ∆Ai(ν,∞)
∆Ai(ν, t)−∆Ai(ν, 0)

∆Ai(ν, 0)i −∆Ai(ν,∞)
, (2.2)

where ∆Ac,i(ν, t) is the heat corrected transient signal.
The difference absorption spectra are probed both parallel ∆Ac,‖(ν, t) and

perpendicular with respect the pump polarization ∆Ac,⊥(ν,t). For the purpose
of removing reorientational information from the transient response the isotropic
decay is constructed:

∆Aiso(ν, t) =
∆Ac,‖(ν, t) + 2 ·∆Ac,⊥(ν, t)

3
. (2.3)

On the other hand, the anisotropic response is constructed to isolate the reori-
entational information:

R(ν, t) =
∆Ac,‖(ν, t)−∆Ac,⊥(ν, t)

∆Ac,‖(ν, t) + 2 ·∆Ac,⊥(ν, t)
, (2.4)
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The anisotropy decay reflects the reorientation dynamics of the excited transition
dipoles. In the experiments described in this thesis that is the OD-stretch mode.
As demonstrated in Figure 2.1, the linearly polarized pump pulse introduces an
anisotropy of 0.4 in the excited and depleted ground-state oscillators. Due to
rotational diffusion of the water molecules the anisotropy of the excitation reduces
until all orientational preference is lost eventually reducing the anisotropy to zero.

Figure 2.2: Polarization-resolved infrared pump-probe setup.

The pump-probe setup is schematically depicted in Figure 2.2. A pulsed laser
source generating polarized light pulses with a pulse duration of ∼100 fs FWHM
at 4µm with a repetition of 1 kHz is sent through a wedged BaF2 window from
which the probe (4%) and reference (4%) beam are reflected at different angles.
The remaining light, to be used as the pump, is sent via a chopper, which blocks
every other pump pulse, to a λ/2 plate, which rotates the polarization of the pump
such that the pump pulse polarization is oriented 45◦ with respect to the probe
light. Subsequently, the pump is focused in the sample. The probe light is sent
to a computer-controlled translation stage and focused in the sample where the
beam is spatially overlapped with the pump beam. A rotatable linear polarizer
after the sample selects the component of the probe light that is polarized ei-
ther parallel or perpendicular with respect to the pump of +45◦ and -45◦ with
respect the probe before the polarizer. Subsequently, the probe light is dispersed
in a spectrograph (Oriel MS260i spectrograph) and detected using a custom-built
2×32 pixel HgCdTe detector. The reference beam is focused in the sample a few
millimeters displaced from the pump and probe foci and sent via the spectrograph
on a second array row of the detector.

2.1.2 UV-pump IR-probe spectroscopy

The purpose of the UV-pump IR-probe measurements is to excite an electronic
transition in a chromophore and follow the change in the IR absorption spec-
trum. The change in the electronic wavefunction due to the UV absorption affects
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the vibrational potential, and therefore changes the frequencies of the vibrational
modes, resulting in changes in the infrared absorption spectrum. Some of the
local vibrational modes such as C=O stretch and O-H stretch vibrations can be
easily identified because they show strong absorption and have a characteristic fre-
quency, making them convenient local probes for the molecular structure. Other
approaches that can reveal structural information from the infrared spectrum in-
clude isotope substitution, comparison with DFT calculations or with steady-state
infrared absorption spectra of previously identified structures.
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Figure 2.3: UV-pump IR-probe spectroscopy setup.

