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Nonlinear Optical Surface Spectroscopy

Interfacial electrostatics and absolute
water orientation from the photonic voltmeter

Electrochemistry for Solar Water Oxidation
We hypothesize that the work required for water reorientation near a water oxidation catalyst’s active site is a
significant source of the overpotential (0.5-0.6 V), impeding the necessary proton-coupled electron transfers.

We use our tools shown in the left column to probe Stern layer water structure and orientation, to count the
number of water molecules that flip their orientation with externally applied potential, and to identify the active
sites through their ligand-to-metal charge transfer (LMCT) bands. We are currently working on iron oxide
(hematite) and nickel metal electrodes. We use custom-designed spectroelectrochemical cells with liquid flow
capabilities to probe the electrode/ electrolyte interface in real time by recording the SHG intensity during cyclic
voltammograms. We also employ amplitude and phase detection of the SHG response to obtain the Stern layer
water orientation, the total interfacial potential, and the work required for water flipping.

Atmospheric Chemistry

In 2022, enantiomerically resolved measurements of terpene emission within an enclosed tropical rainforest
ecosystem led to a proposal of a fascinating possible biosphere–atmosphere feedback loop of drought-stressed
trees emitting enantiomers that, once oxidized to form Secondary Organic Aerosol (SOA) particles, have cloud
activating potential depending on their chirality. Here, we ask which surface-relevant physical properties of SOA
material connect the changing ratios of chiral emissions to enhanced cloud activation. The question is important
because high surface activity and cloud activation go hand in hand. We also explore the role of molecular
chirality in liquid liquid phase separation (LLPS) in SOA particles. This part is important because LLPS, which
reversibly transitions a homogeneous single phase to a two-phase aqueous-core/organic-shell morphology as a
function of relative humidity, can lower a particle's surface tension once the surfactant-containing shell forms and
thus ease cloud activation. JACS (2023), ACS Earth & Space Chem (2022), JACS (2021)

We obtain the SHG amplitude and phase through a heterodyne-detection scheme with the sample interface as
the signal source and a 50 µm quartz wafer as the local oscillator source, delayed using a rotating glass plate.

Geochemistry  
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The Geiger Group
Chemistry at Environmental Interfaces

We investigate the environmental interfaces of our world. We develop and implement cutting-edge laser
spectroscopy to advance scientific knowledge. We embrace teamwork and mentorship, and we strive to link
multiple disciplines in science and engineering through collaboration. We use our observations to form impactful
conclusions serving the scientific community and the general public, while ultimately building our skillsets to match
those that are needed in the ever-changing job market.

Geiger Group Mission Statement

Electronic Second Harmonic & Vibrational Sum Frequency Generation
for interfacial structure

=

We employ state-of-the-art ultrafast laser systems consisting of two amplifiers for generating any color photon
between 300 nm and 20 µm (UV to mid infrared), and two ultrafast single-wavelength oscillators in the near-IR.

The SFG approach provides surface-specific vibrational spectra of interfacial species, such as water or organic
molecules, while the SHG approach yields the signal amplitude and phase, or the total intensity. The experiments
are all performed in-situ, under dynamically changing conditions of pH, ionic strength, or analyte concentration.

pH 6

In another version of our SHG approach, we tune the incident wavelength to be in
two-photon resonance with an electronic transition of a surface species. This strategy
allows us to identify species that are difficult to observe with vibrational spectroscopy
and to overcome the strong absorber problem of water or the sample substrate.

Speelman, Bye, Boamah, Kupferberg, Martinson, Rosso, and Geiger, in prep.
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The underlying math sometimes involves complex numbers, but we also do straight trigonometry.

Ferrocene Purge

We make many of our
samples in-house using
physical vapor deposition,
or with our collaborators at
Argonne, using atomic layer
deposition.

O3 Purge
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JPC A, in review (2024)
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The total surface potential minus
the classical electric double layer
(EDL) potential from the mobile
charges yields the new
information we seek to update
EDL models with the
contributions from the bound
charges, such as surface dipoles.

We also have straight-forward but
nifty ways to literally count the
number of surface water
molecules and the number of
adsorbed ions. This approach
yields adsorption free energies
and allows us to quantify the
extent of reversibility in
adsorption/ desorption processes,
with a specific eye towards
elucidating ion specific effects.

𝜒 ! is a fundamental structural
property of matter in non-
centrosymmetric environments.

It sums the number density times
the hyperpolarizability of the
various interfacial species, such
as the adsorption sites, interfacial
water molecules, and the
adsorbed ions.
We measure c(2) and others
estimate it from atomistic
simulations.

F(0)tot contains the Coulomb,
dipole, quadrupole, and all other
contributions to the potential at
the interface.
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10 nm thin nickel metal electrode on glass held at pH 13, potentials are vs. Ag/AgCl

We build optical models to obtain estimates for the total interfacial potential and the number of Stern layer water
molecules, from which we compute the work required for water flipping using statistical mechanical models.

SHG Image of 
hematite anode at 
+1 V vs Ag/AgCl

We quantify the work required to
flip the Stern layer water
molecules into the correct
orientation for different electrode
materials (earth-abundant Fe and
Ni-based ones, vs. rare and
expensive ones like Ir and Pd).

One next goal is SHG microscopy
to image, with ~200 nm spatial
resolution at video frame rates,
the spatio-temporal evolution of
the total surface potential, the
catalytic metal-oxo species, and
the number of flipping water
molecules. Another goal is to
follow how these properties vary
during photoexcitation into the
conduction band.

Ni:NiOx, pH 13

2W 515 nm, 200 fs, 100 kHz, 20 µJ pulse-1, 1GW pulse-1