The setup is shown in Figure 2.3. A pulsed laser source generates linearly
polarized tunable UV pulses with a duration of ∼100 fs (FWHM) and linearly
polarized tunable mid-infrared light pulses with a similar pulse duration. The delay
of the pump light with respect to the probe pulse is adjusted with a computer-
controlled translation stage with a range of 90 cm. The pump light is sent through
a λ/2 plate, which rotates the polarization such that the polarization of the pump
pulse is oriented at magic angle with respect to the probe light. The pump pulse
is also sent through a chopper that blocks every other pulse. Subsequently, the
pump light is focused into the sample. The infrared beam is sent to a wedged
BaF2 plate that reflects the probe (4%) and the reference (4%) beam at different
angles. The probe light is focused into the sample in spatial overlap with the pump
beam. Subsequently, the probe light is sent to the spectrograph (Oriel MS260i
spectrograph). The reference beam is focused in the sample at a few millimeters
from the pump and probe focus and also sent to the MCT-array. The setup was
flushed with dry air in case the infrared light was in the frequency range where it
is absorbed by water vapor.
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2.1.3 Generation of UV and mid-IR femtosecond light pulses

Because there are no tunable femtosecond pulsed lasers available that operate in
the infrared or UV frequency range we use nonlinear conversion techniques to
convert the output of a Titanium:sapphire (Ti:Sapph) femtosecond laser at 800
nm to the required wavelengths in the UV and infrared.

Femtosecond pulses

Two commercial amplified Ti:Sapphire laser setups have been used both produc-
ing 800 nm light with a 1 kHz repetition rate: (1) a Spectra-Physics Mai-Tai seed
laser in combination with a Hurricane regenerative amplifier delivering 800 nm
broadband light pulses with a duration of ∼100 fs FWHM and a pulse energy of
800 µJ; (2) a Coherent Mantis seed laser in combination with a Legend Elite regen-
erative amplifier delivering 800 nm broadband light pulses with a duration of ∼35
fs FWHM and a pulse energy of 3.5 mJ. The generation of the amplified pulse is
achieved as follows. We start off with a femtosecond mode-locked laser generating
800 nm pulses operating at 80 MHz. The pulses are temporally stretched using an
optical grating. An electro-optic switch (using a pockel cell in combination with
a linear polarizer) allows a seed pulse to every millisecond enter a regenerative
amplifier. Here, the pulse is amplified in a cavity by making multiple round trips
through an optically pumped gain medium. When the pulse has acquired the de-
sired intensity the amplified pulse is released using a second electro-optic switch.
Using the same optical grating the pulse is re-compressed. Stretching of the pulse
before entering the regenerative amplifier is required as it prevents damaging of
the optics due to otherwise too high field intensities.

Optical parametric amplification

Both commercial and homebuilt optical parametric amplifiers (OPAs) were used
to generate mid-IR and UV pulses. In the home-built OPA (see Figure 2.4) 200
µJ of the 800nm from the Legend amplified laser light is sent to a beam splitter
BS where 4% of the light is split off and used for the generation of a white-light
continuum. White light is generated by focusing the beam in a 1 mm thick sapphire
crystal. The intensity and stability of the white light continuum is optimized using
a combination of attenuation of the intensity, by rotating a λ/2 plate in front of
a polarizer, and tuning the distance of the sapphire crystal with respect to the
focal point. After the white-light generation the remaining 800 nm pump light is
removed using a dichroic mirror. The white light is sent to a BBO crystal. The
remaining 96% of the main beam is sent to another BS where another 4% is split
off. The reflected beam is both spatially and temporally overlapped with the white
light in the BBO crystal. Temporal overlap is obtained by tuning translation stage
A. In the BBO crystal the signal and idler are generated, which can be tuned in
the ranges 1220 to 1560 nm and 1620 to 2500 nm by adjusting the orientation of
the optical axis of the BBO crystal (by rotating the crystal). The idler is removed
using a dichroic mirror (DC/3) and the signal is sent back and sent through the
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Figure 2.4: Home-built OPA based on the design published by Kaindl et al [3]. The
OPA converts 800 nm light pulse into a signal and idler pulse. The wavelengths of
the signal and idler can be tuned between 1220 and 1560 nm and from 1620 to 2400
nm, respectively. Beam splitters, translation stages and dichroic mirrors are denoted
with BS, TS and DC, respectively.

BBO crystal a few millimeters below the first pass. Here the signal is temporally
and spatially overlapped with the remaining 92% of the 800 nm pump light. The
temporal overlap of the second pass is controlled by translation stage B. The signal
and idler are used to generate UV-light or mid infrared light pulses. On the Legend
setup the home-built OPA has been used to generate UV pulses and a commercial
Opera-Solo (Coherent, Light-Conversion) was used to generate mid-IR pulses. On
the Hurricane setup two identical commercial OPAs (OPA-800C Spectra-Physics)
were used to generate signal and idler pulses that are used to generate UV and IR
light. The commercial OPAs (Coherent OPerA and Spectra-Physics OPA-800C)
work in a similar fashion as the home-built one.

Mid-IR pulses

Mid-infrared pulses are generated through difference-frequency mixing of the signal
and idler output of the OPA. The signal and idler are first separated by using a
dichroic mirror. The idler is sent to a translation stage that controls the timing of
the signal with respect to the idler. Subsequently, the signal and idler are spatially
and temporally overlapped in a AgGaS2 crystal (θ = 39◦, φ=45◦, Type II) which
allows for the generation of IR light between 3 and 13 µm. [3] In the Hurricane
setup the mid-IR pulse are generated by focusing the signal and idler co-linearly in
the AgGaS2 crystal. The signal and idler are prevented from entering the pump-
probe setup using a low pass filter. The mid-IR light generated was typically ∼1µJ
at 1600 cm−1. In the Legend setup the IR light pulses are generated by passing
collimated signal and idler beam non collinearly through the AgGaS2 crystal. This
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allows for the spatial separation of the mid-IR after the crystal. The generated
mid-IR pulse was typically ∼20 µJ at 1600 cm−1.

Femtosecond UV pulses

Femtosecond UV pulses on the Legend setup were generated by sum-frequency
mixing the frequency-doubled signal (obtained by passing the signal through a
BBO crystal (θ = 39◦, φ=45◦)) with residual 800 nm light from the OPA in another
BBO crystal (θ = 35◦, φ = 90◦) oriented at the phase-matching condition. This
results in an output of UV pulses with an energy of 2 µJ and a tunable wavelength
between 330 and 370 nm. In the Hurricane setup 400 nm UV pulses are generated
by frequency doubling the fundamental 800 nm beam resulting in a pulse energy
∼50 µJ. For the experiments the pulses are attenuated to ∼1 µJ using neutral
density filters.

2.2 Dielectric relaxation spectroscopy

In dielectric relaxation spectroscopy one measures the frequency-dependent field-
induced complex polarization of a sample expressed in terms of the complex di-
electric permittivity ε. In the experiments described in this thesis we used a vector
network analyzer in combination with different probe geometries to measure ε. The
vector network analyzer (VNA,Rhode-Schwartz model ZVA67) using a one port
configuration was connected via a phase-stable cable (Rhode-Schwartz, ZV-Z96)
to a probe head in which a liquid sample is contained. Two different cylindrically
symmetric coaxial probe head geometries, depicted in Figure 2.5, were used. For

Figure 2.5: Depiction of the coaxial probes heads: (a) open cell and (b) pin cell,
where d = 1.85/2 mm, D = 2.92/2 mm and l = 4mm.

the high-frequency range (1 to 30 GHz) we used the open-cell geometry based on
the design of Blackham et al. (panel a in Figure 2.5). [5] For the low-frequency
regime (100 MHz to 2 GHz) the pin cell geometry based on the design of Göttmann
et al (panel b in Figure 2.5) was used, the inner electrode sticks into the sample
by a length l. [6].
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In the one-port configuration the scattering parameter X can be defined as
follows:

b = Xa (2.5)

where complex values a and b describe the intensity and the phase of the input
and output signal, respectively. The scattering parameters can be related to the
normalized impedance Y :

X =
1− Y

1 + Y
(2.6)

Using the geometry of the probe cell the impedance can be expressed in the com-
plex dielectric constant of the sample. For the open cell (Figure 2.5a):

Yopen(ω) =
iγ2

m

πγc ln(D/d)

{
i
[
I1 −

γ2
mI3
2

+
γ4
mI5
24

− γ6
mI7
720

+ ...] (2.7)

+
[
I2γ − γ3I4

6
+

γ5
mI6
120

− ...
]}
, (2.8)

where d is the radius of the inner conductor and D is the inner radius of the outer
conductor, γc = ω

√
εcε0µ0 is the propagation constant of the dielectric within the

coaxial probe and γm = ω
√

ε(ω)ε0µ0 is the propagation constant of the sample
containing the frequency dielectric permittivity of the sample ε(ω), where ω is the
frequency of the electric field. Ii is an integral which is defined theoretically for the
principal mode. [5] However, Ii is further optimized empirically using calibrations
which is needed to account for the presence of higher order modes. [5]

For the pin cell [6]:

Ypin(ω) =
[
2πZL ln(d/D)

√
ε0
µ0

· ε(ω) tanh iωl

c

√
ε(ω) + iωε(ω)ZLCs

]−1
, (2.9)

where Cs is the discontinuity capacity of the coaxial-to-circular waveguide transi-
tion, ZL is the capacitance of the cable (50Ω) and l the length of the pin sticking
into the sample.

The value of ε(ω) was calibrated with samples of known permittivity using a
three-term calibration:

ε(ω) = ed(ω) +
er(ω)εuncal(ω)

1− esεuncal(ω)
. (2.10)

where εuncal(ω) is the uncalibrated permittivity and ei(ω) are the complex cal-
ibration parameters. ed(ω) Corrects for leakage of signal, er(ω) corrects for the
phase difference of the source with respect to the sample probe interface, and es(ω)
corrects for losses in the cable. The following calibration standards were used from
which the response is known: water1 (Milli-Q, 18.2 MΩ cm), air and short circuit.

1Water gave the most reproducible results compared to other dielectric liquids such as
methanol and ethanol.



209334-L-bw-vdLoop209334-L-bw-vdLoop209334-L-bw-vdLoop209334-L-bw-vdLoop

2.3 Data analysis 19

As a short circuit we used an aqueous 4M NaCl solution for the pin cell and dried
conductive silver paint (Pelco, Ted Pella Inc.) for the open cell.

In the samples studied in this thesis the values of ε is typically small compared
to ε of water (one of the three point calibration liquids). To assess the reliability
of the measurements for small ε we measured the dielectric response of several
polar solvents with a small dielectric response, and compared these to literature
values. We find for the pin cell that the measured ε between 0.2 and 0.3 GHz for

Figure 2.6: Complex dielectric response of apolar solvents cyclohexane, n-hexane and
isooctane before (a) and after (b) the one-point cyclohexane calibration.

cyclohexane 2.026(3), for isooctane 1.939(2) and for n-hexane 1.889(2) agree very
well with the literature values: 2.02, 1.93 and 1.89, respectively. [7] Although the
open cell also predicts the correct trend of decreasing permittivities for cyclohex-
ane, isooctane and n-hexane, we find that the real part is consistently larger than
in literature and that there is a non-zero contribution in the imaginary part. This
artifact is probably a direct consequence of the geometry of the open cell probe
for which the impedance (as described above) is party empirically determined. To
correct for this we employ a second one-point calibration. We subtract the mea-
sured response of cyclohexane from a sample and add the literature value of hexane
at zero frequency. This results in a flat response for cyclohexane, n-hexane and
isooctane as can be observed in Figure 2.6b. This additional one-point calibration
step has been carried out in all the measurements.

2.3 Data analysis

For the data analysis several different software packages have been used. For sim-
ple linear and nonlinear fits that do not contain more than a few fit parameters the
standard fitting routine of Gnuplot was used. [8] For more complicated datasets
containing multiple time traces, spectra and or samples either (1) Python [9] with
the libraries Numpy [10] for data manipulation and Scipy [11] for least squares
fitting routines was used or (2) Gnuplot was used, where the Gnuplot script was
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generated using python. A python routine was also used to calculate the permit-
tivity from the measured scattering parameters using the calibration standards of
the dielectric relaxation spectra described in section 2.2. All graphs were produced
with either Gnuplot or Matplotlib. [12] In the analysis of the UV pump-IR probe
experiments Glotaran was used. [13]
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